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Abstract 25 

Methionine (Met) can be oxidized to methionine sulfoxide (MetO), which exist as R- and S-26 

diastereomers. Present in all three domains of life, methionine sulfoxide reductases (MSR) are the 27 

enzymes that reduce MetO back to Met. Most characterized among them are MSRA and MSRB, which 28 

are strictly stereospecific for the S- and R-diastereomers of MetO, respectively. While the majority of 29 

MSRs use a catalytic Cys to reduce their substrates, some employ selenocysteine. This is the case of 30 

mammalian MSRB1, which was initially discovered as selenoprotein SELR or SELX and later was 31 

found to exhibit an MSRB activity. Genomic analyses demonstrated its occurrence in most animal 32 

lineages, and biochemical and structural analyses uncovered its catalytic mechanism. The use of 33 

transgenic mice and mammalian cell culture revealed its physiological importance in the protection 34 

against oxidative stress, maintenance of neuronal cells, cognition, cancer cell proliferation, and the 35 

immune response. Coincident with the discovery of Met oxidizing MICAL enzymes, recent findings of 36 

MSRB1 regulating the innate immunity response through reversible stereospecific Met-R-oxidation of 37 

cytoskeletal actin opened up new avenues for biological importance of MSRB1 and its role in disease. 38 

In this review, we discuss the current state of research on MSRB1, compare it with other animal Msrs, 39 

and offer a perspective on further understanding of biological functions of this selenoprotein. 40 

 41 

Highlights 42 

Met residues can be oxidized to Met sulfoxide and reduced by methionine sulfoxide reductases (MSR) 43 

The selenoprotein MSRB1 is present in animals and its expression regulated by dietary selenium  44 

MSRB1 protects against oxidative stress but few targets are known 45 

MSRB1 regulates actin polymerization in a cycle of Met oxidation/reduction with MICALs enzymes 46 

CaMKII and CaM oxidation and reduction by MSRB1 may protect cardiac and nervous cells  47 

  48 
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1. Oxidation of methionine and the discovery of methionine sulfoxide reductases 49 

Oxidants such as hydrogen peroxide (H2O2) or hypochlorous acid (HOCl), formed by cellular 50 

metabolism or coming from the environment, play a key role in the metabolism of organisms by 51 

oxidizing proteins and regulating their functions in physiological and pathological contexts [1]. 52 

Methionine, either as a free amino acid or as an amino acid residue in proteins, can be oxidized by the 53 

addition of an oxygen atom to the side chain sulfur, producing a methionine sulfoxide. (MetO). This 54 

oxidation generates a stereogenic sulfur center yielding two diastereomers, R and S, of MetO (i.e., Met-55 

R-O and Met-S-O) [2]. A racemic mixture is formed upon oxidation of the free amino acid, whereas 56 

oxidation of Met residues in polypeptides may favor formation of one diastereomer or the other, as was 57 

shown for calmodulin, which preferentially forms Met-R-O [3]. In proteins, Met oxidation can have 58 

several consequences, ranging from molecular damage to fine-tuned regulation of protein function. It 59 

can participate in the regulation of protein-protein interactions, either by preventing intermolecular 60 

binding [4] or homomultimer formation [5,6], or by inducing protein aggregation as demonstrated for 61 

α-synuclein [7]. There are also data indicating that oxidation of critical Met residues can alter enzyme 62 

activity, either negatively or positively [8–11]. Met can also act as an antioxidant, either in proteins, 63 

where it can be oxidized to protect other residues form deleterious oxidation, as shown for glutamine 64 

synthetase [12], or at the cellular level, where it acts as a scavenger of oxidant molecules [13]. All these 65 

functions are essential for cellular metabolism, suggesting that Met oxidation is a posttranslational 66 

modification that is as important as cysteine modification, particularly because it is enzymatically 67 

reversible. Indeed, MetO, free or in proteins, can be reduced back to Met by oxidoreductases called 68 

methionine sulfoxide reductases (MSR). One of the earliest pieces of evidence for the enzymatic 69 

reduction of MetO was obtained from Escherichia coli extracts [14], and since then several enzymes 70 

capable of reducing MetO, either free or embedded in proteins have been discovered [15]. The first 71 

discovered enzyme was MSRA, isolated from E. coli in 1981 [16] and cloned in 1992 [17]. MSRA-72 

coding genes were found in almost all prokaryotes and eukaryotes [18–21]. Initial biochemical 73 

characterization of MSRA demonstrated that it is a thiol-based oxidoreductase, i.e., the enzyme uses 74 

cysteines as redox active residues to reduce the MetO [22,23], and that it shows strict stereospecificity 75 
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toward the reduction of Met-S-O [3,24,25]. At that time, such strict stereospecificity was unexpected for 76 

an enzyme that was supposed to act in "antioxidant defense". These results, and others such as the 77 

demonstration that leukocytes preferentially reduce Met-R-O [26] suggested that other enzymes might 78 

exist having an opposite stereospecificity to MSRA. Indeed, such an enzyme, now known as MSRB, 79 

was discovered in mammals and bacteria by several labs. One such enzyme that could reduce Met-R-O 80 

was found in E. coli [27]. Although it did not share sequence or structural characteristics with MSRA 81 

[28], it was shown that it is also a thiol-oxidoreductase [29,30]. In mammals, bioinformatic approaches 82 

initially revealed a selenoprotein of unknown function called SELR or SELX [31,32]. Subsequent 83 

comparative genomics analyses and biochemical characterization demonstrated that it is a Met-R-O 84 

reductase, and this protein was renamed as MSRB1 [33,34]. This enzyme is the subject of this review. 85 

In addition to the role of MetO reduction in proteins, it has been shown that MSRA and MSRB have 86 

important functions in cellular metabolism. Numerous studies showed the involvement of MSRs in the 87 

protection of cells from oxidative stress, supporting repair of oxidized proteins, and serving a role of 88 

scavenger of oxidant molecules due to cyclic oxidation and reduction of Met [35]. The roles of protein 89 

Met oxidation and of MSRAs and MSRBs in various organisms have been reviewed recently [29,35–90 

38]. 91 

Other enzymes with the capacity to reduce MetO were found, principally in bacteria. In 2007, free-92 

methionine-R-sulfoxide reductase (fRMSR), also called MSRC, was isolated and characterized, and 93 

shown to reduce only the free form of Met-R-O [39]. It is a thiol-oxidoreductase unrelated to MSRA or 94 

MSRB [40–42]. fRMSR may have an antioxidant function by maintaining the pool of Met available for 95 

protein synthesis and the production of sulfur-containing metabolites [42,43]. Bacterial 96 

molybdoenzymes of the dimethyl sulfoxide reductase family have been known for their ability to reduce 97 

free MetO in vitro, but for some of them, the data indicated the ability to maintain the pool of free MetO 98 

reduced in vivo [44,45] or showed a potential role in the reduction of MetO residues [46,47]. Finally, 99 

another bacterial molybdoenzyme related to the sulfite oxidase family has been brought to light. Called 100 

MSRP, with P standing for its ‘periplasmic’ subcellular localization, this enzyme can reduce both free 101 

MetO and protein-based MetO in a broad spectrum of substrates without any stereospecificity [48–50]. 102 
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2. Distribution of MSRs across the tree of life: selenocysteine-containing MSRB1 is only present 103 

in animals 104 

Nowadays, we know five types of MSRs distributed across the tree of life, among which some 105 

MSRAs and MSRBs are selenocysteine-containing enzymes (Table 1). The genes coding for MSRA or 106 

MSRB are present in almost all organisms. They are absent only in some strictly anaerobic prokaryotes 107 

and eukaryotes, extremophiles and obligatory intracellular parasites, which are organisms very likely 108 

protected from direct oxidative pressure [18,19,21]. Most organisms have several MSR genes, usually 109 

one for each type, but this number can increase significantly, particularly in plants, e.g., 5 MSRA and 9 110 

MSRB genes in Arabidopsis thaliana [18–21]. In addition, some bacteria encode a bifunctional 111 

MSRA/MSRB fusion [18,51]. The gene coding for fRMSR is present in bacteria, some unicellular 112 

eukaryotes and throughout the kingdom of fungi [19,42], whereas molybdenum-containing enzymes 113 

with MSR activity have only been found in bacteria [49,52] (Table 1). 114 

Genes encoding selenocysteine-containing MSRA have been identified in all major kingdoms 115 

except archaea (Table 1), but they are usually restricted to a very few organisms in each kingdom 116 

[19,53,54]. On the contrary, selenocysteine-containing MSRBs are strictly restricted to the animal 117 

lineage (Table 1) but are present throughout the lineage with few exceptions like insects and nematodes 118 

[55]. We also note animals from the Porifera phylum (sponge) having both selenocysteine-containing 119 

MSRA and MSRB [55], and the occurrence of an MSRB with five selenocysteines in the sea anemone 120 

Metridium senile (Cnidaria), among which four are not involved in catalysis but probably in metal 121 

binding [56]. The human MSR system is composed of one gene encoding an MSRA and three genes 122 

encoding MSRBs, including MSRB1, the only selenoprotein MSR. The same set of genes is present in 123 

mice and very likely all other mammals [57–59]. 124 

 125 

3. Characteristics of the human MSRB1 gene, the encoded protein and its enzymatic activity 126 

The human MSRB1 gene is located in the p arm extremity of chromosome 16 (p13.3) and contains 127 

four exons and a type II SECIS element of 70 base pairs (Figure 1) [31,60,61]. In the produced 128 
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transcript, the SECIS element is located 479 base pairs from the end of the coding sequence and 536 129 

base pairs away from the UGA codon encoding Sec, located in exon III (Figure 1). The produced protein 130 

of 116 amino acids localizes to the cytosol and nucleus [6,58]. In comparison with other human MSRBs 131 

(i.e., MSRB2 and MSRB3), MSRB1 is the smallest, mostly because of the shorter N-terminal sequence 132 

and the lack of signal peptides (Figure 2A). This is a general feature, as selenoprotein MSRBs from 133 

other organisms are shorter than their Cys containing counterparts [62,63]. Like most known MSRBs, 134 

human MSRB1 possesses four Cys organized in two Cys-X-X-Cys motifs and involved in the 135 

coordination of a zinc atom. This metal ion plays a structural role and is not involved in catalysis [64,65] 136 

(Figure 2B). The catalytic selenocysteine is in position 95, and site-directed mutagenesis approaches 137 

demonstrated that the presence of Sec instead of a Cys, provides a strong catalytic advantage [66] (Table 138 

2). Indeed, it was shown that when the catalytic Sec of MSRB1 was mutated to Cys, the enzyme specific 139 

activity decreased 85-fold, whereas the replacement of the catalytic Cys of MSRB2 or MSRB3 by a Sec 140 

increased the activity 173- and 126-fold, respectively [66] (Table 2). Substitution of the catalytic Cys 141 

conserved in most MSRBs by Sec in MSRB1 is accompanied by the replacement of other key residues: 142 

in positions 3, 77, 81 and 97, wherein Thr, His, Val/Ile and Asn, conserved in Cys-containing MSRBs 143 

are substituted with Phe, Gly, Glu and Phe in MSRB1 (Figure 2A & C). Reinsertion of conserved 144 

residues in MSRB1 by site-directed mutagenesis was shown to be detrimental for its activity but 145 

increased the activity of its Cys mutant [66]. Structures of MSRB1 proteins from human (unpublished) 146 

or mouse [62] have been solved (Figure 2B). These proteins have similar structures, with an overall β-147 

fold consisting of two antiparallel β-sheets and a highly flexible N-terminal region (Figure 2B). This 148 

last feature is necessary for the MSRB1 activity and its regeneration by the thioredoxin system. Indeed, 149 

after substrate binding and MetO reduction by the catalytic Sec95, a selenenic acid is formed, and is 150 

subsequently reduced by the formation of a selenylsulfide bridge with the resolving Cys4. This bond is 151 

then reduced by the thioredoxin system to release a reduced MSRB1 [66,67]. 152 

Determination of the structure of mouse MSRB1 by NMR and comparison with the known 153 

mechanism of Cys-containing MSRBs of Neisseria meningitidis and N. gonorrhoeae bacteria offered 154 

insight into the function of key amino acids involved in catalysis. In N. meningitidis MSRB, Phe482, 155 
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Asp484 and Arg493 (N. meningitidis MSRB numbering) were found to be necessary for activation of 156 

the catalytic Cys495 (Figure 2A, black triangles & Figure 2C) whereas Thr403, Trp442, Asp457, 157 

Glu466, His477, His480 and Asn497 were shown to be involved in stabilization of the transition state 158 

and of the polarized form of the sulfoxide function of the substrate [28,68] (Figure 2A, green triangles 159 

& Figure 2C). The residues conserved in MSRB1 (i.e., Trp43, His80, Phe82, Asp85 and Arg93) might 160 

play a similar function. Glu81, unique to selenoprotein MSRB1s, forms a salt bridge with Lys57 and is 161 

important for MSRB1 activity (Figure 2A, black stars) [62,66]. Phe97 plays also critical roles for 162 

