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INTRODUCTION

Topic relevance. Molecular hydrogen (H,) as a renewable and alternative energy source
has high impact of interest because from its burning ~142 kJ/g energy is released. Moreover, H,
is 100% ecologically clean renewable energy source. Application of H, in everyday human life
and industry is getting more and more. Meanwhile, research and industry are trying to find
cheap sources for producing H, to apply it in different industrial technologies.

H, can be produced by different ways, one of which is chemical — from water or
carbohydrates electrolysis or by heating. But the chemical way of producing H, is economically
inefficient. Therefore, H, production from bacteria fermenting certain (glucose, glycerol,
formate) substrates is in demand. H, is produced by bacteria during mixed-acid fermentation or
during photo-fermentation. This process is catalyzed by special membrane-associated enzymes
named hydrogenases (Hyd) catalyzing reversible oxidation of H,: H, — 2H" + 2e". Hyd have
been determined in many prokaryotes and some eukaryotes and play important role in anaerobic
metabolism (Adams and Stiefel, 1998; Frey, 2002). Escherichia coli has four Hyd enzymes
(Sawers, 1994; Bagramyan and Trchounian, 2003; Poladyan and Trchounian, 2009; Kim and
Kim, 2011; Trchounian et al., 2012b). It is suggested that dependent on environmental
conditions two of them operate in producing- and the other two- in oxidizing- mode. Such
working mode for Hyd is indicative to form new H, cycling. But the biosynthesis, genetic
regulation, activity and working mechanisms of these enzymes are not clear yet. Revealing the
regulation of enzyme activity and biosynthesis, it might be possible to apply Hyd in H,
production biotechnology. Certain bacteria ferment sugars and produce lactate, acetate
succinate, other organic acids, ethanol, CO, and H,. This process is well known and in different
environmental conditions it has been shown which Hyd is responsible for H, production and
these have stimulated for constructing via metabolic and genetic engineering special E. coli
strain with high H, production yield (Maeda et al., 2008; Hu and Wood, 2010).

Recently, it has been discovered that glycerol can be fermented by E. coli (Dharmadi et
al., 2006; Gonzalez et al., 2008). This is interesting phenomenon not only for fundamental
studies but also for industry because glycerol is very cheap source for producing H, compared
to sugars. Gonzalez’s group (Dharmadi et al., 2006; Gonzalez et al., 2008) has shown that
during glycerol fermentation at pH 6.3 H, gas is also detected. But it has negative impact on the
cell growth and glycerol fermentation.

The application of glycerol in industry is suggested to have wide spectrum for producing
different compounds (Khanna et al., 2012; Clomburg and Gonzalez, 2013). But this process
must be investigated. The mechanisms of Hyd biosynthesis, determination of their specific
activity and working mechanisms during glycerol fermentation at different conditions would be
of great importance.

Research goals and tasks. The main goal of the work was dedicated to the investigation
of H, production by E. coli at different pH during glycerol fermentation.

Constituted tasks of the research were to:

= reveal Hyd responsible for H, production in whole cells using different Hyd defective
mutants;


http://www.ncbi.nlm.nih.gov/pubmed?term=Clomburg%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=23178075
http://www.ncbi.nlm.nih.gov/pubmed?term=Gonzalez%20R%5BAuthor%5D&cauthor=true&cauthor_uid=23178075

= determine hydrogenase specific activity in the cell extracts at different pH;

= investigate effect of different factors such as inhibtors, osmotic stress on H, production;

= determine the proton motive force and understand the link between H, production and FqF;-
ATPase;

= do comparative analysis of H, production during glucose and glycerol fermentation;

= study H, production during mixed carbon (glucose and glycerol) fermentation.

Topic scientific novelty and applied value. During the conducted research it has been
revealed which Hyd is (are) responsible for H, production during glycerol fermentation at
slightly alkaline pH. It was determined that mainly Hyd-2 and to some extent Hyd-1 are
responsible for H, production. The other two Hyd which were responsible for H, production
during glucose fermentation work, in the above mentioned conditions, in reverse H, uptake
mode. It was shown that H, production is slightly inhibited by N, N’-dicyclohexylcarbodiimide
(DCCD) but the link between Hyd-1 and the FoF;-ATPase was suggested. For slightly acidic
and acidic pHs FHL-1 complex is responsible for H, production. Moreover, H, production was
inhibited more at acidic pH and thus the important role of FqF; was proposed. pH dependent
differences of Hyd specific activities were shown during glucose or glycerol as well as mixed
carbon fermentation.

The results obtained has unique significance in H, production biotechnology and the
application of glycerol as a cheap carbon source is of importance.

Main points to present at defense.

1. At pH 7.5 glycerol is fermented and H, gas is produced by E. coli: Hyd enzymes are
reversible and Hyd-2 mostly is responsible for H, production.

2. The FoF-ATPase is required for Hyd activity during glycerol or glucose fermentation at
different pHs.

3. Hyd are involved in proton motive force generation during glycerol fermentation at different
pHs.

Work approbation. Main results of the dissertation were discussed at seminars in
Department of Biophysics and Department of Microbiology, Plants and Microbes
Biotechnology, Biology Faculty of Yerevan State University (Armenia) and at different
scientific congresses and meetings, namely 15" EBEC Conference in Dublin, Ireland (2008),
53 Annual Meeting of the US Biophysical Society in Boston, USA (2009), 110" General
Meeting of American Society for Microbiology in San Diego, USA (2010), 35" FEBS Congress
in Gothenburg, Sweden (2010), 4" FEMS Congress Geneva, Switzerland (2011), 8" EBSA
Congress in Budapest, Hungary (2011), 112" General Meeting of American Society for
Microbiology in San Francisco, USA (2012), 37" FEBS & 22" IUBMB Congress in Sevilla,
Spain (2012), 17" EBEC Congress in Freiburg, Germany (2012), 38" FEBS Congress in St.
Petersburg, Russia (2013), 5" FEMS Congress in Leipzig, Germany (2013).

Publications. Based on experimentally obtained data 27 works, including 12 full papers in
international peer reviewed journals and book were published.

Volume and structure of dissertation. Dissertation contains of introduction, literature
review (Chapter 1), experimental part (Chapter 2), results and discussion (Chapter 3),
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conclusions and cited references (total 146 papers and books). The document consists of 128
pages, contains 10 tables and 48 graphs and figures.

MATERIALS AND METHODS

Bacteria: All experiments were conducted on E. coli BW25113 or MC4100 wild type
(wt) strains and appropriate mutants (Table 1). Strains with multiple deletions were generally
constructed by introduction of mutations from E. coli donor strains into recipient strains of
BW25113 by P1kc phage transduction according to Miller (1972).

