
Available online at www.sciencedirect.com
Plant Physiology and Biochemistry 46 (2008) 127e139
www.elsevier.com/locate/plaphy
Research article

Isolation and characterization of multiple abundant lipid transfer
protein isoforms in developing sesame (Sesamum indicum L.) seeds

Ah Mi Choi a, Saet Buyl Lee b, Sung Ho Cho c, Inhwan Hwang d,
Cheol-Goo Hur e, Mi Chung Suh b,*

a School of Life Sciences and Biotechnology, Korea University, Seoul 136-701, Republic of Korea
b Department of Plant Biotechnology, Agricultural Plant Stress Research Center and Biotechnology Research Institute, College of Agriculture

and Life Sciences, Chonnam National University, Gwangju 500-757, Republic of Korea
c Department of Biology, Inha University, Incheon 402-751, Republic of Korea

d Division of Molecular and Life Sciences, Pohang University of Science and Technology, Pohang 790-784, Republic of Korea
e National Center for Genome Information, Korea Research Institute of Bioscience and Biotechnology, Yusung, Taejon 305-600, Republic of Korea

Received 15 May 2007

Available online 7 October 2007
Abstract
Sesame (Sesamum indicum) is an important oilseed crop; approximately 50% of the seed dry weight is storage oil. In a previous report, de-
veloping sesame seed expressed sequence tags (ESTs) revealed that ESTs encoding lipid transfer protein (LTPs) were one of the most abundant
groups of sesame ESTs. LTP functions in the transfer of wax or cutin monomers and in the defense response against pathogen attack. To study
the biological role of the abundant LTP isoforms in developing seeds, 122 ESTs out of 3328 sesame ESTs were analyzed against Arabidopsis and
rice proteome databases. LTP fraction, which was partially purified from developing sesame seeds, actively transferred fluorescent phospholipids
and bound to fatty acids. Full-length cDNAs of five out of 21 LTP isoforms were isolated and named SiLTP1eSiLTP5. The predicted amino acid
sequences of the five SiLTPs harbor typical characteristics of LTPs, including conserved arrangement of cysteine residues. Northern blot analysis
revealed that the five SiLTP isoforms were most abundantly expressed in developing seeds, but were also detected in flower tissues. Also, SiLTP3
and SiLTP4 transcripts were expressed in leaves and seed-pot walls, respectively. In addition, SiLTP2 and SiLTP4 transcripts were significantly
induced in 6-day-old sesame seedlings by application of NaCl, mannitol, and abscisic acid (ABA). Transient expression of green fluorescent
protein (GFP)-fusion constructs in Arabidopsis protoplasts revealed that SiLTP1 and SiLTP2 were secreted by different pathways. Taken to-
gether, the abundant LTPs in developing sesame seeds are involved in lipid transfer into the extracellular matrix. Possible biological roles of
SiLTPs related to organ-specific expression and abiotic stresses are discussed.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Sesame (Sesamum indicum) belongs to the Pedaliaceae
family. Sesame seed is an important source of edible oil and
is widely used as a dietary supplement. The seed contains
Abbreviations: ABA, abscissic acid; EST, expressed sequence tag; GFP,

green fluorescent protein; LTP, lipid transfer protein.
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50e60% oil, which has excellent stability due to the presence
of natural antioxidants such as sesamolin, sesamin and sesa-
mol. After oil extraction, the remaining meal contains 35e
50% protein, which is rich in tryptophan and methionine,
and is used as poultry feed [5]. As an initial approach to iden-
tify genes involved in accumulation of storage products and in
biosynthesis of antioxidant lignans, 3328 expressed sequence
tags (ESTs) were recently obtained from developing sesame
seeds. ESTs encoding lipid transfer protein (LTPs) were one
of the most abundant groups of sesame ESTs [35].
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Lipid transfer proteins (LTP) were initially defined by their
ability to facilitate the transfer of phospholipids between
membranes in vitro and in vivo [17]. In higher plants, LTPs
are small (7e10 kDa), abundant, basic proteins that contain
eight conserved cysteine residues involved in four disulfide
bridges. Plant LTPs have been classified into eight groups
(LTP1eLTP8) based on the number of amino acids between
the fourth and fifth cysteine residues in the core of motif
[1]. X-ray crystallography and nuclear magnetic resonance
analyses revealed that LTPs contain a hydrophobic pocket
that can accommodate fatty acids or lysophospholipid mole-
cules [34]. Since plant LTPs were initially observed in spinach
leaves, maize coleoptiles and barley aleurone layers, they have
been identified as ubiquitously expressed in seedlings, leaves,
stamen, tapetum and microspores, as well as in somatic and
zygotic embryos [17]. Several immunolocalization and
LTP::GFP fusion analyses have demonstrated that LTPs local-
ize to the cell wall or are predominantly expressed in the epi-
dermis [4,36]. This localization data suggests that LTP plays
a role in cutin and wax assembly [30]. When leaves of tree to-
bacco were dried at periodic intervals, cuticular wax accumu-
lation and LTP expression were increased [3]. Some LTPs
have also displayed antifungal and antiviral properties, sug-
gesting another biological role for these proteins [14,21,28].
In fact, increasing the level of an LTP in transgenic plants
such as tobacco and wheat enhances the resistance of the plant
toward the pathogen [26,31]. LTPs are also reported to be in-
volved in long-distance signaling during systemically acquired
resistance in Arabidopsis [23] and in cell-wall loosening dur-
ing pollen-pistil interaction [15]. Finally, several LTP genes
are responsive to environmental changes such as salt, drought,
abscisic acid (ABA) or clod treatment [19,25,37,39,41]. The
variety of expression patterns, as well as the presence of mul-
tiple isoforms in Arabidopsis and rice genome, suggests that
multiple LTP isoforms might be associated with diverse func-
tions that have yet to be discovered [1,39].

