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Both hydrogenase and nitrogenase were found to be involved in hydrogen evolution independently in Rhodopseu-
domonas sp. KCTC 1437. The hydrogen formation in this bacterium was independent on light illumination and
presence of NHy After establishment of conditions to measure the amount of hydrogen evolved by each of the en-
zZymes in vivo, the several factors affecting on the hydrogen evolution, e.g. presence of gases (C;Ha, Hz, Oz or N;), C/N
ratio, were investigated. Hydrogenase was less inhibited than nitrogenase under O, and was active independent on the
presence of Np or C; Hy which were the strong inhibitor of nitrogenase. Besides, the hydrogenase activity was increas-
ed after incubation with Hy. And it was verified that this bacterium consume hydrogen and photoreduce COy by
hydrogenase. From above results, it is concluded that hydrogenase in Rhodopseudomonas sp. KCTC 1437 can pro-
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duce hydrogen under more favorable conditiun that nitrogenase.

Since photoproduction of molecular hydrogen by photo-
synthetic bacteria was first observed with Rhodospirillium
rubrum growing photoheterotrophically, (12} the hydrogen
evolution from organic compounds is generally believed to
be catalyzed by nitrogenase while the utilization of hydrogen
to be mediated by hydrogenase. With excess of NHy, pres-
ence of Oy and dark condition which inactivate the nitrogen-
ase, the system responsible for hydrogen formation is ceased
completely in various photosynthetic bacteria. From these
results and many other studies, it was demonstrated that
hydrogen evolution is closely linked nitrogen fixation and
nitrogenase activity in photosynthetic bacteria.8:45)

However, sume photosynthetic bacteria were found to be
able to evolve hydrogen gas by anaerobic fermentation in the

absence uf light. Recently, it was cunfirmed that dark fermen-

tative growth with hydrogen production was attributed to a
pyruvate: formate lyase and formate hydrogenase metabolic
pathway like thal in the facultative anaerubes!®

Hydrogenase catalyzes the reversible oxidation of the
simplest molecule, Hy. However, almost all of the the hydro-
genase so far examined appear tu function in vivo to either
consume or to evolve He; physiolugically, they catalize an ‘ir-
reversible’ reaction®7)

In the past few years, the concerns with energy produc-
tion have initiated a considerable amount of researches into
the use of bacteria in sular energy conversion system to pro-
duce hydrogen which may be considered as one of the
cleanest fuel resources.

This study was initiated for the purpuse of hydrogen pro-

duction .using solar energy in large scale. Therefore, the
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studies were focused to increase the amount of hydrogen gas
produced by the photosynthetic bacteria under proper condi-
tions. The several characters of Rhodopseudomonas sp.
'KCTC 1437, the isolated photosynthetic bacteria, were
already reported and the strain was suggested to produce
hydrogen gas by both nitrogenase and hydrogenase® In this
study, it was intended to make it clear that Rhodopseu-
domonas sp. KCTC 1437 can produce hydrogen gas not only
nitrogenase but also hydrogenase. And, the effects of various
factors such as C/N ratio, several gases (H2 CoHz, N2 or Op)
on the productivity of hydrogen gas by both enzymes were

investigated.
Materials and Methods

Organism and Culture Conditions

Rhodopseudormonas sp. KCTC (Korea Collection of Type
Cultures) 1437 was grown photosynthetically in completely
full test tubes of 17ml capacity, closed with caps. Culture
medium was used as described by Woo, S.J. et al.® And K
medium (0.3% peptone, 0.3% yeast extract, 30mM glucose
and 25mM CaCl; 2Hz2 0) was used as complete medium with
modification when necessary ¥

Photosynthetic anaerobic cultures were incubated at
30°C under light intensity of about 6,000-10,000 lux. Aerobic
cultures were carried out in shaking flask.

