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Increased sirtuin deacylase activity is correlated with increased lifespan and healthspan in eukaryotes. Conversely, decreased sirtuin deacylase activity is correlated with increased susceptibility to aging-related diseases. However, the mechanisms leading to decreased sirtuin activity during aging are poorly understood. Recent work has shown that oxidative post-translational modification by reactive oxygen (ROS) or nitrogen (RNS) species results in inhibition of sirtuin deacylase activity through cysteine nitrosation, glutathionylation, sulfenylation, and sulfhydration as well as tyrosine nitration. The prevalence of ROS/RNS (e.g., nitric oxide, S-nitrosoglutathione, hydrogen peroxide, oxidized glutathione, and peroxynitrite) is increased during inflammation and as a result of electron transport chain dysfunction. With age, cellular production of ROS/RNS increases; thus, cellular oxidants may serve as a causal link between loss of sirtuin activity and aging-related disease development. Therefore, the prevention of inhibitory oxidative modification may represent a novel means to increase sirtuin activity during aging. In this review, we explore the role of cellular oxidants in inhibiting individual sirtuin human isoform deacylase activity and clarify the relevance of ROS/RNS as regulatory molecules of sirtuin deacylase activity in the context of health and disease.
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INTRODUCTION TO SIRTUINS

Sirtuins are a class of enzymes that remove acetyl and longer-chain acyl groups from lysine residues on proteins in an NAD+-dependent manner, producing O-acyl-ADP-ribose, nicotinamide, and deacylated lysine as products (Feldman et al., 2012). Humans encode seven sirtuin isoforms (Sirt1–7) with distinct subcellular distribution (Table 1; Michishita et al., 2005; Houtkooper et al., 2012). Sirt1 and Sirt2 shuttle between the nucleus and cytoplasm (North and Verdin, 2007; Tanno et al., 2007). Sirt3 (Onyango et al., 2002; Schwer et al., 2002; Michishita et al., 2005; Hallows et al., 2008) and Sirt4 (Michishita et al., 2005; Ahuja et al., 2007) are primarily localized to the mitochondria. Sirt5 is primarily mitochondrial (Michishita et al., 2005; Carrico et al., 2018), although Sirt5 also regulates the acylation levels of cytosolic targets (Park et al., 2013; Nishida et al., 2015). Sirt6 and Sirt7 reside in the nucleus (Michishita et al., 2005), with Sirt7 further localized to the nucleolus (Michishita et al., 2005; Chen et al., 2013).


TABLE 1. Human sirtuin isoform molecular weight, subcellular localization, and known lysine deacylase targets.
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Sirtuin family members display distinct deacylase activities (Table 1; Bheda et al., 2015) and protein targets (Nakagawa et al., 2009) despite a high degree of conservation across isoforms in their sequence and structure (Yuan and Marmorstein, 2012; Bheda et al., 2015). Indeed, all seven sirtuins contain a core catalytic domain harboring a four-coordinate cysteine Zn2+ finger (the Zn2+-tetrathiolate subdomain) with a structurally adjacent acyl-lysine binding pocket (Figure 1). Likewise, each sirtuin has an antiparallel β-sheet-rich Rossmann-fold subdomain that binds NAD+.
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FIGURE 1. Human sirtuin domain organization and tertiary structure of the catalytic core. (A) Linear representation of Sirt1, Sirt2, Sirt3, Sirt5, and Sirt6. Gray represents the catalytic core, with yellow denoting the Zn2+-tetrathiolate region. (B) Tertiary structure of the catalytic core and activator-binding domain of Sirt1 (PDB ID: 4ZZJ) with structural features and target residues labeled. (C) Tertiary structure of the catalytic core of Sirt6 (PDB ID: 7CL1) with structural features and target residues labeled. Blue residues denote sites of S-nitrosation, green residues denote sites of glutathionylation, orange residues denote sites of sulfhydration, purple residues denote sites of sulfenylation, and red residues denote sites of tyrosine nitration.


Sirtuin deacylase activity is important for health and survival, both at the cellular and organismal level; increased sirtuin activity is generally correlated with increased lifespan and healthspan (Imai and Guarente, 2016). Decreased sirtuin activity is generally correlated with development of aging-related diseases including cardiovascular disease (Sebastián et al., 2012), type II diabetes (Guarente, 2010; Haigis and Sinclair, 2010), neurodegeneration (Ansari et al., 2017), and cancer (Alhazzazi et al., 2011). Human sirtuins have far too many reported acylated protein substrates to comprehensively cover in this review; thus we focus on a subset of known deacylase substrates involved in metabolism, redox homeostasis, or inflammation (Table 2) as well as those used to show cellular sirtuin inhibition as discussed below. Although the molecular mechanisms negatively regulating sirtuin activity in aging-related pathologies are not fully understood, mounting evidence indicates (patho)physiological reactive oxygen and nitrogen species (ROS and RNS, respectively) play a role (Merksamer et al., 2013; Santos et al., 2016; Shahgaldi and Kahmini, 2021). ROS/RNS are produced in increasing concentrations with age (Harman, 1956; Finkel and Holbrook, 2000) and may negatively regulate sirtuin activity via post-translational modification of critical cysteine and tyrosine side chains. In this review, we cover oxidative post-translational modifications of Sirt1, Sirt2, Sirt3, Sirt5, and Sirt6; we omit discussion of Sirt4 and Sirt7 as they have no known oxidative modifications.


TABLE 2. Role of Sirt1, Sirt2, Sirt3, Sirt5, and Sirt6 in maintaining cellular metabolic processes, oxidant homeostasis, and reduction of inflammation.
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Sirt1

Sirt1 is the largest and most studied of the seven human sirtuin isoforms. Although Sirt1 can shuttle between the nucleus and cytoplasm, Sirt1 localization is primarily nuclear (Table 1; Tanno et al., 2007). Sirt1 displays strong deacetylase activity (Feldman et al., 2015). Sirt1 regulates gene transcription via deacetylation of transcription factors (Motta et al., 2004; Bouras et al., 2005), transcriptional coregulators (Rodgers et al., 2005, 2008; Cantó et al., 2009, 2010), and other critical cellular signaling proteins including the acetylation-dependent activity of multiple enzymes. Sirt1 is a modulator of apoptosis (Vaziri et al., 2001; Motta et al., 2004; Hughes et al., 2011; Mao B. et al., 2011), inflammation (Yeung et al., 2004), cellular energy status (Pedersen et al., 2007; Ponugoti et al., 2010; Hirschey et al., 2011; Anderson et al., 2017), and DNA repair (Cohen et al., 2004; Jeong et al., 2007; Zhang et al., 2015).

Sirt1 deacetylase activity is at the helm of many metabolic, signaling, and transcription-regulating processes (Table 2). Sirt1 deacetylates p53 in the cytosol, blocking p53 nuclear translocation and ability to induce apoptosis (Vaziri et al., 2001). Likewise, the transcriptional co-regulator peroxisome proliferator-activated receptor-γ co-activator 1α (PGC1α) is a deacetylase target of Sirt1; deacetylation leads to PGC1α activation and induction of mitochondrial gene expression programs (Rodgers et al., 2005, 2008; Cantó et al., 2009, 2010). Sirt1 deacetylates the transcription factor forkhead box protein O1 (FOXO1) (Motta et al., 2004; Yang et al., 2005; Hughes et al., 2011), thereby promoting FOXO1 nuclear retention and transcriptional activation of FOXO1-dependent genes. Sirt1 is tied to lipid metabolism through deacetylation of sterol regulatory element binding proteins 1 and 2 (SREBP1 and SREBP2) (Ponugoti et al., 2010; Walker et al., 2010). Liver metabolism is also affected by Sirt1; repression of hepatic gluconeogenesis by STAT3 is suppressed by Sirt1 deacetylation of STAT3 (Nie et al., 2009; Sestito et al., 2011).

Sirt1 may also serve as a sensor of cellular redox status via its deacetylase targets (Table 2). One such target is nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB); deacetylation of the p65 subunit of NF-κB inhibits NF-κB transcriptional activity and promotes tumor necrosis factor alpha (TNF-α)-induced apoptosis (Yeung et al., 2004). An additional Sirt1 deacetylase target is the redox-sensitive protein high mobility group protein B1 (HMGB1) (Hwang et al., 2014; Rabadi et al., 2015). HMGB1 functions as an alarmin to induce inflammation; when acetylated, HMGB1 is released into the extracellular space (Bonaldi et al., 2003). Sirt1 deacetylates HMGB1, thus preventing its extracellular release and opposing inflammatory activation.

Sirt1 deacetylase activity also has proven important in the nervous system (Table 2). Acetylation of tau, an adapter protein that binds and stabilizes microtubules, disrupts the ability of tau to bind microtubules and promotes tau aggregation. Plaques of hyperacetylated tau are frequently found in the postmortem brains of Alzheimer’s patients (Irwin et al., 2012). Sirt1 interacts with and deacetylates tau in mouse models, preventing tau aggregation (Min et al., 2010).



Sirt2

Similar to Sirt1, Sirt2 displays cell stimulus-dependent nuclear-cytoplasmic shuttling (Table 1; North and Verdin, 2007). Also similar to Sirt1, Sirt2 is a strong deacetylase but can also deacylate longer acyl chains such as myristoyl (Table 1; Feldman et al., 2015; Teng et al., 2015; Wang Y. et al., 2017; Huang et al., 2018). However, unlike Sirt1 which primarily resides in the nucleus, Sirt2 harbors a nuclear export sequence and is primarily cytosolic (North and Verdin, 2007). The principal known functions of Sirt2 are regulation of cell division (North et al., 2003; Kim et al., 2011) and initiation of inflammatory responses (Table 2; Rothgiesser et al., 2010). In particular, Sirt2 can deacetylate microtubule proteins, including α-tubulin (North et al., 2003), and the cell cycle checkpoint protein CDC20 (Kim et al., 2011), to promote cell division.

In addition to regulation of cell cycle, Sirt2 regulates glucose homeostasis by deacetylation and stabilization of phosphoenolpyruvate carboxykinase (PEPCK) (Jiang et al., 2011) under conditions of nutrient deprivation. Sirt2 also deacetylates glucose-6-phosphate dehydrogenase (G6PD) (Wang et al., 2014; Xu et al., 2016), the rate-limiting enzyme in the pentose phosphate pathway, which activates production of ribose-5-phosphate for nucleotide synthesis and promotes production of the reducing equivalent NADPH in the cytosol to counteract oxidant stress. Similar to Sirt1, Sirt2 deacetylates FOXO1 in response to oxidative stress, which negatively regulates FOXO1-dependent autophagy (Zhao et al., 2010). Like Sirt1, Sirt2 deacetylates and inhibits p65-dependent transcription in response to TNFα (Rothgiesser et al., 2010).



Sirt3

Sirt3 harbors strong deacetylase activity (Onyango et al., 2002; Schwer et al., 2002) and is primarily restricted to the mitochondria (Table 1; Onyango et al., 2002; Schwer et al., 2002; Michishita et al., 2005; Hallows et al., 2008); therefore, Sirt3 activity plays a critical role in regulation of the mitochondrial acetylome. Sirt3 activity directly regulates both cellular energy metabolism and oxidative stress burden via deacetylation and subsequent activation of key metabolic and oxidant detoxification enzymes (Table 2). Under stress conditions, the mitochondrial fusion-involved protein optic atrophy 1 (OPA1) becomes hyperacetylated. Sirt3 deacetylation of OPA1 maintains proper OPA1 function and thereby maintains mitochondrial structural integrity (Samant et al., 2014). An additional Sirt3 deacetylase target is isocitrate dehydrogenase 2 (IDH2), a mitochondrial matrix protein that produces NADPH, a required substrate for several mitochondrial antioxidant enzymes. Sirt3 deacetylates IDH2, thereby maintaining IDH2 enzymatic activity and proper redox balance in the mitochondria (Someya et al., 2010; Yu et al., 2012). Mitochondrial ATP balance is maintained by Sirt3 deacetylation of ATP synthase β (ATPβ) (Zhang et al., 2016). Sirt3 aids in mitochondrial superoxide (O2•−) detoxification via deacetylation and activation of superoxide dismutase 2 (SOD2) (Qiu et al., 2010; Tao et al., 2014; Zhang et al., 2016; Dikalova et al., 2017). Increased electron transport chain flux can produce O2•− due to premature transfer of electrons onto molecular oxygen from complex II (Nolfi-Donegan et al., 2020). Therefore, Sirt3 can fine-tune metabolic flux through the TCA cycle and electron transport chain, in tandem with mitigating the increased oxidant burden resulting from increased metabolic rates.



Sirt5

Sirt5 is selective for negatively charged acyl moieties malonyl-, succinyl-, and glutaryl-lysine, but does not harbor detectable deacetylase activity (Table 1; Du et al., 2011; Lin et al., 2013; Park et al., 2013; Rardin et al., 2013; Tan et al., 2014; Nishida et al., 2015; Sadhukhan et al., 2016; Wang F. et al., 2017; Yang et al., 2017). Sirt5 is primarily localized to the mitochondria (Table 1; Michishita et al., 2005; Carrico et al., 2018); however, cytosolic localization of Sirt5 has also been demonstrated (Park et al., 2013). The deacylase activity of Sirt5 is important for regulating the activity of critical metabolic enzymes (Table 2). Sirt5 desuccinylation and deglutarylation activates carnitine palmitoyl synthase-1 (1), a urea cycle enzyme critical for the removal of ammonia from the cell (Du et al., 2011; Tan et al., 2014). Similarly, Sirt5 desuccinylates and activates serine hydroxymethyltransferase (SHMT2) (Yang et al., 2017), a mitochondrial enzyme important in purine biosynthesis, and activates ketogenesis through desuccinylation of mitochondrial hydroxymethylglutaryl-CoA synthase (HMGCS2) (Rardin et al., 2013). Sirt5 also desuccinylates and activates SOD1 (Lin et al., 2013), suggesting that both Sirt3 and Sirt5 play a joint role in regulating metabolism, as well as cellular oxidative stress burden.



