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Methionine sulfoxide reductase A (MSRA) is a ubiquitous enzyme 
that has been demonstrated to reduce the S enantiomer of methio-
nine sulfoxide (MetSO) to methionine (Met) and can protect cells 
against oxidative damage. In this study, we isolated a novel MSRA 
(SlMSRA2) from Micro-Tom (Solanum lycopersicum L. cv. 
Micro-Tom) and characterized it by subcloning the coding se-
quence into a pET expression system. Purified recombinant pro-
tein was assayed by HPLC after expression and refolding. This anal-
ysis revealed the absolute specificity for methionine-S-sulfoxide 
and the enzyme was able to convert both free and protein-bound 
MetSO to Met in the presence of DTT. In addition, the optimal pH, 
appropriate temperature, and Km and Kcat values for MSRA2 were 
observed as 8.5, 25oC, 352 ± 25 μM, and 0.066 ± 0.009 S-1, 
respectively. Disk inhibition and growth rate assays indicated that 
SlMSRA2 may play an essential function in protecting E. coli 
against oxidative damage. [BMB reports 2011; 44(12): 805-810]

INTRODUCTION

Methionine sulfoxide reductase (MSR) reduces methionine 
sulfoxide (MetSO) back to methionine (Met) and has been re-
ported to play an important role in protecting organisms 
against oxidative stress, age-associated disease, and regulation 
of lifespan (1-3). The three types of MSR identified so far in di-
verse organisms are MSRA, MSRB, and fMSR, which are re-
sponsible for the reduction of S- and R-epimers of MetSO and 
free Methionine-R-sulfoxide, respectively (4). 
　Most of the higher plants possess A and B types of MSRs, which 
have been known to support protein repair and defense against 
oxidative stress and pathogen attack (5). Guo and coauthors dem-

onstrated that overexpression of rice (Oryza sativa) plastidial 
MSRA4 in yeast and rice enhanced the levels of protection against 
H2O2-(hydrogen peroxide) and NaCl-mediated oxidative stress, 
respectively (6). In Arabidopsis thaliana, MSRA2-disrupted plants 
exhibited reduced growth under long night conditions (7). MSRAs 
have been reported to exist in nature as a multigenic family (5). 
Five MSRAs have been reported to be present in the genome of 
A. thaliana with different functions (5). Five types of MSRAs were 
identified in O. sativa, and were grouped based on their local-
ization such as cytosol (MSRA2.1 and MSRA2.2), plastids 
(MSRA4.1 and MSRA4.2), and secretory pathway (MSRA5). 
Although MSRA multigenic families have been investigated in 
model plants, reports on MSRAs from tomato (Solanum lycopersi-
cum) are still lacking. A single protein that is encoded by a bifunc-
tional gene known as E4 (NCBI, accession no. S44898) has been 
reported to function as a MSRA enzyme (5, 8). While investigating 
the MSRA family in Micro-Tom (S. lycopersicum L. cv. 
Micro-Tom), we discovered a MSRA cDNA, SlMSRA2, which en-
coded a protein of 188 amino acids. The sequence of this protein 
shared 93.4% identity with a fruit-ripening protein (E4). 
Interestingly, we found that the amino acid sequence of SlMSRA2 
was truncated at the C terminal region (DPIRCYG), which con-
tained two key cysteines in the plant MSRA regeneration process 
(9). These findings led us to hypothesize that due to the lack of the 
“resolving” cysteines at the C terminus, tomato MSRA2 can act as 
a new sub-class of MSRA.
　In order to characterize SlMSRA2 protein activity, we iso-
lated the coding region from Micro-Tom cDNA and inserted it 
into a pET 28a(+) expression vector, which was then in-
troduced into E. coli cells. Dialysis was used to refold the 
SlMSRA2 recombinant protein from inclusion bodies. The ki-
netics and properties of the enzyme were investigated and its 
resistance to oxidative damage was evaluated.

