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In the process of growth, bacteria release into the
surrounding medium various organic compounds:
enzymes, toxins, virulence factors, antibiotics, organic
acids, amino acids, purine derivatives, vitamins, signal
substances, etc. Only some of these compounds are
able to freely diffuse through the cytoplasmic mem-
brane. Most of the compounds are excreted from the
cell by transport systems. These transport systems fre-
quently consist of membrane transporters. In recent
years, genes have been identified that encode proteins
involved in the transport of amino acids and purines
from bacterial cells. These proteins belong to the DMT
[1] and RhtB/LysE [2, 3] protein families. The proteins
of these two families are among the most diverse and
widespread membrane proteins. Most prokaryotic
genomes contain a significant number—up to a dozen
and a half—of different genes responsible for their syn-
thesis. This fact gives evidence of the important physi-
ological role of these proteins, which is also confirmed
by the evolutionary conservative nature and ancient ori-

gin of some of the subfamilies revealed in the present-
day bacteria, archaea, and eukaryotes and, probably,
inherited from their common ancestor. All functionally
characterized proteins of these families appear to be
transporters that use the electrochemical gradient of
hydrogen ions (the proton-motive force) for the efflux
of different organic compounds from cells. Many of
these proteins are characterized by wide substrate spec-
ificity, and, in this respect, they resemble multiple drug
resistance transporters (MDR transporters). However,
despite the fact that the RhtB/LysE and DMT proteins
are also able to accomplish efflux of certain xenobiot-
ics, most of them transport the final or intermediate
products of normal metabolism, namely, amino acids
and their precursors [4–11], nucleosides, and purine
bases [12–14]. Moreover, these proteins are capable of
exporting from the cells specific compounds synthe-
sized in them, such as the pigment of the 

 

Erwinia

 

 

 

chry-
santhemi

 

 phytopathogenic strains, which supposedly
protects the bacteria from oxidative attack of the host
plant [15, 16]. Not surprisingly, the genes of the pro-
teins with substrate specificity to amino acids and
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Abstract

 

—The earlier published and new experimental data are summarized on the properties of the genes
encoding the membrane proteins of the DMT family (RhtA (YbiF), EamA (YdeD), YijE, YddG, YedA, PecM,
eukaryotic nucleotide sugar, triose phosphate/phosphate, and hexose phosphate transporters), the RhtB/LysE
family (RhtB, RhtC, LeuE, YahN, EamB (YfiK), ArgO (YggA), CmaU), as well as some other families (YicM,
YdhC, YdeAB, YdhE (NorE)). These proteins are involved in the export of amino acids, purines, and other
metabolites from the cell. The expression of most of the genes encoding these proteins is not induced by the
substrates they transport but is controlled by the global regulation systems, such as the Lrp protein, and acti-
vated by the signal compounds involved in the intracellular communication. The level of expression, assessed
in experiments on translational fusion of the corresponding bacterial genes with the 

 

β

 

-galactosidase gene,
depends on the growth phase of the bacterial culture, composition of the medium, and some stress factors, such
as pH, osmolarity or decreased aeration. The efflux of normal cell metabolites is assumed to be the natural func-
tion of these proteins. This function may play a role in density-dependent behavior of cell populations (quorum
sensing). It may have been enhanced in the course of evolution via specialization of these proteins in the efflux
of compounds derived from metabolic intermediates and adjusted to the role of transmitters.
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nucleosides are expressed at a low level. An artificial
increase in the expression level of these genes results in
a massive release of the corresponding substrates from
cells, which negatively affects their viability. However,
industrial bacterial strains become in this case more
efficient producers. A relevant question arises as to the
origin and natural function of these genes. We believe
that normal metabolites are natural rather than acciden-
tal substrates of the proteins in question and that regu-
lated metabolite excretion may be advantageous under
certain conditions.

