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Abstract Microsomal oleic acid desaturase (FAD2) cat-
alyzes the first extra-plastidial desaturation in plants, con-
verting oleic acid to linoleic acid, which is a major
constituent in all cellular membranes as well as in seed
storage oils. Seed-specific FAD2 (SeFAD?2) produced 40%
of linoleic acids in the total fatty acids of sesame (Sesamum
indicum) seeds. The expression of SeFAD?2 transcripts was
spatially and temporally controlled during seed develop-
ment. To investigate the regulatory mechanism controlling
seed-specific SeFAD2 expression, we isolated a well-mat-
ched sequence homologous to the basic region/helix-loop-
helix proteins by yeast one-hybrid screening and named it
SebHLH. SebHLH transcripts were expressed in develop-
ing seeds and roots of sesame. SebHLH:GFP fusion protein
localized in the nucleus. Recombinant SebHLH protein
bound E-box (CANNTG) and G-box (CACGTG) elements
in the region from —179 to —53 of the SeFAD2 gene pro-
moter, and the external C and G nucleotides in the E- and
G-box motifs were essential for SebHLH protein binding.
The SebHLH gene, under the CaMV35S promoter, and the
GUS reporter gene driven by E- and G-box motifs were co-
expressed in developing sesame seeds and Arabidopsis

The nucleotide sequence of the SebHLH ¢cDNA from Sesamum
indicum reported here has been registered in the GenBank™/EBI
Data Bank under accession number EF397568.
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transgenic leaves. This co-expression demonstrated that
SebHLH protein mediates transactivation of the SeFAD2
gene promoter through binding to E- and G-box elements.
E- or G-box elements frequently occur in the 5’-flanking
region of genes that are involved in triacylglycerol bio-
synthesis and that exhibit seed-specific expression in Ara-
bidopsis and other plants, suggesting that bHLH
transcription factors play a key role in the transcriptional
regulation of genes related to storage lipid biosynthesis and
accumulation during seed development.
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Introduction

In plants, de novo fatty acid synthesis from acetyl-CoA to
palmitic acid (16:0), stearic acid (18:0) or oleic acid
(18:1% occurs in plastids. The fatty acids are further re-
duced to linoleic acid (18:2%'?) and linolenic acid
(18:14%1%1%) via a prokaryotic pathway in plastids or a
eukaryotic pathway in endoplasmic reticulum (Somerville
et al. 2000). The synthesized polyunsaturated fatty acids
serve as an essential component in all cellular membranes
and in storage oils. Oleic acid desaturase (FAD2) on the
endoplasmic reticulum catalyzes the formation of a double
bond between carbons 12 and 13 of oleic acid at both the
sn-1 and sn-2 positions of phosphatidylcholine (Shanklin
and Cahoon 1998). Arabidopsis harbors a single copy of
the FAD2 gene, but crops including sesame (Sesamum in-
dicum), soybean (Glycine max), cotton (Gossypium hirsu-
tum), corn (Zea mays), and canola (Brassica napus) contain
at least two FAD?2 isoforms; one is constitutively expressed
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and the other is tightly regulated during seed development
(Okuley et al. 1994; Heppard et al. 1996; Jin et al. 2001;
Pirtle et al. 2001; Kinney et al. 2002; Tang et al. 2005).
Seed-specific FAD?2 is the key enzyme responsible for the
production of linoleic acid in seeds (Liu et al. 2000; Jin
et al. 2001). Furthermore, the ratio of the various saturated
and unsaturated fatty acids is reported to be one of the
critical factors that influence the quality and commercial
application of seed oils (Cahoon et al. 2002; Kinney et al.
2002; Tang et al. 2005).

During seed development, storage lipids accumulate in
abundance in the middle and late phases of embryogenesis.
Coincident with storage lipid accumulation, some genes
involved in biosynthesis and accumulation of storage lip-
ids, including seed-specific FAD2 gene, are spatially and
temporally regulated in developing seeds (Cahoon et al.
1992; Slocombe et al. 1992; Kinney 1994, 1996; Suh
et al. 1999; Liu et al. 2000; Moon et al. 2001; Rossak et al.
2001; Bao et al. 2002; Tang et al. 2005; Kim et al. 2006).
The transcriptional control of these genes through a com-
plex set of promoter DNA or promoter DNA-specific reg-
ulatory proteins has been studied. In microspore-derived
cell suspension culture of Brassica napus, the seed-specific
activator ABI3 promotes oleosin gene expression via
interaction with the ABA response element at —160 bp of
the oleosin gene promoter (Crowe et al. 2000). Promoter
regions at —117 and —312 of acyl carrier protein (Cs-ACP1)
and A*-palmitoyl-acyl carrier protein desaturase (Cs-
4PAD) genes, respectively, both of which are involved in
biosynthesis of petroselinic acid in coriander (Coriandrum
sativum) endosperms, include cis-regulatory elements such
as the GCN4-like motif (GTCA), E-box, G-box, AACA
motif, and Prolamin-box. These elements are required for
endosperm-specific expression of Cs-ACP1 and Cs-4PAD
genes (Kim et al. 2005). In sesame, the region from —179 to
—53 in the SeFAD?2 promoter, including E-box (CANNTG),
G-box (CACGTG), ABRE motif (ACGTGKC), G-box-like
element (ACGT), RY repeat element (CATGCA), and
Prolamin-box (AAAG), is essential for expression of the
SeFAD?2 gene in developing seeds (Kim et al. 2006).

The basic region/helix-loop-helix (bHLH) proteins are a
superfamily of transcription factors that have been found in
all eukaryotes. The proteins bind as homodimers or hete-
rodimers to specific target sequences, E-box (CANNTG) or
G-box (CACGTG) motifs, and function in cell proliferation
and cellular differentiation pathways (Littlewood and Evan
1998; Atchley et al. 1999; Ledent and Vervoort 2001). The
bHLH domain contains two functionally distinct regions.
The basic region consists of approximately 15 amino acids
with a high number of basic residues and is involved in
DNA binding. The HLH region is comprised of hydro-
phobic residues that form two a-helices separated by a loop
region of variable sequence and length and functions as the
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dimerization domain (Murre et al. 1989; Ferre-D’ Amare
et al. 1994; Nair and Burley 2000). Outside of the con-
served bHLH domain, these proteins exhibit considerable
sequence divergence (Atchley et al. 1999). Since the R
gene product, Lc, which is involved in the control of
anthocyanin synthesis, was reported to possess the bHLH
motif in plants (Ludwig et al. 1989), several bHLH tran-
scription factors have been identified including PIF1, PIF3,
PIF4, HFR1, SPT, ALC, TTS8, GL3, AMS, AtMYC2,
ATR2, BEE1, BEE2, BEE3, and ICE1l. These proteins
regulate a broad range of growth and developmental pro-
cesses at all phases of the plant life cycle (see review in
Toledo-Ortiz et al. 2003). Arabidopsis and rice genome
sequencing analyses provided genetic information for 147
and 167 bHLH transcription factors, respectively (Toledo-
Ortiz et al. 2003; Li et al. 2006). However, approximately
10% of these proteins in Arabidopsis have been charac-
terized through mutational or functional analysis (Toledo-
Ortiz et al. 2003).

