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ABBRBVIATIONS

The abbreviations for chemicals and symbols in general follow

either the tentative rules of IUPAC-IUB Commission on Biochemical

Nomenclarure (Biochen. J. (1966) 101: 1-7) or the Instruction to Authors

for the Phytochernistry (Phytochemistry (1983) 22'- I-7).
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2, 6-DichlorophenolindoPhenol
Diethylaminoethyl ce11ulose
Dithiothrei-tol
Ethylenediamine tetraacetic acid
Flavin adenine dinucleotide
Flavin adenine dinucleoticle (reduced)
Flavin mononucleotide
Flavin mononucleotide (reduced)
Guanosine 5t-diphosphate
Guanosine 5r-monoPhosPhate
Guanosine 5 t -triphosphate
Inosine 5r-diphosphate
Inosine 5 | -monophosPhate
Tnosine 5 t -triphosphate
L-methionine-DL-Su1 Phoximine
Methyl viologen
Methyl viologen (reduced)
Nicotinamide adenj-ne dinucleotide (reduced)
Nicotinamide adenine dinucleotide phosphate

(oxidized )
Nicotinamide adenine dinucleotide phospiiate

(reduced )
N-ethylmaleimid e
p-chloromercuriben zoaLe
Sodium dodecyl sulphate
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SUI'IMARY

l. This thesis embodies results of an invesLigation on some biochemical

aspects of enzymes involved in nitrate assimilarion in a plant-

pathogenic fungus,scTerotinia scTerotiorum' The enzymes are

nitrate reductase, nitrite reductase, glutamine synthetase and

glutamate sYnthase.

2.Nitratereductase,purifiedll8-fold'hadamolecularweightof

210 kDa and was composed of.2 dissimilar subunitsof I23 and 107 kDa'

In addition to using NADPII as an electron donor, the enzyme also

utilizei reduced viologen dyes and reduced flavin nucleotides as

reductants.

3. FAD was isolaÈed from the purified enzyrne; however, exogenous FAD was

required for rnaxj-mal activity of NADPH-dependent nitrate reductase in

vitro. FMN di-d not substitute for FAD'

4. The enzyme activity was inhibited by metal chelating agents and by

flavinandsulphydrylgroupinlribitors.Ãzidemarkedlyrestricted

both NADPH- and l'lvH-dependent reactions, but inhibition by p-cMB, NEùl

and amytal was more marked when NADPH was the reductant'

5. Nitrite inhibited nii.rate competitively in NADPl{-dependent nitrate

reduction in vitro; however, it is unlikely to inhibiE nitrate

reductase activity under physiological conditions because ttre K1 for

nitrite was three-fold greater than the K, lor nitrate '

6. Nitrite reductase, the second enzyme in the nitrate assimilation

pathway utilized NAD(P)H, reduced viologen dyes and reduced flavirt

nucleotides as electron donors. NADPH was the most effective electron

donor. Maximal activi-ty of Ehe NADPH-dependent nitrite reduclase
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hras achieved by adding FAD to the assay mixture; FMN however' I^/as

less effective.

7. Associated with the nitrite reductase enzyme v/as a hydroxylamj-ne

reductase activity as well as diaphorase type activities utilizing

either ferricyanide, DCPIP or cytochrome c as an electron acceptor.

B. The product of both nitrite and l-rydroxylamine reductases was arnmonia

but hydroxylamine \^/as not an intermediate product of nitrite reductase.

The stoichiometry of NADPH oxidized to nitrite ut'ilized and ammonla

produced in NADPH-dependent nitrite reduction was 3:1:1 and the ratio

of NADPH oxidj-zed t9 ammonia forned in the l-rydroxylamine reductase-

mediated reaction was 1:1.

g. In the presence of FAD, nitrite reductase rvas j-nactivat-ed by preincu-

bation with NADPH, but NADP+ was without effect. This inactivation

was offset by the substrates (nitlite and hydroxylamine).

10. Nitrite reductase was sensitive to metal binding agents as well as

flavin- and s.rlphydryl group-inihibitors. The inhibition by p-Cl4B

and mepacrine respectively, were reversed by adding cysteine and FAD.

11. I^lashed f elts readily incorporatea l5llH4* irrto cell-nitrogen but this

effect was inhibited by both MSX and azaserine, inhibitors of gluta-

rnine synthetase and glutamate synthase respectively. Since glutamate

dehydrogenase was not detected in cel1-free preparations, this is

further evidence that the glutarnine synthetase/glutamate synthase

pathway is the main route for the assimilation of ammonia into amino

acids.

12. Glutamine synthetase, purified by ion exchange and affinity chroma-

tography, had a molecular weight of 490 kDa. The enzyme was composed

of B identical subunjts of 60 kDa. The transferase activity of the
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enzyme required Mn2* und ADP for maximal activity whereas the bio-

synthetic activity required Mg2+ and ATP'

13. The enzyme was regulated by feedback inhibition involving amino acids

and organic acids and by a adenylylation/¿eadenylylation mechanism'

The transferase activity of the eÛzyme was also inhibited competit-

ively by the substrates of the biosynthetic reaction, namely glutamate

and NH4CI, with respect to glutamine '

14. Glutamate synthase had a molecular weight of 22O kDa and was composed

of 4 subunits of 53.7 kDa. The enzyme had a specific requirement

for NADPH, cr-ketoglutarate and glutamine as the electron donor, amino

acceptor and amino donor, respectively'

l-5. Glutamate synthase was regulated by feedback inhibitors including

amino acids, organic acids and nucl,eotides. The enzyme was rnarkedly

inhibited by p-cllB (this effect was reversed by cysteine),

' O-phenanthroline, o,o'-dipyridyl and azaserine'
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1 INTRODUC ION

Nitrate is an important nitrogen source for the growth of micro-

organisms and plants since it is a predomì-nant form of cornbined nitrogen

present in the environment. The capacity to assimilate nitrate is a

feaLure of many bacteria, fungi and virtually all algae and higher

plants, but it is absent from the animal kingdom'

1.1 The biology of ScTerotinia scTerotiorun

scTerotinia scTerotiorun along with s. trifoTiorun and s. ninor

belong to the family o1 scTerotiniaceae of the class Ascomycotina

(Irlhetzel , Ig45). This fungus -ì s widely di-strj-buted but it is most

cornmon in temperate regions (Reichert, 1958). The fungus has been

recognized for many years as a serious pathogen of various plants in-

cluding about 360 species in 225 genera and 64 families such as alfalfa,

bean, celery, lettuce ' peanut, potato , spearmint, sunflower, tomato 
'

apricot, cabbage and eggplant (see Purdy' L979)'

Plants may be attacked by this fungus at the seedling stage as well

as during maturation and subsequent storage. Under favourable conditions

(cool and humid) the fungus invades the tissues of the host and then a

light brown watery rot develops and lvhite mycelia grow over the

infected tissues (Purdy, 1979). After several days, sma1l and compact

bodies (1-B mm in diameter) develop from the rnycelia either on the

surface of the host or in cavities within it (Jones, I9l4; Abawi et a7.'

Lg75). The compact bodies, called sclerotia ' are young resting vege-

tative sEructures. Active growth of sclerotia takes place only during

the 72 hr period subsequent to the appearance of Primordia (Cooke, 1970)
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and then colour of the matule sclerotia changes from rvhite to black'

In soil or plant debris the sclerotia can remain dormant for long periods

or alternatively they germinate after a short resting period ' Approxi-

mately 901/0 of the life cycle of this fungus is spent in the soil as

sclerotia (Adams and Ayers , LgTg). Germination of sclerotia gives

infective hyphae and in the fíeld the sclerotia usually germinate in sprilg

to forrn apothecia. The apothecial stalks are 2-3 cn long and 1-2 mm

thick whereas the discs are concave, yelloivish brown usually 3-B mm in

diameter (Jones , lg7!+). cylindrical asci formed in the apothecia contain

ascospores (9-15 x 4-7 pm), the sexual spores of the fungus which are pro-

duced in large numbers. Later ascosPores are liberated from mature asci

and when some of them land on a susceptible host, under favourable

conditions they germinate and a new cycle of infection cornmences (Eddin5

1937; Dana and Vaughan, Lg4g; hlestern, I97L; Jones' 1974; Abawi et

a7., 1975; Adams and Ayers,IgTg; Purrly, IgTg; \a/illetts and vlong, 19BO)'

Growthofmyceli.a,productionofsclerotiaandsurvivalof

S. scTerotiorun are affected by enviroumental factors' This fungus grolrrs

on agar mediurn over a range of temperatures (0-35 oC) with an optimum at

20"C (Van den Berg and Lei¡tz, 1968). It can tolerate a wide range of pH

values from 2-10 (Tanrikut and vaughan,1951) but growth is optimal

between pH 4-5.5 (Rai and Agnihotri, I}TL). hrhen the fungus is grorvn in

a liquid medium, the pH of the culture filtraEe drops to pH 3-4 and then

it increases slightly. The low pH coincides with maximum acid production

when the specifi-c activiEies of the Krebs cycle enzymes are high (Le

Tourneau , IgTg). oxalic acid is produced by this fungus both in the host

Eissue as well as in cultures of the fungus (Maxwell and Lumsden, 1970)

and fumaric, succinic and glycolic acids are produced during the late

exponential stage of growth (Vega et a7 ' t 1970) '
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Studies on the nutrition of this fungus indicate that it grows

readilyonbasalsaltsandasimplecarbonSource.Somecarbonand

nitrogen sources are more readily utilized than others' Glucose among

monosaccharides and maltose, follo\.ed by sucrose among disaccharides are

good sources of carbon for growth of the fungus (Rai anct Agnihotri, L97l)

whereas glycerol and mannitol are poor sources ' 0f the inorganic

nitrogen sources, nitrite supported very little growth of the fungus '

0n the other hand, nitrate and ammonium supported good grorvth, and there

was no difference between these compounds as a nitrogen source (Tanrikut

and vaughan, 1951; V/i11is, 1968). Among amino acids, glutamic acid'

proline and aspartic acid were the most suitable nitrogen sources whereas

lysine, valine and cysteine v¡ere not readily utilized (\^lil1is' 1968)' In

liquid cultures growth was also depressed by cleficiencies of phosphate 
'

magnesium and trace elements (Purdy and Grogan, 1954)'

I.2 Nitrate assimilation in microorganisms

Nitrate is assimilaLed via a reduction to ammonia followed by an

incorporation into amino and amido compountls. The reduction of nj-trate

to ammonia is cataLyzed by two distinct enzymes)namely nitrate reductase

(NR) and nitrite reductase (NiR) (Nicholas and Nason , 1954a; Garrett and

Ary, 1978). The nitrate assimílation requires a subsLantial energy

expenditure compared with ammonia utilization since eight reducing equiva-

lents are consumed in the reduction of nitrate to ammonia (Nicholas ' 1963) '

Cel1s assimilaLing nitrate appear to regulate this reaction at the level

of nitrate reductase (Beevers and Hageman , 1969) '

The assimilation of ammonia proceeds either via gluLamate dehydro-

genase (GDH) or the glutamine synthetase (Gs)/erutamate synthase (GOGAT)
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pathway. Glutamate dehydrogenase has a low affinity for ammoniq rvhereas

the glutamine synthetase/glutamate synthase pathway assimilates lorv con-

centration of ammonia in microorganisms(Tempest et aI., I97O; 1973) and

plants (Miflin and Lea, Lg76). A sunmary of the enzymes involved in the

nitrate assimilation pathway is as follows:

No3 (NR) -' NOt GDH glutamate 
-+ 

ce1l N(llin; NH4+

GS) (GoGAr)

glutamine

1.2.r Nitrate reductase

Nitqare reductase (NAD(P)H-nitrate oxido-reductase, E.C.r.6.6.r-3)

calalyzes the reduction of nitrate to nitrite ' the first step in the

nitrate asslmilation pathway, according to the reaction (Nason and Bvans

1953; Nicholas and Nason, 1955):

NO3 + NAD(P)H + H+ --) NOZ + NADP+ + H2o tll

The enzyme is nitrate inducible and is rapidly repressed by ammonia (Kinsk¡',

196I; Lewis and Fincham, 1970). The nitrate reductases from fungi have

been characterized and shown to be soluble enzymes with a molecular weight

varied between 160 kDa for the enzyme of Neuros pora crassa and 520 kDa for

Candida utiTis enzyme (Sims et a7.¡ 1968; Garrett and Nason, 1969;

Antoine, i-¡g74; McDonald and Coddington, I974; Guerrero and Gutierrez'

I977i Renosto et a7.,1981; Minagawa and Yoshimoto' I}BZ) and the numbers

and sizes of subunit",i¿iffer quite widely' Nitrate reductase from
¿

N. crassa has two unequal subunits wi-th molecular weights of 115 and 130

kDa (Pan and Nason, 1978). The subunj-t molecular weigh¡s of the enzyme
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from Peni ciTTiun chrysogenum \{ere 97 anð 98 kDa (Renosto et a7., 1981) 
'

and the enzyme from Aspe rgiTlus niduTans consisted of two tyPes of sub-

units of 59 and 38 kDa (Minagawa and Yoshj-moto, 7982). The nitrate

reductase from yeas L RhodotoruTa gTutinis has a molecular weight of

230 kDa composed of 2 equal subunits of 118 kDa (Guerrero and Gutierrez,

Ig77). On the other hand the enzyme f.ron't Torulopsis nitratophi-la has a

molecular rveight of 500 kDa (Riva s et a7. , L913) and that for the enzyme

from C. utilis is 520 kDa with subunits of 260, 130 and 65 kDa (Sims et

a7. , 1968).

Nitrate reductase from N. crassa wz-s partially purified and character-

ized by Nason and Evans (1953) who identified FAD as a prosthetic grou;

in the enzyme. Sirnj-larly the purif ied enzyme f rorn .4sp . niduTans showed

nn
absorption at 450-475¡indicating the presence of a flavin component

(Downey, I}TI; llcDonald and Coddington, I974; Minagawa and Yoshinoto,

IgB2). Two moles of FAD r+ere found in the ChTorefTa enz)¡me (Solomonson

et a7 ., Ig75). The FAD was easily dissociated from the enzyme of

N. crassa (Garrett and Nason , 1967), but not from Lhe Escherichia coTi-

enzyme (Nicholas and Nason, 1955).

Nicholas et a7. (1954) shorved that molybdenum was required for the

synthesis of nitrate reductase in N. crassa. Subsequently tltey demon-

strated that molybdenum was a functional constituent of the enzyme

(Nicholas and Nason, Ig54b; Nicholas, 1963), one atorn molybdenurn per mole

enzyme of Asp. niduTans (Downey, L973) and N. crassa (Jacob and Orme-

Johnson, 19BO). Studies on valency changes of molybdenum during the

enzymatic reduction of niLrate in lV. crassa, Nicholas and St-evens (1955)

concluded that Mo5+ h/as as effective as NADPH as an electron donor for

nitraEe reductase action whereas ìulo

reduced nitrate non-enzymatically.

6+
was without effect. However, Mo

3+
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Investigations r,¡ith a purified nitrate reductase (Garrett and Nason,

L969; Guerrero and Gutiel:lez, 191'7; Minagawa and Yoshimoto, 1982)

revealed another component of the enzyme nanrely a haem moiety designated

as cytochrone b557. There rvere two haem componenLs per mole enzyme in

N. crassa (Garref-t and Nason , 1969; Pan and Nason, I97B) anð Chlore77a

vuTgaris (Solomonson et a7., 1975)'

The enzyme components (FAD, cytochrome b557' and rnolybdsl]tt;

functíonecl as electr-on carriers between the physically separated pyridine

nucleotide oxidation site and niLrate reduction site (Canpbel1 and

Smare11i, l97B). Arny et a7. (Ig77) described an imporLant sulphydryl

group which .pparently mediated electron transfer betrveen NADPH and FAD'

They postulated the sequence of electron transfer nlediated by nitrate

reductase as follows:

NADPH

Assimilatory nitrate reductase in fungi is mediated by reduced

pyridine nucleotides with NADPH as the preferred electron donor (Garrett

and Nason , Lg6g; Rivas et a7., L973; I4cDonald and Coddlngton , I9l4;

Renosto et a7. , IgB2). However, in sorne yeasts, NADH could also be

utilized by the enzyne (l'-ivas et a7., 1973; Guerrero and Gutielrez, 1977) '

In addition to NAD(P)H, the enzyme from N. crassa (Garrett and Nason, 1969;

Amy et a1., 7971; Pan and Nason, IglB), P. chrysogenurn (Renoslo et a7"

1981), T. nitratophiTa (Rivas et a7., Ig73) and R. gTutinis (Guerrero and

GuEierrez , IglT) utilizerl Cithionite-reduced viologen dyes as an electron

donor. Nicholas and Nason (1955), Amy et a7.,(L977), Pan and Nason

(1973), Renost o et a7. , (1982) and Minagawa and Yoshimoto (1982) showeri that

the enzyme could also utilize dithionite-reduced flavin nucleotides as an
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electron donor. Excess of dithionite used to reduce benzyl viologen and

FMN inactivated nitrate reductase f.rom Cyanidiun caTdariun (Rigano and

Aliotta, Ig75); however, FMN and nitrate added before the dithionite

protected the enzyme against this inactivation. NAD(P)H-linked nitrate

reductase activity was stimulated by adding FAD (Downey, L97I; Rivas et

a7., L973; McDonald and coddington, Ig74; Guerrero and Gutierrez, L97l;

Renosto et a7., 1981; 1982).

The K¿ values for nitrate and NADPH of nitrate reductase in fungi

range lron 60-200 pM and 10-62 pM, respectively (Garre¡t and Nason, 1969;

McDonald and Coddington, Lg74; Rigano and Aliotta, I975; Guerrero and

Gutierrez, Ig77; Renosto et a7;, 19Br; I9B2). Varying concentratione

of NADPH had no effect on the K, for nitrate and vice versa llfcDonald and

Coddington, ]Ig74) and they suggested that there Í/as no interaction bet-ween

sites for nítnate and NADPH.

The NAD(P)H-dependent nitrate reductase activlty in purifi-ed pre-

parations was inhibj-ted by p-hydroxymercuribenzoate (Nicholas and Nason'

1955¡ Garrett and Nason, 1969; McDonald and Coddingt-on, L974; Guerrero

and Gutietrez, L977; Pan and Nason, 1978); this inhibition could be over-

come with cysteine or dithiot-hreito1. Much larger concentrations of the

mercury compound (l rnl'l) did, however, restrict the FADH2-dependent or

MVH-linkecl nitrate reductase activities (Garrett and Nason, 1969) rvhereas

intermediate concentrations (20-2OO pM) resulted in a stimulation of the

MVH-nitrate reductase from N. crassa. Azide and cyanide also inhibited

both NADPH- and MVH-dependent nitrate reduction (Minagawa and Yoshj-moto 
'

I¡BZ). Solomonson and Vennesland (L972) showed that azide, cyanate, thio-

cyanate and nitrite reacted rapidly with the enzyme from Ch7ore77a and

these compounds inhibited NADH-nitrate reductase competitively with respect
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to nitrate, whereas cyanide and hydroxylamine reacted s1ow1y with the

reduced form of the enzyme to give an inactive product which can be slorr'ly

reactivated in the presence of nitrate.

I.2.2 Nirrite reductase

Nitrire reductase (NAD(P)H : nitrite oxidoreductase, E.C.I.6.6'4),

the second enzyme in the nitrate assimilatory pathway catalyzes the re-

duction of nitrite, the product of nitrate reductase action, to ammonia

in a six-electron transfer reaction. The reduction proceeds apparently

with no release of intermediate compounds (Dunn-Coleman et a-l ', 1984) in

the reactior:

NOt+6e-+BH+ NH4* + 2 H2o 12l____>

The enzyme froni fungi and other microorganisms is induced in ce11s Brol{n

in the presence of nitrate or nitrite (Pateman et a1., 1967; Garrett,

Lg72). The purified enzyme has a molecular weight of 29O kDa (Laffertv

and Garrett, Ig74) and |s composed of 2 subunits of 140 kDa each (Garrett

and Amy, Lg78; Prodouz and Garrett, 19Bl).

Nitrite reductase purified from .iV. crassa was shown to be flavo-

procein con¡aining iron and copper (Nicholas et a7.¡ 1960); Lhe two metals

were concentrated in purified enzyme preparations, and extracts from

mycelia grov/n in the absence of copper or iron exhibited 1ow nitrite

reductaæ activity which was restored when the omitted metal was added to

the extract. It was suggested that copper is required for the terminal

step, coupling the electron transfer sequence to nitrite (Ni-cholas, 1963)'

yega et a1. (1975) demonstrated that nitrite reductase frorn IV. crassa
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contains siroheme as a prosthetic group and that the siroheme component

functions in the enzymatic catalysis of nitrite reduction.

The assimilatory nitrite reductase from fungi and other non-

photosynthetic microorganisms differs from the assimilatory nitrite reductase

from photosynthetic organisms. Thus in the non-photosynthetic oiganisms,

reduced pyridine nucleotides are utilized for the reduction of nitrite to

ammonia. In Escherichia coTi (Kemp and Atkinson, 7966)and Azotobacter

chroococcum (Vega et af, 1973) nj-trite reductase utilizes NADH only as an

electron donor and in ?. nitratophiTa (Rivas et a7., 1973) the enzyme is

NADPH specific,r,/hereas in Asp. niduTans (Pateman et a7., 1967) and N. crassa

(Lafferty and Garrett, 1974; Yega et a1-, L975; Vega, 1976; Greenbaum

et aI.¡ 1978; Prodouz, and Garrctt, 19Bl) either NADPH or NADH is utilized.

Il vitro the reduced pyridi-ne nucleoti'de-dependent activi.ties required

exogenous FAD for maximal activity (Lafferty and Garrett, L9l4; Garrett

and Amy , Ig77). The enzyme also utilized dithionite-reduced viologen

dyes as electron donors but under these conditions FAD v¡as not required

(Cook ancl Sorger, 1968; Lafferty and Garrett, L974).

The nitrite reductases from higher plants and algae utilize reduced

ferredoxin as the primary electron donor (Zumft, 1972). The enzymes from

Anabaena cyTindrica can also use NADPH as an electron donor but NADH was

inactive (Hattori and Myers , L966). This reaction required ferredoxin

which mediated the transfer of electrons from NADPH to ni-trite.

