E. coli methionine sulfoxide reductase with a truncated
N terminus or C terminus, or both, retains the ability
to reduce methionine sulfoxide
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Abstract

The monomeric peptide methionine sulfoxide reductase (MsrA) catalyzes the irreversible thioredoxin-
dependent reduction of methionine sulfoxide. The crystal structure of MsrAsHEsmnerichia colandBos
tauruscan be described as a central core of about 140 amino acids that contains the active site. The core
is wrapped by two long N- and C-terminal extended chains. The catalytic mechanismiofdbieenzyme

has been recently postulated to take place through formation of a sulfenic acid intermediate, followed by
reduction of the intermediate via intrathiol-disulfide exchanges and thioredoxin oxidation. In the present
work, truncated MsrAs at the N- or C-terminal end or at both were produced as folded entities. All forms
are able to reduce methionine sulfoxide in the presence of dithiothreitol. However, only the N-terminal
truncated form, which possesses the two cysteines located at the C-terminus, reduces the sulfenic acid
intermediate in a thioredoxin-dependent manner. The wild type displays a ping-pong mechanism with either
thioredoxin or dithiothreitol as reductant. Kinetic saturation is only observed with thioredoxin withi§ow

value of 10pM. Thus, thioredoxin is likely the reductant in vivo. Truncations do not significantly modify

the kinetic properties, except for the double truncated form, which displays a 17-fold decrkagk iniso
Alternative mechanisms for sulfenic acid reduction are also presented based on analysis of available MsrA
sequences.
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The peptide methionine sulfoxide reductase (MsrA) is aSun et al. 1999). In addition to their protective function,
ubiquitous enzyme that catalyzes the irreversible reductioMsrAs have been postulated to play a role in infection of
of both free and protein-bound methionine sulfoxide cells by pathogenic bacteria (Wizemann et al. 1996; El Has-
(MetSO) (Moskovitz et al. 1995, 1996). In vivo, its role is souni et al. 1999). Recently, two MsrAs froEscherichia
described as essential in protecting cells against oxidativeoli and Bos taurushave been extensively studied at both
stress by restoring the biological properties of the targetethe mechanistic and structural levels (Boschi-Muller et al.
proteins (Abrams et al. 1981; Moskovitz et al. 1997, 1998;2000; Lowther et al. 2000a,b; Téte-Favier et al. 2000). In
both cases, three cysteine residues (hnumbering 51,198 and

Reprint requests to: Guy Branlant, UMR CNRS-UHP 7567, Maturation 206 'n_E' coli MS_I’A) were ShOV\I_h to be involved in the
des ARN et Enzymologie Métilaire, Faculté des Sciences, Bld des Aigu- catalytic mechanism. In thE. coli enzyme, the data sup-
illettes, BP 239, 54506 Vandoeuvre-les-Nancy, France; e-mail: Guy.BranIaqt)orted a three-step chemical mechanism in vivo in agree-
@maem.uhp-nancy.fr; fax: (33) 3-83-91-20-93. . .. .

Abbreviations: DTNB, 5,5-dithiobis(2-nitrobenzoate); DTT, dithio- MeNt with (1) a nucleophilic attack of the essential Cys-51
threitol; Korr, Ky for DTT; Kyeso Ky for MetSO; MetSO, methionine  towards the sulfur atom of the sulfoxide substrate leading to
sulfoxide; MsrA, methionine sulfoxide reductase; TFA, trifluoroacetic formation of a tetracoordinate intermediate. which rear-
acid; TNB", 3-carboxy-4-nitrobenzenethiol; Trx, thioredoxin. . . . ! .