MSRB1 activity by favoring the movement of its N-terminal part by hydrophobic interactions with three 163 

other Phe residues (Phe3, Phe6 and Phe7), present in the vicinity of the resolving Cys4, in order to 164 

stabilize enzyme/substrate interactions and promote the formation of the intramolecular selenylsulfide 165 

bond after product release [62,66]. 166 

Finally, a short form of MSRB1 of ∼5 kDa corresponding to the C-terminal part of the protein 167 

starting from Asn76, was found in several mouse tissues and in human cell lines [69]. This shorter 168 

version might be produced by protein cleavage [69], and while it contains Sec95, it lacks the zinc-169 

binding motif and the resolving Cys raising the question of its role in vivo [69]. 170 

 171 

4. Expression of human MSRB1 and comparison with other MSR coding genes 172 

Human MSR genes are expressed in most tissues, as demonstrated in the global expression study 173 

‘Human Protein Atlas’ [70] (Figure 3). The MSRB1 transcript is highly abundant in the brain, the 174 

digestive tract, the liver and the bone marrow. Of note, MSRB1 transcript is largely more abundant than 175 

the other MSR genes in the pancreas, the liver, the bone marrow and lymphoid tissues, and to a lesser 176 

extent, in the skin (Figure 3). MSRA coding gene is highly expressed in kidney, digestive tracts, brain, 177 

liver, and female tissues. MSRB2 is the most abundantly expressed in the brain, and it is also highly 178 

expressed in the digestive tract, muscles, and female tissues (Figure 3). The gene coding for MSRB3 179 

has a similar expression profile as MSRB2 and it is the most abundant of all MSRs in the digestive tract, 180 

the muscles, and the male and female tissues (Figure 3). These data are consistent with those found on 181 
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dedicated analyses of MSR genes expression [71–74], and similar expression profiles were found in 182 

mouse tissues [75]. 183 

Expression of the MSRB1 gene has been proposed to be regulated by the Sp1 transcription factor 184 

and by DNA methylation in human cells [76]. The active MSRB1 enzyme has been shown to be located 185 

primarily in the liver, where it is responsible for most of the MetO reduction activity [77]. As a 186 

selenoprotein, the expression and the activity of MSRB1 was found to be dependent on bioavailability 187 

of the dietary selenium in mice [77,78]. MSRB1 expression decrease with selenium deficiency and can 188 

increase with supplementation of dietary selenium up to 0.4 ppm, resulting in an increase in total MSRB 189 

activity [77,78]. The effect of dietary selenium on MSRB1 expression is influenced by the host 190 

microbiome, which, through its own use, affects selenium availability for the host [79]. Moreover, 191 

MSRB1 expression decreases with age but is not affected by caloric restriction, independently of dietary 192 

selenium [77].  193 

 194 

5. Functional regulation by reversible Met oxidation and reduction by MSRB1 195 

As for most MSRs, the reductase activity of MSRB1 towards free MetO and MetO present in 196 

molecules mimicking MetO protein residues has been clearly established, but information about the 197 

proteins oxidized in cells and known to be physiological substrates of this MSR is extremely limited. 198 

One of the only examples was the Mg2+ channel TRPM6 (for transient receptor potential melastatin 199 

type 6) found in renal and intestinal epithelial cells, which was shown to be inactivated by H2O2 and to 200 

interact with MSRB1 [80]. The co-expression of MSRB1 with TRPM6 in HEK293 cells strongly 201 

reduced the effect of H2O2, suggesting that oxidized TRPM6 might be a substrate of MSRB1 in vivo 202 

[80]. However, the view that MSRs were “antioxidant” enzymes only changed when it was demonstrated 203 

that two Met residues on actin can be oxidized enzymatically in vivo and become substrate of MSRB in 204 

D. melanogaster [81], and of MSRB1 in mammals [6]. The cytoskeleton protein actin, conserved in 205 

eukaryotes, exists as free monomer named G-actin (‘Globular’) or as part of a linear polymeric 206 

microfilament called F-actin (‘Filamentous’) [82]. The polymerization/depolymerization process is 207 
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necessary for numerous cellular functions such as cell motility, cell division and cytokinesis, organelle 208 

movement or muscle cell contraction, and involves several proteins, like Formin or Cofilin, regulating 209 

microfilaments assembly and disassembly, in an ATP-dependent or -independent processes (for review 210 

see [83,84]). Actin polymerization has also been shown to be regulated by redox reactions and oxidative 211 

posttranslational modifications [85]. Particularly, it has been demonstrated that flavin monooxygenases 212 

of the MICAL (‘Molecule Interacting with CasL’) family can stereospecifically convert actin’s Met44 213 

and Met47 (Drosophila melanogaster cytoskeleton actin numbering) into Met‑R‑O [6,86,87]. These two 214 

Met are located in the D-loop of actin, in the contact zone of two monomers in the F-actin filament 215 

(Figure 4A). They are widely conserved in eukaryotes, especially Met44, and their oxidation induces 216 

depolymerization of F-actin [6,86–88]. Structural analysis showed that depolymerization is partially due 217 

to a twist of the actin D-loop induced by the reorientation of Met44 after oxidation and the formation of 218 

a new hydrogen bond between the oxidized sulfur of Met47 and the hydroxyl of Thr351 [89]. Moreover, 219 

actin oxidation favors F-actin filament disassembly by removing the protection against the action of 220 

Cofilin, a disassembly factor [90]. It has been shown that actin oxidation by MICAL is reversible by the 221 

action of MSRBs (Figure 4B). Reversible oxidation of both actin’s Met residues has been shown to be 222 

involved in hair development, muscle organization and axon guidance in D. melanogaster and in 223 

cytokinesis in human cells [81,91]. In particular, the role of MSRB1 in antagonizing the effect of 224 

MICAL on actin in macrophages has been demonstrated [6]. The response of macrophages to pathogens 225 

or associated molecules like lipopolysaccharides (LPS) requires the reorganization of actin cytoskeleton 226 

to produce filopodia and lamellipodia, involved in phagocytosis and cell migration, respectively [92,93]. 227 

It has been shown that there is a strong increase in the amount of MSRB1 protein and MSRB activity in 228 

LPS-treated macrophages, and that MSRB1 colocalizes with actin in lamellipodia of LPS-stimulated 229 

macrophages. Moreover, the increase of filopodia numbers observed in wild-type macrophages treated 230 

with LPS was lost in MSRB1−/− macrophages [6]. 231 

Recently, it has been proposed that the MICAL1/MSRB1 couple regulates Ca2+/calmodulin-232 

dependent protein kinase II (CaMKII) activity in the heart by controlling the redox state of its M308 233 

[94]. Oxidation of M308 in CaMKII, catalyzed by MICAL1, decreases calmodulin binding and kinase 234 
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activity, which prevents cardiac arrhythmias and decreased fight-or-flight response in mice and protects 235 

human pluripotent stem cell–derived cardiomyocytes with catecholaminergic polymorphic ventricular 236 

tachycardia but it strongly impairs heart function in fly [94]. Of note, regardless of the role of MICAL1 237 

in oxidation of M308 in CaMKII, the effect of MSRB1 on the reduction of oxidized M308 was evaluated 238 

in vitro only [94]. However, this work echoes the data obtained in mouse, wherein it has been shown 239 

that the inactivation of MSRB1 gene correlated with the decrease in CaMKII phosphorylation [95]. The 240 

direct interaction of MSRB1 with CaMKII was evidenced by yeast-two hybrid assays [96]. Overall, the 241 

data suggest that, as it has been shown for MSRA [8], CaMKII could be oxidized and become a substrate 242 

for MSRB1 in vivo. 243 

 244 

6. Physiological roles of MSRB1 and association with pathological conditions 245 

The roles of MSRB1 in animal physiology have been evaluated mainly by genetic approaches in 246 

both cells and whole animals (mice). Collectively, these studies revealed that MSRB1 participates in i) 247 

the protection against oxidative stress, ii) cancer cell proliferation, iii) the immune response, and iv) 248 

maintenance of cells of the nervous system and in cognition. 249 

One of the first pieces of evidence for the role of MSRB1 in the protection against oxidative damage 250 

was obtained with MSRB1−/− mice, for which kidney and liver tissues presented increased levels of 251 

protein MetO, protein carbonylation, oxidized glutathione, malondialdehyde and decrease in the levels 252 

of free and protein thiols [69]. The elevation in the levels of these oxidative stress markers was more 253 

pronounced when mice were administered acetaminophen, an oxidant-generating drug [97]. By 254 

knocking-down MSRB1 in human lens epithelial cells, it was shown that MSRB1 participates in the 255 

prevention of cataract formation by protecting against oxidative stress-induced apoptosis after treatment 256 

with tert-butyl hydroperoxide [98] or peroxynitrite [99,100], or in the context of diabetes [101,102]. The 257 

lack of MSRB1, or any other MSR, resulted in increased oxidative stress-induced cell death [98]. 258 

Consistent results were obtained with human hepatocytes LO2, in which the knockdown of MSRB1 259 

resulted in elevated H2O2-induced apoptosis [103]. 260 



11 
 

MSRB1 was also shown to promote proliferation and invasion of cancer cells. Indeed, MSRB1 261 

knockdown inhibited migration and division of human bone osteosarcoma epithelial (u2os) cells [104] 262 

and hepatocellular carcinoma cells [105]. In these models, the decrease in MSRB1 expression correlated 263 

with the decrease in phosphorylation of ERK, MEK, and p53 proteins of the mitogen-activated protein 264 

kinase pathway [104,105]. Moreover, MSRB1 knockdown inhibited tumor growth in xenograft 265 

tumorigenicity models [104,105]. In colorectal cancer cells, a similar effect was observed and proposed 266 

to involve the GSK-3β/β-catenin signaling pathway [106]. 267 

Recent evidence also suggests a role of MSRB1 in the immune response. MSRB1 mRNA, protein 268 

and activity levels were very high in mouse macrophages stimulated by LPS treatment [6,75]. Whereas 269 

a role of MSRB1 in the detection and triggering of intracellular signaling in response to LPS was 270 

excluded, the induction of anti-inflammatory cytokine genes Il10 and Il1rn was greatly reduced in LPS-271 

treated MSRB1−/− macrophages [75]. On the contrary, the expression of pro-inflammatory Il12a and 272 

Il12b genes was enhanced in the absence of MSRB1 [75]. These results indicated an anti-inflammatory 273 

role for MSRB1, which was also consistent with a greater skin sensibility of MSRB1−/− mice to irritating 274 

treatment, compared to wild-type or MSRA−/− mice [75]. In dendritic cells, it was shown that genetic 275 

ablation of MSRB1 compromised upregulation of the expression of cluster of differentiation (CD) 80 276 

and CD86, and of the major histocompatibility complex class II in response to LPS [107]. MSRB1 was 277 

shown to regulate phosphorylation of the signal transducer and activator of transcription-6 (STAT6), to 278 

potentiate the LPS-induced Interleukin-12 production by dendritic cells and to drive T-helper 1 279 

differentiation after immunization [107]. In the proposed model, LPS induced the production of ROS in 280 

dendritic cells, leading to Met oxidation on STAT6 and its inactivation. MSRB1 would reduce these 281 

MetO residues, maintaining STAT6 function [107].  282 

MSRB1 was also shown to be involved in the maintenance of nervous cells and cognition in mice. 283 

MSRB1 KO mice exhibited impaired spatial learning and memory abilities [95]. This was correlated to 284 

astrogliosis and astrocyte migration, to the disruption of long-term synaptic plasticity in hippocampus 285 

and decreased CaMKII phosphorylation [95]. Moreover, MSRB1 was shown to interact with the 286 

Clusterin chaperone through its Zn-binding domain, and this binding increased MSRB1 activity [108]. 287 
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Clusterin (apolipoprotein J) is a chaperone participating in protein folding of secreted proteins and was 288 

shown to diminish β-amyloid peptide aggregation in an Alzheimer’s disease model [109]. Interestingly, 289 

a direct interaction of MSRB1 with the β-amyloid peptide has also been demonstrated [110]. Moreover, 290 

lower MSRB1 activity was detected in neutrophils of Alzheimer’s disease patients [111]. Together, 291 

these data suggest that MSRB1 may participate in the prevention of β-amyloid peptide oxidation and 292 

reduction of neuronal toxicity, similarly to what was proposed for MSRA [112,113]. Finally, MSRB1 293 

mRNA was found to be more abundant in lymphoblastoid cells of schizophrenia patients in comparison 294 

to their healthy monozygotic twin, indicating a potential link of MSRB1 with mental disorders [114]. 295 

Altogether, these data suggest that MSRB1 participates in the neuroprotection through several 296 

mechanisms, which are related to CaMKII or β-amyloid peptide via a direct and indirect protection 297 

against protein aggregation. 298 

Interestingly, despite the potential involvement of MSRB1 in several physiological processes, 299 

MSRB1−/− mice do not present strong phenotypic alteration [69]. This might be due to potential 300 

functional redundancy with other Msr. As a matter of comparison, we propose an assessment of the data 301 

obtained on individual MSR mutated mice, the MSRA−/−/MSRB1−/− double mutant, as well as mice 302 

lacking all 4 MSRs (Table 3). MSRA-deleted mice were the first created and currently the most 303 

characterized. They are more susceptible to oxidative stress and lipopolysaccharide challenge 304 

[8,115,116] and exhibit higher kidney damage following ischemia-reperfusion [117] or cisplatin 305 

treatment [118]. Similarly to MSRB1−/− mice, liver damage is exacerbated in MSRA−/− mice following 306 

acetaminophen treatment [119]. Ischemia-reperfusion induced higher brain damage [120], fibrosis was 307 

increased following ureteral obstruction [121] and common carotid artery ligation induced neointimal 308 

hyperplasia [122]. Contradictory results were obtained on the lifespan of MSRA−/− mice, with the first 309 

study showing a decrease in lifespan [123] and the second showing no difference with wildtype mice 310 

