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Abstract

Selective modification of proteins at cysteine residues by reactive oxygen, nitrogen or sulfur 

species formed under physiological and pathological states is emerging as a critical regulator of 

protein activity impacting cellular function. This review focuses primarily on protein sulfenylation 

(-SOH), a metastable reversible modification connecting reduced cysteine thiols to many products 

of cysteine oxidation. An overview is first provided on the chemistry principles underlining 

synthesis, stability and reactivity of sulfenic acids in model compounds and proteins, followed by 

a brief description of analytical methods currently employed to characterize these oxidative 

species. The following chapters present a selection of redox-regulated proteins for which the -SOH 

formation was experimentally confirmed and linked to protein function. These chapters are 

organized based on the participation of these proteins in the regulation of signaling, metabolism 

and epigenetics. The last chapter discusses the therapeutic implications of altered redox 

microenvironment and protein oxidation in disease.

INTRODUCTION

Alteration of redox homeostasis underlies many pathological conditions impacting human 

health. The predominant small molecule effectors of redox regulation are the classically 

recognized reactive oxygen and nitrogen species (ROS/RNS), and the emerging reactive 

sulfur species (RSS). While controlled and localized production of ROS/RNS/RSS (e.g., 

H2O2, NO, H2S) by dedicated systems is critical to normal physiological processes, acute or 

chronic accumulation of these species contributes to disease development and response to 

therapies. Decades of studies have linked oxidative stress to metabolic and inflammatory 

diseases, cancer, aging, and aging-related pathologies, such as cardiovascular and 

neurodegenerative diseases. However, the detailed mechanisms linking redox imbalance to 

disease initiation, progression and treatment are still poorly understood. In this review, we 

discuss the complex mechanisms of protein redox regulation by focusing on key examples of 

enzymes involved in metabolism, signaling, and epigenetics. As demonstrated by the 

individual proteins selected for discussion here and summarized in Table 1, cysteine 

oxidation products are critically important for protein folding, function and cellular 

trafficking. Due to reversibility of many oxidative modifications, these qualify as protein 
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molecular switches providing an additional layer of control to the regulation of cellular 

processes. In this review, we consider primarily the oxidative modification of protein 

cysteine thiols (-SH) to sulfenic acids (-SOH), critical metastable species connected to many 

other oxidative modifications (Figure 1). The first chapter provides the background 

information on factors controlling the stability of these species and methods of analysis. The 

second chapter presents critical enzymes involved in ROS metabolism and their own 

regulation by oxidation. Particular attention is paid to enzymes relying on thiol chemistry for 

their enzymatic activity and for controlling localized ROS levels within the cellular 

environment. The third, fourth and fifth chapters describe the mechanisms of thiol-based 

redox regulation of a selected number of signaling, metabolic and epigenetic proteins, 

respectively. Perspectives on current challenges and implications of protein redox regulation 

in drug discovery and development are provided in the concluding chapter.

1. SYNTHESIS, STABILITY, REACTIVITY AND CHARACTERIZATION OF 

SULFENIC ACIDS

1.1 SYNTHESIS OF SULFENIC ACIDS

Sulfenic acid (-SOH) is an oxoacid rarely found in organic molecules. A general mechanism 

by which sulfenic acids are generated in vivo or synthesized chemically is through the one- 

or two-electron oxidation of a reduced thiol. Under certain conditions, a reduced thiol can 

interact with ROS/RNS as well as transition metals to produce -SOH. The factors driving the 

reactivity of thiols towards oxidants have been eloquently reviewed and are not discussed 

here [1]. In biological systems the pool of oxidants responsible for -SOH formation include 

hydroxyl radical (HO•) [2], hydrogen peroxide (H2O2) [3], peroxynitrite (ONOO−) [3], 

hypochlorous acid (HOCl) [4], and hypothiocyanous acid (HOSCN) [5]. Oxygen atom 

transfer from nitrite to –SH during the reduction of Fe(III)-NO2 complex to Fe(II)-NO can 

also generate sulfenic acid [6,7].

In addition to these direct mechanisms of oxidation, -SOH species are generated from other 

oxidized thiol species. For example, Cys thiosulfinate esters can react with low molecular 

weight thiols such as Cys or GSH to displace the -SCys counterpart and release -SOH [8] 

(Figure 2A). Another example of –SOH formation is through hydrolysis of a cyclic Cys 

sulfenate ester intermediate generated during the reaction of nitroxyl (HNO) with a C-

terminal Cys [9] (Figure 2B). S100A1 and S100B are two examples of proteins with redox 

sensitive C-terminal Cys inhibited by oxidation [10].

1.2 STABILITY AND REACTIVITY OF SULFENIC ACIDS

The stability and reactivity of -SOH is controlled by several factors including electronic 

effects, electrostatic interactions, inductive effects and steric effects. In model compounds of 

-SOH these properties are derived primarily from the substitution pattern of the α-carbon 

bearing the sulfur atom (Figure 3), while in proteins these are controlled by the protein 

microenvironment and the amino acids surrounding the -SOH moiety.

A major issue in development of -SOH model compounds has been the need to achieve a 

balance between stability (e.g., preventing self-condensation) and reactivity. It was 
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recognized early on that sterically hindered sulfenic acids such as those in bowl shaped 

structures are less prone to self-condensation, and also disulfide bond formation [11,12], 

enabling development of a series of -SOH model compounds (e.g., triptycenylsulfenic acid 

[13] and Bpq-SOH [14]). A classic and widely used -SOH compound is also the Fries acid, 

an antraquinone-functionalized arenesulfenic acid. In this case, the stability of -SOH is 

derived from its planar structure, which allows stabilization via six-membered hydrogen 

bonding interaction. The synthesis of stable primary -SOH compounds was more recently 

achieved by substituting the protons on the α-carbon with fluoro atoms [15]. In this case, the 

electron withdrawing property of the perfluoroalkyl chain stabilizes the sulfenyl moiety by 

reducing its nucleophilicity, and thus limiting self-condensation. Many of these -SOH 

compounds are sufficiently stable to allow characterization by analytical methods and 

display reactivity towards amines, thiols and Michael acceptors similar to protein -SOH. 

Thus, they provide opportunities to interrogate the chemistry of -SOH under conditions 

mimicking biological settings.

Based on the substitution pattern of known stable -SOH molecules, one could conclude that, 

similar to nitrosothiols (-SNO), the tertiary -SOH would be more stable than secondary and 

primary -SOH, if other stabilizing factors were excluded. However, within the protein 

context –SOH species are connected to a primary carbon in cysteine residues and thus other 

factors must contribute to the stability of -SOH. In addition to steric and electrostatic 

interactions mentioned above, these include intrinsic protein motions and dynamic structural 

changes induced by oxidation. Computational studies, for example, found that the lowest 

energy conformer of cysteine -SOH harbors four hydrogen-bonding interactions, which were 

proposed to impact both -SOH formation and stability [16]. Similar to small molecule -SOH, 

protein -SOH species can exist as stable products of thiol oxidation or can react with other 

moieties to produce disulfides (e.g., reaction with free or protein thiols, -SSR), thiosulfinate 

(reaction with other -SOH, -S(=O)SCys), sulfinic or sulfonic states (hyperoxidation, -

SO2/3H), and sulfenyl amides (-SN). Sulfenyl amides are formed when the sulfenyl group is 

attacked by the peptidyl amide, N-terminal amine or side chain amines to produce cyclic 

sulfenyl amides [17–20]. Similar to small molecule -SOH compounds, the dynamic 

equilibrium between -SN and -SOH states contributes to the perceived stability of sulfenic 

acids in aqueous environments.

1.3 ANALYTICAL CHARACTERIZATION OF SULFENIC ACIDS

In general, small molecule –SOH compounds are relatively unstable and only a handful of 

them (mentioned above) have been fully characterized using analytical methods [13–15] 

(Figure 3). Although -SOH species display a signature absorption band at 367 nm, the 

extinction coefficient is relatively low and thus it can only be observed at higher 

concentrations [21]. As result other analytical methods are typically used to identify and 

characterize these species including infrared (IR) spectroscopy, 1H and 13C NMR, and mass 

spectrometry (MS). These methods were reviewed recently, and only a brief overview is 

provided here [22].

The chemical functional group of -SOH gives stretching bands at ~ 3,200–3,400 cm−1 (S-

OH) and 900–1,100 cm−1 (S-O) in IR, which are absent in thiols. The modification of 
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thiolates to sulfenic acids can be monitored by MS and 1H NMR, following the increase in 

Δmass = +16 m/z and the hydroxyl signal at δ= 2–3 ppm, respectively [13–15]. The use of 

these analytical techniques is contingent on the type and inherent stability of the -SOH 

during the course of analysis. In contrast, intact protein -SOH is mainly characterized by 

MS, as other techniques will require significant sample manipulation and complex data 

analysis. In particular, electrospray ionization (ESI) has been used as a softer ionization 

method for monitoring protein -SOH content of a given protein sample. Our group has 

employed ESI-MS extensively to examine the kinetics of peroxiredoxin hyperoxidation and 

repair and to test the reactivity and selectivity of chemical probes targeting the -SOH species 

[23–28]. 13C NMR can also be used to analyze protein -SOH and was applied to identify -

SOH formation at Cys42 in the flavoprotein NADH peroxidase from Enterococcus [29]. In 

this case, the protein was expressed in E. coli using growth media supplemented with 

[3–13C] Cys. As expected, the signal of the β-carbon appeared to be deshielded for the –

SOH and –SO2H oxoforms, when compared with the reduced protein. Sulfenic acids were 

also identified in several proteins whose structures were solved by X-ray crystallography. 

