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Abstract Methionine sulfoxide (MetSO) in calmodulin (CaM)
was previously shown to be a substrate for bovine liver peptide
methionine sulfoxide reductase (pMSR, EC 1.8.4.6), which can
partially recover protein structure and function of oxidized CaM
in vitro. Here, we report for the first time that pMSR selectively
reduces the D-sulfoxide diastereomer of CaM-bound L-MetSO
(L-Met-D-SO). After exhaustive reduction by pMSR, the ratio of
L-Met-D-SO to L-Met-L-SO decreased to about 1:25 for
hydrogen peroxide-oxidized CaM, and to about 1:10 for free
MetSO. The accumulation of MetSO upon oxidative stress and
aging in vivo may be related to incomplete, diastereoselective,
repair by pMSR.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

The oxidation of methionine (Met) to methionine sulfoxide
(MetSO) represents a common post-translational protein
modi¢cation accompanying biological conditions of oxidative
stress [1^5] and aging [6^9]. Depending on the location of the
modi¢ed Met residue, MetSO formation may cause conforma-
tional changes and/or inactivation of a protein [1,5,10], and
has been implicated in the modulation of cellular signaling
processes [6,7,11]. Recently, it has been suggested that the
oxidation of surface-exposed Met residues to MetSO may
represent an endogenous antioxidant defense that protects
proteins against the oxidation of other critically important
residues [3]. An essential part of all these hypotheses is the
fact that these MetSO residues can be reduced back to Met by
the enzyme peptide methionine sulfoxide reductase (pMSR)
[3^6,11^13].

Oxidation of L-Met theoretically generates two MetSO dia-
stereomers, L-Met-D-SO and L-Met-L-SO. Although no data
are currently available regarding the MetSO diastereomer
composition in biological systems, our recent in vitro results
show that Met oxidation through biologically relevant reac-
tions, involving Met radical cations and superoxide, can be
diastereoselective [14]. Moreover, the enzymatic reduction of
MetSO by pMSR has been suggested to be diastereoselective;
incubation of 4-dimethylamino-azobenzene-4P-sulfonyl L-Met-
SO (DABS-L-MetSO) with a crude protein extract from hu-
man polymorphonuclear leukocytes has been reported to re-

duce DABS-L-Met-L-SO about 10 times faster than DABS-L-
Met-D-SO [15].

In contrast, here we show that puri¢ed bovine liver pMSR
is diastereoselective towards L-Met-D-SO both for free and
protein-bound MetSO, present in oxidized calmodulin
(CaM). Calmodulin was chosen for this study as our recent
results show that CaM accumulates a signi¢cant fraction of
MetSO in vivo during biological aging [7,8].

2. Materials and methods

2.1. Reagents
TPCK-treated sequence grade trypsin was from Promega (Madison,

WI); physiological amino acid standards, and carboxypeptidase Y
from baker's yeast were from Pierce (Rockford, IL). Q-Methylsul¢n-
yl-K-aminobutyric acid (L-methionine-DL-sulfoxide, MetSO), o-phthal-
aldehyde (OPA), NADPH, catalase, thioredoxin reductase from
Escherichia coli, n-amylamine and sodium acetate were from Sigma
(St. Louis, MO). Glutathione Sepharose 4B was from Pharmacia Bio-
tech (Uppsala, Sweden), and phenyl Sepharose CL-4B was from Phar-
macia (Piscataway, NJ). Thioredoxin from Spirulina sp. was from
Fluka Biochemika (Buchs, Switzerland). Picric acid was from Aldrich
(Milwaukee, WI). All other chemicals of the highest commercially
available grade were from Fisher (Pittsburgh, PA).

2.2. Expression and puri¢cation of recombinant proteins
CaM was prepared essentially as previously described [10]. A single

isoform of CaM corresponding to the c-DNA encoding vertebrate
CaM provided by Prof. Sam George (Duke University) was subcloned
into the expression vector pALTER-Ex1 (Promega, Madison, WI),
over-expressed in E. coli strain JM109 (Promega, Madison, WI),
and puri¢ed by weak anion exchange HPLC using phenyl Sepharose
CL-4B [10,16]. The sequence of CaM, in the one-letter code (methio-
nine residues are typed in bold), with trypsin cleavage fragments T1^
T14 divided by arrows, is presented below:

Bovine liver pMSR was expressed in E. coli as a GST fusion pro-
tein, and puri¢ed using a glutathione Sepharose 4B a¤nity column as
described [13]. Proteins were aliquoted and stored at 370³C.

