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Glycerol as a waste material of biodiesel and other industries can be considered for biological
hydrogen (H,) production. Upon Escherichia coli glycerol fermentation formate, ethanol and etc. are
produced. Formate decomposition by fromatehydrogenaselyase enzymes lead to H, and CO,
formation. Four [NiFe] Hydrogenase (Hyd) enzymes are involved in this process for activity of which
heavy metals can be required.The results obtained identify the conditions when reductive conditions
has essential role for H, production in E. coli upon glycerol fermentation. Moreover, mixed carbons
or addition of some heavy metal ions enhance H, generation. These approaches might be applied to
regulate H, metabolism upon bacterial industrial wastes (glycerol) fermentation resulting enhanced
H, production.

Escherichia coli; H, production, oxidation-reduction potential; hydrogenase enzymes;
glycerol/formate fermentation

Qhgtpnip npwtu YEuuwnhgbih W w) wpunwnpnienluubph pwthnu wpnn £ hwgnnnipjwdp
Uhpwnyb| YeLuwenwduh (H,) unmwgdwl hwdwn: Escherichia colFhu glhgbnnih fudnpdwl dwdwuwy
wpuwnpnnd £ odppUweent, tpwung W wy yGppUuwunietp: Upguwpent gnwdhuihwg $bpdtunp
UpgUwpeniu ybpweénwd £ UhUsle Hy-h W COx-h: 2npu [NiFe] hhnpngbuwg (3hn) $EpdtunuLn, npnug
wywnhynipjwl hwdwp dGunwnubp U wuhpwdtywn, dwulwygnd U win gnpdpupwghu: Unwgywd
ndjwiubpp yywynd Bu, np yGpwywugudwsd nbnopu wnuntughwiny Jdhpwdwjnpp twywlu E grhgbpnih
fudnpdwl pupwgenid £. coli-h Hy wpunwnpniejwl hwdwp: vwnp wéhuwdUh wnpjnipubpp W npnp dwlin
JGinwnutn upwund 6U Hy-h wpunwnpnieiniup: Wu Jninbgnudubpp Ywpnn GU Yhpwnytbp Hy-h Ujne-
pwihnfuwlwyntejwl  Ywnpgwynpdwl Uwywwwynd b Yuwwunbl wpnyntbwptpuywl  pwihnuutnhg
(athgtipnihg) YeLUuwgpwdUh unwgdwl fupwudwup:

Escherichiacoli, H> wpwnwnnnyeynil, oupnwidGpuwlwliqunn wlhwliwyninblghuwy, hhnpnqtlwg $n-
uGlunuln, qihglinny Upglwysent fudnpncd

I'munepon — oTxo OMOAN3ENBHOTO U APYTHX NPOU3BOJICTB MOXKET OBITH YCIHEHIHO HCIIONb-
30BaH A1 nomydeHus 6moBogopoxa (H,). B mpouecce Oposkenus rimuepona Escherichia coli BbI-
JIeTsIeT MyPaBBUHYIO KHCJIOTY, 9TaHOJ M JApyrHe KOHEYHbIe MPOXyKThl. depMeHT (hopMHuaT BOIOPOL
nrasa TpancdopmupyeTr MypaBsrHY0 KucioTy 1o H, u CO,. Uerbipe [NiFe] ruaporeHassl, st akTH-
BallMM KOTOPBIX HEOOXOAMMBI HOHBI METAJUIOB, YYaCTBYIOT B 3TOM mpouecce. [lomydeHHbIe pe3yiib-
TaThl CBHIETEIbCTBYIOT O TOM, YTO CPela C BOCCTAHOBJICHHBIM PEJOKC MOTEHIHAIIOM CyIIECTBEHHA
npu Opokenun E. coli anst nponsBoacTsa H,. JlaHHBIE MOAXOABI MOTYT ObITh MPHUMEHEHBI AT PeTy-
nupoBaHus MetabonusMma H, y Gakrepuil E. coli, COneHCTBYSl MPOMBIIIIEHHOMY MONYyYeHHIO OHO-
BOZIOpOJIa U3 OTXOMO0B (TIHLIEPOIIA).

