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Abstract 

S-nitrosylation, the prototypic mechanism of redox-based signal transduction, 

involves the covalent attachment of a nitrogen monoxide group to a Cys-thiol side chain. 

S-nitrosylation of proteins has been demonstrated to affect a broad range of functional 

parameters including enzymatic activity, subcellular localization, protein-protein 

interactions and protein stability. The primary focus of my dissertation was to solve a 

problem of great importance in the field of S-nitrosylation, which is, to identify 

denitrosylase(s) i.e., enzymes that remove NO groups from S-nitrosothiols. Recent 

progress in elucidating the cellular regulation of S-nitrosylation has led to the 

identification of two physiologically relevant denitrosylating activities that remove the 

NO group from S-nitrosylated substrates. Thioredoxin/thioredoxin reductase (Trx 

system) functions as an NADPH-dependent denitrosylase across a broad range of S-

nitrosylated proteins (SNO-proteins). S-nitroso-glutathione reductase (GSNOR), which is 

highly conserved across phylogeny, metabolizes GSNO utilizing NADH as a reducing 

coenzyme, thereby shifting equilibria between GSNO and SNO-proteins. This 

dissertation describes the discovery of two novel denitrosylases: alcohol dehydrogenase 6 

(Adh6) in yeast and aldo-keto reductase 1A1 (AKR1A1) in mammals. We have purified 

Adh6 as an NADPH-dependent S-nitroso-coenzyme A (SNO-CoA) metabolizing enzyme 

from yeast and demonstrated that it represents the principal SNO-CoA metabolizing 

enzyme. Furthermore, we show that SNO-CoA serves as an efficient donor of NO groups 

to proteins, generating S-nitrosylated proteins (SNO-proteins), and we also reveal a novel 

function for Adh6 in regulation of SNO-CoA-coupled protein S-nitrosylation. Presented 
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separately is the discovery of a novel mammalian denitrosylase, AKR1A1, which has 

been purified to homogeneity as an NADPH-dependent GSNO reductase from bovine 

kidney tissue. Besides GSNO, we also demonstrate that AKR1A1 is the major NADPH-

dependent SNO-CoA reductase in mice tissues, and our biochemical studies suggest a 

central role for AKR1A1 in regulating protein S-nitrosylation through the intermediacy 

of GSNO or SNO-CoA. Furthermore, we show that genetic deletion of AKR1A1 in mice 

results in partial renal protection following acute kidney ischemia-reperfusion injury. 
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Chapter 1. Enzymatic mechanisms regulating protein S-nitrosylation: implications 
in health and disease 

1.1 Summary 

Nitric oxide participates in cellular signal transduction largely through S-

nitrosylation of allosteric and active site cysteine thiols within proteins, forming S-

nitroso-proteins (SNO-proteins). S-nitrosylation of proteins has been demonstrated to 

affect a broad range of functional parameters including enzymatic activity, subcellular 

localization, protein-protein interactions and protein stability. Analogous to other 

ubiquitous posttranslational modifications that are regulated enzymatically, particularly 

phosphorylation and ubiquitinylation, accumulating evidence suggests the existence of 

enzymatic mechanisms for regulating protein S-nitrosylation. In particular, studies have 

led to the identification of multiple enzymes (nitrosylases and denitrosylases) that 

participate in targeted S-nitrosylation or denitrosylation of proteins in physiological 

settings. Nitrosylases are best characterized in the context of transnitrosylation, in which 

a SNO-protein transfers an NO group to an acceptor protein (Cys-to-Cys transfer), but 

examples of transnitrosylation catalyzed by metalloproteins (Metal-to-Cys transfer) also 

exist. By contrast, denitrosylases remove the NO group from SNO-proteins, ultimately 

using reducing equivalents derived from NADH or NADPH. Here, we focus on the 

recent discoveries of nitrosylases and denitrosylases, and the notion that their aberrant 

activities may play roles in health and disease. 
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1.2 Introduction to S-nitrosylation 

Background 

S-nitrosylation, the reversible, covalent addition of a nitrogen monoxide (NO) moiety to 

the thiol side chain of cysteine (Cys), has emerged as an important regulatory mechanism 

in nitric oxide-related signaling. Both proteins and low-molecular-weight thiols, 

including in particular glutathione, are subject to S-nitrosylation, generating SNO-

proteins and S-nitroso-glutathione (GSNO), respectively (1). Initial studies of the 

function of nitric oxide as a signaling molecule in smooth muscle demonstrated a role for 

cGMP as a second messenger (2). However, evidence accumulated over the past two 

decades has demonstrated that nitric oxide exerts its ubiquitous influence on signal 

transduction and other aspects of cellular function largely through cGMP-independent S-

nitrosylation of proteins (3). In mammals, cellular S-nitrosylation is coupled to nitric 

oxide synthesis carried out principally by three isoforms of nitric oxide synthase (NOS): 

neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2) and endothelial NOS 

(eNOS or NOS3). S-nitrosylation results from the reaction of Cys thiols with nitric oxide 

derived species, such as N2O3, by oxidation of a SNO radical anion (RSNO.-) or by 

transnitrosylation, which is the transfer of the NO group from an S-nitrosothiol (SNO) to 

an acceptor Cys thiol (Figure 1) (3, 4). A growing body of research indicates an essential 

role for homeostatic regulation of cellular SNOs in normal physiology, which is 

maintained, in part, by the opposing actions of enzymes involved in either addition or 

abstraction of NO from SNOs. Dysregulated S-nitrosylation has been implicated as a 

cause or consequence of a broad range of diseases, including asthma, cystic fibrosis, 
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Parkinson disease, heart failure and stroke (Table 1), and the role of nitrosylases and 

denitrosylases in governing levels of S-nitrosylation under both physiological and 

pathophysiological conditions is increasingly appreciated.  

Specificity Determinants 

In multiple analyses of the role of protein S-nitrosylation in the context of cellular 

signal transduction, it has emerged that this post-translational modification exhibits a 

high degree of spatio-temporal precision (3). Selectivity is conferred in part by the 

interaction of substrates with sources of NO groups including NOSs and NO donors 

(including GSNO and SNO-proteins), and through “SNO” motifs that facilitate in vivo S-

nitrosylation (5, 6) of only a small subset of cysteines within proteins (7).  

Initial analyses of mammalian SNO-hemoglobin suggested an acid-base SNO 

motif whereby S-nitrosylation is targeted by charged (acidic and basic) side chains within 

6 angstroms of the modified thiol (Cysβ93) (8). Hemoglobin also contains features of a 

hydrophobic motif that is characterized by signature aromatic residues (Tyr, Trp) that are 

thought to facilitate S-nitrosylation by a variety of mechanisms (3, 7), including micellar 

catalysis (that may explain nitrosylation of solvent inaccessible Cys, such as that in Cox2 

(9)) and transnitrosation, as exemplified by NO group exchange between Trp and Cys in 

albumin (10). Tyr and Cys coupling, well known to increase Cys reactivity by lowering 

thiol pKa, may also facilitate S-nitrosylation by radical routes, catalyzed by a Tyr cation 

radical that will extract an electron from an adjacent Cys (which then reacts rapidly with 

NO.). A microarray analysis of S-nitrosylated yeast proteins showed that the SNO site 

within S-nitrosylated glutamine amidotransferases is situated in a “nucleophilic elbow” at 
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the N terminus of a helix that increases thiol nucleophilicity (as do proximate His and Tyr 

residues that are features of acid/base and hydrophobic motifs) (11), and additional 

structural analyses of endogenously nitrosylated mouse proteins revealed over-

representation of SNO sites in helices and under-representation in coils relative to 

unmodified cysteines (12). The nature of the side-chain and stereochemistry of the SNO-

donor has also been shown to provide additional specificity for protein S-nitrosylation 

(11). Subsequent analysis of the acid-base motif has suggested a more distal (8 

angstroms) influence of charged side chains. Importantly, charged residues were 

suggested to play a role in protein-protein interactions that may promote site-specific S-

nitrosylation (13). In addition, S-nitrosylation of proteins itself has been proposed to 

generate novel protein-protein interactions by changing the surrounding surface charge 

distribution, and by allosterically generating solvent exposed binding sites (13). The 

potential importance of protein-protein interactions in targeting S-nitrosylation is 

consistent with the emerging evidence for a major role of transnitrosylative transfer of 

NO groups from SNO-proteins (Figure 2B).  

 

1.3 Nitrosylases 

Metal-to-Cys 

Nitrosylases are proteins involved in either Metal-to-Cys (Figure 2A) or Cys-to-

Cys (Figure 2B) transfer of the NO group. Metal-to-Cys nitrosylases are proteins that 

mediate transfer of NO from an intrinsically bound heme iron or other transition metal 

(e.g. Fe2+, Cu2+) complex to cysteine thiol. It is increasingly appreciated that, in Metal-to-
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Cys nitrosylases (which include globins and, potentially, dinitrosyl iron complexes 

([X2Fe(NO)2] where X is S or N), transition metals can fulfill the redox requirement for 

SNO synthesis, and may do so without a chemical role for molecular oxygen (14-16). For 

instance, in the case of mammalian hemoglobin (Hb), an allosterically-coupled 

intramolecular transfer of NO from heme iron (iron nitrosyl, HbFeNO) to Cysβ93 results 

in auto-S-nitrosylation (SNO-Hb) (17, 18). Additionally, transfer of metal-coordinated 

NO from cytochrome c (19) or ceruloplasmin (20) to glutathione is employed in the 

synthesis of GSNO. It has also been reported that the redox cycling of ceruloplasmin-

bound copper supports S-nitrosylation and denitrosylation of glypican-1 (21). Other 

examples of Metal-to-Cys nitrosylases that catalyze auto-S-nitrosylation include 

neuroglobin (22), cytoglobin (22), and possibly nitrophorin (23) (Table 2). In spite of the 

paucity of freely available cellular pools of redox active metals, chelation of divalent 

metal ions results in decreased cellular S-nitrosylation in yeast grown under both aerobic 

and anerobic conditions (16), highlighting the general importance of metals in 

physiological SNO formation. 

Cys-to-Cys 

Cys-to-Cys transnitrosylases  (referred to hereinafter as transnitrosylases) are 

typically SNO-proteins involved in Cys-to-Cys transfer of the NO group from donor to 

acceptor protein (24). Mechanistically, the operation of transnitrosylases can be 

considered analogous to palmitoyltransferases that add palmitate to thiol groups in 

proteins by transthioesterification or to E2-conjugating enzymes, which transfer ubiquitin 

to E3 ubiquitin ligases by transthioesterification; E3 ubiquitin ligases then transfer 

ubiquitin to protein substrates (Figure 2B). To date, a number of transnitrosylases have 
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been shown to function in physiological contexts, as described in Table 2. 

SNO-Hemoglobin  

SNO-hemoglobin has served as a classical model for allosteric control of protein 

S-nitrosylation (17, 18, 25). The relaxed (R), oxygenated state of Hb promotes S-

nitrosylation of its highly conserved Cysβ93 residue by intramolecular transfer of NO 

from heme iron, as described above. Deoxygenation of Hb induces an allosteric transition 

to the tense (T) structure, promoting transnitrosylative transfer of the NO group to the 

cytosolic domain of the red blood cell (RBC) membrane protein anion exchanger-1 

(AE1) and to glutathione. This transnitrosylative transfer subserves export of vasodilatory 

NO bioactivity (17, 26). Therefore, SNO-Hb can be functionally classified as an AE1 

(and glutathione) nitrosylase. As discussed above hemoglobin also exhibits an auto-S-

nitrosylation activity in which NO bound to heme within the β-subunit can exchange with 

the Cysβ93 residue (in the R-structure). Thus, hemoglobin can both synthesize SNO 

(Figure 2A) and nitrosylate its cognate targets (Table 2). 

Accumulating evidence suggests a role of aberrant transnitrosylation by SNO-Hb 

in numerous pathologies. Generally speaking, conditions that disfavor the allosteric 

transition in Hb from T- to R-state (hemoglobinopathies, including sickle cell disease) or 

that promote deoxygenation of Hb (hypoxemia, acidosis) will be associated with reduced 

synthesis of SNO-Hb. In sickle cell anemia, sickle hemoglobin (HbS; Glu6Val Hb) is 

impaired both in its ability to form SNO-Hb (Metal-to-Cys transfer of the NO group) and 

to transnitrosylate AE1 (Cys-to-Cys transfer of the NO group) (Figure 3) (27). The 

resultant decrease in levels of RBC membrane SNOs is correlated with the severity of 

impaired vasodilation by sickle RBCs demonstrated in vitro (27). In addition, it has been 
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demonstrated that banked blood (stored for transfusion) exhibits a rapid decrease in levels 

of SNO-Hb and a corresponding impairment of hypoxic vasodilatory function of RBCs, 

both of which are ameliorated by restoration of SNO-Hb levels (SNO repletion) (28). 

Furthermore, RBCs exposed to sustained hypoxia exhibit impaired pO2-coupled 

vasodilation in the lungs, and are deficient in increasing blood oxygenation; importantly 

these parameters change in concert with alterations in SNO-Hb levels within RBCs, and 

are ameliorated by SNO-repletion using the inhaled S-nitrosylating gas ethyl nitrite 

(ENO) (29). Moreover, hypoxemic patients with pulmonary arterial hypertension exhibit 

a decrease in SNO-Hb levels and reduced hypoxic vasodilation, which are reversed by 

ENO, further establishing a cause-and-effect relationship between SNO-Hb and 

improvements in pulmonary parameters (29). Finally, SNO-Hb levels are markedly 

increased in sepsis (30-32) and at altitude (33, 34). Both septic and hypoxemic conditions 

are characterized by decreased O2 utilization at the tissue level and increases in SNO-Hb 

may be viewed as means to normalize O2 delivery by increasing blood flow. Indeed, 

blood concentrations of SNO-Hb are a positive predictor of aerobic exercise capacity 

(34). 

SNO-GAPDH  

In addition to its role as a glycolytic enzyme, there is a growing appreciation of 

the role GAPDH plays in extra-glycolytic pathways in the nucleus, including DNA 

repair, telomere binding and facilitation of apoptosis (35). Hara et al (36) demonstrated 

that, upon apoptotic stimulation, GAPDH is nitrosylated at its active site Cys150, which 

promotes its binding to the E3 ubiquitin ligase Siah1 (36). This results in the co-

translocation to the nucleus of SNO-GAPDH and Siah1, and in the stabilization of Siah1 
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that contributes to cell death. More recently, Kornberg et al (37) showed that SNO-

GAPDH binds to and transnitrosylates a number of nuclear proteins including DNA-PK, 

SIRT1 and HDAC2, and that S-nitrosylation of SIRT1 inhibits its downstream effects on 

transcription. Additionally, the degree of S-nitrosylation of these nuclear proteins in situ 

is correlated with levels of expression of GAPDH, as analyzed by overexpression or 

knockdown of GAPDH in mammalian cells (37). Therefore, SNO-GAPDH can be 

classified as a physiological nitrosylase for a subset of nuclear proteins, thereby 

functioning to implement apoptotic and transcriptional programs. 

SNO-Caspase 3 

The caspase family of proteases plays a central role in apoptosis. Caspase-3, 

which cleaves a number of target proteins, is the major executioner of apoptosis (38).  

Inhibitors of apoptosis (IAPs), which confer protection, contain a baculovirus IAP repeat 

(BIR) and a RING domain (39). The BIR domain interacts directly with a caspase 

whereas the RING domain has E3-ubiquitin ligase activity (39). The IAP designated X-

linked inhibitor of apoptosis protein (XIAP) interacts with active caspases-3/-7/-9 in the 

cytosol and is considered to be the most potent endogenous caspase inhibitor (40). XIAP 

also ubiquitinylates caspases and thereby targets them for proteasomal degradation. XIAP 

is nitrosylated at its RING domain by either exogenous or endogenous sources of NO in 

vitro or in vivo; S-nitrosylation of XIAP inhibits its E3-ubiquitin ligase activity, reflected 

in the stabilization of caspase-3 (40). Consistent with these findings, knock-down of 

XIAP in primary cerebrocortical neurons (nNOS-expressing cells) leads to an increase in 

caspase-3 activity and facilitation of cell death induced by NMDA (an agonist of the 

NMDA-type glutamate receptor) (40). Furthermore, SNO-XIAP levels are increased in 
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patients with neurodegenerative conditions including Alzheimer disease and diffuse 

Lewy body disease, implicating S-nitrosylation of XIAP in the etiology of neuronal 

damage (40). Notably, SNO-caspase-3 functions as a specific transnitrosylase for XIAP 

in vitro, and this reaction is subserved by a physical interaction between SNO-caspase-3 

and XIAP (40). Transnitrosylation of XIAP by SNO-caspase-3 has been implicated in the 

pathophysiology of cell death, and thus may be construed as aberrant nitrosylase activity 

(40).  

SNO-Cyclin-dependent kinase 5 (Cdk5) 

Cdk5, which is predominantly a neuron-specific kinase, plays an important role in 

neuronal development, including cell survival, axon guidance, neuronal migration, and 

regulation of synaptic spine plasticity (41). Dysregulation of Cdk5 has been implicated in 

the pathogenesis of several neurological disorders, including Alzheimer disease and 

Parkinson disease (42). A recent study by Lipton and colleagues (43) demonstrated that 

exposure of primary cortical neurons (nNOS-expressing cells) to NMDA results in the S-

nitrosylation of Cdk5, and that SNO-Cdk5 exhibits enhanced kinase activity. Importantly, 

SNO-Cdk5 can transnitrosylate dynamin-related protein 1 (Drp1) (43). S-nitrosylation of 

Drp1 following exposure of cells to amyloid protein leads to its dimerization and 

enhanced GTPase activity (44). Consequently, SNO-Drp1 promotes mitochondrial fission 

with an increase in neuronal damage. Finally, both SNO-Drp1 and SNO-Cdk5 levels are 

enhanced in patients with Alzheimer disease (43, 44), pointing toward SNO-Cdk5-

mediated transnitrosylation of Drp1 as a potential therapeutic target. 

SNO-Trx 

The Trx system, which consists of redox-coupled thioredoxin (Trx) and 
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thioredoxin reductase (TR), is well characterized as a principal protein disulphide 

reductase that maintains cellular redox equilibrium. The two redox-active, catalytic Cys 

in the active site of Trx (Cys32-X-X-Cys35) participate in the reversible reduction of 

disulfides in substrate proteins, producing oxidized Trx (Cys32-Cys35 disulfide linkage). 

Oxidized Trx is reduced by the NADPH-dependent Trx reductase (TrxR) (45). In 

addition to the active site, human Trx has three additional cysteines (Cys 62, Cys69 and 

Cys73) (45). Cys73 has emerged as a physiological target of S-nitrosylation that 

participates in transnitrosylation reactions with other proteins (46-48). Initial analysis of 

the function of Trx as a nitrosylase showed that SNO-Trx, S-nitrosylated at cysteine-73, 

transnitrosylated caspase-3 (forming SNO-caspase) at a rate approximately 100 times 

faster than GSNO in vitro (46). Importantly, in vivo this transnitrosylation reaction 

requires interaction between SNO-Trx and caspase-3, as evidenced by a loss of 

transnitrosylase activity of a Trx mutant missing the local contact residues (Trx-

E70A/K72A) (47). Subsequent analysis indicated that oxidation of the active site 

cysteines within Trx promotes S-nitrosylation of Cys73, which subserves 

transnitrosylation of target proteins including peroxiredoxin 1 and caspase-3 (48). 

Additionally, it was found that SNO-Trx does not serve as a substrate for TR (49). 

Consistent with these findings, substantial levels of oxidized thioredoxin are detected in 

several tissues, including lung and kidney (48), providing support for the idea that Trx 

can be uncoupled from TR, which promotes its nitrosylase function. Overexpression of a 

Trx1 C32S/C35S mutant in HeLa cells promoted the S-nitrosylation of Trx1 C32S/C35S 

compared to wild-type and revealed 47 novel potential substrates for trans-S-nitrosylation 

by Trx1 (48). Thus, Trx may operate under some conditions as a multi-protein nitrosylase 
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(Table 2). Importantly, reduced Trx mediates denitrosylation of numerous SNO-proteins, 

as detailed below. 

1.4 Denitrosylases 

Denitrosylases are enzymes involved in the removal of NO groups from the Cys 

thiol side chain of proteins or low-molecular-weight thiols (Table 3). By abstracting NO 

from proteins, denitrosylases may function to ameliorate nitrosative stress and to regulate 

signal transduction. Denitrosylases also play important roles in setting levels of cellular 

nitrosylation by analogy to phosphatases, which often set levels of phosphorylation. To 

date, two enzymatic denitrosylating systems have been demonstrated to function in 

physiological contexts: the thioredoxin/thioredoxin reductase (Trx/TR) system and the 

glutathione (GSH)/GSNO reductase (GSNOR) system (1).  

Trx system (Trx, TR, NADPH) 

Denitrosylation of SNO-caspase-3 is constitutive in the cytosol and stimulus-coupled at 

the mitochondria, the latter in the context of apoptotic stimulation by Fas ligand (50). The 

Trx1 and Trx2 systems serve as the cognate denitrosylases for cytosolic and 

mitochondrial SNO-caspases, respectively (50). Trx1 has been reported to denitrosylate 

N-ethylmaleimide-sensitive factor (NSF) and thereby promote granule exocytosis that has 

been implicated in vascular inflammation (51). Decreased levels of TrxR were associated 

with increased S-nitrosylation of the insulin receptor, Akt kinase and the 

phosphodiesterase PDE3B in adipose tissue of obese subjects, which was implicated in 

the decreased anti-lipolytic action of insulin associated with obesity (52). Thioredoxin-

interacting protein (Txnip) inhibits the denitrosylase function of Trx, thereby enhancing 
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cellular levels of SNO-protein (53). Proteomic analysis revealed that Trx serves as a 

major SNO-protein denitrosylase in mammalian cells, where it mediates denitrosylation 

of a broad spectrum of SNO-proteins (54, 55). Trx-mediated SNO-protein denitrosylation 

proceeds via the formation of a mixed disulphide intermediate between Trx and its 

substrate, and likely through transnitrosylation, to release the reduced NO moiety, 

nitroxyl (HNO) (50). Although the Trx system has also been shown to catalyze reduction 

of GSNO in vitro, the physiological relevance of this activity is not known (56). In 

addition, lipoic acid has been reported to denitrosylate SNO-albumin (as well as GSNO) 

in vitro (after reduction to dihydrolipoic acid by lipoic acid dehydrogenase) but the 

physiological relevance of this activity has not been determined (57). 

In physiological settings, Trx exists primarily in the reduced state, which 

facilitates its function as a SNO-protein denitrosylase (58). As discussed above, 

uncoupling of Trx from TR allows S-nitrosylation of (oxidized) Trx, and may promote 

the function of SNO-Trx as a transnitrosylase. Given that Trx is thought to play a role in 

numerous diseases, its transnitrosylase and denitrosylase activities may serve as 

therapeutic targets, particularly in the context of oxidative and/or nitrosative stress 

(nitroso-redox imbalance).  

GSNO Reductase system (GSNOR, GSH, NADH)  

Glutathione is the major low-molecular-weight thiol in mammalian cells (up to 10 

mM) (59). GSNO, which was initially identified as a physiological entity in human 

airways (60), can transnitrosylate proteins, forming SNO-proteins. A GSNO metabolizing 

activity was purified that is broadly conserved across phylogeny (bacteria to man), and 

was identified as class III alcohol dehydrogenase (ADH3) (61, 62). It was determined 
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that the principal substrate for ADH3 is in fact GSNO, and the enzyme was re-named 

GSNO reductase (GSNOR) (62). GSNOR utilizes NADH to carry out a 2e- reduction of 

GSNO to generate glutathione sulfinamide (63). GSNOR is the major source of NADH-

dependent GSNO metabolizing activity in mammalian tissues (30). Strikingly, knock out 

of GSNOR in yeast and mice was shown to increase cellular levels of both GSNO and 

SNO-proteins (upon treatment with a SNO donor or lipopolysaccharide (LPS)). Thus, 

GSNO and at least some SNO-proteins are in an equilibrium governed by Cys-to-Cys 

transnitrosylation, and GSNOR is an important regulator of SNO-protein denitrosylation 

(30, 62). Consistent with these findings, addition of glutathione to SNO-proteins leads to 

rapid denitrosylation of a large subset of proteins in vitro (64) and accumulating data 

suggest that GSNOR operates in concert with all isoforms of NOS in vivo (30, 65, 66).  

The physiological role of GSNOR as a regulator of protein denitrosylation is well 

established in the context of signal transduction through G protein-coupled receptors 

(GPCRs), and in particular the β2-adrenergic receptor (β2AR). It has been shown that 

ligand-coupled S-nitrosylation of multiple proteins regulates β2AR desensitization and 

internalization. Agonist-induced S-nitrosylation of GPCR kinase 2 (GRK2) inhibits its 

ability to phosphorylate the receptor, and thereby prevents binding of the receptor to β-

arrestin 2, resulting in attenuated desensitization of G protein-mediated signaling and 

decreased receptor internalization (66). In addition, stimulus-coupled S-nitrosylation of 

β-arrestin 2 promotes its binding to the clathrin/AP2-based internalization machinery, and 

thereby enhances internalization of the receptor-β-arrestin 2 complex (67). Regulation by 

GSNOR is demonstrated by the findings that, in the heart and lungs of GSNOR-/- mice, S-

nitrosylation of GRK2 and β-arrestin 2 are augmented, and surface expression of the 
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β2AR is enhanced (66, 67). 

Initial evidence of aberrant GSNOR-mediated denitrosylation in disease was 

established in a sepsis model employing GSNOR-/- mice (30). Mice deficient in GSNOR 

exhibit substantial increases in mortality and tissue injury after LPS treatment, the degree 

of which was directly correlated with levels of cellular S-nitrosylation (30). In addition, 

Wei et al (68) demonstrated that GSNOR-deficient mice are more susceptible to 

spontaneous and carcinogen-induced hepatocellular carcinoma (HCC). Following 

challenge with diethylnitrosamine (DEN) or LPS, they observed increased S-

nitrosylation, proteasomal degradation and depletion of the DNA repair enzyme, O6-

alkylguanine-DNA alkyl transferase (AGT), in the liver of GSNOR-/- mice (Figure 4). 

Consequently, levels of O6-ethylydeoxyguanosine, which is a substrate for AGT, are 

elevated in GSNOR-/- mice after DEN challenge, implicating SNO-AGT as a 

physiological target of GSNOR (68). Furthermore, GSNOR-/- mice are more susceptible 

to DEN-induced hepatic carcinogenesis, which has been suggested to result from a defect 

in the DNA repair mechanism (68). Most notably, as much as 50% of human 

hepatocellular carcinoma has been attributed to chromosomal deletion of GSNOR (68). 

Collectively, these studies suggest a crucial role for GSNOR in ameliorating nitrosative 

stress. 

Reduced levels of GSNO have also been implicated in the pathogenesis of 

respiratory and cardiovascular diseases. Mice deficient in GSNOR are protected in an 

experimental model of asthma, in company with enhanced intracellular SNO levels (65). 

Whereas inflammatory responses to ovalbumin treatment are not diminished in GSNOR-/- 

mice, they are, nonetheless, protected against ovalbumin-induced hyper-responsiveness 
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to methacholine, a cholinergic agonist and broncho-constrictor (65). SNPs in GSNOR 

have been associated in multiple studies with asthma and responsiveness to 

bronchodilators (69-71) and GSNOR has been strongly linked to asthmatic 

responsiveness in humans (72). Furthermore, GSNOR-/- mice display enhanced 

cardioprotection after myocardial infarction, associated with increased myocardial 

capillary density (73). Mechanistically, this increased cardioprotection has been ascribed 

to enhanced S-nitrosylation of HIF1α, which promotes its stabilization and transcriptional 

activation of VEGF (73). Given the critical role of GSNOR in SNO homeostasis, there 

have been increasing efforts to develop inhibitors targeting GSNOR (74-76). One 

inhibitor is in Phase II clinical trials for the treatment of acute asthma. 

Interestingly, an increasing body of research suggests a critical role for GSNOR 

in plant pathogenesis. This work has been facilitated by the identification of plant strains 

with both increased and decreased GSNOR activity (77, 78). For example, GSNOR 

regulates pathogen-induced increases in cellular S-nitrosylation in Arabidopsis thaliana, 

and the increase in total SNO-levels corresponds with susceptibility to various diseases 

(77). In addition, Tada et al (79) reported that, in Arabidopsis, salicylic acid (SA)-

mediated NPR1 oligomer-to-monomer generation is regulated by GSNOR, as evidenced 

by reduced monomeric NPR1 levels in the nucleus of atgsnor1-3 (Arabidopsis mutant 

lacking GSNOR activity). Accordingly, SA-mediated NPR1-dependent PR-1 

(pathogenesis–related gene 1) expression is inhibited in the null mutant (79). 

Furthermore, increased SNO-levels as a result of GSNOR deficiency have been shown to 

regulate programmed cell death and heat shock tolerance in plants (80, 81). Thus SNOs, 

regulated by GSNOR, have important roles in most organisms. 
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1.5 Candidate Denitrosylases 

On the basis of in vitro analysis, a number of additional mammalian enzymes 

have been identified as potential denitrosylases for small-molecular-weight SNOs 

(GSNO and/or CysNO), although their physiological relevance has not been established: 

superoxide dismutase (82), glutathione peroxidase (83), xanthine oxidase (84), protein 

disulfide isomerase (85) and carbonyl reductase (59), the latter accounting for ~ 30% of 

NADPH-dependent GSNO reductase activity in A549 lung adenocarcinoma cell lysates. 

