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Abstract—Under stress conditions, polyamines decreased the permeability of the outer membrane of Escherichia coli. This
effect is caused by at least three mechanisms providing for an increase in the resistance to antibiotics transported through
porin channels (fluoroquinolones, $-lactams): a positive modulation of the gene micF transcription (its product antisense
RNA inhibits the synthesis of porin proteins on the translational level); a positive effect on the cell content of the multiple
stress resistance factor o (it is accompanied by a decrease in the porin transport because of suppression of ompF transcrip-
tion and induction of cadaverine synthesis); a direct inhibition of the transport activity of porin channels. The production
of cadaverine in E. coli cells significantly increased in response to various antibiotics, and this was likely to be a manifesta-

tion of oxidative stress.
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Influences of environmental factors on microorgan-
isms in their natural habitats contribute to development
of universal defense mechanisms promoting their survival
on exposure to various stresses, including the presence of
antibiotics.

The long-term persistence of antibiotic resistant
microorganisms under natural conditions is a fundamen-
tal aspect of the problem of multiple drug resistance. It
can occur even in the case of limited use of antibiotics in
order to weaken the selective pressure and is caused by the
ability of structures, which are responsible for antibiotic
resistance to concurrently provide for other vitally impor-
tant functions of the cell, in particular, maintaining intra-
cellular pH homeostasis [ 1, 2]. The resistance of microor-
ganisms to various stresses is controlled by global regula-
tors, which also manage expression of the adaptation
genes. Based on similarity of the DNA signaling
sequences complementary to the regulator under consid-
eration, these genes are combined into groups (regulons)
responsible for the tolerance to a specific kind of stress.
The pronounced homology of amino acid sequences of

Abbreviations: IPTG) isopropyl-p-thiogalactoside; MIC) mini-
mal inhibitory concentration; ¢%) multiple stress resistance fac-
tor; ADB) absolutely dry biomass.

* To whom correspondence should be addressed.

such global regulators as SoxS, MarA, and Rob underlies
the gain of the cross resistance to oxidative stress, antibi-
otics, and organic solvents under the influence of any of
these factors [3]. A similar dependence has been also
described for other stresses, such as decrease in pH and
hyperosmotic and thermal shock [4]. Any of these expo-
sures activates a common mechanism of multiple drug
efflux structurally organized as channel-forming proteins
of the AcrAB-TolC type in the envelope of gram-negative
bacteria, the functions of which are directed to expel
damaging compounds from the cell [5]. A similar system
of cross resistance acts on the level of restriction of the
transport by means of regulation of the number of porin
channels in the outer membrane of gram-negative
microorganisms [6, 7]. In this process the two-compo-
nent system EnvZ/OmpR of signal transduction [8] and
also the small regulatory RNA of micF [9] are involved.

Polyamines or other biogenous polycations, which
have protective functions during various stresses, were
shown to positively modulate gene micF expression under
conditions of superoxide stress [10-12]. Moreover,
polyamines were shown to immediately regulate the
activity of the transport of compounds through porin
channels, and this explains their positive role in the adap-
tation of microorganisms to acidic stress and increase in
the resistance to some antibiotics [13].
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Thus, it appears that one of the main functions of
polyamines in the defense of microorganisms against var-
ious stresses can be associated with a limitation of the
envelope permeability of gram-negative microorganisms
on the level of regulation of the transport activity and
quantity of channel-forming proteins. Therefore, it was
suggested that polyamines should play a significant role in
formation of the multiple antibiotic resistance under con-
ditions of various stresses due to lowering the antibiotic
entrance into the cell.

The purpose of the present work was to study mech-
anisms responsible for the influence of polyamines on
formation of multiple antibiotic resistance of E. coli, in
particular, under stress exposures.

MATERIALS AND METHODS

Objects of the study. Strains of E. coli used in the
present work are listed in Table 1, with indication of their
genotypes and source.

To determine the level of gene expression, gene lacZ
fusions were used, these being obtained by transduction
with bacteriophage A as a vector [14, 15].