2.3. Oxidation of calmodulin
CaM (40 WM) was oxidized at 25³C for 3 h in air-saturated bu¡er

containing 20 mM sodium phosphate, pH 7.4, containing 100 mM
KCl and 5 mM H2O2. The reaction was stopped by the addition of
10 U/ml catalase. The oxidized protein was rapidly separated from the
other reactants on a Vydac C4 guard column (4.6U25 mm), initially
equilibrated with aqueous tri£uoroacetic acid (TFA; 0.1%), by elution
with 80% MeOH/20% H2O/0.1% TFA (v/v). CaM samples were col-
lected, dried under vacuum, and stored at 320³C.

2.4. Tryptic digestion of CaM and RP HPLC analysis of the digest
Exhaustive tryptic digestion of CaM was performed at 37³C in
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50 mM potassium phosphate bu¡er, pH 8.0, at a molar ratio of CaM
to trypsin of 60:1. The reaction was terminated after 12 h by the
addition of TFA, adjusting the solution to pH 2. Aliquots of 100 Wl
were separated by HPLC (Varian 9012) on a Vydac C4 column
(4.6U250 mm, equipped with a 4.6U25 mm guard column), equili-
brated with 0.1% aqueous TFA, and eluted at 1 ml/min with a linear
gradient increasing the acetonitrile content to 45% in 0.1% TFA at a
rate of 0.75%/min. Tryptic fragments were monitored at 215 nm by
UV absorbance detector (Varian 9050). Peaks of interest were col-
lected and lyophilized. Identi¢cation of all the tryptic fragments of
native and oxidized CaM was carried out by electro spray ionization-
mass spectrometry (ESI MS) as described [17].

2.5. Carboxypeptidase Y digestion
The MetSO containing tryptic fragment T14(O) (V3 WM), collected

after HPLC separation of an exhaustive tryptic digest of oxidized
CaM was incubated for 1 h at 25³C with carboxypeptidase Y (1 U/
ml) in 10 mM sodium phosphate bu¡er, pH 7.0, containing 0.1 mM
EDTA. The reaction was stopped by mixing with an equal volume of
0.1 M acetic acid, adjusting the ¢nal pH to about 3.0.

2.6. Reduction of methionine sulfoxide in oxidized calmodulin or free
methionine sulfoxide with peptide methionine sulfoxide reductase

Oxidized CaM (40 WM) or 70 WM L-Met-DL-SO were incubated for
2 h at 37³C in the presence of various concentrations of pMSR and
thioredoxin/thioredoxin reductase/NADPH (T/TR/NADPH) [13] in
20 mM sodium phosphate, pH 7.4, containing 100 mM KCl. Incuba-
tion with T/TR/NADPH alone served as a control for the e¡ect of
pMSR.

2.7. HPLC analysis of L-MetSO diastereomers
Sulfoxide diastereomers were separated by HPLC after pre-column

OPA derivatization. The derivatization reagent was freshly prepared
by mixing equal volumes of an OPA stock solution (containing 25 mg
OPA, 0.625 ml methanol, 25 Wl 2-mercaptoethanol, and 11.2 ml 0.4 M
K2HPO4 bu¡er, adjusted to pH 9.5 with sulfuric acid) with 1% Brij in
the same bu¡er. Sample solutions (10 Wl) were mixed at room temper-
ature with 40 Wl of the OPA/Brij derivatization reagent and after
exactly 1 min, 80 Wl of 0.4 M KH2PO4 were added. After a further
minute, 100 Wl of the mixture were injected onto a Zorbax C18-Rx
column (4.6U150 mm) initially equilibrated at 35³C with 20 mM
sodium acetate, pH 5.8 (mobile phase A). At the time of injection
the mobile phase was switched to 90% A/10% methanol and eluted
isocratically during 38 min at 2 ml/min, followed by a washing step at
10% A/90% methanol for 10 min. Amino acid derivatives were moni-
tored by £ow £uorescence detector (Shimadzu RF-10AXL) with ex-
citation and emission wavelengths set at 330 and 450 nm, respectively.
Calibration was performed using racemic L-MetSO (Sigma). Control
experiments (data not presented) showed that the ratio of 1.13 þ 0.04
for the OPA-derivatives of L-Met-D-SO and L-Met-L-SO, obtained for
a standard MetSO racemic mixture (Table 1) di¡ers slightly from a
theoretical value of unity due to the instability of the OPA-derivatives
(half-life estimated at 35³C was about 60 min) and a di¡erence in
retention time of the diastereomers of about 2 min.

