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Allgarh Muslim Univê j-slty, Aligarh, for their help during the 

course of the work. I am also thankful to Dr. A.?. Mascarenhas, 

who always encouraged me for completing the Ph.D. thesis. 

I am also thankful to all my colleagues of the Division 

of Biochemical Sciences for their support and cooperation. 

My sincere thanks are also due to Shri S.T.Dhume and Shri M.N. 

Kamthe for their excellent maintenance of the specialized 

instruments used in these studies. 

The author is also indebted to the Director, National 

Chemical Laboratory, Pune for permission to submit this work 

in the form of a thesis. 

B. M. KHAN 



ABBREVIATIONS 
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I?MR Nuclear magnetic resonance 

£-HMB 2,-Hydroxyinercuribenzoate 

£-CMS £-Chloromercuribenzene sulfonic acid 

PMSF Phenyl methyl sulfonyl f luoride 

rpm Revolution per minute 

SI6 Sodium dodecyl su l fa te 

-2-J£E jB-Mercaptoethanol 
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CHAPTER I 

INTROnJCTION 



GEMERAL IKTROIXJCTION 

Nitrogen is one of the major and essential constituent 

elements of life. It is available in various oxidized states 

in nature and can "be utilized by plants and some of the micro

organisms to the level of ammonia and amino groups which are 

ultimately responsible for providing organic nitrogen to many 

heterotrophic forms of life. 

Nitrogen and carbon constitute approximately 2i> and 40?6 

of the dry weight of plant material, respectively. Based 
q 

upon the approximate analys is and the estimated 200 x 10^ tons 
of carbon fixed annually on a worldwide scale (Galston, 1961), 

9 

10 X 10 tons of ni t rogen are incorporated in to plant material , 

Burns and Hardy (1975) estimated tha t a t o t a l of 0,175 x 10^ 

tons of dini t rogen i s fixed in the biosphere annually. From 

these estimates i t can be deduced tha t a large amount of 

ni t rogen in p lants i s derived from n i t r a t e or ammonium 

ass imi la t ion . 

Nitrogen is mostly taken up as n i t r a t e in p lants and 

reduced to ammonia before being assimilated in to amino ac ids . 

Although ammoniacal f e r t i l i z e r s are used almost exclus ively , 

the ammonia derived from these f e r t i l i z e r s i s oxidized to 

n i t r a t e by s o i l microorganisms. The use of ni t rogen f e r t i l i 

zers plays a predominant role in achieving the high yield of 

crops required to meet the world 's food needs (Powden, 1979; 

Hageman, 1979), However, the u t i l i z a t i o n of nitrogenous 

f e r t i l i z e r s , which are manufactured by high-cost t'echnology, 



is poor (Subbarao, 1977). This necessitates the development 

of an understanding of factors which regylate their uptake 

and assimilation. 

Reduction of nitrate to aintoonia is catalyzed by two 

enzymes, nitrate reductase and nitrite reductase. In green 

tissues assimilation of nitrate is intimately linked with 

phot OS ynt he tic reactions not only for the reduction of nitrate 

to ammonia but also for the generation of carbon compounds 

which are required for the incorporation of ammonia into amino 

acids. It has been suggested that nitrate reductase has a 

primary yole in regulating the whole nitrogen metabolism 

(Yennesland and Guerrero, 1979; Hewitt et̂  al., 1979; Losada 

et al., 1981), and the inflow of nitrate nitrogen into amino 

acids can be controlled by regulating the activity of nitrate 

reductase because it is (a) the first enzyme in the pathway, 

(b) substrate inducible, (c) relatively unstable both in vivo 

and in vitro especially when subjected to water stress or 

high temperature, and (d) its activity, relative to other 

enzymes in the pathway, is low and its K for nitrate is high 

(Beevers and Hageman, 1969), 

General aspects of inorganic nitrogen metabolism 

The essential features of inorganic nitrogen metabolism 

center about oxidation-reduction reactions. The nitrogen atom 

has a variety of oxidation states which range from + 7 to 

- 3 (Table 1). However, of all the oxidation states of 

nitrogen, nitrate, molecular nitrogen and ammonia are most 

widely distributed in nature. 



Table 1: The oxidat ion-reduction s t a t e s of some nitrogen 
compounds (Nicholas, 1963) 

Oxidation-reduction s t a t e 
of ni t rogen atom 

Porraula 

^2^7 

HNO, 
4 

NO^ 

H2ND4 

N2O5 

HNO, 

N2O4 

NO2 

N2O3 

HNO2 

NO 

HgNO^ 

NOH 

N2O 

H5N5O5 

Name 

Nitrogen peroxide 

P e r n i t r i c acid 

Nitrogen peroxide 

Perni t rous acid 

Nitrogen peroxide 

Ni t r ic acid 

Nitrogen te t rox ide 

Nitrogen dioxide 

Nitrogen sesquioxide 

Nitrous acid 

Ni t r ic oxide 

Hydronitrous acid 

Nitroxyl 

Nitrous oxide 

Hyponitrous acid 

+ 7 

+ 6 

+ 5 

+ 4 

+ 3 

+ 1 

0 

NOo-. j-.NHg 

NH(OH)« 

N. 

- 1 

- 2 

- 3 

OH.NH.NH.OH 

NH2OH 

H2N.NH2 

NH.OH 
4 

Nitramide; imido 
nitric acid 

Dihydroxy ammonia 

Nitrogen 

Bihydroxyl hydrazine 

Hydroxylamine 

Hydrazine 

Ammonium hydroxide 
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Some autotrophic aoil bacteria oxidize reduced forms of 

inorganic nitrogen to more oxidized forms: Nitrosomonas 

oxidizes ammonia to nitrite, and Nitrobacter oxidizes nitrite 

to nitrate. Such nitrification relictions serve as energy-

yielding systems for these organisms. On the other hand 

certain species of bacteria reduce oxidized forms of inorganic 

nitrogen, such as nitrate or nitrite, to more reduced forms, 

Denitrification is a typical reaction in which the reduced 

products are gaseous compounds, such as NO, N^O, and molecular 

nitrogen. Molecular nitrogen is utilized by certain species 

of bacteria including symbiotic and free-living cells by a 

process known as nitrogen fixation. The combined orgsinic 

nitrogen compounds are decomposed by the cells in which they 

are synthesized or by other cells to simpler compounds ulti

mately to amino or other nitrogenous compounds. Therefore, 

nitrogen Is utilized by living cells in a cyclic process. 

The literature reviewed in this Chapter deals mainly 

with studies on nitrate- and nitrite reductases from bacteria, 

fungi and higher plants. Only a brief reference has been made 

to the significance of the nitrate metabolism. No attempt 

has been made to give an exhaustive review. The reviews on' 

the subject by Nason and Takahashi (1958), Nason (1962), 

Takahashl et_ al.Cl963), Hewitt and Nicholas (1964), Beevers 

and Hageman (1969), Payne (1973), Hewitt (1975), Hageman and 

Reed (1980), Vega et̂  al. (1980), and Cruerrero et_ al. (1981) 

have been of great help in writing this Chapter, 



Metabolism of nitrate 

The biological reduction of nitrate to nitrite occurs 

in bacteria, fungi, algae, higher plants and even in animal 

tissues, A number of class1floations have been proposed for 

various types of nitrate reduction (Nason and Takahashl, 1958; 

Verhoeven, 1956; Sato, 1956; Plchlnoty, 1966; Plchinoty 

et al., 1969), but none has been found satisfactory. Jensen 

(1904) suggested five categories according to the products , 

of the reaction, whereas Verhoeven (1956) described three types 

of nitrate reduction as (a) "assimilation" in which nitrate 

is reducpd only for the elaboration of the nitrogenous cell 

material, (b) "incidental dissimilation" in which nitrate 

acts as a non-essential hydrogen acceptor, (c) "true dissi

milation" in which nitrate acts as the essential hydrogen 

acceptor which enables the organism to grow. An entirely 

different classification based on the function of the cyto

chrome system, was given by Sato (1956), He classified nitrate 

reducers into three categories: (a) whose cytochromes parti

cipate in nitrate reduction, the cytochromes involved, 

however, differ from species to species. Another important 

characteristic common to this group is the strong inhibitory 

action of oxygen on nitrate reduction, (b) those whose cyto

chromes do not participate in nitrate reduction, (c) those, 

that lack cytochrome. Takahashl et_ al̂ . (1965) considered 

nitrate reduction as: (i) nitrate respiration, (11) nitrate 

assimilation, and (ill) nitrate fermentation as Illustrated 

in Table 2, However, it is now known that obligate anaerobes 
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7 
can also synthesize cytochromes (Sadana and Jagannathan, 1954; 

Gibson and Larsen, 1955; Sadana and Jagannathan, 1956; 

Pos tga te , 1956), Garrett and Nason (1967) and Soloraonson and 

Vennesland (1972) have concluded that the d i s t inc t ion between 

ass imlla tory reduction and resp i ra to ry n i t r a t e reduction can 

not be made on the basis of the presence or absence of cyto

chromes, 

Pewson and Nicholas (I961a)and Nason (1962) proposed that 

n i t r a t e reduction can best be dist inguished in to two major 

types : (a) Ni t ra te ass imi la t ion , in which n i t r a t e and i t s 

reduction products are reduced to amraonia for the biosynthesis 

of ni trogen containing components, ana (b) n i t r a t e r e sp i r a t i on 

or dissirai lat ionj in ;vhich n i t r a t e and/or i t s reduction products 

ser-ve(s) as bhe terminal e lec t ron acceptors in place of oxygen, 

usual ly under anaerobic or p a r t i a l l y anaerobic condi t ions . 

Depending upon the organism and i t s environment, n i t r a t e may 

be reduced to n i t r i t e , or in a se r i e s of s t ep s , to more 

reduced forms of n i t rogen . I f molecular n i t rogen, n i t r i c 

oxide or n i t rous oxide is the end product of the n i t r a t e 

reduction, the process is cal led d e n i t r i f i c a t i o n . The r e s p i -

, ra tory n i t r a t e reduction is inhibi ted by oxygen. Because of 

the obvious physiologjcal and en-^ymological s i m i l a r i t i e s to 

oxygen r e s p i r a t i o n , i t would be expected that ni tr j i te r e s p i 

r a t i on involves energy yielding react ions which under given 

conditions are necessary for the growth and well-being of 

the organism. One s tep reduction of n i t r a t e i s known to 

support the growth of various bac te r ia (Nason, 1962; 
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Matsubara, 1971). Ni t ra te reduction is reported to be linked 

t o oxidative phosphorylation (Yamanaka et_ a l . , 1962; Ohnishi, 

1963; Naik and Nicholas, 1966). Recently ATP production 

coupled t o the d e n i t r i f i c a t i o n ,of n i t r a t e in Rhizobium 

japonioum ajid i t s bacteroids has been reported (Bhandari 

et, a l . , 1984). 

Nitrate metabolism in Achromobacter f i soher i has been 

studied in t h i s laboratory and i s found unique in tha t the 

product of n i t r a t e metabolism i s ammonia but both the metabo

lism of n i t r a t e and the synthesis of-^nitrate reductase and 

n i t r i t e reductase are g rea t ly inhibi ted by oxygen (Prakash 

and Sadana, 1973). Achromobacter n i t r a t e reductase involves 

the p a r t i c i p a t i o n of bac t e r i a l cytochrome Oj-c^ in "the e lect ron 

t ranspor t chain, Furthermore, the n i t r i t e reductase of Â . 

f i soher i i s i t s e l f a heme-containing prote in (Prakash et_ a l . , 

1966), In view of the cjrtochrome pa r t i c i pa t i on and the 

apparent competition by oxygen for the e lec t rons in the 

conversion of n i t r a t e t*o n i t r i t e and further n i t r i t e to ammonia, 

n i t r a t e metabolism of A_. f i soher i apparently exhibited the 

c h a r a c t e r i s t i c s of the resp i ra tory- type (Sato, 1956). However, 

since the product of n i t r a t e reduction i s ammonia, i t should 

belong to the ass imi la tory- type . 

Ni t ra te reductase 

Nit ra te reductase catalyzes the reduction of n i t r a t e to 

n i t r i t e , the f i r s t s tep involved both in the ass imi la tory as 

well as d i ss imi la tory n i t r a t e reduct ions , according to the 
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following equation: 

NO" + 2H'^ + 2 e " V N0~ + H2O 

Many species of bacteria are able to reduce nitrate to 

nitrite. The actual agency of this reduction, however, 

remained obscure until Quaste] et_ al. (1925) pointed out the 

existence of a specific enzyme acting on nitrate in resting 

bacteria. Yamagata (1938, 1939) obtained a cell-free prepara

tion of this enzyme and proposed the name "Nitrate reductase" 

instead of "Nitratase" which has been previously used. 

Depending upon the type of nitrate reduction carried out by 

the organism, nitrate reductases can be divided into two major 

groups: (i) assimilatory nitrate reductase and (ii) dissimi-

latory or respiratory nitrate reductase, 

Pichinoty (1964-a, b; 1965) reported the exiscence of two 

types of nitrate reductase^ A and B, in nitrate reducing 

bacteria which differ in some of their properties, particularly 

in their behaviour towards chlorate. Chlorate is the substrate 

of A sind an inhibitor of B, He classified nitrate reducing 

bacteria into three groups in accordance with their possessing 

A, B and 1 a:nd B. Nitrate reductase A, in general, belongs to 

the respiratory type and is membrane bound. Its formation is 

induced by nitrate and repressed by oxygen. The enzyme B 

(soluble), depending upon the species, has assimilatory 

(Pseudomonas putida> Micrococcus denitrificana) or respiratory 

(Providentia alcalifaciens, Aeromonas hydrophila) function 

(Pichinoty and Piechaud, 1968). 
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Two types of enzyme B are dlscerni'ble in several species 

of bac t e r i a . Enzyme Boc i s act ivated by 1 M NaCl, KCl or CsCl 

whereas B^ is not (Pichinoty, 1971). A separate ch lo ra t e -

reducing enzyme, designated enzyme C, which does not reduce 
» 

nitrate, has been reported. 

In Escherichia coli, nitrate reductase has a multifun

ctional character (Sato, 1956; Nicholas, 1963). It can 

perform simultaneously two different types of nitrate metabo

lism, nitrate respiration (anaerobiosis) and apparent nitrate 

assimilation (aerobiosis). The anaerobic nitrate reduction 

does not proceed beyond the nitrite stage and is profoundly 

retarded by oxygen, reflecting the character of nitrate respi

ration. However, it is not known whether the same nitrate 

reductase performs the two functions. In Aerobacter aerogenes, 

there is only one nitrate reductase which has a respiratory 

role under anaerobic condition and an assimilatory function 

under aerobic condition (Pichinoty, 1965; Stouthamer, 1967). 

On the basis of differences in factors regulating the synthesis 

of the enzyme that carried out two different functions, Yan'T 

Riet et̂  al. (1968) raised the possibility of two different 

nitrate reductases in A_. aerogenes^ In M. denitrificans, 

however, the existence of two nitrate reductases, one having 

respiratory and the other an assimilatory function has been 

reported (Pichinoty, 1964c). 

In addition three different molybdenum-containing enzymes 

from animal tissues, namely xanthine oxidase, aldehyde oxidase, 

and xanthine dehydrogenase, are also known to catalyze the 
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reduction of nitrate to nitrite, although this is not consi

dered to be their primary or physiological function (Bray, 

1963j Nason, 1963). Ivanova and Pieve (1973) have reported 

that horseradish peroxidase can also catalyze nitrate redu

ction at a very high rate using diethyldithiocarbamate and 

sulfite mixture as electron donor. ESR studies in combination 

with redox titrations have shown that nitrite oxidase has 

some strong similarities, including the presence of molybdenun, 

with the respiratory nitrate reductase of a denitrifying 

bacterium (I]%ledew and Hailing, 1976), Indeed in cell-ftee 

membrane vesicle preparation from Nitrobacter, under anaerobic 

conditions, the nitrite oxidase can act as a nitrate reductase 

when a. suitable reductant such as NADH is present (Aleem, 1970; 

1977; Aleem and Sewell, 1981). 

1• Assimilatory nitrate reductase 

One of the earliest investigations reported by Kastle 

and Elvov (1904) consisted of a detailed and critical examina

tion of potato tuber extract capable of catalyzing the redu

ction of nitrate to nitrite. The striking resemblance of 

this enzyme system to the aldehyde oxidase of potato, studied 

many years later by Bernheim. (1928) and Bhagwat (19^9), 

suggested that the two activities are catalyzed by the same 

or closely related proteins. It was subsequently shown that 

the aldehyde oxidase of animal tissues is a molybdo-flavo-

protein (Mahler et al., 1954) which can catalyze the reduction 

of nitrate to nitrite, a property attributed to molybdo-

proteins in general (Mahler and Green, 1954). 
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A s s i m i l a t o r y n i t r a t e r e d u c t a s e s can be d i s t i n g u i s h e d in 

two major groups based on the s p e c i f i c i t y of e l e c t r o n donors: 

( a ) fe r redoxin-dependent n i t r a t e r e d u c t a s e , which i s t j r p i ca l l y 

p r e s e n t in cyanobac t e r i a ( b l u e - g r e e n a l g a e ) , and a l s o presuma

b l y i n chemoorganic and p h o t o s y n t h e t i c b a c t e r i a , and (b) 

p y r i d i n e nuc leo t ide -dependen t n i t r a t e r e d u c t a s e , which i s 

found in e u k a r y o t i c organisms. The d i f f e r e n t i a l s p e c i f i c i t y 

for t h e p h y s i o l o g i c a l r educ t an t i s c o r r e l a t e d w i t h d i f f e rences 

i n t h e i r p r o s t h e t i c groups amd phys ico-chemica l p r o p e r t i e s . 

Also whereas f e r r e d o x i n - n i t r a t e r educ t a se of p h o t o s y n t h e t i c 

p roka ryo tes seems t o be t i g h t l y bound t o p h o t o s y n t h e t i c 

membrane, the p y r i d i n e nuc leo t ide -dependen t enzyme of eukary-

o t e s i s a s o l u b l e enzyme (Losada and Guer re ro , 1979; 

Vennesland aind Guer re ro , 1979) . 

( a ) F e r r e d o x i n - n i t r a t e r educ t a se 

N i t r a t e r e d u c t a s e from cyanobac t e r i a Anabaena c y l i n d r i c a 

( H a t t o r i , 1970) , Anacys t i s n idu lans (Candau, 1979; Manzano 

e t a l . , 1976) , Nostoo muscorum (Ortega et^ a l . , 1976) , 

Plectonema boryanum ( Ida and Mikami, 1983; 1984) can not 

accept e l e c t r o n s d i r e c t l y from NAD(P)H but i s r a t h e r dependent 

on reduced f e r r e d o x i n as the p h y s i o l o g i c a l e l e c t r o n donor. 

The r e a c t i o n c a t a l y z e d by c y a n o b a c t e r i a l n i t r a t e r educ ta se can 

t hus be w r i t t e n a s : 

+ 2e" 
NO3 + 2rd^g^ + 2H^ ^ NO- + 2Pd^^ + HgO 

«AG ,̂ pH 7.0 = - 3 8 . 6 Kcal.mol"^ 
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Also reduced flavodoxin (a low molecular weight flavoprotein 

which physiologica l ly subs t i t u t e s for ferredoxin under 

condit ions of iron s ta rva t ion) can act as an e lec t ron sotirce 

for the reduction of n i t r a t e to n i t r i t e catalyzed "by Anacystis 

n i t r a t e reductase (Manjano, 1977; Candau, 1979). 

The n i t r a t e reductases from both chemoorganic bac ter ia 

Azotobacter chroocoocum (Guerrero et^ §1 •» 1975), Acinetobacter 

calcoacet icus (Vil lalobo et̂  a l . . , 1977), R. .iaponicum (Daniel 

and Gray, 1976), Azotobacter v ine landi i (Bothe and Haeger, 

1981) and phot©synthetic bac te r ia Rhodopseudomonas capsulata 

(Alef and Klemme, 1979), Ectothiorhodospira shaposhnikoyii 

(Malofeeva et_ a l , , 1975), Rhodopseudomonas sphaerpldes (Norma 

and Cardenas, 1982) can use reduced ferredoxin as the physio

log ica l e lec t ron donore These enzymes are act ive with reduced 

viologens, but they can not use reduced pyridine nucleotides 

as reductant . 

By using a f f i n i t y chromatography with ferredoxin-Sepharose 

gel as the main s tep (Manjano e;t a l . , 1978) fer redoxin-ni t ra te 

reductase of Anacystis has been purif ied to homogeneity and 

p a r t l y charac ter ized . The enzyme is a molybdo-protein having 

only one polypeptide chain with a r e l a t i v e molecular mass of 

75,000, Prom the c h a r a c t e r i s t i c s of the absorption spectra 

of homogeneous preparat ions of the enzyme the presence of 

e i the r f lavin or c.rfcochrome in i t s molecule can be excluded 

(Candau, 1979). Whether t h i s n i t r a t e reductase contains non-

heme iron remains to be determined as does the number of -

molybdenum atoms per enzyme molecule. I t has been demonstrated 
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t ha t Mo is an e s s e n t i a l component for the c a t a l y t i c a c t i v i t y 

of the enzyme. The Anacystis fe r redoxin-n i t ra te reductase 

exhib i t s except ional ly high pH optimum (about 10,5) with 

di thioni te-reduced methyl viologen as the e lec t ron donor 

(Manzano et_ a l . , 1976), Cyanide and £-HMB are powerful i n h i 

b i to r s of Anacystis n i t r a t e reductase . The inh ib i t ion of t h i s 

enzyme by iron-binding agents and the apparent lack of heme 

in the enzyme molecule suggest the p a r t i c i p a t i o n of nonheme 

iron in i t s c a t a l y t i c a c t i v i t y (Candau, 1979), 

Ferredoxin-ni t ra te reductase from cyanobacterium P_, 

boryantun has been purif ied recent ly using zinc form of 

chela t ing Sepharose 6B as the f ina l s tep of pu r i f i ca t i on 

(Ida and Mikami, 1984), Purif ied enzyme showed absorption 

spectrum c h a r a c t e r i s t i c of i ron-su l fur p ro t e in . The r e l a t i ve 

molecular mass of the enzyme was 80,000. I t showed a high pH 

optimum (pH 10,5) as in case of Anacystis enzyme (Ida and 

Mikami, 1983). 

Ni t ra te reductase from photosynthetic bacterium R, 

sphaeroides has been purif ied and characterized recent ly 

(Norma and Cardenas, 1982), The enzyme showed low specif ic 

a c t i v i t y (0,24- un i t s per mg p r o t e i n ) , A r e l a t i v e molecular 

mass of approximately 100,000 was est imated. The calculated 

f r i c t i ona l r a t i o of 1.33 indicated a s l i g h t l y elongated 

shape of the enzyme. Studies with inh ib i to r s and metal 

antagonists indicated tha t molybdenum and possibly iron 

pa r t i c ipa te in the enzymatic reduction of n i t r a t e , Th$ 
r 

fe r redoxin-n i t ra te reductase from R, capsulata has a r e l a t i ve 
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molecular mass of 185,000 and i s compo&ed of two subun l t s 

of 85,000 d a l t o n . Molybdenum and heme i ron has been de tec ted 

i n the enzyme molecule (Alef and Klemme, 1979) . 

N i t r a t e r e d u c t a s e s from t h e ae rob ic chemoorganic b a c t e r i a 

A_, chrooccecum and A_. c a l c o a c e t i c u s have been c h a r a c t e r i z e d 

p a r t l y and shown t o be molybdoproteins of about 100,000 d a l t o n 

whose a c t i v i t y i s i n h i b i t e d by cyanide and £-HMB and s t imu

l a t e d by cyanate (Guerrero and Vega, 1975; Guerrero et_ a l . , 

1973; V i l l a l o b o et_ a l . , 1977). 

(b ) P y r i d i n e nuc leo t ide -dependen t n i t r a t e r educ t a se 

The f i r s t d e f i n i t e examinat ion of t h e a s s i m i l a t o r y n i t r a t e 

r e d u c t a s e was r epor t ed from Neurospora (Nason and Evans, 1953) 

and soybean l eaves (Evans and Nason, 1953) , and c h a r a c t e r i z e d 

as a su l fhyd ry l molybdo-FAD-protein. Both PAD and Mo were 

shown t o func t ion as e l e c t r o n c a r r i e r s i n the fol lowing 

sequence (Nicholas and Nason, 1954a) : 

NADPH • FAD —y- Mo >- N0~ 

Oxidat ion s t a t e s of lo involved in the oxidaTion-re duct ion 

appears t o be +5 and +6 (Nicholas and Nason, 1954b; 

Nicholas and S t e v e n s , 1955) . 

The work of Nason and h is co l l eagues has e s t a b l i s h e d 

s e v e r a l f e a t u r e s of t h e enzymatic appa ra tus a s s o c i a t e d wi th 

n i t r a t e r e d u c t i o n in Neurospora c r a s s a , A s s i m i l a t o r y NAD(P)H-

n i t r a t e r educ t a se (NAD(P)H: n i t r a t e o x i d o r e d u c t a s e , 

(EC 1 .6 ,6 ,2 ) ) of N. c r a s s a i s a s o l u b l e su l fhyd ry l p r o t e i n , 

w i th PAD, cytochrome h^cy (N- c r a s s a ) . molybdenum, and an 
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u n i d e n t i f i e d second metal component as p r o s t h e t i c groups 

( G a r r e t t and Nason, 1967; 1969; Nason and Evans, 1953; 

Nicholas and Nason, 1954-a; 1954b; Nicholas et^ a l . , 1954) . 

I t has a r e l a t i v e molecular mass of 230,000 ( G a r r e t t and 

Nason, 1969; Nason et_ a l . , 1970) and d i s p l a y s s e v e r a l o ther 

i nduc ib l e enzymatic a c t i v i t i e s i nc lud ing FAD-dependent NAIIPH-

cytochrome c_ r educ t a se (Kinsky and McElroy, 1958) , PADH2-

n i t r a t e r e d u c t a s e , NAEPH-nitrate r educ t a se and reduced methyl 

v io logen (MVH)-nitrate i^eductase ( G a r r e t t and Nason, 1969) . 

The fol lowing pathway of e l e c t r o n t r a n s f e r in n i t r a t e 

r e d u c t i o n in N. c r a s s a has been suggested ( G a r r e t t and Nason, 

1969) : 

Cytochrome c PADHo 

/ ~ \ 
NAKPH —y- PAD —>• Metal? — ^ Cytochrome b^^y 

MVH ^ Mo — ^ N0~ 

both gene t i c and 'biochemical (Nason et^ al_.» 1970; Ketchum 

et a l , , 1970) evidences have shown t h a t N. c r a s s a n i t r a t e 

r educ tase i s composed of a t l e a s t twc s u b u n l t s . The s y n t h e s i s 

of one of t h e s e subun l t s i s induced by n i t r a t e . This com

ponent i s c h a r a c t e r i z e d by i t s c a p a c i t y t o c a t a l y z e the 

r e d u c t i o n of cytochrome c_ by NADPH, The o the r s u b u n l t , which 

i s a c o n s t i t u t i v e component of w i ld - type N. c r a s s a and c e r t a i n 

o t h e r mutan ts , i s c h a r a c t e r i z e d by i t s c a p a c i t y t o c a t a l y z e 

the r e d u c t i o n of n i t r a t e hy PADHg, reduced methyl v io logen 

or NAIPH, when t h i s subunl t i s combined wi th t h e induc ib le 

s u b u n l t . Ketchum et^ a l , (1970) and Nason et_ a l . (1971) have 
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reported tha t molybdenum-containing cons t i tu t ive subunit from 

N. crassa can be replaced by ac id - t rea ted molybdenum enzymes 

from diverse phylogenetic sources extending from prokaryotic 

through higher eukaryotic organisms. The molybdenum enzymes 

included bovine milk and i n t e s t i n a l xanthine oxidase, rabbi t 

l i v e r xanthine oxidase and chicken l i v e r xanthine dehydrogenase, 

Acid-treated preparat ions of nitrogenase from Clostridium, 

Azotobacter and soybean bac te ro ids , l i v e r aldehyde and s u l f i t e 

oxidase from mammals, p lant n i t r a t e reductase and E. c o l i 

r e sp i ra to ry n i t r a t e reductase can also replace the cons t i tu t ive 

Mo-containing subunit of N. erassa (Nason et a l . , 1971). By 

con t r a s t , inorganic molybdenum, and ce r t a in molybdenum-amino 

acid complexes, as possible c a t a l y t i c models of ni t rogenase, 

fai led to yield N^ADPH-nitrate reductase a c t i v i t y a f t e r incuba

t ion with n i t - 1 extract grown in the presence of n i t r a t e 

(Ketchum et̂  a l . , 1970). 

Certain mutant s t r a i n s of N. c rassa , designated as n i t , 

are unable to grow on n i t r a t e as a nitrogen source and produce 

aberrant enz3nnes which lack NAIIPH-nitrate reductase a c t i v i t y , 

and one or more of the other three a c t i v i t i e s (reduced EAD-

n i t r a t e reductase , reduced methyl v io logen-ni t ra te reductase , 

and PAD-dependent cytochrome £ reduc tase ) , n i t - ] Mutant 

produces an enzyme which possesses a n i t r a t e Inducible PAD-

dependent NADPH-cytochrome c_ reductase a c t i v i t y and lacks the 

other three a c t i v i t i e s . The combination of molybdenum-

containing subunit from any of the various sources with t-he 

inducible subunit from N. crassa (n i t -1 ) r e s u l t s in the 
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r econs t i t u t ion of functional n i t r a t e reductase having i n d i s t i 

nguishable proper t ies from those of wild-type N. crassa n i t r a t e 

reductase (Nason et_ a l . , 1971), Ln v i t ro formation of n i t r a t e 

reductase (EC 1.6,6,2) has a l so , been a t ta ined by using ex t rac ts 

of N. crassa ( n i t - l ) and ext rac t of e i t h e r photosynthet ica l ly-

or heterotrophically-grown Rhodosplrillum rubrum which c o n t r i 

butes the cons t i tu t ive component (Ketchum and S e v i l l a , 1973). 

Apparently, N, crassa n i t r a t e reductase and the various molyb

denum-containing enzymes share s imi lar pro te in subuni ts . In 

explaining these r e s u l t s , Nason et_ al_. (1971) postulated tha t 

the cons t i tu t ive component i s a molybdenum cofactor , Ketchum 

and Swarin (1973) have shown tha t loss of gene product in 

E' o^sissa ( n i t - l ) can be replaced by a trypsin-and pro tease-

insens i t ive dialysable component which i s present in the 

ex t rac t s of bac te r ia tha t are capable of metabolizing d i n i t r o -

gen and/or n i t r a t e . The component is presumed to contain 

molybdenum and can probably be viewed as a cofactor as postu

la ted by Nason et_ al^, (1971). Evidence for possible existence 

of common genes affect ing both n i t r a t e reductase and n i t r o -

genase has also been obtained in s tudies with mutants of 

Rhlzoblum (Ketchum and Swarin, 1973). In l a t e r papers Nason 

and his colleagues (Lee et_ a l . , 1974a; 1974b) have reported, 

using radioact ive molybdenum, the p a r t i a l r eac t iva t ion effect 

spec i f i ca l ly by s a l t s and other der ivat ives of the metal 

showing tha t molybdenum (presumably as a component of a la rger 

molecule of cofactor in the in v i t r o formation of the enzyme) 

is contributed by Neurospora ex t rac t s other than tha t of n i t - l 

and by ac id- t rea ted Mo-onzymes. 
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Nason et̂  a l . (1974) presented evidence, based on the 

in v i t r o assembly of an ac t ive Neurospora-like NADPH-nitrate 

reductase (EC 1 .6 .6 ,2) , by incubating c e l l - f r e e ext rac t of 

N. crassa (n i t -1 ) with (a) c e l l - f r e e preparat ion of ce r t a in 

non-a l l e l i c mutants or uninduced wild-type or (b) ac id -

t rea ted Mo-enzymes from diverse phylogenetic sources, tha t a 

Mo-cofactor i s common to most of the Mo-enzymes, Mo-cofactor 

of approximately 1000 r e l a t i v e molecular mass was postulated 

t o serve both as a l ink tha t binds the enzyme subunits of 

n i t - 1 to yield the act ive enzyme, and as an e lec t ron c a r r i e r . 

Amy and Ra^agopalan (1979) purif ied Mo-cofactor from E. co l i 

which diffused through a membrane of 2000 r e l a t i v e mass 

cut off and was insens i t ive to t r y p s i n . I t was associated with 

a c a r r i e r molecule (rv40,000 dalton) but was eas i ly removed 

by d i a l y s i s , Johnson et_ a l , (1980) i so la ted a Mo-cofactor from 

s u l f i t e oxidase, xanthine oxidase aud n i t r a t e reductase and 

showed t h i s to be a novel p t e r i n . The ac t ive factor was 

presumably composed of Mo and a reduced form of p t e r i n . Much 

genetic and biochemical evidence indicates tha t the cofactor 

is a component of a l l molybdenum-containing enzymes, with the 

s ingle exception of ni t rogenase, which contains a cofactor 

containing i ron, as well as molybdenum, designated as PeMoCo 

(Pienkos et_ a l . , 1977; Shah and B r i l l , 1977), 

Recently, n i t r a t e reductase has been purif ied from N, 

crassa wild s t r a i n , n i t - 1 and n i t - 3 and i t has been shown tha t 

the native enzyme cons is t s of two iden t i ca l subuni t s , n i t - 1 

enzyme being apoenzyme of wild-type n i t r a t e reductase (Horner, 

1983; Tachikl and Nason, 1983). The n i t - 1 mutant lacks not 
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only native n i t r a t e reductase a c t i v i t y but a lso xanthine 

dehydrogenase a c t i v i t y . The n i t - l gene must, t he re fo re , 

control the synthesis of a Mo-eofactor common to both n i t r a t e 

reductase and xanthine dehydrogenase. Thus, the mutant 

n i t r a t e reductase enzyme produced "by n i t ~ l must be an apo-

enzyrae, lacking the Mo-cofactor but complete in i t s poly

peptide (Horner, 1983). The pleotrophy of N. crassa n i t - 1 

is caused by a defect in the synthesis of molybdopterin. 

The r econs t i t u t ion of the apoprotein of n i t r a t e reductase of 

n i t - 1 i s a t ta ined through specif ic incorporation of molybdo

p t e r i n and there is no requirement of an exogenous peptide 

in the process (Kramer et_ al_., 19B4). 

In v i t ro r econs t i tu t ion of demolybdo n i t r a t e reductase 

(a lso cal led cytochrome £ reductase) of Ghlorella vulgaris 

has been achieved by inse r t ion of Mo from Na^MoO., Measure-
QQ 

ments with Mo showed tha t there was one Mo incorporated 

per subunit weight of 90,000 (Ramadoss et_ al^,, 1981). The 

experiments with Ghlorella demolybdo n i t r a t e reductase do not 

support the concept of the presence of a "molybdenum cofactor", 

This i s unre la ted , r e a l l y , to the question whether a p ter id ine 

may be present in the enzyme in the domain tha t binds moly

bdenum (Gewitz et̂  al_. • 1981; Johnson ejt a l , , 1980), 

Information avai lable on n i t r a t e reductase from n i t r a t e 

reducing yeasts i s r a the r meagre. Preliminary experiments 

with Hansenula anomala (S i lve r , 1957; Pichinoty and 

Metenier, 1966), Candida u t i l i s (Sims et a l . , 1968) and. 
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Torulopsis n l t r a t o p h l l a (Ri-yas et a l . , 1973) have indicated 

tha t the enzyme resembles Neurospora n i t r a t e reductase in 

tha t i t is a metal lo-f lavoprote in , speci f ic for NADPH as 

e lec t ron donor. Ni t ra te reductase of C. u t i l i s was studied 

in s i t u for i t s regula tory proper t ies (Choudary and Rao, 1976a) 

and characterized in de ta i l for i t s e lec t ron donors (Choudary 

and Rao, 1976b), Ni t ra te reductase from Rhodotorula g lu t i n i s 

was found to be a soluble enzyme having a r e l a t i v e molecular 

mass of 230,000, This was considered to be composed of two 

subunits of 118,000 dalton (Guerrero and Gutierrez, 1977). 

Recently, n i t r a t e reductase of H, anomala has been purif ied 

to homogeneity. The r e l a t i v e molecular mass of the enzyme 

was estimated to be 215,000 and i t was composed of four 

subunits of r e l a t i v e molecular mass 52,000 (Zauner and 

Dellweg, 1983). 

The presence of ass imi la tory n i t r a t e reductase has been 

reported in algae and a var ie ty of higher p l a n t s . The enzyme 

i s a molybdo-flavoprotein spec i f i ca l l y requir ing NADH as 

e lec t ron donor for the reduction of n i t r a t e t o n i t r i t e , Tt 

has been reported recent ly tha t both NADH and NAIPH are 

u t i l i z e d by a n i t r a t e reductase Isolated from a s a l t - t o l e r a n t 

alga (Heimer, 1976). That molybdenum is a component of 

n i t r a t e reductase from algae and hi<?her p l a n t s , has been 

convincingly demonstrated by the use of tungsten as a spec i 

fic i nh ib i t o r (Paneque et̂  a l . , 1972; Notton and Hewitt, 

1971a; 1971b), and by other ways (Aparicio e_t a l , , 1971; 

Vega et_ a l , , 1971; Cardenas et a l , , 1971), By using ""̂ ^W, 
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i t was possible to get in vivo a radioact ive n i t r a t e reductase-

f complex from spinach (Notton and Hewitt, 1971a) and Chlorella 

(Paneque e^ a l . , 1972) which maintained unaffected i t s MDH-

diaphorase a c t i v i t y but was completely inact ive as n i t r a t e 

reductase . The assoc ia t ion of W with n i t r a t e reductase was 

shown to be weaker than that of Mo. The pathway of e lect ron 

t r ans fe r within the n i t r a t e reductase complex, as suggested by 

Schrader et_ a l . (1968), envisages a t r ans fe r of e lec t rons from 

NADH to a f lavin moiety and then to molybdenum which ul t ima

t e l y reduces n i t r a t e attached at the act ive s i t e of the enzyme. 