Soluble proteins are targeted for delivery to the ER by the
presence of specific signal sequences that are removed as the
nascent protein enters the ER lumen. ER-transported polypep-
tides are subsequently secreted to the apoplast by the default
pathway or delivered to the ER and then transported to the
Golgi apparatus, where they are further sorted for transloca-
tion to the cell exterior or to cellular compartments such as
protein storage vacuoles, lytic vacuoles, the plasma mem-
brane, or the cell wall [10,40]. Although there is some evi-
dence of intracellular LTPs in glyoxysome matrix of castor
(Ricinus comunis) seed and protein storage vacuoles of cowpea
(Vigna unguiculata) [6,38], most plant LTPs are secreted to the
cell wall by unidentified pathways.

In this study, 122 LTP ESTs, the most abundant in develop-
ing sesame seed ESTs, were analyzed against Arabidopsis and
rice proteome databases by the BLASTX program. LTP frac-
tion, which was partially purified from developing sesame
seeds, was examined for the ability to transfer fluorescent
phospholipids and to bind to fatty acids. Five LTP isoforms
were isolated and their mRNA expression patterns were ana-
lyzed in various sesame tissues and in 6-day-old seedlings
after abiotic stresses and plant hormone application. Finally,
the subcellular localization of two major sesame LTP iso-
forms, SiLTP1 and SiLTP2, was investigated by introducing
LTP::GFP fusion constructs into Arabidopsis protoplasts.

2. Methods
2.1. Plant materials and treatment
Sesame (Sesamum indicum L. cultivar, Yangbaeck) was ob-
tained from National Crop Experiment Station, Rural Devel-
opment Administration, South Korea. Sesame were grown in
a greenhouse at 26 �C � 3 �C. Developing seeds were har-
vested between 5 and 25 days after flowering. Six-day-old ses-
ame seedlings were incubated in MS medium containing
300 mM NaCl, 300 mM mannitol, 10 mM GA3 or 10 mM
ABA for 12 h and 24 h. Plant tissues were immediately uti-
lized or frozen in liquid nitrogen after harvesting and stored
at �70 �C until use. Arabidopsis (Arabidopsis thaliana eco-
type Columbia-0) was grown in soil in the Arabidopsis room
under a photocycle of 16 h of light (24 �C) and 8 h of darkness
(22 �C).
2.2. EST processing and isolation of five LTP isoforms
Plasmid DNA was prepared by alkaline lysis [33] and col-
umn purification (Qiagen). Nucleotide sequencing and EST
sequence processing were carried out as described in Suh
et al. [35]. Pre-processed ESTs were clustered into contigs
and singletons using StackPack2.2 (provided by SANBI,
http://www.sanbi.ac.za). BLASTX searches against NR,
NCBI, Arabidopsis, and rice databases were performed at
a threshold of an E-value >1.0E-10. Contigs and singletons
were selected that contained LTP or a described lipid transfer
protein. The longest clone from each of five LTP contigs con-
taining at least 3 ESTs was sequenced and analyzed (http://
www.ncbi.nlm.nih.gov; http://www.ebi.ac.uk/parasites/webtools.
html).
2.3. Purification of LTP from sesame seeds
Eight grams of developing sesame seeds (15e25 days old)
were ground in 300 ml of homogenization buffer containing
100 mM TriseCl (pH 7.2), 1 mM EDTA, 400 mM sucrose,
4 mM cysteine, and 8 mM b-mercaptoethanol and then filtered
through two layers of miracloth (Calbiochem). The homoge-
nate was centrifuged at 10,000 � g for 15 min. The superna-
tant was collected, and its pH was adjusted to 5.1 with
diluted HCl. After centrifugation at 10,000 � g for 15 min,
the pH of the supernatant was increased to 7.2 with 2 M
Tris-base, and ammonium sulfate was added to achieve 40%
saturation. After incubation at 4 �C for 16 h, the suspension
was centrifuged at 10,000 � g for 15 min, and the ammonium
sulfate concentration in the supernatant was increased to 80%
saturation. After incubating the mixture at 4 �C for 2 h,
the mixture was centrifuged at 10,000� g for 15 min, and the
pellet was resuspended in 10 mM Tris-acetate buffer (pH 7.2)
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and 8 mM b-mercaptoethanol. Sesame LTP fraction was then
dialyzed for 1 day against the same buffer and used for phos-
pholipid transfer assays and fatty acid binding assays. The pro-
tein concentration was measured using bovine serum albumin
as a standard [2].
2.4. Fatty acid binding and phospholipid transfer assays
Fluorescent fatty acid binding assays were carried out as
described in Zachowski et al. [42]. Dialyzed LTP (8 nmol)
was mixed with 8 mM b-mercaptoethanol and 10 mM MOPs
buffer, pH 7.2 (final volume of 1.5 mL), in a thermostated
fluorimeter cuvette at 25 �C. 1-Pyrenedodecanoic acid
(0.2 mM, from a 0.5 M stock solution in ethanol) was added
while the mixture was stirred, and the fluorescence intensity
was recorded at 378 nm (excitation at 343 nm) for monomer
and at 437 nm (excitation at 343 nm) for excimer on a Per-
kin-Elmer LS-5 spectrofluorimeter.