Escherichia coli, npoussoocmeo H,, oxkuciumenbHo-60cCmano8umensHulll NOmeHyuar,

Gepmenmul cuopocenaswl, bpodiceHue IuYepos/MypasbuHoll KUCI0mbl

Molecular Hydrogen (H,) is being recognized as an energy alternative for the future. It
is clean, renewable with high energy content, as the energy dismissed upon its combustion
(~142 kJ g is ~3.5 fold greater than oil [1, 9, 10]. Dark fermentation is considered as one
of the most favored technologies for H, production with a great potential for
commercialization in the near future. In this respect, genetically and metabolically easy
manipulating bacterium Escherichia coli,performing dark fermentation andleading to H,
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formation is good candidate to refer for biotechnological proposes [9, 10]. Moreover, the
use of cheap substrates (agricultural and food industry wastes) rich of nutrients can be used
for Hy production. This will lead to low-priced H, generation with immediate waste
treatment [2, 7]. In this regard, glycerol which is commonly recognized as an industrial
significant waste, can be used as carbon source by bacteria for H, and other valuable
chemical compounds production [2, 9].

H, is produced from formate, the end product of glycerol or sugar (glucose)
fermentation of E. coli, by formate dehydrogenase H (FDH-H) and hydrogenase (Hyd)
enzymes [4, 8, 10]. In E. coli possessesfour [Ni-Fe]-Hyd enzymes encoded by hya, hyb,
hyc, hyf operons, respectively.For functioning of Hyds and FDH-H heavy metals Ni and Fe
and Mo, respectively, are involved and make available pathways for proton and electron
transfer during H, formation or oxidation [4, 5, 8]. The operation direction (H, formation or
oxidation) of Hyd enzymes is depends onmany factors, such as carbon (glycerol or glucose)
source, pH of the growth medium, etc.: it was stated that Hyd-1 and Hyd-2 function in H,
oxidation upon glucose and H, production modes upon glycerol fermentation [4, 9, 10]. The
optimal activity of Hyd-1 was detected under anaerobic conditions, at acidic pH and in the
presence of formate, whereas Hyd-2 was at more reduced environment and alkaline
pH[4,9,10].

Direct effect of metals on Hyd enzyme activity was also proposed, as the addition of
Fe®" affected H, production rate by E. coli in vivoand increased it in vitro at pH 6.5 and pH
7.5 during glycerol fermentation [11]. On the other hand, formate is considered a rich-
energy compound as the oxidation and reduction potential of the formate: H, couple is very
reduced (-420 mV) [12, 13], can be additional energy source during energy restricted
(fermentative) conditions [5]. E. coli produces and initiallysecretes formateout of the cells
to prevent acidification of the cytoplasm. When the drop of bacterial growth pH is accrued,
formate is re-imported into the cell trough formate channel FocA and metabolized [5].
Pyruvate formatelyasedirectly interacts with the FocA and regulatesformate translocation. It
was proposed that the 4yc operon is regulated solely in response to formate concentration at
low pH. Moreover, formate in flux may result the destruction of Ap, therefore the control of
formate metabolism is very important [5,10,12].

The metabolism of bacteria is known to be a set of redox processes affecting ORP.
ORP drop (down to -550-600 mV) during anaerobic growth of bacteria in the absence of
external electron acceptors has been well-established [12, 13]. ORP is proposed to be
valuable for monitoring changes in the metabolic state of bacterial cultures in
biotechnology and for optimizing yield of fermentation yields, and has been shown can be
useful to discriminate between bacterial species [13].

Thus, many factors such as different ORP, mixed carbon (formate and glycerol) and
heavy metal ions (involved in redox reactions of FHL system) influence on bacterial
growth and particularly H, metabolism are investigated and discussed in the present work.

