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INTRODUCTION

Topic’s significance. It is well known that bacteria are able to grow in various
conditions but at the same time they are very sensitive to physical and chemical factors such
as light, temperature, the pH of the medium and chemical reagents that are present in the
medium. Nowadays heavy metal pollution in the environment has become a serious problem
due to the increase in the addition of these metals to the environment. Natural and
anthropogenic sources are responsible for this contamination, which has become a threat to
public health.

Some of the heavy metals are essential and are required by the organisms in small
quantities but at the same time high concentrations of metals become toxic to the organisms,
particularly to microorganisms. Heavy metals affect their growth, morphology, biochemical
activities and decrease biomass and diversity (Roane and Pepper, 2000). Heavy metal ions at
relatively high concentrations may interact with the microorganisms at three levels:
microbial membrane, causing irreversible damage such as loss of membrane integrity
(Cervantes and Gutierrez-Corana, 1994; Stohs and Bagchi, 1995); absorbed in the cytoplasm
oxidizing enzymes or microbial organelles (Peitzsch et al., 1998) or affect the genetic material
of the microbial cell (Morby et al., 1993). In general heavy metal high concentrations cause
prolonged lag time, which depend on metal concentration, and/or reduced growth rate (Sani
et al., 2006).

To have a toxic effect, however, heavy metal ions must first enter the cell. Almost all
bacteria have two types of uptake system for heavy metal ions: one is fast, non-specifc and is
driven only by the chemiosmotic gradient across the cytoplasmic membrane of bacteria. The
second type is slower and often uses ATP hydrolysis as the energy source (Charrier et al.,
2010). Microbes may play a large role in the biogeochemical cycling of toxic heavy metals
and in cleaning up metal-contaminated environments. Therefore, there is a big interest on
studying the interactions of heavy metals with microorganisms.

In this respect it is of interest to us to examine the effects of some essential heavy
metal ions, which in small quantities are important for cell, on Enterococcus hirae cell
growth and membrane activity as the membrane properties and metabolism of these bacteria
are peculiar (Trchounian and Kobayashi, 1998; Akopyan and Trchounian, 2005; Poladyan et
al., 2006).

Some authors suggest that membrane ATPases are one of the targets for the action of
heavy metal ions in bacterial cell and its activity may serve as an indicator of the metal
toxicity (Gruzina et al., 1999). Based on the results obtained in our laboratory we have

supposed that the effects of heavy metal ions on bacterial growth and membrane activity may



be resulted by action of the ions on redox potential (En) or by direct effect on membrane
ATPase causing conformational changes and disturbing the interaction with K* transport
system Ktrl (Kirakosyan et al., 2008; Vardanyan and Trchounian, 2010; 2012).

Research goals and tasks. The aim of this study was to investigate the changes in
E. hirae cell growth and membrane activity in the presence of some heavy metal ions and to
discover possible targets for these ions in bacterial cells.

Constituted tasks of the research were to:

1. study the effects of Cu%, Fe?, Fe3* and Mn?* on growth characteristics of

E. hirae wild-type strain ATCC9790 and the azpD mutant strain MS116 (lacked
B subunit in F1) and to compare the effects of Cu?* on these bacteria and
Escherichia coli ;

reveal the changes in Enduring £. Airae ATCC9790 and MS116 cell growth;
establish the proton-potassium exchange through the £. Airae membrane in the
presence of heavy metal ions mentioned above;

4.  investigate the changes in accessible SH-groups number in the membrane

vesicles of £. hirae when oxidizer Cu?*is added in the assay medium;

5.  compare the effects of Cu?, Fe?, Fe3*, Mn?* on bacteria with the metal ions of

same oxidation state and similar properties.

Scientific novelty and applied value of the study.Within the scopes of this work was
established that heavy metal ions Cu, Fe and Mn markedly affect E. Airae anaerobic growth.
Moreover such effects did not depend on reducer and oxidative properties of these ions as
two ions with oxidative properties (Cu?* and Fe3*) had opposite effects. In any case the
proton-coupled membrane transport and changes in En during bacterial growth were affected.
The changes in ATPase activity and accessible SH-groups number in the presence of Cu, Fe
and Mn were also revealed. These findings are absolutely novel for these bacteria and have
interest to understand not only the action mechanisms for ions mentioned above in £. Airae
but for oxidizers and reducers in general. The investigation of the effects of different oxidizer
and reducer heavy metal ions on bacterial growth and membrane activity make possible to
use this knowledge for regulating bacterial growth during oxidative stress or in the
environment that contains heavy metals.

Main points to present at defense.

1. Different heavy metal ions affect E. hirae cell growth changing growth properties.

2. Heavy metal ions affect Enchanges during bacterial growth and modify activity of
transport and enzymatic proteins.

3. Effects of heavy metal ions on E. Airae growth and membrane activity can be

caused by direct action of these ions on membrane-associated proton FoF1-ATPase.
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Work approbation. Main results of the dissertation were discussed at seminars in
Department of Biophysics, Biology Faculty of Yerevan State University, and at scientific
conferences: 13% International School-Conference for Young Scientists (Pushchino, Russia,
2009), 112 General Meeting of American Society for Microbiology (ASM) (San Francisco,
USA, 2012) and 17 European Bioenergetics Conference (EBEC) (Freiburg, Germany, 2012).

Publications. According to experimental data observed in dissertation 7 works,
including 4 papers in peer-reviewed journals were published.