Sirt6

Unlike Sirt1 and Sirt2, which shuttle between the nucleus and cytosol, Sirt6 is restricted to the nucleus (Table 1; Michishita et al., 2005). Due to the presence of a hydrophobic tunnel in the Sirt6 acyl-lysine binding site, Sirt6 displays a preference for long-chain acyl groups, such as myristoyl-lysine (Table 1; Jiang et al., 2013; Feldman et al., 2015) and has almost undetectable deacetylase activity in vitro (Feldman et al., 2015). However, Sirt6 deacetylase activity is activated in the presence of fatty acids such as myristic acid (Feldman et al., 2013) and displays more robust deacetylase activity against whole histone substrates in cells (Table 2; Gil et al., 2013). Indeed, Sirt6 can deacetylate histone H3 at lysine 9 (H3K9) (Michishita et al., 2008), specifically at the NF-κB promoter, thereby repressing NF-κB-mediated transcriptional activation (Kawahara et al., 2009). Additionally, Sirt6 can deacetylate histone H3 at lysine 56 (H3K56) (Michishita et al., 2009). Sirt6 also promotes end resection at sites of DNA damage (Tian et al., 2019). Sirt6 can also serve as a mono-ADP-ribosyltransferase, both in vitro (Liszt et al., 2005) and in vivo (Mao Z. et al., 2011; Meter et al., 2014; Rezazadeh et al., 2019, 2020).




PROTEIN OXIDATIVE POST-TRANSLATIONAL MODIFICATIONS

Sirtuins can be post-translationally modified and inhibited by many physiological oxidants including nitric oxide (NO), S-nitrosoglutathione (GSNO), hydrogen peroxide (H2O2), and peroxynitrite (ONOO–). The pathophysiological effect of oxidative stress at the whole organismal level is well established, and the importance of sirtuins in the molecular underpinnings of oxidative stress is becoming ever clearer (Merksamer et al., 2013; Santos et al., 2016; Shahgaldi and Kahmini, 2021). In chronic inflammatory disease states, the redox balance shifts to that of oxidative stress, where the normal metabolites of ROS and RNS increase disproportionately (Sies, 1997; Finkel and Holbrook, 2000; Jones, 2006). Of the amino acid side chains, cysteine and tyrosine are most susceptible to oxidation by ROS and RNS. The free thiol (or thiolate) of cysteine residues can react with NO-derived oxidants or nitrosonium donors such as GSNO (Smith and Marletta, 2012; Wynia-Smith and Smith, 2017; Massa et al., 2021), peroxides such as H2O2 (Yang et al., 2016) or ONOO– (Alvarez and Radi, 2003), and glutathionylating agents such as glutathione disulfide (GSSG) or H2O2/glutathione (Kalinina and Novichkova, 2021). Overall, sirtuins are differentially sensitive to oxidative post-translational modification with distinct sets of oxidants. Here, we review the evidence for oxidative post-translational modification of each human sirtuin isoform, focusing on physiologically relevant oxidants and the resultant cysteine nitrosation [also referred to as nitrosylation (Smith and Marletta, 2012)], glutathionylation, sulfhydration, or sulfenylation or tyrosine nitration.


Cysteine S-Nitrosation

Nitric oxide-derived oxidants can react with cysteine thiols, thiolates, or thiyl radicals to form S-nitrosothiols (RS-NO), which can occur via several mechanisms (Table 3; Smith and Marletta, 2012; Wynia-Smith and Smith, 2017; Massa et al., 2021). Free NO does not directly react with a thiol to generate a nitrosothiol and instead requires a one-electron oxidation, formally resulting in the net addition of NO+ to a cysteine thiolate (Smith and Marletta, 2012; Wynia-Smith and Smith, 2017). Under aerobic conditions, NO can react with molecular oxygen (O2) through several steps to eventually form N2O3 (Kharitonov et al., 1995; Keszler et al., 2010). A nucleophilic thiolate can then react with the electrophilic nitrogen of N2O3 to form a nitrosothiol and NO2– (Keszler et al., 2010; Smith and Marletta, 2012; Wynia-Smith and Smith, 2017; Massa et al., 2021). NO can also directly add to a thiol to form a thionitroxyl radical (R-SNOH•) followed by a one electron oxidation to form a nitrosothiol in the presence of a protein-bound electron acceptor such as copper (II) and iron (III) (Smith and Marletta, 2012; Wynia-Smith and Smith, 2017). Nitrosothiols can also form via radical recombination between a cysteine thiyl radical and the unpaired electron of NO (Smith and Marletta, 2012; Wynia-Smith and Smith, 2017). Once nitrosothiols are formed, they can be transferred between proteins and small molecules, or between two proteins, via an SN2-like mechanism known as transnitrosation (Smith and Marletta, 2012; Wynia-Smith and Smith, 2017). A physiologically occurring small molecule that can transnitrosate proteins is GSNO (Broniowska et al., 2013). S-nitrosation is a reversible process; enzymes such as thioredoxin (Nikitovic and Holmgren, 1996; Stoyanovsky et al., 2005; Sengupta et al., 2007; Benhar et al., 2008) and GSNO reductase (Jensen et al., 1998; Liu et al., 2001) can restore nitrosated cysteines to their native sulfhydryl form.


TABLE 3. Oxidative modifications of human sirtuins, sites of modification, and associated references.
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Sirt1 Is Modified and Inhibited by Zn2+-Tetrathiolate S-Nitrosation

A significant body of literature indicates that Sirt1 is both modified and inhibited by S-nitrosation (Table 3; Kornberg et al., 2010; Rodríguez-Ortigosa et al., 2014; Shinozaki et al., 2014; Kalous et al., 2016, 2020; Nakazawa et al., 2017; Hoth et al., 2018; Kim et al., 2018; Sen et al., 2018). Recombinantly purified Sirt1 shows direct transnitrosation in vitro following treatment with GSNO (Kornberg et al., 2010; Kalous et al., 2016, 2020; Goetz et al., 2020) or nitrosated GAPDH (Kornberg et al., 2010). Treatment with the transnitrosation donor S-nitroso-N-acetylpenicillamine (SNAP) (Shinozaki et al., 2014; Kalous et al., 2020) or NO-donating compounds (NONOates) (Kalous et al., 2016, 2020) also yields S-nitrosated Sirt1. A subsequent loss of Sirt1 deacetylase activity accompanies S-nitrosation (Kornberg et al., 2010; Shinozaki et al., 2014; Kalous et al., 2016, 2020). The S-nitrosation sites of Sirt1 were localized to Cys395 or Cys398 of the Zn2+-tetrathiolate via serine mutagenesis (Figures 1A,B; Shinozaki et al., 2014; Kalous et al., 2016). The structural integrity of the Zn2+-tetrathiolate is essential for Sirt1 deacetylase activity; treatment of recombinant Sirt1 with nitrosating agents or mutation of any of the four tetrathiolate cysteines to serine resulted in Zn2+ loss (Shinozaki et al., 2014; Kalous et al., 2016). A concomitant loss of secondary protein structure was seen via circular dichroism (Kalous et al., 2016). S-nitrosation of Sirt1 is reversible with thiol-based reductants (Shinozaki et al., 2014; Kalous et al., 2016); concurrent supplementation with free Zn2+ restores Sirt1 deacetylase activity in vitro (Kalous et al., 2016), implying restoration of the Zn2+-tetrathiolate motif secondary structure and that Sirt1 S-nitrosation may serve as a reversible signaling mechanism.

Sirt1 S-nitrosation and subsequent inhibition has been shown in multiple cultured cell lines and animal systems, and points to a close relationship with the activity of various nitric oxide synthase (NOS) isoforms. S-nitrosation of transfected Sirt1 was demonstrated in COS-7 cells in response to 300 μM SNAP or 600 μM GSNO treatment (Shinozaki et al., 2014). Disrupting the Zn2+-tetrathiolate by treating immunopurified Sirt1 from COS-7 cell lysates with the Zn2+ chelator TPEN resulted in inhibition of Sirt1 deacetylase activity (Shinozaki et al., 2014). S-nitrosation as an output of inflammation was further demonstrated in several cellular models, including C2C12 myotubes and Hepa1c1c7 hepatocytes treated with cytokines (Shinozaki et al., 2014). Moreover, S-nitrosation of Sirt1 was correlated with inhibition of Sirt1 deacetylase activity; increased Sirt1 S-nitrosation correlated with increased p53 and p65 acetylation, thereby activating apoptosis and promoting expression of proinflammatory genes (Shinozaki et al., 2014). Downstream effects of Sirt1 S-nitrosation were also investigated in cultured RAW 264.7 macrophages (Kim et al., 2018). Treatment of RAW 264.7 macrophages with 1 mM SNAP increased Sirt1 S-nitrosation, decreased Sirt1 deacetylase activity, and allowed HMGB1 release (Kim et al., 2018).

The primary source of NO in biological systems are the three NOS isoforms (Marletta, 1994). The two constitutively expressed NOS isoforms are the neuronal (nNOS or NOS1) and endothelial (eNOS or NOS3) isoforms (Knowles and Moncada, 1994). Both eNOS and nNOS activity respond to Ca2+ fluxes and are dependent on Ca2+/calmodulin-binding for activation (Stevens-Truss et al., 1997; Gribovskaja et al., 2005; Campbell et al., 2014). In HEK293 cells stably expressing nNOS, activation of nNOS with the Ca2+ ionophore A23187 induced Sirt1 S-nitrosation and increased PGC1α acetylation as a proxy for Sirt1 activity (Kornberg et al., 2010). The inducible NOS isoform (iNOS or NOS2) is induced in response to inflammatory inputs such as cytokines and lipopolysaccharide (LPS); iNOS activity increases in many inflammatory and age-related diseases (Anavi and Tirosh, 2019). In C2C12 myotubes and Hepa1c1c7 hepatic cells, pretreatment with cytokines induced iNOS expression, yielded S-nitrosated Sirt1, and increased p53 acetylation as a proxy for Sirt1 activity (Shinozaki et al., 2014).

Rodent models point to a whole organismal role of Sirt1 S-nitrosation. Primary hepatocytes from Wistar rats showed Sirt1 S-nitrosation when cultured in media supplemented with cholic acid to alter bile salt homeostasis (Rodríguez-Ortigosa et al., 2014). Furthermore, Sirt1 S-nitrosation was tied to iNOS and nNOS activity. In C57BL/6 mice injected with LPS, Sirt1 S-nitrosation was observed in the liver, along with increased acetylation and DNA binding of p53 and p65. These effects were not seen in iNOS knockout (iNOS–/–) animals (Shinozaki et al., 2014). A subsequent study examined Sirt1 S-nitrosation in C57BL/6 mice but with burn injury as the original inflammatory stimulus (Nakazawa et al., 2017). Sirt1 S-nitrosation seen following burn injury correlated with iNOS expression and increased p53 and p65 acetylation, implying Sirt1 inhibition (Nakazawa et al., 2017). Sirt1 S-nitrosation and inhibition was observed and tied to iNOS activity in a “two-hit” model of lung injury, wherein a pulmonary injury was induced in mice by artificial contusion, followed by either infection with the Streptococcus pneumoniae TIGR4 strain or exposure to LPS (Hoth et al., 2018). Inhibiting iNOS with the small molecule iNOS inhibitor 1400W (Garvey et al., 1997) prior to lung injury prevented Sirt1 inhibition as measured by a commercial fluorescent assay; however, the impact on protein targets of Sirt1 deacetylase activity was not assessed (Hoth et al., 2018). Relevance of this signaling cascade was also investigated systemically in the lungs of BALB/c mice treated with LPS; both increased Sirt1 S-nitrosation and extracellular HMGB1 were observed but inhibited by pretreatment with the iNOS inhibitor 1400W (Table 4; Kim et al., 2018). Moreover, in an aged rat model, in vivo Sirt1 S-nitrosation increased with age in an iNOS-dependent manner when comparing skeletal muscle of 2- and 28-month-old F344 rats (Shinozaki et al., 2014). Intraperitoneal injection of aged rats with the iNOS inhibitor 1400W reduced the level of Sirt1 S-nitrosation (Shinozaki et al., 2014).


TABLE 4. Known downstream in vivo effects of oxidative modifications of Sirt1 and Sirt3 in animal model systems.
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Sirt1 S-nitrosation was also demonstrated in neurodegenerative models. In Parkinson’s disease, excess NO may be constitutively present due to increased nNOS activity (Hantraye et al., 1996; Przedborski et al., 1996). In an induced Parkinson’s disease mouse model, increased Sirt1 S-nitrosation paralleled increased p53 and p65 acetylation, and Sirt1 S-nitrosation was reduced when nNOS was inhibited with 7-nitroindazole (Table 4; Shinozaki et al., 2014). In a mouse model of Alzheimer’s disease, nNOS was also tied to Sirt1 S-nitrosation. Isolated primary cortical neurons of C57BL/6 mice were exposed to aggregated amyloid-β 1–42 peptide (Aβ1–42) (Sen et al., 2018). Aβ1–42 is thought to be the pathogenic form that accumulates and induces toxicity within neurons in Alzheimer’s disease. Neuronal exposure to Aβ1–42 induced S-nitrosation of GAPDH and Sirt1, decreased the Sirt1-tau interaction, and increased tau acetylation in an nNOS-dependent manner (Table 4; Sen et al., 2018).

Together, these animal models suggest Sirt1 S-nitrosation occurs in vivo under conditions of inflammation, aging, and neurodegeneration. Pharmacological prevention or reversal of Sirt1 S-nitrosation resulting in a net increase in Sirt1 deacetylase activity may be beneficial in these disease contexts.



