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ABSTRACT 

The glyoxalase system consists of glyoxalase I and glyoxalase II. Glyoxalase I catalyzes the 

conversion of methylglyoxal (CH3COCHO), a metabolite derived from glycolysis, with 

glutathione to S-D-lactoylglutathione, while glyoxalase II hydrolyses this glutathione thiolester 

to D-lactic acid and glutathione. Since methylglyoxal is toxic due to its high reactivity, the 

glyoxalase system is crucial to warrant the efficient metabolic flux of this reactive aldehyde. 

The budding yeast Saccharomyces cerevisiae has the sole gene (GLO1) encoding the structural 

gene for glyoxalase I. Meanwhile, this yeast has two isoforms of glyoxalase II encoded by 

GLO2 and GLO4. The expression of GLO1 is regulated by Hog1 mitogen-activated protein 

kinase and Msn2/Msn4 transcription factors under highly osmotic stress conditions. The 

physiological significance of GLO1 expression in response to osmotic stress is to combat the 

increase in the levels of methylglyoxal in cells during the production of glycerol as a compatible 

osmolyte. Deficiency in GLO1 in S. cerevisiae causes pleiotropic phenotypes in terms of stress 

response, because the steady state level of methylglyoxal increases in glo1∆ cells thereby 

constitutively activating Yap1 transcription factor. Yap1 is crucial for oxidative stress response, 

although methylglyoxal per se does not enhance the intracellular oxidation level in yeast, but it 

directly modifies cysteine residues of Yap1 that are critical for the nucleocytoplasmic 

localization of this b-ZIP transcription factor. Consequently, glyoxalase I can be defined as a 

negative regulator of Yap1 through modulating the intracellular methylglyoxal level. 
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1. Introduction 

 Glycolysis is a ubiquitous and evolutionarily conserved energy-generating system. There 

is a long history in discovering the enzymes constituting glycolysis, or EMP 

(Embden-Meyerfoh-Parnas) pathway [1]. In 1913, at that time glycolysis had not yet been 

established the one that we know today, Carl Neuberg proposed that methylglyoxal is the major 

intermediate in glycolysis [2]. This hypothesis (methylglyoxal theory) was believed to be true 

for more than 20 years, but Embden suggested more convincing pathway for production of 

triosephosphate. Later, Meyerhof and Kiessling demonstrated that methylglyoxal was derived 

from spontaneous breakdown of glyceraldehyde 3- phosphate [3], and Neuberg’s theory was 

denied. However, not a few numbers of researchers thereafter have attempted to solve the 

question about the physiological role of methylglyoxal, because this aldehyde inhibits the 

growth of cells from microorganisms to higher eukaryotes [4,5]. In addition, methylglyoxal is 

likely to be involved in the pathological process of some diseases, such as diabetes [6,7], 

Alzheimer disease [8,9], and autism [10].  

 Yeast has contributed as the excellent model organism of higher eukaryotes to reveal 

many pivotal and basic biological events. Intracellular methylglyoxal level closely correlates 

with the activity of glyoxalase I, a ubiquitous enzyme for methylglyoxal metabolism [11,12]. If 

methylglyoxal is involved in the fundamental biological system, the common mechanism must 

underlie between yeasts and higher eukaryotes in terms of physiological function. This review 

overviews yeast glyoxalases from the biochemical, physiological, and genetic point of views. 

 

2. Genes for glyoxalases 

2.1. Degradation pathway of methylglyoxal  

 Methylglyoxal (CH3COCHO) is a typical 2-oxoaldehyde in living cells. Since 

methylglyoxal has two carbonyl groups, this 2-oxoaldehyde is quite reactive, and therefore, it is 

sometimes referred to as reactive aldehyde species. The detoxification pathway of 

methylglyoxal has been extensively studied in many organisms [4,5]. The enzyme activity that 

converts methylglyoxal to lactic acid was first discovered by Neuberg [13]. The glyoxalase 

system, consisting of glyoxalase I and glyoxalase II, is ubiquitous in all organisms so far 

examined. The glyoxalase system in baker’s yeast was first described by Racker [14]. In this 

route, methylglyoxal is condensed with glutathione and gives S-D-lactoylglutathione by the 

action of glyoxalase I, after which the glutathione thiolester is hydrolyzed to D-lactic acid and 

glutathione by glyoxalase II. The alternative route to detoxify methylglyoxal in S. cerevisiae is a 
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reduction/oxidation system involving methylglyoxal reductase and lactaldehyde dehydrogenase 