To deliberately switch on rpoS expression, the E. coli
strain HS1600DE3Y (pRPOS) was used, with this gene
induced by addition into the culture of a non-metabo-

Table 1. Bacterial strains used in the present work

lized lac-inducer isopropyl-B-thiogalactoside (IPTG) at
the concentration of 0.3 mM [16]. The presence in cells
of this strain of the chromosomal fusion osmY (the target
gene of the rpoS regulon) with the reporter gene lacZ
allowed us to assess the efficiency of the rpoS switching
on.

To determine the dependence of the rpoS expression
on the polyamine content in the cell, we constructed the
E. coli strain SHTO03 based on the polyamine-deficient
strain HT306. To evaluate the expression of the gene
lacZ-fusions constructed on the basis of this strain, a
chromosomal /acZ~-mutant was selected unable to syn-
thesize the functional B-galactosidase. The mutants were
selected after the E. coli HT306 cells were cultured on
LB-agar supplemented with o-nitrophenyl-p-galactopy-
ranoside (40 mg/ml), toxic products of its degradation
causing death of the cells possessing the (-galactosidase
activity [17]. By transduction with the ARZ5 phage the
gene fusion rpoS742:lacZ[hybr]| was transferred into the
isolated HT306 /ac™ mutant strain. The phage carrying
this gene fusion was preliminarily prepared via its induc-
tion by UV-irradiation of the E. coli R091 cells
(ARZ5:rpoS742:lacZThybr]) for 20 sec at the dose of about
300 erg/cm? [17].

Microorganism cultures. The E. coli strains main-
tained on LB-agar slants were plated onto LB-broth sup-
plemented with streptomycin (25 pg/ml) or kanamycin

Source or reference

Martin [3]

Strains of E. coli Genotype
N9212 8452, but micF:lacZ
(pBR322)
N8452 rob~, mar~, sox*, Kan-R
M2073 GC4468 (Str-R) mar" marR::lacZ
(pBR322)
M2076 N7840 (AmarRAB ) marR:lacZ
(pBR322) mar~, rob*, sox*, (Str-R)
N7840 GC4468 (Str-R) mar~, rob™, sox™, (Kan-R)
RO91 MC4100(ARZS5:rpoS742:lacZ hybr])
MC4100 F~ A(arg-lac)U169 araD139 rpsL 150
pisF25 flbB5301 rbsR deoC relAl
HT306 thr-1, araCl4, Aspe D98, A(gpt-proA)62, lacY1, gin
V44(AS), galK2(Oc), L™, A(SpeB-SpeA)97, A(SpeC-glcB)63,
rpsL25(strR), xylAS5, mtl-1, thi-1, ampCp-1, cadA2
SHTO03 HT306, but lacZ~ DE3 (ARZ5:rpoS742:lacZ[hybr])
HS1600DE3Y MC4100DE3 rpoS13::Tn10 osmY::lacZ
(pRPOS)
Plasmids
pBR322 4361-bp rep and rop from pMBI1 bla from Tn3 fet from pSC101
pRPOS the 1298-bp fragment from pGCl, cloned into pET21,
T7lac-promoter in the gene rpoS orientation

Hengge-Aronis [15]

Tabor [18]

present work

Schellhorn [16]

Biological Institute,

St. Petersburg State University

Schellhorn [16]
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(50 pg/ml). When the strains transformed with the plas-
mid pBR322 were used, the medium was additionally
supplemented with ampicillin (25 pg/ml) and tetracycline
(20 pg/ml). After growing for 11 h in a thermostat at
37°C, the cells were transferred onto M-9 medium con-
taining the antibiotic in the abovementioned concentra-
tion and cultured for 13 h in a thermostatted shaker
(120 rpm) at the same temperature in a 500-ml flask with
300 ml of M-9 medium. The grown culture was used as an
inoculum for seeding into 250-ml flasks containing
100 ml of M-9 medium and antibiotic, and grown under
the same conditions. To grow E. coli HT306 and SHTO03,
M-9 medium was supplemented with thiamine (1 pg/ml),
proline (100 pg/ml), and pantothenate (1 pug/ml) [18].

Cell biomass was evaluated after preliminarily dilut-
ing the culture in saline by absorption (ODyy,) using an
SF-46 spectrophotometer (LOMO, Russia).

