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Abstract—Mutant strains of the filamentous cyanobacterium Anabaena strain PCC 7120 AHup (dc-Q193S
and dc-R284H) with amino acid substitutions located in the vicinity of the FeMo cofactor of nitrogenase pos-
sess nitrogenase activity with a hydrogen production rate of approximately 18 pumol H,/(mg h), which is
~30% lower than that of the parental strain AHup. The photosynthetic activity of mutants is also reduced.
Unlike the parental strain AHup, the dc-Q193S mutant shows a lower temperature optimum for hydrogen
photoproduction. This difference is probably due to the lowered filament strength (fragmentation). Hydro-
gen photoproduction in mutants does not significantly differ from that of the parental strain in relation to the
activation energy, light saturation constants (41—62 pumol quanta / (m?s)), and acetylene-induced inhibition.
However, in contrast to the parental strain, hydrogen photoproduction in the mutant strains is not inhibited
by molecular nitrogen, i.e., amino acid substitutions cause significant changes in the reaction requiring eight
electrons (N, fixation). The possibility to use nitrogen or atmospheric air instead of argon in the hydrogen
production is promising from the practical point of view, though reduced activity and increased fragility of

filaments in the studied mutants limit the possibility of their practical use.
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INTRODUCTION

The sustainable development of mankind requires
energy. The traditional use of fossil energy sources
results in environmental contamination, increase in
the carbon dioxide content in the atmosphere, and
increase in the average temperature of the Earth sur-
face. This fact determines the orientation toward the
use of alternative energy sources, such as solar energy.
One of the methods for its accumulation is the biopro-
duction of hydrogen. Hydrogen represents an ecolog-
ically clean energy carrier, since its oxidation product
is water.

Photobiological production of hydrogen by cyano-
bacteria is considered as an ideal process for renewable
energy production due to the high availability of water
(electron donor) and light (energy source) [1—3]. Het-
erocystous cyanobacteria represent the most studied
group of these bacteria in relation to both physiology
and molecular biology. Hydrogen photoproduction in
these bacteria is catalyzed by nitrogenase and/or Hox
hydrogenase; both enzymes are oxygen-sensitive. In
contrast to hydrogenase, nitrogenase catalyzes unidi-
rectional H, production that is considered to have a
greater potential.

Abbreviations: AA medium—Allen and Arnon medium; Chl—
chlorophyll.
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Among potential hydrogen producers, Anabaena
and Nostoc are the most studied species. In addition to
the species-specific characteristics of cyanobacteria,
hydrogen photoproduction by nitrogenase can be
influenced by other factors, such as the medium com-
position (especially fixed nitrogen sources), pH, gas-
eous phase composition, temperature, light intensity,
and other process conditions [4—6]. During evaluation
of the prospects of hydrogen photoproduction by cya-
nobacteria, one should take into account such charac-
teristics as the process rate and duration as well as the
efficiency of the light energy transformation. A high
efficiency of light energy conversion (2.5%) was
achieved under low illumination conditions for cyano-
bacteria immobilized in thin Ca?*-alginate gel films [7].
Long-term (several months) hydrogen photoproduc-
tion was demonstrated under aerobic conditions and
periodical (outdoor) illumination [8]. However, it is
almost impossible to simultaneously achieve the max-
imum rate, duration, and efficiency of hydrogen pho-
toproduction under the same conditions. In the case
of cyanobacteria, it is considered that the hydrogen
photoproduction process is already close to the theo-
retical maximum, and the optimum conditions are
already determined [3]. Thus, various mutant strains
have been developed and characterized to improve the
characteristics of the H, photoproduction process.
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Since the nitrogenase synthesis in heterocystous
cyanobacteria is localized in heterocysts, increase in
their number should provide an increase in nitroge-
nase activity. As a rule, the frequency of heterocysts is
5—10% of the number of vegetative cells [9]. To date,
mutant strains of Anabaena sp. with the heterocyst fre-
quency reaching 13—18% have been obtained; hydro-
gen photoproduction at high chlorophyll (Chl) con-
centrations in these mutants exceeded that of the
parental strain by 1.7 times [10].

