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INDRODUCTION

Topic's significance. Metabolism of all living organisms, including bacteria,
depends on the environment, energy sources and other factors. Escherichia coli (E.
coli) can ferment different carbohydrates, such as glucose and as a result of which
are formed various organic acids (succinic acid, acetic acid, formic acid, lactic acid
and etc.), ethanol and gases (carbon dioxide (CO,), hydrogen (H,)). That's why these
bacteria are widely used for industrial purposes for the production of bioethanol,
bio-hydrogen. At the same time, the issue of finding inexpensive and easily accessible
carbon sources is also topical. In 2006, it has been discovered that E. coli
implements glycerol fermentation, resulting in different organic acids, gases, and
alcohols are formed also (Dharmadi et al., 2006; Gonzalez et al., 2008). Glycerol is
the most common waste of biodiesel production, which makes it quite affordable, and
its' fermentation is very promising for bio-hydrogen and bio-ethanol production
(Chaudhary, 2012). Formic acid, formed during fermentation in E. coli, oxidazes up
to CO, and H, by the membrane-bound enzyme complex - formate hydrogen lyase
(FHL). H, is ecologically clean, renewable source of fuel from which burning ~ 140
kl/g energy is released (Chu and Majumdar, 2012). Different bacteria are producing
H, during dark- or photo-fermentation (Trchounian, 2015; Hallenbeck and Liu,
2016). Special enzymes named hydrogenases (Hyd) are involved in this process. It
has been shown that upon glucose fermentation for Hyds and FHL activities, their
energetics requirements is necessary the H'-translocating F,F-ATPase, which is the
essential membrane mechanism generating proton motive force (Ap) (Blbulyan et al.,
2011, Trchounian et al., 2013). Studies in our laboratory have shown that production
of Hyand H* efflux are sensitive to N,N’-dicyclohexylcarbodiimide (DCCD) - inhibitor
of F,F; (Trchounian and Sawers, 2014, Blbulyan & Trchounian, 2015): On the other
hand, it has been shown that ATPase activity of membrane vesicles FyF, was
significantly enhanced by formate when bacteria were grown during glucose
fermentation (Bagramyan and Trchounian, 2003). How can explain the such
importance of FyF;? Perhaps, during fermentation, ATPase combines hydrolysis of
ATP with H* transfer across the membrane, as a result of which energy of ATP
converts to Ap, required for the functioning of FHL and Hyds (Trchounian and
Sawers, 2014) However, during glycerol fermentation, the data on the cooperation
and interaction mechanisms of the above mentioned enzymes are limited.

The role of FF; in oxidation-reduction (redox) sensing by bacteria under
glucose or glycerol fermentation has been proposed (Kirakosyan & Trhounian, 2007;
Vassilian & Trchounian, 2009). However, the pathways and mechanisms involved in
redox sensing by bacteria and the regulation of the bacterial metabolism are still not
clear for many bacteria and are completely unknown for others, especially for
thermophiles (Geobacilli) (Ghazaryan et al., 2015).

Research topics and tasks. The main purpose of this study was to investigate the
ATPase activity of various bacteria depending on the carbon source oxidation nature.
Constituted tasks of the research were to:



1. investigate the membrane vesicles ATPase activity of E. coli BW25113 wild type
and different Hyds lacking mutants during glycerol fermentation;

2. study of ATPase activity changes in E. coli wild type and various Hyd mutants
membrane vesicles upon mixed carbon (glucose and glycerol) fermentation and
compare with alone glycerol fermentation;

3. determine changes of H'/K" fluxes in the cell extracts upon glycerol fermentation

4. investigate influence of different concentration of glucose on E. coli and Hyd
mutant ATPase activity;

5. reveal the growth, kinetics of oxidation-reduction potential (ORP, E;), pH changes
and ATPase activity of thermophile Geobacillus toebii (G. toebi) ArzA-8 strain.

Scientific novelty and practical value of the study. Within the frames of the

conducted work it has been revealed that pH of medium influence on E. coli F,F,

activity upon glycerol fermentation, in addition the highest activity, was observed at

pH 7.5. Hyd-1 and Hyd-2 are required for the FF- ATPase activity. It has been
discovered that FyF; is involved in formation of H, cycle across the membrane and
operates as an internal pH adjuster. It has been also shown that functional link
between FyF, and secondary transport systems like TrkA depends on glucose
concentration and external pH. Obtained results point out the nature of interaction
between TrkA and F,F; and the importance of this during fermentation. For the first
time in this investigation, it has been shown that regulation of ORP can increase the
biotechnological applicability of thermophiles for obtaining both biomass and various
valuable products. These findings are absolutely novel for these bacteria and provide
an opportunity to clarify the functional relationship of different Hyds and H*-ATPase
in conditions of fermentation of different carbon sources as well as the role of

ATPase in cell metabolism regulation. Various strains of E. coli have a great

biotechnological potential and are widely used for biofuels production. Consequently,

obtained data about different enzymes interaction mechanisms, functional link and
regulation, can be used for both basic scientific research and biotechnological
purposes.

Main points to present at the defense.

1. E. coli Hyd-1 and Hyd-2 enzymes directly interacts with F,F-ATPase or transfer
H* across the membrane upon glycerol fermentation, at slightly alkaline pH (pH
7.5).

2. ATPase activity of membrane vesicles of E. coli depends on the medium pH under
glycerol fermentation. Nature of functional link between ATPase and Hyds
depending on fermentation substrate is different.

3. E. coli ATPase activity and its interaction with Hyd-4, depend on the glucose
concentration and the medium pH.

4. The growth and the ATPase activity of G. toebi ArzA-8 strain depend on presence of
carbon source and environmental redox state.

Work approbation. Main results of the dissertation were discussed at seminars in

Department of Biochemistry, Microbiology and Biotechnology, Biology Faculty of

Yerevan State University, and at scientific conferences: 13" Int. School-Conference
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for Young Scientists (Pushchino, Russia, 2009), Int. Symposium “’Solvation and ionic
effects in Biomuleculs: Theory to experiment” (Tsakhkadzor, Armenia, 2010), 17%
and 18™ European Bionergetics Conference (EBEC) (Freiburg, Germany, 2012, and
Lisbon, Portugal, 2014), 13 Young Scientists forum and 38" FEBS Congress (St.
Petersburg, Russia, 2013), FEBS-EMBO Conference (Paris, France, 2014), Int.
Scientific  Workshop “Trends in Microbiology and Microbial Biotechnology”
(Yerevan, Armenia, 2014), Int. Workshop on Expression, Structure and Function of
Membrane Proteins (Florence, Italy, 2015), 7 Congress of Federation of European
Microbiological Societies Congress (FEMS), (Valencia, Spain, 2017), 19" IUPAB and
11th EBSA Congress (Edinburgh, UK, 2017), 42" FEBS Congress (Jerusalem, Israel,
2017).

Publications. According to experimental data observed in dissertation, 16 papers,
including 5 articles in peer-reviewed journals and 11 abstracts 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
185 papers and books). The document consists of 128 pages, 7 tables and 19 figures.

