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Corynebacterium diphtheriae is a human 
pathogen that causes diphtheria. In response to 
immune system–induced oxidative stress, C. 
diphtheriae expresses antioxidant enzymes, 
among which are methionine sulfoxide 
reductase (Msr) enzymes, which are critical for 
bacterial survival in the face of oxidative stress. 
Although some aspects of the catalytic 
mechanism of the Msr enzymes have been 
reported, several details still await full 
elucidation. Here, we solved the solution 
structure of C. diphtheriae MsrB (Cd-MsrB) 
and unraveled its catalytic and oxidation-
protection mechanisms. Cd-MsrB catalyzes 
methionine sulfoxide reduction involving three 
redox-active cysteines. Using NMR 
heteronuclear single-quantum coherence 
(HSQC) spectra, kinetics, biochemical assays, 

and MS analyses, we show that the conserved 
nucleophilic residue Cys122 is S-sulfenylated 
after substrate reduction, which is then 
resolved by a conserved cysteine, Cys66, or by 
the non-conserved residue Cys127. We noted 
that the overall structural changes during the 
disulfide cascade expose the Cys122–Cys66 
disulfide to recycling through thioredoxin (Trx). 
In the presence of hydrogen peroxide, Cd-MsrB 
formed reversible intra- and intermolecular 
disulfides without losing its Cys-coordinated 
Zn2+, and only the non-conserved Cys127 
reacted with the low-molecular-weight (LMW) 
thiol mycothiol, protecting it from 
overoxidation. In summary, our structure–
function analyses reveal critical details of the 
Cd-MsrB catalytic mechanism, including a 
major structural rearrangement that primes 
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the Cys122–Cys66 disulfide for Trx reduction 
and a reversible protection against excessive 
oxidation of the catalytic cysteines in Cd-MsrB 
through intra- and intermolecular disulfide 
formation and S-mycothiolation. 
 

Corynebacterium diphtheriae is the 
causative agent of diphtheria. Once this 
pathogenic bacterium enters the host system, it 
encounters the immune system of the host (1,2). 
There, it is exposed to oxidative stress of our 
immune system (3-7), and tries to survive using 
several antioxidant systems, such as catalase and 
the NADPH-dependent thioredoxin, glutathione or 
mycothiol reduction pathways (8-11).  

One of the antioxidant enzymes are the 
methionine sulfoxide reductases (Msr). Oxidation 
of methionine results in methionine-S-sulfoxide 
(Met-S-SO) and methionine-R-sulfoxide (Met-R-
SO). MsrA reduces the S-epimeric form of MetSO, 
while MsrB reduces the R-epimeric form (12). 
Their active sites are mirrored with hydrophobic 
residues on one side and H-bond donating residues 
on the other side (13-15). This mirror-design 
allows these enzymes to specifically reduce the 
stereoisomeric forms of MetSO.  

Msr enzymes are important for the survival 
of pathogenic and non-pathogenic bacteria under 
oxidative stress conditions, as shown in several 
studies with msr deletion mutants. For example, 
msrA deletion mutants of Mycobacterium 
smegmatis showed increased sensitivity for 
hydroperoxides (16), and also the msrB deletion 
mutants of Enterococcus faecalis and Francisella 
tularensis showed increased sensitivity towards 
oxidative stress (17,18). 

Also structural studies gave insight into the 
catalytic mechanisms and the role of MsrB as an 
antioxidant regulatory enzyme and methionine 
sulfoxide scavenger (19,20). In general, the 
catalytic mechanism of MsrB is similar to the one 
of MsrA. Once a MetSO substrate is reduced by 
the MsrB nucleophilic cysteine, it forms a sulfenic 
acid (-SOH). This more electrophilic sulfenic acid 
is being attacked by the sulfur of a resolving 
cysteine to form a disulfide bond, and the disulfide 
is reduced by one of the reducing pathways, such 
as the thioredoxin pathway, or by a low-
molecular-weight thiol (LMW-thiol) pathway. The 
most abundant LMW-thiol of Gram-negative 

bacteria and Eukaryotes is glutathione, while in 
Actinobacteria, it is mycothiol (21). Aside from 
the catalytic cysteines, some MsrB enzymes also 
have two CxxC motifs, which are distant in their 
primary amino-acid sequence, but in proximity in 
the three-dimensional structure. These cysteines 
are not involved in the catalytic mechanism, but 
they coordinate Zn2+ to maintain its overall 
structure.  

We present detailed insights into the 
catalytic and oxidation protection mechanisms of 
C. diphtheriae MsrB (Cd-MsrB). We combined 
structural, biochemical and kinetic approaches 
with mass spectrometry and ICP-MS to show that 
Cd-MsrB catalyses via a disulfide cascade 
mechanism. Further, Cd-MsrB reversibly protects 
its catalytic cysteines from overoxidation by 
disulfide bond formation and mycothiolation. 

RESULTS  
Solution structure of Cd-MsrB shows a non-
conserved cysteine and cysteine coordinated 
Zn2+ - Cd-MsrB has seven cysteines (Fig. S1): two 
are conserved catalytic cysteines (Cys122 and 
Cys66 - black asterisks) (22,23), four belong to the 
conserved two CxxC motifs (Cys48, Cys51, Cys97 
and Cys100 - red asterisks) (24,25), and one is a 
non-conserved cysteine located close to the C-
terminus (Cys127 - black dot). To determine the 
overall architecture of Cd-MsrB, and the location 
of its conserved and non-conserved cysteines, we 
determined the solution structure of reduced Cd-
MsrB (Fig. 1 and Fig. S2).  

The Cd-MsrB [1H,15N]-HSQC spectrum 
features a set of well-resolved peaks, typical for a 
folded globular protein (Fig. S2). Using triple-
resonance NMR experiments, we assigned 89% of 
all backbone amides, but the NH resonances of 
Thr2, Asn3, Ser18, Asn39-Thr41, Asn63-Gly67, 
Gly77, His88, and Ser125 were not observed in 
the spectra. Observable aliphatic and aromatic 
protons of the protein side chains were also 
assigned. The structure calculations show a good 
convergence with the position of the protein 
backbone well defined along most of the 
polypeptide chain. Several loop regions (residues 
37-42 and 62-68) display high structural 
variability, most likely due to the paucity of the 
resonance assignments and/or the scarcity of inter-
residue NOEs (Fig. 1A).  
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Similar to other MsrB enzymes, Cd-MsrB 
has two anti-parallel β-sheets, and two α-helices 
(Figs. 1A and B) (23-25). At its N-terminus, it has 
an additional short α-helix (α1) (Fig. 1). Cd-MsrB 
active site, which features a hydrophobic pocket 
(Trp68) and H-bond donors (His103, His106 & 
Asn124) (Fig. 1C), is a mirror image of the C. 
diphtheriae MsrA active site (Fig. 1D) (26). As 
Cd-MsrB contains two CxxC motifs, we used ICP-
MS to confirm that Cd-MsrB contains a Zn2+, 
which has been shown to be coordinated by the 
cysteines of the CxxC motifs (24,25). The 
conserved Cys122 is located 8 Å away from 
Cys66, and 15 Å away from Cys127. Both Cys122 
and Cys66 thiol groups are surface exposed, while 
the thiols of Cys127 and the cysteines of the two 
CxxC motifs are more buried (Fig. 1B). As the 
exact role of the conserved and non-conserved 
cysteines of Cd-MsrB was not known, we decided 
to identify how they contribute to the catalytic 
mechanism of Cd-MsrB.  

