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E. coliis able to ferment sugars and/or glycerol for pidg H. H, is produced via four
multiple and reversible [Ni-Fe] Hyd enzymes. Thisdy describes growth and,roduction in
batch cultures during utilization of mixture of e (5 g/l) and glycerol (10 g/l) at various pHs
(7.5, 6.5) inE. coliwild type and mutants with defects in Hyd genes.

It has been determined that in batch tests at pHadd 6.5 wild type strain evolved, H
during ~168 h. Interestingly, it was sholWwpaBandhybCsingle mutants have exhibited the same
results at bot pHs; especially, ldeneration was ~ 150 h. This is prolonged perimohgared to
acetate alone fermentation.

Taken together, it can be concluded that cell gncavtd H generation depends on external
pH and carbon sources. Particularly, Hyd-1 and BRyaerk towards K oxidation which is in
contrast to glycerol only fermentation suggestihgttacetate affects Hyd enzymes working
direction. The data suggest that in these conditidpd-3 with Hyd-4 are major Hyd enzymes
responsible for KHat pH 6.5. But it is opposite at pH 7.5, where Eydnly is major. It is assumed
that low pH is inhibitory for growth of bacteriaklis. The data are significance for biofuel,
especially for biohydrogen production technologiew using mixture of different carbon sources.

Escherichia coli — acetate and glycerol fermentatiobacterial growth — hydrogenases — pH

E. coliu Ywnnn E fudnnpb| 2wpwputp W/ ywd gihgbpng H; wpnwnpGine hwdwn: Hy; wp-
wnwnnynid £ ¢gnpu nwnabrh [Ni-Fe] 3pn $EpdGunutph dhongnd: Wju ntuntdUwuhpniejniup Uyw-
nugpnud £ wdp W Hz wpinwnpniejniup pugwhiwpeedh (5 g/) W glhgtpnih (10 g/}) iwnlnipnh
oguwgnnédwl pupwgpentd wnhpwihl gniwhyh quiph whwh W niwpptn 3pn-ubph gtutpnud
wniw huwhunnidutpny UnttnwbnuGpnd lmwppbp pH-uGnpnd (7.5, 6.5):

8niyg £ wipyty, np pH 7.5W 6.5-nd Jwjph wnhwnwd H, wnwewgtb) £ Jhugl ~168d nnlnnnt-
pjwdp: I6iwppphp £, np hyaBu hybC Untinwuwnutpu ntubgt) 6U UnyU wpnynitupubpp pH 7.5 L
6.5-nud, L, hwuinjwwbtu, H; wpnwnpyt) £ htugl ~150d: Uw Gpywp dwdwuwy B hwdbdwnws
Uhwju pwgwhiwerdh fudnpdwl hGun:

Lwpblh B Ggpwlwgub], np pghoubph wép L H; wpuwnpniniup Yuwhudwé Bl
wpunwpht pH-hg b wéhuwduh wnpjniphg: Vwubwynpwwbu, 3hn-1p W 3pn-2-U wphuwwnnud Bu
H, opuhnwgdwl nitnnnipjwdp, h wnwppbpnieintt Jhwju  grihgbpnih judnpdwl, npunbnhg
Gupwnnynwd E, np pwgwhiwpenlu wannud £ 3pn $EpdGUnlGnh wphuwwnwuph ypw:

Unwgywé ndjwiutpp gniyg G ndbp, np wju wwjdwuutbpnd W pH 6,5nd Hx-h hwdwp
wwwnwuppwlwwinnt 68U 3hn-3 U 3hn-4 $Epdunutpp: Uwywju pH 7.5nud, Ywpunp £ Jhwju 3pn-3-
ﬁ: Mwnqytg, np gwén pH-U nlh wpgblwyhs wanbgnipintu pwywntphwutiph pghgutinh wéh

nw:

66



H; PRODUCTION AND ROLE OF HYDROGENASES IESCHERICHIA COLBATCH CULTURES DURING FERMENTATION OF...