MATERIALS AND METHODS
Objects. E. coli BW25113 or MC4100 wild type (WT) strains and corresponding
mutants (Table 1) were used in experiments.

Table 1. Charachteriistcs of E.coli strains used in this study

Strain Genotype Appropriate absent Reference
or defective proteins
BW25113 lacll rrnBr s AlacZ 6 hsdR514 Wild type Baba et al., 2006
AaraBAD 33 Arha BAD, p7s
JW 0955 BW25113 AhyaB Large subunit of Hyd-1 | Maeda et al., 2007
JW 2962* BW25113 AhybC Large subunit of Hyd-2 | Maeda et al., 2007
JW 2701* BW25113 AfhlA FHL activator Maeda et al., 2007
MW 1000 BW 25113 AhyaB AhybC Large subunits of Hyd- | Maeda et al., 2007
1 and Hyd-2
KT 2110 BW 25113 Large subunits of Hyd- | Trchounian et al,
AhyaB AhybC AselC 1 and Hyd-2 and 2012
tRNA*
FM 460* MC 4100 AselC tRNAse Soboh et al., 2011
DHP-F2 MC 4100 AhypF All four Hyd enzymes Blbulyan &
Trchounian, 2015
JRG3621** MC4100 A(hyfB-R)::spc Subunits of Hyd-4 Blbulyan et al.,
2016

* Resistant to Kanamycin
** Resistant to Spectinomycin

The G. toebii strain ArzA-8 isolated from the Arzakan geothermal mineral spring in
Armenia (temperature > 44 °C, pH 7.0-7.2) was also used (Panosyan et al., 2018).
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Bacterial growth and preparation for assays. £. coli were grown at 37°C for 18-
20 h in anaerobic conditions by direct transfer from nutrient agar surface in Petri
dish into high buffered liquid peptone growth medium containing 20 g/I peptone, 15
g/l K,HPO,, 1.08 g/l KH,PO,, 5 g/l NaCl (pH 7.5), 20 g/l peptone, 7.4 g/l K,HPO,,
8.6 g/l KH,PO, 5 g/l NaCl (pH 6.5) or 20 g/l peptone, 15 g/l KH,PO,, 1.08 g/l
K,HPO,, 5 g/l NaCl (pH 5.5). 10 g/l glycerol and/or 2 g/l or 8 g/I glucose was added.
Kanamycin (25 pg/ml final concentration) was added where appropriate (see Table 1).
G. toebii were grown under aerobic conditions at 55 °C with shaking with 250 rpm
in nutrient broth (NB) containing 5 g/l peptone, 1.5 g/l beef extract, 1.5 g/ yeast
extract and 5 g/l NaCl, either without glucose or with glucose at different
concentrations (5, 11 and 22 mM) at pH 7.5 or pH 6.5.

Isolation of membrane vesicles. Right-side-out (RSO) membrane vesicles were
isolated from bacteria treated with 0.5 mg/ml lysozyme and 20 mM
ethylenediaminetetra-acetic acid by osmotic lysis of spheroplasts (Konings and
Kaback, 1973) and in-side out (ISO) vesicles - by disrupting the spheroplasts with a
French press (Trchounian & Vassilian, 1994).

Determination of growth characteristics and measuring of E,. The specific
growth rate was determined by dividing 0.693 (Ig2=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 (Trchounian et al., 2012). E, was measured by
both platinum (Pt) and titanium-silicate (Ti-Si) electrodes.

ATPase assays. ATPase activity of membrane vesicles was determined by the amount
of inorganic phosphate (Pi) liberated in the reaction of membrane vesicles with 5 mM
ATP (pH 7.5, 6.5 and 5.5) in the assay mixture (50 mM Tris-HCI buffer (pH 7.5, 6.5
and 5.5) containing 1 mM MgSO0,). The ATPase activity was expressed in nMol P; (min
pg protein)'. P, was determined spectrophotometrically (with UV-VIS Auto PS
scanning spectrophotometer, LaboMed, USA) by the method Taussky and Shorr
(1953). N,N-dicyclohexcylcarbodiimide (DCCD) was used as an inhibitor of F,F;. For
DCCD inhibition studies, whole cells or vesicles were incubated with 0.2 and/or 0.5
mM DCCD for 10 min. The DCCD-inhibited ATPase activity was calculated as
difference between activities in the absence and in the presence of the inhibitor.
Protein levels were measured by the method of Lowry using bovine serum albumin
(BSA) as a standard. All assays were done at 37 °C.

Proton and potassium ions transport study. H" and K* fluxes by whole cells were
determined by monitoring changes in H" and K* activities in the medium with the use
of selective pH and K* electrodes. The electrode readings were calibrated by titration
of the medium with small quantities of 0.01 N HCl and 0.01 M KCI. lon fluxes were
expressed in mMol/min per number of cells in a unit of volume (ml) (Trchounian et
al., 2012).

Data processing. The average data obtained from 3 independent assays were
represented, and standard deviation of values did not exceed 3 %. For the
differences between different series of experiments, Student validity criteria (p) were
determined using Microsoft Excel 2016; the difference was valid if p<0.05.
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RESULTS AND DISCUSSION
The link of E. coli different hydrogenases and the F,F,-ATPase activity during
glycerol fermentation

E. coli has ability to anaerobically ferment not only sugars (glucose) as well as
glycerol at a pH-depended manner leading to different acids evolution (Gonzalez et
al., 2008, Trchounian et al., 2015).

For the first time were investigated ATPase activity and H* efflux of the
glycerol fermented E. coli WT and mutants of different Hyd enzymes in slightly
alkaline and acidic medium. We have shown that ATPase activity of membrane
vesicles of the glycerol-fermented E. coli BW25113 at pH 7.5 was strongly inhibited
by 0.2 mM DCCD (Fig. 1A). ATPase activity was ~2-fold lowered at pH 7.5 compared
with ATPase activity for the cells grown under glucose fermentation (not shown).
Previous studies in our laboratory have shown that the addition of K* in the medium
has stimulated the activity of H*-ATP-ase during glucose fermentation (Trchounian &
Vassilian, 1994). For the interpretation of H'-ATPase and K* uptake TrkA system
interactions under glycerol fermentation, FF, activity was also investigated in the
presence of 100 mM K*, and it should be noted that, in contrast to glucose,
stimulation of ATPase activity was not observed (Blbulyan et al., 2011). Membrane
vesicles ATPase activity at pH 7.5 compared with that in WT cells was lowered in ~2-
fold with hyaB and ~20-fold with hybC mutants (see Fig. 1A). It was stimulated
markedly (~1.5-time) in the hyaB hybC double mutant and suppressed significantly
(~3-time) in the fhlA mutant (see Fig. 1A). The markedly decreased total and DCCD-
inhibited ATPase activity at pH 7.5 in hyaB and hybC mutants leads to the suggestion
that Hyd-2 more than Hyd-1 might have a closed relationship with F.F;.