, ranges into a sulfenic intermediate on Cys-51 with release

Article and publication are at http://www.proteinscience.org/cgi/doi = A
10.1101/ps.10701. of 1 mole of methionine per mole of enzyme; (2) a reduction
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Truncated MsrAs

of the sulfenic acid intermediate through thiol intradisulfide Results
exchanges leading finally to formation of a disulfide bond
between Cys-198 and Cys-206; and (3) the regeneration Qdfustification of the truncations
the free Cys-198 and Cys-206 through a thioredoxin (Trx)- _ ) ) _
dependent recycling system process (Boschi-Muller et aIThe ch0|ce_ of truncations qfter amino aC|ds_ 41 and 194 of
2000). In contrast, the covalent tetracoordinate intermedith® N-terminal and C-terminal ends & coli MsrA, re-
ate, which was also assumed to be formed in the bovin§PECtVely,
enzyme between the Cys-72 equivalent to Cys-51 and the
sulfoxide of the substrate, was postulated to break down
directly through thiol—disulfide exchanges with release of First, the N-terminal end has ne-helical andg-sheet
methionine (Lowther et al. 2000a). Therefore, although botttructures. It makes rather Ilm!tgd contacts to the rest of the
mechanisms involve similar thiol exchanges through CysProtein butis clearly well positioned. Second, none of the
198 and Cys-206, they differ significantly from each other@mino acids involved either in the substrate binding or in the
as concerns (1) the mechanism of the sulfoxide reductiodeduction of the sulfoxide and of the sulfenic acid interme-
and (2) the nature of the step that leads to methionine rediate are located within its sequence (Boschi-Muller et al.
lease. The fact that the sulfenic acid intermediate was char000; Téte-Favier et al. 2000). Third, there exists MsrAs
acterized for theE. coli enzyme is consistent with the gen- from Streptococcus pneumoniasd Bacillus subtilis(see
erality of the sulfenic acid mechanism for all MsrAs. Fig. 1), which possess a proteic sequence starting from or
The observed crystal structure of MsrAs frdincoliand ~ néar the equivalent d&. coli Met-42, and which were de-
Bos taurusis of the mixeda-p type, with a core containing scribed to be active (Wizemann et al. 1996; Hayes et al.
a two-layer sandwichp-B plaits motif (Lowther et al. 1998).
2000b; Téte-Favier et al. 2000). The contentoshelices )
and B-strands represents less than 40% of the secondary 1runcation 195-211
structure. InE. coli MsrA, the central core is composed The C-terminal end, composed of 29 amino acids, con-
of amino acids from 43 to 182, which are wrapped by twotains a consensus signature ExxHQxYLXxK corresponding to
extended chains composed of the 42 amino acids of thamino acids 183-192, which are located partly within the
N-terminal end and of the 29 amino acids of the C-terminalactive site, and Cys-198 and Cys-206, which are essential
end. The core contains the active site, which can be reprdor the Trx-dependent recycling process. Inspection of the
sented as an opened basin readily accessible to the su$iructure of the C-terminal end of the three molecules of
strate. The amino acids involved in the chemical mechanisn¥ISrA observed in the asymmetric unit shows that they are
and in the structural specificity are located within the quite different. Although all three molecules present no
basin. In particular, the essential Cys-51, which is oxidizedx-helical andg-sheet structures and a similar and a clearly
to sulfenic acid during the first step of the mechanism,defined positioning of residues from 183 to 192, the remain-
belongs to the almost conserved GCFWG motif. The Cing C-terminal amino acids are either partly ordered or not,
terminal extended chain possesses the Cys-198 and Cydepending on the molecules considered. This C-terminal
206, which are essential in the Trx-dependent recyclinggnd contains a series of Gly residues between Cys-198 and
process. This C-terminal end also contains a glycine_ricﬁ:yS-ZOG that can render the C-terminal extended chain flex-
region. ible and thus likely brings the two Cys residues near the
Taking into account all the structural and mechanisticactive site Cys-51, allowing the reduction of the sulfenic
data available so far, we hypothesized that truncated MsrA#itermediate (Boschi-Muller et al. 2000; Téte-Favier et al.
at the N-terminal or the C-terminal end or at both can be2000). Taking into account this structural information and
isolated as folded entities, and retain the capability of rethe fact that reductase activity remained in mutants where
ducing methionine sulfoxide, but that regeneration ofCys-198 and Cys-206 were mutated into Ser, the truncation
Cys-51 through intervention of Trx is only achieved by Was done after the amino acid 194.
the N-terminal truncated form. To validate these hypoth-
eses, truncated MsrAs frof. coli at the N-terminal end . . o
(amino acids 1-41) or at the C-terminal end (amino acidsBIOChemlcalI characterization
195-211) or at both were produced and then isolated in &Vild-type and truncated MsrAs were overexpressedtin
pure form. The kinetic mechanism of the wild-type enzymecoli strain using a vector containing the corresponding DNA
was determined, and the enzymatic properties of the trunMsrA sequences under the strong T7 promoter. After soni-
cated forms were studied and compared with those of theation and centrifugation, wild-type and C-truncated MsrAs
wild type. Alternative mechanisms for sulfenic acid reduc-were in the supernatant, whereas both N-truncated forms
tion are also presented based on analysis of MsrAs primaryere in the pellet. These results support a role of the N-
structures. terminal end in the efficiency of thE. coli protein folding

