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much less is known about their lipid content. Using
nano-electrospray ionization tandem mass spectrometry for quantitative lipid analysis of COPI-coated vesicles and their parental Golgi membranes, we find only
low amounts of sphingomyelin and cholesterol in
COPI-coated vesicles compared with their donor Golgi
membranes, providing evidence for a significant segregation from COPI vesicles of these lipids. In addition,
our data indicate a sorting of individual sphingomyelin
molecular species. The possible molecular mechanisms
underlying this segregation, as well as implications on
COPI function, are discussed.
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plasma membrane, whereas the Golgi complex represents
an intermediate between ER and plasma membrane. An
SM and cholesterol gradient seems to exist also within the
Golgi complex, with slightly higher concentrations of these
lipids towards the trans side (Orci et al., 1981; Pagano et
al., 1989; Coxey et al., 1993; Cluett and Machamer, 1996;
Cluett et al., 1997).
It is generally assumed that net transport of lipids occurs
mainly via vesicular transport (Pagano, 1990; Trotter and
Voelker, 1994; van Helvoort and van Meer, 1995; Rothman and Wieland, 1996). According to this model, both
cell surface proteins and lipids would use the same kind of
intracellular carriers. However, in the case of some lipids,
like cholesterol, a nonvesicular pathway seems to play a
major role in transport (for a review see Liscum and
Munn, 1999). Two types of vesicular carriers have been
implicated in protein transport in the early secretory pathway: coat protein (COP)I-coated vesicles, which are
thought to function in bidirectional transport within the
Golgi complex (Orci et al., 1986, 1989, 1997; Ostermann et
al., 1993; Nickel et al., 1998; Warren and Malhotra, 1998;
Volchuk et al., 2000) and retrograde transport from the
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The various compartments of eukaryotic cells possess
unique lipid compositions. The molecular mechanisms
that maintain these steady-state distributions are largely
unknown (van Meer, 1989; Pelham, 1996). Most membrane lipids are synthesized in the ER and the Golgi apparatus (Bishop and Bell, 1988; van Meer, 1989), and are
then transported to their final destinations (van Meer,
1993). A lipid gradient exists for most lipids along the organelles of the secretory pathway (van Meer, 1998). Lipids
such as sphingomyelin (SM)1 and cholesterol are found
only in low amounts in the ER, and are enriched at the
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Abstract. In higher eukaryotes, phospholipid and cholesterol synthesis occurs mainly in the endoplasmic
reticulum, whereas sphingomyelin and higher glycosphingolipids are synthesized in the Golgi apparatus.
Lipids like cholesterol and sphingomyelin are gradually
enriched along the secretory pathway, with their highest concentration at the plasma membrane. How a cell
succeeds in maintaining organelle-specific lipid compositions, despite a steady flow of incoming and outgoing
transport carriers along the secretory pathway, is not
yet clear. Transport and sorting along the secretory
pathway of both proteins and most lipids are thought to
be mediated by vesicular transport, with coat protein I
(COPI) vesicles operating in the early secretory pathway. Although the protein constituents of these transport intermediates are characterized in great detail,

[13C2]cholesterol was purchased from Cambridge Isotope Laboratories,
Inc. Sulfur trioxide pyridine complex and 2-ethoxy-1-ethoxycarbonyl-1,2dihydroquinoline were obtained from Fluka. Glass capillaries for nanoESI-MS/MS were purchased from Teer Coatings, Ltd. Silica gel 60 (40–63
m) and RP-18 silica gel (40–63 m) were obtained from Merck. ␣-MEM,
penicillin, streptomycin, L-glutamine, trypsin-EDTA, and PBS for cell culture were purchased from Biochrom. FCS was obtained from PAA Laboratories GmbH. Mouse mAb against ␤-COP (M3A5) was purchased from
Sigma-Aldrich. A rabbit antibody to p23 (no. 1327) was used as described
(Sohn et al., 1996).

Cell Culture
CHO cells were grown in ␣-MEM containing 10% (vol/vol) heat-inactivated FCS, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine at 37⬚C and 5% CO2.

Subcellular Fractionation
CHO Golgi membrane fractions were prepared by a modification of the
method of Balch et al. (1984). All procedures were carried out at 4⬚C. In a
standard preparation, 8 liters of CHO cells (density of 5 ⫻ 105 cells/ml)
were harvested by centrifugation (10 min at 500 gav), washed twice with
PBS (10 min at 500 gav), twice with homogenization buffer (250 mM sucrose in 10 mM Tris-HCl, pH 7.4, 4⬚C) (10 min at 1,500 gav), and finally resuspended in four volumes of homogenization buffer. Cells were homogenized by passing 15 times through a ball-bearing homogenizer. The
homogenate was brought to a sucrose concentration of 37% (wt/wt) by
addition of 62% (wt/wt) sucrose in 10 mM Tris-HCl, pH 7.4. EDTA was
added to a final concentration of 1 mM. 12 ml of this solution was placed
in one SW 28 tube and overlaid with 15 ml 35% (wt/wt) sucrose in 10 mM
Tris-HCl, pH 7.4, and 9 ml 29% (wt/wt) sucrose in 10 mM Tris-HCl, pH
7.4. Gradients were centrifuged for 2.5 h at 25,000 rpm. Typically, ⵑ2 ml
of a Golgi-enriched membrane fraction was recovered at the 35%–29%
sucrose interphase. For further purification, membranes of five gradients
were collected, diluted 1:3 with 10 mM Tris-HCl, pH 7.4, and pelleted
onto a 50% (wt/wt) sucrose cushion in an SW 28 tube (60 min at 25,000
rpm). Membranes were adjusted to 45% (wt/wt) sucrose in 10 mM TrisHCl, pH 7.4 (in 1.5 ml), and overlaid with a step gradient of 1.5 ml of 40%
(wt/wt), 35% (wt/wt), 30% (wt/wt), 25% (wt/wt), 20% (wt/wt), and 15%
(wt/wt) sucrose in 10 mM Tris-HCl, pH 7.4. After centrifugation of the
gradient (18 h at 36,000 rpm, SW 41 rotor), 30 fractions were collected
from bottom to top and analyzed for marker enzyme activities. The fraction with the highest activity of Golgi marker enzyme was frozen in liquid
nitrogen and stored at ⫺80⬚C.
Rat liver Golgi membranes were prepared as described by Warren and
colleagues (Slusarewicz et al., 1994) and further purified on a continuous
sucrose gradient, as described above for CHO Golgi membranes.

