CHAPTER 17

Nitrogen Metabolism

INTRODUCTION

NITROGEN is an important element for plant life. In importance it comes only next
o carbon, hydrogen and oxygen as it figures into the composition of profeins
nucleic acid, growth hormones, vitamins etc. Leaves consist of about 1 to 15 per,
cent nitrogen of their dry weight but lesser percentage is present in other vegetative

organs. It is one of the main structural components of a living organism.

Though included in the list of essential mineral elements, nitrogen is not a

mineral element. It has been included in the list simply because most of the plants
though flooded with an atmosphere consisting of 75 per cent nitrogen cannot absorb
the element directly from the atmosphere and they have to depend for its supply
on the soil in which they grow. There are only few organisms which can make

direct use of atmospheric nitrogen.
The sources of nitrogen are:
(i) Molecular nitrogen which is available to only few living organisms;
(ii) Nitrate which has to get converted into ammonia before entering the

metabolism;
(ii)) Ammonium compounds of which ammonium ions are absorbed directly
by the roots of the plants along with the nitrate ions; anfj .
(iv) Organic nitrogen which is present in soil in the form of proteins or pal'tl?”y
destroyed proteins and which can be absorbed by the plants as amino acids,

ammonia or nitrate directly. .
t aspects of the plant life

Nitrogen metabolism is one of the most importan
y pends animal life. It can be defined as the

on which also directly or indirectly de : .
series of biochemicalihanges taking place inside or outszde. the.plant bod).z w}f'c}’
result in the construction of complex nitrogenous f?od ﬁ'om its simpler derzvat_zyes
and the destruction of complex nitrogenous food into its cqmponents. Acc.:ordmg
to the definition nitrogen metabolism includes both apabollc or c.onstrucn.ve and
catabolic or destructive processes. The important ax.labohc processes includen m(l,g;n
fixation, amino acid synthesis and protein syqthgsns apd catz:jbo!tlc. gzz:;e;;es;:;ﬁ s:
proteolysis and amino acid destruction, demtnﬂcatfon and ni trlb : . .
of both these anabolic and catabolic processes of nitrogen metabo lism occurring
re a continuous supply of nitrogen to plants anq other !,vmg organisms
f nitrogen in atmosphere is

d and at the same time the percentage 0 . (
o 80 per cent. The series of reactions

in natu

is maintaine
maintained almost to a constant, i.e. about 75t

y e .
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of nitrogen metabolism make a sort of cycle and a SUPPC!YC‘;L'"I'\}nge"l from. atmg,
and its return to the atmosphere is termed .as'nitrotge: aﬁ g c‘ienzitriyf(‘: € majpn| c(,:l:.""%
of nitrogen fixation, ammoniﬁcati.on, mtnfjl(;]a li(:n ortAnt sieps :?tlon ete, | I,
be schematically described as in Fig. 17.1. The imp ¢ detaijq hCan
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Fig. 17.1. Nitrogen cycle.

NITROGEN FIXATION

For centuries together it was a well-known fact that by growing leguminous crops
the reduced fertility of land can be increased again. The reason for this increas
in fertility was not known for long. Later on, it was found that the fertility of the
soil increases due to some bacteria which are found in root nodules of leguminous
crops and soil and these bacteria are capable of fixing atmospheric nitrogen. Nitrogen
fixation can be defined as the phenomenon of conversion of free nitrogen into nitrogenous
salts to make it available for absorption by plants.
The fixation of nitrogen can be either a physical fixation or a biological nitroge?
fixation. Biological nitrogen fixation is more common in nature.
About 200 million metric tonnes of nitrogen is fixed annually by natural processe
Only 5 percent of this natural fixation occurs by physical process (physical nitrog"

jon ologicd
fixation) and about 95 per cent occurs through certain micro-organisms (biolog
nitrogen fixation).

(/) Physical Nitrogen Fixation

It occurs in several steps and starts wit

- with
h combination of atmospheric nitroge "
Oxygen under the influence of electric

. ot o100
discharge and thunder to produce nitric?

