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1. INTRODUCTION AND LITERATURE REVIEW

1.1. General:
Nitrogen 1s one of the essential elements as cellular
constituent of 1living organisms. Although, 78% of the earth’s

atmosphere consists of molecular nitrogen, most organisms cannot

utilize this as nitroden source. Instead, they require combined
nitrogen. The commonest nitrogen source for plants and wmicrobes
is ammonia. In modern agriculture, for high yield, chemical

fertilizers are used on a large scale to serve as nitrogden source
for crop plants. Chemical fertilizer production regquires enormous
amounts of enerdy. In addition, considerable amounts of energy,
time and labour is needed for distribution and application of
these factory produced fertilizers at the field level. Due to
this, pricés of chemical fertilizers is constantly on increase
with a widening gap between supply and demand. However, there are
some prokaryotic microorganisms which can convert molecular
nitrogen into ammonia under normal physiological conditions. A
thorough understanding of the process of biologicai nitrogen
fixation will help to devise strategies resulting in an alterna-
tive to the chemical nitroden fertilizers. Hence, there 1is a
world-wide attempt, by the scientific community, to study the
physiological, Dbiochemical and genetic aspects of Nz—fixing
ordanismns. Among such organisms, cyanobacteria are of specilal
interest Dbecause of their simple drowth regquirements,  their

diazotrophic nature, and their being capable of carrying out



oxygenic photosynthesis (Singh, 1961; Sprent, 1979; Stewart, 1980;

Whitton & Carr, 1982; Gallon & Chaplin, 1887; Rai, 1880).

1.2. Cyanobacteria:

Cyanobactefia are widely distributed in both aquatic and
terrestrial habitats (Fogg ¢¢ al., 1973). They occur freely
(free-1living) as well as in symbiotic associations (Rtewart =t
al,, 1983; Gallon & Chaplin, 1887; Rai, 1990). They are photosyn-
thetic prokaryotes with a higher plant Lype.oxygenic photosynthe-
sis and share characteristics of gram-nedative bacteria (Stanier,
1977; Stanier & Cohen—BaZire, 1977; Stewart, 1980). They produce
two types of metabolically active cells namely, vegetative cells
and heterocysts. The third type of ceils, akinetes, are metaboli-
cally 1less active and serve as perennating bodies (Niohois &
Adams, 1982; Rai et al., 1985; 1988). Various details of cyano-
bacteria have been extensively reviewed in the recent past
(Stanier ¢ aif., 1978; Rippka ¢t ai., 1979; Bothe ¢t ai., 1980;
Gallon, 1980; Stewart, 1980; Stewart % al., 1980; 1982; Bothe,
1982; Carr & Whitton, 1982; Gallon & Chaplin, 1987; Hallenbeck,
1987; Rai, 1990).

1.2.1. Vedetative cells:

The vegetative cells have photosynthetic machinery ess-
. entially 1like chloroplasts, which carry out higher plant type
oxygenilc photosynthesis using water as ultimate source of
reductant {Doolittle, 1979; 1882; Ho & Krogmann, 1982).

Photosynthetic coumponents are located on a system of thylakoid



membranes which are topographically and functionally distinct from
plasma membrane. They are usually distributed near periphery of
the c¢ell and often oriented parallel to the cell wall (Fogg et
al., 1873; Long & Whitton, 1873). Chlorophyll a is the principal
light harvesting pidment, while phycobiliprotein complexes are
accessory pidments of PS5 1I. These pidgments are located on
thylakoid membrane (Cohen-Bazire & Bryant, 1982; Ho & Krogmann,
1982, Morschel & Ehiel, 1987). Under conditions of N-deficiency
the accessory pigments are readily used as nitrogen sources
(Allen & Smith, 1969; Stewart ¢ al., 1978; Cohen-Bazire & Bryant,
1982). Vedetative cells produce ATP by oxidative phosphoryvlation
and via cyclic and non-cyclic photophosphorylation. Carbon-di-
oxide fixation occurs through Calvin cycle (Stanier, 1977,
Stewart, 1977; Allen, 1984). |

The major reserve polymers present 1in cyanobacterial
vegetativé cells are polysaccharides {(glycoden), cyanophycin (N-
reserve)} and polyphosphates which are mobilized when a need arises
(Merrick, 1879; Smith, 1982). Polysaccharide reserves are'located
along the thylakoid membranes (Ris & Singh, 1961; Jost, 1965).

Veéetative cells of cyancbacteria also accumulate poly-
hedral bodies which are store houses of Calvin cycle enzyme
ribulcose 1, 5-bisphosphate carboxylase/oxygenase (Codd & BStewart,
1976; Allen, 1984).

In non-heterocystous No-fixing strains, the vegetative cells
also contain nitrogenase (Gallon & Chaplin, 1988). In heterocys-
tous forms! howevef, the nitrogenase is located 1n heterocysts

which are non-photosynthetic and which receive fixed-carbon from

neighbouring vegetative cells (Bothe et al., 1984; Stewart et al



1985; Berdman et a«i., 1986).

1.2.2. Heterocysts:

In inorgeanic growth medium devoid of combined nitrogen, 5-
10% of the vegetative cells differentiate into specialized
structures called heterocysts. Heterocysts are generally larger
than vegetative cells and comparatively paler in colour. They are
sites of dinitrogen fixetion (Fay &t &l., 1968; Stewart, 1980;
Janakil & Wolk, 1882; Bergman €% alf., 1888) and have undergone a
number of structural, biochemical and genetic changes during their
development (Wolk, 1982; Golden ¢t al., 1985; Haselkorn et al.,
1987). They possess thick envelope comprising of an inner
laminated layer, a central homogeneous layer and an outer fibrous
layer (Wolk, 1982). The thylakoid memﬁranes are present but they
lack PS5 11 activity and have 1little or no phycobiliproteins
(Reinman & Thornber, 1979; Alberte et al., 1980; Stewart, 1980).
They are unable to fix COp, due to lack of ribulose 1,5~
bisphoéphate carboxylase (Winkenbach & Wolk, 1973; Codd & Stewart,
1977; Codd ¢ alf., 1980; Cossar &t al., 1885} and depend on
ad jacent vegetative cells for provision of carbohydrates (Wolk,
1968; Stewart, 1980; Bothe ¢ al., 1984; Stewart e¢¢.ai.,, 1985).

The carbon dissimilation, in heterocysts, is mainly through
'oxidative pentose phosphate pathwey (BSmith, 1982). The key enzynes
of hexose oxidizing pathway, glucose 6-phosphate NADP:
oxidoreductase and 6-phosphogluconate NADP: oxidoreductase are
present 1in heterocysts (Winkenbach & Wolk, 1973; Bohme, 1987 at
far higher levels thagtbegetative cells (Gallon & Chaplin, 1887).

Recently, it has been reported that heterocysts contain all



glycolytic pathway enzymes and a low level of pyruvate ferredoxin
oxidoreductase (Stewart ¢ al.,, 1985). Primary assimilation of
nitrogenase-derived ammonia occurs in heterocysts. Glutamine 1is
transported to vegetative cells. It is however, debatable whether
GOGAT occurs in heterocysts (Hallenbeck, 1987).

Thioredoxins have been implicated in regulation of carbon
metabolism 1in cyanobacteria. They are small proteins which are
reduced in 1light by reduced ferredoxins. Reduced thioredoxin
activates Calvin cycle enzymes and inactivates the oxidative
rentose phosphate pathway enzyme, glucose 6B-phosphate NADP:
oxidoreductase. Thioredoxin has been reported to be absent in
heterocysts (Rowell et ai., 198ba; Bohme, 1987). Thus, glucose 6-
phosphate NADP: oxidoreductase remains active in heterocysts even
during light.

Heterocysts generate ATP by cyclic photophosphorylation,
oxidative phosphorylation (Stewart, 1980; Gallon & Chaplin, 1887)
and oxyhydrogen reaction (Hallenbeck & Benemann, 18979; Bothe,
19823. Heterocyst production is inhibited by ammonium (Singh et

4., 1983a).

1.3. Nitroden—-metabolism in cyanobacteria:

The common sources of inorganic nitrogen for cyanobacteria
are Nz, Nog and NH3. while all cyanobacteria are capable of
utilizing NO% and NHg, No-utilization is limited to those
cyanobacteria which are capable of nitrogen-fixation. These

include all heterocystous and some non-heterocystous forms.



1.3.1.1. Nitrogen fixation:

The enzyme responsible for the reduction of dinitrogen to
ammonia is nitrogdenase (Gallon, 1980; Stewart, 1980; Hallenbeck,
1987; Smith ¢ aif., 1987a). Some of the nitrogen-fixing
cyanobacteria are listed in table 1.1.

Table: 1.1. Nitrogen—-fixing cyanobacteria:

Category Name of the cyancbacteria
I. Filamentous, heterocystous Anabaena gp.
forms. T Calethrix sp.

Chlorogleopsis sp.
Fischerella sp.
Na&ularia sp.
Hasztoc sp.
Scytonema sp.
1I. Filamentous, non-hetero- gscillataria gp.
cystous forms. Plectanema sp.
Trichodesmium sp.
I11. Unicellular, aerobic forms: Glasothece gp.
Synechocystis sp.
1V. Unicellular, microaerobic_ Dermacarpa sp.
forms. Pleurocarpa sp.
Xenococcus gp.

1.3.1.2. Nitrogenase:

There are at least two nitrogenase systems capable of



reducing molecular nitrogen to ammonia:'the classical nitrogenase
(Mo-nitrogenase) and vanadium—nitrogenase {(Smith &t al.,' 1887a).
Both enzymes consist of +two oxygen-sensitive metalloproteins.
While the iron-protein is common in both enzyme systems, the
second metalloprotein varies: In case of classical nitrodenase it
is a molybdenum—-iron protein while in the case of vanadium nitro-
genase it is a vanadium—iron protein. The vanadium nitrogenase
has only recently been discovered in bacteria (Arotobacter
vinelandil) and in cyanobacteria (Anabaena variabilis) hence only
limited data on its nature and physiology are available (Hales «t
al., 1985H; Robson #t al.,, 1986a; 1986b; Gallon & Chaplin, 1887;
Smith et ai., 1987a; Kentemich et al., 1988).

1.3.1.3. Biochemistry of nitrogenase:

Nitrogenase consists of twq iron-sulphur proteins, neither
of which 1s active by itself. One of them is the iron protein
which 1is a dimer of two identical subuﬁits. It has molecular
weight of 50,000 - 60,000 Da encoded by ni¥ H gene. In general,
it contains a single 4Fe-45 cluster, but in cyanobacteria 2Fe-2S
cluster has also been reported (Haaker ¢ al., 1985; Howard ¢t
af., 1985; Gellon & Chaplin, 1987; Smith &t &f., 1987a). It has
redox potential in the range of -0.24 V to -~-0.383 V, depending on
the source (Smith ¢ al.,, 1987a).

Molybdenum-iron protein of nitrogenase iz a tetramer‘ﬂzbz of
two different subunits: subunit encoded by the gene #i7 D has
molecular weight of 50,000 Da and P  subunit encoded by the gene
nit K has molecular weight of 60,000 Da (Gallon, 1980; Smith et
al., 1987%7a}. It contains 2 Mo atoms, 30 Fe atoms and slightly

lower number of sulphur atoms (Watt €& al., 1986). It also



possesses two FeMoco centers, four Fe-3 clusters of 4Fe—-45 type (P
centers) and an additional 2 Fe atoms designated as 5’ centers
(Orme-Johnson, 1985; Lowe et ail., 1985; Shah ¢ al,, 1986).

Nitrogdenase being a versatile catalyst, uses substrates as
varied as Ng, CoHgy, NoO, CN™, Ho, HCN, CH3CN, CoH, and a number of
small tTriple bonded substrates (Bothe et al,, 1982; Lowe et ali.,
1985; Jensen & Burris, 1988; Gallon & Chaplin, 1987; Smith &t
al,, 1987a).
1.3.1.4. Requirements for nitrodenase activity:

For its activity, the enzyme nitrogenase requires,
reductant, ATP and a reducing atmosphere.

Nitrogdenase 1is rapidly inactivated by exposufe to oxygen
(half 1life = 40 s in air) (Smith & al., 1987b). In hete-
rocystous cyanobacteria, the heteroccysts provide suitable
environment for nitrogen—-fixation in aerobic conditions, because
heterocysts lack pﬁotosynthetic oxygen evolution (Reinman &
Thornber, 1979; Alberte &t a«l., 1980) and have high respiratory
oxyden consumption rate (Haury & Wolk, 1978; Walsby, 1982; Jensen
& Cox, 1983; Sprent et al., 1987). Aerobic nitrogen-fixation 1in
non-heterocystous cyanobacteria 1is made possible by tenmporal
separation of photosynthesis and nitrogen-fixation (Mullineaux et
ad ., 1881). Other cyanobacteria fix nitrogen under micrdaerobic
or anaerobic conditions.
1.3.1.4.1. Provision of reductant:

In most nitrogen-fixing organisms, including cyanobacteria,
ferredoxin is Dbelieved +to be the immediate electron donor to
nitrogenase (Stewart, 1980; Bothe et &l., 1982; 1984; OSchrau-

temeier & Bohme, 1985; Gallon & Chaplin, 1987). However, under



iron-deficient conditions flavodoxin substitutes for ferredoxin as
electron donor (Smillie, 1965; Bothe, 1969; Hallenbeck, 1987;
Smith ¢ ai., 1987a).

Ferredoxins are iron-sulphur proteins containing one or more
iron-sulphur clusters which are involved in electron transfer.
Cyanobacteria contain typical soluble plant type ferredoxin with
2Fe-25 (acid-liable) clusters in the prosthetic group (Bothe 1969;
Hallenbeck, 1987; Smith et a&l,.,, 1987a). Flavodoxins are the simp-
lest flavoproteins containing one molecule of FMN in the prosthe-
tic group per protein molecule. In catalysis, they act as electron
carriers shuttling between the fully reduced and semi-quinone
forms (Bothe, 1969; Klugkist ¢ ai,, 1986; Bmith «¢ ail.,, 1987a).

At present, the mechanism whereby ferredoxin 1is reduced is a
controversial subject. However, se?eral electron generating
systems are reported. The possible reductant generalting enzymic
pathways are pyruvate: ferredoxin oxidoreductase {(Leach & Carr,
1971; ©Swmith ¢ &i{., 1887a), glucose B8-phosphate NADP: oxidoredu-
ctase, 6-phosphogluconate NADP: oxidoreductase and isoclitrate
NADP: oxidoreductase (Apte ¢ al., 1978; Schrautemeier & Bohne,
1984; 1985; Bohme, 1987); The enzymes glucose 6-phosphate NADP:
oxidoreductase and isocitrate NADP: oxidoreductase are sensitive
to high concentration of NADPH, and negatively regulated by light
through thioredoxin (Duggan & Anderson, 1875; Grossman & McGowan,
1975; Schaeffer & Stanier, 1978; Cossar et al., 1884). However,
very low NADFH,/NADP ratio (between 1 - 3) is reported in Ny-fix-
ing organisms (Gallon & Chaplin, 1887). Under such conditions,
reduction of ferredoxin (midpoint electrical potential ~-0.42 V) by

NADPH2 {midpoint electrical potential -0.32 V) 1s thermodinami-
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cally unfavourable. Therefore, Hasker ¢t al (1980} and Hawkesford
et al (1981) suggested the involvement of Awy component of proton
motive force for transfer of electrons to nitrogenase by reversed
electron flow (Stewart ¢t al.,, 1982}). In heteroccystous cyanobacte-—
ria, hydrogen is.another possible gource of reductant for nitrogen
fixation, through the action of uptake hydrodgenase (Smith et &l .,
1987a}. In the 1light, hydrogen may generate the reduced
ferredoxins by donating electrons to photosynthetic electron
transport chain prior to PS 1 (Bothe ¢ al., 1984; Klugkist ¢t
al,, 1986; SBwmith ¢t al., 1987a).

1.3.1.4.2. Provision of ATP: ‘

Nz—fixation is a highly ATP dependent process. Hydrolysis
of ATP triggers electron transfer frowm iron protein to molybdenum-
iron probein (Smith &% al,, 1987sa; Cordewener &t a4 ,, 1988). In
general, 2 Mg-ATP molecules aré required for transfer of one
electron. However, recent studies indicate that, ATP/e  ratic is
close to 4 (Cordewener ¢ al,, 1988). In heterocysts, ATP 1is
generated in the light via cyclic photophosphorylation and by the
action of uptake hydrogenase, whereas, 1n the dark, it is produced
via oxidative phosphorylation {(Maryan ¢t aif., 18868) and substrate
levell phosphorylation (Bottomley & Stewart, 1976).

1.3.1.5. Mechanism of action:

A low redox potential molecule, reduced ferredoxin/fla-
vodoxin (midpoint redox potential -0.44 to —0145 V), donates
electrons to iron protein component of nitrogenase (Bohme, 1987;
omith % al., 1987a). The iron protein of nitrogdenase has two

binding sites for Mg-ATP (Eady, 1986; Watt et «f., 1886). Binding

of Mg-ATP lowers the midpoint redox potential of iron protein from
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about -0.3 V +to ~-0.4 V or more making it & powerful reducing
species and markedly alters the conformation of iron protein
(Smith ot af,, 1987a). The reduced iron ﬁrotein complexes with
the oxidized form of molybdenum—-iron protein (Lowe ¢t al., 1985).
The molybdenum—iron protein component has midpoint redox potential
of 0.0 to -0.29 V when it binds with FeMoco (Watt et «l., 1986).
It has two binding sites for 1iron protein (Postgate, 1982;
Smith #% al.,, 1887a). The transfer of electrons from reduced iron
protein to molybdenum-iron protein is rapid and irreversible (Lowe
et al,, 198b). This reduction of molybdenum—-iron protein is
coupled with the simultaneous hydrolysis of Mg-ATP (Burgess, 1985;
Mortenson:@% al., 1985; Cordewener et al,, 1988). This hydrolysis
‘of Mg-ATP occurs only when the iron-protein complexes with
molybdenum-iron protein of nitrodenase in the presence or absence
of external electron donor (Gallon & Chaplin, 1987). As soon as
the electrons are transferred to molybdenum-iron protein, the
nitrogenase complex dissociates (Burgdess, 19885). Then the
electron flow proceeds to substrate, which is  thought to be
reduced in three two-electron steps (Smith et al., 1887a). On the
whole, 25% of the available electrons reduce the protons and
evolve hydrogen (Simson & Burrils, 19884; Smith ¢¢ ai., 1987a).
1.3.1.6. Regulation of nitrogenase b& ammonia:

Nitrogenase activity, in all No-fixing organisms, is known
to be affected by various combined-nitrogen sources and oxygen
(Stewart & Lex, 1870; Neilson & Nordlund, 1975; Rippka & Stanier,
1978; Jones & Monty, 1979; Brill, 1880; Roberts & Brill, 1981;
Bognar ¢ al., 1982; Thomas et &l., 1982; Paparao & Singh, 1983;

Singh et al., 1983b; Yoch &t ai., 1983; Collins & Brill, 1985;
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Bohme, 1986; Reich ¢t al., 1986; 1887; Stewart et al ., 1987).
NMitrogenase activity is quickly and reversibly inhibited by

the addition of ammonia (Haaker et al., 1980; BSBalminen, 1881;

Ludden &% adi., 1984). Different phenomena have been ‘described
with regpect to regulation of nitrodenase activity in vivoe, For
example, in Rhadﬂspirilluﬁ rubrum the inhibition 1s due to

covalent modification of iron-protein component of nitrogenase
(Pope &t ai., 1985; Zumft, 1985; Hallenbeck, 1987). Whereas,. in
bacteriods of Pizum sativum (L) it is due to uncoupling effect
(Salminen, 1981}. In A. vinefandii Hasker ¢¢ al (1980) have
shown +that inhibition of nitrogenase by ammonia is due to
deenergization of the wmembrane by ammonium resulting in the
inhibition of the supply of reductant for nitrogen-fixation.

In cyanobacteria however, such‘fast nitrogenase switch-off
is not observed except at higher pH. At the alkaline environment
ammonia enters in the cyancbacterium by diffusion and leads to an
immediate inactivation of nitrodenase and this inactivation is
thought to be due to uncoupling effect (Reich #¢ &I, , 1986; 1987).

In vive nitrogenase synthesis is regulated, in wvarious
nitrogen-fixing bacteria and cyanobacteria, upon the addition of
ammonia and/or a product of ammonia assimilation (Gallon &
Chaplin, 1987; Hallenbeck, 1987). The mechanism is not same in
all nitrogen-fixing organisms, For example, in Klebsiella
preumoniae and Rhadﬁpseudambnas c;;suiata, rif 1, gene pfoduct acts
as a repressor for other mi¥ genes (Hallenbeck et al., 1882;
Collins & Brill, 1985; Hallenbeck{ 198?; Smith #t &l., 1987a).
However, 1t appears that ammonia itself 1s not the repressor of

nitrogenase synthesis; 1t must be assimilated at least to gluta-
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mine. The evidence comes from the glutamine auxotroph of A
capsulata where derepression of nitrogenase 1s found 1in the
presence of ammonia (Wall & Gest, 1878). Whereas, in K. rubrun,
glutamine and asparagine repressed the nitrogenase synthesis
(Neilson & Nordlund, 1875). However, in K. prneumoniae regulation
of nitrogenase synthegis is thought to be related with glutamine
synthetase. It is found that a mutation of structural gene for GS
(gin A) often caused a repression of nitrogenase synthesis (Gallon
& Chaplin, 1987). While in Clostridium pasteurianum ammonia
degraded the mRNA responsible to code for nitrogenase (Daesch &
Mortenson, 1972).

In cyancbacteria, repression of nitrogenase synthesis is
known to Dbe influenced by ammonlia and/or its derivatives. Ni-
trogenase synthesis and heterocyst aevelopment is repressed by
amuonia (Stewart, 1980). However, presence of MS8X, an inhibitor
of GS, prevents the repression of nitrogenase synthesis by ammonia
(Stewart and Rowell, 1875). Thus, it appears that ammonia needs
to be assimilated before nitrogenase synthesis can be repressed
{(Stewart et &«l,, 1985). 1In Gloeocapsa, a product of ammonia
assimilation, is thought to be repressor of nitrogenase synthesis

-

(Thomas ¢& al,, 1882).
Recently, ammonia per £& has  been suggested to be
involved 1in repression of nitrogenase synthesis in cyanobacteria

(Singh et al., 1983b; Turpin &t al,.,, 1984; Mackerras and Smith,
1986).

1.3.2. Nitrate assimilation:

Virtually all cyancbacteria tested so far, are capable of
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using nitrate as nitrogen source. Diazotrophic cyanobacteria
prefer nitrate to N2. Exogenous nitrate is first transported into
the cell where it is reduced to ammonia by the action of nitrate
reductase (NR)} and nitrite reductase (NIR) enzyme systems. Such

nitrate reduction in cyancbacteria is 1linked +to photosynthesis

{Manzano ¢ al., 1976; Lara et al., 1887}).

Iin general, nitrate uptake system in diazobtrophic
cyanobacteria 1is of two types:. a) nitrate inducible/ammonium-
repressible. Such a system is _found in the cyanobacterium,

Arnabaena 7120, where nitrate uptake activity develops in nitrate
wedium only and presence of ammonium represses 1t (Meeks of  al,,
1983; Rail & Bergman, 1986). b) ammonium repressible/derepressible.
ouch a system 1is exemplified by the cyancobacterium Anabéena
cycadeae, where nitrate uptake activity is present both in No- and
NOE—medium; presence of ammonia represses it (Bagchi et  al.,
1985b).

A genetic link betweén glutamine synthetase and the nitrate
uptake system has been reported in the cyanobacterium A. cycadeae
{Pingh &t &i., 198%a). The glutamine auxotroph pf A. cvcadeae has
been shown to posses several fold higher nitrate uptake level
than the wild type strain (Singh ¢t al., 18985a).

The kinetics of the development of nitrate uptake system
studies Ilndicated that uptake system has a regulatory role in the
development of nitrate reductase system in A. cycadeae (Bagehi #t¢
., 198Ba). In this cyanobacterium it was found that nitrate
uptake system development 1is independent to that of nitrate

reductase system development.

In heterocystous filamentous cyancobacteria, the nitrate
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uptake and reductase systems are found to be associated™ s with

vegetative cells only and have been shown to be absent in
akinetes and in heterocysts (Rao ¢¢ al., 1984; Kumar ¢¢ alf., 1985;
Rai & Bergman, 1986). Absence of nitrate metabolism in

heterocysts results in the abolition of competition for molybdenum
oofaot&r and reductant between nitrogenase and nitrate reductase
(Kumar «¢ al,, 1985; Ral & Bergman, 1986).