[115]. MSRA knockout mice were also shown to suffer cataract [124], progressive hearing loss [125], 311 

brain pathologies, decreased complex task learning capabilities and abnormal behavior [126,127] (Table 312 

3). 313 
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To evaluate whether a potential redundancy might explain the mild phenotype of MSRB1−/− and 314 

MSRA−/− mice, double KO mice were created [128]. They do not show growth retardation compared to 315 

wild-type or single mutant mice. Feeding with a Met restricted diet retarded the growth of weanling 316 

mice, and the retardation was higher in the double mutant, but no effect was observed in single knockout 317 

MSR mice [128]. These data indicated that MSRs are involved in the assimilation of Met from food, 318 

wherein external conditions can induce Met oxidation, and highlighted a potential redundancy of MSRA 319 

and MSRB1 function, even if they target opposing diastereomers of MetO. However, these double KO 320 

mice did not show any strong phenotype, suggesting a potential redundancy of function with the other 321 

MSRBs [115,128] (Table 3).  322 

Mice genetically deprived of MSRB2 or MSRB3 have also been created [129,130] (Table 3). 323 

MSRB2 knockout mice were shown to suffer the depletion of platelets which was associated with the 324 

increase of oxidant molecules levels in these cells [130]. Their use helped to understand that in human 325 

patients suffering diabetes mellitus, MSRB2 expression is increased and leads to increased platelet 326 

mitophagy, whereas in patients with Parkinson's disease, MSRB2 expression is reduced and associated 327 

with reduced mitophagy [130]. In these processes, MSRB2 is released from the matrix of leaking 328 

mitochondria and reduces MetO in Parkin protein, inducing mitophagy through ubiquitination and 329 

interaction with the microtubule-associated protein light-chain 3 [130]. The MSRB3−/− mice were found 330 

to be profoundly deaf, most likely due to degeneration of the stereociliary bundles and subsequent loss 331 

of hair cells due to apoptotic cell death [129]. However, this effect was not shown to be correlated with 332 

an increase in protein oxidation in the inner ear [129]. 333 

Finally, quadruple MSRA−/−/MSRB1−/−/MSRB2−/−/MSRB3−/− mutant mice were created and shown 334 

to lack any MSR activity [131]. However, their characterization revealed an unexpected phenotype: they 335 

were found to be more resistant to cardiac ischemia-reperfusion injury and killing upon treatment with 336 

superoxide-generating paraquat [131]. In other words, genetic ablation of all MSRs rendered the mice 337 

more resistant to oxidative stress. A viability test of embryonic fibroblasts derived from the quadruple 338 

mutant revealed that these cells were not affected by paraquat, hydrogen peroxide or chromium 339 

treatments, compared to embryonic fibroblasts from wildtype mice. Only the treatment with cadmium 340 
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showed a decrease in viability of embryonic fibroblast from the quadruple mutant [131]. In the absence 341 

of treatment, the mice grew like wildtype animals, but they were deaf, very likely because of the lack of 342 

MSRB3, and potentially MSRA. Cardiac and muscular performance were not affected upon dobutamine 343 

test (mimicking effort test), and it was observed that cardio-protection in the quadruple mutant mice 344 

without preconditioning was similar to that observed in wildtype mice after preconditioning, indicating 345 

a potential link with signaling response to oxidant molecules [131]. However, the search of signaling 346 

pathway allowed only to exclude the involvement of the antioxidant response transcription factor NRF2 347 

and pro-survival kinase AKT [131]. Mechanisms rendering the quadruple mutant mice more resistant 348 

to oxidative stress remain to be elucidated. 349 

 350 

7. Conclusion and outlooks 351 

Since its discovery in the late 1990’s, important knowledge was acquired about selenoprotein 352 

MSRB1. In parallel to the characterization of other MSRs in animals and other organisms, it was shown 353 

that the use of selenocysteine in MSRB was restricted to animals [55] and provides a strong catalytic 354 

advantage over Cys [66]. This specificity renders the expression and activity of MSRB1 dependent on 355 

selenium availability in the diet [77]. This enzyme participates in the protection of proteins from 356 

oxidative stress, mainly in the liver and kidney [69,97]. The use of genetically modified mice and cells 357 

revealed the roles of MSRB1 in the protection against oxidative stress, in cancer cell proliferation, in 358 

the protection of the nervous system and in the immune response. However, in most cases, molecular 359 

mechanisms remained unclear because the identity of proteins oxidized at their Met and reduced by 360 

MSRB1 are largely unknown. A similar statement can be made for most MSRs, in general. Actually, 361 

MSRB1 is one of rare MSRs for which a substrate is known and has been validated in vivo: this substrate 362 

is actin, and the discovery of the importance of Met oxidation in actin depolymerization was a milestone 363 

in redox research. The fact that oxidation of critical Met in actin is catalyzed by enzymes (MICALs), 364 

and that MSRs, notably MSRB1, reverse their oxidation state, has changed the long-time view of Met 365 

oxidation as a representation of "damage". These discoveries showed that the reversible formation of 366 

MetO is a redox post-translational modification able to regulate protein functions and biological 367 
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processes, similarly to phosphorylation of serine, threonine and tyrosine, or the oxidation of cysteines. 368 

It also shows that MSRs in general, and MSRB1 in particular, should not be considered only as 369 

"antioxidants" or "protein repair enzymes", but also as redox regulators. 370 

Since the discovery of actin as the substrate of MICAL enzymes, two other substrates have been 371 

proposed, the actin-related protein 3B (ARP3B), whose Met293 is oxidized by MICAL2 [132] and 372 

CaMKII, oxidized on Met308 by MICAL1 [94]. This puts in light the fact that Met oxidation by MICAL 373 

enzymes may affect various proteins, including yet to be discovered and, knowing the strict 374 

stereospecificity of MICALs to form R-diastereomers, MSRB1 and other MSRBs, could have important 375 

functions in regulating the oxidation state of Met in these unidentified proteins. These two recently 376 

identified oxidized proteins also bring to light two potential "hubs" of Met oxidation in animals: actin 377 

and actin-related proteins as well as the CaMKII and calmodulin. ARP3B belongs to the ARP2/3 378 

complex which catalyzes filamentation of actin and drives lamellipodia formation and cell protrusion, 379 

MICAL1 and MICAL2 would thus oxidize both actin and ARP3B to depolymerize the filament, and 380 

MSRB1 would reverse these oxidations [6,132]. CaMKII has also been shown to be potentially oxidized 381 

on 3 Met residues: Met281 and Met282 by oxidants in a process reversible by MSRA [8] and the 382 

Met308, oxidized by MICAL1 and potentially reduced by MSRB1 [94]. Interestingly, the oxidation of 383 

these Met was shown to exert different effects on the CaMKII activity [8,94] (Figure 5). Moreover, 384 

calmodulin, which binds and regulates CaMKII activity, is also potentially oxidized on Met and reduced 385 

by MSRs [4,133–135]. As calmodulin binding to CaMKII involves Met of both partners (Figure 5), it 386 

would be interesting to evaluate the oxidation states in physiological conditions in wildtype and MSR-387 

deficient cells or mice. This would be particularly relevant in nervous system cells, where CaMKII 388 

phosphorylation, a Ca2+/Calmodulin dependent process, was shown to be reduced in MSRB1−/− mice 389 

[95].  390 

 Our analysis of many articles cited in this review put also in light a lack of biochemical 391 

characterization of proteins oxidized by oxidants or enzymes and their reduction by MSR. In other 392 

words, several papers bring data involving genetic analyses but do not show that particular MSRs 393 

actually reduce proposed targets. This is the case for CaMKII, for which an increase in Met281 and 394 
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Met282 oxidation was observed in some tissues of MSRA−/− mice [8,136], but to our knowledge, a 395 

biochemical demonstration that MSRA, or any other MSR, actually reduces these oxidized Met in 396 

CaMKII, has not been shown. As shown for other proteins [50,135,137,138], Met oxidation by oxidants 397 

is rarely completely stereospecific and these Met281 and Met282 could be oxidized as R-diastereomers, 398 

potentially raising the question of the role of MSRB1 in the regulation of their redox state (Figure 5). 399 

Of note, oxidation of Met308 to the R-diastereomer by MICAL1 was shown to be reduced by MSRB1 400 

only, as expected [94]. A similar observation can be made for ARP3B oxidation by MICAL2, which 401 

was proposed based on genetic and colocalization data, but not demonstrated biochemically [132]. We 402 

think that it is very important to bring clear biochemical evidence of oxidation and reduction in parallel 403 

with genetic data to validate proteins as specific substrates of Met oxidases and MSRs to avoid potential 404 

misinterpretation. 405 

Finally, our knowledge of MSRB1 functions, functions of other MSRs, and the role of Met 406 

oxidation in general lags behind other post-translational modifications because of the lack of easily 407 

usable tools to identify MetO-containing proteins. Recently, the use of heavy hydrogen peroxide 408 

(H2
18O2) allowed to avoid nonspecific oxidation in proteomics and map Met oxidation, identifying 409 

proteins with Met highly sensitive to oxidation in several bacterial and mammalian proteomes [139–410 

142]. Furthermore, the recently developed oxaziridine probes specifically binding Met in a reactivity-411 

dependent fashion [143,144] have been used to show that pyruvate kinase M2 can be activated by 412 

oxidation of its Met239 in pancreatic tumor metastasis, and that MSRA could reduce it and act as a 413 

suppressor of pancreatic ductal adenocarcinoma [145]. We think that the use of these recently developed 414 

(chemo)proteomic methods, based on heavy hydrogen peroxide (H2
18O2) or on oxaziridine probes 415 

targeting reactive Met would be very useful in identifying targets of MSRB1 and other MSRs. Moreover, 416 

the use of genetically-encoded fluorescent biosensors able to detect the levels of Met oxidation in vivo 417 

[146–149] should help to understand the roles of this post-translational modification and of the MSRs 418 

in many physiological contexts.  419 



17 
 

Funding 420 

L. Tarrago’s research is supported by funding from the Excellence Initiative of Aix-Marseille University 421 

– A*MIDEX, a French “Investissements d’Avenir” programme and is part of the Institute of 422 

Microbiology, Bioenergies and Biotechnology – IM2B (AMX-19-IET-006), by the Novo Nordisk 423 

Foundation Grant NNF20OC0059697 and by intramural grant from the French National Research 424 

Institute for Agriculture, Food and Environment (INRAE). Research in the Manta laboratory is 425 

supported by The Pew Charitable Trust (grant 00028662), Agencia Nacional de Innovacion e 426 

Investigacion-Uruguay, grant FCE_1_2021_1_166635, and Fondo de Convergencia Estructural del 427 

Mercosur (FOCEM) grant COF 03/11. Research in the Lee laboratory is supported by National Research 428 

Foundation of Korea (NRF) grants (2021R1A2C4086540) funded by the Korean government (Ministry 429 

of Science, ICT & Future Planning). Research in the Gladyshev laboratory is supported by NIH grants. 430 

 431 

 432 

Author contributions 433 

L.T., B.C.L and V.N.G conceived the review content. L.T. drafted the manuscript and prepared the 434 

figures and tables. L.T., A. K., H.Y.K., B. M., B.C.L. and V.N.G. edited the manuscript. All authors 435 

have read and agreed to the published version of the manuscript. 436 

  437 



18 
 

References 438 

[1] H. Sies, D.P. Jones, Reactive oxygen species (ROS) as pleiotropic physiological signalling agents, 439 
Nat. Rev. Mol. Cell Biol. 21 (2020) 363–383. https://doi.org/10.1038/s41580-020-0230-3 440 

[2] T.F. Lavine, The formation, resolution, and optical properties of the diastereoisomeric 441 
sulfoxides derived from l-methionine , J. Biol. Chem. 169 (1947) 477–491. 442 
https://doi.org/10.1016/S0021-9258(17)30864-5 443 

[3] V.S. Sharov, C. Schöneich, Diastereoselective protein methionine oxidation by reactive oxygen 444 
species and diastereoselective repair by methionine sulfoxide reductase, Free Radic. Biol. 445 
Med. 29 (2000) 986–994. https://doi.org/10.1016/s0891-5849(00)00400-7 446 

[4] E.M. Balog, L.E. Norton, R.A. Bloomquist, R.L. Cornea, D.J. Black, C.F. Louis, D.D. Thomas, B.R. 447 
Fruen, Calmodulin Oxidation and Methionine to Glutamine Substitutions Reveal Methionine 448 
Residues Critical for Functional Interaction with Ryanodine Receptor-1, J. Biol. Chem. 278 449 
(2003) 15615–15621. https://doi.org/10.1074/jbc.M209180200 450 

[5] M. Kato, Y.-S. Yang, B.M. Sutter, Y. Wang, S.L. McKnight, B.P. Tu, Redox State Controls Phase 451 
Separation of the Yeast Ataxin-2 Protein via Reversible Oxidation of Its Methionine-Rich Low-452 
Complexity Domain, Cell. 177 (2019) 711-721.e8. https://doi.org/10.1016/j.cell.2019.02.044 453 