Exception to pyridine nucleotide s p e c i f i c i t y are known 

in a lgae . Thus, n i t r a t e reductase from Oyanidium caldarium, 

Dunaliel la t e r t i o l e c t a , and Ankistrodesmus brauni i can accept 

e lec t rons from both NADH and NADPH even at the high degree of 

pu r i f i ca t ion (Rigano, 1971; LeClaire and Grant, 1972), The 

apparent a b i l i t y of p a r t i a l l y purif ied enzyme from leaves of 

soybean, maize, and foxta i l t o u t i l i z e NADPH was shown to be 

due to the presence of phosphatase which r ead i ly converted 

NADPH to NADH (Wells and Hageman, 1970), The s t e r eospec i f i -

c i t y of n i t r a t e reductases for hydrogen removal from reduced 

pyridine nucleotides has been determined to be of the "A"-

type regardless of the source of the enzyme (Guerrero et a l . , 

1977), Purified n i t r a t e reductase from C^. u t i l i s exhibited 

"A" s t e r eospec i f i c i t y for NADH and NADPH while n i t r i t e redu

ctase from the same source exhibited "B" s t e r eospec i f i c i t y 

for NADH and NADPH, The "A" s t e r eospec i f i c i t y of n i t r a t e 

reductase and "B" s p e c i f i c i t y of n i t r i t e reductase in C, u t i l i s 
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fonn an exception to the genera l iza t ion tha t consecutive 

oxidoreductases have the same s t e r eospec i f i c i t y (Davies and 

Kenworthy, 1982). 

Ni t ra te reductase from hif^her plants general ly appears 

to be unstable and recoveries and enrichment during pu r i f i c a 

t i on are usua l ly quite low (Hageman and Huckleshj'-, 1971). 

Various causes have been suggested for 'jhe low yields and poor 

pu r i f i c a t i on . I t has been suggested tha t e s s e n t i a l sulfhydryl 

groups may be oxidized during the p u r i f i c a t i o n . I t i s cus to

mary to incorporate sulfhydryl p ro t ec t an t s , such as cys te ine , 

meroaptoethanol or d i t h i o t h r e i t o l in the ex t rac t ion media. I t 

has a lso been suggested tha t endogenous phenolics in crude 

plant ex t rac t s may inac t iva te e s sen t i a l sulfhydryl groups or 

cause pro te in p r e c i p i t a t i o n . Addition of poljrvinylpjrrrolidone 

and ion exchange res ins p a r t i a l l y overcome t h i s problem 

(Purvis et^ a l . » 1976), More recent pu r i f i ca t ion techniques 

have involved a f f i n i t y chromatography on Blue-Dextran-Sepharose 

or Blue Sepharose (Solomonson, 1975; Notton et^ al_. f 1977; 

Campbell and Smarre l l i , 1978; Notton and Hewitt, 1979), 

Nakagawa et̂  a l . (1985) have purif ied a n i t r a t e reductase from 

spinach leaves by chromatography on Bu Toyopearl 650-M, 

hydroxylapat i te-brushi te and Blue Sepharose CL-6B columns. 

The native enzyme (M^ 270,000) is composed of two iden t ica l 

subunits of 110,000-120,000 dal ton. 

In analogy with the enzymes from fungi, the p a r t i a l l y 

purif ied n i t r a t e reductase from several algae has associated 

cytochrome c reductase a c t i v i t y and contains cytochrome b^^„ 
•^57 
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in addition to PAD and Mo (Payne, 1973). Working with highly 

purified nitrate reductase from spinach, small calabash and 

Chlorella. Losada et al_. (1969) concluded that nitrate reductase 

molecule consists of two chemically separable moieties: a PAD-

dependent FADH-diaphorase, which can use several oxidized com

pounds such as cytochromes as electron acceptor; and terminal 

nitrate î eductase which can vse reduced flavin nucleotides and 

viologen dyes as electron donor. The two activities participa

ted sequentially in the transfer of electrons from NADH to 

nitrate. 

Although there has been much controversy over the intra

cellular location of nitrate reductase in higher plants, the 

experimental evidence indicates the enzyme is soluble and 

located in the cytoplasm (Beevers and Hageman, 1969; Hewitt 

et al., 1976). However, Bailing et_ al. (I972a) found that 

nitrate reductase was bound indiscriminately to membrane 

(protein) surface. 

issimilatory nitrate reductases from various sources 

(squash cotyledons, spinach, corn, and soybean leaves, C_. 

vulgaris and N. orassa) have been compared structurally using 

immunological approaches. It hae been observed that all nitrate 

reductases studied have common antigenic determinants and are 

probably derived from a common ancestor. Although these assimi-

latory nitrate reductases have similar catalytic characteristics, 

they appeared to have diverged to a greater degree in structural 

features (Smarrelll and Campbell, 1981). In contrast to.the 

generalization of-Smarrelli and Campbell (1981) for common 
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ant igenic determinants in ass imi la tory n i t r a t e reductases 

from various sources , Ferrar io et al^. (1983), using immuno

diffusion and immunoprecipitation techniques, have recently-

reported tha t n i t r a t e reductases from spinach leaves and 

roots have different ant igenic determinants. Ea r l i e r work 

based on double immunodiffusion assays had shown tha t there 

are common ant igenic determinants for n i t r a t e reductase froni 

E, c o l i and component I of nitrogenase from Â , vine land ii« 

• J\irther work using var ie ty of imraunoelectrophoretic techniques 

indicates that the cross- react ion between n i t r a t e reductase 

and antiserum to component I of nitrogenase r e s u l t s from a 

contaminant ant igen copurified with n i t r a t e reductase (Bjrrne 

and Nicholas, 1982). 

In contras t to n i t r a t e reductases from the plant kingdom, 

there are few repor t s on n i t r a t e reductases from the ass imi la-

tory-type n i t r a t e reducing bac te r ia u t i l i z i n g NADCP)!! as 

e lec t ron donor, Nicholas and Nason (1955) puri f ied a soluble 

NADH-linked n i t r a t e reductase from E. co l i s t r a i n B; the 

enzyme was a metal loflavoprotein with FAD as the pros the t ic 

group and molybdenum as a probable metal cons t i tuen t . 

Taniguchi and Ohmachi (i960) i so la ted an inducible pa r t i cu la t e 

NADH-specific n i t r a t e reductase from £. v ine landi i which was 

characterized as a sulfhydryl metalloenzyme, the a c t i v i t y of 

the enzyme was stimulated about 2-fold by added FAD or FMN, 

2. Respiratory n i t r a t e reductase 

Taniguchi and I tagaki (i960) isola ted a pa r t i cu l a t e 

n i t r a t e reductase system from E. c o l i which included 
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cjrtochrome b as an intermediary e lec t ron c a r r i e r from formate 

or NADH to n i t r a t e ; t h i s system possessed remarkably high 

a c t i v i t y of n i t r a t e reductase . The best na tura l e lec t ron 

donors for n i t r a t e reduction by the in tac t p a r t i c l e were 

mmip, FADHp, formate, and NADH, whereas reduced methyl-and 

benzyl viologen acted as best a r t i f i c i a l e lec t ron donors. The 

ensjyme was purif ied to a homogeneous s t a t e . I t has a r e l a t i v e 

mass of one mil l ion and contained one atom of Mo and 40 atoms 

of Fe per molecule but no bound f lavin or cytochrome, I tagaki 

et_ a l , (1961) presented evidence indicat ing the, involvement of 

cytochrome b as e lec t ron donor. The following pathway for the 

t r ans fe r of e lectrons was suggested: 

Formate —y Formate —^ Lipid —>- Cytochrome b —>• Nit ra te — 
dehydrogenase factor . ~ reductase 

Nitrate «-

the l i p id factor could be replaced by vitamin K, 

The anaerobic r e sp i ra to ry n i t r a t e reductase of E, co l i 

cons i s t s of subunits A, B, and C in a r a t i o of 2:2:4 (Mac-

Gregor, 1975). The functions of subunits A (ac t ive s i t e , 

Mj, 145,000) and C (cytochrome b , Mj, 20,000) have been c lea r ly 

defined. Subunlt B has been implicated in the attachment of 

the enzyme complex to the cytoplasmic membrane, Subunit B 

has been referred to as B and B ' . B' has a r e l a t i v e molecular 

mass of 58,000 and B, 60,000. An enzymatic a c t i v i t y with 

cytoplasmic membranes of E. c o l i has been reported which changes 

subunit B to a form B' with a s l i g h t l y grea ter e lec t rophore t ic 

mobili ty on SDS-polyacrylamide gel (Choudhry et a i ; , 1983). 



27 

The conversion of B to B' i s a revers ib le process and is due 

to the removal of one or more small non-protein molecules, 

Pewson and Nicholas (1961a) reported NADH-specifio n i t r a t e 

reductase from deni t r i fy ing c e l l s of Pseudomonas aeruginosa 

which contained PAD, cytochrome c_, and Mo as functional compo

nents . The following scheme for e lec t ron t ranspor t was 

suggested: 

NADH —^ FAD - ^ Cytochrome c —>- Mô"*" —V NO" 

Cytochrome oxidase —•• Op 

Recently, Carlson et_ a l , (1982) have purif ied a diss imila tory 

nitraHie reductase from anaerobic cul tures of P̂ , aeruginosa. 

The pxirified homogeneous enzyme had no associated cytochrome, 

but contained molybdenum and nonheme iron* 

The r e sp i r a to ry n i t r a t e reductase from M. deni t r i f icans 

was purif ied and characterized by Lam and Nicholas (1969a), 

The enzyme was molybdoprotein but did not contain cytochrome 

or f l av in , NADH, FADH ,̂ FMNĤ , succinate and reduced cyto

chrome could not donate e lectrons to the enzyme; only reduced 

benzyl viologen and methyl viologen were u t i l i z ed as e lec t ron 

donors. The purif ied enzyme from the same source was shown 

by Porget (1971) to be able to accept e lectrons from reduced 

f lavin nucleot ides . The enzyme was characterized as a nonheme 

iron pro te in containing t r aces of Mo, The involvement of Pe 

and Mo, as functional components of n i t r a t e reductase was 

l a t e r confirmed on the basis of EPR s tudies (Forget and 

Dervartanian, 1972). Chiba and Ishiraoto (1973) reported a 

n i t r a t e reductase from Clostridium perfringens having 
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ferredoxin as an intermediary e lect ron c a r r i e r in n i t r a t e 

reducing system with NADH as the e lect ron donor. The following 

pathway for e lec t ron t ranspor t was sup-gested: 

Na^SpO, - > NAD"̂  - > Fd-NAD"̂  - 4 . Fd ->• NO3R ->• NO3 
"̂  '̂  ^ reductase 

Sadana and McElroy (1957) purif ied and character ized a 

n i t ra te- reducing system from A_. f i scher i and proposed the 

following pathway of e lec t ron t r ans fe r : 

•^ ' V ^ 'D*~*#^4-*-\-v»'4»-»T r* T»-4- /^/-iVi*»»i-\TW£i f\ ^ ^ ^ ^ A 
NADH FMN 

or —>- or —>- Pe"̂ "̂  —>- B a c t e r i a l cytochrome Ccj.. 
NAIiPH FAD I "^^ 

Reduced tjenzyl vlologen —>> Ni t ra te reductase —^ Nitrate 

The e lec t ron t ranspor t chain was separated into two soluble 

f rac t ions , (a) the e lec t ron donor system, namely a NAD(P)H-

C3rtochrome £ - reductase with a requirement for FAD or FMN; 

and (h) the terminal n i t r a t e reductase which mediated the 

t r ans fe r of e lec t rons from reduced cytochrome to n i t r a t e . When 

reduced benzyl viologen supplied the e l ec t rons , the bac t e r i a l 

cytochrome was not involved. ' On further p u r i f i c a t i o n , n i t r a t e 

reductase free from cytochrome component was obtained (Sadana 

et_al_., 1963). Ul t racent r i fugal s tudies indicated tha t A. 

f ischeri n i t r a t e reductase was a much sna l l a r molecule than 

the enzyme from E. c o l i reported by Taniguchi and I tagaki ( i960) . 

Knook and Planta (1971) have shown that NADH-dependent 

n i t r a t e reductase , involved in r e sp i r a to ry reduction of n i t r a t e 

in A., aerogenes. requires ubiquinone-8 and cytochrome b , 

isola ted from the same organism, as e lect ron c a r r i e r s . 

Cytochrome-linked n i t r a t e reductase have also been purif ied 
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from Nltrobacter a g l l l s (S t ree t and Nason, 1965), R. .japonicum 

(Evans, 1954; Lowe and Evans, 1964), Baolllus stearothermo-

phllua (Downey, 1966), and Bacil lus cereus (Hackenthal and 

Hackenthal, 1965). Respiratory; n i t r a t e reductase from 

Bacillus l lchenlformis (Van'T Riet et_ a l . , 1979) has l)een 

pur i f ied and charac ter ized . The enzyme (M ,̂ 193,000) consis ts 

of two subuni ts , having r e l a t i v e molecular mass of 150,000 

and 57,000, present in equimolar r a t i o . Recently, Chito»em 

and Downey (1982) puri f ied and characterized a r e sp i ra to ry 

n i t r a t e reductase from B. stearothermophilus. The r e l a t i ve 

mass of the enzyme was estimated to be /'\y210,000 having two 

s-utmnits of 150,000 and 44,000 dalton in equimolar r a t i o . 

There are 6 atoms of nonheme iron and 12 moles of l ab i l e 

sulfide in one mole of the purif ied enzyme but no cytochrome. 

The 44,000 dalton B subunit i s the smallest of a l l the chara

cter ized bac t e r i a l n i t r a t e reductases and is very close to 

the size of B' subunit of E, c o l l . The various B components 

of other bac t e r i a l n i t r a t e reductases are probably derived 

from th i s 44,000 dalton subuni t . 

Regulation of n i t r a t e reductase a c t i v i t y 

I t i s a widely accepted fact that n i t r a t e reductase has 

a primary ro le in regula t ing the whole inorganic ni trogen 

metabolism (Vennesland and Guerrero, 1979; Hewitt et a l « , 

1979; Losada et_ al,, 1981), In green algae n i t r a t e reductase 

has been found in two physiological ly in terconver t ib le forms 

(Aparicio and Maldonado, 1979), Although in higher plants 

the in vivo interconversion of the enzyme i s not ful ly 
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charac ter ized , in v i t ro terminal amd t o t a l a c t i v i t i e s can be 

Inact ivated , as In green a lgae , by low po ten t i a l reductant 

such as NAD(P)H or d l t h l o n i t e , e spec ia l ly i f cyanide or acety

lene are also present (Reliraplo et_ al_., 1971; Maldonado et_ a l . , 

1981). All the a c t i v i t i e s of n i t r a t e reductase complex from 

spinach are i r r e v e r s i b l y inact ivated by i r r a d i a t i o n of the 

enzyme with blue l igh t in the presence of f lavin mononucleotide 

(Vargas e;t a l . , 1982). I r revei ' s ible photoinact ivat ion of A_. 

braunl i n i t r a t e reductase has also been observed by De l a Rosa 

and De la Rosa (1983). Recently, Cordoba et_ a l . (1985) have 

reported that _in v i t ro inac t lva t ion of Chlamydomonas re inhard l i 

n i t r a t e reductase by reduced pyridine nucleotides requires 

an act ive diaphorase moiety. 

NADH-dependent inac t lva t ion of n i t r a t e reductase seems 

to be mediated by superoxide anions, which is produced by 

in t e rac t ion of the NADH-reduced f lavin with molecular oxygen 

(Massey et_ aJL., 1969; Aryan and Wallace, 1985). Superoxide 

would inac t iva te the enzyme by forming a s table complex with 

the reduced enzyme (De l a Rosa et_ al_., 1981), Photooxidative 

inac t lva t ion of n i t r a t e reductase has been shown to be due 

to the involvement of s ingle t oxygen generated by l igh t 

absorption by FMN, ra ther than excited flavins or other 

oxygen species (Vargas et_ a l . , 1982). 

The cyanide-inactivated enzyme^ whether from green algae 

and higher plants (Aparicio ejt a l . . , 1976; Roldan et_ a l . , 

1978) or from N. crassa (Roldan and But ler , 1980), can-be 

react ivated chemically by ferrlcyanide or photochemically by 
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irradiation with blue li^ht. Reactivation by these treatments 

presumably involves oxidation of the stable Mo -CN complex 

VT 

to the unstable Mo -ON complex, from which cyanide would be 

read i ly dissociated (Aparicio and Maldonado, 1979; Roldan 

and But ler , 1980). Jawali and Sane (1983) had shown tha t 0"^ 

i s involved in the photoreact ivat ion of spinach leaf CN -

inact ivated n i t r a t e reductase. Direct involvement of excited 

flavins in the photoreact ivat ion of both CN~-and acetylene-

inact ivated spinach n i t r a t e reductase have been demonstrated 

by Maurino et_ al_. (1983). 

'Proposed mechanism for n i t r a t e t ranspor t and reduction 

I t has been proposed (Butz and Jackson, 1977) tha t a 

tetrahedron-shaped transmembrane n i t r a t e reductase tetramer 

functions as a c a r r i e r for n i t r a t e t r anspo r t . Both reduction 

and t ranspor t of n i t r a t e are brought about by the same enzyme 

complex. An ATPase is visual ized to be c lose ly associated 

with the n i t r a t e reductase te t ramer . The tetramer is appare

n t ly oriented in such a manner tha t one monomer is exposed 

to the outside of the plasmalemma, while the other three are 

exposed to the cytoplasm. Orientat ion yields a react ion 

mechanism where the t ranspor t and reduction of one n i t r a t e 

molecule i s accompanied by the t ranspor t of two addi t ional 

n i t r a t e ions ( i . e , a 3:1 t ranspor t reduction r a t i o ) . The 

proportion of t ransported n i t r a t e that is reduced is apparently 

modulated by t h i o l - r e v e r s i b l e A IP inh ib i t ion of n i t r a t e redu

c t ion . This i n h i b i t i o n , however, i s probably the r e su l t of 
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adenylate binding at s i t e s on the proposed n i t r a t e - ac t i va t ed 

ATPase to which n i t r a t e reductase is t i g h t l y coupled, i n 

analogous system consis t ing of n i t r a t e reductase dimer tha t 

spans a un i t membrane plus an ATPase has been proposed to be 

responsible for n i t r a t e t ranspor t and reduction in algae and 

chloroplast (Butz and Jackson, 1977). 

Mechanism of enzyme c a t a l y s i s 

The inh ib i t ion of n i t r a t e reductase by £-IfflB is generally 

prevented by reduced pyridine nucleotides (Garret t and Amy, 

1978.; Losada and Guerrero, 1979) suggesting tha t e s sen t i a l 

sulfhydryl groups of the pro te in p a r t i c i p a t e in the binding 

of NAD(P)H to the enzyme. Studies with n i t r a t e reductase 

from Neurospora reinforce t h i s i n t e rp re t a t i on and suggest 

also the act ive pa r t i c i pa t i on of sulfhydryl groups in the 

e lec t ron flow from NAItPH to the PAD pros the t i c group 

(Garret t and Amy, 1978). 

The par t ic ipat ion, of FAD in the a c t i v i t y of the d ia-

phorase moiety of the enzsnne and of molybdenum in tha t of the 

terminal moiety are now well es tabl ished facts (Garrett and 

Amy, 1978; Hewitt and Notton, 1980; Losada and Guerrero, 

1979; Vennesland and Guerrero, 1979). The molybdenum 

domain is thought to be the s i t e where n i t r a t e binds and is 

reduced. No g-eneral agreement, however, ex i s t s with respect 

to the oxidation s t a t e change of the molybdenum present in 

n i t r a t e reductase during the reduction of n i t r a t e t o - n i t r i t e , 

but the Mo /Mo couple may well be the proximal reductant 
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of n i t r a t e (Hewitt and Notton, 1980; Jacob and Orme-

Johnson, 1980; Losada and Guerrero, 1979; Vennesland and 

Guerrero, 1979)» Electron spin resonance (ESR) spectra of 

the oxidized enzjrrae of 0 hi pre 11a and Neurospora exhibi t low 

absorption in the region near £ = 2 , but s ignals at £ -

values of 1.97 and 1«98, corresponding to an intermediate 

paramagnetic species of Mo(V), appear upon addi t ion of NAD(P)H 

(Jacob and Orme-Johnson, 1980; Solomonson, 1979). The Mo(V) 

s igna ls disappear upon reoxidation of the enzyme by n i t r a t e . 

A loss of these s ignals i s also observed upon cyanide addi

t i on to the MD(P)H-reduced enzyme, probably because cyanide 

blocks the metal in a more highly reduced, nonparamagnetic 

oxidation s t a t e such as Mo( IV) (Solomonson, 1979). The l i n e -

shape and £ -value of these s ignals show pH dependence. The 

or Mo(Y) at pH 7.0 was 1.977 and at pH 9 .0 , 1.961, The 
IV 

signal observed at pH 7.0 exhibi ts in t e rac t ion with a single 

exchangeable proton. The oxidized enzyme exhibi ts low spin 

f e r r i c heme s ignals which are abolished upon reduction with 

NAD(P)H (Solomonson et̂  a l . , 1984). 

Active p a r t i c i p a t i o n of cytochrome bet-,, in the ca t a ly t i c 

a c t i v i t y of the enzyme is sustained by spectrophotometric 

s tudies showing tha t t h i s group is reduced by NAD(P)H and 

reoxidized by n i t r a t e (Losada and Guerrero, 1979; Vennesland 

and Guerrero, 1979). Oxidized n i t r a t e reductase of Neurospora 

exhib i t s ESR s ignals at £ = 2.98 and 2.27 which have been 

ascribed to a low-spin fe r r i c form of cytochrome ,b^^^-. These 

s ignals disappear a f t e r addi t ion of NA13PH. . I t seems tha t 



34 

reduction of the heme and produotion of the Mo(Y) species 

occur at similar redox potentials (Jacob and Orme-Johnson, 

1980). The localization of the heme group within the enzymatic 

electron transport chain ren^ains undefined, although i ts site 

of action appears to be placed between FAD and molybdenum. 

The pathway of electrons from NAD(P)H to nitrate through 

nitrate reductase from eukaryotes may thus be depicted as: 

NAD(P)H -> (FAD - ^ Cyt b^^^ -^ Mo) —>- ITÔ  

Nitrate reduction by reduced pyridine nucleotide, cata

lyzed by Ankistrodesmus NAD(P)H-nitrate reductase, shows an 

iso ping pong bi bi steady state kinetic mechanism, with 

isomerieation of the enzymatic form which binds NADH (Herrero 

et a l . , 1980). 

NADH NAD"^ N 0 ~ N O " 

E _ NADH-E„^ ;?i: NAD'*"-E^^. E ^ ^ , NO^-E^^ , ^ ^ NO~-E' E ' s?:^ E^^ ox ox red red 5 red 2 ox ox ^ ^ ox 

For Aspergillus nitrate reductase, however, a random order 

rapid-equilibrium mechanism has been suggested (McDonald and 

Ooddington, 1974). On the other hand, random order addition 

of nitrate or NADH, but ordered (ping pong) mechanism for 

release of products, has been proposed for the enzymes of 

squash and spinach (Hewitt and Notton, 1980). Thurified respi

ratory nitrate reductase from E, ooli is able to use either 

reduced viologen dyes or quinols as the electron donor and 

ni trate, chlorate or broraate as the electron acceptor. When 
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reduced viologen dyes act as the e lec t ron donor, the enzyme 

follows compulsory order, "Theorell Chance" mechanism, in 

which i t i s an enzyme-nitrate complex tha t i s reduced ra ther 

than the free enzyme. In contras t i f quinols are used as the 

e lec t ron donor the enzyme operates by a two-si te enzyme 

subs t i t u t i on mechanism. I t i s concluded tha t the holoenz3nne 

has two independent and s p a t i a l l y d i s t i nc t ac t ive s i t e s , one 

for quinol oxidation and other for n i t r a t e reduction (Fraser 

and David, 1985). 

Applied research with n i t r a t e reductase 

Because n i t r a t e reductase is substra te- induced, r e l a t i v e l y 

uns tab le , and the r a t e - l i m i t i n g enzyme between n i t r a t e and 

p ro te in , the level of n i t r a t e reductase should re f l ec t the ra te 

of supply of reduced nitrogen for plant growth. This has been 

confirmed by the work showing tha t n i t r a t e reductase a c t i v i t y 

integrated over time is corre la ted with the accumulation of 

reduced ni t rogen by a given genot5rpe when n i t r a t e is not 

l imi t ing ( E i l r i c h and Hageman, 1973; Brunet t i and Hageraan, 

1976); however, attempts to cor re la te n i t r a t e reductase 

a c t i v i t y as a c r i t e r i o n for the se lec t ion of ou l t ivars with 

a b i l i t y to produce more grain or grain pro te in have been 

variable (Hageman, 1979). In a study with s ix corn hybrids, 

leve ls of ext rac table n i t r a t e reductase a c t i v i t y were cor re 

la ted with grain and grain pro te in production; the enzyme 

a c t i v i t y , however, accounted for only 355̂  of the v a r i a b i l i t y 

in grain and grain prote in production. Similar cor re la t ion 
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between n i t r a t e reductase aoti-vlty and various yield 

components have been reported for wheat (Croy and Hageman, 

1970; Rei l ly , 1976), sorghum (Eck and Hageman, 1974; 

Eck et_ a l . , 1975), soybean (Harper et_ a l , , 1972), a l f a l f a 

(Eskew et_ a l . , 1973X, and rye grass (Bowerman and Goodman, 

1971). In genera l , the cor re la t ions have not been su f f i c i en t ly 

high to e l i c i t i n t e r e s t of the plant breeders in the use of 

t h i s procedure as a breeding t o o l . 

The s e n s i t i v i t y of n i t r a t e reductase a c t i v i t y to 

temperature t reatment , both _in v i t r o and 1^ vivo provides a 

possible means of se lec t ing heat (draught) to l e ran t cu l t iva r s 

(Pal et_ a l . , 1976). The f i r s t instance of p r a c t i c a l appl ica

t i o n of n i t r a t e reductase methodology was with a legume, with 

Phaseolus vulgar is L. , Neyra et̂  a l . (1977) noticed seasonal 

rapid decline of nitrogenase a c t i v i t y a f t e r flowering 

concurrent with a resurgence of canopy n i t r a t e reductase 

a c t i v i t y . Soil appl ica t ion of 40 Kg/N/ha at flowering caused 

a marked increase in n i t r a t e reductase a c t i v i t y and bean 

yie lds were almost doubled. 
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N i t r i t e r educ ta se 

The term n i t r i t e r educ t a se i s used for a l l enzymes which 

c a t a l y z e the r e d u c t i o n of n i t r j t e r e g a r d l e s s of t he end 

product of r e d u c t i o n (Zarowny arid Sanwal, 1963) . However, 

n i t r i t e can be metabol ized by two pathways descr ibed as d i s s l -

m i l a t o r y or a s s i m i l a t o r y . In b a c t e r i a t h a t possess the d l s s l -

m i l a t o r y pathway, n i t r i t e i s reduced t o gaseous n i t r o g e n or 

o the r oxides of n i t r o g e n by a s e r i e s of r e s p i r a t o r y p rocesses 

(Payne, 1973; Thauer et_ a l . , 1977) . Most organisms w i t h t h e 

d i s s l m l l a t o r y pathway a re f a c u l t a t i v e b a c t e r i a which can grow 

a n a e r o b i c a l l y when suppl ied wi th an inorgan ic s u b s t i t u t e for 

oxygen. An excep t ion t o t h i s g e n e r a l i z a t i o n i s P r o p l o n i b a c t e r i a 

pentosaceum f Gen t -Ru i j t e r s et_ al_. , 1975) , which i s an o b l i g a t e 

anae robe . 

For the a s p i m i l a t o r y pathway i t was proposed (Meyer and 

S c h u l t z e , 1894) t h a t t he r educ t ion of n i t r i t e t o ammonia 

proceeded by t h r e e s t e p s , each s t e p invo lv ing the t r a n s f e r of 

two e l e c t r o n s wi th t h e produc t ion of h y p o n i t r i t e and hydroxy-

la;mine as i n t e r m e d i a t e s . Although b e l i e f in t h i s t h r e e s t e p 

r educ t ive pathway was maintained for almost s i x decades , 

cu r r en t evidence shows t h a t n i t r i t e i s reduced t o ammonia by 

the enzyme n i t r i t e r educ ta se accord ing t o t h e fol lowing scheme: 

MO" + 6e~ + SH"̂  —». NH^ + 2H2O 

The r educ t i on involves the t r a n s f e r of s i x e l e c t r o n s and i s 

ca ta lyzed by a sing-le p r o t e i n . 

N i t r i t e r e d u c t a s e s a r e widely d i s t r i b u t e d in n a t u r e . The 
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enzyme has been reported from bac te r i a , fungi, algae and 

higher p l a n t s , 

1, Bacteria; The diss irai la tory n i t r i t e reduction was f i r s t 

reported by Yaraagata (1939) in^a ce l l - f r ee preparat ion of 

Bacil lus pyocyaneus. Denitrifying-type n i t r i t e reductase , 

which catalyzed the reduction of n i t r i t e t o n i t r i c oxide, was 

subsequently reported from Thiobacil lus den i t r i f i cans (Baalsrud 

and Baalsrud, 1954), Pseudompnas s t u t z e r l (Chung and Najjar, 

1956), Bacillus s u b t i l i s (Najjar and Allen, 1954), P . aeruginosa 

(Walker and Nicholas, 1961), and E. co l i s t r a i n K 12 

(Zarowny and Sanwal, 1963) grown anaerobical ly in the presence 

of n i t r a t e , Yamanaka e_t a l , ( i960; 1961) obtained a cytochrome 

oxidase from P, aeruginosa which functioned as a n i t r i t e 

reductase under anaerobic condi t ions . A n i t r i t e reductase 

which reduced n i t r i t e to ni trogen was reported by Asano 

(1959) in an aerobic d e n i t r i f i e r , a halotolerant Micrococcus 

s t r a i n 203, Newton (1969) isola ted a cytochrome from M, 

deni t r i f icans which functioned as a n i t r i t e reductase and was 

shown to contain two hemes (heme ĉ  and heme _d), Respiratory 

n i t r i t e reductases Ixave a lso been purif ied from Corynebacterium 

nephridi l (Renner and Becker, 1970), AloAligenes faecal is 

(Iwasaki and Matsubara, 1971), Achromobacter eyeloclas tes 

(Iwasaki and Matsubara, 1972), and Pseudomonas perfectomarinus 

(Payne e_t a j . , 1971) grown under anaerobic condi t ions . An 

ammonia-oxidl'zing bac te r i a , Nitrosomonas europaea. which 

ord inar i ly generate n i t r i t e , was shown to contain a hydro-

xylamine-dependent n i t r i t e reductase cata lyzing reduction of 
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n i t r i t e to n i t r i c oxide (Hooper, 1968). 

The p a r t i a l l y purif ied preparat ion of hydroxylamine 

oxidase from N. europaea was sho^n by Ritchie and Nicholas 

(1972) to have reta ined n i t r i t e reductase a c t i v i t y . This 

ra ised doubts as to the i den t i t y of n i t r i t e reductase in the 

organism. The same authors , however, reported the separat ion 

of n i t r i t e reductase from hydroxylamine oxidase (Ritchie 

and Nicholas, 1974). Evidence was presented for the probable 

i d e n t i t y of n i t r i t e reductase as a copper p ro te in . 

A copper-containing ass imi la tory n i t r i t e reductase was 

purif ied and c rys t a l l i z ed from a deni t r i fy ing bacterium i_. 

f a e c a l i s , s t r a i n S-6, The enzyme was composed of four subunits 

with a r e l a t i v e mass of A^30,000, each containing one atom 

of Ou( I l ) . NO was ident i f ied as the main reduction product 

from n i t r i t e in the enzyme-catalyzed reac t ion (Tetsu et_ a l . , 

1981), Recently, a d iss imi la tory n i t r i t e reductase has been 

purif ied and characterized from a d e n i t r i f i e r Alcal igenes, 

species NCIB 11015 (Mas'uko et_ a l . , 1984). The EPR spectrum 

and Cu analysis c l ea r ly indicated tha t the enzyme contained 

2 tjrpe I Cu atoms/mol but no other type of Cu. This is the 

f i r s t b]ue prote in to be reported that exhibi ts c a t a l y t i c 

a c t i v i t y despite possessing only I type Cu, Preuss and Klemme 

(1983) purif ied a Cu-contalnlng d iss imi la tory enzyme from 

photosynthetically-grown phototrophic bacterium Rhodopseudo-

monas p a l u s t r i s . The enzyme (M 120,000) contained c_-type 

cytochrome and Cu. 

Two types of ass imi la tory n i t r i t e reductases , marked by 

a well-defined e lec t ron donor s p e c i f i c i t y , have been described: 
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(a) Fer redoxin-n i t r i t e reductase, c h a r a c t e r i s t i c of photo-

synthet ic organisms and (b) NAD(P)H-nitrite reductase , found 

in non-photosynthetic orgamisms. The ass imi la tory n i t r i t e 

reduction was f i r s t observed by Taniguchi et_ a l , (1953) in 

Bacil lus pumllus, grown aerobica l ly in the presence of n i t r i t e , 

Assimilatory n i t r i t e reduction a lso occurs in Azotobaoter 

species (Spencer et^ sd•» 1957; Vega et̂  a J , , 1973), Clostridium 

pasteurlanum (Valentine et_ al_., 1963), Rhodospirillum 

(Taniguchi and Kamen, 1963) and in s o i l actinomycetes (Pedorov 

and I l i n a , 1956), E. c o l i s t r a i n Bn, grown in deep standing 

cul tures with n i t r a t e as the sole source of n i t rogen, has 

been shown to contain at l eas t three n i t r i t e reductases tha t 

reduced n i t r i t e to ammonia (Lazzarini and Atkinson, 1961) but 

only the enzyme specif ic for NADH appeared to be responsible 

for physiological n i t r i t e reduction (Kemp and Atkinson, 1966). 

Recently, n i t r i t e reductase has been pur i f ied from Wolinella 

suocinogenes and shown to contain 5 - 6 heme c_ groups per mol 

of enzyme (Liu et_ a l , , 1983), Schroeder et_ al^, (1985) have 

shown that W. suocinogenes contains two nl t r l i .e reductases , 

one in the cytoplasm and the other is integrated in the 

cytoplasmic membrane. The membrane enzyme cons is t s of a 

s ingle polypeptide chain (M 63,000) containing 4 heme c_ 

groups, and probably, an Pe-S c lus t e r as p ros the t ic groups. 

A terminal n i t r i t e reductase (M 45,000) has been purif ied 

from lupine root nodule bacteroids and shown to contain 

nonheme iron and FAD (Burikhanov e_t a l . , 1983). 
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2 . Fungi; N i t r i t e reductase , f i r s t character ized in ext rac t 

from N. craasa t>y Nason et_ a l . (1954), catalyzed the reduction 

of n i t r i t e to ammonia via hydroxylamine using reduced pyridine 

nucleotides as e lec t ron donor. I t has a r e l a t i v e mass of 

290,000, The reduction of n i t r i t e i s sfrlraulated by the 

presence of EAD when reduced pyridine nucleotides serve as 

e lec t ron donor. The enzyme possessed NAD(P)H-diaphora8e 

a c t i v i t y with cytochrome c_ or 2,6-dichlorophenolindophenol 

as e lec t ron acceptor . Nicholas e^ al^. (I960) further purif ied 

^̂ ® E* crassa n i t r i t e reductase and concluded tha t i t was 

NADH-dependent and contained ?iD, Fe, Cu and -SH groups. The 

purif ied enzyme c h a r a c t e r i s t i c a l l y showed absorption maxima 

at 390 and 578 nm with the formation of addi t ional absorption 

bands at 588, 556 nm when t rea ted with NADPH and FAD. When 

n i t r i t e i s added to the reduced enzyme, absorption maxima are 

a t 585 and 560 nm indica t ing the formation of a complex between 

the enzyme and n i t r i t e or a reduction product thereof . The 

spectral p roper t ies of the enzyme are c h a r a c t e r i s t i c of a 

siroheme, a tetrahydroporphyrin of the i sobac te r loch lor in-

type , f i r s t i so la ted from E. c o l i (Murphy et_ a l , , 1974a) and 

demonstrated in the purif ied n i t r i t e reductase for N. crassa 

(Vega et_ a l . , 1975). 

3 , Algae; Photochemical reduction of n i t r i t e was f i r s t 

observed by Kessler C. 1955) in cul tures of Ankistrodesmus. He 

l a t e r demonstrated that n i t r i t e served as an e f f ic ien t Hill 

reagent for oxygen evolution of Scenedesmus brauni i and that 

l i gh t immediately stimulated n i t r i t e reduction (Kessler , 1955), 
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Huzisige and Satoh (1960) observed a s imi lar l i ^ h t dependence 

of n i t r i t e reduction by Euglena g r a c i l i s . In the blue-green 

algae A_, cy l ind r i ca , the photochemical n i t r i t e reduction was 

f i r s t demonstrated by Hat t o r i ,(1962) who also showed n i t r i t e 

reduction with molecular hydrogen as e lec t ron donor (Hat to r i , 

1965). A soluble n i t r i t e reductase was isola ted and purified 

from ce l l - f r ee ex t rac t s of D. t e r t i o l e c t a (Grant, 1970). The 

enzjnne resembled n i t r i t e reductase of higher p lants in that 

i t was a ferredoxin-dependent enzyme. Zumft (1972) obtained 

an e l ec t rophore t i ca l ly homogeneous enzyme from Ohlorella 

fusca w,hich required ferredoxln, reduced chemically or photo-

syn the t i ca l l y , or by recons t i tu ted enzymatic system, as i t s 

natural e lec t ron donor. The r e l a t i v e molecular mass of the 

enzyme was estimated to be 63,000, Recently, an ass imila tory 

soluble n i t r i t e reductase from Anabaena sp . ^ n g has been 

reported by Mendez ejt a J , ( 1981 ' , which oatalys;es the reduct

ion of n i t r i de to ammonia. Ferredoxin was shown to be an 

e f f ic ien t e lec t ron donor, when reduced e i t he r photosynthe-

t i c a l l y with subce l lu la r p a r t i c l e s , enzymatically with a 

NilPH-generating system or chemically with d i t h i o n i t e , 

4» Higher p l a n t s ; The enzyme n i t r i t e reductase , which ca ta 

lyzes the reduction of n i t r i t e to ammonia (Hewitt, 1975; 

Guerrero et_ a l . , 3981; Vega et̂  al_., 1980), i s widespread 

in higher p l a n t s . Enzymatic reduction of n i t r i t e was f i r s t 

described b r ie f ly by Nason et_ a l . (1954); soybean leaf 

ex t rac ts catalyzed ammonia formation from n i t r i t e i;ti the 

presence of e i t h e r NADH or NAIfPH and manganese ions . 
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Similarly, in a brief report, Vaidyanathan and Street (1959) 

reported NADH-dependent disappearance of nitrite as ammonia 

in tomato extracts, Stoichiometry of the disappearance of 

nitrite and formation of ammonia was established for the 

first time by Hageman et_ al. (1962). Photosynthetic nitrite 

reduction was reported in wheat leaves by Vanecko and Varner 

(1955) but the reaction product was not identified. The 

participation of photosynthetically reduced electron donor in 

nitrite reduction was reported in a similar grana system of 

tomato (Sanderson and Cocking, 1964). Subsequently several 

groups demonstrated that ferredoxin was the physiological 

electron donor (Losada et̂  a]^,, 1963; Paneque et̂  al., 1964; 

Betts and Hewitt, 1965). This nonheme iron protein replaced 

viologen dyes as the electron carrier in the dark (Joy and 

Hageman, 1966; Hattori and Vesugi, 1968), Since then a 

number of groups have attempted to isolate and purify nitrite 

reductases from higher plants (Beavers and Hageman, 1969; 

Hamirez et_ al., 1966; Hewitt et̂  aj., 1968; Shin and Oda, 

1966). 

