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(Bacl(ground: Methionine sulfoxide post-translational modifications have an important new signaling role in cells.
Results: Methionine sulfoxide reductase MsrA of the pathogenic actinomycete Corynebacterium diphtheriae (Cd-MsrA) uses
a unique intramolecular redox relay mechanism coupled to mycothiol.
Conclusion: For methionine sulfoxide control, Cd-MsrA is flexible in receiving electrons from both the thioredoxin and the

Significance: C. diphtheriae MsrA is a redox regulator for methionine sulfoxide signaling.
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Methionine sulfoxide reductases are conserved enzymes that
reduce oxidized methionines in proteins and play a pivotal role
in cellular redox signaling. We have unraveled the redox relay
mechanisms of methionine sulfoxide reductase A of the patho-
gen Corynebacterium diphtheriae (Cd-MsrA) and shown that
this enzyme is coupled to two independent redox relay path-
ways. Steady-state kinetics combined with mass spectrometry of
Cd-MsrA mutants give a view of the essential cysteine residues
for catalysis. Cd-MsrA combines a nucleophilic cysteine sulfe-
nylation reaction with an intramolecular disulfide bond cascade
linked to the thioredoxin pathway. Within this cascade, the oxi-
dative equivalents are transferred to the surface of the protein
while releasing the reduced substrate. Alternatively, MsrA cata-
lyzes methionine sulfoxide reduction linked to the mycothiol/my-
coredoxin-1 pathway. After the nucleophilic cysteine sulfenylation
reaction, MsrA forms a mixed disulfide with mycothiol, which is
transferred via a thiol disulfide relay mechanism to a second cys-
teine for reduction by mycoredoxin-1. With x-ray crystallography,
we visualize two essential intermediates of the thioredoxin relay
mechanism and a cacodylate molecule mimicking the substrate
interactions in the active site. The interplay of both redox pathways
in redox signaling regulation forms the basis for further research
into the oxidative stress response of this pathogen.
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The pathogenic actinomycete Corynebacterium diphtheriae
causes diphtheria, a toxin-mediated disease, by outsmarting the
host immune system (1). One way to fight off pathogenic bac-
teria is by producing reactive oxygen species. Proteins sensitive
to reactive oxygen species are particularly those with sulfurous
amino acids like cysteine (2) and methionine (3). Upon methi-
onine oxidation, these proteins may get damaged or show an
altered local conformation and subsequently act as regulatory
switches that specifically initiate signaling pathways within var-
ious biological processes (3).

The reaction of oxygen species with methionine leads to the
formation of methionine sulfoxide (Met-SO),* which comes in
two stereospecific types, Met-S-SO and Met-R-SO. Methionine
sulfoxides are not only the result of a nonspecific reaction but
are also formed after a catalyzed reaction by oxygen-consuming
NADPH-dependent enzymes or by the newly identified oxidase
activity of MsrA (4 - 6), a methionine sulfoxide reductase with
stereoselective reductase (7) and oxidase activity (4) toward the
S isomer. The R isomer is specifically reduced by another
methionine sulfoxide reductase, MsrB, whose active site is the
mirror of that of MsrA (8) and for which no oxidase activity has
been described. The oxidase and reductase activity of MsrA
makes post-translational methionine sulfoxide regulation
appealing because it may have an important signaling role, akin
to protein phosphorylation. As a consequence, reversible
methionine oxidation is now being acknowledged as a powerful
mode for triggering protein activity (9). Recent examples are
the transcription factor HypT (10) and the kinase CaMKII (11),
which underscore the relevance and the importance of methi-
onine oxidation and the action of methionine sulfoxide reduc-
tases in the regulation of protein activity.

We focus here on MsrA from the pathogenic actinomycete
C. diphtheriae because we want to understand the mechanism

4The abbreviations used are: Met-SO, methionine sulfoxide; MsrA and -B,
methionine sulfoxide reductase A and B, respectively; Cd-MsrA, C. diphthe-
riae MsrA; Trx, thioredoxin; MSH, mycothiol; Mrx1, mycoredoxin-1; TrxR,
thioredoxin reductase; Mtr, mycothione reductase; AU, asymmetric unit;
DTNB, 5,5’-dithiobis(nitrobenzoic acid); TFA, trifluoroacetic acid.

JOURNAL OF BIOLOGICAL CHEMISTRY 11365



The Mycothiol Redox Relay Mechanism of C. diphtheriae MsrA

that this MsrA is using to reduce Met-S-SO and determine to
which redox pathway it is coupled. In general, MsrA enzymes
from different species employ a similar catalytic mechanism
(12). A nucleophilic Cys attacks the sulfur of a methionine sulf-
oxide, resulting in the formation of a sulfenic acid (-SOH) and
the concomitant release of Met. The regeneration of the reduc-
tion activity via the reduction of the sulfenic acid on MsrA can
occur through an intra- or intermolecular thiol disulfide
exchange mechanism, linked to the thioredoxin (Trx) (13) or
the glutathione (GSH)/glutaredoxin electron transfer pathways
(14), driven by the reducing power of NADPH. Actinomycetes,
however, do not have the GSH/glutaredoxin system but rather
the homologous mycothiol (MSH)/mycoredoxin-1 (Mrx1) sys-
tem (15). Recently, we found MsrA to be S-mycothiolated in
Corynebacterium glutamicum under hypochloric stress (16).
The question remains whether and how this reduction system
can act as part of the catalytic mechanism of MsrA in
C. diphtheriae.

With steady-state kinetics, mass spectrometry, and x-ray
crystallography, we present the essential catalytic cysteines of
Cd-MsrA for the reduction of L.-Met-SO, investigate the use of
the Trx/Trx reductase (TrxR) pathway as a reducing system,
and show how it uses a previously undescribed MSH relay
mechanism to couple to the MSH/Mrx1/mycothione reductase
(Mtr) reduction pathway.

EXPERIMENTAL PROCEDURES

Cloning of Cd-msrA and Site-directed Mutagenesis—The Cd-
msrA gene was amplified from the total DNA of C. diphtheriae
(strain NCTC13129) by PCR, using forward (5'-TTACATAT-
GGGATGGTTATTTGGCGCACC-3') and reverse (5'-TTA-
GGATCCCTACGCCTCTGGGATTCCGC-3') primers. The
amplified PCR product was inserted into pET-28a(+), resulting
in the Cd-msrA plasmid.

