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Abstract Superoxide dismutases (SODs; EC 1.15.1.1)
are key enzymes in the cells protection against oxidant
agents. Thus, SODs play a major role in the protection of
aerobic organisms against oxygen-mediated damages.
Three SOD isoforms were previously identified by zymo-
gram staining from Allium sativum bulbs. The purified Cu,
Zn-SOD?2 shows an antagonist effect to an anticancer drug
and alleviate cytotoxicity inside tumor cells lines B16F0
(mouse melanoma cells) and PAE (porcine aortic endo-
thelial cells). To extend the characterization of Allium
SODs and their corresponding genes, a proteomic approach
was applied involving two-dimensional gel electrophoresis
and LC-MS/MS analyses. From peptide sequence data
obtained by mass spectrometry and sequences homologies,
primers were defined and a cDNA fragment of 456 bp was
amplified by RT-PCR. The cDNA nucleotide sequence
analysis revealed an open reading frame coding for 152
residues. The deduced amino acid sequence showed high
identity (82-87%) with sequences of Cu, Zn-SODs from
other plant species. Molecular analysis was achieved by a
protein 3D structural model.
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Introduction

Environmental stresses represent a major cause of reactive
oxygen species (ROS) overproduction by aerobic organ-
isms, e.g., singlet oxygen, hydrogen peroxide, superoxide,
and hydroxyl [1-3]. This phenomenon could lead to a
disturbance in the normal redox state and cause a number
of pathologic processes.

To repair damages initiated by ROS, cells have devel-
oped complex antioxidative systems [4—6]. Among anti-
oxidants, superoxide dismutases (SODs) can convert
superoxide anion into hydrogen peroxide, which is then
degraded by catalases, giving water and molecular oxygen.
SODs are considered as important enzymes to limit oxygen
radical-mediated toxicity.

Four types of SODs have been characterized yet, based
on the nature of the metal co-factor present at the catalytic
site, i.e., copper/zinc (Cu, Zn-SOD), iron (FeSOD), man-
ganese SODs (MnSOD), or nickel SOD. Cu, Zn-SOD is
found in cytosol and plastids [7]. MnSOD is generally
found in mitochondria, whereas FeSOD is present in pro-
karyotes [8] and within chloroplasts of some plants [9].
Nickel SOD was first purified from Strepromyces ssp.
(Youn et al. 1996).

In the last few years, a wide range of clinical SOD
applications has been reported. These include prevention of
oncogenesis and tumor promotion [10, 11] and protection
against reperfusion damages of ischemic tissue [12]. In
addition, many interesting articles report on the effects of
SOD in aging. Treatments using SODs seem to be prom-
ising alternatives for conventional therapies and some of
them have been proposed in the treatment of oxidative
stress-related diseases [13].

Recent studies dealing with SOD over expression in
different systems obviously demonstrated some features of
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the recombinant SOD. Thus, the yeast become more
resistant to environmental oxidative stress, e.g., heat shock
or herbicide treatment, such as paraquat, when over
expressing the human SOD1 [14]. The expression of the
MnSOD in transgenic Alfalfa (Medicago sativa) reduced
efficiently the damage caused by water deficit stress [15].
The over expression of the Cu, Zn-SOD also increased the
resistance of Arabidopsis thaliana to salt stress by lignifi-
cation of vascular structure [16] and its over expression in
glioma human cells suppresses tumor growth [11].

Actually, it is admitted that SODs are indispensable
for the control of the oxidative stress in plants [17]. All
these data emphasize the high potential applications of
SODs.

Molecular cloning of SODs has been reported in var-
ious prokaryotic and eukaryotic species and in particular
in plants, e.g., Potentilla atrosanguinea [18], tobacco
[19], tomato [20], maize [21], rice [7], and aspen [22],
and fungi such as Beauveria bassiana [23]. However, no
data was published on SOD sequences from Allium spe-
cies and in particular Allium sativum, which played an
important dietary and medicinal role throughout the his-
tory of mankind.

In a previous study, we demonstrated the great relevance
of garlic SODs application. The native MnSOD enzyme
has been shown to be able to activate the extra-regulated
kinases (ERKSs) in tumor cell lines and to influence the
ability of cells to undergo mitosis, causing inhibition of
tumor growth [24]. We showed also that the purified Cu,
Zn-SOD2 from A. sativum was functional in an in vitro
eukaryotic system and able to modulate the redox status of
tumor cells [25].

