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Containing Dpmlp: Putative Transport Vesicles for Lipid
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A novel type of membrane vesicles was formed in vitro from microsomes of
Saccharomyces cerevisiae, which carries Dpmlp, an enzyme involved in dolichol-
sugar synthesis, but not a typical secretory cargo. While COPII vesicles formed
in vitro were sedimentable by centrifugation at 200,000g,,.x for 15min, the novel
vesicles were not. However, they were sedimented by additional centrifugation at the
same speed for 1h. Immunoelectron microscopy showed that the Dpmlp-containing
vesicles had small vesicular/saccular structures of around 40-50 nm in diameter. The
addition of glycerol-3-phosphate and oleoyl-CoA, substrates for lipid biosynthesis,
significantly enhanced the efficiency of vesicle budding in an ATP-dependent
fashion. Dpmlp was localized to lipid droplets as well as endoplasmic reticulum.
Fluorescence microscopy further showed that Dpmlp-GFP was present in restricted
subregions in isolated lipid droplets. The possibility that the vesicles were
intermediates from the endoplasmic reticulum to lipid droplets was examined, and
their possible role is discussed.

Key words: Dpm1p, Erg6p, lipid droplet, Saccharomyces cerevisiae, vesicle transport.

Abbreviations: ER, endoplasmic reticulum; GFP, (enhanced) green fluorescent protein; GMP-PNP, guanylyl
imidodiphosphate; HSP, high-speed pellet; HSS, high-speed supernatant; LD(s), lipid droplet(s); MSS,

medium-speed supernatant; RFP, (monomeric) red fluorescent protein.

Lipid droplets (LDs), which are commonly found in
eukaryotic cells, are composed of triacylglycerol and
steryl ester cores surrounded by phospholipid monolayer
(1-5). LDs have been regarded as a storage compartment
for lipids for a long time, but a recent view proposes its
functional roles in many cellular processes (6). Indeed, a
variety of proteins involved in membrane traffic, cell
signaling as well as lipid metabolism have been identi-
fied in isolated LDs (7-10).

LDs are considered to be derived from the endoplasmic
reticulum (ER). Formation of mammalian LDs was
reported to be regulated by phospholipase D, extracel-
lular signal-regulated kinase 2 and dynein (11), but the
mechanism of its biogenesis is still poorly understood.
One popular model is that neutral lipids accumulate
between the leaflets of the ER membrane, and after
reaching a critical size, they bud off into the cytoplasm to
form LDs (1, 2, 4).

Vesicular transport plays an essential role in the
intracellular transport of proteins and polysaccharides.
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It also contributes, in part, to the transport of lipids (12).
The transport from the ER to the Golgi apparatus is
carried out by small transport vesicles termed COPII
vesicles (13). The formation of COPII vesicles requires
the small GTPase Sarlp (14), Sec23/24p and Secl13/31p
complexes (13). Cell-free assays for the budding of COPII
vesicles have been established using microsomes isolated
from Saccharomyces cerevisiae cells and purified COPII
proteins (15-19). In the microsome-based in vitro bud-
ding assay, we found that a novel type of membrane
vesicles was formed independent of COPII proteins. The
vesicles contained Dpmlp (dolichol phosphate mannose
synthase), not a typical cargo protein in the secretory
pathway. In the present paper, we report characteriza-
tion of the vesicles and discuss their possible role in the
biogenesis of LDs.

MATERIALS AND METHODS

Yeast Strains and Plasmids—Saccharomyces cerevisiae
strains used in this study were wild-type YPH500 [MAT«
ura3 lys2 ade2 trpl his3 leu2, (20)], KUY136 [MAT«a
erg6A::LEU2 ura3 lys2 ade2 trpl his3 leu2, (21)], BY4743
(MATa/a ura3/ura3 lys2/LYS2 his3/his3 leu2/leu2
METI15/metl5 dpmlA::kanMX4/DPM1, EUROSCARF
Y25598) and YTY102 (MATa wra3 lys2 his3 leu2
dpml1A::KanMX1 DPM1-GFP, in this study).

