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Dimethyl sulfoxide (DMSO) is widely used in chemistry and 
biology as a solvent and as a cryoprotectant. It is also used as a 
pharmaceutical agent for the treatment of interstitial cystitis 
and rheumatoid arthritis. Previous reports described DMSO as 
being reduced by methionine-S-sulfoxide reductase (MsrA). 
However, little is known about the DMSO reduction capability 
of methionine-R-sulfoxide reductase (MsrB) or its effect on the 
catalysis of methionine sulfoxide reduction. We show that 
mammalian MsrB2 and MsrB3 were unable to reduce DMSO. 
This compound inhibited MsrB2 activity but did not inhibit 
MsrB3 activity. We further determined that DMSO functions as 
an inhibitor of MsrA and MsrB2 in the reduction of methionine 
sulfoxides via different inhibition mechanisms. DMSO com-
petitively inhibited MsrA activity but acted as a non-com-
petitive inhibitor of MsrB2 activity. Our study also demon-
strated that DMSO inhibits in vivo methionine sulfoxide reduc-
tion in yeast and mammalian cells. [BMB reports 2009; 42(9): 
580-585]

INTRODUCTION

Methionine sulfoxide (Met-O) reductases (Msrs) are important 
enzymes that repair oxidatively damaged proteins and func-
tion as antioxidants to protect cells from oxidative stress (1-3). 
These enzymes have been implicated in a variety of physio-
logical and pathological processes, including aging and neuro-
logical degenerative diseases (4-8). The two major Msr fami-
lies, MsrA and MsrB, differ in sequence and structure. MsrA 
stereospecifically catalyzes the reduction of the S-epimer of 
Met-O (Met-S-O) to Met, whereas MsrB catalyzes the reduction 
of the R-form (Met-R-O). MsrA enzymes in yeast and mammals 
have significant reduction ability for both free and protein- 
bound Met-S-O (9-11). However, MsrB enzymes in mammals 
reduce protein-bound Met-R-O primarily because they have 

lower activities toward free Met-R-O (11). In addition to these 
two Msr types, Lin et al. recently discovered and characterized 
a new type of Msr enzyme from Escherichia coli, designated 
fRMsr (12). This enzyme catalyzes the reduction of free Met-R- 
O, but it has no ability to reduce protein-bound Met-R-O or 
free Met-S-O. fRMsr is found in many unicellular organisms, 
including Saccharomyces cerevisiae, but it is absent in all mul-
ticellular organisms (11-13).
    Mammals have a single MsrA gene and three MsrB genes in 
their genomes (14, 15). MsrB1 is a selenoprotein that contains 
selenocysteine in the catalytic site and MsrB2 and MsrB3 are 
cysteine-containing homologs in which cysteine replaces 
selenocysteine. The three MsrB proteins are localized within 
different cellular compartments: MsrB1 is found in the cytosol 
and nucleus, MsrB2 is found in the mitochondria, and MsrB3 
is found in the endoplasmic reticulum and mitochondria (14).
    Dimethyl sulfoxide (DMSO) is a widely used solvent for wa-
ter-insoluble compounds and is used as a cryoprotectant in bi-
ological systems. It is also used as a therapeutic agent for the 
treatment of interstitial cystitis, amyloidosis, and rheumato-
logic disorders (16). In mammalian cells, DMSO has been re-
ported to affect a variety of cellular processes, including the 
cell cycle, differentiation, apoptosis, inflammation, and lipid 
metabolism (16). In some bacteria, DMSO is used as a termi-
nal electron acceptor under anaerobic conditions. DMSO re-
ductase, which contains a molybdopterin cofactor, catalyzes 
the reduction of DMSO to dimethyl sulfide, and is well charac-
terized at the biochemical and molecular levels (17, 18). 
However, no DMSO reductase is found in yeast, animals, or 
plants. Previous reports indicated that DMSO can be reduced 
by the bovine and yeast MsrA enzymes (9, 10), but little is 
known about the DMSO reduction capability of MsrB or its ef-
fect on the catalysis of Met-O reduction by Msrs.
    A common sulfenic acid chemistry is utilized in both MsrA 
and MsrB catalytic mechanisms (19, 20). Following the attack 
of the sulfoxide moiety of Met-O, a catalytic Cys is oxidized to 
a sulfenic acid intermediate, which is accompanied by release 
of the product, Met. Another Cys (called resolving Cys) then 
interacts with the sulfenic acid intermediate to form an intra-
molecular disulfide bond. Finally, an in vivo reductant thio-
redoxin reduces this disulfide to make the enzymes active. 
Dithiothreitol (DTT) can be used as an in vitro reducing agent. 
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Fig. 1. Mammalian MsrB enzymes are unable to reduce DMSO. To
assay the reduction of DMSO, NADPH oxidation coupled with the 
thioredoxin reduction system was monitored as a decrease in A340

