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ABSTRACT

Tocopherols, with antioxidant properties, are synthesized by photosynthetic organisms
and play important roles in human and animal nutrition. In the major oilseed crops, y-
tocopherol, the biosynthetic precursor to o-tocopherol, is the predominant form found
in the leaves. This suggests that the final step of the a-tocopherol biosynthetic pathway
is catalyzed by y-tocopherol methyltransferase (y-TMT). The full-length cDNA (BoTMT)
and cDNA (PfTMT) of p-TMT are obtained from Brassica oleracea and Perilla
frustescens by RT-PCR (reverse transcriptase-polymerase chain reaction) from the total
RNA of leaves. Results of sequence analysis indicate that the cDNA (BoTMT) sequence
consisted of an open reading frame of 1041 nucleotides encoding a protein of 347
amino acid residues with a calculated molecular weight of 39 kD polypeptide. cDNA
(PfTMT) sequence consisted of an open reading frame of 894 nucleotides encoding a
protein of 297 amino acid residues with a calculated molecular weight of 34 kD
polypeptide. The result also showed an identity of about 88% between the predicted
amino acid y-TMT gene sequences derived from Brassica oleracea and Arabidopsis,
72% between Perilla frustescens and Arabidopsis, and 70% between Brassica oleracea
and Perilla frustescens. These results demonstrated that the E. coli BL21 expression of
the Brassica oleracea and the Perilla frustescens y-TMT gene resulted in the tocopherol
composition from 8.9 to 10.5-fold increase in a-tocopherol content. The increase in the
a-tocopherol content indicates a regulatory function of the y-TMT protein to convert y-
tocopherol to a-tocopherol.
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INTRODUCTION

a-tocopherol is considered the most important
form of vitamin E for human health, as it has
ten-fold higher antioxidant activity than other
tocopherols (Traber and Sies 1996). v-
tocopherol has received little attention since the
discovery of vitamin E. However, recent studies
indicate that y-tocopherol may also be important
to human health and that it possesses unigque
features that distinguish it from a-tocopherol,
such as anti-inflammatory and anticancer
activity. However, the bioavailability and

bioactivity of y-tocopherol are lower than those
of a-tocopherol (Jiang and Ames 2003; Jiang et
al. 2009). Thus, a-tocopherol is expected to be a
more potent antioxidant than either - or y-
tocopherol.

Biosynthesis of tocopherols was demonstrated
in plastid envelopes (Sall et al. 1980) from
precursors originating from the plastidial
isoprenoid pathway and from the shikimate
pathway, providing the hydrophobic phytyl
moiety and the polar head group homogentisic
acid, respectively. Furthermore, plastidial

OMONRICE 22 (2023)


mailto:tranvuhai0211@gmail.com

Tocopherol y~tmt gene isolation, sequence analysis from Brassica oleracea... 41

tocopherol accumulation appears to depend on
the up-regulation of genes encoding the
enzymes being involved in the formation of
these precursors, like 1-deoxy-d-xylulose 5-
phosphate synthase (Bouvier et al. 1998),
geranylgeranyl reductase (Keller et al. 1998)
and 4-hydroxyphenylpyruvate  dioxygenase
(Norris et al. 1998). Based on earlier
investigations and on detailed work on the
chemical synthesis of prenylquinones (Mayer et

al. 1971) the pathway for plastidial a-tocopherol
biosynthesis has been elucidated (Soll et al.
1980; Soll et al. 1985). The proposed pathway
includes the phytylation of homogentisic acid to
form 2-methyl-6-phytylquinol, the first ring
methylation at position 3 to yield 2,3-dimethyl-
5-phytylquinol, cyclization to yield -
tocopherol, and finally a second ring

methylation at position 5 to yield a-tocopherol
(Figure 1).

CH,

v-tocopherol

SAM

CH, a-tocopherol
Figure 1. »»TMT enzymatic reaction. »=TMT adds a methyl group to ring carbon 5 of y-tocopherol.

Studies have been carried out to purify and
characterize y-TMT from plants (D’Garkubgye
1985; Koch 2003; Ishiko 1992; Shigeoka 1992;
Michalowski 1993) since 1985, but little
progress has been made because of its
membrane-bound nature, its low amounts in
cells and its instability after detergent
solubilization ~ (Soll ~ 1985).  Arabidopsis
plastoglobuli were also shown to contain
tocopherol cyclase (TC) (Austin et al. 2006;
Vidi et al. 2006; Ytterberg et al. 2006),
indicating that part of the tocopherol
biosynthetic ~ pathway is localized to
plastoglobuli. Recently, two y-TMT genes were
identified in model organisms Arabidopsis and
Synechocystis  through a  genomics-based
approach, and overexpression of Arabidopsis
seeds shifted oil composition in favor of a-
tocopherol (Shintani 1998), transgenic perilla

(Byoung 2008) transgenic soybean (Tavva et al.
2007) and transgenic Brassica juncea (Yusuf
and Sarin 2007). Overexpression of the
Arabidopsis enzyme with a seed-specific
promoter resulted in a more than 80-fold
increase of a-tocopherol at the expense of y-
tocopherol without changing the total content.

These observations suggest that the final
enzyme y-tocopherol methyltransferase (y-TMT)
of the o-tocopherol biosynthesis pathway,
which catalyzes the methylation of y-tocopherol
to form a-tocopherol, is likely limited in the
seeds of the most agricultural important crop.
Methylation of y-tocopherol to form a-
tocopherol by chemical catalysis in vivo will not
only increase the production cost but also bring
some other by-products that are harmful to
human health. However, the relationship
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between the expression pattern of the y-TMT
gene and the content of a-tocopherol in plant
organs is poorly understood. Understanding the
biochemical pathway of tocopherol
biosynthesis, therefore, opens the perspective
for improving the nutritional quality of crop
plants (Grusak 1999). Therefore, regulating the
expression of y-TMT through gene engineering
will help to wunderstand the y-tocopherol
biosynthesis pathway; and has a potential
contribution to human health.

