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The abbreviations for chemicals and symbols in general

follow either the tentative rules of the IUPAC-IUB Commission on

Biochemical Nomenclature (Biochem. J. (1966) L)f, 1-7) or the

Instructions to Authors for the Biochemical Journal (Biochem J' (1973)

t3f | 1-20) .

Chemicals

5I -AMP

3 t' -Al.fP

ADP

ATP

5 | -CMP

5' -GMP

5 I .TMP

5 | -utriP

CTP

GTP

UTP

adenosine 5' -phosPhate

adenosine 3' -PhosPhate

adenosine 5 | -diPhosPhate

adenosine 5' -triPhosPhate

cytidine 5¡-PhosPhate

guanosine 5' -phosPhate

thymidine 5' -phosphate

urid.ine 5' -phosPhate

cytidine 5r -trj"PhosPhate

guanosine 5' -triPhosPhate

uridine 5' -triPltosPhate

benzyl viologen (reduced)

diethylaninoethYl cellulose

deoxyribonuclease

2, 6-dichlorophenol indoPhenol

flavin-adenine dinucleotide

flavin mononucleotide

glutathione (reduced)

2-heptyl-4 -hydroxyquinol ine -N-oxide

nicotinamide-adenine dinucleotide. oxidized

DEAE-cellulose

DNase

DCIP

FAD

BVH

FMN

GSH

HQNO

+
NAD
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NADH

NADP
+

NADPH

NEM

p-cMB

PMS

SDS

-SH

TMPD

Symbols and Units

A

nicotinamide-adenine dinucleotide, reduced

nicotinamide-adenine dinuc-leotid.e phosphate,
oxidized

nicotinamide-adenine dj-nucleotide phosphate,
reduced

N-ethylmaleimide

p-chloromercuribenzoic acid

phenazine methosulphate

sodium dodecyl sulphate

sulphydryl

N rN, N r, Nr -tetramethylparaphenylenediamine

absorbance
tt

angstrom

change in absorbance

centimetre

extinction

standard electrode potential at a given pH

unit of gravitational field

hydrochloric acid

hour (s)

kílocycle

kilocalories

Michaelis constant

litre

Molar

miIlígram

minute (s)

AO

AA

cm

E

Er
o

I

HCI

hr

kc

kcal

K
m

'9.

M

mg

min



ml

¡funol-e

MM

MV

MVTT

N

nm

nmol-e

%

KrFe (CN) 
U

p. s. i.

sec

UI

¡rmole

UM

u.v.

v

st0

st8

vi

mi11i1Ítre

rnillimole

mÍllimoIar

millivolts

methyl viologen (reduced)

normal

nanometer

nanomole

per cent

potassium ferricyanide

pound per sguare inch

second (s)

microlÍtre

micromole

micromolar

ultravíoIet

volts

supernatant fraction left after centrifuging.
broken cells at 10r000x g for 3O min

supernatant fraction obtained after centrifuging
dÍsrupted cells at 18,000x g for 45 min

supernatant and pellet fractions, respectively,
obtained after centrifuging Sl-0 or S18 at
100,000x g for 90 or 120 min

5100 and P10O

Temperatures are expressed as deqrees Centigrade (o)
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SUMMARY

This thesis embodies results of an investigation on some

biochemical aspects of denitrification in a chemolithotrophic

bacterium , Thiobacj-l-Zus denitrif icans, gro\^7n under anaerobic

conditions.

In this bacterium nitrate reductase, nitrite red.uctase and O,

uptake were all associated with membrane fractions and. their

activities \^rere coupled, to the oxidation of inorganic sulphur

compounds.

In the pellet fraction (P100), nitrate reductase utilized either

sulphite or NADH as a reductant. Both the sulphite- and NADH-

linked nitrate reductase activities were affected. by inhibitors of

the respiratory chain. Reducing equivalents from ei.ther sulphite

or NADH were transferred to nitrate via an electron transfer system

consisting of flavins, quinones and cytochromes b and 
"554.

A sulphite-dependent nitrate reductase lvas solu-bilized with

sod,ium deoxycholate. The NADH-dependent activity which was lost

after this treatment was restored on adding menadione.

A requirement for cytochrom" 
"554 

for nitrate reduction was

established from the spectral changes for this cytochrome in the PI00

fraction on reduction with either sulphite or NADH and its reoxidation

with nitrate. A cytochro*u 
"554 

and FAD were isolated from the

solubilized nitrate reductase. This cytochr:ome had a molecular

2

3

4

5
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xxt_.

üreight of 131000 dartons, a redox-potentiar of +.223 v at pH z.o and

it functioned as an effectíve electron donor for nitrate red.uction.

Data are presented. for the invol-vement of a common respiratory

chain for the red.uction of nitrate and the uptake of or. A scheme

is presented for the transfer of electrons from surphite and NADII

to both nitrate and Or.

The NADH-linked nitrate reduc'base was inhibited by NAD+ and 5'-AMp

and their ef fects \,vere reversed. with menadione. The inhibition of

NADH-rinked nitrate reductase by NAD* was dependent on the NAD+/NADH

ratio. The posítive cooperative infruence of NADH on enzlzme

activity was increasingly suppressed by higher concerltrations of

NAD+. ït is proposed that Nao+ and Sr-AMp regulate the NADH-

linked nitrate reductase activíty to enable the bacterium to conserve

NADH for various anabolic reactions.

Nitrite reductase activity in this bacterium is tinked to the

oxidation of sulphide. The nitrite reductase was dissociated from

cell me¡nbranes in acetone-treated cells. The solubirized enzyme

was purified twenty-ford. sulphide-linked o, uptake was detected

in the PI00 fraction as well as in the purified enz]¡me.

spectral studies of the p100 fraction and the purified enzyme

confirmed the involvement of cytochromes c and d. for the reduction

of nitrite and for o, uptake. Neither the reduction of nitrite nor

the uptake of o, was affected by the inhibitors of the electron

transport chain.

7

I

9



10. In the purified nitrite reductase, cytochromes c and d were

present in a molar ratio of 1:1. The sequence of electron

transfer from sulphide to nitrite r¡ja the cytochrome cd compJ-ex

was established. The redox-potential of cytochrome d was +22 mY

more positive than that of cytochrome c.

Cytochrom"= "55I 
.td 

"554 
were isolated from this bacterium.

Cytochrom" "551 
stÍmulated both nitrite reductase and O, uptake by

the purified enzYme whereas either cytochrom" 
"554 

from ?. denitri.ficans

or mammalian cytochrome c was without effect. Reduced. cytochrome

"55I 
fo..tioned as an electron donor for the reduction of nitrite

and o, in the purified enz)¡me. ft is proposed that this cytochrome

functions in the sequence of electron transfer from sulphide to

nitrite and Or.

xxl_l

11.

12. NO and NrO were identified as the products of the purj-fied nitrite

reductase.

I3 An absorption band at 573 nm which appeared during the oxidation

of the sulphide-Iinked nitrite red.uctase, \^tas identíf ied as a

complex between NO and the enzyme. The effects of NO on the spectra

of the purified enzl¡me were also determined.

L4 Cytochromes c and haem d were dissociated from the purified nitrite

reductase by SDS treatment. These components were separated by

chromatography on a Sephadex G-100 column. Spectral studies were

made on the dissociated cytochrome c and haem d.

On the basis of these investigations an integrated scheme of el-ectron

transfer for the reduction of nitrate and nitrite, coupled tc the

oxidation of sulphite and sulphide respectively, is presented.

15
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I. INTRODUCT]ON

The generation of metabolically utilizable energy, required

for the diverse anabolic reactions, is of fundamental importance for

the survival and growth of every living organism. Different groups

of bacteria, the simplest prokaryotic microorganisms, futfil their

energy requirements through a number of diverse and varied mechanisms.

Depending on their primary source of energy and their mode of life,

bacteria have been classified as chemol-ithotrophs, chemoorganotrophs,

photolithotrophs and photoorEanotrophs (Rittenberg, L969¡ Kelly.

I97I¡ Doel1e, L975). Among these various g'roups, chemolithotrophs

and photolithotrophg are autotrophic organisms because they are

capable of fixing CO, and thus do not rely on any organíc source of

carbon. In contrast, chemoorganotrophs and photoorganotrophs are

heterotrophs and depend on an exogenous supply of carbon compounds,

which are more reduced than COr, f.or their growth and development.

1.1 Chemolithotrophic bacterj-a

Chemolíthotrophs are unique since they derive their energy

needs via the oxidation of simple inorganic compounds. The occurrence

of chemolithotrophic bacteria was first reported by Winogradsky in

1890. Since then several microorganisms belonging to this group

have been identified. These autotrophic bacteria incorporate CO, into

their cellular constituents and are able to thrive on a simple inorganic

salt medium containing an appropriate oxidizable substrate, €.9.

reduced sulphu:: compouncls for Thiobacil-Lí (Kelly, 1968; Hutchinson

et aJ. , L969¡ Roy and Trud.inger, I97O), ammonium for Nitrosomonas

(Peck, 1968; I{allace and, }Iicholas, L969¡ Aleem, 1970) and ferrous iron

WAITE INSTITUTE
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f.or FerrobaciTl-us ferrooxidans (Sch1egel , 1960) and ?åio-bacil-Lus

ferrooxidans (Peck, 1968). The physiology and energy metabolism of

these bacteria have been extensively reviewed by Peck (1968), Rittenberg

(1969), KeIIy (1971) and Aleem (1970, 1977).

1.1.1 Sulphur oxidizinq bacteria - ThiobaciLli

Thiobacil-li, a group of sulphur oxidizing bacteria, were first

discovered by Nathansohn (I9O2). These rod-shaped, motile, non-sporulating,

gram-negative bacteria are found in soil, sea and fresh water. The

genus thiobacillus incl-udes ?. noveLLus (Vishniac and Santer, L95'7),

T. perometaboLis (London and. Rittenberg, 1967), T. ferrooxidans (Tabita

and Lundgren, L97I¡ Shafia et al-., 1972) and. ?. denitrificans (Taylor

et a7., L97I¡ Taylor and Hoare, I97L). The physiology and various

bíochemical aspects of thiobacil-Ii have been reviewed by Vishniac and

Santer (1957) , Lees (1960 , 1962), Peck (1962) and Kelly (1968 , I97L) .

Thiobacifl.i are capable of oxidizing a nurnber of reduced

sulphur compounds including elemental sulphu-r, sulphide, suJ_phite,

thiosulphate and tetrathionate into sulphate (Roy .and Trudinger, 1970).

The mechanisms involved in the oxid.ation of inorganic sulphur compounds

have been reviewed by Peck (1968) , Trudinger (L967 , L969), Roy and

Trudinger (1970) and Aleem (I975).

Under natural conditions the usual substrate for their growth

is either elemental sulphur or thiosulphate, the latter being preferred.

Two pathways have been proposed for the oxidation of thiosulphate to

sulphate in thiobacilli. Thiosulphate is either oxidized to

tetrathionate which is converted, via polythionate, to sulphate

(Nathansohn, I9O2¡ Vishniac, 1952; London arrd Rittenberg, L964¡
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Pankhurst, L964) or as proposed by Peck (L962, 1968) , it is first

cleaved into two one-sulphur moieties which are then oxidized to

sulphate. Cell-free extracts of 7. thÍooxidans (Tano et aJ-. | 1968) and

T. concretivorus (Moriarty, 1969) were reported to oxidize thiosulphate

to trithionate and tetrathionate. However, in ?. denitrificansl

thiosulphate \^ras metabolized to sulphide, polysulphide, tetrathionate

and sulphite. In the presence of GSFI, thiosulphate was mainly

oxidized to sulphite. It was also shown that on replacing GSH with

nitrate, sulphide and sulphite were the initial products of thiosulphate

oxidation and these were converted into tetrathionate and sulphate

(Aminuddin, L974). Peeters and A1eem (1970) reported that thiosulphate

oxid,ation in ?. denitrificans \^/as linked to nitrate reduction. They

showed that under anaerobic conditions, cytochromes b, c¡ a and o,

reduced by thiosulphate were reoxidized by nitrate.

The oxidation of sulphide to sul.phate, which involves a

release of eight electrons, is linked to phosphorylation through the

efectron transport chain. In ?. thioparus (Vishníac and Santer, I95l¡

London and Rittenberg, L964) and ?. thiooxidans (London and Rittenberg,

L964), apart from sulphate, thiosulphate and polythionaÈes were

identified as the other products of sulphide oxidation. ft is proposed.

that the initial product during the oxidation of sulphide is a

polysulphide (Trudinger, 1967, 1969¡ Aminuddin and Nicholas, 1973¡

Saxena andAl-eem, L973). Aminuddin and Nicholas (1973) also showed

that under anaerobic conditions, in the presence of n-itrate, sulphide

was oxidized to sulphate with concomítanE. reduction of nitrate to

nitrite. However, in the presence of nitrite, the final- prod.uct was

only polysulphide.
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. Sulphite, the other product of thiosulphate cleavage, is

oxidized ¡zia either an Al'lP-dependent APS reductase (Peck, 1961;

Peck ef aJ., 1965; Bowen et a7., 1966¡ Hemfling et al.t L967¡

Lyric and Suzuki, 19708; Aminuddin and Nicholas I L974A) or by an

AMP-independent sulphite oxidase (Adair, 1966; Charles and Suzuki,

L966¡ Kodama and Mori, 1968¡ Moriarty and Nicholas, L969¡ Lyric

and Suzuki, 19704) " APS reductase catalyses the production of

adenosine-5'-sulphatophosphate (¡\PS) from sulphite and AMP. APS

produced in this reaction subsequently generates ATP through the

combíned action of ADP-sulphurylase and ad.enylate kinase (Peck, 1960,

1962). In ?. denitrificans I the purified enzyme utilized ferricyanide

or O, as an electron acceptor (Bowen et aL., 1965). The other

sulphite oxidizing enzyme, v),2. sulphite oxidase does not requíre

AMP for its activ:'-ty. In ?. novell-us (Char1es and. Suzuki, 1966)

and in ?. thioparus (Lyric and Suzuki, 19704), sulphite oxidase,

which functioned with either ferricyanide or cytochrome c as an electron

acceptor, is a solubl-e enz)¡me. However, sulphite oxiclase from

T. thiooxidans (Adair, L966; Kodama and Mori, 1968) , T. concretivorus

(Moriarty, 1969) and T. denitrificans (Aminuddi., .rrA Nicholas , -|gl4A)

was shown to be associated with cell-meinbranes. This particulate

sulphite oxidase from ?. denitrificans used either nitrate r O, or

ferricyanide as an electron acceptor but the purified enzlane functioned

only with ferricyanide (Aminuddin and Nicholas, I974A).

