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a b s t r a c t

The enzymatically active monomeric form of CuZn-superoxide dismutase has always been of interest to
decipher the structureefunction relationship in this class of enzymes. In the present study, spectroscopic
and enzymatic characteristics of the dimeric and monomeric forms of recombinant Ipomoea carnea
CuZn-superoxide dismutase were made to decipher their stability and altered catalytic properties. The
monomeric form of protein was produced through site directed mutagenesis by replacing a conserved
hydrophobic leucine with a polar lysine residue at the dimer-interface. Spectral characteristics of both
the forms (monomer and dimer) showed the presence of novel electronic transitions. Superoxide
scavenging activity of the mutated form was reduced to nearly half of the activity found in the native
enzyme. Concomitantly, compared to native form the mutated enzyme showed an increase in peroxidase
activity. High temperature dependent circular dichroism spectral analysis, differential scanning calori-
metric profile, and the measurement of temperature dependent superoxide scavenging activity indicated
an increased susceptibility of the mutated form to higher temperature as compared to the native form.
The inhibitor studies like hydrogen peroxide, diethyldithiocarbamate and phenylglyoxal also indicate
higher susceptibility, which might be due to, altered arrangement of active site residues as a consequence
of the mutation. Molecular modeling and MD simulation studies further indicated that this specific
mutation induces loss of hydrophobic interaction at dimer interface, resulting in the observed instability
of the dimeric form. Increased peroxidative activity of the enzyme, upon monomerization may have
physiological implication essentially in presence of high concentration of H2O2, as in case of plant cells
specifically under stress conditions.

� 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Superoxide dismutases (EC 1.15.1.1), belong to a family of
metallo-enzymes, which catalyze the disproportionation of

superoxide anion radical (O2
��) in a two-step reaction kinetics

resulting in formation of molecular oxygen (O2) and H2O2 [1].
Therefore, SODs play an important protective role in cells by pre-
venting the reactive oxygen species (ROS) mediated oxidation of
cellular components. Based on the presence of metal ion cofactor(s)
in their active site, SODs are classified as CuZn, Mn, Fe, Ni, cam-
bialistic (Fe/Mn or Fe/Zn) SODs, and heme co-ordinated SOD [2].
The latter three forms are, however, reported in prokaryotes only
[3]. Iso-forms of CuZn-SOD, the most abundant SOD in higher plant
cells are found in chloroplast, cytosol, peroxisome, and in extra
cellular space [3,4].

Eukaryotic CuZn-SODs are in general homodimer and non-
covalently bonded by identical sub-units containing a copper
(Cu2þ) and a zinc (Zn2þ) ion [5]. The oxidized copper ion (Cu2þ)
serves as the redox partner of O2

��, whereas Zn2þ appears to stabi-
lize the dimer assembly and plays a role in electrostatic
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stabilization of the enzyme [6]. Based on the observation that the
native sub-units exhibit identical activity, it has been suggested
that the active sites in each of the sub-units can function inde-
pendently [7]. In addition to the presence of dimeric forms, natural
occurrence of monomeric form of CuZn-SOD, like those found in
bacterial system is also reported in plant species [8,9], suggesting
physiological relevance of the monomeric structure of the enzyme.
Prokaryotic CuZn-SOD shows larger structural variability than
eukaryotic enzymes in terms of their active site channel organi-
zation and arrangement of amino acid residues at dimer interface
[10].

In humans, mutations in the dimeric interface of CuZn-SOD
(SOD 1) that cause destabilization of the quaternary structure of
dimeric CuZn-SOD and eventually lead to misfolding or formation
of aggregates that may lead to fALS disease [11]. Thesemutant SODs
generally retain their full activity; however there is a toxic gain of
oxidative function. Another interesting feature that has attracted
some of these aberrant CuZn-SODs for investigation is the stimu-
lation of disproportionation of O2

�� anion along with additional
peroxidative activity [12,13]. Hence, these results provide rationale
to study of peroxidase action of the CuZn-SODs and their mutant
form, both under in vitro and in vivo conditions.

Ipomoea carnea (I. carnea) subsp. fistulosa of the Convolvulaceae
family (morning glory) is a toxic plant. The toxic principles of the
plant have been identified as two nortropane alkaloids, calyste-
gines B2 and C1 and an indolizidine alkaloid swainsonine [14]. The
plant serves as one of themost suitable species for phyto-extraction
of cadmium from soil [15]. However, the plant has not been thor-
oughly examined to understand its antioxidative potential.
Although, different species of Ipomoea i.e., Ipomoea batata shows
few interesting facts about the structure and functional aspects of
the enzyme [16], there is dearth of information on antioxidative
enzymes of I. carnea, that grows abundantly in all kinds of agro-
nomic conditions.

