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Abstract
Methionine sulfoxide reductases are antioxidant enzymes that repair oxidatively damaged
methionine residues in proteins. Mammals have three members of the methionine-R-sulfoxide
reductase family, including cytosolic MsrB1, mitochondrial MsrB2 and endoplasmic reticulum
MsrB3. Here, we report the solution structure of reduced Mus musculus MsrB2 using high
resolution NMR spectroscopy. MsrB2 is a β-strand rich globular protein consisting of eight all
anti-parallel β-strands and three N-terminal α-helical segments. The latter secondary structure
elements represent the main structural difference between mammalian MsrB2 and MsrB1.
Structural comparison of mammalian and bacterial MsrB structures indicates that the general
topology of this MsrB family is maintained and that MsrB2 more resembles bacterial MsrBs than
MsrB1. Structural and biochemical analysis supports the catalytic mechanism of MsrB2 that, in
contrast to MsrB1, does not involve a resolving cysteine (Cys). pH dependence of catalytically
relevant residues in MsrB2 was accessed by NMR spectroscopy and the pKa of the catalytic
Cys162 was determined to be 8.3. In addition, the pH-dependence of MsrB2 activity showed a
maximum at pH 9.0, suggesting that deprotonation of the catalytic Cys is a critical step for the
reaction. Further mobility analysis showed a well-structured N-terminal region, which contrasted
with the high flexibility of this region in MsrB1. Our study highlights important structural and
functional aspects of mammalian MsrB2 and provides a unifying picture for structure-function
relationships within the MsrB protein family.
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Introduction
The sulfur-containing amino acid residue, methionine, is highly susceptible to oxidation by
reactive oxygen species. Oxidation of methionine may damage proteins and impact on
protein structure and function, but it can be reversed by the antioxidant repair enzymes,
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methionine sulfoxide reductases (Msrs) 1,2. In addition, cyclic methionine oxidation/
reduction is thought to be an important mechanism that protects cells against oxidative
stress 3,4. It is now well established that Msrs function as both important cellular
antioxidants and protein repair enzymes. They have also been implicated in cellular
signaling 5, regulation of lifespan 6–8, and protection against neurodegenerative diseases,
such as Alzheimer’s and Parkinson’s diseases 9–11. Recent studies showed that Msrs
regulate mitochondrial functions in yeast 12 and modulate the TRAM6 channel during
oxidative stress 13.

Methionine sulfoxide (Met-O) occurs as two epimers, Met-S-O and Met-R-O because of the
chiral property of its sulfur atom. Two distinct Msr families evolved for the specific
reduction of these two stereomers, including MsrA that is specific for Met-SO and MsrB that
acts on Met-R-O. MsrA and MsrB have a catalytic cysteine (Cys) residue that attacks the
sulfoxide moiety and share a catalytic mechanism involving a common sulfenic acid
chemistry 14–19. Msrs can be divided into two groups according to their catalytic
mechanism: one has a resolving Cys residue (2-Cys Msrs) and the other lacks it (1-Cys
Msrs). In 2-Cys Msr, the catalytic Cys sulfenic acid interacts with the resolving Cys to yield
an intramolecular disulfide bond; the disulfide is then reduced by reductants such as
thioredoxin (Trx) in vivo and dithiothreitol (DTT) in vitro, regenerating the enzyme for the
next reaction cycle. In contrast, in 1-Cys Msrs, the catalytic Cys sulfenic acid is directly
reduced by these reductants 15,16,20.

In mammalian cells, there are one MsrA and three MsrB proteins. MsrB1 is a cytosolic and
nuclear selenoprotein and contains a resolving Cys in the N-terminal region. MsrB2 is a
mitochondrial protein, and MsrB3 is located in the endoplasmic reticulum 21,22. Both MsrB2
and MsrB3 belong to a 1-Cys Msr group (i.e., they lack a resolving Cys). We previously
characterized biochemical and functional properties of mammalian MsrBs and examined
their catalytic mechanisms 14–16,21. Our recent structural analysis of MsrB1 provided
insights into fold evolution and catalytic mechanism of selenoprotein MsrBs 23. Here, we
report an NMR structure of mouse MsrB2 and the biochemical analyses of this protein.