at room temperature in the presence of 0.1% DMSO. The rate of 
decrease was defined as reduction activity.

Fig. 2. Effect of DMSO on Met-O reduction by the Msr enzymes. 
Met-O reduction activities were assayed in a DTT-dependent re-
action mixture containing 200 μM DABSyl-Met-S-O (for MsrAs), 50 
μM DABSyl-Met-R-O (for MsrB2), or 200 μM DABSyl-Met-R-O (for 
MsrB3) with multiple concentrations of DMSO. (A) DMSO inhibition 
of mammalian Msr enzymes. The concentrations of DMSO in the 
reaction mixture were 0, 0.1, 0.25, 0.5, and 1%. The 100% rela-
tive activities of MsrA, MsrB2, and MsrB3 correspond to 206, 196, 
and 179 nmol min－1 (mg protein)－1, respectively. (B) DMSO in-
hibition of yeast MsrA activity. The DTT-dependent reaction mixture 
contained multiple concentrations of DMSO (0, 0.01, 0.025, 0.05, 
or 0.1%) and 1 μg yeast MsrA (0.44 μM) or mouse MsrA (0.37 
μM). The 100% relative activities of yeast and mouse MsrAs cor-
respond to 136 and 206 nmol min－1 (mg protein)－1, respectively.

    In this study, we demonstrated that MsrB2 and MsrB3 were 
unable to reduce DMSO. However, MsrB2 activity was in-
hibited by DMSO, whereas MsrB3 activity was not. We de-
termined that DMSO functions as an inhibitor of MsrA and 
MsrB2 in Met-O reduction with different inhibition modes. 
Furthermore, our study clearly shows that DMSO can inhibit 
the in vivo Met-O reduction.

RESULTS

DMSO inhibits Met-O reduction activities of MsrA and MsrB2
First, we tested if DMSO is reduced by mammalian MsrBs. The 
reduction of DMSO was determined by an assay analyzing 
NADPH oxidation at A340 in the reaction mixture. MsrA, pre-
viously known to have the ability to reduce DMSO, was used 
for comparison and analysis. As shown in Fig. 1, DMSO was 
not reduced by either MsrB2 or MsrB3.
    Next, we tested the possibility that DMSO could inhibit 
Met- O reduction because of its role as a substrate of the MsrA 
enzymes. We performed Met-O reduction assays with multiple 
DMSO concentrations in the presence of DABSyl-Met-O. The 
Met-O reduction activity of MsrA decreased as the concen-
tration of DMSO increased (Fig. 2A). At 1% DMSO, the rela-
tive activity was 7%. Interestingly, DMSO inhibited the Met-O 
reduction activity of MsrB2 in a concentration-dependent 
manner. At 1% DMSO, the relative activity was 60%. Howev-
er, DMSO did not inhibit the reduction of Met-O by MsrB3 at 
the concentrations tested.
    We then examined the inhibition mechanism of DMSO on 
the reduction of Met-O by MsrA and MsrB2 by analysis of ki-
netic parameters. DMSO inhibition of Met-O reduction for 
both MsrA and MsrB2 was reversible. As shown in Table 1, 
the apparent Km values of MsrA increased as the DMSO con-
centrations increased, but there was little effect on Vmax values. 
This indicated that DMSO functions as a competitive inhibitor 

of MsrA in the reduction of Met-S-O. However, the inhibition 
mechanism for MsrB2 was different. The apparent Km values 
for MsrB2 did not change relative to inhibitor concentration, 
whereas the apparent Vmax values decreased with increasing 
DMSO concentrations. These results indicate that DMSO is a 
non-competitive inhibitor of MsrB2 activity.

