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Abstract—A surprisingly small number of human genes (19—20 thousand) is not consistent with a much larger
number of proteins and the number of their functions. One of the factors of functional diversity is the multi-
functionality of proteins. An important subclass of such proteins is moonlighting proteins, in which one poly-
peptide chain performs two or more functions under different conditions. Often, these are various housekeep-
ing proteins — glycolytic, ribosomal, and others, which are abundant in the cell. In this review we consider
the structures and functions of several such proteins — the rpS3 ribosomal protein, cytochrome c, glyceralde-
hyde-6-phosphate dehydrogenase (GAPDH), transcription factors STAT3, B-catenin and p53. A switching
of their functions occurs due to violation of the balance between their synthesis, use, and degradation, intra-
cellular relocalization, and post-translational modifications. A significant role of the internal disordered
regions in the formation of intermolecular complexes with other proteins and nucleic acids is noted. The
emergence of multifunctional proteins during evolution is discussed.
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INTRODUCTION

Molecular biology of the twentieth century was
based on the classical postulates, such as “DNA con-
tains the information on the structure of all proteins and
RNA in the organism.” Data on all proteins and RNA of
the body is found in DNA. One more postulate was for-
mulated by Beadle and Tatum (1941): “One gene — one
enzyme” [1], which was later transformed into: “One
gene—one protein,” and after refinement— “One cis-
tron—one polypeptide chain.” Another important pos-
tulate was formulated by Anfinsen [2]: “The primary
protein structure, i.e. the amino acid sequence, which is
unambiguously determined by the nucleotide sequence in
DNA, unambiguously determines its spatial structure
and functional activity.”

However, the last data showed that these state-
ments are not accurately consistent with the current
state of molecular biology. It was early assumed the
existence of about a million genes in a human genome.
Then their number was reduced to 40—100 thousand.

Abbreviations: P—platform; PTM—posttranslational modifica-

tion;, E—enzyme; Apaf-1—Apoptotic protease-activating
factor 1; CTD—C-terminal domain; DBD—DNA-binding
domain; GAPDH—glyceraldehyde-6-phosphate dehydroge-

nase; IDR—intrinsically disordered region; MLP—moonlight-
ing proteins; NLS—nuclear localization sequence; pS3RE—
p53-response element; SLiM—short linear motif; SNP—single
nucleotide polymorphism; STAT3—signal transducer and acti-
vator of transcription 3; TAD—transactivation domain; TET—
tetramerization domain.

But in the early 21st century the genome sequencing of
humans and other organisms have led to the striking
discovery: a human genome has only about 20 thou-
sand genes encoding proteins [3]. This value is of the
same order as that of the primitive nematode Caenor-
habditis elegans. Where does the complexity of the
organism come from? What, if not the genes, is the
reason why a human differs from a worm? Probably,
the matter is not so much the genes as the proteins.
Indeed, the number of proteins is significantly greater
than the number of genes. There is no simple corre-
spondence. The exact amount of protein is unknown.
In the UniProtKB/Swiss-Prot database, about 500
thousand protein amino acid sequences were recorded
in 2014 [4]. The Protein Data Bank presents more than
150 thousand three-dimensional protein structures
[5]. The number of structural proteoforms, i.e. local
variations in the primary amino acid sequence, which
are determined in tissues by mass spectrometry, liquid
chromatography, two-dimensional or capillary elec-
trophoresis, and other methods, amounts to several
million [6, 7]. And the number of identified polymor-
phisms in the human genome exceeds 150 million [7].
Nevertheless, there is no doubt that information on all
cellular proteins is contained in the genome. But why
is the number of proteins many times greater than the
number of genes?

The main sources of the diversity of proteoforms
are: alternative splicing of mRNA, single nucleotide
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Table 1. Moonlighting protein databases
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Number
MLP databases of MLP proteins URL
(December 2018)
MultitaskProtDB-II (Multifunctional proteins including MLP) 694 http://wallace.uab.es/multi taskIl
MoonProt 361 http://moonlightingproteins.org/
MoonDB v2.0 351 http://moondb.hb.univ-amu.fr/

polymorphism (SNP), and covalent post-transla-
tional modifications (PTM). In the case of PTM,
small molecular groups — methyl, acetyl, phosphate,
etc., or long polymer chains — lipid, carbohydrate
(glycosylation), protein (ubiquitination), nucleotide
(poly-ADP-ribosylation) add to proteins. Small
inhibitory peptides can also be cleaved from the pro-
tein molecules. Nevertheless, despite the huge variety
of proteoforms, the number of canonical proteins that
are more common than other alternative forms, and
that are similar to orthologic forms in other organisms
[7], significantly exceeds the number of genes. Each
cell has its own set of proteins, the composition and
quantity of which (protein profile), is dynamic and is
determined by the complex network of signaling cas-
cades that respond to external impacts, which change
metabolism and homeostasis.

Protein diversity can be conditionally divided into
a variety of structures and a variety of functions. Dif-
ferent protein structures, for example, different splice
forms, can, although with different efficiencies, per-
form the same function. On the other hand, one pro-
tein can perform different functions under different
conditions. However, the presence of a large number
of structural proteoforms does not mean the equal
number of performed functions. Many proteoforms
are either inactive, or are eliminated in the cell. Amino
acid substitutions may be indifferent and not influence
protein activity, although in many cases they can
impair functions and lead to cell death [7].