Sirt2 Demyristoylase Activity Is Inhibited by Zn2+-Tetrathiolate S-Nitrosation in vitro

Recombinantly purified Sirt2, like its nuclear/cytosolic counterpart Sirt1, can be inhibited by S-nitrosation in vitro (Kalous et al., 2020; Table 3). A concentration-dependent increase in Sirt2 S-nitrosation was observed by treatment with GSNO and NO (up to 100 μM), correlating with inhibition of Sirt2 demyristoylase activity. As demonstrated by the ratio of the maximum rate of inactivation to the apparent covalent inhibition constant (kinact/KI), Sirt2 was the most efficiently inactivated by GSNO compared to Sirt1 and Sirt6, suggesting Sirt2 is more likely to be inactivated by GSNO compared to Sirt1 or Sirt6 in a cellular context (Kalous et al., 2020). Mutagenesis of the four Zn2+-tetrathiolate cysteines to alanine abolished S-nitrosation, indicating the Zn2+-tetrathiolate is the likely site of S-nitrosation (Kalous et al., 2020). Future studies are needed to determine if Sirt2 is modified and inhibited by S-nitrosation in cellular or animal models.



Sirt3 and Sirt5 Are Modified but Not Inhibited by Zn2+-Tetrathiolate S-Nitrosation in vitro

In vitro exposure of Sirt3 to NO (100 μM released from a NONOate), but not 100 μM GSNO, resulted in cysteine S-nitrosation (Table 3; Kalous et al., 2020). However, Sirt3 deacetylase activity was not significantly inhibited by NO. Similarly, the in vitro sensitivity of Sirt5 to NO-derived oxidants demonstrated Sirt5 S-nitrosation, but Sirt5 desuccinylase activity was not inhibited (Kalous et al., 2020). As discussed in section “Sirt1 Can Be Modified and Inhibited by Glutathionylation,” Sirt1 S-nitrosation occurs selectively at the Zn2+-tetrathiolate leading to inhibition of Sirt1 deacetylase activity (Shinozaki et al., 2014; Kalous et al., 2016). Likewise, mutation of the Zn2+-tetrathiolate cysteine residues to alanine abolished S-nitrosation signal in Sirt3 and Sirt5 (Kalous et al., 2020), but failed to inhibit deacylase activity. This decoupling of Sirt3 and Sirt5 Zn2+-tetrathiolate S-nitrosation and inhibition suggests that instead of directly inhibiting deacetylase activity, S-nitrosation may serve as a degradation signal similar to effects of Sirt3 glutathionylation (discussed in section “Sirt3 Can Be Modified and Inhibited by Glutathionylation”). Alternatively, the Sirt3 or Sirt5 Zn2+-tetrathiolate may be modified, but the integrity of the Zn2+-tetrathiolate may not be critical for Sirt3 or Sirt5 deacylase activity or disruption of the Zn2+-tetrathiolate may only alter binding and deacetylation of specific protein substrates in vivo, an effect missed when using acetylated peptide substrates in vitro. Alternatively, Sirt3 and Sirt5 may have evolved insensitivity to oxidants to maintain the deacylase activity of these mitochondrially targeted isoforms, as the mitochondrial environment is a primary source of ROS and RNS.



Sirt6 Is Inhibited by Zn2+-Tetrathiolate S-Nitrosation in vitro

In our in vitro NO-derived oxidant screen, Sirt6 displayed similar patterns of oxidative modification and inhibition to the other nuclear sirtuin isoforms Sirt1 and Sirt2. Sirt6 was S-nitrosated and demyristoylase activity inhibited in a concentration-dependent manner by NO and nitrosothiols such as GSNO (Table 3; Kalous et al., 2020). Mutagenesis of Zn2+-tetrathiolate cysteines to alanine indicated the Sirt6 Zn2+-tetrathiolate is the likely site of modification (Figures 1A,C; Kalous et al., 2020). Of the sirtuins examined in our study (Sirt1, Sirt2, Sirt3, Sirt5, and Sirt6), Sirt2 and Sirt6 were the only isoforms sensitive to inhibition by NO (released from a NONOate), where the second-order rate constant for Sirt6 inactivation measured by kinact/KI analysis was similar to that of Sirt2, suggesting that Sirt6 and Sirt2 are the most likely sirtuins to be inactivated by reaction with NO-derived oxidants compared to the other human sirtuins (Kalous et al., 2020). Future studies are needed to determine if Sirt6 is modified and inhibited by S-nitrosation in cellular or animal models.




Cysteine Glutathionylation

The thiol of cysteine residues can be covalently and reversibly modified by glutathione to yield glutathionylated (RS-SG) protein (Table 3). Multiple pathways lead to protein glutathionylation. Formation of nitrosothiols or sulfenic acids on a protein or GSH can precede glutathionylation, whereby GSH reacts with sulfenylated or nitrosated cysteines to yield glutathionylated protein and H2O or HNO, respectively. For example, in the presence of H2O2 and reduced glutathione (GSH), H2O2 can react with a protein cysteine thiol to form a transient sulfenic acid, followed by nucleophilic attack of the sulfenic acid by the GSH thiol resulting in glutathionylation (Kalinina and Novichkova, 2021). Alternatively, in a thiol-disulfide exchange reaction, GSSG can react with a cysteine thiol to yield a glutathionylated cysteine and GSH. Glutathionylation can also be catalyzed by glutaredoxin (Grx), where a thiyl radical (RS•) interacts with glutathione thiyl radical (GS•) (Ghezzi, 2013). Like other oxidative modifications, addition of the glutathione moiety on a reactive cysteine can perturb the global structure and activity of a protein, often inhibiting activity (Ghezzi, 2013). Glutathionylation is reversible, with glutaredoxin enzymes catalyzing the removal of the modification (Jung and Thomas, 1996; Chrestensen et al., 2000).


Sirt1 Can Be Modified and Inhibited by Glutathionylation

In addition to low micromolar GSNO treatment (6–100 μM) yielding Sirt1 S-nitrosation and inhibition of deacetylase activity (Kalous et al., 2016, 2020), Sirt1 can also be glutathionylated upon high concentration (2 mM) GSNO exposure (Table 3; Zee et al., 2010). It is important to note that GSNO preparations can be contaminated with significant amounts of GSSG (Becker et al., 1995; Ji et al., 1999; Giustarini et al., 2005), such that glutathionylation may result from reaction with GSSG instead of GSNO especially when treating with high GSNO concentrations. Mass spectrometry of FLAG-purified Sirt1 treated with 2 mM GSNO from HEK293 or bovine aortic endothelial cell (BAEC) lysate identified Cys67, Cys268, Cys326, and Cys623 as potential glutathionylated residues (Zee et al., 2010). However, instead of using a nitrosothiol-selective reductant such as ascorbate to differentiate the relative contribution of GSNO to S-nitrosation versus glutathionylation, DTT was the only reductant used, which reduces both modifications. Indeed, although five sites of GSNO-dependent modification were initially detected, only one, Cys67 (Figures 1A,B), was definitively identified as glutathionylated upon treatment with 2 mM GSNO (Zee et al., 2010). Therefore, the other sites identified may be sites of S-nitrosation or other GSNO-dependent redox-dependent modification such as inter- or intra-molecular disulfide formation.

While both S-nitrosation and glutathionylation are possible outcomes of a reaction between GSNO and a protein, S-nitrosation is the more kinetically favorable reaction (Gallogly and Mieyal, 2007). To deconvolute the relative ability of GSNO to nitrosate versus glutathionylate Sirt1, recombinantly purified Sirt1 was incubated with increasing concentrations of GSNO and trends in S-nitrosation and glutathionylation were observed (Kalous et al., 2016). Sirt1 was both glutathionylated and S-nitrosated by GSNO; however, the concentration dependence was vastly different. While Sirt1 S-nitrosation occurred in a concentration-dependent manner that directly paralleled Sirt1 inhibition and began at ∼6 μM GSNO, Sirt1 glutathionylation was not observed until 100 μM GSNO, consistent with S-nitrosation being the more favorable reaction. Both S-nitrosation and glutathionylation may collectively contribute to Sirt1 inhibition at concentrations higher than 100 μM. However, as GSNO and other S-nitrosothiols likely to accumulate only to nanomolar to low micromolar concentrations in cells (Broniowska and Hogg, 2012; Seneviratne et al., 2013), S-nitrosation is likely the physiologically relevant Sirt1 modification.

The deacetylase activity of recombinant zebrafish Sirt1 treated with supraphysiological GSSG concentrations (5 mM) showed 17% the deacetylase activity of untreated Sirt1 (Bräutigam et al., 2013). Incubation of glutathionylated Sirt1 with a fivefold molar excess of the oxidoreductase enzyme glutaredoxin-2 (Grx2) removed nearly all glutathione moieties and restored enzymatic activity to 63% that of fully reduced Sirt1, suggesting glutathionylation is a reversible process. A primary site of Sirt1 glutathionylation was localized to Cys204 (corresponds to Cys268 in the human isoform; Figures 1A,B); the cysteine to serine mutant significantly reduced the glutathionylation signal and deacetylase activity but did not completely abolish either. Furthermore, incubation of glutathionylated Sirt1 with Grx2 did not fully deglutathionylate Sirt1 or fully restore deacetylase activity. Taken together, this suggests Sirt1 can be glutathionylated at more than one site.

Cell-based studies suggest glutathionylation can inhibit Sirt1 activity (Shao et al., 2014). In HepG2 cells under conditions mimicking metabolic stress (high palmitate and high glucose) or treatment with S-nitrosocysteine (CysNO), Sirt1 glutathionylation was demonstrated by immunoblot (Shao et al., 2014). Overexpression of the deglutathionylating enzyme glutaredoxin-1 (Grx1) maintained endogenous Sirt1 activity and prevented apoptotic signaling in metabolically stressed HepG2 cells. Mutating a subset of potential glutathionylation target residues initially identified by Zee et al. (2010) abolished glutathionylation in a Sirt1 triple Cys-to-Ser mutant (Cys67, Cys326, and Cys623) (Shao et al., 2014). The oxidation-resistant Sirt1 triple mutant was further used in a study examining a potential glutathionylation-dependent interaction between GAPDH and Sirt1 (Rizvi et al., 2021). Though a definitive site of modification on Sirt1 was not identified, the triple mutant reduced glutathionylation signal and interaction with glutathionylated GAPDH via immunoblot (Rizvi et al., 2021). It was surprising that an established transnitrosating agent such as CysNO increased glutathione adducts on Sirt1 (Shao et al., 2014). However, S-nitrosation may serve as a precursor to glutathionylation by GSH. Importantly, these glutathionylation assays were performed using DTT (Shao et al., 2014) or TCEP (Rizvi et al., 2021) as a reductant prior to biotin labeling of putative glutathionylated cysteines rather than employing a nitrosothiol-selective reductant such as ascorbate. This confounds specificity in the modification identified; DTT and TCEP reduce both nitrosothiols and disulfides (and the other cysteine modifications discussed herein), indicating that treatment with CysNO may in fact result in S-nitrosation.

In animal models, Sirt1 glutathionylation occurs during oxidative stress. Sirt1 glutathionylation was observed in livers of C57/B6J mice fed a high fat, high-sucrose diet, which promoted production of ROS (assessed via dichlorodihydrofluorescein fluorescence), inhibition of Sirt1 deacetylase activity, and apoptosis via increased p53 acetylation (Table 4; Shao et al., 2014). A similar phenomenon was demonstrated in zebrafish, where Sirt1 glutathionylation correlated with delayed and disordered blood vessel network formation (Table 4; Bräutigam et al., 2013). Glutathionylated Sirt1 was observed in lungs of C57BL/6J mice exposed to cigarette smoke (Caito et al., 2010). Inhaled cigarette smoke increased Sirt1 glutathionylation, which was further augmented in Grx1 knockout (Grx1–/–) mice (Caito et al., 2010). Additionally, Grx1 deletion alone increased Sirt1 glutathionylation, even in the absence of cigarette smoke exposure (Caito et al., 2010).



Sirt3 Can Be Modified and Inhibited by Glutathionylation

Sirt3 glutathionylation has been observed in response to direct exposure of recombinantly purified Sirt3 to glutathionylating agents and in response to physiological inflammatory stimuli (Table 3; Dikalova et al., 2017; Kalous et al., 2020). In vitro exposure of recombinantly purified Sirt3 to 100 μM H2O2/GSH resulted in glutathionylation by anti-glutathione but no change in Sirt3 deacetylase activity (Kalous et al., 2020). Sirt3 is more sensitive to glutathionylation by 100 μM H2O2/GSH than by 100 μM GSSG, with significantly higher anti-glutathione signal observed in response to 100 μM H2O2/GSH (Dikalova et al., 2017; Kalous et al., 2020).

Sirt3 glutathionylation has been observed in animal models. Sirt3 is glutathionylated in vivo in the aorta and kidney of hypertensive mice, which correlated with increased acetylation of the Sirt3 substrate SOD2, suggesting Sirt3 deacetylase activity is inhibited in vivo under inflammatory conditions (Dikalova et al., 2017). In clinically hypertensive human subjects, although Sirt3 glutathionylation was not examined, SOD2 acetylation was significantly increased, suggesting that both Sirt3 deacetylase and SOD2 dismutase activity are inhibited in hypertension (Table 4; Dikalova et al., 2017). Although increased Sirt3 glutathionylation was observed cellularly, Sirt3 protein levels were also reduced by ∼50%, suggesting that, instead of directly inhibiting Sirt3 activity, glutathionylation may destabilize Sirt3 or serve as a degradation signal in vivo, resulting in loss of Sirt3 activity via depletion of Sirt3 protein levels (Dikalova et al., 2017). Taken together, Sirt3 glutathionylation may either promote degradation of Sirt3, alter the Sirt3 interactome, or as a direct inhibitory modification under inflammatory conditions.



