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Abstract—The review describes the use of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) inhibitors to study the
enzyme and to suppress its activity in various cell types. The main problem of selective GAPDH inhibition is a highly con-
served nature of the enzyme active site and, especially, Cys150 environment important for the catalytic action of cysteine
sulfhydryl group. Numerous attempts to find specific inhibitors of sperm GAPDH and enzymes from 7rypanosoma sp. and
Mycobacterium tuberculosis that would not inhibit GAPDH of somatic mammalian cells have failed, which has pushed
researchers to search for new ways to solve this problem. The sections of the review are devoted to the studies of GAPDH
inactivation by reactive oxygen species, glutathione, and glycating agents. The final section discusses possible effects of
GAPDH inhibition and inactivation on glycolysis and related metabolic pathways (pentose phosphate pathway, uncoupling

of the glycolytic oxidation and phosphorylation, etc.).
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The study of glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) had been started at the Department of
Animal Biochemistry of the Biological Faculty, Moscow
State University, more than 60 years ago by N. K.
Nagradova [1]. Like many other investigation topics, it
was suggested by S. E. Severin in order to identify the
effects of carnosine and anserine dipeptides on various
processes, such as functioning of cells and individual
organelles, metabolic pathways, and enzyme behavior. In
the first works of Nagradova, no specific effect of the
dipeptides on GAPDH was found, while their impact on
other enzymes was explained by their buffering or chelat-
ing action [2]. However, these works have served as the
basis for a long-term comprehensive study of GAPDH,
first, at the Department of Biochemistry, and then at the
Department of Animal Cell Biochemistry created by S. E.
Severin at the Belozersky Institute of Physico-Chemical
Biology of the Moscow State University. More than 150

Abbreviations: DHAP, dihydroxyacetone phosphate; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GAPDS, sperm-
specific glyceraldehyde 3-phosphate dehydrogenase; GSH,
reduced glutathione.

* To whom correspondence should be addressed.

articles on GAPDH, including reviews and a monograph,
have been published over the years by the scientists of our
laboratory. The prophetic words of S. E. Severin, who
paraphrased the famous saying as “Glyceraldehyde 3-
phosphate dehydrogenase is inexhaustible as an atom”,
have been confirmed by the growing interest in this
enzyme that is still studied by the students of Nagradova
and other researchers.

GAPDH catalyzes one of the reactions in glycolysis,
the so-called glycolytic oxidoreduction reaction, which is
an important step in both anaerobic and aerobic energy
pathways. This reaction results in the formation of
NADH and the macroergic compound 1,3-diphospho-
glycerate, which is necessary for the synthesis of ATP in
the subsequent glycolytic reactions. Under anaerobic
conditions (in anaerobic microorganisms or in aerobic
organisms under hypoxic conditions), glycolysis is the
only source of energy, while NADH is used for the reduc-
tion of pyruvate to lactate. GAPDH is equally important
for the energy supply under aerobic conditions, since in
this case, pyruvate and NADH are used for ATP synthe-
sis by the mitochondria. It should also be noted that
under aerobic conditions, the uncoupling of oxidation
and phosphorylation in glycolysis may have a certain
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sense for the efficient production of substrates for the
oxidative phosphorylation in mitochondria. Such uncou-
pling in glycolysis can occur in the case of mild oxidation
of GAPDH due to the emergence of acyl phosphatase
activity of the enzyme, as was shown in our earlier studies
[3-5]. Oxidized GAPDH hydrolyzes 1,3-diphosphoglyc-
erate, making it possible to bypass the 3-phosphoglycer-
ate kinase reaction in the presence of low ADP concen-
trations and to synthesize pyruvate and NADH required
for the oxidative phosphorylation in mitochondria.

Despite the recognized importance of GAPDH and
comprehensive studies of this enzyme (a significant part
of fundamental enzymological studies have been per-
formed on GAPDH), it has been neglected for a long
time as a promising target for influencing vital functions
of cells due to the following reasons. Firstly, the content
of GAPDH in all cells is very high (5-15% of total soluble
protein) [6]. Secondly, GAPDH is a housekeeping pro-
tein constitutively synthesized in the cells [6]. Thirdly,
information on the GAPDH regulation has been virtual-
ly absent for a long time. Obviously, it makes no sense to
inhibit an enzyme that in no way can be attributed to the
key glycolytic enzymes (unlike phosphofructokinase)
because of its very high total activity. In addition, an exis-
tence of alternative metabolic pathways, e.g., pentose
phosphate pathway, limits the use of GAPDH inhibitors
for reducing cell viability. Even after inhibition of this gly-
colytic reaction, the energy supply to the cells could be
provided from other sources, primarily, oxidative phos-
phorylation in the mitochondria.