The objective of this study is to investigate biochemical
properties of Cu, Zn-SOD2 in cancer therapy. Indeed, since
cytoplasmic Cu, Zn-SOD activity has a variable profile
through cancer cells types [26] and the effect of over-
expressed Cu, Zn-SOD has been examined in only a few
cancers [10]. Some preliminary experiments were designed
in this study, using pure enzyme to compare the effect of a
common anticancer drug treatment, doxorubicin, on two
tumor cell lines: B16F0 (mouse melanoma cells) and PAE
(porcine aortic endothelial cells) in the presence or absence
of pure Cu, Zn-SOD2.

In addition, a molecular characterization of the SOD
from A. sativum has been performed by using a proteomic
approach combining two-dimensional gel electrophoresis
and LC-MS/MS. Biochemical data and bioinformatic
study allowed to make out the coding region and therefore
to determine the corresponding amino acid sequence of the
Cu, Zn-SOD2 from A. sativum. Besides, we performed a
model structure using the Swiss-model tool basing in the
amino acid sequence homology with other characterized
SOD structures.
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Materials and Methods
MTT Reduction Test for Cell Toxicity

The cell lines B16FO (mouse melanoma cells) and PAE
(porcine aortic endothelial cells) were maintained in ade-
quate media as described previously [25]. To assess cell
survival after cytotoxic treatment, cells were seeded at
5 x 10%well (B16F0) or 6.25 x 10%well (PAE) in multi-
well plate in the presence of 0.1 pg/ml. After 24 h, sur-
viving cells were stained with MTT (3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide) as described by
Mossman [27].

Preparation of Garlic Protein Extract

Bulbs of A. sativum L. were crushed in liquid nitrogen,
stirred in a 50 mM Tris—HCI buffer pH 7.25, containing
0.1 mM ethylenediamine tetraacetic acid (EDTA), 0.1 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.5% (v/v)
Triton X-100, then filtered and centrifuged. The superna-
tant was brought to 70% saturation with ammonium sul-
fate. The precipitate was resuspended in 50 mM, Tris—HCl
buffer, pH 7.25, and desalted against the same buffer.

The crude protein extract (150 mg/ml) was loaded onto
a column (100 x 2.2 cm) of Sephacryl S200-HR gel
(Pharmacia, Uppsala, Sweden) for gel filtration chroma-
tography. Fractions with SOD activity were pooled and
used in further analyses.

All steps were carried out at 4°C, and SOD activity was
measured at each step by using the epinephrine method
[28]. For all experiments, protein amounts were measured
using the Bio-Rad protein assay. SOD proteins (60 pg)
were separated in 10% native PAGE using Laemmli’s
Tris—glycine buffer system [29]. SOD activity on gels was
observed by using the nitroblue tetrazolium (NBT) illu-
mination method described by Beauchamp and Fridovich
[30].

Two-Dimensional Gel Electrophoresis (2DE)

The active pool from gel filtration chromatography was pre-
cipitated by 100% trichloroacetic acid (TCA). The protein
pellet (100 pg) was first dried then rehydrated in 400 pl of the
first dimension buffer of the following composition: 7 M urea,
2 M thiourea, 65 mM 3-[(3-cholamidopropyl) dimethylam-
monio]-1-propanesulfonate (CHAPS), 20 mM dithiothreitol
(DTT), 2 mM tributylphosphine (TBP), 0.8% (w/v) carrier
ampholytes (pH 3-11, Sigma®), and 0.01% (w/v) bromo-
phenol blue. Immobiline DryStrips (18 cm, pH 3-10 nonlin-
ear, from Amersham, Pharmacia Biotech) were rehydrated by
protein samples. Isoelectric focusing (IEF) was performed by
using the IEF cell apparatus (Bio-Rad) as follows: active
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rehydratation for 12 h at 50 V, 250 V for 15 min, gradient
from 250 to 10,000 V for 3 h and final focusing for 12 h at
10,000 V. Strips were then stored at —20°C. Before the sec-
ond dimension, strips were equilibrated for 10 min in a buffer
containing 1% DTT. A second equilibration step was per-
formed for 10 min in a buffer containing 4% iodoacetamide.
The second dimension (SDS-PAGE) was carried out in
Protean II Xi vertical system (Biorad), by using 12.5%
polyacrylamide resolving gels (width 16 cm, length 20 cm,
thickness 0.75 cm). The strips were embedded on the top of
the gels and electrophoresis was carried out at 20 mA per
gel.