Sirt5 Is Not Glutathionylated in vitro

Sirt5 has only been examined in vitro to assess glutathionylation status. Recombinantly purified Sirt5 was not glutathionylated by treatment with conditions (100 μM GSNO, GSSG, or H2O2/GSH) that yielded glutathionylated Sirt3 (Table 3; Kalous et al., 2020).



Sirt6 Glutathionylation in vitro Does Not Inhibit Demyristoylase Activity

A single study investigated the glutathionylation state of recombinantly purified Sirt6. Anti-glutathione immunoblots showed Sirt6 glutathionylation when treated with either GSSG or H2O2/GSH (100 μM) (Table 3; Kalous et al., 2020). However, purified Sirt6 demyristoylase activity was not significantly inhibited by 100 μM GSSG treatment, suggesting glutathionylation is not an inhibitory modification.




Cysteine Sulfenylation

Sulfenylation is a reversible oxidative modification where cysteine thiol is converted to a sulfenic acid (RS-OH) by reaction with two electron oxidants such as the peroxides H2O2 or ONOO– (Table 3; Alvarez and Radi, 2003; Yang et al., 2016); cysteine sulfenylation is reducible by common intracellular reductants such as reduced glutathione (Reddie and Carroll, 2008; Conte and Carroll, 2013; Gupta and Carroll, 2014). In recent years, protein sulfenylation has been described in numerous systems due to the advent of dimedone-based and other sulfenylation-selective probes (Holmila et al., 2018; Shi and Carroll, 2020, 2021). In in vitro studies of recombinantly purified Sirt1, Sirt2, Sirt3, and Sirt5, sulfenylation was not detected by the DYn-2 dimedone-based probe following treatment with 100 μM H2O2 (Kalous et al., 2016, 2020). Sirt6 is thus unique among sirtuins in that Sirt6 is the only isoform identified as sulfenylated (Yang et al., 2014; Long et al., 2017). Sirt6 contains five cysteine residues, four of which are conserved residues comprising the Zn2+-tetrathiolate.


Sirt6 Can Be Sulfenylated in Cells Leading to Disulfide Formation or Inhibition

In a recent study, RKO colon adenocarcinoma cells were treated with 500 μM H2O2, and A4331 epidermal carcinoma cells were stimulated with EGF to mimic inflammatory conditions. In both cases, robust Sirt6 sulfenylation was observed exclusively at a cysteine residue unique to Sirt6 (Cys18; Figures 1A,C) via DYn-2 probe followed by LC-MS/MS analysis (Table 3; Yang et al., 2014). Incubation of recombinantly purified Sirt6 and hypoxia-inducible factor 1-α (HIF1α) with 500 μM H2O2 demonstrated electromobility shifts in non-reducing gels for both Sirt6 and HIF1α, consistent with formation of a Sirt6-HIF1α dimer (Yang et al., 2014). Dimerization was mediated by a disulfide and dependent on cysteine sulfenylation, as the Sirt6-HIF1α dimer was not observed in the absence of H2O2, or in the presence of H2O2 under reducing conditions. Moreover, formation of a Sirt6-HIF1α dimer was prevented by cotreatment with 500 μM H2O2 and 10 mM dimedone, which selectively and covalently labels sites of cysteine sulfenylation. Mass spectrometry identified an intermolecular disulfide between Sirt6 Cys18 and HIF1α Cys800. An important caveat to these results is that this study employed a supraphysiological H2O2 concentration (500 μM) (Yang et al., 2014). Physiological H2O2 concentrations are in the low micromolar range at maximum (Sies and Jones, 2020). Indeed, a more conservative treatment of recombinantly purified Sirt6 with 100 μM H2O2 showed no sulfenylation (Kalous et al., 2020).

Sirt6 sulfenylation was also detected in THP-1 monocytes stimulated with LPS; however, this study localized the sulfenic acid to Cys144 (Figures 1A,C), one of the four Sirt6 Zn2+-tetrathiolate cysteines (Long et al., 2017). Sulfenylation correlated with reduced Sirt6 deacetylase activity and increased GLUT1 translocation to the cell membrane and increased glycolytic activity in THP1 monocytes (Long et al., 2017). Interestingly, HIF1α regulates GLUT1 transcription (Chen et al., 2001). These data therefore provide physiological evidence that Sirt6 plays a repressive role in modulating HIF1α signaling.




Cysteine Sulfhydration

Sulfhydration (also referred to as persulfidation or sulfuration) is a posttranslational modification where a cysteine sulfhydryl group is modified to the persulfide form (RS-SH) (Table 3). This modification may arise through several mechanisms. First, a cysteine side chain may first undergo oxidation (e.g., sulfenylation or glutathionylation), followed by reaction with H2S or HS– to yield a persulfide bond (Paul and Snyder, 2012). Once formed, persulfides have been speculated to trans-S-sulfhydrate neighboring cysteine residues (Zhang et al., 2017) similar to transnitrosation (section “Cysteine S-Nitrosation”). A sulfhydrated cysteine is more reactive than the native thiol due to the lower pKa value of a sulfhydrated cysteine (CysSSH pKa = 4.3; CysSH pKa = 8.3) (Cuevasanta et al., 2015; Shi and Carroll, 2020), which has downstream potential implications for protein structure, interacting proteins, and signaling pathways (Paul and Snyder, 2012).


Sirt1 Can Be Modified and Activated by Zn2+-Tetrathiolate Sulfhydration in Cells

Sirt1 sulfhydration has been demonstrated in cellular systems. In a 1-methyl-4-phenylpyridinium (MPP+) induced neurotoxicity model, SH-SY5Y neuroblastoma cells treated with 500 μM of the H2S donor NaHS prevented morphological and apoptotic effects of MPP+, and a modified biotin switch technique revealed increased sulfhydration of Sirt1 (Li et al., 2020). In the hepatic HepG2 cell line, increasing the output of H2S-producing enzyme cystathionine gamma-lyase (CSE) or treatment with NaHS led to an increase in both Sirt1 expression levels and deacetylase activity (Du et al., 2019). A complementary study in the human kidney HK-2 cell line found treatment with the polysulfide donor Na2S4 reversed effects of high glucose treatment; glucose-induced reduction in Sirt1 protein level was reversed, along with reversal of glucose-induced increases in STAT3 and p65 acetylation (Sun et al., 2021). Sirt1 sulfhydration was detected by Western blot following modified biotin switch; mutagenesis identified the modification site as the Zn2+-tetrathiolate (Du et al., 2019; Sun et al., 2021).



Sirt3 Can Be Modified and Activated by Zn2+-Tetrathiolate Sulfhydration in Cells

Sirt3 sulfhydration has been reported in multiple systems. In a model of chemotherapy-induced toxicity, human kidney cells (HK-2) or AKI mice were treated with cisplatin; basal levels of Sirt3 sulfhydration decreased, but rebounded upon NaHS treatment (Yuan et al., 2019). Likewise, in a liver toxicity model, the rat liver cell line BRL-3 was treated with the pesticide paraquat, or paraquat in combination with NaHS; paraquat treatment reduced sulfhydrated Sirt3 whereas co-treatment with NaHS restored Sirt3 sulfhydration (Liu et al., 2020). Functional downstream effects of Sirt3 sulfhydration in HK-2 cells included activation of Sirt3-catalyzed deacetylation of OPA1, SOD2, and ATP synthase subunit β (Yuan et al., 2019). The Zn2+-tetrathiolate was identified as the modification site via mutagenesis (Yuan et al., 2019).




Tyrosine Nitration

Tyrosine nitration is a post-translational modification whereby a nitro group (−NO2) is covalently substituted for a hydrogen in the three position ortho to the tyrosine phenolic sidechain hydroxyl (Table 3; Campolo et al., 2020). The first step in formation of 3-nitrotyrosine is oxidation of the tyrosine sidechain hydroxyl to the tyrosyl radical (Tyr•). Conversion of the tyrosyl radical to 3-nitrotyrosine can occur by reaction with ONOO–, NO radical, radical nitrate (•NO2), or by an enzymatic process involving myeloperoxidase, NO2–, and H2O2 (Bartesaghi and Radi, 2018). Like other oxidative modifications discussed in this review, tyrosine nitration is implicated in numerous inflammatory conditions, including cancer, neurodegeneration, and cardiovascular disease (Bartesaghi and Radi, 2018).


Sirt1 Can Be Modified and Inhibited by Tyrosine Nitration

Although the precise site(s) of nitration were not identified, global Sirt1 tyrosine nitration was demonstrated in both the retinas of mice and rats with diabetic retinopathy via microscopy (Table 3; Duarte et al., 2016). Under high glucose conditions, Sirt1 deacetylase activity decreased, as measured via an in vitro fluorometric assay and an increase in p65 acetylation. Direct detection of tyrosine nitration of immunopurified Sirt1 was visualized by immunoblot. Additionally, silencing NADPH oxidase 4 (NOX4) under high glucose conditions prevented Sirt1 inhibition, suggesting NOX4 is the primary source of O2•− production responsible for ONOO– formation (via radical recombination between O2•− and NO) and Sirt1 inhibition under these conditions (Table 4; Duarte et al., 2016). In mouse aorta treated with nicotine, a microscopic overlay of Sirt1 and anti-3-nitrotyrosine showed co-localization (Table 4; Ding et al., 2019). Sirt1 deacetylase activity was also decreased, and Zn2+ was released from recombinant Sirt1 upon 50 μM OONO– treatment, indicating tyrosine nitration of Sirt1 may be an inhibitory modification (Ding et al., 2019).



Sirt2 Inhibition Correlates With Increased Global Tyrosine Nitration

Sirt2 tyrosine nitration was indirectly implicated in rat glia Schwannoma cells treated with high glucose. An increase of global nitration correlated with increased acetylated α-tubulin and decreased Sirt2 protein (Table 3; Gadau, 2013), consistent with Sirt2 inhibition. Acetylated α-tubulin also correlated with dysregulation of the microtubular network (Gadau, 2013), which represents a potential pathway through which the structural changes observed in diabetic neuropathy occur. Future studies are needed to determine if Sirt2 nitration is directly responsible for the observed increased α-tubulin acetylation in Schwannoma cells.



Sirt3 Can Undergo Nitric Oxide Synthase-Dependent Tyrosine Nitration

Recombinantly purified Sirt3 treated with 100–500 μM ONOO– showed a concentration-dependent inhibition by an in vitro fluorometric assay (Table 3; Pérez et al., 2018). Increased Sirt3 nitration in mouse brain of aged (24-month-old) relative to young (3-month-old) animals has also been observed. The source of nitration was nNOS-dependent and activated by ROS-regulating adaptor protein p66Shc, as whole-body deletion of p66Shc resulted in significantly reduced mitochondrial protein nitration in aged p66Shc knockout (p66Shc–/–) mice. p66Shc can activate NAPDH oxidase, thereby increasing the O2•– production (Pérez et al., 2018) necessary for ONOO– formation. If sufficient ONOO– is produced to inhibit Sirt3, increased acetylation and decreased activity of critical antioxidant and other mitochondrial metabolic enzymes may result, which requires further study.



Sirt6 Can Be Modified and Inhibited by Tyrosine Nitration

Recombinantly purified Sirt6 showed tyrosine nitration and deacetylase inhibition when treated with the OONO– donor SIN-1 at high concentrations (0.5 and 5 mM) (Table 3); the specific site of modification was identified as Tyr257 by mass spectrometry analysis (Figures 1A,C; Hu et al., 2015). Sirt6 tyrosine nitration and deacylase inhibition, as determined by a fluorometric assay, was likewise demonstrated in HEK293 cells and human retinal microvascular endothelial cells treated with 0.5 or 5 mM of SIN-1 (Hu et al., 2015). Nitration and inhibition of Sirt6 was also observed in the retina of mice where systemic inflammation was induced by injection of LPS, suggesting nitration may be a relevant inhibitory modification of Sirt6 in vivo (Hu et al., 2015). Oxidants such as NO and ONOO– cause both single and double-stranded breaks in DNA (Burney et al., 1999), and Sirt6 facilitates DNA damage repair to increase the efficiency of strand break repair (Tian et al., 2019). However, if DNA damage is too extensive, protective mechanisms are shut down, and the cell is directed toward apoptosis (Roos and Kaina, 2013). In this case, Sirt6 inhibition by oxidants may serve as a mechanism to inhibit pro-survival responses once oxidant-dependent DNA damage becomes too great to repair.





CONCLUSION

In summary, sirtuins are susceptible to oxidative post-translational modifications such as cysteine nitrosation, glutathionylation, sulfhydration, and sulfenylation as well as tyrosine nitration in an isoform-specific manner. A limitation of many studies is the use of supraphysiological concentrations of oxidants. While oxidative post-translational modifications of sirtuins have been detected, whether the modification itself is causative of sirtuin inhibition or correlative with inhibition of sirtuins via depletion of NAD+ or modulating other regulatory post-translational modification (e.g., phosphorylation) or protein–protein interactions is unclear, as NAD+ levels and other post-translational modifications and protein–protein interactions were not measured in any study examining sirtuin oxidation. The capacity of sirtuins to be post-translationally modified in a cellular context in response to exogenous inflammatory stimuli has been demonstrated; further work to identify endogenous factors is still needed. Understanding of the inflammatory stimuli acting to inhibit sirtuin activity in aging-related diseases will help pave the way to developing therapeutics targeted at modulated these oxidative post-translational modifications of sirtuins.



AUTHOR CONTRIBUTIONS

KK and SW-S wrote the manuscript. SW-S and BS reviewed and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was funded by the National Institutes of Health Grants R01 DK119359 (to BS) and F31 DK117588 (to KK), American Heart Association Grant 15SDG25830057 (to BS), and American Diabetes Association Grant 1-18-IBS-068 (to BS).



