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5 ABSTRACT: The oxidation of Met to methionine sulfoxide
6 (MetSO) by oxidants such as hydrogen peroxide, hypochlorite, or
7 peroxynitrite has profound effects on protein function. This
8 modification can be reversed by methionine sulfoxide reductases
9 (msr). In the context of pathogen infection, the reduction of
10 oxidized proteins gains significance due to microbial oxidative
11 damage generated by the immune system. For example,
12 Mycobacterium tuberculosis (Mt) utilizes msrs (MtmsrA and
13 MtmsrB) as part of the repair response to the host-induced
14 oxidative stress. The absence of these enzymes makes Mycobacteria
15 prone to increased susceptibility to cell death, pointing them out as
16 potential therapeutic targets. This study provides a detailed
17 characterization of the catalytic mechanism of MtmsrA using a
18 comprehensive approach, including experimental techniques and
19 theoretical methodologies. Confirming a ping-pong type enzymatic mechanism, we elucidate the catalytic parameters for sulfoxide
20 and thioredoxin substrates (kcat/KM = 2656 ± 525 s−1 M−1 and 1.7 ± 0.8 × 106 s−1 M−1, respectively). Notably, the entropic nature
21 of the activation process thermodynamics, representing ∼85% of the activation free energy at room temperature, is underscored.
22 Furthermore, the current study questions the plausibility of a sulfurane intermediate, which may be a transition-state-like structure,
23 suggesting the involvement of a conserved histidine residue as an acid−base catalyst in the MetSO reduction mechanism. This
24 mechanistic insight not only advances our understanding of Mt antioxidant enzymes but also holds implications for future drug
25 discovery and biotechnological applications.

26Methionine (Met) oxidation is an important phenomenon
27 not only in redox biology and biochemistry but also in
28 biotechnology, synthetic organic chemistry, physiology, and
29 medicine. It is commonly observed in proteomic cellular
30 approaches, but it is often considered as an artifact of detection
31 techniques. Since the 70s, studies have been reported that
32 methionine residues in proteins can be oxidized to methionine
33 sulfoxide (MetSO) by molecules that are formed in vivo, such
34 as hydrogen peroxide (H2O2), hypochlorite (HOCl), perox-
35 ynitrite (ONOOH), or chloramines (NR2Cl) suggesting that
36 methionine sulfoxidation is a biologically relevant phenomen-
37 on.1−7 Consistent with their biological relevance, most
38 organisms have MetSO-reducing enzymes called methionine
39 sulfoxide reductases (msr).8,9 Furthermore, some well-
40 described examples of Met oxidation and reduction regulating
41 important protein activities and cellular functions have been
42 proposed recently.10−15 Even more, a few examples of enzymes
43 exhibiting methionine oxidase activity have been reported.16,17

44 These findings have repositioned this oxidative modification as
45 a new axis of reversible redox regulation, similar to better
46 studied ones such as oxidation and reduction of cysteines.16

47The noncatalyzed oxidation of Met to MetSO leads to the
48formation of Met-(R/S)-SO stereoisomers in equimolar
49amounts. Six classes of msr are currently known, three bacterial
50molybdenum-dependent msr,18 msrP (EC 1.8.5.B1), dmsA
51(EC 1.8.5.3), and bisC (EC 1.97.1.9), and three thiol-
52dependent msr, msrA (EC 1.8.4.11), msrB (EC 1.8.4.12),
53and msrC (EC 1.8.4.14). Peptide methionine sulfoxide
54reductase A (msrA or PMSR) is a well-conserved enzyme
55whose function is to reduce the peptide Met-S-SO stereo-
56isomer by means of at least one reactive thiol in its active site.19

57Depending on the number and localization of the reactive
58cysteines, msrA enzymes can be classified as subtype I: one
59reactive cysteine at position 13; subtype II: two reactive
60cysteines at positions 51 and 54; subtype III: positions 51 and
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61 198; and subtype IV: three reactive cysteines at positions 51,
62 198, and 206 (numbering referred to E. coli msrA).
63 The reduction of oxidized proteins is particularly important
64 in the context of pathogen infection. For example, when
65 macrophages phagocytize mycobacteria, such as Mycobacterium
66 tuberculosis (Mt), they trigger host activation leading to
67 pathogen exposure to several oxidants, among other immune
68 responses.20 Mt has evolved various survival mechanisms that
69 allow it to efficiently remove these oxidizing species as well as
70 repair systems of oxidized biomolecules.21,22 In this context,
71 Mt expresses two types of peptide methionine sulfoxide
72 reductases, namely MtmsrA and MtmsrB.5 Their absence
73 leads to higher reactive oxygen and nitrogen species
74 susceptibility, which makes them potential therapeutic
75 targets.5,23 These enzymes are proposed to present a
76 bisubstratic ping-pong-like catalytic mechanism. However,
77 the MetSO reduction mechanism of msrAs, and MtmsrA in
78 particular, has been a matter of debate in the literature.
79 MtmsrA is a member of subtype III msrAs within the above-
80 mentioned classification. Previous theoretical work suggests
81 that the catalytic cycle starts with the nucleophilic attack of the
82 cysteine (Cys) residue on the MetSO, while a conserved
83 glutamic acid (Glu) transfers a proton to the sulfoxide oxygen,
84 forming a sulfurane intermediate, a hypervalent sulfur
85 species.24−26 The second step consists of a proton transfer
86 by one of the conserved tyrosines (Tyr) at the active site,
87 forming the sulfonium cation.26,27 This second intermediate
88 would be resolved by a water molecule,28 releasing the reduced
89 methionine and yielding the experimental reported sulfenic
90 acid.29 Then, the resolving cysteine attacks the sulfenic acid to
91 form a disulfide.26,27,29 A detailed overview of these chemical
92 steps and the proposed relevant residues at the active site is