High GAPDH concentration, its presence in all
types of cells, and constitutive synthesis have made this
enzyme the main protein used to normalize the concen-
tration of other proteins. Thousands of articles that men-
tion GAPDH (also GAPD or GPDH) do not study this
enzyme, but simply use it as a marker protein. However,
information has gradually accumulated that GAPDH
participates in the regulation of cell functions and
changes in the activity of this enzyme can influence not
only energy metabolism, but also other processes. It has
become clear that the catalytic activity of GAPDH is not
high, since the maximal activity of this enzyme is
observed in the alkaline region (pH 9-10). At physiologi-
cal pH values, GAPDH activity is much lower (~30-40%
of the maximal value). In addition, the content of
GAPDH can significantly change in various pathological
processes due to the downregulation of GAPDH synthe-
sis, its denaturation, and accumulation of inactive aggre-
gated forms. All these facts have caused doubts on the
validity of using GAPDH as the main marker protein [7,
8]. Of particular importance is the information on the
involvement of GAPDH in the development of diseases,
for example, amyloid-associated neurodegenerative dis-
orders [9-11]. GAPDH can participate in changes in the
energy supply of cells during these pathologies and can be
directly involved in the formation of amyloid aggregates.

BIOCHEMISTRY (Moscow) Vol. 84 No. 11 2019

1269

These observations give new importance to the studies of
GAPDH inhibitors. In this review, we present the data on
the effect of various inhibitors on both GAPDH proper-
ties and metabolism as a whole.

GAPDH INHIBITORS IN THE STUDIES
OF ENZYME FUNCTIONING

Studying the action of inhibitors on the catalytic
properties of GAPDH had been for decades the main
method for elucidating the mechanism of enzyme action,
until the appearance of information on its spatial struc-
ture in the early 1970s. This topic deserves a separate
review, but we should at least mention the names of bio-
chemists of involved in these studies. The works of the
Nobel Prize laureate Paul Boyer (Cardon and Boyer
[12]), Daniel Koshland (Koshland [13]), Sydney
Bernhard (Malhotra and Bernhard [14]) and many others
have established the mechanism of the GAPDH-cat-
alyzed reaction and formulated the general principles of
functioning of this complex oligomeric enzyme. These
observations have made it possible to form the concepts
on the enzyme interaction with its substrates (induced-fit
“hand-in-glove” model proposed by Byers and Koshland
[15] and Levitzki and Koshland [16]), the role of cooper-
ative processes in the enzyme regulation, and many other
classical concepts of enzymology. Comprehensive studies
of GAPDH inhibition and inactivation conducted by
Nagradova and co-workers have made a significant con-
tribution to understanding the role of individual amino
acid residues in the functioning of GAPDH [17-19].
Thus, the importance of arginine residues for the regula-
tion of GAPDH activity was demonstrated for the first
time [20-22], and the role of mild oxidation of the cat-
alytic Cys150 residue in the uncoupling of oxidation and
phosphorylation in glycolysis was established [3-5]. The
use of coenzyme NAD analogues allowed to obtain new
information on the NAD binding to GAPDH [23, 24].
Analysis of the interaction of GAPDH enzymes from dif-
ferent sources with the so-called half-of-the-site reagents
has revealed new mechanisms of cooperative action of
active sites in the protein [17, 25, 26]. After the publica-
tion of the GAPDH spatial structure, the data obtained
by inhibitor analysis were confirmed or refined by the
Branlant group using site-specific mutagenesis [27, 28].
With completion of fundamental studies of the mecha-
nism of GAPDH activity and emergence of new experi-
mental approaches, an interest in the inhibitor analysis as
the main approach of classic enzymology have faded.
However, in our opinion, its combination with molecular
modeling, X-ray structural analysis, and site-specific
mutagenesis could solve a number of problems, such as
specific features of half-site reactivity in GAPDH
enzymes from various sources, identification of structural
motifs involved in the cooperation of active sites, the role
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of the second cysteine residue (Cys154) in the active site
of the enzyme, etc.

INACTIVATION OF GAPDH BY NATURAL
METABOLITES — OXIDATION
AND S-GLUTATHIONYLATION

The catalytic function of Cys150 residue in the active
site of GAPDH has been thoroughly studied. Cys150
interacts with NAD to form the charge-transfer complex
and then is acylated by the reaction substrate, glyceralde-
hyde 3-phosphate. Naturally, any modification of this
residue or its replacement with other amino acids leads to
complete enzyme inactivation. The presence of highly
reactive sulfhydryl group (SH) of Cys150 involved in the
catalytic act in each of the four active sites of GAPDH
makes this enzyme available for a number of modifica-
tions (alkylation, nitrosylation, oxidation, and others). In
this section, we will focus only on the enzyme oxidation
and S-glutathionylation; glycation, which mainly affects
Lys and Arg residues, will be discussed in the final part of
this review.

