












cells were transformed with DNA constructs encoding
s-OLE-GFP, s-OLE-10-GFP, and/or binding immuno-
globulin protein-red fluorescence protein (BIP-RFP, an
ER lumen protein; Kim et al., 2001; Fig. 4A). In the cells
after digitonin treatment (Fig. 4B, top), s-OLE-GFP
(green) was present mostly in droplets (presumably
largely solitary LDs and some ER-budding LDs) and
minimally in a network (presumably ER). BIP-RFP (Fig.
4B, top, red) appeared in both droplets (presumably

ER-budding LDs) and an ER network. The droplets and
network of s-OLE-GFP and those of BIP-RFP partially
overlapped (Fig. 4B, top, yellow). After further treat-
ment of the cellswith trypsin, the s-OLE-GFP-associated
droplets and network disappeared, whereas the BIP-
RFP-associated structures remained unchanged.
Therefore, s-OLE-GFP (at least its C-terminal GFP) was
present on budding LDs and ER subdomains facing
cytosol, whereas BIP-RFP (at least its C-terminal RFP)
was in the ER lumen. In a parallel experiment, P. patens
cells were cotransformed with DNA constructs encod-
ing both s-OLE-GFP and s-OLE-10-RFP. In the cells
after digitonin treatment, s-OLE-GFP (Fig. 4B, bottom;
green) appeared largely as droplets and minimally as a
network, whereas s-OLE-10-RFP was present mostly as
droplets (Fig. 4B, bottom). The s-OLE-GFP and s-OLE-
10-RFP droplets largely colocated (Fig. 4B, bottom;
yellow in merge images). After the cells had been fur-
ther treated with trypsin, s-OLE-GFP disappeared,
whereas s-OLE-10-RFP remained unchanged. Thus,
s-OLE-GFP (at least its C-terminal GFP) faced cytosol,
whereas s-OLE-10-RFP (at least the C-terminal RFP)
was in the ER lumen. The droplets in cells with s-OLE-
GFP and s-OLE-10-RFP (Fig. 4B, bottom) were;2 times
larger than those in cells with s-OLE-GFP and BIP-RFP
(Fig. 4B, top) and had a relatively nonspherical shape.
We interpret these larger and nonspherical-shaped LDs
as fused or continuously enlarging budding LDs on ER
without budding off as a result of competing forces of
s-OLE-GFP and the native OLE pulling from the cyto-
solic side and s-OLE-10-RFP pulling from the luminal
side.

We retested with a different approach whether oleo-
sin with an added N-terminal ER-targeting peptide and
a shortened hairpin enters the ER lumen. We did stable
transformation with tobacco BY2 cells, in which we
transferred DNA constructs encoding OLE-GFP or
s-OLE-10-GFP to the BY2 cells to obtain findings ap-
plicable to advanced plants rather than P. patens. Also,
tobacco cells after stable transformation and not
P. patens cells after transient expression would provide
us with sufficient samples for immunoblotting. The
total extracts of transformed tobacco cells were ana-
lyzed with immuno-SDS-PAGE and antibodies against
GFP (Fig. 4C). Cells transformed with a DNA construct
encoding GFP (27 kD) possessed a 27-kD protein rec-
ognized by antibodies against GFP. Cells transformed
with OLE-GFP and then untreated or treated with
digitonin had two proteins on the SDS-PAGE gel, of
42 kD (presumably OLE-GFP of the calculated 42 kD)
and 27 kD (presumably free GFP). This free GFP could
have been released from OLE-GFP after proteolysis by
native proteases or derived from direct translation of
GFP transcript (the GFP sequence in OLE-GFP begin-
ning with an initiation codon). Subsequent treatment of
theOLE-GFP-transformed cells with trypsin eliminated
both OLE-GFP and GFP, indicative that the two pro-
teins were outside the ER lumen facing cytosol. Cells
transformed with s-OLE-10-GFP and then untreated or
treated with digitonin had a predominant protein

