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Abstract: Glyoxalase 2 is a mitochondrial and cytoplasmic protein belonging to the metallo-β-
lactamase family encoded by the hydroxyacylglutathione hydrolase (HAGH) gene. This enzyme is the
second enzyme of the glyoxalase system that is responsible for detoxification of the α-ketothaldehyde
methylglyoxal in cells. The two enzymes glyoxalase 1 (Glo1) and glyoxalase 2 (Glo2) form the com-
plete glyoxalase pathway, which utilizes glutathione as cofactor in eukaryotic cells. The importance of
Glo2 is highlighted by its ubiquitous distribution in prokaryotic and eukaryotic organisms. Its func-
tion in the system has been well defined, but in recent years, additional roles are emerging, especially
those related to oxidative stress. This review focuses on Glo2 by considering its genetics, molecular
and structural properties, its involvement in post-translational modifications and its interaction with
specific metabolic pathways. The purpose of this review is to focus attention on an enzyme that, from
the most recent studies, appears to play a role in multiple regulatory pathways that may be important
in certain diseases such as cancer or oxidative stress-related diseases.

Keywords: glyoxalase system; glutathione; methylglyoxal; post-translational modification (PTM);
metallo beta-lactamase

1. Introduction

More than 100 years have passed since the discovery of the glyoxalase system, initially
identified as an enzyme capable of converting methylglyoxal (MGO) to lactic acid [1,2].
Much later, Racker showed that it consists of two enzymes, glyoxalase 1 (Glo1) and gly-
oxalase 2 (Glo2), that catalyze the formation of lactic acid from MGO in the presence
of a catalytic amount of reduced glutathione (GSH) [3]. However, it was not until 1954
that the end product of MGO metabolism by the glyoxalase system was suggested to be
D-lactate and not L-lactate [4], which was confirmed by Mannervik and co-workers only in
1973 [5]. Glo1 catalyzes the formation of S-D-lactoylglutathione (SLG) from the hemithioac-
etal (MeCOCH(OH)-SG) formed spontaneously from MGO and GSH. Glo2 catalyzes the
hydrolysis of SLG to D-lactic acid, regenerating the GSH consumed in the first reaction. The
system, better known as the glyoxalase system, acts in parallel with the glycolytic pathway
and serves mainly to eliminate MGO produced spontaneously from α-oxoaldehydes and
in particular from dihydroxyacetone phosphate and glyceraldehyde 3-phosphate, both
intermediates in glycolysis [6]. MGO is a reactive α-ketothaldehyde formed mainly by the
degradation of triose-phosphates but also by the degradation of threonines, the metabolism
of ketone bodies and the fragmentation of glycated proteins. Therefore, the glyoxalase
system prevents the accumulation of reactive α-oxoaldehydes and represents an enzymatic
defense system against glycation [7]. MGO has multiple direct and indirect cytotoxic
effects on the cell [8–10]. High concentrations of MGO modify proteins and nucleic acids,
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forming advanced glycation end-products (AGEs). The reaction of MGO with proteins to
form AGE residues is direct and rapid, causing important amounts of hydroimidazolones
derived from arginine residues, and in lesser quantity, lysine-derived adducts. For DNA,
the most reactive nucleotide susceptible to glycation by MGO is deoxyguanosine (dG).
The major nucleotide AGE detected is the imidazopurinone derivative (dg-MGO), but
another adduct, N2-carboxymethyl-deoxyguanosine (CMdg), has also been reported. This
condition immediately induces apoptosis in the cell, and results in cell dysfunction in the
long term [11,12]. Moreover, the possible role of MGO as a signaling molecule, through
protein modification and gene expression modulation, is emerging [13,14]. The glyoxalase
system is ubiquitous and is present in the cytosol of all animal cells, plants, bacteria, fungi
and protists. In various organisms, two or more Glo2 enzymes have been found and have
been localized in different cellular compartments such as mitochondria and apicoplasts,
depending on the organism [15–17]. In plants, the activities of glyoxalases and antioxidant
defense systems are coordinated in reducing reactive oxygen species (ROS) and the high
amount of MGO that increases as a consequence of abiotic stress [18]. In various human
parasites, the glyoxalase system has been studied as a potential drug target and especially
as an antimalarial target, given the importance of MGO as a toxic electrophile, which must
be removed [19,20]. In mammals, only a single gene encoding Glo2 has been identified.
This gene gives rise to two distinct mRNA species; one is a mitochondrially targeted Glo2
and the other is the cytosolic form of Glo2 [21]. Structurally, Glo2 enzyme consists of two
domains. The first domain folds into a four-layered β sandwich, a metallo-β-lactamase
domain; the second domain is predominantly α-helical, forming the substrate-binding site.
The active site contains a binuclear metal center with Zn2+ as a metal ion [22].

Other than its canonical role in the glyoxalase system, little is known about Glo2.
In recent years, the assumption that the glyoxalase system is involved in some post-
translational regulatory modifications (PTMs) of proteins is gaining increasing evidence.
Our group showed that Glo2 is able to promote S-glutathionylation of certain target
proteins using its natural substrate, S-D-lactoylglutathione (SLG). S-glutathionylation is
the specific post-translational modification (PTM) of protein cysteine residues, which are
reversibly oxidized to mixed protein disulfides through the addition of the tripeptide
glutathione [23,24]. The study reported for the first time that this modification is possible
through a specific interaction of the catalytic site of Glo2 with the target protein [25].
Another important PTM in which Glo2 seems to be involved is the N-acetylation of the
ε-amino of lysine residues of mitochondrial proteins. N-acetylation of lysine residues
can occur by a mitochondrial N-acetyltransferase enzyme [26], but it can also occur non-
enzymatically [27]. It has been shown that non-enzymatic N-acetylation of lysine residues in
mitochondrial proteins often occurs via reversible S-acetylation of a proximal thiol [28]. The
acetyl groups for these reversible PTMs are provided by AcCoA and S-acetylglutathione. It
has been seen that in the presence of Glo2 and GSH, S-acetylation on cysteine residues is
removed, and consequently, N-acetylation of lysine residues is limited. The mechanism
underlying this change has not been studied, and the authors hypothesized that the role
of Glo2 could be to degrade S-acetylglutathione and thus limit cysteine S-acetylation [28].
Finally, the most recent PTM that indirectly involves Glo2 is the lactoylation of protein lysine
residues. Additionally, in this case, Glo2 is not directly involved in residue modification,
but instead performs a controlling function on SLG concentration by maintaining, under
optimal conditions, low and tolerable levels of SLG such that massive lactoylation of
protein lysine residues is prevented [29]. Even roles for Glo2 in cell signaling have been
demonstrated. In cancer cells, it has been shown that the upregulation of Glo2 with a
proposed p63/p73-Glo2 regulatory axis could play a tumor-promoting role, at least in some
cancer types [30]. In particular, in prostate cancer, it has been shown that activation of
the pyruvate kinase PKM2-mediated estrogen receptor alpha (ERalpha) axis leads to Glo2
up-regulation, and that Glo2 expression via a mechanism involves the p53–p21 axis evading
the apoptotic process and stimulating proliferation [31]. The involvement of glyoxalases
has also been demonstrated in secretory processes. By modifying their activity, they can
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regulate the endogenous concentration of their substrates, which may themselves or their
derivatives act as regulatory molecules in specific metabolic pathways. In this context, the
link between endogenous SLG concentration and microtubule polymerization has been
proposed several times, which still requires in-depth study. The aim of this review is to
bring together most of the older and newer studies on Glo2 in order to provide an essential
overview that can form the basis for future promising studies on other aspects of this
fascinating enzyme.

2. The Glyoxalase System

The glyoxalase system is present in the cytosol of all cells. It consists of two enzymes:
a S-lactoylglutathione lyase as Glo1 (EC 4.4.1.5) and a hydroxyacylglutathione hydrolase
known as Glo2 (EC 3.2.1.6), together with a catalytic amount of GSH [32,33]. The system is
aimed at converting α-oxoaldehydes into the corresponding α-hydroxyacids quickly and ef-
ficiently. Typically, the major physiological α-oxoaldehyde removed is methylglyoxal that is
converted to D-lactic acid via the SLG intermediate. In the first reaction, the hemithioacetal
2-hydroxyacylglutathione formed spontaneously from MGO and GSH becomes the sub-
strate for Glo1 that catalyzes isomerization to SLG. In the second reaction, Glo2 hydrolyzes
SLG to the final product D-lactic acid and simultaneously regenerates the GSH consumed
in the first reaction (Figure 1) [34]. The major source of MGO formation is from the degra-
dation of triose-phosphates during glycolysis, minor sources are from the catabolism of
threonine and ketone bodies and the fragmentation of glycated proteins [35–37]. The
glyoxalase system prevents the accumulation of these reactive oxaldehydes and thus sup-
presses oxaldehyde-mediated glycation reactions [7,38]. Increased MGO levels have been
linked to age-related diseases and many other pathological conditions such as diabetes,
obesity, cancer and Alzheimer’s disease [39]. To prevent these conditions, glyoxalase en-
zyme levels increase, enhancing detoxification of MGO and thus protecting cells from its
deleterious effects.

Recently, some authors reported the presence of another glyoxalase member, named
glyoxalase 3 (Glo3). Glo3 catalyzes the conversion of MGO into D-lactate in a single step
without requiring any cofactor [40,41]. Glo3 was reported to be a member of DJ-1/Pfp1
superfamily and was first identified in E. coli [42].
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Figure 1. Conversion of methylglyoxal to D-lactic acid by glyoxalases. The GSH-dependent sys-
tem is a two-enzyme pathway involving Glo1 and Glo2 enzymes. Glo1 catalyzes the formation of
S-D-lactoylglutathione from the non-enzymatically formed hemimercaptal adduct of MGO with
GSH, 2-hydroxyacylglutathione (MG-GSH). Glo2 catalyzes the hydrolysis of S-D-lactoylglutathione
to D-lactic acid and GSH [43]. The GSH independent system involves a single Glo3 enzyme
recently discovered.
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3. Genetics and Molecular Properties of Glyoxalases 2

Glyoxalases are usually encoded by a single gene in microbial and eukaryotic
genomes [21,44–46], while in plants and yeast, multiple genes are present [47,48]. For
Glo2, the cytosolic and the mitochondrial forms of the enzyme are encoded by separate
genes in yeast and higher plants and by a single gene in vertebrates [21]. For instance, in the
rice genome, three Glo2 genes are present, while in the Arabidopsis thaliana genome, there are
five [48–50]. A genome-wide study confirmed the presence of multiple glyoxalases in plants,
with Glycine max genome possessing twelve Glo2 genes [47]. In A. thaliana, five different
genes of Glo2 have been identified and three of these isoforms appears to be mitochondrial
(GLX2-1, GLX2-4 and GLX2-5) [50]. The subcellular localization, molecular mechanism
and functional role are currently unknown. These multiple forms of glyoxalases genes in
plants probably indicate a tissue-specific MGO detoxification. Some genes encode inactive
Glo2 forms, which are found in one of the three rice Glo2 and in two of the five A. thaliana
Glo2 [48,50,51], forms that probably possess a different function than that of a thiolesterase.
As an example, this functional diversification has been confirmed for A. thaliana glyoxalase
2-1, which is the isoform that is essential and produced by the plant during abiotic stress
but is not necessary in normal growing conditions. A. thaliana glyoxalase 2-1 shows high
similarity (88%) to the functionally active glyoxalase 2-5 protein, lacks Glo2 activity, but
possesses β-lactamase activity. It could be an example of ongoing gene evolution where the
duplication and functional divergence of an ancestral mitochondrial Glo2 gene have led to
the emergence of β-lactamase activity, although plants do not produce β-lactams. A func-
tional investigation of the role of A. thaliana glyoxalase 2-1 shows that its loss-of-function
mutants and constitutively overexpressing plants resemble wild-type plants under normal
growth conditions, whereas during abiotic stress mutations in A. thaliana, glyoxalase 2-1
inhibits plant growth and survival [52]. The second Glo2 gene from A. thaliana, glyoxalase
2-3, which also lacks canonical Glo2 activity, has been shown to possess sulfur dioxygenase
activity and is known to be critical for seed development and conditions that involve
high protein turnover [53]. In plants, adverse environmental conditions such as extreme
temperatures, salinity, drought and heavy metal toxicity are critical factors that drastically
reduce crop yields [54]. Under different abiotic stresses, MGO increased and became toxic
for cellular components [55,56]. The accumulation of MGO resulted in the inhibition of
germination and cell proliferation in a dose-dependent manner [57–59]. In A. thaliana, root
elongation was significantly reduced due to 1 and 10 mM MGO, and chlorosis occurred at
10 mM [60]. Thus, in recent years, the glyoxalase system and Glo2 have been studied in
relation to abiotic stress tolerance. In B. campestris, exposure of 150 mM NaCl increased
Glo2 activity [61]. On the other hand, Hasanuzzaman and colleagues showed a decrease
in Glo2 activity with increased ROS production under salinity stress in Triticum aestivum,
B. napus and O. sativa seedlings [62–64]. Overexpression of Glo2 in rice and tobacco can
lead to better tolerance to high MGO under salinity stress [51]. Rahman et al. showed
that supplementation with manganese and calcium increases Glo2 activity and reinforces
MGO detoxification in salt-affected seedlings [65,66]. Not only salt-induced stress increased
Glo2 expression, but also heavy metals and abscisic acid (ABA) stress. In Brassica juncea,
exposure to ZnCl2 increased Glo2 transcript levels [67]. Treatment with the xenobiotic
compound, 2,4,6-trinitrotoluene (TNT) of A. thaliana seedlings root, resulted in an increase
in Glo2 transcripts [68]. Moreover, genome-wide expression studies in rice and A. thaliana
have shown a differential response of multigene family of glyoxalases during different
growth and reproductive stages and in different tissues under various abiotic stresses [48].
Stress-responsive elements such as ethylene-responsive elements, abscisic acid-responsive
element (ABRE), auxin-responsive element (AuxxRR-core) and heat shock element (HSE)
have been identified in the promoter region of Glo2 family members in A. thaliana and soy-
bean (Glycine max), suggesting that these genes could be regulated by hormonal and stress
response pathways [47,52]. In addition to abiotic stressors, glyoxalase genes are highly
induced by biotic stress conditions in bacteria, fungi, viruses, parasites and insects. Ghosh
and Islam have reported biotic stress-responsive cis elements such as the fungal elicitor-
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responsive element (BOX-W1), wounding- and pathogen-responsive elements (W-box and
WUN-motif), jasmonate elicitor-responsive element (JERE), methyl jasmonate-responsive
elements (CGTCA box and TGACG motif), defense and stress-responsive element (TC-rich)
and salicylic acid-responsive element (TCA) in the promoter region of Glo2 [47]. The
regulatory mechanisms for the glyoxalase expression remain unclear, and further studies
must be carried out to determine if glyoxalase genes might offer protection from pathogens.