One of the most important natural ways of GAPDH
inhibition is oxidation of Cys150 catalytic residue with
hydrogen peroxide. The mechanism of GAPDH oxida-
tion by hydrogen peroxide has been described in detail in
the literature, including our works. The sulfhydryl group
of Cys150 is sequentially oxidized with the formation of
sulfenic, sulfinic, and sulfonic acids [reactions (1)-(3) in
Scheme 1] [3, 29, 30].

Short-term incubation (10-15 min) in the presence
of low H,0, concentrations (10-50 uM) results in the
mild oxidation of the catalytic cysteine residue with the
formation of cysteine-sulfenic acid (Scheme 1, reaction
(1)). This stage is reversible: cysteine-sulfenic acid can be
reduced to cysteine in the presence of ascorbic acid, sodi-
um arsenite, or low-molecular-weight thiols [29, 31].
Longer incubation with H,O, or the presence of higher
H,0, concentrations leads to irreversible oxidation of
Cys150 with the formation of cysteine-sulfinic and cys-
teine-sulfonic acids [Scheme 1, reactions (2) and (3)].

An important feature of GAPDH is the presence of
two cysteine residues in the active site: catalytic Cys150
and Cysl154 not involved in catalysis. Unlike Cys150,
Cys154 is screened in the active site and becomes avail-

H20:2 (1)
Cys150-SH Cys150-SOH

XC)
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able for oxidation only after Cys150 oxidation. The role
of Cys154 is still unknown, although it is a rather con-
served residue, which is present in GAPDH enzymes
from various sources, with the exception of GAPDH from
certain microorganisms (e.g., bacteria of the genus
Thermus) (https://www.uniprot.org/uniprot/P00361).
Replacing Cys154 with Ser does not significantly affect
the enzyme activity, but at the same time, reduces the
sensitivity of catalytic Cys150 to oxidation [32].

We hypothesized that Cys154 is necessary to prevent
deep oxidation of Cys150 sulfhydryl group resulting in the
irreversible enzyme inactivation. Thus, it was found that
the two cysteines of the active site form a disulfide bridge
under aerobic conditions in vivo [reaction (4) in Scheme
1] [33]. Apparently, Cys150 oxidation with the formation
of cysteine-sulfenic acid promotes formation of the disul-
fide bridge with the neighboring Cys154 in accordance
with the general mechanism of cysteine oxidation in pro-
teins [34-36]. The disulfide bridge in the GAPDH active
site can be reduced by dithiothreitol or B-mercap-
toethanol in vitro, as well as with the participation of
glutaredoxin, thioredoxin, or reduced glutathione in liv-
ing systems. A combination of these processes prevents
irreversible GAPDH inactivation.

It should be noted that under normal in vivo condi-
tions, cysteine-sulfenic acid in the GAPDH active site
most likely cannot exist for a long time, since reduced
glutathione (GSH), which is present in cells in high con-
centrations (1-5 mM), interacts with cysteine-sulfenic
acid to form mixed disulfide [37, 38]:

Cys150-SOH + GSH — Cys150-SSG + H,O0.

This modification, called S-glutathionylation, leads
to complete enzyme inactivation; at the same time, it pre-
vents further oxidation of cysteine-sulfenic acid with the
formation of irreversible products of GAPDH oxidation.
However, the possibility of irreversible GAPDH oxidation
should not be completely ruled out, since the concentra-
tion of GSH can decrease under various pathological
conditions.

Proteomic analysis revealed S-glutathionylated
GAPDH in plant and animal tissues [39, 40]. The rela-
tionship between oxidation and S-glutathionylation of
GAPDH was first demonstrated by Schuppe-Koistinen et
al. [41], who showed that treatment of human endothelial

(2) 3
—  Cys150-SOH — Cys150-SO3H

Cys150—Cys154

Scheme 1. Oxidation of Cys150 by H,0, in the active site of GAPDH
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H>02 (1)
Cys150-SH

—

Cys150-SOH
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GSH (2)
+ H,O

— Cys150-S-SG
1)

