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Abstract—The proteins of the 14-3-3 family are universal adapters participating in multiple processes running in the cell. We
describe the structure, isoform composition, and distribution of 14-3-3 proteins in different tissues. Different elements of
14-3-3 structure important for dimer formation and recognition of protein targets are analyzed in detail. Special attention
is paid to analysis of posttranslational modifications playing important roles in regulation of 14-3-3 function. The data of
the literature concerning participation of 14-3-3 in regulation of intercellular contacts and different elements of cytoskele-
ton formed by microfilaments are analyzed. We also describe participation of 14-3-3 in regulation of small G-proteins and
protein kinases important for proper functioning of cytoskeleton. The data on the interaction of 14-3-3 with different com-
ponents of microtubules are presented, and the probable role of 14-3-3 in developing of certain neurodegenerative diseases
is discussed. The data of the literature concerning the role of 14-3-3 in formation and normal functioning of intermediate
filaments are also reviewed. It is concluded that due to its adapter properties 14-3-3 plays an important role in cytoskeleton
regulation. The cytoskeletal proteins that are abundant in the cell might compete with the other protein targets of 14-3-3

and therefore can indirectly regulate many intracellular processes that are dependent on 14-3-3.
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Phosphorylation of Ser, Thr, and/or Tyr residues cat-
alyzed by different protein kinases is one of the ways of
posttranslational modification affecting the structure and
properties of many proteins. Transfer of a phosphate
group is accompanied by an increase in negative charge
that might lead to large conformational changes affecting
the structure, properties, and functional activity of phos-
phorylated proteins. There are a number of adapter pro-
teins recognizing and specifically interacting with certain
sites of phosphorylated proteins; proteins of the 14-3-3
family form one of the groups of such adapter proteins.
These proteins were first described about 40 years ago
during the systematic characterization of nervous tissue,
where their content exceeds 1% of the total proteome [1,
2]. At present more than 300 protein targets interacting
with 14-3-3 are described in the literature [3]. The mem-

Abbreviations: AANAT, arylalkylamine N-acetyltransferase;
GSK3, glycogen synthase kinase 3; MAPKAP, protein kinase
activated by MAP-kinase; NES, nuclear export sequence;
NLS, nuclear localization sequence; PKA, cAMP-dependent
protein kinase (protein kinase A); PKB, protein kinase B
(PKB/Akt); PKC, protein kinase C; TPR-domain, tetratri-
copeptide repeat domain (34-residue domain participating in
protein—protein interactions).

* To whom correspondence should be addressed.

bers of the 14-3-3 family are ubiquitous and participate in
regulation of apoptosis, cell cycle, proliferation, tran-
scription, replication, functioning of ion channels, and
organization of cytoskeleton. Recently published data
indicate that 14-3-3 proteins play an important role in
neurodegenerative diseases and carcinogenesis. This leads
to growing interest to the investigation of the structure
and properties of 14-3-3 proteins.

This review describes the structure, properties, and
mechanism of action of 14-3-3 proteins, analysis of their
interaction with protein targets, and their probable
involvement in regulation of cytoskeleton.

STRUCTURE AND PROPERTIES
OF 14-3-3 PROTEINS

Historical Overview and Nomenclature

The proteins of the 14-3-3 family were first described
in 1967 in the process of systematic classification of nerv-
ous tissue proteins [4]. The peculiar name reflects the
fraction number enriched in these proteins on ion-
exchange chromatography of bovine brain extract and the
position of these proteins on starch gel electrophoresis.
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These proteins are abundant in brain, have low p/ value
(4.0-4.5), and the molecular mass of the 14-3-3
monomer is close to 30 kDa [5].

At first it was supposed that 14-3-3 participates in
regulation of neurotransmitter synthesis. In 1987 it was
shown that 14-3-3 activates key enzymes of serotonin and
catecholamine synthesis, i.e. tryptophan- and tyrosine
monooxygenases [6]. Later the heterogeneous sample of
brain 14-3-3 was separated by reverse-phase high-pres-
sure liquid chromatography, and several isoforms marked
by Greek letters from o to o were obtained in purified
state [7]. This type of separation revealed nine isoforms of
14-3-3, so-called o, B, v, 9, &, &, n, T (or 0), and ©.
Further investigations revealed that the o, isoform is indis-
tinguishable from the B isoform phosphorylated at
Ser184, whereas the § isoform is identical to the  isoform
also phosphorylated at Ser184 (through this review we use
the numbering of amino acid residues corresponding to
the £ isoform of human 14-3-3) [8].

It is worth mentioning that except for the classical
designation 14-3-3 with the corresponding Greek letter,
the same proteins are sometimes marked as Leonardo
(Drosophila 14-3-3g), Bilardo (Drosophila 14-3-3(),
Stratifin (14-3-3c), BAP-1 (14-3-3t/0), CBP (Cruciform-
Binding Protein), KCIP-1 (protein kinase C inhibitor-1),
Exol (stimulator of Ca’"-dependent exocytosis), GFI4
(plant G-box binding factor), etc. [5].

In the beginning of the 1990s it was shown that 14-3-
3 undergoes phosphorylation [9], participates in regula-
tion of certain protein kinases [10], and is widely
expressed in different tissues of eukaryotes [11-13]. All
these facts attracted attention of many investigators and
led to the beginning of intensive investigation of 14-3-3.

The 3D structure of mammalian 14-3-3( and t was
described in 1995 [14, 15]. 14-3-3 form dimers, and the
monomers of the dimers are easily exchangeable. This
leads to formation of both homo- and heterodimers of
14-3-3 [16]. The dimeric structure is necessary for nor-
mal functioning of 14-3-3, and destabilization of the
dimer decreases the interaction of 14-3-3 with different
target proteins (i.e. Raf kinase and p53) [17, 18].

Isoforms and Phylogeny of the 14-3-3 Family

14-3-3 proteins are ubiquitous and are detected in
practically all eukaryotes. Moreover, as a rule each species
contains more than two different isoforms of this protein.
The rare exclusions are the fungus Candida albicans and
the protozoan Dictyostelium discoideum, which contain a
single isoform of 14-3-3. Although at the beginning only
one isoform of 14-3-3 was detected in Drosophila [19],
later investigations revealed at least two (g and {) isoforms
of 14-3-3 in this organism [20].

The members of 14-3-3 family are rather conserva-
tive. For instance, the homology of the frog Xenopus trop-
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icalis 14-3-3¢ and the corresponding human protein
determined by the BLAST program (http://www.ncbi.
nlm.nih.gov/blast/Blast.cgi) is close to 90%. Homology
of the primary structure of human 14-3-3¢ with the cor-
responding proteins of Bombyx mori and Drosophila
melanogaster are close to 81-83% [21]. The identity of
plant (Arabidopsis thaliana) 14-3-3® and its nearest
human analog is close to 75%. Homology of 14-3-3 iso-
forms isolated from the same species is even higher, and
this complicates obtaining antibodies specific to particu-
lar isoforms of 14-3-3 [19].

As already mentioned, human tissues contain seven
14-3-3 isoforms, i.e. B, v, €, 1, o, T (which is also desig-
nated as 0), and ¢ [7]. Earlier described o and 6 isoforms
are indistinguishable from phosphorylated § and  iso-
forms, respectively [8]. The isoforms of 14-3-3 differ in
the structure of short variable stretches of the primary
structure. However, they are not the products of alterna-
tive splicing and each isoform is coded by separated gene
[19].

The genes of 14-3-3 isoforms are usually located on
different chromosomes. For instance, the genes of human
n and f3 isoforms are located on the 22nd and 20th chro-
mosomes [22]. These data agree well with the results
obtained with the Human Genome Database. According to
Aitken, the genes coding 3, n, o, 1/0, v, and ¢ isoforms
are located on chromosomes 20, 22, 1, 2, 7, and 17,
respectively. The main gene encoding the full-size 14-3-
3C is located on the chromosome 8 [19]. In addition to
the so-called working genes, the human genome contains
a large number of pseudogenes that do not participate in
expression of functionally active proteins [5]. For
instance, pseudogenes of the ¢ isoform were detected on
chromosomes 2 and 7, whereas pseudogenes of the C iso-
form were detected on chromosomes 5, 6, 9, 11, and 15.
Several sequences corresponding to c-isoform were also
detected in the human genome [19]. Our search for the
main working genes of different 14-3-3 isoforms using the
BLAT program of the Human Genome Browser (http://
genome.ucsc.edu/cgi-bin/hgBlat?command=start) con-
firms the presence of a number of 14-3-3 pseudogenes. It
is probable that these pseudogenes were formed by insert-
ing into chromosomes of DNA fragments formed by
retroviral reverse transcriptase from mRNA of different
isoforms of intracellular 14-3-3.

Figure 1 represents the phylogenetic tree depicting
homology of the primary structure of different human
isoforms of 14-3-3. The tree was built by multiple align-
ment of the primary structure using the ClustalW v.1.83
program (http://www.ebi.ac.uk/Tools/clustalw/index.
html). Alignment was performed on the basis of Gonnet
and Blosum matrices with parameters gap open = 10 and
extension gap = 0.05 and provides similar results for both
matrices, which are presented as a tree using the NJplot
program (http://pbil.univ-lyonl.fr/software/njplot.html).
The data of Fig. 1 indicate that the primary structure of
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Fig. 1. Phylogenetic tree of seven 14-3-3 isoforms constructed
using ClustalW. The identification numbers of the corresponding
isoforms in the UniprotKB database are indicated in parentheses.
The scale corresponds to 0.05 replacements in the ancestral
polypeptide per amino acid residue.

certain pairs of 14-3-3 isoforms, namely n and y, f and g,
as well as ¢ and t/0 are especially similar to each other.
The data presented might indicate the presence of a com-
mon precursor of the six above-mentioned isoforms of
14-3-3. At the same time, the ¢ isoform undergoes the
largest changes in the course of evolution and is signifi-
cantly different from the other six isoforms of 14-3-3
[23].

