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Fig. 3 Stress-activated MAP kinase cascades in vertebrates and unicellular eukaryotes. MR — mechanoreceptors; CR — cytokine receptors; RS — suggested
redox-sensitive sensors; OS — suggested osmosensors; Src — non-receptor tyrosine kinases; PKC — protein kinase C; (?) — unidentified targets; Ca?
— calcium ions; Ras — small G-protein; Sho1p — SH3-containing osmosensor protein; STE20 — PAK-like kinase; STE50 — subunit of STE11 kinase. MEKK-1,
SEK1, JNK1, PBS2, HOGH1, p53 — kinases of stress-activated MAP kinase cascades. c-Jun, Msp2/4, Sko1, Hot1 — factors of transcription. Taupe colour
— kinases of the MAPK signaling cascades; light gray — transcription factors. Details in the text.

in the MEKK-MEK-MAPK module and are likely to be
found in mammalian cells. Here we will consider only two
MAP kinase cascades S. cerevisiae. One of them, the
well-studied MAPK module of the pheromone response
pathway is involved in mating and other steps in their yeast
life cycle, and is interesting in that it is activated through
serpentine G protein-coupled receptors STE2/STE3 by
the mechanism that is partially similar to that in the higher
eukaryote cells (Herskowitz, 1995). The other cascade is
responsible for cell wall integrity and is activated by PKC1
(Blumer et al., 1994), as well as by several mammalian
signaling cascades (Seger and Krebs, 1995). Only in the
pheromone response pathway and in the PKC1 pathway
the S. cerevisiae have complete MAPK cascades with
identified MEKK, MEK, and MAPK.

Unlike mammalian, Drosophila, and nematode cell
systems with their Raf-MEK-MAPK module, in which
MEK activity can be stimulated by activating a RTK to
lead to activation of the protein kinase Raf, this MEKK
cascade activity in S. cerevisiae that lacks RTK and Raf
is controlled ultimately by serpentine G protein-coupled
receptors.

A typical example of signal transduction to the yeast
MAPK cascade with participation of serpentine receptors
can be the pheromone response pathway. This response
pathway is necessary for haploid strains of yeast that are
of the mating type a or o to mate with each other. There
are three major responses: transcriptional induction
of genes involved in mating, arrest of cells in G,, and

morphological changes. Each of the haploid cell types
produces a peptide mating pheromone, a factor or o factor,
that acts on the serpentine receptors of its mating partner.
The a cells produce the o factor receptor STE3, whereas
the a/a cells produce none. Synthesis of the receptor is
governed at the transcriptional level by cell type-specific
regulatory proteins; all intracellular components of the
pheromone response pathway are common to the a and
o, cells (Herskowitz, 1995).

Activation of the receptor-caused dissociation of Go
from Gy of heterotrimeric G protein then activates the
MAPK cascade in an as yet unknown manner involving
STE20 and STES. STES acts as a scaffold for the MAPK
cascade and is not associated with G} (STE4), STE20 or
STE12, but is associated with STE11 and STE7, as well
as with MAPKs, FUS3, and KSS1. These results lead to
suggestion that STES acts as a scaffold for the MAPK
module (Fig. 2).

STE11, a MEKK family member, then phosphorylates
andtherebyactivates STE7,aMEKfamilymember(Neiman
and Herskowitz, 1994). STE?7, in turn, phosphorylates the
MAPKs FUS3 and KSS1 and activates them (Gartner
et al, 1992; Errede et al., 1993). The activated MAPKs
then apparently activate the transcription factor, STE12,
by phosphorylating it (Elion et al., 1993). STE12, often in
association with the general transcription factor MCM1,
then activates transcription of numerous genes coding for
components of the pheromone response pathway itself
and genes necessary for cell fusion. Cell cycle arrest in
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response to the mating pheromones results ultimately
from action of the FAR1 protein that binds to cycline-
dependent kinases CDC28-CLN1 and CDC28-CLN2 to
inhibit their activity (Peter and Herskowitz, 1994).

Biochemical studies have shown that FUS3, in
addition to FAR1 and STE12, has several other substrates,
including STE7 (Zhou et al., 1993) and STE5 (Kranz et al.,
1994); however, their functional significance is unknown:
they might play a role in down-regulation of the pathway
or in activation of the pathway. Answer to this question
needs further investigations.