Table 1. Characteristics of the E. coli strains used in this study

Strain Genotype Absent or defective gene Reference
product
BW 25113 lacl® rrnBry4 Wild type Maeda et al. (2007)
AlacZyy;16 hsdR514
AaraBADAH33AI‘ha
BADLD78
JW 0955* BW 25113 AhyaB Large subunit of Hyd-1 Maeda et al. (2007)
JW 2472* BW 25113 AhyfG Large subunit of Hyd-4 Andrews et al. (1997)
JW 2701* BW 25113 AfhlA FHL activator Baba et al. (2006)
JW 2962* BW 25113 AhybC Large subunit of Hyd-2 Maeda et al. (2007)
MW 1000 BW 25113 AhyaB Large subunits of Hyd-1 Maeda et al. (2007)
AhybC and Hyd-2
SW1001* BW 25113 AhyfG FHL activator and large Trchounian et al.
AfhlA subunit of Hyd-4 (2011b)
SW1002* BW 25113 AhycG FHL activator and large Trchounian et al.
AfhlA subunit of Hyd-3 (2011b)
KT 2110 BW 25113 AhyaB Large subunits of Hyd-1, Trchounian et al.
AhybC AselC Hyd-2 and tRNA*® (2012a)
MC 4100 araD139 AlacU169 | Wild type Redwood et al.
rpsL thi fla (2008)
HDK 103 MC 4100 Ahya Ahyc | Hyd-1 and Hyd-3 Laurinavichene et al.
(2002)
HDK 203 MC 4100 Ahyb Ahyc | Hyd-2 and Hyd-3 Laurinavichene et al.
(2002)




FM 460* MC 4100 AselC tRNA® Trchounian et al.

(2012a)

FTD 147 MC 4100 AhyaB Large subunits of Hyd-1, Redwood et al.
AhybC AhycE Hyd-2 and Hyd-3 (2008)

FTD 150 MC 4100 AhyaB Large subunits of Hyd-1, Redwood et al.
AhybC AhycE AhyfG | Hyd-2, Hyd-3 and Hyd-4 | (2008)

DHP-F2 MC4100 AhypF Maturation of all Paschos et al. (2002)

hydrogenases

DK8 bgIR thill rell FoF1-ATPase Trchounian et al.
A(uncB-uncC) (2011a)
ilv::Tn 10

aResistant to Kan

Bacterial cultivation, preparation for assays. E. coli were cultivated at 37°C for 18-22 h
in anaerobic conditions by direct transfer from nutrient agar surface in Petri dish into high
buffered liquid peptone growth medium containing peptone 2%, K,HPO, 1.5%, KH,PO, 0.1%,
NaCl 0.5%, pH 7.5; peptone 2%, K,HPO, 0.75%, KH,PO, 0.86%, NaCl 0.5%, pH 6.5; peptone
2%, K,HPO, 0.1%, KH,PO, 1.5%, NaCl 0.5%, pH 5.5. 5 ml/l 40% glucose and/or 10 ml/l
glycerol was added. Kanamycin (25 pg/ml final concentration) was added where appropriate
(see Table 1). In some experiments bacteria were incubated for 5-7 minutes with DCCD or
washed with 0,8 M sucrose for the following hypo-osmotic stress.

Preparation of cell extracts. Harvested cells were washed in MOPS-buffer (50 mM
MOPS at either, pH 5.5, 6.5 or 7.5) by centrifugation and the cell pellet was re-suspended
typically in three volumes of 50 mM MOPS buffer, pH 7.5, including 5 pg DNase/ml and 0.2
mM phenylmethylsulfonyl fluoride. 1-2 g wet weight of cells were disrupted by sonication (30
W power for 5 min with 0.5 s pulses). Unbroken cells and cell debris were removed by
centrifugation for 30 min at 50,000Xg and at 4°C. Protein concentration was determined (Lowry
et al., 1951) with bovine serum albumin as standard.

Determination of total hydrogenase enzyme activity. Hyd enzyme activity (H,-
dependent reduction of benzyl viologen (BV)) was measured according to (Ballantine and
Boxer, 1985) except that the buffer used was 50 mM MOPS, pH 7.0. The wavelength used was
578 nm and an Ey, value of 8,600 Mt cm™* was assumed for reduced BV. One unit of activity
corresponded to the reduction of 1 pmol of hydrogen per min.

Non-denaturing polyacrylamide gel electrophoresis and in-gel hydrogenase activity
staining. Non-denaturing PAGE was performed using 7.5% (w/v) polyacrylamide gels, pH 8.5
and included 0.1% (v/v) Triton X-100 in the gels and Hyd activity-staining was done as
described (Ballantine and Boxer, 1985) except the buffer used was 50 mM MOPS pH 7.0.

Determination of redox potential and H, production assays. Redox potential (Ey) in
bacterial suspension was measured using the redox, a titanium-silicate (Ti-Si) and platinum (Pt)
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electrodes (Trchounian et al., 2011b). In contrast to Ti-Si-electrode measuring the overall E;, a
Pt electrode is sensitive to H, under anaerobic conditions (in the absence of O,) allowing
detection of H,. H, production rate (Vy,) was calculated through the difference between the
initial rates of decrease in Pt- and Ti-Si-electrode readings per time and expressed as mV of E,
per min per mg dry weight of bacteria (Trchounian et al., 2009; 2011b; Trchounian, 2012). H,
production was verified by the chemical assay (Maeda and Wood, 2008) and Durham tube
method (Bagramyan et al., 2002). Dry weight of bacteria was determined as described
(Trchounian and Vassilian, 1994).

Determination of proton motive force and intracellular pH. Ap was calculated as a
sum of A and ApH according to Apy./F=A@—ZApH (negative value in mV) (Skulachev et al.,
2010), where Z is RT/F equal 61.1 mV at 37°C. Ap was measured determining
tetraphenylphosphonium cation (TPP*) distribution between the bacterial cytoplasm and the
external medium at a steady-state level as described (Zakharyan and Trchounian, 2001). The
assay was done in a thermo-stated vessel of 2 ml with 150 mM Tris-HCI buffer containing 1
uM TPP*, The changes in the TPP* concentration were determined by using a TPP*-selective
electrode. The pH;, was determined by the distribution of weak base - 9-aminoacridine (9-AA)
across the membrane according to ApH (Puchkov et al. 1983). The assay was done in the buffer
as above but containing 10 uM 9-AA. The 9-AA fluorescence was measured with a
spectrofluorimeter (SPEX Fluoro Max, France) with excitation at 324 nm and emission at 451
nm.

RESULTS AND DISCUSSION
H, production by E. coli during glycerol fermentation at different pH and in the presence
of inhibitors or during osmotic stress.

H, is one of the fermentation end products of E. coli and other bacteria that can be widely
used in rather different branches of industry and human life (Momirlan and Veziroglu, 2005;
Trchounian, 2013). Dharmadi et al. (2006) have discovered that glycerol like sugars (glucose)
can be fermented by E. coli to produce H, at acidic pH. This might be novel way for a cheap
source for H, production. Moreover, glycerol metabolism pathways leading to H, formation by
bacteria are further suggested but have not been established clearly.

