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ARTICLE INFO ABSTRACT

Keywords: A novel thin-layer biocatalyst for photosynthetic N, fixation and H, photoproduction was assembled using a
N,-fixation Ca®™ -alginate matrix and heterocysts isolated from wild-type Anabaena sp. PCC 7120 filaments. Compared to
Cyan”b‘a‘der‘ia suspension heterocysts, heterocysts entrapped in Ca®*-alginate films showed improved stability of the ni-
Immobilization trogenase system. While suspension heterocysts lost nitrogenase activity within 24 h, immobilized heterocysts
Nitrogenase d ni ivity f 125h. Th . ifi 3 1 ducti h

Thin-films supported nitrogenase activity for up to 125 h. The maximum specific rate of acetylene reduction was the same
Heterocysts in both cases (~0.4 umol C,H, mg Chl~'h™1), but the catalyst with entrapped heterocysts required a much

longer time to achieve the maximum rate (60 h instead of 3h in suspension). Simultaneously with acetylene
reduction, the immobilized heterocysts were able to photoproduce H for 125 h, yielding up to 1.1 mmol H, mg
Chl™?. The absence of acetylene increased the H, photoproduction rate to a maximum of 25-30 ymol H, mg
Chl~'h™1, and the catalyst was capable of H, photoproduction for 190 h, yielding up to 2.5 mmol H, mg Chl ™.
The recovery of the catalyst with entrapped heterocysts was achieved through placing the cells in a N, atmo-
sphere for 24 h. This engaged a second cycle of H, photoproduction, which lasted for another 240 h (10 days),
thus yielding ~3 mmol H, mg Chl ™! in total after 454 h. Together, these findings demonstrate great potential

for a heterocyst-based thin-layer platform for the sustainable production of chemicals and biofuels.

1. Introduction

Photosynthetic organisms use sunlight as an energy source and raw
materials (CO,, water and some minerals) for the synthesis of energy-
rich organic compounds. The release of O, is a by-product of water
oxidation. Photosynthetic cyanobacteria and algae are considered to be
third generation sustainable feedstocks for blue biorefineries and the
associated chemicals industry (Laurens et al., 2017). Moreover, they
hold great potential as microbial cell factories for employment in the
sustainable production of various targeted fuels and chemicals (Lips
et al., 2018; Khan et al., 2018).

No-fixing cyanobacteria are able to employ photosynthetically
generated ATP as an energy source to break the strong triple bond
between atoms of atmospheric nitrogen (N,) to produce ammonia. This
reaction is catalyzed by the nitrogenase enzyme complex. The most
studied and well characterized of these enzymes is the multimeric
molybdenum (Mo) - containing nitrogenase. It has two components: (i)
dinitrogenase reductase, an iron protein (Fe-protein) of 32-40 kDa; and
(ii) dinitrogenase, a tetrameric iron-molybdenum protein (MoFe-

protein) of 230-250 kDa. The dinitrogenase reductase transfers elec-
trons from reduced ferredoxin (or flavodoxin) to the dinitrogenase
protein, which in turn binds and reduces N, (Bothe et al., 2010). Be-
sides conventional Mo-nitrogenase, some cyanobacteria possess a non-
conventional Mo-nitrogenase (e.g. expressed in vegetative cells of
Anabaena variabilis ATCC 29413 under anoxic conditions) or an alter-
native vanadium (V)-nitrogenase (Masukawa et al., 2009; Thiel and
Pratte, 2014). The Ns-fixation process is always accompanied by the
release of molecular hydrogen (H,) as a byproduct. In the absence of
N,, nitrogenase catalyzes the reduction of protons to Hy which stimu-
lates the H, production yield in cyanobacterial cultures. Thus, N,-fixing
cyanobacteria hold particular potential for service in the sustainable
production of hydrogen gas (Bandyopadhyay et al., 2010; Magnuson,
2019).