Nitrite reductase from higher plants Cucurblta pepo 

(Hucklesby et al., 1976), calabash (Cardenas et_ al., 1972A), 

and spinach (Cardenas et_ al., 1972b; Vega and Kamin, 1977) 

have been purified to electrophoretic homogeneity. 

Two forms of nitrite reductase have been isolated from 

scutella, roots and etiolated leaves of maize (Hucklesby 

et_ al., 1972; Balling et_ al., 1973). The physical ajnd bio-
r 

chemical c h a r a c t e r i s t i c s of one form of the enzjrme are nearly 
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identical with that of the enzyme from the green leaf. Only 

one form of the enzyme was found in thf green leaf. Except 

for the differences in the thermal stability and ion charge, 

the properties of the second form are nearly identical with 

that of the enzyme from green leaves. The enzymes from the 

nonchlorophyllous tissue, like the enzjnne from green leaves, 

can utilize reduced dyes or ferredoxin but not NAD(P)H or 

FMN or EAD as electron donor. 

Recently, nitrite reductases have been purified from 

various sources using affinity chromatography as the final 

step of purification. Nitrite reductase from spinach leaves 

has been purified using affinity chromatography on ferredoxin-

Sepharose (Ida, 1977). Nitrite reductase purified from 

barley leaves, using affinity chromatography, did not 

dissociate on treatment with SIE, It was composed of only 

one polypeptide chain having relative molecular mass 61,000. 

The spectral studies indicated that the enzyme contained a 

heme group, 

Gupta et_ al_, (1984) purified and characterized an 

assimilatory nitrite reductase from cell suspension cultures 

of Pau]'s Scarlet rose. The enzyme was purified to electro-

phoretic homogeneity using ferredoxin-Sepharose affinity 

chromatography. The enzyme activity from rose cells was 

precipitated by antiserum prepared against pea leaves nitrite 

reductase and formed immunoprecipitin bands during immuno

diffusion and rocket iramunoelectrophoresis. 

The structure of nitrite reductase can be altered during 
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purification and the modified enzymes display "differences 

in relative activities with different electron donors 

(Hirasawa et_ a]^., 1984). Native nitrite reductase (ferredoxin-

linked nitrite reductase) from spinach leaves has a relative 

molecular mass of 86,000. The native enzyme can be separated 

into two protein components by treatment with DEAE Sephadex 

A-50. The two components have M 61,000 (modified nitrite 

reductase) and M 24,000 (coupling protein). The modified 

enzyme shows considerably less ferredoxin-1inked nitrite redu

ction than native enzyme but retains its methyl viologen 

activity. The immunochemical characterization of nitrite 

reductases from spinach leaves, spinach roots and other higher 

plants has been carried out by Hirasawa et_ aj. (1984). They 

have reported that native and modified nitrite reductases 

appear to be immunologically very similar. They based their 

conclusion on the immunodiffusion and immunoprecipitatlon 

behaviour. Nitrite reductase from spinach leaves and roots 

appeared to be Identical proteins on the basis of their 

antigenic behaviour. A high degree of similarity between 

Splnaola oleracea and Chenopodlum album nitrite reductase 

was also observed. No immunological cross reaction could, 

however, be detected between nitrite reductase from S. 

oleracla and the enzymes from £. pepo, Zea mays, Hordeum 

vulgare and Brasslea rape. 

Gupta and Beevers (1984) have reported that modulation 

of nitrite reductase activity in response to environmental 

perturbations appears to be due to de_ novo synthesis and 
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degradation and not due to revers ib le ac t i va t i on - inac t i va t i on 

of the enzyme p ro te in . 

Moat of the workers seem to agree tha t i n t r a c e l l u l a r 

locat ion of n i t r i t e reductase occurs in chloroplast f rac t ion 

a f t e r aqueous or non-aqueous i so l a t i on (Harel et a d . , 1977; 

Rathnam and Bas, 1974; Rathnam and Edwards, 1976; 7i/allsgrove 

et_ a l , , 1979). In non-green t i s sues n i t r i t e reductase was 

found to be local ized in the stroma of the chloroplast 

(Ball ing et, a l . , 1972b). 

Pros the t ic groups 

Purified f e r r edox in -n i t r i t e reducxases of higher plants 

and algae are redish-brown in colo^ir and show s imilar absor

ption spectra c h a r a c t e r i s t i c of a herae-containinp prote in 

(Ho et_ a l . , 1976; Hucklesby et al_., 1976; Vega and Kamin, 

1977; Zumft, 1972), These spectra show peaks in tne region 

380 - 390 nm and 572 - 580 nm. The heme pros the t ic group of 

spinach n i t r i t e reductase was ident i f ied as "siroheme", p r e 

viously shown to be a component of s u l f i t e reductase (Hewitt, 

1975; Vega ejb al_., 1980), ESR spectroscopy has confirmed 

the presence of "siroheme" and provided evidence for the 

addi t ional presence of an i ron-sul fur centre in higher plants 

n i t r i t e reductase (Aparicio et_ a l , , 1975; Camraack et a l . , 

1978; S t o l l e r et_ a l , , 1977; Vega and Kamin, 1977). Oxidized 

spinach n i t r i t e reductase shows an ESR spectrum with resonance 

absorption at £-values of 6.72, 5 .21 , and 2 ,03 , cha rac t e r i s t i c 

of high-spin ferrlc-herae with rhombically d is tor ted te t ragonal 

symmetry. Under s t rongly reducing conditions (reduced 
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ferredoxin + CO), ESR signals with £~values of 2.04 and 1,94 

(red"uced i ron-sul fur centre) appear (Lancaster ej^ ad , , 1979). 

The ESR spectrum of marrow n i t r i t e reductase exhib i t s r e so 

nance absorption at ^-values o<f 6.86, 4.98 and 1.95. Upon 

addi t ion of d i th ion i t e plus methyl -viologen, s ignals at 

£ = 2.04, 1.94 and 1.92 are observed (Camraack e;̂  a J . , 1978). 

The i ron-sulfur centre p ros the t ic group in spinach n i t r i t e 

reductase has been ident i f ied as a t e t r anuc lea r c lus t e r 

(4Pe - 4S) (Lancaster et_ a]^,, 1979), also found as a typ ica l 

c lu s t e r of s u l f i t e reductase . 

Iron appears to be the sole metal component of ferredoxin-

n i t r i t e reductase . Analytical and ESR data (Lancaster et_ a l . , 

1979) Indicated tha t the spinach enzyme contains a minimum 

of five iron atoms. This i s compatible with a composition of 

one slroheme and one t e t r anuc lea r i ron-sulfur centre (4Fe - 4S) 

per en2!3nme molecule (Lancaster et_ al_,, 1979; Vega et_ a l . , 

1980). 

The midpoint redox po ten t i a l of the siroheme pros the t ic 

group of plant n i t r i t e reductase has been determined by EPR 

spectroscopy by reductive t i t r a t i o n with reduced methyl 

viologen, reduced wltn metal l ic zinc. The disappearance of 

the high-spin heme EPP signal at g-values of 6.7 and 5.2 

was followed. The data give a g:ood f i t for an n == 1 t i t r a t i o n 

with a midpoint po ten t i a l of -50 m7, at pH 7.8 for the spinach 

enzyme (S to l l e r et_ a l . , 19^7), and -120 mV at pH 8.5 for the 

marrow enzyme (Cammack et a l . , 1978). 

The midpoint po ten t i a l of the i ron-sul fur centre of 
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plant nitrite reductase has also been determined by reductive 

titration with dithionite but following the increase of the 

EPR signal at £ = 1,94. By this method a midpoint potential 

of -550 mV (assuming n = l), at, pH 9.0 has been reported for 

spinach nitrite reductase (St oiler et_ al«, 1977), Similarly, 

values of -570 mV (pH 8.1), -615 mV (pH 8,7), and -660 mV-

(pH 9,8) have been found for the marrow enzyme (Cammack 

et_ al., 1978). 

Iron has a role in the formation of active nitrite 

reductase both in Azotobacter (Guerrero and Yega, 1975) and 

in Neurospora (Vega et_ aj., 1975). The absorption spectrum 

of purified nitrite reductase of Neurospora shows absorption 

maxima at 280, 390 (soret) and 580 (dC)nm and a shoulder at 

450 nm. These are indicative of a hemoprotein containing a 

flavin (Greenbaum et_ al., 1978; Vega et al., 1975). The 

flavin component of the enzyme has been identified as FAD, 

and the heme chromophore as siroheme (Garrett and Amy, 1978; 

Vega, 1976; Vega et al., 1975). Greenbaum et_ aj. (1978) 

suggested that this enzyme might contain nonheme iron also. 

Recently, Prodouz and Garrett (1981) have concluded that 

N. crassa nitrite reductase is a homodlmer of large molecular 

weight subunit housing an electron transfer complex of PAD, 

Iron-sulfur centre and siroheme to mediate the NAD(P)H-

dependent reduction of nitrite to ammonia. 

The assimilatory NADH-nitrite reductase from E. coli 

K 12 was reported by Coleman et_ al. (1978) to have no 

absorbance maximum in the range 380 - 600 nm, but their 
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ana ly t i ca l data show a flavin content of 0.07 mole FMN and 

0,4 mole FAD per mole n i t r i t e redi:ictase. Jackson et_ a l , (1981) 

further characterized the enzyme from E. c o l i K 12, They have 

shown tha t the enzyme contains one non-covalently bound FAD, 

probably •? Pe atoms and 4 ac id - l ab i l e sulfur atoms per subunit . 

The absorption spectrum of the enzyme showed maxima at 586, 455, 

550, r\J575 nm and a shoulder at 480 - 490 nm. The heme chromo-

phore of the enzyme is also shown to be siroheme. The n i t r i t e 

reductase from the same source was examined by Cammack et̂  a l . 

(1982) by low temperature EPR spectroscopy. The enzyme, 

stored in the presence of NOp and ascorbate , gave the spectrum 

of a n i t ro sy l derivat ive with hyperfine s p l i t t i n g due to n i t r o -

syl N. On removal of these reagents , a s e r i e s of s ignals 

centered around £ = 6 were observed typ ica l of high-spin fe r r i c 

heme. Cyanide converted these into a low-spin form. On 

reduction of the enzyme with NADH, an ax ia l spectrum at £ = 1,92, 

2.01 was observed. The temperature dependence of the s ignal 

was indicat ive of a (2re - 2S) Fe-S c l u s t e r . The midpoint 

po ten t ia l of t h i s c lu s t e r was estimated to be -250 mV, 

Reduction of the enzyme with d i th ion i te yielded further s igna l s , 

which are at present unidentif ied at £ = 2.1 - 2 ,8 , No signal 

could be observed that would ass ign to a (4Fe - 4S), c lus te r 

such as those found in s u l f i t e reductases and other n i t r i t e 

reducta.-3es containing siroheme. 

In deni t r i fy ing prokaryotes, at l eas t two types of d i s s i -

milatory n i t r i t e reductases can be dis t inguished, , A cytochrome 

£d-containing enzyme with a four heme moiety (EC 1,9,5,2) has 
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been isola ted from -various Pseudomonas species (Horio et_ a l . , 

1961; Ko'dama, 1970), Paracocous den i t r l f i cans (Lam and 

Nicholas, 1969b), T. den i t r l f i cans (Sawhney and Nicholas, 

1978), whereas heme-free Cu-cojitaining enzymes (EC 1.7.99.3) 

have been reported to occur in A_, cycloclas tes (Iwasaki and 

Matsubara, 1971), A,, faecal i s (Fakutanl e^ a i . , l9B1) and 

deni t r i fy ing s t r a i n of the photntrophic bacterium R. sphaeroides 

(Sawada et_ a l . , 1«^7P). N i t r i t e reductase (cyt Gd_) of T̂ . 

den i t r l f i cans was studied with Mossbauer, EPR and opt ica l 

spectroscopy and biochemical techniques by Boi et̂  al_. (1982). 

They have shown tha t the enzjone contains 2 heme c_ and 2 heme 

d per mole of the enzyme. The d̂  heme exhibited EPR resonance 

at £ = 2 . 5 , 2.43 and 1.7 s imi lar to those reported for 

chlorine diimidazole complexes. The ĉ  heme exhibited EPR 

resonance for £ = 3 .6 , suggesting a nitrogenous 6th l igand. 

Upon reduction, o_ heme remains low-spin (S = 0) and d̂  heme 

becomes high-spin (S = 2 ) , Heme d̂^ i s the t r iv ia . ! name given 

to the pros the t ic group of d iss lmi la tory n i t r i t e reductase 

found in many chemoautotrophlc deni t r i fy ing bac te r i a . Recently, 

Timkovich et_ ad. (1984) have ident i f ied the ten subs t i tuents 

of the macrocycle core of heme ^^ and termed aery] ochlorin: 

fnti^ methyls, two hydroxyraethyls, two formate, a propionate 

and an a c r y l a t e . The macrocycle Is a ch lo r ln , i . e . one of the 

four pyrrole r ings has a saturated ^ -pyr ro l i c bond, and thus 

bears four s u b s t i t u e n t s . The meso posi t ions are unsubsti tuted 

and bear methine protons. 

A Cu-containing d iss imi la tory n i t r i t e reductase has been 
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purif ied from phototrophac bacterium R. p a l u s t r i s (Preuss and 

Klemme, 1983). Trace metal analysis showed Cu as the metal 

component of the enzyme. Very low amount of c_-type cytochrome 

has also been detected in the highly pur i f ied enzyme. The 

contamination of the cytochrome £ in the enzyme oan not be 

excluded, Mĝ suko et̂  a]^. (1984) purif ied a Cu-containing d i s s i -

milatory enzyme from Alcaligenes sp . NCIB 11015, The EPR 

spectrum and Cu analysis c l ea r ly indicated tha t the enzyme 

contained 2 type I Cu atoms per mole but no other type of Cu. 

This i s the f i r s t blue pro te in to be reported tha t exhibi ts 

c a t a ly t i c a c t i v i t y despite possessing only I type Cu. 

A r e sp i ra to ry n i t r i t e reductase (ammonia-forming) has been 

purif ied from A. I ' ischeri (M 80,000) which contains only _ „ J. 

two c-type heme groups, and u t i l i z e s e i the r reduced flavin or 

viologen dyes as e lec t ron donor (Prakash and Sadana, 1972). 

The enzyme catalyzes the s ix -e lec t ron reduction of n i t r i t e to 

ammonia. Liu and Harry (1981) have isolated a new type 

n i t r i t e reductase from a s t r a i n of Desulfovibrio desulfuricans. 

The purif ied enzyme has a minimal M 66,000 and contains six 
r 

c_-type heme groups per molecule. The enzyme catalyzes the 

s ix-e lec t ron reduction of n i t r i t e to ammonia. The multiheme 

nature of t h i s n i t r i t e reductase has recent ly been confirmed 

by EFR spectroscopy (Liu et_ a j . , 1980) which revealed 4 - 6 

d i s t inc t f e r r i c heme resonances, including high and low spin, 

±rom the purif ied enzyme. 
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Mechanism of enzyme ca t a ly s i s 

Multielectron reduction react ions involve some of the 

most important and yet l ea s t understood enzymatic processes 

known. Two of these r eac t ions , catalyzed by cytochrome c_ 

oxidase (Og + AH"̂  + 4e"" —>- 2H2O) and nltrogenase (N2 + 8H 

+ 6e"" —y- 2NHt) r espec t ive ly , involve enzjnnes with multiple 

subunits and multiple p ros the t i c groups. In con t ra s t , two 

other mul t ie lec t ron reduction r eac t ions , s u l f i t e reduction to 

sulphide (SO^"" + SE^ + Ge" —•̂  H Ŝ + ^H^O) and n i t r i t e 

reduction to ammonia (NOj + 8H + Se" —>- NH. + 21^0), are 

catal'yzeci by monomeric enzymes which contain only two pros 

t h e t i c groups, one i ron-sul fur centre (4Pe - 4S) and a novel 

heme, termed as "siroheme" on a single polypeptide chain of 

M 60,000 (Lancaster et a l , , 1979; Siegel et a l . , 1982; 
r 

Krueger and Siegel , 1982). Although s u l f i t e - and n i t r i t e 

reductases are physiological ly d i s t i nc t prote ins within a given 

organism (Krueger and Siegel , 1982), each enzyme i s capable 

of ca ta lyzing both types of mult ie lectron reduction react ions 

under appropriate condi t ions . The A_, f i s che r i n i t r i t e reductase, 

however, did not show s u l f i t e reductase a c t i v i t y (Prakash 

and Sadana, 1972), 

The s ix -e lec t ron enzymatic reduction of n i t r i t e to ammonia 

was e a r l i e r postulated to proceed by a s e r i e s of two e lec t ron 

t r a n s f e r s , each catalyzed by a different enzyme (Nason, 1962; 

Hewitt and Nicholas, 1964; Takahashi et_ a ] , . , 1963). However, 

working with E. c o l l n i t r i t e reductase , Lazzarinl' and Atkinson 

(1961) concluded tha t the enzyme catalyzed the complete s ix -



53 

electron reduction of nitrite to anunonia with no obligate 

free intermediates. The relevant findings weres (a) there 

was no indication of separation of enzymes catalyzing the 

different steps in the course of moderate degree of purification 

of the overall system, (b) possible intermediates at the +1 

oxidation state of nitrogen (hyponitrite and nitrous oxide) 

were not reduced, (o) although hydroxylamine was reduced, free 

hydroxylamine was not an obligate intermediate in the reduction 

of nitrite, (d) there was no evidence for the narticipation 

of a dissociable organic cofactor, so that the movement of 

hydroxylamine from one site to the other in the form of an 

organic compound seems unlikely. This conclusion was supported 

by studies of Kemp and Atkinson (1966) who showed that E. coli 

nitrite reductase catalyzes the reduction of nitrite as well 

as hydroxylamine to ammonia and that the Michael is constant 

for hydroxylamine was 150 times greater than that for nitrite. 

The high K for hydroxylamine seems to exclude hydroxylamine 

as a free intermediate in nitrite reduction. Nitrite reductase 

from A_. flscheri has also been shown to catalyze complete six-

electron reduction of nitrite to ammonia (Prakash and Sadana, 

1972), They have also shown that both the substrates, nitrite 

and hydroxylamine, are reduced at the same active site and 

no free intermediate could be determined during the six-

electron reduction of nitrite. The K^ for hydroxylamine was 

approximately two order of magnitude erreater than that for 

nitrite. The high K^ value for hydroxylamine seems to, preclude 

it as a free intermediate in the reaction. Recently Sadana 
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15 
et_ a l . (1981) used GC/f̂  method for detect ion of ^NH20H 

oxime and indicated tha t free hydroxylamine does not 

accuraulate. Similar concltisions were reached with ferredo-

x i n - n i t r i t e reductase from Ghlorel la , spinach and squash 

leaves (Beevers and Hageraan, 1969; Losada, 1972), Results 

reported by Vega et_ aJ , (1973) corroborate t h i s view and show 

that in A_. chroococcum, n i t r i t e is s to ich iomet r ica l ly reduced 

to amraonla without the formation of hydroxylamine as a free 

intermediate . 

Since ferredoxin is a single e lec t ron donor, the reduct 

ion of n i t r i t e to ammonia might proceed by a se r ies of one 

e lec t ron s tages ; such a scheme was proposed by Pewson and 

Nicholas (1961b), however, i f such intermediates do occur, 

i t appears unl ikely tha t they are released in the free form. 

Hewitt et a l , ( l 9 6 8 ' and Cresswell et_ a l . (1965) suggested a 

t en ta t ive hypothetical scheme, based on a hemiacetal s t r uc tu r e , 

for the reduction of n i t r i t e and hydroxylamine by a s ingle 

prote in (Fig . 1) . The scheme is compatible with no free 

intermediates . However, as the scheme i s based on a sequence 

of two e lec t ron s t e p s , i t would need further modification to 

accommodate the specif ic requirement for a single e lect ron 

donor ( e i t h e r ferredoxin or benzyl viologen), as suggested by 

the authors (Hewitt et_ a l . . , 1968), 

Like n i t r i t e reductase , assirai la tory s u l f i t e reductases 

have been obtained in a homogeneous s t a t e which catalyze the 

s ix -e lec t ron reduction of s u l f i t e to sulf ide without formation 

Of free inorganic sulfur-containing intermediates 
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(Prabhakararao and Nicholas, 1969; Siegel and Kamin, 1963), 

Although in p l a n t s , s u l f i t e - and n i t r i t e reductions are 

catalyzed by d i s t i nc t enzymes (Asada et_ sQ. , 1969; Mauzerall, 

1962), I t is in te res t ing to ,no te tha t in bacter ia and fungi, 

s u l f i t e reductases of both ass imila tory (Lazzarini and 

Atkinson, 1961; Kemp and Atkinson, 1966; Siegel et_ a]^., 1971; 

Siegel and Kamin, 1968; Yamanaka and Okunuki, 1963) and 

d lss imi la tory (Trudinger, 19'70) types are capable of catalyzing 

the reduction of n i t r i t e . With E. c o l i s u l f i t e reductase the 

product of n i t r i t e reduction by NAIiPH was ident i f ied as 

aimnopia (Lazzarini and Atkinson, 1961). The p o s s i b i l i t y tha t 

some s t r u c t u r a l features may be common to both s u l f i t e - and 

n i t r i t e reductions in na ture , was supported by the s tudies 

of Zumft (1972) who demonstrated s t r i k i n g s i m i l a r i t i e s between 

n i t r i t e reductases (from Ohlorella and spinach) and su l f i t e 

reductases (from spinach, yeast and E. co l i ) suggesting that 

the two enzymes might share a common heme chromophore. The 

heme chromophore has been isolated from E. co l i s u l f i t e 

reductase and ident i f ied as a new type of heme pros the t ic 

group, ao octacarboxylate Iron-tetrahydroporph.-'/rin of the 

Isobacter iocMorln- type which has been given the name 

"s.iroheme" (Murphy e_t a j , , 1973; Murphy and Siegel , 1973). 

Murphy et_ al^. (1974b)reported that the heme-] ike pros the t ic 

group o-*' spinach fe r redoxin-n i t r j t e reductase is iden t ica l 

in i t s spec t ra l and chromatographic proper t ies to the 

siroheme of E, co l i s u l f i t e reductase. The presence -of t h i s 

new type iron-porphyrin, siroheme in the ass imi la tory su l f i t e 
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reductase of E, colj^ and spinach f e r r edox in -n i t r i t e reductase 

suggests tha t both types of mul t ie lect ron reduction processes 

( s u l f i t e to sulf ide and n i t r i t e to ammonia) may share common 

mechanistic f ea tu res . The associa t ion of siroherae with the 
# 

reduction processes involved in the metabolism of two of the 

major elements of the biosphere, nitrogen and su l fur , suggest 

tha t t h i s novel heme may have played a key role in the 

evolution of redox metabolism. 

N i t r i t e reductase ( f e r r edox in -n i t r i t e oxido-reductase, 

EC 1,7.7,1) of higher plant leaves catalyzes the s ix-e lec t ron 

reduction of n i t r i t e to ammonia with reduced ferredoxin as 

e lect ron donor. The enzjme contains heme iron of a s imilar 

type to the siroheme of bac t e r i a l su'l f i t e reductase (Murphy 

et a l , , 1974b5 Aparicio et_ al_., 1975; 'lucklesby et_ a l , , 

1976) and l ab i l e sul r ĵr (Zumft, 1972; Huoklesby et_ al_., 1974; 

Aparicio et_ a l . , 1975; Vega and Kamin, 1977) indicat ive of 

an i ron-sul fur centre (Aparicio et a l . , 1975; Vega et_ a l . , 

1976), Optical absorption measurements indicate that n i t r i t e 

and inh ib i to rs such as cyanide and CO bind to the heme-iron 

(Aparicio et_ al^., 1975; Hucklesby et_ al_,, 1976; Vega and 

Kamin, 1977) and i t has been proposed tha t the i ron-sulfur 

centre serves to t r ans fe r e lect rons from ferredoxin to heme. 

The detai led mechanism of t;he reduction of n i t r i t e to 

ammonia is complex, Oammack et_ a^, (1978) has drawn the 

following conclusions about the ear ly steps of the reduction 

cycle on the basis of the EPfi detectable in termedia tes : . 

Step I ; Spectrophotometric measurements indicate that n i t r i t e 
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(formal oxidation s t a t e + 3) binds to the heme. The 

react ion of n i t r i t e with the oxidized form of the enzyme is 

slow, requir ing several minutes at 0*C for complete disappea

rance of the signal around § - 6.8 and 5 .0 . Such a react ion 

could not be part of the enzyme reac t ion under turnover 

condi t ions , and therefore the heme must f i r s t be reduced to 

the ferrous s t a t e , as concluded from spectrophotometric 

observations (Aparicio et_ a j , , 1975; Hucklesby et_ a l . , 1976; 

Vega and Karain, 1977). 

It would be expected that the i ron-sul fur centre may be 

in the oxidized s t a t e i n i t i a l l y , since i t s midpoint po ten t ia l 

i s extremely low. Therefore, the i n i t i a l one e lec t ron reduction 

of the heme would probably occur d i r e c t l y by ferredoxin. 

After subst ra te is bound, the i ron-sul fur centre i s probably 

more eas i ly reduced by analogy with the effect of cyanide and 

CO. 

Step 2; In the second stage n i t r i t e already bound to the 

ferrous heme i s reduced to a heme-NO complex (oxidative s t a t e 

+ 2 ) , The e lec t ron for t h i s process might be provided e i the r 

by the i ron-sul fur centre or by ferredoxin. Some evidence 

tha t the siroheme-NO species is a intermediate in the reac t ion , 

r a the r than a dead end complex, i s provided by the observation 

tha t i t disappeared at l ea s t within a few seconds of the 

completion of the enzyme reac t ion . However, i t s t rue s ta tus 

may only be conclusively demonstrated by more rapid freezing 

techniques, 
r 

t 

Further reduction; Four more electrons are now required to be 

added to the nitrogen ligand while it is bound to the heme of 
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the enzyme. EPR s ignals from the intermediates of t h i s 

reac t ion have not been seen, but observations of the react ions 

with different e lec t ron donors are' relevant to t h i s t op i c . With 

n i t r i t e as subs t ra te and Na^SpO. alone as reductant the react ion 

proceeds slowly to ammonia, reaching an apparent equilibrium 

with a r e l a t i v e l y small heme-NO s igna l . This indicates that 

most of the NO bound to heme has been reduced to a further 

stage but not as far as ammonia, (Al te rna t ive ly , the NO might 

have d issoc ia ted . However, the Fe-S centre i s fu l ly reduced, 

suggesting tha t a ligand ia s t i l l bound to the heme.) Assuming 

tha t Fe-S centre s t i l l has a comparatively low midpoint poten

t i a l imder these condi t ions , why does i t not become reoxidized? 

A possible explanation of the block in a c t i v i t y in the absence 

of methyl viologen or ferredoxin is that one of the l a t e r 

stages of reduction requires two electrons to be added, simul

taneously, one by the Fe-S centre and the other by the e lect ron 

donor d i r e c t l y , NapSpO- e i t h e r does no-"; react su f f i c ien t ly 

rap id ly or can not do so at two s i t e s simultaneously, but may 

function slowly in the s l i g h t l y dissociated form, sdp, as a 

s ingle e lec t ron donor, 

•An a l t e rna t ive p o s s i b i l i t y for the or igin of xTO-heme intermediate 

An a l t e rna t i ve hypothesis, which can not be excluded at 

th i s s t age , i s tha t NC generated by react ion of n i t r i t e at 

the nonherae centre subsequently reacts with siroheme. This 

p o s s i b i l i t y Is suggested by s tudies of the react ion between 

n i t r i t e and ferredoxin, which may be in t h i s respect charac ter 

i s t i c of i ron-sul fur prote ins in general . Thus, whereas 
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NapSpO. ioes »ot react apprec ia l ly witk NOg at pH Talues 

alitve 6,0, NO i s produced in s toichiometr ic amounts at pH 6 

- 7 when Na^SpO. and n i t r i t e are inculiated with ferredoxin 

(Garrioch and Hewitt, 1976).; At pH 7 - 8 .5 , NO is formed 

together with ammonia, which predominates at higher pH. If 

a s imi la r reac t ion occurs during enzymatic n i t r i t e reduction, 

the NO generated mipht then combine with the reduced siroheme. 

Ni t rosyla t ion of reduced heme has previously been described 

(Paul and Kumta, 1975) and was used by Garrioch and Hewitt 

(1976) as a senal t l ' /e detector of NO produced from n i t r i t e 

and ferredoxin. They a lso showed that myoglobin—NO was 

formed with NapSpO.-reduced Mb in the presence of n i t r i t e 

and tha t the comparatively slow reduction of Mb-NO to ammonia 

by Na^SpO^ was accelerated about 25^ by the presence of 

ferredoxin. Perredoxin and myoglobin may be viewed as an 

i n t e r e s t i n g model system for the Fe-S and heme component of 

n i t r i t e reductase , although functioning at only approximately 

19̂  of the r a t e obtained by a fer i -edoxin-ni t r i te reductase. 

I t appears that the n i t r i t e reductase reac t ion involves 

concerted changes in the redox po ten t i a l s of the e lec t ron-

t r ans fe r components tha t react with the various nitrogenous 

in termediates . 

In deni t r i fy ing prokaryotes, at l ea s t two types of 

d i ss iml la tory n i t r i t e reductases i . e . enzymes catalyzing 

the reduction of n i t r i t e to gaseous n i t r i c oxide or n i t rous 

oxide, can be dis t inguished; a cytochrome cd_ containing 
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enzyme and another heme-free Cu-containing enzyme. The 

l i t e r a t u r e about the mechanism of n i t r i t e reduction by 
15 thes'e organisms is very l imi ted , A recent N NMR study 

(Timcovich and Cork, 1982) ha.^ proposed tha t the sequence of 

e-vents in n i t r i t e reduction by P. aeruginosa n i t r i t e reductase 

i s : f i r s t reduction of cytochrome cd^ by an appropriate 

e lec t ron donor and then in te rac t ion of reduced cytochrome 

cd^ svith subs t ra te n i t r i t e . They proposed tha t there is a 

weak associa t ion between n i t r i t e and f e r r i c reductase with 

a value of 1,3 M" for the associa t ion constant . 
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PRESENT INVESTIGATIONS 

N i t r a t e i s metabol ized by A_. f i s c h e r i g iv ing ammonia 

as the end product (Prakash and Sadana, 1972) . There a re two 

enzymes which a re r e q u i r e d t o o a t a l y z e t h e r e d u c t i o n of 

n i t r a t e t o ammonia: (1) n i t r a t e r e d u c t a s e , which c a t a l y z e s 

the t w o - e l e c t r o n r e d u c t i o n of n i t r a t e t o n i t r i t e , and 

(2) n i t r i t e r educ t a se which c a t a l y z e s the s i x - e l e c t r o n r e d u c t 

ion of n i t r i t e t o ammonia. Both the enzjrmes have been s t u d i e d . 

N i t r a t e r e d u c t a s e 

I t i s ev iden t from t h e l i t e r a t u r e reviewed t h a t n i t r a t e 

r educ t a se has "been p u r i f i e d and c h a r a c t e r i z e d ft-om var ious 

sources r ang ing from prokaryo tes t o eukaryo tes and revea led 

important d i f f e r ences r e g a r d i n g subunl t composit ion and 

p r o s t h e t i c j r o u p s , J ' i t r a t e r educ t a se from A_. f i s c h e r i was 

p a r t i a l l y p u r i f i e d by Sadana and McElroy (1957) . The p u r i f i e d 

enzyme so obta ined was s t r o n g l y coloured and showed a b s o r p t i o n 

maxima a t 550,•520 and 419 nm in the reduced s t a t e , Although 

a c e r t a i n amount of i n d i r e c t evidence ( i n h i b i t o r s t u d i e s ) 

ind ica ted t h a t the n i t r a t e r educ ta se does not c o n t a i n i ron 

porphjrrin, i t was not c e r t a i n whether the c h a r a c t e r i s t i c s 

of a cy tochrome- l ike component were due t o n i t r a t e r educ tase 

or t o an a s s o c i a t e d impur i t y . La te r on t h e enzyme was obta ined 

f ree from cytochx-ome (Sadana et_ a l . , 1963) . The n i t r a t e 

r educ tase so obtained was r e l a t i v e l y u n s t a b l e and g e n e r a l l y 

l o s t about 20^ of i t s a c t i v i t y on s t o r a g e a t 4 °C for 24 h . 

U l t r a c e n t r i f u g a l s t u d i e s i n d i c a t e d t h e presence of two 

components i n the p u r i f i e d enzyme (Sadana et_ a l . , 1963) . 
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The aim of the work presented in this thesis (Chapter 

ITI) was to obtain A_. fischeri nitrate reductase in a homo

geneous state and having better stability. .The physicochemical 

properties and subunit structure.of the enzyme was also 

studied. 

Nitrite reductase 

A_, fiscneri nitrite reductase has been purified to 

homogeneous state in this laboratory previously (Husain and 

Sadana, 1972). The enzyme has also been studied for molecular 

weight, subunit structure, amino acid composition and hydro-

dynamic properties (Husain and Sadana, 1974a; 1974b), The 

amino acid residues which are essential for the activity of 

the enzyme have not been studied previously. 

The aim of the work, described in Chapter V was to 

determine the essentia], amino acid residues which are required 

for the activity of the enzyme. This aspect of the study 

was carried out by chemical modification studies. The pK 

Talues of the essential amino acid residues were also determined, 

L' fischeri nitrite reductase utilizes various electron 

donors including FlDĤ j and FMNH^ but the K̂ ,̂ values for these 

are much higher than for reduced benzyl viologen. The part of 

the work in Chapter VIwas aimed to determine the likely physio

logical electron donor for the enzyme. Studies were also under

taken to understand the status of hydroxylamine as an inter

mediate in the reduction of nitrite to ammonia. 

Electron paramagnetic resonance (EPR) spectroscopic 

studies were also carried out to detect intermediates during 

the enzymatic reduction of nitrite to ammonia and also to 

understand its mechanism of earlier steps of reduction. 



CliAPTEK I I 

MATERIALS AND METHODS 
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'AA?I. lALt 

Tne I'o'lowin'-^ cne'^icV s "HT'-' r n rcnase r i r̂ -o-n the 

^vj^ri'c-r 1 nn io- i ted : Sact o oeo tone w^.s obta- 'ned from Ben^-a] 

immunity 'Jo. L-*:<1. , Calc i^ i t ta ; b ' loto agar ( D i f c o ) fr^om D i i co 

L a b o r i t o r i e f ! , ns.A; and b e e f e x t r a c t from Oxojd, England, 

C r y s t a l l i n e bov ine ser-^m a lbuni jn , c r y s t a l l i n e ovalbi^rnin, 

p-aTirna-p-"̂  obi)l 3n, t r a n s f e r r i n , d e o x \ T i b o n u G l e a s e I , y e a s t 

a l c o h o l dehydrof^enase , / y l i J c o s e - 6 - p h o n p h a t e , s-li3Cose-6-

r b o a r h a t e d P i v d r o e ' e n a a e , ^lADP, s o i n a c h NAF H--fer redoxln 

o x i d o r o d ' i c x a p e , '^'oornas^ie B r i l l i a n t B I U P , p r o t a m i n e sn"i f i t e 

''Salraine") ano p- ' ' ' ydroxymeroi : i r ibenzoate -."Jerp o b t a i n e d from 

S.i^^a. ' Ihemical ' o - , USA. Acr^^iamide, N , N ' - m e t h y l e n e b i s -

a c r y 1 ami de and I,''1 ,'V ,^V -tez^-amet hT1 e t byl ene d iamine vvere 

the o r o d ^ c t s c " ICastman C^r.^anio I h e m i c a l a , USA. Benzyl 

v i o l o g e n , methy l v io lo f . en v/e^T- o u r c h a s e o frnm B r i t i s h Drug 

'louse L t d . , F;n,-landc I'eDhadex i l - ? 0 0 , Seohadex G-2'^ and Vue 

"Oox'rar: •̂ '(""'O werh o b t a J n e ^ from Lharm^oia "̂ 1 tie I n e m i c a l s , 

Un^e - ' - , -.vedpT, .J-;,--.';.-] _-'^r) ,̂  ĉ. Tti+c,jne;T f>'OT, ^ic-.Bal 

Tianor-'i . )" ieH, , - . ' ' - 'e •"'"-iT't oethr.r o • , d i e t ' y"l oyT'i^^arbo.Mte 

diid ira.ida'/,ole i'r >rn "•'oira, --w i 1 -ierl ^iid ; ? ' id iun dodecy l 

s u l f a t e from ']\VA, i ' r o d u c t s ' ' v t . L t d . ; iodr )ace tamide from 

'•^'och-Llfrht L a b o r a t o i ' i e s , U.K. 

