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1. INTRODUCTION AND LITERATURE REVIEW

1.1. General:

Nitrogen is one of the essential elements as cellular
constituent of 1living organisms. Although, 78% of the earth’s
atmosphere consists of molecular nitroden, most organisms cannot
" utilize this as nitrogen source. Instead, they require combined
- nitrogen. The commonest nitrogen source fof’plants and wmicrobes
is ammonia. In modern agriculture, for high vyield, chemicél
fertilizers are used on a large scale to serve as nitrogen source
for crop plants. Chemieal fertilizer production requires enormous
amounts of energy. 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 wunderstanding of the process of biologioai nitrogen
fixation will help to devise strategies resulting in an alterna-
tive to the chemical nitrogen fertilizers. Hence, there is a
world-wide attempt, by the scientific community, to study the
physiological, Dbiochemical and genetic aspects of Nz—fixing
ordanisms. Among such ordanisms, cyanobacteria are of special
inﬁerest because of their simple growth requirements, their

diazotrophic nature, and their being capable of carrying out



xygenic photosynthesis (Singh, 1861; Sprent, 1979; Stewart, 1980;

hitton & Carr, 1982; Gallon & Chaplin, 1987; Rai, 1980).

1.2. Cyanobacteria:

Cyanobactefia are widely distributed in both aquatic and
terrestrial habitats (Fogg et al,, 1973). They occur freely
(free-living) as well as in symbiotic assoclations (Stewart st
@l., 1983; Gallon & Chaplin, 1987; Rai, 1990). They are photosyn—
- thetic prokaryotes with a higher plant typre oxygenic photosynthe-
sis and share characteristics of gram-negative bacteria {Stanier,
1977; Stanier & Cohen—BaZire, 1977; Stewart, 1980). They - produce
two types of metabolically active cells namely, vedetative cells
and heterocysts. The third type of ceils, akinetes, are metaboli-
cally less active and serve as perennating bodies (Niohois &
Adams, 1982; Rai &t al., 1985; 198@). Various details of cyano-
bacteria have been extensively reviewed in‘ the recent ﬁast
(Stanier et wl., 1978; Rippka &t al., 1979; Bothe éﬁ S, 1880;
Gallon, 1980; Stewart, 1980; Stewart «+¢ al., 1980; 1982; Bothe,
1982; Carr & Whitton, 1982; Gallon & Chaplin, 1987; Hallenbeck,
1987; Rai, 1990).

1:2:1. Vegetative cells:

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

Photosynthetic components are located on a system of thylakoid



es which are topographically and functionally distinct from
sma membrane. They are usually distributed near periphery of
cell and often oriented parallel to the cell wall (Fogg et
j_, 1873; Long & Whitton, 1973). Chlorophyll a is the principal
light harvesting pigment, while phycobiliprotein complexes are
Qréessory pigments of PS II. These pigments are located on
thylakoid membrane (Cohen-Bazire & Bryant, 1982; Ho & Krogmann,
1982; Morschel & Rhiel, 1987). Under conditions of N-deficiency
'ihe accessory pidments are readily used as nitrogen sources
(Allen & Smith, 1969; Stewart «t al., 1978; Cohen-Bazire & Bryant,
11982). Vegetative cells produce ATP by oxidative phosphoryvlation
"and via cyeclic and non-cyclic photophosphorylation. Carbon-di-
" oxide fixation occurs through 'Calvin cycle (Stanier, 1977,

 Stewart, 1977; Allen, 1984).

The major reserve polymers present in cvanobacterial
- vegetative cells are polysaccharides (glycogen), cyanophycin (N-
 ;reserVe) and polyphosphates which are mobilized when a need arises
| (Mérrick, 1979; Smith, 1982). Polysaccharide reserves are}located
along the thylakoid membranes (Ris & Singh,v1961; Jost, 1965).

Vegetative cells of cyanobacteria also accumulate poly-
hedral bodies which are store houses of Calvin cycle enzyme
: ribulocse 1, 5-bisphosphate carboxylase/oxygenase (Codd & Stewart,
1976; Allen, 1984).

In non—heterocystoué No-fixing sﬁrains, the vegetative cells
also contain nitrogenase (Gallon & Chaplin, 1988). 1In heterocys-
tous forms, howévef, the nitrogenase is located in heterocysts
which are non-photosynthetic and which receive fixed-carbon from

- nelghbouring vegetative cells (Bothe et al., 1984; Stewart e¢ al.,



5 Bergman ¢t al., 1988).

-2.2. Heterocysts:

In inorganic growth medium devoid of combined nitrogen, &5-
0% of the vegetative cells differentiate into specialized
structures called héterocysts. Heterocysts are generally larger
han vedetative cells and comparatively paler in colour. They are
sites of dinitrogen fixation (Fay et ﬂf.; 1968; Stewart, 1880;
Janaki & Wolk, 1982; Bergman ¢t &«l., 1986) and have undergdone a
number of structural, biochemical and genetic changes during their
development (Wolk, 1982; Golden @t al., 1985; Haszelkorn 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 membranes are present but they
lack PS5 II1 activity and have 1little or no phycobiliproteins
(Reinman & Thornber, 1979; Alberte et al., 1980; Stewart, 1980).
They are unable to fix COZ due, to lack of ribulose 1,5-
bisphoéphate carboxylase (Winkenbach & Wolk, 1973; Codd % Stéwart,
1977; Codd #¢ al,, 1880; Cossar et ail., 1985) and depend on
‘adjacent vegetative cells for provision of carbochydrates (Wolk,
1968; Stewart, 1980; Bothe ¢ al., 1984; Stewart t¢.al., 1985).
The carbon dissimilation, in heterocysts, is mainly through
'oxidative rentose phosphate pathway (Swith, 1982). The key enzyvmes
of A hexose oxidizing rathway, glucose 6¥phosphate NADP:
oxidoreductase and 6-phosphogluconate NADP: oxidoreductase are
present 1in heterocysts (Winkenbach & Wolk, 1973; Bohme, 1987 at
far higher levels thagf§egetative cells (Gallon & Chaplin, 1887).