Ferredoxin could be replaced by either methyl viologen or benzyl vi-ologen

but not by FAÐ or FMN. Ferredoxin reduced chemically with dithionite or

enzymatically with NADPH as well as chemically-reduced viologen dyes were

effective elecEron donors rvhereas dithionite-reduced FMN and FAD were

inactive (Hatrori and Uesugi, 1968) . Although chemically-reduced violcgen
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dyes and flavins served as electron donor for the enzyme from a g::een alga

DunaTieTTa tertioTectaç neither NADPII nor NADH functioned as a reductant

even when exogenous FAD was added (Grant, 1970)'

The NAD(P)H-dependent nj-trite reductase from 1f. crassa also

ca1a|yzes other electron-transfer reactions in vitro (vega, 1916). These

activirles included NAD(P)H-hydroxylamine reductase, NAD(P)H-diaphorase

activity using either mammalian cytochrome c, 2,6-dichlorophenolindophenol'

ferricyanide or menadione as an electron acceptor. The NAD(P)H-

,hydroxylamine reductase activity displayed by nitrite reductase had some

similar properties to the NAD(P)H-nitrite reductase activity ' The FAD-

dependent enzyme was inactivated upon preincubation lsith NAD(P)H and Fi')

and the inactivation was proLected by substrates, inhibited by cyanide

and was sensitive to sulphydryl reagents (Lafferty and Garrett, L974;

vega et a] ., L975; Vega, 1976). Kinetic observations with the enzyme

from E. coTi (Kemp and Atkinson, 1966) inclic-ated that hydroxylamlne and

nitrite rvere both reduced at the same site. The I(, values for nitrite and

hydroxylamine respectively were 0.01 and 3 mi'l for the N. classa enzyme

(Lafferty and Garrett, :lg74),0.01 and 1.5 rnll for E. coTi niLrite reductase

(Kemp and Atkinson, 7966), and 0.05-0.08 and 5-8 mlf for the enzyme from

BaciTTus fischeri. (Prakash and sadana, 1972). They all suggested that

nitrite is the physiological substrate since hydroxylamine did not appear

to be an intermediate product in nitrite reduction. Moreover, l4cElroy

and spencer (1956) showed that hydroxylamine at 0.1 ml4 was toxic to the

growth of N. crassa.

The reduced pyridine nucleotide-dependent nitrite and hydroxylarnine

reductases which required FAD for maximal activity, were more heat-labile

and more sensitive to inhibition by p-hydroxymercuribenzoate than Che
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dithionite-reduced viologen depenclent activity (Lafferty and Garrett' I974)'

The inhibition by p-hydroxymercuribenzoate could be reversed by either

cysteine or glutathione. Nitrite reductase was also lnhibited by cyanide '

sulphite and O-PhenanLhroline.

Nitri te reductase has some similarities rvith sulphite reductase since

both enzymes cataly ze a 
'-electron 

reduction , utilize similar electron

donors arrd prosthetic groups and are affected by the same inhibitors

(prabhakararao and Nicholas, :.969; I97O; Murphy et a7., I974; Greenbaum

et a7.,1978; Siegel et a7., L9B2; Janick et a7" 1983)' The sulphite

reductase was originally classified as nitrite reductase since this enzyme

from E. coTi also reduced nitrite,and hydroxylamine to ammonia (Kemp et a1'¡

L963; Siegel et a7., f973). Similarly the sulphite reductase from yeast

could also catalyze these reactions (Yoshimoto and sato, 1968;

prabhakararao and Nicholas, 1970). However, the Kr values of sulphite

reductase for nitrite and hydroxylamine were too high for nitrite to be a

substrate under physiological conditions (Siegel, I975; Krueger and Siegel'

LgB2). Moreover, it is noteworthy that nitrite reduclase frorn E' coTi

(Kemp and Atkinson, f966) and N. crassa (Greenbaun et a7,,1978) did not

reduce sulphite, although l,afferty and Garrett Q974) found that sulphite

r^ras a competitive inhibitor of nitrite reductase in N' crassa'

I.2.3 Metabolism of ammonla into amino acids

The main pathway of amrnonia assimilation in microorganisms and plants

was earl-ier accepted to be the reductive amination of o-ketoglutaratê

(Davies, 1968; Sims et a7.t 1968) which is catalyzed by the enzyme

glutamate dehydrogenase, E.C.1.4.I.2 (Shapiro and Stadtman, 1970) as follows:

,{ ll, t?

a-keroglutarate + NH; + NAD(P)H ,. * glutamate + NAD(P)+'¡{Ot3l
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In Aerobacter aerogenes it was found that glutamate dehydrogenase operated

only when ammonia was in excess. Indeed in cel1s grov/n rvith I imited

amounts of ammonia, glutamate dehydrogenase was repressed (i'leers et a7'¡

1970). Kinetic studies have demonstrated that glutarnate dehydrogenase has

a low affinity for ammonia (Sakamoto et al. , 1975; Tyler, 1978) ' It is

now thought that the assimilation of ammonia into arnino acids at lot'¡

ammonia concentrations occurs via the glutamine synthetase/glutamate

synrhase parhway (Tempest et â7.: T97O; 1973; Miflin and Lea, L976; 1980;

Hummelt and Mora, 1980a):

)+
glutamate + NHI + ATP M""' , glutamine + ADP

c-ketoglutarate + glutamine + NAD(P)H 

-+
2 glutamate + NAD(P)

+ Pi t4l

tsl

T
jt{

1Ì

The coupling of glutarnine synthetase and glutamate synthase reactions re-

sults in an irreversible route for the production of glutamate ' Because of

this irreversibj lity and hi-gh affinity for ammonia both enzymes of this

pathway can function in a very efficient manner when the cellular levels of

free ammonia are 1ow (Sawhney and Nicholas, 1978b; l"lurrell and Dalton'

1983; Florencio and Rarnos, 1985).

1.2.3. 1 G1u tamine svnthetase

Glutamine synthetase (L-glutamate : ammonia ligase (ADP

forming), E.C.6.3.I.2) ca1a:_yzes the ATP-dependent production of

glutamine from ammonia and glutamate as shown in reaction [4] '

In addition !o the transarnination of the amino group of glutamine

to an O-ketoacid, the amide-nitrogen of glutamine forrned may serve

as a nitrogen donor for the synthesis of hiscidine (Neidle and

t
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I¡laelsch, 1959), tryptophan and p-aminobenzoic acid (Weiss and

srinivasan, 1959; Gibson and Gibson, 1962), purines (Buchanan, 1960)'

pyridine nucleotides (Preiss and Handler, 1958), cytidine nucleotides

(Hurlberr and chakraborty, 1961), citrulline (Levenberg, 1961),

glucosamine (Leloir and cardini, 1953) and carbamyl phosphate

(Pierard and \^liame , 1964). The glutarnine synthetase has been shown

to play an important role in nitrogen metabolism in bacteria

(Nagatani et a7., I97Ii Brown et a7., l-974), fungi (Sims et a7"

Lg74; Quinro et a7.,1977), algae (1^/o1k et a7,, L976; Thomas et

a7., Lg17) and in higher plants (Lea and Miflin, L974; Stervart and

Rhodes, ]j976). The enzyme from bar-teria has a molecular weight in

the range 617-720 kDa and contains twelve j dentical subunits

(Kleinschmidt and Kleiner, 1978; Alef et a7.t 1981; Bhandari et

a7., 1983; Murrell and Dalton, 1983; Kimura et a7', 1984; Kumar

and Nicholas, r9B4). The molecular weight of the enzyme from

etrkaryotic organisms, namely between 360 and 47O kDa, is relatively

smaller than Lhat from prokaryotes (Sims et a7., 1974; Palacios'

I976i Lin anrl Kapoor, L}TB; Mitchell and Magasanik, 1983;

Beudeker and Tabita, 1985). The enzymes from N. crassa and other

fungi are composed of 8 subunits except t-hat glutamine synthetase

, from Saccharonyces cerevisiae consists of 10-12 subunits (l"fitchell

and lfagasanik, 1983).

The most extensive biochemical studies on glutamine synthetase

have been carried out in E. coTi (Ginsburg and Stadtman, L913;

Tenpest et a7, ¡ Lg13). They establj-shed that glutamine synthetase

in B. coli sguld respond to changes in extracellular concentrations

of ammonia. The enzyme was rapidly inactivated (biosynthetic

L

ttl
,{

rì

!
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activity, reaction 4) when the ammonia concentration was l-righ, but

it stil1 retained ]-glutamyltra[sferase activiÈy Ireaction 6]:

glutarnine + NH20H ADP.I'{e2+ ) y-gluramylhydroxamate {- NH3 t 6 ]
arsenate

Theglutami.nesynthetasefrommicroorganismsisregulatedby

three different but related mechanisms namely covalent- modification

byadenylylation,activationbydivalentcationsanclfeedbackin_

hibition by the end-products of glutarnine metabolism. The native

enzyme from E. col.i has 12 identical subunits arrangecl in t*'o

hexagons, the r¿ho1e aggregate behaving as a spherical particle which

is stabilized by divalent cations (Brown, l9B0)' Each subunit

contains a specific tyrosyl residue which can be adenylylated

enzymatically (Kingdon et aÍ., 1967) to forn a 5r-adenylyl-o-tyrosyl

derivative. A fully adenylylated enzyme is biosynthetically

inactive and removal of these adenylyl groups resulted in restoration

of the biosynthetic activity (Shapito et a7', 1'967 Tyler' 1978)'

The extent of adenylylation, measured as an adenylylation number '

is usually estimated by the transferase reaction [6] where the

adenylylated and deadenylylated forms shorv different cation speci-

ficities (Shapiro and Stadtman, L97O; Brown, 1980)'

Thebiosyntheticactivityofafullyadenylylatedenzyme

was dependent on l,ln2* *hereas the biosynthetic activity of the

unadenylylated enzyme required t'lg2+ lsnapiro and Stadtman, 1970)'

In contrast to the biosynthetic activity, Mn2* was required for

transferase activity of both adenylylated and deadenylylated forms

of the enzyme. Furthermore, the addition of Mg2+ to the Mn2+-

dependent transferase assay inhibited the activity of the adenylylated

!

.ì
,lt

'r

I
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subunits only (SEadtman et a1" 1970) and so the relative state of

adenylylation can be measured by comparing the activity in the

presence of l,{n2+ only with that of both Mn2+ and I'fg2+. The adenyl

groupcanberemovedfromadenylylatedenzymeinvitrobytreating

the enzyme with snake venom phosphodiesterase (Vairinhos et a7"

1gB3; lufurrell and Dalton, r9B3; Kumar and Nicholas, 1984; Kimura

et a7.1 I9B4 llasters and Madigan, f9B5)'

Feedbackinhibitionofglutaminesynthetasebyanumberof

possibleendproductsofglutaminemetabolisnwasfirstobservedin

E, coTi (l/oolfolk and Stadtman, Lg64) and subsequently found to

occur in several other organisms including 1z ' vinefandii

(Kleinschmj-dt and Kleiner, 1978) , ChTorobiun vibrioforne f '

thiosuTphatophilum (Khanna and Nicholas' 1983b) ' Anabaena L-31

(Tu1i and Thomas, 19Br) and PseucJomonas fTuorescens, saTnoneTTa

typhinurium and CTostridium pasteurianun (llubbard and Stadtman' 1961)'

The enzyme from B.subtiTis (Deue1 and stadtman 1970) , B' stearotherno-

philus (\rtedler et a7.t 1976) and Anabaena (Stacey et a7'¡ 1979) was

not regulated by adenylylation but feedback inhibj-ti-on appeared to

bethernainmechanismforcontrollingglutamineproduction.A

partiallyadenylylatedenzymefrornE.coljwasmoresensitj.Veto

feedback inhibition than the unadenylylated enzyme (Brown, 1980)'

Each subunit had specific binding sites for the feedback inhibitors

such as cTP, glucosamine-6-phosphate, carbamyl phosphate ' trypto-

phan, hi-stidine, Al"lP and a single site for amino acids including

serine, glycine and alanine (Brcwn, 1980)'

I

i
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r.2.3.2 Gl.utamaLe svnthase

The reductive transfer of Lhe amino group from glutarnine

to o,-ketoglutarate to produce tv/o molecules of glutarnate Ireaction 5]

is cataly zed by glutamate synthase (glutamine (amide) z 2-oxo-

glutarate amino transf erase oxidoreductase, E.C.1.4.1. 13-14) ' Tl-ris

enzymewas first detecLed in ,4. aerogenes gl:own at low concentrations

of arnmonia (Tempes L et a7. , 1970) . sirnilar results were observed

v¡ith A. âêrogêDêst Erwinia coratovora, Ps. fTuorescens, B' subtiTis

var. niger, B, subtiTjs I^123 1 B. negateriun (Meers et a7. t 1970) .

Since then the enzyme has been purified from E. coTi (Miller and

Stadtman, Ig72; Miller, Lg73), A. --srogenes (Trotta et a7.t 1974)'

ThiobaciTl.us thioparus (Adachi and Suzulci, 1977), B. negaterium

(Hemmila and Mantsala, 1978), Cb. vibrioforne 1. thiosuTphatophiTun

(Khanna and Nicholas, 1983b), and Derxia gunnosa (wang and Nicholas,

1985) and its properti-es sLudied' TempesL et a7' (1973) and

Brown et a7. (1973) claimed that eukaryotic organisms lncluding

Sac. cerevisiae¡ C. utiTis, Asp' 'nidulans and N' crassa do not contain

glutamate synthase. Subsequently, however, the enzyne was detected

in some species o1 Schizosaccharonyces and saccharonycodes Tudwiggi

(Brown et af., Ig73, Johnson and Brown, L974) and in sac. cerevisiae

(Roon ei a7,s Ig74). More recently gluLamate synthase has been

purified from sac . cerevisiae (l4asters and Rowe, 1979) , N. crassa

(Hummelt and Mora, lg8ob), ChTamydononas reinhardü (Galvan et a7"

1984)andalsofromhigherplants(BolandandBenny'1977;

lrlallsgrove et a7.r 1977; Hirasav¡a and Tamura' 1984)'

The enzyme from microorganisms has a molecular weight in the

range L46-B4O kDa and the number of subunits varies from 2-8 subunits
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(Miller and stadtman, 1972; Adachi and Suzuki, L977; Hemilla and

Mantsala, :-:g78; llasters and Rowe, 1979; Yelton and Yoch' 1981;

Galvan et a7., 1984). The purified glutamate synthase from E' coTi

was found to be an iron-sulphur protein (l"liller and Stadtrnan, 1912;

I,liller , Lg73) made up of eight subunits , viz' f our large

(molecular weight 135 kDa) and four small (53 kDa)' The

A. aerogenes and Sac. cerevisiae enzyme was also composed of 2

unequal subunits (Trotta et a7., 1974i Masters and Rowe, 1979) but

the enzyme from N. crassa w¿ls composed of a single type of nonomer

with a molecular rveight more than 200 kDa. Both iron and sulphur

were present in the heavy subunit which also bound glutamine (Trotta

et a7.: Ig74) whereas the light subunit did not bind the substrate.

The enzyme contaj-ned flavin (Trotta et a7., 1974; Adachi and

Suzuki, Ig77; I4asters and Rowe, 1979); and in B. subtiTis there

were eight molecules per mole of enzyile (Miller , L973) '

In bacteria and fungi, reduced pyridine nucleotides were

electron donors for the enzyme (Adachi and suzuki, L974i Roon et

a7., L974i llasters and Rowe, IgTg; Hummelt and Mora, l9$0a; l9$0b;

vairinhos et a7., 1983; llang and Nicholas, 1985) whereas reduced

ferredoxin functioned in algae and hi-gher plants (\'lallsgrove et

a7., L977; Galvan et a7., I9B4; Hirasar¿a and Tamura, 1984). The

partially purifì-ed glutamate synthase from Tb. tltioparus had a

specific requirement for NADPH, glutamlne and a-ketoglutarate

(Adachi and suzuki, 1977). The K, values for NADPH,cT-ketoglutarate

and glutamine respectively, were in the range 3-15 UM, 7-300 pl'i and

130-1100 pM (Mi|ler and Stadtman , Lg72; Trotta et a7., 1974] Adachi

and Suzuki, L977; Hemmila and Mantsala, L97B1. Yelton and Yoch,198f)'



18

1.3 Aims of the studY

This thesis is concerned with biochemical aspecEs of the assimilation

of nitrate into glutamate in a plant paLhogenic fungus scTerotinia

scTerotiorun. These studies incLude the following topics:

(i) Purification and characterization of nitrate and nitrite reductases

as well as glutamine synthetase and glutamate synthase'

(ii) Regulation mechanisms for these assimilatory enzymes.

(iii) Use of 15N-1.b"11"d (NH¿*)2SO¿* and appropriate i-nhibitors' namely

MSX for glutamíne synthetase and azaserine for glutamate synthase

to determine the pathway of ammonia incorporation into glutamine

and glutamate in v¡ashed mYcelía.
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2. MATERIALS AND I'IETHODS

2.I Culturing ScTerotinia scTerotiorum

2.T.7 Growth conditi-ons

Culture of S. scTerotiorum was kindly supplied by Dr. M. Carter,

Dept. of Plant Pathology of \¡laite Agricultural Research Institute ' The

fungus was maintained on Czapek-Dox agar plates containing per litre:

glucose,15g; NaNO3,2gi KH2PO4,19; KCl, O'5g; MgS04'7H2O' 0'59;

FeSO4 .7H20. 10 mg i ZÌSO4.1H2O, 10 mg; CuSO4 '5HZO' 5 tg; MnSO4'H2O'

o,42 ng; NaMoO4.2H2O, 0.40 mg; and agar (for solid medium), 2Og.

Mycelial discs (t cm2) from the outermost growth zone of 4-5 day old

cultures gro\rn on agar plates ac 25"C were used as inocula. Into each

100 ml sterile culture medium j-n 250 m1 conical flasks, stoppered with

cotton wool, was added aseptically 3 discs of inocula. After incubating

at 3OoC on a gyratory shaker for 4 days the contents of each flask were

transferred into lL conical flasks containing 300 rn1 of sterile culture

medium and incubation continued rot 2 days. These felts were used for

the extraction and assays of nitrate reductase, glutamine synthetase and

glutamate synthase. The felts used for nitrite reductase preparations were

incubated lor 4 daYs.

2,7.2 Harvestine

The felts harvested by centrifugation aL 9,000 g for 5 min at 4"C in

a SorvalL RC-28 refrigerated centrifuge ' were washed three times with cold

buffers which vary with the enzyme preparation as indicated later ' The

felts were then blotted between towel paper to remove water ' Except for

nitrite reductase preparations, the blotted mycelial pads could be stored
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at -15"C for I month without 10ss of enzyme activity. Fresh mycelial

felts were always used for nitrite reductase preParations '

2.2 Enzyme methods

2.2.1 Nitrate reductase assay

Nitrate reductase activity was determined by either measuring the

procluction of nitrite colorimetrically or by following the nitrate-dependent

oxidation of NADPH spectrophotometrically at 340 nm in a 1 cm quartz

cuvette in a Varian Techtron model 635'

2.2.r.r Colorimetric

Theenzymeactivity}/aSdeterminedat30"Cusingeither

NAD(P)H, reduced viologen dyes or reduced flavin nucleotides as an

electron donor.

when NAD(P)H was used as an electron donor the enzyme was

assayed in open test tubes (1.3 x 10 cm)' The reaction mixture

conrained (:-n t m1 final volume): 50 mM phosphate buffer (pH 7.1);

l rnl'f KN03; 0.2 mM NAD(P)H; 10 UI4 FAD and an apPropriate aliquot

of the enzyme. The reaction was started by the addition of NAD(P)H

and stopped after 15 min by adding 0.1 ml luf Zn-acetate followed by

1.9 ml 957" (v/v) ethanol. Test tubes containing the same reaction

mixture but the reaction terininated aL zeto time were included as

controls. The reaction mixture was centrifuged at 3,000 g for

10 min in a bench MSE centrifuge. Nitrite produced in 1 ml

aliquots was determined as described in Section 2.4.L.

The reaction mixture for the nitrate reductase assay with

either I,lvH, BVH, FADH2 or FMNH2 as an electron donor was 50 mlf
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phosphate buffer (pH 7.5); 10 ml4 KNO3; 0'2 mM l"lv' BV' FAD or FMN;

1 mM Na2S2O4, in 17" (w/v) NaHCO3 and an appropriate aliquot of the

enzyme. The assay was carried out in test tubes (1 x 10 cm) fitted

with subaseals. The tubes were evacuated by a water suction pttmp

yia needles inserted into the rubber caps and then flushed with

argon for 2 min. The reaction was started by adding Na2S204 (freshly

prepared in 1% w/v NaHCO3 under argon) and stopped after 15 min by

rapid oxidation of the electron donor system by stirring the reaction

mixture in a Vortex mixer. Zeto time controls were always included

and the nitrite produced was determined by the procedure of Hewitt

and Nicholas (1964) as described in Section 2'4'L'

2.2.r.2 Spec trooLrotometric

The NADPH-linked nitrate reductase activity was also

measurecl by following the rate of nitrate-dependent NADPH oxidation

in a I cm quartz cuvette at 340 nrn using a recording spectrophoto-

meter (Varian Techtron model 635). The reaction mixture (in a 3 m1

final volume) conrained: 50 mÙl phosphate buffer (pH 7.1); 1 ml4

KN03; 0.2 ml"f NADPH; 10 UM FAD and an appropriate aliquot of the

enzyme. The reaction was started by addi-ng nitrate '

2.2.2 Nitrite reductase and hvdroxvlamine reductase assays

Nitrite reductase activity hras assayed by measuring the utilization of

nitrite, Ehe production of ammonia and by following the oxidation of NAD(P)H'

2.2.2.L Colorimetric

The enzyme activity hras determined at 30"c using either

NAD(P)H, reduced viologen dyes or reduced flavin nucleotides as the

reductant.
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The NAD(P)H-dependent nitrite utilization was measured in

open test tubes at 30oC. The reaction mixture in a total volume of

I ml conrained: 50 mM phosphate buffer (pH 7.0); 0.1 mM KN02;

0.2 mM NAD(P)H; 10 Ul"I FAD ancl an appropriate aliquot of the enzyme'

The reaction was started by adding NAD(P)H and terminatecl after

10 min by adding 0.1 ml 14 Zn-acetate following by 1.9 ml 957" (v/v)

ethanol . The reaction mixture \,/as centrifuged at 3,000 g for

10 min in a bench centrifuge and nitrite determined in aliquots of

the supernatanE as described in Section 2.4.I. The reaction termina-

ted at zero time was always included as control '

The NADPH-dependent ammonia production was neasured as Ior

the NADPH-dependent nitrite utilization described earlier, except thar-

the total volume was 2 ml. The reaction was terninated by adding

25 VI 40 mM KCN. Ammonia formed was determined by the phenol-

hypochlorite reaction (Russell, 1944) following a microdiffusion pro-

cedure in conway units, as described in Section 2.4.2. Zero time

controls were always included in these experiments.