Materials and Methods
Sample preparation

Cloning, protein expression, and purification of uniformly isotope labeled (15N or 15N/13C)
recombinant mouse MsrB2 lacking the 44 N-terminal residues (45–175) and containing a C-
terminal His-tag as well as conditions for NMR measurements were previously
described 21,24. NMR samples of the reduced protein contained 1–1.6 mM MsrB2 in 20 mM
phosphate buffer (pH 6.0), 25 mM NaCl, and 5 mM DTT in 90% H2O/10% D2O or 99.9%
D2O.

NMR spectroscopy
NMR spectra were recorded at 298 K on a Bruker Avance 600 MHz spectrometer (at the
Natural Sciences and Technology (NT) faculty NMR center of the Norwegian University of
Sciences and Technology (NTNU)) equipped with a 5 mm z-gradient CP-TCI(H/C/N) or
Bruker Avance 800 MHz spectrometer (at the NMR center of the University of Florence)
equipped with a 5 mm z-gradient CP-TCI(H/C/N). Three-dimensional 13C- and 15N-
edited 1H,1H-NOESY spectra were recorded in D2O and H2O, respectively. NMR data were
processed using Bruker XWinNMR, version 3.5. NMR spectral analysis was performed
using CARA version 1.4.1/1.5.3 25. 15N-{1H} heteronuclear NOEs were derived with
Protein Dynamic Center software version 1.0.0 from Bruker BioSpin based on two
independently measured and integrated 15N-1H heteronuclear correlated spectra recorded
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using enhanced sensitivity sequence employing pulsed field gradient 26 with and without 1H
saturation. Nuclear magnetic relaxation (T1 and T2) measurements of 15N nuclei were
analyzed with Protein Dynamic Center software version 1.0.0 from Bruker BioSpin based
on exponential fitting data in 15N-HSQC spectra acquired with different relaxation
delays 26,27.

Structure calculation
NOE cross peaks were identified, assigned and integrated in the aforementioned NOESY
spectra using the program NEASY in CARA suite 25. CALIBA 28 subroutine in CYANA
2.1 was used to convert cross peak intensities from NOESY spectra into distance constraints.
Dihedral angle constraints were obtained from secondary chemical shifts with the TALOS
program 29. Zinc ion was incorporated into the MsrB2 structure as described for MsrB1 23.
Based on the input described, the structure was calculated using the torsion angle dynamics
program CYANA 2.1 30. Structure calculations started from 96 conformers with random
torsion angle values. The 20 conformers with the lowest final CYANA target function
values were energy-minimized in explicit water (shell of water molecules extending 12 Å in
every direction from the protein surface resulting in the introduction of about 15000 water
molecules) using the Amber force field with the aid of the AMBER 10 program 31. The
distance and torsion angle constraints were applied with force constants of 50 kcal·mol−1

·Å−2 and 32 kcal·mol−1·rad−2, respectively.

pH-dependence
pH titration of MsrB2 was performed on uniformly labeled 13C/15N ~1.0 mM MsrB2 in 20
mM phosphate buffer with 25 mM NaCl and 5 mM DTT in 90% H2O/10% D2O in the pH
range 4.5–10.0 in steps on 0.5 pH units. Premade buffer solutions with certain pH values
(pH value with 0.5 pH unit steps) were used to wash MsrB2 three times in a Vivaspin spin
column and pH was checked prior to recording NMR spectra. This procedure ensured
minimal change in ionic strength and well-defined pH values for each titration step. A 15N-
HSQC spectrum was recorded for each titration point.

Activity measurements
Reaction mixtures for activity assays (100 μl) contained 100 mM sodium phosphate (pH 5.7,
6.5, 7.0 or 7.5), 50 mM Tris-HCl (pH 7.6, 8.0, 8.6, or 9.0), or 50 mM carbonate-bicarbonate
(pH 9.2, 9.6, or 10.0), 200 μM dabsyl-Met-R-O, 20 mM DTT, and 1 μg MsrB2. The reaction
was carried out at 37°C for 30 min and the product, dabsyl-Met, was analyzed by the
established HPLC procedure 32.