The important factor of protein diversity and origin
of new proteins is alternative splicing, in which RNA
fragments, introns, are removed from pre-mRNA,
whereas remaining fragments, exons, cross-link.
Mature mRNA is then formed after an additional pro-
cessing. Each gene contains 4—5 exons in average;
sometimes more than 10. Their combinations can, in
principle, produce new proteins [8]. The numbers of
spliceforms (RNA transcripts) in human cells were
estimated to be around 80—200 thousand, i.e. from 4
to 10 for each gene [9]. However, the studies of expres-
sion of diverse genes in cells showed that only one pro-
tein isoform is actually produced. It corresponds opti-
mally to the biological purpose, is more conservative
and does not have disturbances in functional domains.
Alternative splicing is tissue and species-specific.
Alternative spliceforms may predominate in various
tissues or organisms, but their number is usually lim-
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ited. Although many pre-mRNAs can undergo alter-
native splicing, most spliceformss in cells are not really
translated and not produced [9]. For example, the
amyloid precursor protein gene (APP) contains
18 exons. However, only three alternative isoforms are
produced in cells: APP695, APP751 and APP770.
APP695 predominates in the brain [10]. Apparently,
alternative splicing plays a limited role in complicating
of the cellular proteome.

Multifunctional Proteins

The multifunctionality of proteins is provided by
their structure, domain organization. Switching of
protein functions can occur upon binding of allosteric
regulators, post-translational modifications, changes
in intracellular localization and microenvironment,
under external influences, etc. This significantly
increases the functional predetermination given by
genes. According to December 2018 data, the Multi-
taskProtDBII database collected the infirmation on
about 700 multifunctional proteins (Table 1) [11, 12].

Schematically, proteins can be divided into two
categories:

(1) “Enzymes” (E) that carry out biochemical or
biophysical processes with transport of charged parti-
cles (electrons, protons, ions) or molecules, rupture or
formation of chemical bonds as a result of rearrange-
ment of electron clouds in the active center.

(2) “Platforms” (P), in which the surface regions
recognize the complementary surfaces of other mole-
cules during the assembly of supramolecular com-
plexes. The assembly includes the search and
approach of interacting molecules due to long-range
forces (electrostatic, van der Waals); docking; binding
of complementary surfaces mediated by electrostatic,
van der Waals, hydrogen and hydrophobic interac-
tions; conformational adjustment, and final activation
of the complex. The self-assembly of protein-protein
complexes of nucleic acid-protein complexes (ribo-
somes, nucleosomes, transcriptional and repair com-
plexes, etc.) is based on the recognition and interac-
tion of “platforms.” Depending on the strength of the
interaction, such complexes can be stable or short-
lived.

From a physiological point of view, many signaling
proteins such as protein kinases, phosphatases, acetyl-
transferases or deacetylases are multifunctional. Car-
rying out post-translational modifications (phosphor-
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Fig. 1. Combinations of the domains of the enzyme type
(E) and/or the recognition platform type (P) in MLP pro-
teins: (1) Region A—enzyme; Region B—platform (EP);
(2) Region A—enzyme; Region B—enzyme B (EE);
(3) Two platforms A and B (PP).

ylation, methylation, acetylation, etc.), they activate
or inhibit different proteins, turn on, turn off or switch
their functions and thereby regulate a variety of cellu-
lar processes. A higher level of regulation is performed
by transcription factors that regulate the expression of
many functionally related proteins. They carry out
complex cell reactions: changes in functional activity,
metabolic regulation, division, apoptosis, etc. The
physiological functions of such regulatory proteins are
mediated by the set of proteins, which are modified by
them.

‘We consider the proteins whose multiple functions
are not mediated by other proteins. They transform
substrates directly or recognize other molecules in the
course of assembly of supramolecular complexes.
Their functions switch upon changes of conditions.

Moonlighting Proteins (MLP)

In recent years, moonlighting proteins (MLP)
attract the increasing attention. This term means a
moonlighting, or second work. MLP is a subgroup of
multifunctional proteins in which one polypeptide
chain encoded by one gene can form different spatial
structures and, under different conditions, perform
two or more biochemical and biophysical functions.
Each function is regulated independently of the others
[13—18]. From the functional point of view, MLP is a
combination of the enzyme-type domains (E) and/or
the recognition platforms (P) (Fig. 1).

Several hundred MLPs have already been identi-
fied at the all levels of the evolutionary tree from bac-
teria to higher organisms. Many of them are very con-
servative [11, 12]. MLP perform diverse functions.
They are often the abundant housekeeping proteins,
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which are expressed in large quantities in cells. Some
components of glycolysis, Krebs cycle, chaperones,
ribosome proteins, transcription factors, cytoskeleton
components, cell surface receptors, cell adhesion pro-
teins, etc. are MLP [13—17]. For example, 7 out of
10 proteins of glycolysis, 7 out of 8 the Krebs cycle
proteins, or various ribosomal proteins (rpS3, rpL10A,
rpL13a, etc.) are moonlighting proteins. The informa-
tion on more than 350 MLPs is presented in the data-
bases MultitaskProtDB-II, MoonProt and MoonDB
v2.0 (Table 1) [11, 12]. Examples of different MLPs
are shown in Table 2. We consider here some of them.

Ribosomal Protein rpS3

More than a dozen ribosomal proteins participate
in various non-ribosomal protein complexes in the cell
nucleus. They are involved in DNA repair, regulation
of transcription and other functions. For example, the
rpS3 protein, a component of the 40S ribosome sub-
unit, performs a variety of additional functions [19—
21]. After production in the cytoplasm, it is transferred
to the nucleus, where it used for the ribosome synthe-
sis. However, some its amount activates the transcrip-
tion factor NF-kB. It enhances the affinity of p65, the
NF-xB subunit, to gene promoters. After p65 binding
to the rpS3 domain KH (Fig. 2), NF-xB binds to pro-
moters of genes, which it regulates. The C-terminal
domain of rpS3 is also involved in DNA repair (Fig. 2)
[21]. The different functions of rpS3 are mediated by
phosphorylation of different amino acids and binding
of various proteins to its domains. So, after phosphor-
ylation of serine 209 and threonines 42 and 221 by pro-
tein kinases IKKPB, ERK and PKCJ, respectively
(Fig. 2), rpS3 is involved in the recognition of DNA
damage and, due to its endonuclease activity, contrib-
utes to excision repair. In the case of rpS3 excess, its
KH domain can bind p53 and stimulate apoptosis.
Overexpression of rpS3 leads to DNA condensation,
degradation of PARP protein and A/C lamin, as well
as the expression of proapoptotic caspases 3, 8, and 9
[21]. rpS3 can also bind to bacterial proteins NleH 1
and NLeH2, thereby regulating the cell response to
microbial pathogenesis [29]. rpS3 exhibits MLP func-
tions as PP or PPP protein rather than EP protein.

