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Abstract Rhodobacter sphaeroides is a bacterium that
can produce hydrogen by interaction with hydrogenase and
nitrogenase. We report a hydrogen production system using
co-cultivation of hydrogenase in liquid medium and
immobilized nitrogenase in Escherichia coli. The recom-
binant plasmid has been constructed to analyze the effect of
hydrogen production on the expression of hupSL hydro-
genase and nifHDK nitrogenase isolated from R. sphaer-
oides. All recombinant E. coli strains were cultured
anaerobically, and cells for nitrogenase were immobilized
in agar gel, whereas cells for hydrogenase were supple-
mented on the nitrogenase agar gel. The hupSL hydroge-
nase has been observed to enhance hydrogen production
and hydrogenase activity under co-culture with nifHDK
nitrogenase. The maximum hydrogen production has been
obtained at an agar gel concentration and a cell concen-
tration for co-culture of 2 % and 6.4 x 10® CFU. Thus, co-
culture of hupSL hydrogenase and nifHDK nitrogenase
provides a promising route for enhancing the hydrogen
production and hydrogenase activity.
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Introduction

Hydrogen is receiving much attention currently due to its
being a clean, efficient, and renewable fuel and is being
used in fuel cells. As the global energy system is expected
to change from fossil fuels to hydrogen and methane,
there is an urgent need for the development of simple
methods for hydrogen production. Most of the current
chemical or electrochemical methods used for hydrogen
production are not cost effective as they operate at high
temperatures. The use of biological methods for hydrogen
production can reduce energy costs significantly as these
processes operate at ambient temperature and pressure.
Biological methods generally depend upon hydrogenases,
which catalyze the reaction: 2H" 4 2¢~ « > H, (g) [4].
Microorganisms have two main pathways for hydrogen
production through either photosynthetic or fermentative
process, and in general fermentative hydrogen production
per cell is more efficient than photosynthetic [5, 15].
Recently, efforts have been made to improve the yield and
rate of hydrogen production using metabolic engineering
approaches. Most of these efforts deal with modification
of hydrogen (uptake hydrogenase) and central carbon
(lactate dehydrogenases) metabolism pathway [2]. E. coli
is generally used for hydrogen production, as it is the most
extensively characterized bacterium and is also easy to
manipulate genetically [4]. Escherichia coli cells have
four hydrogenases, but only hydrogenase 3 has hydrogen
production activity and it produces hydrogen from formate
by the formate hydrogen lyase (FHL) system. It consists
of hydrogenase 3 and formate dehydrogenase-H, and FHL
system is probably used for the regulation of internal pH
in cells [5]. Various recombinant E. coli strains have been
also developed for biological hydrogen production sys-
tems [10].
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Hydrogenase and nitrogenase play key roles in the
hydrogen metabolism of purple non-sulfur photosynthetic
bacteria. Nitrogenase is an enzymatic complex consisting
of two proteins, MoFe protein (dinitrogenase), which
contains the active site for nitrogen reduction, and Fe
protein (dinitrogenase reductase), which transfers electrons
to MoFe protein [13, 14]. The expression of nifHDK,
structural genes coding for nitrogenase, is also repressed in
response to ammonium ion. The molecular hydrogen pro-
duction by purple non-sulfur photosynthetic bacteria during
photosynthetic growth is directly mediated by nitrogenase
[1]. In the co-culture fermentation system of dark and
photo-fermentation bacteria, organic acid produced by dark
fermentation was in situ converted into hydrogen by photo-
fermentation [12]. For the development of co-culture fer-
mentative hydrogen production process into practice, the
control strategies of co-culture fermentation need to be
investigated in detail.

In the present study, we report the development and
optimization of hydrogen production system using recom-
binant E. coli which exhibits high hydrogen productivity.
We constructed two recombinant plasmids to express
hydrogenase and nitrogenase encoded by hupSL and
nifHDK that were isolated from R. sphaeroides in E. coli.
Furthermore, hydrogen production and hydrogenase activ-
ity have been studied for optimization of co-culture con-
ditions. Optimum conditions for hydrogen production, such
as cell loading and agar concentration, have been also
investigated.

