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ABSTRACT: Methionine sulfoxide reductases catalyze the thioredoxin-dependent reduction of methionine
sulfoxide back to methionine. The methionine sulfoxide reductases family is composed of two structurally
unrelated classes of enzymes named MsrA and MsrB, which display opposite stereoselectivities toward
the sulfoxide function. Both enzymes are monomeric and share a similar three-step chemical mechanism.
First, in the reductase step, a sulfenic acid intermediate is formed with a concomitant release of 1 mol of
methionine per mol of enzyme. Then, an intradisulfide bond is formed. Finally, Msrs return back to reduced
forms via reduction by thioredoxin. In the present study, it is shown for theNeisseria meningitidisMsrB
that (1) the reductase step is rate-determining in the process leading to formation of the disulfide bond
and (2) the thioredoxin-recycling process is rate-limiting. Moreover, the data suggest that within the
thioredoxin-recycling process, the rate-limiting step takes place after the two-electron chemical exchange
and thus is associated with the release of oxidized thioredoxin.

Oxidation of proteins can readily occur during oxidative
stress conditions by reactive oxygen species (ROS). One of
the targets in proteins is a methionine (Met) residue, which
can be oxidized into methionine sulfoxide (MetSO).1 Met
oxidation is reversed in vivo by methionine sulfoxide
reductases (Msr). Two classes of Msrs called MsrA and
MsrB have been described so far, which reduce free and
protein-bound MetSO back to Met, using reduced thioredoxin
(Trx) as an electron source (1-6). Three major roles for Msrs
have been postulated: they can (1) scavenge ROS species
such as an antioxidant molecule (7, 8), (2) repair oxidized
proteins and therefore may regulate the function of these
proteins (9, 10), and (3) play a role in the virulence of some
bacteria (11-14).

MsrA and MsrB are two structurally unrelated classes of
enzymes that display opposite stereoselectivities toward the
S and R isomers of the sulfoxide function of MetSO,
respectively (2-6). The 3-D structures of MsrA from
Escherichia coli, Bos taurus, andMycobacterium tubercu-
losis and of MsrB from Neisseria gonorrhoeaeand N.
meningitidiswere determined by X-ray crystallography (15-
19). The structure of MsrA is of mixedR-â-type with an
active site, which can be described as an opening basin

readily accessible to the substrate. This site contains the
catalytic Cys-51 located at the N-terminus of anR-helix. The
core of the MsrB structure is composed of two antiparallel
â-sheets, and the active site is also solvent exposed and
contains the catalytic Cys-117 located in the middle of a
â-strand. Except for the presence of the catalytic and the
recycling cysteines and of a tryptophan, the latter of which
is involved in the recognition of the methyl of the sulfoxide
substrate, the two active sites do not share any other common
amino acids that can be involved either in the chemical
mechanism or in the substrate specificities. However, both
classes of Msrs share the same three-step chemical mecha-
nism including (1) a nucleophilic attack of the catalytic Cys
residue on the sulfur atom of the sulfoxide substrate leading
via a 1,3-sigmatropic rearrangement to formation of a
sulfenic acid intermediate and release of 1 mol of Met per
mol of enzyme, (2) a formation of an intramonomeric
disulfide bond between the catalytic and the recycling
cysteines with a concomitant release of 1 mol of water, and
(3) a reduction of the Msr disulfide bond by Trx leading to
regeneration of the reduced form of Msr and to formation
of oxidized Trx in the disulfide state (Trxox) (Scheme 1) (6,
20). For MsrA, this chemical mechanism is in agreement
with the kinetic mechanism, which was shown to be of ping-
pong type (21).

Recent studies from our group on the catalytic mechanism
of the MsrA fromN. meningitidishave shown that the rate-
limiting step is associated with the reduction of the MsrA
disulfide bond by Trx and that the rate of the sulfenic acid
intermediate formation is fast and is rate-determining in the
process leading to formation of the MsrA disulfide bond (22).
In contrast, no data are presently available on the kinetics
of the MsrBs.