INTERCELLULAR SIGNALING
AND TRANSITION TO THE STATIONARY

PHASE

Bacteria are known to synthesize and release signal
molecules, which are accumulated in the medium as the
cell population grows. When a certain cell concentra-
tion (quorum) and, accordingly, the threshold concen-
tration of the signal compound are attained, the latter
enters the cells and triggers, through interaction with
transcriptional regulators, a coordinated response of the
whole cell population, which often includes induction
of the synthesis of the signal compound. Such regula-
tory systems, based on intercellular signaling, are
referred to as quorum sensing (QS) systems [17, 18]. In
gram-negative bacteria, the signal compounds, or auto-
inducers (AI), are represented by N-acyl-homoserine
lactones (AHLs or AI-1), which, in different species,
have different side acyl chains; furanosyl borate diester
(AI-2); hydroxyalkylquinolines (HAQ, or PQS, derived
from 

 

Pseudomonas quinolone signal

 

); and methyl
palmitate. In gram-positive bacteria, the signal com-
pounds are usually linear or cyclic oligopeptides or
gamma-butyrolactones [18, 19]. The signal compounds
may be strictly specific to a given microbial species.
However, some of them have broad specificity and are
sensed by many species of bacteria. Thus, furanosyl
borate diester (AI-2) and the recently revealed autoin-
ducer-3 (AI-3) may serve as signals for many species of
both gram-negative and gram-positive bacteria [19]. It
should be noted that signal compounds are not neces-
sarily compounds specially intended for this function.
Such compounds as amino acids and purine derivatives
may play the signal role. For example, in myxobacteria
(Myxococcales), the role of signals that trigger coordi-
nated behavior of a cell population is played by a mix-
ture of six definite amino acids [20]. In addition, vari-
ous metabolites that are effectors of global regulators
may accumulate in the medium and induce systemic
rearrangement of the metabolism of the whole cell pop-
ulation.

The cellular processes regulated by the quorum
sensing mechanism are diverse and include biolumi-
nescence in some of the representatives of the genus

 

Vibrio

 

, virulence and the formation of biofilms in

 

Pseudomonas aeruginosa

 

 and other pathogenic bacte-
ria, the formation of fruit bodies in myxobacteria,

development of genetic competence in 

 

Bacillus subtilis

 

and 

 

Streptococcus pneumoniae

 

, and the production of
antibiotics in different species of bacteria [18, 19]. In
recent years, it has been discovered that QS may also
regulate the transition of cells to the stationary growth
phase [21–23]. In the stationary phase, the expression
of many of the genes ceases, whereas the expression of
other genes is activated and provides for cell survival
under the conditions of the lack of nutrients and expo-
sure to unfavorable environmental factors. In 

 

Escheri-
chia coli

 

, for example, the tolerance to toxic com-
pounds and antibiotics, as well as the resistance to
stresses (high osmolarity or temperature, a change in
pH, decreased aeration, etc.) increases in the stationary
phase [21, 23]. Both on solid and liquid media, a culture
usually enters the stationary phase after reaching a con-
siderable cell number. The cells sense the increase in
their population density as a signal to prepare for the
transition to the stationary phase. This transition is con-
trolled by the key transcriptional factors, whose forma-
tion is connected with starvation for amino acids or
sources of carbon, nitrogen, or phosphorus or with the
effects that slow down the growth rate through the acti-
vation of the synthesis of guanosine-3',5'-bisdiphos-
phate (ppGpp), a global cell metabolism regulator [24–
26]. Such factors include the alternative RNA poly-
merase subunit, which recognizes promoters of certain
genes (

 

σ

 

S

 

 subunit) [21–23], and the Lrp protein [27]. It
was shown for 

 

P

 

. 

 

aeruginosa

 

 that ppGpp directly acti-
vates the two QS systems of this bacterium [26].

Recently, papers have been published linking QS
with the transport of compounds from the cell [28–31].
Although the translocation of homoserine lactones
through the cytoplasmic membrane may occur merely
as a result of nonfacilitated diffusion, some of the efflux
systems that confer upon cells multiple drug resistance
may also export these signal compounds [28, 29]. The
release of 

 

N

 

-(3-oxododecanoyl)-homoserine lactone
from 

 

P

 

. 