Both the identification of additional physiological denitrosylases acting on small-

molecular-weight SNOs and/or SNO-proteins, and the extent to which denitrosylases 

operate on distinct sets of substrates (consistent with varying stability of SNO-proteins in 

vivo as revealed by global kinetic analysis of SNO stability (55)) remain important 

subjects of experimental analysis.   

 

1.6 Discussion 

Protein S-nitrosylation is the prototypic redox-based mechanism of post-

translational modification. Homeostasis of S-nitrosylation is crucial for the maintenance 

of normal physiology, as evidenced by an increasing number of diseases associated with 

dysregulated S-nitrosylation. Multiple nitrosylases and denitrosylases function in concert 

both to maintain homeostasis of protein S-nitrosylation and to dynamically regulate 

cellular signal transduction. Thus, aberrant nitrosylase and denitrosylase activities may be 

a cause of disease, and may serve as important and novel therapeutic targets. 
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Figure 1. Schematic illustration of the mechanisms of S-nitrosylation. (A) Higher N-
oxide species, N2O3 readily reacts with cysteine thiol to generate an S-nitrosothiol. (B) 
Reaction of cysteine thiolate with nitric oxide results in the formation of intermediate, 
SNO-anion radical, which undergoes one electron oxidation resulting in the formation of 
an S-nitrosothiol. The redox requirement for the oxidation reaction is sufficed by 
molecular oxygen or transition metals (Fe3+, Cu2+). (C) Metal-catalyzed S-nitrosothiol 
generation without the formation of intermediate SNO-anion radical. (D) A nitroso group 
of an SNO can be transferred to an acceptor thiol in a reaction termed transnitrosylation.  
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Figure 2. Metal-to-Cys and Cys-to-Cys nitrosylases. (A) The mechanism of action of 
Metal-to-Cys transnitrosylases may entail intramolecular NO group transfer (auto-S-
nitrosylation) or intermolecular reactions with glutathione (not shown) to form SNO-
proteins or GSNO, respectively. (B) The mechanism of action of Cys-to-Cys 
transnitrosylases exhibits similarities with enzymes involved in other ubiquitous post-
translational modifications. Transnitrosylases, palmitoyltransferases and E-2 conjugating 
enzymes participate in Cys-to-Cys transfer of NO, palmitate or ubiquitin, respectively. E-
3 ubiquitin ligases transfer ubiquitin (ligated to cysteine) to target proteins. 
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Figure 3. Dysregulation of hemoglobin’s nitrosylase activity in sickle cell anemia. In 
red blood cells from patients with sickle cell anemia, aberrant intramolecular transfer of 
NO from heme iron-nitrosyl to Cys (impaired Metal-to-Cys nitrosylase activity) results in 
deficient formation of SNO-sickle hemoglobin (SNO-HbS). Additionally, aberrant 
docking of S-nitrosylated SNO-HbS to the membrane protein AE1 disrupts 
transnitrosylative transfer of the NO group to the membrane (impaired Cys-to-Cys 
nitrosylase activity). Decreased levels of membrane SNO are associated with decreased 
ability of red blood cells to effect hypoxic vasodilation, which may contribute to the 
vaso-occlusive crisis of sickle cell anemia (27). 
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Figure 4. Deficiency of cellular GSNOR activity in the etiology of hepatic cell 
carcinoma. The O6-alkylguanine DNA alkyltransferase (AGT) protein transfers the alkyl 
group (shown as a methyl, CH3, group) from the O6 position of guanine to its active site 
cysteine, thereby repairing DNA.  However, AGT is S-nitrosylated in inflammatory 
conditions (in which iNOS is upregulated), and S-nitrosylation promotes ubiquitinylation 
and subsequently proteasomal degradation. GSNO is in equilibrium with SNO-AGT, and 
in wild-type mice GSNOR regulates SNO-AGT denitrosylation by shifting the 
equilibrium towards GSNO, resulting in decreased SNO-AGT levels. However, in 
GSNOR-/- mice, the absence of GSNOR activity results in increased S-nitrosylation and 
degradation of AGT. A chromosomal deletion, inclusive of the GSNOR gene, is found in 
50% of patients with hepatocellular carcinoma. Thus, GSNOR denitrosylase activity may 
play a tumor suppressor function in the etiology of hepatocellular carcinoma. 
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Table 1. Dysregulated S-nitrosylation of proteins associated with pathophysiology. 

Pathophysiology       SNO-proteins References 
Neurological    
Alzheimer disease 
 
 
 
 
Parkinson disease  
 
 
 
Stroke 

Dynamin-related protein 1  
Cyclin-dependent kinase 5 
Protein disulfide isomerase 
X-linked inhibitor of apoptosis 
Apolipoprotein E 
Parkin 
Peroxiredoxin-2  
Protein disulfide isomerase  
X-linked inhibitor of apoptosis 
Matrix metalloproteinase 9 

   (44) 
   (43) 
   (86) 
   (40) 
   (87) 
   (88, 89) 
   (90) 
   (86) 
   (91) 
   (92) 

Cardiovascular    
Heart failure 
Long Q/T syndrome 
Preeclampsia 
 
Pulmonary arterial hypertension 
 
 
 
 
 
 
Septic shock 
 
Arterial fibrillation/arrhythmia 
 
 
Diabetes (type 1) 
 
Diabetes (type 2) 

Ryanodine receptor 2 
Cardiac sodium channel SN5Ca 
Serum albumin 
SNO-proteins 
Hemoglobin 
HIF1α 
NSF 
eNOS 
Caveolin 1 
Clathrin heavy chain 
VHL 
Hemoglobin 
CD40 
L-type Ca2+ channel (α1C subunit) 
Slowly activating delayed- rectifier K+ 
channel 
Hemoglobin 
Glucokinase 
Insulin receptor β 
Insulin receptor substrate 1 

   (93) 
   (94) 
   (95, 96) 
   (97) 
   (29) 
   (98) 
   (99) 
   (99) 
   (99) 
   (99) 
   (98) 
   (30) 
   (100) 
   (101-103) 
   (104, 105) 
 
   (106, 107) 
   (108) 
   (109, 110) 
   (109, 110) 

Ischemic coronary syndrome Albumin    (111) 
Hematological  

 
 
 Blood transfusion: storage defect 

Sickle cell anemia  
Hemoglobin 
Hemoglobin 
AE1 

   (28) 
   (27, 32) 
   (27) 

Pulmonary   
Asthma 
Cystic fibrosis 
Lung inflammation 
COPD 

SNO-proteins, GSNO 
Hsp70/Hsp90 organizing protein  
Surfactant protein B 
HDAC2* 

   (65)     
   (112) 
   (113) 
   (114) 

Cancer   
Liver cancer O6-alkylguanine-DNA alkyl transferase    (68) 
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Tumor maintenance 
Tumor radiosensitivity 

Ras 
HIF-1α 

   (115)    
   (116) 

Skeletal muscle   
Duchenne muscular dystrophy 
Malignant hyperthermia 

Ryanodine receptor 1 
Ryanodine receptor 1 

   (117) 
   (118) 

* implicated in steroid insensitivity. 
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Table 2. Nitrosylases and their substrates. 

 
Nitrosylases      Substrates References 
Metal-to-Cys  
 
Hemoglobin 
Cytoglobin*  
Neuroglobin* 
Cytochrome c* 
Ceruloplasmin 
 

 
 
 
Auto-S-nitrosylation 
 
Glutathione 
Glutathione 
Glypican-1 

 
 
(17, 18) 
(22) 
(22) 
(19) 
(20) 
(21) 
 

Cys-to-Cys 
 
Hemoglobin 
 
Thioredoxin 
 
GAPDH 
 
 
Caspase-3 
 
Cyclin-dependent kinase 5 

 
 
AE1 
Glutathione 
Caspase-3 
~ 50 proteins 
HDAC 
SIRT-1 
DNA-PK 
Thioredoxin 
X-linked inhibitor of apoptosis 
Dynamin-related protein 1 

 
 
(27) 
(30) 
(54) 
(48) 
(37) 
(37) 
(37) 
(50) 
(40) 
(44) 

 * indicates in vitro reaction, of unknown physiological relevance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
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Table 3. Denitrosylases and their substrates. 

 
Denitrosylases Substrates References 
GSNO reductase GRK2 

β-arrestin 2 
HIF1α 
Ras 
Ryanodine receptor 2 
Connexin 

(66) 
(67) 
(73) 
(119) 
unpublished 
(120) 

Thioredoxin/Thioredoxin Reductase 
 
 
 
 
 
 
 
Ceruloplasmin 

Caspase-3 
Caspase-9 
PTP-1B 
NSF 
Insulin receptor † 
Akt † 
PDE3B † 
~ 50 proteins 
Glypican-1 

(50) 
(50) 
(50) 
(51) 
(52) 
(52) 
(52) 
(54) 
(21) 

 
Candidate Denitrosylases (in vitro) 
 

  

Carbonyl reductase* GSNO (59) 
Protein disulfide isomerase  GSNO (85) 
Xanthine oxidase GSNO 

CysNO 
(84) 
(84) 

Glutathione peroxidase GSNO (83) 
* activity shown in cell lysates; † indirect evidence. 
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Chapter 2. Alcohol dehydrogenase 6 (Adh6) is an S-nitroso-coenzyme A (SNO-CoA) 
reductase in yeast 

 

Summary 2.1  

Coenzyme A (CoA), a central element in cellular metabolism, functions in part through 

thiol-based acetyl-group transfer to proteins (121) analogous to the thiol-based transfer of 

nitric oxide (NO) groups that can mediate protein S-nitrosylation (24). However, a role 

for CoA in the transfer of NO groups or in NO-based signaling more generally has not 

been considered. Here we report purification from yeast of a specific, NADPH-dependent 

S-nitroso-CoA (SNO-CoA) reductase, show that it is encoded by the ADH6 gene, and 

demonstrate that modulation of protein S-nitrosylation by Adh6 subserves metabolic 

regulation. We describe the presence in yeast of constitutive protein S-nitrosylation 

(heretofore unknown), and show that deletion of Adh6 or treatment with an S-

nitrosylating agent similarly alter the profiles of free CoA and acyl-CoAs in association 

with enhanced S-nitrosylation of a set of metabolic enzymes. Regulation by S-

nitrosylation of those enzymes, including acetoacetyl-CoA thiolase (Erg10), a central 

element in sterol biosynthesis, rationalizes in significant part the metabolic alterations. 

Thus, protein S-nitrosylation is an endogenous process in yeast, mediated in part by 

SNO-CoA and regulated by Adh6. S-nitrosylation influences the processing of CoA and 

acyl-CoA species and thereby provides a mechanism paralleling acetylation for 

regulation of cellular metabolism. The generality of this mechanism is suggested by the 

existence of NADPH-dependent SNO-CoA-metabolizing activity in other organisms 

from bacteria to mammals. 



 

 

26 

 

2.2 Introduction  

Protein S-nitrosylation, the prototypic mechanism of redox-based signal 

transduction, is regulated by enzymatic mechanisms that add or remove the NO group (1, 

122). One highly conserved mechanism is represented by S-nitroso-glutathione (GSNO) 

reductase (GSNOR), which metabolizes GSNO, a principal low-molecular-weight S-

nitrosothiol (SNO), using reducing equivalents from NADH (62). Because many S-

nitrosylated proteins (SNO-proteins) are in equilibrium with GSNO, GSNOR plays a 

major role in protein S-nitrosylation/denitrosylation (30, 62). Coenzyme A (CoA) is 

another low-molecular-weight cellular thiol (123), known to be involved in over 100 

reactions of intermediary metabolism (124), and which serves as an important 

intermediate between cellular energy utilization and biosynthetic pathways. Although 

CoA can be S-nitrosylated in vitro to generate S-nitroso-CoA (SNO-CoA) (125), 

endogenous S-nitrosylation of CoA has not been reported and SNO-CoA is viewed as 

metabolically inactive (i.e., S-nitrosylation would effectively deplete bioactive CoA). We 

asked if an enzymatic activity is involved in SNO-CoA metabolism, which could 

potentially regulate protein S-nitrosylation/denitrosylation through the intermediacy of 

CoA (analogous to regulation by GSNOR through the intermediacy of glutathione), and 

whether such regulation might in fact subserve metabolic signaling.  

 

2.3 Materials and methods 

Preparation of SNO-CoA and purification of SNO-CoA reductase from yeast- SNO-CoA 

was prepared by combining stoichiometric amounts of CoA (0.1 M in 1 N HCl) and 
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sodium nitrite (0.1 M in milliQ water containing 100 μM EDTA and 100 μM DTPA). 

Yield was verified spectrophotometrically (λmax 340 nm, extinction coefficient 0.92 mM-

1cm-1). SNO-CoA metabolizing activity was purified from 3 L of yeast cells harvested at 

A600nm = 5.0. Cells were pelleted and re-suspended in lysis buffer (20 mM bis tris 

propane, pH 7.0, 50 mM NaCl, 100 μM EDTA, 100 μM DTPA, 1 mM PMSF and 

protease inhibitor cocktail (Roche)). The crude extract was prepared with a bead-beater 

(Biospec Products) utilizing glass beads of 0.5 mm diameter, with 15 x 1 min cycles of 

beating alternating with 1 min cooling intervals. Following centrifugation at 60,000g for 

1 hr, the supernatant was taken as the starting material for assessment of enrichment of 

SNO-CoA metabolizing activity. At this and all subsequent stages, enzyme activity was 

assessed with 200 µM SNO-CoA, 100 µM NADPH in 20 mM bis-tris propane (pH 7) 

containing 100 µM EDTA and 100 µM DTPA. The supernatant was precipitated with 

30% ammonium sulfate followed by centrifugation at 20,000g, and the resultant 

supernatant was re-precipitated with 70% ammonium sulfate and pelleted at 20,000g. The 

pellet was re-suspended and dialysed against Tris buffer, pH 8.0 at 4 °C. The dialyzed 

extract was applied at 5ml/min onto a HighPrep Q FastFlow 16 x 10 mm column 

equilibrated with 20 mM tris buffer, pH 8.0, and eluted with a linear 0 to 0.3 M NaCl 

gradient in 20 mM Tris buffer, pH 8.0. Active fractions were pooled, and applied to a 2’-

5’ ADP-Sepharose 26 X 120 mm column, equilibrated with Tris buffer pH 8.0, at a flow 

rate of 2 ml/min, followed by elution with 10 ml of 1mM NADP+ in 20 mM Tris buffer, 

pH 8.0. Active fractions were dialyzed against 20 mM tris buffer, pH 8.0. The sample 

was then applied to a MonoQ GL 5 X 50 mm column at a flow rate of 1ml/min followed 
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by elution with a linear 0 to 0.3 M Nacl gradient in 20 mM tris buffer, pH 8.0. Active 

fractions were pooled, concentrated to less than 200 μl by ultrafiltration, and applied at a 

flow rate of 0.5 ml/min to a Superdex 200 10 X 300 mm column equilibrated with PBS. 

The protein was judged to be pure by SDS-PAGE. 

Products of yeast SNO-CoA reductase- Samples (1ml) were prepared containing 20 mM 

ammonium bicarbonate buffer, 200 μM SNO-CoA and 200 μM NADPH at 25°C. 

Reactions were initiated by the addition of purified Adh6 and allowed to continue until 

absorbance at 340 nm indicated complete consumption of SNO-CoA (∼1 h). Samples 

were then centrifuged through a 10 kDa cut-off ultrafiltration membrane, and the filtrate 

was stored at -80°C until analyzed. For mass spectrometry analysis, samples were diluted 

1:2 in HPLC grade acetonitrile. Formic acid was added to the samples at a final 

concentration of 0.1% (v:v). Samples were injected into a Thermo LTQ Oribtrap XL at a 

flow rate of 1uL/min. Mass spectra were acquired from 700-900 m/z. The ion at 799 m/z 

was isolated and fragmented using CID with a normalized collision energy of 35 V and 

an isolation width of 3.0. 

Assay for thiolase activity- Acetoacetyl-CoA thiolase activity was assayed in the 

physiological forward direction (2 acetyl-CoA  acetoactyl-CoA + CoA-SH) by 

following the formation of CoA-SH with 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) at 

412 nm, as outlined recently for assay of HMG-CoA synthase activity (126). This 

approach avoids background absorbance in lysates and interference from added SNO-

CoA in the reverse-reaction assay of acetoacetyl-CoA consumption at 300 nm 

(acetoacetyl-CoA + CoA-SH  2 acetyl-CoA) (127). The assay was performed in 20 

mM tris pH 8.0, containing 0.1 mM EDTA and 0.1 mM DTPA. The reaction mixture 
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(1ml) contained either yeast lysate (0.4 mg protein) and 100 µM acetyl-CoA, or 2.4 nM 

purified human acetoacetyl-CoA thiolase (mybiosource.com) and 500 µM acetyl-CoA. 

The reaction was monitored following the addition of 0.5 mM DTNB for 5 min at 412 

nm. Because curves were initially non-linear, activity was determined using rates 

between 2.5 and 5 minutes.  

Kinetic parameters of the SNO-CoA reductase- Kinetic analysis was carried out 

employing assay conditions as above. For Km determination, reactions (4-5 replicates) 

were performed with a fixed amount of purified Adh6, 100 μM NADPH and SNO-CoA 

concentrations of 16 - 375 µM. Initial rates were calculated from the absorbance decrease 

at 340 nm using an added extinction coefficient of 7.06 mM-1 for SNO and NADPH (61). 

The kcat was determined at saturating substrate concentrations. 

Determination of NADPH and SNO-CoA stoichiometry- Reactions were performed by 

adding a limiting amount of NADPH and an excess of SNO-CoA and following the 

reaction (NADPH consumption) by absorbance spectroscopy until all NADPH was 

consumed. The absorbance difference at 340 nm before and after the addition of NADPH 

was used to calculate the amount of SNO-CoA consumed in the presence of known 

amounts of NADPH. 

SNO-CoA reductase activity in yeast lysates- Yeast cells were grown to absorbance 

600nm=1.0 in YPD medium (Clontech). Cells were lysed as described above. For 

enzymatic assay, samples contained 200 μM SNO-CoA and 200 μM NADPH. Runs were 

initiated with the addition of lysate and the absorbance decrease at 340 nm was followed. 

SNO-RAC assay for protein S-nitrosylation- Yeast cells grown to absorbance 600 nm=1.0 
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were lysed by bead beating in lysis buffer (20 mM bis-tris propane, pH 7.0, 50 mM NaCl, 

100 μM EDTA, 100 μΜ DTPA, 1mM PMSF and protease inhibitor cocktail (Roche)). 

The lysate was centrifuged at 20,000g for 10 minutes. Samples (1mg/ml) were then 

treated for 10 min with 60 μM SNO-CoA ± 100 μM NADPH. The reaction was stopped 

by adding 3 vol of ice-cold acetone, followed by precipitation at -20°C for 20 min. 

Precipitates were dissolved in blocking buffer (0.2% S-methylmethanethiosulfonate and 

2.5% SDS in HEN buffer) and samples were incubated at 50°C for 20 min with frequent 

vortexing. Proteins were then precipitated with 3 volumes of acetone at -20°C for 20 

minutes and precipitates were dissolved in 1ml of HEN buffer containing 1% SDS. 

Proteins were again precipitated with 3 volumes of ice-cold acetone at -20 for 20 minutes 

and pellets were suspended in 1 ml of fresh HEN buffer/1% SDS. Samples were 

incubated with freshly prepared thiopropyl-Sepharose and ascorbate (30 mM) for 4 h, and 

beads were washed with HEN/1% SDS and HEN 0.1% SDS buffers. Beads were eluted 

HEN 0.1% SDS, 10% β-meracaptoethanol. Eluates were analyzed with SDS-PAGE. 

Metabolic profiling of CoA and related species- Yeast cells grown to mid-log phase 

(absorbance 600nm= 0.4-0.6) were left untreated or treated with ethyl ester CysNO (500 

μM) for 2 hrs. CoA and acyl-CoAs were assayed as described (128). In brief, yeast (~ 1 

g) spiked with 0.5 nmol of [2,2,3,3,3-2H5]-propionyl-CoA were extracted for 2 min with 

6 ml of methanol/water (1:1) containing 5% acetic acid using a Polytron homogenizer. 

The supernatant was run on a 3-ml ion exchange cartridge packed with 300 mg of 2-

2(pyridyl) ethyl silica gel (Sigma), preactivated with 3 ml of methanol followed by 3 ml 

of extraction buffer. The retained acyl-CoAs were eluted with (i) 3 ml of a 1:1 mixture 

(MeOH:H2O) including 50 mM ammonium formate (pH 6.3); (ii) 3 ml of a 3:1 mixture 
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(MeOH:H2O) including 50 mM ammonium formate (pH 6.3); (iii) 3 ml of methanol. The 

combined effluent was dried under nitrogen gas and stored at -80°C. For LC-MS/MS 

analysis, acyl-CoAs were dissolved in 100 µl of buffer A (2% acetonitrile, 100 mM 

ammonium formate, pH 5.0) and 40 μl were injected into a C18 column (150 x 2.1 mm; 

Thermo Scientific Hypersil GOLD), protected by a guard column (Hypersil GOLD C18 5 

mm, 10 x 2.1 mm), in a Dionex-UltiMate 3000 HPLC running at 0.2 ml/min for: (i) 3 

min with 98% buffer A and 2% buffer B (95% acetonitrile in 5 mM ammonium formate, 

pH 6.3); (ii) 3 to 25 min with a 2–60% gradient of buffer B in buffer A; (iii) 25 to 31 min 

with 10% buffer A, 90% buffer B; (iv) 31 to 41 min with a 90% to 2% gradient buffer B 

in buffer A, followed by 10 min of stabilization with 98% buffer A before the next 

injection. The liquid chromatograph was coupled to a 4000 QTrap mass spectrometer 

(Applied Biosystems, Foster City, CA) operated under positive ionization mode with the 

following source settings: turbo-ion-spray source at 600°C, N2 nebulization at 65 p.s.i., 

N2 heater gas at 55 p.s.i., curtain gas at 30 p.s.i., collision-activated dissociation gas 

pressure held at high, turbo ion-spray voltage at 5500 V, declustering potential at 90 V, 

entrance potential at 10 V, collision energy at 50 V, and collision cell exit potential at 10 

V. Analyst software (version 1.4.2; Applied Biosystems) was used for data collection and 

processing. 

Construction of Δadh7 and Δadh6Δadh7 yeast strains- The entire open reading frame of 

the ADH7 gene was deleted from haploid wild type (BY4741; Open Biosystems) or 

Δadh6 strain (Open Biosystems). We used primers ADH7F (5’-

ATGCTTTACCCAGAAAAATTTCAGGGCATCGGTATTTCCACGGATCCCCGGGT

TAATTAA-3’) and ADH7R (5’ 
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ATGCATTTTAAGAGATTCTGAAAAATATTACGTATATAGAGAATTCGAGCTC

GTTTAAAC-3’) to amplify and add ADH7 sequences to both ends of the cassette by 

polymerase chain reaction (PCR). Cells stably transfected with NatMX were selected by 

their resistance to nourseothricin antibiotic (100 mg ml-1). Replacement of the ADH7 

gene by natMX4 in the yeast genome was confirmed by PCR using primers ADH7F-C 

(5’-GCAGATGTCACTAATTGA-3’) and NAT-C (5’-GGGCATGCTCATGTAGAG-

3’). Replacement of the ADH6 gene by KanMX in the Δadh6 and Δadh6Δadh7 strain was 

confirmed with PCR reactions using primers ADH6F-C (5’-

TTCACATCTGGAAGCGATAC-3’) and KAN-C (AAGTGAGAAATCACCATGAG-

3’). 

iTRAQ-coupled SNO-RAC- Extracts of yeast cells were prepared and SNO-RAC (4 mg 

protein/sample) was carried out as described above. SDS-PAGE gels were Commassie-

stained and lanes were separated into eight segments top-to-bottom. Segments were 

incubated in a 1:1 mixture of acetonitrile and 100 mM ammonium bicarbonate solution 

for 2-8 hours, followed by addition of 10 mM tris(2-carboxyethyl)phosphine 55 mM 

iodoacetamide. Gel segments were then dehydrated and rehydrated with acetonitrile and 

ammonium bicarbonate three times successively, followed by overnight digestion in 50 

mM ammonium bicarbonate containing freshly prepared trypsin, 10 ng/μL (Promega, 

sequencing grade). Peptides were extracted with 60% acetonitrile/0.1% trifluoroacetic 

acid and extracts were dried under vacuum. For subsequent iTRAQ labeling, peptides 

were dissolved in 0.5 M triethylammonium bicarbonate, pH 8.5, followed by addition of 

iTRAQ reagent in ethanol and incubation at room temperature for two hours. Samples 

were then combined according to experimental design and dried under vacuum. 
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Liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) analysis- Prior 

to analysis by LC-MS/MS, samples were passed through a C18 spin column (Thermo 

Pierce, Rockford, IL) and reconstituted in 0.1% formic acid. Separation of peptides via 

capillary liquid chromatography was performed using Waters nanoAquity system 

(Waters Corp., Milford, MA). Mobile phase A (aqueous) contained 0.1% formic acid in 

5% acetonitrile and mobile phase B (organic) contained 0.1% formic acid in 85% 

acetonitrile. Separation was achieved using a C18 column (75 mm × 20 cm, Waters 

Corp., Ethylene Bridged Hybrid column # BEH300) through a 150 minute gradient of 6% 

to 45% mobile phase B at a flow rate of 0.30 mL/min. For peptide identification and 

quantification using iTRAQ reporter ions, MS analysis was performed using a hybrid 

linear ion trap Orbitrap Velos mass spectrometer (LTQ-Orbitrap Velos, Thermo, 

Waltham, MA). Survey scans were operated at 60,000 resolution with AGC (automatic 

gain control) target of 1E6. Following three standard CID (collision induced dissociation) 

fragmentations, HCD (higher-energy collisional dissociation) was carried out for the top 

three precursor ion fragmentations with a 2 Da isolation window, 40% NCE (normalized 

collision energy) and a 5,000 signal count threshold. Tandem MS scans with HCD 

fragmentation were acquired in profile mode with 7,500 resolution and an AGC target of 

2E5. Parent proteins were identified with a yeast database (www.yeastgenome.org, 

Saccharomyces Genome Database, Stanford University, Feb. 3rd, 2011), containing 

6,717 protein entries. A decoy database containing the reversed sequences of all proteins 

was appended to estimate false discovery rate (129). Protein identification using Sequest 

(130) or ProLuCID (131) and DTASelect (132, 133) and quantification using Census 

(134) were done through the Integrated Proteomics Pipeline (IP2, Integrated Proteomics 
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Applications, Inc. San Diego, CA) and checked with MassMatrix  (135). Mass accuracy 

was limited to 10 ppm for precursor ions and 0.03 Da for product ions, with tryptic 

enzyme specificity and up to two, missed cleavages. Static modifications included 

carbamidomethylation on cysteines (57 Da) and iTRAQ-4plex on lysines and N-termini 

(144 Da). Variable modifications included iTRAQ-4plex on tyrosines (144 Da) and 

oxidation on methionines (16 Da). DTASelect (132, 133) was applied to generate search 

results of peptide-to-spectra matches (PSMs) with a maximum false discovery rate (FDR) 

of 5%, yielding a protein FDR of less than 2%. Protein quantification based on iTRAQ 

reporter ions was performed with Census (134) and ratios after median normalization 

from two or three biological replicates are presented. Peptides without ratios and those 

that were not replicated in at least two separate experiments were excluded from further 

analysis. We present fold-change for proteins exhibiting enhanced S-nitrosylation in 

Δadh6 versus WT yeast (>1.2) only when each of the individual experimental ratios were 

> 1.0 with relative standard deviation <35%. p-values were calculated from the identified 

peptides. 

Statistical analysis- Statistical significance was evaluated by Student’s t-test for pair-wise 

comparisons and by one-way ANOVA with the Tukey post-hoc test for multiple 

comparisons. A value of P < 0.05 was considered statistically significant. Results are 

shown as mean ± SD. 