For determining ammonia production in the hydroxylarnine

reductase assay, hydroxylamine-hyar{cnfloride (12 rnM) was ttsed instead

of nitrite as an electron acceptor. The composition and concentration

of other components of the reaction mixture was as for the nitrite

reductase assay described earlier.

For determination of nitrite reductase activity with either

MVH, BVH, FADH2 or FMNH2 as an electron donor, the reaction nixture

(in 1 ml final volume) contained: 50 mM phosphate buffer (pH 2.3);

0.1 ml4 KNO2; 0.2 mM MV, BV, FAD or FMN; I mM Na2S204 and an appro-

priate aliquot of the enzyme. The assay was carried out under
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anaerobic conditions as described for the MVH-nitrate reductase assay

(Section 2.2.L.1), The reaction was stopped after 10 min by vigorous

agitatlon in a vortex mixer. Nitrite was determined in 0 .25 nL

aliquoLs as described in Section 2.4.L. Zero time controls rvere

always included in these experiments.

2.2.2.2 SoectroPhotometriç

The rate of nitrite-dependent NAD(P)H oxidation was followed

in a 1 cm quartz cuvette at 340 nm using a Varian Techtron Spectro-

photometer. The 3 ml total reaction mixture contained: 50 mll

phosprrare buffer (pH 7.0); 0.1 ml"l KNO2; 0.2 ml'{ NAD(P)H; 10 UM FAD

and an appropriate aliquot of fhe enzyme. The solution was mixed

thoroughly by inverting the cuvette several times before the reaction

was started bY adding nitrite.

For determination of hydroxylamine reductase, the electron accep-

tor was hydroxylamine-hydrochloride (12 mM). Diaphorase type

activities were measured with either ferricyanide (0.2 ml"I), DCPIP

(0.5 mM) or mammalian cytochrome c (0.05 ml"f) as electron acceptors.

2.2.3 Glutamine s'.nthetase assay

Glutamine synthetase activity was determined by Ehe transferase ancl

biosynthetic reactions according to the procedure of Shapiro and Stadtman

(1e70).

2.2.3.r Transferase reaction

The enzyme activity vfas determined in a reaction mixture

(1 ml) in Eest tubes (1.3 x 10 cm) containing: Tmidazole-HCl buffer
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(pH 7.0), 40 ml4; glutamine, 30 mM; hydroxylarnine-hydrochloride

(neurralized wirh 2M NaOH), 30 mM; MnC12.4I12O, 0.3 mM; poEassium

arsenate, 20 mM; ADP, 0.4 mlul and an appropriate aliquot of the enzyne'

The reaction was started by adding the enzyme and the reaction

mixture was incubated for 15 min aL 37"C. The reaction was

terminated by adding 2 ml of the following reagent mixture: 3'3% (v/v)

FeC13 and 27" (w/v) TCA in 0.25N HCf. The colour was read at 540 nm

in a 1 cm glass cuvette using a Shimadzu (QV-50) spectrophotometer '

The amount of "y-glutamylhydroxamate produced was determined from a

standard curve . Zero time controls tvere always included in these

experiments.

2.2.3 .2 Biosynthetic reaction

The biosynthetic activity was determined in reaction mixture,

in a final volune of 0.5 ml, containing: Imadazole-HCl buffer (pH 7'O)'

50 mM; glutamate, 100 mM; NH4C1, 50 mM; either MgC12, 50 rnM or

MnC12.4H2O, 5 mM; ATP' 7.5 mM and an appropriate aliquot of the

enzyme. The reaction started by adding the enzyme' was carried out

in test tubes (1.3 x 10 cm) at 37oC. After 15 min the reaction was

rerminared by adding 3 ml of. 17" (w/v) FeS04.7H2o in 0.015N H2s04

followed by 0.3 ml of 6.6% (w/v) arnmonium molybdate in 7.5N H2S04'

The colour developed after 1 min was read at 660 nm in a 1 cm glass

cuvette in a Shimadzu (QV-50) spectrophotometer. The amount of Pi

formed was calculated from a standard curve using KH2P04 as the

standard. zero time controls l{ere always included in these

experiments.
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2.2.4 Glutamate svnthase assaY

The activity of the enzyme \ì¡as determined at 30oC by measuring the

initial rate of oxidation of NADPH in a 1 cm quartz cuvette at 340 nm using a

Varian Techtron spectrophotometer ' The reaction mixture, in 3 ml final

volume, containecl: 100 ml'f phosphate buffer (pH 8.0) ; 6 mM glutamine;

3 mtl s-ketoglutarate; 0.1 ml4 NADPH and an appropriate aliquot of the enzyme'

2.2.5 Determinatio n of Michaelis-Menten constant (Ç)

In order to determine the K, values, the enzyme activity was

measured at various concentrations of one substraLe, in the presence of

saturating concentrations of the other substrate. The Kr value was then

estimated from a double reciprocal plot of the velocity of the reaction

against concentration of substrate as described by Lineweaver and Burk

(1e34).

2.2.6 Dete rmination of inhi-bitor constafr! {-E;)

For determining the Ki values, the enz\¡me activity was measured at

variOus concentrations of substrate in the presence of various concentrations

of inhibitor. The Kj values were determined from reciprocal plots of the

rate of reaction against inhibitor concentratj-on as described by Dixon and

vlebb (1979).

2.2.7 Determinat ion of molecular weights

2.2.7.r Gel filtration

The molecular weight of the purified enzyme vtas determined

by gel filtration through a Sepharose 68 column (78 x 2 cn) according
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to the method of Andrews (1970). The column prepared and equili-

brated as described in Section 2.3.2.3, was calibrated with

rhyroglobulin (MI^/ 669 kDa), ferritin (440 kDa), catalase (232 lcDa),

aldolase (158 kDa) and albumin (68 kDa) as protein markers. Void

volume of the columr was determined frorn the elution of blue'dextran.

The molecular weight was estimated from plot of log (Mhl) agai-nst

distribution coefficient (K.u). The Kuu values were calculated

according to the following equation (Andrews, 1970):

Kuu = (Ve-Vo)/(Vr-Vo)

where Ve = the elution volume

Vo = the void volume

Vt = the bed volume

2.2,7.2 Electrophoresis

The molecular weights of the enzyme subunits \,/ere determined

by polyacrylamide (I2.57. w/v) slab gel electrophoresis in the presence

of 0.I% (w/v) sodium dodecyl sulphate. The enzyme solution was

boiled in a waterbath for 3 min in the presence of L% (w/v) SDS and

57" (v/v) B-mercaptoethanol. To facilitate layering, glycerol (57",

v/v) was added to each sample and bromophenol b1're was used as a

tracking dye. The running buffer used was 0.025M Tris, 0.1921'{

glycine and 0.1% (w/v) SDS. Electrophoresis was performed at a

constant current of 20 mA Ehrough the stacking ge1 and then increased

to 30 mA in the resolving gel. The tracking dye was allowed to

Eravel approximately 0.5 cm from the bottom of the ge1 before term-

inaEion of electrophoresis. The proteins used as markers were

phosphorylase b (subunit }fi\t 94 kDa), albumin (67 kDa), ovalbumin
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(43 kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20 kDa)

and 0-lactalbumin (I4.4 kDa).

2.2.8 Separation and identification of flavin from nitrate reductase

Tubes containing the purified enzyme were placed in a boiling water

bath for 15 min. After cooli-ng the precipitated protein was renoved by

centrifugation at 100,000 g for 30 min. The supernatant was loaded onto a

DEAE-cellu1ose column (DE-32, 3 x 12 cm) equilibrated with 50 mM phosphate

buffer (pH 7.5). After washing with the same buffer, the column was eluted

r+ith a 200 ml linear gradient of NaCl (0-0.3M) in the buffer and 2 ml

fractions w-^e collected using a LKB Ultratãc fraction collector. A1l

yellow coloured fractions were pooled, desalted by passing through a Sephadex

G-10 column (1.5 x 15 cm) and then concentrated in a Speed Vac Concentrator,

model SVC 100H (Savant Instrument, N.Y.).

Aliquots of the isolated flavin as well as the qppr:opriate standards

namely FAD and FMN (2 mg/ml) r{ere spotted 7.5 cm apart on a h/hatman 3l'll'{

paper (23 x 57 cm). The chromatograms were developed for 30 hr in a

descendirìg sequence using t-butanol : L¡ater (60:40) as the solvent system.

After drying, the flavins were located on the chromatograms by viewing under

U.V. light.

2.2.9 Adenvlvlation and deadenvlvlation of elutamine svnthetase

The extent of adenylylation of glutamine synthetase was deEermined by

measuri¡g the transferase activity (as described in Section 2.2.3.1)'with

and without 60 mM MgCl2 (Shapiro and StadÈman, I97O; Michalski et a7.,

1983; Vairinhos et a7.t 1983). The values obtained were then used to

determine the adenylylaCion state (n)of the enzyme in the following formula:



28

activit \^¡ith 0.3 mM Mr,2* + 60 mM
2+

n=B-8
)( activity with 0.3 rnM

PercenE of adenylylation was determined by dir'íding n by B then multiplying

by 100.

Since the adenylylated enzyme can be deadenylylated by treatment r¡ith

snake venom phosphodiesterase (SVD), 500 Ug of SVD was added to 10 m1 of a

purified preparation of glutamine synthetase. After incubating for t hr

at 37oC the mixture was passed through G-10 colurnn (1.5 x 10 cm) to

separate AMP rvhich was cleaved from the adenylylated enzyme. Fractions

collected from the column (G-10 fractions) were then assayed for its trans-

ferase activity with or without 60 mM MgC12. The values obtained were then

used to determine the adenylylated state as described above for the

untreated enzyme.

To establish that AMP was cleaved from the adenylylated enzyme, the

AMP released was detected by polyacrylamide ge1 electrophoresis. A sample

for electrophoresis r^/as prepared as follows: 500 pg SVD was added to 10 ml

purified enzyme preparation. After incubating at 37oC for t hr, the

mixture was concentrated to 250 pl using a Speed Vac Concentrator. The

sample (100 u1) and 10 U1 (0,2 ng/nl) AMP st-andard were loaded separately

onto the polyacrylamide gel (12.57", w/v). To facilitate layering, glycerol

was added to the sample to a final concentration of 57" (v/v). Prior to

loading the samples, the gel was equilibrated for 15 min at 20 rnA. The

running buffer used was 0.09M Tris, 0.081'{ boric acid and O.93g/I Na2-EDTA

(pH 8.4). The electrophoresis h¡as performed for 15 min at 20 mA t-hen at

30 mA f.or 2.5 hr at room temperature. The AMP was detected in the gels by

U.V. light by reference to an appropriate standard.
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2.3 General techniques

2.3.I f ncor ration of l5N into washed felts

htashed felts (approxirnately 1g fresh weight) were suspended, with

gentle shaking, into 20 ml of N-free culture medium. The suspensions

were incubated with and without L-methionine-Dl-sulphoximine (2 mM) or

azaserine (1 mM) for 2 hr at 30"C. Then into each sample was added

115llH4¡2S04 (5 mM final concentration) and incubation continued for a

further t hr. The felts, filtered through a l'Jhatman paper No. 541 in a

glass funnel connected to a vacuum flask, $/ere washed thoroughly wi-th cold

glass double distilled water. The fe1ts were then dispensed into micro-

Kjeldahl flasks containing 4 ml of 36N H2S04 and 24g oÍ Kjeldahl catalyst

(7g HgO + 93g K2S04) for a 3 hr digestion. The amrnonia produced by NaOH

treatment of digested samples was distilled in a Markham apparatus into l%

(w/v) boric acid which was then titrated with 0.01N sulphuric acid. After

adding 0.1 ml N H2S04, the solution l{as concentrated to 2 ml by heating on

a hot plate. The ammonium N was converted into N2 by adding alkaline

hypobromite in rigorously evacuated Rittenberg tubes (Brownell and Nicholas '

Lg67). Measurements of 15N enrichment were carried out in a 602E Mass

spectrometer (ISOIASS , Middlewich, Cheshire, U.K.).

2.3.2 Preparations of columns

The columns were prepared according to the instructions given by the

manufacturers; Amicon Corporation for Matrex Gel Blue A, Pharmacia Fine

Chemicals for Blue Sepharose CL-68 and Sepharose 68, and Whatman Ltd. for

DEAE-ce11u1ose.
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2.3.2.I Matrex Gel Blue A

The column packed by pouring the preswollen gel into a

glasscolumninoneoperationwasgeneratedwithfourbedvolumes

ofBMUreain0.5NNaOHandthenequilibratedwith0.l}lphosphate

buffer (pH 7.5). Before reuse, the column was alrvays regenerated

as described above. \,ühen not in use the column was stored at 4oC

at pH 7.5 in the presence of O'27" (w/v) sodium azLðe'

2.3.2.2 81ue Se se CL-6B

Thefreeze-driedpowderofBlueSepharoseCL-6Brvasswollen

for 15 rnin and washed with glass distilled water on a sintered glass

filter. About 200 ml of distilled water was used for each gram of

drypowder,givingafinalvolumeofapproximately3.5mlgel.The

gelwaspackedintoaglasscolumnandthenequilibratedr'¡itheither

50 ml"l Tris-HCl buffer (pH 7.0) containing l rnM IlnC12, for purifying

gluramine synthetase or 50 mM Tris-HCl buffer (pH 7.5) for glutamate

synthase purif ication. For reuse, the gel was regeneratecl l"ith 4-5

washing cycle of alternate 10 column volumes of 0.1M Tris-HCl buffer

containing 0.5M NaCl (pH 8.5) and 10 column volumes of o.l}f Na-

acetate buffer containing 0.5ù1 NaCl (pH 4.5), and then washed rvith

the equi-libration buffer. llhen not in use the gel was stored at 2"c

in the appropriate buffer in the Presence of 0.I% (w/v) sodium azide'

2.3.2.3 Sepharose 68

ThepreswollengelofSepharose6Bwasdilutedwithglass

distilled h'ater and stirred gently with a glass rod ' After standing

for 30 min, fine partj-cles were removed by decantation and the ge1
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was degassed under reduced pressure. The homogenous slurry of the

gel was poured in one operation into a glass column until the

desired columtr height was attained. The column \{aS equilibrated

with the appropriate buffer. When not in use ' the column vlas

stored at 2oC j-n the presence of 17" (w/v) sodiun azide

2.3.2.4 DEAE-ce11u1ose

Cellulose ion exchanger ' DE-32 ' was stirred with a glass

rod in 15 volumes of o.5N HCl. After leavíng for 30 min, the super-

natant was decanted and the geJ- was rvashed in a funnel with double

distilled water until the pH of uhe.liltrate was 4. It was then

stirred in t5 vclumes of 0.5N NaOH and left for a further 30 min'

This second treatment was repeated and the gel was again washed in a

funnel r¿ith clouble distilled water until the pl-l of the f iltrate was B '

The gel rvas then equilibrated with either 50 ml"f Tris-HC1 buffer

(pH 7.0) conraining 1m},l Mnc12 or 50 mM Tris-HCl buffer (pH 7'5)'

The column ï¡as packed by pouring the homogenous slurry into a glass

column in one operation. After the gel had settled, the appropriate

buffer ,rras passed through the column until the pH of Che effluent was

the sarne as that of the equilibration buffer. For each use, DE-32

\^ras regenerated af resh as described above. wherr not in use the gel

vras stored aL 2"C in aqueous solution of 0.I7" (w/v) sodj'um azide'

2¿4 Other determinations

2.4.I Nitrite

Nitrite was deterrnined by the procedure of Hewitt and Nicholas (1964) '

The red azo dye in I ml of the aliquot was developed by adding t ml of 1%
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(r,,/v) sulphanilamide in 1.5N HCl followed by 1rn1 of 0.02% (w/v) aqueous

solu¡ion of N-l-naphthylethylenediamine dihydrochloride. After standing

for 15 nin the absorbance at 540 nm was read in a I cm glass cuvette using

a Hitachi Perkin Elmer spectrophotometer. The concentration of nitrite

was deternined from a standard curve.

2.4.2 Ammonia

The micro-diffusion technique of Conway (1962) was used and ammonia

rvas determined by the phenol-hypochlorite reaction according to Russell

(Lg44). Inro test tubes (1.3 
I 

10 cm) kept in an ice bath,'l.5 ml of

sanple was adcled followed by 50 y1 3 mM I"1nC12, 1ml. of cold 257" (w/v) phenol

ín 2.7N NaQH and I ml of cold hypochlorite reagent. The contents were

mixed by gentle rotation of the tubes which rvere then inserted quickly

into a boiling water bath for about 5 min. After cooling the colour was

read at 625 nn using a Hitachi Perkin Elmer spectrophotometer. The con-

centration of ammonia was calculated from a standard curve.

The hypochlorite reagent was prepared as follows: 259 of calcium

hypochlorite was thoroughly ground and then dissolved in 300 m1 of hot

clouble distilled water. Into Lhe hypochlorite solution 135 m1 of amrnonia-

free 20% (w/v) K2CO3 was added with stirring and after nixing thoroughly,

the mixture was heated briefly to about 909C. After cooling, the volume

was made to 500 m1. Then the mixture was filtered and the filtrate was

stored in a brown bottle in the dark at 2"C.

2.4.3 Protein

Protein was determined by the dye binding method of Bradford (1976).

To 1 ml sample containing 10 to lOO pg protein in test tubes (1.3 x 10 cm)
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was added.3 ml Bradford reageng (0.012 , w/v, coomassie Brilliant Blue G-250;

4.77", v/v, ethanol; and 8.57", wfv, phosphoric acid)' The contents were

mixed in a vortex unit. After stranding f,or 5 min, the colour was read

at 595 nm using a Hitachi Perkin Elmer spectrophoton'ìeter ' The protein

content v/as determined from a standard curve using bovine serum albumin as

the protein standard.

2.5 Biochemicals, chemicals and other materials

2.5.r Biochemicals and chemicals

A1l nucleotides, amino acids and organic acids, bovine serum albunin'

cytochrome c (horse heart), hydroxylamine-hydrochloride, y-glutarnylhydroxa-

mate, L-methionine-Dl-sulphoximine, azaserine, Tris (hydroxymethyl)

aminomethane, imidazole, dithiothreitol, p-chloromercuribenzoate ' rotenone 
'

amytal, acrylamide, N,Nt-methylene-bis-acrylamide, rnethyl viologen and

Coomassie Brilliant Blue G-250 were purchased from Sigma Chemical Co '

(St. Louis, lvfissouri, USA). Snake venon phosphodiesterase was obtained

from Boehringer Mannheim (I,/est Germany). The following protein markers:

g-lactalbumin, trypsin inhibitor, carbonic anhydrase, ovalbumin, albumin'

phosphorylase b, aldolase, catalase, ferritin and thyroglobulin were

purchased from Pharmacia Fine Chemicals (Uppsala, Sweden). Sodium diethyl-

dithiocarbamate was from Merck (Darmstadt, \rlest Germany), 2r6-dichloro-

phenolindophenol was from Ajax chemicals Ltd. (Sydney, Australi'a) and

benzylviologen was from B.D.H. Ltd. (Poole, England). i15nU4)rSOO

(5.25i4 atom excess) was purchased from LtOffice National Industrial de lrAzote

(OUIR¡, Marseille, France.

Allotherchemicalswereofthehighestpurityavailable.
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2.5.2 Other materials

l"latrex Gel Blue A was purchased from Amicon Corporation (Lexington,

Mass, USA). Blue Sepharose CL-68 and Sepharose 6B were obtained from

Pharmacia Fine Chemicals (Uppsala, Srueden). DEAE-cellulose (DE-32) and

[/hatman 3Mluf paper were f rom \,/hatman Ltd . (Kent, England ) .
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3. RESULTS

3.1 Ni-trate reductase

3.1.1 Puri fication

t
I

Nitrate reductase was purified lO8-fold with a recovery or 397" by

ammonium sulphate fractionation and affinity chromatography. All operations

during the purification were carried out at 4"C. The preparation of the

mycelial felts from cultures is described in Section 2'I'2'

Inatypicalpreparation2ogofftozenmycelialfeltsweretharvedand

homogenized in 60 ml of cold o.lM phosphate buffer (pH 7.5) containing 5 mM

EDTA, 5 ml4 cysteine, 10 Ull FAD and 10% (w/v) glycerol. The homogenate was

passedtwicethroughaFrenchpressurecellat20,000p.S.i.andthen

centrifuged at 27,000 g f.or 20 min. Nitr¿te reductase v/as recovered in

the supernatairt fraction (SZZ) which was used as crude extract'

solid ammonium sulphate was slowly added to the crude extract wlth

constant stirring under argon to a 4O7" ammonium sulphate saturation' During

the addition of ammonium sulphate, the pH of solution was maintained aL 7 '5

by adding cold 0.114 NaOlI. After standing in ice for 30 min the mixture

lùas centrifuged aL 20,000 g for 15 min. The pellet taken up in 0'M

phosphate buffer (pH 7.5) was dialyzed ror 4 hr against 3L of the same

buffer and then loaded onto a Matrex Ge1 Blue A colunn (100 x 15 mm)' Prior

to loading the enzyme, 50 ml of BSA (2 ng/nl in 0'1M phosphate buffer (pH 7'5)

containing o.2 mM EDTA and 0.1 mM DTT) was passed through the column which

was then washerl with 150 rn1 of the same buffer. After loading the enzyme

the column was again washed with the buffer containing 0'5 mM ATP and 0'5 mPI

NADP+, and then with 0.1M phosphate buffer (pH 7.5). The enzyme v/as eluted

I



36

\^/irh 0.1M phosphare buffer (pH 7.5) containing 1 mM NADPH.

the purification of the enzyme are given in Table 1 '

Details of

3.r.2 Properties

3.r.2.r Molecular weight

The purified nitrate reductase has a molecular weight of

210 kDa as determined by gel filtration on a Sepharose 6B column

(Fig. 1A). Estirnation of subunit molecular weight. of the enzyme

by mean of polyacrylamide gel electrophoresis in the presence of

sodium dodecyl sulphate showed two major bands. Thus the enzyrne

contains two subunits with molecular weights of 107 and 123 kDa

(Fie. rB).