 

aeruginosa

 

 cells through the activation of the
MexAB–OprM efflux system significantly decreased
its synthesis and accumulation in the cells and dimin-
ished the QS-dependent formation of extracellular vir-
ulence factors [28]. MexEF–OprN is another efflux sys-
tem. It is capable of exporting 

 

N

 

-butyryl-homoserine
lactone and HAQ. With its activation, the formation of
virulence factors also decreases, and, in addition, the
resistance of bacteria to 

 

β

 

-lactam antibiotics decreases
as well [30]. This is connected with the fact that

 

N

 

-butyryl-homoserine lactone induces the QS-depen-
dent expression of the MexAB–OprM system, which
drives these antibiotics out of the cells and ensures
resistance to them [31].

The cells of 

 

E

 

. 

 

coli

 

 are not capable of synthesizing
AHLs. However, they possess the SdiA protein, which
is homologous to the transcriptional regulators of the
bacteria interacting with AHLs. It was shown that this
regulator is able to activate the AcrAB–TolC efflux sys-
tem homologous to the MexAB–OprM system of

 

P

 

. 

 

aeruginosa

 

 [32]. In turn, not only does AcrAB
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ensure multiple drug resistance and, in particular,
increase the resistance of bacteria to quinolone deriva-
tives, but it also seems to be involved in the efflux of
signal molecules from cells [32]. Thus, the efflux pro-
cesses play an active role in intercellular interactions.

As has already been mentioned, genes have recently
been revealed that encode proteins involved in the
efflux of amino acids and purines from 

 

E

 

. 

 

coli

 

 cells. The
biological meaning of the existence of systems respon-
sible for the efflux of these valuable metabolites from
cells is unclear. One of the possible functions of these
systems is the involvement in the processes related to
intercellular interactions and cell adaptation to the sta-
tionary phase conditions and stresses.

THE RhtA AND RhtB PROTEINS INVOLVED
IN THE EFFLUX OF THREONINE

AND HOMOSERINE MAY ALSO EXPORT 
HOMOSERINE LACTONES

An increase in the level of expression of a number of
genes encoding membrane proteins involved in efflux
processes enhances the resistance of bacteria to certain
amino acids and their analogues [5, 8], as well as to
purine derivatives and their analogues [12–14]. It has
been established that representatives of the DMT and
RhtB/LysE protein families may be involved in the
efflux of several different metabolites. Thus, for exam-
ple, the RhtA, RhtB, and RhtC proteins export from the
cells threonine and its metabolic precursor homoserine,
as well as some other amino acids and their analogues
[5, 7, 8]; YdeD (EamA) exports cysteine, 

 

O

 

-ace-
tylserine, glutamine, and asparagine [6]; YfiK (EamB)

exports proline [7], as well as cysteine and 

 

O

 

-ace-
tylserine [33]; YeaS (LeuE) exports leucine, methion-
ine, histidine, and some other amino acids [11]; YggA
(ArgO) exports lysine and arginine, like its orthologue
LysE from 

 

Corynebacterium

 

 

 

glutamicum

 

 [34]. YddG is
involved in the efflux of aromatic amino acids [9];
YedA, of several different amino acids [10]. Thus, these
proteins have a wide, partially overlapping, specificity
and resemble the MDR transporters in this respect.
However, as distinct from the latter, an increased
expression of the amino acid transporters does not
noticeably influence resistance to most antibiotics.

Along with this, it turned out that the overexpression
of 

 

rhtA

 

, 

 

rhtB

 

, and 

 

leuE

 

 increases the resistance of

 

E

 

. 

 

coli

 

 cells not only to amino acids but also to L-
homoserine lactone and 

 

α

 

-amino-

 

γ

 

-butyrolactone
(Table 1). These compounds are not amino acid precur-
sors, but their derivatives are signal substances induc-
ing QS in many gram-negative bacteria. The existence
of QS in 

 

E

 

. 

