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Abstract

Seed oil bodies comprise a triacylglycerol matrix shielded by a monolayer of phospholipids and proteins. These surface proteins include an
abundant structural protein, oleosin, and at least two minor protein classes termed caleosin and steroleosin. Two steroleosin isoforms (41 and
39 kDa), one caleosin (27 kDa), and two oleosin isoforms (17 and 15 kDa) have been identified in oil bodies isolated from sesame seeds. The
signal peptides responsible for targeting of these proteins to oil bodies have not been experimentally determined. Hydropathy analyses indi-
cate that the hydrophobic domain putatively responsible for oil-body anchoring is located in the N-terminal region of steroleosin, but in the
central region of caleosin or oleosin. Direct amino acid sequencing showed that both steroleosin isoforms possessed a free methionine residue
at their N-termini while caleosin and oleosin isoforms were N-terminally blocked. Mass spectrometry analyses revealed that N-termini of both
caleosin and 17 kDa oleosin were acetylated after the removal of the first methionine. In addition, deamidation was observed at a glutamine
residue in the N-terminal region of 17 kDa oleosin.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Seeds are the part of a flowering plant in which the initial
source of nutrition, such as carbohydrates and lipids, for ger-
mination and subsequent seedling growth is stored. Storage
carbohydrates and lipids are assembled in discrete subcellu-
lar particles, i.e. starch granules and oil bodies [11,16,17].
Seed oil bodies comprise a triacylglycerol matrix surrounded
by a monolayer of phospholipids embedded with proteins [29]
and are remarkably stable both in cells and isolated prepara-
tion as a consequence of the steric hindrance and electrone-
gative repulsion provided by their surface proteins [19]. Three
classes of proteins termed oleosin, caleosin, and steroleosin
have been identified in oil bodies of diverse seeds [32].

Due to the insolubility of oil-body proteins caused by their
hydrophobic oil-body anchoring domains, no three-

dimensional structure derived from X-ray or NMR is avail-
able for oleosin, caleosin, or steroleosin at the present time.
Putative structures of these three oil-body proteins are pre-
dicted based on sequence analyses and spectrometric deter-
mination. Oleosin is proposed to comprise three structural
domains: an N-terminal amphipathic domain, a central hydro-
phobic oil-body anchoring domain, and a C-terminal amphi-
pathic a-helical domain [33]. Similarly, caleosin is proposed
to comprise three structural domains: an N-terminal hydro-
philic calcium-binding domain, a central hydrophobic oil-
body anchoring domain, and a C-terminal hydrophilic phos-
phorylation domain [6]. In contrast, steroleosin is proposed
to comprise an N-terminal oil-body anchoring domain and a
soluble sterol-binding dehydrogenase domain [13].

Targeting of oleosin and caleosin to seed oil bodies has
been investigated in either in vivo or in vitro systems
[1,7,21,34]. A comparable proline knot motif present in the
central hydrophobic oil-body anchoring domains of oleosin
and caleosin has been assumed to play an important role in
their targeting to oil bodies. Targeting of steroleosin to seed
oil bodies has not been investigated so far. The proline knot
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motif responsible for oil-body targeting of oleosin and cale-
osin is not present in steroleosin; instead, a proline knob motif
is found in the middle of the N-terminal hydrophobic seg-
ment of steroleosin [14].

N-terminal regions of proteins are frequently responsible
for the targeting of their leading polypeptides [25]. Modifi-
cations of N-termini occur commonly and may be related to
the function, stability and turnover rate of proteins [2,10]. As
the structural organizations of steroleosin, caleosin, and ole-
osin are different, we wonder if these oil-body proteins pos-
sess similar or different N-termini, which may provide a clue
to investigate their targeting and biological functions. Here,
we determined and analyzed the N-termini and their modifi-
cations of steroleosin, caleosin, and oleosin by direct amino
acid sequencing and mass spectrum analyses.

