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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 а 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 
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be resulted by action of the ions on redox potential (Eh) or by direct effect on membrane 

ATPase causing conformational changes and disturbing the interaction with K+ transport 

system KtrI (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 Cu2+, Fe2+, Fe3+ and Mn2+ on growth characteristics of  

E. hirae wild-type strain ATCC9790 and the atpD mutant strain MS116 (lacked 

β subunit in F1) and to compare the effects of Cu2+ on these bacteria and 

Escherichia coli ; 
2. reveal the changes in Eh during E. hirae ATCC9790 and MS116 cell growth; 

3. establish the proton-potassium exchange through the E. hirae membrane in the 

presence of heavy metal ions mentioned above; 

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

vesicles of E. hirae  when oxidizer Cu2+ is added in the assay medium; 

5. compare the effects of Cu2+, Fe2+, Fe3+, Mn2+ 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. hirae anaerobic growth. 

Moreover such effects did not depend on reducer and oxidative properties of these ions as 

two ions with oxidative properties (Cu2+ and Fe3+) had opposite effects. In any case the 

proton-coupled membrane transport and changes in Eh 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 E. hirae 

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 Eh changes during bacterial growth and modify activity of 

transport and enzymatic proteins. 

3. Effects of heavy metal ions on E. hirae 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: 13th International School-Conference for Young Scientists (Pushchino, Russia, 

2009), 112th General Meeting of American Society for Microbiology (ASM) (San Francisco, 

USA, 2012) and 17th 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 E. hirae ATCC9790 and the atpD 

mutant strain MS116 (lack β subunit in F1) 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 oC in the medium that contains 1 % tryptone, 0.5 % yeast extract, 

1 % K2HPO4 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 Eh and determination of growth characteristics. Eh was measured by 

both platinum and titanium-silicate (Ti-Si) electrodes. The specific growth rate was 

determined by dividing 0.693 (lg2=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). 
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Electrode readings were calibrated by titration with 0.01 N HCl 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 Eh in the presence of heavy metal ions 

 The wild-type strain E. hirae ATCC9790 and the atpD mutant strain MS116 with 

defective FoF1-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 Cu2+ in bacterial growth medium increased lag 

phase duration and decreased specific growth rate (Figs. 1, 2). With low concentration of Cu2+ 

(0.05 mM) no statistically reliable (p>0.05) bacterial growth differences were observed (in 

comparison with control samples). In contrast, higher concentrations of Cu2+ (0.1 mM, 1 mM) 

notably prolonged lag phase duration and decreased the specific growth rate. The results 

obtained with Cu2+ are consistent with those of Kirakosyan reported for E. coli (Kirakosyan 

and Trchounian, 2007). In the case of E. coli too these ions notably inhibit bacterial growth.  

The influence of Cu2+ on MS116 growth was less noticeable than that on ATCC9790. 

Moreover the lag phase duration with this atp 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 FoF1-ATPase is not essential for E. hirae growth at alkaline pH. This 

contradicts with a common idea that the FoF1-ATPase of bacteria is a main membrane 
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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 E. hirae 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 Cu2+ 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 Cu2+ are similar with the results observed with Fe2+. As Fe2+ 

is a reducer, just opposite effects were expected, but it was established that the addition of 

Fe2+  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).   

 

  

 

Fig. 1. Effects of Cu2+ and Fe3+ in different 

concentrations on E. hirae ATCC9790 and 

MS116 growth lag phase duration. 

  

 

 

 

 

 

  

 

Fig. 2. Effects of Cu2+ and Fe3+ in different 

concentrations on E. hirae ATCC9790 and 

MS116 specific growth rate. 
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Interesting results were revealed when Mn2+ was present in E. hirae growth medium. 

It is known that different concentrations of Mn2+ have opposite effects on bacterial growth 

(Ali and Stokes, 1971). It was shown that the presence of 0.05 % MnSO4·H2O 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 Mn2+ 

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 Mn2+ 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. 

  

 

 

Fig. 3. Effects of Mn2+ in different 

concentrations on E. hirae ATCC9790 and 

MS116 specific growth rate. 

 

 

 

 

 

 

 

 

 

Fig. 4. Effects of Mn2+ in different 

concentrations on E. hirae ATCC9790 and 

MS116 lag phase duration. 
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5). These results indicate that the effects of heavy metals do not depend on oxidizer and 

reducer properties of the ions.  

 

 

 

 

Fig. 5. Effects of Co2+and Mo6+ in different 

concentrations on E. hirae ATCC9790 

specific growth rate. 

 

 

 

 

During E. hirae ATCC9790 growth after 8 h, Eh dropped from positive values (35±5 
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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 
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We have established that Cu2+ affect Eh values changes in a same manner as Fe2+: in the 

presence of Cu ions the Eh value was higher compared with that of control. The effects of Cu2+ 

were more clearly expressed in case of wild-type strain E. hirae ATCC9790 (not shown). 

Similar effects were earlier detected with E. coli too (Kirakosyan and Trchounian, 2007). As 

Fe2+ and Cu2+ 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 Eh. 
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Fig. 6. Changes in Eh during E. hirae 

ATCC9790 growth in the presence of Fe2+. 

 

 

 

 

 

 

 

In contrast, Mn2+ and Fe3+ have opposite effect on Eh value during bacterial growth. It 

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

control sample. In the presence of Mn2+ stronger effects were observed with 0.05 mM 

concentration when Eh 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 Eh changes during E. hirae growth were 

also observed in the presence of other heavy metal ions, Ni2+. It was shown that Ni2+ within 

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

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

 

Fig. 7. Changes in Eh during E. hirae 

ATCC9790 growth in the presence of Mn2+. 

 

 

 

 

 

 

 

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            
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dicyclohexylcarbodiimide (DCCD), inhibitor of FoF1-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, KtrI (Trchounian, 2004). 

We have examined the ATPase activity of E. 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 FoF1 can be present in the membrane (Takase at al., 1993). 

In all cases (DCCD +/-), even low Cu2+ concentrations had noticeable effect on ATPase 

activity (Fig. 8). Such effects of Cu2+ 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 Cu2+ may be 

resulted by its action on Eh which in turn regulate the FoF1 ATPase activity (Bald et al., 2001). 