To create plasmids for expression of proteins fused
with enhanced green fluorescence protein (GFP) and
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monomeric red fluorescence protein (RFP) at the
C-terminus, DNA fragments of GFP and RFP with a
stop codon were inserted between the TDHS3 promoter
and CMK]1 terminator on a single copy plasmid pTU1
with the URA3 marker (22) to yield pKM1 and pKM2,
respectively. The TDH3 promoter in pKM2 was replaced
by the ADH1 promoter to yield pKM2-2. The fragment of
RFP was also inserted into a single copy plasmid
pMTG200 with the TRPI marker (23) to yield pKMa3.
To construct pYTY102 carrying the DPM1-GFP under
control of the DPMI1 promoter, the fragment was
generated by PCR from the genomic DNA of YPH500
and subcloned into pKM1. To construct ERG6-RFP, the
fragment encoding ERG6 promoter and the ERG6 open
reading frame was amplified by PCR and subcloned into
pKM2-2 and pKMS3, to yield the plasmids pYTY103 and
pYTY104, respectively.

The YTY102 strain was obtained from the diploid
dpml1A/DPM1 strain BY4743 harboring pYTY102 by
tetrad analysis utilizing 5-fluoro-orotic acid and G418
plates. DPM1 is an essential gene and the obtained haploid
dpmlA strain expressing DPMI1-GFP (YTY102) was
viable, confirming that the gene product is functional.
Incorporation of ERG6-RFP into the erg64 strain
(KUY136) rescued growth delay of the strain (data not
shown), indicating that the gene product is also functional.

Yeast cells were grown in YPD [1% Bacto yeast extract
(Difco Laboratories, Detroit, MI), 2% polypeptone (Nihon
Seiyaku, Tokyo) and 2% glucose] or in MCD [0.67% yeast
nitrogen base without amino acids, 0.5% casamino acids
(Difco Laboratories) and 2% glucose] medium supple-
mented appropriately.

Antibodies and Chemicals—Rabbit anti-Pmalp anti-
body was raised against a synthetic peptide correspond-
ing to residues 55-69 of Pmalp with an additional Cys
residue at the C-terminus (GVDDEDSDNDGPVAAC).
The antigen peptide was conjugated to keyhole limpet
hemocyanin, and used to immunize rabbits. The anti-
Pmalp antiserum obtained was affinity-purified over the
antigen-immobilized column. Rabbit anti-Emp24p anti-
body was generated as described (24). Antibodies directed
against Sec22p (25), Sec61p (26), Sed5p (27) and Ergllp
(28) were described earlier. Polyclonal anti-Tim23p anti-
body was kindly provided from the Endo laboratory
(Nagoya University). Monoclonal anti-HA (12CA5) and
anti-myc (9E10) antibodies were purchased from Roche
Diagnostics (Basel, Switzerland). Monoclonal anti-
Dpmlp and anti-Pho8p antibodies, polyclonal anti-GFP
antibody (A-11122), goat anti-mouse IgG-AlexaFluor488
and goat anti-rabbit IgG-AlexaFluor568 were from
Molecular Probes (Eugene, OR). Polyclonal anti-human
transferrin antibody was from Bethyl Laboratories Inc.
(Montgomery, TX), and polyclonal anti-HA (Y-11) anti-
body was from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA).

Human transferrin was purchased from Sigma-Aldrich
(St Louis, MO) and 6nm colloidal gold-goat anti-rabbit
IgG was from Jackson ImmunoResearch Laboratories,
Inc. (West Grove, PA).

Membrane Isolation—Microsomes enriched in the ER
membranes were prepared from yeast cells that are
grown to a mid-to-late log phase as described before (29).

Y. Takeda and A. Nakano

LDs were isolated from the cells at a late log phase.
Spheroplasts were prepared in the same way as in the
isolation of microsomes, and then suspended in homo-
genization buffer containing 0.2M sorbitol, 1mM DTT,
2mM EDTA, 20mM Hepes—KOH, pH 7.4 and 1mM
PMSF at the final concentration of 0.3g wet weight of
cell per millilitre. Spheroplasts were subjected to 10
strokes in a Dounce homogenizer on ice using a loosely
fitting pestle. The homogenate was centrifuged at
5,0008 .« at 4°C for 5min. The supernatant was further
centrifuged in an RPS40T rotor (Hitachi, Tokyo) at
36,000rpm. at 4°C for 30min. The resulting floating
layer containing LDs was collected and mixed with the
same volume of 20% (w/w) sucrose in Hepes—KOH, pH
7.4. This suspension was placed beneath buffer B88
(0.25 M sorbitol, 150 mM KOAc, 5 mM MgOAc and 20 mM
Hepes-KOH, pH 6.8), and centrifuged in the RPS40T
rotor at 36,000rpm. at 4°C for 1h. The floating layer
containing LDs of high purity was collected (the LD
fraction). In the preparations from the cells expressing
the fluorescent proteins, yeast inhibitor cocktail
(Sigma-Aldrich) was included in the buffers after homo-
genization. The prepared membranes were used for
experiments without freezing, or frozen with liquid
nitrogen and stored at —80°C until use.