Figure 4. Subcellular localization of recombinant oleosins, with em-
phasis on their association with the luminal or cytosolic side of ER, in
P. patenscells after transient gene expression or tobacco BY2 cells after
stable transformation. A, In linear portions (following those described in
Fig. 2 legend), OLE, s-OLE, and a hairpin-shortened oleosin (s-OLE-10)
with an attached 21-resiude N-terminal ER-targeting peptide (s) of
P. patensaspartic proteinase. B, Images of portions of a P. patenscell
after transient expression of DNA constructs (s-OLE-GFP, s-OLE-10,
BIP-RFP) and then subjected to fluorescence protease protection test. In
the top portion, the cell was cotransformed with DNA constructs en-
coding s-OLE-GFP and BIP-RFP (ER-lumen marker). In the bottom
portion, the cell was cotransformed with DNA constructs encoding
s-OLE-GFP and s-OLE10-RFP. The transformed cells were permeated
with digitonin and then digested with trypsin. GFP and RFP were
monitoredwith CLSM. Bars = 5 mm. C, Immunoblotting of total extracts
of tobacco cells after stable transformation with DNA constructs and
then treatments with detergents and trypsin. In the top portion, each
column shows the DNA construct (OLE-GFP, s-OLE-10, or GFPwithout
OLE) used and the subsequent detergent (digitonin and Triton-X) and/or
trypsin treatments. After SDS-PAGE, the gel was immunoblotted with
antibodies against GFP. Positions of molecular-weight markers are on
the left. Projected positions of OLE-GFP (42 kD), s-OLE-10-GFP (42 kD,
barely separable from OLE-GFP), and GFP (27 kD) are on the right.
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(41 kD, presumably s-OLE-10-GFP [calculated to be
41 kD]) and a minor protein (27 kD, presumably GFP).
Subsequent treatment of the transformed cells with
trypsin eliminated GFP but not s-OLE-10-GFP, indica-
tive that s-OLE-10-GFP was present in the ER lumen
and was not exposed to the applied trypsin. Treatment
of both transformed cells with a stronger deter-
gent Triton-X and trypsin eliminated both GFP and
s-OLE-10-GFP. Overall, the findings from tobacco and
immuno-SDS-PAGE agree totally with the results from
P. patens and CLSM, in that oleosin with an added
N-terminal ER-targeting peptide and a shortened hair-
pin enters the ER lumen.

Oleosin with an Added N-Terminal ER-Targeting Peptide
and a Shortened Hairpin Extracts Budding LDs to the
ER Lumen

s-OLE-10-GFP successfully entered the ER lumen
(Fig. 4). We tested further whether the luminal s-OLE-
10-GFP could extract ER-budding LDs to the luminal
rather than the cytosolic side. We did not use the
P. patens transient expression system, because the cells
would already have had native oleosin-coated solitary
LDs in or ER-budding LDs facing cytosol. Instead, we
used tobacco cells for stable transformation and grew
the transformed cells for several generations, such that
s-OLE-10-GFP might outcompete native oleosin and
extract ER-budding LDs to the ER lumen. In tobacco
cells transformed with a DNA construct (Fig. 5A) en-
coding OLE-GFP or s-OLE-10-GFP (Fig. 5B, top), OLE-
GFP (green) appearedmostly as droplets in cytosol, and
those associatedwith ER (stainedwith ER-Tracker-Red;
red) were on the ER surface rather than the interior.
s-OLE-10-GFP also appeared mostly as droplets (Fig.
5B, top; green) but located inside swollen ER structures
(Fig. 5B, top; red; yellow inmerge images). The droplets
with OLE-GFP or s-OLE-10-GFP were LDs because
they stained positively with Nile Red (Fig. 5B, bottom;
red). Transmission electronmicroscopy (TEM) revealed
that LDs in cells with s-OLE-10-GFP but not cells with
OLE-GFP had enclosing or adjacent membranes, pre-
sumably of ER (Fig. 5C), which agrees with CLSM
findings that the s-OLE-10-GFP-associated LDs were
present inside the ER lumen.

Modified Oleosin (s-OLE-10-GFP) with a Further Addition
of a Vacuole-Targeting Propeptide Directs ER-Luminal
LDs to Vacuoles

s-OLE-10-GFP extracted LDs to the ER lumen (Fig. 5).
We tested furthermore whether these luminal LDs
firmly bonded to the ER luminal surface, were held in
the lumen because of their bulkiness, or could be
exported to the cellular exterior via a default pathway
or moved to protein storage vacuoles (PSVs). We did
not observe the export of s-OLE-10-GFP-associated LDs
to the cellular exterior of transformed tobacco cells.

Therefore, we examined whether s-OLE-10-GFP at-
tached to a PSV-targeting propeptide would guide
s-OLE-10-GFP-associated LDs in the ER lumen to PSVs.