However, in many cases their origin is uncertain (e.g., true -SOH formed in solution and 

preserved during crystallization process or formed in the crystal upon exposure to X-rays) 

[22].

Because of the caveats associated with direct detection of protein -SOH in particular when 

applied to complex samples, several alternative methods for monitoring protein –SOH 

species were developed over the past years (Figure 4). These rely on either the derivatization 

of -SOH to a stable conjugate with the use of selective chemical probes or tag-switch 

methods of analysis consisting of a blocking step, selective -SOH reduction to -SH state, and 

reaction of newly formed thiols with a distinct chemical reagent (reviewed in [30]). Direct 

chemical derivatization of -SOH is possible by exploiting both the electrophilicity and 

nucleophilicity of the sulfenyl moiety. Early work using the relatively stable -SOH 

compounds 2-methyl-2-propanesulfenic acid or 9-triptycenesulfenic acid provided evidence 

for the nucleophilicity of the sulfenyl group towards carbon electrophiles as they reacted 

with methyl propiolate, a Michael acceptor [13,31] to generate corresponding sulfoxide-

carbon adducts. This property of -SOH forms the basis of their reactivity with NBD-Cl a 

widely used reagent for the detection and quantification of protein -SOH [32]. In this case, 

while both the -SH and -SOH react with NBD-Cl, the reaction of -SOH with NBD-Cl 

produce alkylsulfoxide-7-nitrobenzofurazan, a product with a maximum absorbance (λmax= 

347 nm), distinct from the product of NBD-Cl reaction with thiols (λmax= 420 nm). The 

reported side reaction of NBD-Cl with tyrosines and amines also generates species that do 

not overlap with the absorption profile of -SOH/NBD-Cl product (λmax= 382 nm and 480 

nm, respectively) [32]. In addition, 2-nitro-5-thiobenzoic acid, the active chromogenic 

species in the TNB assay, is also utilized for the quantification of -SOH by monitoring the 

decrease in absorbance at 412 nm [21]. Other chemical derivatization strategies exploit the 

electrophilic character of the -SOH group reacting with nucleophilic entities such as carbon 

nucleophiles. Early work by Allison et al. demonstrated the use of 1,3-dicarbonyl reagents 

such as dimedone (5,5-dimethyl-1,3-cyclohexanedione) as nucleophilic traps for the sulfenyl 

moiety [33]. A series of 1,3-dicarbonyl based derivatives have since been synthesized to 

enable analysis of sulfenic acids in complex biological samples by fluorescence and 
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immunofluorescence imaging, Western blot and MS. These reagents include the DCP-alkyne 

and DCP-biotin derivatives [34–37], biotin-cyclopentane-1,3-dione probe BP1 [24,38], 

linear β-ketoesters [28] and dimedone-based reagents [39–42] such as DYn [43]. These 

compounds have comparable reactivity towards sulfenic acids and offer specific advantages 

to fit a variety of experimental setups. Nevertheless, a limitation of these reagents is the slow 

reaction rates with protein -SOH, which impacts the detection and quantitative analysis of 

these species in biological settings. For example, a DYn probe (DYn-2) was applied recently 

for the global analysis of protein -SOH in RKO cells and resulted in the detection of over 

1,000 protein sulfenylation sites [44]. Two critical requirements for the success of this 

analysis were the amount of starting biological material (minimum 30 mg, [45]), and the 

long incubation time of DYn-2 with cells (5 mM DYn-2, 2 h at 37°C). The addition of 

DYn-2 to cells likely increased -SOH levels due to covalent inhibition and possibly 

hyperoxidation of peroxiredoxins resulting in intracellular accumulation of effector ROS 

species such as H2O2. Thus, despite the numerous milestones achieved using 1,3-diketo 

nucleophilic probes, there is a clear need for new chemical functionalities to capture protein 

-SOH under conditions that are compatible with biological and clinical settings. New 

chemical probes (benzoxaborazoles, boronic acids and strained cycloalkynes) were 

introduced for labeling protein sulfenic acids [27,46] showing significantly higher (>100-

fold) reactivity towards these oxidative species. For example, the strained cycloalkyne BCN-

Bio1 had ~300-fold higher reactivity with protein -SOH compared with previous series of 

reagents. While potential reaction of strained cycloalkynes with -SSH has been revealed 

recently [47], these can be easily handled by effective blocking of these species as well as at 

the stage of MS analysis given the difference in the nature of products of BCN-Bio1 reaction 

with these species. This newly discovered reaction also offers the opportunity for 

simultaneous quantitative measurement of both -SSH and -SOH species within the same 

experiment, addressing a limitation with current approaches. The future development of 

these and other -SOH targeting probes will undoubtedly lead to improved methods for 

detection and quantitation of protein -SOH species in biological specimens of interest to 

basic and clinical research.

2. THIOL-BASED CATALYSIS AND REDOX REGULATION OF ENZYMES 

INVOLVED IN ROS METABOLISM

Both signaling and metabolism produce intracellular ROS, primarily through two 

mechanisms involving activation of the membrane-associated NADPH oxidases (NOX 

enzymes) and mitochondrial electron transport chain (ETC). A connection between these 

two sources of ROS was demonstrated for platelet-derived growth factor (PDGF) 

stimulation, which induced upregulation of NOX1 expression in a process dependent on 

mitochondrial ETC [48]. Stress conditions as result of serum withdrawal also increase 

mitochondrial ROS, leading to activation of PI3K/AKT, Rac, and NOX1, and ultimately cell 

death due to sustained production of ROS [49]. Thus, the same pathways connecting 

mitochondrial and cell membrane processes are responsible for both cell growth and cell 

death. What determines the outcome is the cellular capacity to reduce ROS and reverse the 

oxidative processes induced by ROS accumulation. The levels of ROS and their protein 

oxidized products are tightly controlled in cells through the actions of antioxidant systems, 
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which are often localized to specific subcellular compartments. These include superoxide 

dismutases (SOD’s), catalase, peroxiredoxins (Prx’s), glutathione peroxidases (Gpx), 

thioredoxins/thioredoxin reductases (Trx/TrxR), and others (Figure 5). Many of these 

enzymes contain a reactive cysteine as catalytic center and are themselves susceptible to 

reversible or irreversible inactivation by oxidation (e.g., Prx, Trx, Grx, Ero1, Erv1). In the 

case of Prx proteins, the reactive cysteine cycles between reduced thiol and reversible 

oxidation states such as -SOH and intermolecular disulfide during catalysis. Hyperoxidation 

of Prx to the catalytically inactive -SO2H state controls localized ROS increase during 

signaling, as illustrated by the floodgate model [50,51]. The activity of some of the Prx 

isoforms is further regulated by phosphorylation, acetylation and glutathionylation. In the 

case of PrxI, EGF or PDGF-induced phosphorylation of Tyr194 as well as Cdc2-mediated 

phosphorylation at Thr90 decrease its activity, allowing for localized accumulation of ROS 

to promote growth factor signaling and progression through cell cycle [52–55]. Acetylation 

at the C-terminal by HDAC6 increases PrxI activity, thus connecting epigenetics to ROS 

metabolism. Glutathionylation at the non-catalytic Cys83 inhibits the chaperone function of 

PrxI by promoting the dimer state relative to other higher oligomeric structures that support 

the chaperone activity of this enzyme [53]. The complex functions of peroxiredoxins 

regulated by redox and other posttranslational modifications exemplify the critical role of 

ROS and ROS-induced protein oxidation as unifying regulatory element connecting 

signaling, metabolism and epigenetics. Additional examples of redox regulated enzymes 

involved in ROS metabolism and repair of oxidation products are described next. The focus 

is primarily on enzymes where there is evidence of -SOH formation, but other proteins for 

which the intermediacy of -SOH is expected are discussed as well.

Cu,Zn-Superoxide Dismutase (SOD1)—SOD1 is the cytoplasmic isoform of 

mitochondrial SOD2. SOD1 exists as a homodimer with each subunit containing one 

copper-binding site, one zinc-binding site, an intramolecular disulfide between Cys57 and 

Cys146, and two free cysteines Cys6 and Cys111 [56,57]. Mutations in this enzyme induce 

protein misfolding and aggregation and are associated with the neurodegenerative disease 

FALS (fetal amyotrophic lateral sclerosis) [58,59]. The oxidative modification of mutant or 

wild-type SOD1 by glutathionylation or hyperoxidation to -SO2H and -SO3H at Cys111 

(Cys112 in human UniprotKB database) further induces destabilization, misfolding and/or 

aggregation of SOD1 [58–61]. Consistent with these findings, both mutation of Cys111 or 

overexpression of glutaredoxin-1 (Grx1) protect against SOD1 glutathionylation and 

improve solubility of both mutant and wild-type SOD1 [62].

Methionine Sulfoxide Reductase (Msr)—Msr catalyzes the reduction of protein 

methionine sulfoxides (MetSO). There are two classes of Msr enzymes, MsrA and MsrB, 

which act on the S and R stereoisoforms of MetSO, respectively [63]. Despite lacking 

sequence or structure homology, these enzymes undergo a similar three-step reaction 

mechanism: 1) formation of -SOH at the catalytic Cys, 2) formation of an intramolecular 

disulfide bond with a recycling Cys, and 3) disulfide reduction by the Trx/TrxR system or in 

vitro by reducing agents like DTT (dithiothreitol) [64,65].
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Aldose Reductase (AR)—AR catalyzes the reduction of aldehydes and glutathione 

conjugates of unsaturated aldehydes derived from lipid peroxidation [66,67]. AR is involved 

in the antioxidant defense, and its activity is enhanced under oxidative stress conditions. 