Site-directed mutagenesis was performed on the Cd-msrA
plasmid using the QuikChange™" site-directed mutagenesis
protocol (Stratagene). Forward primers 5'-TATATAGGTAT-
CGGCAGTTACTGGGGAGCAGAA-3',5'-ACCTACCGTG-
AAACCAGCACCGGACGCACCAAC-3', 5'-AACCCACTA-
GGATACAGCCCGCACCACTCCACC-3',and 5'-TCCACC-
GGAGTGGCCAGCGGAATCCCAGAGGCG-3', and reverse
primers 5'-TTCTGCTCCCCAGTAACTGCCGATACCTAT-
ATA-3', 5'-GTTGGTGCGTCCGGTGCTGGTTTCACGGT-
AGGT-3', 5'-GGTGGAGTGGTGCGGGCTGTATCCTAG-
TGGGTT-3’, and 5'-CGCCTCTGGGATTCCGCTGGCCA-
CTCCGGTGGA-3" were used to generate the Cd-msrA
mutants C52S, C87S, C206S, and C215S, respectively. The
C87S/C206S double mutant was generated by performing site-
directed mutagenesis, using the primers to insert the C206S
mutation and the C87S plasmid as a template.

Purification of Mycothiol—MSH was purified from Mycobac-
terium smegmaltis mc?155, based on the protocol described
previously (17).

Expression and Purification of the Cd-MsrA Constructs—A
single colony of Rosetta (DE3) (Cd-msrA) was grown overnight
in lysogeny broth medium, supplemented with 25 ug/ml kana-
mycin. Subsequently, 1 liter of Terrific broth cultures were
inoculated with a 1:100 dilution of this preculture and grown at
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37 °C until an A4y ., 0f 0.7 was reached. After induction with
0.5 mm isopropyl B-p-1-thiogalactopyranoside, the cells were
grown for 3 h at 30 °C. The cells were harvested by centrifuga-
tion (15 min at 5,000 rpm, at 4 °C; Beckman JLA8.1000 rotor),
and the pellet was resuspended in 50 mm Tris, pH 8.0, 500 mm
NaCl, 1 mM tris(2-carboxyethyl) phosphine, 50 pug/ml deoxyri-
bonluclease I (Sigma-Aldrich), 20 mm MgCl,, 0.1 mg/ml 4-(2-
aminoethyl) benzenesulfonyl fluoride hydrochloride, and 1
pg/ml leupeptin. The cells were lysed using French press dis-
ruption (Constant Systems) at 20,000 p.s.i. and centrifuged at
18,000 rpm for 40 min to remove cell debris. The cell lysate was
loaded onto an Ni**-Sepharose column, equilibrated in 50 mm
Tris, pH 8.0, 500 mm NaCl, and 1 mm tris(2-carboxyethyl) phos-
phine. MsrA was eluted using a linear gradient to 0.5 M imidaz-
ole in the same buffer. Depending on the level of purity, the
MsrA constructs were either dialyzed to 25 mm Tris, pH 8.0, 1
mM tris(2-carboxyethyl) phosphine, and 1 mm EDTA or further
purified on a Superdex75 16/60 preparation grade size exclu-
sion chromatography column (GE Healthcare) equilibrated in
the same bulffer.

Reversed Phase Chromatography Analysis of .-Met Forma-
tion—A reaction mixture containing 25 um Cd-MsrA (WT or
the mutants C52S, C87S, C206S, or C215S), 1 mm L-Met-SO,
and 10 mm DTT was incubated for 10 min at 25 °C. The reac-
tion was stopped by adding 1% TFA, and the sample was diluted
5 times in 0.1% TFA, 15% acetonitrile. 100 ul of the diluted
sample was injected on an ACE 5 C18 AR column (Achrom),
equilibrated in 0.1% TFA, 15% acetonitrile, and eluted isocrati-
cally at 0.5 ml/min. Met formation was followed at 215 nm.

Kinetics of the L-Met-S-SO Reduction by Cd-MsrA Coupled to
the Trx/TrxR Pathway—The coupled enzyme assay for the Trx/
TrxR pathway described by Van Laer et al. (15) was adapted to
include Cd-MsrA. Briefly, before use, Cd-MsrA was incubated
with 10 mm DTT for 30 min at room temperature. DTT was
removed by size exclusion chromatography on a Superdex75
HR 10/30 column, equilibrated in PBS.

A reaction mixture of 500 um NADPH, 6 um C. glutamicum
TrxR, 3 um C. glutamicum Trx, and 300 nm Cd-MsrA was incu-
bated for 10 min at 37 °C in a PBS buffer solution. Following the
incubation, L.-Met-SO (Sigma) was added to start the reaction,
and the decrease in NADPH absorbance at 340 nm was moni-
tored using a SpectraMax 340PC spectrophotometer (Molecu-
lar Devices). At the first instance, using a concentration of 1 mm
L-Met-SO, progress curves were recorded using varying con-
centrations of Cd-MsrA (100, 200, 300, and 400 nMm) or increas-
ing the Trx/TrxR concentrations (3/6 and 5/10 um) to ensure
that the rate-limiting step within the coupled assay is the reduc-
tion of 1.-Met-SO by Cd-MsrA. Subsequently, the progress
curves were recorded using varying substrate concentrations
(0-500 um). The initial velocity (v;) for each substrate concen-
tration was measured, and the v,/E, versus [L-Met-S-SO] values
were plotted and fitted with the Michaelis-Menten equation to
obtain the kinetic parameters K, k_,,, and V... Because the
substrate, L-Met-SO, is a 50/50% mixture of the S and R epi-
meric forms, the substrate concentrations were halved to plot
the [L-Met-S-SO] in the Michaelis-Menten curve. Three inde-
pendent replicates of v, were measured for each substrate con-
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centration. Trx and TrxR were cloned and purified as described
(17).

Coupled Assay with the MSH/Mrx1/Mtr Pathway—The cou-
pled enzyme assay the MSH/Mrx1/Mtr pathway described by
Van Laer et al. (15) was adapted to include Cd-MsrA, as
described above. A reaction mixture of 500 um NADPH, 5 um
C. glutamicum Mtr, 2 um C. glutamicum Mrx1, and 350 um
MSH was incubated at 37 °C, and the absorbance of NADPH at
340 nm was monitored until a stable baseline was reached. To
the reaction mixture, 15 um Cd-MsrA was added, and again the
mixture was incubated until a stable baseline was obtained
before adding 500 uMm L-Met-SO. The initial velocities of the
reaction were determined by monitoring the NADPH con-
sumption. The concentrations of C. glutamicum Mrx1, MSH,
and Mtr were determined to be non-rate-limiting, as described
(15, 17). Briefly, progress curves were recorded using a concen-
tration of 1 mMm L-Met-SO and varying concentrations of Cd-
MsrA (7.5, 15, and 30 um) or varying concentrations of C. glu-
tamicum Mrx1 (1, 2, and 4 uMm). Subsequently, progress curves
were recorded using varying substrate concentrations (0—650
uMm). The v, for each substrate concentration was measured, and
the v,/E, versus [L-Met-S-SO] values were plotted and fitted
with the Michaelis-Menten equation to obtain the kinetic
parameters K, k..., and V... C. glutamicum Mrx1 and Mtr
were cloned and purified as described (17).