[6] B.C. Lee, Z. Péterfi, F.W. Hoffmann, R.E. Moore, A. Kaya, A. Avanesov, L. Tarrago, Y. Zhou, E. 454 
Weerapana, D.E. Fomenko, P.R. Hoffmann, V.N. Gladyshev, MsrB1 and MICALs regulate actin 455 
assembly and macrophage function via reversible stereoselective methionine oxidation, Mol. 456 
Cell. 51 (2013) 397–404. https://doi.org/10.1016/j.molcel.2013.06.019 457 

[7] S.L. Leong, C.L.L. Pham, D. Galatis, M.T. Fodero-Tavoletti, K. Perez, A.F. Hill, C.L. Masters, F.E. 458 
Ali, K.J. Barnham, R. Cappai, Formation of dopamine-mediated α-synuclein-soluble oligomers 459 
requires methionine oxidation, Free Radic. Biol. Med. 46 (2009) 1328–1337. 460 
https://doi.org/10.1016/j.freeradbiomed.2009.02.009 461 

[8] J.R. Erickson, M.A. Joiner, X. Guan, W. Kutschke, J. Yang, C.V. Oddis, R.K. Bartlett, J.S. Lowe, 462 
S.E. O’Donnell, N. Aykin-Burns, M.C. Zimmerman, K. Zimmerman, A.-J.L. Ham, R.M. Weiss, D.R. 463 
Spitz, M.A. Shea, R.J. Colbran, P.J. Mohler, M.E. Anderson, A dynamic pathway for calcium-464 
independent activation of CaMKII by methionine oxidation, Cell. 133 (2008) 462–474. 465 
https://doi.org/10.1016/j.cell.2008.02.048 466 

[9] S. Jacques, B. Ghesquière, P.-J. De Bock, H. Demol, K. Wahni, P. Willems, J. Messens, F. Van 467 
Breusegem, K. Gevaert, Protein Methionine Sulfoxide Dynamics in Arabidopsis thaliana under 468 
Oxidative Stress, Mol. Cell. Proteomics MCP. 14 (2015) 1217–1229. 469 
https://doi.org/10.1074/mcp.M114.043729 470 

[10] A.M. Kachurin, A.M. Golubev, M.M. Geisow, O.S. Veselkina, L.S. Isaeva-Ivanova, K.N. 471 
Neustroev, Role of methionine in the active site of alpha-galactosidase from Trichoderma 472 
reesei, Biochem. J. 308 ( Pt 3) (1995) 955–964. https://doi.org/10.1042/bj3080955 473 

[11] M. Mahawar, V. Tran, J.S. Sharp, R.J. Maier, Synergistic Roles of Helicobacter pylori 474 
Methionine Sulfoxide Reductase and GroEL in Repairing Oxidant-damaged Catalase, J. Biol. 475 
Chem. 286 (2011) 19159–19169. https://doi.org/10.1074/jbc.M111.223677 476 

[12] R.L. Levine, L. Mosoni, B.S. Berlett, E.R. Stadtman, Methionine residues as endogenous 477 
antioxidants in proteins, Proc. Natl. Acad. Sci. U. S. A. 93 (1996) 15036–15040. 478 
https://doi.org/10.1073/pnas.93.26.15036 479 

[13] S. Luo, R.L. Levine, Methionine in proteins defends against oxidative stress, FASEB J. 23 (2009) 480 
464–472. https://doi.org/10.1096/fj.08-118414 481 

[14] T.L. Sourkes, Y. Trano, Reduction of methionine sulfoxides by Escherichia coli, Arch. Biochem. 482 
Biophys. 42 (1953) 321–326. https://doi.org/10.1016/0003-9861(53)90361-0 483 

[15] C. Achilli, A. Ciana, G. Minetti, The discovery of methionine sulfoxide reductase enzymes: An 484 
historical account and future perspectives, BioFactors. 41 (2015) 135–152. 485 
https://doi.org/10.1002/biof.1214 486 



19 
 

[16] N. Brot, L. Weissbach, J. Werth, H. Weissbach, Enzymatic reduction of protein-bound 487 
methionine sulfoxide, Proc. Natl. Acad. Sci. U. S. A. 78 (1981) 2155–2158. 488 
https://doi.org/10.1073/pnas.78.4.2155 489 

[17] M.A. Rahman, H. Nelson, H. Weissbach, N. Brot, Cloning, sequencing, and expression of the 490 
Escherichia coli peptide methionine sulfoxide reductase gene, J. Biol. Chem. 267 (1992) 491 
15549–15551. https://doi.org/10.1016/S0021-9258(19)49570-7 492 

[18] L. Delaye, A. Becerra, L. Orgel, A. Lazcano, Molecular evolution of peptide methionine 493 
sulfoxide reductases (MsrA and MsrB): on the early development of a mechanism that 494 
protects against oxidative damage, J. Mol. Evol. 64 (2007) 15–32. 495 
https://doi.org/10.1007/s00239-005-0281-2 496 

[19] H. Hage, M.-N. Rosso, L. Tarrago, Distribution of methionine sulfoxide reductases in fungi and 497 
conservation of the free-methionine-R-sulfoxide reductase in multicellular eukaryotes, Free 498 
Radic. Biol. Med. 169 (2021) 187–215. https://doi.org/10.1016/j.freeradbiomed.2021.04.013 499 

[20] L. Tarrago, E. Laugier, P. Rey, Protein-repairing methionine sulfoxide reductases in 500 
photosynthetic organisms: gene organization, reduction mechanisms, and physiological roles, 501 
Mol. Plant. 2 (2009) 202–217. https://doi.org/10.1093/mp/ssn067 502 

[21] X.-H. Zhang, H. Weissbach, Origin and evolution of the protein-repairing enzymes methionine 503 
sulphoxide reductases, Biol. Rev. Camb. Philos. Soc. 83 (2008) 249–257. 504 
https://doi.org/10.1111/j.1469-185X.2008.00042.x 505 

[22] S. Boschi-Muller, S. Azza, S. Sanglier-Cianferani, F. Talfournier, A. Van Dorsselear, G. Branlant, 506 
A sulfenic acid enzyme intermediate is involved in the catalytic mechanism of peptide 507 
methionine sulfoxide reductase from Escherichia coli, J. Biol. Chem. 275 (2000) 35908–35913. 508 
https://doi.org/10.1074/jbc.M006137200 509 

[23] W.T. Lowther, N. Brot, H. Weissbach, J.F. Honek, B.W. Matthews, Thiol-disulfide exchange is 510 
involved in the catalytic mechanism of peptide methionine sulfoxide reductase, Proc. Natl. 511 
Acad. Sci. U. S. A. 97 (2000) 6463–6468. https://doi.org/10.1073/pnas.97.12.6463 512 

[24] J. Moskovitz, J.M. Poston, B.S. Berlett, N.J. Nosworthy, R. Szczepanowski, E.R. Stadtman, 513 
Identification and Characterization of a Putative Active Site for Peptide Methionine Sulfoxide 514 
Reductase (MsrA) and Its Substrate Stereospecificity, J. Biol. Chem. 275 (2000) 14167–14172. 515 
https://doi.org/10.1074/jbc.275.19.14167 516 

[25] V.S. Sharov, D.A. Ferrington, T.C. Squier, C. Schöneich, Diastereoselective reduction of protein-517 
bound methionine sulfoxide by methionine sulfoxide reductase, FEBS Lett. 455 (1999) 247–518 
250. https://doi.org/10.1016/s0014-5793(99)00888-1 519 

[26] G. Minetti, C. Balduini, A. Brovelli, Reduction of DABS-L-methionine-dl-sulfoxide by protein 520 
methionine sulfoxide reductase from polymorphonuclear leukocytes: stereospecificity 521 
towards the l-sulfoxide, Ital. J. Biochem. 43 (1994) 273–283. 522 

[27] R. Grimaud, B. Ezraty, J.K. Mitchell, D. Lafitte, C. Briand, P.J. Derrick, F. Barras, Repair of 523 
oxidized proteins. Identification of a new methionine sulfoxide reductase, J. Biol. Chem. 276 524 
(2001) 48915–48920. https://doi.org/10.1074/jbc.M105509200 525 

[28] W.T. Lowther, H. Weissbach, F. Etienne, N. Brot, B.W. Matthews, The mirrored methionine 526 
sulfoxide reductases of Neisseria gonorrhoeae pilB, Nat. Struct. Biol. 9 (2002) 348–352. 527 
https://doi.org/10.1038/nsb783 528 

[29] S. Lourenço dos Santos, I. Petropoulos, B. Friguet, The Oxidized Protein Repair Enzymes 529 
Methionine Sulfoxide Reductases and Their Roles in Protecting against Oxidative Stress, in 530 
Ageing and in Regulating Protein Function, Antioxidants. 7 (2018) 191. 531 
https://doi.org/10.3390/antiox7120191 532 

[30] A. Olry, S. Boschi-Muller, M. Marraud, S. Sanglier-Cianferani, A.V. Dorsselear, G. Branlant, 533 
Characterization of the Methionine Sulfoxide Reductase Activities of PILB, a Probable 534 
Virulence Factor from Neisseria meningitidis, J. Biol. Chem. 277 (2002) 12016–12022. 535 
https://doi.org/10.1074/jbc.M112350200 536 



20 
 

[31] G.V. Kryukov, V.M. Kryukov, V.N. Gladyshev, New mammalian selenocysteine-containing 537 
proteins identified with an algorithm that searches for selenocysteine insertion sequence 538 
elements, J. Biol. Chem. 274 (1999) 33888–33897. https://doi.org/10.1074/jbc.274.48.33888 539 

[32] A. Lescure, D. Gautheret, P. Carbon, A. Krol, Novel selenoproteins identified in silico and in 540 
vivo by using a conserved RNA structural motif, J. Biol. Chem. 274 (1999) 38147–38154. 541 
https://doi.org/10.1074/jbc.274.53.38147 542 

[33] G.V. Kryukov, S. Castellano, S.V. Novoselov, A.V. Lobanov, O. Zehtab, R. Guigó, V.N. Gladyshev, 543 
Characterization of mammalian selenoproteomes, Science. 300 (2003) 1439–1443. 544 
https://doi.org/10.1126/science.1083516 545 

[34] G.V. Kryukov, R.A. Kumar, A. Koc, Z. Sun, V.N. Gladyshev, Selenoprotein R is a zinc-containing 546 
stereo-specific methionine sulfoxide reductase, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 4245–547 
4250. https://doi.org/10.1073/pnas.072603099 548 

[35] J.M. Lim, G. Kim, R.L. Levine, Methionine in Proteins: It’s Not Just for Protein Initiation 549 
Anymore, Neurochem. Res. (2018). https://doi.org/10.1007/s11064-017-2460-0 550 

[36] B. Jiang, J. Moskovitz, The Functions of the Mammalian Methionine Sulfoxide Reductase 551 
System and Related Diseases Antioxidants. 7 (2018) 122. 552 
https://doi.org/10.3390/antiox7090122 553 

[37] P. Rey, L. Tarrago, Physiological Roles of Plant Methionine Sulfoxide Reductases in Redox 554 
Homeostasis and Signaling, Antioxidants. 7 (2018) 114. 555 
https://doi.org/10.3390/antiox7090114 556 

[38] V.K. Singh, K. Singh, K. Baum, The Role of Methionine Sulfoxide Reductases in Oxidative Stress 557 
Tolerance and Virulence of Staphylococcus aureus and Other Bacteria, Antioxidants. 7 (2018) 558 
128. https://doi.org/10.3390/antiox7100128 559 

[39] Z. Lin, L.C. Johnson, H. Weissbach, N. Brot, M.O. Lively, W.T. Lowther, Free methionine-(R)-560 
sulfoxide reductase from Escherichia coli reveals a new GAF domain function, Proc. Natl. Acad. 561 
Sci. U. S. A. 104 (2007) 9597–9602. https://doi.org/10.1073/pnas.0703774104 562 

[40] S.M. Bong, G.-H. Kwak, J.H. Moon, K.S. Lee, H.S. Kim, H.-Y. Kim, Y.M. Chi, Structural and kinetic 563 
analysis of free methionine-R-sulfoxide reductase from Staphylococcus aureus: 564 
conformational changes during catalysis and implications for the catalytic and inhibitory 565 
mechanisms, J. Biol. Chem. 285 (2010) 25044–25052. 566 
https://doi.org/10.1074/jbc.M110.103119 567 

[41] A. Gruez, M. Libiad, S. Boschi-Muller, G. Branlant, Structural and biochemical characterization 568 
of free methionine-R-sulfoxide reductase from Neisseria meningitidis, J. Biol. Chem. 285 569 
(2010) 25033–25043. https://doi.org/10.1074/jbc.M110.134528 570 

[42] D.T. Le, B.C. Lee, S.M. Marino, Y. Zhang, D.E. Fomenko, A. Kaya, E. Hacioglu, G.-H. Kwak, A. 571 
Koc, H.-Y. Kim, V.N. Gladyshev, Functional analysis of free methionine-R-sulfoxide reductase 572 
from Saccharomyces cerevisiae, J. Biol. Chem. 284 (2009) 4354–4364. 573 
https://doi.org/10.1074/jbc.M805891200 574 

[43] B.C. Lee, H.M. Lee, S. Kim, A.S. Avanesov, A. Lee, B.-H. Chun, G. Vorbruggen, V.N. Gladyshev, 575 
Expression of the methionine sulfoxide reductase lost during evolution extends Drosophila 576 
lifespan in a methionine-dependent manner, Sci. Rep. 8 (2018) 1–11. 577 
https://doi.org/10.1038/s41598-017-15090-5 578 