Regarding the yeast genome, two isoforms of glyoxalase 2 have been found: Glo2p and
Glo4p proteins, with different subcellular localization. Glo2p is a cytosolic isoform, while
Glo4p is present in the mitochondrial matrix [69]. The GLO4 gene has been identified first
as a multicopy suppressor gene for a mutant yeast strain, which has a reduced efficiency
of spore germination. A second gene, named GLO2, corresponds to a protein that has
glyoxalase 2 activity. The amino acid sequences of the deduced proteins showed high simi-
larities to the sequence of the human glyoxalase 2. Analyses with mutants lacking either
one or both glyoxalase 2 genes showed that (i) the proteins are localized in different cellular
compartments; (ii) the two glyoxalase II isoforms are differentially expressed depending on
the carbon source used: glucose or glycerol; and (iii) to obtain an active Glo4p protein in
E. coli through heterologous expression, the putative mitochondrial transit peptide at the
N-terminus had to be removed [69]. Similarly, in P. falciparum, there are two Glo2 genes;
one encodes for the cytosolic protein and the other codes for a protein localized in the
apicoplast of the parasite [70]. These two active Glo2 isozymes both show a binuclear
metal center [71]. The first report of a glyoxalase pathway in apicomplexan parasites was
in Plasmodium falciparum-infected erythrocytes [72]. Given the relevance in the cellular
detoxification of methylglyoxal, the glyoxalase system has been studied as a potential
drug target in some human parasites, such as Plasmodium falciparum, Leishmania spp. and
Trypanosoma spp. Differences in the glyoxalase pathways have been identified between
human and parasites. Interestingly, the trypanosomatid Trypanosoma brucei is missing the
Glo1 enzyme but has two genes encoding Glo2 enzymes; of the latter, only one showed
glyoxalase 2 activity [73]. The life cycle of malaria parasites alternates between a vector
(mosquito) and a human host stage each with their own specific proteome [74]. Regarding
Glo2 expression during the life cycle stages of P. falciparum, tGlo2 was found to be expressed
only in trophozoites and gametocytes; no information was available for cGlo2 [75]. Blood
stages of the P. falciparum are the principal cause for the clinical manifestation of disease.
Glucose uptake of red blood cells increased 75-fold upon infection [76]. This excessive glu-
cose consumption allows for rapid endomitotic nuclear divisions and a drastic increase in
parasitemia [77]. As a consequence of this high glucose metabolism, both malaria parasites
and their host cells show elevated MGO production [72]. Therefore, the glyoxalase system
has received a considerable amount of attention as a possible anti-malarial target and for its
possible anti-trypanosomal activity [19,20]. In contrast to most eukaryotic organisms, the
glyoxalase system of the trypanosomatids, including Leishmania spp. and Trypanosoma spp.,
uses reduced trypanothione (N1,N8-bis(glutathionyl)spermidine) (TSH), an alternative
low-molecular-weight (LMW) thiol, as the preferred substrate [78–80]. Trypanosomatids
differ from all other organisms in their ability to conjugate glutathione and a polyamine,
spermidine, to form TSH. Together with the NADPH-dependent flavoprotein, trypanoth-
ione reductase (TR), the dithiol form of trypanothione, provides an intracellular reducing
environment in these parasites, substituting glutathione and glutathione reductase found
in the mammalian host. TSH and TR are involved in defense against damage by oxidants,
some heavy metals, and possibly xenobiotics [81]. Due to its crucial role in the protection
of parasites from oxidative stress [82,83] and heavy metal toxicity [84], enzymes involved
in the trypanothione biosynthesis pathway are considered interesting candidates for drug
development [85]. Trypanosomatid Glo2, similar to all other glyoxalases 2, contains a
binuclear metal center [46,79]. The crystal structure of the Glo2 from L. infantum has
revealed that Lys143, Arg249 and Lys252 residues involved in GSH binding have been
substituted with Ile171 residue and two Phe residues, Phe219-266, in order to accommodate
the positively charged thioesters of T[SH]2 or glutathionylspermidine [46]. Barata et al.
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produced a mutant enzyme able to hydrolyze both glutathione and trypanothione-derived
thioesters by replacing Tyr291 and Cys294 with Arg and Lys [86]. Substrate specificities
and significant differences in catalytic sites between trypasomatid and human Glo2 give
hope that specific inhibitors are an achievable goal in drug development.

Gram-positive bacteria include bacilli (e.g., Bacillus subtilis, Bacillus anthracis, Bacillus
cereus, Bacillus megaterium, Bacillus pumilis), staphylococci (e.g., Staphylococcus aureus, Staphy-
lococcus saprophyticus) and streptococci (Streptococcus agalactiae), which produce bacillithiol
(BSH) as an alternative LMW thiol, which serves similar metabolic and redox cofactor
functions as shown for GSH in eukaryotes [87–90]. In the past few years, some researchers
have started to investigate the role of BSH in the detoxification of reactive oxidants and
electrophiles, such as methylglyoxal [91] and fosfomycin [92], as well as the protection
and redox regulation of protein functions by protein-S-bacillithiolation during oxidative
stress [93,94]. Chandrangsu et al. showed that the BSH-dependent glyoxalase system
confers protection against MGO primarily through cytoplasmic acidification resulting from
the activation of the KhtSTU K+ efflux pump and secondarily by converting MGO to
D-lactate. The activation of the KhtSTU K+ efflux pump is caused by the production of
S-lactoyl-BSH, catalyzed from glyoxalase 1 in the conversion of the hemithioacetal adduct,
while glyoxalase 2 converts S-lactoyl-BSH to D-lactate [95].

In vertebrates, the single gene encoding Glo2 produces two transcripts of nine and ten
exons. The transcript derived from the nine exons encodes for mitochondrial Glo2 that has
the start codon AUG in a previously uncharacterized upstream part of the mRNA. Also
in this transcript is a downstream start codon that encodes for the cytosolic form. The 10-
exon transcript only encodes for the cytosolic form because it has an in-frame termination
codon. The double initiation by alternative AUG codons is conserved in all species [21].
The gene for Glo2 is conventionally referred to as HAGH (hydroxyacylglutahione hydro-
lase). The molecular mass of the cytosolic form of Glo2 is around 29 kDa, while that of
the mitochondrial is approximately 34 kDa. The different molecular masses of the two
isoforms are due to the absence of the first 48 amino acids in the cytosolic sequence. In
fact, the amino-terminal extension of the mitochondrial isoform of Glo2 (mGlo2) contains a
mitochondrial targeting sequence that has been identified in spinach [17], A. thaliana [50]
and vertebrates such as mammals, birds and fish. In human HepG2 cells, it was seen,
by confocal fluorescence microscopy, that the mitochondrial form of Glo2 is present in
the mitochondrial matrix [21]. In rat liver mitochondria, two separate pools of mGlo2
(purified by affinity chromatography) were found: one in the intermembrane space and the
other in the mitochondrial matrix. From both crude and purified preparations, polyacry-
lamide gel-electrophoresis resolved multiple forms of Glo2, two from the intermembrane
space and five from the matrix [96]. The presence of mGlo2 was also demonstrated in
the bovine liver extracts, which accounted for about 10% of the total Glo2 activity of the
whole homogenate. Electrophoresis and isoelectric focusing of the crude mitochondrial
extract or purified mGlo2 resolved the enzyme activity into five isoforms (pl 6.3, 6.7, 7.1,
7.7 and 7.9). Since the bovine liver cytosol showed only one Glo2 isoform (pl 7.5), it was
assumed that at least four isoforms were exclusively mitochondrial [97]. Our study also
showed differences between cytosolic and mitochondrial Glo2. Indeed, in this study, it
was shown that the activity of cytosolic Glo2 was inhibited by contact with liposomes
formed from negatively charged phospholipids, whereas no inhibition on enzymatic ac-
tivity was detected on mGlo2 [98]. Considering that a single gene encodes Glo2 (HAGH)
and that there are two mRNA transcripts, it is possible to assume that there are other
post-transcriptional rearrangements that give rise to different mitochondrial isoforms. The
mGlo2 within the mitochondria has SLG as its substrate of choice but also hydrolyzes
other acyl-GSH derivatives such as S-acetyl-GSH and S-succinyl-GSH. One of our studies
showed that SLG can enter mitochondria and provide the substrate for mGlo2, and it was
hypothesized that this could be an alternative GSH supply route for the mitochondria and
ATP production through the oxidation of D-lactate to pyruvate by the enzyme D-lactate
dehydrogenase [99]. It was pointed out that it is unlikely that SLG is a substrate for GSH



Antioxidants 2022, 11, 2131 7 of 24

uptake in mitochondria since SLG levels are low, usually less than 1% of GSH, and a role as
an acceptor of acetyl groups was proposed [34,100]. In light of the new findings concerning
the involvement of Glo2 in PTMs, there is a good chance that mGlo2 can be involved in
the post-translational regulation of proteins (see paragraph 5), and in particular that GSH
derived from the hydrolysis of SLG can be utilized by mGlo2 for the S-glutathionylation of
specific target proteins.

Recently, the presence of Glo2 protein into the nuclei of human prostate cancer cells
but not in normal cells has been reported [101]. Further investigation will be required in
order to identify as best as possible the nuclear localization of Glo2 and its possible role(s).
The amino acid sequences of Glo2 proteins from different species revealed two different
domains (Figure 2). One is the metallo-β-lactamase domain (present in all members of
the metallo-β-lactamase superfamily and required for the catalytic activity), and the other
is a hydroxyacylglutathione hydrolase C-terminus (HAGH-C) domain that forms the
substrate-binding site (usually present at the C-terminus of Glo2 proteins) [22]. The length
of these domains varies among different species, but the overall domain architecture of
Glo2 proteins remains the same (Figure 2).
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4. Enzyme Activity, Structural Features and Catalytic Mechanism

For their activity, Glo2 enzymes require a binuclear metallosite, generally two divalent
zinc ions [44,45,49]. However, this is not an absolute requirement, as different metals such as
iron, manganese or zinc have been used [50,102]. For instance, Glo2 enzymes of prokaryotes
and eukaryotes, including plants, possess a binuclear metal binding center, binding iron
and zinc [22]. Glo2 enzymes from rice [103] and A. thaliana [50,104] analogously have
been found to possess a Zn/Fe binuclear center, similar to their homologs from Leishmania
infantum [46] and humans [44]. In particular, A. thaliana cytoplasmic GLX2 (GLX2-2) can
bind Zn2+, Fe2+ and Mn2+ [22,105,106], while the human enzyme was reported to bind
two Zn2+ ions [44]. The calculated kinetics parameters follow Michaelis–Menten kinetics
and consist of a kcat value of 2.8 × 102 s−1 and a kcat/Km value of 8.8 × 105 M−1 s−1

for the S-D-lactoylglutathione substrate. Among the thiol esters of glutathione that have
been tested, S-D-lactoylglutathione showed the maximum velocity and represents the
main substrate of Glo2. The catalytic efficiency of Glo2 was similar in humans, plants
and yeast [69,107,108]. The enzymatic activity was found salt- and pH-sensitive. Urscher
and Deponte demonstrated that P. falciparum Glo2 activity decreases with high NaCl
concentration due to an increased Km value and a decreased kcat value [109]. This result
was in agreement with the experiments on human Glo2 [110]. For the hydrolysis of S-
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D-lactoylglutathione, the presence of a group with a basic pKa value was detected for
rat, human and P. falciparum Glo2 [109,111,112] and could be influenced by acid–base
catalysis at the binuclear metal center. Several competitive glutathione-based inhibitors
were synthesized and studied by computational analysis [113–115]. Little is known about
Glo2 inhibition mechanism, as only a few studies reported different results on human, A.
thaliana and P. falciparum Glo2 [106,109,110]. Urscher and Deponte proposed a Theorell–
Chance inhibition pattern, a special case of an ordered Bi–Bi mechanism in which the
concentrations of the enzyme–substrate and the enzyme–product complexes (EAB and
EPQ) are essentially close to zero. According to this mechanism, the first product (P)
is immediately released, whereas the second product (Q) dissociates more slowly. In
agreement with this theory, substrate binding becomes a rate-limiting step [109]. A better
understanding of Glo2 inhibition mechanism could lead to the development of new anti-
cancer and anti-protozoan drugs.

Three-dimensional protein structures for a variety of Glo2 representatives have been
reported and include Glo2 from H. sapiens, A. thaliana, Leischmania infantum and Salmonella
Typhimurium [44,50,102,116]. The crystal structure of human Glo2 was first reported in
1999 [44]. The protein, formed by 308 amino acids, consists of two structural domains.
The N-terminal domain, including residues 1–173, is structurally similar to the whole
structure of a generic metallo-β-lactamase (Figure 3a) [117]. The second domain is situated
at one edge of the first and consists of residues 174–260 folded into five α helices. The
active site contains an Fe(II)Zn(II) center. Specifically, five histidines (His 54, His 56, His 59,
His 110, His 173) and two aspartate residues (Asp58, Asp134) interact directly with two zinc
ions [44]. In more, Zn1 is coordinated by His54, His56 and His110, while Zn2 is coordinated
by His59, His173, Asp58 and Asp134 (Figure 3b) [118]. The active site is characterized by a
αβ/βα fold along with the conserved THxHxDH motif, able to bind up to two metal ions,
as is typical for a β-lactamase [117].
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Figure 3. (a) Solid ribbon representation of human Glo2. The molecule has been color ramped
according to residue number starting with red at the N terminus and finishing with blue at the C
terminus. The metal ions and the coordinating residues are shown with balls and sticks. (b) Detail of
zinc ion coordination by His and Asp residues at human Glo2 active site. The two images have been
obtained from 1QH5 file.