s1 93 presented in Scheme 1. The intramolecular msrA disulfide is
94 finally reduced by the thioredoxin/thioredoxin reductase (trx/
95 TR) system.30

96 Motivated by this compelling redox chemistry, in this work
97 we present a detailed characterization of the catalytic
98 mechanism of MtmsrA. To achieve this goal, we employed
99 steady-state and pre-steady-state rapid kinetics determinations,
100 temperature dependence studies, classical molecular dynamics
101 simulations (MD), and hybrid quantum mechanics/molecular
102 mechanics (QM/MM) free energy profile determinations. This
103 allowed us to analyze the entire process with an atomic-
104 detailed and thermodynamic perspective. Our results challenge
105 the previously proposed sulfurane intermediate as a plausible
106 reaction intermediate as well as highlight the role of a
107 conserved histidine (His) residue as an acid−base catalyst in
108 the MetSO reduction mechanism. Overall, this work provides a
109 thorough mechanistic description of an important antioxidant
110 enzyme in Mt with potential applications in drug discovery and
111 biotechnology.

112■ METHODS
113Experimental Methods. Materials. Dithiothreitol (DTT),
114reduced nicotinamide adenine dinucleotide phosphate
115(NADPH), isopropyl-β-D-thiogalactopyranoside (IPTG), am-
116picillin, 2-iodoacetamide, diethylenetriaminepentaacetic acid
117(DTPA), and imidazole were purchased from Sigma-Aldrich
118(Darmstadt, Germany). N-acetyl-L-methionine (NAcMet),
119MetSO, and N-acetyl-L-methionine sulfoxide (NAcMetSO)
120were obtained from Bachem (Torrance, USA). All other
121reagents were obtained from standard commercial sources and
122used as received. Unless otherwise indicated, experiments were
123performed in 20 mM Tris buffer plus 0.1 mM DTPA, pH 7.4,
124and 25 °C.
125Enzyme Expression and Purification. The gene encoding
126MtmsrA (TB Database: Rv0137c, UniProt: P9WJM5, 21 kDa)
127fused at the C-terminal to maltose-binding protein (MBP, 43
128kDa) and an N-terminal poly-His tag was cloned in a
129pDEST17 vector. The fusion protein was expressed in
130Escherichia coli BL21(DE3) grown in LB medium in the
131presence of ampicillin (100 mg L−1) at 37 °C. The expression
132of the enzyme was induced by the addition of 1 mM IPTG
133overnight at 20 °C. The centrifuged bacteria were resuspended
134in 40 mL of 20 mM Tris buffer, 0.5 M NaCl pH 7.6 (solution
135A) for each liter of culture. The sonicated bacteria were filtered
136(0.8 μm) and passed through a nickel HisTrap column
137equilibrated in solution A and 5 mM imidazole, and the fusion
138protein was eluted with a linear gradient of imidazole. The
139poly-Hys and MBP were then cleaved by incubation with the
140recombinant TEV protease in a 1/10 molar ratio overnight at 4
141°C. After proteolysis, proteins were separated by means of a
142second affinity chromatography using a nickel HiTrap column
143(GE Healthcare). The fusion protein and MtmsrA concen-
144tration was measured by absorbance at 280 nm by using a
145molar extinction coefficient of 100 395 M−1 cm−1 and 34 045
146M−1 cm−1 respectively, calculated from their sequences in their
147reduced form (https://web.expasy.org/protparam/). Protein
148thiol contents were measured by the Ellman’s assay (ε412 nm =
14914 150 M−1cm−1).31 An SDS-PAGE gel of the purification
150process is depicted in Figure S1a.
151Thioredoxin reductase 2 from Pseudomona aeruginosa
152(PaTR, UniProt: Q9I592) gene fused to an N-terminal poly-
153His tag was cloned in a pET28A vector. The expression and
154purification conditions were analogous to those of MtmsrA,
155without the need of proteolysis.
156MttrxC (UniProt: P9WG67) and EcTrx1 (UniProt:
157P0AA25) were expressed recombinantly and purified as
158described before.32,33