† This research was supported by the Centre National de la Recherche
Scientifique (Programme Physique et Chimie du Vivant 2000, Pro-
gramme Prote´omique et Ge´nie des Prote´ines 2001), the University Henri
Poincare´ Nancy I, the Association pour la Recherche sur le Cancer
(Association pour la Recherche sur le Cancer Grant 5436), and the
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In the present study, the rates of the three steps of the
chemical mechanism have been determined for theN.
meningitidisMsrB. The results demonstrate that the Trx-
recycling process is rate limiting. The data also suggest that
within the Trx-recycling process, the rate-limiting step takes
place after the two-electron chemical exchange and thus is
associated with the release of Trxox. These results are
compared with those recently described for MsrA (22).

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis, Production, and Purification
of Enzymes.The E. coli strain used for allN. meningitidis
MsrB productions was BE002 (MG1655 msrA::specΩ,
msrB::R3kan), transformed with the plasmidic construction
pSKPILBMsrB containing the coding sequence ofmsrB
under thelac promoter (6). The BE002 strain was kindly
provided by Dr. F. Barras. Its use prevented expression of
endogenous wild-type MsrA and MsrB fromE. coli and thus
avoided any contamination of the activity of theN. menin-
gitidis MsrB by the Msrs fromE. coli. Site-directed mu-
tageneses were performed using the QuikChange site-directed
mutagenesis kit (Stratagene).

Purifications were realized as described previously (6).
Purity of wild-type and mutant MsrBs was checked by
electrophoresis on 15% SDS-PAGE gel followed by Coo-
massie Brilliant Blue R-250 staining and by electrospray
mass spectrometry analyses. Storage of the enzymes was
done as described previously (6). The molecular concen-
tration was determined spectrophotometrically, using an
extinction coefficient at 280 nm of 17 330 M-1 cm-1 for
wild-type and mutant MsrBs (6). In this paper,N. menin-
gitidis MsrB amino acid numbering is based on theE. coli
MsrB sequence without the N-terminal Met.

Trx1 and Trx reductase fromE. coli were prepared
following experimental procedures already published (23,
24).

Preparation of Ac-L-Met-R,S-SO-NHMe. Ac-L-Met-OMe
was purchased from Bachem. Treatment of Ac-L-Met-OMe
with 25 mol equiv of methylamine in methanol gave Ac-L-
Met-NHMe. Oxidation of Ac-L-Met-NHMe with 1.05 mol
equiv of H2O2 in methanol resulted in Ac-L-Met-R,S-SO-
NHMe. Separation of Ac-L-Met-R,S-SO-NHMe from residual
nonoxidized Ac-L-Met-NHMe was achieved by reverse phase
chromatography on a Delta-Pak C18 preparative column (19/
300) (Waters) on a Waters HPLC system, equilibrated with
H2O and eluted with a linear gradient of acetonitrile from 0
to 55%. Ac-L-Met-R,S-SO-NHMe was eluted at 3% aceto-

nitrile, whereas Ac-L-Met-NHMe was eluted at 30% aceto-
nitrile. The fractions corresponding to Ac-L-Met-R,S-SO-
NHMe were pooled and concentrated to eliminate acetonitrile.
The proton NMR spectrum is in accord with the Ac-L-Met-
R,S-SO-NHMe structure. Concentration of Ac-L-Met-R,S-
SO-NHMe solution was determined on an analytic Atlantis
C18 column (Waters) on an A¨ KTA explorer system (Am-
ersham Biosciences) by integrating the absorption peak at
215 nm (1 nmol of Ac-L-Met-R,S-SO-NHMe gives 1.62 area
units).

Enzyme Kinetics.Kinetics studies were carried out with
Ac-L-Met-R,S-SO-NHMe as a substrate andE. coli Trx1 as
a reductant in the presence of a Trx-regenerating system (1.28
µM E. coli Trx reductase and 0.3 mM NADPH) as previously
described by Olry et al. (6). The initial rate data were fit to
the Michaelis-Menten relationship using least-squares analy-
sis to determinekcat and KM with the program Sigmaplot
(Jandel Scientific Software). AllKM values were determined
at saturating concentrations of the other substrate.

Preparation of MsrB in the Disulfide State and Trxox. MsrB
oxidation was achieved by mixing 100µM MsrB with 300
mM MetSO in buffer A (50 mM Tris-HCl, 2 mM EDTA,
pH 8). The MetSO used wasD,L-Met-R,S-SO, of which only
the R isomer is a substrate for MsrB (6). Trx oxidation was
achieved by mixing 500µM Trx with 1 mM DTNB in buffer
A. After 10 min of incubation at room temperature, oxidized
proteins were passed through an Econo-Pac 10 DG desalting
column (Bio-Rad) equilibrated with buffer A. Oxidation of
protein in the disulfide state was checked by titration with
DTNB.