Protein Analysis—Proteins were quantified by the
method of Bradford (30) and Peterson (31), with bovine
serum albumin as a standard. The LD fraction was
delipidated by the extraction with two volumes of diethyl
ether (32, 33), and the protein content was determined
by the latter method.

In Vitro Vesicle Budding Assay—In vitro vesicle
budding reaction was performed using microsomes as
described before (18). The basal additives to the reaction
mixture were purified COPII proteins (Sarlp, Sec23/24p
and Secl3/31p), 0.1mM guanylyl imidodiphosphate
(GMP-PNP), ATP and an ATP regeneration system. In
most assays, microsomes were washed with 2.5 M urea in
buffer B88 twice and further washed with B88 twice at
4°C. Otherwise indicated, the urea-washed microsomes
were used for the assays. The scale of the reaction
mixture per one assay was changed depending on the
experiments (0.1, 0.4 or 1ml). After a 30 min of incuba-
tion at 25°C or 4°C, the vesicles were separated from
donor microsomal membranes by centrifugation at
15,000rpm in a swing-out rotor (TMS-21, TOMY,
Tokyo) at 4°C for 7min. The medium-speed supernatant
(MSS) which contains small vesicles was further cen-
trifuged at 200,000g,,.x in a TLA120.2 rotor (Beckman,
Fullerton, CA) at 4°C for 15min to obtain high-speed
pellet (HSP) and high-speed supernatant (HSS) fractions.
Proteins in MSS and HSS were precipitated with 7%
trichloroacetic acid. The fractions were analysed by SDS-
PAGE and immunoblotting.

Fractionations of the vesicles by gradient centrifuga-
tion were performed and the details of the procedures
were described in the figure legends. The centrifugations
were performed in a P55ST2 rotor (Hitachi) at 4°C.

Fluorescence Microscopy—The fluorescence due to GFP
and RFP in yeast cells was visualized under an IX-81
microscope (Olympus, Tokyo) equipped with a confocal
laser scanner unit CSU10 (Yokogawa Electronic, Tokyo).
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Excitation was performed with an argon/krypton laser
(Melles Griot) at 488nm for GFP and at 568 nm for
RFP simultaneously. Emissions were collected using a
510-560 nm band-pass filter for GFP and a 590-630 nm
band-pass filter for RFP. Images were acquired
by a high-resolution digital charge-coupled device
camera (C4742-95; Hamamatsu Photonics, Hamamatsu)
and were processed by the Aquacosmos software
(Hamamatsu Photonics).

Dual colour observation of GFP and Nile Red in the
cells was performed using an LSM-510 META confocal
laser microscope (Carl Zeiss, Jena, Germany) with an
argon laser emitting at 488 nm and with a helium/neon
laser emitting at 543 nm. GFP and Nile Red signals were
collected using a 505-530nm band-pass filter and a
560 nm long-pass filter, respectively. The condition under
which the leakage of Nile Red fluorescence in the green
channel was negligible was used for the experiment.

For immunofluorescence microscopy, cells were
formaldehyde-fixed and permeabilized as described (34).
The cells were incubated with primary antibodies in 3%
BSA/PBS for 1h at room temperature, rinsed and then
incubated with the secondary antibodies conjugated to
AlexaFluor for 1h at room temperature. The images
were acquired by a LSM 5 PASCAL confocal laser
microscope (Carl Zeiss) using the same laser and filter
settings as the LSM-510.

Microscopic analysis of the isolated LDs was performed
with a BX-51 fluorescence microscope (Olympus), and
acquired images were processed by Adobe Photoshop 6.0
software. (NL) All microscopic observations were per-
formed at room temperature.

Lipid Analysis—Lipids of microsomes and the LD
fraction were extracted according to Folch et al. (35).
The lipids were applied to silica gel 60 plates (Merck,
Darmstadt, Germany), and one-dimensional thin-layer
chromatogram was developed by the solvent system,
light petroleum-diethyl ether-acetic acid (80: 20: 2, v/v/v).
Total phospholipids were quantified by the method of
Rouser et al. (36). The spots of ergosterol and ergosteryl
esters were scraped off and dissolved in chloroform, and
then quantified by measuring absorbance at 275 nm with
ergosterol as a standard (37).