In Nostoc muscorum, nitrate transport is enerdy-dependent;
its ATP requirement has been shown Ral by ¢ &/ (1981la). in
Arnabaena 7120, nitrate and nitrite share a common transport system
(Rai & Bergman, 1986). Nitrare reductase 1in cocyancbacteria 13

found to be ferredoxin dependent (Kumar ¢t &f., 1985; Rai &
Bergman, 1986). In general, nitrate reductase in cyanobacteria is
of two types; a) nitrate induoibie/ammoﬁia repressible. In

Arnnabaena cvlimndrica it is nitrate inducible while in Aracysti

4|

(,

nidularns it 1is ammonia repressible (OChmori & Hattori, 1870;
Herrero et al.,, 1981). b) eammonia repressible/derepreszsible.
Such a regulatory system is_found in Anabaera 7120: In this
cyanobacterium the nitrate reductase apoprotein undergoes repres-
sion/derepression control while the Mo-cofactor is ' constitutive.

The apoprotein synthesis is repressed in NHZ—medium whereas dere-—

prressed in Nz— and Nﬁg—medium (Kumar ¢ &l ., 1985; Rai, 1990}.

1.3.3. Ammonia assimilation:

The prodgct of nitrogen—-fixation and nitrate or nitrite
assimilation is ammonia, which 1s subsequently assimilated into
organic compounds via glutamine synthetase and glutamate synthase

pathway (GS-GOGAT pathway) (Dharmawardene ¢t al,, 1973; Wolk et

o140 -
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al,, 1876; Miflin & l.ea, 1978; Stewart, 1980; Orr & Haselkorn,
1982; Stewart ¥ al., 1983; 1987; Rail ¢t al., 1986a).

Heterocysts, the sites of ammonia production by nitrogen-
fixation, have a GS concentration nearly two-fold higher than that
in the vegetative cells (Bergman &t af.,, 1985). The cyancbact-
erial G8 1is a dodecameric enzyme consisting of 12 identical
subunits. Each subunit has relative molecular mass of 50,000
(Sampaio ¢t aJt,, 1879; Stewart et al,, 1987). GS activity is
essentially irreversible under normal physiological conditions; it
has a high affinity for ammonium (Km = 0.02 mM) (Miflin & Lesa
1976), is inhibited by methionine sulphoximine (MSX) (Stewart &
Rowell, 1975; Gallon, 1980; Stewart ¢¢ &lf., 1985; 1987) and
hydroxylysine (Ladha €% al., 1978; Btewart ¢¢ al., 1987), and is
deactivated by ammonia or darkness in oyanobdoteria (Rowell @&t
ai,., 1879}). In symbiosis, the cyanobionts contain low GS-GOGAT
activities which may be responsible for liberation of nitrogenase
derived ammonia (Rai €%t &f., 1980; 1981b; 1984; Stewart st al.,
1983; 1987; Joseph & Mesks, 1987). |

Glutamate synthase (GOGAT) in cyanobacteria converts

glutamine to glutamate and reaquires reduced ferredoxin as a redu-

ctant (Ohmori, 1881; Stewart et al., 1983). GOGAT has been
reported to be absent in heterocysts (Thomas et al., 1977; Rai et
al., 1982) however, some workers sugdest GOGAT to be present in

heterocysts at a low activity (Gupta & Carr, 1981; Bothe ¢t ali.,
1984). Azaserine is an inhibitor of this enzyme (Hartman, 1973;

Chmori «¢ al,, 198b).
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1.4. Ammonium transport:

Besides molecular nitrogen, ammonia is the most wide spread
nitrodenous compound on earth available for utilization by various
organisms (Kleiner, 1981; 1985ba). Among all inorganic nitroden
sources ammonia 1s a preferred nitroden source for all nitrogen-
fixing ordanisms including cyanobacteria (Stewart, 1980; Gibson,
1984; Mackerras & Smith, 19868). When it is available in excess,
it represses nitrogenase as well as nitrate uptake, NR and
ammonium transport (Zumft & Castillo, 1978; Bothe, 1982; Stewart
et al., 1983; 1987; Singh «t al., 1983b; Gibson, 1984; Avissar,
1985; Bagchi e¢ ai., 1985b; Mackerras & Smith, 1986).

Ammonia is a weak base and occurs in two forms; ammonia
(NH3) and ammonilum (NHE} {Kleiner, 1981; 1985a). Armonium has
dissociation constant of 9.25. The neutral molecule, ammonia, 1is
a weak base and protonates to give ammonium at physiological pH
(Henderson, 1971; Kleiner, 198ba).

Biological membranes show little or no permeability for
ammonium, sugdesting a need for specific ammonium transport
oarriér. The existence of specific carrier for ammonium have been
inferred from the following criteria:

1. Metabolism of any compound starts with its passade across bilo-
membranes. It is generally assumed that if a molecule exist
as a neutral and ionic species— like weak acid and base, bilo-
membranes are rather permeable towards the neutral form but
less for 1ons, which normally requires a oa;rier {Henderson,
1971; Tien, 1974; Kleiner, 1985a).

2. Biomembranes are rather highly perumeable towards unprotonated

form of ammonia. In such cases, no specific transport system
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iz likely to exist for ammonium because of rapid equilibrium
between ammonia and ammonium. However, when a pH difference
ocours across biomembranes, unequal distribution of non-perme-
ating 1ons 1s observed, indicating occurrence of specific
carrier system (Henderson, 1971).
3. In the abseﬁoe of A pH, micrcorganisms show ammonium and
methylammonium gradients across biomembranes at the expense of
energy. Accordingly, such. a membrane system should have
reduced permeability towards ammonium in order to avoid futile
cycle (Kleiner, 198ba).
Saturation kinetics.
Distinct pH profile studies.

Specific inhibitor studies.

N e S S S

Genetic and metabolic control sfudies and
8. Studies on transport-deficient mutants.

Thus, in summary, ammonium transport across biomembranes, is
a carrier mediated process which equilibrate the ions across the
membrane according to an electric field. This implies that
ammonium and not ammonia is the transported species. However, it
is yet to be discovered whether it is uniport channel or mobile
carrier (Kieiner, 1985a). Ammonium transport system (ATS) has a
role in the retention of internally generated ammonia from
nitrogen fixation and nitrate reduction (Kleiner, 1985b; Kerby «¥

(::2..?, ) 1987)-

1.4.1. Ammonium transport in bacteria:
Nitrogen—-fixing bacteria provide a suitable model system to

study ATS, because. no enzyme system would be expected to be
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repressible by the ubiquitous nitrogen source, N2 {Kleiner,
1985a). ATS has Dbeen found to occur 1in several diazotrophic
bacteria (Barnes & Zimniak, 1881; Alef & Kleiner, 1882a; 1982b;
Hartman & Kleiner, 1982; Ivanovsky et &i., 1982; Gober & Kashket,
1983; Glenn & Dilworth, 1984; Genthner & Wall, 1985; Hara et &l
1885; Holtel & Kleiner, 1985; Howitt ¢¢ al., 1986). In most of
the bacteria, ATS has been characterized by using methylammornium
as ammonium analogue. The apparent Km value for methylammonium
uptaeke ranges from 2 to 140 PM {Alef & Kleiner, 18982a; 1982b;
Hartman & Kleiner, 1982; Kleiner, 1982; Muzzucco & Benson, 1984;
Genthner & Wall, 1985; Pargent &.Kleiner, 1985; Howitt &t al.,
1986) and is competitively inhibited by the addition of ammonium;
Ki value ranges from 1 to 15 PM’ indica%ing that both ammonium and
methylammonium are transported by same carrier (Alef & Kleiner,
1882a; Kleiner, 1982; Gober & Kashket, 1983; Muzzucco & Benson,
1984; Kleiner, 1985a; Howitt ¢t al., 1986). In Paracaoeccus
denitrificans, two different carriers, depending on growth
conditions, have been reported for methylammonium uptake (Holtel &
Kleiner, 1985; Kleiner, 1985a). Most bacteria have capacity to
accumulate methylammonium upto 100 fold against & concentration
gradient across the membranes. The intracellular ammonium pool
ranges from 0.2 to 2.9 mM {Booth & Hamilton, 1880; Gordon &
Mocre, 1981; Kleiner, 1981; 1982; 1985a).

Ammonium transport show a distinet pH profile having optimum
rH between 6.4 +to 6.8 (Kleiner, 1982; Gober & Kashket, 1883;
Genthner & Wall, 1985; Howitt «¢ al., 1886). Ammonium transport
in all Ybacterial species, is found to be an energy dependent

process. Most s=studies, dealing with energetics of ammonium



transport, have revealed that transmembrane electrical potential,
is the driving force for ammonium transport (Bawnes & Zimniak,
1981; Kleiner & Fitzke, 1981; Kleiner, 1982; 198%a). It is found
that ammonium accumulation requires transmembrane electrical
potential of -70 umV (Kleiner, 1982; 198ba). However, the
involvement of ATP- in ammonium acoumulafion is not ruled out in A.
vinelandii (Gordon & Moore, 1981; Moore & Gordon, 1884).

In most species the synthesis of ammonium of carrier 1is sub-
jected to mnitroden control, while the activity may be regulated
gither by glutamine or by ammonia (Kleiner, 1982; 1985a). High
levels of ammonium in the medium repress the ammonium carrier in
most of the organisms (Alef & Kleiner, 1982a; Hartman & Kleiner
1982; Bogdahn et al., 1983; Muzzucco & Benson, 1984; Holtel &
Kleiner, 1885). This nitrogen contrﬁl of ammonium transport is
thought to be mediated by the ntr regulatory system (Streicher &%
af,, 1874; Magasanik, 1982; Kleiner, 1985a). Recent studies on
Escherichia <coll strains containing different mtr gene mutants
revealed that rntr A & C dene products are required +to derepress
the ammonium carrier, while, ntiyr B dene product plays a role in
repression (Genthner & Wall, 1985). Addition of glutamine strongly
decreases the wmethylammonium uptake (Ivanovsky ¢ ai., 1982;
Jayakumar & Barnes, 1984; Hara st al., 1985) which is thought not
to be regulated by intracellular glutamine pool (Kleiner &
Castroph, 1882; Jayakumar & Barnes, 1984). MSX alsc inhibits the
ammonium transport, which 1is probably due to its regulatory
binding site at the carrier (Kleiner & Castroph, 1982; Kleiner &t

4./ ., 1983).

20
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1.4.2. Ammonium transport in cyanobacteria:

The importance of ATS lies in the uptake of exodenous
ammonium and for +the retention of ammonium produced during
nitrogen fixation (Kleiner, 1985b; Kerby «¢ ai., 1987). Although,
ATS in nitrogen fixing bacteria has been studied extensively
{Silver, 1978; Kleiner, 1981; 1985a), in cyanobacteria, work on
ATS commenced very recently. Rail ¢& al (1884) were the first fo
characterize the ATS 1in A. variabkiliz and Anabaera arzellae,
Subseguently, it has been characterized in several cyanobacteria
(Boussiba ¢t al., 1984a; Kashyap & Johar, 1984a; 1984b; Kashvap &
Singh, 1985; Singh et al., 1985b; 1986; 1987; Kerby et ai., 1986;
1987; Rail ¢ &i., 1986a; 1988b; Stewart st alf., 1987).

In most studies, the ammonium analogue, methylammonium, has
been wused to characterize ATS in o&anobaoteria, since wmethyl-
ammonium uses the same transport system as ammonium (Boussiba et
@l,, 1984b; Rai et al., 1984; Singh % al., 1985b; 1987; Kerby et
ad,, 1986; 1987). However, 1t has also been characterized by
using ammonium (Kashyap & Johar, 1984a; Kashyap & Singh, 1985).

Ammoniun  transport, in most of the cyancbacteria so far
tested, 1s found to be biphasic with a rapid initial phase follow-
ed by a relatively slower second phase. The first phase, lasting
2-3 minutes, is independent of methylammonium metabolism, while,
the second phase is dependent on methylammonium metabolism via GS
(Boussiba #¢ al., 1984b; Rai ¢¢ al., 1984; Singh ¥  al.,, 1985b;
1986; 1987; Kerby ¢ al,, 1986; 1987; Boussiba & Gibson, 1987).

Ammoniium uptake at pH 9.0 is much higher than pH 7.0; at

this pH ammonia could diffuse into cells and be concentrated by

protonation as a conseguence of the pH difference ( A pH)} (Rai &t
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al., 1984; Kerby ¢t ai., 1986; 1987). At pH 7.0, MBX =showed an
inhibitory effect on second uptake prhase, which 1s thought to be
due to M3X inhibition of GS (Rai &t al., 1984; Boussiba & Gibson,
1985). However, studies on a GS mutant, A. c¢ycadeae, Iindicated
that second phase of ammonium transport may not necessarily be
linked to GS activity but may represent a separate ATS, sugdesting
two ATS in cyanobacteria. They are: an MSX-insensitive rapid ATS
and an MSX-sensitive slower ATS (Singh et «if ., 1985b). Studies on
a MBX mutant of Armabaera delicelum have revealed that MSX has two
inhibitory targets in cyanobacteria, one at the transport level
and other at the GS activity level (B8ingh et al., 19868). MSX does
not show ;ny inhibitory effect on ammonium transport at .pH 9.0
(Turpin ¢t ail., 1984}, »

Kinetics of conoentration—deéendent ammonium transport
studies revealed two ATS in H. muscorum: a high affinity ATS at
low external ammonium concentration ranging from 1 - 35 PM with a
Km of 11 FM; and a low affinity ATS at the higher external
ammonium concentration ranging from 35 - 300 PM with a Km of 66
FM. Both systems are inhibited by wmethylammonium (Kashyap &
Johar, 1984a; Kashyap & Singh, 1985). The internal pool of free
methylammonium is found to be 1.25 mM in A. cycadeae and 1.4 mM in
A. variabilis (Rai et al,, 1984; 1986b).

Ammonium transport, in A. variabilis & A. cycadeae, is an
active and energy dependent process. It is inhibited by the addi-
tion of ©CCCP & TPMP+, indicating A“Y is the' driving force for
ammonium transport (Rai et él., 1984; 1986a; Kerby ¢ &l., 1987;

Singh % &l,, 1987). In A. nidulans ammonium transport has been

shown +to be ATP-dependent (Boussiba et al., 1984a; Kashyap &
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Singh, 19858).

Ammoniumg transport in lﬁ. variabilis and A. cycadeas isg
ammonium repressible (Rai ¢¢ al., 1986b; Boussiba & Gibson, 1987;
Singh =t al., 1987). Repression of ammonium transport is caused
by ammonium itself, whereas, derepression requires de nave protein
synthesis (Ral et al., 1986b; Singh et al,, 198753, Genetic
control of ATS has been inferred from studies on the methylamine,
streptomycin and MSX mutants of N. mnuscerum and A. <cycadeae
(Kashyar & Johar, 1984a; Singh «t al ., 1985h). In symbiotic
cyanobacterium A. azellae, both MSX-~insensitive and MSX-sensitive
ATS are present whereas, in the c¢yanobiont of cycad root nodules,
only the MBX-insensitive rapid ATS is present (Rai et al, 1984;

3

1986a).

1.4.3. Cyeclic retention of ammonia:
When Nz—fixing bacteria or cyanobacteria are grown under N2—

and NO%—media.a high internal and a low external ammonia level 1is

w2

observed (Booth & Hamilton, 1980; Gordon & Moore, 1981; Kleiner,

N alk

1981; 1985b; Rai

o

., 1984; 1986a). This concentration
gradient must result in outward diffusion of ammonia (Henderson,
1971; Kleiner, 1881; 1985a). However, such a diffusion 1is not
obzerved in NZ— and Nog—grown conditions, Dbecause of the
derepression of ammonium carrier. This carrier is responsible for
recovery of ammonia, which i1s diffused from an internal pool, as
ammonium and 1is an enerdy requiring process (Ral ¢t ai., 1984;
1986b; Kashyap & Singh,.1985j Singh ¢t al., 1987). This energy

expenditure 1is to balance the energy dependent export of protons

(Kleiner, 1985a; 1985b). Thus, a constant ammonia excretion/
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absorption 1is found under ammonia limited conditions. This
cyclic ammonia/ammonium retention is also evidenced from; a)
repression of ammonium carrier by ammonia and b) ammon 1 um

transport mutants, which constantly rélease ammonia to the medium
‘(Kashyap & Johar, 1984b; Kleiner, 1985a). It is assumed that
every ammonia molecule passes the futile cycle about 6 times
before it is being assimilated (Kleiner, 1985ba; 1985b). Based on
the average H+/ATP stiochiometry (3), it is found that 2 ATP
molecules are expended for cyclic retention of each ammonia
molecule (Kleiner, 188ba; 1985b). An outline of the cyclic reten-—

tion of ammonia, proposed by Kleiner (1985b), is given in Fig 1.1.

1.5. Glutamine & glutamate transport:.

Glutamine and glutamate are products of ammonia assimi-
lation which regulate the heterocyst differentiation and aercbic
nitrogen fixation in cyanobacteria (Nellson & ﬁordlund, 1975;
Stewart, 1980; Stewart et ﬂl.; 1983; 1887; Rai et alf., 1984; Rai,
1990).

Relatively, 1little is known about aminoc acid tfansport in
cyanobacteria (Kleiner, 1985a). In unicellular cyancbacterium A-
nidulans amino acid transport ig an energy deﬁendent process (Lee-
kaden & Simonis,.1979; Labarre et ai., 1887). Chaprman & Meeks
{1983}, working with filamentous, heterocystous cyanobacterium, A.
variabilis showed that glutamate and glutamine are transported via
two transport systems (a high affinity & a low affinity éystem)
with Km values of 13.8 & 100 FM and 1.3 & 1.1 M, respectively.

However, glutamine transport studies in symbiotic MHestauc sp. of
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Geasiphon pyriforme indicated only one transport system with much
higher affinity (Km = 0.1 po 1.3 PM) (Strasser & Falkner, 1988).

Comparative studies on glutamate &Iglutamine trgnsport in A.
variahiliis and A. cylindrica indicated that glutamate transport in
the latter is nearly 3-fold higher than that of glutamine trans-
port. However, glutamine transport in bnth Anabaena spp. is
similar (Rowell et al., 18977). In gsymbiotic Nestec sp. of 6.
pyriforme, asparatate and glutamate share a common transport
carrier (Strasser & Falkner, 1986).

The 1inhibition studies of amino acid transport indicated
that, glutamine & glutamate inhibit the transport of each other.
Glutamine transport is competitively inhibited by glutamate and
asparatate buti glutamine showed mixed type of inhibition on

glutamate +transport (Chapman & Meeks; 1983; Strasser & Falkner,

1986).

1.6. Photobiolodical production of ammonia by cyanobacteria

and their application in field:

Cvanobacteria have long been used as biofertilizers due to
their dual function: Photosynthesis and nitrogen fixation (Singh,
1961; Jenkinson, 1977; Reynaud & Roger, 1978; Stewvart el al,,
1979; 1987; GStewart, 1980). The input of fixed nitrogen by
cyanobacteria ranges from é few Kg of N.ha t.a™! to 100 Kg of
N.ha"l.a"1 (Fogg &t al,, 1973; Btewart et al.,, 1979; Venkatraman,
1880). However, the current use of cyanobacteria in rice-fields
has serious limitations, because, normal cyanobacteria use fixed

nitrogen present in the field, instead of fixing nitrogen, thus
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becoming weed for the crop (Musgrave et al,, 1982; Stewart st al .,
1983; 1887). So, the strains which would liberate more ammonia
and fix Ng at higher rate would be better for biofertilizer use or
for use in rhotobioclogical production of ammonia (Stewart &t al.,
1987). Therefore, it is obvious that, we should'produce suitably
modified strains, maximizing nitrogen fixation, minimizing GS-
GOGAT activities and/or abolishing ATS. BSuch modifications are
well known in the cyanobacterial symbionts (Rai &t al., 1984;
1986b; Kleiner, 1985b; Nierzwicki-Rauer & Haselkorn, 1986}. Free-
living cyancbacteria have been used for ammonia production by
inhibiting the G5 enzyme either by MBX or hydroxylysine (Stewart &
Rowell, 1975; Stewart & Rodgers, 1977; Ladha et al., 1878; Stewart
et al., 1987) and immobillizing them in alginate (Musgrave et al.,,
1982; 1983a; 1983b; Kerby ¢¢ al., 1983; Muallem & al., 1983).
Inhibition of GBS enzyme by MSX makes the cyanobacterium a
glutamine auxotroph which requires glutamine for growth (Kerby et
al., 1985; Rowell et al,, 1985b; Spiller &t al., 1986). However,
suitable ammonia liberating strains can be obtained by partially
inhibiting the GS activity (about 80 - 85%) or by manipulating the
ATS so that most of the nitrogenase-derived ammonia is liberated
and still the organism survives by assimileting part of the

A3

ammonia (Stewart «¢ ai,, 18987).

1.7. The present study:
Ammonium transport system 1s necessary for uptake of
exogenous ammonium and retention of the nitrogenase derived

ammonia (Kleiner, 1985b; Kerby et al., 1987). Hence, modifi-
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cation/abolition of this system would lead to leakage of nitroge-—
nase derived ammonia and lack of intraéellular accumulation of
exogenous ammonia. This type of strains would be useful in pro-
duction of ammonia without the need of GS-inhibitor, MSX, which is
toxic and expensive. These can also be used in field where they
would .1iberate much more of the fixed ammonia +than normal
cyanobacteria. Furthermore, ATS mutants would be much better than

GoS-mutants because: |

1. GS mutants would be glutamine auxotrophs. Hence, thelr survi-
val in field would be difficult and their maintenance in the
laboratory would be expensive.

2. ATS mutants would fix nitrogen evén in the presence of exoge-
nous ammonium because nitrogenase will remain active. This is
because exogenous ammonia would not accumulate in the cell 1in
absence of ATS and hence nitrogenase will not be repressed.

3. ATS mutants will still assimilate enough ammonia to sustain
thenselves albeit at a slower growth rate. This is even more
advantageo;s since, less fixed-C would be required for biomass
and growth, diverting more photosynthate for nitrogen fixation.

However, before ATS can be manipulated a thorough knowledge
of ATS in cyanobacteria is needed. With this in view the present
study was undertaken to characterize the ATS in Mestoc ANTH and

Anabaena 7120 and to understand its role 1in physlioleogy and

biochemistry of the nitrogen fixing cyanobacteria.
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2. MATERIALS AND METHODS

2.1. Organisms:

Hastac  ANTH and Anabaena 7120 (ATCC 27893) parent and its
Het™ Nif mutant were used as experimental materials. Hostoc ANTH
was 1solated from Antheceros punctatus whereas, Anabaena 7120
was obtained from Dr. B.Bergman, University of Uppsala, Sweden.
Both these strains were filamentous, heterocystous forms capable
of aerobic Nz—fixation. Both.the organisms form homogeneous
suspension in  liquid medium and produce little or no mucllagde.
Non heterccystous (Het ) and non No-fixing {(Nif") mutant of
Anabaena 7120 (ATCC 27893) was obtained from Prof. H.N. Singh,

University of Hyderabad, Hyderabad.

2.2. Culture methods:

2.2.1. Culture vessels:

‘Corning’ grade glasswares were used throughout the ex-
prerimental study. Washing of glasswares were done by immersing
them in 5% decon solution for 24 h followed by washing in running
tap water. ‘Finally, the glasswares were rinsed twice with double

distilled water and then dried in hot ailr oven.

2.2.2. Sterilization:

Mineral nutrient solutions as well as the glasswares
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sterilized by wet heat in an autoclave at 121°C (103.5 kPa steam
pressure) for 15 min. However, the chemicals which are heatliable
were sterilized by ultrafiltration using Whatman wembrane filters

/

(pore size 0.45 Vm) and added to the medium whenever required.

2.2.3. Growth medium:

Cyancbacteria were routinely grown and maintained in BG—llo
medium (Rippka st al., 1878) unless otherwise indicated. The medi-
um consisted of macro-— and miéroelemeﬁts. Stock solutions of both
were made in 200 cm® stock bottles. From each stocks of macronu-

a
trients, 1 cm® was measured out and made to 1 de

3

with double dis-
tilled water. To this 1 cu® of micronutrient sclution was added.
The pH of the medium was adjusted to 7.2 before sterilization.