Fluorescence Properties of Wild-Type and Mutant MsrBs.
The fluorescence characteristics of the wild-type MsrB in
the reduced form (MsrBred) and Cys-117/Cys-63 disulfide
state, and the C63S MsrB in its reduced form and Cys-117
sulfenic acid state, were recorded on an spectrofluorometer
(flx, SAFAS company) thermostated at 25°C, in buffer A
with 10 µM each protein.

Determination of the Rate of Ac-L-Met-NHMe Formation
and of Thiol Loss by Single TurnoVer Quenched-Flow
Experiments.Quenched-flow measurements were carried out
at 25°C on a SX18MV-R stopped-flow apparatus (Applied
PhotoPhysics) fitted for the double-mixing mode and adapted
to recover the quenched samples as previously described (22).
Briefly, equal volumes (60µL) of a solution containing
600 µM MsrB in 50 mM MES, pH 5.5, or in buffer A and
a solution containing 700 mM Ac-L-Met-R,S-SO-NHMe in
50 mM MES, pH 5.5, or in buffer A were mixed in the aging
loop. The mixture was then allowed to react for 30-800 ms
before being mixed with an equal volume of a quenching
aqueous solution containing 2% of trifluoroacetic acid.
Quenched samples were then collected in a 200µL loop.
For each aging time, four shots were done, and the four
corresponding quenched samples were pooled in a volume
of 700µL and then analyzed. Ac-L-Met-NHMe quantification
in the quenched samples was carried out by reverse phase
chromatography as described in the paragraphPreparation
of Ac-L-Met-R,S-SO-NHMeby peak integration at 215 nm.
The other part of the quenched samples was used to (1)
determine the protein concentration from the absorbance at
280 nm and (2) quantify the free cysteine content, using 2,2′-
dipyridyl disulfide as a thiol probe. Progress curves of
pyridine-2-thione production were recorded at 343 nm in

Scheme 1: Proposed Catalytic Mechanism of MsrA and
MsrB from N. meningitidisa

a Representation of the three-step chemical mechanism as described
by Antoine et al. (22). In step III, a Michaelis complex is formed
between Msrox and Trxred. Then, a nucleophilic attack of Cys-32 of
Trx on the disulfide bond of the Msr leads to formation of an
intermolecular disulfide bond, which is followed by a nucleophilic attack
of Cys-35 of Trx that leads to Msrred and Trxox. For MsrB from N.
meningitidis, X represents Cys-117 and Y Cys-63.
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buffer A. Enzyme concentration was 6.19µM, and the 2,2′-
dipyridyl disulfide concentration was 665µM. The amount
of pyridine-2-thione formed was calculated using an extinc-
tion coefficient at 343 nm of 8080 M-1 cm-1. Data were
plotted as mol of Ac-L-Met-NHMe formed per mol of MsrB
and as free remaining thiols per mol of MsrB, both as a
function of time. The rate of Ac-L-Met-NHMe formation was
determined by fitting the curve to the monoexponential
equation (eq 1), in whicha represents the fraction of Ac-L-
Met-NHMe formed per mol of MsrB andkobs represents the
rate constant.

The rate of loss in free thiols was determined by fitting the
curve to the monoexponential equation (eq 2) in whichy0

represents the number of free remaining thiols,a represents
the number of oxidized thiols, andkobs represents the rate
constant.

Kinetics of the Formation of the Cys-117 Sulfenic Acid
Intermediate of C63S MsrB by Single TurnoVer Stopped-
Flow Experiment.Kinetics of the C63S MsrB fluorescence
decrease associated with the formation of the Cys-117
sulfenic acid intermediate were measured at 25°C on a
SX18MV-R stopped-flow apparatus (Applied PhotoPhysics)
fitted for fluorescence measurements. The excitation wave-
length was set at 291 nm, and the emitted light was collected
using a 320 nm cutoff filter. One syringe contained MsrB
in buffer A (10 µM, final concentration after mixing), and
the other one contained Ac-L-Met-R,S-SO-NHMe at various
concentrations in buffer A (5-550 mM, final concentration).
An average of six runs was recorded for each Ac-L-Met-
R,S-SO-NHMe concentration. Rate constants,kobs, were
obtained by fitting fluorescence traces with the monoexpo-
nential equation (eq 3) in whichc represents the end point,
a represents the amplitude of the fluorescence increase (<0),
andkobs represents the rate constant.