Materials and Methods
DNA Isolation, Manipulation, and Transformation

The chromosomal DNA was prepared from R. sphaeroides
using a Wizard SV genomic DNA kit (Promega, Madison,
USA). The plasmid DNA was prepared from the E. coli
cells with an alkaline lysis technique using a QIA spin
miniprep kit (QIAGEN, Germany). DNA modification,
analysis by agarose gel electrophoresis, and ligation were
carried out. E. coli cells were transformed by electropora-
tion with an electro cell manipulator (BTX Technologies
Inc., USA).

Construction of Plasmids for nifHDK Nitrogenase
Expression in E. coli

The nifH, nifD and nifK coding regions were amplified
from the chromosomal DNA of R. sphaeroides by PCR
using the primer pairs nifH-f (5-TTC TCT AGA ATG
GGA AAA CTC CGG CAG ATC-3', Xbal) and nifH-r (5'-
ATA CAT ATG TCA GGC CTC GGC GGC GGC GAT-

3', Nhel) for amplification of the nifH gene, nifD-f (5'-CCG
CAT ATG ATG GCG AAA GAT ATC GCT-3’, Ndel) and
nifD-r (5-AAG GCT AGC TCA GGC CGT CTT CTT
CCA-3', Nhel) for amplification of the nifD gene, and nifK-
f (5-ATT GCT AGC ATG CCG CAG TCG GCC GAA-3,
Nhel) and nifK-r (5-ATT AAG CTT TCA GCG GGT
CAG GTC GAA-3', HindIIl) for amplification of the nifK
gene. The PCR experiments were carried out using a T
gradient thermocycler (Biometra, Germany), Ex Taq™
DNA polymerase (TAKARA Bio Inc., Japan), and chro-
mosomal DNA as the template. The PCR products were
purified using a QIAquick PCR purification kit (QIAGEN,
Germany). The oligonucleotides used for PCR amplifica-
tion were purchased from AccuOligo (Bioneer Co., Korea).
The PCR product for nifH gene was digested with Xbal/
Ndel and ligated with plasmid pET-28b restricted with the
same enzymes (Fig. 1). Subsequently, the PCR product for
nifD gene was digested with Ndel/Nhel, ligated with
plasmid-inserted nifH, and restricted with the same
enzyme. The PCR product for nifK gene was digested with
Nhel/Hindll, ligated with plasmid-inserted nifH and nifD,
and restricted with the same enzymes. The final plasmid
was transformed to E. coli BL21 (DE3) by electroporation.

Growth Conditions and Co-culture

The strains and plasmids used in the present study are
shown in Table 1. E. coli BL21 (DE3) (Novagen Chemi-
cals Inc., Germany) was grown at 37 °C in Luria—Bertani
medium. Complex medium was used in all experiments to
optimize hydrogen production [7]. The complex medium
contained (per liter): 20 g glucose, 5.0 g yeast extract,
5.0 g tryptone, 7.0 g K,HPO,, 5.5 g KH,PO4, 0.5 g L-
cystein—HCI-H,0, 1.0 g (NH,4)>SOy,, 0.25 g MgS0,4-7H,0,
0.021 g CaCl,-2H,0, 0.029 g Co(NO;),-6H,0, 0.039 g
Fe(NH,4),S04-6H,0, 2.0 mg nicotinic acid, 0.172 mg
Na,SeO;3;, 0.02 mg NiCl,, and 10 ml of trace element
solution containing 0.5 g MnCl,-4H,O, 0.1 g H3;BO;,
0.01 g AIK(SO4),-H,0, 0.001 g CuCl,-2H,0, and 0.5 g
Na,EDTA. Selection for the presence of plasmids was
carried out using 50 pg/ml ampicillin and 25 pg/ml kana-
mycin. Growth of the shake-flask cultures was monitored
by measuring the optical density at 600 nm using an UV/
VIS spectrophotometer (Mecasys Co., LTD., Korea).

