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Abstract A rapid amplification cDNA end (RACE) assay was established to achieve the
complete sequence of mitochondrial manganese-superoxide dismutase (Mn-SOD) cDNA in
Nelumbo nucifera. The obtained full-length cDNA of Mn-SOD was 926 bp and contained a
699-bp open reading frame encoding an Mn-SOD precursor of 233 amino acids. The
recombinant of Mn-SOD expressed by PET-32a vector in Escherichia coli BL21 was
confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western
blotting assays. A 3D structural model of the Mn-SOD was constructed by homology
modeling. Real-time polymerase chain reaction analysis revealed that Mn-SOD mRNA was
expressed in young leaves, blossom, stems, and terminal buds during reproductive stage but
with the highest expression in young leaves. This significant difference demonstrated the
differential expression of Mn-SOD in various organs of N. nucifera.
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ROS reactive oxygen species

RACE  rapid amplification cDNA end
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Introduction

Reactive oxygen species (ROS) such as superoxide anion (O, °), hydroxyl radical
(‘OH), and hydrogen peroxide (H,O,), normally generated by normal cell metabolism
and chemical or environmental stresses, could cause the peroxidation of membrane
lipids, breakage of DNA strands, and inactivation of enzymes [1]. In order to prevent
oxidative stress, organisms had evolved a complex antioxidant system composing of
nonenzymic and enzymic mechanisms to scavenge ROS [2]. Among antioxidant
enzymes, superoxide dismutases (SODs) were a group of metalloenzymes that pro-
tected cells from superoxide radicals by catalyzing the dismutation of the superoxide
radical to molecular O, and H,0,. SODs were classified according to their metal cofactor
and their subcellular localization [3]. The predominant forms were Mn-SOD, Fe-SOD,
and Cu-Zn-SOD. Mn-SOD and Fe-SOD were mainly found in mitochondria and
chloroplast, respectively, whereas Cu-Zn-SOD was usually located in cytosol or chlo-
roplast. The transgenic tobacco proved that the overexpression of the Mn-SOD in
chloroplasts and mitochondria could reduce cellular damage mediated by oxygen radicals
[4]. Some factors could influence the expression of SODs. For examples, drought and
cold could regulate the expression of Mn-SOD and Cu-Zn-SOD gene in wheat [1]; at the
same time, the age of leaves could affect the activity and mRNA level of SODs in wheat
[5] and tobacco [6].

Nelumbo nucifera is an ancient species and a native of China, Japan, and India. As an
important economic aquatic plant, its seeds and rhizomes are the traditional food in Asia
area and the leaves are usually used as the herbs to treat tissue inflammation, cancer,
antiemetic, skin diseases, leprosy, and food poisoning. Morphological studies revealed that
it shared some characters of both dicotyledons and monocots [7]. In N. nucifera, only the
complete sequences of Cu-Zn-SOD and partial Fe-SOD c¢cDNA were cloned and they all
consisted of multiple transcripts. But there were few reports about the different expression
of Mn-SOD transcripts in various parts of N. nucifera. In this study, the complete sequence
of Mn-SOD cDNA of N. nucifera was cloned and expressed in Escherichia coli BL21. The
physical structure and homology model for Mn-SOD were generated to gain an
understanding of the possible mechanisms of gene regulation. Moreover, semiquantitative
real-time polymerase chain reaction (PCR) was used to compare the levels of Mn-SOD
mRNA in four different parts at its reproductive phase.

Materials and Methods
Plant Material

N. nucifera was kept in the Lotus Research Center of Wuhan University, China. Fresh
materials such as terminal buds, blossom, stems, and young leaves were collected and
put into liquid nitrogen immediately, at the time when the blossom had appeared for
3 weeks.