Cys150—Cys154 + GSH

Scheme 2. S-glutathionylation of GAPDH and formation of disulfide bridge in the presence of H,0, and GSH

cells with hydrogen peroxide leads to S-glutathionylation
of GAPDH and its inactivation, while deglutathionyla-
tion of GAPDH is accompanied by the restoration of
enzyme activity. Later, we confirmed the relationship
between Cys150 oxidation and S-glutathionylation in our
studies of purified GAPDH from rabbit muscles: the
enzyme was S-glutathionylated when treated with hydro-
gen peroxide in the presence of GSH. The intramolecular
Cys150—Cys154 disulfide bridge was revealed among the
products of S-glutathionylation, in addition to the mixed
disulfide GAPDH-SSG. We suggested the mixed disul-
fidle GAPDH-SSG as an intermediate product of the
reaction between Cys150-SOH and reduced glutathione
[Scheme 2, reaction (2)], which then reacts with Cys154
to form a disulfide bridge [Scheme 2, reaction (3)] [38].

Thus, S-glutathionylation leads to the reversible
inactivation of GAPDH. We demonstrated that in the
presence of GSH excess, non-enzymatic deglutathiony-
lation of GAPDH occurs due to the disulfide exchange
reaction with GSH, which results in the restoration of
enzyme activity [38].

GAPDH-SSG + GSH — GAPDH-SH + GSSG.

In addition, deglutathionylation of GAPDH and
reduction of the Cys150—Cys154 disulfide bridge can be
catalyzed by glutaredoxin or thioredoxin [37, 38].

Therefore, S-glutathionylation of GAPDH is a
reversible modification that is initiated by the oxidation of
catalytic Cys150 residue and prevents irreversible enzyme
oxidation.

ROLE OF GAPDH S-GLUTATHIONYLATION
IN THE ACTIVATION
OF ANTIOXIDANT DEFENSE

The major role in protecting cells from hydrogen
peroxide belongs to peroxiredoxins: the rate constant for
the oxidation of SH-groups of peroxiredoxins with hydro-
gen peroxide is ~10” M~!s™! [42], which is several orders
of magnitude higher than the rate constant for the oxida-
tion of SH-groups in GAPDH (~10 M~'s7!) [43].
However, the sensitivity of GAPDH to oxidation with
hydrogen peroxide is rather high compared to most SH-
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containing proteins. Peroxiredoxin 2 and GAPDH are
the proteins that oxidize first during incubation of the
cells with hydrogen peroxide [44]. Presumably, GAPDH
is oxidized when the cell antioxidant system cannot pro-
vide sufficient protection.

Peralta et al. [32] investigated the effect of H,0, on
yeast strains expressing wild-type human GAPDH and
the enzyme mutant by the non-catalytic cysteine residue
(Cys156 in human GAPDH). The mutant GAPDH was
resistant to oxidation and, as a consequence, to S-glu-
tathionylation. It was shown that incubation of yeast cells
expressing wild-type GAPDH with H,0, led to the
increase in the NADPH/NADP ratio; this effect was
absent in the cells expressing the C156S mutant with
reduced oxidation sensitivity. These studies suggested that
reversible inactivation of GAPDH by S-glutathionylation
may result in reversible inhibition of glycolysis and activa-
tion of the pentose phosphate pathway in response to
oxidative stress. Activation of the pentose phosphate
pathway increases production of coenzyme NADPH,
which is necessary to recycle GSH with participation of
glutathione reductase and, therefore, to maintain the
antioxidant defense system. Introduction of mutations
that reduce the sensitivity of GAPDH to oxidation leads
to the elimination of this regulatory mechanism.
Therefore, an increased sensitivity of GAPDH to oxida-
tion is a necessary element of the antioxidant defense sys-
tem of the cell. The properties of S-glutathionylation of
human GAPDH C156S mutant expressed in yeast cells
indicate a possible role of Cys156 in the regulation of
antioxidant defense. However, to verify this assumption,
it is necessary to conduct experiments not only in cell cul-
tures, but also with isolated C156S mutant in order to
compare the sensitivity of the native and mutant enzymes
to oxidation by hydrogen peroxide and reactive oxygen
species and to evaluate the efficiency of S-glutathionyla-
tion of the two enzyme forms, as well as the reversibility
of this modification.