Arg-on p-a-- arui aodium nj t r i t e (Na ' ^JCg,, 99o7 atom "A 

e x c e s s , we-^e Dirch'aseri from i r i t i s b ''ry^'-en Oo. ' . t d . , London, 

SW1'.) ^ u p , 'TK. '\U. p-ap WM.R o b t a i n e d from ' ' ambr ian Jaaea 

Croydon , S u r r e y , and p a s s e d throup-h H sodium hydrox ide 

s o l u t i o n to remove h i r h e r oxlde'^ o f n i t r o g e n . Bydroxylamine 
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hydrochloride of 95 - 98^ purity was obtained from E. Merck 

and used after recrystallization, Chondrus crispus f].avo-

doxin was kindly supplied by Dr. L.J. Rop'ers, School of 

'biological Sciences, University of Wales, Aberystwyth,, U.Xo 

All other chemicals used were from commercial sources 

and were of analytical grade, Prior to use £-MB was recry-

stallized by the procedure of Boyer (1954). The analytical 

grade urea was recrystallized from aqueous ethanol and stored 

dry over Po^R under vacuum. Dry ethanol was prepared by 

reaction of water (in ethanol) with magnesiumethoxide 

(Fieser, 1955). 

Hydroxylapatite gel was prepared according to the 

procedure of Tiselius et_ aj. (1956). The gel was equilibrated 

with 1 wU potassium phosphate buffer, pH 6,8. 

Glass distilled water was used in all enzymatic stuciies. 

METHODS 

Organism: The sa l t -water luminous bacte-'\lum. Aciiromobacter 

f i scher i used jn the present invest igat ions was obtained from 

Dr. W. D. McElroy (McCollum-Pratt I n s t i t u t e , Johns Hopkins 

Universi ty, Baltimore, USA). The cul ture appeared as gram-

negative rods , sometimes s].ightly curved. 

Maintenance and propagation of cu l tu re ; A_. f i scher i was 

propagated on nutr ient agar s l an t s of the following composition! 

Peptone 0.5 g Glycerol 0.3 ml 

Sodium chloride 5.0 e Agar 2,0 g 

Beef ex t rac t 0.3 g Calcium , 0.3. g 
carbonate 

Dis t i l l ed water to make 100 ml. 
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The f i r s t four c o n s t i t t i e n t s were d i sso lved in water 

and the pH was ad jus ted t o 7.4 wi th 4N KOH. The f i n a l volume 

was made t o 100 ml. Agar and calcium carbona te were then 

added and the mixture steamed for 1 h. For p r e p a r a t i o n of 

s l a n t s , 7 - 8 m3 a l i q u o t s ' w e r e d i s t r i b u t e d i n to 19 x 150 mm 

t u b e s and au toc laved a t 15 p s i (120''C) for 20 min. The tubes 

were shaken while hot in order t o d i s t r i b u t e calcium carbonate 

un i fo rmly , immediately s l an t ed and allowed t o s o l i d i f y . 

These s l a n t s were inocu la ted from the s t o c k c u l t u r e and 

incubated a t 28 °G for 24 h. 

The organism was maintained a t 4°G and subcu l tu red 

r o t i t i n e l y every month. 

Basal l i q u i d medium for growth; To ob t a in l a r g e amounts of 

A_. f i s c h e r i c e l l s , the organism was grown in the fol lowing 

basa] ].iquid medium: 

Sodium c h l o r i d e , NaCl 30.00 g 

Ammonium phospha te , (NH )-HP0 0,50 g 

PotasHium dihydrogen phosphate,KHpP0. 2.10 g 

Disodium hydrogen phosphate 7.08 g 

rfapHP0^,12 HgO 

Magnesium s u l f a t e , MgSO. 0.10 g 

F e r r i c c h l o r i d e , PeCl, .6HpO 0,01 g 
a i y c e r o l 3^00 ml 

Peptone 10,00 g 

Dis-cll led water to make one l i t r e . 

All the c o n s t i t u e n t s , except f e r r i c c h l o r i d e and 

magnesium s u l f a t e , were d i s so lved and pH ad jus ted t o 7,4 by 
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4 N KOH. 'Ferric chloride and raagnesiTam sul fa te were dissolved 

separa te ly and then mixed. The medium was autoclaved at 

15 ps i (120°C) for 20 min. 

Growth conditions and co l l ec t ion of c e l l s ; Inocula from 

24 h cultures,grown on agar s l a n t s , were t ransfer red into 

500 ml conical flasks containing 100 ml basal l iquid medium 

and grown for 20 h at 28 °C on a ro ta ry shaker, 210 rpm. The 

organism was subcultured through two t rans fe r s In l iquid 

media (without n i t r a t e ) under aerobic condi t ions . The 

inoculum was then t ransferred to 15 L of the basal l iquid 

medium in fflass carboys containing 0.15^ potassium n i t r a t e , 

Ant j foam (0.2 to 0.3 ml, Alk:aterge 3, Commercial Solvent 

Corporation, USA: one part antifoam mixed with four parts 

of l iquin paraff in) was added to each carboy in order to 

prevent excess f rothing. The cul ture was kept at 28 - 30*C 

and purif ied a i r was continuously passed through the cultures 

from s intered glass un i t s at 550 ml/min. .After growing 

for 18 to 20 h the c e l l s were harvested in a Sharpies 

centrifuge (2,000 rpm) at a flow ra te of 10 L/h, The ce l l s 

were washed free of n i t r i t e by suspending in 39̂  sodium 

chloride solut ion and centr i fuging. The c e l l s were stored 

as paste at -20"C u n t i l used. 

Definit ion of uni t of n i t r a t e reductase a c t i v i t y and 

specif ic a c t i v i t y ; The uni t of n i t r a t e reductase a c t i v i t y 

is defined as the amount of enzyme required to produce 

1 jimol of n i t r i t e from n i t r a t e in 1 min at 28*0, pH 7 .5 , 

using reduced benzyl violos^en as the e lect ron donor under 
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these experimental condi t ions . The spec i f ic a c t i v i t y i s 

defined as the a c t i v i t y per mp of p ro te in . 

Estimation of n i t r a t e reductase a c t i v i t y ; Nitrate reductase 

a c t i v i t y was measured in Thunberg tubes with chemically 

reduced benzyl violOjcren as e lect ron donor, '̂ he ra te of 

reac t ion was measured by determining the amount of n i t r i t e 

formed in the react ion mixture by the diazo-coupllng pro

cedure of Snell and Snell (1949). I'he de t a i l s of the assay 

procedure are as follows: 

The incubation mixture contained in a f inal volume of 

1.3 ml, 200 jamol of potassium phosphate, pH 7 .5 , 10_;iraol of 

sodium n i t r a t e , and enzyme protein in the main arm of the 

Thunberg tube . Benzyl viologen, 0.5 ml (10 mg/ml in water) 

and one ml of freshly prepared d i th ion i te solut ion (1 mg/ml 

in 200 mM potassium phosphate buffer, pH 7.5) were placed 

in the side arm of the Thunberg tube and the tubes were 

evacuated immediately. The react ion was s ta r ted by the 

addi t ion of reduced benzyl viologen. "''he f inal pH of the 

react ion mixture was 7."^. After 8 - in min of incubation at 

room temperature (PR^C), the react ion wat -erminated by 

opening the Tnunberg tubes and shaking for few seconds to 

oxidize a l l the reduced benzyl viologen. One ml of sulfa

nilamide reagent (1^ w/v in 1 M HGl) followed by 1 ml of 

N-(l-naphthy])-ethylenediamine dihydrochloride (0.025^ w/v 

in water) was added to 1 ml al iquot of reaOtion mixture. 

The r e su l t i ng red colour was read at 540 nm af ter 10 min, 

a f t e r making the volume to 9.*̂  ml with water . ' The 
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absorbance of 0,5 for 10 mm li^^ht path is equivalent to 

0.1 )xmol of n i t r i t e produced. A blank 'A'ith a l l the assay 

const i tuents except enzyme was always run. 

Definit ion of uni t of n i t r i t e reductase a c t i v i t y and 

speci f ic a c t i v i t y ; The unit of n i t r i t e reductase a c t i v i t y 

i s defind as the amount of enzyme required to cause 

disappearance of 1 jamol of n i t r i t e in lOrain, at 28*0, pH 

7 .5 , using reduced benzyl viologen as the e lec t ron donor 

under the experimental condi t ions . The specif ic a c t i v i t y 

of the enzj/Tne is defined as the a c t i v i t y per mp pro te in . 

Estimation ci n i t r i t e reductase a c t i v i t y ; ^fltr l te reductase 

a c t i v i t y was measured in Thunber,? tubes under anaerobic 

condi t ions . The ra te of reduction of n i t r i t e was measured 

by determininp the decrease in n i t r i t e concentration in the 

react ion mixture by the diazo-couplinv? procedure of Snell and 

Snell (1949). The de ta i l s of the assay procedure are as 

follows: 

The main arm of the Thimber^ tube contained 200 jjimol of 

potassium phosphate, pH 7.S, 0,67j:mol of sodium n i t r i t e 

and the enzyme sample in a f inal volume oJ 1.5 ml. The side 

arm of the Thunberg tube contained 0.'= ml of benzyl violop-en 

(10 mg/ml in water) and 1 ml of fresnly preuared d i th ioni te 

(1 mp/ml in 0.? M potassium phosphate buffer, pH 7 .5) . The 

tubes were evacuated immediately and the react ion was s tar ted 

by adding reduced benzyl viologen from the side arm of the 

Thunberg tubes to the main arm. After 4 to 6 min of 

incubation at room temperature (28°C), the react ion was 
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t e r m i n a t i n g by opening the Thunberg tubes and shaking for few 

seconds t o ox id ize a l l the reduced benzyl v i o l o g e n . The f i n a l 

pH of the r e a c t i o n mixture was 7«5e One ml of su l fan i l amide 

reagent ( 1 ^ w/v in 1 M HCl) was added t o 1 ml a l i q u o t of t he 

r e a c t i o n mixture followed by a d d i t i o n of 1 ml of N - ( l - n a p h t h y l ) -

e thylenediamine d ihydroch]or ide (0 ,02^ w/v in w a t e r ) . The 

r e s u l t i n g red co lour was read a t 540 nm a f t e r 10 min, a f t e r 

making the volume t o 9.5 ml„ T̂ he amount of enzyme used was 

ad jus ted so t h a t t^e n i t r i t e u t i l i z e d was between 0.2 - 0,3 ^mol . 

A blank with a l ] the ass^y c o n s t i t u e n t s except enzyme was 

always run . 
Es t ima t ion of c a t a l a s e a c t i v i t y : Ca ta lase was assayed by the 

method of Beers and S i z e r (1952) . The enzyme (0 ,1 ml) was added 

t o 2 ,9 ml buffered s o l u t i o n of hydrogen peroxide (0 .2 ml of 

30?^ HpOp in 50 ml of 0,05 M potass ium phosphate bu f f e r , pH 7.0) 

t aken in 3 ml s i l i c a c u v e t t e s . The decrease in absorbance at 

240 nm p e r 1 - 2 rain was r eco rded . 

Es t ima t ion of a l coho l dehydrogenase; Alcohol dehydrogenase 

was assayed by the method of Val lee and Hoch (1955) . The assay 

mixture con ta ined 2,5 ml potass ium phospha te , 20 ml, pH 8 . 8 , 

0.1 ml of MD"^ (10 mg/ml in 0.02 M phospha te , vE 6.5) and 0.2 ml 

of 95^0 e thano l in 3 ml s i l i c a cuve t t e s^ The r e a c t i o n was s t a r t e d 

by adding 0.2 ral of xhe enzyme sample and the inc rease in 

absorbance was raeapurecl aga ins t xhe reagent blank a t 340 nrn. 

P r o t e i n de t e rmina t ion : The fol lowing methods were adopted 

fo r the de te rmina t ion of vrotein in the enzyme samples; 

(a) Turb id ime t r i c method; The p r o t e i n content in, the 

crude e x t r a c t s was es t imated by t u r b i d i t y measurements of 

t r i c h l o r o a c e t i c ac id - p r e c i p i t a t e d p r o t e i n s as descr ibed by 
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Stadtman e_t al. (1951). Samples containing 0.1 - 0.2 mg 

of protein were diluted with water to a volume of 2 ml and 

3 ml of 5io trichloroacetic acid solution was added. The 

resulting suspension was allowed to stand for 1 min and the 

turbidity measured at 546 nm. Crystalline bovine serum 

albumin was used as the standard. 

(b) Method of Lowry at al. (1951); Protein determination 

in the subsequent purification steps was carried out with 

the Follin-Ciocalteau reagent as described by Lowry et_ al. 

(1951). Crj'-stalline bovine serum albumin was used as the 

standard and the final solution was read at 750 nm. Samples 

free of ammonium sulfate and tris and containing only low 

levels of phosphate were used to avoid interference from 

these substances, 

(c) Optical method: Protein determination by the 

optical method of Warburg and Christian (194-1) was carried 

out by using the empirical equation of Jagannathan et̂  al. 

(1956) to correct for light absorption due to nucleic acids, 

the light path being 10 mm: 

mg protein/ml =» 4/7J^.3(^^80 - ̂ 3^^) - {k^^^ - A^^^) 

This method was used to obtain rapid comparative estimates 

of protein content in the various fractions during column 

chromatography, although this method was somewhat 

inaccurate. The concentration of bovine serum albumin was 

calculated from its molar extinction coefficient, 39.6 x 10^ 

M~ cm" at 280 nm (Tanford and Roberts, 1952). 
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Ammonium sul fa te f rac t iona t ion: Ammonium sul fa te sa tura t ion 

refers to 0°C and the quanti ty required for chanfrinp the 

degree of sa tura t ion was calculated from the following 

equation ( Jagannathan et_ al_. , l'-'^?6): 

For sol id ammonium sul fa te 

50 (S^ - S ) 
X = ^ L. 

1 - 0.28 S2 

For saturated ammonium sulfate solution 

100 (S2 - Ŝ ) 

1 - S2 

where X equals g of sol id ammonium sul fa te to be added to 

100 ml of a so lu t ion of sa tu ra t ion S. in order to change i t s 

sa tu ra t ion to Sp, and Y equals to ml of saturated ammonium 

sulfa te solut ion to be added to 100 ml of solut ion to change 

i t s sa tura t ion from S. to Sp, 3̂ and Sp be inr expressed in 

fraction 01' sa tura t ion at 0 °C. AFinionium s u l f a t e , solid or 

saturated GO]_ution, was added slowly with t^entle s t i r r i n g 

to avoid frothinfT. The suspension was allowed to stand 

for 30 min to 40 rain and then centriltiged at 4,000 x g for 

45 min. 

Gel f i l t r a t i o n s tud ies ; A column of Sephadex G-200 (40 -

120 ja) or Bio-Gel P-150 was equi l ibra ted at 4 °C with 50 mM 

potassium phosphate buffer, pH 7.0. The hydrated gel and 

buffer were rout ine ly deaerated under vacuum p r io r to use . 

When the bed had s e t t l ed to a constant height, ' the sample 
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s o l u t i o n (0 ,5 t o 1.0 ml) con t a in ing 10% sucrose was c a r e f u l l y 

l a y e r e d under the buffer s o l u t i o n a t t h e top of the ^el, 

Elua te f r a c t i o n s of 1 ml were c o l l e c t e d a t a flow r a t e of 

10 - 12 nil/h and assayed for p r o t e i n and /o r enzymic a c t i v i t y , 

Dextran Blue 2000 (Pharma;cia) was used t o determine the void 

volume (Vo) and pheny la lan ine t o measure the inner volume 

(Vi"^. The t o t a l volume (Vt) oT the ^el column was determined 

d i r e c t l y wi th water„ The e l u t ' o n '-olume (Ve) of a leiven 

s o l u t e zone was taken in a] 1 Cd.ses as the e f f l u e n t peak 

p o s i t i o n of the s o l u t e . The column was c a l i h r a t e d wi th the 

p r o t e i n s of known molecular weip-hts (Andrews, 1964) or 

St-okes' r a d i i (Ackers , 1964) . Gel f i l t r a t i o n data are 

p re sen ted in terms of Ve/Vo, Kd, and Kav, the parameters 

involved in s e v e r a l mathematical c o r r e l a t i o n s of e l u t i o n 

volume w i t h S t o k e s ' r ad iu s and molecular weight (Ackers , 

1964; P o r a t h , 1963; Laurent and K i l l a n d e r , 1964) . The 

parameters Kd and Kav a re c a l c u l a t e d as defined by the 

fol lowing equa t ion (S i ege l and Monty, 1966) : 

Kd = ^® " "̂ ° - ®̂ ~ "̂ ° 

Kav -

Vi Vt - Vg - Vo 

Ve - Vo 
Vt - Vo 

where Ve, Vo, Vt and Vi have t:u- :;-Lrae me ming as descr ibed 

above, Vg,the volume occupied by t,::e gej g r a i n s , i s es t imated 

from the fol lowing e q u a t i o n : 

Vg = Vt/B.d 
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where 3 = bed volume per g of dry Cephadex G-200 (approxi

mately 35 ml/g) and d is the density of the dry Sephadex 

G-200 (1.65 g/ml) (Laurent and Kil lander , 1964). For the 

columns used in the present work Vg = 1.74 and Kav = 0.973 Kd. 

Polyacrylamide gel e leotrophoreols : Analytical polyacrylamide 

gel e lect rophores is was carr ied out at pH 8.9 and 4.3 for 

t e s t i n g the homogeneity of the enz.yme. 

Electrophoresis a t pH 8.9 was performed according to 

Davis (1964) using 7.5/^ acrylamide fe l polymerized with 0.1^5^ 

ammonium persu] fa te . The discont.iraious "buffer system 

consis ts of Tris-glycine buffer, D'' 8.3 (electrode buffer) 

and Tris/HCl buffer, pH 8.9 ( sep.^ra cj ou ^^-el), Bromophenol 

Blue was used as a marker- dye. 

Electrophoresis at pH 4.5 was performed according to 

Maurer (1971) using 7.5?^ acrylamide g-e] polymerized with 

0,^'i•°/o ammonium pe r su l fa t e . The discontinuous buffer system 

cons is t s of JB-alanine and ace t ic acid buffer, pH 5.0 

(electrode buffer) and KOH-acetic acid buffer, pH 4 . 3 , 

(separat ion g e l ) , Aqueous solut ion of methyl green was 

used as a marker dye. 

Sample and stacking gels were omitted. After 2 h of 

preliminary e lect rophoresis to remove res idual persulfate 

ions, 50 - 200 Jul sample (made dense with 20?̂  sucrose) was 

applied through the upper buffer on the surface of the ge l . 

Electrophoresis was carr ied out in the cold room (4°C) at 

3 mA per tube for 3 - 4 h un t i l the ive reached the bottom 

of the ge l . After the e lect rophores iy , lorotein bands were 



74 

s t a i n e d wi th 1^ amido schwarz in 7?: a c e t i c acid or 0.l/p 

Coomassie B r i l l i a n t Blue. The d e s t a i n i n ^ of the gel was 

performed by d i f fu s ion in Tfo a c e t j c a c i d . 

The molecular weight of the na t i ve n i t r a t e r e d u c t a s e , 

u s ing polyacrylamide ge l e l e c t r o p h o r e s i s , was determined 

accord ing t o the method of Hedrick and Smith (1968) . 

S e p a r a t i o n ge l s w i th va r ious c o n c e n t r a t i o n s of acrylamide 

(6 - ^2°Jo) were prepared accord ing t o Orns te in and Davis (1964) 

except t h a t the r a t i o of acrylamide t o b i s (N,N•-methylene-

b i sac ry lamide ) was 30 :1 which was maintained cons tan t in a l l 

t h e g e l s . The use of spacer gel was found unnecessa ry . 

Samples (100 u l ) i n 5 mM T r i s - g l y c i n e b u f f e r , pH 8.3 

c o n t a i n i n g 50^ g l y c e r o l and 0.05?^ Bromophenol Blue were 

l aye red on top of the g e l s . E l e c t r o p h o r e s i s was c a r r i e d out 

a t 2 mi for 30 min and 4 mi for 2 h in a cold room (4' 'C), 

At the end of the run the dye front wa? niarked DV i n s e r t i n g 

25 gauge copper w i r e . The s t a in . i n r anri d e s t a i n i n g of p r o t e i n 

bands was performed as a l r e a d y de sc r i bed . The migra t ion of 

dye and p r o t e i n bands was measured on a i l l umina ted box 

us ing a magnifying g l a s s mounted on the top of the l i g h t box. 

Measurements were accu ra t e t o + 0,5 mm. 

SDS-gel e l e c t r o p h o r e s i s c o n t a i n i n g 0,1^5 SDS was c a r r i e d 

out as descr ibed by Weber and Osborn (1969) and Shapiro et_ a l . 

(1967) except t h a t samples a f t e r t r ea tment wi th 1^ SDS, 

^io 2-mercaptoethanol and Yfo iodoacetamide a t pH 7.0 were 

incubated at 100°C for about 10 min and were not dialyzed 

p r i o r t o e l e c t r o p h o r e s i s . The e l e c t r o p h o r e s i s ' was c a r r i e d 

out a t 8 mA for 3 h a t room tempera ture (28°C). 
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Preparat ive polyaorylamlde gel e lec t rophores i s ; A simplified 

procedure of preparat ive polyaorylamlde gel e lectrophoresis 

V7as adopted as the f ina l s tep of pu r i f i ca t ion for A_. f i scher i 

n i t r a t e reductase and n i t r i t e reductase as described lay 
• 

Husain and Sadana (1972). The details of the procedure are 

as follows: 

The apparatus used for carrying out the preparative 

electrophoresis was fabricated in this laboratory and 

resembled to that described by Davis (1964). The cathode 

and anode vessels were provided with platinum electrode. 

Cathode vessel was also provided with two g-round glass joints 

(19B) at the bottom for attaching the gel columns. The 

electrophoretic columns (1,2 x 10 cm) were also provided 

with ground glass joints. 

The gel columns were filled with 7.5?̂  acrylamide gel 

solution, pH 8,9, having 0,14?̂  ammonium persulfate for 

polymerization,leaving the required space for loading enzyme 

samples, After polymerization of gels, columns were 

attached to the cathodic compartment, Gathodic and anodic 

compartments were filled with Tris-p-1 ycine buffer, pH 8,3, 

Both the compartments were connecten to the respective 

terminals of a power supply. A current of 10 niA per gel was 

applied and electrophoresis was continued for 4 h for 

removal of residual persulfate from the gels« 

The apparatus was switched off a.nd enzyme samples 

( 1 - 2 ml) were made dense by addin/? 20?̂  glycerol and layered 

on top of the gel columns. The electrophoresis was carried 
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out at 4 "C at a constant current of about 6 mA per gel column, 

In order to avoid excessive heating during e lect rophoret ic 

run, gel columns were kept immersed in lower bath buffer. 

After appropriate time a d ia lys i s sack containing one ml 

bath buffer (Tr i s -g lyc ine , pH do^) w-̂ .r attached to the bottom 

of fche gel column. Trapped a i r bubh'^pg, if any, were removed 

by introduciniS" a p l a s t i c cap i l l a ry into the d ia lys is sack 

by the side of the column and pushing the sacking upward. 

The e lec t rophores is was continued for some time and then 

the apparatus was switched off. Another dialj'-sis sack was 

attached a f t e r removing the f i r s t one. In t h i s manner a 

number of fract ions were col lected and tes ted for enzyme 

a c t i v i t y and p ro te in . 



CHAPTER I I I 

PURIFICATION AND CHAP .̂CTERIZ.ATION OP 

Achromobac te r f i s c h e r i NJTRATr: REHICTASE 
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SUMMARY 

A_. .fischeri n i t r a t e reductase has been purif ied by 

a modification of an e a r l i e r procedure described by Sadana 

et a l . (1963). The enzyme has been purif ied to a s t a t e 

which i s homogeneous in polyacrylamide disc gel e l e c t r o 

phoresis at pH 8.9 and 4.3 and at d i f ferent gel concentrations 

( 6 , 8, 10, 12^), and in SDS-gel e l ec t rophores i s . The overall 

recovery of the enzyme was 26?$ as compared to 4.8?^ obtained 

by the e a r l i e r procedure. The pur i f i ca t ion procedure 

involved crude extract preparat ion of bac te r i a l c e l l s by 

osmotic l y s i s , homogenization and centr i fugat lon to get 

c l e a r supernatant , concentration of the crude ext rac t by 

ammonium sulfa te p r ec ip i t a t i on (0,90 s a t u r a t i o n ) , protamine 

sul fa te treatment to remove nucleic ac ids , f ract ionat ion 

with ammonium s u l f a t e , two successive hydroxylapatite gel 

column chromatography s t eps , and f inal pu r i f i ca t ion by a 

simplified preparat ive polyacrylamide gel e lec t rophores i s . 

The purif ied A_. f i scher i n i t r a t e reductase has a 

specif ic a c t i v i t y of about 3,65/imol n i | ; r i t e formed from 

n i t r a t e per mg prote in per min. The enzyme showed be t t e r 

s t a b i l i t y as compared to the enzyme purified by the e a r l i e r 

procedure (Sadana et_ a j , , 1963) when stored at 0 - 4'C, 

The r e l a t i v e molecular mass of the n i t r a t e reductase, 

determined by different methods, v iz . polyacrylamide gel 

e l ec t rophores i s , gel f i l t r a t i o n on Sephadex G-200 and 

Bio-Gel P-150, and SIS-gel e l ec t rophores i s , was an average 

value of 54,000, The Stokes ' r ad ius , cal( 
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f i l t r a t i o n data by methods of Ackers, Porath, and Laurent 

and Kil lander , was an average value of 3.1 nm. The purified 

enzyme, on treatment with 1^ sodium dodecyl sul fa te and 

1^ 2-mercaptoethanol in presence of ^% iodoacetamide, does 

not d issocia te in SDB-gel e lect rophores is indicat ing that 

the A_, f i scher i n i t r a t e reductase is comprised of a single 

polypeptide chain. 
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INTROnJCTION 

During- studies on the luminescent system of ̂ . fischeri, 

W.D. McElroy and J.R. Kllnenberg (cited in Sadana and 

McElroy, 1957) observed that this organism requires an 

ammonia nitrogen source for growth, and that when nitrate 

is added to the growth medium, nitrite accumulates. From 

this observation it was concluded that A_. fischeri can 

form a nitrate reductase but not nitrite reductase, Prakash 

et al, (1966) reported that A_. fischeri can form both 

nitrate reductase and nitrite reductase, Sadana and McElroy 

(1957) purified and characterized nitrate reductase from 

A_, fischeri. Although purified enzyme was strongly coloured 

and showed absorption bands at 550, 520 and 419 nm in the 

reduced state indicative of a heme; however, a certain amount 

of indirect evidence (inhibitor studies) was obtained which 

indicated that the terminal nitrate reductase from A_. fischeri 

did not contain iron porphyrin. Sadana et_ al_, (1963) 

further purified this enzjrme by a modified procedure. This 

purified enzyme showed no absorption peak, which is specific 

for heme except that of protein in the vicinity of 280 nm. 

The absorbance decreased gradually over the entire near • 

ultraviolet and visible region with increasing wavelength 

indicating none of the characteristics of a heme enzyme. 

The enzyme was relatively unstable and lost about 20^ of 

its activity on storage at 4 °C for 24 h. lUtracentrlfugal 

studies of the purified enzyme indicated the presence of 

at least two components, though it was not determined, which 

of the two components represented the enzyme. 
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The work presented in th i s Chapter describes a modi

fied procedure for the pur i f i ca t ion of A_. f i scher i n i t r a t e 

reductase . The second step in the pur i f i ca t ion procedure 

of Sadana et_ a l . (1963), i . e . p r ec ip i t a t i on at pH 4 . 5 , was 

replaced by ^QP/o ammonium* sulfa te p rec ip i t a t i on as consid?-

erable enzyme losses (60 - 705̂ ) were observed during p rec i 

p i t a t i o n at pH 4 . 5 . The column chromatography on ca t ion-

excliange r e s i n , J\mberlite IRC-50 (NH.-form), was eliminated 

from the present procedure. The final pur i f i ca t ion of the 

n i t r a t e reductase was carr ied out by a simplified prepa

ra t ive polyacrylamide gel e lec t rophores i s . This has resulted 

in obtaining an enzyme which is homogeneous in the disc gel 

e lec t rophores is with an overal l yield of about 26^ as compared 

with 4.8^ obtained by the procedure of Sadana and McElroy 

(1957), and the enzyme obtained was not homogeneous. The 

specif ic a c t i v i t y of the enzyme was 3.65 jiraol n i t r i t e 

formed/mg protein/min. 

Unless otherwise indicated, a l l pur i f i ca t ion steps 

were carr ied out at 0 - 4*^0. 

1. Preparat ion of crude ex t r ac t : 

The frozen c e l l s (100 g wet weight) were thawed over

night at 4"0 and ext rac t ion was carr ied out by osmotic l y s i s 

of c e l l s in cold d i s t i l l e d water (1 g wet weight of ce l l s /20 ml 

wa te r ) . The suspension was s t i r r e d for 30 min, homogenized 

in a Potter-Elvehjem glass homogenizer and s t i r r e d again for 

30 min. The ce l l - f r ee supernatant f luid was col lected by 

high speed centr i fugat ion in a RC-5 Sorvall centrifuge at 

20,000 X g for 30 min. The sedimented p e l l e t was again 
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suspended in d i s t i l l e d water (1 g wet wei^ht / l5 ml water ) , 

s t i r r e d for 30 min, homogenized and centrifuged as before. 

The t o t a l volume of pooled crude ex t rac t s was 3200 ml and 

contained 41,6 un i t s of n i t r a t e reductase a c t i v i t y . The 

specif ic a c t i v i t y of the'enzyme ac t h i s step was 0,005 and 

the r a t i o of absorbance at 280 nm to tha t at 260 nm was 0.6. 

Sadana and McElroy (1957) reported that although most 

of the prote ins were extracted by the f i r s t water l y s i s , the 

supernatant solut ion contained l i t t l e or no n i t r a t e reductase 

a c t i v i t y . The second ex t r ac t , obtained by resuspending the 

sediment in water and ex t r ac t ion , showed most of the n i t r a t e 

reductase a c t i v i t y . 

The f i r s t crude ext rac t contained most of the n i t r i t e 

reductase a c t i v i t y . I t was, the re fo re , not possible to 

estimate n i t r a t e reductase a c t i v i t y (which was determined 

from the accumulation of n i t r i t e ) in the f i r s t extract as 

whatever n i t r i t e was formed by n i t r a t e reductase got 

converted to ammonia by n i t r i t e reductase . 

Ni t ra te reductase can be heated for 10 min at 50"C 

without any detectable loss of a c t i v i t y , whereas n i t r i t e 

reductase is completely inact ivated under these condit ions. 

Therefore, n i t r a t e reductase a c t i v i t y was estimated in the 

f i r s t crude ext rac t af ter heating the sample at 50'C for 

10 min. I t was observed that both the ex t rac ts ( f i r s t and 

second) contained almost the same uni t s of n i t r a t e reductase 

a c t i v i t y . 
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2 . Ammonium sul fa te p r ec ip i t a t i on 

The pH of the combined crude ex t rac t s was adjusted to 

7.4 by adding 1 M K^HPO. solut ion and sol id ammonium sulfa te 

was added, with gentle s t i r r i n g , to the c lear supernatant 

to bring i t to 0.90 s a tu ra t i on . The quant i ty of ammonium 

su l fa te required was calculated as mentioned in 'Materials 

and Methods'. The suspension was s t i r r e d for 30 rain and 

centrifuged at 20,000 x g for 15 min in a RC-5 Sorvall 

cent r i fuge . The sediment was suspended in 300 ml of 50 mM 

potassium phosphate buffer, pH 7.0, and dialyzed against 

the same buffer overnight with three changes of buffer. The 

enzjme sample was tes ted for enzyme a c t i v i t y and protein 

content . I t is evident from Table 3 tha t very l i t t l e p u r i 

f i ca t ion is achieved by t h i s step but i t helped in reducing 

the large volume of the crude ex t rac ts for easy handling in 

fur ther pur i f i ca t ion s t e p s . The r a t i o of absorbance at 280 

nm to tha t at 260 nm s l i g h t l y increased from 0,6 in the 

crude ext rac t to 0,68. About 9(y/o of the enzyme a c t i v i t y was 

recovered in t h i s s t ep , 

3 . Protamine sul fa te treatment 

The ammonium sulfa te p rec ip i t a t e contained large 

amounts of nucleic ac ids , as observed from the absorbance 

r a t i o at 280 nm to 260 nm, and approximately 10 mg pro te in / 

ml. The pH of the enzyme was. adjusted to 6,0 by adding 0.2 M 

aceta te buffer, pH 4 . 3 . The protamine su l fa te solut ion 

(15 mg/ml, pH 5.0) was then added to the c lear supernatant 

from the second step to p r ec ip i t a t e nucleic ac ids . The 
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addi t ion of the protamine su l fa te solut ion was continued 

t i l l no further p r ec ip i t a t e was observed. Usually 500 ml 

of protamine sul fa te solut ion (15 rag/ml, pH 5.0) was required 

to p r e c i p i t a t e most of the enzyme a c t i v i t y present in the 

ex t r ac t s from 100 g (wet'weight) of bac t e r i a l c e l l s . The 

p r e c i p i t a t e was col lected by centr ifuging the suspension 

at 4,000 X g for 15 min. The c lear supernatant , which had 

very l i t t l e n i t r a t e reductase a c t i v i t y , was discarded. 

4 , Extract ion of n i t r a t e reductase from protamine sulfa te 

p r e c i p i t a t e 

Protamine su l f a t e -p rec ip i t a t ed sediment from step 3 

Was suspended in 50 ml of 0.2 M potassium phosphate buffer, 

pH 7 .5 , homogenized in a Potter-Elvehjem glass homogenizer, 

s t i r r e d for 45 min and centrifuged at 14,000 x g for 15 min. 

The ex t rac t ion was repeated five to s ix times in a s imilar 

manner u n t i l the f ina l extract showed negl ig ib le n i t r a t e 

reductase a c t i v i t y . The ex t rac t s were combined, centrifuged 

and the inact ive p rec ip i t a t e discarded. The absorbance 

r a t i o at 280 nm to 260 nm increased from 0.68 in the second 

step to 1.0 or more in the phosphate ex t rac t s of the 

protamine su l fa te p r e c i p i t a t e . This step provides t h r e e 

fold pur i f i ca t ion with Qlio recovery in the enzyme a c t i v i t y 

from the previous s tep , 

5, -Ammonium su l fa te f rac t ionat ion 

Further pu r i f i ca t ion of the enzyme was carr ied out by 

f rac t iona l p r e c i p i t a t i o n with ammonium s u l f a t e . The combined 

phosphate ex t rac t s (260 ml) of the protamine sul fa te 
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p r e c i p i t a t e from step 4 were brought to 0,60 sa tura t ion "by 

adding the required amount of sol id ammonium sulfate with 

gentle s t i r r i n g . The suspension was centrifUged at 14,000 

X g for 30 min in a RC-5 Sorvall cent r i fuge . The sediment 

was suspended in 20 ml of 50 mM potassium phosphate huffer, 

pH 7.0, and dialyzed against the same buffer overnight with 

three clianges of buffer. No s igni f icant inac t iva t ion of 

the enzyme a c t i v i t y was noticed during ammonium sulfate 

f r ac t iona t ion , since 90?̂  of the a c t i v i t y was accpunted in 

the various f r ac t ions , iibout 1,6 fold pur i f i ca t ion with an 

overal l recovery of 65?̂  of the enzyme a c t i v i t y was obtained 

in t h i s s t e p . The r a t i o of absorbance at 280 nm to 260 nm 

increased from 1,05 in protamine su l fa te ex t rac t s to 1,60 

in the 0 -- 0.60 sa tura t ion ammonium sul fa te f rac t ion . No 

attempt was made to maintain the pH of the solut ion during 

the addi t ion of ammonium s u l f a t e . 

6. F i r s t hydroxylapatite column chromatography 

The p a r t i a l l y purif ied enzyme obtained from step 5 was 

further purif ied by hydroxylapatite gel column chromatography. 

A column (1,8 x 50 cm) was prepared as described in 'Materials 

and Methods' and equi l ibra ted with 50 mM potassium phosphate 

buffer, pH 6.0, The pH of the enz;̂ Tiie was adjusted to 6,0 

by adding 0,2 M acetate buffer, pH 3 .5 , just before loading 

on the column. Approximately 864 mg of prote in containing 

27 uni t s of n i t r a t e reductase a c t i v i t y was loaded on the top 

of the column. The column was washed with the same buffer 

u n t i l the washings did not show any absorbance at 280 nm. 
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The enzyme sample was coloured before loading on the column. 

Coloured components were eluted during washing of the column 

with 50 mM potassium phosphate buffer, pH 6.0. Approximately 

270 mg of prote in was eluted during t h i s washing but no 

n i t r a t e reductase a c t i v i t y appeared in the ef f luent . About 

400 ml of the buffer was required in order to completely 

wash down the proteins eluted by t h i s buffer. The column 

was then washed with 50 mM potassium phosphate buffer, pH 7.0, 

u n t i l the washings did not show any absorbance at 290 run. 

Nitra te reductase a c t i v i t y could not be detected in t h i s 

washing step and approximately 180 mg prote in was e luted, . 

The column was further washed with 0,1 M potassium phosphate 

buffer, pH 7,0, and enzyme a c t i v i t y was detected a f te r few 

f r ac t i ons . When the enzyme a c t i v i t y s t a r t ed appearing in 

the e l u a t e , the n i t r a t e reductase was eluted with 0,2 M 

potassium phosphate buffer, pH 7 ,5 , at a flow ra te of 20 -

25 ml per h and the e luate was col lected in fractions 

ranging in volume from 2 to 5 ml. Figure 2 shows the 

e lu t ion pa t te rn of the n i t r a t e reductase gictivity and 

p ro t e in . The fraction*containing n i t r a t e reductase a c t i v i t y 

were dialyzed against 50 mM potassium phosphate buffer, pH 

7,0, The enzyme a c t i v i t y and prote in content were determined 

in each f rac t ion . The most highly act ive f rac t ions , eluted 

from the column, contaiiied 30,6 mg of prote in with 22 uni t s 

of enzyme a c t i v i t y representina- a specif ic a c t i v i t y of 0.72 

and a f ina l yield of 53?^. No s ign i f ican t loss in the a c t i v i t y 

on hydroxylapatite gel column chromatography was observed. 



FIG, 2 Elution pattern of A_. fischeri nitrate 

reductase activity and protein on first 

hydroxylapatite column (1.8 x 50 cm). 