Nitrogenase is O, sensitive, with cyanobacteria having developed a
number of strategies to protect its function. In the absence of combined
nitrogen, many filamentous cyanobacteria undergo cell differentiation.
In this process, unique specialized cells, known as heterocysts, differ-
entiate from vegetative cells. Vegetative cells perform normal
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photosynthesis including water-oxidation and O, evolution at
Photosystem II, production of NADPH and ATP, and CO, fixation. In
contrast, heterocysts are specialized primarily in N, fixation and do not
perform CO, fixation. Heterocysts are spaced at regular intervals among
vegetative (photosynthetic) cells and provide a microoxic environment
suitable for the enzymes involved in N-fixation (Haselkorn, 1978;
Wolk, 2000; Flores and Herrero, 2010; Muro-Pastor ans Hess, 2010).
The microoxic environment inside heterocysts is maintained through
the employment of a few key mechanisms: (i) an elevated rate of O,
consumption enabled via the activity of respiratory terminal oxidases
(Wolk et al., 1994; Bothe et al., 2010), and the heterocyst specific fla-
vodiiron protein (Ermakova et al., 2014); (ii) a lack of active O,-evol-
ving Photosystem II complex; and (iii) the development of a thick multi-
layered cell wall which acts as a barrier to gas exchange (Bothe et al.,
2010), with gas exchange mainly occurring via terminal pores con-
necting vegetative cells and heterocysts (Walsby, 2007). Vegetative
cells and heterocysts are symbiotically associated, whereby vegetative
cells perform photosynthetic CO, fixation and provide heterocysts with
organic carbon intermediates, like sucrose (Lopez-Igual et al., 2012),
and heterocysts provide vegetative cells with the fixed nitrogen re-
quired for cell growth. Importantly, the presence of Cytochrome b6f and
Photosystem I in heterocysts provides light-induced stimulation of N,
fixation (Magnuson, 2019).

The cyanobacterial N,-fixation process contrasts the current, yet
century-old, industrial production of ammonia by the Haber-Bosch
process, which is extremely demanding in respect to both energy (high
temperature and pressure) and resources (purified N5 and H,). In order
to sustain the high global demand for ammonia fertilizer required to
feed a rapidly increasing population and to minimize the adverse en-
vironmental effects of production, a shift to modern and efficient green
processes are required. In this respect, photosynthetic cell factories
(Grizeau et al., 2015) and the ammonia artificial leaf concept (Martin
et al., 2018) are promising renewable approaches. Ammonium excre-
tion by N,-fixing cyanobacteria is a natural process, which occurs in
cyanobacteria-plant symbiosis. The excretion process can also be in-
duced by blocking ammonium assimilation, using glutamine synthetase
inhibitors (Musgrave et al., 1982; Brouers and Hall, 1986), or through
genetic manipulation (Zhang et al., 2007; Bui et al., 2014). Whilst re-
search on N, fixation using isolated heterocysts has been undertaken as
early as the 1970s, only short production periods of 20-30 min were
investigated (Peterson and Wolk, 1978; Lockau et al., 1978). Thus, it
may have been generally accepted that activity of isolated heterocysts
could not be preserved for the extended time periods required for a
feasible industrial process.

The immobilization of microorganisms and biomolecules within
polymer matrices is one approach to extending the lifetime of microbial
and/or cell based production systems (Pressi et al., 2003; Nieto et al.,
2005; Desimone et al., 2006; Gautier et al., 2006; Dickson et al., 2009).
Indeed, improved stability and H, photoproduction activity have been
demonstrated in photosynthetic cyanobacteria and microalgae im-
mobilized in thin-films compared to suspension cultures, with months-
long production periods being maintained (Leino et al., 2012; Kosourov
and Seibert, 2009; Kosourov et al., 2017). Immobilization is not limited
to thin films, with cubes (Wutthithien et al., 2019) and hydrogel lenses
(Homburg et al., 2019) more recent approaches. Alginate beads have
been a popular approach to immobilization for several decades and
have been employed for a variety of applications, including nitrogen
fixation. Whole cyanobacterial filaments immobilized in alginate beads
demonstrated nitrogenase activity (measured as acetylene reduction)
for 22 days (Musgrave et al., 1982), whereas H, photoproduction in
thin-layer alginate films (a measure of nitrogenase activity) continued
over 38 days (Leino et al., 2012).