In this study, the full-length cDNA of »-TMT
was obtained from B. oleracea (named BoTMT)
and Perilla fruscestens (named PfTMT), and
these deduced amino acid sequences were
compared with other organisms. The research
team attempted a detailed characterization of y-
TMT activities with respect to substrate
specificities expressed in E. coli.

MATERIALS AND METHODS
Plant materials

Leaves of ball cabbage (Brassica oleracea) and
Perilla frutescens were used to isolate total
RNA.

Strains, plasmid, and major reagent

E. coli DH5a, BL21 were from Fermentas
(China). RNAiso for Polysaccharide-rich Plant
Tissue, PrimeScript™ II 1% strand cDNA
Synthesis Kit were from TaKaRa (Dalian,
China). The sequencing vector pMD19-T was
from Jieli Biotech (Shanghai, China). DNA Gel
Extraction Mini Kit was purchased from
Axygen Company. Restriction endonuclease, T4
DNA ligase, and Tag DNA polymerase were
from TaKaRa (Dalian, China). PCR primers
were synthesized by Sangon (Shanghai, China).
v-, a-tocopherols, S-Adenosylmethionine (SAM)
was purchased from Sigma (Deisenhofen,
Germany). Chromatographic materials and
columns were obtained from Agilent
Technologies, USA. All other chemical reagents
were of analytical purity.
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Primer design

The following sequences are designed by
Primer Premier 5.0 software.

Total RNA extraction

The used solutions and reagents were as follows:
extraction buffer: RNAiso™ for
Polysaccharide-rich  Plant  tissue  solution
(Takara, Japan), chloroform/isoamyl alcohol
(24:1, viv), high salt solutions (0.8M sodium
citrate + 1.2M sodium chloride), 5M sodium
chloride, isopropanol, ethanol (75%, V/v),
diethylpyrocarbonate (DEPC) treated water. All
solutions must be kept RNAse-free, leaves were
harvested from Brassica oleracea and Perilla
frutescens plant 10-15 days after seeding, frozen
in liquid nitrogen, and stored at -70°C. The
RNA extraction protocol was used by
RNAiso™ for Polysaccharide-rich Plant tissue
solution (Takara, Japan) according to the
manufacturer’s instructions. Five microliters of
RNA solution were diluted to be qualitatively
assessed with a Nanodrop 2000
spectrophotometer and tested on a 1.1%
formaldehyde denaturant agarose gel.

Reverse Transcriptase Reactions PCR

For »TMT gene amplification, total RNA was
isolated from leaves of Brassica oleracea, and
Perilla frustescens were used for 1% strand
cDNA  synthesis  reaction by  using
PrimeScript™ II 1% strand cDNA Synthesis Kit
(TaKaRa) according to the manufacturer’s
instructions. RNA samples were vacuum dried
and used for RT (reverse transcriptase) reactions.
For Brassica oleracea, a PCR mixture
containing Premix Taqg Version 2.0 (TaKaRa),
template DNA, primer P1BoTMT, and primer
P2BoTMT (Table 1) was used. For Perilla
frutescens, a PCR mixture containing Premix
Taq Version 2.0 (TaKaRa), template DNA,
primer PIPfTMT, and primer P2PfTMT (Table
1) was used. The experimental conditions of
RT-PCR were 95°C for 5 min, then 30 cycles of
95°C 30s, 55°C 30s, and 72°C 1.5 min, followed
by a final extension at 72°C for another 10 min.
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Table 1. Primers used in this study.

Primers Sequences (5°-3°)

P1BoTMT GAACTTAGAGAGGCTTCTGGCAA

P2BoTMT CGGGATCCACCATGAAAGCGACTCTCG
P3BOTMT? GGATCCGATGGCGGAGATGGAGACGGA
P4BoTMT® GTCGACCTATTAGAGAGGCTTCTGGCAAGTGAT
P1PfTMT CCATGGCGGAGATGGAGACGGAGATGGAG
P2PfTMT CTCGAGAGATGCAGGTTTTCGGCATGTA
P3PfTMT? GGATCCGATGGCGGAGATGGAGACGGA
PAPFTMT" GTCGACTTAAGATGCAGGTTTTCGGCATGTAATG

®The BamHI restriction site is underlined, and the start codon site is bold.
*The Sall restriction site is underlined, and the stop codon site is bold.

Transformation of the plasmid into DH5a,
BL21 strain of Escherichia coli

Amplification products were fractionated on 1%
agarose gel from which the selected band was
purified. The amplified DNA was inserted into
the pMD19-T vector (TaKaRa) and transformed
into E. coli DH5a. One hundred microlitres of
bacteria stock solution were mixed with 100ng
plasmid, chilled on ice for 30 min, and put in a
42°C water bath for 2 min. The mixture was put
immediately on ice again for about 2 min,
incubated in LB broth in a shaking incubator
(160 rpm) for 60 min at 37°C and streaked onto
different LB agar plates, each containing
ampicillin (for DH5a) or kanamycin (for BL21)
the concentration of 100 pg/mL. The plates
were incubated overnight at 37°C and analyzed.
The positive plaques were identified by PCR
and then sequenced by Jieli Biotech (Shanghai,
China). The negative control would be an
untransformed E. coli strain. The bacteria plate
was sub-cultured once every week to make sure
that the bacteria were fresh before every
plasmid extraction process.