Volume and structure of dissertation. The dissertation contains following chapters:
introduction, literature review (Chapter 1), experimental part (Chapter 2), results and
discussion (Chapter 3), concluding remarks, conclusions and cited literature (total 177 papers

and books). The document consists of 111 pages, 5 tables and 21 figures.
MATERIALS AND METHODS

Objects for the research. The wild-type strain £. hAirae ATCC9790 and the azpD
mutant strain MS116 (lack P subunit in Fi1) were used in this study (Trchounian and
Kobayashi, 1998). MS116 expresses ATPase in the same level as wild-type, but it has less
ATPase activity (Trchounian and Kobayashi, 1998).

Bacterial cultivation and preparation for experiments. Bacteria were grown under
anaerobic conditions at 37 °C in the medium that contains 1 % tryptone, 0.5 % yeast extract,
1 % K2HPOs with addition of 0.2 % glucose at pH 8.0. Bacterial growth was monitored by
changes in optical density (OD) of bacterial suspension using a spectrophotometer at a
wavelight of 600 nm. The bacterial suspension was washed and concentrated by
centrifugation at 3600 g for 15 min and transferred into appropriate medium.

Measuring of En and determination of growth characteristics. En was measured by
both platinum and titanium-silicate (Ti-Si) electrodes. The specific growth rate was
determined by dividing 0.693 (1g2=0.693) by the doubling time of the optical density in the
ranges where changes in the logarithm of optical density depended on time in a linear
manner. Lag phase duration was determined graphically (OD correlation curve based on
growth duration) (Trchounian et al., 2012).

Isolation of membrane vesicles. Right side out membrane vesicles were isolated by
lysis of protoplasts with lyzosime using the Konings and Kabak method (Konings and Kaback,
1973).

Proton and potassium ions transport study. H* and K* fluxes through the bacterial
membrane in the whole cells were studied by monitoring changes in their activity in the

medium with the use of appropriate selective electrodes (Kirakosyan and Trchounian, 2007).

5



Electrode readings were calibrated by titration with 0.01 N HCI and 0.02 mM KCL. Ion fluxes
are expressed as the change in external activity of the ion in mM/min per number of cells in a
unit of medium volume (ml).

Accessible SH-groups and ATPase assay. Accessible SH groups of membrane vesicles
were determined by Ellmann’s reagent (5,5’-dithiobis-2-nitrobenzoic acid); corrections were
made for blanks without membrane vesicles. Membrane vesicles were treated with the
reagent and OD was measured after 2 hours (OD became constant). The level of
SH- groups were expressed in nmol per mg protein.

ATPase activity was measured by amount of liberated inorganic phosphate (Pi) after
addition of 5 mM ATP that was determined by the method of Taussky and Shorr (Taussky
and Shorr, 1953). Corrections were made for blanks without ATP or membrane vesicles.
Relative ATPase activity was expressed in nmol Pi per mg protein in 1 min.

Data processing. The average data are presented from three independent
measurements; standard errors were not more 3 % if not indicated. The Student’s validity
criteria (p) was calculated to show the reliability of difference between changed values and

control.

RESULTS AND DISCUSSION

E. hirae growth and Erin the presence of heavy metal ions

The wild-type strain E. hirae ATCC9790 and the azpD mutant strain MS116 with
defective FoFi1-ATPase are known to grow well under anaerobic conditions at pH 8.0
(Trchounian and Kobayashi, 1998; Poladyan and Trchounian, 2006).

We have shown that the addition of Cu?* in bacterial growth medium increased lag
phase duration and decreased specific growth rate (Figs. 1, 2). With low concentration of Cu?*
(0.05 mM) no statistically reliable (p>0.05) bacterial growth differences were observed (in
comparison with control samples). In contrast, higher concentrations of Cu?* (0.1 mM, 1 mM)
notably prolonged lag phase duration and decreased the specific growth rate. The results
obtained with Cu?* are consistent with those of Kirakosyan reported for £. coli (Kirakosyan
and Trchounian, 2007). In the case of £. coli too these ions notably inhibit bacterial growth.

The influence of Cu?* on MS116 growth was less noticeable than that on ATCC9790.
Moreover the lag phase duration with this azp mutant strain is 4-4.5-fold higher than that
with wild type strain but specific growth rate is almost the same (Figs. 1, 2). These findings
point out that the FoFi-ATPase is not essential for £ Airae growth at alkaline pH. This

contradicts with a common idea that the FoFi-ATPase of bacteria is a main membrane



enzyme of bioenergetics relevance that is responsible for generation of H*-motive force under
anaerobic conditions (Trchounian, 2004). Moreover, this seems to be in favor with data of
Kobayashi with co-workers (Kobayashi et al., 1984; Mugikura et al., 1990) that £. Airae can
grow at alkaline pH in the presence of a protonophore which dissipates the H*-motive force
almost completely.

As it is known that the growth of bacteria is inhibited by oxidizers (Bagramyan et al.,
2000; Kirakosyan and Trchounian, 2007) and the results with Cu? were in accordance with
that data, it was expected that other oxidizer heavy metal ion Fe3* would inhibit bacterial
growth too. But as it is shown in Figs. 1 and 2, in the presence of Fe3*the lag phase duration
was decreased and the specific growth rate was increased. Such effects were observed with
wild-type and mutant strains both. As two oxidizer heavy metal ions have opposite effects it
might indicate that specific action mechanisms can be evaluated.