Preparation of Precultured Cell Suspension

Precultured cells were prepared and stored as previously
described -1
Measurement of Hydrogen Evolution

Hydrogen evolution was carried out in serum bottles
(40ml) containing medium to which precultured cell suspen-
sion was added. The optical density of the medium was ad-
justed to 0.5-0.6 at 660nm and its total volume was 10ml.
The same medium like culture medium (glucose 30mM.
glutamate 7mM) was used.

In order to measure the activity of nitrogenase, 10mM: of
hypophosphite (Hayashi pure chemical Ind. Co. Japan)
which inhibited phyruvate formate lyase® was added to the
medium. In the case of hydrogenase, NH4 (TmM), as the in-
hibitor of nitrogenase, was substituted for glutamate as N
source.

Capping, gassing with argon and incubation were follow-
ed as described®

After 40 hours of incubation, the amount of hydrogen
produced was analyzed with a Varian 3700 gas chromato-

graph equipped with a thermal conductivity detector which
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was set at 90°C. To measure the amount of hydrogen gas ex-
actly, Porapack Q column (80 to 100 mesh) was used at 60°C
because it could detect not only Hp but also CO, which was
evolved in large amount at the same time during incubation.
Nitrogen was used as a carrier gas.

Hydrogen content was calculated from peak heights of
the recorder by reference to a calibration curve of CO2 and
He.

Nitrogenase Assay

Nitrogenase activity was measured by the reduction of
acetylene to ethylene as described previously12)
Measurement of Optical Density and Determination
of Cell Mass

Bacterial concentrationn was measured by either absor-
bance of culture at 660nm (using Shimazdu UV-260) or its
dry weight as described®

Result and Discussion

Effect of the Growth Condition
Table 1 shows the effect of various incubation conditiuns

on the production of hydrogen gas. While nitrogenase could

Table 1. Hydrogen evolution affected by the

presence of light and air.

Amount of hydrogen produced(m/!/vial)*®

Light, Light, Dark, Dark

aerobic® anaerobic aerobic anaerobic
Hydrogenase® 4.83 9.99 3.52 10. 03
Nitrogenase® 0 2.58 0 0°
®There are various units to express the amount

of hydrogen evolved. The most used unit is ul of
hydrogen/hr-mg of cell dry weight, but it is not
proper in certain case that high concentration of
cell produced large amount of hydrogen because
the amount of hydrogen produced is divided by
much amount of cell mass. Therefore, milliliter of
produced hydrogen/vial was used as unit because
the ultimate goal of this study is to incre-
ase hydrogen production. Each vial contains 10 m/
medium.

®The condition of incubation after addition of res-
ting cell.

SAfter nitrogenase activity was certified to be 0
by reduction of acetylene, this condition for hyd-
rogenase activity (30 mM glucose and 7mM NH,C1)
was set up.

YAfter hydrogenase activity was certified to be 0,
this condition for nitrogenase activity (30 mM glu-
cose, 7mM glutamate and 10mM hypophosphite)
was set up.

¢Resting cells were not grown at all
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Fig. 1. Evolution of hydrogen gas at the vari-

Amount of hydrogen Evolved(m{/vial)

ous concentration of C and N sources.

a. Hydrogenase activity at 1lmM(— ® — ® —), 7mM
(—a&—Aa—) and 21mM (— B — B —) when NH;us-
ed as N sourse.

b. Nitrogenase activity at 1mM(—® — @ —),7mM
(—a—a—)and 21mM (— @ — 8 —) when gluta -
mate was used as N source with hypophosphite.
¢. Total activity including those of hydrogenase and
nitrogenase at ImM(— ® — @ — ), 7TmM (—& —a&a—)
and 21mM (— 8 — B —) when glutamate was used

as N source.

Each vial contains 10 ml of medium.

evolve hydrogen gas only under light and anaerobic condi-
tion, hydrogenase could evolve it under any combined con-
dition of light and air, even under dark, aerobic condition.

Some kinds of hydrogenase were reported to be sensitive
to uxygen( but the hydrogenase of this bacterium was
relatively stable, although its activity was lower than that
under anaerobic condition.

Besides, when resting cells grown on the complete
medium were used, hydrogenase could hydrogen gas, also.