Recently, it has been reported that heterocysts contain all



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

Thioredoxins have been implicated in regulation of carbon
metabolism in cyanobacteria. They are small proteins which are
reduced in light by reduced ferredoxins. Reduced thioredoxin
activates Calvin cycle enzymes and inactivates the oxidative
rentose phosphate pathway enzyme, glucose 6-phosphate NADP :
oxidoreductase. Thioredoxin has been reported to be absent in
heterocysts (Rowell &t &l., 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, 18987)
and oxyhydrogen reaction (Hallenbeck & Benemann, 1979; BRothe,
19823. Heterocyst production is inhibited by ammonium (Singh &%

el , 1983a).

1.3. Nitrogen—-metabolism in cyanobacteria:

The common sources of inorganic nitrogen for cyanobacteria
are Nz, NO§ and NH3. vwhile all cyvancbacteria are capable of
utilizing NO% and NHg, No-utilization 1s limited to those
cyanobacteria which are capable of nitrogen—fixation. These

include all heteroccystous and some non-heterocystous forms.



é;l.l. Nitrogen fixation:
The
_iMOnia is nitrogenase (Gallon,

Smith «#t af., 1987a).

-

tTable:

I. Filamentous, heterocystous

forms.

I1I. Filamentous, non-hetero-

cystous forms.

217,

Unicellular, aerobic forms:

iy

enzyme responsible for the reduction of dinitrogen

to
1980; Btewart, 1980; Hallenbeck,
Some of the nitrogen-fixing

Jyanobacteria are listed in table 1.1.

1.1. Nitrogen-fixing cyanobacteria:

Anabaena sgp.
Calathrix sp.
Chloragleapsis gp.
Fischerella sp,
Naauiaria sp.
Hastoc sp.
Scytanema sp.
Osciflataria gp.
Plectanema sp.
frichodesmium gp.
Gloeothece sp,

Synechocystis gp.

Unicellular, microaercbic Dermacarpa sp.
forms. Rleuwrocarpga sp.
Xenocaccus sp.
1.3.1.2. Nitrogenase:
There are at least two nitrogenase systems capable

of



reducing molecular nitrogen to ammonia:vthe classical nitrogenase
(Mo-nitrogenase) and vanadium-nitrogenase (Smith &+ al,, 1987a}.
Both enzymes consist of +two Ooxygen-sensitive metalloproteins.
While the iron-protein is common in both enzyme systems, the
second metalloprotein varies: In case of classical nitrogenase it
1s a molybdenum-iron protein while in the case of vanadium nitro-
genase 1t is a vanadium-iron protein. The vanadium nitrogenase
has’ only recently been discovered in bacteria (Azatobacter
vinelandii) and in cyvanobacteria (Anabaena variabilis) hence only
limited data on its nature and rhysiology are available (Hales «¢
@l., 1985; Robson #¢ al., 1988as; 1986b; Gallon & Chaplin, 1987%;
Smith ¢t ai., 1987a; Kentemich e¢ ad o 1988).

1.3.1.3. Biochemistry of nitrogenase:

Nitrogenase consists of twq iron-sulphur proteins, neither
of which 1is 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 #i¥ H gene. In general,
it contalns a single 4Fe-48 éluster, but in cyanobacteria 2Fe-2S

3

cluster has also been reported (Haaker et al., 1985; Howard et
&l., 19885; Gallon & Chaplin, 1987; Smith et al., 1987a). It has
redox potential in the range of -0.24 V to -0.393 V, depending on
the source (Smith ¢t al., 1987a).

Molybdenum-iron protein of nitrogenase iz a tetramer(ﬂzﬁa of
two different subunits: o« subunit encoded by the gene #i7 D has
molecular weight of 50, 000 Da and P subunit encoded by the gene

it K has molecular weight of 60,000 Da (Gallon, 1980; Smith et
» al., 1987a). It contains 2 Mo atoms, 30 Fe atoms and slightly

lower number of sulphur atoms (Watt ¢ al. 18886). It alszso

J



'?;ses two FeMoco centers, four Fe-3 clusters of 4Fe-4S type (P
rs) and an additional 2 Fe atoms designated as 'S’ centers
rme—Johnson, 1985; Lowe &t al., 1985; Shah ¢ al., 1986).
Nitrogenase being a versatile catalyst, uses substrates as
{;ied as No, CoHo, NZO; CN™, Ho, HCN, CH3CN, Coly and a number of
all triple bonded substrates (Bothe ¢t al., 1982; Lowe ¢t ai.,
1@85; Jensen & Burris, 1986; Gallon & Chaplin, 1987; Smith ¢
S, 1987a).
1.3.1.4. Requirements for nitrogenase activity:
for its activity, the enzyme nitrogenase requires,
reductant, ATP and a reducing atmosphere.
A Nitrodenase is rapidly inactivated by exposufe to oxyden
(half 1life = 40 s in air) (Smith ¢t al., 1987b). In hete-
rocystous cyancbacteria, the hetéfooysts provide suitable
environment for nitrogen-fixation in aerobic conditions, Dbecause
heterocysts lack photosynthetic oxygen evolution (Reinman &
Thornber, 1979; Alberte ¢t al., 1980) and have high respiratory
I_oxygen consumption rate (Haury & Wolk, 1978; Walsby, 1982; Jensen
& Cox, 1983; Sprent e¢ al., 1987). Aercbic nitrogen-fixation in
:‘non—heterooystous cyanobacteria 1s made possible by temporal
:separation of photosynthesis and nitrogen-fixation (Mullineaux &#
””ai., 1981). Other cyanobacteria fix nitrogen under micréaerobic‘
or anaercbic conditions.
- 1.3.1.4.1. Provision of reductant:
In most nitrogen-fixing organisms, including cyanobacteria,
. ferredoxin is believed £o be the immediate electron donor to