Distribution of 14-3-3 in Human Tissues

14-3-3 proteins are ubiquitously expressed in human
tissues. Data of radioimmunoassay indicate high content
of 14-3-3 in brain, testis, and intestine where its content
is higher than 0.5% of all soluble proteins. In the case of
brain the level of 14-3-3 is close to 1.3% of soluble pro-
tein, which is equal to about 40 uM calculated per 14-3-
3 monomer [1]. At the same time kidney and hemolysate
contain low quantities of 14-3-3, which are close to
0.008% of soluble protein [1]. Immunofluorescence and
Western blotting data confirm the presence of all seven
isoforms of 14-3-3 in cornea and eye mucosa as well as
the presence of { and y isoforms in human tear fluid [24].

At present 14-3-3 is considered as a perspective
marker of different neurodegenerative diseases and car-
cinogenesis [25, 26]. Indeed, it has been found that the
concentration of 14-3-3 in cerebrospinal fluid is signifi-
cantly increased in the case of different forms of demen-
tia, encephalopathies, and tumors of the central nervous
system. Increased concentration of 14-3-3 in the liquor
was also detected in the case of Creutzfeldt—Jakob dis-
ease [23, 27]. In the case of tuberculous meningitis and
multiple sclerosis, the level of 14-3-3 in liquor is
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increased up to 100-130 ng/ml [1]. Moreover, the level of
14-3-3 is increased in different forms of cancer [28-30].
All these data make 14-3-3 a perspective marker of differ-
ent human diseases.

Structural Organization of 14-3-3

The 3D structure of all seven isoforms of human 14-
3-3 is described in the literature [31, 32]. The data of X-
ray crystallography indicate that the 14-3-3 subunits form
a dimer that is similar to a horseshoe with an inner chan-
nel depth and width of about 20 and 35 A, respectively
(Fig. 2) [14, 15]. The linear size of this dimeric structure
calculated by the PyMOL v.1.1 program using the X-ray
crystallography data obtained on human 14-3-3( (PDB
identification number 1QJB) is close to 55-60 A in width,
about 75-80 A in length, and about 35-40 A in height. o-
Helices are the main structural elements of 14-3-3.
Theoretical predictions performed by Psipred and Sable2
programs indicate that about 65-75% of 14-3-3 structure
consists of a-helices. These predictions correlate well
with the data of CD spectroscopy [33, 34] and X-ray crys-
tallography (PDB ID /QJB) showing that about 70% of
14-3-3 is indeed a-helical.

Each monomer of 14-3-3 consists of nine a-helices
indicated by Arabic numbers starting from the N-termi-
nal a, up to the C-terminal o, (Fig. 2). Helices as-ayg
form the side walls of a cup-like structure. Amino acid
residues of helices a,-a, form the bottom of the dimeric
structure where two subunits interact with each other. At
this site the o; and a, helices of one monomer interact
with the a; and a4 helices of the second subunit, so the
subunits of 14-3-3 are oriented antiparallel to each other.
The a; and a4 helices are the longest (about 55 A),
whereas the o, and o, helices are the shortest (about 25 A
in length) (Fig. 2).

As already mentioned, the dimeric structure is
important for proper functioning of 14-3-3. The dimeric
structure of 14-3-3( is probably stabilized by three salt
bridges formed by Argl8-Glu89, Glu5-Lys74, and

Fig. 2. a-Helical structure of 14-3-3 dimer. The PyMOL program
was used for presentation of X-ray crystallography data obtained
on 14-3-3C (PDB ID IQJB): a) top view; b) side view of 14-3-3
dimer. Two subunits are shown in light and dark gray; numbers
correspond to the number of a-helices in the 14-3-3 monomer.
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Asp21-Lys85 (there are six such bridges in the dimer) and
by a number of weakly polar and hydrophobic interac-
tions with participation of Leul2, Alal6, Ser58, Val62,
Ile65, and Tyr82 (Fig. 3; see color insert) [32]. The first
salt bridge, Argl8-Glu89, and all the above mentioned
weak contacts are found in homodimers formed by all
human 14-3-3 isoforms. The second salt bridge, Glu5-
Lys74, is absent in the dimers of the o, 1, €, and y iso-
forms. The third salt bridge, Asp21-Lys85, participates in
formation of dimers of all 14-3-3 isoforms except that of
€. In the case of the o isoform an alternative salt bridge,
Lys9-Glu83, is postulated in the literature [32]. The X-
ray crystallographic data were confirmed by means of site
directed mutagenesis. Indeed, mutation of the residues 5
and 12 in the a,-helix, as well as of residues 82, 85, and
87 in the o4-helix of 14-3-3(, lead to destabilization of
intersubunit contacts [35]. Similar results were obtained
with the o isoform. Mutation of residues in position 5 of
the a,-helix, position 20 of the a,-helix, as well as posi-
tion 55 of the o;- and position 80 in oy-helices were
accompanied by changes in the intersubunit contacts of
this isoform of 14-3-3 and to changes in the interaction
of o isoform with other isoforms of this protein [35]. It is
supposed that Ser58 also plays an important role in dimer
formation (Fig. 3). This residue is located in the o;-helix
ofthe C, B, €, v, and n isoforms of 14-3-3 (isoforms ¢ and
T contain Ala in this position). The data in the literature
indicate that phosphorylation of this residue might sig-
nificantly affect the state of the 14-3-3 dimer [18, 36,
37].

Formation of homo- and heterodimers is thought to
be one of the factors affecting the specificity of 14-3-3
towards different protein targets [16, 35]. It is worthwhile
to mention that only certain isoforms of 14-3-3 are able
to form heterodimers. For instance, there are non-con-
servative replacements in the site of interaction of 14-3-
30. The non-conservative residues Ser5, Glu20, Phe25,
GIn55, and Glu80 of this isoform provide for formation
of homodimers, but prevent formation of heterodimers.
This leads to unique properties of 14-3-3c [35, 38].

Formation of heterodimers containing different iso-
forms increases the possibilities of 14-3-3. Heterodimers
composed of € and ¢ or of t and £ isoforms might be use-
ful for the binding of certain substrates or provide for
interaction of two different protein targets that in the iso-
lated state do not interact with each other. For instance,
it has been shown that Nedd4-2, having several sites of
14-3-3 binding and involved in aldosterone-dependent
regulation of sodium channels, interacts with het-
erodimer composed of B and € isoforms of 14-3-3 [39].
Formation of 14-3-3 heterodimers is also necessary for
the binding of cruciform structures of DNA, which are
often located at replication origin and might determine
the level of replication [40].

Analysis of the primary structure and the domain
search performed using the InterProScan program
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(http://www.ebi.ac.uk/InterProScan) did not reveal any
similarities between 14-3-3 family proteins and the
domains of other proteins present in the rather wide data-
base of InterPro. However, Ostrerova et al. supposed that
members of the 14-3-3 family are to some extent homol-
ogous to synuclein, which is highly expressed in brain.
Analysis of the primary structure of 14-3-3 and synuclein
revealed two short peptides having 40% homology [41].
Moreover, it has been shown that synuclein and 14-3-3
interact with each other and are able to bind the same
protein targets, such as protein kinase C and Bad.
Therefore, it was concluded that synuclein and 14-3-3
have similar functions [41].

It is worthwhile mentioning that Korean scientists
[42] also detected the similarity of 14-3-3 and synuclein.
However, the similarity was detected in sites that were
completely different from the sites postulated by
Ostrerova et al. [41]. The primary structure of the similar
sites detected by the Korean group in 14-3-3 and synu-
clein resembles that of the crystallin domain of small heat
shock proteins. Probably this is the reason why both synu-
clein and 14-3-3 have chaperone-like activity.

Recently published data indicate that plant 14-3-3
GFl14® (general factor 14m), which is homologous to
human 14-3-3C, contains a sequence similar to that of
the canonical EF-hand involved in the binding of diva-
lent cations (Ca?* and Mg?*) [43]. Comparing the struc-
ture of plant GFl4® and human 14-3-3C using the
BLAST program, we detected in the human protein a
sequence identical to that of its plan counterpart, name-
ly ELDTLSEESYKD. This sequence is remotely similar
to the loop of the EF-hand. However, the experimental
data of Aitken’s group failed to confirm the Ca?*-binding
properties of mammalian 14-3-3 [33].

Analysis of the structure of 14-3-3, p53, and IxkBa
revealed that the a,-helix, located on the very C-terminus
of 14-3-3, contains a 13-residue peptide having primary
structure corresponding to the canonical nuclear export
sequence (NES) providing for the export of the protein
from the nucleus [44]. It was supposed that this sequence
is important for intracellular location of 14-3-3 and its
interaction with cytosolic proteins [44, 45]. However,
later investigations did not confirm the presence of NES
in the structure of 14-3-3. The intracellular distribution
of 14-3-3 seems to be dependent on the ability of 14-3-3
to mask or unmask the nuclear export sequence located in
the primary structure of the target proteins [32, 46]. All
attempts to determine nuclear location sequence (NLS)
inside 14-3-3 were unsuccessful [47]. It is supposed that
the ability to enter nucleus is due to formation of tight
complexes between 14-3-3 and certain target proteins
carrying in their primary structure a typical NLS.
However, it is difficult to exclude the possibility that 14-
3-3 contains an unusual signal sequence that remains
undetermined and which is responsible for transportation
of 14-3-3 from cytosol to nucleus [48].



Fig. 4. Comparison of the tertiary structure of 14-3-3 monomer
binding phosphopeptide (a) and the TPR-domain of Hop protein
interacting with a fragment of Hsp70 (b). The PyMOL program
was used for depicting data of X-ray crystallography of 14-3-3
(PDB ID 1QJB) and Hop (PDB ID /ELW). Ribbon models are
used for showing 14-3-3 a-helices (numbered from 1 to 9) and
Hop structure. Space filling models are used for showing the
structure of ligands.

A tetratricopeptide repeat domain (TPR-domain)
was detected in the C-terminal part of 14-3-3 [49]. This
domain having similar primary, secondary, and tertiary
structure was earlier detected in the structure of different
proteins. This domain is usually composed of 34-residue
repeats formed by a pair of antiparallel a.-helices separat-
ed by a turn. The presence of a number of these repeats
can lead to formation of a bundle of a-helices rotated
from each other by a certain angle. Figure 4 presents the
comparison of the structure of monomer of 14-3-3 with
the TPR-domain of p60 (or Hop), which provide for
interaction of heat shock proteins Hsp70 and Hsp90.

