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INTRODUCTION

Topic relevance. It is known that the fossil fuels, especially oil and gas, stocks are
decreasing, and it is very important to find alternative and renewable energy sources.
Molecular hydrogen or dihydrogen (H:) as efficient, alternative and renewable energy
source has high impact of interest because from its burning high amount of energy
(=142 kl/g) is released,; it is ecologically clean; when burning H: only water is formed as
a side product [Momirlan & Veziroglu, 2005; Trchounian & Trchounian, 2015; Hosseini
& Wahid, 2016]. Much investigation is on-going for developing and enhancing Ha
production and to introduce and use this type of fuel in different branches of economy,
especially in Ha fuel cells, in cars (Toyota Mirai first commercial car using Hz), portable
generators etc. It is necessary to understand which substrates are needed for developing
and processing cheap and efficient Hz production technology.

H> can be produced by different ways: chemical - from water or carbohydrates
electrolysis or by their heating. But the chemical way of producing H: is complex,
inefficient and not profitable. Therefore, H> production from bacteria utilizing various
substrates (glucose, glycerol, formate) during dark or photo-fermentation is widely
spread. Already the possible use of various agricultural or industrial wastes is developed.

The H: formation process in bacteria is catalyzed by reversible enzymes -
hydrogenases (Hyd) [Sawers, 1994; Trchounian et al., 2012; Peters et al., 2015;
Flanagan & Parkin, 2016; Ogata et al., 2016]. Hyd enzymes have been identified and
described in 1930s and determined in many prokaryotes and some eukaryotes [Thauer,
1998; Trchounian & Trchounian, 2015; Sargent, 2016]. Importantly, Escherichia coli
encodes four membrane-bound [Ni-Fe] Hyd enzymes [Kim & Kim, 2011; Trchounian et
al., 2012; Peters et al., 2015; Trchounian & Trchounian, 2015; Sargent, 2016]. It is
supposed that in different environmental conditions at least one of them or two are
working towards H: production direction and at least one or two rest Hyd enzymes in H>
uptake direction. Such operating directions of Hyd enzymes in the cell make new H
cycle. Some Hyd enzymes can form formate hydrogen lyase complexes (FHL)
[Trchounian et al., 2012]. But the structure, biosynthesis, activity, genetic regulation and
working mechanisms of various enzymes are not clear yet. By defining and describing
the regulation of the activity and working mechanisms of Hyd enzymes, they might be
efficiently applied in H. production biotechnology. The basis of these is the high H:
producing strains constructed by the genetic and metabolic engineering methods
[Maeda et al., 2008; Hu & Wood, 2010; Tran et al., 2014].



In 2006, it has been discovered that glycerol can be anaerobically utilized or
fermented by E. coli [Dharmadi et al., 2006; Gonzalez et al., 2008]. This finding has
interest not only for basic studies but also from economical point of view, as glycerol,
compared to sugars, is very cheap and readily available in huge amounts [Trchounian &
Trchounian, 2015; Anitha et al., 2016; Garlapi et al., 2016]. It has been shown that
during dark fermentation at pH 6.3 among various fermentation end products H: gas is
also generated. But it has negative impact on the cell growth and glycerol fermentation.

The use of glycerol for fermentation might have enormous application in H:
production biotechnology by reaching to industrial scales [Khanna et al., 2012;
Clomburg & Gonzalez, 2013; Mattam et al., 2013; Trchounian & Trchounian, 2015]. The
differentiation of Hyd enzymes, determination of their activity and revelation of working
mechanisms at various conditions during glycerol fermentation would have big impact.
In H2 and other various compounds production biotechnology new approach is applied
by investigating different substrates and their mixtures (glycerol+glucose,
glycerol+formate, glycerol+acetate etc.).

Research goals and tasks. The main goal was dedicated to the investigation of H>
production and hydrogenase activity and their improved routes by E. coli and other
bacteria during dark fermentation of various carbon sources and their mixtures.

Constituted tasks of the research were to:

= reveal the growth of E. coli and H2 production in the presence of various carbon
sources, especially glycerol and their mixtures;

= construct E. coli mutants with defects in Hyd enzymes, transcriptional factors and
determine in the whole cells - Hyd enzymes responsible for Hz production, in cell
extracts — Hyd activity;

= clarify interaction between E. coli Hyd enzymes during dark fermentation of various
carbon sources;

= investigate the effects of different external factors, among them - pH, osmotic stress,
concentrations of carbon sources, various inhibitors, on E. coli H2 production;

= determine proton motive force generated by E. coli during glycerol fermentation and
ascertain the relationship between H: production, hydrogenases and proton FoFi-

ATPase activities;

= reveal the growth of C. beijerinckii and Ha production in the presence of various
carbon sources, especially glycerol, and determine Hyd activity and formate
dehydrogenase activity in cell extracts;



= investigate the effects of different factors, among them - pH, concentrations of
carbon sources, various inhibitors and some heavy metal ions on C. beijerinckii H:
production;

= develop improved routes of Hz production in bacteria by selection of appropriate
mutants, various carbon sources and their mixtures, optimization of technological
conditions.

Topic scientific novelty and applied value. During the conducted research it has
been revealed which Hyd is (are) responsible for H: production during dark
fermentation of glycerol, as a cheap substrate, and various mixtures of carbon sources.
This was determined with mutants lacking different Hyd enzymes in E. coli during
glycerol fermentation. In contrast to glucose fermentation, It was established that at
slightly alkaline pH mainly Hyd-2 and to some extent Hyd-1 are responsible for H
production. It was suggested that Hyd-1 is related to proton FoFi-ATPase. At slightly
acidic and acidic pHs FHL-1 complex, where Hyd-3 is one of the components of FHL-1, is
responsible for H2 production. H2 cycling via multiple Hyd enzymes is proposed. It was
shown significant changes in Hyd activities during glycerol or glucose fermentation
depending on pH, osmotic pressure and inhibitors. The bioenergetics of glycerol
fermentation was described.

H> production by C. beijerinckii was revealed during dark fermentation of glycerol,
various carbon sources and their mixtures. It had been shown the peculiarities of Hyd
activity during fermentation of glycerol, various carbon sources and their mixtures
depending on pH, various inhibitors and some heavy metals ions.

It has been suggested new improved routes for H: production during dark
fermentation of glycerol, various carbon sources and their mixtures in bacteria.

The results obtained has significant impact on improvement of H> production
biotechnology and widening the use of glycerol.

Main points to present at defense.

1. E. coliand C. beijjerinckii produce H2 during glycerol fermentation at slightly alkaline
pH; all E. coli Hyd enzymes are reversible and mainly Hyd-2 is responsible for H>
production.

2. In bacteria Hyd activity depends on type of carbon source and its concentration,
mixture of carbon sources, pH, osmotic stress and various inhibitors, different metal
ions and their concentrations.

3. The proton motive force during glycerol fermentation, in contrast to glucose
fermentation, is low. Hyd enzymes have impact on proton motive force generation.
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4. The improved H: production in bacteria occurs with the choice of appropriate
mutants, carbon sources and their mixtures, pH, osmotic stress and some metal ions
and their concentrations conditions.

Work approbation. Main results of the dissertation were discussed at seminars in
Department of Biochemistry, Microbiology and Biotechnology, Biology Faculty of
Yerevan State University (Armenia), Institute of Biology/Microbiology Martin-Luther
University of Halle-Wittenberg (Germany), Department of Microbial Ecology, Limnology
and General Microbiology University of Konstanz (Germany), Department of
Biochemistry and Molecular Cell Biology University of Georgia, Athens, (USA), Institute
of Biosciences and Bioengineering, Rice University in Houston, Texas (USA) and
presented at different scientific congresses and meetings, namely 11" International
Hydrogenase Conference, Marseille, France (2016), 21 World Hydrogen Energy
Congress, Zaragoza, Spain (2016), 116" General Meeting of American Society for
Microbiology (ASM) in Boston, USA (2016); 115" General Meeting of ASM in New
Orleans, USA (2015); 6" World Congress on Biotechnology, New Delhi, India (2015);
6™ FEMS Congress in Maastricht, Netherlands (2015); BIT’s 5% Annual World Congress
of Molecular and Cell Biology, Nanjing, China (2015); 114" General Meeting of ASM in
Boston, USA (2014); 39* FEBS Congress in Paris, France (2014); 18 EBEC Congress in
Lisbon, Portugal (2014); 18" International Biophysics Congress in Brisbane, Australia
(2014); 38™ FEBS Congress in St. Petersburg, Russia (2013); etc. in total more than 20
seminars and 25 scientific congresses and meetings.