Determination of E. coli batch culture oxidation reduction potential and H,. H,
production by bacteria is determined by various qualitative and quantitative methods [12,
13]. It might be determined by chemical reaction of color disappearance during interaction
of potassium permanganate (KMnO,) solution in sulfur acid (H,SO,) with H, [18].
Chemical detection and gas chromatography of H, require gas extraction and calculation of
its solubility in an aqueous medium. The use of a couple of oxidation-reduction (for
example, platinum (Pt) and titanium-silicate (Ti-Si)) electrodes measuring ORP has certain
advantages. In contrast to Pt, Ti-Si electrode readings are not affected by the presence of H,
(or oxygen) in the medium; this allows differentiation of H, in the growth and assay
medium under anaerobic conditions [12,13].Transformation of ORP data into quantity
(concentration) of H, expressed in mol/L [13].
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Oxidative and reductive routes of glycerol fermentation by Escherichia coli batch
cultures and their regulation by oxidizing and reducing reagents. ORP critical role in E. coli
growth in anaerobic conditions [12,13] means that various oxidizers and reducers affecting
ORP can mediate growth of bacteria. ORP kinetics and H, production was measured in
bacterial batch cultures by the difference of pair of redox Pt and Ti-Si electrodes readings
[6]. An impermeable oxidizer K;[Fe(CN)s] (I mM) and reducers DTT (3 mM) and
dithionite (1 mM) were implemented for application of ORP initial positive (+235+10 mV)
and negative (-250=10 mV) values to bacteria, respectively. In the presence of K3[Fe(CN)g]
E. coligrowth at different pHs was inhibited resulting in decrease of ORP only to 130+5mV
at the log growth phase[6]. In this conditionORP positive or less negative may oxidize thiol
groups on bacterial surface and affect on membrane transport and enzymes like FoF; or
TrkA under anaerobic conditions, leading to low activity of key enzymes in bacterial
fermentation metabolism [10].

Table 1. The effects of reducers on H, yield by E. coli BW25133 during growth under glycerol
fermentation at different.

Growth H, yield, mol/L
medium
pH Control Reducers
DTT® Dithionite”
5.5 0,10£0.01° 0.80+0.04 °© ND ¢
6.5 0.73+£0.02* 1.30+£0.04° ND
7.5 0.70£0.03? 1.40+0.05°¢ 2.00+0.05 ¢

“bacterial culture was of ~8 h growth; °3 mM DTT, 1 mM dithionite were added into
the growth medium; ®bacterial culture was of ~3-4 h growth; ¢ ND: not determined.

In order to carry out the metabolic processes efficiently, it is very important to
maintain the intracellular environment in the reducing state. However, membrane-
permeating reducing reagents DTT and dithionite, reducingORP to negative values (-
280+12 mV), inhibited the growth of E. coli during glycerol fermentation in a
concentration-dependent manner [6]. Obviously, extreme reducing conditions may lead to
instability in the metabolism. Besides, it was stated, that upon glycerol fermentation DTT at
different pHs and dithionite but not oxidizer at pH 7.5 stimulated ~2-3 fold H, production
in the log growth phase (Table 1). Similar effect with DTT was observed previously during
glucose fermentation in E. coli [13]. Probably, the reduced environment might lead to
formate concentration increase which then can be source for H, and CO, [6]. It should be
noted that because of instability of this reagent in acidic environment effect of dithionite on
bacteria was investigated only at pH 7.5.

Escherichia coli hydrogen production in batch culture upon formate alone and
with glycerol co-fermentation. To understand the effect of formate on growth in batch
culture, H, production at different pHs (5.5-7.5) during glycerol fermentationin E. coli and
AhyaB, AhybC, AhycE, Ahyf Ghydrogenase mutantswith deletions of different key subunits
of Hyd-1 to 4, respectively, were investigated and main experiments are illustrated in Fig. 1
[12].10 mM formate ~2 fold and 30 or 50 mM formate, completely inhibited wild type
growth during glycerol fermentation atpH 5.5, whereas at pH 7.5 and 6.5 formate in the
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same concentrations stimulated or had no effect on bacterial growth [12]. So in other
experiments when needed 10 mM formate was supplemented to the growth medium.