In addition to the coordination of metal ions, the active site represents the pocket in
which the substrates that are recognized and processed by Glo2 can react. The structure
of human Glo2 has also been characterized by studying the unfolding equilibrium and
refolding: the denaturation at equilibrium of wild-type Glo2 is multiphasic, suggesting
that the native structure of Glo2 is made by different regions of varying structural stability.
At an intermediate denaturant concentration (1.2 M guanidine), a molten globule state is
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attained. Only in the presence of Zn(II) ions, the denatured wild-type enzyme reactivates.
The results show that Zn(II) is essential for the maintenance of the native structure of Glo2
and that its binding to the apoenzyme occurs during an essential step of refolding [119].
The action mechanism in the active site was also studied theoretically for human Glo2 and
it is reported in Figure 4. After the binding of the substrate, the first step is a nucleophilic
attack of the oxygen to the carbonyl carbon, which forms a tetrahedral intermediate. The
second step involves breaking the C–S bond and the concomitant formation of the double
bond between C and O. The third step involves the regeneration of the active site, and so
the products are released and a new water molecule enters to form a bridging hydroxide. It
is clear that the two metal ions each have a specific role: while Zn2 stabilizes the formation
of the tetrahedral intermediate in the first step, Zn1 helps to break the C–S bond in the
second step by interacting with the negatively charged sulfur [120].
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Figure 4. Proposed reaction mechanism for Glo2. Glo2 works via acid–base catalysis mediated by the
nucleophile OH− that can be generated under physiological conditions. After SLG binding (substrate
binding), the nucleophilic attack of OH- at the carbonyl carbon of lactoyl group of SLG takes place
and a tetrahedral intermediate is formed (enzyme-substrate complex); Zn2 stabilizes this negatively
charged intermediate. Next, the C–S bond of substrate breaks with help of the Zn1, resulting in a
D-lactic acid and an unprotonated glutathione (GS−) (C–S bond cleavage). To complete the reaction,
the GS− group is protonated by a water molecule and the products are released from the active site to
regenerate the enzyme (regeneration of enzyme). Reprinted from Journal of Inorganic Biochemistry,
103, Chen, S.L.; Fang, W.H.; Himo, F., Reaction mechanism of the binuclear zinc enzyme glyoxalase
II—A theoretical study, 274–281, Copyright (2009), with permission from Elsevier.

The proposed mechanism is also in agreement with experimental findings suggesting
that even if Glo2 contains an Fe(II)Zn(II) center in vivo, the catalytic activity is due to Zn(II)
in the Zn1 site, that, as reported above, is directly involved in C–S bond breaking, while
Zn2 only stabilizes the tetrahedral intermediate. This role can also be assumed by other
metals such as Fe(II) or Ni(II) in Glo2 homologs of other species. The same mechanism
was previously reported for A. thaliana Glo2, where it was reported that the metal ions



Antioxidants 2022, 11, 2131 10 of 24

could be zinc and iron [106]. The effect of different metal ions on the activity of Glo2 for
different species has been the subject of some studies [22,67,104,106,121]. These indicate
that together with the structural observations, generally, Glo2 must be able to work in
different conditions for the plants, because they cannot move, so the enzyme must be active
with the different metal ions available where the plant grows. As an example, it has been
reported that mitochondrial Glo2 of B. juncea is upregulated by salinity and heavy metal
stress [67]. It is interesting to note that for Glo2 of S. Typhimurium [122], a metal-selective
product inhibition was observed, indicating that the iron variant is able to form a stable
enzyme–product complex, while the manganese derivative is not. The different metal
forms of Glo2 during Salmonella infection could be exploited as a mechanism to regulate
enzyme activity.

Besides these studies and findings, aiming to elucidate, from a structural point of view,
the role of Glo2 in the mechanism of S-glutathionylation, a reliable computational protocol
consisting of a protein–protein docking approach followed by atomistic Molecular Dynam-
ics (MD) simulations was set up to predict the macromolecular association of Glo2 both in
the presence or absence of GSH, with proteins known to be in vitro S-glutathionylated, such
as actin, malate dehydrogenase (MDH) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [123]. Computational protocol and MD simulations confirmed the previous
experimental and in silico evidence, where it was shown that Glo2 has a high affinity of
interaction with actin and MDH through its active site, which is much higher in presence of
GSH, thus suggesting a possible role in the process, while no interaction was shown with
GAPDH [25].

5. Glo2 Role in Post-Translational Modifications

The enzyme Glo2 directly and indirectly participates in post-translational modifica-
tions (PTMs) of lysine and cysteine residues by S-glutathionylation, N-lactoylation and
S-acetylation (Figure 5).

Glo2 catalyzes the hydrolysis of SLG, forming D-lactate and releasing glutathione.
The energy released by this process is comparable to that released in the cleavage of an
ATP molecule to ADP, so it was necessary to ask where this energy converged during
the hydrolysis of SLG. In 2004, our research group hypothesized that Glo2 could play an
additional role to that of a thiolesterase, using glutathione in the SLG form to specifically
glutathionylate certain redox-sensitive proteins, thus paving the way for the hypothesis on
the involvement of the glyoxalase system in post-translational regulatory modifications
of proteins. S-glutathionylation is a PTM that can regulate the activity of multiple redox-
sensitive proteins, and its modifications are present in several oxidative stress-related
diseases [124–126].

Our studies have shown the ability of Glo2 to specifically S-glutathionylate two
different proteins allocated to two different cellular compartments: actin and malate dehy-
drogenase (MDH). In these in vitro experiments, it was shown that actin was specifically
S-glutathionylated at residue Cys374 in the presence of Glo2 and its substrate SLG, and
that this event was dose-dependent. In addition, in the presence of S-glutathionylation,
the hydrolase activity of Glo2 was lowered, demonstrating that when the enzyme is en-
gaged in S-glutathionylating proteins, its enzymatic activity slows down, suggesting an
allosteric binding site to proteins undergoing S-glutathionylation and a direct transfer
of GSH in the form of GS−* from the enzyme’s active site to the cysteine residues in the
target protein (see Figure 5) [25,123]. In S-glutathionylation experiments conducted in vitro,
GSSG is usually used at high concentrations as a positive control and results in non-specific
S-glutathionylation by forming disulfide bridges with all the sulfhydryl groups of the
cysteine residues in proteins [127]. In our experiments, S-glutathionylation is triggered
by Glo2. Cysteine residues on proteins are its targets, and the substrate is at micromolar
concentrations, although it is difficult to determine whether these concentrations can be
reached inside the cell. Glo2 also exhibited target specificity towards the enzyme MDH
(besides actin), and no post-translational S-glutathionylation modification on GAPDH was
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detected, although this is an enzyme regulated by S-glutathionylation and is sensitive
when exposed to high concentrations of GSSG, demonstrating Glo2’s target specificity only
for selected proteins. The specificity of Glo2 towards actin is interesting because actin is
fundamental for the cell shape and function by playing mechanical, organizational and
signaling roles. Reversible S-glutathionylation regulates actin polymerization, showing an
inhibition when Cys374 is S-glutathionylated [128]. For example, oxidative modifications
to actin that lead to polymerization and/or depolymerization influence the migration,
proliferation and contraction of vascular cells, thus revealing an important role in vas-
cular diseases [129]. Indeed, actin dynamics are crucial for the regulation of endothelial
barrier stability and vascular permeability [130], and agents that disrupt the cortical actin
rim, including oxidants and oxidative stress, increase endothelial permeability [131]. Re-
modeling of actin is frequently mediated by rapid assembly and disassembly of actin
filaments, a process that depends on many actin-binding and actin-regulating proteins,
as well as on the ratio between filamentous and globular actin (F-actin and G-actin, re-
spectively) [132]. Dalle Donne et al. showed in vitro the S-glutathionylation of actin, which
was achieved with a high concentration of non-physiological GSSG [133,134] and showed
that S-glutathionylation of Cys374 in actin reduces the ability of G-actin to polymerize in
F-actin [134,135]. Other studies showed that the steady-state rate for non-glutathionylated
actin polymerization was at least 5.6-fold faster than that of the glutathionylated actin [128].
The degree of actin polymerization modified through S-glutathionylation is shown in many
studies involving both cytoskeletal rearrangements during regular cellular functions and
in a wide variety of pathological conditions [136–139]. S-glutathionylation of MDH was
even more interesting because it immediately showed the correlation with enzyme activity.
MDH was selected for the S-glutathionylation tests because during the chromatographic
purification of Glo2 from rat liver, it was bound to the enzyme and then identified by
sequencing. In this study, in vitro incubation with MDH and GSSG as positive control
resulted in strong S-glutathionylation, although the protein remained in monomeric form.
Incubation with Glo2 and its substrate SLG showed S-glutathionylation of the protein
and was also able to promote monomeric MDH to the tetrameric conformation. The latter
result is significant because MDH has eight cysteine residues that can be S-glutathionylated
differently, and selective modification of these residues is able to change the conformation
of the active site and, consequently, to modify the level of activity of the enzyme [140,141].
It is therefore possible to assert that Glo2 is able to catalyze S-glutathionylation on specific
cysteines of MDH, promoting its tetramerization state and thus influencing its metabolic
activity, whereas GSSG leads to non-specific S-glutathionylation on all exposed cysteines,
which seems to be a non-specific protective role against oxidation of cysteine residues
in a redox environment [142]. It was indeed seen that MDH activity increased signifi-
cantly in the presence of Glo2 plus SLG, probably caused by the tetramerization of the
enzyme, whose state correlates with its kinetic activity [143]. On the other hand, the en-
zymatic activity of Glo2 decreased, highlighting the involvement of the active site during
S-glutathionylation, also confirmed by the protein–protein docking analysis study [123].
Glo2 is also involved in another important post-translational modification involving the
S-acetylation of cysteine thiol residues (Figure 5). Indeed, it has been shown that non-
enzymatic lysine N-acetylation by AcCoA, in mitochondrial proteins, was greatly enhanced
by an S-acetylated thiol intermediate proximal to the lysine, which was followed by an
SN transfer of the acetyl moiety to the neighboring lysine [28]. It has been shown that
Glo2 can limit the AcCoA-dependent modification on cysteine residues (S-acetylation) and
consequently limit the lysine N-acetylation. This type of regulation is important at the
mitochondrial level since AcCoA not only provides acetyl groups to the citric acid cycle,
but it also provides acetyl groups for the N-acetylation of lysine residues on proteins that
are involved in a large number of regulatory processes [27,144,145]. The importance of
N-acetylation is demonstrated by the existence of a mitochondrial deacetylase, sirtuin 3,
which regulates this post-translational modification on proteins. The mitochondrial deacety-
lase Sirt3 is important in a range of degenerative diseases including ageing, cancer and
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diabetes. In addition to Sirt3, carnitine acetyltransferase (CrAT) has been shown to buffer
AcCoA concentration by storing excess AcCoA as non-reactive O-acetylcarnitine, thus
limiting thioester concentration and consequently acetylation of cysteine and lysine [146].
James et al. identified mitochondrial Glo2 as another system that is able to limit CoA-
derived modifications. In this study, the authors showed that in the presence of Glo2,
S-acetylation is not present, which goes to limit N-acetylation of proximal lysine residues.
It is possible that Glo2, in the mitochondrial matrix, is able to degrade S-acetylglutathione,
shifting the balance away from S-acetylation of cysteine and thus limiting acetylation of
cysteine and lysine residues, although the mechanism underlying this change has not yet
been studied [28]. GSH at physiological concentrations is ineffective, because the reaction
product is S-acetylglutathione, which could simply re-acetylate proteins [147]. Glo2 is of
advantage because it increases the rate of hydrolysis of a number of acylglutathione species
without affecting the corresponding AcCoA [96].
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Figure 5. PTMs of lysine and cysteine residues involving Glo2. Glo1 converts 2-
hydroxyacylglutathione (MG-GSH) into the thioester product S-D-lactoylglutathione (SLG). In S-
glutathionylation, Glo2 catalyzes the hydrolysis of SLG, releasing D-lactate and transferring GSH
in the GS−* form from its active site to the cysteine residues of redox-sensitive target proteins.
In N-lact(o)ylation, the acyl group of the D-lactate is transferred non-enzymatically to the lysine
residues of target proteins, generating a lactoyl-lys modification. Acetyl coenzyme A (AcCoA) and
S-acetylglutathione (AcGS) reversibly acetylate protein cysteine residues (S-acetylation) followed
by transfer of the acetyl moiety to a nearby lysine on mitochondrial proteins (N-acetylation). The
thioesterase activity of Glo2 could limit S-acetylation and therefore the lysine N-acetylation.
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Another important post-translational modification in which Glo2 is indirectly in-
volved is the lactoylation of lysines, which consists of a non-enzymatic acyl transfer of
the SLG moiety lactate to the protein lysine residues (Figure 5). Gaffney et al. identify
the non-enzymatic acyl transfer of the lactate moiety from SLG to the lysine residues of
proteins, generating a lactoyl-lys modification on proteins. In this study, it was reported
that cells lacking Glo2 show high levels of SLG and consequently also a marked increase
in the lactoylation of lysines. The target molecules for this PTM were mainly glycolytic
enzymes [29]. In this study, protein lactoylation is detected using 1 mM SLG. It should be
noted that this is an extremely supraphysiological concentration of SLG, and therefore, the
system provides limited information on the function of SLG physiologically in situ [99].
From this point of view, we can affirm that Glo2 performs an important cytoprotective
function by maintaining low and tolerable levels of SLG to prevent protein lactoylation. In
fact, with an eventual SLG accumulation, there could be a significant transfer of the lactoyl
moiety to cysteine forming S-D-lactoylcysteine that rearranges to N-D-lactoylcysteine [148].
Thus, in the case of a high MGO production due to accelerated glycolytic flux, a transient
increase in the amount of SLG could potentially occur, leading to protein lactoylation. This
alteration, once it occurs, regulates the speed of glycolysis by inhibiting the activity of some
glycolytic enzymes undergoing lysine lactoylation [29]. Glo2 is the only known cytoplasmic
enzyme in mammalian cells that hydrolyzes SLG, so Glo2’s enzymatic activity becomes
a particularly important checkpoint for PTMs that regulate key metabolic pathways such
as glycolysis. Zhang et al., in 2019, showed lactate-derived histone lysine lactylation on
28 sites on core histones in human and mouse cells, highlighting an important new epi-
genetic modification on chromatin [149]. These authors consider lactyl-CoA to be the
substrate of choice for lysine lactoylation, and on this question, an interesting debate has
opened with other scientists. In fact, Khadka et al. have expressed some criticism of the
presence of lactyl-CoA within the cell, as this compound has not yet been quantified in
the Human Matabolome Database (HMDB0002346), so even if present, it must be in unde-
tectable quantities. Instead, these authors focus their attention on SLG as a substrate for the
nucleophilic lactyl substitution of lysine residues on histones [150]. On the other hand, the
non-enzymatic transfer of MGO and SLG adducts to lysine had already been demonstrated
by Gaffney et al., as described above. Kulkarni and Brookes also express some concerns
regarding the origin of the substrate for this new PTM. These authors similarly propose
SLG as a probable metabolite for lactyl-lysine modification, although the concentration of
the latter substrate is also at the limit of detection. These authors importantly show that L-
lactate inhibits Glo2, and they suppose this inhibition may lead to SLG accumulation. This
mechanism could provide a link between the rate of glycolysis and lysine lactylation [151].
On the other hand, MGO is also strongly linked to the glycolysis, with its ability to rapidly
inactivate certain glycolytic enzymes such as glyceraldehyde 3-phosphate dehydrogenase
and fructose bisphosphate aldolase through the involvement of the arginine residue located
at the anionic binding site of the phosphate group of the substrate [152]. It is possible that
the two glyoxalase pathway substrates act via PMTs on the same targets to achieve the
same regulatory effect on certain pathways, as observed for glycolysis. We must consider
that the concentration of metabolic pathway substrates is generally regulated by enzyme
activity, so Glo1 and Glo2 enzymes can be considered as regulators of certain intracellular
metabolic activities. Thus, for example, amplification of Glo1 enzyme activity without an
increase in Glo2 activity can lead to an increase in LactoylLys generation and consequent
potential slowing of glycolytic flux and thus also the proliferative potential of cells. Indeed,
it has been observed that prostate cancer cells have high levels of Glo2 activity [101], which
does not allow SLG to accumulate at the cellular level. On the other hand, it has been
seen in many cell lines that Glo2 always has a higher activity than in normal cells and
also appears to be an anti-apoptotic factor [30]. In this scenario, it is possible to assume
that Glo2 is a central enzyme in the control of three important post-translational modi-
fications (S-glutathionylation, N-acetylation and lysine lactoylation) involved in the cell
metabolic regulation.
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6. Glo2 Metabolic Interactions
6.1. Glyoxalase 2 and Signaling Pathways