Thus, in order to test a system suitable for future efficient and
sustained production of ammonia and hydrogen gas, we have combined
the two aforementioned approaches of heterocyst isolation and im-
mobilization, and demonstrated a proof of concept for the thin-layer
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immobilization of cyanobacterial heterocysts for efficient solar-driven
N, fixation. By fixing atmospheric nitrogen, engineered heterocyst
microfilms will act as long-lived biocatalysts producing: (i) ammonia,
which is an important bio-industrial compound, and can be used as a
fertilizer or fuel; or (ii) H,, which is an environmentally friendly, clean
energy source.

2. Material and methods
2.1. Strains and growth conditions

The pre-experimental culture of wild type Anabaena sp. PCC 7120
was grown under diazotrophic conditions in BG11, medium (buffered
with 10 mM TES-KOH, pH 8.2) without combined nitrogen. The cells
were cultivated in 150 ml Erlenmeyer flasks containing 50 ml of BG11,
medium by agitation on a shaker (120 rpm) at 30 °C with two-sided
illumination of 70 pmol photons m~2s~! photosynthetic active radia-
tion (PAR) in the presence of air enriched with 3 % CO, (vol/vol).

The experimental cultures were grown for 7 days under the same
conditions in 1L Erlenmeyer flasks containing 500 ml of BG11,. After
reaching a chlorophyll (Chl) concentration of about 15ug Chl ml™?,
(OD = 1) the cells were harvested by centrifugation for the heterocyst
isolation procedure.

2.2. Isolation of heterocysts

Heterocysts were isolated under anoxic conditions as described in
Razquin et al (2002) or Ermakova and Allahverdiyeva (2015), with
some modifications. Harvested filaments were washed twice with buffer
A (50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1 mM MgCl,) at 5000 g for
5min. The biomass pellet was resuspended in 20 ml of buffer A con-
taining lysozyme (1 mgml ™) in a 50 ml falcon tube closed with a gas-
tight Suba-Seal®rubber septum (Sigma-Aldrich, USA), put in an ice
bucket and flushed with argon for 25 min under room light. Then, the
lysozyme-treated mixture was incubated at 37 °C for 1h with con-
tinuous mixing on a shaker. Further experiments were performed under
two different anaerobic conditions: (1) strict anoxic conditions using a
vinyl anaerobic airlock chamber (Coy laboratory products, Michigan
USA) or (2) local anoxic conditions using gas-tight vials sealed with
rubber stoppers and Ar-flushed gas-tight syringes for heterocyst
washing and sampling. Centrifugation was performed at room tem-
perature, but cold buffer was used and heterocysts were kept on ice
when possible. After lysozyme treatment, the filaments were washed
twice with 20 ml anoxic buffer B (50 mM Tris-HCl (pH 7.5), 1 mM
MgCl,) by centrifuging cells at 5000 g for 3 min. The cells were soni-
cated in ultrasonic cleaning baths for 5 min at 4 °C. Digested vegetative
cells were removed by washing the cell mixture three times in 15-20 ml
Buffer C (20 mM Tris-HC], pH 7.5, 10 mM MgCl,, 5 mM Na,HPO,, 5 mM
KH,PO,) at 200-250 g for 3 min. The final pellet was resuspended in
~5ml of buffer C. The quality of the heterocyst pellet was monitored
under the light microscope. The isolation was considered successful if
the content of vegetative cells fragments was below 1 %. After that,
heterocysts were centrifuged once at 4,000 g for 3 min to remove the
buffer from the pellet for immobilization. Heterocysts were used im-
mediately after isolation. Usually, ~1.5g of fresh weight heterocyst
biomass was obtained from 11 of culture.

2.3. Immobilization of heterocysts

The immobilization procedure was performed as described in Leino
et al. (2012) with some modifications. Different to the original protocol,
the Scotch-type tape was not applied to the template. All steps were
performed under anaerobic conditions. Heterocyst pellets were re-
suspended in buffer C and mixed thoroughly with sterile 2 % Na-algi-
nate (Sigma-Aldrich), using the formulation ratio: 0.6-3 g wet hetero-
cyst weight, 0.5ml buffer C and 1ml 2 % alginate. After
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immobilization, the Ca®*-alginate thin-films with entrapped hetero-
cysts were cut into 4 X 1 cm strips. The thickness of the films was de-
termined by plastic mesh, used as a mechanical support, at around
100 um. The total amount of Chl a was ~20-100 ug per 4 cm? film. Chl
a values specific to each assay are detailed in the relevant figure le-
gends.