The composition of the macro- & micro-elements in BG-11_

stock solutions were as follows:

Macro elements g/dm3 Micro elements g/de
1. KgaPO, 40,00 HgBO;  28.60
2. MghOy. 7Ho0 75.00 MnCls. 4Ho0 18.10
3. CaCl,y.2H50 36.00 Zng0,. 7THo0 02.22
4. Citric acid 06.00 NaoMoO, . 2Hy0 03.90
5. Ferric ammonium citrate 06.00 CulS0y4. 5H50 00.79
6. EDTA (di Na’ salt) 01.00 Co(NQC5) 9. 6HoO 0. 494
7. Na,COg 20.00

The medium without combined nitrogen source 1is referred as

nitrogen free or BG—llo medium. When KNO3(5 mol.dm—S) or NH4C1 (1

__3)

mol.dm were added the medium is termed as nitrate or ammonium
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medium, respectively. Photoheterotrophic and heterctrophic growth
media were prepared by adding different carbohydrates, in light or
dark, respectively. Carbohydrate solutions were filter sterilized
and added to sterile medium under aseptic conditions and dark

incubation was obtained by wrapping the flask with aluninium foil.

2.2.4. Culture conditions:

All cultures were grown in a culture room, which 1is
maintained at 28 + 1°C and illuminated with day light fluorescent
tubes (photon fluence rate of 50 }mxol.m*z.s_l on the surface of
the vessel). Fish tank aerators were used to aerate the medium
through a sterile membrane filter (pore size 0.45 Vm) to obtaig

aerated batch cultures.

2.3. Isolation, purification & maintenance of organisms:

2.3.1. Collection of Anthoceras punctatus:

A. punctatus gametophytes, bearing cyanobacterial colonies,
were collected from North-Eastern Hill University campus

-

{Shillong, India) during September.

2.3.2. Isolation of Hostaec ANTH:

After collection, A- punctatus thalli were brought into the
lab and washed with sterile distilled water. After surface
sterilization with sodium hypochlorite (0.5% for 2 min) algal
colonies were carefully excised with sterile needles. " The

colonies were washed with sterilized distilled water and plated on
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nitrogen free nutrient (BG-11, medium) adar (1%). Subsequently,
the plates were incubatgd in the culture room under light (photon
fluence rate of 50 Pmol.m-z.s_l} at 28 + 1°C. After 3 weeks
individual cyanobsacterial colonies were picked up and transferred

to liquid medium in test tubes. After growth, the plating and

selection were repeated till unialgal suspension was achieved.

2.3.3. Purification of Nostoc ANTH:

Test tubes containing 2 cm deep . nutrient agar were
sterilized and allowed to set. A cyanobacterial colony was plated
on top of the agar. Then a ? cm deep second layer of agaf
containing polymixin-B-sulphate (0.01 mg.dm‘3) and cyclohexinmide
(0.1 mg.dm-ﬁ) was poured on top of this layer. Another 2 cm deep
nutrient agar layer was poured on top of this, followed by 5 om®
of liquid nmedium. The tubes were plugged with cotton and
incubated in light at 28 + 1°C. Cyanobacterial filaments migrated
through the antibiotic agar layer and eventually appeared in the
liguid medium at the top. These were then transferred to fresh

liquid medium in flasks. The procedure was repeated till axenic

cultures were obtained.

2.3.4. Maintenance:

The purified cyanobacteria were malntained on agdar slants as
well as in liquid medium with periodic checks for any contami-
nation by plating on nutrient agar containing 1% glucose.
However, for the regular experiments, the aerated batch cultures
were maintained in the logarithmic phase by transferring them into

fresh sterilized medium regularly.



33

2.4. Growth parameters:
Cyancbacterial growth was measured using following

parameters.

2.4.1. Chlorophyll:

Chlorophyll a was measured as described by Mackinney (1941).
A known amount of algal suspension (10 om3) was centrifuged and
the pellet was suspended in 5 cm3 of methanol. This was mixed
thoroughly and incubated overnight at 4°C in dark. Supernatant
was withdrawn after filtration. The process was repeated to
extract whole pigment and the volume was adjusted to 10 cm3. The
absorbance was read at 663 nm using a Beckman DU-40 spectro-

photometer. The concentration of Chl a was calculated as follows:

Chl a ¢ vg.cm3) = 0.D. at 663 ¥ 12.83.

2.4.2. Protein:

Protein content of cyanobacteria was measured according to
Lowry «& ai (1851). 2.4.2.1. Extraction of protein:

Five cm3 cyvancobacterial sample peilet was collected by
centrifugation and suspended in 1 cmS of distilled water. The
cyanobacterial cellé were diérupted by ultrasonication using a
M3E, Soniprep 150 fitted with 19 mm, at 16 amplitude microns for b
min. After centrifugation for b min at 3000 rpm the supernatant

was collected and used for protein determination.

w

2.4.2.2. Estimation of protein:
2.4.2.2.1. Readents:
A. 2% NaZCO3 in O0.1N HaOH solution

B. 1% sodium potassium tartarate solution
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a

0.5% CuBSD, solution

D. 100 cm3 of reagent A mixed with 1 cm3 each of reagent B &
C- (freshly prepared before use)

E. 1N Folin-cio-calteu’s reagdent

¥, Btandard proteln solution: Bovine Berum Albumin solution was

prepared in the range of 10 — 160 Vg.om—3

2.4.2.2.2. Procedure:
To the 1 cm3 of cyanobacterial protein solution, 5 cm3 of
reagent D was added and mixed well. This was incubated for 10 min

at room temperature and then 0.5 cm3 reagent E was édded rapidly.
After 30 win, the mixture was centrifuged and the absorbance of
the supernatant read in Beckman DU-40 spectrophotometer at 650 num.
A calibration curve was prepared by using Bovine Serum Albumin and

used for deterwination of cyanobacterial protein content.

&

2.5. Enzyme activities:

2.5.1. Nitrogenase:

Nitrogenase activity was measured using acetylene reduction

3

assay (Btewart ¢ al., 18867). 5 cm® cyancbacterilial culture was

placed in 15 cm3

serum vials. Acetylene gas was injected to a fi-
nal concentration of 10% (v/v) of the air phase in the vial. After
incubating the vials for the required time at 28 + 1°C and at a
rhoton fluence rate of 50 Fmol.m_z.s—l, 1 cm3 gas sample was ana-—
lyzed, for esﬁimating C2H4 produced, using-ﬁ Tracor-540 gas chro-
matograph fitted with a flame ionization detector and Porapak T

column (39 column 6°x 1/8° packed with Porapak T mesh size 80/100).
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2.5.2. Glutamine synthetase (GS):

GS Dbilosynthetic and transferase activitlies were measu-
red according to Sampailc ¢% &l (1979).
2.5.2.1. Extraction of enzyme:

Cultures were harvested by centrifugation, washed twice

in 50 mmol.dm—3 Tris-HCl buffer pH 7.5 (buffer A} and resuspended
3

in buffer B {(buffer A supplemented with 5 mmol.dm™ MgClz, 10
mmol.dm—3 sodivm  glutamate, 5 mmol.dm_3 mercaptoethanol and 1
mmol.dm_3 EDTAS. The cyancbacterial cells were disrupted by

ultrasonication using a MSE, Soniprep 150 fitted with 19 mm, at 18
amplitude wmicrons fof 5 min. .Cell debris were removed by
centrifugation at 35,000 g for 30 min. The supernatant was
dialyzed overnight in buffer B (without sodium glutamate) at 4°C.
2.5.2.2. GS biosynthetic assay:

This was done by coupling the production of ADP to the
oxidation of NADH. The reaction mixture.contained, in a final

volume of 3 cm3 3

, 1 en® of enzyme extract, 150 rm01~Tris—HC1 buffer
pH 7.5, 3 ymol ATF, 200 Pmol NH4C1, 60 Fmol sodium glutamate, 150
Fmol MgClz, 150 ymol KC1l, (.45 Pmol NADH, 0.5 ‘Pmol phosphoenol
pyruvate, 20 units of lactate dehydrogenase and 8 units of
pyruvate kinase. The reaction was initiated by addition of sodium
glutamate and the rate of oxidation of NADH at 30°C was measured
at 340 nm in a Jasco spectrophotometer (UVIDEC £610).
2.5.2.3. G5 transferase actiyity:

This was estimated both in Iin situ and in vitro conditions.
In =zitu assay ‘was‘ carried out by treating the cells with a

detergent, cetyl +trimethyl ammonium bromide (CTAB), which per-—

meabilizes the cells. CTAB was .added to a final concentration of
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0.1% and cells were incubated for 10 minutes. Such permeabilized
whole cells weré used for Iin situe measurements of enzyme activity.
For inm vitro enzyme activity measurements, cell-free extracts were
prepared by ultrasonication using a MSE soniprep 150
ultrasonicator followed by centfifugation.

The feaction mixture contained, in a final volume of 3 cm3,
1 om3 enzyme extract, 40 Fmol Trig-HC1 buffer pH 7.0, 3 Pmol
MnCl,, 20 fmmd potassium arsenate, 0.4 Pmol ADP (Na® salt), 60
Vmol hydroxylamine and 30 ymol glutamine. The reaction mixture
was incubated in the dark for 10 min at 30°C. The reaction was
terminated by the addition of 2 om3 of stop mixture (4 om3 of 10%
FeClg, 1 cm® of 24% TCA, 0.5 cm® of 6N HCl and 6.5 cm® of water).
The absorbance was read at 540 nm after 10 min of centrifugation
at 2,000 rpm. The concentration 6f'r'—glutamylhydroxamate was
estimated from a standard curve which was prepared in the range of
0 - 2 pmol.cm 2

f m .
2.5.3. Glutamate dehydrogenase activity (GDH):

This was estimated by following the oxidation of NADPH at
340 nm as described by Stewart and Rowell (18977).

The reaction mixture contained, in a final volume of 3 cms,
1 cm3 of enzyme extract, 300 Fmol Tris-HCY1 buffer vH 7.5, 0.3 Fmol
NADFH, 10 Fmol 2—-oxyglutarate, 400 fmol NH401. The cell-free
extracts were prepared by ultrasonication using a MSE soniprep 150

ultrasonicator followed by centrifugation.
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2.6. Transport studies:

For all transport/uptake studies radioactive chemicals were
used. 14CH3NH§ was used as a probe to estimate the ammonium
transport, whereas, 14C—g1utamine and 14C—glutamate were used to

determine the glutamine and glutamate transport, respectively.

2.6.1. Experimental set up:
2.6.1.1. Preparation of cyancbacterial culture:

Mid-log-phase cyanobacterial cells were harvested by
centrifugation and washed twice in 10 mmol.dm™S Hepes-NaOH buffer
pH 7.0 or 10 mmol.dm 2 Tricine-NdOH buffer pH 9.0. The pellet was
resuspended in the same buffer to a final density of 5 Pg Chl

3

a.cm . This cyanobacterial suspension was equilibrated for 30

min at 28 + 1°C and at a photon fluenbe rate of 50 Fmol.m'z.s—l,
and then used for different studies.
2.6.1.2. Preparation of o0il microcentrifugation tubes:

0il microcentrifugation tubes were prepared according to
Scott & Nicholls (1980). In 1.5 om3 size eppendorf tubes 200 mm3
of 15% (v/v) perchloric acid was taken. A second layer of 400 mm8
of silicon o0il M3 550/dinonylphthalate (45:55, v/v) was then
added.
2.6.1.3. Composition of scintillant:

PPO (4.0 g) and POPOF (0.2 g) were dissolved in one dm°

of sulphur free toluene. To this 500 cm3 of Triton X-100 was

added.

2.6.2. Ammonium transport:

140—1&beled CHBNHg, an analogue of ammonium, was used to
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estimate ammonium transport in cyanobacteria. To the cyanoba-
cterial culture 14CH3NH§ was added to a final concentration of 50

)‘unol.dm_3

{specific activity, 185 kquFmol_l) except  where
indicated otherwise. At specific intervals 4QO mm3 of the sample
was taken out in duplicates and placed on the top of the silicon
oil/dinonylphthalate layer of the o0il microcentrifugation tubes.
Iumediately, the cells were separated from med ium by
centrifugation in eppendorf centrifuge 54}41 at 15,000 rpm. After
centrifugation the eppendorf tubcs contéined 3 layers: top layer
(medium), middle layer (Silicon o0il/Dinonylphthalate), and bottom
layer (cells in ?CA). The top layver was removed and then the PCA
layer containing the cells was taken out using a syringe through
the SB8ilicon o0il/Dinonylphthalate layer. The sample in the syringde
was then put into a scintillation vial, 5 cm® scintillant added,
- the vials counted in a Beckman L3 1801 Scintillation

Spectrometer.

2.6.3. Glutamine transport:

14C—glutamine was used to determine the glutamine
transport. To the cyancbacterial culture, 14C—g1utamine {(specific
activity 182 kBq.Pmol_l) was added to a final concentration of 50

ymol.dm"3. At specific intervals 400 mm3 duplicate samples were
withdrawn, subjected to 0il microcentrifugation and 140 level

measured in the cells (bottom layer) as described above.

2.6.4. GQlutamate transport:
14C—g1utamate was used to study the glutamate transport in

cyanobacteria. 14C—glutamate was added to the incubation mixture
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to a final concentration of 50 )Jmol.dm_3 (specific activity 185

kBq.Vmol“l). At regular time intervals 400 mm3 cells were

14

withdrawn, subjected to o0il microcentrifugation and level

measured in the cells (bottom layer).

2.6.5. Measurement of intracellular volume:

The internal cell volume of the cyanobacterial filaments was
estimated by measuring relative distribution of 3H-dextran and ZH-
water as described by Bakkar #¢ al (1976). To the cyanobacterial
filaments 1 }Amol.dm~3 of JH-dextran or tritiated water was added
and 400 mm3 cell suspension were separated after 5 minutes 3H—
dextran or 30 minﬁtes SH-water incubation. Separation of the
cells from bathing medium was achieved by silicon oil
microcentrifugation and 3H levels. measured in the cells (bottom
layer). Intracellular volume was measured based on the difference
between the - 3H—water occupled volume minus 3H—dextran occupied
volume.
2.6.6.1. Estimation of transmembrane electrical | potential

difference:

Transmembrane electrical potential was estimated using the
lipophilic cation triphenylmethyl phosphoniun (TPMP+), which
accumulates within the cells 1n accordance with the Nernst
equation (Lolkema et ail,, 1982). Cell suspensions were incubated
with 1 )nnol.dm—s SH-TPMP' (specific activity 888 kBq.)mol‘l) for
30 min. Thereafter the cells were separated from their bathing
medium using o0il microcentrifugation. 3H levels were then
measured in the medium (top layer) and in the cells (bottom

layer).
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2.6.6.2. Calculation of ﬁuyz
Z&f was calculated based on. the TPMPT  accumulation in

accordance with Nernst equation (Lolkema ¢t a/., 1982) which is as

follows: )
RT (Co)
= e ln ————~-
z F (Ci)
Where R = universal gas constant (8.3143 JKl.mol_l)
T = Absolute temperature in °K (i.e. at 25°C
25 + 273.15°K = 298.15°K)
z = Algebraic wvalency (1 for TPMP+)
F = The Faraday constant (986,500 C.mol_l)
or
(Co)
= 60 log ——— uV
(Ci)
where : Co & Ci are amount of the TPMPT present outside

and inside the cell.

2.6.7. Non-specific binding:

This was estimated by measuring incorporation of radiocactive
material (14CH3NH§, 14C—g1utamine or 14C—g1utamate) in toluene-—
treated cells. 1% (v/v) toluene was added to c¢yanobacterial
filaments and 1incubated for 20 minutes. After this, the cell
suspension was centrifuged to remove toluene and resuspended in
fresh buffer without toluene. Incorporation of +the radiocactive
material was then measured under conditions similar to those

described above.
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2.7. Chemicals:

All the inorganic and organic chemicals used were ‘Anlar’
grade. Methylamine (MA), Glutamine, - Glutamate, Methionine
sulphoxinine (MSX), Adenosine triphosphate (ATP), Adenosine
diphosphate (ADP), Azaserine, Bis phenyloxazolyl benzene (POPOP),
Bovine Serum Albumin (BSA), Carbomyl cyvanide—-m-chlorophenyl
hydrazone (CCCP), Cycloheximide, Cetyl trimethyl ammonium browmide
(CTAR), Diphenyloxazole (PP0O), Hepes, BHydroxylamine, Lactate
dehydrogenase (LDH}, Mercaptoethanol, Nicotinamide adenine
dinucleotide (NADH), Nigericin, Pyruvate kinase (PK), Potassium
arsenate, Polymixin-B-sulphate, Phosphoenol pyruvate, Tricine and
Tris were obtained from Sigma chemical company, USA. 8ilicon oil
and Dinonylphthalate were obtained from Fluka AC, Buchs,
Switzerland. - 14C—g1utamine and 14C—g1utamate from BARC, Bombay,
India and 14CH3NH2C1, 3H—dextran and 3H—water from Amersham
International Ple, Aumersham, England. Acetylene and Ethylene
gasses were obtained from Matheson gas products, USA and Cocktail

for liguid scintillation Spectrometer from Spectrochem, . India.
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3. GROWTH AND METHYLAMMONIUM METABOLISM

IN ANABAENA 7120 AND 1IN NOSTOC ANTH

3.1. INTRODUCTION:

A better understanding of nitrogen -metabolism is prerequil-
s1te for enhancing the potential use of diazotrophic cyanobacteria
as biofertilizer. Ammonium transport mechanism is one of the
crucial aspects which needs a detailed study. This is Dbecause
ammonium is the first product of Nz—fixation and it exerts regula-
tory effect on various processes of N-metabolism in diazotrophic
cyanobacteria. For example, ammonium acts as repressor of nitroge-
nase synthesis, heterocyst differentiation and uptake and utiliza-
tion of other nitrogenous compounds (Stewart, 1980; Whitton and
Carr, 1982; Gibson, 1884; Bagchi &t al., 198ba; 198%5b; Mackerras
and Smith, 1986).

Occurrence of ammonium transport system (ATS) is well known
in various prokaryotes (Kleiner, 1985a). Characterization of this
system in cyanobacteria started in 1984 by Rai #¢ &l and consi-
derable work has been done in this regard since then (Boussiba &%
E 1984a; Kashyap and Johar, 1984a; Singh ¢ «f., 1985b; 1986;
1987; Rai et al., 1986a; Rai aﬁd Prakasham, 1989). Most of this
work has Dbeen done using radioactive analogue of anmonium
14CH3NH+, ‘as ’proqu~;;§§3§§§iis_ﬁwgrowth inhibitor . of wvarious
organisms (Singh % &l., 1883a) however, it can be utilized as
carbon and/or nitrogen source by some prokaryotes depending on the

growth conditions (Holtel and Kleiner, 1885).. Therefore, before
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using 1t to characterize ATS in cyanobacteria, the effect of
CH3NH§ on growth and the fate of intracellular CH3NH§ was studied,
in the two strains of diazotrophic cyanobacteria--Arnabaena 7120 (a

free 1living form) and HKostec ANTH (& cultured isolate frow

Antheceros punctatus),

3.2. MATERIALS AND METHODS:

3.2.1. Organisms and growth conditions:
Axenic cultures of Amabaena 7120 and Nostoc ANTH were grown

in BG-11, medium (Rippka ¥ ai., 1979) at 28 + 1°C, and at a

2.3"1. The growth medium was

3

photon fluence rate of 50 Pmol.m"
supplemented with 5 mmol.dm—3 CH3NH§ and/or 10 ymol.dm—
dichlorophenyldimethylurea {DCMU), as and when required, and the

medium buffered with hydroxymethylpiperazine ethane sulphonic acid

(HEPES) pH 7.5 (10 mmol.dm—3) before autoclaving.

3.2.2. Chlorophyll estimation:
The concentration of Chl a was egtimated according to

Mackinney (1941).
" 3.2.3. Measurement oflspecific growth rate:

Specific growth rate was measured using the following

formula of Guillard (1973).

BWhere K = Bpecific growth rate (divisions per day).
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NO and Nl = Chl a concentration (0.D. at 683 nm) at
time to and tl, respectively.
tg and ty = time, in dayvs, at the beginning (to) and end of

the growth (tl)'

3.2.4. Calculation of heterocyst frequency:
This was calculated as percentage of total cells, by light

microscope observation of the filaments.

3.2.5. Measurement of nitrogenase activity:
Nitrogenase activity was méasured using acetylene reduction

technique (Stewart et al., 1967).

3.2.6.  Extraction and estimation of aﬁino acid pools:

14CH3NH§ was added to a final concentration of 50 }.unol.dm_3
(Bpecific activity 185 kBq.Pmol_l), into log phase cultures of
Anabaena 7120 and Nostac ANTH. The 14CH3NH§ incubated cyano-
bacterial cells were centrifuged and resuspended in ethanol/water
mixture (70/30; v/v) followed by incubation for 6 h at 4°C in the
dark. Then the filtrate was subjected to rotary evaporation at
35°C using rotary vacuum evaporator (Rikékikai N-1; Tokyo). The
residue was then dissolved in 2 cm® of 0.2 mol.dm ™ sodium citrate
buffer pH 2.2. The amino acids, in the extracts, were detected/
separated using acidic cation exchange column - (Shimapac ISC-07/
831504} and sodium citrate buffer system in a High Pressure Liguid
Chromatograph (Shimadzu LC-4A). The fractions were collected at
every min from the outlet of the column and 14C—incorporation in

each fraction/amino acid was measured by Liquid Scintillation
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Spectrometer LS 1801 (Beckman).

3.2.7. .Chemicals:
14CH3NH201 was obtained from Amersham International Ple,

Amersham, U.K. All other chemicals used were purchased from Sigma

Chemical Company, U.S3.A.

3.3. RESULTS:

3.3.1. Growth of Anabaera 7120 and Hestoc ANTH in No- and CH3NH§
supplemented medium:

Table 3.1 shows the growth, heterocyst frequency &ﬁd nitro-
genase activity in Amabaena 7120 and Mostoc ANTH grown in the
presence and absence of CHBNHg. Both organisms grew well at the
expense of N2 as nitrogen source (Fig 3.1 and Table 3.1). The
observed specific growth rates in Nz—grown conditions, were 1.0865
and 0.62 divisions per day for Arnabaera 7120 and Haestec ANTH,
respectively. The data indicate that both cyanobacteria are able
to utilize N2 as nitrogen source. This conclusion was also
supported by the observation that, both these organisms showed
heterocyst differentiation and nitrogenase activity, in Nz—grown
conditions (Table 3.1). The observed heterocyst frequencies of
Anabaerra 7120 and Nostoc ANTH were 5.4% and 6.5%, respectively.
The corresponding nitrogenase activity in these organisms was 4.25
and 5.25 nmol CoHg reduced.h_l.Pg'l Chl a.

The growth pattern, however, in CH3NH§ supplemented medium

was different in the two cyanocbacteria (Fig 3.1). This medium did
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Table 3.1:

Growth (specific growth rate.day—l), heterocyst frequency
(%) and nitrogenase activity (nmol 02H2 re>duced.h"l.}.ug"1 Chl a) in

absence and presence of CH3NH§ and/or DCMU in Nostoc ANTH and
Anabaerna 7120 ( + SkEM; ND = Not .detectable).

—— s . ———— Y — — ey T Y G s e ST . Wy S S (e i e S T S Pt e e . P Sty S S e . e My T Am et St A S W Wrm —— — —— — — — — —— —

Growth Heterocyst Nitrodenase
Organism CHgNHg ——=-————————— e
+ DCMU -DCMU frequency activity
+ 0.00 0.76 0.5  0.02 ND
Nostoc ANTH
- 0.00 0.62 6.5 + 0.30 5.25 * 0.25
+ 0.00 0.00 0.00 0.00
Anabaena 7120 '
- 0.00 1.06 5.4 + 0.20 4.25 + 0.50

—r S — ——— A — ——— " S —— > T -t (o G . ——— S T S ey Y S by ot Tt G i o e N S o M A e e e o e S et . e et e ey e e e
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Fig 34 Growth of Anabaena 7120 (a) and Nostoc ANTH (b) ipn BG-11
o)
medium in the pPresence (®) and absence (0) of 5 rmol.dp™Id

CH3NHT
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not support the growth of Arabaena 7120, In contrast, Mostoc ANTH
grew in CHBNﬂg supplemented medium with a specific growth rate
gimilar to that in control (Table 3.1) but the final growth was
lower than that in the control (Fig 3.1). No nitrogdenase activity
was found in MHestac ANTH cultures grown in CH3NH§ supplemented
medium. The heterocyst frequency was also very low (0.5%) which
ma& be aéoounted fof by the presence of heterocysts in the
inoculum used rather than new heterocyst differentiation. These
results suggest that CH3NH§ was utilized as MN-source by this
cyanobacterium.