RESULTS

Sequence alignment and cloning of SlMSRA2 from tomato
A MSRA cDNA, termed SlMSRA2, was selected from a tomato 
genomics database (http://solgenomics.net/). The complete 
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Fig. 1. (A) Alignment of tomato MSRA2 amino acid sequences from
other organisms using DNAMAN software. Tomato fruit-ripening protein
(E4; P54153), hybrid poplar (PtMSRA; AAS46231), strawberry (FaMSRA;
CAC17011), E. coli MsrA (EcMsrA; NP_418640). Asterisk (*) above 
the sequence represents the catalytic cysteine residue. The first resolving
cysteine of E. coli MSRA is shown as a black dot. Two conserved
resolving cysteine residues are indicated with black arrows. The putative
MSRA signature motif is indicated with box I. The box II region shows
the unique conserved sequence in plants. (B) Schematic diagram of 
recombinant SlMSRA2-pET 28a(+) vector. (C) Detection of SlMSRA2
transcripts in non-transformed and transformed E. coli. An approximately
584 bp product was detected with SlMSRA2 specific primers (lane 2).
(D) SDS-PAGE analysis of recombinant SlMSRA2 protein. M, protein 
marker; Lane 1, total lysate (without IPTG induction); Land 2, total 
lysate (with IPTG induction for 4 h at 37oC); Lane 3, soluble fraction;
Lane 4, insoluble fraction; Lane 5, elution of SlMSRA2 after Ni2+-IDA
affinity chromatography; Lane 6, protein was pooled and concentrated
by Amicon filtration.

SlMSRA2 coding sequence (567 bp) encoded a protein that con-
tained 188 amino acids with a predicted molecular weight of ap-
proximately 21.1 kDa and pI of 6.35. Alignment results in-
dicated that the SlMSRA2 protein shared 93.4% identity with E4 
protein. It also shared 78, 77, and 38.3% similarities with the 
MSRA from hybrid poplar, strawberry, and E. coli, respectively. 
SlMSRA2 contains the key conserved catalytic site cys37 in the 
MSRA individual region, i.e. the ‘GCFWG’ motif (Fig. 1A). 
However, the SlMSRA2 amino acid sequence, truncated at the C 
terminus, did not contain a ‘DPIRCYG’ conserved region, which 
is unique to plant MSRAs (Fig. 1A), and consequently, lost two 
important recycling cysteine residues.

Expression, purification, and refolding of recombinant 
SlMSRA2 from E. coli
To further characterize the tomato MSRA2, its complete coding 
sequence was cloned into the expression vector pET 28a(+), 
where the sequence was inserted under the control of an in-
ducible T7 promoter to construct recombinant A2-pET (Fig. 1B). 

After introduction into the BL21 (DE3) strain, the transformed 
cells were verified using colony PCR methods. The transcription 
level of SlMSRA2 in E. coli was also examined by RT-PCR. An 
approximate 584 bp-length fragment was observed on positively 
transformed cells, while no amplified fragment was detected 
from control cells transformed with an empty vector (Fig. 1C). 
The induction level of SlMSRA2 in E. coli was checked under 
conditions described in the ‘Materials and methods’ section. To 
confirm the solubility of SlMSRA2, the crude protein, soluble 
fraction, and insoluble portion were examined using a 12% 
SDS-PAGE gel. In this analysis, a high level of expression of a re-
combinant protein with a molecular weight of about 25 kDa was 
detected in the crude protein and insoluble fraction (Fig. 1D). 
Subsequently, the inclusion bodies were dissolved in 8 M of 
urea, and the filtered soluble fraction was subjected to a 
Ni2+-IDA column. The final eluate showed one major band (Fig. 
1D, lane 6). Initially, we attempted to refold SlMSRA2 from dis-
solved inclusion bodies using one-step dialysis, or a diluted pro-
tein refolding system, but these methods failed to yield soluble 
active protein. Therefore, we introduced a stepwise dialysis 
process to refold SlMSRA2 from inclusion bodies. Finally, 3.7 
mg of soluble high-purity proteins from a total of 8.42 mg of elut-
ed proteins was obtained, which resulted in a yield of 43.9% of 
the protein. The refolded SlMSRA2 protein and the same protein 
from the soluble portion showed similar sizes in SDS-PAGE gel. 
In the enzyme activity assay, the activity of the refolded 
SlMSRA2 protein was observed to be slightly lower than the ac-
tivity of the protein from the soluble portion (data not shown).