Immunoelectron Microscopy—Immunoelectron micro-
scopy of vesicles fixed in 4% paraformaldehyde was
performed as described elsewhere (38), except that the
membranes on grids were stained with uranyl acetate/
poly-vinyl alcohol (1:9, 4% uranyl acetate: 2% poly-vinyl
alcohol). The samples were observed under an H-7100
electron microscope (Hitachi).

RESULTS

Discovery of Novel Vesicles Containing Dpm1p Formed
In Vitro from Microsomes—Among several -cell-free
systems to assess formation of ER-derived COPII
vesicles, microsome-based assays are useful for investi-
gating requirements on the membrane side. We were
trying to examine whether there were any sorting events
of several proteins from microsomes. During such an
effort, we fortuitously obtained a peculiar finding.
Figure 1A shows a result of a budding assay, looking at
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the recovery of various proteins into the MSS
(15,000rpm) fraction, which normally contains COPII
vesicles during incubation with COPII and GMP-PNP.
As expected, cargo proteins such as Sec22p and Emp24p
were found in the MSS fraction only when COPII was
added, while ER resident proteins such as Ergllp and
Sec6lp were not. To our surprise, two membrane
proteins Dpmlp (an ER protein) and Pmalp (a plasma
membrane protein) were found in the MSS fraction, not
only in the presence of COPII but also in the absence.
To follow the behaviours of these proteins in more detail,
we tested ATP- and GMP-PNP-dependence in this
in vitro assay. As shown in Fig. 1B, the recovery of
Pmalp in MSS was ATP-dependent but did not require
COPII or GMP-PNP. On the other hand, Dpmlp was
released into the MSS fraction regardless of the presence
or absence of any of these additives. More detailed
analysis on the ATP- and temperature-dependence of the
recovery of Pmalp and Dpmlp into MSS is shown in
Fig. 1C. The release of Pmalp was highest at 2mM ATP.
Dpmlp was released into MSS even in the absence of
ATP, but its amount increased when 1 mM or more ATP
was present. The recovery of both Pmalp and Dpmilp
into MSS was null or fairly low at 4°C. Sec61lp was not
detected in MSS under the same condition (data not
shown).

Since microsomes were washed with 2.5 M urea before
the assay, a possibility existed that the urea washing
had caused fragmentation of membranes, which con-
tained Pmalp and Dpmlp and were released into MSS.
Figure 1D shows the results of the budding assay with
and without the urea washing. As known since before,
microsomes washed by the buffer only (B88 alone)
produce COPII vesicles without the addition of COPII
or GMP-PNP, because endogenous COPII components
are still associated with microsomes, which are effec-
tively removed by the urea washing. The release of
Pmalp and Dpm1lp into MSS, which were seen after the
urea washing, was higher with the non-urea-washed
microsomes (B88 alone). The urea washing would have
removed proteins on the membranes for effective vesicle
budding. Such leakage was not seen with Sec61p. From
this result, it is unlikely that the spontaneous random
fragmentation was induced by the wurea washing.
Because Sec22p, Pmalp and Dpmlp are all transmem-
brane proteins, there must be membrane-associated
mechanisms for their release into MSS.

To understand the nature of the release of these
membrane proteins, MSS from the reaction was sepa-
rated into HSS (200,000g,,.x, 15 min) and HSP, and HSP
was further fractionated by discontinuous sucrose gra-
dient centrifugation. As shown in Fig. 1E, Sec22p (COPII
vesicles) and Pmalp were recovered into HSP and
sedimented at 30—40% and 30-50% sucrose, respectively,
but Dpmlp was partitioned into HSS. The difference in
COPII/GMP-PNP/ATP-dependence and the fractionation
behaviour after release into MSS suggest that Sec22p,
Pmalp and Dpmlp are released into MSS in different
forms of vesicles. We hereafter focus our attention on the
novel, putative membrane vesicles carrying Dpm1p.