Activity of B-galactosidase was determined in cells
pretreated with a mixture of SDS (Sigma, USA) and
chloroform by Miller’s method [17].

Polyamine content was determined by two methods:
thin layer chromatography [12] and HPLC using an LC-
10Avp high-pressure chromatograph (Shimadzu, Japan).
Pretreatment of samples for the analysis included extrac-
tion with a subsequent derivatization of polyamines by
dansylation [12]. Polyamines were separated on a Luna
C18(2) column (250 x 4.6 mm) filled with 5-um particles
(Phenomenex, USA) at 25°C. Water and acetonitrile
were flowed onto the column at the rate of 1 ml/min with
a linear gradient of acetonitrile concentration from 40 to
100% within 35 min, with a subsequent equilibrating for
10 min with 40% acetonitrile. The dansylated polyamine
derivatives were detected using an RF-10AXL flow fluori-
metric detector (Shimadzu) at the excitation and emis-
sion wavelengths of 400 and 516 nm, respectively. The
polyamine concentrations were calculated with predeter-
mined calibration coefficients and related to the values of
the microorganisms’ biomass used for the extraction of
the samples.

Transport activity of porin channels of the E. coli
outer membrane was determined according to a modifi-
cation of the method of Zimmermann and Rosselet [19]
based on photometric measurement of the cephalosporin
concentration in the medium during their passing
through the outer membrane porin channels of gram-
negative microorganisms and cleavage by periplasmatic
B-lactamase. This was performed using cefazolin with
absorption maximum at 270 nm. For determinations, the
E. coli strains used were transformed with the pBR322
plasmid carrying the 3-lactamase gene. The permeability
coefficient was calculated using the K, value of 3-lacta-
mase equal to 750 uM.

Minimum inhibitory concentration of the antibiotic
was determined by two methods: the gradient on plates
[20] and the micro method of serial dilutions on
immunological trays as recommended in [21]. Prior to the
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antibiotic dilution, the pH value in the LB-broth was
adjusted to 7.4-5.8 (in the studies on acidic stress) with
NaOH or HCI. In the studies on the c° effect on the
antibiotic resistance, rpoS was induced by addition of
0.3 mM IPTG. After the microorganism culture under
test had been plated, the plates were incubated overnight
in a thermostat at 37°C. The results were recorded by
automated photometry of the wells using a Uniplan read-
er (Russia) at 492 nm.

The results were processed statistically with Statistica
for Windows 5.0 standard program package (StatSoft,
Inc., 1995). The figures present the mean data for series of
similar experiments (no less than three), and vertical seg-
ments show the standard errors. The significance of dif-
ferences between the experimental and control data was
evaluated using the unpaired Student’s #-test, p < 0.05.

RESULTS

Influence of polyamines on antibiotic resistance under
conditions of oxidative stress. The antibiotic resistance of
microorganisms significantly depends on the quantity
and activity of transport proteins. Antibiotics are known
to be transported across the outer membrane of gram-
negative microorganisms mainly through OmpF porin
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Fig. 1. Dependence of porin transport activity and antibiotic
resistance of E. coli N9212 on the micF expression under condi-
tions of its positive modulation with polyamines during oxidative
stress. Curves: 1-3) micF expression in culture without additions,
on addition of 50 uM paraquat, and on addition of 50 uM
paraquat and 5 mM putrescine, respectively. Columns /-3 present
the permeability coefficients in cultures 1-3, respectively, whereas
columns 4-6 are the MIC values for nalidixic acid in cultures 1-3,
respectively. The microorganisms were cultured on M-9 medium
under standard conditions. The arrow indicates the injection of
paraquat as an inducer of superoxide stress. In the microorgan-
isms cultured for 240 min, the porin transport activity and MIC
for nalidixic acid were determined by the gradient method on
dishes with LB-agar supplemented with paraquat and putrescine
in the same concentrations as in the liquid cultures.
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channels, the content of which is regulated by the anti-
sense RNA of micF [9].

During superoxide stress, putrescine stimulated the
expression of gene micF, and this considerably limited the
transport of substances across the outer membrane as a
result of a decrease in the quantity of porin channels in
the outer membrane (Fig. 1). This was associated with an
increase in the minimal inhibitory concentration (MIC)
for nalidixic acid transported into the cells through the
porin channels, and this indicated a positive role of
polyamines in the formation of antibiotic resistance via
the positive modulation of micF (Fig. 1).