Marker Enzyme Analysis
Enzymatic assays for alkaline phosphodiesterase (plasma membrane),
NADH cytochrome c reductase (ER), and ␤-N-acetylglucosaminidase (lysosomes and late endosomes) were carried out as described by Warnock et
al. (1993). SM synthase (Golgi apparatus) was assayed according to Jeckel
et al. (1992). Early endosome enrichment in the homogenate and the Golgienriched fraction was determined by Western blot analysis, which quantified the amount of syntaxin 13 (rat liver) or transferrin receptor (CHO).
Quantitative evaluation was performed using NIH Image software.

Bovine Brain Cytosol

1,2-O-dilauroyl-sn-glycero-3-phosphocholine, 1,2-O-dimyristoyl-sn-glycero-3-phosphocholine, 1,2-O-diarachidoyl-sn-glycero-3-phosphocholine,
and 1,2-O-dibehenoyl-sn-glycero-3-phosphocholine were purchased from
Avanti Polar Lipids, Inc. N-oleoyl-SM, N-sphingosyl-phosphorylcholine,
myristic acid, and pentacosanoic acid were obtained from Sigma-Aldrich.
All solvents were HPLC grade and purchased from J.T. Baker. GTP␥S
and GTP were obtained from Roche Molecular Biochemicals. 3,4-

Bovine brain cytosol was prepared by a modification of the method described by Malhotra et al. (1989). All procedures were carried out at 4⬚C.
In brief, meninges, blood vessels, and white matter were removed from
three fresh bovine brains. 120 ml breaking buffer (25 mM Tris-HCl, pH 7.4
at 4⬚C, 250 mM sucrose, 500 mM KCl, 2 mM EGTA, 1 mM DTT, 1 mM
PMSF, 0.5 mM 1,10-phenanthroline, 2 M pepstatin A, 2 g/ml aprotinin,
and 0.5 g/ml leupeptin) was added to 100 g of brain. Brains were homogenized in a Waring blender (two times for 30 s at low speed, then 30 s at
high speed). After centrifugation of the homogenate (60 min at 12,000 rpm
in a GS-3 rotor), the supernatant was centrifuged in TFT 55.38 tubes for 90
min at 44,000 rpm. The supernatant was concentrated by a factor of about
eight in a Militan ultra concentration unit (Millipore), dialyzed two times
against 30 liters of dialysis buffer (25 mM Tris-HCl, pH 7.4, 50 mM KCl, 1
mM DTT), and centrifuged again for 90 min at 44,000 rpm in TFT 55.38
tubes. The supernatant was frozen in liquid nitrogen and stored at ⫺80⬚C.
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Golgi apparatus to the ER (Cosson and Letourneur, 1994,
1997; Letourneur et al., 1994; Lowe and Kreis, 1998;
Nickel and Wieland, 1998; Pelham, 1998), and COPIIcoated vesicles, which mediate export of newly synthesized proteins from the ER (Barlowe et al., 1994; Kuge et
al., 1994; Aridor et al., 1995; Kuehn and Schekman, 1997;
Bannykh et al., 1998; Barlowe, 1998). SM is synthesized in
the Golgi apparatus (Futerman et al., 1990; Jeckel et al.,
1990; Allan and Obradors, 1999), and thus COPI-coated
vesicles are potentially involved in anterograde transport
of this membrane lipid towards the TGN. Similarly, the
ER is the export site of newly synthesized cholesterol
(Reinhart et al., 1987; Krisans, 1992), implying that both
COPII- and COPI-coated vesicles may be involved in its
cell surface delivery. Various kinds of transport intermediates have been implicated in TGN to cell surface transport
(Keller and Simons, 1997), some of which may also be involved in the delivery of SM and cholesterol from the
TGN to the cell surface. Interestingly, a difference in interleaflet clear space between COPI vesicles and their donor membranes has been reported that might be caused by
a change in lipid composition during budding (Orci et al.,
1996), for example, by a reduced amount of SM and cholesterol (van Meer, 1998) in COPI vesicles.
We have analyzed the lipid composition of COPI-coated
vesicles with respect to phosphatidylcholine (PC), as it is
the bulk lipid of eukaryotic membranes, along with SM
and cholesterol, which are enriched at the cell surface under steady-state conditions (van Meer, 1998). As reported
previously, nano-electrospray ionization tandem mass
spectrometry (nano-ESI-MS/MS) provides a powerful tool
to quantitatively assess the lipid composition of biological
membranes in a highly sensitive manner (Brügger et al.,
1997; Sandhoff et al., 1999). This method has allowed us to
study even the minute amounts of highly purified COPIcoated vesicles generated from isolated Golgi membranes
in vitro and to quantitatively compare their lipid content with their parental membranes. We have exploited
class-specific fragmentation to selectively detect and quantify distinct classes of lipids by precursor ion scanning
(PREC).
Here we show that COPI-coated vesicles contain significantly less SM and cholesterol compared with Golgi donor
membranes, providing evidence for a segregation from
COPI vesicles of these lipids. The purity of the subcellular
fractions was analyzed by both biochemical and morphological means to assess the significance of our quantitative
analysis. Segregation from COPI-coated vesicles of both
SM and cholesterol has implications for the function of
these transport carriers, the mode of net transport of these
cell surface lipids, and the functional organization of the
Golgi apparatus.