RNA Extraction and Reverse Transcription

Total RNAs were isolated from the fresh materials of four different parts using an RNAprep
Plant Kit (Tiangen Biotech Co., LTD). For synthesis of first-strand cDNA, RNAs were
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firstly incubated for 5 min at 70 °C with olig(dT),7, and then the reverse transcription was
performed by M-MLV Reverse Transcriptase (Promega) for 1 h at 42 °C. The reaction
mixture (total 25 pl) consisted of 3 uLL RNA, 2 uL olig(dT);7 (10 mmol/L), 5 uL. M-MLV
5% reaction buffer, 3 uL dNTP, 10 uL nuclease-free water, and 2 L M-MLV Reverse
Transcriptase. The cDNA was diluted and stored at —20 °C until used.

Clone the Complete Sequence of Mn-SOD cDNA by 3'RACE

Based on conservative amino acid sequences, the degenerate primer pair (forward primer:
5'-CGAGCAGCCATGGCNCTBCG-3'; reverse primer: 5'-GTAYTGWARRT
AGTANGCRT -3') was designed to amplify 5’ partial cDNA of Mn-SOD using first-strand
cDNA above as the template. The settings for the thermal profile included an initial
denaturing at 94 °C for 5 min, followed by 35 cycles of 94 °C for 30 s, 50 °C for 30 s, and
72 °C for 1 min and a finally extension at 72 °C for 10 min. The fragment was ligated into
PGEM-T vector (Promega) and the product of ligation was transformed into competent E.
coli DH5«, and the 5’ partial fragment was sequenced (GenBank accession no.
DQ167199).

To determine the complete sequence of the Mn-SOD cDNA, 3' rapid amplification
c¢DNA end (RACE) was performed by using BD SMART™ RACE ¢cDNA Amplification
Kit (BD Biosciences Clontech). The total RNAs from young leaves were used as the
template to generate 3’ end cDNA of Mn-SOD, the 3' RACE fragment was amplified by
using universal primer mix (BD Biosciences Clontech) and a gene-specific primer (5'-
CGAGCAGCCATGGCCTTGCG-3"), which was designed according to the 5’ partial
sequence amplified (see above). The procedures were the same as 5’ partial cDNA
amplification. The whole sequence was cloned and sequenced (GenBank accession no.
DQ167200). The plasmid of the whole sequence was purified and stored at —20 °C.

Prokaryotic Expression

Using the plasmid above as a template, primers (forward primer: 5-CGGAGC
CATGTGCCTTGCGATCTG-3"; reverse primer: 5-CGAAG CTTTTACCTTGATTC
GGGGTG-3') were designed to amplify the whole encoding sequence of Mn-SOD cDNA.
The 5’ end of primers contained a restriction endonuclease site of Sacl and HindIII,
respectively. Prokaryotic expression and western blotting were performed according
to the published protocols [8]. Finally, these E. coli BL21 transformed were induced
by isopropylthio-b-D-galactoside (IPTG) at various concentrations of 1.0, 0.5, and
0.1 mmol/L.

Bioinformatic Analyses of Mn-SOD

According to Baek et al. [9], alignment of the complete sequence of Mn-SOD cDNA with
the genomic sequence (GenBank accession no. AY934858) was used for exon and intron
prediction. Subcellular location of Mn-SOD protein was identified by using ProtComp
Version 6.1 program (http:/linux1.softberry.com/cgi-bin/programs/proloc/protcomppl.pl).
Prosite identification of N-glycosylation and phosphorylation sites was performed by using
Ph.D. Program (http://www.predictprotein.org). Other bioinformatic analysis was per-
formed according to the published websites [10]. A 3D structural model of Mn-SOD
proteins was constructed by homology modeling according to the published protocols [11],
and the Protein 1LUV [12] was used as the template.
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Real-time PCR
Clone the Sequence of [-actin cDNA

The primer pair (5-AACTGGGATGACATGGAGAA-3" and 5’ -C T G TTGGAAGGTGCT
GAGAG-3") was designed to amplify the partial sequence of S-actin based on the homologous
sequences of other species. The procedures were the same as the clone of Mn-SOD. Partial
(-actin cDNA was cloned and sequenced (GenBank accession no. EU131153).