The grown culture of recombinant E. coli was collected
by centrifugation at 3000 rpm. Agar was dissolved in
10 ml water and sterilized. This solution was cooled to
40-50 °C and mixed with 1 ml of prepared E. coli sus-
pension. The agar culture solution was immediately mixed
into 50-ml sealed crimp-top vials. Other cells suspended in
a complex medium were injected onto immobilized cells.
The bottles were shaken at 150 rpm and a constant tem-
perature of 30 °C under dark conditions.
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Fig. 1 Schematic diagram of
the plasmids. The nifH, nifD,
and nifK genes from R.
sphaeroides KCTC 1434 were
cloned into pET-28b for
inducible expression of nifHDK
nitrogenase in E. coli

R. sphaeroides KCTC 1434

1.5kb

(Xbal + Ndel)
Ligation

(Xbal + Ndel)

“2

(L““

&
(NdeI+ Nhel) | &
Ligation

pET-28b-
nifHD

(7.8 kb)

Table 1 Strains and plasmids used in this study

(Nhel + HindlIII)

pET-28b-
nifHDK
(9-3kb)

Ligation

Tack

Strains and plasmids Relevant genotype Source
A. Strains
R. sphaeroides Wild-type KCTC 1434

E. coli BL21 (DE3)
B. Plasmids

pET-21a

pET-28b
pEMBTL-HJ1
pEMBTL-HJ2
pEMBTL-HJ3
pEMBTL-HJ4
pEMBTL-HJ5

F~ ompT hsdSg (rg mg) gal dem (DE3)

Ap®, IPTG inducible T7 polymerase -dependent expression vector
Km®, IPTG inducible T7 polymerase-dependent expression vector
Ap®, pET-21a derivative carrying the R. sphaeroides hupS gene

Ap®, pEMBTL-HI1 derivative carrying the R. sphaeroides hupL gene
Km®, pET-28b derivative carrying the R. sphaeroides nifH gene
KmF, pEMBTL-HIJ3 derivative carrying the R. sphaeroides nifD gene
KmF, pEMBTL-HJ4 derivative carrying the R. sphaeroides nifK gene

Novagen, Madison, WI, USA

Novagen, Madison, WI, USA
Novagen, Madison, WI, USA
This study
This study
This study
This study
This study

Hydrogenase and Hydrogen Assay

Hydrogenase activity in whole cells was assayed by fol-
lowing the reduction of methylene blue linked to H, oxi-
dation. The reactions were carried out in capped vials
containing cell suspension in 1 ml of 20 mM Tris—HCI pH
8, and 30 pl of 10 mM methylene blue (final 0.15 mM) and
made anaerobic by gassing with argon than H, gas. The
samples were incubated at 25 °C for 20 min and their
absorbance was measured at 565 nm [6].

@ Springer

E. coli strains (pET-21a, pEMBTL-HJ2 with 1.0 mM
IPTG and 50 pg/ml ampicillin and pET-28b, pEMBTL-
HJ5 with 1.0 mM IPTG and 25 pg/ml kanamycin) were
inoculated into 40 ml of complex medium in 50-ml sealed
crimp-top vials. After capping the vial with a gas-tight
rubber stopper, it was grown anaerobically at 30 °C. The
gas phase (500 pl) was withdrawn and analyzed for H, by
gas chromatography (GC) using a 6890 N gas chro-
matograph (Agilent Technologies, Glastonbury, CT)
equipped with a thermal conductivity detector and a
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column containing 60/80 mesh molecular sieve SA (Su-
pelco, Bellefonte, Pa.). All results represent data from at
least three independent experiments.

