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This research is focused on the investigation of specific growth rate changes of
E. coli wild type and mutant strains with defect of Hyd, FDH enzymes and FhIA
regulatory protein in the presence of N,N’-dicyclohexylcarbodiimide (DCCD) and
external formate various concentration during co-fermentation of glucose, glycerol
and formate at pHs 5.5-7.5. The highest value of SGR was observed at pH 7.5. It
was revealed that SGR depends on external formate concentration at all pHs. DCCD
inhibitory effect was shown mainly at pH 7.5 and partially at pH 6.5 and 5.5. In the
case of the FoFi-ATPase inhibition, FhIA compensatory effect on SGR was
revealed.
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Introduction. Bacteria are used for many purposes, such as production of
food, drinks, chemicals, biofuels, etc. [1]. From this perspective the study of bacterial
growth is significant to regulate various industrial processes. Bacterial growth
depends on various environmental factors: composition of growth medium, pH,
temperature, oxygen level, toxins, etc. [2]. In nature, bacteria do not live in an
environment with ideal conditions for the growth. However, in laboratory
conditions, it is possible to create favorable conditions for the growth of bacteria and
characterize growth properties. The results of bacterial growth studies can be
expressed by the specific growth rate (SGR, ). Escherichia coli is a
biotechnologically applicable bacteria [3, 4]. The ability to grow on different carbon
sources increases the importance of these bacteria. Furthermore, E. coli produces
compounds with great economic value, such as molecular hydrogen (H:), ethanol,
lactate and other chemicals [5]. It is important to study the role of enzymes involved
in Hz metabolism during growth for further improving hydrogen production
technology.
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E. coli has four reversible membrane-associated [Ni-Fe]-hydrogenases (Hyd),
which reversibly oxidize H; to H*+2e~. Hyd-3 and Hyd-4 with formate
dehydrogenase H (Fdh-H) form formate hydrogen lyase-1 and -2 complexes (FHL),
respectively [6]. FhlA is transcriptional activator of FHL complexes. This protein is
required for induction of expression of the Fdh-H and Hyd-3 structural genes. FhlA
activates expression of hyf operon (encodes Hyd-4) [7]. The central domain of FhIA
regulatory protein is responsible for ATP hydrolysis once formate is bound [8]. For
synthesis of the FHL component Fdh-H selC gene is required, which gene-product
selenocysteinyl-tRNA inserts selenocysteine in the mRNA of FDHs genes [9].
Expression of fdhF is induced by formate and the absence of external electron
acceptors [10]. HypF is one of a number of proteins required for maturation of Hyd
enzymes [9, 11].

Numerous studies have shown that Hyd can have metabolic cross-talk with
proton-translocating FoF1-ATPase depending on fermentation substrate and extra-
cellular pH [9, 12, 13]. FoFi-ATPase is the main enzyme during fermentation in
bioenergetics terms. Secondary transporters might function together with FoF; to
maintain Ap [6]. N,N’-dicyclohexylcarbodiimide (DCCD) is specific inhibitor of the
FoF1-ATPase [9]. It was demonstrated, that in E. coli FoF1-ATPase has major input
in overall ATPase activity during glycerol fermentation [13]. FoF1-ATPase had a
relationship with FDHs and Hyd enzymes during utilization of glucose, glycerol and
formate at pH 5.5 and pH 7.5 [9]. It was shown that proton ATPase activity depends
on the presence of formate during mixed carbon fermentation at low pH [14].

Many studies have shown that Hyds can have a function in the growth of
bacteria. It was suggested that E. coli H, producing Hyd-3 and Hyd-4 have a roll in
cell growth during anaerobic utilization of lactose [15]. During glycerol fermentation
all Hyd enzymes have a significant role for bacterial growth and can be regulated by
external formate in E. coli. Disturbance of the cycle due to lack of one Hyd enzyme
might have an effect on bacterial growth [16].

It is important to investigate the role of the interaction between H, metabolism
involving enzymes and FoF:-ATPase on bacteria growth. In this study it was
investigated SGR of E. coli wild type and mutant strains with defect of all Hyds,
FDHs and FHL complexes and role of the FoF1-ATPase in SGR during mixed carbon
sources (glucose, glycerol, formate) fermentation at different pHs (7.5, 6.5, 5.5) and
various external formate concentrations (1 mM, 5 mM, 10 mM).

Materials and Methods.

Bacterial Strain and Growth Medium. The E. coli wild type and mutant
strains used in this study are listed in Tab. 1.