Culture of E. coli in LB broth

A colony of the transformed E. coli was picked
and mixed into antibiotic-containing LB broth.
(in g/L: tryptone 10.0, yeast extract 5.0, NaCl
5.0; pH 7.2-7.5) at 37°C on an orbital shaker
(180 rpm) for 12-16 h. In the case of the
recombinant strains, LB medium was

supplemented with ampicillin (100 mg/mL) for
the DH5a strain or kanamycin (100 mg/mL) for
the BL21 strain. Plates containing LB medium
supplemented with agar (16 g/L) were incubated
at 37°C for 12-16 h. The broth was then
incubated in a shaking incubator (150 rpm) at
37°C overnight prior to being used for plasmid
DNA extraction.

Vector construction

The full coding region of BoTMT and PfTMT
genes was amplified by Polymerase Chain
Reaction (PCR) using pBoTMT and pPfTMT
plasmid as templates. For the BoTMT gene, the
upstream primer P3BoTMT (Table 1) was
underlined as a BamHI site and a translational
start codon. The downstream primer was
PABoTMT (Table 1) underlined are the Sall site
and two stop codons. For PfTMT, the upstream
primer P3PfTMT (Table 1) was underlined as a
BamHI site and a translational start codon. The
downstream primer was P4PfTMT (Table 1)
underlining the Sall site and the stop codon. The
PCR products were cloned into the pMD19-T
vector to generate pBoTMT and pPfTMT. Both
pBoTMT and pPfTMT were digested with
BamHI and Sall. The fragments of the product
were purified and cloned into the vector pET28a
(TaKaRa) to obtain the express vector pET28a-
TMT-B and pET28a-TMT-Z (Figure 2 and
Figure 3). The plasmids were then transformed
into E. coli BL21 by heat shock transformation.
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Xhol {6260}
Hindlll (6245) - | "
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N-terminal tag .
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Figure 2. Schematic diagram of the binary vectors pET28a-TMT-B (6,422 bp).

Xhol (6107)
Hindlll (6092)

| 1 origin
Sall (6086) 1|

PfTMT gene Kan Resistance

‘ T7 Terminator

SemsrRy) = pET28a-TMT-Z
6269 bp
N-terminal tag )
BseR) (5138) — A~ T7 promoter on
——
Xoal (5030) |
Bglll (4964)

lacl

Figure 3. Schematic diagram of the binary vectors pET28a-TMT-Z (6,269 bp).

Expression BoTMT and PfTMT gene in E. of 0.5 mmol/L and the cultivation was
coli BL21 continued for another 4-5 hours at 37°C. The
The transformants harboring plasmid pET28a- Cell was harvested by centrifugation. The
TMT-Bo and pET28a-TMT-Pf were cultured at ~ Protein concentration was measured by Bio-Rad
37°C in LB medium until ODggony reached 0.5-  Protein Assay. Total bacterial protein was run at
0.7. IPTG was added to the final concentration ~12% SDS-PAGE.
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The enzyme activity assay of the recombinant
»TMT

Protein expression was induced as described
above, and the growth temperature was cultured
at 37°C in an LB medium. Extracts from E. coli
BL21-induced cells carrying on pET28a-TMT-
B, pET28a-TMT-Z, and pET28a respectively,
were harvested by centrifugation. The protein
concentration of the supernatant was determined
by Nanodrop 2000, and 100pl of supernatant
was used for y-TMT activity analysis. The assay
for the »-TMT enzyme is based on the
methylation of exogenous y- into a-tocopherol
in the presence of SAM. A »-TMT activity assay
was performed as described by Shitani et al.
(1998) showed that the final concentrations of
y-tocopherol and SAM were 0.02 mmol/L and 1
mmol/L, respectively. The enzyme activity was
measured by assessing the residual enzyme
activity after incubating in a shaking incubator
(150 rpm) at 30°C for 10 h.

Chemical analysis

The o-tocopherol stock was prepared by
dissolving 30 mg of a-tocopherol in 100 mL of
methanol-acetonitrile (30:70 v/v), giving a final
concentration of 300 mg/mL. The stock was
used to obtain working solutions of 0.75, 1.5,
3.0, and 6.0 pg/mL, which were stored at -10°C
in the dark. For the determination of o-
tocopherol in samples, the stock solution was in
all cases analyzed together with the samples,
and analyte concentrations in samples were
estimated on the basis of peak areas. All
samples were analyzed in duplicate.

The reaction products were extracted according
to D.l. Sanchez-Machado et al. (2002). The
residue was redissolved in 1 ml of the HPLC
mobile phase (methanol-acetonitrile, 30:70 v/v),
then the membrane filtered (pore size 0.50 mm;
Millipore, Bedford, MA, USA). Finally, a 20
uL aliquot was injected into the HPLC column.
Before injection, the extracts were maintained at
-10°C in the dark. o-tocopherol content was
analyzed by 1100 high-performance liquid
chromatography apparatus (Agilent

Technologies, USA) with a Hypersyl ODS2-
C18 column (4.6x250 mm, 5um particle size),
DAD detector, and a quaternary pump system.
HPLC separation was carried out using
methanol-acetonitrile (30:70 v/v) as the mobile
phase. The column was eluted with the mobile
phase at a flow rate of 1.0 mL/min. The column
was adjusted to 30°C. The detection was by a
diode-array detector at a wavelength of 205 nm.