159Steady-State Kinetics Assay. MtmsrA activity was assessed
160by steady-state kinetics by following the decrease in the
161absorbance of NADPH at 340 nm (ε340 nm = 6220 M−1 cm−1)
162due to its oxidation in a coupled assay. The protein and
163substrate concentration were 200 μM NADPH, 2 μM PaTR, a

Scheme 1. Proposed Elemental Chemical Steps during S-Sulfoxide Reduction Catalyzed by msrA
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164 variable range of 5−80 μM MttrxC (or EcTrx1), and a variable
165 range of 0−1500 μM NAcMetSO or MetSO. All experiments
166 were performed at 25 °C. Primary records of initial velocity
167 were plotted as a function of substrate in different
168 concentrations of MttrxC during the experiment. Experimental
169 data were fitted to the Michaelis−Menten rate equation
170 obtaining Vmaxapp and K0.5

app. Secondary graphics were then
171 built to observe the dependence of each parameter on the
172 other substrate, calculating KM and kcat of the enzyme for each
173 substrate. Activity measurement controls are presented in
174 Figure S1b.
175 Pre-Steady-State Kinetics. The oxidation rate constants of
176 MtmsrA by MetSO or NAcMetSO were determined by
177 measuring the decrease in the intrinsic protein fluorescence
178 intensity (λex = 295 nm) upon oxidation. Prereduced MtmsrA,
179 typically 1 μM, was rapidly mixed with excess sulfoxide using a
180 stopped flow spectrophotometer (Applied Photophysics
181 SX20). The observed rate constants of fluorescence decay
182 (kobs) were determined by fitting a monoexponential function
183 to the experimental data. The second order rate constants of
184 the reactions were obtained from the slope of the linear
185 regression of kobs versus sulfoxide concentration in a variable
186 range of 0−5 mM. To obtain the thermodynamic activation
187 parameters of oxidation of MtmsrA by NAcMetSO, the
188 experiment was carried out at four different temperatures
189 (14.9, 20.0, 25.0, and 30.0 °C), and Arrhenius or Eyring
190 analyses were performed.
191 Circular Dichroism and Melting Temperatures. Changes
192 in the secondary and tertiary structure content ofMtmsrA were
193 followed by the circular dichroism (CD) signal in the far-UV
194 (195 to 260 nm) using a 1.0 mm path-length cell and in the
195 near-UV (240 to 350 nm) using a 1 mm path-length cell.
196 Measurements were made in an Applied Photophysics
197 Chirascan V100. MtmsrA (10 μM final concentration) was
198 prepared in 20 mM Tris-HCl, 1 mM DTPA pH 7.4. Both
199 reduced and oxidized states were obtained by incubating the
200 protein samples for 30 min at room temperature in the
201 presence of 2 mM DTT or 1 mM NAcMetSO, respectively.
202 After that, excess DTT or NAcMetSO was removed with a
203 desalting column. At least 10 spectra were acquired with a
204 speed scan of 50 nm min−1. The blanks/buffer spectra were
205 acquired and subtracted from the average protein spectrum.
206 Melting temperatures of both reduced and oxidized enzymes
207 were estimated by collecting far-UV DC spectra between 20.0
208 and 65.0 °C.
209 Computational Methods. Classical and Hybrid QM/MM
210 Molecular Dynamic Simulations. System Preparation. Every
211 initial system was prepared from the crystallographic structure
212 of MtmsrA in complex with a peptidic Met bound in the active
213 site coming from an MtmsrA crystallographic image (PDBid
214 1NWA).34 When modeling substrate or product bound to
215 MtmsrA, the first six amino acids were kept (His−Met−Thr−
216 Ser−Asn−Gln); therefore, Met*2 would be the reducible
217 MetSO substrate. After removing the crystallographic water,
218 hydrogen atoms were added by using the tleap module of the
219 AMBER18 suite,35 leaving the titratable residues as expected at
220 physiological pH of 7.4. All systems were embedded in a
221 truncated octahedral TIP3P water box, extended 12 Å from
222 any protein atom.
223 Molecular Dynamics Simulation Protocol. All systems
224 were subjected to the same MD protocol and sampling. Energy
225 minimization and conventional molecular dynamics simula-
226 tions (MD) were conducted applying the f f14SB force field36

227to all standard residues, and parameters for methionine
228sulfoxide, methionine sulfonium, and sulfenic acid were
229generated by using the RESP protocol37,38 and the gaf f force
230field.39 A two-step minimization protocol was used, relaxing
231first all water molecules for 2000 steps (2000 steepest descent,
232SD) keeping the protein by a 10 kcal mol−1 Å−2 restraint. 3000
233additional minimization steps (1000 SD; 2000 conjugated
234gradient, CG) were performed then on the whole system. The
235system was heated to 300 K in 0.5 ns long MD followed by
236NPT simulation to adjust the system to the corresponding
237density at 300 K. Finally, production MDs on the NPT
238ensemble were performed. Temperature and pressure control
239were exerted by using the Berendsen thermostat and the
240Monte Carlo barostat (10 ps pressure-coupling constant). A 10
241Å cutoff was applied to nonbonded interactions, and long-
242range electrostatics were treated under periodic boundary
243conditions (PBC) with the particle-mesh Ewald (PME)40