Cys122 is essential for MetSO reduction - To 
determine which cysteines are involved in 
methionine sulfoxide reduction, three single Cys 
to Ser mutants were generated (C66S, C122S and 
C127S). With reversed-phase chromatography, we 
monitored the formation of methionine after 
enzymatic reduction of methionine sulfoxide 
(MetSO) at 215 nm (Fig. 2A) (26). This 
experiment was performed in the presence of DTT 
to recycle the enzyme. Mutation of the non-
conserved Cys127 did not interfere with the 
production of methionine, as both Cd-MsrB wild-
type (WT) (319 ± 13 µM) and MsrB C127S (382 ± 
24 µM) produce almost similar concentrations of 
methionine. In the absence of the conserved 
nucleophilic Cys122, no methionine is produced, 
which shows its role in MetSO reduction during 
the first step of the reaction. Mutation of the 
conserved resolving Cys66 produced 10-fold more 
methionine (3038 ± 74 µM) compared to WT Cd-
MsrB (Fig. 2B). With circular dichroism, we then 
found that mutation of Cys66 (Cd-MsrB C66S) 
changes the overall secondary structure, which 
turned out to increase the MetSO reduction 
efficiency of Cd-MsrB (Fig. S3A). Structural 
changes were also observed for the C127S mutant; 
however, these overall changes had no effect on 
the reduction efficiency of Cd-MsrB (Fig. S3B).  

Formation of a sulfenic acid on Cys122 after 
MetSO reduction – We first decided to confirm 
sulfenic acid formation on Cys122 of Cd-MsrB, as 
this has already been shown for MsrB from other 
species (27,28). Reduced WT Cd-MsrB, the 
C66S/C127S (only Cys122 is present) mutant, and 
the C66S/C122S (only Cys127 is present) mutant, 
were incubated with dimedone, which specifically 
reacts with the sulfur of a cysteine once a sulfenic 
acid (-SOH) is formed (Fig. S4). On an anti-
dimedone immuno-blot, we clearly detected 
dimedone formation only when nucleophilic 
Cys122 is present (Fig. S4 – lanes 2 and 4). 

MetSO reduction results in a Cys122-Cys66 
and a Cys122-Cys127 disulfide - Next, we 
wanted to know whether a disulfide is formed after 
MetSO reduction. By using mass spectrometric 
analysis of Cd-MsrB WT in the presence and 
absence of MetSO, we detected Cys122-Cys127 to 
be the most predominant disulfide after substrate 
reduction, next to the Cys66-Cys122 disulfide. In 
addition, a minor population of inter- and 
intramolecular disulfides between the cysteines 
involved in zinc coordination was observed. This 
could be due to a population of Cd-MsrB, which 
might not contain zinc, making it possible for 
those cysteines of the CxxC motif to form a 
disulfide. Or, alternatively, these disulfides could 
have been generated during sample preparation for 
mass spectrometric analysis. 

To confirm the formation of the two 
disulfide bonds after substrate reduction, we 
determined the free thiol (-SH) content of Cd-
MsrB WT, C66S, C122S and C127S mutants in 
the presence and absence of MetSO-substrate 
using the DTNB assay (29). In the presence of 
MetSO, both the C66S and C127S mutants 
showed loss of two free thiols (Table S2). This 
confirms that both the Cys122-Cys127 and the 
Cys66-Cys122 disulfides can be formed after 
substrate reduction (Table S2) 

Methionine sulfoxide reduction induces 
structural changes – As the distances between 
the nucleophilic Cys122 and the two resolving 
cysteines, Cys66 and Cys127, are more than 3 Å 
(Fig. 1B), we wanted to investigate whether 
structural changes occur upon disulfide bond 
formation. Both circular dichroism (CD) (Fig. S5) 
and NMR-HSQC spectral analysis were used (Figs. 
3 and 4). Comparing the CD spectra of reduced 
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and MetSO-treated MsrB, we observed a decrease 
in the molar ellipticity [θ] at 208 nm and 222 nm, 
which indicate an increase in the overall alpha 
helical content upon the addition of MetSO (Fig. 
S5). To further confirm this observation, we 
obtained NMR HSQC-spectra of MetSO-treated 
Cd-MsrB (oxidized sample) directly, and after 19 
h of incubation at 25°C. 

Also here we observed pronounced NMR 
spectral changes upon treatment of MsrB with 
MetSO (Fig. 3). The HSQC spectrum of the 
oxidized MsrB shows two sets of resonances: 
intense peaks of a major form and much weaker 
signals of a minor form (Fig. 3B). The presence of 
the two different forms agrees with the mass 
spectrometric analysis, where major (Cys122-
Cys127) and minor (Cys66-Cys122) disulfide 
species are observed. Upon further incubation of 
the MetSO-treated MsrB at 25°C for 19 h, the 
major HSQC peaks progressively diminish and 
eventually disappear, while the minor resonances 
increase in intensity. The resulting spectrum 
shows a single set of peaks after 19 h (Fig. 3C), 
which are very similar, but not identical, to those 
of the reduced MsrB (Fig. 3A). The observed 
spectral changes are characteristic for a slow 
chemical reaction and the associated structural 
reorganization process, which would be expected 
for the disulfide exchange. Unfortunately we were 
unable to obtain the NMR structure of oxidized 
MsrB, due to progressive protein aggregation, 
which leads to a dramatic degradation of the 
spectral quality. 

Nevertheless, the detailed analysis of the 
NMR spectra of the oxidized MsrB allowed us to 
distinguish between the two disulfide forms. The 
large differences in structural properties of the two 
disulfides can be studied by following NMR-
HSQC resonances of protein backbone amides, 
which are sensitive reporters of the local chemical 
environment. To probe the surroundings of 
Cys127, we monitored the well-resolved NH 
resonances of its neighboring Val126 and Leu128 
(Fig. 4 - green panel). Important to note is that the 
HSQC peak of Cys127 is excluded from the 
analysis as it strongly overlaps with another 
resonance. Compared to the spectrum of the 
reduced protein ( Fig. 3A - black), the Val126 and 
Leu128 peaks shift to a different location in the 
initial form of the oxidized MsrB (Fig. 3B - red), 
yet return to the same spectral position in the final 

oxidized form (Fig. 3C - blue). This suggests that 
the chemical environment of Cys127 is the same 
in the reduced and final oxidized forms, but 
different in the initial oxidized MsrB species, 
which indicates an initial Cys122-Cys127 and 
final Cys66-Cys122 disulfides. Similarly, we can 
focus on the Cys122 region, by monitoring 
spectral changes of the Tyr121, Cys122, and 
Ile123 NH resonances (Fig. 4 - orange panel). The 
local environment of Cys122 disulfide-bound to 
Cys127 (red spectrum) is very different from that 
of Cys122 coupled to Cys66 (blue spectrum) or 
bearing a free thiol (black spectrum). A similar 
analysis of the Cys66 surroundings in the two 
disulfides could not be performed owing to the 
paucity of the resonance assignments in the 
Asn63-Gly67 region. Overall, MsrB oxidation by 
MetSO leads to the formation of an initial Cys122-
Cys127 species, followed by a disulfide exchange 
reaction; yielding the final Cys66-Cys122 form. 

Cys66-Cys122 disulfide is recycled by the 
thioredoxin/thioredoxin reductase pathway - 
The thioredoxin/thioredoxin reductase (Trx/TrxR) 
pathway is used by most organisms to recycle 
protein disulfide bonds generated under oxidizing 
environment (30,31). To determine whether the 
Cd-MsrB disulfide bonds formed after MetSO 
reduction could be recycled by Trx, a 
spectrophotometric coupled enzyme assay was 
performed (Fig. 5A). The consumption of NADPH 
was monitored at 340 nm in function of time for 
WT Cd-MsrB and the C66S, C122S and C127S 
mutants. The C66S and C122S mutants showed no 
NADPH consumption, while mutation of Cys127 
(C127S), only marginally affected the coupling to 
the Trx/TrxR pathway (Fig. 5A). Based on these 
results, we showed that thioredoxin (Trx) only 
recognizes the disulfide between Cys66 and 
Cys122. 