Since nitrogenase of cyanobacteria is oxygen-sen-
sitive, it requires anaerobic conditions to produce
hydrogen [2, 3]. However, along with direct nitroge-
nase inactivation, there is a possibility of consumption
of the evolved hydrogen in the presence of O, as the
electron acceptor that significantly reduces the hydro-
gen yield [11]. Since hydrogen consumption is cata-
lyzed by uptake Hup hydrogenase, some attempts have
been made to obtain mutant strains with the impaired
synthesis of this enzyme. To inactivate the gene
encoding uptake hydrogenase, different approaches
were used for different cyanobacteria (undirected
chemical mutagenesis followed by the selection of
promising mutants as well as obtaining of AhupL,
AhupS, AhupSL, AhupW, and AxisC mutants). In all
cases, a significant increase in the H, photoproduc-
tion was observed [12—17]. In addition, an increased
efficiency of the light energy conversion into H, (4%)
was observed in such mutants [17]. At the same time,
the lack of Hup hydrogenase may reduce a process'
duration, especially in immobilized cultures, since this
enzyme is considered to protect a photosynthetic
apparatus of vegetative cells from photoinhibition,
especially under stress conditions [18].

To provide anaerobic conditions during hydrogen
photoproduction, one usually uses an argon flow as a
gaseous phase, which significantly increases the cost
of the process. In this case, the optimum solution
would include a realization of the process under nitro-
gen or air; however, under such conditions, nitroge-
nase activity would remain at the maximum level for
only a short time, since ammonium generated in the
course of the N, fixation would suppress the synthesis
of nitrogenase [2]. Due to this reason, some mutants
of the Anabaena strain PCC 7120 that did not contain
Hup hydrogenase were constructed; these mutants
dc-Q193S and dc-R284H were characterized by
amino acid substitutions localized in the vicinity of the
FeMo cofactor of nitrogenase [19]. These modifica-
tions of nitrogenase resulted in an increased H, photo-
production during the long-term cultivation of
mutants under N,, since H, production was not
reduced in the presence of high concentrations of
gaseous nitrogen; at the same time, long-term H,
photoproduction by a parental AHup strain required
low nitrogen concentrations [19].

The above-described mutants are interesting for
biotechnological hydrogen production; therefore, we
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need to investigate their still unknown properties,
including the determination of the maximum rates
and constants of light saturation for their photosyn-
thetic and nitrogenase activity, as well as to study the
temperature dependence for hydrogen photoproduc-
tion. Such information is essential for the arrangement
of outdoor experiments with the impossibility to
maintain the optimum process conditions. In the the-
oretical aspect, a comparison of the constants of acet-
ylene inhibition in different mutants may be useful for
elucidation of the effect of amino acid replacements
on the functioning of the nitrogenase active center.

The purposes of this study were to evaluate the
prospects for the use of Anabaena sp. PCC 7120 AHup
mutants (dc-Q193S and dc-R284H) for outdoor
hydrogen production and to compare the effect of
light intensity and temperature on their stability and
photosynthetic and nitrogenase activity.

MATERIALS AND METHODS

Objects and cultivation conditions. The objects of
our study included the parental strain Anabaena sp.
PCC 7120 AHup with the blocked synthesis of hydro-
gen-uptake Hup hydrogenase and its dc-Q193S and
dc-R284H mutants, kindly provided by Prof.
H. Sakurai (Kanagawa University, Japan). The
mutants were constructed by Prof. Masukawa and his
colleagues [19] and characterized by the substitution
of GIn-193 by Ser (dc-Q193S) and Arg-284 by His
(dc-R284H); both substitutions were located close to
the FeMo cofactor of nitrogenase.

All strains (inoculum) were grown photoautotro-
phically in eightfold diluted Allen—Arnon liquid
medium (AA/8) [19] containing 2.5 mM (NH,),SO,
(AA/8 + N) and 5 mM TES-KOH buffer (pH 8.2) and
supplemented with streptomycin and spectinomycin
(2 ug/mL each). The cultivation was carried out in
300-mL Erlenmeyer flasks in air at 27°C under con-
stant stirring (95 rpm); the flasks were illuminated
with a light intensity of 30 umol quanta/(m?s).