RESULTS AND DISCUSSION

Characterization of »TMT Brassica oleracea
(BoTMT) and »TMT Perilla frustescens
(PFTMT)

Several pairs of primers were designed
according to the cDNA sequences of 5'-end and
3'-end translated regions. RT-PCR products
only by primers PLBoTMT/P2BoTMT (Table 1)
for Brassica oleracea and P1PfTMT/P2PfTMT
(Table 1) for Perilla frustescens were obtained
from leaves. Then PCR products of the same
length were amplified from the Brassica
oleracea and Perilla frustescens genomes,
respectively. Analysis of the sequences showed
that all of Brassica oleracea and Perilla
frustescens were 1044 bp, and 894 bp (Figure 4
and Figure 5), and the sequences were
consistent, indicative of having no intron in the
BoTMT and PfTMT gene. These differences
may be the results either of amplification
artifacts resulting from the inherent inaccuracy
of DNA polymerase, or of some sequencing
error. The BoTMT open reading frame of 1044
bp fragment encodes a predicted peptide of 347
amino acid residues with a molecular weight of
39 kD. The PfTMT open reading frame of 894
bp fragments encodes a predicted peptide of 297
amino acid residues with a molecular weight of
34 kD. Alignment of the deduced amino acid
sequences of »TMT gene in Brassica oleracea
and Perilla frustescens in Figure 7 shows an
identity of about 88% between the predicted
amino acid sequences derived from Brassica
oleracea »TMT gene and Arabidopsis, 72%
between Perilla frustescens »TMT gene and
Arabidopsis, 70% between Brassica oleracea -
TMT and Perilla frustescens »TMT. The
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Glycine max »TMT protein shares a high
degree of amino acid sequence similarity with

M

4.5kb

3 kb
2 kb

1.2 kb
0.8 kb
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Perilla frustescens »TMT (74%) and Brassica
oleracea ~TMT (64%).

1

1041 bp

Figure 4. PCR amplification of BoTMT gene from Brassica oleracea genomic DNA. M: marker 1V;

1: PCR product (1041 bp).

M

4.5 kb
3 kb
2kb

1.2 kb
0.8 kb

<— 894 bp

Figure 5. PCR amplification of PfTMT gene from Perilla frustescens genomic DNA. M: marker 1V;

1: PCR product (894 bp).

Expression of »TMT in E. coli

The deduced amino acid sequence of »TMT
from Brassica oleracea and Perilla frustescens
indicates the presence of a putative plastidial
transit peptide in the preprotein. The plastidial
transit  peptide induces the preprotein
transporting into the plastids. The plastidial
processing of the preprotein in the removal of
the targeting peptide is necessary to yield a
mature enzyme. This N-terminal signal
sequence could affect the conformation of -
TMT protein when expressed in E. coli and
render the protein inactive. Therefore, a 1044 bp
sequence of »TMT of Brassica oleracea was

also modified by PCR using a pair of primers
P3BoTMT and P4BoTMT to produce a
truncated protein (39 kD) devoid of a majority
of the putative N-terminal plastidial signal
sequence. Besides that, an 894 bp sequence of
»~TMT of Perilla frustescens was also modified
by PCR using a pair of primers P3PfTMT and
PAPfTMT (Table 1) to produce a truncated
protein (34 kD) devoid of a majority of the
putative N-terminal plastidial signal sequence.

In order to study the possible function of »TMT
from Brassica oleracea and Perilla frustescens,
the prokaryotic expression vector pET28a-
TMT-B and pET28a-TMT-Z were constructed
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and transformed into E. coli BL21 (DE3). After
induction at 37°C for 4h with IPTG, the
specified protein band of vector pET28a-TMT-
B and pET28a-TMT-Z were observed in 12%
SDS-PAGE, which had the same molecular
weight of the recombination protein with a
6xHis tag sequence of pET28a (Figure 6A, lane
1 and Figure 6B, lane 1), while negative control
did not procedure this band (Figure 6A, lane
control, and Figure 6B, lane control).

The enzyme activity assay of the recombinant
»TMT protein

Quantitative HPLC with ultraviolet detection is
currently used for the determination of a-
tocopherol in reaction products. In this study,
we used a simple HPLC method for the
determination  of  a-tocopherol. After
optimization of the HPLC conditions, peaks of
v- and a-tocopherol were observed at 4.285 min
and 2.451 min for UV detection. In HPLC
analysis of y- and a-tocopherol standards, the
peaks likewise eluted at these times, and
showed very similar excitation and absorbance
spectra (Figure 5), indicating that the peaks
corresponded to y- and a-tocopherol.

Four  different  solutions of  known
concentrations of analyte included between 0.75
and 6.0 pg/mL. Solutions for the calibration
curve were prepared by the same procedure as
the samples and with concentrations of a-
tocopherol. The curve equation y = bx + m
calculated with linear regression method to
determine the reaction products concentration
was utilized. It is possible to evaluate model
effectiveness by R? value and by spreads
between known concentration and concentration
calculated on the calibration curve. Results
showed that the equation of the curve with y =
216x - 9.764 and the R* value (0.998) shows the
good linearity of the analytical method under
examination.

The recombinant »TMT protein from E. coli
BL21/pET28a controls, BL21/pET-BoTMT,
and BL21/pET-PfTMT were added into a
reaction system containing y-tocopherol and

SAM. The reaction products were analyzed by
HPLC. The result showed that the reaction
products contents in enzyme from the E. coli
BL21/pET28a control overexpression of the
BoTMT and PfTMT gene increased the o-
tocopherol levels compared to the E. coli BL21
controls (Figure 8). In the E. coli BL21/pET28a
controls, the a-tocopherol contents in the
reaction products were 0.19 pg/ml, respectively.
In the E. coli BL21/pET-BoTMT and
BL21/pET-PfTMT, the a-tocopherol contents in
the reaction products were 1.7 pg/ml and
2.0ug/mL, respectively. On average, an 8.9-fold
increase in the a-tocopherol content from E. coli
BL21/pET-BoTMT transformation and a 10.5-
fold increase in the a-tocopherol content from E.
coli BL21/pET-PfTMT transformation
compared to E. coli BL21/pET28a controls,
respectively.