Signal transmission from growth factor receptors
in mammalian cells to the MAP kinase cascade might
include not only participation of RTK and GPCR, but also
PKC-activating mechanisms. These have not yet been
sufficiently studied; they include multiple levels of a cross-
talk existing between the both signal systems at early
points during signal events. Therefore, it is particularly
interesting to consider the direct way of the extracellular
signal transmission with participation of PKC1 (isoform of
PKC) onto the MAP kinase cascade (MEKK-MEK-MAPK)
in yeasts.

In S. cerevisiae, like in some other eukaryotic
organisms (Figs. 2 and 3), PKC1 participates in regulation
of stress-activated signal transduction pathways.
Mutants lacking PKC71 (gene encoding yeast PKC1)
at all temperatures has a cell lysis defect that can be
suppressed by a high-osmolarity medium (Levin and
Bartlett-Heubusch, 1992; Paravicini et al., 1992).

These components of the PKC1 pathway have
been identified by isolation of supressors, in particular,
the high copy plasmid suppressors that restore growth
in mutants defective in different components of this
pathway (Lee and Levin, 1992; Irie et al., 1993; Lee et
al., 1993; Errede et al., 1995). These studies have led
to identification of genes for a MEKK homolog, BCK1, a
MEK homolog, MKK1, and a MAPK homolog, MPK1. The
MKK1 gene has turned out to be functionally redundant
with a related gene, MKK2 (Irie et al., 1993). Mutants
lacking any of these components — the MEKK (bck7), two
MEKs (mkk1 and mkk2), or the MAPK (mpk1) showed the
same phenotype: lysis at a high temperature. Since the
phenotype of mutants deleted for PKC1 is more severe
than for defective mutants, it is suggested that PKC1
controls a bifurcated pathway, one arm of which contains
the MAPK cascade (Lee and Levin, 1992). Upstream
components that could control PKC1 include the putative
membrane sensors Wsc1p and Mid2p (Ketela et al.,
1999) as well as the RHO1 small G-protein (Nonaka et
al., Qadota et al., 1996) (Fig. 2).

By the present time it is established that the S.
cerevisiae PKC1 is an activator of the MAP kinase
cascades that perform transmission of signals inducing
the cell processes that are aimed not only at maintenance
of the cell wall construction (Lee, Levin, 1992; De la Torre-
Ruiz et al., 2002; Krause and Gray, 2002; Reinoso-Martin
et al., 2003), but also at polarized growth (Philip and
Levin, 2001) and adaptation (Kamada et al., 1995, Ketela
et al., 1999). Interestingly, in the closely related species
S. pombe the Pkc1p and Pkc2p that have a high degree
of structural homology with the S. cerevisiae PKC1 did
not transmit signals to the MAP kinase cascade (Perez

and Cthroughe, 2002). Both PKC forms in these yeasts
also are involved in regulation of processes of cellular
integration, but mediate their action through reaction of
biosynthesis of the cell wall polymer (1—6)--glucan with
participation of the enzyme (1-3)-B-D-glucansynthase
(Arellano et al., 1999).

In other model eukaryotic microorganisms, no
complete MEKK-MEK-MAPK modules have beenrevealed
so far. However, they were found to contain integral MAP
kinases phosphorylated at tyrosine and threonine, which
indicates a great importance of the activated MAP kinases
for down-regulation of cellular events.

In the slime mold Dictyostelium discoideum the MAP
kinase ERK2 has been shown to be essential for growth
and to play a role in multicellular development (Gaskins
et al., 1994). Overexpression of ERK2 in D. discoideum
results in abnormal slug morphogenesis and fruiting body
formation. In addition, ERK2 in D. discoideumis important
for receptor-mediated stimulation of adenylyl cyclase ACA
and is required for accumulation of intracellular cAMP
(Segall et al., 1995; Maeda et al., 1996; Aubry et al., 1997,
Kuwayama et al., 2000). Activation mechanisms in MAPK
signaling in D. discoideum are not yet completely clear.
The cAMP acting through serpentine cAMP receptors
is known to produce a rapid and transient stimulation
of the D. discoideum ERK2 activity (Maeda and Firtel,
1997). This might indicate that the D. discoideum
ERK2 can be activated by G protein-coupled receptors
by the mechanism that is similar with that in the higher
eukaryotes. The MAP kinase cascade in D. discoideum
is a part of the complex signal pathway required for cell
aggregation. This pathway includes RasGEF AleA and
RasG (Fig. 1) that are important regulators of ERKs
activation and adaptation. By examining both the level
and kinetics of activation and adaptation of ERK2, it was
shown that Ras was a negative ERK2 regulator. Activation
of Ras or disruption of the RasGAP gene resulted in
reduced ERK2 activation, whereas disruption of putative
RasGEF or expression of dominant negative Ras proteins
(which are described in detail in the preceding Section)
have a more rapid, higher, and extended activation.
Moreover, the constitutive expression of a PKA catalytic
subunit was shown to bypass the requirement of ERK2 for
aggregation and later development, indicating that PKA
lies downstream from ERK2 and that ERK2 may regulate
one or more components of the signaling pathway required
for mediating the PKA function (Aubry et al., 1997).