We have examined the ATPase activity of WT and mentioned mutants at pH
5.5. hyaB, hybC mutants showed similar values which were higher compared to the
WT. The ATPase activity was suppressed ~1.5-fold in hyaB hybC and ~2.5-times in
fhlA mutants, respectively, compared with WT (Fig. 1B). Moreover, the low effect of
DCCD on the ATPase activities at pH 5.5 observed is in confirmation with previous
study pointed out that this reagent did not affect cells at a low pH (see Fig. 1B)
(Trchounian & Kobayashi, 1999).

It was shown that FHL is required for H'/K* exchange: most probably it serves
to supply reducing equivalents for energy transfer to facilitate K* uptake via TrkA
(Trchounian, 2004). However, the interaction between mentioned enzyme systems
under glycerol fermentation was not known. The kinetics of H* and K* fluxes by E.
coli wt whole cells grown under glycerol or glucose fermentation at pH 7.5 were
investigated.

The H" and K* fluxes were lowered in the glycerol fermented cells than those
for cells grown under glucose fermentation (Fig. 2). 0.2 mM DCCD inhibited H*
efflux in WT ~1.3-fold and in such a way suggested the participation of F,F; in H*
secretion (Fig. 3A). The H' efflux in the hyaB, hybC and hyaB hybC mutants
compared with that in WT was lowered (Fig. 3A). In opposite to the other mutants,
the observably high H* efflux was observed in the fhlA mutant (see Fig. 3A).
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Fig.1. ATPase activity of membrane vesicles of E. coli wild type and fhlA, hyaB, hybC, hyaB
hybC mutant strains at pH 7.5 (A) and pH 5.5 (B). Mebrane vesicles were treated in the
presence of 0.2 mM DCCD. The assays pH was the same as growth pH. RSO membrane

vesicles were used. For others see Materials and Methods.
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Fig.3. H* efflux by whole cells of E. coli WT and hyaB, hybC, hyaB hybC, fhlA mutant strains
during glycerol fermentation at pH 7.5 in the presence of 0.2 mM DCCD (A) and pH 5.5 (B).
For the strains see Table 1.

DCCD inhibited H" efflux ~2-fold in hyaB, ~1.2-fold in hybC, ~2.2-fold in
hyaB hybC and ~1.8-fold in fhlA mutants (see Fig. 3A). It has also been shown that
the accumulation of K in these mutants was either low or absolutely absent (not
shown). H* efflux was also investigated at pH 5.5: it was 3 times lower in with
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compared with that at pH 7.5 (Fig. 3B). The H* efflux in hyaB, hybC mutants was
similar each other (see Fig. 3B). Interestingly, H* efflux was again increased
markedly in the fhlA mutant and absent in the hyaB hybC double mutant compared
with that in wild type (see Fig. 3B).
The impact of membrane-bound hydrogenases of E. coli on the F,F,-ATPase

activity upon glycerol and mixed carbon sources fermentation, at different pHs

The activities of FHL and FyF, have been also found out to affect the
fermentative metabolism of glycerol in E. coli (Trchounian et al., 2012). Some
requirement of F,F; and its relationship with Hyd enzymes in E. coli were suggested
upon both glucose and glycerol fermentations (Trchounian et al., 2011; Blbulyan &
Trchounian, 2015).

At this part of the work, we have studied the growth of E. coli mutants lacking
Hyd enzymes at different pHs. E. coli WT and different Hyd mutant strains (see
Table 1) could grow well in peptone medium fermenting glycerol only or glycerol
added to glucose at pH 7.5, 6.5 and 5.5 (Fig. 4). The cells growth was more
intensive during mixed carbon fermentation of glycerol added to glucose (Fig. 4B).
This might be explained by different membrane mechanisms for glycerol and glucose
transfer into the cells and some differences in their metabolic pathways (Poladyan et
al., 2013; Trchounian & Trchounian, 2014). pH 6.5 was optimal for growth of E. coli
on glycerol whereas specific growth rate was ~1.4-fold higher (Fig. 4A). Specific
growth rate was lowered in E. coli hypF mutant strain lacking all Hyd enzymes at pH
7.5 and pH 5.5, but not pH 6.5 (see Fig. 4A). Furthermore, specific growth rate
during mixed carbon fermentation on glycerol added to glucose was markedly low at
pH 5.5 (see Fig. 4B); this rate of selC mutant was low at pH 6.5 too (see Fig. 4B).
These data suggested the role of Hyd enzymes in bacterial growth on glycerol only or
glycerol and glucose mixture depending on pH.

A O wild type B
GLYCEROL 09 -
z ' - GLYCEROL+GLUCOSE ~ "ild type
;. 03 u hypF = os : o
] i .
® 0 _ BselC &
E - E W selC
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: | 0
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Fig.4. Growth of E. coli WT and selC, hyaB hybC selC and hypF mutant strains at
different pHs. Bacteria were grown during glycerol (A) and glycerol with glucose fermentation
(B). For others, see Materials and methods.



The relationship of Hyd enzymes with the F F-ATPase was studied during the
glycerol and mixed carbon sources fermentation. The overall ATPase activity of
glycerol-fermented E. coli WT and mentioned mutants and its inhibition by DCCD
were investigated at different pHs. ATPase activity of RSO vesicles was 223+8 nMol
P; (min pg protein)’. Interestingly, this ATPase activity was 74% of that in 1SO
membrane vesicles. Moreover, DCCD markedly inhibited ATPase activity of both
types of membrane vesicles.

Indeed, ATPase activity of glycerol-fermented E. coli was ~3-fold higher in WT
at pH 7.5 compared with that at pH 6.5 (Fig. 5). 0.5 mM DCCD inhibited markedly
(10-fold) ATPase activity at pH 7.5; but the inhibition was less (1.3-fold) at pH 6.5
(see Fig. 5).
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ild type __selC hyaB hybC selC hypF Then, the overall and DCCD-

inhibited ATPase activities of mentioned
mutants grown under glycerol fermentation at pH 7.5 were decreased compared
with WT (see Fig.5A). The overall and DCCD-inhibited ATPase activity of hyaB hybC
selC triple mutant grown under glycerol fermentation was the lowest at pH 7.5.

At pH 6.5 wt, selC and hypF mutants had similar ATPase activity but hyaB
hybC selC mutant had ~1.7-fold lower ATPase activity than WT; the ATPase activity
was suppressed ~2.3-fold in this mutant by DCCD (see Fig. 5B). These results
indicated that there is no direct relationship between Hyd-3 and the F,F-ATPase
upon the fermentation of glycerol at slightly acidic pH.
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The ATPase activities were lower at pH 5.5 (Fig. 5C). than at pH 7.5 and pH
6.5 for the mutants used; in the case of hyaB hybC selC mutant ATPase activity at pH
5.5 was similar with that at pH 6.5 (see Fig. 5C). At acidic pH a stronger effect of
DCCD was observed in hyaB hybC selC mutant (see Fig. 5C).These results indicated
that acidic pH is not optimal for ATPase activity upon glycerol fermentation. Low
overall and DCCD-inhibited ATPase activity of hyaB hybC selC mutant again suggests
the requirement of Hyd-1 and Hyd-2 for the F F;-activity.