The results were carried out using methanol-
acetonitrile (30:70 v/v) as the mobile phase
because the assays performed to optimize the
chromatographic method showed that the 30:70
v/v mix methanol:acetonitrile achieved the best
resolution of o-tocopherol (retention time of
2.451 min), managing to separate it from other
isomers such as y-tocopherol. Vitamin E is
easily oxidable, oxidation losses can be induced
by heat, light, alkaline pH, and the presence of
free radicals or other components in samples
that can oxidize vitamin E during the extraction
process and in the extract until its final analysis.
That is the reason why the samples were dried
under nitrogen to limited oxidable and before
injection to a column, the extracts were
maintained at -10°C in the dark.

These results demonstrate that both enzyme
preparations from E. coli BL21/pET-BoTMT
and BL21/pET-PfTMT showed the conversion
of y- to a-tocopherol, respectively, whereas
BL21/pET28a was not accepted as substrate
(Figure 6). The »TMT protein expressed in E.
coli has relatively high enzyme activity to
catalyze the methylation step leading of v-
tocopherol to the formation of a-tocopherol,
respectively, is exerted by one enzyme. This
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observation points to the specific methylation by
this enzyme at the C(5)-position (i.e. in ortho-
position to the prenyl residue) of the tocopherol
aromatic head group, recently described by
Shintani and DellaPenna (1998).
Methylphytylbenzoquinone methyl transferase,
tocopherol cyclase, and ~TMT are the enzymes
important in determining the tocopherol
composition (Ajjawi and Shintani 2004). As
individual tocopherols have different properties,
a detailed characterization of further enzymic
steps in the tocopherol biosynthetic pathway
such as shown here for »TMT will be
fundamental to support the rational design of

M Control 1

116 kD

66 kD

45 kD

34kD

(A)

39kD
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engineered crop plants with modified profiles of
tocopherols. Interplay between already known
proteins and yet unknown factors will be
elucidated by protein interaction studies using
approaches such as the yeast two-hybrid system
or pulldown assays. Analysis of transgenic lines
and mutants with modified activities of
individual components such as »TMT will
enable the study of the regulatory processes of
the tocopherol biosynthetic pathway in planta
and can be applied to elevate the levels of this
important antioxidant/vitamin in the major
oilseed crops in the future.

M 1 Control
116kD —
66 kD — = e
45kD — -
- -

34kD -

—
25kD — we

-

;

(B)

Figure 6. Expression of the recombinant BoTMT and PfTMT in E. coli induced by IPTG (12%
SDS-PAGE). (A) M, molecular marker, the sizes of markers are shown on the left; 1, total protein
extracted from E. coli BL21 (DE3)/pET-BoTMT; Control, total protein extracted from E. coli BL21
(DE3)/pET28a. (B) M, molecular marker, the sizes of markers are shown on the left; 1, total protein
extracted from E. coli BL21 (DE3)/pET-PfTMT; Control, total protein extracted from E. coli BL21

(DE3)/pET28a.
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Perilla = e e MLEME S
Soybean -MATVVRIFTISCIHIHTFRSQSPRIFARIRVGFRSHAFIRASALSSERGEIVLEQKEHE 59
Brassica MEATLAPPSSLISLPRHKVSSLRSPSLLLYSQRESS-———- AIMTTTASRGSVEAVTAART 55
Lrabidopsis MEATLARPSSLISLEYRTNSSFGSKSSLLFRSESSS-———- SSVSMTITTRGNVAVARLLT 55
Perilla TEMETLRHGIAEFYDESSGVWEN IWGDHMHHGFYEPAADVSISD--HRARQIRMIEESLR 63
Soybean DDKKKLQKGIAEFYDESSGLWEN IWGDHMHHGFYDSDSTVSLSD--HRARQIRMIQESLR 117
Brassica SSAEALREGIAEFYNETSGLWEE IWGDHMHHGFYDFDSSVQLSDSGHREAQIRMIEESLE 115
Erabidopsis 5-TEALRKGIAEFYNETSGLWEE IWGDHMHHGFYDFDSSVQLSDSGHHEAQIRMIEESLR 114
Krokkuodhkrkokd o dh o hrdddhrwdhw L ke khkrkEEkrkEEE
Perilla FASLS-DNTTEXPENIVDVGCGIGGESSRYLARKY GANCOGITLSEVQRQRAQILADAQGL 122
Soybean FASVS-EERSEWPKSIVDVGCGIGESSRYLAKKFGATSVGITLSFVQRQRANALALLQGL 176
Brassica FAGVT--EEEKKIKRVVDVGCGIGESSRYIASKFGAECIGITLSFVQRKRANDLARAQSL 173
Lrabidopsis FAGVTDEEEEKK I KKVVIVECGIGESSRYLASKFGAECIGITLSFVQAKRANDLARAQSL 174
**.:: . : * :*************:* *:** *********:**: & K **.*
Perilla NGKVSFEVADALNQPFPEGKFDLVWSME SGERMPDKKKFVNELVREVALPGGRIIIVIWCH 182
Soybean ADKVSFQVADALQQPFSDGQFDLVWSMESGERMPDEAKFVGELRRVALFGATIIIVIWCH 236
Brassica SHKVSFQVADALDQPFEDGI FDLVWSME SGEHMPDKAKFVKELVEVIAPGGRIIIVIWCH 233
Lrabidopsis SHEASFQVADALDQFFEDGKFDLVWSME SGEEMPOKAKFVKELVRVALPGGRIIIVIWCH 234
*.**:*****:*** :* ***********:**** & K **.**:***. ok kkk kKK
Perilla RDLSESEESLRQEEKDLLNKICSAYYLEAWCSTADYVELLDSLSMEDIKSADWSDHVAEF 242
Soybean ROLGPDEQSLEFWEQDLLKKICDAYYLEAWCSTSDYVELLYSLSLQDIKSEDWSREVARF 296
Brassica RNLSQGEESLQFWEQNEFLDRICKTFYLEAWCSTSDYVELLQSLSLQDIKCADWSENVAEF 293
Lrabidopais RNLSAGEEALQFWEQNILDKICKTFYLEAWCSTDDYVNLLYSHSLODIKCADWSENVAEF 294
L JEm ke Frr K rvkE rokkAEkhAAE kkkrhkkok KrorkEkE O HEK &k Ek K
Perilla WEAVIKSALTWHGITSLLRSGWHT IRGAMVMPIMIEGYHKGVIKFATITCREPAS 297
Soybean WPAVIRSAFTWHGLTSLLSSGQKT IKGALAMPIMIEGYKKDLIKFAIITCRKPE- 350
Brassica WELVIRTALTWHGLVSLLRSGMESIKGALTMPIMIEGYKKDVIKFGIITCQHEL- 347
Lrabidopsis WELVIRTALTWHGLVSLLRSGMKSIKGALTMPIMIEGYKKGVIKFGIITCQHPL- 348