Determination of kinetic parameters
A C98S mutant was generated, in which Cys98 was replaced with Ser by site-directed
mutagenesis. Purified wild type and C98S mutant MsrB2s were assayed in DTT- and Trx-
dependent reactions. In the DTT-dependent reaction, the reaction mixture (100 μl) contained
50 mM sodium phosphate (pH 7.5), 50 mM NaCl, 20 mM DTT, 25–400 μM dabsyl-Met-R-
O, and 1 μg purified protein. In the Trx-dependent reaction, the reaction mixture (100 μl)
contained 50 mM sodium phosphate (pH 7.5), 50 mM NaCl, 0.2 mM NADPH, 6 μg yeast
Trx1 33, 3 μg human Trx reductase 1 15, 25–400 μM dabsyl-Met-R-O, and 10 μg purified
proteins. Km and Vmax values were determined by non-linear regression using GraphPad
Prism 5 software.
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Results and Discussion
Structure description

The solution structure of mouse MsrB2 was calculated based on the NOE-derived
geometrical constraints, TALOS 29-derived dihedral angles and distance constraints for the
tetrahedral coordinated Zn2+ ion obtained from X-ray structures of other Zn2+ ion
coordinated Cys residues in tetrahedral coordination geometry 34,35,36. The geometrical
constraints used in the calculations are summarized in Table 1. In total, 1296 NOE-based
upper limit distances, 132 torsion angle restraints, and 8 upper limit distances and 8 lower
limit distances for Zn2+ ion coordination were used to derive the MsrB2 structure. The
resulting MsrB2 family is represented by the best 20 structures calculated with the CYANA
2.1 program, which subsequently were subjected to energy-minimization using AMBER 10
in explicit water. The geometrical constraint and coordinate files of the minimized MsrB2
family are deposited in the PDB under accession code 2L1U.

The family for the energy-refined structures of MsrB2 conformers is depicted in Figure 1A,
and the average structure with secondary structure elements is shown in Figure 1B and C
(without Zn2+ coordination) and Figure 1D (with Zn2+). Structural statistics data
characterizing quality of the calculated structure are summarized in Table 1. The resulting
MsrB2 structure represents the conformation of low energy with the structural data well
fitted to the experimentally derived geometrical constraints.

MsrB2, according to the NMR structure, is a β-strand rich globular protein consisting of
eight all anti-parallel β-strands and three N-terminal α-helical segments. The first 30 amino
acids at the N-terminal end of the recombinant protein form α-helices: α1(47–53), α2(54–
62), and α3(68–73) (amino acid numbering is based on the full sequence of mouse MsrB2
including the N-terminal mitochondrial signal peptide that was not part of the recombinant
protein). A kink or small disruption between the first and second helices is introduced by
Pro53. The main structure consists of two β-sheets. The smaller β-sheet forming the
protein’s backside is made up of three strands: β1(78–83), β2(91–94) and β8(168–173). The
larger sheet forming the front side consists of five strands: β3(104–107), β4(122–127),
β5(134–139), β6(147–152), and β7(160–164). The two β-sheets face each other in the
structure, and form a core that resembles an intermediate between β barrel and β sandwich
structures. The front side β-sheet forms the protein’s hydrophobic core through residues
Phe106, Phe161 and Ile163 linking to the backside β-sheet hydrophobic amino acids Tyr81
and Phe91 at the bottom of the structure. The top part of MsrB2 is held together through the
tetrahedral structural zinc. A more disordered region, consisting of 14 residues (amino acids
107–121) between β2 and β3 strands, connects frontside and backside β-sheets of the protein.
Three β-turns are established and located between the β1 and β2, the β3 and β4, and the β4
and β5 strands. There is a long-hairpin loop between β5 and β6. The three α-helices lie along
the protein’s surface linking to the frontal and backside β-sheets.