Dioleoylphosphatidylcholine (DOPC) and 1-palmytoyl-
2{12-[(7-nitro-2,1,3-benzoxadiazol-4yl)amino]dodecanoyl}-
sn-glycero-3-phosphocholine (NBD-PC) were purchased from
Aventi Biochemical Corp. (USA). The donor lipid, NBD-PC
(20 mM), was dissolved in ethanol, dried under a stream of ni-
trogen gas, and resuspended in 10 mM Tris-acetate buffer (pH
7.4). The acceptor lipid, DOPC (1 mM), was dissolved in tol-
uene/ethanol (4/1, v/v), dried under a stream of nitrogen gas,
and resuspended in 10 mM Tris-acetate buffer (pH 7.4). Small
unilamellar vesicles were produced by sonication with a tip
sonicator (Branson sonifier, 250) at 0 �C for 15 min. For phos-
pholipid transfer measurements, 10 mL each of donor and ac-
ceptor vesicles were mixed with 2 mL of 10 mM Tris-acetate
buffer (pH 7.4) and 100 mL of protein solution. Fluorescence
was excited at 475 nm and measured at 530 nm in a Perkin El-
mer LS-5 spectrophotometer equipped with a thermostated cu-
vette holder (25 �C) and a mixing device. Fluorescence yield
of NBD-PC in acceptor vesicles was determined as described
by Zachowski et al. [42]. At the high concentration in the do-
nor membranes, NBD fluorescence is self-quenching, so that
fluorescence is minimal at the start of the experiment. When
labeled lipid molecules are transferred into acceptor mem-
brane, self-quenching is relieved and fluorescence emission
from NBD increases.
2.5. Isolation of total RNAs and Northern blot analysis
Sesame tissues were ground to a fine powder in liquid nitro-
gen with a prechilled mortar and pestle. The powder was trans-
ferred to new 50 mL tubes containing 15 mL of lysis buffer
(100 mM TriseHCl, pH 7.5, 1% N-laurylsarcosine, 4 M Gua-
nidine thiocyanate, 25 mM EDTA, and 100 mM b-mercap-
toethanol) and 15 mL of PCI (phenol:chloroform:isoamyl
alcohol, 25/24/1, v/v/v), vigorously mixed, and centrifuged
at 10,000 � g for 15 min. After PCI extraction was repeated,
the upper phase was transferred to a mixture of 75 mL of gla-
cial acetic acid and 0.6 volume of isopropanol and incubated
at -20 �C for 1 h. After centrifugation at 10,000 � g for
30 min at 4 �C, the pellet was dissolved in DEPC-treated
water. An equal volume of 4 M LiCl was added, and the sam-
ple was incubated at �20 �C for 1 h. After centrifugation at
10,000 � g for 30 min at 4 �C, the RNA pellet was cleaned
up with PCI and finally dissolved in DEPC-treated water.

For Northern blot analysis, 20 mg of total RNAs were frac-
tionated on 1.0% agarose-formaldehyde gels in MOPS buffer,
transferred to Tropilon-plus� membranes (Tropix, USA) and
then cross-linked by UV irradiation according to the manufac-
turer’s instructions. Probes were synthesized by PCR using bi-
otin-labeled dCTP (Tropix, USA) and T7 and T3 primers, and
purified with the PCR purification kit (Qiagen, Germany). Hy-
bridization was carried out at 68 �C for 16 h as described by the
manufacturer (Tropix, USA). After hybridization, the mem-
branes were washed twice with 2 � SSC/0.1% SDS for
20 min at room temperature and twice with 0.1 � SSC/0.1%
SDS for 1 h at 65 �C. The signal was visualized using the South-
ern-star� biotin-labeled DNA detection kit (Tropix, USA).
2.6. Transient expression of the LTP::smGFP construct
in Arabidopsis protoplast
To construct LTP::smGFP, SiLTP1 (MC01026C12) and
SiLTP2 (MC01022A05) cDNAs were amplified by PCR using
gene-specific primers (LTP26-F1: 50-GCGGGATCCGTTT
GAAGATGAAGAAG-30, LTP26-R1: 50-CTCGGATCCTA
CATGTGGGGAAGGC-30, LTP22-F1: 50-GCGGGATCCGA
CAAGAGACATTTTC-30 and LTP22-R1: 50-CTCGGATCC
AATGAACCTTGGAGCA-30) and purified using the nucleic
acid purification kit (Qiagen, Germany). The purified DNA
fragments were digested with BamHI restriction enzyme and
subcloned into the pBIN35S-smGFP vector under the control
of the CaMV35S promoter [9].

Two- and 3-week-old Arabidopsis leaves were cut into
small squares (5e10 mm2) with a razor blade and transferred
to 30 mL of enzyme solution (5 mM MES-KOH, pH 5.7, 1%
cellulose R-10, 0.3% macerozyme R-10, 500 mM mannitol,
and 1 mM CaCl2). After infiltration at 15 mmHg for 2 min,
the plant tissue was incubated in the dark at 22 �C for
5 w 7 h with gentle agitation (50 w 75 rpm). Protoplasts
were filtered through 100-mm mesh, and intact protoplasts
were isolated on a 21% sucrose gradient by spinning at
50 � g for 5 min. The protoplasts were transferred to a new
50 mL tube and washed with two volume of W5 solution
(1.5 mM MES-KOH, pH 5.7, 154 mM NaCl, 125 mM
CaCl2, 5 mM KCl, and 5 mM glucose). After centrifugation
at 200 � g for 5 min, the protoplasts were resuspended in
10 mL of W5 solution and incubated at 4 �C for at least 2 h.
W5 solution was removed and the protoplasts were diluted
in MMg solution (5 mM MES-KOH, pH 5.7, 400 mM manni-
tol, and 15 mM MgCl2) to 2 � 105 protoplasts mL�1.