SPECIFIC INHIBITION OF GAPDH
FROM DIFFERENT SOURCES

GAPDH inhibition as an approach to reduce cell
viability has many limitations. However, in certain cases,
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GAPDH inhibition can efficiently disrupt the energy
supply of the entire cell or its individual components. For
example, inhibition of GAPDH can be effective if the cell
does not have energy sources other than glycolysis. As
examples of such cells, we can mention parasitic microor-
ganisms that cause sleeping sickness [45-48] and Chagas
disease [49, 50]. In addition, GAPDH inhibition can dis-
turb energy production in cancer cells, for which glycoly-
sis is the main source of energy. It is also assumed that
GAPDH inhibition can impair energy supply of individ-
ual cell components, thereby suppressing certain cell
functions. Thus, compartmentalization is characteristic
of individual glycolysis enzymes, including GAPDH and
3-phosphoglycerate kinase that catalyzes subsequent gly-
colytic reaction coupled with ATP synthesis. In muscle
cells, GAPDH binds to actin; in erythrocytes, it binds to
membrane proteins through the band 3 protein, and in
reticulocytes, it binds to polyribosomes. This allows gly-

colysis to provide energy supply for specific cellular func-
tions that can vary in different cell types. Hence,
GAPDH inhibition can impair energy supply of a specif-
ic cellular function that depend on ATP formed in glycol-
ysis without significantly changing total ATP content in
the cell [51, 52].

Therefore, it is possible that in certain cases,
GAPDH inhibition can significantly reduce the viability
of cells or at least suppress their functioning, despite the
existence of other ATP sources (for example, mitochon-
dria). The most striking example is the sperm of mam-
mals. The progressive motion of a mammalian sperm cell
is provided by the undulation of its flagellum. Despite the
presence of mitochondria, an important source of energy
for this type of movement is glycolysis that is catalyzed by
GAPDH and other glycolytic enzymes associated with
the sperm flagellum. We will consider these examples in
more detail below.
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Fig. 1. Alignment of GAPDH amino acid sequences from Mycobacterium tuberculosis (UniProt ID POWNS2), Ttypanosoma cruzi (UniProt ID
P22513), and Homo sapiens (UniProt ID P04406). Asterisks, conserved residues; box; conserved sequence of the enzyme active site; arrow,

catalytic cysteine residue.

BIOCHEMISTRY (Moscow) Vol. 84 No. 11 2019



INHIBITORS OF GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE

INHIBITORS OF TRYPANOSOMAL GAPDH

GAPDH inhibitors were first used to reduce the via-
bility of parasitic protozoa causing sleeping sickness
(Trypanosoma brucei) and Chagas disease (Trypanosoma
cruzi). Glycolysis is the only source of energy for the long
slender form of 7. brucei propagating in the bloodstream
of a mammalian host; it proceeds in special organelles —
glycosomes — containing a set of glycolytic enzymes [53].
This form of T. brucei lacks oxidative phosphorylation,
since its mitochondria are inactive and do not contain
cristae.

It was shown that the amino acid sequences of
human GAPDH (https://www.uniprot.org/uniprot/
P04406) and GAPDH from the glycosomes of 7. cruzi
(https://www.uniprot.org/uniprot/P22513) contain 178
identical residues, which corresponds to 53.1% sequence
identity (Fig. 1). A similar picture is observed for
GAPDH from the glycosomes of 7. brucei (https://www.
uniprot.org/uniprot/P22512).

Since 1990s, the search for specific GAPDH
inhibitors has focused on NAD analogues, more precise-
ly, on analogues of the coenzyme adenosine fragment [54,
55]. Based on the spatial structure of GAPDH enzymes
from T. brucei and other representatives of this protozoan
group, efficient enzyme inhibitors interacting with the
NAD-binding domain have been developed that bound to
the protozoan enzymes with K; of 4-16 uM. Moreover,
these inhibitors did not affect the activity of human
GAPDH at concentrations below 20-40 uM [45]. The
search for specific GAPDH inhibitors among analogues
of GAPDH substrate 1,3-diphosphoglycerate [46] has
been less successful and is still ongoing [48]. GAPDH
inhibitors from natural sources are of particular interest.
Virtual screening of the databases of natural compounds
revealed 700 potential inhibitors for subsequent analysis
[56]. Efficient inhibitors of trypanosomal GAPDH have
been found, such as crassiflorone of plant origin [57],
mastoparan from the venom of Brazilian wasp [58], and
others. Unfortunately, no medications based on GAPDH
inhibitors have been created yet. Some researchers pro-
pose the use of GAPDH inhibitors in combination with
compounds that affect enzymes of other metabolic path-
ways, for example, trypanothione reductase [59].