 

2.4 Purification, identification and characterization of an NADPH-dependent SNO-
CoA reductase in yeast 

In extracts of yeast cells, addition of SNO-CoA led to the S-nitrosylation of 
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multiple proteins, as demonstrated by the SNO-RAC method (55), indicating that SNO-

CoA serves as an efficient source of NO groups for protein S-nitrosylation (analogous to 

acetylation of proteins by acetyl-CoA) (Figure 5A). Co-addition of NADPH (but not 

NADH) markedly lowered SNO-protein formation (Figure 5A), and NADPH 

consumption in yeast extracts was greatly enhanced in the presence of SNO-CoA (Figure 

5B), consistent with operation of an NADPH-dependent SNO-CoA reductase. This 

activity was purified to homogeneity and identified as the NADPH-dependent enzyme 

alcohol dehydrogenase 6 (Adh6) (Figure 5C; Table 4), a member of the cinnamyl alcohol 

dehydrogenase family (136, 137), but with no known physiological role. CoA-

sulfinamide was identified by mass spectrometry as the major stable product (Figures 5D 

and 6), confirming a reductase mechanism (involving hydride transfer) that produces a S-

(N-hydroxy)-CoA intermediate (Figure 6), and kinetic analysis gave, with SNO-CoA as 

substrate, a Km of 180 ± 16 μM, an estimated kcat of 2596 ± 110 min-1 (Figure 5E) and a 

stoichiometry of 1:1 (Figure 5F). Importantly, Adh6 was highly specific for SNO-CoA 

without significant activity towards GSNO or S-nitroso-cysteine (CysNO) (Figures 5G 

and 7) and the catalytic efficiency of SNO-CoA reductase (for substrate SNO-CoA) 

compared very favorably with that of microbial GSNO reductase (for substrate GSNO) 

(62), strongly supporting its physiological relevance. Adh6 is the principal source of 

SNO-CoA metabolizing activity, because genetic deletion of ADH6 (Δadh6) resulted in 

~80% decrease in SNO-CoA-consuming activity in lysates, whereas deletion of ADH7, a 

closely related homolog19, had no effect (Figures 5H and 8).  
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2.5 Effects of enhanced S-nitrosylation on metabolic profiles of CoA and acyl-CoAs 

 Unlike GSNOR (62), Adh6 did not protect yeast from nitrosative stress (Figure 

9), suggesting a novel role. To examine possible roles for Adh6-regulated SNO-CoA 

metabolism in CoA-dependent pathways, we treated wild-type (WT) and Δadh6 cells 

with the cell-permeable S-nitrosylating agent, CysNO ethyl ester (EtCysNO) and carried 

out a metabolomic analysis. SNO-CoA is not cell-permeable, but NO groups originating 

from EtCysNO will distribute among other intracellular small-molecular-weight SNOs 

(138), forming SNO-CoA (Figure 10), and we show below that there is substantial 

overlap between proteins S-nitrosylated by EtCysNO or SNO-CoA. Treatment of cells 

with EtCysNO (500 µM, 2 hr) altered the profile of free and acyl CoAs (Figures 11A and 

B), suggesting a central role for protein S-nitrosylation in regulating energy metabolism. 

Levels of CoA were diminished, whereas, unexpectedly, levels of acetyl-CoA were 

enhanced, indicative of a metabolic block in the utilization of acetyl-CoA (Figure 11A-

C). Moreover, enhancement of acetyl-CoA levels was significantly greater in the absence 

of Adh6 (Figure 11A). Diminished utilization of acetyl-CoA was confirmed by a 

significant decrease in levels of HMG-CoA (Figures 11A and C). Diminished levels of 

CoA were reflected in diminished levels of succinyl CoA and butyryl-CoA, which also 

suggest decreases in acetyl-CoA oxidation in the citric acid cycle and in fatty acid 

oxidation (Figure 11A-C). Taken together, these data are consistent with an Adh6-

regulated block in utilization of acetyl-CoA, which alone may contribute significantly to 

CoA depletion, in addition to the depletion of CoA by S-nitrosylation (note that Adh6 

activity does not regenerate assayable CoA from SNO-CoA (Figure 5D). Notably, basal 

levels of acetyl-CoA (in the absence of EtCysNO) were significantly enhanced as well in 
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the Δadh6 mutant (Figure 11A), raising the intriguing possibility of endogenous SNO 

mimicking the metabolic actions of EtCysNO (see below). Thus, the SNO-CoA reductase 

Adh6 regulates CoA metabolism in yeast. The effects of EtCysNO were relatively 

restricted to acetyl-CoA-related metabolism, because no significant changes were 

induced by EtCysNO in the levels of propionyl-CoA, an intermediate in amino acid 

metabolism (Figure 11B). 

 

2.6 Adh6 regulates protein S-nitrosylation mediated by SNO-CoA 

The specific nature of the changes in metabolic profile elicited by both EtCysNO 

and Adh6 deletion suggests regulation by SNO-CoA of central enzymes in CoA 

metabolism. Although reactive low-molecular-weight SNOs present at low levels 

including CysNO and GSNO (16, 62) cannot be assayed directly in cellular extracts, their 

presence can be inferred when alterations in their metabolism result in altered protein S-

nitrosylation, reflecting the equilibrium between low mass SNOs and SNO-proteins 

(which favors SNO-proteins) (30, 62, 66). To identify candidate enzymes regulated by 

Adh6 acting through modulation of SNO-CoA-coupled protein S-nitrosylation, we 

employed iTRAQ-coupled SNO-RAC to examine the SNO-protein proteome in intact 

WT and Δadh6 yeast under resting conditions and following treatment with EtCysNO, 

and in extracts of WT yeast following treatment with SNO-CoA. Treatment of intact cells 

with EtCysNO (100 µM, 2 hr; n=3) resulted in the identification of 103 SNO-proteins 

(Figure 12A; Table 5), and iTRAQ analysis revealed that Adh6 deletion resulted in 

enhanced S-nitrosylation of 15 of those substrates (Figure 12B). Treatment of lysates 
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with SNO-CoA (60 µM, 10 min) resulted in the identification of 345 substrates (Figure 

12A; Table 6). SNO-CoA-induced protein S-nitrosylation was greatly attenuated overall 

by the addition to WT lysates of NADPH, and this attenuation was partially rescued in 

Δadh6 lysates (Figure 12C), suggestive of regulation by Adh6 of SNO-CoA-coupled 

protein S-nitrosylation. Notably, 10 of 15 proteins exhibiting Adh6-dependent enhanced 

S-nitrosylation after EtCysNO treatment of intact cells were identified as SNO-CoA 

substrates in lysates (Figure 12B). Of these, eight were identified as metabolic enzymes, 

including one, Erg10 (acetoacetyl-CoA thiolase) that plays a key role in CoA-dependent 

sterol biosynthesis (139) (Figure 15C). In addition, we identified HMG-CoA synthase 

(Erg13) and α-ketoglutarate dehydrogenase as substrates for Adh6-independent S-

nitrosylation (Table 5), and regulation of those activities could contribute to EtCysNO-

induced alterations in HMG-CoA and succinyl-CoA levels (Fig. 11A, C).  

 

2.7 Endogenous protein S-nitrosylation in yeast 

Although NO production by isolated yeast mitochondria has been reported under 

hypoxic conditions (140) and L-arginine-dependent NO synthesis has been claimed 

(141), neither a normoxic source of NO nor endogenous protein S-nitrosylation has been 

described. We observed protein S-nitrosylation under basal, normoxic conditions with 

both SNO-RAC (Figure 12D) and mercury-coupled photolysis/chemiluminescence 

(Figure 12E), and identified 51 endogenous SNO-proteins (Table 7). Notably, 37 of those 

substrates were also identified as targets of exogenous SNO-CoA (Table 7). Moreover, 

five endogenous SNO-proteins exhibited enhanced basal S-nitrosylation in the absence of 
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Adh6 (Figure 12F) and three of these substrates were among the set identified as targets 

of exogenous SNO-CoA (Figure 12F) including, most notably, Erg10 (Figure 12F and 

13B). Regulation of Erg10 by S-nitrosylation may alter the profile of free CoA and acyl-

CoAs, and in particular, Adh6-regulated S-nitrosylation of Erg10 by endogenous SNO-

CoA is consistent with a SNO-based mechanism for the effect of Adh6 deletion on 

acetyl-CoA and CoA metabolism that we observed under basal conditions (Figures 11A 

and B).  

 

2.8 S-nitrosylation by SNO-CoA inhibits yeast and human acetoacetyl-CoA thiolase 
activity 

The case for metabolic regulation of Erg10 by SNO-CoA is manifold. Erg10 is a 

prominent substrate of S-nitrosylation that is regulated by Adh6 under both basal 

conditions and after treatment of lysates with SNO-CoA, and also after treatment with 

EtCysNO that results in enhanced levels of acetyl-CoA (Figures 12B and F; Table 6). 

Erg10 utilizes two molecules of acetyl-CoA to generate acetoacetyl-CoA (139) and CoA, 

and inhibition of Erg10 would therefore help rationalize the finding of increased acetyl-

CoA with concomitant depletion of CoA (Figure 11C). Because deletion of ERG10 is 

lethal, (142) physiological inhibition of acetoacetyl-CoA thiolase activity should be 

dynamically regulated, consistent with roles for Adh6 in S-nitrosylation/denitrosylation 

(Figure 12). Assays of extracts from WT yeast (Figure 15A) and of purified human 

acetoacetyl-CoA thiolase (Figure 15B) confirmed inhibition of thiolase activity by SNO-

CoA: SNO-CoA inhibited the purified enzyme with an IC50 of 4µM (Figure 15B). We 

further confirmed with qPCR that the enhanced S-nitrosylation of Erg10 in Δadh6 versus 
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WT yeast (observed following treatment with EtCysNO and under basal conditions) was 

unlikely to reflect a contribution from decreased Erg10 abundance (Figure 14). Our 

analysis of acyl-CoA profile should serve as the basis for more extensive measurements 

of isotopic flux through metabolic pathways (128, 143) affected by both SNO-CoA-

dependent and –independent enzyme S-nitrosylation. 

 

2.9 Discussion 

Our findings support five principal, novel conclusions. S-nitrosylation is an 

endogenous process in yeast, and SNO-CoA serves as an important source of NO groups 

for protein S-nitrosylation. Protein S-nitrosylation by SNO-CoA is regulated by Adh6 

acting as a specific SNO-CoA reductase (similar to the role played by GSNOR, acting as 

a GSNO reductase, in regulating protein S-nitrosylation mediated by GSNO). SNO-CoA 

mediated Adh6-regulated protein S-nitrosylation targets metabolic enzymes and thereby 

provides a mechanism for metabolic regulation by NO. In particular, regulation by Adh6 

of Erg10 S-nitrosylation demonstrates a previously unsuspected locus of control for sterol 

metabolism. Adh6 thus regulates CoA metabolism in yeast. In addition, Adh6-

independent S-nitrosylation of additional enzymes including HMG-CoA synthase and α-

ketoglutarate dehydrogenase indicates additional regulation by S-nitrosylation of CoA-

related metabolism. Although an ortholog or functional homolog of Adh6 has not yet 

been identified in multicellular eukaryotes, it seems reasonable to predict that, in most 

cells producing or otherwise exposed to NO, SNO-CoA will serve as a source of NO 

groups for protein S-nitrosylation (consistent with our finding of NADPH-dependent 
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SNO-CoA-metabolizing activity in bacteria and mammals (Fig. 15 D,E)) and that protein 

S-nitrosylation mediated by SNO-CoA will convey metabolic signals. Our work suggests 

parallel roles for CoA-mediated protein S-nitrosylation and acetylation in metabolic 

signaling, with implications for both cellular physiology and disease.  
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Figure 5. Purification, identification and characterization of an NADPH-dependent 
SNO-CoA reductase in yeast. (A) Representative Coomassie-stained SDS-PAGE gel of 
SNO-proteins pulled down by SNO-RAC following incubation of yeast lysates for 10 
min with SNO-CoA (60 µM) alone or in combination with NADPH or NADH (100 µM). 
Ascorbate, which denitrosylates SNOs to generate free thiols, was omitted from SNO-
RAC as a specificity control. (B) Lysates were incubated with 0.1mM NADPH in the 
absence (-) or presence (+) of 0.1mM SNO-CoA, and NADPH consumption (absorbance 
at 340 nm) was followed over time. (C) Representative Coomassie-stained SDS-PAGE 
gel corresponding to the chromatographic purification scheme of NADPH-dependent 
SNO-CoA reductase activity (see Table S1), which yielded from a crude extract (lane 1) 
a single species identified as Adh6. (D) CoA-sulfinamide was identified as the major 
stable product (see Fig. S1). (E) Kinetic analysis of purified yeast Adh6: Km, 180 ± 16 
μM; kcat, 2596 ± 110 min-1. (F) Stoichiometry of NADPH:SNO-CoA in Adh6-catalyzed 
SNO-CoA reduction. Five sequential additions of 87 µM NADPH led to a mean 
consumption of 81.6 ± 2.8 μM SNO-CoA, demonstrating a stoichiometry of 1:1 (results 
are representative of two independent experiments). (G) Specificity of Adh6 for SNO-
CoA. Adh6 purified from yeast as in (C) was incubated with 100 μM NADPH and 100 
μM SNO-CoA, GSNO or CysNO and NADPH consumption was measured over time. 
(H) Adh6 is the principal source of NADPH-dependent SNO-CoA reductase activity. 
Activity was assayed in lysates from WT yeast and ∆adh6, ∆adh7 and ∆adh6/∆adh7 
yeast (n=3 ± SD).   
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Figure 6. CoA-sulfinamide is the major product of Adh6-mediated reduction of 
SNO-CoA. (A, B) Electron-spray ionization mass spectra of the reactants (A) and 
products (B). (B) Peaks at m/z 799 and 821 correspond to CoA-sulfinamide and its Na+ 
adduct, respectively. The inset shows the MS-MS spectra of the peak at m/z 799. 
Presence of a peak at m/z 782 indicates a loss of NH3

+, confirming CoA-sulfinamide as 
the major product. 
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Figure 7. Confirmation of enzymatic reduction by Adh6 of SNO-CoA. Enzyme 
(Adh6), substrate (SNO-CoA) and co-factor (NADPH), as shown in Figure 1(G), are 
required for enzyme activity as assessed by decrease in absorbance at 340 nm. 
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Figure 8. Verification of deletion of Δadh6 and/or Δadh7 by PCR. The Δadh6 strain 
was obtained from Open Biosystems. The Δadh7 and Δadh6Δadh7 strains were 
constructed by replacement of the entire ORF of ADH7 by NAT cassette in the haploid 
wild-type (BY4741; Open Biosystems) and Δadh6 background, respectively. To verify 
Δadh6 deletion by PCR, primer pairs ADH6F/KANR (lanes 2 and 4) were used to 
amplify targeted and WT fragments, respectively. To verify Δadh7 deletion, primer pairs 
ADH7F/NATR (lanes 3 and 5) were used to amplify WT and targeted fragments, 
respectively. To verify combined Δadh6Δadh7 deletion, primer pairs ADH6F/KANR and 
ADH7F/NATR (lanes 6 and 7) were used to amplify KAN and NAT fragments. Lanes 8 
and 9 are no DNA controls showing amplification with primer pairs ADH6F/KANR and 
ADH7F/NATR, respectively. Lanes 1 and 10 show 100bp and 1kbp DNA size-ladders 
(Promega), respectively. 
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Figure 9. Sensitivity of WT and Δadh6 yeast to EtCysNO, CysNO and GSNO. Mid-
log phase wild-type (closed symbols) or Δadh6 (open symbols) cells (absorbance 600 nm 
= 0.4–0.6 following overnight culture) were diluted (to absorbance 600 nm = 0.02) and 
cultured in YPD medium supplemented with 0 mM (circle), 0.25 mM (square), 0.5 mM 
(triangle) and 1 mM (diamond) of EtCysNO (A), CysNO (B) or GSNO (C). Growth was 
monitored at 590 nm in 24-well microplates with continuous shaking. Data shown are 
representative of four similar experiments.  
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Figure 10. The S-nitrosylating agent, EtCysNO, efficiently and rapidly 
transnitrosylates CoA forming SNO-CoA. (A-C) Electron-spray ionization spectra of 
EtCysNO alone (A), SNO-CoA alone (B) and (C) the products formed from the reaction 
of equimolar (1 mM) EtCysNO and CoA. (c) Peaks at 797 and 819 correspond to SNO-
CoA and its Na+ adducts. (D) Absorbance spectra of pure EtCysNO and SNO-CoA (1 
mM). (E) Absorbance spectra recorded during the reaction between equimolar (1 mM) 
EtCysNO and CoA (CoA-SH). Spectra were recorded at 5 sec intervals.(F) Difference 
spectra obtained by subtracting the first spectrum obtained (t=0) from all subsequent 
spectra shown in (E). The maximum difference is observed at 322.6 nm and an isosbestic 
point is at 382.7 nm. (G) Time course of SNO-CoA formation monitored at 322.6 nm 
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Figure 11. Effects of enhanced S-nitrosylation on metabolic profiles of CoA and 
acyl-CoAs. (A, B) Mid-log phase yeast were left untreated or treated with 500 μM 
EtCysNO for 2 hr, and metabolites were measured as described in Methods. Data are 
mean ± SD (n=6), and are normalized with respect to culture turbidity. (C) A schematic 
diagram illustrating the principal metabolic relationships between CoA and acyl-CoA’s. 
The observed effects of EtCysNO treatment are indicated by upward- or downward-
pointing arrows. 
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Figure 12. Adh6 regulates protein S-nitrosylation mediated by SNO-CoA. (A) A 
Venn diagram illustrates the relationship between the sets of SNO-proteins identified in 
intact WT yeast under basal growth conditions (endogenous) and following treatment 
with EtCysNO and in lysates treated with SNO-CoA. (B) SNO-proteins showing 
enhanced S-nitrosylation (n=3; p< 0.05) in Δadh6 versus WT yeast following treatment 
with EtCysNO. Shared targets identified following treatment of lysates with SNO-CoA 
are indicated in bold and metabolic enzymes are indicated in italics. (C) Representative 
Coomassie-stained SDS-PAGE gel illustrating SNO-proteins isolated by SNO-RAC 
following treatment of WT yeast lysates with SNO-CoA in the presence or absence of 
NADPH. (D) Representative Coomassie-stained SDS-PAGE gel illustrating SNO-
proteins isolated by SNO-RAC from WT yeast treated with EtCysNO or untreated 
(endogenous SNO-proteins). (Note that the demonstration of endogenous SNO-proteins 
in (D) but not (C) reflects different amounts of total protein employed in the SNO-RAC 
assay (4 versus 1 mg respectively). (E) Endogenous protein-bound NO. Total protein-
bound NO (SNO and XNO, where x is S, N or metal) and SNO were quantified in WT 
yeast lysates by mercury-coupled photolysis-chemiluminescence. (F) SNO-proteins 
showing enhanced S-nitrosylation (p<0.05) in Δadh6 versus WT yeast under basal 
growth conditions. Shared targets identified following treatment of lysates with SNO-
CoA are indicated in bold and metabolic enzymes are indicated in italics.  
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Figure 13. Identification and quantification of SNO-Erg10 by SNO-RAC and LC-
MS/MS. (A) An annotated MS/MS spectra of a representative peptide derived from 
SNO-Erg10, S-nitrosylated by treatment of yeast lysate with SNO-CoA, following SNO-
RAC and trypsin digest.  (B) Following SNO-RAC and trypsin digest, quantification by 
iTRAQ of endogenous SNO-Erg10 in WT versus Δadh6 yeast demonstrates enhanced S-
nitrosylation of Erg10 in the mutant strain. 
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Figure 14. Analysis by qPCR of Erg10 expression. Deletion of Adh6 did not alter the 
abundance of Erg10 mRNA under basal conditions or after treatment (2 hr) with 
EtCysNO. 
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Figure 15. S-nitrosylation by SNO-CoA inhibits yeast and human acetoacetyl-CoA 
thiolase activity. (A) Acetoacetyl-CoA thiolase (Erg10) activity was assayed in extracts 
of WT yeast. (B) Assay of the activity of purified human cytosolic acetoacetyl-CoA 
thiolase. (C) Schematic summary of the potential role of SNO-CoA-coupled protein S-
nitrosylation in regulation of Erg10-dependent metabolism in yeast. Erg10 converts 
acetyl-CoA to acetoacetyl-CoA (a precursor in sterol biosynthesis) and free CoA. SNO-
CoA inhibits Erg10 by S-nitrosylation, and Erg10 S-nitrosylation is regulated by Adh6 
acting as a SNO-CoA reductase. In addition, HMG-CoA-synthase (Erg13) is S-
nitrosylated independent of Adh6. (D,E) NADPH-dependent SNO-CoA metabolizing 
activity in extracts from mouse lung, heart and spleen (D) and E. coli (E). Rate of SNO-
CoA-dependent NADPH or NADH consumption was measured. Note that high levels of 
basal NADH consumption (diaphorase activity) in E. coli under aerobic conditions 
prevented assessment of SNO-CoA dependence.  
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Table 4. Purification of an NADPH-dependent SNO-CoA reductase activity from 
yeast. 
 

Fractions Volume 
(ml) 

Total 
Protein 
(mg) 

Total 
Activity 
(units) 

Specific 
Activity 

(units/mg) 

Yield 
(%) 

Fold 
Purification  

Cell free extract 35 825.65 14.245 0.01725 100 1 
30 to 70% ammonium 
sulfate fractionation 

            

Fast flow Q-Sepharose 35 78.4 6.02 0.0767 42.26 4.44 
2'-5' ADP-Sepharose 10 0.705 8.91 12.63 62.5 732 

Mono-Q 1 0.1004 3.97 39.54 27.86 2292 
Superdex-200 1.4 0.03756 1.8312 48.75 12.85 2826 
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Table 5. iTRAQ ratios of SNO-proteins obtained from Δadh6 versus WT yeast cells 
treated with EtCysNO. Represented are averages from 2 or 3 biological replicates. RSD 
(Relative Standard Deviation) less than 35%. 
 
ORF Fold Change Protein name and Function 

YOR136W 2.55 
IDH2 SGDID:S000005662, Chr XV from 580250-581359, Verified ORF, 
Subunit of mitochondrial NAD()-dependent isocitrate dehydrogenase 

YNL071W 2.10 

LAT1 SGDID:S000005015, Chr XIV from 491523-492971, Verified ORF, 
Dihydrolipoamide acetyltransferase component (E2) of pyruvate 
dehydrogenase complex 

YCL040W 1.91 
GLK1 SGDID:S000000545, Chr III from 50838-52340, Verified ORF, 
Glucokinase 

YOR374W 1.86 
ALD4 SGDID:S000005901, Chr XV from 1039840-1041399, Verified 
ORF, Mitochondrial aldehyde dehydrogenase 

YML008C 1.69 
ERG6 SGDID:S000004467, Chr XIII from 252990-251839, reverse 
complement, Verified ORF, Delta(24)-sterol C-methyltransferase 

YLR355C 1.66 
ILV5 SGDID:S000004347, Chr XII from 839253-838066, reverse 
complement, Verified ORF, Acetohydroxyacid reductoisomerase 

YPL028W 1.58 
ERG10 SGDID:S000005949, Chr XVI from 498096-499292, Verified 
ORF, Acetyl-CoA C-acetyltransferase (acetoacetyl-CoA thiolase) 

YBR221C 1.53 

PDB1 SGDID:S000000425, Chr II from 666253-665153, reverse 
complement, Verified ORF, E1 beta subunit of the pyruvate dehydrogenase 
(PDH) complex 

YKL029C 1.52 
MAE1 SGDID:S000001512, Chr XI from 384725-382716, reverse 
complement, Verified ORF, Mitochondrial malic enzyme 

YER003C 1.49 
PMI40 SGDID:S000000805, Chr V from 158994-157736,159118-159088, 
reverse complement, Verified ORF, Mannose-6-phosphate isomerase 

YDR385W 1.48 
EFT2 SGDID:S000002793, Chr IV from 1243230-1245758, Verified ORF, 
Elongation factor 2 (EF-2) 

YFL018C 1.44 
LPD1 SGDID:S000001876, Chr VI from 103127-101628, reverse 
complement, Verified ORF, Dihydrolipoamide dehydrogenase 

YOR335C 1.42 

ALA1 SGDID:S000005862, Chr XV from 949109-946233, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial alanyl-tRNA 
synthetase 

YJL111W 1.38 

CCT7 SGDID:S000003647, Chr X from 207872-209524, Verified ORF, 
&#034;Subunit of the cytosolic chaperonin Cct ring complex, related to 
Tcp1p, required for the assembly of actin and tubulins in vivo&#034; 

YGL105W 1.35 

ARC1 SGDID:S000003073, Chr VII from 307437-308567, Verified ORF, 
Protein that binds tRNA and methionyl- and glutamyl-tRNA synthetases 
(Mes1p and Gus1p) 

YLR259C 1.34 

HSP60 SGDID:S000004249, Chr XII from 665002-663284, reverse 
complement, Verified ORF, Tetradecameric mitochondrial chaperonin 
required for ATP-dependent folding of precursor polypeptides and complex 
assembly; prevents aggregation and mediates protein refolding after heat 
shock; role in mtDNA transmission; phosphorylated"" 

YGL148W 1.32 
ARO2 SGDID:S000003116, Chr VII from 226399-227529, Verified ORF, 
Bifunctional chorismate synthase and flavin reductase 
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YDR212W 1.28 

TCP1 SGDID:S000002620, Chr IV from 887230-888909, Verified ORF, 
&#034;Alpha subunit of chaperonin-containing T-complex, which 
mediates protein folding in the cytosol; involved in actin cytoskeleton 
maintenance; overexpression in neurons suppresses formation of 
pathogenic conformations of huntingtin protein&#034; 

YDL126C 1.27 

CDC48 SGDID:S000002284, Chr IV from 238664-236157, reverse 
complement, Verified ORF, &#034;ATPase in ER, nuclear membrane and 
cytosol with homology to mammalian p97; in a complex with Npl4p and 
Ufd1p participates in retrotranslocation of ubiquitinated proteins from the 
ER into the cytosol for degradation by the proteasome&#034; 

YNL239W 1.26 

LAP3 SGDID:S000005183, Chr XIV from 200569-201933, Verified ORF, 
Cysteine aminopeptidase with homocysteine-thiolactonase activity; 
protects cells against homocysteine toxicity; has bleomycin hydrolase 
activity in vitro; transcription is regulated by galactose via Gal4p; 
orthologous to human BLMH"" 

YMR108W 1.23 
ILV2 SGDID:S000004714, Chr XIII from 484084-486147, Verified ORF, 
Acetolactate synthase 

YNL209W 1.20 
SSB2 SGDID:S000005153, Chr XIV from 252059-253900, Verified ORF, 
Cytoplasmic ATPase that is a ribosome-associated molecular chaperone 

YKL157W 1.19 

YKL157W APE2 SGDID:S000001640, Chr XI from 154991-
155271,155655-158232, Verified ORF, Aminopeptidase yscII; may have a 
role in obtaining leucine from dipeptide substrates; sequence coordinates 
have changed since RT-PCR analysis showed that the adjacent ORF 
YKL158W comprises the 5' exon of APE2/YKL157W"" 

YGR204W 1.18 
ADE3 SGDID:S000003436, Chr VII from 905934-908774, Verified ORF, 
Cytoplasmic trifunctional enzyme C1-tetrahydrofolate synthase 

YIL125W 1.17 

KGD1 SGDID:S000001387, Chr IX from 122689-125733, Verified ORF, 
Component of the mitochondrial alpha-ketoglutarate dehydrogenase 
complex 

YGR061C 1.16 

ADE6 SGDID:S000003293, Chr VII from 615965-611889, reverse 
complement, Verified ORF, Formylglycinamidine-ribonucleotide 
(FGAM)-synthetase 

YPL111W 1.15 
CAR1 SGDID:S000006032, Chr XVI from 339944-340945, Verified ORF, 
Arginase 

YKR059W 1.15 

TIF1 SGDID:S000001767, Chr XI from 554629-555816, Verified ORF, 
&#034;Translation initiation factor eIF4A, identical to Tif2p; DEA(D/H)-
box RNA helicase that couples ATPase activity to RNA binding and 
unwinding; forms a dumbbell structure of two compact domains connected 
by a linker; interacts with eIF4G&#034; 

YMR217W 1.13 
GUA1 SGDID:S000004830, Chr XIII from 701790-703367, Verified ORF, 
GMP synthase 

YHR208W 1.12 
BAT1 SGDID:S000001251, Chr VIII from 517532-518713, Verified ORF, 
Mitochondrial branched-chain amino acid aminotransferase 

YPR033C 1.12 

HTS1 SGDID:S000006237, Chr XVI from 639019-637379, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial histidine 
tRNA synthetase; encoded by a single nuclear gene that specifies two 
messages; efficient mitochondrial localization requires both a presequence 
and an amino-terminal sequence"" 

YNL112W 1.11 

DBP2 SGDID:S000005056, Chr XIV from 413639-414911,415914-
416281, Verified ORF, Essential ATP-dependent RNA helicase of the 
DEAD-box protein family 
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YAL003W 1.10 

EFB1 SGDID:S000000003, Chr I from 142174-142253,142620-143160, 
Verified ORF, Translation elongation factor 1 beta; stimulates nucleotide 
exchange to regenerate EF-1 alpha-GTP for the next elongation cycle; part 
of the EF-1 complex 

YMR205C 1.10 

PFK2 SGDID:S000004818, Chr XIII from 674766-671887, reverse 
complement, Verified ORF, Beta subunit of heterooctameric 
phosphofructokinase involved in glycolysis 

YDR023W 1.10 
SES1 SGDID:S000002430, Chr IV from 489508-490896, Verified ORF, 
Cytosolic seryl-tRNA synthetase 

YGR285C 1.09 

ZUO1 SGDID:S000003517, Chr VII from 1063160-1061859, reverse 
complement, Verified ORF, &#034;Cytosolic ribosome-associated 
chaperone that acts, together with Ssz1p and the Ssb proteins, as a 
chaperone for nascent polypeptide chains; contains a DnaJ domain and 
functions as a J-protein partner for Ssb1p and Ssb2p&#034; 