) Electric discharge
Nitrogen (N,) + Oxygen (0,) and thunder

— Nitric oxide (2NO) g
The nitric oxide is then oxidised to nitrogen peroxide in the presence of o
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: oxide (2NO) + Oxld
Nitrogen (2NO) + Oxygen (0,) —=*""_, Nitrogen peroxide (2NO;)

puring rains, .tge n}:t.rogen peroxide combines with rain water to form nitrous
cid and nitric acid w ich come to ground along with rains.

Nitrogen peroxide (ZNO,) + Rain water — Nitrous acid (HNO,) + Nitric acid (HNO,)
On ground t.he alkali radical's of the soil react with nitric acid to produce nitrites
and nitrates which are soluble in water and which can be absorbed by the plants

hrough T0OtS:

Ca or K salts + HNO; 5ol _, Ca or K-nitrates "

(ii) Biological Nitrogen Fixation

The biological nitrogen fixation may be categorised into following two types:
(a) Symbiotic nitrogen fixation
(b) Asymbiotic nitrogen fixation
This classification is maintained to refer to two different types of organisms

ivolved in N, fixation.

SYMBIOTIC NITROGEN FIXATION

is carried out by bacteria frequently found in the
root nodules of leguminous plants. The most common bacterium is Rhizobium.
It has two types of strains, (a) fast growers that include R. leguminosarum Or Bacillus
radicicola, R. faciolii, R. trifolii, R molilotii and (b) slow growers that include
R japonicum and R. lupinii. Rhizobia are commonly found in the soil of crop
fields where bacteria and plant both specifically affect each other’s growth.
Nodule formation. The development of nodule is rather a complicated process.

In the initial stage, host cells have to recognise the correct strain of symbiotic
bacteria. A critical specificity is involved in the association of various species of
root nodule bacteria and leguminous plants. This step is controlled by specific
proteins found in a host cell called lectin. Bauer (1981) proposed that these lectins
interact selectively with microbial cell carbohydrates (or glycoproteins) found in
the capsule of bacteria and serve as determinants of recognition or host specificity.
This interaction induces some responses in host plants and may result in exclusion
or inclusion of bacteria in the host cell. Thus, lectins are the key proteins involved
In the Rhizobium-legume symbiotic association and in the process calcium plays
a critical role in modifying the ability of root to absorb rhizobia,

~ Nodule formation is initiated by the infection of root hair by free living rhizobia.
Since these bacteria cannot digest cellulose it enters the root hair from the tip region
Where cellulose is nearly absent. The process of nodule formation is very peculiar.
L':gll_minous plants release tryptophan 'in the soil v_vhict'n is absorbeq by 'Rhizobium
s ﬂ:s metabolised to produce IAA (indole acetic acid). The Rhizobia produce
o t;r C!laracteristic substance called.root hair curling factor that causes defom?ation
Which Isting gf root hairs. ’!‘he roo't hair gets penetr_ated by a large numl.)er f)f rhlz?bia

y thecﬁllectlvely convert into an infection thread lined by cellulgse Whlcl‘% is provided

ost cell. The infection thread intrudes, settles and liberates its contents

This kind of nitrogen fixation
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now comioal oel) which it usunlly » polypord (tetraploid) The 'ﬁ""‘hm are |,

vither individanally or in small groups enclosed by 2 membrane The celly of Bt ’i’_‘"
enlnrge  mavume pleomorphic cshape and nrf 'called b()(n;rrrr(lt Thesa Pacry,
wimulme polvploid cefl 1o undergo repested divisions These also induce the '*'"'rrnm ‘
celly (diplond celle ) 1o divide which ultimately form the cortex of , Rodufe ..
chemicn) nature of inducer hate been found to be free and active [A A e T

Wan,.,
secreted by thizotes (Truchet er ol 1980).

D E

Fig. 17.2. Stages in the formation of root nodule. A—Rhizobia bacteria growing 0

the soil neas the root, B —entrance of bacteria through sub-apical region of root has

¢ ifection thread formed by bacteria, D-roots of a plant containing several nodule
and L —bacteroids in membrane bounded sacs in the host cells.