Data were fit to eq 4 using least-squares analysis to determine
kobs maxandK for Ac-L-Met-R,S-SO-NHMe.Srepresents the
Ac-L-Met-R,S-SO-NHMe concentration, andK represents the
Ks value for the substrate.

Kinetics of the Reduction of the Cys-117/Cys-63 MsrB
Disulfide Bond by Trx by Single TurnoVer Stopped-Flow
Experiments.Kinetic measurements of the Trx fluorescence
quenching associated with the formation of the Cys-32/Cys-
35 disulfide bond upon the reduction of the MsrB in the
disulfide state (MsrBox) were carried out as previously
described for MsrA (22). Briefly, the excitation wavelength
was set at 310 nm, and the emitted light was collected above
320 nm using a cutoff filter. One syringe contained the
MsrBox in buffer A (from 10 to 25µM, final concentration),
and the other one contained the Trx in the reduced form
(Trxred) at various concentrations in buffer A (from 50 to
1250µM, final concentration). An average of six runs was
recorded for each concentration of Trx. Rate constants,kobs,

were obtained by fitting fluorescence traces with the mono-
exponential eq 2 witha > 0.

Data were fit to eq 5 using least-squares analysis to
determine kr, kf, and K for Trx. S represents the Trx
concentration,K represents theKs value for Trx, andkr and
kf represent the rate constants of the disulfide exchange in
the reverse and forward directions, respectively.

Eq 5 was used, assuming that binding of Trxred to MsrBox is
rapid equilibrium.

RESULTS AND DISCUSSION

Catalytic Constants with Ac-L-Met-R,S-SO-NHMe.The
catalytic constants ofN. meningitidisMsrB were determined
with Ac-L-Met-R,S-SO-NHMe and Trx1 fromE. coli as
substrates and Trx reductase fromE. coli and NADPH as
the Trx-regenerating system. Ac-L-Met-R,S-SO-NHMe was
used instead of MetSO because MsrB displays a better
affinity for Ac-L-Met-R,S-SO-NHMe, and thereby, kinetic
parameters of the reductase step could be determined at
saturating concentration.KM for Ac-L-Met-R,S-SO-NHMe
and Trx andkcat value at pH 8 and 5.5 were 2.2( 0.6 mM,
140 ( 22 µM, and 0.51( 0.06 s-1 and 7( 2 mM, 104(
26 µM, and 0.30( 0.04 s-1, respectively. Doubling or
halving the concentration of Trx reductase did not affect the
kcat value.

The fact that saturation kinetics were observed with a low
KM for Trx showed that Trx is a specific recycling reductant
for MsrB similarly to that observed forN. meningitidisMsrA
(6). Therefore, this suggests that specific interactions exist
between Trx and Msrs. It is important to note that the affinity
constant for Ac-L-Met-R,S-SO-NHMe has to be divided by
2, taking into account the fact that the isomer of MetSO is
neither a substrate nor an inhibitor of MsrB (6).

Rate-Limiting Step Is Not Associated with the Concomitant
Formation of the Sulfenic Acid Intermediate and of Ac-L-
Met-NHMe. (A) Rate of Formation of Ac-L-Met-NHMe in
the Wild-Type and C63S MsrBs.A means to determine the
rate of formation of the sulfenic acid intermediate was to
attain that of the Ac-L-Met-NHMe, which is formed con-
comitantly. To do so, the stopped-flow apparatus was adapted
in a quenched-flow mode as previously described by Antoine
et al. (22). At various times of incubation of MsrB with Ac-
L-Met-R,S-SO-NHMe, in the absence of Trx, the reaction
mixture was quenched by mixing it with trifluoroacetic acid.
Ac-L-Met-NHMe was then quantified by reverse-phase
chromatography analysis. The study was done at 350 mM
Ac-L-Met-R,S-SO-NHMe, a concentration that can be con-
sidered to be saturating (seeKs value determined for C63S
MsrB). At pH 8, a burst of Ac-L-Met-NHMe formation was
observed with a stoichiometry of 0.9 and 0.8 mol of Ac-L-
Met-NHMe/mol of wild-type and C63S MsrBs, respectively.
However, the rate of the Ac-L-Met-NHMe formation was
too fast, at least 50 s-1, to be determined with the apparatus
adapted for quenched-flow experiments, which gave a
minimum aging time around 30 ms. In contrast, at pH 5.5,
the rate was attainable, and the curve profile was fit to the

y ) a(1 - e-kobst ) (1)

y ) y0 + ae-kobst (2)

y ) ae-kobst + c (3)

kobs) kobs maxS/(K + S) (4)