was based on the following points.

Truncation 1-41
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Truncated MsrAs

in vivo. However, refolding in vitro of the unsoluble forms against the reciprocal,,,, or the reciprocak,, yielded a
was easily carried out after treatment with urea and elutiorstraight line (Fig. 2B). These data can be described by the
on an anionic exchange resin. All forms of MsrAs weretwo substrate ping-pong mechanism of Equation 1, where
obtained pure as judged by SDS-PAGE gels and mass spek;,.. represents the apparent catalytic constegf,.sc and
trometry analysis, i.e., measured mass 21533.5 = 0.%.. the apparent affinity for MetSO and Trx, respectively,
18908.5 + 0.5, and 17257.5 £ 0.5 Daltons, theoretical masand [MetSO] and [Trx] the initial concentration of MetSO
21533, 18908, and 17257 Daltons for N-truncated, C-trunand Trx, respectively.

cated, and double-truncated forms, respectively. DTNB re-

agent revealed four cysteines (Cys-51, 86, 198, and 206) v _ kmax- [MetSqd - [Trx]
and two cysteines (Cys-51 and 86) for the N-truncated form, E_o " Ky - [MetSQ + Kyerso - [TrX] + [MetSq - [Tr]
and C-truncated and double-truncated forms, respectively, (1)

under either native or denaturating conditions (see Table 1).

This is in agreement with previous results described for they|| Kean Kn» @ndk.,/Ky, constants, deduced from fitting the
wild type, which showed that all cysteines are surface resiexperimental data to a ping-pong model, are summarized in
dues (Boschi-Muller et al. 2000). Stoichiometry of methio- Table 2. With DTT, the kinetic mechanism is also a ping-
nine formation was determined in the absence of reductanpong one, as judged by the parallel primary plots (Fig. 2C).
Two moles of methionine were formed for the N-truncatedMoreover, secondary plots showed a slope cut at the zero
form with loss of three thiols, which is in agreement with ordinate (Fig. 2D). This implies no Michaelis-Menten-type
formation of sulfenic acid on Cys-51 and of a disulfide bondsaturation kinetics, and therefore, an infinite Value(gfrT
between Cys-198 and Cys-206, whereas only 1 mole wagnd k., From the slopes of these plots, it is possible to
found for C-truncated and double-truncated forms with lossgetermine second-order rate constants, which can be con-
of one thiol, which is in agreement with formation of sidered as..,/K,, values (see Table 2).

sulfenic acid on Cys-51. This mechanism can be described by the following equa-

tions, where R represents the reductant (Trx or DTT) and
Determination of the kinetics parameters E, the sulfenic acid intermediate:
of wild-type and truncated MsrAs
To detect possible modifications andK,, values due K
to truncaticl)ons, detailed kinetic stulc?iaets wereMundertaken with Ereq* MetSo K1 Eox + Met 2
MetSO as a substrate and Trx or DTT as the thiol regener-

K+2

ating system. As shown in Figure 2, for the wild type, 2

double reciprocal plots of initial velocity versus MetSO Eox* Rreq Tk Ereat Rox @)
concentration yielded parallel slopes for different concen-

trations of Trx, as is typical for the “ping pong” mechanism In this case, the reciprocal rate constBnyKyeiso for the
(Fig. 2A). Replotting the reciprocal Trx concentrations net forward reaction of the reduced enzyme with MetSO is