2.4. Nitrogenase activity assay

Nitrogenase activity was determined by an acetylene reduction
assay (Dilworth, 1966) performed on isolated heterocysts and im-
mobilized heterocysts. The suspension heterocysts (4 ml) were trans-
ferred into 10 ml anoxic vials. The 4 cm? Ca®*-alginate strips with
entrapped heterocysts were transferred into 36 ml anoxic vials (1 strip
per vial) containing 4 ml of buffer C supplemented with 20 or 200 mM
sucrose for submerged cultivation. Volumes used were chosen to opti-
mize the balance between sensitivity and accuracy of gas measure-
ments. All vials were supplemented with 10 % acetylene and im-
mediately placed in a growth chamber at 30 °C under continuous two
sided-illumination at an intensity of 70umol photons m~ 2~ !. To
prevent sedimentation, the vials with heterocyst suspensions were
placed on a shaker operating at 100 rpm. In contrast, the vials with
alginate strips were not mixed. Alginate strips were not observed to
degrade over the time course of the experiment. Acetylene reduction
activity was calculated on the basis of the chlorophyll (Chl) a content.

The ethylene content in the headspace of the vials was determined
using a GC (Clarus® 580, PerkinElmer, Inc.) equipped with a Carboxen
1010 PLOT 30m x 0.53 mm capillary column and a flame ionization
detector (FID). Argon was used as a carrier gas. Due to the presence of
the methanizer catalyst in the FID line, which is sensitive to hydro-
carbons, the temperature of the FID detector was decreased to 150 °C
and all samples were diluted 50-100 times. For this, 100 or 50 pl gas
samples were taken with a gas-tight 50 pl Hamilton syringe (Hamilton
Company, USA) from the headspace of the incubation vials containing
heterocyst or Anabaena filaments and injected into oxic 5ml vials.
Then, 40pl samples from 5ml vials were injected into the GC.
Calibration was performed with different concentrations of ethylene
from 0.001 to 0.1 % (AGA, Finland) using the same dilution approach.
All ethylene yields were corrected for its solubility in the medium and
the partial pressure in the headspace of the vials. In all experimental
setups, the level of acetylene was in excess throughout the experiment,
determined by simultaneous monitoring of the acetylene peak.

2.5. Determination of H, gas

The amount of H, gas produced by immobilized heterocysts was
monitored once a day using a GC (Clarus® 500, PerkinElmer, Inc.)
equipped with a thermal conductivity detector and a molecular sieve
5A column (60/80 mesh). 150 or 75l of gas sample from the head-
space of 36 ml vials was taken using a gas-tight 250 ul Hamilton syringe
and injected into the GC. Argon was used as a carrier gas and calibra-
tion was performed with 0.5 % hydrogen in argon (AGA, Finland). The
incubation condition of immobilized heterocysts was described in the
nitrogenase activity assay section.

2.6. Chlorophyll determination

The Chl a contents of Anabaena filaments and non-immobilized
heterocysts were determined by extraction in 90 % methanol after
15 min of heating at 65 °C. For extraction of Chl a from immobilized
heterocysts, the thin-films were placed in 90 % methanol at +4°C in
darkness for 24h. The Chl content was determined spectro-
photometrically at 665nm, using the equation Chl a (ug
ml™1) = 12.7 X Absggs nm (Lichtenthaler, 1987). All samples were
centrifuged at 3000 g before measurements.
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3. Results and discussion
3.1. Effect of O level on nitrogenase activity of isolated heterocysts