Overnight anaerobically grown bacterial culture was added into the high
buffered peptone growth medium. E. coli bacteria were grown under anaerobic
fermentative conditions at 37°C. Growth medium had the following composition:
20 g/L peptone, 15 g/L K:HPO4, 1.08 g/L KH2PO4, 5 g/L NaCl (pH 7.5) or 20 g/L
peptone, 7.4 g/L KoHPO,, 8.6 g/L KH2POs, 5 g/L NaCl (pH 6.5) or 20 g/L peptone,
15 g/L KH2PO4, 1.08 g/L K;HPO4, 5 g/L NaCl (pH 5.5) with addition of glucose
(11.1 mM), glycerol (137 mM) and sodium formate (1, 5, 10 mM). Medium pH was
determined by pH-meter via selective pH-electrode (H11131, Hanna Instruments,
Portugal) and adjusted by 0.1 M NaOH or HCI.



H. Kh. GEVORGYAN, A.V.VASSILIAN, K. A. TRCHOUNIAN 69

Table 1
Characteristics of E. coli wild type and mutant strains used
Strain Genotype Absent related protein Ref.
BW 25113 |rrnB AlacZ4787 HsdR514 A(araBAD)567  |Wild type [9]
(wild type) |4(rhaBAD)568 rph-1
(old genotype: lacl® rrnBriadlacZwaie
hsdR514 AaraBADanss Arha BADLp1s)
MC4100 araD139 AlacUl169 rpsL thi fla Wild type [9]
Jw27012 BW25113 4fhiA FHL activator [17]
DHP-F2 MC4100 AhypF Maturation of all hydrogenases [9]
FM460? MC 4100 4selC tRNASs [9]

a resistant to kanamycin.

Bacterial growth was monitored by measuring bacterial culture absorbance by
spectrophotometric method (600 nm, Spectro UV-Vis Auto (Labomed, US). SGR
was determined by regularly measurement of optical density (OD) until the
stationary phase by the following formula [16]:

In (OD;) — In (0OD,)
u=
t =t

)

where the values of In (OD;) and In (OD,) were recorded at t; and t, hours,
respectively.

0.2 mM N,N’-dicyclohexylcarbodiimide was added to the growth medium as
FoF1-ATPase specific inhibitor to show the role of proton ATPase or the interplay
between proton ATPase and H, metabolism enzymes in SGR of E. coli bacteria. To
determine the impact of external formate concentration on SGR, 1 mM, 5 mM and
10 mM respective amounts of sodium formate were used.

Results and Discussion.

Effect of DCCD and Different Concentrations of Formate on Growth of
E.coli Wild Type and Mutant Strains During Mixed Carbon Sources
Fermentation at Slight Alkaline pH. E. coli is able to utilize the mixture of glucose,
glycerol and formate anaerobically, as shown before [9, 18]. The SGR of E. coli
bacteria was higher at pH 7.5, than at pH 6.5 and 5.5, which was shown during
fermentation of other carbon sources, previously [13].

To understand the role of proton ATPase in SGR, the effect of DCCD was
studied during glucose, glycerol and formate co-fermentation at pH 7.5 (Fig. 1). It
was shown, that the SGR in the presence of DCCD was decreased in all strains.
DCCD suppressed the SGR of wild type by ~35%, ~36% and ~47% with addition of
1 mM, 5mM and 10 mM formate, respectively. Whereas, overwhelming effect of
DCCD was increased in hypF and selC mutant strains and was ~ 44%, ~ 53%, ~ 56%
and ~43%, ~54%, ~60%, accordingly, in the presence of respective amounts of
formate (1 mM, 5mM, 10 mM). Moreover, effect of DCCD was severe in fhlA
mutant strain as SGR was decreased by ~89%, ~89% and 86% when 1 mM, 5 mM
and 10 mM formate was added in the growth medium.

Overwhelming effect of DCCD on SGR highlights the essential role of FoFi-
ATPase, particularly in the lack of Hyd and FDH enzymes, when H. generation was
absent and H* outflow and intracellular pH regulation occurred via FoF1 pump were
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not active. In fhlA mutant strain, when both Hyds and FDHs are absent, the growth
was almost completely suppressed. Hence, the separate interaction between Hyds or
FDHs and proton ATPase is not considerable. Mentioned membrane-bound enzymes
are in interaction, which was shown earlier [9], and this interplay has a function in
bacteria growth and is not dependent on external formate concentration. On the other
hand, FhlA protein has its own ATP binding and ATPase activity [8], and when the
fhlA mutant lacks the FhlA protein and the proton ATPase is suppressed, it is
suggested that the energy required for bacterial growth is provided less.
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Fig. 1. SGR of E. coli wild type and mutant strains during fermentation of mixed carbon sources
(glucose (11.1 mM), glycerol (137 mM) and formate (1 mM, 5 mM, 10 mM)) at pH 7.5. DCCD was
added to the growth medium with 0.2 mM final concentration. For mutant strains see Tab. 1. For growth
condition and other details see Methods.