We have examined the ATPase activity of E. hirae in the presence of other divalent 

heavy metal ion, Ni2+. The latter is required for bacteria in small amounts, but at the same 

time high concentrations are toxic for cell. It was established that Ni2+ within the same 

concentration range has no significant effects on ATPase activity.  

 

 

 

 

Fig. 8. ATPase activity of membrane vesicles 

of E. hirae ATCC9790 in K+ containing 

medium in the presence of Cu2+ and 0.2 mM 

DCCD. 

 

 

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 

0

10

20

30

40

50

60

70

80

90

Control 0.05 mM 0.1 mM 1 mM

A
T

P
as

e 
ac

ti
vi

ty
 (

nm
ol

 
P

i/m
in

/m
g 

pr
ot

ei
n)

Cu2+

DCCD+Cu2+



12 
 

these effects are due to Fe3+ binding to FoF1-ATPase thus modifying its activity. Interestingly, 

thermophilic Bacillus PS3 F1-ATPase has a binding site for Fe3+ and after that the whole 

complex undergoes structural modifications (Contessi et al., 2001).  

 

 

Fig. 9. ATPase activity of membrane 

vesicles of E. hirae ATCC9790 in K+ 

containing medium in the presence of 

Fe2+, Fe3+ and 0.2 mM DCCD. 

 

 

 

 

But ATPase activity determined in the presence of DCCD and with MS116 indicates 

another possibility: there might be a Fe3+-dependent ATPase in E. hirae, different from FoF1 

which activity can be observed even when FoF1 is inhibited by DCCD or non-functional. In 

contrast, even low Fe2+ concentrations had marked effect on ATPase activity (see Fig. 9). 

When high concentrations (1-2 mM) of Fe2+ were present, a residual ATPase activity was 

defined only. These effects were observed with E. hirae both wild-type and atpD mutant 

strains. Such influence might be a result of Fe2+ effect on Eh which by-turn can regulate FoF1 

ATPase (Bald et al., 2001) causing changes and decreasing activity.  

 

Effects of heavy metal ions on accessible SH-groups number 
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(Martirosov, 1990). 
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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). 

 

 

 

Fig. 10. Effects of Cu2+ and 

ATP on the number of 

accessible SH-groups in  

E. hirae ATCC9790 and 

MS116 membrane vesicles. 

 

 

 

We have also determined the effect of Cu2+ on SH-groups number in ATCC9790 and 

MS116 membrane vesicles (Fig. 10). The addition of Cu2+ led to SH-groups number decreasing 

in a concentration-dependent manner. In addition, Cu2+ 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 Cu2+ 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 Cu2+ is reduced on cell surface (Kirakosyan et al. 2004). 

As in the case of ATPase activity we have shown that Ni2+ 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. 

 

 

Fig. 11. Effects of Ni2+ and 

ATP on the number of 

accessible SH-groups in E. 

hirae ATCC9790 and MS116 

membrane vesicles. 
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Effects of heavy metal ions on proton-coupled membrane transport 

 

 When grown in a glucose-containing medium, E. hirae 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 E. hirae has two uptake systems for K+: KtrI 

(Bakker and Harold, 1980) and KtrII (Kobayashi, 1982; Kakinuma and Harold, 1985). It is 

supposed that KtrI needs electrochemical gradient for H+ (ΔμH+) 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 FoF1-ATPase and KtrI systems in E. hirae 

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 atp mutant strains with defective FoF1-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 atp mutant strains (Poladyan and Trchounian, 2006). At the same 

time it is possible that under some conditions KtrI works separately. It is supposed that 

within this complex energy transfers through dithiol-disulfide interchange. 

 We have shown that DCCD and Cu2+ markedly decrease these ion fluxes (Table 1), but 

when they were added together the effect was stronger. The influence of Cu2+ on ions fluxes 

has a concentration-dependent manner. The effect of Cu2+ on H+-coupled transport could be 

explained by a direct effect of Cu2+ on FoF1-ATPase; some conformational changes in FoF1 are 

possible. The effect of Cu2+ on H+-coupled transport might be because of affecting a dithiol-

disulfide interchange in the functioning of FoF1-ATPase in association with KtrI system. Note, 

similar effects were observed with E. coli too: the simultaneous addition of Cu2+ 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 Cu2+ concentrations. 

 

* 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 Cu2+ 

added were given, in the control Cu2+ was absent 

** Calculated per 1010 cells/ml 

*** 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 Fe2+ and DCCD were added simultaneously. 

Moreover, these results were more noticeable with wild-type than atpD mutant strain. Such 

effects might be explained by action of Fe ions on FoF1-ATPase causing conformational 

changes which may affect its association with KtrI. 

The results were different when we use Mn2+ as heavy metal ions. Mn2+ 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 Mn2+ 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 Mn2+ 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 Mn2+ (1 mM) has stronger effect on the mechanism of H+-K+ exchange 

probably destroying its nature (Table 2).  

Assay conditions* Ions flux, mM/min** 

Total 
DCCD-sensitive 

(0.1mM)*** 

DCCD-sensitive 

(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 
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Table 2. Proton and potassium ion fluxes across the E. hirae ATCC9790 membrane depending 

on Mn2+ concentrations. 

 

* 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 Mn2+ 

added were given, in the control Mn2+ was absent 

** Calculated per 1010 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 Cu2+ inhibited E. hirae 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 Eh during bacterial growth too. Similar effects were observed with Fe2+ within the 

range of 0.05-2 mM. In contrast, the addition of Fe3+ and Mn2+ 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 Mn2+ 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 Eh drop 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. 

Assay conditions* Ions flux, mM/min** 

Total 
 

DCCD-sensitive  

(0.2 mM)*** 

 

 

DCCD-sensitive  

(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 
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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 Cu2+ and Fe2+ 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 atp mutant strain. In the presence of Cu2+, Fe2+, 

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 

Mn2+ 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 KtrI. The evidence of this possibility is the fact that Cu2+ 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 

Cu2+: 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 E. hirae 

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 Cu2+ in E. hirae wild type ATCC9790 and atpD 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 Eh during bacterial growth. Similar effects were observed 

with Fe2+ 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 Fe3+ in E. hirae growth medium the lag phase 

duration was decreased and the specific growth rate was increased. The Eh value was strongly 

dropped down compared with that of the control sample. Such effects were detected with 

Mn2+ too, but in this case stronger effects were with 0.01 and 0.05 mM, while higher 

concentrations had no visible effects on E. hirae growth. 