Next, we determined the steady-state 
kinetic parameters for MetSO reduction by WT 
Cd-MsrB, which resulted in a kcat/KM of 86 M-1s-1 
(Fig. S6). The rate of disulfide bond reduction by 
thioredoxin was determined by first incubating 
Cd-MsrB with 10 mM MetSO for 30 min at room 
temperature to allow for disulfide bond formation. 
MetSO was then removed, and increasing 
concentrations of oxidized Cd-MsrB (MsrBS-S) (0-
20 µM) were used as substrate for Trx within the 
Trx/TrxR pathway. NADPH consumption at 340 
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nm was monitored in function of time, which 
indicated MsrBS-S disulfide bond reduction by Trx. 
The initial velocities obtained were divided by the 
concentration of Trx, and plotted against the 
concentration of MsrBS-S. The data were fitted 
with the Michaelis-Menten equation, and the rate 
of disulfide bond reduction by Trx was determined 
to be 1.7 x 104 M-1s-1 (Fig. 5B). 

Based on these results, we propose the 
following mechanism (Fig. 6), where (step I), the 
nucleophilic Cys122 attacks the sulfoxide of 
MetSO, which results in the release of Met, and 
the formation of a sulfenic acid on Cys122. Then, 
either Cys66 or Cys127 performs a nucleophilic 
attack on the sulfur of the sulfenic acid on Cys122, 
which results in the formation of Cys122-Cys127 

(step II) or Cys66-Cys122 (step III) disulfides. 
After Cys122-Cys127 disulfide bond formation, a 
disulfide exchange occurs, where the thiolate of 
Cys66 attacks the sulfur of Cys122 and forms 
Cys122-Cys66 disulfide (step IV), which is then 
recognized by thioredoxin and reduced (step V) 
(Fig. 6). 

Cd-MsrB is not recycled through the mycothiol 
reducing pathway - Aside from the Trx/TrxR 
pathway, most organisms use alternative reducing 
pathways such as the glutathione pathway (32,33). 
Actinobacteria, such as C. diphtheriae have an 
analogous glutathione pathway, which is the 
mycothiol pathway (10,26,34). As has been 
reported for C. diphtheriae MsrA (26), we wanted 
to know whether Cd-MsrB could be recycled via 
the mycothiol pathway. In a spectrophotometric 
assay, the reduction of MetSO by Cd-MsrB was 
coupled to the mycothiol(MSH)/ mycoredoxin1 
(Mrx1) /mycothione reductase (Mtr) pathway (Fig. 
7) (10). No NADPH consumption was observed, 
indicating that recycling of Cd-MsrB is not 
coupled to the mycothiol pathway (Fig. 7A). This 
result was also confirmed by mass spectrometry, 
where Cd-MsrB incubated in the presence of 
mycothiol and MetSO did not show S-
mycothiolation of its cysteines.  

S-mycothiolation reversibly protects the none 
conserved Cys127 from overoxidation - To test 
whether MSH is involved in the protection of Cd-
MsrB cysteines during hydrogen peroxide (H2O2) 
stress, Cd-MsrB was incubated with mycothiol 
prior to the addition of H2O2. As a control, Cd-
MsrB was incubated with MSH in the absence of 

H2O2. The samples were analyzed by mass 
spectrometry and, from the three catalytic 
cysteines (Cys66, Cys122 and Cys127), only the 
non-conserved Cys127 was found S-mycothiolated 
(Fig. S7). Aside from Cys127 S-mycothiolation, 
Cys100 (involved in the coordination of zinc) was 
also observed to be S-mycothiolated. This could be 
due to the presence of a minor population of Cd-
MsrB within the sample, where Cys100 is not 
engaged in the coordination of Zn2+, and which 
could be S-mycothiolated after oxidation.  

As S-mycothiolation of Cd-MsrB is used for 
the protection of the catalytic Cys127, we next 
tested whether S-mycothiolated Cys127 can be de-
mycothiolated via coupling to the MSH/Mrx1/Mtr 
pathway (10,34,35). A spectrophotometric assay 
was performed, where the coupling of Cd-MsrB to 
the MSH/Mrx1/Mtr  pathway in the presence of 
H2O2 was assessed (Fig. 7B). Upon addition of 
H2O2, we observed a decrease of the A340 nm in 
function of time, which indicates de-
mycothiolation by Mrx1 (10). The control sample 
without Cd-MsrB showed only a minor decrease 
in the absorbance at 340 nm in function of time. 
This minor background of NADPH consumption 
is due to reduction of oxidized mycothiol present 
in the mycothiol batch. 

Reversible intra- and intermolecular disulfides 
protect cysteines from overoxidation - Next, we 
decided to study the impact of oxidation on the 
oligomerization state of Cd-MsrB by evaluating its 
elution position on a Superdex200 size exclusion 
column (Fig. 8). Incubation with a 5-fold excess of 
H2O2 resulted in a decrease of the monomeric 
form and an increase of the dimeric population of 
Cd-MsrB. To determine whether this shift is due 
to the presence of a disulfide bond, a gel-shift 
assay was used with increasing concentrations of 
H2O2 up to 2 mM (Fig. S8). We observed an 
increase in the dimerization and oligomerization 
state of Cd-MsrB with increasing H2O2 
concentrations (Fig. S8). An additional monomeric 
Cd-MsrB band which migrates slightly faster than 
the reduced band was also observed (Fig. S8). 
Addition of DTT shifted both the dimeric and the 
additional monomeric band to the migration 
position of the reduced monomeric band (Fig. S8), 
indicating that inter- and intramolecular disulfides 
are being reduced. Overall, we showed that in the 
presence of H2O2, Cd-MsrB forms reversible 
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disulfide bonds, which might be interpreted as a 
protection mechanism against overoxidation. 

To investigate which cysteines are involved 
in the dimerization, we repeated the size-exclusion 
chromatography (SEC) experiment with the C66S, 
C127S, and C66S/C127S mutants. Oxidation of 
the C66S mutant did not result in a peak shift on 
SEC (Fig. 8B), indicating its role in the 
dimerization of Cd-MsrB. Oxidation of the C127S 
single mutant and the C66S/C127S double mutant 
resulted in only a minor increase of the dimeric 
population (Figs. 8C and 8D). These results 
indicate that both Cys127 and Cys66 are engaged 
in the dimerization of Cd-MsrB in the presence of 
H2O2.  

As Zn2+ is coordinated by cysteines in Cd-
MsrB, we decided to investigate whether the Zn2+ 

is released in the presence of H2O2. Therefore, we 
analyzed the dimeric and monomeric peaks of the 
SEC with ICP-MS. We found that oxidized WT 
Cd-MsrB (3000 μg/L) has a similar zinc content as 
reduced WT Cd-MsrB (3300 μg/L), which 
indicates that Zn2+ is still present after the H2O2-
induced dimerization.  