From the beginning of the lag growth phase the drop of Pt and Ti-Si electrodesform
positive to negative values was detected in wild type upon glycerol or formate alone or their
combined conditions, pH6.5 (Fig. 1,a). H, formation was observed in wild type with the
yield of 0.75 + 0.03 mmol/L at the end of log growth phase, formate supplementation lead
to 0.83 + 0.05 mmol/LH, generation at early log phase, which was stimulated ~1.1 fold
upon formate and glycerol co-supplementation at pH 6.5 (Fig. 1,a). The same stimulating
effect by formate or in combination with glycerol was observed at pH 7.5 [12].Increased,
1.45 to 2.2 £0.05 mmol/LH, production was detected during growth of 4yaB mutant upon
all substrates combinations utilization at pH 6.5 and formate alone at pH 7.5, except upon
glycerol only fermentation at pH 7.5 at the beginning of log growth phase. Note, H, was
not produced in AycE (with defective Hyd 3) mutant. H, was also produced in AybC (with
defective Hyd2) mutant during glycerol fermentation at pH 6.5 with the yield of 0.8 + 0.05
mmol/L, and again stimulated ~1.2 fold to ~1.3 fold during formate alone or with glycerol
combination (Fig 1,b).Thus, in the cells grown both with external formate and glycerol H,
production was stimulated [12]. This stimulation was not pH dependent. The effect can be
contributed to Hyd 3 increased activity upon bacterial glycerol fermentation.

400 200
ORP, mV 100 ORE, ¥ Time, h
200 | 0
'-q\q._‘\ Time, h 100 —e—wild type, pH 6.5
0 ‘ . L - L _w 204 =o~wild type, pH 7.5
0 3 4 5 6 7 —_ 300 ——hyaB, pH6.5
=200 —~Ti, C i —e—hyaB, pH 7.5
’ -S040
——Pt,G+F 400 —hybC, pH 6.5
400 =x=Ti, G+F ol —e—hybC, pH 7.5
P4, F
-600 L —-T,F b)

Fig. 1.The kinetics of ORP by E. coli BW25113 and Hyd mutants during co- fermentation of10 g/l glycerol (G)
and 10 mM formate (F). a) Only E. coli BW25113 ORP kinetices are presented, pH 6.5; control (C) was ORP
kinetics in the medium with 10g/1 glycerol; b) The ORP kinetics by E. coli wild type and
Hydmutants at pH 6.5 and pH 7.5.

Enhancements of Escherichia colihydrogen productionbyheavy metal ions and
their mixturesduring glycerol fermentation.In the study [11] E. coli growth was
followed during 10 g/Lglycerol batch culture fermentation at pH 5.5 to pH 7.5 in the
presence of various heavy metal ions with different oxidation states, as Ni?*, Fe*' or Fe*',
Mo®" and their mixtures at various concentrations. It is worth to mention that the metal ions
concentrations were used relaying on the results for E. coli and other bacteria [4, 5, 11]. H,
production yield was 0.75+0.02 mmol H,/L at 12 h growth of E. coli at pH 6.5 during
glycerol fermentation, and it was noticeably stimulated (1.9 to 3 fold) in the presence of
mixtures of Ni*'+Fe®", Ni**+Fe* +Mo®" or Fe**+Mo®" (see Table 2).
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Table 2.H, production yield of £. coli BW25113 during glycerol
fermentation in the presence of heavy metal ions.