The study of the signaling pathways regulating Glo2 expression as well as those
driven by Glo2 to control specific biological responses dates back to 2006 when Xu and
colleagues [30] demonstrated, for the first time, in breast cancer MCF7 cell lines, that Glo2
can be up-regulated by the p53-related genes p63 and p73 through a specific responsive
element located in the intron 1 of Glo2 gene. They also found that, upon overexpression, the
cytosolic (cGlo2), but not the mitochondrial Glo2 (mGlo2), inhibited the apoptosis of MGO-
induced MCF7 breast cancer cells. Similarly, cGlo2 knockdown enhanced it. Since Glo2 and
Glo1 are frequently overexpressed in cancer as a strategy to avoid accumulation of high
levels of cytotoxic MGO, forming in local hypoxic malignant environment by increasing
the level of glycolysis [153], and p63 and p73 [154] are overexpressed in some types of
cancers [155], where they might have a tumor-promoting role [154], the authors suggested
that the p63/p73–Glo2 axis might have been a novel pathway in human carcinogenesis, at
least in some cases. Between 2006 and 2007, we reported that Glo2 was differently regulated
by estrogens in breast cancer cell lines [156], while it was regulated by the steroid hormone
testosterone and estradiol assumable as part of an intracellular response mechanism to
the androgen-induced oxidative stress or to the presence of androgen response elements
(ARE) in Glo2 promoter, as predicted by bioinformatic analysis [157]. More recently,
we demonstrated that Glo2 is regulated also by PTEN/PI3K/AKT/mTOR signaling via
pyruvate kinase (PK)M2-mediated estrogen receptor alpha (ERα) activation as a novel
mechanism to drive prostate cancer (PCa) progression [31]. In particular, in aggressive
models of PCa, we found that PTEN loss induces PTEN/PI3K/AKT/mTOR activation
that in turn activates the p-PKM2/Erα axis, leading to Glo2 up-regulation, associated with
increased cell survival, proliferation, migration and invasion (Figure 6).
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(mTOR) signaling mediated by estrogen receptor alpha (ERα) activation acts as a positive regulator
of Glo2 transcription. A, androgen; AR, androgen receptor; ARE, androgen response element; EGFR,
epidermal growth factor receptor; IGF-1, insulin-like growth factor.

Finally, Glo2 expression in PCa is under androgen receptor (AR) control to stimu-
late cell proliferation and elude apoptosis through a mechanism involving the p53–p21
axis [101]. In the same year, Dafre and colleagues published results pointing out that Glo2
degradation was induced by autophagy upon MGO exposure [158]. More recently, we
showed that mitochondrial Glo2 can be upregulated by the bioactive compound oleuropein
(OP), an olive-derived polyphenol with an array of pharmacological properties, including
anti-inflammatory and antioxidant effects [159], to induce apoptosis of human non-small-
cell lung cancer (NSCLC) A549 cells. Specifically, OP induces superoxide dismutase 2
(SOD2) upregulation with the consequent scavenging of superoxide anion O2

•−. The de-
pletion of O2

•− inhibits the Akt signaling pathway that, in turn, induces the upregulation
of mitochondrial Glo2 expression. mGlo2 interacts with the proapoptotic protein Bax,
activating apoptosis through the intrinsic pathway (cytochrome c (Cyt c) release from the
mitochondrion, activation of Apaf-1, and eventually caspase-3 activation) (Figure 7).
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Apart from these studies, additional Glo2 regulation by other signaling pathways has
not been reported, which encourages research to further explore this interesting field.

6.2. Glyoxalase 2 and Microtubules Interaction

In a number of non-recent studies, experiments were conducted showing the involve-
ment of Glo2 in microtubule assembly [160]. In one of these studies, the authors prepared
several competitive Glo2 inhibitors, including the highly specific and potent Glo2 inhibitor
N,S-bisfluorenylmethoxy-carbonyl glutathione (DiFMOC-G). Treating rat chloroleukaemia
cells in culture showed growth inhibition, which the authors hypothesize may be related to
inhibition of microtubule polymerization. In order to verify this hypothesis, they treated
embryotic neural cells with this Glo2 inhibitor. Since embryonic neuronal cells undergo
major extensions to form axons and neurites within a few days of being cultured, requiring
extensive synthesis of the microtubule cytoskeleton, the experiments were carried out both
at 2 days after being cultured and at 15 days where the neuronal structures are already
formed. Only cells that had been in culture for two days showed structural changes after
they received DiFMOC-G treatment. Already after 24 h, the cultured neurons showed
profound effects on axons and dendrites that were contracted or disappeared, while 47–72 h
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after treatment, the cells were completely globular in shape. In the same study, the authors
show that Glo2 is associated with tubulin on calf brain preparations and that it remains
associated after three cycles of aggregation/disaggregation. Nevertheless, when Glo2 was
associated with tubulin, the inhibitors used resulted in substrates for Glo2 (comparable to
SLG), and the results on polymerization were fairly equivocal [161]. On the other hand,
Clelland and Thornelly demonstrated that SLG produced a small but significant increase in
GTP-promoted assembly of microtubule proteins from the third loop of the porcine brain
in a cell-free system. In this system, the presence of Glo2 inhibited the GTP-dependent
potentiation of microtubule assembly [162]. Other experiments by other authors also show
discordant and/or equivocal results such that none of them clarify the role of Glo2 on
microtubule activity [163]. At the time when the above-mentioned research was conducted,
the importance of post-translational modifications was still unknown. A relatively more
recent study shows that microtubules can be S-glutathionylated and that functional thiol
groups play a critical role in microtubule polymerization. Specifically, a correlation between
protein S-glutathionylation and microtubule depolymerization was shown [164]. Taking all
the information we have on Glo2, we can justify Clelland and Thornalley’s results because it
is possible that Glo2 is involved in the S-glutathionylation of microtubules (our manuscript
in submission), so in their experimental system, the presence of SLG and Glo2 leads to S-
glutathionylation of microtubules and inhibition of polymerization. In Norton et al.’s study,
inhibitors of Glo2’s thioesterase activity were used, and it has never been investigated
whether these substrates can also inhibit Glo2’s S-glutathionylation activity. It is therefore
possible to assume two different possibilities: the first is that the same inhibitors were used
by Glo2 to glutathionylate the microtubule proteins and thus block polymerization during
the first few days of culture in neuronal cells; the second is that these inhibitors induced
oxidative stress with GSSG formation, which likewise leads to S-glutathionylation of the
proteins and blocking of microtubule polymerization, as shown by Carletti et al. [165]. An
important study by Gillespie showed the enhancement of anti-IgE-induced histamine re-
lease by SLG and contextually an inhibition of histamine release after treating cells with an
inhibitor (PAL6-25-1) that induced a decrease in endogenous SLG. This study demonstrated
the involvement of SLG as a modulator of anti-IgE-induced histamine release and thus
the effect of this compound on the secretory system [166]. The same author shows that
concanavilin A causes histamine release from basophilis through interaction with IgE and
simultaneously activates both Glo1 and Glo2 in a dose-dependent manner in lymphocytes
and polymorphonuclear leukocytes [167]. Since a role of SLG in microtubule assembly
has been shown in vitro [168] and histamine release is a secretory process dependent on
microtubule assembly, Gillespie hypothesized that the effect of SLG on histamine release is
indeed related to the promotion of microtubule assembly [166]. In light of the new findings
on the involvement of Glo2 in PTM, we can say that the regulation of enzymes in the
glyoxalase system can serve to increase or decrease the two substrates of each enzyme
that are important in the regulation of cell signaling. In particular, increasing Glo1 at the
simultaneous decrease in the hydrolase activity of Glo2 may not lead to an accumulation
of endogenous SLG but to a higher non-enzymatic activity of Glo2. Specifically, it has
been observed that when Glo2 is activated for the S-glutathionylation of specific target
proteins, its enzymatic activity decreases, so it is possible to suggest that the decrease
in Glo2 activity, when occurring at the same time as the increase in Glo1, can lead to a
greater substrate for S-glutathionylation by Glo2. On the other hand, this situation is not
always the case, because sometimes an increase in both enzymes has been demonstrated,
e.g., during secretion processes, so in order to further investigate the regulation of the
glyoxalase system, it would be appropriate to measure the ratio between the respective
enzyme activities of the two enzymes. In conclusion, it can be claimed that there is probably
an interaction between Glo2 and microtubules in terms of PTM, but more extensive studies
must be carried out in order to investigate its possible role in microtubule polymerization
and other regulative PTMs.
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7. Conclusions

Although the glyoxalase system has been studied for more than a hundred years, it
still has many unknown aspects. In particular, the enzymatic regulation of the two enzymes
that make up the MGO pathway may be of fundamental importance in cell regulation under
certain conditions, such as in cancer or in pathological conditions that induce oxidative
stress. Glo2 is widely distributed in nature, and by using fluorescent antibodies, it is
possible to detect with confocal microscopy a large presence of this enzyme in the cytosol,
a presence that overlaps with the cytoskeleton, indicating a possible fundamental role in
cells, although Glo2 knockout does not imply any detectable change on cultured cells [169].
This latter finding certainly indicates a regulatory role only under specific cell conditions;
for example, in plants, Glo2 plays a key role during abiotic stress, although under normal
conditions, this enzyme does not appear to be essential for plant survival (see above for
references). The same conditions could occur in animal cells; during conditions of oxidative
stress, it is important that Glo2 is activated, whereas under conditions of oxidoreductive
homeostasis, it can be silenced without compromising cell survival. On the other hand, we
must consider that it is an enzyme that hydrolyzes SLG to release, in addition to D-lactate,
glutathione, so it is part of the pool of enzymes that the cell can use during conditions of
redox imbalance. Glutathione can either be released or it can be utilized by Glo2 to bring
about S-glutathionylation on target proteins, and this aspect indicates a regulatory role
for the enzyme that can be more activated for this function under specific pathological
conditions. It is interesting to note that in mammalian cells, there is a cytosolic Glo2 and a
mitochondrial Glo2 that naturally have different interactions and roles. It has been shown
that SLG can enter mitochondria and provide the substrate for mitochondrial Glo2, and
from the studies described above, it is clear that mitochondrial Glo2 can play multiple
roles in regulating processes such as apoptosis. Indeed, it has been shown that Glo2 can
interact with mitochondrial Bax, can limit the S-acetylation of lysine residues and can
induce S-glutathionylation. The role of a PTM-specific protein opens up great regulatory
possibilities at both the cytosolic and mitochondrial levels that are worth investigating and
studying. Many studies on Glo2 have not continued and have never been investigated in
depth mainly because the substrate is easily hydrolyzed, the enzyme is sensitive to external
redox conditions and the anti-Glo2 antibody has been available for relatively few years. For
example, one of our studies showed that there were specific interactions between cytosolic
Glo2 and liposomes consisting of negatively charged phospholipids that influenced and
inhibited its hydrolase activity, whereas this inhibition on mitochondrial Glo2 was not
detected. The data were discussed in relation to a possible regulation of SLG at the cytosolic
level such that it was allowed to accumulate and be directed to the mitochondria, which
could utilize it via mGlo2, which was not inhibited [98]. Other studies have not been
further investigated, such as those concerning the interaction with the cytoskeleton and the
positioning of Glo2 in cellular compartments. To date, these studies open up new research
possibilities in the field of the glyoxalase system, the knowledge of which can be applied
for a basic understanding of the cell but also to the study of pathological conditions.

Author Contributions: Conceptualization, A.S., C.A. and T.A.; writing—original draft preparation, A.S.,
L.C., C.M., B.R., E.L., R.G., C.A. and T.A.; writing—review and editing, A.S. and T.A.; supervision, A.S.,
C.A. and T.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Antioxidants 2022, 11, 2131 18 of 24

References
1. Dakin, H.D.; Dudley, H.W. An enzyme concerned with the formation of hydroxy acids from ketonic aldehydes. J. Biol. Chem.