E. coli possesses 4 membrane-bound hydrogenases (Hyd) catalyzing reversible oxidation of
H, to 2H". Hyd-1 and Hyd-2 are H, uptake enzymes during glucose fermentation and operate in
a reverse mode during glycerol fermentation (Trchounian and Trchounian, 2009). Hyd-3 and
Hyd-4 are H, producing enzymes during glucose fermentation and function in a reverse mode
during glycerol fermentation (Trchounian and Trchounian, 2009). Each Hyd is likely to function
primarily in one direction depending on fermentation substrate, pH and other conditions
(Trchounian et al., 2012b).

Hyd-1 is encoded by the hya operon, expression of which is induced under anaerobic
conditions at acidic pH (King and Przybyla, 1999). Hyd-2 is encoded by the hyb operon
(Laurinavichene et al., 2002) and its maximal expression is attained in alkaline medium (King
and Przybyla, 1999). Hyd-3 and Hyd-4 encoded by the hyc and hyf operons, respectively
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(Trchounian et al.,, 2012b), have similarities with each other. Hyd-3 with formate

dehydrogenase H (Fdh-H), the component of the formate hydrogen lyase (FHL-1) complex,

produces H, mostly at acidic pH. For neutral and alkaline pH, Hyd-4 with Fdh-H forming the

FHL-2 pathway becomes responsible for H, production (Trchounian et al., 2012b).

Interestingly, the activity of Hyd-3 and Hyd-4 both is related with the FyF;-ATPase
(Trchounian et al., 2012b). This relationship at pH 7.5 might result from Hyd-4 interaction with
FoF: to supply reducing equivalents (H™ + ¢) for energy transfer to the secondary transport
system (Trchounian, 2004). To establish which Hyd is responsible for H, production under the
latest conditions, different mutants were constructed. In addition, to understand mechanisms of
Hyd activity and regulation as well as relationship with H* transport, the inhibitor’s effects were
determined.

Fig. 1. H, production by E.
coli wt and different Hyd
defective mutants during

glucose or glycerol
fermentation at pH 7.5. For

others see Materials and

Methods. Here and in other

figures the experiments

] were carried out 3-5 times

and standart deviations are

not more than 3%.

Oglycerol fermentation
m glucose fermentation

dry weight
O P, N W b~ OO N

H, production mV Ew/min/mg

wt fhlIA hyfG hyaB hybC hyaB hyfG hycG selC
hybC fhlA fhlA

Vi, at pH 7.5 was ~2.2 mV Ep/min/mg dry weight (see Fig. 1). This value was ~2.5-fold
lower than that with bacteria grown on glucose. These data are consistent with previous work
with either whole cells or protoplasts (Bagramyan et al., 2002; Trchounian et al., 2012b). It is
interesting that during E. coli growth on glycerol for 18-22 h medium pH decreased from 7.5 to
7.25 although upon glucose fermentation pH decreased from 7.5 to 6.8. This difference may
indicate lower acidification of the medium due to ethanol extrusion and less formation of
different acids or their changed proportion by glycerol fermentation as suggested (Murarka et
al., 2008). Furthermore, Vy, was markedly (~2-fold) increased (see Fig. 1) for the fhlA mutant.
The result obtained might point out that Hyd-3 at least is operating in a reverse mode under
glycerol fermentation at pH 7.5. If H, production results from activity of different Hyd, and its
rate is increased under insignificant Hyd-3 and Hyd-4 activity due to fhlA deletion, it might be
suggested that Hyd-3 and Hyd-4 operate in H, uptaking but not in H, producing mode. Vy, was
shown to be lowered (~3-fold) for the hyaB mutant and to be less or only residual in the hybC
mutant (see Fig. 1). In contrast, during glucose fermentation Vy, was almost the same for wt
and mutants studied. These data point out clearly that under glycerol fermentation Hyd-2 is
mostly responsible for H, production; a less participation of Hyd-1 is probable. Moreover, the
results suggest that Hyd-2 can be a reversible enzyme to operate in H, producing mode under
glycerol fermentation whereas this enzyme has been shown (Trchounian et al., 2012b) to be
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functioning as re-oxidizing H, under sugar fermentation. H, production by E. coli upon glycerol
fermentation was inhibited by DCCD (Fig. 2).

6 - . .
o oOglycerol fermentation Fig. 2. H, production
£ 5; m0.5mM DCCD inhibition by DCCD or with
E 4 Dupon hypoosmotic stress hypo-osmotic stress in E.
Ul = coli wild type and different
> 3 Hyd mutants. The DCCD
E g 2 was in 0.5mM
22 concentration and osmotics
o ° .
2 17 stress was performed with
e 0. 0.8M sucrose. For others
o .
< see legends to Fig. 1.

SN S R VIR RN SR SRV
R R S A

However, in contrast with DCCD effect on H, production under glucose fermentation,
higher concentration of DCCD (0.5 mM) was effective. Thus, DCCD inhibition of Vy, might
indicate an involvement of FqF; in H, production or otherwise that might occur due to inhibition
of Hyd. Under hyper- and hypo-osmotic stress H, production was the same for the E. coli wt.
These data may put forward a new property of Hyd activity by E. coli regarding osmotic stress
sensitivity of these enzymes under glycerol fermentation.

Za0 OpH 7.5 =89 OpH 7.5
23 BpH 6.5 > BpH 6.5
c 325 OpH55 Eg6- OpH55
222 S5
S o515 T4 A
he) E =
o 1 BES3
a.£05 o=
~'E o.= 2
£ o0 TE ||
fIA fhIA fhIA fIA+ fhIA  fhIA
hycG hyfG DCCD hycG hyfG +
+ DCCD
DCCD

Fig. 3. H, production by E. coli wt and Hyd-1 and Hyd-2 or Hyd-3 and Hyd-4 mutants during
glycerol fermentation at pH 7.5, 6.5 and 5.5. For others see legend to Fig. 1.

V4 during glycerol fermentation at pH 5.5 was shown to be ~1.5-fold higher than that at
pH 6.5 or above but less compared to glucose fermentation at appropriate pH (see Fig. 3). It was
inhibited by DCCD; however, DCCD inhibition of H, production was increased with pH
decreasing. DCCD inhibition of Hyd is interesting to understand a role of H* transport through
the membrane including that via FoF,, since defects in FoF; might stimulate H, production at pH
7.5. H, production study with hyaB and hybC mutants suggests that during glycerol
fermentation at pH 6.5, Hyd-1 and Hyd-2 were working in a reversed, non-H, producing mode.
Under glycerol fermentation at pH 6.5, H, production by fhlA strain, as well as, double fhlA
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hycG and fhlA hyfG mutants at a low pH (see Fig. 3) indicate that the appropriate gene products
FhlA and Hyd-4 both affect H, production and Hyd-4 can operate in a reverse mode. In contrast
to glycerol fermentation, upon glucose fermentation H, production by fhlA strain and double
fhlA hycG and fhlA hyfG mutants was lowered at pH 6.5; it was less at pH 5.5. These results
show a responsibility of Hyd-3 and Hyd-4 and suggest a role of fhlA gene in regulation of Hyd-
3 and Hyd-4 activity for H, production under glucose fermentation at a low pH. It could be
concluded that reversibility is likely to be a property of Hyd having a key role in regulation of
H, metabolism under different environment.