3. Cu2+ and Fe2+ markedly decreased the ATPase activity of E. hirae 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. Cu2+, Fe2+ and Fe3+ 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. Mn2+ affected H+-K+ exchange only together with 

DCCD. 

5. The addition of 0.05-1 mM Cu2+ in the medium where E. hirae 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 FoF1-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 FoF1-ATPase have a key role in heavy 

metal ions effects on E. hirae growth and membrane activity. 
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ì²ð¸²ÜÚ²Ü ¼²ðàôÐÆ ²ðØºÜÆ 
 

àðàÞ Ì²Üð Øºî²ÔÜºðÆ ÆàÜÜºðÆ Üºð¶àðÌàôÂÚàôÜÀ  Enterococcus hirae 
´²ÎîºðÆ²ÜºðÆ ²ÖÆ ºì Â²Ô²ÜÂ²ÚÆÜ ²ÎîÆìàôÂÚ²Ü ìð² 

  
Ամփոփագիր 

Ð³Ý·áõó³ÛÇÝ μ³é»ñ` Enterococcus hirae, Í³Ýñ Ù»ï³ÕÝ»ñÇ ÇáÝÝ»ñ, μ³Ïï»ñÇ³Ý»ñÇ ³×, 
ûùëÇ¹³í»ñ³Ï³Ý·ÝáÕ³Ï³Ý åáï»ÝóÇ³É, ²ºü³½³ÛÇÝ ³ÏïÇíáõÃÛáõÝ, Ñ³ë³Ý»ÉÇ SH-ËÙμ»ñ, 
H+-K+-³Ï³Ý ÷áË³Ý³ÏáõÃÛáõÝ: 

 
Ð³ÛïÝÇ ¿, áñ ÙÇÏñáûñ·³ÝÇ½ÙÝ»ñÝ  áõÝ³Ï »Ý ³×»É ï³ñμ»ñ ÙÇç³í³Ûñ»ñáõÙ, ë³Ï³ÛÝ 

ÙÇ¨ÝáõÛÝ Å³Ù³Ý³Ï ¹ñ³Ýù ß³ï ½·³ÛáõÝ »Ý ÙÇç³í³ÛñÇ Ï³Ù³Û³Ï³Ý ÷á÷áËáõÃÛáõÝÝ»ñÇ 
ÝÏ³ïÙ³Ùμ: ø³ÝÇ áñ Í³Ýñ Ù»ï³ÕÝ»ñÁ É³ÛÝáñ»Ý ï³ñ³Íí³Í »Ý μ³Ïï»ñÇ³Ý»ñÇ μÝ³Ï³Ý 
ÙÇç³í³ÛñáõÙ, Ñ»ï³ùñùÇñ ¿ áõëáõÙÝ³ëÇñ»É í»ñçÇÝÝ»ñÇë í³ñùÝ ³Û¹ ÇáÝÝ»ñÇ ³éÏ³ÛáõÃÛ³Ùμ: 
ØÇ³Å³Ù³Ý³Ï μ³Ïï»ñÇ³Ý»ñÁ Ù»Í ¹»ñ áõÝ»Ý Í³Ýñ Ù»ï³ÕÝ»ñÇ ßñç³Ý³éáõÃÛ³Ý Ù»ç ¨ ³Û¹ 
ÇáÝÝ»ñáí ³Õïáí³Í ÙÇç³í³ÛñÇ Ù³ùñÙ³Ý Ñ³ñóáõÙ:  

îíÛ³É ³ßË³ï³ÝùáõÙ ¹Çï³ñÏí»É ¿ μÝáõÃÛ³Ý Ù»ç Ñ³×³Ë Ñ³Ý¹ÇåáÕ Í³Ýñ Ù»ï³ÕÝ»ñÇ 
ÇáÝÝ»ñÇ (Fe, Cu, Mn, Ni, Mo) ³½¹»óáõÃÛáõÝÁ E. hirae μ³Ïï»ñÇ³Ý»ñÇ ³×Ç ¨ 
Ï»Ýë³·áñÍáõÝ»áõÃÛ³Ý íñ³: ²Ûë Ù»ï³ÕÝ»ñÇ ÇáÝÝ»ñÁ ÷áùñ ù³Ý³ÏÝ»ñáí ³ÝÑñ³Å»ßï »Ý, μ³Ûó 
Ù»Í ù³Ý³ÏáõÃÛ³Ùμ` ÃáõÝ³íáñ μ³Ïï»ñÇ³Ý»ñÇ Ñ³Ù³ñ:  

²Ûë ³ßË³ï³ÝùÇ ßñç³Ý³ÏÝ»ñáõÙ å³ñ½í»É ¿, áñ û·ï³·áñÍí³Í (Fe, Cu, Mn) Í³Ýñ 
Ù»ï³ÕÝ»ñÇ ³éÏ³ÛáõÃÛ³Ùμ, ¿³å»ë ÷á÷áËíáõÙ ¿ ÇÝãå»ë E. hirae ATCC9790 í³ÛñÇ ïÇåÇ ¨ 
atpD MS116 Ùáõï³ÝïÇ ³×Ý, ³ÛÝå»ë ¿É Ã³Õ³ÝÃ³ÛÇÝ ³ÏïÇíáõÃÛáõÝÁ: 