MsrBox + Trxred y\z
K

[MsrBox‚‚‚Trxred] y\z
kf

kr
[MsrBred‚‚‚Trxox]

kobs) kr + kf S/(K + S) (5)
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monoexponential eq 1 withkobs values of 18 and 23 s-1 and
a stoichiometry of 0.87 and 0.65 mol of Ac-L-Met-NHMe/
mol of wild-type and C63S MsrBs, respectively (Figure 1).
The fact that a stoichiometry of only 0.8 and 0.65 mol of
Ac-L-Met-NHMe/mol of C63S MsrB was found at pH 8 and
pH 5.5, respectively, remains to be explained. A possibility
was that MsrB in the sulfenic acid state and reduced MsrB
(MsrBred) reacted together to form a dimer and thus decreased
the concentration of C63S MsrB. In fact, it is not the case
because on nonreducing gels, no significant amount of dimer
was observed (gels not shown).

As expected, substituting Ser for Cys-63 has no significant
effect on the rate of formation of Ac-L-Met-NHMe. More
importantly is the fact that the rates of the reductase step
for the wild-type and C63S MsrBs are at least 60-fold higher
than thekcat value determined for the wild type under steady-
state conditions and at the same pH of 5.5.

(B) Rate of Formation of the Sulfenic Acid Intermediate
in the C63S MsrB.Another approach to determine the rate
of formation of the sulfenic acid intermediate was to follow
a specific message associated with the oxidation of the
catalytic cysteine. As shown next, the probe used was Trp-
65 whose fluorescence emission intensity at 343 nm de-
creases upon going from the reduced to the sulfenic acid
forms. The study was done with the C63S MsrB, which
accumulates the sulfenic acid intermediate but not with the
wild type, which accumulates the disulfide intermediate in
the absence of Trx (see next paragraph).

As shown in Figure 2A, wild-type MsrBred presented a
maximum excitation wavelength at 291 nm and a fluores-
cence emission maximum at<320 nm with a shoulder at
343 nm. This suggested a contribution of tyrosine and of
tryptophan residues to the fluorescence signal at<320 and

343 nm, respectively. In MsrB fromN. meningitidis, there
are nine tyrosines and one tryptophan at position 65. The
fact that in W65F MsrB, the fluorescence emission strongly
decreased at>320 nm with a disappearance of the shoulder
at 343 nm when the excitation was done at 291 nm confirmed
the contribution of only Trp-65 in the fluorescence emission
at 343 nm (spectrum not shown). Inspection of the X-ray
structure shows that Trp-65 is situated in a loop near the
catalytic Cys-117 and has recently been shown to be
implicated in the binding of the methyl group of the substrate
(data not shown). Thus, Trp-65 could be a good candidate
to probe a change of the active site environment along the
reductase process.

This was shown on the C63S MsrB, which accumulates
the sulfenic acid intermediate. When excited at 291 nm, C63S
MsrB in a sulfenic acid state showed a fluorescence emission
at 343 nm that decreased by a factor of 50% (integrated from
320 to 450 nm) when compared with that of the MsrBred

(Figure 2B). Therefore, the presence of a sulfenic acid on

FIGURE 1: Time-resolved appearance of Ac-L-Met-NHMe for the
wild type (2) and C63S (b) MsrBs from N. meningitidisand
disappearance of free thiols for the wild type (1) under single
turnover kinetics. The quenched-flow experiment was carried out
at 25°C in 50 mM MES, pH 5.5 as described in the Experimental
Procedures. Symbols represent experimental data points (2 for
Ac-L-Met-NHMe quantification,1 for free thiol titration for the
wild type, andb for Ac-L-Met-NHMe for the C63S MsrB). Data
of Ac-L-Met-NHMe quantification were fit to eq 1 and gave rate
constants of 18( 1 and 23( 3 s-1 with amplitudes of 0.87(
0.01 mol of Ac-L-Met-NHMe per mol of enzyme and 0.65( 0.02
mol of Ac-L-Met-NHMe per mol of enzyme for the wild type and
C63S MsrBs, respectively. Data of free thiol titration were fit to
eq 2 and gave a rate constant of 13( 1 s-1 with amplitude of 1.82
( 0.07 free thiol groups per mol of enzyme for the wild type.

