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Abstract—This review is focused on the mammalian sperm-specific glyceraldehyde-3-phosphate dehydrogenase (GAPDS).
GAPDS plays the major role in the production of energy required for sperm cell movement and does not perform non-gly-
colytic functions that are characteristic of the somatic isoenzyme of glyceraldehyde-3-phosphate dehydrogenase. The
GAPDS sequence is composed of 408 amino acid residues and includes an additional N-terminal region of 72 a.a. that binds
the protein to the sperm tail cytoskeleton. GAPDS is present only in the sperm cells of mammals and lizards, possibly pro-
viding them with certain evolutionary advantages in reproduction. In this review, studies concerning the problems of
GAPDS isolation, its catalytic properties, and its structural features are described in detail. GAPDS is much more stable
compared to the somatic isoenzyme, perhaps due to the necessity of maintaining the enzyme function in the absence of pro-
tein expression. The site-directed mutagenesis approach revealed the two GAPDS-specific proline residues, as well as three
salt bridges, which seem to be the basis of the increased stability of this protein. As distinct from the somatic isoenzyme,
GAPDS exhibits positive cooperativity in binding of the coenzyme NAD*. The key role in transduction of structural changes
induced by NAD" is played by the salt bridge D311—H124. Disruption of this salt bridge cancels GAPDS cooperativity and
twofold increases its enzymatic activity instead. The expression of GAPDS was detected in some melanoma cells as well. Its
role in the development of certain pathologies, such as cancer and neurodegenerative diseases, is discussed.
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Glyceraldehyde-3-phosphate dehydrogenase (GAPD)
is one of the most common and well-studied enzymes. By
now, the mechanism of oxidative phosphorylation of glyc-
eraldehyde-3-phosphate has been examined in every
detail, and so are the structures of glyceraldehyde-3-
phosphate dehydrogenases isolated from a number of
organisms — from bacteria to humans. The native GAPD
protein molecule consists of four identical subunits of
36 kDa and has four active centers, each comprising the
coenzyme- and the substrate-binding regions. GAPD
catalyzes the reaction of glycolytic oxidoreduction result-
ing in the first macroergic compound of glycolysis — 1,3-
diphosphoglycerate, which is later metabolized to pro-
duce ATP. The GAPD-catalyzed reaction also leads to

Abbreviations: GAPD, somatic glyceraldehyde-3-phosphate
dehydrogenase; GAPDS, sperm-specific glyceraldehyde-3-
phosphate dehydrogenase; GdnHCI, guanidine hydrochloride;
K, Michaelis constant.

* To whom correspondence should be addressed.

the reduction of NAD* to NADH, which is a substrate of
oxidative phosphorylation in eukaryotic mitochondria.
The present review centers on the animal GAPD, which
has been demonstrated to be a multifunctional protein.
Moreover, some animals have acquired an additional
sperm-specific isoenzyme of GAPD, which will be the
main topic of discussion in this work. However, before we
proceed to this isoenzyme, we must review the properties
of somatic GAPD first.

GAPD is known to be present in the cytoplasm of all
somatic cells of animals in huge concentration — its con-
tent reaches from 5 to 15% of all soluble proteins. GAPD
is a constitutively expressed protein encoded by a so-
called “housekeeping gene”. For that reason, the GAPD
protein and its mRNA are commonly used as standards in
protein expression studies. For a long time, it was
assumed that GAPD was not recruited for regulatory pur-
poses and that there was no connection between the
activity of this enzyme and the development of patholo-
gies. However, data appeared on non-glycolytic functions
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Fig. 1. Futile cycle of glycolysis — uncoupling of oxidation and phosphorylation [33, 34].

of GAPD. It was found to participate in a number of
processes that might be connected with various patholog-
ical states: endocytosis [1-3], plasmatic membrane fusion
[4], microtubule assembly [5-7], transport of secretory
vesicles [8, 9], protein phosphorylation [10, 11], control
of gene expression at the levels of both transcription and
translation [12-14], regulation of the structure of telom-
eres [15, 16], nuclear membrane fusion [17], mRNA
translocation through the nuclear membrane [18], DNA
excision repair [19, 20], and apoptosis induction [21-25].
GAPD can also be involved in the development of neu-
rodegenerative diseases such as Alzheimer’s disease [26-
28] and Huntington’s disease [28-30].

We must also point to the possibility of GAPD
recruitment in the development of cancer. Disturbances
in induction of apoptosis and regulation of glycolysis are
among the other abnormalities characteristic for cancer
cells. GAPD can be involved in both processes. For
example, the Pasteur effect (suppression of glycolysis
under aerobic conditions) is not characteristic for cancer
cells. Glycolysis runs fast in cancer cells and is not slowed
by oxygen. Such a change in metabolic regulation is
known as the Warburg effect. Following Warburg, the
switch to anaerobic-type metabolism results in
autonomous uncontrolled living of a cell: it starts to
behave as an independent organism aiming to reproduce
itself [31, 32]. The acylphosphatase activity of partially
oxidized GAPD, which was discovered in our laboratory,
can play a certain role in coupling of glycolysis with
oxidative phosphorylation. We showed that the partial
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oxidation of GAPD uncouples glycolytic oxidation and
phosphorylation in normal cells, which allows coordina-
tion of the reactions of oxidative phosphorylation with
the reactions of glycolysis (Fig. 1) [33, 34].

Moreover, in our studies, as well as in studies carried
out in other laboratories, GAPD has been shown to form
complexes with other glycolytic enzymes [35-38], as well
as with structural elements of the cell, which can regulate
the rate of glycolytic flux [5, 39-41]. Evidently, changes in
GAPD properties or expression of its isoenzymes in can-
cer cells can alter the coupling of glycolysis and oxidative
phosphorylation and GAPD-specific protein—protein
interactions, leading to the Warburg effect or any other
abnormality of energy metabolism.

During the last 15 years, many data about the partici-
pation of GAPD in the induction of apoptosis have been
published [21, 42-45]. In normal cells, enzymatically active
tetrameric molecules localized in the cytoplasm represent
most of the GAPD. A certain amount of GAPD is adsorbed
on structural elements of cells, such as the actin stress fib-
rils, microtubules, etc. Perhaps, a portion of the adsorbed
GAPD is represented by dimers and monomers, which
allows its identification by monoclonal antibodies specific
to non-native forms of this protein. The situation changes
upon exposure of cells to cytotoxic factors and induction of
apoptosis by tumor necrosis factor or hydrogen peroxide.
In these cases, the dimeric and monomeric GAPD mole-
cules tend to translocate to the nucleus, as shown in Fig. 2.

The scheme represents processes occurring on
induction of apoptosis by reactive oxygen species. In the
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Fig. 2. Hypothetical scheme representing the intracellular translocation of somatic GAPD forms in the case of oxidative stress.

first step, the sulfhydryl groups in the active centers of
GAPD are oxidized, which leads to a decrease in the
coenzyme NAD* binding affinity. The resulting apoen-
zyme of GAPD dissociates into subunits, which then are
passively transported into the nucleus. The protein is fur-
ther unfolded to expose the nuclear export signal (NES)
upon its binding to intranuclear nucleic acids. The dena-
tured polypeptide chains of GAPD are then transported
to the cytoplasm, where they can undergo some further
changes, ¢.g. aggregating, binding to chaperones, or
becoming ubiquitinated. The transition of the denatured
GAPD species from cytoplasm to nucleus is also charac-
teristic for some cancer cells such as HelLa.