Zinc-binding site
Earlier studies on mammalian and bacterial MsrBs revealed that many of these proteins
contain a single zinc atom, and this metal ion plays a structural role 21,32,37–39. The common
zinc isotope is NMR silent, but the 13Cβ chemical shifts of Cys appeared to be sensitive to
zinc coordination 40. From the NMR assignment of MsrB2, the average chemical shift value
of 32.37±0.88 ppm for 13Cβ of four out of eight Cys residues was observed. This
observation is in good agreement with the previous data that the 13Cβ chemical shift of a
reduced Cys, which does not coordinate a Zn ion, is, on average, 28.92±2.11 ppm,
whereas 13Cβ chemical shifts for the zinc coordinating Cys are 30.89±1.01 ppm 40. This
analysis, along with previous structural and biochemical analyses, show that Cys83, Cys86,
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Cys139, and Cys142 in the two CxxC motifs coordinate a Zn ion, validating the presence of
this metal ion within the MsrB2 molecule (Figure 1D).

Catalytic site
The catalytic site of the mouse MsrB2 is shown in Figure 2. The catalytic Cys is Cys162 that
is part of the conserved R-F/Y-C-I-N-S-sequence present in most MsrBs 14,17. This catalytic
residue is located at the lower end of the larger front side β-sheet (the middle of strand β7).
This β-sheet builds up a solvent exposed surface and thus the catalytic Cys162 is readily
exposed to the solvent. The conserved Trp103 has been proposed as an important residue
involved in stabilization and orienting the substrate by interacting with the ε-methyl group
of the substrate 17,41. A Cys-Arg-Asp/Glu triad has been implicated as an essential unity for
activating the catalytic Cys in several MsrBs 17,42. One aspartate (Asp152) and one arginine
(Arg160) are indeed found near the catalytic Cys in the MsrB2 structure. These residues are
the only charged amino acids in or near the catalytic thiol possibly involved either in
substrate binding or stabilization of the active site topology. Furthermore, Phe150 is also
close to Cys162, which, together with Trp103, can form a hydrophobic patch for possible
stabilization of the bound substrate.

The reaction mechanism of MsrBs suggested earlier 14–16 implies that oxidized MsrB2
lacking a conserved resolving Cys is directly reduced by an appropriate electron donor (e.g.,
Trx in vivo or DTT in vitro). It was previously reported 43 that in a bacterial MsrB from
Xanthomonas campestris lacking the conserved resolving Cys, an N-terminal Cys31 residue
could form a disulfide bridge with the catalytic Cys and thus act as a resolving Cys due to
high flexibility of the N-terminal region. Based on the calculated MsrB2 structures the only
possible candidate for a resolving Cys is Cys98, which is localized in the loop next to the
active site. In the structure, the side chain of Cys98 is oriented away from Cys162 and the
distance between Sγ-Sγ (Cys98-Cys162) ranges from 8.6 to 17.6 Å. Due to a possible
flexibility of the loop containing Cys98, the hypothesis whether Cys98 can function as a
resolving Cys in MsrB2 was tested. A C98S mutant, in which Cys was replaced with Ser,
was generated and its kinetic parameters were determined (Table 2). In the DTT-dependent
assay, Vmax and Km values of the C98S mutant were slightly higher than those of the wild
type protein. In the Trx-dependent assay, the C98S mutant had 6-fold and 10-fold higher
Vmax and Km values, respectively, relative to the wild-type protein. We conclude that Cys98,
does not act as a resolving Cys in the MsrB2 reaction. These biochemical data support the
catalytic mechanism of 1-Cys MsrB2 wherein the catalytic Cys sulfenic acid is directly
reduced by reductants (e.g., thioredoxin) to regenerate the enzyme for the next catalytic
cycle.