FIGURE 2: Fluorescence spectra ofN. meningitidis wild-type
MsrBred and MsrBox and ofN. meningitidisC63S MsrB in reduced
and sulfenic acid states. All the spectra were recorded with 10µM
protein at 25°C in buffer A, pH 8. In panel A, the wild type:
excitation spectra of MsrBred (b) and MsrBox (O) (emission followed
at 340 nm), emission spectra of MsrBred (b) and MsrBox (O)
(excitation at 291 nm) and MsrBred (2) and MsrBox (4) (excitation
at 310 nm). In panel B, the C63S MsrB: excitation spectra of
MsrBred (b) and MsrB sulfenic acid form (O) (emission followed
at 340 nm), emission spectra of MsrBred (b) and MsrB sulfenic
acid form (O) (excitation at 291 nm), and emission spectra of
MsrBred (2) and MsrB sulfenic acid form (4) (excitation at 310
nm).
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the catalytic Cys-117 likely modifies locally the Trp-65
environment, leading to a quenching of its fluorescence
emission message. At pH 8 and 5.5, a fast decrease of the
fluorescence signal of the C63S MsrB was observed with
the Ac-L-Met-R,S-SO-NHMe concentrations used. All the
curves fitted to the monoexponential eq 2 withkobs values
ranging from 1 to 70 s-1. From the curve ofkobs versus
substrate concentration,Ks values of 101 and 15 mM for
Ac-L-Met-R,S-SO-NHMe andkobs maxvalues of 85 and 14.3
s-1 were determined at pH 8 and 5.5, respectively (Figure
3B). Thekobs values determined at pH 8 and 5.5 are 163-
and 48-fold higher than those determined under steady-state
conditions for the wild type, respectively.

Therefore, it can be concluded that the rate of the reductase
process determined by the two approaches (i.e., by following
the rate of formation of either Ac-L-Met-NHMe or the
sulfenic acid intermediate) is largely higher than thekcat. This
demonstrates that the rate-limiting step in MsrB takes place
after the formation of the sulfenic acid intermediate and is

associated with either the Cys-117/Cys-63 disulfide bond
formation or the Trx reduction process.

Rate of Formation of the Cys-117/Cys-63 MsrB Disulfide
Bond Is Not Rate-Limiting and Is as Fast as That of Sulfenic
Acid Intermediate and Met Formations.One approach is to
determine the rate of the intradisulfide bond formation in
the wild type by following a specific message associated with
its formation, such as a modification of the Trp-65 fluores-
cence emission intensity, provided that the message can be
differentiated from that observed upon formation of the
sulfenic acid intermediate. In fact, a quenching of the Trp-
65 emission fluorescence intensity due to formation of the
Cys-117/Cys-63 disulfide bond is also observed and is
moreover similar to that observed upon formation of the
sulfenic acid intermediate in the C63S MsrB (Figure 2B).
Moreover,Ks for Ac-L-Met-R,S-SO-NHMe and thekobs max

values of the wild-type MsrB at pH 8 and 5.5 determined
by following the quenching of the Trp-65 fluorescence are
in the same range as those determined for the C63S MsrB
(Figure 3A and data in legend of Figure 3A). Consequently,
it was not possible to attain the rate of the disulfide bond
formation using Trp-65 as a fluorescent probe.

Therefore, there remained only one method to determine
the rate of formation of the Cys-117/Cys-63 MsrB disulfide
bond. It was to follow the loss of the two free thiol groups
by quenched-flow experiments. Indeed, the Cys-117 free thiol
group is lost first in the reductase step, whereas the Cys-63
free thiol group is lost only in the second step, which leads
to formation of the Cys-117/Cys-63 MsrB disulfide bond.
This analysis was done with the samples obtained from the
quenched-flow experiments described previously. At pH 5.5
and with 350 mM Ac-L-Met-R,S-SO-NHMe, the curve
profile was fit to the monoexponential eq 2, with a
concomitant loss of two cysteines and akobs value of 13 s-1