The results obtained with Cu?* are similar with the results observed with Fe?. As Fe?
is a reducer, just opposite effects were expected, but it was established that the addition of
Fe?* within the same concentration range in bacterial growth medium leads to wild-type and
mutant strains growth inhibition by increasing lag phase duration and decreasing specific

growth rate (not shown).
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Interesting results were revealed when Mn? was present in £. Airae growth medium.
It is known that different concentrations of Mn? have opposite effects on bacterial growth
(Ali and Stokes, 1971). It was shown that the presence of 0.05 % MnSO+H20 in the medium
stimulates the heterotrophic growth of Sphaerotilus discophorus while higher concentration
is inhibitory (Ali and Stokes, 1971). We have detected that low concentrations of Mn?*
enhance cell growth by decreasing lag phase duration and increasing specific growth rate
while there are no reliable differences with higher concentrations (p>0.05) (Figs. 3; 4). The
most noticeable effect of Mn?* on specific growth rate was in the presence of 0.05 mM (Fig.
3). In the case of lag phase duration similar effects were detected (Fig. 4). Such effects were

observed with wild-type strain and mutant strain too.
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If effects for ions mentioned above are specific, there must be discrimination between
these ions and other oxidizer and reducer heavy metal ions, for instance, Mo and Co?. It
was shown that these ions have no effects on ATCC9790 or MS116 cell growth. There were
no statistically reliable changes (p>0.05) in lag phase duration and in specific growth rate (Fig.



5). These results indicate that the effects of heavy metals do not depend on oxidizer and

reducer properties of the ions.
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During E. hirae ATCC9790 growth after 8 h, En dropped from positive values (35+5
mV) to negative ones (-200£10 mV) (Fig. 6). In the case of MS116 the initial En value was
25+10 mV which dropped to negative values (-140+10 mV) as the culture passed to the
stationary growth phase (not shown). The rate of this drop is apparently directly related to
the rate of bacterial growth: drop of En indicates that there are many reduction processes
taking place during anaerobic growth of the bacterial cells (Bagramyan et al., 2000;
Kirakosyan et al., 2004). At the stationary phase, after 24 h of growth, En markedly increased,
but did not reach the initial values (not shown). Then, changes in En during ATCC9790
growth were also observed in the presence of heavy metal ions (Figs. 6; 7). These ions had
contrary effects on En in a concentration-dependent manner. In the presence of 2 mM Fe?* En
lowered down to -80+8 mV only compared with that of control (--200 mV) (Fig. 6). Similar
effects were observed with MS116: in the presence of 2 mM Fe?* En value was -40+8 mV only.
We have established that Cu?* affect En values changes in a same manner as Fe?: in the
presence of Cu ions the Envalue was higher compared with that of control. The effects of Cu?*
were more clearly expressed in case of wild-type strain E. Arirae ATCC9790 (not shown).
Similar effects were earlier detected with . coli too (Kirakosyan and Trchounian, 2007). As
Fe?* and Cu?* are reducer and oxidizer respectively, so just the opposite effects of these ions

could be expected. But our results indicate that these ions might affect not only E.



Fig. 6. Changes in Enduring E. Airae

ATCC9790 growth in the presence of Fe?.

100

In contrast, Mn?* and Fe3-have opposite effect on Envalue during bacterial growth. It

was revealed that these heavy metal ions distinctly dropped the En value in comparison with

control sample. In the presence of Mn?* stronger effects were observed with 0.05 mM

concentration when En dropped up to -320+10 mV compared with that of control (-200 + 15

mV) (Fig. 7). In the case of Fe3 the effect had a concentration-dependent manner and

stronger effects were with high concentrations (not shown). Such results were observed in

wild-type and mutant strains both. For comparison En changes during £. hirae growth were

also observed in the presence of other heavy metal ions, Ni?*. It was shown that Ni?* within

the same concentration range had no significant influence on En value. These results indicate

that in case of heavy metal ions mentioned above special mechanisms can be evaluated.

100
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Fig. 7. Changes in Enduring £. Airae
ATCC9790 growth in the presence of Mn?.

Effects of heavy metal ions on ATPase activity of E. hirae membrane vesicles

E. hirae membrane-associated ATPase activity has been shown to be K*-dependent
(Trchounian and Kobayashi, 1998; Poladyan and Trchounian, 2011) and is inhibited by N,N*

10



dicyclohexylcarbodiimide (DCCD), inhibitor of FoFi-ATPase (Poladyan and Trchounian,
2006; Vardanyan and Trchounian, 2010). H* exchange to external K* has the fixed
stoichiometry of the DCCD-inhibited ion fluxes (Poladyan et al., 2006; Poladyan and
Trchounian, 2011). It was suggested that such ATPase activity and H*-coupled K* transport is
the result of FoF1-ATPase interaction with K*transport system, Ktrl (Trchounian, 2004).

We have examined the ATPase activity of £. hirae ATCC9790 and MS116 membrane
vesicles in the presence of Cu and Fe ions. We have established that these ions directly affect
the FoF1-ATPase of the bacteria. The action of heavy metals on ATPase activity was assessed
with and without DCCD in the presence of 100 mM K*. It was shown by Abrams and Baron
that when 0.25 mg dry weight of enterococcal membranes were incubated with 0.2 mM
DCCD for 15 min, 89 % of membrane ATPase were inhibited (Abrams and Baron, 1970). This
was the maximum inhibition that can be obtained as some ATPase is resistant to DCCD and
other ATPase different from FoFican be present in the membrane (Takase at al., 1993).

In all cases (DCCD +/-), even low Cu?* concentrations had noticeable effect on ATPase
activity (Fig. 8). Such effects of Cu?* were stronger expressed with wild-type strain (Fig. 8)
and can be explained by direct action of these ions on membrane ATPase thus modifying the
activity and interaction with secondary transport system. The influence of Cu?* may be
resulted by its action on En which in turn regulate the FoF1 ATPase activity (Bald et al., 2001).