REFERENCES

Ahuja, N., Schwer, B., Carobbio, S., Waltregny, D., North, B. J., Castronovo, V., et al. (2007). Regulation of Insulin Secretion by SIRT4, a Mitochondrial ADP-ribosyltransferase. J. Biol. Chem. 282, 33583–33592. doi: 10.1074/jbc.m705488200

Alhazzazi, T. Y., Kamarajan, P., Verdin, E., and Kapila, Y. L. (2011). SIRT3 and cancer: tumor promoter or suppressor? Biochim. Biophys. Acta BBA Rev. Cancer 1816, 80–88. doi: 10.1016/j.bbcan.2011.04.004

Alvarez, B., and Radi, R. (2003). Peroxynitrite reactivity with amino acids and proteins. Amino Acids 25, 295–311. doi: 10.1007/s00726-003-0018-8

Anand, P., Hausladen, A., Wang, Y.-J., Zhang, G.-F., Stomberski, C., Brunengraber, H., et al. (2014). Identification of S-nitroso-CoA reductases that regulate protein S-nitrosylation. Proc. Natl. Acad. Sci. U. S. A. 111, 18572–18577. doi: 10.1073/pnas.1417816112

Anavi, S., and Tirosh, O. (2019). iNOS as a metabolic enzyme under stress conditions. Free Radic. Biol. Med. 146, 16–35. doi: 10.1016/j.freeradbiomed.2019.10.411

Anderson, K. A., Madsen, A. S., Olsen, C. A., and Hirschey, M. D. (2017). Metabolic control by sirtuins and other enzymes that sense NAD+, NADH, or their ratio. Biochim. Biophys. Acta BBA Bioenergetics 1858, 991–998. doi: 10.1016/j.bbabio.2017.09.005

Ansari, A., Rahman, M. S., Saha, S. K., Saikot, F. K., Deep, A., and Kim, K. (2017). Function of the SIRT3 mitochondrial deacetylase in cellular physiology, cancer, and neurodegenerative disease. Aging Cell 16, 4–16. doi: 10.1111/acel.12538

Bartesaghi, S., and Radi, R. (2018). Fundamentals on the biochemistry of peroxynitrite and protein tyrosine nitration. Redox Biol. 14, 618–625. doi: 10.1016/j.redox.2017.09.009

Becker, K., Gui, M., and Schirmer, R. H. (1995). Inhibition of Human Glutathione Reductase by S-nitrosoglutathione. Eur. J. Biochem. 234, 472–478. doi: 10.1111/j.1432-1033.1995.472_b.x

Benhar, M., Forrester, M. T., Hess, D. T., and Stamler, J. S. (2008). Regulated Protein Denitrosylation by Cytosolic and Mitochondrial Thioredoxins. Science 320, 1050–1054. doi: 10.1126/science.1158265

Bheda, P., Jing, H., Wolberger, C., and Lin, H. (2015). The Substrate Specificity of Sirtuins. Annu. Rev. Biochem. 85, 405–29. doi: 10.1146/annurev-biochem-060815-014537

Bonaldi, T., Talamo, F., Scaffidi, P., Ferrera, D., Porto, A., Bachi, A., et al. (2003). Monocytic cells hyperacetylate chromatin protein HMGB1 to redirect it towards secretion. EMBO J. 22, 5551–5560. doi: 10.1093/emboj/cdg516

Bouras, T., Fu, M., Sauve, A. A., Wang, F., Quong, A. A., Perkins, N. D., et al. (2005). SIRT1 Deacetylation and Repression of p300 Involves Lysine Residues 1020/1024 within the Cell Cycle Regulatory Domain 1. J. Biol. Chem. 280, 10264–10276. doi: 10.1074/jbc.m408748200

Bräutigam, L., Jensen, L. D. E., Poschmann, G., Nyström, S., Bannenberg, S., Dreij, K., et al. (2013). Glutaredoxin regulates vascular development by reversible glutathionylation of sirtuin 1. Proc. Natl. Acad. Sci. U. S. A. 110, 20057–20062. doi: 10.1073/pnas.1313753110

Broniowska, K. A., Diers, A. R., and Hogg, N. (2013). S-Nitrosoglutathione. Biochim. Biophys. Acta BBA Gen. Sub. 1830, 3173–3181. doi: 10.1016/j.bbagen.2013.02.004

Broniowska, K. A., and Hogg, N. (2012). The Chemical Biology of S-Nitrosothiols. Antioxid. Redox Sign 17, 969–980. doi: 10.1089/ars.2012.4590

Burney, S., Caulfield, J. L., Niles, J. C., Wishnok, J. S., and Tannenbaum, S. R. (1999). The chemistry of DNA damage from nitric oxide and peroxynitrite. Mutat. Res. Fund. Mol. Mech. Mutagen. 424, 37–49. doi: 10.1016/s0027-5107(99)00006-8

Caito, S., Rajendrasozhan, S., Cook, S., Chung, S., Yao, H., Friedman, A. E., et al. (2010). SIRT1 is a redox-sensitive deacetylase that is post-translationally modified by oxidants and carbonyl stress. FASEB J. 24, 3145–3159. doi: 10.1096/fj.09-151308

Campbell, M. G., Smith, B. C., Potter, C. S., Carragher, B., and Marletta, M. A. (2014). Molecular architecture of mammalian nitric oxide synthases. Proc. Natl. Acad. Sci. U. S. A. 111, E3614–E3623. doi: 10.1073/pnas.1413763111

Campolo, N., Issoglio, F. M., Estrin, D. A., Bartesaghi, S., and Radi, R. (2020). 3-Nitrotyrosine and related derivatives in proteins: precursors, radical intermediates and impact in function. Essays Biochem. 64, 111–133. doi: 10.1042/ebc20190052

Cantó, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., et al. (2009). AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature 458, 1056–1060. doi: 10.1038/nature07813

Cantó, C., Jiang, L. Q., Deshmukh, A. S., Mataki, C., Coste, A., Lagouge, M., et al. (2010). Interdependence of AMPK and SIRT1 for Metabolic Adaptation to Fasting and Exercise in Skeletal Muscle. Cell Metab. 11, 213–219. doi: 10.1016/j.cmet.2010.02.006

Carrico, C., Meyer, J. G., He, W., Gibson, B. W., and Verdin, E. (2018). The Mitochondrial Acylome Emerges: proteomics, Regulation by Sirtuins, and Metabolic and Disease Implications. Cell Metab. 27, 497–512. doi: 10.1016/j.cmet.2018.01.016

Chen, C., Pore, N., Behrooz, A., Ismail-Beigi, F., and Maity, A. (2001). Regulation of glut1 mRNA by Hypoxia-inducible Factor-1. Interaction between H-ras and hypoxia. J. Biol. Chem. 276, 9519–9525. doi: 10.1074/jbc.m010144200

Chen, S., Seiler, J., Santiago-Reichelt, M., Felbel, K., Grummt, I., and Voit, R. (2013). Repression of RNA Polymerase I upon Stress Is Caused by Inhibition of RNA-Dependent Deacetylation of PAF53 by SIRT7. Mol. Cell 52, 303–313. doi: 10.1016/j.molcel.2013.10.010

Chrestensen, C. A., Starke, D. W., and Mieyal, J. J. (2000). Acute cadmium exposure inactivates Thioltransferase (Glutaredoxin), inhibits intracellular reduction of protein-glutathionyl-mixed disulfides, and initiates apoptosis. J. Biol. Chem. 275, 26556–26565. doi: 10.1074/jbc.m004097200

Cohen, H. Y., Miller, C., Bitterman, K. J., Wall, N. R., Hekking, B., Kessler, B., et al. (2004). Calorie restriction promotes mammalian cell survival by inducing the SIRT1 Deacetylase. Science 305, 390–392. doi: 10.1126/science.1099196

Conte, M. L., and Carroll, K. S. (2013). The Redox Biochemistry of Protein Sulfenylation and Sulfinylation. J. Biol. Chem. 288, 26480–26488. doi: 10.1074/jbc.r113.467738

Cuevasanta, E., Lange, M., Bonanata, J., Coitiño, E. L., Ferrer-Sueta, G., Filipovic, M. R., et al. (2015). Reaction of hydrogen sulfide with disulfide and sulfenic acid to form the strongly nucleophilic persulfide. J. Biol. Chem. 290, 26866–26880. doi: 10.1074/jbc.m115.672816

Dikalova, A. E., Itani, H. A., Nazarewicz, R. R., McMaster, W. G., Flynn, C. R., Uzhachenko, R., et al. (2017). Sirt3 impairment and SOD2 hyperacetylation in vascular oxidative stress and hypertension. Circ. Res. 121, 564–574. doi: 10.1161/circresaha.117.310933

Ding, Y., Han, Y., Lu, Q., An, J., Zhu, H., Xie, Z., et al. (2019). Peroxynitrite-Mediated SIRT (Sirtuin)-1 Inactivation Contributes to Nicotine-Induced Arterial Stiffness in Mice. Arterioscler. Thromb. Vasc. Biol. 39, 1419–1431. doi: 10.1161/atvbaha.118.312346

Du, C., Lin, X., Xu, W., Zheng, F., Cai, J., Yang, J., et al. (2019). Sulfhydrated Sirtuin-1 increasing its deacetylation activity is an essential epigenetics mechanism of anti-atherogenesis by hydrogen sulfide. Antioxid. Redox Sign 30, 184–197. doi: 10.1089/ars.2017.7195

Du, J., Zhou, Y., Su, X., Yu, J. J., Khan, S., Jiang, H., et al. (2011). Sirt5 Is a NAD-Dependent Protein Lysine Demalonylase and Desuccinylase. Science 334, 806–809. doi: 10.1126/science.1207861

Duarte, D. A., Papadimitriou, A., Gilbert, R. E., Thai, K., Zhang, Y., Rosales, M. A. B., et al. (2016). Conditioned medium from early-outgrowth bone marrow cells is retinal protective in experimental model of diabetes. PLoS One 11:e0147978. doi: 10.1371/journal.pone.0147978

Feldman, J. L., Baeza, J., and Denu, J. M. (2013). Activation of the protein deacetylase SIRT6 by long-chain fatty acids and widespread deacylation by mammalian sirtuins. J. Biol. Chem. 288, 31350–31356. doi: 10.1074/jbc.c113.511261

Feldman, J. L., Dittenhafer-Reed, K. E., and Denu, J. M. (2012). Sirtuin Catalysis and Regulation. J. Biol. Chem. 287, 42419–42427. doi: 10.1074/jbc.r112.378877

Feldman, J. L., Dittenhafer-Reed, K. E., Kudo, N., Thelen, J. N., Ito, A., Yoshida, M., et al. (2015). Kinetic and structural basis for Acyl-Group Selectivity and NAD+ Dependence in Sirtuin-Catalyzed Deacylation. Biochemistry 54, 3037–3050. doi: 10.1021/acs.biochem.5b00150

Finkel, T., and Holbrook, N. J. (2000). Oxidants, oxidative stress and the biology of ageing. Nature 408, 239–247. doi: 10.1038/35041687

Gadau, S. (2013). Nitrosative-induced posttranslational α-tubulin changes on high-glucose-exposed Schwannoma cell line. Neuro Endocrinol. Lett. 34, 372–382.

Gallogly, M. M., and Mieyal, J. J. (2007). Mechanisms of reversible protein glutathionylation in redox signaling and oxidative stress. Curr. Opin. Pharmacol. 7, 381–391. doi: 10.1016/j.coph.2007.06.003

Garvey, E. P., Oplinger, J. A., Furfine, E. S., Kiff, R. J., Laszlo, F., Whittle, B. J. R., et al. (1997). 1400W Is a slow, tight binding, and highly selective inhibitor of inducible nitric-oxide synthase in vitro and in vivo. J. Biol. Chem. 272, 4959–4963. doi: 10.1074/jbc.272.8.4959

Ghezzi, P. (2013). Protein glutathionylation in health and disease. Biochim. Biophys. Acta BBA Gen. Sub. 1830, 3165–3172. doi: 10.1016/j.bbagen.2013.02.009

Gil, R., Barth, S., Kanfi, Y., and Cohen, H. Y. (2013). SIRT6 exhibits nucleosome-dependent deacetylase activity. Nucleic Acids Res. 41, 8537–8545. doi: 10.1093/nar/gkt642

Giustarini, D., Milzani, A., Aldini, G., Carini, M., Rossi, R., and Dalle-Donne, I. (2005). S-Nitrosation versus S-Glutathionylation of Protein Sulfhydryl Groups by S-Nitrosoglutathione. Antioxid. Redox Sign 7, 930–939. doi: 10.1089/ars.2005.7.930

Goetz, C. J., Sprague, D. J., and Smith, B. C. (2020). Development of activity-based probes for the protein deacylase Sirt1. Bioorg. Chem. 104:104232. doi: 10.1016/j.bioorg.2020.104232

Gribovskaja, I., Brownlow, K. C., Dennis, S. J., Rosko, A. J., Marletta, M. A., and Stevens-Truss, R. (2005). Calcium-binding sites of calmodulin and electron transfer by inducible nitric oxide synthase. Biochemistry 44, 7593–7601. doi: 10.1021/bi0474517

Guarente, L. (2010). Sirtuins, aging and disease. FASEB J. 24:198.3. doi: 10.1096/fasebj.24.1_supplement.198.3

Gupta, V., and Carroll, K. S. (2014). Sulfenic acid chemistry, detection and cellular lifetime. Biochim. Biophys. Acta BBA Gen. Sub. 1840, 847–875. doi: 10.1016/j.bbagen.2013.05.040

Haigis, M. C., and Sinclair, D. A. (2010). Mammalian Sirtuins: biological Insights and Disease Relevance. Annu. Rev. Pathol. Mech. Dis. 5, 253–295. doi: 10.1146/annurev.pathol.4.110807.092250

Hallows, W. C., Albaugh, B. N., and Denu, J. M. (2008). Where in the cell is SIRT3? – functional localization of an NAD+-dependent protein deacetylase. Biochem. J. 411, e11–e13. doi: 10.1042/bj20080336