These elements of tertiary structure are ideal for the
binding of different ligands and are detected in the pri-
mary structure of more than 800 proteins performing dif-
ferent functions (http://pawsonlab.mshri.on.ca/index.
php?option=com_content&task=view&Itemid=64&id=
183). It is probable that the TPR-domain formed by the
C-terminal a-helices of interacting subunits are impor-
tant for positioning of the target proteins, which are
bound in the internal channel of 14-3-3 (see below).

Regulation of 14-3-3 by Phosphorylation

The functioning of 14-3-3 can be regulated in a
number of different ways. First, regulation can be
achieved by changes in 14-3-3 content. With cell models
it was shown that overexpression of 14-3-3 is accompa-
nied by increase in total activity of Raf-1 and decrease in
protein kinase C activity [50]. As already mentioned, sup-
pression of 14-3-3 expression (or at least decrease in
expression of o isoform) can lead to development of
oncological diseases. At the same time, serious damages
of DNA are accompanied by p53-dependent induction of
14-3-30 synthesis [50]. Second, certain isoforms of 14-3-
3 are caspase substrates. Limited proteolysis of certain
isoforms of 14-3-3 leads to liberation of proapoptotic
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proteins (Bad and Bax), resulting in initiation of apopto-
sis [51, 52]. Third, 14-3-3 undergoes different posttrans-
lational modifications. For instance, acetylation of Lys
residues of 14-3-3 involved in substrate binding might sig-
nificantly affect protein—protein interactions [53].
Moreover, 14-3-3 proteins contain a number of sites
phosphorylated by different protein kinases. Protein
kinase SDK1 (which is a product of caspase cleavage of 6
isoform of protein kinase C) [54], protein kinase A (PKA)
activated by sphingosine (but not by cAMP) [55], certain
isoforms of protein kinase C [5], protein kinase B
(PKB/AKkt) [56], as well as protein kinase JNK [57], Ber
(the product of oncogene Breakpoint cluster region pro-
tein) [58], and a isoform of casein kinase I (CKI) [59]
phosphorylate Ser58, Ser63, Ser184, and Thr232 of 14-3-
3. Phosphorylation seems to affect the structure and
properties of 14-3-3; however, despite many efforts a
clear-cut answer to the question how phosphorylation
affects 14-3-3 functioning remains elusive.

Let us analyze the effect of phosphorylation of dif-
ferent sites on the structure and properties of 14-3-3. It is
well accepted that the extent of Ser63 phosphorylation is
rather low and therefore seems to be not very important
[60]. However, Ser58, Ser184, and Thr232 are effectively
phosphorylated in vivo [8, 54, 59] and therefore analysis
of phosphorylation of these sites is of great interest. It is
worthwhile mentioning that these sites are not complete-
ly conservative and therefore not all isoforms of 14-3-3
contain Ser or Thr in the corresponding positions.
Moreover, due to the difference in the primary structure
the same enzyme (SDK1) phosphorylates Ser58 of 14-3-
3¢ and is unable to phosphorylate the corresponding
residues of the € and y isoforms of 14-3-3 [54].

There is no doubt that Ser58 of 14-3-3 is phosphory-
lated by a number of different protein kinases both in vitro
and in vivo. However, there is no agreement on the ques-
tion how Ser58 phosphorylation affects the structure and
properties of 14-3-3. According to Powell et al. [56], pro-
tein kinase B (PKB/Akt) phosphorylates Ser58 of 14-3-
3¢, and this modification does not affect the stability of
the 14-3-3 dimer. This conclusion contradicts later pub-
lished data. For instance, Gu et al. and Powell et al. found
that PKA- or MAPKAP?2 kinase-catalyzed phosphoryla-
tion of Ser58 of 14-3-3( or the SS8E/D mutation mim-
icking phosphorylation lead to dimer dissociation and
accumulation of 14-3-3 monomers [18, 36]. Therefore, it
was postulated that phosphorylation of Ser58 located at
the intersubunit contact (Fig. 3) plays an important role
in the regulation of the oligomeric state of 14-3-3.
Investigation of the S58E point mutant mimicking phos-
phorylation revealed that the replacement of Ser by Glu
leads to dimer dissociation, decreases the thermostability,
and increases the proteolytic susceptibility of 14-3-3C
[34]. These changes are especially pronounced at low
protein concentration and might indicate that Ser58
phosphorylation provokes dissociation of the 14-3-3
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dimer. Phosphorylation of Ser58 not only induces disso-
ciation of the 14-3-3 dimer, but it also decreases the
interaction of 14-3-3 with the transcriptional factor p53
[18]. The S58D mutation mimicking phosphorylation
also strongly impairs the interaction of 14-3-3¢ with Raf-
1 [36] and cyclin D1 [61]. It is probable that the decrease
in protein—protein interaction is due to the fact that only
dimers of 14-3-3 form tight complexes with the protein
targets. Further investigations will be needed for elucida-
tion of the effect of Ser58 phosphorylation on the regula-
tion of the activity of 14-3-3.

Investigation of the physicochemical properties of
14-3-3C mutant S184E revealed that this mutation mim-
icking phosphorylation increased the thermostability and
slightly increased the Stokes radius without affecting the
dimeric structure and susceptibility to proteolysis [34]. It
seems probable that Serl184 phosphorylation is not
accompanied by large changes in the protein structure.
Nevertheless, induced by DNA damage and catalyzed by
c-Jun NH,-terminal kinase (JNK) phosphorylation of
Ser184 of 14-3-3( leads to dissociation of proapoptotic
protein Bax from its complex with 14-3-3. Liberated Bax
migrates to mitochondria, increases permeability of the
mitochondrial membranes, and induces apoptosis [57].
Moreover, JNK-induced phosphorylation of 14-3-3{
results in dissociation of Bad, c-Abl, and FOXO3a from
their complexes with 14-3-3, and this also increases the
probability of apoptosis. In this case both Bad and Bax
migrate to mitochondria, whereas transcriptional factor
FOXO3a and tyrosine kinase c-Abl moves to the cell
nucleus. In response to DNA damage these proteins initi-
ate transcription of other proapoptotic proteins finally
leading to apoptosis [62]. On the other side, phosphoryla-
tion of Ser184 increases the affinity of 14-3-3 to other pro-
tein targets. For instance, phosphorylation of Serl184
increases stability of the complex formed by 14-3-3 and
protein kinase C, affecting the activity of this enzyme [63].

Analysis of the physicochemical properties of the
T232E mutant of 14-3-3¢ has shown that this mutation
mimicking phosphorylation induces only a small increase
in Stokes radius and sedimentation coefficient and is not
accompanied by significant changes in the secondary, ter-
tiary, or quaternary structure, thermostability, or suscep-
tibility of the 14-3-3 to proteolysis [34]. Nevertheless,
phosphorylation of Thr232 located in the C-terminal part
of 14-3-3 decreases its interaction with different protein
substrates. It is probable that this effect is due to the fact
that the C-terminal ends can overhang the internal 14-3-
3 channel and in this way interact with the sites responsi-
ble for the binding of protein substrates (see below) [15,
64]. It is supposed that such an auto-inhibitory effect can
be modified by phosphorylation of Thr232 leading to
reorientation of the C-terminal end of the 14-3-3 [65].
Circadian rhythms lead to the cyclic phosphorylation of
Thr232. Phosphorylation at this site decreases the activat-
ing effect of 14-3-3 on arylalkylamine N-acetyltrans-
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ferase (AANAT) and in this way inhibits conversion of
serotonin to melatonin [65]. Phosphorylation of Thr232
impedes normal binding of 14-3-3 with cRaf [59]. The
changes in 14-3-3—cRaf interaction might play an impor-
tant role in the regulation of the Ras/Raf signal pathway.
Summing up, we conclude that phosphorylation
affects the physicochemical properties of 14-3-3 and can
be involved in the regulation of the interaction of 14-3-3
with different protein targets. However, it is worth men-
tioning that the interaction of 14-3-3 with protein sub-
strates is predominantly regulated by phosphorylation of
the protein targets. Specific phosphorylation sites of pro-
tein targets are recognized by 14-3-3 and form the site of
tight interaction of the protein substrates with 14-3-3.

Mechanisms of Interaction of 14-3-3 with Protein
Substrates. Sequences Recognized by 14-3-3

Numerous investigations have shown that phospho-
rylation of Ser and/or Thr usually increases the interac-
tion of target proteins with 14-3-3 significantly.
Proteomic investigations revealed more than 300 poten-
tial protein partners of 14-3-3 [3]. The interaction of 14-
3-3 with the target proteins is based on recognition of
specific consensus sequences in the ligand molecules. 14-
3-3 tightly interacts with different proteins having at least
one of two consensus motifs. These motifs contain phos-
phoserine (pS) (or phosphorylated threonine, pT) and are
designated as motif I (RSXpS/pTXP) and motif II
(RXY/FXpS/pTXP). Phosphorylated serine can be
replaced by phosphorylated threonine in these motifs
[66]. In addition, there is the third motif (motif I1I) that
is also recognized by 14-3-3. This motif has the structure
pS/pTX,,-COOH, where X is any amino acid residue
(except Pro) and is located on the very C-terminal end of
the protein targets [67]. It is supposed that if the site of
14-3-3 binding is located in the middle of the target pro-
tein molecule then Pro (or Gly) should be located in posi-
tion +2 relative to phosphorylated Ser or Thr (compare
motifs I and II). The presence of Pro (or Gly) in this posi-
tion provides for a sharp turn or increased flexibility of the
polypeptide chain that is necessary for the proper posi-
tioning of the target in 14-3-3 channel. In the case of
motif I1I the site of 14-3-3 binding is located on the very
C-terminal end of the target protein and therefore the
presence of Pro (or Gly) in position +2 is not necessary.
This fact significantly increases the repertoire of proteins
interacting with 14-3-3 [67].

It is worth mentioning that in addition to the central
phosphorylated Ser, motif I contains a second Ser locat-
ed in position —2. This residue can also be phosphorylat-
ed. In the case of p53 and CDC25C, phosphorylation of
this site decreases their interaction with 14-3-3 [68].