Dpmlp Is Present Not Only In the ER But Also In
LDs—Dpmlp, a 30kD protein possessing one predicted
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Fig. 1. In vitro budding reactions with yeast microsomes.
Vesicle fractions were analysed by SDS-PAGE followed by
immunoblotting with antibodies for various marker proteins.
A: Five percent of the total reaction (5%T) and proteins in MSS
isolated after incubation at 25°C with (+) or without (—) COPIIL
proteins in the presence of GMP-PNP and 1mM ATP were
analysed. B: In vitro budding reactions were performed with or
without GMP-PNP, 1mM ATP and COPII proteins in various
combinations at 25°C. C: ATP- and temperature-dependencies of
recovery of Pmalp and Dpmlp into MSS. The budding reaction
was performed in the presence of various concentrations of ATP
at 25 or 4°C. GMP-PNP and COPII proteins were omitted from
the reaction mixture. The levels of the proteins in MSS were

transmembrane domain near the C-terminus, is dolichol
phosphate mannose synthase, which has been believed to
reside in the ER (39, 40). However, a recent proteomic
study identified Dpmlp in a purified LD fraction from
S. cerevisiae cells (41). To test the possibility that Dpm1p
is indeed in LDs, we examined the intracellular localiza-
tion of Dpmlp. As shown in Fig. 2A, Dpmlp-GFP
exhibits punctate fluorescence in addition to the typical
ER pattern. The bright puncta appeared to be in
association with the ER, and their positions coincided
with light diffractive particles in the Nomarski images,
which are characteristic of yeast LDs. RFP fusion of
Erg6p, a marker of yeast LDs (33), co-localized with
Dpm1p-GFP on the puncta (Fig. 2B). Furthermore, Nile
Red, a neutral lipid probe used to visualize LDs, stained
these puncta of Dpm1p-GFP (Fig. 2C). Figure 2D shows
dual colour immunofluorescence microscopy of endogen-
ous Dpmlp and Srtlp-3HA, another LD protein (42).
Srt1p-3HA also partially co-localized with Dpm1lp, and
their merge was less frequent than that of Srtlp-3HA
and Erg6p-3myc (data not shown).

To examine the distribution of Dpm1p between the ER
and LDs, we isolated LDs from cell lysates by the method
described under Materials and methods. As shown in
Table 1, the prepared LD fraction had very high

evaluated on the basis of the 5% total input. Error bars represent
SD of three to five independent experiments. D: A comparison of
the budding efficiencies from microsomes washed with buffer B88
alone or 2.5M urea. In vitro budding reactions with or without
1mM ATP were performed in the absence of GMP-PNP and
COPII proteins at 25°C. E: Fractionation of vesicles. The MSS
obtained from the reaction with GMP-PNP, 1mM ATP and
COPII proteins at 25°C was separated into HSS and HSP.
The HSP was loaded on a discontinuous sucrose gradient (10/20/
30/40/50/60%, w/w) in 10mM Hepes-KOH, pH 7.4, and then
centrifuged at 166,000g,, for 2h at 4°C. The interfacial frac-
tions, the HSS and 1.25% of the total reaction (1.25% T) were
analysed.

enrichment of ergosterol and ergosteryl esters over
phospholipids as compared to microsomes. We then
examined localization of various membrane proteins in
this fraction and microsomes. As shown in Fig. 2E,
Ergbp-3myc and Srtl-3HA were highly enriched in
the LD fraction. Dpmlp-GFP and endogenous Dmplp
were obviously detected in the fraction, whereas
other ER proteins, Ergllp and Sec6lp were slightly
detected. Pmalp, Sed5p (a cis-Golgi marker), Tim23p
(a mitochondria marker) and Pho8p (a vacuolar marker)
were undetectable in the LD fraction, although they
were detectable in microsomes, probably due to cross-
contaminations of the membranes. The purity of the LDs
isolated by our method was considered high (also see
Fig. 5A), but they appeared to contain ER components
as well.

From these results, we concluded that Dpm1lp resides
not only in the ER but also in LDs.

The LD Marker Erg6p-3myc Also Bud Into the HSS
Fraction—Now the possibility rises that the novel
vesicles containing Dpmlp, which we found in the
in vitro budding reaction, may be the intermediate
carrier from the ER to the LDs. So we went back to
the assay and examined the behaviour of two more LD
proteins, Erg6p-3myc and Srtlp-3HA. Although Erg6p
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A Nomarski Dpm1p-GFP