Uinwgywé wprnyntuputpp Juwplnp Lpwlwyneeinitt ntubl yEuuwdwnbihph, hwnjuwwbu
YELuwenwéuh wnunwnpnirjwl nkuuninghwjh hwdwp, Gpp ognwgnpéynid BU wshuwsdluh wn-
pjnLpuGnh tnwpptp uwnunipnutn:

Escherichia coli- pwgwfuwypeyh U qihgbnmh fudnpnid — pwlinbpphwlibnh wa —
hhnpngb&lwqlbn —pH

E. coli cioco6Ha yTunu3upoBaTh caxapa W/WiM TiunepuH ais mnoiydeHus Hp Hp ¢ mo-
MOILBI0 yeThipex 00paTumbix (GepmentoB [Ni-Fe] Tua. D10 uccienoBaHue OMHMCHIBACT POCT H
POU3BOJCTBO H, B epHOanYECKHX KyJIbTypax BO BpeMsl HCHOJNIb30BaHMs cMmecH arerara (5 /i) u
rimuepura (10 r/m) npu pasmuuseix pH (7,5; 6,5)y KuineyHOW MANOYKH JHUKOrO TUMA U Y
MYTaHTOB ¢ JedekTamu B reHax ['nu.

Beuto onpeneneno, uto npu pH 7,5u 6,5y nuxoro mramma Hy mponsBoaunaces B TeueHne
JUTATEILHOTO BpeMeHn 10 ~1684. MurepecHo, uro y hyaBu hybCwmyrantoB HaGrogarores Te ke
pe3ynbratel ipu pH 7,51 6,5; ocobenno renepanus Hy o ~15049. DT0 [UIMTENBHBINA IEPHON 110
CPaBHEHHIO C OT/CIBHON (hepMeHTanuel anerara.

BbUI0 MOKA3aHO, YTO POCT KIETOK M reHepaiwmsi Hp 3aBucsat ot BHewHero pH U MCTOYHMKA
yriepona. B wactaoctn, I'nn-1 u I'nn-2 paGotator B HanpasieHnu okucitenust H, B ormidune ot dep-
MeHTaluK rauuepusa. [Ipeanonaraercs, 4to auerar Biuser Ha pabory I'ma-os. IlosyueHnsie pe-
3y/IbTaThl CBUIETENLCTBYIOT O TOM, YTO B 3TUX ycioBusax ['mia-3 ¢ I'ma-4 sBISAIOTCA OCHOBHBI-
MH (epMEeHTaMH, OTBETCTBEHHBIMHU 3a mpou3BoactBo Hpnpu pH 6,5, onnako mpu pH 7,5 Toib-
ko ['nn-3 oTBeTcTBEH 32 Mpom3BoCTBO Hoy.

Ipennonaraercst, uto Hu3kuid pH sBisieTcs MHrHOMUTOPOM IS pOCTa OaKTEPHAIBHBIX
KJIETOK. DTH JaHHbIE UMEIOT OOJIBIIOE 3HAUEHHE JUIS IIPOM3BOJACTBA OHOTOILINBA, OCOOEHHO VIS
TEXHOJIOTHU TPOU3BOJCTBA OHOBOAOPOJA NPH HCIOIB30BAHMH CMECH PA3IUYHBIX HMCTOYHHUKOB
yriepona.

Escherichia coli «pepuenmayus ayemama u enuyepuna — pocm baxmepuii — 2uopozenaswl — pH

Renewable and sustainable biofuel production igyguortant goal: in particular
molecular hydrogen, which is alternative, renewahlal ecologically clean energy
source [10]E. coliis one of the best studied microorganisms for hgenoproduction
because genetic manipulation is developed, as agllthe biochemistry of many
metabolic pathways for enhanced hydrogen produciiounderstood [13]E. coli
produces hydrogen by dark fermentation under abé=rmnditions when no external
electron acceptors are present [9]. This processaialyzed by special membrane-
associated enzymes named hydrogendsespli has four membrane bound reversible
[Ni-Fe] Hyd enzymes. Hyd-1 and Hyd-2 encoded by the and hyb operons,
respectively, are mainly Hiptake enzymes [8]. Hyd-3 and Hyd-4 encoded byhye
and hyf operons, respectively, are mainly producing enzymes and have similarities
with each other [6]. In addition, it has been conéid that the activity of Hyd enzymes
depends on external pH [11], that is why were uiffdrent pHs. This is very important
property for understanding the regulatory mechanigimenzyme activity and thus
enhancing Hproduction.