We made a DNA construct encoding s-p-OLE-10-
GFP that included a 12-residue PSV-targeting propep-
tide (of castor ricin; Frigerio et al., 2001; Fig. 6A). DNA
constructs encoding OLE-GFP or s-p-OLE-10-GFP and
s-p-RFP (no OLE; a PSV marker; Kim et al., 2001;
Shimada et al., 2003; Hunter et al., 2007; Xiang et al.,
2013) were cotransferred into tobacco cells. In trans-
formed cells, the control OLE-GFP appeared in droplets
(Fig. 6B, green) in the nonvacuole cytoplasm (Fig. 6B,
top) independent of PSVs and large vacuoles (Fig. 6B,

Figure 5. Subcellular localization of recombinant-oleosin-attached
LDs, with emphasis on the extra- or intra-ER locations, in tobacco cells
after stable transformation. A, In linear portions (following those de-
scribed in Fig. 2 legend), OLE and s-OLE-10. s-OLE-10 has at its N
terminus an attached 23-residue N-terminal ER-targeting peptide (s) of
Arabidopsis CLV3 (Rojo et al., 2002). B, Images of portions of cells after
transformation of DNA constructs encoding the two oleosins with the C
terminus attached to GFP. Fluorescence of GFP, ER-Tracker-Red (stain-
ing ER), and Nile Red (NR) was monitored with CLSM. Images in rows
2 to 4 are enlarged portions (boxed) of images in row 1, and images in
row 5 are enlarged portions (boxed) of the images in row 4. Bars = 10, 2,
or 1mm. C, TEM images of portions of transformed cells containingOLE
or s-OLE-10, after high-pressure freezing fixation. LDs (L, clear spheri-
cal structures), mitochondria (M), and cell wall (CW) are labeled.White
arrows in the s-OLE-10 cell image indicate membranous structures
enclosing or adjacent to LDs; these structures are absent in the OLE cell
image. Bars = 0.2 mm.
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s-p-RFP; red; see TEM images of cells in Supplemental
Fig. S1). In contrast, s-p-OLE-10-GFP-associated LDs
(Fig. 6B, middle; green) colocated with PSVs and large
vacuoles (RFP; red; yellow structures in merge images).
The s-p-OLE-10-GFP-associated droplets (Fig. 6B,
green) were LDs, which stained positively with Nile
Red (Fig. 6B, bottom; yellow droplets in merge images).
In cells containing OLE-GFP (Fig. 6B, top, left), the very

large vacuoles were red because they contained s-p-
RFP (red) and no OLE-GFP (green); in cells containing
s-p-OLE-10-GFP (Fig. 6B, middle, left), the very large
vacuoles were greenish yellow because they contained
both s-p-RFP (red) and s-p-OLE-10-GFP (green; not
associated with LDs). TEM revealed that LDs in cells
with s-p-OLE-10-GFP but not in cells with OLE-GFP
were associated with PSVs (Fig. 6C), which agrees
with CLSM findings that the s-p-10-OLE-GFP-associated-
LDs were associated with PSVs.

DISCUSSION

Oleosin was the first LD protein in all organisms
studied, and its gene was cloned three decades ago. It
has been used as a comparison model for subsequent
studies of LD proteins in mammals and microbes as
well as other LD proteins in plants. The early studies
of oleosin targeting ER-LDs used biochemical sub-
fractionation to analyze modified oleosins in floated
LDs and pelleted microsomes. These approaches pro-
duced qualitative data and generated uncertainties,
which have included the conflicting information on the
requirement of the N-terminal peptide for targeting, the
self-clumped modified oleosin (observed in this report)
being assigned to that bound to microsomes, and the
ambiguous assignments of ER-LDs to the floated LD
fraction or the centrifuged microsomes pellet. Our
findings with CLSM and selected biochemical analysis
have delineated the necessary motifs in oleosin for
targeting ER-LDs and extracting the budding LDs into
cytosol. The finding has been confirmed via a reverse
approach, in which the modified oleosin without
these necessities enters the ER lumen and extracts
ER-budding LDs into the lumen and then the storage
vacuoles. In addition, findings from the reverse ap-
proach indicate that in native cells, oleosin is the sole
molecule responsible for the budding LDs entering
cytosol instead of the ER lumen.