During the induction of apoptosis, GAPD evidently
acts not as a glycolytic enzyme, but as a protein messen-
ger, participating in a number of protein—protein and
protein—ligand interactions. An important role is
reserved for the strong and cooperative binding of the
coenzyme NAD®, the possibility of regulating this bind-
ing by the modification of the active center sulfhydryl
groups and, finally, to the nuclear export signal. Also, it
should be pointed out that all these features are charac-
teristic for the somatic isoenzyme of glyceraldehyde-3-
phosphate dehydrogenase, which was the studied object
in most of the studies. The absence of any of those fea-
tures should considerably affect both energy metabolism
and the GAPD-dependent apoptosis induction pathways.

As mentioned above, the multifunctionality of
GAPD is known to be characteristic for the somatic
isoenzyme of mammals, since the experiments were
mostly carried out using either human or rabbit protein.
In brief, in mammalian cells, a cytoplasmic protein is

present, which performs not only glycolytic oxidoreduc-
tion, but also many other functions. Perhaps, some of the
enzymatic features of the mammalian somatic GAPD
(such as, e.g. negative cooperativity in coenzyme NAD*
binding, very high affinities for the first two NAD™ mole-
cules, high reactivity of the active center sulfhydryl
groups, etc.) are necessary not only for catalysis, but also
for the additional functions. Unfortunately, data about
the non-glycolytic GAPD functions in non-mammalian
species are virtually absent. For that reason, it is not pos-
sible to follow the evolution of the non-glycolytic GAPD
functions and their correlation with the protein structure.

However, mammals are known to possess another
GAPD isoenzyme, which is the sperm-specific glycer-
aldehyde-3-phosphate dehydrogenase (GAPDS). Many
of the functions of the somatic isoenzyme are not neces-
sary for GAPDS (e.g. processes involving translocation of
the protein through the nuclear membrane or its interac-
tions with nucleic acids). Therefore, comparative analysis
of the two isoenzymes would reveal the structural ele-
ments that are responsible for the functions specific to
each of them. Such analysis could also facilitate the use of
novel approaches for the enzyme rational design and help
to obtain new biocatalysts with predicted characteristics
for purposes of biotechnology by the use of the site-spe-
cific mutagenesis.

In this review, we would also like to pay attention to
another aspect that concerns some pathological processes
in human organism. GAPDS is known to have specialized
to maintain glycolysis and provide energy for the sperm
tail movement. This isoenzyme lacks most of the non-
glycolytic functions of its somatic homolog. These func-
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tions are not necessary in sperm cells, but the expression
of GAPDS in somatic cells must significantly affect their
metabolism and survival. In our studies, we demonstrated
GAPDS being expressed in certain cancer cells, which is
likely to affect their energy metabolism and the induction
of apoptosis [46]. Perhaps, the expression of GAPDS in
neural cells has its part in the development of neurode-
generative diseases of amyloid nature [47].

Taken together, in this review we will focus on the
basic properties of GAPDS, its role in energy supply of
sperm cell movement, its evolution, and its possible par-
ticipation in the development of pathological states when
expressed in somatic cells.

SPERM-SPECIFIC GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE

GAPDS is a sperm-specific isoenzyme of glyceralde-
hyde-3-phosphate dehydrogenase whose expression is lim-
ited to sperm cells. GAPDS is encoded by a separate gene
located on chromosome 19, and it is homologous to the
gene of the somatic GAPD located on chromosome 12 [48,
49]. The sequences of GAPDS and the somatic GAPD are
68% identical. GAPDS is built up of 408 amino acid
residues and has an additional N-terminal region of 72 a.a.
that is responsible for binding to the cytoskeleton of the
sperm tail [50]. The molecular mass of GAPDS predicted
from its sequence is about 44.5 kDa, but due to the enrich-
ment in proline residues, the GAPDS protein molecule
moves anomalously slow in the SDS-PAGE gels and results
in a band at the level of about 56 kDa [49].

Previously, we demonstrated that the sequence motifs
responsible for glycolytic functions are common for both
somatic GAPD and GAPDS. We also revealed some spe-
cific motifs responsible for the nuclear functions (DNA
repair and replication) and a signal determining the intra-
cellular localization in the sequence of the somatic
GAPD. The absence of those motifs in the GAPDS
sequence leads us to the conclusion that this isoenzyme
does not perform the nuclear functions that are character-
istic for the somatic enzyme. Additional evidence comes
from the fact that GAPDS is tightly bound to the insolu-
ble components of a cell via its N-terminal domain, which
may prevent it from performing some of the additional
functions as well. Perhaps GAPDS participates in the for-
mation of mitotic spindle in spermatids, while this is not
characteristic for the somatic GAPD [51].

GAPDS EVOLUTION

In our studies, the evolutionary history of the glycer-
aldehyde-3-phosphate dehydrogenase gene family was
investigated. The GAPD-1 and GAPD-2 isoenzymes
(corresponding to the mammalian somatic GAPD and
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GAPDS, respectively) were found to have orthologs in
other lineages of vertebrates [51, 52]. The divergence of
genes that encode those isoenzymes occurred in the
course of the early evolution of chordates and was not due
to either of the two vertebrate-specific full-genome dupli-
cations. The GAPD-1 gene encoding the somatic isoen-
zyme then underwent additional duplications in certain
lineages, while the GAPD-2 gene was lost by many species
and now is retained only by mammals, lizards, and fishes.

The main trend in the evolution of the vertebrate
GAPD-1 and GAPD-2 was the functional divergence.
The data provide evidence for the fish isoenzymes of glyc-
eraldehyde-3-phosphate dehydrogenase, which are
expressed in the same tissues, being specialized for per-
forming the different non-glycolytic functions (the mam-
malian GAPDS isoenzyme is also likely not to perform at
least some of the non-glycolytic functions of somatic
GAPD). Moreover, the GAPD-2 isoenzyme of mammals
and lizards evolved into a sperm-specific protein and
acquired an additional proline-rich domain to attach to
the sperm tail cytoskeleton. This attachment seems to be
mediated by a nonspecific interaction that involves at least
two different cytoskeletal proteins. In lizards, GAPD-2 is
expressed in some somatic tissues as well (those with rap-
idly dividing cells), but the form lacking the proline-rich
domain due to alternative splicing of its mRNA.

To conclude, the sperm-specific isoenzyme of glyc-
eraldehyde-3-phosphate dehydrogenase is present in the
sperm cells of mammals and lizards and supplies the
sperm tail with the energy required for its movement. This
acquisition should provide an evolutionary advantage for
the reproduction of those organisms. It is interesting that
the expression of GAPD-2 in the regenerating tissues of
lizards has a side effect connected with the supply of rap-
idly dividing cells with glycolytic fuel. In turn, the expres-
sion of GAPDS in the somatic tissues of mammals might
lead to pathologies, which will be discussed in the end of
this review.

ROLE OF GLYCOLYSIS AND GAPDS
IN ENERGY SUPPLY OF SPERM CELLS

Sperm cell movement requires much energy of ATP
hydrolysis, which is consumed by the motor protein
dynein [53]. In animal cells, ATP is mostly generated in
the course of the two processes: glycolysis and oxidative
phosphorylation.

Localization of mitochondria in the mid piece of the
sperm tail raised doubts about the ATP diffusion rate
being fast enough to meet with the energy requirements of
its distal part [54, 55]. It was calculated that the diffusion
of ATP produced in the course of oxidative phosphoryla-
tion can cover ATP consumption in sperm cells with
shorter tails, such as those of the sea urchin
Strongylocentrotus purpuratus (40 um) [56, 57]. However,
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the sperm cells of mammals generally have much longer
tails. For example, the sperm tails of rodents can exceed
105 um [58]. Moreover, the models used for the calcula-
tions treated ATP apart from ADP and inorganic phos-
phate. The use of energy accumulated in the form of ATP
is known to be effective only when the reaction ATP <
ADP + P, is shifted away from equilibrium. In the cyto-
plasm of a somatic animal cell, the P; concentration is
maintained at the level of 10 mM, while the ATP/ADP
ratio is about 105 times higher than in equilibrium [59].
In the distal part of the sperm tail, the ATP concentration
is lower than in the proximal part, where the ADP and P,
concentrations should be higher. Therefore, the reaction
of the ATP hydrolysis should be shifted towards equilibri-
um, thus being less effective [55].