 

coli

 

 is beyond question [37–39]. Although,
as mentioned above, these bacteria are not capable of
AHL synthesis on their own, such QS regulation (at
least that involving AI-2) does operate in them [39].
Along with this, it has recently been shown that syn-
thetic AHLs are also able to modulate the level of
expression of many genes in 

 

E

 

. 

 

coli

 

 by interacting with
the transcriptional regulator SdiA [40]. Obviously, the
RhtA and RhtB proteins, which export homoserine lac-
tones from the cell, are able to take part in the processes
related to intercellular interactions. Unfortunately,
nothing can be said about the involvement of these pro-
teins in the export of AI-2, although their wide specific-
ity does not exclude such a possibility.

 

Table 1.

 

  Effect of increased expression or inactivation of the 

 

rhtA

 

, 

 

rhtB

 

, and 

 

leuE

 

 genes on the resistance of 

 

E. coli

 

 strains
to threonine, homoserine, and homoserine lactones

 

E. coli

 

 strain
Minimal inhibiting concentration (mg/ml)

 

L

 

-threonine

 

L

 

-serine

 

L

 

-homoserine

 

L

 

-homoserine lactone 
hydrochloride

 

α

 

-amino-

 

γ

 

-butyrolac-
tone hydrobromide

N99 (control) 30 5 0.75 0.5 1

N99 

 

rhtA23

 

 (

 

rhtA

 

 overex-
pression)

100 40 >100 10 10

N99 (pNPZ16) (

 

rhtA

 

 
overexpression)

70 20 50 10 10

N99 

 

rhtA

 

::

 

kan

 

 (

 

rhtA

 

 inac-
tivation)

20 5 0.75 0.5 1

N99 (pNZ42) (

 

rhtB

 

 over-
expression)

50 15 40 5 ND

 

a

 

N99 

 

rhtB

 

::

 

cat

 

 (

 

rhtB

 

 inac-
tivation)

30 5 0.25 0.25 ND

 

a

 

leuE

 

 overexpression 50 ND

 

a

 

3 +

 

b

 

ND

 

a

 

leuE

 

 inactivation 30 ND

 

a

 

0.75

 

b

 

–

 

b

 

ND

 

a

a

 

 ND stands for “not determined”.

 

b

 

 According to [36], overexpression of 

 

leuE

 

 increases the resistance of 

 

E. coli

 

 to L-threonine, L-homoserine, and L-homoserine lactone, and
in activation of 

 

leuE

 

 decreases its resistance to L-threonine and L-homoserine lactone, but not to L-homoserine.
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Fig. 1. Dependence of the expression of the genes (a) rhtB'–lacZ' and (b) leuE'–lacZ' on the culture growth phase and composition
of the cultivation medium: (1) optical density (OD540) in minimal (M9) medium; (2) activity of β-galactosidase in M9 medium;
(3) OD540 in complete (LB) medium; (4) activity of β-galactosidase in LB medium.

THE EXPRESSION OF THE DMT
AND RhtB/LysE GENES DEPENDS

ON THE GROWTH PHASE AND IS INDUCED 
UNDER STRESSES

Only a small number of the genes encoding the
RhtB proteins are expressed constitutively. The only
gene with a constitutive expression revealed, cmaU
[41], is located in the cluster of genes involved in the
biosynthesis of ethylcyclopropyl amino acid (2-ethyl-
1-aminocyclopropane-1-carboxyl), a biosynthetic pre-
cursor of coronatine, a Pseudomonas syringae viru-
lence factor that is a mimetic of growth phytohormones
such as methyl jasminic acid. The substrate of the pre-
dicted CmaU protein is unknown. The activity of all of
the other known genes encoding the DMT and
RhtB/LysE proteins is regulated. Among these, two
groups significantly differing in the mode of regulation
can be distinguished.

Group I includes the genes whose activity is regu-
lated by the exported substrate or by chemically similar
compounds. This regulation is mediated by the LysR-
type transcriptional regulators, e.g., the LysG protein in
the case of the lysE gene of C. glutamicum [34] and the
ArgP protein in the case of the yggA (argO) gene of
Escherichia coli [35]. Binding of these proteins to
operator DNA depends on allosteric interaction with
the inducer molecule.