SPERM-SPECIFIC GAPDH AS A POSSIBLE
TARGET FOR CONTRACEPTIVES

Development of contraceptives that could be used by
men is an important and still unsolved problem. The idea
of using sperm-specific GAPDH (GAPDS) as a target for
contraceptive agents appeared 15 years ago after it had
been found that this enzyme is essential for sperm motil-
ity. Moreover, the absence of GAPDS results in the loss of
fertility in male mice [60]. It was found that, despite nor-
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mal functioning of mitochondria, the progressive motion
of spermatozoa is impossible without ATP that is formed
in glycolysis as a result of reactions catalyzed by the
sperm-specific enzymes. These observations suggested
that the inhibition of GAPDS, which is bound to the
fibrous sheath of the sperm flagellum along its length,
could immobilize the sperm and provide the contracep-
tive effect. To solve this problem, recombinant forms of
GAPDS were isolated [43, 61, 62], and their catalytic
properties and regulatory characteristics were studied in
detail [62-64]. Later, the spatial structure of GAPDS was
resolved. First, the structure of the hybrid tetramer mole-
cules composed of a dimer of rat GAPDS and a dimer of
FE. coli GAPDH was determined [65], and then the struc-
ture of the homotetramer of the recombinant human
GAPDS was obtained [62, 66]. Most studies on the selec-
tive GAPDS inhibitors have been carried out by the group
of O’Brien using high-performance experimental screen-
ing [66, 67]. Several inhibitors were found; the 1Cs, value
for the best inhibitor was 1.2 uM. Unfortunately, this
compound also inhibited somatic GAPDH, although
with less efficiency. Hence, the search for selective
inhibitors targeting GAPDS active site has been unsuc-
cessful so far. Perhaps, a more promising approach might
be based on the search for ligands that bind outside the
active site, which we will discuss below.

INHIBITION OF SPERM-SPECIFIC GAPDH
IN MELANOMA CELLS

We have shown that along with the somatic GAPDH,
some melanoma cell lines contain significant amounts
(approximately 50% of total GAPDH content) of the
sperm-specific form of this enzyme [68]. This finding is in
good agreement with numerous data on the expression of
sperm-specific proteins in cancer cells. It can be assumed
that expression of GAPDS in some types of cancer cells is
responsible for the changes in their metabolism. As men-
tioned in the previous section, there is still no significant
progress in the search for selective GAPDS inhibitors.
However, the development of new approaches based on
the search for effectors that bind outside the active site of
the enzyme allows us to hope that such inhibitors will be
found. Their use will allow to reduce the efficiency of gly-
colysis or to change the ratio of metabolic pathways in
some types of cancer cells expressing GAPDS without
affecting the energy metabolism of normal cells.

INHIBITORS OF METABOLISM
OF TUBERCULOSIS MICOBACTERIA

The search for new compounds against the causative
agent of tuberculosis (Mycobacterium tuberculosis) is an
increasingly important task in the context of resistance of
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mycobacteria to known antibiotics. One of the targets for
new drugs could be mycobacterial GAPDH, that not only
catalyzes the most important glycolytic reaction, but also
participates in the transport of iron by interacting with
transferrin [69]. Boradia et al. suggested the existence of
an additional pathway of iron acquisition by mycobacte-
ria that includes internalization of transferrin with the
assistance of GAPDH associated with the surface of
mycobacterial cells. It is likely that compounds affecting
the activity and other functions of GAPDH could reduce
the viability of mycobacteria. However, GAPDH from M.
tuberculosis (https://www.uniprot.org/uniprot/P9WNE2)
has approximately 49.6% identity with the human
enzyme, and the structure of their active sites is virtually
the same (Fig. 1).

Hence, searching for compounds that would selec-
tively interact with the active or coenzyme-binding sites
of M. tuberculosis GAPDH seems to be ineffective, as evi-
denced by unsuccessful attempts of using GAPDH
inhibitors to suppress the viability of spermatozoa and
trypanosomes.

The search for ligands that would interact with
GAPDH outside the active site appears to be a more
promising approach. Such compounds could prevent the
binding of GAPDH to other proteins (for example, to
transferrin in the case of M. tuberculosis GAPDH) or
affect the catalytic activity or regulatory characteristics of
the enzyme. These studies are in the very beginning; how-
ever, recent advances in molecular modeling combined
with high-performance virtual and experimental screen-
ing give hope for the successful use of new types of ligands
selectively affecting certain isoforms of GAPDH.

Unfortunately, inhibition of glycolysis does not com-
pletely suppress the energy supply in M. tuberculosis
because of the efficient functioning of oxidative phospho-
rylation in mitochondria. Oxidation in mitochondria can
be specifically inhibited by bedaquiline or imidazo[1,2-
alpha]pyridine, whose anti-bacterial effect is due to the
specific inhibition of F,F-ATP synthase [70, 71] or res-
piratory complex bc, [72] in M. tuberculosis. However,
these compounds are not always sufficient to suppress the
vital functions of the mycobacteria due to the slow action,
development of resistance, expression of cytochrome bd,
and other factors, including the functioning of the gly-
colytic pathway [73, 74]. We believe that a new class of
drugs against M. tuberculosis can be created based on a
combination of specific inhibitors of GAPDH and oxida-
tive phosphorylation that would suppress both pathways
of energy production.