We have examined the ATPase activity of E. Airaein the presence of other divalent
heavy metal ion, Ni?*. The latter is required for bacteria in small amounts, but at the same
time high concentrations are toxic for cell. It was established that Ni** within the same

concentration range has no significant effects on ATPase activity.

90 -
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40 A
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0

Fig. 8. ATPase activity of membrane vesicles
of E. hirae ATCC9790 in K* containing

medium in the presence of Cu? and 0.2 mM

ATPase activity (nmol
P;/min/mg protein)

Control 0.05mM 0.1mM 1mM

In same conditions the ATPase activity was assessed in the presence of Fe ions too
(Fig. 9). In all cases, the changes in ATPase activity were noticeable but they were depended
on Fe ions concentration. In the presence of Fe3 ions, a higher ATPase activity was observed

in comparison with control even together with 0.1 mM DCCD (Fig. 9). It is possible that

11



these effects are due to Fe3* binding to FoFi1-ATPase thus modifying its activity. Interestingly,
thermophilic Bacillus PS3 Fi-ATPase has a binding site for Fe3* and after that the whole

complex undergoes structural modifications (Contessi et al., 2001).
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But ATPase activity determined in the presence of DCCD and with MS116 indicates
another possibility: there might be a Fe3*-dependent ATPase in E. Airae, different from FoF1
which activity can be observed even when FoF1 is inhibited by DCCD or non-functional. In
contrast, even low Fe?* concentrations had marked effect on ATPase activity (see Fig. 9).
When high concentrations (1-2 mM) of Fe? were present, a residual ATPase activity was
defined only. These effects were observed with E. Airae both wild-type and azpD mutant
strains. Such influence might be a result of Fe? effect on En which by-turn can regulate FoF:

ATPase (Bald et al., 2001) causing changes and decreasing activity.
Effects of heavy metal ions on accessible SH-groups number

Most of membrane proteins contain thiol-groups in the form of cysteine residues. As
these groups are accessible for different oxidizers and reducers, the oxidation-reduction state
of SH-groups can be changed which in turn can modulate the activity of enzymes (Kadokura
et al.,, 2003; Trchounian, 2004). It is supposed that in bacterial membrane there is an
interaction between the FoF1-ATPase and K* transport system, Ktrl and the energy could be
transferred from ATPase to a secondary transport system via disulfide-dithiol interchange
(Martirosov, 1990).

If the accessible SH-groups in E. hirae membrane vesicles are the FoFi-ATPase
cysteine residues, their number can be affected by ATP. We have shown that ATP markedly
increases the number of accessible SH-groups in E. Airae membrane vesicles in the presence
of 100 mM K- (Fig. 10). Such effect was not detected in MS116 (defective in the f subunit of
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F1) membrane vesicles (Fig. 10). These results confirm that the increase in SH-groups number
by ATP might be associated with the FoF1-ATPase (Poladyan and Trchounian, 2006).

350 1 BATCC9790

300 1 mMS116
Fig. 10. Effects of Cu?* and
ATP on the number of
accessible SH-groups in
E. hirae ATCC9790 and

MS116 membrane vesicles.
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We have also determined the effect of Cu?* on SH-groups number in ATCC9790 and
MS116 membrane vesicles (Fig. 10). The addition of Cu?* led to SH-groups number decreasing
in a concentration-dependent manner. In addition, Cu?* inhibited the effect of ATP in E
hirae ATCC9790 membrane vesicles by blocking the ATP-stimulated increase in SH-groups
number (Fig. 10). The results are agreed with data reported by Kirakosyan et al. (2008) before
that Cu? increase the level of SH-groups in E. coli but they block the ATP-stimulated
increase in these groups. This could be in accordance with a break of disulfides in membrane
proteins when Cu?*is reduced on cell surface (Kirakosyan et al. 2004).

As in the case of ATPase activity we have shown that Ni?* within the same
concentration range does not cause marked changes in the number of SH-groups (Fig. 11).
Such results were observed with wild-type and mutant strains both (Fig. 11). These data
indicate that Cu ions have specific effects on E. hirae membrane vesicles ATPase activity and

accessible SH-groups number.

- 350 4 OATCC9790

£ 300 4 mMS116

é 250 Fig. 11. Effects of Ni?* and
= 200 - ATP on the number of

o g

'g £150 + accessible SH-groups in £

& 8100 - hirae ATCC9790 and MS116
% 50 1 membrane vesicles.

5 o

& Control ATP 0.05mM ATP+ 0.1mM ATP+ ImM ATP+1

Ni2+ 0.05mM Ni2+ 0.lmM Ni2+ mM
Ni2+ Ni2+ Ni2+
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Effects of heavy metal ions on proton-coupled membrane transport

When grown in a glucose-containing medium, E. Airae excrete protons and
accumulate potassium ions. Potassium ions play a key role in bacterial cell: transport of these
ions through bacterial membrane is necessary for regulating the intracellular pH and
maintenance of turgor (Silver, 1996). Intracellular K* activates various enzymes and is
essential for protein synthesis. It is known that £. Airae has two uptake systems for K+: Ktrl
(Bakker and Harold, 1980) and KtrII (Kobayashi, 1982; Kakinuma and Harold, 1985). It is
supposed that Ktrl needs electrochemical gradient for H* (ApH*) and ATPase energy to
transfer K*through bacterial membrane (Bakker and Harold, 1980). As these bacteria lack the
respiratory chain, proton gradient is generated due to the H*transport via FoF1-ATPase. KtrI
is specific for K*and has a high rate of transport. It is supposed that this system works as a
symport with H*or as a K* pump (Bakker and Harold, 1980; Trchounian and Kobayashi 1998).