Yeast MsrA activity is also competitively inhibited by DMSO
We further determined that yeast MsrA activity was inhibited 
by DMSO (Fig. 2B). DMSO inhibited yeast MsrA activity to a 
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MsrA MsrB2
  DMSO (%) Km (mM) Vmax (mM/min/mg protein) Km (mM) Vmax (mM/min/mg protein)

0 1.1 ± 0.1 11.6 ± 0.3 0.035 ± 0.005 3.04 ± 0.32
0.1 2.0 ± 0.1 11.4 ± 0.3 0.038 ± 0.004 2.71 ± 0.22
0.5 4.8 ± 0.3 10.7 ± 0.4 0.038 ± 0.005 2.13 ± 0.24

Table 1. Kinetic parameters for inhibition of MsrA and MsrB2 by DMSO

Fig. 3. DMSO inhibition on free Met-O 
reduction in yeast (A) and mammalian 
(B) cells. (A) S. cerevisiae cells defi-
cient in fRMsr were cultured in YNB 
minimal media with 0.14 mM Met 
(left) or 0.28 mM Met-(R,S)- O (right) 
containing the indicated concentrations 
of DMSO. Cell growth was measured 
by optical density at 600 nm. Repre-
sentative data from two independent 
experiments are shown. (B) SK-Hep1 
cells were cultured in Met (left) or Met- 
(R,S)-O (right) medium containing the 
indicated concentrations of DMSO. Cell 
growth was analyzed at 0, 24, 48, 
and 72 h by MTT assay.

greater degree than the mouse MsrA activity. Kinetic analysis 
also revealed that DMSO competitively inhibited yeast MsrA 
activity (data not shown).

DMSO can inhibit the Met-O reduction in vivo
Because DMSO inhibits in vitro activities of mouse and yeast 
MsrAs and MsrB2, it is of interest whether this compound can 
inhibit the in vivo Met-O reduction. Recently, we found that 
MsrA is responsible for the reduction of free Met-S-O in S. cer-
evisiae, while fRMsr is the enzyme responsible for the reduc-
tion of free Met-R-O (13). Based on these findings, we used an 
S. cerevisiae strain deficient in the fRMsr gene to investigate 
the in vivo effect of DMSO on the Met-S-O reduction. This 

strain can grow in a Met-S-O medium but cannot grow in a 
Met-R-O medium. We cultured the fRMsr mutant cells in me-
dium with Met or Met-(R,S)-O containing 0, 0.5, 1, or 2% 
DMSO. Notably, the MsrA activity able to reduce free Met-S-O 
to Met contributes solely to cell growth of this mutant strain in 
the Met-(R,S)-O medium. As shown in Fig. 3A, when the yeast 
cells were grown in the Met media, there was no inhibition ef-
fect of DMSO on the cell growth in all concentrations tested. 
In contrast, in the Met-(R,S)-O media, cell growth was clearly 
inhibited by DMSO in a concentration-dependent manner. A 
previous study illustrated that transcriptional expression of the 
MsrA gene of S. cerevisiae was slightly elevated in the pres-
ence of DMSO (21). Thus, the data suggest that DMSO sup-
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pressed the in vivo Met-S-O reduction in S. cerevisiae by in-
hibiting the MsrA activity.
    We also confirmed that DMSO inhibits in vivo Met-O re-
duction in mammalian cells. SK-Hep1 cells were recently dis-
covered to reduce free Met-S-O with MsrA, but are unable to 
reduce free Met-R-O (11). Thus, these cells can grow in a Met- 
(R,S)-O medium owing solely to the MsrA activity. SK-Hep1 
cells were cultured in a Met- or Met-(R,S)-O medium contain-
ing 0, 0.5, 1, or 2% DMSO. As shown in Fig. 3B, when the 
SK-Hep1 cells were grown in the Met medium, there was no 
inhibition effect of DMSO on the cell growth at 0.5 and 1%. 
However, at 2% DMSO cell growth was severely inhibited, in-
dicating cytotoxicity of DMSO at this concentration. In the 
Met-(R,S)-O medium without DMSO, cells grew ∼40% less 
than in the corresponding Met medium. This cell growth was 
consistent with previous results (11). However, cell growth 
was significantly inhibited at 0.5 and 1% DMSO. There was 
no significant change in MsrA expression level at these DMSO 
concentrations (data not shown). Thus, these results clearly in-
dicate that DMSO inhibited the in vivo Met-S-O reduction by 
MsrA.