It is well known thatE. coli can ferment different carbon sources like sugars
(glucose, lactose) acetate and glycerol, and thxunais of which are available in many
agricultural and industrial wastes [2]. As it is liwenown glycerol is main waste of
biodiesel industry that is why it is very cheap reeufor producing klcompared to
sugars. In 2006 it has been discovered Ehatoliis able to produce Hrom glycerol,
when the fermentation is conducted at pH 6.3 [3].

Nowadays for enhancing,Hbroduction experiments are on-going to use differe
mixtures of carbon sources like sugars and glycasotheap carbon is present in the
wastes. In the study is presented the relationshiipur Hyd enzymes both with each
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other and in the cycle of producing.HParticularly, the role of acetate and glycerol on
ORP kinetics and Hproduction was investigated in sindigaB, hybC, hycE, hyfG
(lacking large subunits of Hyd-1, Hyd-2, Hyd-3, Hgdrespectively), doubleycE hyfB-

R (lacking large subunits of Hyd-3 and subunits gidH!) and triplehyaB hybC hycE
(lacking large subunits of Hyds 1-3) mutants durgrgwth in bacterial culture at both
alkaline and acidic pHs up to ~200 h.

Materials and methods

1. Bacterial strains and growth conditions

E. coliBW25113 wild type and mutant strains with deletionthe genes coding subunits
for different Hyd enzymes were used in the studhe $trains used are listed in tab. 1.

Table 1. Characteristics dt. coliwild type and mutant strains used

) Absent hydr ogenase subunit
Strains Genotype or related protein References
lacl® rrnBrisdlacZuiies .
BW25113 hsdR5141araBADxssdrha BAD o wild type (18]
F-araD139 D (argF-lac)U169 I-rpsL150
relAldeoC1 flhD5301 D(fruK- .
MC4100 yeiR)725(fruA25) rbsR22 D(imBfimE) wild type (1l
632 (::1S1)
JWO0955 KnfF BW 251134hyaB large subunit of Hyd-1 [14]
JW2962 KnfF BW 251134hybC large subunit of Hyd-2 [14]
JW 2691Knf BW 251131hycE large subunit of Hyd-3 [15]
JW2472 K BW251134hyfG large subunit of Hyd-4 [14]
. large subunit of Hyd-3,
JRG 3633 BW25113hycE4hyfB-R; subunits B-R of Hyd-4 [7]
BW25113AhyaB AhybC large subunits of Hyd-1, Hyd-2
AhycE BW251134hyaB4hybCAhycE and Hyd-3 [4]
large subunits of Hyd-1, Hyd-2
FTD147 MC410hyaB4hybC4hycE and Hyd-3 [12]

Fesistant to kanamycin

Bacteria were grown anaerobically in batch for 182@ulture at 3%C. Bacteria from an
overnight growth culture were added (1.5 %) inte flesh peptone medium containing 20 g/l
peptone, 15 g/1 PO, 1.08 g/l KHPO, 5 g/l NaCl (pH 7.5), 20 g/l peptone, 7.4 g/3HRO,,
8.6 g/l KHbPO, 5 g/l NaCl (pH 6.5) and 20 g/l peptone, 1.08 g/iHRO,, 15 g/l KHPO,,

5 g/l NaCl (pH 5.5) and added with acetate (2 gftid glycerol (10 g/l) as carbon sources. During
bacterial growth DCCD (0.2 mM) was added, which isirdribitor of the membrane-associated
enzyme kF;-ATPase.

The medium pH was measured by a pH-meter (HI-322hna Instruments, Romania)
using a glass body combination double-junction pétteode and adjusted by 0.1 M NaOH or
0.1 N HCI.