On basis of some facts it was supposed that FoFi-ATPase and Ktrl systems in E. Airae
membrane are in close interaction. Those facts are following: there is a fixed stoichiometry
between DCCD-sensitive ion exchange and the DCCD-sensitive ATPase activity increases in
the presence of K* which is absent in afp mutant strains with defective FoFi-ATPase
(Trchounian and Kobayashi, 1998). Another evidence of such interaction is the fact that
accessible SH-groups in E. hirae membrane vesicles increases in the presence of ATP and the
latter is not observed with azp mutant strains (Poladyan and Trchounian, 2006). At the same
time it is possible that under some conditions Ktrl works separately. It is supposed that
within this complex energy transfers through dithiol-disulfide interchange.

We have shown that DCCD and Cu?* markedly decrease these ion fluxes (Table 1), but
when they were added together the effect was stronger. The influence of Cu?* on ions fluxes
has a concentration-dependent manner. The effect of Cu?* on H*-coupled transport could be
explained by a direct effect of Cu?* on FoF1-ATPase; some conformational changes in FoF1 are
possible. The effect of Cu?* on H*-coupled transport might be because of affecting a dithiol-
disulfide interchange in the functioning of FoFi1-ATPase in association with Ktrl system. Note,
similar effects were observed with E. coli too: the simultaneous addition of Cu?* and DCCD in
assay medium resulted in the strongest inhibition of H*-coupled membrane transport

(Kirakosyan and Trchounian, 2007).
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Table 1. Proton and potassium ions fluxes across the E. hirae ATCC9790 membrane

depending on Cu?* concentrations.

Assay conditions” Tons flux, mM/min**

DCCD-sensitive DCCD-sensitive

Total
(0.1mM)** (0.2mM)***
H* K* H* K+ H* K*

Control 1.90+0.02 0.60+0.02 1.01+0.02 0 0.71£0.01 0
0.05 mM 1.60+0.01 0.50+0.02 0.80+0.01 0 0.52+0.01 0
0.1 mM 1.40+0.02 0*** 0.72+0.01 0 0.40+0.02 0
1 mM 1.30+0.01 0 0.50+0.01 0 0.20+0.01 0

*

The bacteria were washed and transferred in Tris-phosphate buffer (pH 8.0) containing
0.4 mM MgSOs, 1 mM NaCl, 1 mM KCl; 20 mM glucose was added; concentrations of Cu?*
added were given, in the control Cu? was absent

**  Calculated per 10 cells/ml

sk

The difference between fluxes in parallel experiments in the absence and presence of 0.1
mM and 0.2 mM DCCD
“** “0” means the absence of K* influx at all

Similar effects were observed with Fe ions too. It was revealed that in the presence of
Fe ions H* exchange to external K* was markedly decreased in the medium with or without
DCCD. Stronger effects were observed when Fe? and DCCD were added simultaneously.
Moreover, these results were more noticeable with wild-type than azpD mutant strain. Such
effects might be explained by action of Fe ions on FoFi-ATPase causing conformational
changes which may affect its association with Ktrl.

The results were different when we use Mn?* as heavy metal ions. Mn?* within the
range of 0.01-1 mM has no significant effects on proton-coupled membrane transport
(p>0.05) (Table 2). Addition of 0.2 or 0.5 mM DCCD together with Mn? in the medium
caused a marked decrease in ion fluxes. It is known that some heavy metal (Cd(II)) ions are
able to form complex with DCCD (Bauda et al., 1987), and such effects of Mn?* together with
DCCD can be explained by possible complex formation between these substances and its
direct influence on membrane proteins forming the mechanism of H*-K* exchange. A high
concentration of Mn?* (1 mM) has stronger effect on the mechanism of H*-K* exchange

probably destroying its nature (Table 2).
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Table 2. Proton and potassium ion fluxes across the £. Airae ATCC9790 membrane depending

on Mn?* concentrations.

Assay conditions™  yong flux, mM/min*

Total DCCD-sensitive DCCD-sensitive
(0.2 mM)** (0.5 mM)**

H* K* H* K* H* K*
Control 1.32+0.02  0.63+0.02 0.70£0.02  0.31+0.01 0.67+0.01  0.28+0.01
0.01 mM 1.20+0.01  0.53+0.01 0.52+0.02  0.27+0.01 0.49+0.02  0.24+0.02
0.05 mM 1.32+0.01  0.55+0.01 0.45+0.01  0.21+0.02 0.41+0.01  0.18+0.01
0.1 mM 1.33+0.01  0.50+0.02 0.38+0.01  0.17+0.02 0.35£0.02  0.15+0.02
1 mM 1.30£0.01  0.50+0.02 0.30£0.01  0.11+0.01 0.27+0.02  0.09+0.01

*

The bacteria were washed and transferred in Tris-phosphate buffer (pH 8.0) containing
0.4 mM MgSO4, 1 mM NaCl, 1 mM KCl; 20 mM glucose was added; concentrations of Mn?*
added were given, in the control Mn?* was absent