Recently, MAP kinases and genes encoding microbial
MAPK in parasitic fungi Fusarum oxysporum (Di Pietro et
al., 2001), in protozoan organisms Plasmodium falciparum
(Doerig et al., 1996; Lin et al., 1996; Graeser et al., 1997),
Toxoplasma gondii (Ng et al., 1995, 1997; Roisin et
al., 2000), Tetrahymena thermophila and Tetrahymena
pyriformis (Nakashima et al, 1999), Trypanosoma brucei
(Hua and Wang, 1994, 1997), and Leishmania mexicana
(Wiese, 1998) have been identified. These kinases
contribute to amplification and specificity of transmitted
signals in the nucleus to initiate cellular processes, such
as growth, development, and morphogenesis. However,
identity of these kinases is not known. Certainly, they lack
transcriptional regulation and the mechanisms, by which
proliferation is regulated in protozoan and metazoan



cells, are different. Many of them do have multiple protein
kinases similar to MAPKSs, but for the most part their roles
are not yet established.

MAP kinase of T. gondii has several forms (Roisin
et al., 2000). It is interesting that when using antibodies
to the mammalian ERK active forms recognizing only
MAP kinases phosphorylated at tyrosine and threonine,
not two activated MAP kinases usually detected by
these antibodies, but six, of molecular masses of 43,
45, 47, 53, 67, and 80 kDa, were found in T. gondii.
An immunoblot analysis with the use of anti-ERK1 and
anti-ERK2 antibodies revealed several immunoreactive
bands at 57, 53, 47, and 43 kDa. Based on similarity of
molecular weights and kinase activities with mammalian
MAP kinases, the p47 and p43 protein were identified
as homologues of ERK1 and ERK2, respectively. The
p53 protein revealed by specific anti-SAPK antibody
can correspond to p54-JNK2/SAPK, while the p57 band
detecting anti-ERK antibodies, but not forming immune
complexes with antibody to the active ERK form might
presumably be an inactive isoform of the ERK homologues
(Roisin et al., 2000) or the MAP kinase that, like ERKS, is
not activated by phosphorylation at tyrosine and threonine
residues inside the TXY-motif (Boulton et al., 1991). The
p67 band, phosphorylated myelin basic protein (MBP),
was also detected with the anti-active ERKs antibodies,
suggesting that this protein contains the TXY motif and
seems to be an ERK7 homologue (Abe et al., 1999).
The nature of the redox-sensitive p80 kinase of T. gondii
has not been yet elucidated. The p80 protein detected
using the anti-active ERK antibodies was activated in
response to H,0,, which suggests that the p80 can be a
homologue of the mammalian ERK5 (Abe et al., 1996).
The large spectrum of the revealed MAP kinase isoforms
in T. gondii indicates an important role of these enzymes
in coordination of many cellular processes.