nitrogenase (Stewart, 1980; Bothe et wi., 1982; 1984; Schrau-

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



g”—deficient conditions flavodoxin substitutes for ferredoxin as
Vfbtron donor * (Smillie, 1965; Bothe, 1889; Hallenbeck; 1987;
BEth v «/,, 1987a).

: Ferredoxins are iron-sulphur proteins containing one or more

iron-sulphur clusters which are involved in electron transfer.

vanobacteria contain typical soluble plant type ferredoxin‘ with
2Fe-25 (&oid—liable} clusters in the prosthetic group (Bothe 1989;
Hallenbeck, 1987; Smith éﬁ‘ﬁj,, 1987a). Flavodoxins are the simp-
Best fiavoproteins containing one molecule of FMN in the prosthe-
“ic group per protein molecule. In catalysis, they act as electron
‘carriers shuttling between the fully reduced and semi-quinone
 formS (Bothe, 1969; Klugkist et ai., 1986; Bmith #¢ ai., 1987a).

: AL present, the mechanism whereby ferredoxin is reduced is a
controversial subject. However, Jse?eral electron generating
 systems are reported. The possible reductant generating enzymic
pathways are pyruvate: ferredoxin oxidoreductase (Leach & Carr,
Blo71;  Smith ¢ #i.,, 1987a), glucose 6-rhosphate NADP: oxidoredu-
;ctase, 6-phosphogluconate NADP: oxidoreductase and isocitrate
&NADP: oxidoreductase (Apte et al,, 1978; Schrautemeier & Bohme,
 %1984; 1985; Bohme, 1987). The enzymes glucose 6-phosphate NADP:
;oxidoreductase and isocitrate NADP: oxidoreductase are sensitive
?ﬁo’high concentration of NADPH, and negatively regulated by light
ifhrough thioredoxin (Duggan & Anderson, 1975; Grossman % McGowan,
319?5; Schaeffer & Stanier, 1978; Cossar «t al., 1984). However,
very low NADFHo/NADP ratio (between 1 - 3) is reported in Mo=fixs-
‘gng ordanisms (Gallon & Chaplin, 1987). Under such conditions,

reduction of ferredoxin (midpoint electrical potential -0.42 V) by

fglPHZ (midpoint electrical potential -0.32 V) is thermodinami-
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unfavourable. Therefore, Hasker et ai (1980) and Hawkesford

(1981) suggested the involvement of Avy component of proton

tive force for transfer of electrons to nitrogenase by reversed

=

tron flow (Stewart et al., 1982)., In heterocystous cyanobacte-
sia, hydrogen is.another possible source of reductant for nitrogen
FTixation, through the action of uptake hydrogenase (Smith &t s,
t198?a). In the 1light, hydrogen may generate the reduced
'fe:redoxinn by donating electrons to photosynthetic electron
.ztransport chain prior to PS’I (Bothe et al,, 1984; Klugkist et
r_ B . 1986; Smith ed al,, 1987a).

1.3.1.4.2. Provision of ATP:

No-fixation is a highly ATP dependent process. Hydrolysis
of ATP triggers electron transfer from iron protein to molybdenum-
iron protein (Smith ¢ al., 1987a; Cérdewener et wl,, 1988). In
general, 2 Mg—-ATP molecules aré required for transfer of one
electron. However, recent studies indicate that, ATP/e” ratio is
close to 4 (Cordewener et al., 1988). 1In heterocysts, ATP is
generated in the light via cyelic photophosphorylation and by the
action of uptake hydrogenase, whereas, in the dark, it is produced
- via oxidative phosphorylation (Maryan ¢t alf., 1986) and substrate
level phosphorylation (Bottomley & Stewart, 1976).

; 1-3.1.5. Mechanism of action:

] A low redox potential molecule, reduced ferredoxin/fla-
E #odoxin (midpoint redox potential -0.44 to —0145 V), donates
electrons to iron protein component of nitrogenase (Bohme, 1987;
Smith ¢t al., 1987a). The iron protein of nitrogenase has two
. binding sites for Mg-ATP (Eady, 1986; Watt ¢t &l., 1986). Binding

of Mg-ATP lowers the midpoint redox potential of iron protein from
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-0.3 V to -0.4 V or umors meking it a powerful

reducing

becies  and markedly alters the conformation of iron protein
‘ et oal,, 1987a). - The reduced iron protein complexes with
he oxidized form of molybdenum~iron’protein (Lowe et al,, 1885).