DISCUSSION 
Methionine sulfoxide reductase (Msr) 

enzymes regulate protein function and 
downstream cellular signaling processes by 
reducing methionine sulfoxide (MetSO) (36-39). 
In this study, we focus on the catalytic and the 
oxidation protection mechanisms of C. diphtheriae 
MsrB (Cd-MsrB), which has three catalytic 
cysteines, two conserved and one non-conserved 
cysteine. Most MsrB enzymes have one or two 
catalytic cysteines (Fig. S1) that form a sulfenic 
acid or a disulfide after substrate reduction, which 
is then reduced by the thioredoxin (Trx) system 
(31,40,41). Unlike these enzymes, Cd-MsrB has 
an additional non-conserved catalytic cysteine 
(Cys127) located on a loop between the β6 and β7 
strands, located close to the C-terminus (Fig. 1 and 
Fig. S1). At the position of this cysteine, we find a 
serine or an alanine in the MsrB enzymes from 
other species (28) (Fig. S1). By generating three 
Cys to Ser mutants (C66S, C122S and C127S), we 
showed that only mutating Cys122 leads to 
complete loss of activity, which indicate its role as 
the nucleophilic cysteine essential for the first step 
in the catalytic mechanism, the reduction of 
MetSO (Fig. 6-I and Fig. S4). Loss of activity 

upon mutation of this conserved cysteine has also 
been seen for both human MsrB3 (Cys126) and 
Drosophila MsrB (Cys124) (28,42). The kcat/KM of 
methionine formation by Cd-MsrB (86 M-1s-1) is in 
the same range as other MsrB enzymes, such as 
Saccharomyces cerevisiae (90 M-1s-1), Arabidopsis 
thaliana (47 M-1s-1) and Neisseria meningitidis (19 
M-1s-1) (27,43,44). Important to note is that MsrB 
enzymes are more efficient in reducing protein 
MetSO compared to free MetSO. Examples 
include the catalytic efficiency of N. meningitidis 
MsrB (180 M-1s-1) and S. cerevisiae MsrB (1180 
M-1s-1) measured with N-acetyl or dabsyl MetSO 
mimics of protein MetSO (27,43). Comparing the 
kcat/KM of free MetSO reduction by Cd-MsrB (86 
M-1s-1) with that of Cd-MsrA (7.5 x 104 M-1s-1) 
(26), more than 1000-fold difference was observed. 
This shows that free MetSO is the preferred 
substrate for MsrA, as described (27,43,45,46). 

Once the MetSO is reduced, a sulfenic acid 
is formed on the nucleophilic Cys122 of Cd-MsrB 
(Fig. 6-I and Fig. S4), which is then attacked by 
one of the resolving cysteines (27,28). Cd-MsrB is 
unique in having two resolving cysteines, which 
can form a disulfide bond with the nucleophilic 
Cys122 (Fig. 6-II and III). Based on the mass 
spectrometry analysis, DTNB assay, and the 
HSQC spectra, it becomes clear that two 
populations of disulfides are formed after MetSO 
reduction: Cys122-Cys127 (non-conserved 
disulfide), which is the major disulfide form, and 
Cys122-Cys66 (conserved disulfide), which is the 
minor disulfide form (Figs. 3 and 6, and Table S2). 
From the solution structure and the HSQC-spectra 
of oxidized Cd-MsrB, we observed that major 
structural changes are required for the formation 
of Cys122-Cys127 disulfide bond, which is buried 
and inaccessible to Trx (Figs. 1B, 3, 4 and Fig. S5). 
On the other hand, the Cys122-Cys66 disulfide is 
exposed, and no major conformational changes are 
required to form this disulfide (Fig. 3C). This 
disulfide is accessible for reduction by Trx (Fig. 
5A). Structural studies on Xanthomonas 
campestris MsrB (Xc-MsrB) also showed that 
drastic structural changes are required for the 
formation of a disulfide bond between the 
conserved nucleophilic and non-conserved 
resolving cysteines, which are located more than 3 
Å apart (24). This observation for Xc-MsrB could 
fit with the overall structural changes that we 
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observe for Cd-MsrB following MetSO reduction 
(Fig. 3 and Fig. S5).  

Several enzymes with major structural 
changes during thiol-disulfide exchange have been 
reported. One example that we have studied was 
the reduction of arsenate by arsenate reductase 
form S. aureus plasmid pI258 (47,48). Here, the 
first resolving Cys82 attacks the nucleophilic 
Cys10, which results in the release of the reduced 
substrate, and the formation of a buried Cys10-
Cys82 disulfide (47). Next, the second resolving 
Cys89, which is located more than 10 Å away 
from Cys82, moves out of its hydrophobic pocket 
to attack the first disulfide, which results in the 
formation of a surface exposed Cys82-Cys89 
disulfide, accessible for Trx reduction (47,49). 
Another example is seen for Cd-MsrA after 
MetSO reduction (26).  Here, a buried disulfide is 
formed between the nucleophilic Cys52 and the 
first resolving Cys206. Next, disulfide exchange 
results in the formation of a second disulfide 
between Cys206-Cys215, which becomes 
accessible to Trx (26).  

Our findings suggest that after substrate 
reduction, Cd-MsrB undergoes a large structural 
reorganization, which results in the formation of a 
buried and Trx inaccessible Cys122-Cys127 
disulfide (Figs. 1B, 5A and 6). By comparing the 
HSQC-spectra of the MetSO-oxidized Cd-MsrB, 
which we measured directly and after 19 h (Figs. 3 
and 4), we observed a shift from a Cys122-Cys127 
disulfide to Cys122-Cys66 disulfide (Figs. 3B and 
C). Our data suggest that in the absence of Trx, the 
Cys122-Cys127 disulfide form of Cd-MsrB 
accumulates, and over time slowly exchanges to 
form a minor population with a Cys122-Cys66 
disulfide (Figs. 3 and 4). However, driven by 
thioredoxin, which only reduces the minor 
population (Cys122-Cys66 disulfide) with a 
catalytic efficiency of 1.7 x 104 M-1s-1 (Fig. 5B), 
the exchange from the Cys122-Cys127 disulfide to 
Cys122-Cys66 becomes much faster (Fig. 5).  

A recent study by Cao et al. (2018) 
characterized human MsrB3 (hMsrB3) with three 
catalytic cysteines (42), but unlike Cd-MsrB, 
hMsrB3 has two non-conserved resolving 
cysteines (Cys3 and Cys9) located at the N-
terminus. Similar to Cd-MsrB, hMsrB3 resolving 
cysteines (Cys3 and Cys9) can form a disulfide 

with the conserved nucleophilic Cys126. Here, the 
resolving cysteine that is not engaged in the first 
disulfide, attacks then the Cys126-Cys3 or the 
Cys126-Cys9 disulfide bond, resulting in a Cys3-
Cys9 disulfide between two resolving cysteines. 
This disulfide is recognized and reduced by Trx. 
Although hMsrB3 has three catalytic cysteines, it 
has a different mechanism than the one what we 
observed for Cd-MsrB, where the disulfide 
recognized by the Trx is between a nucleophilic 
and only one specific resolving cysteine (Cys122-
Cys66) (42).  

As most organisms could use an alternative 
reducing system, such as the LMW thiol 
glutathione (GSH)/glutathione reductase system 
(21,50), we decided to investigate whether Cd-
MsrB could also be coupled to an alternative-
reducing pathway found in Actinobacteria, which 
is the mycothiol (MSH) pathway (10,26,33-35,51). 
MSH is involved in different processes during 
oxidative stress, including being a cofactor of 
important antioxidant enzymes (52). When thiol 
peroxidases, such as mycothiol peroxidase (Mpx), 
thiol peroxidase (Tpx) and AhpE, reduce 
hydroperoxides, they form a sulfenic acid on their 
peroxidatic cysteine (34,51,53,54). Mycothiol then 
attacks this S-sulfenylated thiol to form a mixed-
disulfide (34,51,53,54). Mrx1, which uses either a 
monothiol or a dithiol mechanism to reduce its 
target proteins (34,51) de-mycothiolates the thiol 
peroxidases via the MSH pathway. In case of Mpx, 
Tpx and AhpE, Mrx1 attacks the mixed-disulfide 
between the MSH and peroxidases, releasing the 
reduced form of the peroxidase and a 
mycothiolated form of Mrx1. Another molecule of 
MSH then attacks the sulfur of the MSH on the 
mixed-disulfide, which releases reduced Mrx1 and 
oxidized mycothiol (MSSM). MSSM is then 
recycled by mycothione reductase (Mtr), which 
uses NADPH as electron donor (34,51,53,54).  