DISCUSSION

Met-O reduction is an essential pathway that protects cells 
against oxidative stress and regulates lifespan. This pathway is 
also involved in the progression of neurodegenerative dis-
orders, such as Alzheimer’s and Parkinson’s diseases. Deletion 
of the MsrA gene in mice results in the shortening of lifespan 
by 40% (6). Overexpression of bovine MsrA in Drosophila 
leads to a 70% increase in lifespan (7). A recent study reported 
that the overexpression of MsrA had a profound effect on pre-
venting the development of Parkinson’s-like symptoms in a 
Drosophila model (22). Therefore, the Met-O reduction cata-
lyzed by Msrs is an attractive target for therapeutic approaches 
against aging, neurodegenerative diseases, and other diseases 
caused by oxidative stress.
    Bovine and yeast MsrAs can catalyze the reduction of 
DMSO to dimethyl sulfide (9, 10). Here, we show that mouse 
MsrB2 and human MsrB3 cannot reduce DMSO. It is not sur-
prising that DMSO competitively inhibited the Met-O reduc-
tion ability of MsrA as it serves as a substrate for this enzyme. 
However, it is interesting that DMSO could non-competitively 
inhibit MsrB2 enzyme, although with lower inhibition effects 
compared to MsrA. These results suggest that DMSO binds to 
a site distinct from the substrate (Met-R-O) binding site in 
MsrB2, whereas it competes with Met-S-SO for the active sites 
of MsrAs.
    DMSO has a protective effect on arsenic-induced cytotox-
icity by reducing intracellular reactive oxygen species pro-
duction in human-hamster hybrid cell lines (23) and mouse 
embryonic mesenchymal cells (24). However, DMSO was also 
reported to have toxic effects on human lens epithelial cells, 
effectively decreasing cell viability and increasing cellular 

apoptosis at certain concentrations (25). Cell viability of 
SK-Hep1 was also markedly decreased when treated with 2% 
DMSO. Thus, it is important to further investigate and evaluate 
the toxic effects of DMSO on cell viability.
    In this work, DMSO was found to inhibit the in vivo reduc-
tion of free Met-O in yeast and mammalian cells. Thus, it is 
likely that in these cells DMSO directly affects the physio-
logical functions of Msr enzymes that repair oxidatively dam-
aged proteins and protect cells from oxidative stress. Further 
studies will be needed to verify these possible roles of DMSO 
in the Msr system.

MATERIALS AND METHODS

Preparation of purified Msr enzymes
Mouse MsrA, mouse MsrB2, and human MsrB3 lacking an 
N-terminal signal peptide were prepared as described pre-
viously (14, 26). For S. cerevisiae MsrA, a coding region of the 
MsrA gene was amplified by PCR using a p423GPD-based 
construct (27) and cloned into NheI/XhoI sites of pET21b. The 
resulting plasmid, designated pET21b-yMsrA, encoded the full- 
length yeast MsrA with a C-terminal His-tag (LEHHHHHH). The 
yeast MsrA protein was purified from E. coli BL21(DE3) cells 
transformed with the pET21b-yMsrA construct using a Talon- 
metal affinity resin (Clontech), as described previously (14).