Model phosphopeptides and point mutations have
provided important information on amino acid residues
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of 14-3-3 involved in target binding (Fig. 5; see color
insert) [44, 69]. Each L-shaped 14-3-3 monomer con-
tains an amphipathic groove (Fig. 5a) that plays an
important role in target binding. The main role in the
binding of target protein phosphopeptides belongs to the
so-called pocket consisting of positively charged residues
K49, R56, R60, R127, and Y128. These residues coordi-
nate phosphoserine -pS- of the peptide interacting with
14-3-3 (Fig. 5b) [15, 32]. Zhang et al. demonstrated the
importance of these residues in the interaction of 14-3-3
with Raf-1 and ExoS [69]. Positioning of the substrate
molecule and stabilization of the complex formed is
achieved with participation of hydrophobic residues of o.-
helices 5, 7, and 9 located on the inner wall of 14-3-3
dimer (Fig. 5b) [15]. Mutation of Leul72, Vall76, and
Leu220 belonging to a-helix 9 impairs the interaction of
14-3-3 with Raf-1 [70]. Mutations of Leu216 and Leu227
also decrease the interaction of 14-3-3 with Raf-1, but
the effect of this mutation is not so pronounced [70].
Amino acid residues covering the inner surface of the 14-
3-3 dimer are very conservative [15, 19]. This probably
indicates a common principle of recognition of the pro-
tein ligands by all members of the 14-3-3 family [5].

As mentioned earlier, 14-3-3 forms stable dimers
containing two potential sites of target binding. This
means that 14-3-3 can simultaneously bind two protein
targets or cooperatively interact with two sites of the same
protein target. Yaffe et al. demonstrated that the presence
of two sites containing phosphoserine and recognized by
14-3-3 leads to 30-fold increase in stability of complexes
formed by target phosphopeptide and 14-3-3 [66].
Similar results were obtained by Obsil et al. [71]. These
authors have shown that the fragment of transcriptional
factor FOXO4,,.,,; phosphorylated at Thr28 and Ser193
binds dimer of 14-3-3 with high affinity (K; about
30 nM). If the same fragment is phosphorylated at only
one site, the dissociation constant of the complex formed
by this fragment and 14-3-3 is increased to 290-650 nM
[71]. Simultaneous phosphorylation of two residues
(Ser346 and Ser368) of the ¢ isoform of protein kinase C
leads to significant increase in its binding to 14-3-3 com-
pared with the binding of protein kinase C phosphorylat-
ed at either one of these sites [72].

The target protein might contain one or several sites
of 14-3-3 binding. It is supposed that the presence of only
one of the above-mentioned consensus sites provides for
recruitment of 14-3-3 (the so-called “gatekeeper phos-
phorylation site”) and formation of a rather weak com-
plex where 14-3-3 is not able significantly change the
structure and properties of its protein partner. If the target
protein contains a second 14-3-3 binding site, then the
stability of the complex between 14-3-3 and the target
protein is drastically increased and 14-3-3 significantly
affects the structure and properties of the ligand [73].

The majority of proteins interacting with 14-3-3
have the above-mentioned consensus motifs containing
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phosphoserine or phosphothreonine (or sequences simi-
lar to these motifs). However, there are a number of pro-
teins lacking the above-mentioned motifs and even not
undergoing phosphorylation and nevertheless interacting
with 14-3-3. For example we can mention toxic exoen-
zyme S (ExoS) (ADP-ribosyltransferase) of Pseudomonas
aeruginosa having 14-3-3 binding sequence “**DALDL**,
which differs from the earlier-described consensus motifs
[74]. Another example is phosphatase CDC25B [75] and
serum and glucocorticoid-activated protein kinase SGK1
[48] whose interaction with 14-3-3 is independent of
phosphorylation.

It seems probable that 14-3-3 contains several sites
participating in target binding. For instance, 14-3-3 con-
tains an additional site of target binding located on -
helix 7 (residues 163-187) that seems to be involved in the
biding of Raf-kinase [76]. The binding of phosphorylated
tryptophan hydroxylase is provided predominantly
through contacts formed by residues 171-213 of the n iso-
form of 14-3-3 [77], i.e. through sites located far from the
traditional sites of phosphopeptide binding. Finally,
interaction of 14-3-3¢ with platelet receptor of von
Willebrand factor involves residues 202-231 belonging to
the o,-helix of 14-3-3, i.e. with a site different from that
responsible for the binding of consensus phosphopeptides
[76].

The presented data show that the structure of 14-3-3
contains several sites involved in target protein binding.
The structure of these sites can be very different, and this
can be due to the multisite nature of the protein—protein
interaction and to difference in the structure of protein
targets.

PARTICIPATION OF 14-3-3 IN REGULATION
OF CYTOSKELETON AND CELL MIGRATION

Although 14-3-3 interacts with more than 300 pro-
teins targets [3], we will restrict this review by analyzing
the interaction of 14-3-3 with different proteins forming
cytoskeleton or involved in attachment of cytoskeleton to
the membrane or to the extracellular matrix. It is impor-
tant to emphasize that the data of the literature are very
extensive and contradictory. This is partially due to the
difference and incompatibility of the methods used for
elucidation of interaction of 14-3-3 with target proteins.
For instance, proteomic methods provide information on
the possibility of interaction of 14-3-3 with given pro-
teins. However, the question remains whether this possi-
bility is realized in the living cell and what happens if this
interaction is indeed realized. On the other hand, bio-
chemical and immunochemical methods are often used
for in vitro experiments. These methods provide detailed
information on protein—protein interaction and on the
effect of these interactions on the properties of the pro-
teins. However, these methods cannot guarantee that the
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analyzed processes indeed occur in the cell and play any
significant role in its vital activity.

Interaction of 14-3-3 with Proteins of Actin Filament

The proteome data indicate that 14-3-3 interacts
with actin [78, 79]. Fluorescent and confocal microscopy
indicate that in astrocytes 14-3-3y is located close to actin
filaments, and ischemia and apoptosis are accompanied
by changes in the binding of 14-3-3 to F-actin [80]. These
morphological data are often interpreted as straightfor-
ward evidence of direct interaction of 14-3-3 with actin.
We suppose that this conclusion is premature.
Colocalization of 14-3-3 and F-actin can be due not only
to direct interaction between these two proteins, but to
the interaction of 14-3-3 with certain proteins located on
actin filament. In good agreement with this viewpoint,
the data of Birkenfeld at al. [81] indicate that in the cell
14-3-3 and actin are located close to each other, but all
attempts to reveal direct interaction of recombinant 14-3-
3 and actin by means of co-sedimentation were unsuc-
cessful. It was postulated that 14-3-3 predominantly
interacts not with F-actin itself, but with certain actin-
binding proteins.

Interaction of 14-3-3 with Proteins
Involved in Regulation of Polymerization
and Depolymerization of Actin

Interaction of 14-3-3 with proteins of the actin-
depolymerizing-factor (ADF) group and particularly
with cofilin has been investigated in detail. Cofilin, a
small protein with molecular mass of about 21 kDa, binds
to F-actin, affects the structure of actin monomer inside
fibrillar actin, and in this way destabilizes the actin fila-
ment [82]. This means that cofilin is involved both in
fragmentation of long actin filament and accumulation of
short filaments that can be used as nuclei for formation
new actin filaments. Cofilin is phosphorylated at Ser3 by
LIM-kinase I and II (LIMK I, LIMK II) as well as by tes-
ticular protein kinase (TESK) [82, 83]. The efficiency of
cofilin phosphorylation is rather high, about 30% of
intracellular cofilin being phosphorylated [82].

Phosphorylated cofilin does not bind and is unable
to fragment F-actin. 14-3-3 interacts with phosphorylat-
ed cofilin and prevents its dephosphorylation by protein
phosphatases [81, 84]. Thus, 14-3-3 conserves cofilin in
the phosphorylated state and in this way stabilizes actin
filaments, protecting them from cofilin-induced frag-
mentation. This effect can be important for reorganiza-
tion of actin filaments in non-muscle cells and might play
an important role in cytoskeleton-dependent clusteriza-
tion of acetylcholine receptors during synapse formation
[85]. However, the question whether 14-3-3 participates
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in reorganization of cytoskeleton in smooth and striated
muscle remains unanswered. The concentration of F-
actin in muscle cells is very high, and therefore it is diffi-
cult to predict the effect of cofilin (only part of which is in
the phosphorylated state) on assembly and disassembly of
the contractile apparatus and cytoskeleton.

The participation of cofilin in reorganization of
cytoskeleton becomes even more complicated if the role
of protein phosphatases is taken into account. Protein
phosphatases of the slingshot family and the protein
phosphatase chronophin are involved in dephosphoryla-
tion of cofilin [83]. Slingshot phosphatases bind to F-
actin and therefore effectively dephosphorylate cofilin,
causing fragmentation of actin filaments [86]. They are
phosphorylated by p21-activated protein kinase (PAK4)
[86] and by protein kinase D1 [87]. Phosphorylated sling-
shot interacts with 14-3-3, and this interaction hampers
the binding of slingshot to actin filaments [86-88] (see
Fig. 6). Removal of slingshot from an actin filament or
formation of a tight complex with 14-3-3 inhibits the pro-
tein phosphatase activity of slingshot [86, 89].

The p21-activated protein kinase PAK4 as well as
MAPKAP-kinase 2 phosphorylate and activate LIM-
kinase [86, 90]. Phosphorylated LIM-kinase interacts
with 14-3-3, and this interaction affects the intracellular
distribution of LIM-kinase [81]. It is worth mentioning
that TES-kinase is also phosphorylated (probably by
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Fig. 6. Scheme of possible involvement of 14-3-3 in cofilin-
dependent regulation of actin cytoskeleton. Cofilin (in the center
of the scheme) in the dephosphorylated state promotes depoly-
merization of actin (F-actin to G-actin transition). Cofilin can be
phosphorylated by LIM- and TES protein kinases (LIMK and
TESK), and phosphorylated cofilin is inactive in F-actin depoly-
merization. Phosphorylated cofilin (cofilin-P) interacts with 14-
3-3, and this prevents cofilin dephosphorylation catalyzed by
slingshot protein phosphatase. Protein kinases phosphorylating
cofilin (LIM- and TES-kinases) are phosphorylated by other pro-
tein kinases (PAK4, MAPKAP?2), and after phosphorylation they
also interact with 14-3-3. Slingshot protein phosphatase also
undergoes phosphorylation, which leads to 14-3-3 binding and
inhibition. See text for details.
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MAP-kinases) [91]. Phosphorylation also improves the
interaction of TES-kinase with 14-3-3 [91] and induces
redistribution of TES-kinase inside the cell [92]. Finally,
protein phosphatases (and among them slingshot)
dephosphorylate and in this way inhibit enzymatic activi-
ty of protein kinases (for example, LIM-kinase) partici-
pating in phosphorylation of cofilin (Fig. 6).