The molybdenum-iron protein component has midpoint redox potential

0.0 to -0.29 V when it binds with FeMoco (Watt e

o
& ol

.5 1986},

It has two binding sites for iron protein (Postgate, 1982;

1£mith #v al,, 1987a). The transfer of electrons from reduced iron

- protein to molybdenum~iron protein is rapid and irreversible {Lowe

Lo 19858, This reduction of molybdenum-iron protein isg

- coupled with the simultaneous hydrolysis of Mg-ATP (Burgess, 1985;

:,Mortenson‘ﬁf ai., 1985; Cordewener e+ @l., 1988). This hydrolysis

‘%f Mg~-ATP occurs only when the iron-protein complexes with

! molybdenum-iron protein of nitrogenase 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 (Burgess, 1985), Then the

A electronr flow pProceeds to substrate, which is thought +to be

- reduced in three two-electron steps (Smith et ai. 1987a). - On the

2

‘;whole, 25% of the available electrons reduce the rrotons and

- evolve hydrogen (Simson & Burris, 1984; Smith et aJ 1987a).

LD

1.3.1.6. Regulation of nitrodenase b& ammonia:

Nitrogenase activity, in all N2~fixing organisms, is known

o be affected by various combined-nitrogen sources and oxygen

(Stewart & Lex,  1970; Neilson & Nordlund, 1975; Rippka & Stanier,

1978; Jones & Monty, 1879; Brill, 1980; Roberts & Brill, 1981;

lg:nar et al., 1982; Thomas et @d., 1982; Paparao & Singh, 1983;

#¢ ad., 1983b; Yoch e ali; 1983; Collins & Beilil 1885;
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e, 1086; Reich et al., 1986; 1987; Stewart et al., 1987).
Nitrogenase activity is quickly and reversibly inhibited by

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

Ludden &+t ad ., 1984). Different phenomena have been 'desoribed
respect to regulation of nitrogenase activity Iin vive. For
, example, in Rhodospirillum rubrum the. jghibitien iz due %o

covalent modification of iron-protein component of nitrogenase
{Pope ¢t ai,, 1985; Zumft, 1985; Hallenbeck, 1987). Whereas,‘ in
bacteriods of Pisum sativunm (L) it is due to uncoupling effect
{Salminen, ~1981 ) In A. vinelandii Haaker ¢+ aj (1980) have
shown that inhibition of nitrogenase by ammonia is due to
deenergization of the membrane by ammonium resulting  in the
inhibition of the supply of reductant for nitrogen-fixation.

In cyanobacteria however, such.fast nitrogenase switch-off
isnol observed except at higher pH. At the alkaline environment
ammonia enters in the cyanobacterium By diffusion and leads to an
immediate inactivation of nitrogenase and this inactivation is
thoughtvto be due to uncoupling effect (Reich «¢ al., 1986; 1987).

In  vive nitrogenase synthesis is regulated, in various
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 Klebciella
ﬁneumaniae and Rhﬁdﬁpseudmm&nas c;25ufafa, ﬁif L gene pfoduct acts
as a repressor for other nif genes (Hallenbeck &t Al e 1 gB 9
Collins & Brill, 1985; Hallenbeck{ 198?; smith ¢t al., 1887a).

However, it appears that ammonia itsgelf is not the repressor of

nitrogenase synthesis; it must be assimilated at least to gluta—
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“mine. The evidence comes from the glutamine auxotroph of ZA.
capsulata where derepression of nitrogenase is found in the
- presence of ammonia (Wall & Gest, 1979). Whereas, in &. rubrun,
glutamine and asparagine repressed the nitrogenase synthesis
(Neilson & Nordlund, 19753, However, in K. pneumoniae regulation
of nitrogenase synthesis 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 nitrodenase synthesis (Gallon
& Chaplin, 1987). While in Clostridium pasteurianum ammonia
degraded the mRNA responsible to code for nitrogenase (Daesch &
Mortenson, 1972).

In cyanobacterié, repression of nitrogenase synthesis is
known to Dbe influenced by ammonia and/or its derivatives. Ni-
trogenase synthesis and heteroccyst development is repressed by
ammonia (Stewart, 1980). However, presence of MBX, an inhibitor
of GBS, prevents the repression of nitrodenase synthesis by ammonia
(Stewart and Rowell, 1975). Thus, it appears that ammonia needs
to be assimilated before nitrogenase synthesis can be repressed
(Stewart et al,, 1985). 1In Gloeccapsa, a product of ammonia
assimilation, is thought to be repressor of nitrodenase synthesis
(Thomas ¢t ai., 1982).

Recently, ammonia per s& hag " been suggested to be
involved in repression of nitrogenase synthesis in cyanobacteria
(Singh et oal ., 1983b; Turpin et al., 1984; Mackerras and Smith,
1986).

1-3.2. Nitréte assimilation:

Virtually all cyancbacteria tested so far, are capable of
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using nitrate as nitrogen source. Diazotrophic ecyanobacteria
prefer nitrate to Nz. 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 linked to photosynthesis

(Manzano #¢ al., 1978; Lara ¢ al., 1887).

In general, nitrate uptake system in diazotrophic
cyancbacteria is of two typeé; a} nitrate inducible/ammonium—
repressible. such a system is ~found in the cyanobacterium,

Anabaena 7120, where nitrate uptake activity develops in nitrate
medium only and presence of ammonium represses it (Meeks ef a
1983; Rai & Bergman, 1986). b) ammonium repressible/derepressible.
Such a system is exemplified by the c¢yancbacterium ﬂnabéena
cycadeae, where nitrate uptake activity is present both in No- and
NO§~medium; presence of ammonia represses it (Bagchi et ail._,
1985b}). ‘

A genetie:link betweén glutamine synthetase and the nitrate
uptake system has been reported in the cyanobacterium A. cycadeae
(5ingh ¢t ai,, 198%a). The glutamine auxotroph pf A. cvycadeae hasg
been shown to posses several fold higher nitrate uptake level
than the wild type strain (Singh et al., 1985a).