We have examined the ATPase activities of mixed carbon (glucose and
glycerol) fermented E. coli WT and Hyd mutants (see Table 1). It is worth mentioning
that the all strains during mixed carbon sources fermentation showed higher ATPase
activity at pH 7.5, 6.5 and 5.5 compared with ATPase activity of cells grown under
glycerol only fermentation at appropriate pHs.
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“S w (glucose and glycerol) fermentation. For
S others, see Materials and methods and
2 ' legends to Fig. 5
0
wildtype  selC hyaB hybC selC hypF

Mixed carbon fermented E. coli WT cells demonstrated significant overall
ATPase activity of 255+2 nMol P, (min pg protein)’. Interestingly, ATPase activity
upon mixed carbon fermentation compared with glycerol fermentation was
stimulated (~2.2-fold) in hypF mutant at pH 7.5; this activity was closed to WT (Fig.
6A). DCCD markedly inhibited (~7-fold) ATPase activity of this mutant (see Fig.
6A).These results indicated the major input of FyF; in overall ATPase activity upon
mixed carbon fermentation at pH 7.5.
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In spite of a higher ATPase activity in hyaB hybC selC mutant, DCCD
inhibition was less whereas DCCD inhibited ATPase activity ~3-fold in selC mutant
(see Fig. 6A). These results suggested that, during mixed carbon fermentation at
slightly alkaline pH, FHL and probably Hyd-3 are more necessary for F,F; activity
than Hyd-1 and Hyd-2.

The hypF mutant had the highest total ATPase activity at pH 6.5 during the
fermentation of glucose and glycerol (Fig. 6B). The WT had ~2-fold lower ATPase
activity at pH 6.5 than at pH 7.5. Thus, correlation between total ATPase activity and
growth medium pH was also observed upon mixed carbon fermentation as for
glycerol only fermentation. The obtained data allowed suggesting that, during mixed
carbon fermentation at slightly acidic pH, Hyd-1 and Hyd-2 but not Hyd-3 are
required for the F,F;-ATPase activity.

The situation upon mixed carbon fermentation was different at pH 5.5. The
WT had ~3-fold lower overall ATPase activity than at pH 7.5, while ATPase activities
of hypF and hyaB hybC selC mutants were higher compared with WT (Fig. 6C).
Probably, in these conditions (glucose and glycerol fermentation) when end products
of fermentation, such as formate and other acids, might be accumulated within the
cell and, therefore, decrease intracellular pH, the FyF;-ATPase is playing an
important role in regulation of intracellular pH by detoxification of different acids
formed during fermentation, specifically of formic acid.

Glucose concentration dependent ATP-ase activity in E. coli during
fermentation and the role of Hyd 4

The previous studies in our laboratory have shown under fermentative
conditions FyF; can directly interact with K* uptake TrkA system, responsible for K*
accumulation in the cells and form F.F,-TrkA protein-protein supercomplex
(Trchounian & Kobayashi, 2000; Trchounian, 2004). Hyd-4 activity have been shown
to depend on glucose concentration and seen during glucose low concentration
(Trchounian & Trchounian, 2014). But the dependence of Hyd activity on K* was not
clear.

We have investigated dependence of the F.F, activity of E. coli on glucose
concentration under different conditions determining Hyd-4 input in such
dependence if any. The DCCD-sensitive ATPase activity of membrane vesicles from
glucose-fermented (0.2% and 0.8%) E. coli WT and hyfB-R mutant was investigated
at different pHs. These activities were increased in both cases ~1.4-fold and ~1.2-
fold, respectively, by 100 mM K* compared to that at the absence of K* (Fig.7A). 0.2
mM DCCD strongly inhibited ATP-ase activity of both strains at the presence of K*
(0.2% glucose) (Table 2). These data confirmed a role of Hyd-4 during glucose
fermentation at slightly alkaline pH that is in maintaining of proton-motive force as
suggested before (Trchounian & Sawers, 2014; Trchounian & Trchounian, 2014). In
contrast to 0.2% glucose fermentation at pH 7.5, during growth on 0.8% glucose in
K*-free medium, the overall and DCCD-sensitive ATPase activities of WT were
approximately 18-22 % higher (Fig.7, B). These results indicated that F F;-ATPase
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activity is glucose-concentration dependent: F,F; is active mainly at low concentration

of glucose (0.2%) at pH 7.5.

Table 2. DCCD-inhibited ATPase activities of membrane vesicles of E. coli wild type
and mutant grown under different concentrations of glucose fermentation

Strain DCCD-inibited ATPase activity, %*
pH7.5 pH 6.5
0.2% Glucose 0.8% Glucose 0.2% Glucose 0.8% Glucose
-K* +K* -K* +K* -K* +K* -K* +K*
wt 79+1 85+1 86+1 73+2 84+1 92+1 84+1 63+2
hyfB-R 8241 87+1 92+1 8242 85+2 84+1 67+1 87+2

*DCCD-inhibited ATPase activity was calculated as percentage of overall ATPase activity which
was 100 % for wt and hyfB-R at appropriate pH during glucose fermentation.
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Fig. 7. ATPase activity of membrane vesicles of E. coli wild type and hyfB-R mutant grown on

peptone medium supplemented with 0.2% glucose (A) and 0.8% glucose (B) at pH 7.5. The

DCCD (0.2 mM) was added into the assay medium when indicated. For others, see Materials
and methods

Upon 0.8% glucose hyfB-R demonstrated ~2.2-fold lower ATPase activity in
K*-free medium, compared to wild type, and K* had no effect on ATPase activity (see
Fig.7B). Under 0.2% glucose fermentation WT demonstrated lower ATPase activity in
both cases, in K'-free and in K*-contented media at pH 6.5, compared with those at
pH 7.5 (comp. Figs.8A, with 8 B). K* had slight effect (~1.2-fold) on the DCCD-
sensitive ATPase activity of WT, whereas DCCD markedly inhibited ATPase activity
~7-fold and ~12-fold in K'-free and in K'-contented assay buffers, respectively (see
Table 2).