2. Results

2.1. Direct amino acid sequencing of N-termini of oil-body
proteins

Three proteins classes, i.e. steroleosin (41 and 39 kDa),
caleosin (27 kDa), and oleosin (17 and 15 kDa) are present in
sesame oil bodies (Fig. 1A). Hydropathy plot analyses sug-
gest that the hydrophobic domain putatively responsible for
oil-body anchoring is located in the N-terminal region of ste-
roleosin, but in the central region of caleosin or oleosin
(Fig. 1B). Direct amino acid sequencing of the first 10 resi-
dues showed that both steroleosin isoforms possessed a free
methionine at their N-termini (Table 1). In comparison with
sequences deduced from their corresponding cDNA clones

(GenBank accession nos. AF421889, AF498264), the free
N-terminal methionine of the purified steroleosin proteins
matches the initial methionine residue of the theoretically
translated polypeptides. Accordingly, sequence analysis by
the SignalP computer program [18] predicts that both stero-
leosin proteins possess a non-cleavable N-terminal sequence
responsible for ER targeting via the signal-recognition par-
ticle (SRP) dependent pathway. Evidently, no post-
translational cleavage or modification occurs in the N-termini
of mature steroleosin isoforms isolated from sesame oil bod-
ies. In contrast, caleosin and both oleosin isoforms were resis-
tant to Edman degradation during direct sequencing, presum-
ably due to their N-terminal block via translational
modification. Sequence analyses by the SignalP program pre-
dict that no signal sequence responsible for ER targeting is
present in the N-terminal 70 residues of caleosin and oleosin
isoforms.

2.2. Mass spectrum analyses of N-termini of caleosin
and oleosin

To reveal the putative modification in the N-termini of cale-
osin and oleosin, intact caleosin and 17 kDa oleosin were
separately subjected to in-gel digestion with trypsin, and their
resulting peptides were analyzed by matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) and
MALDI-tandem mass spectrometry (MS/MS). Many corre-
sponding tryptic peptides of caleosin and 17 kDa oleosin were
observed in MALDI-MS spectra (Figs. 2A and 3A). Two tryp-
tic peptides of m/z value 1151.60 for caleosin and 2501.24 for
17 kDa oleosin (indicated by arrows) were speculated to match
the amino acid residues of A2-R12 in the caleosin and
A2-R21 in the 17 kDa oleosin with N-terminal acetylation
(calculated monoisotopic m/z values: 1151.62 and 2500.26,
respectively, the difference of +0.98 Da between the observed
and calculated values in the latter was later found attributed
to deamidation of the peptide; deamindation mass shift:
17.0027 Da [OH] – 16.0187 Da [NH2] = +0.984 Da), and
therefore subjected to MS/MS analyses. The m/z values of
the product ions generated from low-energy collision-
induced dissociation were compared with those expected from
amino acid residues of A2-R12 in caleosin and A2-R21 in
17 kDa oleosin (Figs. 2B and 3B), and they were in agree-
ment with the theoretically calculated values for b and y ions.
The MS/MS data were also searched against Swiss-Prot pro-
tein sequence database and matched to the sequences A2-
R12 in caleosin and A2-R21 in 17 kDa oleosin with indicated
modification. Obviously, the first Met in the N-termini of

Fig. 1. (A) SDS-PAGE of proteins extracted from sesame oil bodies. Labels
on the left indicate the molecular masses of the three types of oil-body pro-
teins. (B) Hydropathy plots of sesame steroleosin, caleosin, and oleosin.
Hydrophobicity scale was plotted verse amino acid sequences of sesame
steroleosin (39 kDa), caleosin (27 kDa), and oleosin (17 kDa) with a win-
dow size of 19 using hydropathy index described by Kyte and Doolittle [12].

Table 1
Direct N-terminal sequencing of sesame oil-body proteins

Mr N-terminal amino acid sequence
Steroleosin 41 MDLINSLLNF

39 MDLIHTFLNL
Caleosin 27 Blocked
Oleosin 17 Blocked

15 Blocked
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nascent caleosin and 17 kDa oleosin was removed and the
followingAla was acetylated in their mature proteins (Figs. 2C
and 3C). Peptide fragments with Met at the N-terminus were
not observed in the MALDI-MS data in Fig. 3A, B. In Fig. 2A,
neither of these two possible Met-starting tryptic peptides

were observed: MATHVLAAAAER(M), [M + H] m/z 1240.6;
acetylated-M, [M + H] m/z 1282.7. In Fig. 3A, none of the
following Met-starting tryptic peptides were observed:
MADRDRPHPHQIQVHPQHPHR(M), [M + H] m/z 2590.9;
acetylated-M, [M + H] m/z 2631.3; deamidated-M, [M + H]