[44] R. Dhouib, D.S.M.P. Othman, V. Lin, X.J. Lai, H.G.S. Wijesinghe, A.-T. Essilfie, A. Davis, M. 579 
Nasreen, P.V. Bernhardt, P.M. Hansbro, A.G. McEwan, U. Kappler, A Novel, Molybdenum-580 
Containing Methionine Sulfoxide Reductase Supports Survival of Haemophilus influenzae in an 581 
In vivo Model of Infection, Front. Microbiol. 7 (2016) 1743. 582 
https://doi.org/10.3389/fmicb.2016.01743 583 

[45] B. Ezraty, J. Bos, F. Barras, L. Aussel, Methionine sulfoxide reduction and assimilation in 584 
Escherichia coli: new role for the biotin sulfoxide reductase BisC, J. Bacteriol. 187 (2005) 231–585 
237. https://doi.org/10.1128/JB.187.1.231-237.2005 586 

[46] N. Makukhin, V. Havelka, E. Poláchová, P. Rampírová, V. Tarallo, K. Strisovsky, J. Míšek, 587 
Resolving oxidative damage to methionine by an unexpected membrane-associated 588 



21 
 

stereoselective reductase discovered using chiral fluorescent probes, FEBS J. 286 (2019) 4024–589 
4035. https://doi.org/10.1111/febs.14951 590 

[47] L. Tarrago, S. Grosse, D. Lemaire, L. Faure, M. Tribout, M.I. Siponen, M. Kojadinovic-Sirinelli, D. 591 
Pignol, P. Arnoux, M. Sabaty, Reduction of Protein Bound Methionine Sulfoxide by a 592 
Periplasmic Dimethyl Sulfoxide Reductase, Antioxidants. 9 (2020) 616. 593 
https://doi.org/10.3390/antiox9070616 594 

[48] C. Andrieu, A. Vergnes, L. Loiseau, L. Aussel, B. Ezraty, Characterisation of the periplasmic 595 
methionine sulfoxide reductase (MsrP) from Salmonella Typhimurium, Free Radic. Biol. Med. 596 
160 (2020) 506–512. https://doi.org/10.1016/j.freeradbiomed.2020.06.031 597 

[49] A. Gennaris, B. Ezraty, C. Henry, R. Agrebi, A. Vergnes, E. Oheix, J. Bos, P. Leverrier, L. 598 
Espinosa, J. Szewczyk, D. Vertommen, O. Iranzo, J.-F. Collet, F. Barras, Repairing oxidized 599 
proteins in the bacterial envelope using respiratory chain electrons, Nature. 528 (2015) 409–600 
412. https://doi.org/10.1038/nature15764 601 

[50] L. Tarrago, S. Grosse, M.I. Siponen, D. Lemaire, B. Alonso, G. Miotello, J. Armengaud, P. 602 
Arnoux, D. Pignol, M. Sabaty, Rhodobacter sphaeroides methionine sulfoxide reductase P 603 
reduces R- and S-diastereomers of methionine sulfoxide from a broad-spectrum of protein 604 
substrates, Biochem. J. 475 (2018) 3779–3795. https://doi.org/10.1042/BCJ20180706 605 

[51] B. Ezraty, L. Aussel, F. Barras, Methionine sulfoxide reductases in prokaryotes, Biochim. 606 
Biophys. Acta. 1703 (2005) 221–229. https://doi.org/10.1016/j.bbapap.2004.08.017 607 

[52] T. Peng, Y. Xu, Y. Zhang, Comparative genomics of molybdenum utilization in prokaryotes and 608 
eukaryotes, BMC Genomics. 19 (2018) 691. https://doi.org/10.1186/s12864-018-5068-0 609 

[53] M. Mariotti, G. Salinas, T. Gabaldón, V.N. Gladyshev, Utilization of selenocysteine in early-610 
branching fungal phyla, Nat. Microbiol. 4 (2019) 759–765. https://doi.org/10.1038/s41564-611 
018-0354-9 612 

[54] H.-Y. Kim, D.E. Fomenko, Y.-E. Yoon, V.N. Gladyshev, Catalytic advantages provided by 613 
selenocysteine in methionine-S-sulfoxide reductases, Biochemistry. 45 (2006) 13697–13704. 614 
https://doi.org/10.1021/bi0611614 615 

[55] L. Jiang, J. Ni, Q. Liu, Evolution of selenoproteins in the metazoan, BMC Genomics. 13 (2012) 616 
446. https://doi.org/10.1186/1471-2164-13-446 617 

[56] B.C. Lee, A.V. Lobanov, S.M. Marino, A. Kaya, J. Seravalli, D.L. Hatfield, V.N. Gladyshev, A 4-618 
Selenocysteine, 2-Selenocysteine Insertion Sequence (SECIS) Element Methionine Sulfoxide 619 
Reductase from Metridium senile Reveals a Non-catalytic Function of Selenocysteines, J. Biol. 620 
Chem. 286 (2011) 18747–18755. https://doi.org/10.1074/jbc.M111.229807 621 

[57] H.-Y. Kim, V.N. Gladyshev, Alternative first exon splicing regulates subcellular distribution of 622 
methionine sulfoxide reductases, BMC Mol. Biol. 7 (2006) 11. https://doi.org/10.1186/1471-623 
2199-7-11 624 

[58] H.-Y. Kim, V.N. Gladyshev, Methionine Sulfoxide Reduction in Mammals: Characterization of 625 
Methionine-R-Sulfoxide Reductases, Mol. Biol. Cell. 15 (2004) 1055–1064. 626 
https://doi.org/10.1091/mbc.E03-08-0629 627 

[59] J.W. Lee, N.V. Gordiyenko, M. Marchetti, N. Tserentsoodol, D. Sagher, S. Alam, H. Weissbach, 628 
M. Kantorow, I.R. Rodriguez, Gene structure, localization and role in oxidative stress of 629 
methionine sulfoxide reductase A (MSRA) in the monkey retina, Exp. Eye Res. 82 (2006) 816–630 
827. https://doi.org/10.1016/j.exer.2005.10.003 631 

[60] H.-Y. Kim, The methionine sulfoxide reduction system: selenium utilization and methionine 632 
sulfoxide reductase enzymes and their functions, Antioxid. Redox Signal. 19 (2013) 958–969. 633 
https://doi.org/10.1089/ars.2012.5081 634 

[61] V.M. Labunskyy, D.L. Hatfield, V.N. Gladyshev, Selenoproteins: molecular pathways and 635 
physiological roles, Physiol. Rev. 94 (2014) 739–777. 636 
https://doi.org/10.1152/physrev.00039.2013 637 

[62] F.L. Aachmann, L.S. Sal, H.-Y. Kim, S.M. Marino, V.N. Gladyshev, A. Dikiy, Insights into function, 638 
catalytic mechanism, and fold evolution of selenoprotein methionine sulfoxide reductase B1 639 



22 
 

through structural analysis, J. Biol. Chem. 285 (2010) 33315–33323. 640 
https://doi.org/10.1074/jbc.M110.132308 641 

[63] T.-H. Lee, H.-Y. Kim, An anaerobic bacterial MsrB model reveals catalytic mechanisms, 642 
advantages, and disadvantages provided by selenocysteine and cysteine in reduction of 643 
methionine-R-sulfoxide, Arch. Biochem. Biophys. 478 (2008) 175–180. 644 
https://doi.org/10.1016/j.abb.2008.07.028 645 

[64] A. Olry, S. Boschi-Muller, H. Yu, D. Burnel, G. Branlant, Insights into the role of the metal 646 
binding site in methionine-R-sulfoxide reductases B, Protein Science. 14 (2005) 2828–2837. 647 
https://doi.org/10.1110/ps.051711105 648 

[65] E. Shumilina, O. Dobrovolska, R. Del Conte, H.W. Holen, A. Dikiy, Competitive cobalt for zinc 649 
substitution in mammalian methionine sulfoxide reductase B1 overexpressed in E. coli: 650 
structural and functional insight, J. Biol. Inorg. Chem. 19 (2014) 85–95. 651 
https://doi.org/10.1007/s00775-013-1064-7 652 

[66] H.-Y. Kim, V.N. Gladyshev, Different catalytic mechanisms in mammalian selenocysteine- and 653 
cysteine-containing methionine-R-sulfoxide reductases, PLoS Biol. 3 (2005) e375. 654 
https://doi.org/10.1371/journal.pbio.0030375 655 

[67] L. Tarrago, V.N. Gladyshev, Recharging oxidative protein repair: catalysis by methionine 656 
sulfoxide reductases towards their amino acid, protein, and model substrates, Biochem. 657 
Biokhimiia. 77 (2012) 1097–1107. https://doi.org/10.1134/S0006297912100021 658 

[68] F. Neiers, S. Sonkaria, A. Olry, S. Boschi-Muller, G. Branlant, Characterization of the amino 659 
acids from Neisseria meningitidis methionine sulfoxide reductase B involved in the chemical 660 
catalysis and substrate specificity of the reductase step, J. Biol. Chem. 282 (2007) 32397–661 
32405. https://doi.org/10.1074/jbc.M704730200 662 

[69] D.E. Fomenko, S.V. Novoselov, S.K. Natarajan, B.C. Lee, A. Koc, B.A. Carlson, T.-H. Lee, H.-Y. 663 
Kim, D.L. Hatfield, V.N. Gladyshev, MsrB1 (Methionine-R-sulfoxide Reductase 1) Knock-out 664 
Mice: roles of MSRB1 in redox regulation and identification of a novel selenoprotein form, J. 665 
Biol. Chem. 284 (2009) 5986–5993. https://doi.org/10.1074/jbc.M805770200 666 

[70] M. Uhlén, L. Fagerberg, B.M. Hallström, C. Lindskog, P. Oksvold, A. Mardinoglu, Å. Sivertsson, 667 
C. Kampf, E. Sjöstedt, A. Asplund, I. Olsson, K. Edlund, E. Lundberg, S. Navani, C.A.-K. Szigyarto, 668 
J. Odeberg, D. Djureinovic, J.O. Takanen, S. Hober, T. Alm, P.-H. Edqvist, H. Berling, H. Tegel, J. 669 
Mulder, J. Rockberg, P. Nilsson, J.M. Schwenk, M. Hamsten, K. von Feilitzen, M. Forsberg, L. 670 
Persson, F. Johansson, M. Zwahlen, G. von Heijne, J. Nielsen, F. Pontén, Tissue-based map of 671 
the human proteome, Science. (2015). https://doi.org/10.1126/science.1260419 672 

[71] A. Hansel, S. Jung, T. Hoshi, S.H. Heinemann, A second human methionine sulfoxide reductase 673 
(hMSRB2) reducing methionine-R-sulfoxide displays a tissue expression pattern distinct from 674 
hMSRB1, Redox Report. 8 (2003) 384–388. https://doi.org/10.1179/135100003225003429 675 

[72] S. Jung, A. Hansel, H. Kasperczyk, T. Hoshi, S.H. Heinemann, Activity, tissue distribution and 676 
site-directed mutagenesis of a human peptide methionine sulfoxide reductase of type B: 677 
hCBS1, FEBS Lett. 527 (2002) 91–94. https://doi.org/10.1016/s0014-5793(02)03171-x 678 

[73] L. Kuschel, A. Hansel, R. Schönherr, H. Weissbach, N. Brot, T. Hoshi, S.H. Heinemann, 679 
Molecular cloning and functional expression of a human peptide methionine sulfoxide 680 
reductase (hMsrA), FEBS Lett. 456 (1999) 17–21. https://doi.org/10.1016/S0014-681 
5793(99)00917-5 682 

[74] W.M. Taungjaruwinai, J. Bhawan, M. Keady, J.J. Thiele, Differential expression of the 683 
antioxidant repair enzyme methionine sulfoxide reductase (MSRA and MSRB) in human skin, 684 
Am. J. Dermatopathol. 31 (2009) 427–431. https://doi.org/10.1097/DAD.0b013e3181882c21 685 

[75] B.C. Lee, S.-G. Lee, M.-K. Choo, J.H. Kim, H.M. Lee, S. Kim, D.E. Fomenko, H.-Y. Kim, J.M. Park, 686 
V.N. Gladyshev, Selenoprotein MsrB1 promotes anti-inflammatory cytokine gene expression 687 
in macrophages and controls immune response in vivo, Sci. Rep. 7 (2017) 5119. 688 
https://doi.org/10.1038/s41598-017-05230-2 689 

[76] A. De Luca, P. Sacchetta, M. Nieddu, C. Di Ilio, B. Favaloro, Important roles of multiple Sp1 690 
binding sites and epigenetic modifications in the regulation of the methionine sulfoxide 691 



23 
 

reductase B1 (MsrB1) promoter, BMC Mol. Biol. 8 (2007) 39. https://doi.org/10.1186/1471-692 
2199-8-39 693 

[77] S.V. Novoselov, H.-Y. Kim, D. Hua, B.C. Lee, C.M. Astle, D.E. Harrison, B. Friguet, M.E. 694 
Moustafa, B.A. Carlson, D.L. Hatfield, V.N. Gladyshev, Regulation of selenoproteins and 695 
methionine sulfoxide reductases A and B1 by age, calorie restriction, and dietary selenium in 696 
mice, Antioxid. Redox Signal. 12 (2010) 829–838. https://doi.org/10.1089/ars.2009.2895 697 

