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L-Methionine-di-sulfoxide can support the growth of an Escherichia coli me-
thionine auxotroph, suggesting the presence of an enzyme(s) capable of reducing
the sulfoxide to methionine. This was verified by showing that a cell-free extract
of E. coli catalyzes the conversion of methionine sulfoxide to methionine. This
reaction required reduced nicotinamide adenine dinucleotide phosphate and a
generating system for this compound. The specific activity of the enzyme in-
creased during logarithmic growth and was maximal when the culture attained a

density of about 10° cells per ml.

The unique role of methionine as the initiator
of protein synthesis in both procaryotes and
eucaryotes is well documented (19). In addition,
methionine residues are known to play an essen-
tial role in maintaining the biological activity of
many proteins; for example, chemical oxidation
of specific methionine residues in proteins to
methionine sulfoxide results in a loss of biologi-
cal activity (4, 6, 8, 11-14, 16, 18, 20). This
reaction can be reversed, since it has been shown
that chemical reduction of the methionine sulf-
oxide residues back to methionine restores the
biological activity of adrenocortico-tropic hor-
mone (8) and various other proteins (4, 11, 12,
18). Although methionine sulfoxide in proteins
can be easily generated by chemical means,
there is evidence that this oxidation takes place
in cells. It has recently been reported (22) that
methionine sulfoxide residues are present in pro-
teins of cataractous lenses, but not normal len-
ses. A related finding is that after the adminis-
tration to rabbits of 3-aminotriazole (a catalase
inhibitor and a potent cataractogenic agent)
there is a two- to threefold increase in the HzO;
concentration of eye tissues (1), and H.0; is
known to be an excellent methionine-oxidizing
agent. It is reasonable to assume that cells must
have mechanisms to both prevent methionine
residues in proteins from being oxidized and also
to reduce any methionine sulfoxide once formed.

Concerning the latter point, Black et al. (2)
purified, from yeast extracts, three proteins
which were required in addition to NADPH to
reduce methionine sulfoxide to methionine. Two
of these proteins were later shown to be identical
to thioredoxin and thioredoxin reductase (17). A
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previous report from this laboratory has de-
scribed an inactive form of ribosomal protein
L12 (15). Since the methionine residues in L12
are essential for the biological activity of this
protein (4, 14), the possibility was considered
that the inactive L12 contained methionine sulf-
oxide residues. Although at the present time this
seems unlikely, it was found during the course
of these experiments that Escherichia coli ex-
tracts have a very active system that converts
methionine sulfoxide to methionine. The present
report describes the enzymatic reduction of me-
thionine sulfoxide to methionine by growing
cells of E. coli and by cell-free extracts.

MATERIALS AND METHODS

Organisms and preparation of extract. E. coli
B and a methionine auxotroph of E. coli K-12 (strain
2276) were grown at 37°C in a glucose-salts medium
(3) on a New Brunswick rotary shaker. The cells were
harvested by centrifugation, washed with a buffer
containing 10 mM each Tris-chloride (pH 7.4), MgCl.,
and NH,C], and suspended in an equal volume (g/ml)
of this buffer. The cells were disrupted by sonication
(3 x 20 s) in a Bronwill sonifier, and this homogenate
was used in the enzyme assays.

Incubation conditions and assay for methio-
nine. The reaction mixture contained in a final volume
of 200 pl: 20 umol of potassium phosphate buffer (pH
6.9), 0.1 umol of NADPH, 4 umol of glucose 6-phos-
phate, 1 ug of glucose 6-phosphate dehydrogenase, and
2.5 umol of L-methionine-dl-sulfoxide. After incuba-
ting at 37°C for 60 min (unless stated otherwise), the
reaction was stopped by the addition of 2 ml of 10%
CI;CCOOH and centrifuged. A sample of the super-
natant was removed, and the amount of methionine
was determined by the procedure of Dubnoff and
Borsook (9) as follows. A sample of the CLCCOOH
supernatant, 0.2 ml of 5 M NaOH, and 0.1 ml of 1%
sodium nitroprusside were combined and mixed. This
was followed by the addition of 1 ml of a 9:1 mixture
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of concentrated HCI and 85% phosphoric acid, and the
volume was adjusted to 2 ml. After 10 min the samples
were read at 540 nm. The concentration of methionine
was calculated from a standard curve, which was linear
between 50 and 400 pug of methionine.