Group 2 genes do not depend on the presence of
substrates for their expression. At least, we did not suc-
ceed in revealing the induction of these genes by amino
acids transported by the proteins encoded by them.
Thus, the rhtA expression is not induced by either thre-
onine or homoserine, exported by protein RhtA. How-
ever, the expression of group 2 genes is induced by sig-
nal molecules or factors triggering cell response to dif-
ferent stresses. For example, the rhtA (ybiF) gene is

markedly induced by exogenous AI-2 [39]. The rhtA
expression is increased in the logarithmic growth phase
[8], i.e., simultaneously with the synthesis of AI-2 in
the cells [38]. The PA0239 and PA0485 genes, distant
rhtA homologues, and PA2306, an orthologue of
P. aeruginosa yfiK, are induced by homoserine lactones
[42, 43].

In many cases, the factors triggering the expression
of these genes at the molecular level remain unrevealed,
but their activation under different stresses is observed.
Experiments on translational fusion of the regulatory
regions of the RhtB genes with the structural part of the
lacZ marker gene showed their activation upon cell
transition to the stationary growth phase (Fig. 1a). A
similar pattern is observed in the case of the mexAB
genes from P. aeruginosa, whose expression is regu-
lated by QS [30]. Moreover, the expression of many
genes from the RhtB family increases during growth in
the minimal M9 medium where the cells are deprived of
nutrients (Fig. 1a), under osmotic shock (Figs. 2a–2c), at
low pH (Fig. 3), and under oxygen deficiency (data not
shown). At first sight, it seems especially paradoxical
that the amino acid efflux system is activated during
starvation. Under stresses, not only the RhtB genes are
activated but also those of the DMT family (Fig. 2d).

As mentioned above, the transition of cells to the
stationary phase is regulated by global regulators which
modify the expression of a large number of genes in a
coordinated manner. The RNA polymerase σS subunit
is one of these global regulators. However, we did not
find any substantial difference in the expression of the
RhtB genes in the wild-type and rpoS-mutant strains
(data not shown). Another global regulator is the Lrp
protein, which controls gene expression upon transition
from rich to depleted medium and upon the reverse
transition [27, 44]. According to our data, the expres-
sion of gene rhtB (Fig. 4a), as well as genes rhtC, yfiK,
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Fig. 2. Effect of osmotic stress on the expression level of the genes (a) rhtB, (b) leuE, (c) yahN, and (d) rhtA: (1) OD540 in LB
medium; (2) activity of β-galactosidase in LB medium; (3) OD540 in LB medium supplemented with 0.6 M NaCl; (4) activity of
β-galactosidase in LB medium supplemented with 0.6 M NaCl.
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Fig. 3. Effect of low pH on the expression level of the genes (a) rhtB and (b) leuE during cultivation in complete LB medium: (1)
OD540 in LB medium; (2) activity of β-galactosidase in LB medium; (3) OD540 in LB medium with pH 4.2; (4) activity of β-galac-
tosidase in LB medium with pH 4.2.
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and yahN, is activated by Lrp: in an E. coli strain with
an lrp deletion, the expression of these genes either did
not occur at all or was maintained at a very low level.

The leuE gene occupies a special place in the pro-
posed classification. On the one hand, it could be
assigned to the first group because its expression is acti-
vated by leucine, the exported substrate [11]. On the
other hand, leuE expression is suppressed by the Lrp
global regulator (Fig. 4b). Thus, the character of leuE
regulation can be considered intermediate. This can be
explained by the fact that leucine, the most common
amino acid occurring in proteins, is also used by bacte-
ria as a signal molecule. Leucine, by binding directly to
Lrp, triggers the activation or repression of the Lrp regu-
lon genes. In relation to leuE, the Lrp protein may be
considered as a negative regulator whose functions
could, in principle, be fulfilled by a specialized LysR-
type repressor. The E. chrysanthemi pecM gene (the
DMT family) may be assigned to the same intermediate
group: it is controlled by the MarR/EmrR-type trans-
lational regulator PecS, which also influences the
expression of many other genes [15] and, in turn, may
be regulated by a large number of different substrates.