Other ribosomal proteins also exhibit MLP proper-
ties. So, during ribosomal stress, when the ribosome
synthesis is disrupted, the ribosomal proteins rpL3,
rpL11 and others suppress the ubiquitin ligase
MDM2, which initiates the proteasomal degradation
of the proapoptotic protein p53. This leads to stabili-
zation and activation of p53 and stimulation of apop-
tosis. Fourteen ribosomal proteins demonstrated this
property. Probably this response of the organism to
genome instability was developed during evolution. In
eukaryotic cells, genes encoding various ribosomal
proteins are scattered across different chromosomes.
However, for the assembly of a ribosome the amount
of all ribosomal proteins must be equal. The genomic
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Table 2. Selected examples of MLP proteins
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Protein Function 1 Functions 2 + Type
e-Cristallin Element of lens Lactate dehydrogenase (glycolysis) PE
T-Cristallin Element of lens Enolase (glycolysis) PE
Lactate dehydrogenase Glycolysis ssDNA-binding protein EP
Glyceraldehyde-3-phosphate | Glycolysis 15-20 different functions including trans- | EE,
dehydrogenase (GAPDH) ferring receptor that mediates iron uptake; | EP
timidin hydrohylase; control of vesicular
traffic; tRNA export from the nucleus;
ssDNA-binding protein, etc.
Adhesin, toxin, and invasion in bacteria

Aconitase Krebs cycle (cytrate — isocytrate) | Fe homeostasis: Fe deficit activates expres-| EE
sion of genes that regulate Fe uptake. EP
Maintaining the stability of mitochondrial
DNA

Cytochrome ¢ Electron transport in mitochondria | Forms the complex with Apaf-1, dATP and | EP
procaspase 9 in the cytosol that initiates
apoptosis

pS3 The protein of a small ribosome After phosphorylation by protein kinase EP

subunit PKCS$ acquires endonuclease activity and | PP

participates in DNA repair; in a complex
with NF-kB regulates gene expression

STAT3 Transcription factor Activates electron transport in mitochon- | PP
dria

[B-Catenin Cell adhesion Transcription factor PP

pS53 Transcription factor Regulates cell cycle and DNA reparation; | PP
Stimulates apoptosis

instability can lead to an imbalance that disrupts the
assembly of functioning ribosomes. Thus, influencing
the ability of MDM2 and p53 proteins to regulate
apoptosis, the organism gets rid of cells with genome
instability [22].

Cytochrome ¢

Cytochrome c is an ancient protein that is present
at all levels of the evolutionary tree from microorgan-
isms to eukaryotes. It plays a significant role in cellular
bioenergetics. Cytochrome ¢ transfers electrons in
mitochondria, after translocation into the cytosol, it
stimulates apoptosis [23, 24]. In eukaryotic cells,

apocytochrome ¢, produced in the cytosol, is trans-
ferred to the intermembrane space of mitochondria.
There, two of its cysteine residues bind heme, thus
creating cytochrome c, which diffuses along the sur-
face of the inner mitochondrial membrane and trans-
fers electrons from cytochrome c; of the complex I1I to
the cytochrome oxidase complex IV. This reaction is
redox transformation of the heme iron: Fe’* + e <>
Fe?". The three-dimensional structure of mitochon-
drial cytochrome c is conservative. Due to its simplic-
ity, stability and accessibility the cytochrome c-medi-
ated electronic transport was thoroughly studied at the
atomic level. However, its moonlighting properties
and structural changes in different situations have not

Importin-a p65
% .
N z‘ Apoptosis KH DNA repair C
S6 T42 T70 S209 T221
(PKCd) (ERK) (PKB/AKkt) (IKKP) (PKCd)

Fig. 2. Structural scheme of the ribosomal protein rpS3 and sites of post-translational modifications. There are sites of serine S6
and threonine T221 phosphorylation by protein kinase PKCJ; serine S209 by kinase IKK[; threonines T42 and T70 by kinases

ERK and PKB/AKkt, respectively, indicated.
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Fig. 3. The structure of the apoptosome formed by seven
proteins Apaf-1 with integrated cytochromes ¢ (a). Com-
plementary binding of cytochrome to the WD1 and WD2
domains in the Apaf-1 protein (according to: Zhou et al.,
2015 [24]).

yet been studied in detail. Cytochrome ¢ has a rela-
tively flexible structure. It rearranges easily during var-
ious molecular interactions and changes of intracellu-
lar localization. A number of structural modifications
of cytochrome ¢ were revealed under different condi-
tions. It can also undergo various post-translational
modifications: phosphorylation, nitrosylation, etc.
Cytochrome ¢ can be transferred into an alternative,
partially expanded form, in which it does not transfer
electrons, but is involved in moonlighting functions
[23].