B Nomarski Dpm1p-GFP Erg6p-RFP

f‘ --

C Dpm1p-GFP

Nile Red

Dpm1p Srt1p-3HA

Fig. 2. Intracellular localization of Dpmlp. A: Subcellular
localization of Dpmlp-GFP. Yeast cells (YPH500) expressing
Dpm1p-GFP were observed by confocal microscopy. Nomarski
(left panel in the pair) and fluorescence (right panel in the pair)
images in the same field are shown. B: Confocal microscopy
of yeast cells (KUY136) co-expressing Dpm1p-GFP and Erg6p-
RFP. C: Dual colour fluorescence images of Dpmlp-GFP and
Nile Red. The cells (YTY102) were stained with Nile Red
(final 1pg/ml) and observed by confocal microscopy. D: Dual

and Srtlp possess no and one predicted transmembrane
domain, respectively, neither of them was removed from
microsomes after the urea washing (data not shown). As
shown in Fig. 3A, Ergbp-3myc and Dpmlp-GFP were
clearly recovered in the HSS fraction after the reaction
at 25°C, as was endogenous Dpmlp. Srtlp-3HA was
detected abundantly in the LD fraction (Fig. 2E) but not
in HSS. This suggests that Srtlp may be released from
the ER by another distinct pathway, and more impor-
tantly, it indicates that the novel vesicles we were
observing were not the LDs themselves.

We next examined the effect of the addition of 1 mM
glycerol-3-phosphate and 0.1 mM oleoyl-CoA in the assay
since LDs contribute to biosynthesis of various lipids
including glycerolipids and neutral lipids (43). As shown
in Fig. 3B, the recovery of Dmpl-GFP, Erg6p-3my as
well as endogenous Dpm1p in MSS was all enhanced by
the addition of glycerol-3-phosphate and oleoyl-CoA, and
the increase was further augmented by the presence
of ATP (lanes 1-4). Release of Sec6lp into MSS was
hardly stimulated by these compounds. The addition of
oleoyl-CoA and ATP without glycerol-3-phosphate
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colour immunofluorescnece images of endogenous Dpmlp and
Srtlp-3HA. Yeast cells (KUY136) co-expressing Srtlp-3HA and
Ergbp-3myc were immunostained by anti-Dpmlp and anti-HA
(Y-11) antibodies. In A-D, bars=5um. E: Immunoblotting
analysis of microsomes and the LD fraction. Fractions were
prepared from cells at a late log phase. All protein contents were
determined by the method of Peterson (31). Five micrograms of
protein of microsomes (Mic) and of the LDs were analysed by
immunoblotting using antibodies for various markers.

rendered more marked effect (lanes 2—-6), implying that
non-glycerolipids, such as steryl esters, could increase
formation of the vesicles. The three proteins were
similarly released into the vesicle fraction under the
same conditions, and the enhanced release was recovered
in HSS (lane 7).

Features Of the Novel Vesicles Carrying Dpmlp—
Detailed fractionation behaviour of the novel vesicles
from non-urea-washed microsomes was investigated to
identify why they partitioned into HSS. The distribution
of Dpm1p, Erg6p-3myc and Dpm1p-GFP in the centrifu-
gal tube after the centrifugation at 200,000g,.. for
15min was examined. As shown in Fig. 4A, all three
proteins distributed mostly equally from top to bottom in
HSS, although the isolated LDs were floated to the top
after the same centrifugation (data not shown). This
observation raised the possibilities that the density of the
vesicles was nearly equal to that of the solvent
(p=1.032g/ml), and/or the vesicles were so small that
they were not sedimented/floated by this centrifugation.
To elucidate these possibilities, HSS was further cen-
trifuged at 200,000g,.x for 1h in the fixed angle rotor
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Table 1. Lipid content of microsomes and the lipid droplet fraction.

Fraction Phospholipids:protein Ratio of
(umol/mg)
Ergosterol:phospholipids Ergosteryl ester: phospholipids
(mol/mol) (mol/mol)
Microsomes 0.5040.09 0.06 +0.04 0.15+0.08
Lipid droplets 0.30+0.15 1.13+0.07 4.85+0.63

Means +=SD of three to five different isolations from the cells (YPHS500) grown in YPD at the late log phase were shown. Proteins in
microsomes were quantified by the methods of Bradford (30), and the LDs by Peterson (37), respectively.
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Fig. 3. In vitro budding of lipid droplet proteins. A:
Temperature-dependent recovery of various markers into the
HSS fraction in the budding assay. The budding reactions were
performed with no additive at 4°C or 25°C. After the reaction
and subsequent fractionation, the HSS was analysed together
with 0.5% total input (0.5%T) by immunoblotting. B: Effect of
substrates supporting lipid biosynthesis on the budding reac-
tion. Microsomes were prepared from the wild-type cells
(YPH500) expressing Dpml1p-GFP and Erg6p-3myc. The bud-
ding reactions were performed with (+) or without (—) 1mM
ATP, 1mM glycerol-3-phosphate (G-3-P) and 0.1 mM oleoyl-CoA
in various combinations at 25°C. MSS and HSS were obtained
and analysed. The budding efficiency of each protein was
calculated on the basis of the 5% total input (5%T), and
indicated under each band.