[4]. Methylglyoxal is reduced to the L-lactaldehyde by NADPH-dependent methylglyoxal 

reductase [15], after which the L-lactaldehyde is oxidized to L-lactic acid by NAD+-dependent 

lactaldehyde dehydrogenase [16], of which the activity is linked with NAD(P)H dehydrogenase 

[17]. In the yeast Hansenula mrakii, methylglyoxal is reduced to acetol by aldehyde reductase 

and the enzyme partially purified, although this enzyme activity has not been found in S. 

cerevisiae [18]. 

  

2.2. GLO1 

 The structural gene for glyoxalase I (GLO1) of S. cerevisiae contained an open reading 

frame with 326 amino acids. Genetic analysis revealed that GLO1 is not the essential gene, 

although a mutant defective in GLO1 exhibits hypersensitivity to methylglyoxal. The 

overexpression of GLO1 in a mutant defective in γ-glutamylcysteine synthetase (gsh1), a 

rate-limiting enzyme for glutathione synthesis, is not able to restore the growth arrest caused by 

exogenously added methylglyoxal; whereas in glutathione synthetase-deficient (gsh2) mutant, 

hypersensitivity to methylglyoxal was partially restored by overexpression of GLO1 [19]. In the 

gsh2-deficient mutant, γ-glutamylcysteine (an intermediate of glutathione biosynthesis) is 

accumulated [20,21], which serves as a substrate for Glo1 instead of glutathione. The structural 

gene for glyoxalase I (glo1+) from the fission yeast Schizosaccharomyces pombe is also 

identified [22]. The Glo1 of S. pombe (SpGlo1) shares 50% identity with S. cerevisiae Glo1 in 

amino acid sequence. The glo1+ gene is dispensable for S. pombe for normal growth, although 

disruption of glo1+ enhanced susceptibility to methylglyoxal. The hypersensitivity to 

methylglyoxal of a GLO1 null mutant (glo1∆) of S. cerevisiae was suppressed by glo1+ [22]. 

 The genome sequence project of A. oryzae revealed that this filamentous fungi contains 

one glyoxalase I homologous gene on chromosome 2. The putative glyoxalase I gene contains 

three introns, and codes for a protein with 318 amino acids, although genetic analysis whether 

this open reading frame actually encodes glyoxalase I has not yet been done. 

 The alignment of Glo1 of S. cerevisiae revealed that it consisted of five conserved 

segments, which are referred to as the regions I, II, III, IV, and V in the N-terminal half, and 

similar sequences are found in the C-terminal half (regions I’, II’, III’, IV’, and V’, respectively). 

Crustal alignment of the amino acid sequence for zinc-binding occurs in region IV, although the 

identity in amino acid sequence between region IV and region IV’ is low (36%) compared with 

those between other respective regions (53-68%) [23]. Since a core motif of region II shows the 
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limited homology with plasma glutathione peroxidase from rat and human [24], the region II 

may be responsible for the binding of glutathione. This structural property is conserved in 

SpGlo1 also [22]. 

 

2.3. GLO2 and GLO4 

 S. cerevisiae has two isoforms of the structural genes for glyoxalase II, GLO2 and GLO4. 

GLO2 encodes a protein with 274 amino acids, and the molecular weight of the gene product 

(Glo2) is 31,306, while GLO4 contains an open reading frame with 285 amino acids and the 

molecular weight of Glo4 is 32,325 [25]. Expression of GLO2 occurs both in glucose and 

glycerol media, although GLO4 is expressed only in glycerol medium. Both GLO2 and GLO4 

are dispensable for normal growth in glucose and glycerol media, although a glo2∆ mutant 

exhibited the increased susceptibility to methylglyoxal, and a glo2∆glo4∆ mutant was 

hypersensitive to methylglyoxal as the glo1∆ mutant. S. pombe glo2+ gene has not yet been 

experimentally identified, although an open reading frame (SPAC824.07) on chromosome 1 

consisting of 256 amino acids showed highest similarity with S. cerevisiae Glo2 and Glo4, and 

an open reading frame (SPCC13B11.03c) on chromosome 3 consisting of 256 amino acids 

showed the second similarity. The filamentous fungi A. oryzae has an open reading frame 

(AO090120000408), consisting of 256 amino acids with 8 introns on chromosome 5, encodes a 

homologue of glyoxalase II, although the genetic identification has not yet been done. 