Potassium phosphate buffer of increasing 

.ionic strength and pH was used for elution 

of the proteins. 

Sample loaded: 864 mg protein in 30 ml. 
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I t was possilile to account for almost 985̂  of the t o t a l 

a c t i v i t y in different f r ac t ions . 

7. Second hydroxylapatite column GhromatO|graphy 

The combined dialyzed f rac t ions , obtained from step 6, 

were adjusted to-pH 6,0 *by adding- 0.2 M aceta te buffer, pH 

3 . 5 , just before loading on the top of second hydroxylapatite 

column (1 X 35 cm). The enzjmie sample containing 30,6 mg 

of prote in and 22 uni t s of enzyme a c t i v i t y was loaded on the 

column. The column was equ i l ib ra t ed , developed and eluted 

as before. Figure 3 shows the e lu t ion pa t te rn of the n i t r a t e 

reductase a c t i v i t y and prote in with 50 mM potassium phosphate 

blaffer, pH 7.0, 0 .1 M buffer, pH 7.0 and 0.2 M buffer, pH 

7 .5 . About 10 rag prote in was eluted by f i r s t three buffers, 

containing approximately 4 uni ts of n i t r a t e reductase 

a c t i v i t y . The enzyme was purif ied 1.5 fold in t h i s step 

giving a f inal yield of ^QP|o. 

8. Preparative polyacrylamide gel electrophoresis 

Final purification of the enzyme was achieved by using 

preparative polyacrylamide gel electrophoresis. A simpli

fied procedure of preparative polyacrylamide gel electropho

resis of Husain and Sadana (1972) was adopted for the final 

purification of nitrate reductase, as described under 

'Materials and Methods', Fixed volume of gel solution 

(6,0 ml) was used for making gel columns. 

The partially purified enzyme obtained after second 

hydroxylapatite column chromatography was dialyzed against 

Tris-glycine buffer, pH 8.3, for about 6 - 8h', with three 



FIG, 3 Elution pattern of A_. flscherl nitrate 

reductase activity and protein on 

second hydroxylapat1te column ( 1 x 35 cm) 

Potassium phosphate buffer of increasing 

ionic strength and pH was used for 

elution of the proteins, 

vSample loaded: 30.6 rap- protein in 20 ml. 
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changes of buffer . The enzyme samples (2.5 ml) containing 

8.1 mg protein were mixed with sucrose solut ion to make i t 

20̂ 0 and layered on the top of each column. Electrophoresis 

was carr ied out at 4 °C at a constant current of about 5 mA 

per column, 

Nitrate reductase , beinp co lour less , was not v isua l ly 

detectable and, the re fore , i t was not easy to decide the time 

of i t s e l u t i on . During preliminary run, under standard 

conditions of gel volume, cur ren t , temperature and pH of the 

buffer , f ract ions were collected every hour. I t was deter

mined that n i t r a t e reductase enzyme was eluted a f t e r 6 - 7 h 

of e lec t rophores i s . So a f te r loading the enzyme sample on 

the gel columns, e lec t rophores is was continued for about 5 h, 

without in te r rupt ing i t , then the apparatus was switched off 

and a piece of d ia lys i s sacking f i l l ed with 1 ml of bath 

buffer (Tr i s -g lyc ine , pH 8.3) was attached to the lower 

end of the column, as described in 'Materials and Methods', 

The e lec t rophores is was continued for 20 rain and then 

another d ia lys i s sacking was attached a f t e r removing the 

f i r s t one. In t h i s manner 10 to 12 f ract ions were collected 

at 20 rain in te rva l s and dialyzed overnight against 50 mM 

potassium phosphate buffer, pH 7.0, with three changes of 

the buffer. The fract ions were tes ted for enzyme a c t i v i t y 

and p ro te in . The fract ions having the highest speci f ic 

a c t i v i t y were pooled and tes ted for homogeneity. 

The pur i f i ca t ion of the enzyme by preparat ive gel electro

phoresis has been repeated 4 to 6 times with reproducible 

r e s u l t s . A summary of the pur i f i ca t ion procedure is given 
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in Table 3 . The yield of the f i na l ly purif ied enzyme was 

about 2&fo giving 2.97 mg pure pro te in from 100 g bac te r ia l 

c e l l s (wet weight) , and on a pro te in bas i s , represents 2800 

fold p u r i f i c a t i o n . The specif ic a c t i v i t y of the enzyme is 

3.65 umol of n i t r i t e produced per mg n i t r a t e reductase per min. 

C r i t e r i a of pur i ty 

The homogeneity of the purif ied A_. f i scher i n i t r a t e 

reductase of highest specif ic a c t i v i t y was examined by disc 

gel e lec t rophores is in both anodic, pH 8.9 (Davis, 1964), and 

cathodic , pH 4.3 (Maurer, 1971), systems. In both the systems 

i t revealed only one prote in band (Fig . 4 ) . Ni t ra te reductase 

a lso migrated as a s ingle prote in band in 6,, 8, 10 and 12^ 

polyacrylamide gels at pH 8 ,9 . Only a single prote in band of 

n i t r a t e reductase was detected in SDS-gel e lec t rophores i s . 

After running the e lec t rophores i s , gel from one of the 

tubes was used for detect ion of the pro te in band having 

n i t r a t e reductase a c t i v i t y . The gel v;as removed from the tube 

and immediately immersed in 10 ml of a solut ion containing: 

0.07 M potassium phosphate buffer, pH 7.0, 0.16 M KNO ,̂ 

0.5 mg benzyl viologen, 10 mg sodium d i th ion i te and 10 mg 

NaHCÔ  and incubated for 5 min at 30°C. The gels were 

immediately blot ted and immersed in a cold (4*C) mixture of 

2.5 ml of Y/o sulfanilamide in 2.5 M HCl and 2.5 ml of 0.01?^ 

N~( 1-naphthyl)-ethylenediamine in d i s t i l l e d water. After a 

couple of minutes a pink band appeared on the ge l . The posi t ic 

of the prote in band coincided with tha t of n i t r a t e reductase 

a c t i v i t y band. 



FIG. 4- Polyacrylamide gel e l e c t r o p h o r e s i s of 

p u r i f i e d A_. f i s c h e r l n i t r a t e r educ tase 

having s p e c i f i c a c t i v i t y of 3.65 iimol n i t r i t e 

produced from n i t r a t e per mg p r o t e i n p e r min, 

was loaded on 7.5?^ ge l r o d s . 

(a) Gathodic run , pH 4 .3 

(b) Anodic run , pH 8.9 
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Determination of relative molecular mass of purified nitrate 

reductase from A. flscheri 

Five different methods were used for the determination 

of relative molecular mass of the purified enzyme: 

1. Polyacrylamlde ^el eTectrophoresis 

The relative molecular mass was determined "by polyacry

lamlde gel electrophoresis according to the method of Hedrick 

and Smith (1968). Standard proteins and the enzyme (nitrate 

reductase) were subjected to electrophoresis in a series of 

gels which varied in acrylamide concentration from 6 - 12^, 

All other conditions of electrophoresis were the same (see 

'Materials and Methods'). Under these conditions proteins 

migrate into the gel as a function of the size, charge and 

the acrylamide "concentration of the n-el. Plots of log 

relative mobility (IC^ lô ^ (Rm x 100)), of marker proteins 

(bovine ser̂ jm albumin: monomer 63,000, dimer 136,000, 

trimer, 204,0^^0, ovalbumin: monomer 46,000, dimer 92,000; 

DNAase I 31,0oo) versus gel concentration resulted in 

straight lines, A linear relationship exists between the 

slope of these lines and relative molecular mass of the 

proteins. The results with nitrate reductase and marker 

proteins are presented in Fig. 5(a) and Fip. 5(b), The 

relative molecular mass of the enzyme, computed from its 

slope on the calibration curve, was found to be 54,000, 

which agrees excellently with the values obtained by 

other methods, 

2, 3D6-gel electrophoresis 

An estimate of relative molecular mass of nitrate 



FIG. 5 Determinat ion of the molecular weight of 

L- f i s c h e r i n i t r a t e r educ tase by gel e l e c t r o 

phores i s ( l ledr ick and Smith, 1968). 

(a) P l o t s of 100 log ( R a x 100) of marker 

p r o t e i n s a g a i n s t gel c o n c e n t r a t i o n s . The 

s tandard p r o t e i n s used were: 

(A) Deoxir ibonuclease I (M 31,000) 

(B) Ovalbumin monomer (M^ 46,000) 

(C) BSA monomer (M^ 68,000) 

CD) Ovalbumin dimer (M 92,000) 

. (E) BSA dimer (M^ 136,000) 

(F) BSA trimer (M^ 204,000) 

In the case of deoxiribonuclease I the 

position of the major band was taken. 

In the insert is the plot of 100 log 

(Rm X 100) of A_, fischeri nitrate reductase 

against gel concentration, 

(b) The negative slope of each protein from 

Fig. 5a was plotted against their molecular 

weight. The molecular weight of A_. fischeri 

nitrate reductase, computed from the slope 

on the calibration curve is 54,000, 
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r e d u c t a s e was a l s o made by i t s migra t ion in the SDS-gels 

(Weber and Osborn, 1969; Shapiro et_ aJ^. , 1967) . The 

enzyme, n i t r a t e r educ t a se and marker p r o t e i n s were incubated 

for 10 min a t 100'C w i th 1^ SLS, V/o 2-mercaptoethanol and 1?̂  

lodoacetamide before sub ' jec t ing them t o SDS-gel e lec t rophores i i 

A p l o t of log molecular weight versus r e l a t i v e m o b i l i t y of 

t he marker p r o t e i n s y ie lded a s t r a i g h t l i n e ( F i g . 6) and an 

e s t ima te of r e l a t i v e molecular mass of A_. f i s c h e r i n i t r a t e 

r educ ta se of 52 ,000. 

3 . Determinat ion of subuni t na tu re by SIE-gel e l e c t r o p h o r e s i s 

N i t r a t e r educ tase was t r e a t e d wi th (a) V/o SDS, (b) 

{fo SDS, ifo 2-mercaptoethanol and ifo lodoacetamide a t 100*C 

for 10 min and subjec ted t o SDS-gel e l e c t r o p h o r e s i s . The 

enzyme showed only one p r o t e i n band on both the t r e a t m e n t s . 

The r e l a t i v e molecular mass, computed from F i g . 6, was a l so 

same for bo th , cor responding t o the n a t i v e enzyme, i . e . 

52 ,000, This i nd i ca t ed t h a t n i t r a t e r educ ta se from A.fischeri 

i s camposed of only one po lypep t ide c h a i n , 

4 . Gel f i l t r a t i o n (Bio-Gel P-150) 

The r e l a t i v e molecular mass of the p u r i f i e d n i t r a t e 

r educ tase was es t imated by the molecular s i eve chromato

graphy method of Andrews (1964) . A column (1 .5 x 100 cm) 

of Bio-Gel P-150 was e q u i l i b r a t e d wi th 0.05 M phosphate 

b u f f e r , pPI 7.0 a t 4°'C. The void volume (Vo) of the column 

,was measured wi th Blue-Dextran 2,000 (M ,̂ 2 , 000 ,000 ) . The 

column was c a l i b r a t e d us ing f ive mirker p r o t e i n s , v i z . : 

( i ) gamma-globulin 160,000, ( i i ) a l coho l dehydrogenase 



FIG, 6 Molecular weight deterniination of A^, flscheri 

nitrate reductase by SI6-gel electrophoresis. 

Relative mobility of marker proteins was 

plotted against their log molecular weight. 

The marker proteins uŝ ed were: 

(1) BSA dimer (M^ 136,000) 

(2) Ovalbumin dimer (M^ 92,000) 

(3) Transferrin (M^ 76,000) 

(4) BSA monomer (M^ 68,000) 

(5) Ovalbumin monomer (M 4-6,000) 



51 

5 0 

I 
o 

< 
_J 
z> 
o 
UJ 
_J 
O 

o» 
o 

4-9 

4 8 

4-7 NITRATE 
REDUCTASE 

4-6 I 
0 0 5 

J. JL X 
010 0-15 0-20 0 2 5 

R E L A T I V E M O B A L I T Y 
0-30 0-35 



92 

141,000, ( l i i ) bovine serum albumin 68,000, ( i v ) ovalbumin 

46 ,000 , and (v) myoglobin 17,600, f J i t r a te reduc tase {200jig) 

was loaded on a Bio-Gel column along wi th 2 mg of each 

marker p r o t e i n except ovalbumin. I t was chromatographed in 

a s epa ra t e run wi th Blue-Dextran. E l u t i o n was performed wi th 

phosphate bu f f e r , pH 7 . 0 , and f r a c t i o n s oi" about 1 ml were 

c o l l e c t e d . Bovine serum albumin, ovalbumin and gamma-globulin 

were determined by measuring the absorbance of the f r a c t i o n s 

a t 280 nm, while myoglobin was determined a t 409 nra. EnzAine 

a c t i v i t i e s , a l coho l dehydrogenase and n i t r a t e r e d u c t a s e , 

were assayed as descr ibed in the t e x t . Blue-Dextran was 

measured a t 625 nm. The e l u t i o n volume (Ve) for each s tandard 

p r o t e i n and enz^ime was c a l c u l a t e d from the mid po in t of the 

peaks . The e l u t i o n volumes were found t o be r e p r o d u c i b l e , 

k p l o t of Ve/Vo a g a i n s t log molecular weight ( F i g . 7 ) , 

accord ing t o the procedure of Andrews (1964) , gave a s t r a i g h t 

l i n e and the r e l a t i v e molecular mass of A_. f i s c h e r i n i t r a t e 

r e d u c t a s e , c a l c u l a t e d from the c a l i b r a t i o n cu rve , was 

found t o be 57 ,000, 

5 . Gel f i l t r a t i o n on Sephadex CT-200 (40 - 120 AJ) 

Marker p r o t e i n s and the enzyme were chromatographed 

on a Sephadex G-200 column (1 ,2 x 89 cm) as descr ibed for 

Bio-Gel column. Ca ta lase a c t i v i t y was assayed as descr ibed 

in t e x t . The gel f i l t r a t i o n da ta of the n i t r a t e reduc tase 

and marker p r o t e i n s of known molecular weight and S tokes ' 

r a d i i , in terms of Kd, Kav and Ve/Vo are p resen ted in 

Table 4 . The e l u t i o n volumes were found t o be r e p r o d u c i b l f . 



PIG, 7 Molecular weight determination of A_. f i scher l 

n i t r a t e reductase by gel f i l t r a t i o n on Bio-Qel 

P-150 column (1,5 x 100 cm). The marker proteins 

used for ca l ib ra t ion of the column y;ere: 

(1) Gamma globulin (M 160,000) 

(2) Alcohol dehydrogenase (M 141,000) 

(3) BSA monomer (M 68,000) 

(4) Ovalbumin monomer (M 46,000) 

(5) Myoglobin (M 17,600) 

Ye, elution volume; Vo,void volume 

Ve/Vo values were plotted against log 

molecular weight according to the procedure 

of Andrews (1964). 



5-4 

5-2 

X 5 0 

ijj 

(T 4-8 
< 
_J 

O 

_j 4 - 6 
O 

o> 
o 4-41-

4-2 -

4 0 

NITRATE REDUCTASE 

X 
10 1-2 1-4 1-6 

Ve / Vo 
8 2 0 2-2 



CQ 

fl 
•rH 

a; 
• p 

o 
^ 
P^ 

t J 
fH 
G3 

I D 

c 
rt 
+̂  CQ 

nj 

a 
a 
(D 
CO 
oi 

+3 
o 
p 

TD 

cu 
!̂  
0) 

• p 
cr? 
^ 

4 ^ 
• H 
G 

• H 
f4 

<u 
x; 
o 
CQ 

• H 
t H 

• 
•<q 

^ 
O 

a 
4 ^ 
05 

TD 

C 
O 

• H 
- P 
Ctf 

^ 
+̂  
i H 
• H 
t H 

r - l 
OJ 
C) 

«« 
' T f 

<D 
1—( 

r O 

crt 
EH 

0) 

s 
p 

H 

o 
> 

T3 
• H 
O 
f> 

0 
Xi 
EH 

4 

KD 
>X> 
O^ 
( H 

_̂̂  
>> 

+3 

c 
o 
^ 
T ) 

c 
CT5 

i H 
CD 
bD 
o 

• H 
CO 

o 
- p 

tl/J 

c 
• H 
•a 
fH 

o 
c 
o 
c« 

^D 
Q) • 
+3 (H 
cd E 

H 
p U3 
O K^ 

i H 
CC CQ 

o nj 
5 

CD 
^ C 
0) B 
5 : P 

r-^ 
> o 
ct5 O 
t^ 

OJ 
I D X ! 
C3 += 
OJ 

^H 
TD O 

fc^ 
— V 

QJ O 
X ! ! > 

&^~—' 

0) 

U 

0) 

cr; 

!H 

;3 
o 
n5 (P S 
C) -p C 

1̂ H 

Cfl 

T3 

O 

> 

O 0) 
•H S 
-P P rH 
P rH S 

rH O 

CQ CQ 
QJ p 

> ^ - H 
O - 0 
-p cd 
CO f-l 

CQ 

•H 
0 
-P 
O 

o 
9 

'-'I 
nil 

+̂ l 0I 
CQ- ' - -
^( LP. 
0) ' ^ 
tyocn 
0 H 

rt^ 

-̂̂  
U5 

TDUD 
E! CT> 
03 H 

H 
Q; !>3 
t j C - p 
(D d 

• H 0 
CO S^ 

'̂1 n?l 

^̂1 0)1 
ra^^ 
^1 LPv 
CD MD 
t i L a - \ 
0 H 
c r ; ^ 

VD 
C5^ 
r H 

^ 
TD 

^ 
0 

^H 

fl 
03 

^ 

T ) 
C^ txD 
03 ; H 

0 r ^ 

? <1) l ; 
r H 0 ^ 
Q) U "^ 
K C5Vy 

O 

o 

CO 
00 

CO 

C\i 
CO 
T — 

CO 

r-
0 1 

o 

o 

o 

Lf^ 

t<^ 
C'J 

• LfA 

u:) 
• 

• ^ 

en 
o 

1 ^ 

o 

00 

o 

• O 

• ^ 

CO 
I ^ 

en 
^ 
^ 

CM 
C\l 
VD 

o 

o 

o 
CO 

^— 
'vC 

• 
^f-\ 

iX) 
i > -

• 
C\J 

cn 

^ < ^ 
O 

o 

!>-
00 
• 5 -

vn 
0 0 
CM 

Lr \ 
(T\ 
CA 

00 
LTv 
' ^ i -

"rf-
u ; 

0 
' ^ i -
' t t 

N^ 

ro 
• • r -

ITS 
LT, 

0 

T— 

a% 
VX) 

• r~' 

0 
00 

0 

T — 

Cvj 
1— 

• <yi 

oc I ^ 

• T -

a 05 

u 
• p 

H 

^ 
0 
p 

r H 
PQ 

<U 
CQ 
05 

r-H 
0 ; 

- P 
05 

0 

• T — 

1 
0 

Si 
CD 

TD 

r H 
0 

X ! 
0 
0 

<H 
-<i; 

0 

CM 

0) 
CQ 
05 

c a) 
t i ) 

S 
P 

0) 
CQ 

fi 
CD - H 

G S 
• H p 
t > X i 
0 r H 

W 05 

• 
KA 

C 
• H 

E! 
P 

r O 

r H 
05 
f> 

0 

• 
^ 

rt • H 
X> 
0 

H 
tiO 
0 

>, 
! H 

• 
LP. 

CU 
CQ 
05 

- p 
c; 
p 

•H 
^1 
O) 
x; 
0 
CO 

• H 
t H 

CD 

f^ 

(U 
• P 
o3 
f-i 

+3 
• -H 

- T i c 

• V£) 

93 



94 

A p lot of Ve/Vo versus log molecular weight (Pig . 8 ) , 

according to the procedure of .Andrews (1964), gave a s t re ight 

l ine and indicated that the r e l a t i ve molecular mass of the 

enzyme was 51,000, This value is s imi lar to the r e l a t ive 

molecular mass estimated 'by other methods. There appears to 

be no in te rac t ion between the enzyme and Sephadex polyaaccha-

r ide matrix because there is not'much difference in r e l a t ive 

molecular mass values determined on Bio-Gel and Sephadex 

columns. 

Stokes ' radius of A. f i scher i n i t r a t e reductase; 

The Stokes ' radius of n i t r a t e reductase was calculated 

from i t s d i s t r ibu t ion coeff ic ients Kd and Kav and the pore 

r ad ius , r , of the column. A pore radius of 17.9 nm, for the 

batch of Sephadex G-200 used, was calculated from the known 

Stokes' r a d i i of the standard proteins (Ackers, 1964). A 

l inea r r e l a t ionsh ip (Fig. 9 ( a ) , 9(b)) was obtained when the 

experimental data are p lo t ted accordiniP: to Porath (1963) and 

Laurent and Killander (1964). The v a l i d i t y of the re la t ionship 

proposed by Ackers (1964) is evident from the agreement 

obtained for the value of r using differen"^ standard p ro te ins . 

The Stokes' radius of n i t r a t e reductase was calculated by 

the methods of Ackers, Porath and Laurent and Killander, 

The three methods yielded s imi lar values (3 .05 , 3 .2 , and 

3.05 nm) with an average value of 3.1 nm. 



PIG, 8 Molecular weight determination of A, fischeri 

nitrate reductase by gel filtration on Sephadex 

G-200 column (1»2 x 89 cm). The marker proteins 

used for calibration of the column were: 

(1) Gatalase (M 230,000) (Andrews, 1965) 

(2) Alcohol dehydrogenase (M^ 125,000) 

(Andrews, 1965), 

(3) BSA monomer (M^ 68,000) (Burnett, 1971) 

(4) Ovalbumin monomer (M 46,000) (Dunker and 

Rueckert, 1969). 

(5) Myoglobin (M^ 17,600) (Dunker and Rueckert, 

1969) 

The elution data of Table 4 were employed, 

Ve/Vo values were plotted against log molecular 

weights according to the procedure of Andrews 

(1964). 
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FIG. 9 Determination of the Stokes' radius of 

A_. flscheri nitrate reductase. 

The elution data of Table 4 were used, 

(a) The data are plotted according to the 

correlation of Laurent and Kil lander (1964). 

(b) The data are plotted according to the 

correlation of Porath (1963). 
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DISCUSSION 

The enzyme n i t r a t e r educ ta se which c a t a l y z e s the 

r e d u c t i o n of n i t r a t e t o n i t r i t e has been s tud i ed in a v a r i e t y 

of organisms. I t has been p u r i f i e d t o vary ing degrees of 

p u r i t y from d i f f e r e n t s o u r c e s , and some of them have a lso 

been c h a r a c t e r i z e d . 

N i t r a t e r educ t a se from A_. f i s c h e r i has been p u r i f i e d t o 

homogeneity as shown by a n a l y t i c a l polyacry lamide ge l e l e c t r o 

p h o r e s i s and SDS-gel e l e c t r o p h o r e s i s . The p u r i f i c a t i o n 

procedure of A_, f i s c h e r i n i t r a t e r educ t a se was a modi f ica t ion 

of an e a r l i e r procedure (Sadana ejt a J . , 1963) , and the y ie ld 

of the p u r i f i e d enzyme obtained was hi/;^her. P r e p a r a t i v e 

polyacrylamide ge l e l e c t r o p h o r e s i s was used as t h e f i n a l 

s t e p for p u r i f y i n g the enzyme. The recen t t r end for p u r i f i 

c a t i o n of the enzyme i s by the use of a f f i n i t y chromatography 

and the teclrinique has been used for p u r i f i c a t i o n of n i t r a t e 

r educ t a se from b a r l e y leaves and £ . v u l g a r i s (Kuo et_ a j , , 1980; 

Solomonson, 1975) us ing Blue-Dextran-i igarose as m a t r i x , A_. 

b r a u n i l (Miguel et_ a ]^ . , 1980) us ing Blue-Sepharose as ma t r i x , 

and sp inach l eaves (Nakagawa et_ a l , , 1985) us ing Blue-

Sepharose CL-6B as m a t r i x . 

The modified p u r i f i c a t i o n procedure for A_, f i s c h e r i 

n i t r a t e r educ tase c o n s i s t s of: e x t r a c t i o n of b a c t e r i a l 

c e l l s by wate r l y s i s , c o n c e n t r a t i o n by ammonium s u l f a t e , 

protamine s u l f a t e t r ea tmen t t o remove n u c l e i c a c i d s , 

ammonium s u l f a t e f r a c t i o n a t i o n , hyd roxy lapa t i t e gel column 

chromatofl-raphy, and f i n a l l y , p u r i f i c a t i o n by p r e p a r a t i v e 
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polyacrylamide ^el e lec t rophores i s . As n i t r a t e reductase 

is co lour less , the enzyme could not be visual ized on the 

column or on e lut ion during- e lec t rophores i s , as is the case 

i t h A_. f i scher i n i t r i t e reductase , which beinp a heme 

pro te in (Prakash et a l . , 1966) is coloured. Therefore, i t 

as necessary to standardize the gel l ength , current and 

time for i t s e lu t ion from the column and co l lec t ion in the 

d ia lys i s sack, 

Ni t ra te reductases from R. sphaeroides (Norma and 

Cardenas, 1982), A_. calcoacet icus (Vil lalobo et_ a]^., 1977) 

and C_, perfringens (Chiba and Ishimoto, 1977), and in some 

other cases , were p a r t i a l l y pur i f i ed . Ni t ra te reductase 

from various other sources have been purif ied to homogeneous 

s t a t e , namely from A_. brauni i (Miguel et_ a l . , 1930), lupine 

root nodule bacteroid (iilikulov et_ a l . , 1980) and P. boryanum 

(Mikami and Ida, 1984). The purif ied n i t r a t e reductase from 

A_, f i s che r i was homogeneous in ana]y t ica l disc gel e l e c t r o 

phoresis and SIB-gel e lec t rophores i s . In ana ly t ica l poly

acrylamide gel e lect rophores is the prote in band coincided 

with n i t r a t e reductase a c t i v i t y band on the ge l . 

The specif ic a c t i v i t y of the purif ied A_. f i scher i 

n i t r a t e reductase was 3.65 jimol of n i t r i t e formed per min per 

mg p ro te in , ""he speci f ic a c t i v i t y of n i t r a t e reductases 

purif ied from various other sources were: R. japonicum 

0.057 (Kennedy et_ al . . , 1975), R. capsulata 0.8 (Met and 

Klemrae, 1979), D. t e r t i o l e c t a 0,86 (LeClaire and Grant, 

1972), Lupine root nodule bacteroid 0.9 (Alifcuiov et_ a l . , 1980), 
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b a r l e y l eaves 8.0 {Kvio et_ a l . , 1980) , sp inach 24-12 

( G a r r e t t and Amy, 1978) , sp inach leaves 80 - 130 (Nakagawa 

e^ a l , , 1985) , N. c r a s s a 125 ( G a r r e t t and Amy, 1978) and 

A_. n idu lans 875 (Candau, 1979) . Recent ly Mikami and Ida 

(1984) have p u r i f i e d a n i t r a t e r educ ta se from P . boryanum 

t o homogeneous s t a t e and showed t h a t the s p e c i f i c a c t i v i t y 

of the enzjnne was 305 and 1020 wi th f e r r e d o x i n and methyl 

v io logen ac the e l e c t r o n donors , r e s p e c t i v e l y . 

N i t r a t e r educ tase from A_. f i s c h e r i showed an abso rp t ion 

maximum at 278 nm in t h e UV range . The presence of e i t h e r 

f l a v i n or cytochrome in the enzyme molecule was excluded. 

This i s very s i m i l a r t o the enzyme from A_. n idu lans (Candau, 

1979) which showed only one peak in the UV range a t 273 nm 

and t h e r e was no peak in the v i s i b l e r e g i o n . The enzymes 

p u r i f i e d from spinach ( S q u i r e , 1964) , R, g l u t i n i s (Guerrero 

and G u t i e r r e z , 1977) , N. c r a s s a ( G a r r e t t and Nason, 1967) , 

L' "braunii (Mi^ael et_ a l . , 1980) and C_. v u l g a r i s (Solomonson 

and Vennesland, 1972) showed the presence of a cytochrome 

in the enzyme. The enzymes p u r i f i e d from C_« v u l g a r i s 

(Solomonson et_ a ] ^ . , 1975) , N, c r a s s a ( G a r r e t t and Nason, 

1969) and A s p e r g i l l u s n idu lans (Downey, 1973) showed the 

presence of f l a v i n in the enzyme. 

The M of A_. f i s c h e r i n i t r a t e r educ tase was 

determined by four d i f f e r e n t methods and an average r e l a t i v e 

molecular masp of 54,000 was ob ta ined . Sadana et_ aa , (1963) 

observed t h a t in the a n a l y t i c a l u l t r a c e n t r i f u g e the highly 

p u r i f i e d A_. f i s c h e r i n i t r a t e r educ tase i nd i ca t ed the presence 

of two components, a slow moving f r a c t i o n wi th an s^^ value 
c.\J ,W 
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of about 1.5 S and a fas te r movin,fr component with an s 

value of about 4.5 S. Bovine serum albumin has an s 

value of 4.5 S and a r e l a t i ve molecular mass of 67,000. The 

L* f i s che r l n i t r a t e reductase r e l a t i v e molecular mass of 54,000 

(average of four methods: gel f i l t r a t i o n on Sephadex G-200 

and Bio-Gel P-150, polyacrylamide gel e lect rophoresis and 

SE6-gel e lec t rophores is ) would suggest that the fract ion with 

an Sp/̂  ^ value of approximately 4.5 S (Sadana et_ a]^,, 1963) 

represented n i t r a t e reductase . 

The enzyme from lupine root nodule bacteroid 'has a 

r e l a t i ve molecular mass of 67,0(^0 (Alikulov et_ a J . , 1980); 

R. japonicum 70,000 (Kennedy et_ a l . , 1P75); A_. nidulans 

75,000 (Candau, 1979); C. perfringens 90,000 (Chiba and 

Ishimoto, ]077) and A_. calcoaceticus 96,000 (VUlalobo e_t a l . , 

1977). The sma]] size of these n i t r a t e reductases and that 

from A_, f i scher i i s in strikinp- contrast to the n i t r a t e 

reductases obtainec' from hip her plants and sorae other organi

sms. The spinach enzynie has a r e l a t i v e molecular mass of 

500,000 (Relimpio et_ a l . , 1971), ^ . brauni i 460,000 (Miguel 

et_ a l . , 1980), soybean 330,000 ( Jo l ly et_ a J . , 1976), and 

spinach leaves 270,000 (Nakagawa et_ a J , , 1985). Nitrate 

reductase from E. co l l (Taniguchi and I t agak i , I960) was 

reported to have a n s „ „ , value of 25 S, corresponding to a 
c U ,W 

r e l a t i v e molecular mass of about 1,000,000. 

Ni t ra te reductases from different sources show a wide 

va r i a t i on in t h e i r molecular subunit s t r u c t u r e , Carboxy-

amidomethylation of the reduced form of A_. fi&cheri n i t r a t e 

reductase on STB-gel e lectrophoresis pave one protein band, 
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having the same r e l a t i ve molecular mass as the native enzyme, 

indicat ing that the enzyme is comprised of a s ingle poly

peptide chain. In t h i s respect the enzyme from A_<, f i scher l 

resembles the enzymes from C_. perfringens (Chiba and 

Ishimoto, 1311) ^ R. .japonicum (Kennedy et_ a J . , 1975) and 

A_. nidulans (Candau, 1979). On the other hand C, vulgaris 

(Solomonson, 1979) native enzyme ha.s three iden t ica l subunits 

of 100,000 r e l a t i v e mass, I'he enzyme from R, g lu t i n l s 

(Guerrero and Gut ierrez , 1977) has a r e l a t i v e molecular mass 

of 230,000 and consis ts of two subunits of 118,000 dalton. 

The enzjme from N. crassa (Pan anj Nason, 1978) is composed 

of two subunits corresponding to a r e l a t i v e molecular mass 

of 115,000 and 130,000. The pro teo ly t ic mapping and N-

terminal amino acid analysis indicated that the two subunits 

are s imilar (Pan and Nason, 1978), The r esp i ra to ry enzyme 

from B. l icheniformis gave two d iss imi lar subunits having 

r e l a t i v e molecular mass of 150,000 and 57,000 present in 

equimolar r a t i o (Van'T et_ al . , , 1979). The n i t r a t e redjictase 

from A_, braunii has been shown to be composed of eight 

iden t i ca l subunits of 58,000 r e l a t i v e molecular mass (Miguel 

et_ a]^., 1980), The enzyme from spinach leaves (Nakagawa 

et a l . , 1985) has a r e ]a t ive molecular mass of 2 70,000 and 

consis ts of two iden t ica l subunibs of 110,000 - 120,000 

dal ton. 

The k_. f igcher i n i t r a t e reductase enzyme has a Stokes' 

radius of 3.1 nm, which is very close with the value of 3.2 

nm reported for A. nidulans (Candau, 1979). T'he enzyme from 
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other sources showed wide -variation in their Stokes' radii: 

A_. bran nil (Mi;?-uel et_ aJ., 1980) 9.8 nra; R. glut in is 

(Guerrero and Gutierrez, l"̂ '??) and N. crassa (Pan and 

Nason, 1978) 7.0 nm; spinach (Hewitt and Notton, 1980) 

6,0 nm; £. vulgaris (Sol'omonson, 1979) 8.9 nra. The nitrate 

reductase from K. sphaeroides showed Stokes' radius of 4.1 nm 

having relative molecular mass of 100,000 (Norma and 

Cardenas, 1982), The nitrate reductase from spinach leaves 

has been purified recently (Nakagawa et_ a].., 1985) having 

Stokes' radius of 6,3 nm. 



CHAPTER IV 

PURIFICATION OF A. f i s c h e r i 

NITRITE REDUCTASE 
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SUMMARY 

Nitrite reductase has been purified from A_. fischeri 

by a modification of an earlier procedure of Husain and 

Sadana (1972). The enzyme has been obtained in a state 

ivhich is homogeneous in ultracentrifup-e and -pol yacryi amide 

gel electrophoresis at pH 3.9 and 4.3 and at different gel 

concentrations. The overall recovery of the enzyme was 307̂  

which is comparable to that reported earlier. The purification 

procedure involved: crude extract preparation of bacterial 

cells by osmotic water lysis, homogenization and centrifugatIon 

to get clear supernatant; concentration of crude extract 

by ammonium sulfate precipitation (O - 0.90 saturation'); 

protamine sulfate treatment to precipitate the enzvrne; 

fractionation with ammonium sulfate (0,55 - 0.85 saturition); 

two successive hydroxylapatite gel column chromatography 

steps; and a simplified preparative nolvacrylamide gel 

electrophoresis as the final step for purification. 

The purified enzyme has a specific activity of 150 ̂ mol 

-1 -1 nitrite reduced mln mg protein with benzyl viologen as 

electron donor. Methyl viologen also serves as an electron 

donor and is two times more effective than benzyl viologen. 
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INTRODUCTION 

The purification of A_. fischeri nitrite reductase was 

first reported from this laboratory by Prakash et_ al. (1966). 

The purification procedure consisted of crude extract pre-

paration from A_. fischeri cells by osmotic water lysis, 

isoelectric precipitation at pH 4.5, protamine sulfate treatment 

ammonium sulfate fractionation and chromatography on hydroxyl-

apatite gel and DEAE-celluIose. The purified enzyme was homo

geneous in the ultracentrifuge. However, when checked for 

homogeneity by polyacrylamide gel electrophoresis, two additional] 

bands were noticed by Husain and Sadana (1972). 

The procedure for A_. fischeri nitrite reductase purifi

cation was modified by Husain and Sadana (1972), The last 

step in the purification procedure of Prakash and Sadana (1972), 

column chromatography on DEAE-cellulose, was deleted, as 

considerable enzjnne losses (40 - 705̂ ) occurred at this step. 

Further purification of the enzyme was carried out by a 

simplified preparative polyacrylamide gel electrophoresis. 

The purified enzyme was homogeneous both in the ultracentrifuge 

and in disc gel electrophoresis. 

The A_. fischeri nitrite reductase used in this thesis 

was purified by a further modification of the procedure 

described by Husain and Sadana (1972). The second step in the 

earlier procedure i.e. precipitation at pH 4.5, was replaced 

by 90^ ammonium sulfate precipitation, as considerable enzyme 

losses (60 - 70?̂ ) were observed during precipitation at pH 

4.5 by me. The ammonium sulfate precipitation step recovered 
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30^ of the enzyme a c t i v i t y . The final product was recovered 

from the pooled eluates of preparat ive polyacrylamide gel 

e lect rophores is hy p rec ip i t a t i on with ammonium sulfate 

(0 - 0.80 s a t u r a t i o n ) . 

Pu r i f i ca t ion procedure 

All the steps for pur i f i ca t ion of A_. f i scher i n i t r i t e 

reductase were carr ied out at 0 - 4''C. The pur i f i ca t ion 

procedure involved following s t eps . 

1 , Cf̂ jde ext rac t preparat ion 

The frozen c e l l s (200 g) were thawed overnight at 4*C 

and lysed "by suspending them in cold d i s t i l l e d water (1 g 

wet weight/20 ml wa te r ) . The suspension was s t i r r e d for 

50 min, homogenized in a Potter-Elvehjem glass homogenizer, 

and s t i r r e d again for 30 rain. The suspension was centrifuged 

for 40 min at 20,000 x g in a RC-3 Sorvall centr i fuge. The 

c lea r supernatant was collected as crude extract and the 

t o t a l volume was 4000 ml. 

2 , Ammonium sul fa te p rec ip i t a t i on 

The pH of the pooled crude ext rac t was adjusted to 7.0 

by the addit ion of 1 M KgHPO. so lu t ion . The required amount of 

so l id ammonium sul fa te was added slowly with continuous s t i r r i n , 

for 90?̂  s a tu ra t ion . The suspension was s t i r r e d for 30 min 

at 4*0 and centrifuged at 20,000 x g for 20 min in a RC-5 

Sorval l cent r i fuge . The supernatant was discarded. The 

sediment was suspended in 50 mM potassium phosphate buffer, 

pH 6 .8 , and dialyzed overnight against the same buffer with 

three changes of the buffer. In t h i s s tep 90?̂ ' recovery of the 

enzyme was obtained. 
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3 . Protamine sul fa te treatment 

The enzyme preparation from second step contained large 

amounts of nucleic acids as Indicated by the ahsorbance ratio 

at 280 nm to 260 nm. Protamine sulfate solution (15 mg/ml, 

pH 5.0) was added slowly to the clear supernatant with conti

nuous stirring. The addition of protamine sulfate solution 

was continued until no further precipitation was observed. 