3.r.2.2 Effect of pH

The pH dependence of nitrate reductase activity was determined

with either NADPH or MVH as an electron donor in the range of 6.5 to

8.0 (Fig . 2). The pH optima were 7.1 and 7.5 r.or the NADPH- and the

MVH-dependent reactions, respectively.

3.r.2.3 Electron donors

A variety of compounds have been tested as electron donors

for the purified enzyme (fracLion 3, Table 1). The results in

Table 2 indicate t-hat both NADPH and NADH function as reductants but

NADPH h¡as. more effective. For the NADPH- and NADH-dependent reactions

FAD was required for maximal activity; there was no enzyme activity

in the absence of added FAD or when FMN substituted for FAD. The
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TABLE 1: Pur ification of nitrate reductase

The enzyrne activity from each fraction was measured with either
ì4VH (values without brackets) or NADPH (values in brackets) as
an electron donor. The reaction mixture was as described in
Section 2.2.I .l .

One unit of enzyme activity corresponds to 1 nmole NOi
produced /min .

Fractions Activity

(units )

Protein

('g)

Specific
activitY
(units/mg
;;otein )

Purification

( fold )

Recovery

(7")

2. Precipitate from
o-4o% (NH4)2 SOa 372I
saturation, dialyzed(1334)
against 0.1I1 phos-
phate buffer (pH 7.5)
for 4 hr

1. Crude extract
(s27 )

3. Fraction 2 loaded
onto a }4atrex Ge1
Blue A column
(l0x1.5cm) and
eluLed with 1 mM

NADPH in O.lM
phosphate buffer
(pH 7.5)

3r38
( 1854)

r236
(488)

265.2

153.6

O. BB8

11 .83
(6 . ee)

20.32
( B .68)

1391 . 89
(s4e.32)

118

100

39

992
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FIG. 1A: Molecular wei ht determination of nitrate reductase
bv sel filtration.

The enzyme (fraction 3, Table 1) was passed through
a Sepharose 68 column as described in Section 2.2..7.I, Elution
buffer was 0.1M phosphate (pH 7.5) conraining 0.1M NaC1. The

K"u values were calculated from Kav = (Ve-Vo)/(Vt-Vo) where V"

is the elution volume, Vo is the void volume and V¡ is the bed

volume. The marker protei-ns of known molecular weight \^,ere:

(O) ferritin;
(¡) catalase;
(A) aldolase; and

(o) albumin.

FIG. lB: Estimation of subunit molecular weieht bv
SDS-polyacrylamide gel electrophoresis.

The molecular weight of the subunit of Ehe purified
enzyme (fraction 3, Table 1) was determined by polyacrylamide
(I2.57") slab ge1 electrophoresis in the presence of 0.17" (w/v)
SDS, as described in Section 2.2.7.2. Relative mobilities (Rf)
of the proteins were calculated by dividing the migration
distance of protein with the movement of the tracking dye at
the end of the run. The standard proteins used were:

(O) phosphorylase b;
(E) albumin;
(A) ovalbumin;

(O) carbonic anhydrase;

(tr) trypsin inhibitor; and

(A) s-lactalbumin.
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FIG. 2 Effect of pH on nitrate reductase activitY.

Activity of rhe enzyme (fraction 3, Table 1) was

measured at various pH values with MVH (D) and NADPH (g) re-

spectively as an electron donor. The reaction mixture was

as described in SecLion 2.2.L.I.
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TABLE 2: Electron donors for the purified nitr ate reductase act-ivitv

The assay conditions were as described in Section 2.2.I.I.
!,lhen NAD(p)H was used as an electron donor the reaction
mixture (in a final volume of I m1 ) was:

50 mM phosphate buffer (pH 7.f); 1 mM KNO3; 0'2 mM NAD(P)H;

10 uM þnl ät FMN and fO ue enzyne (fraction 3, Table 1)'

The reaction mixture with either l"lvH, BVH, FMNH2'or FADH2

as a reductant was:

50 mM phosphate buffer (pll Z.l); 10 mM KNO3; mM MV'

gV, FMÑ or^FAD and I mM'Ña2S2O4 (in I% w/v ÑaHC03, freshly
prepared) and 10 ug enzymel The enzyme preparation
ifräction 3, Table 1) was used after di.al_yzilg in 50 mM

phosphate buffer (PH 7.5) for 4 hr.
The results are expressed as 7" acLivity of controi (using
NADpH as an electrðn donor). The specific activity of the
control was 551 nmole NO2 lroduced/min/mg protein'

Electron donors Activity (7")

NADPH

NADPH, FAD

NADPH, WN

NADH

NADH, FAD

NADH, FMN

Na2S204

Na2S204, MV

Na2S204' BV

Na2S204, FAD

Na2S204, WN

0

100

0

0

24

0

0

242

r49

2T

43



4T

data in Table 2 also show the effects of dithionite reduced-viologen

dyes and -flavins on nitrate reduction. At a concentration of

0.2 mþl of reductant, the enzyme activity with MVH and BVH as an

electron donor was about 2.5- and 1.5-fo1d respectively, of that

with NADPH at a similar concentration. 0n the other hand dithionite

reduced-FMN or -FAD were less effective electron donors.

3.r.2.4 R^ values for substrate. reductant and cofactor

The effects of various concentrations of tritrate on enzyme

activity with various electron donors are illustrated in Figs. 34,

38, 4i: and 48. The apparent K, values for nitrate calculated from

double reciprocal plots using NADPH, MVH, FMNH2 and FADH2 as an

electron donor were (pM): 33, 170.0, 150 and 71, respectively.

The K, val.ues for NADPFI and FAD in the NADPll-dependent

reaction were 40 and 0.2 Ul'{, respectively (Figs. 5A and 58), whereas

that for MVH was 1.8 ul'f (Fie. 6).

3.I.2.5 Characterization of flavin isolated from the purified eq?Yme

The yellow-coloured fraction isolated from the boiled

purified nitrate reductase (fraction 3, Table 1) as described in

Section 2.2.8.showed an absorpLion band around 450 nm which dis-

appeared on the addition of sodium dithionite. This spectral change

indicated that the enzyme contains a flavin compound.

The isolated flavin compound, along with authentic samples of

FlfN and FAD were chromatographed on a 3MM Whatman Paper. In the

dried chromatograms observed under UV ligtrt (Fig.7) the flavin isola-

ted from niËrate reductase was found to have co-migrated with FAD.
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FIG. 3 Double r a rocal lots of the effects of v
trate concentraEions on -an

dependent nitrate reductase activities.

Â3 NADPH as an electron donor

B: l"lVH as an electron donor

Ni-trate reductase activities h¡ere determined as

described in Section 2,2.1.1, except that the concentration of

nitrate in the assay mixture was varied as indicated. The

purified enzyme preparation (fraction 3, Table 1) was used

after di.aLyzing agai-nst 3L of 50 mM phosphate buffer (pH 7.5)

for 4 hr.

= substrate (nitrate, mM)

= activity (Urnole NOj produced/min/mg protein).
S

V
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FIG. 4z Double reciprocal plots of the effects of various
and FADHo-

A: FMNH2 as a reductant.

B: FADH2 as a reductant.

The activity of the purified nitrate reductase

(fraction 3, Table 1) was determined as described for the

standard enzyme assay in SectÍon 2.2.1.1, except that the con-

centration of nitrate was varied as indicated. The enzyme

preparation (frac"ion 3, Table 4) was dialyzed against 3L of
50 ml4 phosphate buffer (pH 7.5) for 4 hr before it was used in
the assay.

$ = substrate (nitrate, mM)

V = activity (pmo1e NOj produced/min/mg protein).

concentrations of nitrate on FMNH^
ïffid
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FIG. 5: Double rqçíprocal plots of the effects of varying
NADPH and FAD concentrations respectively on NADPH-
dependent nitrate reductase activitv.

various concentration of NADPH.

various concentration of FAD.

Ni-trate reductase activity of the purified enzyme

(fraction 3, Table 1) was measured as described in Section
2.2.I.I, except that the concentration of either NADPH or FAD

, was varied as indicated. The purified enzyme (fraction 3,
Table 1) was dialyzed against 3L of 50 mM phosphate buffer
(pH 7.5) for 4 hr before it was used i¡the assay.

V activity of the NADPH-dependent reaction
(¡rmole NOj produced/min/mg protein).

A

B
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FIG. 6z A double reciprocal plot of the effect of various
concentrations of reduced methvl viologen on
nitrate reductase activitv

The activiEy of the purified enzyme (fraction 3,

Table 1) was deterrnined as described in Section 2"2.1.1, except

that the concentration of reduced methyl viologen was varied
as indicated. The purified enzyme (fraction 3, Table 1) was

used after díalyzing against 3L of 50 ml"f phosphate buffer
(pH 7.5) for 4 hr.

V activity (¡rmole N0) lroduced/min/mg protein).
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FIG. 7 z Seoaration of the flavin comDonent of the purified
nitrate reductase bv oaoer chromatoeraphy.

Flavin was isolated from the purified enzyme

(fraction 3, Table 1) as described in Section 2.2.8, The

isolated flavin along with authentic standards of FMN and FAD

were subjected to a paper chromatography.

standard FMN (50Ue),

flavin isolated from nitrate reductase.

standard FAD (50Ue).

A=
B=
C=
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3.1.3 Inhibitor studies

The inhibi-tory effects of several compounds were tested htith NADPH

arid MVH as reductants for the purified enzyme (fraction 3, Table 1).

Thus azide (0.1 ml4), thiocyanate (0.5 ml4) and sodium diethyldithio-

carbamare (1.0 ml"l) markedly inhibited MVH-dependent nilrate reductase

activi-ty (Tab1e 3) whereas cyanide (2.0 mlf), B-hydroxyquinoline (1.0 ml'f)

and c,0r-dipyridyl (2.0 ml,f) restricLed the enzyme to a lesser extent.

Similarly, the NADPH-dependent activity ktas strongly retarded by azide

(90% inhibition at 0.5 ml'f) and to a lesser extent by cyanide (Table 4).

Sulphydryl-group inhibitors such as p-CMB and N-ethylmaleimide also

restricted enzyme activity. The extent of inhibition by p-Cl'lB (0.5 mM) on

the NADPH-dependent activity hras similar to that for azíde, but it was less

for the MVH-linked reaction (Table 5). Rotenone (0.f mM) and amytal

(0.5 ml'I), flavoprotein inhibltors, restricted enzyme activity when NADPH

was the reductant, whereas amytal aE the same concentration was not very

inhibitory in the IIVII-linked reaction.

Double reciprocal plots of Che effects of various concentrations of

either chloraEe or bromate at different levels of nitrate on the MVH-

dependent nitrate reductase activity are illustrated in Figs. BA and BB.

These tv/o compouncls inhibited the reaction competitì-veiy with respecE to

nitrate. The apparent K1 values estirnated from Dixon plots were 18.1 mþl

for chlorate (Fig.9) and 15.6 mM for bromate (Fig. 10).

Nitrite, lhe product of nitrate reduction, also inhibi-ted the NADPH-

dependenl nitrate reductase activity competitively with respect to nitrate

and the Ki value for nitrite was 90 UM (Figs. l1A and 11B).
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TABLB 3: Effects of metal inhibitors on the MVH-dependent nitrate
reductase actívity

The reaction mixture h/as as described in Section 2.2.I.L"
The enzyme preparation (fraction 3, Tabte 1) was pre-
incubated with the inhibitors for 15 min prior to starting
the reaction.
The results are expressed as Z j-nhibition with respect to the
control (without inhibitor). The specific activity of the
control was 1386 nmole NOf produced/min/mg protein.

Inhibitors Final
Concentration (mM)

Inhibition (% )

NaN3

KSCN

KCN

DIECA

8-Hydroxyquinoline

0,o, | -dipyridyl

0.10

o,25

0.50

0.10

o.25

0.50

0.40

0.80

2.OO

o.25

0. s0

1.00

o.25

0.50

1.00

0.50

1.00

2.OO

87

B9

9L

59

74

83

1B

30

4\

34

56

7B

30

36

40

23

26

33

I

r
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TABLE 4: Bffects of inhibitor s on NADPH-dependent nitrate reductase
activity

The reaction mixture was as described in Section 2.2.I.I.
Inhibitors, at the concentrations indicàted ' were prein-
cubated with the purified enzyme (fraction 3, Table l) for
15 min prior to starting the reaction. The results are

"*pr.""àd as % inhibition of rhe conLrol (without inhibitor),
Acli-vity of the control was 552 nmole NOl lroduced/min/mg
protein.

Inhibitors Final
Concentration (mM)

Inhibirion (7")

NaN3

KCN

p-CMB

NEM

Rotenone

Amytal

0.10

o"25

0. s0

0.40

0. B0

2.00

0.10

0.20

0.50

0.50

1.00

2.50

0.01

0.05

0.10

0.10

o.25

0.50

60

76

90

24

36

52

6B

76

90

32

48

60

30

38

62

15

28

4s
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TABLE 5: Effect f inhibitors of sul ro and vl_n
tivel on -nitra er ductase activit

The enzyme preparation (fraction 3, Table 1) was prein-
cubated with t.he inhibitors for 15 min prior to starting
the reaction. The assay mixture \rtas as described in
Section 2.2.I.I. The results are expressed as % inhibition
of the control (without inhibitor). The activity of the
control was 1386 nmole NO2 Produced/min/mg protein.

r

fnhibitors Final
Concentration (mlf)

Inhibirion (7")

Iodoacetarnide

NEl.l

p-CMB

IIgC12

Amytal

0.5

1.0

2.5

0.5
1.0

2.5

0.1

o.2

0.5

0.1

o.2
0.5

0.5

1.0

2.O

9

13

T4

I4
16

30

T6

50

64

47

7L

90

9

L6

31
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FIG. 8 Inhibitorv effects of chlorate and bromate on
MVH-nitrate reductase activitv.

The activity of the enzyme (fraction 3, Table 1)

was determj-ned as described in Section 2.2.I,L, except that
various concentraEions of either chlorate or bromate were

added at defined levels of nitrate.

A:

V

B

A Lineweaver-Burk plot of the effects of chlorate
at various 1evels of nitrate. The concentra-
tions of chlorate hrere:

(A) 0 mM; (c) 2.5 mM; (^) 5 mM; and (O) 10 mM.

Inset: Inhibition by chlorate with nitrate at
(O) 2.5 mll; (a) 5 mM; and (E) 10 mM.

= act.ivity (pmole NOj produced/nj-n/ng protein).

A Lineweaver-Burk plot of the effects of bromate

at various 1eve1s of nitrate. The concentra-
tions of bromate u¡ere:

(a) o mvt; (c) 2.5 mM; (^) 5 mM; and (o) 10 mM.

Inset: Inhibition by bromate with nitrate at
(ç) 2.5 mM; (a) 5 mM; and (¡) 10 mM.

V = activity (pmole NOj produced/min/mg prorein).
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FIG. 9: A Dixon plor of rhe inhibirorv effects of various
concentrations of chlorate on the MVH-nitrate
reductase activitv.

Nitrate reductase (fraction 3, Table 1) activity
was determined as described in Section 2.2.I.1, except that
various concenErations of nitrate h¡ere used as well as the
addi-Uion of chlorate at t,he concentrations indicated.
The concentrations of nitrate riere:

(.) 2.5 mM;

(^) 5 mM;

(i) 10 mM.

V = activity (pmole N0/ produced/min/mg prorein).
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FIG. 10: A Dixon olot of the inhibitorv effects of various
concentrations of brornate on the MVH-nitrate
reductase activitv.

Nitrate reductase activity of the purified enzyme

(fraction 3, Table 1) was determined as described in Section

2.2.I.1, except that variousconcentrations of nitrate were used

as well as the addition of bromate at the concentrations indi-
cated. The concentrations of nitrate htere:

(r)
(^)
(o)

and

2.5 mlvl;

5 mM;

10 mM.

V activity (pmole N0! Rroduced/min/mg protein).
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FIG. 11: Eff ts of variou concentration of nitrite
ADPH-nit rate reductase activltY.

The activity of the enzyme (fraction 3, Table 1)

v/as measured by following the rate of ¡ritraLe-dependent NADPH

oxidation in a 1 cm quartz cell at 340 nm using a Varian Techtron

Spectrophotometer. The reaction mixture (in a 3 ml final volume)

contained: phosphate buffer (pH 7.I), 50 ml'f; NADPH, 0.2 mM; FAD'

10 Ul"l; KN03 and KNO2 at concentrations indicated; and enzyme

(10 ug protej-n).

A: A Lineweaver-Burk plot of the effects of various

concentrations of nitrite at defined levels of

nitrate. The concentrations of nitrite v/ere:

(n) 0 pM; (¡) 50 uM; (A) 100 uM; and (o) Zoo ul'l'

Inset: Inhibitory effecEs of nitrite at various

levels of nitrate:
(A) 50 uM; (Ô) 100 uM; and (u) 200 uM.

B: A Dixon plot of the effects of various concentra-

tions of nitrite at defined levels of nitrate.
The concentrations of nitrate were:

(o) 50 uM; (^) 100 uM; and (o) 200 PI'l'

V = activity (¡-rmole NADPH oxídized/min/mg protein) '
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3.2 Nitrice reductase

3.2.r Purification

All operations during the purification hrere carried out at 4oC.

The preparation of the mycelial felts from cultures is described in

Section 2.I.2.

In a typical preparation , 25g of fresh mycelial felts were hornogenl".C

using a glass homogenizer in 75 m1 of cold 0.1M phosphate buffer (pH 7.5)

containing 5 mM cysteine, 5 mM BDTA and 10 UM FAD. The homogenate was

passed twice through a French pressure cell at 201000 P.s.i. and then

centrifuged aE 21 r0OO g lor 20 min. Nitrite reductase was recovered in

the supernatant (SZl) which is used as crude extract.

To this extract, solid (NHa)2S0a was gradually added with constant

stirring under argon until a 357" (NH4)2S04 saturation was achieved. During

the addition of (NH4)2S04 the pH of the extract was rnaintained at 7.5 by

adding cold 0.1M KOH. After standing in ice for 30 min j-t \,/as centrifuged

aL 20,000 g for 15 min. Following the same procedure, the supernatant

obtained from the previous step was brought to 60% (NHa)2S0a saturation.

After centrifugation, the pellet was dissolved in the preparation buffer

(minus FAD) and dialyzed for 4 hr against 3L of 0.1M phosphate buffer

(pH 7.5). The dialyzed solution was Ehen loaded onto a Blue Sepharose

CL-6B column (140 x 15 mm). Prior to loading the enzyme, 100 ml of BSA

(2 ng/nI in 0.1M phosphate buffer (pH 7.5) contaì-ning 0.2 mM EDTA and

0.1 ml"f DTT) was passed through the column which was then washed with 200 m1

of the same buffer. AfCer loading the enzyme, the column was again

washed with 25 ml of 0.1M phosphate buffer (pH 7.5) containing 0.5 mll ATP

and 0.5 mM NADP+ and then with the same buffer. The enzyme was eluted

from the column with O.lM phosphate buffet (pH 7.5) containing 0.5 mM NADPH.
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This fraction represented a 54-fold purification ¡+ith a specific activity of

869 nmoles NADPH oxídi-.zed/min/mg protein and a 2I% recovery. The summary

of the purification procedure is presented in Table 6.

Associated with purified NAD(P)H-dependent nitrite reductase were

NAD(P)H-linked hydroxylamine reductase and NAD(P)H-diaphorase activities.

The ratios of nj-trite reductase to hydroxylamine reductase activities in

each fraction during purifi-cation (Table 6) were constant (0.8) indicating

that these are associatecl with the same enzyme rather than separate and

distinct enzyme proteins.

The NAD(P)H-diaphorase utilized either ferricyanide, 2,6t-dichloro-

phenolindophenol (DCPIP) or cytochrome c (horse heart) as an electron

acceptor with either NADPH or NADH as an electron donor. The purified

nitrite reductase preparation (fraction 3, Tabl-e 6) had no sulphite

reductase activity with either NADPH or NADH as the reductant.

3.2.2 Properties

Effect of pH and time of incubation

Nitrite reductase activj-ty was active over a range of pH

values with a maxima of 7.0 for NADPH- and 7.3 for MVH-linked reaction

(Fig. l2A). The oprimum pH for NADPH-dependent hydroxylamine re-

ductase activity v¡as also simi-lar to that for nj-trite reductase

(Fie. 12B).

The enzyme activity determi-ned by following either N02

utilization or NH3 formation was linear up to 15 min (Fig. 13).

Thus an incubation Eime of 10 min was routinely used for assaying

enzyme acEivity when niErite utilizal'ion was measured.

3.2.2.L
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TABLE 6: Purification o f nit-rite reductase

The enzyme activity from each fraction was measured by following
the initial rate oi t'lAlptt oxidation in the presence of either
nitrite (values rvithout brackets) or hydroxylamine (values in
brackets) as an eleclron accePtor. The reaction mixtures were

as described in Section 2.2.2.2.

One unit of enzyme activity corresponds to 1 nmole NADPH

oxidized/min.

Fraction
Ratio

Activity Protein Specific Nitrite: Purifi- Recovery
Activity hydroxYlamine cation
(units/ reducLases

(units) (tg) mg activitv (-fold) (7")

protein )

l.Crude extract
(szt)

2.Precipitate from
35-607" (NH4)2504
saturation, dial-
ysed against 0.1M
phosphate buffer
(pH 7.0) for 4 hr

3.Fraction 2 loaded
onto a Blue
Sepharose CL-68
column (14x1.5cm)
and eluted with
0.lM phosphate
buffer (pH 7.5)
conEaining 0.5
MM NADPH

1170
(2100)

5760
(7360)

I6
(20)

18
(22)

869
(rr24)

1480
(1910)

360

96.8

L.7

0.8

0.8

0.8

100

1 31

54 2L
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FIG. L2z Effects of pH on nitr ite reductase and hvdroxYlamine
reductase activities.

A: The NADPH-dependent (^) and MVH-linked (l)
nitrite reductase activities were assayed at

various pH values. The activities of the

enzyme (fraction 3, Table 6) were determined

by measuring the utilization of nitrite in the

reaction mixture as described in Section

2.2.2.r.

B: The activities of the enzyme with either
nitrite (ú) or hydroxylamine (a) as an electron

ac-ceptor were determined at various pH values

by following the initial rates of NADPH

oxidation as descríbed in Section 2.2.2.2.