Cytochrome ¢ may be released from mitochondria
to the cytosol through the disruptions or Bax and Bak-
mediated megachannels in the outer mitochondrial
membrane. Cytoplasmic cytochrome ¢ forms apopto-
somes, a multi-protein complex that stimulates apop-
tosis [23—25]. Due to electrostatic interactions, it
binds to two “propeller” domains (WD) of the cytoso-
lic Apaf-1 (Apoptotic protease-activating factor 1)
monomers. This changes the conformation of Apaf-1,
in which bound ADP is replaced by dATP. As a result,
an apoptosomes, a stable heptameric complex of
7 subunits “Apaf-1—dATP—cytochrome ¢,” is formed
(Fig. 3) [23—26]. Apoptosome cleaves procaspase 9,
and active caspase 9 stimulates caspase 3, which fur-
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ther triggers the apoptotic processes. Interestingly,
such apoptosome structure is a late evolutionary
acquirement. In nematode C. elegans, the apopto-
somes consist of 4 CED-4 proteins, Apaf-1 homologs,
whereas in Drosophila they consist of 8 Apaf-1-like
proteins Dronc. These apoptosomes do not contain
cytochrome c, which is present only in vertebrates [25,
27]. As shown recently, when DNA is damaged, cyto-
chrome ¢ can translocate to the nucleus, where it
impedes the assembly of nucleosomes and thus
reduces cell survival. However, the molecular mecha-
nisms of this translocation and structural transforma-
tions of cytochrome ¢ have not been elucidated yet
[23].

Thus, cytochrome c is the EP-type MLP.

Bifunctional Proteins

Bifunctional proteins that are encoded by one gene
have usually two active centers in the domains sepa-
rated by a polypeptide chain, which perform different
functions. This are EE-type MLP. Often they catalyze
the sequential reactions of the same metabolic path-
way, in which the substrate or intermediate is trans-
ferred between domains (substrate channeling). This
can shorten their path and prevent their leakage into
the environment and the interactions with the external
metabolites. Moreover, the catalytic act in the center A
stimulates the intermediate transfer and induces the
opening of the “gate” for the intermediate in the cen-
ter B. The linker connecting these domains plays an
important role in stabilizing the conformation of one
of the domains and transmitting a signal of the activa-
tion of the first domain to another one [28—32]. Aro-
matic amino acids are often involved in the “gate”
mechanism due to their rotational ability. Their small
rotation can cause a significant displacement of the
side chains and a conformational transition that
increases the width of the “gate” [29, 30].

Tryptophan synthase is an example of such a
bifunctional protein. In it, the o domain cleaves
indole-3-glycerol phosphate into indole and D-glyc-
eraldehyde-3-phosphate. After the conformational
transition and movement of indole along the 25-ang-
strom tunnel, the B domain catalyzes the binding of
indole and serine and formation of tryptophan. In the
middle of the tunnel in domain f, the walls of the tun-
nel contain Tyr279 and Phe280. The twists and turns
of their aromatic rings provide a dynamic balance
between alternative conformations that open or close
the tunnel. The binding of the substrate to the a-sub-
unit stimulates the tunnel closing. After substrate
cleavage, the equilibrium between the open and closed
forms is restored, and indole is transferred to the -
subunit [29].

Another bifunctional enzyme is glucosamine-6-
phosphate synthase. In its N-domain, NHj is released
from glutamine. This causes a conformational transi-
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Fig. 4. The structure, functions and post-translational modifications of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Amino acids that are phosphorylated (P2'), acetylated (Ac) and nitrosylated (N) indicated.

tion with the opening of an 18-angstrom tunnel,
through which NHj is transferred on fructose-6-phos-
phate in the C-domain. This results in the synthesis of
glucosamine-6-phosphate [29].

Metamorphic Proteins

The so-called metamorphic proteins can switch
reversibly between fixed conformations under physio-
logical conditions. This is possible if the potential bar-
rier is not very large and the depth of the potential
wells does not differ much. This case contrasts to the
irreversible transition into a deeper potential well, a
trap, that is characteristic for the stable conformation
of a misfolded protein (misfolding trap). In metamor-
phic proteins a dynamic equilibrium is established
between these forms. The structural transition is facil-
itated by the presence of a flexible region in the middle
of the polypeptide chain.

A well-studied example of a metamorphic protein
is the checkpoint protein Mad2, which controls the
correct assembly of the mitotic spindle and initiates
mitosis arrest if the assembly is incorrect [33]. Inactive
open (O-Mad2) and active closed (C-Mad2) confor-
mations of this protein are in dynamic equilibrium.
The central core of Mad?2 retains its structure, whereas
the C- and N-terminal undergo to significant struc-
tural rearrangements. The transition between open
and closed conformations ensures the correct attach-
ment of microtubules to kinetochores, which is neces-
sary for accurate chromosome separation during mito-
sis [33].

GAPDH

A striking example of MLP is the glycolytic enzyme
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). This multifunctional protein is called the
“quintessence” of MLP. Except glycolysis, it is
involved in about 20 different functions. Such variety
of its functions is determined by oligomerization,
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intermolecular interactions, different microenviron-
ments in various cellular compartments, and post-
translational modifications [34—40]. On the cell sur-
face, GAPDH forms a complex with the transferrin
receptor, which mediates the iron uptake [38]. Binding
of GAPDH to the cell membrane promotes mem-
brane fusion and endocytosis. Cytoplasmic GAPDH
is involved in vesicle transport from the endoplasmic
reticulum to the Golgi complex. It also regulates the
stability of mRNA. In the nucleus, GAPDH is
involved in maintaining DNA integrity, regulation of
gene expression, tRNA export from the nucleus. In
addition, it regulates apoptosis [34—37]. Therefore,
GAPDH may be considered as a central regulator of
cell metabolism and as an information center [34—36,
39, 40].

GAPDH is a ubiquitous and abundant protein,
highly conserved throughout the evolutionary tree. In
somatic cells, it is encoded by a single gene. No alter-
native transcripts were found. GAPDH consists of
335 amino acids and has a mass of 37 kDa. Its coen-
zyme is NAD*. GAPDH contains the NAD*-binding
domain (amino acids 1—150) and the catalytic domain
(amino acids 151—335) (Fig. 4). The NAD"-binding
domain participates in mRNA stabilization and regu-
lation of translation. The membrane functions of
GAPDH are based on binding of phosphatidylserine
by amino acids 70—94 of the NAD*-binding domain
at the inner side of the cellular membrane. Mem-
brane-bound GAPDH catalyzes membrane fusion
and regulates Fe?* uptake, transport, and metabolism.
GAPDH also binds glutathione by amino acids 67—77.
Amino acids 258—270 in the catalytic domain are
involved in the export of tRNA from the nucleus [37,
38, 41].