244procedure with a grid spacing of 1 Å. The SHAKE protocol41

245was applied to hydrogen atom bonding, and an integration
246time step of 2 fs was used. A detailed description of each
247simulated system is presented in Table S1.
248pH Titration Molecular Dynamics. The pKa of Glu52,
249Tyr44, Tyr92, and His155 was estimated through constant pH
250titration molecular dynamics (pHtMD). This protocol
251consisted of an adaptation of the original method developed
252by Socher & Sticht.42 In brief, MtmsrA was simulated at a fixed
253pH for 10 ns using MD. A second simulation was then initiated
254using the coordinates and velocities from the previous
255simulation but with the pH increased by 0.2 units. During
256the simulation, the protonation state of these residues was
257monitored by Monte Carlo sampling of the Boltzmann
258distribution of protonation states, as implemented in the
259AMBER package. For example, the fraction of deprotonated
260Glu52 ( fdeprotonated) was calculated from the total number of
261frames at each pH in which Glu52 was deprotonated, and the
262pKa was finally determined from the following equation:

f (pH)
1

1 10deprotonated pK pHa
=

+ 263(1)

264QM/MM Molecular Dynamics and Umbrella Sampling
265Protocol. The LIO software was used to perform QM/MM
266simulations.43,44 Three water molecules, the side-chains of
267residues Cys13, Glu52, Tyr44, Tyr92, His155, and Met*2,
268were included in the QM subsystem depending on the
269distinguished coordinate. The QM region was modeled using
270both the PBE45 exchange and correlation functional combina-
271tion with a dzvp basis set and the MM region with the ff14SB
272force field.36 Free energy profiles were constructed by the
273umbrella sampling approach,46 using similar protocols as
274before.47,48 Briefly, the initial structures were generated from
275previous MD simulations in an 18 Å truncated octahedral box
276with periodic boundary conditions. Then, a steered QM/MM
277molecular dynamics simulation was carried out in order to
278span the entire selected coordinate range. To relax the initial
279structure, a QM/MM equilibration protocol was employed,
280involving three steps: (1) changing charge parameters in the
281classical residues of the QM subsystem, (2) alternating classical
282MD simulations of the system fixing the QM region with short
283QM optimizations on the QM region with the fixed MM
284region, and (3) modifying the topology using optimized
285parameters. This protocol was iterated 10 times for each
286window. After the final thermalization, these structures were
287used as the starting coordinates for each umbrella sampling
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288 window. Each simulation window was followed by a 5 ps
289 uncoupled thermostat QM/MM simulation and a 10 ps
290 Langevin thermostat simulation. Only the Langevin MD
291 trajectories were used for analysis.
292 Visualization and molecular drawings were made using
293 VMD 1.9.1,49 numerical data analysis, fittings, and plots were
294 performed using QtiPlot.

295 ■ RESULTS AND DISCUSSION
296 Structural and Dynamic Characterization of MtmsrA.
297 The dynamic and structural behavior of MtmsrA was analyzed
298 in both the oxidized and reduced states. Its structure is

f1 299 depicted in Figure 1a. The enzyme possesses two Cys residues
300 in its sequence, the nucleophilic Cys13 and the resolving
301 Cys154 (Figure 1b). The number of reduced thiols in different
302 redox states was determined using Ellman’s assay31 (Figure
303 1c). After reduction with DTT, approximately 1.8 free thiols
304 per mole of protein were detected, a slightly lower value than
305 expected. When an excess of substrate was added to the
306 reduced protein, only 0.4 thiols per mole of protein were
307 detected, suggesting that most thiols are oxidized to disulfide.
308 The intrinsic fluorescence emission and circular dichroism
309 spectra of the protein are sensitive to its redox state, as has
310 been previously reported for NmmsrA.27 In Figure 1d, an
311 increase in intrinsic fluorescence is observed upon protein
312 oxidation, and this change can be reversed by adding excess
313 DTT to the oxidized protein. Additionally, oxidation leads to a
314 subtle decrease in the protein secondary structure content
315 (Figure 1e).