Publications. Based on experimentally obtained data 57 articles, papers and thesis,
including 29 full papers in international peer-reviewed journals and books were
published.

Yolume and structure of dissertation. Dissertation contains introduction, literature
review (Chapter 1), experimental part (Chapter 2), results and discussion (Chapter 3),
conclusions and cited references (total 300 papers and books). The dissertation consists
of 230 pages, contains 11 tables and 84 graphs and figures.

MATERIALS AND METHODS
Bacteria: In experiments E. coli BW25113 or MC4100 wild type (wt) strains and
appropriate mutants were used (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 [Miller, 1972].



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

Strain Genotype Absent or defective gene Reference
product
lacl® rrnBris AlacZwrie
BW 25113 . [Maeda et
hsdR514 AaraBADatiss Wild type
al., 2007]
Arha BAD.p7s
Baba et al.,
JW 0955* | BW 25113 AhyaB Large subunit of Hyd-1 | [o222 @
2006]
Baba et al.,
JW 2472+ BW 25113 AhyfG Large subunit of Hyd-4 | | a2g OeG]a
2701* M t
w270 BW 25113 AfhiA FHL activator [Macda e
al., 2007]
IW2962" | By 95113 AhybC Large subunit of Hyd-2 [Macda et
4 g y al., 2007]
MW 1000 BW 25113 AhyaB Large subunits of Hyd-1 and [Maeda et
AhybC Hyd-2 al., 2007]
SW1001* BW 25113 AhyfG FHL activator and large [Trchounian
AfhlA subunit of Hyd-4 et al., 2011]
SW1002* BW 25113 AhycG FHL activator and large [Trchounian
AfhlA subunit of Hyd-3 et al., 2011]
KT 2110 BW 25113 AhyaB Large subunits of Hyd-1, Hyd- | [Trchounian
AhybC AselC 2 and tRNAs etal., 2012]
Baba et al.,
IW 0887 BW 25113 AfocA Formate channel [Baba et a
2006]
t al.
W 2477 BW 25113 AfocB Formate channel [Baba et al,
2006]
B
MC 4100 araD139 AlacU169 . [Bagramyan
| hi fl Wild type et al.,
rpsL thi fla
P 2002]
[Bagramyan
JRG 3615** .
MC 4100 A(hyfA-B) Subunits of Hyd-4 etal.,
2002]
*% B
JRG 3621™ | \ic 4100 A(hyfB-R) Subunits of Hyd-4 [ aftr:”y an




2002]
HDK 103 [Trchounian
MC 4100 Ahya Ah Hyd-1 and Hyd-3
va anye yertand iy etal., 2013]
HDK 203 [Trchounian
MC 4100 Ahyb Ah Hyd-2 and Hyd-3
¥ Aye ye-s and hy etal., 2013]
* h et
FM 460 MC 4100 4selC {RNA [Soboh &
al., 2011]
FTD 147 MC 4100 AhyaB Large subunits of Hyd-1, Hyd- | [Trchounian
AhybC AhycE 2 and Hyd-3 etal., 2012]
FTD 150 MC 4100 AhyaB Large subunits of Hyd-1, Hyd- | [Trchounian
AhybC AhycE AhyfG 2, Hyd-3 and Hyd-4 etal., 2012]
DHP-F2 MC4100 AhypF Maturation of all [Trchounian
hydrogenases etal., 2012]
DK8 bglR thill .rell A(uncB- FoFi-ATPase [Trchounian
uncC) ilv::Tn 10 et al., 2011]

* Resistant to Kanamycin
** Resistant to Spectinomycin

Clostridium beijerinckii DSM791 type strain (identical with ATCC 25752) was
obtained from DSMZ, Germany.

Bacterial growth and preparation for assays. E. coli was 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 20 g/I, K;HPO4 15
g/l, KH2PO4 1 g/I, NaCl 5 g/I, pH 7.5; peptone 20 g/l, K:HPO4 7.5 g/, KH2PO4 8.6 g/,
NaCl 5 g/I, pH 6.5; peptone 20 g/I, KaHPO41 g/I, KH:PO415 g/I, NaCl 5 g/I, pH 5.5. 2 g/l
(11 mM) glucose and/or 10 g/I (110 mM) glycerol and/or 0.68 g/I (10 mM) formate 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 N,N’-
dicyclohexylcarbodiimide (DCCD) or washed with 0.8 M sucrose for the following hypo-
osmotic stress. For C. beijerinckii the following medium was used: yeast extract 0.5 g/I,
KoHPO4 1.5 g/l, KHaPO4 1.5 g/l, MgS04 x 7 H20 492 mg/l, L-cystein 500 mg/I, MnSO4 x
H.0 15 mg/l, FeS04 x 7 H20 20 mg/l, resazurin 1 mg/l, p-aminobenzoic acid 2 mg/l,
thiamine-HCl 2 mg/l, biotin 0.4 mg/l, pH was adjusted to pH 7.5. In the medium 10 g/I
glycerol (110 mM) and/or 7.2 g/l (40 mM) glucose and/or 0.68 g/I (10 mM) formate was
added.



Preparation of cell extracts. Harvested E. coli 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 50,000 x g and at 4°C.
Clostridium cultures were harvested in an anoxic chamber by centrifugation in anoxic
polypropylene centrifuge bottles at 16,270 x g for 10 min at 4°C. Cells were washed and
re-suspended in anoxic phosphate buffer (50 mM, pH 7.5). The pellet was re-suspended
in 5 ml of washing buffer, and the cells were broken by repeated passage through a
cooled French-pressure cell at 137 MPa under anoxic conditions. Protein concentration
was determined by Lowry or Bradford methods [Lowry et al., 1951; Bradford, 1976] with
bovine serum albumin, as standard.

Determination of total hydrogenase enzyme activity and formate
dehydrogenase activity. Hyd enzyme activity (H.-dependent reduction of benzyl
viologen (BV)) was determined according to [Ballantine & Boxer, 1985] except that the
buffer used was 50 mM MOPS, pH 7.0. The wavelength used was 578 nm and an B
value of 8,600 M' cm™ was assumed for reduced BV. One unit of activity corresponded
to the reduction of 1 ymol of hydrogen per min. Formate dehydrogenase enzyme activity
was measured with BV according to [Miiller et al., 2008]. The reaction was initiated by
adding 25 mM sodium formate

Non-denaturing polyacrylamide gel electrophoresis (PAGE) 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 & Boxer, 1985] except the buffer used
was 50 mM MOPS pH 7.0.

Determination of proton motive force. Ap was calculated as a sum of Ap and ApH
according to Aun:/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 & 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 pHin was determined by the distribution of weak base - 9-aminoacridine (9-AA)
across the membrane according to [Puchkov et al., 1983]. The 9-AA fluorescence was
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measured with a spectrofluorimeter (SPEX Fluoro Max, France) with excitation at 324
nm and emission at 451 nm.

Determination of redox potential and H: production. Redox potential (En) in
bacterial suspension was measured using the redox, a titanium-silicate (Ti-Si) and
platinum (Pt) electrodes [Trchounian et al., 2011]. In contrast to Ti-Si-electrode
measuring the overall En, a Pt electrode is sensitive to Hz under anaerobic conditions (in
the absence of 0O2) allowing detection of H.. H> production rate (Vi2) 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 En or mmol Hz per min per mg dry weight of
bacteria [Trchounian et al., 2011; Trchounian, 2012]. H2 production was also determined
by the chemical assay [Maeda & Wood, 2008] and Durham tube method [Bagramyan et
al., 2002]. Dry weight of bacteria was determined, as described [Trchounian & Vassilian,
1994].

Analytical methods. Gas samples were taken from the headspace of sealed serum
bottles and H2 gas production was analyzed by gas chromatography (GC) using a
thermal conductivity detector; the carrier gas was nitrogen. H> production rate was
calculated as produced H2 in mmol/per hour/per g cell mass (mmol/h/g cell mass).
Organic compounds such as glucose, glycerol, ethanol, butanol, acetate etc. were
measured by high-performance liquid chromatography (HPLC). Samples and standards
were prepared by acidification with H2S0O4 to a final concentration of 91 mM followed by
centrifugation for 5 min at 16,100 x g to remove cells. The supernatant was used for
analysis and applied to the HPLC system with a 234 auto-injector. Samples were
separated at 60°C with an Aminex HPX-87H ion-exchange resin using an isocratic
mobile phase of 5 mM H:S0Os at a flow rate of 0.6 ml/min provided by a LC-10AT vp
pump. Organic compounds were detected with a refractive index detector RID-10A, and
the detector signal was recorded with the Shimadzu LC solution software.