GAPDH expression is dynamic and sensitive to
conditions in the cell: Ca*" level, hypoxia, iron con-
centration, cell cycle stage, etc. [37]. The functional
activity of GAPDH is significantly regulated. Post-
translational modifications, such as acetylation of
lysines 117, 160, 227 and 251, phosphorylation of thre-
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onine 237 and tyrosine 41, nitrosylation of cysteine
149, etc. (Fig. 4) regulate multiple GAPDH functions.
For example, cysteine 149 is very sensitive to oxida-
tion, which makes GAPDH to be a redox sensor and
homeostasis regulator in the cell [39, 40]. Its oxidation
increases the GAPDH ability to bind to tRNA and
DNA [41]. NO-mediated nitrosylation regulates heme
metabolism, cell response to oxidative stress and
apoptosis [38]. Acetylation of lysine 160 influences the
expression of a number of genes encoding proapop-
totic proteins p53, PUMA, and Bax. GAPDH phos-
phorylation affects vesicular transport, synaptic trans-
mission [34, 35]. However, the exact biophysical and
biochemical mechanisms of such diverse functions
have not been fully elucidated yet.

Currently, more than 100 studies of the three-
dimensional structure of GAPDH from microbes to
humans, both separately and together with different
substrates, intermediates, products, inhibitors, etc.,
have been carried out. GAPDH is usually a homote-
tramer, or to say more precisely, a dimer of two
dimers, consisting of 4 identical subunits [37]. In the
3D structure of the GAPDH tetramer, one can see two
transverse grooves with a length of 70 angstrom, in
which the sites of NAD™" and substrate binding are
located. These regions can bind nucleic acids, since
they contain many positively charged lysine and argi-
nine residues. A narrow central channel (4 X 10 ang-
stroms) well binds small molecules. Despite the abun-
dance of structural data, much still needs to be clari-
fied to understand the biophysical and biochemical
mechanisms of reactions mediated by GAPDH. In
glycolysis, GAPDH phosphorylates D-glyceralde-
hyde-3-phosphate (GAP) and converts it to 1,3-bis-
phosphoglycerate. This possibly occurs in two stages.
First, cysteine C152 of GAPDH carries out a nucleo-
philic attack on GAP with transfer of hydride to
NAD™*. H179 is the main catalyst in this process.
Then, inorganic phosphate performs a nucleophilic
attack on the carbonyl group of the thioether and
phosphorylates it [37]. The mechanisms of other
moonlighting functions of GAPDH are not elucidated
so far. It is still unknown how the switching of func-
tions and relocalization of GAPDH in cells are carried
out. For example, it is unknown, how GAPDH that
does not contain the nuclear localization signal is
transported to the nucleus. Phosphorylation of serine
122 in GAPDH by protein kinase AMPK was shown to
induce it nucleus localization. On the other hand,
phosphorylation of threonine 237 by protein kinase
Akt prevents GAPDH relocalization. The detail
mechanisms of these processes are still unclear [37].

TRANSCRIPTION FACTORS

Transcription factors initiate the expression of
many proteins that perform or regulate the complex
cell function. Some transcription factors have rela-
tively narrow action spectrum. They target genes
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involved in a certain cell function. For example, Nrf-2
regulates the expression of a group of antioxidant
genes. However, other transcription factors are master
regulators of a wide variety of cellular processes. The
exceptional examples are c-Myc and p53, which regu-
late the expression of up to 10—15% of all cellular
genes [42, 43]. In addition to regulation of gene
expression, different transcription factors are moon-
lighting proteins and can also perform other functions.

STAT3

The protein STAT3 (signal transducer and tran-
scription activator 3) plays a key role in cell growth and
survival. In the nucleus it functions as a transcription
factor, but in mitochondria it regulates oxidative phos-
phorylation [44, 45]. The binding of interleukines 6 or
10 to the cytokine receptor on the cell surface activates
the cytoplasmic kinase JAK, which phosphorylates
tyrosine in STAT3. This initiates STAT3 dimerization
and transfer to the cell nucleus, where it controls the
expression of a number of genes [45]. However, by
means of STAT3 various signaling pathways regulate
bioenergetic processes in mitochondria. Indeed,
phosphorylation of serine residues by cytoplasmic
protein kinases initiates STAT3 translocation into
mitochondria, where it stimulates electron transfer
from complexes I and II to complex III and thereby
activates oxidative phosphorylation (Fig. 5b) [44].

Two isoforms STAT 3o and STAT3[ with a molec-
ular mass of 770 and 705 kDa, respectively, are known.
The main domains in STAT3o are shown in Fig. 5a.
The N-terminal domain (NTD; amino acids 1—137) is
involved in dimerization and tetramerization of
STAT3 that enhances its transcriptional activity. The
supercoiled domain CDD (amino acids 138—320)
binds various regulatory proteins. DBD domain binds
to specific DNA regions (amino acids 321—493).
Linker domain LD (amino acids 494—582) links the
domain DBD to the SH2 domain (amino acids 583—
687) that binds STAT3 to phosphorylated receptors.
Phosphorylation of tyrosine in STAT3 by protein
kinases JAK and Src induces its dimerization and
transfer to the nucleus. The C-terminal transactiva-
tion domain TAD (amino acids 688—770 in STAT3 )
is intrinsically disordered. Such intrinsically disor-
dered region (IDR) folds differently when interacting
with different molecular partners under formation of
the transcriptional complexes [45, 46]. When interact-
ing with DNA, STAT3 dimerizes so that DBD
domains enwrap DNA. These domains can also bind
with importin or exportin that import STAT3 into the
nucleus or export it back to the cytoplasm [45, 46]. So,
STAT?3 is a moonlighting protein of the PP type.