Ischemia or treatment with H2O2 induce a 2–4 fold increase in AR activity through 

mechanisms involving -SOH formation at Cys298 and Cys303 [68], -SNO [69] or -SG 

modification [70].

Xanthine Dehydrogenase (XDH)/Xanthine Oxidase (XO)—Xanthine 

Dehydrogenase (XDH) / Xanthine Oxidase (XO) is an oxidoreductase regulated by changes 

in the redox environment. Multiple studies have implicated four Cys residues (Cys535, 

Cys992, Cys1316 and Cys1324) in the reversible XDH/XO conversion, with most data 

pointing to the disulfide bond formation between Cys535 and Cys992 as leading mechanism 

for locking the enzyme in the XO form [71,72]. The -SOH modification at these or other 

cysteines in XDH/XO has not been confirmed thus far.

3. REDOX REGULATION OF SIGNALING

The complex relationship between ROS and cellular signaling has been investigated for 

decades. While targeted studies have revealed oxidative mechanisms for regulation of 

protein activity in many kinases, phosphatases, and other signaling proteins, it is through the 

advancement of omics technologies that we came to appreciate the full breadth of these 

regulatory modifications in biological systems. The case studies presented in this chapter 

clearly show the significance of oxidation in regulation of enzymatic activity and highlight 

the need for considering these effects in the design of inhibitors targeting redox-regulated 

proteins.

3.1 RECEPTOR TYROSINE KINASES AS INDUCERS AND TARGETS OF ROS

Receptor tyrosine kinases (RTK’s) are transmembrane proteins composed of an N-terminal 

extracellular domain, a single transmembrane domain and an intracellular domain containing 

the kinase domain and other C-terminal regulatory elements. The completion of the Human 

Genome Project and subsequent analysis revealed 58 RTK’s grouped into 20 families 

[73,74].

Breakthrough articles in 1995 have established for the first time the important function of 

cell membrane receptors in production of endogenous ROS regulating signaling induced by 

ligands such as lysophosphatidic acid (LPA) [75] and platelet-derived growth factor (PDGF) 

[76]. It is widely acknowledged now that many other growth factors and cytokines employ 

ROS to control signaling events at cell membrane or within specialized cytoplasmic 

structures such as redoxosomes [77–79].

Localized ROS participate in regulation of RTK’s and their downstream signaling by: 1) 

direct oxidative modification of the receptor itself (e.g., EGFR, c-RET) [80,81], 2) inhibition 

of proteins acting as negative regulators of receptor activity (e.g., PTP1B) [82,83], 3) 

activation of intracellular proteins acting on RTK’s (e.g., PKC, Src) [84], and 4) activation or 

inhibition of proteins involved in downstream signaling (e.g., STAT3) [85]. These effects 

occur through the direct action of ROS on protein thiols or through relay mechanisms (e.g., 
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Prx2/STAT3) [85]. Other cell membrane-localized receptors such as G-protein coupled 

proteins [86,87], integrins [88] and ion channels [89] are similarly regulated by ROS. Here 

we focus on several examples of signaling proteins to illustrate the broad variety of 

mechanisms involved in their regulation by ROS.

Epidermal Growth Factor Receptor (EGFR)—EGFR is one of the four members of 

the RTK family, which also contains ErbB2/HER2, ErbB3/HER3, and ErbB4/HER4 proteins 

[80,90]. EGFR is composed of an N-terminal extracellular domain (~620 amino acids), a 23-

amino acid transmembrane domain, a tyrosine kinase domain (amino acids 685–952), and a 

C-terminal tail (amino acids 953–1186) within which the tyrosine autophosphorylation sites 

are located [91]. Cysteines and their oxidation products play critical roles in the structural 

organization of EGFR and its kinase function. Cys rich modules are present both in the 

EGFR extracellular domain (CR1 and CR2) and in the ligands binding to the extracellular 

domain of EGFR. For example, EGF contains six cyteines forming three disulfide bonds 

(Cys60-Cys20, Cys14-Cys31, and Cys33-Cys42). Nevertheless, the crystal structure of the 

EGFR extracellular domain in complex with EGF shows that the pattern of disulfides in 

either EGFR or EGF is not changed upon binding of EGF to EGFR [92]. Early studies 

focusing on development of EGFR inhibitors have also identified a reactive cysteine site 

(Cys797) in the EGFR kinase domain. This site is located in the hinge region of the ATP 

binding pocket and was shown to undergo oxidation to -SOH [90], -SO2H [93], or generate a 

glutathionylated adduct (-SSG) in the presence of oxidized glutathione (GSSG) [93]. While 

oxidation of Cys797 to -SOH was described as activating [90], the other oxidative 

modifications were shown to have no effect on catalysis but impact the potency of inhibitors 

targeting the ATP binding pocket of EGFR [93].

Vascular Endothelial Growth Factor Receptor 2 (VEGFR2)—VEGFR2, and other 

endothelium-derived proteins are also oxidatively modified upon stimulation with VEGF. 

VEGF as well as H2O2 treatment of HUVEC cells induced -SOH formation in VEGFR2, 

ERK1/2, actin, PTP1B, and IQGAP1 [94]. These findings were validated in vivo using a 

mouse model of hindlimb ischemia [94]. In this study, imaging with –SOH chemical probes 

showed localized –SOH formation during endothelial cell migration.

Fibroblast Growth Factor Receptor 1 (FGFR1) and c-RET—FGFR1 contains a 

redox sensitive Cys residue, which is located in a Gly loop conserved in several families of 

protein tyrosine kinases. It has been shown that oxidation of FGFR1 at Cys488 inactivates 

its kinase activity and this is restored in the presence of DTT. The oxidative inactivation of 

FGFR1 was prevented by mutation of Cys488 to Ala [95]. Studies have also demonstrated 

the activation of c-RET activity by UV through mechanisms involving oxidation of Cys376 

in the kinase domain [81].

3.2 REDOX REGULATED TYROSINE PHOSPHATASES

The regulation of protein tyrosine phosphatases by oxidation has been expertly reviewed in 

the literature [96]. The phosphatase activity of these proteins relies on a catalytic Cys 

residue, which is inhibited by oxidation under both physiological and pathological 

conditions [77]. Initial studies with various PTP’s, such as PTP1B, demonstrated Cys215 -
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SOH formation upon stimulation with growth factors or exogenous administration of H2O2 

[82,97]. Subsequent reports showed PTP1B glutathionylation at Cys215 in the presence of 

diamide/GSH or GSSG [83]. Structural studies of oxidized PTP1B have identified an 

additional mechanism by which the enzyme protects itself from irreversible oxidation at 

Cys215 [17,19]. The nucleophilic addition of the protein backbone N-amide to the cysteine 

sulfenyl group produces a cyclic five-membered ring sulfenyl amide, a reaction mechanism 

also supported by chemical models [20]. The cyclic sulfenyl amide can regenerate active 

Cys215 (-SH) by hydrolysis to –SOH, reaction of -SOH with GSH or other thiols to form 

mixed disulfides, which are then reduced to generate Cys215 (-SH) and GSH. PTP1B 

regulation through oxidation at Cys215 has been linked to cancer, diabetes and 

cardiovascular conditions [98]. Because of the crosstalk between PTPs and kinases in 

regulation of diverse biological processes, studies have also emerged in understanding the 

nature of endogenous oxidants responsible for the inactivation of this class of enzymes. For 

instance, relatively stable H2O2 inactivates PTP1B at ~1,000-fold slower rates than 

peroxymonophosphate (PMP), when the reactions were performed under similar conditions 

[99,100]. There is the question of whether PMP is actually formed in vivo as potential 

metabolizing enzymes such as catalase were found ineffective towards this reactive species.

In addition to PTP1B, a number of other phosphatases undergo oxidation to -SOH or other 

oxidized states and with similar consequence on enzyme activity. These include the protein 

tyrosine phosphatase sigma [101], SHP1/2 (Src homology region 2 domain-containing 

phosphatase; also a tyrosine phosphatase) [102–104], and PTEN (phosphatase and tensin 

homolog; structurally resembles dual specificity protein tyrosine phosphatases) [103].

3.3 REDOX REGULATION OF OTHER SIGNALING KINASES AND ADAPTOR PROTEINS

Tyr KINASES

Src and c-Abl: Src is a non-receptor kinase with critical function in growth factor and 

integrin signaling. The redox regulation of Src activity is still under debate with some 

studies demonstrating inhibition of Src activity by H2O2 [95,105], while others showing the 

contrary, activation of Src by oxidation [106]. Individual mutations of all nine Cys residues 

in Src to Ala identified Cys277 as the redox sensitive site. Follow-up studies confirmed the 

participation of Cys27 in intermolecular disulfide formation with another Cys277 leading to 

homodimer formation and loss of kinase activity [95]. Other studies have proposed 

activation of Src through intramolecular disulfide bond formation between Cys245 and 

Cys487 induced by H2O2 [106], and possibly by nitric oxide [107] and peroxynitrite [108], 

though the NO and ONOO− mechanisms of Src activation have not been fully elucidated. In 

a recent study, increased Src sulfenylation and activity were detected and proposed to 

contribute to cartilage degradation in osteoarthritis [109]. Thus, it is likely that both 

mechanisms exist and come into play depending on stimuli, timing, and presence of other 

co-regulatory events. c-Abl is a member of Src-family of tyrosine kinases involved in cell 

division, adhesion, apoptosis and response to oxidative stress [110]. In addition to the kinase 

domain, c-Abl contains two small autoinhibitory domains, and additional DNA- and actin-

binding domains located in the C-terminal region. Substrate binding to c-Abl releases the 

autoinhibition and activates the kinase function. Interestingly, one of these c-Abl substrates 

is catalase, an enzyme involved in H2O2 metabolism. c-Abl phosphorylates catalase at 
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Tyr231 and Tyr386 enhancing its activity [111]. Both ionizing radiation and addition of 

extracellular H2O2 increase c-Abl activity which is critical to the initiation of pathways 

involved in the DNA damage response [112,113]. However, glutathionylation of 

recombinant c-Abl was shown to inhibit the kinase activity, a process which was reversed by 

addition of glutaredoxin [114]. Clearly, both Src and c-Abl are subject to diverse layers of 

redox regulation which would need to be clarified in future studies.