 

3. Biochemical aspects of glyoxalases 

3.1. Glyoxalase I 

 Glyoxalase Is have been purified from various organisms. Those from microbial 

sources are monomeric enzymes with molecular weights of 20,000 to 38,000, whereas those 

from plant and animal enzymes have the homodimer structure (molecular weight of a subunit, ~ 

21,000). Based on the amino acid sequence of GLO1, the molecular weight of glyoxalase I 

(Glo1) of S. cerevisiae is calculated to be 37,207. In the in vitro analysis, the kcat/Km value of 

Glo1 is 1.89 × 107 M－1s－1 when methylglyoxal and glutathione were used as substrate, and 3.47 

× 104 M－1s－1 for methylglyoxal and γ-glutamylcysteine [19]. The glyoxalase I of S. pombe 

(SpGlo1) is also a monomeric enzyme with a molecular weight of 34,000, and kcat/Km value is 

4.3 × 107 M－1s－1 [22]. In the in situ analysis using digitonin-permeabilized S. cerevisiae cells, 

the kinetic parameters of Glo1 were obtained as follows: Km, 0.53 ± 0.07  ~ 0.62 ± 0.18 mM, 

and V, (3.18 ± 0.16) ~ (2.86 ± 0.01) × 10−2 mMmin−1 [26]. 
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 Glyoxalase I is a metalloenzyme. Mammalian glyoxalase Is are dimer, and each subunit 

contains one zinc atom [27]. S. cerevisiae Glo1 has been reported to contain one zinc atom per 

enzyme molecule [28], but Frickel et al. [29] reported that Glo1 contains at least one iron 

(Fe(II)) per enzyme molecule and one zinc, but the latter can be replaced by manganese. In the 

case of mammalian glyoxalase I, the EDTA-treated enzyme can be reactivated by mixing with 

metals in vitro [30]. This was also the case for the SpGlo1, i. e. approximately 70-80% activity 

was restored by 0.5 mM zinc (84.7%), 1 mM cobalt (78.6%) or 1 mM nickel (67.9%). 

Manganese at 1 mM reactivated EDTA-treated enzyme by 1.8-fold [22].  

 Relatively higher thermal stability is one of the characteristic properties of SpGlo1. 

Almost 100% activity was retained when the purified enzyme was incubated at 60°C for up to 4 

h and 50% inactivation was achieved by incubating the enzyme at 64°C for 150 min or at 65°C 

for 60 min [22]. 

   

3.2. Glyoxalase II 

 S. cerevisiae has two isomers of glyoxalase II, Glo2 and Glo4. Subcellular localization of 

these isomers is different, i. e. Glo2 is present in the cytoplasm, while Glo4 is present in the 

mitochondrial matrix [25]. Although Glo4 is found in the mitochondrial matrix, Glo1 is 

substantially present in the cytoplasm, and glyoxalase I activity was not detected from 

mitochondria [25]. Since S-D-lactoylglutathione, a product of glyoxalase I reaction, is the 

substrate for glyoxalase II, the intrinsic substrate for Glo4 in the mitochondrial matrix has not 

yet been identified. Heterologous expression of GLO2 in E. coli cells gave the active glyoxalase 

II enzyme in the soluble fractions. Meanwhile, soluble Glo4 protein was hardly obtained when 

GLO4 was expressed in E. coli, and consequently, no glyoxalase II activity was detected. 

However, when a mutant GLO4 that lacks the N-terminal 10 amino acids was expressed in E. 

coli, strong glyoxalase II activity was observed in the soluble fractions [31]. The N-terminal 

amino acid of the mature Glo4 protein purified from S. cerevisiae cells was Met-11 [31], 

indicating that the N-terminal 10 amino acids are processed during transportation of Glo4 into 

the mitochondrial matrix. 

 The kinetic parameters of the recombinant Glo2 and Glo4 using S-D-lactoylglutathione as 

a substrate were determined: Glo2, Km = 112 µM, kcat = 979 s—1, kcat/Km = 8.7 x 106 M—1s—1; 

Glo4, Km = 72.2 µM, kcat = 723 s—1, kcat/Km = 10.0 x 106 M—1s—1. These enzymes are active 

toward S-D-mandeloylglutathione also with the catalytic parameters as follows: Glo2, Km = 16.6 
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µM, kcat = 35.1 s—1, kcat/Km = 2.2 x 106 M—1s—1; Glo4, Km = 36.5 µM, kcat = 25.8 s—1, kcat/Km = 

0.71 x 106 M—1s—1 [31]. 