Hantraye, P., Brouillet, E., Ferrante, R., Palfi, S., Dolan, R., Matthews, R. T., et al. (1996). Inhibition of neuronal nitric oxide synthase prevents MPTP–induced parkinsonism in baboons. Nat. Med. 2, 1017–1021. doi: 10.1038/nm0996-1017

Harman, D. (1956). Aging: a theory based on free radical and radiation chemistry. J. Gerontology 11, 298–300. doi: 10.1093/geronj/11.3.298

Hirschey, M. D., Shimazu, T., Capra, J. A., Pollard, K. S., and Verdin, E. (2011). SIRT1 and SIRT3 Deacetylate Homologous Substrates: AceCS1,2 and HMGCS1,2. Aging 3, 635–642. doi: 10.18632/aging.100339

Holmila, R. J., Vance, S. A., Chen, X., Wu, H., Shukla, K., Bharadwaj, M. S., et al. (2018). Mitochondria-targeted Probes for Imaging Protein Sulfenylation. Sci. Rep. 8:6635. doi: 10.1038/s41598-018-24493-x

Hoth, J. J., Smith, L. M., Furdui, C. M., Wells, J. D., Yoza, B. K., and McCall, C. E. (2018). Antioxidant treatment after injury suppresses second hit immune priming. J. Trauma Acute Care 85, 367–374. doi: 10.1097/ta.0000000000001951

Houtkooper, R. H., Pirinen, E., and Auwerx, J. (2012). Sirtuins as regulators of metabolism and healthspan. Nat. Rev. Mol. Cell Biol. 13, 225–238. doi: 10.1038/nrm3293

Hu, S., Liu, H., Ha, Y., Luo, X., Motamedi, M., Gupta, M. P., et al. (2015). Posttranslational modification of Sirt6 activity by peroxynitrite. Free Radic. Biol. Med. 79, 176–185. doi: 10.1016/j.freeradbiomed.2014.11.011

Huang, H., Zhang, D., Wang, Y., Perez-Neut, M., Han, Z., Zheng, Y. G., et al. (2018). Lysine benzoylation is a histone mark regulated by SIRT2. Nat. Commun. 9:3374. doi: 10.1038/s41467-018-05567-w

Hughes, K. J., Meares, G. P., Hansen, P. A., and Corbett, J. A. (2011). FoxO1 and SIRT1 Regulate β-Cell Responses to Nitric Oxide. J. Biol. Chem. 286, 8338–8348. doi: 10.1074/jbc.m110.204768

Hwang, J. S., Lee, W. J., Kang, E. S., Ham, S. A., Yoo, T., Paek, K. S., et al. (2014). Ligand-activated peroxisome proliferator-activated receptor-δ and -γ inhibit lipopolysaccharide-primed release of high mobility group box 1 through upregulation of SIRT1. Cell Death Dis. 5:e1432. doi: 10.1038/cddis.2014.406

Imai, S., and Guarente, L. (2016). It takes two to tango: NAD+ and sirtuins in aging/longevity control. Npj Aging Mech. Dis. 2:16017. doi: 10.1038/npjamd.2016.17

Irwin, D. J., Cohen, T. J., Grossman, M., Arnold, S. E., Xie, S. X., Lee, V. M.-Y., et al. (2012). Acetylated tau, a novel pathological signature in Alzheimer’s disease and other tauopathies. Brain 135, 807–818. doi: 10.1093/brain/aws013

Jensen, D. E., Belka, G. K., and Bois, G. C. D. (1998). S-Nitrosoglutathione is a substrate for rat alcohol dehydrogenase class III isoenzyme. Biochem. J. 331, 659–668. doi: 10.1042/bj3310659

Jeong, J., Juhn, K., Lee, H., Kim, S.-H., Min, B.-H., Lee, K.-M., et al. (2007). SIRT1 promotes DNA repair activity and deacetylation of Ku70. Exp. Mol. Med. 39, 8–13. doi: 10.1038/emm.2007.2

Ji, Y., Akerboom, T. P. M., Sies, H., and Thomas, J. A. (1999). S-Nitrosylation and S-Glutathiolation of Protein Sulfhydryls byS-Nitroso Glutathione. Arch. Biochem. Biophys. 362, 67–78. doi: 10.1006/abbi.1998.1013

Jiang, H., Khan, S., Wang, Y., Charron, G., He, B., Sebastian, C., et al. (2013). SIRT6 regulates TNF-α secretion through hydrolysis of long-chain fatty acyl lysine. Nature 496, 110–113. doi: 10.1038/nature12038

Jiang, W., Wang, S., Xiao, M., Lin, Y., Zhou, L., Lei, Q., et al. (2011). Acetylation Regulates Gluconeogenesis by Promoting PEPCK1 Degradation via Recruiting the UBR5 Ubiquitin Ligase. Mol. Cell 43, 33–44. doi: 10.1016/j.molcel.2011.04.028

Jones, D. P. (2006). Redefining Oxidative Stress. Antioxid. Redox Sign 8, 1865–1879. doi: 10.1089/ars.2006.8.1865

Jung, C.-H., and Thomas, J. A. (1996). S-Glutathiolated Hepatocyte Proteins and Insulin Disulfides as Substrates for Reduction by Glutaredoxin, Thioredoxin, Protein Disulfide Isomerase, and Glutathione. Arch. Biochem. Biophys. 335, 61–72. doi: 10.1006/abbi.1996.0482

Kalinina, E., and Novichkova, M. (2021). Glutathione in Protein Redox Modulation through S-Glutathionylation and S-Nitrosylation. Molecules 26:435. doi: 10.3390/molecules26020435

Kalous, K. S., Wynia-Smith, S. L., Olp, M. D., and Smith, B. C. (2016). Mechanism of Sirt1 NAD+-dependent Deacetylase Inhibition by Cysteine S-nitrosation. J. Biol. Chem. 291, 25398–25410. doi: 10.1074/jbc.m116.754655

Kalous, K. S., Wynia-Smith, S. L., Summers, S. B., and Smith, B. C. (2020). Human sirtuins are differentially sensitive to inhibition by nitrosating agents and other cysteine oxidants. J. Biol. Chem. 295, 8524–8536. doi: 10.1074/jbc.ra119.011988

Kawahara, T. L. A., Michishita, E., Adler, A. S., Damian, M., Berber, E., Lin, M., et al. (2009). SIRT6 Links Histone H3 Lysine 9 Deacetylation to NF-κB-Dependent Gene Expression and Organismal Life Span. Cell 136, 62–74. doi: 10.1016/j.cell.2008.10.052

Keszler, A., Zhang, Y., and Hogg, N. (2010). Reaction between nitric oxide, glutathione, and oxygen in the presence and absence of protein: how are S-nitrosothiols formed? Free Radic. Biol. Med. 48, 55–64. doi: 10.1016/j.freeradbiomed.2009.10.026

Kharitonov, V. G., Sundquist, A. R., and Sharma, V. S. (1995). Kinetics of Nitrosation of Thiols by Nitric Oxide in the Presence of Oxygen. J. Biol. Chem. 270, 28158–28164. doi: 10.1074/jbc.270.47.28158

Kim, H.-S., Vassilopoulos, A., Wang, R.-H., Lahusen, T., Xiao, Z., Xu, X., et al. (2011). SIRT2 Maintains Genome Integrity and Suppresses Tumorigenesis through Regulating APC/C Activity. Cancer Cell 20, 487–499. doi: 10.1016/j.ccr.2011.09.004

Kim, Y. M., Park, E. J., Kim, H. J., and Chang, K. C. (2018). Sirt1 S-nitrosylation induces acetylation of HMGB1 in LPS-activated RAW264.7 cells and endotoxemic mice. Biochem. Biophys. Res. Commun. 501, 73–79. doi: 10.1016/j.bbrc.2018.04.155

Knowles, R. G., and Moncada, S. (1994). Nitric oxide synthases in mammals. Biochem. J. 298, 249–258. doi: 10.1042/bj2980249

Kornberg, M. D., Sen, N., Hara, M. R., Juluri, K. R., Nguyen, J. V. K., Snowman, A. M., et al. (2010). GAPDH mediates nitrosylation of nuclear proteins. Nat. Cell Biol. 12, 1094–1100. doi: 10.1038/ncb2114

Li, J., Li, M., Wang, C., Zhang, S., Gao, Q., Wang, L., et al. (2020). NaSH increases SIRT1 activity and autophagy flux through sulfhydration to protect SH-SY5Y cells induced by MPP~+. Cell Cycle 19, 1–10. doi: 10.1080/15384101.2020.1804179

Lin, Z.-F., Xu, H.-B., Wang, J.-Y., Lin, Q., Ruan, Z., Liu, F.-B., et al. (2013). SIRT5 desuccinylates and activates SOD1 to eliminate ROS. Biochem. Biophys. Res. Commun. 441, 191–195. doi: 10.1016/j.bbrc.2013.10.033

Liszt, G., Ford, E., Kurtev, M., and Guarente, L. (2005). Mouse Sir2 Homolog SIRT6 Is a Nuclear ADP-ribosyltransferase. J. Biol. Chem. 280, 21313–21320. doi: 10.1074/jbc.m413296200

Liu, L., Hausladen, A., Zeng, M., Que, L., Heitman, J., and Stamler, J. S. (2001). A metabolic enzyme for S-nitrosothiol conserved from bacteria to humans. Nature 410, 490–494. doi: 10.1038/35068596

Liu, Z., Wang, X., Li, L., Wei, G., and Zhao, M. (2020). Hydrogen sulfide protects against paraquat-induced acute liver injury in rats by regulating oxidative stress, mitochondrial function, and inflammation. Oxid. Med. Cell Longev. 2020, 1–16. doi: 10.1155/2020/6325378

Long, D., Wu, H., Tsang, A. W., Poole, L. B., Yoza, B. K., Wang, X., et al. (2017). The Oxidative State of Cysteine Thiol 144 Regulates the SIRT6 Glucose Homeostat. Sci. Rep. 7:11005. doi: 10.1038/s41598-017-11388-6

Mao, B., Zhao, G., Lv, X., Chen, H.-Z., Xue, Z., Yang, B., et al. (2011). Sirt1 deacetylates c-Myc and promotes c-Myc/Max association. Int. J. Biochem. Cell Biol. 43, 1573–1581. doi: 10.1016/j.biocel.2011.07.006

Mao, Z., Hine, C., Tian, X., Meter, M. V., Au, M., Vaidya, A., et al. (2011). SIRT6 promotes DNA repair under stress by activating PARP1. Science 332, 1443–1446. doi: 10.1126/science.1202723

Marletta, M. A. (1994). Nitric oxide synthase: aspects concerning structure and catalysis. Cell 78, 927–930. doi: 10.1016/0092-8674(94)90268-2

Massa, C. M., Liu, Z., Taylor, S., Pettit, A. P., Stakheyeva, M. N., Korotkova, E., et al. (2021). Biological mechanisms of S-Nitrosothiol formation and degradation: how is specificity of S-Nitrosylation achieved? Antioxidants 10:1111. doi: 10.3390/antiox10071111

Merksamer, P. I., Liu, Y., He, W., Hirschey, M. D., Chen, D., and Verdin, E. (2013). The sirtuins, oxidative stress and aging: an emerging link. Aging 5, 144–150. doi: 10.18632/aging.100544

Meter, M. V., Kashyap, M., Rezazadeh, S., Geneva, A. J., Morello, T. D., Seluanov, A., et al. (2014). SIRT6 represses LINE1 retrotransposons by ribosylating KAP1 but this repression fails with stress and age. Nat. Commun. 5, 5011–5011. doi: 10.1038/ncomms6011

Michishita, E., McCord, R. A., Berber, E., Kioi, M., Padilla-Nash, H., Damian, M., et al. (2008). SIRT6 is a histone H3 lysine 9 deacetylase that modulates telomeric chromatin. Nature 452, 492–496. doi: 10.1038/nature06736

Michishita, E., McCord, R. A., Boxer, L. D., Barber, M. F., Hong, T., Gozani, O., et al. (2009). Cell cycle-dependent deacetylation of telomeric histone H3 lysine K56 by human SIRT6. Cell Cycle 8, 2664–2666. doi: 10.4161/cc.8.16.9367

Michishita, E., Park, J. Y., Burneskis, J. M., Barrett, J. C., and Horikawa, I. (2005). Evolutionarily Conserved and Nonconserved Cellular Localizations and Functions of Human SIRT Proteins. Mol. Biol. Cell 16, 4623–4635. doi: 10.1091/mbc.e05-01-0033

Min, S.-W., Cho, S.-H., Zhou, Y., Schroeder, S., Haroutunian, V., Seeley, W. W., et al. (2010). Acetylation of tau inhibits its degradation and contributes to tauopathy. Neuron 67, 953–966. doi: 10.1016/j.neuron.2010.08.044

Motta, M. C., Divecha, N., Lemieux, M., Kamel, C., Chen, D., Gu, W., et al. (2004). Mammalian SIRT1 represses forkhead transcription factors. Cell 116, 551–563. doi: 10.1016/s0092-8674(04)00126-6

Nakagawa, T., Lomb, D. J., Haigis, M. C., and Guarente, L. (2009). SIRT5 Deacetylates Carbamoyl Phosphate Synthetase 1 and Regulates the Urea Cycle. Cell 137, 560–570. doi: 10.1016/j.cell.2009.02.026

Nakazawa, H., Chang, K., Shinozaki, S., Yasukawa, T., Ishimaru, K., Yasuhara, S., et al. (2017). iNOS as a Driver of Inflammation and Apoptosis in Mouse Skeletal Muscle after Burn Injury: possible Involvement of Sirt1 S-Nitrosylation-Mediated Acetylation of p65 NF-κB and p53. PLoS One 12:e0170391. doi: 10.1371/journal.pone.0170391