The kinetics of the development of nitrate"uptake system
studies indicated that uptake system has a regulatory role in the
- development of nitrate reductase system in A. cycadeae (Bagchi et

= ., -1985a). In this cyanobacterium it was found that nitrate
uptake system development is independent to that of nitrate

reductase system development.

In heterocystous filamentous cyanobacteria, the nitrate



: uptake and reductase systems are found to be associaﬁé&ﬁwﬁTﬁﬁ
. vedetative cells only and have been shown to be absent in
akinetes and in heterocysts (Rao &% al., 1984; Kumar e? al,, 1985;
Rai & Bergman, 1986). Absence of nitrate metabolism in
heterocysts results in the abolition of competition for molybdenumn
cofactér and reductant between nitrogenase and nitrate reductase
(Kumar % &l,, 1985; Rai & Bergman, 19886).

In HNoestoc muscorunm, nitrate transport is energy-dependent;

its ATP requirement has been shown Rai by e* ai {1981a). In

Arnabaena 7120, nitrate and nitrite share a common transport system

(Eali & Bergman, 1986). Nitrate reductase in cyanchacteria is
found to be ferredoxin dependent (Kumar ¢ &, 1985; Rai &
Berguan, 1986). In general, nitrate reductase in cyanobacteria is
of two types; a) nitrate inducibie/ammoﬁia repressible. In

Arnabaena cylindrica it ig nitrate>inducible while in Aracvystis
nidulars it is ammonia repressible (Ohmori & Hattori, 18970;
Herrero efe-al, - 1981); b} ammonia repressible/derepressible.
Such a regulatory systen is'found in Anabaena 7120: In this
cyanbbacterium 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-

pressed in No- and Nﬁg—medium (Kumar et al., 1985; Rai, 1990).

1.3.3. Ammonia assimilation:

The prodgct of nitrogen-fixation and nitrate or nitrite
assimilation is ammohia, which is subsequently assimilated into
organic compounds via glgtamine synthetase and glutamate synthase

pathway (GS-GOGAT pathway) (Dharmawardene ¢ al ., 1873;  Wolk &t

jod/qo
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Al., 1976; Miflin & Lea, 1976; Stewart, 1980; Orr & Haselkorn,
1982; Stewart et al., 1983; 1987; Rai «¢ al., 1986a).

Heterocysts, the sites of ammonia production by nitrogen-
- fixation, have a G5 concentration nearly two-fold higher than that
in the vegdetative cells (Bergman % &f., 1985). The cyanocbact-
erial GS 1is a dodecameric enzyme consisting of 12 identical
subunits. Each subunit has relative molecular mass of 50, 000
(Sampaio @t ali 29795 Stewart et al., 1987). G8 activity is
essentially irreversible under normal physiological conditions; it
has &a high affinity for ammonium (Km = 0.02 mM) (Miflin & Lea
1976), 1is inhibited by methionine sulphoximine (MSX) (Stewart &
Rowell, 1975; Gallon, 1980; Stewart et a/., 1985; 1987) and
hydroxylysine (Ladha «#¢ &f., 1978; Stewart ¢ al., 1987), and is
deactivated by ammonia or darkness in oyanobécteria _(Rowell e
i, 1979). In symbiosis, the cyanobionts contain low GS-GOGAT
activities which may be responsible for liberation of nitrogenase
derived ammonia (Rai ¢t al., 1980; 1881b; 1984; Stewart et al.,
1883; 1987; Joseph & Meeks, 1987). 7
Glutamate synthase (GOGAT) in cyanobacteria converts
glutamine to glutamate and requires reduced ferredoxin as a redu-
ctant - (Ohmori, . 188Y}; ~ Stewart et alw, - 1983). GOGAT has Dbeen
reported to be absent in heterocysts (Thomas ¢t «!l., 1977; Rai et
al ., 1982) however, some workers suggest GOGAT to be present in
heterocysts at a low activity (Gupta & Carr, 1981; Rothe et ai.
1984). Azaserine is an inhibitor of this enzyme (Hartman, 1973;

OChmori «% al,, 1985).
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1.4. Ammonium transport:

Besides molecular nitrogen; ammwonia is the most wide spread

nitrodenous compound on earth available for utilization by various

organisms (Kleiner, 1981; 1985a). Among all inorganic nitrogden

.sources ammonia is a preferred nitroden source for all nitrogen-

- fixing organisms including cyanobacteria (Stewart, 1980; Gibson,

1984; Mackerras & Smith, 1986). 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, 1884; Avissar,

1985; Bagchi et ai., 1985b; Mackerras & Smith, 1986).

Ammonia is a weak base and occurs in two forms; ammonia
(NHg) and ammonium (NHI) (Kleiner, 1981; 1985a). Ammonium has
dissociation constant of 9.25. The neutral molecule, ammonia, is
a weak base and protonates to give ammonium at physiological pH
(Henderson, 1971; Kleiner, 1985a).

Biological membranes show little or no permeability for
ammonium, suggesting 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 Dbio-
membranes. It is generally assumed that if a molecule exist
as a neutral and ionic species- like weak acid and base, bio-
membranes are rather permeable towards the neutral form but
less for ions, which normally requires a cayrier {Henderson,
1871; Tien, 1974; Kleiner, 1985a).