Purification of COPI-coated Vesicles
COPI-coated vesicles were prepared from CHO Golgi membranes or rat
liver Golgi membranes, as described by Serafini and Rothman (1992),
with a final concentration of 63 g/ml Golgi membranes and 2.4 mg/ml
(CHO COPI vesicles) or 4.8 mg/ml (rat liver COPI vesicles) bovine brain
cytosol. The final continuous sucrose gradient was fractionated from the
bottom into 18 fractions of 250 l each. A 25-l aliquot of each fraction
was precipitated with three volumes of chloroform/methanol (1:2, vol/
vol), and pellets were resuspended in SDS-PAGE sample buffer, and subjected to 13% SDS-PAGE. Proteins were transferred to a PVDF membrane and probed with antibodies against p23 and ␤-COP. The peak vesicle fractions (typically, fractions 6–8) were pooled, frozen in liquid
nitrogen, and stored at ⫺80⬚C.
For comparison of COPI vesicles generated either in the presence of
GTP or GTP␥S, COPI vesicle generations were performed, as described,
except that the vesicles were directly released from pelleted Golgi membranes and loaded on top of a continuous sucrose gradient. Assay volumes
were reduced to 15 ml. A final concentration of either 1 mM GTP or 25
M GTP␥S was used.

EM
Samples were fixed in 2.5% glutaraldehyde and the membranes were pelleted for 60 min at 45,000 rpm and 4⬚C in a TLA 45 rotor. The pellets were
processed for conventional EM, as described previously (Lannert et al.,
1998). COPI-coated vesicle fractions were fixed in the presence of 75 g
BSA in PBS.

Results

Protein Determination

Characterization of Subcellular Fractions

The concentration of protein was determined with a BCA protein assay
kit (Pierce Chemical Co.), using BSA as the standard protein.

CHO Golgi membrane preparations were performed as
described by Balch et al. (1984), and Golgi membranes
were further purified by flotation in a continuous sucrose
gradient. Relative enrichment of Golgi membranes and
the degree of cross-contamination with other subcellular
organelles were determined by measuring the distribution
of marker enzymes for Golgi (SM synthase), ER (NADHcytochrome c reductase), plasma membrane (alkaline
phosphodiesterase), lysosomes/late endosomes (␤-N-acetylglucosaminidase), and early endosomes (syntaxin 13 for
rat liver cells or transferrin receptor for CHO cells). Enrichment of marker proteins is expressed as the ratio of
specific enzyme activity (units/mg protein) in the Golgienriched fractions and in the homogenate. Typically, the
resulting Golgi fraction was 52-fold enriched in the Golgi
marker, 3-fold enriched in the plasma membrane marker,
4-fold enriched in the lysosomes/late endosomes marker,
7-fold enriched in early endosomes/plasma membrane,
and 0.9-fold enriched in the ER marker (Table I). Isolation of rat liver Golgi membranes was performed as de-

SM Standard Synthesis
Synthesis of N-myristoyl-SM and N-pentacosanoyl-SM was performed under argon. Glassware was flame-dried before use. N-sphingosyl-phosphorylcholine (21.5 mol) was dissolved in a solution of either myristic acid or
pentacosanoic acid (9.56 mM) in 4.5 ml ethanol. After addition of 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) (50 moles), the reaction mixture was stirred for 7 h at 50⬚C. EEDQ (50 mol) was added a
second time and the solution was stirred for an additional 12 h at room
temperature. The reaction mixture was concentrated under reduced pressure and the crude product was subjected to flash chromatography (silica
gel, 11.5 ⫻ 2-cm column; the eluent was composed of toluene/diethylether/methanol/water, 3:3:3.5:0.7, vol/vol/vol/vol). Product-containing
fractions were pooled as monitored by TLC (silica gel; the running solvent
was composed of toluene/diethylether/methanol/water, 3:3:4:1, vol/vol/
vol/vol), concentrated under reduced pressure, redissolved in 1.7 ml chloroform/methanol (1:2, vol/vol), and subjected to a second flash chromatography (RP-18 silica gel, 10 ⫻ 1-cm column). The column was preequilibrated with methanol/water (1:1, vol/vol). After loading of the product,
the column was washed six times with 5 ml water, then six times with 5 ml
methanol/water (1:1, vol/vol). Elution was performed stepwise with 5
ml methanol, 15 ml chloroform/methanol (1:1, vol/vol), 15 ml chloroform/
methanol (2:1, vol/vol), and 10 ml chloroform. Product-containing fractions (monitored by TLC) were dried under a gentle stream of nitrogen,
dissolved in 100 ml chloroform/methanol (1:2, vol/vol), and stored under
argon at ⫺20⬚C. Phosphate was determined as described (Rouser et al.,
1970). Products were verified by mass spectrometric analysis. Typically, a
yield of 50–60% was achieved.