Assay for DMSO reduction
The reaction mixture (200 μl) contained 50 mM sodium phos-
phate (pH 7.5), 50 mM NaCl, 0.1% (v/v) DMSO, 0.2 mM 
NADPH, 10 μg rat mitochondrial thioredoxin, 5.8 μg human 
cytosolic thioredoxin reductase, and 2 μg Msr enzyme. The re-
action was carried out at 25oC for 20 min and NADPH oxida-
tion was analyzed at A340.

Inhibition assay of DMSO on Met-O reduction activity
Met-O reduction activities were assayed in a DTT-dependent 
reaction mixture in the presence of DMSO in multiple con-
centrations. The reaction mixture (100 μl) contained 50 mM 
sodium phosphate (pH 7.5), 50 mM NaCl, 20 mM DTT, sub-
strate (200 μM DABSyl-Met-S-O for MsrAs, 50 μM DABSyl- 
Met-R-O for MsrB2, or 200 μM DABSyl-Met-R-O for MsrB3), 
0-1% (v/v) DMSO, and 1 μg Msr enzyme. The reaction was 
carried out at 37oC for 30 min. The reaction product, DABSyl- 
Met, was analyzed by HPLC, as described previously (28).

Determination of inhibition mechanisms of DMSO on Met-O 
reduction
Km and Vmax values for Met-O reduction were determined from 
Lineweaver-Burk plots in the DTT-dependent reaction with in-
creasing DMSO concentrations.

Assay for DMSO inhibition on Met-O reduction in vivo
The cell growth assay was performed to examine the in vivo 
DMSO inhibition effect on the Met-O reduction in yeast and 
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mammalian cells.
    For the yeast cell growth assay, S. cerevisiae cells deficient 
in fRMsr gene (MATa his3 leu2 met15 ura3 ΔfRMsr::KAN) 
were grown aerobically at 30oC in yeast nitrogen base (YNB) 
minimal medium in the presence of 0.14 mM Met or 0.28 mM 
Met-(R,S)-O. The media contained multiple concentrations of 
DMSO (0-2%). Cell growth was monitored by optical density 
at 600 nm.
    For the mammalian cell growth assay, human SK-Hep1 cells 
were cultured in a medium containing Met or Met-O prepared 
as described (11) at 37oC in a 5% CO2 incubator. The medium 
contained Met-free DMEM (Invitrogen) including 0.2 mM 
L-cystine, 4 mM L-glutamine, and 1 mM sodium pyruvate, 
10% dialyzed fetal bovine serum, antibiotics, 0.1 mM Met or 
0.2 mM Met-(R,S)-O, and multiple concentrations of DMSO 
(0-2%). The cells in regular DMEM were plated in 12-well 
plates at a density of 3 × 104 cells/well. After 20 h plating, the 
regular DMEM media were replaced with the Met- or 
Met-O-containing media with DMSO. Cell growth was ana-
lyzed at 0, 24, 48, and 72 h using colorimetric MTT assay.

Acknowledgements
This work was supported by the KOSEF (Korea Science and 
Engineering Foundation) Grants M10642040001-07N4204- 
00111 and R13-2005-005-01004-0 (to HYK).

REFERENCES

1. Weissbach, H., Resnick, L. and Brot, N. (2005) Methionine 
sulfoxide reductases: history and cellular role in protecting 
against oxidative damage. Biochim. Biophys. Acta 1703, 
203-212.

2. Kim, H. Y. and Gladyshev, V. N. (2007) Methionine sulf-
oxide reductases: selenoprotein forms and roles in anti-
oxidant protein repair in mammals. Biochem. J. 407, 
321-329.