316Since the chemical reaction would start by the protonation
317of the sulfoxide moiety and the nucleophilic attack of Cys13 in
318its thiolate state, we evaluated how protonation states and the
319presence/absence of substrates/products affect the reduced
320MtmsrA structure and dynamics and specifically how the active
321site microenvironment responded to these changes. Therefore,
322the dynamic properties of several protein and peptide−protein
323complexes, considering different protonation states of Cys13
324and Glu52, were studied using MD. The results are
325 f2summarized in Figure 2.
326The binding of peptide substrates with or without an
327oxidized methionine increases protein flexibility in the regions
328near the active site, as shown by the increase in the Cα RMSF
329in these areas in Figure 2a,b. Previous biochemical studies have
330demonstrated the importance of several conserved residues at
331the msrA active site.27,50−53 The interaction between the
332sulfoxide and these residues at the active site was analyzed by
333calculating distance distributions of Met*2Oε and the
334functional groups of Glu52, Tyr44, and Tyr92. These distance
335distributions showed a shift toward a reactive conformation
336when Glu52 was modeled as glutamic acid (Figure 2d). The
337pKas of Glu52, Tyr44, and Tyr92 were measured using
338pHtMD and were found to be 11.8, 7.7, and 12.6, respectively
339(Figures 2c and S2). When the pKa of Glu52 was measured in
340the presence of substrate, it shifted 4 pH units to alkaline pH
341(from 7.7 to 12), but this increase was not observed in the
342presence of the product, resulting in a similar pKa value as the
343free enzyme, strongly suggesting that the sulfoxide oxygen
344atom generates changes in the electrostatic properties of the

Figure 1. MtmsrA structure, sequence, and changes associated with its redox state. (a) Structure of our MtmsrA−substrate model and (b) MtmsrA
sequence, highlighting active site important residues. (c) Enzyme free thiol quantification by Ellman’s assay in different conditions. Light gray bars
correspond to samples preincubated with substrate. (d) Fluorescence emission spectra (λex = 295 nm) of reduced MtmsrA (red), oxidized MtmsrA
(blue), or after the addition of 2 mM DTT to oxidized MtmsrA (green). (e) Circular dichroism far-UV spectra (deg cm2 dmol−1 × 10−5) of
reduced MtmsrA (red), oxidized MtmsrA (blue).
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345 active site resulting in an anomalous Glu52 pKa.
53 In summary,

346 binding of the substrate into the active site promotes
347 protonation of Glu52, favoring the interaction of the sulfoxide
348 in a reactive pose (see below).
349 Steady-State Kinetic Characterization of MtmsrA. The
350 steady-state enzyme kinetics was studied by monitoring
351 NADPH oxidation in a coupled assay, as described in the

f3 352 methodology section (Figure 3a). The catalytic parameters
353 obtained for NAcMetSO were KM = (1.36 ± 0.16) mM and kcat
354 = (3.7 ± 0.3) s−1 (Figure 3b,c). These values are consistent
355 with previous reports.27 The KM forMtTrxC was (20 ± 7) μM,
356 slightly higher than that reported KM for EcTrx1 in EcmsrA.54

357 The kcat/KM was (2656 ± 525) s−1 M−1 and (1.7 ± 0.8) × 106
358 s−1 M−1 for NAcMetSO and MtTrxC, respectively, both of
359 which are in line with previous reports on bacterial msrAs as
360 reported in Table S2.
361 The hyperbolic dependence of the kinetic parameters against
362 the [NAcMetSO] or [MttrxC] observed in Figure 3d,e
363 confirmed the ping-pong bisubstrate mechanism proposed
364 for this family of enzymes.54 The linearization of the Michaelis
365 curves is also consistent with a ping-pong mechanism (Figure
366 S1d). When we tested Ectrx1 as an MtmsrA reductant in order
367 to compare its activity with MttrxC, we observed a 40%
368 decrease in total activity (Figure S1b).
369 Molecular Basis of Sulfoxide Reduction by MtmsrA.
370 The change in the intrinsic fluorescence of MtmsrA associated
371 with its redox state (Figure 1d) allowed us to study the pre-
372 steady-state kinetic properties of sulfoxide reduction by
373 MtmsrA by following the increase in total fluorescence in a

f4 374 stopped flow apparatus (Figure 4a,b). Furthermore, through
375 the evaluation of the k2 temperature dependence, we were able

376to estimate the thermodynamic activation parameters (Figure
377 t14c and Table 1).
378The NAcMetSO reduction rate constant at pH 7.4 and 25
379°C is 4.6 s−1 mM−1, almost 2 times larger than the one
380determined for MetSO (Figure S3). The reported k2 value for
381Neisseria meningitidis (Nm) msrA is 1.5 s−1 mM−1, which is
382approximately half that of the k2 value for MtmsrA.27,50

383The activation energy and activation enthalpy determined by
384Arrhenius and Eyring analyses highlight the predominant
385entropic contribution in the activation process energetics. The
386enthalpic contribution is close to the accessible energy at
387relevant temperatures but ∼6 times lower than the entropic
388contribution at 25 °C.
389To shed light into the molecular basis of the sulfoxide
390reduction process and rationalize the thermodynamic
391activation parameters obtained, we conducted a series of
392reaction potential and free energy estimations, using both
393purely QM electronic structure calculations and QM/MM
394molecular dynamics simulations. The magnitude of the
395entropic contribution observed in the activation parameters
396underlines the importance of exhaustively treating the
397dynamical aspects of the process. We found that reducing
398the sulfoxide, releasing the reduced Met, and forming the
399disulfide bond between the nucleophilic and resolution Cys
400residues involve three elemental reactions at the enzyme’s
401active site.
402 f5Figure 5a shows the free energy profile of the first step,
403involving the first two elemental steps depicted in Scheme 1,
404obtained by QM/MM umbrella sampling simulations. The
405profile exhibits four chemically significant regions (Initial
406Complex IC, Transition State TS, “Bump” BU, and Final