For transient expression analysis, 10 mL of the plasmid
DNA (w2 mg mL�1) was added to 300 mL of protoplast solu-
tion (5 � 106 protoplasts mL�1). An equal volume of PEG so-
lution [400 mM mannitol, 100 mM Ca(NO3)2, and 40% PEG
8000] was added. The protoplasts were mixed carefully and
incubated at room temperature for 30 min. After incubation,
the mixture was diluted with 10 mL of W5 solution.
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Protoplasts were recovered by centrifugation at 50 � g for
5 min, resuspended in 3 mL of W5 solution, and incubated
at 22 �C in the dark. Images were captured with a cooled
charge-coupled device camera using a Zeiss (Jena, Germany)
Axioplan fluorescence microscope [16].

For Western blot analysis, the transformed protoplasts and
protoplast incubation medium were separated by spinning at
50 � g for 5 min. To recover the proteins in the culture me-
dium, cold TCA (100 mL) was added to the medium (1 mL),
and protein aggregates were precipitated by centrifugation at
10,000 � g at 4 �C for 5 min [18]. To prepare cell extracts,
transformed protoplasts were subjected to repeated freeze-
thaw cycles in ice-cold homogenization buffer (25 mM Hepes,
pH 7.7, 1 mM MgCl2, 250 mM sucrose, and 1 mM DTT) sup-
plemented with protease inhibitors (1 mg mL�1 pepstatin A,
1 mg mL�1 aprotinin, 0.5 mg mL�1 leupeptin, and 100 mM
phenylmethylsulfonyl fluoride), followed by brief sonication
for 3 s at 50% output (repeated three times). Whole-cell ex-
tracts were subjected to low-speed centrifugation (8000 � g)
at 4 �C for 5 min to collect cellular debris containing large or-
ganelles such as mitochondria. The supernatant was subjected
to high-speed centrifugation (80,000 � g) for 30 min at 4 �C
to separate microsomal (pellet) and cytoplasmic fractions (sol-
uble supernatant). Whole-cell extracts were assayed by protein
gel blot analysis using anti-GFP (Clontech, Palo Alto, CA) and
the ECL detection system (Amersham).

3. Results
3.1. Multiple LTP isoforms were isolated in developing
sesame seed ESTs
In a previous report [35], 3328 ESTs were obtained from
a cDNA library of 5- to 20-day-old immature sesame seeds.
From a comparative analysis of sesame and Arabidopsis
seed ESTs, one striking difference was that the LTP transcript
levels were 10-fold lower in Arabidopsis seeds than in sesame
seeds. Up to 122 LTP ESTs comprise 3.7% of the total sesame
seed ESTs. They were clustered into 14 contigs and 7 single-
tons by StackPack program and analyzed by BLASTX against
Arabidopsis and rice proteome databases. The most abundant
sicn123 contig contains 37 ESTs, and 14 contigs harbor more
than one EST. The sicn443 and sicn334 contigs and the
MC01006H03, MC01037E02, and MC01040D11 singletons
were not matched in rice databases at a threshold of an E-value
>1.0E-10, but they have sequence homology with Arabidopsis
protease inhibitor/seed storage/LTP family protein (Table 1).
This result suggests that LTP genes exist as a multigene family
in sesame and that they are abundantly expressed in develop-
ing sesame seeds.
3.2. LTP fraction, which was partially purified from
developing sesame seeds, was able to bind to fatty acids
and to transfer phospholipids
Because LTP ESTs are highly abundant in developing
sesame seeds, we analyzed whether LTP fraction, which
was partially purified from developing sesame seeds, was
able to bind to fatty acids and transfer fluorescent phospho-
lipids. The LTP fraction was obtained from developing ses-
ame seeds (15e25 days old) at 40%e80% saturation of
ammonium sulfate. For fatty acid binding assays, the LTP
fraction was mixed with 1-pyrenedodecanoic acid, and the
fluorescence intensity was measured on a spectrofluorimeter
at 378 nm (excitation at 343 nm) for monomer and at
437 nm (excitation at 343 nm) for excimer. As shown in
Fig. 1A, the upper curve represents the first binding with
the acyl-chain of fluorescent fatty acids; the lower curve
is the second binding. When the buffer was mixed, back-
ground fluorescence was detected (Fig. 1B). For fluorescent
phospholipid transfer assays, the LTP fraction was added to
NBD-PC donor vesicles. When the acceptor vesicles (DOPC)
were added 1 min after addition of sesame LTP fraction, the
transfer of fluorescent phospholipid began. In addition, the
transfer of fluorescent phospholipid started again when addi-
tional LTP fraction was added (Fig. 2). This result indicates
that LTPs partially purified from developing sesame seeds
can bind to fluorescent fatty acids and transfer fluorescent
phospholipids.
3.3. Five LTP cDNAs were isolated from developing
sesame seed ESTs
To obtain full-length LTP cDNAs, the longest clones,
MC01026C12, MC01022A05, MC01006B03, MC01026G08
and MC01017A02, were selected from five clusters,
sicn123, sicn524, sicn331, sicn561, and sicn442, respec-
tively. They were sequenced and named SiLTP1, SiLTP2,
SiLTP3, SiLTP4, and SiLTP5, respectively. The nucleotide
and deduced amino acid sequences of the five LTP cDNAs
are shown in Fig. 3. The deduced amino acid sequences of
all five LTP isoforms contain common features of plant
LTPs; they are low molecular weight proteins with a molec-
ular mass of about 7e9 kDa, have similar hydropathic pro-
files that may reflect conserved secondary structural features
in plant LTPs, have eight conserved cysteine residues that
form four disulfide bridges, and have a putative signal pep-
tide (Fig. 4A). When the deduced amino acid sequences of
these five sesame LTP cDNAs were analyzed by BLASTP
against the non-redundant (NR) GenBank protein database,
well-matched LTP clones from a variety of plant sources
were obtained. The deduced amino acid sequences of ses-
ame and other LTPs were aligned using CLUSTALW and
a phylogenetic tree was constructed with TreeView (http://
clustalw.genome.ad.jp). As shown in Fig. 4B, the five ses-
ame LTP isoforms grouped into three major clusters, the
SiLTP1 cluster, the SiLTP2 cluster, and the SiLTP3-
SiLTP4-SiLTP5 cluster. The SiLTP1 cluster was classified
as non-specific LTP type 2 (nsLTP2), a type which was pre-
viously defined based on the conserved cysteine pattern. The
other clusters were classified as non-specific LTP type 1
(nsLTP1), which includes the original LTPs that have in vitro
lipid-binding properties.