Polyamines as regulators of the transport activity of
porin channels. The range of polyamine concentrations
inhibiting the transport activity of porin channels
markedly varies and depends on the number of amino
groups in the polyamine molecule (Table 2). The greatest
effect was displayed by spermidine, which contained
three amino groups, whereas putrescine, cadaverine, as
well as synthetic analogs of polyamines 1,4-diamino-2-
butanone and 1,3-diaminopropane had the less pro-
nounced effect. Low concentrations of polyamines slight-
ly, but significantly stimulated the porin transport (Table
2). Although the nature of this effect is still unknown, it
seems to be somewhat associated with the electrostatic
interaction of polyamines with the surface charges of the
outer membrane lipopolysaccharides that can influence
the conformation of porins and change their activity [22].

To evaluate the efficiency of polyamines as modula-
tors of porin transport during functioning of the efflux
system, the operon marRAB was induced by cultivation of
E. coli in medium supplemented with 5 mM sodium sali-
cylate. Despite a considerable decrease in the transport
activity of the induced cells, polyamines continued to
inhibit the porin transport, in addition to salicylate.

Nature of synergism of putrescine and salicylate
effects on antibiotic resistance. To determine the nature of
synergism of polyamine and salicylate effects, we studied
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Fig. 2. Changes in the expression of the E. coli M2073 operon
marRAB depending on additions of salicylate and putrescine. The
arrow indicates the introduction of salicylate. Putrescine was added
initially into the nutrient medium. /-3) The expression in cultures
without additions, in the presence of 5 mM salicylate, and in the
presence of 5 mM putrescine and 5 mM salicylate, respectively.
The microorganisms were cultured on M-9 medium under stan-
dard conditions.

whether putrescine can be involved in the positive modu-
lation of expression of the salicylate-induced operon
marRAB. The E. coli strain with the chromosome fusion
marR:lacZ was used (Fig. 2). Putrescine had virtually no
effect on the expression of the marRAB operon. Thus,
polyamine involvement in the positive regulation mecha-
nism of multidrug efflux pumps is unlikely.

To test whether the polyamine and salicylate effects
are synergic in the alternative mechanism of micF induc-
tion, the dependence of the minimal inhibitory concen-
tration of levofloxacin transported through porins on the

Table 2. Changes in porin transport activity under the influence of biogenous polyamines and their synthetic analogs

Concentra- Porin transport activity depending on addition of polyamines and salicylate
tion of
polyamines, putrescine cadaverine spermidine 1,4-diaminobutanone 1,3-diaminopropane
mM
SL- SL* SL~ SL* SL- SL* SL- SL* SL- SL*
0 100 549t 4.0 100 549 1£4.0 100 549 £ 4.0 100 549 £ 4.0 100 549 £4.0
10 51.5+89| 340+ 64
50 1492 £5.0 | 110.3+0.3|126.7+1.9 |53.7+1.4(347+19|282+44|99.7+38]|68.6+7.5|121.0+6.8 | 90.6 £ 11.1
100 1309+4.2 | 926+72| 943+94 [479+£09 (31.5+1.4|152+22 (89.8+1.1|624+1.3[104.5=+5.1 73.7+£53
200 950+ 1.1 | 855%+22| 84.5+10.8 |37.4%28 71.7+0.7[366+48| 55.1+£11.6| 43.9+2.1
300 732+37| 76.1+44| 53.1+£49 |369+6.9 366+ 1.8(252+23| 509+34 | 39.6+3.1