Under dark, anaerobic condition for nitrogenase, resting
cells were not grown at all, because hypophosphite, the
analogue of pyruvate, would inhibit the uptake and fermen-
tation of pyruvate which was the only way to obtain energy
in the condition that respiration and photosynthesis were
blucked.

Effect of concentration of C and N sources

Figure 1 shows the effect of various concentration of C
and N sources (Glucuse was used as C source).

The higher concentration of glucose and N source were,
the more hydrogen gas and cell mass were, And nitrogenase
showed a severe variation as glucose concentration was in-
creased and it is more severe in total than in nitrogenase.

It may. be resulted from that nitrogenase produced

387

hydrogen to regulate intracetiular levels of ATP and reducing
power obtained from large amount of C source{!3 But as N
source increased at constant concentration of glucose,
hydrogen production was increased, too. The result is dif-
ferent from that the amount of hydrogen produced by
nitrogenase was reduced at high N/C ratio

It suggests that the higher cell yield which was possible at
high concentration of C and N source should result in the
more production of hydrogen.

Effect of Hydrogen Gas on Hydrogenase Activity

Experiments were conducted to confirm whether
hydrogen, the product of this reaction, had any effects on fur-
ther production of hydrogen. Resting cells were divided into
3 classs according to growth conditions that whether
hydrogen existed in the gas phase and whether the
hydrogenase was active.

Table 2 shows if hydrogenase is already activated in
resting cells, it can have higher productivity than control.
And resting cells evolved more amount of hydrogen gas
when injection of hydrogen gas was carried out prior to in-
cubation. But, it had little effect on the resting cells grown
under hydrogen gas that already had active hydrogenase.
Anyway, hydrogen has some effect to increase hydrogenase
activity.

There were several reports to induce hydrogenase by
hydrogen gas in some cyanobacteria. The cells which were
grown under hydrogen gas produced hydrogen several folds
according to the conditions™ although the major role of

hydrogenase in cyanobacteria in vivo was the uptake of

Table 2. Relationship of hydrogenase activity

and hydrogenase.

Amount of hydrogen produced

Preparation (ml /vial)®
of resting . ,
cells Resting cells were incubated®
with 10% H, without H,
grown at®
7mM of NH;}¢ 10. 39 7. 14
7mM of NH/+10% H, 8.88 9.31
control® 5.10 2. 41

<Each vial contains 10 m!/ medium.

» The medium which commposition was 7 mM of NH,"
and 30 mM of glucose, was used to make only hy-
drogenase activate.

<Glucose concentration was 30 mM in all the case.
+The growth condition for hydrogenase.

. The growth condition was same as the prepara-
tion of resting cells in materials and methods.
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hydrogen.

In most photosynthetic bacteria, hydrogenase has two
functions. One consumes hydrogen to photoreduce CO2 and
another produces hydrogen although it is not known if they
are the same enzyme.

From above result, it can be assumed that hydrogenase
for photoreduction induced by hydrogen gas was not to up-
take hydrogen but to produce it.

In the case of nitrogenase, the evolution of hydrogen gas
was alsu increased when incubation was carried out under
hydrogen gas. The higher concentration of hydrogen existed
(until 20%), the more hydrogen was produced.

Inhibition of N2, O, or C3H,

It has been known that nitrogenase activity to produce
hydrogen was inhibited by Nz, Oz or C2Hz, Because Ne and
CoHz are one of substrates of nitrogenase, they inhibit it com-
pletely. O, is a strong inhibitor to introgenase and blocks
hydrogen production completely. To investigate the effect of
gas on hydrogenase, resting cells were incubated with various
concentration of N2, O2 or C2Hz and measured the amount of
hydrogen produced.

As Figure 2 shows, hydrogenase was more stable to
several gases than nitrogenase generally. This fact verified
our assumptivn again that Rhodopseudomonas sp. KCTC
1437 produces hydrogen gas by both enzymes. Hydrogenase
has been repurted to be sensitive to Oz, although the sen-

sitivity varies with species(” The hydrogenase of this strain
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Fig. 2. Effects of several gases on hydrogen pro-

duction.