A question arises as to which regulation type, type 1
or type 2, was the initial one for the RhtB/LysE genes.
Type 2 is mainly inherent in the RhtB subfamily, while
type 1 is typical of the LysE subfamily. However, the
RhtB family should be considered as the initial one: it
is more diverse and is represented in a wider taxonomic
spectrum. Archaea have genes that may be attributed to
this subfamily and lack genes of the LysE subfamily.
This indirectly testifies in favor of the primary nature of
the regulation that is characteristic of RhtB; later in the
course of evolution, depending on specific physiologi-
cal needs, it may have been replaced by regulation
dependent on one or another substrate, as in the case of
LysE. The expression of leuE is regulated by the sub-

strate [11], does not depend on the growth phase
(Fig. 1b) and starvation, but retains its relict elements:
it responds to high osmotic strength (Fig. 2b) and acid-
ification of the medium (Fig. 3b).

The facts concerning the substrate specificity and
the modes of regulation of the DMT and RhtB genes
agree with the hypothesis about their role in cell
response to stresses and their possible involvement in
the transduction of chemical signals between cells [5].
The possibility of specialization of certain proteins of
the family in the performance of more restricted func-
tions does not contradict this hypothesis. For example,
ArgO is endowed with the role of the factor of bacterial
resistance to the phytotoxin canavanine, an antimeta-
bolic arginine mimetic [35]. In the case of Corynebac-
terium, incapable of catabolizing lysine and arginine,
the efflux of excessive amounts of these amino acids by
LysE is necessary for maintaining the intracellular bal-
ance of amino acids when growth occurs on peptide-
rich substrates [34]. The diverse applications of the
export systems are determined by their initial polyfunc-
tional nature. Responding to unfavorable conditions by
transporting various organic compounds out of the cell,
they provide cells with multiple drug resistance. In
addition, by exporting metabolites, including short-
lived intermediate products of biosynthesis, they enrich
the medium with biogenic substances, which may act
as chemical signals evidencing the density and physio-
logical state of the cell population (provided that the
signal is recognized). One of the directions of special-
ization of the efflux systems is the recognition and
selective efflux of the most common toxins (a probable
example is ArgO). Another direction of specialization
is the enhancement of the communicative function of
such systems. What may be expected in this case is a
gradual selection from the metabolite pool of certain
compounds that assume the role of signals, the develop-
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Fig. 4. Effect of the lrp gene inactivation on the expression level of the genes (a) rhtB and (b) leuE during cultivation in the minimal
M9 medium: (1) OD540 of the lrp+ strain; (2) activity of β-galactosidase of the lrp+ strain; (3) OD540 of the ∆lrp strain; (4) activity
of β-galactosidase of the ∆lrp strain.
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ment of receptors to them, and specialization of the
transport proteins for these substrates. Obviously,
homoserine, an intermediate product in the biosynthe-
sis of three amino acids—threonine, methionine, and
isoleucine—may play the role of both an intracellular
metabolic regulator and extracellular regulator. It
should be noted that the presence in the medium of mil-
limolar concentrations of homoserine impairs amino
acid metabolism. Chemically related substances (acyl-
homoserine lactones, biogenic amines, regulatory pep-
tides) are not intermediate products of amino acid syn-
thesis. These specialized substances of intercellular
communication may synthesized by enzyme systems
independent of basal metabolism. But even such signal
transmitters as the mediators of the nervous system of
multicellular organisms retain functions not connected
with synaptic transmission. For example, glutamic acid
and glycine are involved in the synthesis of proteins
(although γ-aminobutyric acid is a specialized neu-
rotransmitter); acetylcholine, adrenaline, dopamine,
noradrenaline, and serotonin are involved in regulating
blastomere division and cell motility in embryogenesis
and, apparently, in the process of fertilization [45, 46],
as well as in the regulation of division in unicellular
eukaryotes. There is no doubt that the most complex
intercellular communications in neuronal networks
originate from the transport of unspecialized metabolic
intermediates by low-specialized systems of export of
organic compounds, already developed in bacteria [47].