To Xknow whether CHBNH§ can be utilized as C-source by this
organism, the growth of Hostoc ANTH wés measured in DCMO (to
inhibit photosynthesis and subsequent carbon fixabtion) and CHBNﬁg
supplemented medium. Such medium did not support the growth of
Haestac ANTH (Table 3.1) indicating CHBNﬁg iz not metabolized as C--

source,

3.3.2. Cﬂ3NH§ metabolism in Arakaena 7120 and Nos=toc ANTH:

CH3NH§ metabollam was investigated by incubating the
organism with 14CH3NH§ and at time intervals thereafter, following
the 14C—inoorporation in ethanol soluble fractions. These
fractions were analyzed for amino acids and then measured for 1dc.
incorporation. First, the possi?le CH3NH§ metabolism in Anabaena
7120 was examined by measuring the 14C—inoorporation in  amino
acids in  cells incubated with 14CH3NH§ upto 1 hour. In such
samples radiocactivity was detected solely in an amino acid peak
eluted near glutamine peak, in addition to the methylamine pesk

(Fig 3.2a; daﬁé for only 1 hour 14CH3NH§ incubated cells 1is
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14CH3NH§ metabolism by Anabaena 7120. Exponentially grow-
ing filaments (in this and next two experiuents) were
harvested and resuspended in HEPES pH 7 (10 mmol . dm™2)
buffer. 14CH3NH§ was then added to a final concentration
of 50 }Jmol.dm"3 and after specified incubation times the
cells were harvested, washed and then extracted for amino
acid analysis (see materials and methods). a) Elution
profile of 14C-amino acids' in Anabaena 7120 cells
incubated with 14CH3NH§ for B0 min (fractions were
collected at every min during.amino-&cid seperation by
HPLC and radiocactivity in the fractions measured). b)

Hydrolyzed 14C—amino acid peak of Fig 3. 2a.
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given). This amino acid when analyzed for its composition, after
hydrolysis, vyielded 14CH3NH§ (Fig 3.2b) and unlabelled glutamate
peak (data not shown) suggesting that this compound wWass
methylglutanine. Such results are consistent with the results
observed in other cyanobacteria indicating that methylammonium was
metabolized only upto methylglutamine and no further (Rai ¢t al.,
1984; Kerby ¢ al.,, 1886; 1987; Reglinski et ai ., 1889).

Second, the CH3NH§ metabolism in Hestac ANTH was studied.
After 10 min incubation with 1%CHgNHY Nestec ANTH showed 14C-
incorporation in three peaks corresponding to aspartic acid,
glutamate/glutamine and alanine, apart from 14CH3NH§ peak (Fig
3.3). These data are consistent with CH3NH§ being metabolized as
N-source by this cyanobacterium. Azaserine pfetreated Ha=ztoc ANTH
cellé showed 14C~incorporation only in methylglutamine (Fig 3.4)
similar to that of Arabaena 7120 (Fig 3.2a). These results suggest
that CH3NH§ igs assimilated, 1in Hastoc ANTH, wvia primary ammonia
assimilating pathway (glutamine synthetase-glutamate synthase: GS
- GOGAT) while in Amabaena 7120 CHBNﬂg iz metabolized only upto

methylglutamine via glutamine synthetase (GS).

3.4. DISCUSSION:
The data presented hepe provide the informatlion that the two
strains differ in their capacity té utilize CH3NH§ as N-source.
Anabaena 7120 took up CH3NH§ but could not metabolize it
beyond methylglutamine (Fig 3.2a). This may explain why CH3NH§
could not be used as N-gource by this cyancbacterium. Further,

CHBNﬂg inhibition of growth (Fig 3.1la) indicated that it also
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Fig 3.3 14C83Nﬂg metabolism in Nestoc ANTH., Elution profile of
14C—amino acids (detected as in Fig 3.2) in cells
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affected heterocyst differentiation and nitrogenase activity/

synthesis (Table 3.1) because of which organism could not uss NZ

as HN-source. CHBNH§ is indeed known to affect nitrogenase 1in
cyanobacteria (Kerby ¢ af., 1987; Reglinski e &l., 1988).
Nastoc ANTH @ was able to metabolize CH3NH3 beyond methyl-

glutamine (Fig 3.3). This explains the ability of dMestoc ANTH to
utilize CHgNHY as N-source. The growth of Mestoc ANTH in CHgNHY
medium, without having any nitrogenase activity (Table 3.1),
further supports this view.

The low heterocyst frequency in CHSNﬂg-grown culture (Table
3.1) indicated repression of heterocyst differentiation by CH3NH§.
The small number of heterocysts present may have been those
present in the Nz—grown inoculum used for raising the CHBNHg—grown
cultures. The total lack of any nitfogenase activity in CH3NH§—
grown cultures indicated that eQen the small number of heterocysts
which were present lacked functional nitrodenase. Thus, CH3NH§
was 1inhibitory to heterocyst differentiation as well as to
nitrogenase activity/synthesis in pre—-existing heterocysts. The
fact that, in Amnabaena 7120, where CH3NH§ was not metabolized
beyond methylglutamine, nitrogenase activity and heterooyst
differentiation was blocked indicated that the actual repressor of
heterocyst differentiation and nitrodenase may be CH3NH§ or
methylglutamine.

The growth pattern of Hestoec ANTH in CHBNﬂg medium shows
that although it was able to use CH3NH§ as N-source, the overall
growth in the CHBNﬂg—medium was only about 50% of that in the
control (Fig 3.1b). This was because in CHSNHg—grown Hostoo ANTH

batch cultures, the growth paralleled to that of the contral
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cultures for the first 5 days only (Fig 3.1b). During this period
the specific growth rate in both cultures was similar (Table 3.1).
However, after 5th day the CHSNH§ grown cultures entered post lag
phase whileicontrol cultures showed continued growth upto 10 days
entering post lag phase thereafter (Fig 3.1b). It is not clear
why 1in CHBNHE medium the growth was arrested earlier than that in
control. One possible explanation ig that since CHSNH§ was used
only as N—sourcé, but not as C-source, there may be builld up of
the methyl-C in the cell which could not be used.

Overall, the data showed that in contrast to the Arabaena
7120 the Hostoc ANTH is capable of utilizing CH3NH§ as N-source.
In ecyanobacteria CH3NH§ has been shown to be an uncoupler of
photophosphorylation (Singh «v al., 1983a). However, in Hostoc
ANTH, this effect must be lacking as indicated by the fact that it
grows 1n CH3NH§ medium. The precise mechanism by which Hostoco

AHTH avoids the uncoupling effect of CH3NH§ ig unknown at present.
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4. AMMONIUM/METHYLAMMONIUM TRANSPORT IN AKABAEHNA 7120:

4.1. INTRODUCTION:

No-fixing cyanobacteria are Og-evolving rhotosynthetic
prokaryotes which have major application potential in agriculture
and bictechnology (Stewart, 1982). Therefore, various aspects of
cyanobacterial nitrogen-metabolism have attracted much research
interest (Stewart, 1980; Carr and Whitton, 1982). Ammonia 1is a
preferred source of inorganic nitrogen in such microbes and when
available 1in excess, 1t represses nitrogenase (Stewart, 1980;
Singh et al,, 1983b; Mackerras and Swmith, 1986) as well as the

uptake and utilization of other inorganic nitrogenous compounds

(Guerrero et al,, 1981; Bagchi &t al., 1985Db). Furthermore,
ammonia is an obligate intermediate 1in No and nitrate
assimilation. Though much work has been done on ammonia

assimilation and 1its impact on the regulation of nitrogen-
metabolism in Nz—fixing cyanobacteria, the study of NHZ transport
started rather recently (Kleiner, 1985a). Detailed studies of NHZ
transport in Nz—fixing cyanobacteria are desirable for better
understanding of the regulation of their nitrogen metabolism and
for their efficient employment in agriculture or biotechnology.

At physiological pH, ammonia occurs predominantly as NHZ
(pKa of NHB/NHZ = 9.25) to which biological membranes show little

or no permeability suggesting a need for specific NHZ carrier

(Henderson, 1971). Indeed, operation of a genetically controlled-
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energy dependent ammonium transport system (ATS) has been shown in
prokaryotes (Kleiner, 1981; 198?&; Kashyap and Singh, 1985; Singh
&t al., 1985b; Stewart ¢t al., 1885b; Kerby ¢ «&l., 1986).‘ Most
studies have used the radiocactive analogue of NHY, 14CH3NH+, to
characterize the ATS 1n cyanobacteria since 1t uses the same
transport system as NHZ in these organisms (Boussiba ¢ al.,
1984b; Rai &t af.,~1984; Singh &% ai., 1985b; 1987; Kerby et al.,
1986; Reglinski #¢ &l ., 19889) and is a much more sensitive method
than following NHZ uptake. However, some significant differences
have been noticed between 14CH3NH§ uptake and NHZ uptake
characteristics of the non No-fixing cyanobacterium Aracystis
nidulans (Boussiba &t al., 1984a; 1984b). On the otherhand, a
thorough understanding of ATS in cyanobacteria is unlikely toc be
achleved based solely on NHZ uptake studies since in such studies
a distinction between uptake and'metabolism as yell as the
distinction between first and second phase of uptake, noticed in
14CH3NH§' experiments, can not be made {(Boussiba & ai., 19845;
Kashyap and Johar, 1984a; Kashyap and Singh, 1985). A Dbetter
understanding of AT3 in cyanobacteria thus requires a conparative
study of NHX and 14CH3NH'§ transport characteristics. Such a study
iz  lacking so far. Keeping this in view, study of 14CH3NH§
transport characteristics of Anabaera 7120, which has earlier been
characterized with regard to its NHZ uptake characteristics
(Kashyap and Johar, 1984a; 1984b), was made in this chapter. Tﬁe
data provide significant additional information regarding ATS in
Anatiaena 7120, with relevance to ATS in other cyanobacteria. In

addition, important differences in I%CHJNHI and NH} uptake

characteristics are reported and discussed.
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4.2. MATERIALS AND METHODS

4.2.1. Organism and growth conditions:
Anabaerna 7120 (ATCC 27893) was grown in axenic aerated batch
cultures in BG—llO medium (Rippka ¢t ai., 1978) at 28 + 1°C and at

a photon fluence rate of 50 Pmol.m'z. —1.

2]

When required, NH4CI or
NaNO3 was added to the medium to a final concentration of 1 & 5

mmol.dm*3, respectively, and the medium buffered with 10 mmol.drrf3

HEPES-NaOH (pH 7.5).

4.2.2. Chlorophyll and protein estimations:

Chl a and protein concentrations were determined according

to Mackinney (1841) and Lowry ¢t al (1951), respectively.

4.2.3. Measurement of intracellular volume and CH3NH§
concentration:
Internal cell volume was measured by differential

distribution of 3H~water {distributed throughout the cell) and 3H~
dextran (distributed only up to plasma membrane; does not enter
the cell) (Bakker ¢t afl., 1876). The difference between BH—water
and 3H—dextran cccupied volumes gave the internal cell volume.
Labeling of cells with 3H—water and 3H~dextran, separation of
cells and scintillation counting was done as described below for
14CH3NHg. Internal CH3NH§ concentration was calculated by
measuring intracellular free pool of CHSNﬂg (14CH3NH§ displaced by

ammonium from preloaded cells) per unit internal cell volume.
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4.2.4. Measurement of.14CH3NH§ uptake:

Exponentially growing cyanobacterial filaments were
harvested by centrifugation, washed and resuspended in either 10

3 HEPES-NaOH buffer (pH 7) or 10 mmol . dm™ >  Tricine-NaOH

mmol . dm™
buffer (pH 9) to a final density of 5 pg Chl a.cm S, The cells
were then equilibrated for 30 min at 28 + 1°C and at a photon

2 g1 14CH3NH§ was then added to the

fluence rate of b0 Fmol.m_
suspension to a final concentration of &0 Pmol.dm~3 (specific
activity 240 kBq.Pmol—l), except where indicated otherwise, and at
specific times cells from 400 mm3 duplicate samples were separated
from their bathing medium by centrifugation through silicon oil DC
550/dinonyl phthalate (406/60, v/v} into perchloric acid/water
(15/85, v/v) {(Scott and Nicholls, 1980). Samples of the medium and
perchloric acid fractions were withdrawn and the 14C—label

determined uéing a Beckman LS 1801 Liquid Scintillation

Spectrometer and a toluene-based scintillant.

4.2.5. Measurement of non-specific binding:

This was estimated by measuring incorporation of 14CH3NH3
into toluene treated cells. Cyanobacterial filaments weré
incubated for 15 min in either 10 mmol.dm ° HEPES-NaOH buffer (pH
7)Y or Tricine-NaOH buffer (pH 9) containing 1% (v/v) toluene.
After toluene treatment the suspension was centrifuged, toluene
removed and cells resuspended in fresh buffer without toluene.

14CH3NH§ incorporation was then measured as above under conditions

similar to the respective control experiments.
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4.2.6. Measurement of GS activity:
GS Dbiosynthetic activity and transferase activity were
measured in cell-free extracts following the method of Sampaio ¥

@l (1979).

4.2.7. Chemicals:

14CH3NH201, 3H—dextran, 3H~water were purchased from
Anmersham International plec, Amersham, U.K. BSilicon oil DC 550 and
. dinonylphthalate were purchased from Fluka AC, Buchs, Switzerland.
All other chemicals were from Sigma Chemical Company, St.Louis,

-

U.s8.A.

4.3. RESULTS:

4.3.1. cHgNHY uptake by No-, NO3- and NHj-grown cells:

N2~grown (ajr~grown) cells showed a biphasic patternn of
14CH3NH§ uptake consisting of an initial rapid phase, during the
first 120 s, followed by a slower second phase which remained
Jinear during the 12 min experimental periocd (Fig 4.1). Theoese data
are similar to thoée found in otﬁer cyanobacteria in which
14CH3NH§ transport has been studied (Boussiba «¢ al., 1984a; Rai

al,, 1984; Rowell e¢ al,, 1885b; Singh ¢ al., 198bHb; Stewart
et al,, 1988b; Kerby e¢ al., 1986; Reglinski &t al., 1989).
14CH3NH§ uptake was also observed in NO%-grown cells with the
uptake pattern and rates being similar to those in No-grown cells.
In contrast, NHZ—grown cells showed no 14CH3NH§ uptake (Fig 4.2).

Such observations are consistent with reports suggesting ATS
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repression in NHZ—grown bacterial and cyanobacterial cells
(Kileiner, 198ba; Rai et al,, 1986b). In all the experiments data
were corrected for nonspecific adsorption of 14CH3NH§ (see Methods

and Legend to Figures). All further experiments were done on N2~

grown cells only.

4.3.2. Effect of NH,Cl:

In various cyancbacteria, a common transport system for both
CHBNHg and NHE has been sugdested by the observed inhibition of
CHBNHE uptake by ammonium (Kleiner, 198ba)}. Therefore, the effect
of NH] addition on 1%CHgNHY uptake by Anabaena 7120  was
investigated (Fig 4.3). Addition of 200 }.unol.dm_3 NH4C1,
similtaneously with 14CHgNHY, caused a total inhibition of
14cHgNBY  uptake. When added after the addition of 1dCH;NHY, it
caused an efflux of the preaccumulated 14CH3NH§ from the cells
into the medium. Ssuch an effect was not observed with the
addition of 5-100 )t.xmol._clm—3 NaCl (data ngt.shown) suggesting that
the effects observed with the addition of NH461 were specific for
NH). While the addition of NH,Cl after 3 min of l4CH NHY addition
resulted in efflux of most of the 1%C-label from the cells, with
increase in time, more and more of the label remained in the cells
which was not displaced by NH4CI; the NHZ—displaceable 14C—-label
however, remained constant through out. This is not surprising
since CHSNHg is converted into Y -methylglutamine, by assimilation
via G5 (see chapter 3), which accumulates in the cells and is not
displaced byvammonium (Boussiba et al., 1984a; Rail &t al., 1984).
Assuming that NHz;displaoeable 14C—label from the cells repre-

sented the pool of free 14CH3NH§', such a pool seems to be built up
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within 120 g as indicated by the fact that a 14C—label similar to
that displaced by NHZ was observed in cells within 120 s of
14CH3NH§ uptake (Fig 4.3). Overall, these data are consistent
with observations on other cyanobacteria and suggest a common
Lransport system for both 14CH3NH§ and NHX {(see @also Kleiner,

1985a).

4.3.3. Effect of external CH3NH§ concentration on the
intracellular free 14CH3NH§ pool:

The 1level of intracellular 14CH3NH§ pool varied with
increase 1in the external 14CH3NH§ concentration and showed a
distinect Dbiphasic pattern (Fig 4.4), a trend similar to that
observed for ammonium (Kashyap and Johar, 1984a). At the external
concentration range of 1 - 50 Pmol:dm_3, the maximunnm 1internal
14CH3NH§'concentration (2.5 mmol.dm‘s) was reached at 30 Fmol.dm_3
external concentration and remained constant thereafter upto 50
)Jmol.dm_3 external concentration. However, further increase in
external concentration resulted in an increase of internal
l4CH3NH§ pool reaching a maximum intracellular concentration of
7.5 mmol.dm S at 400 }.xmol.dm'3 external concentration and
remaining constant thereafter. This 1is probaﬁly the highest
concentration of intracellular CH3NH§ which the transport system
can maintain. An accumulation pattern similar fo the one reported
here was observed earlier in Anabaerna variabilis at the external
concentration range of 1 - 50 J.nrrxol.dm_3 (Rai &t al., 19B4).
However, the capacity of the transport system in A. variabilis was
probably underestimated since external concentrations beyond 50

3

Fmol.dm‘ were not investigated.
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Internal 140}13}1&1; pools were calculated from NHz—displaoed

14C label from 14CH3NH§—preloaded cells at various exLernal

14CH3NH'§ concentrations (M. 1 - 50 l.umol.dm_g; m, 50 - 500

,umol . dm_3 ).
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4.3.4. Effect of pH, TPMP® and CCCP:

At pH 7, CCCP (an uncoupler) and TEMP ™ {(a lipophilic cation
which collapses, Ay) caused a total inhibition of 14CH3NH§ uptake
(Fig 4. 5a). This sugdested that at pH 7, the transport of
14CH3NH§ wvas enerdy dependent and driven by Aw, as in other
prokaryotes (Kleiner, 1885a). In contrast, uptake at pH 9 showed
a nearly four-fold higher rate during both phases of 14CH3NH2
uptake which were unaffected by CCCP and TPMP (Fig 4.5b). This
can be explained by 14CH3NH2 being present at a higher
concentration 1in  the external medium at pH 89 which can diffuse
through the cell membrane without the need of carrier (Walker et
#f,, 1879}). Carrier mediated uptake of the protonated species, at
rhysiological pH, may thus be the limiting step in utilization of
exogenous methylammonium/ammonium b& cyanobacteria, as has been

suggested for nitrate (Guerrero ¢t al., 1981).

4.3.5. Effect of MSX addition on l4cHgnmY:

MSX is a glutamate analogue and an irreversible inhibitor of
GS8, the primary ammonia assimilating enzyme in cyancbacteria
{Stewart, 1980). A recent study on the GS-mutant of A. cvycadgeae
suggests that the second phase of 14CH3NH§ uptake represents an
MSX-sensitive ATS, quite distinct from the one responsible for the
MS¥X-insensitive first phase (Singh ¢t al., 1985b). Unfortunately,
this has not been possible to show in the case of normal
cyanobacteria since, so far, the experiments have been done on
MoX-preincubated cells where a distinction between the 1inhibitory
effectt of MBX at the transport level and its effect via GS-

inactivation is not possible.
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Keeping this in view, the immediate effect of MBX addition
on 14CH3NH§ uptake was studied in cells which have not been
preincubated with MSX. Simultaneous addition of MSX and 14CH3NH§
to the cell suspension resglted in an 1initial 14CH3NH§ uptake
phase similar to that observed in the absence of MBX but the
second phase of uptake was totally inhibited by MSX (Fig 4.6). MSX
additions subsequent to '%CH3NH} additions, showed immediate and
total inhibition of the second phase without any detectable 14c.
efflux in the short term (Fig 4.6). These immediate effects of MSX
on the second phase of 14CH3NH§ uptake must be at the transport
level since, at the concentrations used here (10 pmol.dm_s) no
effect of MSX was detectable on GS activity (Table 4.1) until
after 20 min (see also Stewart and Rowell, 1975; Rai et al., 1984;
Kerby et al., 1886). The second uptake phase also remained
inhibited in cells which were preincubated with MSX for 5 min
(full GBS activity) and in which 14CH3NH§ uptake was studied
subsequently in the absence of MSX. Such observations indicate an
M3X-insensitive and an MSX—sensiti§e methylammonilium/ammonlum
transport system to operate in N2—grown Anabaena 7120 cells. This
implies that there are two sites of MSX action, one at the
transport level and another at the level of GS inactivation.

Further characteristics of these two transport systems were
studied by investigating Km and Vmax for 14CH3NH§' uptake during
the M5X-insensitive first phase and the MSX-sensitive second phase

separately.
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Table 4.1.

Effect of L-methionine-DL-sulphoximine (MSX) on glutamine
synthetase (GS) activity of Amabaena 7120,
MSX was added to the Anabaena 7120 log phase cultures to a final
concentration of 10 rmol.dm_a. At time intervals indicated Dbelow
cells were harvested, washed and GS activity measured in cell-free

extracts (see Methods). The data are average of three independent

assays done in duplicates ( + SEM).

- A —— e e S > T —— - — " " ST Vi o — . T " " Tt W o s G (S et S en e (e e S S e o St S s S P o W iy Gt ey G oy s St

_ GS act?vigy -1 )
Time course of MSX (nmol product formed.min ~.mg protein)
inoubation (min) ii;g;ﬁiﬁ;iié ———————————— ;;;;;;;;;;;—-~~
0 45 + 2.5 715 + 10
10 43 + 2.0 720 + 08
20 46 + 2.5 718 + 08
30 40 + 2.5 696 + 10
45 33 + 2.6 605 + 7.5
60 24 + 2.0 340 + 7.5

- o s s s T e e e et S e S T W Y oy i M e P L W S Y S e e i At S s s S A — — e T T A S o (o A A S T Tt Sy A Sy e T e S S A o e
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4.3.6. Kinetics of concentration-dependent 14CH3NH§ upltake
during the MSX—insens%tive initial rapid phase and the
subsequent MSX-sensitive slower second phase:

First, uptake rates via the MSBX-insensitive ATS, at various
external CHBNHg concentrations (1 - 500 Fmol.dm—s), were studied
by following 14CH3NH§ uptake at 19 s intervals during the first 2
min after the addition of 14CH3NH§ to the cell suspension at pll 7.
Rates were calculated from the linear portions of the curves. A
biphasic pattern of concentration-dependent increase in 14CH3NH§

uptake rates was observed with Vmax values of 1 and 7 nmol.min_l.

mg_l protein in the external concentration range of 1 - 25

].unol.dm"3

and 25 - 500 Pmol.dm_3, respectively (Fig 4.7a; data
beyond 400 ).unol.dm—3 not shown). The corresponding Km values,
calculated from Lineweaver-Burk plots'(Lineweaver and Burk, 1834},
were 8 and 80 Fmol.dm—s, respectively (Fig 4.7b and 4.7c).

Next, 14CH3NH§ uptake rates via the MSX-sensitive ATS, was
studied, at CH3NH§ concentration range and conditions similar to
those &bove;. The rates were calculated from the linear second
phase of 14CH3NH§ uptake (between 5 and 12 min after the addition
of 14CH3NH§' to the cell suspension). The pattern of

concentration-dependent i1increase in 14CH3NH§ uptake rates via the

MSX-sensitive ATS (Fig 4.8) was similar to the one wvia MSX

insensitive ATS (Fig 4.7). The observed Km values were 2.5 and 70

3

Pmol.dm— in the 1 -~ 10 and 10 - 500 }.unol.dm'3 external 14CH3NH§

concentration range, respectively (data beyond 200 Pmol.dm~3

external concentration 1s not shown). The corresponding Vmax

values were 0.1 and 0.7 nmol.min % -1

. g protein, respectively (Fig

4.8b and 4.8c).
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Thus, both transport systems showed dual operation mode: a
high affinity mode at low substrate concentrations and a low
affinity mode at high substrate concentrations. During both these
modes, the maximal rate of transport via the MSX-insensitive ATG
was ten-fold higher than that via the MSX-sensitive ATS. The
maximal rate of fransport via each transport system was seven—-fold
higher during the low affinity mode as compared to that during the

high affinity mode.