** Calculated per 10 cells/ml

** The difference between fluxes in parallel experiments in the absence and presence of 0.2
mM and 0.5 mM DCCD

CONCLUDING REMARKS

Within the scope of this work was revealed that Cu?* inhibited E. Airae growth by
decreasing specific growth rate and increasing lag phase duration. The effects were more
noticeable with high concentration (1 mM) and with wild-type strain. These ions affected the
changes in Enduring bacterial growth too. Similar effects were observed with Fe?* within the
range of 0.05-2 mM. In contrast, the addition of Fe3* and Mn? in bacterial growth medium
led to decresing lag duration and increasing specific growth rate. The effects of Fe3 had a
concentration-dependent manner, while in the case of Mn?* the effects were more noticeable
when the concentration of ions were 0.01 and 0.05 mM. All ions mentioned above affect the
rate of Endrop during bacterial growth. As oxidizers inhibit and reducers enhance bacterial
growth (Bagramyan et al.,, 2000; Kirakosyan et al., 2004), in the presence of Fe ions just
opposite effects were expected. The obtained results indicate that the effect of heavy metal

ion does not depend on oxidation state and special action mechanisms can be evaluated.
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To reveal the possible targets for heavy metal ions effects in bacterial cell the ATPase
activity and proton-coupled membrane transport were monitored in the presence of ions
mentioned above. It was established that Cu?* and Fe?* decreased the ATPase activity with or
without DCCD. In the presence of Fe3* the ATPase activity was increased even in the
presence of DCCD. These results might be explained by existence of Fe3*-dependent ATPase
which is active in the presence of DCCD or in azp mutant strain. In the presence of Cu?, Fe?,
Fe3 the proton-coupled membrane transport was decreased, but strongest effects were
observed when these ions were added in the medium together with DCCD. In the case of
Mn? the effects on H*-K* ecxhange were detected only in the presence of DCCD. Such results
can be explained by possible complex formation between these substances and the direct
effect of this complex on bacterial membrane. Interestingly, such possibility is known for
other heavy metal, Cd (Bauda et al., 1987).

These results indicate that the effects of heavy metals mentioned above can be
explained by direct influence of these ions on ATPase thus modifying its activity and
conformation. Such conformational changes can affect the interaction of ATPase by thiol
groups with Ktrl. The evidence of this possibility is the fact that Cu?* directly affected the
number of accessible SH-groups in ATCC9790 and MS116 membrane vesicles. Moreover, the
addition of these ions blocked the ATP-stimulated increase in SH-group number.

These results are in accordance with available data that heavy metal ions usually
inhibit bacterial growth (Sani et al., 2001; 2003) and the targets of such effects may be the
membrane ATPase (Gruzina et al., 1999; 2002). Similar effects were revealed in E. coli with
Cu?": bacterial growth and proton-coupled transport were inhibited and the number of
accessible SH-groups was affected in the presence of these ions (Kirakosyan and Trchounian,
2007; Kirakosyan et al., 2008). These results indicate that the same heavy metal in different
bacteria have similar effects which can be explained by general targets for heavy metals in
different bacteria.

These findings are novel and they are interesting to understand the effects on £. Airae
and other bacteria for heavy metals in general and oxidizers and reducers as well. These
findings can be used to regulate bacterial growth in biotechnology, during oxidative stress or

in the environment which contains heavy metals.

CONCLUSIONS

The following conclusions were made based on experimentally obtained data:
1. The addition of Cu? in E. hirae wild type ATCC9790 and azpD mutant MS116
growth medium within the range of 0.05-1 mM led to bacterial growth inhibition by
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increasing the lag phase duration and decreasing specific growth rate. At the same time these
ions caused a delayed decrease of Enduring bacterial growth. Similar effects were observed
with Fe? too within the range of 0.05-2 mM. Moreover such effects had a concentration-
dependent manner.

2. In the presence of 0.05-2 mM Fe® in E. hirae growth medium the lag phase
duration was decreased and the specific growth rate was increased. The En value was strongly
dropped down compared with that of the control sample. Such effects were detected with
Mn?* too, but in this case stronger effects were with 0.01 and 0.05 mM, while higher
concentrations had no visible effects on £. hirae growth.

3. Cu? and Fe? markedly decreased the ATPase activity of . hAirae membrane
vesicles with or without DCCD. Meanwhile in the presence of 0.05-2 mM Fe3 the ATPase
activity was increased even in the presence of DCCD and these effects have a concentration-
dependent manner.

4. Cu%, Fe?* and Fe?* markedly decreased the proton-coupled transport through E.
hirae membrane. The inhibition was stronger when heavy metal ions and DCCD were
present in assay medium simultaneously. Mn?* affected H*-K* exchange only together with
DCCD.

5. The addition of 0.05-1 mM Cu? in the medium where E. Airae membrane vesicles
were present decreased the accessible SH-groups number in a concentration-dependent
manner. At the same time these ions blocked the ATP-stimulated increase in the number of
SH-groups.

6. The results obtained with ATCC9790 wild-type strain were determined with
MS116 mutant strain with defects in the FoFi-ATPase too, but the effects were less; at the
same time the increase in number of SH-groups in the presence of ATP was not detected with
MS116 membrane vesicles. These indicate that the FoFi-ATPase have a key role in heavy
metal ions effects on E. Airae growth and membrane activity.
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Jduniuusuu aurntk<h uruguh

NNPNC DULM UBsUNuLGrh hNLLENP LENANNDNEB3NFLL  Enterococcus hirae
PUYSGNPULENP Ush BY BUNULBUSNUL UYShUNtB3UL YNu

Uuthnthwughp
{wlgnigwihlb pwrebp® Enterococcus hirae, 6wln 0bwnwnlbph hnGObn, pwyunbphwlbph ws,
opuhnwybpwywagbnnuywb wnwblghw), UBdwquwiht wyunhynipintl, hwuwlbh SH-fudptn,
H*-K*-wywl thnfuwbwynipnib:

Lwjinbh £, np dhypnopqubhqibtnt nibwy GO wak] tnwpptp dshowywiptpned, uwywyb
dhbOnyl dwdwlwy npwlp 2w qquyntb 6O dhowdwinph Yuwiwjwywb thnthnfunignibbtph
OYwwndwdp: Pwlh np dwlp dGwnwnObpp (wjGnpbl twpwéywd GO pwynbphwlbph pOwywb
dhowywjpnty, hGwnwppphp £ nwunidGwuhpt yepohtbenhu unpl wyn hnGGeph weluwyntpjwdp:
UhwdwdiwOwy pwywnbphwlbpp 066 nbp nlGh swlp dGunwnbbph 2powlwenigwb 069 L win
hnGaGpny wnuinwdé dhowywjnph dwppdwl hwpgntd:

Syjw wuwwnwbpnd nhinwpydty b panipjwb dke hwiwiu hwinhwnn dwap dEwnwnGbph
hnGuGph  (Fe, Cu, Mn, Ni, Mo) waqnbgnipntlp £. hirae pwlnbphwlbph  wdh L
Ythuwgnpsntbbnipjwlb Yypw: Uu dEwnwnbbnh hnbGospp thnpp pwlwybbpnd wihpwdtw GO, pwyg
U66 pwlwynipgwip’ pnibwynp pwynbphwbbph hwdwp:

Uu wluwwnwbph 2powbwybtpnid wwnaqyby k, np ogunwgnpéywé (Fe, Cu, Mn) sdwln
dGwnwnbbph weywnigwip, twwbu thnthnuynid £ hbswbu £ Airae ATCC9790 Jwyph wnhwh b
atpDMS116 dntinwbunh w&b, wybwbu k) pwnwbpwiht wynhynignibp:

8nyg k wpybl, np wnbéh (1) hnGGepp gnigwpebpnud 6O E. Airae pwyunbphwlbph wip
&K02nn hwwnynipynil, hasb wpunwhwyndnid £ jwg thneh nbinnnegyub Gpwpwdgqiwdp b widwb
nbuwywpwp  wpwgnigjwb  0Jwqiwdp: COn  npnid - wu - wgnbgnigintGt wdbh  (wy
wpunwhwnywsé E pwpdp Ynbgtbnpwghwih (1 0U) Gepuynigjwdp L Juyph wnhwh dnuin, pwb
dntinwbwnh dnwn: Pwgwhwjuinyby £ Gwl, np Cu2+-h wybjwgniip hwagbgbned £ wddwb pbpwgpntd
opuhnwybpwywaqbnnwywb  wnutGghwih  (O4M)  OJwqiwl nwinwnwgiwb:  ULdwh
wpwgniriwl L OUMN-h Gquqiwlt Jpw GdwGwwnhwy wonbgnipgnt nhudty £ Owl Fe®*-h
wrywynipjwip, npp dhowydwyp b wybjwgyt) 0.05-2 60U pwlwyny: b hwywnpnipintb ytpp Gpqwéd
wnpryntbpltbiph, E. hirae pwynbphwlbph wép fupwOdb) k Fe*-n L Mn**-h wrywnipjwdp: COn
npnud Fe*-h pnnwé wanbgnipnitGl niih YnGgbOunpughwihg Ywiugwé pOnyp, huy Mn®-h
nbwpnid wagnbgnipnttb wewdb) (wy t wpunwhwundwsé 0.01 L 0.05 dU YnbgblnpwghwOtph
wwjiwabbpniy, dhognbr wydblh pwpép Ynbgbhunpuwghwlbph wwydwbobbpnid  wgnbgnignil
gnbpt sh nhwnynid: Aninp hnGOBRG hpelg hGpphlt wgnnid G0 Owl wAliwb pbpwgpntd OYM-h
woyodwl  wpwgnipjwlt  Jpw: Uwnwgwé wpnynitbplbpt  wluwwublh  thG, pwbh np
gnwywbntpintbhg hwynbh k£, np opuhnhsbbph wrywjniguidp pwynbphwibph w&b wpgbwyyned
t, huy yepwywbqbhsbbph OGpYwynipjwdp” fupwbynid (Bagramyan et al., 2000; Kirakosyan et al.,
2004): <Gwnlwpwp, Gpyweh hnGGeph hGn Yuwwwnpdwé thnpédbph plpwgpntd uwwuynid kn
hwywnwpéd wagnbgnipntb, uwywyt unwywd wprynitbpbbpp Yyywyntd &GO, np 6wlp dGwnwnh
pnnwd wanbgnipntlp Ywwdwé £ ny gt hnbh opuhnwgiwl wuwnh&wbh hGw, wy gnpénud GO
wgnbgnipjwl wy dGfluwGhqubtn:
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Owln udGwnwnObph  wanbgnipjwl  hGwpwynp  dGluwbhqyibbp  thbawnpbine  hwdwp
nuntiGwuphnyty £ Owb Gqwé hnbbph wanbgnipintGt Usdwquiht wynhydnipjwl L wpnun-
Ywiuw] wnbnwithnfunipiwb Ypw: 8niyg b wpdty, np Cu®*-h L Fe*-h welwynipjwdp nhuynid
UGdwquiht wyunhdnigjub wpgbiwynid, pon npnud wewyb] wpunwhwjndwé wagnbgnipnil |
nhndnd N, N’ - nhghyinhtpuhywppnnhhihnh (M84UN) htwn dhwdwdwlwy: b hwywnpnipnth,
Fe3+-h wrywynigjwdp, OnyGhuy Gpp dhowdwpnid welw £ A8UN, gnwbgynid | USdwquihl
wywmhdnipjwlb fupwOnid: Unwgywd wndjwibbpp YwpGih  pwgwunpb) poonid Fe3+-L4LurUJqu
UGdwagh gnnipjwip, npb wywhy £ GnyGhuy A8UN-h  GEpYwynigywdp L dntinwbwnbbph
poholtpnud: Ubn Unnohg gnuyg t wnybp Gwl, np thnpdGwlwo showywjp Cu®, Fe*, Fe*
wyblwglbihu £6oynid b Owl H-K-wlwl thnfuwbwynieynibp, GnyGhuy Gpp showdwpnid syw
a8un: Mn2+-h nGwpntd, hnGwjhb hnuph &G2ntdp wbnh £ nlbGGnud Yynbgbbunpwghwihg Ywugwd
panypny L dhwjt wjb nGwpnid, Gpp dhowduwjpnid welw £ 284U Wuwhuh wprynibpltnp
Jwnbh £ pwgwuwnnb) Mn2+-h L N84UN-h hwdwhp Yuwqibint nibwynigyuwip L ybpohbhu
wqnbgnipiuip pwnwlph Yypw: Unwhuh Gwfuwnbw hwunbh £ gpuwywiniginihg Cd hnbGeph
hwdwn (Bauda et al., 1987):