2.8. Preparation of authentic standards
Authentic standards of L-Met-D-SO and L-Met-L-SO were prepared

according to the method of Lavine [18] with minor modi¢cations.
Brie£y, 0.3 g of L-methionine-DL-sulfoxide were dissolved in 2 ml
H2O in a boiling water bath. After slight cooling, a methanolic solu-
tion of picric acid (0.5 g wet weight/4 ml) was slowly added to give a
yellow precipitate. After cooling to room temperature, the precipitate
was ¢ltered o¡ through cellulose paper, washed with ice-cold meth-
anol, and re-dissolved in 20 ml H2O. To liberate the sulfoxide, amyl-
amine (80 Wl) was added, bringing the ¢nal pH to around 8.0. L-Met-
D-SO was reprecipitated by the addition of 200 ml acetone, and col-
lected by centrifugation (12 000Ug for 5 min). The pellet was washed
twice with acetone and dried under vacuum. The product had a spe-
ci¢c rotation of [K]25

D = +100³ in H2O, identical to the published value
for L-Met-D-SO [18], and its OPA derivative coeluted (s 98% purity)
with peak `d' shown in Fig. 1A.

The original ¢ltrate was evaporated under vacuum to remove meth-
anol, redissolved in 20 ml H2O+80 Wl amylamine, and 200 ml acetone
were added to reprecipitate the free sulfoxide. The pellet was collected
by centrifugation, washed twice with acetone and dried. After OPA
derivatization the resulting sulfoxide was found to consist of 75%
L-Met-L-SO and 25% L-Met-D-SO.

3. Results

3.1. Oxidation of methionine residues in calmodulin to
methionine sulfoxide

Incubation of CaM with H2O2 led to oxidation of Met
predominantly in the C-terminal fragment T14 (Glu127^
Lys148 ; containing Met144 and Met145) to the overall mono-
oxidized fragment T14(O), as assessed by tryptic mapping and
ESI-MS analysis. Relatively mild conditions ensured the con-
version of 23.0 þ 1.8% of either Met144 or Met145 to MetSO
(Table 1), whereas other Met-containing fragments displayed
at least three-fold lower oxidization yields (data not pre-
sented).

3.2. Diastereoselectivity of methionine sulfoxide reduction in
CaM by peptide methionine sulfoxide reductase

Subsequent to the in vitro oxidation by H2O2, CaM was
incubated with pMSR followed by trypsin digestion. The oxi-
dized tryptic fragment, T14(O), was collected and subjected to
digestion by carboxypeptidase Y. Fig. 1A^C demonstrate that
pMSR selectively targets the CaM-bound L-Met-D-SO. Both
diastereomers, L-Met-D-SO and L-Met-L-SO are well separated
in an amino acid standard mixture (Fig. 1A), present in the
carboxypeptidase Y digest of T14(O) of H2O2-treated CaM
(Fig. 1B), but L-Met-D-SO disappeared after the exposure of
oxidized CaM to pMSR (Fig. 1C). Table 1 shows that the
selective reduction of L-Met-D-SO requires the presence of
pMSR, and depends on the concentration of pMSR. The T/
TR/NADPH system alone was almost ine¡ective at MetSO

Table 1
MetSO diastereomer ratio in T14 tryptic fragment of CaM after oxidation of the protein with H2O2 and following incubation with pmsR

Experimental conditions % of MetSO in Ta
14 D/L ratiob

L-Methionine-DL-sulfoxide (racemic) ^ 1.13 þ 0.04
Native CaM 1.8 þ 0.3 ^
Oxidized CaM (CaMox)c 23.0 þ 1.8 1.13 þ 0.04
CaMox+T/TR/NADPHd 20.8 þ 2.5 1.16 þ 0.05
CaMox+T/TR/NADPHe+0.25 WM pMSR 13.3 þ 2.4 0.40 þ 0.05
CaMox+T/TR/NADPHe+0.5 WM pMSR 10.3 þ 0.3 0.038 þ 0.006
aDetermined by the HPLC and ESI-MS in CaM tryptic digest.
bDetermined by the HPLC with pre-column OPA derivatization in carboxypeptidase Y digest of T14(O) CaM tryptic fragment.
cCaM (40 WM) was incubated at 25³C for 3 h with 5 mM H2O2 in air-saturated bu¡er containing 100 mM KCl, 20 mM sodium phosphate,
pH 7.4.
dOxidized CaM (40 WM) was incubated at 37³C for 2 h with 1 WM T, 0.5 WM TR, and 500 WM NADPH.
eAt molar ratios of T/TR/NADPH to pMSR of 2:1, 1:1 and 500:1, respectively.
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reduction even at a maximal concentration used, and did not
change the ratio of L-Met-D-SO/L-Met-L-SO.