(Figure 1). The fact that thekobs value was in the range of
that determined by following Ac-L-Met-NHMe formation
with the wild type and the C63S MsrBs as well suggested
that as soon as Cys-117 is oxidized in the sulfenic acid form
in the wild-type, Cys-63 attacks it and forms a disulfide bond.
In other words, the rate of the nucleophilic attack of Cys-63
on the Cys-117 sulfenic intermediate is limited by that
determining the formation of the sulfenic acid intermediate,
which as a consequence cannot accumulate. Therefore, the
rate-limiting step in MsrB takes place after the Cys-117/
Cys-63 disulfide bond formation, and the rate-determining
step in the formation of the disulfide bond is governed by
that leading to formation of the sulfenic acid intermediate.

Rate-Limiting Step Probably Takes Place within the
Trx-Recycling Process After the Two-Electron Chemical
Exchange.The rate of formation of the Trxox was determined
by following the decrease of the Trx fluorescence intensity
upon going from Trxred to Trxox during the reduction of the
Cys-117/Cys-63 disulfide bond of the MsrB. To interpret
the data, we should first verify that the change in the
fluorescence signal of the MsrB upon going from the
oxidized disulfide to the reduced forms did not interfere with
the Trx message. As shown in Figure 4, when the excitation
wavelength was set at 310 nm, the fluorescence message of
MsrB increases upon going from MsrBox to MsrBred.
Therefore, the decrease in fluorescence intensity corre-
sponded to a change in the fluorescence message of the Trx.
Under the experimental conditions used, at pH 8, the

FIGURE 3: Determination of the catalytic parameters of the reductase
step of wild type (A) and C63S MsrB (B) fromN. meningitidisin
buffer A pH 8 (2) and in MES buffer pH 5.5 (b) measured by
fluorescence stopped-flow under single turn-over kinetics. The MsrB
fluorescence decrease was recorded on a stopped-flow apparatus
at 25 °C. Final concentration of wild-type and C63S MsrBs was
10 µM. Excitation wavelength was set at 291 nm, and emitted light
was collected above 320 nm using a cutoff filter. Data were fit to
eq 4, which gavekobs maxandKs values of 28.9( 0.7 s-1 and 49(
4 mM and 9.5( 0.1 s-1 and 15( 1 mM for the wild type in
buffer A and in 50 mM MES buffer pH 5.5, respectively, and 85
( 1 s-1 and 101( 4 mM and 14.3( 0.3 s-1 and 15( 1 mM for
the C63S MsrB in buffer A, pH 8, and in 50 mM MES buffer pH
5.5, respectively.
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concentration of the Cys-117/Cys-63 disulfide MsrB varied
from 10 to 25µM, and the concentration of the Trxred varied
from 50 to 1250µM. For each concentration of Trx, akobs

value was determined. Assuming binding of Trxred to MsrBox

is rapid equilibrium and using eq 5, aKs value of 440µM
for Trx and kf and kr values of 5.2 and∼0 s-1 can be
determined from the curvekobs versus Trx concentration,
respectively (Figure 5). The fact that the curve passes through
the origin indicates that, in first approximation, the recycling
process going up to disulfide exchange can be considered
as irreversible; therefore, thekobs value is presumably
measuring the rate of the chemical reaction. The values of

Ks and kf are 3.2- and 10-fold higher than theKM and kcat

values determined under steady-state conditions in which the
Trx-reductase recycling system was assumed to not be rate-
limiting. To confirm that thekcat value obtained with the Trx-
reductase recycling system was indeed measured under
steady-state conditions, thekcat value was also determined
by following the rate of Ac-L-Met-NHMe formation in the
absence of Trx reductase, at saturating concentration of Ac-
L-Met-R,S-SO-NHMe and Trx. The rate was 1.3 s-1. A rate
constant of 1 s-1 was obtained when reduction of MsrBox

by Trxred was carried out in the presence of Trx reductase
by following NADPH disappearance (experiments not shown).
In both cases, the rate constants are in the range of that
determined under steady-state conditions in the presence of
Trx reductase. Therefore, the fact that thekcat value is
significantly lower than thekf value strongly supports a rate-
limiting step within the Trx-recycling process that takes place
after the two-electron chemical exchange and thus is associ-
ated with release of Trxox. In this context, release of Trxox

could be rate limited by a conformational change of the
MsrBred/Trxox complex. If so, it is probable that a similar
conformational change of the MsrBox/Trxred complex also
takes place after formation of the Michaelis complex. This
latter conformational change could be rate-determining in
the formation of the MsrBred/Trxox complex. Further studies
including methods to directly investigate MsrB/Trx binding
kinetics should be done to settle such hypotheses.