Data processing. The average data are represented from at least three independent
experiments; the standard errors were calculated using Microsoft Excel 2010 and
Student criteria (P) were employed to validate the difference in average data between
different series of experiments, as described [Trchounian et al., 2011; Gabrielyan et al.,
2014]; the difference was valid if P < 0.01, if not valid will be mentioned in the text.

RESULTS AND DISCUSSION
H> production by E. coli during dark fermentation of glycerol and various
mixtures of carbon sources with glycerol at different pHs.
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Molecular H: is one of the end products of mixed-acid fermentation in E. coli and
other bacteria which can be used and applied in various branches of industry and
human life [Dharmadi et al., 2006; Trchounian, 2015]. Gonzalez group [Dharmadi et
al., 2006] has discovered that, glycerol like sugars (glucose), can be anaerobically
fermented by E. coli and generate H: at acidic pH (pH 6.3). But glycerol metabolism
pathways are not clear. Due to the fact that glycerol is cheap, it could be also used as a
source for H2 production.

E. coli has the ability to encode four Hyd enzymes catalyzing the reaction of H: to
2H*. Depending on the carbon source and pH Hyd enzymes can operate either in H>
uptake or production direction [Trchounian & Trchounian, 2009].

Hyd-1 encoded by the hya operon is induced under anaerobic conditions at acidic pH
[King & Przybyla, 1999]. Hyd-2 encoded by the hyb operon [Laurinavichene et al., 2002]
reaches its maximal expression at alkaline medium [King & Przybyla, 1999]. Hyd-3 and
Hyd-4 encoded by the hyc and hyf operons, respectively [Trchounian et al., 2012], with
formate dehydrogenase H (Fdh-H), form FHL-1 and FHL-2 complexes. FHL-1 produces
H. mainly at acidic pH. For slightly alkaline pH, FHL-2 becomes responsible for H
production [Trchounian et al., 2012].

Note that the activity of Hyd-3 and Hyd-4 is related with the proton FoFi-ATPase
[Trchounian et al., 2012]. At pH 7.5 it might result from Hyd-4 interaction with FoF: to
supply reducing equivalents (H* + e’) for energy transfer to the secondary transport
system [Trchounian, 2004]. To establish responsible Hyd for Hz2 production under the
above mentioned 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.

Vh2 at pH 7.5 was ~2.2 mV Ew/min/mg dry weight (Fig. 1). It was ~2.5 fold lower
compared with cells grown on glucose. When E. coli cells grew on glycerol at pH 7.5
medium pH decreased with 0.25 unit which was little compared with glucose
fermentation where pH dropped pH 7.5 to pH 6.8. This huge distinction may denote
lower acidification of the medium due to less formation of different acids or their
changed proportion during dark fermentation of glycerol, as supposed [Murarka et al.,
2008]. Moreover, Vha was increased ~2-fold (Fig. 1) in fhlA mutant. The results
suggested that Hyd-3 at least is operating in a H2 uptake or oxidation direction during
glycerol fermentation at pH 7.5. In hyaB mutant Vi was lowered ~3-fold and less or
only residual in the hybC mutant (Fig. 1). In contrast, during glucose fermentation V2
was almost the same for wild type and mutants studied.
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These data revealed that during glycerol fermentation Hyd-2 mostly and Hyd-1 is less
responsible for H> production.

o

B glycerol fermentation Fig. 1. H» production by E.

coli wt and different
mutants defective in Hyd

H glucose fermentation

[+2]
1

enzymes during glucose or
5 glycerol fermentation at

H, production mY
Ern/min/mg dry weight
=%

pH 7.5. For others see
Materials and Methods.

<

wt fhiA hyfG hyaB hybC hyaB hyfG hycG selC
hybC fhiA fhiA

In addition, the results implied that Hyd-2 can be a reversible enzyme operating in

H2 production direction during glycerol fermentation whereas this enzyme has been
shown [Trchounian et al., 2012] to be functioning as H: oxidizing one under glucose
fermentation.

When E. coli cells were grown in the presence of mixture of glycerol and formate in
FM460 (selC) single mutant H2 production by E. coli decreased ~2 fold suggesting that
FDH-H is involved in Hz production probably supplying reducing equivalents to Hyd-3 or
to the other enzymes which are contributing to Hz evolution (Fig. 2). However, the
deletions of genes for three Hyd enzymes in FTD147 (hyaB hybC hycE) or KT2110 (hyaB
hybC selC) mutants resulted in the marked decrease of Vi, ~2 fold and ~3.5 fold,
respectively, compared to the wild type (Fig. 2). The remaining H> seems to be produced
by Hyd-4. These data about H> producing activity at pH 7.5 are in conformity with the
findings obtained previously by Redwood et al. [2008].

The results propose that there are compensatory H2 oxidizing or producing functions
of Hyd enzymes but one Hyd enzyme cannot compensate the other three ones. This
causes disturbance of Ha cycling between different Hyd enzymes where Hz production
already is not favored for the cell. It may be also suggested that each Hyd enzyme
cannot function by its own: all Hyd enzymes in E. coli are associated each with other to
form some assemble and operate together for maintaining H cycling. This idea is novel
but it should be ruled out for further study.

At pH 6.5 during mixed carbon fermentation by E. coli in glycerol assays the overall
situation regarding the study of single or double mutants with defects in Hyd-3 and Hyd-
4 was similar to that at pH 7.5. But surprisingly in selC mutant no decrease of V2 was
detected (Fig. 2). As following, no FDH-H was needed.
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Fig. 2. Ha production rate (Vi2) by E. coli wt and mutant strains with defects in FDH-
H, Hyd-1, Hyd-2 and Hyd-3 during mixed carbon (glycerol and formate) fermentation in
the assays supplemented with glycerol or formate at pH 7.5 and 6.5.

In hyaB hybC selC triple mutant Vi was decreased ~3.6 fold (see Fig. 2). But in
contrast to the findings at pH 7.5, at pH 6.5 H2 production was completely absent in
hyaB hybC hycE triple mutant (see Fig. 2). These data clearly point out that H:
production is lowered but not totally abolished due to partial destabilization of FHL-1
complex in hyaB hybC selC mutant, where FDH-H was absent, and Hyd-3 can work in H>
producing mode.

In formate supplemented assays, in hycE single and hyaB hybC selC triple mutants
Vhawas lowered ~4.5 fold and ~13 fold, respectively, compared to wt (see Fig. 2). Thus,
at pH 6.5 during mixed carbon fermentation, in the assays with added glycerol, in wt
cells Viz was similar to that with the cells grown on glycerol only. Interestingly, no role of
FDH-H has been observed for pH 6.5. The deletion of single or double genes or even
the whole operons for one or more Hyd enzymes don’t reveal Hyd enzymes mainly
responsible for H> production. Obviously, as at pH 7.5, in formate assays, Hyd-3 is
major H2 producing Hyd enzyme at pH 6.5.

Taken together, the main results have been obtained with hyaB hybC selC and hyaB
hybC hycE triple mutants. Only deletions of genes for three Hyd enzymes affect H.
production at both pHs in glycerol assays. These data suggest that during mixed carbon
fermentation the disturbance of Hz cycling reduced the production of Hz and one of Hyd
enzymes cannot work simultaneously either in Hz uptake or production direction.

To investigate the growth of E. coli on acetate in the buffered peptone medium wt
cells were grown on glycerol and/or acetate. At first, wt cells of E. coli BW25113 were
grown on acetate with 1, 2 and 5 g L concentrations as a sole carbon source at slightly
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alkaline (pH 7.5) and slightly acidic (pH 6.5) pHs (Fig. 3, A, B). According to available
reports, acetate exceeding 5 g L' concentration might be an inhibitor of growth and act
as uncoupler [Jensen & Carlsen, 1990]. When wt cells were grown at pH 7.5 under
anaerobic conditions on 1 g L' acetate at early log phase the specific growth rate (p) was
0.35%.0.03 h' (Fig. 3, A). The same result was obtained at pH 6.5 (Fig. 3, A). In
comparison, cells grown on formate alone either at pH 7.5 or pH 6.5 had ~3 fold higher
p, compared to the cells grown on acetate only. Moreover, in wt cells grown in the same
conditions but in the presence of 2 g L' acetate p did not change. In addition, cells
grown at acidic (pH 5.5) pH had p of 0.15£0.01 h' which was lower ~2.3 fold (Fig. 3,
A). This might be due to acidic environment and acetic acid, as formate, can suppress
the cell growth due to uncoupling effects by dissipation of the transmembrane pH
gradient (ApH).