It has previously been shown that the function of O,-sensitive ni-
trogenase is protected by rapid scavenging via the heterocyst specific
flavodiiron protein (Ermakova et al., 2014) or terminal oxidases (Bothe
et al., 2010). However, considering that gas exchange occurs mainly via
terminal pores connecting vegetative cells and heterocysts (Walsby,
2007), the destruction of the vegetative cell/heterocyst connection
during heterocyst isolation under a normal air atmosphere could
greatly enhance the O, partial pressure inside of heterocysts, and so
also inhibit nitrogenase activity. Two different isolation conditions
were thus explored in seeking a balance between a simple preparation
suitable for industrial use, and a strictly limited O, exposure, to protect
nitrogenase. These conditions were: (i) preparation under a local anoxic
condition, whereby the gas phase contained less than 3 % O,, and (ii)
strictly limited O, exposure through the use of an anaerobic chamber,
where O, levels were able to be kept at 0.1-0.3 %. It is known that,
besides N,, nitrogenase can catalyze the reduction of different sub-
strates with a triple bond, including acetylene (Bothe et al., 2010).
Therefore, the nitrogenase activity of isolated heterocyst suspensions is
routinely measured as acetylene reduction. Application of the acetylene
reduction assay demonstrated that both heterocyst isolation procedures
produce samples with acetylene reduction profiles, which peaked
quickly and then declined over time. Heterocysts isolated under the
local anoxic conditions (Fig. 1A, open circles) demonstrated a max-
imum acetylene reduction rate of 0.4 pmol mg Chl~* h ™!, observed just
30 min after the activity assay was started by the injection of 10 %
acetylene. This rate is in the range of previously published maximum
rates of 0.3-0.4 umol mg Chl~* h ™ for isolated heterocysts in suspen-
sion culture (see for example, Petersonand Wolk 1978; Lockau et al.,
1978). Over the next 30 min, the rate of acetylene reduction decreased
two-fold (Fig. 1A, 1h, open circle), with only residual activity
(0.05 pmol mg Chl~*h~1) observed after 3 h of incubation.

The heterocysts isolated under the anaerobic chamber condition
also demonstrated a maximum acetylene reduction rate of approxi-
mately 0.4 pumol mg Chl~'h™!. However, this was achieved 3h after
the beginning of the experiment (Fig. 1A, 3 h, closed circle) and activity
was deemed insignificant at the 24 h point. Thus, it appeared that the
lower oxygen exposure did not increase the maximum rate of acetylene
reduction, but did delay and extend the active phase of the enzyme,
resulting in prolonged nitrogenase activity.

It has previously been shown that the isolation of heterocysts in an
atmosphere containing H, strongly enhances nitrogenase activity
(Peterson and Wolk, 1978; Kumar et al., 1982), with recent work de-
monstrating that H, is a prerequisite for the binding of N, to the active
site of the nitrogenase enzyme (Khadka et al., 2017). Thus, we in-
vestigated the effect of 10 % H; on heterocysts, which were isolated in
the presence of 3 % O, and had lost almost all activity by 3h of in-
cubation (Fig. 1B). After flushing the same suspension of heterocysts
with 10 % H, for 10 min, we applied another acetylene reduction assay
test. In this test, the acetylene reduction rate responded as in the initial
experiment, with an increase from 0.05 umol mg Chl~*h~! (t = O min,
white column Fig. 1B) to 0.47 umolmg Chl~*h~! (t = 40 min of in-
cubation, grey column), with the rate again dropping by the t = 60 min
point (0.15umolmg Chl™'h~'). This response demonstrated the
ability to regenerate the heterocyst suspension for nitrogenase activity
by the introduction of Hp.

3.2. Nitrogenase activity of immobilized heterocysts: acetylene reduction

It has been shown that the immobilization of cyanobacterial fila-
ments in polymer beads allows for sustained periods of nitrogen fixa-
tion (Musgrave et al., 1982) and increases the rates of acetylene re-
duction compared to filaments in suspension. This is due to increased
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Fig. 1. Nitrogenase activity of heterocyst suspensions measured as acetylene reduction rates. (A) Heterocysts isolated under local anoxic conditions (open circle) and
in a strictly anaerobic chamber (grey circle). (B) The effect of H, on the nitrogenase activity of heterocysts isolated under the local anoxic condition and subjected to
the acetylene reduction assay for 3h. The acetylene reduction activity was measured before flushing with 10 % H, (t = 0 min, white column); and after 10 min
flushing with 10 % H, followed by 40 min (t = 40 min, grey column) and 60 min (t = 60 min, dark grey column) incubation in the atmosphere of 10 % acetylene in
argon. Heterocysts were isolated from Anabaena sp. PCC7120 cells (see materials and methods for more details) using isolation media containing 200 mM sucrose.
For the nitrogenase activity assay, the samples were incubated in an atmosphere of 10 % acetylene in argon, with continuous shaking (100 rpm) and 70 pumol photons
m~ 2! illumination at 30 °C (3 biological repetitions +/— SD).

photosynthetic electron transport and stabilized enzyme activities
(Brouers and Hall, 1986). In an attempt to prolong the nitrogenase
activity of isolated heterocysts, we immobilized heterocyst cells in thin-
layer alginate films. Due to the positive influence of strict anaerobic
isolation on prolonged heterocyst activity, the isolation of heterocysts
and their entrapment in alginate films was performed in an anaerobic
chamber.