Our findings clarify that the N-terminal peptide per
se is not, but that the several initial residues of the
hairpin adjacent to the N-terminal peptide are required
for targeting ER-LDs. They could explain the earlier
uncertainties. In the earliest report, the N-terminal
peptide plus two initial hairpin residues of an Arabi-
dopsis oleosin were found to be required for LD
targeting via stable transformation and limited bio-
chemical analysis (van Rooijen and Moloney, 1995).
Follow-up studies (Abell et al., 1997, 2002; Beaudoin
and Napier, 2002) with less concern for the deletion or
retention of the residues at junction of the N-terminal
peptide and the hairpin concluded that the N-terminal
peptide was not essential for oleosin targeting ER. An
examination of the several residues of P. patens (NRRQ-
VLGL) and Arabidopsis (EIIQ-AVFS) oleosins at the
junction between the N-terminal peptide and the hair-
pin reveals no appreciable common denominators. The
residues at this junction for oleosin targeting ER and
staying on LDs require further studies. In our studies,

Figure 6. Subcellular localization of recombinant-oleosin-attached
LDs, with emphasis on the relative locations of LDs, PSVs, and vacuoles,
in tobacco cells after stable transformation. A, In linear portions
(following those described in Fig. 2 legend), OLE and s-p-OLE-10. s-p-
OLE-10 has at its N terminus an attached ER-targeting peptide
(bean phaesolin) followed by a 12-residue PSV-targeting propeptide
(p; SLLIRPVVPNFN, castor ricin; Frigerio et al., 2001). B, Images of
portions of 2-week-old cells after stable transformation of DNA con-
structs encoding the two oleosins with the C terminus attached to GFP.
Some cells were also cotransformed with a DNA construct encoding
s-p-RFP (marker of PSVs). Fluorescence of GFP, RFP, and Nile Red
(NR) was monitored with CLSM. Bars = 10 or 2 mm. C, TEM images of
portions of transformed cells containing OLE or s-p-OLE-10 after
chemical fixation with glutaldehyde and then osmium. Chemical
fixation allowed for a clear distinction between PSV (clear) and
LD (grayish) structures, whereas high-pressure freezing fixation (no
osmium) resulted in fairly similar, clear background of PSVs and LDs
but better preservation of membranes (used for Fig. 6). LDs and PSVs
(V) in OLE cells were not associated but were often associated (in-
cluding LDs inside vacuoles) in s-p-OLE-10 cells. Arrows indicate
potential vacuole membrane. Bars = 0.2 mm.

2256 Plant Physiol. Vol. 174, 2017

Huang and Huang

 www.plantphysiol.orgon December 18, 2018 - Published by Downloaded from 
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.17.00366/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.00366/DC1
http://www.plantphysiol.org


all the truncated oleosins that were associated with
LDs were also associated with the ER network. This
observation suggests that the truncated oleosins tar-
geted ER directly and initially rather than directly and
solely LDs.
Early studies (Abell et al., 1997, 2002) showed that

replacement of the three residues of Pro in the highly
conserved hairpin loop (PX5SPX3P) with Leu allowed
some oleosin targeting ER but not staying on LDs; the
findings were imprecise, as commented in the two
preceding paragraphs. This study shows that the three
residues of Pro of the most conserved discontinuous
PSPP are required for proper oleosin targeting ER-LDs
and cannot be replaced with Leu or Ser. In addition, it
reveals that the residue of the small Ser of PSPP is also
required for the targeting and cannot be replaced with
Pro or Tyr (also with a hydroxyl group but relatively
bulky). Apparently, the small Ser residue is needed to
form a rigid and essential loop structure because of its
hydroxyl moiety and small size. Conceptually, the turn
of the hairpin necessitates only one Pro residue, and
thus the other two Pro residues, together with the ad-
jacent Ser residue, could be interacting among them-
selves for other structural/functional purposes (Fig.
1B). The highly conserved oleosin loop sequence has no
similar sequence in other proteins, and thus its structure
cannot be predicted from homology modeling. The
loop secondary structure should be examined further
with other techniques.
Regardless of the oleosin hairpin assuming ana-helical