[78] J. Moskovitz, E.R. Stadtman, Selenium-deficient diet enhances protein oxidation and affects 698 
methionine sulfoxide reductase (MsrB) protein level in certain mouse tissues, Proc. Natl. Acad. 699 
Sci. U. S. A. 100 (2003) 7486–7490. https://doi.org/10.1073/pnas.1332607100 700 

[79] M.V. Kasaikina, M.A. Kravtsova, B.C. Lee, J. Seravalli, D.A. Peterson, J. Walter, R. Legge, A.K. 701 
Benson, D.L. Hatfield, V.N. Gladyshev, Dietary selenium affects host selenoproteome 702 
expression by influencing the gut microbiota, FASEB J. 25 (2011) 2492–2499. 703 
https://doi.org/10.1096/fj.11-181990 704 

[80] G. Cao, K. pil Lee, J. van der Wijst, M. de Graaf, A. van der Kemp, R.J.M. Bindels, J.G.J. 705 
Hoenderop, Methionine Sulfoxide Reductase B1 (MsrB1) Recovers TRPM6 Channel Activity 706 
during Oxidative Stress, J. Biol. Chem. 285 (2010) 26081–26087. 707 
https://doi.org/10.1074/jbc.M110.103655 708 

[81] R.-J. Hung, C.S. Spaeth, H.G. Yesilyurt, J.R. Terman, SelR reverses Mical-mediated oxidation of 709 
actin to regulate F-actin dynamics, Nat. Cell Biol. 15 (2013) 1445–1454. 710 
https://doi.org/10.1038/ncb2871 711 

[82] Cooper GM. The Cell: A Molecular Approach. 2nd edition. Sunderland (MA): Sinauer 712 
Associates; 2000. Structure and Organization of Actin Filaments. 713 
https://www.ncbi.nlm.nih.gov/books/NBK9908/ 714 

[83] A.M. Gautreau, F.E. Fregoso, G. Simanov, R. Dominguez, Nucleation, stabilization, and 715 
disassembly of branched actin networks, Trends Cell Biol. 32 (2022) 421–432. 716 
https://doi.org/10.1016/j.tcb.2021.10.006 717 

[84] T.D. Pollard, Actin and Actin-Binding Proteins, Cold Spring Harb. Perspect. Biol. 8 (2016) 718 
a018226. https://doi.org/10.1101/cshperspect.a018226 719 

[85] C. Rouyère, T. Serrano, S. Frémont, A. Echard, Oxidation and reduction of actin: Origin, impact 720 
in vitro and functional consequences in vivo, Eur. J. Cell Biol. 101 (2022) 151249. 721 
https://doi.org/10.1016/j.ejcb.2022.151249 722 

[86] R.-J. Hung, C.W. Pak, J.R. Terman, Direct redox regulation of F-actin assembly and disassembly 723 
by Mical, Science. 334 (2011) 1710–1713. https://doi.org/10.1126/science.1211956 724 

[87] H. Wu, H.G. Yesilyurt, J. Yoon, J.R. Terman, The MICALs are a Family of F-actin Dismantling 725 
Oxidoreductases Conserved from Drosophila to Humans, Sci. Rep. 8 (2018) 937. 726 
https://doi.org/10.1038/s41598-017-17943-5 727 

[88] B. Manta, V.N. Gladyshev, Regulated methionine oxidation by monooxygenases, Free Radic. 728 
Biol. Med. 109 (2017) 141–155. https://doi.org/10.1016/j.freeradbiomed.2017.02.010 729 

[89] E.E. Grintsevich, P. Ge, M.R. Sawaya, H.G. Yesilyurt, J.R. Terman, Z.H. Zhou, E. Reisler, 730 
Catastrophic disassembly of actin filaments via Mical-mediated oxidation, Nat. Commun. 8 731 
(2017) 2183. https://doi.org/10.1038/s41467-017-02357-8 732 

[90] H. Wioland, S. Frémont, B. Guichard, A. Echard, A. Jégou, G. Romet-Lemonne, Actin filament 733 
oxidation by MICAL1 suppresses protections from cofilin-induced disassembly, EMBO Rep. 22 734 
(2021) e50965. https://doi.org/10.15252/embr.202050965 735 

[91] J. Bai, H. Wioland, T. Advedissian, F. Cuvelier, G. Romet-Lemonne, A. Echard, Actin reduction 736 
by MsrB2 is a key component of the cytokinetic abscission checkpoint and prevents 737 
tetraploidy, Proc. Natl. Acad. Sci. 117 (2020) 4169–4179. 738 
https://doi.org/10.1073/pnas.1911629117 739 

[92] A. Aderem, D.M. Underhill, Mechanisms of phagocytosis in macrophages, Annu. Rev. 740 
Immunol. 17 (1999) 593–623. https://doi.org/10.1146/annurev.immunol.17.1.593 741 

[93] O.L. Mooren, B.J. Galletta, J.A. Cooper, Roles for actin assembly in endocytosis, Annu. Rev. 742 
Biochem. 81 (2012) 661–686. https://doi.org/10.1146/annurev-biochem-060910-094416 743 



24 
 

[94] K. Konstantinidis, V.J. Bezzerides, L. Lai, H.M. Isbell, A.-C. Wei, Y. Wu, M.C. Viswanathan, I.D. 744 
Blum, J.M. Granger, D. Heims-Waldron, D. Zhang, E.D. Luczak, K.R. Murphy, F. Lu, D.H. Gratz, 745 
B. Manta, Q. Wang, Q. Wang, A.L. Kolodkin, V.N. Gladyshev, T.J. Hund, W.T. Pu, M.N. Wu, A. 746 
Cammarato, M.A. Bianchet, M.A. Shea, R.L. Levine, M.E. Anderson, MICAL1 constrains cardiac 747 
stress responses and protects against disease by oxidizing CaMKII, J. Clin. Invest. 130 (2020) 748 
4663–4678. https://doi.org/10.1172/JCI133181 749 

[95] T. Shi, Y. Yang, Z. Zhang, L. Zhang, J. Song, Y. Ping, X. Du, G. Song, Q. Liu, N. Li, Loss of MsrB1 750 
perturbs spatial learning and long-term potentiation/long-term depression in mice, Neurobiol. 751 
Learn. Mem. 166 (2019) 107104. https://doi.org/10.1016/j.nlm.2019.107104 752 

[96] T. Shi, J. Song, G. You, Y. Yang, Q. Liu, N. Li, The Function of Selenium in Central Nervous 753 
System: Lessons from MsrB1 Knockout Mouse Models, Molecules. 26 (2021) 1372. 754 
https://doi.org/10.3390/molecules26051372 755 

[97] K.Y. Kim, G.-H. Kwak, M.P. Singh, V.N. Gladyshev, H.-Y. Kim, Selenoprotein MsrB1 deficiency 756 
exacerbates acetaminophen-induced hepatotoxicity via increased oxidative damage, Arch. 757 
Biochem. Biophys. 634 (2017) 69–75. https://doi.org/10.1016/j.abb.2017.09.020 758 

[98] M.A. Marchetti, G.O. Pizarro, D. Sagher, C. DeAmicis, N. Brot, J.F. Hejtmancik, H. Weissbach, 759 
M. Kantorow, Methionine Sulfoxide Reductases B1, B2, and B3 Are Present in the Human Lens 760 
and Confer Oxidative Stress Resistance to Lens Cells, Invest. Ophthalmol. Vis. Sci. 46 (2005) 761 
2107–2112. https://doi.org/10.1167/iovs.05-0018 762 

[99] Y. Jia, J. Zhou, H. Liu, K. Huang, Effect of methionine sulfoxide reductase B1 (SelR) gene 763 
silencing on peroxynitrite-induced F-actin disruption in human lens epithelial cells, Biochem. 764 
Biophys. Res. Commun. 443 (2014) 876–881. https://doi.org/10.1016/j.bbrc.2013.12.055 765 

[100] Y. Jia, Y. Li, S. Du, K. Huang, Involvement of MsrB1 in the regulation of redox balance and 766 
inhibition of peroxynitrite-induced apoptosis in human lens epithelial cells, Exp. Eye Res. 100 767 
(2012) 7–16. https://doi.org/10.1016/j.exer.2012.04.008 768 

[101] J. Dai, H. Liu, J. Zhou, K. Huang, Selenoprotein R Protects Human Lens Epithelial Cells against d-769 
Galactose-Induced Apoptosis by Regulating Oxidative Stress and Endoplasmic Reticulum 770 
Stress, Int. J. Mol. Sci. 17 (2016) 231. https://doi.org/10.3390/ijms17020231 771 

[102] Y. Li, Y. Jia, J. Zhou, K. Huang, Effect of methionine sulfoxide reductase B1 silencing on high-772 
glucose-induced apoptosis of human lens epithelial cells, Life Sci. 92 (2013) 193–201. 773 
https://doi.org/10.1016/j.lfs.2012.11.021 774 

[103] J. Tang, L. Cao, Q. Li, L. Wang, G. Jia, G. Liu, X. Chen, J. Cai, H. Shang, H. Zhao, Selenoprotein X 775 
Gene Knockdown Aggravated H2O2-Induced Apoptosis in Liver LO2 Cells, Biol. Trace Elem. 776 
Res. 173 (2016) 71–78. https://doi.org/10.1007/s12011-016-0653-z 777 

[104] H. Li, Q. He, F. Meng, X. Feng, J. Chen, L. Li, J. Liu, Methionine sulfoxide reductase B1 regulates 778 
proliferation and invasion by affecting mitogen-activated protein kinase pathway and 779 
epithelial-mesenchymal transition in u2os cells, Biochem. Biophys. Res. Commun. 496 (2018) 780 
806–813. https://doi.org/10.1016/j.bbrc.2018.01.151 781 

[105] Q. He, H. Li, F. Meng, X. Sun, X. Feng, J. Chen, L. Li, J. Liu, Methionine Sulfoxide Reductase B1 782 
Regulates Hepatocellular Carcinoma Cell Proliferation and Invasion via the Mitogen-Activated 783 
Protein Kinase Pathway and Epithelial-Mesenchymal Transition, Oxid. Med. Cell. Longev. 2018 784 
(2018) 5287971. https://doi.org/10.1155/2018/5287971 785 

[106] X.-Y. Chen, S.-Y. Yang, X.-J. Ruan, H.-Y. Ding, N.-X. Wang, F. Liu, J.-C. Li, Y. Li, MsrB1 Promotes 786 
Proliferation and Invasion of Colorectal Cancer Cells via GSK-3β/β-catenin Signaling Axis, Cell 787 
Transplant. 30 (2021) 9636897211053204. https://doi.org/10.1177/09636897211053203 788 

[107] H.-J. Lee, J.S. Park, H.J. Yoo, H.M. Lee, B.C. Lee, J.H. Kim, The Selenoprotein MsrB1 Instructs 789 
Dendritic Cells to Induce T-Helper 1 Immune Responses, Antioxidants. 9 (2020) E1021. 790 
https://doi.org/10.3390/antiox9101021 791 

[108] P. Chen, C. Wang, X. Ma, Y. Zhang, Q. Liu, S. Qiu, Q. Liu, J. Tian, J. Ni, Direct Interaction of 792 
Selenoprotein R with Clusterin and Its Possible Role in Alzheimer’s Disease, PLOS ONE. 8 793 
(2013) e66384. https://doi.org/10.1371/journal.pone.0066384 794 



25 
 

[109] P. Yuste-Checa, A. Bracher, F.U. Hartl, The chaperone Clusterin in neurodegeneration−friend 795 
or foe?, BioEssays. 44 (2022) 2100287. https://doi.org/10.1002/bies.202100287 796 

[110] C. Wang, P. Chen, X. He, Z. Peng, S. Chen, R. Zhang, J. Cheng, Q. Liu, Direct interaction 797 
between selenoprotein R and Aβ42, Biochem. Biophys. Res. Commun. 489 (2017) 509–514. 798 
https://doi.org/10.1016/j.bbrc.2017.05.182 799 

[111] C. Achilli, A. Ciana, G. Minetti, Brain, immune system and selenium: a starting point for a new 800 
diagnostic marker for Alzheimer’s disease?, Perspect. Public Health. 138 (2018) 223–226. 801 
https://doi.org/10.1177/1757913918778707 802 

[112] J. Moskovitz, F. Du, C.F. Bowman, S.S. Yan, Methionine sulfoxide reductase A affects β-amyloid 803 
solubility and mitochondrial function in a mouse model of Alzheimer’s disease, Am. J. Physiol. 804 
Endocrinol. Metab. 310 (2016) E388-393. https://doi.org/10.1152/ajpendo.00453.2015 805 

[113] J. Moskovitz, P. Maiti, D.H.J. Lopes, D.B. Oien, A. Attar, T. Liu, S. Mittal, J. Hayes, G. Bitan, 806 
Induction of methionine-sulfoxide reductases protects neurons from amyloid β-protein insults 807 
in vitro and in vivo, Biochemistry. 50 (2011) 10687–10697. https://doi.org/10.1021/bi201426b 808 

[114] C. Kakiuchi, M. Ishiwata, S. Nanko, N. Ozaki, N. Iwata, T. Umekage, M. Tochigi, K. Kohda, T. 809 
Sasaki, A. Imamura, Y. Okazaki, T. Kato, Up-regulation of ADM and SEPX1 in the 810 
lymphoblastoid cells of patients in monozygotic twins discordant for schizophrenia, Am. J. 811 
Med. Genet. B Neuropsychiatr. Genet. 147B (2008) 557–564. 812 
https://doi.org/10.1002/ajmg.b.30643 813 