ThiobaciJ--Zj are mainly strict aerobic bacteria requiring 02 as

a terminal oxidant for cell respiration. The notable exception ís

T. denitrificans whích can respire even in the absence of air by using

nitrate as an alternate terminal el-ectron acceptor. Several- other
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obligate or facultative anaerobes are known to thrive in the absence

of O, by coupling their respiration to the reduction of inorganic

compounds. The various compounds that can substitute for O, are:

sulphate, as in DesuTphovibrio and Desu-lphotomacuTutn (Postgate, 1965),

nitrate as in the denitrifying bacteria (Pa1me, 1973) and CO, as in

Methanobacterium (Stadtman, 1967). The rnean energy yields for the

transfer of a molar equivalent of electrons from organic compounds

to these terminal electron acceptors (Payne, 1973), are presented in

Table 1.

It is evident that the energy yíeld with nitrate as the

oxidant is significantly higher as compared to the other inorganic

compounds and its evolutionary advantage is reflected by the relatively

larger number of nitrate reducers than those which utilize either

sulphate or CO, as the terninal oxidant (Payne, 1973).

Among thiobacilli, only ?. denitrificat?s can grow under

anaerobic conditions with nitrate as the alternate terminal el-ectron

acceptor. Since the products of this nitrate-d.ependent respiration

are nitrogenous gases, it has been classified as a denitrifying

bacterium (Beijernick, L9O4¡ Baalsrud and Baa1srud, 1954¡ Ishaque

and Aleem, L973). Although the denitrification process results in

a net loss of nitrogen from the soil, it plays an important role in

the nítrogen cycle in nature by maintaining the dinitrogen level in

the bíosphere at a steady level (Alexander, 1971).

L.2 Denitrification

Nitrate is utilized by microorganisms in two distinct ways:

(a) assimilation, whereby nitrate is reduced to ammonia and incorporated
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Tab1e l. Free-energy production with various compounds as

terminal electron acceptors in bacteria (adapted

from Payne, 1973).

Terminal electron
acceptor ^r(kCal,/moIe) Reference

o
2

to:
)_rp;

-26.5

-18. 0

-3 .4

-2.4

Payne (1970)

McCarty (1972)

McCarty (1972)

NcCarty (L972\co
2
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into cellu1ar nitrogen compounds and (b) dissimilation, whereby

nitrate serves as an alternative electron acceptor to o, and is

reduced to nitrite. The term denitrification is used when

nitrogenous gases are produced. Nitrate may be dissimilated either

to nitrite only, as in Escherichia coLì (Taniguchi et aL., 1956) and

Hemophilus parainfTuenzae (White, 1962) or reduced further to N2 gas

througlr a series of reactions as in ?. denitrificans (Baalsrud and

Baalsrud, L954¡ Ishaque and Aleem, I973). The microbiat, physíologica1

and biochemical aspects of nitrate respiration have been reviewed by

Najjar and Chung (1956) , Kluyver (1959) , Nason (L962), Payne (1973) ,

Gracia (1975), Delwiche and Bryan (L976) ' Payne (L976), Stouthamer

(1976), Had.dock and. Jones (1977) and Thauer et al-. (L977).

The reduction of nitrate to N2 gas during denitrification is

associated with the following changes in the free energy (Thauer et aI.,

re17) .

NO + H
-+ 

NO

2NO

;

2

2+H2o2
-39Kcal/mol (1)

+ 3[H2] + 2H+ ---1 N2 + 4H2o -19oKca1,/mo1 (2)

The errergy released during the reduction of nitrate to

nitrite and nitrite to dinitrogen, is ut-i-lized. for the production of

ATP (Thauer et al-., L977).

It is established that the reduction of nitrat-e to nitrì te is

mediated by nitrate reductase. The further reduction of nitrite to

nítrogen gas proceeds in a sequence of reactions (3-5) with nitric

oxide and nitrous oxide as the intermed.iates (Payne. 1973).
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2NO -----> 2NO + 2H O -35.IKcal/mol (3)
2

2NO+H N2O + H2O -73.2KcaI/moI (4)
2

N2O + H2+ -8I.6KcaI/moI (5)

(Thauer et a7., L977) .

Only a lirnited number of d.enitrifying bacteria reduce nitrate

through to dinitrogen. ATcaTigenes odotans reduces nitrite but not

nitrate to.N2 qas (Chatelain, 1969) whil-e in Pseudomonas fl-uorescens

(Greenberg and Becker, L912) and. Corgnebacterium nephridií (Hart

et al-., 1965; Renner and Becker, 1970) the final prod.uct of the

denitrification process is nitrous oxide.

Most of the denitrifiers are non-fermentati-ve bacteria which

grow anaerobically only when supplied with nitrate as an alternative

electron acceptor to Or. The only obligate anaerobíc bacterium which

exhibits denitrification is Propionibacterium pentosaceum (Gent-Ruijters

et aJ,., 1975).

L.2.L Reduction of nitrate to nitrite

Nitrate reductase is the first enz)zme involved in both

assimilatory and dissimilatory nitrate reduction. The assimilatory

nitrate reductase is usually a substrate inducible enzyme and is

generally located in the soluble fraction of ceII (Payne , L973). The

synthesis and actívity of this enzlme is repressed by ammonia. fts

activity ís also inhibited by chlorate and it has been d.esignated a

B-type nitrate red.uctase by Pichinoty (1970). The reduction of nitrate

to ammonia, which involves 8-electron transfer, in the assimilatory

i*nr+ 2[H+]

_-.-->

N2 + H2O
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pathway is not coupled to phosphorylation (Hadjipetrou and

Stouthamer, f965).

In contTast, the dissimilatory nitrate reductase functions

as a respiratory enzyme in bacteria growing under anaerobic conditions.

Tl're synthesis and the functioning of this enzyme is regulated by the

partial pressure of. O, and the concentration of nitrate in the

environment (Pichínoty and D'Ornano, L96I; Van't Riet et a7., 1968).

Reduced nitrogenous compounds like ammonia and amino acids do not

affect either the enzyme activity or its synthesis. The enz)zme

reduces chlorate, bromate but not iodat-e and has been classified by

Pichinoty (1964) as type A. Dissimilatory nitrate red.uctases are

generally associated with ceII membranes, with the exception of those

in SpiriJl-un itersonii (Gauthier et a7., I97O) and Clostridium

perfringens (Chiba and Tshimoto, 1973).

Some properties of dissimilatory nítr:ate reductases frorn

various bacteria are summarized in Tabl-e 2. Dissimilatory reduction

of nitrate to nitrite ís linked to a particulate electron-transport

chain consisti-ng of dehydrogenases and el-ectTon Carriers with nitrate

reductase as the termínal enzyme. fn many bactería, NADH serves as

an electron donor for nitrate reductase, e.g. E. coLi (Meclina and

Heredia, 1958; Iida ancl Taniguchi, 1959; Itagaki et aJ., L962;

Cole and lrTimpenny, 1968) , Pseudomonas aeruginosa (Fewson and Nicholas,

1961B) , Pseudomonas denitrificans (Radcliffe and Nicholas, L97O: ,

Bacil-Lus stearothermophiTus (Downey, 1966; Kiszkiss and. Downey, l-972A) |

Aerobacter aerogenes (Knook et aI., 1973) , Proteus mjrabifis (DeGroot

and. Stouthamer, Lg'lO) and MicrococcLzs denitrificans (Lam and Nicholas,

19698). However, depending upon the tlpe of organism and also on

growth conditions, the reduction of nitrate may also be linked to various



10

Table 2. Electron donors, electroir carriers and products of dissimilatory nitrate
reductase in various orqanisms (raken from thauer et af,, 1977)

organism Electron donor Electron carrier Reference

(A) OBLIGATE ÀNAEROBES

C Los tr i. di um per f ri ngens
(No-t -+ Not)

P topi onib acte r i um pentos ac eum
(lJ{r! -r Nz)

StaphgTococcus aureus
(No3 -o No2)

(B) FACUTJIATI',/E ANAEROBES

Aerobacter aetogenes
(Noã --+ \ro2)

Baci l. 7us st.e:arothermophi 7us
(No; 

- 
No;)

Escherichia coli
(Nol -r Not)

I"Ii crococcus denif.ri fi cans
(Nol ---+ trtr¡

P suedomonas aetugi nosa
(wo; -> Nz)

P s e uclomo n a s deni t ri f i cans
(tlo; '-+ tz)

Proteus m.ir"tbi.7.is
(r*oJ ----+ Not)

SpirÍ7.l.wn ifcrsonii
(Noã --+ Iro;)

l'hi obaci l. l-u s de ni t t i f i cans
(uo; ---+ Nz)

NADH, lactate,
glycerol-
phosphate

Lactate

NADH

NADH, succinate MK

NADI{, Iactate,
for:mate.
glycerol-
phosphate

NADH, succinate

NADH

Formate, NADH

NADH, formate

Sulphj-te,
sulphide, NADII

Pyruvate Ferredoxin

Cytochrome .b

MK,
cytochrome b

UQ,
cytochrome b

cytochrome b

UQ.
cytochr:ome .b

UQ,
cytochrome b

C)ztochrome b
and c

Cltochrome b
and c

Fev'rson and Nicholas (1961.)

Cytochrome b Radclj-ffe and Nichol.as (1970)

uq
cytochrome b

Decroot and Stouthamer (1970)

C\ztochrome .b Gaul-hier et al.. (1970)

Chiba anC Ishimoto (1973, 1977)

Schwartz (1973) . Sone (L974) ,
cent-Ruijters et a.Z. (1975)

Chang and Lascelles (1.963),
Sasarma¡r et aL. (1974),
Burke and Lascelles (1975)

Forget and Pj-chinot)¡ (1964) ,
Knook a¡rd Planta (19718),
Vanrt Rie.t and Planta (1969, 1975)

Downey (1962-) ,
Schulp andl Stouthanrer (1970) ,
Kiszkiss ar¡d Downey (L972A, B)

Itagaki et af. (1962), For:get (1974)
MacGregor et al " (1974) , Hadc'.ot:k ând
Kendall-Tobias (1975) , Clegg (1.97a)

Scholes and Srnith (1968), Larn arrd
Nichol¿¡s (19694, B, C) , Forget
(197f), Sapshead a:rd Vtimpenny (1972)

Baalsrucl and Baalsrud (1954) , I

Peeters and Aleem (l-970) ,
Adarns et al . (I97L) ,
Amirruddin and ÀIicholas (1973, I914l:^\

Abbreviations : MK, Menaquinorre-G (vita-m:iri Kr) ; UQ, ubiquinone
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organiç acids. Thus, in E. col-i (Taniguchi and Itagaki, 1960) '

P. mirabiTis (DeGroot and Stouthamer, l-97O) and P. denitrificans

(Radcliffe and Nicholas, 1970) formate is an effective electron

donor (TaJoIe 2). The enzyme from ?. denÍttificans is unique since

íts activity is coupled to the oxidation of inorganic sulphur compounds

(Aubert et a7., 1959; Baalsrud and Baalsrud, 1954¡ Peeters and A1eem,

I97O¡ Adams et aL., l-97Li Aminuddin and Nicholas' L9748). Several

workers have found that the purified preparations of dissimilatory

nitrate reductases from various bacteria do not utilize either NADH

or formate but either reduced flavins or dyes are effective eLectron

donors for nitrate reduc'tion (Fewson and Nicho1as, 19618; Lam and

Nicholas, 19698; Radcliffe and Nicholas, I97O; Kiszkiss and Downey,

L972A¡ Rosso et a7-, 1973).

In several of the early studies, FAD and FMN were shown Èo

be electron carriers for nitrate reduction in bacteria (Nason, 1962) .

Recently, however, ubiquinones have also been implicated in nitrate

respiration in gram-negative bacteria (Table 2). Extraction of

ubiquinones from the membrane fractions of E. coli (ftagaki et a7.,

L962¡ Itagaki, 1964; Enoch and Lester, 1974) and .4. aerogenes (Knook

and Planta, I97l-4, B) , resul-ted in a loss of nitrate reductase activity

with the physiological electron donors. In gram-positive bacteria,

however, naphthoquinones are probably involved in the functioning of

dissimilatory nitrate reductases (Downey, L962). A requiremen*, of

quinone for nitrate respiration was al-so d.emonstrated in the menaquinone-

deficient mutants of Staphgl-ococcus aureus (Sasarman et a7., L974).

AI1 the nitrate respiring bacteria studied so far contain at

least one b-t1pe cytochrome which participates in nitrate reductíon

(Najjar and Chung, 1956i ltagaki et a7., 196l-¡ Nason, 1963; Downey,

L966¡ Lam and Nícholas, L9698¡ Ruiz-Herrera and DeMoss, L969¡
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DeGroot and Stouthamer, L97O; Radcliffe and Nicholas, L97O¡

Vanrt Riet et aJ., 1972¡ Knook et aJ-., 1973¡ Stouthamer, 1976).

Under anaerobic cond.itions, the electTons from the respiratory chain

are diverted to nitrate at the level of cytochrome b. The enhanced

production of cytochrome c in the anaerobic cultures of nitrate çJrowrr

E. co-Z.j and A. aerogenes indicated its role in nitrate respiration

(Gray et a7., 1963; Fujita and Sato, 1966). Further evidence for

the participation of cytochTome s in nitrate reduction has been

obtained in the cell-free preparations of E. coLi (Gray et a7.,1963),

M. denitrificans (Fewson and Nicholas, 19614), P. aeruginosa (Fewson

and Nicholas. f96IB), and ?. denitrificans (Aubert et aL., 1959;

Peeters and Aleem I L97O; Aminudd.in and Nicholas , 19748) where nitrate

was shown to re-oxidize reduced cytochrome c. It has been suggested

that in some bacteria different forms of c-type cytochrome med.iate the

transfer of electrons to nitrate and O, (Payne, 1973).