After migration, proteins were visualized by silver
nitrate staining (developing duration: 15 min) as described
by Rabilloud et al. [31]. Spot quantification was achieved
by computing scanning densitometry (ProXPRESS 2D,
PerkinElmer Sciex). The digitized images were analyzed
using the PerkinElmer ProFINDER 2D software version
2004.

Tryptic Digestion and Mass Spectrometry

Protein spots were excised from two-dimensional gels
using an automatic spot cutter (ProXCISION, PerkinEl-
mer) inside the chosen region (dashed square in Fig. 3).
Excised plugs were washed and dried in a SpeedVac cen-
trifuge for few minutes. Trypsin digestion (12.5 ng/ml
trypsin dissolved in 0.1 M ammonium bicarbonate) was
performed using an automatic digester (MultiPROBE II,
PerkinElmer Sciex) as previously described [32]. After
lyophilization, the peptide extracts were resuspended in
10 pl of 0.2% formic acid and 5% acetonitrile.

Peptides were enriched and separated using a lab-on-a-
chip technology (Agilent, Massy, France) and fragmented
using an on-line XCT mass spectrometer (Agilent). The
fragmentation data were interpreted using the Data Anal-
ysis program (version 3.4, Bruker Daltonic, Billerica, MA,
USA). For protein identification, MS/MS peak lists were
extracted and compared with the protein database using the
MASCOT Daemon (version 2.1.3; Matrix Science, Lon-
don, UK) search engine. The searches were performed with
no fixed modification and with variable modifications for
oxidation of methionine, and with a maximum of one
missed cleavage. MS/MS spectra were searched with a
mass tolerance of 1.6 Da for precursor ions and 0.8 for MS/
MS fragments.

If a protein was characterized by two peptides with a
fragmentation profile score higher than 25 (default value of
MASCOT), the protein was validated. When one of the
criteria was not met, peptides were systematically checked
and/or interpreted manually to confirm or cancel the
MASCOT suggestion.

Molecular Study
Chemical Reagents and Media

Pfu DNA polymerase and primers were purchased from
Bio basic Inc. IPTG (isopropyl f-D-1-thiogalactopyrano-
side), X-Gal (5-bromo-4-chloro-3-indolyl-f-D-galactopy-
ranoside), DTT, and ampicillin were from Sigma. Cloning
procedure was carried out in Escherichia coli NEB5 (New
England Bio Labs). T4 DNA ligase was obtained from
Promega and the pUC19 plasmid from Invitrogen. E. coli
cells were grown in LB supplemented with 1.5% agar for
plate cultures.

Primers Conception

On the basis of the known N-terminal sequence [25], the
internal peptide sequences obtained by LC-MS/MS anal-
ysis and the percentage of homology with plant SOD
genes, a set of primers was chosen to amplify the garlic Cu,
Zn-SOD2 gene. The primers composition and features
were performed by using the Oligo-Analyser v3.1 software.
Designing primers with degeneration was avoided. Thus,
only nucleotides the most frequently found in conserved
regions of plant Cu, Zn-SOD sequences was kept.

RNA Purification and RT-PCR Analysis

Fresh garlic bulb (1 g) was ground in liquid nitrogen to
powder in a ceramic mortar. Total RNA was isolated using
SV Total RNA Isolation System (Promega). An amount
(5 pg) of total RNA was used for the first strand cDNA
synthesis in a total reaction volume of 20 pl, in the pres-
ence of 200 U M-MLYV reverse transcriptase (Invitrogen)
and 0.5 pg of oligo dT primer.

The synthesized single strand cDNA served as a template
for PCR amplification using primer sets: forward, (FN1)
5'-GTGAAGGCTGTTGCTGTT-3' and reverse, (Y2) 5'-CC
TTGGAGACCAATGATACC-3'. Thermal cycling reactions
were carried out for 35 cycles (94°C for 1 min, hybridization
at 52°C for 1 min, and 72°C for 1 min). The PCR was “hot-
started” at 94°C for 10 min and completed by an elongation
step of 10 min at 72°C. To confirm product synthesis and
estimate DNA concentration by comparison with standard
markers, 5 pl of each reaction was submitted to electropho-
resis in a 1.2% agarose gel in Tris—acetate-EDTA buffer
(TAE).