Tomato MSRA2 reduces free and protein-bound MetSO
In order to assay substrate specificity, free MetSO was used as 
a substrate to measure the activity of recombinant SlMSRA2. 
Fig. 2 shows that SlMSRA2 catalyzed the reduction of both 
free and protein-bound MetSO back to Met in the presence of 
DTT. The free MetSO was separated into two similar abundant 
peaks i.e. methionine-S-sulfoxide and methionine-R-sulfoxide 
in the absence of SlMSRA2 protein (Fig. 2A). With the addition 
of 5 μg of the SlMSRA2 protein, the peak corresponding to the 
dextro-rotation of MetSO sharply decreased, which was ac-
companied with the formation of a new product i.e. dab-
syl-Met, while the amount of methionine-R-sulfoxide remained 
unchanged (Fig. 2B). These results indicate that SlMSRA2 only 
utilize methionine-S-sulfoxide as a substrate.
　To further investigate whether the recombinant SlMSRA2 may 
target MetSO, dabsylated MetSO was used in the reaction. Dabsyl- 
Met was detected after the addition of 3 μg of the SlMSRA2 protein 
but could not be quantified in the absence of the recombinant pro-
tein (Fig. 2C and D). 

Effect of pH and temperature on SlMSRA2 activity
The enzyme exhibited the highest level of activity between pH 
8.0 and pH 8.5 while its activity sharply decreased at pH ＜ 
7.5 and pH ＞ 8.5 (Fig. 3A). The optimal temperature was de-
termined to be approximately 25oC. The enzyme activity mod-
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Fig. 2. Substrate specificity of tomato 
MSRA2 protein. Reduction of free MetSO
and protein-bound MetSO was determi-
nate by HPLC assays. The absorbance 
wavelength was set at 436 nm. For sub-
strate specificity assays, program 1 and
2 were performed on free (A and B) and
protein-bound MetSO (C and D), respec-
tively. The locations of methionine-S-sulf-
oxide, methionine-R-sulfoxide, and Met 
are indicated by arrows. Panels A and C,
the reaction without SlMSRA2. Panels B
and D, the reaction containing 5 μg and 
3 μg of SlMSRA2, respectively. 

Fig. 3. Enzymatic characterization of toma-
to MSRA2. (A) pH dependence of 
SlMSRA2 activity. (B) Effect of temperature
on SlMSRA2 activity. In all reactions, 3 
μg of protein and 0.5 mM of dabsyl-MetSO 
were used for HPLC assays. (C) Effect of
dabsyl-MetSO concentration on SlMSRA2
activity. (D) Kinetics values for dabsyl- 
MetSO were determined by fitting ex-
perimental data to the Michaelis-Menten 
equation. All reactions were incubated for
1 h at diverse temperatures. Each value 
was repeated at least twice (SD range from
5% to 16%).

erately decreased below the optimal temperature (83.1% of 
the maximal level at 12oC). On the other hand, its activity rap-
idly decreased at temperatures greater than 32oC, and reached 
the lowest levels at 42oC (60.0% of maximal activity, Fig. 3B). 

　The effect of substrate concentration on the reaction is shown 
in Fig. 3C. In this analysis, the rate of dabsyl-Met generation was 
shown to follow normal Michaelis-Menten kinetics. The apparent 
Km and Kcat values for the recombinant SlMSRA2 from the fit to a 
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Fig. 4. Effect of H2O2 on growth of transformed E. coli. (A) Disk inhibition
assay. The top panel indicates transformed E. coli supplemented with
H2O. The middle and bottom panels show the growth of bacteria treated 
with H2O2. The left column represents pET 28a(+) vector transformed
E. coli in the absence or presence of IPTG. The right column indicates
the MSRA2- transformed strain. (B) The growth rate of the E. coli cells
with the addition of 1.5 mM of H2O2. The E. coli strain harboring 
empty vector and SlMSRA2 recombinant plasmid are represented by 
pET and A2 + pET, respectively.

double reciprocal plot were determined to be 352 ± 25 μM and 
0.066 ± 0.009 S-1, respectively (Fig. 3D). The catalytic efficiency 
(Kcat/Km) value was calculated to be 187 ± 12 M-1S-1. The Km value 
for SlMSRA2 was found to be similar to the value for poplar cyto-
solic MSRA, and 5.4-fold higher than E. coli MSRA (9). 