Nie, Y., Erion, D. M., Yuan, Z., Dietrich, M., Shulman, G. I., Horvath, T. L., et al. (2009). STAT3 inhibition of gluconeogenesis is downregulated by SirT1. Nat. Cell Biol. 11, 492–500. doi: 10.1038/ncb1857

Nikitovic, D., and Holmgren, A. (1996). S-Nitrosoglutathione Is Cleaved by the Thioredoxin System with Liberation of Glutathione and Redox Regulating Nitric Oxide. J. Biol. Chem. 271, 19180–19185. doi: 10.1074/jbc.271.32.19180

Nishida, Y., Rardin, M. J., Carrico, C., He, W., Sahu, A. K., Gut, P., et al. (2015). SIRT5 Regulates both Cytosolic and Mitochondrial Protein Malonylation with Glycolysis as a Major Target. Mol. Cell 59, 321–332. doi: 10.1016/j.molcel.2015.05.022

Nolfi-Donegan, D., Braganza, A., and Shiva, S. (2020). Mitochondrial electron transport chain: oxidative phosphorylation, oxidant production, and methods of measurement. Redox Biol. 37:101674. doi: 10.1016/j.redox.2020.101674

North, B. J., Marshall, B. L., Borra, M. T., Denu, J. M., and Verdin, E. (2003). The Human Sir2 Ortholog, SIRT2, Is an NAD+-Dependent Tubulin Deacetylase. Mol. Cell 11, 437–444. doi: 10.1016/s1097-2765(03)00038-8

North, B. J., and Verdin, E. (2007). Interphase Nucleo-Cytoplasmic Shuttling and Localization of SIRT2 during Mitosis. PLoS One 2:e784. doi: 10.1371/journal.pone.0000784

Onyango, P., Celic, I., McCaffery, J. M., Boeke, J. D., and Feinberg, A. P. (2002). SIRT3, a human SIR2 homologue, is an NAD- dependent deacetylase localized to mitochondria. Proc. Nat. Acad. Sci. U. S. A. 99, 13653–13658. doi: 10.1073/pnas.222538099

Park, J., Chen, Y., Tishkoff, D. X., Peng, C., Tan, M., Dai, L., et al. (2013). SIRT5-Mediated lysine desuccinylation impacts diverse metabolic pathways. Mol. Cell 50, 919–930. doi: 10.1016/j.molcel.2013.06.001

Paul, B. D., and Snyder, S. H. (2012). H2S signalling through protein sulfhydration and beyond. Nat. Rev. Mol. Cell Biol. 13, 499–507. doi: 10.1038/nrm3391

Pedersen, T. Å, Bereshchenko, O., Garcia-Silva, S., Ermakova, O., Kurz, E., Mandrup, S., et al. (2007). Distinct C/EBPα motifs regulate lipogenic and gluconeogenic gene expression in vivo. EMBO J. 26, 1081–1093. doi: 10.1038/sj.emboj.7601563

Pérez, H., Finocchietto, P. V., Alippe, Y., Rebagliati, I., Elguero, M. E., Villalba, N., et al. (2018). p66Shc Inactivation Modifies RNS Production, Regulates Sirt3 Activity, and Improves Mitochondrial Homeostasis, Delaying the Aging Process in Mouse Brain. Oxid. Med. Cell Longev. 2018:8561892. doi: 10.1155/2018/8561892

Ponugoti, B., Kim, D.-H., Xiao, Z., Smith, Z., Miao, J., Zang, M., et al. (2010). SIRT1 Deacetylates and Inhibits SREBP-1C Activity in Regulation of Hepatic Lipid Metabolism. J. Biol. Chem. 285, 33959–33970. doi: 10.1074/jbc.m110.122978

Przedborski, S., Jackson-Lewis, V., Yokoyama, R., Shibata, T., Dawson, V. L., and Dawson, T. M. (1996). Role of neuronal nitric oxide in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced dopaminergic neurotoxicity. Proc. Natl. Acad. Sci. U. S. A. 93, 4565–4571. doi: 10.1073/pnas.93.10.4565

Qiu, X., Brown, K., Hirschey, M. D., Verdin, E., and Chen, D. (2010). Calorie Restriction Reduces Oxidative Stress by SIRT3-Mediated SOD2 Activation. Cell Metab. 12, 662–667. doi: 10.1016/j.cmet.2010.11.015

Rabadi, M. M., Xavier, S., Vasko, R., Kaur, K., Goligorksy, M. S., and Ratliff, B. B. (2015). High-mobility group box 1 is a novel deacetylation target of Sirtuin1. Kidney Int. 87, 95–108. doi: 10.1038/ki.2014.217

Rardin, M. J., He, W., Nishida, Y., Newman, J. C., Carrico, C., Danielson, S. R., et al. (2013). SIRT5 Regulates the Mitochondrial Lysine Succinylome and Metabolic Networks. Cell Metab. 18, 920–933. doi: 10.1016/j.cmet.2013.11.013

Reddie, K. G., and Carroll, K. S. (2008). Expanding the functional diversity of proteins through cysteine oxidation. Curr. Opin. Chem. Biol. 12, 746–754. doi: 10.1016/j.cbpa.2008.07.028

Rezazadeh, S., Yang, D., Biashad, S. A., Firsanov, D., Takasugi, M., Gilbert, M., et al. (2020). SIRT6 mono-ADP ribosylates KDM2A to locally increase H3K36me2 at DNA damage sites to inhibit transcription and promote repair. Aging 12, 11165–11184. doi: 10.18632/aging.103567

Rezazadeh, S., Yang, D., Tombline, G., Simon, M., Regan, S. P., Seluanov, A., et al. (2019). SIRT6 promotes transcription of a subset of NRF2 targets by mono-ADP-ribosylating BAF170. Nucleic Acids Res. 47, 7914–7928. doi: 10.1093/nar/gkz528

Rizvi, S. H. M., Shao, D., Tsukahara, Y., Pimentel, D. R., Weisbrod, R. M., Hamburg, N. M., et al. (2021). Oxidized GAPDH transfers S-glutathionylation to a nuclear protein Sirtuin-1 leading to apoptosis. Free Radic. Biol. Med. 174, 73–83. doi: 10.1016/j.freeradbiomed.2021.07.037

Rodgers, J. T., Lerin, C., Gerhart-Hines, Z., and Puigserver, P. (2008). Metabolic adaptations through the PGC-1α and SIRT1 pathways. FEBS Lett. 582, 46–53. doi: 10.1016/j.febslet.2007.11.034

Rodgers, J. T., Lerin, C., Haas, W., Gygi, S. P., Spiegelman, B. M., and Puigserver, P. (2005). Nutrient control of glucose homeostasis through a complex of PGC-1α and SIRT1. Nature 434, 113–118. doi: 10.1038/nature03354

Rodríguez-Ortigosa, C. M., Celay, J., Olivas, I., Juanarena, N., Arcelus, S., Uriarte, I., et al. (2014). A GAPDH-Mediated Trans-Nitrosylation Pathway Is Required for Feedback Inhibition of Bile Salt Synthesis in Rat Liver. Gastroenterology 147, 1084–1093. doi: 10.1053/j.gastro.2014.07.030

Roos, W. P., and Kaina, B. (2013). DNA damage-induced cell death: from specific DNA lesions to the DNA damage response and apoptosis. Cancer Lett. 332, 237–248. doi: 10.1016/j.canlet.2012.01.007

Rothgiesser, K. M., Erener, S., Waibel, S., Lüscher, B., and Hottiger, M. O. (2010). SIRT2 regulates NF-κB-dependent gene expression through deacetylation of p65 Lys310. J. Cell Sci. 123, 4251–4258. doi: 10.1242/jcs.073783

Sadhukhan, S., Liu, X., Ryu, D., Nelson, O. D., Stupinski, J. A., Li, Z., et al. (2016). Metabolomics-assisted proteomics identifies succinylation and SIRT5 as important regulators of cardiac function. Proc. Natl. Acad. Sci. U. S. A. 113, 4320–4325. doi: 10.1073/pnas.1519858113

Samant, S. A., Zhang, H. J., Hong, Z., Pillai, V. B., Sundaresan, N. R., Wolfgeher, D., et al. (2014). SIRT3 Deacetylates and Activates OPA1 To Regulate Mitochondrial Dynamics during Stress. Mol. Cell Biol. 34, 807–819. doi: 10.1128/mcb.01483-13

Santos, L., Escande, C., and Denicola, A. (2016). Potential modulation of sirtuins by oxidative stress. Oxid. Med. Cell Longev. 2016:9831825. doi: 10.1155/2016/9831825

Schwer, B., North, B. J., Frye, R. A., Ott, M., and Verdin, E. (2002). The human silent information regulator (Sir)2 homologue hSIRT3 is a mitochondrial nicotinamide adenine dinucleotide–dependent deacetylase. J. Cell Biol. 158, 647–657. doi: 10.1083/jcb.200205057

Sebastián, C., Satterstrom, F. K., Haigis, M. C., and Mostoslavsky, R. (2012). From sirtuin biology to human diseases: an update. J. Biol. Chem. 287, 42444–42452. doi: 10.1074/jbc.r112.402768

Sen, T., Saha, P., and Sen, N. (2018). Nitrosylation of GAPDH augments pathological tau acetylation upon exposure to amyloid-β. Sci. Signal. 11:eaao6765. doi: 10.1126/scisignal.aao6765

Seneviratne, U., Godoy, L. C., Wishnok, J. S., Wogan, G. N., and Tannenbaum, S. R. (2013). Mechanism-Based Triarylphosphine-Ester Probes for Capture of Endogenous RSNOs. J. Am. Chem. Soc. 135, 7693–7704. doi: 10.1021/ja401565w

Sengupta, R., Ryter, S. W., Zuckerbraun, B. S., Tzeng, E., Billiar, T. R., and Stoyanovsky, D. A. (2007). Thioredoxin Catalyzes the Denitrosation of Low-Molecular Mass and Protein S-Nitrosothiols. Biochemistry 46, 8472–8483. doi: 10.1021/bi700449x

Sestito, R., Madonna, S., Scarponi, C., Cianfarani, F., Failla, C. M., Cavani, A., et al. (2011). STAT3-dependent effects of IL-22 in human keratinocytes are counterregulated by sirtuin 1 through a direct inhibition of STAT3 acetylation. FASEB J. 25, 916–927. doi: 10.1096/fj.10-172288

Shahgaldi, S., and Kahmini, F. R. (2021). A comprehensive review of Sirtuins: with a major focus on redox homeostasis and metabolism. Life Sci. 282:119803. doi: 10.1016/j.lfs.2021.119803

Shao, D., Fry, J. L., Han, J., Hou, X., Pimentel, D. R., Matsui, R., et al. (2014). A Redox-resistant Sirtuin-1 Mutant Protects against Hepatic Metabolic and Oxidant Stress. J. Biol. Chem. 289, 7293–7306. doi: 10.1074/jbc.m113.520403

Shi, Y., and Carroll, K. S. (2020). Activity-Based Sensing for Site-Specific Proteomic Analysis of Cysteine Oxidation. Accounts Chem. Res. 53, 20–31. doi: 10.1021/acs.accounts.9b00562

Shi, Y., and Carroll, K. S. (2021). Parallel evaluation of nucleophilic and electrophilic chemical probes for sulfenic acid: reactivity, selectivity and biocompatibility. Redox Biol. 46:102072. doi: 10.1016/j.redox.2021.102072

Shinozaki, S., Chang, K., Sakai, M., Shimizu, N., Yamada, M., Tanaka, T., et al. (2014). Inflammatory stimuli induce inhibitory S-nitrosylation of the deacetylase SIRT1 to increase acetylation and activation of p53 and p65. Sci. Signal. 7:ra106. doi: 10.1126/scisignal.2005375

Sies, H. (1997). Oxidative stress: oxidants and antioxidants. Exp. Physiol. 82, 291–295. doi: 10.1113/expphysiol.1997.sp004024

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

Skoge, R. H., and Ziegler, M. (2016). SIRT2 inactivation reveals a subset of hyperacetylated perinuclear microtubules inaccessible to HDAC6. J. Cell Sci. 129, 2972–2982. doi: 10.1242/jcs.187518

Smith, B. C., and Marletta, M. A. (2012). Mechanisms of S-nitrosothiol formation and selectivity in nitric oxide signaling. Curr. Opin. Chem. Biol. 16, 498–506. doi: 10.1016/j.cbpa.2012.10.016

Someya, S., Yu, W., Hallows, W. C., Xu, J., Vann, J. M., Leeuwenburgh, C., et al. (2010). Sirt3 mediates reduction of oxidative damage and prevention of age-related hearing loss under caloric restriction. Cell 143, 802–812. doi: 10.1016/j.cell.2010.10.002

Stevens-Truss, R., Beckingham, K., and Marletta, M. A. (1997). Calcium Binding Sites of Calmodulin and Electron Transfer by Neuronal Nitric Oxide Synthase. Biochemistry 36, 12337–12345. doi: 10.1021/bi970973k

Stoyanovsky, D. A., Tyurina, Y. Y., Tyurin, V. A., Anand, D., Mandavia, D. N., Gius, D., et al. (2005). Thioredoxin and Lipoic Acid Catalyze the Denitrosation of Low Molecular Weight and Protein S-Nitrosothiols. J. Am. Chem. Soc. 127, 15815–15823. doi: 10.1021/ja0529135

Sun, H.-J., Xiong, S.-P., Cao, X., Cao, L., Zhu, M.-Y., Wu, Z.-Y., et al. (2021). Polysulfide-mediated sulfhydration of SIRT1 prevents diabetic nephropathy by suppressing phosphorylation and acetylation of p65 NF-κB and STAT3. Redox Biol. 38:101813. doi: 10.1016/j.redox.2020.101813