Identification of the SOD cDNA by Specific Nested
PCR

The cDNA fragment obtained from the first PCR amplifi-
cation was purified using Mini Elute gel extraction kit
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(Qiagen) and submitted to a PCR using the specific internal
primers: forward, (X1) 5-GCACCAGAGGATGAAAAC
CGC-3' and reverse, (W2) 5'-CCTTGGAGGCCGATAAT
TCC-3'.

Cloning of the Amplified PCR Fragment

The PCR product was cloned in Smal linearized pUC19-
plasmid using T4 DNA ligase. Competent E. coli strain
NEB5«a was transformed with the ligation mix and plated
onto selective medium supplemented with ampicillin
(100 pg/ml), X-Gal (10 pg/ml), and IPTG (40 uM) for
blue/white colonies selection. Plasmids were isolated from
white colonies by alkaline lysis protocol according to
Sambrook et al. [33], and then analyzed by PCR amplifi-
cation. Recombinant vectors were sequenced from both
ends, using the universal M13 forward and reverse primers
(United States Biochemical, Cleveland, USA).

Sequence Analysis and Deduced Amino Acid Primary
Structure

The cDNA was sequenced on automated DNA sequencer
(Model 370A, Applied Bio systems). The corresponding
amino acid sequence was deduced with DNAMAN pro-
gram and then analyzed on the Expasy Swiss Prot Web
Server (http://www.expasy.ch) [34]. Homology and iden-
tity analyses were carried out using BLAST through the
NCBI server [35]. Nucleotide and amino acid sequences of
SODs were derived from the EMBL/GenBank [36] and
SwissProt databases, respectively. Multiple sequence
alignment of the nucleotide sequences were generated with
the DNAMAN program (v5.2.2; Lynnon Biosoft, Que.,
Canada) and the 450-bp regions were compared.
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Structure Modeling

The 3D model structure of SOD was obtained using the
online Swiss-Model program (http://swissmodel.expasy.
org/) [37] based on homology modeling with Potentilla
atrosanguina Cu, Zn SOD structure (Ref. PDB: 2Q2L).
Visualization and analysis of the structure were performed
with PyMol program (www.pymol.org) [38].

Results and Discussion
Cytoprotector Effect of Cu, Zn-SOD2

To understand whether the native Cu, Zn-SOD2 has an
anti-proliferative effect on malignant cells as observed with
MnSOD [24], experiments were carried on.

In a preliminary step, the results showed that pure
enzyme addition does not affect tumoral cell lines viability.
For this purpose, we determined the reaction of malignant
cell lines treated by one of most used anticancer drugs:
doxorubicin also named adriamycin (0.1 pg/ml). The
results were compared to those obtained when adding 8 U
of pure Cu, Zn-SOD2 (Fig. 1). In both doxorubicin-treated
cell lines, we notated the decrease of cell survival of about
45 and 20% for B16F0 and PAE, respectively. These data
correlate with the effective doxorubicin role since it is a
widely used anthracycline class chemotherapeutic agent.
This molecule is a quinone-containing antitumor antibiotic,
which can be reduced to free radical semiquinone [39]. This
semiquinone cannot induce DNA damage by itself but also
redox cycles with O, producing anion superoxide [40].
Superoxide radicals can react with hydrogen peroxide to
form highly reactive hydroxyl radicals via the iron catalyzed
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Betr ODoxo 0.1pg/ml DDoxoO,lpg'rnHSUMnSOD‘

| Bctr ODoxo0.lpg/ml ODoxo0.lpg+8UMnSOD

Fig. 1 Increased resistance to doxorubicin of BI6F0O and PAE cells
in the presence of 8 U Cu, Zn-SOD?2. Cells survival was evaluated by
MTT reduction assay. BI6FO (5 x 10* cell/ml) and PAE (6.25 x
10* cell/ml) was treated with 0.1 pg/ml doxorubicin (24 h). All data