Results and Discussion
Hydrogen Production and Hydrogenase Activity

The plasmid for nifHDK nitrogenase is shown schemati-
cally in Fig. 1. The nifH, nifD, and nifK gene regions from
R. sphaeroides were isolated by a PCR-based strategy
discussed in detail in “Construction of plasmids for
nifHDK nitrogenase expression in E. coli” section. The
resulting plasmids carrying the nifHDK region and results
of the sequence of 3876 bp are confirmed. The nifHDK
genes of R. sphaeroides have been cloned within pET-28b
vector [14], whereas in our earlier study the hupSL genes of
R. sphaeroides were cloned within pET-21a vector [3].
No significant hydrogenase activity was observed in the
presence of oxygen (data not shown). E. coli carrying
hupSL hydrogenase and nifHDK nitrogenase were grown
anaerobically at 30 °C. Hydrogen production of these four
strains of recombinant E. coli plasmid (pET-21a, pET-28b,
pEMBTL-HJ2, and pEMBTL-HJ5) is shown in Fig. 2.
Hydrogen production by expression of hupSL hydrogenase
or nifHDK nitrogenase from recombinant E. coli increased
as compared to the control E. coli (pET-21a or pET-28b,
respectively). In addition, hupSL hydrogenase-expressing
cells showed large enhancement in the hydrogen produc-
tion compared with nifHDK nitrogenase-expressing cells.
Hydrogen production by E. coli is mediated by formate
hydrogenase system which consisted of hydrogenase 3
encoded by hycABCDEFGHI and formate dehydrogenase-

1000
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400 -

200 -

H, production (ul/500ul)

0 2 4 6 8 10 12 14
Time (hr)
Fig. 2 Hydrogen production of mock vector and recombinant E. coli

plasmid (black circle, pET-21a; black square, pET-28b; black
triangle, pEMBTL-HJ2; black diamond, pEMBTL-HIS5)

H encoded by fdhF [4]. However, nitrogenase does not
exist in E. coli. The overexpression of hupSL protein in the
previous study [3] may have resulted in promoting native
hydrogenase 3 in E. coli, and as a result hydrogen pro-
duction was improved by recombinant E. coli harboring
active hydrogenase from R. sphaeroides

Co-culture System of hupSL Hydrogenase
and nifHDK Nitrogenase

An earlier work on hydrogen production by immobilized
photosynthetic microorganisms was concerned exclusively
for hydrogen production [9]. However, in the present study
we have used two types of co-cultures (type 1 and type 2)
based on hupSL hydrogenase and nifHDK nitrogenase.
Type 1 is hupSL hydrogenase in liquid media and immo-
bilized nifHDK nitrogenase. Also, type 2 is nifHDK
nitrogenase in liquid media and immobilized hupSL
hydrogenase. Both the co-cultures are shown schematically
in Fig. 3a. In the co-culture test of hupSL hydrogenase and
nifHDK nitrogenase, the hydrogen production and hydro-
genase activity were measured as a function of time, and
the results are shown in Fig. 3b. The hydrogen production

(a)

Type 1

=

Type 2

-

pEMBTL-HJ2 pEMBTL-HJ5
(liquid media) (liquid media)
pEMBTL-HJS pEMBTL-HJ2
(solid media) (solid media)
(b) 600
® L 2
= 1 L
é 500 .
u
§ 400 1 -
‘2’ 300
s .
E 200
=
3 ] (]
g 100 *
= 0 aa "

0 2 4 6 8 10 12 14
Time (hr)

Fig. 3 The experimental method for co-culture system of hupSL
hydrogenase and nifHDK nitrogenase. Type 1 represents hydrogenase
in liquid media and immobilized nitrogenase and type 2 represents
nitrogenase in liquid media and immobilized hydrogenase (a).
Hydrogen production by two types (circles correspond to type 1
and squares to type 2) (b)
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increases with time and reaches a saturation value after 8 h
for both types (type 1 and type 2) of co-cultures. However,
the type 1 co-culture containing immobilized nifHDK
nitrogenase and liquid-cultured hupSL hydrogenase shows
higher hydrogen production. Based on the study of Kern
et al. H, accumulation depends on cellular activities of
nitrogenase and hydrogenase in purple non-sulfur photo-
synthetic bacteria. Nitrogenase promotes hydrogenase
production and hydrogenase consumes hydrogen.

To understand this variation, more experiments were
conducted at different agar and cell concentrations so that
optimum values for maximum hydrogen production could
be obtained for activated hydrogenase in E. coli.