A MAPK homologue of Plasmodium falciparum,
PfMAP (also known as Pfmap-1), was simultaneously
discovered independently in three laboratories (Doerig et
al., 1996; Lin et al, 1996; Graeser et al., 1997). It was
shown that, like other MAP kinases, it contained a TXY-
motif in the kinase subdomain VIII, whose phosphorylation
at tyrosine and threonine is essential for activity (Robbins
et al., 1993; Graeser et al., 1997). Use of immunoblot
analysis and immunopreciptation reaction has allowed
revealing in P. falciparum four different MAP kinase forms:
p40, p80, p100, and p150 (Lin et al, 1996, Graeser et
al., 1997). The total MAP kinase activities increased in
the process of parasite maturation (Graeser et al., 1997).
Activity of the p80 kinase was high at the asexual stage of
parasite development, whereas the p100 protein activity,
on the contrary, in gametes and zygote. It is yet to be
elucidated whetherthe PfIMAP kinase formsin P. falciparum
are involved in control of growth and differentiation of the
parasites or participate in different signal pathways and
perform other cell functions (Kappes et al, 1999). Recently,
another MAPK homologue was identified in gametocytes
of P. falciparum (Dorin et al., 1999). It displayed functional
characteristics of MAPKs such as (1) ability to undergo
autophosphorylation, (2) ability to phosphorylate myelin
basic protein, a classical MAPK substrate, (3) regulation
of kinase activity by a MAPK-specific phosphatase, and
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(4) ability to be activated by component(s) present in cell
extracts. But the peculiarity of Pfmap-2 is that it does
not have the conserved threonine-X-tyrosine activation
motif usually found in enzymes of this family (Dorin et al.,
1999).

The phylogenetic analysis has shown that PIMAPs
do not specifically cluster with typical MAP kinases (Ward
et al., 2004). By analysis of the P. falciparum kinome,
Pfmap-2 was shown to be in a basal position relative to the
MAPK family, which indicates no preferential relations to
any of its subfamilies. Pfmap-1, on the contrary, is clearly
associated with ERK8 that is not a part of typical three-
component (MEKK-MEK-ERK) modules (Ward et al.,
2004). This can indicate that other protozoan organisms,
although use MAPK homologues, also do not have typical
MEKK-MEK-ERK modules.

Many aspects of MAPK signaling in microbial
organisms have yet remained unclear. In most cases,
unknown are the precise mechanisms of regulation of
the signal transduction pathways including the MAP
kinase cascades; also not revealed is the PTK role in
their activation. The examples presented in this review
demonstrate differences, rather than similarity, of trigger
mechanisms of the MAP kinase cascade activation in
the higher and lower eukaryotes. Although the presence
in signal protein networks in the series of unicellular
eukaryotes of the growth receptor-like proteins, protein
tyrosine kinases, Ras proteins, and Src homology 2
(SH2) of domain-containing proteins suggests that in
lower eukaryotes, classical mechanisms of MAP kinase
activation with participation of tyrosine phosphorylation
also can take place, not all studied eukaryotic
microorganisms have been revealed to contain the
complete MEKK-MEK-MAPK cascades. In spite of this, it
is evident that the MAP kinases activated by extracellular
stimuli participate in regulation of fundamental cell
processes: mating, proliferation, differentiation, and
co-ordination of polarized growth, many of them being
common to the higher and lower eukaryote cells. It is to
be emphasized that in unicellular eukaryotes the signaling
events that do not regulate MAPK activation, like probably
in the higher eukaryote cells, may mediate aspects of
tyrosine kinase signaling, such as ligand-stimulated cell
survival, cytoskeletal rearrangements, cell migration, and
chemotaxis (Ridley et al., 1992; Ridley and Hall, 1992).

Stress-activated protein kinases in the lower
eukaryotes

The stress-activated protein kinases SAPK (JNK-p46,
SAPK-p54, and p38-MAPK) revealed in the higher
eukaryotes, related to ERK1/ERK2, are included in the
MAP kinase family (Boulton et al., 1991; Derijard et al.,
1994; Han et al., 1994; Kyriakis et al., 1994 Minden et
al., 1994). Their activity also depends on processes of
tyrosine and threonine phosphorylation; however, whereas
the mammalian ERK1/2 are strictly activated by growth
factors or phorbol esters (Kyriakis, 1994), SAPK show a
high resistance to mitogens, but are activated in response
to the heat and osmotic stress, ultraviolet irradiation, and
action of cytokines (Brenner et al., 1989; Derijard et al.,
1994; Han et al., 1994; Kyriakis et al., 1994; Cho et al.,
2001). The initial chain of stress-activated SAPK pathway



40 Schemarova

is non-receptor tyrosine kinase, while the terminal chain
is the protein product of oncogen c-jun (Fig. 3) (Davis,
1994; Derijard et al., 1994; Kyriakis et al., 1994; Hill and
Treisman, 1995).