Stopped Flow Analysis of Free Thiol Content—Free thiol con-
tent was monitored by following the DTNB consumption. As
described above, Cd-MsrA (WT or its Cys mutants) was incu-
bated with 10 mm DTT for 30 min at room temperature. DTT
was removed by size exclusion chromatography on a Super-
dex75 HR 10/30 column, equilibrated in 100 mm sodium phos-
phate buffer, pH 7.4, 0.1 mm DTPA. Reduced Cd-MsrA (WT or
its Cys mutants, 2.5 um), was mixed with DTNB (300 um) using
a stopped-flow apparatus (1.1-ms mixing time) coupled with an
absorbance and fluorescence detector (Applied Photophysics,
SV20). The reaction was followed at A = 412 nm, where 2-nitro-
5-thiobenzoate, formed upon DTNB reduction, absorbs maxi-
mally. An absorption coefficient of 14,150 M~ cm ™! (18) was
used to quantify the 2-nitro-5-thiobenzoate formed. Experi-
ments were performed in the size exclusion chromatography
buffer at 25 °C. In order to determine the free thiol content
upon L-Met-SO reduction, Cd-MsrA (WT or its Cys mutants)
was incubated with L-Met-SO (0.5 mM) for 10 min, before mix-
ing with DTNB in the stopped flow apparatus.

Mass Spectrometric Analysis of Cd-MsrA Mycothiolation—A
reaction mixture of 600 uM MSH and 50 um Cd-MsrA (wild
type (WT) or C52S mutant) was incubated in the presence or
absence of 2 mm L-Met-SO or 0.5 mm H,O, (only for WT) for 10
min at room temperature, in the absence of any reducing agent.
The samples were then alkylated with 5 mm N-ethylmaleimide
and incubated for 10 min in the dark. S-Mycothiolation of the
Cd-MsrA (WT or C52S mutant) Cys residues was assessed by
mass spectrometry. Briefly, the proteins were desalted and con-
centrated on a C-18 spin column (Pierce) prior to an overnight
proteolytic digestion with trypsin or chymotrypsin in 50 mm
NH,HCO; at 30 °C. The reaction was stopped by adding 0.1%
TFA.
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The peptides were analyzed by liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) in an ion trap mass spec-
trometer (LTQ XL, Thermo Scientific) as described (19). The
mass spectrometer was operated in the data-dependent mode
and switched automatically between MS, Zoom Scan for charge
state determination, and MS/MS at a collision energy of 35% for
sequence information. Multistage activation was enabled to
promote richer fragmentation of daughter ions resulting from
neutralloss of inositol from S-mycothiolated peptides. This pro-
cess was repeated for the five most abundant ions, and dynamic
exclusion was turned on to allow analysis of co-eluting
peptides.

For peptide identification, peak lists were generated using
the application spectrum selector in the Proteome Discoverer
version 1.4 package. The resulting peak lists were searched
using Sequest against a target-decoy C. diphtheriae protein
database downloaded from Uniprot and comprising 2,267 for-
ward entries. The following parameters were used. Trypsin or
chymotrypsin was selected with specific cleavage only at one
end of the peptide sequence; the number of internal cleavage
sites was set to 1; the mass tolerance for precursor and fragment
ions was 1.1 and 1.0 Da, respectively; and the considered
dynamic modifications were +16.0 Da for oxidized methio-
nine, +125.0 Da for N-ethylmaleimide, and +484.0 Da for
MSH addition to cysteine. Peptide matches were filtered using
the ¢ value, and the posterior error probability was calculated
by the percolator algorithm, ensuring an estimated false posi-
tive rate below 5% for the S-mycothiolated peptide. MS/MS
fragmentation was validated manually.

MsrA Crystallization, X-ray Data Collection, and Structure
Solution—Purified MsrA was concentrated to 50 mg/ml using
10-kDa cut-off Vivaspin concentrators and crystallized using
hanging-drop vapor diffusion at 20 °C, in 0.1 M sodium cacody-
late, pH 7.0, 0.35 M ammonium sulfate, and 20% PEG 8000.
Drops were composed of 1 ul of Cd-MsrA and 1 ul of precipi-
tant solution.

For x-ray data collection, the Cd-MsrA crystals were cryo-
protected with 20% ethylene glycol. X-ray data were collected at
100 K at the Proxima 1 beamline of the Soleil synchrotron facil-
ity. X-ray data were processed using XDS (20). The structure of
MsrA was solved by molecular replacement using Phaser (21)
from the Phenix suite (22), and the E. coli MsrA as a search
model (Protein Data Bank code 1FF3, 49% sequence identity).
The initial MsrA model was built using AutoBuild (23) from the
Phenix suite, and the structure was further completed manually
using Coot (24) and refined using Phenix.refine from the Phe-
nix suite. Data collection statistics and refinement parameters
are summarized in Table 1.

RESULTS

Only Cys®? Is Essential for Reduction of i-Met-SO by
Cd-MsrA—After purifying recombinant Cd-MsrA, we first ver-
ified whether it reduces L-Met-SO, by monitoring the conver-
sion of L-Met-SO to L-Met on reversed phase chromatography
(Fig. 1). We first injected L.-Met alone and observed that L-Met
had an elution peak at 7.3 min. This elution peak was not
observed when L-Met-SO was injected. When we injected a
preincubated mixture of Cd-MsrA, DTT, and L-Met-SO, we
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FIGURE 1. Cys®? is essential for the reduction of L-Met-SO to L-Met. The
reversed phase chromatography HPLC chromatograms following the conver-
sion of L-Met-SO to L-Met (peak at retention time 7.3 min) by Cd-MsrA WT and
the four Cys to Ser mutants are shown.

observed a peak at exactly the same retention time as for the
L-Met. We used DTT to recycle Cd-MsrA, so detectable
amounts of L-Met would be formed. To rule out the possible
contribution of DTT toward L-Met-SO reduction, a preincu-
bated mixture of DTT and 1.-Met-SO was injected, which does
not show L-Met formation. These results indicate that the puri-
fied recombinant Cd-MsrA is an active methionine sulfoxide
reductase.

In order to reveal which Cys residues are important for the
reduction of .-Met-SO, we constructed four Cys to Ser Cd-
MsrA mutants (C52S, C87S, C206S, and C215S) by site-di-
rected mutagenesis. These were expressed in Rosetta Esche-
richia coli cells and purified to homogeneity. We followed the
L-Met formation after incubation of L-Met-SO with these Cd-
MsrA mutants using reversed phase chromatography. C52S
showed no L-Met formation (Fig. 1). On the other hand, L.-Met
formation was observed for C87S, C206S, and C215S (Fig. 1).
This experiment clearly shows that Cys®” is essential for the
reduction of L-Met-SO and can be identified as the nucleophilic
Cys.