Mn-SOD mRNA Different Expression

Real-time PCR was carried out in a fluorimetric thermal cycler (Rotor Gene 2000; Corbett
Research, Australia) using the DNA-binding dye SYBR Green I (Toyobo Co., Ltd., Osaka,
Japan) for detection of PCR products. The (3-actin was chosen as a reference gene [13].
According to the sequences cloned (see above), the primers of Mn-SOD (5'-AGGGT
TAGGGTTTAGTCAT-3'; 5'-AGAGCCTTATTGTAGTTGGT-3') and [-actin (5'-
TGATCGGAATGGAAGC-3"; 5-CAGCAATACCAGGGAAC-3") were designed with
primer-analyzing software Primer Premier 5 (Premier). The 2744¢ methods were used to
obtain relative gene expression data according to the published protocols [14]. The highest
value was set as 100% and for the tested samples the values relative to this value were
calculated. The reaction was done with SYBR Green real-time PCR Master Mix according
to specifications. The settings for the thermal profile were as follows: initial denaturation
95 °C for 30 s, followed by 40 amplification cycles: 95 °C for 5 s, 55 °C for 10 s, and 72 °C
for 15 s. The products of real-time PCR were analyzed by electrophoresis on 1% agarose—
ethidium bromide gel and sequenced. All samples were run in triplicate, and the trials were
repeated three times.

Results
Cloning and Analysis of Mn-SOD cDNA

Our results showed that only one functional form of Mn-SOD cDNA of N. nucifera was
cloned in this experiment. In order to minimize erroneous nucleotide incorporation by Taq
DNA polymerase, the cDNA products was sequenced five times. The whole Mn-SOD
c¢DNA sequence was about 926 bp including the start code ATG and stop code TAA. Based
on conceptual translation of the cDNA sequence in all three open reading frames and
alignment with the known sequences of Mn-SOD proteins in GenBank database, it could be
inferred that the initiation site of translation was located at nt 9. The 5’ untranslated region
and 3’ untranslated region contained 9 bp and 215 bp, respectively, and the encoding
sequence consisted of 699 bp. The whole gene contained six extrons and five introns.
Detailed messages of introns and extrons were shown in Fig. 1.
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Fig. 1 Structure of the N. nucifera Mn-SOD gene. Solid boxes represented the coding sequences (extron);
open boxes represented the noncoding sequences (intron), and shaded boxes indicated 5'and 3’ untranslated
regions. The start code (ATG) and the stop code (TAA) were also shown
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Bioinformatic Analyses of Mn-SOD

We predicted putative protein of the Mn-SOD and found that it contained 233 amino acids.
The theoretical isoelectric point (pI) and molecular weight (m,,) of the protein sequence were
6.59 and 25,928.45 Da. A single potential N-glycosylation site was found at N-99 (NHSI).
Two protein kinase II phosphorylation sites were located at S-8 (SRK) and S-161 (SQK) in
putative protein and two casein kinase II phosphorylation sites T-29 (TLPD) and S-38
(SALE). The consensus sequence DVWEH observed in Mn-SOD was located between D-
189 and H-193. And the sequence LPDL located at the N-terminal region in most eukaryotic
Mn-SOD was present in the deduced protein. Four residues known to be involved in metal
binding in Mn-SOD protein were found in this amino acid sequence (H-52, H-100, H-193,
and D-189; Fig. 2). The predicted amino acid sequence of Mn-SOD protein exhibited the
characteristic motifs of Mn-SOD family. A mitochondrial transit peptide consisting of
residues 1-24 (MALRSVISRKTLGSLGLGFSHARG) was also identified in the putative
protein. Compared with sequences of other species, such as Camellia sinensis (AAT68778),
Nicotiana plumbaginifolia (CAA32643), Hevea brasiliensis (P35017), Gossypium hirsutum
(ABAO00455), Prunus persica(CAB56851), Tamarix androssowii (AAS77885), and Digitalis
lanata (CAC05259), the identity of the putative amino acid was 67.62%.