In the present study, the structureefunction relationship of
dimeric recombinant I. carnea CuZn-SOD and its monomeric
variant have been explored. The monomeric form of the protein
was obtained by site directedmutagenesis of one leucine (Leu) with
a charged lysine (Lys) residue. The resulting dimer showed low
stability with decrease in superoxide scavenging activity. However,
there was an increase in peroxidase activity in mutated form as
compared to wild type. These observations led us to perform
detailed molecular modeling studies that connect different exper-
imental observations of the mutant protein and revealed the
characteristic structural changes of the protein, leading to disrup-
tion of residueeresidue contacts and monomerization of the native
protein.

To the best of our knowledge this is the first report, where
peroxidase activity of a plant CuZn-SOD has been studied in vitro
and further extended to its monomeric variant. The present study
has re-examined the role of subunitesubunit interactions to deci-
pher the stability and catalytic properties of the enzymes. In this
report, the wild type I. carnea CuZn-SOD (IcSOD) has been
described as Wild Type or WT, while the mutant one as mutant or
MT or variant.

2. Materials and methods

2.1. Plant material and chemicals

The leaves of I. carnea that grows widely in the Institute of Life
Sciences campus, Bhubaneswar, India were collected, washed
thoroughly under tap water followed by distilled water before use
in the experiments.

Unless otherwise indicated, all analytical grade reagents were
procured from Sigma. The expression vector pQE30-UA, Escherichia
coli M15 cells, Ni-NTA columns and matrix were procured from
Quiagen. DNA modifying enzymes, Taq DNA polymerase, AMV
reverse transcriptase, pGEM T-Easy vector and E. coli JM109
competent cells were obtained from Promega. Chromatography
columns were procured either from Amersham Pharmacia or
Pierce.

2.2. PCR amplification and construction of WT (pQE30-UA-WT) and
the variant (pQE30-UA-mutant) vectors

Total RNA was isolated from I. carnea leaves using TRI reagent
(Sigma), according to manufacturer’s instructions. The single
stranded cDNA was synthesized from 2 mg of RNA using oligo (dt)
primer and AMV reverse transcriptase [17]. Second cDNA fragment
corresponding to the ORF of the cytosolic IcSOD was PCR amplified
using the first strand cDNA as template, with degenerate primer
pair (Supplementary Table S1). The PCR product was first cloned
into the pGEM T-Easy vector, and nucleotide sequence of the insert
was verified by auto-sequencing with SP6 and T7 primer pairs
(TCGA, New Delhi, India). The recombinant plasmid (pGEMT-Easy-
IcSOD) was used as the template to amplify IcSOD gene (IcSOD),
using same set of forward and reverse primers. The gene was sub-
cloned into expression vector pQE30-UA (pQE30-UA-IcSOD), and
transformed into competent E. coli JM109 cells. The correct orien-
tation of the gene in the positive colonies, were screened by colony
PCR using vector specific forward and gene specific reverse primer
pairs (Supplementary Table S1). The presence of insert was addi-
tionally confirmed by restriction digestion using BamHI and HindIII.

Based on deduced protein sequence alignment (Supplementary
Fig. S1), a variant plasmid replacing Leu to Lys at 49th position (Leu-
49Lys) was constructed following in vitro site-specific recombinant
PCR [18], using sense and antisense sequence of the required
mutated region and �50 and �30 flanking region primers
(Supplementary Table S1). Positive clones were selected and
sequenced to confirm the mutation. The native and the variant
plasmids were transformed into competent E. coli M15 cells for
recombinant expression of the proteins.

2.3. Overexpression and purification of WT and variant
recombinant IcSOD protein

The recombinant plasmids (pQE30-UA-WT and pQE30-UA-
mutant) were expressed in E. coli host (M15) under IPTG induction.
Presence of the recombinant protein in the soluble fraction was
checked and purified to homogeneity following published protocol
[19]. Inclusion of Cu (copper sulfate) and Zn (zinc sulfate) in the
growth media and reconstitution of these metal cofactors in puri-
fied protein were performed following established protocol [20e
22]. Purity of the protein was analyzed on 15% SDS-PAGE taking
1 mg of protein [23]. Presence of poly-histidine tag was confirmed
with Western blotting using Penta-His antibody as described
earlier [19]. Protein concentration was determined following
Bradford [24].

2.4. Determination of native and sub-unit mass

The native molecular weight of the purified WT and the variant
IcSODwas determined by gel filtration chromatography on a Bio-Sil
250 column (Biorad), equilibrated with 5 mM K-PO4 (pH-7.2) buffer
containing 150mMNaCl and pre-calibratedwith standard proteins.
The subunit size (monomer) was determined in 15% SDS-PAGE and
also by MALDI-TOF-MS. Protein samples (100 pmol) were dissolved
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