Janus Kinase 2 (JAK2): JAK2 tyrosine kinase activity is regulated by four Cys residues, 

Cys866, Cys917, Cys1094, Cys1105, located in the catalytic domain [115]. Out of these Cys 

residues, Cys866 and Cys917 act as a redox sensitive switch and mutation of these residues 

was shown to decrease the autocatalytic kinase activity compared with the wild type JAK2 

[116]. The current proposed mechanism involves a -SOH intermediate, which then triggers 

the intramolecular disulfide bond formation inducing inactivation of JAK2. However, the 

formation of -SOH at these residues has not been demonstrated.

Ser/Thr KINASES

Protein Kinase B (Akt): Akt is a family of three isoforms (Akt1, Akt2 and Akt3) with 

diverse biological functions despite the high level of conserved amino acid sequence [117–

119]. These enzymes belong to the serine/threonine kinase family and are major signaling 

hubs in cytokine, growth factor, and integrin pathways. Redox proteomics studies have 

identified increased oxidation of Akt2 in NIH3T3 cells stimulated with PDGF or H2O2 

[120]. These conditions caused activation of all isoforms through phosphorylation, but 

resulted in inhibition of only Akt2 kinase activity by ~66%, which was found to be 

reversible in the presence of reductant or upon removal of ROS-inducing stimuli (e.g., 

PDGF). MS analysis of oxidized Akt2 with and without chemical labeling of -SOH 

identified critical redox sensitive cysteines and a number of intramolecular disulfides formed 

during Akt2 oxidation. Oxidation to -SOH was identified at Cys124, a Cys residue unique to 

Akt2 and located in the linker region between the N-terminal pleckstrin homology domain 

and the catalytic kinase domain, and at Cys297 and Cys311, both located in the kinase 

domain and conserved in all three Akt isoforms. Disulfide mapping revealed that Cys124-

Cys297 and Cys124-Cys311 are potential disulfides controlling H2O2-induced inhibition of 

Akt2. These results are consistent with decreased sensitivity to oxidation in the Cys124Ser, 

Cys297Ser, and Cys311Ser Akt2 mutants. Furthermore, the oxidative inactivation of Akt2 

was dependent on cell type and stimulus employed. For example, while insulin treatment in 

myoblasts induced oxidation of Akt2, this was not observed in insulin-treated C2C12 

myotubes, the differentiated state of myoblasts. These results are consistent with the Akt2 

function in glucose uptake [121–124] and with the known insulin resistant phenotype of 

myoblasts [125,126]. Akt2 is an important target for drug design given its potential functions 

in pathologies associated with oxidative stress, impairment of glucose uptake (type 2 

diabetes-like phenotype), and cancer [127].

Inhibitory κβ Kinase α (IKKα): IL-17A stimulation induces NF-κB activation pathways 

and expression of proinflammatory mediators [128]. IL-17A treated C10 mouse alveolar 

epithelial cells or primary mouse tracheal epithelial cells display an increase in the formation 

of -SOH with concominant glutathionylation of proteins [129]. Further analysis of the 
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proteins associated with the NF-κB pathway revealed Grx1 controlled glutathionylation of 

RelA (p65) and IKKα after treatment. Additional studies are needed to identify the source of 

ROS and the Cys sites of sulfenylation [129].

ADAPTOR PROTEINS

B-Cell Lymphoma-2 (Bcl-2): Bcl-2 is an oxidative stress-response protein and a key 

regulator of apoptosis [130]. A study on the effect of H2O2 on Bcl-2 in human lung 

epithelial cells showed that exposure to H2O2 induces oxidation of Cys158 and Cys229 

resulting in downregulation of Bcl-2 and apoptosis [131]. The effects of oxidation were 

reversible with antioxidant treatment and chemical labeling demonstrated the formation of -

SOH at these sites.

Protein Deglycase (PARK7/DJ-1): DJ-1 is an oncogenic protein that binds to the DNA-

binding domain of p53, in a redox regulated process. The oxidative modification of Cys106 

in DJ-1 to the -SOH, -SO2H, or -SO3H states increases the binding of DJ-1 to p53, while 

reducing conditions or mutation of Cys106 decrease this interaction [132–135]. The binding 

of DJ-1 to p53 was independent of the phosphorylation status of p53, however other 

modifications such as acetylation at lysine residues in p53 were found necessary to enhance 

DJ-1 binding to this protein.

4. REDOX REGULATION OF METABOLISM

In addition to the enzymes involved in ROS metabolism, a number of other metabolic 

enzymes are redox-regulated through -SOH - based mechanisms. These are discussed below 

and organized based on enzyme classification.

TRANFERASES

Methylthioadenosine Phosphorylase (MTAP): Several transferase enzymes are targets of 

Cys oxidation, including sulfenylation. MTAP catalyzes the degradation of 5′-

methylthioadenosine (MTA) to adenine and 5′-methylthioribose-1-phosphate (MTRP) [136] 

and undergoes oxidative inactivation by ROS [137]. Site-directed mutagenesis studies 

revealed two Cys residues, Cys136 and Cys223, to be essential for the decreased enzymatic 

conversion of MTA to MTAP with oxidation. Treatment of MTAP enzyme with H2O2 and 

subsequently with NBD-Cl confirmed the presence of -SOH at both residues. MS analysis 

also identified a disulfide bridge between Cys145 and Cys211; however, this oxidized form 

did not prove to be responsible for the oxidative inactivation of MTAP [137].

Methylpyruvate Sulfurtransferase (MST or MPST): MST is a redox-regulated enzyme 

involved in the transulfuration pathway of cysteine metabolism [138]. Treatment with H2O2 

inhibits the activity of this enzyme by inducing –SOH formation at Cys247 [139]. The –

SOH formation at Cys247 was confirmed by MS, chemical labeling and site-directed 

mutagenesis. The sulfurtransferase activity of MST is effectively restored in the presence of 

reducing agents such as DTT or the Trx/TrxR system. However, under excess of oxidizing 

agent the inhibition of MST is irreversible due to the formation of higher oxidized species, 

in this case -SO3H.
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Mitochondrial Branched Chain Aminotransferase (hBCATm): Human BCATm 

(hBCATm) is a pyridoxal phosphate-dependent enzyme catalyzing the transfer of an amino 

group to non-polar amino acids such as leucine, isoleucine and valine [140]. Both thiol 

blocking agents and H2O2 were shown to inactivate hBCATm by acting on Cys315 and/or 

Cys318 [141,142]. These two functional Cys residues are proximal to the active site and 

form an intramolecular disulfide bridge under oxidizing conditions. Site-directed 

mutagenesis, chemical labeling and MS have established Cys315 as the reactive Cys site 

undergoing oxidation to –SOH and driving disulfide bond formation with the resolving 

Cys318 [141].

Methionine Adenosyltransferase (MAT): MAT is a metabolic liver enzyme responsible for 

the catabolism of methionine in mammals and is regulated by H2O2 [143]. Both MAT I 

(homotetramer) and MAT III (homodimer) isoforms were found susceptible to H2O2-

induced inactivation, presumably through reversible oxidative modification of Cys, as the 

activity of each isoform was recovered by GSH treatment. MAT III activity was fully 

reversed by physiological levels of GSH. In contrast, MAT I required GSH concentrations 

above physiological levels for full reactivation, suggesting that other reducing systems may 

be responsible for maintaining this protein in active state. Site-directed mutagenesis of ten 

Cys residues located in the α-subunit of the recombinant rat liver MAT identified Cys121 as 

the residue controlling H2O2-induced inactivation and potential site for -SOH formation 

[144].

Protein Arginine Methyltransferase 1 (PRMT1): PRMTs are a family of nine enzymes 

responsible for methylation of proteins at arginine residues. Given their critical function in 

histone methylation, deregulation of these enzymes is associated with numerous diseases 

including cardiovascular and neurological conditions and cancer [145–147]. The human 

isoform PRMT1 is the major source of asymmetric dimethylarginine (ADMA) and its 

activity is inhibited by oxidation [148,149]. Site-directed mutagenesis, chemical labeling 

with -SOH directed probes, and MS analysis revealed -SOH formation at Cys101 and 

Cys208 correlating with decreased activity of PRMT1 [150]. The mechanisms by which 

these oxidation events impact the activity of PRMT1 and whether other PRMT isoforms are 

similarly redox regulated, given that these sites are conserved in all PRMTs, remain to be 

determined.

Other proteins with putative -SOH - based mechanisms of regulation: Pyruvate kinase 

M2 (PKM2) and transketolase (TK2) are two other transferases regulated by oxidation. 