http://clustalw.genome.ad.jp
http://clustalw.genome.ad.jp


Table 1

Clusters and singletons encoding LTPs from developing sesame seed ESTs

Contig ID # of EST Clones studied in

this paper

Members in Contig Arabidopsis

Gene ID

E-value Rice

gene ID

E-value Description in Arabidopsis and Rice

sicn123 37 MC01026C12 MC01007C03, MC01011B07, MC01012F06,

MC01013H08, MC01020A02, MC01020E08,

MC01020G12, MC01020H12, MC01021D02,

MC01021G11, MC01021H10, MC01024A09,

MC01024D10, MC01025G09, MC01026B12,

MC01026C12, MC01027A05, MC01027G04,

MC01030G01, MC01032G07, MC01033A07,

MC01033D11, MC01033F02, MC01037A07,

MC01039A03, MC01039H01, MC01039H03,

MC01040D01, MC01040D04, MC01045E07,

MC01046H10, MC01047E07, MC01053H05,

MC01055A05, MC01091E04, MC01091F06,

MC01091H02

AT5G38170 1.8E-20 Os05g47700 3.7E-19 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein,

[Rice] non-specific lipid-transfer protein

AKCS9 precursor

sicn524 20 MC01022A05 MC0122A05, MC01006D05, MC01010E02,

MC01011B08, MC01012B05, MC01016F06,

MC01017G12, MC01025B07, MC01028B03,

MC01028B04, MC01029C02, MC01034A01,

MC01034F01, MC01035A08, MC01038B08,

MC01041D01, MC01053C10, MC01055E09,

MC01058A04, MC01058H03

AT5G01870 8.3E-25 Os11g02379 2.6E-26 [Arabidopsis] putative similar to lipid transfer

protein 6 from Arabidopsis thaliana, [Rice] non-

specific lipid-transfer protein 1 precursor

sicn443 13 MC01006B12, MC01006G12, MC01009B10,

MC01010H01, MC01011D11, MC01021G10,

MC01025G08, MC01031H12, MC01033G10,

MC01044H07, MC01046B02, MC01057A11,

MC01059B11

AT5G54740 9.3E-04 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein

similar to 2S seed storage proteins from

Arabidopsis thaliana

sicn535 11 MC01002G09, MC01029A10, MC01030C05,

MC01031F05, MC01037B01, MC01044E03,

MC01050E11, MC01053A06, MC01056E01,

MC01058H07, MC01059E12

AT5G55410 3.9E-17 Os07g18750 2.3E-15 [Arabidopsis] similar to protease inhibitor/seed

storage/lipid transfer protein (LTP) family

protein from Arabidopsis thaliana, [Rice]

Protease inhibitor/seed storage/LTP family

protein

sicn331 6 MC01006B03 MC01006B03, MC01007E07, MC01019E04,

MC01025A10, MC01050C11, MC01057C05

AT2G38540 1.9E-21 Os11g02400 1.2E-26 [Arabidopsis] non-specific lipid transfer protein

1 (LTP1), [Rice] non-specific lipid-transfer

protein precursor

sicn561 6 MC0126G08 MC01015D09, MC01024H10, MC01026G01,

MC01026G08, MC01026H01, MC01029D08

AT5G01870 8.2E-23 Os11g02400 2.4E-27 [Arabidopsis] putative, similar to lipid transfer

protein 6 from Arabidopsis thaliana
sicn582 5 MC01015C08, MC01025B09, MC01043F04,

MC01047G10, MC01048G12

AT2G38540 2E-21 Os12g02320 1.1E-27 [Arabidopsis] non-specific lipid transfer protein

1 (LTP1), [Rice] non-specific lipid-transfer

protein precursor

sicn124 4 MC01007D10, MC01038F08, MC01043C04,

MC01048C11

AT5G38170 1.7E-20 Os05g47700 3.6E-19 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein,