Where reductants have been supplied in heterocyst isolation, a good
balance between osmotic protection and inhibition of nitrogenase has
been demonstrated for isolation in suspension culture at 200 mM su-
crose (Jensen et al., 1986). In order to determine the effects of exo-
genous reductant on the nitrogenase activity of immobilized hetero-
cysts, we undertook experiments on the immobilized heterocyst cells in
buffer containing either 20 mM or 200 mM sucrose.

The profiles of the immobilized heterocysts clearly demonstrated
further improvements in prolonged nitrogenase activity compared to
suspension based heterocysts, with acetylene reduction activity de-
tectable for at least 3 times longer. Rather than high initial rates of
activity, immobilized heterocysts reached maximum acetylene reduc-
tion rates at around 60 h, after which steady declines were observed
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(Fig. 2A). The immobilized heterocysts incubated in buffer containing
200 mM sucrose showed higher acetylene reduction rates than those in
20mM sucrose (maximum rates being 0.36 and 0.16 umol mg
Chl~'h™1, respectively). However, the rates did not exceed those of
isolated suspension heterocysts in 200mM sucrose buffer (~
0.4 umol mg Chl~*h™%, Fig. 1A).

It has been previously suggested that Mo-nitrogenase allocates all
electrons to the reduction of acetylene, whereas V- or Fe-nitrogenases
can produce a significant amount of H, as a byproduct during acetylene
reduction assays (Bothe et al., 2010). Surprisingly, the concentration of
H, determinedat the conclusion of the acetylene reduction assay
(125 h) demonstrated that immobilized Anabaena heterocysts with Mo-
nitrogenase were able to produce H, during the time that they per-
formed C,H, reduction (Fig. 2B). The addition of 200 mM sucrose was
beneficial to H, production, with an approximately 2-fold increase
compared to 20 mM sucrose (1.07 + 0.2 vs 0.68 *= 0.1 mmol H, mg
Chl™?!, respectively). Nevertheless, the conversion efficiency of sucrose
to H, was higher in 20 mM samples (0.7 vs 0.4 mol H, produced /mol
sucrose consumed in 20 mM and 200 mM samples, Table 1), indicating
the absence of significant limitation for diffusion of sucrose through the
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Fig. 2. Nitrogenase activity of immobilized heterocysts. (A) Acetylene reduction rate of immobilized cells supplemented with 20 mM (open symbols) or 200 mM
(closed symbols) sucrose. The isolated heterocysts were immobilized in thin-alginate films (see material and methods for more details) and supplemented with 20 or
200 mM sucrose. (B) The final H, production yields observed at the conclusion of the acetylene reduction assay. Heterocysts were isolated as described in the
methods section and placed in medium containing 20 or 200 mM sucrose. Samples were incubated in an atmosphere of 10 % acetylene in argon, without shaking and
70 pumol photons m ~%s ™ ! illumination at 30 °C. H, yield was measured from the vials incubated in the acetylene reduction assay for 125 h. The Chl concentration was
about 70 pg per strip.
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Table 1
The amount of sucrose utilized by heterocysts of Anabaena PCC 7120 under
different experimental conditions.

Initial concentration of Utilized sucrose, mmol mg Chl~!

sucrose, mM

Immobilized heterocyst
(acetylene reduction at

Immobilized heterocyst
(H, production at 168 h)

125h)
20 0.93 = 0.04 0.99 = 0.2
200 2.57 = 0.45 3.38 = 0.68

alginate matrix.

The results obtained demonstrate that the immobilization of het-
erocysts in a thin-layer alginate film increased the lifetime of hetero-
cysts from a few hours (Fig. 1, suspension) to five days (Fig. 2), under
our experimental conditions.