 

4. Regulation of expression and activity of glyoxalase I 

4.1. Osmotic stress response of glyoxalase I 

4.1.1. Transcriptional regulation of GLO1 in S. cerevisiae 

 Genes encoding the stress-inducible proteins contain characteristic cis-acting element in 

their promoter region, and transcription factor(s) that respond to respective stress stimuli bind to 

such cis-element, thereby activating transcription of stress responsive genes. In addition to 

cis-element and transcription factors, stress sensor proteins also play crucial roles. The GLO1 

gene has two cis-acting elements, termed STRE (stress response element, 5’-AGGGG-3’) in its 

promoter region [32,33]. Generally, the expression of STRE genes is induced by a wide variety 

of stresses, such as osmotic stress and oxidative stress, as well as heat shock, and these stress 

signals are focusing on the STRE [34]. Even though the STRE-driven gene, the expression of 

GLO1 was specifically induced by osmotic stress [32]. Msn2 and Msn4, C2H2-type zinc finger 

transcription factor, bind to the STRE to enhance the expression of STRE [35,36]. The rate of 

the osmotic stress-induced expression of GLO1 was approximately 20% and 50% compared 

with wild type strain in msn2Δ and msn4Δ mutants, respectively. In msn2∆msn4∆ cells, 

induction of GLO1 expression under highly osmotic conditions was not observed [32]. Hog1 is 

an orthologue of mammalian p38 mitogen-activated protein kinase (MAPK) in S. cerevisiae. 

Hog1 is phosphorylated by Pbs2 (MAPK kinase, MAPKK), and Pbs2 is phosphorylated by 

redundant MAPKK kinases (MAPKKKs), Ssk2 and Ssk22 [37]. The osmotic stress-induced 

expression of GLO1 was almost completely repressed in a hog1Δ or pbs2∆ mutant.  

 When S. cerevisiae cells encounter the increased osmolarity of environment, the cells 

induce rapid increase in expression of various kinds of genes. As one of the adaptive responses, 

yeast cell produces glycerol as a compatible osmolyte [38]. Glycerol-3-phosphate 

dehydrogenase, encoded by GPD1, is a key enzyme in biosynthesis of glycerol in yeast. 

Expression of GPD1 under highly osmotic conditions is regulated by Hog1 [38]. 

Glycerol-3-phosphate dehydrogenase (Gpd1) reduces dihydroxyacetone phosphate to glycerol 

3-phosphate in the presence of NADH, after which Gpp2 hydrolyzes glycerol 3-phosphate to 

glycerol [39]. Dihydroxyacetone phosphate is also a substrate for triosephosphate isomerase, a 

glycolytic enzyme, and methylglyoxal is synthesized during this enzyme reaction [40-43]. 

Expression of both of the HXT1 gene (hexose transporter) and the GLK1 gene (glucokinase) 
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was enhanced under highly osmotic conditions [44]. Indeed, glucose consumption was 

increased approximately 30% by osmotic stress, and subsequently, intracellular concentration of 

methylglyoxal increased when the cells were exposed to highly osmotic environments [32]. 

Together, the physiological significance for the osmotic stress-induced expression of GLO1 in S. 

cerevisiae cells is likely to scavenge methylglyoxal efficiently [32]. 

 

4.1.2. Posttranslational regulation of SpGlo1 in S. pombe 

 Likewise in S. cerevisiae, glycerol is used as a compatible osmolyte to adapt highly 

osmotic conditions in the fission yeast S. pombe. Consequently, intracellular methylglyoxal 

levels increase approximately 2-fold following treatment with 0.9 M sorbitol (highly osmotic 

conditions) [45]. Concomitantly, glyoxalase I (SpGlo1) activity in S. pombe cells under highly 

osmotic conditions is increased; however, regulatory mechanism of the enhancement of the 