The target protein and template protein shared a high degree of homology. It was found
that human Mn-SOD (PDB code: 1LUV: A) was selected as the best structure template for
the query sequence of Mn-SOD. The Ramachandran plot of the model and template was
shown in Table 1. The analysis for the model presented 92.7% of residues in most favorable
regions, 6.7% of residues in additional allowed regions, 0.6% of residues in generously
allowed regions, and none of residues in disallowed regions. The model suggested that the
N-terminal domain of Mn-SOD protein was a long alpha antiparallel hairpin and the C-
terminal domain was a mixed alpha—beta fold table. These results indicated that the
molecular model presented here had good overall stereochemical qualities (Fig. 3).

Prokaryotic Expression and Western Blotting

About 699-bp encoding sequence was inserted in PET-32a expression vector, and IPTG at
concentration of 1.0 mmol/L efficiently induced the expression of Mn-SOD protein in this
prokaryotic expression system. The amounts of Mn-SOD expression were varied during
different induction time. That bacterial lysates were analyzed by SDS-PAGE and Western
blotting with anti-His-tag antibody confirmed that this protein induced was a Mn-SOD
fusion protein (Fig. 4).

Datum Analysis of Real-time PCR

The R values of both (-actin (0.9977) and Mn-SOD (0.9972) were close to 1. It indicated that
the PCR system here was valid. The efficiencies of the real-time PCR procedure for the
control and the Mn-SOD mRNA were 1.08 and 1.06, respectively; moreover, the
amplification efficiency of the target was approximately equal to that of the reference. So
the 2724¢" methods could be used to analyze the relative quantity. All the products of real-
time PCR were from 75 through 200 bp in size, which was exactly suitable to improve the
efficiency of PCR. The data proved that there were dynamic changes for Mn-SOD expression
in different parts. The expression level of Mn-SOD mRNA was highest in the leaves and
lowest in the stems. The leaves, blossom, and terminal buds were correspondingly 21-, 7-,
and 2.8-fold as high as stems in Mn-SOD expression amounts (Fig. 5).

\\)
2,& Humana Press



610 Appl Biochem Biotechnol (2009) 158:605-614

CGAGCAGCCATGGCCTIGCGATC TG TCATCAGTCGGAALACCCTCGGALGTC TAGGGTTA G0

M AL RS V¥V¥ISRETTLGS UL G L 17
GGGTTTAGTCATGC TCGGGGGTTGCAGACCTTCACGC TTCCTGATCTICCTTACGATTAC 120
G F 5H4ARGLAQTVFTLPTDLFPTIDT 3T
AGTGCTCTTGAACCCGCC ATAAGTGTGGALATTATGCGGCTCCATC ACCAGAAGCACCAT 180
S ALEPATITSYETIMNERTLUHEHEGSEHH a7
CAGACTTACATTACCAACTACAATALGGC TCTTGAGC AGCTCGAGGAAGCCATGGCCAAG 240
Q T Y I TNTYWNIEKA AWALET®QLETEWALDNALE 77
GGCGATTCGTCCGC AGTGGTTAALTTGCAGGCCGCCATC AL ATTTALCGGGGGAGGGCAT 300
G D S5 5 AV VYV ELOGQAATIEKETFUNGGTGH a7
ATCAATCACTCTATTTTCTGGAAL AL TCTCATTCCTACTAGTGAAGGAGGTGGAGAGCCC 360
I nHESIFVW¥EDNLTIPTSETSGS GG GETF 117
CCCCATGGTGCCCTTGGTIGGGC TATTGACACACATTTIGGTTCATTIGAAGCATTGGTG 420
PHGALGW¥WAIDTHTFGSFE ALYV 137
AA0HAGGTAAATGC AGALGGTGC TG TC TGC AAGGTTCTGGTTGGGTGTGGCTAGGCGTG 480
EEVNAETGAALQGS G WY WL GV 167
GATAAAGAATCACALAALCTTGTGGTTGALACAACAGCAAATC AGGATCCATTGGTTACC 540
D EES@Q@ EKELVVYVYETTADNQQDFPTLTWVT 177
AAGGGGCC AL TTTAGTTCCTTTGC TIGGGATAGATG TG TGGGAGC ATGCATACTACTTG GO0
E¢PNLVY¥YPLLGIDTVWEI HWATTL 197
CAGTACAAGALTGTCAGACCTGACTATCTCAATAATATATGGAAGGTTATTAACTGGALL 660
Q@ YT EN VY EPDYLNDNTIWETYTINUWE a1t
TATGCTGGTGAAGTATATGACAALGAATGCCCGCACCCCGAATC AAGGTAALAACTTTGT T20
T 4 ¢ EVYDEKEET CPHPETSE * 233
GGTTCTCCCGCATGGATC AGGAGAGATGCCGGTTTAGAGTTGGGCAGGCAGTCTTC ACGA T80
AGGGAACALTAATALTTTGTIGTGTGGATGATTAAGTTTTCTGTTICTGCCATGGTGTAC 840
TTATCTTGGAC TAG TG TACTGTIGTTAGAGATGTTTTTCCCTGC TCCAATGAATAACACA SO0
ACATGTTTGCTTGTTTTATAALALAL 026