[Rice] non-specific lipid-transfer protein

AKCS9 precursor

sicn442 3 MC0117A02 MC01017A02, MC01025B08, MC01031F03 AT2G38540 2.7E-20 Os11g02400 2.6E-25 [Arabidopsis] non-specific lipid transfer protein

1 (LTP1), [Rice] non-specific lipid-transfer

protein precursor
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Table 1 (continued )

Contig ID # of EST Clones studied in

this paper

Members in Contig Arabidopsis

Gene ID

E-value Rice

gene ID

E-value Description in Arabidopsis and Rice

sicn387 2 MC01045G08, MC01052G04 AT4G30880 8E-26 Os01g58660 6.5E-20 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP), [Rice] protein

expressed protein

sicn321 2 MC01016G05, MC01055H07 AT5G48485 8.8E-20 Os07g18750 4.5E-16 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein,

[Rice] Protease inhibitor/seed storage/LTP

family protein

sicn334 2 MC01012A07, MC01029G01 AT4G30880 3E-01 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein

sicn210 2 MC01030G04, MC01030G05 AT1G27950 1.5E-31 Os08g42040 5.8E-26 [Arabidopsis] lipid transfer protein-related, low

similarity to lipid transfer protein Picea abies,

[Rice] Protease inhibitor/seed storage/LTP

family protein

sicn317 2 MC01049H06, MC01054D07 AT1G70250 4.8E-14 Os06g47200 5.6E-13 [Arabidopsis] putative, similar to receptor

serine/threonine kinase PR5K, [Rice] Protease

inhibitor/seed storage/LTP family protein

MC01056E02 1 MC01056E02 AT5G48485 1.9E-12 Os07g18750 4.9E-13 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein,

[Rice] Protease inhibitor/seed storage/LTP

family protein

MC01006H03 1 MC01006H03 AT1G36150 2.5Eþ00 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein low

similarity to glucoamylase S1/S2 (Precursor)

from Saccharomyces cerevisiae
MC01020D06 1 MC01020D06 AT3G51590 4.7E-12 Os11g02400 2.5E-16 [Arabidopsis] putative, similar to lipid transfer

protein E2 precursor Brassica napus

MC01037E02 1 MC01037E02 AT3G22600 7.7E-08 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein

MC01040D11 1 MC01040D11 AT1G73550 1.9E-01 [Arabidopsis] similar to protease inhibitor/seed

storage/lipid transfer protein (LTP) family

protein, [Rice] non-specific lipid-transfer protein

precursor

MC01046G02 1 MC01046G02 AT5G64080 8.3E-25 Os03g09230 3.3E-17 [Arabidopsis] protease inhibitor/seed storage/

lipid transfer protein (LTP) family protein,

[Rice] Protease inhibitor/seed storage/LTP

family protein

MC01051H05 1 MC01051H05 AT5G59310 4.6E-15 Os11g02350 3.2E-18 [Arabidopsis] lipid transfer protein 4 (LTP4),

identical to lipid transfer protein 4 from

Arabidopsis thaliana, [Rice] non-specific lipid-

transfer protein 4 precursor

Developing sesame seed ESTs were clustered using StackPack (http://www.sanbi.ac.za/CoDES). Groups that contain only one sequence were classified as singletons.

Sesame seed ESTs were analyzed by BLASTX against Arabidopsis and rice proteome databases.
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Fig. 1. Association of 1-pyrenedodecanoic acid with buffer (A) or crude LTP

extracts from developing sesame seeds (B). 1-pyrenedodecanoic acids were in-

troduced at a final concentration of 1.3 mM. Fluorescence intensity recorded at

378 nm (excitation at 343 nm) for monomer and at 473 nm (excitation at

343 nm) for excimer.
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Fig. 2. Transfer of fluorescent phospholipids by crude LTP extracts from de-

veloping sesame seeds. NBD-PC and DOPC were used as donor and acceptor

vesicles, respectively. Fluorescence was excited at 475 nm and measured at

530 nm in a Perkin Elmer LS-5 spectrophotometer equipped with a thermo-

stated cuvette holder (25 �C) and a mixing device.
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3.4. Expression of five sesame LTP transcripts
was tissue-specific and the SiLTP2 and SiLTP4
transcripts were induced by exogenous abiotic stresses
and plant hormones
To investigate the mRNA expression of these five sesame
LTP isoforms, Northern blot analyses were carried out. Total
RNA was extracted from roots, stems, leaves, flowers, seeds,
and seed coats, run on 1% agarose gels containing 17% form-
aldehyde, and transferred onto nylon membranes. The mem-
branes were hybridized with biotin-labeled cDNA probes.
These five SiLTP isoforms were most abundantly expressed
in developing seeds, but were also detected in flower tissues.
SiLTP3 and SiLTP4 transcripts were also expressed in leaves
and seed-pot walls, respectively (Fig. 5).