In the mid-1980s, the hypothesis of the creatine
phosphate energy shuttle was proposed. The reaction
ATP + creatine <> ADP + creatine phosphate can main-
tain the ATP/ADP ratio at a relatively constant level.
Creatine phosphate is also able to provide a more efficient
energy transfer along the sperm tail because of its higher
diffusional mobility [60]. Creatine kinase, an enzyme cat-
alyzing the transfer of the phosphate group between ATP
and creatine, was later discovered in the sperm cells of the
sea urchin [61]. However, in the sperm cells of all exam-
ined mammalian species, this enzyme either was not
found or demonstrated decreased enzymatic activity lev-
els [53, 62, 63]. The creatine phosphate production in
mammalian sperms was also shown to be close to zero
[64, 65], thus giving the evidence for the creatine phos-
phate shuttle playing an insignificant role or even not
functioning. This conclusion meets with the data on
knockout mice lacking creatine kinase: those mice were
fertile, and their sperm cells were as motile as those of the
wild type animals [62].

As distinct from the sperm cells of the sea urchin,
which oxidize fatty acids [66], mammalian sperm cells
utilize mainly carbohydrates [67]. Such a fuel makes it
possible to generate ATP independently from the mito-
chondria in the cytoplasm of the sperm tail. The role of
glycolysis and oxidative phosphorylation in the energy
supply of the sperm tail was investigated by Mukai and
colleagues [67]. They used the sperm tail beat frequency
as an estimate of the efficacy of its energy supply. The fol-
lowing two indications for most ATP being generated in
the course of glycolysis were obtained:

— in the presence of glucose, the addition of the
oxidative phosphorylation inhibitors, such as antimycin A
and CCCP (carbonylcyanide m-chlorophenylhydra-
zone), did not affect the beat frequency;

— addition of pyruvate did not increase the beat fre-
quency when glycolysis was inhibited by 2-deoxy-D-glu-
cose (a non-metabolizable glucose analog).

However, in the same study it was found that the
sperm cells were able to maintain their motility when
pyruvate was the only accessible energy source. To explain
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this observation, a hypothesis was proposed that pyruvate
serves as a substrate for gluconeogenesis, a process known
to be localized in mitochondria. The resulting glucose
then diffuses along the sperm tail to be metabolized in the
course of glycolysis. Since 2-deoxy-D-glucose inhibits
not only glycolysis, but also gluconeogenesis [68, 69], it
suppresses both pyruvate- and glucose-induced sperm tail
beating.

The efficacy of glycolytic flux in sperm cells is
secured by the presence of sperm-specific glycolytic
isoenzymes that are not present in other tissues. Those
isoenzymes are the sperm-specific forms of hexokinase,
phosphofructokinase, aldolase, phosphoglycerate kinase,
phosphoglycerate mutase, pyruvate kinase, lactate dehy-
drogenase, as well as the sperm-specific glyceraldehyde-
3-phosphate dehydrogenase (GAPDS), whose role will
be described below in detail.

The key role of GAPDS in providing energy for
sperm cell movement was demonstrated in experiments
on mice with GAPDS gene knockout [70]. In the absence
of this isoenzyme, the sperm cells did not maintain the
glycolytic flux. As the result, the ATP level constituted
only 10.4% of normal and the incubation of the sperm
cells for 4 h at 37°C decreased it to 2%. The sperm motil-
ity was also significantly decreased. The rotation of the
sperm tail, which started from its proximal part, did not
spread towards the distal part. Such sperm cells were not
capable of progressive movement, and the male mice
bearing the homozygous mutation were sterile. The
described mutation did not affect the consumption of
oxygen and the ATP production rate in the course of
oxidative phosphorylation. The structure of the sperm tail
cytoskeleton was morphologically undisturbed as well.
Thus, GAPDS is the only active isoenzyme of glyceralde-
hyde-3-phosphate dehydrogenase in mature spermatozoa
and plays the key role in the energy supply of the sperm
cell movement.

We examined the correlation between the enzymatic
activity of GAPDS and the motility of sperm cells [71].
The mean activity of GAPDS in low motility sperms was
2.5-3 times lower than in highly motile sperms. The
sperm motility decreased in the presence of superoxide
anion, hydroxyl radical, or hydrogen peroxide. The
decrease in motility upon addition of hydrogen peroxide
was proportional to its concentration and correlated with
the GAPDS enzymatic activity (= 0.96). Based on these
data, as well as the literature data about the necessity of
GAPDS for sperm cell movement, we concluded that the
decrease in sperm motility was caused by the oxidation of
GAPDS and the consequent inhibition of glycolysis.

The decrease in sperm cell motility upon oxidation
of GAPDS is an indicator of the antioxidant defense sys-
tem being not capable of removing the excess reactive
oxygen species, which therefore could damage the
genome. Thus, such a decrease can be considered as a
natural biological barrier, which prevents fertilization of
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the egg cell by sperm cells with defective genomes. This
means that treatments for enhanced sperm motility must
be targeted not against reactive oxygen species, but
against the reasons for their excessive production, such as
avitaminosis, intoxication of the organism, or inflamma-
tory diseases of the urogenital system.

CATALYTIC PROPERTIES OF GAPDS

Data on the catalytic, regulatory, and physicochem-
ical properties of GAPDS are virtually absent because the
purification of sperm-specific enzymes is rather compli-
cated. GAPDS was once purified from boar spermatozoa,
but its catalytic characteristics were not examined [72].
Purification of recombinant GAPDS did not succeed
because of the formation of the heterotetrameric com-
plexes composed of both the recombinant protein sub-
units and the FE. coli glyceraldehyde-3-phosphate dehy-
drogenase subunits. Even the crystal structure of GAPDS
was first resolved for such a hybrid tetramer [73].

We began our studies with the purification of
GAPDS from human sperms [74]. At this stage, we inves-
tigated the properties of the enzyme with truncated N-
terminus. Later, comparison of its characteristics with
those of the recombinant protein lacking the N-terminal
domain gave us evidence for the recombinant protein
being in the native state.

The recombinant protein was expressed with plasmid
DNAs encoding the full-length GAPDS and its truncat-
ed version lacking the N-terminal domain (dAN-GAPDS).
Neither contained any tags, and we used the traditional
method of ammonium sulfate fractionation combined
with ion-exchange chromatography for their isolation.
The extraction of the full-length GAPDS failed because
the protein accumulated in insoluble inclusion bodies
during expression. Those inclusion bodies did not solubi-
lize even upon addition of detergents. In contrast, we
managed to isolate and study the properties of the dN-
GAPDS protein. The specific dehydrogenase activity, its
pH-dependence, and the K., values for both NAD* and
glyceraldehyde-3-phosphate determined for the recombi-
nant dN-GAPDS do not significantly differ from those of
the protein purified from human sperm (Table 1). Both
proteins lacked the N-terminal domain. Considering that
in vivo the hydrophobic N-terminal domain is bound to
the fibrous sheath of the sperm flagellum and does not
interact with the catalytic part of the protein, dN-
GAPDS seems to be an adequate model for our investiga-
tions. It should also be noted that three of the four N-ter-
minal domains of the GAPDS tetramer in sperm cells are
likely to be truncated as well due to the limited proteoly-
sis, since the purification of the full-length polypeptide
chains did not succeed even after adding detergents.
Perhaps, in human sperms, GAPDS exists as a tetramer
of a subunit bound to the cytoskeleton and three other
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subunits without the AN-terminal domains. Therefore,
dN-GAPDS should resemble the protein that functions
in sperms even better.