Though the Cys sites responsible for redox sensitivity have been identified in both cases 

(Cys358 in PKM2 [151], Cys189 and Cys264 in TK2 [152,153]), it is currently unknown if 

these involve -SOH formation in vivo.

LIGASES

Aminoacyl-tRNA Synthetases (aaRS): aaRS are enzymes pairing amino acids and tRNA 

during protein synthesis. These enzymes are prone to misactivation of amino acids that are 

structurally similar to the targeted amino acid. For example, threonyl-tRNA synthetase 

(ThrRS) misactivates Ser and then uses a Cys as editing site to hydrolyze Ser-tRNA to allow 
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for the incorporation of the correct amino acid at Thr codons [154]. Inability to correct for 

misincorporation of Ser at Thr sites causes protein misfolding, leading to detrimental 

consequences in all species from bacteria to humans [86]. In E. coli, oxidative stress impairs 

the editing site of ThrRS by posttranslational oxidation of the conserved Cys182 [155–157] 

to -SOH. The ThrRS -SOH is formed under various oxidative conditions including air, H2O2 

or HOCl and results in Ser misincorporation at Thr codons [158]. Sulfenic acid 

modifications in other aaRS such as glutamyl-tRNA synthetase, and methionyl-tRNA 

synthetase were also identified in HeLa cells using chemical labeling and MS analysis [39].

In this class of enzymes, carbamoyl phosphate synthetase (CPS) also showed inhibition of 

activity upon treatment with H2O2 [159,160]. CPS forms an intramolecular disulfide bond 

between Cys1327 and Cys1337, which has been proposed to occur through the intermediacy 

of -SOH.

ISOMERASES

Peptidyl-Prolyl Isomerase (Pin1): Pin1 catalyzes the cis-trans interconversion of the 

phosphoSer/phosphoThr-Pro peptide bond, inducing conformational changes in cellular 

proteins [161]. This enzyme has neuroprotective properties, and patients with mild cognitive 

impairment show increased oxidation and decreased activity of Pin1 [162]. X-ray 

crystallography studies of recombinant Pin1 incubated with H2O2, revealed –SOH formation 

at Cys113 located in the active site of the enzyme [163]. Higher concentrations of H2O2 as 

well as prolonged exposures generated –SO2H and –SO3H oxidized proteins. Activity assays 

performed in the presence of H2O2, reaction with 4,4′‐dithiodipyrimidine (DTDP) and site-

directed mutagenesis (by substituting Cys113 to Asp) showed reduced activity of Pin1, 

indicating that oxidation at Cys113 causes the inactivation of protein. Treatment of oxidized 

protein with DTT recovered approximately 40% of the activity, suggesting that 60% of the 

protein was in the hyperoxidized -SO2/3H state. Cumulatively these and other studies (e.g., 

[164]) underline the significance of Pin1 oxidation in neurological disorders and presumably 

other diseases as well.

CYSTEINE PROTEASES

Deubiquitinases (DUB): Deubiquitinases hydrolyze ubiquitin modifications regulating 

proteostasis and activity of many signaling, metabolic and epigenetic proteins. There are five 

DUB families separated into cysteine protease and metalloprotease classes of enzymes 

[165]. To date, only cysteine-based DUBs are known to be regulated by oxidation [166]. 

One of these cysteine-based DUBs is A20, a tumor suppressor involved in regulation of NF-

κB signaling, which belongs to the family of ovarian tumor deubiquitinases (OTUs) [167]. 

X-ray crystallography, chemical labeling, and functional studies identified protein 

sulfenylation at Cys103 in the catalytic domain of A20. Protein -SOH formation was also 

found in other OTUs such as OTUD7B (at Cys194), OTUB1, OTUD1, OTUD2, OTUD3, 

OTUD5 and OTUD6A [168].

The ubiquitin-specific protease USP1 (also a cysteine-based DUB) is reversibly inactivated 

upon oxidative stress in vivo and is associated with monoubiquitination-dependent DNA 

damage response during S-phase of the cell cycle. The oxidation status of USP1 was 
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examined in U-2 OS cells by chemical labeling with -SOH probes, Western blot analysis and 

activity assays. These studies demonstrated -SOH formation and decreased activity in the 

presence of H2O2. Similarly, the USP7 isoform was reversibly inactivated by oxidation. 

Though the reversible –SOH modification site was not identified, MS analysis showed 

evidence of –SO3H formation at the catalytic cysteine site, pointing to increased sensitivity 

to hyperoxidation in USP7 and perhaps a more transient –SOH state [169].

Cathepsin K: Cathepsin K is a redox sensitive protease containing a catalytic Cys25 residue 

that is susceptible to oxidation by hydroperoxides and nitric oxide donors [170]. Treatment 

of recombinant protein with H2O2 induces time and concentration dependent inhibition of 

enzyme activity, which was partly (~30%) reversed by reduction with DTT. Further analysis 

using NDB-Cl showed approximately 35% -SOH content, consistent with the proportion of 

activity recovered by DTT treatment. The biological function of the –SOH and 

hyperoxidized forms of this enzyme in cells remains to be determined, but could serve as 

mechanism of protection against oxidative stress under inflammatory conditions [171].

Other proteases with putative -SOH - based mechanisms of regulation: Other redox-

regulated proteases include caspase 3 and SENP1. Glutathionylation [172] and nitrosylation 

[173] studies confirmed Cys135 in caspase 3 as the target site of oxidation. Although 

sulfenylation is a possible intermediate in the path to glutathionylation, -SOH formation was 

not experimentally confirmed for this enzyme. In human SENP1, oxidation induced the 

formation of an intermolecular disulfide bond between Cys603 located in the active site, and 

Cys613 (a unique residue of SENP1) both in vivo and in vitro [174]. X-ray crystallography 

studies of Ulp1, the yeast homolog of SENP1, showed –SOH, -SO2H, and –SO3H 

modification at the catalytic Cys580 [174] suggesting potential –SOH formation in SENP1 

as well.

HYDROLASES

Monoacylglycerol Lipase (MGL): MGL is a serine hydrolase, and its function in brain is to 

inactivate the endocannabinoid neurotransmitter 2-arachidonoyl-sn-glycerol (2-AG) by 

hydrolyzing it into arachidonic acid and glycerol [175]. The catalytic site of MGL contains 

two regulatory Cys residues, Cys201 and Cys208, which are targeted by thiol-reacting MGL 

inhibitors. A third cysteine (Cys242) located within the active site in close proximity to the 

catalytic nucleophile Ser122 directly influences catalysis [176–178]. A recent study reported 

that inactivation of MGL by sulfenylation at Cys201 and Cys208 causes accumulation of 2-

AG, and an increase in 2-AG-mediated endocannabinoid signaling in neurons [179]. In this 

study, the –SOH formation at Cys201 and 208 was demonstrated by multiple assays 

involving site-directed mutagenesis, chemical labeling and MS analysis.

S-Formylglutathione Hydrolase (SFGH): In yeast, S-formylglutathione is converted 

enzymatically to GSH and formate by the action of SFGH, a homolog of human esterase D 

[180,181]. X-ray crystallography analysis [182], NBD-Cl treatment and site-directed 

mutagenesis [183] demonstrated -SOH formation at Cys60 (human Cys56 [180]), located in 

close proximity to the catalytic site. Activity assays linked the oxidative modification at 

Cys60 with inhibition of enzyme activity [183]. Interestingly, the oxidative inactivation of 
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SFGH was found to be dependent on a closely located His160 residue which acts as 

hydrogen bond donor during the oxidative inactivation of the protein [182,183].

DEHYDROGENASES

Dihydrolipoamide Dehydrogenase (DLDH): DLDH catalyzes the oxidation of 

dihydrolipoamide using NAD+ as electron acceptor [184]. Chemical labeling of DLDH with 

–SOH probes linked the increase in sulfenylation with loss in enzymatic activity. Attempts 

to determine the sites of sulfenylation were unsuccessful and only hyperoxidized Cys449 

and Cys277 were identified, which ultimately were found not to be responsible for the 

inhibition of activity. It was suggested that one of the two cysteines (Cys45 or Cys50) in the 

active site could be the target of oxidation resulting in DLDH inactivation; however, this was 

not confirmed experimentally [185].

Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH): The dehydrogenase activity of 

GAPDH was shown decades ago to be controlled by oxidation at reactive Cys sites [186]. 

Sulfenic acid formation in GAPDH turns off dehydrogenase activity and turns on the 

acylphosphatase activity [33]. Treatment of the -SOH form of GAPDH with carbon 

nucleophiles such as alkenes and dimedone inhibits both dehydrogenase and 

acylphosphatase activities [33]. Multiple studies including sequencing analysis of 14C-

dimedone labeled protein digest [33], Western blot analysis with an anti-dimedone antibody 

[187], X-ray crystallography [188,189], and others [190–193] support the formation of -

SOH at the catalytic Cys152 site.

PROTEINS INVOLVED IN METAL ION SENSING, BUFFERING AND 
TRANSPORT

Recoverin: Recoverin is a Ca2+ sensor protein posttranslationally modified by N-terminal 

myristoylation [194]. Mild oxidative environments regulate the activity of recoverin by 

acting on a conserved Cys residue (Cys39 in the human homolog) [195–197]. Experiments 

using site-directed mutagenesis of Cys39 to Asp (-SO2H mimetic) showed that 

hyperoxidation of myristoylated protein did not change the affinity for Ca2+ but drastically 

decreased the binding of recoverin to photoreceptor cell membranes [196]. On the other 

hand, the Cys39Ala mutant increased the cooperativity of Ca2+ binding to non-myristoylated 

protein [197]. Structural analysis further identified –SOH modification at Cys39 [197]. 