Stress resistance to oxidative damage
Moskovitz and co-workers reported that E. coli MSRA protected 
against oxidative damage in cells (10). Here, we utilized the disk 
inhibition assay to test whether tomato MSRA2 would also pos-
sess this ability. As shown in Fig. 4, the growth status of E. coli 
cells harboring the pET vector and recombinant plasmid did not 
change when 10 μl of H2O was added to the disk paper. 
However, an inhibition ring was observed in the presence of 250 
mM H2O2. When the cells were incubated in medium containing 
both H2O2 and IPTG, the growth of SlMSRA2-transformed E. coli 
was slightly inhibited but less than that of the control cells trans-
formed with pET vector (Fig. 4A). Contrasting data indicated that 
SlMSRA2-overexpressing E. coli was more tolerant to H2O2- 
mediated oxidative damage. The data from the growth rate assay 
showed that the SlMSRA2-transformed strain was more tolerant 
to oxidative stress, which was in agreement with the disk in-
hibition results (Fig. 4B). 

DISCUSSION

In this study, we isolated and expressed a clone that shared high 
levels of similarities with MSRAs, which are found mostly in 
photosynthetic organisms like Arabidopsis, rice, and poplar. 
Similar to MSRAs that have been previously examined, the ami-

no acid sequence of SlMSRA2 also possessed a vulgate catalysis 
site, known as the ‘GCFWG’ motif, which further confirmed that 
SlMSRA2 belonged to the family of MSRA (11). As previously 
demonstrated, we found that almost all types of MSRAs (except 
for MSRA5s and O. sativa MSRA2.2) contained three potential 
redox cysteines (one is required for the formation of sulfenic acid 
and the other two act as resolving cysteines) (5). Interestingly, we 
observed that the SlMSRA2 protein had no C-terminus conser-
ved sequence when compared to other MSRAs (Fig. 1). More-
over, a comparison of the MSRA2 sequence with E. coli MSRA 
indicated that cys180 was equivalent to the cysteine of E. coli 
MSRA at position 198, which was reported to be the first resolving 
cysteine (12). Alignment of tomato MSRA2 and rice MSRA2.2, 
which was reported to have two potential redox cysteines, was 
also performed (5). The results revealed that the tomato SlMSRA2 
shared 55.1% identity with the MSRA2.2 from O. sativa, and the 
putative conserved resolving cysteine located at the C terminus 
was distinct. This indicates that tomato MSRA2 might belong to 
a novel sub-class of MSRA.
　In this study, we found that SlMSRA2 exhibited activity with 
both free and protein-bound MetSO in the presence of DTT. 
These findings are in agreement with previous reports, which 
also demonstrated that MSRA was active in DTT (or DTE) sys-
tems (13, 14). Moreover, the reduction of MetSO to Met was 
found to be DTT-dependent and its substrate was targeted to 
the methionine-S-sulfoxide (but not methionine-R-sulfoxide) 
stereoisomer.
　In general, MSRA activity assays were mostly performed at 37oC 
(6, 11). Lee et al. (14) also reported that the most appropriate tem-
perature for C. elegans MSRA activity was around 37oC. However, 
for tomato MSRA2, the optimal temperature was determined to be 
25oC, while activity decreased significantly at 37oC (72.8% of high-
est level of activity). We assumed that the temperature for in vitro 
activity of tomato MSRA2 would probably be consistent with the 
optimal outdoor growth conditions. 
　Reactive oxygen species, such as H2O2, superoxide radical 
(O2