To understand the transcriptional control of the SeFAD2
gene, which is spatially and temporally regulated during
seed development, a trans-acting factor that interacts with
E- and G-box elements in the region from —179 to —53 in
the SeFAD2 gene promoter was isolated from developing
sesame seeds. The isolated gene, named SebHLH, had good
sequence homology with the basic region/helix-loop-helix
proteins. SebHLH protein was targeted to the nucleus, and
the N-terminal region of the protein functioned as a tran-
scriptional activator. Finally, SebHLH protein induced
transcriptional activity from E- and G-boxes of the Se-
FAD?2 promoter in developing sesame seeds and transgenic
Arabidopsis leaves.

Materials and methods
Plant materials

Sesame (Sesamum indicum cv. Yangbaeck) plant was grown
in soil in the green house at 26 + 3°C under a 16-h light/8-h
dark regimen. Arabidopsis (Arabidopsis thaliana ecotype
Columbia-0) was grown in soil in the Arabidopsis room
under a photocycle of 16 h of light (24°C) and 8 h of dark-
ness (22°C). To facilitate harvesting of seeds at predefined
developmental stages, flowers were tagged on the day of
flower opening. The developing seeds were then collected
via dissection from sesame fruits and Arabidopsis siliques.

Yeast one-hybrid screening

Yeast one-hybrid screening was performed according to the
manufacturer’s instructions (Clontech). The region from



Plant Mol Biol (2007) 64:453-466

455

—179 to =53 of the SeFAD2 gene promoter was amplified
by PCR using SiW6-YF4/SiW6-YR4 and inserted into the
EcoRl/Sacl site of the pHIS2 vector (SeYF4:HIS2). Plas-
mid SeYF4:HIS2 containing the SeFAD2 promoter region
was linearized with Kpnl and cotransformed into yeast
strain Y187 (Clontech) with developing sesame seed
cDNAs (10-30 DAF) in pGADT7-Rec2 vector. Recombi-
nants with positive one-hybrid interaction were selected on
SD/-His-Leu-Trp medium supplemented with 45 mM 3-
AT (3-amino-1,2,4-triazole). Recombinants containing in-
serts larger than 500 bp were further selected by colony
PCR screening using 5’LD and 3’'LD amplimers. The se-
lected plasmids isolated from recombinant yeast cells were
re-transformed into E. coli XL1-Blue, and nucleotide
sequencing was performed. The genetic information of the
sequenced clones was obtained from BLASTX and
TRANSFAC analyses  (http://www.ncbi.nlm.nih.gov;
http://www.gene-regulation.com).

The full-length cDNA encoding the SebHLH protein
was isolated by 5-cRACE (circular first-strand cDNA-
mediated rapid amplification of cDNA ends) as described
by Maruyama et al. (1995). The sequence information of
all primers used in 5’-cRACE is listed on Table 1. Total
RNA isolated from sesame endosperm (10-30 DAF) was
reverse-transcribed, self-ligated, and then subjected to
PCR. After subcloning the PCR products, the nucleotide
sequence was analysed.

Northern blot analysis and RT-PCR

Total RNAs were isolated from various sesame tissues
using TRIzol reagent (Sigma, USA) according to the
manufacturer’s instructions. Approximately 20 pg of total
RNA was fractionated via electrophoresis on 1.2% agarose
gels with formaldehyde, blotted onto nitrocellulose mem-
branes (Amersham Biosciences), and hybridized at 63°C.
Radioactive *?P-dCTP-labeled hybridization probes were
generated via random priming (Rediprime II Random
Prime Labelling System, Amersham Biosciences) using
SebHLH gene-specific DNA fragments (SF4-FF2 and Se-
bHLH-CR primer set, 761 bp of DNA fragments), includ-
ing the unique 3’-UTR sequence. After hybridization, the
membranes were washed twice with 2x SSPE and 0.1%
SDS for 20 min at room temperature, twice with 0.2x
SSPE and 0.1% SDS for 15-30 min at 63°C, and finally
exposed to X-ray film or to a PhosphorImager (Bio-Rad)
for 15-32 h.

Reverse transcription was carried out as described by the
manufacturer (Invitrogen). PCR was performed using
gene-specific SF4-FF2 and SebHLH-ER primers. The
sesame elongation factor gene (MCO01037C03, Suh et al.
2003) was amplified using the Se-Elon-F and the Se-Elon-
R primers to determine the quantity and quality of the

cDNAs. PCR was conducted in a final volume of 30 pl
containing 500 ng of cDNA, Ix i-Taq buffer (iNtRON,
Korea), 10 mM of each dNTP, 1 unit of i-Taq polymerase
(iNtRON, Korea), and 10 pmol of each primer. The fol-
lowing amplification program was used: 1 cycle of 94°C
for 5 min (denaturation step), 35 cycles of 94°C for 30 s,
63°C for 30 s, and 72°C for 1 min, and then 1 cycle of
72°C for 7 min (elongation step).

Subcellular localization assay

The coding region of the SebHLH cDNA was amplified
using the SebHLH-GFPS and SebHLH-GFPA primers and
subcloned into the pBIN35S-smGFP vector under the
control of the CaMV35S promoter (Davis and Vierstra
1998). The resultant plasmid was linearized with EcoRI
restriction enzyme. As described in Klein et al. (1988),
gold particles (1.0 pm, Bio-Rad) were coated with the
plasmid DNA mixture (2 pg of the linearized plasmid
DNA, 50 pl of 2.5 M CaCl,, and 20 pl of 0.1 M spermi-
dine) and introduced into onion epidermis via a gene gun
(Bio-Rad, USA). The tissues were bombarded twice at
1,100 psi with a biolistic helium gun device (Bio-Rad
PDS-1000/He). The stopping screen was positioned 3 cm
below the rupture disk, and the target tissue was positioned
6 cm below the stopping screen. After bombardment,
samples were incubated for 24 h at 25°C in the dark and
observed under a confocal laser scanning microscope
(OLYMPUS BX51).