The catalytic characteristics of GAPDS from human
sperms, recombinant dN-GAPDS, and the somatic
GAPD are present in Table 1. According to these data,
the catalytic properties of the somatic and the sperm-spe-
cific isoenzymes are different. First, the specific dehydro-
genase activity of dN-GAPDS is almost 2-fold lower than
the activity of the somatic GAPD, while the optimal pH
values are the same. The K|, value for glyceraldehyde-3-
phosphate determined for dN-GAPDS 2-fold exceeds
the value determined for GAPD. In contrast, the K, value
for NAD* determined for dN-GAPDS is about 2.5-fold
lower than the value determined for GAPD. The two
enzymes exhibited the same sensitivity towards hydrogen
peroxide oxidation.

The cooperativity characteristics of the two isoen-
zymes were the most interesting. The somatic GAPD
protein is known to exhibit a quite rare negative coopera-
tivity in NAD* binding: the first two coenzyme molecules
are bound extremely tightly (K; is equal 107'"'-10~" M),
while the last two molecules are bound much weaker (K
isequal 1071072 M) [73, 76]. This effect is considered to
stabilize the enzyme at the expense of the constantly
bound two NAD" molecules and at the same time
enhance its catalytic activity due to the active sites with
weaker affinities to the coenzyme. We suppose that nega-
tive cooperativity of the somatic GAPD plays a key role in
non-glycolytic functions. In our previous work, the oxi-
dation of the active site sulfhydryl groups was shown to
decrease the affinity to the cofactor and increase the
affinity to nucleic acids. This process is probably linked
with the dissociation of somatic GAPD, which precedes
its denaturation and participation in the induction of
apoptosis under oxidative stress.

According to our data and in contrast to the somatic
GAPD, dN-GAPDS exhibited positive cooperativity,
which is characteristic for the glyceraldehyde-3-phos-

Table 1. Enzymatic properties of dN-GAPDS isolated
from human sperms, recombinant dN-GAPDS, and the
somatic GAPD

Sperm dN- | Recombinant| Muscle
GAPDS | dN-GAPDS | GAPD

Specific dehydroge- 50 50-60 100-110
nase activity, u/mg
pH optimum 8.7 8.9 8.9
KS3P uM 770 540 £ 70 290 £ 60
KNADT uM 23 100 £ 10 270 £ 110
Oxidation by H,0,, - 0.54 £0.02 {0.60 £ 0.07
mM'min’!
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phate dehydrogenase from baker’s yeast [77]. The struc-
tural basis for this effect was studied by the site-specific
mutagenesis approach (see below).

QUARTERNARY STRUCTURE OF GAPDS

During the purification of GAPDS from sperm cells,
the enzymatically active protein accumulated in the insol-
uble fraction of cells after sonication. In our previous
work, we demonstrated that the treatment of human
sperm debris with trypsin released an active GAPDS frag-
ment of about 150 kDa (by Native Blue PAGE) into the
solution because of elimination of the N-terminal domain.
At the same time, the molecular mass of the protein sub-
unit determined by SDS-PAGE constituted about 40 kDa.
According to our investigations, GAPDS is probably a
tetramer composed of four identical subunits [74]. Similar
results were obtained for the recombinant dN-GAPDS.

Along with electrophoresis, dynamic light scattering
analysis was applied for the detection of oligomeric struc-
ture of dN-GAPDS [78]. Purified dN-GAPDS was
shown to be a protein 9.1 nm in diameter, which is close
to the size of the somatic tetrameric glyceraldehyde-3-
phosphate dehydrogenase (8.7 nm). Similar dimensions
of the protein indicate that dN-GAPDS, as well as
GAPD, is a tetramer.

ROLE OF CHAPERONIN Tric/CCT
IN FOLDING OF dN-GAPDS

The cytoplasmic chaperonin Tric/CCT was consid-
ered necessary for the folding of structural proteins.
However, the spectrum of its substrates is gradually
widening. We supposed that Tric/CCT could take part in
GAPDS folding because of following information. First,
the highest expression of Tric/CCT is observed in mam-
malian reticulocytes and testes, so this chaperonin may
take part in the folding of other proteins specific for these
tissues. Second, GAPDS is bound to the fibrous sheath of
the sperm flagellum through the hydrophobic N-terminal
domain. Therefore, Tric/CCT is likely to be one of the
main proteins providing the correct embedding of
GAPDS. According to our previous work, the chaperonin
Tric/CCT from testes was shown to enhance the reactiva-
tion of AN-GAPDS after denaturation in the presence of
guanidine hydrochloride [79].

In addition, the efficiency of chaperonin-assisted
reactivation of AN-GAPDS was studied using site-direct-
ed mutagenesis. Substitution of proline residues PI111,
P157, and P326 by alanine residues was shown not to
influence the chaperonin-assisted reactivation of the
mutant proteins in comparison with wild-type dN-
GAPDS. The Tric/CCT-assisted reactivation was ATP-
dependent in all examined cases.
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In contrast, Tric/CCT did not influence the refold-
ing of the muscle isoform of glyceraldehyde-3-phosphate
dehydrogenase. At the same time, the acceleration of
muscle lactate dehydrogenase refolding was ATP-inde-
pendent. Thus, GAPDS turned out to be a rather specif-
ic substrate of the chaperonin Tric/CCT.

STABILITY OF dN-GAPDS

During the purification and investigation of diverse
characteristics of sperm-specific GAPD, we noticed that
the sperm-specific enzyme exhibited enhanced stability
compared to somatic GAPD. The sensitivity of dN-
GAPDS towards denaturing conditions was investigated
by three methods: differential scanning calorimetry;
measurement of stationary ratio of native and denatured
forms of the protein at different concentrations of guani-
dine hydrochloride; rate of the protein inactivation in the
presence of 4 M guanidine hydrochloride (GdnHCI).
Each of these methods revealed a certain aspect of protein
stability: thermodynamic stability towards the enhanced
temperature; kinetic stability of the active site in the pres-
ence of GdnHCI; and thermodynamic stability in the
presence of GdnHCI, respectively.

GAPDS was shown to be more stable compared to
the somatic GAPD according to the data from all these
methods [78]. The biological role of the enhanced stabil-
ity of the sperm-specific enzyme may be associated with
its tissue-specificity. Inactivation of nuclear DNA and
elimination of a major part of the cytoplasm, which con-
tains molecules of the translation apparatus, are known to
occur at the end of spermatogenesis. Therefore, the same
GAPDS molecules should remain active over the whole
lifespan of a sperm cell (up to two weeks in humans) to
generate the energy required for its movement. For that
reason, GAPDS should exhibit enhanced stability com-
pared to the somatic GAPD, whose half-life is a few
hours. This hypothesis is supported by the fact that lactate
dehydrogenase C, another sperm-specific glycolytic
enzyme, is also known to have enhanced stability com-
pared to its somatic homologs [80].

BASIS FOR ENHANCED STABILITY OF dN-
GAPDS TOWARDS DENATURING CONDITIONS

Formation of cross-linked structures due to disulfide
bonding or noncovalent interactions (salt bridges or hydro-
gen bonds) is supposed to be the most widespread mecha-
nism of protein stabilization. According to X-ray structures
of the somatic GAPD and GAPDS, both proteins do not
contain any disulfide bonds; therefore, the enhanced sta-
bility of dN-GAPDS should have another explanation.

Both isoenzymes contain 20 salt bridges per subunit,
sharing 12 of them. The sperm-specific isoenzyme contains
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fewer solvent-exposed salt bridges than the somatic GAPD,
but more salt bridges buried in the protein molecule. If the
exposed salt bridges have destabilizing effect, the enhanced
stability of dN-GAPDS could be explained by the decrease
in their number. Contrariwise, the stabilizing effect might be
attributed to the effect of the additional buried salt bridges.