4.4. DISCUSSION:

The 14CH3NH§ studies presented here provide evidence for
operation of two ATS in Arnabaena 7120. An initial rapid phase and
a slower second phase of 14CH3NH§ uptéke was detectable in NZ— and
NO§~grown cells (Fig 4.2)J The first phase represented a Ay -
dependent ATS as eyidenoed from the facts that Anabaena 7120
accumulated 14CH3NH§ against a concentration gradient, that NHZ
inhibited 14CH3NH§ accumulation, that accumulated 14CH3NH§ was
released from the cells by subsequent addition of NHY, and that
14cH NHY accumulation was inhibited by CCCP and TPMP'. Since the
first phase of 14CH3NH§ uptake was not inhibited by MSX it was
termed as MbX-insensitive. Such findings are in keeping with the
earlier reports on bacteria (Kleiner, 198ba) and cyanobacteria
(Boussiba ¢t al., 1984a; Rai &t al., 1884; Kerby et al., 1986).

In addition to +the above mentioned MSX-insensitive ATS
responsible for 1.‘;LCHBI\IH?); uptake during the first phase, exlistence
of an MSX-sensitive Aw-dependent ATS responsible for 14CHBNH§

uptake during the second phase has been shown. Evidence for this
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comes from the fact that there was an immediate inhibition of the
second phase of 14CH3NH§ uptake on'addition of MS8X, and that NHT,
CCCP and TPMPT inhibited the second phase of uptake as in the case
of the first phase. The effect of MSX on l%CHNH] uptake during
the second phase was concluded to be on transport level because no
GS inhibition by MSX was detectable before 20 min (see also, for
other cyanobacteria Rail et al., 1984; Kerby et al., 1986). -~ whille
the inhibition of 14CH3NH§'uptake was immediate (within 1 win, the
shortest time measured). Buch data agree with the observations on
the GB-mutant of A. cycadeae where an MSX-sensitive and an MSX-
insensitive ATS havé been reported (8Bingh ¢t ai., 1985Db). Two
transport systems have also been reported for glutamine and for
glutamate in cyanobacteria (Chapman and Meeks, 1983; Labarre &t
al., 1987).

The build up of 14CH3NH§ pool during the MSX-insensitive
first phase, the NHZ—displaceable 14CH3NH§ being constant
throughout the second phase, and the absence of the second phase
in the presence of MSX while G5 remains active, suggest that the
MSX-insensitive first ATS plays a role in build up and malntenance
of a free pool of intracellular ammonium which is not available
for assimilation via GS (probably located in the thylakoids). The
second ATS on the otherhand, plays a role in uptake of exogenous
ammonium into a pool which is available to GS (probably located in
the cytoplasm). Rvidence for thils comes from the fact that in the
presence of MSX, no 14CH3NH§ uptake occurred beyond the first
phase. If the 14CH3NH§ transported by the first ATS were
available for assimilation, a continued uptake of 14CH3NH§ would

be expected till the GS was inactivated; 1i.e., the pattern of
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14CH3NH§ uptake should not have changed on addition of MSX durilng
the 12 min experimental period since the GS inactivation took a
longer time. Such data indicate the necessity of the second ATS
for utilization of exocgenous CH3NH§/NHZ. Thus, the slow rate of
the second phase as eompared’to the first, may indicate that the
rate limiting step in the utilization of exogenous CH3NH§/NHZ is
the rate of transport via second ATS, rather than a limitation at
the GS activity level as suggested earlier (Ral ¢ ali., 1884).
This is further supported by the fact that:

1. The maximum rate of CHgNH3Z transport via the second ATS (0.7

1 1

nmol.min . mg~

protein) and the maximum rate of ammonium

transport (1.25 nmol.min_l.mg—1 protein) (Kashyap and Johar,
1984a) both are much lower than the GS activity (80 - 80 nmol
product fox:'med.min"l.mg—1 protein)£

2. At pH 9, when methylamine enters the cell at a faster rate
through diffusion, there is a corresponding increase in the
rate of its metabolism via GS (Kerby =¢ a&l., 1988); and

3. In the cyanobiont of cycad coralloid roots, absence of the
second ATS results 1n the inability of the cyanobiont to
utilize exogenous NHZ despite the presence of fully active GS
(Ral ¢ ail., 1986a).

Additional evidence regarding control of NHZ utilization at
the transport level comes from the inhibition/repression of both
ATS in NHZ—grown-cells, as indicated by the absence of both the
rhases of 14CH3NH§ uptake in such cells (Fig 4.2), and from the
observed changes in the affinity of the ATS, from high affinity to

low affinity, at higher substrate concentrations (Fig 4.7 and

4.8). Similar observations have been made 1in bacteria where
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synthesis of NHZ carrisers has been shown to be repressed at high
NHI'concentrations and under such conditions diffusible NHq serves
the cellular requirements (Kleiner, 1985a). BSince cyancbacteria
generally drow at alkaline pH, sufficient NHg may exist, at high
ammonium  concentrations, to satisfy thelr growth requirements
without the need of enerdy demanding transport systems.

Both ATS showed dual affinity modes with uptake rates
through the first, MSX-insensitive ATS, being ten-fold faster,
during both the affinity modes, ‘than those through the second,
MSX-sensitive ATS. An earlier study (Kashyap and Johar, 1984a)
has shown a dual Michaelis-Menten kinetics for the concentration-
dependent NHZ uptake in Anabaerna 7120. This was explained by
suggesting that either there are two ATS in Arabaerna 7120 cor there
is a gingle ATS with variable affiniﬁy. In view of our present
study we suggest that in Kashyap and Johar’s experiments (Kashyap
and Johar, 1884a) the Michaelis-Menten kinetics observed was due
to the second ATS showing dual affinity. This is because their
experiments were done by following disappearance of NHZ from the
medium at 10 min intervals and therefore, the first ATS could not
have been detected since it is detectable only during the initial
1 - 2 min. A comparision of the rates of NHZ'uptake (Kashyap and
Johar, 1984a) and that of CH3NH§ {presented here) shows that Vmax
values of NHZ and CH3NH§ are 6 ~ 7 times higher durlng the low
affinity mode than those during the high affinity mode, that rates
of NHz uptake during both high and low affinity modes are nearly
twice as fasp as that of CH3NH§ uptake during the respective
affinity wmodes, and that the maximum level of intracellular NHZ

pool 1is nearly double of the maximum intracellular free 14CH3NH§
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pool. The differences in NHZ and CHSNH§ uptake rates
and accumilation levels may reflect the fact that NHZ is the
natural substrate for ATS. However, certain limitations should be
pointed out: first, the intracellular NHZ concentrations reported
by Kashyap and Johar (1984a) may contain a significant margin of
error since the intracellular volume was calculated ‘assuming that
aquatic prokaryotes contalin about 80% water’; second, their
experiments were done in BG-11, medium where the presence of
various other nutrient ions may have some effect on the uptake
rates.

A comparison of the intracellular free 14CH3NH§ pools of
Anabaena 7120 with those of A. variabilis reveals that upto the
external CHSNHE concentration of 50 ),xmol.dm_:3 the +trend of
accumulation is similar in both cases (see Fig 4.4 and Rai #¢ &i.,
1984) although the level of accumulation in Arabaena 7120 is
higher. Intracellular CH3NH§ pools beyond 50 },m'xol.dm_3 external
14CH3NH§ concentrations have not been checked in the case of A.
variabilisz (Ral ¢ al., 1984) but it has been concluded that ATS
of A. wvariabiliz can maintain a maximum of 1.4 mmol . dimn™>
intracellular CHBNHg pool. In view of the observed increase in
CHBNH§ pools of Anabaena 7120 at external concentration range of
50 - 500 Pmol.dm_s, it is likely that the capacity of ATS in A-
variabrlisz was underestimated. |

Overall, our data suggdest that in Amabaerna 7120, two enerdy-
dependent ATS exist, that one of the ATS 1s MSX-sensitive, and
that both these ATS exhibit dual affinity modes. We suggest that
regulation of ATS may be a key step 1in controlling rate of

exogenous NHZ utilization by cyanobacteria.

.
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5. AMMONIUM/METHYLAMMONIUM TRANSPORT IN HOSTOC ANTH

5.1. INTRODUCTION:

No-fixing cyanobacteria enter into symbiotic assoclations
with plants ranging from algae to anglosperms (see Stewart 1 ai.,
1983;: Smith and Douglasz, 1987). In symbiosis, the cyancbiont
undergoes extensive structural and metabolic alterations which
lead to a higher rate of No-fixation and transfer of fixed-N from
eyvanobiont to the eukaryotic partner (Stewart ¢t &/., 1983; Rail
!, 1989; Rai, 1988; 19839).

Among the bryophyte-cyancbacterial symbiosis, the hornwort
Anthoeceros—Nosztoco gymblosis is better characterized. Ho-fixing
Hostaoo gp. develops 1n cavities on the undersurface of the
Anthaeceraos -gametophyte +thallus. The cyanobiont shows a high
heteroccyst frequency, 1s photosynthetically inactive and liberates

nearly 90% of the nitrogenase derived ammonia to the eukaryotic

paritner (see Stewart ¢f al!., 1983; Mecks =%t al., 1985; Rai & ai.,
19897, This liberation of ammonia by the cyanobiont has been
suggested To be due to low G5 activity (Btewart st ai., 1083;
Meeks ¢ «f., 1985).

The oyanobiont of Anthocereos punctatus  was  iscolated and
culbtured 1in free-living state. It showed a marked differcnce in

methylammonium metabolism  compared to other cyanobacteria (see

chapter 3). Inn the present chapter, characteristics of ATS 1in the
cultured (free-living) cyanoblont of A. punctatus (Hoztoo o ANTH)

was investigated to see 1f ATS in this cyanobacteria has any
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unique features. A study of ATS in the cyancobiont of A. punctatus,
directly isolated from the thallus, could not be done because of

Lhe problem of isclating enough clean cells frow the thallus.

5.2. MATERIALS AND METHODS:

5.2.1. Organism and growth conditions:
Hastaco ANTH, an isolate from A. punctatus, was grown in

axenic aerated batch cultures 1in BG~11O medium (Rippka ¢t

1979), at 28 + 1°C and at a photon fluence rate of 50 Fmol.m_z.
s_l as described in chapter 2. When required NH4CI (1 mmol.dm“g),

=3y,

glutamine (1 mmol.dm glucose (5O mmol.dm“s) or CH3NH201 (%

mmol.dm"d) was added to the medium and buffered with 10 mmol.drrf3

HEPES-NaOH (pH 7.5).

5.2.2. Chlorophyll and protein determinations:
Chl a and protein content of cyanobacteria were measured
according to Mackinney (1941) and Lowry i ad (1951),

respectively.

5.2.3. Measurement of 14CH3NH§ uptake:
14CHSNH§ uptake was assayed at 28°C and at a photon fluence
rate of &0 Pmol.mﬁz.s"l., unless otherwise indicated, and non-

specific binding of 14CH3NH§ by cell membranes was measured by

using toluene treated cells. (Detalls given in Chapter 2).
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5.2.4. Measurement of GS activity:
GS Dbiosynthetic and transferase activities were measured

according to Sampaioc #¢ ai. (1979).

5.2.5. Chemicals:

14CH3NH2C1, BH—dextran and 3H~water were purchased from
Auersham  International ple, Amersham, U. K. Silicon TC 550 and
dinonylphthalate were purchased from Fluka AC, Buchs, Switzerland.
All other chemicals were obtained from Sigma chemical company,

U.5.A.

5.3. RESULTS:

5.3.1. l%cngNEY uptake in Np-grown Hostoc ANTH cells at pH 7:
5.3.1.1: 14CH4NHY uptake:

The ammonium transport in Hostoco ANTH cells was studied
using 14CH3NH§ as probe. Nz—gfown NHastac ANTH cellg, at pll 7 and
external 14CH3NH§ concentration of 50 fmol.dm~3, showed a biphasic
pattern of 1ACHgNHY uptake with an initial rapid phase during
first 60 s followed by a slower second phase which remained linear
over the 12 min experimental period., The uptake rates during
initial rapid and slower second rhase were found to be 0.119 and
0.0156 nmol.min’l.fg_l Chl a, respectively (Fig 5.1). The toluene
treated cells showed a much lower level of 14CH3NH§ incorporation
during first 30 s which remalned constant over the 12 min experi-
mental period (Fig 5.1). This incorporation was found to be 6.16

kBq.mg~1 Chl a representing about 22% of the total uptake by
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untreated cells after 60 o (first phase). These values were consi -
dered to be non-specific adsorption of 14CH3NH§ by cell wembranes
and substracted from the respective values in unbreated cells,

betfore data were plotted in all other experiments which follow.

5.3.1.2. Effect of NH,Cl:

Simultaneous addition of NH4Cl and 14CH3NH'§ resulted in
total inhibition of 14CH3NH§ uptake, during both phases, in NE-
grown cells, at pH 7, indicating a common transport for NHQCl arnd
14cH NEET  (Fig 5.2).  This suggested that, as in the case of
Anabaena 7120, 14CH3NH§ can be used as a probe to study the NH;
uptake in Hestec ANTH. When NH4C1 was added subsequent to the
addition of 14CH3NH§, it showed two effects: a) & sudden efflux of
preaccumilated 14C~1abel from the cells into the cell suspension,
and h) complete inhibition of further 14CH3NH§ uptake by cells
(Fig 5.2). The NHzndisplaceable 14C—label'remained constant over
the experimental period and equaled to the 14C~1abel which was
transported during initial rapid phase. This indicated existence
of a free MACHNHY pool inside the cells which built up during
initial vphase of 14CH3NH§'uptake. Congidering that the Nﬂz-
displaceable 14CH3NH§ represented the internal free 14CH3NH§ pool,
the latter was calculated to he 4.9 mmol.dm~3. Thus, at an
external 14CH3NH§'conoentration of 50 anl.dm—B, Hoztac ANTH cells

showed a nearly 100 fold accumulation of 14CH3NH§.

While HcHaNnd displaced by NHY remained constant, with Lime

4 . : - = s -
more  and more llb~1abel remained inside the cells. This is not

surprising gince 14CH3NH§ is metabolized in MNaztoc ANTH cellss by
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cells.
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G5-GOGAT pathway see chapter 3). Such data indicate that the

(
second phase of 14CH3NH§ uptake represents metabolism of the
transported 14CH3NH§.

In NHjf-grown cells no 14CH3NH§ accumulation/incorporation
was observed (Fig 5.2). In these cells the 1QCH3NH§ uptake pattern
was simllar to that observed in toluene-treated cells. These data
are consistent with earlier findings on Anabaens variabilis (Rai

af,, 1986a), Anabaena 7120 (see Ral and Prakashaw, 1989), and

other bacteria (Kleiner, 1985a) showing repression of ATS in NHZ~

grown cells.

5.3.1.3. Effect of MSX:

In one set of experiments cells were preincubated with MSX
(10 fmol.dm—3) for 1 hour to inactivate GS and then 14CH3NH§ up—
take was measured subsequently in absence of MSX. In such experi-
ments only the first phase of 14CH3NH§’uptake was detectable (Fig
5.3); the second phase was absent. This indicated that the first
phase was MBX ilnsensilive. The lack of second phase of uptalle in
such cells may be due to blockage of 14CH3NH§ mehaltxalism in bhe
cells since GS was inhibited. It was also possible, however, that
MS5¥X mway have affected 14CH3NH§ uptake during the second rhase at
transport level as  found in a GS mutant of Awxabaera coycadeae
{(singh =% al., 1985b). In an attempt to distinguish the effect of
MSX at uptake level from that at the level of G inhibition,
further experiments were done to see the effect of M3X on 14CH3NH§
uptake in cells where GS remained unaffected during the experi-
mentsl period,. In these experiments no preincubation with MOX was

done. MBX (1O}Jmol.dm—3) was added together with 14CH3NH§ at zZero
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control  (Y4CHaNHY only): e, MSX and  l9CHgNHI  added
simultaneously at =zero time; A . MSX added 5 wmin after
VAcu nHY  addition: A . YACHyNHY uptake in  MSX-preincubated

lcclls {cells were incubated with 10 ],xmr_nl.dm"3 M3X for 1 h
then washed and resuspended in fresh buffer and uptake was

studied without MSX being present in the wedium.
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time or 5 min after the addition of 1ICHsNHY and 14CH NEY uptake
measured during the next 12 min in the presence of MSX (during
this period G5 remained fully active; see ERaili and Prakasham,
1989). When MSX and 1YCHgNHY were added simultaneously, **CHgNHY
uptake occurred at a rate similar to that in the control for the
first 30 g after which the uptake continued at a slower rate £ill
the 4CH4WHT in cell reached a level similar to that at the end of
first phase of 14CH3NH§ uptake in control cells (Fig 5.3). Such
data indicated that although MSX partially affected the rate of
14CH3NH§ uptake during first phase it did not affect the overall
rool siuve built up durlng this- phase. On the otherhand, it
totally blocked the second phase of 14CH3NH§ uptake (Fig 5.3).
Since Gb aotivity- was not affected during this period 1t was,
concluded that thils effect of M5X was at the level of 14CH3NH§
uptake. Thus, as in 4Anabkaerna 7120 (Rai and Prakasham, 19895,
Nestaoc ANTH also has two uptake systems for NHszHBNHE; one MBX -
insensitive and the other M3X-sensitive. These observations are
consistent with MSX having two targets of inhibitory action; one
at G5 level and the other at transport level, as found in other
cyvanobacteria (see Singh v #l., 1985h; Rai and Prakasham, 1389}.
Addition of MSX to the cell suspension during the second
rhase of 14CH3NH§' uptake caused an immedlate inhibition of
14CH3HH§ uplLake and an efflux (15 Bq.yg—l Chl a) of preaccumulated
14C—label from the cells (Fig 5.3). The former observation is

similar to the effect of MSX found in A. wariabili= (Rail !

)

19845, Arabaera 7120 (Ral and Prakasham, 1989) and A. <yoadeas
{Singh v »i., 1985b). However, the efflux of 14C—1abel caused by

MoX conlrasbls wibth Lhe observallons in other eyanobacteria (Il
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i, 1984; Singh ¢t w«if., 1985b; EKal and Prakasham, 1989) where no
14C—eff1ux was caused by M8X. It 1s probable that M3X caused
partial efflux of gsome intracellular 14CH3NH3. It should be noted
here that MSX did partially affect, transiently, the build up of
internal free pool of 14CH3NH§ during the first phase of 14CH3NH§
uptake, Alternatively, the 140—eff1ux may have bheen due to
displacement by MSX of an internal pool of some metabolized
product of CHSNH§. (Unlike other cyanobacteria, Hastoeso ANTH  does

metabolize CHBNH§ as N-source; chapter 3).

&

.3.1.4. Kinetics of concentration-dependent 14CH3NH§ uptake via
the two ATS:

14cH NHE uptake rates, in Nestoc ANTH, at pH 7, via the two
ATS at various external 14CH3NH§ concentrations (1-500 Pmol.dm"s)
were studied (Fig 5.4a - 5.4c) as in Anabaena 7120 (zee chapter
4). First, the 14CH3NH§ uptake rates via the MSX-insensitive ATS
were studied by following 14CH3NH§ uptake during the first phase
(initial B0 s) at 15 s intervals after 14CH3NH§ addition to the
cell suspension. Rates were calculated from the linear portions
of the curve. A biphasgic pattern of concentration-dependent
14CH3NH§ uptake rate, similar to that in Anébaena 7120 (see
chapter 4), was observed (Fig 5.4a) with Vmax values of (. 125 and
0.225 nmol.min"l.Fg“l Chl a, in the external concentration range
of 1 - 15 and 15 - 500 Fmol.dm_B, respectively (Fig 5.4a; data not
shown beyond 150 Pmol.dm_3). The corresponding Km values
(calculated from Lineweaver-Burk plots) were 3 and 45 Fmol.deS,

respectively (Fig 5.4b & 5.4C).

Next, 14CH3NH§ rates, via the second ATS were studied, at
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14CH3NH§ concentration range and conditions similar to the above.
The rates were calculated from linear second phase of 14CH3NH§
uptake (between 5 and 12 min affer r4CH3NH§ addition to céll
SUSpehs Lon) . The obscerved Vmax values were 0.028 and 0.02056
nmol.min_l.ﬁg—l Chl a, in the external éoncentration range of 1 -
20 and 50 - 400 pmol.dw?, respectively (Fig 5.5a). The
corresponding Km values were 4.6 and 135 Pmol.dm_B, respectively
(Fig 5.5b & 5.5¢c; calculated from Lineweaver-Burk plots).

Thus, as in Anabaena 7120 (see chapter 4}, in Hostoc ANTH
also both ATS showed dual affinity mode: a high affinity mode at
low " substrate concentration and a low affinity mode at high
substrate concentration. However, +the pattern of chande in
14CH3NH§ uptake rates, via the second ATS, in response to externai
14CH3NH§ concentration, differed in the two organisms (see Fig
4,8a of chapter 4 and Fig 5.ba of this chapter). In Anabaena
7120, the 14CH3NH'§ uptake rate via the second ATS saturated below

3. When external 14CH3NH§ concentration was increased

3

10 Fmol.dm"
beyond 10 Pmol.dm_ a further increase in the rate of uptake
occurred which saturated at 150 Pmol.dm_3. Further incréase in
external substrate concentration did not result in any increase in
uptake rate (see chapter 4 Fig 4.8a). 1In Hostoc ANTH, however,
the uptake rate increased in response to . increase in external

substrate concentration upto 20 Fmol;dm_3.

Further increase in
external 14CH3NH§ concentration resulted in a transient decrease
in 14CH3NH§' uptake rate. However, when external 14CH3NH§
concentration was raised beyond 50 ymol.dm_B, an increase in
uptake rate was observed. This increase continued upto ~external

substrate concentration of 300 Fmol.dm—3. Further increase in
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external 14CH3NH§ conoéntration again resulted in a decrease in
uptake rate (Fig 5.5a). Furthermore, in Nostoc ANTH, the Vmax
value decreased during the shift from high to low affinity mode
whereas, in Avabaena 7120 the Vmax value increased (see Fig §&. 5a

of this chapter and Fig 4.8a of chapter 4).

5.3.1.5. Effect of CCCP and TPMP":

Ammonium transport in various prokaryotes, so far tested, is
found to be active and energy-dependent and driven by transmem-—
hrane electrical potential (Kleiner, 1981; 1985a; Rail «¢

1984; 1986a; Bingh #¢ «J., 1985bb; 1987; Ral and Prakasham, 1989).

14l

Therefore, the ‘effect of CCCP and TPMPY on '%CHgNHY uptake, in
thiis c¢yancbacterium, at pH 7, was studied. CCCP caused complete
elimination of 14CH3NH§ uptake during both phases (Fig 5.8) sug-
gesting that 1%CHgNHY upteke in Hestec ANTH also is an active and
energy—-dependent process like that in Arebaena 7120 (Rai and
Prakasham, 1989). TPMP " treated cells showed a markedly lower
level of 19CH;NHY upteke (Fig 5.6). In TPMP' treated cells the
uptake rate during first and second phase was 0.068 and 0.005
nmol.min—l.Pg"l Chl a, respectively. This represented 50 and
29.5% of the corresponding values in control cells, respectively.
Thesc results indicate that while transmembrane electrical
pobential 1is necessary for optimum rates of uptake during both
phases of 14CH3NH§ uptake, 14CH3NH§ uptake can still occur in
abvsiner of  Lransmembrance electrical potential. This contrasts
with the results in Arabaena 7120 (Ral and Prakasham, 1939) and A.
varizbiliz  (Ral ¢ al,, 1984) where TPMPY treated cells showed

Lotal lack of 14CH3NH§ uptake.
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5.3.1.6. Effect of glutamine and glutamate:

Glutamine and glutamate are the initial products of primary
ammonia assimilation in cyanobacteria (Stewart, 1880). Hence,
effects of these compounds on ATS, in this cyanobacterium was
studied.

14CH3NH§ uptake, in glutamine (1 mmol.dm‘s) grown Hoztoc
AMTH cells, at pH 7, is shown in fig 5.7a. The uptake pattern was
found to be similar in No- and glutamine~gr§wn cells. The rate of
14CH3NH§ uptake during the first phase was similar in glutamine-
and Nz—grown cells, during the second phase 14CH3NH§ uptake was
slightly higher in glutamine-grown cells. Buch results sugdest
that glutamine 1is not a repressor of 14CH3NH§ uptakepr in HNastac
ANTH cells. This contrasts with the finding of Singh «f
(1987) who have shown that 14CH3NH§' uptake was repressed iIin
glutamine grown cells of A. cycadeae,

The effect of various external glutamine concentration on
14CH3NH'§ uptake, at pH 7, in N2—grown Hastoc ANTH cells is  shown
in Fig 5.7b. In the presence of 200 }.Amol.dm—3 glutamine, 14CH3NH§
uptake during the first phase was severely inhibited with 1little
or no effect on the rate of uptake during the second rhase.
Increasing concentration of glutamine caused progressively more
inhibitory effect, however the uptake did resume after 5 min (i.e.
the sgecond phase). Thus, glutamine seems to inhibit the MSX-
insensitive ATS while having little or no affect on the MSX-
sensitive ATS.