The SGR of wild type is less by ~39% and ~30% in the presence of 1 mM and
5 mM external formate, respectively, compared to 10 mM formate concentration (see
Fig. 1). Therefore, formate has a positive effect on bacteria growth during utilization
with glucose and glycerol at pH 7.5. The promoting effect of external formate
concentration was mentioned in hypF and selC, but not in fhlA mutant strain. It is
suggested that the effect of external formate on the growth of bacteria is mediated
by FhlA regulatory protein at pH 7.5.

It was shown that the SGR of selC and fhIA mutant strains (see Tab. 1) was
~31% and ~22% higher compared with wild type, accordingly, when 1 mM formate
concentration was added in the batch culture. However, there was no difference
between SGR of hypF and wild type. Consequently, in the presence of less amount
of formate FDHSs, but not Hyd enzymes, have a negative role in bacterial growth at
pH 7.5. fhlA mutant strain showed reduced SGR by ~30% in the presence of 10 mM
formate, in comparison with wild type (Fig. 1). Unlike, similar data were not detected
in the case of hypF and selC mutant strains. Thus, Hyds and FDHSs perhaps have a
positive influence on E. coli growth but only in the composition of FHL complexes.

Effect of DCCD and Different Concentrations of Formate on Growth of
E.coli Wild Type and Mutant Strains During Mixed Carbon Sources
Fermentation at Slight Acidic and Acidic pHs. The effect of DCCD was less at
pH 6.5, than it was at pH 7.5, and was expressed only in addition of 10 mM formate
(Fig. 2). Nevertheless, in fhlA mutant strain DCCD reduced the SGR value by ~19%,
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~21%, ~38% correspondingly in the presence 1 mM, 5 mM and 10 mM of external
formate. Here, as at pH 7.5, the compensatory role of FhlA protein in proton ATPase
inhibition is also evident. This phenomenon is dependent on formate concentration
at pH 6.5, which is probably due to the fact that ATP hydrolysis occurs when formate
is bound to FhlA protein [8].

The positive effect of formate was observed at pH 6.5 as the SGR of E. coli
wild type was higher by ~30% and ~36% in the presence of 5mM and 10 mM
formate, accordingly, in comparison to 1 mM (Fig. 2). The lack of FDHSs caused the
SGR increase by ~22% during the availability of 1 mM external formate. So, these
enzymes separately have repressive effect on bacterial growth at the mentioned
conditions.
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Fig. 2. SGR of E. coli wild type and mutant strains during fermentation of mixed carbon sources
(glucose (11.1 mM), glycerol (137 mM) and formate (1 mM, 5 mM, 10 mM)) at pH 6.5. For other see
legends to Fig. 1.

The SGR was decreased in fhlA, hypF and selC mutant strains by ~24%,
~13%, ~15% and ~24%, ~18%, ~22% respectively in the presence of 5 mM and
10 mM formate. Consequently, Hyds and FDHSs interact in the bacterial cell
membrane in the case of relatively high formate amount (5 mM and 10 mM) and have
influence on growth processes either separately or in the complex.

The inhibitory influence of DCCD on bacterial growth was shown in the
mutant strain absent of FDH enzymes and this effect is dependent on formate
concentration at pH 5.5. DCCD weak inhibitory effect might be explained by that
FoF1-ATPase possibly has such a conformation and position in the membrane that
inhibitors, such as DCCD are not able to bond. Another point of view is availability
of mechanisms to regulate Apw+ which are targeted to resist at acidic pH.

In the contrary at pH 7.5 and 6.5, external formate high concentration had an
overwhelming effect on bacterial growth at pH 5.5, as SGR reduced value by ~20%
and ~37% was determined in the presence of 5mM and 10 mM formate, in
comparison to 1 mM (Fig. 3).

There was no difference between the SGR of wild type and selC mutant strain,
whereas in hypF and fhlA mutant strains it was decreased by ~13% and ~19% in the
case of 5 mM formate suggesting that FDHs only in FHL complexes with Hyds can
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have influence on bacteria growth. Hyds had a significant role ~26% in SGR when
10 mM formate was added.
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Fig. 3. SGR of E. coli wild type and mutant strains during fermentation of mixed carbon sources
(glucose (11.1 mM), glycerol (137 mM) and formate (1 mM, 5 mM, 10 mM)) at pH 5.5. For other see
legends to Fig. 1.