The precipitate was collected by centrifuging the suspension 

at 4,000 X g for 15 rain. The clear supernatant having very 

little nitrite reductase activity was discarded, 

4. Extraction of nitrite reductase from protamine sulfate 

• precipitate 

The precipitate from step 3 was suspended in 50 ml of 

0.2 M potassium phosphate buffer, pH 7,5, homogenized, stirred 

for 30 mln and centrifuged at 14,000 x g. The sedimented 

pellet was resuspended in the same buffer and extracted as 

before. The extraction was repeated 5 to 6 times in a similar 

manner until the extract showed negligible enzyme activity. 

The extracts were combined, centrifuged, and the inactive 

precipitate discarded. The ratio of absorbance at 280 nm to 

260 nm increased from 0.69 in the crude extract to 1,2 in 

this step. 

5. Ammonium sul fa te f rac t ionat ion 

The combined protamine sulfate extracts (250 ml) were 

brought to 0.55 saturation by adding appropriate amount of 

solid ammonium sulfate. The pH of the solution was not 

adjusted during ammonium sulfate precipitation. The suspension 

was stirred for 30 min at 4̂ 0 and centrifuged at 14,000 x g 
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for 15 min in a Sorvall centrifuge. The sediment, having 

very little activity of nitrite reductase, was discarded. The 

concentration of the supernatant was then raised to 0,85 

saturation by adding the required amount of ammonium sulfate. 

The suspension was stirred for 50 min and centrifuged again 

as before. The precipitate was suspended in 20 ml of 20 mM 

potassium phosphate buffer, pH 6.8, and dialyzed against the 

same buffer overnight with three changes of buffer, 

6. First chromatography on hydroxylapatite gel column 

The hydroxylapatite gel column (1.8 x 45 cm) was equili

brated with 20 mil potassium phosphate buffer, pH 6,8. The 

di-alyzed enzyme solution containing 1375 mg protein was loaded 

on top of the column. The hydroxylapatite gel column was 

washed with the same buffer until the absorbance of the washing 

was less than 0.01 at 280 nm. The nitrite reductase was 

absorbed on the column as a pink diffused band and remained 

stationary while the column was washed with 20 mM potassium 

phosphate buffer, pH 6.8, The column was then washed with 

50 mM potassium phosphate buffer, pH 6,8, and the washing was 

continued until nitrite reductase activity started appearing 

in the eluate. The enzjrme was finally eluted with 0,2 M 

potassium phosphate buffer, pH 6.8, at a flow rate of 20 ml 

per h and fractions of 2 - 5 ml were collected. The fractions 

having high specific activity were combined and dialyzed 

overnight against 20 mM potassium phosphate buffer, pH 6.8. 

7. Second chromatography on hydroxylapatite gel column 

The combined dialyzed fractions containing 300 mg protein 
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were loaded on top of the second hydroxylapatite gel column 

(1,8 X 20 cm). The column was equilibrated and eluted as before. 

The pink nitrite reductase band was eluted as one major band 

(8 ml) which contained 165 mg of protein. The enzyme was 

dialyzed overnight against 50 mM potassium phosphate buffer, 

pH 6,8 with three changes of the same buffer. The specific 

activity of the enzyme at this stage was about 680 units 

(^ol nitrite reduced per ten min/mg protein). The recovery 

was 46^ of the initial activity present in the crude extract, 

S. Preparative polyacrylamide gel electrophoresis 

A simplified procedure of preparative polyacrylamide gel 

electrophoresis was adopted for further purification of the 

enzyme as described by Husain and Sadana (1972), The preparative 

electrophoresis was performed in 7,5'fo acrylamide gel at pH 8,9, 

The electrophoretic gel columns (2 x 15 cm) were filled with 

acrylamide gel solution, prepared according to the procedure 

described by Ornstein and Davis (1964-), leaving about 2 - 4 ml 

volume for applying the enzyme samples. 

The semipurified enzyme obtained after second hydroxyl-

apatlte column chromatography was dialyzed against 10 mM potassii 

phosphate buffer, pH 7.5, for 8 h with three changes of the 

buffer. Enzyme samples containing 20 - 30 mg of protein were 

made dense by adding 20?̂  glycerol and layered on top of the 

each column. Electrophoresis was carried out at 4*0 at a 

constant current of about 6 roA per column. The enzyme migrated 

as a sharp band and being red colour was easily detectable 

visually without staining the gel. After about 6 - 8 h. 
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the apparatus was switched off and a piece of d ia lys is sacking 

f i l l e d with 1.0 ml of bath buffer ( t r i s - g l y c i n e , pH 8«3) was 

attached to the lower end of the column as described in 

"Materials and Methods"« The e lect rophores is was continued 

t i l l the red band reached the bottom of the column. The main 

enzyme band was eluted into a freph din lys i s sacking containing 

Tr is -glycine buffer, pH 8,3e .At the end of the e lec t rophorer i s , 

f ract ions were dialyzed overnight against 50 mM potassium 

phosphate buffer, pH 6 ,3 , with three changes of the sam.e 

buffer. Three preparat ive runs using two columns at a time 

were carr ied out to purify a l l the enzyme obtained from 

second hydroxylapatite column. 

A summary of the pur i f i ca t ion procedure is given in 

Table 5. The yield of the f inal pur i f ied enzyme is about 

4S mg prote in from 200 g of A_, f i scher i c e l l s (wet weight), 

and on a protein basis represents a 275 fold pur i f i ca t ion . 

The overal l recovery of the enzyme was 30^^, The purified 

enzyme was homogeneous in u l t racent r i fuge and polyacrylamide 

gel e lec t rophores is at pH 8,9 and 4-,3 and at different gel 

concentra t ions . The specif ic a c t i v i t y of the enzyme was 

150 - 170 umol of n i t r i t e reduced per mg protein per min 

with reduced benzyl viologen as e lect ron donor. 



'a 
H 

•H 

^ 

•H p» -P 
O -H -H 

0) 
+̂  
o 
u 
p̂  

0 

•p 
o 
en 

-p 
o 

S 

+5 O 

o 

ci3 
-P 
o 

EH 

>> 
-p 
•H 
> 

•H 
-P 
O 

X 

-P 
•H 

f 3 

rH 

E 
CO O 
- p 

•H 

t 3 

0 

B - ^ 
P rH 
H S 
O v_^ 
> 

o 
•H 
-P 
O 

o 
o 

o 
en 

cn 
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CHAPTER V 

PRESENCE OF ESSENTIAL KISTIDINE 

RESIDUES AT THE ACTIVE SITE OP' 

A. f i s c h e r i NITRITE REHUCTASE 
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SUT^PMRY 

A_. f i scher l n i t r i t e reductase was inactivated by the 

h i s t id ine - spec i f i c reagent , diethylpyrocarbonate (DEPC), at 

pH 6.8 and 6.5 at 4*0. The ra te of inac t iya t ion was fas ter at 
* 

pH 6.8 as compared to that at pH 6.5 . The inac t iya t ion was 

found to Tee concentrat ion- and time-dependent. The inact ivat ion 

ra tes followed pseudo-f i rs t order k i n e t i c s . On treatment of the 

enzyme with DEPC the alisorbance around 240 nra increased which 

is specif ic for N-oarbethoxyimidazole de r iva t ive . The absorliance 

remained unchanged around 280 nm region suggesting that tyrosine 

residues were not modified. Free sulfhydryl groups were not 

modified during the inac t iya t ion of the enzyme with DEPC. 

Though four h i s t id ine residues have been shown to be modified 

for the complete inac t iva t ion of the enzjnne with DEPC, only 

one h i s t id ine residue per molecule of the enzyrae has been shown 

to be e s sen t i a l for loss of a c t i v i t y on the basis of the react ion 

order (n) which was calculated to be 0.9 . The inactivated 

enzyme was react ivated by 0.75 M hydroxylaraine at neutral pH 

which caused removal of ethoxyformyl groups from the modified 

enzyme. The subs t ra te of the enzyme, n i t r i t e , considerably 

protected the enzyme a c t i v i t y against inac t iva t ion by DEPC. The 

maximum protec t ion by n i t r i t e was obtained at a concentration 

of 5 mM or above. The addit ion of n i t r i t e at concentrations 

less than 0.2 mM showed no protect ion against DEPC inac t iva t ion . 

The pKs of the ionizable groups of the enzyme which are required 

for the a c t i v i t y of the enzyme were 7.0 and 7 .7 . These correspond 

to the imidazole grour. These ntudies sugp-ested that one h is t id ine 

residue is e s sen t i a l for the a c t i v i t y of the enzyme. 
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IMTROnJOTION 

N i t r i t e r educ t a se from A_. f i s c h e r i c a t a l y z e s the s i x -

e l e c t r o n r e d u c t i o n of n i t r i t e t o ammonia (Prakash and Sadana, 

1972) , The enzyme has a r e l a t i v e molecular mass of 80,000 and 

i s composed of two subun i t s of equal s i z e which are cova l en t ly 

bonded by a d i s u l f i d e b r i d g e . Methionine has been found as the 

s o l e N-terminal r e s idue (Husain and Sadana, 1974a; 1974-b). I t 

con ta ins two £-t3rpe hemes per molecule but no nonheme i ron or 

molybdenum. I t i s , t h e r e f o r e , d i s t i n c t from a s s i m i l a t o r y 

n i t r i t e r e d u c t a s e s and s u l f i t e r e d u c t a s e s , which con t a in s i r o -

heme and i r o n - s u l f u r c e n t r e s (Lancas t e r et_ a l , , 1979; S iege l 

e t d l . , 1982; Krueger and S i e g e l , 1982) and for which e l e c t r o n 

donor i s f e r r e d o x i n . Recent ly Liu and Peck (1981) have repor ted 

a new type of n i t r i t e r educ tase from a s t r a i n of D, desu l fur icans 

which con ta ins s i x c_-type hemes per molecule and resembles the 

n i t r i t e r educ tase from A_. f i s c h e r i in havinp c_-type hemes. 

Reduction of hydroxylamine i s a l s o ca ta lyzed by A . f i s c h e r i 

n i t r i t e r e d u c t a s e . I t ' h a s been r epor t ed t h a t both the sub

s t r a t e s , n i t r i t e and hydroxylamine, are reduced a t the same 

a c t i v e s i t e and no free i n t e rmed ia t e has been de tec ted during 

the s i x - e l e c t r o n r e d u c t i o n of n i t r i t e t o ammonia (Prakash and 

Sadana, 1972), S imi l a r da ta have been r epor t ed by Cresswell 

e t a l , (1965) ; Hageman et_ a l , (1962) ; L a z z a r i n i and Atkinson 

(1961) ; Ramirez et_ a J . (1966) . 

Very l i t t l e informat ion i s a v a i l a b l e on the amino acid 

r e s i d u e s which are involved a t the c a t a l y t i c s i t e of n i t r i t e 

r e d u c t a s e . A_. f i s c h e r i n i t r a t e r educ ta se was not a f fec ted by 

2-JIMB ( 4 - 5 moles/mole enzyme) or IffiYB (50 moles/mole enzyme). 
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specif ic reagents for sulfhydryl groups (Husain and Sadana, 

1974a). However, in the presence of large excess (400 - 800 

fold) of mercurial reagents , £-MB and £-CIi!S, the enzyme ac t iv i t , 

was completely inhibi ted (Prakash and Sadana, 1972). This was 

in terpre ted that inh ib i t ion by -SH reagents was not due to 

mercaptide formation but involved some other i n t e rac t ions , 

A mechanism of n i t r i t e reduction which involves a hydroxyl 

group of an act ive serine as the subst ra te binding s i t e , and 

the existence of bound intermediates of n i t r i t e reduction was 

proposed by Kemp et_ aJ . (1963) . Although the enzyme purif ied 

from E. Goli by Kemp et_ sa . ( l963) would reduce NO2, NH2OH and 

SO,- , i t s physiological role was that of a s u l f i t e reductase, 
-2 

The models proposed for NOp and S0„ reduction were similar. 

The Achromobacter nitrite reductase, however, did not reduce 

sulfite (Prakash and Sadana, 1972). 

The work of CressweDl et_ a]^. (1965) showed that CN~ and 

£-HMB were inhibitory to nitrite reductase isolated from higher 

plants. They proposed that hydroxyl of a hemiacetal group 

could be the binding site for nitrite. The CN~ inhibition was 

presumed to be competitive and due to the reaction of cyanide 

with an active carbonyl group to form a cyanohydrin as pre

viously proposed by Mager (i960). However, the lack of inhi

bition of nitrite reductase from higher plants by phenyl methyl 

sulfonyl fluoride (PMSF) or fluoride (Dalling e;t al., 1973), 

hydroxyl modifying agents, or phenyl hydrazine (Dalling, 1972), 

a carbonyl modifier, does not support the models proposed by 

Cresswell et_ al. (1965) and Hewitt et_ aj. (1968'). A histidine 

residue on the corn nitrite reductase was proposed by Loussart 
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and Hageman (1974), which reac ts with n i t r i t e to form nitrosamine 

Histidine as the bindin,^ s i t e for n i t r i t e was suggested 

because of the well known react ion of n i t r i t e with secondary 

amines that produces r e l a t i v e l y s table nitrosamine, and from the 

pH prof i le of the n i t r i t e Reductase (Hucklesby et_ a l . , 1972). 

There are many reagents known which can modify the his t id ine 

residues at the act ive s i t e of an enzyme and cause inact iva t ion . 

These include diethylpyrocarbonate (DEPC) (Bosshard, 1984; Gorai 

and Pujioka, 1983), diazo-1 H-tetrazole (Cohen, 1968) and 

bromoacetone (Beeley and t^eurath, 1968). Whether a h is t id ine 

residue is involved in the c a t a l y t i c act ion of A_. f i scher i 

n i t r i t e reductase has been determined by chemical modification 

of the enzyme using DEPC as the h i s t id ine - spec i f i c reagent and 

studying the effect of pH on i t s k ine t ic parameters, IC and 

V according to Dixon and Webb (1964). max 

DflPC has been shown to be specif ic for h i s t id ine residues 

below pH 7.0 from model s tudies (Muhlard et_ a j . , 1967). I t 

reac ts s to ich iomet r ica l ly with h i s t i dy l residues (Leskovac and 

Pavkov-Pericin, 1975; Wallis and Holbrook, 1973). The foma-

t ion of N-oarbet hoxy-hi st j d.yl derivat ive is followed spectro-

photometrica]ly by the increase in absorbance between 230 - 250 

nm (Ovadi et_ a]^., ]'^67; Ovadi and Kele t i , 1969). Hydroxylamine 

removes the carbethoxy e-roups from N-oarbethoxy-histidyl residues 

(Melchior and Fahrney, 1970). Tnactivation of an enzyme by 

DEPC has been corre la ted with the modification of h i s t idy l 

residues at the act ive s i t e i f hydroxylamine reac t iva tes the 

enzyme (Ovadi and Ke le t i , 1969; Thome-Beau et a l . , '1971; 
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Setlow and Mansoiir, 1970; Horiike et_ al_., 1979) . However, 

Melchlor and Pahrney (1970) have found t h a t the reagent can 

a l s o r e a c t w i t h o the r n u c l e o p h i l i c r e s i d u e s which occur in 

p r o t e i n s , 

METHODS 

Treatment of A, f i s c h e r i n i t r i t e r educ t a se wi th d i e t h y l p y r o -

carbonate (SEPC) 

The c a r b e t h o x y l a t i o n of A_. f i s c h e r i n i t r i t e reduc tase was 

c a r r i e d out a t 4 °C in 50 raM potassium phosphate bu f fe r , pH 6 ,8 . 

As d i e thy lpyroca rbona te (DEPC) ge t s hydrolysed r a p i d l y , 

i t s ' c o n c e n t r a t i o n was determined ju s t before i t s use as 

descr ibed below: 

An a l i q u o t of d i l u t e d s tock s o l u t i o n of DEPC was added t o 

3 ml of 10 mM imidazole s o l u t i o n a t pH 7,5 in a cuve t t e and 

inc rease in absorbance a t 230 nm due t o the formation of N-

carbethoxyimidazole was determined. The c o n c e n t r a t i o n of DEPC 

was c a l c u l a t e d from A6 = 3 x 10 cm" M~ (Melchior and 

Fahrney, 1970) . 

For s tudying the e f f e c t of DEPC c o n c e n t r a t i o n on the 

i n a c t i v a t i o n of the enzyme, 0,1 mg of the enzyme was t r e a t e d 

wi th va r ious concentrations of DEPC ( 1 , 2 , 3 , 5 mM). The enzyme 

a c t i v i t y of the DEPC-treated enzyme was assayed a f t e r d i f f e r en t 

t ime I n t e r v a l s by drawing an a l i q u o t from the r e a c t i o n mix ture . 

The ex t en t of i n h i b i t i o n was c a l c u l a t e d by comparing the 

a c t i v i t y of t he modified enzyme t o the r e fe rence enzyme t r e a t e d 

i n a s i m i l a r manner but without DEPC. The d ie thy lpyrocarbona te 



114 

was used as a s o l u t i o n in cold dry e t h a n o l . The f i n a l concent ra 

t i o n of e thano l in the r e a c t i o n mixture was never more than 2^« 

For s tudying the e f f ec t of pH on the enzyme i n h i b i t i o n by 

DEPG, 0,1 mg enzyme in 50 raM potassium phosphate buffer was 

t r e a t e d w i th va r ious c o n c e n t r a t i o n s of lEPC ( 1 , 2 , 3 , 5 ml̂ ) a t two 

d i f f e r e n t pH va lues of 6.5 and 6 . 8 . The a c t i v i t y of the enzyme 

was assayed a f t e r d-ifferent time i n t e r v a l s in r e a c t i o n systems 

and c o n t r o l s as w e l l . 

The apparent f i r s t order r a t e cons tan t of i n a c t i v a t i o n 

depends on the c o n c e n t r a t i o n of the modif ier and can be expressed 

by the fo l lowinr equa t i on : 

app 

where K is the apparent first order rate constant for the 
app 

inactivation, K is the second order rate constant, M signifies 

the concentration of the modifier and n is a number equal to 

the average order of the reaction with respect to the concen

tration of the modifier. Takinp- the logarithm of both sides: 

Log K = Log K + n Lop- (M) 
•-̂  app '̂ 

K can oe c a l c u l a t e d from a semi logar i thm p l o t of the 
app '̂  

r e s i d u a l enzyme a c t i v i t y as a funct ion of t i m e . The order of 

t h e r e a c t i o n (n) can be expe r imen ta l ly es t imated by determining 

K a t a number of d i f f e r e n t c o n c e n t r a t i o n s of the modif ie r , 
app 

A p l o t of "1 op- K a g a i n s t log- (M) should ffive a s t r a i g h t l i n e 
app -' 

w i th a slope equal t o n , where n i s the number of molecules of 

modif ier r e a c t i n g wi th each a c t i v e u n i t of the e'nzjmie t o produce 
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an enzyme- inh ib i to r complex (Levy et_ al_,, 1963; Ramakrishna 

and Benzamin, 1981; "fercus et_ a l • , 1976) „ 

Spec t rophotomet r ic s tudy of A. f i s c h e r i n i t r i t e r educ tase 

i n h i b i t i o n by BEFC 

N i t r i t e r educ t a se ( l 'mp/ml) in 50 mM potass ium phosphate 

bu f f e r , pH 6,8 was taken in each of the two c u v e t t e s , in the 

r e f e r ence and sample compartments of a Gilford 250 s p e c t r o 

photometer which was cooled wi th c i r cu l a t i ng - water a t 4''C, A 

s o l u t i o n of DEPC (0.01 ml/ml of the enzyme s o l u t i o n ) was 

added t o the sample c e l l t o p-ive a f i n a l c o n c e n t r a t i o n of 3 mM 

and the same amount of e thanol was added t o the re fe rence c e l l . 

Difference s p e c t r a were recorded a t d i f f e r e n t t ime i n t e r v a l s 

( 5 , 10, 15, 20, 30 , 45 , 60 min) between 300 nm and 235 nm. The 

number of h i s t i d y l r e s idues modified by DEPC was determined 

us ing AG= 3200 cm"'M~' a t 240 nm (Ovadi ejb al^. , 1967). An 

a l i q u o t (0 .01 ml) of the r e a c t i o n mixture was removed from 

both the c u v e t t e s a f t e r the absorbance a t 235 nm was recorded , 

and assayed for enzyme a c t i v i t y , 'T̂ he time r e f e r r e d t o was the 

t ime when the spectrum was completed and an a l i q u o t was 

removed for the a s s a y . 

Effect of s u b s t r a t e on i n h i b i t i o n dur ing t r e a t m e n t of 

A. f i s c h e r i n i t r i t e r educ tase wi th DEPC 

The enzyme (0 ,1 ra/r) in 50 mM potassium phosphate bu f fe r , 

pH 6 . 8 , was p re incuba ted wi th d i f f e r e n t c o n c e n t r a t i o n s of 

n i t r i t e (1 .8 - 1H mM) for one min at A°C, before the a d d i t i o n 

of DEPC ( 3 , 0 mil/!). The c o n t r o l samples were a l so t r e a t e d under 

i d e n t i c a l cond i t i ons but wi thout n i t r i t e . T h e ' a l i q u o t s were 
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withdrawn fron both the t r e a t e d enzyme and the c o n t r o l s a t 

va r ious time i n t e r v a l s and checked for n i t r i t e r educ ta se a c t i v i t ; 

Ef fec t of hydroxylamine on r e a c t i v a t i o n of DEPP - i n a c t i v a t e d 

A, f i s c h e r l n i t r i t e r educ tase 

I n i t i a l l y the enzyme was t r e a t e d wi th 3 mlA DSPC. Aliquots 

of the t r e a t e d enzyme were withdrawn a t d i f f e r e n t t ime inverva ls 

and incubated in 100 mM potassium phosphate bu f f e r , pH 7 . 0 , 

c o n t a i n i n g 0,75 M hydroxylamine hydrochlor ide (ad jus ted t,o pH 

7,0 wi th 0.1 N KOH) a t 4°C, The enzyme a c t i v i t y was es t imated 

a f t e r 45 min of i n c u b a t i o n . 

Es t ima t ion of f ree su l fhydry l iS:roups 

• Free su l fhyd ry l groups of n i t r i t e r e d u c t a s e , before and 

a f t e r t r ea tment 'with DEPC, were es t imated by t i t r a t i o n of the 

enzyme in the presence of 8 M urea wi th £-HMB as descr ibed by 

Benesch and Benesch (1962) . The s o l u t i o n of £-H?4B (sodium s a l t ) 

was prepared by d i s s o l v i n g R - q rap of the compound in 1 ml of 

0.04 N NaOH and d i l u t e d to 2S ml. The £-mra s o l u t i o n was 

s t anda rd ized both s p e c t r o p h o t o m e t r i c a l l y by record ing the 

absorbance a t 232 nm ( £ ^ = 1.69 x lO" )̂ (Boyer, 1954) and by 

t i t r a t i o n a g a i n s t s tandard reduced g l u t a t h i o n e s o l u t i o n as 

descr ibed by Benesch and Benesch (1962) , The de te rmina t ions 

by t h e two methods were in good agreement . 

The A_. f i s c h e r i n i t r i t e r educ tase samples were incubated 

w i t h 8 M urea for 60 min. An a c c u r a t e l y measured a l i q u o t of 

t h e enzyme in 50 mM potassium phosphate bu f f e r , pH 7.0 was 

p laced in one ml s toppered s i l i c a c u v e t t e s . Small a l i q u o t s 

( 10 jAl) of s tandard .̂-IIT.IB s o l u t i o n were added t 6 ' t h e exper imental 

s o l u t i o n and the blank which corftained equal volume of the buffer 
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The con t en t s of the c u v e t t e s were mixed and absorbance recorded 

a t 250 nm a f t e r each a d d i t i o n . The £ - M 3 s o l u t i o n was added 

t i l l t h e r e was no change in the absorbance . The observed 

absorbances were co r r ec t ed for d i l u t i o n and p l o t t e d aga ins t 

t he volume of the £-MB added. The end po in t i s obtained from 

i n t e r s e c t i o n of the two l i n e s . 

K i n e t i c s 

The k i n e t i c p a r a m e t e r s , K and V of A. f i s c h e r i n i t r i t e '^ ' ra max — 

reduc tase ,were determined a t d i f f e r e n t pH va lues by Lineweaver-

Burk method. The f i n a l c o n c e n t r a t i o n of n i t r i t e in the r e a c t i o n 

mixtures var ied from IS iftM t o 260 mM. The potassium phosphate 

buffer was used in the pH range 5.5 - 8 , 5 . For each experiment 

the pH was determined a f t e r complet ion of t h e r e a c t i o n . The 

k i n e t i c p a r a m e t e r s , pK ( - log K ) , log V and log V /K , ^ ' ^ Tn ^ ^ m̂  ' ^ max ^ max m •* 

were p l o t t e d a g a i n s t pH for the de te rmina t ion of pK values of 

i on izab le groups according t o the procedure of Dixon and Webb 

(1964) . 

RESULTS 

Inactivation of nitrite reductase with SEPC 

During preliminary expeciments for the inactivation of 

nitrite reductase by DEPC, it was observed that nitrite reductase 

activity was inhibited by low concentration of DEPC (0.2 mM), 

but the rate of inactivation was very slow. In order to 

determine the appropriate concentration of the modifying reagent 

(DEPC) for the inactivation studies, various concentrations of 

the reagent were tested for the inactivation of- nitrite 

reductase. Inactivation of nitrite reductase as a function of 
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dlethylpyrocarbonate concentrat ion (Pig . 10) shows that the 

enzyme is.more or less completely inhibi ted at 5 mM concentratioi 

of the modifying reagent (DEPC) at pH 6.8. The log of percent 

i n i t i a l a c t i v i t y versus DEPC concentrat ion is a l inea r function 

of the amount of the inh ib i to r (Fig . 10 i n s e t ) . Plots of the 

log of percent i n i t i a l a c t i v i t y with different concentrations 

of DEPC against time were l inea r upto nearly 109̂  of the i n i t i a l 

a c t i v i t y (Fig. 11). This Indicated tha t the inac t iva t ion 

process followed pseudo-f i rs t order k ine t i cs with respect to 

time at any fixed DEPC concentration under these condi t ions . 

Since nucleophiles are react ive in t h e i r unprotonated 

forms, Ovadi et_ a j . (1967) proposed that DEPC should be selective 

for h is t idyl residues in profceins at pH 6-.0. He showed tha t 

t h i s was the case for several p ro t e in s . However, the r eac t i v i t y 

of the nucleophiles in some proteins may not be the same as 

in model systems owing to different environments of the residues 

in these p ro t e ins . I t i s , the re fore , considered advisable to 

determine the inh ib i t ion at more than one pH value and to 

consider the effect of pH on the s t a b i l i t y and conformation of 

the enzyme being- studied (Miles, 1977). The inact iva t ion of 

n i t r i t e reductase was carr ied out in the presence of different 

concentrations of DEPC at two different pH values , 6.8 and 

6 ,5 . I t is evident from Table 6 that the ra te of inact ivat ion 

is at l eas t two times f a s t e r at pH 6,8 compared to that at 

pH 6,5 . 

Spectrophotometric study of inac t iva t ion of n i t r i t e reductase 

by DEPC 

Diethylpyrocarbonate reacts with h i s t i dy l residues in 



FIG. 10 Effect of DEPC concentration on 

inact lva t ion of A_. f i scher l n i t r i t e 

reductase a c t i v i t y 

O O 10 min 

B Q 20 min 

A A 30 rain 

Inser t shows the serailopr plot of the 

same data„ 



D E P C C O N C E N T R A T I O N ( m M ) 



FIG, 11 I n a o t i v a t i o n of A_. f l s c h e r l n i t r i t e 

r educ tase by IffiPC, 

0 © 1 mM EEPC 

• D 2 mM DEPC 

A lb. 3 mM DEPC 

• • 5 mM DEPC 

I n s e r t : Determinat ion of the order of 

the r e a c t i o n wi th r e spec t t o DEPC. 
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model systems and in proteins -to yield an N-carbethoxyimidazole 

derivat ive (Ehrenberg et_ al^., 1976; \iuhlard et_ a l . , 1967; 

Ovadi et_ a l . , 1967; Ovadi and Kele t i , 1969). The react ion is 

conveniently followed spectropliotometrically by the increase 

in absorbance, which has a maximum between 230 and 250 nm 

(Ovadi et_ a l . , 1967; Ovadi and Ke le t i , 1969), 

Spectrophotometric s tudies of the inac t iva t ion of n i t r i t e 

reductase by DEPC were carr ied out at 4"C in a Gilford 250 

spectrophotometer. ?igure 12A shows a spectrum of the enzyme 

before and af te r treatment with 3 mM DEPC for 60 min ( b ) . 

There was no change in the spectrum of the KEPC-treated enzyme 

above 270 nm indicat ing tha t tyrosine residues have not been 

modified, since 0-carbethoxytyrosine absorbs between 270 and 

280 nm (Muhlard et_ al_., 1967). Figu-.-e 12A(a) shows the difference 

spectra of the enzvme at various time in te rva l s (5 , 10, 15, 20, 

30, 45, 60 min) during the reac t ion of the enzyme with the 

modifying reagent . liave-e increases in absorbance at 240 nm, 

c h a r a c t e r i s t i c of N-carbethoxyiiistidyl de r iva t ive , were observed. 

This is shown in Fig. 12A, 1?B. I t is evident from Fig. 12B 

that the p lo ts of percent of i n i t i a l a c t i v i t y against t ime, and 

difference absorbance at 240 nm against t ime, are mirror-image 

to each other . The re la t ionsh ip between percent i n i t i a l 

a c t i v i t y and modified h i s t i dy l residues is shown in Fig, 12C. 

Extrapolat ion of the curve to 100^ inh ib i t ion of the enzyme 

a c t i v i t y corresponds to carbethoxylation of 4" h i s t i dy l 

residues per molecule of enzyme. 

file:///iuhlard


PIG. 12A Effect of LEPC on the spectrum of 

A_, f I s c h e r i n i t r i t e r educ tase 

(a) Difference s p e c t r a of the enzyme 

wi th 3 mM DEPC at 5, 10, 15, 20, 30 , 

45 , and 60 mine 

(b) Spec t ra of the enzyme before ( ) 

and a f t e r t r ea tment fo r one hour wi th 

3 mM DEPC ( ) . 
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FIG. 12B Effect of incubation time with 3 mM 

DEPC on the nitrite reductase activity 

(O O) and difference absorbance at 

240 nm (A-—A). 





FIG, 12C Relationship between the number of 

h i s t i dy l residues modified and the 

n i t r i t e reductase a c t i v i t y a f t e r 

treatment of the enzyme with 3 raM DEPC 

for various t imes. 
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Effect of hydroxylamine on r e a c t i v a t i o n of DEPC-Inactivated 

enzyme 

Melchior and Pahrney (1970) found t h a t hydroxylamine can 

remove N-carbethoxy group from N-carbethoxyimldazole d e r i v a t i v e 

a t pH 7.0 in s e v e r a l minu tes . There a re s e v e r a l r e p o r t s where 

hydroxylamine has been used t o r e a c t i v a t e t h e LEPC-inactivated 

enzymes (Ovadl and K e l e t i , 1969; Melchior and Fahrney, 1970; 

Setlow and Mansour, 1970; Thome-Beau et_ a l . , 1971; Hue et_ a l . , 

1971; Hori ike et_ a l . , 1979) . 

Figure 13 shows t h a t A_. f i s c h e r i n i t r i t e r educ ta se which 

has 2(yfo or more i n i t i a l a c t i v i t y can l a r g e l y be r e a c t i v a t e d by 

t r ea tmen t w i th 0.75 M hydroxylamine a t n e u t r a l pH in 45 min. 

The enzyme which has been i n h i b i t e d 50^ or l e s s i s almost 

comple te ly r e a c t i v a t e d , while the enzyme having l e s s than 50^ 

r e s i d u a l a c t i v i t y i s not f u l l y r e a c t i v a t e d . For r e a c t i v a t i o n 

p r o c e s s , potassium phosphate and Tris-IICl b u f f e r s , were t r i e d 

a t the same pH v a l u e s . Both the buf fe rs gave s i m i l a r r e s u l t s . 

Ef fec t of s u b s t r a t e on i n a c t i v a t i o n of n i t r i t e r educ t a se by 

IDEPC 

A range of n i t r i t e ( s u b s t r a t e ) c o n c e n t r a t i o n s was used 

to determine i f t h e r e was any p r o t e c t i o n in the i n a c t i v a t i o n 

of n i t r i t e r educ t a se by DEPC. Figure 14 i l l u s t r a t e s t h a t 

n i t r i t e c o n s i d e r a b l y p r o t e c t s the enzyme from i n h i b i t i o n , by 

DEPC. The maximum p r o t e c t i o n by n i t r i t e was obtained a t a 

c o n c e n t r a t i o n of 5 mM or above; 2 mM n i t r i t e provided some 

p r o t e c t i o n a g a i n s t i n a c t i v a t i o n . There was l i t t l e or no 

p r o t e c t i o n of the i n a c t i v a t i o n p rocess by 0,2 ml'.'I or l e s s n i t r i t e , 



FIG. 13 -Effect of hydroxylamine on the r e v e r s a l 

of DEPC-inactivated A_, f i s c h e r i n i t r i t e 

r educ tase«(0 o ) Enzyme t r e a t e d wi th 3 mM 

DEPCe Al iquots of the enzyme, t r e a t e d 

wi th DEPC were removed a t va r ious t imes 

and t r e a t e d wi th hydroxylamine for 

45 min (• • ) . 
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FIG. 14 Effect of s u b s t r a t e ( n i t r i t e ) on 

i n a c t i v a t i o n of A_. f l s c h e r i n i t r i t e 

r educ tase by LEPC, 

• •Enzyme t r e a t e d wi th 3 mM DEPC 

in presence of 5 mM n i t r i t e , 

A AEnzyine t r e a t e d with 3 mM EEPC 

in presence of 2 mM n i t r i t e , 

O oEnzyTTie t r e a t e d wi th 3 mM DEPC 

in absence of n i t r i t e . 





122 

Effect of BEPC on sulfhydryl groups modification 

In order to determine if DEPC reacted with free sulfhydryl 

groups (Muhlard et_ al_., 1967; Melchior and Pahrney, 1970), 

the total number of free sulfhydryl groups per mol of the 
* 

enzyme was determined by spectrophotoraetric t i t r a t i o n of the 

DEPC-treated and untreated enzyme with 2.-MB (as described in 

Methods), Figure 15 represents r e su l t s which'are typica l of 

several experiments performed in the presence of 8 M urea. I t 

was observed that both untreated and t rea ted enzyme having 20^ 

of i n i t i a l a c t i v i t y contained 3.3 sulfhydryl groups per mole 

of the enzyme. 

Effect of pH on kinet ic parameters 

In order to obtain addi t ional proof of the involvement of 

e s sen t i a l h i s t id ine residues for the a c t i v i t y of the enzyme, 

the dependence of the k ine t ic parameters, Michaelis Menten 

constant (IC) and maximum veloc i ty (V ) of the n i t r i t e 

reductase , on pH was s tudied . The pH dependence of K_ and 

V of the'enzyme are shown in Fig. 16. iccording to Dixon 

and Webb (1964), the observed pH effects can be interpreted 

in terms of the pH values of the groups s i tua ted in the free 

enzyme, or in the free subs t r a t e , and in the enzyme substra te 

complex. 

The pKĵ -pH curve shows a group of two pK values, 6.9 and 7.1 

forming a wave. T'his could correspond to the same group of 

the enzjnne, the ionizat ion of which is affected by substra te 

binding so that i t s pK is decreased in the enz^nne substra te 

complex. Further examination of a l l the three curves shows that 

there are two ionizable groups showing pK values around 7.0 



FIG. 15 Determination of aulfhydryl grouns of 

DEPC-treated enzyme by spectrophotometric 

t i t r a t i o n with £-HMB. 

The in te rcep t , a, is due to absorption of 

the protein^ 
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FIG, 16 Effect of pH on k i n e t i c parameters K 

and Y of A_, f i s o h e r l n i t r i t e r e d u c t a s e . 

Potassium phosphate buf fe r was used i n 

the pH range 5.5 t o 8.5» Kine t ic parameters 

pKjjj ( - log Kj^), log V and log 7/K^ were 

p l o t t e d a g a i n s t pH accord ing t o the 

procedure of Dixon and .7ebb (1964) , 
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and 7.7, The pK 7.0 corresponds to the i n t r i n s i c pK of 

imidazole group, and is in apreeraent with the assumption that a 

h i s t i d y l residue is e s sen t i a l for the a c t i v i t y of the enzyme, and 

is involved e i the r near or at the act ive centre of the enzyme. 

Another pK value of 7.7 is also observed in a l l the three curves. 

I t can be explained e i the r as an imidazole group whose pK is 

different due to the environment or of a sulfhydryl group. But 

i t has already been s tated tha t free sulfhydryl groups are not 

required for a c t i v i t y of the enzyme and are also not modified 

by DEPC. Therefore, both the pK values of 7.0 and 7.7 are 

assumed for the ionizat ion of imidazole groups. 

Number of h i s t i dy l residues e s sen t i a l for a c t i v i t y 

Under the conditions of Fig. 120, about four h i s t idy l 

residues per molecule of the enzjnne were modified for the 

complete inac t iva t ion of the enzyme a c t i v i t y . This number of 

four h i s t i d y l residues was obtained by ext rapola t ing the 

i n i t i a l l i n e a r port ion of the plot to zero a c t i v i t y . This method 

does not usual ly give the number of residues e s sen t i a l for 

a c t i v i t y (Tsou, 1962; Horiike and McCormick, 1979). 