HyfB-R mutant also showed similar DCCD-sensitive ATPase activity, as WT, in
K*-free medium (see Fig. 8A). Note, that K* had no effect on ATPase activity of hyfB-
R; moreover, it was decreased in K*-containing medium (see Fig. 8A). The obtained
results allowed suggestion of a mediated role of Hyd-4 for F,F-TrkA association.
Then, in 0.8% glucose fermented cells, compared with 0.2% glucose fermented cells,
DCCD-sensitive ATPase activity at pH 6.5 in K*-free medium, was lower ~1.2-fold in
wt and ~4-fold in hyfB-R mutant (Fig. 8). In K*-containing medium wt showed ~1.6-
fold lower ATPase activity compared with that in K*-free medium, whereas in mutant
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K" increased ATPase activity ~1.7-fold (see Fig.8B). These data pointed out a
relationship between F,F, and K*-uptake upon 0.8% glucose fermentation at pH 6.5
but Hyd-4 had no any role.
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Fig. 8. ATPase activity of membrane vesicles of E. coli wild type and hyfB-R mutant grown on
peptone medium supplemented with 0.2% glucose (A) and 0.8% glucose (B) at pH 7.5. The
DCCD (0.2 mM) was added into the assay medium when indicated. For others, see Materials

and methods

G. toebii growth, ORP kinetics and ATPase activity

Geobacilli have a potential worldwide distribution, as they are able to grow in
various environments where redox processes are performed. However, nothing is
known about redox processes and ATPase activity or redox stress in Geobacillus. The
maximal growth yield of G. toebii ArzA-8 (OD ~0.9) was observed in NB medium rich
in organic substrates (see Materials and methods) without glucose supplementation;
some differences were detected between added glucose concentrations of 5, 11 and
22 mM (Fig. 9).
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Fig.9. The changes in absorbance (A) during G.  Fig. 10. The changes in the medium pH during

toebii ArzA-8 growth in the absence of glucose G. toebii ArzA-8 growth in the absence and

(—Gl) and presence of glucose (Gl) at different presence of glucose at different concentrations.

concentrations (5, 11 and 22mM), pH 7.5. Aggo ApH is a difference between initial pH of growth
was presented after 5 h of bacterial growth. medium and pH after 8 h of growth.
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Simultaneously, alkalization of the growth medium was also observed in the
absence of glucose: after 24 h of growth, the pH was 8.4. However, an acidification
effect was detected in the presence of 5, 11 or 22 mM glucose at the end of the log
growth phase: the growth medium pH decreased to 5.9, 5.7 or 5.4, respectively
(Fig.10).

We have examined the evaluation of ORP kinetics by the bacteria during their
growth in NB medium in the absence and presence of glucose and the effects of
various oxidizers and reducers at different pHs. A decrease in the ORP was observed
during the bacterial log growth phase, as measured by the redox electrodes (see
Materials and methods) at both pH 6.5 and pH 7.5 (Fig. 11).
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Fig. 11. The oxidation-reduction potential (ORP) kinetics during G. toebii ArzA-8 growth in the
absence and presence of glucose (5mM) at pH 6.5 and pH 7.5. The ORP was measured by (A)
E,, (Ti-Si electrode) and (B) E,' (Pt electrode).

The investigation of the ORP kinetics revealed remarkable differences: E,
decreased to a negative value of -15015 mV and E,,' to —-350%4 mV with an increase
of pH without glucose but increased to positive values of +111+3 mV and +80+3 mV
with a decrease in pH when glucose was added at pH 7.5.

A determinant role of the ORP for bacterial growth means that various
oxidizers and reducers affecting the ORP can mediate the growth of bacteria. The
oxidizer potassium ferricyanide (K;[Fe(CN)s]) and the reducer dithiothreitol (DTT)
were used. Indeed, both reagents inhibited the growth of G. toebii in medium
without glucose supplementation, 1 or 2 mM K;[Fe(CN)q] stimulated growth at the
beginning of the log growth phase but inhibited (~1.3-fold) subsequent bacterial
growth (not shown). In conditions without glucose, the inhibitory effect of DTT (3
mM) on G. toebii growth was stronger (~4.4-fold).

We have also studied ATPase activity of G. toebii. The overall ATPase activity of G.
toebii membrane vesicles was ~532+0.05 nMol Pi/min-pg protein for cells grown in
the absence of glucose, which was ~1.3-fold higher compared with cells grown on
glucose (Fig.12, A). 0.5 mM DCCD markedly inhibited total ATPase activity (~3-fold)
(see Fig.12, A). 3 mM DTT repressed total ATPase activity by ~1.23-fold and the
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DCCD-inhibited activity by ~5-fold in cells grown in the absence of glucose
compared with the control, without reagent supplementation (see Fig.12, A).

It is significant that DTT stimulated the F F;-ATPase activity ~1.24-fold in the
cells grown on glucose compared with the control, without reagent supplementation
(Fig. 12,B). Thus, the DTT stimulation effect could be attributed to the F F-ATPase.
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Fig. 12. Membrane vesicle ATPase activity of G. toebii ArzA-8. (A) Total ATPase activity; (B) the
F.Fi-ATPase activity. Bacteria were grown at pH 7.5. FoF-ATPase activity was the DCCD-
inhibited one, which was calculated as the difference between total ATPase activity and ATPase
activity in the presence of DCCD. Control was without inhibitor or reducer supplementation

CONCLUDING REMARKS

Within the frame of this work was revealed that upon glycerol fermentation by E. coli at
slightly alkaline pH ATPase activity of membrane vesicles as well as H* efflux and K*
accumulation rates of whole cells are lowered than those for cells fermenting glucose: FoF;
participates in H* efflux and it is probably operates independently of TrkA. At pH 7.5 Hyd-1
and Hyd-2 could have close relationship to FyF; or participate in H* translocation whereas Hyd-
3 and Hyd-4 might operate in H* uptake mode. At pH 5.5 Hyd-1 and Hyd-2 more than F,F
might be involved in H* efflux.

The results obtained indicate a correlation between membrane ATPase activity in E. coli
and pH: alkaline pH is more optimal for the DCCD-inhibited F F,-ATPase activity during glycerol
fermentation. This is probably related with bacterial optimal growth at pH 7.5. Moreover, the
F.Fi-ATPase has a different role in maintaining proton motive force depending on Hyd enzymes
as suggested (Trchounian et al., 2012; Trchounian & Sawers, 2014). The results with the hyaB
hybC selC triple mutant suggest the requirement of Hyd-1 and Hyd-2 for the activity of the FF;-
ATPase during glycerol fermentation, and cooperation or interaction between these enzymes is
more obvious at slightly alkaline pH. The higher ATPase activity of triple and selC mutants upon
the mixed carbon (glucose and glycerol) fermentation at pH 7.5 presumably can be explained
by that, during mixed carbon fermentation, the F,F;-ATPase is involved in the formation of H,
cycling through the membrane as suggested (Trchounian & Sawers, 2014). It is possible that,
when Hyd-3 is not active as a part of FHL, F_F, operates for regulation of intracellular pH. Thus,
the present results are important in understanding the role of F,F; and Hyd enzymes in cells
and especially the functional link between Hyd-1, Hyd-2 and F_F, during anaerobic fermentation
of glycerol and mixed carbon sources. It is also worth mentioning that, depending on
fermentation substrate and pH, the form of relationship between these enzymes could be
different.

16



These findings support F.F;-TrkA association formed during fermentative conditions at
low concentration of glucose (0.2 %) and at alkaline pH in E. coli. It was suggested that Hyd-4
could be linked to F.F; supplying reducing equivalents for energy transfer (Trchounian et al.,
2014; Blbulyan, 2016).