Hoztec ANTH did not groﬁ in glutamate containing medium.
Therafore, for studying effect of glutamate on ATS, eXperiments

were performed in Nz—grown cells only. As shown in fig §&:8,



97

60 F
ot
5 s0r 0
(9))
£
@ 40|
X
" 8
XX
s 30|
a.
3
+ M (@)
T "
I 20
™
T
&)
~y
~ 10}
L 1 1 1 | [ |
0 2 4 6 8 10 12

Time (min)

Fig 5.7a 14CH3NH§ uptake. at pH 7. by Nz—grown (O) and glutamine (1

mmol.dm‘a)—grown (®) Nostoc ANTH filaments.



98

n w ™ 81 o
(@] o (e (@] o
T

o

14CH NH,  uptake (kBq.mg! chl q)

Time (min)

Figs.7b Effect of glutamine addition on ACH;NHY uptake, at pH 7, by
No-grown Nostoc ANTH filaments. Glutamine was added along
with l4cHNHY at zero time. 0. control (l4CH3NH3 only); .
200 ,.lmol.dm—3 glutamine; A ., 500 ‘.xmol.dm_3 glutamine; A
1000 Jumol.dm'3 glutamine. |



99

60 |
oi
= 50F
) 0
1
g N 9
4
o 0
X
< 0
Y 30f
4] ,
g
o)
+ ™ 20+ 0
I
p
mM
I
< 10f
1 | 1 L 1 1
0 2 4 6 8 10 12
Time (min)

Fig s.8 Effect of glutamate addition on 14CH3NH-§ uptake, at pH 7, by
No-grown Nostoc ANTH filaments. Glutamate was added along

with NH401 at zero time. O, control (14CH3NH§ only); @, 200

3

pino 1.dm ¥ glutamate.



100

presence of 200 Fmol.dm*3 glutamate affected the first phase of
14CH3NH§ uptake but not the second phase. This was similar to the
effect of glutamine on 14CH3NH§ uptake in MNo-grown cells (Fig
5.7b) and indicated that, like glutamine, glutamate affected only

the MSX-insensitive ATS.

5.3.2. 14CH3NH§ uptake in glucose-grown cells:

A camparative gtudy of 14CH3NH§ uptake in autotrophically-
gfown, photoheterotrophically—-grown and heterotrophically-grown
Haozteoo  ANTH cells is presented in fig 5.9. The 14CH3NH§ uptake
pallern in phobtoheterotrophically—grown cells (cells grown in NZ—
medium in  light + 50 mmol.drrf3 glucose) and heteroctrophically-
grown cells (cells drown in N2~medium in dark + glucose) was
similar to that in the control (autotrophically-grown cells; cells
grown in Nz—medium in light). However, both photoheterotro-
phically-grown and heterotrophically-grown cells accumulated less
14CH3NH§ than autotrophically-grown cells.

The rate of 14CH3NH'3" uptake during the second phase
(representing 14CH3NH§ metabolism) in autotrophically-drown and
heterotrophically—-grown cells was essentially identical. However,
the rate in photoheterotrophically-grown cells was 5B7% higher
indicating a higher rate of 14CH3NH§ metabolism. Thils may reflect
the fact that compared to the autobtrophically- and heterotro-
phically—-grown cells, there was higher availability of C-skeleton
and energy, for_14CH3NH§ metabolism, in photohetrotrophically-

grown cells.
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Fig 5.9 14CH NHY uptake, at pH 7, by Nestoc ANTH filaments grown
autotrophically, phofoheterotrophically.. and heterotro-
phically. O, cells grown in No-medium in light; @, cells
grown in No-medium in light + 50 mmol . dm™3 glucose: p. cells
grown 1in N2~medium in dark + 50 mmol.dm_3 glucose.
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5.3.3. 14CH3NH§ ﬁptake in CH3NH§—grown Hostac ANTH cells:
5.3.3.1. 14cHgNEY uptake:

Hestoco ANTH has an ability to metabolize CH3NH§ as N-sgsource
(see chaﬁter 3. Since, in NHz—grown Hostoc ANTH cells the
methylammonium/anmonium transport system was repressed (Fig 5.2),
it would be interesting to know whether such a transport system isg
operative in CH3NH§—grown cells. Therefore, 14CH3NH§ uptake 1in
CH3Nﬁg*grown Nostoc ANTH cells was investigated (Fig 5.10). In
contrast to the NHZ—grown cells where no 14CH3NH§ uptake occurred,
CHSNH§—grown cells showed 14CH3NH§'upt&ke indicating that despilte
CH3NH§ being used as N-source by Hostac ANTH, CHSNH§ transport
s¥stem was not repressed by CH3NH§.

The uptake pattern in CHSNHg—grown cells was different

than that in N2~grown cells. Unlike in Nz—grown cells, 14CH3NH§
uptake in CH3NH§—grown cells did not show as distinct a biphasic

pattern as in Nz—grown cells,

5.3.3.2. Effect of NH,Cl:

Az seen in fig 11, additién of NH4CI at zero time caused a
progressive inhibition of the 14CH3NH§ uptake. However, for the
initial 2 - 3 min.uptake was similar to that in control. Bimilar
effect was observed when NH4Cl was added subsequent to 14CH3NH§
addition. Furthermore, NHE did not cause any efflux of 140 1abel
from cells into the medium (Fig 5.11). This is in contrast to the
finding 1in No-grown cells where addition of NHI caused immediate
and complete inhibition of '4CHNHY uptake and NHJ addition

ubsequent to 14CH3NH§ addition caused efflux of preaccumulated

[N

(S

4'CHSNHE (see Tig 5.2). These data thus, indicate that the

i
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carrier of 1%CHgNHY in CHgNH}-grown cells is a specific CHgNHE
carrier distinet from the NH;VCH3NH§ carrier in No-grown cells.

The inhibition of 14CH3NH§ uptake by NHZ after the initial 2
- 3 win may reflect the fact that NH} did not affect the L*CH;NHZ
accumulation in CH3NH§—grown cells but affected the metabolism of
the internal 14CH3NH§ because of it being the natural substrate
for G2, This conclusion is also supported by the fact that: a)
Lhe 14CH3NH_T3" uptake 1in various cyanobacteria after 60 s is
dependent on the metabolism of transported species (Rai «f

1984; Singh <t &l., 1985b; 1986; 1987; Reglinski e¢ =!., 1989), b)
CH3NH§ and NHZ are assimilated by the same enzyme'in cyanobacteria
{see chapter 3) and ¢) GS has a higher affinity for NHZ than
CH3NH§ because of the former being the natural substrate (see

Kerby &% 2i., 1987). Such overall resﬁlts suggested existence of

a specific transport system for CH3NH§ in CHBNHg—grown Hoxteo ANTH

cells. These observations are similar to those observed in  the
-CH3NH§ resistant'cyanobaoterium A. variabilis (Reglinski ¢ al.,
1989).

5.3.3.3. Effect of MSX:

MSX was found to be an inhibitor of the second phase of
14CH3NH§ uptake in No-drown Hestoc ANTH (see Fig 5.3} and in
Anabaera 7120 (see chapter 4). Therefore, the effect of MSX
during 14CH,WHY uptake in CHgNHY-grown Nostac ANTH cells, at pl 7,
was also investigated {Fig 5.12). MBX is a known inhibitor of GS
(Btewart, 19803}. To avoid MSX iﬁhibition of CH3NH§ uptake via
inhibition of GS and to ensure that the observed effects of MSX on

14CH3NH§ uptake, if any, were at the level of uptake, the experi-
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ments were conducted only for 12 min (inhibition of GS by MSX at a
concentration of 10 Pmol.dm_s was undetectable before 30 min).

Addition of 10 ).u'nol.dm_3 MSX at zero time did not affect
14cgoNBY  uptake in CHgNHY-grown cells. Addition of MSX, 5 min
after 14CHgNHY addition also gave similar results i.e. no inhibi-
tion of 14CH3NH§ uptake. This is in contrast to the findings in
Ng—grown cells where MSX inhibited the second methylammonium/
ammonium transport system.

These results further suggest that the CH3NH§ transport
sysbem in CHSNH§~grown cells is different from the methyl-

awmonivm/ammonium transport systems in Nz—grown cells.

5.3.3.4. Effect of CCCP and TPMP*:

Addition of CCCP caused a severe inhibition of 14CH3NH§
uptake in CHSNHg—grown cells (Fig 5.13). This is consistent with
the finding in No-grown cells and indicate that the process is
energy-dependent., TPMP* also caused a similar inhibition
indicating that the process 1is dependent on transmembrane

electrical potential.

5.3.4. 14CH5NRY uptake at pH 9 in Ny-grown NHostoc ANTH cells:

Fig 5.14 show '%CHNHY uptake, at pH 9, in Np-grown Nastoc
ANTH. As at pH 7, a birhasic pattern of 14CH3NH§ uptake was also
observed at pH 9. However, the 14CH3NH§ accumulation (first
rhase) was over 2 fold higher gt pH 9 (40 Bq.yg_l Chl a higher
than at pHB 7; see Fig 5.14 and Fig 5.1). This may be explained by
the fact that at pH 9 more methylamine occurs as uncharged species

(CHBNHz) which can diffuse without need of the transport systen
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and get trapped in the cell by protonation. The uptake during the
second phase, at pH 9, was also higher than that at pH 7. This may
reflect a higher level of metabolism of the intracellular CH3NH§
via G3 due to higher level of CH3NH§ entry into the cells.
Addition of NHX during 14CH3NH§ uptake at pH 9 caused an
=fflux of preaccumulated 14CH3NH§ {Fig 5.15). However, the amount

effluxed was far 1

o

a2 than the 14CH3NH§ accumulated during  the
first phase. This contrasts with the finding at pH 7 where NHZ
caused  total efflux of the preaccumulated 14CH3NH§ during the
first phase (Fig 5.2). When a pH shift, from pH 9 to pH 7, wa=
induced simultaneocusly with addition of NHI there was a total
efflux of preaccumulated 14CH3NH§ from the cells. Probably, the
intracellulax CHSNH§ rool was in two compartments, one of which
vas displaced by NH401 while the otber'by'the pH shift.

NHZ at pH 9, as well as after the shift from pH 9 to 7,
apart from causing efflux of 14C~1abe1 from the cells, also caused
an inhibition of further 14CH3NH§' uptake (Fig 5.14 & 5.15).
Inhibition of 14CH3NH§ uptake in the presence of NHZ’can be rasily
explainaed by the fact that NHZ is the Anatural substrate and

therefore preferred over CHBNH3._

5.3.4.1. Effect of MSX:

sddition of 10 pmol.dw™® MSX after ICHZNHY addition
resulted in a transient efflux of l4c_1abel from the cells
followed by continued 14CH3NH§ uptake at a rate similar to that in
control cells (Fig 5.16). This 14C—disp1acement hy MSX was
similar to that found &t pR 7 (Fig 5.3). However, the continued

uptake of 14CH3NH§ at pH 9 in presence of MSX was in contrast to
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addition; A. NH,Cl added 10 min after 14CHgNHY addition; @ ,
NH,Cl  + HCl added 5 min after 1%CHgNH3 addition; m. NH4C)
+ HCl added 10 min after 19CH4NH3 addition.
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the Tfinding at pH 7 where MSX inhibited 14CHBNH%' uptake at the
transport level (Fig 5.3); This may again reflect the fact that
unlike at pH 7 where the 14CH3NH§ uptake was carrier mediated, at
pll 9 much of the uptake occurred via diffusion. The diffused
CH3NH2 was metabolized in the cells since MBX, during the short

experimental periliod, did not affect GS.

5.3.4.2. LEffect of CCCP and TPMP*:

Addition of CCCF or TPMPY +to N2~grown Hastoo ANTH cells, ot
pll 9 did not change the 14CH3NH§ uptake pattern and accumilation
rates (Fig 5.17). Such results indicate that the 'ICH,NHE uptake
at pH 89, 1in this cyanobacterium is an energy-independent process
Thogse results are similar to-those observed in other cyancobacteria
{(Kerby =% al., 1986; Boussiba, 1988; Reglinski &% &.., 1989; Rai
and FPrakasham, 1989).

5.4. DISCUSSION:

The 14CH3NH§ uptake studies presented.in this chapter show
that, as in Anabaena 7120 (see chapter 4; Rai and Prakasham,
19893, Nz—grown cells of Hesitec ANTH possess two methylammonium/
amaonium  btransport systews (one MSX-insengitive fast ATS and the
other MSK;senSitive’slower ATS). The arguments for existence of
these two ATS are the same as thosé discussed in chapter 4. In
addition, the differential effects of glutamine, glutaﬁgte and
mode of C-nubrition (Fig 5.7, 5.8 and 5.8) on the two phases of
14cH.NEY uptake also suggest that the biphasic ICH,NHE uptaks

pattern observed is a reflection of two distinct methylammonium/
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ammonium transport systems. Most characteristios of these ATS
are similar to those of Arnabaena 7120, However, some differences
were also evident. First, unlike the case_in Arnabaena 7120 where
TPMP' totally blocked '%CHgNHI transport, in Mestec ANTH cells
only a partial inhibition of 14CH3NH§ uptake was obsefved in the
rresence of TPMPT (Fig 5.86). Thus, while 14CH3NH§ transport in
Anabaena 7120 was wholly dependent on transmembrane electrical
potential, the uptake in Neztoc ANTH was only partially dependent
on transmembrane electrical potential. Second, while MSX did not
cause any efflux of 140—1&bel from Anabaena 7120 cells, in Nostoc
ANTH cells MBX did cause such an efflux either by displacing the
intracellular 14CH3NH§ pool or a metabolized product of CHgNHZ.
Third, in Arabaera 7120 the shift to lower affinity mode showed an
increase in Vmax values for the second ATS while in Nostec Vmax
decreased.

Another distinctive feature of methylammonium/ammonium
transport system in Nostoc ANTH was the fact that glutamine-grown
cells still possessed the two methylammonium/ammonium transport
systems. That is glutamine was not a repressor for methyl-
ammonium/ammonium transport system in Nositaec ANTH. In contrast
glutamine has been reporfed to be a repressor of wmethylammonium/
ammonium transport system in A. cycadeae (Singh ¢ al.,, 1987).

In Anabaena 7120 existence of two intracellular CH3NH§ pools
was argued based on the 14CH3NH§ uptake and wmetabolism studies
{(see chapter 4; Ral and Prakasham, 1989}. The same arguments
apply here too. 1In addition, the results of 14CH3NH§ uptake stud-
ies at pH 9 further strengthen the argumenfs for two intracellular

pools of CH3NH§ (see Tig 5.15). At pH 9 NHZ could only partially
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displace the intracellular pool of CHBNHg. However, NHZ together

with a pH shift from 9 to 7 resulted in a total efflux of the

intracellular free CH3NH§ {see Fig 5.15 and the relevant result
sectlon).

In addition to the methylammonium/ammoniumn transport
systems, a specific methylammonium transport system was found in
CHSNHT~grown Mastoc ANTH cells. That this methylammonium
transport system was specific for CH3NH§ and that it did not.
transport NHX was concluded from the fact that:

1) Unlike ‘the CH3NH§ accumulation by methylammonium/ammonium
transport system (Fig 5.2}, -the CH3NH§ accurmmulation by the
methylamnmonium transport systém was not inhibited by addition
of ammonium (Fig 5.11), and

2% In contrast to the observations 1in N2~grown cells (Fig 5.2),
addition of NHX did not cause efflux of the preaccumulated
CHaNHY from CH3NHY-grown cells (Fig 5.11).

The methylammonium transport system in CHSNH§~grown cells
had the following characteristics:

1) CH3NH§'transport through methylammonium transport system was an
energy—-dependent process, driven by transmembrane electrical
potential as shown by inhibition of CH3NH§ uptake by CCCPF (an
uncoupler) and TPMP* {an agent causing collapse of
transmembrane electrical potential) (Fgg 5.13).

2) Unlike the observation in No-grown cells where M3X inhibited
the Methylammonium/ammonium uptake during the second phase,
CHgNﬁg uptake by methylammonium transport system was
unaffected by MS8X (Fig 5.12). That.is, this methylammonium

transport system was MSX-insensitive.
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3) While methylammonium/ammoniwn transport system are known Lo be
repressed by excess availability of its own substrate: ammonium

(Rai ¢ &/., 1986b; Ral and Prakasham, 1989; see- also Fig

[drd

.2), methylammonium transport . system was not repressed in
cells grown on CHBNHg.

The methylammonium transport system seems to be an inducible
system since 1t developed only in CH3NH§?grown cells. This 1is
supported by the fact that:

1) In NHZ~grown cells no CH3NH§'uptake occurred, and

2} In No-grown cells CH3NH§ uptake oocurred,onlylthrough nethyl-
ammonium/ammoniuvm  transport systems. If the specific methyl-
ammonium transport system was operative in N2~grown cells then
NHZ should not have caused total inhibition of CHSNﬂg uptake
and total efflux of pre-accumulated CH3NH§ in such cells.

Overall, the data show that like other c¢yanobacteria, NZ_
grown cells of Hostoec ANTH possess two energy—-dependent 'methyl—
ammon lum/amnoniumg . transport systems. Both these methylammonium/
ammonium transport systems show affinity modulation in response to
cxbternal substrate concentration. A specific methylamunonium
transport system was found to be induced in CH3NH§—grown cells of
Naztac ANTH. This is the first report of gxistence of a sgpecific
mebthylammonium transport system in cyanobacteria so far, except in
a CHBNHg—resistant mutant strain of A. variabilis (Reglinski «t

al., 1988}).
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6. GLUTAMATE UPTAKE AND METABOLISM IN AMABAENA 7120

6.1. INTRODUCTION:

Glutamate and glutamine are known to serve as nltrogen
donors for biosynthetic reactions leading to the production of
almost all cellular nitrogenous coumpounds. Enteric Dbacteria
generate glutamine by glutamine synthetase and glutamate by
glutamate dehydrogenase or glutamate synthase (Ninfa et ali.,
1986). Modulation of enteric bacterial N-metabolism as a function
of N-gource 1s known to operate under the well defined control
systenm of nitr  genes (Reitzer and Magasanik, 19886). In
heterocystous cyanobaotefia glutamafe is produced by glutamate
synthase and glutamine by glutamine synthetase (Haselkorn, 1878;
Stewart, 1980). Repression-derepression or induction system of
control 1s one known type of nitrogen control functioning in
regulation of cyanobacterial nitrogen assimilation (Bagchi et al,,
1985%a; 1985b). The other known type of nitrogen control involved
in modulating nitrogen dependent expression of ¢ln A gene in
Anabaera 7120 is mediated by a novel cyanobacterial RNA-polymerase
sigma factor (Tumer ¢t al,, 1883). Much more studies on the
possible range of cyancbacterial nitrogen sources are needed to
understand clearly the nature and types of molecular control
regulating cyancobacterial nitrogen assimilation.

There are very few studies on amino acids as sole N- sources

and the findingds are variable as well as conflicting (Nellson and

Larson, 1980; Vailshampavan, 1982). Glutamate has been found growth
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toxic in Anabaera variabilis (Chapman and Meeks, 1983) and growth
stimulatory 1in Amabaena cylindrica PCC 7122 (Rawson, 1985).
Glutamine synthetase mutants of Anabaena cycadeae (glutamine
auxotrophs) aré capable of utilizing glutamine as sole N-sourcs
(8ingh «% af.,, 1385b}. In ﬁhe present chapter, using a class of
non No-fixing (Nif7), non heterocystous (HetL) mutant of Arnabaena
7120 and its parent, the role of glutamine and glutamate as sole
N-source was studied. The evidences show that glutamate 1is not
metabolized 1like a N-source, but acts as an inhibitor of in wivae
nitfogenase activity and diazotrophic growth, that NO§
availability eliminates growth inhibition by glutamate by
inhibiting glutamate uptake, and that glutamine is utilized like a
fixed N-source. Association of glutamate toxiclity with
nitrogenase activity leading to the inhibition of diazotrophic
growth suggests this to be a possible reason for vegetative cell
locélization, and not heterocyst localization, of glutamate

aynthase, the enzyme catalyzing glutamate production during growth

with N2 as N-source.

6.2. MATERTALS AND METHODS:

6.2.1. Organisms and growth conditions:

Axenic cultures of Anabaensa 7126 parent (Het+, Nif+) and
Het™ Nif mutant were grown in b mmol.dm_3 NO§ supplemented ~BG-11,
medium (Rippka et al., 1979), unless otherwise stated, at 28 + 1°C
and at a photon fluence rate of 50 Pmol.m'z.s_l. Growth was

measured by measuring 0.D. at 663 nm.
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6.2.2. Estimation of chlorophyll and nitrogenase activity:
Chl a concentration was measured according to Mackinney
(1941). Nitrogenase activity was measured using acetylene

reduction assay (Stewart ¢ al., 1967).

6.2.3. Measurement of glutamate uptake:

Exponentially growing cells were centrifuged, washed and
reéuapended in 10 wmwol.dm > HEPES-NaOH buffer, pH 7, and
equilibrated for 30 min at 28°C and at a photon fluence rate of 50

2.5_1. 14C—labelled glutamate was then added to a final

_3(

,Amol L

concentration of 50 Fmol.dm gpecific activity 185 kBqﬂpmol_l)

3 sémpleg were taken and cells

and at time intervals 400 mm
separated from their bathing medium usiné oil microcentrifugation
technique (Scott and Nicholls, 1980). 14C—incorporation was
determined using Beckman Liquid Scintillation Spectrometer LS
1801. When needed NO3 was added to a final concentration of 5
mmol.d™® in  the assay medium. Non-specific binding of 140

glutamate was determined by measuring its incorporation in toluene

treated cells as described by Rail et af. (1984).

6.2.4. Calculation heterocyst frequency:

Heterocyst frequency was calculated as percentage of total

cells, by 1light microscope observation of the filaments of

6.2.5. Estimation of glutamate dehydrogenase activity:
Glutamate dehydrogenase activity was measured as described

by Stewart and Rowell {(1977).
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6.2.6. Estimation of protein concentration:

Protein was estimated by Lowry method (Lowry «¢ «l., 1851).

6.2.7. Chemicals:

14C—glutamate was purchased from BARC, Bombay, India.
Silicon o0il DC 550 and dinonylphthalate were obtained from Fluka
AC, Buchs, BSwitzmerland. All other chemicals were obtained from

oigma Chemical Company, U.S.A.

6.3. RESULTS:

As shown in Table 6.1 parent strain produced heterocyst and
nitrogenase activity in Np-medium and also grew reasonably well at
the expense of Ny as sole N-source, while 1its mutant strain
neither produced heterocyst and nitrogenase activity nor grew at
the expense of No under such conditions. Growth of parent strain
in NO§~medium was accompanied by absence of heterocyst end nitro-
genase activity. The mutant strain érew nearly as well as itg
parent in Nog—medium, thus sugdesting the th sﬁrains to be almost
similar in using nitrate as N-source. Both strains alsoc grew
almost equally well in glutamine-medium where the parental strain
produced non heterocystous, non No—fixing filaments as it did in
Nog—medium. The ability of Het Nif mutant strain to grow in
glutamine-medium provides evidence for glutamine to be utilized as
a sole N-source for the cyancbacterial growth. The growth of the
parent in glutamine-medium without producing heterocyst and
nitrogenase is a further evidence for utilization of glutamine as

N-source in Anakaena 7120. In contrast, glutamate failed to



Table 6.1.

Growth (0.D. at 663 nm after 6 days of inoculation), heterocyst frequency (%) and

nitrogenase activity (nmol C.H, reduced.h'l.dpg'l Chl a) of parent (Het' Nif') and mutant (EHet~

Nif~™) strains of Anabaena 7120 in different nitrogen media.