1913, 14, 155–157. [CrossRef]
2. Neuberg, C. The destruction of lactic aldehyde and methylglyoxal by animal organs. Biochem. Z. 1913, 49, 502–506.
3. Racker, E. The mechanism of action of glyoxalase. J. Biol. Chem. 1951, 190, 685–696. [CrossRef]
4. Racker, E. Glutathione. In Glutathione as A Coenzyme in Intermediary Metabolism; Colowick, S., Lazarow, A., Racker, E., Schwarz,

D.R., Stadtman, E., Waelsch, H., Eds.; Academic Press: Cambridge, MA, USA, 1954; pp. 165–183.
5. Ekwall, K.; Mannervik, B. The stereochemical configuration of the lactoyl group of S-lactoylglutathionine formed by the action of

glyoxalase I from porcine erythrocytes and yeast. Biochim. Biophys. Acta 1973, 297, 297–299. [CrossRef]
6. Honek, J.F. Glyoxalase biochemistry. Biomol. Concepts 2015, 6, 401–414. [CrossRef]
7. Xue, M.; Rabbani, N.; Thornalley, P.J. Glyoxalase in ageing. Semin. Cell Dev. Biol. 2011, 22, 293–301. [CrossRef]
8. Bacchetti, T.; Masciangelo, S.; Armeni, T.; Bicchiega, V.; Ferretti, G. Glycation of human high density lipoprotein by methylglyoxal:

Effect on HDL-paraoxonase activity. Metabolism 2014, 63, 307–311. [CrossRef]
9. Morresi, C.; Cianfruglia, L.; Sartini, D.; Cecati, M.; Fumarola, S.; Emanuelli, M.; Armeni, T.; Ferretti, G.; Bacchetti, T. Effect of High

Glucose-Induced Oxidative Stress on Paraoxonase 2 Expression and Activity in Caco-2 Cells. Cells 2019, 8, 1616. [CrossRef]
10. Rabbani, N.; Xue, M.; Thornalley, P.J. Dicarbonyl stress, protein glycation and the unfolded protein response. Glycoconj. J. 2021,

38, 331–340. [CrossRef]
11. Maessen, D.E.; Stehouwer, C.D.; Schalkwijk, C.G. The role of methylglyoxal and the glyoxalase system in diabetes and other

age-related diseases. Clin. Sci. 2015, 128, 839–861. [CrossRef]
12. Thornalley, P.J. Protein and nucleotide damage by glyoxal and methylglyoxal in physiological systems—Role in ageing and

disease. Drug Metab. Drug Interact 2008, 23, 125–150. [CrossRef]
13. de Bari, L.; Scire, A.; Minnelli, C.; Cianfruglia, L.; Kalapos, M.P.; Armeni, T. Interplay among Oxidative Stress, Methylglyoxal

Pathway and S-Glutathionylation. Antioxidants 2020, 10, 19. [CrossRef]
14. Lee, J.H.; Parveen, A.; Do, M.H.; Kang, M.C.; Yumnam, S.; Kim, S.Y. Molecular mechanisms of methylglyoxal-induced aortic

endothelial dysfunction in human vascular endothelial cells. Cell Death Dis. 2020, 11, 403. [CrossRef]
15. Bito, A.; Haider, M.; Briza, P.; Strasser, P.; Breitenbach, M. Heterologous expression, purification, and kinetic comparison of the

cytoplasmic and mitochondrial glyoxalase II enzymes, Glo2p and Glo4p, from Saccharomyces cerevisiae. Protein Expr. Purif. 1999,
17, 456–464. [CrossRef]

16. Deponte, M. Glyoxalase diversity in parasitic protists. Biochem. Soc. Trans. 2014, 42, 473–478. [CrossRef]
17. Talesa, V.; Rosi, G.; Contenti, S.; Mangiabene, C.; Lupattelli, M.; Norton, S.J.; Giovannini, E.; Principato, G.B. Presence of glyoxalase

II in mitochondria from spinach leaves: Comparison with the enzyme from cytosol. Biochem. Int. 1990, 22, 1115–1120.
18. Hasanuzzaman, M.; Nahar, K.; Hossain, M.S.; Mahmud, J.A.; Rahman, A.; Inafuku, M.; Oku, H.; Fujita, M. Coordinated Actions

of Glyoxalase and Antioxidant Defense Systems in Conferring Abiotic Stress Tolerance in Plants. Int. J. Mol. Sci. 2017, 18, 200.
[CrossRef]

19. D’Silva, C.; Daunes, S. Structure-activity study on the in vitro antiprotozoal activity of glutathione derivatives. J. Med. Chem.
2000, 43, 2072–2078. [CrossRef]

20. Thornalley, P.J.; Strath, M.; Wilson, R.J. Antimalarial activity in vitro of the glyoxalase I inhibitor diester, S-p-bromobenzylglutathione
diethyl ester. Biochem. Pharm. 1994, 47, 418–420. [CrossRef]

21. Cordell, P.A.; Futers, T.S.; Grant, P.J.; Pease, R.J. The Human hydroxyacylglutathione hydrolase (HAGH) gene encodes both
cytosolic and mitochondrial forms of glyoxalase II. J. Biol. Chem. 2004, 279, 28653–28661. [CrossRef]

22. Schilling, O.; Wenzel, N.; Naylor, M.; Vogel, A.; Crowder, M.; Makaroff, C.; Meyer-Klaucke, W. Flexible metal binding of the
metallo-beta-lactamase domain: Glyoxalase II incorporates iron, manganese, and zinc in vivo. Biochemistry 2003, 42, 11777–11786.
[CrossRef] [PubMed]

23. Scire, A.; Cianfruglia, L.; Minnelli, C.; Bartolini, D.; Torquato, P.; Principato, G.; Galli, F.; Armeni, T. Glutathione compartmen-
talization and its role in glutathionylation and other regulatory processes of cellular pathways. Biofactors 2019, 45, 152–168.
[CrossRef] [PubMed]

24. Xiong, Y.; Uys, J.D.; Tew, K.D.; Townsend, D.M. S-glutathionylation: From molecular mechanisms to health outcomes. Antioxid.
Redox Signal. 2011, 15, 233–270. [CrossRef] [PubMed]

25. Ercolani, L.; Scire, A.; Galeazzi, R.; Massaccesi, L.; Cianfruglia, L.; Amici, A.; Piva, F.; Urbanelli, L.; Emiliani, C.; Principato, G.; et al. A
possible S-glutathionylation of specific proteins by glyoxalase II: An in vitro and in silico study. Cell Biochem. Funct. 2016, 34,
620–627. [CrossRef] [PubMed]

26. Scott, I.; Webster, B.R.; Li, J.H.; Sack, M.N. Identification of a molecular component of the mitochondrial acetyltransferase
programme: A novel role for GCN5L1. Biochem. J. 2012, 443, 655–661. [CrossRef]

27. Wagner, G.R.; Payne, R.M. Widespread and enzyme-independent Nepsilon-acetylation and Nepsilon-succinylation of proteins in
the chemical conditions of the mitochondrial matrix. J. Biol. Chem. 2013, 288, 29036–29045. [CrossRef]

28. James, A.M.; Hoogewijs, K.; Logan, A.; Hall, A.R.; Ding, S.; Fearnley, I.M.; Murphy, M.P. Non-enzymatic N-acetylation of Lysine
Residues by AcetylCoA Often Occurs via a Proximal S-acetylated Thiol Intermediate Sensitive to Glyoxalase II. Cell Rep. 2017, 18,
2105–2112. [CrossRef]

http://doi.org/10.1016/S0021-9258(18)88610-0
http://doi.org/10.1016/S0021-9258(18)56017-8
http://doi.org/10.1016/0304-4165(73)90076-7
http://doi.org/10.1515/bmc-2015-0025
http://doi.org/10.1016/j.semcdb.2011.02.013
http://doi.org/10.1016/j.metabol.2013.10.013
http://doi.org/10.3390/cells8121616
http://doi.org/10.1007/s10719-021-09980-0
http://doi.org/10.1042/CS20140683
http://doi.org/10.1515/DMDI.2008.23.1-2.125
http://doi.org/10.3390/antiox10010019
http://doi.org/10.1038/s41419-020-2602-1
http://doi.org/10.1006/prep.1999.1151
http://doi.org/10.1042/BST20140005
http://doi.org/10.3390/ijms18010200
http://doi.org/10.1021/jm990259w
http://doi.org/10.1016/0006-2952(94)90035-3
http://doi.org/10.1074/jbc.M403470200
http://doi.org/10.1021/bi034672o
http://www.ncbi.nlm.nih.gov/pubmed/14529289
http://doi.org/10.1002/biof.1476
http://www.ncbi.nlm.nih.gov/pubmed/30561781
http://doi.org/10.1089/ars.2010.3540
http://www.ncbi.nlm.nih.gov/pubmed/21235352
http://doi.org/10.1002/cbf.3236
http://www.ncbi.nlm.nih.gov/pubmed/27935136
http://doi.org/10.1042/BJ20120118
http://doi.org/10.1074/jbc.M113.486753
http://doi.org/10.1016/j.celrep.2017.02.018


Antioxidants 2022, 11, 2131 19 of 24

29. Gaffney, D.O.; Jennings, E.Q.; Anderson, C.C.; Marentette, J.O.; Shi, T.; Schou Oxvig, A.M.; Streeter, M.D.; Johannsen, M.; Spiegel,
D.A.; Chapman, E.; et al. Non-enzymatic Lysine Lactoylation of Glycolytic Enzymes. Cell Chem. Biol. 2020, 27, 206–213.e206.
[CrossRef]

30. Xu, Y.; Chen, X. Glyoxalase II, a detoxifying enzyme of glycolysis byproduct methylglyoxal and a target of p63 and p73, is a
pro-survival factor of the p53 family. J. Biol. Chem. 2006, 281, 26702–26713. [CrossRef]

31. Talesa, V.N.; Ferri, I.; Bellezza, G.; Love, H.D.; Sidoni, A.; Antognelli, C. Glyoxalase 2 Is Involved in Human Prostate Cancer
Progression as Part of a Mechanism Driven By PTEN/PI3K/AKT/mTOR Signaling With Involvement of PKM2 and ERalpha.
Prostate 2017, 77, 196–210. [CrossRef]

32. Carrington, S.J.; Douglas, K.T. The glyoxalase enigma—The biological consequences of a ubiquitous enzyme. IRCS Med. Sci. 1986,
14, 763–768.

33. Thornalley, P.J. The glyoxalase system: New developments towards functional characterization of a metabolic pathway funda-
mental to biological life. Biochem. J. 1990, 269, 1–11. [CrossRef]

34. Rabbani, N.; Xue, M.; Thornalley, P.J. Activity, regulation, copy number and function in the glyoxalase system. Biochem. Soc. Trans.
2014, 42, 419–424. [CrossRef]

35. Rabbani, N.; Thornalley, P.J. Dicarbonyl stress in cell and tissue dysfunction contributing to ageing and disease. Biochem. Biophys.
Res. Commun. 2015, 458, 221–226. [CrossRef]

36. Lyles, G.A.; Chalmers, J. The metabolism of aminoacetone to methylglyoxal by semicarbazide-sensitive amine oxidase in human
umbilical artery. Biochem. Pharmacol. 1992, 43, 1409–1414. [CrossRef]

37. Richard, J.P. Mechanism for the formation of methylglyoxal from triosephosphates. Biochem. Soc. Trans. 1993, 21, 549–553.
[CrossRef]

38. Cianfruglia, L.; Morresi, C.; Bacchetti, T.; Armeni, T.; Ferretti, G. Protection of Polyphenols against Glyco-Oxidative Stress:
Involvement of Glyoxalase Pathway. Antioxidants 2020, 9, 1006. [CrossRef]

39. de Bari, L.; Atlante, A.; Armeni, T.; Kalapos, M.P. Synthesis and metabolism of methylglyoxal, S-D-lactoylglutathione and
D-lactate in cancer and Alzheimer’s disease. Exploring the crossroad of eternal youth and premature aging. Age. Res. Rev. 2019,
53, 100915. [CrossRef]

40. Ghosh, A.; Kushwaha, H.R.; Hasan, M.R.; Pareek, A.; Sopory, S.K.; Singla-Pareek, S.L. Presence of unique glyoxalase III proteins
in plants indicates the existence of shorter route for methylglyoxal detoxification. Sci. Rep. 2016, 6, 18358. [CrossRef]

41. Kwon, K.; Choi, D.; Hyun, J.K.; Jung, H.S.; Baek, K.; Park, C. Novel glyoxalases from Arabidopsis thaliana. FEBS J. 2013, 280,
3328–3339. [CrossRef]

42. Lee, J.Y.; Song, J.; Kwon, K.; Jang, S.; Kim, C.; Baek, K.; Kim, J.; Park, C. Human DJ-1 and its homologs are novel glyoxalases.
Hum. Mol. Genet. 2012, 21, 3215–3225. [CrossRef] [PubMed]

43. Vander Jagt, D.L. Glyoxalase II: Molecular characteristics, kinetics and mechanism. Biochem. Soc. Trans. 1993, 21, 522–527.
[CrossRef] [PubMed]

44. Cameron, A.D.; Ridderstrom, M.; Olin, B.; Mannervik, B. Crystal structure of human glyoxalase II and its complex with a
glutathione thiolester substrate analogue. Structure 1999, 7, 1067–1078. [CrossRef]

45. O’Young, J.; Sukdeo, N.; Honek, J.F. Escherichia coli glyoxalase II is a binuclear zinc-dependent metalloenzyme. Arch. Biochem.
Biophys. 2007, 459, 20–26. [CrossRef] [PubMed]

46. Silva, M.S.; Barata, L.; Ferreira, A.E.; Romao, S.; Tomas, A.M.; Freire, A.P.; Cordeiro, C. Catalysis and structural properties of
Leishmania infantum glyoxalase II: Trypanothione specificity and phylogeny. Biochemistry 2008, 47, 195–204. [CrossRef]

47. Ghosh, A.; Islam, T. Genome-wide analysis and expression profiling of glyoxalase gene families in soybean (Glycine max) indicate
their development and abiotic stress specific response. BMC Plant Biol. 2016, 16, 87. [CrossRef]

48. Mustafiz, A.; Singh, A.K.; Pareek, A.; Sopory, S.K.; Singla-Pareek, S.L. Genome-wide analysis of rice and Arabidopsis identifies
two glyoxalase genes that are highly expressed in abiotic stresses. Funct. Integr. Genom. 2011, 11, 293–305. [CrossRef]

49. Crowder, M.W.; Maiti, M.K.; Banovic, L.; Makaroff, C.A. Glyoxalase II from A. thaliana requires Zn(II) for catalytic activity. FEBS
Lett. 1997, 418, 351–354. [CrossRef]

50. Marasinghe, G.P.; Sander, I.M.; Bennett, B.; Periyannan, G.; Yang, K.W.; Makaroff, C.A.; Crowder, M.W. Structural studies on a
mitochondrial glyoxalase II. J. Biol. Chem. 2005, 280, 40668–40675. [CrossRef]

51. Yadav, S.K.; Singla-Pareek, S.L.; Kumar, M.; Pareek, A.; Saxena, M.; Sarin, N.B.; Sopory, S.K. Characterization and functional
validation of glyoxalase II from rice. Protein Expr. Purif. 2007, 51, 126–132. [CrossRef]

52. Devanathan, S.; Erban, A.; Perez-Torres, R., Jr.; Kopka, J.; Makaroff, C.A. Arabidopsis thaliana glyoxalase 2-1 is required during
abiotic stress but is not essential under normal plant growth. PLoS ONE 2014, 9, e95971. [CrossRef]

53. Holdorf, M.M.; Owen, H.A.; Lieber, S.R.; Yuan, L.; Adams, N.; Dabney-Smith, C.; Makaroff, C.A. Arabidopsis ETHE1 encodes a
sulfur dioxygenase that is essential for embryo and endosperm development. Plant Physiol. 2012, 160, 226–236. [CrossRef]

54. Bray, E.A.; Bailey-Serres, J.; Weretilnyk, E. Responses to abiotic stresses. In Biochemistry and Molecular Biology of Plants; Gruissem,
W., Buchannan, B., Jones, R., Eds.; American Society of Plant Physiologists: Rockville, MD, USA, 2000; pp. 1158–1249.

55. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,
373–399. [CrossRef]

http://doi.org/10.1016/j.chembiol.2019.11.005
http://doi.org/10.1074/jbc.M604758200
http://doi.org/10.1002/pros.23261
http://doi.org/10.1042/bj2690001
http://doi.org/10.1042/BST20140008
http://doi.org/10.1016/j.bbrc.2015.01.140
http://doi.org/10.1016/0006-2952(92)90196-P
http://doi.org/10.1042/bst0210549
http://doi.org/10.3390/antiox9101006
http://doi.org/10.1016/j.arr.2019.100915
http://doi.org/10.1038/srep18358
http://doi.org/10.1111/febs.12321
http://doi.org/10.1093/hmg/dds155
http://www.ncbi.nlm.nih.gov/pubmed/22523093
http://doi.org/10.1042/bst0210522
http://www.ncbi.nlm.nih.gov/pubmed/8359524
http://doi.org/10.1016/S0969-2126(99)80174-9
http://doi.org/10.1016/j.abb.2006.11.024
http://www.ncbi.nlm.nih.gov/pubmed/17196158
http://doi.org/10.1021/bi700989m
http://doi.org/10.1186/s12870-016-0773-9
http://doi.org/10.1007/s10142-010-0203-2
http://doi.org/10.1016/S0014-5793(97)01416-6
http://doi.org/10.1074/jbc.M509748200
http://doi.org/10.1016/j.pep.2006.07.007
http://doi.org/10.1371/journal.pone.0095971
http://doi.org/10.1104/pp.112.201855
http://doi.org/10.1146/annurev.arplant.55.031903.141701


Antioxidants 2022, 11, 2131 20 of 24

56. Hasanuzzaman, M.; Bhuyan, M.; Zulfiqar, F.; Raza, A.; Mohsin, S.M.; Mahmud, J.A.; Fujita, M.; Fotopoulos, V. Reactive Oxygen
Species and Antioxidant Defense in Plants under Abiotic Stress: Revisiting the Crucial Role of a Universal Defense Regulator.
Antioxidants 2020, 9, 681. [CrossRef]

57. Hoque, T.S.; Hossain, M.A.; Mostofa, M.G.; Burritt, D.J.; Fujita, M.; Tran, L.S. Methylglyoxal: An Emerging Signaling Molecule in
Plant Abiotic Stress Responses and Tolerance. Front. Plant Sci. 2016, 7, 1341. [CrossRef]

58. Hoque, T.S.; Uraji, M.; Ye, W.; Hossain, M.A.; Nakamura, Y.; Murata, Y. Methylglyoxal-induced stomatal closure accompanied by
peroxidase-mediated ROS production in Arabidopsis. J. Plant Physiol. 2012, 169, 979–986. [CrossRef]

59. Kaur, C.; Singla-Pareek, S.L.; Sopory, S.K. Glyoxalase and Methylglyoxal as Biomarkers for Plant Stress Tolerance. Crit. Rev. Plant
Sci. 2014, 33, 429–456. [CrossRef]

60. Hossain, M.A.; Hossain, M.Z.; Fujita, M. Stress-induced changes of methylglyoxal level and glyoxalase I activity in pumpkin
seedlings and cDNA cloning of glyoxalase I gene. Aust. J. Crop Sci. 2009, 3, 53–64.

61. Hossain, M.A.; Mostofa, M.G.; Fujita, M. Heat-shock positively modulates oxidative protection of salt and drought-stressed
mustard (Brassica campestris L.) seedlings. J. Plant Sci. Mol. Breed. 2013, 2, 2. [CrossRef]

62. Hasanuzzaman, M.; Alam, M.M.; Rahman, A.; Hasanuzzaman, M.; Nahar, K.; Fujita, M. Exogenous proline and glycine betaine
mediated upregulation of antioxidant defense and glyoxalase systems provides better protection against salt-induced oxidative
stress in two rice (Oryza sativa L.) varieties. BioMed. Res. Int. 2014, 2014, 757219. [CrossRef]

63. Hasanuzzaman, M.; Hossain, M.A.; Fujita, M. Selenium-induced up-regulation of the antioxidant defense and methylglyoxal
detoxification system reduces salinity-induced damage in rapeseed seedlings. Biol. Trace Elem. Res. 2011, 143, 1704–1721.
[CrossRef] [PubMed]

64. Yan, Y.; Pan, C.; Du, Y.; Li, D.; Liu, W. Exogenous salicylic acid regulates reactive oxygen species metabolism and ascorbate-
glutathione cycle in Nitraria tangutorum Bobr. under salinity stress. Physiol. Mol. Biol. Plants 2018, 24, 577–589. [CrossRef]
[PubMed]

65. Rahman, A.; Hossain, M.S.; Mahmud, J.A.; Nahar, K.; Hasanuzzaman, M.; Fujita, M. Manganese-induced salt stress tolerance in
rice seedlings: Regulation of ion homeostasis, antioxidant defense and glyoxalase systems. Physiol. Mol. Biol. Plants 2016, 22,
291–306. [CrossRef] [PubMed]

66. Rahman, A.; Nahar, K.; Hasanuzzaman, M.; Fujita, M. Calcium Supplementation Improves Na(+)/K(+) Ratio, Antioxidant
Defense and Glyoxalase Systems in Salt-Stressed Rice Seedlings. Front. Plant Sci. 2016, 7, 609. [CrossRef]

67. Saxena, M.; Bisht, R.; Roy, S.D.; Sopory, S.K.; Bhalla-Sarin, N. Cloning and characterization of a mitochondrial glyoxalase II from
Brassica juncea that is upregulated by NaCl, Zn, and ABA. Biochem. Biophys. Res. Commun. 2005, 336, 813–819. [CrossRef]

68. Ekman, D.R.; Lorenz, W.W.; Przybyla, A.E.; Wolfe, N.L.; Dean, J.F. SAGE analysis of transcriptome responses in Arabidopsis roots
exposed to 2,4,6-trinitrotoluene. Plant Physiol. 2003, 133, 1397–1406. [CrossRef]

69. Bito, A.; Haider, M.; Hadler, I.; Breitenbach, M. Identification and phenotypic analysis of two glyoxalase II encoding genes from
Saccharomyces cerevisiae, GLO2 and GLO4, and intracellular localization of the corresponding proteins. J. Biol. Chem. 1997, 272,
21509–21519. [CrossRef]

70. Urscher, M.; Przyborski, J.M.; Imoto, M.; Deponte, M. Distinct subcellular localization in the cytosol and apicoplast, unexpected
dimerization and inhibition of Plasmodium falciparum glyoxalases. Mol. Microbiol. 2010, 76, 92–103. [CrossRef]

71. Akoachere, M.; Iozef, R.; Rahlfs, S.; Deponte, M.; Mannervik, B.; Creighton, D.J.; Schirmer, H.; Becker, K. Characterization of the
glyoxalases of the malarial parasite Plasmodium falciparum and comparison with their human counterparts. Biol. Chem. 2005,
386, 41–52. [CrossRef]

72. Vander Jagt, D.L.; Hunsaker, L.A.; Campos, N.M.; Baack, B.R. D-lactate production in erythrocytes infected with Plasmodium
falciparum. Mol. Biochem. Parasitol. 1990, 42, 277–284. [CrossRef]

73. Wendler, A.; Irsch, T.; Rabbani, N.; Thornalley, P.J.; Krauth-Siegel, R.L. Glyoxalase II does not support methylglyoxal detoxification
but serves as a general trypanothione thioesterase in African trypanosomes. Mol. Biochem. Parasitol. 2009, 163, 19–27. [CrossRef]

74. Florens, L.; Washburn, M.P.; Raine, J.D.; Anthony, R.M.; Grainger, M.; Haynes, J.D.; Moch, J.K.; Muster, N.; Sacci, J.B.; Tabb, D.L.; et al. A
proteomic view of the Plasmodium falciparum life cycle. Nature 2002, 419, 520–526. [CrossRef]

75. Le Roch, K.G.; Johnson, J.R.; Florens, L.; Zhou, Y.; Santrosyan, A.; Grainger, M.; Yan, S.F.; Williamson, K.C.; Holder, A.A.;
Carucci, D.J.; et al. Global analysis of transcript and protein levels across the Plasmodium falciparum life cycle. Genome Res. 2004,
14, 2308–2318. [CrossRef]

76. Sherman, I.W. Biochemistry of Plasmodium (Malarial parasites). Microbiol. Rev. 1979, 43, 453–495. [CrossRef]
77. Kappe, S.H.; Vaughan, A.M.; Boddey, J.A.; Cowman, A.F. That was then but this is now: Malaria research in the time of an

eradication agenda. Science 2010, 328, 862–866. [CrossRef]
78. Ariza, A.; Vickers, T.J.; Greig, N.; Armour, K.A.; Dixon, M.J.; Eggleston, I.M.; Fairlamb, A.H.; Bond, C.S. Specificity of the

trypanothione-dependent Leishmania major glyoxalase I: Structure and biochemical comparison with the human enzyme. Mol.
Microbiol. 2006, 59, 1239–1248. [CrossRef]

79. Irsch, T.; Krauth-Siegel, R.L. Glyoxalase II of African trypanosomes is trypanothione-dependent. J. Biol. Chem. 2004, 279,
22209–22217. [CrossRef]

80. Sousa Silva, M.; Ferreira, A.E.; Tomas, A.M.; Cordeiro, C.; Ponces Freire, A. Quantitative assessment of the glyoxalase pathway in
Leishmania infantum as a therapeutic target by modelling and computer simulation. FEBS J. 2005, 272, 2388–2398. [CrossRef]

http://doi.org/10.3390/antiox9080681
http://doi.org/10.3389/fpls.2016.01341
http://doi.org/10.1016/j.jplph.2012.02.007
http://doi.org/10.1080/07352689.2014.904147
http://doi.org/10.7243/2050-2389-2-2
http://doi.org/10.1155/2014/757219
http://doi.org/10.1007/s12011-011-8958-4
http://www.ncbi.nlm.nih.gov/pubmed/21264525
http://doi.org/10.1007/s12298-018-0540-5
http://www.ncbi.nlm.nih.gov/pubmed/30042614
http://doi.org/10.1007/s12298-016-0371-1
http://www.ncbi.nlm.nih.gov/pubmed/27729716
http://doi.org/10.3389/fpls.2016.00609
http://doi.org/10.1016/j.bbrc.2005.08.178
http://doi.org/10.1104/pp.103.028019
http://doi.org/10.1074/jbc.272.34.21509
http://doi.org/10.1111/j.1365-2958.2010.07082.x
http://doi.org/10.1515/BC.2005.006
http://doi.org/10.1016/0166-6851(90)90171-H
http://doi.org/10.1016/j.molbiopara.2008.09.005
http://doi.org/10.1038/nature01107
http://doi.org/10.1101/gr.2523904
http://doi.org/10.1128/mr.43.4.453-495.1979
http://doi.org/10.1126/science.1184785
http://doi.org/10.1111/j.1365-2958.2006.05022.x
http://doi.org/10.1074/jbc.M401240200
http://doi.org/10.1111/j.1742-4658.2005.04632.x


Antioxidants 2022, 11, 2131 21 of 24

81. Fairlamb, A.H.; Cerami, A. Metabolism and functions of trypanothione in the Kinetoplastida. Annu. Rev. Microbiol. 1992, 46,
695–729. [CrossRef]

82. Ariyanayagam, M.R.; Fairlamb, A.H. Ovothiol and trypanothione as antioxidants in trypanosomatids. Mol. Biochem. Parasitol.
2001, 115, 189–198. [CrossRef]

83. Krauth-Siegel, R.L.; Comini, M.A. Redox control in trypanosomatids, parasitic protozoa with trypanothione-based thiol
metabolism. Biochim. Biophys. Acta 2008, 1780, 1236–1248. [CrossRef] [PubMed]

84. Mandal, G.; Wyllie, S.; Singh, N.; Sundar, S.; Fairlamb, A.H.; Chatterjee, M. Increased levels of thiols protect antimony unrespon-
sive Leishmania donovani field isolates against reactive oxygen species generated by trivalent antimony. Parasitology 2007, 134,
1679–1687. [CrossRef] [PubMed]

85. Ilari, A.; Fiorillo, A.; Genovese, I.; Colotti, G. Polyamine-trypanothione pathway: An update. Future Med. Chem. 2017, 9, 61–77.
[CrossRef]

86. Barata, L.; Sousa Silva, M.; Schuldt, L.; Ferreira, A.E.; Gomes, R.A.; Tomas, A.M.; Weiss, M.S.; Ponces Freire, A.; Cordeiro,
C. Enlightening the molecular basis of trypanothione specificity in trypanosomatids: Mutagenesis of Leishmania infantum
glyoxalase II. Exp. Parasitol. 2011, 129, 402–408. [CrossRef] [PubMed]

87. Chandrangsu, P.; Loi, V.V.; Antelmann, H.; Helmann, J.D. The Role of Bacillithiol in Gram-Positive Firmicutes. Antioxid. Redox
Signal. 2018, 28, 445–462. [CrossRef]

88. Newton, G.L.; Rawat, M.; La Clair, J.J.; Jothivasan, V.K.; Budiarto, T.; Hamilton, C.J.; Claiborne, A.; Helmann, J.D.; Fahey, R.C.
Bacillithiol is an antioxidant thiol produced in Bacilli. Nat. Chem. Biol. 2009, 5, 625–627. [CrossRef]

89. Perera, V.R.; Newton, G.L.; Pogliano, K. Bacillithiol: A key protective thiol in Staphylococcus aureus. Expert Rev. Anti. Infect. Ther.
2015, 13, 1089–1107. [CrossRef]

90. Sharma, S.V.; Arbach, M.; Roberts, A.A.; Macdonald, C.J.; Groom, M.; Hamilton, C.J. Biophysical features of bacillithiol, the
glutathione surrogate of Bacillus subtilis and other firmicutes. Chembiochem 2013, 14, 2160–2168. [CrossRef]

91. Gaballa, A.; Newton, G.L.; Antelmann, H.; Parsonage, D.; Upton, H.; Rawat, M.; Claiborne, A.; Fahey, R.C.; Helmann, J.D.
Biosynthesis and functions of bacillithiol, a major low-molecular-weight thiol in Bacilli. Proc. Natl. Acad. Sci. USA 2010, 107,
6482–6486. [CrossRef]

92. Roberts, A.A.; Sharma, S.V.; Strankman, A.W.; Duran, S.R.; Rawat, M.; Hamilton, C.J. Mechanistic studies of FosB: A divalent-
metal-dependent bacillithiol-S-transferase that mediates fosfomycin resistance in Staphylococcus aureus. Biochem. J. 2013, 451,
69–79. [CrossRef]