The obtained results shown that during G. toebii growth, ORP kinetics doesn't depend
on the initial pH variation in the medium (Ghazaryan et al., 2015). ATPase activity was quite
high in G. toebii. It is of interest that different levels of ATPase activity were observed with cells
in relation to glucose availability: reducing conditions suppressed total ATPase activity, but not
FoF; activity without glucose supplementation. These results indicate a role of F.F; in bacterial
physiology and ecology, especially in redox sensing by this bacterium. The ORP can clearly
modify metabolic fluxes and might be a further environmental physicochemical parameter to be
taken into account for the optimization of metabolic processes and the application of
thermophiles in biotechnology.

These findings are novel for investigated bacteria and allow clarifying the interaction
between FF, and different Hyds, as well as their functional link with secondary transport
systems. Moreover, the received data will broaden the understanding the role and interaction
nature mentioned above systems.

CONCLUSIONS

The following conclusions were made based on experimentally obtained results:

1. E. coli ATPase activity during glycerol fermentation, at pH 7.5, compared glucose is lower:
Hyd-1 and Hyd-2 have close relationship to F.F, and participate in H* translocation.

2. There is a direct correlation between E. coli ATPase activity and growth medium pH under
glycerol fermentation: the highest activity was observed at pH 7.5, but lowest- at pH 5.5. In
addition, 0.5 mM DCCD inhibition impact is more significant at pH 7.5. Moreover, Hyd-1
and Hyd-2 are required for the F F;-ATPase activity under glycerol fermentation.

3. During mixed carbon (glucose and glycerol) sources fermentation, at pH 7.5, in total
ATPase activity is essential the role of F F;-ATPase. The absence of all Hyds have does no
effect on total ATPase activity but increases F,F;-ATPase activity which indicates that upon
mixed carbon sources fermentaion Hyds effect on F F;-ATPase. At the same time, again, this
activity is dependent on medium pH.

4. The high concentration of glucose (0.8%) impacts on E. coli F,F-ATPase activity and its
association with Hyd-4, as well as with secondary transporters, such as TrkA.

5. 100mM K* increased ATPase activity of wild type only at glucose limited conditions (0.2%)
under fermentation at pH 7.5 and pH 6.5. Functional link between FF;-ATPase and TrkA is
depended on glucose concentration and external pH.

6. The maximal growth yield of G. toebii ArzA-8 (OD ~ 0.9) was observed in NB medium
without glucose supplementation. At the same time alkalization of the growth medium was
also observed. The decrease of ORP was observed parallel to the pH growth, whereas at
low pH and with glucose supplementation ORP increased to the positive values.

7. In medium without glucose 1 or 2 mM potassium ferricyanide and 3 mM DTT inhibited
growth of G. toebii ArzA-8. The decrease of ORP to the negative values was observed,
compared to the control. DTT (reducing conditions) repressed total ATPase activity but not
activity of F F;-ATPase. While DTT stimulated F F,-ATPase activity in bacteria upon glucose
supplementation.

8. The bacterial F F;-ATPase activity is characterized by interaction with Hyds, dependence on
glycerol and glucose oxidation nature, and by regulation with oxidizer and reducer.
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PLPNRL3UL USNR2ULLU UNRELP

NrNc PUY4SENhULENh UBS-U2U3hL U4ShyNh(a3UL PLNRSUSTNRULC
SLh3EMNLP b 4L3NR4N2h OLUNHUSUUL MUSUULLEMNRU

Udihnthnghp
Cwugnygwihu  pwnbip'  Escherichia coli, Geobacillus  toebii, UGd-wquihu

wlwhynieyniu, qihgtipnih b qyniyngh fudnpnud, hhnpngbuwqubp (<hn), H*-K'-
wlywu thnfuwtwynipntt, opuhnwybpwlwuqunnuwu yninbughw:

Unhpwjhtt  gnuyhynwd  (E. coli) tudnpdwt  pupwgpnd  wnwowgwd
dpouwpepnt’  pwnwupwlwy dpguwpepenropwdhu-hwg  (URL) $updbunwihu
hwdwihpp dhongny opupnwunud £ dhusl wétuwpent qugh (CO,) L dniyniwjht
opwdup  (H,): Wu gnpdpupwgnud  pungpywd  hwwny  Sbpdbunubph’
hphnpngtuwqubph  Eubpgbnpy  wwhwuoubph  hwdwp  wuhpwdbpn |
Fubpghwwwwhnddwu wnbuwuyniupg Yupbnpwgnyu dbpdbunmp' wypnunuwihu
F.F-UEd-wgh gnpdniutinieniup (Bagramyan and Trchounian, 2003):

Lbpyuwjwgywsd  wofuwwnwupnid  wnwoht  wuqwd  nwnwitwuppdby k&
glhgbpnih  fudnpdwt  wwydwuubpnud  E. coli-h  Ubd-wquihu  wywnhynigjw
wnwuduwhwwnynyeiniuubpp,  huswbu  uwl  thnpd b wpdbp  pwguunpb
wpnunnuwihu U6d-wgh b hpnpngbuwqubph gnpdwnwlwu Yuwp fudnpdwu W
pH-h mwppbp wpdbpubph wwydwuubpnuw: Nwnwuwuhpyb £ ubwl obpdwubp G.
toebii ArzA-8 wbuwlyh wép, opuhnwybipwywugunnuwlwu wnwbughwh (O4M)
ypubwmhywu L pH-h  thnthnfuneyniuubipp,  huswbu  uwl wpnunnup
wbnwiinfunyginiut wdpnnowlwu pohgubpnd ' opupnhsh L Ybpwlwugquhsh
wniwnypjwt  wwdwutubpnd: Wn  hwdwwnbtipunnud  obipdwubtipn G, Toebii-h
ytipnhhjwy $hghninghwlwu gnpdpupwgutipp hwdbkdwwnyb) Gu dtigndh| E.coli-h
htiwn:

8nyg Lt wpyb, np qihgbipnh judnpdwu wwydwuubpnd dhowdwph pH-u
wannu £ E. coli pwywinbtiphwubiph FF-UEd-wgh wynhyniypjut ypw, pun npnud
wdbuwpwpap  wywpyneniu nhwndtp E pH  7.5-nd: - Shgbipnh fudnpnud
hpwlwuwgpwsé E. coli-h BW25113 uwfuunt pwnwupwihtu ponhlutiph U6d-
wquiht wywnpynipyniup' hwdbdwunwd gynyngh fudnpdwt hbin, gwdp § gpbpb
Gnpynt wuquwd: Uu wywnhynipiniup gqwihnpbu ugynid k FF-h wpgbjwyhs N,N-
nhghynhtipuhlywppnnhhdhnh (0.2 dU +84H-h wgnbignygjwdp pH 7.5-nwd: hyaB
W hybC dnunwuwmubtiph (pwgwlwynud tu, hwdwwwwwufuwtuwpwn, <pn-1-h L
<pn-2-h JdGd Gupwdhwynpubpp) punhwunip b H8Y-qquiniu guwdp UGdD-
wquwjht wywnhynigyuwu wnduiutpp eny; Gu wygbp Gupwnpb), np gtipnhhjw)
wuwydwuubpnut® <pn-2-p wybihu, pwu <pn-1-p, niuh wdnip hinfuwgnbgnieniu
F.F-Ub®-wgh htw: Unwgwd ndjuiutpp Jywynwd Gu, pny| prywihtu pH-h (5.5)
W glhgbpnih  fudnpdwt  wwypdwuubpnd, FF-UBd-wgh W URL  hwdwihpph
gnpdwnwlwu Ywwh dwupu:
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Nunwiuwuppytyy bt uwl E col-h Jwiph whwh U upw  <hn-wihu
dnunwuwnubph UBd-wqwiht wlwnhynigniup wéfuwduh  fuwnt  wnpnipubpp’
gyniyngh U gihgbipnih fudnpdwu ywydwuubpnud, pH-h 7.5, 6.5 U 5.5 wpdtiputiph
nbwpnwd: Pninp prwdubpp fudnpdwt wju wwydwuubpnuwd b pH-h Ybipnhhojwg
wndtpubiph nbwpnd, gnigupbipty Bu wybh pwpép US-wqwiht wynhynigyn’
pwu dhwju gihgtipnih fudnpdwu nbiwpnid:

Cunhwupwgubiny unwgywd wpryniupubipp’ Ywpbih £ Ggpwlwgub), np E
colir-h UEd-wqujht wywpnygjut b wédwu dhowdwiph pH-h dholt Yw ninhn
Ywuw: Shgbpnih fudnpdwt wwydwuubipnd hhduwiht pH-p wnwyb) owwunhdwy k
84U t-qquyniu UsdD-wquiht wynhynygjwu hwdwp:

Nwnwiuwuppgty £ FF-UBS-wgh W Gpypnpnwght wnbinuithnfupg
hwdwlwpgh'  TrkA-h,  gnpdwnwlwu  Yuwwp  gyniyngp wwppkbp
Ynugbunmpwghwubph bW wpunwphtu pH-h wwppbp wpdbiputiph wwjdwuubpnud:
8nyg L wpyb, np FF- TrkA gbphwdwihpp duwydnpynd £ qyniyngh gwdp
Ynugbunmpwghwih fudnpdwt wwjdwuubpnud, hhduwghu pH-nw:

Lwywnuh k, np punypjuu dbg, npnbin uwhdwuwihwy Gu dwupkubph wéh
wwydwuubpp, obpdwubpubpp’ hpbug dGuwhwwnnly $pdbunubpny gnigupbipnud
GU tnwppbip Ujnipwthnfuwtwlwiht ninhubip:

USstuwduh  wnpniph  (qynyng)  wnfuwynugyniuhg Ywjudws, G.  toebii
pwywinbphwih  OUM-h U pH-h  Yhubwhyund  unwgytiy Lu  qquih
nwppbipnugyniututn: Syniyngh  ubipyuyngyuidp wéh  pupwgpnud  nhwngnwd  k
dhowdwyph  ppryYtignd L O4UMN-h npwlwu wpdbp, dhusnbn  qynyngh
pwgwlwnigjudp, bpp dhowdwipp hhduwjuwgynd k, gpwugynud tu O4M-h
gwdn pwgwuwlwu wpdtipubip

LGwnwppppwywu k. np G toebii-h  Ubd-wquiht  wywnhynyeiniup
pwywlwuhtu pwpép tp: Unwgwd wpryniupubpp gnyg Gu wwhu FF-UBSD-
uptpwah  nbpp  wu pwlnbphwgh - $hghninghwywt b Eyninghwlwu
gnpdpupwgutipnid, dwutwynpwwbiu nbinopu qqujunipjwu dt: Luwpwynp L, np
pwywnbphwih  wéh  pupwgpnd  nbinopu  nbwgbunubph  gnigwpbpwsé
wanbignigniuttipp  wwjdwuwynpwsd tu htug FF-UEd-uhupwagnd: <wpy k
ugbi|, np G.toebii-h hwdwn unwgywd nyjwiubipp hnyhu twpptpynid Ehu E. coli-h
hwdwp unwgywsd nyjwiutphg:

Ywwnwpywsd hbwnwgnunnieiniuubpp pny| B wwihu wwpqupwut) FF-h W
<pn-ubiph,  hugwbu  Uwb  Gpypnpnughtt wenwiginfupy - hwdwlwpgbph
gnpéwnwlwu - Yuwp,  thnfuwgnbignigniup,  Ybipghthu  punyep  wwpptip
untpunpwnubiph  fudnpdwt  wywydwuubpnd b pH-h wwppbp  wpdbpubpnud:
Unwgywsd wnyjwiubpp Yfunpwgutu gtipnhhju hwdwywnpgbph dwuptu niubigws
wwwnybpwgnwiubpp: <wpyh wnubing  G.toebii-h gnigwpbpwd wpryniupubipp,
Ywpbih £ wub, np O4N-h Yupqwuynpnwip, Ywpnn £ dGdwgubp obipdwutip
pwuwnbiphwubiph Ytuuwwnbuuninghwywu Yhpwnbhnigjniup, huswbu
Ytuuwquugywdh, wjuwbu £ wwppbp  wpdbpwynp  Unebph  unwgdwu
Uwwunwyny:
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BNEYNAH CKO3AHHA CYPEHOBHA

XAPAKTEPUCTUKA ATPA3HON AKTUBHOCTU HEKOTOPbIX BAKTEPUIA B
YCNOBUAX OKUCNEHUA TNNLEPUHA U TMHOKO3bl

PE3IOME

Kntouesble cnosa: Escherichia coli, Geobacillus toebii, AT®a3Haa akTUBHOCTb,
cbpaxuvBaHue rnoKo3bl U rnLepuHa, ruaporeHassl (Mnp), H-K*-obmeH,
OKMUCNINTENBHO-BOCCTAHOBUTENbHbIN MOTEHLMaAN

MypaBbuHaa kucnota, obpasylowiaaca B KuweyHoli nanouke (E. col)) B
npouecce OpOMeHWA, OKUCNAETCA  MOCPEACTBOM  (POPMMAT-BOAOPOA-TMA3HOIO
komnnekca (PBJ) ¢ obpasosaHuem yrnekucnoro rasa (CO,) u monekynapHoro
Bogopopa (H,). [lna sHepreTuueckux 3aTpat, BOBNEYEHHbIX B JaHHbI npouecc
chepmeHTOB — rUAporeHas, HeobxoAMMO yyacTue ApYroro BaMHellero gepmeHTa —
npotoHHoii F F-ATdasbl (Bagramyan and Trchounian, 2003).

B npepncraBnerHoli paboTte Bnepeble uccneposaHbl ocobeHHocTn ATdasHoi
akTuBHOCTM E. coli B ycnoBuax cbpamuBaHua rivLepuHa, a Takke cAenaHa nonbiTka
BbIABNEHNA (PYHKLMOHANbHON CBA3W Mexay npoToHHoi ATdasoil u rugporeHasamu
npu pasnunyHbIX 3HayeHuax pH cpepbl.