SpGlo1 activity is independent of the upregulation of glo1+ expression. The glo1+ mRNA levels 

in cells exposed to osmotic stress did not increase, even though the SpGlo1 activity was 

increased. The protein levels of SpGlo1 were substantially unchanged between sorbitol-treated 

cells and untreated cells, therefore, translational efficiency of glo1+ mRNA is not likely to be 

affected under highly osmotic conditions. The Spc1/Sty1 stress-activated protein kinase (SAPK), 

a family of p38 MAPK, functions as the module to transfer the extracellular stress stimuli in S. 

pombe. Wis1 is a MAPKK that phosphorylates Spc1/Sty1, and Wis4 and Win1 are MAPKKKs 

that phosphorylate Wis1. The SpGlo1 activity in a mutant defective in wis1+ or spc1+ was still 

elevated by osmotic stress, although the protein levels of SpGlo1 did not increase. Although the 

detailed mechanism of this unique phenomenon has remained to be solved, involvement of 

some molecular chaperone-like proteins that influence the activity of SpGlo1 under highly 

osmotic conditions has been predicted. A coimmunoprecipitation analysis revealed that proteins 

with molecular weights of 28,000, 25,000, and 21,000 were found to physically interact with 

SpGlo1 in S. pombe cells under highly osmotic conditions, however, identification of them has 

not yet been done [45]. 

 

4.2. Methylglyoxal-induced expression of GLO1 

 Expression of GLO1 in S. cerevisiae is induced by osmotic stress to metabolize 

methylglyoxal that is inevitably produced during glycerol production, although a glo1∆ mutant 

does not exhibit any growth defect under highly osmotic conditions. Meanwhile, a mutant 

defective in Hog1 is sensitive to methylglyoxal [46]. Hog1 is activated through phosphorylation 
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by Pbs2 MAPKK, and consequently, a pbs2Δ mutant also exhibited susceptibility to 

methylglyoxal. Hog1 is accumulated into the nucleus by osmotic stress [36,47] and functions as 

a component of the transcription machinery [48,49]. Upon methylglyoxal stress, Hog1 is rapidly 

concentrated in the nucleus, and subsequently, expression of the genes under the control of 

Hog1, such as GLO1, was induced [46]. Phosphorylation is necessary for the translocation of 

Hog1 into the nucleus by osmotic stress [50]. As expected, Hog1 is phosphorylated upon 

methylglyoxal treatment. The timing of the phosphorylation coincided well with the nuclear 

localization of Hog1 following treatment with methylglyoxal. However, methylglyoxal does not 

cause the morphological changes being characteristic to osmotic stress, such as shrinkage of 

vacuole. 

  S. cerevisiae has a bacterial-like two-component system (His-to-Asp phosphorelay 

system) consisted of Sln1 (osmosensor with histidine kinase activity), Ypd1 (phosphorelay 

protein), and Ssk1 (response regulator) [51-54]. Sho1 is another osmosensor in S. cerevisiae. 

These osmosensors function upstream of Hog1-MAPK cascade. Disruption of the Sln1 branch 

enhanced susceptibility to methylglyoxal, whereas the sho1Δ mutant did not exhibit 

hypersensitivity to methylglyoxal. Hog1 phosphorylation upon methylglyoxal stress did not 

occur in ssk1Δ cells (Sln1 branch mutant), and consequently, the nuclear localization of Hog1 

was not observed in this mutant. Additionally, the methylglyoxal-induced expression of GLO1 

was not observed in the ssk1Δ mutant. Neither phosphorylation nor nuclear localization of 

Hog1 was seen in the pbs2Δ mutant, indicating that the Hog1-MAPK cascade is most likely to 

be activated through the Sln1 branch in the presence of methylglyoxal [46]. In addition to Hog1, 

msn2Δ cells exhibited increased sensitivity to methylglyoxal, whereas the sensitivity of msn4Δ 

cells was more moderate. Msn2 is concentrated in the nucleus when cells are exposed to 

methylglyoxal (Fig. 1).  

 

5. Physiological role of glyoxalase I as a regulator for metabolic signaling 

5.1. Genome-wide analysis of gene expression in a GLO1-deficient mutant 

 Since major source of methylglyoxal is glycolysis, intracellular methylglyoxal level is 

expected to be high when glucose in the medium is abundant. However, the methylglyoxal level 

peaked at diauxic shift [11], at which growth phase glucose is almost depleted and 

energy-generating system is shifted from anaerobic glycolysis to aerobic respiration [55,56]. 