Electrophoretic mobility shift assays

The coding region of the SebHLH cDNA was amplified
using the SebHLH-EF and SebHLH-ER primers, and
subcloned between EcoRI and Sall sites in pET32b
expression vector (Novagen, Germany). After transforma-
tion of the resultant pSebHLH:His plasmid into E. coli
strain BL21(DE3), expression of His-tagged SebHLH
protein was induced with 0.2 mM IPTG for 4 h. Cells were
resuspended in lysis buffer (50 mM NaH,PO,, 300 mM
NaCl and 10 mM Imidazole, pH 8.0) containing 1 mM
PMSF and 1 mg/ml lysozyme, and then sonicated. Super-
natants obtained by centrifugation were loaded on Ni-NTA
resin columns. The column was washed with washing
buffer (50 mM NaH,PO,, 300 mM NaCl and 30 mM
Imidazole, pH 8.0) and eluted with elution buffer (50 mM
NaH,PO,, 300 mM NaCl and 250 mM Imidazole, pH 8.0)
as described in the manufacturer’s instructions of the His-
Bind Buffer Kit (Novagen).

The region from —179 to —53 in the SeFAD2 gene pro-
moter was amplified by PCR using the SeMF4 and SeMR4
primers, and eluted. To generate double-strand oligonu-
cleotides, single-strand oligonucleotides (SeEbox-F,
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Table 1 Oligonucleotide sequences used in the analysis of SebHLH genes from sesame and Arabidopsis

Reactions Primer name Sequence information Annealing Enzyme site
Tm for
PCR
0"
Yeast one hybrid SiW6-YF4 5’-CCGGAATTCGGAATGTGCACACTCCATG-3’ 66 EcoRI
SiW6-YR4 5’-CCCGAGCTCCCTGTCTGAGGAGGGG-3’ 66 Sac 1
5’LD Amplimer 5’-CTATTCGATGATGAAGATACCCCACCAAACCC-3’ 56
3’LD Amplimer 5-GTGAACTTGCGGGGTTTTTCAGTATCTACGAT-3 56
5’-cRACE SF4-FF1 5-GCTAAGGATAACTCCAGTGGTGCAGAAGC-3 68
SF4-FF2 5’-CAGTCACAGCCTTGCTGAACGGGTGAGA-3’ 68
SF4-FF3 5-GGCTGGAGTGCAGAATACGGTG -3’ 68
SF4-FF4 5’-GATGCTCAGGATCACCGCCAAG -3 68
SF4-FR2 5’-CCTCTTCCCATTAGGTGAAGCTCCTAACACCC-3’ 68
SF4-FR3 5’-GCCAGGAACCAGTTCTTGCAGCAATCTCAT-3 68
SF4-FR4 5-CCGAAATTCCCACTTTGATCCTGTG -3 68
SF4-FR6 5-GACTCTGAACAGATTGACATTCCTGC-3’ 68

Northern blot and SF4-FF2 5"-CAGTCACAGCCTTGCTGAACGGGTGAGA-3’ 56

RT-PCR SebHLH-CR 5-CACACAATTCTGTACTAAAGATTTGCACC-3’ 56
SebHLH-ER 5’-AACGTCGACCAGCCCATTTTTGACAGCCCGC-3’ 56 Sal T
SeElon-F 5-GTGAAGGAAGTGTCTTCATACC-3 56
SeElon-R 5-GACCGCCTGTCAATCTTGGTC-3 56

Subcellular SebHLH-GFPS 5-TCGTCTAGAATGGGGGATAGAGTA-3 56 Xba 1
localization SebHLH-GFPA 5-TCGTCTAGATTGACAGCCCGCTTGG-3’ 56 Xba 1

In vitro expression SebHLH-EF 5’-GCCGAATTCAATGGGGGATAGAGTATTCCAGC-3’ 55 EcoRI

SebHLH-ER 5-AACGTCGACCAGCCCATTTTTGACAGCCCGC -3 55 Sal 1

EMSA SeMF4 5-GGAATGTGCACACTCCATGTG-3’ 60

SeMR4 5’-CCCCCCAACCCCCGCCC-3’ 60
SeEbox-F 5’-GTGCACACTCCATGTGGGCCAATG-3’
SeEbox-R 5’-CATTGGCCCACATGGAGTGTGCAC-3’
SeGbox-F 5-GCGGATGACACGTGGCGGGCAACT-3
SeGbox-R 5-AGTTGCCCGCCACGTGTCATCCGC-3’
mSeEbox-F 5-GTGCACACTCaATGTcGGCCAATG-3’
mSeEbox-R 5"-CATTGGCCGACATTGAGTGTGCAC-3
mSeGbox-FA 5'-GCGGATGA CtctaGGCGGGCAACT-3’
mSeGbox-RA 5’-AGTTGCCCGCCTAGAGTCATCCGC-3’
mSeGbox-FB 5-GCGGATGAACGTaGCGGGCAACT-3
mSeGbox-RB 5-AGTTGCCCGCTACGTATCATCCGC-3’

Transcriptional SebHLH-NF1 5’-AGCGAATTCATGGGGGATAGAGTATTCCAG-3’ 60 EcoRI
activation assay  gehHLH-NR1 5-AGCGTCGACTTCTTTAGAAGCTTCTGCACC-3’ 60 Sal 1
in yeast SebHLH-CF1 5’AGCGAATTCATGAATTACATTCATGTGAGAGCC-3’ 60 EcoRI

SebHLH-CRI1 5"-AACGTCGACCAGCCCATTTTTGACAGCCCGC-3’ 60 Sal 1

Over-expression SebHLH-CF-Xb  5-TCGTCTAGAATGGGGGATAGAGTA-3’ 60 Xba 1

of in Arabidopsis  §epHLH-CR-Bg  5-TGAAGATCTCACACAATTCTGTACTAAAGA-3 60 Bgl 11
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Table 1 continued

Reactions Primer name Sequence information Annealing Enzyme site
Tm for
PCR
°c)*
Transcriptional SiPF4-TF1 5-ATGAATTCGGAATGTGCACACTCCATGTGGG-3’ 64 EcoRI
?Ctiiaﬁon assay SiPF4-TR1 5-ATAAGCTTCCCCCCAACCCCCGCCCCA-3’ 64 HindIII
IR o
1t prants EGbox-TF1 5 ATGAATTCCACACTCCATGTGGGCCAA EcoRUHindIIl
TGAGCGGATGACACGTGGCGGGCAAGCTTCT-3’
EGbox-TR1 5’ AGAAGCTTGCCCGCCACGTGTCATCCG EcoRU/HindIIl
CTCATTGGCCCACATGGAGTGTGGAATTCAT-3’
mEGbox-TF1 5’ ATGAATTCCACACTCAATGTCGGCCAATG EcoR1/HindIIl
AGCGGATGAAACGTTGCGGGCAAGCTTCT-3
mEGbox-TR1 5’ AGAAGCTTGCCCGCAACGTTTCATCCGCT EcoRV/HindITl