structure or a b-structure, its length is ;5 to 6 nm (Fig.
1B). During oleosin and LD biogenesis, the nascent
oleosin polypeptide would stay on ER, with the N- and
C-terminal peptides exposed to the cytosolic side and
the hairpin buried between the PL bilayer interacting
with the acyl moieties (Huang, 1992). This semistable
oleosin associating with ER should be temporary, and
the oleosin would diffuse to a more stable hydrophobic
environment (i.e. the budding LD surface). An earlier
report showed that oleosin with an attachedN-terminal
ER-targeting peptide would not penetrate added mi-
crosomes in vitro, presumably because of the bulkiness
of the hairpin (Abell et al., 2002). In this report, we at-
tached an N-terminal ER targeting peptide and short-
ened the hairpin of oleosin, and the modified oleosin,
including the C terminus-attached GFP, entered the ER
lumen. Thus, the long hairpin not just provides stability
for oleosin interacting with the LD but also ensures that
oleosin remains on the cytosolic side of ER, thereby
extracting budding LDs to the cytosolic rather than
luminal side. Massive storage of LDs in cytosol allows
for storage and their rapid mobilization during seed
germination.
In the reverse approach of retesting the necessities in

the oleosin molecule for targeting ER-LDs and extract-
ing the budding LDs to cytosol, the modified oleosin
without these necessities enters the ER lumen and ex-
tracts ER-budding LDs to the luminal side. There are
four requirements for such a redirection of LDs from the
original cytosol-designated LDs to the ER lumen: (1) an

added N-terminal ER targeting peptide, (2) a retention
of the initial residues of the hairpin, (3) a shortened
hairpin from ;30 to ;10 residues in each arm, and (4)
absence in the transformed cell of excessive native
oleosins, which would outcompete the modified oleo-
sin in extracting the budding LDs to cytosol. This last
requirement is revealed in that we could not use the
modified oleosin, s-OLE-10, to induce LDs moving into
the ER lumen via transient expression in P. patens but
were able to do so via stable transformation of tobacco
cells after several cell generations.

LDs so formed in the ER lumen are not bonded to the
inner luminal surface or stuck there because of their
bulkiness. Rather, they canmove along the intracellular
secretory channel if opportunities arise. The addition of
a PSV-targeting propeptide to the already modified
oleosin enables the movement of the ER luminal LDs
to PSVs in transformed tobacco cells, and these PSVs
will fuse among themselves to become larger or with
existing large vacuoles. Without the PSV-targeting
propeptide, s-OLE-10-associated ER-luminal LDs did
not move to the cellular exterior via a default pathway.
This observation may reflect undefined characteristics
within proteins that could be secreted, which are absent
in oleosin. Alternatively, in nonplant cells, the LDs as-
sociated with modified oleosin in the ER lumen could
by default be secreted to the cell exterior.

In the reverse approach, we canmodify oleosins and
redirect originally cytosol-designated LDs to the ER
lumen and then vacuoles. The information leads to
potential applications. Oleosin is correctly targeted to
LDs in yeast (Ting et al., 1997) and mammalian (Hope
et al., 2002) cells after gene transformation, and
oleosin-GFP has been used for CLSM marker for
mammalian and yeast LDs. Cytosolic LDs in mam-
malian cells could be transferred into the intracellular
secretory pathway for excretion with the addition of
an apparently human-inert modified oleosin, which
may have application for obesity treatments. Algal
(and other photosynthetic microbial) oils produced by
industry as renewable biodiesel or high-valued lipids
(could be with yeast) are originally present in cytosolic
LDs. Two major roadblocks in this industrial produc-
tion are that the algal cells have to be stressed (thereby
stopping growth) to induce oil (TAG, steryl ester, etc.)
production in cytosolic LDs and then have to be killed
in extracting LD oils (Boyle et al., 2012; Legeret et al.,
2016). These procedures reduce cell growth and ne-
cessitate discontinuous rather than uninterrupted in-
dustrial processes. Our findings reveal a possibility to
manipulate the algal cells to excrete oils via the intra-
cellular secretory pathway and thus eliminate the
above two road blocks. In this report, we artificially
redirected LDs to the ER lumen, PSVs, and then large
vacuoles in plants. Procedures for manipulating the
ER luminal LDs to move to the cell exterior in plants,
algae, and yeast remain to be elucidated. Even if the
LDs stay in the vacuoles and are not secreted, the
placement of LDs in vacuoles, an inert metabolic sink
in general, would be advantageous in the continuous
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synthesis and accumulation of an end metabolite
without metabolic feedback stoppage in an organism.
All these potential applications of redirecting the
subcellular location of LDs from the cytosol to the
cellular exterior or vacuoles should be tested.