WccnepoBaHbl Tak#e  pPOCT, KMHETUKA OKUCIMTENbHO-BOCCTAHOBUTENBHOIO
noteHuuana (OBI1) u usmeHenua pH cpepbl, nepeHoc MpoTOHa B NPUCYTCTBUM
OKUCIUTENA W BOCCTAHOBUTENA B TepModpunbHoi baktepun G. toebii ArzA-8. Tpu
3TOM NepeuncneHHble (U3NONOTUYECKkMe npoueccbl B TepmodpunbHolt G. toebii
CpaBHUBanuch ¢ mesodunbHoi E. coli.

MokasaHo, uyTO npu cbpaxuBaHun ravuepuHa, pH cpepabl BanAeT Ha
aKTMBHOCTb MpoToHHoi F F-ATda3bl  E.coli npu 3Tom Haubonee BbicOKas
aKTMBHOCTb npoasnaeTca npu pH 7.5. ATda3Haa akTUBHOCTb MeMOpaHHbIX BE3NKYN
E. coli BW25113 npu cbpaxusaHuu ravuepuHa bbina Hwke noytu B 2 pasa, Mo
CPaBHEHWUIO C aKTUBHOCTBIO MpU COpamuBaHUM FOKO3bl. AKTUBHOCTb 3HAYUTENBHO
nogasnanacb B npucyTcTBUK uHrnbutopa FoF-ATdasbl - N,N’-
anumknorekcunkapboguummga (0.2 M OUKA) npu pH 7.5. B hyaB wun hybC
MyTaHTax (oTcyTcTBytoT Gonblume cybbeanuuupl up-1 n mg-2, cooTBETCTBEHHO)
obwaa un Huskaa JUK[J-dyysctBuTenbHaa AT®asHble aKTMBHOCTM MO3BONAIOT
NPeanonoXnTb, 4YTO B AaHHbIX ycrnosuax ua-2 cunbHee s3aumopeiicteyer ¢ F F-
ATdazoii, 4em [ug-1. [lonyyeHHble JAaHHblE CBUAETENBbCTBYIOT O  HaIUuWK
cpyHKUMOHanbHOM cBAa3n mexay FoF-ATdazoii n dBJ1 komnnekcom npu cnabokuciom
pH (5.5) n cbpaxuaHun rauuepuHa.

UccnepoBanbl Takke ATdasHble akTMBHOCTM aukoro Buga E. coli v Twp-bix
MYTaHTOB Npu COpaMuBaHUM CMeELLAHHbIX MCTOYHUKOB Yrnepoja — [/OKO3bl U
rnvuepuHa, npu pH 7.5, 6.5 n 5.5. TNpu aTom Bce WwTaMMbl NPU JaHHbIX 3HAYEHUAX
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pH obnapanu 6onee Bbicokoii ATda3HOli aKTMBHOCTBIO, MO CPaBHEHWUID C
rULEPUHOM.

Ob6obuian nonyyeHHble pesynbTaTbl, MOMHO MPEAMONOMKUTL CyLLLECTBOBaHWE
npamoii ceasn mexay ATdasHoli aktueHOocTblo E. coli n pH cpepbl pocta. [Mpw
cbpaxuBaHuM ravuepuHa LenovHoii pH ABnAetcA Haubonee onTUManbHbIM ANA
AUKO-4yscTBUTENbHOV ATdasHO akTUBHOCTH.

Uccneposana dyHKumMoHanbHaa ceasb Mempy FF-ATdasoii u cucremoii
BTOpPWYHOro TpaHcnopTta - TrkA-cuctemoil Npu pasnnyHbIX KOHLEHTPaLUAX TNHOKO3bI
W pasHbix 3HadeHuax pH BHewHeil cpepbl. [MokasaHo, 4to Komnnekc F,F-TrkA
chopMMpyeTCA NPU HU3KUX KOHLLEHTPaLUAX FIHOKO3bl U LenoyHom pH.

Kak wu3sBectHo, B npupoje, rAe YcnosuAa pocTa MUKPOOPraHW3MOB
orpaHuyeHbl, Tepmopunbl C NPUCYLLUMU UM crneundpryeckummn  pepmeHTamu
obnapatoT pasHbIMM MeTabONMYECKUMU MYTAMM.

B saBucumocTn oT uctouHuka yrnepopa (rntokosa), kuHetuku OBl m pH B
baktepun G. toebii pe3ko oTnuyatotcA. [lpu pocte B NPUCYTCTBUM TNHOKO3bI
HabntopaeTca 3aKkucneHne cpefpl U MonoxuTenbHble 3HadeHua OBIl, Torpa kak B
OTCYyTCTBME [/IIOKO3bl, MpW 3allenaynBaHuM Ccpedbl PErucTpupyloTca  HU3kue
otpuuatenbHble 3HadeHua OBI. WHTepecHbiM aBnAetca ToT cpakt, uto G. toebii
obnapaet fOBONBHO BbICOKOW AT®a3HOI akTMBHOCTbIO. [lonyyeHHble pesynbTaThbl
nokasbisatot ponb F F-AT®a3bl B pU3MONOrMHECKMX M 3KONOTMYECKUX MNpoLieccax
JaHHOl baKTepuu, B YaCTHOCTW, B PeAOKC-YyBCTBUTENbHOCTW. Bo3moxHO, uTO
acpcpekTbl pemoKc peareHToB npu  pocte bakTepuu cBA3aHbl MMeHHo ¢ FF;-
ATdcuHTas30il. HyHO oTMeTUTb, 4TO MonyyeHHble ana G. toebii paHHblE NOAHOCTHIO
OT/IMYAIOTCA OT Pe3yNnbTaTos, Nony4eHHbix ana E. coli.

lMpoBeAeHHbIE MCCNEfOBaHUA MO3BONAIOT BbIABUTL (PYHKLMOHANbHYIO CBA3b
mexpy F,Fi-ATdasoii u rupporeHasamu, a TakKe C CUCTEMaMu BTOPUYHOIO
TpaHcrnopTa, B3aMMOLEICTBUA MEMAY HUMM, UX XapaKTepUCTUKKU Mpu cOpaxmbaHUK
pasnunyuHbIx CybcTpaToB M MNpu pasnnuHbix 3HadveHuAx pH. [MonyyeHHble AaHHbIE
PacLUMpPAT UMEIOLLMECA MpPeACTaBNeHNA O JaHHbIX cUCTeMax. YuuTblBaA pe3ynbTartbl,
nonyyeHHble Npu uccnepgosaHun G. toebii, MOXHO yTBEpMAaTb, YTO perynmposaHue
OBI1 moeT yBenmunTb BUOTEXHONOTMYECKOE MPUMEHEHUE TEPMOUIbHBIX GakTepuii
C Lenbto MOMyYeHNA Kak bromacchl, Tak U pasinyHbIX LEEHHbIX MPOAYKTOB.
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