3.3. Diastereoselectivity of pMSR towards free methionine
sulfoxide

In order to assess whether the observed diastereoselectivity
was dependent on L-MetSO bound to a protein, we subjected
a D/L mixture of the free amino acid, L-Met-DL-SO to reduc-
tion by pMSR. Incubation of free L-Met-DL-SO with pMSR
resulted in a preferential reduction of L-Met-D-SO (Fig. 2).
The L-sulfoxide remained nearly intact unless a very high con-
centration of pMSR was used, so that the D/L ratio decreased
to about 1:10 at a maximal pMSR concentration (Fig. 2).
Thus, pMSR shows the same diastereoselectivity towards
free and peptide-bound MetSO.

4. Discussion

Our report shows for the ¢rst time that pMSR diastereose-
lectively reduces protein-bound L-Met-D-SO. In fact, the D/L

ratio of the remaining MetSO was signi¢cantly less after the

reduction of protein-bound L-MetSO (V1:25) as compared to
free L-MetSO (V1:10)1. The high preference for L-Met-D-SO
is in contrast to the work of Minetti et al. [15]. However,
source and purity of the enzymes were di¡erent in both stud-
ies: whereas Minetti et al. used a crude extract from human
polymorphonuclear leukocytes, we utilized puri¢ed bovine liv-
er pMSR. Furthermore, our results were obtained with phys-
iological reductants, T/TR/NADPH, as compared to DTT
and DTE in [15], using physiological substrates for pMSR.
Di¡erences in the diastereoselectivity of MetSO reduction
may also indicate the existence of more than one enzymatic
system reducing MetSO diastereomers, depending on the na-
ture of the tissue and conditions, e.g. oxidative stress at in-
£ammation sites where activated leukocytes are implicated.

Considering the potential antioxidant function of the
pMSR/Met system, it is rather di¤cult to understand such a
high selectivity of a repair enzyme towards only one sulfoxide
diastereomer. In vitro studies showed that the oxidation of
free L-Met by chloroperoxidase [19] as well as by hydrogen
peroxide (Table 1) or peroxynitrite (our unpublished data)
produces 1:1 ratios of L-Met-D-SO and L-Met-L-SO, although
a partial asymmetric oxidation of Met (ultimately giving high-
er yields of D-sulfoxide) was shown in model reactions involv-
ing Met radical cations and superoxide [14]. Pending a de-
tailed analysis of the diastereomer ratios of L-Met-D-SO and
L-Met-L-SO in oxidized proteins in vivo, we can expect the
repair of MetSO in vivo to be incomplete. This may be one
rationale for the accumulation of MetSO on CaM in senescent
brain [7,8].

The stereospeci¢city of pMSR may invite other, though
more speculative considerations. The antioxidant action of
pMSR may merely be a side e¡ect of an enzyme designed
for performing a signaling function, based on a reversible
diastereoselective protein Met oxidation. In this case a dia-

Fig. 1. Chromatograms of OPA-derivatized amino acids from (A)
amino acid standards (Pierce, 12.5 WM each) +25 WM L-Met-DL-SO
(Sigma), and from the carboxypeptidase Y digest of T14(O) frag-
ment for (B) oxidized CaM, and (C) oxidized CaM after the incuba-
tion for 2 h at 37³C with 0.5 WM pMSR, 1 WM thioredoxin, 0.5 WM
thioredoxin reductase, and 250 WM NADPH. Dashed line in A
shows the percent of organic modi¢er (methanol) in mobile phase
(right axis). Arrows indicate a chromatographic peak position for
D- and L-diastereomers of the MetSO OPA-derivatives. Inset in C:
an overlay of the three extended chromatograms for L-MetSO peaks
(1, A; 2, B; 3, C).

Fig. 2. Reduction of free L-methionine-DL-sulfoxide by pMSR.
Shadowed columns: remaining L-Met-D-SO; open columns: L-Met-
L-SO, line plot represents D/L diastereomeric ratio. Experimental
conditions: 100 WM L-Met-DL-SO incubated for 2 h at 37³C either
(1) alone or with (2) T/TR/NADPH of 3, 1.5, 750 WM, respectively;
(3) T/TR/NADPH of 0.3, 0.15, 75 WM, respectively, and 0.15 WM
pMSR; (4) T/TR/NADPH of 1.5, 0.75, 375 WM, respectively, and
0.75 WM pMSR; (5) T/TR/NADPH of 3, 1.5, 750 WM, respectively,
and 1.5 WM pMSR.

1 A similar diastereoselectivity for free L-Met-D-SO was also observed
by Moskovitz et al. (J. Moskovitz, R.L. Levine and E.R. Stadtman,
personal communication).
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stereoselective MetSO reduction should be preceded by a dia-
stereospeci¢c, potentially enzymatic, MetSO formation. For
example, an enzymatic mechanism for the oxidation of free
Met with preferred formation of L-Met-D-SO was discovered
in rabbit liver and kidney microsomes, characterized as a £a-
vin-containing monooxygenase isozyme 3 [20,21].
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