Hscmoglobin combines with oxygen and CO, and gets readily oxidised into row!
form with & wivalent iron. The dey clopment of leghaemoglobin and nitrogen [+
Capacily are oulcome of sy mbiot nleraction, since individually neither leguminv™
plants produce leghacmog lobin nor baClenia carry out nitrogen fixation. The "-”mowht
felationship is 50 essential that in the absence of Rhizobiym and combined nLroEs
{0 soil leguminous plants do not grow . There are two views about the loc”
ol leghacmoglobin that it is ¢igher located in the space between bacteroids *

3 ; . . ) . 3 nu-‘
lhic membrane c:)clu>1ng them or s present outside the membrane and 18 the
CMoplasm

. -»‘(;0'
UP WO protein components. one containing '’ (3

mol " ~ i _ g
ybdenum Known as Mo-Fe protein or molybdo-ferredoxin (cump‘-’“‘
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; . containing only iron C“.HCd Fe-protein or azoferredoxin (component 11
" or‘c rotein contains 1 to 30 iron atoms, a similar amount of sulpth:r and fm)no
W o atoms of molybdenum for every 2,00,000 to 3,00,000 units of molecular
(\;ht and 18 made up of foyr sub-units grouped in two types and contéins two
‘“"b.conmining electron carriers. The mol. wt. of Fe-protein ranges from 55,000
""’n;oOO and has abogt four 1ron and four sulphur atoms per 60,000 m‘(,|‘ wit
0 b 'i[iO" to nitrogen, nitrogenase can reduce a variety of multi ple bonded Subgt.rate;
1 .0 and those W.lth general f(?rmulae RCN, RNC, RC(jg as well as acetylene‘
,;z ;Ec( lene reduction is the .q'ka procedure to determine nitrogenase activity:
ngé,,,ase is extremely sensitive to oxygen. It is for this reason that N,-fixing
canisms nave evolved variety of ways for Pf0t§Cting nitrogenase from O, induced
};;crivation. The development of leghaemoglobin pigment in nodule cells and heterocysts
blue green algi{e are few examples. In general, the protection mechanism has
;,»en Categoriseq into two types, (a) conformation protection (by change in the
q e of enzyme In the presence of O, to b.ecome insensitive to it) and (b) respiratory
_otection (bY utilizing excess of oxygen in oxidising various substrates). However,
',considerable amount of work has yet to be done to precisely understand the exact
_ure, composition and function of nitrogenase.
* The enzyme remains active under anaerobic conditions. The leghaemoglobin
roulates the course of O, and provides suitable atmosphere to the enzyme. The
gment leghaemoglobin combines rapidly with O, to avoid any inhibitory effect

it on enzyme. At the same time it is able to make O, available to bacteroids
«; ATP production, required for nitrogen fixation.

Mechanism of nitrogen fixation. It is believed that during the process of nitrogen
ixation, the free, atmospheric nitrogen first bound to the enzyme surface is not
wkased until it is completely reduced to ammonia. Nitrogen bound to the enzyme
wrface is reduced in stepwise reactions before N-N bond is ruptured. The total
«duction of nitrogen occurs on an enzyme complex without release of intermediates

«ss reduced than ammonia.
The pathway of electron transport in nitrogen fixation in nodule bacteroids

ney be summarised as follows:

The fixation of atmospheric free nitrogen is carried out by enzyme nitrogenase.
_ﬂ‘f reduction of nitrogen into ammonia by nitrogenase in bacteroids depend upon
“vailability of ATP and reduced substrate capable of donating hydrogen atoms
1:::%6“ ATP is generated in bacteroid respiratory chai‘n systf{m and reduced
kduc;jle Is obtained from host cells. Glucose-6-phosphate is consnderec} tc3 be Fhe
5 Substrate for the process and reduced NADP together with ferredoxin function

Q t
€Clron carriers,

he ATP interacts with non-heme iron (NHI) protein component Ofnilrogenas‘e
owerful reductant. This

rons to reduce N, into

4

. U "
e ulgs about conformational change to convertittoap
i . reductant becomes capable of transferring elect