Hydrogenase specific activity during glucose or glycerol fermentation at different pHs.
The activity of Hyd enzymes can be assessed by measuring the H,-dependent reduction of the
electron acceptor BV (Ballantine and Boxer, 1985). During growth on glucose wt at pH 7.5
yielded a total Hyd specific activity of 3.34 U (mg of protein)™ (Fig. 4), while the activities after
growth at pH 6.5 and 5.5 were 2.05 U and 0.82 U (mg of protein)™, respectively (Fig. 5). Thus,
a direct correlation between medium pH and total Hyd activity was observed, with the lowest
activity being measured after growth at low pH. Analysis of an extract derived from hyaB
mutant, clearly showed that Hyd-1 contributed little to the Hyd specific activity during growth
at pH 7.5. On the other hand in fhlA mutant or in fhlA hyfG double mutant an approximate 60%
reduction in total Hyd activity (1.38 U (mg of protein)™; Fig. 4) was observed, indicating that
Hyd-3 of the FHL complex made a significant contribution to total Hyd activity under these
conditions. Hyd-2 was responsible for the rest of the activity because a mutant (hyaB hybC
selC) phenotypically devoid of Hyd-1, Hyd-2 and the FDH-H component of the FHL complex
essentially lacked Hyd activity at pH 7.5 (Fig. 4).

After growth at pH 7.5 on glucose the total Hyd enzyme activity in a mutant lacking Hyd-2
was only approximately 30% of the wt, yet a mutant lacking Hyd-1 and Hyd-2 both retained
60% of the wt activity (see Fig. 4).

Fig. 4. Hydrogenase

2 4 - Oglucose fermentation specific activity of
E’_ ] 3-2 mglycerol fermentation E.coli wt and
§ 5 55| different Hyd
cE 2. mutants grown
g § 15 - during glucose or
3 1 glycerol fermentation
- 0"3 | at pH 7.5. For others

wt fhiA hyfG hyaBhybChyaB hyfG hycG selC hyaBhypF see Materials and

hybC fhlA fhlA hybC Methods.
selC

This finding suggests that the enzymes necessary for [NiFe] cofactor biosynthesis common
to all three Hyd enzymes limited the synthesis of active Hyd-3 and this limitation was removed
by preventing Hyd-1and Hyd-2 synthesis. Growth at pH 6.5 revealed the contribution of Hyd-1
to total Hyd activity at acidic pH, where deletion of the hyaB gene reduced activity to 65%
(1.36 U (mg of protein)™) of wt (Fig. 5,A). Deletion of the hybC gene reduced activity to 25%
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of wt type but combining the hyaB and hybC mutations did not reduce Hyd activity. A further
important observation from the growth studies at pH 6.5 was the finding that in hyaB hybC selC
triple mutant did not abolish Hyd activity completely, 15% of wt was retained (Fig.5,A). This
finding suggests that at slightly acidic pH Hyd-3 was stabilized and retained activity in the
absence of the FDH-H component. A mutant unable to synthesize the FHL complex retained
between approximately 45-60% Hyd activity (Fig. 5,A). This level of Hyd was due to the
combined activities of Hyd-1 and Hyd-2 (Fig. 5,A). At pH 6.5 and above, the selC mutation
caused reduction of the total Hyd activity by 20—30%, presumably due to partial destabilization
of the FHL complex.

g 4, A oOglucose fermentation 218 1 g  DOglucose fermentation
i 3.5 - mglycerol fermentation 2‘ 12 i & Bglycerol fermentation
S - . =
g 2 12 -
& 2.5 s
L s 1 4
2.2 £ 038
2 15 - g
- 2 0.6 -
& 1 @
g 2 0.4 -
& 05 - @
g g 0.2 -
2 0 - 5 I
T E%‘é‘é%%%%%%é B3 ELOD0O0OILIOOUN
TefsEE2G L0 T E5S55EE33 2
0 .‘é 9 Q sEEg225 4 S £
[ > > mE 5 3
> & © T >
= 2—_-% ER- = =
2 g
=

Fig. 5. Hydrogenase specific activity of E.coli wt and different Hyd mutants grown during
glucose or glycerol fermentation at pH 6.5 (A) and 5.5 (B). For others see Materials and
Methods.

At pH 5.5 the selC mutation had no effect on Hyd activity, suggesting that Hyd-3
contributed little to the overall Hyd activity at this low pH (see Fig. 5,B). This assumption was
supported by the limited reduction in total Hyd activity in a mutant unable to synthesize Hyd-3
(see Fig. 5,B). A mutant unable to synthesize active Hyd-2 also retained 75% of the total Hyd
activity compared to wt grown at pH 5.5 (see Fig. 5,B). An unexpected finding was the
complete dependence on active Hyd-1 for H,-oxidizing activity; a mutation in the hyaB gene or
all combinations of multiple mutations in which hyaB was also deleted resulted in a strain
without measurable Hyd activity (see Fig. 5,B). These findings indicate that during growth at
low pH Hyd-1 has an essential role in H, metabolism. The nature of this pH dependence on
Hyd-1 at low pH is unclear but might be related to a role of the enzyme in Apy" maintenance
(King and Przybyla, 1999).

During growth on glycerol the highest Hyd specific activity for wt (2.7 U (mg of protein)™)
was observed after growth at pH 6.5 (see Fig. 5,A), which contrasts with what was observed for
glucose fermentation. Growth of wt at pH 7.5 or pH 5.5 resulted in a similar total Hyd specific
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activity. It should be noted that the total Hyd activity of wt grown in peptone medium without
addition of glycerol or glucose was 0.2 U (mg of protein)™?, 0.3 U (mg of protein)™ and 0.44 U
(mg of protein)? after growth at pH 7.5, 6.5 and 5.5, respectively. This indicates that
supplementation of peptone-based growth medium with glycerol resulted in a 6- to 10-fold
increase in total Hyd enzyme activity, depending on pH. In contrast to what was observed for
glucose-grown cells, in cells grown in the presence of glycerol at pH 7.5 Hyd-1 and Hyd-2 were
the main contributors to total Hyd enzyme activity (see Fig. 4) because the specific activity
measured after growth of a hyaB hybC double mutant was approximately 5% of the activity
observed in wt. Deletion of the hybC gene resulted in an 80% decrease in enzyme activity (see
Fig. 4), while in a single hyaB mutant the Hyd specific activity decreased by 50%. Analysis of
Hyd-1 and Hyd-2 activities using the in-gel assay revealed that the activity band associated with
Hyd-1 in wt was rather weak in intensity (compare lanes D1 and wt in Fig. 6,F), despite the fact
that the hyaB mutation caused a significant decrease in total Hyd activity (see Fig. 4). Hyd-2
revealed an additional, rapidly migrating activity band in cells grown in glycerol-peptone
medium at pH 7.5 (see band labeled 20 in Fig. 6,F), which was still observed in a hyaB
background but was absent in a hyaB hybC double mutant.