Effect of Agar and Cell Concentration

The effect of agar concentration on hydrogenase activity
and hydrogen production has been studied using agar gel
concentrations in the 0-3 % range, and the results are
shown in Fig. 4a. When agar gel concentration was low
(0.5 %), the agar gel breakage was significant and the
hydrogen production and hydrogenase activity were also
very low. However, the hydrogen production and hydro-
genase activity by co-culture sharply increased as the agar

(a) 0-016 - 600
0.014 8 500 5
0,012 S
£ 0010 400 3
£ =
S 0.008 300 £
2 o 1
& 0.006 2
= 200 8
0.004 ° 2
0.002 o 100 =
[ ]
0.000 0
Upper pEMBTL-HJ2
Low (Agar gel %) Cont. 1 2 3
b
( )1.4 3500
o
1.2 o 3000 =~
1.0 ¢ 5
z 5 2500 g
g 08 ° o 2000 =
< [ ] ]
o 0.6 S
2 1500 £
S04 3
» 1000 2
0.0 ) 500 =
0

Culture time/

P 0 2/40 2080 1240 12/80
CFU (x10°%) 0) 23) @E1) (@26 (6.4
Fig. 4 The variation of hydrogen production (open circle) and
hydrogenase activity (black circle) with agar concentration (a) and

cell density (b) in the co-culture of hydrogenase and immobilized
nitrogenase

@ Springer

gel concentration increased from 1 to 2 %. With further
increase in agar gel concentration to 3 %, no appreciable
change was observed in the amount of hydrogen produced
as well as in hydrogenase activity, and both these param-
eters reached a saturation value. Thus, it shows that the
agar gel concentration for optimum production of hydrogen
and hydrogenase activity is 2 % for the co-culture process
of recombinant E. coli used in this study. This indicates
that, at agar gel concentration of 2 %, the substrate and
products are easily transferred through the gel. These
results also demonstrate that hydrogen production is sig-
nificantly affected by hydrogenase activity.

In addition to the agar gel concentration, the cell density
used for immobilization is another most important factor
for hydrogen production with immobilized systems [11].
The effect of cell concentration on hydrogen production
and hydrogenase activity has been studied, and the results
are shown in Fig. 4b. As observed from the results of
Fig. 4b, the cell density for fixation in agar as a support
strongly affects the hydrogen production. The enriched
cells of nitrogenase affected hydrogen production, and at a
cell concentration of 6.4 x 10® CFU maximum hydrogen
production has been observed. The results shown in Fig. 4a
and b show that the hydrogen production and hydrogenase
activity depend upon agar concentration and cell concen-
tration, and optimum values for maximum hydrogen pro-
duction and hydrogenase activity are 2 % agar
concentration and 6.4 x 10® CFU cell concentration. The
above results show that the use of co-cultures can be a very
promising approach to enhance the hydrogen production
and hydrogenase activity, and the concentration of agar gel
and cell can be optimized for obtaining best results.

We have developed hydrogen production system using
co-cultivation of hydrogenase and nitrogenase in E. coli.
The co-culture containing hydrogenase in liquid medium
and immobilized nitrogenase has been observed to show
higher hydrogen production and hydrogenase activity. The
optimum value of hydrogen production and hydrogenase
activity has been obtained at an agar gel concentration for
co-culture of 2 % and a cell concentration of 6.4 x 10
CFU. Thus, co-culture of hupSL hydrogenase and nifHDK
nitrogenase appears to be a promising strategy for
increasing the hydrogen production and hydrogenase
activity. A variety of studies have been conducted to
improve the hydrogen production. Ryu et al. [8] reported
hydrogen production by upregulating nitrogenase expres-
sion and decoupling its expression. The hydrogen produc-
tion was improved to 4 ml/ml hydrogen in 100 h. In this
study, we found that the amount of hydrogen produced was
3500 pl/ul in 12 h. E. coli can grow faster and easily reach
higher biomass concentration. Although the level of pro-
duction of hydrogen in E. coli is still low compared with
previously reported value, it can be further improved by
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increasing biomass concentration and optimizing the pro-
duction conditions.
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