Cys®?, Cys®%, and Cys*'® Are Essential for the Recycling of
Cd-MsrA through the Trx/TrxR Pathway—Next, we wanted to
check whether Cd-MsrA uses the Trx/TrxR pathway as a
reducing system, as shown for other MsrAs (12). Therefore, we
coupled the reduction of L-Met-SO by Cd-MsrA to the Trx/
TrxR pathway and followed the NADPH consumption at 340
nm (Fig. 2). It turned out that Cd-MsrA indeed uses the Trx/
TrxR pathway as a reducing system. The conditions used to
acquire the progress curves were rate-limiting for the reduction
of L.-Met-SO by Cd-MsrA, as assessed by the doubling of the
initial velocities when doubling the Cd-MsrA concentration
(Fig. 2A). Similarly, the concentrations of Trx and TrxR were
shown not to be rate-limiting, as assessed by unchanged initial
velocities upon changes in Trx and TrxR concentrations (Fig.
2B). The kinetic parameters for the catalyzed reduction of
L-Met-S-SO by Cd-MsrA were obtained by fitting the v,/E, ver-
sus substrate concentration with the Michaelis-Menten equa-
tion, which resulted in a K|,, of 85.2 * 13.8 um, a k., of 0.1 =
0.007 s~ !, and a catalytic efficiency (k_,/K,,) of 1.2 X 10> M~ !
s~ (Fig. 2C).

To determine the essential Cys residues for coupling to the
Trx/TrxR pathway, we coupled L-Met-SO reduction by
Cd-MsrA to the Trx/TrxR pathway and monitored the
NADPH consumption at 340 nm in function of time for the
Cd-MsrA mutants C52S, C87S, C206S, and C215S. NADPH
consumption was absent for the C52S, C206S, and C215S
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FIGURE 2. Cys®2, Cys2°¢, and Cys®'* are essential for the recycling of Cd-
MsrA through the Trx/TrxR pathway. A, in the presence of L-Met-SO and the
Trx/TrxR pathway, consumption of NADPH at varying concentrations of Cd-
MsrA is shown. Cd-MsrA concentrations of 100, 200, 300, and 400 nm result in
initial velocities of 4.2,7.7,9.9,and 15 milliabsorbance units/min, respectively.
B, increasing the Trx/TrxR concentrations from 3/6 um to 5/10 um had no
effect oninitial velocities. C, Cd-MsrA follows Michaelis-Menten kinetics when
coupled to the Trx/TrxR pathway. The plot of v/E, versus substrate concen-
tration is shown. The data are presented as a mean = S.D. (error bars) of at
least two independent experiments. D, progress curves obtained using the
WT and four Cys to Ser mutants of Cd-MsrA coupled to the Trx/TrxR pathway
are shown.

mutants because progress curves were similar to the one
obtained in the absence of enzyme (Fig. 2D). On the other hand,
the C87S mutant showed a clear decrease in the absorbance of
NADPH, similar to the progress curve for WT Cd-MsrA. We
concluded that aside from Cys®?, Cys*°® and Cys*'® are also
essential for the recycling of Cd-MsrA coupled to the Trx/TrxR
pathway.

Based on these results and in analogy with the reduction
system for other MsrAs (12, 25), we hypothesized that Cys>°®
and Cys>'” are the recycling Cys residues, performing a nucleo-
philic attack on the sulfenic acid formed on Cys®* upon
L-Met-SO reduction (Fig. 3, step 1), forming either a Cys>*—
Cys?°© or Cys*>—Cys*'® intramolecular disulfide (Fig. 3, step 2).
This disulfide is then attacked by the second resolving cysteine,
which forms the intramolecular Cys*°®-Cys*'* disulfide (Fig. 3,
step 3). The latter will be exposed to the Trx/TrxR pathway to
recycle Cd-MsrA (Fig. 3, step 4). Neither the Cys*>~Cys>°® nor
the Cys®*~Cys>'® disulfide bond is reduced by Trx, as indicated
by the lack of NADPH consumption in the coupled assays (Fig.
2D).

In order to determine which recycling Cys performs the
nucleophilic attack on Cys®?, we determined the number of free
thiols in Cd-MsrA, WT or the C206S, C215S, and C87S/C206S
mutants, upon reduction of L-Met-SO, in the absence of any
reducing agent (Table 1). In the WT, three thiols are lost upon
reduction of L-Met-SO, consistent with the formation of the
Cys*?°~Cys*"* disulfide bond and a sulfenic acid on Cys** upon
reduction of a second molecule of L-Met-SO. This leaves only
Cys®” in the free thiol state. The fact that only one free thiol
(Cys*) is found in both the C206S and C215S mutants upon
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FIGURE 3. Proposed disulfide relay mechanism of Cd-MsrA coupled to the Trx/TrxR pathway. The reaction starts with a nucleophilic attack of the Cd-MsrA

Cys>? on the sulfoxide of L-Met-SO, which results in the formation of a sulfenic acid (-SOH) on Cys*2, while reduced (-Met is released (step 7). Next, either Cys

206

or Cys'® attacks the sulfur of the -SOH on Cys®?, causing the release of a water molecule and the formation of a Cys®>~Cys?°® or Cys®>~Cys?'* disulfide (step 2).

206 215)

The second resolving Cys (either Cys*°° or Cys
to thioredoxin for regeneration (step 4).

TABLE 1

Free thiol content of Cd-MsrA upon L-Met-SO reduction, as deter-
mined by reaction with DTNB

Stopped flow was used to determine the thiol content of WT, C206S, C215S, and
C87S/C206S mutants in the presence and absence of L-Met-SO.

Without L-Met-SO With L-Met-SO

Expected Obtained Expected Obtained
value value value value
WwT 4 3.5 1 0.6
C206S 3 2.8 1 1.2
C215S 3 2.8 1 1.1
C87S/C206S 2 1.7 0 0.3
L-Met-SO reduction indicates that both Cys*°® and Cys*'®

perform the nucleophilic attack on Cys®2 This is confirmed by
the result for the C87S/C206S double mutant.

The X-ray Structure Visualizes Reduced Cd-MsrA and the
First Step of the Thiol Disulfide Relay Mechanism—To obtain
insights into the molecular details of this proposed recycling
mechanism of Cd-MsrA, we decided to crystallize Cd-MsrA
using the hanging drop vapor diffusion method. At 20 °C and at
a concentration of 50 mg/ml, Cd-MsrA forms orthorhombic
crystals (C222,,a = 86.40, b = 140.17,¢ = 140.55,a = B =y =
90°), containing three monomers per asymmetric unit (AU). All
x-ray data collection statistics and structure refinement param-
eters are summarized in Table 2. Overall, Cd-MsrA shows an
a/B roll conformation, as seen for other MsrAs (26 -31). Cd-
MsrA shows 32—49% sequence identity to other MsrAs for
which the structure has been solved. When comparing the root
mean square deviations with the E. coli (Protein Data Bank
entry 1FF3, 49% sequence identity) and bovine (Protein Data
Bank entry 1FVG, 46% sequence identity) MsrAs, we obtained
values of 1.82 A for 197 Cas, and 1.13 A for 189 Cas,
respectively.