Decrease in conformational entropy of a polypeptide
chain can also be achieved by increasing its rigidity.
Depending on their position, proline residues are supposed
to stabilize proteins by fixing their native conformation,
whereas glycine residues seem to increase the flexibility of
a polypeptide chain [81]. Alignment of the somatic GAPD
and GAPDS sequences revealed seven additional proline
residues specific for GAPDS, as well as nine glycine
residues that are present only in the somatic GAPD.

The enhanced stability of an enzyme taking part in
the production of energy required for the sperm cell
movement is likely to be crucial for efficient fertilization.
Perhaps this is the reason for the necessity of a special
sperm-specific isoenzyme of glyceraldehyde-3-phosphate
dehydrogenase. Consequently, we have a convenient
object for studying the role of structural elements in the
stabilization of the protein structure. We decided to iden-
tify those sequence positions that are important for the
stabilization of GAPDS but do not affect its enzymatic
activity. Such data could be helpful for the engineering of
the novel thermostable enzymes to be used in biotechno-
logical applications.

The GAPDS sequence was shown to contain seven
additional proline residues compared to the somatic
GAPD (Fig. 3).

Proline is an imino acid differing from amino acid
residues in its conformational properties, because its side
chain is covalently bound to the nitrogen atom of the pre-
ceding peptide bond. The pyrrolidine ring of a proline
residue significantly restricts the rotation around the N-
Ca-bonds. Due to this characteristic, proline residues
can stabilize proteins by fixing their native conformation.
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Comparison of enzymes from mesophilic and ther-
mophilic organisms showed that thermophilic proteins
contained more proline residues in non-structured
regions, P-turns, and oa-helices compared to their
analogs from mesophilic organisms [81]. There are sever-
al examples of increased stability of proteins with a
replacement of specific amino acid residues with proline
residues. Introduction of prolines was shown to stabilize
the lysozyme of T4 phage [82], protease from Bacillus sp.
[83], thermolysin-like protease of Bacillus stearother-
mophilus [84], and oligo-1,6-glucosidase from Bacillus
cereus [85]. The authors of the last work formulated an
empirical so-called proline rule according to which pro-
line residues important for protein stability are preferably
located in the (i+1) position of -turns or in the first posi-
tion of a-helices. The stabilizing effects of these residues
are independent and additive. In the sequence of ther-
mostable GAPDS, six of seven additional proline
residues were shown to correspond to this proline rule:
three of them fall on the first position of a.-helices (P111,
P157, and P326), and the other three (P164, P197, and
P213) fall on the second position of B-turns [78]. To test
whether these proline substitutions in GAPDS are relat-
ed to its enhanced stability, we obtained six mutant forms
of dN-GAPDS, each containing a substitution of one of
the indicated prolines by an alanine residue (P111A,
P157A, P326A, P164A, P197A, and P213A). Then we
investigated the thermostability and the stability of
mutant proteins towards guanidine hydrochloride in
comparison with wild-type dN-GAPDS. Besides this,
comparative analysis of the X-ray structures of dN-
GAPDS and GAPD isoenzymes revealed three addition-
al buried salt bridges that might be significant for the sta-
bility of GAPDS (interdomain salt bridges D311—-H 124,
E96—H394, and intersubunit salt bridge E244—R320)
[78] (Fig. 4). To test this assumption, the contribution of
amino acid residues in thermostability of dN-GAPDS
was studied. The residues of aspartic and glutamic acids

GAPDS —ARELTVGINGFGRIGRLV
e N - R e e e MGKVK..V..........
11 157 164
GAPDS LRACMEK- GVKVVAVNDPFID.EYMVYMFKYDSTHGRYKGSVEFRNGQLVVDNHEISVYQCKEPKQIEIWRAVGSE}YVVESTGVYLSIQZ—\A
GAPD T..AFNSGK.DI..I...... IN...... Qe KFH.T.KAE..K..INGNP.TIF.ERD.SK.K.GDA.AE........ FTTMEK .
197 213
GAPDS SDHISAGAQRVVISAPSEDAPMFVMGVNENDYNElGSMNIVSNASCTTNCLAPLAKVIHERFGIVEGLMTTVHSYTATQKTVDGPSRKAWR
GAPD GA.LQG..K..I.....A.......... HEK.DN-=.LK.T...utuuueemnnenennnn DN.v v i iee e e N G.L..
310 326
GAPDS DGRGAHQNIIPASTGAAKAVTKVIPELKGKLTGMAFRVPT[PDVSVVDLTCRLAQPAPYSAIKEAVKAAAKGPMAGILAYTEDEVVSTDFL
GAPD . .... Lot i Guovvvn Nowoiinonn. AN..ovvunn.. EK..K.DD..KV..Q.SE..LK...G...HQ...S..N
GAPDS GDTHSSIFDAKAGIALNDNFVKLISWYDNEYGYSHRVVDLLRYMFSRDK
GAPD S..... R Hevooooa e ens F.o..N..... MAH.A.KE-

Fig. 3. Alignment of sperm-specific GAPDS and somatic GAPD. The N-terminal region of GAPDS, which binds the isoenzyme to the sperm
tail cytoskeleton and which was truncated in recombinant dN-GAPDS protein, is highlighted by color. The points in the GAPD sequence cor-
respond to the conserved residues. The gaps are shown by dashes. The GAPDS-specific proline residues are highlighted by rectangles.
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(D311, E96, and E244) involved in the formation of salt
bridges in the molecule of dN-GAPDS were replaced
with asparagine and glutamine residues, respectively.
Stability of the resulting mutant proteins (D311N, E96Q,
and E244Q) was investigated and compared with the
wild-type dN-GAPDS.

EFFECT OF POINT MUTATIONS
ON STABILITY OF dN-GAPDS

We obtained six mutant forms of dN-GAPDS with
the additional prolines substituted by alanines (P111A,
P157A, P326A, P164A, P197A, and P213A) and three
mutant forms with the disrupted additional salt bridges
(E96Q, D311N, E244Q).

All these mutants were enzymatically active (Table
2). The maximums of the particle size distributions and
the sedimentation coefficients determined by dynamic
light scattering and analytical ultracentrifugation, respec-
tively, were very close in the cases of the wild-type dN-
GAPDS and its mutant forms, which means that the lat-
ter are supposed to be tetramers too.

The stabilities of the dN-GAPDS mutants were
examined by the above-described methods in parallel
with wild-type dN-GAPDS and somatic GAPD.

The T,, values obtained for the somatic GAPD and
the wild-type dN-GAPDS differed by approximately 7°C.
The proline mutations (P326A) decreased the T, value of
dN-GAPDS by 6°C (Table 2). The mutations P164A and
P197A resulted in a moderate (3 and 2°C, respectively)
decrease in the T, value.

Among the mutations affecting the additional salt
bridges (E96Q, E244Q, and D311N), E96Q breaking the
interdomain salt bridge was the only mutation to signifi-
cantly decrease the T,, value compared to the wild-type
protein (by 2°C).

These data suggest that proline residues P326, P164,
and P197 along with the interdomain salt bridge
E96—H394 contribute to the thermostability of GAPDS.

The 4 M GdnHCl inactivation assay showed that two
of the examined proline mutations affected the active
center stability. The mutation P326A slightly increased
the inactivation constant value (from 0.13 to 0.17 min™'),
whereas the mutation P111A decreased the inactivation
constant almost two-fold (from 0.13 to 0.05 min™'). The
mutation D311IN breaking the salt bridge D311-H124
significantly (6-fold) increased the inactivation rate com-
pared to the wild-type protein (Table 2). The other muta-
tions did not affect the rate of inactivation. Thus, the
intersubunit salt bridge D311—H124 stabilizes the active
site of the sperm-specific protein dN-GAPDS.