Chemicals. NADPH, glucose 6-phosphate, glucose
6-phosphate dehydrogenase, and L-methionine-dI-
sulfoxide were purchased from Sigma Chemical Corp.

RESULTS AND DISCUSSION

A convenient and rapid method to test
whether E. coli possesses the enzymatic mech-
anism to convert methionine sulfoxide to methi-
onine is to determine whether a methionine
auxotroph can grow in the presence of methio-
nine sulfoxide. Figure 1A shows that L-methio-
nine-dl-sulfoxide is as effective as L-methionine
in supporting the growth of such an auxotroph,
and the kinetics of growth with each substrate
are identical (Fig. 1B). Racemic methionine sulf-
oxide was used in these experiments, which sug-
gests either that E. coli contains a racemase
capable of converting L-methionine-d-sulfoxide
to L-methionine-Z-sulfoxide or that the reduction
is not stereospecific. No growth was observed in
the absence of methionine or when methionine
sulfone was used as the substrate. Since methi-
onine sulfoxide cannot be used as a substrate to
acylate tRNA™ (data not shown), it cannot be
incorporated into proteins, and therefore these
results indicated that E. coli contains an enzy-
matic system that reduces methionine sulfoxide
to methionine.
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F16. 1. (A) Effect of concentration of L-methionine
or L-methionine-dl-sulfoxide on the growth of an E.
coli methionine auxotroph. E. coli 2276 (met~, thia-
mine~) was grown in a glucose salts medium supple-
mented with either methionine or methionine sulfox-
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This was demonstrated directly by incubating
methionine sulfoxide with a broken-cell prepa-
ration of E. coli B. This preparation was able to
catalyze the reduction of methionine sulfoxide
to methionine (Table 1). After centrifugation of
the extract, little activity was found in either the
particulate or supernatant fraction, but the ac-
tivity could be restored by combining the frac-
tions. These data strongly suggest that a mul-
tienzyme system is required for the reduction of
methionine sulfoxide to methionine. Table 2
shows that the appearance of methionine in this
in vitro system was found to require cell extract,
NADPH, and glucose 6-phosphate. The omis-
sion of the NADPH-regenerating system re-
sulted in an eightfold decrease in activity. An
NADH-generating system is only about 20% as
effective as the NADPH system. The rate of the

TABLE 1. Reduction of methionine sulfoxide by an
E. coli broken-cell preparation®

.. Activity
Condition %)
Brokencells ......... ... .. . . . ... . . ... 100
Particulate fraction ... ... .. ... . . . 27
Supernatant fraction . ....... .. ... .. . .. 19
Particulate fraction and supernatant frac-
tion .. ... ... ... ... ... 92

2 A broken-cell preparation of E. coli B was pre-
pared as described in the text and centrifuged at 15,000
X g for 10 min. The supernatant was removed, and
the particulate fraction was washed twice with 2 ml of
a buffer containing 10 mM each Tris-chloride (pH 7.4),
MgCl,, and NH,CL. The particulate fraction was sus-
pended in 1 ml of the same buffer. The incubations
were carried out for 60 min and assayed as described
in the text. One hundred percent activity represents
the formation of 1.7 umol of methionine. The amount
of protein present in each of the fractions was broken
cells, 1.9 mg; particulate, 0.9 mg; supernatant, 0.8 mg.

TABLE 2. Requirements for the conversion of
methionine sulfoxide to methionine®

Methi-
Expt System onine
(umol)
1 Complete 0.40
2 Minus cell extract 0
3  Minus NADPH 0.16
4  Minus glucose 6-phosphate 0.11
5  Minus NADPH-generating system 0.05
6  Plus NADH-generating system 0.08

ide. The optical density at 600 nm (Aex) was m ed
after 16 h of growth at 37°C. (B) Time course of the
growth of E. coli 2276 in the presence of either L-
methionine or L-methionine-dl-sulfoxide. The orga-
nism was grown in the medium described in the text
in the presence of 10 ug of either L-methionine or L-
methionine-dl-sulfoxide per ml. Samples were re-
moved at the times indicated, and the optical density
at 600 nm was measured. (O——O) Methionine;
(@——@) methionine sulfoxide.