Stress-activated protein kinases (SAPKs) are
also found in several unicellular eukaryotes. One
of such kinases is in particular the HOG1 kinase in
Saccharomyces cerevisiae, which is activated in response
to osmotic stress (Brewster et al., 1993). Analysis of
HOG1 sequences has revealed that an area near the
NH,-terminus contains a conservative sequence of about
300 amino acids, which has a high degree of homology
with sequences in the kinase domain of MAP kinases:
human ERK1 and S. cerevisiae FUS3. Like other MAP
kinases, HOG1 has sites of phosphorylation at threonine
174 and at tyrosine 176 in the kinase domain VIII. HOG1
is phosphorylated at tyrosine in response to an increase
of osmotic gradient. The HOG1 is the central kinase of
the multi-cascade stress-activated signal pathway. This
pathway is called the HOG pathway, as it controls the high
osmolarity glycerol response, and is activated by a yet
unidentified osmosensor or SH3-containing osmosensor
protein Sho1p (Fig. 3) (Maeda et al., 1995; Posas and
Saito, 1997; Raitt et al., 2000). The Sho1p coupled with
protein STE50 that is a subunit of STE11, the MEKK
family member, and together with STE20 PAK-like kinase
activates STE11 by a yet unknown manner. The activated
STE11 then apparently activates the PBS2 MEK by
phosphorylating it. The PBS2 translates signal to HOG1.
Stimulation is rapid, and phosphorylation of HOG1 at
both serine/threonine and tyrosine can be observed 1 min
after upshock (Maeda et al., 1995). The activated HOG1
is translocated to the nucleus (Reiser et al., 1999), where
it is involved in stimulation of expression of about 150
genes (Posas et al., 2000). Several transcription factors
including Hot1, Sko1 and Msp2/Msp4 are associated with
the HOG pathway (Rep et al., 2000; Pascual-Ahuir et al.,
2001).

Whereas nuclear targets of proteins participating in
signal transduction via the HOG1 pathway are described
sufficiently well, their cytoplasmic substrates in yeasts
remain poorly studied. Mechanisms of regulatory action
of signal proteins on effectors also need deciphering.

The kinase similar to the mammalian JNK/SAPK was
found in Toxoplasma gondii (Roisin et al., 2000); properties
of the T. gondii p53-JNK-like kinase are described in detail
in the previous Section. Under experimental conditions
this kinase together with other TgMAPKSs was activated by
Ca?* influx to result in cell membrane depolarization. It is
possible that under natural conditions the JNK-like kinase
of T. gondii can be activated by interaction of tachyzoites
with host cell. The precise mechanisms at present is not
clear.

In the ciliate Tetrahymena thermophila the stress-
activated MAP kinase MRK has been revealed; it is
composed of 430 amino acid residues and resembles by
its structure the human and yeast MAP kinases. Analysis
of the primary structure has shown this kinase to have 40%
of homology with the human ERK1 (Boulton et al., 1990)
and 38%, with yeast HOG1 (Brewster et al., 1993) and
the human p38 (Han et al., 1994), as well as a significant

degree of homology with human stress-activated kinases
(JNK1 and SAPK4). Use of phylogenetic analysis has
allowed establishing that MRK of Tetrahymena are closer
to p38 JNK/SAPK than to ERK. This kinase is activated
in vivo after transfer of the cells cultivated at optimal
temperature (35°C) into conditions of physiological stress
induced by a low temperature (15°C) or an increase of the
medium osmolarity. However, in MRK, unlike typical MAP
kinases, the highly conservative site of phosphorylation
at tyrosine in the kinase subdomain VIl is replaced by
histidine (Thr226-Gly-His228). The recombinant MRK
expressed in Escherichia coli phosphorylates a specific
substrate (the MBP) and is autophosphorylated. When Thr
226 in the mutant recombinant protein is replaced by Ala,
kinase loses the capability for autophosphorylation, which
indicates an important role of this amino acid in providing
MRK with function of dual specificity. Analysis of kinase
biochemical properties has shown the mRNA transcript
to increase significantly with decrease of temperature
from 35" to 15°C, the decrease rate being 0.8°C/min. The
highest mRNA expression of the MRK kinase mRNA is
observed 1 hr after the decrease of temperature to 15°C;
this expression level exceeding about threefold the level
of expression of MRK mRNA in intact cells is observed
for the next 2 hr. The osmotic shock induced by sorbitol
(100-200 mM) or NaCl (25-100 mM) also produces
expression of MRK mRNA in T. thermophila. That the
osmotic shock-induced MRK kinase belongs to the MAP
kinase family was established by analysis of the immune
kinase complex with use of the specific MAP kinase
substrate (Nakashima et al., 1999).