PEpwé wnrynitbplbpp yywynid &G, np pwynbphwlbph ypw wyu wOp dGuinwnlbph
hnGOGph wanbignipnilp Ywpnn £ pwgwunpdt) 4bpehGbtiphu wonbgnipudp  pwnwiplbph’
Jwulwdnpwwbu USdwagh Jpw, hbGsh hGnbwbpny wbnh &0 nlbbGnid YnGpnpdwghnb
thnthnigintbbbn - L thnfjudnid £ pGpdbGinh - wynhdnegnibp: Wu - ynGpnpdwghnb
thnthnfuntpyntbbbpp Ywpnn 60 wagnb] UGdwgh L Ktrl hwdwlwnpgh thnfuwgnbgnipjwb dpw, hbsp
wnbnh t nlbGOnd phnwihb fudpbph dheongny: Uu Gopwnpnipjwl wwwgnyghb &0 d6p Ynndhg
unwgyws wil wpyntbplbnt, np Cu®*-h OepYwynipywip ATCC9790 L MS116 pwyuinbphwltph
pwnwlpwihG paunhybbpnid hwuwbbh SH-fudptph pwlwyp Gjwgnid £: Gpp USdp L Cu2+-r_1
thnpébwywb dhowdwyn G0 wybiwgyt) dhwuhl, wpgbwyynid £ UGd-nd fupwbywd SH-fudptph
pwlwyh vESwgnLdip:

ubpp Opqwd wpnynibplbbpp hwunwwnned 60 Gwfuyhbnud unwgwé nyjuibenb wyb
dwuhG, np 6wOp dGwnwnG6pp hhibwywOnid nlbkl pwynbphwbph wip £02nn hwwnynignil
(Sani et al., 2001; 2003) L npw(g wqnbgnipwl phpwiup poholbnnid Ywnpnn £ hwlnhuwbw
UGdwaqp (Gruzina et al., 1999; 2002): CUn npntd thnpdbph wpnynibpnid oquwgnnéyty G0 Gwb
opuhnhs L yepwywbqgbhs hwunynepntbbbpny odindwé wy) dEwnwnbtph hnGGkn, npnbp 560 wgnb)
ns w&h, ng pwnwipwiht wywmhynipjwl Ynpw: Wuhbplb dbp Ynnihg ogunwagnpdywd dbuinwnbenl
nLO60 wrwbdbwhwwnniy wgnbgnipnib L npwbg hhdpnid pGYwé tGuwbhgqibtbpp wwhwbenid GO
hGunwqw nwunidbwuppnignil: £, coli pwynbphwlbph nbwpnid Lu, d6p jwpnpwwnnphwih
wpfuwwnwyhglbph Yynndhg gnyg t wnpdb, np wbnh £ nlbBGnid pwyunbphwlbph wah LGy,
wngGwyyned £ wmwnpptp hnGasph wypnuinG-Ywfyw) tinfuwbwynipnibp L thnfuynid | hwuwbbh
SH-fjudptph pwlwyp (Kirakosyan and Trchounian, 2007; Kirakosyan et al., 2008): Uju
wpryntbpbbipp yywynid &G, np tnwppbp pwyunbphwobpnid swop dGwnwnObph hnGabpp pnnGnid
60 Gdwlwwunhw wagnbgnipnib L hGwpwynp t, np wwpptp pwyunbphwotpnid dwlnp dGwnwnbenpl
nLO60 wanbgnupjwb panhwnip phpwfubtn:

LeinwgnuntpintGbkph wnnyntOpbbpp funpwglnid o]] wwwnybpwgniibtpp
pwywnbphwbph Jwpph dwuhb éwap dEwnwnGGpny wnuinunwé dhowywyptpnid b opuhnwunhy
upntiuh pOpwgpntd: Wu wprynibplbpp pny; G0 wnwihu wwpgb| pwywnbphwbbph poholtnnid
6wlp dEnwnObph wgnbgnipiwb hwpwdnp phpwfubbpp L dEuwbhqulbbpb, hGsp hp hGwnwaguw
Uhpwrentpyntbp Ywpnn £ gt yehuwwnbubninghwih pwgwywrentd:
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