]. . s
© SUmmary of the process is given In Fig. 17.3.
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ATP
Glucose-
6-phosphate NADP* Fd educed NHl 01260 2NH,
gluconic acid N,
ADP + Pj

Fig. 17.3. The proposed pathway of N, fixation. (Fd = ferredoxin,

NHI = non-heme iron, 1 = enzyme glucose-6-phosphate dehydrogengs,
2 = enzyme NADPH-ferredoxin oxido-reductase, 3 = enzyme iron contain;n
protein component of nitrogenase and 4 = enzyme iron-molybdenum .

protein component of nitrogenase)

The in vitro studies on the process revealed that at least four mole
ATP are hydrolysed for each pair of electrons transferred to nitrogen.
reduction of one molecule of nitrogen into two molecules of ammonj
twelve molecules of ATP because six electrons are required per molecule
reduced.

N, + 6H" + 6e~ + 12ATP —— 2NH, + 12ADP + 12Pi

Several other substrates in addition to nitrogen can be reduced by nitrogengs,
complex, e.g. proton is also a substrate for it.

C‘.l!es of
Thus, the
a Tequireg
OfnitTOgen
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Due to this nature of nitrogenase, there may be evolution of additional H,
by bacteroids during nitrogen fixation. Such hydrogen evolution causes a waste
of ATP and reducing power. However, some strains of Rhizobium do not evolve ’
hydrogen and are thus more efficient in nitrogen fixation. Scientists are effortful
to develop such strains.

Nitrogen fixing symbionts with non-leguminous plants. Nodule formation
is not only found in leguminous plants but also in quite a few other plants. Symbiotic
bacteria have been found to occur in the root nodules of Casuarina, Ceanothus,
Cycas, Podocarpus, Dioscoria, Coriaria, Camptonia, Alnus, Myria, Hippophae
etc. and in leaf nodules of different species of Pavetta, Psychotria, Dioscorea ?tc.
Some members of Rubiaceae also develop root nodules, the bacterium being
Mycobacterium rubiacearum. Species of Klebsiella and Enterobacter have been
detected in the leaves of Psychotria and white fir. Similarly, blue green alga®,
Anabaena azollae form symbiotic association with a water fern (4zolla), A_- cyca a)e
with Cycas (gymnosperm) and Nostoc with Gunnera macrophylla (anc‘%l"sf’en:‘1 '

Bacteria Azotobacter paspali form colonies below mucilaginous root -Shezea
of Paspalum notatum. Spirillum notatum is found associated with Digitari®
mays, Sorghum elc.

ASYMBIOTIC NITROGEN FIXATION

Many free living bacteria and blue green algae are capable of fixing atmos

nitrogen.

pher®
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cteria () Anaerobic forms, e.¢. Bacillus polymyxa, of Clostridium pasteurianum

illum prassilense, Klebsiella pneumoniae:
14;05(!;’_) Aerobic forms, e.g. Azotobacter chroococcum, A. gilis, A. agile, Azomonas,

pa

. ncki@; _
,rxl:'; photosynthetic forms., ¢.& Rhodospirillum, Chromatium, Chlorobium,
jopseudomonas, R'hOdomlcroblum Chloropseudomonas;
Rho(iv) hemosynthetic forms e.g. Thiobacillus, Desulphovibrio;
Fungi_l’ullularia al?d yeasts.
Blue green algae (i) Unicellular forms, e.g. Gloeothece, Synechococcus;
(i) Filamentous non-heterocystous forms, e.g. Oscillatoria erythraea (syn.
-hodesmium erythraeum), Lyngbya-Phormidium-Plectonema group;
(iif) Filamentous heterocystous forms e.g. Nostoc, Anabaena, Cylindrospermum,

Calothri®, Tolypothrix, Aulosira, Scytonema, Gloeotrichia etc.