The MRK-like kinase with identical biochemical
characteristics and with the 90% structural homology
of the primary structure was revealed in Tefrahymena
pyriformis (Nakashima et al., 1999).

The structural-functional organization of the majority
of signal pathways of unicellular microorganisms, in
which stress-activated MAP kinases take part, has
remained unclear so far. There are still too few works
evaluating role of tyrosine phosphorylation in regulation of
the stress-activated signal transduction pathways and in
programming of processes aimed at maintenance of life
activity of microbial cells under stress conditions (Schuller
et al, 1994; Martinez-Pastor et al., 1996; Moskvina et al.,
1998).

Itis possible that, like in many metazoan cell systems,
the up-stream regulation of the stress-activated signal
pathway is independent of tyrosine phosphorylation.
However, it is apparent that phosphorylation of microbial
PTK at tyrosine is necessary to realize the enzyme kinase
activity and to provide transduction of the stress signal
into genome.

Participation of STAT-protein of Dictyostelium in
intracellular signaling

At the end of the twentieth century, in mammalian cells the
JAK/STAT pathways were revealed; they participated in
the transcriptional activation of many cytokine- and growth
factor-inducible genes. This illustrates how combinatorial
interactions at the receptor itself can determine the kind
of activated transcription complex and consequently the



nature of the target DNA sequence (Darnell et al., 1994;
Ihle et al., 1994). STAT proteins that prior to receptor
activation appear to be cytoplasmic (Schinndler et al.,
1992) bind to their cognate receptor during activation (Fu
and Zhang, 1993; Lutticken et al., 1994). Phosphorylation
at conserved tyrosine in their COOH-terminus allows
STAT dimerization; then an unknown mechanism allows
them to leave the receptor and to migrate to the nucleus
(Hill and Treisman, 1995). The STAT proteins, apart from
the regions of Src homology (SH2 and SH3), contain
the DNA-binding domain. In vertebrates and Drosophila
the JAK-STAT pathway regulates cell proliferation,
differentiation, adaptation, and hyperactivation and leads
to tumor formation (Gatsios et al., 1998; Bode et al., 1999;
Carballo et al., 1999).

The existence of the STAT pathways in the slime
mold Dictyostelium discoideum (Kawata et al., 1997; Araki
et al., 2003) and in the protozoan parasite Entamoeba
histolytica (Cruz-Vera et al., 2003) has turned out to be
unexpected. By the present time, the best studied are the
STAT pathways of D. discoideum.

Among cytoplasmic components of these pathways
found in the higher eukaryotes, three isoforms of this
protein were identified in cells of D. discoideum: Dd-
STATa, Dd-STATb and Dd-STATc, tyrosine kinases,
and a number of regulatory proteins (see below) (Araki
et al., 1998, 2003). The fungal STAT forms perform two
different biological functions: Dd-STATa and DdSTATb
are responsible for transduction of signals about cell
differentiation (Kawata et al., 1997; Araki et al., 1998),
whereas Dd-STATc regulates transduction of stress
signals into genome (Araki et al., 2003).

Mechanisms of activation and pathways of signal
transduction through STAT pathways in D. discoideum
are different. Transduction of morphogenetical signals
in slime mold cells is provided by the ligand-mediated
activation of the serpentine receptor cAR1. The ligand
for cAR1 is extracellular cAMP. This interaction results
in producing autocrine factor DIF, a chlorinated phenyl
alkanone (Berks et al., 1991) and activation of cytoplasmic
PTK (Schweiger et al., 1990; Adler et al., 1996; Kim et al.,
1999) that phosphorylates Dd-STATa at tyrosine, which
leads to its activation: the capability for transport into the
cell nucleus and binding with regulatory elements of target
genes. The regulatory Dd-STATa action on processes of D.
discoideum cell differentiation is realized through activation
of transcription of genes ecmA and ecmB responsible
for prestalk cell differentiation. It has been established
that Dd-STATa can binds to both the ecmA activator and
ecmB repressor elements in promoters of these genes,
as both types of the regulators contain repeats of TTGA
sequences, which are recognized by Dd-STATa (Kawata,
1996; Ceccarelli et al., 2000). Besides, Dd-STATa has
recently been shown to act as a transcriptional activator
of the gene cudA, whose expression is essential for
correction of terminal differentiation of D. discoideum
(Fukuzawa and Williams, 2000).