Another method used for evaluation of the protein
stability was the determination the GdnHCI concentra-
tion [GdnHCIl]y, corresponding to the half-denatured
state of the protein. The native/denatured protein con-
centration ratios were estimated by the shift of the trypto-
phan fluorescence peak maximum from 335 to 355 nm
[86]. The values of [GdnHClI]s, calculated from the
denaturation curves are presented in Table 2. The muta-
tions P157A, P164A, P213A, and D311N decreased the
[GdnHCl]5, value compared to the wild-type protein,
indicating that those mutant forms were destabilized. On
the contrary, a pronounced stabilizing effect was observed
in the case of the mutation P111A, which increased the
value of [GdnHCl];, by 0.43 M. In the other cases, the
[GdnHCl]5, value was less affected or did not change.

As seen from Table 2, the largest effect on the ther-
mostability of AN-GAPDS was observed in the case of the
mutations P326A (first position of an a-helix) and P164A
(B-turn): the T, values of the heat-absorption curves
decreased by 6.0 and 3.3°C, respectively, compared to the
wild-type protein. The largest effect on the resistance of
dN-GAPDS towards GdnHCI was observed for the muta-
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Table 2. Properties of AN-GAPDS mutant forms compared to wild-type dN-GAPDS and somatic GAPD

Protein Position/role of mutated Specific activity, Inactivation T, °C [GdnHCl]5y, M
residue in structure umol NADH/ constant in 4 M
min mg protein GdnHCI, min™

GAPD 95+5 >10 61.4+0.5 0.24 £ 0.01;
1.09 + 0.01

dN-GAPDS 45+ 5 0.13+£0.01 68.6 £ 0.5 1.83 £0.02

dN-GAPDS first position of a-helix 47 +3 0.05+£0.01 70.5+0.5 2.26 £ 0.02

PI111A

dN-GAPDS first position of a.-helix 50+ 3 0.12 £ 0.01 69.1 £0.5 1.47 £ 0.02

P157A

dN-GAPDS first position of a-helix 47+ 3 0.17 £ 0.01 62.6 £ 0.5 1.77 £ 0.01

P326A

dN-GAPDS B-turn 47+ 3 0.12 £ 0.01 65.3+£0.5 1.70 £ 0.01

P164A

dN-GAPDS B-turn 64+3 0.15+0.01 66.9 £ 0.5 1.82 £ 0.01

P197A

dN-GAPDS B-turn 463 0.12 £ 0.01 67.5+0.5 1.55+0.01

P213A

dN-GAPDS interdomain salt bridge 9213 0.82 £ 0.01 70.4 £ 0.5 1.35+0.05

D311IN

dN-GAPDS interdomain salt bridge 64+5 0.13+0.01 66.6 £ 0.5 1.79 £ 0.02

E96Q

dN-GAPDS intersubunit salt bridge 603 0.13+£0.01 68.6 £ 0.5 1.78 £ 0.04

E244Q

tion D311N disrupting the interdomain salt bridge between
D311 and H124: the inactivation rate constant increased
approximately 6-fold and the [GdnHCl]s, value decreased
from 1.83 to 1.35 M. Besides, this mutation increased the
enzymatic activity of the protein approximately 2-fold.
Thus, residues P326 and P164 appear to be the most
important for enhanced thermostability of dN-GAPDS,
exhibiting no effect on the catalytic activity of the enzyme.
The salt bridge D311-H124 between the catalytic and
NAD*-binding domains increases the stability of both the
active center and the whole protein molecule towards
GdnHCI, reducing the catalytic activity of the enzyme
two-fold, but does not contribute into the thermostability.

EFFECT OF SUBSTITUTIONS DISRUPTING
GAPDS-SPECIFIC SALT BRIDGES
ON COENZYME BINDING

The effects of the mutations disrupting the GAPDS-
specific salt bridges E96—H394, D311-HI124, and
E244—R320 on the coenzyme-binding characteristics of
dN-GAPDS were investigated [77]. The GAPD trypto-
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phan fluorescence was quenched by the addition of
NAD?, which makes it possible to study the interactions
between the protein and the coenzyme by the use of fluo-
rescence titrations. In contrast to GAPD, which had been
previously reported to exhibit negative cooperativity in
coenzyme binding [75, 76], dN-GAPDS was found to

Table 3. Dissociation constants characterizing NAD*
binding to the wild-type dN-GAPDS and its mutant
forms

Protein K/, M K3, M K, M K, M
dN-GAPDS | 9.3x10°| 3.4x10° | 1.3x10° | 4.6 x 1077
wild type
dN-GAPDS | 1.7x 10| 47x10° | 1.3x10° | 3.5% 1077
E96Q
dN-GAPDS | 6.9x10°| 2.5%x10° | 9.1x 107 | 3.3x 1077
E244Q
dN-GAPDS | 9.3x 107 ] 9.3x 107 | 9.3x 107 9.3 x 1077
D311IN
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Fig. 5. NAD" binding to somatic GAPD (/), wild-type dN-
GAPDS (2), and its mutant forms E96Q (3), E244Q (4), and
D31IN (3).

exhibit strong positive cooperativity (Table 3). We sug-
gested that such a difference could be accounted for the
additional salt bridges E96—H394, D311-H124, and
E244—R320 (Fig. 4).

The binding curves obtained for the dN-GAPDS
mutant forms E96Q, D311N, and E244Q are shown at
Fig. 5. The fluorescence intensities were assumed to con-
form to the equation derived by B. Kurganov and col-
leagues [87]:

[INAD Jyoung = 4[Elr-(1 — F/Fy)/(1 — F./ Fy),

where [NAD"']y,uq is the concentration of the bound
coenzyme NAD', [E]; is the total concentration of
enzyme, F is the fluorescence intensity, F; is the starting
value of fluorescence intensity (at zero concentration of
NADY), and F,, is the final value of fluorescence (at the
saturating concentration of NAD"). The data were in per-
fect correspondence with the concerted model proposed
by Monod and colleagues and the sequential model for
both tetrahedral and square cases proposed by Koshland
and colleagues.

As seen from the binding curves represented in
Scatchard coordinates, the wild-type dN-GAPDS, as
well as the E96Q and E244Q mutants, exhibit a well-pro-
nounced positive cooperativity in coenzyme binding (Fig.
5, curves 2-4). The somatic isoenzyme exhibits negative
cooperativity (Fig. 5, curve 7). The D311N substitution
resulted in complete elimination of positive cooperativity
(Fig. 5, curve 5).

The calculated dissociation constants for all mutant
forms of dN-GAPDS are shown in Table 3. According to
these data, the E96Q and E244Q substitutions did not
alter the NAD"-binding behavior of dN-GAPDS: in all
cases, the dissociation constants of the first subunits were
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20-50-fold higher than the dissociation constant of the last
subunits. In contrast, the D311N substitution was found
to alter the coenzyme binding behavior of dN-GAPDS:
the mutant form bound NAD" noncooperatively, and the
dissociation constants for all subunits were the same
(9.3:1077 M).

Thus, the interdomain salt bridge D311—-H124 not
only stabilizes the active center of GAPDS, but it also
provides positive cooperativity in coenzyme binding.

EXPRESSION OF GAPDS IN MELANOMA CELLS

Expression of GAPDS mRNA in melanoma cells.
Sperm-specific proteins (or, to be exact, testis-specific
proteins) can be markers of certain oncological disorders.
Before our investigations, data about the expression of
GAPDS mRNA in cancer cells were virtually absent.
However, there were evidences for the presence of some
unusual forms of glyceraldehyde-3-phosphate dehydro-
genase in several types of malignant tumors [88].