@ Springer

were expressed by mean values = SEM of duplicate samples.
Statistical analysis was carried out using student’s ¢ test. Statistical
P value <0.05 was considered significant
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Haber—Weiss reaction. The secondarily derived hydroxyl
radicals can cause protein and DNA damage and initiate lipid
peroxidation [41]. Here, we observed a resistance increase of
tumor cells treated with 8 U of pure Cu, Zn-SOD2. Appar-
ently, pure Cu, Zn-SOD2 alleviates anticancer drug cyto-
toxicity. The possible explanation is that the presence of Cu,
Zn-SOD?2 increases the dismutation rate of superoxide anion
to hydrogen peroxide, which was scavenged by peroxide-
removing enzymes (catalases and glutathione reductases). In
particular, antioxidant’s defense system is usually changed
during carcinogenesis or in tumors [42]. The difference in
the activities of direct antioxidants enzymes (SOD and cat-
alase) is generally lowered as compared to adjacent tumor
free tissues [43]. As expected, SOD over-expressing cells
cope with higher levels of oxygen radicals generated by
redox-cycling agents, thereby preventing the initiation of
apoptotic signaling pathways [44].

From this finding, it can be concluded to the cytopro-
tector role of garlic Cu, Zn-SOD from doxorubicin. Many
studies suggested that MnSOD could play a protective role
against the cytotoxicity of a number of agents including
UV radiation, anticancer drugs, and pro-oxidant chemicals
in cell culture model [45, 46]. Thus, it has been reported
that MnSOD over expression can improve the adriamycin-
induced mitochondrial damage in the heart of transgenic
mice [47]. Few data deals with copper—zinc SOD features.

Our current study shows that pure Cu, Zn-SOD2 main-
tains cellular integrity under adverse conditions, at the
same manner that over expression of the Cu, Zn-SOD
which, increased the resistance of Arabidopsis thaliana to
salt stress by lignification of vascular structure [16].

Therefore, we started a protocol to clone and express these
proteins to over produce enzymes and deepen our results.

(SOD1) MnSOD —>

(SOD2) Cu,ZnSOD2 —»

(soD3)Cu,znsob3 —> |

Fig. 2 Identification of SOD isoforms from crude garlic extract,
60 pg of protein was subjected to native PAGE and stained with NBT
for SOD activity. MnSOD manganese SOD (SOD1), Cu, Zn-SOD2
and Cu, Zn SOD3 copper—zinc SOD

Garlic Protein Extract

SOD activity was obtained from garlic protein extract
(60 pg) obtained as shown in “Materials and Methods”.
The NBT staining performed on native PAGE revealed the
presence of three bands at pH (Fig. 2) [25]. They were
designed as SODI, 2, 3 according to their migration dis-
tance toward anode. For identification of various SOD
isoforms, gel bands were treated with specific inhibitors as
KCN (3 mM) or H,O, (5 mM) in pre-equilibrating buffer
before SOD activity staining. SOD1 was not sensitive to
both reagents and was identified as manganese superoxide
dismutase (MnSOD); SOD2 and SOD3 activities were both
inhibited and consequently classified as two Cu, Zn-SODs
(Cu, Zn-SOD2 and Cu, Zn-SOD3) [25].

Two-Dimensional Electrophoresis

Because of long, hard purification steps and low rate of
protein extraction, 2DE analysis was successfully used to
analyze the active SOD fraction directly after gel filtration
chromatography. Electropherogram discriminated about
300 spots after silver staining (Fig. 3). For garlic SOD iso-
enzymes identification, a region containing about 50 spots
was selected on the basis of biochemical data deduced from
Fig. 3. In addition, considered the subunit molecular
weight known to be around 16 kDa for cytoplasmic SODs
[48] and 25 kDa for manganese SOD [49] and second the
isoelectric point known to range between 5 and 7 [25].

pH

Mw (KDa)

Fig. 3 Experimental two-dimensional gel electrophoresis gel obtained
from a protein extract of A. sativum (protein loading, 100 pg). The
dashed box shows the region containing the 50 analyzed spots. Numbers
refer to the three SOD isoforms
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Identification of SODs

All chosen spots were subjected to in gel digestion and
LC-MS/MS analysis. Trypsin produces a series of different
molecular mass fragment of each particular protein. This
analysis allowed to identify the spot 11 as a chloroplastic
SOD (SOD3) with ion score equal to 75; the spot 20 as a
MnSOD with ion score equal to 76 and the spot 34 cor-
responding to cytoplasmic Cu, Zn-SOD with ion score
equal to 120 (Table 1). MnSODs are homotetrameric pro-
teins. In our study, the molecular weight calculated for the
subunit was evaluated to about 25 kDa, close to the mass
average (25 kDa) of known MnSODs [49]. The isoelectric
point of manganese isoforms is generally in the range of
7-8.5 [50, 51]. The molecular weight calculated for the
chloroplastic SOD (SOD3) is about 22 kDa. Murai et al.
[52] found that chloroplastic SOD of Solidago altissima
shows as well as pl equal to 5.8.

