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Abstract. Nitrogenase (= acetylene-reducing activity) was
followed during photoautotrophic growth of Anabaena
variabilis (ATCC 29413). When cell density increased during
growth, (1) inhibition of light-dependent activity by DCMU,
an inhibitor of photosynthesis, increased, and (2) nitro-
genase activity in the dark decreased. Addition of fructose
stabilized dark activity and alleviated the DCMU effect in
cultures of high cell density.

The resistance of nitrogenase towards oxygen inactiva-
tion decreased after transfer of autotrophically grown cells
into the dark at subsequent stages of increasing culture
density. The inactivation was prevented by addition of
fructose. Recovery of acetylene-reducing activity in the light,
and in the dark with fructose present, was suppressed by
ammonia or chloramphenicol. In the light, also DCMU
abolished recovery.

To prove whether the observed effects were related to
a lack of photosynthetic storage products, glycogen of
filaments was extracted and assayed enzymatically. The
glycogen content of cells was highest 10 h after inoculation,
while light-dependent nitrogenase activity was at its
maximum about 24 h after inoculation. Glycogen decreased
markedly as growth proceeded and dropped sharply when
the cells were transferred to darkness. Thus, when C-supply
(by photosynthesis or added fructose) was not effective, the
glycogen content of filaments determined the activity of
nitrogenase and its stability against oxygen. In cells lacking
glycogen, nitrogenase activity recovered only when carbohy-
drates were supplied by exogenously added fructose or by
photosynthesis.
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Cyanobacteria are able to accumulate a variety of putative
reserve materials. Polysaccharides like glycogen, however,
represent the main energy and reductant storage in these
organisms (for review see Smith 1982). Accumulation of
products of photosynthesis has been observed in batch
cultures (Giesy 1964; Sutherland et al. 1979) and, when
grown on a diurnal cycle, in continuous cultures (van Liere
et al. 1979). Glycogen was isolated and characterized from
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Nostoc muscorum (Chao and Bowen 1971) and Anacystis
nidulans (Weber and Wober 1975). The interaction of
glycogen content with nitrogenase activity, nitrogenase syn-
thesis and stability has, however, not yet been studied.

In heterocystous cyanobacteria, aerobic nitrogenase
activity is located in heterocysts (for review see Wolk 1982).
Conceivably, nitrogenase activity as well as respiration rely
on vegetative cells for reductant supply from photosynthesis
or transient storage compound(s). With Anabaena variabilis,
however, fructose can substitute for photosynthesis (Wolk
and Shaffer 1976). Nitrogenase activity is under metabolic
control through availability of low-potential reductant and
ATP. In intact filaments, reductant limitation can be
achieved by inhibition of photosynthesis by DCMU (Weare
and Benemann 1973; Lex and Stewart 1973) or by darkening
of cultures (Fay 1976; Ohmori 1984). In the dark, however,
additional ATP limitation may occur in heterocysts (Ernst et
al. 1983). In isolated heterocysts, light controls nitrogenase
activity via reductant supply (Ernst and Bohme 1984).

Nitrogenase is highly labile in the presence of oxygen.
Protection of the enzyme against oxygen deterioration,
achieved by confining the enzyme to heterocysts, as well as
by the absence of water photolysis in these cells may further
be supported by enhanced respiratory activity (see e.g. Peter-
son and Burris 1978 ; Scherer and Boger 1982). Nevertheless,
variable degrees of oxygen sensitivity of nitrogenase are
observed in heterocystous cyanobacteria (Stewart and Pear-
son 1970; Bone 1972). As shown by immunological studies,
nitrogenase is continuously inactivated by oxygen, degraded
and resynthesized during growth under aerobic conditions
(Murry et al. 1983, see also for further references).

This study has be performed to closer investigate the
relationship of nitrogenase activity and stability to the
glycogen pool. In conirast to previous studies in the
literature, glycogen was extracted and specifically deter-
mined by an enzymatic method to overcome possible inter-
ference by intra- and extracellular carbohydrates different
from glycogen.