Process of Nitrogen Fixation (Studies on Cell Free Nitrogen Fixation)

The process remains basically the same in non-symbiotic nitrogen fixation, which
has been supported by studies on cell free extracts of free living nitrogen fixing
pacteria. Some points are considered here.

studies made on cell-free preparations to understand biological nitrogen fixation
have opened a new aspect on the subject. McNary and Burris (1962) extended
ihe first experimental evidence that ATP was involved in nitrogen fixation and
Mortenson (1964) while studying cell-free extracts of Clostridium pasteurianum
showed clearly the necessity of ATP in the process. Similarly, Dilworth (1965)
found that the addition of 5 mM ATP to an extract of C. pasteurianum supported
nitrogen fixation for 5 minutes at a rate of 3.8 my molecule N,/mg protein/minute.

Hardy and his coworkers (1965) explained the sequence of nitrogen fixation
as follows:

In this scheme ferredoxin plays an important role which is helpful in reducing
X compound. This X-reduced compound utilising energy from ATP forms ammonia
in presence of the enzyme nitrogenase.

Burris (1966) proposed working hypothesis for nitrogen fixation suggesting
the function of ATP and ferredoxin at each step in the reduction of nitrogen. The
pretty function of ATP donor is furnished by pyruvate which also acts as an electron
donor for N, reduction.

Pyruvate on one hand acts as an ATP donor while on the other hand it supplies
hydrogen ions and electrons for nitrogen reduction via NADH, and ferredoxin.
The enzyme requires 15 or even more ATP molecules, 6 hydrogen ions and 6 electrons
0 reduce one molecule of nitrogen to two NH; molecules. The reduction takes
Place step by step as shown in Fig. 17.4. _

Explaining the mechanism of nitrogenase activity, it is now believed that electrons
?re transferred from the reducing agents (Ferredoxin, F lavoprotein or Dithionite)

08 complex of Mg-ATP and Fe-protein (componert I1). From here electrons flow
0 Mo-Fe protein (component I) and then to substrate (nitrogen) which is finally

Teduceq (to NH,).
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Fig. 17.4. Scheme suggesting the role of ATP
in the reduction of nitrogen. Enzyme Is Ny

In most diazotrophs ( N,~fixing organisms

the natural electron carriers for the reduction of Fe-protein, The reduced Fe-protein
binds to Mg-ATPp (Mg2'ATTP), creating a complex with Mo-Fe protein, Dissociation
ol two proteing oceur between electron transfer events, The oxidised Fe-protein
dissociates and becom ey reduced again which recombines randomly with another
nitrogenase until )| electrony needed for the reduction of substrate (¢, g 6 for N,

and ferredoxin at cach step
rogenase (Burrig, 1966),

) ferredoxin and flavodoxin are probably

are accumulated,
(',‘cnc'llcnl studles, The dy the mechanism of nitrogenase
fnf:liVIties Inrecent and succesgfy Studies have been made on Klebyielly preumonlae.
I'he gene responsible for the synthesis of hltrogenaye iy called njf gene. Streicher
Mf regions in this bacteria, The
four nif genes to his p (the region
s.becn successful in idcntifying 14 nif genes in K
Cre organised intg eight transcriptional units, Recent studics

d'by two sets of inverted reped!
d the recent origin of 7f genes during (e course of evolution
Azotrophs). Besideg, it is further supporteg by the fact th#'
Separate( diuzotophs have g cloge relationship, A segment
ieumoniae hag beey, found o hybridise with DNA from eight

of DNA), Merrick (1979) ha
Pheumoniae which w

nlf DNAg of widely
of nif operon of K. p
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different N, fixing species. Bacteriophages have been successfully used in studying
‘milarities of nif genes and in their transferring (transferring of nif genes) to other
‘S;acteria. N, fixing genes of K. pneumoniae have been successfully tran§ferred to
Escherichia coli (a non-nitrogen fixing bacteriun}) through transduction using Pk}age
424, and this hybrid produced nitrogenase similar to .that o.f K. pneumoniae. l?hns
achievement is now considered as a great success of genetlg engineers (bnotechnc?log;,lsts()1
that offers prospects for a bright future. If somehow nif genes can be ma;glgu atle
and successfully introduced in crop plants, e.g. paddy plants, the latter wou ; r:;{:;f
an enormous capacity for high yield without any external supply of nitrogen fe rxl c; i e.
In this way, biotechnologists would offer double benefits to the future world, Le.

high yield of rice and economy of nitrogen fertilisers.
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