Lipid Analysis

Table I. Characterization of Donor Golgi Membranes by
Marker Enzyme Analysis

Organelle

Golgi
Plasma membrane
Lysosome/late endosome
Early endosomes
ER membrane

CHO Golgi
enrichment
(fold/homogenate)

Rat liver Golgi
enrichment
(fold/homogenate)

52.2
3.2
3.9
7.2
0.9

96.9
4.7
2.9
10.5
1.2

Lipids were extracted from membrane fractions with chloroform/methanol/HCl (50:100:1.5, vol/vol/vol), as described by Bligh and Dyer (1959).
Using a gentle stream of nitrogen, the organic phase was evaporated and
the dried lipids were redissolved in chloroform/methanol (1:2, vol/vol).
Phosphate determination was performed as described (Rouser et al.,
1970), except that the assay volume was reduced by a factor of four. Glassware was used throughout the procedures.
MS was done on a QII triple quadrupole instrument (Micromass)
equipped with a nano-ESI source. Nitrogen was used as a drying gas. The
source temperature was set to 30⬚C. A capillary voltage of ⫾ 600–800 V
was applied, depending on the ion mode. Argon was used as collision gas
at a nominal pressure of 3 ⫻ 10⫺3 mbar. Resolution of Q1 and Q3 was set

CHO and rat liver Golgi membranes were isolated as described in Materials and
Methods. For marker enzyme analyses, specific activities (expressed as enzyme
activity per milligram of protein) of crude homogenate fractions (containing
membrane proteins as well as cytosolic proteins) and Golgi-enriched membrane
fractions were compared. The enrichment of marker enzymes is presented as the ratio
of specific enzyme activities determined in the Golgi fractions and specific activities
measured in the homogenate fractions.
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to achieve isotope resolution. A collision energy of 30 eV was used for PC
and SM detection in positive PREC mode, selecting a fragment ion of
mass/charge (m/z) 184 (phosphocholine ion). Detection of cholesterol as
cholesterol sulfate was done in negative PREC mode, selecting for a fragment ion of m/z 97 (sulfate ion) at a collision energy of 62 eV (Sandhoff et
al., 1999). The mass range m/z scanned was 600–1,000 for PC and SM detection and 450–480 for cholesterol sulfate detection. For each quantitative measurement, 100 (PC and SM) or 50 (cholesterol) consecutive scans
of 4-s duration were averaged.
PC and SM quantification was done as described (Brügger et al., 1997).
1,2-O-dilauroyl-sn-glycero-3-phosphocholine, 1,2-O-dimyristoyl-sn-glycero3-phosphocholine, 1,2-O-diarachidoyl-sn-glycero-3-phosphocholine, and
1,2-O-dibehenoyl-sn-glycero-3-phosphocholine, as well as N-myristoylSM, N-oleoyl-SM, and N-pentacosanoyl-SM were used as standards. In
brief, PC and SM standards dissolved in chloroform/methanol (1:2, vol/
vol) were added to the extraction solvent before lipid extraction of membrane fractions. Dried lipids were redissolved in chloroform/methanol (1:2,
vol/vol). Ammonium acetate (100-mM stock solution in methanol) was
added to a final concentration of 5 mM to acidify the solution. Before mass
spectrometric analysis, samples were spun at 15,000 gav for 5 min at 4⬚C in
a microfuge (Eppendorf). Nano flow borosilicate glass tips of type D (Teer
Coatings) were used. Instrument parameters were set as described above.
For quantitative analysis, mass correction and isotope correction for
[M⫹1], [M⫹2], and [M⫹3] isotopes were performed. Quantification of
cholesterol was performed as described previously (Sandhoff et al., 1999).

COPI vesicles were generated in vitro as described (Serafini and Rothman, 1992). Vesicle preparations were analyzed for the presence of two abundant COPI vesicle proteins: ␤-COP, a subunit of the membrane-associated coat
protein complex coatomer (Duden et al., 1991; Serafini et
al., 1991), and p23, an integral membrane protein enriched
in COPI vesicles (Sohn et al., 1996). COPI vesicles typically band at a buoyant density of ⵑ1.18 g/cm3 (41%, wt/
wt, sucrose) (Serafini et al., 1991), corresponding to fraction 7 of the sucrose gradient that represents the final purification step. As shown in Fig. 2 (top left, CHO vesicle gradients; top right, rat liver vesicle gradients), both proteins
comigrate in this part of the gradient in a single peak. EM
of COPI vesicle preparations (fractions 6–8 of the continuous sucrose gradient) derived from both CHO (bottom
left) and rat liver Golgi membranes (bottom right) revealed a high degree of homogeneity.

Figure 1. Morphology of CHO and rat liver Golgi membranes by
EM. CHO and rat liver Golgi-enriched membranes were isolated
and processed for EM, as described in the Materials and Methods. (A) Conventional Epon sections of a CHO Golgi fraction
and (B) a rat liver Golgi fraction are shown. Bars: (A) 200 nm,
(B) 210 nm.

scribed previously (Slusarewicz et al., 1994), and the
Golgi-enriched fraction was then further purified by applying a continuous sucrose flotation gradient. As shown
in Table I, fractions taken for lipid analysis were characterized by a 97-fold enrichment of a Golgi marker, a 5-fold
enrichment of a plasma membrane marker, a 3-fold enrichment of a lysosomes/late endosomes marker, an 11fold enrichment of an early endosome marker, and a 1.2fold enrichment of an ER marker.
In addition to marker protein analysis, both CHO
Golgi- (Fig. 1 A) and rat liver Golgi-enriched membrane
fractions (Fig. 1 B) that were used as donor membranes
for vesicle generation were analyzed by EM. This morphological analysis revealed that these fractions are highly enriched in cisternal membranes.
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We have shown that nano-ESI-MS/MS is a powerful tool
for lipid analysis of biological membranes at the low picomole level (Brügger et al., 1997; Sandhoff et al., 1999). For
quantitative analyses, lipid extractions were performed in
the presence of internal lipid standards. Lipid species were
chosen as standards that are not present in endogenous
membrane extracts, as described in the Materials and
Methods. Quantification of PC and SM was performed in
the PREC mode. PREC allows specific detection of only
those molecular ions in which collision-induced fragmentation results in a fragment ion of a selected m/z ratio. Fragmentation of PC and SM leads to a positively charged cholinephosphate fragment ion (m/z 184). Therefore, specific
detection of PC and SM was performed in the positive ion
mode by scanning for precursors of m/z 184 (PREC 184).
Fig. 3 A shows representative spectra of PREC 184 scans
for CHO Golgi membranes (top left), CHO COPI vesicles
(bottom left), rat liver Golgi membranes (top right), and
rat liver COPI vesicles (bottom right). The highest peak in
the mass range displayed was set to 100%. Since both PC
and SM have only one positive charge, the given m/z ratios
represent their molecular masses. Each group (a group is
defined by an identical number of C atoms in both fatty
acid chains, with varying amounts of double bonds) of PC
or SM molecular species is clearly separated from the next
group carrying an additional (CH2)2 unit. Signals between
the main PC groups originate from plasmalogen PCs. Since
no appropriate standard lipids for plasmalogen PCs are
available at this time, plasmalogens were not included in
this quantification. When both CHO- and rat liver–derived
COPI vesicles were compared with their parental membranes, a significant decrease of SM species in relation to
PC species was observed. To determine whether this
change is due to an increase of PC and/or a decrease of
SM, lipid quantitation was performed.