òáõÛó ¿ ïñí»É, áñ åÕÝÓÇ (II) ÇáÝÝ»ñÁ óáõó³μ»ñáõÙ »Ý E. hirae μ³Ïï»ñÇ³Ý»ñÇ ³×Á 
×ÝßáÕ Ñ³ïÏáõÃÛáõÝ, ÇÝãÝ ³ñï³Ñ³ÛïíáõÙ ¿ É³· ÷áõÉÇ ï¨áÕáõÃÛ³Ý »ñÏ³ñ³Ó·Ù³Ùμ ¨ ³×Ù³Ý 
ï»ë³Ï³ñ³ñ ³ñ³·áõÃÛ³Ý Ýí³½Ù³Ùμ: ÀÝ¹ áñáõÙ ³Ûë ³½¹»óáõÃÛáõÝÝ ³í»ÉÇ É³í 
³ñï³Ñ³Ûïí³Í ¿ μ³ñÓñ ÏáÝó»Ýïñ³óÇ³ÛÇ (1 ÙØ)  Ý»ñÏ³ÛáõÃÛ³Ùμ  ¨ í³ÛñÇ ïÇåÇ Ùáï, ù³Ý 
Ùáõï³ÝïÇ Ùáï: ´³ó³Ñ³Ûïí»É ¿ Ý³¨, áñ Cu2+-Ç ³í»É³óáõÙÁ Ñ³Ý·»óÝáõÙ ¿ ³×Ù³Ý ÁÝÃ³óùáõÙ 
ûùëÇ¹³í»ñ³Ï³Ý·ÝáÕ³Ï³Ý åáï»ÝóÇ³ÉÇ (úìä) Ýí³½Ù³Ý ¹³Ý¹³Õ³óÙ³Ý: ²×Ù³Ý 
³ñ³·áõÃÛ³Ý ¨ úìä-Ç Ýí³½Ù³Ý íñ³ ÝÙ³Ý³ïÇå ³½¹»óáõÃÛáõÝ ¹Çïí»É ¿ Ý³¨ Fe2+-Ç 
³éÏ³ÛáõÃÛ³Ùμ, áñÁ ÙÇç³í³Ûñ ¿ ³í»É³óí»É 0.05-2 ÙØ ù³Ý³Ïáí: Æ Ñ³Ï³¹ñáõÃÛáõÝ í»ñÁ Ýßí³Í 
³ñ¹ÛáõÝùÝ»ñÇ, E. hirae μ³Ïï»ñÇ³Ý»ñÇ ³×Á ËÃ³Ýí»É ¿ Fe3+-Ç ¨ Mn2+-Ç ³éÏ³ÛáõÃÛ³Ùμ: ÀÝ¹ 
áñáõÙ Fe3+-Ç ÃáÕ³Í ³½¹»óáõÃÛáõÝÝ áõÝÇ ÏáÝó»Ýïñ³óÇ³ÛÇó Ï³Ëí³Í μÝáõÛÃ, ÇëÏ Mn2+-Ç 
¹»åùáõÙ ³½¹»óáõÃÛáõÝÝ ³é³í»É É³í ¿ ³ñï³Ñ³Ûïí³Í 0.01 ¨ 0.05 ÙØ ÏáÝó»Ýïñ³óÇ³Ý»ñÇ 
å³ÛÙ³ÝÝ»ñáõÙ, ÙÇÝã¹»é ³í»ÉÇ μ³ñÓñ ÏáÝó»Ýïñ³óÇ³Ý»ñÇ å³ÛÙ³ÝÝ»ñáõÙ ³½¹»óáõÃÛáõÝ 
·ñ»Ã» ãÇ ¹ÇïíáõÙ: ´áÉáñ ÇáÝÝ»ñÝ Çñ»Ýó Ñ»ñÃÇÝ ³½¹áõÙ »Ý Ý³¨ ³×Ù³Ý ÁÝÃ³óùáõÙ úìä-Ç 
³ÝÏÝÙ³Ý ³ñ³·áõÃÛ³Ý íñ³: êï³óí³Í ³ñ¹ÛáõÝùÝ»ñÝ ³Ýëå³ë»ÉÇ ¿ÇÝ, ù³ÝÇ áñ 
·ñ³Ï³ÝáõÃÛáõÝÇó Ñ³ÛïÝÇ ¿, áñ ûùëÇ¹ÇãÝ»ñÇ ³éÏ³ÛáõÃÛ³Ùμ μ³Ïï»ñÇ³Ý»ñÇ ³×Ý ³ñ·»É³ÏíáõÙ 
¿, ÇëÏ í»ñ³Ï³Ý·ÝÇãÝ»ñÇ Ý»ñÏ³ÛáõÃÛ³Ùμ` ËÃ³ÝíáõÙ (Bagramyan et al., 2000; Kirakosyan et al., 
2004): Ð»ï¨³μ³ñ, »ñÏ³ÃÇ ÇáÝÝ»ñÇ Ñ»ï Ï³ï³ñí³Í ÷áñÓ»ñÇ ÁÝÃ³óùáõÙ ëå³ëíáõÙ ¿ñ 
Ñ³Ï³¹³ñÓ ³½¹»óáõÃÛáõÝ, ë³Ï³ÛÝ ëï³í³Í ³ñ¹ÛáõÝùÝ»ñÁ íÏ³ÛáõÙ »Ý, áñ Í³Ýñ Ù»ï³ÕÇ 
ÃáÕ³Í ³½¹»óáõÃÛáõÝÁ Ï³åí³Í ¿ áã Ã» ÇáÝÇ ûùëÇ¹³óÙ³Ý ³ëïÇ×³ÝÇ Ñ»ï, ³ÛÉ ·áñÍáõÙ »Ý 
³½¹»óáõÃÛ³Ý ³ÛÉ Ù»Ë³ÝÇ½ÙÝ»ñ: 
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 Ì³Ýñ Ù»ï³ÕÝ»ñÇ ³½¹»óáõÃÛ³Ý ÑÝ³ñ³íáñ Ù»Ë³ÝÇ½ÙÝ»ñ ÷Ýïñ»Éáõ Ñ³Ù³ñ 
áõëáõÙÝ³ëÇñí»É ¿ Ý³¨ Ýßí³Í ÇáÝ»ñÇ ³½¹»óáõÃÛáõÝÝ ²ºü³½³ÛÇÝ ³ÏïÇíáõÃÛ³Ý ¨ åñáïáÝ-
Ï³ËÛ³É ï»Õ³÷áËáõÃÛ³Ý íñ³: òáõÛó ¿ ïñí»É, áñ Cu2+-Ç ¨ Fe2+-Ç ³éÏ³ÛáõÃÛ³Ùμ ¹ÇïíáõÙ ¿ 
²ºü³½³ÛÇÝ ³ÏïÇíáõÃÛ³Ý ³ñ·»É³ÏáõÙ, ÁÝ¹ áñáõÙ ³é³í»É ³ñï³Ñ³Ûïí³Í ³½¹»óáõÃÛáõÝ ¿ 
¹ÇïíáõÙ N, N’ - ¹ÇóÇÏÉáÑ»ùëÇÉÏ³ñμá¹ÇÇÙÇ¹Ç (¸òÎ¸) Ñ»ï ÙÇ³Å³Ù³Ý³Ï: Æ Ñ³Ï³¹ñáõÃÛáõÝ, 
Fe3+-Ç ³éÏ³ÛáõÃÛ³Ùμ, ÝáõÛÝÇëÏ »ñμ ÙÇç³í³ÛñáõÙ ³éÏ³ ¿ ¸òÎ¸, ·ñ³ÝóíáõÙ ¿ ²ºü³½³ÛÇÝ 
³ÏïÇíáõÃÛ³Ý ËÃ³ÝáõÙ: êï³óí³Í ïíÛ³ÉÝ»ñÁ Ï³ñ»ÉÇ ¿ μ³ó³ïñ»É μççáõÙ Fe3+-Ï³ËÛ³É 
²ºü³½Ç ·áÛáõÃÛ³Ùμ, áñÝ ³ÏïÇí ¿ ÝáõÛÝÇëÏ ¸òÎ¸-Ç Ý»ñÏ³ÛáõÃÛ³Ùμ ¨ Ùáõï³ÝïÝ»ñÇ 
μçÇçÝ»ñáõÙ: Ø»ñ ÏáÕÙÇó óáõÛó ¿ ïñí»É Ý³¨, áñ ÷áñÓÝ³Ï³Ý ÙÇç³í³Ûñ Cu2+, Fe2+, Fe3+ 
³í»É³óÝ»ÉÇë ×ÝßíáõÙ ¿ Ý³¨ H+-K+-³Ï³Ý ÷áË³Ý³ÏáõÃÛáõÝÁ, ÝáõÛÝÇëÏ »ñμ ÙÇç³í³ÛñáõÙ ãÏ³ 
¸òÎ¸: Mn2+-Ç ¹»åùáõÙ, ÇáÝ³ÛÇÝ ÑáëùÇ ×ÝßáõÙÁ ï»ÕÇ ¿ áõÝ»ÝáõÙ ÏáÝó»Ýïñ³óÇ³ÛÇó Ï³Ëí³Í 
μÝáõÛÃáí ¨ ÙÇ³ÛÝ ³ÛÝ ¹»åùáõÙ, »ñμ ÙÇç³í³ÛñáõÙ ³éÏ³ ¿ ¸òÎ¸: ²ÛëåÇëÇ ³ñ¹ÛáõÝùÝ»ñÁ 
Ï³ñ»ÉÇ ¿ μ³ó³ïñ»É Mn2+-Ç ¨ ¸òÎ¸-Ç Ñ³Ù³ÉÇñ Ï³½Ù»Éáõ áõÝ³ÏáõÃÛ³Ùμ ¨ í»ñçÇÝÇë 
³½¹»óáõÃÛ³Ùμ Ã³Õ³ÝÃÇ íñ³: ²Û¹åÇëÇ Ý³Ë³¹»å Ñ³ÛïÝÇ ¿ ·ñ³Ï³ÝáõÃÛáõÝÇó  Cd ÇáÝÝ»ñÇ 
Ñ³Ù³ñ (Bauda et al., 1987):  