To determine the photosynthetic and nitrogenase
(hydrogen production) activities, the cultures were
grown on antibiotic-free medium at 27°C under illu-
mination (30—50 wmol quanta/(m? s)). The inoculum
was added into a vial with a glass bubbler in the volume
equal to 10% of the working volume of the vial (250—
270 mL). The sparging of a vial with air containing
1% CO, was performed via autoclaved 0.2-um mem-
brane filters (Pall, United States). We preliminarily
selected conditions for centrifugation and stirring of
cyanobacteria cultures providing the maximum integ-
rity of filaments. In the further experiments, the centrif-
ugation was carried out at 1200—2300 rpm depending
on the volume of a precipitated culture, while the stir-
ring in a cell was carried out at 100—200 rpm. The pho-
tosynthetic activity was determined for cultures grown
on the medium containing fixed nitrogen (see above).
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To study the hydrogen photoproduction process,
the parental strain PCC 7120 AHup was grown on
fixed nitrogen-free medium for five days under purg-
ing with air containing 1% CO,. Since dc-Q193S and
dc-R284H mutants are characterized by a weak or
even missed ability for diazotrophic growth [19] and,
like other cyanobacteria, do not form heterocysts in
the case of bound nitrogen consumption, they were
grown on the AA/8 + N medium up to the complete
depletion of bound nitrogen or with the intermediate
washing of cells from bound nitrogen. In the second
case, after a 3-day biomass accumulation, cells were
precipitated by centrifugation (2300 rpm, 3 min),
twice washed with a nitrogen-free AA/8 — N medium
to remove nitrogen, centrifuged, resuspended in this
medium, and cultivated in Erlenmeyer flasks under a
constant purging with air as described above. On the
fifth day of cultivation (after two nitrogen-free days),
medium pH was adjusted to 8.2 by 1 M NaHCO; (up
to a final concentration of ~10 mM). In both cases,
nitrogenase activity appeared on the fifth day of culti-
vation. The majority of experiments were performed
on the sixth day using the second approach. The use of
the first approach and variations in the cultivation
time are indicated in figure captions.

Polarographic measurement of a photosynthetic
activity. The photosynthetic production of oxygen was
measured using a Clark electrode. A portion of the
culture (4 mL) was added into a 4-mL cell (Hansat-
ech, United Kingdom) at a concentration of 6.0—
8.5mg Chl/L. Oxygen photoproduction was mea-
sured after a 2-min adaptation in the dark and the
addition of 80 uL of 0.5 M NaHCO; using different

light intensities (10—1700 wmol quanta/(m?s)) and
temperatures (16—35°C). A LETI-60 slide projector
(Russia) with the removed slide holder, infrared filter,
and installed cuvette with 1% CuSO, was used as the
light source; the total optical path length was 4.5 cm.
The photosynthetic rate was calculated as an algebraic
difference between the oxygen photoproduction rate
under light and oxygen consumption in the dark after
a 4-min illumination and was expressed per 1 mg of
Chl (umol O,/(mg h)). The electrode was calibrated at
a temperature of the planned experiment by the addi-
tion of 4 mL of air-saturated distilled water.

Polarographic measurement of nitrogenase activity.
On the day of the experiment, the required volume of a
culture was transferred into a flask with a cotton-gauze
plug and incubated under light (50 umol quanta/(m? s))
on an ELMI S-3L shaker (Sky Line, Latvia) at 27°C
and 95 rpm. In the course of the day, the culture was
sampled from this flask, concentrated by centrifugation
(1200 rpm for 3 min) up to a concentration of 20 mg
Chl/L, and placed into 9-mL vials with hermetically
twisting plugs followed by the further air replacement
with argon. During calculations, we took into account
the coefficient of activity reduction in the course of
incubation.
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Hydrogen photoproduction was measured ina 1-mL
cell (Hansatech) under constant stirring (100 rpm)
using a Clark electrode. Prior to each measurement,
the cell was purged with argon; a culture portion
(1 mL) was added into the cell under anaerobic condi-
tions (argon flow) from a vial filled with argon. After a
2-min dark adaptation, illumination was turned on;
hydrogen photoproduction was registered, depending
on the purpose of the experiment, either at a constant
temperature (27°C) and different light intensity (10—
2800 umol quanta/(m? s)) or at different temperatures
(15—45°C) but constant saturating light intensity
(500 wmol quanta/(m?s)). The H, photoproduction
rate was calculated as an algebraic difference between
the H, production rates under light and dark conditions
and was expressed per 1 mg of Chl (umol H,/(mg h)).
The electrode was calibrated at a temperature of the
planned experiment by the addition of 0.1 mL of
H,-saturated distilled water. The H, content was calcu-
lated using tabular data for the temperature dependence
of solubility. Results obtained for each temperature (five
measurements) were averaged, and calibration coeffi-
cients were calculated.