Materials and methods

Anabaena variabilis (ATCC 29413; American Type Culture
Collection, Rockville, Maryland) was cultivated autotrophi-
cally without combined nitrogen in a thermostated water-
bath (Kniese-Edwards, Marburg, FRG) at a temperature
of 29°C. Culture vessels, 4 cm in width, 46 cm in height,
contained 220 ml of mineral medium according to Arnon et
al. (1974) and were illuminated by fluorescent light (12 W/



m?, as measured by a radiometer of YSI-Kettering, model
65A). Agitation was maintained by bubbling air, enriched
with 1.5% CO; (v/v) through the culture at a flow rate of
60 ml/min. When cultures were darkened as indicated, no
extra CO, was supplied. The inoculum (110 pg of chloro-
phyll equivalent to 10 mg dry weight) was taken from a 48-h
culture. However, similar results as shown in Figs. 4 and 5
were obtained with cells grown under light limitation in
250-ml Erlenmeyer flasks (2 W/m?) or in a 5-1 fermenter
(Brunswick, Microferm) illuminated by 30 W/m? fluores-
cent white light.

To measure nitrogenase activity, acetylene reduction was
performed in 7.8-ml glass vessels closed by Suba Seal rubber
stoppers (Barnsley, UK) in a water-bath at 29°C either in
the light (100 W/m?) or in the dark. Unless mentioned other-
wise, air was the gas phase of all assays, supplied with C,H,
(87/13%, v/v). Aliquots of the gas phase were analyzed every
15 min over a 45-min period. For short-term assays, the
reaction was stopped by addition of 0.25 ml of trichloro-
acetic acid (30% w/v) after 15 min of incubation. Analysis of
gases and determination of chlorophyll have been described
previously (Ernst et al. 1983). Dry weight was determined
according to Fay (1976).

For glycogen extraction, the cells were concentrated by
two centrifugations (5 min, 1,500 x g) to yield 100 to 300 pg
of chlorophyll per ml. Then, glycogen was extracted and
determined by a method modified after Good et al. (1933)
and Marshall and Whelan (1970), as follows: 50 ul of a
concentrated cell suspension was added to 200 pl of KOH
(30% w/v) and hydrolyzed for 90 min at 100°C in a water-
bath. Cell homogenation by ultrasonication (Branson
Sonifier C30) prior to KOH treatment did not increase the
glycogen yields. To precipitate glycogen, 600 pl of absolute
ethanol was added to the cooled extracts. Samples were
kept on ice for 1 to 2 h, before glycogen was collected by
centrifugation (5min) in a microcentrifuge (Eppendorf,
model 5413). Pellets were washed twice with ethanol. The
pellets were dried under air for 5—10 min at 60°C and
resuspended in 300 pl of acetate buffer (100 mM, pH 4.75).
Thereafter, glycogen was digested by amyloglucosidase (4
units/assay; 1 unit converts 1 umol of substrate/min under
optimum conditions) and amylase (8 units/assay) for 1 h at
room temperature, or 25 min at 55°C. Following digestion,
insoluble membrane fragments were removed by centrifuga-
tion. Aliquots of the supernatant were assayed by a standard
hexokinase/glucose-6-phosphate dehydrogenase assay cou-
pled to NADP™ reduction (Bergmeyer et al. 1974). The
procedure was checked (1) by incubating cell material
without enzymes to ensure that no soluble glucose had been
left in the pellets after preparation and washing, and (2) by
using commercial glycogen to control complete digestion.
More than 95% of the original glycogen was recovered
in the final assay. All data were obtained from duplicate
determinations.

Chemicals. Enzymes and glycogen (from molluscs) were
purchased from Boehringer, Mannheim; other compounds
used were of the highest analytical grade available.

Results

1. Growth of Anabaena variabilis. Growth rate and growth
yield of autotrophically grown cyanobacteria depend on
illumination and carbon supplies (compare Sutherland et
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Fig. 1. Growth of Anabaena variabilis in batch culture. Eight
cultures were grown in parallel as described in Materials and
methods. Chlorophyll, referred to ml culture volume, is given as
a growth parameter to be compared with nitrogenase (acetylene-
reducing activity) in the light on a chlorophyll basis (indicating
“specific” activity of nitrogenase)
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Fig. 2. Decrease of nitrogenase activity in the dark and in the light
with DCMU present and its relief by fructose. Aliquots of an
autotrophic culture taken after various hours of cultivation as in-
dicated were assayed for nitrogenase activity. Rates were calculated
by assuming linearity over a 45-min assay period. Nitrogenase activ-
ity in the dark (@——®); dark activity in the presence of 10 mM
fructose (A A); nitrogenase activity in the light with 5 pM
DCMU present (O O); activity in the presence of 5 uM DCMU
and 10 mM fructose (A——A). Rates are percent of control-sam-
ple activities in the light, as measured after the particular cultivation
period indicated, without any additions as shown in Fig. 1