In the active site of all three chains of the AU, the nucleo-
philic Cys®” and the resolving Cys>°® are partially in a disulfide
bond and partially in the reduced form (Fig. 4, A and B). After
refinement, the reduced form of Cys®* shows an occupancy
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then attacks the sulfur of the first resolving Cys and forms a Cys

206

—Cys>'® disulfide (step 3), which is exposed

TABLE 2
Data collection and refinement statistics
Parameter Value
Data set Cd-MsrA
Processing
Space group C2221
Cell parameters (A) (a = B =y = 90°)
a 86.40
b 140.17
c ) 140.55
Resolution (A)* 50-1.89 (2.01-1.89)
Total reflections 598,855 (90,743)
Unique reflections 67,677 (90,743)
Completeness (%) 99.7 (98.1)
Multiplicity 8.85 (8.50)
CC1/2 (%) 99.7 (77.4)
Rine (%) 15.4.(89.7)
(/o (D) 11.79 (2.27)
Mosaicity (degrees) 0.077
Refinement .
Resolution range (A) 41.30-1.89
Percentage observed (%) 99.7
Reyse (%) 15.4
Riee (%)° 19.0
Root mean square deviation
Bonds (A) 0.010
Angles (degrees) 1.229
Ramachandran plot
Most favored (%) 96.2
Additionally allowed (%) 3.7
Disallowed (%) 0.2
Protein Data Bank code 4D7L

“ Data in parentheses are for the highest resolution shell.

b Repyst = S||IE,| — |EJI/Z|E,|, where F, and F, are observed and calculated structure
factor amplitude, respectively.

€ Ry is the same as R, but using a random subset of 5% of the data excluded
from the refinement.

ranging from 53 to 60% over the three copies in the AU. The
occupancy of the oxidized form ranges from 40 to 47% over the
three chains in the AU. The Cys**~Cys*°® disulfide is one of
the intramolecular disulfides within the proposed thiol relay
mechanism coupled to Trx.

In addition to the intramolecular Cys>*-Cys**° disulfide
bond, a disulfide bond between Cys®*” of one monomer and
Cys?'® of a symmetry-related molecule is formed (not shown).
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FIGURE 4. The Cd-MsrA active site shows the first disulfide bond of the
relay mechanism and a cacodylate molecule mimicking the substrate. A,
the Cd-MsrA active site shows that Cys®? and Cys°® can both be in the
reduced form, as in a disulfide bond state. Furthermore, a cacodylate mole-
cule, shown in a purple stick representation, forms hydrogen bonds with Tyr®3,
Glu®®, and Tyr'>® and interacts with Asp'*° via a water molecule. The two
methyl groups of the cacodylate molecule are oriented toward the hydro-
phobic pocket composed of Tyr®® and Trp>*, on the other side of the active
site. The Cys2, Tyr®3, Trp®®, Tyr®3, Glu®®, Asp'3°, Tyr'3%, and Cys®°® residues are
shown in stick representation. B, the electron density around Cys>? and Cys2°®
is shown at 1.20 contour level. C, the N. meningitidis MsrA (Protein Data Bank
code 3BQF) active site shows stabilization interactions between the sub-
strate, Ac-Met-S-SO-NHMe (shown in a yellow stick representation), and the
conserved hydrogen bond donors Tyr®?, Glu®®, and Tyr'3. These residues, as
well as Phe®? and Trp®3, are shown in a green stick representation. D, the disul-
fide bond between Cys®? and Cys®°® is not surface-exposed. Cd-MsrA is
shown in a gray surface representation, whereas Cys>2 and Cys®°® are shown in
a green stick representation. The figures were generated using MacPyMol
(Schroedinger, LLC).

This intermolecular disulfide does not seem to have any mech-
anistic relevance because the C87S mutant still showed con-
sumption of NADPH when coupled to the Trx/TrxR pathway
(Fig. 2D). This intermolecular disulfide has also been observed
in the crystal structure of E. coli MsrA (28).

A Cacodylate Molecule in the Active Site Mimics the L-Met-
SO-bound State—The active site of Cd-MsrA is conserved,
showing a hydrophobic pocket composed of Tyr>® and Trp>*
and a number of hydrogen bond-donating residues (Tyr®?,
Glu®*, Asp'®°, and Tyr'?®) (Fig. 4A4). The indole ring of Trp>* is
stabilized through a hydrogen bond between the NH group of
the indole and the N& of His'?* and by a stacking interaction
with the phenyl ring of Tyr'®”. Tyr>® is stabilized through a
hydrogen bond between the oxygen atom of Tyr®® and the N of
His'?*. His'** belongs to the second conserved region of MsrAs,
which contains amino acids involved in stabilizing the active
site residues (12).

It is important to note that the active site reveals a bound
molecule of cacodylate, which has two methyl groups oriented
toward the hydrophobic pocket (Fig. 44). Hydrogen bonds are
also formed between the cacodylate oxygen and the conserved
hydrogen bond donors in the active site; the oxygen atom of
cacodylate is stabilized via hydrogen bond interactions with the
e-oxygen atom of Glu®® and the hydroxyl group of both Tyr®?
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and Tyr'?®. Asp'®° interacts via a water molecule with the sec-

ond oxygen atom of cacodylate. With these interactions, the
cacodylate mimics the L-Met-SO substrate; the oxygen atom of
the cacodylate is located at the position of the sulfoxide oxygen
of the Met-SO, and the two methyl groups of cacodylate are
directed toward the hydrophobic pocket, as is the e-methyl of
Met-SO, as can be seen in the structure of Neisseria meningiti-
dis MsrA bound to Ac-Met-S-SO-NHMe (Fig. 4C) (27).

In the Presence of L-Met-SO, Cd-MsrA Is in Vitro Mycothio-
lated on All Three Catalytic Cys Residues through a Unique
MSH Relay Mechanism—W e have previously shown in vivo
that in the non-pathogenic actinomycete C. glutamicum, the
Cys®® of C. glutamicum MsrA (the equivalent of Cys®” in Cd-
MsrA) was S-mycothiolated under oxidative stress (16). S-my-
cothiolation is a protection mechanism of vulnerable cysteines
against overoxidation. Aside from the use of MSH as a protec-
tion system, Cd-MsrA might also use the MSH/Mrx1/Mtr
pathway for catalytic recycling (32). We decided to test this
hypothesis by incubating WT Cd-MsrA with the substrate
L-Met-SO in the presence of MSH for 10 min at room temper-
ature, in the absence of any reducing agent, and to analyze the
sample with mass spectrometry. To our surprise, we not only
found the nucleophilic Cys®* to be S-mycothiolated (Table 3),
similar to the S-glutathionylation of the nucleophilic cysteine of
poplar MsrA2 (14), but also the two resolving cysteines Cys>°°
and Cys*'® (Table 3 and Fig. 5). This either could be the result of
an independent mycothiolation of all three Cys residues, upon
sulfenylation, or could suggest a relay mechanism involving the
transfer of MSH from Cys®” to the resolving cysteines Cys**°
and Cys>"”. If this MSH transfer hypothesis is true, then remov-
ing the nucleophilic cysteine should block the MSH transfer.
Therefore, we incubated the mutant C52S with L-Met-SO in
the presence of MSH under the same experimental conditions
and analyzed the sample with mass spectrometry, demonstrat-
ing that the two resolving cysteines Cys>°® and Cys'® indeed
did not show S-mycothiolation (Table 3).