Measurement of nitrogenase activity by gas chroma-
tography. Measurement of hydrogen concentration in
the study of the effect of nitrogen and acetylene on the
nitrogenase activity was performed using an LXMS80
gas chromatograph (Russia) [20]. Portions (3.5 mL or
10 mg Chl/L) of cultures prepared as described above
(though not concentrated) were placed into 16-mL
Hungate tubes with tightly twisting plugs. The gaseous
phase was replaced with argon; then we added
4.8—100% N, or 2.3—20% C,H, that corresponded to
27—570 uM of dissolved N, and 0.9—7.7 uM of dis-
solved C,H,, respectively. The tubes were incubated
under light (70 umol quanta/(m?s)) at 27°C and
95 rpm. After 1.5—2 h of incubation and then every
2 h, the H, concentration was measured, and the H,
photoproduction rate was calculated per 1 mg of Chl
(umol H,/(mg h)). In the case of the dc-Q193S
mutant, the H, photoproduction rate was low for the
first 2 h but then increased; so the results obtained
after 4 and 6 h of incubation were taken into account.

Analytical methods. After the Chl extraction with
85% methanol, its concentration was measured at
664 nm using a V-VIS 1240 Mini spectrophotometer
(Shimadzu, Japan). An ammonium concentration in
the medium was determined by a microdiffusion
method using Nessler’s reagent [21]. A PAR flux den-
sity was measured with a QMSW-SS quantometer
(Apogee Instruments, United States).

Microscoping. The presence of heterocysts in the fil-
aments of cyanobacteria was determined undera LOMO
MIKMED-2 light microscope (LOMO, Russia). The
number of heterocysts was determined by the counting
of 300—500 cells per each sample. Photographs were
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Fig. 1. Photosynthetic oxygen production in the parental AHup (a) and mutant dc-Q193S (b) and dc-R284H (c) strains depend-
ing on the light intensity at different temperatures ((/) 16°C; (2) 20°C; (3) 27°C; (4) 35°C). Experimental data are indicated with
dots, while curves (excepting (a); 1—16°C) describe approximation results.

made with a Scopetek DCM-900 camera (Scopetek,
China) mounted on the eyepiece of the microscope.

Statistical analysis. To perform a quantitative anal-
ysis, experimental data on the light intensity effects
were approximated according to the Michaelis—
Menten equation:

V:Vmaxl/(Ks+I)s (1)

where V and V,,,, are the measured and calculated
(maximum) oxygen photoproduction rates, K is satu-
ration constant, and 7 is light intensity.

Activation energy was calculated according to the
Arrhenius equation:

E, = (RTTy In(ky, [k) (T, = T)), ()

where k is the reaction rate constant, R is the universal
gas constant, and 7 is the absolute temperature (in
Kelvin).

The temperature coefficient was calculated using
the following formula:
0 = /1), 3)
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where V'is the reaction rate and 7 is the absolute tem-
perature (in Kelvin).

The statistical treatment of data was performed
using the SigmaPlot 11.0 software package. All exper-
iments were performed in 3—5 biological replications
(2—3 analytical replications). Figures containing one
curve show the averaged results at a 95% confidence
interval. Figures containing 2—3 curves do not indi-
cate a confidence interval, since it did not exceed 20%
of the mean value.