and the distribution of the vesicles was examined. After
the centrifugation, the three proteins were all recovered
in the pellet, while human transferrin, a soluble protein
exogenously added into HSS, was not (Fig. 4B), indicat-
ing that the vesicles were denser than the solvent. By
sucrose-gradient floatation ultracentrifugation, Dpmlp

from HSS was floated at around the p=1.15-1.19 g/ml
fraction, while transferrin remained at the bottom
(Fig. 4C). Dpml1p-GFP showed the same fractionation
pattern as endogenous Dpmlp, but Erg6p-3myc became
undetectable after the floatation centrifugation for
unknown reasons (data not shown).

The pelletable membranes in HSS from the cells
expressing Dpm1p-GFP after the additional centrifuga-
tion (Fig. 4B) were fixed by 4% paraformaldehyde and
directly applied to a grid for electron microscopy. They
were immunolabeled with anti-GFP antibodies followed
by the gold-conjugated second antibodies, stained with
uranyl acetate, and then viewed under an electron
microscope. As shown in Fig. 4D, highly immunolabeled
small vesicles and saccules, most of which were 40-50 nm
in diameter, were observed, representing Dpmlp-GFP
was present on them. The labeling was scarce and such a
labeling was not observed in the absence of anti-GFP
antibodies and in the fraction from the cells expressing
no GFP-fusion protein (data not shown).

Fluorescence Microscopic Observation Of the Isolated
LDs—We also tried to visualize Dmplp-GFP in the
isolated LDs by fluorescence microscopy. Figure 5A
shows a Nomarski image and Nile Red staining of the
LDs, also confirming the high purity of Nile Red-positive
LDs. The isolated LDs were often larger in size than
those seen in the cells (around 1pm in diameter),
probably due to homotypic fusion. In the LDs, Dpm1p-
GFP often showed punctate fluorescence and non-
continuous localization in the LDs (Fig. 5B). In contrast,
Erg6p-RFP was observed mostly on the surface in a
continuous manner (Fig. 5C).

DISCUSSION

In the present study, we found in vitro budding of a
novel type of membrane vesicles carrying Dpmlp (Figs.
1, 3 and 4), which are distinct in size, appearance
and biochemical characteristics from the three well-
characterized transport vesicles, COPII, COPI and
clathrin-coated vesicles (44). We also confirmed the
localization of Dpmlp to LDs as well as to the ER
(Fig. 2). The ATP-dependent formation of vesicles
carrying Pmalp, a plasma membrane H"-ATPase, was
also found (Fig. 1). Although we did not pursue the latter
vesicles, these might be a kind of endocytic vesicles from
the plasma membrane contaminating in microsomes
since Pmalp is a major plasma membrane protein (45).

The experimental results in Fig. 3 suggest that the
novel vesicles are precursors/transport vesicles for LDs.
The precise mechanism for the formation of the vesicles
is unclear, but the content and/or synthesis of several
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Fig. 4. Fractionation behaviour and appearance of the
novel vesicles. Non-urea-washed microsomes were used in the
budding reactions with no additive at 25°C. A: Distribution of
Dpmlp, Dpml1p-GFP and Erg6p-3myc in the HSS fraction. After
the ultracentrifugation of MSS for 15min, eight fractions were
taken from top to bottom of HSS. The fractions and the 0.5% total
reaction (0.5%T) were analysed by SDS-PAGE and immunoblott-
ing. B: Recovery of the vesicles into the pelletable fraction. HSS
was diluted 4-folds with buffer B88, and then further centrifuged
at 200,000g ,,ax in the TLA120.2 rotor for 1h. The resulting pellet
(P) and supernatant (S) were analysed. C: Flotation of the
vesicles. HSS was mixed with two volumes of 60% (w/w) sucrose

lipids would be important (Fig. 3B). Although it remains
to be determined which lipid can indeed stimulate the
vesicle budding, it is intriguing to resolve how lipid
biosynthesis and the sorting event of Dpmlp and Erg6p
are linked. The reason why Dpm1p also resides in LDs is
still unclear. Srtlp, which is preferentially present in
LDs, is a cis-prenyltransferase also involving in dolichol
synthetic pathway (42). Therefore, LDs may contribute to
biosynthesis of dolichyl lipids in addition to the ER and
Dpmlp could be actively sorted and transported to LDs,
while Srtlp-3HA was not found in the vesicle fraction
(Fig. 3A) and its transport mechanism to LDs remains
unknown.