EFFECT OF GAPDH INHIBITION
ON METABOLISM AND PROTEIN GLYCATION

In the last section, we would like to discuss the unex-
pected effects of GAPDH inhibition on cell metabolism. If
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a decrease in the efficiency of glycolysis due to the inhibi-
tion or inactivation of GAPDH is obvious, the changes in
other processes involving GAPDH are not so predictable.
As noted above, the concentration of GAPDH in all types
of cells is very high. Perhaps one of the reasons for the high
concentration of this enzyme in the cell is the need to neu-
tralize the effect of its highly reactive substrate, glyceralde-
hyde 3-phosphate. The toxic effect of glyceraldehyde 3-
phosphate on proteins is due to its ability to modify the
sulfhydryl groups of cysteine residues, amino groups of
lysine residues, and guanidine groups of arginine residues.
However, functioning cells contain almost no free glycer-
aldehyde 3-phosphate, since after its formation from fruc-
tose 1,6-diphosphate, glyceraldehyde 3-phosphate is
mainly utilized by GAPDH in the glycolytic pathway or
isomerized to dihydroxyacetone phosphate (DHAP) (Fig. 2).
Even when the intensity of glycolytic reactions down-
stream of the GAPDH-catalyzed reaction is slowed down,
no glyceraldehyde 3-phosphate in a free state is present,
since it exists in the GAPDH-bound forms, such as
hemithioacetal or acyl-enzyme. Under certain conditions,
the intermediate product of the dehydrogenase reaction
(acyl-enzyme) can be isolated [75]. Therefore, to prevent
the toxic effects of glyceraldehyde 3-phosphate, the cells
have to maintain high concentration of active GAPDH.
Obviously, introduction of GAPDH inhibitors, as well as
enzyme inactivation, primarily by oxidation of sulfhydryl
groups or glycation, may lead to the accumulation of glyc-
eraldehyde 3-phosphate and changes in the ratio of meta-
bolic pathways shown in Fig. 2.

We would like to pay special attention to the glyca-
tion of GAPDH, since it had been ignored for a long
time. It is known that free amino groups in GAPDH can
be modified by various sugars (glucose, fructose, etc.) as a
result of non-enzymatic glycosylation (glycation).
Modification with methylglyoxal and similar compounds,
including glyceraldehyde 3-phosphate, is also referred to
as glycation. Methylglyoxal can be formed from the early
glycation products in a cascade of reactions or synthe-
sized in metabolic pathways associated with glycolysis
[76]. It was shown that methylglyoxal efficiently modifies
amino groups of lysine residues in GAPDH, which leads
to a decrease in the enzyme activity [77]. We found that
GAPDH glycation by its own substrate, glyceraldehyde 3-
phosphate, also results in the enzyme inactivation [78].
Naturally, GAPDH glycation by glyceraldehyde 3-phos-
phate at lysine and arginine residues cannot occur under
normal physiological conditions. Glyceraldehyde 3-
phosphate primarily binds to the sulfhydryl group of the
catalytic Cys150 residue that has an enhanced reactivity
due to the specific microenvironment of the active site
affecting its pK, value, i.e., the first step of glycolytic oxi-
doreduction takes place. The high content of GAPDH
that significantly exceeds the concentration of glyceralde-
hyde 3-phosphate and the glycolytic oxidoreduction
reaction explain the absence of free glyceraldehyde 3-
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Fig. 2. Possible effect of GAPDH inhibition on glycolysis and associated metabolic pathways. The scheme shows main steps of glycolysis lead-
ing under aerobic conditions to the formation of pyruvate that is further used in the Krebs cycle, as well as reactions involving GAPDH.
Oxidized GAPDH containing in the active site the sulfhydryl group oxidized to sulfenic acid (GAPD-SOH) has the acyl phosphatase activi-
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Thin gray lines, non-enzymatic reactions (glycation and formation of methylglyoxal from glyceraldehyde 3-phosphate and dihydroxyacetone

phosphate).