RESULTS

Effect of Light Intensity on the Photosynthetic Rate
in the Parental (AHup) and Mutant
(dc-Q193S and dc-R284H) Strains

at Different Temperatures

In both parental and mutant strains, the O, photo-
production rate increased as the light intensity
increased (Fig. 1). The character of this dependence
was similar at different temperatures (16, 20, 27, and
35°C), excepting the case of a cultivation of the paren-
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Table 1. Approximation results of the dependence of the oxygen evolution rate in mutant strains on light intensity at differ-

ent temperatures (Fig. 1)

Strain Temperature, °C Vinax K,
AHup 16 - —
20 0.97 263 108
27 0.97 310 153
35 0.99 607 258
dc-Q193S 16 0.91 69 23
20 0.97 117 35
27 0.98 175 52
35 0.99 264 79
dc-R284H 16 0.95 95 33
20 0.97 100 55
27 0.94 201 76
35 0.99 309 100

tal strain AHup at 16°C, in which a photoinhibition
probably occurred. For all strains, the maximum O,
photoproduction rate was observed at 35°C, though the
optimum temperature for their growth was 27—30°C.
Under the same temperature and light intensity condi-
tions, the value of this parameter for the parental strain
exceeded those for the mutants (Fig. 1).

To perform a quantitative analysis, the obtained
experimental data were approximated using the
Michaelis—Menten equation (Table 1). All values
were satisfactorily described by this equation with the
correlation coefficient R > 0.91. For all strains, the
maximum calculated photosynthesis rate (as well as
the obtained experimental values) was higher at 35°C;
for all examined temperatures, the highest value of this
parameter was observed in the parental strain AHup.

At all temperatures included into the study, light satu-
ration constants were lower in mutant strains dc-Q193S
and dc-R284H, i.e., they reached the photosynthetic sat-
uration at a lower density of the PAR flux than the paren-
tal strain.

Hydrogen Photoproduction by Parental (AHup)
and Mutant (dc-Q193S) Strains
at Different Growth Phases

In this assay, the level of H, photoproduction was
measured polarographically using a Clark electrode.
No H, photoproduction activity was observed on the
third to fourth days of cultivation, though the
microscoping indicated the formation of a small num-
ber of heterocysts. The target activity was registered at
the fifth day of growth in both parental AHup (Fig. 2a)
and mutant dc-Q193S (Fig. 2b) strains. On this day,
the dc-Q193S culture was in a nitrogen starvation state
since the ammonium content in the medium did not
exceed 0.4 ug/mL. At the same time, the number of
heterocysts in the culture increased. On the sixth day,
the activity reached the maximum (that coincided
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with the beginning or the middle of the stationary
phase) and then decreased.

According to Fig. 2, the growth rate of the mutant
strain exceeded that of the parental strain (0.04 and
0.02 h~!, respectively). Note that the parental strain
was grown under nitrogen fixation conditions in this
case, whereas the mutant strain was cultivated in the
medium containing bound nitrogen. If the parental
strain was grown in the presence of bound nitrogen,
the growth rate increased to 0.04 h~! (data not shown).
The lower final concentration of the mutant strain
biomass is explained by ammonium depletion and the
impossibility of using molecular nitrogen.

Effect of Light Intensity on Hydrogen Photoproduction
by the Parental AHup and Mutant dc-Q193S Strains

In this series of experiments, the level of H, photo-
production was measured by polarography. The H,
photoproduction rate in the parental AHup and
mutant dc-Q193S strains increased as the light inten-
sity increased from 10 to ~500 wmol quanta/(m? s) and
did not change in the case of the further increase of
this parameter to 2820 wmol quanta/(m?s) (Fig. 3).
The higher rate was observed in the parental strain.
Approximation of experimental data showed that the
calculated maximum H, photoproduction rate in the
parental strain was almost seven times higher than in
the mutant strain dc-Q193S, while the saturation
constant was 1.5 times lower (Table 2). In our further
experiments, we used a light intensity equal to
500 wmol quanta/(m? s) for all strains.

Effect of Temperature on Hydrogen Photoproduction
by the Parental and Mutant Strains

In this series of experiments, the level of H, photo-
production was also measured by polarography. The
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Fig. 2. Biomass accumulation ((7) Chl; (2) ODy, 0.1-cm
cuvette) and hydrogen photoproduction rate (3) in the
course of the growth of parental AHup (a) and mutant
dc-Q193S (b) strains. The AHup strain was grown under
nitrogen-fixing conditions, while the dc-Q193S strain was
cultivated on the bound nitrogen-containing medium up
to its depletion (without an additional washing).