At pH 6.5 wt had the highest Hyd specific activity (2.7 U (mg of protein)™) and when the
genes encoding the large subunits of Hyd-1 and Hyd-2 were deleted either individually or in
combination, little effect was observed on total Hyd activity (see Fig. 5,A). The residual activity
appeared to be Hyd-3-dependent because a mutant with combined deletions of hyaB, hybC and
selC essentially abolished Hyd activity (see Fig. 5, A). The activity bands of Hyd-2 were also
observed to be weak after growth in glycerol-peptone medium at pH 6.5 (Fig. 6, E), consistent
with the bulk of the activity measured in the liquid assay resulting from the activity of Hyd-3.
Furthermore, growth at pH 5.5 revealed that Hyd-1 and Hyd-2 made similar overall
contributions to total Hyd activity (Figs. 5,B, 6,D,) and deletion of the hyaB and hybC genes
reduced the total activity by approximately 30%, which indicates that Hyd-1 in particular had a
much less significant impact on total Hyd activity at this pH compared with growth on glucose
at pH 5.5 (see Fig. 5,B). It is conceivable that in the absence of either Hyd-1 or Hyd-2, more
Hyd-3 can be matured by the Hyp proteins (Bock et al., 2006), resulting in an apparently less
significant impact of the double hyaB hybC null mutations (see Fig. 5,B). Total Hyd activity
was essentially abolished in the hyaB hybC selC triple mutant (Fig. 5,B).

pH-dependent activity of Hyd-1 and Hyd-2 revealed by activity-staining after native-
PAGE. The activity of Hyd-1 and Hyd-2 can be readily visualized by in-gel staining for Hyd
activity after native-PAGE; the labile nature of Hyd-3 means that the activity of this enzyme
cannot be detected after electrophoresis. Thus, extracts derived from wt and mutants lacking
Hyd-3 or Hyd-4 but retaining Hyd-1 and Hyd-2, show the same pattern of activity bands as
observed for the lane labeled A3 (Fig. 6,A). Hyd-1 can be identified as a single activity band,
which is absent in a hyaB mutant. Hyd-2, in contrast, migrates more slowly than Hyd-1 and
exhibits two active species; in a mutant deleted for the hybC gene, the two active Hyd-2 bands
cannot be visualized but the activity band due to Hyd-1 was retained (Fig. 6). Extracts of a
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mutant deleted for hyaB and hybC both showed neither Hyd-1 nor Hyd-2 activity bands (lane A
(1+2) in Fig. 6,A). A similar phenotype was observed in a strain carrying a deletion in the hypF
gene, which consequently was unable to synthesize any active Hyd (see lanes labelled AF, Fig.
6).
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Fig. 6. Identification of active Hyd-1 and Hyd-2 by activity staining after native-PAGE. Crude
extracts derived from E. coli wt and different mutants grown on glucose (A-C) or glycerol (D-
F) at different pH were analyzed. The locations of Hyd-1 and Hyd-2 in the gels are shown on
the right of each panel. Where 1/ is signified this indicates a rapidly migrating form of Hyd-1
and where 2’ is shown, this signifies a more rapidly migrating form of Hyd-2. The asterisk near
the top of each gel designates a hydrogenase-independent activity band. To simplify the
nomenclature of the strains wt and mutants were given the following phenotypic designations:
Al (hyaB); A2 (hybC); A3 (fhlA); A4 (hyfG); A(1+2) (hyaB hybC); AF (hypF).

The weak, slowly migrating activity band observed in all extracts, including that of the hypF
mutant, is independent of the [NiFe]-Hyd but is caused by a side-activity of FDH-N and -O
(Soboh et al., 2011).

The increase in activity of Hyd-1 after growth at low pH compared to growth at high pH can
be readily observed for glucose-containing peptone medium (see Fig. 6,A-C). Although after
growth at pH 5.5 total Hyd activity was dependent on Hyd-1, an extract derived from a hyaB
mutant retained a weak activity of Hyd-2 (see Fig. 6,C) that appeared as a smear on the gel
rather than as the clearly defined activity bands observed at higher pH.
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Dependence on the FoF;-ATP synthase for the activities of the H,-oxidizing hydrogenases 1
and 2 during glucose and glycerol fermentation at high and low pHs. Initially, the Hyd
activity in the mutant DK8 (see Table 1), was determined during glucose fermentation and in
response to the pH of the medium. Previous studies have shown that the E. coli FoF,-ATPase
has the highest activity at alkaline pH (pH>7.0) (Bagramyan et al. 2002). Upon glucose
fermentation at pH 7.5 no Hyd activity in DK8 could be measured while a high Hyd activity
was measured in wt (Fig. 7,A). Analysis of Hyd-1 and Hyd-2 enzyme activity by in-gel staining
revealed that there were no activity bands corresponding to Hyd-1 or Hyd-2 in DK8 (Fig. 8,A),
which corroborated the findings of the enzyme assays. A Hyd-independent activity migrating
near the top of the gel (marked by an asterisk in Fig. 8) was unaffected by the atp mutation, and
this activity acted as a loading control in further experiments. Growth of DK8 at pH 6.5 resulted
in a Hyd activity of 0.15 U (mg protein)™ while after growth with glucose at pH 5.5, a Hyd
activity of 0.19 U (mg protein)® was determined. Wt grown under the same conditions had
activities of 2.05 and 0.82 U (mg protein)™?, respectively (Fig. 7,A). These data indicate an
inverse correlation between medium pH and Hyd activity in DK8 (Fig. 7,A).

In the in-gel Hyd activity assay, very weak activity bands corresponding to Hyd-1 and Hyd-
2 were observed only after growth at pH 6.5 in DK8, while wt showed strong activity bands,
particularly for Hyd-1 (Fig. 8,B). After growth of DK8 at pH 5.5 activity of Hyd-2 could not be
observed and that of Hyd-1 was barely detectable, indicating that the activity of both H,-
oxidizing enzymes was severely affected in atp mutant, particularly at extreme pHs (Fig. 8,C).

A Oowt B

4 3 owt

2 35 EDKS £ mDK8
S o S o 25
g g 3 S €
» =925 = 2
232 23 15
T < > L1
§315 §S

=1 oS
o9 1 [<h3]
5 © 05 5 ®© 0.5
> : = >
I 0 I 0

pH 75 pH 6,5 pH 5,5 pH 7,5 pH 6,5 pH 5,5

Fig. 7. Hydrogenase activity of E. coli wt and DK8 mutant strains grown and assayed
at different pH on peptone medium supplemented with glucose (A) or glycerol (B).
For others see Materials and Methods.