Using a spectrophotometric assay and mass 
spectrometry, we showed that upon reduction of 
MetSO, Cd-MsrB does not couple to the MSH 
pathway (Fig. 7A). A similar study performed by 
Si et al. (2017) showed that C. glutamicum MsrB 
is also not coupled to the MSH pathway after 
substrate reduction (55). Although MSH is present 
in millimolar concentrations in the cell (33), it is 
not necessarily used in the catalytic mechanism of 
all enzymes. However, in this study, what was 
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interesting is the S-mycothiolation of the non-
conserved catalytic Cys127 in the presence of 
H2O2, which indicates that Cd-MsrB gets S-
mycothiolated to protect its Cys127 from 
overoxidation (Fig. S7). We also showed that Cd-
MsrB is de-mycothiolated via the MSH pathway 
(Fig. 7B). Therefore, MSH is used both for 
Cys127 protection against overoxidation and 
deprotection, to restore the reduced form of the 
protein. In addition to S-mycothiolation, Cd-MsrB 
dimerizes and forms both inter- and intramolecular 
disulfides in the presence of H2O2. Mutation of the 
conserved Cys66 and/or the non-conserved 
Cys127 eliminates the dimerization in the presence 
of H2O2 (Fig. 8). This shows that both cysteines 
are involved in forming intermolecular disulfides 
in the presence of H2O2. With a gel-shift assay, we 
showed the reversibility of the intermolecular 
disulfides of Cd-MsrB (Fig. S8).  

The solution structure of Cd-MsrB shows 
that a Zn2+ atom is coordinated by 4 cysteines (Fig. 
1B), which seems to be important for its overall 
structural fold (24,25). Studies on MsrB enzymes 
where the coordinating cysteine residues have 
been mutated, show loss of the Zn2+ and as a 
consequence loss of MsrB activity (25,28). In the 
presence of H2O2, Cd-MsrB does not lose the Zn2+. 
This implies that under H2O2 stress, Cd-MsrB 
maintains its structural fold and can be reactivated 
by the Trx and mycothiol reduction pathways.  

Overall, MsrB enzymes are flexible in 
employing different types of catalytic mechanisms 
depending on the number and location of catalytic 
cysteines involved in the reduction of MetSO. 
Here, with structural and functional studies of Cd-
MsrB, we unravelled its detailed catalytic 
mechanism, which involves a major structural 
rearrangement to expose the Cys122-Cys66 
disulfide for Trx reduction. We also showed that 
Cd-MsrB reversibly protects its catalytic cysteines 
from overoxidation by combining intra- and 
intermolecular disulfide formation with S-
mycothiolation to maintain functionality after 
reduction. 

EXPERIMENTAL PROCEDURE 
Cloning, expression and purification of Cd-
MsrB - Cloning, expression and purification was 
performed as described by Tossounian et al. 2018 
(20).  

Site-directed mutagenesis to generate Cd-MsrB 
Cys to Ser mutants - Using the QuickChangeTM 
site-directed mutagenesis protocol (Stratagene), 
site-directed mutagenesis was performed on the 
Cd-msrB-pET-28b(+) vector. Forward primers 5’-
ACTGAGAAATTTAATTCACATTCTGGGTGG
CCGTCCTTCTTCTCG-3’, 5’-ACCCCTACGGA 
TCTGCGCTATTCCATCAACAGCGTGTGCTT
GACC-3’ and 5’-CGCTATTGCATCAACA GCG 
TGTCCTTGACCCTCATTCCGGCAGAA-3’, 
and reverse primers 5’-CGAGAAGAAGGACGG 
CCACCCAGAATGTGAATTAAATTTCTCAGT
-3’, 5’-GGTCAAGCACACGCTGTTGATGGAA 
TAGCGCAGATCGTAGGGGT-3’ and 5’-TTCT 
GCCGGAATGAGGGTCAAGGACACGCTGTG 
ATGCAATAGCG-3’ were used to construct the 
Cd-msrB C66S, C122S and C127S gene mutants, 
respectively. To construct the C66S/C122S and 
C66S/C127S double mutants, the Cd-msrB-C66S 
vector was used as a template for further site-
directed mutagenesis, using the C122S or C127S 
forward and reverse primers, obtaining the double 
mutant constructions C66S/C122S and C66S/ 
C127S, respectively.  
HPLC reversed-phase chromatography 
analysis of methionine formation - The Met 
formation assay was performed as described (26). 
Briefly, prior to the start of the assay, Cd-MsrB 
was reduced with 20 mM DTT at room 
temperature (RT) for 30 min. Size exclusion 
chromatography was used to remove DTT and to 
buffer exchange to 50 mM HEPES/NaOH, pH 7.5, 
150 mM NaCl. The reduced Cd-MsrB or its Cys 
mutants (25 µM) were incubated with 10 mM 
DTT, as a recycling agent, and 10 mM MetSO 
substrate for 10 min at RT. The reaction was 
stopped by the addition of 1% trifluoroacetate 
(TFA) and the sample was then diluted 5-fold with 
15% acetonitrile (ACN) and 0.1% TFA solution. 
The samples were centrifuged to remove 
precipitants and were injected onto an ACE 5 C18 
AR column (Achrom), equilibrated in 15% 
acetonitrile and 0.1% TFA and eluted isocratically 
at 0.5 mL/min. The methionine peak formation 
was followed at 215 nm in function of time. To 
determine the concentration of methionine, a 
methionine standard curve (0-2 mM) was made by 
plotting the peak area (µV.s) in function of 
injected methionine concentration. The 
experiments were performed with at least two 
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independent replicates and the results were 
visualized using Prism8.  

Kinetic parameter determination of MetSO 
reduction by Cd-MsrB - Cd-MsrB WT (2.5 µM), 
was incubated with DTT (15 mM) and varying 
substrate concentrations (0-4 mM). At several 
time-points, the reaction was stopped and the 
samples were diluted five-fold and injected onto 
the ACE 5 C18 AR column. The methionine peak 
formation was monitored at 215 nm in function of 
time. The results obtained were analyzed by linear 
regression. Product formation (µM) in function of 
time (min) was obtained from the slope (vi), which 
was used to plot vi/E0 in function of methionine 
sulfoxide (MetSO) concentration. From the 
Michaelis-Menten curve, the KM, kcat and kcat/KM 
values were calculated. Knowing that MsrB only 
reduces the R-stereoisomer of MetSO and 
assuming that the commercial MetSO contains a 
1/1 ratio of R- and S-stereoisomer, the 
concentration of Met-R-SO was obtained by 
dividing the MetSO concentration by two. Data 
were obtained in triplicate and the results were 
analyzed with Prism8. 

Anti-dimedone Western Blot - To determine the 
presence of Cd-MsrB sulfenic acid formation 
following MetSO reduction, anti-dimedone 
western blot was used. This experiment was 
performed under anaerobic conditions using the 
whitely A35 anaerobic workstation. Cd-MsrB WT, 
C66S/C122S and C66S/C127S mutants were 
reduced as described, and size exclusion 
chromatography (superdex75 10/300 column) on 
an AKTA pure system (GE Healthcare Life 
Sciences) was used to remove excess of DTT and 
to buffer change to 50 mM HEPES/NaOH, pH 7.5, 
150 mM NaCl. The reduced Cd-MsrB WT or 
double mutants (25 μM) were first incubated with 
1 mM dimedone (Sigma) for 5 min at RT. 
Afterwards, MetSO (10 mM) was added to the 
reaction mixture, which was incubated for 1 h in 
the dark at RT. To stop the reaction, the sample 
was incubated in the dark with 10 mM N-
ethylmaleimide (NEM) at RT for 20 min. The 
samples were analyzed by Western Blot. 
Western Blot was developed with rabbit anti-
sulfenic acid antibody (1:10,000 dilution) for 1 h 
at RT, followed by 30 min incubation at RT with 
the secondary goat anti-rabbit antibody conjugated 
to alkaline phosphatase (AP) (1:10,000). 