Besides the above-mentioned. components of the electron

transport chain, molybdenum and iron have also been shown to be the

constituents of purified nitrate reductase from E. co7í (Taniguchi

and ltagaki, 1960; Forget, !974; MacGregor et a7. , L974) ,

M. denitrificans (Forget, 1971) and M. halodenitrificans (Rosso et a7.,

1973). Lam and Nicholas (19698) , using radioactive molybdate had shown

earlier that nolybdenum was a component of 118-fo1d purified nitrate

reductase from lY. denítrificans. Labile sulphide has been found in

purífied enzyme preparations from E- coli (Forget, Ig74),

M. hal-odenitrificans (Rosso et al-., 1973) and lr4. denitrificans (Forget,

1-97L). Forget and Dervartanian (L972) observed that elecÈron spin

resonance (ESR) signals due to Mo(V) and fe(fTf) were eliminated on

reduction of the enz]¡me and this \,vas accompanied by the appearance of

the signals due to Fe(If)-S. Addition of nítrate to the reduced.

enzyme restored. the ESR signals attributed to Mo(V) and Fe(III). These
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investigations indicated that molybdenum and iron function as electron

carriers in the reduction of nitrate by nitrate reductase.

L.2.2 Regulation of nitrate reductase

Both the activity and synthesis of dissimilatory nitrate

reductase is controlled by nitrate and the concentration of O, ín the

growth medium. Although the enzyme is generally nitrate-inducible,

anoxia is also important for the onset of the synthesis of the enzyme

as reported for À. aerogenes (Pichinoty and DrOrnano, 1961) , E. coli

(Showe and DeMoss, 1968), P. mirabil-is (DeGroot and Stouthamer, L9'7O),

and Pseudomonas perfectomarinus (Payne et aL. , L97I). In accordance

with its ::espiratory function under anaerobic conditions, the reduction

of nitrate by d:'-ssimilatory nitrate reductase i.s coupled to the electron

transport-dependent oxidative phosphorylation of the ceII. À free

energy change of -38.5 Kcal per pair of electrons has been calculated.

for the reductíon of nitrate to nitrite (Decker et a7., 1970). Thus

due to a relatively high redox-potential of No;/Nol counle (uå +421 rnV),

the reduction of nitrate with most of the reductants, except succinate,

is sufficiently exergonic to allow for the formatíon of 2 moles of ATP 
t

per mole of nitrate reduced (rröger, Lg77). ATP formed in this

dissimilatory pathway is utilized for biosynthetic reactions of the cell.

Since the principal function of the respiratory process is to furnish

metabolic energy, it is conceivable that the ce1lu1ar respiration,

whether linked to O, or nitrate, be regulated by the energy status of

the organism. Thus in Mgcobacterium tubetculosis, NADH-oxidase which

is linked to oxidative phosphorylationf \¡/as stimulated by AMP and this

effect r^/as reversed by NaD+ (v'Iorcel et aL., 1965). In Mgcobacterium

ph7ei, the acti',rity of the respiratory NADH-oxidase was controlled by

the levels of NAD+, AMP and inorganic phosphate (Bogin et a7., 1969).
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NADH-dehydrogenase from E. co-Zi was competitively inhibited by NAD

and the extent of inhibition was dependent on the NAD+/NADH ratio

+

(Dancey and Shapiro, L976). These investigations indicate that in

bacteria the aerobic respiration may be controlled through the energy

charge and redox state of the cell-. However, no information is

available about the factors which might control the rate of nitrate

respiration.

In alt the chemolithotrophic bactería, CO, fixation supplies

their carbon requirements and ATP needed for the assimilation of CO,

is generated duringr the oxidation of inorganic substrates via the

electron transport chain. It has been suggested that the rate of energy

generation through the electron transport is controlled bV Co, and its

reductive assimilation (Aleem, 1977). The mechanism for the generation

of NADH, the reductant essential for CO, fixation in chemolithotrophíc

bacteria, was elucidated by the pioneering work of Aleem et al-. (1963).

These workers demonstrated that in lVjtrob.zcter, Nitrosomonas and

FerrobaciLLus, NADH was produced via an ÀTP-driven reverse flow of

electrons through the respiratory chain. Subseqgent work with

T. novefl-us (Aleem, l.966A, C) , Nitrosomonas euîopaea (Aleem' 19668) ,

Nitrobacter agiTis (Sewell and Aleem, L969) , T. denittificans (Peeters

and A1eem, I97O) and T. neapoTitanus (Al-eem' L969¡ Saxena and Aleem,

L972; Roth et a1... 1973) has established that this phenomenon is wide-

spread in the chemolithotrophic bacteria. Although the reverse-electron

flow for the generation of NADH operates in lithotrophic bacteri-a,

according to Kelly (1971) it ís not reasonable to assume that the

oxidation of NADH by the normal mode of electron flow does not occur

in obligate lithotrophs. In contrast, Smith et al-. (1961) have proposed

that faiture to oxidize NADH was the prime cause of obligrate lit-hotrophy.

However, several workers have noted the presence of NADH-oxidase activity
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in various obligate chemoliÈhotrophs including T. neopoLitanus

(Trudinger and Kelly, 1968), 
". 

thÍooxidans (Tano and Imai, 1968)

and lViÈrobacter winogradskgi (Gool and Laudelout, L967\.

To summarise, in chemolithotrophic bacteria, NADH is largely

produced rzja an ATP-driven reverse electron flow and NADH can also

be oxidized by the same electron transport chain. To enable NADH to

be conserved for biosynthetic reactions, it is essential that some

mechanism should operate to regulate its oxidation vja the electron

transport chain.

I.2.3 Dissimilatory nitrite reductase

The synthesis of dissimilatory nitrite reductase is also

controlled by the concentrations of O, and nitrate in the growth medium

(Delwiche and Bryan, L976). No exceptional substrates have been

reported. for the dissimilation of nitrite. Several oxidizable

substrates are utilized in culture but in vitro this enzyme is active

with either NADH or reduced flavins (Najjar and Chung, 1956i Fewson and

Nicholas, 19614; V'falker and Nicho1as, 1961; Nason, 1962¡ Lam and

Nicholas, 1969C). Nitrite reductase from P. aeruginosa, reduced

nitrite wíth reduced forms of either flavin, pyocyanine, methylene

blue or l,4-naphthoquinone but not with NAD(P)H or::ed.uced cytochrome c

(Walker and Nicholas, I96t). Nitrite recluctase from P. perfectomarinus

utilized either NADH or NADPH for its activity (Payne, 1973). The

enzyme from ?. denitrificans differs from the other dissimilatory nitrite

reductases because it functions with sulphide as the reductant (Aminuddin

and Nicholas, 19748).

Nitrite reductase from denitrifying bacteria such as P. aeruginosa (Horio

et a7-, 196lA¡ Ìrtalker and Nicho1as, :-.96I¡ Kuronen and EIlfoIk, 1972¡
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cudât et aL., 1973) , Afcafigenes faecalis (Iwasaki and Matsubara,

1971) and /t/. denitrificans (Lam and Nicholas , I969Ci Newton , L969)

have been purified and their properties examined. The enzyme from

these sources contained two different haem compounds, nameJ-y cytochromes

c and d.

A crystalline preparation of nitrite reductase from

P. aeruginosa, which was previously referred to as c1¡tochrone oxidase

(Yamanaka and Okunuki, l-974), has been studied exterrsively. This enzlzne,

besides accepting electrons from several reductants, functioned with

either reduced cytochrom" "55I or the reduced. copper-containing protein,

aznrin, as a donor. Both the reductants were isolated from P. aerugi.nosa

(HorÍo, 1958; Horio et af., 1958, 1961À). Nitrite reductase from

M. denitrificans \,r/as also shown to function with reduced cytochrome

"552 rhi"h was isolated from the same organism (Newton, 1969). As

in P. aeruginosa, the purifi.ed nitrite reductase from lvf. denitrificans

(Lam and Ni.cholas , L969C¡ Newton, L969) and A . faecal-is (Iwasaki and

Matsubara, I97L) also exhibited cytochrome oxidase activity. Both the

nitrite reductase and. cytochrome oxidase activities of the purified

enzyme preparations from these organisms were inhibited by cyanide but

CO affected only the reaction with Or. The molecular weight of nitrite

redr.rctase from P. aeruginosa (Gudat et aL., 1973) and ltf. denitrifi.cans

(Newton, 1969) was 120,00O. Nagata et al-. (1970) calculated the

molecular weight of purified nitrite reductase from P. aeruginosa to be

65,000 on the basis of its amino acid composition. The molecular weight

of 90r000 was reported for the crystalline enz)zme from À. faecafis

(Iwasaki and Matsubara, 1971).

Investigations by Radcliffe and Nich<-¡las (f968) and Matsubara
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and. Mori (1963) indicate that nitrite reductase from P. denittificans,

which had a molecular weight of 70,000' was distinctly different in

structural properties from the enzyme from P. aetuginosa. Thus, unlike

the enzyme from the latter organism, which has cytochromes c and d as

the prosthetic groups, nitrite reductase from P. denitrificans contained

cytochromu "552 
ot 

"553 
and copper as its p::osthetic groups. The

enzyme from åcåromobacter cgclocTastes, with a mol-ecular weight of

651000 was, however, reported to be a copper protein and did not

contain either flar¡ins or cytochromes (rwasaki and Matsubara, 1972).

There is no evidence for siroheme as a prosthetic group of dissimil-atory

nitrite reductases as is usually the case with the assimilatory nitrite

reductases (Ilurphy et a7., L914¡ Vega et aJ. ' 1975) .

With most of the purified dissimilatory nitrite reductases

stuclied thus far, nitric oxide has been identifjed as the product of

the reaction. (Renner and Becker, I9'7O; Barbaree and Payne, L967).

L.2.4 Nitric oxide reductase ancl nitrous oxide reductase

The further reduction of nitric oxide to nitrous oxide is

catalyzed by nitric oxide reductase (Payne et aL., I97I¡ Matsubara

and Iwasaki, L97I¡ Miyata, I97Ii Cox and Payue, 1973). OnIy a

Iimited ínformation is available about the properties of this enzyme.

In P. perfectomarjrrus (Cox and Payne, 1973) nitric oxide reductase was

reported to be a soluble enz)rme whereas in,4. faecalis (Matsubara and

Twasaki, L97L) and P. denitrificans (Miyata et al-., L969) ' the enz)zme

was shown to be membrane bound. The purified nitrite reductase from

A. faecal-is exhibited nitric oxide reductase actívity as well. However

its suggested physiological role was for the reduction of nitrite because

of the presence of a separate particulate nitric oxide reductase which

had much lower K for nitric oxid.e (Matsubara and Iwasaki, L972) .
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Nitrous oxide, the product of nitric oxide reductase, is finally

reduced to dinitrogen by nitrous oxide reductase (Matsubara and Ïwasaki,

I97L¡ Cox and Payne, L973; Matsubara, I97O' I97I, 1975). This

particulate enzyme is very labile and has not been characterized. In

vitro, the enzyme functions with reduced form of either viologen dyes or

dichlorophenol indophenol but the physiological reductant has not

been identified. A possibl.e role of transition metals in this step of

denitrification has been indícated by the inhibition of nitrous oxÍde

reductase by carbon monoxid.e (Matsubara, L97L), cyanide and azicle

(Matsubara, L975). In addition, Matsubara (L97L, 1975) have suggested

the involvement of cytochromes b and c in the reduction of nitrous oxid.e.

Payne et a7. (1971) have also observed that in P. perfectomarinus, a

c-type cytochrome v¡as tightly associated with membrane fractions

containing nitric oxide reductase.

1.3 Aim of thesis

The objective of these J-nvestigations was to examine some

biochemical aspects of denitrification in the chemolithotrophic

bacterium, Thiobacil-l-us denitrificans. V'lork on the following lines

was carried out:-

(f) To compare the properties and determine the relationship

between the sulphite- and. NADH-l-inked nitrate reductase

activities.

(2) To explore the mechanism by which the utilization of NADH

for nitrate reductase is regulated.

(3) To identify the components of electron-transport chain

involved in the reduction of nitrate, nitrite and O
2

(4) To study the properties of the sulphide-linked nitrite reductase.
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2. MATERTA],S AND METHODS

2.L Preparation of so lutions and buffers

- Double glass-distilled water was used. to dispense all the

reagents used in this work. Sodium sulphite (t'tarsO, .9H2O), sodium

sulphide (narS.9H2O) and NADH were dispensed in O.05M Tris-HCl buffer

(pH 7.5) just prior to use. Crystals of sodium strlphide were washed

with distilled water and carefully dried several times with filter

paper before weighing.

The stock solutions of 0.1-M of Tris-HCI, potassium phosphate

and Tris-maleate buffers were prepared by the method of Gomori (1955)

and stored at 20. The pH of all the buffers were adjusÈed at room

temperature (2O-25o) using a Beckman H5 pH meter which was standardised

frequently. The pH of Tris-HC-l buffer was adjusted at the temperature

at which it was to be used subsequently (Sigrna Technical Bulletin 1068,

L967).

2.2 Biological materials

2 .2.I Bacterir:n

ThiobaciTLus denitrificans (9547, NCIB strain AB5) was purchased

from the National Collection of fndustrial Bacteria, Torrey Research

Station, Aberdeen, Scot1and.

2.2.2 Enzlzmes

Alcoho1 dehydrogenase, snake venom pyrophosphatase and DNase

were supplied by Sigrma Chemical Co. (St. Louis, Missouri, U.S.A.) while

inorganic pyrophosphatase vras from Calbiochem (Los Angeles, California,

u.s.A.).
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2.3 Chemicals and other materials

2.3.1 Nucleotides and marker proteins

ATP, ADP, AMP, NADH, NADPH, NAD+, NADP+, FMN ANd FAD WETE

purchased from Sig,rna Chemical Co. (St. Louis, Missouri, U.S.A.) as vrere

the foll-owing marker proteins: cytochrome c (horse heart, type Vf),

bovine serum albumin (fraction V), ovalbumin (grade V), y-gl-obulin and

myoglobin.

2.3.2 Other chemicals

Rotenone, amytal, 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO),

antimycin A, p-chloromercuribenzoic acid (p-CMB), phenazine methosulphate

(PMS), glutathione (reduced) and tris[hydroxl'methylJaminomethane (Tris)

were purchased from Sigma Chemical Co. (St. Louis, Missouri, U.S.A.);

sodium diethyldithiocarbamate (DIECA) was from Merck (Darmstadt, Germany).

Bathocuproin and blue dextran were from Fluka (Buchs, Switzerland) and

Pharmacia Fine Chemicals (Uppsala. Sweden) respectively. Atabrine was

from Imperial Chemical Industries (Mar1ston, South Australia). l5*-

nitrite (27 atom % excess) was obtained from Office fndustrial De LrAzote,

France.

AIt the other chemicals were of the highest puri-ty available.