Electrostatic surface potential
The electrostatic surface potential for MsrB2 was calculated at neutral pH and the results are
shown in Figure 1E. It appears that the front side of MsrB2, around the active site, is mainly
neutral and the charges are equally distributed over the rest of the frontal surface. This
correlates well with the observation that mainly hydrophobic amino acids surround the
active site. Hydrophobic interactions evidently play an important role in stabilization of the
substrate-protein complex during the catalytic reaction. In contrast, the protein backside is
more charged (Figure 1E). Both positive and negative charges are distributed throughout the
whole backside surface, with a small negative patch being located at the top of this region.

pH-dependence of residues relevant to catalysis
It was previously shown 44 that pKa values of catalytic Cys117 and His103 residues
(corresponding to Cys95/His80 and Cys162/His148, respectively, in mammalian MsrB1 and
MsrB2 proteins) in the resting state of MsrB from Neisseria meningitidis are 9.3 and 6.6,
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respectively, being only slightly shifted from the values of free amino acids 45. The
corresponding pKa values for Cys95 and His80 in mammalian MsrB1 were found to be 6.0
and 5.7, respectively 23. While pKa values for the catalytically relevant His are closer to
each other in the indicated bacterial and mammalian MsrBs and are also similar to the
unperturbed pKa value of His, the reported Cys95 pKa value differed by more than two units
when mammalian MsrB1 was compared with the N. meningitidis enzyme. The pH-
dependence of MsrB1 activity determined from kinetic measurements correlates well with
the pKa value of 6.0 determined by NMR for Cys95 23.

In contrast to MsrB1, mammalian MsrB2 is a Cys-containing protein. The calculated
structure and its overall topology make this protein more similar to bacterial MsrBs rather
than to mammalian MsrB1. To examine additional differences among mammalian MsrBs as
well as between mammalian and bacterial proteins, we carried out measurements of pKa
values of catalytically relevant residues of MsrB2 using both NMR spectroscopy and kinetic
assays. NMR spectroscopy was employed to monitor pH dependence of signals
corresponding to the residues constituting the catalytic site. 15N heteronuclear HSQC spectra
of the protein were recorded at different pH values in the interval between 4.5 and 10.0. The
data were analyzed by plotting the chemical shift values as a function of pH (Figure 3).

The pH titration profile for Cys162 (Figure 3A,B) has two acid-base transitions with pKa of
8.3 and ~10. Based on structural inspection of MsrB2, the side chain of Arg160 situated in
the vicinity of Cys162 (the distance is 6.1–11.3 Å between Cys162 Sγ-Arg160 Cζ) could
affect the titration profile of Cys162. The titration profile of Arg160 was examined and its
pKa seems to be close to 10 (data not shown), which fits well with the titration profile for
Cys162. The pKa value of Cys162 transition was 8.3±0.3, from fitting the experimental data
to the Henderson-Hasselbach equation. Comparison of this value to the corresponding value
of MsrB1 revealed the difference of 2.3 units while 1.0 pH unit difference was observed
between MsrB2 and N. meningitidis MsrB. To check whether the determined Cys162 pKa
correlates with the functional pKa value, as it was found in the case of MsrB1 23, the kinetic
measurements were undertaken in the range of pH 5.7–10.0. The enzyme had a maximal
catalytic activity at pH 9.0 (Table 3). This correlated well with the pKa value of 8.3
determined for Cys162, suggesting that the catalytic activity of MsrB2 is regulated by
deprotonation of Cys162.

Titration profile of His148 appears as a mixture of two transitions (Figure 3C,D) and the
second transition may be due to deprotonation of the nearby catalytic Cys162 (the distance
is 3.1–9.0 Å between Cys162 Sγ and His 148 Cε). The pKa value of His148 was calculated
at 7.2±0.3 accounting for the effect of Cys162 deprotonation. This pKa value is closer to the
unperturbed pKa value of His and is only 0.6 units away from the reported value for the N.
meningitidis MsrB 44. The difference between the corresponding pKa values for catalytic
His in mammalian MsrB1 23 and MsrB2 proteins was 1.5 units.

Altogether, the pH-dependence measurements for mammalian MsrB1 23 and MsrB2 are
consistent with the idea that deprotonation of the catalytic selenocysteine (Sec) in MsrB1 or
Cys in MsrB2 is an important step for regulating the activity of these proteins. This
observation agrees with the proposed mechanism for Met-O reduction 14.