H, photoproduction rate in the parental strain AHup
increased as the temperature grew up to 45°C; how-
ever, this dependence was nonlinear at the tempera-
tures exceeding 34°C (Fig. 4a). The H, photoproduc-
tion by dc-Q193S increased as the temperature grew
up to 30—34°C then began to decrease (Fig. 4b). The
activation energy for the parental and mutant strains
was 43.3 and 61.3 kJ/mol, respectively. To quantify
temperature effects, the temperature coefficient (Q,,)
was also calculated; for parental and mutant strains, it
was equal to 1.9 and 2.4, respectively.

To find an explanation of the reduced activity of
dc-Q193S at temperatures exceeding 30°C, we exam-
ined the physiological state (morphology) of the stud-
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at different growth phases ((/) the fifth day; (2) the sixth
day; (3) the seventh day). Experimental data are indicated
with dots, while curves describe approximation results.

ied cyanobacteria under such conditions. In the case
of a temperature increase from 27 to 45°C, as well as
decrease to 15°C (accompanied by stirring), the integ-
rity of filaments in the studied mutant strain was sig-
nificantly impaired compared to the parental strain:
we observed filament ruptures and free-swimming
heterocysts (Figs. 5b, 5c; no picture for the parental
strain is shown). The fraction of free heterocysts in the
total number of cells was 1.2, 11.4, and 8.6% at 27, 45,
and 15°C, respectively. In the case of the parental
strain, the fraction of free heterocysts at these tem-
peratures were 0.4, 1, and 2%, respectively.

Table 2. Approximation results of the dependence of the hydrogen evolution rate on light intensity (Figs. 3a, 3b).

Strain Days of cultivation R Vinax K,
AHup 6 0.97 20.8 £2.2 41.1
dc-Q193S 6 0.96 3.0+£0.3 62.2
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Fig. 4. Effect of temperature on the hydrogen production
rate in parental AHup (a) and mutant dc-QI193S (b)
strains. The 100% activity of both strains makes 22 and
3 wmol H,/(mg h), respectively.

Effect of Molecular Nitrogen
on Hydrogen Photoproduction by Parental
and Mutant Strains

In this series of experiments, the level of H, photo-
production was measured by gas chromatography. This
method allows a researcher to use a wider concentration

range of N, added to a gaseous phase, but not directly
into the culture (as in the case of the polarographic
method). After the addition of >57 uM of N,, the H,
photoproduction rate in the parental strain significantly
decreased; a 50% inhibition was observed at the N,
concentration of 300 uM. Nevertheless, even at the
addition of 570 UM of N,, the target activity made 40%
of the initial level. At the same time, no inhibition of the
H, photoproduction was observed in mutant strains
even at the addition of 570 uM N, (Fig. 6).

Effect of Acetylene on Hydrogen Photoproduction
by Parental and Mutant Strains

In this series of experiments, the level of H, photo-
production was measured by gas chromatography. In
the presence of 0.9 uM acetylene, the observed H,
photoproduction in all three studied strains was
reduced 2—5 times and continued to decrease as the
acetylene concentration increased to 7.7 uM (Fig. 7).
In the presence of 0.9 UM acetylene, the maximum
activity reduction was observed in the strain
dc-Q193S, while the minimum activity was observed
in the parental strain AHup in the presence of 7.7 uM
acetylene (Fig. 7). However, taking into account an
increased data variation in these experiments, the
revealed differences are rather doubtful. The average
acetylene concentration, which caused a 50% inhibi-
tion of the target activity in all studied strains, was
0.4—1.1 uM.