As a control, hyaB hybC double mutant failed to reveal any activity band (Fig. 8,C).
Notably, the in-gel staining data indicated that the weak Hyd-independent enzyme activity due
to FDH, and designated by an asterisk, was observed under all growth conditions with equal
intensity in wt and atp mutant. This indicates that the effects observed in DK8 grown on
glucose at pH 5.5 did not affect all oxidoreductases and that the residual Hyd activity in the
mutant was contributed by Hyd-3. These findings are also in accordance with the strong
inhibitory effect of DCCD on the activity of FDH-H and H, production at pH 7.5 (Trchounian
et al., 2011b). This effect could be due either to the lack of active FyF; directly or may be
mediated by a deficient Apy, (Trchounian, 2004). During growth on glycerol, a double mutant

14



lacking both Hyd-1 and Hyd-2 had elevated FqF;-ATPase activity at pH 7.5 but not at pH 5.5
(Blbulyan et al., 2011). These results have been interpreted to indicate that the activity of Hyd-1
and Hyd-2 has a strong influence on the activity of FoF;. At pH 7.5, DK8 had a lower Hyd-
activity (by 50%) than wt (see Fig. 7,B).
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Fig. 8. Analysis of active Hyd-1 and Hyd-2 in E. coli by activity staining after non-denaturing-
PAGE. Strains were grown either with glucose (A, B, C) or glycerol (D, E, F) as indicated and
atpH 7.5 (A, D), pH 6.5 (B, E) or pH 5.5 (C, F). For others see legends to Fig. 6.

In-gel activity staining revealed that this activity was mainly due to Hyd-2 but not Hyd-1
(see Fig. 8,D). Under these conditions the activity of Hyd-3 is usually absent. After growth of
wt at pH 6.5 the total Hyd activity was similar to that during glucose fermentation and the
mutant had a value of approximately 10% of the activity in wt (see Fig.7,B). The in-gel assay
demonstrated that Hyd-2 and Hyd-1 both were active under these conditions (see Fig. 8,E).
Growth of wt at pH 5.5 with glycerol resulted in a Hyd specific activity of 1.5 U (mg protein)™
(see Fig. 7,B). In contrast, the Hyd activity of DK8 was barely detectable (see Fig. 7,B). In-gel
activity-staining revealed that neither Hyd-1 nor Hyd-2 activity could be detected (see Fig. 8,F).
The results with FqF;-negative mutant point to a requirement for active FqF; for the activity of
Hyd-1 and Hyd-2 during glucose or glycerol fermentation. Moreover, the data obtained indicate
that there is an inverse correlation between Hyd activity and pH during fermentative growth on
glucose and a direct correlation between Hyd activity and pH during glycerol fermentation.
While both enzymes retain low activity during growth at pH 6.5 in the atp mutant, both are
inactive at more extreme pHs. These data demonstrate a metabolic link between FyF, activity
and H,-oxidizing activity and underscore the key role of Hyd-1 and Hyd-2 in energy
conservation.
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Anaerobic growth of E. coli on mixed carbon (glucose+glycerol) sources fermentation at
pH 6.5, E;, drop and H, production in the assays supplemented with glucose or glycerol. E.
coli wt and mutant cells grown during mixed carbon (glucose and glycerol) fermentation at pH
6.5 yielded an OD of ~1.0 at 20-22 h. V4, in the assays supplemented with glucose was ~2.35
mV Ey/min/mg dry weight for wt grown during mixed carbon fermentation (Fig. 9)
(Trchounian, 2012). This was ~2 fold lower than that in wt grown on glucose, and it was almost
same for the cells grown on glycerol. In the assays with glycerol, Vi, was only ~0.43 mV
En/min/mg dry weight (Fig. 9).
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This was ~4.5 fold lower than that for the cells grown on glycerol. Thus, E. coli produced
H, during mixed carbon fermentation at pH 6.5, its production rate depended on the
supplemented carbon source during the assays. These findings may have different explanations
based on glucose and glycerol transport and biochemical pathways of their oxidation; however,
a further study is required.

Vo by hyaB, hybC single and hyaB hybC double mutants was lowered ~1.5 fold, compared
to wt when glucose was added whereas it was increased in the cells grown on glucose only (Fig.
10,A). H, production by these mutants was similar or less than the cells grown on glycerol or
mixed carbon, respectively, when glycerol was supplemented (Fig. 10,B). These data showed
that Hyd-1 and Hyd-2, might operate in reverse, H, producing mode, when cells were grown on
mixed carbon. Alternatively, they might be involved in H, recycling and supply H* to Hyd-3
and Hyd-4 for H, production. This suggestion agrees with the idea proposed by Lukey et al.
(2010) concerning the compensatory uptake functions of Hyd-1 and Hyd-2. In fhlA, hyfG single
and fhlA hyfG double mutants grown on mixed carbon, Vy;, was decreased ~2 fold compared to
wt when glucose was supplemented (Fig. 10,A). These data point out that Hyd-3 and Hyd-4
play key role in H, production. In addition, Hyd-4 could be proposed to be a compensatory or
reserve Hyd enzyme under mixed carbon fermentation that is becoming active at different
conditions (Trchounian et al., 2012b). The results are significant and suggest a new role of Hyd-
4 in H, production during mixed carbon fermentation. In this respect, it is interesting that H*
transport becomes sensitive to DCCD in hyf but not hyc mutants and DCCD-sensitive H*
release into the medium of the hyf mutant is ~50% (Trchounian et al., 2009). This could be
considered as another finding that Hyd-4 plays some role at pH 6.5. Different data for fhlA and
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fhlA hyfG mutants grown during glycerol fermentation were obtained with H, production when
glycerol was supplemented.
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Fig. 10. H, production by E. coli wt and Hyd-1 and Hyd-2 or Hyd-3 and Hyd-4 mutants during
mixed carbon fermentation at pH 6.5. Bacteria were grown in glucose, mixed carbon (glucose
and glycerol) and assayed with adding glucose (A) or grown on glycerol, mixed carbon (glucose
and glycerol) and assayed with adding glycerol (B). For others, see legends to Fig.9.