Thus, the oxidative modification of this protein controls its Ca2+ binding properties, 

intracellular location and potentially the interaction with other proteins involved in the visual 

cycle of photoreceptor cells.

Transient Receptor Potential Channel A1 (TRPA-1): Redox regulation of TRPA-1 was 

found to produce vasodilation effects acting in the release of calcitocin-gene related peptide 

(CGRP) [198]. Recent studies demonstrated activation of TRPA-1 in a mouse model of 

streptozotocin (STZ)-induced diabetes, which is characterized by an increase in 

peroxynitrite [199]. Analysis of a custom made N-terminal peptide of human TRPA-1 

containing six essential Cys residues (Cys621, Cys641, Cys665 and other three nearby Cys 

residues) using –SOH chemical probes confirmed the formation of this species in TRPA-1. 

Additional MS analysis of the modified peptide demonstrated formation of two possible 
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disulfides bridges, involving Cys633 and Cys641, and Cys641 and Cys651. Other functional 

studies using triple (Cys621Ser, Cys642Ser and Cys665Ser) and quadruple (Cys621Ser, 

Cys642Ser, Cys665Ser and Lys710Arg) mutants showed that modification at both Cys and 

Lys residues (modified as Nε-(carboxymethyl)lysine) are responsible for the activation of 

TRPA1. Although the STZ-induced activation of TRPA-1 is increased by modifications at 

lysine residues, oxidation is indeed regulatory, as experiments performed in HEK-293T cells 

transfected with hTRPA-1 showed that the STZ-induced activation of TRPA1 can be 

significantly decreased by reducing agents.

Calbindin D28K: The human calbindin D28K protein serves as both Ca2+ buffer [200] and 

sensor [201] and contains five cysteine residues that are regulated by changes in cellular 

redox environment [202–204]. Protein incubation with GSH under aerobic conditions 

resulted in glutathionylation at Cys187, Cys219 and Cys257 [203]. MS studies also found 

Cys257 as -SO2H, which may imply a sulfenic acid intermediate leading to hyperoxidation 

or glutathionylation [203]. Cys100 was also found to form an intramolecular disulfide with 

Cys94 leading to decreased Ca2+ affinity [203,204]. The redox regulation of calbindin D28K 

could have implications in the modulation of cellular apoptosis by controlling the activity of 

IMPase [205] and caspase 3, among others [206].

Vascular Potassium-ATP Channels (KATP channels): The voltage-gated potassium 

channel Kv1.5 was found to undergo oxidation to –SOH at Cys581, a modification linked to 

downregulation of the channel [207]. Other potassium channels are also known to be 

inhibited by glutathionylation at reactive Cys, including Kir6.1 at Cys 176 [208], the Kv4 

channel at Cys13 [209], and Kir5.1 at Cys158 [210]. However, oxidation to -SOH has not 

been confirmed in these cases.

5. REDOX REGULATION OF EPIGENETICS

The connection between the central redox metabolism (e.g., mitochondrial ETC) and 

epigenetic modulation in in many diseases, but cancer in particular, is now well-established 

[211]. Many epigenetic enzymes are directly regulated by oxidative modifications or use 

substrates (e.g., S-adenosyl methionine - a methyl donor; acetyl coenzyme A - an acetyl 

donor) that are products of redox-regulated metabolic pathways. A few redox-regulated 

enzymes with epigenetic function are discussed next.

Apurinic/Apyrimidinic Endonuclease (APE1)—APE1 is a DNA repair enzyme that is 

also known as redox effector factor 1 [212]. APE1 displays its redox effector function by 

reducing disulfides or -SOH in target proteins to promote DNA binding and transcriptional 

activities and is inhibited by glutathionylation [213]. Site-directed mutagenesis of Cys 

residues within the redox regulatory portion of the protein (Cys65Ala, Cys93Ala and 

Cys99Ala) revealed that mutants containing Cys99Ala were not affected by oxidation, 

indicating that the oxidative inactivation of APE1 activity requires Cys99. The redox active 

Cys99 site was further confirmed by MS analysis, which identified glutathionylation with 

GSH/diamide treatment and –SOH, -SO2H and disulfides with H2O2 treatment [214,215].

Devarie-Baez et al. Page 16

Free Radic Res. Author manuscript; available in PMC 2017 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Transcription Factors—A classic example of redox-regulated transcription factors is the 

NF-κB/Rel family [216,217]. Early studies have shown that the p50 subunit of NF-κB can 

undergo nitrosylation [218] and glutathionylation [219] at the Cys62 residue. Cys62 is part 

of the DNA binding domain, and its modification inhibits the DNA-binding activity of p50 

[218,220]. Chemical labeling with dimedone followed by MS analysis also revealed the 

formation of -SOH at Cys62 [220].

DNA Methyltransferases (DNMT)—Changes in the cellular redox status are implicated 

in the regulation of epigenetic processes contributing to the development and progression of 

cancer [221–223]. One such epigenetic modification is DNA methylation, which is tightly 

regulated by the action of DNA methyltransferases enzymes such as DNMT1, DNMT3A 

and DNMT3B [224]. DNMT3A and DNMT3B but not DNMT1 are found to convert DNA 

modified 5-hydroxymethyl cytosine (5-hmC) to cytosine (C) in the presence of H2O2, and 

this dehydromethylase activity can be reversed in the presence of reducing agents, 

suggesting that DNA methylation is controlled by the oxidative state of the DNA 

methyltransferases [225]. Though the -SOH formation in these proteins has not been 

confirmed, DNMTs have a reactive catalytic Cys, which could be susceptible to oxidation.

6. CONCLUDING REMARKS AND PERSPECTIVES

The large body of literature that was partly reviewed here provides clear evidence for the 

significance of redox regulation in cellular signaling, metabolism, and epigenetics impacting 

the initiation, development and progression of many pathologies ranging from 

cardiovascular and neurological diseases, to diabetes, aging and cancer. With several of the 

redox regulated proteins being investigated in clinical trials for treatment of various diseases 

(Table 1), the consideration of specific oxidative modifications is of outmost importance to 

improve the efficacy of therapies targeting these proteins. This is a highly complex task that 

requires a holistic approach based on comprehensive understanding of the redox 

microenvironment and proteins’ oxidative state at the time of treatment along with 

considerations of how these might change during the course of treatment due to the effects 

of targeted drug itself and/or concurrent redox-altering treatments (e.g., ionizing radiation, 

chemotherapies).

It is evident from the examples highlighted in this review that, to a significant extent, most 

of the available knowledge in this field has been supported and disclosed by combined 

utilization of chemical technologies, classic molecular biology tools (e.g., site-directed 

mutagenesis), and advanced analytical instrumentation. These have contributed to the 

discovery and elucidation of mechanisms driving oxidative activation or inactivation of 

target proteins from variable sample sourcing including intact proteins, cells and tissues. 

While classical chemical probes like those containing the 1,3-diketo functionality (e.g., 

dimedone-like) and tag-switch assays have proven valuable for qualitative and semi-

quantitative identification of protein sulfenic acids, significant work remains to achieve 

comprehensive quantitative measurement of oxidative protein modifications. The 

development of new -SOH trapping agents with enhanced cellular uptake, targeted 

subcellular localization, increased reaction kinetics and compatibility with a variety of 

downstream applications is ongoing and expected to further advance the field of thiol redox 
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regulation. Also, it is clear from the examples included here that multiple oxidative 

modifications could exist at the same Cys site depending on the availability of ROS, RNS, or 

RSS effectors. However, with few exceptions [226–228], most of current workflows focus 

on the identification of single oxidative species (e.g., -SOH, -SNO, -SSG, or protein 

disulfides, etc). More studies are needed to address the site occupancy of various oxidative 

modifications in a given biological context and identify the key drivers of protein function. It 

is possible that within the cellular milieu, a particular microenvironment (e.g., that of protein 

within the cell or of reactive Cys within the protein) may selectively lead to formation of a 

single or few predominant oxidative species. However, it is also possible that multiple 

oxidative modifications are employed as a means to diversify the function and subcellular 

localization of redox-regulated proteins. Integration of experimental and computational 

approaches is further needed to identify structural motifs that allow prediction of –SOH (or 

other oxidative states of interest) formation and stability [229]. Ultimately, such 

computational strategies should enable classification of sulfenic acid species in categories 

depending on site occupancy and stability, which can have significant impact in predicting 

Cys residues that may serve as redox sensors or potential handle for attachment of covalent 

inhibitors.

In conclusion, redox regulation of protein activity is a critical component of the complex 

machinery driving cell function under both physiological and pathological conditions. 