DISCUSSION

The use of cyanobacteria for hydrogen biopro-
duction primarily requires high H, photoproduction
rates. The use of genetic engineering makes it possi-
ble to develop bacterial strains with an improved H,
photoproduction rate, including strains of nitrogen-
fixing heterocystous cyanobacteria with the lack of
H,-uptake hydrogenase [22]. According to the exist-
ing publications [13, 15], the most promising strains
include Anabaena variabilis ATCC 29413 AHupSL

(a) (b)

20 um

(©) ]

Fig. 5. Effect of different incubation temperatures on the state of filaments in the mutant strain dc-Q193S: (a) 15°C, (b) 27°C,
and (c) 45°C. The pictures were made at 100x magnification (oil immersion).
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and Nostoc PCC 7422 AHupL, which are able to pro-
duce >100 umol H,/(mg h). To reach such productivity,
the cultures were limited with bound nitrogen and used
under anaerobic conditions (100% Ar or Ar + 5% CO,).
The maintenance of anaerobic conditions in photo-
bioreactors is expensive, so the use of air or molecular
nitrogen as a gaseous phase would be preferable.
Unlike bound nitrogen, molecular nitrogen does not
inhibit the biosynthesis of nitrogenase; however, in the
case of a diazotrophic growth, the nitrogenase activity
of cyanobacteria measured under argon is maintained
at a high level for only 1—2 days and then rapidly drops
because of the accumulation of ammonium represent-
ing a nitrogen fixation product [9]. Therefore, a high
rate of H, photoproduction is maintained under such
conditions only for a short time. On the other hand, an
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argon atmosphere also does not provide a prolonged
H, photoproduction, since nitrogen starvation inhibits
the biosynthesis of enzymes. Thus, a periodic addition
of air as the source of nitrogen into the gaseous phase
can be useful in some cases, including immobilized
cultures [18]. Carbon deficiency also negatively influ-
ences on the H, photoproduction. At the same time,
combination of the excess CO, and nitrogen shortage
may result in the violation of the C/N ratio and the
corresponding inhibition of a photosynthetic activity
of vegetative cells that, in turn, affects H, production
in heterocysts [18].

Another approach is based on the obtaining of
mutants able to maintain the target activity for a long
time in the presence of N,. Masukawa et al. [19] con-
structed several Hup hydrogenase-deficient mutants
of the Anabaena PCC 7120 strain characterized by the
dc-Q193S and dc-R284H amino acid substitutions
localized in the vicinity of the FeMo cofactor of nitro-
genase. These modifications resulted in an increase in
the total H, photoproduction during a long-term cul-
tivation of the mutants under N,, since the H, evolu-
tion did not drop so sharply as in the parental strain.
To determine the possibility of using these strains for
outdoor H, production, we performed a detailed study
of the effect of external factors, such as light and tem-
perature.

A photosynthetic activity of the parental strain
exceeded that of mutants, and the light saturation con-
stant K, of AHup (153 umol quanta/(m?s) was also
higher than the corresponding values in mutant strains
(52 and 76 umol quanta/(m? s); Fig. 1; Table 1). Pho-
toinhibition was observed only at low temperatures
(Fig. 1a). In relation to the nitrogenase activity
(hydrogen evolution), K values in the parental and
dc-Q193S strains were almost the same (41 and
62 umol quanta/(m?s), respectively; Fig. 3; Table 2).
These values were certainly lower than the maximum
outdoor daylight intensity. In the course of our short-
term experiments, we did not observe any inhibition of
the H, photoproduction at the light intensity close to
the natural daylight.

The temperature dependence of H, photoproduc-
tion within the temperature range of 15—30°C was also
similar in both parental and dc-Q193S strains. How-
ever, the activity of the dc-Q193S mutant decreased at
temperatures exceeding 30°C (Fig. 4), which was
probably caused by a reduced strength of its filaments
and their fragmentation (Fig. 5).