04 - 03 -
- 03 - = 0.2 -
02 <01 -
= 0.1 - 0
0 H pH pH|pH pH pH
pH pH pHipH pH pH pH pH pH 75 65 55 1.5 65 55
7.5 6.5 5.5/7.5 6.5 5.5/7.5 6.5 5.5
grown in 5g/1| grown in 5g/I1
A grown in | grownin | grown in B acetate acetate and
1g/] acetate 2g/l acetate 5g/| acetate 10g/1 glycerol

Fig. 3. Specific growth rate (u) of E. coli BW25113 wt grown in buffered peptone
medium at 37°C during concentration-dependent acetate (A) and mixture of acetate and
glycerol (B) utilization at different pHs.

As in the nature, higher concentrations of acetic acid are formed wt cells were grown
on 5 g L acetate. At pH 7.5 p was 0.22+0.01 h' (see Fig. 3, A, B). The same growth
rate was achieved with E. coli wt cells under aerobic conditions in the presence of 10 g
L' acetate [Lakshmanaswamy et al., 2011]. After ~10 h of growth cells were able to
consume all acetate at p of 0.23+0.01 h' [Lakshmanaswamy et al., 2011]. The decrease
of pH resulted in less p, and at pH 6.5 the p was 0.19+0.01 h' ~1.7 fold less, compared
to the cells grown on 1 or 2 g L acetate. Even worse cells grew at pH 5.5 with p of
0.08£0.01 h' (see Fig. 3, A). It is important to address that different groups were
investigating acetate consumption in the presence of various sugars e.g. glucose and
xylose [Lakshmanaswamy et al., 2011]. The critical growth inhibition at low pH might be
due to combined effect of high concentration of acetate and acidic pH.
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As in different industrial and agricultural wastes not only acetic acid but also glycerol
was present it was of great interest to explore the effects of mixture of glycerol and
acetate on growth of E. coli, and thus, use mixture for producing valuable chemicals,
biofuels and other products. As it was shown before, optimal concentration of glycerol
for growth was 10 g L' [Poladyan et al., 2013], and the highest H: yield was determined
at 5 g L acetate, the mixture of 10 g L™ glycerol and 5g L acetate was taken to study
(see Fig. 3, B). Either cells were grown on acetate or in the mixture with glycerol, p for
all pHs tested above was the same (see Fig. 3, B). This indicate that acetate inhibits cell
growth even in the presence of other carbon source. These data are in good conformity
with the results obtained previously showing that acetate inhibits growth at early log
growth phase in the presence of glucose [Luli & Strohl, 1990]. It is noteworthy that
different groups have employed mainly pH 7.0 for acetate fermentation and optimized
acetate removal or utilization by E. coli for neutral pH [Luli & Strohl, 1990; Russel &
Diez-Gonzalez, 1998]. As we were interested in converting acetate to H2, wide range of
pH 5.5 to 7.5 was applied (see Fig. 3). Moreover, this pH range was optimal for H:
production by E. coli as Hyd enzyme was active at this pH range, which was described
previously [Trchounian et al., 2012].

To investigate if acetate is reused and transmuted to H2, H> evolution kinetics in E.
coli batch cultures at different pHs in the presence of varying concentrations of acetate
(see Materials and methods) were studied (Fig. 4). H2 production by E. coli was tracked
for 48 h. The highest Hz yield of 5.07£0.15 mmol H2 L was detected at early log growth
phase with acetate concentration of 5 g L at pH 7.5 and late growth phase at pH 6.5.
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At pH 5.5 Ha yield was residual 0.27+ 0.0lmmol H> L. When wt cells were grown
on 2 g L acetate either at pH 6.5 or pH 7.5, the same H> yield (2.2+0.07 mmol Ha L")
was reached early at log growth phase. This was less ~2.3 fold than at the same pH but
with 5 g L' acetate (see Fig. 4).

In addition, at pH 5.5, H2 evolution was detected only at the late stationary phase,
and H> yield was 0.70+0.02 mmol Ha L. E. coli wt cells grown at pH 7.5 and pH 5.5 in
the presence of 1 g L acetate resulted in production of 1.36+0.04 and 1.45+0.04 mmol
Ha L' at the late log growth phase, respectively. This was quite intriguing finding
because at acidic pH, when 1g L' acetate was employed, at log growth phase H
production was ~3.9-fold more than at the same conditions but in the presence of 2 g L°
! acetate (see Fig. 4). The fact clearly demonstrated that substrate limitation resulted in a
higher product formation. These data are similar to the outcome shown before that high
concentration of glucose inhibits H2 production [Trchounian & Trchounian, 2014].
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Fig. 5. Viz in E. coli wt cells
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g o~
1

10 g L' glycerol alone or in
the mixture of 10 g L
glycerol and 5 g L acetate

=y

g dry weight

under anaerobic conditions at
37°C at pH 7.5 and pH 5.5.
Glycerol assay 1 corresponds

QO - N W
1

H, production rate, mmol/min

to the cells grown on acetate

corresponds to the cells pH 7.5 pH 6.5

grown on glycerol only.

Moreover, the uncoupling effect of acetic acid at pH 5.5 might result in low and
delayed Hz production. On the contrary, at pH 6.5, H2 production was disclosed at early
log growth phase and had similar level, as for the data obtained for 2 g L. In overall,
optimal pH for H2 generation was pH 6.5, and optimal concentration of acetate is 5 g L-
1

In addition, wt cells grown in the presence of the mixture of acetate and glycerol
were harvested and assayed for Ha production (see Fig. 5). Interestingly, at pH 7.5 Vh2
in glycerol supplemented assays was the same compared to the cells grown on glycerol
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only but at pH 6.5 Viawas ~1.5-fold higher compared to the cells grown on glycerol (see

Fig. 5). This might be used further for pre-cultivation of the cells and enhanced H:

production from glycerol.

Glucose concentration as an important factor for Hyd-4 activity.

During fermentative growth of E. coli in the presence of 0.2% glucose and in the
assays supplemented with 0.2% glucose at pH 7.5 JRG3615 (hyfA-B) and JRG3621 (hyfB-
R) mutant strains (see Table 1) had H2 production rate (Vi2) ~6.7 fold and ~5 fold less,
respectively, than wt cells (Fig. 6, A). In the same conditions addition of 0.8% glucose in
the assays had the same effect on H2 generation. At pH 6.5 in JRG3615 and JRG3621
strains Vi2 was decreased ~2.2 fold and ~7.8 fold, respectively, compared to wt (Fig. 6,
A). But at pH 5.5 in JRG3621 strain it was decreased ~3.8 fold, compared to wt (Fig. 6,

A).
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These findings point out that at pH < 7.0 only the deletion of the most of Hyd-4
operon genes disturbs Hz production, unless Vi of JRG3615 is ~3.5 fold higher than
that of JRG3621 strain (see Fig. 6, A). The decreased H: production might be due to
interaction between Hyd-4 and Hyd-3 and the lacking major part of Hyd-4 which affects
Hyd-3 activity. The data with Hyd-4 mutants suggest that the deletion of single gene has
no clear effect on H2 production activity of Hyd-3 or Hyd-4 because of compensatory
effects between these Hyd enzymes [Trchounian et al., 2012], but deleting most of the
hyf operon genes, which might be involved in electron transfer chain from FDH-H to
Hyd-3 or Hyd-4 or protons from the FoFi-ATPase to secondary transport systems, might
disturb the pathways and has strong impact on H: production overall. During
fermentative growth of E. coli in the presence of 0.2% glucose but in the assays
supplemented with 0.8% glucose the same effects of Hyd-4 impact on Hz generation was
observed (see Fig. 6, A). In this respect it is suggested that supplementation of glucose
concentration is important for H, formation and addition during the assays of different
concentrations of the carbon source has no effect.