Fig. 2 The nucleotide acid sequence of Mn-SOD c¢DNA and its deduced amino acid sequence of Mn-SOD
protein. Both nucleotide and deduced amino acid sequences were numbered at the end of each line. The
deduced Mn-SOD protein sequence was shown under the cDNA sequence. Amino acid residues
corresponding to metal-binding legends were underlined. The asterisk denoted the translation stop code

Table 1 Comparisons of Ramachandran plot statistics between the model and the template.

Model-template Region of the Ramachandran plot (%)

Most favorable Additional allowed Generously allowed Disallowed
Mn-SOD 92.7% 6.7% 0.6% 0.0
ILUV:A 90.4% 9.0% 0.6% 0.0
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Fig. 3 Molecular modeling of
the N. nucifera Mn-SOD protein.
The residues interacting with the
metal manganese were His-52,
His-100, His-193, and Asp-189.
The N-terminal long alpha
antiparallel hairpin and the
C-terminal mixed alpha—beta fold
characteristics were shown

Discussion

The RACE technique allowed us to clone the complete sequence of the Mn-SOD targeted
c¢DNA without needing cDNA library, which contained not only the encoding sequence but
also the untranslated regions. In recent years, multiple transcripts of Mn-SOD had been

45KD

T0KD

Fig. 4 a The amounts of Mn-SOD expression at 1.0-mmol/L concentration of IPTG during various
induction times. Lanes 2, 4, 6 represented the amounts of control groups induced with PET-32a during
induction time (1, 2, 3 h). Lanes 3, 5, and 7 represented the amounts of groups induced with PET-32a-Mn-
SOD during induction time (1, 2, 3 h). Lane I, molecular standard marker. b Total bacterial lysates were
separated by SDS-PAGE, and stain of bacterial lysates induced by PET-32a (lane 2) and PET-32a-Mn-SOD
(lane 3) was transferred to a membrane; filter was immunoblotted with anti-His-tag antibody. Lane I,
molecular standard marker
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relative expression of Mn-SOD
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Fig. 5 Relative amounts of Mn-SOD mRNAs which were isolated from four different parts (stems, terminal
buds, blossom, and leaves) were determined by real-time PCR. The mean numbers of PCR cycles required to
obtain measurable amplification for Mn-SOD (stems 19.89, terminal buds 20.39, blossom 24.23, and leaves
26.84) and [(3-actin (stems 18.54, terminal buds 20.56, blossom 25.69, and leaves: 29.88) were calculated

reported in other species, and some researches proved that these multiple Mn-SOD
transcripts might be generated by a single functional gene in rat [15] and human [16] or by
a multigene family in maize [17]. Though there were several kinds of transcripts of Fe-SOD
and Cu-Zn-SOD cloned in N. nucifera (unpublished data), only one kind of Mn-SOD
transcript of N. nucifera was found in this study. Compared with the cDNA sequence
(GenBank accession no. AY934858) published, the cDNA we cloned was 118 nt longer. It
might be generated by alternate polyadenylation [18]. Compared with other Mn-SOD
cDNA sequences published in other species, the homologies of the nucleotide and its
putative amino acid sequences were considerable high. These data indicated that the Mn-
SOD gene was rather conservative among the different species.