2. Biomembranes are rather highly permeable towards unprotonated

form of ammonia. In such cases, no specific transport system
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15 likely to exist for ammonium because of rapid equilibrium
between ammonia and ammonium. However, when a pH difference
ocCcurs acrosstiomembranes, unequal distribution of non-perme-
ating ions is observed, indicating occurrence of specific
carrier system (Henderson, 1971).

In the absence of A pH, microorganisms show ammonium  and
methylammonium gradients across biomembrénes at the expense of
energy. Acoordingly, such. a membrane system should have
reduced permeability towards ammonium in order to avoid futile
cycle (Kleiner, 1985a).

Saturation kinetics.

Distinct pH profile studies.

Specific inhibitor studies.

.kGenetic and metabolic control sfudies and

Studies on tfansport-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, 11

is yet to be discovered whether it 1s uniport channel or mobile
carrier (Kieiner, 1985a). Ammonium tfansport system {(ATS) has a
role in the retention of internally generated ammonia from
nitrogen fixation and nitrate reduction (Kleiner, 1985b; Kerby v

al,, 1987).

1.4.1. Awmonium 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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;Fessible by the wubiquitous nitrogen s=ource, NZ (Kleiner,
35a) . ATS has Dbeen found to occur in several diazotrophic
teria (Barnes &‘Zimniak, 1981; Alef & Kleiner, 1982a; 1982b;
artman & Kleiner, 1982; Ivanovsky &+ al., 1982; Gober & Kashket,
283; Glenn & Dilworth, 1984; Genthner & Wall, 1985; Hara et &ty
285; Holtel & Kleiner, 1985; Howitt et al,, 1986). In most of
ﬁie bacteria, ATS has been characterized by using methylammonium
ammonium analogue. The apparent Km value for wmethylammonium
ﬁptake rangdes from 2 to 140 VM (Alef & Kleiner, 1982a; 1982b;
Hartman & Kleiner, 1982; Kleiner, 1982; Muzzucco & Benson, 1984;
Centhner & Wall, 1985; Pardgent &.Kleiner, I98b s Hewitt et al

1986} and is competitively inhibited by the addition of ammonium;

%

Ki value randes from 1 Lo 15 PM’ indicaﬁing that both ammonium and
.methylammonium are transported by same carrier (Alef & Kleiger,
1982a; Kleiner, 1982; Gober & Kashket, 1983; Muzzucco & Renson,
1984; Kleiner, 1985a; Howitt et al., 19886). In Paracoeccus
Hdenrtriticans, two different carriers, depending on growth
conditions, have been reported for methylammonium uptake (Holtel &
Kleiner, 1985; Kleiner, 1985a). Most bacteria have capacity to
accumuilate methylammonium upto 100 fold against a ooncentration
gradient across the membranes. The intracellular ammonium pool
ranges from 0.2 to 2.9 wM (Booth & Hamilton, 1980; Gordon &
 Moore, 1981; Kleiner, 1981; 1982; 1985a).

Ammonium transport show a distinct pH profile having optimum
rH between 6.4 to 6;8 (Kleiner, 1982; Gober & Kashket, 1983
Genthner & Wall, 1985; Howitt et al., 1986). Ammonium transport
in all Dbacterial species, 1s found to be an .energy dependent

 process. Most studies, dealing with energetics of ammonium



sport, have revealed that transmembrane electrical potential,
' the driving force for ammonium transport (Bawnes & Zimniak,
1; Kleiner & Fitzke, 1981; Kleiner, 1982; 1985&}. It is found
AMmMOonium accumulation requires transmembrane electrical
pential of =70 mV (Kleiner, 1982; 18985a}. However, the
volvement of ATP in ammonium acoumulaﬁion is not ruled out in A.
iandi: (Gordon & Moore, 1981; Moore & Gordon, 1984).

In most specles the synthesis of ammonium of carrier is sub-—
ected to nitrogen control, while the activity may be regulated
by glutamine or by ammonia (Kleiner, 1982; 18985a). High
¢ of ammonium in the medium repress the ammonium carrier in
most of the organisms (Alef & Kleiner, 1982a; Hartman & Kleiner
1 1982; Bogdahn et al., 1983; Muzzucco & Benson, 1984; Holtel &
f Kleiner, 1985). This nitroden contr@l of ammonium transport 1is

thought to be mediated by the mir regulatory systemnm (Streicher

i., 1874; Magasanik, 1982; Kleiner, 1985a). Recent studies on
) Escherichia coli strains containing different ntr gene mutants
- revealed that ntr A & C gene products are required to derepress
r;the ammonium carrier, while, ntr B dene product plays a role in
7;'repression (Genthner & Wall, 1985). Addition of glutamine strongly
-;decreases the methylammonium uptake (Ivanovsky ¢ ali., 18682;
Jayakumar % Barnes, 1984; Hara ¢¢ al., 1985) which is thought not
- to be regulated by intracellular gl@tamine pool (Kleiner &
Castroph, 1982; Javakumar & Barnes, 1984). MSX also inhibits the
ammonium transport, which is probably due to 1its regulatory
binding site at the carrier (Kleiner & Castroph, 1982; Kleiner et

E ., 1983).

20
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2. Ammonium transport in cyanobacteria:

The importance of ATS lies in the uptake of exogenous

onium and for the retention of ammonium produced during
f;ogen fixation (Kleiner, 1985b; Kerby «¢ ai,, 1987). Although,
in nitrogen fixing bacteria has been studied extensively
'?lver, 1978; Kleiner, 1981; 1985a), in cyancobacteria, work on
commenced very recently. Rai e¢¢ a/f (1984) were the first fo
Baracterize the ATS in 4. yariabiiiz. and Arabasera arcllae.
i;bsequenﬁly, it has been characterized in several cyanobacteria

{Boussiba ¢t al ., 1984a; Kashyap & Johar, 1984a; 1984b; Kashyvap &

1985; Singh e+ al., 1985b; 1986; 1987; Kerby & al 1986;

LA}

71987; Rai. et ai.., 1986a; 1986b; Stewart o¢ i 5, - A08% ).