We analyzed the information about the expression of
the GAPDS mRNA in 9765 samples available in the
ArrayExpress Database (www.ebi.ac.uk/arrayexpress,
accession numbers E-TABM-185, E-GEOD-2109, E-
MTAB-37, E-GEOD-7127, E-GEOD-10843, and E-
GEOD-7307). According to these data, GAPDS is not
expressed in the somatic tissues, as well as in most tumor
cell lines: the contents of its mRNA are two orders of
magnitude lower than in testes. Nevertheless, we observed
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Fig. 6. GAPDS mRNA levels in various melanoma cell lines and
in testes (according to data available in the ArrayExpress database,
www.ebi.ac.uk/arrayexpress, accession numbers E-TABM-185,
E-GEOD-7127, E-GEOD-7307, and E-GEOD-10843).
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high GAPDS expression levels in some melanoma cells,
such as, e.g. A15 and MM200 (Fig. 6).

Expression of GAPDS protein in melanoma cells.
We supposed that the GAPDS protein could be detected
in those cells with high levels of its mRNA. Therefore, we
assayed various melanoma cell lines for the presence of
GAPDS. For that purpose, antibodies were required
against both native (for immunoprecipitation) and dena-
tured species of the protein (for immunoblotting).

We developed a novel method for polyclonal anti-
body production that allowed us to obtain antibodies spe-
cific to either native and denatured species of GAPDS
[89]. These antibodies were used for immunoprecipita-
tion experiments, immunofluorescent staining of cells,
and detection of GAPDS after SDS-PAGE.

The above-described antibodies were used to detect
GAPDS in melanoma cells by immunoblotting.
Melanoma cell lines MellL, MelKor, and MelP were
obtained previously during collaborative work with
Blokhin Cancer Research Center of the Russian
Academy of Medical Sciences and Petrov Research
Institute of Oncology [90, 91]. As positive controls, we
used sperm cells and a preparation of the recombinant
sperm-specific dN-GAPDS. Teratocarcinoma cell
lysates, as well as a preparation of somatic GAPD from
rabbit muscles, were used as negative controls. The sperm
cells yielded a set of protein bands: a band of approxi-
mately 56 kDa corresponding to the full-length GAPDS
[49] and shorter bands corresponding to the products of
its proteolysis (37 and 36 kDa). A preparation of recom-
binant dN-GAPDS yielded a band of 37 kDa only. All the
examined melanoma cells showed a band of 37 kDa as
well [46].

Thus, the analysis of three different lines of
melanoma cells revealed a protein with subunit molecular
weight of approximately 37 kDa that interacted with the
antibodies against GAPDS. The revealed protein must be
a fragment of the full-length GAPDS (56 kDa). Such a
fragment can be a result of proteolysis of the full-length
protein, which occurred either in the course of sample
preparation or in the cells. It is also possible that, in the
melanoma cells, GAPDS is expressed without the N-ter-
minal domain.

We searched the mRNA section of GenBank and
found that GAPDS without the N-terminal domain can
present in actively reproducing somatic cells, such as
embryonic or regenerating tissue of the lizard Anolis caro-
linensis [52]. In these cases, the lack of the N-terminal
domain seems to be explained by alternative splicing.
Since the N-terminal domain is required for the attach-
ment of GAPDS to the cytoskeleton of the sperm tail, its
presence should not be essential for the catalytic activity
of the enzyme in somatic cells.

The presence of GAPDS in the lysates of the MelKor
and MelP cells was also shown by immunoprecipitation
[46]. For this, we used rabbit polyclonal antibodies
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against the native species of GAPDS, which were linked
to the protein G-Sepharose. The complexes were ana-
lyzed by SDS-PAGE. They resulted in a protein band of
approximately 37 kDa, which corresponds to the molec-
ular weight of dN-GAPDS. This band was identified as
GAPDS by MALDI mass spectrometry. It should also be
mentioned that the content of GAPDS in the MelKor
cells was significantly less than in the MelP cells.

The isolated protein complexes from the MelP cell
lysate also contained the somatic GAPD, and its content
was close to that of GAPDS. Since the antibodies used for
the immunoprecipitation are known to be specific to the
native GAPDS species and not interact with the somatic
GAPD, these data suggest that these protein complexes
represent heterooligomeric forms of the enzyme com-
posed of both somatic GAPD and GAPDS subunits.
Since dimer—dimer interactions in the GAPD molecule
are weaker than those between monomers, and the ratio
of the isoenzyme contents was close to one, the heterote-
tramers are likely to be composed of a dimer of the somat-
ic GAPD and a dimer of GAPDS. Such hybrid tetramers
had been already described in a previous study: the
expression of rat GAPDS in E. coli cells resulted in the
formation of tetramers composed of recombinant rat
GAPDS subunits and host GAPD subunits [73].
Presumably, in the melanoma cells, we observed a similar
situation.

We also demonstrated that the synthesis of the
GAPDS protein is specific for the melanoma cells only
and does not occur in cancer cell lines of other origins.
For this, we estimated the levels of the GAPDS mRNA
transcription in a number of non-melanoma cancer cells.
The presence of the GAPDS protein in the cell lysates
was also examined by SDS-PAGE with subsequent
immunoblotting. The data are present in Table 4. The
GAPDS-encoding mRNA was found to be virtually
absent in all the examined non-melanoma cells, and its
content was two orders of magnitude lower than in the
testes. The GAPDS protein product was not detected as
well.

Intracellular localization of GAPDS in melanoma
cells. We demonstrated that some lines of melanoma cells
express the sperm-specific isoenzyme GAPDS. As men-
tioned above, using mass spectrometry, we confirmed that
the protein detected in melanoma cell lysates, which
interacted with antibodies against GAPDS, was the
sperm-specific glyceraldehyde-3-phosphate dehydroge-
nase truncated at the N-terminal domain. Because the N-
terminal domain is necessary for the attachment of
GAPDS to the cytoskeleton of the sperm tail, it is obvious
that GAPDS without this domain is to be found in the
cytosolic fraction together with the cytoplasmic somatic
GAPD. To confirm this, we performed immunochemical
staining of MelP and MelKor melanoma cell lines with
rabbit polyclonal antibodies against native GAPDS.
Fibroblasts were used as the negative control, in which
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Table 4. The content of the somatic GAPD and GAPDS mRNAs in different tissues and cell lines

Cell line Tissue or type of cells Protein GAPDS (immunoblotting) | GAPDS mRNA | GAPD mRNA
testes + 1.0 7.21
fibroblasts - 0.04 14.87
HEK293T embryonic kidney - 0.04 8.16
SKOV-3 ovarian cancer cells - 0.02 6.39
HL60 promyelocytic leukemia - 0.04 9.72
LnCaP prostate adenocarcinoma - 0.03 9.21
Raji Burkitt lymphoma - 0.05 15.08
K562 erythromyeloblastoid leukemia - 0.03 11.29
PC3 prostate adenocarcinoma - 0.05 12.11
Jurkat T-cell leukemia - 0.04 14.04
HT-1080 fibrosarcoma - 0.04 8.48
A549 lung adenocarcinoma - 0.04 13.41
MCEF7 breast adenocarcinoma - 0.03 14.96
RKO colonic adenocarcinoma - 0.04 11.30
Melll melanoma +
MelP melanoma + 0.01-4* 7-14*
MelKor melanoma +

* Data spread are given for 63 melanoma cell lines (accession number GEOD-7127 in the ArrayExpress database).

the GAPDS protein already had been shown to be com-
pletely absent (Table 4). According to the results,
GAPDS is localized in the cytoplasm of melanoma cells
(fibroblasts used as the negative control did not stain). For
both types of cells, no staining was observed after treat-
ment with only the secondary antibodies against rabbit
IgG conjugated with the fluorescent dye. Similar results
were obtained for MelKor melanoma cell line, but the
staining of GAPDS was less intensive.