THE FUNCTIONS OF DMT PROTEINS
IN EUKARYOTIC CELLS

RhtB homologues in eukaryotes have been revealed
in the chloroplast and mitochondrial DNA of plants as
constituents of more extensive open reading frames.
Their functions are unknown, and they are not helpful
in clarifying the functions of their bacterial homo-
logues. On the contrary, DMT proteins are widespread
in eukaryotes. Among them, the transporters of carbo-
hydrates in the form of nucleoside phosphate sugars
[48] or hexosephosphates and triosephosphates [49] are
the best studied. They use nucleoside monophosphates
and phosphate, respectively, as a counterion. Nucleo-
side phosphate sugars are transported from the cytosol
into the Golgi apparatus (GA). Morphologically, the
GA may be considered as a part of the external environ-
ment, so the analogy with bacterial RhtA and YdeD
homologues, which excrete metabolites out of the cells,
is evident. In the GA, the sugars activated by nucleoside
phosphate are used in the glycosylation of macromole-
cules, which are later exposed on the cell surface to be
involved in the intercellular interactions mediated by
the Wnt/Wingless, Hedgehog, and Notch signal path-
ways [50–52]. Mutations in the genes responsible for
the transport to the GA lead to the impairment of inter-
cellular interactions and, consequently, to the develop-
ment of embryonic malformations (shown for humans
and the nematode worm Caenorhabditis elegans),

impaired adhesion to the host cells of the cells of Leish-
mania, the causative agent of visceral leishmaniasis
kala-azar [53], etc.

The other DMT functional class affords an
exchange of metabolites between the plastid—an intra-
cellular endosymbiont of bacterial origin—and the host
component of the eukaryotic cell [48]. Formally speak-
ing, this exchange is not a signal because it provides for
massive transfer of metabolites (photosynthesis prod-
ucts) between the compartments; however, it is con-
trolled by the plant cell general regulatory systems,
which depend on the intensity of illumination and other
general factors. Additionally, it has been shown [54]
that the inactivation of the glucose-6-phosphate trans-
porter gene, responsible for carbon import by starch-
containing plastids in the nonphotosynthesizing parts
of the plant, results in impairments of pollen and
embryo sac development; i.e., it exerts a regulatory
effect on the development, and this effect is not directly
connected with the glucose-6-phosphate transport into
plastids.

PURINE DERIVATIVES AS REGULATORY 
MOLECULES AND THEIR EXPORT

FROM THE CELL

As we have seen, some eukaryotic DMT proteins
transport nucleotide-activated carbohydrates through
the membrane, using nucleotides as counterions. These
processes are important for glycosylation and, in the
final analysis, for correct intercellular interactions. We
performed a search for the genes involved in the efflux
of purine derivatives from E. coli cells. As a result, a
number of genes encoding membrane proteins were
cloned; upon amplification, these genes ensured resis-
tance of E. coli to the purine base analogues [12–14].

Among the genes that we identified by using this
approach were genes encoding the DMT superfamily
proteins, including the already familiar proteins RhtA,
YdeD, and YedA, involved in the efflux of amino acids
(Table 2). Subsequent studies showed that these pro-
teins are involved in the efflux of purine bases and
nucleosides ([12–14] and unpublished data). Thus, the
specificity of these proteins appeared to be very broad:
they are able to transport not only a number of diverse
amino acids but also purine derivatives.

In addition, the resistance to purine analogues was
afforded by overexpression of the YicM, YdhC, and
YdeAB proteins, belonging to the MFS superfamily
(Table 2); in the latter case, this phenotype was
observed only in the presence of both proteins, YdeA
and YdeB. The yicM gene was studied by us more thor-
oughly. It encodes the YicM (NepI) protein, which
transports purine ribonucleosides from E. coli cells
[55]. It turned out that the activity of yicM does not
depend on the substrate transported; this gene is acti-
vated in the stationary growth phase, like many genes
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of the RhtB family. This was shown in experiments on
yicM'–'lacZ translational fusion.