Despite that the vesicles would be the intermediates
of LDs, they are not buoyant as the LDs (Fig. 4A-C),
probably due to high protein-to-lipid ratio. On the other
hand, the vesicles were of fairly small structures
(Fig. 4D) and thus remained in the HSS after the
centrifugation at 200,000g,,.« for 15min, and needed a
longer time to be sedimented (Figs. 1E, 3, 4A and 4B).

Caveolin-1 containing spherical lipid droplets was
reported to derive from microsomes in a mammalian cell-
free system (46), and the droplets were recovered in the
p<1.06 g/ml fractions after gradient ultracentrifugation
and with similar size and appearance to isolated LDs. On
the other hand, the novel vesicles we found in the present
study, which could also be LD precursors, were recovered
in heavier fractions and were morphologically distinct
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in Hepes, pH 7.4, and was placed at the bottom of a centrifuge
tube. Then layers of 35, 30 and 25% (w/w) sucrose/Hepes were
layered on the top. The gradient was centrifuged at 166,000g,,
for 14.5h at 4°C. Ten fractions were taken from top to bottom,
and analysed. In B and C, human transferrin was included in
HSS as a soluble protein marker. D: Immunoelectron microscopy
of the pelletable membranes in HSS. The membranes in HSS
were pelleted as in B, paraformaldehyde-fixed, and then mounted
on a grid. They were immunolabeled with anti-GFP antibodies
followed by the second antibodies conjugated with 6nm gold.
Bars=100nm.

from the isolated LDs. Therefore, we would be observing
different phenomena related to LD biogenesis.

In fluorescence microscopy, Dpm1p-GFP was located in
confined subregions of the LDs (Fig. 5B). It is suggested
that Dpm1p are localized to specific subdomains in LDs,
and the novel vesicles found in this study may contribute
to make the subdomains in LDs and/or transport LD
proteins there. In intact cells, Dpm1p-GFP-negative LDs
were also found in the cells (Fig. 2A-D). This observation
suggests that the protein compositions of LDs vary even
in a single cell.

It is currently accepted that Dpmlp is oriented to the
cytoplasmic surface of the ER (47), namely, the long
soluble peptide in the N-terminal side is exposed to
cytoplasm. However, some reports are contradictory as to
the orientation of Dpmlp. Immunoelectron microscopy
showed that gold-conjugated secondary antibodies that
reacted with anti-Dpmlp antibodies raised against the
soluble N-terminal peptide were rarely found within
the lumenal space of the ER in S. cerevisiae cells (48). On
the other hand, the enzyme activity of Dpmlp was
hardly decreased by trypsin-treatment of isolated mem-
branes in the absence of a detergent (49). In the present
study, Dpm1p-GFP on the paraformaldehyde-fixed novel
vesicles could effectively be immunolabeled by anti-GFP
antibodies followed by the gold-conjugated second anti-
bodies, despite that the fixed membranes were not
permeabilized by any detergent (Fig. 4D). This result
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A Nomarski

Fig. 5. Fluorescence microscopic observation of isolated
lipid droplets. A: The LDs isolated from the cells of wild-type
strain (YPH500) expressing no fluorescence fusion protein were
stained with Nile Red, and then observed by fluorescence

suggests that the C-terminus of Dpm1p-GFP is exposed on
the cytoplasmic surface, and accordingly the N-terminal
peptide may face the lumen. Our result of in vitro protease
assay utilizing microsomes and anti-Dpmlp antibodies
favours the lumenal orientation of Dpmlp (our unpub-
lished data). The topology of Dpmlp and Dpm1p-GFP in
LDs also remains to be elucidated. More systematic
experiments will be required to confirm the transmem-
brane topology of Dpm1p in these membranes.

It has long been considered that LDs are formed by a
simple budding mechanism (1-4). However, Robenek et al.
(50) reported that LDs could grow in a close position to the
ER, not within the ER membranes. In addition, the
precursors/transport vesicles for LDs we found were
considerably small. The model for the LD formation
would need to be corrected. To understand the complicated
and elaborate mechanisms of the LD formation, more
detailed biochemical and morphological analysis of the
novel vesicles as well as LDs will be necessary.
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