Recently published data indicate that phosphorylat-
ed cofilin (that was supposed to be inactive) is able to
activate phospholipase D1. This leads to accumulation of
phosphatidic acid, which through badly characterized
intermediates somehow affects assembly and disassembly
of actin cytoskeleton [93] (see Fig. 6). The role of 14-3-3
in the effect of phosphorylated cofilin on phospholipase
D1 remains uninvestigated. Summing up, we conclude
that 14-3-3 affects localization and activity of enzymes
participating in phosphorylation and dephosphorylation
of cofilin and interacts with phosphorylated cofilin.
Taking into account that phosphorylation affects cofilin-
dependent processes of F-actin polymerization and
depolymerization, we might conclude that 14-3-3 indi-
rectly (through cofilin) modulate assembly and disassem-
bly of actin cytoskeleton.

One can suppose that the protein targets that form
tight complexes with 14-3-3 and are present in high con-
centration inside cell will (under certain conditions)
become able to displace phosphorylated cofilin from its
complexes with 14-3-3 and in this way will also indirectly
affect actin cytoskeleton. It was supposed that the small
heat shock protein with apparent molecular mass 20 kDa
(Hsp20, HspB6) might be involved in these processes.
The data of Dreiza et al. [94, 95] indicate that a short N-
terminal peptide of Hsp20 containing a site phosphory-
lated by cyclic nucleotide-dependent protein kinases
tightly interacts with 14-3-3. Phosphorylated N-terminal
peptide of Hsp20 displaces cofilin from its complexes
with 14-3-3, and the liberated cofilin is rapidly dephos-
phorylated by slingshot, thus leading to reorganization of
actin cytoskeleton. In subsequent investigation it was
shown that not only N-terminal peptide, but intact phos-
phorylated Hsp20 interacts with 14-3-3 [96]. These data
make attractive the hypothesis that hormone-induced
phosphorylation of Hsp20 will be accompanied by dis-
placement of cofilin from its complexes with 14-3-3, and
this will lead to reorganization of actin cytoskeleton and
smooth muscle relaxation [95]. However, taking into
account the complexity of the cofilin—14-3-3 system (see
Fig. 6) [97], this interpretation seems to be oversimpli-
fied, and additional efforts should be undertaken to con-
firm or to disprove this hypothesis.

There are some data indicating that the phosphory-
lated small heat shock protein Hsp27 (HspB1) somehow
induces polymerization of actin and formation of stress-
fibers [98, 99]. We suppose that this viewpoint is rather
questionable (see for example [100]), and in addition
under in vitro conditions Hsp25 (avian homolog of
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Hsp27) does not affect actin polymerization [101].
Nevertheless, if phosphorylated Hsp27 somehow affects
actin polymerization, then it is worthwhile to analyze
Hsp27 phosphorylation and to elucidate the probable
effect of 14-3-3 on this process. It is known that Hsp27 is
phosphorylated by a number of protein kinases [102], and
MAPKAP2 and probably MAPKAPS play an important
role in phosphorylation of this protein [99]. Recently
published data indicate that 14-3-3¢ interacts with MAP-
KAPS5 and by inhibiting its activity prevents phosphoryla-
tion of Hsp27, thus blocking assembly of actin filaments
[103]. We think that these data need further confirmation
and deserve further detailed verification. However, if
these data are correct, then one might conclude that 14-
3-3 can indirectly regulate assembly of actin filaments by
affecting activity of protein kinases phosphorylating pro-
teins regulating actin polymerization.

Participation of 14-3-3 in Regulation of Protein Motors
Interacting with Actin Filaments

The contractile activity of smooth muscle and of
non-muscle cells is regulated via phosphorylation of
myosin regulatory light chains [104, 105]. In the smooth
muscle and non-muscle cell the productive interaction of
myosin and actin is possible only after phosphorylation of
myosin light chain by myosin light chain kinase (MLCK),
and relaxation occurs only after dephosphorylation of
myosin light chains by myosin light chain phosphatase
(MLCP). Thus, the contractile activity of smooth muscle
and non-muscle cells is under coordinated control of two
antagonistic enzymes, namely kinase and phosphatase of
myosin light chains.

Myosin light chain phosphatase consists of three
components. A subunit with molecular mass of 105-
120 kDa provides for the binding of phosphatase to
myosin filaments, a subunit with molecular mass 36-
37 kDa possesses protein phosphatase activity, and finally
a subunit with molecular mass 20-21 kDa plays an incom-
pletely understood regulatory role [105, 106]. The largest
subunit of MLCP is phosphorylated by a number of pro-
tein kinases (among them Rho-kinase), and this phos-
phorylation inhibits phosphatase activity [105].
Phosphorylation of Ser472 of the largest subunit of
myosin light chain phosphatase catalyzed by Rho-kinase
provokes interaction with 14-3-3p, thus leading to disso-
ciation of phosphatase from myosin filament and inhibi-
tion of its activity [107]. Thus, 14-3-3 removes phos-
phatase from myosin filaments and inhibits its catalytic
activity. Both these processes increase the level of myosin
light chain phosphorylation and provoke contraction or
retard (or prevent) relaxation of smooth muscles.

As mentioned earlier, 14-3-3 interacts with and reg-
ulates the activity of many protein kinases [78, 108]. It
has been long known that 14-3-3 affects the activity of
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protein kinase C [19, 72, 109]. One isoform of protein
kinase C is involved in phosphorylation of heavy chains of
Dictyostelium discoideum myosin, and in this way regu-
lates formation of ordered myosin filaments. 14-3-3
forms a tight complex with this isoform of protein kinase
C and thus indirectly regulates the contractile activity of
Dictyostelium [110].

In summary, we conclude that 14-3-3 probably does
not directly interact with myosin, but by controlling
activity of protein kinases and protein phosphatases 14-3-
3 can indirectly affect assembly of myosin filaments and
the enzymatic activity of myosin.

14-3-3 and Proteins of Cell—Extracellular Matrix
Interaction and Cell—Cell Adhesion

Different elements of cytoskeleton participate in fix-
ation of the cell to the extracellular matrix and in inter-
cellular junctions. Heterodimeric integral membrane
proteins, integrins, play an important role in the interac-
tion of the cell with the extracellular matrix and intercel-
lular adhesion molecules, and in this way control cell
movement. Integrins have a rather large extracellular
domain, a short transmembrane sequence, and a small C-
terminal cytosolic domain. Eighteen isoforms of a.-chains
and eight isoforms of B-chains of integrins are described
in the literature. These isoforms are combined with for-
mation of 24 different heterodimers providing for interac-
tion of cells with different types of extracellular matrix
[111, 112]. Under normal conditions a.- and -chains of
integrin form tight heterodimeric complexes. Upon phos-
phorylation and interaction with protein partners, the
interaction of a- and B-chains of integrin is changed.
This leads to formation of a complex of focal contacts
containing many different protein kinases and adapter
proteins as well as proteins providing attachment of actin
filaments and clusterization of activated heterodimeric
integrins [112].

At present 42 potential protein partners interacting
with the short (70-90 residues) C-terminal cytosolic
domain of the -chain of integrin are described in the lit-
erature [111]. It is obvious that these proteins are not able
to interact simultaneously with the short C-terminal
domain of integrin B-chain, and therefore these proteins
compete with each other for binding to the same sites on
the B-chain. The C-terminal cytosolic domain of integrin
B-chain contains two sites with the primary structure
NXXY. These sites are separated by a short sequence
enriched in Ser and Thr that undergo phosphorylation by
a number of different protein kinases [111]. Most of the
protein partners interact with one of the two Tyr-contain-
ing motifs or with the sequence enriched with Ser or Thr.
For instance, talin interacts with the first Tyr-containing
motif and provides for attachment of actin filaments to
integrin. Phosphorylation of Tyr located in the first motif
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decreases the interaction of talin with the p-chain of inte-
grin. Therefore, the same site of the B-chain of integrin
binds another protein, tensin, which not only attaches
actin filaments to integrin but also attracts to the focal
contact PDK1 and Akt protein kinases [111]. Something
similar occurs with the sequence enriched in Ser and Thr
and connecting two Tyr-containing sites. In the non-
phosphorylated state this Ser/Thr rich sequence of inte-
grin B-chain interacts through hydrophobic contacts with
the 21st immunoglobulin-like domain of filamin. This
interaction leads to attachment of actin filaments via fil-
amin to integrin and inhibits cell migration [113]. After
phosphorylation of the Ser/Thr sequence by protein
kinases the interaction of this sequence with filamin is
diminished, and in contrast its interaction with different
14-3-3 isoforms is dramatically increased [111]. By an
incompletely understood pathway this leads to activation
of small G-proteins Racl and cdc42, reorganization of
cytoskeleton, and increased cellular migration [111].
Phosphorylation of the Ser/Thr rich sequence of integrin
B-chain does not directly affect its interaction with talin.
However, the interaction with 14-3-3 induced by integrin
phosphorylation leads to replacement of talin from its
complex with integrin [114], thus indirectly affecting
cytoskeleton and cell migration.

Protein—protein interactions of the cytoplasmic
domain of integrin a-subunits have been analyzed in less
detail. Nevertheless, it has been shown that the a4 sub-
unit of integrin is phosphorylated at Ser978, and this pro-
vokes its interaction with 14-3-3 [115]. Moreover, bind-
ing of 14-3-3 promotes binding of the universal adapter
protein paxilin and formation of triple complex consisting
of integrin, 14-3-3, and paxilin. Formation of this com-
plex might affect the orientation of the a- and f-chains of
integrin and their interaction with partner proteins and
the regulation of small G-proteins (Racl, cdc42), which
are involved in regulation of actin polymerization and
lamellipodia formation [115].