Conclusion. Summarizing the data received it is significant to emphasize,
that pH 7.5 is the optimum condition for E. coli bacterial growth during the co-
fermentation of glucose and glycerol in the presence of formate. Furthermore, the
influence of DCCD is considerable at pH 7.5. It is weaker at pH 6.5 and observed
only in the case of 10 mM formate. Hyds do not have a role on bacterial growth in
the presence of 1 and 5 mM external formate at pH 7.5. The mediated role of FhlA
in the promotion of bacterial growth in the presence of external formate is suggested.
It is demonstrated FhIA regulatory protein compensatory effect on SGR in the terms
of proton ATPase inhibition by DCCD at pH 7.5 and 6.5 with addition of 10 mM
formate. Hyds and FDHSs have shown an important role on bacteria growth at pH 6.5
separately or in the FHL complex. Moreover, the SGR is formate concentration
dependent at all pHs as the amount of external formate increase leads to SGR
increase simultaneously at pH 7.5 and 6.5. The opposite effect is observed at pH 5.5.
Thereby, the study, conducted in the condition of utilization of a mixture of carbon
sources, provide important information for the improvement of bacterial biomass
production. The data found in this research will be applicable to the development of
bio-hydrogen technology.
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NrNSNLUSHL Udwgh UGLULKUSNEFY UNGELUUNQ
N,N’-2h8hUlN<GLUPLUUrLNYPPUD YD B ULSULEL
UrQulfef¢Jdb SULLE UNLELIMUSPULE b 2612 E.COLI-h
dauudv ANroLuEUSNEU USTuUsLh llrs WLA3NFLLEND
lUunNrudy 64 SULLEE pH-h MU3UULLELOFT

Syjuy htimwgnunipynil ninnyuid t E. coli yuyph whwh, <hn nr Unh
dtipdtiintiipnh W FhlA Jupguynphy ughnwinigh ppuwpunnidtipny dninwitin-
Uiph wadw b mbuwjupup wpugnipjut thnthnunipjub ntuntdbwuhpnipywip
N,N’-nhghlynhtipupjjuippnnhpipnh (:84%F) b wpnwphl dpglwepyh wwpptin
hnnignibdiph wnuynipjut - wuwypdwbbbtpmy  qpniyngh, qhgtipnh W
Upptwppyh hwdwhidinpdwb phpwgpnid pH 5.5-7.5 wipdtipttipniud: E. coli-A
wbhdwbh mbuwmupup wpugnipyub wdkbwpwndp wpdtipp nhnyy £ pH-7.5-
nd: Pugwhwynyty £, np widwd mbuwupup wpugnipniin upgwd
wpunwphllt dpetwppyh hwmnipniihg pnnp pH-bbpnud:  8U%-h  bpnn
wqntignipgniipn tuunyty E wnuwytijuuytiu pH 7.5-n1d b dwubwyhnpti pH 6.5
5.5 wpdbiptipnud: FoF-UGdwgh wpghjujdwt yuydwbdtpnid puguhwymyby
E FhlA-h thnpjuhwwnnignquijut nipp pwljmbphwbbph wedwh nbuwupun
wnwigni pyub Ukg:

T'. X.TEBOPTAH, A.B. BACUJIAH, K. A. TPYYHAH

POJIb CITELIM®UUYECKOT'O UHTMBUTOPA ITPOTOH-AT®as61
N,N’- IULIMKJIOT EKCUJIKAPBOIMUMAIA 1 KOHLIEHTPALINA
BHEILHEI'O ®OPMUATA B POCTE E.COLI BO BPEMSI BPOXKEHM ST
CMEILIAHHBIX UCTOYHUKOB VTJIEPOJIA TTPY PA3JIMYHBIX pH

JlaHHO€ wHcclieloBaHME HAIpPaBI€HO Ha H3yYEHUE HW3MEHEHUH YeNIbHOMN
ckopoctu pocra E.coli mukoro Ttuma um MyTaHTOB C aedeKTOoM (EepMEHTOB
TUIporeHas, opMuaT Ieruaporenassl 1 perynsitopaoro 6enka FhlA B mpucytctBun
N,N’-guuknorekcunkapboquuvuaa  (JIIK/) ©  pasniuuHbIX  KOHIEHTPAIHit
BHeIIHero (opmuara mpu QepMEeHTAIMU TIIOKO3bI, THIepuHa U GopMuara mnpu
pH 5.5-7.5. Camoe BbIcOKOE 3Ha4yeHue pocra E. coli mabGmomanoce npu pH 7.5.
BrIsBIIEHO, YTO POCT 3aBHCUT OT KOHIICHTPALMM BHEIIHEro (opMHaTa MpU BceX
sHaueHusx pH. Dddexr unarnbupoanus ALK mposBisUics B OCHOBHOM IIpH
pH 7.5 nwactuuno — mpu pH 6.5 1 5.5. B ycnosusax narnouposanust FoFi-ATdazer
BBIABJICH KoMIieHcaTopHbIH 3dekT FhlA Ha yaensHyro ckopocTh pocTa OaKkTepHid.
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