SM and Cholesterol Are Segregated from
COPI-coated Vesicles
To allow a direct quantitative comparison of lipids in isolated COPI vesicles and their Golgi donor membranes, the
absolute amounts of SM, PC, and cholesterol in each fraction need to be determined. To this end, total lipid phos-
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Lipid Analysis of Subcellular Fractions by
Nano-ESI-MS/MS

phate was determined, as well as PC, SM, and cholesterol.
Calculation of the protein to phospholipid ratio of Golgi
membranes and of COPI vesicles revealed an increase of
the protein to phospholipid ratio in COPI vesicles by a factor of about four compared with Golgi donor membranes.
This increase reflects the abundance of cytosolic coat proteins on the surface of COPI vesicles, as well as the small
inner diameter of the vesicles, and explains the higher
buoyant density of COPI vesicles compared with their parental membranes.
As shown in Table II, quantitative analysis of CHO
Golgi membranes revealed ⵑ37 mol% PC and ⵑ14 mol%
SM of total phospholipid, and a molar ratio of cholesterol
to phospholipid of ⵑ0.72. In rat liver Golgi membranes,
PC constituted ⵑ57 mol% and SM ⵑ5 mol% of total
phospholipid. A molar ratio of cholesterol to phospholipid
of ⵑ0.15 was determined. While the lipid composition of
rat liver Golgi membranes is well reported in the literature, no corresponding data exist for CHO Golgi membranes. The lipid compositions for rat liver Golgi fractions
were found to be 55 mol% PC, 8 mol% SM, and a choles-
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terol to phospholipid ratio of 0.2 (van Meer, 1998), in good
agreement with the above data obtained by nano-ESI-MS/
MS analysis.
Table II. Quantitative Lipid Analysis of Donor Golgi
Membrane

PC

SM

mol% of phospholipid

CHO Golgi
CHO COPI vesicles
Rat liver Golgi
Rat liver COPI vesicles

37.1 ⫾ 3.0
(n = 6)
45.0 ⫾ 2.0
(n = 6)
57.2 ⫾ 3.0
(n = 2)
55.0 ⫾ 5.0
(n = 3)

14.3 ⫾1.8
(n = 6)
3.0 ⫾ 0.5
(n = 6)
5.0 ⫾ 0.2
(n = 2)
1.5 ⫾ 0.5
(n = 3)

Cholesterol
molChol/molPi

0.720 ⫾ 0.058
(n = 2)
0.264 ⫾ 0.036
(n = 2)
0.153 ⫾ 0.020
(n = 2)
0.096 ⫾ 0.012
(n = 2)

Golgi membranes and COPI vesicles were isolated as described in Materials and
Methods. Phosphate determination was performed on membrane fractions.
Quantification of lipids was performed in the presence of internal lipid standards by
nano-ESI-MS/MS, as described in Materials and Methods. SM and PC values are given
as the mol% of total phospholipid; cholesterol values are expressed as the ratio of
moles of cholesterol to moles of total phospholipid (Pi). Data are expressed as mean ⫾
SD; n is the number of experiments.
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Figure 2. Characterization of in vitro–generated COPI-coated vesicles. Transport vesicles were generated from either CHO (left) or rat
liver (right) Golgi membranes in the presence of bovine brain cytosol, ATP-regenerating system, and GTP␥S. COPI vesicles were purified on a continuous sucrose gradient. The gradients were fractionated from the bottom into 18 fractions. Aliquots of fractions 3–16 of
the isopycnic gradients were chloroform/methanol-precipitated, and analyzed by running on a 13% SDS-PAGE and Western blotting,
using antibodies against ␤-COP and p23 (top). COPI vesicles are recovered in fractions 6–8, corresponding to an average sucrose concentration of 41% (wt/wt). Below are electron micrographs of COPI-coated vesicles present in fractions 6–8. Bars, 90 nm.

The quantification of PC, SM, and cholesterol in CHO
Golgi-derived COPI vesicles revealed a contribution of
ⵑ45 mol% PC and ⵑ3 mol% SM to total phospholipid
(Table II). The cholesterol to phospholipid ratio was
found to be ⵑ0.26. Analysis of COPI vesicles derived from
rat liver Golgi donor membranes revealed a contribution
of ⵑ55 mol% PC and ⵑ1.5 mol% SM to total phospho-