93. Chi, B.K.; Gronau, K.; Mader, U.; Hessling, B.; Becher, D.; Antelmann, H. S-bacillithiolation protects against hypochlorite stress
in Bacillus subtilis as revealed by transcriptomics and redox proteomics. Mol. Cell. Proteom. 2011, 10, M111.009506. [CrossRef]
[PubMed]

94. Chi, B.K.; Roberts, A.A.; Huyen, T.T.; Basell, K.; Becher, D.; Albrecht, D.; Hamilton, C.J.; Antelmann, H. S-bacillithiolation protects
conserved and essential proteins against hypochlorite stress in firmicutes bacteria. Antioxid. Redox Signal. 2013, 18, 1273–1295.
[CrossRef] [PubMed]

95. Chandrangsu, P.; Dusi, R.; Hamilton, C.J.; Helmann, J.D. Methylglyoxal resistance in Bacillus subtilis: Contributions of bacillithiol-
dependent and independent pathways. Mol. Microbiol. 2014, 91, 706–715. [CrossRef] [PubMed]

96. Talesa, V.; Uotila, L.; Koivusalo, M.; Principato, G.; Giovannini, E.; Rosi, G. Isolation of glyoxalase II from two different
compartments of rat liver mitochondria. Kinetic and immunochemical characterization of the enzymes. Biochim. Biophys. Acta
1989, 993, 7–11. [CrossRef]

97. Talesa, V.; Principato, G.B.; Norton, S.J.; Contenti, S.; Mangiabene, C.; Rosi, G. Isolation of glyoxalase II from bovine liver
mitochondria. Biochem. Int. 1990, 20, 53–58. [PubMed]

98. Scire, A.; Tanfani, F.; Saccucci, F.; Bertoli, E.; Principato, G. Specific interaction of cytosolic and mitochondrial glyoxalase II
with acidic phospholipids in form of liposomes results in the inhibition of the cytosolic enzyme only. Proteins 2000, 41, 33–39.
[CrossRef]

99. Armeni, T.; Cianfruglia, L.; Piva, F.; Urbanelli, L.; Luisa Caniglia, M.; Pugnaloni, A.; Principato, G. S-D-Lactoylglutathione can be
an alternative supply of mitochondrial glutathione. Free. Radic. Biol. Med. 2014, 67, 451–459. [CrossRef]

100. Ashour, A.; Xue, M.; Al-Motawa, M.; Thornalley, P.J.; Rabbani, N. Glycolytic overload-driven dysfunction of periodontal ligament
fibroblasts in high glucose concentration, corrected by glyoxalase 1 inducer. BMJ Open Diabetes Res. Care 2020, 8, e001458.
[CrossRef]

101. Antognelli, C.; Ferri, I.; Bellezza, G.; Siccu, P.; Love, H.D.; Talesa, V.N.; Sidoni, A. Glyoxalase 2 drives tumorigenesis in human
prostate cells in a mechanism involving androgen receptor and p53–p21 axis. Mol. Carcinog. 2017, 56, 2112–2126. [CrossRef]

102. Campos-Bermudez, V.A.; Leite, N.R.; Krog, R.; Costa-Filho, A.J.; Soncini, F.C.; Oliva, G.; Vila, A.J. Biochemical and struc-
tural characterization of Salmonella typhimurium glyoxalase II: New insights into metal ion selectivity. Biochemistry 2007, 46,
11069–11079. [CrossRef]

103. Ghosh, A.; Pareek, A.; Sopory, S.K.; Singla-Pareek, S.L. A glutathione responsive rice glyoxalase II, OsGLYII-2, functions in
salinity adaptation by maintaining better photosynthesis efficiency and anti-oxidant pool. Plant J. 2014, 80, 93–105. [CrossRef]

104. Limphong, P.; McKinney, R.M.; Adams, N.E.; Makaroff, C.A.; Bennett, B.; Crowder, M.W. The metal ion requirements of
Arabidopsis thaliana Glx2-2 for catalytic activity. J. Biol. Inorg. Chem. 2010, 15, 249–258. [CrossRef]

http://doi.org/10.1146/annurev.mi.46.100192.003403
http://doi.org/10.1016/S0166-6851(01)00285-7
http://doi.org/10.1016/j.bbagen.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18395526
http://doi.org/10.1017/S0031182007003150
http://www.ncbi.nlm.nih.gov/pubmed/17612420
http://doi.org/10.4155/fmc-2016-0180
http://doi.org/10.1016/j.exppara.2011.08.008
http://www.ncbi.nlm.nih.gov/pubmed/21864532
http://doi.org/10.1089/ars.2017.7057
http://doi.org/10.1038/nchembio.189
http://doi.org/10.1586/14787210.2015.1064309
http://doi.org/10.1002/cbic.201300404
http://doi.org/10.1073/pnas.1000928107
http://doi.org/10.1042/BJ20121541
http://doi.org/10.1074/mcp.M111.009506
http://www.ncbi.nlm.nih.gov/pubmed/21749987
http://doi.org/10.1089/ars.2012.4686
http://www.ncbi.nlm.nih.gov/pubmed/22938038
http://doi.org/10.1111/mmi.12489
http://www.ncbi.nlm.nih.gov/pubmed/24330391
http://doi.org/10.1016/0304-4165(89)90135-9
http://www.ncbi.nlm.nih.gov/pubmed/2328024
http://doi.org/10.1002/1097-0134(20001001)41:1&lt;33::AID-PROT60&gt;3.0.CO;2-N
http://doi.org/10.1016/j.freeradbiomed.2013.12.005
http://doi.org/10.1136/bmjdrc-2020-001458
http://doi.org/10.1002/mc.22668
http://doi.org/10.1021/bi7007245
http://doi.org/10.1111/tpj.12621
http://doi.org/10.1007/s00775-009-0593-6


Antioxidants 2022, 11, 2131 22 of 24

105. Wenzel, N.F.; Carenbauer, A.L.; Pfiester, M.P.; Schilling, O.; Meyer-Klaucke, W.; Makaroff, C.A.; Crowder, M.W. The binding of
iron and zinc to glyoxalase II occurs exclusively as di-metal centers and is unique within the metallo-beta-lactamase family. J. Biol.
Inorg. Chem. 2004, 9, 429–438. [CrossRef]

106. Zang, T.M.; Hollman, D.A.; Crawford, P.A.; Crowder, M.W.; Makaroff, C.A. Arabidopsis glyoxalase II contains a zinc/iron
binuclear metal center that is essential for substrate binding and catalysis. J. Biol. Chem. 2001, 276, 4788–4795. [CrossRef]

107. Ridderstrom, M.; Mannervik, B. Molecular cloning and characterization of the thiolesterase glyoxalase II from Arabidopsis
thaliana. Biochem. J. 1997, 322 Pt 2, 449–454. [CrossRef]

108. Ridderstrom, M.; Saccucci, F.; Hellman, U.; Bergman, T.; Principato, G.; Mannervik, B. Molecular cloning, heterologous expression,
and characterization of human glyoxalase II. J. Biol. Chem. 1996, 271, 319–323. [CrossRef]

109. Urscher, M.; Deponte, M. Plasmodium falciparum glyoxalase II: Theorell-Chance product inhibition patterns, rate-limiting
substrate binding via Arg(257)/Lys(260), and unmasking of acid-base catalysis. Biol. Chem. 2009, 390, 1171–1183. [CrossRef]

110. Uotila, L. Purification and characterization of S-2-hydroxyacylglutathione hydrolase (glyoxalase II) from human liver. Biochemistry
1973, 12, 3944–3951. [CrossRef]

111. Allen, R.E.; Lo, T.W.; Thornalley, P.J. Purification and characterisation of glyoxalase II from human red blood cells. Eur. J. Biochem.
1993, 213, 1261–1267. [CrossRef]

112. Ball, J.C.; Vander Jagt, D.L. S-2-hydroxyacylglutathione hydrolase (glyoxalase II): Active-site mapping of a nonserine thiolesterase.
Biochemistry 1981, 20, 899–905. [CrossRef]

113. Bush, P.E.; Norton, S.J. S-(nitrocarbobenzoxy)glutathiones: Potent competitive inhibitors of mammalian glyoxalase II. J. Med.
Chem. 1985, 28, 828–830. [CrossRef]

114. Chyan, M.K.; Elia, A.C.; Principato, G.B.; Giovannini, E.; Rosi, G.; Norton, S.J. S-fluorenylmethoxycarbonyl glutathione and
diesters: Inhibition of mammalian glyoxalase II. Enzym. Protein 1994, 48, 164–173. [CrossRef]

115. Hsu, Y.R.; Norton, S.J. S-carbobenzoxyglutathione: A competitive inhibitor of mammalian glyoxalase II. J. Med. Chem. 1983, 26,
1784–1785. [CrossRef] [PubMed]

116. Trincao, J.; Sousa Silva, M.; Barata, L.; Bonifacio, C.; Carvalho, S.; Tomas, A.M.; Ferreira, A.E.; Cordeiro, C.; Ponces Freire, A.;
Romao, M.J. Purification, crystallization and preliminary X-ray diffraction analysis of the glyoxalase II from Leishmania infantum.
Acta Crystallogr. Sect. F Struct. Biol. Cryst. Commun. 2006, 62, 805–807. [CrossRef]

117. Carfi, A.; Pares, S.; Duee, E.; Galleni, M.; Duez, C.; Frere, J.M.; Dideberg, O. The 3-D structure of a zinc metallo-beta-lactamase
from Bacillus cereus reveals a new type of protein fold. EMBO J. 1995, 14, 4914–4921. [CrossRef] [PubMed]

118. Limphong, P.; McKinney, R.M.; Adams, N.E.; Bennett, B.; Makaroff, C.A.; Gunasekera, T.; Crowder, M.W. Human glyoxalase
II contains an Fe(II)Zn(II) center but is active as a mononuclear Zn(II) enzyme. Biochemistry 2009, 48, 5426–5434. [CrossRef]
[PubMed]

119. Dragani, B.; Cocco, R.; Ridderstrom, M.; Stenberg, G.; Mannervik, B.; Aceto, A. Unfolding and refolding of human glyoxalase II
and its single-tryptophan mutants. J. Mol. Biol. 1999, 291, 481–490. [CrossRef]

120. Chen, S.L.; Fang, W.H.; Himo, F. Reaction mechanism of the binuclear zinc enzyme glyoxalase II—A theoretical study. J. Inorg.
Biochem. 2009, 103, 274–281. [CrossRef]

121. Limphong, P.; Crowder, M.W.; Bennett, B.; Makaroff, C.A. Arabidopsis thaliana GLX2-1 contains a dinuclear metal binding site,
but is not a glyoxalase 2. Biochem. J. 2009, 417, 323–330. [CrossRef]

122. Campos-Bermudez, V.A.; Moran-Barrio, J.; Costa-Filho, A.J.; Vila, A.J. Metal-dependent inhibition of glyoxalase II: A possible
mechanism to regulate the enzyme activity. J. Inorg. Biochem. 2010, 104, 726–731. [CrossRef]

123. Galeazzi, R.; Laudadio, E.; Falconi, E.; Massaccesi, L.; Ercolani, L.; Mobbili, G.; Minnelli, C.; Scire, A.; Cianfruglia, L.; Armeni,
T. Protein-protein interactions of human glyoxalase II: Findings of a reliable docking protocol. Org. Biomol. Chem. 2018, 16,
5167–5177. [CrossRef] [PubMed]

124. Antognelli, C.; Perrelli, A.; Armeni, T.; Nicola Talesa, V.; Retta, S.F. Dicarbonyl Stress and S-Glutathionylation in Cerebrovascular
Diseases: A Focus on Cerebral Cavernous Malformations. Antioxidants 2020, 9, 124. [CrossRef] [PubMed]

125. Armeni, T.; Ercolani, L.; Urbanelli, L.; Magini, A.; Magherini, F.; Pugnaloni, A.; Piva, F.; Modesti, A.; Emiliani, C.; Principato,
G. Cellular redox imbalance and changes of protein S-glutathionylation patterns are associated with senescence induced by
oncogenic H-ras. PLoS ONE 2012, 7, e52151. [CrossRef] [PubMed]

126. Mieyal, J.J.; Gallogly, M.M.; Qanungo, S.; Sabens, E.A.; Shelton, M.D. Molecular mechanisms and clinical implications of reversible
protein S-glutathionylation. Antioxid. Redox Signal. 2008, 10, 1941–1988. [CrossRef] [PubMed]

127. Cooper, A.J.; Pinto, J.T.; Callery, P.S. Reversible and irreversible protein glutathionylation: Biological and clinical aspects. Expert
Opin. Drug Metab. Toxicol. 2011, 7, 891–910. [CrossRef]

128. Wang, J.; Boja, E.S.; Tan, W.; Tekle, E.; Fales, H.M.; English, S.; Mieyal, J.J.; Chock, P.B. Reversible glutathionylation regulates actin
polymerization in A431 cells. J. Biol. Chem. 2001, 276, 47763–47766. [CrossRef]

129. Xu, Q.; Huff, L.P.; Fujii, M.; Griendling, K.K. Redox regulation of the actin cytoskeleton and its role in the vascular system. Free
Radic. Biol. Med. 2017, 109, 84–107. [CrossRef]

130. Oldenburg, J.; de Rooij, J. Mechanical control of the endothelial barrier. Cell Tissue Res. 2014, 355, 545–555. [CrossRef]
131. Shasby, D.M.; Shasby, S.S.; Sullivan, J.M.; Peach, M.J. Role of endothelial cell cytoskeleton in control of endothelial permeability.