al. 1979; Haury and Spiller 1981). Growth is shown as
the increase of chlorophyll (Fig. 1). After a 30-h exponen-
tial growth period, the increase in cell density decelerated
(= post-log phase growth) (Sutherland et al. 1979). The
stationary phase was not reached within the time of this
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Fig. 4. Effect of the atmosphere and of fructose on nitrogenase
activity in darkened post-log phase cultures. An aliquot of an
autotrophic culture pregrown for 72 h (with nitrogenase activity
of 110 nmol C,H,/mi x 15 min = 100%) was supplemented with
chloramphenicol (CAP, 25 ug/ml), kept in the light, and nitrogenase
activity assayed every hour (A A). Three other aliquots of
this culture were placed in the dark and sparged either with air
(® ®), dinitrogen (l——M), or kept under air with 10 mM
fructose present (® ——®). All assays for nitrogenase activity were
performed in the light over a 15-min period

experiment (85 h). The doubling time (for chlorophyll con-
tent) during exponential growth was 8.5 h. Nitrogenase
activity developed exponentially with a doubling time of
6.9 h and became stationary after 50 h of growth (data not
shown). With 60 pmol C,Hs/mg Chlxh (equivalent to
0.78 pmol C,H,/mg dry weight x h), maximum “specific”
activity was attained after about 24 h (Fig. 1).

2. Nitrogenase activity. Acetylene reduction in the light as
shown in Fig. 1 was compared either to nitrogenase activity
with DCMU present or to its activity in the dark (Fig. 2).
Fructose, known to support growth of Anabaena variabilis
(Wolk and Shaffer 1976), was added during the assay as a
possible substitute for endogenous reductant when photo-
synthesis did not occur.

was observed in young cultures during a 45-min incubation
period; inhibition became apparent in the late log-phase.
After 80 h of cultivation, light-dependent nitrogenase activ-
ity was inhibited up to 60% by DCMU. However, this inhibi-
tion was alleviated by fructose. Data obtained in the pres-
ence of fructose scattered more than other data. This is
explained by the fructose-uptake process being partly induc-
ible in A. variabilis (Haury and Spiller 1981). Calculated
over a 45-min period, dark nitrogenase activity in young
cultures was 46% of that in the light. No stimulation by
fructose was seen. Eventually, dark activity declined to 5%
(Fig. 2) of the light control (shown in Fig. 1); fructose was
able to restore about 25% of light activity (Fig. 2). This
demonstrates that limitations occurring in the dark were
only partly relieved by fructose under our conditions (comp.
Wolk and Shaffer 1976).

3. Oxygen-sensitivity of nitrogenase. When aliquots of
autotrophic cultures were transferred into the dark at
various times during growth, oxygen sensitivity of
nitrogenase increased markedly. In the following experi-
ments, nitrogenase was assayed in the light over 15 min only,
to overcome the limitation of activity observed in the dark
(see preceding section) and to avoid induction of nitrogenase
(see below). In cells grown for 13, 24 and 36 h, nitrogenase
activity decreased very little during 6, 3 and 2 h after start
of the dark incubation (see parts 1, 2, 3 of Fig. 3). This slow
decay (Bone 1971; Murry 1983) is followed by a fast one as
can be seen e.g. in parts 2, 3 of Fig. 3. The half-life of the
slow decay was found to be 6 h, that of the fast one was less
than 1 h. It should be noted that in cells from the early
log phase (part 1 of Fig. 3), nitrogenase activity as well as
chlorophyll content even increased initially, similar to the
sample kept in the light. During post-log phase growth, only
the fast decay was observed (parts 4, 5).