[115] A.B. Salmon, V.I. Pérez, A. Bokov, A. Jernigan, G. Kim, H. Zhao, R.L. Levine, A. Richardson, Lack 814 
of methionine sulfoxide reductase A in mice increases sensitivity to oxidative stress but does 815 
not diminish life span, FASEB J. 23 (2009) 3601–3608. https://doi.org/10.1096/fj.08-127415 816 

[116] M.P. Singh, K.Y. Kim, G.-H. Kwak, S.-H. Baek, H.-Y. Kim, Methionine sulfoxide reductase A 817 
protects against lipopolysaccharide-induced septic shock via negative regulation of the 818 
proinflammatory responses, Arch. Biochem. Biophys. 631 (2017) 42–48. 819 
https://doi.org/10.1016/j.abb.2017.08.008 820 

[117] J.I. Kim, S.H. Choi, K.-J. Jung, E. Lee, H.-Y. Kim, K.M. Park, Protective Role of Methionine 821 
Sulfoxide Reductase A Against Ischemia/Reperfusion Injury in Mouse Kidney and Its 822 
Involvement in the Regulation of Trans-Sulfuration Pathway, Antioxid. Redox Signal. 18 (2013) 823 
2241. https://doi.org/10.1089/ars.2012.4598 824 

[118] M.R. Noh, K.Y. Kim, S.J. Han, J.I. Kim, H.-Y. Kim, K.M. Park, Methionine Sulfoxide Reductase A 825 
Deficiency Exacerbates Cisplatin-Induced Nephrotoxicity via Increased Mitochondrial Damage 826 
and Renal Cell Death, Antioxid. Redox Signal. 27 (2017) 727–741. 827 
https://doi.org/10.1089/ars.2016.6874 828 

[119] M.P. Singh, K.Y. Kim, H.-Y. Kim, Methionine sulfoxide reductase A deficiency exacerbates acute 829 
liver injury induced by acetaminophen, Biochem. Biophys. Res. Commun. 484 (2017) 189–194. 830 
https://doi.org/10.1016/j.bbrc.2017.01.025 831 

[120] S.X. Gu, I.O. Blokhin, K.M. Wilson, N. Dhanesha, P. Doddapattar, I.M. Grumbach, A.K. Chauhan, 832 
S.R. Lentz, Protein methionine oxidation augments reperfusion injury in acute ischemic stroke, 833 
JCI Insight. 1 (2016). https://doi.org/10.1172/jci.insight.86460 834 

[121] J.I. Kim, M.R. Noh, K.Y. Kim, H.-S. Jang, H.-Y. Kim, K.M. Park, Methionine sulfoxide reductase A 835 
deficiency exacerbates progression of kidney fibrosis induced by unilateral ureteral 836 
obstruction, Free Radic. Biol. Med. 89 (2015) 201–208. 837 
https://doi.org/10.1016/j.freeradbiomed.2015.07.018 838 

[122] P.J. Klutho, S.M. Pennington, J.A. Scott, K.M. Wilson, S.X. Gu, P. Doddapattar, L. Xie, A.N. 839 
Venema, L.J. Zhu, A.K. Chauhan, S.R. Lentz, I.M. Grumbach, Deletion of Methionine Sulfoxide 840 
Reductase A Does Not Affect Atherothrombosis but Promotes Neointimal Hyperplasia and 841 
Extracellular Signal-Regulated Kinase 1/2 Signaling, Arterioscler. Thromb. Vasc. Biol. 35 (2015) 842 
2594–2604. https://doi.org/10.1161/ATVBAHA.115.305857 843 

[123] J. Moskovitz, S. Bar-Noy, W.M. Williams, J. Requena, B.S. Berlett, E.R. Stadtman, Methionine 844 
sulfoxide reductase (MsrA) is a regulator of antioxidant defense and lifespan in mammals, 845 



26 
 

Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 12920–12925. 846 
https://doi.org/10.1073/pnas.231472998 847 

[124] L.A. Brennan, W. Lee, T. Cowell, F. Giblin, M. Kantorow, Deletion of mouse MsrA results in 848 
HBO-induced cataract: MsrA repairs mitochondrial cytochrome c, Mol. Vis. 15 (2009) 985–849 
999. http://www.molvis.org/molvis/v15/a104 850 

[125] S. Alqudah, M. Chertoff, D. Durham, J. Moskovitz, H. Staecker, M. Peppi, Methionine Sulfoxide 851 
Reductase A Knockout Mice Show Progressive Hearing Loss and Sensitivity to Acoustic 852 
Trauma, Audiol. Neurotol. 23 (2018) 20–31. https://doi.org/10.1159/000488276 853 

[126] D.B. Oien, G.L. Osterhaus, S.A. Latif, J.W. Pinkston, J. Fulks, M. Johnson, S.C. Fowler, J. 854 
Moskovitz, MsrA knockout mouse exhibits abnormal behavior and brain dopamine levels, Free 855 
Radic. Biol. Med. 45 (2008) 193–200. https://doi.org/10.1016/j.freeradbiomed.2008.04.003 856 

[127] R. Pal, D.B. Oien, F.Y. Ersen, J. Moskovitz, Elevated levels of brain-pathologies associated with 857 
neurodegenerative diseases in the methionine sulfoxide reductase A knockout mouse, Exp. 858 
Brain Res. Exp. 180 (2007) 765–774. https://doi.org/10.1007/s00221-007-0903-6 859 

[128] H. Zhao, G. Kim, R.L. Levine, Methionine sulfoxide reductase contributes to meeting dietary 860 
methionine requirements, Arch. Biochem. Biophys. 522 (2012) 37–43. 861 
https://doi.org/10.1016/j.abb.2012.03.029 862 

[129] T.-J. Kwon, H.-J. Cho, U.-K. Kim, E. Lee, S.-K. Oh, J. Bok, Y.C. Bae, J.-K. Yi, J.W. Lee, Z.-Y. Ryoo, 863 
S.H. Lee, K.-Y. Lee, H.-Y. Kim, Methionine sulfoxide reductase B3 deficiency causes hearing loss 864 
due to stereocilia degeneration and apoptotic cell death in cochlear hair cells, Hum. Mol. 865 
Genet. 23 (2014) 1591–1601. https://doi.org/10.1093/hmg/ddt549 866 

[130] S.H. Lee, S. Lee, J. Du, K. Jain, M. Ding, A.J. Kadado, G. Atteya, Z. Jaji, T. Tyagi, W.-H. Kim, R.I. 867 
Herzog, A. Patel, C.N. Ionescu, K.A. Martin, J. Hwa, Mitochondrial MsrB2 serves as a switch 868 
and transducer for mitophagy, EMBO Mol. Med. 11 (2019) e10409. 869 
https://doi.org/10.15252/emmm.201910409 870 

[131] L. Lai, J. Sun, S. Tarafdar, C. Liu, E. Murphy, G. Kim, R.L. Levine, Loss of methionine sulfoxide 871 
reductases increases resistance to oxidative stress, Free Radic. Biol. Med. 145 (2019) 374–384. 872 
https://doi.org/10.1016/j.freeradbiomed.2019.10.006 873 

[132] C. Galloni, D. Carra, J.V.G. Abella, S. Kjær, P. Singaravelu, D.J. Barry, N. Kogata, C. Guérin, L. 874 
Blanchoin, M. Way, MICAL2 enhances branched actin network disassembly by oxidizing 875 
Arp3B-containing Arp2/3 complexes, J. Cell Biol. 220 (2021) e202102043. 876 
https://doi.org/10.1083/jcb.202102043 877 

[133] G. Jiang, F. Wu, Z. Li, T. Li, V.K. Gupta, X. Duan, Y. Jiang, Sulfoxidation Regulation of Musa 878 
acuminata Calmodulin (MaCaM) Influences the Functions of MaCaM-Binding Proteins, Plant 879 
Cell Physiol. 59 (2018) 1214–1224. https://doi.org/10.1093/pcp/pcy057 880 

[134] J.C. Lim, G. Kim, R.L. Levine, Stereospecific oxidation of calmodulin by methionine sulfoxide 881 
reductase A, Free Radic. Biol. Med. 61 (2013) 257–264. 882 
https://doi.org/10.1016/j.freeradbiomed.2013.04.004 883 

[135] H. Sun, J. Gao, D.A. Ferrington, H. Biesiada, T.D. Williams, T.C. Squier, Repair of oxidized 884 
calmodulin by methionine sulfoxide reductase restores ability to activate the plasma 885 
membrane Ca-ATPase, Biochemistry. 38 (1999) 105–112. https://doi.org/10.1021/bi981295k 886 

[136] B.J. He, M.-L.A. Joiner, M.V. Singh, E.D. Luczak, P.D. Swaminathan, O.M. Koval, W. Kutschke, C. 887 
Allamargot, J. Yang, X. Guan, K. Zimmerman, I.M. Grumbach, R.M. Weiss, D.R. Spitz, C.D. 888 
Sigmund, W.M. Blankesteijn, S. Heymans, P.J. Mohler, M.E. Anderson, Oxidation of CaMKII 889 
determines the cardiotoxic effects of aldosterone, Nat. Med. 17 (2011) 1610–1618. 890 
https://doi.org/10.1038/nm.2506 891 

[137] C. Henry, L. Loiseau, A. Vergnes, D. Vertommen, A. Mérida-Floriano, S. Chitteni-Pattu, E.A. 892 
Wood, J. Casadesús, M.M. Cox, F. Barras, B. Ezraty, Redox controls RecA protein activity via 893 
reversible oxidation of its methionine residues, ELife. 10 (2021) e63747. 894 
https://doi.org/10.7554/eLife.63747 895 

[138] L. Tarrago, A. Kaya, E. Weerapana, S.M. Marino, V.N. Gladyshev, Methionine sulfoxide 896 
reductases preferentially reduce unfolded oxidized proteins and protect cells from oxidative 897 



27 
 

protein unfolding, J. Biol. Chem. 287 (2012) 24448–24459. 898 
https://doi.org/10.1074/jbc.M112.374520 899 

[139] J.Q. Bettinger, M. Simon, A. Korotkov, K.A. Welle, J.R. Hryhorenko, A. Seluanov, V. Gorbunova, 900 
S. Ghaemmaghami, Accurate Proteomewide Measurement of Methionine Oxidation in Aging 901 
Mouse Brains, J. Proteome Res. 21 (2022) 1495–1509. 902 
https://doi.org/10.1021/acs.jproteome.2c00127 903 

[140] J.Q. Bettinger, K.A. Welle, J.R. Hryhorenko, S. Ghaemmaghami, Quantitative Analysis of in Vivo 904 
Methionine Oxidation of the Human Proteome, J. Proteome Res. 19 (2020) 624–633. 905 
https://doi.org/10.1021/acs.jproteome.9b00505 906 

[141] E.J. Walker, J.Q. Bettinger, K.A. Welle, J.R. Hryhorenko, A.M. Molina Vargas, M.R. O’Connell, S. 907 
Ghaemmaghami, Protein folding stabilities are a major determinant of oxidation rates for 908 
buried methionine residues, J. Biol. Chem. 298 (2022) 101872. 909 
https://doi.org/10.1016/j.jbc.2022.101872 910 

[142] E.J. Walker, J.Q. Bettinger, K.A. Welle, J.R. Hryhorenko, S. Ghaemmaghami, Global analysis of 911 
methionine oxidation provides a census of folding stabilities for the human proteome, Proc. 912 
Natl. Acad. Sci. U. S. A. 116 (2019) 6081–6090. https://doi.org/10.1073/pnas.1819851116 913 

[143] S.K. Elledge, H.L. Tran, A.H. Christian, V. Steri, B. Hann, F.D. Toste, C.J. Chang, J.A. Wells, 914 
Systematic identification of engineered methionines and oxaziridines for efficient, stable, and 915 
site-specific antibody bioconjugation, Proc. Natl. Acad. Sci. U. S. A. 117 (2020) 5733–5740. 916 
https://doi.org/10.1073/pnas.1920561117 917 

[144] S. Lin, X. Yang, S. Jia, A.M. Weeks, M. Hornsby, P.S. Lee, R.V. Nichiporuk, A.T. Iavarone, J.A. 918 
Wells, F.D. Toste, C.J. Chang, Redox-based reagents for chemoselective methionine 919 
bioconjugation, Science. 355 (2017) 597–602. https://doi.org/10.1126/science.aal3316 920 

[145] D. He, H. Feng, B. Sundberg, J. Yang, J. Powers, A.H. Christian, J.E. Wilkinson, C. Monnin, D. 921 
Avizonis, C.J. Thomas, R.A. Friedman, M.D. Kluger, M.A. Hollingsworth, P.M. Grandgenett, K.A. 922 
Klute, F.D. Toste, C.J. Chang, I.I.C. Chio, Methionine oxidation activates pyruvate kinase M2 to 923 
promote pancreatic cancer metastasis, Mol. Cell. (2022). 924 
https://doi.org/10.1016/j.molcel.2022.06.005 925 

[146] L. Tarrago, Z. Péterfi, B.C. Lee, T. Michel, V.N. Gladyshev, Monitoring methionine sulfoxide 926 
with stereospecific mechanism-based fluorescent sensors, Nat. Chem. Biol. 11 (2015) 332–927 
338. https://doi.org/10.1038/nchembio.1787 928 