MATERIALS AND METHODS

Homology Modeling

The second and third transmembrane domains of the alpha-1 subunit of
human Gly receptor (Protein Data Bank [PDB] ID: 1VRY), which shares 33%
sequence identity with the OLE hairpin region, was used as a template for
structure modeling. The partial structure of NADPH oxidoreductase from
Trypanosoma cruzi (PDB ID: 3ATY; residues 337–356) and 6-aminohexanoate
cyclic dimer hydrolase from Arthrobacter sp. (PDB ID: 3A2P; residues 332–379)
sharing 28% and 30% sequence identities with the N- and C-terminal peptides,
respectively, were used as templates for structure modeling.

The amino acid sequences of the above templates were aligned to the OLE
sequence with use of the alignment program ClustalW (http://www.genome.
jp/tools/clustalw/). Then, the protein structures were predicted by the mo-
lecular modeling program swiss-model (http://swissmodel.expasy.org/). No
gaps or insertions were made, and the sequences were threaded to form the
whole OLE structure. Figures of protein models were created with PyMOL
(http://www.pymol.org).

Plant Materials

The vegetative plant (gametophyte) of Physcomitrella patens subsp. patens
was grown axenically on a solid Knop’s medium containing 125 mg$L21 KNO3,
125 mg$L21 KH2PO4, 125 mg$L21 MgSO47H2O, 500 mg$L21 Ca(NO3)24H2O,
and 10 g$L21 Glc, and supplemented with 1 mL$L21 10003Hunter’s “metal
49” micronutrients [76 mg$L21 5-sulfosalicylic acid dihydrate, 7 g$L21

Fe(NH4)2(SO4)26H2O, 3.04 g$L21MnSO4H2O, 2.2 g$L
21 ZnSO47H2O, 0.025mg$L21

(NH4)6Mo7O244H2O, 616 mg$L21 CuSO45H2O, 238 mg$L21 CoSO47H2O,
57.2 mg$L21 H3BO3, 18 mg$L21 Na3VO4], and 1.2% (w/v) agar, pH 4.6. It was
cultured at 25°C6 1°C under a 16-h light (60 ; 100 mE m22 s21)/8-h dark cycle.
The tobacco (Nicotiana tabacum) BY2 cell linewasmaintained as described (Brandizzi
et al., 2003). For suspension culture, tobacco cells were maintained in BY2 medium,
which was modified Murashige and Skoog liquid medium (3% Suc, 4.3 g$L21

Murashige and Skoog salts [Sigma-Aldrich M5524] and 100 mg$L21 myo-inositol,
210 mg$L21 KH2PO4, 1 mg$L21 thiamine, and 0.2 mg/L 2,4-dichlorophenoxyacetic
acid, pH 5.8) on a rotary shaker at 25°C in the dark.

Transient Expression with P. patens Vegetative Cells

Expressionconstructs encodingOLEandmodifiedOLE (SupplementalTable
S1) and the primers (Supplemental Table S2) are in the Supplemental Data. The
resulting coding fragments were digested with BamHI and cloned into the ex-
pression site of a GFP expression vector (Chiu et al., 1996) or an RFP expression
vector (Lee et al., 2001) to be driven by aCauliflower mosaic virus 35S promoter. A
BIP-RFP expression vector of a similar construct (Kim et al., 2001) was obtained
from Dr. David Ho (Institute of Plant and Microbial Biology, Taipei). Trans-
formation of the P. patens vegetative cells involved particle bombardment.
Leafy vegetative tissues 60 d old were placed on solid Knop’s medium. Plasmid
DNA (5 mg) was coated onto the surface of 1.25-mg, 1.6-nm gold particles, to be
used for six different bombardments (Marella et al., 2006). The gold particles
were bombardedwith 900 psi under 28-inHg vacuumonto the leafy tissue from
a distance of 6 cm in PDS-1000 (Bio-Rad). The bombarded tissues were left on
the culture medium and observed with CLSM at time intervals. GFP and RFP
were excited with the Argon 488- and HeNe 543-nm lines, and their emissions
were detected by emission filters of BP 500 to 530 and 565 to 615, respectively.