During growth of E. coli in the presence of 0.8% glucose but in the assays
supplemented with 0.2% glucose at pH 7.5 wt and mutants showed similar H2 producing
activity (see Fig. 6, B). In JRG3621 strain Vu2 was lowered, compared to wt, but this
decrease at pH 5.5 was not significant and had no any effect. In the assays with 0.8%
glucose in wt and mutants no any difference in Vi was observed (see Fig. 6, B). The
data obtained suggest that at 0.8% glucose concentrations no any Hyd-4 activity in Hz
production or other processes can be detected (see Fig. 6, B). Moreover, excess of
glucose in the cells can change the fermentative metabolism, and it might be that Hyd-4
is switching on when there are limited conditions for the cell. In addition, an association
of the FoFi-ATPase with secondary transport systems or key enzymes of fermentation has
been proposed under energy limited processes when transfer of energy from ATPase to
the other membrane protein might lead to the work increasing efficiency of energy
using [Trchounian, 2004; Trchounian & Sawers, 2014].

It can be concluded that Hyd-4 is active mainly at low concentrations of glucose at
pH 7.5. Probably Hyd-4 switches on when there are glucose limited, not reach
conditions for cells. These results are of significance for regulation of Hyd enzyme
activity to enhance H2 production during fermentative conditions.

Role of formate channels in H: production during fermentation of glucose or
glycerol.
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During growth on glycerol at pH 7.5 the H2 production rate in the focA mutant was
~2.4 fold higher compared to the wt (Fig. 7, A). These results render that deletion of
focA disturbs the export of formate; so it could be suggested that FocA can export
formate and, moreover, enhanced H: production is observed. Ha production in the focB
was similar to the wt (Fig. 7, A). When the cells were grown on glycerol and 10 mM
formate was added to the assays, the Vi increased ~2.8 fold in the focA mutant,
respectively, relative to the level in the wt. Surprisingly, in the absence of FocB, formate
addition failed to affect H2 production (Fig. 7, A). These data show for the first time that
the predicted formate channel FocB has an important role in H> production during
glycerol fermentation at high pH. At pH 6.5, E. coli wt and all mutants demonstrated
similar Vi2 in glycerol assays but in the formate assay the focA mutant resulted in ~1.8
fold increase, compared to the wt (Fig. 7, A).

In contrast, the focB mutant showed similar Vi to that of the wt (see Fig. 7, A).
However, after growth with glycerol at pH 5.5 a different effect was observed. The Vi
of focA and focB mutants was decreased ~1.8 fold compared to the wt. These data
denote that focA and focB genes have a role in Hz production by E. coli during glycerol
fermentation and formate supplementation. Taken together the results obtained suggest
that at pH 7.5, when glycerol is present, formate enters the cell through FocB.
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Fig. 7. H2 production rates of E. coli wild type and mutants lacking the genes encoding
formate channels FocA or FocB. For strains, see Table 1. Strains were grown at different
pHs in peptone medium supplemented with glycerol (A) glucose (B). In the assays
glycerol, glucose or formate were added.

This is confirmed by analyzing the focB mutant where Hz production was residual
and, in contrast, at more acidic pHs in glycerol-grown cells both channels are operating
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in formate import direction and formate is neutralized by converting it to H> and CO2 to
maintain intracellular pH at neutrality.

During glucose fermentation at pH 7.5 in the glucose supplemented assays, the Vha
by E. coli wt and focA mutant was similar but it was decreased ~1.6 fold in the focB
mutant, when compared to the wt (see Fig. 7, B). The same effect was observed in the
assays when 10 mM exogenous formate was added. In the focB strain Vi was reduced
~1.9 fold (see Fig. 7, B). This might indicate that during glucose fermentation either
glucose or exogenously supplied formate has the same impact on Vh2 in both wt and
mutant strains. At pH 6.5 in the assays with supplemented glucose the same results
were attained for wt and mutants as at pH 7.5. Moreover, in the presence of
exogenously supplied formate H: production was decreased ~2 fold and ~3 fold in focA
and focB mutants, respectively, compared to the wt. At pH 5.5 in the presence of
externally supplemented formate H> production had similar behavior and was lowered
~1.6 fold and ~3 fold in focA and focB strains, respectively, compared to the wild type.

But at this pH in glucose assays in focB single mutant H2 production was decreased
~2.5 fold, compared to the wt (see Fig. 7, B). These data indicate that focA and focB
genes have different role in H2 production during glucose fermentation. Moreover, the
effects depend on pH. The results point out that external formate has different effects
on Hz production, which might reflect an interaction between FocA and PflB [Beyer et
al., 2013]. In addition, during glucose fermentation FocB might also interplay with PfIB.
To conclude, the results suggest that during glucose fermentation FocB has a role in H>
production. As FocA is exporting formate, FocB might import back the formate to
produce H: and, therefore, in the absence of FocB the import of formate is impaired
and, thus H2 production decreased. These might also indicate relationship between
intracellular formate generating, formate neutralizing and H2 producing mechanisms.
Sensitivity of E. coli hydrogenases to osmotic stress during dark fermentation of
glycerol. Role of DCCD as an inhibitor in H2 production.

Osmotic stress has been shown to affect Ha-evolving activity by E. coli Hyd enzymes
during glucose fermentation at pH 7.5 [Bagramyan et al., 2002]. However, during
glycerol fermentation at pH 7.5 Vi by wt cells was the same under hyper- or hypo-
stress (Fig. 8). But at pH 6.5, Vi2 decreased approx. 5-fold upon hypo-stress compared
to hyper-stress conditions (Fig. 8). Thus, osmotic stress effects on Hz evolving activity
during glycerol fermentation was pH dependent. This finding was of interest as mainly
Hyd-2 and to a lesser extent Hyd-1 are responsible for Ha evolving activity during
glycerol fermentation at pH 7.5 [Trchounian et al., 2011; 2013; Trchounian &
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Trchounian, 2009], whereas Hyd-3 or Hyd-4 probably are main H2 producing enzymes
[Trchounian, 2015; Trchounian et al., 2011; 2012]. During different stress conditions,
also for hypo-stress, sizes or volume of the periplasmic space of the bacterial cell might
be changed: the role of periplasmic proteins could be suggested to regulate membrane-
associated proteins conformational structure and activity including FoFi [Trchounian et
al., 1994]. Due to this change it is possible that these enzymes which are situated on the
periplasmic side of the membrane and include Hyd-1 and Hyd-2 [Dubini et al., 2002,
Trchounian, 2015; Trchounian et al., 2012] would become osmosensitive. As mentioned
above, mainly Hyd-2 and partially Hyd-1 are working in H2 producing direction at pH 7.5
during glycerol fermentation [Trchounian et al., 2011; 2013; Trchounian & Trchounian,
2009] but no effect of osmotic stress was determined before.
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This might be explained by Hyd-2 and Hyd-1 changing their conformation or
localization within the membrane and, thus, were not directly affected by osmotic stress.
This seems likely to be due to a major contribution of Hyd-2 to H2 production during
glycerol fermentation resulted from changed metabolism and surprisingly influenced H*
reduction [Trchounian et al., 2013]. The other possibility is that under osmotic stress
metabolic cross-talk and interaction between some membrane-associated enzymes
including Hyd and FoFi [Trchounian et al., 2012; Trchounian, 2015] can be disrupted.
This would be with Hyd-3 and Hyd-4 since H. production was markedly decreased under
hypo-stress at low pH. The effect of pH, which is very complex, should not be ruled out
in this context. Importantly, the same pH dependent effect was shown for inhibition of
H. production with DCCD during glycerol fermentation [Trchounian & Trchounian,
2009; 2013; Trchounian et al., 2011]; therefore comparison with DCCD effects was
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done with mutant, which will be described below. Actually, during glycerol fermentation
at pH 7.5 E. coli hyaB and hybC single or hyaB hybC double mutants did not show any
H: production nor did they show an effect of osmotic stress or DCCD (Fig. 9).

Upon hyper-stress at pH 7.5 in hyfG single mutant Vi2 was inhibited by DCCD ~ 6.8
fold but in fhiA single and fhlA hyfG double mutants it was decreased markedly ~ 10
fold (Fig. 9). Vh2 under hypo-stress in fhlA and hyfG mutants was decreased by only ~
1.7 fold and threefold, respectively; and in fhlA hyfG mutant it was decreased ~ 2.5 fold
(Fig. 9). These data indicated that Hyd-3 and Hyd-4 were osmosensitive; alternatively,
FhIA could be involved in osmotic stress effects on H> production. There was no
contradiction with the fact that Hyd-4 might work in Hz2 uptake mode or supply H* to
Hyd-2: H* could be transferred from FoFi, as suggested [Trchounian & Trchounian,
2009].
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Interestingly, osmoregulation of transcription was suggested by change in
intracellular solute concentration but under other conditions [Trchounian & Trchounian,
2013].