Table 1. Stoichiometry of Met formed in the absence of reductant and free sulfhydryl content of wild-type and
truncated mutant MsrAs

No. of Cys (mole Cys/mole enzyme)

Decrease in free thiols

mol Met/mol No. of Without With Calculated
Enzyme enzyme Cys MetSO MetSC from the data Theoretical
Wild-type® 2.1 4 3.8 1 2.8 3
N-truncated 1.9 4 3.9 0.6 3.3 3
C-truncated 1 2 1.8 0.7 1.1 1
N + C-truncated 0.9 2 1.7 0.7 1.0 1

The values indicated represent the average of three independent measurements of at least two enzyme concentrations (relative SD
range, 10%). Quantity of Met formed was determined by high-pressure liquid chromatography after reaction with 10 mM MetSO
without any regenerating system as described under Materials and Methods section. Cysteine content was determined spectropho-
tometrically using DTNB under native conditions in the absence or in the presence of 10 mM MetSO as described (Materials and
Methods).

2From Boschi-Muller et al. (2000).

b Based on the chemical mechanism described in Boschi-Muller et al. (2000).

©The TNB™ molecule, which is released, does not significantly react with the sulfenic acid intermediate because its concentration

is too low. This explains why the thiol content after MetSO treatment is 1 instead of an expected net thiol content of zero.

www.proteinscience.org 2275
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Fig. 2. Methionine sulfoxide reductase activity of wild-type MsrA with
Trx-regenerating system or DTTAY Plots of [E]/y, (S) versus 1/[MetSO]
(mM™) at [Trx] = 1 uM (filled circles), 5uM (open squares) and 30M
(filled triangles). B) Plots of 1Xapparent (s) (filled circles) and
1K yeso apparent (mNY) (filled triangles) versus 1/[Trx] kM. (C)
Plots of [E]A, (S) versus 1/[MetSO] (mM) at [DTT] = 1 mM (filled
squares), 2 mM (filled circles), 5 mM (filled triangles), and 10 mM (open
squares).) Plots of 1V, apparent (s) (filled circles) andKy,..scappar-
ent (mM™?) (filled triangles) versus 1/[DTT] (mWh).

defined ak,, — k_;, and may be regarded ks, because the

ible. Thus, the reciproc&../K+,, for the regeneration step
may be regarded ds,. The fact that thé_,/Kyeiso Values

are not significantly different for Trx and DTT showed that
the reductant does not affect the reaction of the reduced
enzyme with MetSO (Eg. 2), as expected for a ping-pong
mechanism. The lack of enzyme saturation observed with
DTT as reductant can be explained as follows: either the
rate of formation of enzyme—DTT complexes is slower than
the rate of enzyme reduction within the complexes or no
specific enzyme-DTT complexes are formed at all. In the
latter case, DTT can be considered as a second-order reac-
tion probe. Comparison of the second-order rate constant
KeafKreductanifOr the regeneration of the reduced enzyme
(Eq. 3) showed a higher efficiency of Trx compared to DTT
by a factor 64 x 10°. The highk,./Krequcanvalue with Trx

and the fact that saturation kinetics were observed with a
low KrequetaniClassify Trx as a specific substrate of MsrA.
This is in accord with data that showed that growth of a
Met™ E. coli strain on MetSO requires the reduction of
MsrA by thioredoxin (Russel and Model 1986; Lin 1999).

As expected, truncated enzymes also presented a “ping-
pong” kinetic mechanism (data not shown). Kinetic param-
eters of N-truncated MsrA in the presence of the Trx-regen-
erating system were obtained by using the “ping-pong”
equation described in the Methods and Materials section
(see Table 2). Th&uso Was about fourfold higher for
N-truncated MsrA than for the wild type, with a sae, of
3.7 sec?, whereas no significant effect was observed for the
Trx apparent affinity.