dkkkk e ok okdkda kdkd dd dekakdkr ddhddhkdddd cdkdkd ddkdkdokk

Figure 7. Alignment of y-TMT protein sequences from Perilla frutescence, Brassica oleracea,
and two other organisms using ClustalW2 software. The deduced amino acid sequences compared
are from: Arabidopsis thaliana y-TMT gene (AF104220), Glycine max »-TMT (AY960126), ~TMT
Brassica oleracea (this paper), and »~TMT Perilla frutescens (this paper).
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Figure 8. (A) Separation of a- and y-tocopherol product standards; (B) HPLC analysis of o-
tocopherol production in E. coli BL21(DE3)/pET30a controls. (C) HPLC analysis of a-tocopherol
production for E. coli BL21(DE3)/pET-BoTMT transformation. (D) HPLC analysis of a-tocopherol
production for E. coli BL21(DE3)/pET-PfTMT transformation.

CONCLUSIONS

In this paper, B. oleracea and P. frutescens »
TMT gene, has been cloned successfully.
Overexpression of BoTMT and PfTMT has been
achieved in E. coli and the recombinant »TMT
has the capability to catalyze the methylation of
carbon 5 of the tocopherol chromanolring, thus
producing a.-tocopherol. In the present study, by
overexpressing the B. oleracea and the P.
frutescens y-TMT genes as subtracted, this study
was able to improve the tocopherol composition
from 8.9-fold to 10.5-fold increase in a-
tocopherol content. The recombinant »TMT
will be useful for large-scale catalysis in vitro.

COMPETING INTERESTS

The authors declare they have no conflict of
interest, financial or otherwise.

AUTHOR’S INFORMATION
CONTRIBUTIONS

AND

Tran Vu Hai is the person who directly did this
research with the guidance of the Professors.

ACKNOWLEDGEMENTS

This work was supported by the Priority
Program of Development and Application of
Biotechnology in Agriculture and Rural
Development Towards 2020, Vietnam.

REFERENCES

Ajjawi 1, Shintani D (2004) Engineered plants
with elevated vitamin E: a nutraceutical
success  story.  Trends  Biotechnol
22(3):104-107.
doi:10.1016/j.tibtech.2004.01.008.

OMONRICE 22 (2023)



Tocopherol y~tmt gene isolation, sequence analysis from Brassica oleracea... 51

Ascherio A, Willett WC (1997) Health effects
of trans fatty acids. Am J Clin Nutr
66(4):1006S-1010S.
doi:10.1093/ajcn/66.4.1006S.

Austin JR, Frost E, Vidi PA, Kessler F,
Staehelin LA (2006) Plastoglobules are
lipoprotein  subcompartments of the
chloroplast that are permanently coupled to
thylakoid  membranes and  contain
biosynthetic ~ enzymes. Plant  Cell
18(7):1693-1703.
d0i:10.1105/tpc.105.039859.

Bouvier F, D’Harlingue A, Suire C, Backhaus
RA, Camara B (1998) Dedicated roles of
plastid transketolases during the early onset
of isoprenoid biogenesis in pepper fruits.
Plant Physiol 117(4):1423-1431.
d0i:10.1104/pp.117.4.1423.

Colomer R, Menendez  JA  (2006)
Mediterranean diet, olive oil, and cancer.
Clin Transl Oncol 8(1):15-21.
doi:10.1007/s12094-006-0090-0.

D’Harkubgye A, Camara B (1985) Plastid
enzymes of Terpenoid Biosynthesis:
purification and characterization of -
tocopherol methyltransferase from Capsicum
chromoplasts. J Biol Chem 260(28):15200-3.
doi:10.1016/s0021-9258(18)95722-4.

Grusak MA, DellaPenna D (1999) Improving the
nutrient composition of plants to enhance
human nutrition and health. Annu Rev Plant
Physiol Plant Mol Biol 50:133-161.
doi:10.1146/annurev.arplant.50.1.133.

Ishiko H, Shigeoka S, Nakano Y, Mitsunaga T
(1992) Some properties of vy-tocopherol
methyltransferase solubilized from spinach
chloroplast. Phytochemistry 31(5):1499-
1500.

Jiang Q, Ames BN(2003) y-Tocopherol, but not
a-tocopherol, decreases proinflammatory
eicosanoids and inflammation damage in
rats. FASEB J 17(8):816-822.
doi:10.1096/fj.02-0877com.