YER043C 1.09 
SAH1 SGDID:S000000845, Chr V from 237119-235770, reverse 
complement, Verified ORF, S-adenosyl-L-homocysteine hydrolase 

YDR012W 1.08 
RPL4B SGDID:S000002419, Chr IV from 471853-472941, Verified ORF, 
Protein component of the large (60S) ribosomal subunit 

YDL182W 1.08 
LYS20 SGDID:S000002341, Chr IV from 133437-134723, Verified ORF, 
Homocitrate synthase isozyme 

YGL202W 1.08 
ARO8 SGDID:S000003170, Chr VII from 116059-117561, Verified ORF, 
Aromatic aminotransferase I 

YOR209C 1.07 
NPT1 SGDID:S000005735, Chr XV from 737726-736437, reverse 
complement, Verified ORF, Nicotinate phosphoribosyltransferase 

YGR180C 1.07 
RNR4 SGDID:S000003412, Chr VII from 856301-855264, reverse 
complement, Verified ORF, Ribonucleotide-diphosphate reductase (RNR) 

YGR240C 1.07 

PFK1 SGDID:S000003472, Chr VII from 973734-970771, reverse 
complement, Verified ORF, Alpha subunit of heterooctameric 
phosphofructokinase involved in glycolysis 

YNL014W 1.06 

HEF3 SGDID:S000004959, Chr XIV from 606319-609453, Verified ORF, 
Translational elongation factor EF-3; paralog of YEF3 and member of the 
ABC superfamily; stimulates EF-1 alpha-dependent binding of aminoacyl-
tRNA by the ribosome; normally expressed in zinc deficient cells"" 

YOR063W 1.06 
RPL3 SGDID:S000005589, Chr XV from 444686-445849, Verified ORF, 
Protein component of the large (60S) ribosomal subunit 

YOR133W 1.05 

EFT1 SGDID:S000005659, Chr XV from 575099-577627, Verified ORF, 
&#034;Elongation factor 2 (EF-2), also encoded by EFT2; catalyzes 
ribosomal translocation during protein synthesis; contains diphthamide, the 
unique posttranslationally modified histidine residue specifically ADP-
ribosylated by diphtheria toxin&#034; 

YGR185C 1.04 
TYS1 SGDID:S000003417, Chr VII from 867520-866336, reverse 
complement, Verified ORF, Cytoplasmic tyrosyl-tRNA synthetase 

YEL046C 1.03 
GLY1 SGDID:S000000772, Chr V from 68792-67629, reverse 
complement, Verified ORF, Threonine aldolase 

YGL253W 1.03 

HXK2 SGDID:S000003222, Chr VII from 23935-25395, Verified ORF, 
Hexokinase isoenzyme 2 that catalyzes phosphorylation of glucose in the 
cytosol; predominant hexokinase during growth on glucose; functions in 
the nucleus to repress expression of HXK1 and GLK1 and to induce 
expression of its own gene"" 

YLR048W 1.03 
RPS0B SGDID:S000004038, Chr XII from 242232-242321,242681-
243349, Verified ORF, Protein component of the small (40S) ribosomal 
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subunit 

YCR012W 1.02 
PGK1 SGDID:S000000605, Chr III from 137746-138996, Verified ORF, 
3-phosphoglycerate kinase 

YEL071W 1.02 
DLD3 SGDID:S000000797, Chr V from 16355-17845, Verified ORF, D-
lactate dehydrogenase 

YGR087C 1.02 
PDC6 SGDID:S000003319, Chr VII from 652981-651290, reverse 
complement, Verified ORF, Minor isoform of pyruvate decarboxylase 

YKL060C 1.02 
FBA1 SGDID:S000001543, Chr XI from 327487-326408, reverse 
complement, Verified ORF, Fructose 1 

YGR192C 1.01 
TDH3 SGDID:S000003424, Chr VII from 883810-882812, reverse 
complement, Verified ORF, Glyceraldehyde-3-phosphate dehydrogenase 

YHR068W 1.01 
DYS1 SGDID:S000001110, Chr VIII from 232133-233296, Verified ORF, 
Deoxyhypusine synthase 

YBR196C 1.01 
PGI1 SGDID:S000000400, Chr II from 613900-612236, reverse 
complement, Verified ORF, Glycolytic enzyme phosphoglucose isomerase 

YPR035W 1.00 
GLN1 SGDID:S000006239, Chr XVI from 642208-643320, Verified ORF, 
Glutamine synthetase (GS) 

YDL143W 1.00 

CCT4 SGDID:S000002302, Chr IV from 199997-201583, Verified ORF, 
&#034;Subunit of the cytosolic chaperonin Cct ring complex, related to 
Tcp1p, required for the assembly of actin and tubulins in vivo&#034; 

YER052C 0.99 

HOM3 SGDID:S000000854, Chr V from 257957-256374, reverse 
complement, Verified ORF, &#034;Aspartate kinase (L-aspartate 4-P-
transferase); cytoplasmic enzyme that catalyzes the first step in the 
common pathway for methionine and threonine biosynthesis; expression 
regulated by Gcn4p and the general control of amino acid synthesis&#034; 

YOR347C 0.99 

PYK2 SGDID:S000005874, Chr XV from 986459-984939, reverse 
complement, Verified ORF, &#034;Pyruvate kinase that appears to be 
modulated by phosphorylation; PYK2 transcription is repressed by glucose, 
and Pyk2p may be active under low glycolytic flux&#034; 

YOL086C 0.98 
ADH1 SGDID:S000005446, Chr XV from 160594-159548, reverse 
complement, Verified ORF, Alcohol dehydrogenase 

YDR037W 0.98 
KRS1 SGDID:S000002444, Chr IV from 525440-527215, Verified ORF, 
Lysyl-tRNA synthetase"" 

YJL167W 0.97 
ERG20 SGDID:S000003703, Chr X from 105014-106072, Verified ORF, 
Farnesyl pyrophosphate synthetase 

YBL076C 0.97 
ILS1 SGDID:S000000172, Chr II from 84261-81043, reverse complement, 
Verified ORF, Cytoplasmic isoleucine-tRNA synthetase 

YBR121C 0.97 

GRS1 SGDID:S000000325, Chr II from 483367-481364, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial glycyl-tRNA 
synthase that ligates glycine to the cognate anticodon bearing tRNA; 
transcription termination factor that may interact with the 3'-end of pre-
mRNA to promote 3'-end formation"" 

YCR053W 0.96 
THR4 SGDID:S000000649, Chr III from 216697-218241, Verified ORF, 
Threonine synthase 

YHR183W 0.95 
GND1 SGDID:S000001226, Chr VIII from 470960-472429, Verified ORF, 
6-phosphogluconate dehydrogenase (decarboxylating) 

YER090W 0.95 
TRP2 SGDID:S000000892, Chr V from 337949-339472, Verified ORF, 
Anthranilate synthase 

YML126C 0.95 
ERG13 SGDID:S000004595, Chr XIII from 20535-19060, reverse 
complement, Verified ORF, 3-hydroxy-3-methylglutaryl-CoA (HMG-
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CoA) synthase 

YJR016C 0.95 
ILV3 SGDID:S000003777, Chr X from 466208-464451, reverse 
complement, Verified ORF, Dihydroxyacid dehydratase 

YGR234W 0.95 
YHB1 SGDID:S000003466, Chr VII from 959904-961103, Verified ORF, 
Nitric oxide oxidoreductase 

YDL185W 0.93 

VMA1 SGDID:S000002344, Chr IV from 126787-130002, Verified ORF, 
Subunit A of the eight-subunit V1 peripheral membrane domain of the 
vacuolar H+ATPase; protein precursor undergoes self-catalyzed splicing to 
yield the extein Tfp1p and the intein Vde (PI-SceI) 

YPL061W 0.93 
ALD6 SGDID:S000005982, Chr XVI from 432588-434090, Verified ORF, 
Cytosolic aldehyde dehydrogenase 

YOR362C 0.92 
PRE10 SGDID:S000005889, Chr XV from 1018746-1017880, reverse 
complement, Verified ORF, Alpha 7 subunit of the 20S proteasome"" 

YHR047C 0.92 
AAP1 SGDID:S000001089, Chr VIII from 201310-198740, reverse 
complement, Verified ORF, Arginine/alanine aminopeptidase 

YPR080W 0.92 

TEF1 SGDID:S000006284, Chr XVI from 700592-701968, Verified ORF, 
&#034;Translational elongation factor EF-1 alpha; also encoded by TEF2; 
functions in the binding reaction of aminoacyl-tRNA (AA-tRNA) to 
ribosomes&#034; 

YNL134C 0.91 

YNL134C SGDID:S000005078, Chr XIV from 373581-372451, reverse 
complement, Uncharacterized ORF, Putative protein of unknown function 
with similarity to dehydrogenases from other model organisms; green 
fluorescent protein (GFP)-fusion protein localizes to both the cytoplasm 
and nucleus and is induced by the DNA-damaging agent MMS"" 

YBR249C 0.91 

ARO4 SGDID:S000000453, Chr II from 717994-716882, reverse 
complement, Verified ORF, 3-deoxy-D-arabino-heptulosonate-7-phosphate 
(DAHP) synthase 

YML070W 0.91 
DAK1 SGDID:S000004535, Chr XIII from 133475-135229, Verified ORF, 
Dihydroxyacetone kinase 

YNL178W 0.88 
RPS3 SGDID:S000005122, Chr XIV from 302680-303402, Verified ORF, 
Protein component of the small (40S) ribosomal subunit 

YDR158W 0.88 
HOM2 SGDID:S000002565, Chr IV from 770357-771454, Verified ORF, 
Aspartic beta semi-aldehyde dehydrogenase 

YHR019C 0.88 
DED81 SGDID:S000001061, Chr VIII from 143558-141894, reverse 
complement, Verified ORF, Cytosolic asparaginyl-tRNA synthetase 

YDR035W 0.87 
ARO3 SGDID:S000002442, Chr IV from 521816-522928, Verified ORF, 
3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase 

YML085C 0.86 

TUB1 SGDID:S000004550, Chr XIII from 99400-99376,99259-97941, 
reverse complement, Verified ORF, &#034;Alpha-tubulin; associates with 
beta-tubulin (Tub2p) to form tubulin dimer, which polymerizes to form 
microtubules&#034; 

YLL018C 0.85 
DPS1 SGDID:S000003941, Chr XII from 111575-109902, reverse 
complement, Verified ORF, Aspartyl-tRNA synthetase 

YHR137W 0.85 
ARO9 SGDID:S000001179, Chr VIII from 375709-377250, Verified ORF, 
Aromatic aminotransferase II 

YBR248C 0.84 

HIS7 SGDID:S000000452, Chr II from 716465-714807, reverse 
complement, Verified ORF, Imidazole glycerol phosphate synthase 
(glutamine amidotransferase:cyclase) 

YPR074C 0.82 
TKL1 SGDID:S000006278, Chr XVI from 694838-692796, reverse 
complement, Verified ORF, Transketolase 
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YAL038W 0.82 
CDC19 SGDID:S000000036, Chr I from 71786-73288, Verified ORF, 
Pyruvate kinase 

YDL055C 0.81 

PSA1 SGDID:S000002213, Chr IV from 356759-355674, reverse 
complement, Verified ORF, GDP-mannose pyrophosphorylase (mannose-
1-phosphate guanyltransferase) 

YLR216C 0.80 

CPR6 SGDID:S000004206, Chr XII from 573211-572096, reverse 
complement, Verified ORF, Peptidyl-prolyl cis-trans isomerase 
(cyclophilin) 

YLR060W 0.78 
FRS1 SGDID:S000004050, Chr XII from 260979-262766, Verified ORF, 
Beta subunit of cytoplasmic phenylalanyl-tRNA synthetase 

YER165W 0.77 
PAB1 SGDID:S000000967, Chr V from 510373-512106, Verified ORF, 
Poly(A) binding protein 

YLR420W 0.77 
URA4 SGDID:S000004412, Chr XII from 963785-964879, Verified ORF, 
Dihydroorotase 

YPL131W 0.77 

RPL5 SGDID:S000006052, Chr XVI from 303121-304014, Verified ORF, 
Protein component of the large (60S) ribosomal subunit with similarity to 
E. coli L18 and rat L5 ribosomal proteins; binds 5S rRNA and is required 
for 60S subunit assembly"" 

YHR074W 0.76 
QNS1 SGDID:S000001116, Chr VIII from 246193-248337, Verified ORF, 
Glutamine-dependent NAD() synthetase 

YPR145W 0.74 
ASN1 SGDID:S000006349, Chr XVI from 822620-824338, Verified ORF, 
Asparagine synthetase 

YJR148W 0.70 
BAT2 SGDID:S000003909, Chr X from 705744-706874, Verified ORF, 
Cytosolic branched-chain amino acid aminotransferase 

YLR028C 0.70 

ADE16 SGDID:S000004018, Chr XII from 201315-199540, reverse 
complement, Verified ORF, Enzyme of 'de novo' purine biosynthesis 
containing both 5-aminoimidazole-4-carboxamide ribonucleotide 
transformylase and inosine monophosphate cyclohydrolase activities 

YML056C 0.69 

IMD4 SGDID:S000004520, Chr XIII from 163308-162194,164176-
163717, reverse complement, Verified ORF, Inosine monophosphate 
dehydrogenase 

YER091C 0.60 
MET6 SGDID:S000000893, Chr V from 342167-339864, reverse 
complement, Verified ORF, Cobalamin-independent methionine synthase 

YPL231W 0.57 
FAS2 SGDID:S000006152, Chr XVI from 108652-114315, Verified ORF, 
Alpha subunit of fatty acid synthetase 
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Table 6. SNO-proteins identified following treatment of yeast lysates with SNO-
CoA. 
 

ORF Protein name and function 

YAL005C 

YAL005C SSA1 SGDID:S000000004, Chr I from 141433-139505, reverse complement, 
Verified ORF, ATPase involved in protein folding and nuclear localization signal (NLS)-
directed nuclear transport; member of heat shock protein 70 (HSP70) family; forms a 
chaperone complex with Ydj1p; localized to the nucleus 

YAL038W 
YAL038W CDC19 SGDID:S000000036, Chr I from 71787-73289, Verified ORF, 
Pyruvate kinase 

YAR010C 

YAR010C YAR010C SGDID:S000000068, Chr I from 165867-164545, reverse 
complement, transposable_element_gene, Retrotransposon TYA Gag gene co-
transcribed with TYB Pol; in YARCTY1-1 TYB is mutant and probably non-
functional"" 

YBL024W 
YBL024W NCL1 SGDID:S000000120, Chr II from 172537-174591, Verified ORF, S-
adenosyl-L-methionine-dependent tRNA: m5C-methyltransferase 

YBL027W 
YBL027W RPL19B SGDID:S000000123, Chr II from 168426-168427,168812-169379, 
Verified ORF, Protein component of the large (60S) ribosomal subunit 

YBL030C 
YBL030C PET9 SGDID:S000000126, Chr II from 164000-163044, reverse complement, 
Verified ORF, Major ADP/ATP carrier of the mitochondrial inner membrane 

YBL039C 
YBL039C URA7 SGDID:S000000135, Chr II from 145731-143992, reverse 
complement, Verified ORF, Major CTP synthase isozyme (see also URA8) 

YBL072C 

YBL072C RPS8A SGDID:S000000168, Chr II from 89123-88521, reverse complement, 
Verified ORF, Protein component of the small (40S) ribosomal subunit; identical to 
Rps8Bp and has similarity to rat S8 ribosomal protein"" 

YBL076C 
YBL076C ILS1 SGDID:S000000172, Chr II from 84259-81041, reverse complement, 
Verified ORF, Cytoplasmic isoleucine-tRNA synthetase 

YBL087C 

YBL087C RPL23A SGDID:S000000183, Chr II from 60735-60694,60189-59818, 
reverse complement, Verified ORF, Protein component of the large (60S) ribosomal 
subunit 

YBR025C 

YBR025C OLA1 SGDID:S000000229, Chr II from 291865-290681, reverse 
complement, Verified ORF, P-loop ATPase with similarity to human OLA1 and bacterial 
YchF; identified as specifically interacting with the proteasome; protein levels are 
induced by hydrogen peroxide"" 

YBR031W 
YBR031W RPL4A SGDID:S000000235, Chr II from 300166-301254, Verified ORF, N-
terminally acetylated protein component of the large (60S) ribosomal subunit 

YBR034C 

YBR034C HMT1 SGDID:S000000238, Chr II from 305976-304930, reverse 
complement, Verified ORF, Nuclear SAM-dependent mono- and asymmetric arginine 
dimethylating methyltransferase that modifies hnRNPs 

YBR048W 

YBR048W RPS11B SGDID:S000000252, Chr II from 332829-332873,333385-333810, 
Verified ORF, Protein component of the small (40S) ribosomal subunit; identical to 
Rps11Ap and has similarity to E. coli S17 and rat S11 ribosomal proteins"" 

YBR056W 
YBR056W YBR056W SGDID:S000000260, Chr II from 347877-349382, 
Uncharacterized ORF, Putative cytoplasmic protein of unknown function"" 

YBR061C 
YBR061C TRM7 SGDID:S000000265, Chr II from 365717-364785, reverse 
complement, Verified ORF, 2'-O-ribose methyltransferase 

YBR118W 

YBR118W TEF2 SGDID:S000000322, Chr II from 477665-479041, Verified ORF, 
Translational elongation factor EF-1 alpha; also encoded by TEF1; functions in the 
binding reaction of aminoacyl-tRNA (AA-tRNA) to ribosomes"" 

YBR121C 

YBR121C GRS1 SGDID:S000000325, Chr II from 483361-481358, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial glycyl-tRNA synthase that 
ligates glycine to the cognate anticodon bearing tRNA; transcription termination factor 
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that may interact with the 3'-end of pre-mRNA to promote 3'-end formation"" 

ALD4 

YBR143C SUP45 SGDID:S000000347, Chr II from 532176-530863, reverse 
complement, Verified ORF, Polypeptide release factor (eRF1) in translation termination; 
mutant form acts as a recessive omnipotent suppressor; methylated by Mtq2p-Trm112p 
in ternary complex eRF1-eRF3-GTP; mutation of methylation site confers resistance to 
zymocin"" 

YBR151W 
YBR151W APD1 SGDID:S000000355, Chr II from 545022-545972, Verified ORF, 
Protein of unknown function 

YBR181C 

YBR181C RPS6B SGDID:S000000385, Chr II from 592769-592764,592411-591707, 
reverse complement, Verified ORF, Protein component of the small (40S) ribosomal 
subunit; identical to Rps6Ap and has similarity to rat S6 ribosomal protein"" 

YBR191W 
YBR191W RPL21A SGDID:S000000395, Chr II from 606265-606275,606664-607135, 
Verified ORF, Protein component of the large (60S) ribosomal subunit 

YBR222C 
YBR222C PCS60 SGDID:S000000426, Chr II from 668346-666715, reverse 
complement, Verified ORF, Peroxisomal AMP-binding protein 

YBR234C 
YBR234C ARC40 SGDID:S000000438, Chr II from 686587-685433, reverse 
complement, Verified ORF, Subunit of the ARP2/3 complex 

YBR248C 

YBR248C HIS7 SGDID:S000000452, Chr II from 716460-714802, reverse complement, 
Verified ORF, Imidazole glycerol phosphate synthase (glutamine 
amidotransferase:cyclase) 

YBR249C 

YBR249C ARO4 SGDID:S000000453, Chr II from 717989-716877, reverse 
complement, Verified ORF, 3-deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) 
synthase 

YCL030C 
YCL030C HIS4 SGDID:S000000535, Chr III from 68333-65934, reverse complement, 
Verified ORF, Multifunctional enzyme containing phosphoribosyl-ATP pyrophosphatase 

YCL040W 
YCL040W GLK1 SGDID:S000000545, Chr III from 50838-52340, Verified ORF, 
Glucokinase 

YCL043C 
YCL043C PDI1 SGDID:S000000548, Chr III from 50221-48653, reverse complement, 
Verified ORF, Protein disulfide isomerase 

YCL050C 
YCL050C APA1 SGDID:S000000555, Chr III from 38801-37836, reverse complement, 
Verified ORF, Diadenosine 5' 

YCL064C 
YCL064C CHA1 SGDID:S000000569, Chr III from 16880-15798, reverse complement, 
Verified ORF, Catabolic L-serine (L-threonine) deaminase 

YCR012W 
YCR012W PGK1 SGDID:S000000605, Chr III from 137744-138994, Verified ORF, 3-
phosphoglycerate kinase 

YCR053W 
YCR053W THR4 SGDID:S000000649, Chr III from 216693-218237, Verified ORF, 
Threonine synthase 

YCR073W-A 

YCR073W-A SOL2 SGDID:S000000718, Chr III from 246960-247907, Verified ORF, 
Protein with a possible role in tRNA export; shows similarity to 6-
phosphogluconolactonase non-catalytic domains but does not exhibit this enzymatic 
activity; homologous to Sol1p 

YCR088W 
YCR088W ABP1 SGDID:S000000684, Chr III from 265065-266843, Verified ORF, 
Actin-binding protein of the cortical actin cytoskeleton 

YDL007W 

YDL007W RPT2 SGDID:S000002165, Chr IV from 438045-439358, Verified ORF, 
One of six ATPases of the 19S regulatory particle of the 26S proteasome involved in the 
degradation of ubiquitinated substrates; required for normal peptide hydrolysis by the 
core 20S particle"" 

YDL022W 
YDL022W GPD1 SGDID:S000002180, Chr IV from 411823-412998, Verified ORF, 
NAD-dependent glycerol-3-phosphate dehydrogenase 

YDL040C 
YDL040C NAT1 SGDID:S000002198, Chr IV from 381435-378871, reverse 
complement, Verified ORF, Subunit of the N-terminal acetyltransferase NatA (Nat1p 
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YDL055C 

YDL055C PSA1 SGDID:S000002213, Chr IV from 356759-355674, reverse 
complement, Verified ORF, GDP-mannose pyrophosphorylase (mannose-1-phosphate 
guanyltransferase) 

YDL061C 

YDL061C RPS29B SGDID:S000002219, Chr IV from 340798-340628, reverse 
complement, Verified ORF, Protein component of the small (40S) ribosomal subunit; 
nearly identical to Rps29Ap and has similarity to rat S29 and E. coli S14 ribosomal 
proteins"" 

YDL084W 

YDL084W SUB2 SGDID:S000002242, Chr IV from 305237-306577, Verified ORF, 
Component of the TREX complex required for nuclear mRNA export; member of the 
DEAD-box RNA helicase superfamily and is involved in early and late steps of 
spliceosome assembly; homolog of the human splicing factor hUAP56"" 

YDL097C 
YDL097C RPN6 SGDID:S000002255, Chr IV from 286695-285391, reverse 
complement, Verified ORF, Essential 

YDL100C 

YDL100C GET3 SGDID:S000002258, Chr IV from 283176-282112, reverse 
complement, Verified ORF, Guanine nucleotide exchange factor for Gpa1p; amplifies G 
protein signaling; subunit of the GET complex 

YDL103C 
YDL103C QRI1 SGDID:S000002261, Chr IV from 276581-275148, reverse 
complement, Verified ORF, UDP-N-acetylglucosamine pyrophosphorylase 

YDL126C 
YDL126C CDC48 SGDID:S000002284, Chr IV from 238664-236157, reverse 
complement, Verified ORF, ATPase in ER 

YDL131W 
YDL131W LYS21 SGDID:S000002289, Chr IV from 227393-228715, Verified ORF, 
Homocitrate synthase isozyme 

.YDL136W 
YDL136W RPL35B SGDID:S000002295, Chr IV from 217600-217602,218008-218367, 
Verified ORF, Protein component of the large (60S) ribosomal subunit 

YDL143W 
YDL143W CCT4 SGDID:S000002302, Chr IV from 199997-201583, Verified ORF, 
Subunit of the cytosolic chaperonin Cct ring complex 

YDL147W 
YDL147W RPN5 SGDID:S000002306, Chr IV from 190925-192262, Verified ORF, 
Essential 

YDL160C 
YDL160C DHH1 SGDID:S000002319, Chr IV from 171931-170411, reverse 
complement, Verified ORF, Cytoplasmic DExD/H-box helicase 

YDL182W 
YDL182W LYS20 SGDID:S000002341, Chr IV from 133438-134724, Verified ORF, 
Homocitrate synthase isozyme 

YDL185W 

YDL185W TFP1 SGDID:S000002344, Chr IV from 126788-130003, Verified ORF, 
Subunit A of the eight-subunit V1 peripheral membrane domain of the vacuolar H+-
ATPase; protein precursor undergoes self-catalyzed splicing to yield the extein Tfp1p 
and the intein Vde (PI-SceI) 

YDL229W 
YDL229W SSB1 SGDID:S000002388, Chr IV from 44066-45907, Verified ORF, 
Cytoplasmic ATPase that is a ribosome-associated molecular chaperone 

YDL236W 

YDL236W PHO13 SGDID:S000002395, Chr IV from 32296-33234, Verified ORF, 
Alkaline phosphatase specific for p-nitrophenyl phosphate; also has protein phosphatase 
activity"" 

YDR002W 
YDR002W YRB1 SGDID:S000002409, Chr IV from 453043-453648, Verified ORF, 
Ran GTPase binding protein; involved in nuclear protein import and RNA export 

YDR012W 
YDR012W RPL4B SGDID:S000002419, Chr IV from 471851-472939, Verified ORF, 
Protein component of the large (60S) ribosomal subunit 

YDR023W 
YDR023W SES1 SGDID:S000002430, Chr IV from 489506-490894, Verified ORF, 
Cytosolic seryl-tRNA synthetase 

YDR035W 
YDR035W ARO3 SGDID:S000002442, Chr IV from 521814-522926, Verified ORF, 3-
deoxy-D-arabino-heptulosonate-7-phosphate (DAHP) synthase 

YDR037W 
YDR037W KRS1 SGDID:S000002444, Chr IV from 525438-527213, Verified ORF, 
Lysyl-tRNA synthetase"" 

YDR047W 
YDR047W HEM12 SGDID:S000002454, Chr IV from 551859-552947, Verified ORF, 
Uroporphyrinogen decarboxylase 
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YDR099W 
YDR099W BMH2 SGDID:S000002506, Chr IV from 653605-654426, Verified ORF, 
14-3-3 protein 

YDR127W 
YDR127W ARO1 SGDID:S000002534, Chr IV from 704482-709248, Verified ORF, 
Pentafunctional arom protein 

YDR129C 
YDR129C SAC6 SGDID:S000002536, Chr IV from 715377-715357,715245-713338, 
reverse complement, Verified ORF, Fimbrin 

YDR158W 
YDR158W HOM2 SGDID:S000002565, Chr IV from 770355-771452, Verified ORF, 
Aspartic beta semi-aldehyde dehydrogenase 

YDR170W-A 

YDR170W-A YDR170W-A SGDID:S000007227, Chr IV from 803193-804515, 
transposable_element_gene, Retrotransposon TYA Gag gene; Gag is a nucleocapsid 
protein that is the structural constituent of virus-like particles (VLPs); similar to 
retroviral Gag; YDR170W-A is part of a mutant retrotransposon"" 

YDR188W 
YDR188W CCT6 SGDID:S000002596, Chr IV from 836419-838059, Verified ORF, 
Subunit of the cytosolic chaperonin Cct ring complex 

YDR212W 
YDR212W TCP1 SGDID:S000002620, Chr IV from 887230-888909, Verified ORF, 
Alpha subunit of chaperonin-containing T-complex 

YDR214W 

YDR214W AHA1 SGDID:S000002622, Chr IV from 892873-893925, Verified ORF, 
Co-chaperone that binds to Hsp82p and activates its ATPase activity; similar to Hch1p; 
expression is regulated by stresses such as heat shock"" 

YDR226W 
YDR226W ADK1 SGDID:S000002634, Chr IV from 916483-917151, Verified ORF, 
Adenylate kinase 

YDR233C 

YDR233C RTN1 SGDID:S000002641, Chr IV from 930354-929467, reverse 
complement, Verified ORF, ER membrane protein that interacts with Sey1p to maintain 
ER morphology; interacts with exocyst subunit Sec6p 

YDR234W 
YDR234W LYS4 SGDID:S000002642, Chr IV from 931126-933207, Verified ORF, 
Homoaconitase 

YDR261C-D 

YDR261C-D YDR261C-D SGDID:S000007395, Chr IV from 992346-991042,991040-
987531, reverse complement, transposable_element_gene, Retrotransposon TYA Gag 
and TYB Pol genes; in YDRCTY1-3 TYB is mutant and probably non-functional"" 

YDR300C 
YDR300C PRO1 SGDID:S000002708, Chr IV from 1062788-1061502, reverse 
complement, Verified ORF, Gamma-glutamyl kinase 

YDR321W 
YDR321W ASP1 SGDID:S000002729, Chr IV from 1108700-1109845, Verified ORF, 
Cytosolic L-asparaginase 

YDR341C 
YDR341C YDR341C SGDID:S000002749, Chr IV from 1153621-1151798, reverse 
complement, Verified ORF, Arginyl-tRNA synthetase 

YDR346C 
YDR346C SVF1 SGDID:S000002754, Chr IV from 1168654-1167209, reverse 
complement, Verified ORF, Protein with a potential role in cell survival pathways 

YDR354W 
YDR354W TRP4 SGDID:S000002762, Chr IV from 1184741-1185883, Verified ORF, 
Anthranilate phosphoribosyl transferase of the tryptophan biosynthetic pathway 