In most studies, the ammonium analogue, methylammonium, has
been used to characterize ATS in cyanobacteria, since methyl-
- ammonium uses the same transport system as ammonium (Boussiba et

=i., 1984b; Rai et¢ al., 1984; 3ingh et al., 1985b; 1987; Kerby et
=, 19886; 1987). However, it has also been characterized by
- using ammonium (Kashyap & Johar, 1984a; Kashyap & Singh, 1985).
Ammonium transport, in most of the cyanobacteria so far
- tested, is found to be biphasic with a rapid initial phase follow-
| ed by a relatively slower second phase. The first phase, lasting
2-3 ninutes, ié independent of methylammonium metabolism, while,
" the second phase is dependent on methylammonium metabolism via Gs
{Bougssiba ot &licy . 1984by . Rai . e¢ ﬁi.,.1984; Singh et al | 1985b;
1986; 1987; Kerby et @l., 1986; 1987; Boussiba & Gibgon, 1987).
Ammonium 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 consequence of the pH difference ( A pH} (Rai e+
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=d

1984; Kerby «t «l., 1986; 1987). At pH 7.0, MSX showed an

ibitory effect on second uptake phase, which is thought to be

to MBX inhibition of GS (Rai et al., 1984; Boussiba & Gibson,
5 ) . However, studies on a GS mutant, A. cycadeae, indicated

at second phase of ammonium transport may not necessarily be
ked to GBS activity but may represent a separate ATS, suggesting
o ATS in cyanobacteria. They are: an MSX-insensitive rapid ATS
and an M3X-sensitive slower ATS (Singh ¢t &!., 1985b). Studies on
MSX mutant of Arabaena doliclum have revealed that MSX has two
”inhibitory targets in cyanobacteria, one at the transport level
- and other at the GS activit& lefel‘(Singh et al,., 1986). MSX does

»
not show any inhibitory effect on ammonium transport at pH 9.0

Kineties of ooncentration—deﬁendent ammonium transport
studies revealed two ATS in ﬁ. muscorum: a high affinity ATS at
low external ammonium concentration ranging from 1 - 35 PM with a
K of 11 PM; and a low affinity ATS at the higher external
ammonium concentration ranging from 35 - 300 PM with a Km of 686
FM' Both systems are inhibited by methylammonium (Kashyasp &
Johar, 1984a; Kashyap & Singh, 1985). The internal pool of free
methylammonium is found to be 1.25 mM in A. cvcadeae and 1.4 mM in
A. variabjiis (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“V is the' driving force for
ammonium transport (Rail et Ql., 1984; 1986a; Kerby et al,, 1987;
Singh ﬁf;&i., 198?). In A. miduliars ammonium transport has been

shown to be ATP-dependent (Boussiba et al., 1984a; Kashyap &
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ingh, 1985).

Ammonium transport in ‘ﬂ- varizbilis and A. cycadeae is.
smonium repressible (Rai ¢ al., 1986b; Boussiba & Gibson, 198%;

et al., 1987). Repression of ammonium transport is caused
ammonium itself, whereas, derepression requires de nmove protein
Ehesis (Rai et al., 1986b; Singh et al,; 1987). Genetic
é-ntrol of ATS has been inferred from studies on the methylamine,

streptomycin and MEX mutants of N. muscorum and A. cvcadeae

(Kashyap & Johar, 1984a; Singh % a&l., 1985b). In sywmbiotic
cyanobacterium A. arellae, both MSX-insensitive and MSX-sensitive
ATS are present whereas, in the dyanobiont 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 No-fixing bacteria or cyanobacteria are grown under No-
and NO§~media.a high internal and a low external ammonia level is
obser?ed (Booth & Hamilton, 1980; Gordon & Moore, 1981; Kleiner,
1981; 1985b; Rai et al., 1984; 1886a). This concentration
gradient must result in outward diffusion of ammonia (Henderson,
1871; Kleiner, 1981; 198ba). However, such a diffusion 1is not
observed in No- and NOg—grown conditions, because of the
derepression of ammonium carrier. This carrier is responsible for
recovery of ammonia, which is diffused from an internal pool, as
ammonium and is an enerdy requiring process (Rail et &l 1964;
1986b; Kashyap & Singh, 1985; Singh et al., 1987). This energy
expenditure is to balance the energy dependent export of protons

{Kleiner, 1885a; 1985b). Thus, a constant ammonia excretion/
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orption is found under ammonia limited conditions. This
velic ammonia/ammonium retention is also ‘evidenced from; a)
;-pression of ammonium carrier by ammonia and b) ammon ium
fransport mutants, which constantly rélease ammonia to the med ium
{Kashyap & Johar, 1984b; Kleiner, 1985a}. It is assumed that
=very ammonia molecule passes the futile cycle about 6 times
before it is being assimilated (Kleiner,71985a; 1985b). Based on
' the averade H'/ATP stiochiometry (3), it is found that 2 ATP
molecules are expended for cyeclic retention of each ammonia
l molecule (Kleiner, 1985a; 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 aerobic
nitrogen fixation in cyanobacteria (Neilson & ﬁordlund, 1995;
Stewart, 1980; Stewart et al., 1983; 19887; Rai et al., 1984; Rai,
1980).