As for the wild type, no saturation kinetics were observed
for the C-truncated and the double-truncated MsrAs with
DTT at concentrations up to 300 mM. For the C-truncated
mutant, thek /Ky, values for MetSO and DTT determined
from the plot of the rate against the substrate concentration
were not significantly different from those of the wild type
(see Table 2). For the double-truncated mutant, the effi-
ciency of the sulfenic acid intermediate reduction by DTT
was not affectedk.{Kprr value of 43 M*. sec' com-
pared to 83 M* - sec* for the wild-type enzyme), the ef-
ficiency of MetSO reduction was decreased 17-fold.

Discussion

In a previous study carried out on tle coli MsrA, it was
shown that in the absence of reductant, 2 moles of methio-
nine were formed per mole of enzyme for the wild type,
whereas only 1 mole was formed for mutants in which
either Cys-198 or Cys-206 or both were mutated. Concomi-
tantly to the methionine release, formation of a sulfenic acid
on Cys-51 was also shown. Together, the results supported
a reductase activity not dependent on the presence of Cys-
198 and Cys-206. This is also supported by inspection of the

partial reaction shown in Equation 2 is irreversible. Equa-structures of MsrAs fronk. coli and Bos taurus which
tion 3 can be considered in first approximation as irrevershave been recently described (Lowther et al. 2000b; Téte-

2276 Protein Science, vol. 10



Truncated MsrAs

Table 2. Kinetic parameters for the methionine sulfoxide reductase activity of wild-type MrsA and truncated mutant MsrAs

EnZyme kcat KMetSO kca{KMetSO KReductanr kca{KReductant
(reductant) (s (mM) M-8 (WM) M™t-sh
Wild-type (Trx) 3.7+05 1.9+0.2 2020 + 500 10+2 (4.0 £ 0:190°
Wild-type (DTT) Infinite Not determinable 280+ 20 Infinite 83+ 7
N-truncated (Trx) 3.7+0.2 8.1+0.8 320+50 16+3 (1.5+0.3p°
C-truncated (DTT) Infinite Not determinable 290 +40 Infinite 120 £ 22

N + C-truncated (DTT) Infinite Not determinable 16.2+90.9 Infinite 43+18

Reactions were carried out in Tris-HCI 50 mM, EDTA 2 mM buffer, pH 8 at 25°C as described in Materials and Methods. Data presented were obtained
by fitting the experimental data to a ping-pong mechanism.
@These values were deduced from the slopes of the secondary plots and can be considered as equikal¢k},teanstant.

Favier et al. 2000). Indeed, both structures show a centrdytic efficiency for Trx is high, and similar to that described
core, which contains the active site. In the casd&otoli  for other systems (Lennon and Williams 1997; Zhong and
MsrA, the central core is wrapped by two extended chainddolmgren 2000). This is mainly due td<4g, effect (highK,,
composed of the N-terminal (amino acids 1-42) and of thdor MetSO and lowK,, for Trx) and not to &, effect.
C-terminal (amino acids 183—-211) ends, which in the latter As expected, truncation at the N- or C-terminal end, or
case includes Cys-198 and Cys-206. Moreover, the N-teboth, does not change the efficiency of the reduction of the
minal end and the amino acids 193-211 of the C-terminakulfenic acid intermediate. In contrast, the efficiency of the
end are not in a direct contact with the active site. Suclsulfenic acid intermediate formatiok,,{Kyeiso 1S Signifi-
positionings suggested that truncated N- or C-terminal endantly decreased by the double truncation. An explanation is
or both should not drastically destabilize the structure of thehat the double truncation can provoke slight conforma-
central core. This is exactly what we observed. All truncatedional changes of the active site and thus decreases the af-
forms can be folded either in vivo or in vitro. This is con- finity for MetSO.