YDR361C 
YDR361C BCP1 SGDID:S000002769, Chr IV from 1196256-1195405, reverse 
complement, Verified ORF, Essential protein involved in nuclear export of Mss4p 

YDR365W-A 

YDR365W-A YDR365W-A SGDID:S000007400, Chr IV from 1206990-1208312, 
transposable_element_gene, Retrotransposon TYA Gag gene co-transcribed with TYB 
Pol; translated as TYA or TYA-TYB polyprotein; Gag is a nucleocapsid protein that is 
the structural constituent of virus-like particles (VLPs); similar to retroviral Gag"" 

YDR368W 
YDR368W YPR1 SGDID:S000002776, Chr IV from 1213897-1214835, Verified ORF, 
NADPH-dependent aldo-keto reductase 

YDR376W 
YDR376W ARH1 SGDID:S000002784, Chr IV from 1226815-1228296, Verified ORF, 
Oxidoreductase of the mitochondrial inner membrane 

YDR385W 
YDR385W EFT2 SGDID:S000002793, Chr IV from 1243223-1245751, Verified ORF, 
Elongation factor 2 (EF-2) 

YDR427W 
YDR427W RPN9 SGDID:S000002835, Chr IV from 1322198-1323379, Verified ORF, 
Non-ATPase regulatory subunit of the 26S proteasome 
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YDR447C 

YDR447C RPS17B SGDID:S000002855, Chr IV from 1355546-1355544,1355229-
1354822, reverse complement, Verified ORF, Ribosomal protein 51 (rp51) of the small 
(40s) subunit; nearly identical to Rps17Ap and has similarity to rat S17 ribosomal 
protein"" 

YDR450W 

YDR450W RPS18A SGDID:S000002858, Chr IV from 1359916-1359962,1360398-
1360791, Verified ORF, Protein component of the small (40S) ribosomal subunit; nearly 
identical to Rps18Bp and has similarity to E. coli S13 and rat S18 ribosomal proteins"" 

YDR502C 
YDR502C SAM2 SGDID:S000002910, Chr IV from 1454457-1453303, reverse 
complement, Verified ORF, S-adenosylmethionine synthetase 

YEL034W 
YEL034W HYP2 SGDID:S000000760, Chr V from 85676-86149, Verified ORF, 
Translation elongation factor eIF-5A 

YEL037C 
YEL037C RAD23 SGDID:S000000763, Chr V from 82603-81407, reverse complement, 
Verified ORF, Protein with ubiquitin-like N terminus 

YEL038W 
YEL038W UTR4 SGDID:S000000764, Chr V from 80462-81145, Verified ORF, 
Protein with sequence similarity to 2 

YEL046C 
YEL046C GLY1 SGDID:S000000772, Chr V from 68792-67629, reverse complement, 
Verified ORF, Threonine aldolase 

YEL047C 
YEL047C YEL047C SGDID:S000000773, Chr V from 66797-65385, reverse 
complement, Verified ORF, Soluble fumarate reductase 

YEL058W 
YEL058W PCM1 SGDID:S000000784, Chr V from 43252-44925, Verified ORF, 
Essential N-acetylglucosamine-phosphate mutase; converts GlcNAc-6-P to GlcNAc-1-P 

YEL071W 
YEL071W DLD3 SGDID:S000000797, Chr V from 16355-17845, Verified ORF, D-
lactate dehydrogenase 

YER003C 
YER003C PMI40 SGDID:S000000805, Chr V from 159117-159087,158993-157735, 
reverse complement, Verified ORF, Mannose-6-phosphate isomerase 

YER006W 
YER006W NUG1 SGDID:S000000808, Chr V from 162722-164284, Verified ORF, 
GTPase that associates with nuclear 60S pre-ribosomes 

YER021W 
YER021W RPN3 SGDID:S000000823, Chr V from 196947-198518, Verified ORF, 
Essential 

YER023W 
YER023W PRO3 SGDID:S000000825, Chr V from 201075-201935, Verified ORF, 
Delta 1-pyrroline-5-carboxylate reductase 

YER025W 
YER025W GCD11 SGDID:S000000827, Chr V from 205250-206833, Verified ORF, 
Gamma subunit of the translation initiation factor eIF2 

YER043C 
YER043C SAH1 SGDID:S000000845, Chr V from 237118-235769, reverse 
complement, Verified ORF, S-adenosyl-L-homocysteine hydrolase 

YER052C 

YER052C HOM3 SGDID:S000000854, Chr V from 257957-256374, reverse 
complement, Verified ORF, Aspartate kinase (L-aspartate 4-P-transferase); cytoplasmic 
enzyme that catalyzes the first step in the common pathway for methionine and threonine 
biosynthesis; expression regulated by Gcn4p and the general control of amino acid 
synthesis"" 

YER062C 

YER062C HOR2 SGDID:S000000864, Chr V from 280680-279928, reverse 
complement, Verified ORF, One of two redundant DL-glycerol-3-phosphatases 
(RHR2/GPP1 encodes the other) involved in glycerol biosynthesis; induced in response 
to hyperosmotic stress and oxidative stress 

YER070W 

YER070W RNR1 SGDID:S000000872, Chr V from 298948-301614, Verified ORF, One 
of two large regulatory subunits of ribonucleotide-diphosphate reductase; the RNR 
complex catalyzes rate-limiting step in dNTP synthesis 

YER086W 
YER086W ILV1 SGDID:S000000888, Chr V from 328473-330203, Verified ORF, 
Threonine deaminase 

YER091C 
YER091C MET6 SGDID:S000000893, Chr V from 342163-339860, reverse 
complement, Verified ORF, Cobalamin-independent methionine synthase 

YER110C 
YER110C KAP123 SGDID:S000000912, Chr V from 382099-378758, reverse 
complement, Verified ORF, Karyopherin beta 
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YER120W 

YER120W SCS2 SGDID:S000000922, Chr V from 401131-401865, Verified ORF, 
Integral ER membrane protein that regulates phospholipid metabolism via an interaction 
with the FFAT motif of Opi1p 

YER165W 
YER165W PAB1 SGDID:S000000967, Chr V from 510368-512101, Verified ORF, 
Poly(A) binding protein 

YER168C 

YER168C CCA1 SGDID:S000000970, Chr V from 522664-521024, reverse 
complement, Verified ORF, ATP (CTP):tRNA-specific tRNA nucleotidyltransferase; 
different forms targeted to the nucleus 

YER177W 
YER177W BMH1 SGDID:S000000979, Chr V from 545606-546409, Verified ORF, 14-
3-3 protein 

YFL022C 
YFL022C FRS2 SGDID:S000001872, Chr VI from 95008-93497, reverse complement, 
Verified ORF, Alpha subunit of cytoplasmic phenylalanyl-tRNA synthetase 

YFL037W 
YFL037W TUB2 SGDID:S000001857, Chr VI from 56335-57708, Verified ORF, Beta-
tubulin; associates with alpha-tubulin (Tub1p and Tub3p) to form tubulin dimer 

YFL039C 
YFL039C ACT1 SGDID:S000001855, Chr VI from 54695-54686,54377-53260, reverse 
complement, Verified ORF, Actin 

YFL045C 
YFL045C SEC53 SGDID:S000001849, Chr VI from 44392-43628, reverse complement, 
Verified ORF, Phosphomannomutase 

YFR004W 

YFR004W RPN11 SGDID:S000001900, Chr VI from 153388-154308, Verified ORF, 
Metalloprotease subunit of the 19S regulatory particle of the 26S proteasome lid; couples 
the deubiquitination and degradation of proteasome substrates; involved 

YFR007W 

YFR007W YFH7 SGDID:S000001903, Chr VI from 159293-160354, Verified ORF, 
Putative kinase with similarity to the phosphoribulokinase/uridine kinase/bacterial 
pantothenate kinase (PRK/URK/PANK) subfamily of P-loop kinases"" 

YFR010W 
YFR010W UBP6 SGDID:S000001906, Chr VI from 165060-166559, Verified ORF, 
Ubiquitin-specific protease situated in the base subcomplex of the 26S proteasome 

YFR053C 
YFR053C HXK1 SGDID:S000001949, Chr VI from 255036-253579, reverse 
complement, Verified ORF, Hexokinase isoenzyme 1 

YGL009C 
YGL009C LEU1 SGDID:S000002977, Chr VII from 478657-476318, reverse 
complement, Verified ORF, Isopropylmalate isomerase 

YGL011C 

YGL011C SCL1 SGDID:S000002979, Chr VII from 475252-474494, reverse 
complement, Verified ORF, Alpha 1 subunit of the 20S proteasome involved in the 
degradation of ubiquitinated substrates; 20S proteasome is the core complex of the 26S 
proteasome; essential for growth; detected in the mitochondria"" 

YGL019W 
YGL019W CKB1 SGDID:S000002987, Chr VII from 458161-458997, Verified ORF, 
Beta regulatory subunit of casein kinase 2 

YGL039W 
YGL039W YGL039W SGDID:S000003007, Chr VII from 423967-425013, Verified 
ORF, Oxidoreductase shown to reduce carbonyl compounds to chiral alcohols"" 

YGL040C 
YGL040C HEM2 SGDID:S000003008, Chr VII from 420561-419533, reverse 
complement, Verified ORF, Aminolevulinate dehydratase 

YGL043W 
YGL043W DST1 SGDID:S000003011, Chr VII from 417487-418416, Verified ORF, 
General transcription elongation factor TFIIS 

YGL048C 

YGL048C RPT6 SGDID:S000003016, Chr VII from 411289-410072, reverse 
complement, Verified ORF, One of six ATPases of the 19S regulatory particle of the 26S 
proteasome involved in the degradation of ubiquitinated substrates; bound by ubiquitin-
protein ligases Ubr1p and Ufd4p; localized mainly to the nucleus throughout the cell 
cycle"" 

YGL056C 

YGL056C SDS23 SGDID:S000003024, Chr VII from 397624-396041, reverse 
complement, Verified ORF, One of two S. cerevisiae homologs (Sds23p and Sds24p) of 
the S. pombe Sds23 protein 

YGL105W 

YGL105W ARC1 SGDID:S000003073, Chr VII from 307440-308570, Verified ORF, 
Protein that binds tRNA and methionyl- and glutamyl-tRNA synthetases (Mes1p and 
Gus1p) 
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YGL123W 
YGL123W RPS2 SGDID:S000003091, Chr VII from 277623-278387, Verified ORF, 
Protein component of the small (40S) subunit 

YGL135W 
YGL135W RPL1B SGDID:S000003103, Chr VII from 254646-255299, Verified ORF, 
N-terminally acetylated protein component of the large (60S) ribosomal subunit 

YGL147C 
YGL147C RPL9A SGDID:S000003115, Chr VII from 228334-227759, reverse 
complement, Verified ORF, Protein component of the large (60S) ribosomal subunit 

YGL148W 
YGL148W ARO2 SGDID:S000003116, Chr VII from 226404-227534, Verified ORF, 
Bifunctional chorismate synthase and flavin reductase 

YGL157W 
YGL157W YGL157W SGDID:S000003125, Chr VII from 209011-210054, Verified 
ORF, NADPH-dependent aldehyde reductase 

YGL169W 
YGL169W SUA5 SGDID:S000003137, Chr VII from 186065-187345, Verified ORF, 
Single-stranded telomeric DNA-binding protein 

YGL189C 

YGL189C RPS26A SGDID:S000003157, Chr VII from 148594-148235, reverse 
complement, Verified ORF, Protein component of the small (40S) ribosomal subunit; 
nearly identical to Rps26Bp and has similarity to rat S26 ribosomal protein"" 

YGL202W 
YGL202W ARO8 SGDID:S000003170, Chr VII from 116063-117565, Verified ORF, 
Aromatic aminotransferase I 

YGL234W 
YGL234W ADE5,7 SGDID:S000003203, Chr VII from 56482-58890, Verified ORF, 
Bifunctional enzyme of the 'de novo' purine nucleotide biosynthetic pathway 

YGL245W 
YGL245W GUS1 SGDID:S000003214, Chr VII from 39023-41149, Verified ORF, 
Glutamyl-tRNA synthetase (GluRS) 

YGL253W 

YGL253W HXK2 SGDID:S000003222, Chr VII from 23935-25395, Verified ORF, 
Hexokinase isoenzyme 2 that catalyzes phosphorylation of glucose in the cytosol; 
predominant hexokinase during growth on glucose; functions in the nucleus to repress 
expression of HXK1 and GLK1 and to induce expression of its own gene"" 

YGR001C 

YGR001C YGR001C SGDID:S000003233, Chr VII from 498038-498004,497941-
497463,497369-497137, reverse complement, Uncharacterized ORF, Putative protein of 
unknown function with similarity to methyltransferase family members; green 
fluorescent protein (GFP)-fusion protein localizes to the cytoplasm; required for 
replication of Brome mosaic virus in S. cerevisiae"" 

YGR007W 
YGR007W MUQ1 SGDID:S000003239, Chr VII from 506973-507944, Verified ORF, 
Choline phosphate cytidylyltransferase 

YGR054W 

YGR054W YGR054W SGDID:S000003286, Chr VII from 596697-598625, Verified 
ORF, Eukaryotic initiation factor (eIF) 2A; associates specifically with both 40S subunits 
and 80 S ribosomes 

YGR061C 
YGR061C ADE6 SGDID:S000003293, Chr VII from 615969-611893, reverse 
complement, Verified ORF, Formylglycinamidine-ribonucleotide (FGAM)-synthetase 

YGR080W 
YGR080W TWF1 SGDID:S000003312, Chr VII from 642014-643012, Verified ORF, 
Twinfilin 

YGR085C 
YGR085C RPL11B SGDID:S000003317, Chr VII from 648911-648387, reverse 
complement, Verified ORF, Protein component of the large (60S) ribosomal subunit 

YGR094W 
YGR094W VAS1 SGDID:S000003326, Chr VII from 672190-675504, Verified ORF, 
Mitochondrial and cytoplasmic valyl-tRNA synthetase"" 

YGR118W 
YGR118W RPS23A SGDID:S000003350, Chr VII from 726978-727042,727363-
727735, Verified ORF, Ribosomal protein 28 (rp28) of the small (40S) ribosomal subunit 

YGR123C 

YGR123C PPT1 SGDID:S000003355, Chr VII from 738208-736667, reverse 
complement, Verified ORF, Protein serine/threonine phosphatase with similarity to 
human phosphatase PP5; present in both the nucleus and cytoplasm; expressed during 
logarithmic growth; computational analyses suggest roles in phosphate metabolism and 
rRNA processing"" 

YGR124W 
YGR124W ASN2 SGDID:S000003356, Chr VII from 739949-741667, Verified ORF, 
Asparagine synthetase 
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YGR180C 
YGR180C RNR4 SGDID:S000003412, Chr VII from 856306-855269, reverse 
complement, Verified ORF, Ribonucleotide-diphosphate reductase (RNR) 

YGR185C 
YGR185C TYS1 SGDID:S000003417, Chr VII from 867525-866341, reverse 
complement, Verified ORF, Cytoplasmic tyrosyl-tRNA synthetase 

YGR192C 
YGR192C TDH3 SGDID:S000003424, Chr VII from 883815-882817, reverse 
complement, Verified ORF, Glyceraldehyde-3-phosphate dehydrogenase 

YGR204W 
YGR204W ADE3 SGDID:S000003436, Chr VII from 905939-908779, Verified ORF, 
Cytoplasmic trifunctional enzyme C1-tetrahydrofolate synthase 

YGR208W 
YGR208W SER2 SGDID:S000003440, Chr VII from 911888-912817, Verified ORF, 
Phosphoserine phosphatase of the phosphoglycerate pathway 

YGR214W 
YGR214W RPS0A SGDID:S000003446, Chr VII from 920580-920669,921125-921793, 
Verified ORF, Protein component of the small (40S) ribosomal subunit 

YGR234W 
YGR234W YHB1 SGDID:S000003466, Chr VII from 959908-961107, Verified ORF, 
Nitric oxide oxidoreductase 

YGR256W 
YGR256W GND2 SGDID:S000003488, Chr VII from 1004630-1006108, Verified ORF, 
6-phosphogluconate dehydrogenase (decarboxylating) 

YGR264C 
YGR264C MES1 SGDID:S000003496, Chr VII from 1021859-1019604, reverse 
complement, Verified ORF, Methionyl-tRNA synthetase 

YGR285C 
YGR285C ZUO1 SGDID:S000003517, Chr VII from 1063160-1061859, reverse 
complement, Verified ORF, Cytosolic ribosome-associated chaperone that acts 

YHL001W 
YHL001W RPL14B SGDID:S000000993, Chr VIII from 104272-104400,104799-
105086, Verified ORF, Protein component of the large (60S) ribosomal subunit 

YHL013C 

YHL013C OTU2 SGDID:S000001005, Chr VIII from 78350-77427, reverse 
complement, Verified ORF, Protein of unknown function that may interact with 
ribosomes 

YHL034C 

YHL034C SBP1 SGDID:S000001026, Chr VIII from 34075-33191, reverse 
complement, Verified ORF, Putative RNA binding protein; involved in translational 
repression and found in cytoplasmic P bodies; found associated with small nucleolar 
RNAs snR10 and snR11"" 

YHR007C 
YHR007C ERG11 SGDID:S000001049, Chr VIII from 121678-120086, reverse 
complement, Verified ORF, Lanosterol 14-alpha-demethylase 

YHR013C 
YHR013C ARD1 SGDID:S000001055, Chr VIII from 131440-130724, reverse 
complement, Verified ORF, Subunit of N-terminal acetyltransferase NatA (Nat1p 

YHR019C 
YHR019C DED81 SGDID:S000001061, Chr VIII from 143551-141887, reverse 
complement, Verified ORF, Cytosolic asparaginyl-tRNA synthetase 

YHR020W 
YHR020W YHR020W SGDID:S000001062, Chr VIII from 143989-146055, Verified 
ORF, Protein of unknown function that may interact with ribosomes 

YHR021C 

YHR021C RPS27B SGDID:S000001063, Chr VIII from 148662-148660,148109-
147864, reverse complement, Verified ORF, Protein component of the small (40S) 
ribosomal subunit; nearly identical to Rps27Ap and has similarity to rat S27 ribosomal 
protein"" 

YHR025W 
YHR025W THR1 SGDID:S000001067, Chr VIII from 159431-160504, Verified ORF, 
Homoserine kinase 

YHR047C 
YHR047C AAP1 SGDID:S000001089, Chr VIII from 201303-198733, reverse 
complement, Verified ORF, Arginine/alanine aminopeptidase 

YHR049W 

YHR049W FSH1 SGDID:S000001091, Chr VIII from 206455-207186, Verified ORF, 
Putative serine hydrolase that localizes to both the nucleus and cytoplasm; sequence is 
similar to S. cerevisiae Fsh2p and Fsh3p and the human candidate tumor suppressor 
OVCA2"" 

YHR063C 
YHR063C PAN5 SGDID:S000001105, Chr VIII from 225171-224032, reverse 
complement, Verified ORF, 2-dehydropantoate 2-reductase 
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YHR064C 

YHR064C SSZ1 SGDID:S000001106, Chr VIII from 227143-225527, reverse 
complement, Verified ORF, Hsp70 protein that interacts with Zuo1p (a DnaJ homolog) 
to form a ribosome-associated complex that binds the ribosome via the Zuo1p subunit; 
also involved in pleiotropic drug resistance via sequential activation of PDR1 and PDR5; 
binds ATP"" 

YHR068W 
YHR068W DYS1 SGDID:S000001110, Chr VIII from 232135-233298, Verified ORF, 
Deoxyhypusine synthase 

YHR070W 
YHR070W TRM5 SGDID:S000001112, Chr VIII from 234883-236382, Verified ORF, 
tRNA(m(1)G37)methyltransferase 

YHR104W 
YHR104W GRE3 SGDID:S000001146, Chr VIII from 323412-324395, Verified ORF, 
Aldose reductase involved in methylglyoxal 

YHR128W 
YHR128W FUR1 SGDID:S000001170, Chr VIII from 362118-362768, Verified ORF, 
Uracil phosphoribosyltransferase 

YHR174W 
YHR174W ENO2 SGDID:S000001217, Chr VIII from 451327-452640, Verified ORF, 
Enolase II 

YHR183W 
YHR183W GND1 SGDID:S000001226, Chr VIII from 470960-472429, Verified ORF, 
6-phosphogluconate dehydrogenase (decarboxylating) 

YHR203C 

YHR203C RPS4B SGDID:S000001246, Chr VIII from 505530-505517,505247-504476, 
reverse complement, Verified ORF, Protein component of the small (40S) ribosomal 
subunit; identical to Rps4Ap and has similarity to rat S4 ribosomal protein"" 

YHR208W 
YHR208W BAT1 SGDID:S000001251, Chr VIII from 517532-518713, Verified ORF, 
Mitochondrial branched-chain amino acid aminotransferase 

YHR214C-B 

YHR214C-B YHR214C-B SGDID:S000003534, Chr VIII from 549346-547931,547929-
543964, reverse complement, transposable_element_gene, Retrotransposon TYA Gag 
and TYB Pol genes; transcribed/translated as one unit; polyprotein is processed to make 
a nucleocapsid-like protein (Gag) 

YHR216W 
YHR216W IMD2 SGDID:S000001259, Chr VIII from 554396-555967, Verified ORF, 
Inosine monophosphate dehydrogenase 

YIL041W 

YIL041W GVP36 SGDID:S000001303, Chr IX from 276524-277504, Verified ORF, 
BAR domain-containing protein that localizes to both early and late Golgi vesicles; 
required for adaptation to varying nutrient concentrations 

YIL044C 

YIL044C AGE2 SGDID:S000001306, Chr IX from 273845-272949, reverse 
complement, Verified ORF, ADP-ribosylation factor (ARF) GTPase activating protein 
(GAP) effector 

YIL053W 

YIL053W RHR2 SGDID:S000001315, Chr IX from 255113-255865, Verified ORF, 
Constitutively expressed isoform of DL-glycerol-3-phosphatase; involved in glycerol 
biosynthesis 

YIL078W 
YIL078W THS1 SGDID:S000001340, Chr IX from 212496-214700, Verified ORF, 
Threonyl-tRNA synthetase 

YIL094C 
YIL094C LYS12 SGDID:S000001356, Chr IX from 187629-186514, reverse 
complement, Verified ORF, Homo-isocitrate dehydrogenase 

YIL116W 
YIL116W HIS5 SGDID:S000001378, Chr IX from 142925-144082, Verified ORF, 
Histidinol-phosphate aminotransferase 

YIL142W 
YIL142W CCT2 SGDID:S000001404, Chr IX from 83302-84885, Verified ORF, 
Subunit beta of the cytosolic chaperonin Cct ring complex 

YJL008C 
YJL008C CCT8 SGDID:S000003545, Chr X from 421656-419950, reverse complement, 
Verified ORF, Subunit of the cytosolic chaperonin Cct ring complex 

YJL014W 
YJL014W CCT3 SGDID:S000003551, Chr X from 407551-409155, Verified ORF, 
Subunit of the cytosolic chaperonin Cct ring complex 

YJL080C 

YJL080C SCP160 SGDID:S000003616, Chr X from 289220-285552, reverse 
complement, Verified ORF, Essential RNA-binding G protein effector of mating 
response pathway 
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YJL111W 
YJL111W CCT7 SGDID:S000003647, Chr X from 207872-209524, Verified ORF, 
Subunit of the cytosolic chaperonin Cct ring complex 

YJL130C 

YJL130C URA2 SGDID:S000003666, Chr X from 172363-165719, reverse 
complement, Verified ORF, Bifunctional carbamoylphosphate synthetase (CPSase)-
aspartate transcarbamylase (ATCase) 

YJL136C 

YJL136C RPS21B SGDID:S000003672, Chr X from 157269-157246,156785-156546, 
reverse complement, Verified ORF, Protein component of the small (40S) ribosomal 
subunit; nearly identical to Rps21Ap and has similarity to rat S21 ribosomal protein"" 

YJL138C 
YJL138C TIF2 SGDID:S000003674, Chr X from 154687-153500, reverse complement, 
Verified ORF, Translation initiation factor eIF4A 

YJL167W 
YJL167W ERG20 SGDID:S000003703, Chr X from 105008-106066, Verified ORF, 
Farnesyl pyrophosphate synthetase 

YJL190C 

YJL190C RPS22A SGDID:S000003726, Chr X from 75301-74909, reverse complement, 
Verified ORF, Protein component of the small (40S) ribosomal subunit; nearly identical 
to Rps22Bp and has similarity to E. coli S8 and rat S15a ribosomal proteins"" 

YJR007W 
YJR007W SUI2 SGDID:S000003767, Chr X from 451012-451926, Verified ORF, 
Alpha subunit of the translation initiation factor eIF2 

YJR009C 
YJR009C TDH2 SGDID:S000003769, Chr X from 454673-453675, reverse 
complement, Verified ORF, Glyceraldehyde-3-phosphate dehydrogenase 

YJR016C 
YJR016C ILV3 SGDID:S000003777, Chr X from 466200-464443, reverse complement, 
Verified ORF, Dihydroxyacid dehydratase 

YJR064W 
YJR064W CCT5 SGDID:S000003825, Chr X from 555906-557594, Verified ORF, 
Subunit of the cytosolic chaperonin Cct ring complex 

YJR065C 
YJR065C ARP3 SGDID:S000003826, Chr X from 559150-557801, reverse complement, 
Verified ORF, Essential component of the Arp2/3 complex 

YJR070C 
YJR070C LIA1 SGDID:S000003831, Chr X from 570590-569613, reverse complement, 
Verified ORF, Deoxyhypusine hydroxylase 

YJR072C 
YJR072C NPA3 SGDID:S000003833, Chr X from 572116-570959, reverse 
complement, Verified ORF, Essential 

YJR123W 
YJR123W RPS5 SGDID:S000003884, Chr X from 651891-652568, Verified ORF, 
Protein component of the small (40S) ribosomal subunit 

YJR148W 
YJR148W BAT2 SGDID:S000003909, Chr X from 705734-706864, Verified ORF, 
Cytosolic branched-chain amino acid aminotransferase 

YKL024C 
YKL024C URA6 SGDID:S000001507, Chr XI from 392783-392169, reverse 
complement, Verified ORF, Uridylate kinase 

YKL035W 
YKL035W UGP1 SGDID:S000001518, Chr XI from 369534-371033, Verified ORF, 
UDP-glucose pyrophosphorylase (UGPase) 

YKL056C 

YKL056C TMA19 SGDID:S000001539, Chr XI from 334559-334056, reverse 
complement, Verified ORF, Protein that associates with ribosomes; homolog of 
translationally controlled tumor protein; green fluorescent protein (GFP)-fusion protein 
localizes to the cytoplasm and relocates to the mitochondrial outer surface upon 
oxidative stress"" 

YKL060C 
YKL060C FBA1 SGDID:S000001543, Chr XI from 327131-326052, reverse 
complement, Verified ORF, Fructose 1 

YKL104C 
YKL104C GFA1 SGDID:S000001587, Chr XI from 245017-242864, reverse 
complement, Verified ORF, Glutamine-fructose-6-phosphate amidotransferase 

YKL127W 
YKL127W PGM1 SGDID:S000001610, Chr XI from 203185-204897, Verified ORF, 
Phosphoglucomutase 

YKL128C 
YKL128C PMU1 SGDID:S000001611, Chr XI from 201415-200528, reverse 
complement, Verified ORF, Putative phosphomutase 

YKL145W 

YKL145W RPT1 SGDID:S000001628, Chr XI from 174218-175621, Verified ORF, 
One of six ATPases of the 19S regulatory particle of the 26S proteasome involved in the 
degradation of ubiquitinated substrates; required for optimal CDC20 transcription; 
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interacts with Rpn12p and the E3 ubiquitin-protein ligase Ubr1p"" 

YKL182W 
YKL182W FAS1 SGDID:S000001665, Chr XI from 100676-106831, Verified ORF, 
Beta subunit of fatty acid synthetase 

YKL210W 
YKL210W UBA1 SGDID:S000001693, Chr XI from 39164-42238, Verified ORF, 
Ubiquitin activating enzyme (E1) 

YKL211C 

YKL211C TRP3 SGDID:S000001694, Chr XI from 38154-36700, reverse complement, 
Verified ORF, Bifunctional enzyme exhibiting both indole-3-glycerol-phosphate 
synthase and anthranilate synthase activities 

YKR001C 

YKR001C VPS1 SGDID:S000001709, Chr XI from 442365-440251, reverse 
complement, Verified ORF, Dynamin-like GTPase required for vacuolar sorting; also 
involved in actin cytoskeleton organization 

YKR043C 

YKR043C YKR043C SGDID:S000001751, Chr XI from 521354-520539, reverse 
complement, Uncharacterized ORF, Putative protein of unknown function; green 
fluorescent protein (GFP)-fusion protein localizes to the cytoplasm and nucleus"" 

YKR057W 

YKR057W RPS21A SGDID:S000001765, Chr XI from 551299-551322,551645-
551884, Verified ORF, Protein component of the small (40S) ribosomal subunit; nearly 
identical to Rps21Bp and has similarity to rat S21 ribosomal protein"" 

YKR080W 
YKR080W MTD1 SGDID:S000001788, Chr XI from 590037-590999, Verified ORF, 
NAD-dependent 5 