The inactivation of nitrogenase observed after prolonged
dark treatment and in old cultures was more rapid than the
enzyme turnover in the light. This was shown by addition
of chloroamphenicol (CAP) to an illuminated culture of the
post-log phase (Fig. 4). The rapid activity decay did not
occur when darkened cultures were sparged with dinitrogen
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Fig. 5. Inactivation and reactivation of nitrogenase activity in a
post-log phase culture. Nitrogenase was inactivated by aerobic dark
treatment for 1 h (@ @®). Arrows indicate the time when dif-
ferent treatments for reactivation were started: (a) by light
(O ), or (b) by addition of 10 mM fructose to continuously
darkened cultures (A A). Reactivation was inhibited by
chloramphenicol (25 pg/ml), ammonia (10 mM), or DCMU (5 uM);
see symbols &, O, A, respectively. With DCMU present, the atmos-
phere of the sample consisted of hydrogen

(Fig. 4), indicative of oxygen being responsible for the loss
of activity. Addition of fructose (10 mM) prevented inactiva-
tion of nitrogenase (Fig. 4, upper curve).

4. Recovery. Cells of the post-log phase with inactivated
nitrogenase (curve @ @, Fig. 5) contained less than 2%
(w/w) of glycogen. Nitrogenase activity recovered when cells
were illuminated (comp. also Bone 1971). This reappearance
of nitrogenase activity was prevented by addition of DCMU,
even in an anaerobic atmosphere (Fig. 5). In the dark, re-
covery was induced by addition of fructose. Dark and light
recovery was prevented by addition of ammonia or chlor-
amphenicol.

5. Glycogen content. Glycogen is a possible source of re-
ductant for respiration as well as nitrogenase activity. Dur-
ing the first 10 h of growth, glycogen was accumulated up
to more than 27% of the dry weight (Fig. 6). Noteworthy,
the amount of glycogen dropped, (1) before maximum
specific activity of nitrogenase was attained (about 24 h
after inoculation, Fig. 1), and (2) before the growth rate
decelerated, as judged by increase in dry weight or
chlorophyll (30 h after inoculation, Fig. 1). At the end of
the exponential growth phase, the glycogen content had
decreased to 10% of the dry weight, and further diminished
to 3% after 72 h of cultivation. Of course, the chlorophyll
content per dry weight increased, when the glycogen content
decreased (not documented here). The maximum of the
absolute amount of glycogen in the culture (=62 pg as re-
ferred to m/ culture volume) was attained at the end of the
exponential growth phase.

Darkening of cultures after different period of light
cultivation resulted in degradation of glycogen (Fig. 6, full
symbols). The dark period (6 h for each aliquot) was not
sufficient to completely deplete cells of glycogen, when these
were taken from the exponential or early post-lag phase. In
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Fig. 6. Glycogen content of continuously illuminated batch cultures
and glycogen degradation during dark treatment starting after dif-
ferent growth periods. Ten cultures were grown in parallel. Glycogen
was extracted and assayed from illuminated cultures (O——O) and
from culture samples transferred into darkness at various stages of
growth as indicated (Ill——M). Glycogen degradation was followed
over a 6-h period

old cultures (late post-log phase), however, glycogen was
dissimilated to a final content of 0.6% of dry weight.

Discussion

Little is known about the accumulation of glycogen, a
storage product of photosynthesis. In contrast to former
assumptions (Giesy 1964; Sutherland et al. 1979), it is shown
here that cellular glycogen content reached a maximum
shortly after inoculation and decreased during exponential
growth. Net degradation of glycogen was observed in the
dark. Therefore, old and darkened cultures of photo-
autotrophically grown Anabaena variabilis exhibited a
decreased supply for reductant- and energy-requiring pro-
cesses, like nitrogenase activity, biosynthesis and respiration.
This was shown with batch cultures of post-log phase
growth, when nitrogenase activity was assayed: a continuous
decline of dark activity was paralleled by an increasing
sensitivity of light-induced activity towards DCMU (Fig. 2).
Both effects were alleviated by fructose yielding nitrogenase
activity as high as in young cultures (Fig. 2). This indicates
exhaustion of reductant supply for nitrogenase in cultures
of high cell density and little glycogen storage (comp. Fig. 6).