Mobility studies
The structure of MsrB1 revealed that it has a flexible N-terminal region containing a novel
resolving Cys 23, while the MsrB2 structure has three α-helices in the N-terminal region. In
order to obtain further information regarding intra-molecular dynamics of MsrB2, 15N{H}-
NOE as well as T1 and T2 relaxation times were measured. These data suggested that the
most N-terminal α-helices (47–53) and (54–62) are somewhat mobile while the third α-helix
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(68–73) has the same average mobility as the protein core (Supplementary Figure S1).
However, the observed decrease in the structural resolution for the N-terminal region of
MsrB2 with respect to the rest of the protein is likely due to the intrinsically low number of
NOE constraints between α-helices and the folded core of the protein. Overall, in contrast to
MsrB1, MsrB2 essentially lacks mobility in the N-terminal region. Considering the mobility
properties of MsrB1, in which the increased flexibility of the N-terminal region assists in the
formation of an intramolecular disulfide between the N-terminal resolving Cys4 and the
catalytic Sec9523, and the present data, revealing that MsrB2 lacks the resolving Cys and
restricts mobility of its N-terminal region, it is plausible to suggest that the mobility
difference in the N-terminal regions between Sec-containing MsrB1 and Cys-containing
MsrB2 can lead to different catalytic mechanisms adopted by these two proteins. The
mobility studies also indicated that the loops between strands β2 and β3 and between strands
β4 and β5 have slightly increased mobility compared to the rest of the protein. These two
loops are located on each side of the active site and this increased flexibility may be needed
to adjust the active site to different protein substrates.

Structural comparison
Previously, we carried out an initial comparative structural analysis of the MsrB protein
family (without mammalian MsrB2) 23. In the current study, we highlight the main points of
the structural comparison involving MsrB2. The structures of mammalian and representative
bacterial MsrBs that illustrate their secondary structure elements are shown in Figure 4. The
overall structure topology of mammalian MsrB2, the subject of this report, is very similar to
those of mammalian MsrB1 and bacterial MsrBs. Indeed, all these proteins show an
ellipsoidal shape consisting of two anti-parallel β-sheets, and their catalytic Cys (or Sec) is
surrounded with two/three charged residues (Arg, Asp/Glu) involved in the activation of the
catalytic residue. However, the comparison also shows that MsrB2 is more similar to
bacterial MsrBs than to MsrB1 as it contains three α-helices on the exterior of the protein in
the N-terminal region. These helices could be relevant for the interaction of MsrB2 with its
protein substrates.

Concluding remarks
Herewith, a three-dimensional structure of mammalian mitochondrial MsrB2 obtained using
high resolution NMR spectroscopy is reported. The overall structure is composed of two β-
sheets consisting of eight anti-parallel β-strands and three N-terminal α-helices and is more
similar to those of bacterial MsrBs than to that of mammalian MsrB1. The structural and
biochemical analysis supports the catalytic mechanism involving no resolving Cys in the
regeneration of MsrB2. In contrast to high flexibility of the N-terminal region of MsrB1, this
region in MsrB2 is virtually immobile. This difference in mobility may lead to different
catalytic mechanisms employed by the two mammalian MsrBs. The catalytic Cys162 pKa is
8.3 as determined by NMR spectroscopy. This value is in a good agreement with the pH-
dependence of enzyme activity. Comparison of structural and biochemical data for MsrB2
and MsrB1 23 suggests that the activity of these proteins is modulated by protonation state of
their catalytic Sec/Cys. In summary, the data provide a unifying picture of structural and
functional properties within the mammalian MsrB family.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Three-dimensional NMR structure of reduced mouse MsrB2
(A) The MsrB2 structural family consists of 20 conformers with the lowest target function.
(B) and (C) Front and top orientations of MsrB2 with the lowest target function. (D) Frontal
view of MsrB2 structure with the zinc ion indicated as grey sphere and the catalytic Cys162
highlighted as orange sticks. (E) Electrostatic surface potential of MsrB2: frontal and
backside views, where the position of the catalytic Cys is indicated by a black arrow. The
program PDB2PQR, version 1.5 46, was used to prepare the structures for calculation of
electrostatic potential distribution, which was performed with the program APBS at pH 7.0
with ionic strength of 0.4 M 47. Visualization of the potential plotted on the solvent
accessible surface was made with PyMol, version 0.99 48. Red and blue denote regions of
negative (i.e., less than −3 kT/|e|) and positive (i.e., more than +3 kT/|e|) potentials on the
MsrB2 surface, respectively. Structural models were prepared with PyMol, version 0.9948.
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Fig. 2. Structure of the active site of mouse MsrB2 protein showing catalytically relevant
residues
Cys98 is also shown. Our studies suggested that it does not serve as a resolving Cys in
MsrB2.
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Fig. 3. Transition curves for titration of Cys162 and His148 in mouse MsrB2
(A) The proton chemical shift of HN and (B) the backbone nitrogen chemical shift of
Cys162 are plotted as a function of pH. (C) The proton chemical shift of HN and (D) the
backbone nitrogen chemical shift of His148 are plotted as a function of pH.
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Fig. 4. Comparison of three-dimensional structures of MsrBs
Secondary structure elements are shown for each protein and the catalytic Cys residue is
highlighted in blue. The figure includes M. musculus MsrB2 (2l1u) and MsrB1(2kvi)23, and
Bacillus subtilis (2kzn), Stretococcus pneumoniae (3e0o)49, Neisseria meningitidis (3hcg)43,
Methanothermobacter thermautotrophicus (2k8d), Burkholderia pseudomallei (3cez),
Neisseria gonorrhoeae (1l1d) MsrBs23.
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Table 1