B-Catenin

B-Catenin is a highly conserved protein of
781 amino acids. Its structure is rather particular. The

BIOPHYSICS  Vol. 65 No.3 2020
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Fig. 5. Structure and functions of STAT3. (a) Scheme of the main structural domains of STAT3. NTD — N-terminal domain,;
CDD — supercoiled domain; DBD — DNA binding domain; LD — linker domain; SH2 — SH2 domain; TAD — transactivation
domain. (b) Alternative functions of STAT3. When interleukines activate the cytokine receptor on the cell membrane, the JAK
protein phosphorylates tyrosine in STAT3. This causes STAT3 dimerization, translocation to the nucleus, and stimulation of gene
expression. If cytoplasmic protein kinases phosphorylate serine in STAT3, it translocates to mitochondria and activates electron
transport from complexes I and II to complex III that increases the rate of oxidative phosphorylation.

central region contains several repetitions (12 in
humans) of 40 amino acids that form a rigid elongated
domain ARM (from the word armadillo) [47—49].
ARM has a slight curvature (Fig. 6). Its inner surface
can bind various proteins or nucleic acids. The N-ter-
minal and C-terminal fragments of [-catenin are
intrinsically disordered. In solution, they don’t have a
specific structure. Nevertheless, they play a crucial
role in the binding of B-catenin to other proteins or
DNA. The N-terminal fragment contains a conserved
short linear motif (SLiM, short linear motif), which
after phosphorylation binds to ubiquitin ligase B-Trcp,
that stimulates its proteasome degradation. The C-ter-
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minal region interacts with DNA. It is a potent tran-
scriptional activator. This fragment is not completely
disordered: its segment at the C-end forms a stable
helix (HelixC) near the ARM domain. This helix is
not necessary for the participation of -catenin in cell
adhesion However, it is involved in the regulation of
transcription [48, 49].

After synthesis, B-catenin moves to the plasma
membrane, where, together with vinculin, o-catenin
and catenin p120 it forms a platform for binding of the
cytoplasmic fragment of cadherin (a protein that is
involved in intercellular adhesion), to the intracellular
actin cytoskeleton. Free B-catenin is practically absent
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Fig. 6. The structure of human B-catenin with 12 repeats (ARM domain), intrinsically disordered N-domain and transactivation

C-domain.
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Fig. 7. Scheme of the main structural domains in pS3: TAD1 and TAD2 — intrinsically disordered transactivator domains; PRR
is a proline-rich region; DBD — DNA binding domain; NLS — nucleus localization signal; TET — the domain responsible for
tetramerization; CTD — intrinsically disordered C-terminal domain.

in the cytoplasm. It binds to the multienzyme complex
that consists of proteins APC, axinl, GSK3 and CK1.
In this complex protein kinases GSK3 and CK1 phos-
phorylate it that causes it ubiquitinization by B-TrCP
ligase and proteasomal degradation. However, the
binding of the extracellular molecule Wnt to its recep-
tor causes disintegration of the APC complex, and free
[B-catenin appears in the cytoplasm. It is translocated
into the nucleus. As a transcription factor it regulates
the expression of various genes that encode the com-
ponents of the Wnt signaling pathway, proteins c-
Myc, COX, etc. (Fig. 8d) [47]. So, B-catenin is MLP
of the PP type.

Nucleosome

Enhancers

p33

p33 protein is especially important and interesting.
It is expressed in all cells of the organism, where it reg-
ulates basic cellular functions, including metabolism,
cell cycle, DNA repair, survival, and apoptosis [50—
52]. As a transcription factor, it regulates the expres-
sion of hundreds genes [43, 53]. p53 stimulates apop-
tosis of cells with unrepairable DNA damage [54—57].
This provides elimination of malignant cells and pro-
tection of the body from malignant tumors. p53 is a
tumor suppressor and guardian of the genome. Muta-
tions in the TP53 gene that inactivate p53 were found
in half cases of human cancer. Except regulation of
gene expression, p53 controls mitochondrial functions

Nucleosome

Fig. 8. Hypothetic interaction of p53 with the nucleosome: “Rolling” of the nucleosome and interaction with positively charged

domains of proteins bound to DNA.
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independently on transcription and induces apoptosis
in cells with mitochondrial failure [58—60]. This
ancient conservative protein was found at the early
evolutionary stages in protozoa and sponges, much
earlier than cancerous tumors have emerged. It is
assumed that the true role of the p53 family proteins is
to maintain the integrity of the genome under adverse
effects on the organism [61, 62].

The p53 level in the cytoplasm is typically low.
After synthesis in the cytoplasm, it is transported to
the nucleus, where it binds to DNA. The unbound p53
forms a complex with MDM?2, which ubiquitinates it
and transfers back to the cytoplasm, where it addition-
ally ubiquitinized and rapidly degrades in proteasomes
[63]. Upon radiation damage to DNA, oxidative
stress, or activation of oncogenes, p53 is phosphory-
lated by protein kinases JNK, p38, ERK, etc. [57].
This prevents its interaction with MDM?2 and degra-
dation. The level of p53 in the nucleus significantly
increases [51, 62, 64, 65]. It tetramerizes, binds to
DNA and stimulates the transcription of large groups
of genes that contain a specific nucleotide sequence
pS3RE (p53-response element) in the regulatory
region. More than 600 p53REs are already known
[53]. The result of p53 activation is arrest of the cell
cycle and DNA replication. This is followed by DNA
repair. In the case of a strong stress impact, apoptosis
is triggered [57, 58, 64]. The p53 protein is also found
in the cell nucleoli, which are known as “ribosome
factories”. Violation of the synthesis of ribosomes in
the nucleus increases the level of p53, which transmits
a signal about cell damage to the systems that control
cellular metabolism, homeostasis, and survival [66,
67].

p53isapolypeptide chain from 393 amino acids. In
cells, it forms a tetramer of two identical dimers. One
can distinguish different functional modules in
p53 (Fig. 9a). The transactivation domain TAD at the
N-end is subdivided into two subdomains TADI
and TAD2 (amino acids 1-43 and 44-63). They are
followed by a proline-rich region PRR (amino acids
64-92). A DNA-binding domain DBD (amino acids
102-292) recognizes p53RE and binds to it.
The nuclear localization sequence NLS, the tetramer-
ization domain TET (amino acids 320-355), and the
C-terminal domain CTD (amino acids 356—393) fol-
low further. The DBD and TET domains are highly
conserved. The intrinsically disordered domains TAD
and CTD are more variable. This allows p53 to inter-
act with many partners flexibly [53, 68—71].