CATTGGCCGACATTGAGTGTGGAATTCAT-3’

*  Annealing temperature used for PCR

SeGbox-F, mSeEbox-F, mSeGbox-FA, and mSeGbox-FB)
and their complementary oligonucleotides (SeEbox-R,
SeGbox-R, mSeEbox-R, mSeGbox-RA, and mSeGbox-
RB) were synthesized and annealed at room temperature
(25 £ 2°C). DNA probes were end-labeled with y-*?P
[dATP] using T4 polynucleotide kinase and purified on a
Sephadex G-50 column. Labeled probes were incubated for
30 min at 25°C with 5 pg of purified SebHLH:His protein
in binding buffer (10 mM Tris—HCI, pH 7.6, 50 mM NacCl,
1 mM Na,EDTA, 5 mM DTT, and 5% glycerol) supple-
mented with 100 ng poly(dI-dC) in the presence or ab-
sence of non-radiolabeled competitors. The resulting
DNA-protein complexes were electrophoresed on 5%
polyacrylamide gels in 0.5x TBE buffer (44.5 mM Tris—
HCI, 44.5 mM boric acid, 1 mM EDTA). Gels were dried
on Whatman 3 MM paper and visualized by Fuji BAS-
2500 phosphorimager.

p-galactosidase assay in yeast

To construct recombinant plasmids, pGBKT7-SebHLH,
pGBKT7-SebHLHn, and pGBKT7-SebHL Hc, the SebHLH
cDNA was amplified using the following primer sets: the
SebHLH-NF1 and SebHLH-CR1 primers for pGBKT7-
SebHLH, the SebHLH-NF1 and SebHLH-NR1 primers for
pGBKT7-SebHLHn, and the SebHLH-CF1 and SebHLH-
CR1 primers for pGBKT7-SebHLHc. Each PCR fragment
was digested with EcoRI and Sall restriction enzymes and
cloned into the same restriction sites of the pGBKT?7 vector
(BD Biosciences Clontech, USA). The resultant constructs
were transformed into yeast strain Y190 (MATa, HIS3,
lacZ, trpl, leu2, cyh'2). Transformants were selected on
selective medium (SD-Trp) supplemented with 30 mM

3-amino-1,2,4-aminotriazole [3-AT]. For f-galactosidase
assays, transformants were cultured on selective medium
(SD-Trp-His) for 1 day at 30°C, and filter-lift assays for
blue color development were performed for 4 h at 37°C as
described in Breeden and Nasmyth (1985).

Transactivation assay in developing sesame seeds and
Arabidopsis transgenic plants

To develop the pPF4 construct, the region from —179 to —
53 of the SeFAD2 gene promoter was PCR-amplified using
the SiPF4-TF1 and SiPF4-TR1 primers. The resulting 143-
bp DNA fragments were eluted. For the pEGbox and the
pmEGbox constructs, single-strand oligonucleotides (EG-
box-TF1 and EGbox-TR1) and mutated single-strand oli-
gonucleotides (mEGbox-TF1 and mEGbox-TR1) were
synthesized and annealed to the complementary strand.
These three DNA fragments were double-digested with
EcoRI and HindIll and transcriptionally fused to 35S
minimal promoter of pCAMBIA 1305.1 plasmid contain-
ing f-glucuronidase (GUS) reporter gene, followed by the
3’non-coding region of nopaline synthase gene (NOS). To
construct the effector plasmid, the coding region of Se-
bHLH cDNA was PCR-amplified using the SebHLH-CF-
Xb and SebHLH-CR-Bg primers and inserted between the
CaMV35S promoter and the NOS terminator.

For transient assays, 2 ng of reporter plasmid, alone or
in combination with the effector plasmid, was introduced
into developing sesame seeds (25-35 DAF) by particle
bombardment. The tissues were bombarded twice at
1,350 psi with a biolistic helium gun device (Bio-Rad
PDS-1000/He). The stopping screen was positioned 3 cm
below the rupture disk, and the target tissue was positioned
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3 cm below the stopping screen. After bombardment,
samples were incubated for 20 h at 26°C in the dark. For f3-
glucuronidase (GUS) and luciferase (LUC) assays, 100 pg
and 50 pg of total proteins were used to measure GUS and
LUC activity, respectively. GUS activity was measured by
fluorometric assays as described in Jefferson (1987).
Luciferase assays were performed using the Luciferase
Assay System Kit (Promega) according to the manufac-
turer’s instructions. Protein concentrations were deter-
mined by the Bradford method (1976) using bovine serum
albumin (BSA) as a standard.

For transactivation assays in transgenic Arabidopsis
plants, each reporter plasmid contained the hygromycin
resistant marker gene, and the effector plasmid contained
the kanamycin resistant marker gene. These plasmids were
transformed into Agrobacterium strain GV3101 via the
freezing-thaw method (An 1987). Using the floral dip
method, Arabidopsis plants were then transformed with
Agrobacterium transformed with each reporter plasmid
alone or in combination with Agrobacterium transformed
with the effector plasmid (Clough and Bent 1998). Seeds
were harvested, sterilized in a mixture of 50% bleach and
0.02% Triton X-100 for 7 min with agitation, and then
germinated on selective MS medium containing 50 mg/l
kanamycin and/or 30 mg/l hygromycin. The antibiotic-
resistant seedlings were transferred to soil, and the T,
transgenic leaves were used to measure GUS activity.

Results

SebHLH, which interacted with the region from —179 to
—53 of the SeFAD2 promoter, was isolated from
developing sesame seeds