In contrast to the in vivo result upon hydrochloric acid stress
of C. glutamicum, Cys®” was not found to be mycothiolated in
the presence of L.-Met-SO (Table 3). This indicates that myco-
thiolation of this Cys is not part of the catalytic process but
instead occurs upon oxidation by a strong oxidant. In order
to confirm this, we performed the mass spectrometric anal-
ysis of mycothiolation in the presence of H,O, instead of
L-Met-SO. Indeed, in this case Cys®” was found to be mycothio-
lated (Table 3).

Transfer of Mycothiol to Cys*°° Is Essential for Cd-MsrA to
Couple to the MSH/Mrx1/Mtr Reduction Pathway—In order to
determine which mycothiolated Cys is substrate for Mrx1, we
monitored the NADPH consumption for the catalyzed
L-Met-SO reduction coupled to the MSH/Mrx1/Mtr pathway
(Fig. 6). Progress curves of the WT and the four Cys mutants
were recorded under rate-limiting conditions for substrate
reduction, as assessed by the doubling of the initial velocities
when doubling the Cd-MsrA concentration in the reaction
mixture (Fig. 6A). Similarly, the concentration of Mrx-1 was
shown not to be rate-limiting, as assessed by unchanged initial
velocities upon changes in Mrx-1 concentration (Fig. 6B).
Whereas the C87S mutant showed a similar progress curve as
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TABLE 3

In the presence of L-Met-SO, Cd-MsrA is mycothiolated on all three catalytic Cys residues

Mass spectrometry analysis shows S-mycothiolation on WT Cd-MsrA Cys®?, Cys**®, and Cys®'®, only in the presence of L-Met-SO. Mutation of Cys®” to Ser shows absence
of S-mycothiolation on all Cys residues, and the addition of H,O, shows mycothiolation on Cys®” as well as the other Cys residues. Cysteine-containing peptides were
detected by mass spectrometry either as reduced (N-ethylmaleimide) or S-mycothiolated with their corresponding peptide spectral matches, which reflect their relative
abundance. Subsequently, peptide spectral match values were expressed as percentages. ND, not detected; —, not determined; NEM, N-ethylmaleimide; MSH, S-myco-

thiolated.

Residue-3’ WT-3' control WT + L-Met-SO WT + H,0, C52S-3' control C52S + L-Met-SO
Cys™ NEM (100%) NEM (44%) NEM (37%) - -

MSH (56%) MSH (63%)
Cys®« ND ND MSH (100%) NEM (100%) NEM (100%)
Cys° NEM (100%) NEM (44%) NEM (88%) NEM (100%) NEM (100%)

MSH (56%) MSH (12%)
Cys*'s NEM (100%) NEM (37%) NEM (75%) NEM (100%) NEM (100%)

MSH (63%) MSH (25%)

“The Cys® peptide could only be detected after chymotrypsin digestion in the WT + H,0, and C52S samples.
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the WT, no NADPH consumption was observed for the C52S
mutant (Fig. 6C), clearly highlighting the importance of sulfe-
nylated Cys®” in the first step of the MSH redox relay mecha-
nism. Although Cys®'® was shown to be mycothiolated by mass
spectrometry, the C206S mutant did not show any NADPH
consumption. This shows that mycothiolated Cys*'?, Cys®?, or
potentially even mycothiolated Cys®” is not reduced by Mrx1.
Thus, transfer of MSH to Cys?°® is required for coupling to the
MSH/Mrx1/Mtr pathway. The C215S mutant showed a steeper
progress curve compared with the WT (Fig. 6C), confirming
that the formation of S-mycothiolated Cys>'® is not required for
coupling to the MSH/Mrx1/Mtr pathway and indicating com-
petition between the formation of Cys**°-MSH and the Cys**°-
Cys215 disulfide bond in the WT, which would make the WT
less efficient in coupling to the MSH/Mrx1/Mtr pathway.

To verify this, we determined the steady-state kinetics for
L-Met-SO reduction by both the WT and C215S mutant
enzymes coupled to the MSH/Mrx1/Mtr pathway (Fig. 6D).
From the Michaelis-Menten plots, we determined the kinetic
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parameters for WT (K,, = 17.8 £ 2.2 um and k_,, = 0.002 =
0.00005 s~ %, resulting in a catalytic efficiency k_,/K,, = 99.8
M 's™ 1 and the C215S mutant (K, = 34.6 + 4.5 umand k,, =
0.004 + 0.0002 s ', resulting in a catalytic efficiency k_,,/K,,, =
115.6 M~ ! s71). These results indeed confirm that, in the
mutant, the mycothiolation on Cys*°° is not disturbed through
disulfide bond formation with Cys*'°.

Based on these results, we propose an alternative recycling
mechanism for Cd-MsrA (Fig. 7). The reaction starts in the
same way as described for the Trx/TrxR recycling pathway (Fig.
3); Cys®* gets sulfenylated, whereas the r-Met product is
released (Fig. 7, step I). In the next step, the first step of the
MSH relay mechanism, MSH attacks the sulfenic acid on Cys52,
and a Cys®>-MSH mixed disulfide is formed (Fig. 7, step 2). In
the second step, either Cys®*® or Cys*'® can attack this mixed
disulfide, making Cys>” ready to start another cycle (Fig. 7, step
3 or 4). MSH bound to Cys>'® needs to be transferred to Cys**®
(Fig. 7, step S) because only mycothiolated Cys**® can be

reduced by the MSH/Mrx1/Mtr pathway (Fig. 7, step 6).
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FIGURE 6. Cys?°® is essential for Cd-MsrA to couple to the MSH/Mrx1/Mtr
reduction pathway. A, in the presence of L-Met-SO and the MSH/Mrx1/Mtr
pathway, Cd-MsrA shows consumption of NADPH. Doubling of the Cd-MsrA
concentration resulted in doubling of the initial velocities. Cd-MsrA concen-
trations of 7.5, 15, and 30 uMm resulted in initial velocities of 4.9, 10, and 22
milliabsorbance units/min. B, doubling of the Mrx1 concentration had no
effect on the initial velocity. C, MSH/Mrx1/Mtr-coupled assay progress curves
obtained using the WT and four Cys mutants of Cd-MsrA are shown. D, steady-
state kinetics for the WT and C215S Cd-MsrA mutant. The plot of v/E, versus
substrate concentration is shown. The data are presented as a mean = S.D.
(error bars) of three independent experiments.