3. Kwak, G. H., Kim, J. R. and Kim, H. Y. (2009) Expression, 
subcellular localization, and antioxidant role of mamma-
lian methionine sulfoxide reductases in Saccharomyces 
cerevisiae. BMB Rep. 42, 113-118.

4. Gabbita, S. P., Aksenov, M. Y., Lovell, M. A. and Markes-
bery, W. R. (1999) Decrease in peptide methionine sulf-
oxide reductase in Alzheimer's disease brain. J. Neuro-
chem. 73, 1660-1666.

5. Glaser, C. B., Yamin, G., Uversky, V. N. and Fink, A. L. 
(2005) Methionine oxidation, alpha-synuclein and Parkin-
son's disease. Biochim. Biophys. Acta. 1703, 157-169.

6. Moskovitz, J., Bar-Noy, S., Williams, W. M., Requena, J., 
Berlett, B. S. and Stadtman, E. R. (2001) Methionine sulf-
oxide reductase (MsrA) is a regulator of antioxidant de-
fense and lifespan in mammals. Proc. Natl. Acad. Sci. 
U.S.A. 98, 12920-12925.

7. Ruan, H., Tang, X. D., Chen, M. L., Joiner, M. L., Sun, G., 
Brot, N., Weissbach, H., Heinemann, S. H., Iverson, L., 
Wu, C. F. and Hoshi, T. (2002) High-quality life extension 
by the enzyme peptide methionine sulfoxide reductase. 
Proc. Natl. Acad. Sci. U.S.A. 99, 2748-2753.

8. Schoneich, C. (2005) Methionine oxidation by reactive 
oxygen species: reaction mechanisms and relevance to 
Alzheimer's disease. Biochim. Biophys. Acta 1703, 111- 
119.

9. Hansen, J. (1999) Inactivation of MXR1 abolishes for-
mation of dimethyl sulfide from dimethyl sulfoxide in 
Saccharomyces cerevisiae. Appl. Environ. Microbiol. 65, 
3915-3919.

10. Moskovitz, J., Weissbach, H. and Brot, N. (1996) Cloning 
and expression of a mammalian gene involved in the re-
duction of methionine sulfoxide residues in proteins. 
Proc. Natl. Acad. Sci. U.S.A. 93, 2095-2099

11. Lee, B. C., Le, D. T. and Gladyshev, V. N. (2008) Mam-
mals reduce methionine-S-sulfoxide with MsrA and are 
unable to reduce methionine-R-sulfoxide, and this func-
tion can be restored with a yeast reductase. J. Biol. Chem. 
283, 28361-28369.

12. Lin, Z., Johnson, L. C., Weissbach, H., Brot, N., Lively, M. 
O. and Lowther, W. T. (2007) Free methionine-(R)-sulf-
oxide reductase from Escherichia coli reveals a new GAF 
domain function. Proc. Natl. Acad. Sci. U.S.A. 104, 9597- 
9602.

13. Le, D. T., Lee, B. C., Marino, S. M., Zhang, Y., Fomenko, 
D. E., Kaya, A., Hacioglu, E., Kwak, G. H., Koc, A., Kim, 
H. Y. and Gladyshev, V. N. (2009) Functional analysis of 
free methionine-R-sulfoxide reductase from Saccharomy-
ces cerevisiae. J. Biol. Chem. 284, 4354-4364.

14. Kim, H. Y. and Gladyshev, V. N. (2004) Methionine sulf-
oxide reduction in mammals: characterization of methio-
nine-R-sulfoxide reductases. Mol. Biol. Cell 15, 1055- 
1064.

15. Hansel, A., Heinemann, S. H. and Hoshi, T. (2005) Hete-
rogeneity and function of mammalian MSRs: enzymes for 
repair, protection and regulation. Biochim. Biophys. Acta 
1703, 239-247.

16. Santos, N. C., Figueira-Coelho, J., Martins-Silva, J. and 
Saldanha, C. (2003) Multidisciplinary utilization of di-
methyl sulfoxide: pharmacological, cellular, and molec-
ular aspects. Biochem. Pharmacol. 65, 1035-1041.