To isolate novel proteins that bind to cis-elements in the
fragment from —179 to —53 of the SeFAD2 promoter, yeast
one-hybrid analysis was performed. The -179 to -53 frag-
ment of the SeFAD2 promoter was PCR-amplified using
SiW6-YF4/SiW6-YR4 primers, inserted into the pHIS2
vector (SeYF4:HIS2), and used as bait. Amplified cDNAs
from developing sesame seeds (10-30 DAF) were inserted
into the pGADT7-Rec2 plasmid that contained the GAL4
activation domain and used as prey. We screened 3 x 10°
transformants, and selected 400 colonies on medium
lacking Leu, Trp, and His. Plasmids containing inserts
larger than 500 bp were further analyzed by nucleotide
sequencing. From the BLASTX and TRANSFAC analyses,
one clone was identified that encoded a novel protein with
the basic helix-loop-helix domain (bHLH) motif. A full-
length cDNA clone was obtained by 5’-cRACE and named
SebHLH. Nucleotide and deduced amino acid sequences of
SebHLH cDNA are shown in Fig. 1A.
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The SebHLH cDNA consists of an open reading frame
encoding 400 amino acids. Amino acid sequence homology
searches against the NCBI public database revealed that
SebHLH cDNA had 60% sequence homology with Ara-
bidopsis bHLH transcription factor (Atlgl0120), whose
biological function was not identified. The amino acid se-
quence of the N-terminal region (residues 1-227) of Se-
bHLH protein contains a transcription activation domain
featuring specific patterns of hydrophobic and aromatic
amino acids and acidic amino acid-rich sequences. The C-
terminal region (residues 228-400) of the SebHLH protein
contains the bHLH motif (residues 241-261) that is highly
conserved in the eukaryote bHLH transcription factor fam-
ily. The histidine (H5), glutamate (E9), and arginine (R12)
amino acid residues are also conserved in the bHLH motif of
the SebHLH protein (Fig. 1B). A putative nuclear locali-
zation signal sequence (KRKRK) identified by the PSORT
program (http://www.psort.org) and the putative calcium-
binding domain (residues 314-334) are shown in Fig. 1A.

SebHLH transcripts were expressed in sesame
developing seeds and roots

To investigate the expression of SebHLH transcripts, total
RNAs were isolated from sesame roots, stems, leaves,
flowers, seed coats, seeds, and seedlings. Northern blot
analysis was then performed using the C-terminal domain
of the SebHLH cDNA as a probe. However, no signal was
detected (data not shown), suggesting that the SebHLH
transcript expression level is very low.

To determine the expression level of SebHLH transcripts,
RT-PCR was carried out. The sesame elongation factor gene
was used to determine the quantity and quality of cDNAs.
Following 35 cycles of amplification, SebHLH transcripts
were detected in developing seeds and roots, and SebHLH
expression in stems, leaves, and flowers was much lower
than in developing seeds and roots. No SebHLH expression
was detected in seed coats and seedlings (Fig. 2).

The SebHLH:smGFP fusion protein was localized in
the nucleus

To investigate the subcellular localization of SebHLH protein,
full-length SebHLH cDNA without a translation termination
codon was translationally fused with the C-terminus of the
smGFP gene and transformed into onion epidermal cells by
particle bombardment. After incubating in the dark for 24 h,
the bombarded tissues were visualized under a confocal laser
scanning microscope. As shown in Fig. 3, the Se-
bHLH:smGFP fusion protein was localized to the nucleus of
onion epidermal cells whereas smGFP was found in the
cytoplasm. Therefore, this result suggests that SebHLH pro-
tein might act as a transcription factor in the nucleus.
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gagaagaacct ct cccat ccat gat aagat cagaccaaaagcaaact t agct t at gat at
aaat at t t gggaaat t aaaaaagaaaaagaaagat t aggt t gt gt aat aat t t aacct gc
aagagcagt t ggcagt agt t agt ct at ct t at aaaat cat ggaacct gt t aact t gggca
gaaat gggggat agagt at t ccagcat agaaat agcagcagt at t ¢t gaact gecet t ct
MGDRVFQHRNSSSI LNCPS
t cagt gat ggccacaact t caat at ct gacaat gt t gcaggaat gt caat ct gt t cagag
SVMATTSI SDNVAGMSI CSE
tccat gt t caagect ccaaat gggat agaccet ttttacagtt ctt ct ggt t gggat cca
SMFKPPNGI DPFYSSSGWDP
gttatttcacaggat caaagt gggaat t t cggaaat t ct t ct at ggt t ct t caaaat gag
VI SQDQSGNFGNSSMVLAQNE
tttgct aat ccaaat t at ccagt t ct get t gaaaat cagacaat gggaagcet ct t cccac
FANPNYPVLLENQTMGSSSH
ttggtccattttecttctgattcaggtttagt cggt at ggt gccaaagattccaagtttt
LVHFPSDSGLVGMVPKI PSF
gggagt ggaagt tt ct cagaaat t gt t agt t cat t t ggacact ccaat t t t gcccaaaat
GSGSFSEI VSSFGHSNFAAQN
aat gggget ggagt gcagaat acggt gaaaaat gt agaagat get caggat caccgecaa
NGAGVQNTVKNVEDAQDHRDAQ
gat t cagaaaacggggt gt t aggagct t cacct aat gggaagaggaaaagaaagaat gt t
DSENGVLGASPNGKRKRKNYV
gaggt agaaaaacagaaggat caaact cgggacct t gct gaat t acct aaagaat at gat
EVEKQKDAQTRDLAELPKEYD
gaaaagaaaaact caggt ccaagt t ct cgcagt cggcaggeagt t aaagaaget aaggat
EKKNSGPSSRSRQAVKEAKD
aact ccagt ggt gcagaagct t ct aaagaaaat t acat t cat gt gagagccaaaagggge
NSSGAEASKENYI HVRAKRG®G
caggcaacaaacagt cacagcct t gt gaacgggt gagaagggagaggat t agt gagagg
QATNSHSLAERVRRERI SER
at gagat t gt gcaagaact ggt t cct gget gt aat aagat t act gggaaageggt gat g
MRLLQELVPGCNKI TGKAVM
cttgat gagat t at caact at gt ccaat cact acaacagcaagtt gagt tttt gt caat g
LDEI I NYVQSLQQQVEFLSM
aagct cgcgacagt aaat ccagaget caat gt ggat at agaacggct at t gt ct aaagat
KLATVNPELNVDI ERLLSKD
attcttcact ct cgaggt agcaat gcaacageact t ggaat t ggt ccaggact gagt t ca
I_LHSRGSNATALGI GPGL S S
tctcat cct tt ccagggt ct accccagggaaccct caat get t t cccaggeacaget cca
SHPFQGLPQGTLNAFPGTA AP
caat tt cagt cct t acct cagaact t gt ggaacaat gagct ccaaaat at t ct ccaaaat
QFQSLPQNLWNNELAQNI LQN
ggat acgat t ct aat ccct ct gt t ggcagt t t ggggccaagegggct gt caaaaat ggag
GYDSNPSVGSLGPSGLSKME
ct gt agagt t t gcat gaaacct ggaaat aat t gt t t cct ct aact gaaaat t caagect t
gccaact ggagat t aat ct gt gct aaacaaaaacacagaaaagat tt gt aaact t gt gt t
ctattcagagttgtataggttccaattattgtcatttactcgetgtttttcgaattttag
cagaagaaaat t act gt t t t agat t cagaagat gat at acat cggt gacgaat at ggt t g
atgccgatgattgatgtttttttggt gcaaat ctttagt acagaatt gt gt gtagetttt
aaact at ggt at t ggaaggaaaccgt t gacaagaattttacttg (1724 bp)
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Recombinant SebHLH protein binds to E- and G-box
elements in the region from -179 to -53 of the SeFAD2
promoter