2.3.3 Chromatograp hic materials

V'thatman DEAE-cellulose (tyye 32) and Vühatman 3MM paper were

supplied by H. Reeve Angel, London EC4 and Sephadex G-25, c-100, G-150

and. Sepharose 68 were from Pharmacia Fine Chemicals (Uppsala, Sweden).
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2.4 Culture of the bacterium

2.4.I Growth of the organism

Thiobacil-l-us denitrificans was grown anaerobically in a medium

described. by Adams et al-. (197I). The composition of the medium used.

is given in Table 3. Batch cultures of the organism were grown at

28o in 55.0 carboys. The pH of the culture medium during growth was

maintained at 7.0 by an automatic titration with sterile 20% (w/v)

KZCO: by means of a pH stat unit (Radiometer, Titrator 11 pH meter B,

Copenhagen, Denmark). Optimum growth was obtained within 48-60 hr.

2.4.2 Maintenance of the culture

T. denitrjficans, maintained in a liquid culture descri-bed. in

Table 3, was sub-cultured three tj:nes a week, Microscopic examination

and plating of the cul-ture were carried out perioclically to check that

there \,üere no contaminants present.

2.4.3 Harvesting

The bacteria were harvested in a Sorvall.RC-2 refrigerated centrifuge

fitted with a continuous flow rotor (SS-34). The cells were washed twice

with cold 0.05M Ttis-IlCl buffer (pH 7.5) and when not used immediately¡

were stored at -15o.

2.5 Enzyme techniques

2.5.I Preparation of acetone-drierl ceIIs

The washed cell.s, suspended in 0.025M Tris-HCl- buffer (pH 7.5)

(50O mg wet weight/mL), were added slowly to ten volumes of col-cl acetone

at -15o with continuous stirring. After 1O min, the mixture was

quickly filtered through a Büchner funnel, fitted with Vthatman No. 4I
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Table 3. Composition of the culture solution for ?. denitrificans.

The solutíon of KH^PO ^ (2OO Sn/Il was adjusted to pH 6.5 withZ 4,
KOH, autoclaved at 17 Ib/in' for 30 min, cooled and. then added at the
rate of t0 ml/I of the culture medium. The following salts:
N-2s203.5H2o, KNO3, MgSO4.7H2O, CaClr.2H2c and NH4CI were dissol-ved

and autoclaved together; FeSOn and KIICO, were sterilized separately.
Appropriate amounts of the stock solutions of these three fractions

; were combined after cooling and made up to the required volume with
sterile double-distilLed water just before inoculation.

100 ml of fresh ceII-suspension (0.S2, w/v) was used for
inoculating each litre of the medium.

Chemical
- Concentration

(g/L of culture solution)

tt2

KOH

KHCO3

NO:

NH4Cl

MgSOn

FeSOn

CaCLr.2H2c

KFr2PO4

szo: 5H

7"2?

o 5.0

o.2

I.0

2.O

o.5

o.5

0. 01

0.r

2.O

2
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filter paper. The temperature during filtration was maintained below

Oo by packing an ice-salt mixture around the Büchr¡er funnel. The cells,

after washing twice with three volumes of cold acetone, \^rere dried

under a stream of N, gas at 40. They were then d.ried completely under

vacuum in a d.essicator over 36N 
"ZSO¿ 

and stored under vacuum at 40

over NaOH pellets.

2.5.2 Preparation of homogenates and cell-free extracts

All the operations described in this Section were carriêd out

at 40

2.5.2.1 CeIl-free extracts of fresh cells

The washe$ cells, suspended (252, vr/v) in 0.05M Tris-HCl buffer

(pH 7.5) were disrupted by passing them through a chilled Aminco French

pressure cell (American fnstrument Co., Maryland, U.S.A.) twice at

20,000 p.s.i. (Hughes et al., 197I). The homogenate rqas then centrifuged

either at 10,000x g for 30 min or at 18,000x g for 45 min in Sorvalt-Ss3

centrifuge (SS-34 rotor) to sediment the intact cells. The supernatant

fraction (S10 or SI8 respectively), referred to as the crude extract

was used either as such or centrifuged further as described in Section

2.5.2.3.

2.5.2.2 CelL-free extracts of acetone-dried cells

The acetone-d.ried cells were çJround to a fine powder in a cclld.

pestle and nrortar and then suspended (LOZ, w/v) in 0.025M Tris-HCI buffer

(pH 7.5). After adding DNase (0.1 mq/10 mI ceII suspension), the

preparation \^/as stirred. with a magnetic stirrer for 3-4 hr at 40 in an

ice bath. It was then filtered through two layers of cheese-cloth

and the filtrate \¡ras passed through a chill-ed Aminco French pressure
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cell thrice at 20,000 p.s.i. This homogenate \^ras centrifuged at

18,000x g for 45 min as described in Section 2.5.2.L. The resultant

supernatant fraction (S18), which is referred to as the crude extract,

was the source of thê sulphide-linked nitrite red.uctase.

2.5.2.3 Preparation of 5100 and PI00 fractions

The crude extracts (SlO and SI8 of the fresh cells or acetone-

dried cells, respectively) were centrifuged at 10Or000x g for 90-120

min in a Spinco Ultracentrifuge, Mod.e1 L (rotor type 30) to obtain a

supernatant (SI00) and a pel1et or membrane fraction (P100). The pellet

fraction (P100) \Àras suspended in 0.05M tris-HCI buffer (pH 7.5) and

dispersed uniformly by grinding in a gJ-ass homogenizer (Kontas Glass Co.,

New Jersey, U.S.A-).

2.5.3 Solubilization of nitrate reductase

The following procedure was employed to dissociate nitrate

reductase from the cell membranes:-

The pellet fraction (PI00) , suspended in 0.05tI Tris-HCI buffer

(pH 7.5), was diluted with the same buffer to a final protein concentration

of 30 mg/ml. Ìt was subjected to an ultrasonic treatment (MSE

Ultrasonicator; 60I{ output) for 30 sec and then incubated with sodirrm

deoxycholate (0.06 mg/mg protein) at 30o in a reciprocating waterbath

(100 oscillations/min). After 30 min, this preparation \^ras centrifuged.

at 100r000x g for 60 min and the supe:lnatant fraction thus obtaired, was

passed through a Sephadex G-25 column (I.25 x 15 cm) which had been

equilibrated w-ith 0.O5M Tris-HCI buffer (pH 7.5). The resulting

preparation is referred to as the solubilized enzyme.
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2.5.4 Enz)¡me assays

2.5.4.L Nitrate reductase

Nitrate reductase activity with either sulphite or NADH

as the electron donorr vrês determined by measuring the rate of nitrite

production.

The enzyme activity, with sulphite as a donor, was assayed in

open test tubes (I.3 x I0 cm). The reaction mixture contained:

Tris-HCl buffer (pH 7.5), 90 pmoles; KNO', I pmoler Na2SO3, I ¡tmole

and 0.05 ml of enzyme in a total- volume of 2 mt. Tubes which contained

either the boiled enzyme or those without sulphíte served as the control.

After equilibrating the tubes in a reciprocäting water bath (1OO

oscillations,/min) at 3Oo for 5 min, the reaction was started. by adding

a freshly prepared solution of NarSOr. After 15 min incubation, nitrite

produced was determined as described in Section 2.7.2.

The reaction with NADH as the electron donor was al-so conducted.

in open test tubes (1.3 x I0 cm). The reaction mixture contained the

following: Tris-HCl buffer (pH 7.5), 80 pmolesr KNO3, I pmole,.

NADH' I pmole and 0.05 ml enzyme preparation. Control tubes contained

the boiled. enzyme preparation. The reaction was initiated by adding

NADH and after incubating for 15 min at 3Oo, it was stopped by adding

0.1 mI of crystalline alcohol d.ehydrogenase (0.3 mg protein,/ml 0.05M

Tris-HCI buffer, pH 7.5) and 0.1- mI of N acetaldehyde to oxidize the

residuaf NADH which interferes i.n the diazotization reaction (Medina

and Nicho1as, 1957¡ Stulen, L97O). The amount of nitrite produced

h¡as determined as described in Section 2.7.2.
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Specific activity of nitrate reductase is expressed in

nmoles NO Producedr/l5 min/mg protein.
2

2.5.4.2 Nitrite reductase

Nitrite reductase activity was determined by following the

rate of nitrite utilization. The enzyme activity in the plOO fraction

was assayed in test tubes (1 x 7.5 cm) stoppered with rubber subaseal

caps (Size 17, !{m Freeman, Barnsley, York, U.K. ). Nitrite reductase

activity of the purified enzyme preparation and also of the various

fractions obtained during the purification of the enz)zme was, however,

assayed in Vtarburg flasks fitted with stopcocks and with their side-

arms stoppered with subaseal caps

For determining the enzyme activity with sulphide as an

electron d.c¡norr the reaction mixture contained the followÍng: tris-HC1

buffer (pH 7.5), 35 pmoles; NaNO2, 1 pmole; NarS, 2 pmoles and 0.1 mI

of enzyme, in a final volume of l- mt. The test tubes or the Warburg

flasks were thoroughly evacuated and filled with a high purity ¡I2 gas.

After 5 min preincubation at 3Oo, the reaction was started by injecting,

with an air-tight glass microsyringe (Scientific Glass Engineering Co.,

Melbourne, australia), a freshly prepared sol-ution of sulphid.e through

the subaseal caps. The reaction was terminated after 15 min by

removing the subaseal caps and adding I m1 of IOg" (w/v) zinc acetate

in 10% (v/v) ethanol to the reaction mixture. This procedure

precipitated suì-phide which would otherwise ínterfere with the diazotization

reaction. The contents of the Vlarburg flasks were then transferred to

test tubes and centrifuged at 2r000x g for 15 min in a bench centrifuge

(M.S.E.). Nitrite, in an appropriate aliquot of the supernatant fraction,

was determined as described in Section 2.7.2-
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Except for the reductant, the composition of the reaction

mixture and the experimental details for determining nitrite reductase

activity with NADH plus menadione as the electron donating system, were

the same as described above for the assay with sulphide as the reductant.

The reaction mixture, which in addition contained 2 pmoles menad.íone,

was d.ispensed into either test tubes or VJarburg flasks. These were

then evacuated and filled with pure N, 9as. The reaction was started

by injecting 2 pmoles of NADH through the subaseal caps. After

incubating at 3Oo for 15 min, the reacr,íon lvas terminated. with 1 ml of

10% (w/v) zinc acetate in 109" (v/v) ethanol. After centrifuging, an

appropr.iate aliquot of the supernatant was taken for deterrnining the

residual nitrite

F'<¡r ascorbate plus PMS as the electron donor system, the

reaction mixture and the assay procedure \^rere as described for sulphide

except that ascorba'te plus PMS replaced sulphide as the reductant.

The reaction mixture in addition contained 1 pmole of PMS. The reaction

was j-nitiated by ínjecting 2 prnoles of neu'Lralized sol-ution of ascorbate

rzia the subaseal into the reaction mixture. The reaction was ter,minated

after l-5 min as described previously and after centrifuging, nitrite was

determined in an appropriate aliquot of the supernatant by the procedure

described in Section 2.7.2.

NO
2

Specific activity of nitrite reductase is expressed in nmol_es

rrtilized,/15 min/mg protein.

2.5.4.3 Cytochrome oxidase

The activity of cytochrome oxidase was determined from the

rate of oxygen uptake measured- by Rank Oxygen Electrod.e as described.

in Section 2.6.1. After addi.ng 1.8 ml of O.O5M Tris-HCl buffer
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(pH 7.5) to the reaction vessel, the contents were equilibrated

for 5 min at 3Oo. Then 0.1 mI of the enzyme preparation was injected

into the reaction vessel with a Hamilton gas-tight microsyringe. After

a further equilibraÈion for 2 min, the reaction was started by

injecting 2 pmoles of freshly prepared solution of the electron donor.

The specific activity is expressed as nmoles o" utilized./mLn/mg

protein.

2.5.5 Determination of Míchaelis - It{enten constants )

For d.etermining the K* values, the enzyme activity was measured

at varying concentrations of the substrate, in the presence of

saturating concenlrations of the other substrate. The K* value was

then estjmated from a double-reciprocal plot of the velocity of the

reaction against the substrate concentration as'described by Lineweaver

and Burk (1934).

2.5.6 Dete rmination of molecul-ar weiqhts

Mo1ecu1ar weights of nitrite reductase and the cytochrome 
"554'

isolated from ?. denitrificans (Section 2.5.7 ), were estimated by ge1

filtration through Sephadex G-150 or G-75 columns by the procedure of

Andrews (1964, 1.965) .

2.5.6.1 Nítrite reductase

Sephadex c-150 column (2.5 x 50 cm), prepared as described

in Section 2.6.8.2, was equilibrated for 2 days with 0.05M Tris-HCl

buffer (pH 7.5) containing O.tltt KCI . Void volume of the column was

determined fron the elution of blue dextran. The column was cafibrated
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with a mixture of the following marker proteins of known molecular weights:

y-globulin (160,O00), bovine serum albumin (68,O00), ovalbumin (45'000)

and myoglobin (17,800). Fractions, 3 ml each, were collected at 40

using L.K.B. Ultrasac fraction coll-ector. The elution of these proteins

from the column was followed by absorbance at 280 nm and at 410 nm for

myoglobin. The purified nitri.te reductase was then loaded onto the

column either alone or along with the marker proteins. The elution of

nitrite reductase from the column rvas monitored by assaying the enzlzme

activity in the various fractions wíth sulphide as an electron donor,

as described in Section 2.5.4.2. Molecular weight of nitrite reductase

was calculated according to the following equation of Squire (1964):

L/3M-,- = r5r[1 .47 - (ve/vo)r/3f

where V

Vo

e
elution volume of the protein

void volume of the column.

2.5.6.2 Cytochrome c554

Experimental details were as described for the estimation of

molecular weight of nitrite reductase except that a Sephadex G-75

column (2 x 35 cm) was used and aII the operations vrere carried ou't at

raoom temperature.

2.5.7 Isolation of cytochrome c and. flavin from nítrate reductase
554

Nitrate reductase was dissociated from the cell membranes (P100

fraction) by the procedure described in Section 2.5.3. The solubilized

enzlzme was placed in a boiling water bath for 15 min. After cooling,

the precipitated proteins r¡/ere removed by centrifugríng at 100,000x g for

30 min. The supernatant fraction thus obtained, was loaded onto a

DEAE-cellulose column (DE 32r 3 x 12 cm) which had been prepared and.
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equilibrated with 0.O5M Tris-HCl buffer (ptt 7.5) as described in

Section 2.6.8.1. The column was eluted sequentially at room

temperature with 100 ml each of 0.05M Tris-HCl buffer (pH 7.5) containing

0.1 and 0,2M NaCI respectively and 3 mI fractions were coLlected using

L.K.B. Ultrasac fraction coll-ector. Red-coloured fractions containing

cytochrome c were recovered. with the buffer containing 0.lM Nacl

whereas yellow-coloured fractions were obtained on subsequent elution

of the column with the buffer containing 0.21,4 NaCl-. The red and yellow

fractions were pooled separately, d.esalted by passing through a Sephadex

G-25 column (1.25 x 15 cm) and. concentrated in a rotatory vacuum

evaporator at 3Oo.