Fig. 2. Mass spectrometry analyses of caleosin. Caleosin was subjected to in-gel digestion with trypsin. (A) Tryptic peptides were analyzed by MALDI-MS.
One peptide fragment (indicated by arrow) with an m/z value of 1151.6, matching the amino acids of A2-R12 with N-terminal acetylation. (B) The sequence of
the peptide was subsequently confirmed by MALDI-MS-MS analyses. All matched b and y ions were labeled. These b ions labeled with (*) confirmed the
N-terminal acetylation. (C) The MS/MS data were also subjected to search algorithms against Swiss-Prot protein sequence database and the sequence with
indicated modification was matched. The structure of N-terminus of calesoin was proposed according to the mass analyses.

772 L.-J. Lin et al. / Plant Physiology and Biochemistry 43 (2005) 770–776



Fig. 3. Mass spectrometry analyses of 17 kDa oleosin. The protein was subjected to in-gel digestion with trypsin. (A) Tryptic peptides were analyzed by
MALDI-MS. One peptide fragment (indicated by arrow) with an m/z value of 2501.2, matching the amino acids of A2-R21 with N-terminal acetylation. There
were two missed cleavages at the R in this tryptic peptide. (B) The sequence of the peptide was subsequently confirmed by MALDI-MS-MS analyses. All
matched b and y ions were labeled. Although the y ions were dominant in this product ion mass spectrum, these b ions labeled with (*) confirmed the N-terminal
acetylation. These y ions labeled with ($) confirmed that Q13, but not Q11 and Q17, was deamidated. (C) The MS/MS data were also subjected to search
algorithms against Swiss-Prot protein sequence database and the sequence with indicated modification was matched. The structure of N-terminus of 17 kDa
oleosin was proposed according to the mass analyses.
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m/z 2591.9; acetylated and deamidated-M, [M + H] m/z
2632.3. In addition, deamidation was observed at Q13 of
17 kDa oleosin.

3. Discussion

N-terminal acetylation is a co-translational modification
found in 50–80% of cytosolic eukaryotic proteins [5]. It may
affect biological activities of the modified proteins, such as
regulating enzymatic activities [20,23,24], oxygen affinity of
hemoglobin [15,26], and microfilament assembly of cytoplas-
mic actin [4]. Moreover, N-terminal acetylation generally
enhances protein thermal stability as the reactive amino group
is eliminated [9,22] and commonly impedes protein turnover
rate mediated by the ubiquitin-dependent degradation sys-
tem where proteins with a free N-terminal amino group are
preferentially degraded [2,10]. Oil bodies are specialized
organelles designed for a long-term storage of lipid fuels as
the energy source for seed germination and seedling growth.
Since oleosin and caleosin, but not steroleosin, contribute to
the structural stability of seed oil bodies [8], we speculate
that N-terminal acetylation elevates structural stability and
prevents ubiqutinated degradation of these two oil-body struc-
tural proteins to fulfill the biological function of long-term
protection of the organelles.

Probably the most common post-translational modifica-
tion occurring in living systems involves non-enzymatic dea-
midation of glutamine and asparagine residues. This process
occurs during the differentiation and/or aging of cells, result-
ing in the accumulation of glutamate and aspartate, respec-
tively. Because deamidation results in the introduction of
negative charges, it is possible that deamidation may play a
major role in protein structural changes [27]. Furthermore, it
has been hypothesized that non-enzymatic deamidation of
glutamine and asparagine residues may act as a “biological
clock” to program the turnover of proteins [28]. In this study,
deamidation of a glutamine residue was observed in 17 kDa
oleosin, and thus contributed more negative charges to the
surface of oil bodies. Since the maintenance of seed oil bod-
ies as individual entities without aggregation in the physi-
ological condition is resulted from their surface electronega-
tive repulsion [30], the introduction of more negative charges
by deamidation of oleosins may reinforce the stability of these
lipid storage organelles. The enhancement of electronegative
repulsion on the surface of oil bodies by deamidation of ole-
osins seems to be tremendous as approximately 1 million ole-
osin molecules are present on the surface of an oil-body [29].