To investigate which cis-elements interacted with Se-
bHLH protein, the coding region of SeFAD2 cDNA was
amplified by PCR and ligated into the pET-32b expres-
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sion vector. His-tagged SebHLH proteins were purified
from soluble E. coli extracts and incubated with the —179
to —53 fragment of the SeFAD2 promoter (Fig. 4A),
which had been end-labeled with y-**P[dATP]. Binding
of recombinant SebHLH protein to the probe was
determined by electrophoretic mobility shift assay
(EMSA).
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Fig. 2 Expression of SebHLH transcript. RT-PCR analysis of
SebHLH transcript in various sesame tissues. Total RNAs were
isolated from various sesame tissues, converted into cDNA, and
amplified by RT-PCR using gene-specific primers. The sesame
elongation factor gene was used as an internal control

Fig. 3 Subcelluar localization
of the SebHLH gene. The
SebHLH:GFP fusion construct
was introduced into onion
epidermal cells by particle
bombardment and visualized
under a confocal laser scanning
microscope (OLYMPUS BX51)

smGFP

SebHLH:smGFP

A

As shown in Fig. 4B, one specific DNA—protein com-
plex (indicated by arrow) was observed. A 250-fold or 500-
fold molar excess of unlabeled probe eliminated the
strongly shifted complex. Based on previous reports that
bHLH transcription factors bind to E- or G-box elements,
we determined whether E-box and/or G-box elements in
this region of the SeFAD2 promoter were involved in
specific binding between recombinant SebHLH protein and
the region from -179 to -53 of the SeFAD2 promoter.
Double-stranded DNA fragments containing the E-box
motif (5’-GTGCACACTCCATGTGGGCCAATG-3";

Fluorescent Lrght

g ———

Merged

. —— e

E-box CCAAT box

-179 GGAATGTGCACACTCCATGTGGGCCAATGAGCGGATGACACGTGGCGGGCAACTTACCTCGTTACGTTGAGGCATGCATGAAAG
G-box/ ACGT box/ABRE motif

GGGGATCTCTTGAGGTGGAGGGGTGGGGGCGGGGGTTGGGGGG -53

ACGT box/ABRE motif 2X RY repeat, Dof core

SeFAD2P-E: GTGCACACTCCATGTGGGCCAATG (24mer)

SeFAD2P-mE: GTGCACACTCaATGTcGGCCAATG (24mer)

SeFAD2P-G: GCGGATGA GCGGGCAACT (24mer) SeFAD2P-mGa: GCGGATGACtctaGGCGGGCAACT (24mer)
SeFAD2P-mGb: GCGGATGAa tGCGGGCAACT (24mer)
Probe -179 to -53 Probe SeFAD2P-E SeFAD2P-G
Competitor 250X 500X G E&G E Competitor - 100X 500x_—mE | - - 100X 500X_mGa] _—mGH
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Fig. 4 EMSA of SebHLH protein. (A) Nucleotide sequences of the
region from —179 to —53 in the SeFAD2 promoter and DNA fragments
containing E- or G-box motifs and mutated E- or G-box motifs. (B)
Interaction between SebHLH protein and >*P-labeled SeFAD2
promoter (—179 to —53). (C) In vitro interaction between SebHLH
protein and *?P-labeled SeFAD2P-E and SeFAD2P-G DNA frag-
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FP

ments. The SeFAD2P-mE, SeFAD2P-mGa, and SeFAD2P-mGb were
generated by site-directed mutagenesis and used as competitors. 100x
and 500x indicate 10 pmol and 50 pmol molar excess of double-
stranded oligonucleotides, respectively. An arrow indicates protein-
DNA complexes. FP: Free probe
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24mer) or G-box motif (5-GCGGATGACACGTGG
CGGGCAACT-3’; 24mer) in this region of the SeFAD2
promoter were generated, named SeFAD2P-E and Se-
FAD2P-G, respectively, and used as competitors. A
500-fold molar excess of each unlabeled competitor
was not enough to eliminate the strongly shifted com-
plex. However, the strong DNA/protein complex was
completely eliminated when 500-fold molar excess of
both SeFAD2P-E and SeFAD2P-G were used as com-
petitors.

To further determine whether the E-box and G-box
sequences are essential for specific binding between re-
combinant SebHLH protein and the region from —179 to
—53 of the SeFAD2 promoter, one mutated E-box (Se-
FAD2P-mE, 5-GTGCACACTCaATGTcGGCCAATG-3")
and two mutated G-boxes (SeFAD2P-mGa,
5’-GCGGATGACtctaGGCGGGCAACT-3" and SeFAD2P-
mGb, 5-GCGGATGAaACGTtGCGGGCAACT-3") were
generated. In EMSA of recombinant SebHLH protein and
end-labeled SeFAD2P-E fragments, a 500-fold molar ex-
cess of unlabeled SeFAD2P-E fragments completely
eliminated the protein/DNA complex, but a 500-fold molar
excess of unlabeled SeFAD2P-mE fragments did not
eliminate the protein/DNA complex. Similar results were
observed in EMSA of recombinant SebHLH protein and
end-labeled SeFAD2P-G fragments when SeFAD2P-mGb
fragments were used as a competitor. When a 500-fold
molar excess of SeFAD2P-mGa fragments were used as a
competitor, the DNA/protein complex was partially elim-
inated (Fig. 4C).

These observations revealed that SebHLH re-
combinant proteins bind to E-box (CANNTG) and G-box
(CACGTQG) elements in the —179 to —53 region of the
SeFAD2 gene promoter and that the external C and G
sequences in these motifs are essential for SebHLH
protein binding.

Fig. 5 Transcriptional activity A
assay of SebHLH protein in ﬂ
yeast. (A) Schematic diagram of SebHLH
full-length and deletion
constructs of SebHLH protein in
pGBKT7 vector. (B) Growth of SebHLHn
yeast cells in medium SD/-W
(left) and SD/-W-H (middle) SebHLHc
containing 30 mM 3-AT. The B
X-gal lift was carried out using
SD/-W plate (right)
pGBKT7
PGBKTY | SebHLHC
pGBKT7
:SebHLH |:

The N-terminal region of SebHLH protein contains
transcriptional activation domain

To determine whether SebHLH protein acts as a tran-
scriptional activator, and where its activation domain is if it
acts as a transcriptional activator, the full-length (1-400
amino acids) protein and the N-terminal (1-229 amino
acids) and C-terminal (230—400 amino acids) regions of the
SebHLH protein were PCR-amplified and translationally
fused with the GAL4 DNA-binding domain in the
pGBKT?7 plasmid.