firmed by CD spectra that showed no significant difference The present and previous studies from our group have
in a-helix content compared to the wild type (curves notclearly shown that MsrA fronmE. coli bearing only one
shown). For the C-terminal enzyme truncated after positiortysteine at position 51 possesses a methionine sulfoxide
194, a stoichiometry of 1 mole of methionine per mole ofreductase activity in the absence of reductant (Boschi-Mull-
truncated enzyme was determined. This result confirms ner et al. 2000). It was also shown that the regeneration of
implication of Cys-198 and Cys-206 in the reduction of oxidized Cys-51 requires the intervention of Cys-198 and
MetSO. Moreover, the absence of recycling activity in theCys-206 and of the Trx/Trx reductase recycling system
presence of Trx definitively proves that the sulfenic inter-while the fourth cysteine at position 86 is not important for
mediate cannot be reduced by Trx. The reductase activitgatalysis. Inspection of alignment of the protein sequences
observed for all truncated forms is also an indication that naf MsrAs whose activity has been characterized either bio-
gross structural alterations were provoked within the activehemically or by gene inactivation suggests different sub-
site by the truncations. However, this did not exclude sig-classes (Fig. 1). The first one contains the three essential
nificant effects on the catalytic efficiency. To evaluate suchCys-51, 198, and 206, and is well representedbgoli and
possible effects, the kinetic mechanism was determined anolovine MsrAs. The second subclass possesses only the es-
the catalytic constants and the affinities for both methioninesential Cys-51 and Cys-198. The third one has no Cys-198
sulfoxide and Trx or DTT of MsrA forms were compared. and Cys-206, but has a Cys at position 54. All of them are
Clearly, the experimental data obtained on the wild-type fitactive with Trx. This thus implies that the second and the
a ping-pong kinetic mechanism, whatever the reductantthird subclasses of MsrAs use different means to regenerate
However, for the reductants, kinetic saturation was onlyCys-51. For the second subclass, an extension at the N- or
observed with Trx with an apparent high affinity. This sug- C-terminal ends or at both is observed exceptSaccha-
gests specific interactions between Trx and MsrA at leastomyces cerevisiad-or MsrAs having a C-terminal exten-
under the latter’s oxidized Cys-198/Cys-206 disulfide statesion as inStreptococcus pneumoniagd Neisseria gon-
The fact that DTT is likely not recognized by MsrA can be nhorroeae two conserved motifs containing a cysteine, i.e.,
one of the factors responsible for the low reduction effi-GGLRYCIN and SGCGWPSF can be identified when
ciency for DTT. The catalytic efficiency of the wild type for aligned with putative sequences corresponding to the C-
MetSO reductionK,./Kuetso 1S, however, at least 100-fold terminal extension. One of these two cysteines can be in-
less efficient compared with other enzymatic systems involved in the reduction of the Cys-51/Cys-198 disulfide
volving sulfenic acid intermediates like peroxidases (Parbond unless Trx directly reduces this disulfide bond. In the
sonage et al. 1993, Crane et al. 2000). In contrast, the catéatter case, this would imply accessibility or/and reactivity
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of the Cys-51/Cys-198 disulfide bond towards Trx differentElution was performed in two steps: first by a linear gradient of
from that of E. coli MsrA. Moreover, N. gonnhorroeae urea (2-0 M), and secondly by a linear gradient of KCI (0-0.4 M).

: . . . N-truncated MsrAs were eluted at 250 mM KCI. At this stage,
MsrA also contains an N-terminal extension with two cys enzymes were pure as checked by electrophoresis on 12.5 % SDS-

teines located in a Trx-like signature. This signature cano|yacrylamide gel (Laemmli 1970), followed by Coomassie Bril-
also be involved in the regeneration of Cys-51. The situationiant Blue R-250 staining.

in S. cerevisiadVsrA is different. No extension is observed. Purified enzymes were stored at —20°C in the presence of 20
Apart from Cys 5L and Cys-198, three other cysteines als o everal weeks. Their molar concentations
_posmon_ 49, 68, and 86 a_re present. As expected from stu 'er)é determined spectrophotometrically, using a molar absorptiv-
ies carried out on thE. colienzyme, Cys-86 should have no iy at 280 nm of 34632 M* cm™%, deduced from the method of
role in catalysis. The other residues 49 and 68 inEheoli  Scopes (Scopes 1974), for wild-type and N-truncated mutant
enzyme are located in a loop between piA-strand and  MsrAs, and of 28944 M' cm™* for C-truncated and double trun-
the al-helix and at the beginning of tf&2-strand, respec- cated mutant MsrAs.