E. coli hydrogenase activity during dark fermentation of glucose or glycerol at
different pHs.

Wild type cells grown on glucose at pH 7.5 yielded a total Hyd specific activity of
3.34 U (mg of protein) (Fig. 10), while the activities at pH 6.5 and 5.5 were 2.05 U and
0.82 U (mg of protein)', respectively. Analysis of hyaB mutant showed that Hyd-1
contribution was little to the total Hyd specific activity at pH 7.5. Interestingly, in fhiA
single or fhlA hyfG double mutants ~ 60% reduction in total Hyd specific activity (1.38 U
(mg of protein)’ (Fig. 10) was detected, denoting that Hyd-3 made a significant
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contribution to total Hyd specific activity under these conditions. The rest of the activity
comes from Hyd-2 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. 10). When cells were grown at pH 7.5 on glucose the total Hyd specific
activity in hybC mutant was ~ 30% of the wt, yet in hyaB hybC double mutant retained
60% of the wt activity (Fig. 10). Hyd specific activity of wt cells grown on glycerol was
highest (2.7 U (mg of protein)”) at pH 6.5. The Hyd specific activity was same at pH 7.5
or pH 5.5. Note, that Hyd activity of wt cells grown in peptone medium without addition
of carbon source 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.
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This clearly demonstrated that supplementation of glycerol as a carbon source
resulted in a 6- to 10-fold increase in Hyd specific activity, depending on pH. Compared
to glucose-grown cells, 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. 10) because the
specific activity measured after growth of a hyaB hybC double mutant was approximately
5% of the activity observed in wt. In hybC mutant 80% decrease in enzyme activity was
observed (see Fig. 10), while in a single hyaB mutant the Hyd specific activity decreased
by 50%.

Role of proton FoFi-ATPase in Hyd-1 and Hyd-2 specific activities during glucose or
glycerol fermentation at various pHs.

First of all, the Hyd specific activity in DK8 mutant (see Table 1), was determined
during glucose fermentation at different pH values. At pH 7.5 under glucose
fermentation no Hyd activity was detected in the mutant while a high Hyd activity was
determined in the wt (Fig. 11, A). Analysis of Hyd-1 and Hyd-2 activity by in-gel staining
uncovered that no activity bands corresponding to Hyd-1 or Hyd-2 (Fig. 11, A) could be

23



detected. In in-gel Hyd activity assay, in DK8 mutant very weak activity bands
corresponding to Hyd-1 and Hyd-2 were detected at pH 6.5 (Fig. 11, B). 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 Hx-oxidizing enzymes was severely affected in atp
mutant, particularly at extreme pHs (Fig. 11, C). As a control, in hyaB hybC double
mutant no any activity band was observed (Fig. 11, 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 DK8
mutant. These data show that the effects observed in DK8 mutant grown on glucose at
pH 5.5 did not affect all oxidoreductases and the residual Hyd activity in the mutant was
contributed by Hyd-3. This effect could be also due to either the lack of active FoF
directly or may be mediated by a deficient Apn. [Trchounian, 2004].
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Fig. 11. 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 at pH 7.5 (A, D), pH 6.5 (B, E) or pH 5.5 (C, F).

During growth on glycerol, a double mutant lacking both Hyd-1 and Hyd-2 had
elevated FoFi-ATPase activity at pH 7.5 but not at pH 5.5 [Blbulyan et al., 2011]. These
results indicate that the activity of Hyd-1 and Hyd-2 has a strong influence on the activity
of FoFi. At pH 7.5, DK8 had a lower Hyd-activity (by 50%) than wt (see Fig. 11, B). In-gel
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activity staining revealed that this activity was mainly due to Hyd-2 but not Hyd-1 (see
Fig. 11, D).

Wild type cells grown at pH 6.5 had similar Hyd specific activity as during glucose
fermentation, and the mutant had a value of 10% of the activity in wt (see Fig. 11, B).The
in-gel assay demonstrated that Hyd-2 and Hyd-1 were active under these conditions (see
Fig. 11, E). Wild type cells grown at pH 5.5 on glycerol resulted in a Hyd specific activity
of 1.5 U (mg protein)’ (see Fig. 11, B). In contrast, the Hyd specific activity of DK8
mutant was barely detectable (see Fig. 11, B). In-gel activity-staining revealed that neither
Hyd-1 nor Hyd-2 activity could be detected (see Fig. 11, F). The results indicated that FoF
is needed for the activity of Hyd-1 and Hyd-2 during glucose or glycerol fermentation.
These data demonstrated a metabolic link between E. coli FoFi and Hs-oxidizing activity
and underscore the key role of Hyd-1 and Hyd-2 in energy conservation.

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 A was established to be only partially compensated by a reversed ApH,
resulting in a low Ap (Fig. 12). It should be noted that pHin and A¢ 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 FoFi. Therefore, a role of Hyd
in Ap generation during glycerol fermentation can be suggested. That could be different
depending on pH.

Fig. 12. The values of Ag,
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and methods.

H> production in C. beijerinckii during dark fermentation of various carbon
sources and their mixtures.
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To investigate Hx production during glycerol fermentation, Clostridium beijerinckii
DSM 791 was assayed for hydrogen formation with glycerol at pH 7.5 and pH 5.5.
Besides glycerol, for comparison glucose and various mixtures of carbon sources like
glucose plus formate, glycerol plus formate and glucose plus glycerol were taken to test
if it is possible to enhance the H: production and increase Hyd enzyme activity by
applying different carbon sources. The latters were of importance as in nature no single
carbon sources are present. The optimal pH for C. beijerinckii growing on glycerol was
pH 7.5.

The H: production rate during fermentation of glycerol (110 mM) at pH 7.5 was ~3.5
mmol/h/g cell mass which was ~1.2 fold lower compared to glucose (40 mM) (Fig. 13).
But interestingly, a mixture of 110 mM glycerol and 10 mM formate increased the rate
by ~1.4 fold compared to glycerol only. With a mixture of 40mM glucose plus 10 mM
formate, the H> production rate was decreased ~1.8 fold (Fig. 13). This might point out
the differences between glucose and glycerol fermentations and thus differences in Hyd
enzyme activity. At pH 5.5, the H2 production rate was lower in all variations of single or
mixed carbon sources. In general, during glycerol fermentation the H> production rate
at pH 5.5 was 1 mmol/h/g cell mass and ~ 3.4 fold lower than at pH 7.5 (Fig. 13).
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During glucose fermentation at this pH, the H2 production rate was lower compared
to glycerol which was not the same for pH 7.5 (see Fig. 13).

To understand the role of Hyd enzymes in H. production during fermentation of
different substrates and their mixtures, Hyd specific activity was determined. In all
tested conditions the Hyd activity was higher at pH 7.5 than at pH 5.5. When cells were
grown at pH 7.5 on glucose, the Hyd activity was ~3.3 fold higher than at pH 5.5 (Fig.
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14). Moreover, at pH 7.5, Hyd activity of the cells grown on glycerol was ~1.4 fold higher
than cells grown at the same pH but on glucose only. Interestingly, cells grown in the
presence of glycerol plus formate at pH 7.5 showed increased Hyd activity compared to
cells grown at pH 5.5 (Fig. 14). When the cells were grown at pH 7.5 in the presence of
glycerol plus formate Fe** (0.01 mM) had a stimulatory effect on Hyd activity; it was
increased ~1.3 fold. The same effect was obtained when Fe®* (0.5 mM) or Ni2* (1 pM)
was added in the assays (Fig. 15).
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As the results above showed that single Fe?* (0.01 mM) and Ni** (1 pM) increased
Hyd activity the mixture of these metals in the same concentrations were studied, and
Hyd activity was increased by ~50% compared to the cell free extracts only or by ~25%
compared to the assays with single metals (see Fig. 15).
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CONCLUSIONS

1. Growth and H> production of E. coli and C. beijerinckii were revealed during dark
fermentation of glycerol and various carbon sources and their mixtures. It has been
determined that 10 g/l (110 mM) glycerol is optimal concentration for H2 production
rate and yield.

2.1t has been established that in E. coli mutants with defects in various Hyd enzymes
Hyd-2 mainly and Hyd-1 partially are responsible for H production at slightly alkaline
pH (pH 7.5), and Hyd-3 and Hyd-4 can operate in H uptake or oxidation direction. At
slightly acidic (pH 6.5) and acidic (pH 5.5) pHs Hyd-3, component of FHL-1 complex,
is responsible for Hz production.