Dimedone containing bands were visualized 20 
min following the addition of 5-bromo-4-chloro-3-
indoly phosphate /nitro-blue tetrazolium chloride 
(BCIP/NBT) premixed solution (Sigma-Aldrich) 
in the dark at RT.  

Determining free thiol content with DTNB - 
The free thiol content of Cd-MsrB WT, and the 
C66S, C122S and C127S mutants was monitored 
in the presence and absence of MetSO substrate 
using 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB). 
The protein samples were reduced with 20 mM 
DTT for 30 min at RT and superdex75 10/300 
column on AKTA pure system (GE Healthcare 
Life Sciences) was used to remove excess of DTT 
and to buffer change to 50 mM HEPES/NaOH, pH 
7.5, 150 mM NaCl. Reduced Cd-MsrB WT or Cys 
mutant (1 µM) was incubated with DTNB (300 
µM) for 30 min at RT. The sample (200 μL) was 
then transferred to a 96-well micro-plate (Thermo 
ScientificTM NuncTM MicrowellTM), and the 
increase in absorbance was followed spectrophoto-
metrically at A412 nm. To prepare the oxidized 
sample, Cd-MsrB WT or the mutants were 
incubated with MetSO (8 mM) for 40 min. 
Important to note, the free thiol content of the 
C66S mutant was determined in its denatured form. 
Therefore, the reduced and the MetSO treated 
C66S mutant was incubated with 6 M guanidinium 
hydrochloride for 30 min at RT, followed by 
dilution and incubation with DTNB for 30 min. 
Three independent replicates were analysed.  

The number of free thiol was calculated 
based on equation 1, where ε  represents the 
extinction coefficient of TNB2-, which is 14,150 
M−1cm−1for non-denaturing condition and 13,700 
M−1cm−1 for denaturing condition. 

Number of free thiol= "#$%&'()"*'$+,
-	.[1234].&$67'(+867(:%)

  Eq.1                       
 
Secondary structural changes monitored by 
circular dichroism - To monitor the secondary 
structure changes of Cd-MsrB in the reduced and 
MetSO substrate treated samples, circular 
dichroism (CD) was used to record the far-UV 
spectra (190-260 nm). Prior to the CD experiment, 
Cd-MsrB was reduced with 20 mM DTT for 30 
min at RT. Gel filtration on AKTA pure system 
was used to remove excess of DTT and to buffer 
change in 20 mM sodium phosphate and 200 mM 
sodium fluoride pH 7.5. To obtain MetSO treated 
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sample, reduced Cd-MsrB (50 µM) was incubated 
with a 10-fold excess of MetSO for 1 h at 25°C. 
Excess MetSO was removed using Micro Bio-
Spin® Chromatography Columns (BIO-RAD) 
equilibrated in 20 mM sodium phosphate and 200 
mM sodium fluoride pH 7.5. Following sample 
preparation, Cd-MsrB reduced and MetSO treated 
samples (4 μM) were analyzed by Jasco J-810 
spectropolarimeter at 25°C in a quartz cuvette (1 
mm path length). The same experimental 
conditions were used to compare the overall 
secondary structural differences between reduced 
Cd-MsrB WT, C66S and C127S mutants. Far-UV 
CD spectra were recorded and the results were 
analyzed with Prism8. 

Cd-MsrB NMR sample preparation - For the 
production of double labeled U-[13C, 15N] Cd-
MsrB, the minimal medium described by Volkov 
et al. 2013 (56) was used. Briefly, Rosetta (DE3) 
E. coli cells containing Cd-msrB-pET28(+) 
plasmid were grown in the minimal medium at 
37°C until OD600 reached 1. The cells were then 
induced with 0.5 mM IPTG, and were further 
incubated at 30°C O/N. The cells were then 
harvested, sonicated and purified as described by 
Tossounian et al. 2018 (20). Following 
purification, the Cd-MsrB double labeled samples 
were reduced with 20 mM DTT for 30 min at RT, 
and buffer changed to 20 mM sodium phosphate 
pH 7.0, 150 mM NaCl. Prior to NMR data 
collection, the reduced double labeled Cd-MsrB 
sample (1 mM) was mixed with DTT (2 mM). To 
prepare the MetSO-treated oxidized sample, 
reduced Cd-MsrB was incubated with MetSO (1:2 
ratio respectively) for 10 min at 25°C. To remove 
excess of MetSO, the sample was buffer changed 
to 20 mM sodium phosphate pH 7.0, 150 mM 
NaCl, before determining its HSQC-spectrum. 
After 19 h of incubation at 25°C, another HSQC-
spectrum was determined.   

NMR solution structure determination - All 
NMR experiments were performed at 25°C on a 
Bruker Avance III HD 800 MHz spectrometer 
equipped with a TCI cryoprobe. For the protein 
structure determination, the sample contained 
1mM U-[13C, 15N] labeled MsrB and 2 mM DTT 
in 20 mM sodium phosphate pH 7.0, 150 mM 
NaCl and 10% D2O for the lock. All NMR data 
were processed in TopSpin 3.5 (Bruker) or 
NMRPipe (57) and analyzed in CCPN (58). 

Nearly complete, unambiguous 1H, 13C and 15N 
resonance assignments of the protein nuclei were 
obtained from a suite of standard multidimensional 
NMR experiments: 2D [1H,15N]-HSQC, [1H,13C]-
HSQC, and constant-time [1H,13C]-HSQC for the 
aromatic region; triple-resonance HNCACB, 
HN(CO)CACB, HNCO, HN(CA)CO, 
HBHA(CO)NH, (H)CCH-TOCSY, and H(C)CH-
TOCSY experiments; 2D (HB)CB(CGCD)HD and 
(HB)CB(CGCDCE)HE spectra for the aromatic 
resonances; and 3D 15N-edited NOESY-HSQC 
and 13C-edited NOESY-HSQC for aliphatics and 
aromatics. The resonance assignments were 
deposited in the BMRB data bank under the 
accession number 28052. 

The 3D 15N-edited NOESY-HSQC and 
13C-edited NOESY-HSQC spectra for aliphatics 
and aromatics, all acquired with the mixing time 
of 120 ms, were subsequently used for the protein 
structure calculation. The NOE cross-peaks, 
determined with CCPN Analysis (58), were 
combined with the dihedral angle restraints, 
obtained with DANGLE (59), and used as an input 
for the automated NOE assignment and structure 
calculations in CYANA v.3 (60), followed by the 
explicit solvent and torsion angle refinement in 
CNS (61) and Xplor-NIH (62), respectively. The 
coordination geometry of the Zn-(Cys)4 cluster 
was learned from the high-resolution X-ray 
structure of a homologous MsrB (PDB ID 3HCJ) 
and applied as a set of S-S distance restraints 
during the final refinement step. To complete the 
Td coordination polyhedron, the Zn atom was 
subsequently added to the molecular frame in 
Xplor-NIH (62). The 20 lowest-energy structures 
were retained and deposited in the PDB bank 
under the accession code 6TR8. The NMR 
structure calculation and refinement statistics are 
presented in Table S1. 