Note: SL7, in the absence of salicylate; SL*, in the presence of 5 mM salicylate. Mean values of permeability coefficients + m are presented in per-
cent relatively to the control (transport in the absence of polyamines and salicylate).
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Fig. 3. Additive effects of putrescine and salicylate on the antibi-
otic resistance of E. coli M2073(mar*) (light columns) and
M2076(mar”) (dark columns). Hatched parts of the columns
indicate the effect of putrescine as compared to the correspon-
ding control. The microorganisms were cultured under standard
conditions in flasks on M-9 medium without additions (C), with
addition of 5 mM putrescine (PT), 5 mM salicylate (SL), and of
both 5 mM putrescine and 5 mM salicylate (PT + SL). The mar
operon induction was monitored by an increase in the expression
of the marR:lacZ fusion. On reaching the maximum expression
(3-4 h of culture), the cells were pelleted from the medium and
inoculated into wells of immunological plates with LB-broth
supplemented with the same additions as were present in M-9
medium and also with antibiotics. The MIC values were deter-
mined after 18 h of culturing at 37°C.

presence of putrescine and salicylate was studied using two
strains of E. coli (Fig. 3). One of these strains had the nor-
mal marRAB operon (mar®), and the other had a deletion
in the place of its location on the chromosome (mar”).

Putrescine at the concentration of 5 mM noticeably
increased the MIC in the wild strain (mar") culture, but
its effect on the mutant (mar") culture, if any, was at the
limits of the sensitivity of the method (the antibiotic titra-
tion step). But when added in the presence of salicylate,
putrescine significantly increased the MIC in the cells of
the two strains, more markedly in the mar™ cells. Because
the effect of salicylate on the MIC in the absence of the
mar regulon was positive, it was suggested to be mainly
due to limitation of porin transport by means of micF
induction. This seems to be a factor determining the syn-
ergism of its effect with that of putrescine.

The MIC values of two classes of antibiotics trans-
ported into cells through porin channels (pefloxacin) and
cell membranes (netromycin) were compared, and the
mechanism of the transport occurred to be crucial for the
effect of putrescine and salicylate on the sensitivity to the
antibiotics (Fig. 4). The effects of these compounds on
pefloxacin were very similar to their effects on another
fluoroquinolone, levofloxacin, but in the case of
netromycin, which is a representative of the second gen-
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Fig. 4. Dependence of E. coli M2073 sensitivity to pefloxacin
(hatched columns) and netromycin (dark columns) on putrescine
and salicylate. The microorganisms were cultured under standard
conditions in flasks on M-9 medium without additions (C), with
addition of 5 mM putrescine (PT), 5 mM salicylate (SL), and of
both putrescine and salicylate (PT + SL) at the same concentra-
tions. After culturing for 3-4 h, the cells were pelleted from the
medium and used for determination of the MIC under the condi-
tions described in the caption for Fig. 3.
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Fig. 5. Dependence of E. coli HS1600DE3Y (pRPOS) resistance
to levofloxacin (/), cefotaxime (2), and cefazolin (3) on rpoS
induction. The microorganisms were cultured under standard
conditions in flasks on M-9 medium. The rpoS expression was
induced by addition to one of the cultures of 0.3 mM IPTG
(RpoS*), while the other culture was intact (RpoS~). The induc-
tion was monitored by the increase in the expression of the target,
the gene fusion osmY:lacZ. On reaching the maximum induction,
the cells of the two cultures were liberated from the medium and
used for determination of the MIC by dilutions on immunological
plates, adding IPTG to the induced cells.

eration of aminoglycosides, the dependence was quite
opposite. Thus, the synergism of putrescine and salicylate
effects on fluoroquinolones and aminoglycosides (Fig. 4)
seems to have a different nature.
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Polyamines as modulators of antibiotic resistance dur-
ing acidic stress. Escherichia coli reacts to acidic stress, in
particular, by induction of expression of the gene rpoS
encoding the alternative oS-subunit of RNA polymerase,
which controls some systems of acidic resistance [23]. We
have shown earlier that polyamines are positive modula-
tors of the rpoS expression [12]. Based on some recent data
[24], it was suggested that a mechanism functioning dur-
ing acidic stress and providing for multiple drug resistance
of E. coli could be caused by induction of ¢° synthesis.

This hypothesis was checked using the rpoS gene
induction in cells of the E. coli strain HS1600DE3Y
(pRPOS) (Fig. 5). The induced cells displayed a pro-
nounced increase in the MIC for fluoroquinolones (levo-
floxacin) and B-lactam antibiotics (cefotaxime, cefa-
zolin) that indicated an essential role of ¢° in formation
of the multiple antibiotic resistance in E. coli. Hence, it
was suggested that the role of polyamines in the develop-
ment of multiple antibiotic resistance of E. coli could be
determined by their positive influence on the content in
the cell of the o®-subunit of RNA polymerase.