Relatively, 1little is known about amino acid tfansport in
cyanobacteria (Kleiner, 1985a). In §nice11u1ar cyanobacterium A
ridulans amino acid trénsport ig an energy deﬁendent process (Lee-
kaden & ,Simonis,.1979; Labarre ¢t af., 1987). Chapman & 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 PM and 1.3 & 1.1 mM, respectively.

However, glutamine transport studies in symbiotic HNestec sp. of
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Fig 1.1 Proposed cyclic retsntion of ammonia, import of exogsnous
inorganic nitrogen end its fste. The idea of cyclic
retention of emmonia is teken from Dbacterial gystems
(Kleiner, 1986b). ATS, ammonium transport system; VGS,
glutamine synthetase; GOGAT, glut&maﬁe synthase; NR,
nitrate reductase, NIR, nitrite reductass; Nyase,

nitrogenase,
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sziphon pyriforme indicated only one transport system with much

- & affinity (Km = 0.1 to 1:3 pM} (Strasser & Falkner, 1988).
Comparative studies on glutamate &lglutamine trgnsport in A.
iriabilis and A. cylindrica indicated that glutamate transport in
latter is nearly 3-fold higher thaﬁ that of g€lutamine trans-
However, glutamine transport in both Anabaena gpp. is
B or  (Rowell et al., 1877}, ‘In symbiotic Nectos gp. -of @
B T orme asparatate and glutamate share a common transpoft
carrier (Strasser & Falkner, 1986).
The inhibition studies of amino acid transport indicated
that, glutamine & glutamate inhibit the transport of each other.
EGlut&mine transport is oompetitively inhibited by glutaﬁate and
asparatate but glutamine‘ showed mixed type of inhibition on

- Zlutamate transport (Chapman & Meeks; 1983; Strasser & Falkner,
8986 ) .

1.6. Photobiological production of ammonia by cyanobacteria

and their application in field:

Cyancobacteria haye long been used as biofertilizers due to
their dual function: Photos&nthesis and nitrogen fixation (Singh,
1861; Jenkinson, 1977; Reynaud & Roger, 1978; Stewart el »af.,
1979; 1987; Stewart, 1880). The input of fixed nitrogen by
cyanobacteria randes from é few Kg of N.ha™1.a"1 to 100 Kg of
VN.ha”l.a_; (Fogg et al., 1973;rStewart ef-al., 1979, Venkatraman,
1880). However, the éurrent use of cyanobacteria in rice-fields

has serious limitations, because, normal cysnobacteria use fixed

nitrogen present in the field, instead of fixing nitrogen, thus
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?;oming weed for the crop (Musgrave et al,, 1982; Stewart ot

1987). S0, the strains which would liberate more  ammonia
fix N2 at higher rate would be better for biofertilizer use or

or use in photobioclogical production of ammonia (Stewart et al

ﬁB?}. Therefore, it is obvious that, we should‘produce suitably
iodified strains, maximizing nitrogen fixation, minimizing GS-
ZOGAT aotivities and/or abolishing ATS. Such modifications are
well

known 1in the cyanobacterial symbionts (Rai et «l., 1984;

;986b; Kleiner, 1985b; Nierzwicki-Bauer & Héselkorn, 1986). Free-
 iving cyanobacteria have been used for ammonia production by
inhibiting the GS enzyme either by MSX or hydroxylysine (Stewart &
 Rowell, 1975; Stewart & Rodgers, 1977; Ladha et @l ., 1978; Stewart

&% af., 1987) and immobilizing them in alginate (Musgrave ¢t &/

id .

71982; 1983a; 1983b; Kerby ¢ al., 1983; Muallem ei al., 1983).
- Inhibition of GS enzyme by MSX makes the cyancbacterium a
- glutamine auxotroph which requires glutamine for growth (Kerby et
=i., 1985; Rowell et al., 1985b; Spiller &t al., 1986). However,
:suitable ammonia liberating strains can be obtained by partially
inhibiting the GS activity (about 90 - 95%) or by manipulating the
ATS so that most of the nitrogenase-derived ammonia is liberated
‘and still the organism survives by assimilating part of the

monia {(Stewart e& ali,, 1987).

1.7. The present study:
Ammonium transport system is necessary for uptake of
exodenous ammonium and retention of the nitrogenase derived

ammonia (Kleiner, 1985b; Kerby et al., 1987). Hehce, modifi-
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" cation/abolition of this system would lead to leakage of nitroge-

nase derived ammonia and lack of intracellular accumulation of

- eXOogenous  ammonia. This type of strains would be useful in pPro-

duction of ammonia without the need of GB~-inhibitor, MSX, which is

toxic and expensive. ,Thesé can also be used in field where they

would liberate much more of the fixed ammonia than norual

cyanobacteria. Furthermore, ATS mutants would be much better than

Go-mutants because:

1. G5 mutants would be glutamine auxotrophs. Hence, their 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—
hous ammonium because nitrogenase will remain active. This is
because exogenous ammonia would not aocumulate in the cell in
absence of ATS and hence nitrogenase will not be repressed.
3. ATS mutants will still assimilate enough ammonia to sustain
themselves 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 photogsynthate for nitrogen fixation.
However, before ATS can be manipulated a thorough knowiedge
of ATS in cyancbacteria is needed. With this in view the present
- study was undertaken to characterize the ATS in MNostac ANTH and

Arnabaena 7120 and to understand its role in physiology and

" biochemistry of the nitrogen fixing cyanobacteria.