Despite the size variation of Mn-SOD gene, the number and order of exons and introns
were the same in almost all the plants reported. All introns in Mn-SOD gene of N. nucifera
started with nucleotides GT at the 5’ boundary and ended with nucleotides AG at 3’
boundary. The intron splicing followed the GU-AG rule, which was common in rubber tree,
human, and wheat for the consensus sequences of splice junction sites [9].

Crystallographic studies with human had shown that metal-binding sites of Mn-SOD
were located at three histidine residues and one aspartate residue [19]. The corresponding
residues in N. nucifera were identified as H-52, H-100, H-193, and D-189. In a great
degree, these residues, as well as the sequences DVWEH and LPDL, were conservative in
eukaryotic species. It proved that the protein putative had the common characteristics of
Mn-SOD family [10]. In addition, a prokaryotic expression system was constructed by
using PET-32a as the expression vector. The recombinant protein contained a partial
sequence of PET-32a (about 18.28 KDa). The molecular weight of Mn-SOD protein was
similar to that predicted by ExPasy program.

Real-time PCR is proven a useful method in molecular biology researches [13]. At
present, real-time PCR is increasingly being adopted for RNA quantification and genetic
analysis. The data of semiquantification PCR showed that leaves expressed Mn-SOD on a
relatively high level within the tested organs of N. nucifera during the reproduction phase.
Both chloroplast and mitochondria were mainly resources of ROS through electron-
transport chain of photosynthesis [2] and respiration [20, 21]; and Mn-SOD activity
paralleled the activity of electron-transport chain of mitochondria [22]. The leaves were
mainly organs of photosynthesis and respiration. Higher mRNA levels of Mn-SOD gene in
young leaves suggested that the higher amount of Mn-SOD might be able to eliminate the
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ROS within the tested organs. Its induction could be considered as a response against
superoxide radicals generated in the mitochondria. We also thought that high-level
expression of the Mn-SOD in the leaves probably was propitious to delay their senescence,
so that during the reproduction stage the leaves could provide enough nourishment to the
stems or thizomata during the asexual reproduction phase.

At the same time, the environment also affected the expression of Mn-SOD. Because of
plenty of oxygen above the water for respiration, the leaves and blossom could produce
much more ROS than the terminal buds and stems under the water. The expression of SODs
was coordinately regulated by the oxygen tension in N. nucifera [23]. The levels of SODs
were enhanced under hyperoxia and that they were repressed under anoxia and hypoxia. In
addition, leaves living above water were relatively easier to be attacked by pathogen,
insects, and environment factors such as the temperature and wounding than those organs
under water [24]. Therefore, as a general mechanism to protect plants themselves from
these disadvantageous influences, leaves and blossom remained with higher levels of SODs
including Mn-SOD than terminal buds and stems did. In a word, the physiological
development and surroundings lived in coordinately determined the different expression of
Mn-SOD gene in the organs of N. nucifera. In fact, the various parts of N. nucifera,
including leaves, stamens, and rhizomes, were proven to have high antioxidant activity
[25]. And the Korean traditional lotus liquor made from blossom and leaves was proven to
have relatively high antioxidant activities [26]. In this study, the levels of Mn-SOD mRNA
were various in the different parts during reproductive stage, it demonstrated that the Mn-
SOD gene in N. nucifera should be differentially expressed [17]. But our study just focused
on the reproductive stage, the expression of Mn-SOD gene might be various during
different stages. It remained to be further studied.
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