The level of methylglyoxal in the glo1∆ mutant of S. cerevisiae in a log-phase of growth is 

approximately two times higher than that in wild type strain. To gain a clue as to the 
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physiological role of methylglyoxal comprehensive analysis of gene expression between wild 

type and glo1∆ cells was conducted. As a result, the expression of 587 genes among 

approximately 5,800 genes in the genome was accelerated (> 2-fold) in the glo1∆ mutant [57]. 

For example, genes involved in energy metabolism, such as glycogen metabolism and 

gluconeogenesis, and fatty acid metabolism were induced. In addition, genes involved in stress 

response and Ca2+ homeostasis were also induced. Ample amount of glucose (> 1%) remains in 

the medium at the log-phase of yeast culture; nonetheless, intriguingly, expression of genes, 

whose expression is repressed when glucose is present, was induced in the glo1∆ mutant. 

 It has been reported that methylglyoxal levels are higher in diabetic patients compared 

with healthy individuals [6]. In diabetic mice, of which blood and tissues the level of 

methylglyoxal is high, expressions of genes involved in gluconeogenesis such as 

phosphoenolpyruvate carboxykinase (PEPCK) are enhanced [58,59]. Expression of PCK1 

coding for PEPCK was enhanced in the yeast glo1∆ mutant also. In addition, DNA microarray 

analysis revealed that the expression of several genes involved in glycogen metabolism and 

fatty acid metabolism is accelerated in glo1∆ cells. In diabetic patients, the insufficient action or 

supply of insulin impairs the translocation of GLUT4-containing vesicle to the plasma 

membrane thereby resulting in lowering glucose uptake, which in turn leads to glucose 

starvation in the skeletal muscle cell even though the blood glucose level is high. To overcome 

the limited supply of glucose, β-oxidation of fatty acids is induced in the skeletal muscle cells, 

and gluconeogenesis is induced in liver cells. These metabolic shifts being characteristic in 

diabetes somehow resemble those in glo1∆ cells of S. cerevisiae predicted from the gene 

expression profile, i. e. glo1∆ cells behave as if cells are starved of glucose even though glucose 

is sufficiently present around the cell. 

 

5.2. Methylglyoxal activates Yap1 transcription factor 

 Another striking feature of the gene expression profile of glo1∆ cells is that expression of 

genes involved in stress response is enhanced [57]. The phenotype of the glo1∆ mutant in terms 

of stress resistance, such as pleiotropic drug resistance (fluconazole, cycloheximide, cadmium, 

H2O2) and heat shock, supports the expression profile. Since GLO1-deficiency causes a broad 

range of phenotype, aberrant metabolism of methylglyoxal is most likely to affect the function 

of transcription factor(s) involved in stress response. Indeed, methylglyoxal activated Yap1, a 

bZIP transcription factor [11]. Yap1 is a functional homologue of mammalian AP-1 in S. 

cerevisiae [60,61], and is crucial for the stress response [62]. Overexpression of YAP1 confers 
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the resistance against pleiotropic and structurally unrelated drugs [63]. Therefore, the phenotype 

of the glo1∆ mutant can be account for by the constitutive activation of Yap1. 

 Yap1 is imported into the nucleus by Pse1 (importin) [64], but is rapidly exported from 

the nucleus by Crm1 (exportin) [65,66]. Therefore, under normal conditions, Yap1 is 

predominantly distributed in the cytoplasm. Yap1 has six cysteines, i. e. three in the N terminus 

(N-terminal cysteine-rich domain, n-CRD), and three in the C terminus (c-CRD). A nuclear 

export signal (NES) sequence of Yap1 partially overlaps the c-CRD [67-69]. Upon oxidative 

stress, intramolecular disulfide bonds between n-CRD and c-CRD are formed with the aid of 

Gpx3 [70,71]. Gpx3, one of the glutathione peroxidase homologues in yeast [72], functions as a 

redox sensor and transducer for Yap1 [70,71]. Intramolecular disulfide bonds of Yap1 block the 

interaction between Crm1 and Yap1, which allows Yap1 to reside in the nucleus thereby 

activating the transcription of its target gene [72]. Since the expression of several Yap1 target 

genes was upregulated in the glo1∆ mutant, it is most likely that Yap1 is constitutively activated 

in glo1∆ cells. As expected, Yap1 was concentrated in the nucleus in glo1∆ cells. Similarly, 

exogenously added methylglyoxal also caused the nuclear localization of Yap1, even in the 

absence of Gpx3. The nuclear Yap1 was immediately redistributed in the cytoplasm when 

methylglyoxal was eliminated from the medium [11]. These observations pointed out two 

important issues, i. e. the methylglyoxal-dependent Yap1 activation is reversible, and reactive 

oxygen species are not involved in this event.  