As already mentioned, focal contacts contain many
proteins and among them adapter proteins and protein
kinases. p130“® (Cas) is one such adapter protein that
interacts with Pro-rich sequences of different proteins
located in the focal adhesion. Cas can be phosphorylated
at Tyr residues and is therefore able to interact with pro-
teins containing the so-called SH2 domain responsible
for recognition and binding of phosphotyrosine. All these
properties promote interaction of Cas with focal adhesion
kinase (FAK) as well as with tyrosine protein phos-
phatases [116]. Activation of integrin receptor is accom-
panied by phosphorylation of Cas at serine residues and
promotes interaction of Cas with 14-3-3 [116]. It is sup-
posed that 14-3-3 somehow affects transduction of the
signal from integrin to cytoskeleton via reversible binding
of phosphorylated Cas, which participates in redistribu-
tion of protein kinases and protein phosphatases and in
this way induces reorganization of cytoskeleton [112].



1538

Cell—cell adhesion is provided by integral membrane
proteins such as different kinds of cadherins, desmogleins
and desmocollins. Extracellular domains of these proteins
interact with each other and “glue” neighboring cells.
The cytoplasmic domain of these proteins is involved in
the binding of different elements of cytoskeleton (actin
filaments and intermediate filaments) to the intercellular
contacts or to the sites of interaction of the cell with
extracellular matrix [117]. Proteins of the armadillo fam-
ily provide contacts between actin filaments and cad-
herins, desmogleins and desmocollins. The armadillo
family consists of different catenins, plakoglobins, and
plakophilins. All these proteins contain in their primary
structure conservative Arm repeats and different in size
and structure variable N- and C-terminal parts [117].
Some members of the armadillo family, namely - and 5-
catenins, after phosphorylation interact with different
isoforms of 14-3-3 [118, 119].

Let us analyze in more detail the interaction of -
catenin with 14-3-3. B-Catenin interacts with the cyto-
plasmic domain of E-cadherin and provides for its bind-
ing to a-catenin, which is directly involved in attachment
of actin filaments to the sites of cell adhesion (Fig. 7)
[120]. Some B-catenin is tightly bound at adherens junc-
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Fig. 7. Participation of B-catenin in intercellular junctions and
regulation of gene transcription. Interacting with E-cadherin and
o-catenin, B-catenin is involved in attachment of actin filaments
to the region of intercellular junctions. $-Catenin is located both
in the region of intercellular junctions (i.e. close to the cell mem-
brane) and in the free state in cytosol. Phosphorylation of catenin
by casein kinase I (CKI) and glycogen synthase kinase 3 (GSK3)
leads to B-catenin ubiquitination with subsequent proteasomal
degradation. Phosphorylation by protein kinase B (Akt) at Ser552
promotes interaction of B-catenin with 14-3-3, translocation of
this complex to the nucleus, and activation of certain genes.
Chibby protein phosphorylated by protein kinase B (Akt) is able
to form a ternary complex with phosphorylated -catenin and 14-
3-3. Formation of this ternary complex promotes nuclear export
of B-catenin and in this way prevents activation of gene transcrip-
tion. See details in text.
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tions and desmosomes, whereas another part of [3-
catenin remains free and is distributed between cytosol
and nucleus. Under normal conditions the portion of 3-
catenin remaining free is rather small since it undergoes
phosphorylation catalyzed by casein kinase I and glyco-
gen synthase kinase. Phosphorylation catalyzed by these
protein kinases leads to interaction of 3-catenin with cer-
tain partner proteins, ubiquitination, and subsequent
proteasomal degradation of [-catenin [119, 120].
Hormone-dependent activation of protein kinase Akt
(protein kinase B) leads to phosphorylation of -catenin
at Ser552 and its translocation from extracellular junc-
tions to cytosol [120]. B-Catenin phosphorylated at this
site interacts with 14-3-3, and this promotes its translo-
cation to the nucleus where 3-catenin forms complexes
with certain transcriptional factors and activates certain
genes (Fig. 7) [119-121]. Overall, these events can lead to
uncontrolled proliferation and neoplastic transforma-
tion.

The presented data mean that 14-3-3 prevents pre-
mature proteolysis of f-catenin and promotes its translo-
cation to the nucleus. The picture becomes even more
complicated by the presence of a special protein, Chibby
[121]. Chibby interacts with B-catenin, blocking its tran-
scriptional activity. After phosphorylation by protein
kinase Akt, Chibby forms a ternary complex consisting of
phosphorylated Chibby, 14-3-3, and phosphorylated [3-
catenin. Formation of this complex promotes nuclear
export of P-catenin and decreases its transcriptional
activity (Fig. 7) [119, 121]. Thus, 14-3-3 affects [-
catenin distribution in the cell and, depending on the iso-
form, concentration and the presence of phosphorylated
Chibby regulates its transcriptional activity and participa-
tion in cytoskeleton formation.

Some cells have highly specialized cytoskeleton and
a special set of proteins responsible for attachment of
cytoskeleton to integral membrane proteins. However,
the main principles of protein—protein interactions
remain the same. For instance, podocytes (specialized
kidney cells) have complex actin cytoskeleton, damaging
or improper functioning of which leads to proteinuria
(the loss of proteins with urine). Podocytes contain spe-
cial integral membrane proteins such as P-cadherin,
nephrin, podocins, etc. and special adapter proteins such
as earlier mentioned catenins and synaptopodin.
Synaptopodin directly or through a-actinin attaches
actin filaments to the integral membrane proteins [122,
123]. Synaptopodin is phosphorylated by cAMP-depend-
ent protein kinase and Ca’>"-calmodulin-dependent pro-
tein kinase and after phosphorylation forms a tight com-
plex with 14-3-3. This complex provides correct attach-
ment of actin filaments to the integral membrane proteins
and correct functioning of podocytes. Dephosphorylation
by calcineurin increases susceptibility of synaptopodin to
proteolysis, leading to disorganization of cytoskeleton
and proteinuria [123].
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The molecules of cell adhesion CD44 and Na*/H*-
exchanger (NHE) also participate in formation of inter-
cellular junctions. These cell adhesion proteins also
interact with intracellular cytoskeleton, and this interac-
tion is provided with participation of a special group of
proteins belonging to the so-called FERM family. This
abbreviation was formed by utilization of the first letter of
the names of four proteins belonging to this family,
namely, the protein of 4.1 band (four, F), ezrin (E),
radixin (R), and moesin (M). The proteins of this family
contain conservative FERM-domain and special sites for
spectrin and actin binding [124]. Recently certain other
proteins were added to this family, and among them
Merlin and DAL-1 (differentially expressed in adenocar-
cinoma of the lung), both of which belong to the 4.1B
group of FERM proteins [125, 126]. Both of these pro-
teins participate in regulation of proliferation and neo-
plastic transformation. It is worth mentioning that the
above-mentioned talin, providing attachment of actin fil-
aments to integrin, also contains a FERM-domain [127].
The proteins of the FERM family are distributed between
cytosol and intercellular junctions, where they attach
actin filaments to integral membrane proteins. Trans-
location between cytosol and membrane is regulated by
phosphorylation of specific sites of FERM proteins and
by changes in the level of phosphatidylinositols in the cell
membrane [127, 128]. DAL-1 and the proteins of the 4.1
group interact with different isoforms of 14-3-3 [124,
125]. Special sites located in the FERM-domain partici-
pate in this interaction, which is not dependent on
FERM-protein phosphorylation. To our knowledge the
consequences of this interaction remain incompletely
understood. However, one can suppose that binding of
14-3-3 might affect intracellular distribution of FERM
proteins and their interaction with other protein partners.
All these events can induce changes in intercellular inter-
actions and cellular motility.

Interaction of 14-3-3 with Small G-Proteins and Protein
Kinases Participating in Cytoskeleton Regulation

Small G-proteins play an important role in transduc-
tion of hormonal signal from receptors inside of the cell.
Among small G-proteins belonging to the Ras family,
there is a small group designated as RGK, following the
names of four proteins belonging to this group, namely
Rem (also called Reml or Ces), Rem2, Rad, and
Gem/Kir [129, 130]. The proteins of the RGK group are
different from the other members of the Ras family. The
RGK proteins do not contain fatty acid residues (impor-
tant for attachment of small G-proteins to the mem-
brane) and have low GTPase activity and unique N- and
C-terminal sites [129, 130]. The RGK proteins play
diverse intracellular roles and interact with a wide num-
ber of different protein partners [131]. For instance,
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RGK proteins interact with the p-subunit of potential-
dependent calcium channels and inhibit functioning of
these channels. The sites of GTP binding and interaction
with B-subunit of calcium channel overlap, and therefore
the depth of inhibition depends on the presence of gua-
nine nucleotide in the active site of RGK as well as on the
binding of calcium-saturated calmodulin with the site
located in the C-terminal part of the RGK molecule (Fig.
8) [129, 130]. RGK proteins can be phosphorylated at a
number of sites. Two phosphorylated Ser residues located
in the very N- and C-terminal parts of RGK are recog-
nized by 14-3-3 [131]. Thus, phosphorylation makes pos-
sible tight bidentate binding of RGK proteins with 14-3-
3 [132]. Interaction with 14-3-3 results in redistribution
of RGK proteins between nucleus and cytosol, increased
stability of RGK, and conformational changes in the
GTP-binding site of RGK [129, 130]. RGK proteins
(both in the free state and in the complex with 14-3-3)
interact and affect Rho-dependent protein kinases [129].
The B-isoform of Rho-kinase phosphorylates and acti-
vates myosin light chain kinase and LIM-kinase involved
in cofilin phosphorylation. In addition, Rho-kinase
phosphorylates and inhibits activity of myosin light chain
phosphatase (Fig. 8) [129]. It is probable that the a-iso-
form of Rho-kinase also participates in regulation of
these enzymes. If the scheme presented in Fig. 8 is cor-

phosph‘OW

RGK GTP

Ca?*-calmodulin

RGK-P
interaction with B-subunit
14-3-3 of potential-dependent Ca?*
channel and inhibition
RGK-P — 14-3-3 of the channel

\/
Rho-dependent
protein kinases

MLCP<=—3 MLCP-P| MLCK ==—sMLCK-P| LIMK®<=Ss LIMK-P|
— _
—

Formation of stress fibers and focal contacts,
change of cell shape

Fig. 8. Scheme of possible involvement of 14-3-3 in RGK protein
functioning. RGK proteins interact with calcium-calmodulin and
bind GTP. This can lead to changes in intracellular distribution of
these proteins and to inhibition of potential-operated calcium
channel. Phosphorylation of RGK proteins provides their interac-
tion and tight complex formation with 14-3-3. RGK proteins
affect the catalytic activity of Rho-kinases phosphorylating and
activating myosin light chain kinase (MLCK), phosphorylating
and inhibiting catalytic activity of myosin light chain phosphatases
(MLCP) and phosphorylating and activating LIM-kinase respon-
sible for cofilin phosphorylation. Regulating activity of Rho-
kinases, the RGK—14-3-3 complex affects formation of stress
fibers and focal contacts as well as cell shape and migration.
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rect, then RGK proteins seem to be involved in formation
of stress fibers and focal contacts. Taking into account
that 14-3-3 affects stability and intracellular distribution
of RGK, one can suppose that 14-3-3 indirectly affects
formation of cytoskeleton and cell motility.