´»ñí³Í ³ñ¹ÛáõÝùÝ»ñÁ íÏ³ÛáõÙ »Ý, áñ μ³Ïï»ñÇ³Ý»ñÇ íñ³ ³Ûë Í³Ýñ Ù»ï³ÕÝ»ñÇ 
ÇáÝÝ»ñÇ ³½¹»óáõÃÛáõÝÁ Ï³ñáÕ ¿ μ³ó³ïñí»É í»ñçÇÝÝ»ñÇë ³½¹»óáõÃÛ³Ùμ Ã³Õ³ÝÃÝ»ñÇ` 
Ù³ëÝ³íáñ³å»ë ²ºü³½Ç íñ³, ÇÝãÇ Ñ»ï¨³Ýùáí ï»ÕÇ »Ý áõÝ»ÝáõÙ ÏáÝýáñÙ³óÇáÝ 
÷á÷áõÃÛáõÝÝ»ñ ¨ ÷áËíáõÙ ¿ ý»ñÙ»ÝïÇ ³ÏïÇíáõÃÛáõÝÁ: ²Ûë ÏáÝýáñÙ³óÇáÝ 
÷á÷áËáõÃÛáõÝÝ»ñÁ Ï³ñáÕ »Ý ³½¹»É ²ºü³½Ç ¨ KtrI Ñ³Ù³Ï³ñ·Ç ÷áË³½¹»óáõÃÛ³Ý íñ³, ÇÝãÁ 
ï»ÕÇ ¿ áõÝ»ÝáõÙ ÃÇáÉ³ÛÇÝ ËÙμ»ñÇ ÙÇçáóáí: ²Ûë »ÝÃ³¹ñáõÃÛ³Ý ³å³óáõÛóÝ »Ý Ù»ñ ÏáÕÙÇó 
ëï³óí³Í ³ÛÝ ³ñ¹ÛáõÝùÝ»ñÝ, áñ Cu2+-Ç Ý»ñÏ³ÛáõÃÛ³Ùμ ATCC9790 ¨ MS116 μ³Ïï»ñÇ³Ý»ñÇ 
Ã³Õ³ÝÃ³ÛÇÝ μßïÇÏÝ»ñáõÙ Ñ³ë³Ý»ÉÇ SH-ËÙμ»ñÇ ù³Ý³ÏÁ Ýí³½áõÙ ¿: ºñμ ²ºü-Á ¨ Cu2+-Á 
÷áñÓÝ³Ï³Ý ÙÇç³í³Ûñ »Ý ³í»É³óí»É ÙÇ³ëÇÝ, ³ñ·»É³ÏíáõÙ ¿ ²ºü-áí ËÃ³Ýí³Í SH-ËÙμ»ñÇ 
ù³Ý³ÏÇ Ù»Í³óáõÙÁ:  