The number of e s sen t i a l h i s t i dy l residues or the residues 

present at the active s i t e are calculated from the slope 

obtained from the plot of the logarithm of the apparent f i r s t 

order ra te constant , E , versus the logarithm of the reagent 

(DEPC) concentrat ion (Fig . 11 inse t ) (Ramakrishna and Benzamin, 

1981). The slope of the curve (n) with respect to EfEPC was 

determined to be 0 ,9 . I t suggests tha t loss of enzyme a c t i v i t y 

r e s u l t s from reac t ion of only one h i s t i d y l residue per molecule 

of the enzyme. 
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DISCUSSION 

The i n a c t i v a t i o n of A_. f l s c h e r l n i t r i t e r educ tase was 

s tud i ed us ing a h i s t i d i n e - s p e c i f i e r e a g e n t , d i e thy lpy roca rbo -

n a t e . This reagen t was i n i t i a l l y used by Rosen e t a l . (1966) 

t o i n a c t i v a t e r i b o n u c l e a s e , P rade l and Kassab (1968) used 

t h e reagen t t o show the presence of h i s t i d i n e r e s i d u e s a t the 

a c t i v e s i t e in c r e a t i n e - and a r g i n i n e k i n a s e s . Later on 

Ovadi and K e l e t i (1969) r e p o r t e d t h a t DEPC r e a c t s only w i th 

the h i s t i d i n e r e s i d u e s of g lyce ra ldehyde -3 -phosp in t e dehydro

genase . However, s ince t h a t tirne^ l i k e many o the r group-

s p e c i f i c r e a g e n t s , i t was shown t o r e a c t w i th amino ac id 

r e s i d u e s o ther t han h i s t i d i n e . For i n s t a n c e , Melchior and 

Pahrney (1970) showed t h a t DEPC can r e a c t w i t h an a c t i v e s i t e 

s e r i n e of chymotrypsin and s e v e r a l amino groups of r ibonuc lease 

and onlyoC— amino group of peps in a t pH va lues as low as 

4 . 0 , In a d d i t i o n , i t has been shown t o r e a c t wi th h i s t i d i n e 

and t y r o s i n e r e s i d u e s in thermolys ine (Burns te in et_ a l . , 1974), 

Despi te these l i m i t a t i o n s , the reagent has been widely used 

as a s p e c i f i c modif ie r of h i s t i d i n e a t or near pH 6,0 

(Ovadi et_ ^ . , 1967) . 

When n i t r i t e r educ ta se was t r e a t e d w i t h DEPC, the enzyme 

a c t i v i t y was l o s t . The spec t rophd tomet r i c s t u d i e s were 

conducted t o confirm whether i n a c t i v a t i o n of the enzyme was 

due t o s p e c i f i c i n t e r a c t i o n of DEPC wi th h i s t i d i n e r e s i d u e s 

or n o t . The d i f f e rence spectrum between the ca rbe thoxyla ted 

and the na t i ve enzyme showed a c h a r a c t e r i s t i c p o s i t i v e peak 

a t 240 nm which i s c h a r a c t e r i s t i c of N-carbethoxyiraidazole 
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der ivat ive (Muhlard et_ al^., 1967; Ovadi et_ a]^,, 1967; 

Melchior and Pahrney, 1970), The increase in absorbance at 

240 nm i s concomitant with the loss of enzyme a c t i v i t y . 

Inac t iva t ion of the enzyme a c t i v i t y i s s toichiometr ic with 

modification of fotir h i s t i dy l residues per molecule of the 

enzyme, 
i 

The specif ic modification of the enz3mie at hist^dine residue 

is confirmed by the following observations: The reversal of 

the enzyme inh ib i t ion by 0.75 M hydroxylamine at pH 7.0 rules 

out the p o s s i b i l i t y tha t inac t iva t ion of the enzyme was due 

to the acyla t ion of some of the amino groups of the enzyme 

(Melchior and Fahrney, 1970), The primary amines ( oC-amino 

and 5~amino of lysine) do not cons t i tu te a log ica l binding 

s i t e for n i t r i t e as the reac t ion leads to the production of 

ni trogen and an alcohol ra ther than a s table bound interme

d i a t e . The r e s t o r a t i o n of enzyme a c t i v i t y by hydroxylamine 

appears to rule out lysyl and arginyl residues since the more 

s table amide-like s t ruc tures formed, when they are carbethoxy-

l a t e d , are not readi ly reversed by hydroxylamine (Miles, 

1977; Muhlard e^ al_., 1967; Melchior and Fahrney, 1970; 

Horiike et_ al_., 1979). The lack of absorbance changes in 280 nm 

region during the treatment of the enzjnne by I3EPC shows that 

tyrosine residues are not modified by the reagent (Muhlard 

et a l . , 1967), I t has also been general ly believed that 

lysine and tyros ine side chains do not in any case react with 

diethylpyrocarbonate below pH 7.0 (Dykes and John, 1977). 
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Diethylpyrocarbonate is known to react with sulfhydryl 

residues in model systems (Osterman-Golkar et_ a l . , 1974-; 

Berger, 1975). Recently, DEPC has a lso been shown to react 

with sulfhydryl groups of̂  ^-D-xylosidase from B. uumilus 

(Hilderson et al^., 1984). The possible modification of 

sulfhydryl residues of n i t r i t e reductase was tes ted by 

est imating free sulfhydryl groups in the DEPC-treated and 

native enzyme. The content of the free sulfhydryl groups of 

the native and DEPC-treated enzyme was found to be same 

indicat ing that -SH groups have not been modified by the 

re.agent, 

During the reve r sa l of DEPC-inactivated enzyine by hydro-

xylamine i t was observed that i f the enzyme is Inhibited for 

longer t imes , than the r eac t iva t ion i s not complete. The 

conformational changes have been implicated,by Thome-Beau 

et a l . (3971) in the incomplete regeneration of DEPC-treated 

arginine oxygenase. I f there had been conformational changes 

in n i t r i t e reductase , i t would possibly prevent the access 

of hydroxylamine modecules to the carbethoxylated h is t id ine 

residues and there would be incomplete regenerat ion of the 

ethox3'--formyl enzyme. 

Several examples of the successful use of substra te for 

preventing or reducing the inhibi tory effect of DEPG on 

enzymes have been cited in l i t e r a t u r e (Wallis and Holbrook, 

1973; Sato and Uchida, 1975; Holbrook and Ingran, 1973; 

Burnstein et_ a]^., 1974) providing evidence that a h i s t idy l 

residue i s a c a t a l y t i c group or is located at the substrate 
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binding s i t e . The inac t iva t ion of n i t r i t e reductase by DEPC 

is prevented by 5 mM (or more) n i t r i t e « This provides further 

evidence tha t a h is t idyl residue is the c a t a l y t i c group or is 

located at the subst ra te binding s i t e , 
* 

A study of the pH dependence of the k ine t ic parameters, 

K and V , gave two main pK values , 7.0 and 7»7, sind i t i s 

concluded tha t both the values conrrespond to imidazole group 

(Koshland, I960) , The difference in the two pK values may be 

explained on the basis of different environment of the two 

imidazole groups. Recently, Bosshard et_ al_. (1984) have shown 

a h i s t i dy l residue with a pK = 8 .0 . Since K varied with pH 

and was greater on both sides of the optimum pH, apparently 

the ionizable groups in the free enzyme control the binding of 

the subs t ra te (Dixon and Webb, 1964). 

Though four h i s t i dy l residues have been shown to be 

modified for the complete inact ivat ion of the/enzyme (calculated 

from the difference absorbance s p e c t r a ) , only one h is t id ine 

residue i s shown to be e s s e n t i a l as shown by the inac t iva t ion 

reac t ion order ( n ) . On the basis of k i n e t i c data and the 

inac t iva t ion s tudies i t has been concluded tha t the enzyme 

contains one c a t a l y t i c a l l y e s sen t i a l h i s t i d y l res idue . 

Because of the l imited s t a b i l i t y of ethoxyformyl h is t id ine 

res idues (Holbrook and Ingram, 1973) i t has not been possible 

t o i so l a t e the peptide containing the modified h i s t id ine 

residue and to ident i fy the specif ic h i s t i dy l residues whose 

modification is responsible for loss of enzyme a c t i v i t y . 
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SUMMARY 

Low temperature EPR spectra of purified A_. fischeri 

nitrite reductase have been presented in this Chapter, 

The spectrum of the oxidised enzyme is extremely complex and 

showed signals due to several species of heme. The main 

features, which were present in all samples of the enzyme, 

were at ̂ -values 3.7, and 2.88, 2.26 and 1.51., The species 

at £~value 3.7 is attributed to the active heme species of 

the enzyme. The species giving this signal was unreactive 

towards the substrate,nitrite and ligands,CN~ and azide in 

the oxidized state of the enzyme. Reduction of the enzyme 

in the presence of excess nitrite produced the spectrum of 

nitrosyl heme derivative detectable by EPR spectroscopy with 

a £-value at 2.01, and a N hyperfine splitting into three 

15 lines separated by 1.6 mT and N splitting into two lines 

separated by 2.3 mT. A similar derivative was observed on 

treatment of the enzyme with hydroxylamine. Exchange of nitric 

15 oxide was observed between the N-nitrosyl-heme derivative 

14 ' 

and ^NO gas. 

It is proposed that the reaction cycle involves reduction 

of the enzyme followed by binding of nitrite to heme 1 and 

formation of the nitrosyl intermediate. The data suggest 

that the nitrosyl heme is an intermediate in the reduction of 

nitrite to ammonia. It seems likely that a bound form of 

hydroxylamine is also involved in the reduction of nitrite 
to ammonia. 
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GENERAL INTROlUGTION TO EPR THEORY 

Electron paramagnetic resonance technique is based on 

the magnetic properties of the matter, more precisely of the 

electron. The EPR spectroscopic studies have "been used in the 

area of enzyme chemistry concerned with electron transfer, 

the field of enzymic oxidation-reduction, where compounds with 

unpaired electrons or transition metals with unfilled electron 

shells may arise or disappear. However, the usefulness of 

EPR spectroscopy is not confined to oxidation-reduction; it 

can also furnish information on changes in the ligand environ

ment of transition metal ions. 

A paramagnetic substance may be defined as one that 

possesses no resultant magnetic moment in the absence of an 

external field but acquires a magnetic moment in the direction 

of an applied field. Paramagnetic substances are metal ions 

with incomplete 'd' shells like those of transition series, 

free radicals or certain molecules with unpaired electrons. 

The electron has a negative charge and a quantum mechanical 

property that is analogous to spinning on its axis. For a 

single unpaired electron spin S is 1/2, so there are only two 

possible spin states, which we can consider as spins in 

opposite directions. The value that S takes along a specified 

direction (Ms) is then + 1/2 or - 1/2, A moving charge gives 

rise to a magnetic moment, and hence the spin of each electron 

leads to two possible magnetic states. The two orientations 

have two different energy i.e. each energy stat^ of the electron 

is split into two parts by the application of an external 

magnetic field, this is known as Zeeraan splitting. 
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The amount of splitting depends on the strength of the 

magnetic field. The energy difference (AE) between the two 

spin states is proportional to the applied field H, the value 

for the magnetic moment of,the electron -B and another constant 

£, Thus the basic equation for transition between the two energ 

levels for unpaired electron isAE = h^ = g^H. In principle, 

resonance absorption by an unpaired electron can occur whenever 

the ratio of the frequency of exciting energy to the magnetic 

field strength satisfies the condition^ •̂ /H = jBg/h. It is 

this net absorption of electromagnetic energy at resonance 

that is detected and amplified in electron paramagnetic 

resonance spectroscopy. 

The basic principles of EPR are thus analogous to those 

of MR, both being magnetic resonance techniques. However, 

since the resonance frequency of an unpaired electron is about 

658 times larger than that of the commonly used nuclei like 

the proton in NMR, the NMR experiments are carried out in the 

megahertz (MHz) range, while EPR experiments require frequencies 

in the gigahertz (GHz) range. 

g-value 

The total magnetic moment which is due to the coupling 

of the electron spin angular momentum and the orbital angular 

momentum of the unpaired electron gives rise to the tensor 'g'. 

The £-value is most basic parameter that characterizes an EPR 

spectrum. At resonance, the magnetic field af the unpaired 

electron will be resultant of the externally applied, magnetic 

field and the internal magnetic field which it induces within 

the molecule. Thus in a molecule the value of 'g' will be 



131 

a l te red from that of the free e lectron spin . The £-value is 

p a r t l y dependent on the po l a r i t y of the solvent , but mainly 

on the o r ien ta t ion of the molecule in the magnetic f i e ld . 

There may be as many as three values for ' g ' , one for each of 

the three mutually perpendicular molecular axes of the para

magnetic center in i t s molecular coordinating system ( i . e . 

g , g , g ) , In an i so t ropic system with fast molecular 

motion, the measured £-value is the average of the g-values 

along the three molecular axes. 

Nuclear hyperfine s p l i t t i n g 

Apart from the l o c a l . f i e l d s induced due to the appl icat ion 

of the external magnetic f i e ld , there are local f ie lds that 

are permanent and generated by the magnetic moments of nuclei 

within the same molecule. The in te rac t ion between the unpaired 

e lectron and the nuclear magnetic moment i s termed as the 

nuclear hjrperfine s p l i t t i n g . The EPR spectrum is thus s p l i t 

into a number of l i ne s separated by hyperfine s p l i t t i n g constajit 

A. As in the case of g-values , the -value of A depends on the 

or ienta t ion of the molecule with respect to the applied magnetic 

f i e ld giving r i s e to A^, A , A^. In b iological systems, nuclei 

with magnetic moments include nitrogen ( N), hydrogen ( H) and 

deuterium ( H) and carbon ( C) as well as nuclei of the 

t r a n s i t i o n meta ls . The number of possible values of magnetic 

moment i s 21 + 1 where I i s the spin s t a t e of nucleus. So i f I 
14 \ i s 1 (as for N) there are three possible spin s t a t e s (Mi = 

1, 0, - 1 ) , which lead to three l ines in the EPR spectrum. 

If the unpaired e lec t ron in t e rac t s with more than one nucleus 
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a more complex spectrum is obtained, 

EPR spectroscopic studies on nitrite reductases 

Nitrite reductases from various sources contain 

transition metals, Fe and Cu. The EPR spectroscopy has 
« 

been used to understand the mechanism of nitrite reduction 

to ammonia and to determine the prosthetic groups of the 

enzymes from various sources. 

In the plant nitrite reductase the substrate nitrite and 

other nitrogenous intermediates of the reaction are presumed 

to bind to the siroherae and the function of the iron-sulfur 

center is presumed to be the transfer of electrons to them 

(Aparicio et_ a]^., 1975; Mucklesby £t_ al_., 1976; Vega and 

Kamin, 1977; Cammack et_ aJ., 1978), An electron paramagnetic 

resonance (EPR) signal assigned to nitrosyl-Pe (II) complex 

of siroheme (Aparicio et_ aj., 1975; Fry et_ al,, 1980) was 

observed in samples of the nitrite reductase enzymes frozen 

during turnover (Cammack et_ al_,, 1978), This complex was 

presumed to present the first stage in the reduction of 

nitrite to aramoni^, EPR studies of spinach and E. coli 

nitrite reductases have shown the presence of a strong magnetic 

interaction between the siroheme and ^©jS^ centers (Janick 

and Siegel, 1983; Wilkerson et̂  al,, 1983), It has also been 

shown that heme - Fe.S. interaction is maintained on ligation 

of the heme by a number of compounds. Evidence has also been 

presented which shows that potential weak field heme ligands 

can promote interconversion of the S = l/2 and S = 3/2 type 

EPR signals characteristic of the exchange coupled heme - Pe^S. 
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center in ful ly reduced NABPH-sulfite reductase hemo-fla-vo-

prote in complex subunit of E. co l l (Janick and Siegel , 1983). 

N i t r i t e reductase from Desulfovibrio desulfuricans has been 

pur i f ied and shown to contain s ix £-t3rpe heme groups per molecule 

of the enzjnne ra ther than siroheme and '̂64^3. center which are 

the p ros the t i c groups of plants and E, co l i n i t r i t e reductases 

(Liu and Peck, 1981; Murphy et̂  a l . , 1974b; S iegel , 1978; 

Lancaster et a J . , 1979). EPR studies have shown that n i t r i t e 

reductase from D. desulfuricans also reactswith n i t r i t e to form 

heme-NO complex, but only a f ract ion of the £-type hemes reacted 

with n i t r i t e . In con t r a s t , a l l th'-̂  hemes reacted when exposed 

to NO (Liu et_ a l . , 1980), These observations suggested some 

s p e c i f i c i t y among the s ix hemes in t h e i r r e a c t i v i t y tow^ds 

n i t r i t e . 

N i t r i t e reductase from A_, f i scher i catalyzes the s i x -

electron reduction of n i t r i t e to araraonla (Prakash and Sadana, 

1972). I t contains two c_-type hemes per molecule of the enzyme, 

but no non-heme iron or molybdenum (Prakash and Sadana, 1973). 

The intermediates in the reduction of n i t r i t e to ammonia by 

n i t r i t e reductase are unknown. The A_, f i scher i enzyme ca ta 

lyzes the reduction of both n i t r i t e and hydroxylamine to 

ammonia and the two subs t ra tes are reduced at the same cataljr t ic 

S'ite (Prakash and Sadana, 1972). The ]^ for hydroxylamine, 

however, i s approximately two orders of magnitude greater than 

that for n i t r i t e (Prakash and Sadana, 1972). The high K 

value seems to preclude hydroxylamine as a free intermediate 
r 

in the reaction. The same conclusion has also been drawn by 

us (Sadana et̂  al., 1981), when we tried to trap hydroxylamine 



134 

in the form of oxime and were unable to detect it "by GC/MS 

method. 

In this Chapter EPR spectroscopic studies were carried out 

with A. fischeri nitrite reductase for detecting the intermediate 

and to understand the mechanism of nitrite reduction. 

METHODS 

Sample preparation for EPR spectroscopy 

Except where otherwise stated the enzyme was used at a 

concentration of approximately 5 mg/ml in 30 mM potassium 

phosphate buffer, pH 7.5. 

Samples for EPR spectroscopy were prepared in quartz tubes 

of 3 mm internal diameter (Yarian Associates, Palo Alto, 

CA, USA). For experiments in reducing conditions the tubes 

were flushed with Ar gas through a stainless steel catheter. 

Reagents such as sodium nitrite, methyl viologen and dithionite 

were added with 10^1 syringes, fitted with 15 cm needles, 

while stirring vigorously with a stainless steel wire. Mixing, 

where it could be observed by mixing of coloured solutions, 

appeared to be complete within 3 seconds. The enzyme solution 

for preparation of the nitrosyl derivative and turnover 

experiments were prepared in oxygen-free 25 mM potassium phos

phate buffer, pH 6.8 and kept in stoppered vials under a flow 

of Ar gas. The samples were frozen by immersing the tubes in a 

mixture of 2-methyl-butane and methylcyclo hexane (6:1 v/v) 

cooled to approximately 100K with liquid nitrogen. The 

freezing time for tubes already at 0°C was approximately 2 sec. 
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EPR s p e c t r a were recorded on a E4 s p e c t r o m e t e r 

(Varian) with^an EFR 9 l i q u i d - h e l i u m t r a n s f e r system (Oxford 

Ins t rument Co . , Osney Mead, Oxford, UK) ' for sample c o o l i n g . 

^-Values were r e f e r r e d t o 1 , l - d i p h e n y l - 2 - p i c r y l h y d r a z y l as 

s t a n d a r d . S p e c t r a l s u b t r a c t i o n was recorded wi th a 

; /''">'" ' . ^ a averaging sys tem. 

RESULTS 

Spectra of the oxidized enzyme 

The EPR spectrum of the A^. fischeri nitrite reductase is 

extremely complex (Fig. 17) and shows signals due to several 

species of heme, as well as signals at £ = 4.3 and £ = 2,1 

which probably represent minor contaminants of non-heme iron 

and copper, respectively. The signal at £ = 4,2 - 4,3 was 

also observed by Bray et̂  al. (I964)and was relatively sharp 

and easily detected. It is of ubiquitous occurrence in bio

logical materials and is often ascribed to impurities, A 

£.f5ŝ 4.3 line is characteristic of several non-heme, high-spin, 

ferric iron complexes. For example, it is found in iron 

complexes of conalbumins and transferrins (Aasa et_ aJ,, 1963; 

Windle et al., 1963), in rubredoxin (Lovenberg, 1967; 

Bachmayer et_ al., 1967), The signal at £ = 6 is typical of 

high-spin ferric heme. Its intensity varied between samples 

and did not correlate with enzymic activity. This signal is not 

due to active enzyme but might be a denatured form, Morton and 

Bohan (1971) have observed that in the lyophilization process 

some of the molecules of horse heart ferricytochrome c_ were 



FIG. 17 EPR spectra of the oxidized A_. fisoheri 

•nitrite reductase, approximately 5 mg/ml 

in 25 mM potassium phosphate buffer, 

pH 6.5, recorded at (a) 34K (b) 10K 

Instrument sett ings: 

microwave power, 2 mW 

frequency, 9.25 GHz 

modulation amplitude, 1 mT, 
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s u f f i c i e n t l y d i s to r ted to convert the prote in to a high-spin 

der ivat ive giving a s ignal at g = 6. I t can be presumed that 

some of the molecules of A_. f i scher i n i t r i t e reductase might 

a lso have "been d is tor ted pnough to give a high-spin derivative 

giving a s ignal at ^ = 6, 

There remain two species in the spectrum of Fig, 17 which 

were present in a l l samples of the enzyme. The f i r s t , which 

we w i l l re fer to as heme 1, has a feature with a peak at 

£ = 3 .7 , the res t of the spectrum was too broad to be detected. 

This feature was most prominent at 10K (Fig. 17 b ) . The 

second, which we r e f e r to as heme 2 , has a rhombic spectrum 

with ^-values at 2 .88, 2.26 and 1.51. These are most c lea r ly 

seen at 34K at the microwave power used (Fig . 17 a ) ; a l l of 

them changed together on reduction and other t rea tments . Both 

of these are consis tent with low-spin f e r r i c heme spec ies , 

which is t yp ica l of many cytochromes £ (Brautlgan et_ a l . . , 1977). 

Since there sire two hemes per molecule of the enzyme i t is 

possible tha t these are d iss imi lar and give r i s e to the two 

spec ies . The a l t e rna t ive explanation is tha t one of the low-

spin heme s ignals corresponds to the native enzyme, and the 

other to a denatured form. On treatment with d i t h i o n i t e -
CphohochemIcQ H^'j - reduced.) 

reduced methyl viologen or deoza-fdavivî  the s ignal at g = 3.7 

was found to disappear rapidly while that at £ = 2.88, 2.26 

and 1.51 remained for upto a minute. This evidence indicates 

tha t the s ignal at £ = 3.7 i s more l i k e l y to represent the 

act ive heme species of the A_. f i scher i enzjmie. 

The £-value of 3.7 implies a large anisotropy (Palmer, 

1979) for heme 1, but i s within the range for low-spin f e r r i c 
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cytochromes. For example, cytochrome b of the mitochondrial 

r e sp i ra to ry chain has £ = 3.78 (DerVartanian et_ al_,, 1973). 

I t i s d i f f i cu l t to draw further conclusions about the l iga t ion 

to the iron in the A_. f iacher i enzyme becau&e only the e 

feature was observed, the other g-value features being p r e 

sumably too broad to be detected. The occurrence of only one 

prominent £--value feature has also been observed for heme d 

in n i t r i t e reductase of Pseudomonas aeruginosa (Walsh et_ a l . , 

1979). 

The EPR spectrum of the oxidized Achromobacter enzyme 

showed the same features a t pH values 4 . 8 , 7.0 and 9.0, although 

there were quant i ta t ive differences (Pig. 18). At pH 4 the 

linewidths of a l l the features were broader. At pH 9 the 

£ = 6 sif^nal grevi while the £ = 2 ,88, 2,26 and 1.51 spectrum, 

was smaller suggesting a low-to high-spin t r a n s i t i o n . Effect 

of pH has been studied in a number of hemoproteins (Brautigan 

et a l . , 1977). I t was shown tha t EPR spectra of these hemo

prote ins change when pH is varied from acidic to basic range. 

At extremes of pH, the horse and bakers ' yeast i so-1 cytochrome 

display several high- eind low-spin forms which have been 

i d e n t i f i e d , showing tha t a var ie ty of protein-derived ligands 

wi l l coordinate to the heme-iron including methionine- and 

cys te ine-su l fur , h i s t ld ine imidazole and lysine £ -amine. 

The addi t ion of 5 mM n i t r i t e for 10 min at 20°C had no 

effect on the spectrum of the oxidized enzyme. I t has been 

observed with other n i t r i t e reductases , such as that from 

C. pepo and spinach. The react ion of the oxidized enzyme with 

n i t r i t e is very slow (Cammack et_ a l . , 1978; Vega et_ al_., 1976). 



PIG. 18 EPR s p e c t r a of the n i t r i t e r educ t a se 

a t (a ) pH 9.0 (b) pH 7.0 (c) pH 4.8 

P r o t e i n c o n c e n t r a t i o n approximate ly 5 mg/ml 

in 25 inM potassium phosphate b u f f e r . 

Condi t ions of measurement: 

t e m p e r a t u r e , 8K 

microwave power, 20 mW 

frequency, 9.25 GHz 

modulat ion ampl i tude , 1 raT. 
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Addition of cyanide, azide or fluoride at concentrations upto 

50 mM to the A_, f i scher i enzyme also had no effect on the 

spectrum although the s ignal at £ = 6 disappeared in the 

presence of cyanide. This, i s consis tent with a heme in which 

a low field high-spin ligand such as Ĥ O is displaced by high 

field low-spin ligand such as CN~. The oxidized prote in 

appears to be unreactive to these l igands , which suggests that 

in the f i r s t s tep of the enzyme reac t ion , the heme is reduced 

before n i t r i t e binds to the enzyme. 

The enzjme is known to be inact ivated by exposure to 

d i t h l o n i t e , so an attempt was made to reduce i t with methyl 

viologen reduced by l imi t ing quant i t ies of d i t h i o n i t e . On 

t r e a t i n g the concentrated enzyme in deoxygenated buffer with 

2 mM methyl viologen and 0.5 mM addit ions of d i t h i o n i t e , i t was 

found to be impossible to keep methyl viologen in the reduced 

s t a t e . The blue colour of the reduced viologen disappeared 

within one or two seconds. Even when excess d i th ion i te was 

added the colour disappeared within a short t ime. 

EPR spectra of n i t r o s y l heme 

Reduction of the enzyme with l imi t ing amounts of d i th io -

nite-reduced methyl viologen in the presence of excess n i t r i t e 

( N) induced the EPR spectrum shown in Fig, 19 (a) with a 

sharply-defined hyperfine s p l i t t i n g into three l ines separated 

by 1.65 mT. This type of spectrum has been seen in a number 

of n i t r o sy l Fe ( I I ) heme proteins (Palmer, 1979). The s p l i t t i n g 

is due to the nuclear spin (1 = 1) of ^ N , A similair spectrum 

(not shown) was observed on treatment with n i t r i c oxide gas. 



PI&, 19 EPR s p e c t r a of nitrosj '-l-heme n i t r i t e 

r educ tase (a) approximate ly 5 mg/ml enzyrne 

in 25 mM potassium phosphate bu f f e r , 

pH 6.8 was t r e a t e d for 1 min a t 20"C wi th 

5 mM Na NOp, 2 mM methyl v io logen and 

1 mM ^ 2 8 2 0 . . (b) as (a) but w i th Nâ '̂ NO 

i n s t e a d of Na'''^N02. (c) The ""̂ N n i t r o s y l 

d e r i v a t i v e , which was prepared as for ( b ) , 

then passed through a small Sephadex G—25 

column as descr ibed by Fry et_ a l e (1980) 
i A 

and treated with ^NO gas before freezing. 

Conditions of measurement: 

temperature, 60K 

microwave power, 20 mW 

frequency, 9,25 GHz 

modulation amplitude, 1 mT, 
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An enzyme sample s imi la r ly reduced in the presence of 

excess Na''̂ iTO (Pig . 19 b) showed a s p l i t t i n g into two l ines 

separated by 2.3 mT, as expected for the nuclear spin ( I = l/2) 

of ""̂ N. 

The N-nitrosyl derivat ive,prepared as for Fig, 19 ( b ) , 

was passed through a column of Sephadex G-25 to remove excess 

n i t r i t e , concentrated on an amicon concentrator B 15 (Amicon 

Corp, Le.sdngton, MA 02773) and then t rea ted with ^KO gas as 

described by Fry et_ al^. (1980), The EPR spectrum changed to a 

t h ree - l ine hyperfine s p l i t t i n g due to '''̂ NO (Fig . 19 c ) . This 

indicates chemical exchange of NO in the n i t r o sy l complex, 
« 

By contras t the n i t ro sy l complex of £ . pepo n i t r i t e reductase 

did not show t h i s exchange indica t ing tha t it^. is k ine t i ca l l y 
more s tab le than in the A_, f i scher i enzyme (Fry ei^ a l . , 1980). 

15 Exchange was not observed when the N-nitrosyl A_. f i scher i 

n i t r i t e reductase was t r e a t e d , under non-reducing condi t ions, 

with Na NOp demonstrating tha t n i t r i c oxide binds more 

t i g h t l y than n i t r i t e . 

When the n i t rosy l de r iva t ive , prepared with n i t r i t e and 

reduced methyl viologen, was t rea ted with excess d i th ioni te 

(5 mM) and the sample reoxidized by exposure to a i r , the 

spectrum with the c h a r a c t e r i s t i c t h r ee - l i ne hyperfine s p l i t t i n g 

disappeared. This resu l t suggests that the n i t rosy l group 

was reduced, presumably to ammonia. This observation is 

consistent with the i n t e rp re t a t i on (though i t does not prove) 

that n i t r o sy l derivat ive is an intermediate in the react ion 

cycle of the enzyme. 
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The nitrosyl heme spectrum was also observed, with 

decreased intensity, on treatment of the oxidized enzyme with 

hydroxylamine (Fig. 20). This could be explained by dispro-

portionation of the hydroxylamine to ammonia and the enzyme-

bound form of nitric oxide. Lancaster et_ al. (1979) and 

Hirasawa-Soga et_ al. (1982, 1983) have reported, with spinach 

nitrite reductase, the formation of nitrosyl heme complex on 

addition of hydroxylamine to the enzyme. 

Spextra observed under turnover conditions 

As previously noted, the EPR spectrum of the oxidized 

Achrompbacter enzyme did not change when the substrate nitrite 

was added. However, it changed immediately when a reductant 

was also added so that nitrite reduction could proceed. In 

the experiment of Fig. 21, the reaction was started by addition 

of 10 mM dithionite to the enzyme solution containing 10 mM 

nitrite and 5 mM methyl viologen at 0*0 and frozen within 

10 seconds. All of the signals due to oxidized heme were 

greatly diminished (Fig. 21 b), and the signal near £ = 2 

appeared. This latter signal was saturated with microwave 

power when measured at 15K, and this part of the spectrum is 

shown in Fig. 22 (a) recorded on an expanded scale at 60K. 

It is clearly similar to the nitrosyl heme signal- of Fig. 19(a), 

Therefore, under turnover conditions the heme c_ in the enzyme 

are reduced, and some nitrosyl heme is present. No such 

signals were observed with boiled enzyme under similar assay 

conditions. 

In this experiment, the oxidizing substrate nitrite was 



FIG. 20 EPR spectrum of A_« flscherl nitrite reductase 

treated with 10 mM hydrpxylamine for 10 min 

Jjefore freezing. Protein concentration, 

approximately 5 mg/ml in 25 mM potassium 

phosphate buffer, pH 6,8. 

Conditions of measurement: 

temperature, 60K 

microwave power, 20 mW 

frequency, 9.25 GHz 

modulation amplitude^ 1 raT, 
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FIG, 21 EPR spectra of A_. fischerl nitrite reductase 

before, during and after reaction, 

(a) Oxidized enzyme approximately 5 mg/ml 

i n 25 mM potassium phosphate b u f f e r , pH 6 , 8 , 

(b) A sample a t 0°C c o n t a i n i n g enzyme, 

approximate ly 5 mg/ml, 10 mM NaNOp, 5 mM 

methyl v io logen , was frozen 10 seconds 

a f t e r a d d i t i o n of 10 mM NapSpO.. 

(c ) A s i m i l a r sample a t 20°C frozen a f t e r 

5 mine 

Condi t ions of measurement: 

t e m p e r a t u r e , 15K 

microwave power, 20 raW 

frequency, 9.25 GHz 

modulat ion ampl i tude , 1 mT. 
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FIG, 22 (a) and (b) EPR spectra of the same ssunples 

as Fig. 21 (a) and 21 (b) respectively. 

Recorded at an expanded scale and at 60K, 
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p r e s e n t in excess over the r e d u c t a n t , d i t h i o n i t e , After 

i ncuba t ing for 5 min and 20°C t o ensure t h a t r e a c t i o n was 

complete , ano the r sample was frozen for EPR spec t roscopy . 

There was p a r t i a l reappearance of the s i g n a l s from oxidized 

heme 2 but not heme 1 ( F i g . 21 c ) . The s i g n a l around £ = 2 

was a l so more prominent ( F i g . 21 c and 22 b ) . This r e s u l t 

i n d i c a t e s t h a t i t i s heme 1 t h a t forms the n i t r o s y l d e r i v a t i v e , 

and i t i s t h e r e f o r e l i k e l y t o be the a c t i v e s i t e of n i t r i t e 

r e d u c t a s e , 

DISCUSSION 

An unusual f e a t u r e of the s p e c t r a of oxidized A^, f i s c h e r i 

n i t r i t e r educ t a se i s t h a t the heme i ron i s low s p i n . This 

impl ies t h a t the heme i ron i s f u l l y coord ina ted by the heme 

and two l i gands from the p r o t e i n . Presumably n i t r i t e d i sp laces 

one of them when i t b i n d s . By c o n t r a s t the i ron in the s i r o -

heme-containing n i t r i t e r educ t a se s i s h i g h - s p i n in the oxidized 

s t a t e (Cammack et_ al_. , 1978; Lancas te r et_ a l . , 1979; Cammack 

et^ a l . , 1982; Hirasawa-Soga e t a l . , 1982; 1983). The hemes c 

i n D. de su l fu r i cans n i t r i t e r educ t a se show a combination of 

h i g h - and low-sp in EPR s i g n a l s (Liu et_ a l_ . , ' 1980). 

Hemoproteins in s i t u and in i s o l a t e d form can e x i s t in a 

v a r i e t y of o x i d a t i o n - and s p i n - s t a t e s , each dependent upon 

immediate environment of the heme (Pe i sach et_ a]^ . , 1968). 

The complex na tu re of EPR s p e c t r a of oxidized A_. f i s c h e r i 

n i t r i t e r educ t a se may a l s o a r i s e due t o change in the heme 

environment of some of the molecules of the en,z3nnei I t has 

been observed t h a t conformat ional changes of the p r o t e i n 
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moiety give r i s e to changes in the EPR spectra (Peisach and 

Blumberg, 1969; 1971). The effect of pH on hemoproteins has 

been studied "by Brautigan et_ a l , (1977). They have reported 

tha t each of the hemoproteins displays upto four low-spin EPR 

forms tha t are in pH-dependent equilibrium and can a l l be seen 

at near neutral pH, As the pH is ra ised the predominant pH 

form i s converted into two forms with £ = 3,4 and £ = 3 .6 . 

i . f i s c h e r l enzyme did not c l ea r ly show the conversion of one 

form to the another in the range of the pH s tudied . 

Gammack et_ a J . (1978) have reported that C_« pepo n i t r i t e 

reductase reacts with n i t r i t e in the oxidized s t a t e which i s 

detected by EPR detectable s igna l s , but react ion with the 

oxidized enzyme is very slow, requir ing several minutes at 0*C 

for complete disappearance of the s ignal at £ = 6.8 and 5.0, 

I t was thought that such a slow react ion could not be a part 

of the enzyme react ion under turnover condi t ions , and suggested 

tha t the heme must be f i r s t reduced tcJ ferrous s t a t e , probably 

d i r e c t l y by ferredoxin. The EPR spectrum of A_. f i scher l enzyme 

in oxidized s t a t e did not change when n i t r i t e was added. The 

enzyme was a]so unreactive towards CN~, azide and f luor ide . 

These s tudies indicated tha t in the f i r s t step of the enzyme 

reac t ion , the heme is reduced before n i t r i t e binds. I t seems 

that n i t r i t e binds to the reduced form of the heme which is 

undetectable by EPR, This supports the hypothesis of Cammack 

et_ a j , (1978) tha t heme must be reduced f i r s t ' b e fo r e n i t r i t e 

binds to the heme. 

The spectrum of the n i t rosy l derivat ive of A_. f i scher l 

n i t r i t e reductase is different from that observed in the 
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siroheme-containing plant n i t r i t e reductase , which shows ra ther 

c l e a r l y defined £-values at 2.075, 2.060, 2.007 with hyperfine 

s p l i t t i n g on the l a t t e r two £-values (Cammack and Fry, 1980), 

The spectrum of Fig. 19 (a) shows a prominent t r i p l e t s p l i t t i n g 

at £ = 2 . 0 1 . The other g-values are "broad and poorly defined. 

I t may be pointed out tha t with plants s i roheme-ni t r i te reductase 

evidence for nitrogen hyperfine s p l i t t i n g was obtained by the 

use of ^^N0-''^N0 difference spectrum (Fry et_ a l . ,• 1980) or by 

th i rd harmonic EPR spectroscopy (Cammack and Fry, 1980), The 

spectrum of n i t rosy l derivat ive of A_. f i s che r i n i t r i t e reductase 

(Fig . 19 a) shows a prominent t r i p l e t s p l i t t i n g at £ = 2 ,01 , 

The' other £-values are broad and poorly defined. The unusual 

broadening of the EPR signals are t e n t a t i v e l y a t t r ibu ted to an 

in te rac t ion between the low-spin f e r r i c heme (spin = 1/2) and 

the f e r rous -n i t r i c oxide complexes as spin coupled induced 

broadening. Broadened meta l -n i t r i c oxide complexes a r i s ing 

from such postulated in terac t ions have been reported by Uiterkamp 

and Mason (1973) and Uiterkamp et_ a l . (1974). 

According to the in te rp re ta t ion of Kon and Kataoka (1969) 

the feature at £ = 2.01 corresponds to £ , normal to the heme 
• 1S plane. The effect of N subs t i tu t ion demonstrates that the 

s p l i t t i n g is due to binding of NO to heme i ron . No superhyper-

fine l ines in the £^ region re la ted to the in te rac t ion of the 

iron with the proximal h i s t i d ine are detected, suggesting a 

large distance between the metal and Nr of the Imidazole, 

Similar spectra have been observed in n i t rosy l cytochrome P-420 

(O'Keef et_ a J . , 1978) and n i t rosy l hemoglobin ih the presence 

of inositol-hexaphosphate ( R e i n ^ t a l . , 1973; Hil l et_ al_., 1979) 
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as well as a number of nitrosyl-heme model complexes (Kon, 

1975). It has generally been concluded in these cases that 

the bond, betvjeen the iron and the proximal ligand (opposite 

the NO) is either weak or,broken. 