The three internal peptides from Cu, Zn-SOD2 are
shown in Table 2. The peptide sequence coverage observed
is about 19%. Comparison of peptide sequences pointed
out similarities with sequences of other plant Cu, Zn-SODs
like those from Sandersonia aurantiaca, Nelumbo nucifera,
and Populus tremuloides (Mascott data not shown).

Cu, Zn-SOD2 Gene Cloning and Sequencing
We attempted to identify the nucleotide sequence of the
Cu, Zn-SOD2 gene. From peptide sequences obtained (see

above) and homologies with known plant SODs nucleotide
sequences, two primers FN1 and Y2 were generated and

Table 1 Identified SODs

No. pl Mw Score  Peptides  Protein

spot (KDa) matches

11 59 2219 75 1 Cu, Zn-SOD
chloroplastic (SOD3)

20 7.1 252 76 2 MnSOD

34 5.0 15.06 120 3 Cu, Zn-SOD

cytoplasmic (SOD2)

A biochemical characterization (molecular weight, p/) of the three
isoforms of garlic SOD represented by the following spots numbered:
11, 20, and 34 after 2DE and LC-MS/MS analysis

Table 2 Sequence of internal peptides identified by LC-MS/MS from
Cu, Zn-SOD2 (spot 34)

Experimental Precursor Sequence de novo

(Mw) m/z

P3: 1152,47 5774 —~EHGAPEDENR-

P4: 1333,90 668,3 —AVVVHADPDDLGK-
P5:2043,03 682,3 —AVVVHADPDDLGKGGHELSK—

@ Springer

used for RT-PCR amplification. The amplified fragment
displayed a length of 456 bp (Fig. 4) and matched with
predicted fragment length. To confirm PCR specificity, two
internal primers (X1, W2) were used for further PCR
amplification. Result pointed out an amplicon of 250 bp as
expected (Fig. 5).

Complete nucleotide and amino acid sequences of Cu,
Zn-SOD2 are shown in Fig. 6. The open reading frame
consisted of 456 bp (152 amino acids), and the N-terminal

Ctr+ 100bp 48°C 50°C 52°C 54°C

Fig. 4 RT-PCR amplification of the Cu, Zn-SOD2 cDNA sequence.
Lane 1 negative control, lane 2 100 bp molecular weight marker
(Promega), lanes 3, 4, 5, and 6 temperature gradient from 48 to 54°C
to amplify the cDNA sequence

Nested PCR X1/W2

PCRFN1/Y2

Ctr- 100bp 54°C 56°C 58°C Ctr+ 100bp

456 bp

250 bp

Fig. 5 Nested PCR amplification cDNA Cu, Zn-SOD2 analysis.
Lane 1 negative control, lane 2 100 bp molecular weight marker
(Promega). Lanes 3, 4, and 5 nested PCR occurred in different
hybridization temperatures (54, 56, and 58°C). Lane 6 positive control
(PCR with FN1/Y2 amplifying the cDNA total sequence)
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Fig. 6 Nucleotide sequence of 1
the garlic Cu, Zn-SOD2 cDNA 1
and its deduced amino acid FN1
sequence. Numbers refer to
nucleotide and its deduced 61
amino acid residues. Asterisk 21
indicates a stop codon. Bold
letters indicate amino acids
. . . 121
implicated in metal a1
coordination. Underlined letters
show the disulfur bridges. The
dashed underlines show primers 181
localization. The full lines with 61
arrows indicate peptides
obtained by LC-MS/MS
241
81
301
101 S Q1
361