lipid, and a cholesterol to phospholipid ratio of ⵑ0.09. The
relative changes between donor Golgi membranes and
COPI vesicles in the contribution of PC, SM, and cholesterol to total phospholipid are given in Fig. 3 B. For better
comparison, the value of each lipid in donor Golgi membranes was set to 100%. Absolute values are given in Table II. In CHO COPI vesicles, a slight increase was deter-
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Figure 3. (A) Mass spectrometric analysis of donor Golgi membranes and Golgiderived COPI-coated vesicles. Golgi membranes were isolated from either CHO
cells or rat liver and incubated with bovine brain cytosol, ATP-regenerating system,
and GTP␥S. Vesicles were purified on an isopycnic sucrose gradient. As described
in Materials and Methods, lipids from donor Golgi membranes and COPI vesicles
were extracted in the presence of internal PC and SM standards. PC and SM quantification was performed in PREC 184 mode. The top panels show PREC 184 spectra of CHO (left) and rat liver (right) donor Golgi membranes. The bottom panels
show the corresponding PREC 184 spectra of COPI vesicles generated from CHO
(left) and rat liver (right) Golgi membranes. Each spectrum shown was averaged
from 100 separate scans, each of 4-s duration. The molecular masses in daltons, the
corresponding numbers of total carbon (C) atoms in both fatty acids, and the numbers of double bonds (⌺ C atoms:⌺ of double bonds) are given for the major peaks.
pl, plasmalogen. (B) Quantification of PC, SM, and cholesterol in donor Golgi and
COPI vesicle fractions of CHO or rat liver membranes. Lipid quantification was
performed as described in Materials and Methods. The results of quantification of
PC (black bars), SM (white bars), and cholesterol (gray bars) in CHO (top) and in
rat liver (bottom) membranes are shown. The amounts of PC, SM, and cholesterol
in donor Golgi membranes are set to 100%. Results are shown as mean ⫾ SD. Reference to absolute amounts of these lipids present in COPI vesicles and their parental membrane fractions is given in Table II.

cantly changed. In contrast, for both CHO and rat liver
COPI vesicles, a decrease in the amount of SM was observed. SM is segregated from the vesicles by a factor of
4.8 (CHO) and by a factor of 3.3 (rat liver). A similar observation was made for cholesterol. The amounts of cholesterol in Golgi-derived COPI-coated vesicles are 2.7
times lower than in CHO Golgi membranes. Similarly, the
amounts of cholesterol in rat liver COPI vesicles are 1.7
times lower than in rat liver Golgi membranes. Thus,
about four cholesterol molecules are segregated together
with each SM molecule from CHO COPI vesicles, and two
cholesterol molecules are segregated with each SM molecule from rat liver COPI vesicles.

GTP Hydrolysis Does Not Artificially Cause Lipid
Segregation during COPI Budding

mined in PC by a factor of 1.2 compared with CHO Golgi
membranes, whereas the amount of PC in rat liver Golgi
membranes and rat liver COPI vesicles was not signifi-

Figure 5. Comparison of fatty acid composition of SM and
PC species in Golgi membranes and Golgi-derived COPIcoated vesicles. Lipid quantification was performed as described in Materials and Methods. The results obtained
from the CHO system are depicted at the top; those of the
rat liver system are shown at the bottom. The relative
amounts of PC (left) and SM (right) species derived from
Golgi donor membranes (black bars) were compared with
those of COPI-coated vesicles (white bars). Data are expressed as percentage of each lipid molecular species
(identical total number of C atoms in both fatty acids as
well as identical number of total double bonds, indicated
as ⌺ C atoms:⌺ double bonds) of PC or SM to total
amount of PC or SM, respectively.
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Figure 4. Generation of COPI vesicles from CHO Golgi membranes in the presence of either GTP␥S or GTP. Preparations of
COPI vesicles were performed as described in the Materials and
Methods. Lipid quantification of the various membrane fractions
was done after addition of internal PC and SM standards before
extraction. Quantification was performed as described. Illustrated are PREC 184 spectra of (A) CHO Golgi donor membranes, (B) COPI vesicles from GTP␥S incubations, and (C)
COPI vesicles from GTP incubations. pl, plasmalogen.

Previously, it was shown that cargo uptake into COPI vesicles requires ADP ribosylation factor (ARF)-mediated
hydrolysis of GTP (Nickel et al., 1998; Malsam et al., 1999;
Pepperkok et al., 2000). To address the question of
whether lipid sorting is also affected by GTP hydrolysis,
we compared the lipid patterns of COPI vesicles generated in the presence of either GTP or GTP␥S. As the
amounts of vesicles obtained in the presence of GTP are
extremely low, a phosphate determination of GTP vesicles
is virtually not feasible. Therefore, we used the PC to SM
ratio in donor Golgi and vesicle fractions as a measure for
lipid sorting. Preparations of COPI vesicles in the presence of either GTP␥S or GTP were performed as described in Materials and Methods. Lipid extraction of vesicle preparations was performed in the presence of internal
standards for SM and PC. Both lipids were detected via
PREC 184 scanning. The resulting spectra are shown in
Fig 4. Compared with parental Golgi membranes, we determined a PC to SM ratio that was 2.13 ⫾ 0.02–fold
higher in GTP␥S-derived vesicles and 2.12 ⫾ 0.01–fold
higher in GTP-derived vesicles. Compared with vesicle
preparations performed according to the standard protocol (Serafini and Rothman, 1992), the apparent segrega-

tion factors are smaller due to a lower purity of the vesicle
preparation.
In conclusion, lipid segregation is not restricted to
GTP␥S-COPI vesicles and, therefore, appears to be physiologically relevant.

Relative Distribution of PC and SM Species in Golgi
Donor Membranes and COPI Vesicles

Organelle

Golgi
ER
Plasma membrane
Lysosomes/endosomes

CHO
Golgi fraction

Rat liver
Golgi fraction

85.8
4.5
5.9
3.8

89.9
8.1
1.2
0.8

Relative contributions of Golgi, ER, plasma membrane, and lysosomes/endosomes to
total membrane surface area of purified Golgi fractions were calculated by combining
data presenting the percentage of each organelle to the total membrane surface area (as
reported in the literature) with the enrichment factors of marker enzymes determined
for these organelles.