Figure 2. Dynamical behavior of reduced MtmsrA and its Michaelis complexes. (a) Active site representation of MtmsrA in the presence of
substrate. (b) Cα root-mean-square fluctuation (RMSF, Å) of MtmsrA with Glu52 deprotonated or protonated. (c) Glu52 titration simulation
curves, as its deprotonated fraction ( f RO−) versus pH. In (b) and (c), results for the MtmsrA, MtmsrA + substrate, and MtmsrA + product are
depicted using red, blue, and green lines, respectively. (d) Distribution of the active site interaction distances (Å) between Met*2Oε−Glu52Oε

COOH
(blue-green), Met*2Oε−Tyr44OH (orange), and Met*2Oε−Tyr92OH (green) along the MD with C13SγH (left) or C13Sγ− (right).
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407 Complex FC), the representative structures of which are

408 depicted in Figure 5b. These structures are similar to the

409 stationary points obtained by QM calculations in reduced

410 cluster models comparing different DFT functionals, as shown
411 in Figure S4a and Table S3. The free energy profile maximum

412corresponds to an early TS, in which the first proton is being

413transferred to the sulfoxide O atom and the thiolate in Cys13 is

414starting the attack on the Met*2Sδ atom (Figure 5c). Also, the

415energy profile shows a distinctive bump at ∼−0.5 Å of the
416reaction coordinate, whose structure resembles the TS from

Figure 3. Enzymatic activity of recombinant MtmsrA. (a) Scheme of the electron flux along the coupled assay and a representative temporal course
of absorbance at 340 nm. (b) Michaelis−Menten analysis of NAcMetSO (0−1500 μM) reduction by MtmsrA at different MttrxC (5−80 μM)
concentrations or (c) MttrxC (5−80 μM) at different NAcMetSO (0−1500 μM) concentrations. (d,e) Apparent kinetic parameters’ dependence
on substrate concentrations from (b) or (c), respectively. All of the experiments were performed at least three times, at pH 7.4, 25 °C, PaTR 2 μM,
and NADPH 200 μM.

Figure 4. Pre-steady-state kinetic analysis of NAcMetSO reduction byMtmsrA. (a) Scheme of the reaction in the prestationary kinetic experiments.
(b) Time courses of the oxidation kinetics of MtmsrA by NAcMetSO at 25 °C (inset). kobs were determined from fitting monoexponential
functions to the temporal courses, and k2 was estimated from the slope of kobs as a function of substrate concentration. (c) Eyring analysis of k2,
independently determined three times for each temperature.
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417 the nucleophilic attack and coincides with the proton transfer
418 from Tyr44/Tyr92 to the OH− leaving group from the cluster
419 model, as shown in Figure S4b and Table S3. Both the TS and
420 BU regions resemble the previously reported sulfurane catalytic
421 intermediate, but our simulations suggest that these species are
422 not minima in the free energy surface. Thiriot and colleagues
423 studied the complete catalytic mechanism by employing an
424 active site cluster model.25 Their work did not reveal any free
425 energy differences between the transition state and the
426 sulfurane intermediate, which was found to be even less stable
427 than the transition state of the second step in the presence of
428 solvent, as reported in his work.25 Dokainish and co-workers
429 estimated a Δ‡G of 2.3 kcal mol−1 for the first step, which is a
430 small energy difference that can be attributed to the roughness
431 of the potential energy surface.26 To further evaluate the
432 stability of the proposed sulfurante intermediate, we conducted
433 unrestricted QM/MM MD simulations starting from these
434 points (TS and BU), resulting in the system shifting to IC and
435 FC, respectively (Figure 5b), confirming that neither of those
436 species represents a minimum in our free energy surface.
437 MD simulation of the sulfonium cation intermediate was
438 performed to characterize the dynamics of this species and the
439 changes that can be exerted at the active site. The evolution of
440 sulfonium to sulfenic acid has been demonstrated to proceed

441via hydrolysis,53 so solvation properties of active site residues
442are of particular importance in this intermediate state. Cys13
443 f6and His155 solvation analyses are displayed in Figure 6a,b.
444Cys13 was found to interact with His155 through two water
445molecules, a configuration observed in ∼40% of the simulation.
446This arrangement is very favorable for coupling acid−base
447catalysis with the nucleophilic attack of a water molecule on
448the sulfonium. We tested this mechanistic hypothesis by
449determining the free energy profile of this second step,
450implementing a 2D umbrella sampling approach to adequately
451sample the proton relays between His155, water molecules,
452and Cys13 (Figure 6c). In order to characterize the acid−base
453properties of His155, we performed constant pH MDs to
454estimate the titration curves of this residue in several
455intermediary states of the reaction mechanism (Figure S5).
456Interestingly, we found that the His155 pKa is quite sensitive to
457the microenvironment of the active site and presents a much
458lower pKa value when the sulfonium cation is present than in
459any other active site state.
460The free energy surface in Figure 6c provides information
461about the minimum free energy path connecting the sulfonium
462cation intermediate with the sulfenic acid (second elemental
463 s2chemical step in Scheme 2), showing a free energy barrier and
464reaction free energy of approximately 5.5 kcal mol−1 and −6.0
465kcal mol−1, respectively. The stationary points along the path
466are shown in Figure 6d. At the TS, the nucleophilic attack is
467tightly coupled with an acid−base catalysis mechanism. Once
468the protons are transferred, the free energy drops rapidly,
469suggesting that His155 plays a dual role in providing both
470specific and general acid−base catalysis,55 allowing for the
471resolution of the sulfonium intermediate.