Vy, was increased by ~1.3 and ~1.7 fold, respectively (see Fig. 10,B). An explanation for
these results might be followed if Hyd-3 and Hyd-4 serve as H, oxidizing enzymes instead of
Hyd-1 and Hyd-2 under those mutations: this could be regulated by the FhlA protein. The
interactions between Hyd enzymes forming H, cycling and other proteins seems to be probable
(Redwood et al., 2008; Trchounian and Trchounian, 2009; Zbell and Maier, 2009; Trchounian
et al., 2011ab; 2012ab).
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In wt Vy, was inhibited ~2 fold when glucose was supplemented (see Fig. 11). This might

indicate a role of FgF; in H, production. DCCD inhibition of H, production was observed only
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in fhlA and fhlA hyfG mutants; this reagent had no inhibitory effect on H, production for the
other mutants used (see Fig. 11). These results indicate that FoF, is not playing major role in H,
production during mixed carbon fermentation at pH 6.5. Alternatively, the fhlA gene deletion
can break the possible interaction of FhlA with FoF;. In fhlA, more than in the other mutants,
FoF1 becomes involved in H, production since the fhIA mutation was shown to significantly
increase ATPase activity in the absence of formate; this mutation can affect the conformational
interaction between formate binding and ATP hydrolysis (Korsa and Bock, 1997). Thus, all
these data suggest that FhlA could be associated with FoF; for supplying H* to different Hyd for
producing H,.

Role of Hyd enzymes in Ap generation. Ap generation by E. coli during glycerol fermentation
was first studied. At pH 7.5, the increase of Ag was established to be only partially compensated
by a reversed ApH, resulting in a low Ap (Fig. 12). It should be noted that pH;, and A¢p were
lower and consequently Ap was also not higher when compared with glucose fermentation. This
difference between glycerol and glucose fermentation might be due to distinguished
mechanisms for H* transport, especially Hyd, besides of FF,. Therefore, a role of Hyd in Ap
generation during glycerol fermentation can be suggested. That could be different depending on
pH.
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CONCLUSIONS

1. Different Hyd enzymatic activity and H, production rate were shown for E. coli wild type and
mutants with defects in genes coding Hyd enzymes and its maturation as well as FqF; during
glycerol fermentation depending on pH.

2. During glycerol fermentation DCCD was demonstrated to inhibit H, production at acidic (pH
5.5) but not slightly alkaline (pH 7.5) medium and DCCD inhibition was reversed during
glucose fermentation. Moreover Hyd-3 and Hyd-4 were shown to be sensitive to osmotic
stress during glycerol fermentation at different pHs.

3. Hyd activity was inferred by native page electrophoresis to be dependent on the active FyF;
during glycerol or glucose fermentation, especially at extreme pHs.

4. Proton motive force generation with its chemical (ApH) and electrical components (Ae) was
detected during glycerol fermentation at different pHs. The pH;, and Ap was lower at pH 7.5
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compared during glucose fermentation. Hyd impact on overall proton motive force generation
was disclosed.

5. Hyd-2 mostly and Hyd-1 partially were shown to be responsible for H, production during
glycerol fermentation at pH 7.5; Hyd-3 and Hyd-4 can work in H, oxidizing mode.

6. Hyd activity was established to be only Hyd-1 dependent during glucose fermentation at pH
5.5.

7. Hyd-4 activity was revealed during mixed carbon (glycerol and glucose) sources
fermentation at pH 5.5 or pH 6.5.
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EN2NPL3UL YUSEL ULUGLE

Udthnthwghp

Zwbqmguyhtt punbkp'  Escherichia coli, hhnpngkuwqubp (2hy), hhypnghbwquyht
wluhynipni,  wpnunbwhtt  FoFi-UBdwq,  Unikinyuyhtt opwsuh  (H2)
wpunpmpnih, ghghpnih jpunpnud, wshwusth wnpmnipibph fpwep jadnpoud, pH

U wolhmwwnwbpp  wdppyws t E cofifmud dhpwduypp pH-h  wwpphp
wpdbipubpmd qihgipnh judnpdwt pupwgpnid Zhn-wyhtt winhympui b He-h
wpunpnipjul nunmdbwuhpdwip: Loqws hhdtwpunhpubph nsdwt  hwdwp
unugyt] b oqunugnpdyty ku Zhn-tukpp, huyybu bwl FoFi-UBdwqp npnonn qhubpnud
hwiqupnidutpny mwppip dntnwbintbp: Nuunmdbtwuhpygl) b uwb, pt htyybu Bu
wqnpmd - nwppkp  wpghjufhsutpt ot oudnuwyhtt upptup Hz-h  wpunwunpnipjub
gnpépupwgh Jpw, npnoyk] b wpnunbwowpd nidp b nunwdbwuhpdl)p He-h
wpunpnipjul juwp FoFi-UBdwqh htw: Ywwwpdl) L qhgbpnih  fjudnpdwt
pupwugpnmd unnwgywé wpynitpubph, hwdbdwwnwlut JEpnisnipinit qpnilngh,
hyybu b wshiwsth jpwnp wnpmipubph (qihgipnih b gniyngh) padnpuwb hbwn:
Uju Nughpubiph psdwt byuwwnwynyg oquugnpdyl) tu Zhn-uyhtt wlwmhynipjut
npnoUdwtt  Yhtuwphdhwluwt, He-h  wpuwunpnipjut b peoh punuipnid
wpnunbwowpd niwdh npnodwb dwipbwpwbwfuwi b JEuuwkbEunpuphdhulut
Ubpnnubn:

Guunuwpuws hbnwgnunipniatph wpyniipnud gihglpnih (10 dy/p) dnpdwt
wuydwbbpnid pny] hpdtughtt dhpwduwypnud (pH 7,5) pugwhuwjndty o wyt Zhy-
ubipp, npnip yuwunwupwbwnnt ku H2-h wpnwunpnipjut hwdwp: Mupqdb k np Ha-h
wpununpnipjul hudwp yunwuhpwbwnn b 2hn-2-p b dwuwdp Zhn-1-p: Uja Zhy-
ubpp, npnip Wwnwupwbwnne ku He-h wpnwunpnipjut hwdwp gningh fudnpdwt
pupwgpnd’ wyuhtpt Zhy-3-p b Zhn-4-p, gihgkpnih judnpdwt phypnid gnpénud B
hwlunupd Ha-h opuhnugdwi monnipyudp:
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8nyg t wpyk, np pny] hhdbwghtt pH-nud H>-h wpuniwgpnipnip pny) |
Lupynud E NN nhghlnhtpuhijuppnghhuhngh (3847Y) wqpkgnipjudp. Lipwunpynud E,
np Zhn-1-p Juuws b FoFi-UGbwgh htwn: ©ny) ppduyhtt (pH 6,5) b ppyuyhtt pH-
ubpnud  (pH 5,5) He-h wpuwnpnipju hwdwp wwnwupwbwnne £ UQL-1
hwdwluwnpgp, nph punuyphy b Zhy-3-p: Uk, He-h wpuwugpmipmoiit wnwgby
Supynud £ F8UY-h wqplgnipjudp ppduyhtt pH-mud b wjunbn Jupbnpynud E FoFi-
UBdwqh npnphy nhpp:

Pugwhwynyly] k Zhn-ukph qquyniimpniip puguuwljui oudnuughtt uppkuh
wuundwdp qihgipnih unpiwb pipwugpnid: Unwidhuwwnntly t qihglipnih fudnpdwt
wuydwbubkpnud peoh punupny ypnuntwywnd nidh unbknénwdp b tkppeouyhti pH-h
gudp wpdbpp, npp Yupnn E ukpgnpsty 2Zhn-ukph woiwwnwuph Jpue

8nyg GLu wpyk] Zhp-uwghtt winhynipjut bwut  wwppkpnipmibbpp
qthgbpnih b gpniyngh fuinpiwt pipugpnud Yupuws dhpwduyph pH-hg, hiswbu
dhnud, wyuytiu b pwhwljuljui wpdtputpny: Puguhwpnygt) ko wwwuppkp Zhy-ukph
wlwnhympmniip b He-h  wpunwungpmiput - wpwbidhwnlnmipniitpp wsuwsuh
wnpnipubph pweunipnh (qhgkpng b gniyng) ppunpdwt pipwugpni:

Unwgdws wpmynitpubpt twljut  wowbwlnipnit mukt  Zhg-ukpp
wlwnhynipjut  Jupquynpdwt b Hx-h wpnugpoipjuit Jhtuwnbjuninghugh
htnnwqu dpwljdwl, htyywbtu twb ppuwimd qhgkpnh npybu wdpuwsup bEdwub
wnpniph ogrnuugnpsdw punjuytdwt hwdwp:

TPYYHAH KAPEH APMEHOBIY

PE3IOME
Kurouesste cmosa: FEscherichia coli, rupporenasst (I'mpz), rupgporeHsHas axKTHBHOCTS,
mporonHas FoF1-AT®asa, mpousBopcTBo MonekymspHoro Bogzopoza (Hz2), GpoxxeHue

IJIHIIePUHA, CMENIaHHOe GPOXKeHNe MCTOYHHUKOB yrirepoza, pH

OTta paboTa mocBsleHa ucciaefoBanuio ['ua-Hoit akTuBHOCTH U IpousBoacTsa Hay £
coli mpu cOpaXMBaHUU TIJIHIEPUHA TpU pasauyHbix pH. [lna pemreHus 3TUX OCHOBHBIX
3a/ia4 IIOJTyYeHBI ¥ UCIIOIb30BaHbl PAa3IMYHbIe MyTaHTHI C ZedeKTaMy B reHaX, KOLUPYIOIUX
T'ug-s1, a Taxoke nporoHHyio FoF1-AT®asy. Taxke usydeHs! abdeKTsl pasHbIX HHIIOUTOPOB
M OCMOTHYECKOTO CTpecca Ha IIPOM3BOACTBO M2, ompezeseHa IPOTOHOABMXKYWIAA CHJIA U
cBa3p mpomsBopcrBa H» ¢ FoFi-AT®asoit.  Bsin mpoBemeH CpaBHUTENHBIH aHAMU3 C
OGpoXeHHEeM TJIIOKO3bI, @ TaKKe CO COpa)XWBAaHMEM CMEIIAHHBIX HCTOYHHUKOB YIJIEpoja

(THHHEPHH& nu I‘JIIOKOSLI). ,ZL]IfI penmeHnsa 3TUX 3a4a9 UCIIOJIb30BaIN GUOXMMUYECKHE METOAbI
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ompeneneHus [MA-HOH aKTHBHOCTH, MUKPOOMOITMYeCKHe U GHO3IEKTPOXUMHYECKHe
MEeTOZBI OIpeie/IeHHs Tpou3BocTa Ha.

B pesymsrare wmcciemoBaHuii OBITO IIOKa3aHO, Kakue ['MA-BI OTBETCTBEHHHI 3a
mpousBogcTBo H2 mpu 6poskenunu riuneputa (10 mia/m) B crabomenounoii cpege (pH 7,5).
Brrsacueno, urto 3a mpousBozcrBo H2 orBercrBenus! ['ma-2 u vactuyno I'mzp-1. Te T'uz-sr,
KOTOpBIe OBLIM OTBETCTBEHHBI 32 NPOM3BOACTBO H2 mpu GpolkeHHH IJIIOKO3BI, B YCIOBUAX
cOpaMBaHUA TIHIEPUHA JeHCTBYIOT Kak okucaurtenau Hz, To ecTs paGoTaioT B 06paTHOM
HaIlpaBJIeHUN.

Bsino moxasano, uto mpousBogcTBo Ho mpu cmabomenounom pH mpaktudecku He
uHrH6upyerca ¢ nomompio N,N'-gunuknorekcuakapboguumuzaa (JIK/), ogHako 3T0 He
uckrovaer csa3u ['uz-1 ¢ FoF1-AT®aszoii. B cra6okucnoit (pH 6,5) u xucioit (pH 5,5) cpegne
3a mpousBozicTBO H» oTBercTBeHeH KoMmmtekc ¢opmuar Bogopog sawuassl (PIVI-1),
KOMIIOHEHTOM KoToporo sBisfercs ['ng-3. Kpome toro, mpoussozcrso Ha unru6upyercs c
momomsio JIIK/ npu xuciom pH, uto npeamnonaraer kiodesyio poas FoFi-AT®assr.

OGHapyXeHa YyBCTBHTEJIBHOCTh ['MJ, K OTPULIATEJIBHOMY OCMOTHYECKOMY CTpeccy
npu 6poxxeHuu raunepuna. OmpeseneHsl 0COOEHHOCTH TeHEPHPOBAHUSA IIPOTOH - IBIDKYIIeH
CHIBl Ha MeMOpaHe KJI€TOK M HM3KOTO 3HAUeHWs BHyTpuKIeTouHOro pH B ycmoBuax
cOpaXXMBaHUA IIUIEPHUHA, YTO MOXET BIMATH Ha paboTy I'mz.

Bosee ToOro, GbLIM BBIABIEHBI CyLIECTBEHHbIE PasjIWdusd ['M[-0ff aKTUBHOCTH IpU
GpOXXeHUU TIHIIEPUHA MM TJIIOKO3bI IIPHU pasHbIX pH Kak B KOJIUYECTBEHHOM BUZE, TaK U B
MOJMUAKPUIAMUIHBIX TeIAX. DBbIfABIeHAa aKTUBHOCTh [W7A U IIOKa3aHbI OCOGEHHOCTH
mpousBogcrBa H2 mpu cOpakMBaHUM CMENIAHHBIX HCTOUYHHKOB yriaepoja (TIWliepuHa U
TJIFOKO3BI).

TTonmy4eHHbIe pe3ynIbTaThl UMEIOT Ba)KHOE 3HAYEHUE, KAK B PETyJIALUU aKTUBHOCTU
Tup u coBepiIeHCTBOBaHUA NMPOM3BOACTBA H2 B 6MOTEXHOIOTMM, TaK U JJId AalbHeHIIero

pacIIMpeHUs UCIIOIB30BaHM IIMI[ePHHA KaK JeNIeBOro UCTOYHUKA yTIepo/a.

23