While COPI-coated vesicles can be purified to near homogeneity, the corresponding Golgi donor membranes contain contaminations of other organelle membranes such
as ER, plasma membranes, and endosomes/lysosomes.
Therefore, differences in the apparent lipid compositions
of Golgi preparations and COPI vesicle preparations
could be due, in part, to the greater purity of the latter. To
assess the significance of the observed lipid segregation,
the purity of Golgi donor membranes was characterized at
both the biochemical and the ultrastructural level. In addition, Golgi-enriched fractions were obtained from two different sources, which are characterized by different degrees of individual organelle contaminations. This also
allowed us to judge on the generality of the phenomenon
described. Based on data providing the relative contributions of individual organelles to total cellular membranes
(Griffiths et al., 1989; McDowall et al., 1989; Alberts et al.,
1994) and on the factors of enrichment of the various contaminating membranes in CHO and rat liver Golgi preparations, we determined the absolute contamination of the

Golgi fraction with other organelles (Table III). Whereas
plasma membranes and endosomal/lysosomal membranes
are the main contaminations in our CHO Golgi preparations (representing a total of 9.7%), rat liver Golgi membranes are mainly contaminated by ER membranes
(8.1%). As demonstrated by the following calculation for
CHO membranes, contaminating membranes with a lower
content of SM (ER) and those with a higher content of SM
(plasma membrane and endosomes/lysosomes) roughly
compensate for each other. To assess the influence on the
measured value for SM in donor fractions of contaminating membranes, we used the data given in Table III, in
conjunction with the SM contents reported for plasma
membranes and endosomes/lysosomes (14–18 mol%) (Cezanne et al., 1992; Warnock et al., 1993), as well as ER
membranes (10 mol%) (Blough et al., 1977; Brotherus and
Renkonen, 1977; Urade et al., 1988). The calculations
were made based on an SM content of 18 mol% for
plasma membranes, the highest value reported. The actual
SM content of CHO Golgi membranes present in our
preparations would then be 14.1 mol%, a rather minor difference compared with the overall SM content (14.3
mol%, see Table II) measured in this membrane preparation. (Since no data were available for the SM content of
CHO-derived ER membranes, data obtained from lipid
analysis of Chinese hamster V79-UF and BHK cells were
averaged. It is of note that this high SM value chosen
might be an overestimation. With respect to the calculations, a lower SM value would have increased the determined SM value of the Golgi donor fraction. In general,
SM and cholesterol seem to be present in cell culture cells
in higher amounts (relative to total lipid) than in tissuederived membranes.)
Another possibility explaining the observed lipid segregation is that COPI budding might be restricted to vesicular tubular clusters and the early Golgi apparatus. This was
suggested based on a predominant cis-Golgi steady-state
localization of coatomer (Oprins et al., 1993). Vesicular tubular clusters and cis-Golgi membranes are characterized
by an SM and cholesterol content lower than the late
Golgi apparatus. However, this does not necessarily reflect a higher rate of COPI vesicle formation, since
coatomer might play an additional structural role at the intermediate compartment (IC)/cis-Golgi interface (Elazar
et al., 1994). Moreover, a quantitative immunoelectron microscopy study directly analyzing the occurrence of buds
and vesicles in close proximity to the various Golgi domains revealed that COPI vesicles appear to form from all
individual cisternae of a stack to a similar extent (Orci et
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Discussion
This study represents the first qualitative and quantitative
lipid analysis of mammalian Golgi-derived COPI-coated
transport vesicles. Using nano-ESI-MS/MS, we demonstrate that only low levels of the plasma membraneenriched lipids SM and cholesterol are present in this type
of transport intermediate. Moreover, in comparison to the
parental Golgi membranes, we provide evidence that
these lipids are segregated during budding, resulting in a
significant change of the PC to SM and the PC to cholesterol ratios, respectively.

Determination of the Extent of Lipid Segregation
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Besides changes in the absolute amounts of PC and SM in
Golgi membranes and COPI-coated vesicles, respectively,
we were interested in changes in the relative distribution
of the various PC and SM species. As illustrated in Fig. 5,
in CHO Golgi membranes and in CHO COPI vesicles, the
overall pattern of PC molecular species is very similar.
In rat liver Golgi membranes and rat liver COPI vesicles, a significant change in the amount of PC 34:1 was observed. This lipid was increased from 3.9% in the Golgi
membrane to 12.2% in COPI vesicles. Regarding the relative amounts of the various SM species in donor membranes and vesicles, drastic changes were observed in both
CHO and rat liver COPI vesicles. SM 18:0 was enriched by
a factor of 12 in CHO COPI vesicles, and by a factor of 13
in rat liver COPI vesicles. Whereas this increase of SM 18:0
was accompanied by a decrease in SM species with shorter
fatty acid chains (i.e., SM 16:0) in CHO COPI vesicles, SM
species with longer fatty acid chains (i.e., SM 24:0 and SM
24:1) were found to be reduced in rat liver COPI vesicles.

Table III. Relative Contribution of Various Organelles to
Total Membrane Surface Area of Donor Golgi Fractions

al., 1997). Nevertheless, the determined values for SM and
cholesterol in COPI vesicles are even lower than those reported for the IC/cis-Golgi network (CGN). Based on
lipid analysis of viral envelope membranes, Cluett and
Machamer (1996) determined in HeLa cells an SM content of 8% (of total phospholipid) in the CGN and of 11%
in the TGN, thus a 1.4-fold enrichment towards the TGN.
For BHK-21 cells, an SM content of ⵑ5–10 mol% in IC/
CGN membranes, of ⵑ18.7% in the TGN, and of ⵑ12.8%
in the total Golgi membrane preparation were determined
(Cluett et al., 1997). Thus, the amount of SM, even in IC/
CGN membranes (on average 7.6%, see above), is higher
than that determined for COPI vesicles (3% in CHO and
1.5% in rat liver COPI vesicles).