® The incubation conditions and assay are described
in the text. Each incubation contained 1 mg of E. coli
broken-cell suspension and was carried out for 60 min
at 37°C. In experiment 5 NADPH, glucose 6-phos-
phate, and glucose 6-phosphate dehydrogenase were
omitted. In experiment 6 the NADPH-generating sys-
tem was replaced with an NADH-generating system
which included NADH (0.5 pmol), lactate (4 umol),
and lactic dehydrogenase (10 ug).
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reaction was linear up to at least 2 mg of protein
and 1 h of incubation. The broken-cell extract
was about % as active as a comparable unbroken-
cell suspension.

Figure 2 shows that in this in vitro system
methionine sulfone is not converted to methio-
nine, and that the same amount of methionine
is formed when either L-methionine-dI-sulfoxide
or L-methionine-/-sulfoxide is used as substrate.

In an effort to investigate whether the amount
of this activity varies with the growth of the
organisms, cells were harvested at varying times
and the activity of the enzyme was measured.
Figure 3 shows that there is about a fourfold
increase in the specific activity of the enzyme as
the organism grows from 0.2 to 1.0 optical den-
sity units measured at 600 nm. This increased
activity slowly returns to its initial value during
the late log and stationary phases of growth.
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Fic. 2. Effect of protein concentration on the con-
version of L-methionine-dl-sulfoxide, L-methionine-1-
sulfoxide, and L-methionine sulfone to methionine.
The incubation conditions and assay are described
in the text. The reaction mixtures contained 2.5 umol
of each substrate. L-Methionine-l-sulfoxide was pre-
pared from the racemic mixture as previously de-
scribed (21). (O) L-Methionine-dl-sulfoxide; (@) L-me-
thionine-l-sulfoxide; (A) L-methionine-sulfone.
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F1G6. 3. Effect of growth on the specific activity of
the enzyme system that converts methionine sulfoxide
to methionine. E. coli B was grown in a glucose salts
medium to different cell densities, and the cells were
harvested, extracts were prepared, and enzymatic
activity was measured as described in the text.
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The present study shows that E. coli contains
an enzymatic system capable of reducing methi-
onine sulfoxide to methionine. In vivo, the rate
of reduction is sufficiently rapid so that methi-
onine sulfoxide can support the growth of a
methionine auxotroph at a rate comparable to
that observed with methionine. In contrast to
methionine sulfoxide, methionine sulfone could
not support the growth of the auxotroph. The
reduction of methionine sulfoxide to methionine
required the presence of an NADPH-generating
system. These requirements are similar to those
previously found for the yeast system (2). Al-
though the enzyme was found to be present at
all states of growth of the organism, there were
significant changes in the specific activity of the
enzyme during the growth cycle.

Although this enzymatic system reduces free
methionine sulfoxide to methionine, it is not
clear that the free amino acid is the natural or
only substrate. It is interesting to speculate that
the functional substrate could be methionine
sulfoxide residues in proteins which have arisen
as a result of the in situ oxidation of methionine.
Thus, it is possible that the changes in specific
activity of the methionine sulfoxide reductase
system during growth are related to the active
metabolic production of oxidizing agents, such
as the superoxide and hydroxyl radicals and
hydrogen peroxide, during the log phase of
growth. All of these reagents could cause the
oxidation of protein-bound methionine residues,
and this enzymatic reducing system might pro-
vide the cell with a mechanism to insure that
methionine sulfoxide residues in proteins do not
accumulate.

Another sulfoxide-reducing system that has
been reported in E. coli utilizes biotin sulfoxide
as the substrate (7). It has been shown (10) that
four closely linked gene products are involved in
converting biotin sulfoxide to biotin, and that
methionine sulfoxide is not a substrate. In an-
other study (5), it has been suggested that pro-
tein-bound biotin sulfoxide could be the true
substrate. It would appear from both of these
studies that complex enzymatic systems are
present in E. coli to maintain biotin and methi-
onine in the reduced state. Work is in progress
to ascertain whether a protein-bound methio-
nine sulfoxide can serve as a substrate for this
reaction.

LITERATURE CITED

1. Bhuyan, K. C., and D. K. Bhuyan. 1977. Regulation of
hydrogen peroxide in eye humors. Effect of 3-amino-
1H-1,2,4-triazole on catalase and glutathione peroxidase
of rabbit eye. Biochim. Biophys. Acta 497:641-651.

2. Black, S., E. M. Harte, B. Hudson, and L. Wartofsky.
1960. A specific enzymatic reduction of L(—) methionine



164  EJIRI, WEISSBACH, AND BROT

3.

X

10.

11

12.

sulfoxide and a related nonspecific reduction of disul-
fides. J. Biol. Chem. 235:2910-2916.