Old cultures, which had lost nitrogenase activity during
dark treatment, contained less than 2% (w/w) of glycogen.
Recovery of activity can be suppressed by DCMU (and, of
course, by ammonia or chloramphenicol, Fig. 5). Hydrogen
was not able to substitute for lacking endogenous reductant
in the presence of DCMU. Thus, carbohydrates, derived
either from photosynthesis or from added fructose, are
necessary for biosynthesis of nitrogenase, extending similar
observations of Rippka and Stanier (1978) on organisms
exhibiting anaerobic nitrogen fixation.

Little is known about oxygen protection of cyano-
bacterial nitrogenase. Besides a diffusion barrier formed
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Fig. 7. Stability of nitrogenase in the dark at different levels of
glycogen content. Glycogen content of cells taken after different
hours of growth as shown in Fig. 6 was compared with stability of
nitrogenase during dark incubation of filaments according to Fig. 3

by the heterocyst-cell wall (Walsby 1982), the oxyhydrogen
reaction as a means of respiratory protection was demon-
strated with isolated heterocysts (Peterson and Burris 1978).
Additionally, it was reported that respiratory CO; release in
the light had been found highest in dinitrogen-fixing strains
of five cyanobacteria (Scherer and Béger 1982), and that
CO,-release accompanied induction of nitrogenase in a non-
heterocystous Phormidium (Weisshaar and Boger 1983). In
this study, oxygen sensitivity caused a rapid loss of
nitrogenase activity in old cultures (Fig. 3, part 5, Fig. 4)
which contained less than 3% (w/w) of glycogen, while in
younger cultures, having more glycogen (Fig. 6) a period of
relative stability preceded the rapid inactivation (Fig. 3,
parts 2, 3). No inactivation was seen, when photosynthesis
was active (Fig. 3, open symbols) or in the presence of
fructose (Fig. 4). Apparently, a supply of carbohydrates for
respiration is a prerequisite for oxygen resistance of
nitrogenase.

It was shown that oxygen protection in heterocystous
cyanobacteria is not complete (Stewart and Pearson 1970;
Weare and Benemann 1973). A detailed study of Bone (1972)
documented that oxygen above air saturation leads to a fast
decay of nitrogenase activity (half-life less than 1 h), while
at air concentration of oxygen a slow decay (half-life time
of about 6 h) was apparent. In our experiments, both types
of decay were observed at 20% (v/v) of oxygen, however,
they showed up subseguently, after the cultures had been
placed into the dark (Fig. 3, parts 2, 3). With increasing cell
density and decreasing glycogen content, the slow decay
disappears and only the fast one is seen (Fig. 3, part 5; see
Fig. 6 for glycogen content). A slow decay of nitrogenase
activity with similar kinetics as observed by us was shown
by Murry et al. (1983), when protein synthesis was artificially
inhibited. The rapid dissimilation of glycogen as found in
our darkened cultures (Fig. 6), however, indicates a continu-
ous respiratory activity, maintaining a certain stability of
nitrogenase (i.e. slow decay). We conclude that this stability
is lost when respiration ceases (comp. Ohmori 1984) due to
exhaustion of glycogen. Then, the fast decay will start.

Although the level of glycogen in heterocysts is not yet
known, the carbohydrate reserves present in filaments at
any time during growth can be correlated with the period of
slow decay. Apparently, a linear relationship is obtained
(Fig. 7) which allows to estimate a level below which no

further protection by respiration is possible. This is 3%
glycogen on a dry-weight basis. This threshold amount is
lower than the minimum concentrations observed in non-
nitrogen fixing Oscillatoria agardhii during dark/light cycles
(van Liere et al. 1979). A similar cycle present in Anabaena
variabilis, with glycogen levels as found in our study, would
imply that nitrogenase activity is not rapidly lost during the
night. In natural habitats, changing conditions may cause
insufficient regeneration of the glycogen pool and limit re-
synthesis of nitrogenase (Fig. 5; comp. also Bone 1972).
This may lead to a complete loss of the enzyme and to
destabilization of a nitrogen-fixing cyanobacterial bloom.
The ecological implication will be a matter of further investi-
gation.
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