- Y o/t T D e S T G S ——— — > w——— . ————  — . T — - — S — - ———— - Y O > B I T — - Y — G S > P W A — —— e T S — — ——— S G - — — — — - ——

Parent strain Mutant strain
Nitrogen medium ~——eecmemmmcm e - ————————— e e e e e
Growth Beterocyst Nitrogenase Growth Heterocyst Nitrogenase
frequency activity . freguency activity

N, medium (BG-11,) 0.68 5-6 12.6 0.00 0.00 06.00
BG~1l, + 5 mmol.dm™3 KNO 5 0.85 0.0 .00.0 0.82 0.00 0.00
BG-11, +

2 mmol.dm™3 glutamine 0.75 0.0 00.0 0.78 . 0.00 0.00
BG-11, +

1 mmol.dm™3 glutamate 0.00 0.0 00.0 0.00 0.00 0.00
BG-1lo + 5 mmol.dm™3 KNOg

+ 1 mmol.dm 3 glutamate 0.72 0.0 00.0 0.68 0.00 0.00

- . — T — . - —— — ——— . T — — — —— —— —— —— Y —— T —— — — ——— —_———_————— o a— —— ———— - ——————— ———— —— (T . — —— . . W . Y — -

[AA
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support the growth of Het  Nif mutants thereby suggesting lack of
the ability in the mutant strain to metabolize glutamate as N-
source. Addition of NO§ to the glutamate-medium resulted in
recovery of the cyancobacterial mutant dgrowth to as good a level as
that obtalined in glutamine-medium. This further suggested that
absence of growth of the mutant strain in the glutamate-medium was
due to the cyanobacterial inability to metabolize glutawate as N-
source. The implication of this observation is that cyancobacte-

rial mutant strain iacks the catabolic glutamate dehydrodenase
which is essential for utilization of glﬁtamate as N-source.
Indeed both parent and mutant had very 1low  NADH-dependent
glutamate dehydrogenase activity (<0.1 nmol product formed.min—l.

mg_1

protein).

Parent strain showed inhibition of nitrogenase activity and
diazotrophic growth in glutamate-medium however, availability of
Nog in the glutamate-medium heiﬁéd the recovery of parental growth
like that of mutant growth. Evidently glutamate inhibition of
diazotrophic growth seems to result from glutamate inhibition of
nitrogenase activity. The occurrence of parental gréwtb in
glutamate containing NO3-medium suggest that Nog relief of
glutamate toxicity is +the result of either NO% mediated
elimination of glutamate sensitive nitrogenase activity or NO%
inhibition of glutamate uptake or both. To check whether NO§
effects the glutamate uptake, 14C—g1utamate uptake was studied in
Ny~ and NO3-grown cultures. As shown in Fig 6.1 both the parent
and mutant strain showed active biphasic system of glutamate
uptake under N-limited/starved growth conditions. In the No-grown

parent strain the 14C—g1utamate uptake rates were 0.075 and 0.030
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Fig 6.1 Glutamate upteke in Anabaena 7120 (a) and its Het™ Nif~

mutant strain (b). O, Nz-grom cells, 1"C—alutamai:e uptake

in absence of b mmol.dm'a KNOg; o, Nyo-grown cells, 14,

glutamate uptake in presence of 5 mmol.dm’a KNO3: A, NOg-

grown cells, 14C—glutamate uptake in absence of 5 mumol. d™ 3

KNO3; A& , NOg-drown oells, l4c-glutamate uptake in

presence of § muol . dm™3 KNOg.

In Fig 1b, the rates of 14C—glutamate uptake in "Nz-grown
cells” refers to the nitrate-grown cells which were

subjected to N-starvation for 24 h before measuring 14C—

glutamate uptake; this is because the mutant does not 4drow

in No-medium,
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nmol.min_l.yg—l Chl a during the initial- and second phase,
respectively. Since the mutant strain did not grow in Ny-medilum,
for a comparable study, the Nog—grown cultures of the mutant were
N-starved for 24 hours and then 14C—g1utamate uptake was measured.
The 14C—glutamate uptake 1in such cells was 0.12 and 0.02 nmol.
min_l.Pg_l Chl a, during the first- and second phase of uptake,
respectively. The observed 14C~glutamate uptake rates, in NO§~
grown cultures, were 0.0459 and 0.0115 nmol.m'ln"l.}.lg—1 Chl a in
the parent; and 0.0864 and 0.0154 nmol.min™l.pg™ Chl a in the
mutant, during first- and second vhase, respectively. Thus, NO§—
grown cultures of both strains showed almost bH0¥% reduction in the
level of gluﬁamate uptake. Presence of Nog in the reaction
mixture did not inhibit significantly the process of glutamate
uptake (Fig 6.1). It is therefore, conéluded'that the inhibitor of
glutamate uptake is not NOE itself but a metabolic pfoduct of 1it.
Since the inﬁibitor of heterocyst formation and nitrogenase
activity 1is also a product of NO% metabolism (Bagchi and Singh,
1984} one is tempted to think of some physiological connection
between NOE mediated inhibition of heterocyst and nitrogenase and
Nog mediated inhibition of glutanate uptake.. The glutamate
toxicity to Nz—fixing culture is certainly further suggestive of
non utilization of this amino acid as N-source. It 1is thus
concluded that dlutamate can not serve as N-source in  this
cyvanobacterium and glutamate inhibition of nitrodenase activity is
possibly the consequencé of the sensitivity of the c¢yanobacterial
Nz—fixing prooess.. NO§ relief of glutamate inhibition appears to

be the result of Nog inhibition of glutamate uptake.
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6.4. DISCUSSION:

| During diazotrophic growth, heterocystous oyanpbacteria
assimilate No into glutamine by the sequential action of
nitrogenase and glutamine synthetase within the heterocyst and the
glutamine Lhus produced in heterocyst is then transported to
ad jacent vegetative cells where it is utilized for the synthesis
of glutamate by glutamate synthase (Thowmas ¢¢ «l., 1877; Hal et
i, 19845 . The physiclogical sgignificance of localization of
glutamate synthase in vedetative cells, and not in heterocysts,
has so far remained largely unexplained. The present finding of
glutamate inhibiting heterocyst located cyanobacterial nitrogenase
activity leading to inhibition of diazotrophic growth suggests
that localization of glutamate forming enzyme in vedetative cells
away from heterocyst, the site of Nz—fixation, is the Dbiological
strategy involved to avoid glutamate inhibition of No-fixation
in heterocystous forms. Cyancbacterial glutamine synthetase has
two functions, one in assimilation of ammonia as N-source and the
other associated with production of glutamine which hasg been found
to function both as a sole N-source as well as a source of
glutamine for protein formation (Bagchi and Singh, 1984). Growth
of parent Anabaesna 7120 in glutauwine wmedium without producing
heterocysts and nitrogenase activity and of Het™ Nif~ mutant
straln clearly suggest that Anabaena 7120 can assimilate
glutamine asg sole N-source. Glutamate can be expected to serve
as N-source provided it 1is degraded to ammonia by catabolic
glutamate dehydrogenase needed for synthesis of glutamine by
glutamine synthetase. Lack of this activity would preclude

utilization of glutamate as N-source. These results suggest
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possible lack of catebolic glutamate dehydrogenase to be the
reason for non utilization of glutamate as N-source.

Since nitrogenase activity is the glutamate sensitive target
and since NO§ assimilatory cultures do not show nitrodenase
activity, NOE inhibition of nitrogenase activity appears to be one
reason for the observed NOE elimination of glutamate toxicity.
But sgince 'Nog metabolism also results in 50% reduction in
glutamate uptake, it could as well be that inhibition of glutamate
toxicity in the mutant is the result of reduction in glutamate
uptake by NO§ metabolizing cultures. It could alsc be possible
that NO3 inhibition of nitrogenase and NO§ inhibition of glutamate
uptake both contribute to the observed NOE elimination of

glutamate toxicity in this cyanobacterium.
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7. GLUTAMINE UPTAKE IN AWABAENA 7120 AND NOSTOC ANTH

7.1. INTRODUCTION: .

In diazotrophic cyancbacteria, glutamine is an assimilatory
product of amwmonia which 1s produced by the action of glutamine
synthetase enzyme (Stewart, 1880;. 'When present in excess, it
affects heterocyst differéntiation and No-fixation as well as some
other N-metabolic activities in diazotrophs (Stewart et &l., 1983;
1987, Reitzer and Magasanik, 1986).

Though amino acid transport systems are thoroughly
characterized 1n various bacteria (Rosen and Kashket, 1978; Booth
and Hamilton, 1980; Ames, 1986; Antonucci and Oxdender, 1986;
Drissen et al.,, 1988; Speelmans «t alf., 1989), relatively little
is known about these systems in cyanob;cteria. Presently, two
studies exist on the glutamine transport in heterocystous cyancba—
cteria (Chapman and Meeks, 1983; Flores and Muro-Pastor, 1888). In

the present chapter, glutamine uptake characteristics are studied

in WHMestoc ANTH, in Anabaerna 7120, and in a Het” Nif~ mutant of

Anabaena 7120.

7.2. MATERIALS AND METHODS:

7.2.1. Organisms and growth conditions:

Axenic cultures of Arnabaena T120 and Nestaec ANTH were grown

in BG—llO medium {(Rippka ¢t af., 1878), at 28 + 1°C and at a
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photon fluence rate of 50 pmol.m_z.sml. The Het  Nif mutant was

grown in NO§ supplemented BG—llO medium (BG—llO + 5 mmol.dm—B
KN03). Where needed BG—llo medium was also supplemented with 2

3

mmol.dm™ glutamine (glutamine-medium) or 1 mmol.dm~3 NH401

{ammonium-medium) .

7.2.2. Estimation of chlorophyll:

Chl a concentration was determined according to Mackinney

(1941).

7.2.3. Measurement of glutamine- uptake:

Exponentially growing cells were centrifuged, washed and
resuspended in 10 mmol.dm S HEPES-NaOH buffer pH 7, and
equilibraﬁed for 30 min, at 28 + 1°C and at a photon fluence rate
of 50 Vmol.m—z.s'l. 14C—glutamine was added to a final
concentration of 50 }Amol.dm"3 (specific activity 185 kBq,Pmol‘l)
and &t time intervals 400 mm> samples were ‘taken and cells
separated from their bathing medium using o0il microcentrifugation
technique (Scott and Nicholls, 1980). 14C—in00rporation was
determined using Beckman Liquid Scintillation Spectrometer LS
1801. Non-specific Dbinding of 14C—glutamine was determined by

measuring 1ts incorporation in toluene treated cells. These

values were substracted before plotting the data (for details see

fig 7.1. legend).

T.2.4. Chemicals:

14C—g’lutamine was obtained from BARC, Bombay, S8ilicon oil DC

550 and Dinonylphthalate were purchased from Fluka AC, Buchs,
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Switzerland and all other chemicals were obtained from Sigma

Chemical Company, U.S.A.

7.3. RESULTS:

7.3.1. 14C—glutamine uptake by No-, NO§—, NHZ— and glutamine-
grown Anabaena 7120 and its Het Nif mutant:

Nz—grown' parent strain showed a biphasic pattern of 1dg_
glutamine uptéke with an initial rapid phase for first 60 s
followed by a slower second phase which was linear over 15 min
experimental period (Fig 7.1la). The observed uptake rates during
first- and second phase were 0.086 and 0.0523 nmol.min_l.yg“1 Chl
a, respectively.

Since Het Nif mutant does not grow in No-medium, Noa—grown'
cultures. of this mutant were transferred to Ndé—free medium and
after 24 h used for uptake studies. Buch N-starved/limited cells
also showed a biphasic pattern‘of 14C—-glutamine uptake with uptake
rate being higher than that in the parent (Fig 7.1b).

Similar Dbiphasic pattern of 14C—g1utamine uptake has been
obaserved by Chapman and Meeks (1983) 1n Anabaerna variabilizs,

14C-glutamine uptake was also present in NO3-, NHZ— and
glutamine-grown cultures of Amabaena 7120 and its Het™ Nif mutant
(Fig 7.1). As. in the case of Nz—grown cultures, the uptake
pattern was biphasié in NOE— and glutamine grown cultures of both
the parent and the mutant.

. The observed uptake rates in NOé—grown cultures, during the

first- and second phase, were 0.1687 and 0.0509 nmol.min"l.ygul Chl
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Fig 7.1 1%C-glutamine uptake in Anabdaena 7120 (a) and its Hot~
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medium and then 14C—alutamine uptake was _uweasured. in

this and all other experiments (Fig 7.2 to 7.7) the data

are weans of four replicates obtained from two repeat

experiments. The variation rande was between 5 - 10X from

the average. All the data were calculated and plotted, in
thia and other figures (Fig 7.2 to 7.7, after

substraoting the respective values from tolusnev-treated

cells to eliminate background due to non-specific binding.
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a in the parent; and 0.081 and 0.0419 nmol.min™l.pg™! Chl a in the
mutant,.respeotively. '

The observed uptake rates in glutamine grown cultures,
during the first-~ and second phase, were 0.27 and 0.0478 nmol.
min—l.yg—l Chl a in the parent and 0.189 and 0. 587 nmol.min~1.Pg~1

Chl a in the mutant, respectively.

| 14C-g1utamine uptake was also found in NHZ?grown cultures of
Arabaena 7120 (parent) and its Het™ Nif mutant (Fig 7.1). But
the uptake pattern and rates differed. The parent strain showed
linear 14C~g1utamine uptake with a uptake rate lower than that in
other cultures (0.0124 nmol.min’-’l.).xg~1 Chl a). The wutant strain
showed a biphasic uptake pattern with uptake rates of 0.0756 and
0.0425 nmol.min_lxpg—l Chl a, during first- and second phase,
respectively.

These data suggest that the gluﬁamine uptake system is not
under nitrogen control, but may be regulated by the nitroden
status of the cell. Since, the Het Nif mutant strain is similar
to the parent strain with respect to 14C—g1utamine uptake, the
above data also suggest that the uptake system is not controlled
by\a common regulatory system of heterocyst production and aerobic
No-fixatlon in Anabaena 7120. These findings are consistent with
the observations of Flores and Muro-Paster (1888) on the
cyanobacterium Arabaena 7120, Furthermore, the data showing
presence of 14C—g1utamine uptake activity in No-, NO§—, NHZ— and
glutamine-grown c¢ells indicate that, unlike the ATS which is
represéed by excess of NHZ, glutamine uptake system 1s not

repressed by its substrate glutamine.
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7.3.2. 14C»glutamine uptake by Nestoc ANTH:
7.3.2.1. 14C—glutamine uptake in Nz- and glutamine grown HNosztac
ANTH:

14C~g1utamine uptake, in N2~grown Nostoc ANTH cells, was
found to be biphasic with an initial rapid phase for first 60 s
followed by a second slower phase which was linear over the 15 min
experimental period (Fig 7.2). The uptake rates during the
initial- and second phase were.0.0405 and 0.0135 nmol.min—l.)«xg"1
Chl a, respectively. Thus the 14C—glutp.mine uptake rate during the
first phase was 3-fold higher than that during the second phase.

A similar pattern of 14C—'glutamine uptake was found in
glutamine-grown Hestoc ANTH filaments (Fig 7.2). However, the
uptake rates were different. The 14C—g1utamine uptake rates, in
glutamine-grown cells, were 0.03405and 0. 02644 nmol.min_l.).lg~1 Chl
a, during initial- and second phase, respectively. It is apparent
that the difference in uptake rates, during first- and second
phase, is higher in glutamine-drown cultures as compared to that
in No-drown cultures. This is mainly due to a higher rate of l4c
glutamine uptake and metabolism by glutamine-grown cells during
the second phase.
7.3.2.2. Effect of NH401 on 14C—glutamine uptake by N2~

grown NHostac ANTH:

Simultaneous addition of 200 }.lmol.dm—3 NH,Cl and 1o
glutamine did not alter the 14C—g1utamine uptake pattern and rates
in No-grown Nostoc ANTH filaments (Fig 7.3). Addition of NH4C1
subsequent to 14C—g1utamine addition also did not affect the Yoo
glutamine uptake. These data suggest that transéort of ammonium

and glutamine are mediated by different carriers. It is
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Fig 7.3 Effect of NH,Cl addition on l%C-glutamine uptake by No-

grown Nostoc ANTH filaments. NH4Cl was added at times
indicated (arrows) to a final concentration of 200
pmol.dm™3 0, control (14c-glutamine only); a , NH,C1 and
14C—g1utamine added simultaneously at zero time; A4 , NH,4C1
added & min after 1%C-glutamine esddition; o, NH,Cl added

10 min after 14C—glutamine addition.
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interesting to. note that while ¢glutamine affects armaonium

transport (see chapter 5), ammonium does not affect glutamine

transport.

7.3.2.3. Effect of glutamate on 14C—g1utamine uptake by Nz—grown
Nastoc ANTH:

Based on the observation that glutamine inhibited glutamate
uptake and vice versa, a common transport system for these two
amino acids was suggested in some cyanobacteria (Lee-Kaden and
Simonis, 1982; Chapman and Meeks, 1983; Flores and Muro-Pastor,
1988). Therefore, the effect of glutamate addition on 140-
glutamine uptake, in Nz—grown Nastoc ANTH cells, at pH 7, was
investigated. Simultaneous addition of élutamate (200 Pmol.dm—3)
and 14C-—glutamine showed biphasic pattern of 14C—giutamine uptake
gimilar to that observed in control (Fig 7.4). These results are
in contrast to earlier findings. and indicate that different
carriers are involved 'in uptake of exodenous glutamine and
glutamate in WNestec ANTH. These results are consistent with the
results observed in symbiotic Nestoec sp. of Geasiphan pyritorae
where a gspecific transport system for gluﬁamate was observed
(Strasser and Falkner, 1988). The above results, however, are not
consistent to those results observed in A. variabiiiz and Anabzena
sp. PCC 7120, where a common transport system for glutamine and
glutamate was observed (Chapman andlMeeks, 1983; Flores and Muro-
Paster, 1988}.

Addition of glutamate after 14C—glu_tamine addition resulted
in & higher rate of 14C—glutamine uptake (Fig 7.4). This higher
glutamine upteke rate may be due. to the higher glutamine

assimilation via glutamate synthase (GOGAT).
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Fig 7.4 Effect of glutamate addition on 1%4C-glutamine uptake by

Nz—grown Nostoc ANTH filaments. Glutamate was added at

times indicated (arrows) to a final concentration of 200

3

Fmol.dm‘ . 0, control (14C—g1utamine only); ®, ¢dlutamate

and 14C—glutamine added simultaneously at zero time; A ,
dlutamate added 5 min after 14C—glutamine addition; A ,

glutamate added 10 min after 14C-glutamine addition.
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7.3.2.4. Effect of M5X on *™C-glutamine uptake by No—gdrown HNoestac
ANTH:

Addition of MSX (10 Pmol.dm's) and 14C—g1utamine to Nz—grown
Hastec ANTH filaments, at pH 7, at zero time, resulted in a
biphasic pattefn of 14C—g1utamine uptake similar to that observed
in control (Fig 7.5). The l4C—g1utamine uptake rates during both
rhases also showed no significant chandes in the presence of MSX.
Addition of MSX after 5 and- 10 min of 14C—glutamine addition also
showed similar results (Fig 7.5). Such observations indicated
that the 14C*glutam_ine transport system.is not inhibited by MSX in
Nostac ANTH. This is in contrast to the finding in A. variabilis
where MSX caused 1inhibition of glutamine wuptake (Chapman and
Meeks, 1983). It should 'be remembered here that, only one
glutamine transport system (high affinity transportl system), in
A. wvariabilis, 1s eliminated by MSX but not the low affinity
transport system-(Chapman and Meeks, 1983). Based on the observed
results in NHestoc ANTH, it is clear that the Hostec ANTH possesses
only one glutamine transport system unlike two in A. variabilis
({Chapman and Meeks, 1983) and such a system is not affected by the
presence of MSX. If both transport system were operative/present
in Nz—grown Nostoc ANTH filaments, MBX would have 1inhibited the
14C—g1utamine uptake partiallyl'
7.3.2.5. Effect of azaserine on 14C—glutamine uptake by Nz—grown

Hostoc ANTH: |

Azaserine is an inhibitor of glutamate synthase (GOGAT), a
glutamine assimilatory enzyme, in cyanobacteria (Hartman, 1973;
Ohmori &% altl,, 1985). Therefore, the effect of azaserine on

glutamine uptake in Nz—grown Hostoc ANTH filaments was studied.
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Fig 7.6 Effect of azaserine addition on 14C-glutamine uptake by

Nz—grown Nostoc ANTH filements. Azaserine was added at
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and 14C—glutamine added simultaneously at zero time; A ,

azaserine was added 3 min after. 14C-g1utamine addition.
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Simultaneous addition of both azaserine (100 pmol.dm_s) and 14C—
glutamine resulted in a reduced rate of 14C—-g1utamine uptake (Fig
7.8). This reduction in 14C—g1utamine uptake in the presence of
azaserine was concluded to be due to the inhibition of glutamine
uptake at the transport level because the azaserine effect was
immediate (Fig 7.6). Addition of azaserine after 3 min addition
of 14C—glutamine also showed a similar effect (Fig 7.86). such
over all results suggest that azaserine has an inhibitory effect
on 1%C-glutamine uptake at the transport level in -Nestoc ANTH
filaments.

7.3.2.6. Effect of CCCP, TPMP' and darkness on 1%C-glutamine

uptake by N2~grown Nastac ANTH:

Aminoc acid uptake, in various prokaryotes, is found to be an
energy—dependent process {(Rosen and Kashket, 1978; Booth and
Hamilton, 1980; Lee~-Kaden and Simonis, 1982; Kleiner, 188ba). The
source of energy for amino acid uptake is different in different
organisms. In heterotroph&c and photosynthetic bacteria amino
acid transport processes are reported to be light-dependent
(Guffanti e¢ al,, 1979; Rosen, 19%%). However, in cyanobacteria
it is not well understood (Lee-Kaden and Simonis, 19823.
Therefore, the effect of CCCP, TPMP' and darkness on 14C—glutamine
uptake, in No-grown Nostoc ANTH filaments was investidated.

CCCP, an energy uncoupler, treated cells showed negligible
amount of 14C—glutamine uptake (Fig 7.7). This suggested that the
Zglutawine uptake process is active and energy-dependent in Nastoc
ANTH filaments. The 14C-g1utamine uptake pattern in TPMPT and
dark incubated filaments was, however, found to be similar to that

in untreated cells (Fig 7.7). However, rate of 14C—glutamine
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the presence

(O, A ) and absence (0) of CCCP

and

(Q)

TPMP* (4). CCCP (10 pmol.dw™®) and TPMP* (100 pmol.du™3)

were added 30 min prior to the addition of

14C—glutamine.

e, 14C~glutamina uptake by No-drown cells preincubated in

dark for 30 min and the uptake measured in darkness.
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uptake was 33% 1lower ‘in TPMPT treated cells. ouch- data
indicated that, the glutamine uptake process is not totally
dependent on transmembrane electrical potential as reported in
Anacystis nidulans (Lee-Kaden and Simonis, 1982). Since l4c-
glutamine uptake was unaffected in dark incubated cells, it was
concluded that, the 14C»g1utamine uptake, in this c¢yancbacterium,

is independent of light-dependent reactions.

7.4. DISCUSSION:

A biphasic pattern of 14C—g}utamine uptake was found in both
the strains studied here: Arnabaena 7120 and Hostoc ANTH. Similar
uptake pattern has been found in other cyanocbacteria (Chapman and
Meeks, 1983; Flores and'Muro—Paster,'IQSB).

The apparent lack of total inhibition of‘ 14C—glutamine
uptake 1in NO§— end NHZ—grown cells, and the lack of any adverse
affect of glutemate, NHZ and MSX on 14C—glutamine uptake by N2—
grown cells sudgested that this uptake process is not under
nitrogen control in these cyanobacteria. However, it is dependent
on the metabolism of the transported species because NHZ—grown
Anabaena 7120 showed reduced 14C—glutamine uptake (Fig 7.1) while
addition of NH401 during 14C—glutamine upteke in Nz—grown Hostoc
ANTH filaments did not change the uptake pattern and rates (Fig
7.3).

The 14C—glutamine uptake in Nostec ANTH isg | active and
energy—-dependent pfocess. This was concluded based on the facts
that CCCP caused compiete inhibition of 14C—g1utamine uptake. The

fact that TPMP' did not cause a total inhibition of L%C-glutamine
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uptake and that 14C—glutamine uptake occurred during dark,
indicated that the uptake process is light-independent and only
partially dependent on transmembrane electrical potential.
Glutamine transport has also been shown to be energy dependent in
A. nidulans (Lee-Kaden and Simonis, 1982) and Svnechocystis sp.
B3train 6803 (Labarre et ai., 1987).

In HNostoc ANTH, the glutamine transport system is specific
for glutamine only and it is not shared by glutamate or MSX. This
was concluded based on the evidences. that 14C—g1utamine uptake was
not affected by glutamate (Fig 7.4) or MBX (Fig 7.5). The above
conclusion, in HNesteo ANTH, is consistent with the observed
specific glutamine transport system in Synechocystiz gp. Strain
6803 (Labarre et alf., 1987). However, these findings are in
contrast to the observation made in  A. variabilis (Chapman and
Meeks, 1983) where a common. transport system for glutamate,
glutamine and M3X was reported. Chapman and Meeks (1983) reported
that there are at least two glutamine transport systems in
A. variabilis gnd that the high affinity system was shared by MSX
and glutamate. The fact that, glutamate and MSX did not show any
effect on MNestec ANTH glutamine transport indicates that Hestoc
ANTH has only one glutamine transport system and that it lacks the
high affinity glutamine transport system shared by glutamine,
glqtamate and MSX.