ì»ñÁ Ýßí³Í ³ñ¹ÛáõÝùÝ»ñÁ Ñ³ëï³ïáõÙ »Ý Ý³ËÏÇÝáõÙ ëï³óí³Í ïíÛ³ÉÝ»ñÝ ³ÛÝ 
Ù³ëÇÝ, áñ Í³Ýñ Ù»ï³ÕÝ»ñÁ ÑÇÙÝ³Ï³ÝáõÙ áõÝ»Ý μ³Ïï»ñÇ³Ý»ñÇ ³×Á ×ÝßáÕ Ñ³ïÏáõÃÛáõÝ 
(Sani et al., 2001; 2003) ¨ ¹ñ³Ýó ³½¹»óáõÃÛ³Ý ÃÇñ³ËÁ μçÇçÝ»ñáõÙ Ï³ñáÕ ¿ Ñ³Ý¹Çë³Ý³É 
²ºü³½Á (Gruzina et al., 1999; 2002): ÀÝ¹ áñáõÙ ÷áñÓ»ñÇ ³ñ¹ÛáõÝùáõÙ û·ï³·áñÍí»É »Ý Ý³¨ 
ûùëÇ¹Çã ¨ í»ñ³Ï³Ý·ÝÇã Ñ³ïÏáõÃÛáõÝÝ»ñáí ûÅïí³Í ³ÛÉ Ù»ï³ÕÝ»ñÇ ÇáÝÝ»ñ, áñáÝù ã»Ý ³½¹»É 
áã ³×Ç, áã Ã³Õ³ÝÃ³ÛÇÝ ³ÏïÇíáõÃÛ³Ý íñ³: ²ÛëÇÝùÝ Ù»ñ ÏáÕÙÇó û·ï³·áñÍí³Í Ù»ï³ÕÝ»ñÝ 
áõÝ»Ý ³é³ÝÓÝ³Ñ³ïáõÏ ³½¹»óáõÃÛáõÝ ¨ ¹ñ³Ýó ÑÇÙùáõÙ ÁÝÏ³Í Ù»Ë³ÝÇ½ÙÝ»ñÁ å³Ñ³ÝçáõÙ »Ý 
Ñ»ï³·³ áõëáõÙÝ³ëÇñáõÃÛáõÝ: E. coli μ³Ïï»ñÇ³Ý»ñÇ ¹»åùáõÙ ¨ë, Ù»ñ É³μáñ³ïáñÇ³ÛÇ 
³ßË³ï³ÏÇóÝ»ñÇ ÏáÕÙÇó óáõÛó ¿ ïñí»É, áñ ï»ÕÇ ¿ áõÝ»ÝáõÙ μ³Ïï»ñÇ³Ý»ñÇ ³×Ç ×ÝßáõÙ, 
³ñ·»É³ÏíáõÙ ¿ ï³ñμ»ñ ÇáÝÝ»ñÇ åñáïáÝ-Ï³ËÛ³É ÷áË³Ý³ÏáõÃÛáõÝÁ ¨ ÷áËíáõÙ ¿ Ñ³ë³Ý»ÉÇ 
SH-ËÙμ»ñÇ ù³Ý³ÏÁ (Kirakosyan and Trchounian, 2007; Kirakosyan et al., 2008)£ ²Ûë 
³ñ¹ÛáõÝùÝ»ñÁ íÏ³ÛáõÙ »Ý, áñ ï³ñμ»ñ μ³Ïï»ñÇ³Ý»ñáõÙ Í³Ýñ Ù»ï³ÕÝ»ñÇ ÇáÝÝ»ñÁ ÃáÕÝáõÙ 
»Ý ÝÙ³Ý³ïÇå ³½¹»óáõÃÛáõÝ ¨ ÑÝ³ñ³íáñ ¿, áñ ï³ñμ»ñ μ³Ïï»ñÇ³Ý»ñáõÙ Í³Ýñ Ù»ï³ÕÝ»ñÝ 
áõÝ»Ý ³½¹»óáõÃÛ³Ý ÁÝ¹Ñ³Ýáõñ ÃÇñ³ËÝ»ñ: 

Ð»ï³½áïáõÃÛáõÝÝ»ñÇ ³ñ¹ÛáõÝùÝ»ñÁ Ëáñ³óÝáõÙ »Ý å³ïÏ»ñ³óáõÙÝ»ñÁ 
μ³Ïï»ñÇ³Ý»ñÇ í³ñùÇ Ù³ëÇÝ Í³Ýñ Ù»ï³ÕÝ»ñáí ³Õïáïí³Í ÙÇç³í³Ûñ»ñáõÙ ¨ ûùëÇ¹³ïÇí 
ëÃñ»ëÇ ÁÝÃ³óùáõÙ: ²Ûë ³ñ¹ÛáõÝùÝ»ñÁ ÃáõÛÉ »Ý ï³ÉÇë å³ñ½»É μ³Ïï»ñÇ³Ý»ñÇ μçÇçÝ»ñáõÙ 
Í³Ýñ Ù»ï³ÕÝ»ñÇ ³½¹»óáõÃÛ³Ý ÑÝ³ñ³íáñ ÃÇñ³ËÝ»ñÁ ¨ Ù»Ë³ÝÇ½ÙÝ»ñÝ, ÇÝãÁ Çñ Ñ»ï³·³ 
ÏÇñ³éáõÃÛáõÝÁ Ï³ñáÕ ¿ ·ïÝ»É Ï»Ýë³ï»ËÝáÉá·Ç³ÛÇ μÝ³·³í³éáõÙ: 
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ÂÀÐÄÀÍßÍ ÇÀÐÓÈ ÀÐÌÅÍÎÂÍÀ 
 

ÂËÈßÍÈÅ ÈÎÍÎÂ ÍÅÊÎÒÎÐÛÕ ÒßÆÅËÛÕ ÌÅÒÀËËÎÂ ÍÀ ÐÎÑÒ È ÌÅÌÁÐÀÍÍÓÞ 
ÀÊÒÈÂÍÎÑÒÜ Enterococcus hirae 

 
 ÐÅÇÞÌÅ 
 

Êëþ÷åâûå ñëîâà: Enterococcus hirae, èîíû òÿæåëûõ ìåòàëëîâ, îêèñëèòåëüíî-

âîññòàíîâèòåëüíûé ïîòåíöèàë, ÀÒÔàçíàÿ àêòèâíîñòü, äîñòóïíûå SH-ãðóïïû, H+-K+-âûé 
îáìåí. 