Coupled enzyme assay with the thioredoxin/ 
thioredoxin reductase pathway - The MetSO 
reduction by Cd-MsrA coupled to the Trx/TrxR 
pathway described by Tossounian et al. (26) was 
adapted to include Cd-MsrB. Briefly, Cd-MsrB 
WT and the Cys mutants (C66S, C122S and 
C127S) were reduced with 20 mM DTT at RT for 
30 min. The samples were gel filtered using a 
Superdex75 HR 10/30 column equilibrated in 50 
mM HEPES/NaOH, pH 7.5, 150 mM NaCl. A 
reaction mixture composed of 0.5 mM NADPH, 6 
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µM C. glutamicum TrxR, 3 µM C. glutamicum 
Trx, and 5 µM Cd-MsrB was incubated for 10 min 
at 37°C in the same buffer solution. Following the 
incubation, 5 mM MetSO was added to start the 
reaction, and the decrease in NADPH was 
monitored at A340 nm using a SpectraMax 340PC 
spectrophotometer (Molecular Devices). Three 
independent replicates were obtained and the 
progress curves were analyzed using Prism8.  

To determine the rate of Cys66-Cys122 
disulfide bond reduction by thioredoxin, reduced 
Cd-MsrB was incubated with 10 mM MetSO for 
30 min at RT. Excess MetSO was removed using a 
Micro Bio-Spin® Chromatography Column (BIO-
RAD), equilibrated in the same buffer solution. A 
reaction mixture composed of 1 mM NADPH, 6 
µM C. glutamicum TrxR and 3 µM C. glutamicum 
Trx was incubated for 10 min at 37°C. Increasing 
concentrations of MetSO-oxidized Cd-MsrBS-S (0-
20 µM) were added to the reaction mixture and 
NADPH consumption was monitored at A340 nm. 
Three independent replicates were obtained and 
the progress curves were analyzed using Prism8. 
Trx and TrxR were cloned and purified as 
described elsewhere (35). 

Coupled enzyme assay with the mycothiol/ 
mycoredoxin1/mycothione reductase pathway - 
The MetSO reduction by Cd-MsrA coupled to the 
mycothiol/mycoredoxin1/mycothione reductase 
pathway (MSH pathway) as described by 
Tossounian et al. (26) was adapted. Briefly, Cd-
MsrB WT was reduced with 20 mM DTT at RT 
for 30 min. The sample was then gel filtered using 
a Superdex75 HR 10/30 column equilibrated in 50 
mM HEPES/NaOH, pH 7.5, 150 mM NaCl. A 
reaction mixture composed of 0.5 mM NADPH, 5 
µM C. glutamicum mycothione reductase (Mtr), 
0.5 µM C. glutamicum mycoredoxin1 (Mrx1), 100 
µM MSH and 10 µM Cd-MsrB was incubated for 
20 min at 37°C in the same buffer solution. 
Following the incubation, 5 mM MetSO was 
added to start the reaction, and the decrease in 
NADPH was monitored at A340 nm in function of 
time, using a SpectraMax 340PC spectro- 
photometer (Molecular Devices). To determine 
whether the MSH pathway is used in the presence 
of hydrogen peroxide (H2O2), the same reaction 
composition was used, but the MetSO was 
replaced by 400 µM H2O2. Three independent 

replicates were obtained and the progress curves 
were analyzed using Prism8. 

Determining Cd-MsrB oligomerization with 
size-exclusion chromatography - Using a 
standard of proteins with known molecular 
weights (Gel filtration standard, Bio-rad), Cd-
MsrB oligomerization states were determined in 
the absence and the presence of H2O2. Reduced 
Cd-MsrB (50 µM) was incubated with 250 µM 
H2O2 for 30 min at RT. The sample was injected 
on a superdex200 HR 10/30 column equilibrated 
in 50 mM HEPES/NaOH, pH 7.5, 150 mM NaCl. 
Based on the elution volume, the molecular 
weights of both the reduced and oxidized Cd-
MsrB samples were determined. Two independent 
replicates were obtained, and the chromatogram is 
presented as the union of both replicates.  

Determining Cd-MsrB oligomerization state 
with a gel-shift assay - Cd-MsrB was reduced and 
buffer exchanged to remove DTT, as described. 
Next, Cd-MsrB was incubated with increasing 
concentrations of H2O2 (0-2 mM) for 20 min at RT. 
The reaction was stopped by removing the oxidant 
with a micro-biospin column, samples were 
incubated with 10 mM N-ethyl maleimide (NEM) 
in the dark for 10 min, and analyzed on SDS-
PAGE gel. To determine whether DTT restores the 
reduced form of Cd-MsrB, the oxidized samples 
were incubated with 5 mM DTT, blocked with 10 
mM NEM, and analyzed on SDS-PAGE gel.  

Mass spectrometric analysis of disulfide bond 
formation and S-mycothiolation - Cd-MsrB was 
reduced and buffer exchanged to remove DTT. 
Reduced Cd-MsrB (30 µM) was incubated with 
excess MetSO (5 mM) for 20 min at RT, and 
excess of MetSO and Met were removed on a 
micro-biospin column. The remaining free thiols 
were blocked with NEM. As control, reduced Cd-
MsrB was used. Both reduced and MetSO 
incubated samples were trypsin digested.  

The generated peptides were dissolved in 
solvent A (0.1% TFA in 2% ACN), directly loaded 
onto reversed-phase pre-column (Acclaim PepMap 
100, Thermo Scientific) and eluted in backflush 
mode. Peptide separation was performed on a 
reversed-phase analytical column (Acclaim 
PepMap RSLC, 0.075 x 250 mm, Thermo 
Scientific) developed with a linear gradient of 4-
36% solvent B (0.1% FA in 98% ACN) for 36 min, 
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40-99% solvent B for 10 min and holding at 99% 
for the last 5 min at a constant flow rate of 300 
nL/min on an Ultimate 3000 RSLN nanoHPLC 
system (Thermo Fisher Scientific). The peptides 
were analyzed by an Orbitrap Fusion Lumos 
tribrid mass spectrometer (ThermoFisher 
Scientific). The peptides were subjected to the NSI 
source followed by tandem mass spectrometry 
(MS/MS) in Fusion Lumos coupled online to the 
UPLC. Intact peptides were detected in the 
Orbitrap at a resolution of 120,000. Peptides were 
selected for MS/MS using HCD setting at 35; ion 
fragments were detected in the Orbitrap at a 
resolution of 30,000. A data-dependent procedure 
of MS/MS scans was applied for the top precursor 
ions above a threshold ion count of 2.5E4 in the 
MS survey scan with 30.0 s dynamic exclusion. 
The total cycle time was set to 3 s. The 
electrospray voltage applied was 2.1 kV. MS1 
spectra were obtained with an AGC target of 4E5 
ions and a maximum injection time of 50 ms, and 
MS2 spectra were acquired with an AGC target of 
5E4 ions and a maximum injection time of 100 ms. 
For MS scans, the m/z scan range was 350 to 1800. 
The resulting MS/MS data was processed using 
Sequest HT search engine within Proteome 
Discoverer 2.2 against a custom database 
containing the C. diphtheriae MsrB sequence. 
Trypsin was specified as cleavage enzyme 
allowing up to 2 missed cleavages, 4 modifications 
per peptide and up to 7 charges. Mass error was 
set to 10 ppm for precursor ions and 0.02 Da for 
fragment ions. Presence of NEM and Cys 
modifications were considered as variable 
modifications. False discovery rate (FDR) was 
assessed using a fixed value PSM validator and 
thresholds for protein, peptide, and modification 
site were specified at 1%. For disulfide bridge 
mapping, the MS raw files were analyzed with 
pLink 2.3 (63) with peptide masses set from 600 to 
6000 Da and tolerance for precursor and fragment 

set to 20 ppm. FDR was below 5% and MS/MS 
fragmentation was manually validated.  