tively. Only the distance between residues 49 and 51 seems

to be compatible with a role of Cys-49 in the regeneration ofguantification of the free cysteine content

Cys-51 for theS. cerevisiaeenzyme. The third subclass jith 5 5-dithiobis(2-nitrobenzoate)

represented by thBacillus subtilisenzyme has a Trx-like

signature C51FWC54. A likely mechanism for regenerationCySteine content of protein samples was determined using DTNB

. . P . under nondenaturing and denaturing conditions, either after incu-
of Cys-51 is the attack of the sulfenic acid intermediate byba’[ion or without incubation with 10 mM MetSO but without the

st-54 followed b){ reducti'on of the Cys-5'1/CyS-54 disul- addition of any exogenous reducing system. Progress curves of
fide bond by Trx. Finally, alignment of putative MsrAs (not 3-carboxy-4-nitrobenzenethiol (TNB production for wild-type

yet characterized) suggests that a new subclass of MsrAnd mutant enzymes were recorded at 412 nm in buffer A for

represented by th®hodobacter capsulatusequence can nondenaturing conditions. For denaturing conditions, SDS was

. . . . _added to a final concentration of 10%, and the enzyme solution
exist, which only bears a Cys-51. If the latter MsrA is active, 2s heated for 10 min at 70°C. Enzyme concentrations were 7.35

in vivo, four alternative mechanisms in Cys-51 regeneratioryng 14.7,M, and DTNB concentration was 3Q0M. The amount
would be at least operative. Studies are underway to validateéf TNB™ formed was calculated using an extinction coefficient at

these alternative mechanisms. 412 nm of 13,600 M* cm™*,
Materials and methods Enzyme kinetics

The ability of wild-type and mutant MsrAs to reduce free MetSO
Production and purification of wild-type was assayed by using D,L-MetSO as a substrate and either 10 mM
and mutantE. coli MsrAs DTT or a Trx-regenerating system (1@ Chlamydomonas re-

inhardtii Trx, 1.2 .M Arabidopsis thalianalrx reductase, and 0.3

Plasmid pETMsrA was constructed by cloning tBecoli msrA  mM NADPH) as previously described by Boschi-Muller et al.
ORF into the plasmid pET24c in the Ndel and the Sacl sites(2000).
Truncation of the N-terminal part &. coli MsrA was obtained by Initial rate data were fitted to a ping-pong model with the pro-
deletion of the 123 bp of theasrAcoding sequence. This deletion gram Sigmaplot (Jandel Scientific Software) as follows:
was obtained by Ndel digestion of a mutated plasmid containing a
second Ndel site between the 121st and the 126th bp. Truncation v k max- [MetSq - [Reductarit
of the C-terminal part was obtained by introducing by site-directed E- K [MetSd + K ;
mutagenesis a stop codon (TAA) in place of the Tyr195 codon. ° [Reductart+ [MetSQ - [Reductarit
Site-directed mutageneses were performed using the Quickchange
site-directed mutagenesis kit (Stratagene).

The E. coli strain used for MsrA production was BL21(DE3)- Stojchiometry of Met formation in the absence
pLysS transformed with a pETMsrA plasmid (plasmid containing ;
the wild-type or mutanimsrA gene under the control of the T7 of regenerating system
promoter). The overexpression of MsrAs was performed by therhe reaction mixture containing 10 mM MetSO and 100—H00
addition of 1 mM IPTG in the culture medium at 0.64 After  of enzyme was incubated at 25°C for 10 min in buffer A. Then, the

3 h of inductipn, cultures were hal‘yested by Centrifugation anq\ﬂet formed was quantified as previous|y described by Boschi-
resuspended in buffer A (50 mM Tris-HCI, 2 mM EDTA, pH 8) muller et al. (2000).

containing 20 mM dithiothreitol (DTT).

Purification of wild-type and C-truncated MsrAs was performed
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