FIG I2B

A-AAA

FtG t2 A

A A

7

,o1

o.8

o.6

o-4

tt
o
N

.!tt't
o
-¡
o.
ô

z
o
-o
E

1_2

o.2

o.3

o.2

¡Noz
o
õ o-1

E
ã-

$
A'

I7
pH

6
pH



59

FIG. 13: Effects of incubation times on nitrite reduction.

The NADPH-dependent nitrite reductase activity was

assayed in the purified preparation (fraction 3, Table 6) by

following either NO2 utilizalíon (e) or NH3 formation (E) as

described in Section 2.2.2.I.
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3.2.2.2 Elec tron donors

A variety of compounds functioned as an electron donor

for nitrite reduction by the purified enzyme (fraction 3, Table 6)'

The results in Table 7 indicate that both NADPH and NADII act as

reductants but NADPH \^ras more effective. In addition viologen dyes

and flavins, chemically reduced with Na2S204, also functioned as

electron donors but their activiti-es were less than for NADPH.

3.2.2.3 Reouirement for flavin

For either NADPII or NADH-Iinked nitrite reductase, FAD was

required for maximal activity. Similar results v/ere observed for

NAD(P)H-hydroxylamine reductase and NAD(P)H-cytochrome c reductase

(Table B). OnIy L4% of the maximal NADPH-dependenL nitrite

reductase activity was detected wit-hout added FAD; FMN did not

replace FAD since onLy 247" of the maximal activity for FAD was

recorded for FMN (10 uM).

In contrast the diaphorase activity with eiEher ferricyanide

or dichlorophenolindophenol (DCPIP) as the electron acceptor '

exogenous FAD was not required for maximal activity.

3.2.2.4 K- values for substrates. redu ctants and cofactors

The effect of varying concentration of substrates ' reductants

and cofactors on NADPH-dependent nitrite reductase and NADPH-

dependent hydroxylamine recluctase activities are illustrated j-n

Figs. 144, 148, 154, 158, 164 and 168. Based on the Lineweaver-Burk

plots of the data, the apparent K, values for nitrite, NADPH and FAD

of nitrite reductase activity $/ere (UM): \7, 40 and 0.11, resPect-
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TABLE 7: Effects of various electron donors on nitrite reductase
activity

The enzyme preparation (fraction 3, Table 6) was used after
dialyzing against 3L of 50 mM phosphate buffer (pH 7.0) for
4 hr. Ttre ãssay conditions were as described in Section
2.2.2.I. t'/hen either NADPH or NADH was used as an

electron donor, the reaction mixture contained (in 1 ml
final volume):

50 mM phosphate buffer (pH 7.0); 0.1 mM KNO2; 0'2 mM NADPH

or NADH; 10 pM FAD and enzyme coutaini-ng 17 Ug protein'

The reaction mi-xture with MVH, BVH, FMNH2 and FADH2 re-
spectivelyr as the reductant r,/as:

50 mll phosphate buffer (pH 7. i); 0.1 mM INOZ1 O'2 mlul MV,

BV, FMÑ or FAD; I mM Na2S204 (ín 17. (w/v) NaHCO3, freshly
prepared) and the purified enzyme.

The results are expressed as % activity of the control
(using NADPH as an elecrron donor) which is 0.29 prnole NOi
reduced/min/mg protein.

Electron donors Activj-ty (%)

NADPH

NADH

MVH

BVH

FMNH2

FADH2

100

56

96

77

4I
26
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TABLB B: Effects of flavins on NAD(P)lï-nitrite reductase anrl iEs
associated diapfrorase activities

The enzyme preparation (fraction 3, Table 6) was used after
dialyzing against 3L of 50 mM phosphate buffer (pH 7.0) for
4 hr. The activity of the enzyme \^ras determined as
described in Section 2.2.2.2 except that, where indicated,
FAD was omitted from the reaction mixture or FlfN was sub-
stituted for FAD. In the diaphorase activities, nitrite
was omitted and the electron acceptor h¡as:

hydroxylamine, 12 mM; K3F"(CN)6, 0.2 rnM; DCPIP, 0.5 mM or
cytochrome c (horse heart), 0.05 mM.

Electron acceptors Flavin
NADPH-dependent
(pmole NADPH
oxidized/nin/
mg protein)

NADH-dependent
(ymo1e NADH
oxidizecl /nj-n/
mg protei.n)

'L

r!
,1,

I

Nitrice

Hydroxylamine

Ferricyanide

DCPIP

Cytochrome c

(horse heart)

FAD

F}4N

None

FAD

FÏ.,fN

None

FAD

FI"IN

None

FAD

Ff"fN

None

FAD

FMN

None

0.87

o.2L

0. 13

1.15

o.79

0.40

11 .82

11.36

11.36

12.98

12.98

12.98

1.03

o,25

o.2r

0.49

o.20

0.15

0.61

0.20

0.10

7.O7

7.r9
6. 84

11.13

11.13

10.20

0.58

0.19

0.13
I
t

;

ì
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FIG. I4z Effects of various concentrations of'substrates on
NADPH -n't trite red lta tase and NADPH-h rr¡l ro âmf ñô1
reductase acLivities.

The activity of the enzyme (fraction 3, Table 6)

were determined as described in Section 2.2.2.2"

A: Double reciprocal plot of the effects of
various concentrations of nitrite on NADPH-

dependent nitrite reductase activity.

B: Double reciprocal plot of the effects of
various concentrations of hydroxylamine on

NADPH-linked hydroxylamine reductase activity.

V = activity (pmole NADPH oxídizedfmin/mg protein).
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FIG. 15: Double reci lots of the eff tso
centrations of N o t itrite

reductase and NADPH-dependenE hvdroxylamine
reductase activities.

A: NADPH-dependent nitrite reductase.

B: NADPH-dependent hydroxylamine reductase.

The enzyme preparation (fraction 3, Table 6) rn'as

used after ðía1-yzíng against 3L of 50 rnM phosphate buffer (pH 7.0)

for 4 hr. The enzyme activities were determined as described in
Section 2.2.2.2, excepE that Ehe concentration of reductant was

varied as indicated.

V = activity (Umole NADPH oxidized/min/mg protein).
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FIG. 16: Double reciprocal plots of the effects of various
concentrations of FAD on NADPH-dependent nitrite
reductase and NADPH-dependent hydroxylamine
reductase activities.

A: nitrite reductase activitv,
B: hydroxylamine reductase activity.

The activity of the enzyme (fraction 3, Table 6)

was determined as described in Section 2.2.2.2, except that
the concentrations of FAD was varied as indicated.

V activity (¡-rmole NADPH oxìdizedfmin/mg protein).
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ively; whereas the K, values for hydroxylamine, NADPH and FAD of

hydroxylamine reductase activity were 1.67 ml'{, 40 ¡-rM and 0.10 p}1'

respectively.

3.2.2.5 Stoichiome tries for NADPH. nitrite and ammonia

The results of stoichiometry studies for the purified .enzyne

(fraction 3, Table 6) are presented in Table 9. The ratio of NADPH

oxidized to nitrite reduced and ammonia produced was 3:1:1. In the

hydroxylamine-dependent reaction the ratio of NADPH oxidlzed to

ammonia formed was l:1.

3.2.3 Inhibitor studies

The effects of metal binding agents on NADPiI-dependent nitrite reductase

activity are shown in Table 1.0. Thus cr,or-dipyridyl at 5.0 mM v¡as without

effect whereas O-phenanthroline (5.0 mM) and diethyldithiocarbamate

(1.0 mM) inhibited the enzyme activity by about a half. Cyanide was a

strong jnhibitor and at 0.5 mM it cornpletely inhibited the NADPH-dependent

reaction. Other compounds such as azide and arsenite restricted enzyme

activity to a lesser extent.

The inhibitory effects of reagents which react with sulphydryl groups

are presented in Table 11. Thus p-CMB at 0.05 mM completely inhibited

NADPH-d,ependent activity; its inhibitory effect was completely reversed

by adding 0.1 mM cysteine. N-ethylmaleimide also restricted enzyme activity.

I^lith NADPH as an electron donor (Table 11) nitrite reduction was

inhibited by amytal (5.0 mM), rotenone (2.0 mM) and mepacrine (0.-5 mM) by

58, 35 anö 627", respectively. The inhibition of the enzyme activity by

mepacrine rì/as reversed by adding 10 pM FAD.
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TABLE 9: Stoichi ometries for NADPH . N0; and NH ? for nitrite reductase

Nitrite reductase and hydroxylamine reductase activities were

determined as described in section 2.2.2.I. The enzyme

(fraction 3, Table 1) contained 17 Uq Prolein.with.a specific
à-riu:-.y of 0.87 and I.l2 pmole NADPH oxídized/min/mg protein_
for nitrite reductase and hydroxylamine reductase ' resPectively '

Reaction
incubation
time

NADPH
oxidized
(n mole)

N0t
reduced
(n mole)

NH¡
produced
(n mole)

Ratio
NADPH:
N0t

Ratio
NADPH:
NHr

Nitrite reducEase

5 min

10 min

74.8

t49.5

24.8

49.5

23.r
47.3

87.0

161 .3

3.0

3.0

3

3

1

r.2

2

I

Hvdroxvlamine reductase

I5 min

10 min

9s.8
L93.4
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TABLE 10: Effects of metal bindin qaq ents on NADPH-dependent nitrite
reductase

Nitrite reducEase activity was determined as described in
Section 2.2.2.2, except that inhibitor rvas added at con-
centration indicated. The enzyme preparation (fractlon 3,
Table 6) was preincubated with the inhibitor for 15 min
prior to starEing the reaction. The results are expressed
às % innibition of the control (without inhibitor). The

activity of the control was 0.89 Umole NADPH oxídízed/nj-n/
mg protein.

Inhibitors
Final

Concentration
(mM)

Inhibition
(7")

KCN

NaAs02

NaN3

DIECA

0-phenanthroline

0.1
o,2

0.5

0.1

0.5
1.0

0.1

0.5

1.0

0.1

0.5

1.0

r.0
5.0

39

53

100

11

38

58

5

26

39

5

22

42

24

45
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TÀBLE 11: Effects of inhibitors of sulohvdrvl prouDs and flavin on
NADPH-nitrite reductase

The enzyme activity was determined as described in
Section 2.2.2.2. Inhibitors hrere preincubated for 15
min with the enzyme (fraction 3, Table 6) prior to start-
ing the reaction. The results are expressed as %

inhibition of the control (without inhibitor). The
activity of the control was 0.89 Umole NADPH oxidized/
min/mg protein.

Inhibitors
Final

Concentration
('M)

Inhibition
(7")

p-CMB

p-CMB + cysteine

NEM

Amytal

Rotenone

Ùfepacrine

Mepacrine + FAD

0.02

0.05

0.05 + 0. 1

2.O

5.0

2.O

5.0

0.5

1.0

0.1

o.2
0.5

0.5 + 0.01

76

100

0

13

43

20

58

19

35

19

38

62

5
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Double reciprocal plots of the effects of various concentrations of

either cyanide or sulphite at defined levels of nitrite on NADPH- de-

pendent nitrite reduction (Figs. 174 and lBA) indicate that both cornpounds

are competitive inhibitors with respect to nitrite. The apparent K1

values estimated from Dixon plots were 35 UM for cyanide (Fig. 178) and

10.75 mM for sulphite (Fig. 188).

3.2,4 Inactivation of nitrite and hvdroxv lamine reductases bv NADPH

in the presence of FAD

Nitrite reductase and hydroxylamine reductase activities assayed with

NADPH as an electron donor were inactivated by preincubation of the enzyme

for 15 min ar 4oC wirh NADPH and FAD (Table 12). Preincubation of the

enzyme wi¡h either NADPH or FAD did not restrict enzyme activity. Símilar

results were obtained when NADP+ was added to the preincubation mixture

instead of NADPH.

hlhen the electron acceptor, either nitrite or hydroxylamine ' was

included in the preincubation mixture the enzyme was protected against- this

inactivation.

3.3. Incorporarion of [15-n]-labelled (NHa)2304 into ce11-nitrogen

L-methionine-Dl-sulphoximine (!fSX) and azaserine are inhibitors of

glutamine synthetase and glutamate synthase, respectively, but do not

affect glutamate dehydrogenase (Brenchley , 1973; Miflin and Lea, L976).

The inhibitory effects of these compounds on the incorporation of 15N-

labelled (NH4)2S0a into washed felts are shown in Table 13. The results

indicate that in the absence of inhibitors the amount of 15N-1ube11ed

(NH4)2504 incorporated into washed felts after t hr incubation was 4.4 Vg

N/mg prorein. Thus MSX (2 mM) and azaserine (1 mM) inhibited the
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FIG. 1,7 z Ef f ects of various concentrations of cyanide on
NADPH-dependent nitrite reductase activity.

The activity of the enzyme (fraction 3, Table 6)

was deEermi,red by measuring nitrite uEilization in the assay

mixture as described in Section 2.2.2.L, except that cyanide

was added at concentration indicated.

A: A Lineweaver-Burk plot of the effects of
various concentrations of cyanide at defined

levels of nitrite. The concentrations of
cyanide were:

(r) 0 uM; (r) 25 uM; (a) 50 uM; and (¡)
100 uM.

B: A Dixon plot of Ehe effects of various con-

centrations of cyanide at defined levels of
nitrite. The concentrations of nitrite h¡ere:

(¡) 2s uM; (A) 50 uM; and (Q) 100 uM.

V = activity (lrmole NOl reduced/min/mg protein).
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FIG. 18: Effects of various concentrations of sulphite on
NADPFI-dependent nitri-te reduction.

The activity of the enzyme (fraction 3, Table 6) was

determined by measuring nitrite utilization in the assay mixture
as described in Section 2.2.2.1, except that sulphite was adoed

at concentration indicated.

A: A Lineweaver-Burk plot of the effects of various

concentrations of sulphite at defj ned l.evel of
nitrite. The concentrations of sulphite \i¡ere:

(Ä) 0 mM; (l) 5 mM; (^) 10 mM; and (l) 20 rnM.

B: A Dixon plot of the effects of various concentra-
tions of sulphite at defined 1eve1s of nitrite.
The concentrations of nitrite hrere:

(¡) 25 uì,1; (a) 50 yM; and (O) 100 ul',f.

V = activity (¡rmole N0) reduced/nín/ng proteì-n).
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TABLE 12: Effects of reincubation of n itrite reductase with reductant
cofactor and or subsLra e n its activit

The enzyrne (fracr-ion 3, Table 6) rvas used after dialyzing
agaì-nst 3L of 50 mM phosphate buffer (pH 7.0) for 4 hr.
Aliquots of the enzyme containing 100 pg protein Ì{ere Pre-
incubated in a final volume of 0.5 ml with 50 mM phosphate
buffer (pH 7.0) and (where indicated):
0.5 ml4 NADPH; 0.5 mM NADP+; 20 UM FAD; and either 1 mlul

NaNOa or 20 mM NH20H.

After a 15 min incubation at 4oC, the activities were
measured by adding 0.1 ml of each preincubatlon system to
the reagents of standard assay mixture as described in
Section 2.2.2.2.

Preincubation
conditions

NADPH-nitrite NADPH-hydroxylamine
reductase activity reductase activity

(Umo1e NADPH oxidized/min/mg Drorein)

Enzyme

+FAD

+NADPH

+NADP+

+N0t

+NH20H

+FAD +

+FAD +

+FAD +

+FAD +

+FAD +
+FAD +

NADPH

NADP+

NADFH + NOt

NADPH + i{Ii2OH

NADP+ + Not
NADP+ + NH20H

0.87

0.87

0. 84

0. 87

0.88

o.92

0.36

0. 87

0.63

0.68

0. 86
o.97

(1oo)

(e7)
( 100)

(101)

(106)

(42)
( 100)

(72)
(78)

(ee)
(111)

1.13

1.11

r.09
1.15

1.09

1.13

0.51

1 .13

o.77

(e8)

(e6)

(101)

(e6)

(100)

(4s)

( 100)

(68)

(74)
(83)

( 1oo)

0
I

0

1

.84

.94

.13

Figures in brackets represen:u 7" of activity of control (enzyme aione).
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TABLE 13: Effects of L-methionine-Dl-su1 hoximine l'{SX and azaserine
ont ancor oration of N-labe11ed into r.¡ashed
cells

hlashed cells grown with either nitrate or ammonia as the sole
nitrogen source \Iere prepared as described in Section 2.I.I.
Mycelial suspensions (1g fresh rveight in 20 ml N-free fresh
culture medium) were incubated with and without MSX and
q4aserine, respecti-vely, for 2 hr aL 30oC prior to adding
r5N-1abe11ed (NH4)2S0¿ (5 mM final concentration). The ip-
cubation was continued for a furLher t hr. Samples for rrN

enrichment analysis were prepared and analysed as described
in Section 2.3.I.

15N in.orporation
luo N/hr/ms nrotein)Nitrogen source

for growth without
inhibitor

+ l'iSX
(2 mùf)

+ azaserine
(1 mM)

Nitrate

Ammonia

4.4

4.6

2.r (s2)

2.6 (s7)

3.0 (31)

3.2 (30)

Figures in brackets represenL % inhibition.
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incorporation of the 1abe11ed compound into cel1-nitrogen by 52% and 3L7",

respectively. The inhj-bitory effects were similar for felts grown with

either nitrate or ammonia as the sole nitrogen source.

3.4 Glutamine synthetase

3.4.1 Purification

The enzyme h/as purified to hornogeneity by the procedure described

below. All operations u'ere carried out at 4"C. In a typical preparation

18g frozen mycelial felts \^/ere ground in a chilled porcelain mortar and

pesrle in 60 ml cold 50 ml"t Tris-HCl buffer (pH 7.0) containing I mM MnC12

(the bufferT and then macerated further in a glass hornogenizer. The homo-

genate passed through a French pressure cell (3 times) aL 20,000 p.s.i.

was centrifuged at 2O,O0O g for 20 min. The supernatant fraction (SZO)

containing glutarnine synthetase activity was used as the crude extract.

The crude extract was loaded onto a Blue Sepharose CL-68 column

(115 x 15 mm) equilibrated with the buffer. The column was then v¡ashed

with approximately 200 ml of the buffer. The enzyme was eluted from the

column in the buffer containing 2 mM ADP. Fractions conEaining glutamine

synthetase activity lrere pooled and then loaded onto a DEAE-cellulose

(bg-SZ) column (200 x 25 mm) pre-equilibrated with the buffer. The column

was then washed with 250 m1 of the buffer. Glutamine synthetase was

separated by a linear gradient of 0-500 mM NaCl in the buffer. The total

gradient volume was 150 ml and the flow rate was 50 ml/hr. The enzyme

was eluted between 3OO and 375 rnl,l NaCl. Active f ractions "ut" pooted and

díalyzed for 16 hr againsc 3L of the buffer. The dialyzed solution was

then subjected to a second Blue Sepharose CL-68 chromaEography as described

above. A summary of the purification is presented in Table 14.
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TABLE 14: Puri-fication of elutamine svnthetase

The transferase activity of the enzyme from each fraction was

determined as described in section 2.2.3.1. One unit of
enzyme activity corresponds to I pmole y-glutamylhydroxamate
produced/min,

FracEion
Specific

Activity Protein activitY
(units/mg

(units) (te) protein)

Purifi-
cation

(-ford )

Recovery

(%)

l.Crude extract (SZO) 20.80 156.80 0.13

2.Fraction 1 loaded onto
a Blue Sepharose colurnn
(115x15mm) and eluted
hrirh 50mM Tris-HCl 1g.00
buffer (pH 7.0) con-
taining lmM MnCl2 and
2mM ADP

L2.6O I.t+3 t1

3.Fracti-on 2 loaded onto
a DE-52 column (200x
25mM) and eluted with
a linear gradient of
0-500mM NaCl in 50mM

Tris-HCl (pH 7.0) con-
taining lmM MnCl2

4.Fraction 3, after
dialyzing against 3L
of 50mù1 Tris-HCl
buffer (pH 7.0) con-
taining lmM MnC12

for 16hr, loaded onto
a Blue Sepharose
column, and eluted as
in Suep 2

100

87

16.20 8.40 1 .93 15 7B

11 .48 0.82 14.00 108 55

I
fl,1

',I

k
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3.4.2 Properties

3.4.2.1 Molecular weisht

The molecular weight of the native enzyme was determined by

gel filtration on a Sepharose 68 column as described in Section 2.2.7.I.

The purified enzyme (fraction 4, Table 14) has a molecular weight of

490 kDa (Fig. 194). The enzyme subunit separated by SDS-poly-

acrylamide gel electrophoresis appeared as a single protein band wj-th

a molecular weight of 60 kDa. Thus the enzyme is composed of 8

subunits of sirnilar size.

3.4.2. z Effect of pH and incubation time

The effects of pH on transferase and biosynthetic activities

of the enzyme are shown in,Fig. 28. The transferase reaction was

active over a pH range of 6.6 - 7.4 with a maximum aL 7.O. Similar

results were obtained for the biosynthetic activity.

The effects of time of incubation on both transferase and

biosynthetic acËivities were linear at least up to 15 min (Fig. 2I).

Thus a 15 min incubation time was routinely used for assaying the

enzyme acEivity.

3.4.2.3 Divalent cation requirement

since a divalent cation was required for maximal- activity,

the effects of various cations on the transferase and biosyntheti-c

activities v/ere studied. The results i-n Table 15 indicate Ehat the

maximum activity of the Èransferase reaction v/as observed with Mn2+

at 5 mM. At this concentration low activities !/ere recorded (% of.

k

.T

il,f

',:
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FIG. 194: Molecular weieht deter-,nination of glutamine synthetase
bv eel filtration.

The purified enzyme (fraction 4, Table 14) was passed

through a Sepharose 68 column as described in Section 2.2.7.I.
Elution buffer was 50 mM Tri-s-HCl (pH 7.0) containing 1 mM MnCl2

and 0.1M NaC1. The Kru values were calculated from Kav =

(Ve-Vo)/(Vt-Vo). The proteins used as markers were:

(¡) thyroglobulin;
(O) f erritin;
(!) catalase; and

(O) aldolase.

FIG. 19B: Estimation of subunit molecular weisht of the purified
enzyme by SDS-polyacrylamide ge1 electrophoresis.