YLL024C 

YLL024C SSA2 SGDID:S000003947, Chr XII from 97484-95565, reverse complement, 
Verified ORF, ATP binding protein involved in protein folding and vacuolar import of 
proteins; member of heat shock protein 70 (HSP70) family; associated with the 
chaperonin-containing T-complex; present in the cytoplasm 

YLL036C 

YLL036C PRP19 SGDID:S000003959, Chr XII from 68255-66744, reverse 
complement, Verified ORF, Splicing factor associated with the spliceosome; contains a 
U-box 

YLR027C 
YLR027C AAT2 SGDID:S000004017, Chr XII from 198086-196830, reverse 
complement, Verified ORF, Cytosolic aspartate aminotransferase 

YLR044C 
YLR044C PDC1 SGDID:S000004034, Chr XII from 234082-232391, reverse 
complement, Verified ORF, Major of three pyruvate decarboxylase isozymes 

YLR048W 
YLR048W RPS0B SGDID:S000004038, Chr XII from 242233-242322,242682-243350, 
Verified ORF, Protein component of the small (40S) ribosomal subunit 

YLR058C 
YLR058C SHM2 SGDID:S000004048, Chr XII from 259402-257993, reverse 
complement, Verified ORF, Cytosolic serine hydroxymethyltransferase 

YLR060W 
YLR060W FRS1 SGDID:S000004050, Chr XII from 260980-262767, Verified ORF, 
Beta subunit of cytoplasmic phenylalanyl-tRNA synthetase 

YLR075W 
YLR075W RPL10 SGDID:S000004065, Chr XII from 282928-283593, Verified ORF, 
Protein component of the large (60S) ribosomal subunit 

YLR089C 

YLR089C ALT1 SGDID:S000004079, Chr XII from 320016-318238, reverse 
complement, Uncharacterized ORF, Alanine transaminase (glutamic pyruvic 
transaminase); involved in alanine biosynthetic and catabolic processes; the authentic 

YLR109W 
YLR109W AHP1 SGDID:S000004099, Chr XII from 368782-369312, Verified ORF, 
Thiol-specific peroxiredoxin 

YLR134W 
YLR134W PDC5 SGDID:S000004124, Chr XII from 410724-412415, Verified ORF, 
Minor isoform of pyruvate decarboxylase 

YLR153C 
YLR153C ACS2 SGDID:S000004143, Chr XII from 447576-445525, reverse 
complement, Verified ORF, Acetyl-coA synthetase isoform which 

YLR157C-B 

YLR157C-B YLR157C-B SGDID:S000007374, Chr XII from 481602-480298,480296-
476334, reverse complement, transposable_element_gene, Retrotransposon TYA Gag 
and TYB Pol genes; transcribed/translated as one unit; polyprotein is processed to make 
a nucleocapsid-like protein (Gag) 
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YLR180W 
YLR180W SAM1 SGDID:S000004170, Chr XII from 515264-516412, Verified ORF, S-
adenosylmethionine synthetase 

YLR195C 
YLR195C NMT1 SGDID:S000004185, Chr XII from 543306-541939, reverse 
complement, Verified ORF, N-myristoyl transferase 

YLR244C 
YLR244C MAP1 SGDID:S000004234, Chr XII from 626333-625170, reverse 
complement, Verified ORF, Methionine aminopeptidase 

YLR249W 
YLR249W YEF3 SGDID:S000004239, Chr XII from 636782-639916, Verified ORF, 
Translational elongation factor 3 

YLR270W 
YLR270W DCS1 SGDID:S000004260, Chr XII from 681188-682240, Verified ORF, 
Non-essential hydrolase involved in mRNA decapping 

YLR304C 
YLR304C ACO1 SGDID:S000004295, Chr XII from 737550-735214, reverse 
complement, Verified ORF, Aconitase 

YLR316C 

YLR316C TAD3 SGDID:S000004308, Chr XII from 766358-766250,766181-
766130,766073-765266, reverse complement, Verified ORF, Subunit of tRNA-specific 
adenosine-34 deaminase 

YLR354C 
YLR354C TAL1 SGDID:S000004346, Chr XII from 837356-836349, reverse 
complement, Verified ORF, Transaldolase 

YLR355C 
YLR355C ILV5 SGDID:S000004347, Chr XII from 839252-838065, reverse 
complement, Verified ORF, Acetohydroxyacid reductoisomerase 

YLR359W 
YLR359W ADE13 SGDID:S000004351, Chr XII from 844281-845729, Verified ORF, 
Adenylosuccinate lyase 

YLR367W 

YLR367W RPS22B SGDID:S000004359, Chr XII from 856441-856573,857057-
857316, Verified ORF, Protein component of the small (40S) ribosomal subunit; nearly 
identical to Rps22Ap and has similarity to E. coli S8 and rat S15a ribosomal proteins"" 

YLR388W 

YLR388W RPS29A SGDID:S000004380, Chr XII from 898651-898821, Verified ORF, 
Protein component of the small (40S) ribosomal subunit; nearly identical to Rps29Bp 
and has similarity to rat S29 and E. coli S14 ribosomal proteins"" 

YLR401C 
YLR401C DUS3 SGDID:S000004393, Chr XII from 924448-922442, reverse 
complement, Verified ORF, Dihydrouridine synthase 

YLR432W 
YLR432W IMD3 SGDID:S000004424, Chr XII from 1002554-1004125, Verified ORF, 
Inosine monophosphate dehydrogenase 

YLR438W 
YLR438W CAR2 SGDID:S000004430, Chr XII from 1012498-1013772, Verified ORF, 
L-ornithine transaminase (OTAse) 

YLR441C 

YLR441C RPS1A SGDID:S000004433, Chr XII from 1018905-1018138, reverse 
complement, Verified ORF, Ribosomal protein 10 (rp10) of the small (40S) subunit; 
nearly identical to Rps1Bp and has similarity to rat S3a ribosomal protein"" 

YML008C 
YML008C ERG6 SGDID:S000004467, Chr XIII from 252990-251839, reverse 
complement, Verified ORF, Delta(24)-sterol C-methyltransferase 

YML022W 
YML022W APT1 SGDID:S000004484, Chr XIII from 228937-229500, Verified ORF, 
Adenine phosphoribosyltransferase 

YML028W 
YML028W TSA1 SGDID:S000004490, Chr XIII from 220138-220728, Verified ORF, 
Thioredoxin peroxidase 

YML056C 
YML056C IMD4 SGDID:S000004520, Chr XIII from 164176-163717,163308-162194, 
reverse complement, Verified ORF, Inosine monophosphate dehydrogenase 

YML063W 

YML063W RPS1B SGDID:S000004528, Chr XIII from 146482-147249, Verified ORF, 
Ribosomal protein 10 (rp10) of the small (40S) subunit; nearly identical to Rps1Ap and 
has similarity to rat S3a ribosomal protein"" 

YML070W 
YML070W DAK1 SGDID:S000004535, Chr XIII from 133475-135229, Verified ORF, 
Dihydroxyacetone kinase 

YML085C 

YML085C TUB1 SGDID:S000004550, Chr XIII from 99400-99376,99259-97941, 
reverse complement, Verified ORF, Alpha-tubulin; associates with beta-tubulin (Tub2p) 
to form tubulin dimer 
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YML086C 
YML086C ALO1 SGDID:S000004551, Chr XIII from 97371-95791, reverse 
complement, Verified ORF, D-Arabinono-1 

YML124C 

YML124C TUB3 SGDID:S000004593, Chr XIII from 23684-23660,23361-22049, 
reverse complement, Verified ORF, Alpha-tubulin; associates with beta-tubulin (Tub2p) 
to form tubulin dimer 

YML126C 
YML126C ERG13 SGDID:S000004595, Chr XIII from 20536-19061, reverse 
complement, Verified ORF, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) synthase 

YMR038C 
YMR038C CCS1 SGDID:S000004641, Chr XIII from 348259-347510, reverse 
complement, Verified ORF, Copper chaperone for superoxide dismutase Sod1p 

YMR045C 

YMR045C YMR045C SGDID:S000004648, Chr XIII from 362626-361322,361320-
357358, reverse complement, transposable_element_gene, Retrotransposon TYA Gag 
and TYB Pol genes; transcribed/translated as one unit; polyprotein is processed to make 
a nucleocapsid-like protein (Gag) 

YMR079W 

YMR079W SEC14 SGDID:S000004684, Chr XIII from 424988-424996,425153-
426058, Verified ORF, Phosphatidylinositol/phosphatidylcholine transfer protein; 
involved in regulating PtdIns 

YMR108W 
YMR108W ILV2 SGDID:S000004714, Chr XIII from 484083-486146, Verified ORF, 
Acetolactate synthase 

YMR116C 

YMR116C ASC1 SGDID:S000004722, Chr XIII from 500687-500151,499877-499455, 
reverse complement, Verified ORF, G-protein beta subunit and guanine nucleotide 
dissociation inhibitor for Gpa2p; ortholog of RACK1 that inhibits translation; core 
component of the small (40S) ribosomal subunit; represses Gcn4p in the absence of 
amino acid starvation"" 

YMR146C 

YMR146C TIF34 SGDID:S000004754, Chr XIII from 558523-557480, reverse 
complement, Verified ORF, eIF3i subunit of the core complex of translation initiation 
factor 3 (eIF3) 

YMR170C 
YMR170C ALD2 SGDID:S000004780, Chr XIII from 603081-601561, reverse 
complement, Verified ORF, Cytoplasmic aldehyde dehydrogenase 

YMR205C 

YMR205C PFK2 SGDID:S000004818, Chr XIII from 674765-671886, reverse 
complement, Verified ORF, Beta subunit of heterooctameric phosphofructokinase 
involved in glycolysis 

YMR217W 
YMR217W GUA1 SGDID:S000004830, Chr XIII from 701789-703366, Verified ORF, 
GMP synthase 

YMR226C 
YMR226C YMR226C SGDID:S000004839, Chr XIII from 722395-721592, reverse 
complement, Verified ORF, NADP(+)-dependent dehydrogenase; acts on serine 

YMR235C 
YMR235C RNA1 SGDID:S000004848, Chr XIII from 742734-741511, reverse 
complement, Verified ORF, GTPase activating protein (GAP) for Gsp1p 

YMR237W 
YMR237W BCH1 SGDID:S000004850, Chr XIII from 743748-745922, Verified ORF, 
Member of the ChAPs family (Chs5p-Arf1p-binding proteins: Bch1p 

YMR246W 
YMR246W FAA4 SGDID:S000004860, Chr XIII from 759806-761890, Verified ORF, 
Long chain fatty acyl-CoA synthetase 

YMR285C 

YMR285C NGL2 SGDID:S000004898, Chr XIII from 841690-840143, reverse 
complement, Verified ORF, Protein involved in 5.8S rRNA processing; Ccr4p-like 
RNase required for correct 3'-end formation of 5.8S rRNA at site E; similar to Ngl1p and 
Ngl3p"" 

YMR290C 

YMR290C HAS1 SGDID:S000004903, Chr XIII from 851590-850073, reverse 
complement, Verified ORF, ATP-dependent RNA helicase; localizes to both the nuclear 
periphery and nucleolus; highly enriched in nuclear pore complex fractions; constituent 
of 66S pre-ribosomal particles"" 

YMR300C 

YMR300C ADE4 SGDID:S000004915, Chr XIII from 867090-865558, reverse 
complement, Verified ORF, Phosphoribosylpyrophosphate amidotransferase (PRPPAT; 
amidophosphoribosyltransferase) 
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YNL010W 

YNL010W YNL010W SGDID:S000004955, Chr XIV from 613637-614362, 
Uncharacterized ORF, Putative protein of unknown function with similarity to 
phosphoserine phosphatases; green fluorescent protein (GFP)-fusion protein localizes to 
the cytoplasm and nucleus; homozygous diploid mutant shows an increase in glycogen 
accumulation"" 

YNL045W 
YNL045W LAP2 SGDID:S000004990, Chr XIV from 542965-544980, Verified ORF, 
Leucyl aminopeptidase yscIV (leukotriene A4 hydrolase) with epoxide hydrolase activity 

YNL112W 
YNL112W DBP2 SGDID:S000005056, Chr XIV from 413641-414913,415916-416283, 
Verified ORF, Essential ATP-dependent RNA helicase of the DEAD-box protein family 

YNL134C 

YNL134C YNL134C SGDID:S000005078, Chr XIV from 373583-372453, reverse 
complement, Uncharacterized ORF, Putative protein of unknown function with similarity 
to dehydrogenases from other model organisms; green fluorescent protein (GFP)-fusion 
protein localizes to both the cytoplasm and nucleus and is induced by the DNA-
damaging agent MMS"" 

YNL141W 
YNL141W AAH1 SGDID:S000005085, Chr XIV from 359598-360641, Verified ORF, 
Adenine deaminase (adenine aminohydrolase) 

YNL178W 
YNL178W RPS3 SGDID:S000005122, Chr XIV from 302682-303404, Verified ORF, 
Protein component of the small (40S) ribosomal subunit 

YNL207W 

YNL207W RIO2 SGDID:S000005151, Chr XIV from 255354-256631, Verified ORF, 
Essential serine kinase involved in the processing of the 20S pre-rRNA into mature 18S 
rRNA; has similarity to Rio1p"" 

YNL209W 
YNL209W SSB2 SGDID:S000005153, Chr XIV from 252060-253901, Verified ORF, 
Cytoplasmic ATPase that is a ribosome-associated molecular chaperone 

YNL220W 
YNL220W ADE12 SGDID:S000005164, Chr XIV from 234414-235715, Verified ORF, 
Adenylosuccinate synthase 

YNL239W 

YNL239W LAP3 SGDID:S000005183, Chr XIV from 200570-201934, Verified ORF, 
Cysteine aminopeptidase with homocysteine-thiolactonase activity; protects cells against 
homocysteine toxicity; has bleomycin hydrolase activity in vitro; transcription is 
regulated by galactose via Gal4p; orthologous to human BLMH"" 

YNL255C 
YNL255C GIS2 SGDID:S000005199, Chr XIV from 167791-167330, reverse 
complement, Verified ORF, Protein with seven cysteine-rich CCHC zinc-finger motifs 

YNL284C-A 

YNL284C-A YNL284C-A SGDID:S000007386, Chr XIV from 102232-100910, reverse 
complement, transposable_element_gene, Retrotransposon TYA Gag gene co-
transcribed with TYB Pol; translated as TYA or TYA-TYB polyprotein; Gag is a 
nucleocapsid protein that is the structural constituent of virus-like particles (VLPs); 
similar to retroviral Gag"" 

YNL292W 
YNL292W PUS4 SGDID:S000005236, Chr XIV from 82806-84017, Verified ORF, 
Pseudouridine synthase 

YNL301C 

YNL301C RPL18B SGDID:S000005245, Chr XIV from 64562-64451,64018-63570, 
reverse complement, Verified ORF, Protein component of the large (60S) ribosomal 
subunit 

YNL312W 
YNL312W RFA2 SGDID:S000005256, Chr XIV from 48286-48292,48401-49215, 
Verified ORF, Subunit of heterotrimeric Replication Protein A (RPA) 

YNL313C 

YNL313C YNL313C SGDID:S000005257, Chr XIV from 48021-45307, reverse 
complement, Uncharacterized ORF, Essential protein of unknown function; fluorescent 
protein (GFP or YFP)-tagged protein localizes to cytoplasm and nucleus"" 

YNL316C 
YNL316C PHA2 SGDID:S000005260, Chr XIV from 43074-42070, reverse 
complement, Verified ORF, Prephenate dehydratase 

YOL022C 

YOL022C TSR4 SGDID:S000005382, Chr XV from 281499-280273, reverse 
complement, Uncharacterized ORF, Cytoplasmic protein of unknown function; essential 
gene in S288C background 

YOL052C 
YOL052C SPE2 SGDID:S000005412, Chr XV from 233635-232445, reverse 
complement, Verified ORF, S-adenosylmethionine decarboxylase 
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YOL057W 

YOL057W YOL057W SGDID:S000005418, Chr XV from 220766-222901, Verified 
ORF, Dipeptidyl-peptidase III; cleaves dipeptides from the amino terminus of target 
proteins; highly active on synthetic substrate Arg-Arg-2-naphthylamide; mammalian 
ortholog may be a biomarker for some cancers"" 

YOL058W 
YOL058W ARG1 SGDID:S000005419, Chr XV from 219210-220472, Verified ORF, 
Arginosuccinate synthetase 

YOL059W 
YOL059W GPD2 SGDID:S000005420, Chr XV from 217126-218448, Verified ORF, 
NAD-dependent glycerol 3-phosphate dehydrogenase 

YOL086C 
YOL086C ADH1 SGDID:S000005446, Chr XV from 160594-159548, reverse 
complement, Verified ORF, Alcohol dehydrogenase 

YOL097C 
YOL097C WRS1 SGDID:S000005457, Chr XV from 137825-136527, reverse 
complement, Verified ORF, Cytoplasmic tryptophanyl-tRNA synthetase 

YOL103W-A 

YOL103W-A YOL103W-A SGDID:S000007349, Chr XV from 118000-119322, 
transposable_element_gene, Retrotransposon TYA Gag gene co-transcribed with TYB 
Pol; translated as TYA or TYA-TYB polyprotein; Gag is a nucleocapsid protein that is 
the structural constituent of virus-like particles (VLPs); similar to retroviral Gag"" 

YOL103W-B 

YOL103W-B YOL103W-B SGDID:S000007350, Chr XV from 118000-
119304,119306-123268, transposable_element_gene, Retrotransposon TYA Gag and 
TYB Pol genes; transcribed/translated as one unit; polyprotein is processed to make a 
nucleocapsid-like protein (Gag) 

YOL151W 

YOL151W GRE2 SGDID:S000005511, Chr XV from 43693-44721, Verified ORF, 3-
methylbutanal reductase and NADPH-dependent methylglyoxal reductase (D-
lactaldehyde dehydrogenase); stress induced (osmotic 

YOR027W 
YOR027W STI1 SGDID:S000005553, Chr XV from 381053-382822, Verified ORF, 
Hsp90 cochaperone 

YOR046C 

YOR046C DBP5 SGDID:S000005572, Chr XV from 415908-414460, reverse 
complement, Verified ORF, Cytoplasmic ATP-dependent RNA helicase of the DEAD-
box family involved in mRNA export from the nucleus; involved in translation 
termination"" 

YOR063W 
YOR063W RPL3 SGDID:S000005589, Chr XV from 444688-445851, Verified ORF, 
Protein component of the large (60S) ribosomal subunit 

YOR074C 
YOR074C CDC21 SGDID:S000005600, Chr XV from 467591-466677, reverse 
complement, Verified ORF, Thymidylate synthase 

YOR122C 
YOR122C PFY1 SGDID:S000005648, Chr XV from 552888-552876,552666-552299, 
reverse complement, Verified ORF, Profilin 

YOR136W 
YOR136W IDH2 SGDID:S000005662, Chr XV from 580251-581360, Verified ORF, 
Subunit of mitochondrial NAD(+)-dependent isocitrate dehydrogenase 

YOR168W 
YOR168W GLN4 SGDID:S000005694, Chr XV from 649304-651733, Verified ORF, 
Glutamine tRNA synthetase 

YOR184W 
YOR184W SER1 SGDID:S000005710, Chr XV from 679358-680545, Verified ORF, 3-
phosphoserine aminotransferase 

YOR187W 

YOR187W TUF1 SGDID:S000005713, Chr XV from 684031-685344, Verified ORF, 
Mitochondrial translation elongation factor Tu; comprises both GTPase and guanine 
nucleotide exchange factor activities 

YOR197W 

YOR197W MCA1 SGDID:S000005723, Chr XV from 717087-718385, Verified ORF, 
Putative cysteine protease similar to mammalian caspases; involved in regulation of 
apoptosis upon hydrogen peroxide treatment; proposed to be involved in cell cycle 
progression"" 

YOR204W 
YOR204W DED1 SGDID:S000005730, Chr XV from 722912-724726, Verified ORF, 
ATP-dependent DEAD (Asp-Glu-Ala-Asp)-box RNA helicase 

YOR209C 
YOR209C NPT1 SGDID:S000005735, Chr XV from 737727-736438, reverse 
complement, Verified ORF, Nicotinate phosphoribosyltransferase 
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YOR243C 
YOR243C PUS7 SGDID:S000005769, Chr XV from 792242-790212, reverse 
complement, Verified ORF, Pseudouridine synthase 

YOR251C 
YOR251C TUM1 SGDID:S000005777, Chr XV from 803465-802551, reverse 
complement, Verified ORF, Mitochondrial protein 

  
YOR261C RPN8 SGDID:S000005787, Chr XV from 816931-815915, reverse 
complement, Verified ORF, Essential 

YOR281C 

YOR281C PLP2 SGDID:S000005807, Chr XV from 847128-846268, reverse 
complement, Verified ORF, Essential protein that interacts with the CCT (chaperonin 
containing TCP-1) complex to stimulate actin folding; has similarity to phosducins; null 
mutant lethality is complemented by mouse phosducin-like protein MgcPhLP"" 

YOR317W 

YOR317W FAA1 SGDID:S000005844, Chr XV from 909340-911442, Verified ORF, 
Long chain fatty acyl-CoA synthetase with a preference for C12:0-C16:0 fatty acids; 
involved in the activation of imported fatty acids; localized to both lipid particles and 
mitochondrial outer membrane; essential for stationary phase"" 

YOR323C 
YOR323C PRO2 SGDID:S000005850, Chr XV from 922902-921532, reverse 
complement, Verified ORF, Gamma-glutamyl phosphate reductase 

YOR335C 
YOR335C ALA1 SGDID:S000005862, Chr XV from 949106-946230, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial alanyl-tRNA synthetase 

YOR340C 
YOR340C RPA43 SGDID:S000005867, Chr XV from 960179-959199, reverse 
complement, Verified ORF, RNA polymerase I subunit A43"" 

YOR347C 

YOR347C PYK2 SGDID:S000005874, Chr XV from 986459-984939, reverse 
complement, Verified ORF, Pyruvate kinase that appears to be modulated by 
phosphorylation; PYK2 transcription is repressed by glucose 

YOR374W 
YOR374W ALD4 SGDID:S000005901, Chr XV from 1039838-1041397, Verified ORF, 
Mitochondrial aldehyde dehydrogenase 

YPL028W 
YPL028W ERG10 SGDID:S000005949, Chr XVI from 498094-499290, Verified ORF, 
Acetyl-CoA C-acetyltransferase (acetoacetyl-CoA thiolase) 

YPL061W 
YPL061W ALD6 SGDID:S000005982, Chr XVI from 432585-434087, Verified ORF, 
Cytosolic aldehyde dehydrogenase 

YPL079W 
YPL079W RPL21B SGDID:S000006000, Chr XVI from 406633-406643,407065-
407536, Verified ORF, Protein component of the large (60S) ribosomal subunit 

YPL106C 

YPL106C SSE1 SGDID:S000006027, Chr XVI from 352272-350191, reverse 
complement, Verified ORF, ATPase that is a component of the heat shock protein Hsp90 
chaperone complex; binds unfolded proteins; member of the heat shock protein 70 
(HSP70) family; localized to the cytoplasm"" 

YPL111W 
YPL111W CAR1 SGDID:S000006032, Chr XVI from 339943-340944, Verified ORF, 
Arginase 

YPL117C 

YPL117C IDI1 SGDID:S000006038, Chr XVI from 328729-327863, reverse 
complement, Verified ORF, Isopentenyl diphosphate:dimethylallyl diphosphate 
isomerase (IPP isomerase) 

YPL131W 

YPL131W RPL5 SGDID:S000006052, Chr XVI from 303120-304013, Verified ORF, 
Protein component of the large (60S) ribosomal subunit with similarity to E. coli L18 and 
rat L5 ribosomal proteins; binds 5S rRNA and is required for 60S subunit assembly"" 

YPL160W 
YPL160W CDC60 SGDID:S000006081, Chr XVI from 246989-250261, Verified ORF, 
Cytosolic leucyl tRNA synthetase 

YPL231W 
YPL231W FAS2 SGDID:S000006152, Chr XVI from 108652-114315, Verified ORF, 
Alpha subunit of fatty acid synthetase 

YPL257W-B 

YPL257W-B YPL257W-B SGDID:S000007358, Chr XVI from 56748-58052,58054-
62016, transposable_element_gene, Retrotransposon TYA Gag and TYB Pol genes; 
transcribed/translated as one unit; polyprotein is processed to make a nucleocapsid-like 
protein (Gag) 

YPL273W 
YPL273W SAM4 SGDID:S000006194, Chr XVI from 25087-26064, Verified ORF, S-
adenosylmethionine-homocysteine methyltransferase 
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YPR033C 

YPR033C HTS1 SGDID:S000006237, Chr XVI from 639016-637376, reverse 
complement, Verified ORF, Cytoplasmic and mitochondrial histidine tRNA synthetase; 
encoded by a single nuclear gene that specifies two messages; efficient mitochondrial 
localization requires both a presequence and an amino-terminal sequence"" 

YPR035W 
YPR035W GLN1 SGDID:S000006239, Chr XVI from 642205-643317, Verified ORF, 
Glutamine synthetase (GS) 

YPR041W 

YPR041W TIF5 SGDID:S000006245, Chr XVI from 648701-649918, Verified ORF, 
Translation initiation factor eIF-5; N-terminal domain functions as a GTPase-activating 
protein to mediate hydrolysis of ribosome-bound GTP; C-terminal domain is the core of 
ribosomal preinitiation complex formation"" 

YPR060C 
YPR060C ARO7 SGDID:S000006264, Chr XVI from 675628-674858, reverse 
complement, Verified ORF, Chorismate mutase 

YPR062W 
YPR062W FCY1 SGDID:S000006266, Chr XVI from 677162-677638, Verified ORF, 
Cytosine deaminase 

YPR108W 
YPR108W RPN7 SGDID:S000006312, Chr XVI from 742452-743741, Verified ORF, 
Essential 

YPR110C 
YPR110C RPC40 SGDID:S000006314, Chr XVI from 746833-745826, reverse 
complement, Verified ORF, RNA polymerase subunit 

YPR127W 
YPR127W YPR127W SGDID:S000006331, Chr XVI from 790079-791116, Verified 
ORF, Protein of unknown function 

YPR145W 
YPR145W ASN1 SGDID:S000006349, Chr XVI from 822616-824334, Verified ORF, 
Asparagine synthetase 

YPR191W 
YPR191W QCR2 SGDID:S000006395, Chr XVI from 919377-920483, Verified ORF, 
Subunit 2 of the ubiquinol cytochrome-c reductase complex 
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Table 7. iTRAQ ratios of endogenous SNO-proteins obtained from Δadh6 versus 
WT  yeast cells under basal growth conditions. Represented are averages from 2 or 3 
biological replicates. RSD (Relative Standard Deviation) less than 35%. Shared targets of 
SNO-CoA are indicated bold. 
 