Deciphering the timing of oxidative modification, location at protein and cellular level, 

abundance relative to unmodified protein or other oxidized species, nature, stability and 

functional consequence of oxidative modifications will continue to remain a significant 

focus for the foreseeable future.
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Figure 1. Sulfenic acid as a central oxidative posttranslational modification at protein Cys sites
Reaction of -SOH with biological oxidants, reductants or nucleophiles yields various thiol 

oxoforms including: (A) intramolecular N-amide to -SOH attack to produce sulfenyl amide 

(-SN), (B) oxidation to sulfinic acid (-SO2H) or sulfonic acid (-SO3H), (C) mixed disulfide 

formation: S-thiolation (–SSCys or –SSG), S-sulfhydration (-SSH) and S-polysulfination (-

S(S)nSR).
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Figure 2. Formation of -SOH from other cysteine oxoforms
(A) Reaction of thiosulfinates and small molecular thiols; (B) Proposed mechanism for the 

formation of C-terminal cysteine -SOH.
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Figure 3. Representative low molecular weight (LMW) sulfenic acid compounds
These model compounds are stabilized by various physicochemical factors: sterics (A), 

hydrogen bonding (B), and electronic (C).
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Figure 4. Chemical derivatization methods to detect protein sulfenylation
(A) NDB-Cl method gives a spectroscopic detectable signal at 347 nm; (B) 1,3-dicarbonyl 

probes produce irreversible thioether-conjugate amenable for various analytical detection 

including mass spectrometry (MS), Western blot and imaging; (C) Cycloalkynes probes 

produces a detectable sulfoxide conjugate applicable to Western blot and MS techniques; 

and, (D) Benzoxaboroles and boronic acids generate a covalent adduct detectable in 11B 

NMR and MS.
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Figure 5. Mammalian antioxidant defense system
Cytosolic and mitochondrial antioxidant proteins involved in ROS/RNS metabolism. Prx - 

peroxiredoxins; Srx - sulfiredoxin; Trxox/Trxred - oxidized and reduced thioredoxin; 

GSSG/GSH - oxidized and reduced glutathione; Grx - glutaredoxin; GSR - glutathione 