-), and singlet oxygen (-O2), are prone to oxidize susceptible 
amino acids like Met, resulting in the formation of MetSO and 
loss of function of proteins (15). The oxidized proteins can be re-
versibly catalyzed by MSRs, resulting in the recovery of protein 
activity (10). Over-production of SlMSRA in E. coli cells led to 
the accumulation of MSRA enzymes, which could reduce more 
H2O2-induced oxidized proteins, as a result of an increase in tol-
erance to H2O2-mediated oxidative damage (10). In accordance 
with these observations, overexpression of SlMSRA2 cells led to 
enhanced stress tolerance to H2O2-mediated oxidative damage, 
and better growth status was observed for E. coli under stress 
conditions (Fig. 4). These results were not entirely unexpected. 
Moskovitz and coauthors reported that MSRA-transformed E. 
coli exhibited higher tolerance to oxidative damage, whereas 
MSRA-disrupted cells were more sensitive to H2O2 stress (10). In 
a cell protection assay, recombinant strawberry MSRA protein 
was found to protect against H2O2-induced oxidative damage in 
an E. coli strain (16). These results suggest that the novel 
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SlMSRA2 retained the ability to reduce MetSO back to Met, and 
protect E. coli cells against oxidative damage. 

MATERIALS AND METHODS

Cloning and expression of tomato MSRA cDNA 
The sequence information of tomato MSRA2 cDNA was col-
lected from a tomato genomics database (http://solgenomics. 
net/). Protein sequence alignments were performed using 
DNAMAN software. The first-strand cDNA was synthesized as 
described by Dai and Wang (17). To clone SlMSRA2 into the 
expression vector, the coding sequence was amplified with 
specific primers and cloned into pET 28a(+) vector. RT-PCR 
verification of the recombinant cells was performed using E. 
coli GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and 
gene specific primers (both primers are listed in Supplemen-
tary Table 1). The positive clone was grown overnight at 37oC 
in 5 ml of LB medium supplemented with 50 μg/ml of 
kanamycin. One milliliter of overnight culture was used to in-
oculate 100 ml of LB medium with the same antibiotic, and 
grown until the optical density (OD600) reached 0.8. IPTG was 
then added at a final concentration of 0.5 mM. The cells were 
further incubated for 4 h at 37oC. The cells were harvested and 
the pellet was resuspended in 50 ml of resuspending buffer (20 
mM Tris-HCl, 0.5 M NaCl, 1 mM EDTA) plus 0.1 mM PMSF, 
pH 7.9. After sonication, the supernatant and pellet were sepa-
rated by centrifugation at 14,000 rpm for 30 min at 4oC. The 
soluble and insoluble fractions were stored at -20oC.

Purification and refolding of recombinant MSRA protein
Recombinant SlMSRA2 protein was purified from the insoluble 
fraction under denaturing conditions using a His-Bind purifica-
tion kit (EMD Biosciences, USA) according to the manu-
facturer’s instructions. The recombinant protein was diluted to 
at a concentration of 200 μg/ml using the resuspending buffer 
plus 8 M urea. The detailed refolding process is shown in 
Supplementary Fig. 1. Finally, the protein was excessively dia-
lyzed twice against the storage buffer (20 mM Tris-HCl and 1 
mM EDTA, pH 7.9). The corresponding supernatant was con-
centrated using an Amicon Ultra-15 filter device with a molec-
ular weight cut-off of 10 kDa (Millipore, Billerica MA, USA). 
The protein concentration was determined using a protein as-
say regent (Bio-Rad, CA, USA).