The molecular r'reight of the enzyme subunit (fraction 4,

Table 14) was determined by polyacrylamíde (12.5%) slab ge1 electro-
phoresis in the presence of 0.12 (w/v) SDS, as described in
Section 2.2.7.2. Relative mobility (R¡) of proteins were calculated
by dividing the migration distance of the proteins with the movement

of the tracking dye at the end of the run. The standard proteins
used were:

(o)
(E)

(^)
(o)

(r)
(^)

phosphorylase b;

albumin;
ovalbumi-n;

carbonic anhydrase;

trypsin inhibitor; and

o,-lacta1bumin.
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FIG. 2Oz Effects of pH on qlutamine synthetase activity.

Transferase and biosynthetic activities of the

purÍfied enzyme (fraction 4, Table 14) were determined as

described in Sections 2.2.3.I and 2.2.3.2, except that the pH

of the reaction mixture was varied as'indicated.

(o)
(r)

transferase activity.
biosynthetic activity.



c-,1

o
rF

qF

pm
ole P

¡ produced
ot
F

qq
qo

qo
F

/o,oIo
I\l

I,tII\o

oC
\J

(9tr
I

- ¿C
t

(olo

(@
-ttolo

- peS
npolo

(oprurl ç(\l

H
Ð

-¿
A



80

FIG. 2Iz Effects of incubation t on slutamine svnthetase
activity.

The activities of uhe transfe¡gse ând biosynthetic

enzyme (fraction 4, Table 14) were determined as described in

sections 2.2.3.1 and 2.2.3.2, except that the incubation period

was varied as indicated.

(o)
(¡)
(^)

transferase activitY.
Mg2+-dup"ndent biosynthetic activity.
Mn2+-dependent bi-osynthetic acLivity.
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TABLE 15: Transferase and biosvnthe tic activities with various divalent
cations

Purified enzyne (fraction 4, Table 14) rvas used after dialyzing
againr 4L of 50 mM Tris-HCl buffer (pH 7.0) for 16 hr. The

tiansferase and biosynthetic activities of the enzyme were

determined as described in Sections 2.2.3.I and 2'2'3'2'
respectively, except that divalent cations used \¡/ere as indi--
catãd. The concentratlons of divalent cations htere 0.5 and

5 mM for transferase activity and 5 or 50 mÙI for the bj-o-
synthetic reaclion. The results are expressed as Z ":.t.t-ull1'oî either transf erase activity (in the presence of 5 r.nM Mnz+) ,

or biosynthetic activity (in the presence of 50 rnM Mg¿+) '
The activities of the control were:

14.9 Umole .¡-glutamylhydroxamate produced/min/mg protein (for
transferase activití) án¿ 1.2 ¡-rmole Pi produced/min/mg protein
(for biosynthetic reaction).

Cations
Transfe rase activit'¡

mM 5mM
Bios thetic activit /o

mM 50 ml"f

Mn2+

co2*

cu2+

M92+

Ni2+

ca2+

Fe2r

zn2r

94

23

16

13

12

T2

11

10

100

19

9

2

0

0

0

0

76

87,

13

9L

10

10

L2

T2

7T

89

4T

100

13

12

33

26
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rhar for Mn2+): Co2* (19); Cu2+ (9) and I'lg2+ (2) whereas Ni2+,

Ca2t, Fe2* and ZnZ* were without effect. At lower concentration

(0.5 mM) Mn2t was also more effective than other divalent cations.

In contrast to the transferase reaction, the maxirnum activity for

biosynthetic assay was obtained with Vlg2+ at 50 mM. Co2* and Mn2*

substituted for Mg2+ to a lesser extent; 89 and 7L7" resPectively.

The order of effecfiveness of the various cations at both concen-

trations (5 and 50 mM) was the same; ltg2+> CoZ+ > Mn2+ > çrr2+ ¡ pt2+

) ZnZ+ > Ni2+ > Ca2+.

3.4.2.4 Nucl tide specificity

A range of nucleotide diphosphates and triphosphates were

tesEed for their effects on the transferase and biosynthetic

activities of the purified enzyme (fraction /+, Table 14). The results

in Table 16 indicate that.maximum transferase activity was recorded

wiEh ADP. Orher nucleotide diphosphates; cDP, GDP, IDP and UDF

functioned at lower rates whereas nucleotj-de triphosphates were re-

latively ineffec¡ive. In contrast, ATP was the most effective

nucleotide for the biosynthetic actj-vity; whereas nucleoEide

disphosphates were relatively ineffective. The I'fg2+-dependent

biosynthetic activity with other nucleotideswas IO7" or less of that

with ATP, whereas CTP, GTP and ITP substituted for ATP more

effectively in the Mn2*-dependent biosynthetic reaction; 65, 62 and

547" respectively, of that v/ith ATP.

3.4.2.5 K- values for substrates

Effects of various concentrations of substrates of the Mn2*-

dependent transferase activity and the Mg2+-dependent biosynthetic
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ts of various nucleotides on transferase and bi-osvnthetic
activities

The purified enzyme (fractlon 4, Table 14) was used after
dialyzing against 4L of 50 mM Tris-HCl buffer (pH 7.0) for
16 hr. The enzyme activities were determined as descrj-bed in
Sections 2.2.3.1 and 2.2.3.2, except that either ADP or ATP

were replaced by other nucleoEides as indicated. The nucleo-
tide concentrations hlere 0.4 mM for transferase assay and 7.5
mM for the biosynthetic reaction. The enzyme activity of the
control for transferase activity (with ADP) was 14.9 ¡rmole
ygluLarnyl hydroxamate produced/min/mg prolein; for llgz+-
dependent and lufnz+-dependent biosynthetic .activities were
1.23 pmole and 0.95 pmole Pi produced/min/mg protein, respectively.

Activity of the :ontrol (7")

Nucleotides Transferase BiosYnthetic-
Mg2+-dependent Mn2+-dependent

ADP

CDP

GDP

IDP

UDP

ATP

CTP

GTP

ITP

UTP

100

42

38

42

29

4

2

2

3

0

4

2

5

0

0

5

3

4

1

3

100

I
10

6

5

100

65

62

54

25
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reaction were studied. The effects of glutamine concent-rations over

a range of 0-30 mM on transferase activity are illustrated in Fi-g.22A'

(inset). The K, value oL 4.5 mM for glutamine was calculated frorn

double reciprocal plot of glutamine concentrations against enzyme

acriviry (Fig. 22/.).

The effects of hydroxylamine at a fixed concentration of

glutamine (30 mM) on transferase activity are shown in Fig. 228.

The enzyme acLivity increased up to B mM hydroxylamine and the

apparent K, value for hydroxylamine rn¡as 2.2 mlul , calculated from

double reciprocal plot of the data.

The effects of various concentrations of ADP on the trans-

ferase activity (Fig. 244) indicate that the enzyme activì-ty increased

up to 0.25 mM ADP. From double reciprocal plot of the data, the Kt

value for ADP was calculated to be 0.14 mM.

The effects of glutamate, over a range of 0-10 mM, on the

biosynthetic reaction are illustrated in Fig. 234 (inset). The K,

values for glutamate calculated from a double reciprocal plot was

2.0 rnM (Fig. 234) and for NH4CI was 0.6 mII (Fig. 238). Enzyme activity

íncreased up to 2 mM NH4C1 (Fig.23B, inset). The effects of

various concentrations of ATP on the biosynthetic activity are pre-

sented in Fig. 248. The enzyme activity increased up to 2 mM ATP

and the apparent K, value for ATP was 1.25 ml4 as calculated from

double reciprocal plot of the data.

3.4.3 Inhibicor studies

The effects of various concentrations of L-methionine-Dl-sulphoximine,

an analogue of glutamine, on transferase activity are presented in Table 17.
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FIG. 22 Effects of various concentrations f substrat on
R utamine syn tase-transferase activity.

The transferase activity of the purified enzyme

(fraction 4, Table 14) was determined as described in Section

2.2.3.1, except that the concentrations of substrates v/ere

varied as indicated.

A

B

Double reciprocal plot of
various concentrations of
ferase activity.

the effects of
glutamine on trans-

v

Double reciprocal ploE of the effects of
various concentrations of hydroxylamine on

transferase activity.

activity (¡rmole'¡-glutamylhydroxamate

produced/min/mg protein ),
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FIG. 23 Bffects of various concentrations of substrates on
slutamine svnthetase-biosvnthetic activity.

The biosynthetic activiEy of the purified enzyme

(fraction 4. Table 14) wás determined as described in Section

2.2.3.2, except that Ehe concentrations of substrates \{ere

varied as indicated.

A: Double reciprocal plot'of the effects of
various concentrations of glutamate on bio-
synthetic acEivitY.

B: Double reciprocal plot of the effects of

various concentrations of NH4C1 on biosynthetic

activity.

V = activity (pmole Pi produced/min/mg protein).
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FIG. 24: Effects of various concentrations of ADP and ATP on
glutamine synthetase activity.

The purified enzyme (fraction 4, Table 14) was used

after dialyzing in 4L of 50 mM Tris-HCl buffer (pH 7.0) for
16 hr. The transferase and biosynthetic activities of the

enzyme preparation v/ere determirred as described in Sections

2.2.3.1 and 2.2.3.2, except that ADP and ATP respectively' was

added at various concentrations.

A: Double reciprocal plot of the effects of various

concentrations of ADP on transferase activity.

V = activity (umo1e '¡-glutamylhydroxamate produced/

min/mg protein).

B: Double reciprocal plot of the effects of various

concentrations of ATP on biosynthetic activity.

V = activity (pmole Pi produced/min/mg protein).
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TABLE 17: Eff of var us concen tions f thioni -DL-
ul on tr ferase activit

The transferase activity of the purified enzyme

min/mg protein.

Final
concenÈration
of ÌaSX (Ul"Í)

Inhibi-tion

(7")

1

2

3

4

5

10

15

2rJ

27

40

49

60

67

84

90

93
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il,1

The enzyme \^ras markedly inhibited by MSX; 93% inhj-bition was recorded at

20 uM.

Various amino acids were tested for their i-nhibitory effects on the

purified enzyme activi¡y. The results in Table 18 indicate that cysteine,

alanine, glycine, serine, isoleucine, threonine, proline, phenylalanine and

valine each at 10 ml4 markedly inhibited transferase activity rvhereas the

bì-osynthetic reaction was restricted by cysteine, isoleucine and tryltophan'

The effects of sorne organic acids on the ¡4n2+-dependent transferase

and Mg2*-dependent biosynthetic activities are shown in Table 19. Oxalate

(10 ml,l) markedly inhibited transferase activity by 81% and oxalacetate and

a-ketoglutarate by 69 and 40% respectively; whereas malate,lactate anci

pyruvate were without effect. The biosynthetic activity was restricted

by oxalate, o,-ketoglutarate and oxalacetate (each at 10 mM) by 49, /+9 and

427. respectively, whereas malate, lactate, citrate, pyruvate and succinate

did not affect the enzyme activity.

Double reciprocal plots of the effectsof various concentrations of

glutamate and NH4C1 (substrates for the bì-osynthetic activity) on the

transferase reaction (Figs. 25¡- and 258) show that both substrates are

competitive inhibitors with respect to glutamine. AC 20, 10 and 5 mM

glutamine respectively, glutamate (20 mM) inhibited the transferase reaction

by IZ, 23 and 28%; while NI{4C1 at the same concentration restricted the

enzyme to a lesser extent. The apparent Ki values estimated from Dixon

ploEs were 34.5 mI4 for glutamate (Fig.26) and 38 mM for NH4C1 (Fie. 27).

3.4.4 Adenvlvlatio n/deadenvlvlation

In some bacteria the extent of the Eransferase activity in the presence

of 60 rnM NIgC12 has been used to indicate the extent of adenylylation of

I

!
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TABLE 18: Bffects of various amino acids on plutamine svnthetase
activity

Transferase and biosynthetic activities of the enzyme

(fraction 4, Table 14) were deterrnined as described in
dections 2.2.3.1 and 2.2.3.2, excepL that amino acj-d was

added at t0 mM final concentration. The results are

biosynthetic assaY).

Amino acids
(10 mM final
concentration )

Inhibit ion (%)

Transferase
activity

Biosynthetic
activity

ql

'ri

Cysteine

Alanine

Glycine
Serine

Isoleucine
Threonine

Proline
Phenylalanine
Valine
Lysine

Histidi-ne

Methionine

Asparagine

Tryptophan

Leucine

Arginine

94

89

78

74

7T

70

66

66

63

47

42

4L

4I
33

26

13

BO

40

48

42

62

40

58

52

49

30

52

28

32

60

40

L6

I

I
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TABLE 19: Effects of organic ac ids on qlutämine sYnthetase activitY

Transferase and biosynthetic activities of the enzyme

(fraction 4, Table 14) were dr termined as described in
Èections 2.2.3.1 and 2.2.3.2, except that the organic acid
was added at 10 mM final concentration. The results are
e*pres"ed as % inhibirion of the control (without organic
u.i¿). Activity of the control was 14'9 pmole y-gluta-
mylhydroxamate pioduced /ni.n/ng protein (for transferase
iáu.Li-on) and 1.2 pmole Pi próduced/min/mg protein (for
biosynthetic assaY).

Organic acids
(10 mM final
concentration)

Inhibic ion (%)

Transferase
activitY

Biosynthetic
activitY

Oxalate

Oxalacetate

o-ketoglutarate

Citrate

Succinate

81

69

40

49

42

49

05

3 0

I

I
ll

li

I

I

¡i
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FIG. 25: Inhibitor effects of 1u and on uta-
mine synthetase-transferase activity.

The transferase activity of the enzyme (fraction 4,

Table 14) was determined as descri-bed in Section 2.2.3.1, except

that various concentrations of either glutamate or NH4C1 were

added at defined 1eve1s of g'l¡¡urinu.

A: A Lineweaver-Burk plot of the effects of gluta-
mate at various levels of glutamine. The con-

centrations of glutamate v/ere: (¡) 0 mM;

(a) 5 mM; (¡) 10 mM; and (À) 20 mM.

Inset: Inhibition by glutamate with glutamine at
(O) 5 mM; (a) 10 mM; and (E) 20 nl'f.

B: A Lineweaver-Burk plot of the effects of NH4CI

at various 1eve1s of glutamine. The concentra-

tions of NH4C1 were: (¡) 0 mt"l; (Â) 5 mM;

(¡) 10 ml,4; and (A) 20 mM.

fnset: Inhibjtion by NH4C1 with glutamine at
(O) 5 mM; (a) 1o rnM; and (l) 2o mM.

V = activity ('¡-rmole .¡-glutamylhydroxamate produced/'

min'/mg Protein) '
S = substrate (glutamine, mM).
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FTG.26: A Dixon plot the effects of various concentrations
of e,luLamate on slutamine svnthetase-transf erase
activity

The transferase activity of the enzyme (fraction 4,

Table 14) was determined as described in Section 2.2.3.1' except

that various concentrations of glutamine were used as well as the

addition of glutamate at the concentrations indicated. The con-

centrations of gluEamine were:

(r) 5 mll;

(r) 10 mM; and

(o) 20 ml'{.

V = activity (pmole y-glutamylhydroxamate produced/

min/mg protein).
I

I
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FIG. 272 A Dix nlot of the effects of varl-ous concentrations
of ammonium chloride on elut synthetase-
transferase activitY.

The transfer.ase activity of the enzyfne (fraction 4,

Table 14) was determined as described in Section 2.2.3.1, except

that various concentraËions of g1-utamine were used as well as the

addition of NH4CI at concentrations indicated. The concentrations

of glutamine were:

(r) 5 mM;

(r) 10 mM; and

(o) 20 mM.

V = activity (Umo1e .¡-glutarnylhydroxamate produced/

min/mg protein).
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glutamine synrherase (A1ef and Zumft, 1981; Michalski et a7., 1983; Kumai

and Nicholas, 1984). The fully adenylylated enzyme is relatively inacEj-ve

in the presence of l{g2+, whereas the deadenylylated enzyme is not affected'

The effects of snake venom phosphodiesterase treatment on the transferase

acEivit! of the purified enzyme (fraction 4, Table 14) in the presence and

absence of 60 mPI MgCl2 are presented in Table 20. The percentage of

adenylylation was reduced fuon 747" Lo 257" on treating the purified enzyme

with snake venom phosphodiesterase as described in Section 2'2'9, and the

A269 values \^/ere decreased by about 2O7".

More direct evidence for the cleavage of AMP from the adenylylated

enzyme was achieved by separating the SVD-treated enzyme in polyacrylaride

gels electrophoresis as described in Section 2.2.9. The AÙfl' was detected

in the gels by uv light soon after electrophoresis with reference to

appropriate authentic markers.

3.5 Glutamate synthase

3.5.1 Purification

The enzyme h/as puri-fied to about a lOO-fold with a recovery of- 387"

(Table 2I) by the following procedure. Ce1l-free extracts were prepared

at 4"C and subsequgnt purification of the enzyme l'ras carried out at .this

temperature.

Frozen mycelÍal felts l4rere ground in a chilled porcelain mortar and

pestle and homogenized in 50 ml Tris-HCl buffer (pH 7.5)' 19 mycelial

felts to 3 ml of the buffer, using a glass homogenizer. The homogenate

passed, three times, through a French pressure cell at 20'000 p.s.i. was

centrifuged at 20,000 g lor 20 min.. The supernatant fraction (S2g) con-

taining glutamate synthase activity was used as the crude extract'
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TABLB 20: Effects of snake venom pho sohodiesterase on qlutamine
svnthetase activitY

Snake venom phosphodiesterase (500 Ug) was added to 10 ml
of the purified enzyme preparation (fraction 4, Table'14).
After incubaElon for t hr at 370C the reaction mixture was

loaded onto a Sephadex G-10 column to separate AMP which
was cleaved from the adenylylated enzyme (G-10 fracti-on).
The transferase activity of the SVD-treated and untreated
enzyme was determined as described in Section 2.2.3.I'
either with or without 60 ml'f MgC12.

Treatment Az6o
Transferase activity
(units/me Drotein)
-Mg2+ +Mg2+

Adenylylation
(7")

lùithout SVD
(fraction 4, Table 14)

\4lith SVD
(G-l0 fraction)

0.64 14.92 
,

0.54 14.75

3.94

11 .04

74

25
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To Ehe crude extract (SZO), MnC12 (32 ml of a M solution per litre

of crude extract) was s1ow1y added with constant stirring. The mixture

was immediately centrifuged at 20,000 g lor 15 min and the supernatant

(SZO, l,lnC12) was collected. Solid (NH4)2S04 was then gradually added to

the supernatant (S20, MnCl2) wíth constant stirring to produce 25%

(NH4)2S04 saturation. During addition of (NH4)2S04, the pH of solution

was maintained at 7.5 by adding cold 50 mll Tris. AfCer standing for 30 min,

the mixture v/as centrifuged at 201000 g for 15 min. The supernatant

collected was then brought to 657" (NH4)2S04 saturation and allowed to stand

for 30 min before centrifuging at 20,000 g for 15 min. The pellet re-

dissolved in 50 mM Tris-HCl buffer (pH 7.5) was recentrifuged at 20,OOO g

for 10 min to remove insoluble material.

The clarified solution dialyzed lor 16 hr against 3L of 50 mll Tris-

HCl buffer (pH 7.5) was then loaded ontå a DE-32 column (140 x 35 mm) pre-

equilibrated with 50 mM Tris-HCl buffer (pH 7.5). The column was then

washed with 300 m1 of the same buffer. Glutarnate synthase was separated

by a linear gradient of NaCl (0 to 500 mM) in the buffer. The total gradient

volume was 250 ml and the flow rate v/as 50 ml/hr. Active fracEions eluted

between 20Q and 300 ml,l NaCl were pooled and dialyzed for 16 hr against 3L

of 50 mM Tris-HCl buffer (pH 7.5).

The dialyzed enzyme v/as loaded onto a Blue Sepharose CL-68 column

(80 x 15 mm) which had been pre-equilibrated with 50 mM Tris-HCl buffer

(pH 7.5) and then washed with 150 ml of the same buffer. The enzyme eluted

in 50 mM Tris-HCl buffer (pH 7.5) containing 1 ml'f NADPH had a specific

activity of. 7.6 Umole NADPH oxidízed/min/mg protein. A summary of the

purification is given in Table 21.
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TABLE 21: Purification of slutamate svnthase

The enzyme activity of each fraction h/as neasured by follorving
the oxidation of NADPH in the reaction mixture as described in
Section 2.2.4. One unit of enzyme activity corresponds to
1 ¡.tmole NADPH oxidized/min.

Fraction
Specific

Activity Protein activity
(units/mg

(units) (tg) protein)

Purifi-
cation

(-fo1d )

Recovery

(7")

l.Crude extract (SZO)

2.Precipitate from (NH4)2504
25-65% saturation dialyzed
for 16hr against 3L of
50mPI Tris-HC1 buffer (pH
7 .s)

3.Fraction 2 loaded ontc a
DE-32 column (140x35mm)
and eluted rvith 0-0.51"f
NaCl in 5Omlvl Tris-HCl
buffer (pH 7.5) and then
dialyzed for 16hr against
3L of the same buffer

4.Fraction 3 loaded onto a
Blue Sepharose CL-68 col.unn
(B0x15mm) and eluted wi i 'r
50mM Tris-HCl buffer (p '

7.5) containing lmM NALIi'ii

12.30 L64.O 0.075

12.78 37 .2 0.344 5

7.O3 s.8 r.216 16

4.66 0.6 7.618 rO2

100

103

57

38
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3.5.2 Prooerties

3.5.2. I Molecular weight

The purified glutamate synthase (fraction 4, Table 21) had a

molecular weight of. 22O kDa as determined by gel filtration on a

Sepharose 68 column (Fig. 284). A subunit molecular weight was

established for the enzyme by SDS-polyacrylamide gel electrophoresis;

one major protein band was detected with a molecular weight of. 53.7

kDa. Thus the enzyme is composed of 4 subunits of similar size.

3.5.2.2 Effect of pH

The effect of pH on enzyme activity was determined as

described in Section 2.2.4. The results in Fig. 29 indicate that

the optimum pH lor enzyme activity was beEween 8.0 and 8.4 and it

retained more than 50% of the activity over the pH range 7.4 - 9.O.

3.5.2.3 Substrate requirement

The results in Table 22 lor the purified enzyme (fracti-on 4,

Table 21) indicate that glutamine, o-ketoglutarate and NADPH are

essential for activity. The requirement for these compounds was

specific since NADH could not substitute for NADPH; neither oxalate

nor pyruvate for o-ketoglutarate; and neither asparagine nor NH4C1

for glutamine.