So far it is not yet clear whether the STATa pathway
participates in regulation of D. discoideum apoptosis that
is induced in spore cells located in the anterior part of
the fruiting body or this process is controlled by other
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signal pathways. At any rate, such possibility can easily
be admitted if to take into account that specificity of the
STAT-mediated signal is determined in most cases by the
type of the cells (Chin et al., 1997; Schindler, 1998).

Comparison of the primary structure and the
biochemical analysis showed Dd-STATa to contain all
main protein domains of the STAT group (Kawata, 1997),
although the presence of the SH2-domain in the Dd-
STATa molecule has turned out to be quite unexpected,
as previously it was believed that this domain was unique
for cell STAT proteins of multicellular organisms (Darnell,
1997).

The recombinant Dd-STATa is composed of
approximately 700 amino acid residues and contains in
its molecule C-terminal half the large areas similar by
their primary structures with homologous areas of STAT
proteins of the higher eukaryotes. For instance, Dd-STATa
in the 241-262 sequences contains leucine-enriched
repeats essential for phosphorylation of STAT1 (Improta
et al., 1994). In the DNA-binding domain located in the
N-terminal half of the protein, Dd-STATa has homology
with human STAT5b and Drosophila D-STAT (Hou et al.,
1996, Yan et al., 1996; Ehret et al., 2001) and contains
homologous sequences concentrated around the
conservative pair of valine residues that are essential for
DNA binding in the STAT3 molecule (Horvath et al., 1995).
Interestingly, the less conservative SH3-domain has been
not detected in Dd-STAT, whereas the highly conservative
SH2-domain revealed in all STAT proteins of multicellular
organisms is present in both Dd-STAT isoforms.

The STATc pathway in D. discoideum is of great
significance in maintaining viability of organisms under
their unfavorable environmental conditions. So far, little is
known about how the stress signal is transmitted through
this pathway in microorganisms. The initial stages of
this pathway and the exact mechanism of the Dd-STATc
activation have not yet been established. Probably, this
mechanism in D. discoideum, like in the majority of
metazoa, is based on its abilities associated with JAK-
like tyrosine kinase. Phosphorylation of Dd-STATc leads
to its activation and subsequent translocation into the
nucleus. So far it is absolutely unclear how this process
is realized in the D. discoideum cells. It was only shown
that DA-STATc produced transcription of two genes: gapA
and rtoA (Araki et al., 2003). The gapA gene — encoded
protein of the same name represents a RasGAP-like
protein necessary for normal D. discoideum cytokinesis
(Adachi et al., 1997; Lee et al., 1997; Sakurai et al.,
2001). GAPA has homology of its primary structure with
mammalian IQGAP proteins and, like its homologues from
mammalian cells, is effector for Rac and Cdc42 proteins
participating in regulation of the actin cytoskeleton
(Kuroda et al., 1996; Epp and Chant, 1997; Osman and
Cerione, 1998). The RtoA protein encoded by the gene
rtoA participates in regulation of the cell cycle (Wood et
al., 1996). Both proteins play the key role in recovery of
cells after a stress action and thereby participate in the
cell systemic response to stress. Future studies using
microorganisms are to be continued to provide insights
into the roles and regulation of these proteins and their
signaling pathways.
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Conclusions

Itis now well established that many intracellular processes
are regulated by phosphorylation events. A particularly
important role in regulation of such fundamental
processes as growth, differentiation, and development
is played by processes of tyrosine phosphorylation. This
mechanism of regulation of signal transduction pathways
was discovered in mammalian cells in the late 1980s and
was long considered unique and evolutionarily associated
with transition of organisms to multicellularity. However,
in a number of unicellular eukaryotes (protozoa, yeasts,
myxomycetes), tyrosine kinases activated by growth
factors capable for autophosphorylation as well as Ras
proteins, MAP kinases including the stress-activated ones,
STAT proteins, etc. were identified. This argued in favor of
the existence of a similar mechanism of signal transduction
also in the lower eukaryotes. Thus, taking into account the
above-exposed data, less and less doubts remain that the
PTK signaling originates from primitive forms of microbial
signal transduction, whose basis consists in processes of
phosphorylation at tyrosine.
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