To follow the supposed cause—effect relations in the
chain polyamines — ¢° — antibiotic resistance, a culture
of strain SHTO3 constructed by us was used. Addition of
putrescine to the cells of the polyamine-deficient strain
markedly stimulated rpoS expression (Fig. 6). A similar
although less pronounced influence was displayed by sal-
icylate, which is a weak acid capable of causing acidic
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Fig. 6. Dependence of E. coli SHT03 resistance to levofloxacin
(1) and pefloxacin (2) on rpoS expression (3) in the presence of
putrescine and salicylate. The microorganisms were cultured
under standard conditions in flasks on M-9 medium without
additions (C), in the presence of 5 mM putrescine (PT), 5 mM
salicylate (SL), and of both 5 mM putrescine and 5 mM salicylate
(PT + SL). The rpoS expression was monitored by the activity of
B-galactosidase using the gene fusion rpoS:lacZ. Upon reaching
the maximum expression (~4 h of culturing), the cells were freed
from the medium and used for determination of the MIC, as indi-
cated in the captions to Fig. 3 and in “Materials and Methods”.
Significant differences at p < 0.05 (considering Bonferroni’s cor-
rection): *, from C; **, from PT; #, from SL.
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Fig. 7. Dependence of E. coli M2073 resistance to levofloxacin
(hatched columns) on the cadaverine content in the cells (dark
columns) under changes in pH of the medium in the presence of
the antibiotic. The microorganism cultures for analysis were
taken from the wells of immunological plates in the experiments
for determination of the MIC. *, Significant difference from the
control at p < 0.05 with consideration of the Bonferroni correc-
tion.

stress similarly to acetate [25]. Simultaneous addition of
putrescine and salicylate manifested a summed effect.
The MIC values for levofloxacin and pefloxacin suggest-
ed strong positive influences of putrescine and salicylate
on the antibiotic resistance, which was similar to the
effects of these compounds on rpoS expression (Fig. 6).
This confirms the hypothesis that one of the mechanisms
of multiple antibiotic resistance, in particular, under con-
ditions of acidic stress, is realized via the influence of
polyamines on the 6° content in the cell.

The acidic stress caused by a decrease in pH of the
medium was accompanied by an increase in the content of
a polyamine cadaverine in the cells (Fig. 7), which signif-
icantly limited the transport activity of the porin channels
(Table 2). This increased the antibiotic resistance (Fig. 7).

In addition to medium acidification, the production
of cadaverine considerably increased in response to sub-
lethal concentrations of the antibiotics, which were most
effective at pH 5.5 (Fig. 8). The cadaverine content was
significantly increased in the cells treated with fluoro-
quinolones transported through porin channels. This sug-
gested that the restriction of the porin protein activity
owing to induction of cadaverine can be a reaction of cell
defense against antibiotics.

DISCUSSION

Hydrophilic compounds are transported into cells of
gram-negative microorganisms through outer membrane
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Fig. 8. Changes in the cadaverine content in E. coli M2073 cells
in response to sublethal concentrations of antibiotics in the
medium at pH 5.5. 7) Culture without antibiotics; 2-5) supple-
mented with 0.023 pg/ml levofloxacin, 0.047 ug/ml pefloxacin,
1.563 pg/ml nalidixic acid, and 1.563 pg/ml netromycin, respec-
tively. *, Significant difference from the control at p < 0.05 with
consideration of the Bonferroni correction. The microorganism
cultures for analysis were taken from the wells of immunological
plates in the experiments for determination of the MIC.

channels (porins), among which OmpF is preferable for
transporting such toxic compounds as antibiotics and bile
salts [26]. A mechanism negatively regulating the OmpF
content on the level of protein synthesis is based on the
interaction of micF antisense RNA with the 5'-fragment
of the ompF mRNA which inhibits the translation [9].
The micF gene encoding the regulatory RNA is a con-
stituent of the antioxidant defense regulon soxRS, induc-
tion of which is positively modulated by polyamines
under conditions of oxidative stress [11]. The limitation
of the transport activity of the cells caused by of the
decrease in OmpF content due to this effect increases the
antibiotic resistance (Fig. 1).