Steroleosin possesses a non-cleavable N-terminal sequence
putatively responsible for ER targeting via the SRP depen-
dent pathway and anchors to oil bodies mainly by this
N-terminal hydrophobic domain [14] whereas caleosin and
oleosin lacking of an N-terminal signal sequence target/anchor
to oil bodies via their central hydrophobic domains [3]. It is
possible that steroleosin and calesoin/oleosin may be as-
sembled to maturing oil bodies through various locations of

ER membrane via different auxiliary targeting machinery. In
this current study, steroleosin isoforms were determined to
possess a free methionine at their N-termini while caleosin
and oleosin were found to be N-terminally blocked by acety-
lation after the removal of the first methionine residue. Pre-
sumably, the N-terminus of steroleosin is protected by the
SRP complex and/or embedded in the ER membrane during
its targeting while the N-termini of caleosin and oleosin are
freely exposed to cytocol during their targeting to maturing
oil bodies via central hydrophobic domains.

4. Methods

4.1. Purification of sesame oil bodies
and analysis of oil-body proteins

Mature sesame (Sesamum indicum L.) seeds were gifts
from the Crop Improvement Department, Tainan DistrictAgri-
cultural Improvement Station. Isolated sesame oil bodies were
subjected to further purification including two-layer flotation
by centrifugation, detergent washing, ionic elution, treat-
ment of chaotropic agent, and integrity testing with hexane
[31]. Proteins extracted from purified oil bodies were resolved
by SDS-PAGE using 12.5% polyacrylamide in the separat-
ing gel and 4.75% polyacrylamide in the stacking gel. After
electrophoresis, the gel was stained with Coomassie Blue
R-250 and destained. Hydropathy profile was plotted with a
window size of 19 using hydropathy index described by Kyte
and Doolittle [12]. N-terminal signal sequence responsible
for ER targeting via the SRP pathway was predicted using
the SignalP program in the World Wide Web Prediction Server
Center for Biological Sequence Analysis [18].

4.2. N-terminal amino acid sequencing

Steroleosin, caleosin, and oleosin resolved in an SDS-
PAGE gel were transferred onto a piece of PVDF membrane
at a current of 0.5 A for 30 min at 4 °C in a blotting buffer of
10% methanol and 10 mM Caps-NaOH, pH 11. After blot-
ting, the PVDF membrane was stained with Coomassie Blue
for 5 min, destained for 5 min, rinsed with water three times,
and then left to dry in the air. N-terminal sequencing was
executed using the Applied Biosystems 476A Protein Se-
quencer in Chung-Hsing University, Taiwan.

4.3. In-gel digestion of caleosin and oleosin

The protein bands of caleosin and oleosin were manually
excised from the gel and ground into pieces. All in-gel diges-
tions of proteins were performed manually with trypsin in a
laminar flow hood to reduce the amount of keratin contami-
nation. The gel pieces were washed twice with 50% acetoni-
trile and 50% acetonitrile/25 mM ammonium bicarbonate.
The proteins in-gel were then reduced and alkylated at 56 °C
for 45 min in 10 mM dithiothreitol (DTT) and 55 mM iodoac-
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etamide in 25 mM ammonium bicarbonate, followed by in-gel
digestion with 0.1 µg of TPCK-treated modified porcine
trypsin (Promega, Madison, WI, USA) in the same buffer with
overnight incubation at 37 °C. The supernatant containing
resulting tryptic peptides was combined with those extracted
twice from the gel pieces by 50% acetonitrile/5% formic acid
and subjected to mass spectrometry analysis.

4.4. MALDI-MS and MALDI-MS/MS analyses of caleosin
and oleosin

Tryptic peptides derived from in-gel digestion of caleosin
and oleosin were analyzed by MALDI-MS and MALDI-
MS/MS. All data were acquired by quadrupole-time-of-
flight (Q-TOF) hybrid mass spectrometers (Micromass Q-Tof
Ultima, Manchester, UK, and Applied Biosystems QSTAR,
Foster City, CA, USA). The matrix used was a-cyano-4-
hydroxycinnamic acid. The low-energy collision-induced dis-
sociation MS/MS product ion spectra acquired from Q-Tof
Ultima and QSTAR were analyzed using the Micromass Pro-
teinLynx™ Global Server 2.0 and Applied Biosystems Bio-
Analyst™ data processing software, respectively. The MS/MS
data were also subjected to search algorithms against Swiss-
Prot protein sequence database using Mascot software (Matrix
Science Ltd., London, UK).
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