Earlier we analyzed the interaction of 14-3-3 with
integrins and the probable role of 14-3-3 in transduction
of the signal from integrins to adapter proteins such as fil-
amin, talin, and tensin. The protein composition of focal
contacts is very complicated, and in addition to adapter
proteins it includes a number of small G-proteins and
protein kinases. Detailed mechanisms of interaction of all
these proteins remain poorly understood. Nevertheless,
we will try to discuss some hypotheses formulated in the
literature.

Insulin and many growth factors binding to their
receptors activate phosphatidylinositol 3-kinase, which is
responsible for phosphatidylinositol-3,4,5-trisphosphate
(PIP;) synthesis. Accumulation of PIP; results in translo-
cation to the membrane of Akt protein kinase, which
phosphorylates a large number of different protein sub-
strates, among them integrin subunits, guanine
nucleotide exchange factor (GEF), small G-protein
Racl, and protein kinase Pak [133, 134]. The sites phos-
phorylated by Akt and having the primary structure
RXRXX(S/T) [135] are often recognized by different iso-
forms of 14-3-3. These events lead to accumulation in the
region of focal contacts of a number of phosphorylated
proteins, some of which interact with 14-3-3. The focal
contacts contain the small G-protein Racl [136], which
is in the activated state due to the presence of activating
guanine nucleotide exchange factor (GEF). Activated
Racl1 stimulates protein phosphatases that dephosphory-
late cofilin, and in this way promote disassembly of actin
filaments. At the same time, Racl in the complex with
14-3-3p stimulates p21-activated protein kinase (PAK)
that also leads to reorganization of cytoskeleton [133].
Recently described Kank protein is also located in focal
contacts [134]. This protein inhibits actin polymerization
and undergoes phosphorylation catalyzed by Akt.
Phosphorylated Kank interacts with 14-3-3 and in this
way competes with other protein targets of 14-3-3 in the
region of focal contacts. All these interactions again can
lead to reorganization of actin cytoskeleton [134].

In summary, we conclude that 14-3-3 interacts with
many G-proteins and protein kinases participating in
reorganization of cytoskeleton and therefore can indi-
rectly affect intercellular junctions, attachment of cells to
extracellular matrix, and cell migration.

Interaction of 14-3-3 with Proteins of Microtubules
Microtubules are formed by ordered polymerization

of tubulin dimers, and the data of the literature indicate
that 14-3-3 can interact with both a- and -tubulins [78].
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However, the details of this interaction and its physiolog-
ical significance remain incompletely understood.

Microtubule assembly is regulated by a large number
of different proteins designated as MAP (microtubule-
associated proteins). One of the proteins involved in reg-
ulation of microtubule association is the so-called t-pro-
tein. This protein belongs to a group of proteins with
intrinsically unordered structure [137-139]. Six isoforms
of t-protein are predominantly expressed in the nervous
system. These isoforms are the result of alternative splic-
ing and differ in their length from 352 to 441 amino acid
residues. All isoforms of t-protein contain acidic N-ter-
minus, a Pro-rich sequence located in the middle of the
protein, and three or four sites with similar structure
located in the C-terminal part of molecule [140]. It is
supposed that these three or four C-terminal repeats are
involved in the interaction of t-protein with tubulin. The
Pro-rich sequence seems to be located along micro-
tubules, and the acidic N-terminal tail hangs free [141]
affecting translocation of motor proteins along micro-
tubules [142] and/or interaction between neighboring
microtubules [143]. Affecting the rate of microtubule
assembly [144], the interaction between microtubules,
and translocation of kinesin and dynein along micro-
tubules [142], t-protein plays an important role in the
normal functioning of cytoskeleton.

There are more than 19 sites of phosphorylation in -
protein. These sites can be phosphorylated by a number
of different protein kinases (cCAMP-dependent (PKA),
neuronal cdc2-like protein kinase (NCLK), mitogen-
activated protein kinase (MAPK), glycogen synthase
kinase 3 (GSK3), protein kinase C (PKC), phosphorylase
kinase, calmodulin-dependent protein kinase (CaCMK),
casein kinases of the first and second type (CK I and II),
kinases of MARK /Par-1 family, etc.) [145-148]. The sites
of phosphorylation are located along the whole length of
the polypeptide chain of t-protein [146, 149]. Therefore
phosphorylation might affect many properties of t-pro-
tein. For instance, phosphorylation affects the interaction
of T-protein with microtubules [150] and the susceptibil-
ity of t-protein to proteolysis [151, 152]. Especially
important is the effect of phosphorylation on the ability of
t-protein to form different in form and size aggregates,
the so-called paired helical filaments (PHFs) and neu-
rofibrillary tangles (NFTs) [153, 154].

In earlier publications it was supposed that certain
isoforms of 14-3-3 play a role of special adapter that is
important for formation of triple complex consisting of t-
protein, 14-3-3, and different protein kinases. Formation
of this complex promotes effective phosphorylation of t-
protein by cAMP-dependent protein kinase [146], glyco-
gen synthase kinase 3 [155, 156], and serum and glucocor-
ticoid-inducible protein kinase 1 [48]. In a later publica-
tion formation of t-protein/14-3-3/protein kinase triple
complex was not confirmed [157], but it was postulated
that 14-3-3 somehow affects phosphorylation of t-protein.
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For a long time it was postulated that phosphoryla-
tion is not necessary for productive interaction of t-pro-
tein with 14-3-3 and that the sites of 14-3-3 binding are
located close to tubulin-binding sites (the region of con-
servative repeats) of t-protein, thus leading to competi-
tion of 14-3-3 and tubulin for binding to t-protein [146].
Recently published data [158, 159] indicate that phos-
phorylation of Ser214 of the largest isoform of t-protein
(or phosphorylation of homologous Ser156 of the shortest
isoform of t-protein) leads to significant increase in
interaction between 14-3-3 and t-protein. The primary
structure at this site of phosphorylation located in the
Pro-rich region correlates well with the structure of con-
sensus sequences recognized by 14-3-3 in other protein
targets [158, 159], and therefore involvement of this site
in 14-3-3 binding is not unexpected. However, mutated t-
protein with replacement of Ser156 by alanine and phos-
phorylated by cAMP-dependent protein kinase interact-
ed with 14-3-3 stronger than unphosphorylated wild type
protein [160]. These data were interpreted as an indica-
tion that phosphorylation of not only Ser156, but of cer-
tain other sites is also important for interaction of t-pro-
tein with 14-3-3. By means of site directed mutagenesis,
it was shown that at least two additional sites (Ser235 and
Ser267 of the shortest isoform of t-protein) phosphory-
lated by cAMP-dependent protein kinase and located in
the region of conservative repeats, involved in the interac-
tion of t-protein with tubulin, play an important role in
formation of tight complexes between t-protein and 14-
3-3. Thus, several sites of t-protein participate in the
interaction with 14-3-3, and the stability of the complex
formed depends on the phosphorylation of t-protein at
several sites (located both in the Pro-rich region and in
conservative repeats important for tubulin binding) [160].

Under certain conditions t-protein can undergo
aggregation, forming aggregates of different form and
size. Neurological diseases that are accompanied by
accumulation of aggregates of t-protein are called
tauopathies. This group of diseases combines Alzheimer’s
disease, Pick’s disease, frontotemporal dementia, and
certain other neurological disorders [154, 161, 162].
Detailed explanation of mechanisms underlying t-pro-
tein aggregation is still lacking, but it is postulated that
hyperphosphorylation, oxidation of SH-groups, glycosy-
lation, and limited proteolysis can increase the probabili-
ty of t-protein aggregation. Polyanions and fatty acids
can also promote formation of t-protein aggregates [154,
163]. Recently published data indicate that neurofibril-
lary tangles formed by aggregated t-protein contain 14-3-
3 [164, 165]. Therefore, the question arises what the
effect of 14-3-3 on t-protein aggregation is. Addition of
14-3-3 promotes aggregation of intact t-protein and its
fragments [166]. It was postulated that competing with
tubulin, 14-3-3 induces dissociation of t-protein from
microtubules and in this way provokes t-protein aggrega-
tion leading to formation of paired helical filaments and
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neurofibrillary tangles. At the same time, formation of
14-3-3—1-protein complexes might promote phosphory-
lation of t-protein by cAMP-dependent protein kinase,
and this will somehow prevent formation of insoluble
aggregates of t-protein [166]. Investigations of Japanese
authors [159, 167] support this suggestion. 14-3-3 pro-
motes aggregation of unphosphorylated t-protein and at
the same time prevents aggregation of t-protein phospho-
rylated by cCAMP-dependent protein kinase and protein
kinase B [159, 167]. Unfortunately, the molecular mech-
anisms of 14-3-3 action on t-protein aggregation remain
enigmatic. However, even now we can state that 14-3-3
affects incorporation of t-protein into microtubules and
in this way affects microtubule assembly and transloca-
tion of motor proteins along microtubules. 14-3-3 can
affect aggregation of t-protein, leading to development of
different neurological forms of tauopathies. Taking into
account that t-protein is not only a component of micro-
tubules but interacts and affects the structure of actin
microfilaments [168], we can conclude that 14-3-3 might
be involved in reorganization of neuronal cytoskeleton
and in this way might affect development of different neu-
rodegenerative diseases.