 
Èçâåñòíî, ÷òî ìèêðîîðãàíèçìû ñïîñîáíû ðàñòè â ðàçíûõ ñðåäàõ, íî â òî æå âðåìÿ 

îíè î÷åíü ÷óâñòâèòåëüíû ê ëþáûì èçìåíåíèÿì îêðóæàþùåé ñðåäû. Òàê êàê òÿæåëûå 
ìåòàëëû øèðîêî ðàñïðîñòðàíåíû â åñòåñòâåííîé ñðåäå ìèêðîîðãàíèçìîâ, èçó÷åíèå 
ïîâåäåíèÿ áàêòåðèé â ïðèñóñòâèè ýòèõ èîíîâ ïðåäñòàâëÿåò ñîáîé áîëüøîé èíòåðåñ. Â òî 
æå âðåìÿ áàêòåðèè èãðàþò âàæíóþ ðîëü â êðóãîâîðîòå òÿæåëûõ ìåòàëëîâ è â î÷èùåíèè 
ñðåä, çàãðÿçíåííûõ ýòèìè èîíàìè. 

Â äàííîé ðàáîòå áûëî ðàññìîòðåíî âëèÿíèå èîíîâ òÿæåëûõ ìåòàëëîâ (Fe, Cu, Mn, 
Ni, Mo) íà ðîñò è æèçíåäåÿòåëüíîñòü E. hirae, êîòîðûå â ïðèðîäå âñòðå÷àþòñÿ ÷àñòî è â 
ìàëûõ êîëè÷åñòâàõ íåîáõîäèìû äëÿ áàêòåðèé. Â òî æå âðåìÿ, âûñîêèå êîíöåíòðàöèè ýòèõ 
èîíîâ ñòàíîâÿòñÿ òîêñè÷íûìè äëÿ áàêòåðèé. 

Â ðàìêàõ äàííîé ðàáîòû áûëî âûÿâëåíî, ÷òî â ïðèñóñòâèè òÿæåëûõ ìåòàëëîâ (Fe, 
Cu, Mn) ìåíÿåòñÿ ðîñò è ìåìáðàííàÿ àêòèâíîñòü êàê E. hirae ATCC9790 äèêîãî òèïà, òàê 
è atpD  MS116 ìóòàíòà. 

Îáíàðóæåíî, ÷òî äâóõâàëåíòíûå èîíû ìåäè (Cu2+) èìåþò èíãèáèðóþùåå 
âîçäåéñòâèå íà ðîñò E. hirae, ÷òî âûðàæàåòñÿ â óâåëè÷åíèè äëèòåëüíîñòè ëàã ôàçû è â 
óìåíüøåíèè óäåëüíîé ñêîðîñòè ðîñòà. Ïðè ýòîì íàèáîëüøåå âëèÿíèå áûëî îáíàðóæåíî ïðè 
âûñîêîé êîíöåíòàöèè (1 ìÌ) è â ñëó÷àå ñ äèêèì òèïîì. Ïðèñóñòâèå Cu2+ âî âðåìÿ ðîñòà 
áàêòåðèé, ïðèâîäèëî òàê æå ê áîëåå ìåäëåííîìó ñíèæåíèþ îêîñëèòåëüíî-
âîññòàíîâèòåëüíîãî ïîòåíöèàëà (ÎÂÏ). Òàêèå ýôôåêòû áûëè âûÿâëåíû è â ñëó÷àå ñ 
äâóõâàëåíòíûìè èîíàìè æåëåçà (Fe2+), êîòîðûå áûëè äîáàâëåíû â ñðåäó â êîëè÷åñòâå 0.05-
2 ìÌ. Ïðîòèâîïîëîæíûå ðåçóëüòàòû ïîëó÷åíû â ïðèñóòñòâèè Fe3+ è Mn2+. Ïðè ýòîì  
âëèÿíèå Fe3+ çàâèñåëî îò êîíöåíòðàöèè èîíîâ ìåòàëëà, à â ñëó÷àå ñ Mn2+, íàèáîëüøåå 
âîçäåéñòèå âûÿâëÿëîñü ïðè êîíöåíòðàöèè 0.01 è 0.05 ìÌ, òîãäà êàê áîëåå âûñîêèå 
êîíöåíòðàöèè ïî÷òè íå èìåëè âîçäåéñòâèÿ. Ïîëó÷åííûå äàííûå áûëè íåîæèäàííûìè, òàê 
êàê èç ëèòåðàòóðû èçâåñòíî, ÷òî îêèñëèòåëè èíãèáèðóþò ðîñò áàêòåðèé, à â 
ïðèñóòñòâèè âîññòàíîâèòåëåé ðîñò ñòèìóëèðóåòñÿ (Bagramyan et al., 2000; Kirakosyan et 
al., 2004). Ó÷èòûâàÿ ýòè äàííûå, â ýêñïåðèìåíòàõ, ïðîâåäåííûõ ñ èîíàìè æåëåçà, 
îæèäàëèñü ðåçóëüòàòû ïðîòèâîïîëîæíûå ïîëó÷åííûì, ÷òî ãîâîðèò î òîì, ÷òî âëèÿíèå 
òÿæåëûõ ìåòàëëîâ íå ñâÿçàíî ñ ñîñòîÿíèåì îêèñëåíèÿ èîíà, à наблюдаются 
ñïåöèôè÷åñêèå ìåõàíèçìû âîçäåéñòâèÿ. 