The resistance to many purine base analogues also
increases upon amplification of the ydhE (norE) gene
(Table 2), which encodes a MATE family membrane
protein involved in the efflux of quinolone derivatives
from cells [56]. Recently, data were obtained suggest-
ing that this protein exports signal compounds involved
in intercellular communication [57]. During overex-
pression of the ydhE (norE) gene, a premature induc-
tion of the RNA polymeraseσS subunit synthesis was
observed; the biomass yield of the culture decreased;
and the cell-free conditioned medium(CM) from cells
overexpressing ydhE (norE) repressed cell growth
stronger than CM from the wild-type cells. Obviously,
this was connected with increased accumulation in the
medium of a signal compound mediating QS. The
authors suggest that the transport of the signal sub-
stances involved in intercellular communication is a
natural function of the YdhE (NorE) protein, as well as
of the MDR-type AcrAB/TolC transport system [57].

Purine derivatives are well known as signal mole-
cules in prokaryotes and eukaryotes. Cyclic adenosine-
5'-phosphate (cAMP) plays an important role in the
phenomenon of catabolite repression in bacteria [58]
and in intercellular signaling in eukaryotes [59]. ATP
and adenosine, along with uridine-5'-phosphate and
uridine, serve as signals for intercellular interactions in
humans [60] and, evidently, other multicellular organ-
isms. Recently, another purine-based signal com-
pound—bis-(3',5')-cyclic dimeric guanosine mono-
phosphate—was revealed. This compound regulates
the preparation of cells for cell-to-cell interaction dur-
ing cell aggregation and biofilm formation and may
play the role of a signal in intercellular interactions
[61, 62].

In order to perform the functions of signal com-
pounds that induce coordinated responses of a cell pop-

ulation, all these purine derivatives must be transported
from the cell. The transporters revealed by us may play
a role in this translocation.

Evidently, the interaction of bacterial cells in a pop-
ulation includes not only QS but a wider range of phe-
nomena and not only autoinducers but a wider spec-
trum of signals. The metabolites accumulated in the
medium during culture growth may also play the role of
such signals. Thus, induction of the σS subunit of RNA
polymerase under the action of acetate was shown [21];
this metabolite often accumulates in the medium during
the growth of bacteria. It should be noted that this
induction may also occur at neutral or close-to-neutral
pH values of the medium [63]. Ribosome degradation
and, as a consequence, accumulation in the medium of
purine and pyrimidine derivatives is known to occur
when cells lack nutrients and protein synthesis there-
fore slows down [64]. These compounds might also
serve as a signal for coordinated responses of a cell
population.

Thus, there exists direct evidence of the involvement
of DMT transporter proteins in the peripheral part of
the most important systems of intercellular communi-
cation in animals and plants and a significant body of
indirect evidence of the participation of their bacterial
homologues, as well as of a number of RhtB proteins,
in global regulation, where they occupy not a central
but, apparently, a fairly important place.
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Table 2.  Effect of increased expression of the rhtA, ydeD, yijE, yedA, yicM, ydhC, ydeAB, and ydhE genes on the resistance
of E. coli strains to purine base analogues

Purine base analogue,
 mg/l

Growth of E. coli TG1 and its derivatives with overexpression 
of a gene encoding a protein of a superfamily (family)

No
DMT MFS MATE

rhtA ydeD yijE yedA yicM ydhC ydeAB ydhE

No + + + + + + + + +

Purine, 80 – – – + ± + – – +

6-Methylpurine, 20 – – – ± ± ± – – +

8-Azaadenine, 150 – + + + + + – + +

2,6-Diaminopurine, 200 – – – – + + – – +

6-Mercaptopurine, 150 – ± – + – + + – +

6-Thioguanine, 300 – ± – + – + + – +

Note: “+”, good growth; “±”, poor growth; “–”, no growth.
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