The DBD domains in the p53 tetramer (Fig. 9b)
that interact with p53RE differently bend DNA in
regions with different nucleotide sequences (Fig. 9c)
[72]. In this case, DNA is partially untwisted that
facilitates protein binding.

The TAD domain (TAD1 + TAD2) consisting of
63 amino acids is negative due to 17 negatively charged
residues Glu™ and Asp~. It is intrinsically disordered.
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Its conformation is determined by the interaction with
other proteins or DNA. It is known that human p53
can interact with more than 1000 different proteins,
including coactivators, enhancers and other transcrip-
tional regulators, as well as proteins that carry out
post-translational modifications: protein kinases,
acetyltransferases, etc. [73].

The C-terminal domain CTD from 29 amino acids
is also intrinsically disordered. Unlike negative TAD,
it contains 7 positively charged amino acid residues
(6 Lyst and Arg*). It can interact with negatively
charged DNA phosphates, regardless of the complex
shape of DNA fragments: curved, supercoiled, or
wound on nucleosomes [69]. CTD plays an important
role in the activation, intracellular localization, and
degradation of p53 [62]. Due to the relatively weak and
non-specific electrostatic binding of a positively
charged CTD to negatively charged DNA, p53 can
move along DNA in search of the site, where the pos-
itive DBD domains can bind to p53RE more robustly
and specifically [74]. This facilitates the navigation of
transcription factors: the three-dimensional diffusion
is replaced by the one-dimensional process [68, 75—
77]. (The energy source and the mechanism for deter-
mining of the motion direction are unknown. The
motion direction in the diffusion process is commonly
determined by the concentration gradient, which is
absent in the case of movement of a single molecule).
Another problem: how proteins moving along the
chromosome (RNA polymerases, transcription fac-
tors, DNA repair complexes) pass through nucleo-
somes with wound DNA. One can assume that the
negatively charged TAD due to electrostatic repulsion
can shift the nucleosome, which carries a negatively
charged DNA on the surface. This should open the
DNA sites for transcription or reparation. p53 is
known to bind often to p53RE located on nucleo-
somes This probably occurs because the DNA affinity
for p53 is increased at the places of its bending on the
nucleosome [53, 78, 79]. In this case, the positively
charged regions of proteins interacting with DNA
(RNA polymerase, DNA repair proteins, coactivators
or transcription enhancers) can be inserted between
the negatively charged DNA and TAD and neutralize
the negative charges of DNA (Fig. 10).

The ability of some transcription factors such as
p53 or c-Myc to regulate non-specifically the expres-
sion of many hundreds of genes seems mysterious. It is
assumed that the regulation of numerous genes is asso-
ciated not only with specific binding of p53 to p53RE
in the promoters of certain genes, but also by its bind-
ing to strong enhancers. This can increase its overall
transcriptional activity [53]. Nevertheless, the activa-
tion of expression of different gene groups by these
transcription factors is to some extent specific [80].
What is the structural basis for specific binding of p53
to a certain pS3RE? Another one question: what is the
mechanism of differential p53 reactions to different
stimuli? One hypothesis associates this effect with
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intrinsically disordered regions (IDR), which can
interact with a variety of proteins. The presence of
IDR is characteristic for various transcription factors
[81]. In p53, TAD can interact with many proteins that
ensure the p53 sensitivity to different stimuli and its
ability to stimulate the expression of various genes
[53]. Due to the rigid proline linker PRR, TAD pro-
trudes outward from the central DBD/DNA complex
and can interact with a variety of coactivator and
enhancer proteins [70]. The affinity of p53 to different
partners is regulated by different post-translational
modifications, especially phosphorylation and acetyl-
ation of TAD [70]. It is also assumed that the p53-reg-
ulated differential expression of various gene groups,
which control different cellular processes, is associ-
ated with the local differences in chromatin structure:
DNA topology, pS3RE location, DNA methylation of
promoters, approaching of distant enhancers, and
accessibility of gene promoters for RNAPII, etc. [53].
In particular, the selectivity of p53 action may be
related to its ability to differently bend DNA in sites
with different nucleotide sequences [72, 74].

Various post-translational modifications regulate
p53 activity In p53 36 amino acids can be phosphory-
lated, methylated, acetylated, glycosylated, etc. [82].
As noted above, phosphorylation of serines 18 and 20
in TAD prevents MDM?2 binding that leads to p53
degradation [57]. Acetylation of various lysines differ-
entially enhances the transcriptional activity of p53
and leads to expression of various groups of genes that
causes different cellular responses. The non-acetyl-
ated protein p53 stimulates the expression of MDM2
and other proteins. This prevents its excessive activa-
tion. In the case of DNA damage, p53 is acetylated by
acetyltransferase CBP/p300 and, together with pro-
teins Tip60 and MOF, stimulates the expression of
proteins p21 and GADD45, which induce the cell
cycle arrest and DNA repair [82]. If the DNA damage
caused by harmful factors (hypoxia, excitotoxicity,
oxidative stress, ionizing radiation or impaired nucle-
olar function) is extremely strong and unreparable, the
expression of p53 increases. In this case, almost all
lysine residues are acetylated. p53 stimulates the
expression of genes encoding proapoptotic proteins:
caspases 6, Apaf-1, HtrA2, Bax, Bid, NOXA, PUMA,
Fas, DR4, DR3, etc. This causes apoptotic cell death
[64—67]. However, p53 can induce apoptosis not only
through transcriptional activity, but also inde-
pendently of transcription. The cytoplasmic p53 binds
directly to the outer mitochondrial membrane, inhib-
its anti-apoptotic proteins Bcl-2 and Bcl-XL, activates
proapoptotic proteins Bax and Bid, and stimulates the
Bax/Bak-mediated formation of the megapores in the
outer mitochondrial membrane. Through these pores
cytochrome ¢, SMAC/Diablo and other proapoptotic
can be released into the cytosol and cause apoptosis
[54, 58—60].