Three resultant plasmids, pGBKT7-SebHLH, pGBKT7-
SebHLHn, and pGBKT7-SebHLHc, were introduced into
yeast Y190 strain harboring the GAL1 promoter and HIS3
and lacZ reporter genes. Transformants were then selected
on SD (-His/-Trp) medium supplemented with 30 mM 3-
AT. Transformants with pGBKT7-SebHLH or pGBKT7-
SebHLHn grew faster than those with pGBKT7-SebHLHc
on selection medium. Filter-lift assays revealed f-galac-
tosidase activity in transformants with pGBKT7-SebHLH
and pGBKT7-SebHLHn, but not in transformants with
pGBKT7-SebHLHc and pGBKT7 (Fig. 5). This result re-
vealed that SebHLH protein functions as a transcriptional
activator and that the N-terminal region of SebHLH protein
contains the transcriptional activation domain.

SebHLH protein activates transcription from E- and G-
box elements of the SeFAD2 gene promoter

The functional relevance of the interaction observed
in vitro between SebHLH protein and E- and G-box ele-
ments of the SeFAD2 gene promoter were determined by
transient expression assays in co-bombarded developing
sesame seeds and by transgenic approaches with effector
and reporter constructs. Figure 6A depicts the scheme of
reporter and effector constructs used in transactivation
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Fig. 6 Transactivation assay in developing sesame seeds and
transgenic Arabidopsis plants. (A) Scheme of reporter and effector
constructs. The pMin35S contains the GUS reporter gene between the
minimal CaMV35S promoter and the NOS terminator in the
pCAMBIA 1305.1 vector. The pPF4, pEGbox, and pmEGbox were
constructed by insertion of the region from —-179 to —-53, DNA
fragments containing the E- and G-box motifs, and DNA fragments
containing mutated E- and G-box motifs upstream of the minimal
CaMV35S promoter in the pMin35S. Effector construct contains the
SebHLH cDNA between the CaMV35S promoter and the NOS

studies of the SeFAD2 promoter. The region from -179 to -
53 of the SeFAD?2 promoter was PCR-amplified, and 41-bp
DNA fragments (EG-box) containing E- and G-box ele-
ments, as well as 41-bp DNA fragments (mEG-box) con-
taining mutated E- and G-box elements, were generated by
annealing the synthesized single-strand oligonucleotides.
The DNA fragments were transcriptionally fused to the 35S
minimal promoter of pCAMBIA 1305.1 plasmid contain-
ing the f-glucuronidase (GUS) reporter gene, followed by
the 3’ non-coding region of nopaline synthase gene (NOS).
The resultant plasmids were named pPF4, pEGbox, and
pmEGbox. An effector plasmid containing the SebHLH
cDNA between the CaMV35S promoter and the NOS ter-
minator was also constructed. Developing sesame seeds
(25-35 DAF) were transiently transformed by particle
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pMin35S pPF4 pEGbox pmEGbox

terminator in pMBP1 vector. (B) Transactivation assay in developing
sesame seeds. Developing sesame seeds (25-35 DAF) were bom-
barded with each reporter construct alone or in combination with the
effector construct and incubated. GUS activity was measured by
fluorometric assays as described by Jefferson et al. (1987). Luciferase
expression was used to normalize GUS activity. (C) Transactivation
assay in transgenic Arabidopsis plants. Arabidopsis was transformed
with each reporter construct alone or in combination with the effector
construct, and T, transgenic leaves were used to measure GUS
activity

bombardment with the pPF4, pEGbox, or pmEGbox re-
porter, alone or in combination with the effector construct.
A construct with the luciferase gene between the
CaMV35S promoter and the NOS terminator was tran-
siently cotransformed to monitor transformation efficiency.

As shown in Fig. 6B, co-transfection of pPF4 and
effector or pEGbox and effector resulted in 11- to 12-fold
increase in GUS activity over that directed by pPF4 or
pEGbox alone. In addition, mutation of the E- and G-boxes
decreased trans-activation by the effector approximately 2-
fold. We further confirmed the interaction between Se-
bHLH protein and E- and G-box elements of the SeFAD2
promoter in planta. Arabidopsis plants were transformed
with each reporter construct alone or in combination with
the effector construct. T; transgenic leaves of each
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transformant were used to measure GUS activity. When
pPF4 reporter and effector were co-expressed, a 5-fold
increase in GUS activity level was observed compared to
the activity measured when the pPF4 reporter was ex-
pressed without an effector. Similarly, co-expression of
pEGbox and effector resulted in more than 2-fold increase
in GUS activity over that directed by pEGbox alone. The
effector did not transactivate the reporter construct
pmEGbox with mutations in the E- and G-box-binding site.
Taken together, these results indicate that SebHLH protein
mediates trans-activation of the SeFAD2 gene promoter
through binding to E- and G-box elements.

Discussion

Seed-specific FAD2 functions in the committed step of
polyunsaturated fatty acid synthesis during triacylglycerol
accumulation. SeFAD2 mRNA levels are quite low in early
embryogenesis, achieve maximum levels in seeds during
mid- and late embryogenesis, and fall to low levels as seeds
mature (Kim et al. 2006). In this study, we investigated the
transcriptional control mechanism for expression of the Se-
FAD?2 gene during seed development. We determined that
the SebHLH trans-acting factor activates transcriptional
activity from E- and G- boxes in the SeFAD?2 promoter. This
result strongly implicates the bHLH protein as an important
trans-acting factor in combinatorial regulation of genes that
are involved in the biosynthesis and accumulation of storage
lipids in developing seeds.