Kaieda M, Samukawa T, Kondo A, Fukuda H
(2001) Effect of methanol and water
contents on production of biodiesel fuel
from plant oil catalyzed by various lipases
in a solvent-free system. J Biosci Bioeng
91(1):12-15. doi:10.1263/jbb.91.12.

Keller Y, Bouvier F, D’Harlingue AD, Camara
B (1998) Metabolic compartmentation of
plastid prenyllipid biosynthesis. Evidence
for the involvement of a multifunctional
geranylgeranyl reductase. Eur J Biochem
251(1-2):413-417.
d0i:10.1046/j.1432-1327.1998.2510413.x.

Kinney AJ, Cahoon EB, Hitz WD (2002)
Manipulating desaturase activities in
transgenic crop plants. Biochem Soc Trans
30(6):1099-1103.
d0i:10.1042/bst0301099.

Koch M, Lemke R, Heise KP, Mock HP (2003)
Characterization of gamma-tocopherol
methyltransferase from Capsium annuum
L. and Arabidopsis thaliana. Eur J
Biochem 270(1):84.
d0i:10.1046/j.1432-1033.2003.03364.X.

Kumiko K, Yasushi K, Kazuyoshi K, Hiroshi U
(2006) Isolation of A12 and w3-fatty acid
desaturase  genes from the yeast
Kluyveromyces lactis and their
heterologous expression to produce linoleic
and o-linolenic acids in Saccharomyces
cerevisiae. Yeast 23(8):605-612.
doi:10.1002/yea.1378.

Lapointe A, Couillard C, Lemieux S (2006)
Effects of dietary factors on oxidation of
low-density lipoprotein particles. J Nutr
Biochem 17(10):645-658.
doi:10.1016/j.jnutbio.2006.01.001.

Lee BK, Kim SL, Kim KH, Yu SH, Lee SC,
Zhang Z, Kim MS, Park HM, Lee JY (2008)
Seed-specific expression of perilla y-
tocopherol methyltransferase gene increases
a-tocopherol content in transgenic perilla
(Perilla frutescens). Plant Cell Tissue Organ
Cult 92(1):47-54.
d0i:10.1007/s11240-007-9301-9.

OMONRICE 22 (2023)


https://doi.org/10.1105%2Ftpc.105.039859
https://doi.org/10.1104%2Fpp.117.4.1423
https://doi.org/10.1016/s0021-9258(18)95722-4

52

Mayer H, Isler O (1971) Synthesis of vitamins
E. Methods in Enzymology 18C:241-348.

Michalowski M, Janiszowska (1993) Preliminary
characterization of S-adenosylmethionine:
tocopherol methyltransferase from
chloroplast of Calendula officinalis seeding.
Acta Biochim Pol 40(1):116-9.

Mozaffarian D, Katan MB, Ascherio A,
Stampfer MJ, Willett WC (2006) Trans
fatty acids and cardiovascular disease. N
Engl J Med 354(15):1601-1613.
doi:10.1056/NEJMra054035.

Nakamura MT, Cheon Y, Li Y, Nara TY (2004)
Mechanisms of regulation of gene expression
by fatty acids. Lipids 39(11):1077-1083.
doi:10.1007/s11745-004-1333-0.

Norris SR, Shen X, DellaPenna D (1998)
Complementation of the Arabidopsis pdsl
mutation with the gene encoding p-
hydroxyphenylpyruvate dioxygenase. Plant
Physiol 117(4):1317-1323.
d0i:10.1104/pp.117.4.1317.

Ohlrogge JB, Jaworski JG (1997) Regulation of
fatty acid synthesis. Annu Rev Plant
Physiol Plant Mol Biol 48:109-136.
doi: 10.1146/annurev.arplant.48.1.109.

Ohlrogge J, Browse J (1995) Lipid biosynthesis.
Plant Cell 7(7):957-970.
d0i:10.1105/tpc.7.7.957.

Okuley J, Lightner J, Feldmann K, Yadav N,
Lark E, Browse J (1994) Arabidopsis
FAD2 gene encodes the enzyme that is
essential  for  polyunsaturated  lipid
synthesis. Plant Cell 6(1):147-158.
d0i:10.1105/tpc.6.1.147.

Oura T, Kajiwara S (2004) Saccharomyces
kluyveri FAD3 encodes an ®-3 fatty acid
desaturase.  Microbiology 150(6):1983-
1990.
d0i:10.1099/mic.0.27049-0.

Pattee HE, Isleib TG, Moore KM, Gorbet DW,
Giesbrecht FG (2002) Effect of high-oleic
trait and paste storage variables on sensory
attribute stability of roasted peanuts. J

Tran Vu Hai et al.

Agric Food Chem 50(25):7366-7370.
doi:10.1021/jf025853k.

Sanchez-Machado DI, Lopez-Hernandez J,
Paseiro-Losada P (2002) High performance
liquid chromatographic determination of a-
tocopherol in macroalgae. J Chromatogr A
976(1-2):277-284.
doi:10.1016/s0021-9673(02)00934-2.

Shigeoka S, Ishiko H, Nakano Y, Mitsunaga T
(1992) Isolation and properties of y-
tocopherol methyltransferase in Euglena
gracilis. Biochim Biophys Acta 1128(2-
3):220-226.
doi:10.1016/0005-2760(92)90311-i.

Shintani D, DellaPenna D (1998) Elevating the
vitamin E content of plants through
metabolic engineering. Science 282(5396):
2098-2100.
doi:10.1126/science.282.5396.2098.