 Methylglyoxal makes adducts with lysine and arginine residues of protein. The 

c-CRD/NES of Yap1 contains several lysine and arginine residues, and therefore it is 

conceivable that modification of them with methylglyoxal might abolish the NES function and 

inhibit interaction with Crm1, leading to the nuclear localization of Yap1 in glo1Δ cells or 

methylglyoxal-treated cells. However, since adducts formed with methylglyoxal and 

lysine/arginine residues of protein are irreversible, modification of such arginine and/or lysine 

residues with methylglyoxal is less feasible. On the other hand, site-directed mutagenesis of 

three cysteine residues within the c-CRD/NES to alanine or threonine abolished the 

methylglyoxal-dependent Yap1 activation, indicating that these cysteine residues in c-CRD are 

the direct targets of methylglyoxal. Importantly, cellular oxidation level does not increase in 

cells treated with methylglyoxal, and the steady state level of cellular oxidation of glo1∆ cells is 

essentially the same as wild type cells [73]. Furthermore, a Yap1 mutant containing only one 

cysteine in the c-CRD but deleting b-ZIP region, which cannot form a dimer and therefore 

intermolecular disulfide bond may be not feasible, is concentrated in the nucleus following 
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treatment with methylglyoxal. This construct is constitutively concentrated in the nucleus of 

glo1∆ cells. Taken together, methylglyoxal reversibly modifies cysteine residues of Yap1 in 

vivo to accelerate its activity, which leads to alter the cellular function [11] (Fig. 2). Basically, 

the similar regulatory mechanism is conserved in Pap1, a Yap1 homologue in the fission yeast S. 

pombe [74]. 

 

6. Concluding remarks 

 Methylglyoxal has much greater potential than glucose to cause protein glycation. This 

reaction occurs in vivo also, which is linked to the formation of advanced glycation end products 

(AGEs) [75]. Decrease in the level of Glo1 expression increases the rate of irreversible protein 

glycation [12], leading to the production of AGE. AGE activates the receptor for AGE (RAGE), 

and the AGE-RAGE system is believed to be involved in the pathogenic mechanism of diabetic 

complications [76]. Thus far, voluminous studies regarding the physiological role of 

methylglyoxal have focused on the aspect of methylglyoxal as the potent inducer for AGE 

production [77,78]. The fate of irreversibly glycated proteins is likely to be the target of the 

proteasome-dependent degradation [79]. However, we should pay more attention to the fact that 

methylglyoxal is able to play a role to modulate the cellular function through the reversible 

modification of proteins that are crucial for cellular function, because reversibility would be one 

of the most important characteristics of biological mechanism. 
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Figure legends 

 

Fig. 1. Model for activation of Hog1-MAP kinase cascade.  

Osmotic stress is sensed by both osmosensors Sln1 and Sho1, although methylglyoxal is sensed 

by Sln1. Upon osmotic stress or methylglyoxal stimulation, Hog1 is phosphorylated and 

translocated into the nucleus. The nuclear Hog1 recruits transcription factors, such as Msn2 and 

Msn4, to the promoter region, thereby activating transcription of their target genes. STRE, stress 

response element. 

 

Fig. 2. Schematic model for activation of Yap1.  

Yap1 is predominantly distributed in the cytoplasm under normal conditions. Upon oxidative 

stress, intramolecular disulfide bonds between cysteine residues in the n-CRD and c-CRD are 

formed with the aid of Gpx3, and consequently Yap1 is concentrated in the nucleus. In the 

methylglyoxal-dependent Yap1 activation, Gpx3 is dispensable, and methylglyoxal directly and 

reversibly modifies cysteine residues in the c-CRD, which partially overlaps the NES (nuclear 

export signal), which leads to the nuclear localization of Yap1. Since Glo1 is crucial for 

degradation of methylglyoxal, the Glo1-deficiency constitutively activates Yap1, thereby 

affecting the cellular functions. MG, methylglyoxal. 
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