The rate of H, photoproduction in the parental
strain AHup was close to the earlier published data [19],
while the value of this parameter in mutants was lower.
This fact can also be explained by a high sensitivity of
this process to mechanic effects occurring during cul-
ture preparation and analysis (centrifugation, re-sus-
pension, and stirring of a culture). The details of these
procedures may vary in different laboratories. How-
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ever, even in the case of the similar preparation proce-
dures, there could be a difference in the initial physio-
logical state of parental and mutant cultures. The
parental strain was grown in the absence of fixed nitro-
gen and at the expense of nitrogen fixation, while
mutant strains were cultivated first in the presence of
bound nitrogen (up to its depletion or washing of cells)
and then under air in the absence of bound nitrogen as
described by Masukawa et al. [19]. In contrast to the
parental strain, the ability of mutants to fix nitrogen is
extremely limited, so they could be in a nitrogen star-
vation state. According to the existing data, limitation
in relation to bound nitrogen promotes the formation
of heterocysts. However, severe limitation resulted in a
reduction of a number of vegetative cells located
between two heterocysts in Anabaena cylindrica fila-
ments; in this case, the photosynthetic activity of veg-
etative cells decreased, so the provision of heterocysts
with metabolites was reduced [23]. Earlier, the fragmen-
tation of filaments (up to their dissociation into single
cells) was observed for the case of nitrogen starvation of
short-chain Anabaena sp. PCC 7120 mutants [24].
Mechanical strength of filaments can also be reduced by
mutations in genes encoding cell wall components [25].
It was found that Fra and SepJ proteins are important
for both integrity of filaments and intracellular com-
munications; fraH mutants had a tendency towards
the fragmentation and release of heterocysts [26]. In
turn, inactivation of the AmiCl amidase influences
the SepJ localization and prevents fragmentation
peculiar to sepJ or fraC fraD mutants [27]. As for our
experiments, it still remains unclear whether muta-
tions in the vicinity of the active center of nitrogenase
could affect the strength of filaments. Most likely,
there is a nonspecific effect associated with nitrogen
starvation.

Molecular nitrogen inhibited H, photoproduction
only in the parental strain; 50% inhibition was
observed in the presence of 300 uM N, (Fig. 6). This
value is comparable with the data obtained for purple
bacteria Rhodobacter capsulatus, when 50% inhibition
was observed in the presence of 114 uM N, [28]. How-
ever, 40% N, almost completely inhibited hydrogen
production by purple bacteria, whereas Anabaena
PCC 7120 strain AHup used in our study demon-
strated ~40% hydrogen-producing activity even at
100% N,. This fact is probably caused by the lack of
hydrogen consumption required for the synthesis of
nitrogen-containing compounds in the absence of
Hup hydrogenase. The fact that purified nitrogenase
from Azotobacter vinelandii still remains active even at
5000 kPa of N, argues for this assumption [29]. Unlike
the parental AHup strain, molecular nitrogen did not
inhibit H, photoproduction in the dc-Q193S mutant
even at a concentration equal to 100% of a gaseous
phase (Fig. 6), which confirms the data obtained by
Masukawa et al. [19]. Acetylene inhibition of hydrogen
photoproduction was observed in both parental and
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mutant (dc-Q193S and dc-R284H) strains, though the
difference between them is unreliable (Fig. 7).

Along with ATP, both H, evolution and acetylene
reduction to ethylene processes require two electrons
from ferredoxin, while reduction of molecular nitro-
gen requires eight electrons. Since molecular nitrogen
does not inhibit H, evolution and is not used for the
growth of the dc-Q193S mutant, one can suppose that
this point mutation results in the lack of a nitrogenase
ability to accumulate eight electrons, whereas the abil-
ity to receive two electrons and to transmit them to a
substrate molecule remains almost intact.

In relation to the hydrogen bioproduction in the
presence of molecular nitrogen, the use of a directed
mutagenesis of nitrogenase in cyanobacteria looks
promising. One can specify the criterium for the selec-
tion of such mutants. It is known that the highest rate
of a long-term H, production in cyanobacteria is
observed in the presence of 5% molecular nitrogen [30].
Therefore, 10—20-fold increase of the inhibition
constant (78% : 5%) will make it possible to use the
atmospheric concentration of nitrogen as the limit-
ing concentration and to maintain a high nitrogenase
activity of cyanobacteria associated with H, produc-
tion for a long time. However, large-scale hydrogen
production under natural conditions also depends on
other properties of cyanobacteria. Concerning the
reaction to external environmental factors, no signif-
icant difference was observed between three strains
studied, i.e., all of them were equally suitable for this
purpose. At the same time, decreased activity and
(especially) increased fragility of filaments in the
nitrogenase-modified mutants limits the possibilities
of their use.
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