Substrate preparation and reverse phase HPLC (RP-HPLC) 
assay
Dabsyl-MetSO was prepared as described by Minetti et al. 
(18). The concentration of the dabsyl-Met was determined us-
ing a standard that was purchased from the TCI-GR Company 
(TCI-GR, Japan).
　RP-HPLC was performed as described by Vieira Dos Santos 
et al. with minor modifications (13). Briefly, solvent A (acetate 
buffer 29 mM, pH 4.16) and solvent B (acetonitrile) were used 
in the HPLC assay. The flow rate was 0.8 ml/min and the ex-

periments were performed at room temperature. The detector 
wavelength was set at 436 nm for the absorbance readings. 
The column used in the present study was a Bridge C18 of 5 
μm and 4.6 × 250 mm (Waters, Milford, MA). Program 1 was 
used for routine analysis of the enzymatic reaction mixtures. 
This program was started with 20% solvent B, increased to 
66.7% solvent B over 10 min, increased to 100% solvent B 
over 1 min, held at 100% B for 3 min, decreased to 20% B 
within 1 min, and equilibration at 20% solvent B for 7 min. 
Dabsyle-MetSO was eluted at 13.4 min and dabsyl-Met was 
eluted at 15.7 min. The time of program 2 was consistent with 
that described by Minetti et al. (18). 

Assay for SlMSRA2 activity 
The stereospecificity of SlMSRA2 was investigated using 
RP-HPLC with free MetSO as a substrate. The reaction plus 20 
mM DTT with or without 5 μg of purified SlMSRA2 was per-
formed at 37oC as described above. Twenty microliter aliquots 
of the corresponding solution were mixed with 20 μl of 0.1 M 
NaHCO3 (pH 9.0), and then 40 μl of dabsyl-Cl was added. 
After incubation for 10 min at 70oC, the reaction was stopped 
with the addition of 920 μl of stop buffer (ethonal : solvent A 
= 50 : 50, v/v). Twenty microliters of filtered sample was in-
jected for the HPLC assays.
　The reduction of protein-bound MetSO was assayed by 
monitoring the reaction between MSRA and the derived sub-
strate dabsyl-MetSO in the presence of DTT. The composition 
of the primary reaction system was as follows: reaction mix-
ture (100 μl) containing 20 mM Tris-HCl (pH 8.0), 10 mM 
MgCl2, 30 mM KCl, 20 mM DTT, 400 μM dabsyl-MetSO, as 
well as 3 μg of SlMSRA2 protein. After incubation for 1 h at 
37oC, a 50 μl aliquot of the reaction mixture was stopped by 
adding stop buffer. After centrifugation, 20 μl of the super-
natant was applied on a C18 reverse phase column.  

Enzyme kinetics parameters
To assess the optimal reaction conditions, the effects of pH 
and temperature were determined. The pH was varied from 
5.5 to 9.5 at increments of 0.5 as described by Lee et al. (14). 
The reaction was conducted between 12 and 42oC at incre-
ments of 5oC to determine the optimal temperature. To further 
understand the effects of substrate concentration, various con-
centrations of dabsyl-MetSO, ranging from 12.5 μM to 1,500 
μM, were used in catalytic reactions performed at 25oC. The 
Km and Kcat values of SlMSRA2 were determined at saturating 
conditions of substrate and calculated from Lineweaver-Burk 
plots. 

Stress resistance assays
For the disk inhibition assay, recombinant E. coli cells were 
grown overnight at 37oC in LB broth containing kanamycin (50 
mg/L), and then diluted 1 : 100 in LB medium. The diluted 
cells were further incubated at 37oC until a final optical den-
sity of 0.5. These cells were grown in the absence or presence 
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of 0.2 mM IPTG for another 4 h. The cells were then poured 
into plates with or without the addition of IPTG. A sterilized 
filter disk (6 mm in diameter) was placed in the middle of the 
plate and soaked with either 10 μl of 250 mM H2O2 or 10 μl 
of H2O. The plates were incubated overnight at 37oC. 
　To test the growth rate under stress conditions, E. coli cells 
harboring either an empty pET 28a(+) vector or the pET-MSRA2 
construct were grown in fresh LB media containing kanamycin 
(50 μg/ml) at 37°C until the log phase was reached. The cells 
were then grown in the presence of 1.5 mM H2O2. After in-
duction, 200 μl of the cells were loaded on a 96-well plate. The 
optical density was measured at 550 nm at different time inter-
vals using an enzyme-linked immunosorbent assay (ELISA) plate 
reader (Bio-Tek, Winooski, VT, USA).
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