reductase; TrxR - thioredoxin reductase.
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	4. REDOX REGULATION OF METABOLISM
	TRANFERASESMethylthioadenosine Phosphorylase (MTAP): Several transferase enzymes are targets of Cys oxidation, including sulfenylation. MTAP catalyzes the degradation of 5′-methylthioadenosine (MTA) to adenine and 5′-methylthioribose-1-phosphate (MTRP) [136] and undergoes oxidative inactivation by ROS [137]. Site-directed mutagenesis studies revealed two Cys residues, Cys136 and Cys223, to be essential for the decreased enzymatic conversion of MTA to MTAP with oxidation. Treatment of MTAP enzyme with H2O2 and subsequently with NBD-Cl confirmed the presence of -SOH at both residues. MS analysis also identified a disulfide bridge between Cys145 and Cys211; however, this oxidized form did not prove to be responsible for the oxidative inactivation of MTAP [137].Methylpyruvate Sulfurtransferase (MST or MPST): MST is a redox-regulated enzyme involved in the transulfuration pathway of cysteine metabolism [138]. Treatment with H2O2 inhibits the activity of this enzyme by inducing –SOH formation at Cys247 [139]. The –SOH formation at Cys247 was confirmed by MS, chemical labeling and site-directed mutagenesis. The sulfurtransferase activity of MST is effectively restored in the presence of reducing agents such as DTT or the Trx/TrxR system. However, under excess of oxidizing agent the inhibition of MST is irreversible due to the formation of higher oxidized species, in this case -SO3H.Mitochondrial Branched Chain Aminotransferase (hBCATm): Human BCATm (hBCATm) is a pyridoxal phosphate-dependent enzyme catalyzing the transfer of an amino group to non-polar amino acids such as leucine, isoleucine and valine [140]. Both thiol blocking agents and H2O2 were shown to inactivate hBCATm by acting on Cys315 and/or Cys318 [141,142]. These two functional Cys residues are proximal to the active site and form an intramolecular disulfide bridge under oxidizing conditions. Site-directed mutagenesis, chemical labeling and MS have established Cys315 as the reactive Cys site undergoing oxidation to –SOH and driving disulfide bond formation with the resolving Cys318 [141].Methionine Adenosyltransferase (MAT): MAT is a metabolic liver enzyme responsible for the catabolism of methionine in mammals and is regulated by H2O2 [143]. Both MAT I (homotetramer) and MAT III (homodimer) isoforms were found susceptible to H2O2-induced inactivation, presumably through reversible oxidative modification of Cys, as the activity of each isoform was recovered by GSH treatment. MAT III activity was fully reversed by physiological levels of GSH. In contrast, MAT I required GSH concentrations above physiological levels for full reactivation, suggesting that other reducing systems may be responsible for maintaining this protein in active state. Site-directed mutagenesis of ten Cys residues located in the α-subunit of the recombinant rat liver MAT identified Cys121 as the residue controlling H2O2-induced inactivation and potential site for -SOH formation [144].Protein Arginine Methyltransferase 1 (PRMT1): PRMTs are a family of nine enzymes responsible for methylation of proteins at arginine residues. Given their critical function in histone methylation, deregulation of these enzymes is associated with numerous diseases including cardiovascular and neurological conditions and cancer [145–147]. The human isoform PRMT1 is the major source of asymmetric dimethylarginine (ADMA) and its activity is inhibited by oxidation [148,149]. Site-directed mutagenesis, chemical labeling with -SOH directed probes, and MS analysis revealed -SOH formation at Cys101 and Cys208 correlating with decreased activity of PRMT1 [150]. The mechanisms by which these oxidation events impact the activity of PRMT1 and whether other PRMT isoforms are similarly redox regulated, given that these sites are conserved in all PRMTs, remain to be determined.Other proteins with putative -SOH - based mechanisms of regulation: Pyruvate kinase M2 (PKM2) and transketolase (TK2) are two other transferases regulated by oxidation. Though the Cys sites responsible for redox sensitivity have been identified in both cases (Cys358 in PKM2 [151], Cys189 and Cys264 in TK2 [152,153]), it is currently unknown if these involve -SOH formation in vivo.LIGASESAminoacyl-tRNA Synthetases (aaRS): aaRS are enzymes pairing amino acids and tRNA during protein synthesis. These enzymes are prone to misactivation of amino acids that are structurally similar to the targeted amino acid. For example, threonyl-tRNA synthetase (ThrRS) misactivates Ser and then uses a Cys as editing site to hydrolyze Ser-tRNA to allow for the incorporation of the correct amino acid at Thr codons [154]. Inability to correct for misincorporation of Ser at Thr sites causes protein misfolding, leading to detrimental consequences in all species from bacteria to humans [86]. In E. coli, oxidative stress impairs the editing site of ThrRS by posttranslational oxidation of the conserved Cys182 [155–157] to -SOH. The ThrRS -SOH is formed under various oxidative conditions including air, H2O2 or HOCl and results in Ser misincorporation at Thr codons [158]. Sulfenic acid modifications in other aaRS such as glutamyl-tRNA synthetase, and methionyl-tRNA synthetase were also identified in HeLa cells using chemical labeling and MS analysis [39].In this class of enzymes, carbamoyl phosphate synthetase (CPS) also showed inhibition of activity upon treatment with H2O2 [159,160]. CPS forms an intramolecular disulfide bond between Cys1327 and Cys1337, which has been proposed to occur through the intermediacy of -SOH.ISOMERASESPeptidyl-Prolyl Isomerase (Pin1): Pin1 catalyzes the cis-trans interconversion of the phosphoSer/phosphoThr-Pro peptide bond, inducing conformational changes in cellular proteins [161]. This enzyme has neuroprotective properties, and patients with mild cognitive impairment show increased oxidation and decreased activity of Pin1 [162]. X-ray crystallography studies of recombinant Pin1 incubated with H2O2, revealed –SOH formation at Cys113 located in the active site of the enzyme [163]. Higher concentrations of H2O2 as well as prolonged exposures generated –SO2H and –SO3H oxidized proteins. Activity assays performed in the presence of H2O2, reaction with 4,4′-dithiodipyrimidine (DTDP) and site-directed mutagenesis (by substituting Cys113 to Asp) showed reduced activity of Pin1, indicating that oxidation at Cys113 causes the inactivation of protein. Treatment of oxidized protein with DTT recovered approximately 40% of the activity, suggesting that 60% of the protein was in the hyperoxidized -SO2/3H state. Cumulatively these and other studies (e.g., [164]) underline the significance of Pin1 oxidation in neurological disorders and presumably other diseases as well.CYSTEINE PROTEASESDeubiquitinases (DUB): Deubiquitinases hydrolyze ubiquitin modifications regulating proteostasis and activity of many signaling, metabolic and epigenetic proteins. There are five DUB families separated into cysteine protease and metalloprotease classes of enzymes [165]. To date, only cysteine-based DUBs are known to be regulated by oxidation [166]. One of these cysteine-based DUBs is A20, a tumor suppressor involved in regulation of NF-κB signaling, which belongs to the family of ovarian tumor deubiquitinases (OTUs) [167]. X-ray crystallography, chemical labeling, and functional studies identified protein sulfenylation at Cys103 in the catalytic domain of A20. Protein -SOH formation was also found in other OTUs such as OTUD7B (at Cys194), OTUB1, OTUD1, OTUD2, OTUD3, OTUD5 and OTUD6A [168].The ubiquitin-specific protease USP1 (also a cysteine-based DUB) is reversibly inactivated upon oxidative stress in vivo and is associated with monoubiquitination-dependent DNA damage response during S-phase of the cell cycle. The oxidation status of USP1 was examined in U-2 OS cells by chemical labeling with -SOH probes, Western blot analysis and activity assays. These studies demonstrated -SOH formation and decreased activity in the presence of H2O2. Similarly, the USP7 isoform was reversibly inactivated by oxidation. Though the reversible –SOH modification site was not identified, MS analysis showed evidence of –SO3H formation at the catalytic cysteine site, pointing to increased sensitivity to hyperoxidation in USP7 and perhaps a more transient –SOH state [169].Cathepsin K: Cathepsin K is a redox sensitive protease containing a catalytic Cys25 residue that is susceptible to oxidation by hydroperoxides and nitric oxide donors [170]. Treatment of recombinant protein with H2O2 induces time and concentration dependent inhibition of enzyme activity, which was partly (~30%) reversed by reduction with DTT. Further analysis using NDB-Cl showed approximately 35% -SOH content, consistent with the proportion of activity recovered by DTT treatment. The biological function of the –SOH and hyperoxidized forms of this enzyme in cells remains to be determined, but could serve as mechanism of protection against oxidative stress under inflammatory conditions [171].Other proteases with putative -SOH - based mechanisms of regulation: Other redox-regulated proteases include caspase 3 and SENP1. Glutathionylation [172] and nitrosylation [173] studies confirmed Cys135 in caspase 3 as the target site of oxidation. Although sulfenylation is a possible intermediate in the path to glutathionylation, -SOH formation was not experimentally confirmed for this enzyme. In human SENP1, oxidation induced the formation of an intermolecular disulfide bond between Cys603 located in the active site, and Cys613 (a unique residue of SENP1) both in vivo and in vitro [174]. X-ray crystallography studies of Ulp1, the yeast homolog of SENP1, showed –SOH, -SO2H, and –SO3H modification at the catalytic Cys580 [174] suggesting potential –SOH formation in SENP1 as well.HYDROLASESMonoacylglycerol Lipase (MGL): MGL is a serine hydrolase, and its function in brain is to inactivate the endocannabinoid neurotransmitter 2-arachidonoyl-sn-glycerol (2-AG) by hydrolyzing it into arachidonic acid and glycerol [175]. The catalytic site of MGL contains two regulatory Cys residues, Cys201 and Cys208, which are targeted by thiol-reacting MGL inhibitors. A third cysteine (Cys242) located within the active site in close proximity to the catalytic nucleophile Ser122 directly influences catalysis [176–178]. A recent study reported that inactivation of MGL by sulfenylation at Cys201 and Cys208 causes accumulation of 2-AG, and an increase in 2-AG-mediated endocannabinoid signaling in neurons [179]. In this study, the –SOH formation at Cys201 and 208 was demonstrated by multiple assays involving site-directed mutagenesis, chemical labeling and MS analysis.S-Formylglutathione Hydrolase (SFGH): In yeast, S-formylglutathione is converted enzymatically to GSH and formate by the action of SFGH, a homolog of human esterase D [180,181]. X-ray crystallography analysis [182], NBD-Cl treatment and site-directed mutagenesis [183] demonstrated -SOH formation at Cys60 (human Cys56 [180]), located in close proximity to the catalytic site. Activity assays linked the oxidative modification at Cys60 with inhibition of enzyme activity [183]. Interestingly, the oxidative inactivation of SFGH was found to be dependent on a closely located His160 residue which acts as hydrogen bond donor during the oxidative inactivation of the protein [182,183].DEHYDROGENASESDihydrolipoamide Dehydrogenase (DLDH): DLDH catalyzes the oxidation of dihydrolipoamide using NAD+ as electron acceptor [184]. Chemical labeling of DLDH with –SOH probes linked the increase in sulfenylation with loss in enzymatic activity. Attempts to determine the sites of sulfenylation were unsuccessful and only hyperoxidized Cys449 and Cys277 were identified, which ultimately were found not to be responsible for the inhibition of activity. It was suggested that one of the two cysteines (Cys45 or Cys50) in the active site could be the target of oxidation resulting in DLDH inactivation; however, this was not confirmed experimentally [185].Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH): The dehydrogenase activity of GAPDH was shown decades ago to be controlled by oxidation at reactive Cys sites [186]. Sulfenic acid formation in GAPDH turns off dehydrogenase activity and turns on the acylphosphatase activity [33]. Treatment of the -SOH form of GAPDH with carbon nucleophiles such as alkenes and dimedone inhibits both dehydrogenase and acylphosphatase activities [33]. Multiple studies including sequencing analysis of 14C-dimedone labeled protein digest [33], Western blot analysis with an anti-dimedone antibody [187], X-ray crystallography [188,189], and others [190–193] support the formation of -SOH at the catalytic Cys152 site.PROTEINS INVOLVED IN METAL ION SENSING, BUFFERING AND TRANSPORTRecoverin: Recoverin is a Ca2+ sensor protein posttranslationally modified by N-terminal myristoylation [194]. Mild oxidative environments regulate the activity of recoverin by acting on a conserved Cys residue (Cys39 in the human homolog) [195–197]. Experiments using site-directed mutagenesis of Cys39 to Asp (-SO2H mimetic) showed that hyperoxidation of myristoylated protein did not change the affinity for Ca2+ but drastically decreased the binding of recoverin to photoreceptor cell membranes [196]. On the other hand, the Cys39Ala mutant increased the cooperativity of Ca2+ binding to non-myristoylated protein [197]. Structural analysis further identified –SOH modification at Cys39 [197]. Thus, the oxidative modification of this protein controls its Ca2+ binding properties, intracellular location and potentially the interaction with other proteins involved in the visual cycle of photoreceptor cells.Transient Receptor Potential Channel A1 (TRPA-1): Redox regulation of TRPA-1 was found to produce vasodilation effects acting in the release of calcitocin-gene related peptide (CGRP) [198]. Recent studies demonstrated activation of TRPA-1 in a mouse model of streptozotocin (STZ)-induced diabetes, which is characterized by an increase in peroxynitrite [199]. Analysis of a custom made N-terminal peptide of human TRPA-1 containing six essential Cys residues (Cys621, Cys641, Cys665 and other three nearby Cys residues) using –SOH chemical probes confirmed the formation of this species in TRPA-1. Additional MS analysis of the modified peptide demonstrated formation of two possible disulfides bridges, involving Cys633 and Cys641, and Cys641 and Cys651. Other functional studies using triple (Cys621Ser, Cys642Ser and Cys665Ser) and quadruple (Cys621Ser, Cys642Ser, Cys665Ser and Lys710Arg) mutants showed that modification at both Cys and Lys residues (modified as Nε-(carboxymethyl)lysine) are responsible for the activation of TRPA1. Although the STZ-induced activation of TRPA-1 is increased by modifications at lysine residues, oxidation is indeed regulatory, as experiments performed in HEK-293T cells transfected with hTRPA-1 showed that the STZ-induced activation of TRPA1 can be significantly decreased by reducing agents.Calbindin D28K: The human calbindin D28K protein serves as both Ca2+ buffer [200] and sensor [201] and contains five cysteine residues that are regulated by changes in cellular redox environment [202–204]. Protein incubation with GSH under aerobic conditions resulted in glutathionylation at Cys187, Cys219 and Cys257 [203]. MS studies also found Cys257 as -SO2H, which may imply a sulfenic acid intermediate leading to hyperoxidation or glutathionylation [203]. Cys100 was also found to form an intramolecular disulfide with Cys94 leading to decreased Ca2+ affinity [203,204]. The redox regulation of calbindin D28K could have implications in the modulation of cellular apoptosis by controlling the activity of IMPase [205] and caspase 3, among others [206].Vascular Potassium-ATP Channels (KATP channels): The voltage-gated potassium channel Kv1.5 was found to undergo oxidation to –SOH at Cys581, a modification linked to downregulation of the channel [207]. Other potassium channels are also known to be inhibited by glutathionylation at reactive Cys, including Kir6.1 at Cys 176 [208], the Kv4 channel at Cys13 [209], and Kir5.1 at Cys158 [210]. However, oxidation to -SOH has not been confirmed in these cases.
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	5. REDOX REGULATION OF EPIGENETICS
	Apurinic/Apyrimidinic Endonuclease (APE1)—APE1 is a DNA repair enzyme that is also known as redox effector factor 1 [212]. APE1 displays its redox effector function by reducing disulfides or -SOH in target proteins to promote DNA binding and transcriptional activities and is inhibited by glutathionylation [213]. Site-directed mutagenesis of Cys residues within the redox regulatory portion of the protein (Cys65Ala, Cys93Ala and Cys99Ala) revealed that mutants containing Cys99Ala were not affected by oxidation, indicating that the oxidative inactivation of APE1 activity requires Cys99. The redox active Cys99 site was further confirmed by MS analysis, which identified glutathionylation with GSH/diamide treatment and –SOH, -SO2H and disulfides with H2O2 treatment [214,215].Transcription Factors—A classic example of redox-regulated transcription factors is the NF-κB/Rel family [216,217]. Early studies have shown that the p50 subunit of NF-κB can undergo nitrosylation [218] and glutathionylation [219] at the Cys62 residue. Cys62 is part of the DNA binding domain, and its modification inhibits the DNA-binding activity of p50 [218,220]. Chemical labeling with dimedone followed by MS analysis also revealed the formation of -SOH at Cys62 [220].DNA Methyltransferases (DNMT)—Changes in the cellular redox status are implicated in the regulation of epigenetic processes contributing to the development and progression of cancer [221–223]. One such epigenetic modification is DNA methylation, which is tightly regulated by the action of DNA methyltransferases enzymes such as DNMT1, DNMT3A and DNMT3B [224]. DNMT3A and DNMT3B but not DNMT1 are found to convert DNA modified 5-hydroxymethyl cytosine (5-hmC) to cytosine (C) in the presence of H2O2, and this dehydromethylase activity can be reversed in the presence of reducing agents, suggesting that DNA methylation is controlled by the oxidative state of the DNA methyltransferases [225]. Though the -SOH formation in these proteins has not been confirmed, DNMTs have a reactive catalytic Cys, which could be susceptible to oxidation.
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