X-ray crystallography analyses of Max, E47, MyoD,
Pho4, and USF bHLH transcription factors have shown
that the interaction between two identical or similar
monomers, each with two helical segments separated by
a loop, leads to the formation of a four helix bundle of
homo- or heterodimers. The invariant glutamate (Glu) in
the basic region of each partner binds to conserved CA
bases in each palindromic half of the CAN/NTG (E-box)
motif. The arginine (Arg) confers specificity for CAC-
GTG versus CAGCTG E-boxes by directly contacting
the central G of the G-box. Histidine (His) has asym-
metrical contact and also interacts with the G residue
complementary to the first C in the G-box (Ellenberger
et al. 1994; Ferre-D Amare et al. 1994; Ma et al. 1994;
Shimizu et al. 1997; Fuji et al. 2000). SebHLH protein
has the conserved His (HS), Glu (E9), and Arg (R12)
residues that constitute the G-box (CACGTG) recogni-
tion motif in its basic region (Fig. 1). As shown in
Fig. 4, SebHLH protein bound E-box (CATGTG) and
G-box (CACGTG) elements in the region from —179 to —
53 in the SeFAD2 gene promoter. The external C and G
sequences in the E- and G-box motifs were essential for
the interaction between SebHLH protein and E- and

G-box motifs, but mutation of the internal ACGT core
sequence of the G-box motif did not influence their
interaction. This result suggests that the external C and G
nucleotides in the palindromic halves (CAN/NTG) of the
E- and G-box motifs are the most critical sequences for
SebHLH protein binding to E- and G-box motifs.
Moreover, the flanking nucleotides outside of the hex-
anucleotide core have been shown to play a role in
binding specificity (Littlewood and Evan 1998; Atchley
et al. 1999; Massari and Murre 2000), and there is evi-
dence that a loop residue in the protein functions in
DNA binding through elements that lie outside of the
core recognition sequence (Nair and Burley 2000). The
flanking nucleotide sequences of the E- and G-box motifs
in the region from —179 to —53 in the SeFAD2 gene
promoter that are involved in the interaction with Se-
bHLH protein remain to be investigated.

The N-terminal region (amino acids 1 to 229) of the Se-
bHLH protein, which shares moderate sequence conserva-
tion with other plant bHLH proteins, contains a putative
nuclear localization signal (NLS), the KRKRK sequence, at
amino acids 163-167 (Fig. 1). Subcellular localization as-
says revealed that SebHLH protein was targeted to the nu-
cleus, suggesting that the KRKRK sequence probably
functions in nuclear targeting (Fig. 3). Typically, the NLS is
the sequence Pro-Lys-Lys-Lys-Arg-Lys (PKKKRK) (Jans
1995). The N-terminal domain of the R gene product Lc,
which is involved in the control of anthocyanin synthesis in
maize, was identified as the sequence DRRAAPARPA from
residues 100 to 109 (Ludwig et al. 1989). However, this NLS
is not conserved among other maize B, Antirrhinum DEL,
and bean PG1 bHLH transcription factors (Radicella et al.
1991; Goodrich et al. 1992; Kawagoe and Murai 1996).

Transcriptional activators are composed of distinct
domains including separable DNA-binding and activation
domains. The activation domains have been classified into
acidic-type activation domains, glutamine-rich domains,
and proline-rich domains, according to the type of amino
acid enrichment in this domain (Triezenberg 1995). In
acidic-type activation domains, specific patterns of
hydrophobic and aromatic amino acids were reported to
be equally, or even more, critical than the acidic amino
acids (Regier et al. 1993; Drysdale et al. 1995). Similar
hydrophobic and aromatic amino acid patterns and acidic
amino acid-rich sequences were scattered in the N-ter-
minal region of SebHLH protein (Fig. 1). The N-terminal
region (amino acids 1-229) of SebHLH protein func-
tioned as a transcription activation domain in yeast
(Fig. 5). When SebHLH protein under the CaMV35S
promoter was co-expressed with GUS reporter gene dri-
ven by E- and G-box motifs in developing sesame seeds
and transgenic Arabidopsis leaves, GUS activity increased
approximately 11-fold and 2-fold, respectively (Fig. 6B,
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C). The acidic-type activation domain was observed in the
N-termini of several bHLH transcription factors, including
Arabidopsis MYC (AtMYC2), MYB (AtMYB2), and
ICE1 proteins (Urao et al. 1993; Abe et al. 1997; Chin-
nusamy et al. 2003). The AtMYC2 and AtMYB2 tran-
scription factors specifically bound the MYC and MYB
recognition sites, respectively, in the 67-bp regions of the
rd22 and AtADHI genes and these sites function as cis-
acting elements in drought and ABA-induced expression
of these genes. Both AtMYC2 and AtMYB?2 activated the
transcription of the GUS gene fused to the 67-bp region
of the rd22 promoter in Arabidopsis leaf protoplasts (Abe
et al. 1997, 2003). ICEl bound specifically to MYC
recognition sequences (CANNTG) in the CBF3 promoter
and activated the transcription of CBF genes in the cold
(Chinnusamy et al. 2003).

In Arabidopsis, the AtbHLH protein family consists of
at least 147 members. Based on the amino acid sequence
of the bHLH domain in the AtbHLH proteins, 109 and
11 proteins are predicted to be E-box binders and non-E-
box binders, respectively. Eighty-nine of 109 E-box
binders are categorized as G-box binders (Toledo-Oritz
et al. 2003). Based on the conservation of amino acid
sequence in the bHLH domain and of DNA-binding
capacity, SebHLH protein is considered a typical G-box
binder. The SebHLH gene was preferentially expressed in
non-photosynthetic tissues, seeds and roots (Fig. 2).
According to previous reports, the E- and G-box ele-
ments in the SeFAD2, Cs-ACP1, and Cs-4PAD promoters
were essential cis-elements for seed-specific expression
(Kim et al. 2005, 2006). Arabidopsis fatty acid elongase
gene (FAEI), which catalyzes very-long-chain fatty acid
biosynthesis, was specifically expressed in embryonic
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tissues. Two E-box elements are found at —105 to —100
(CACATG) and at -358 to -353 (CACATG) in the
FAEI1 promoter (Rossak et al. 2001). Interestingly, the E-
and G-box elements are concentrated in the region from
—250 to —50 in the promoters of acyl-CoA-diacylglycerol
acyltransferase (At2g19450), phosphatidylcholine:diacyl-
glycerol acyltransferase (At3g44830), several oil-body
oleosins (At3g01570, At3g18570, At3g27660,
At5g40420, and At5g51210) and two caleosins
(At4g26740 and At5g55240) genes, which are involved
in triacylglycerol  synthesis  (http://www.plantbiolo-
gy.msu.edu/lipid/genesurvey/EST_data.htm; Beisson et al.
2003; http://www.arabidopsis.org) (Fig. 7). Based on the
Arabidopsis microarray analysis database, GENEVESTI-
GATOR  (https://www.genevestigator.ethz.ch/),  these
genes were specifically expressed in developing Arabid-
opsis seeds. In conclusion, SebHLH transcription factor
binds to E- or G-box elements in the SeFAD2 gene
promoter and contains domains for DNA binding and
transcriptional activation. Through their interaction with
E- and G-box cis-elements, the bHLH transcription fac-
tors, including SebHLH protein, probably play a key role
in transcriptional regulation of genes involved in storage

lipid biosynthesis and accumulation during seed
development.
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