3.5.2.4 K- values for substrates and NADPH

Effect of various concentrations of substrates on erlzyme

activity were determined. The effects of glutamine concentrations

over a range of 0-6 mll are illustrated in Fig. 304. The K, value
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FIG. 2BA: Molecular weisht determination of slutamate svnthase
bv eel filtration.

The purified enzyme (fraction 4, Table 21) was passed

through a Sepharose 68 column as described in Section 2.2.7.L.
Elution buffer was 50 mM Tris-HCl (pH 7.5) containing 0.1M NaC1.

The K.u values were calculaEed from Kuu = (Ve-Vo)/(Vt-Vo). The

proteins used as markers were:

(o) ferritin;
(o) catalase;
(^) aldolase; and

(r ) albumin .

FIG. 2BBz Estimation of subunit molecular weisht of the purified
enzyme by SDS-polyacrylamide gel e"-ectrophoresis.

' The molecular weight of the enzyme subunit (fraction 4,

Table 21) was determined by polyacrylamide (I2.52) slab gel electro-
phoresis in the presence of 0.17" (w/v) SDS, as described in Section
2.2.7.2. Relative mobility (R¡) of proteins were calculated by

dividing the migration distance of the proteins with the movement of
the tracking dye at the end of the run. The standard proteins used

!'/ef e:

(r) phosphorylase b;

(r) albumin;

(o) ovalbumin;
(o) carbonic anhydrase;

(a) trypsin inhibitor; and

(o) a-tactalbumin.
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FIG.29z Effects of pH on slutamate synthase activitv.

The activity of the purified enzyme h/as determined

as described in Section 2.2.4, except that the pH of reaction

rnixture was varied as indicated.
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TÃBLE 222 Substrate and NADPH requirements for elutamate synthase
activity

The purified enzyme (fraction 4, Table 21) was used after
dialyzing for 16 hr against 3L of 50 mM Tris-HCl buffer
(pH 7.5). The enzyme activity klas measured as described
in Section 2.2.4. The results are expressed as % of
control (complete assay mixture). The activity of the
control "u= 7.6 pmole NADPH ox:..dízed/min/mg protein.

Assay conditions Accivity (%)

Complete

Omit NADPH

Ornit NADPH, add NADH

Omit s-ketoglutarate
Omit a-ketoglutarate, add oxalacetaEe

Omic u-ketoglutarate, add pyruvate

Omit gluEamine

Omit glutamine, add asParagine

Omit glutamine, add NH4CI

100

0

0

2

2

0

4

3

2
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of.2.6 mlul was calculated from double reciprocal plot of glutanine

concentrations against enzyme activity (Fig. 308) .

The effects of various concentrations of o.-ketoglutarate on

enzyme activity are shown in Fig. 314. Enzyrne activity increased

as the concentration of O-ketoglutarate increased up to 1.5 rnM.

From double reciprocal plot of the data (Fig. 31B), the K, value for

o-ketoglutarate was calculated to be 0.35 mM.

The effects of various concentrations of NADPH showed that

rhe enzyme acriviry increased up to 75 pM NADPH (Fig. 32¡.), The K,

value for NADPH was 35 pM as calculated from double reciprocal plot

of the data.

3.5.3 Inhibitor studies

The effec¡s of a range of compounds on enzyme activity were studied -

The results in Table 23 indicate that the enzyme v/as markedly inhibited by

phenylalanine (78% at 10 mM) and to a lesser extent (<457") by arginine,

leucine, valine and glutamaEe but it was not restricted by either histidine

or asparagine (each at 10 mM). Valine, isoleucine, asPartate, alanine,

glycine and threonine (1 mM) had no effect on enzyme activity.

The inhibitory effects of various metabolites are presented in

TabIe 24. Thus oxalate, malate and fumarate (au 5 mM) inhibited enzyme

activity by 48, 40 and 29%, respectively. Enzyme activity was also re-

stricted by 47, 29 and 31% respectively, by ATP, ADP and Al"fP (5 mM).

Azaserine, an analogue of glutamine, markedly inhibited the enzyme

(Table 25). Thus at 1 mM, it restricted enzyme activi:Ly by 68%.

The results in Table 26 indicate Ehat metal-binding agents also in-

hibited glutamate synthase activity. Thus O-phenanthroline (at 10 urM)
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FIG. 30 Effects of various concentrations of glutamine on
glutamate svnthase activitv.

The activity of the purifíed enzyme (fraction 4,

Table 21) was deËermined as described j-n Section 2.2.4, excePt

that the concentrations of g1-utamine were varied as indicate,l.

A: Glutamate synthase activity at various con-

centrations of glutamine.

B: Double reciprocal plot of the effects of
various concentrations of glutamine on enzyme

activíty.

V = activity (Umole NADPH oxj.dízed/min/mg protein).
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FIG. 31: Effects of various concentrations of a-ketoglutarate
on qlutamate synthase activitY.

The activity of the purified enzyme (fraction 4,

Table 21) was determined as described in Section 2.2.4, except

that the concentrations of a-ketoglutaraÈe were varied as indi-
cated.

A: Glutamate synthase activity at various con-

centrations of u-ketoglutarate.

B: Double reciprocal plot of the effects of
various concentrations of a-ketoglutarate on

enzyme activity.

V = activity (¡rmole NADPH oxidízed/min/mg protein).

I
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FIG. 322 Effects of various concentrations of NADPH on

slutamate synthase activity.

The purified enzyme (fraction 4, Table 21) was used

af,rer dialyzing for 16 hr againsr 3L of 50 mlf Tris-HCl buffer
(pH 7.5). The enzyme activity hras determined as described in
Section 2.2.4, except that the concentrations of NADPH were

varied as indicated.

A: G1uEamate synthase activity at various

concentrations of NADPH.

B: A Lineweaver-Burk plot of the effects of
various concentrations of NADPH on enzyme

activiËy.

V = activity (¡rmo1e NADPH oxidized/min/mg protein).
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TABLE 23: Effects of amino acids on lutamate nthase activit V

The activity of the enzyme (fraction 4, Table 21) was

determined as descrj-bed ln Section 2.2.4, except that

Inhibitíon (%)
Amino acids 5 rnM 10 mMlmM

Phenylalanine

Arginine
Leucine

Valine
Glutamate

Isoleucine
Aspartate

Serine

Tryptophan

Threonine

Methionine
CysEeine

Lysine

I4

9

4

0

9

0

0

6

5

0

I
9

I

28

9

5

6

T6

22

20

r4

5

5

13

9

I

78

43

36

26

25

23

22

2I

20

19

16

t4

L4
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TABLE 24: Effects of various me tabolites on slutamate svnthate
activitY

The activity of the purified enzyme (fraction 4,
Table 21) wãs derermined as described in Section 2.2.4,
except that metabolite was added at the concentration
indiLated. The results are expressed as % inhibition
of control (without addj-tion of metabolite). Activity
of the conErol was 7.6 pmole NADPH oxidized/min/mg
protein.

Inhibit ion (%)
It{etaboliEes I rnM 5 rnM

c-AlfP

AMP

ADP

ATP

Pyruvate

Citrate
Succinate

Fumarate

Malate

Oxalacetate

0xalate

0

0

18

0

T4

8

9

16

11

15

26

5

31

29

47

2"O

16

t4

29

40

20

48
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TABLE 25: Effects of various concentra tions of a

s. lutamate svn thase activitY
zaserane on

The activity of the purified enzyrne (fraction 4,
Table 21) was determined as described in Section

min/mg protein.

Azaserine
concentration

(mM)

Inhibition
(ia)

o.2

0.4

0.6

0.8

1.0

T4

26

42

60

68
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TABLE 26¡ Effects of vara s inhibitors on plutama
activity

te svnthase

NADPH oxidized/min/rng Protein.

Inhibitors
Fi-na1

concentrations (mM)
Inhibition

(7")

Sodium arsenite

Sodium azide

Potassiurn cyanide

o,,0r-dipyridyl

0-phenanthroline

p-CMB

p-CMB + Cysteine

4

10

10

25

10

25

I
5

10

1

4

10

0.01

0.05

0.10

0.1 + 0.2

9

57

5

15

4

94

4

43

88

I
68

100

46

96

100

0
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completely restricted activity, and 0'0r-dipyridyl and arsenite (each at

10 mùl) inhibited the enzyme by BB% and 577" respectively.

The enzyme was also markedly inhibited by p-cMB at 0.1 ml'4 and this

effect was reversed by the addition of 0.2 ml"l cysteine.
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4. DISCUSSION

4.I Nitrate reductase

Nitrate reductase, the first enzyme involved in nitrate assimilation

is regulated in many organisms (Beevers and Hageman, 1969). This enzyme

has been characterized and its properties and regulatíon studied in bacteria

(Nicholas and Nason,1955; Lowe and Evans, 1964; Guerrero et a7., 1973;

Herrera and Nicho1as, 1974; Villalobo et a7., 1977; Rasul Chaudry and

MacGregor, 1983), fungi (Nicholas and Nason, 1954a; 1954b; Garrett and

Nason, 1969; McDonald and Coddington, I974; Guerrero and Gutj-etrez, 1977;

Renosto et a7., 1981; Horner, 1983), algae (Solomonson, 1975; Solomonson

et a7. , 1975; lulanzano et a7 . , 1976; Gewitz et a7. , 1981; Howard and

Solomonson, 1982; Schlee et a1.,1.985), and in higher plants (Notton et

a7. , 1977; Campbell and Smarelli, 1978; Lewis et a7. , I9B2; Oji et af. ,

L982; Nakagawa et a7., 1985; Streic et a7., 1985).

Nitrate reductase from S. scTerotiorum studied in this thesis has a

molecular weight of. 2LO kDa and is composed of two subunits with a mole-

cular weight of 107 and 123 kDa. These results are comparable with

subunits of 115 and 130 kDa for an enzyme of 230 kDa purified from N. crassa

(Pan and Nason, 1978), subunits of 97 and 98 kDa for an enzyme of 199 kDa

in P. chrysogenun (RenosLo et a7.t 1981), the enzyme from R. gTutinis

with a molecular weight of 23O kDa which is composed of two identical sub-

units of 118 kDa (Guerrero and Gutierrez, 1977 ) and the enzyme from

Spinacia oTeracea (rnolecular weight of. 27O kDa) with subunits of 110 to

120 kDa (Nakagawa et a7.t 1985). The rnolecular weight of nitrate reductase

from eukaryoti-c organisms calculated by a variety of techniques including

sucrose density gradient and ge1 filtration is in the range 160 to 520

kDa (reviewed by Hewitt and Notton, 1980). Nitrate reductases from fungi,
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green algae and higher planEs are usually composed of subunits which vary

in number and size. Nitrate reductases from N' cÎâssât

P. chrysogenun, Asp. nicluTans and c. utiTis have dissimilar size subunlts

(Sims et a7., 1968; Pan and Nason, 1978; Renosto et a1., 1981;

Minagawa and Yoshimoto, IgB2) whereas the enzyme from R, gTutinis and

Sp. oleracea have two identical subunits (Guerrero and Gutierîez, 1977i

Nakagawa et a7. , 1985).

In the present study the NADPH-dependent and l4VH-linked nitrate re-

ductase activities from S. sclerotiorun had a pH optima around 7'I and 7'5,

respectively (Fig . 2), in agreement with results for these activities in

various micr¡:rganisms. The NAD(P)H-dependent nitrate reductase activities

from ThiobaciTTus denitrificâIlst R. glutinjs and Asp' nidulans have pH

optima between 7 and B (Sawhney and Nicholas, 1977; Guerrero and

Gutierrez,IITT;Minagar*¡aandYoshimoto,]lgï2)'ThepHoptimaofthe

MVH-linked reaction in Rhizobiun japonicun and R. gTutinis respectively,

were 7.0 and 7.5 (Lowe and Evans, 1964; Guerrero and Gutierrez, I9l7)'

In contrast, a very high pH value of 10.5 for maximurn activity of the

MVH-dependent nitrate recluctase \^ras recorded for the purified enzyme from

Anacystis nidulans (Manzano et a7. t 1976).

The results reported herein show that both NADPH and NADH serve as

electron donors for nitrate reductase activity in S. scTerotiorum buL

NADpH lvas more effective than NADH; in contrast to nitrate reducEases from

IJstiTago naydis (Lewis and Fincham, L97O), Ch. vuTgaris (Solomonson and

Vennesland, Ig72) and from higher plants (Dunn-Colsrn¿n eË af . ' 1984) where

the reverse was found. The preference for NADPH over NADH as a reductant

for enzyme activity has been reported for N. crassa (Nason and Evans, 1953;

Garrett and Nason, 1969) , Asp. niduTans (Cove and Coddington, 1965;
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Minagawa and Yoshimoto, IgB2), P. chrysogenum (Renosto et a7'¡ 1981) and

R. gTutinis (Guerrero and Gutietrez, 1977).

Dithionite-reduced methyl viologen was the most effective electron

donor for the enzyme from S. scTerotiorum (Tab1e 2). The maximal MVH-

linked actì-vity was not dependent on exogenous FAD, in agreement w"ith the

results for the enzyme from .4sp. niduTans and R. gTutinis (Guerrero and

Gutierrez, Ig77; l"linagawa and Yoshimoto, l9B2). Assimilatory nitrate

reductases from N. crassa, T. nitratophiTa ard P. chrysogenun have also

been shown to utilize reduced viologen dyes as reductants (Garrett and

Nason , 1969; Rivas et a7., 1973; Amy et a1. , 1977; Pan and Nason , L97B;

Renosto et a7., 1981). Tn the present rvo'lr, dithionite-reduced flavjn

nucleotides functioned as electron donors for nitrate reduction; FMNH2

was more effective than I'ADH2. The results confj-rm those recorded for

N. crassa(Garrett and Nason, 1969), P. chrysogenum(Renosto et a7', I9B2),

R. glutinis (Guerrero and Gutierrez, 1977 ) and Acinetobacter caTcoaceticus

(Villalobo et ai., Ig71). Alrhough the reduced flavin nucleotides appear

to be generally effective as reductants, its physiologically availability

in cells is uncertain (Schrader et a7., f96B; Amy et a1., L977; Pan and

Nason, 1978) .

Unlike rhe MVH-linked activity, when either NADPH or NADH was the

èlectron donor then FAD was required for rnaximal activity. This require-

ment for FAD in the NAD(P)H-dependent nitrate reductase from S. scTetotiorun

(Table 2) is similar to that reported lor Asp. niduTans (Minagawa and

Yoshimoto, 1982) and T. nitratophila (Rivas et a7., L973). This require-

ment results from a dissociation of FAD from the enzyme protein during

purification. The flavin (FAD) was also readily dissociated during puri-

fication of the enzyme from N. classa (Nicholas and Nason, I954a;
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Garrett and Nason, 1967). Crude extracts or slightly purified prepara-

tions of the spinach enzyme were not activated by added FAD (Hewitt and

Notton, 19BO). In the present work, FAD vras present in the prrrified

enzyme from S. scTerotiorunrso that the flavin componenE was not

completely dissociated durlng purificatíon. A flavin component v/as also

found in purified nitrate reductases from Asp. niduTans (McDonald and

Coddington, I974; Minagawa and Yoshimoto, 1982) and Ch. vuTgaris

(Solomonson et a7,, L975). As reported herein, the NADPH-dependent

nitrate reductase assay in S. sclerotiorulr shoured no activity when FAD

was replaced by Fl"lN, in contrast to the enzyrne frorn N. crassa, Asp. niduTans

and P. chrysogenu¡¡ where FMN co varying degrees substituted for FAD

(Nason and Evans, 1953; Nicholas and Nason, I954a; Cove and Cocldington,

1965; Renosto et a7., 1981; 7982).

Kinetic data for nitrate reductase from S. sclerotiorun reported here-

in indicate that the K, valuesfor nitrate (33 Uf'l) and for NADPII (40 Ul"l)

are comparable wit.h those for the enzyme from Asp.nidu7ans,60 and 10 Ul'l'

respectively (McDonald and Coddington, L974), N. crassa, 200 and 62 UM

(Garrett and Nason, 1969), R. glutinis,125 and 20 UM (Guerrero and

GuEierrez, 1977) and Cyan. caTdariun, 84 and 37 UM (Rigano and Aliotta,

1975). Similarly the K, value for FAD (0.2 UM) in the NADPH-dependent

reaction is in agreement with thaL for the enzyme from P. chrysogenum namely

0.17 Ul"f (Renosto et a7.,1982). The K, valuæfor nitraEe of the MVH-'

F}4NH2- and FADH2-linked nitrate reductase activity at 1700, 150 and 7l UM

respectively, were markedly higher than that of the NADPH-dependent activity.

These results indicate that NADPH functions as an electron donor under

physiological conditions.

Nitrate reductases from microorganisrns are inhibited by various
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compounds. Inhibitions of either NADPH-dependent or MVH-linked nitrate

reductase activity in S. scTerotiorun by azil]de and cyanide (Tables 3 and

4) is in agreement with the results for N. crassa, R. glutinis and Asp.

niduTans (Nicholas and Nason , L954a; lulcDonald and coddington, L974;

Guerrero and Gutierte:-' 1977; Pan and Nason ' 1978; Ùlinagawa and

Yoshimoto , 7gB2). The inhibj-tory effects of Ehese cornpounds on enzyme

activity reported herein were similar when either NADPH or MVH was used

as the electron donor, indicating that the primary site of action of

metal bíncing agents is probably molybdenum' as shown by Nicholas and Nason

(1954b) and l4cDonald and Coddington (I974) '

Sulphydryl-groupinhibitorssuchasp_CMBandNEMrestrictedthe

enzyme acrivity (Tables 4 and 5). The extent of inhibition of the NADPH-

dependent activity by p-cMB was similar to that of azjlde, but it was less

for the Ì"IVH-linked reaction. Amytal and rotenone also restricted the

NADPH-dependent nitrate reductase activity in s. scTerotiorun' Either

sulphydryl-group or flavin inhibitors showed less inhibition with l"lvll than

wiEh NADPH as an electron donor. This confirms Ehe results for the

purified enzyme from N. crassa (Nicholas and Nason, 1954a; Garrett and

Nason, 1969; Pan and Nason, 1978) where electrons are transferred from

MVH directly to molybdenum whereas NADPH donates reducing equivalents

first to FAD. The involvement of sulphydryl-group(s) in the transfer

of electron from NADPH to flavin component is in agreement with the data

for N. crassa (Nicholas and Nason , L95t+a; Amy et a1 " 1977) '

The results presented in this thesis show that chlorate and brornate

are competitive inhi-bitors of niErate reductase activity with respect to

nitraEe (Fig. B), in agreementwiththe results for Asp. nidu-lans and

R. glutinis. McDonald and coddington (L974) found that chloraEe was
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bound to nitrate reductase from Asp. nidulans aE. the same site as nitrate'

Similarly, chlorate functioned as an electron acceptor for the nitrate

reductase from R. gTutinis (Guerrero and Gutierrez, 1977). However,

since the Kj values for chlorate and bromate (18.1 and 15.6 rnM,

respectively) were about 10 times higher than the Kr value for nitrate'

ít is unlikely that either chlorate or bromaLe would inhibit nítrate

reduction in vivo.

As reported herein, nitrite, the product of nitrate reduction, also

inhibited NADPH-dependent reduction of nitrate competitively (Fig. 11)'

In S. sclerotio.rum the Ki value for nitrite (90 pM) was 3-fold greater

than the K, value for nitrate, in agreeme-t with the data for Ch7ore7La

enzyme (solomonson and vennesland, L972) indicating that nitrite is unh-kely

to inhibit the enzyme in vivo. However, the Ki valuesfor nitrite deter-

mined in R. glutinis (Guerrero and Gutieîrez, 1977) and Asp' niduTans

(McDonald and coddington , Ig74) were similar to the Kr value for nitraEe

so that nitrite might well inhibit nítrate reductase activity in vivo.

4.2 Nitrite reductase

The second enzyme in the nitrate assimilation pathway is nitrite

reductase which has been purified and characterized from various micro-

organisms (Nason et a7., 1954; Medina and Nicholas, 1957; Nicholas et

a7.,1960; Rivas et a1., 1973; Yega et a7., L973; L975; Lafferty and

Garrett, Ig74; Garrett and Amy, 1978; Greenbaum et a7., I97B1, Prodouz

and Garrett, 198f).

' The 54-fold purifi-ed nitrite reductase from S. scTerotiorum reported

herein has a specific activity up to 5 times greater than thaÈ reported

by Nicholas et a7. (1960) for their 50-fo1d purified enzyme from /v. crassa.
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The higher specific activity may be a result of including chelat-ing and

sulphydryl-protecting agents and FAD in the preparation buffers' The

omission of any one of those compounds from the preparation buffers re-

sulted in a low nitrite reductase activity in crude extracts ' The

enzyme from S. scTerotio.ru¡n i-s similar to nitrite reductases frorn other

non-photosynthetic organisms in its lnstability in vitro (Kemp and

Atkinson , 1966; Lafferty and Garrett , 1974) '

The results presented in this thesis show that NAD(P)H-hydroxylami-ne

reductase was associated with the purified NAD(P)H-nitrite reductase.

The activity ratios of nitrite reductase to hydroxylamine reductase were

constant during purification (Table 6), i^r a$reement with the data for

/V. crassa (Lafferty and Garrett, i_974). The results indicate that both

nitrite- and hydroxylamine-reductases are associated with the same enzyme

rather than separate enzyme proteins. The assimilatory NAD(P)H-nitrite

reductase from s. scTerotio.rum also Lrad an associated NAD(P)H-diaphorase

activity which utilize either ferricyanide, DCPIP or cytochrome

(horse heart) as an electron acceptor (Tabfe B). The results are similar

to those reported for N. crassa (Vega , L976).

The NAD(p)H-dependent nitrite and hydroxylamine reductases activities

reported herein were active over a pH range of 6.5 to 7.5 with a maximum

aL 7.0 (Fig . I2). These results are comparable to the pH optimum for

the enzyme activity frorn lV. crassa (Nicholas et a7.¡ 1960; Lafferty and

Garrett , L974).

