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Mammals Reduce Methionine-S-sulfoxide with MsrA and Are
Unable to Reduce Methionine-R-sulfoxide, and This Function
Can Be Restored with a Yeast Reductase™
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Methionine is an essential amino acid in mammals at the
junction of methylation, protein synthesis, and sulfur pathways.
However, this amino acid is highly susceptible to oxidation,
resulting in a mixture of methionine-S-sulfoxide and methio-
nine-R-sulfoxide. Whether methionine is quantitatively regen-
erated from these compounds is unknown. Here we report that
SK-Hep1 hepatocytes grew on methionine-S-sulfoxide and con-
sumed this compound by import and methionine-S-sulfoxide
reductase (MsrA)-dependent reduction, but methionine-R-sulf-
oxide reductases were not involved in this process, and methio-
nine-R-sulfoxide could not be used by the cells. However, SK-
Hepl cells expressing a yeast free methionine-R-sulfoxide
reductase proliferated in the presence of either sulfoxide,
reduced them, and showed increased resistance to oxidative
stress. Only methionine-R-sulfoxide was detected in the plasma
of wild type mice, but both sulfoxides were in the plasma of
MsrA knock-out mice. These results show that mammals can sup-
port methionine metabolism by reduction of methionine-S-sulfox-
ide, that this process is dependent on MsrA, that mammals are
inherently deficient in the reduction of methionine-R-sulfoxide,
and that expression of yeast free methionine-R-sulfoxide reductase
can fully compensate for this deficiency.

Methionine (Met) is an essential amino acid in mammals.
Besides its utilization for protein synthesis, Met supports the
cellular S-adenosylmethionine-dependent methylation cycle
and is used for biosynthesis of cysteine and other compounds
(Fig. 1) (1-3). As a central metabolite in the global sulfur and
methylation pathways, Met homeostasis is subject to exquisite
regulation that tightly controls fluxes of Met-derived metabo-
lites and Met itself (4, 5).

Despite extensive information on Met regulation, one path-
way critical to Met availability and homeostasis did not receive
sufficient attention to date. Being a sulfur-containing amino
acid, Met, along with Cys, is highly susceptible to oxidation by
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reactive oxygen species (ROS)? generated during oxidative
stress and normal cellular metabolism. ROS can oxidize both
free Met and Met residues in proteins, resulting in a diastereo-
meric mixture of Met sulfoxides: Met-S-sulfoxide (Met-SO)
and Met-R-sulfoxide (Met-RO) (6, 7).

To repair Met-SO and Met-RO residues in proteins, cells
have evolved two families of enzymes known as Met sulfoxide
reductases: MsrA that is specific for Met-SO and MsrB that
specifically reduces Met-RO (8). The active sites of proteins in
both Msr families are better adapted for binding Met sulfoxide
residues than free Met sulfoxides (6). Although both MsrA and
MsrB are capable of reducing free Met sulfoxides (9), a contri-
bution of these enzymes to the reduction of these amino acids is
not known (10).

Mammals have one MsrA and three MsrB isozymes, with
selenoprotein MsrB1 localized to cytosol and nucleus, MsrB2 to
mitochondria, and MsrB3 to the endoplasmic reticulum (9). A
single MsrA is partitioned into various cellular compartments
by alternative first exon splicing and folding-dependent cytoso-
lic retention of the protein containing a mitochondrial target-
ing signal (11-14). MsrA and MsrB are thought to both repair
oxidatively damaged Met residues and serve as antioxidant pro-
teins, thus supporting the role of Met residues in scavenging
ROS (15). Consistent with these ideas, deletion of Msrs reduces
life span in yeast and mice (16, 17), whereas their overexpres-
sion can increase life span in fruit flies and yeast cells (17-19).

In comparison with the repair of oxidized Met residues,
reduction of free Met sulfoxides in mammals received little
attention. On the other hand, several cellular fractions with
proteins distinct from MsrA and MsrB were found to reduce
free Met sulfoxides in bacteria (20). Furthermore, by analyzing
bacterial cells deficient in MsrA and MsrB, two enzymes were
identified that acted exclusively on free Met sulfoxides. A
molybdoprotein-containing biotin sulfoxide reductase BisC
(21) was found to reduce free Met-SO, whereas a GAF domain-
containing protein fRMsr was specific for free Met-RO (22).

In this work, we characterized the ability of mammals to
reduce free Met sulfoxides. Whereas Met-SO was reduced by
MsrA, mammalian cells were deficient in the reduction of free

2 The abbreviations used are: ROS, reactive oxygen species; ATF3, activating
transcription factor 3; CBS, cystathionine $-synthase; fRMsr, free methio-
nine-R-sulfoxide reductase; OPA, o-phthalaldehyde; Met-SO, methionine-
S-sulfoxide; Met-RO, methionine-R-sulfoxide; MsrA, methionine sulfoxide
reductase A; MsrB, methionine sulfoxide reductase B; HPLC, high pressure
liquid chromatography; DMEM, Dulbecco’s modified Eagle’s medium; PBS,
phosphate-buffered saline; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-car-
boxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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