2.5.A Dissocíation of nitrite reductase into cytochrome c and

haem d components

The purified nitrite reductase was dissociated into cytochrome

c and haem d components by incubating it with I - I.5 mg sod.ium dodecyl

sulphate (SDS) per mg protein at 30o for 3O min in an oscill.ating water

bath. The detergent-treated enzyme was loaded onto a Sephadex c-100

column (2.5 x 45 cm) which had previously been equilibrated with

O.025M Tris-HCI buffer (pH 7.5) as described in Section 2.6.A.2. The

sample was eluted, at room temperature, with the equilibrating buffer and

3 ml fractions were coll-ected in an L"ts.B. Ultrasac fraction collector.

The absorbance at 280 nm and 405 nm of each fraction was monitored.

2.6 General techniques

2.6.I Oxygen electrode

Oxygen uptake was measured polarographically with a Rank oxyqen

electrode (Bollisham, Cambridge, U.K.), connected to a Rikadenki recorder

(Mode1 Bt81).
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The electrode was standardized in the presence of 0.05M

Tris-HCl buffer (pH 7.5) by the method of Díxon and K1eppe (1966).

The full span of the chart paper corresponded to 0.25 pmoles Or/mL

buffer.

The reaction vessel was maintained at 3Oo by circulating

water, from a temperature-controlled water bath, through the outer

jacket. The reaction mixture in a final volume of 2 ml, contained.

either 0.05M or 0.025M Tris-HCL buffer (pH 7.5) r the enzyme preparation

and an appropriate reductant. The reaction was started by injecting

the reductant from an air-tight glass micro-syringe, through an inlet

port in the reaction vessel. The contents were continuously stirred

by a sma1l magnetjc bar. The decrease in oxygen concentration in the

reaction mixture was recorded..

2.6.2 Irradiation of the samples with U.V. liqht

The enzyme preparation (I mI) dispensed in 2 ml of 0.05M

Tris-HCI buffer (pH 7.5), was poured into a smal1 petri-dish (5 cm

diameter) and placed on a layer of aruminium foil in an ice bucket.

The sample was exposed to u.V. light (HPw 125w, Phillips) from above

aÈ a distance of 15 cm. The control sample, also kept und.er identical

conditions was, however, protected. from the U.V. tiqht by covering the

Petri-dish completely with an aluminium foil.

2.6. 3 Absorption qpeçtra

For spectral studies, a Shimadzu Multipurpose Recording

spectrophotometer, Moder IUPS-SOL (Shimadzu seisakusho Ltd, Kyoto, Japan)

was used. The instrument was operated with photonultiplier at 400 volts
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and automatic slit control. The spectra \,{ere recorded at room

temperature in 3.5 mI quartz cuvettes (I cn light path) in the absorbance

range of either 0-I or -0.I to +0.1.

For absolute spectra, the sample cuvette contained 0.05M Tris-HCI

buffer (pH 7.5) and the enzyme preparation in a final volume of 2.5 ml.

Its spectrum was recorded against the buffer in the reference cuvette.

For difference spectra, both the sample and the reference cuvettes

contained the enzyme preparaticn and 0.05M tris-HCI buffer (pH 7.5) in a

final volume of 2.5 m1. After addíng a crystal of Krtre(CN)6 to the

reference cuvette and an appropriate reductant to the sample cuvette,

the reduced rzersus oxidized spectra of the sample was recorded.

Difference spectra of the enzyme preparations under anaerobic

cond.itions were recorded in a special Thunberq cuvette fitted with a

side-arm. In aII these studies, an ordinary quartz cuvette was used

for the reference solution. The enzyme preparation and 0.05M Tris-HC1

buffer (pH 7.5), in a final volume of 2.5 mI, were dispensed into both

the sampte and the reference cuvettes. The reductant was placed in the

side-arm of the sample cuvette. After thoroughly evacuating the

sample cuvette, \^/ith a r¡/ater pmpr it was filled v'/ith high purity, 02-

free N, gas. This procedure was repeatecl 3 times. The reductant was

then tipped into the cuvette from the side-arm and the contents were

mixed thoroughl-y. A crystal of KrFe(cN)6 was added to the reference

cuvette and the d.ifference spectra recorded.

2.6.4 Reclox-potential of cytochromes

I{id-point potential of cytochrome crrnr isofat-.ed from nitrate

reductase (Section 2.5.7) was determined by the procedure of Davenport

and Hill (1952), except that I cm open glass cuvettes were used.



Ferro-ferricyanide couple, Er of +O.423v (o'Reil1y,

for the reduction and oxidation of cytochrom. 
"554.

was calculated from the Nernst equation:-

33.

1973), was used

The redox-potential

The difference in the mid-point potential between cytochromes c

and d of cd complex of nitrite reductase was determined from the following

equation, according to the procedure of Shimada and Orii (1976):-

(cyt. d) - E*(cyt. c) = 0.059 log x K.

where K = equilibrium constant and is calculated from the following

relationship:

("3*) @2+)

KnFe (CN) U Ferricytochrome
E = 0.423 - 0.059 log x

o K3Fe (cN) 6 FerrocYtochrome

("2+ ) (¿3+)

The equíIibrium constant (K) was determined. experj-rnentally

by measuring the % of cytochromes c and d in their oxidized and reduced

forms at various time intervals after reducing the purified nitrite

reductase with sulphide (see Section 2.6.3). The z of the reduced.

cytochromes c and d were calculated on the basis of the maxímum reduction

of these cytochromes obtained after the complete reduction of the enzyme

with sulphide.

2.6.5 Paper chromatographv of flavins

Aliquots (50 UI) of the flavin isolated from the solubilized

nitrate reductase (Section 2.5.7) as well as of the authentic samples

of FAD (2 mg/ml) and FMN (2 mg/mL) were spotted 7.5 cm apart on a

K
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Vùhatman 3MM paper (45 x 57 cn) . The chromatograms r^rere developed

for 30 hr in a descending sequence using t-butanol : water (60 : 40)

as the solvent system. After drying, the flavins were located on the

chromatograms by U.V. Iight.

2.6.6 Hiqh voltage elect::ophoresis

The flavin, isolated fromthe solubilized nitrate reductase,

was pre-incubated at 3Oo with either 20 mg snake venom pyrophosphatase

for 30 min or with 20 mg of inorganic pyrophosphatase for 30 and

60 min respectively. Then 50 UI of each of the separated flavin as

well as of those treated with the hydrolytic enz)¡mes were spotted

2.5 cm apart onto a 3l4M Vlhatman chromatographic paper (I5 x 55 cm).

Authentíc standards of FAD and FMN were also spotted onto the paper

which was then subjected to a high-voltage electrophoresis, using 0.114

sodium citrate buffer (pH 5.0), at 1500 V for t hr in an apparatus

designed by Tate (l-968). The electrophoretic mobílities of the

flavins were d.et-ermined under U.V. light, after drying the paper.

2.6.7 Mass spectrometry

The prod.ucts of nitrite reduction were ídentified in a mass

spectrometer. The reaction was carried out in Warburg flasks, fitted

with g.lass stopcocks and with their side-arms stoppered with subaseals.

I'he reaction mixture in a final volurne of I ml contained: 0.6 mI of

O.OSM Tris-HCI buffer (pH 7.5), 2 pmoles of 15UO, (27 a1om % excess)

and 0.2 ml of the enzyme preparation. The flasks were rigorously

evacuated with a two-stage oil pump and filled with pure helium gas.

This procedure v¡as repeated three times. After pre-incubating for

5 min at 3Oo in a reciprocating water bath (100 oscillationsr/min),
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5 pmoles of a freshly prepared sulphide solution was injected

from a gas-tight syringe rzja the subaseals into the side-arms of the

fJ-asks. The reaction was started by mixing the contents. Äfter

various time intervals, the reaction was terminated by injecting 250 pI

of 10M KOH solution into the flasks through the subaseals. The gases

formed. were then identified in a MS-2 Mass Spectrometer (Associated

Electrical Industríes, Manchester, U.K.) .

2.6.8 Preparation of columns

2.6.8.I DEAE-cell-ulose

Whatman DE-32 was prepared according to the instructions given

in the Whatman Technical Bulletin fE2. The cellulose was treated with

0.5N HCI and. r,vashed lvith double-distj-lled water until the pH of the

filtrate rvas 4.0. ft was then treated with 0.5N NaOH and washed

several times with double-distilled. water until- the pH of the filtrat-e

was 8.0. The cel-lulose was finally equilibrated with 0.05M Trj-s-IlCl

buffer (pH 7.5). The column was packed at 20 by pouring Èhe homogenous

slurry of the ion exchanger into a glass colunn. After the cellulose

had settled, 0.05M Tris-FICI- buffer (pIJ 7.5) was peÌssed through the column

until the pH of the effluent was the same as that of the equilibratíng

buffer. The sample \^/as l-oad.ed onto the column and efr-rted with an

appropriate buffer. !-or every experJ-ment-, DE-32 was regenerated afresh

as d.escribed above. hlhen not in use, the cell-ulose was stored aL 20

in 0.05M Tris-HCl buffer (pH 7.5) containing 0.1% (w/v) sodium a-zide.

2.6.8.2 Sephadex and Sepharose 68

The columns for gel chromatography on Sephadex G-25, G-100,

G-150 and Sepharose 68 were prepared according to the instructions given
by the manufacturers (Pharmacía Fine Chemicals, Uppsala, Sweden). The

ge1 bead.s were suspended in 0"o5M Tris-HCr buffer (pH 7.5) and stirred
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gently with a glass rod. After standing for 30 min, the fine

particles \^¡ere removed by decantation. This procedure \,Ías repeated a

few times. The gel was then allowed to swell at room temperature in the

same buffer for an appropriate time depend-ing on the type of Sephadex

used. After degassing under reduced pressure, the homogenous slurry

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

desired colurnn height was attained. An appropriate pressure \¡,,as

maintained during packing and running of the col-umn. The column was

equilibrated with 0.05M Tris-HCl- buffer (pH 7.5). V'Ihen not in use,

the column was stored at 20 in the presence of 0.1% (w/v) sodium azide.

The void volume of the colrl¡rn was determined from the elution

volume of blue dextran.

2.6.9 Membrane ultrafiltration

Enzlzme preparatiorrs \dere concentrated using a Diaflo PM-10

membrane, in an Amicon ultrafiltration unit (Amicon Corp, U.S.A,).

ultrafil-tration unit, which was kept in ice during filtratiorì, vùas

' , ^.*¡r-no retainsoperated under N, 9as at 20 lb/in'. The PM-IC

proteins of molecular weight greater than I0,000.

The

2.7 Chemical determinations

2.7.I Protein

Protein was determined by the micro-biuret method of ltzhaki

and GiIl (1964), using bovine serum albumin as a standard. The optical

density t.rras recorded at 3l-0 nm. Absorbance of the fractions, eluted

from the columns during enzlrne purification, was monitored at 280 and

260 nm in order to assess their protein contents. The protein

concentratíon was cal-culated from the following equation as described
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by Kalckar (1947)

Protein (mg/ml) r.4s["reo] - o.74lr.26of

2.7.2 Nitrite

Nitrite was determined by the procedure of Hewitt and

Nicholas (1964). An aliquot containing 20-100 nmoles of nitrite

was diluted to 2 ml with double-distilled water. The red azo dye

was devel-oped by adding I mI of 1% (w/v) sulphanilamide in N HCl,

followed by I ml of 0.0I% (w/v) N-l-naphthylethylenediamine

dihydrochlorid.e. After 15 min, these were read at 540 nm in a

Shimadzu (QV-50) spectrophotometer. The concentration of nitrite

was detertnined from a standard curve.

2.7.3 Copper and iron

Copper was estimated according to the procedure described

by Nambi.ar (L976). Purified nitrite reductase (containing L2.5 mg

proteín) was dried in acid-washed. pyrex test tubes and digested for 
.2O

min with 5 ml ,of an acid mixture of HNOa, HC1O4 and HrSOn in the

proportion of 40 z 4 : 1. After cooling, the volume was made to

20 mI with deionized water. Copper in the digested sample was

precipitated with 4 ml of O.25e" (w/v) anrnonium pyrrolidine dithiocarbamate

and then extracted by phase separation into 4 ml- of methyl isobutylketone.

The upper organic phase was injected directly into Varian Atomic

Absorption Spectrophotometer (Varian Techtron Model AA4) and read at

32 5oAo.

For determining the iron content, the samples wei:e first

digested with the acid mixture as described for copper. The digested

samples were diluted to 25 ml with deionized water and their iron

contents were determined at 248540 in a Varian Atomic Absorption
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Spectro.photometer

2.''l .4 Haems c and d

A spectrophotometric procedure of Newton (1969), based on the

absorption at 618 nm of the pyridine haemochromogen of green haem, was

used to estimate the haem d content of nitrite red.uctase. The sample

was mad.e 25% (v/v) with respect to pyridine. This was followed by the

addition of NaOH to a final concentration of O.IM. The mixture was

divided equally and dispensed into two cuvettes (I cm light path).

A crystal of K^Fe (CN) - was then added to the reference cuvette to' 3 -6

oxidize the green haem which is otherwise autoreducible in the presence

of pyridine and alkali. The difference in the A (618-650 nm) between

sample and reference cuvettes was recorded and the haem d content was

calcuÌated from the extinction coefficient value of 19.6 mM-I 
"*-I.

The haem c content of nitrite reductase Ì^ras determined from the

absorption spectra of the alkaline pyridine haemochromogen, prepared

as described above for haem d. After adding pyridine and alkal-i, a

few crystals of N-2S2O4 were added to the sample buvette. The difference

in the absorbance at 550 nm between the sample and the reference cuvettes

was measured. l\n extinction coefficient value of 30.2 mM-l cm-l

(Horio et al. ' 19614) was used to calculate the amount of haem c in the

sample.
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3. RESULTS

3.I Nitrate reductase

3.1.1 Distribution of sulphite-linked nitrate reductase in

various celI fractions

The results in Table 4 show that most of the enz)¡me activity

sras located in the pellet fractiòn (Pf00), obtained after centrifuging

the crude extract (SI0) at 100,0O0x g for 2 hr. The specific activity

of the enzyme in this fraction was 2.5-fold greater than that of the

crude extract. Sulphite-Iinked nitrate reductase activity was low

in the high speed supernatant fraction (5100).