Singh SP, Zhou XR, Liu Q, Stymne S, Green
AG (2005). Metabolic engineering of new
fatty acids in plants. Curr Opin Plant Biol
8(2):197-203.
doi:10.1016/j.pbi.2005.01.012.

Soll J, Schultz G (1980) 2-Methyl-6-
phytylquinol and 2, 3-dimethyl-5-
phytylquinol as precursors of tocopherol
synthesis in  spinach  chloroplasts.
Phytochemistry 19:215-218.
d0i:10.1016/S0031-9422(00)81963-9.

Soll J, Schultz G, Joyard J, Douce R, Block
MA(1985) Localization and synthesis of
prenylquinones in isolated outer and inner
envelop  membranes  from  spinach
chloroplasts. Arch Biochem Biophys
238(1):290-299.
doi:10.1016/0003-9861(85)90167-5.

Soll J, Douce R, Schultz G (1980) Site of
biosynthesis of a-tocopherol in spinach
chloroplasts. FEBS Letter 112(2):243-246.
doi:10.1016/0014-5793(80)80189-X.

Soll J, Schultz G, Joyard J, Douce R, Block MA
(1985) Localization and synthesis of
prenylquinones in isolated outer and inner

OMONRICE 22 (2023)


https://doi.org/10.1016/0005-2760(92)90311-I
https://doi.org/10.1016/0003-9861(85)90167-5
https://doi.org/10.1016/0014-5793(80)80189-X

Tocopherol y~tmt gene isolation, sequence analysis from Brassica oleracea... 53

envelope  membranes from  spinach
chloroplasts. Arch Biochem Biophys
238(1):290-299.
d0i:10.1016/0003-9861(85)90167-5.

Tavva VK, Kim YH, Kagan IA, Dinkins RD,
Kim KH, Collins GB (2007) Increased a-
tocopherol content in soybean seed
overexpressing the Perilla frutescens y-
tocopherol methyltransferase gene. Plant
Cell Rep 26(1):61-70.
doi:10.1007/s00299-006-0218-2.

Thelen JJ, Ohlrogge JB (2002) Metabolic
engineering of fatty acid biosynthesis in
plants. Metab Eng 4(1):12-21.
doi:10.1006/mben.2001.0204.

Topfer R, Martini N, Schell J (1995)
Modification of plant lipid synthesis.
Science 268(5211):681-686.
doi:10.1126/science.268.5211.681.

Traber MG, Sies H (1996) Vitamin E in
humans: Demand and delivery. Annu Rev
Nutr 16:321-47.
doi:10.1146/annurev.nu.16.070196.001541.

Vidi PA, Kanwischer M, Baginsky S, Austin JA,
Csucs G, Dormann P, Kessler F, Brehelin C
(2006)  Tocopherol cyclase (VTEL)

localization and vitamin E accumulation in
chloroplast plastoglobule lipoprotein
particles. J Biol Chem 281(16): 11225-
11234.
doi:10.1074/jbc.M511939200.

Xinxin Z, Mingchun L, Dongsheng W, Laijun
X (2008) Identification and
characterization of a novel yeast @3 - fatty
acid desaturase acting on long-chain n-6
fatty acid substrates from Pichia pastoris.
Yeast 25(1):21-27.
doi:10.1002/yea.1546.

Ytterberg AJ, Peltier JB, van Wijk KJ (2006)
Protein profiling of plastoglobules in
chloroplasts and chromoplasts. A surprising
site  for differential accumulation of
metabolic enzymes. Plant Physiol 140(3):
984-997.
doi:10.1104/pp.105.076083.

Yusuf MA, Sarin NB (2007) Antioxidant value
addition in  human diets: genetic
transformation of Brassica juncea with y-
TMT gene form increased a-tocopherol
content. Transgenic Res 16(1):109-113.
doi:10.1007/s11248-006-9028-0.

PHAN LAP VA DPAC TINH CUA GEN MA HOA ~TOCOPHEROL
METHYLTRANSFERASE TU CAY BAP TIM (BRASSICA OLERACEA) VA TIATO
(PERILA FRUSTESCENS)

Tocopherols, véi déc tinh chong oxy héa, déng vai tro quan trong trong thanh phan
dinh dwong cua nguoi va dong vat. ;ﬁtocopherol tien chdt sinh tong hop a- tocopherol,
dwoc tim thay trong 14 ¢ mét sé loai hat cay c6 dau. Nhiéu nghién cizu cho thay, giai
dogn cuoi cung cua qué trinh téng hop a-tocopherol dwoc XUc tac bai y-tocopherol
methyltransferase (y-TMT). Qua kj thugt RT-PCR tir ARN cza 1& Bdp cdi tim va Tia to,
chung téi da phan 1dp cDNA cua gen y-TMT va dat tén »-BoTMT (Genbank: JQ031515)
va »PfTMT (Genbank: JN381069.1). Trinh ti phan tich cho thdy, khung doc mé cua
gen y-BoTMT va y-PfTMT c6 chiéu dai lan lwot 1041 bp va 894 bp md héa doagn
polypeptid c6 trong lwong 39 kD va 34 kD. Ngoai ra, két qua con cho thay sw biéu hién
cia »PfTMT va »BoTMT qua vi khudn E. coli BL21(DE3) lam ting ham lwong a-
tocopherol (hiéu suat chuyén doi ytocopherol) tir 18% dén 23% trong cac san pham
phan ing tao thanh. Su gia tang ham lwong a-tocopherol chi ra chize nang cua protein
»-TMT trong viéc chuyén doi y-tocopherol thanh a-tocopherol.

Tw khoéa: Tia to; Bcip cai tim; Brassica oleracea; Perilla frustescens; y-TMT,;

tocopherol; HPLC.
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