To determine whether expression of these five sesame LTP
isoforms was regulated by abiotic stresses and plant hormones,
Northern blot analysis was performed with 6-day-old sesame
seedlings that were incubated in MS medium containing
300 mM NaCl, 300 mM mannitol, 10 mM gibberellic acid
(GA3) or 10 mM ABA for 12 h and 24 h. The expression level
of SiLTP2 and SiLTP4 transcripts increased significantly with
exogenous application of 300 mM NaCl and 300 mM manni-
tol. SiLTP2 and SiLTP4 transcripts also increased approxi-
mately 2-fold with ABA treatment. However, GA3 did not
significantly alter the expression of the SiLTP2 and SiLTP4
transcripts. Expression levels of SiLTP1, SiLTP3, and SiLTP5
transcripts were not significantly influenced by NaCl, manni-
tol, ABA or GA3 (Fig. 6). This result suggests that the SiLTP2
and SiLTP4 isoforms are responsive to salt- or water-stresses.
3.5. The most abundant LTPs, SiLTP1 and SiLTP2,
were secreted
To investigate the subcellular localization of SiLTP1 and
SiLTP2, an in vivo targeting experiment was performed. The
entire SiLTP1 or SiLTP2 cDNA without the termination codon
was fused to the smGFP (soluble modified green florescent
protein) gene, and the resulting constructs were introduced
into Arabidopsis protoplasts. After incubation, the transformed
Arabidopsis protoplasts were observed under a fluorescent mi-
croscope. Protein extracts were harvested from the protoplast
incubation medium (M), from the insoluble fraction (D),
which contained large organelles such as mitochondria or en-
doplasmic reticulum (ER), from the microsomal fraction (P),
and from the cytoplasmic fraction (S); these extracts were
analyzed by Western blot using anti-GFP antibody.

When Arabidopsis protoplasts transformed with the
SiLTP1::smGFP or SiLTP2::smGFP constructs were visual-
ized under a fluorescence microscope, most of the green fluo-
rescent signals were secreted out of the cells, whereas the
fluorescent signal from the Arabidopsis protoplasts trans-
formed with control smGFP constructs was detected in the cy-
tosol (data not shown). In Western blot analysis, recombinant



Fig. 3. Nucleotide and deduced amino acid sequences of five sesame LTP isoforms, SiLTP1, SiLTP2, SiLTP3, SiLTP4, and SiLTP5. ‘‘-’’ indicates the stop codon.
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Fig. 3. (continued).
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SiLTP1::smGFP and SiLTP2::smGFP were detected in the
protoplast incubation medium (M), suggesting that recombi-
nant SiLTP1::smGFP and SiLTP2::smGFP were secreted
from the cells. In addition, recombinant SiLTP1::smGFP was
mainly detected in the insoluble fraction (D), whereas re-
combinant SiLTP2::smGFP was observed in the cytoplasmic
soluble fraction (S), suggesting that the secretory pathways
for SiLTP1 and SiLTP2 are probably different. The smaller
size band detected in the total or soluble fraction may be
due to proteolytic processing of the recombinant proteins in
the cell (Fig. 7).

4. Discussion

Plant LTPs are abundantly expressed in various aerial tis-
sues, except roots, and are involved in multiple biological
functions including cutin formation, embryogenesis, defense
responses against pathogens, symbiosis between Rhizobium
and symbiotic bacteria, and adaptation of plants to various
environmental conditions [17]. In this study, we demonstrated
that LTPs are abundantly expressed in developing sesame
seeds. Fourteen contigs and seven singletons encoding LTP
were isolated from developing sesame ESTs (Table 1). Ac-
cording to Grobois et al. [13], LTPs purified from maize seeds
comprised up to 4% of total soluble proteins. Recently, 76
members of the LTP family have been annotated in Arabidop-
sis [1]. The rice LTP gene family comprises at least 17 genes
that can be categorized into three subfamilies according to the
LTP protein structure [19,39]. This finding also supports that
ESTs encoding LTPs comprised up to 7% of total rose petal
ESTs [7].

LTPs were purified from plant sources including seeds and
leaves based on molecular size (7e10 kDa) and isoelectric
point (around 9). The purified LTPs were very stable and main-
tained their activity after months of storage at 4 �C [17]. LTPs
have previously been characterized as a family of proteins ca-
pable of transferring lipid molecules such as phosphatidylcho-
line (PC), phosphatidylinositol (PI), phosphatidylethanolamine
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Fig. 4. Comparison of deduced amino acid sequences of five sesame LTP iso-

forms (A) and phylogenetic tree of sesame and other plant LTPs (B). (A) Gaps

indicated by dashes were introduced to obtain optimal alignment. Putative sig-

nal sequences are underlined and the eight conserved cysteine residues are

marked by asterisks. (B) The nucleotide sequences of SiLTP1, SiLTP2,

SiLTP3, SiLTP4, and SiLTP5 cDNAs were registered in GenBank�/EBI

Data Bank under accession numbers, EF581314, EF581315, EF581316,

EF581317, and EF581318, respectively.
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Fig. 5. Northern blot analysis of five sesame LTP isoforms in various tissues of

sesame. Twenty mg of total RNAs were isolated from roots (R), stems (St),

leaves (L), flowers (F), seeds (Se), and seed coats (Sc) of sesame. Ethidium

bromide staining of the gel (rRNA, ribosomal RNA) prior to transfer indicates

RNA loading.
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(PE), phosphatidylglycerol (PG), and galactolipids, as well as
fatty acids and acyl-CoAs, in vitro and in vivo. For example,
several LTPs from oilseed rape were identified as having
both the ability to transfer PC and to bind oleoyl-CoA. Castor
bean LTPs contain binding capacities for oleic acid and oleoyl-
CoA [17]. As described in Figs. 1 and 2, sesame seed LTPs are
typical plant LTPs that are able to both transfer phospholipids
and bind acyl chains.