3.I.2 Enzyme activity with various electron donors

The effectiveness of various reductants and organic acids

for the reduction of nitrate in the Pl00 fraction are presented in

Table 5. The results show that besid.es sulphite, which is the

physiological reductant for the enz)rme, NADH was also equally effective

for nitrate reduction. A relatively low activity was obtained with

ascorbate plus TMPD whereas other metabolites including NADPH, a-

ketoglutarater lactate, pyruvate and succinate were ineffective.

3.1.3 Comparison of the properties of the sulphite- and NADH-Iinked

nitrate reductase

3.1.3.1 Nitrate reductase activitv with ei ther sulphite or sulphite

plus NADH as the electron donor

Since both sulphite and NADH htere effective electron donors

for nitrate reduction, the effect of various concentrations of sulphite



40

Table 4. Distribution of sulphite-Iinked nitrate reductase in
various cell fractions.

The various cell-fractions (S10, SI00 and P100) were prepared

in 0.05M Tris-HCl buffer (pH 7.5) as clescribed in Sections 2.5.2.I
and 2.5.2.3. Nitrate reductase activity with sulphite as an

electron donor was determined as described in Section 2.5.4.I.

Fraction Procedure

Specific activity
(nmoles NO2-

produced/15 min/mg
protein)

I Homogenate prepared by passing the

washed cells through a French pressure

cell, twice al 2O,0O0 p.s.i.

Supernatant (S10) left after
cerrtrifuging I at I0,000x g for 30 min.

Supe:lnatant fractio¡r (S100) obtained

by centrifuging II at 100,000x g for
90 mín.

Pellet fraction (P100) from III
dispensed in O.05M Tris-HCl buffer
(pH 7. s)

l-52

151

385

rï

III

IV

I5
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Tab1e 5. Nitrate reductase activity with various electron donors.

The reaction mixture in a total volume of 2 ml, contained the

following in ymoles: T:rís-HCI buffer (pn 7.5), 85; NaNOrr 1;

electron d.onor, 1; and 0.3 ml of celI-free extract (Sl0 containing
42 mg protein/mt). The reaction was carried out at 3Oo as described

in Section 2.5.4.L.

Electron donor
Specific activity

(nmotes NOI
produced,/lS min,/mg

protein)

Sodium sulphite

NADH

NADPH

o-Ketoglutarate

Sodium ascorbate

Ascorbate + NrNrNt rNt-
tetramethylparaphenylened iamine (TMPD)

Sodium pyruvate

Sodium succinate

Sodium lactate

90

95

4

9

7

22

I

L2

9
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alone as well as in the presence of 0.5 and I.0 mM NADH was studied.

The results in Table 6 indicate that the amount of nitrite produced

with sulphite plus NADH was almost equivalent to the sum c¡f nitrite

formed by these reductants individually. This effect was observed

even when both sulphite and NADH \^rere used at optimal concentrations

in the reaction mixture.

3. I.3.2 Distribution

The results in Table 7 show that both the sulphite- and

NADH-linked nitrate reductase activities had a similar pattern of

distríbution in the various cellular fractions. Enz)¡me activity,

with either of thesé reduct-ants, vras al,most exclusively associated

with the membrane fraction (PI00). OnIy negligible sulphite- and

NADH-dependent nitrate reductase activities were found in the high

speed supernatant fraction (5100). Specific activities of the enz)¡me'

with either of these reductants, were about 2.S-fold higher in the pellet

fraction (P100) than in the crude extract (StO).

3.1.3.3 Incubation time, stabilitv and pH optirna

Incubation time. Nitrate reductase activity, with either

sulphite or NADH as the red.uctant' was linear up to 15 min (Figure I).

thus, an incubation time of 15 min was routinely used for assaying the

enzyme activity.

StabiTitg during storage. The NADH-linkecl nitrate reductase

in the PI00 fraction was more unstable during storage than the sulphite-

linked activity. Thus, the enzyme activity with sulphite as a donor

was not affected after storing the PIOO fraction at Oo for 5 d.ays whereas

more than a half of the NADH-dependent activity was lost. However,
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Table 6. Nitrate reductase activitv wi th either sulphite, NADH

or sulphite plus NADH as the e]ectron donors.

The details of the assay procedures as described in Section
2.5.4.I except that the concentrations of sutphite or NADH were

varied as indicated in the Table. The enz)rme activity in the
P100 fraction (0.5 mg protein) was determined with either sulphite,
NADH or sulphite plus NADH as electron donors.

Concentration of
sulphite

(nM)

Specific activity
(runoles NO2

produced/15 min/mg protein)
with

O.5mM NADH

without
NADH

with
I. Om¡'l NADH

00 317

4l-7

434

478

439

434

4l-7

4]-7

330

434

445

460

456

456

445

408

o.l-25

0.250

0. 500

0. 750

1.000

1.250

l_.500

12L

L52

T7B

17I

r69

165

160
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Table 7. Distribution of sulphite - and NADH-Iinked nitra te
reductase in various cell fractions.

The various cell fractions (S10, 5100 and P100) were prepared.

in 0.05M Tris-HCI buffer (pH 7.5) as d.escribed in Sections 2.5.2.L
and 2.5.2.3. Enzyme activity was determined with either sulphite
or NADH as the electron donor as described in Section 2.5.4.L.

Fraction

Specific activity
(runoles NOI

produced,/l Srnin/mg protein)
Electron donor

Sulphite NADH

CeII honogenate

s10

s100

P100

L2A

LL7

300

923

l-26

1I7

340
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Figure I. Effect of incubation time on nitrate reduction.

Nitrate reductase actívity was assayed in P1OO fraction
)-with either SOI or NADH as the electron donor as described.
J

in Section 2.5.4.I, except that the period of incubation
has varied. as shown in the !-igure.
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the activity with NADH as a <ìonor was completely restored on

preincubating the stored pellet (PIOO) with 5-10 mM GSH at 40 for

15 min (Tabre 8). The sutphite-Ìinked nitrate reductase was r¡ot

affected by GSH.

StabiJitg durìng heat treatment. fncubation of the pIOO

fraction at 4oo for 30 min had no effect on the surphite-rinked

nitrate red.uctase activity. However, the heat treatment at 45o

for 30 min or at 5Oo for IO min lowered its activity by 38 and gB%,

respectively (Figure 2A).

The NADH-linked nitrate reductase activity was diminished by

about 85% after l-o min at 50o. rncubation at 45o or 4oo for 30 min

decreased. the enzyme activity by 55 and 40% respectively (Figure 28).

Thus both the sulphite- and NADH-linked activit.ies were equally

sensitive to heat treatment at 5oo but the sulphite-rinked activity

was relatively more stable during incubations at 4Oo and 45o.

pH optima. The pH optima of the sulphite- and NADH-linked

nitrate reductase activities were 8.0 and 7.0 respectively (Figure 3A

and B). A significantly lower sulphite-linked activity was recorded

Ín phosphate buffer. Thus at pH 8.0, in the presence of phosphate

buffer' only 30% of the activity with either Tris-I{CI or Tris-maleate

buffers was obtained. Nitrate red.uctase activity with NADH as

an erectron donor was, however, arrnost the same in either of these

buffers.

3.1. 3.4 K
-m

values

Effect of nitrate concentration. The enzlzme activity at

varying concentrations of nitrate, with either surphite or NADH as an
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Table 8. Stabilitv of sulphite - and NADII-linked nitrate reductase
durinq storaqe and the restoration of NADH-d ependent

activity with GSH.

PI00 fraction, prepared as described in Section 2.5.2.3, was

stored at Oo. After 5 days, nitrate reductase activity with either
sulphite or NADH as an electron donor was assayed as described in
Section 2.5.4.1 except that the enz)¡me preparation, in 0.05M Tris-HCl
buffer (pH 7.5), was pre-incubated at Oo for 15 min with the specified
concentrations of GSH prior to adding the other components of the
reaction mixture. The enz)¡me activity before storage was 300 and 340

nmoles NO] froduced/L5 min/mg protein with sulphite and NADH,

respectively, as the electron donors.

Final concentration
c¡f GSH

(m¡4)

% of activity before storage

Electron donor
Sulphite NADH

0

o.25

0. 50

I. 00

2.50

5.00

I0.00
15.00

100

100

100

100

100

9B

84

82

48

79

81

85

93

100

9B

88
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Figure 2. Thermal stabili ty of nitrate reductase.

t-A : SOI as an electron donor.
3

B : NADH as an electron donor.

Pl00 fraction (contaíning 0.5 mg protein), taken in
0.05 M Tris-HCI buffer (pH 7.5), was pre-incubated at
either 4Oo, 45o or 5Oo for the prescribed times. The

enzl¡me activity, with either so2-3 or NADH as the reductant,
was determined as described in Section 2.5.4.L, after having
equilibrated the euzyme preparation at 30o for 5 min. The

results are expressed as % activity of the control samples
(without heat treatment) which were 200 and. 24O nmoles NO]

produced,/l5 min/mg protein with SOI- and NADH respectivetf,,
J

as the electron donors.

o 4oo

450

5oo
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Figure 3. Effect of pH on nitrate reductase act ivitv.

)-SO: as an electron donor.
J

NADH as an electron donor.

Nitrate reductase activity, with either SO?- or NADH as
J

the electron donor, vras determined according to the procedure
described. in Section 2.5.4.1 except that O.O5 M of either
phosphate, Tris-HC1 or Tris-maleate buffer of indicated pH were

used. The pH values given in the Figure correspond to the
final pH of the reaction mixture.

Phosphate

Tris-HCI

A

B

o

EI

o

tr

c Tris-maleate
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electron donor, exhibited a normal Michaelis-Menten kinetics.

The K values for nitrate with either sulphite or NADH as the reductant,m

were 4I.6 and 83.3 ¡rM respectively (Figure 4A and B).

Effect of suTphite or NADH concentrations. Nitrate

reductase activity was determined. at varying concentrations of either

sulphite or NADH. The results in Figure 5A and B show that the rate

of nitrate reduction increased proportionarly with increasing

concentrations of the reductant. The Ç vatues of o.r and 0.33 mM

were obtained for sulphite and NADH respectively.

3.1.4 Characterization of the electron transport chain involved in

nitrate reduction

3.1.4.1 Effects of inhibito:rs

Since sulphite and NADH were effective electron donors for

nitrate reduction, the effects of various inhibitoïs on the enzyme

activity in P100 fraction with both reductants \^/ere compared.

SuJphgdrqT reagents. The data in Table 9 show that the

thiol-bind.ing agents were potent inhibitors of nitrate reductase

activity when either of the electron donors was used.. The surphíte-

linked nitrate reductase \^7as strongly ínhibited by N-ethylmal-eimide

(uru¡ and to a lesser extent by O.t M p-CMB and by 5 mM iodoaceta¡nide.

The inhj-bitory effect of r mM NEM was almost completely reversed. by

2 nM GsH. The NADH-linked nitrate reductase activity was much more

sensitive than the sulphite-Iinked activity to p-CMB and iodoacetamide.

The inhibition of the NADH-l-inked enzlane activity by o.or nM p-clqB

and by I mM NEM was reversed by GSH.
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Figure 4. Double-reciprocal plot of the effect of nitrate
concentration on enzyme activitv.

')-SO: as the reductant.
J

NADH as the reductant.

Nitrate reductase activity in proo fraction was deternined
as described in section 2.5.4.r except that the concentration of
nitrate in the reaction mixture was varied as indicated. in the
Figure. I/V represents the reciprocal of nnroles NOI

produced,/lS min.
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Figure 5. A Lineweaver - Burkrs plot of the effect of various
concentr ons of electron donor on nitrat e reductase
activity.

t-
SO: as an electron donor.J
NADH as an electron donor.

Nítrate red.uctase activity, in the p.100 fraction containing
0.5 mg protein, was deter¡nined as described in section 2.s.4.r'
except that the reaction mixture contained varíous coneentrations

t-of either sol- (Figure 5A) or NADH (rigure 5n). $ reeresents
nmoles No] produced/l5 min.
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Table 9. Effect of inhibitors of -SH groups on nitrate reductase

activitv with either su1phi te or NADH as the electron donor.

P100 fraction (0"6 ng protein) in 0.05M Tris-HCI buffer (pH 7.5)
was incubated. at 3Oo for 15 mín with the inhibitor (final concentrations
as indicated) before addition of other components of the reaction mixture.
GSH was adcled, where indicated, to the enzyme preparation 5 min prior to
starting the reaction rvith the appropriate electr:on dorror.

Results are expressed as % inhibition with respect to the control
sample (without inhibitor). The specífic activity of the control
sample with sulphite and NADH as the electron donors \^¡as 390 and 330

nmoles NO] produced,/I5 rnin/mg protein respectively.'2-

Addition to the reaction
mixture

Final
concentration

(mM)

% ínhibition
Electron donor

Sulphite NADH

p-Chloromercuribenzoate

p-Chloromercuribenzoate + GSH

p-Chloromercuribenzoate

p-Chloromercuribenzoate + GSH

Iodoacetamide

Iodoacetamide + GSH

N-Ethylmaleimide

N-Ethylmaleínide + cSH

N-Ethylmaleimide

N-Ethylmaleimide + cSH

0. 0I
0.01 + 2.0

o.I
0.1 + 2.0

5.0

5.0 + 5.0

1.0

1.O + 2.0

5.0

5.0 + 2.0

49

49

10

10

58

68

100

37

100

84

B4

84

62

20

75

69

88

10

95

93



54

Flavoprotein inhibitors. Amytal (5 mM) and rotenone (1 mM)

inhibited the sulphite-Iinked nitrate reductase activity by about

70% whereas atabrine was not inhibitory (fa¡1e tO). The ínhibition

by either amytal or rotenone was not relieved by FMN or menadione.

The NADH-linked nitrate reductase on the other hand, was not

affected by amytal but atabrine (2 m[1) inhibited its activity by 76U.

Nitrate reductase activíty wj-th either of the reductants, was

inhibited by rotenone to almost the same extent. The inhibition of

the NADH-dependent enzlzme activity by atabrine was reversed. cornpletely

by rnenadione whereas the effect of rotenone was rel-ieved only partial 1y.

Inhibitors of electron transport chain. HQNO, antimycin A

and dicumarol were potent inhibitors of thc sulphite-Iinked enz]¡me

activity (Table 11). Menadione or coenzy*. QIO were not effective

in reversing the inhibitory effects of any of these compounds.