To determine whether Cd-MsrB can be S-
mycothiolated in the presence of MetSO or H2O2, 
reduced Cd-MsrB (30 µM) was first incubated 
with MSH (200 µM) for 5 min at RT, followed by 
incubation with excess MetSO (5 mM) or H2O2 
(300 µM) for 20 min at RT. Micro-biospin 
columns were used to remove excess MetSO, Met 
or H2O2, and samples were alkylated with NEM to 
block the remaining free thiols. As control, a 
sample of reduced Cd-MsrB and MSH in the 
absence of MetSO or H2O2 was used. The reduced 
and MetSO or H2O2 treated samples were then 
trypsin digested. For the identification of S-
mycothiolation sites, the LC-MS/MS data were 
acquired as described, except that the ion 
fragments were detected in the ion trap after CID 
fragmentation at 35%. Multistage fragmentation 
was enabled to promote richer fragmentation of 
daughter ions resulting from neutral loss of 
inositol from S-mycothiolated peptides. 

High resolution - inductively coupled mass 
spectrometry (ICP-MS) - Both reduced and 
oxidized samples were analyzed for their zinc 
content using ICP-MS. Background zinc content 
was eliminated by analysing the zinc content of 
the buffer solution. Zinc was determined by ICP-
MS using a Thermo Finnigan Element II 
instrument (Leermakers et al., 2005) (64). The 
extract was diluted 100-fold in 2% HNO3. 1 ppb of 
indium was used as an internal standard. Zinc was 
measured in medium resolution mode. Calibration 
standards (1-40 µg/L) were prepared from a multi-
element stock solution (Merck XIII). The 
detection limit based on the standard deviation of 
the blank was 0.08 µg/L for zinc and 
reproducibility at a concentration range of 10 µg/L 
was 1.5%. 
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Figure 1. NMR solution structure of reduced Cd-MsrB and its active site. (A) An overlay of the 20 lowest-
energy structures of reduced Cd-MsrB. The secondary structural elements (yellow for β-sheets and red for α-helices) 
and the zinc (gray) are labeled (PDB code: 6TR8). (B) Cd-MsrB monomeric structure in semi-transparent surface is 
presented in green cartoon. The location of the conserved Cys66 and Cys122 (thiols are surface exposed) and the 
non-conserved Cys127 (buried thiol) are shown in red, and the cysteines involved in Zn2+ coordination are colored 
yellow. The distance between Cys122 & Cys66, and Cys122 & Cys127 are 8 Å and 15 Å, respectively. The N- and 
C- termini are indicated. (C) The active site of Cd-MsrB has the hydrophobic pocket (Trp68), and the H-bond 
donors (conserved His103, His106 & Asn124). The amino acids are indicated in a green stick representation. (D) 
The active site of C. diphtheriae MsrA (PDB: 4D7L) is shown in wheat color. It has a mirror-like image of the 
active site of Cd-MsrB, with a hydrophobic pocket (Tyr53 and Trp54) and conserved H-bond donors (Tyr83, Glu95 
and Tyr135, and Asp130 via a water molecule (W-black)). The cacodylate molecule mimicking the interactions a 
substrate would make with the active site residues is colored purple and labeled CAC.  
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Figure 2. Cys122 is required for substrate reduction. (A) RPC-HPLC chromatograms of Cd-MsrB WT, C66S, 
C122S and C127S mutants are shown, where Met peak formation is observed at retention time 7.45 min. In the 
presence of MetSO and DTT, as a reducing agent, the C122S mutant does not convert MetSO to Met, while the WT 
and the other mutants (C66S and C127S) show Met production. (B) The concentration of Met produced by the WT 
and Cys mutants are shown in a dot plot. WT and the C127S mutant show similar Met production, while the C66S 
mutant shows 10-fold excess Met production. The data are presented as a mean ± SEM of at least two independent 
technical repeats and the graphs were generated using Prism8. 
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Figure 3. MsrB oxidation with MetSO leads to pronounced changes in the NMR spectrum. The [1H,15N]-
HSQC spectra of (A) reduced MsrB, (B) freshly prepared MetSO-oxidized MsrB, and (C) MetSO-oxidized MsrB 
incubated at 25°C for 19 h are shown. The spectra can be attributed to distinct redox species with different Cys66, 
Cys122; and Cys127 oxidation status (see text), schematically shown above the plots. 
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Figure 4. Two disulfide forms of the oxidized MsrB can be discerned in the NMR spectra. The semi-transparent 
MsrB molecular surface shows solvent-exposed Cys66 (cyan) and Cys122 (orange), and buried Cys127 (green 
sticks). The panels contoured in orange and green show HSQC spectral regions that report on the local chemical 
environment of Cys122 and Cys127, respectively. The spectra of reduced MsrB (black), freshly prepared MetSO-
oxidized MsrB (red) and MetSO-oxidized MsrB incubated at 25°C for 19 h (blue), correspond to those shown in 
Figure 3. Note the absence of the red resonance for Ile123 (orange panel), indicating a large shift to a new position 
lying outside of the plotted spectral region. Two possible disulfide forms are schematically shown above the plots, 
and the cysteine residue reported upon in a given panel is colored. 
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Figure 5. Thioredoxin only reduces the Cys66-Cys122 disulfide. (A) Progress curves of WT Cd-MsrB and the 
cysteine mutants (C66S, C122S and C127S) coupled to the Trx/TrxR pathway, following MetSO reduction, are 
shown. The C66S and C122S mutants do not consume NADPH, while mutating Cys127 has almost no effect on the 
reaction rate. (B) The reduction of Cys66-Cys122 disulfide bond by Trx follows the Michaelis-Menten steady-state 
kinetics. Increasing concentrations of Met-SO-oxidized Cd-MsrBS-S were used as substrate for thioredoxin. From the 
Michaelis-Menten curve, the rate of disulfide bond reduction was determined to be 1.7 x 104 M-1s-1. The data are 
presented as a mean ± SD of three independent technical repeats and the graphs were generated using Prism8. 
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Figure 6. Catalytic mechanism of Cd-MsrB coupled to the Trx/TrxR pathway. (I) Cd-MsrB Cys122 performs a 
nucleophilic attack on the sulfoxide of MetSO, which results in the formation of a sulfenic acid on Cys122 and the 
release of methionine (Met). Then, the catalytic cysteines, Cys66 or Cys127, attack the sulfur of the sulfenic acid, 
which results in the formation of the Cys122-Cys127 or Cys122-Cys66 disulfides (II or III). For Cys122-Cys127, a 
disulfide exchange occurs and Cys66-Cys122 is formed (IV), which is recognized by the Trx and reduced (V).  
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Figure 7. Mycothiol protects Cys127 in the presence of hydrogen peroxide. (A) Cd-MsrB is not recycled via the 
mycothiol reduction pathway. Progress curves show no consumption of NADPH when Cd-MsrB is coupled to the 
MSH/Mrx1/Mtr pathway after adding MetSO as a substrate. (B) In the presence of mycothiol and H2O2, Cd-MsrB 
gets S-mycothiolated and becomes substrate of the MSH/Mrx1/Mtr reduction pathway. The rate of demycothiolation 
is 17.0 ±0.4 mAU/min. Data are presented as a mean ± SD of three independent technical repeats and the graphs 
were generated using Prism8. 
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Figure 8. Cys66 and Cys127 are involved in Cd-MsrB dimerization in the presence of H2O2. Size exclusion 
chromatograms of Cd-MsrB (A) WT, and its Cys mutants, ((B) C66S, (C) C127S, and (D) C66S/C127S), in the 
presence and absence of H2O2 are shown. Elution peaks 1 and 2 correspond to the elution position of the monomer 
(17.4 kDa) and the dimer (34.8 kDa), respectively. These results indicate that Cys66 and Cys127 are involved in the 
dimerization of Cd-MsrB. The data presents the union of two independent technical repeats. 
 
 