Tan, M., Peng, C., Anderson, K. A., Chhoy, P., Xie, Z., Dai, L., et al. (2014). Lysine Glutarylation is a protein posttranslational modification regulated by SIRT5. Cell Metab. 19, 605–617. doi: 10.1016/j.cmet.2014.03.014

Tanno, M., Sakamoto, J., Miura, T., Shimamoto, K., and Horio, Y. (2007). Nucleocytoplasmic Shuttling of the NAD+-dependent Histone Deacetylase SIRT1. J. Biol. Chem. 282, 6823–6832. doi: 10.1074/jbc.m609554200

Tao, R., Vassilopoulos, A., Parisiadou, L., Yan, Y., and Gius, D. (2014). Regulation of MnSOD enzymatic activity by Sirt3 connects the mitochondrial acetylome signaling networks to aging and carcinogenesis. Antioxid. Redox Sign 20, 1646–1654. doi: 10.1089/ars.2013.5482

Teng, Y.-B., Jing, H., Aramsangtienchai, P., He, B., Khan, S., Hu, J., et al. (2015). Efficient Demyristoylase Activity of SIRT2 Revealed by Kinetic and Structural Studies. Sci. Rep. 5:8529. doi: 10.1038/srep08529

Tian, X., Firsanov, D., Zhang, Z., Cheng, Y., Luo, L., Tombline, G., et al. (2019). SIRT6 Is Responsible for More Efficient DNA Double-Strand Break Repair in Long-Lived Species. Cell 177, 622–638.e22. doi: 10.1016/j.cell.2019.03.043

Vaziri, H., Dessain, S. K., Eaton, E. N., Imai, S.-I., Frye, R. A., Pandita, T. K., et al. (2001). hSIR2SIRT1 Functions as an NAD-Dependent p53 Deacetylase. Cell 107, 149–159. doi: 10.1016/s0092-8674(01)00527-x

Walker, A. K., Yang, F., Jiang, K., Ji, J.-Y., Watts, J. L., Purushotham, A., et al. (2010). Conserved role of SIRT1 orthologs in fasting-dependent inhibition of the lipid/cholesterol regulator SREBP. Gene Dev. 24, 1403–1417. doi: 10.1101/gad.1901210

Wang, F., Wang, K., Xu, W., Zhao, S., Ye, D., Wang, Y., et al. (2017). SIRT5 Desuccinylates and Activates Pyruvate Kinase M2 to Block Macrophage IL-1β Production and to Prevent DSS-Induced Colitis in Mice. Cell Rep. 19, 2331–2344. doi: 10.1016/j.celrep.2017.05.065

Wang, Y., Fung, Y. M. E., Zhang, W., He, B., Chung, M. W. H., Jin, J., et al. (2017). Deacylation Mechanism by SIRT2 Revealed in the 1’-SH-2’-O-Myristoyl Intermediate Structure. Cell Chem. Biol. 24, 339–345. doi: 10.1016/j.chembiol.2017.02.007

Wang, Y., Zhou, L., Zhao, Y., Wang, S., Chen, L., Liu, L., et al. (2014). Regulation of G6PD acetylation by SIRT2 and KAT9 modulates NADPH homeostasis and cell survival during oxidative stress. EMBO J. 33, 1304–1320. doi: 10.1002/embj.201387224

Wynia-Smith, S. L., and Smith, B. C. (2017). Nitrosothiol formation and S-nitrosation signaling through nitric oxide synthases. Nitric Oxide 63, 52–60. doi: 10.1016/j.niox.2016.10.001

Xu, S.-N., Wang, T.-S., Li, X., and Wang, Y.-P. (2016). SIRT2 activates G6PD to enhance NADPH production and promote leukaemia cell proliferation. Sci. Rep. 6:32734. doi: 10.1038/srep32734

Yang, J., Carroll, K. S., and Liebler, D. C. (2016). The Expanding Landscape of the Thiol Redox Proteome. Mol. Cell Proteomics 15, 1–11. doi: 10.1074/mcp.o115.056051

Yang, J., Gupta, V., Carroll, K. S., and Liebler, D. C. (2014). Site-specific mapping and quantification of protein S-sulphenylation in cells. Nat. Commun. 5:4776. doi: 10.1038/ncomms5776

Yang, X., Wang, Z., Li, X., Liu, B., Liu, M., Liu, L., et al. (2017). SHMT2 desuccinylation by SIRT5 drives cancer cell proliferation. Cancer Res. 78, 372–386. doi: 10.1158/0008-5472.can-17-1912

Yang, Y., Hou, H., Haller, E. M., Nicosia, S. V., and Bai, W. (2005). Suppression of FOXO1 activity by FHL2 through SIRT1-mediated deacetylation. EMBO J. 24, 1021–1032. doi: 10.1038/sj.emboj.7600570

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D., Jones, D. R., Frye, R. A., et al. (2004). Modulation of NF−κB-dependent transcription and cell survival by the SIRT1 deacetylase. EMBO J. 23, 2369–2380. doi: 10.1038/sj.emboj.7600244

Yu, W., Dittenhafer-Reed, K. E., and Denu, J. M. (2012). SIRT3 Protein Deacetylates Isocitrate Dehydrogenase 2 (IDH2) and Regulates Mitochondrial Redox Status. J. Biol. Chem. 287, 14078–14086. doi: 10.1074/jbc.m112.355206

Yuan, H., and Marmorstein, R. (2012). Structural Basis for Sirtuin Activity and Inhibition. J. Biol. Chem. 287, 42428–42435. doi: 10.1074/jbc.r112.372300

Yuan, Y., Zhu, L., Li, L., Liu, J., Chen, Y., Cheng, J., et al. (2019). S-Sulfhydration of SIRT3 by Hydrogen Sulfide Attenuates Mitochondrial Dysfunction in Cisplatin-Induced Acute Kidney Injury. Antioxid. Redox Sign 31, 1302–1319. doi: 10.1089/ars.2019.7728

Zee, R. S., Yoo, C. B., Pimentel, D. R., Perlman, D. H., Burgoyne, J. R., Hou, X., et al. (2010). Redox Regulation of Sirtuin-1 by S-Glutathiolation. Antioxid. Redox Sign 13, 1023–1032. doi: 10.1089/ars.2010.3251

Zhang, D., Du, J., Tang, C., Huang, Y., and Jin, H. (2017). H2S-Induced sulfhydration: biological function and detection methodology. Front. Pharmacol. 8:608. doi: 10.3389/fphar.2017.00608

Zhang, W., Wu, H., Yang, M., Ye, S., Li, L., Zhang, H., et al. (2015). SIRT1 inhibition impairs non-homologous end joining DNA damage repair by increasing Ku70 acetylation in chronic myeloid leukemia cells. Oncotarget 7, 13538–13550. doi: 10.18632/oncotarget.6455

Zhang, X., Ren, X., Zhang, Q., Li, Z., Ma, S., Bao, J., et al. (2016). PGC-1α/ERRα-Sirt3 Pathway Regulates DAergic Neuronal Death by Directly Deacetylating SOD2 and ATP Synthase β. Antioxid. Redox Sign 24, 312–328. doi: 10.1089/ars.2015.6403

Zhao, Y., Yang, J., Liao, W., Liu, X., Zhang, H., Wang, S., et al. (2010). Cytosolic FoxO1 is essential for the induction of autophagy and tumour suppressor activity. Nat. Cell Biol. 12, 665–675. doi: 10.1038/ncb2069


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Kalous, Wynia-Smith and Smith. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fphys-12-763417-t001.jpg
Sirtuin
isoform

Sirt1

Sirt2

Sirt3

Sirt5

Sirt6

Molecular
weight
(kDa)

81.7

43.2

43.6

33.9

39.1

Subcellular
localization

Nucleus

Cytoplasm

Nucleus
Cytoplasm

Mitochondria

Mitochondria
Cytoplasm

Nucleus

Acyl group selectivity

acetyl myristoyl
o o

\/\/\\)J\/\/W\

hexanoyl decanoy!

o] o]

MV\

acetyl decanoy!

NG NGIIRGA NG NN
o o Mmyristoyl

acetyl decanoyl

myristoyl

o o o o
&
o M Mo
malonyl succinyl O glutaryl
o

\)J\/vvv\

acetyl hexanoyl
o

T T S e

myristoyl

[o]






OPS/images/fphys-12-763417-t002.jpg
Sirtuin Deacylase Deacylated signaling output References
isoform target
Sirt1 p53 Reduced p53 transcription factor activity and apoptosis Vaziri et al., 2001
PGC1a PCG1a activation and induction of gluconeogenic gene expression and hepatic glucose output  Rodgers et al., 2005, 2008
FOXO1 Repressed FOXO1 transcriptional activation Motta et al., 2004; Yang et al., 2005
SREBP1c Decreased SREBP1 ¢ stability and occupancy at lipogenic genes Ponugoti et al., 2010
SREBP2 Downregulated SREBP2 target gene expression (e.g., LDL receptor) Walker et al., 2010
STAT3 Suppressed repression of liver gluconeogenesis Nie et al., 2009
NF-xB Inhibition of NF-kB transcriptional activity and promotion of TNFa-induced apoptosis Yeung et al., 2004
HMGB1 Prevention of HMGB1 cytosolic release and inflammatory activation Hwang et al., 2014; Rabadi et al., 2015
tau Enhanced degradation of phosphorylated tau and prevention of tau aggregates Min et al., 2010
Sirt2 a-Tubulin Maintained stability of peritubular microtubule network North et al., 2003; Skoge and Ziegler, 2016
CDC20 Regulation of anaphase-promoting complex Kim et al., 2011
PEPCK Stabilized PEPCK and regulation of glucose homeostasis Jiang et al., 2011
G6PD Maintenance of cellular NADPH homeostasis Wang et al., 2014; Xu et al., 2016
FOXO1 Negative regulation of FOXO1-dependent autophagy Zhao et al., 2010
p65 Deacetylation and inhibition of p65-dependent transcription in response to TNFa Rothgiesser et al., 2010
Sirt3 OPA1 Maintenance of OPA1 function and associated mitochondrial structural integrity Samant et al., 2014
IDH2 Preservation of IDH2 enzymatic activity and proper mitochondrial redox balance Someya et al., 2010; Yu et al., 2012
ATPB Regulation of mitochondrial ATP balance Zhang et al., 2016
SOD2 Increased mitochondrial superoxide detoxification Qiu et al., 2010; Tao et al., 2014;
Zhang et al., 2016; Dikalova et al., 2017
Sirt5 CPS$1 Increased CPS1 urea cycle activity Duetal., 2011; Tan et al., 2014
SHMT2 Activated to drive serine catabolism Yang et al., 2017
HMGCS2 Maintenance of ketogenesis Rardin et al., 2013
SOD1 Elimination of mitochondrial reactive oxygen species Lin et al., 2013
Sirté H3K9 Modulation of telomeres and repressed NF-kB dependent transcriptional activation Michishita et al., 2008; Kawahara et al., 2009
H3K56 Dynamic regulation of telomeric chromatin Michishita et al., 2009
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Oxidative Sirtuin Modification site (human numbering) References
modification isoform
S-nitrosation Sirt1 Zn?+ tetrathiolate (C371, C374, C395, C398 Kornberg et al., 2010; Rodriguez-Ortigosa et al., 2014; Shinozaki et al., 2014;
S' Kalous et al., 2016, 2020; Nakazawa et al., 2017;
7
Cys Hoth et al., 2018; Kim et al., 2018; Sen et al., 2018
Sirt2 Zn?+ tetrathiolate (C195, C200, C221, C224 Kalous et al., 2020
Sirt3 Zn?+ tetrathiolate (C256, C259, C280, C283 Kalous et al., 2020
Sirts Zn?* tetrathiolate (C166, C169, C207, C212 Kalous et al., 2020
Sirt6 Zn?+ tetrathiolate (C141, C144, C166, C177 Kalous et al., 2020
Glutathionylation Sirt1 Unidentified Anand et al., 2014; Shao et al., 2014; Kalous et al., 2020
ce7 Zee et al., 2010
C268 Zee et al., 2010; Brautigam et al., 2013
Sirt3 Unidentified Dikalova et al., 2017; Kalous et al., 2020
Sirt6 Unidentified Kalous et al., 2020
Cys/
Sulfenylation Sirt6 Cc18 Yang et al., 2014
Cys/S' C144 (Zn?*-tetrathiolate) Long et al., 2017
Sulfhydration Sirt1 Unidentified Li et al., 2020
& /S’ Zn%*-tetrathiolate (C371, C374, C395, C398) Du et al., 2019; Sun et al., 2021
ye Sirt3 Unidentified Liu et al., 2020
Zn?*-tetrathiolate (C256, C259, C280, C283) Yuan et al., 2019
Nitration Sirt1 Unidentified Duarte et al., 2016; Ding et al., 2019
e Sirt2 Unidentified Gadau, 2013
OH Sirt3 Unidentified Pérez et al., 2018
Sirté Y257 Hu et al., 2015
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Sirtuin  Oxidative Downstream in vivo effects of oxidative modification References
isoform modification
Sirt1 S-nitrosation Promotion of inflammatory gene activation in mouse neurons Shinozaki et al., 2014
Increased HMGB1 release in stimulated macrophages or injured mouse lung tissue Kim et al., 2018
Increased pathological tau acetylation in mouse cortical neurons Sen et al,, 2018
Gilutathionylation  Increased apoptosis in mice fed high fat diets Shao et al., 2014
Delayed and disordered zebrafish blood vessel network formation Bréutigam et al., 2013
Nitration In high glucose conditions, increased acetylated p65 in diabetic mouse retina Duarte et al., 2016
Nicotine-induced decreased Sirt1 activity and downstream YAP activation leading to mouse aorta arterial stiffness  Ding et al., 2019
Sirt3 Glutathionylation ~ Reduced SOD2 activity in mouse and human hypertension Dikalova et al., 2017