Äëÿ âûÿâëåíèÿ âîçìîæíûõ ìåõàíèçìîâ âîçäåéñòâèÿ òÿæåëûõ ìåòàëëîâ, áûëè 
ïðîâåäåíû ýêñïåðèìåíòû ïî èçìåðåíèþ ÀÒÔàçíîé àêòèâíîñòè ìåìáðàííûõ âåçèêóë è 
ïðîòîí-çàâèñèìîãî òðàíñïîðòà ÷åðåç ìåìáðàíó â ïðèñóòñòâèè èîíîâ òÿæåëûõ ìåòàëëîâ. 
Îáíàðóæåíî, ÷òî ïðèñóòñòâèå Cu2+ è Fe2+ â ýêñïåðèìåíòàëüíîì ðàñòâîðå ïðèâîäèò ê 
èíãèáèðîâàíèþ ÀÒÔàçíîé àêòèâíîñòè. Ïðè ýòîì íàèáîëüøèé ýôôåêò ðåãèñòðèðóåòñÿ 
âìåñòå ñ N, N’-дициклогексилкарбодиимидîì (ÄÖÊÄ). Äîáàâëåíèå Fe3+, íàîáîðîò, 
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ñòèìóëèðóåò ÀÒÔàçíóþ àêòèâíîñòü äàæå â ïðèñóòñòâèè ÄÖÊÄ. Ïîëó÷åííûå ðåçóëüòàòû 
ìîæíî îáúÿñíèòü íàëè÷èåì Fe3+-çàâèñèìîé ÀÒÔàçû â áàêòåðèè, êîòîðàÿ îñòàåòñÿ 

àêòèâíîé â êëåòêàõ ìóòàíòà è â ïðèñóòñòâèè ÄÖÊÄ. Âñå ýòè èîíû ïîäàâëÿþò òàêæå H+-
K+-âûé îáìåí, äàæå åñëè â ðàñòâîðå íå íàõîäèòñÿ ÄÖÊÄ, òîãäà êàê â ñëó÷àå ñ Mn2+, 
èîííûå ïîòîêè èíãèáèðóþòñÿ òîëüêî âìåñòå ñ ÄÖÊÄ. Òàêîé ðåçóëüòàò ìîæåò áûòü 
îáóñëîâëåí âîçìîæíûì îáðàçîâàíèåì êîìïëåêñà Mn2+ ñ ÄÖÊÄ, êîòîðûé è âîçäåéñòâóåò íà 
ìåìáðàíó. Ïîõîæèè äàííûå áûëè ïîëó÷åíû ðàíåå ñ èîíàìè êàäìèóìà (Cd) (Bauda et al., 1987). 

Ïðèâåäåííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò î òîì, ÷òî âîçäåéñòâèå èîíîâ 
òÿæåëûõ ìåòàëëîâ íà áàêòåðèè ìîæíî îáúÿñíèòü âëèÿíèåì èîíîâ íà ìåìáðàíó, à òî÷íåå 
íà ÀÒÔàçó, â ñëåäñòâèè ÷åãî ïðîèñõîäÿò èçìåíåíèÿ êîíôîðìàöèè è àêòèâíîñòè 
ôåðìåíòà. Ýòè èçìåíåíèÿ ìîãóò çàòðàãèâàòü òàêæå ñâÿçü ìåæäó ÀÒÔàçîé è, 

îòâåòñòâåííîé çà ïåðåíîñ K+ ñèñòåìîé, KtrI, êîòîðàÿ îñóùåñòâëÿåòñÿ ñ ïîìîùüþ 
òèîëîâûõ ãðóïï. Äîêîçàòåëüñòâîì ýòîé ãèïîòåçû ìîæåò ÿâëÿòüñÿ ïîëó÷åííûé íàìè òîò 
ôàêò, ÷òî Cu2+ èìååò ïðÿìîå âîçäåéñòâèå íà äîñòóïíûå SH-ãðóïïû, òàê êàê 
ïðèñóòñòâèå ýòèõ èîíîâ â ðàñòâîðå ñ ìåìáðàííûìè âåçèêóëàìè áàêòåðèé ATCC9790 è 
MS116, ïðèâîäèò ê óìåíüøåíèþ êîëè÷åñòâà SH-ãðóïï. Â ñëó÷àå åñëè Cu2+ äîáàâëÿåòñÿ â 

ðàñòâîð âìåñòå ñ ÀÒÔ, áëîêèðóåòñÿ ÀÒÔ-ñòèìóëèðóåìûé ðîñò ÷èñëà SH-ãðóïï. 
Ïîëó÷åííûå äàííûå ñîîòâåòñòâóþò ðåçóëüòàòàì î òîì, ÷òî èîíû òÿæåëûõ 

ìåòàëëîâ â îñíîâíîì èìåþò èíãèáèðóþùåå âëèÿíèå íà ðîñò áàêòåðèé (Sani et al., 2001; 
2003) è èõ ìèøåíÿìè â êëåòêàõ ñëóæèò ÀÒÔàçà (Gruzina et al., 1999; 2002). Âî âðåìÿ 
ýêñïåðèìåíòîâ áûëè òàêæå èñïîëüçîâàíû äðóãèå òÿæåëûå ìåòàëëû ñ îêèñëèòåëüíûìè è 
âîññòàíîâèòåëüíûìè ñâîéñòâàìè, êîòîðûå íå èìåëè âîçäåéñòâèÿ íè íà ðîñò, íè íà 
ìåìáðàííóþ àêòèâíîñòü áàêòåðèé. Ñîòðóäíèêàìè íàøåé ëàáîðàòîðèè áûëî ïîêàçàíî, ÷òî 

Cu2+ èíãèáèðóåò ðîñò è H+-K+-âûé îáìåí ó E. coli, à òàêæå âëèÿåò íà êîëè÷åñòâî äîñòóïíûõ 

SH-ãðóïï (Kirakosyan and Trchounian, 2007). Ýòî çíà÷èò, ÷òî èîíû îäíîãî è òîãî æå 
òÿæåëîãî ìåòàëëà, â ðàçíûõ áàêòåðèÿõ èìåþò îäèíàêîâîå âëèÿíèå, ÷òî ìîæåò 
ñâèäåòåëüñòâîâàòü îá îáùèõ ìèøåíÿõ âîçäåéñòâèÿ ó ðàçíûõ áàêòåðèé. 

Ðåçóëüòàòû èññëåäîâàíèé óãëóáëÿþò çíàíèÿ â îáëàñòè ïîâåäåíèÿ áàêòåðèé â 
ñðåäàõ, çàãðÿçíåííûõ òÿæåëûìè ìåòàëëàìè, è âî âðåìÿ îêèñëèòåëüíîãî ñòðåññà. 
Ïðîâåäåííûå èññëåäîâàíèÿ äàþò âîçìîæíîñòü íàéòè ïðåäïîëàãàåìûå ìèøåíè 
âîçäåéñòâèÿ òÿæåëûõ ìåòàëëîâ â êëåòêàõ, ÷òî ìîæåò â äàëüíåéøåì áûòü èñïîëüçîâàíî â 
îáëàñòè áèîòåõíîëîãèè.  
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