The nitrosyl heme spectrum observed after reaction with 

a relatively large amount of Na2S20^ (Pig. 22 b) is different 

from the others in having an additional broad component. Such 

heterogeneity in the spectra of nitrosyl derivative has been 

observed with other hemoproteins. For example the spectrum 

of nitrosyl hemoglobin consists of a broad featureless 

component and a component with a narrow hyperfine splitting. 

The ratio of these components depends on the pH and concen

tration of allosteric effectors (Rein et_ al̂ ., 1973). Therefore, 

the spectrum of Pig. 22 (b) might be due to one nitrosyl heme 

which can exist in two forms, or alternatively it might be due 

to two different states of the enzyme. 

Although the composition of A_. fischerl nitrite reductase 

is different from those from other sources, it is possible to 

propose a similar mechanism. Nitrite does not bind to the 

oxidized enzyme; so presumably the active site heme must be 

reduced first, which is probably heme 1, The nitrite appears 

to be reduced in several stages while it is bound to the heme. 

With the plant enzymes, the first stage appears to be a nitrosyl 

form (Aparicio et_ al. , 1975; Cammack ejt al,, 1978) and the 

data presented here are consistent with this possibility for 

the A_. fischerl enzyme. On this interpretation, the observa-
t 

f 

tion that the nitrosyl form remains after reaction with 

reductant and excess nitrite, implies that the nitrosyl form 
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i s a s t a b l e i n t e rmed ia t e in the r e a c t i o n cycle or precedes 

a r a t e - l i m i t i n g s t e p , 

Hydroxylamine i s a weak s u b s t r a t e for the enzyme, and 

t r ea tmen t of the o x i d i z e d . p r o t e i n wi th i t r e s u l t e d in the 

formation of t h e s t a b l e n i t r o s y l d e r i v a t i v e , Lancas te r et^ a l , 

(1979) and Hirasawa-Soga et_ a l . (1982; 1983) have a l so 

r epo r t ed t h e formation of n i t r o s y l heme complex on a d d i t i o n 

of hydroxylamine t o the oxidized spinach n i t r i t e r e d u c t a s e , 

i s proposed for the p l an t n i t r i t e r e d u c t a s e (Vega and Kamin, 

1977) i t seems l i k e l y t h a t hydroxylamine i s an in te rmedia te 

i n the r e a c t i o n , in an enzyme-bound but not a free form. 

Prakash and Sadana (1972) ;Sadana et_ al_. (1981) have a l so 

r e p o r t e d t h a t hydroxylamine i s an enzyme-bound in te rmed ia te 

but not a f ree form. 



CHAPTER VI 

SECTION 2 

STATUS OF HYDROXYLAMINE AS AN INTERMEDIATE IN THE 

REDQCTION OF NITRITE TO AMV50NIA BY A. f i s c h e r l 

NITRITE REIUCTASE 
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IWTROIUCTION 

The intermediates during the enzymatic reduction of 

nitrite to ammonia have not been identified unequivocally. 

Meyer and Schultze (1894-) proposed that nitrite reduction 

proceeds through a sequence of three 2-electron steps via 

two intermediates, the first at the oxidation level of hypo-

nitrite and the second being hydroxylamine. The occurrence 

of hydroxylamine in tissues of higher plants has been reported 

occasionally. Wood (1953) concluded that free hydroxylamine, 

which is highly toxic, is unlikely to be present in the 

appreciable concentration. The presence of oximes was, however, 

regarded as likely and consistent with the supposed production 

of hydroxylamine as an intermediate in nitrite reduction by 

green plants and microorganisms. Nason et̂  al, (1954.) postulated 

that nitrite reduction to ammonia probably proceeds through a 

sequence of two electron steps via an unknown intermediate and 

hydroxylamine. Nicholas (1959) concluded that a series of 

enzymes in plants mediate the reduction of nitrite to ammonia 

via hyponitrite and hydroxylamine as the physiologically 

important root. McNall and Atkinson (1957) have reported that 

E. coli strain Bn could utilize hyponitrite, hydroxylamine> or 

nitrous oxide as its sole nitrogen source and provided inde

pendent support for the involvement of these compounds as 

intermediates in nitrite reduction. 

The significance of hyponitrite in nitrite metabolism of 

higher plants was rejected by Frear and Burrfel (1958). They 

pointed out its great instability at physiological pH values 

and concluded that when introduced into plant leaves it was 
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15 
first oxidized to nitrite before reappearing as N-labelled 

ammonia. 

The pur i f ied n i t r i t e reductases from marrow or spinach 

were unable to reduce hyponi t r i te or n i t r i c oxide (Hucklesby 

and Hewitt, 1970; Pickard and Hewitt, 1972) indicat ing that 

hyponi t r i te and n i t r i c oxide are not the po ten t i a l intermediate 

during the reduction of n i t r i t e to ammonia. E. co l i n i t r i t e 

reductase catalyzes the reduction of n i t r i t e as well as 

hydroxylamine to ammonia; the K̂̂^ for hydroxylamine being 150 

times greater than that for n i t r i t e . The high K^ for hydro

xylamine excludes i t as a free intermediate (Kemp and 

Atkinson, 1966). Similar conclusions were reached with 

f e r r edox in -n i t r i t e reductase from Chlore l la , spinach, and 

squash leaves (Beevers and Hageman, 1969; Losada, 1972). 

Vega et_ ajL. (1973) reported tha t A_. chroococcum n i t r i t e 

reductase catalyzes the s toichiometr ic reduction of n i t r i t e 

t o ammonia without the formation of hydroxylamine as a free 

intermediate . 

A_. f i s che r i n i t r i t e reductase catalyzes the s ix-e lec t ron 

reduction of n i t r i t e to ammonia (Prakash aind Sadana, 1972). 

The enzyTne also catalyzes the reduction of hydroxylamine, and 

both the subs t ra tes ( n i t r i t e and hydroxylamine) are reduced 

at the same act ive s i t e . No free intermediate could be 

determined during the s ix -e lec t ron reduction of n i t r i t e . The 

K̂  for hydroxylamine was approximately two orders of magnitude 

greater than tha t for n i t r i t e and hence excluding hydroxylamine 

as a free intermediate during the reduction of n i t r i t e to 

ammonia. 



148 

In the present studies an attempt has been made to 

determine whether hydroxylamine is an intermediate during 

nitrite reduction "by A_. fischeri nitrite reductase. The 
•IK 

reduction of Na N0« to â mmonia is carried out in the presence 

of hydrazine, which has been shown to inhibit the utilization 

of hydroxylamine in Nitrosomonas (Hollocher et_ al_., 1981). 

The hydroxylamine is converted to oxime by cyclohexanone, and 

estimated by using G-C/mass spectrometer which can monitor 

0,01 nmol hydroxylamine oxime, 

METHODS 

Preparation and analysis of oxime 

For the preparation of standard oxime: hydroxylamine 

hydrochloride (100 mg, 1.44 mmol) was added to 160 ;ul of 

cyclohexanone (1.6 mmol) in 0.15 M potassium phosphate buffer, 

pH 6.8, in a test tube and shaken by a vortex stirrer at 

room temperature (30''C) for 90 min. The oxime was extracted 

from the buffer with 25, 15 and 15 ml of diethyl ether, 

respectively. The ether extracts were combined and dried over 

anhydrous NapSO. for 3 h and then evaporated to dryness. The 

residue was recrystallized from petroleum ether (b.p. 30 - 40'C), 

m.p. 90'C. The purity of the oxime was checked by thin layer 

chromatography on silica gel G using ethyl acetate-benzene 

(20:80, v/v) as a solvent system. 

The oxime was analyzed in a Hewlett-Packard GC/MS model 

5992B mass spectrometer fitted with a column (740 mm x 20 mm) 

containing 2% OV-101 plus 0.2^ Carbowax (20 M) on 100 - 200 

mesh Chroraosorb W, Helium flow was 3.5 ml/min and electron 

multiplier voltage was 1800 V. Samples, 0.5 to 1.0/il in 
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petroleum ether, were introduced by direct injection through 

a septum, A solvent control was run between each sample to 

assure that the injection port and column were free of the 

previous sample, Cyclohexanone eluted with a retention time 

of approximately 1,4- min at a column temperature of 40"C and 

appeared shortly after the solvent front, MS data were 

obtained by means of both the Peak finder programme and the 

Selective Ion Monitor Programme, 

Estimation of -̂ WH, produced from NOp by nitrite reductase 

15 1 5 -The production of NH^ from NO^ by nitrite reductase 

15 was determined by N enrichment technique after alkaline 

15 15 hypobroraite oxidation of 'NH, to • Np according to the 

procedure of Dua et_ aJ. (1979). 

The ammonia produced was distilled under alkaline 

conditions into boric acid and concentrated to 2 ml after 

addition of one drop of 1 N H^SO,. The sample was transferred 

into one of the limbs of a Rittenberg tube and alkaline hypo

broraite added to the other limb. The tube was affixed to 

a mass spectrometer vacuum system and rigorously evacuated 
-7 

to 10 mm Hg. The contents of the Rittenberg tube were then 

mixed to generate Np gas from ammonia. The tube was immersed 

in liquid nitrogen to freeze out water vapour and nitrogen 

oxides. The gas was then introduced into an evacuated 

expansion flask and pasoed into the mass spectrometer, 

15 
The N enrichment was determined by measuring mass 

28, 29, 30 representing ^^N- ""̂ N, ̂ N̂-'''̂ N, ''̂ -̂''̂ Pf, respectively, 

using the Microraass 602 C mass spectrometer, Ĵ EI Manchester. 
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RESULTS AND DISCUSSION 

There are a number of reao-ents which can be used for 

converting hydroxylamine to oxime. Ketones and aldehydes 

usually need aqueous alcohol to complete the reaction but 

the recovery of the oxime from the reaction mixture is 

incomplete. Keto acids also react with hydroxylamine in 

aqueous solution to form the corresponding oximes, but these 

compounds are too soluble in water to give a good recovery 

on extraction into hydrophobic solvents. However, cyclohexa-

none reacts with hydroxylamine in micro quantities in 

aqueous solution at pH 6,8 to form oxime with a reasonably 

good recovery in ether. 

The design of the experiment for detection of the 

possible formation of hydroxylamine oxime during the enzymatic 

reduction of nitrite was similar to that described by 

Hollocher et_ al. (1981). Thus hydrazine (150;uraol) was used 

in an attempt to inhibit the further utilization of hydroxylamin< 

and cyclohexanone (1 mmol) was used to convert hydroxylamine to 

the oxime. In another experiment cyclohexanone (l mmol) was 

used with the enzyme in the reaction mixture in an attempt 

to trap any hydroxylamine as an oxime durin? nitrite reduction. 

The oxime formed was extracted and purified in a similar 

manner as piven for the standard oxime. A pH of 7.0 was 

chosen to maximize the mole fraction of unprotonated NH^OH 

(pK = 6.0) and minimize the mole fraction of unprotonated 

N^Hg (pK = 8.1). This was expected to promote oxime formation 

from cyclohexanone and minimize azine formation. 
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Usinp- the procedure descr ibed above, a r e a c t i o n mixture 
15 con t a in ing Na 'NO^, cyclohexanone, benzyl violo^en and 

sodi-um d i t h i o n i t e was incubated under anaerobic cond i t ions 

for 10 rain before e x t r a c t i n g in e t h e r . The e t h e r e x t r a c t s 

were blown t o dryness with n i t r o g e n a t room t empera tu re . 

The r e s idue was suspended in 50 ^ 1 of d i e t h y l e t h e r and one 

_^1 a l i q u o t s were in j ec t ed in to G-C/MS. I t was observed t h a t 

cyclohexanone s t imu la t ed the r e d u c t i o n of n i t r i t e and was 

fu l l y accounted for ammonia p r o d u c t i o n . 
15 There was no evidence for the p roduc t ion of NTÎ OH 

oxime by the G-C/MS method which can de t ec t 0.01 nmol of the 

compound. 

In ano the r se t of experiments upto 90 mmol hydrazine 

(NHp liHp) was added t o the r e a c t i o n mixture and a f t e r t e r m i 

n a t i n g the r e a c t i o n by exposure to a i r , cyclohexanone was 

added in an at tempt t o form the oxime and then a s i m i l a r 

e x t r a c t i o n procediire adopted. In these exper iments , t o o , 

t h e r e was no i n d i c a t i o n t h a t hydroxylaraine oxime was produced 

dur ing n i t r i t e r e d u c t i o n . Indeed, hydrazine did not appear 

15 -t o i n h i b i t the r educ t i on of NOp t o ammonia. 

The EPR s t u d i e s have shown t h a t a n i t r o s y l heme compound 

i s produced dur ing the t u r n o v e r of the enzyme i n d i c a t i n g t h a t 

a n i t r o s y l heme may be an i n t e rmed ia t e in the r e d u c t i o n of 

n i t r i t e t o ammonia. The n i t r o s y l heme spectrum was a l so 

observed with hj^droxylamine in the absence of r educ tan t 
« 

(benzyl viologen) which may result from disproportionation 

of the enzyme bound form of hydroxylamine to free ammonia 
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and bound nitric oxide. A similar observation for the spinach 

nitrite reductase was interpreted as indicating that hydroxyl-

amine is enzyme-bound and not a free intermediate in the 

reduction of nitrite to ammonia (Vega and Kamjn, 1977). 

Our results also indicate that free hydroxylamine does not 

accumulate. Should a bound form of hydroxylamine be produced 

then it must be below 0.01 nmol which is the limit of its 

detection by the GO/MS method employed here. 



CHAPTER VI 

SECTION 3 

FLAVOTOXIN AS LIKELY PBYSTOLOCrlCAL ELECTRON 

DONOR FOR A. f i s c h e r i NITRITE REnJCTASE 
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INTRO PUCTION 

P l a n t and a l g a l n i t r i t e r e d u c t a s e s a r e p r a c t i c a l l y 

s p e c i f i c f o r s i n g l e e l e c t r o n d o n o r s : f e r r e d o x i n and MVH or 

BVII w i t h c e r t a i n e x c e p t i o n s and do not u t i l i z e NAD(P)H d i r e c t l y 

( L o s a d a et_ a j . 1963 ; Paneque et_ a l . 1964; B e t t s and H e w i t t , 

1 9 6 6 ) . Reduced f l a v i n s a r e g -ene ra l ly i n e f f e c t i v e (Zumft , 1^72'!. 

However, t h e enzyme from marrow has been shown t o r educe 

n i t r i t e i n p r e s e n c e of FMNHp but t h e a c t i v i t y was v e r y low as 

compared w i t h t h a t when BVH or f e r r e d o x i n was used a s e l e c t r o n 

donor ( H u c k l e s b y and H e w i t t , 1 9 7 0 ) , The O h l o r e l l a enzyme was 

shown t o f u n c t i o n w i t h i l l u m i n a t e d c h l o r o p l a s t and f l a v o d o x i n 

(Zumf t , 1 9 7 2 ) . 

The f e r r e d o x i n s a r e a group of i r o n - s u l f u r p r o t e i n s 

p r e s e n t i n p h o t o s y n t h e t i c o rgan i sms and i n n o n - p h o t o s y n t h e t i c 

a n a e r o b i c b a c t e r i a . They p a r t i c i p a t e in a number of e l e c t r o n 

t r a n s f e r r e a c t i o n s i n c l u d i n g p h o t o s y n t h e t i c e l e c t r o n t r a n s p o r t 

and n i t r o g e n f i x a t i o n . The f e r r e d o x i n s from h i g h e r p l a n t s , 

e u k a r y o t i c a l g a e and b lue g r e e n a l g a e , p o s s e s s t h e 2Fe-2S 

a c t i v e c e n t e r , have a r e l a t i v e m o l e c u l a r mass of a p p r o x i m a t e l y 

11 ,000 and a c c e p t a s i n g l e e l e c t r o n on r e d u c t i o n . In g e n e r a l 

b a c t e r i a l f e r r e d o x i n s c o n t a i n two 4Fe-4S a c t i v e c l u s t e r s , 

a c c e p t two e l e c t r o n s on r e d u c t i o n and have m p l e c u l a r weip-ht 

be tween 6 ,000 t o 15 ,000 d e p e n d i n g on t h e s o u r c e ( T a k r u r i et_ a]^. 

197 'S) . The amino a c i d sequence of £ . p a s t e u r i a n u m f e r r e d o x i n 

and t h e n u c l e o t i d e s equence of t h e C_. p a s t e u r i a n u m Pd gene 

have been d e t e r m i n e d . The amino a c i d sequence deduced from t h e 

DNA a n a l y s i s a g r e e s e x a c t l y w i t h t h a t d e t e r m i n e d f o r t h e 

p r o t e i n , w i t h t h e s o l e e x c e p t i o n of t h e encoded i n i t i a t o r 

m e t h i o n i n e (Graves e_t_ a l . , 19S5 ) . 

F l a v o d o x i n s a r e low m o l e c u l a r weip-ht e l e c t r o n t r a n s f e r 

p r o t e i n s which have been shown t o s u b s t i t u t e f o r f e r r e d o x i n s 

i n many of t h e wide r a n g e of r e a c t i o n s in which f e r r e d o x i n s 
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can func t ion as e l e c t r o n c a r r i e r (Yoch and Va l en t i ne , 1972; 

Mayhew and Ludwig, 1975). The f i r s t such p r o t e i n was i s o l a t e d 

from the cyanobacterium A_, n idu lans ( S m i l l i e , 1963) and i t s 

p h y s i o l o g i c a l r o l e as a l o w - p o t e n t i a l e l e c t r o n t r a n s f e r agent 

was i n d i c a t e d by i t s a b i l i t y t o r e p l a c e f e r r edox in in l i g h t -

dependent NAUP reduc t ion by h igher p l a n t c h l o r o p l a s t s ( S m i l l i e , 

1965). One mol of FMN i s p re sen t p e r mol of p r o t e i n . Reduction 

of f l a v o p r o t e i n proceeds v i a a b lue-f lavosemiquinone r a d i c a l . 

F l avopro te in c a r r i e r s can y i e ld reduced f l a v i n semiquinone 

couple of r e l a t i v e l y low p o t e n t i a l ( - 0.46V) which do not 

r e a d i l y e q u i l i b r a t e with the high p o t e n t i a l oxidized f l a v i n 

semiquinone couple and a c t s e f f e c t i v e l y as one e l e c t r o n donor 

(Yoch, 1972). 

? lavodoxins have been i s o l a t e d from a "var ie ty of organisms 

from anaerobic fe rmenta t ive b a c t e r i a t o euka ryo t i c a l g a e . They 

appear to f a l l i n to two groups , one having M^ approximately 

15,000 and the o the r 22,000 (Tanaka et_ a l . , 1975). 

METHOJS 

N-AIiPH—flavodoxin l inked n i t r i t e r educ t a se a s say system 

The r e a c t i o n mixture contained 200 ^mol of potassiiim 

phosphate b u f f e r , pH 7 . 5 , 75/Jmol of g lucose -6 -phospha te , 

g lucose-6-phosphate dehydronase 0.1 ml (2 u n i t s ) , NADP"̂  0,05 

^ m o l , sp inach NAHPH-flavin diaphorase 0.08 mg, f lavodoxin 

( £ . c r i s p u s ) in the range of 1 nmol t o 2.5 nmol, and d i s t i l l e d 

water t o give a f i n a l volume of 0.9 ml in the main arm of the 

Thunberg t u b e s . After 30 min, when f lavodoxin was reduced, 

3 - 5 ̂ g of n i t r i t e r educ tase and I s r a e l of NaNOp were added 
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under a s tream of Op-free n i t r o g e n . After 9^ inin f u r t h e r 

i n c u b a t i o n , the r e a c t i o n was t e rmina ted by addine- 0,1 ml of 

1 M barium a c e t a t e and 2,5 ml of 95^ e thanol v/v t o p r e c i n i t a t e 

NADPH. The con ten t s of the assay mixture "/ere centr.ifup'ed 

and n i t r i t e e s t imated in s u i t a b l e a l i q u o t s . 

The c o n c e n t r a t i o n of £ . c r i s p u s f lavodoxin was determined 
— 1 —1 from i t s molar e x t i n c t i o n coef fie i e n t , lO^oci |.] '^^^ 

(yi tzxrerald e1^ al_. , 1978). 

RESULTS 

A_. fischeri nitrite reductase has been reported to utilize 

various electron donors, BVH, F;.'!Uu, F'̂ DĤ  (Frakash and 

Sadana, 1972), Reduced ferredoxin from either spinach or 

C_. pasteurianum were unabie to donate electron to A_. fiscripri 

nitrite reductase al tMou/̂ h tne;"e ferrednxinr have beer, r^^.c"".] 

to serve as electron donor for assimilatory nitrite reductase 

(Betts and Hewitt, 1966). 

Table 7: K values of A_. fischeri nitrite reductase for 

various electron donors, 

S.No. Electron donor IC 

1. BVH 2.8 - 4.1 X 10~^M 

2. PMNHg 2 X 10"^M 

3. mm^ 2 X 10~^M 

4. Flavodoxin (C. crispus) 2.2 x 10~ M 
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The K values for FMNH„ and FADH- are much higher than 
m d d ^ 

for BVH (Table 7). An attempt was then made to determine 

the likely physiological electron donor for A_. fischeri 

nitrite reductase. Plavodoxin (Fid) from C_. crispus was 
« 

tried to determine whether it would work as an electron donor 

for nitrite reduction by A_, fischeri nitrite reductase. Nitrite 

reductase activity was estimated at various concentrations of 

flavodoxin. The K value for flavodoxin, calculated from 

double reciprocal plot of l/v versus l/s (Fig. 23),was 

approximately 2.2 x 10~ M (Table 7). This is much less than 

that of BVH (K^ = 2.8 - 4.1 x 10"^M). Thus, reduced flavodoxin 

from £, crispus appears to be the likely physiological electron 

donor for k_. fischeri nitrite reductase. 

DISCUSSION 

Nitrite reductases isolated from various sources show 

well-defined electron specificity. The assimllatory nitrite 

reductases from nonphotosynthetic organisms present a marked 

specificity for reduced pyridine nucleotides as electron 

donors and require FAD for maximal activity. Three types of 

enzymes with different specificity for reduced pyridine 

nucleotide can be distinguished: NAD(P)H- nitrite reductase, 

which can use either NADH or NADPH as electron donor and is 

characteristic of the fungus Neurospora (Garrett and Amy, 

1978); NAIflPH- nitrite reductase, with a marked specificity 

for NADPH as electron donor, characteristic of yeast Torulopsis 

nitratophila (Rivas e^ a]^. , 1973); and NAIH- nitrite 

reductase, specific for NADH as electron donor found in 



FIG, 23 Lineweaver-Burk plot of the effect of 

flavodoxin concentration on A_. f l scher i 

n i t r i t e reductase a c t i v i t y . The assay 

conditions are as described in Atethods. 
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p r o k a r y o t i c organisms (Coleman et_ a l . , 1978; Vega e t a l . , 

1973)o 

Photosynthetlc nitrite reductases show a marked specificity 

for ferredoxin as electron donor (Vega et_ a]^, , 1980), 

Flavodoxin can substitute for ferredoxin as the immediate 

electron donor for different nitrite reductases (Manzano, 

1977; Vegaet_al_., 1980; Zumft, 1972). Among the artificial 

substitutes examined for ferredoxin, methyl viologen is the 

most effective. Reduced flavins are generally ineffective 

(Zumft, 1972; Hattori and Uesugi, 1968 h). However, marrow 

preparations showed 5 - 30^ activity with flavins as compared 

to benzyl viologen (Hucklesby and Hewitt, 1970). 

A_. fischerj. nitrite reductase can accept electrons 

directly from benzyl viologen, methyl viologen and flavins 

(PMNHp, FADHp), Pyridine nucleotides could not serve as 

electron donor, and flavins,FMN and PAD^showed 205̂  activity 

as compared to that obtained with benzyl viologen (Prakash 

and Sadana, 1972). The K values for flavins are very high 
m ^ a 

and therefore not likely to be the physiological electron 

donor. Ferredoxins from either spinach or C_, pasteurianum 

were unable to donate electrons to Achromobacter nitrite 

reductase, Flavodoxin from C_. orispus, on the other hand, 

acted as an efficient electron donor and its K value was 
m 

an order of magnitude lower than benzy] viologen. Flavodoxin 

thus appears to be the natural electron donor for A_. fischeri 

nitrite reductase. 

Fitzgerald et_ a]^. (19R0) assessed the efficiencies of 

ferredoxins and flavodoxins from various sources as electron 
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media to r s in systems fo r hydrogen e v o l u t i o n . They proposed 

t h a t t h e r e was no apparent c o r r e l a t i o n of e f f i c i e n c y wi th 

mid po in t redox p o t e n t i a l (Era) of the med ia to r . A c t i v i t y of 

the mediators t h e r e f o r e p r i m a r i l y r e f l e c t s d i f f e rences i n 

t h e i r t e r t i a r y s t r u c t u r e con fe r r i ng d i f f e r e n t a f f i n i t i e s . 

The same reason ing can he proposed here a l s o when fe r redox ins 

from e i t h e r spinach or C.pasteurianum did not serve as e l e c t r o n 

donor but f lavodoxin from C_, c r i s p u s served as an e f f i c i e n t 

e l e c t r o n donor for A_. f i s c h e r i n i t r i t e r e d u c t a s e , Flavodoxins 

and f e r r edox ins are known to s u b s t i t u t e each o the r in many 

b i o l o g i c a l r e a c t i o n s (Yoch and V a l e n t i n e , 1972; Mayhew and 

Ludwig, 1975). In A_. n idu lans the f lavodoxin was e q u a l l y 

or more e f f e c t i v e iri v i t r o than f e r r edox in in suppor t ing 

n i t r i t e r e d u c t i o n (Bothe , 1969). Flavodoxin has a l so been 

shown to replace fe r redox in as e l e c t r o n donor for C h l o r e l l a 

n i t r i t e r educ tase (Zumft, 1972). 



SUMMARY -AND CONCLUSION 
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SUMMARY AND CONCLUSION 

N i t r a t e i s raetaho3J/.ed by A_. f i s c h e r l t o form ammonia 

a s aii end p r o d u c t when I t i s r rown a n a e r o b i c a l l y o r u n d e r 

low oxygen t e n s i o n , ''̂ h.e two enzymes , requir^ed t o c a t a l y z e 

t h e r e d u c t i o n of n i t r a t e t o ammonia a r e ( 1 ) n i t r a t e r e d u c t a s e , 

wHich c a t a l y z e s t h e t w o - e l e c t r o n r e d u c t i o n of n i t r a t e t o 

n i t r i t e , and (2 ) n i t r - j t e r e d u c t a s e , which c a t a l y z e s t h e s i x -

e l e c t r o n r e d u c t i o n of n i t r i t e t o ammonia. 

N i t r a t e r e d u c t a s e from A_. f i s c h e r i has been n u r l f i e d 

e a r l i e r by Hadana and ^teElroy (1957) and Sadana et_ a]_, ( 1 9 6 3 ) . 

The p u r i f i e d enzyme was r e l a t i v e l y u n s t a b l e and a l s o showed 

two components on u l t r a c e n t r i f u ^ a t i o n , T'he A_. f i s c h e r i 

n i t r a t e r e d u c t a s e has now been p u r i f i e d by m o d i f i c a t i o n of 

an e a r l i e r p r o c e d u r e d e s c r i b e d by oad^na et_ al^. ( 1 ^ 6 3 ) . The 

enzyme i s homogeneous i n p o l y a c r y l a m i d e ^e l e l e c t r o p h o r e s i s 

a t pH 8 ,9 and pH 4 . 3 , a t d i f f e r e n t gel c o n c e n t r a t i o n s ( 6 , 8 , 

10 , 12?^) and i n SDS-gel e l e c t r o p h o r e s i s . The o v e r a l l r e c o v e r y 

of t h e enzyme *vas 26% a s compared t o A^Bfo o b t a i n e d by t h e 

e a r l i e r p r o c e d u r e , an--̂  sriov^ed b e t t e r s t a b i l i t y a r oo^aoared 

t o ^he enzyme p'iri' '"ie'-i by the e^ l^er u r o f e d t r e o' badana 

et_ a]^. (1<^f^3^^ The o i r i f i e d A_. f i s c h e r i n i t r a t e r -^duotase 

"las a s p e c i f i c a c t i v i t y of about 3 .65 }.iraol n i t r i t e formed from 

n i t r a t e p e r rag p r o t e i n p e r min . 

The r e l a t i v e m o l e c u l a r mass of A_. f i s c h e r i n i t r a t e r e d u c t a s e 

was d e t e r m i n e d by v a r i o u s m e t h o d s , and an a v e r a g e v i l u e of 

^ 4 , 0 0 0 was o b t a i n e d . The re a p p e a r s t o be no i n t e r a c t i o n "between 
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the enzyme and Sephadex polysaccharide matrix as there was not 

much difference in the r e l a t i ve molecular mass values determined 

on Bio-gel and Sephadex columns, The Stokes' r ad ius , calculated 

from gel f i l t r a t i o n data by the methods of Ackers ' , Porath and 

Laurent and Kil lander , was an average value of 3.1 im. The 

purif ied enzyme, on treatment with 1^ sodium dodecyl sul fa te 

and 15̂  ?-mercaptoethanol in the presence of 1^ iodoacetamide, 

does not d issocia te in s r s -ge l e lec t rophores i s , indicat ing that 

A_. f i scher i n i t r a t e reductase is comprised of a single poly

peptide chain. 

N i t r i t e reductase from A_, f i scher i has already been 

obtained in a homogeneous s t a t e and i t s molecular weight, 

amino acid composition, subunit s t ruc ture and hydrodynaraic 

proper t ies have also been studied in t h i s Laboratory e a r l i e r 

(Prakash and Sadana, 1972; Husain an.i Sadana, 1972; Husain 

and Sadana, ''974a; 1974b), No Information, hov^ever, is 

avai lable on the involvement of amino acid residues at the 

ca ta l j ' t i c s i t e of n i t r i t e reductase, Attempts were therefore 

made to determine the amino acid residues which are involved 

at the act ive s i t e of the enz3rme, Diethylpyrocarbonate 

(DEPC) was used as a specif ic reagent for modification of 

h i s t id ine res idues , 

Inact ivat ion of A_. f i scher i n i t r i t e reductase by lEPC 

was c a r r i e i out at pH 6.8 and 6.5 at 4*C. The ra te of 

inact ivat ion was fas te r at pH 6.fi as compared to that at pH 

6.5, The enzyme was almost completely inact ivated ^t 5 mM 

DEPC at pH 6,8, The ra te of inac t iva t ion of the enzyme was 
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concentrat ion- and t ime- dependent and followed pseudo-

f i r s t order k i n e t i c s . The difference spectrum between the 

DEPC-- t rea ted (carbethoxylated) and the native enzyme showed 

a cha rac t e r i s t i c pos i t ive peak a-̂  240 nm which i s cha rac t e r i s t i c 

of N-carbethoxyimldazole der iva t ive . The increase In absorbance 

at 24-0 nm was concomitant with the loss of enzyme a c t i v i t y 

indica t ing tha t the inac t lva t lon of the enzyme was due to 

modification of h i s t l d ine res idues . Pour h i s t id ine residues 

have been shown to be modified by DEPC during the inac t lva t lon 

of the enzyme. However, on the basis of the reac t ion order 

( n ) , which was calculated to be 0 .9 , only one h i s t ld ine residue 

per molecule of the enzyme appears to be essen t i a l for the 

a c t i v i t y of the enzyme. 

The s-Declfic modification of the enzyme by DEPC at 

h i s t id ine residues was confirmed by the following observations: 

(1) Inactivated enzyme was react ivated by 0,75 M hydroxylaralne 

hydrochloride a t neutra l pH with removal of ethoxyformyl 

group from the modified enzyme, (2) Inact lva t lon of the 

enzyme by DEPC was considerably protected by the subst ra te 

( n i t r i t e ) . The maximum protec t ion by n i t r i t e was obtained 

at a concentratinn of ?̂. mM or above. At 0,2 mM n i t r i t e 

c3oncentration or l e s s , no effect could be noticed for the 

protect ion of n i t r i t e reductase inac t lva t lon by DEPC, 

The possible modi f loatjon of some other amino acid 

residues by DEPC was ruled out on the following grounds: 

The lack of absorbance changes in 280 nm region during' the 

treatment of the enzyme by DEPC indicated tha t tyrosine residues 
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are not modified "by DEPC. I t has also general ly tieen believed 

tha t lysine and tyrosine vside chains do not react v)ith I3EPC 

below pH 7.0 (Dykes and John, 1977). The content of free 

sulfhydryl groups of nat ive nitrl-Jse reductase and DEPC-treated 

enzyme was found to be same indicat ing tha t sulfhydryl groups 

have not been modified by the reagent . The r e s to ra t ion of 

enzyme a c t i v i t y by hydroxylamine appears to rule out the 

modification of l y s y l - and a rg iny l - residues since the more 

s tab le amide-like s t ruc tu res formed during DEPC treatment 

are not r ead i ly reversed by hydroxylamine (f^iles, 1977; 

Horilke et a l . , 1979). 

The pK values of ionizable groups of the enzyme, which 

are required for the a c t i v i t y of the enz.yme, were found to be 

7»0 and '7 '̂? correspondin.p' to the imidazole group. This lends 

further support to our oonolusion by modification s tudies that 

h i s t id ine is essentia] , for the a c t i v i t y of A_. f i scher i n i t r i t e 

reductase. 

The detai led mechanism of the reduction of n i t r i t e to 

ammonia by n i t r i t e reductase is complex, since i t involves s i x -

electron sequent ia l reduct ion. Electron paramagnetic resonance 

s tudies were carr ied out to detect intermediates of the n i t r i t e 

reduction react ion and to understand the mechanism of I t s 

reduction. Low temperature EPR spect2?um of A_. f i scher i oxidized 

n i t r i t e reductase was extremely complex and showed s ignals due 

to different heme spec ies . The main EPR s ignals were at g-values 

3/7, 2 .88, 2.26 and 1.51. The species at ^-value 3.7 is 

a t t r ibu ted to the act ive enzyme because i t disappears immediately 
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on reduction of the enzyme. The s ignals at ^-values 4.3 and 

2,1 were due to contamination of iron and copper, respec t ive ly . 

The EPR spectrum of the oxidized enzyme did not change when 

t rea ted with s u b s t r a t e , n i t r i t e , . a n d l igands , CN"", azide or 

f luoride which suggests tha t the oxidized pro te in appears to 

be unreactive to these ligands and tha t in the f i r s t s tep of 

the enzyme reac t ion , the heme is reduced before n i t r i t e binds. 

Reduction of the enzyme with methyl viologen and 

d i th ion i te in the presence of excess n i t r i t e produced the EPR 

spectrum of n l t rosy l heme derivat ive with a g-value at 2.01 

and a .N hyperfine s p l i t t i n g into three l ines separated by 

1.65 mT and ""̂ N s p l i t t i n g into two l ines separated by 2.3 mT, 
I'S 

Exchange of n i t r i c oxide gas was observed oetween "N n i t rosy l 

der ivat ive and NO gas. There was no exchange when N 

n l t r o sy l n i t r i t e reductase was t rea ted under non-reducing 

conditions with Na NOp, demonstrating tha t n i t r i c oxide binds 

more t i g h t l y than n i t r i t e . The nitrosyl-herae spectrum was 

a lso observed, though with decreased signal i n t e n s i t y , when 

A" fischei^l n i t r i t e reductase was t rea ted with hydroxylamine. 

This could be explained by disproport ionat ion of the hydroxyl

amine to ammonia and the enzyme-bound form of n i t r i c oxide. 

I t is proposed that react ion cycle involves reduction of 

heme before binding of n i t r i t e and formation of n i t rosy l 

der iva t ive . The data also suggest that the n i t ro sy l heme is 

an intermediate in the reduction of n i t r i t e to ammonia. 

A_. f i s che r l n i t r i t e reductase catalyzes the reduction of 

n i t r i t e and hydroxylamine at the same ca t a ly t i c s i t e , but the 
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K for hydroxylamine is two orders of magnitude greater than 

that for nitrite. On the basis of these data it was suggested 

that hydroxylamine raa,y oe an intermediate; however, it was 

excluded as a free intermediate during the reduction of nitrite 

to ammonia (Prakash and Sadana, 1972). The EPR studies have 

also indicated that hydroxylamine is an intermediate in the 

reduction of nitrite to ammonia. An attempt has further been 

made here to show conclusively whether hydroxylamine is an 

intermediate during the reduction of nitrite to ammonia "by 

trapping hydroxylamine (if formed) during nitrite reduction, 

1S 

The reduction of Na NOp was carried out in the presence of 

hydrazine, which has been shown by Hollocher et_ a2.. (1981) 

tc inhibit utilization of hydroxylamine, and cyclohexanone. 

The cyclohexanone was added either during the reaction or 

after reaction was over, to convert hydroxylamine to oxime. 

The hydroxylamine oxime was then extracted with ether and 

estimated by using GC/mass spectrometer. '7e could obtain 
15 no evidence for the production of NHpOH, The data confirm 

our previous suggestion that at least free hydroxylamine is 

not an intermediate in the reduction of nitrite to ammonia. 

If a bound form of hydroxylamine is produced, it must be 

oelow 0.01 nmol which is the limit of its detection by 

GO/MS method employed here. 

k' fiscneri nitrite reductase utilizes various electron 

donors: BVH, MVH, MNH,, PiDH^. The K values for flavins 
c. d. m 

are much higher as compared with that of BVH; flavins are^ 

therefore, unlikely to be the physiological electron donor 
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for Achromobacter nitrite reductase. Perredoxin from either 

spinach or C. pasteurianum are inactive as electron donor 

for A_. fischeri nitrite reductase. Flavodoxin from £, crispus, 

on the other hand, acted as an efficient electron donor. 

Its K value is approximately one order of magnitude lower 

even than that of benzyl viologen. The physiological electron 

donor for A. fischeri nitrite reductase thus appears to be 

flavodoxin. 
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