DISCUSSION

Understanding the details of how C. diphtheriae MsrA (Cd-
MsrA) rescues possible damaged proteins after an oxidative
stress attack of the host innate immune system or how it is
involved in methionine sulfoxide signaling is especially inter-
esting because this might lead to new strategies to weaken the
defense system of the pathogenic C. diphtheriae. Both MsrA
and MsrB have been shown to play a role in the oxidative stress
response and pathogenicity of microorganisms. For example, a
decrease in infectivity of Streptococcus pneumoniae has been
observed after the deletion of the msrABI gene (33). Similarly, a
study on the pathogenic actinomycete Mycobacterium tubercu-
losis, which can survive major reactive oxygen species and reac-
tive nitrogen species attacks during the host immune response
within macrophages, has shown that MsrA and MsrB single and
double deletion strains were sensitive for oxidative stress (34).
Here, we used x-ray crystallography, kinetics, and mass spec-
trometry to enlarge our knowledge of the redox pathways and
the cysteine residues of Cd-MsrA involved in the reduction of
methionine sulfoxide.

MsrAs stereospecifically reduce both free and protein
Met-SO to Met, leaving the MsrA in its oxidized form. To
regain their reductase activity, MsrAs use reducing pathways
(35), such as the Trx/TrxR pathway, which is used by most
organisms to maintain a reducing environment within cells.
Highlighting the importance of the Trx reducing pathway, Trx
deletion mutants of Met auxotrophs of E. coli (36) and yeast
(37) are incapable of using Met-SO as a Met source. In this
study, we have shown that Cd-MsrA is also coupled to the Trx/
TrxR pathway, by monitoring NADPH consumption in a cou-
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pled enzyme assay. To determine the essential Cys residues
involved in catalyzing L-Met-SO reduction, we constructed
four Cys to Ser mutants of Cd-MsrA. Whereas the C87S mutant
showed the same activity as the WT enzyme, the C52S, C206S,
and C215S mutants showed complete absence of NADPH con-
sumption linked to the Trx/TrxR pathway (Fig. 2D). On the
other hand, looking at the L-Met-SO reduction (Fig. 1), only the
C52S mutant was unable to reduce L-Met-SO, suggesting that
Cys®? is the nucleophilic cysteine and that Cys**° and Cys*'® are
essential to couple the MsrA to the Trx/TrxR pathway.
Through similarity with E. coli MsrA (35) and Bos taurus MsrA
(29), we propose an intramolecular disulfide cascade mecha-
nism, in which Cys®” is the nucleophilic Cys necessary for the
reduction of L-Met-SO to L-Met, and Cys*°® and Cys*'® are
suggested to be the resolving Cys residues (Fig. 3). Thiol con-
tent determinations using DTNB indicate that both Cys®°® and
Cys*'® can perform a nucleophilic attack on Cys®* (Table 1).
The fourth cysteine, Cys®, is not required for L-Met-SO reduc-
tion or for coupling to the Trx/TrxR system. To compare with
other MsrAs that use three Cys residues in their catalytic mech-
anism, we determined the catalytic efficiency for the reduction
of L-Met-SO by Cd-MsrA. With a value of 1.2 X 10> M ' s,
the catalytic efficiency is in the same range as the k_,,/K,,, values
reported for E. coli (2 X 10> M ' s~ ") (35) and Populus tricho-
carpa (12 X 10> M~ ' s 1) (31) MsrAs.

To obtain further insights into the molecular details of this
proposed recycling mechanism of Cd-MsrA, we determined its
crystal structure. The overall structure shows an a/f3 roll con-
formation, as is the case for other MsrAs (26 -31). The crystal
structure revealed a snapshot of two intermediates of the thiol
disulfide relay mechanism used to couple to the Trx/TrxR sys-
tem, whereas a cacodylate molecule in the active site mimics the
substrate-bound state. Cys®* and Cys>°° are found both in the
reduced and disulfide-bonded forms in the crystal structure.
After refinement, the occupancy of the reduced form of Cys>?
ranges from 53 to 60% over the three chains in the AU, whereas
the occupancy of the oxidized form ranges from 40 to 47% (Fig.
4, A and B). X-ray and NMR studies on E. coli and N. meningi-
tidis MisrA showed that the formation of the first disulfide bond
in the thiol disulfide relay mechanism requires large conforma-
tional flexibilities (27, 28, 30). Obtaining a crystal structure of
fully reduced and/or oxidized Cd-MsrA would be required to
assess whether this conformational change is also required for
Cd-MsrA.

In E. coli MsrA, the conformational changes upon oxidation
were necessary to expose the first disulfide bond (Cys®'-
Cys'?®), making it accessible for Trx (28). However, Trx reduces
this disulfide bond with a lower catalytic efficiency than the
second disulfide (Cys'®®*~Cys®°®) of the catalytic mechanism
(13).

In the case of Cd-MsrA, Trx is not able to reduce the Cys>*—
Cys?°° disulfide bond (Fig. 2D). Inspection of the crystal struc-
ture indeed shows that the Cys**~Cys**® disulfide bond is not
surface-exposed (Fig. 4D). Structural details of the Cys**°-
Cys>'® disulfide form of Cd-MsrA, which is reduced by Trx,
remain to be determined. This disulfide form of the enzyme has
not been shown for any other MsrAs either. Although the for-
mation of this disulfide bond is fast (13), the NMR structure of
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FIGURE 7. Proposed mycothiol relay mechanism of Cd-MsrA using the MSH/Mrx1/Mtr pathway. The reaction starts with a nucleophilic attack of Cys>2 on
the sulfoxide of L-Met-SO, which results in the formation of a sulfenic acid (-SOH) on the Cys®2, while reduced L-Met is released (step 7). MSH then attacks the

sulfenic acid and forms a mixed disulfide with the sulfur of Cys®? (step 2). Then an MSH relay mechanism starts with a nucleophilic attack of either Cys
on the mixed disulfide, forming a new mixed disulfide between the sulfur of Cys?°® or Cys?'® and MSH (steps 3 and 4). MSH needs to be transferred from

215

Cys

206 or

Cys®'” to Cys?°® (step 5) to become a substrate for the MSH/Mrx1/Mtr pathway (step 6).

E. coli MsrA indicates a higher flexibility of the C terminus of
the enzyme and shows that Cys'?® and Cys®*® are 24 A apart
(28), thus indicating that an additional conformational change
would be required to form this Cys'*®*~Cys*°° disulfide. In the
crystal structure of Cd-MsrA, despite the fact that the C termi-
nus is stabilized through crystal contacts, the distance between
Cys®°® and Cys?'® sulfurs is 19 A, confirming the need for a
conformational change.