Gas was injected after bubbling of argon gas. The
open marks are for nitrogenase and closed ones
are for hydrogenase. The circle is symbol for nit-
rogen gas, the triangle for acetylene gas and the
square oxygen gas. Each vial contains 10m/ me-
dium.
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Table 3. Hydrogen uptake activity of Rhodop -
seudomonas sp. KCTC 1437¢

Amount of hydrogen (m! /vial)®

Glucose
concentration with without
(mM) L€ -
hypophosphite hypophosphite
30 -3.7 7.4
10 -4.3 -3.1
5 -3.9 ~4.0
0 -3.0 -2.9
control?® N.D.* -1.3

*The medium used was composed of notified con-
centration of glucose and 7mM of NH{, the nit -
rogenase inhibitory condition, because only hydro -
genase made it possible to produce or consume hy-
drogen. After bubbling of Ar gas, 10% of H, (3mi)
was added to gas phase of vial and incubated. Af-
ter determination of amount of hydrogen produced
or consumed, Ar bubbling and addition of 3m/ H,

were done and the vial was incubated once more.
The determination of amount of hydrogen existed

in vial was followed by subtraction of the amount
of hydrogen gas added from the measured one. The
resulted data were used the amount of hydrogen

gas consumed or produced.

®Each vial contains 10 m! medium. = means the
consumption of hydrogen gas.

°Hypophosphite was used in order to make hydro-

genase not to produce hydrogen.

®To compare to the consumption of hydrogen, con-
trol sample containing equivalent amounts of me-

dium and hydrogen was hydrogen through leakage.

‘not determined.

was somewhat stable to Oz. In air or 10% of oxygen, its ac-
tivity regluced to 50% of the activity of anaerobic condition.

From above results, it was confirmed that the production
of hydrogen mediated by hydrugenase was more convenient
than by nitrogenase from the viewpoint of application.
Hydrogen Uptake Activity (HUP) of Hydrogenase

To confirm the ability to consume hydrogen for photo-
reduction of CO; by hydrogenase, the amount of hydrogen
consurned during incubation was measured.

Table 3 shows this strain is able to consume hydrogen
gas by hydrogenase. When cells were incubated in the low
concentration of glucuse which made them hardly produce
hydrogen, cells consumed hydrogen gas to photoreduce COz.
In fact, COz was not detected at all when hydrogen uptake
vccured.

In high concentration of glucuse, hydrogenase can up-
take fiydrogen gas when hypophosphite was included in the
medium: If not, hydrogenase carried out the production of

hydrogen gas instead of consumption, because the photo-
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heterotrophic growth using glucose was more favorable than
one through photoreduction of COz.

when there was no glucose, hydrogen uptake activity
reduced a little compared to that in the low concentration of
glucose. It was attributed to inability of the strain to grow
photoautotrophically using COs and Hy. In other words, pho-
toreduction of CO2 by Hz was not enough for the strain to
grow completely. Although some photosynthetic bacteria can
grow photoautotrophically!s) with COz as the sole carbon
source and Ho as the energy source, it was impossible for
Rhodopseudomonas sp. KCTC 1437 to grow in the same
manner.

It was reported that almost nitrogen fixing organism was
able to consume Hz by conventional hydrogenase. Through
the system, H2 produced by nitrogenase is directly recycled
under conditions of low substrate concentration.!6) It means
that the efficiency of nitrogenase is enhanced by a
hydrogenase recycling electrons from substrate, lost through
the hydrogen evolving function of nitrogenase.(15. 17 18 This
strain seems to use hydrogenase uptake activity for the same
purpose.

It was not investigated if this was the same hydrogenase
that was involved in the production of hydrogen. But, it can
be assumed that it is the same enzyme which can react
‘reversibly’ for production or consumption of hydrogen. If it
is different enzyme, the hydrogenase producing hydrogen

may not activated by hydrogen, the product of this reaction.
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