CONCLUSION

We have shown that (1) the rate-limiting step in MsrB is
within the Trx-recycling process and probably takes place
after the two-electron chemical exchange and (2) the forma-
tion of the sulfenic acid intermediate is rate determining
within the two-step process leading to formation of the
intradisulfide Cys-117/Cys-63 intermediate. As already
mentioned, the active sites of MsrA and MsrB are structurally
different. In particular, the amino acids involved in the
activation of the reductase step are different. This includes
the amino acids implicated in (1) the decrease of the pKa of
the catalytic cysteine, (2) the increase of the electrophilic
character of the sulfoxide, and (3) the 1,3-sigmatropic
rearrangement that leads to formation of the sulfenic acid
intermediate. Compared to that of theN. meningitidisMsrA,
the rate of the reductase step that leads to the sulfenic acid
intermediate at pH 8 is 20-fold slower in MsrB (22). This
remains to be explained but likely reflects differences in the
nature of the amino acids of the two active sites involved
either in the catalysis or in the substrate recognition.

The fact that the rate-limiting step within the Trx-recycling
process probably takes place after the two-electron chemical
process in MsrB raises the question as to whether the
structurally unrelated MsrA behaves similarly. The data
recently published by our group on the MsrA fromN.
meningitidis have clearly shown that the Trx-recycling
process is rate limiting. But no definitive conclusion was
given on which step was rate limiting within the Trx process
(22). Interpreting now the experimental data published and
by comparison with those from MsrB, it can be concluded
that MsrA likely behaves similarly to MsrB. Indeed, under
single turnover conditions, at pH 8, using eq 5, theKs

constant of MsrA for Trx and thekf andkr values determined

FIGURE 4: Fluorescence emission spectra of theE. coli Trxred and
Trxox and of theN. meningitidisMsrBred and MsrBox. Fluorescence
spectra of 10µM MsrBred (9) and MsrBox (0) and 10µM Trxred
(2) and Trxox (4) were recorded at 25°C on excitation at 310 nm.

FIGURE 5: Rate of reduction of the Cys-117/Cys-63 disulfide bond
of the N. meningitidisMsrB by E. coli Trx measured by fluores-
cence stopped-flow experiments. The Trx fluorescence quenching
associated with Trx disulfide bond formation was recorded on a
stopped-flow apparatus at 25°C in buffer A pH 8 by mixing Trxred
and MsrBox. MsrB final concentration varied from 10 to 25µM.
Excitation wavelength was set at 310 nm, and emitted light was
collected above 320 nm using a cutoff filter. Data were fit to eq 5,
which gavekf, kr, andKs values of 5.2( 0.4 s-1, 1 × 10-3 ( 3 ×
10-1 s-1, and 440( 75 µM, respectively. Symbols (b) represent
experimental data points. Inset: representative sampling of primary
data: 10µM MsrBox and 100µM Trxred (b), 15 µM MsrBox and
300 µM Trxred (1), and 25µM MsrBox and 800µM Trxred (2).
Data were fit to eq 2 witha > 0, which gavekobs of 1.01( 0.01,
2.23 ( 0.02, and 3.64( 0.01 s-1 at 100, 300, and 800µM Trx,
respectively.
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from the curvekobs versus Trx concentration were 930µM,
50 s-1, and∼0 s-1, respectively, whereas under steady-state
conditions theKM for Trx and thekcat constant were 75µM
and 7 s-1, respectively (22). Therefore, the rate limiting step
for MsrA probably also takes place after the two-electron
chemical exchange. Consequently, release of Trxox is likely
rate limiting for both MsrA and MsrB fromN. meningitidis.

Msrs represent an interesting example of convergent
evolution in which two structurally unrelated proteins have
evolved to catalyze the same reaction with the same chemical
and kinetic mechanisms but with an opposite MetSO
stereoselectivity. Studies are presently underway to charac-
terize all the amino acids of the MsrA and MsrB fromN.
meningitidis, which are involved not only in the chemical
activation of the three steps but also in the substrate
specificities.
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