The NADH-linked nitrate reductase was less sensitive to HQNO

and antimycin A than was the sulphite-linked enzyme. The enz)rme

activity with NADH as an electron donor was markedly inhibited by

Ì mM dicumarol. Menad.ione, but not coenzyme QrOr reversed the

inhibitory effects of HQNO and antjmycin A on the NADH-linked nitrate

reductase activity.

Metal- chel-ators. Sodium diethyJ-dithiocarbamate (5 mI'{) ,

bathocuproin (5 mM) , azide (0.05 mM), cyanide (0.5 mM), KSCN (0.5 mM)

and dithiol (f0 mM) inhibited both the sutphite- and NADH-linked

nitrate reductase activities to approximately the same extent (Table 12).

Other chelating agents like 2,2'-bipyridyl, 8-hydroxyquinoline and urethane
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Tab1e 10. Effects of flavin inhibitors on nitrate reductase
activit-v with either sulphi te or NADH as the electron
donor

The composition of the reaction mixture was as described. in
Section 2.5.4.L. The enzlzme preparation (P100 fraction), taken in
O.O5M Tris-HCI buffer (pH 7.5), was pre-incubated at 3Oo for 10 min

with various concentrations of the inhibitor prior to the addition
of substrates. IÍenadione was added just before starting the
reaction with the eIêctron donor.

Results are expressed as % inhibition with respect to the
control (without inhibitor). The specific activity of the control
was 380 and 342 nmoles NO] nroduceð/I5 min/mg protein with sulphite
and NADH, respectively, as the electron donors.

Addition to the reaction
mixture

FinaI
concentration

(mM)

% inhibition
Electron donor

Sulphite NADH

Amytal

Amytal * menadione

Atabrine

Atabrine + menadione

Rotenone

Rotenone * menadione

2.O

5.0

5.O + 5.O

0.5

2.O

2.0 + 5.O

0.5

1.0

0.5 + 1.0

38

69

69

0

23

23

45

76

45

11

22

22

59

76

2

60

84

37
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Table 11. Effects of inhibitors of the electron transport chain
on nitrate reductase activity with either sulphite or
NADH as the electron donor.

P100 fraction (0.5 mg protein), in 0.05M Tris-HCI buffer (pH 7.5),
was pre-incubaÈed. with the inhibitor for 10 min before adding the
substrates. Menad.ione or coenz)zm. QtO were included in the reaction
mixture as indicated. The specific activity of the controJ- sample

(without inhibitor) was 26O a¡rd 230 nmoles UO, produced,/lS min/mg

protein wÍth sulphite and NADH respectively, as the electron donors.

Inhibitor Fínal
concentraÈion

% inhibition
Electron donor

Sulphite NADH

2 -n-HeptyI-4 -hydroxyquino I ine-
N-oxide (HQNO)

HQNO

HQNO + coenzyme QrO

H9NO

HQNO + menadj-one

HQNO + coenzlare QrO

Antimycin A

Antimycin A * menadione

+ coenz)¡m" QtO

Dicumarol

0.1 pM

0. 5 u¡r

0.5 ¡rM + 0.1 mM

5.0 ¡rM

5.0UM+ImM
5.0 yM + 0. 1 m¡4

0.05 mM

0. I ¡rr¡'t

0.1 mM + 1.0 mM

0.1 mM + 0.25 ml,I

1.0 mM

42

69

52

97

97

97

0

0

29

3

I7

60

70

70

60

72

33

45

2

36

86



57.

Table 12. Effects of metal chelators and. other inhibitors on

nitrate reductase activity with either sulphite or
NADH as the electron donor.

Nitrate reductase activity was determined. as described in
Section 2.5.4.I. P100 fraction (0.5 mg protein) in O.05 lrt Tris-HCI
buffer (pH 7.5) was pre-incubated with the inhibitor for 10 min prior
to adding the substrates. The specific activity of the control
sample (without inhibitor) was 260 and 230 nmoles No; produced,/l5 min/mg

protein with sulphite and NADH respectively, as the electron donors.

Inhibitor
Final

concentration
(ml'l)

I inhibition
Electron donor

Sulphite NADH

2,2t -Bípy::ídyl

Sod ium di ethyldithiocarbamate

B-Hydroxyquinoline

Bathocuproin

Urethane

Sodium azide

Potassium cyanid.e

Potassium thiocyanate

Dithiol

5.0

5.0

5.0

5.0

5.0

0. 0r

0. 0q

0.5

0.5

10.0

L7

51

0

38

t6

56

85

58

64

9B

3

49

4

59

I1

4I
7I

34

46

70
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did not affect either of these activities.

Chforate. Both the sulphite- and NADH-linked nitrate

reductase activities \^rere inhibited by chlorate. Double-reciprocal

plots of the effect of chforate on the enzyme activity at various

concentrations of nitrate are presented in Figure 6A and B. Chlorate

inhibited the NADH-dependent activity competitively with respect to

nítrate while it showed a mixed type inhibition on the sulphite-Iinked

nitrate reductase.

3.L.4.2 Effect of U.V. irradiation

Irradiation of the S10 and P100 fractions with ultra-violet

tight resulted in a profound inhibition of the sulphite- and the

NADH-linked nitrate reductase activities (Figure 7A and B). An exposure

of an enz)zme preparation to U.V. Iight for 90 min, as described

in Section 2.6.2, resulted in a loss of 45 and 68% of the sulphite-

linked activity in the S10 and P100 fractions respectively. The

NADH-linked nitrate reductase activity in the S10 and PIOO fractions

were also affected to a similar extent.

Inclusion of coenzlzm. QtO (0.1 ÍM) in the assay mixture faile<l

to reverse the effect of U.V. irradiation for 60 min, on nitrate

reductase activity in P100 fraction with either sulphite or NADH as

the reductant.

Menadione had no effect on the sulphite-linked enz]¡me activity

in the Pl00 fraction which had been irradiated with U.V. light for 60

min. The effects of menadione on the NADH-linked nitrate red,uctase

activity of an untreated and U.V.-irrad.iated P100 fractions are shown

in Figure 8A and B. At lower concentrations, menadione stimulated
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Figure 6. Dor:b1e-recíprocal plot of the effect of potassium

chlorate at varving concentrations of niLrate on

nitraÈe reductase activitv.

SO: as the reductant.J
NADH as the reductant.

Nitrate reductase activity was deterrnined with either SO]-
J

or NADH as the reductant as described in Section 2.5.4.I. Pt00

fraction (0.6 ng protein) , in 0.05 14 Tris-HCt buffer (pH 7.5),
was pre-incubated for 10 min with either 0.5 mM or 1.0 mM KC1O3

prior to the addition of the specified concentrations of nitrate.
The reaction was started by adding the respective elec-tron donor.

O Vüithout C1O
3

0.5 mM ClO
3

1.0 mM ClO
3

A

B

o

^ ^
o
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Figure 7. Effect of U.V. irradiation on nitrate reductase

activitv in SI0 and P100 fractions.

t-
SO: as an electron donor.

J
NADH as an electron donor.

S10 and Pl00 fractions \^¡ere prepared as described in
Sections 2.5.2.1 and 2.5.2.3 respectively. 1mJ- aliquot
of S10 fraction (34 mg protein/m1) or Pl00 fraction (25 mg

protein,/ml), was dispensed in 2 nI of 0.05 M Tris-HCl buffer
(pH 7.5) and. exposed to U.V. Iight as described in Section
2.6.2. At the times indicated, 100 p1 aliquots were withdravm
and. assayed for nitrate reductase activity with either. SOI- or
NADH as the electron donor as described in Section 2.5.4.L.
Ttre results are presented as % of the initial activity (prior
to irradiation), which for SO]- and. NADH dependent activities

3

were 123.7 and 123 nmores No2 produced/rS rLin/mg protein (srO

fraction) and 182.4 and 182 nmoles NO2 produced/I5 min/mg

protein (PI00 fraction) respectively.

^ SI0 fraction

P100 fract.ion

A

B
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Figure 8. Effects of various concentrations of menad.ione

on nI te reductase activi in t]le U.V.-irradiated
Pl00 fraction.

t-
SO: as the reductant.

J
NADH as the reductant.

PI00 fraction was irradiated with U.V. Iight, for 60 nin
as described in Section 2.6.2. Nitrate red.uctase activity in
the presence of menadione, botJ: in the control and the.U.V.-
irradiated samples, was determined with either SO?- or NADH as

3
the reductant as described in Section 2.5.4.L.

O P100 fraction

Pl00 fraction, irradiated with
U.V. light for 60 rnin
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B

o

o
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the enzlzme activity of the untreated as well as of the U.V.-irradiated

P100 fractions. However, 0.5 mM menadione reversed the inactivation

caused by U.V. irradiation by about 25%.

3.1.5 Spectral pr: of sulphi te- and NADH-linked nitrate

reductase

The difference spectra of the pIOO fraction, reduced with

either sulphite or NADH, showed absorption maxima at 424, 524 and,

554 nm. These absorptíon bands, which corresponded to those of

reduced cytochrome c, disappeared on adding nitrate to eithe:: sulphite-

or NADH-reduced. enz)¡me (Figure 9). Nitrite had no effect on the spectra

of the red.uced enzlzme. These results ind.icate that cytochrome c is

involved in the reduction of nitrate.

3.1.6 Characterization of the electron trrn sport chain linked

to oxygen

3.1.6.1 Vari-ous electron donors

The suitability of various compounds as hydrogen donors

for O, utilization vzas investigated in crude extract (S1O). The

results in Table 13 show that sulphite, NADI{ an<1, to a resser extent,

NADPH and ascorbate supported the uptake of o, whereas succinate,

pyruvate, lactate and cl-ketoglutarate were ineffective.

3.I.6.2 Comparison of oxygen uptake in various cell fractíons with

either su ite or NADH as reduct.ant

The maxi:num rate of O, uptake was observed in the pellet

fraction (P100) with either of the reductants (rable 14). The

supernatant fraction (5100) had low activity. As shown earlier
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Figure 9. Difference spectra of PI00 fraction

PI00 fraction (6 mg protein) and 0.05 M Tris-HCl buffer
(pH 7.5), in a final volune of 3 mI , r¡rere dispensed ínÈo each

of the sample and the reference cuvettes. A crystal of
K3Fe(CN)6 was added to the reference cuvette whereas to the
sample cuvette, 2 pmoles of either SO?- or NADH was ad.ded andJ
the difference spectra were recorded (Section 2.6.3).

reduced yersus oxidized spectra

spectra recorded. after adding
4 Umoles of NaNO3 to A

A

B
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Table 13. Oxvsen uptake with various electron donors.

Oxygen uptake in SI0 fraction \^las measured as described in
Section 2.6.L. The reaction mixture in a total volume of 2 ml,
contained the following in pmoles: Tris-HCt buffer (pH 7.5), 85;

electron donor, 2¡ and 0.I ml of S10 fraction (34 mg proteinr/ml).

Electron donor

Specific activity
(nmoles 02

utilized/min/mg
protein )

Sodium sulphite

NADIJ

NADPH

Sodiurn succinate

Sodium pyruvate

Sodíum lactate

Sodium ascorbate

a-Ketoglutarate

32.3

29.6

lo.2

3.6

4.4

2.1

12.5

1.5
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Table 14. Oxygen uptake bv various cell fractions with ei ther
sulphite or NADH as the electron donor.

The various cell fractions (SI0, Sl00 and PI00) were prepared

in 0.05M Tris-HCl buffer (pH 7.5) as described in Sections 2.5.2.L
and 2.5.2.3. The rate of oxygen uptake was determined with an

electrode system as described in Section 2-6.L.

Specific activity (nmoles O

utilized/m Ln/mg protein)
Electron donor

Sulphite NADH

z
Fraction

Disrupted cells

SIO

s100

P100

27.7

2I.2

4.A

22.3

19.6

16. 0

3.7

19. T
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(faUte Z) nitrate reductase activity was also associated with this

particulate fraction.

3.I.6.3 Effects of various inhi.bitors

rhioT-binding reagents. The effects of thiol-binding

reagents on the sulphite-clependent O, uptake are given in Tab1e 15.

All the three inhibitors diminished the uptake of Or. The inhibition

by either p-CMB or NEM hras reversed by GSH. Comparison of these

resul-ts with those in Table 9 indicate that the sulphite-linked nitrate

reduction in the P10O fraction was al-so inhibited by these compounds.

Inhibitors of the el-ectron transport chain. The effects

of various inhibitors of electron transport chain on O, uptake with

sulphite as the reductant were also examined (fable 16). At 2 mM

each, amytal, atabrine and rotenone diminished O, uptake by 47,

63 and 71% respectively and 0.5 mM of either antìmycin A or d.icumarol

inhibited the utilízatíon of O, by 70 and 59% respectively. At

5 pM HQNO, O, uptake was suppressed by 85%.

Metal- chelators. Azide, cyanide and arsenite were potent

inhibitors of the surphite-linked o, uptake (Tabre 17). This act-ivity

was more sensitive to cyanide than the sulphite-linked nitrate

reductase (Table 12). Bathocuproin, 8-hydroxyquinoline and

2,2t-bipyridyl, at 5 mM each, inhíbited O, uptake by about 50% whereas

urethane at the same concentration had no effect.

3.I.7 Solubilizatíon of sulphite-link ed nitrate reductase

In order to examine the effectiveness of various detergents

in soh:Jrilízing the membrane-bound nitrate reductase, the P10O fraction
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Table 15. Effects of sulphyd.ryl group inhibitors on oxygen

uptake with sulphite as an electron donor.

Oxygen uptake was determined as d.escribed. ín Section 2.6.I.
P100 fraction (1.3 mg protein) in 0.05 M Tris-HCI buffer (pH 7.5)

was pre-incubated with the inhibitor for 10 min at 3Oo. GSH was

added, as indicated, just before starting the reaction with sulphite.
The enzlzme activity is expressed as % inhibition as compared to the
a.ctivity of control sample (without inhibitor) rvhich rvas 18 nmol-es

O, utilizeð./mín/mg protein.

Inhibitor
Final

concentration
(mM)

% inhibition

p-Chloromercuriben zoaLe

p-Chloromercuribenzoalue + GSH

N-Ethylmaleimide

N-Ethylmaleímide + GSH

Iodoácetamide

Iodoacetamide + GSH

0.1

I.0
I.0 + 1.0

1.0

2.O

1.0 + 2.0

1.0

2.0

5.0

5.0 + 5.0

26

43

I8

40

53

0

20

24

30

3I
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Table 16. Effects of inhibitors of the electron trans rt chain

on oxyqen uptake with suLphite as an electron donor.