The bacterial biomass growth was studied with tbkp lof spectrophotometer (UV-VIS
sprectrophotometer, Cary 60, Agilent Technologi&§A) monitoring the OD readings of
bacterial culture absorbance under 600 nm. TheehattSGR (u) stated, as lg2/doubling time,
was calculated where the logarithm of OD was grgvimearly with time.

2. The ORP and Hdetermination of during bacterial growth

ORP of bacterial suspension and production were measured using the glass body
refillable ORP electrode Pt BNC (HI-3131, Hanna Insieats, Portugal). This electrode is
sensitive to H or O,, and its readings drop to negative values (> - #00 confirmed the H
formation in the medium under anaerobic conditio@R®P, pH and OD measurements were
monitored during ~200 h.

During the growth ofE. coli H, production was confirmed by the appearance sf ga
bubbles in the test tubes over the bacterial mediitmthe help Durham tubes, and it was verified
by chemical reaction of KMngolution in SO, with H,, as before [14].
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3. Reagents and data processing

Acetate, glycerol, agar, peptone (Carl Roths GmbHrm@ay) and other reagents of
analytical grade were used in the study. Threepaddent experiments were done and the average
data were calculated with the standard errors, rapdtion was only made for over 3 % The
validity of differences between experimental andtoal data was evaluated by Student's criteria
(p) [5]; p < 0.01 or less if this is not represehtetherwise p > 0.5 if the difference was notdali

Results and Discussion.

1. Growth and H production of E. coli wild type and mutants withetects in
Hyd-1 to 4 during mixed carbon fermentation in assasupplemented with acetate and
glycerol at pH 7.5

In E. coli hyaB andhycE strains was the same SGR compared with wild type a
pH 7.5 (fig. 1A). InhycE hyfB-Rthe SGR of bacterial cells was decreased ~1.2 fold
however inhybC and hyfG mutant strains the SGR was increased ~1.3 and feld2
respectively, compared with wild type (fig. 1 A}. was determined the SGR in the
presence of DCCD inhibitor, during which only inldviype was stimulated a little, but
in all mutant strains the DCCD had an inhibitoryeef. DCCD had high inhibitory
effect inhyaB hybCandhyfG single mutant strains ~ 1.4, ~1.3, ~1.5 fold, estpely
(fig. 1 A). This can suggest thagir-ATPase has a role in bacterial growth at pH 7.5.
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Fig. 1. Specific growth rate (i) d&. coliBW25113 wild type and mutants with defects
in Hyd-1 to Hyd-4 during mixed carbon fermentatinrthe assays supplemented with
acetate and glycerol at pH 7.5 (A) and pH 6.5 (B). iRutant strains see tab.1.
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It was determined that tproduction was produced inyaB and hybC single
mutant strains from 6 h, however in wild type fr@hh (fig. 2 A). InhyfG mutant strain
the H production started from 48 h and lasted up to 0@ suggests thdtyfG is the
best mutant strain in this condition for, Idroduction. However it was not detected in
hycg double and triple mutant strains suggesting tHt-3, but not Hyd-4, is
responsible for K production during fermentation of acetate and glgt at pH 7.5

(fig. 2 A).

—4—pH 7.5 BW25113 ~@—pH 7.5 hvaB —teepH 7.5 hyh C
=se==pH 7.5 hycE =#=pH 7.5 h¥iG =@=pH 7.5 hycE hyfB-R
200 pH 75FTD 147 pH 7.5 hyaB hyb C hy<E

—+—pH 6.5 BW25113 —8—pH 6.5hyaB —s—pH 6.5hyh C
—<—pH 6.5 hycE —4—pH 6.5 hyfG —#—pH 6.5 hycE hyfBR
200 —PHG6SETD 147 pH 6.5 hyaBhybC hycE

100

ORP, mV

Fig. 2. The kinetics of ORP and.Hbroduction ofE. coliBW25113 wild type and mutants
with defects in Hyd-1 to Hyd-4 during mixed carfenmentation in the assays supplemented
with acetate and glycerol at pH 7.5 (A) and pH@} For mutant strains see tab. 1.