Cytoplasmic localization of GAPDS might induce
the formation of heterooligomeric complexes composed
of the sperm-specific and the somatic isoenzymes. On the
one hand, formation of such hybrid complexes is likely to
abolish some non-glycolytic functions of GAPD (e.g. the
induction of apoptosis). On the other hand, such com-
plexes may have enhanced stability because of the
GAPDS subunits. Thereby, such new characteristics of
the hybrid oligomers are supposed to alter metabolism of
tumor cells leading to increased survival of these cells and
enhanced extent of malignancy of the disease. We sup-
pose that the presence and the expression level of the

GAPDS gene may serve as a marker for the stage of tumor
progression along with E-cadherin, N-cadherin, MITE,
and S100A4/MTSI1 gene transcripts. According to our
data and the literature background, the GAPDS produc-
tion in melanoma cells can be a result of enhanced
expression of MITF transcriptional factor, but data about
the relationships between MITF expression level and
tumor aggression are contradictory, so this matter needs
further investigation.

It is worth noting that GAPDS without the N-termi-
nal domain can also be present in the actively reproduc-
ing somatic cells (embryonic and regenerating tissue
cells) of some vertebrates (Anolis carolinensis) [52]. This
means that the expression of GAPDS in a somatic cell
does not always mean that the cell is malignant. Probably,
expression of this protein gives some advantages for the
rapidly dividing cells in terms of the glycolytic energy
production. As we have shown, the recombinant dN-
GAPDS protein exhibits the specific glyceraldehyde-3-
phosphate dehydrogenase activity characteristic to the
somatic isoenzyme, but it is much more stable [78].
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Therefore, its expression may affect the metabolism of
cells.

Taken together, we demonstrated that the extracts of
some melanoma cell lines contain a protein of about
37 kDa that interacts with antibodies against GAPDS.
Since not all analyzed melanoma cell lines contained
mRNA encoding the full-length GAPDS, we supposed
that the GAPDS protein without the N-terminal domain
was expressed. The presence of GAPDS in melanoma cell
lines was shown by immunoprecipitation with subsequent
SDS-PAGE and mass-spectrometry analyses. The
immunochemical staining of MelP and MelKor
melanoma cell line lysates with rabbit polyclonal antibod-
ies against native GAPDS demonstrated the cytoplasmic
localization of GAPDS. We examined a number of
melanoma cell lines corresponding to different stages of
the disease. The GAPDS mRNA and its protein product
were detected only in those corresponding to the moder-
ate stages, whereas there was neither the mRNA nor the
protein in the cell lines corresponding to the final stages
(such as MelSi and MelIME).

The average annual increase in melanoma disease is
known to be one of the most considerable among all
malignant tumors [92, 93]. The cure rate directly depends
on the stage of the disease. Unfortunately, despite the
possibility of visual localization, only 62-65% of patients
were diagnosed in the initial stages, while the others had
advanced malignancies [94]. Therefore, the survival rate
is rather low. Obviously, the expression of GAPDS protein
at least in some melanoma cell lines gives hope for it being
used as a new specific oncomarker. GAPDS is not
expressed in other types of malignant tumor cells, and its
presence is typical of only a defined stage of the disease.
Of course, the development of a method of melanoma
diagnostics based on the detection of either GAPDS or
antibodies against it in patient’s blood requires more
investigations and clinical trials.

Participation of GAPD and GAPDS in metabolic
regulation and induction of apoptosis in normal and can-
cer cells is considered a major requisite for generating
antitumor drugs. Development of antitumor therapy
needs detailed comprehension of molecular and biochem-
ical processes underlying melanoma progression. The high
rate of glycolysis as the main source of energy in cancer
cells does not slow in the presence of oxygen. This is
known as the Warburg effect. According to the Warburg
hypothesis, switching to anoxic generation of energy leads
to autonomous uncontrolled cell life. Therefore, the cell
behaves like an independent organism aiming to repro-
duce itself [31, 32]. Some isoforms of different glycolytic
enzymes, particularly GAPDS, are likely to take part in
this effect. The expression of GAPDS in cancer cells may
alter the induction of apoptosis as well because the somat-
ic GAPD is involved in this process. In contrast to it,
GAPDS was not shown to participate in the complicated
intracellular translocations because of its enhanced stabil-
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ity and the absence of specific motifs in protein structure.
In addition, GAPDS may prevent the participation of
somatic GAPD in induction of apoptosis by interacting
with its subunits and forming stable heterotetramers. If
GAPDS is in fact involved in these metabolic and apop-
totic features, ligands capable of specific binding to
GAPDS could be considered as possible antitumor drugs.

CONCLUSION

Sperm-specific glyceraldehyde-3-phosphate dehydro-
genase is an interesting and convenient model for studies of
evolution, catalytic mechanisms, and stability of enzymes.
The comparative analysis approach, which was a common
tool half a century ago, makes it possible to obtain some
novel information on the structural basis of glyceraldehyde-
3-phosphate dehydrogenase functioning when combined
with methods of bioinformatics and site-directed mutagen-
esis. As recently found that some properties of GAPDS are
similar to those of the enzymes from microorganisms. For
example, GAPDS does not show negative cooperativity in
NAD" binding, which is characteristic for the somatic
isoenzyme of mammals. We plan to compare the structures
and catalytic parameters of human somatic GAPD and
GAPDS with those of GAPD from pathogenic microor-
ganisms (particularly from mycobacteria) and, based on the
findings, develop inhibitors of GAPDS and GAPD from
microorganisms that would have only slight effect on the
somatic GAPD. The experimental examination of such
inhibitors would be performed using recombinant proteins
and, later, on sperm cells. The well-established methods for
sperm storage and the motility assessment, combined with
the availability of the sperms of domestic animals, would
make this approach easy and convenient.

However, in conclusion, we wish to focus on the
medical aspects of sperm-specific glyceraldehyde-3-
phosphate dehydrogenase studies.

The connection between GAPDS and sperm motili-
ty is the most obvious. We demonstrated a correlation
between decrease in GAPDS enzymatic activity (e.g.
upon exposure to reactive oxygen species) and decrease in
sperm motility. Of course, this does not mean that antiox-
idants should be used to enhance the fertilization capaci-
ty of spermatozoa. On the contrary, oxidative stress can be
used to select sperm cells with the best antioxidant pro-
tection. Low concentrations of antioxidants (10 uM
hydrogen peroxide) activate antioxidative protection and
thus increase sperm motility through increase in GAPDS
enzymatic activity [95]. Moreover, a recent study demon-
strated that GAPDS molecules localized at the acrosome
surface participate in penetration through the membrane
of the egg cell [96].

The correlation between the enzymatic activity of
GAPDS and the motility of sperms motivated scientists
to carry out a search for novel male contraceptive agents.
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For that purpose, several research groups attempted to
isolate GAPDS and resolve its spatial structure. The X-
ray analysis of heterotetrameric construct composed of
rat GAPDS and FE. coli GAPD subunits and, later, the
recombinant human GAPDS homotetramer, showed that
the structures of the sperm-specific and somatic isoen-
zymes are quite similar, but not the same [73, 97].
However, a GAPDS-specific inhibitor has not been creat-
ed yet. Perhaps, the reason for this failure is that the
desired inhibitor should be specific, not affecting the
somatic isoenzyme.

Our findings on GAPDS expression in melanoma
cells raise again the problem of the GAPDS-specific
inhibitors. The suppression of glycolytic flux in
melanoma cells by such inhibitors may slow or even stop
the disease, especially in the case of their local applica-
tion. Fragmentary data on the participation of GAPDS in
the development of neurodegenerative diseases might also
give grounds for the use of such inhibitors for either treat-
ment or prophylactics.
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the Russian Science Foundation (project No. 15-14-
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