Brot, N., J. Goodwin, and H. Fales. 1966. In vivo and
in vitro formation of 2,3-dihydroxybenzoylserine by
Escherichia coli K,;. Biochem. Biophys. Res. Commun.
25:454-461.

. Caldwell, P., D. C. Luk, H. Weissbach, and N. Brot.

1978. Oxidation of the methionine residues of Esche-
richia coli ribosomal protein L12 decreases the protein’s
biological activity. Proc. Natl. Acad. Sci. U.S.A. 75:
5349-5352.

. Campbell, A., A. del Campillo-Campbell, and D. Bar-

ker. 1978. Repression of biotin biosynthesis in Esche-
richia coli during growth on biotin vitamers. J. Bacte-
riol. 135:90-98.

. Carlsson, F. H. H,, and A. 1. Louw. 1978. The oxidation

of methionine and its effect on the properties of cardi-
otoxin V” from Naja melanoleuca venom. Biochim.
Biophys. Acta 534:322-330.

. Cleary, P. P., and D. Dykhuizen. 1974. Enzymatic re-

duction of D-biotin-d-sulfoxide with cell-free extracts of
Escherichia coli. Biochem. Biophys. Res. Commun. 56:
629-634.

Dedman, M. L., T. H. Farmer, and C. J. O. R. Morris.
1961. Studies on pituitary adrenocorticotrophin. 3. Iden-
tification of the oxidation-reduction centre. Biochem. J.
78:348-352.

. Dubnoff, J. W., and H. Borsook. 1948. Dimethylthetin

and dimethyl-8-propiothetin in methionine synthesis.
J. Biol. Chem. 176:789-796.

Dykhuizen, D. 1973. Genetic analysis of the system that
reduces biotin-d-sulfoxide in Escherichia coli. J. Bac-
teriol. 115:662-667.

Jori, G., G. Galiazzo, A. Marzotto, and E. Scoffone.
1968. Dye-sensitized selective photooxidation of methi-
onine. Biochim. Biophys. Acta 154:1-9.

Jori, G., G. Galiazzo, A. Marzotto, and E. Scoffone.
1968. Selective and reversible photo-oxidation of the
methionyl residues in lysozyme. J. Biol. Chem. 243:

J. BACTERIOL.

4272-4278.

13. Kido, K., and B. Kassell. 1975. Oxidation of methionine
residues of porcine and bovine pepsins. Biochemistry
14:631-635.

14. Koteliansky, V. E., S. P. Domogatsky, and A. T.
Gudkov. 1978. Dimer state of protein L7/L12 and EF-
G-dependent reactions on ribosomes. Eur. J. Biochem.
90:319-323.

15. Morrissey, J. J., L. E. Cupp, H. Weissbach, and N.
Brot. 1976. Synthesis of ribosomal proteins L7L12 in
relaxed and stringent strains of Escherichia coli. J.
Biol. Chem. 251:5516-5521.

16. Neumann, N. P., S. Moore, and W. H. Stein. 1962.
Modification of the methionine residues in ribonuclease.
Biochemistry 1:68-75.

17. Porqué, P. G., A. Baldesten, and P. Reichard. 1970.
The involvement of the thioredoxin system in the re-
duction of methionine sulfoxide and sulfate. J. Biol.
Chem. 245:2371-2374.

18. Ray, W. J., Jr., H. G. Latham, Jr., M. Katsoulis, and
D. E. Kosland, Jr. 1960. Evidence for involvement of
a methionine residue in the enzymatic action of phos-
phoglucomutase and chymotrypsin. J. Am. Chem. Soc.
82:4743-4744. -

19. Revel, M. 1977. Initiation of messenger RNA translation
into protein and some aspects of its regulation, p. 245-
321. In H. Weissbach and S. Pestka (ed.), Molecular
mechanisms of protein biosynthesis. Academic Press,
New York.

20. Schachter, H., and G. H. Dixon. 1962. Identification of
the methionine involved in the active center of chy-
motrypsin. Biochem. Biophys. Res. Commun. 9:132-
137.

21. Toennies, G., and J. J. Kolb. 1939. Methionine studies.
I1. dl-Methionine sulfoxide. J. Biol. Chem. 128:399-405.

22. Truscott, R. J. W., and R. C. Augusteyn. 1977. Oxida-
tive changes in human lens proteins during senile nu-
clear cataract formation. Biochim. Biophys. Acta 492:
43-52.