Table 1. Kinetic and Thermodynamic Parameters from
NAcMetSO Reduction by MtmsrA

k225°C
(s−1 M−1)

Eact
(kcal mol−1)

Δ‡H
(kcal mol−1)

Δ‡S
(cal mol−1 K−1)

Δ‡G25 °C
(kcal mol−1)

4.6 × 103 3.7 2.4 −46.0 16.1

Figure 5. Analysis of the free energy profile and relevant distances in the first step. (a) Free energy profile as a function of ζ(Å) defined as the
difference between Cys13Sγ−Met*2Sδ and Met*2Sδ−Met*2Oε distances. (b) Representative structure of the different stationary points detected in
the free energy profile. IC, TS, BU, and FC refer to Initial Complex, Transition State, Bump, and Final Complex (see the text). (c) Distance
evolution of Tyr44OH−Tyr44HO (green circle), Tyr44HH−Met*2Oε (green square), Glu52OεH−Glu52HOε (blue circle), Tyr44HH−Met*2Oε (black
square), Tyr92OH−Tyr92HO (orange circle), and Tyr92HH−Met*2Oε (brown square).
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472 Then, we addressed whether this mechanistic proposal could
473 be extrapolated to other msrA members. Catalytic residues
474 Tyr44, Glu52, and Tyr92 are all present in the msrA
475 sequences. However, the conservation of cysteine residues is
476 less clear, which is why msrA was subdivided based on its
477 biochemical properties outlined in the Introduction rather than
478 on a phylogenetic criterion. To gain a deeper understanding of
479 the conservation of His155, the frequency of its appearance at
480 this position was analyzed (Figure S6a,b). The results showed
481 that the level of conservation of His155 in msrA sequences is
482 25.8%, with significant variations depending on the type of
483 msrA. In particular, subtype III (to which MtmsrA belongs)
484 exhibits a high level of conservation for this His residue
485 (60.7%). Additionally, the distribution of different msrA
486 subtypes along the evolutionary tree was also investigated
487 (Figure S6c). When looking at residue conservation within the
488 msrA type III subtype, Gly is the more represented amino acid
489 in the 40% of sequences where His is not present at position
490 155. Furthermore, in other msrA subgroups, His is also not
491 well-conserved at that position. Two main possibilities appear
492 to overcome the need of acid−base catalysis: the first one is
493 the possibility of Glu52 also having an acid−base catalysis role
494 not only in the first step of the reaction, as previously

495discussed; and the second one would be the participation of
496specific water molecules at the active site that could perform
497this task. This last hypothesis is partially supported by MD
498simulations of the sulfonium cation state, where several specific
499interactions between active site residues and water molecules
500are observed (Figure 6b and 6b). Deeper evolutionary and
501mechanistic analysis is needed, but our data point to this His
502residue as an important catalytic amino acid, at least for this
503msrA subtype.
504Resolution of sulfenic acid to a disulfide bond requires an
505acid catalyst due to the high basicity of the hydroxyl group as
506the leaving group, as the reactive species are the protonated
507sulfenic acid and the corresponding resolving thiolate.56,57 A
508close inspection of the active site dynamical properties when
509sulfenic acid is present at Cys13 suggests two candidates for
510this task: Glu52 or His155. We previously showed how Glu52
511neutral state is favored in MtmsrA active site (Figure 2d). On
512top of that, the orientation of both reactive Cys (13 and 154)
513and both reactive Cys seem to be more reaction-prone
514oriented when Glu52 is in this neutral state (Figure S7). Thus,
515we decided to compute the free energy profile modeling Glu52
516as glutamic acid.

Figure 6. Dynamical behavior of sulfonium cation and its resolution. (a) Representative structure of the active site along the molecular dynamics of
the sulfonium cation intermediate state. (b) Radial distribution function of water molecules around Cys13Sγ and His155Nδ along the simulation. (c)
Free energy surface (color scale, kcal mol−1) of the second step. ζ1 (Å) is defined as the difference between Cys13Sγ−H2OO and Cys13Sγ−Met*2Sδ

distances and ζ2 (Å) as the difference between His155Nδ−H2OH and H2OH−H2OO distances. (d) Representative structures of selected points
(asterisks in panel c) at the free energy surface which represent the initial complex (IC), the transition state (TS), and the final complex (FC).