Transformation of Suspension-Cultured Tobacco
BY2 Cells

Agrobacterium tumefaciens-mediated transformation of tobacco BY2 cells was
as described (Brandizzi et al., 2003). The expression vectors are shown in
Supplemental Table S1.A. tumefaciens (strain GV3101) and the binary expression

vector (100 mL) at OD600 of ;0.5 were added to 4 mL of 3-d-old suspension-
cultured BY2 cells. After cocultivation at 25°C for 2 d, the cells were col-
lected by centrifugation at 500g for 2 min, washed three times with liquid
medium containing 500 mg$L21 carbencillin, and transferred to solid BY2
medium containing 500mg$L21 carbencillin and selection antibiotic, 50mg$L21

kanamycin and /or 20 mg$L21 hygromycin B. Transformed cells were sub-
cultured three times and were observed with a Leica SP5 inverted confocal
microscope.

Biochemical Protease Protection Assay

Subcultured 1-week-old tobacco BY2 cells after transformation with different
modified OLE and GFP genes were washed with 13 PBS twice. The cells were
permeatedwith 25mg/mLdigitonin or 1%Triton-X for 10min. Theywere treated
with 4 mM trypsin (according to the protocol by Lorenz et al., 2006) in 13 PBS for
20 min. The cells were lysed with SDS-PAGE sampling buffer. The lysed extracts
were resolved with a 12% SDS-PAGE gel and transferred onto polyvinylidene
difluoridemembranes in a Tris-Gly transfer buffer. Themembraneswere blocked
with PBS/0.5% (v/v) Tween 20/3% (w/v) fat-free milk powder and immuno-
blotted with monoclonal mouse anti-GFP antibody (Roche;1:3,000 dilution) and
the secondary antibody goat anti-mouse IgG-HRP (Santa Cruz Biotech; sc-2005;
1:3,000 dilution). ECL reagents (Amersham) were used for detection.

Staining of LDs and ER in Situ

LDs in situ were stained with Nile Red (Greenspan et al., 1985). ER in situ
was stained with ER-Tracker-Red (BODIPY TR Glibenclamide, E-34250; Invi-
trogen). Fresh tissues were placed in a solution containing Nile Red stock
(100 mg/mL dimethyl sulfoxide) or ER-Tracker-Red stock (100 mg/110 mL
dimethyl sulfoxide) diluted 1003 with 13 PBS (10 mM K phosphate, pH 7.4,
138 mM NaCl, and 2.7 mM KCl) for 10 min, washed with PBS twice, and ob-
served with a Leica SP5 confocal microscope. Nile Red and ER-Tracker-Red
were excited with 543 and 594 nm lines, and their emission was detected at
565 to 615 and 610 to 650 nm, respectively.

CLSM of Protease Protection Assay

The procedure of fluorescence protease protection assay was modified from
Lorenz et al. (2006). P. patens leafy cells were transformed with DNA constructs
encoding s-OLE and s-OLE-10 (attached to GFP or RFP). After 12 h, the cells were
incubated in 13 PBS for 10 min, washed with PBS twice, and permeated with
25 mg/mL digitonin (Sigma-Aldrich) for 10 min. Then, 4-mM trypsin in 13 PBS
was added to the targeted cells and incubated for 20 min. Fluorescence signals of
the targeted cells were observed with CLSM before and after trypsin treatment.

Electron Microscopy

Tissues or cellswerefixedviahigh-pressure freezingor chemicalfixation. For
the high-pressure freezing fixation, tissues or cells were fixed in a high-pressure
freezer (Leica EMPACT2). Fixedmaterials were subjected to freeze substitution
in ethanol (containing 0.2% glutaraldehyde and 0.1% uranyl acetate) in a Leica
Automatic Freeze-Substitution System and embedded in LR Gold resin
(Structural Probe). For chemical fixation, tissues or cells were fixed with 2.5%
glutaraldehyde, 4% paraformaldehyde, and 0.1 M K-phosphate (pH 7.0) at 4°C
for 24 h. The materials were washed with 0.1 M K-phosphate buffer (pH 7.0) for
10 min twice and then treated with 1% OsO4 in 0.1 M K-phosphate (pH 7.0) at
24°C for 4 h. The fixed materials were rinsed with 0.1 M K-phosphate buffer
(pH 7.0), dehydrated through an acetone series, and embedded in Spurr resin.
Ultrathin sections (70–90 nm) were stained with uranyl acetate and lead citrate
and examined with a Philips CM 100 TEM at 80 KV.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Morphology of Physcomitrella and tobacco cells.

Supplemental Figure S2. Subcellular localization of modified oleosins in
Physcomitrella cells after transient gene expression.

Supplemental Table S1. Information on expression constructs.

Supplemental Table S2. Information on primers.
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