[147] D.W. Choi, Y.J. Roh, S. Kim, H.M. Lee, M. Kim, D. Shin, J.H. Park, Y. Cho, H.H. Park, Y.S. Ok, D. 929 
Kang, J.-H. Kim, L. Tarrago, N.N. Danial, V.N. Gladyshev, P.-K. Min, B.C. Lee, Development of a 930 
novel fluorescent biosensor for dynamic monitoring of metabolic methionine redox status in 931 
cells and tissues, Biosens. Bioelectron. 178 (2021) 113031. 932 
https://doi.org/10.1016/j.bios.2021.113031 933 

[148] H.M. Lee, D.W. Choi, S. Kim, A. Lee, M. Kim, Y.J. Roh, Y.H. Jo, H.Y. Cho, H.-J. Lee, S.-R. Lee, L. 934 
Tarrago, V.N. Gladyshev, J.H. Kim, B.C. Lee, Biosensor-Linked Immunosorbent Assay for the 935 
Quantification of Methionine Oxidation in Target Proteins, ACS Sens. 7 (2022) 131–141. 936 
https://doi.org/10.1021/acssensors.1c01819 937 

[149] N. Kuldyushev, R. Schönherr, I. Coburger, M. Ahmed, R.A. Hussein, E. Wiesel, A. Godbole, T. 938 
Pfirrmann, T. Hoshi, S.H. Heinemann, A GFP-based ratiometric sensor for cellular methionine 939 
oxidation, Talanta. 243 (2022) 123332. https://doi.org/10.1016/j.talanta.2022.123332 940 

[150] J. Hunnicut, Y. Liu, A. Richardson, A.B. Salmon, MsrA Overexpression Targeted to the 941 
Mitochondria, but Not Cytosol, Preserves Insulin Sensitivity in Diet-Induced Obese Mice, PloS 942 
One. 10 (2015) e0139844. https://doi.org/10.1371/journal.pone.0139844 943 

[151] J.-Y. Heo, H.-N. Cha, K.Y. Kim, E. Lee, S.-J. Kim, Y.-W. Kim, J.-Y. Kim, I.-K. Lee, V.N. Gladyshev, 944 
H.-Y. Kim, S.-Y. Park, Methionine sulfoxide reductase B1 deficiency does not increase high-fat 945 
diet-induced insulin resistance in mice, Free Radic. Res. 51 (2017) 24–37. 946 
https://doi.org/10.1080/10715762.2016.1261133 947 



28 
 

[152] X. Liang, D.E. Fomenko, D. Hua, A. Kaya, V.N. Gladyshev, Diversity of protein and mRNA forms 948 
of mammalian methionine sulfoxide reductase B1 due to intronization and protein processing, 949 
PloS One. 5 (2010) e11497. https://doi.org/10.1371/journal.pone.0011497 950 

[153] J. von der Ecken, M. Müller, W. Lehman, D.J. Manstein, P.A. Penczek, S. Raunser, Structure of 951 
the F-actin-tropomyosin complex, Nature. 519 (2015) 114–117. 952 
https://doi.org/10.1038/nature14033 953 

[154] P. Rellos, A.C.W. Pike, F.H. Niesen, E. Salah, W.H. Lee, F. von Delft, S. Knapp, Structure of the 954 
CaMKIIδ/Calmodulin Complex Reveals the Molecular Mechanism of CaMKII Kinase Activation, 955 
PLOS Biol. 8 (2010) e1000426. https://doi.org/10.1371/journal.pbio.1000426 956 

 957 
  958 



29 
 

Tables 959 

Table 1. Distribution of MSRs in the main kingdoms of life. 960 

Organisms 

MSRA MSRB 

fRMSR MSRP 
Other molybdo 

MSR 
Catalytic res. Catalytic res. 

Cys Sec1 Cys Sec 

Animals Yes Yes Yes Yes2 No No No 

Fungi Yes Yes Yes No Yes No No 

Plants Yes Yes Yes No No No No 

Bacteria Yes Yes Yes No Yes Yes Yes 

Archaea Yes No Yes No No ?3 ?3 

1 Selenoprotein MSRAs are extremely rare.2 With few exceptions, selenoprotein MSRBs are found 961 
throughout the animal lineage.3 Although the presence of sulfite oxidase and dimethyl sulfoxide oxidase 962 
molybdoenzymes in archaeal genomes has been clearly established [52], to our knowledge, none have 963 
been tested for their ability to reduce free or protein-based MetO. 964 
 965 
 966 
 967 
Table 2. Specific activities of Sec- and Cys-containing human MSRBs. 968 

 Specific activity (nmol.min‑1.mg protein‑1) Increase in the activity of Sec vs Cys 

MSRB1 Wt (Sec) 170 ± 26 85 

MSRB1 U95C 2 ± 1  

MSRB2 C169U 692 ± 124 173 

MSRB2 Wt (Cys) 4 ± 2  

MSRB3 C158U 5158 ± 565 126 

MSRB3 Wt (Cys) 41 ± 13  

Data are from Kim and Gladyshev, 2005 [66] 969 

 970 
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Table 3. Phenotypes of MSR KO mice. 

 MSRA−/− MSRB1−/− MSRB2−/− MSRB3−/− MSRA−/−/MSRB1−/− 
MSRA−/−/MSRB1−/− 

/MSRB2−/−/MSRB3−/− 

Oxidative stress 

susceptibility 

and markers  

- Sensitivity to paraquat, to 100% O2 

[115,123] 

- Increased protein carbonylation [123] 

- Increased beta-amyloid aggregate1 

[112]  

- Sensitivity to cisplatin [118] 

- Lethal susceptibility to chronic 

oxidative stress and lipopolysaccharide 

challenge [8,116] 

In liver and kidney [69]:  

- Increased protein MetO 

- Increased protein carbonylation 

- Increased oxidized glutathione 

- Reduced free and protein thiols  

- Increased malondialdehyde 

- MSRA activity decreased [69] 

In platelets 

[130]: 

- Increased 

oxidant 

molecules 

In the inner ear 

[129]:  

- No increase in 

protein MetO 

- No increase in 

protein 

carbonylation 

 - More resistant to 

paraquat [131] 

- More resistant to 

cardiac ischemia-

reperfusion [131] 

- Sensitivity to 

cadmium [131] 

 

Growth, 

lifespan and 

metabolism 

- Decreased lifespan [123] 

- Normal lifespan [115] 

- Exacerbated insulin resistance caused 

by high fat feeding [150] 

- Normal growth [69] 

- Normal lifespan [69] 

- No increase in high-fat diet-

induced insulin resistance [151] 

  - Normal growth [128] 

- Retarded growth on low Met 

diet [128] 

- No change in plasma Met, 

S-adenosylmethionine or S-

adenosylhomocysteine 

concentration [128] 

Normal growth [131] 

Senses, 

behavior, and 

locomotion 

alteration 

- Tip-toe walking [123] 

- Decreased complex task learning 

capabilities  [126] 

- Progressive hearing loss and 

sensitivity to acoustic trauma [125] 

- Decreased spatial learning and 

memory abilities [95] 

 - Deafness [129]   - Deafness [131] 

Tissues and 

organ injuries 

- Kidney damage and brain damage 

following ischemia-reperfusion 

[117,120] 

- Kidney fibrosis in ureteral obstruction 

[121] 

- Liver damage by acetaminophen [119] 

- Susceptibility to cardiomegaly [8] 

- Neurodegeneration in brain 

hippocampus [127] 

- Arterial neointimal hyperplasia 

following injury to the common carotid 

artery [122] 

- Hyperbaric O2 induced cataract [124] 

- Liver damage by acetaminophen 

[97] 

- Astrogliosis in brain [95] 

- Reduced production of anti-

inflammatory cytokines in 

macrophages treated by LPS [75] 

- Greater severity of 12-O-

tetradecanoylphorbol-13-acetate 

(TPA)-induced skin inflammation 

[75] 

- Decreased 

platelets 

[130] 

   

1 When MSRA gene is inactivated in an Alzheimer’s disease (AD) model mice 
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Figures 

 

Figure 1. Schematic representation of MSRB1 gene and its type-II SECIS element. (A) MSRB1 

gene. Blue and orange boxes represent UTRs, and exons, respectively. Numbers in the boxes correspond 

to their size in base pairs. The SECIS element is represented by a yellow box, with its size in base pairs. 

(B) The MSRB1 SECIS element. The AA motif and the SECIS core, necessary for Sec insertion 

recognition machinery, are in blue and red, respectively. Adapted from [31,60,152].  

 

 

 



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. MSRB1 sequence and structure. Protein sequence alignment of human and mouse Sec-

MSRB1s with human and N. meningitidis Cys-MSRBs. Identical and similar amino acids are in dark 

and light grey backgrounds, respectively. Sequences in green background correspond to targeting 

peptides. Resolving Cys, zinc-binding Cys and catalytic Sec/Cys are in yellow, blue and red 

backgrounds, respectively. Green and black triangles indicate residues involved in stabilization of 

sulfoxide and the transition state, and residues necessary for catalytic Cys/Sec activation, respectively. 

Black stars indicate residues involved in salt bridge and the dark arrow highlights a probable cleavage 

site yielding the short form of MSRB1. HsMSRB1, Homo sapiens MSRB1 (Uniprot #Q9NZV6); 

HsMSRB2, Homo sapiens MSRB2 (Uniprot #Q9Y3D2); HsMSRB3, Homo sapiens MSRB3 (Uniprot 

#Q8IXL7); MmMSRB1, Mus musculus MSRB1 (Uniprot #Q9JLC3); NmMSRB, N. meningitidis MSRB 

domain of the PILB protein (Uniprot #Q9JWM8). (B) Superposition of human and mouse Sec-MSRB1 

structures. Human MSRB1 (PDB #3MAO) and mouse MSRB1 (PDB #2KV1) structures, in dark cyan 

and  magenta, respectively, are superimposed. Resolving Cys, zinc-binding Cys, and catalytic Sec95 

(mutated to Cys) are represented as sticks. (C) 3D representation of the mouse MSRB1 active site. 

Residues of mouse MSRB1 are represented by sticks and the colors of the labels correspond to those of 

the triangles indicating their roles in (A). The protein sequences alignment has been made with 

https://www.uniprot.org/uniprot/Q9Y3D2
https://www.uniprot.org/uniprot/Q8IXL7
https://www.uniprot.org/uniprot/Q9JLC3
https://www.uniprot.org/uniprot/Q9JWM8
https://www.rcsb.org/structure/3mao
https://www.rcsb.org/structure/2KV1
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ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and represented with Microsoft Excel 365. 

Representation of proteins structures was made using PyMol 2.3.2 (https://pymol.org/2/).  

 

 

 

 

 

 

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://pymol.org/2/
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Figure 3. Expression levels of MSRs genes in main human tissues. Data of transcript abundances were retrieved from the Human Protein Atlas 

https://www.proteinatlas.org and are presented with ‘consensus normalized expression values’ from several RNAseq analyses [70].
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Figure 4. Regulation of actin by MICAL-dependent oxidation and MSRB1-dependent reduction 

of its Met residues. (A) The position of Met44 and Met47 in F-actin filament. Three monomers of actin 

in the filament are shown in grey, red and cyan from the minus end to plus end, respectively. The D-

loop is shown in yellow and Met44 and Met47 are shown as spheres. (B) Regulation of actin 

polymerization by cyclic oxidation and reduction by MICALs and MSRB1. MSRB1 reduces the 

monomer of G-actin formed after depolymerization of F-actin following oxidation by MICAL. Structure 

representations were based on Mus musculus actin structure (PDB# 3J8A) [153]. Representation of 

proteins structures was made using PyMol 2.3.2 (https://pymol.org/2/). 

https://pymol.org/2/
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Figure 5. Regulation of CaMKII and calmodulin through oxidation and reduction of Met. (A) 

Structure of human CaMKII and the positions of Met281, Met282 and Met308. CaMKII with its kinase, 

autoinhibitory and calmodulin-binding domains is shown in rainbow color. Met are shown as sticks. 

Calmodulin and calcium atoms are shown in cyan in the transparent mode, and as grey spheres, 

respectively. (B) Detailed view of the 8 Met of calmodulin surrounding the CaMKII calmodulin-binding 

domain. Calmodulin and CaMKII calmodulin-binding domain are shown in cyan and red, respectively. 

For clarity, residues 78 to 93 of calmodulin were made transparent. (C) Oxidation of Met281 and 

Met282 by small molecule oxidants activates CaMKII [8]. The process is potentially reversible by 

MSRA, but since the oxidation is most likely not stereospecific, the role for MSRB should possibly be 

considered too. (D) Stereospecific oxidation of CaMKII Met308 by MICAL2 prevents its activation, in 

a process reversible by MSRB1, but not MSRA [94]. (E) Considering the position of calmodulin Met 

around the CaMKII calmodulin-binding domain, their oxidation by oxidants might prevents its ability 

to bind and activate CaMKII. Potential reduction by MSRA and MSRB might restore the calmodulin 

capacity to bind CaMKII. Structure representations are based on human CaMKII and calmodulin 
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complex structure (PDB# 2WEL) [154]. Representation of protein structures was made using PyMol 

2.3.2 (https://pymol.org/2/). 

 

 

https://www.rcsb.org/structure/2WEL
https://pymol.org/2/