The rate of antibiotic entrance into the cells of gram-
negative microorganisms is determined by the ratio
between the oppositely directed flows: on one hand, the
transport into the cell through porin channels, and on the
other hand, the removal from the cell by the multidrug
efflux pumps [27]. The synthesis of these pumps is con-
trolled by the transcriptional regulator MarA induced by
sodium salicylate [28], which can also induce the micF
antisense regulatory RNA which suppresses OmpF syn-
thesis on the translational level. The study on the trans-
port activity of porin channels in the presence of salicylate
has shown that polyamines inhibit this parameter even on
the background of induction of the multidrug efflux sys-
tem (Table 2). Moreover, the additivity of polyamine and
salicylate effects is also due to their stimulation of micF.

TKACHENKO et al.

Some antibiotics, in particular, aminoglycosides,
cannot enter the cell through porin channels and across
bilayer membranes at the cost of the cell membrane
potential. The increase in the E. coli sensitivity to amino-
glycosides observed in the presence of salicylate (Fig. 4) is
explained by its effect as a weak acid elevating the mem-
brane potential, which amplifies the electrophoretic
transfer of positively charged aminoglycosides into the
cell [29]. However, the polyamine-deficient mutants pos-
sess a decreased sensitivity to the first generation amino-
glycoside streptomycin [30]. It seems that the ability of
polyamines to bind with the 30S and 50S subunits of ribo-
somes can strengthen or weaken the effect of different
antibiotics having influence on the level of ribosomes
[31]. Thus, the synergism of the putrescine and salicylate
effects in the case of fluoroquinolones (Fig. 3) is caused
by the common action mechanisms (inhibition of trans-
port through OmpF), but in the case of netromycin (Fig.
4) their synergism seems to be based on a different mech-
anism: the enhancement of the transport across the cyto-
plasmic membrane for salicylate and the influence on the
target of the antibiotic (ribosomes) for polyamines.

The multiple antibiotic resistance under conditions
of medium acidification can be realized via the system of
multidrug efflux pumps [4] and also unidentified alterna-
tive mechanisms [25]. The pH dependence of the E. coli
sensitivity to antibiotics suggests (Fig. 7) that one such
mechanism can be associated with the accumulation of
cadaverine in the cells on acidification of the medium as
a result of induction of the cadA gene encoding inducible
lysine decarboxylase [32].

As a mechanism increasing the production of cadav-
erine, oxidative stress seems to be a result of “suicidal
response” of the microorganisms to a sublethal exposure
to environmental factors [33]. This interpretation is con-
firmed by data on the induction of lysine decarboxylase
by superoxide stress [11], the cadA belonging to the soxRS
regulon of the antioxidant defense [34], and also the abil-
ity of some antibiotics to cause oxidative stress [35]. And
o’ seems to play a significant role in the elevation of the
cadaverine production at the cost of inducible lysine
decarboxylase Ldcl [36].

Based on the known functions of ¢° in the defense of
microorganisms against starvation, stationary phase,
oxidative, acidic, osmotic, and other stresses, it is consid-
ered to be one of main regulators of their adaptive reac-
tions [37]. This functional role of ¢ can be, in particular,
associated with its strong negative influence on ompF
expression on the translational level [7], which imparts to
microorganisms additional resistance to deleterious envi-
ronmental factors, including antibiotics. In this respect
polyamines, which are also considered as factors of adap-
tation to various stresses [10, 12], are also synergic and
enhance the resistance to antibiotics that are transported
through the porin channels and lower the cell envelope
permeability. This effect is provided for by at least three
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different mechanisms: the restriction of the synthesis of
porin channels on the translational level by the positive
modulation of micF (Fig. 1), the direct negative effect on
their transport activity (Table 2), and also the positive
influence of polyamines on o® in the cell (Figs. 5 and 6)
accompanied by a decrease in the porin transport due to
suppression of the ompF transcription and the induction
of cadaverine synthesis (Fig. 8).
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