GTP Hydrolysis Does Not Affect Lipid Segregation

Segregation of Molecular Species
The profile of the individual molecular species of PC revealed no significant differences when CHO Golgi donor
membranes and CHO COPI vesicles were compared. In
both membrane fractions, PC 34:1 (mainly 16:0/18:1) was
the major PC species, accounting for 32% of the total PC.
In rat liver Golgi membranes, PC 34:1 (mainly 16:0/18:1)
contributed only 3.9% of the total PC, but was enriched by
a factor of three in COPI-coated vesicles (12.2% of the total PC). This increase was not accompanied by the decrease of any particular PC species. A change of the overall ratio of saturated to unsaturated PC species was not
observed. Since saturated PC species are reported to be
enriched in the plasma membrane (as opposed to the ER)
(Keenan and Morre, 1970), COPI-coated vesicle–mediated lipid sorting does not appear to contribute to this
steady-state distribution. Most likely, remodeling of lipid
species accounts for the higher degree of lipid saturation
at the plasma membrane (MacDonald and Sprecher, 1991;
Schmid et al., 1991; Schneiter et al., 1999). The relative distribution of the various SM species in donor membranes
and COPI vesicles was found to be significantly changed in
both the CHO and the rat liver system. N-stearoyl-SM was
enriched in COPI vesicles by a factor of 12 (CHO) and 13
(rat liver). In CHO Golgi-derived COPI-coated vesicles,
this increase was accompanied by a decrease of SM species
with shorter fatty acyl chains (e.g., SM 16:0), whereas SM
species with longer fatty acyl chains (e.g., SM 24:0) were
reduced in rat liver COPI vesicles. Further work is needed
to elucidate the function of lipid species sorting during
COPI-coated vesicle biogenesis.

Possible Mechanisms of Lipid Segregation

Transport of SM and Cholesterol
SM and cholesterol are known to form concentration gradients along the organelles of the secretory pathway, with
the highest enrichment in the plasma membrane. Since ER
membranes are poor in SM and cholesterol, their segregation from COPI vesicles might be interpreted in a way that
favors an exclusive role of these vesicles in retrograde
transport. While some data support this view (Bannykh
and Balch, 1997; Mironov et al., 1997; Gaynor et al., 1998),
there is strong evidence for a direct role of COPI in anterograde transport (Orci et al., 1986, 1989, 1997; Ostermann
et al., 1993; Nickel et al., 1998; Volchuk et al., 2000; for a
review see Warren and Malhotra, 1998). In addition, the
small amounts of SM and cholesterol remaining in COPI
vesicles may well be sufficient for an anterograde net
transport of these lipids, depending on the rate of transport and turnover at the plasma membrane. Alternatively,
these lipids might be transported by other carriers towards
the plasma membrane. Indeed, a direct transport route between ER and plasma membrane, bypassing the Golgi,
was suggested for cholesterol (Kaplan and Simoni, 1985;
Urbani and Simoni, 1990; Liscum and Dahl, 1992; Smart et
al., 1996; Uittenbogaard et al., 1998; Heino et al., 2000; for
reviews see Anderson, 1998; Liscum and Munn, 1999).
In conclusion, application of nano-ESI-MS/MS has, for
the first time, allowed us to quantitate the lipid content of
highly purified COPI vesicles. This analysis provides evidence for a lipid segregation in Golgi membranes, as indicated by a significant reduction of SM and cholesterol content in COPI-coated vesicles compared with their parental
membranes.These data are consistent with a reduced interleaflet clear space in the membrane of COPI-coated
vesicles compared with Golgi membranes (Orci et al.,
1996). Elucidation of the underlying mechanism as well as
the determination of the lipid compositions of other vesicular carriers will be major challenges for future studies and
will result in a deeper understanding of lipid sorting.

How are SM and cholesterol segregated from COPI-coated
vesicles? Two possibilities for the observed lipid segrega-
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As demonstrated previously, ARF-mediated GTP hydrolysis is a prerequisite for uptake of cargo into COPI vesicles (Nickel et al., 1998; Malsam et al., 1999; Pepperkok et
al., 2000). Therefore, we compared the PC to SM ratio (a
measure for lipid sorting) of COPI vesicles, generated in
the presence of either GTP or GTP␥S, with that of CHO
Golgi membranes. In both cases, a very similar value was
obtained, indicative of a physiological relevance of the observed lipid segregation.

tion can be envisaged: (a) a dynamic segregation of lipids
concomitant with COPI-coated vesicle formation that is
based on the molecular mechanism of vesicle budding, or
(b) segregation before the budding process, resulting in the
formation of COPI-coated vesicles from membrane subdomains poor in SM and cholesterol. A dynamic segregation
during the budding process might be caused by preferential
interactions of certain membrane phospholipids with parts
of the protein machinery that mediates COPI vesicle budding. Both coat proteins (i.e., ARF and/or coatomer),
COPI coat receptors (Stamnes et al., 1995; Sohn et al.,
1996; Bremser et al., 1999), and other factors might potentially be involved in these kinds of interactions. Alternatively, SM and cholesterol may be mainly organized in
SM- and cholesterol-enriched microdomains (Simons and
Ikonen, 1997; Brown and London, 1998) representing
Golgi substructures that do not function as donor sites for
COPI vesicle biogenesis. There is evidence that such a microdomain exists in the early Golgi (Gkantiragas, I., B.
Brügger, E. Stüven, K. Löhr, F. Lottspeich, F.T. Wieland,
and J.B. Helms, manuscript submitted for publication).
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