Circ. Res. 1982, 51, 657–661. [CrossRef]

http://doi.org/10.1007/s00775-004-0535-2
http://doi.org/10.1074/jbc.M005090200
http://doi.org/10.1042/bj3220449
http://doi.org/10.1074/jbc.271.1.319
http://doi.org/10.1515/BC.2009.127
http://doi.org/10.1021/bi00744a025
http://doi.org/10.1111/j.1432-1033.1993.tb17877.x
http://doi.org/10.1021/bi00507a038
http://doi.org/10.1021/jm00383a025
http://doi.org/10.1159/000474983
http://doi.org/10.1021/jm00366a027
http://www.ncbi.nlm.nih.gov/pubmed/6644749
http://doi.org/10.1107/S1744309106027539
http://doi.org/10.1002/j.1460-2075.1995.tb00174.x
http://www.ncbi.nlm.nih.gov/pubmed/7588620
http://doi.org/10.1021/bi9001375
http://www.ncbi.nlm.nih.gov/pubmed/19413286
http://doi.org/10.1006/jmbi.1999.2965
http://doi.org/10.1016/j.jinorgbio.2008.10.016
http://doi.org/10.1042/BJ20081151
http://doi.org/10.1016/j.jinorgbio.2010.03.005
http://doi.org/10.1039/C8OB01194J
http://www.ncbi.nlm.nih.gov/pubmed/29971290
http://doi.org/10.3390/antiox9020124
http://www.ncbi.nlm.nih.gov/pubmed/32024152
http://doi.org/10.1371/journal.pone.0052151
http://www.ncbi.nlm.nih.gov/pubmed/23284910
http://doi.org/10.1089/ars.2008.2089
http://www.ncbi.nlm.nih.gov/pubmed/18774901
http://doi.org/10.1517/17425255.2011.577738
http://doi.org/10.1074/jbc.C100415200
http://doi.org/10.1016/j.freeradbiomed.2017.03.004
http://doi.org/10.1007/s00441-013-1792-6
http://doi.org/10.1161/01.RES.51.5.657


Antioxidants 2022, 11, 2131 23 of 24

132. Pollard, T.D.; Blanchoin, L.; Mullins, R.D. Molecular mechanisms controlling actin filament dynamics in nonmuscle cells. Annu.
Rev. Biophys. Biomol. Struct. 2000, 29, 545–576. [CrossRef]

133. Dalle-Donne, I.; Giustarini, D.; Rossi, R.; Colombo, R.; Milzani, A. Reversible S-glutathionylation of Cys 374 regulates actin
filament formation by inducing structural changes in the actin molecule. Free Radic. Biol. Med. 2003, 34, 23–32. [CrossRef]

134. Dalle-Donne, I.; Rossi, R.; Giustarini, D.; Colombo, R.; Milzani, A. Actin S-glutathionylation: Evidence against a thiol-disulphide
exchange mechanism. Free Radic. Biol. Med. 2003, 35, 1185–1193. [CrossRef]

135. Lassing, I.; Schmitzberger, F.; Bjornstedt, M.; Holmgren, A.; Nordlund, P.; Schutt, C.E.; Lindberg, U. Molecular and structural
basis for redox regulation of beta-actin. J. Mol. Biol. 2007, 370, 331–348. [CrossRef]

136. Cha, S.J.; Kim, H.; Choi, H.J.; Lee, S.; Kim, K. Protein Glutathionylation in the Pathogenesis of Neurodegenerative Diseases. Oxid.
Med. Cell Longev. 2017, 2017, 2818565. [CrossRef]

137. Kruyer, A.; Ball, L.E.; Townsend, D.M.; Kalivas, P.W.; Uys, J.D. Post-translational S-glutathionylation of cofilin increases actin
cycling during cocaine seeking. PLoS ONE 2019, 14, e0223037. [CrossRef]

138. Pastore, A.; Tozzi, G.; Gaeta, L.M.; Bertini, E.; Serafini, V.; Di Cesare, S.; Bonetto, V.; Casoni, F.; Carrozzo, R.; Federici, G.; et al.
Actin glutathionylation increases in fibroblasts of patients with Friedreich’s ataxia: A potential role in the pathogenesis of the
disease. J. Biol. Chem. 2003, 278, 42588–42595. [CrossRef]

139. Varland, S.; Vandekerckhove, J.; Drazic, A. Actin Post-translational Modifications: The Cinderella of Cytoskeletal Control. Trends.
Biochem. Sci. 2019, 44, 502–516. [CrossRef]

140. Agro, A.F.; Mavelli, I.; Cannella, C.; Federici, G. Activation of porcine heart mitochondrial malate dehydrogenase by zero valence
sulfur and rhodanese. Biochem. Biophys. Res. Commun. 1976, 68, 553–560. [CrossRef]

141. Ruelland, E.; Lemaire-Chamley, M.; Le Marechal, P.; Issakidis-Bourguet, E.; Djukic, N.; Miginiac-Maslow, M. An internal cysteine
is involved in the thioredoxin-dependent activation of sorghum leaf NADP-malate dehydrogenase. J. Biol. Chem. 1997, 272,
19851–19857. [CrossRef]

142. Kojer, K.; Riemer, J. Balancing oxidative protein folding: The influences of reducing pathways on disulfide bond formation.
Biochim. Biophys. Acta 2014, 1844, 1383–1390. [CrossRef]

143. Iglesias, A.A.; Andreo, C.S. NADP-dependent malate dehydrogenase (decarboxylating) from sugar cane leaves. Kinetic properties
of different oligomeric structures. Eur. J. Biochem. 1990, 192, 729–733. [CrossRef] [PubMed]

144. Wagner, G.R.; Hirschey, M.D. Nonenzymatic protein acylation as a carbon stress regulated by sirtuin deacylases. Mol. Cell 2014,
54, 5–16. [CrossRef] [PubMed]

145. Weinert, B.T.; Moustafa, T.; Iesmantavicius, V.; Zechner, R.; Choudhary, C. Analysis of acetylation stoichiometry suggests that
SIRT3 repairs nonenzymatic acetylation lesions. EMBO J. 2015, 34, 2620–2632. [CrossRef] [PubMed]

146. Davies, M.N.; Kjalarsdottir, L.; Thompson, J.W.; Dubois, L.G.; Stevens, R.D.; Ilkayeva, O.R.; Brosnan, M.J.; Rolph, T.P.; Grimsrud,
P.A.; Muoio, D.M. The Acetyl Group Buffering Action of Carnitine Acetyltransferase Offsets Macronutrient-Induced Lysine
Acetylation of Mitochondrial Proteins. Cell Rep. 2016, 14, 243–254. [CrossRef] [PubMed]

147. Bracher, P.J.; Snyder, P.W.; Bohall, B.R.; Whitesides, G.M. The relative rates of thiol-thioester exchange and hydrolysis for alkyl
and aryl thioalkanoates in water. Orig. Life Evol. Biosph. 2011, 41, 399–412. [CrossRef]

148. Edwards, L.G.; Adesida, A.; Thornalley, P.J. Inhibition of human leukaemia 60 cell growth by S-D-lactoylglutathione in vitro.
Mediation by metabolism to N-D-lactoylcysteine and induction of apoptosis. Leuk. Res. 1996, 20, 17–26. [CrossRef]

149. Zhang, D.; Tang, Z.; Huang, H.; Zhou, G.; Cui, C.; Weng, Y.; Liu, W.; Kim, S.; Lee, S.; Perez-Neut, M.; et al. Metabolic regulation of
gene expression by histone lactylation. Nature 2019, 574, 575–580. [CrossRef]

150. Khadka, S.; Barekatain, Y.; Muller, F. Re-Evaluating the Mechanism of Histone Lactylation. OSF Preprints. Available online:
https://osf.io/kyab5 (accessed on 22 May 2020).

151. Kulkarni, C.A.; Brookes, P. Many Routes from Glycolysis to Histone PTMs. Nature “Matters Arising” response to: Zhang
et al. Metabolic regulation of gene expression by histone lactylation. Nature 2019, 574, 7779, OSF Preprints. Available online:
https://osf.io/sba8j (accessed on 8 May 2020).

152. Donnellan, L.; Young, C.; Simpson, B.S.; Acland, M.; Dhillon, V.S.; Costabile, M.; Fenech, M.; Hoffmann, P.; Deo, P. Proteomic
Analysis of Methylglyoxal Modifications Reveals Susceptibility of Glycolytic Enzymes to Dicarbonyl Stress. Int. J. Mol. Sci. 2022,
23, 3689. [CrossRef]

153. Antognelli, C.; Talesa, V.N. Glyoxalases in Urological Malignancies. Int. J. Mol. Sci. 2018, 19, 415. [CrossRef]
154. Alexandrova, E.M.; Moll, U.M. Role of p53 family members p73 and p63 in human hematological malignancies. Leuk. Lymphoma

2012, 53, 2116–2129. [CrossRef]
155. Moll, U.M.; Slade, N. p63 and p73: Roles in development and tumor formation. Mol. Cancer Res. 2004, 2, 371–386. [CrossRef]
156. Rulli, A.; Antognelli, C.; Prezzi, E.; Baldracchini, F.; Piva, F.; Giovannini, E.; Talesa, V. A possible regulatory role of 17beta-estradiol

and tamoxifen on glyoxalase I and glyoxalase II genes expression in MCF7 and BT20 human breast cancer cells. Breast Cancer Res.
Treat. 2006, 96, 187–196. [CrossRef]

157. Antognelli, C.; Del Buono, C.; Baldracchini, F.; Talesa, V.; Cottini, E.; Brancadoro, C.; Zucchi, A.; Mearini, E. Alteration of
glyoxalase genes expression in response to testosterone in LNCaP and PC3 human prostate cancer cells. Cancer Biol. Ther. 2007, 6,
1880–1888. [CrossRef]

158. Dafre, A.L.; Schmitz, A.E.; Maher, P. Methylglyoxal-induced AMPK activation leads to autophagic degradation of thioredoxin 1
and glyoxalase 2 in HT22 nerve cells. Free Radic. Biol. Med. 2017, 108, 270–279. [CrossRef]

http://doi.org/10.1146/annurev.biophys.29.1.545
http://doi.org/10.1016/S0891-5849(02)01182-6
http://doi.org/10.1016/S0891-5849(03)00504-5
http://doi.org/10.1016/j.jmb.2007.04.056
http://doi.org/10.1155/2017/2818565
http://doi.org/10.1371/journal.pone.0223037
http://doi.org/10.1074/jbc.M301872200
http://doi.org/10.1016/j.tibs.2018.11.010
http://doi.org/10.1016/0006-291X(76)91181-5
http://doi.org/10.1074/jbc.272.32.19851
http://doi.org/10.1016/j.bbapap.2014.02.004
http://doi.org/10.1111/j.1432-1033.1990.tb19283.x
http://www.ncbi.nlm.nih.gov/pubmed/2209619
http://doi.org/10.1016/j.molcel.2014.03.027
http://www.ncbi.nlm.nih.gov/pubmed/24725594
http://doi.org/10.15252/embj.201591271
http://www.ncbi.nlm.nih.gov/pubmed/26358839
http://doi.org/10.1016/j.celrep.2015.12.030
http://www.ncbi.nlm.nih.gov/pubmed/26748706
http://doi.org/10.1007/s11084-011-9243-4
http://doi.org/10.1016/0145-2126(95)00095-X
http://doi.org/10.1038/s41586-019-1678-1
https://osf.io/kyab5
https://osf.io/sba8j
http://doi.org/10.3390/ijms23073689
http://doi.org/10.3390/ijms19020415
http://doi.org/10.3109/10428194.2012.684348
http://doi.org/10.1158/1541-7786.371.2.7
http://doi.org/10.1007/s10549-005-9078-7
http://doi.org/10.4161/cbt.6.12.4961
http://doi.org/10.1016/j.freeradbiomed.2017.03.028


Antioxidants 2022, 11, 2131 24 of 24

159. Antognelli, C.; Frosini, R.; Santolla, M.F.; Peirce, M.J.; Talesa, V.N. Oleuropein-Induced Apoptosis Is Mediated by Mitochondrial
Glyoxalase 2 in NSCLC A549 Cells: A Mechanistic Inside and a Possible Novel Nonenzymatic Role for an Ancient Enzyme. Oxid.
Med. Cell Longev. 2019, 2019, 8576961. [CrossRef]

160. Gillespie, E.; Lichtenstein, L.M. Histamine release from human leukocytes: Studies with deuterium oxide, colchicine, and
cytochalasin B. J. Clin. Invest. 1972, 51, 2941–2947. [CrossRef]

161. Norton, S.J.; Elia, A.C.; Chyan, M.K.; Gillis, G.; Frenzel, C.; Principato, G.B. Inhibitors and inhibition studies of mammalian
glyoxalase II activity. Biochem. Soc. Trans. 1993, 21, 545–549. [CrossRef]

162. Clellan, J.D.; Thornalley, P.J. The potentiation of GTP-dependent assembly of microtubules by S-D-lactoylglutathione. Biochem.
Soc. Trans. 1993, 21, 160S. [CrossRef]

163. Di Simplicio, P.; Vignani, R.; Talesa, V.; Principato, G. Evidence of glyoxalase II activity associated with microtubule polymerization
in bovine brain. Pharmacol. Res. 1990, 22, 172. [CrossRef]

164. Chen, W.; Seefeldt, T.; Young, A.; Zhang, X.; Zhao, Y.; Ruffolo, J.; Kaushik, R.S.; Guan, X. Microtubule S-glutathionylation as a
potential approach for antimitotic agents. BMC Cancer 2012, 12, 245. [CrossRef] [PubMed]

165. Carletti, B.; Passarelli, C.; Sparaco, M.; Tozzi, G.; Pastore, A.; Bertini, E.; Piemonte, F. Effect of protein glutathionylation on
neuronal cytoskeleton: A potential link to neurodegeneration. Neuroscience 2011, 192, 285–294. [CrossRef] [PubMed]

166. Gillespie, E. Effects of S-lactoylglutathione and inhibitors of glyoxalase I on histamine release from human leukocytes. Nature
1979, 277, 135–137. [CrossRef] [PubMed]

167. Gillespie, E. Concanavalin A increases glyoxalase enzyme activities in polymorphonuclear leukocytes and lymphocytes.
J. Immunol. 1978, 121, 923–925.

168. Gillespie, E. Cell-free microtubule assembly: Evidence for control by glyoxalase. Fed. Proc. 1975, 34, 541.
169. Li, X.; Fargue, S.; Challa, A.K.; Poore, W.; Knight, J.; Wood, K.D. Generation of a GLO-2 deficient mouse reveals its effects on liver

carbonyl and glutathione levels. Biochem. Biophys. Rep. 2021, 28, 101138. [CrossRef]

http://doi.org/10.1155/2019/8576961
http://doi.org/10.1172/JCI107118
http://doi.org/10.1042/bst0210545
http://doi.org/10.1042/bst021160s
http://doi.org/10.1016/S1043-6618(09)80215-6
http://doi.org/10.1186/1471-2407-12-245
http://www.ncbi.nlm.nih.gov/pubmed/22703118
http://doi.org/10.1016/j.neuroscience.2011.05.060
http://www.ncbi.nlm.nih.gov/pubmed/21704675
http://doi.org/10.1038/277135a0
http://www.ncbi.nlm.nih.gov/pubmed/83539
http://doi.org/10.1016/j.bbrep.2021.101138

	Introduction 
	The Glyoxalase System 
	Genetics and Molecular Properties of Glyoxalases 2 
	Enzyme Activity, Structural Features and Catalytic Mechanism 
	Glo2 Role in Post-Translational Modifications 
	Glo2 Metabolic Interactions 
	Glyoxalase 2 and Signaling Pathways 
	Glyoxalase 2 and Microtubules Interaction 

	Conclusions 
	References