It was determined the external pH changes duriogvtir at pH 7.5. In wild type,
hycE hyfG, double and triple mutant strains the pH was desgé by ~0.5 unit up to
144 h, after that it was constant (fig. 3 A). HoegvinhyaBandhybCmutant strains pH
was decreased by ~0.7 unit up to 72 h and theastimcreased up to 200h (fig. 3 A).
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Fig. 3. The external pH changesbf coliBW25113 wild type and mutants with defects in
Hyd-1 to Hyd-4 During mixed carbon fermentatiorthie assays supplemented with acetate and
glycerol at pH 7.5 (A) and pH 6.5 (B). For mutamtsis see tab.1.

2. Growth and H production of E. coli wild type and mutants withefects in
Hyd-1 to 4 during mixed carbon fermentation in asgasupplemented with acetate and
glycerol at pH 6.5

The maximum SGR was determined in wild type, butyaB hybC hyfG, hycE
hyfB-R mutants the SGR was decreased ~1.2, ~1.2, 1.6~ant fold, respectively
(fig. 1B). The SGR ithycEmutant strain was decreased ~2.8 fold, which sstggéhat

Hyd-3 has an important role during acetate andegblcfermentation at pH 6.5.
DCCD had inhibitory effect on SGR in wild typeyaB andhybC single mutants ~1.9,
~1.2 and ~1.2 fold, respectively. But SGR was skatad ~1.4 fold inhycE andhycE
hyfB-Rmutants compared to wild type (fig. 1 B).

The H production was determined in wild type from 24 bt in hyaBandhybC mutant
strains it was detected from 6 h, which suggesis tte absence of Hyd-1 and Hyd-2
enzymes had negative effect on ptoduction generation time (fig. 2 B). It was not
shown forhycE and hyfG mutant strains, which suggests that Hyd-3 and #yate
responsible for K production at pH 6.5. The double and triple mgaciarified that
Hyd-3 and Hyd-4 together are responsible fepkbduction (fig. 2 B).
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pH monitoring was determined during growth of baatecells also at pH 6.5
(fig. 3 B). In all assays pH dropped by ~0.4 urdig.(3 B). Therefore acids were
generated in the mediums.

At pH 5.5 no H production was determined in all assays during aaeeand
glycerol utilization. It suggests that pH is imgont for H, production and pH 5.5 is not
optimal condition during fermentation of mixtureadetate and glycerol.

In this studyE. coli Hyd activity and H production were studied at various pHs
during mixed carbon (acetate and glycerol) fermtgria DifferentE. coli Hyd mutants
were used during mixed carbon fermentation foraliecing the role of Hyd enzymes in
E. coli at various pHs. The results suggest that all Hyrymes can either work in,H
uptake or producing directions depending on adadeton source and external pH. In
this case mainly Hyd-3 is responsible for ptoduction at pH 6.5, but opposite effect at
7.5: Hyd-3 with Hyd-4 are major Hyd enzymes resglesfor H,. H, was produced
earlier and SGR was higher mainlyhipbC mutant strain. No any effect was observed in
all strains at pH 5.5 (the data are not presenfeéms that growth of bacterial cells was
inhibited at low pHs.

In hyaB or hybC mutants H production was detected earlier than in wild tgpe
pH 7.5. But at pH 6.5 only ihybCmutant earlier liproduction was detected suggesting
important role of Hyd-2 under these conditionshyfiG mutant strain the fHproduction
started from 48 h, but was not detectedycE double and triple mutant strains at pH
7.5. These results indicate that Hyd-3, but no Hyds responsible for Hproduction
during fermentation of acetate and glycerol at pbl Moreover, the data suggest that
for H, production Hyd-3 and Hyd-4 are together resporsiblpH 6.5.

The data are significant in biofuel production tealogy, especially for b
production using bacteria when applying mixtureafbon sources.

Abbreviations
ATPase- Adenosinetriphosphatase
DCCD- N,N*-dicyclohexylcarbodiimide
E. coli Escherichia coli
H,- molecular hydrogen
Hyd- hydrogenase
OD- optical density
ORP- oxidation-reduction potential
SGR- specific growth rate
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