pHS5.5 pH 6.5 pH7.5
Growth conditions® : :
H, yield, mmol H, yield, mmol H, H, yield, Iln el Tk H21 yleld.’ el
L L L L~ (station growth
: (log growth phase) phase)
Control® 0.50+0.02 0.75+0.02 0.75£0.02 0.81£0.02
2 0.75+0.03 0.7740.03 1.35£0.01
Ni 00l 0.7120.03 (p>0.05) (22005 r0.000)
" 0.60+0.02 0.75£0.02 0.83£0.02
Fe (020.05) 0.70+0.02 (p>0.05) (120.05) (520.05)
| S o | SRS | S
Mo 0.60+0.03 0.750.03 (5-0.05) 0.640.03 0.8120.03
(p<0.05) (p>0.05) (p>0.05)
P 0.70£0.01 13020.01 0.81:0.01 1.35£0.01
Nit+Fe (p<0.01) (p<0.001) (p<0.05) (p<0.001)
- 0.6420.02 0.80£0.02 1.36£0.02
Ni**+Fe e0.025) 0.80+0.02 (p>0.05) (20,03 0000)
Fe Mo 0.60+0.01 2.20+0.01 0.75+0.01 1.3520.01
(p<0.05) (p<0.001) (p>0.05) (p<0.001)
T 0.57£0.03 1.4040.03 0.7740.03 1.38£0.03
(p<0.05) (p<0.01) (p>0.05) (p<0.001)
e ey o 0.7740.01 1.500.01 0.810.01 2.24+0.01
NiT+Fe"+Mo (p<0.002) (p<0.01) (p<0.05) (p<0.001)
e e 6 0.68+0.01 0.840.01 0.83+0.01 1.5040.01 (p<
NiT+Fe"+Mo (p<0.01) (p>0.05) (p<0.05) 0.001)

10 g/L glycerol was added into the growth medium; 50 pM Ni**, Fe*‘or Fe’*, 20 uM
Mo®", were supplemented into the growth medium when mentioned; ° oxidation-reduction
potential measured by Pt electrode; ¢ control was without metal supplementation; ¢ p for
difference between the experiment and appropriate control

Similar data were obtained at the certain conditions but at pH 5.5: though the H,
production yield was ~1.5 fold decreased (0.50+0.02mmol H,/L) compared with pH 6.5,
but metal ions addition again stimulated H, yield, particularly ~1.5 fold upon addition of
Ni*"alone and Ni*'+Fe*", Ni*'+Fe* "+ Mo® or Ni**+Fe?"+ Mo®" (see Table 2).

Interesting datawith FE. coliwas observed during glycerol fermentation at pH
7.5.Effects of metal ions on H, production yield were intense at station growth phase: H,
production yield was ~1.7 fold stimulated upon all metals (Ni**, Fe*", Fe*" and Mo®") and
2.7-3 fold upon Ni**+Fe**+Mo®" mixture supplementations (see Table 2). Some metals
have a role in Hyd enzymes biosynthesis and maturation processes, or they might affect
enzymes activity [4,5,11].

Concluding remarks. Thus, ORP might one of the physicochemical parameters to take
into account for optimizing fermentation processes and developing H, production
biotechnology.Oxidizers and reducers were used for application of positive and negative
ORP values, respectively. Although bacterial growth was repressed upon oxidative and
reductive stresses both, the reductive conditions only stimulated H, generationupon glycerol
fermentation.Externally supplied formate regulatesH, production and cell growth in E. coli
growing on glycerol.Moreover, mixed carbon (co-supplementation of formate with
glycerol) might have industrial advantageous application to enhance bio-hydrogen
production.Note, responsible Hyd enzymes are relived upon mixed corbon utilization. In
addition, some heavy metals (nickel (Ni*") and iron (Fe’*, Fe*"), molybdenum (Mo®"))
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having a role as structural components of Hyd and FDH-H enzymes stimulate bacterial
growth and H, production upon glycerol utilization.