17. Schindelin, H., Kisker, C., Hilton, J., Rajagopalan, K. V. 
and Rees, D. C. (1996) Crystal structure of DMSO reduc-
tase: redox-linked changes in molybdopterin coordina-
tion. Science 272, 1615-1621.

18. Adams, B., Smith, A. T., Bailey, S., McEwan, A. G. and 
Bray, R. C. (1999) Reactions of dimethylsulfoxide reduc-
tase from Rhodobacter capsulatus with dimethyl sulfide 
and with dimethyl sulfoxide: complexities revealed by 
conventional and stopped-flow spectrophotometry. Bio-
chemistry 38, 8501-8511.

19. Boschi-Muller, S., Azza, S., Sanglier-Cianferani, S., Talfo-
urnier, F., Van Dorsselear, A. and Branlant, G. (2000) A 
sulfenic acid enzyme intermediate is involved in the cata-
lytic mechanism of peptide methionine sulfoxide reduc-
tase from Escherichia coli. J. Biol. Chem. 275, 35908- 
35913.

20. Lowther, W. T., Weissbach, H., Etienne, F., Brot, N. and 
Matthews, B. W. (2002) The mirrored methionine sulf-
oxide reductases of Neisseria gonorrhoeae pilB. Nat. 
Struct. Biol. 9, 348-352.

21. Murata, Y., Watanabe, T., Sato, M., Momose, Y., Naka-



Inhibition effect of DMSO on methionine sulfoxide reduction
Geun-Hee Kwak, et al.

585http://bmbreports.org BMB reports

hara, T., Oka, S. and Iwahashi, H. (2003) Dimethyl sulf-
oxide exposure facilitates phospholipid biosynthesis and 
cellular membrane proliferation in yeast cells. J. Biol. 
Chem. 278, 33185-33193.

22. Wassef, R., Haenold, R., Hansel, A., Brot, N., Heinemann, 
S. H. and Hoshi, T. (2007) Methionine sulfoxide reductase 
A and a dietary supplement S-methyl-L-cysteine prevent 
Parkinson's-like symptoms. J. Neurosci. 27, 12808-12816.

23. Liu, S. X., Athar, M., Lippai, I., Waldren, C. and Hei, T. K. 
(2001) Induction of oxyradicals by arsenic: implication for 
mechanism of genotoxicity. Proc. Natl. Acad. Sci. U. S. A. 
98, 1643-1648.

24. Perez-Pasten, R., Martinez-Galero, E., Garduno-Siciliano, 
L., Lara, I. C. and Cevallos, G. C. (2006) Effects of dime-
thylsulphoxide on mice arsenite-induced dysmorpho-
genesis in embryo culture and cytotoxicity in embryo 
cells. Toxicol. Lett. 161, 167-173.

25. Cao, X. G., Li, X. X., Bao, Y. Z., Xing, N. Z. and Chen, Y. 
(2007) Responses of human lens epithelial cells to querce-
tin and DMSO. Invest. Ophthalmol. Vis. Sci. 48, 3714- 
3718.

26. Kim, H. Y. and Gladyshev, V. N. (2005) Role of structural 
and functional elements of mouse methionine-S-sulfoxide 
reductase in its subcellular distribution. Biochemistry 44, 
8059-8067.

27. Koc, A., Gasch, A. P., Rutherford, J. C., Kim, H. Y. and 
Gladyshev, V. N. (2004) Methionine sulfoxide reductase 
regulation of yeast lifespan reveals reactive oxygen spe-
cies-dependent and -independent components of aging. 
Proc. Natl. Acad. Sci. U. S. A. 101, 7999-8004.

28. Kumar, R. A., Koc, A., Cerny, R. L. and Gladyshev, V. N. 
(2002) Reaction mechanism, evolutionary analysis, and 
role of zinc in Drosophila methionine-R-sulfoxide reduc-
tase. J. Biol. Chem. 277, 37527-37535.