Overallf the data indicate that a specific energy-dependent
glutamine uptake system is operative in Mostec ANTH and Anabaena
7120, and that, unlike A. variabilis, there is no common transport

system for glutamine, glutamate and MSX in these two strains. .
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8. GENERAL DISCUSSION: NITROGENASE REGULATION AND TRANSPORT OF

AMMONIUM, GLUTAMINE AND GLUTAMATE

8.1. Ammonium transport:

Ammoniuﬁ is a preferred source of inorganic nitrogen in
cyanobacteria. It can be taken up by the cell through a transport
system. The ammonium transport system (ATS) has been
characterized 1in various bacteria and cyanobacteria using an
ammonium analogue, 14CH3NH§, as a probe (Boussiba et al. 1984b;

Rai et alf., 1984; 1986b; Kleiner, 1985a; Singh et alf., 1087;
Boussiba, 1983). This is mainly due to the fact that, CH3NH§ uses
the same transport system as NHZ' in these oréanisms. The
NHZ/CH3NH§ uptake studies presented in the bhapters 4 and 5 in
Anabaerna 7120 and Nestoc ANTH also indicated that CH3NH§ can be
used as a prrobe to characterize ATS.

The ATS studies in Anabaena 7120 and NHestoc ANTH indicated
that two enerdy-dependent transport systems are involved in uptake
of external ammonium into the cells. One of the transport systems

is MSX—insensitive while the other is MSX-sensitive. The former

operates at a faster rate than the latter. Both these transport

systems are NHZ—repressible and are derepressed 1in N2— and NOE—
grown cells (see chapter 4 and 5). Since ATS iz repressed in

ammonium grown cells, the N-needs of the cell is served by the
diffusible NH3 (Kleiner, 1985b). The two cyanobacterial strains
examined indicate existence of two .intracellular ammonium pools —-

one in thylakoids and the other in cytoplasm (see chapter 4 and 5;
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discussion section). The M3X-insensitive ATS serves the thylakoid
pool while the MSX-sensitive ATS serves the cytoplasmic pool. The
latter 1is assimilated Dby the cell via GS.- Because of these
characteristics of the two ATS, the pattern of NHXYCH3NH§ uptake
in these cells is biphasic: a fast initial phase, lasting about 60
s, due to MSX-insensitive ATS and a slower second phase dge to
MEX-sensitive ATS. Hence, the second phase of NHZ/CH3NH§ uptake
is sensitive to MBX. MBX causes immediate inhibition of the
second phase of ATS and hence the second phase of uptake. in
longer term MSX also inhibifs G8 thereby blocking NHZ/CHBNHE
assimilation.

Both the ATS reported here show affinity modulation in
response to external CH3NH§/NHZ concentration {see chapter 4 and
5). At high external concentration of NHZ/CH3NH+, the transport
systems show low affinity while at 1low external substrate
concentration the affinity increases. This provides a novel
mechanism to control ammonium metabolism in cyanobacteria .by
regulating its entry into the cell.

In addition, Nostec ANTH shows a capability to utilize
CHSNﬂg as N-source (see chapter 3). For this a distinct. CH3NH§
Lesnuport  system was found to be induced only in CH3NH§~ ‘Erown
Hiwtuc ANTH cells (see chapter 5). This transport system was not

shared by NHZ, was insensitive to MSX and specific for CHSNHg.

8.2. Ammonium transport and nitrogenase regulation:

In all free living diszotrophs nitrogenase synthesis/

acbtivity is regulated by NHZ and other comblned nllrogen compounds
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(Stewart and Lex, 1970; Rippka and Stanier, 1978; Jones and Monty,
1979; Brill, 1980; SBtewart, 1980; Thomas ¢t al., 1982; Singh et

al., 1983b; Turpin ¢ al., 1984; Reich &t al,, 1986; 1987; Stewart

ed  al., 1987). Ammonium, has been shown to cause two types of
effects on nitrogenase in diazotrophs: a short term effect (within
minutes) on hnitrogdenase activity and a long term effect on

nitrogenase synthesis (Haaker ¢ al., 1980; Stewart, 1980;

Hallenbeck, 1987).

In Rhizobium leguminosarum and Azotobaciter virnelandii,
Haaker «¢ al. (1980) have shown that a minimum of -100 mwV Ay is
needed for optimum nitrogenase activity. Ay is  involved in

reverse'electron flow from NADPH to ferredoxin. The latter is the
e donor for nitrogenase. At Ay values below -90 mV, reverse e
flow is blocked. NHJ] uptake causes Ay to collapse and therefore

nitrogenase activity is severely inhibited, within minutes, due
to Elockage of e flow to nitrogenase. In c¢yancbacteria also it
has been shown that Aw and nitrogenase activity are directly
correlated. A minimum of -70 mV Aw is necessary . for optimum
nitrogenase activity in cyanobacteria (Hawkesford =& al., 1980;

1981). However, at physiological pH, NHZ does not cause short term
inﬁibition of nitroéenase (fig 8.1). As shown in fig 8.2 NHZ
addition to No- fixing cultures of Nostoc ANTH, at pH 7 lowered Aw
from -110 wV to -97.5 mV. However, it is clear that the residual Ay
was 5till above the wvalue required for optimum nitrogenase

4

not cause quick inhibition of nitrogenase activity in

activity in cyanobacteria (-70 mV). This may explain why NHY does

cyanobacteria. Short term effect of NHX on nitrogenase has been

noted at high pH 10 (Reich ¢t &l ., 1986; 1987). However, this may

\
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Fig 8.1 Effect of NH,C1 and MSX on nitrodenase activity in No-

grown Nostoc ANTH filaments, at pH 7. 100% nitrogenase
activity = b.83 nmol CyHp reduced.h™'.ug™! Chl a. O,
NH,C1 (3 mmol.dw™d) added at zero time; ®, NH,CL (3
mmol.dm"a) + MSX (10 rmol.dm"a)'added at zero time; A,
NH,Cl (3 mmol.dm™>) edded at zero time to cultures

preincubated with 10 }umol.dm‘3 MSX for 2 h.
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Fig 8.2 Effeot of NH,Cl (3 mmol.dm™®) on Ay in Ny- grown Nestoc
ANTH filaments, at pH 7. A\v values were measured, at pH 7,

as described in chapter 2.
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.be due to uncoupling effect of NHZ because at high pH excessive
intracellular ammonia accumulation would occur by diffusion of
external NHs and its entrapment in the cell by protonation. This
would be consistent with the ammonium transport studies at pH 9
(see chapter 4 and 5).

NHX has been shown to cause nitrogenase repression in
cyanobacteria (Stewart, 1880; Hallenbeck, 1987). This is
exemnplified by a slow inhibition of in vive nitrogenase activity
on ammonium addition (Fig 8.1). NHZ caused total 1inhibition of
nitrogenase activity over a period of 4 h. In MSX preincubated '
cells, however, NHZ did not cause such an inhibition. S8Stewart and
Rowell (1975), from similar experiments on Anabaena cylindrica,
concluded that since MBX inhibits GS and thereby  ammonium
assimilation, the results may be taken to indicate that a product
of ammonia assimilation, rather than NHZ per se, was the actual
. repressor of nitrogenase in cyanobacteria. However,' subsequently
it was challeﬂged. Singh &t a«l. (1983b) and Turpin et al. -(1984)
suggested that MSX may also cause inhibition of ammonium uptake
and therefore lack of nitrogdenase inhibition in MSX preincubated
cells may not necessarily be due to blockage of ammonia
assimilation. It may be equally possible that NHZ per ¢ was the
repressor but since MSX blocked entry of ammonium in the cells,
the NHZ effect on'nitrogenase was . not observed. Indeed our
studies on ATS (chapters 4 and 5) show that MSX does block the
second ATS which serves the cytoplasmic pool used by GS. However,
if the above reasoning of Singh ¢t al. (1983b) and Turpin et al.
(1984) was correct, then NHZ should have affected nitrodenase

activity in the cells having been preincubated with MSX as well as
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in the cells where MSX was added simultaneously with NH4. As seen
in fig 8.1 this is not so. In MSX-preincubated cells where GS was
fully inhibited NHZ did not cause nitrogenase inhibition but in
cells where MSX was added together with NHZ, nitrogenase
inhibition occurred during the first 1 h, after which no further
inhibition was noted. It should be noted here that MSX (10
Pmol.dm_B) causes immediate inhibition of the second ATS while the
G5 inhibition 1is progressive and takes about 1 h for total
inhibition in Nastec ANTH (data not shown). Thus, +the partial
inhibitory effect of NHZ, in presence of MSX, noted in fig 8.1
correlates with GS activity rather than inhibition of second ATS
by MSX. The results are consistent with the view that nitrogenase
repression by ammonia 1is caused by a product of ammonia
assimilation. The fact that CH3NH§ is not metabolized beyond
methylgliutamine in A-. variabilis and Amnabaerna 77120 (Nastaoc
muscorum) (Rai et al., 1984; Rai and Prakasham, 1989; and also see
chapter 3) and yet it represses nitrogenase'aotivity (Singh et
a&l., 1983a; and see chapter 3) suddests that, most likely, the
repressor of nitrogenase is glutamine. ,

It should be further emphasized that MSX does not affect the
first ATS. If NHZ ﬁér z¢ was the repressor then in the presence
of MSX, nitrogenase inhibition should have continued rather than
stop after 1 h when GS activity is fully inhibited. In addition,
the fact that NHI represses ATS in the long term (Rai et al.,
1986a; see also chapter 4 and 5) and yet nitrogenase is repressed
by assimilation of diffusible NH3 species, argues against ATS
inhibition by MSX. being the explanation for MSX alleviating NHZ

repression of nitrogdenase.
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8.3. Glutamine & glutamate transport and regulation of nitrogenase

Addition of glutamine to Nz—fixing Nostoc ANTH filaments
caused a complete inhibition of nitrogenase activity within 6 h
(Fig 8.3). ©Such results are similar to those observed ip other
Nz—fixing organisms - where nitrogenase activity inhibition is
observed in the presence of glutamine (Arp and Zumft, 1983)
In the presence of MSX, glutamine, however, caused only a partial
inhibition of nitrogenase activity during the first 1 hi;
thereafter no further inhibition was observed (Fig 8.3). The lack
of glutamine effect on nitrogenase, beyond 1 h, in presence of MSX
may be either due to the inhibition of glutamine uptake by MSX or
MS8X, being structurally similar to glutamine, may compete for the
glutamine binding site thereby preventing nitrogenase inhibition/
repression. The former possibility 1s ruled ocut since glutamine
uptaeke studies in this cyanobacterium, presented in chaptér 7,
showed that MSX does not inhibit glutamine transport. Arp and
Yumft (1983) have given a similar argument for observations on
Rhodopseuvdomonas palustris,

Glutamate (see chapter 6) caused inhibition of diazotrophic
growth and was toxic to the cyanobacteria studied (Arnabaera 7120
and its Het Nif  strain). This toxicity was related to the mode
of N-nutrition; where Nog was provided as N-source, dlutamate
toxlcity was not observed. This was found to be due to partial

inhibition of glutamate uptake by NO§.
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Fig 8.3 Effect of glutamine and MSX on nitrogenase activity in No-
grown HNostoc ANTH filaments, at pH 7. 100%¥ nitrogenase
activity = 5.83 nmol Coll, reduoed.h'l.Jug—l Chl a. 0,_
glutamine (2 mmol.dm'a) added at zero time; ®, ¢glutamine

(2 mmol.dm-s) + MSX (10 rmol.dm“s) added at zero time.
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8.4. Some biotechnological implicationé:

Cyanobacteria have long been recognized as having enorﬁous
potential for use in biotechnology, especially in agriculture. In
fact, use of cyancbacteria in rice fields is being popularized at
present. This 1s mainly because,

1. Cyanobacteria are simple photosynthetic prokaryotes which have
simple growth requirements and which use a cheap source of

reductant, i.e. water. This gives them an edgde over other

prhotosynthetic bacteria.

]

Many cyanobacteria combine - photosynthesis and No-fixation.
This gives them an edde over -other eukaryotic -photosynthetic
organisms. |

Current use of cyanobacteria in rice fields (Singh, 1961;
Venkatraman, 1980; Stewart et al., 1987) has serious limitations.
Normal cyanobacteria wuse much of their fixed-N for their own
growth, releasing only a small amount in the field. Furthermore,
presence of nitrogen fertilizers in the field adversely affects
No-fixation and cyanobacteria, instead of fixing Ny, start wusing
the nitrogen available in the field. Thus, they become like weed
for the crop. Despite these problems cyanobacterial inoculation
in £he field has been shown to be beneficial for rice ¢rops,
saving considerable amount of expenditure which has to be incurred
on chemical fertilizers. It is obvious therefore, that if we
produce suitably modified strains the benefits could be increased
several fold. To achieve this goal . some of. .the. strategies
are discussed below: .

First thing, of course, is to maximize N2~fixation. For

this, a modification of cyanobacterial metabolism resulting in
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diversion of wmore energy for No-fixation, and less for ammonia
assimilation and biomass growth, is necessary. Some of the target
points for this have been shown in fig 8.4. The best modification
point, in the above scheme, is the level of GS. It should be
emphasized that these mutants should have 5-10% of GS activity
left otherwise the mutant would become a glutamine auxotroprh and
its survival would require glutamine supply from outside.
Reduction in GS level would restrict utilization of ATP, reductant
and carbon skeletons for ammonia assimilation and biomass growth
thus, leading to diversion of more energy for No-fixation. It may
also lead to an increase in heterocyst frequency as in the case of
symbiotic cyénobacteria (Rai, 1990). TReduction in G3 level would
also lead to accumulation of ammonia since ammonia assimilation
would be restricted.® This would lead to ammonia release, at
larger scale than in normal cyanobacteria, since ATS would be
unable to cope with the recycling requirements over and above the
maintenance of normal internal concentration (Rai and Prakasham,
1989). ° At the =same time, the residual GS activity would ensure
some ammonia assimilation necessary for the survival of the cell.
An  alternative strategy for denerating suitable ocyano-
bacterial strains for ammonia liberation is to manipulate its ATS®.
ATS plays an important role in cyclic retention of ammonia within
the cell (Kleiner, 1985b). It has been calculated that
nitrogenase derived ammonla can diffuse across the plasma membrane
in bacteria six times before being captured by GS (Kleiner, 1985b;
see Fig 1.1). So, if ATS is abolisbed, or made inefficient, much
of the nitrodenase derived ammonia would escape out since cyclic

retention by ATS will not take place or would take place at a
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Fig 8.4 Tardets for modification of cyanobacterial cellular
metabolism for pbotobiological production of ammonia.
Expected outcome of such meodifications include: 1)
diversion of more photosynthate for nitrogen fixation and
less for biomass produotion; 2) increased nitroden

fixation and reduced emmonia utilization. *, targets of

modification.
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slower rate (Fig 1.1). BSecondly, in such a strain nitrogenase
will not be repressed by the presence of ammonium or nitrate
fertilizers in the field since these exogenous sources will not
cause ammonium accumulation in the cell in absence of ATS. This
will not only ensure continued No—fixation but also ensure that
cyanobacteria do not use of the nitroden fertilizer meant for the
crop. Thirdly, absence of ATS will result in less assimlilation of
nitrogdenase-derived ammonia by the cyanobacterium (since much of
it would escape). Therefore, less energy would be utilized in
ammonia assimilation and biomass growth; i.e. more energy would he
available for No-fixation. some of the consequences of the
absence of ATS are depicted in fig 8.5.

The ATS-deficient or the GS-deficient strains of the kind
discussed above are obviocusly better suited for rice field
épplicatidn since they would liberate more ammonia and would fix
No at a higher rate. In addition, these strains can also be used
in laboratory for photobiological prbduction of ammonlia.
Currently, normal cyanobacteria, after immobilization, are being
used for such a purpose (Stewart ¢& al,, 1983; 1987) by inhibiting
endogenous ammonia assimilation using MSX (a GS inhibitor). Such
a system has serious drawback since total inhibition of GS renders
the cyanobacterium totally dependent on provision of exogenous
glutamine for its survival. Moreover, the MSX is poisonous and
expensive, Therefore, the use of ATS-deficient or GS-deficient
strains would be far superior for such an application.

The ATS-deficient and GS-deficient strains can also be used
for establishment of artificlal symbiosis with crop plants.

Earlier attempts in this ‘direction have not been successful but
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Fig 8.5 Modification of ammonium transport system: Consequences for a diazotrophic cyano-
bacterium. Expected outcome of 8uch a modilification includes inefficient nitrogen-
assimilation, slow growth, 1less photoasynthate for biomass growth, higher enecqy

availability for nitrogen-fixation and inefficient nitrogen control of nitrogenase.
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with the increased knowledde about the symbiotio cyanobacteria it
is worthwhile to continue the attempt. Recent work of Gusev and
his colleagues have shown encouraging results {Gusev and
Korzhenevskaya, 1980).

At present, the production of various amino acids or other
ooﬁpounds are obtained from cyancobacteria by increasing the

permeability of plasmamembrane (Fukuil and Ishida, 1972; Clement «t

al., 1984) or by making a transitory loss of plasmalemma integrity
{Reed ¢t a&l., 1986). This is achieved by using apecific
detergents. The constant use of detergents causes damage to the

cellular metabolic mechanism and.consequently growth is affected
(Reed ¢d af., 1986). Moreover, separation of liberated compounds
from the detergent is another difficult problem. Kleiner (1985%5a)
has suggested that amino acid transport systems may have a role in
maintaining intracellular pools of amino acids and that abolition
of these <transport systems may cause liberation of amino acids
from the cells. Indeed the two cyanobacterial strains studied
here do possess specific transport syétems for glutamine .and
glutaméte (see chapters 6 and 7). Further detailed studies on
amino acid transport systems followed by their manipulation may
vield amino acid transport-defective mutants which can be used for
rhotobiological production of amino acids. Such strains would
have an advantade over detergent affected strains in production of
amir 2ids without disturbing the cellular integrity and/or
metab. _sm. They also show a constant growth as well as diversion

of more energy to produce that particular compound.
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9. SUMMARY

Anabaena 7120 (a free-living strain) and Nestoc ANTH (an
isolate from Anthoceros punctatus) were studlied with regards to
transport and metabolism of NHX: glutamine and glutamate. The
implications of these findings for nitrodenase regulation were
also explored. For ammonium transport studies 14CH3NH+, the
radicactive analogue of ammonium, was used as probe. The findings

are summarized below.

I. Btudies on CHBNH§ metabolism in Arabaena 7120 and Nostoc ANTH

indicated: .

1. that CH3NH§ igs assimilated by glutamine synthetase (GS) in
both the strains used. However, Anabaerna 7120 could not
metabolize CH3NH§ as N-source since it could not assimilate
CH3NH§ beyond methylglutamine. In contrast, Nestoc ANTH was
able to use CH3NH§ as N-source for drowth.

2. that none of the strains used were able to utilize CH3NH§ as

C-source.

II. The ammonium/methylammonium transport studies in Armabaena 7120

showed:

1. that the pattern of intracellular accumulation of free
14CH3NH§ is biphasic. A maximum intracellular concentration
of 2.5 and 7.5 mmol.dm ° was reached in the externalA

14CH3NH§_ concentration range of 1-50 and 50-500 Pmol.dm—3,

respectively.
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that, at pH 7, two enefgy—dependent ammon ium/methylammonium
transport systems (ATS) operate in NZ— and NOE— grown cells.
One of the transport systems is fast, methionine
sulphoximine (MSX)-insensitive and responsible for the first
phase of CH3NH§ uptake. The other transport system is
slower, MSX-sensitive and is responsible for the second
phase of CH3NH§ uptake. Both these transport systems are
repressed in ammonium—- grown cells.

that both transport systems undergo affinity modulation (a
low— and a high- affinity mode of operation}) depending on
the external substrate concentration.

that the M3X-insensitive ATS has Km values of 8 and 80
Pmol.dm—3 (corresponding Vmax values are 1 and 7 nmol.min—l.
mg—l protein) in the external 14CH3NH§ concentration range
of 1-25 and 25-500 Pmol.dm—3, respectively.

that the MSX-sensitive ATS has Km values of 2.5 and 70

Pmol.dm_3

1

{corresponding Vmax values are 0.1 and 0.7 nmol.
min~1. mg™} protein) in the external 14CH3NH§ concentration
range of 1-10 and 10-500 Pmol.dm_3, respectively.

that, there are two ammonium/metﬁylammonium pools 1in the
cells-—--one in thylakoid spaces, served by the MSX-insensi-

tive ATS, and the other in cytoplasm, served by MSX-sensi-

tive ATS. The latter pool is used by GS.

The ammonium/methylammonium transport studies in Nestoc ANTH,

indicated:

that, at pH 7, two energy-dependent transport systems

operate in NZ—, glutamine— and glucose- grown cells; but in
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NHZ— grown cells, both these transport systems are repressed.

2. that both the transport systems undergo affinity modulation
(a high- and a low— affinity mode of operation) depending on
the external substrate concentration.

3. that one of the transport system is insensitive to MSX but
affected by glutamine and glutamate; hence called MSX-insen-
sitive ATS. |

4. that the other transport system is sensitive to MSX (hence
called MBX-sensitive ATS) but not affected by glutamine and

- glutamate.
5. that the MSX-insensitive .ATS has Km values of 3 and 45

=3 {corresponding Vmax values are 0.125 and 0.225

Fmol.dm
nmol.min*l.Pg~1 Chl a) in the external 14CH3NH§ concentra-
tion range of 1 - 15 and 15 - 500 Pmol.dm—3, respectively.

6. that the MSX-sensitive ATS has Km values of 4.6 and 135
Vmol.dm~3 (corresponding Vmax values are 0.028 and 0.02058
nmol.min"l.Pg—1 _Chl a) in the external 14CH3NH§ concentra-
tion range of 1 - 20 and 20 - 500‘Fmol.dm—3, respectively.

7. that a specific methylammonium transport system is expressed
in CH3NH§—grown Naztoc ANTH filaments, which 1is neither

affected by NH401 nor by MSX.

In contrast to the earlier assumption that MSX is only a
specific irreversible inhibitor of glutamine synthetase, MSX
was found to have two sites of action 1n both strains studied:
1. inhibition of GS.

2. inhibition of the one of the ammonium/methylammonium trans-

port systems (the slower second ATS}.
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In view of the above finding, the interpretations of future

experiments inveolving MSX, have to take into account its effect on

ammonium transport level also.

V.

YI.

V1I.

Glutamate uptake and metabolism studies in Amabaena 7120 and

its Het  Nif mutant revealed:

1. that glutamate is not assimilated as N-source by any of the
strains.

2. that the glutamate. acts as an inhibitor of heterccyst
differentiation and nitrogdenase activity.

3. that the nitrate moderates glutaﬁate toxicity by inhibiting

the glutamate uptake.

The glutamine transport studies in Anabaena 7120, its Het™

Nif™ mutant and Nestoc ANTH indicated:

1. that a biphasic pattern of glutamine uptake occurs in 'NZ—,
Nog—, NHZ— and glutamine- grown Amabaerna 7120 and its Het™
Nif mutent filaments.

2. that an energy-dependent glutamine uptake systewm. was present
in N2— and glutamine- grown Hestoc ANTH filaments.

that the glutamine transport system in Nestoc ANTH filaments

()

is not affected by NH4Cl, glutamate and MSX, indicating it

is specific. - for glutamine only.

No short term effect of ammonium, on nitrogenase activity,

occurred at physiological pH. In bacteria, NHZ has been shown

. to collapse Aw thereby inhibiting nitrogenase activity by

adversely affecting e donation to nitrodenase within minutes.
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However, in the cyancbacterial strain studied here, NHZ
affected Ay only partially. The residual Aw level still
remained above the level reguired for optimum nitrogenase
activity { > =70 mV). Over a longer period, ammonium caused
repression of nitrogdenase. The data show that under
physiological conditions a product of ammonia assimilation
rather than ammonia per se¢ is the repressor for nitrogenase in

heterocystous cyanocbacteria.

The present study indicated that repression of ATS may provide
a novel method for generation, of cyanobacterial strains which
are leaky for ammonia and which have perﬁanently derepressed
nitrogenase. Such strains can be employed for photobiological
production of ammonia or can be used in rice fields to supple-
ment chemical fertilizers without having any adverse effect on

nitrogenase.
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