Consequently, glycerol co-fermentation with organic acids, effects of reducing
reagents, heavy metals ions and effective strains could be considered as novel approaches
to enhance H, in production (Fig. 2).The coupling of H, production to utilization of waste
materials containing high concentrations of glycerol may same time provide economic and
environmental benefits. The results might be taken into account for optimizing fermentation
processes on glycerol and developing H, production biotechnology.

I Reductive conditions I

Combinations of
some heavy metal

carbons

ions Fig. 2.Approaches to
enhance H, production by
E. coli BW25113 during
Effective strains glycerol fermentation.
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In present study the changes of Ca2+/calmodulin-dependent protein phosphatase calcineurin
activity in pathophysiology of ovarian cancer has been investigated. Calcineurin activity has been
determined by the spectrofluorimetrically in plasma and tissue samples of the oncologic patients with
different stages of disease. Results obtained suggested that, depending on the stage (I, II, III) of
disease, calcineurin activity was shown to be increased in the plasma and tumor tissue of ovarian
cancer patients. It is necessary to emphasize that changes in calcineurin activity in the
pathophysiology of ovarian cancer also depend on tissue differentiation.

Calcineurin - ovarian cancer — inflammation - tissue differentiation

Lbnyw wpuwwnwupnd nwuncdbwuhpyt) £ Ca2+/l4LuLUnnnLth-UthJJuJL wnnnthu dnudpwinwq
Yuighutjnhuh wywhyniejwl thnihnfuniegnilp édwpwltph pwngytinh wwendhghninghwnud: Yw-
ghutjnhuh wywhynieniup npnaytp £ hhjwnnipjwl wwpptp thntpnud - gnidnn - pwngytnwjhu
hhjwunutph wwquwih W hjncuduépwihu dnpubpnud uwytyunpwdninphdbnppy Gnwlwyny: Uwnwg-
Jwé ndjuubpp yywyned Bu, np, hhdwunnegjwu thniihg (1, 1, 1) Ywhudwé, Yuighubphuh wynhyneeiniuu
woénw £ dJwpwllbph pwngytnny hhywunubph wwquwnud W nienigewiht hjneudjwéened: 3wpy £
pUNgdGL, nn Yuighutiphuh wynhdniejwl tinthnfunteinip ddwpwlitph pwngytnh wwendhghnin-
ghwjnd Ywhujwé £ uwle hjncujwdpwihu nhtiptughwghwihg:

Guyghltgnhls - dywpwiiienf pwngytn - pnppnpnd - lncudwspuyhl nhdbntlghwgpu

B Hacrosmeii pabote OpII0 M3y4YeHO U3MEHEHHE akTUBHOCTH Ca2+/KambMOyINH-3aBUCHMOM
nporenH Qocaraszsl KadbIUHEHPHHA NPU NMAaTO(GU3UOJIIOTHN paka SIMYHUKOB. AKTHBHOCTH Kajb-
nuHeiprHa OblIa OIpesesieHa CHeKTPO(IyOopUMeTpHIecKH B 00pa3nax IuIa3Mbl U TKAaHH OHKOJIOTH-
YeCcKUX OOJBHBIX C PA3NIMYHBIMU CTaausMHu 3aboneBanus. [lonmydeHHblE NaHHbIE MOKa3alH, 4YTO
aKTHBHOCTh KajbliHeHpruHa B 3aBucuMocTd oT ctaguu (I, II, III) 3aboneBanus yBenuuuBaercsi B
TIa3Me U OMyXOJeBOH TKaHU OONBHBIX C PAaKOM SIMYHUKOB. HeoOGxoammo moauepkHyTh, 4TO HU3Me-
HEHUs aKTUBHOCTH KalbIMHEHPUHA MPH MaTOPU3MONIOTHH PaKa SHYHUKOB TAKXKE 3aBHUCST OT AHUG-
(hepeHIMAIN TKaHEH.

Kanvyuneiipun — pax auunuxog — socnonenue — ougepenyuayus mrxameu
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