In the present study, the results of experiments on the stoichionetry

of the nitrite reduction (Table 9) essentially confirm previous observa-

tions with E. coli, Az. chroococcun, T. nitratophila and N' crassa ('Kemp

and Atkinson, 1966; Vega et al., L973; Rivas et a7., L973; Lafferty
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and Garretr, 1974; Greenbaum et a7.,1978). The ratio of NADPH oxidized

to nitrite reduced and ammonia formed in the NADPH-dependent reaction was

3:1:I, as expected for a six-electron transfer reaction (Lafferty and

and Garrett, 7g74). Hydroxylamine could replace nitrite in the enzyme

reaction in vitro, also forming ammonia as the product. Thus the ratio

of NADPH oxidized to ammonia produced in the hydroxylamine reductase-

mediated reaction was 1:1, in agreement with the data for the enzyme from

N. crassa (Greenbaum et a7., 1978).

Nitrite reductase from s. scTerotio.rum utilized NADPH as the nost

effective electron donor whereas NADH functior:ed to a lesser extent (56% of

that with ¡¡wH), in agreement with the enzyme from Asp. niduTans and

N. crassa (Pateman et a7.t 1967; Lafferty and Garrett, 1974; Yega et a7"

L975; Greenbaurn et a7., 1978; Prodouz and Garrett, 1981). However,

Rivas et a7. (1973) showed that nitrite reduclase frorn T. nitratophiTa

used NADPH, but not NADH, as an electron donor. The enzyme from

s. sc-lero tiorum also utilized di-thionite-reduced viologen dyes as reduct-

ants but they were less effective than NADPH, in accord with the resulls

for tlre enzyme from lV. crassa and T. nitratophiTa (Rivas et a7'¡ L973;

Lafferty and Garrett, IgTt+). As reported herein flavin nucleotides (FAD

and FMN) chemically reduced vrith dithionite, functioned as reductants in

contrast to the results for the enzyme from 7; nitratophiTa and Az '

chroococcr-rm (Rivas et a7. , L973; Vega eË aI. , L9l3) where FMNH2 and FADH2

were ineffective electron donors.

The maximal activities in vitro of the NAD(P)H-dependent nitrite-'

hydroxylamine- and cytochrome c-reductases from S. scTetotioruø were

obtained when FAD was added to the reaction mixture (Table 8) ' in agreement
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vrith results for these enzyme activities in N. crassa (Nason et a7 ' ' 1954; '

l"ledina and Nicholas, 1957; Nicholas et a7., 1960; Lafferty and GarretE,

1974; Vega, 1976; GarreEt and Amy, Lg77). In nitrite reductase from

N. crassa FMN substituted for !'AD, but FMN was less effective for the enzyme

from S. sclerotiorun. In contrast to the results reported herein, FMN

added as a cofactor \./as without effect on the enzyme activity in

T. nitratophiTa and Az. chroococcum (Rivas et a7., I973i 'lega et a1" 1973)'

It is noteworthy that in the NAD(P)H-diaphorase activity of the enzyme from

S. scTerotiorum usì-ng ferricyanide and DCPIP as electron acceptors' neither

FAD nor FMN was required for maximal activity'

The results presented in this thesis show that the K, values of

nitrite reductase activity frorn S. scTerotiorun f-or nitrite, NADPH and FAD

respectively, were 17, 40 and 0.11 Ul'Í whereas the Kr values for hydroxyl-

amine, NADPH and FAD of hydroxylamine reductase activity were 1670' 40 and

0.11 pM, respectively (Figs 14-16). The results are comparable to those

for nitrite reductase from N. crassa and E. coTi (Kemp and Atkinson, 1966;

Lafferty and Garrett, Ig74). Since Lhe K, value for hydroxylamine is

about 100-fold greater than that for nitrite, the physiological substrate

of the enzyne from S. scTerotio.rum is more likely to be nitrj-te. Hydroxyl-

amine was not a product of nitrite reductase as was found for t'he enzyme

fromE.co]-i,B,subtiTisandN.Cras,s,a(KempandAtkinson,I966iPrakash

and Sadana, L972i Lafferty and Garrelulu, L974)'

Nitrite reductases fron microorganisms have been shown to be inhibited

by various compounds (Nason et a7., 1954; Medina and Nicholas, 1957;

Nicholas et a1.,1960; \ega et a7., 1973; Lafferty and GarretE, 1974)'

The NADPH-linked enzyme from S. sclerotio¡um wâs sensitive to cyanide '

arsenite , azide and DIECA (Table 10). The results indicate that a metal
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component is essential for Ehe enzyme activity, in agreement with Lhe results

for the enzyme from N. crassa, T. nitratophila and Az. chroococcurn (Nason

et a7., L954; Nicholas et a7.,1960; Rivas et a7.t 1973; Vega et al.,

L973). Since cyanide inhibited the enzyme activity competitively wiLh

respect to nitrite (Fig.17), it seems 1ikely that this chelating agent

inhibits by reversibly binding at an essential sire on the enzyme as suggest-

ed by Vega eË aÍ., (1973) for the enzyme from Az. chroococcun.

The NADPH-dependent nitrite reductase activity was markedly inhibiEed

by p-CMB and this effect \{as reversed by cysteine (Table 11). This indi-

cates a requirernent for sulphydryl-groups for enzyme activity, in agreernent

with the data for the enzyme from N. crassa (Medina and Nicholas, L957;

Nicholas et a7., f960; Lafferty and Garrett, 1974) and Az. chîoococcun

(Vega et a7., L973). Mepacrine, a flavin inhibitor, restricted the NADPH-

dependent nitrite reduction and this effect was reversed by adding FAD.

Arnytal and rotenone also inhibited the enzyme activity. The results indi-

cate the presence of flavj-n as shown by Nicholas et a7. (1960) for the ezyrne

f rom lV. crassa.

The inhibition of NADPH-dependent reaction by sulphite was competitive

with respect to nitrite (Fig. 18), in agreement with the data for nitrite

reductase from E. coTi and N. crassa (Kemp and Alkinson, 1966; Lafferty

and Garrett, L974). In B. coTi and yeast, sulphite reductase catalyzed

the reduction of nitrite and hydroxylamine Eo ammonia, i-n additiorr to reducing

sulphite to sulphide (Prabhakararao and Nicholas, l97O; Siegel et a7.,1982;

Janick et a7.,1983). The K, values for sulphite, nitrite and hydroxylamine

respectively, were 12, 1500 and 10500 UM for sulphite reductase from E. coTi

(Siegel et a7., L982) and 38,180 and 4500 UM for the enzyme from yeast

(Prabhakararao and Nicholas, 1970). The nitrite reductase enzyme from
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S.scTerotiorumdidnotreducesulphitetosulphide,inagreementwiththe

results for the enzyme from iv. crassa (Greenbaum et a7 ' 1978)' In the

present study, the Kl value for sulphite (10'75 ml"f) is three orders of

magnitudemorethantheK'valuefornitrite(17uM)indicatingthar

sulphite is unlikely to inhibit nitrite reductase in vivo' This confirms

thatnitriteisthephysiologicalsubstratefortheenzyme.

TheNADPH-dependentnitriteandhydroxylaminereductasesfrom

s. scTerotiorum were inactivated upon preincubation with NADPH in the

Presence of FAD (Tab1e 12)" I'rlhen the enzyme was preincubated with NADP+'

no inactivation was observed ' These results indicate that only the re-

ducedform(ì,IADPH)inactivatedtheenzyme,inagreementwiththeresults

for the enzyme from N. crassa (Lafferty and Garrett, I974i \ega et a7.,

Ig75)andAz.chtoococcum(Vegaeta1":':g73)'Theenzymewasprotected

againsEinactivationbyNADPHbypreincubatingtheenzymewitheither

nitrite or hydroxylamine. The results are similar to those reported for

nitrite reductase from /v. crassa (Lafferty and Garrett, r974; vega et

a7., Lg75), E. coTi (Kemp and Atkinson' 1966) and Az' chroococcun (\'lega

eta7.,1973).Contrarytotheresultsfortheenzymefroms.scTerotiorun,

the acEivity of the nitrite reductase from E' colj was' however' enhanced

by preincubation with nitrite (Kemp and Atkinson, 1966)' l4oreover' the

inactivation of the enzyme ltom Az. chroococcurl \^/as reversed by the sub-

strate,whichdi-fferswiththeresultsfornitritereductasefrom

S. scTetotiorun.

4.3 Pathway of ammonia assimilation

Theassimilationofammoniaintoglutamateinmicroorganisnsand

plants is achieved either via gluEamate dehydrogenase or the glutamine

I
r

!



T

r23

synthetase/glutamate synthase path\,ùay. Jn the present study, the incor-

porarion of 15N-tabe11ed (NH4)2504 into washed felus with and without I4SX

or azaserine was employed to determine the pathway of ammonia assimilation'

Consequently, either of the inhibitors should restrict ammonia assimilation

vja the glutamine synthetase/glutamate synthase pathway, but they-have no

effect on glutamate dehydrogenase.

The results indicate that the incorporation of 15N-1ube11ed

(NHa)2504 into washed felts of S. scTerotiorum r,rras markedly inhibj-ted by

MSX (>50%) and to a lesser extent (30%) by azaserine (Tab1e 13). These

results contrast to those for Ni trobacter agiTis where glutamate dehydro-

genase was the key enzyme for the assimilation of ammonia (Kumar and

Nicholas, l9B2). In S. scTero!.iorun the inhibitory effects were similar

for felts grohtn with either nitrate or ammonia as the sole nitrogen source '

The purifíed glutamine synthetase and glutamate synthase were also in-

hibited by MSX ancl azaserine, respectively. Since glutamate dehydrogenase

activity was not detected in cell-free preparations, this is further

evidence that the glutamine synthetase/glutamate synthase pathway is the

main route for the j-ncorporation of ammonia into amino compounds in

s. scTerotiorun. The synthesis of glutamate also proceeds via the gluta-

mine synthe¡ase/glutamate synthase path\,/ay when Cb . vibrioforne f '

thiosuTphatophiTun was grov/n on low concentrations of ammonia uP to 30 mM

(Khanna and Nicholas, 1983b).

4.3.1 Glutanrine synthetase

. Glutamine synthetase is a key enzyme for ammonia assimilation in

S. scTerotiorum. This enzyme has been purified and its properties and

regulation studied in many organisms (Shapiro and Stadtman, L97O;

t
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Ginsburg and Stadtman, 1973; Sims et a1., L974; Palacios, 1976;

Kleinschmidt and Kleiner, ITTB; Bhandati et a7., 1983; Mitchell and

Magasanik, 1983; Kimura et a7., 1984; Kumar and Nicholas, 1984;

Beudeker and Tabita, 1985; Wang and Nicholas, 1985)'

Purified glutami.ne synthetase from S. scTerotiorun reported in thj-s

thesis has a molecular weight of 490 kDa and is composed of B identical

subunits of 60 kDa in agreement with the results from other rnicroorganisms.

Bhandari et al. (1983) and Murrell and Dalton (1983) showed that the enzyme

from Rh. japonicum and lûethyTococcus capsulatus also has subunits with a

molecular weight of 60 kDa. Similar results have been reporterl for the

enzyme from other eukaryotic microorganisrns (Sims et a7., I974; Palac-.s,

L976; Lin and Kapoor, 1978; Beudeker and Tabita, 1985) except that gluta-

mine synthetase from Sac. aerevisiae contains 10-12 subunits (l"fitchel1 and

Magasani-k, 1983) .

In the present study, tl,/o assays namely biosynthetic and '¡-g1utamyl-

transferase have been used to determine the properties of glutarnine

' synthetase (Shapiro and SEadtman, I97O). The transferase and biosyntheEic

reactions in S. scTerotiorum \¡/ere active over a pH range 6.6 - 7.4 rvith

a maximurn aL 7.0, in agreement with data for the enzyme from other micro-

organisms (Shapiro and Stadtman, I97O; Deuel and Stadtman, L97O; Sawhney

and Nicholas, 1978b; Florencio and Ramos, 1985; trnlang and Nicholas, 1985)'

Kinetic data for transferase activity of the enzyme from S. scTerot-

iorun show that the K, values for glutamine (4.5 m}'l), hydroxylamine (2'2 mlf)

and ADP 0.14 mM) are lower Ehan those for the enzyme from An, fTos-êtQlât

M. capsuTatus, Rh. japonicum and Cb. vibrioforne f.. thiosuTphatophilun

(McMaster et a7., 19BO; Murrell and Dalton, 1983; Khanna and Nicholas'

1983b; Bhandari and Nicholas, 1984). fn the biosynthetic assay, the K,
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values for gluLamate, ammonia and ATP, respectively, rvere 2.0, 0'6. and

1.25 m!1. These results are comparable with those reported for '4n'

cyTindrica (Sawhney and Nicholas, 1978b) and Cb. vibrioforne f'

thiosulphatophilun (Khanna and Nicholas, 1983b)'

The inhibition of transferase activity by glutamate and NH4C1 ' the

substrates for the biosynthetic reaction was competitive for glutamine

(Fig. 25), in agreement with the results f.or An. cyTindrica (Sawhney and

Nicholas, 1978b), Rh. japonicun (Bhandari et a7.,1983 'atd cb. vibrioforne

f. thiosulphatophilun (Khanna and Nicholas, 1983b). The results indicate

that glutamine interacts with the enzyme, so that its NH2 group occupies

the ammonia binding site while the oxygen binding site, to which gluEamare

is bound, is required for the attachrnent of the oxygen atom of glutamine as

postulated by Gass and Meister (1970) '

In the presenE study, the biosynthetic reaction required Mg2+ for

maximum activity whereas transferase activity was Mn2*-dependent (Table 15),

in accord with the results for glutamine synthetase from oEher micro-

organisms (Hubbard and stadtman, 1967 ; Sawhney and Nicholas, 1978b;

Bhandari and Nicholas, 19Br; Khanna and Nicholas, 1983b). The requirement

for Mn2t and arsenate for enzyme activity indicates that the production of

.¡-gluEamylhydroxamate is caLa]yzed by transferase type reaction rather than

a reaction catalyzed by either aminohydrase (Hubbard and Stadtman' L967)

or glutaminase (Meister , Lg74). 
'

Glutamine synthetase from S. sclerotiorun reported herein showed a

marked dependence on ATP in the Mg2+-dependent biosynthetic activity

(Table 16), in agreement with data fot Anabaena sp (Stacey et a7. t L9l9) '

This result differs from those reported by !üoolfoIk et a7. (1966) and

l{urrell and Dalton (1983) who showed that the enzyme from B' coTi and
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M. capsuTatus, respectively, utilized other nucleotides' especially GTP,

in the Mg2+-dependent biosynthetic reaction. However, in S. scTerotiorum

rnhen Mn2* was used instead of l4g2+ in the enzyme assay, then other

nucleotide triphosphates functioned more effectively in the biosynthetic

reaction, in accord with the enzyme from B. stearothernophiTus

(Hachimorí et a7.t Lg74). The transferase activity was maximal with ADP

whereas other nucleotide diphosphates had low activities, in agreement

with the enzyme from E. coli (Woolfolk et a7.:1966) and M. capsuTatus

(Murrell and Dalton, 1983).

purified enzyme from S. scTerotiorufl v/as sensltive to various feedback

inhibitors (Tables 18 and 19), in accord with the results for the enzyme

f ,-om other organisms. Thus alanine, glycine and serine i-nhibited the

transferase activity of the S. scTerotiorun enzyme as for the enzyme from

An. flos-aqua (Mcl"laster et a7.s r9B0), Rhodopseudononas paTustris (A1ef

and Zumft, 1981), Cb. vibrioforne f.. thiosulphatophilun (Khanna and

Nicholas, 1983b), Ac. niduTans (Florencio and Ramos, 1985) and D. gunnosa

(Irrang and Nicholas, 1985). In addition cysteine, isoleucine, threonine,

phenylalanine, valine, proline and rnethionine restricted the enzyme from

S. scTerotiorum in contrast to the enzyme from Cb. vibrioforne f'

thiosuTphatophiTun (Khanna and Nicholas, f983b) where the last three amino

acids were without effecL. The inhibition of biosynthetic activity by

tryptophan, histidine, alanine, leucine and lysine is similar to the

results for the enzyme from B. subtiTis (Brown, 1980) and Ac ' niduTans

(Florencio and Ramos, 1985). In contrastthe enzyme from .An. cyTindrica

and E. coTi were not affected by lysine (l,/oolfolk and Stadtman, 1964;

Sawhney and Nicholas,1978a). As with alanine and glycine, lysine is not

a direct product of glutamine metabolisrn (Stadtman et a7.t 1968), so that



r27

they are derived by transaminase reactions in S. scTerotiorun' As

reported herein, glutamine synthetase was also inhibited by oxalate,

oxalacetate and O-ketoglutarate, in agreement with the enzyme frorn

B. stearothernophilus (Hachimori et a1., l_974), Nitrosononas europaea

(Bhandari and Nicholas, 1981) and Rh. japonicun (Bhandar:- et a7" 1983)'

In the present study, glutamine synthetase frorn s. scTerotiorun gro\{n

with nitrate was partially adenylylated (Table 20), i-n agreement r^¡ith the

results for a range of bacteria grown on various nitrogen sources

(Kleinschmidt and Kleiner, 1'gTB; Khanna and Nicholas, 1983a; Murrell and

Dalton, 1983; Bhandari and Nicholas, IgB4; Kumar and Nicholas, L9B4;

Kimura et a1 ., 1984; ÙIasters and }ladigan, r9B5; lrlang and Nicholas' l9B5).

S-i-nce the adenylylated form of glutamine'synthetase from S. scTerotiorun

was deadenylylated by treatment with snake venom phosphodiesterase, the

enzyme from this fungus is regulated by adenylylation/deadenylylation

system. It is of interest that these eukaryotic cells also have this

regulatory mechanism as do prokaryotes.

4.3.2 Glutamate sYnthase

Glutamate synthase which ca:-alyzes the reductive transfer of the amino

group from glutamine to q-ketoglutarate, has been purified and characterized

from a range of bacteria (l'{iller and Stadtman, 1972; Adachi and Suzuki,

1977i Hemmila and lulantsala, 1978; Khanna and Nicholas, 1983b; Wang and

Nicholas, 1985), fungi (Roon et a7., 1974; Masters and Rowe, I979i

Hummelt and Mora, lg8ob) and from higher plants (Boland and Benny,1977;

lJallsgrove et a7.,1977; Hirasawa and Tamura, I9B4; Suzttkí et a7.t 1984)'

The enzyme from S. scierotiorun has a molecular weight of 22O kDa

which is in the range of those reporEed for oEher microorganisms (l"tiller
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and stadtman, L972; Adachi and Suzuki, 1977; Hemmila and Mantsala,

Masters and Rowe, IgTg; Hummelt and Mora, 1980b; Yelton and Yoch,

Galvan et a7. ¡ 1984). As comparecl with glutamate synthase from

S. sclerotiorun r,¡hich has 4 similar subunits of 53.7 kDa' the enzyme from

iV. crassa ì_s composed of a single monomer with a molecular weight of )200

kDa (Hummelt and ì4ora, 1980b) and the enzyme frorn sac. cerevisiae consists

of two subunits of molecular weighl L69 and 61 kDa. Ho'n'ever, the enzyne

from E. coli, B. negaterju¡¿ and RhoclospiriTTum rubrun has molecular weight

around 800 kDa and is composed of B subunits: 4 large (f35 kDa) and 4

sma1l (53 kDa) (l,,liller and Stadtman, 1972; Hemmila and l'lantsala, I97B;

Yelton and Yoch, 1981).

Glutamate synEhase has a pH optimum around B (Fl-g. 29), in agreement

with the data for the enzyme from other microorganisrns (Meers et a7',

1970; lJang and Nicholas, 1985)

In the present study, the fungal enzyme had a specific requirement

for NADpH as the electron donor, for o-ketoglutarate as the amino acceptor

and for glutamine as the amino donor (labIe 22), in agreement with the

results for glutamate synthase from ?b. thioparus, A. aerogenes anð

sac. cerevisiae (TempesL et a7.t 1973; Roon et a1., I974i Adachi and

suzuki, Ig77; Masters and Rowe, :lgTg), However, in sac. cerevisiae

and N. crassa, NADH was required for maximum activity (Roon et a7.'

1974; HunmelE and Mora, 1980b). Asparagine and ammonia did not substi-

tute for glutamine in S. scTerotiorun as well as in Tb. thioparus'

The kínetic results Presented herein indicate that the Kr values for

gluramine (2.6 mM), c,-ketoglutarate (0.35 ml,l) and NADPH (35 pM) are

comparable with that for the enzyme from a range of bacteria (Tempest eË

a7.,1970). However, the results are higher than those for the enzyme

t91B;

1981;
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from ?b. thioparus (1100, 50 and 3 ul'f, respectively), Sac. cerevisiae

(1000, 140 and 26 pM) and Cb. vibrioforne f. thiosulphatophiTum (769,

270 anð 13.5 ul"l) (Roon et a7,, L973; Adachi and suzuki, 1977; Khanna

and Nicholas, 1983b).

In the present st.udy, glutamate synthase f rom s. scTeroËioruø \'/as

inhibited by various amino acids (Table 23) in agreement with the results

for a range of bacteria (Adachi and suzuki, 1977; Khanna and Nicholas'

1983b; Wang and Nicholas, 1985). The enzyme from S. scTerotioruø was

markedly i-nhibited by phenylalanine whereas methionine and serihe restricted

the enzyrne from Cb. vibrioforne f. thiosuTphatophiTun and Ib' thioparus

(Adachi and guzuki, 1977; Khanna and Nicholas, 1983b)'

Various metabolites including organic acids and nucleotides also 1n-

hibited glutamate synthase activity from S. sCTerotioruzr (Table 24), ín

agreement with Lhe enzyrne from other bacteria (Adachi- and Suzuki, 1977;

Khanna and Nicholas, 1983b). Thus ATP (among adenine nucleotides) was

the strongest inhibitor for the enzyme from S. scTerotiorun as well as the

enzyme r.rom cb. vibriororme r. thiosuTphatophiTun and Tb. thioparus'

Glutamate synthase from s. scTerotiorum is inhibited by several

compounds (Tables 25 and 26). Azaserine' an analogue of glutamine, marked-

ly inhibited the enzyme €rom s. scTerotiorum, in agreement with the results

for the enzyme from Rh. japonicum (vairinhos et al., 1983), D. gumnosa

(I,/ang and Nicholas, 1985) and spinach (Hirasawa and Tamura, 1984)' The

metal chetating agents, o-phenanthroline and o,ct-dipyridyl also restricted

enzyme activity as reported by Adachi and Suzuki (L977) for the enzyme from

Tb. thioparus.
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The enzyme from S. sclerotiorum was completely inhibited by p-CMB;

this effect was reversed by the addition of cysteine. ' The results in-

dicating the importance of thiol groups for the enzyme activity confirm

the results of Adachi and Suzuki, (1977) and Hirasawa and Tamura (1984)

for the enzyme from ?b. thiopatus and spinach, respectively'
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