 
ORF Fold change Protein name and function 

YCL028W 9.72 

RNQ1 SGDID:S000000533, Chr III from 70150-71367, Verified 
ORF;[PIN(+)] prion, an infectious protein conformation that is generally an 
ordered protein aggregate; 

YFL039C 1.51 

ACT1 SGDID:S000001855, Chr VI from 54695-54686,54377-53260, 
reverse complement, Verified ORF;Actin, structural protein involved in cell 
polarization, endocytosis, and other cytoskeletal functions; 

YLR259C 1.44 

HSP60 SGDID:S000004249, Chr XII from 665004-663286, reverse 
complement, Verified ORF;Tetradecameric mitochondrial chaperonin 
required for ATP-dependent folding of precursor polypeptides and complex 
assembly; prevents aggregation and mediates protein refolding after heat 
shock; role in mtDNA transmission; phosphorylated; 

YPL090C 1.36 

RPS6A SGDID:S000006011, Chr XVI from 378392-378387,377992-
377288, reverse complement, Verified ORF;Protein component of the small 
(40S) ribosomal subunit; identical to Rps6Bp and has similarity to rat S6 
ribosomal protein; 

YPL028W 1.35 

ERG10 SGDID:S000005949, Chr XVI from 498094-499290, Verified 
ORF;Acetyl-CoA C-acetyltransferase (acetoacetyl-CoA thiolase), cytosolic 
enzyme that transfers an acetyl group from one acetyl-CoA molecule to 
another, forming acetoacetyl-CoA; involved in the first step in mevalonate 
biosynthesis; 

YKL060C 1.28 

FBA1 SGDID:S000001543, Chr XI from 327131-326052, reverse 
complement, Verified ORF;Fructose 1,6-bisphosphate aldolase, required 
for glycolysis and gluconeogenesis; catalyzes conversion of fructose 1,6 
bisphosphate to glyceraldehyde-3-P and dihydroxyacetone-P; locates to 
mitochondrial outer surface upon oxidative stress; 

YEL046C 1.26 

GLY1 SGDID:S000000772, Chr V from 68792-67629, reverse 
complement, Verified ORF;Threonine aldolase, catalyzes the cleavage of 
L-allo-threonine and L-threonine to glycine; involved in glycine 
biosynthesis; 

YDL229W 1.24 

SSB1 SGDID:S000002388, Chr IV from 44066-45907, Verified 
ORF;Cytoplasmic ATPase that is a ribosome-associated molecular 
chaperone, functions with J-protein partner Zuo1p; may be involved in 
folding of newly-made polypeptide chains; member of the HSP70 family; 
interacts with phosphatase subunit Reg1p; 

YDL143W 1.21 

CCT4 SGDID:S000002302, Chr IV from 199997-201583, Verified 
ORF;Subunit of the cytosolic chaperonin Cct ring complex, related to 
Tcp1p, required for the assembly of actin and tubulins in vivo; 

YER043C 1.19 

SAH1 SGDID:S000000845, Chr V from 237118-235769, reverse 
complement, Verified ORF;S-adenosyl-L-homocysteine hydrolase, 
catabolizes S-adenosyl-L-homocysteine which is formed after donation of 
the activated methyl group of S-adenosyl-L-methionine (AdoMet) to an 
acceptor; 

YER021W 1.16 

RPN3 SGDID:S000000823, Chr V from 196947-198518, Verified 
ORF;Essential, non-ATPase regulatory subunit of the 26S proteasome lid, 
similar to the p58 subunit of the human 26S proteasome; temperature-
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sensitive alleles cause metaphase arrest, suggesting a role for the 
proteasome in cell cycle control; 

YGR192C 1.14 

TDH3 SGDID:S000003424, Chr VII from 883815-882817, reverse 
complement, Verified ORF;Glyceraldehyde-3-phosphate dehydrogenase, 
isozyme 3, involved in glycolysis and gluconeogenesis; tetramer that 
catalyzes the reaction of glyceraldehyde-3-phosphate to 1,3 bis-
phosphoglycerate; detected in the cytoplasm and cell wall; 

YDR226W 1.14 

ADK1 SGDID:S000002634, Chr IV from 916483-917151, Verified 
ORF;Adenylate kinase, required for purine metabolism; localized to the 
cytoplasm and the mitochondria; lacks cleavable signal sequence; 

YOR063W 1.12 

RPL3 SGDID:S000005589, Chr XV from 444688-445851, Verified 
ORF;Protein component of the large (60S) ribosomal subunit, has similarity 
to E. coli L3 and rat L3 ribosomal proteins; involved in the replication and 
maintenance of killer double stranded RNA virus; 

YCR012W 1.11 

PGK1 SGDID:S000000605, Chr III from 137744-138994, Verified ORF;3-
phosphoglycerate kinase, catalyzes transfer of high-energy phosphoryl 
groups from the acyl phosphate of 1,3-bisphosphoglycerate to ADP to 
produce ATP; key enzyme in glycolysis and gluconeogenesis; 

YIL018W 1.10 

RPL2B SGDID:S000001280, Chr IX from 316766-316769,317170-
317930, Verified ORF;Protein component of the large (60S) ribosomal 
subunit, identical to Rpl2Ap and has similarity to E. coli L2 and rat L8 
ribosomal proteins; expression is upregulated at low temperatures; 

YPL131W 1.10 

RPL5 SGDID:S000006052, Chr XVI from 303120-304013, Verified 
ORF;Protein component of the large (60S) ribosomal subunit with 
similarity to E. coli L18 and rat L5 ribosomal proteins; binds 5S rRNA and 
is required for 60S subunit assembly; 

YDL055C 1.09 

PSA1 SGDID:S000002213, Chr IV from 356759-355674, reverse 
complement, Verified ORF;GDP-mannose pyrophosphorylase (mannose-1-
phosphate guanyltransferase), synthesizes GDP-mannose from GTP and 
mannose-1-phosphate in cell wall biosynthesis; required for normal cell 
wall structure; 

YGR285C 1.09 

ZUO1 SGDID:S000003517, Chr VII from 1063160-1061859, reverse 
complement, Verified ORF;Cytosolic ribosome-associated chaperone that 
acts, together with Ssz1p and the Ssb proteins, as a chaperone for nascent 
polypeptide chains; contains a DnaJ domain and functions as a J-protein 
partner for Ssb1p and Ssb2p; 

YOR133W 1.07 

EFT1 SGDID:S000005659, Chr XV from 575099-577627, Verified 
ORF;Elongation factor 2 (EF-2), also encoded by EFT2; catalyzes 
ribosomal translocation during protein synthesis; contains diphthamide, the 
unique posttranslationally modified histidine residue specifically ADP-
ribosylated by diphtheria toxin; 

YKR059W 1.07 

TIF1 SGDID:S000001767, Chr XI from 554629-555816, Verified 
ORF;Translation initiation factor eIF4A, identical to Tif2p; DEA(D/H)-box 
RNA helicase that couples ATPase activity to RNA binding and 
unwinding; forms a dumbbell structure of two compact domains connected 
by a linker; interacts with eIF4G; 

YER025W 1.06 

GCD11 SGDID:S000000827, Chr V from 205250-206833, Verified 
ORF;Gamma subunit of the translation initiation factor eIF2, involved in 
the identification of the start codon; binds GTP when forming the ternary 
complex with GTP and tRNAi-Met; 

YPL240C 1.05 

HSP82 SGDID:S000006161, Chr XVI from 98625-96496, reverse 
complement, Verified ORF;Hsp90 chaperone required for pheromone 
signaling and negative regulation of Hsf1p; docks with Tom70p for 
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mitochondrial preprotein delivery; promotes telomerase DNA binding and 
nucleotide addition; interacts with Cns1p, Cpr6p, Cpr7p, Sti1p; 

YPL220W 1.05 

RPL1A SGDID:S000006141, Chr XVI from 135789-136442, Verified 
ORF;N-terminally acetylated protein component of the large (60S) 
ribosomal subunit, nearly identical to Rpl1Bp and has similarity to E. coli 
L1 and rat L10a ribosomal proteins; rpl1a rpl1b double null mutation is 
lethal; 

YLR075W 1.02 

RPL10 SGDID:S000004065, Chr XII from 282928-283593, Verified 
ORF;Protein component of the large (60S) ribosomal subunit, responsible 
for joining the 40S and 60S subunits; regulates translation initiation; has 
similarity to rat L10 ribosomal protein and to members of the QM gene 
family; 

YER178W 1.02 

PDA1 SGDID:S000000980, Chr V from 546812-548074, Verified ORF;E1 
alpha subunit of the pyruvate dehydrogenase (PDH) complex, catalyzes the 
direct oxidative decarboxylation of pyruvate to acetyl-CoA; 
phosphorylated; regulated by glucose; 

YLR249W 1.01 

YEF3 SGDID:S000004239, Chr XII from 636782-639916, Verified 
ORF;Translational elongation factor 3, stimulates the binding of aminoacyl-
tRNA (AA-tRNA) to ribosomes by releasing EF-1 alpha from the 
ribosomal complex; contains two ABC cassettes; binds and hydrolyses 
ATP; 

YLR134W 1.01 

PDC5 SGDID:S000004124, Chr XII from 410724-412415, Verified 
ORF;Minor isoform of pyruvate decarboxylase, key enzyme in alcoholic 
fermentation, decarboxylates pyruvate to acetaldehyde, regulation is 
glucose- and ethanol-dependent, repressed by thiamine, involved in amino 
acid catabolism; 

YMR217W 1.00 

GUA1 SGDID:S000004830, Chr XIII from 701789-703366, Verified 
ORF;GMP synthase, an enzyme that catalyzes the second step in the 
biosynthesis of GMP from inosine 5&#039;-phosphate (IMP); transcription 
is not subject to regulation by guanine but is negatively regulated by 
nutrient starvation; 

YDR037W 0.99 
KRS1 SGDID:S000002444, Chr IV from 525438-527213, Verified 
ORF;Lysyl-tRNA synthetase; 

YPL106C 0.98 

SSE1 SGDID:S000006027, Chr XVI from 352272-350191, reverse 
complement, Verified ORF;ATPase that is a component of the heat shock 
protein Hsp90 chaperone complex; binds unfolded proteins; member of the 
heat shock protein 70 (HSP70) family; localized to the cytoplasm; 

YMR205C 0.96 

PFK2 SGDID:S000004818, Chr XIII from 674765-671886, reverse 
complement, Verified ORF;Beta subunit of heterooctameric 
phosphofructokinase involved in glycolysis, indispensable for anaerobic 
growth, activated by fructose-2,6-bisphosphate and AMP, mutation inhibits 
glucose induction of cell cycle-related genes; 

YLR109W 0.95 

AHP1 SGDID:S000004099, Chr XII from 368782-369312, Verified 
ORF;Thiol-specific peroxiredoxin, reduces hydroperoxides to protect 
against oxidative damage; function in vivo requires covalent conjugation to 
Urm1p; 

YGL202W 0.95 

ARO8 SGDID:S000003170, Chr VII from 116063-117565, Verified 
ORF;Aromatic aminotransferase I, expression is regulated by general 
control of amino acid biosynthesis; 

YGL253W 0.95 

HXK2 SGDID:S000003222, Chr VII from 23935-25395, Verified 
ORF;Hexokinase isoenzyme 2 that catalyzes phosphorylation of glucose in 
the cytosol; predominant hexokinase during growth on glucose; functions in 
the nucleus to repress expression of HXK1 and GLK1 and to induce 
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expression of its own gene; 

YJR145C 0.94 

RPS4A SGDID:S000003906, Chr X from 703058-703045,702788-702017, 
reverse complement, Verified ORF;Protein component of the small (40S) 
ribosomal subunit; mutation affects 20S pre-rRNA processing; identical to 
Rps4Bp and has similarity to rat S4 ribosomal protein; 

YAL038W 0.93 

CDC19 SGDID:S000000036, Chr I from 71787-73289, Verified 
ORF;Pyruvate kinase, functions as a homotetramer in glycolysis to convert 
phosphoenolpyruvate to pyruvate, the input for aerobic (TCA cycle) or 
anaerobic (glucose fermentation) respiration; 

YDR050C 0.92 

TPI1 SGDID:S000002457, Chr IV from 556471-555725, reverse 
complement, Verified ORF;Triose phosphate isomerase, abundant 
glycolytic enzyme; mRNA half-life is regulated by iron availability; 
transcription is controlled by activators Reb1p, Gcr1p, and Rap1p through 
binding sites in the 5&#039; non-coding region; 

YGR204W 0.92 

ADE3 SGDID:S000003436, Chr VII from 905939-908779, Verified 
ORF;Cytoplasmic trifunctional enzyme C1-tetrahydrofolate synthase, 
involved in single carbon metabolism and required for biosynthesis of 
purines, thymidylate, methionine, and histidine; null mutation causes 
auxotrophy for adenine and histidine; 

YER102W 0.88 

RPS8B SGDID:S000000904, Chr V from 363096-363698, Verified 
ORF;Protein component of the small (40S) ribosomal subunit; identical to 
Rps8Ap and has similarity to rat S8 ribosomal protein; 

YBL076C 0.87 

ILS1 SGDID:S000000172, Chr II from 84259-81041, reverse complement, 
Verified ORF;Cytoplasmic isoleucine-tRNA synthetase, target of the G1-
specific inhibitor reveromycin A; 

YHR208W 0.86 

BAT1 SGDID:S000001251, Chr VIII from 517532-518713, Verified 
ORF;Mitochondrial branched-chain amino acid aminotransferase, homolog 
of murine ECA39; highly expressed during logarithmic phase and repressed 
during stationary phase; 

YIL078W 0.84 
THS1 SGDID:S000001340, Chr IX from 212496-214700, Verified 
ORF;Threonyl-tRNA synthetase, essential cytoplasmic protein; 

YML056C 0.83 

IMD4 SGDID:S000004520, Chr XIII from 164176-163717,163308-
162194, reverse complement, Verified ORF;Inosine monophosphate 
dehydrogenase, catalyzes the first step of GMP biosynthesis, member of a 
four-gene family in S. cerevisiae, constitutively expressed; 

YGL245W 0.83 

GUS1 SGDID:S000003214, Chr VII from 39023-41149, Verified 
ORF;Glutamyl-tRNA synthetase (GluRS), forms a complex with 
methionyl-tRNA synthetase (Mes1p) and Arc1p; complex formation 
increases the catalytic efficiency of both tRNA synthetases and ensures 
their correct localization to the cytoplasm; 

YGR240C 0.82 

PFK1 SGDID:S000003472, Chr VII from 973739-970776, reverse 
complement, Verified ORF;Alpha subunit of heterooctameric 
phosphofructokinase involved in glycolysis, indispensable for anaerobic 
growth, activated by fructose-2,6-bisphosphate and AMP, mutation inhibits 
glucose induction of cell cycle-related genes; 

YGR094W 0.81 
VAS1 SGDID:S000003326, Chr VII from 672190-675504, Verified 
ORF;Mitochondrial and cytoplasmic valyl-tRNA synthetase; 

YLR432W 0.80 

IMD3 SGDID:S000004424, Chr XII from 1002554-1004125, Verified 
ORF;Inosine monophosphate dehydrogenase, catalyzes the first step of 
GMP biosynthesis, member of a four-gene family in S. cerevisiae, 
constitutively expressed; 
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YBR196C 0.79 

PGI1 SGDID:S000000400, Chr II from 613895-612231, reverse 
complement, Verified ORF;Glycolytic enzyme phosphoglucose isomerase, 
catalyzes the interconversion of glucose-6-phosphate and fructose-6-
phosphate; required for cell cycle progression and completion of the 
gluconeogenic events of sporulation; 

YOR335C 0.77 

ALA1 SGDID:S000005862, Chr XV from 949106-946230, reverse 
complement, Verified ORF;Cytoplasmic and mitochondrial alanyl-tRNA 
synthetase, required for protein synthesis; point mutation (cdc64-1 allele) 
causes cell cycle arrest at G1; lethality of null mutation is functionally 
complemented by human homolog; 

YLR044C 0.60 

PDC1 SGDID:S000004034, Chr XII from 234082-232391, reverse 
complement, Verified ORF;Major of three pyruvate decarboxylase 
isozymes, key enzyme in alcoholic fermentation, decarboxylates pyruvate 
to acetaldehyde; subject to glucose-, ethanol-, and autoregulation; involved 
in amino acid catabolism; 
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Chapter 3. AKR1A1 is a novel mammalian denitrosylase 

 

3.1 Summary 

S-nitrosylation is a dynamic post-translational modification affecting a myriad of 

biological processes. Recent progress in elucidating the cellular regulation of S-

nitrosylation has led to the identification of two physiologically relevant denitrosylating 

activities that remove the NO group from S-nitrosylated substrates. 

Thioredoxin/thioredoxin reductase (Trx system) and S-nitroso-glutathione reductase 

(GSNOR) has been demonstrated to be physiogically important denitrosylases. In the 

present study, we have identified a novel NADPH-dependent GSNO reductase activity 

that is clearly independent of GSNOR and the Trx system, and is ubiquitously expressed 

across the various tissues examined. Processing of bovine kidney extract through six 

steps of chromatographic purification yields a single protein that contains the NADPH-

dependent GSNO metabolizing activity, and was identified as aldo-keto reductase family 

1, member A1 (encoded by the AKR1A1 gene). Interestingly, the enzyme also has robust 

activity towards SNO-CoAconsistent with AKR1A1 as a potential ortholog to the yeast 

Adh6 enzyme. Furthermore, we show that AKR1A1 is transcriptionally induced by nitric 

oxide, and that AKR1A1 regulates GSNO or SNO-CoA-mediated protein S-nitrosylation 

in an NADPH-dependent fashion. Deletion of AKR1A1 in mice results in significant 

attenuation of enzymatic NADPH-dependent GSNO and SNO-CoA metabolism, and 

AKR1A1-/- mice are partially protected against acute kidney ischemia-reperfusion model 

of injury. These studies have set the stage for subsequent analyses of the role of this 

novel denitrosylase, AKR1A1, in health and diseased states. 
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3.2 Introduction 

Essential roles for S-nitrosylation have been implicated in virtually all major 

functions of NO in biology, and accumulating evidence indicates that denitrosylation 

plays a major role in setting levels of S-nitrosylation. Specific enzymatic mechanisms of 

denitrosylation have been identified in relatively recent studies that include GSNOR and 

Trx system, which have been discussed in-depth in chapter 1. Proteomic and targeted 

analyses have revealed a large set of proteins distributed across multiple functional 

classes that are subject to S-nitrosylation  (144, 145), and whose modification appears 

largely independent of known denitrosylases, including RyR2 (118) and the L-type Ca2+ 

channel and most or all other sarcolemmal ion channels (93, 145).  That is, in most cases, 

the cognate denitrosylase has not been identified. The growing awareness of the critical 

roles played by denitrosylation in signaling governing protein S-nitrosylation in all cells 

emphasizes the importance of denitrosylating mechanisms, and in particular highlights 

the current inadequate understanding of the mechanisms and regulation of denitrosylation 

in physiology. The discovery of a novel mammalian denitrosylase, AKR1A1, as 

described in this chapter, exemplifies the existence of multiple denitrosylases that may 

regulate cellular S-nitrosylation. 

AKR1A1 is a member of a class of proteins termed aldo-ketoreductases (AKRs) 

(146). AKRs are soluble NAD(P)(H) oxidoreductases (~34-37 kDa) that are evolutionary 

conserved from bacteria to humans (147, 148), and play an important role in the 

reduction of carbonyl groups within aldehydes and ketones to primary and secondary 

alcohols, respectively (149). There are more than 140 members in the AKR superfamily, 

and the human genome project has identified 13 human AKRs (146). Before discussing 
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the AKR superfamily in further details, a word on nomenclature is required. AKRs are 

named starting with the root AKR to designate the enzyme as an aldo-keto reductase, a 

number to denote the family, a letter to denote the subfamily, and a second number 

specific for a unique protein (eg. AKR1A1). AKR superfamily contains a characteristic 

(α/β)8- trios phosphate isomerase barrel, a conserved cofactor binding site and a catalytic 

tetrad (Tyr, Asp, Ly, and His), and variable loop structures that provide substrate 

specificity (Figure 16) (146). AKR-mediated catalysis follows an ordered Bi Bi 

mechanism in which the nucleotide binds first, followed by the substrate, resulting in the 

formation of a ternary complex at the active site of the enzyme (150). The hydride 

transfer from NADPH to the carbonyl group of the substrate is stereospecific, and the 

conserved Tyr residue in the active site functions as a general acid-base. Stopped flow 

studies revealed that several slow steps (hydride transfer from NADPH, release of the 

reduced product and oxidized cofactor) determine the turnover rate for the enzyme (151). 

 

AKRs catalyzes a broad spectrum of substrates, including sugar aldehydes, 

retinals, steroid hormones, prostaglandins, lipid derived aldehydes, and bile acid 

precursors (Table 8), and are therefore considered as important players in the Phase II 

detoxification of several drugs and xenobiotics (152).  Purified recombinant human 

AKR1A1 has been previously shown to be involved in the reduction of glyceraldehyde to 

glycerol (153), and tissue extracts of AKR1A1-/- mice have been demonstrated to exhibit 

reduced glyceraldehyde reductase activity (154). It is also known that AKR1A1 

metabolizes anthracyclins (daunorubicin and doxorubicin) into inactive anthracycline 

alcohol metabolites (155), and PAH (polycyclic aromatic hydrocarbon) diols into o-
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quinones (156). In rodents, the physiological function of AKR1A1 is in the vitamin C 

biosynthetic pathway, where it is the major enzyme involved in the conversion of D-

glucouronate to L-gulunolactone (154, 157). Consistent with this, inhibition of AKR1A1 

in mice resulted in increased urinary output of glucuronate and decreased synthesis of 

vitamin C (158), and genetic deletion of AKR1A1 led to osteopenia and spontaneous 

fractures under certain stress conditions (pregnancy and castration) that required 

increased production of vitamin C in mice (157). However, humans do not make vitamin 

C and supplement their needs through exogenous sources. Therefore, there are no known 

endogenous substrates for AKR1A1 in humans.  

 

3.3 Materials and methods 

NADPH or NADH-dependent GSNO or SNO-CoA reductase activity in mice 

tissues- Various tissues (kidney, liver, lung, heart and spleen) were harvested from 10 to 

12 weeks old C57B/6 or AKR1A1+/+ mice and GSNOR-/- or AKR1A1-/-. Tissues were 

homogenized in lysis buffer (50 mM phosphate buffer, pH 7.0, 150 mM NaCl, 0.1mM 

EDTA, 0.1 mM DTPA, 1mM PMSF and cocktail of protease inhibitors (Roche)). The 

extracts were subsequently clarified by centrifugation (twice at 20,000 g at 4°C for 45 

minutes), and the protein concentration was determined using the BCA assay. The 

activities were determined spectrophotometrically in a similar manner as described in 

chapter 2. Briefly, the assays were performed in 50 mM phosphate buffer, pH 7.0 

(containing 0.1 mM EDTA and DTPA) and contained 0.2mM GSNO or SNO-CoA and 

0.1 mM NADPH or NADH. The reactions were initiated by the addition of lysate and 



 

 

90 

 

allowed to proceed for 1 minute. All assays were performed in duplicates or triplicates 

using 1-cm-path length cuvettes, and the slope was used to calculate the activity. In some 

samples, the lysates were treated with 2 μM auranofin (prepared in DMSO) prior to 

performing the assays to rule out the NADPH-dependent GSNO consumption mediated 

by the Trx system.  

Purification of NADPH-dependent GSNO reductase activity- Bovine kidney tissue (~80 

g) was suspendend in 100 ml of lysis buffer (50 mM phosphate buffer, pH 7.0, 150 mM 

Nacl, 1mM PMSF and protease inhibitor cocktail table (Roche)). Initial lysis was 

performed in a blender using short pulses (5 to 6 times), followed by homogenization 

with 20 to 30 strokes of dounce homogenizer (Wheaton). Following centrifugation twice 

at 60,000g for 45 min, the supernatant was taken as the starting material for assessment 

of enrichment of GSNO metabolizing activity. At this and all subsequent stages, enzyme 

activity was assessed with 0.2 mM GSNO, 0.2 mM NADPH in 50 mM phosphate buffer 

(pH 7) containing 0.1 mM EDTA and  DTPA. The supernatant was precipitated with 

30% ammonium sulfate followed by centrifugation at 20,000g, and the resultant 

supernatant was re-precipitated with 60% ammonium sulfate and pelleted at 20,000g. The 

pellet was re-suspended and dialysed against Tris buffer, pH 8.0. at 4 °C. The dialyzed 

extract was applied at 1ml/min onto a High Prep Q Fast Flow 16 x 10 mm column 

equilibrated with 20 mM tris buffer, pH 8.0. The NADPH-dependent GSNO reductase 

activity was eluted out with a linear 0 to 0.3 M Nacl gradient in 20 mM tris buffer, pH 

8.0. Active fractions were pooled and ammonium sulfate added to a final concentration of 

1M. Sample was then loaded on onto a High Prep phenyl superose column equilibrated 

with 20 mM tris, pH8.0 containing 1M ammonium sulfate. Elution was achieved using a 
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linear gradient of 0.7 to 0.4M ammonium sulfate in tris, pH8. Active fractions were 

pooled and overnight dialyses performed using 20 mM tris, pH8.0. Dialyzed sample was 

then loaded onto a MonoQ GL 5 X 50 mm column at a flow rate of 1ml/min and elution 

was carried out with a linear 0 to 0.3 M Nacl gradient in 20 mM tris buffer, pH 8.0. 

Again, active fractions were pooled and ammonium sulfate added to final concentration 

of 1M. Sample was then loaded onto a phenyl sepharose column (5cm X 5mm), 

equilibrated with 20 mM tris, pH8.0 containing 1M ammonium sulfate at a flow rate of 

0.5 ml/min. Finally, active fractions were concentrated to less than 200µl volume and 

then loaded onto a superdex 200 (10cm X 30 mm) column. Purification was assessed by 

running the various protein fractions on an SDS-PAGE gel and visualized by Brilliant 

Blue-G Colloidal Stain (Sigma). Protein band was identified using matrix-assisted laser 

desorption/ionization time of-flight/time-of-flight (MALDI-TOF/TOF) tandem mass 

spectrometer (MS), internally calibrated with trypsin autoproteolysis peaks. The MS 

spectrum was searched against the National Center for Biotechnology Information 

(NCBI) database, using the on-line version of Protein Prospector 

(http://prospector.ucsf.edu/). MS analysis was carried out at Michael Hooker Proteomics 

and Mass Spectrometry Facility, University of North Carolina. 

pH dependence of AKR1A1 towards GSNO- The influence of pH on the activity of 

AKR1A1 towards GSNO was carried out with a pH range from 4.0-10.0 using the 

following buffers of 50 mM concentration: citrate, pH 4.0; MES, acetate, pH 5.0; MES, 

pH 6.0; phosphate, pH (6.4-7.4); Tris, pH 8.0; glycine, pH 9.0 and carbonate, pH 10.0. 

Assay reaction contained 200 µM GSNO, 100 µM NADPH and purified bovine 

AKR1A1. 
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Km determination for substrates GSNO and SNO-CoA- The reactions contained 100 μM 

NADPH in 50 mm sodium phosphate (pH 7.0) and purified bovine AKR1A1. GSNO or 

SNO-CoA was prepared by combining stoichiometric amounts (0.1 M each) of GSH or 

CoA (dissolved in 1 N HCl) and sodium nitrite (dissolved in milli Q water containing 0.1 

mM EDTA and 0.1 mM DTPA). The yield of GSNO or SNO-CoA was verified 

spectrophotometrically by measuring the absorption of the created SNO group at 340 nm 

using an extinction coefficient of 0.92 mm-1 cm-1. The aqueous GSNO or SNO-CoA 

solution was added to samples to achieve concentrations of 500, 250, 125, 62.5, 31.25 

and 15.625 μM. All of the reactions were performed in triplicate. Concentration of 

NADPH was kept constant at 100 μM. The initial rates were calculated from the 

absorbance decrease (340 nm) using a combined extinction coefficient of 7.06 mm-1 cm-1 

for GSNO or SNO-CoA and NADPH. The Km for GSNO or SNO-CoA was determined 

using Regression wizard, Sigma plot software. The kcat was determined at saturating 

substrate concentrations. 

Determination of stoichiometry and products released by AKR1A1- The stoichiometry of 

substrates used and products released by the purified bovine AKR1A1 enzyme was 

determined in a similar manner as described above in chapter 2. 

Western blotting and qPCR analysis for AKR1A1 expression from DETA-NO treated 

murine macrophage cells- 1.5 X 106 Raw 264.7 cells were uniformly seeded in 10 cm 

plates and allowed to proliferate overnight. Next day, cells were treated with various 

concentrations of DETA-NO. After 24 hrs, cells were harvested and lysed in RIPA buffer 
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(Sigma). Seventy-five micrograms of total protein lysate was subjected to Western 

analysis using SDS-PAGE. Antibody against AKR1A1 was purchased from Santa Cruz 

Biotechnology and antibody against β-actin was bought from Sigma. Secondary mouse 

HRP-conjugated antibody was obtained from Promega and ECL-plus chemiluminescent 

detection reagent was from Amersham.  For, qPCR experiment,total RNA from murine 

(RAW 264.7 cells) cells was isolated using TRIzol (Invitrogen) according to the 

manufacturer’s directions. For reverse transcriptase reaction, 1 µg of total RNA was 

transcribed to cDNA using iScriptTM Reverse Transcription Supermix for RT-Qpcr 

(Biorad). qPCR was performed with the TaqMan method (using the Roche Universal 

Probe Library System) on an Applied Biosystems Step One Plus Real-Time PCR System. 

Relative expression was calculated using the ΔΔCt method with normalization to β-actin. 

For murine AKR1A1, probe no. 99 (Roche) was used with the following primers: 5’-

GGCCACTTTGTCTTTTCCAC-3’ and 3’-CTGGAGGCCGTCATTGTC-5’. For murine 

β-actin, probe no. 106 (Roche) was used with the following primers: 5’-

TGACAGGATGCAGAAGGAGA-3’ and 3’-CGCTCAGGAGGAGCAATG-5’. 

AKR1A1 immunodepletion- For immunodepletion, 10 μg of AKR1A1 Ab or control IgG 

Ab was bound to protein G sepharose beads (Amersham) in dilution buffer (50 mM 

phosphate buffer, pH, 7.0, 10 mM NaCl, 0.1 mM EDTA and DTPA) and the volume 

brought to 1ml. Coupling of the antibody to the beads was done at 4°C for 1 hr on an 

end-to-end rotator. Antibody-bound beads were washed 3 times with dilution buffer to 

remove unbound antibodies. Freshly prepared kidney extract (65 μg) from C57B/6 mice 

(Jackson laboratories) was added to the beads and the volume brought to 1ml with 

dilution buffer, followed by constant rotation overnight at 4°C. Supernatants were 
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removed and used for in vitro assays and western blotting. 100 μl and 125 μl of 

supernatant were used to assay for NADPH-dependent SNO-CoA reductase and GSNO 

reductase activity, respectively. To assess immunodepletion, a small volume of 

supernatant (25 μl) was combined with 10 μl of 4x LDS sample buffer (Invitrogen). To 

the beads, 10 μl of dye was added and the eluant was used as IP control. 