Structural statistics and geometrical constraints derived from NMR for the reduced form of mouse MsrB2

Number

 Restraints used in structure calculation

 Total number of NOE distance restraints 1296

 Intraresidual 606

 Short range 474

 Medium range 107

 Long range 109

Number of lower limits for zinc ion 8

Number of upper limits for zinc ion 8

Torsion angle constraints 132

Structure statistics, 20 conformers

CYANA target function value (Å2) 4.00±0.48

Maximal distance constraint violation 0.49±0.11

Maximal torsion angle constraint violation 8.45±1.86

AMBER energies in water (kcal/mol) −1.81E+5

PROCKECK-NMR Ramachandran statistics

 Residues in favorable regions (%) 73.4

 Residues in additional allowed regions (%) 22.6

 Residues in generously allowed regions (%) 2.9

 Residues in disallowed regions (%) 1.2

RMSD to average coordinates (Å)

N, Cα, C′ (4–130) 2.56±0.70

N, Cα, C′ (secondary structure) 3.14±0.75

Heavy atoms (18–108) 0.73±0.32

Heavy atoms (secondary structure) 1.30±0.25
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Table 2

Kinetic parameters of wild type and C98S forms of MsrB2.

Protein DTT-dependent reaction Trx-dependent reaction

Vmax (nmol/min/mg) Km (mM), Vmax (nmol/min/mg), Km (mM)

Wild-type 279 ± 10 0.03 ± 0.004 282 ± 35 0.66 ± 0.12

C98S 390 ± 55 0.05 ± 0.019 1760 ± 120 7.0 ± 0.4

Purified proteins were assayed in DTT- and Trx-dependent reactions in 50 mM sodium phosphate, pH 7.5, 50 mM NaCl. Vmax and Km values
were determined by fitting the experimental data to the Michaelis-Menten equation.
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Table 3

Activity of MsrB2 at different pH values.

Buffer pH Specific activity (nmol/min/mg protein)

Sodium phosphate 5.7 23

6.5 55

7.0 110

7.5 228

Tris-HCl 7.6 119

8.0 267

8.6 446

9.0 484

Carbonate-bicarbonate 9.2 462

9.6 272

10.0 74

The reaction mixture (100 μl) contained 100 mM sodium phosphate, 50 mM Tris-HCl, or 50 mM carbonate-bicarbonate with the indicated pH
values, 200 μM dabsyl-Met-R-O, 20 mM DTT, and 1 μg MsrB2. The reaction was carried out at 37°C for 30 min and the product, dabsyl-Met, was
analyzed by the established HPLC procedure.
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