Thus, p53 is a multifunctional moonlighting pro-
tein that acts as a transcription factor. Its functions are
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mediated by the expression of many proteins. As a
proapoptotic agent, it can directly affect mitochon-
dria.

CONCLUSION

The multifunctionality of proteins is not a rare phe-
nomenon. It is characteristic of hundreds proteins.
This expands significantly the functional diversity,
which is limited, for the first glance, by a small number
of genes. Why and how moonlighting and more com-
plex multifunctional proteins appeared are an exciting
question, which, like other evolutionary problems, has
not been answered yet. According to one idea, the
indifferent mutations that affect the surface regions of
proteins, which are not critical for their canonical
function, can lead to the emergence of new functions.
There are many examples where point mutations
affecting one or two amino acids can significantly
change the surface properties, thereby changing the
participation of a given protein in the supramolecular
complex or its localization in the cell. Such mutations
may be one of the mechanisms of MLP emergence.
The following gene duplication, amplification and
natural selection occur if these mutations lead to use-
ful properties [ 14]. The probability of the emergence of
new functions is higher in abundant proteins, which
are numerous in the cell, and their collision with part-
ner proteins occur more often. This is why many
housekeeping proteins, such as proteins of glycolysis,
ribosomes, molecular motors, etc., have moonlighting
functions [83, 84]. They are found in bacteria, yeast,
and in higher organisms [83—87]. The widespread
occurrence of moonlighting proteins in nature has
been suggested to be a reservoir of functions for the
adaptation to a changing environment [87].

An important factor of this process is the imbal-
ance in the synthesis, work, and degradation of such
proteins. For example, the overproduction of some
ribosomal proteins causes their excess in the cyto-
plasm. The excessive proteins such as rpS3 that are not
integrated into ribosomes can be used in other pro-
cesses, such as gene repair and regulation of gene
expression. A striking and complex example of the
imbalance between protein synthesis and degradation
is B-catenin. If this protein is not integrated into the
adhesive complex in the cell membrane, it degrades.
But the binding of the extracellular Wnt signal to the
surface receptors prevents degradation of -catenin. It
is transferred to the nucleus, where regulates gene
expression. Intracellular localization of proteins and
switching of their functions is regulated by post-trans-
lational modifications. This is demonstrated by
STAT3 protein, which, after tyrosine phosphoryla-
tion, moves into the nucleus, where it regulates tran-
scription. However, after phosphorylation of serines
by cytoplasmic protein kinases STAT3 moves to mito-
chondria, where it activates electron transport. Thus,
the source of information in the cell is not only the
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information on the primary structure of proteins that
is recorded in the nucleotide sequence of DNA and
determines, which proteins will be synthesized, but
also the information coming from outside about the
physico-chemical state of the environment (tempera-
ture, ionic and gas composition, pH, free radicals,
contacts with neighboring cells, etc.). Signaling mole-
cules coming from other cells trigger the intracellular
signaling cascades, which regulate gene expression
and determine the dynamics and amount of synthe-
sized proteins.

Classical ideas on the role of peripheral amino acid
sequences that are not included in the active center
and in its immediate environment are currently
expanded. The periphery of the protein globule is not
only a complementary surface for the assembly of
supramolecular complexes or the incorporation of a
protein into the membrane. It is involved in a wider
range of intermolecular interactions. The computer
methods developed in recent years for searching, iden-
tifying and predicting of multifunctional proteins [88,
89] have shown that intrinsically disordered regions
play an important role in protein interactions that
mediate formation of supramolecular complexes, sig-
naling and metabolic chains and networks. IDRs are
widespread in many signaling proteins and transcrip-
tion factors [81, 90—95]. They are often located at the
N- or C-ends of the polypeptide chain. To date, more
than 650 thousand types of protein-protein interac-
tions have been discovered [89, 95]. The mentioned
above transcription factors STAT3, B-catenin and p53
also contain IDR. Some whole proteins, such as calm-
odulin or chaperones, are also disordered. IDRs are
more labile and mutate more often. They are more
variable and can play an important role in the evolu-
tionary origin of MLP proteins [96—98]. Conservative
short linear sequences (SLiM, short linear motif) of
3—10 amino acids was found to play an essential role in
their interactions [96—98]. Protein interactions in
SLiM are relatively weak, with affinity in the micro-
molar range. Therefore, they are short-term and
reversible. They are easily modulated by post-transla-
tional modifications that switch the structure and
functions of the protein. The decisive role in the inter-
actions and conformational changes of MLPs and in
switching of their functions is performed by their pro-
tein or nucleic partners located within the interaction
zone.

Thus, although the number of genes is very limited,
many proteins encoded by one gene have developed
the ability to perform two or more functions, which are
realized depending on the context: cell localization,
microenvironment, the formation of complexes with
other proteins, post-translational modifications, etc.
Multifunctional proteins raise a number of questions
on their primary and tertiary structure, on the rela-
tionship of structure with functions, on the mecha-
nisms of structural and functional switching, on the
folding of proteins consisting of several domains and
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their refolding during relocalization, on the self-
assembly of multiprotein and nucleoprotein com-
plexes, on the role of MLP in the cell signaling system,
on the emergence and transformations of MLP in the
course of evolution, etc.
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