Denitrosylation assay- Kidney tissues was homogenized in lysis buffer (50 mM 

phosphate buffer, pH 7.0, 150 mM Nacl, 0.1 mM EDTA, 0.1 mM DTPA, 1 mM PMSF 

and cocktail of protease inhibitor (Roche). The extract was centrifuged twice at 20,000g 

at 4°C for 45 minutes. Supernatant containing 1mg protein was diluted in the assay buffer 

(50 mM phosphate buffer, pH 7.0) to achieve a final volume of 2 ml. The samples were 

then treated with 100 μM GSNO or 100 μM SNO-CoA alone or in combination with 

NADPH or NADH for 10 minutes at room temperature. Reactions were stopped by 

addition of 3 volumes (6 ml) of ice-cold acetone, and denitrosylation was detected by 

SNO-RAC technique. In brief, acetone precipitated protein samples were dissolved in 2 

ml of blocking buffer (0.2% S-methylmethanethiosulfonate (MMTS) and 2.5% SDS in 

HEN buffer, pH 8.0) and incubated in dark for 20 minutes at 55°C with frequent 

vortexing. Proteins were then precipitated with 3 volumes of ice-cold acetone at -20°C 

for 20 minutes. Residual MMTS was removed by re-suspending the pellets in 2 ml of 

HENS buffer (HEN containing 1 % SDS), followed by protein precipitation with ice-cold 

acetone (as described in the previous step). Protein pellets were finally re-suspended in 

2ml of HENS buffer and freshly prepared beads (50 μl) and ascorbate (final 

concentration 30 mM) were added. After incubation for 3.5 hrs, the beads were 
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subsequently washed 4 times with HENS buffer and 2 times with HENS/10 (1:10 dilution 

of HEN buffer containing 1% SDS). Proteins were eluted with 20 μl of elution buffer 

(HENS/10 containing 10% β-meracaptoethanol) with constant shaking for 20 minutes at 

room temperature. Eluted samples were mixed with sample buffer and loaded onto an 

SDS-PAGE gel. 

Kidney ischemia reperfusion animal model- A surgical plane of anesthesia was induced 

by isoflurane (1-3%) in oxygen and then anesthesia was maintained with isoflurane 

(0.75-2.0%) that was adjusted as needed. Animals were spontaneously ventilating, and 

body temperature was maintained at 37ºC using a rectal probe connected to a servo-

controlled heating pad set. The fur was clipped/shaved around the incision sites and then 

areas were sterilized with 3 times alternating washes of betadine and alcohol.1 cm 

vertical incision was made in the left paraspinal region directly inferior to lowest rib, ~ 

1cm lateral to midline. Gentle blunt dissection was performed through muscular layers to 

reveal the kidney; a q-tip was used to mobilize and exteriorize the organ. Induction of 

kidney ischemia reperfusion injury was performed by placing a micro-aneurysm clip over 

renal pedicle for 23 min of warm ischemia; the organ was kept moist using sterile gauze 

and warm saline (color change was used to indicate correct placement and loss of blood 

flow). The kidney was then returned into the peritoneal space. The identical steps with 23 

minutes of clamping were performed on the contra-lateral side. The sham animals 

underwent incision but no kidney ischemia. With both kidneys back in place, the 

incisions were closed in layers (silk suture for the muscle and vicryl for the skin. Post-

operative analgesia consisted of 0.25% bupivacaine infiltrated along the incision sites and 

5 mg/kg sub-cu carprofen, both administered prior to emergence.  Additional 5 mg/kg 
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carprofen was administered sub-cu at q 24 h for the duration of the study. The isoflurane 

delivery was terminated and the animal allowed to awake after receiving some fluids (10-

20 ml/kg IP sterile saline). Animals were closely monitored until sternally recumbent and 

in no obvious signs of distress. 24 hours later mice were again anesthetized with 

isoflurane and underwent terminal exsanguination for determination of BUN and 

creatinine; blood was procured by cardiac puncture and death was confirmed by removal 

of vital organs (kidneys). Any mouse that exhibited uncontrolled pain or distress (failure 

to ambulate, hunched position, ruffled fur, trouble maintain sternal recombency) were 

euthanized. AKI was performed on both the genders. 

 

3.4 Identification of a novel NADPH-dependent GSNO reductase activity 

Previous studies from the Stamler laboratory had led to the identification of a 

phylogenetically conserved GSNO metabolizing enzyme, class III alcohol dehydrogenase 

(ADH 3) (62). Since the principal substrate for ADH 3 was GSNO, and because this was 

the only known GSNO-metabolizing enzyme in vivo, the enzyme was re-named as 

GSNOR. Also, it has previously been demonstrated in vitro that the Trx system serves as 

an NADPH-dependent GSNO reductase by catalyzing homolytic cleavage of GSNO (56). 

To identify a GSNO consuming activity that was independent of GSNOR and the Trx 

system, we used extracts from GSNOR-/- mice that were incubated with or without 

auranofin for 30 minutes, and screened for an NADPH-dependent GSNO reductase 

activity. Auranofin is a specific inhibitor for thioredoxin reductase that has been 

previously used to probe the role for Trx system in regulating protein S-nitrosylation (50, 
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54). All enzyme assays were carried out in the presence of 0.1 mM EDTA and DTPA to 

rule out non-enzymatic metal-based decomposition of GSNO. Interestingly, NADPH-

dependent GSNO reductase activity (measured by a decrease at 340 nm) was similar in 

the wild-type, GSNOR-/-, and auranofin treated wild-type mice extracts (Figure 17A). On 

the other hand, nearly all of the NADH-dependent GSNO reductase activity was 

attributable to GSNOR (Figure 17B). These data suggest the presence of a novel GSNO 

metabolizing enzyme whose operation relies on NADPH versus NADH used by GSNOR. 

Furthermore, this newly identified activity is present across various mice tissues with 

robust presence observed in kidneys and liver (Figure 17A). Next, we asked if this 

activity could potentially regulate GSNO-coupled protein S-nitrosylation. We used 

extracts of kidney tissues from GSNOR-/- mice that were treated with or without 

auranofin. We showed that addition of GSNO led to the S-nitrosylation of multiple 

proteins, as demonstrated by the SNO-RAC method (55), and co-addition of NADPH 

(but not NADH) markedly lowered SNO-protein formation in a similar fashion in the 

presence or absence of auranofin, consistent with operation of a novel NADPH-

dependent GSNO reductase (Figure 18). In sum, we have identified a new denitrosylating 

activity in mammals that appears to be the principal contributor towards NADPH-

dependent GSNO consumption, and therefore may play an important role in regulating 

protein S-nitrosylation through the intermediacy of GSNO. 

 

3. 5 Purification and characterization of the novel GSNO reductase 

 Since kidneys exhibited the highest levels of NADPH-dependent GSNO 
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reductase activity, we decided to purify this activity using bovine kidney tissue 

(Rockland Immunochemicals Inc.) as the starting material. We derived a five-step 

chromatographic purification scheme that yielded from kidney extracts a homogenous 

species containing the NADPH-dependent GSNO reductase activity (Figure 19A). 

Purification of the specific activity was ~1000-folds and the isolated species was highly 

pure (Figure 19B; Tables 9 and 10). The band containing the purified protein was 

excised, destained and digested with trypsin, followed by LC-MS/MS, and identified as 

aldo-keto reductase family 1, member A1 (AKR1A1). AKR1A1 exhibited a 

physiological pH optimum range of 7-7.4 (Figure 20A), and kinetic analysis of the 

purified protein gave a Km of ~88 µM for GSNO (Figure 20B). Besides GSNO, SNO-

CoA was also identified as a robust substrate for AKR1A1 with a Km of 20 µM (Figure 

20C) Both GSNO and SNO-CoA displayed typical Michaelis-Menten curves, and the 

enzyme exhibited substrate inhibition (measured as decreased reaction velocity) at high 

concentrations of SNO-CoA. While AKR1A1 does not show sequence homology to the 

yeast Adh6 enzyme, the presence of SNO-CoA reductase activity suggests that AKR1A1 

is a potential ortholog of Adh6. Next, we assessed the reaction stoichiometry of 

AKR1A1-catalyzed reduction of GSNO or SNO-CoA by NADPH, and found it to be 

nearly 1:1 as determined by carrying out reactions with limiting amounts of NADPH to 

an excess of GSNO or SNO-CoA (Figures 21A and B). Furthermore, coenzyme A 

sulfinamide was identified as the product for AKR1A1-catalyzed SNO-CoA reduction 

(Figures 22A and B). The reaction scheme involves the hydride transfer directly to the S-

nitrosothiol nitrogen to form an intermediate product, S-(N-hydroxy amino)-CoA that 

rearranges to form CoA-sulfinamide. It should be noted that both AKR1A1 and yeast 
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Adh6 exhibit similar reaction stoichiometry and product formation. 

 

3.6 AKR1A1 is transcriptionally regulated by nitric oxide 

To examine the effects of nitric oxide on the protein levels of AKR1A1, we 

treated RAW 264.7 murine macrophage cell line with DETA-NO (a slow releasing NO 

donor (t½=∼20 h)) for 20 h, and subjected the lysates to western blot analysis for 

AKR1A1. Treatment of RAW 264.7 cells with DETA-NO led to increased protein 

expression of AKR1A1 (Figure 23A), and qPCR analysis confirmed that the increased 

protein expression was at-least partially a result of enhanced mRNA levels of AKR1A1 

(Figure 23B). Notably, both the protein and mRNA levels of AKR1A1 exhibited a nitric-

oxide based dose-responsive effect. These findings are particularly interesting in light of 

the fact that both GSNOR and the Trx system have not been shown to be regulated by 

nitric oxide.  

 

3.7 AKR1A1 is the principal NADPH-dependent low-molecular–weight SNO  

denitrosylase 

To assess whether AKR1A1 contributes towards tissue low-molecular-weight S-

nitrosothiols metabolism, we measured NADPH-dependent GSNO or SNO-CoA 

reductase activities in kidney extracts from mice that were depleted of AKR1A1. To rule 

out a possible contribution of GSNOR,  we used kidney extracts from both wild-type and 

GSNOR-/- mice, and demonstrated that immunodepletion of AKR1A1 results in 

substantial loss of NADPH-dependent SNO reductase activities in kidney extracts, 
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suggestive of an important role for AKR1A1 in tissue SNO metabolism (Figures 24 A 

and B). Additionally, we purchased a heterozygous mutant line of AKR1A1 mice from 

Deltagen Inc. that were intercrossed to generate mutant homozygous (AKR1A1-/-) as well 

as the wild-type mice (AKR1A1+/+) (Figures 25A and B). We measured NADPH-

dependent SNO reductase activities in kidney tissue from wild-type, heterozygous and 

homozygous mutant AKR1A1 mice, and confirmed that AKR1A1 is the principal 

enzyme responsible for NADPH-dependent SNO metabolizing activity in kidneys 

(Figure 25C). Besides kidney tissues, we also demonstrate a significant contribution for 

AKR1A1-mediated SNO breakdown across various tissues (Figure 26a). Consistent with 

previous findings (156), our studies show that AKR1A1 is ubiquitously expressed with 

the following degree of expression across various tissues: kidney > liver > lung > spleen 

> heart (Figure 26B). Importantly, our data indicate that NADPH-dependent SNO 

reduction correlates with tissue AKR1A1 expression. It is worth pointing out that in liver, 

which is the major metabolic and detoxification organ in the body, AKR1A1 contributes 

~50% and ~75% of the NADPH-dependent GSNO and SNO-CoA consuming activity, 

respectively (Figure 26A). Although majority of the NADPH-dependent low-molecular-

weight SNO consuming activity in tissues is attributable to AKR1A1, there is significant 

residual NADPH-dependent SNO consuming activity. The source of this activity may be 

associated with CBR1 (GSNO metabolizing enzyme) or/and yet another unidentified 

NADPH-dependent SNO reductase.  

 

3.8 AKR1A1 regulates GSNO or SNO-CoA-mediated protein S-nitrosylation 

To assess AKR1A1-mediated regulation of protein denitrosylation, we established 
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an in vitro system that allowed us to monitor denitrosylation under well-controlled 

conditions. We prepared kidney extracts from AKR1A1+/+ and AKR1A1-/- mice and 

subjected it to Cys-to-Cys nitrosylation by incubation with 100 μM GSNO or SNO-CoA 

for 10 minutes. We show that GSNO or SNO-CoA- induced protein S-nitrosylation was 

greatly attenuated overall by the addition to AKR1A1+/+ kidney lysates of NADPH, and 

this attenuation was partially rescued in AKR1A1-/- kidney lysates (Figures 27A and B). 

Furthermore, we confirm that the regulation of GSNO or SNO-CoA-mediated protein S-

nitrosylation by AKR1A1 is dependent on NADPH and not NADH (Figure 28A). In 

contrast, attenuation of GSNO-mediated protein S-nitrosylation by GSNOR is dependent 

on NADH instead of NADPH (Figure 28B). Our findings suggest a broad purview of 

GSNO or SNO-CoA-coupled protein S-nitrosylation that may be regulated by AKR1A1.  

 

3.9 AKR1A1-/- mice are partially protected against acute kidney ischemic-reperfusion  

injury 

To test a functional role for AKR1A1 in mice, we used an acute kidney ischemia-

reperfusion (I/R) model of injury. Our reasoning for using this model was that proximal 

tubules, which are the site for expression of AKR1A1 (158) are most susceptible to 

ischemic injury (159). Moreover, nitric oxide bioavailability plays a protective role 

during I/R injury (160) and S-nitrosothiols have been demonstrated to have a similar 

effect during heart ischemic injury (73).Therefore, we asked if the absence of AKR1A1 

could contribute towards protection of renal function after ischemic insult. Acute kidney-

I/R was induced in mice by clamping off the renal arteries, followed by reperfusion for 
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24 hrs. 

Renal ischemia produced significant injury in wild-type mice as documented by 

several fold increases in creatinine and BUN levels. Consistent with previous studies 

(161, 162), the magnitude of serum chemistry increase was higher in males (Figures 29 A 

and B). However, equivalent response was seen in females when the ischemic time was 

increased to 50 minutes. Notably, the ischemia-induced increases in serum Cre and BUN 

were significantly less for both male and female AKR1A1-/- relative to WT mice, thereby 

suggesting that absence of AKR1A1 imparts substantial preservation of renal function 

after ischemic injury. 

 

3.10 Discussion 

Our studies have led to the discovery of a novel mammalian denitrosylase, 

AKR1A1, whose function has heretofore not been defined in humans. We characterized 

substrate specificity (GSNO and SNO-CoA), enzyme kinetics, and stoichiometry and 

products (reaction mechanism) of AKR1A1. AKR1A1 utilizes reducing equivalents from 

NADPH, which is the primary nicotinamide used as an expenditure currency in 

biosynthetic reactions, whereas NADH (used by GSNOR) is a principal nicotinamide 

cofactor used as capital investment in oxidative metabolism (163). That is, NADPH is the 

general purpose reducing equivalent in vivo rather than NADH. Consistent with this, 

steady state levels of NAPH have been found to be much higher than those for NADH 

(NADPH/NADP+ =162.5 and NAD+/NADH= 0.0015) in rat liver cytosol (59). The 

nicotinamide cofactor requirement (NADPH versus NADH) might be a key determinant 
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in assigning the relative importance of various denitrosylases, including GSNOR, CBR1 

and AKR1A1.  

AKR1A1 represents a new class of SNO-CoA metabolizing enzymes, which is 

regulated by nitric oxide in a feed-forward fashion. Furthermore, we demonstrate a 

principal role for AKR1A1-dependent GSNO or SNO-CoA reduction in tissue extracts 

and suggest that AKR1A1 may be involved in regulation of tissue levels of these low-

molecular-weight S-nitrosothiols. We showed that AKR1A1 regulates GSNO or SNO-

CoA mediated protein S-nitrosylation in vitro, and further demonstrated that AKR1A1 

deletion in mice results in partial preservation of renal function after ischemic injury, the 

mechanism for which may involve increased SNO levels. Taken together, our findings 

reveal a novel role for AKR1A1 in S-nitrosothiol metabolism. 
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Figure 16. Structure of AKR1A1 (PDB id 2ALR). Shown is the conserved (α/β)8-
barrel, a characteristic feature of proteins in the AKR superfamily. α-helices are 
represented in green color and β-sheets with yellow color. 
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Figure 17. A novel mammalian GSNO metabolizing activity. (A, B) Extracts were 
incubated with 0.1mM NADPH (A) or NADH (B) in the absence (-) or presence (+) of 
0.2 mM GSNO, and NADPH consumption (A) or NADH consumption (B) (absorbance 
at 340 nm) was followed over time. (A) To ascertain the presence of a novel NADPH-
dependent GSNO reductase activity, GSNOR-/- extracts or extracts that were treated with 
2 μM auranofin were also used. (B) In the heart, NADH-dependent GSNO reductase 
activity was not detected (n.d) since NADH oxidase activity alone was greater than 
combined NADPH and GSNO consumption. Values are mean ± se for n=3. 
 



 

 

106 

 

 
Figure 18. A novel NADPH-dependent GSNO reductase activity attenuates GSNO-
mediated protein S-nitrosylation. Representative Coomassie-stained SDS-PAGE gel of 
SNO-proteins pulled down by SNO-RAC following incubation of GSNOR-/- kidney 
lysates (0.5 mg/ml) for 10 min with 0.1 mM GSNO alone or in presence of 0.1 mM 
NADPH. The lysates were pre-incubated with 2μM auranofin or vehicle (DMSO) for 30 
minutes to inhibit Trx-dependent SNO-protein denitrosylation. Ascorbate was omitted 
from SNO-RAC as a specificity control. Results are representative of 3 independent 
experiments. 

 

 



 

 

107 

 

Kda

250
150
100

75
50
37

25
20
15
10

250
150
100

75
50
37

25
20
15
10

kDa

A

B

Band1

Band 2

Band 3

 

Figure 19. Purification of the novel NADPH-dependent GSNO reductase activity 
from bovine kidneys. (A) Representative Coomassie-stained SDS-PAGE gel 
corresponding to the chromatographic purification scheme of NADPH-dependent SNO-
CoA reductase activity (see Table 1), which yielded from a crude extract a highly 
purified species identified as AKR1A1. (B) Assessment of the purity of AKR1A1. 
Coomassie-stained SDS-PAGE gel illustrating serial dilution of the purified protein. The 
identification of the highlighted bands is shown in Table 3. 
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Figure 20. Characterization of the purified bovine AKR1A1 enzyme. (A) pH 
dependence of AKR1A1for its substrate, GSNO. Michaellis-Menton plot used to obtain 
kinetic constants for AKR1A1-catalyzed GSNO (B) and SNO-CoA(C) reduction. 
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Figure 21. Stoichiometry of the GSNO and SNO-CoA reductase activities 
ofAKR1A1.  (A, B) Three subsequent additions of 84 µM NADPH led to a mean 
consumption of 73 µM ± 1.8 µM GSNO (A) and 78 ± 1.4µM SNO-CoA (B), 
demonstrating a stoichiometry of 1. The results are representative of two independent 
experiments.  
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Figure 22. Products of AKR1A1-mediated SNO-CoA reduction. (A) Electron spray 
ionization (ESI) mass spectra of the reaction products. Peaks at m/z 799, 821, 843 and 
865 correspond to CoA-sulfinamide and its Na+ adduct. (B) MS-MS of 799 gives a peak 
at 782, indicating loss of NH2[H+] from coenzyme A-sulfinamide. 
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Figure 23. Up-regulation of AKR1A1 by nitric oxide. (A) Western blot analysis of 
AKR1A1 expression after treatment of Raw 264.7 cells with indicated concentrations of 
DETA-NO. (B) qPCR to determine the effects of nitric oxide on the transcription of 
AKR1A1. Total RNA from Raw 264.7 cells treated with DETA-NO were extracted with 
TRIzol® and AKR1A1 expression was analyzed with quantitative-PCR. Asterix (*) 
indicates p < 0.05. 
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Figure 24. AKR1A1 is the principal NADPH-dependent low-molecular-weight SNO 
denitrosylase. (A, B) Immunodepletion of AKR1A1 in wild-type (A) and GSNOR-/- (B) 
mice kidney extract results in significant reduction of NADPH-dependent GSNO and 
SNO-CoA reductase activities. Results are mean ± se from 3 wild-type and 3 GSNOR-/- 
mice kidneys. 
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Figure 25. AKR1A1 deletion in mice results in markedly diminished NADPH-
dependent SNO reductase activity. (A) PCR amplification of the AKR1A1 gene with 
genomic DNA isolated form the tails of wild-type (+/+), heterozygous (+/-) and 
homozygous knock-out (-/-) mice. (B) Western blot analysis of AKR1A1 in the kidney 
tissues. (C) NADPH-dependent GSNO reductase and SNO-CoA reductase activities were 
assayed in kidney lysates from the indicated strains. 
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Figure 26. AKR1A1-dependent SNO-metabolizing activities co-relates with the 
tissue expression of AKR1A1. (A) NADPH-dependent GSNO and SNO-CoA reductase 
activities across various tissues. Protein extracts were incubated with 100 µM NADPH 
and 0 or 200 µM GSNO or SNO-CoA. Values are from 3 wild-type (filled) and 3 
AKR1A1-/- (open) mice. Asterix (*) indicates p<0.05. (B) Western blot analysis of 
AKR1A1 expression in the tissues examined from wild-type (+/+) and AKR1A1 knock-
out (-/-) mice. 50 µg of total protein lysate was used. 



 

 

115 

 

 
 

Figure 27. AKR1A1 attenuates GSNO or SNO-CoA induced protein S-nitrosylation. 
(A,B) Representative Coomassie-stained SDS-PAGE gel illustrating SNO-proteins 
isolated by SNO-RAC following treatment of kidney extracts from AKR1A1+/+ and 
AKR1A1-/- mice with GSNO (A) or SNO-CoA (B). 
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Figure 28. AKR1A1 versus GSNOR-coupled attenuation of GSNO-mediated protein 
S-nitrosylation. Representative Coomasie-stained SDS-PAGE gel illustrating SNO-
proteins isolated by SNO-RAC following treatment of kidney extracts from AKR1A1+/+ 
and AKR1A1-/- kidney extracts (A) or WT and GSNOR-/- (B) with  0.1 mM GSNO in the 
presence or absence of 0.1 mM NADPH or 0.1 mM NADH.    
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Figure 29. Serum chemistries in mice after IR. (A, B) Serum creatinine (A) and blood 
urea nitrogen (BUN) (B) levels 24 h after IR for either 23 or 50 min in duration and after 
Sham in AKR1A1+/+ and AKR1A1-/- mice; n= 10-12/group for males undergoing sham 
treatment, 17/group for females undergoing sham treatment, 12-15/group for males 
undergoing IR, 13-16/group for females undergoing IR for 23 min, and 20-26/group for 
females undergoing  IR for 50 min. Asterix (*) indicates p value<0.05. 
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Table 8. Human AKRs and their (putative) functions (146). 
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Table 9. Purification scheme for NADPH-dependent GSNO reductase activity. 
 

Fractions Volume 
(ml) 

Total 
protein 

(mg) 

Total 
activity  
(units) 

Specific 
activity 

(units/mg) 

Yield 
 (%) 

 

Fold 
purification 

Cell free extract 
 

105 5533.5 66.78 0.012 100 1 

Ammonium sulfate 
fractionation (30 to 60%) 
 

34.5 2070.3 49.68 0.024 74.44 2 

Hi Prep Q fast flow 22.5 91.8 41.35 0.456 
 

61.94 37.68 

Hi Prep phenyl  
fast flow 
 

23 15.7 17.7 1.13 26.52 93.38 

Mono Q 2.8 3.53 15.06 3.43 17.87 283.6 

Phenyl superpose 2.75 0.536 4.746 8.916 7.1 736.8 

G-200 superdex 1.8 0.24 2.94 12.33 4.39 1019 
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Table 10. Results of protein identification from 3 observed bands in Fig 19B. 
 

Protein name Database accession ID Molecular weight (Da) 

AKR1A1 protein.- Bos taurus 
(Bovine)  
Band 1; major band 
 

Q3ZCJ2_BOVIN  
 

36594 
 

AKR1A1 protein.- Bos taurus 
(Bovine) 
Band 2 
 

Q3ZCJ2_BOVIN  
 

36594 
 

hemoglobin beta chain 
[validated] – Bos Taurus 
(Bovine)  
Band 3 

HBBOB  
 

15944.3 
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Chapter 4. Conclusions 

 
Protein S-nitrosylation has emerged as a principal mechanism of transducing 

nitric oxide-based signaling in physiology and disease, exhibiting functional similarities 

to other ubiquitous post-translational modifications, such as ubiquitination and 

phosphorylation (described in Chapter 1). Whereas enzymatic control of ubiquitination 

and phosphorylation is well-defined, our understanding about the molecular mechanisms 

governing protein S-nitrosylation is still evolving. My primary interests upon joining Dr. 

Stamler’s laboratory were to study the enzymology of S-nitrosylation. While the 

denitrosylating activities of GSNOR and the Trx system have been demonstrated to play 

an important role in physiology and disease, multiple lines of evidence suggest the 

existence of undiscovered denitrosylases. This dissertation was an attempt to detect and 

purify novel denitrosylating activities in yeast and mammals. 

 

S.cerevisiae has served as a powerful model system for the identification of 

S(NO) metabolizing activities. The biological low-molecular-weight thiols include 

cysteine, homocysteine, glutathione and coenzyme A; the latter being used as a central 

cofactor in metabolic reactions. I performed a biochemical screen for an NADPH-

dependent SNO-CoA reductase activity in yeast and used several steps of column 

chromatography to purify this activity to homogeneity, which was identified as Adh6. 

Our findings reveal that CoA can function as a donor of NO groups to nitrosylate 

proteins, and that Adh6 plays an important role in regulating protein S-nitrosylation 

through the intermediacy of SNO-CoA. Notably, our metabolic studies demonstrate a 
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principal role for protein S-nitrosylation in regulating profiles of CoA and acyl-CoAs, 

which are signatures intermediates of cellular metabolism. SNO-CoA mediated inhibition 

of Erg10 reveals a novel mechanistic link between sterol biosynthesis and S-nitrosylation. 

Furthermore, Adh6-independent S-nitrosylation of additional metabolic enzymes (eg: 

HMG-CoA synthase and α-ketoglutarate dehydrogenase) suggests an important role for 

S-nitrosylation in cellular metabolism. 

My second project entailed the exploration of a novel denitrosylating activity in 

mammals. I used GSNO as a substrate and coenzyme NADPH (the usual in vivo 

reductant) to screen for a NAPH-dependent GSNO reductase activity in mice tissue 

extracts. I observed a robust and ubiquitous presence of a novel GSNO metabolizing 

activity that was NADPH-dependent, with kidney tissue demonstrating the highest 

specific activity. These preliminary findings piqued my interests and Dr. Stamler kindly 

allowed me to pursue the discovery of the source of this activity. I confirmed the 

presence of NADPH-dependent GSNO reductase activity in bovine kidney tissues and 

purified this activity to homogeneity, identifying it as AKR1A1. Also, I demonstrated 

that AKR1A1 has a robust activity SNO-CoA. Furthermore, our biochemical analysis 

demonstrated an efficient role for GSNO or SNO-CoA in nitrosylating proteins, which is 

attenuated by AKR1A1 in an NADPH (but not NADH)-dependent fashion. It has been 

previously demonstrated that SNO-proteins are in equilibrium with GSNO, and that 

GSNOR plays a major role in governing this equilibrium, thereby effectively regulating 

protein denitrosylation. Similarly, AKR1A1 may regulate protein GSH or CoA-coupled 

AKR1A1-mediated SNO-proteins denitrosylation. Several examples of active-site and 

allosteric modification by S-nitrosylation have been reported to alter protein function, and 
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a role for AKR1A1 may therefore be an important mechanism in ameliorating nitrosative 

stress or regulating cellular signaling. The renal protection that we observe in the 

AKR1A1-/- mice after ischemic insult may be a consequence of elevated SNO levels in 

the kidneys of AKR1A1-/- mice relative to their WT counterparts, and will be subject of 

future analysis. Although there is as yet little understanding of substrate specificities of 

denitrosylating enzymes, it is likely that the purviews of low-molecular-weight SNO 

metabolizing enzymes (eg. GSNOR, AKR1A1, CBR1) and high-molecular-weight SNO 

metabolizing enzyme (eg. Trx system) differ to large extent.  

 

This dissertation highlights the fact that multiple enzymatic activities may 

regulate cellular S-nitrosylation via metabolism of GSNO, SNO-CoA or protein-SNOs 

(Fig. 30; Table 11). It has been a gratifying experience to identify novel denitrosylating 

activity in the lysates of yeast and mammalian tissues, to purify these activities to 

homogeneity, and to demonstrate a central role for these enzymatic activities in SNO 

turnover. 
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Figure 30. Biochemical mechanisms of protein denitrosylation.  SNO-proteins can be 
denitrosylated either directly by the Trx system or indirectly either through GSH/GSNO-
coupled reductases (GSNOR, CBR1or AKR1A1) or via CoASH/SNO-CoA-coupled 
reductases (Adh6 or AKR1A1). 
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Table 11. Updated classification of denitrosylases based on their substrate 
specificities. 
 
Denitrosylase Substrate Reference 
Class I GSNO  

 
Mammalian ADH3                                                 
Mammalian AKR1A1 
Mammalian CBR1 
Yeast Sfa1 
 

 (61, 62) 
This study 
(59) 
(62) 

Class II 
 
Mammalian AKR1A1 
Yeast Adh6 

SNO-CoA  
 
This study 
This study 

 
Class III 
 

 
Protein-SNO 

 

Trx-system  (50) 
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