The expression patterns of LTP genes in various plants are
reported to be temporally and spatially controlled [12,17].
Transcripts of the SiLTP1 and SiLTP2 isoforms, the most
abundant ESTs, were predominantly expressed in developing
Control NaCl Mannitol GA3 ABA

SiLTP3

SiLTP1

SiLTP2

SiLTP4

SiLTP5

rRNA

12 24 12 12 12 1224 24 24 24 (hrs)

Fig. 6. Northern blot analysis of five sesame LTP isoforms after exogenous ap-

plication of abiotic stresses and plant hormones. Six-day-old sesame seedlings

were incubated with 300 mM NaCl, 300 mM mannitol, 10 mM GA3 or 10 mM

ABA for 12 h or 24 h. Ethidium bromide staining of the gel (rRNA, ribosomal

RNA) prior to transfer indicates RNA loading.
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Fig. 7. Subcellular localization of recombinant SiLTP1::GFP and SiLTP2::GFP in Arabidopsis protoplasts. The recombinant SiLTP1::GFP and SiLTP2::GFP con-

structs were introduced into Arabidopsis protoplasts. Protein extracts were harvested from the protoplast incubation medium (M), the insoluble fraction (D) con-

taining large organelles such as mitochondria, the soluble supernatant fraction (T) containing the microsomal and cytoplasmic fractions, the microsomal fraction

(P), and the cytoplasmic fraction (S). The extracted proteins were analyzed by Western blot using anti-GFP antibody. Whole-cell extracts were assayed by Western

blot using anti-GFP (Clontech, Palo Alto, CA) and the ECL detection system (Amersham). Molecular mass standards were purchased from Gibco BRL.
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sesame seeds (Table 1 and Fig. 5). When recombinant
SiLTP1::smGFP and SiLTP2::smGFP proteins were tran-
siently expressed in Arabidopsis protoplasts, fluorescent sig-
nals derived from smGFP were detected at the plant cell
surface, which is consistent with previous reports [4,36]. In-
deed, Western blot analysis demonstrated that the
SiLTP2::smGFP protein was in the soluble fraction and that
the SiLTP1::smGFP protein was in the insoluble fraction con-
taining large organelles (Fig. 7). In the classical secretory
pathway, proteins containing a signal peptide are translocated
from the cytoplasm into the ER lumen. From the ER, the pro-
teins are transported to the Golgi apparatus and finally to the
plasma membrane or extracellular space [10,40]. However,
some extracellular proteins leave the cell by non-classical se-
cretory pathways such as through proteinaceous membrane
channels [22] and evaginations of the plasma membrane [8].
Proteins such as basic fibroblast growth factor [24], interleu-
kin-1 [32], and the lectin L-14-1 [8] are synthesized without
a signal peptide and remain mainly in the cytoplasm until
they are released from the cell. Therefore, SiLTP1::smGFP
protein, which associated with large organelles such as ER,
is probably secreted by the classical secretory pathway. Al-
though little is known about the non-classical secretory path-
ways in plant cells, the SiLTP2::smGFP protein, detected in
the soluble fraction, is probably secreted by a non-classical se-
cretory pathway. Secretion of these two sesame LTP isoforms
should be further confirmed by brefeldinA or monensin inhib-
itors, which are known to inhibit protein transport through the
classical secretory pathway.

The SiLTP3 and SiLTP5 isoforms were abundantly ex-
pressed in flower tissues, as well as developing seeds
(Fig. 5). LTPs, which are abundant in floral organs, petal co-
rolla, carpel, and anther, are thought to participate in the depo-
sition of lipophilic materials [7,11,20]. Park et al. [29]
reported that LTPs are necessary for pollen-tube adhesion of
lily flower. According to Jeroen et al. [15], tobacco LTP iso-
lated from tobacco stigma exudates had cell wall-loosening
activity and enhanced cell wall extension. The biological roles
of SiLTP3 and SiLTP5 isoforms should be further elucidated in
sesame flowers.
LTP transcripts from several plant sources are also respon-
sive to environmental stresses such as cold, drought, salt,
pathogens, and ABA [3,14,19,21,25,26,28,31,37,39,41]. By
subtractive hybridization between drought-tolerant and -sensi-
tive sunflowers, a non-specific LTP gene was isolated and its
transcripts were induced by water-stress and ABA [27]. LTP
mRNA expression and cuticular wax were increased by peri-
odic dehydration stress in tree tobacco (Nicotiana glauca)
leaves, suggesting that LTP is involved in cuticle deposition.
SiLTP2 and SiLTP4 isoforms exhibited significantly inducible
expression patterns with exogenous application of 300 mM
NaCl and 300 mM mannitol. Exogenous ABA, which has
been shown to mediate plant tolerance to water or cold
stresses, also significantly induced the SiLTP2 and SiLTP4 iso-
forms (Fig. 6). Although the biological roles of the SiLTP2 and
SiLTP4 isoforms in response to salt and osmotic stresses re-
main to be elucidated, these isoforms may play an important
role in plant acclimation to water stress during seed
development.

In conclusion, we identified 21 LTP isoforms that are abun-
dant in developing sesame seed ESTs. Full-length cDNAs of
five abundant LTP isoforms were determined. LTPs partially
purified from developing sesame seeds can bind fatty acids
and transfer phospholipids. SiLTP1 and SiLTP2 were secreted
out of cells. Although the biological roles of sesame LTPs are
not yet known, the abundant SiLTP1 and SiLTP2 are probably
involved in early embryogenesis by participating in the forma-
tion of a protective layer around the young embryo. SiLTP2
and SiLTP4 isoforms, which are induced by desiccation condi-
tions, may be involved in seed adaptation to water shortage
during seed development.
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