phosphate that could participate in glycation. However,
when GAPDH is inhibited by various ligands or when its
sulfhydryl groups are oxidized with reactive oxygen
species, glyceraldehyde 3-phosphate is not utilized and
can modify lysine and arginine residues of the enzyme,
resulting in an additional decrease in the GAPDH activi-
ty. This leads to further accumulation of free glyceralde-
hyde 3-phosphate and activation of glycation reactions. It
should be taken into account that the triose phosphate
isomerase reaction is shifted towards the formation of
DHAP (equilibrium constant K., = 0.048 at 25°C) [79],
which limits accumulation of glyceraldehyde 3-phos-
phate in the case of GAPDH inhibition. Nevertheless,
even in this situation, inhibition of GAPDH results in a
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significant increase in concentration of glyceraldehyde 3-
phosphate (6-7-fold when GAPDH is inhibited by
iodoacetate), and therefore, glyceraldehyde 3-phosphate
can participate in the glycation of the enzyme [80].
However, the main glycating agent is most likely methyl-
glyoxal formed from DHAP, since its concentration in all
the cases exceeds 10-fold the concentration of glyceralde-
hyde-3-phosphate. Obviously, GAPDH inhibition will
result in the increase in methylglyoxal concentration due
to its formation from DHAP.

Therefore, GAPDH inactivation or inhibition by any
mechanism leads to the increase in the concentrations of
free glyceraldehyde 3-phosphate and methylglyoxal, fur-
ther inactivation of GAPDH, and a new round of this
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process. GAPDH inhibitors not only reversibly reduce
the intensity of glycolysis but can also cause irreversible
inactivation of GAPDH and other enzymes via glycation.
These effects may be desirable consequences of the use of
GAPDH inhibitors in the cases described above, such as
suppression of viability of parasitic microorganisms or
cancer cells and reduction of sperm motility. At the same
time, it is GAPDH inhibition that can be an important
reason for the appearance of glycated proteins involved in
the development of pathological processes, for example,
neurodegenerative diseases of the amyloid nature [76].

It is also important to take into account the effect of
GAPDH inhibitors on the uncoupling of oxidation and
phosphorylation in glycolysis found in our works [3-5].
The uncoupling in glycolysis takes place when Cys150 of
the GAPDH active site is oxidized to sulfenic acid. The
involvement of the Cys150 sulfhydryl group in the inter-
action with inhibitors targeting GAPDH active sites (cat-
alytic, substrate-binding, or cofactor-binding) may pre-
vent the formation of sulfenic acid at Cys150. In this case,
the acyl phosphatase reaction (hydrolysis of 1,3-diphos-
phoglycerate without participation of 3-phosphoglycerate
kinase and ATP synthesis) will not proceed (Fig. 2).
Hydrolysis of 1,3-diphosphoglycerate by oxidized
GAPDH can lead to the acceleration of pyruvate forma-
tion with a decrease in ATP production. Under aerobic
conditions, glycolysis with zero ATP yield makes sense,
since it provides production of NADH and pyruvate for
more efficient oxidative phosphorylation in the mito-
chondria. However, it should be noted that sulfenic acid
reacts with reduced glutathione to form mixed disulfide,
which leads to the inhibition of acyl phosphatase activity
[38]. Therefore, the acyl-phosphatase activity of
GAPDH can be of importance when the content of GSH
in the cell is significantly lowered.

The most important metabolic process associated
with glycolysis is the pentose phosphate pathway (Fig. 2).
The fate of glucose 6-phosphate depends on many fac-
tors, the most important of which is the concentration of
NADP" in the cell. An increase in the NADP* concen-
tration stimulates utilization of glucose 6-phosphate in
the pentose phosphate pathway, which leads to the forma-
tion of NADPH. However, inhibition of glycolysis also
results in the utilization of glucose 6-phosphate in the
pentose phosphate pathway, given that this pathway was
discovered using conventional glycolysis inhibitors. It
should be noted that reversible GAPDH oxidation result-
ing in the glycolysis inhibition should increase the inten-
sity of the pentose phosphate pathway. This process was
studied in detail for S-glutathionylation of GAPDH [32].
Activation of the pentose phosphate pathway leads to the
accumulation of NADPH (glutathione reductase coen-
zyme) and subsequent increase in the concentration of
GSH that is necessary for the reactivation of GAPDH
and stimulation of glycolysis. Obviously, this regulatory
mechanism does not work in the case of irreversible
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GAPDH inhibitors. However, apart from S-glutathiony-
lation, other methods of reversible inhibition or inactiva-
tion of GAPDH may be useful in cases where it is neces-
sary to increase the content of NADPH and GSH. These
considerations may indicate an important role of
GAPDH in the regulation of cell redox status and the
need to take into account the diverse effects of GAPDH
inhibition on cell metabolism.

Of course, inhibition and, especially, inactivation of
GAPDH can lead to more serious consequences, not lim-
ited to the effect on the cell metabolism, first of all, emer-
gence of inactive, denatured, and aggregated forms of
GAPDH that play an important role in the formation of
amyloid structures in the cell. These aspects are beyond
the scope of this review and were discussed in detail in our
recently published articles [9, 76].
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