ATGGTGAAGGCTGTTGCTGTACTTAATAGCGCTGAAGGAGTTAAGGGCCACGTGTTCTTC
M vV K A VvV A4 vV LN S 2 E G V K G H V F F

AAAAAAGAGGGAGATGGTCCAACTGCTGTAACCGGAACTATCTCTGGTCTCAAACCTGGT
K K E GG D G P T AV T G T I S G L K P G

CTTCATGGTTTCCATGTTCATGCTCTTGGTGACACAACAAATGGATGCATGTCTACTGGT
L HG6G F HVH AL GDTTNUGTZ CM®MNS TG

CCTCATTTCAACCCTCTTGGAAAGGAACATGGGGCACCAGAGGATGAAAACCGCCATGCT
P HF NP L G KE EHGAUPETDTENIT RUHa
X1

LARE | >
GGCGACCTAGGAAATGTGACAGCTGCTGAGGATGGGACGGTTACTCTTTCTCTTTCTGAT
G DL GNVTAAKAEDGTUV TUL S L S D

TCTCAGATCCCACTTACTGGCCCAAATTCAATTATTGGACGTGCTGTTGTTGTCCATGCT
P L T G PN S I I G R AV V V H a
P4 M------ccecmmeeeeeeo

GATCCTGATGATCTTGGAAAGGGTGGACATGAGCTCAGCAAAACAACTGGAAATGCTGGA

121 D P DDL G K G G HEUL S KTTGDN A G

""" > 5

>
>

421 GGAAGAATTGCATGCGGTATCATTGGTCTCCAAGGC *

141 G R I

amino acid sequence deduced from the nucleotide
sequence was consistent with the sequence determined
from the purified protein except for the first methionyl
residue, which was probably removed for maturation, as
observed for other SOD proteins. The predicted molecular
mass was 15.181 kDa, which was close to that estimated by
SDS-PAGE for the Cu, Zn-SOD2 [25].

The predicted protein contains residues considered as
essential for coordinating copper (His-45, -47, -62, and
-119) and zinc (His-62, -70, -79, and Asp-82) atoms. Two
cysteines (C-56 and C-145) that form a disulfide bond are
also conserved. The sequence analysis shows that the
functional residues conserved in all reported Cu, Zn-SOD
sequences are present in SOD2 [53, 54].

The nucleotide sequence data of the Cu, Zn-SOD2
cDNA was deposited in the GenBank Database under
accession number GU290312.2.

Investigation of protein sequence similarity revealed a
high percentage of identity of the Allium Cu, Zn-SOD with
those of other plant Cu, Zn-SODs. Highest identities
were found with SODs from Sandersonia aurantiaca
(gb/AAL8BS5888.1) (87%), Oryza sativa [55], and Populus
trichocarpa (gb/ ABN58428.1) (85%). High identities were
also found with those of Zea mays [56] and P. atrosan-
guina [18] of about 84 and 82%, respectively (Fig. 7).

A C G I I
Y2
w2

G L Q0 G

Cu, Zn-SOD?2 Structure Modeling

To identify the tri-dimensional structure of SOD2, we
performed molecular modeling by Swiss-model. For that
purpose, we used as template the X-ray crystallographic
structure of P. atrosanguina Cu, Zn SOD (reference PDB:
2Q2L) [18].This model template presents the only avail-
able 3D structure having the closet identity with our SOD
protein.

By using a modeling approach, a representation of the
overall polypeptide chain fold was obtained for Cu, Zn-
SOD2 and a high homology of structure with the protein
from P. atrosanguina could be observed. The Cu, Zn-
SOD2 displays a structure of eight-stranded antiparallel
p-barrel with the well-studied Greek key fold connectivity
(Fig. 8), which is observed in all (eukaryotic and pro-
karyotic) Cu, Zn-SOD structures [57]. As observed in other
SODs, Cu, Zn-SOD2 contains an intra-subunit disulfide
bond, and a zinc-binding site that contribute to its extreme
thermo-chemical stability [58]. It should be noted that all
residues interacting with the ligand are completely con-
served between the model and the template. The RMSD
between the interacting residues of model and template is
lesser than two: 0.040. Given by the properties calculated
in the ligand zZN was included in the final model of
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PHFNPLGKEHGAPEDENRHAGDLGNVTAAEDGTVTLSLSDSQIPLTGPNSIIGRAVVVHA
PHFNPAGKEHGSPEDETRHAGDLGNITVGDDGTACFTIVDKQIPLTGPHSIIGRAVVVHA
PHFNPTGKEHGAPQDENRHAGDLGNITAGADGVANVNVSDSQIPLTGAHSIIGRAVVVHA
HDYNPASKEHGAPEDENRHAGDLGNVTAGADGVANINVTDSQIPLTGPNS IIGRAVVVHA
PHFNPAGKEHGAPEDENRHAGDLGNVTAGEDGNVNF TTSDCQIPLTGPHSIIGRAVVVHA
PHFNPVGKEHGAPEDENRHAGDLGNVTVGDDGTATFTIIDKQIPLTGPHSIIGRAVVVHG