Scheme 2. Elemental Chemical Steps of S-Sulfoxide Reduction Catalyzed by MtmsrA
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517 The free energy profile of this third step (see the last step in
518 Scheme 2) has a free energy barrier and reaction free energy of
519 8.2 kcal mol−1 and −4.1 kcal mol−1, respectively, indicating

f7 520 that it is an exergonic process (Figure 7a). Although in this
521 case it was not possible to properly sample the proton transfer,
522 since it occurs after the maximum of the free energy profile, it
523 is probably not affecting the free energy barrier estimation. The
524 solvation profiles of the atoms involved in the reaction change
525 significantly, as can be seen in Figure 7b,c. Initially, the
526 Cys154Sγ atom has the largest and most defined solvation
527 structure compared to the Cys13Sγ and Cys13Oδ atoms. At the
528 transition state, the peak height associated with the number of
529 water molecules in the first solvation sphere of Cys154Sγ

530 decreases by half, while the peak height associated with the
531 Cys13Oδ atom increases.

532In summary, through a combination of kinetic assays and
533simulations, we have investigated the process of sulfoxide
534reduction in MtmsrA. An updated version of the oxidative part
535of the catalytic mechanism is presented in Scheme 2. Our
536results highlight the existence of three elementary reactions
537once the substrate reaches the enzyme’s active site, which are
538involved in sulfoxide reduction and disulfide bond formation.
539The experimental activation free energy is higher than the
540computationally obtained values for the elementary steps. This
541barrier underestimation may be attributed, at least in part, to
542well-described DFT flaws (pure functionals in particular) in
543these regards58 (Table S3). Considering only the different
544steps of the oxidative part of the catalytic cycle, the formation
545of the disulfide bond (last step in Scheme 2) has a larger
546activation free energy. The rate-limiting step, however, is not
547only determined by the activation energy or rate constant of

Figure 7. Sulfenic acid resolution. (a) Free energy profile (kcal mol−1) of the disulfide bond formation as a function of the distinguished coordinate
ζ (Å), defined as the difference between Cys13Sγ−Cys13Oδ and Cys13Sγ−Cys154Sγ distances. (b) Representative structures of the IC (initial
complex), TS (transition state), and FC (final complex), respectively. (c) Radial distribution function of Cys13Sγ, Cys13Oδ, and Cys154Sγ with
water molecules for each selected state.
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548 the individual reactions, but in the case of bimolecular
549 reactions as the first stages of the mechanism, also by reactant
550 concentrations. Considering that the free energy barriers
551 determined herein are similar and that every reasonable
552 scenario would display oxidizing substrate concentrations in
553 the mM range or less, the rate limiting steps would be the first
554 ones, i.e., the bimolecular ones. Overall, the sulfoxide reduction
555 process is found to be energetically favorable. Furthermore, our
556 study underscores the significance of dynamic aspects and
557 solvation effects in the catalytic mechanism. These findings
558 enhance our understanding of the molecular basis and
559 thermodynamic activation parameters associated with sulfoxide
560 reduction, but also raise new research questions for further
561 investigations in the msrA enzyme family.

562 ■ CONCLUSIONS
563 In this study, we exhaustively studied the catalytic mechanism
564 of MtmsrA using a combination of experimental and
565 computational methods. Our findings compare, expand, and
566 provide new clues to build a comprehensive picture of this
567 enzyme’s behavior. The enzymatic parameters obtained are
568 consistent with previous reports, suggesting that MtmsrA has
569 similar enzymatic properties to other members of the msrA
570 family, and the proposed ping-pong type mechanism was
571 confirmed.54 In several studies, Ectrx1 has been utilized as a
572 reductant for msrA,23,50 but our results revealed that the
573 enzymatic parameters were altered by the choice of the
574 thioredoxin used, highlighting the importance of utilizing
575 physiologically relevant reductants, as previously reported for
576 others msrAs.59

577 The reduction of sulfoxides by thiols has been an area of
578 research for many years, but the catalytic mechanism has not
579 been fully characterized. In particular, various theoretical
580 approaches have been applied for this type of process.24−26

581 Our experimental results indicate a strong dependence on the
582 activation process entropy, highlighting the importance of
583 using free energy approaches to accurately estimate the free
584 energy difference and identify the intermediates involved in the
585 process while considering the chemical reaction’s dynamics.
586 These simulations usher us to discard the sulfurane species as a
587 possible catalytic intermediate and also to propose an
588 important role for a conserved active site’s His residue as an
589 acid−base catalyst (Scheme 2).
590 Overall, the findings of this study provide new insights into
591 the catalytic and structural characteristics of MtmsrA, an
592 important antioxidant enzyme that plays an important role in
593 mycobacteria’s survival to oxidative damage. Understanding
594 the mechanism of action ofMtmsrA and other members of this
595 protein family, will be very helpful to develop new strategies in
596 several research areas, such as organic synthesis, drug
597 discovery, and biotechnology.60−62
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