3.1t has been shown that total Hyd activity during dark fermentation of glucose at acidic
(pH 5.5) conditions was formed only by Hyd-1. The role of Hyd-4 was revealed during
dark fermentation of mixture of carbon sources (glucose+glycerol) at slightly acidic
(pH 6.5) and acidic (pH 5.5) pHs. The dependence of Hyd-4 from glucose
concentration was shown.

4.1t has been revealed the sensitivity of E. coli various Hyd enzymes to osmotic stress
during dark fermentation of glycerol at different pHs.

5.1t has been shown that DCCD inhibits the Hz production during dark fermentation of
glycerol at acidic (pH 5.5) but not at slightly alkaline (pH 7.5) pH and during
fermentation of glucose the inhibition effect of DCCD was inversed.

6. In the mutant lacking proton FoFi-ATPase in non-denaturing polyacrylamide gel it was
found that in E. coli during glucose or glycerol fermentation Hyd activity depends on
the FoFi-ATPase.

7.The proton motive force in E. coli during glycerol fermentation at different pH values
was determined. It has been shown the low value of proton motive force and
cytoplasmatic pH during glycerol fermentation at pH 7.5 compared to glucose
fermentative conditions. The investment of Hyd enzymes in proton motive force
generation was revealed.

8.It has been revealed the high activities of Hyd and formate dehydrogenase enzymes in
C. beijericnkii compared to E. coli during glycerol and various carbon sources and
their mixture dark fermentation at pH 7.5.

9.1t has been shown that in C. beijericnkii at pH 7.5 during glucose fermentation 0.1
mM Fe®* or 10 pM Ni**, during glycerol and formate fermentation mixture of 0,01 mM
Fe?*and 1 uM Ni?* enhances Hyd enzyme activity. The inhibitory effect of Cu** depends
on its concentration, medium pH and carbon source.
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10. It is suggested to apply glycerol, as cheap carbon source, and different mixtures of
carbon sources with glycerol, for H2 production improvement. The choice of optimal
values for technological conditions (pH, concentration of carbon source, inhibitors,
some metal ions) substantially increases H> production.
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Uprlwjht fudnpnid hpwlwuwgunn pwlnbphwubpnud dniEynywiht opwduh
wpuwnpnijwu b hhnpngbuwquiht wywhynipgjut fupwudwt ninhubpp

Udthnthwghp

<wugnigwjhu pwnbin' Escherichia coli, Clostridium beijerinckii, dpUwjhu fudnpnud,
dniEynywihu opwduh (H2) Ywd YEuuwopwduh wpwwnpniegniu, hhnpngbitiwqubp
(hn),  hhnpnqtitiwquihtt  whwhynieiniu,  dpguwpent  nkhhnpnqtuwquyhu
wywhynigyniu, pH, wpnunnuwihu  FoF-Ubbwg, qihgtipnih fudnpnud,  wéfuwdup
wmwppbp wnpnipubph W npwig fuwnunipnubph dpUwiht fudnpnu:

Syjw| wotuwwnwupp uyhpjwsd £ E. coli-nd W C. beijerinckii-nid dhowdwjph pH-h
wmwppbp wpdbpubpnd wéfuwduh wmwppbp wnpnipuph W npwug fuwnunipnubiph
Jpuwihu  fudnpdwtu  pupwgpnd  <hn-wjht  wywhynipjwu b YEuuwenpwduh
wpuwnpnijwu nwnwuwuhpdwup:

Npwbu  wéfuwduh  wnpnipubip  oguwgnpdyly  Gu  gqhgbipnip,  qyniyngp,
dpouwpeniu, pwgwfuwppentu: E colind  <hn-wjhtu  wlwhynipjutu L He-h
wpuwnpnijwu nunwuwuppdwt hwdwp unwgytp b ogunwgnpdytip Gu wwppbp
<hn-ubipp, wpnunuwjhu FoF-Ubdwgp npnonn gbubipnd  fjuwuqupnuiubpnyg 21
dnunwuwnubn: Pwgh wjn nwnwuwuppgtp £ uwl wwppbp  wpgbwyhsubph L
oudnuwjht uppbtiuh wgnbgnieniup Ha-h wpwwnpnygywu Yeuuwgnpdpupwgh Ypw,
npnayti) £ E. coli-nd wypnunnuwownd nidp b nwinwitwuhpybip Ha-h wpunwnpniyejwt
Yuwuwp wypninnuwihtu FoF-Ubdwgh htinn: Utiht, nwnwiutwuhpdb) £ YEuuwepwduh
wpuwnpnjwt  Yuiunwp  wdfuwduh  wnpnipubiph Ynugbunpwghwutiphg:  Uu
fuunhpubiph  NGSdwu  bwywwnwyny oguwgnpdyt Gu  <hn-wiht  wynhyniyejwt
npndwt  YGluwphdhwlwu, H>-h  wpunwnpnigjwu b pooh  pwnwupnd
wpnunnuwwnd nwdh npnadwt dwupbwpwuwlwu, YeuuwbGynpwphdhwiwu W wy
dtipnnutip: Pwgh wyn C. bejjerinckii-nud htiinwgnuyt § glhgbipnih jnipwgnuip b Ha-h
wpunwnpnijwt - Ywlunwdp  gihgbpnh bW wwppbp wdfuwduh  wnpjnipubph
fuwnunipnubiphg W npwug Ynugbumpwghwubphg: Npnadtp Gu <hn-wjhu L
dpouwpent  nbhhnpngbuwquiht  wywnhynigyniuubpp,  fudnpdwt  wpryniupnid
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wnwowgwd Yhpouwunypbinp, twppbp dwup dbwnwnubiph wagnbignigyntup <hn-wjhu
wywinhynipjwu Yypw:

Ywwnwnpdwsd hbnwgnunnygyniuttiph wpryniupnud pwgwhwynyt Bu E. coli-h b C.
beijerincki-h pwlwnbiphwubph wép W Ha-h wpwnwnpnigyniup glhgbipnh b wétuwdup
wmwppbp wnpnipubph nL npwug fuwnunipnutiph Jpuwjht fudnpdwt pupwgpn:
8nyg Lt wnyk), np ghgbipnih 10 g/ (110 JU) Ynugbunnpughwt uwwuwnwynp £ Ha-h
wpuwnpnjwt  (wpwgnyutu b Gph) hwdwp: <pn-wht - fuwbuqupniubpng
dnunwlwnubiph oqunipjudp gnyg b wpyb, np E. colind <hn-2-p dEdwdwuwdp L
<hn-1-p dwutwyphnpbt ywwnwufuwtwwne Gu H-h wpunwnpnipjwt hwdwp pny|
hhduwjhu (pH 7,5) dhowduwjpnid, huy <hn-3-p b £hn-4-p Yupnn Gu wotuwwnb) Ha-h
Ylwudwu U opuhnwgdwu ninnnipjudp: (Eny| pRrYwihu (pH 6,5) U prywjhu (pH 5,5)
wwydwuubpnwd Ha-h wpnwnpngywu hwdwp wwnwufuwuwnne £ <hn-3-p, npp
URL-T hwdwlwngh pwnunphsutiphg £:

Snyg £ wipybip <pn-4-h wlinhdniejwt Ywiunwp gyniyngh Ynugbunpughwihg pH
7.5-nul: Pwgwhuwjinyby £ oudnuwjhtu uppbiuh tlwwdwdp E. coli-h wmwpptip <hn-ubiph
qqwyniuniniuu - glhgtipnth  dpuwiht  fudnpdwu  pupwgpnd  dhowdwiph  pH-h
wmwppbp wpdbpubpnid:

Npnaytiy £ E. coli-nud pooh pwnwupny wpnuninuwownd nidp gihgbipnih fudnpdwu
pupwgpnd dhowywjph pH-h wmwppbip wndbpubipnd: Snyg £ wpyb) upw, huswbu
uwl ubppoowihu pH-h gwdp wpdtipp dhowdwyph pH 7,5-h wwjdwuubipnid gyniyngh
fudnpdwu hwdbidwwn: <wynuwpbpdb) £ <phn-ubiph ubpnpnup ypnnnuwwnd nidh
untinddwu dby:

Pwgwhwynyt Gu C. beijerinckii-nud <hn-wjht b dpguwepent nthhnpngtuwquyhu
pwnap wywhyniyeiniuubpp glhgbipnih b wéuwduh wwppbp wnpnipubph ne npwug
fuwnunipnubiph dpuwjht fudnpdwu pupwgpnid pH 7.5-nut* E. coli-h hwdbdwwn: Snyg
E wpyby, np C. beijerinckii-nid qyniyngh fudnpdwt wwdwuubpnd pH 7.5-nwd 0.1 U
Fe** Ywd 10 dyU Ni#* fupwunwd £ <phn-wjhu wywnhdnyeyniup, huy gihgbpnh W
dpguwppyh fuwnunipnh Jplwjhu fudnpdwu wwjdwuubpnud® 0.01 JU Fe*-h W 1 dyuU
NiZ*-h fuwnunipnp:

Unwowpyynwd £ Ho-h wprwnpnigyuwt pwpbjwydwt  twwwwyny  Yhpwnt
glhgtipnip, npwbiu wétuwduh Edwu wnpjnip, W wéfuwduh wwppbn wnpnipubph htn
upw fuwnunipnubpp:  Sbjuuninghwywu  wwjdwuubph (pH, wdfuwduh wnpniph
Ynugbunmpwghw, wpgbuyhsubp, npnp  dGnwnubph  hnutbp)  uwwunwynp
wnpdbipubiph puwnpnigyniup bwwbu dEdwgunwd £ Ha-h wpwwnpnigyntup b <pn-wjhu
wywnhynieyniup:
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TPYYHAH KAPEH APMEHOBUY

nyTIA CTUMYyNNpPOBaHNA NPOnN3BOACTBA MONEKYNAPHOro Bogopoaa n I'M,U,pOFeHaSHOﬁ
aKTUBHOCTK Y 6aKTepMV1, OCYyLLECTBNIAOLLUX TEMHOBOE 6p0)KeHv1e

PE3IOME

Kntouesble cnosa: Escherichia coli, Clostridium beijerinckii, TemHoe 6poxeHue,
NMpPOU3BOACTBO MoneKkynapHoro sogopoga (H2) unn 6uosogopopa, rupporeHassl (fup),
ruporeHasHas aKTMBHOCTb, (bOpMMaT JErMApOreHsHas akTMBHocTb, pH, npoToHHaA
FoFi-AT®aza, 6poxeHune ravuepuHa, TEeMHOBOE bpoKeHMe pasHbIX UCTOYHUKOB yrieposa
M UX CMecei.

Hacroawana pabota noceAalleHa nccnesosaHuto Ma-Holi akTUBHOCTU M NPOU3BOACTBA
6uosopopopay E. colin C. beijerinckii npu cbpaxmpaHumn pasHbix UCTOYHUKOB yrnepoja
M X CMeceil Npu pa3nnyHbix pH.

M3 wnctouHukoB yrnepoga Obinu MCMonb3oBaHbl [NHOKO3a, FAMLEPUH, dopmuar,
auertat. [lna uccneposanua [Ma-Hoii akTMBHOCTK M NpousBoacTea buosogopogay E. coli
nofyyeHbl U Ucnonb3osaHbl 21 MyTaHT ¢ fedekTamu B reHax, KoaUpyroLwymx pasHble [ua-
bl U TPaHCNAUMOHHble pakTopbl, a Takke npoToHHyto FoFi-ATda3zy. Takme 6bian
u3syyeHbl 3hpeKTbl pasHbIX MHIMOMTOPOB W OCMOTUYECKOrO CTpecca Ha MpPOU3BOACTBO
H> y E. coli, onpepeneHa nNpoOTOHO-ABMMYLLAA cuna M CBA3b npoussopctea Hx ¢
npotoHHoi FoFi-ATdaszoii. Bbinn uccnepoBaHbl TakKe 3aBUCMMOCTb MPOU3BOACTBA
6uoBofoposa OT KOHLEHTpauuil UCTOYHMKOB yrnepopa. [lnAa pelleHWA MmocTaBREHHbIX
3ajay WUCMoOnb3oBanM OUOXMMMYECKME MeTofbl onpepeneHua [WA-HOW aKTUMBHOCTH,
MUKpobuonoruyeckne, bGUOINEKTPOXMMUYECKME W Apyrue  MeToAbl  onpepeneHus
npoussoactea H> M npoToH- ABwxylleld cunbl. Kpome Toro, 6bimn wuccneposaHbl
YyTUAM3aLMA FMLEPUHA U 3aBUCUMOCTb NPOU3BOACTBA H2 OT rnLeprHa 1 pasHbix cmeceit
UCTOYHUKOB yrnepopa u ux KoHuetpauwii y C. beijerinckii. Bbinu onpepenenbl [va-Haa n
chopmmMaT JernaporeH3HaA aKTUBHOCTb, KOHEYHble MPOAYKTbI OpOoMeHWA, BauAHWE
pasHbIX TAXENbIX METaNOB Ha [MA-HYO aKTUBHOCTb.

B pesynbtate uccneposanuii 6binm nokasaHbl poct E. coli v C. beijerinckii v
npousBoAcTBo Ha npu cOpaxmBaHUM rAMLEPUHA U pasHbIX UCTOYHWUKOB Yrnepoja U ux
cvecell. Bbino ycTaHOBNEHO, 4TO ONTUMalbHOW KOHLETpauuell ravuepuHa AnAa
npoussoactea Ha asnaetca 10 r/n (110 mM). Bonee Toro ¢ nomoLubto pasHbix MA-HbIX
MYTaHTOB BbIACHEHO, 4TO 3a nNpoussoacteo Ha y E. coli B cnabolenoyHoii cpepe (pH 7,5)
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otBeTcTBeHHbl [Ma-2 n vactuuHo Tup-1, a Mua-3 v ua-4 pabotatotr B HanmpaBneHwUu
okucnenna Hx. B cnabokucnoii (pH 6,5) n kucnoit (pH 5,5) cpepe 3a npoussoacteo Ha
oTBeTCTBEHHa [MA-3, KOTOpas ABNAETCA KOMMOHEHTOM KOMMiekca chopmuat BOJOPOA,
nnasbl-1 (PrJ1-1). Bbina nokasaHa 3aBUCUMOCTb aKTMBHOCTU [MA-4 OT KOHLEHTpauum
rntoko3bl npu pH 7,5. ObHapymeHa 4yBCTBUTENBHOCTb [MA, K OCMOTUYECKOMY CTpeccy
npu pasHbix pH npu 6pomennn ramuepuHa. OnpepeneHa NPOTOH-ABUMYLUAA CuNa Ha
membpaHe KNeToK B ycnosuax cOpamuBaHuA ravuepuHa npu pasHbix pH. [lMokasaHo
HU3KOE 3HayeHWe MpPOTOH-ABMHKYLIE CUbl U BHYTPUKNETouHoro pH no cpasHeHuto ¢
bpomeHnem rntokosbl. BbiasneHa ponb wp npu reHepupoBaHWM NPOTOH-ABUMYLLIEN
cuAbL.

Bbina nokasaHa Bbicokaa cneunduyeckaa aktusHocTb g n popmmnar pernaporeras
y C. beijerinckii no cpaeHeHuto ¢ E. coli npu O6pomeHun ramuepuHa U pasHbIx
UCTOYHUKOB yrnepoga u ux cmeceit npu pH 7,5. Takxe yctaHosneHo, yto y C. beijerinckii
npu 6poxennn ratokosbl npu pH 7,5 0.1 MM Fe** uim 10 mkM Ni2* ctumynupyet Tna-
HYIO aKTMBHOCTb, a Mpu OpoMeHWn rauuepuHa u dopmmara CTUMyIMposaHue 6bio
NoKasaHo To/bKo npu ucnonbsosanun 0.01 MM Fe?* n 1 MkM Ni2+,

Bbino npepnoseHo pna ynydwenua npoussoactea Ha ucnonbsosatb FAMLEpUH, Kak
JeLleBblii UCTOYHUK yrnepofa, W pasHble CMECU WCTOYHWUKOB Yriepoja €O CMeChbio C
ravuepuHom. Bbibop onTUManbHbIX TexHonmormyeckux ycnosuit (pH, KoHueHTpauma
YCTOUYHUKOB Yrnepofa, WHrMbuTopbl, HEKOTOPblE WMOHbI METaNNoB) MOMET MPUBECTU K
cyuiecTBeHHOMy pocTy [mpa-Holl akTMBHOCTM 1 NpousBoacTBa Ho.

<
/

37