Microtubules form a system of “rails” used for
translocation of motor proteins carrying different cargoes
from the nucleus to periphery or in the opposite direc-
tion. It has been shown that one kinesin, namely KIFI1C,
present in the form of monomer or in the form of het-
erodimer and participating in transportation of cargoes
from Golgi to endoplasmic reticulum, is able to interact
with 14-3-3 [169]. The site of interaction is located in the
C-terminal part of KIF1C, and the strength of interaction
depends on phosphorylation of Ser1092 of KIF1C, which
is phosphorylated by casein kinase 11 [169]. The proteins
interacting with the C-terminal part of kinesin might
affect the functioning of the motor domain, which is usu-
ally located in the N-terminal part of kinesin. Moreover,
the proteins bound to the C-terminal portion of kinesin
are located close to cargoes that are carried by kinesin,
and therefore they can be important for choosing proper
organelles (or vesicles) that will be bound and transport-
ed by this motor protein. Binding of 14-3-3 can promote
formation of dimers of KIF1C [169] and in this way affect
the properties of kinesin. Further investigations have
shown that 14-3-3 is also able to interact with kinesin
light chain 2, being a component of a heterotetrameric
form of conventional kinesin KIF5B [170]. The light
chains are also located in the C-terminal part of this
kinesin isoform and participate in attachment of cargoes
transported by kinesin. 14-3-3 binding is dependent on
phosphorylation of Ser575 located in the peptide with
primary structure RARSS’’LNFLN, which is signifi-
cantly different from the structure of the sites usually rec-
ognized by 14-3-3 (see above). The presented data mean
that 14-3-3 interacts with different isoforms of kinesin
and the sites of 14-3-3 binding are usually located close to
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the site of cargo binding. This agrees with the viewpoint
that 14-3-3 is used as a universal adapter protein or is a
member of complicated protein complexes involved in
cargo attachment and transportation in the cell [171,
172]. To our knowledge the detailed role of 14-3-3 in
cargo attachment to kinesin remains poorly investigated.

In summary, we conclude that 14-3-3 can indirectly
affect assembly and disassembly of microtubules, translo-
cation of motor proteins along microtubules, and proba-
bly interaction of microtubules and microfilaments as
well as aggregation of certain microtubule-associated
proteins.

14-3-3 and Proteins of Intermediate Filaments

Three types of filaments, namely microfilaments
(formed by actin and having diameter of about 8§ nm),
microtubules (formed by tubulin and having diameter of
about 25 nm), and so-called intermediate filaments hav-
ing diameter of about 10-12 nm, are the main compo-
nents of cytoskeleton [173, 174]. There are six classes of
proteins forming intermediate filaments: two classes of
cytokeratins (so-called acidic and basic keratins); pro-
teins of muscle, mesenchymal, and glial intermediate fil-
aments (desmin, vimentin); proteins of neurofilaments;
lamins forming nuclear envelope; and proteins of the so-
called orphan intermediate filaments of crystalline lens
[173, 174].

The proteins of intermediate filaments have similar
structure. They contain a highly conservative central part
tending to form coiled-coil and different in size N- and C-
terminal parts [175]. Dimers of proteins of intermediate
filaments (stabilized by coiled-coil structures) are assem-
bled into mature intermediate filaments where contacts
between neighboring dimers are formed by the interaction
of variable N- and C-terminal parts of the molecule.
Although the intermediate filaments are very stable and
mechanically strong, these elements of cytoskeleton
undergo a constant and dynamic process of subunit
exchange [174]. Subunit exchange and assembly and dis-
assembly of intermediate filaments are dependent on
phosphorylation of sites located in the N- and C-terminal
variable parts of intermediate filament proteins [176]. As a
rule phosphorylation destabilizes protein—protein interac-
tion and promotes disassembly of intermediate filaments.

In S/G2/M phases of the cell cycle certain cytoker-
atins (cytokeratins K8/K18) undergo hyperphosphoryla-
tion (it is probable that protein kinase cdc2 plays an
important role in this process) [177]. Phosphorylated
cytokeratins K8/K18 interacts with 14-3-3, and this pre-
vents incorporation of cytokeratins into intermediate fil-
aments. Interaction with 14-3-3 becomes possible only
after phosphorylation of Ser33 of cytokeratin K18 [178].
The primary structure at phosphorylated Ser33, RPVS-
SAAS*VY, is significantly different from that in the con-
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sensus sequences recognized by 14-3-3 in the other pro-
tein substrates. It is supposed that interaction with 14-3-
3 might affect both intracellular distribution of cytoker-
atins and their ability to assemble into intermediate fila-
ments [177-179]. Treating of cells with the inhibitor of
protein phosphatases calyculin A is accompanied by
increase in the portion of phosphorylated vimentin.
Phosphorylation of the sites located in the N-terminal
part (residues 1-96) leads to interaction of vimentin with
14-3-3 [180]. The concentration of vimentin in the cell is
rather high, and the complex formed with 14-3-3 is very
tight. Therefore phosphorylated vimentin effectively
competes with the other protein targets of 14-3-3, influ-
ences distribution of 14-3-3 in the cell, and affects differ-
ent processes controlled by 14-3-3 [180].

Glial fibrillary acidic protein (GFAP) together with
vimentin forms intermediate filaments and plays an
important role in formation of cytoskeleton of astrocytes.
Glial acidic proteins both being free in cytosol and being
incorporated into intermediate filaments interacts with
14-3-3. This interaction is dependent on phosphorylation
of Ser8 of GFAP [181]. The primary structure at Ser§,
RRITS®AR, is different from the consensus sequences
usually recognized by 14-3-3 and from the sequence rec-
ognized by 14-3-3 in cytokeratins. As in the case with
cytokeratins, interaction with 14-3-3 hampers incorpora-
tion of glial acidic protein into intermediate filaments and
in this way significantly affects integrity of intermediate
filaments and dynamics of their assembly and disassembly
[181]. It is worthwhile to mention that no less than 1% of
cell proteins are represented by different proteins of inter-
mediate filaments [180]. Therefore, phosphorylation of
intermediate filament proteins can lead to the binding of
large quantities of 14-3-3, and this will indirectly affect
catalytic activity of protein phosphatases (cdc25 protein
phosphatase) and protein kinases (Raf, Akt) regulated by
14-3-3 [173, 174]. Thus, interaction of intermediate fila-
ment proteins with 14-3-3 regulates assembly and disas-
sembly of important elements of cytoskeleton as well as
multiple processes depending on phosphorylation and
dephosphorylation of different intracellular proteins.

CONCLUSION

In summary, we conclude that the proteins of the 14-
3-3 family are universal adapters able to interact with
many different cellular proteins. Activity of 14-3-3 can be
regulated in different ways. First, 14-3-3 activity can be
regulated by changing of the rate of synthesis and proteo-
Iytic degradation. Second, the cell can synthesize a num-
ber of different 14-3-3 isoforms that differ in their ability
to form homo- or heterodimeric complexes and to inter-
act with protein targets. Third, proteins of the 14-3-3
family undergo different types of posttranslational modi-
fication (such as phosphorylation and acetylation), sig-
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nificantly affecting their structure and properties. Fourth,
both homo- and heterodimers of 14-3-3 contain at least
two sites involved in the binding of phosphorylated lig-
ands having special primary structure. This makes prefer-
ential the binding of protein targets having two (or more
than two) sites of phosphorylation. In addition the pres-
ence of two sites of phosphopeptide binding makes possi-
ble the binding of two protein targets, each of which con-
taining a single site of phosphorylation. 14-3-3 is able to
bind not only protein targets having phosphorylated
Ser/Thr residues located in specific consensus motifs, but
also many other proteins phosphorylated at unusual sites
or even unphosphorylated proteins. We suppose that fur-
ther investigation of the mechanism of recognition will be
an important subject of future investigations.

The binding of target proteins leads to a number of
different consequences. The target proteins bound to 14-
3-3 become protected from proteolysis and/or dephos-
phorylation, change their intracellular distribution, and
finally two different protein targets can be drawn togeth-
er. The last feature is especially important if one target
protein is an enzyme (for instance, protein kinase) and
the second one is its substrate. As already mentioned, 14-
3-3 interacts with a number of different targets; therefore,
changes in the concentration of one protein target can
affect the interaction of 14-3-3 with the other protein tar-
gets. This is especially important in the case of proteins
present at a rather high concentration in the cell. All this
means that 14-3-3 is a highly effective regulator of many
intracellular processes and makes further investigation of
14-3-3 very promising.

In a rather short review it is impossible to describe
the structure, properties, and functions of 14-3-3 in
detail. The interested reader can find more details in the
earlier published excellent reviews dealing with the histo-
ry of discovery and investigation of 14-3-3 [5], mecha-
nism of functioning and regulation of 14-3-3 activity
[182, 183], specific functions of 14-3-3 in the nervous
system [23], the role of 14-3-3 in apoptosis and survival
[184], 14-3-3 as a possible oncogene [185], and the role
of 14-3-3 in oncogenesis [186].

The authors are deeply indebted to N. V. Solov’eva
for careful scientific editing.
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Fig. 3. (N. N. Sluchanko and N. B. Gusev) Site of interaction of 14-3-3 monomers. The PyMOL program was used for presentation of X-ray
crystallography data obtained on 14-3-3C (PDB ID /QJB). The structure of 14-3-3 monomer is shown as beige helices. Uncharged residues
involved in dimerization are shown in black and gray. Ser58 participating in regulation of dimerization is shown in green. The residues involved
in formation of salt bridges between 14-3-3 monomers are shown in red (positively charged) and violet (negatively charged).

a b L216

Fig. 5. (N. N. Sluchanko and N. B. Gusev) Complex formation of 14-3-3 and phosphopeptide. The PyMOL program was used to show X-
ray crystallographic data obtained with the complex of 14-3-3C and phosphopeptide (PDB ID /QJB). a) Ribbon model of the complex formed
by dimer of 14-3-3 (gray helices) with two bound phosphopeptides (green). b) Structure of amphipathic groove of 14-3-3 monomer (beige
helices) involved in ligand binding. Residues forming hydrophobic surface are indicated in blue and positively charged residues are in green.
The numbering corresponds to the ¢ isoform of 14-3-3. The phosphorylated residue of the ligand is indicated in orange, and the rest of the
phosphopeptide is gray.
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