Fig. 7 Optimal alignment of Gar_SOD
Cu, Zn-SOD of different plant Pot_3S0D
species. The alignment of amino Ory_SOD
acid sequences translated from Zea_SOD
cDNA sequences using the sand_soD
PopT SOD
DNAMAN program. The plant -
names and the accession
numbers in GenBank are: Gar SOD
gar_SOD, A. sativum (gb/ Pot_SOD
ADB28989), this study; Ory_ SOD
Pot_SOD P. atrosanguina (gb/ Zea_SOD
ACB38158); Sand_SOD, Sand_30D
Sandersonia aurantiaca (gb/ PopT_S0D ol
AALB5888.1); ory_SOD, Oryza )
sativa (gb/ABY52933.1); Gar SOD
Zea_SOD, Zea mays (gb/ Pot SOD
AAB49913.1); PopT_SOD, Oory SOD
Populus trichocarpa (gb/ Zea SOD
ABNS58428). Asterisks refer to Sand_SOD
identities with garlic PopT_SOD

FEEE K KK FXEEXNTEE X TE

K ORXEENE XXX EENRRN

DPDDLGKGGHELSKTTGNAGGRIACGIIGLQG
DPDDLGKGGHELSKSTGNAGGRIACGIIGLQG
DPDDLGKGGHELSKTTGNAGGRVACGIIGLQG
DPDDLGKGGHELSKSTGNAGGRVACGIIGLQG
DPDDLGKGGHELSKSTGNAGGRVACGIIGLQA
DPDDLGKGGHELSKTTGNAGGRVACGIIGLQG

FAXEEXRNRNEENNEE FAFERRN _FFXXE4%F

Fig. 8 Comparison of the model structure of Cu, Zn SOD2 (a) and
the X-ray crystallography of P. atrosanguina SOD (b). The Ribbon
model structure of the Cu, Zn-SOD?2 of A. sativum was created based
on the known structure of P. atrosanguina (PDB: 2Q2L). Structural
views were performed via PyMol program. a Structure model of Cu,

Potentilla SOD. Furthermore, the model structure of SOD2
was successfully performed with a dimer (data not shown)
consistently with the dimer of two Potentilla SOD mole-
cules in the crystallographic data. Besides, data revealed in
native gel suggest that Cu, Zn-SOD2 oligomerises as an
homodimer. These structural features may be correlated to
the extreme thermo-chemical stability showed previously
[25].The Cu, Zn-SOD2 enzyme activity was unaltered till
50°C and decrease with 20% at 70°C after 30 min incu-
bation at pH 7.5.

This was also observed in other SODs displaying such
disulfide bonds, metal binding site and Greek key. The
fully metallated and disulfide intact protein (Cu,,
Zn,SODS-S) which is highly stable has a melting tem-
perature (T,) of 95°C [58], while the metal-free and

@ Springer

Zn-SOD2 from A. sativum. b Crystallographic structure of Potentiella
atrosanguina SOD. The Zn metal ion is represented as a gray sphere
(only one chain of the P. atrosanguina Cu, Zn-SOD is shown here).
Histidine residues implicated into copper and zinc coordination are
shown as sticks. The disulfide bonds are also shown with arrows

disulfide-reduced SOD protein (SODSH) is more unstable
and exhibits a Ty, of 42°C [59].

In addition, the Greek key could also be a crucial ele-
ment for the thermal stability as suggested from autoclav-
able P. atrosanguina Cu, Zn-SOD resistance [60].The
conserved structure folding in SOD2 concomitant to its
thermal stability support the hypothesis that Greek key
together with disulfide bond and native metal binding
participate to the thermal stability of SOD family.

Conclusions

In this study, we concluded first to the cytoprotector role of
garlic copper, zinc SOD from cytotoxic stimuli. Then, we
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demonstrate that proteomic approach is a successful strat-
egy to characterize internal protein sequences in the aim to
clone respective genes. Such an approach combined with
molecular and computational tools allowed to identify the
nucleotide and amino acid sequences of SOD protein from
A. sativum. The study of recombinant SOD action will be
carried out and it is assumed that it should be the same as
for native enzyme from garlic. This will allow us to more
investigate in therapeutic application.
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