The active site of Cd-MsrA shows the typical MsrA signa-
ture, with on one side a hydrophobic pocket (composed of
Tyr*>® and Trp®*) and on the other side a number of hydrogen
bond-donating residues (Tyr®?, Glu®*, Asp'®°, and Tyr'*") (Fig.
4A). Cd-MsrA is unique in having a Tyr at position 53, whereas
the other MsrAs have a Phe at this position (Fig. 8). As in all
other MsrA crystal structures available, except for the reduced
form of N. meningitidis MsrA, the Cd-MsrA active site is occu-
pied by a ligand (26, 27,29 —31). In Cd-MsrA, a cacodylate mol-
ecule mimics the L-Met-SO substrate with its two methyl
groups oriented toward the hydrophobic pocket and hydrogen-
bonding interactions with the conserved hydrogen bond
donors in the active site (Fig. 44). These stabilization interac-
tions were also observed in the x-ray structure of N. meningiti-
dis MsrA bound to Ac-Met-S-SO-NHMe (27) (Fig. 4C).

We have previously shown iz vivo that in the non-pathogenic
actinomycete C. glutamicum, the Cys®® of MsrA (the equiva-
lent of Cys®” in Cd-MsrA) was S-mycothiolated under oxidative
stress (16). MSH is a low molecular weight thiol analog of GSH
found in actinomycetes (38 —40). Based on this observation, we
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investigated the role of S-mycothiolation as a possible catalytic
mechanism of Cd-MsrA in vitro. We checked whether, aside
from protecting vulnerable cysteines, as was shown for C. glu-
tamicum thiol peroxidase (16), MSH might play a role as a cat-
alytic electron transfer low molecular weight thiol during the
reduction of L.-Met-SO by Cd-MsrA. In the presence of the
substrate L-Met-SO, we observed not only the nucleophilic
Cys®? of the WT Cd-MsrA to be S-mycothiolated (Table 3), as
was shown for S-glutathionylation of poplar MsrA2 (14), but
also Cys®°® and Cys*'® (Fig. 5). The S-mycothiolation of Cys®?,
Cys®°¢, and Cys*'® indicates either that these three Cys residues
are directly S-mycothiolated through three independent sulfe-
nylation actions or, alternatively, that there might be a possible
relay mechanism in which MSH is transferred from Cys®” to
Cys®°® and Cys®'®. Mass spectrometry analysis for the C52S
mutant confirmed that Cys®? is the nucleophilic cysteine that
initiates the mycothiol transfer reaction. An MSH/Mrx1/Mtr-
coupled enzyme assay with the Cys to Ser mutants of Cd-MsrA
showed that only Cys®* and Cys®°° are essential for catalyzing
L-Met-SO reduction (Fig. 6C). Although Cys*!® was also shown
to be S-mycothiolated in our mass spectrometry results, it can-
not be reduced by Mrx1, as shown by the coupled assay for the
C206S mutant. Furthermore, its presence seemed to reduce the
efficiency of the reaction (Fig. 6C). This might be explained by
competition between S-mycothiolation of Cys**® and Cys**°—
Cys" disulfide bond formation in the WT Cd-MsrA, so a frac-
tion of Cd-MsrA would not be reduced through the MSH path-
way. Steady-state kinetics for the L-Met-SO reduction by the
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Mtuberculosis/1-182 1
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52 54
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Cglutamicum/1-217 50
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Cdjphtheriae/7-220 114
Colutamicum/7-277 118
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------------------------------------------- M- - TSNQK - -A- - |

--------------- M--TT-HT--A--V-------L--A9
83 87 95
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- . 206 215 _
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*

FIGURE 8. Multiple sequence alignment of MsrA from different organisms. Shown are C. glutamicum, C. diphtheriae, M. tuberculosis, M. smegmatis, and
E. coli MsrA (accession numbers WP_011015498, WP_021336192, KEP38594, WP_011729814, and ADT77859, respectively). MsrAs were aligned using Clust-
alW2 and presented using Jalview. Intensity of the blue color gradient is based on 50% identity. The Cys residues are numbered based on the Cd-MsrA sequence
numbering, along with conserved residues present in the hydrophobic and hydrophilic pocket of the MsrA active site. The red color indicates non-conserved

Cys residues.

C215S mutant, coupled to the MSH/Mrx1/Mtr pathway,
indeed shows that the catalytic efficiency is higher than that of
the WT (k_,/K,, = 115.6 and 99.8 M~ ' s, respectively) (Fig.
6D). In this respect, the M. tuberculosis and M. smegmatis
MsrAs only contain two cysteines and, at the position of the
Cd-MsrA Cys®'®, a serine (Fig. 8), suggesting that if these
MsrAs also use the proposed MSH relay mechanism, they could
do so more efficiently.

Itis important to note that in Cd-MsrA, the S-mycothiolated
nucleophilic cysteine (Cys®*) cannot be reduced by Mrxl.
Transfer of MSH to Cys>°® is required so that S-mycothiolated
Cd-MsrA becomes a substrate of Mrx1. This mechanism is dif-
ferent from the GSH pathway described for poplar MsrA2, in
which, following L-Met-SO reduction and formation of a sul-
fenic acid on the nucleophilic Cys, only the nucleophilic Cys
gets S-glutathionylated, and this S-thiolated nucleophilic cys-
teine is directly reduced by glutaredoxin (14).

In contrast to the in vivo result upon hydrochloric acid stress
of C. glutamicum, Cys®” was not found to be mycothiolated in
the presence of L.-Met-SO (Table 3). This indicates that myco-
thiolation of this Cys is not part of the catalytic process but
occurs upon oxidation by a strong oxidant. Mass spectrometry
indeed confirms the mycothiolation of Cys®” in the presence of
the strong oxidant H,O, instead of the substrate L-Met-SO
(Table 3).

In conclusion, we have shown that Cd-MsrA is capable of
using the Trx/TrxR pathway as a reducing system following
L-Met-SO reduction. We have identified the Cys residues that
are catalytically essential for the L-Met-SO reduction and cou-
pling to the Trx/TrxR pathway. Most importantly, we have
shown that Cd-MsrA uses a unique MSH relay mechanism to
couple to the MSH/Mrx1/Mtr reduction pathway, as an alter-
native pathway. Because the k_, /K, values determined demon-

cat

strate that the Trx-based system is 12-fold more efficient than
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the MSH-based system (~1,200 versus 100 M~ ' s~ 1), the bio-
logical relevance of the competition between the pathways will
require further experiments with, for example, knock-out
strains. Our findings form the basis for further investigation
into the interplay of these two systems and their link to oxida-
tive stress response and pathogenicity.

Acknowledgments— We thank the beamline scientists of the Proxima
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Addendum—While this manuscript was under review, Si et al. (41)
also showed that the C. glutamicum MsrA can use both the Trx/
TrxR and MSH/Mrx1 pathways as reducing system.
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