3.3. Nitrogenase activity of immobilized heterocysts: hydrogen
photoproduction

Following the detection of H, gas produced by immobilized het-
erocyst cells during acetylene reduction assays, we performed a more
detailed study of immobilized heterocyst H, photoproduction capacity
under standard H, production conditions (only argon gas in the head-
space). In this assay, heterocysts were again supplemented with either
20 or 200 mM sucrose.

Similar to observations of the acetylene reduction assay (Fig. 2B),
H, photoproduction of heterocysts supplemented with 200 mM sucrose
was higher than those supplemented with 20 mM (Fig. 3A). Once the
heterocysts began producing H, at 24 h, the photoproduction rates of
the 200 mM supplemented heterocysts were also higher over the course
of the experiment. For both 20 and 200 mM sucrose supplemented
heterocysts, production rates demonstrated a period of higher activity
which ranged 24-72h before declining afterwards (Fig. 3B). At 168 h,
the cells supplemented with 20mM sucrose stopped H, evolution,
whereas the cells supplemented with 200 mM sucrose were still pro-
ducing H, at a rate of ~9.21 umol H, mg Chl~*h ™. Nevertheless, the
conversion efficiency of sucrose to H, was ca. two times higher in
20 mM sucrose than in 200 mM (2.0 vs 0.8 mol H, /mol sucrose con-
sumed, Table 1).

Next, we tested if flushing the immobilized heterocysts with low-
ered activity (173 h) with N, (a substrate) would increase nitrogenase
activity. The cells incubated 24h in a N, atmosphere continued to
produce H, in an Ar atmosphere for the next 10 days (Fig. 4A) at a rate
of about 5pmol H, mg Chl~'h~? (Fig. 4B).
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In order to find an optimal concentration of heterocyst cells to
employ in the thin-layer films, we evaluated the effect of total Chl
(related to the amount of heterocysts) on H, photoproduction.
Heterocysts immobilized at a total Chl of 40ug demonstrated the
maximum specific H, production rates, averaging 25pmolmg
Chl~*h ™! (Table 2). Both lower (20 ug), and particularly higher, levels
of Chl (70 and 100pug) negatively affected maximum H, photo-
production rates.

However, the total yield of H, following 168 h of photoproduction
was achieved with 70 pug Chl, with total yields increasing with the
amount of Chl up until this point (0.14 to 0.36 mol m™~2, Table 2).
Further increasing Chl to 100 pg did not improve the total H, produc-
tion yield. Thus, increasing the Chl amount in strips from 40 pg (Figs. 3
and 4) to 70 pg would further enhance the total H, production yield of
heterocysts immobilized in thin films.

4. Conclusion

This is, to the best of our knowledge, the first report and thus a proof
of concept for the immobilization of isolated cyanobacterial heterocysts
in thin-layer artificial films as long-term, light-induced nitrogenase
based production systems. Production activity was measured as acet-
ylene reduction or H, production and was improved and prolonged
under the following conditions: (i) strictly anaerobic preparation of
heterocysts; (ii) immobilization of heterocysts in thin films containing
70 ug Chl; (iii) addition of 200 mM sucrose (iii); and (iv) the addition of
substrate (H; or N») for the recovery of nitrogenase activity. This latter
point indicates the potential for a production platform with improved
efficiency via switching between fixed nitrogen or hydrogen production
modes and is something we will pursue in the future.
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Fig. 4. Effect of N, bubbling on yield (A) and rate (B) of H, photoproduction in thin-layer immobilized heterocysts. Samples were placed in medium containing
200 mM sucrose and incubated in an atmosphere of argon as described above. Samples were purged with N, at 173 h for 20 min, incubated in an atmosphere of
nitrogen for 24 h and then purged with argon for 20 min before the next production cycle was started. The Chl concentration was about 40 ug per strip.

Table 2
Effect of Chl on H, photoproduction rate and yield in immobilized heterocysts.

Total Chl, The total yield of H,, The maximum specific rate of H,
ug per strip  molm™? production (umol mg Chl~*h™1)
20 £ 6 0.14 = 0.04 14 + 0.9
40 += 12 0.23 = 0.03 25 + 25
70 £ 3 0.36 = 0.04 11 += 0.6
100 = 10 0.35 = 0.01 9 + 07

Samples were incubated in an atmosphere of argon for 168 h. The values re-
present 3-5 biological replicates.
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