Oxygen uptake r,r¡as measured as described in Section 2.6.1. Pt00

fraction was pre-incubated for 10 min at 3Oo with inhibitor prior Èo

adding the electron donor. The specific activity of the control
sample (without inhibitor) was 22 nmoles O, utilized./mín/mg protein.

Inhibitor Final
concentration % inhibition

AmytaI

Atabrine

Rotenone

Antimycin A

2 -n-HeptyI- 4-hydroxyquino I ine-N-oxide

Dícumarol

2mM

5"

0.5 m¡I

1.0 rr

2.O'

3l
44

7L

54

67

47

68

30

50

63

52

8I
85

59

64

75

0.5 '
1.0 .

2.O r!

0.05 "
0.5 1r

0.1 uM

0.5 '
5.0 rt

0.5 ml'l

1.0 .

2.O '
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Table 17. Effects of metal chelators and other inhibitors on

oxygen uptake with sulphite as an electron donor.

E>rperimental details as in Tabl-e 16. The specific activity of .

the control sample (without inhibitor) was 27 nmoles O, utilized/min/mg
protein.

Inhibitor
Final

concentration
(mM)

% inhibition

Sodium azide

Potassium cyanide

Sodium arsenite

Bathocuproin

Urethane

8-Hydroxyquinoline

2,2t -Bipyridyt

0.01

0.r

0. 0r
0.r

o.2

0.1

5.0

5.0

5.0

5.0

53

70

86

92

52

77

53

T4

55

40
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(30 mg protein/ml) was incubated at 3Oo for 30 min with either of

the foll-owing detergents: Tween 80 (22, v/v), digitonin (0.5 mg/mg

protein), Triton X-100 (I0å, v/v) , sodium deoxycholate (0.05 mglmg

protein) and sodium dedocyl sulphate (0.05 mg/mg protein),. After

treatment r^/ith the detergents, the P100 fr:action was centrifuged at

100i 000x g for 60 min and. the elìzyme activity \^ras determined in the

supernatant fraction. Arnong the various detergents used, only sodium

dèoxychoJ-ate and sodium dedocyl sulphate were effective in dissociating

the enzyme from the membr.anes. Less than 30% of the enzyme v¡as

sol-ubilized on i-ncubating the PI00 fraction for 30 min with lipase I1

(0.3 mg/mg protein).

The effects of various concentrations of sodium cleoxycholate on

the solubilization of the sulphite-linked nitrate reductase are

illustratecl in Figure I0. Maximum solubilization of the enz)zme was

obtained on incubating the PI00 fraction with 0.06 mg sodium deoxycholate

per mg protein.

The effects of incubation of P100 fraction, with the optimum

concentration of sodium deoxycholate at 3Oo, for various tj-me intervals

are illustrated in Figure 1I. Maximum solubilization was achieved after

30 min incubation.

3.1.8 Inactivation of NADH-linked nitrate reductase on solubilization

and restoratj-on of its activity by PMS and menadione

Incubation of the P100 fraction with sodium deoxycholate

resulted. in a marked loss in the specific activity of the NADH-linked

nitrate reductase and onry 10% of its original activity remained in



7r.

Figure I0. Effect of various concentrations of sodium

deoxvcholate on the solubilization of the
sulphite-l-inked nitrate red.uctase in P 100

fraction

P100 fraction, prepared as described in Section 2.5.2.3,
was diluÈed with 0.05 M Tris-HCl buffer (pH 7.5) so that its
protein concentratior¡ v¡as 30 mg/ml. 2 mI aliquots of this
PI00 fraction were then incubated with the specified
conce.ntrations of sodium deoxycholate at 30o for 30 min.
After centrifuginq at 100,000x g for 60 nin, nitrate reductase
activity in the supernatana ,rårons was assayed by the
procedure described in Section 2.5.4.1.



Figure 10

400

300

E
¡ r-{
É)
+)
o
¡r
È
b0
?1à

Ë.Fl
FT
FIÈt
u¡

o+ 200

o

o
v
It-

€
o
Èrg
sz
E 100
oÅ
E
t4Lr

0.1

protein
0.0 5

mg sodium deoxycholat 
"/^S

0



72.

Figure 11. Effect of incubation time on the solubilization
of the sulphite-linked n itrate reductase from PlOO

fraction bv sodium deo>q¡cholate treatment .

Experinrental details are as in Figure 10 except that 2 mI

ariquots of P1o0 fraction (30 mg protein/rn1) were íncr:bated with
O.06 mg sodium.deox¡zcholate/mg protein at 3Oo for the indicated
periods. Nitrate reductase activity in the supernatant fractions,
after centrifuging at 100,000x g for 60 min, h¡as then deterrnined
according to the procedure described in Section 2.5.4.1.
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the deoxycholate-treated fraction. This activity was not recovered

even after desalting, either the treated P100 fraction or the 5100

fraction obtained from it, through a Sephadex G-25 column (Table 18).

On the other hand, the specific activity of the sulphite-linked

nitrate reductase increased after incubation of the PI00 fraction

with sodium deoxycholate.

An attempt was made to restore the NADH-linked nitrate

reductase activity in the deoxycholate-treated P100 fraction by

supplementing the reaction mixture with various compounds, namely

GSH, FMN, PMS, PMS plus mammalian cytochrome c or menadione (rable 19).

FMN or GSH did not have any effect whereas PMS and menadione íncreased

the NADH-Iinked enz)rme activity of the deoxycholaÈe treated P100

fraction by 40 and 70% respectiveÌy. The inclusion of mammalian

cytochrome c along with PMS did not enhance the enzyme activity further.

Since menadione was the most effective in restoring the enzyme

activity, the effects of graded amounts of menadíone on the NADH-linked

nitrate reductase activity of the deoxycholate-treated Pl00 fractíon

were examined. The results in Figure 12 show that the enz)¡me activity

in this fraction was fully restored by 2.5 mM menadione. However,

the enz:yme activity of the untreated P100 fraction was progressively

inhibited with increasing concentrations of menad.ione in the reaction

mixture.

3.1.9 Purification of the sulphite-l-inked nitrate recl,rctase and

properties of a partially purified enzlzme

3.1.9.1 Purification

All operations during the preparation of ceII-free extracts



74.

Table 18. Effect of sodium deoxvcholate treatment on nitra te
reductase activitv with either sulphite or NADH as

the electron donor.

P100 fraction, prepared as in Section 2.5.2.3, was incubated
with 0.06 rng sodj.um deoxycholate/mg prote-i-n for 30 min at 3Oo. A

portion of this preparation rú/as passed through a Sephadex G-25

colrrrnn (I .25 x 20 cm). The remaind.er was centrifuged at 100,000x g

for 60 min and. the supernatant fractíon thus obtained was also passed

through a Sephaclex G-25 column as described above. Nitrate reductase

activity in these preparations \{as determined with either sulphite or
NADH as the electron donor as described in Section 2.5.4.L.

Fraction Procedure Specific activity
Electron donor

Sulphite NADH

r

IT

ïrT

V

24IV

Pl00 fraction.

P100 fractíon treated with sodium

deoxychol.ate for 30 min at 3Oo.

Fraction II passed through a Sephadex

G-25 column.

Supernatant fraction obta-ined after
centrifuging fraction If at 100,000x g

for 60 min.

Fraction IV passed through a Sephadex

G-25 column and eluted with 0.05 M

Tris-HCl buffer (pH 7.5).

300

368

318

453

424

340

31. 5

22

I6

Specific activity : nmoles NO, produceð./L5 min/mg protein.
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Table 19. Restoration of NADII'-linked nitrate reductase in
deoxvchof ate-treated P 100 fraction.

Pl00 fraction was incubated. with sodium deoxycholate and then
passed through a Sephadex G-25 column (1.25 x 20 cn) as described.

in Table 18. Nitrate reductase activity in the pooled fractions
from the Sephadex column was determined with NADH as the reductant.
The reactÍon mixture r¡ras the same as described in Section 2.5.4.L
except tha'b in addition it contained either GSH, FMN, pMS, mammalian

cytochrome c or menadic¡ne at the concentrations given in the Table.

Addition to the basic
reaction mixture

Final
concentrati-on

(mM)

Specific activity
(nmoles NOI

producedr/I5 rnin/mg
protein)

None

GSH

FMN

Phenazine methosulphate

PMS + cytochrome c

Menadione

0

(PMS) 0.5

2

22.7

25.0

23.O

I27

139

235

0.1

0.5 + 0.025

1.0
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Figure 12. Restoration bv menadione of NADH-linked nitrate
reductase activÍtv in the deo>.ycholate- treated
PI00 fraction.

PIOO fraction was treated with sodium deoxycholate at 3Oo

for 30 rnin as described in Figure 10. Nitrate reductase activity
in the untreated and the deo><ycholate-treated ploo fractions was

assayed, with NADH as the reductant, according to the procedure
given in section 2.5.4.1- except that specified concentrations of
merrad.ione were also included in the reaction rn-ixture.

P100 fraction

deo>q¿cholate-treated P I00

fraction
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and enz},'me purification \Ärere carried out at 40 unless otherwise

stated.

Washed cells, suspended (25st, w/v) in 0.05 M Tris-HCl buffer

(pH 7.5), lvere disrupted in a French pressure ceII as described in

Section 2.5.2.I. The resultant homogenate was centrifuged at

IO.000x g for 30 min and the supernatant fraction (Fraction f, Table 20)

thus obtained., was further centrifuged at r00,o0ox g for 2 lnr. The perlet

fraction (P100) rvas suspended in 0.05 M Tris-HCl buffer (pH 2.5) using

a glass homogenizer. This suspension was diluted with the same buffer

until its protein concentration was 30 mg/mL. This fraction (Fraction

II) was treated with an ultrasonic probe (20 Kc/sec) for 30 sec, and

then incu-bated with sodium deoxycholate as described in Section 2.5.3.

The deoxycholate-treated P100 fraction ¡,vas centrifuged at 10o,Ooox g

for 60 min. The reddish-brown supernatant fraótion (Fraction III,

Table 20) was loaded onto a Sepharose 68 column (2.5 x 40 cm; voíd

volume, 60 mI) which hacf been equilibrated with 0.05 M Tris-HCl

buffer (pH '7.5). The sample v/as eluted. with the equilibrating buffer.

The enzyme v/as recovered in the fractions immediately after the vo-id

volume of the column (Figure 13). The active fractions (11-19)

were pooled (Fraction IV, Table 20).

The summary of this purification procedure given in Table 20

shows that a 6-fold purified enzlzme, with an overall recovery of

84%, was obtained.

3.1.9.2 Properties

Effect of enzgme concentration. The enzyme activity was

linear up to a protein concentration of o.48 mg in the assay mixture

(Figure 14).
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Figure 13. Elution profile of nitrate reductase from a

Sepharose 68 colunrr.

Fraction III (Table 20) was loaded on to a Sepharose 68

column (2.5 x 40 cm) which had previously been equ'-i-librated
with 0.05 M Tris-HCt buffer (pH 7.5). The sample was eluted
with the same buffer at a flow rate of 20 lù/hr and 3 nl
fractions were collected.

Nitrate red.uctase activity with SOl- as an electron
J

donor was determined in 1.0 ml aliquots of each fraction as

described in section 2.5.4.L. The protein concentration was

deterrn-ined from the absorbance at 280 nm.

O- - - -O Nitrate reductase activity

E
2AO
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Tab1e 20. Purificatj-on of sulphite-Iinked nitrate reductase.

Enzyme activity was determined by measuring the rate of
nitrite production as described in Section 2.5.4.L. Washed

cells, suspended in 0.05M Tris-HCI buffer (pH 7.5), were

disrupted in French pressure ceII (Section 2.5.2.L). The

supernatant fraction (S10)-, obtained after centrifuging the
broken cells at l0r000x g for 30 min, was used as the starting
material for the purification of nitrate reductase.

Total activity ¡rmoles NO, produced/I5 min.

Specific activity pmoles NO, produced/I5 minr/mg

protein.



Table 20. Purification of sulphite-linked nitr:ate reductase.

Fraction Procedure Total
activity

Total
protein

(mg)

Specific
actívity

Fold
purification

z
recovery

I Supernatant fraction (Sl0)
after centrifuging the
disrupLecl cells at
10,000x g for 30 rnin

Particulate fraction (plOO)
left after centrifuging I
at 100,000x g for 2 hr and
suspended in 0.05 M Tris-HCl
buffer (pH 7.5)

P1O0 fraction ultra-
sonicated for 30 sec and
treated with sodium
deoxycholate (0.,06 mg/mg
protein) for 30 min at
30oC; supernatant fractÍon
after centrifuging at
100,000x g for 60 nr-in

Fraction III eluted from
a Sepharose-68 coltunn
with 0.05 I'l Tris-HCl
buffer (pH 7.5)

330.6 ra27 0.18

273.4 690 0.40

254.O 370 0.69

276

I.0

2.2

3.8

5.9

B3

77

B4

1I

IIT

IV 260 1.l_
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Figure 14. Effect of r¡rotein concentration on the sulphite-
Iínked nitrate reductase activit

Nitrate reductase activity, with SO]- as the reductant, \^ras
5

deLermined as described in section 2.5.4.1 except thaÈ the amount

of the partialry purified enzyme preparatíon (Fraction rv, Tabre
20) in the reaction rnixture was varied over the range of 0-650 yg
protein. The assay was done at the forlowing concentrations of)-So: and No^.

JJ

2 pmoles each of so!- and NO

2-5 ymoles each of SO and NO
3

3

3

I
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. Stabifitg of the enzqme during storage. The partially

purified enzyme (Fraction rV, Table 20) vras more stable at oo than

at either 50 or -15o. storing the enzyme preparation at oo and.

-15o for 36 hr resulted in a loss of 59 anð. 92% of the enz)¡me activity

respectively (Table 2t). As compared to the partiatry purified

enzyme, nitrate reductase activity in the pIOO fraction was more

stable since 808 of the initiar activity was retained even after

storing it at Oo for one month.

Heat treatment. The partially purified enz)¡me was also more

sensitive to heat treatrnent than the enz)¡me in P1OO fraction. fncubation

of the partially purified enz)¡me preparation at 5Oo for 5 min resul_ted

in complete loss of nitrate reductase activity and its activity was

lowered by 8o and 30% after t5 min at 45 and 4oo respectively (Figure

rs).

3.1.10 Characterization of cvtochrome c and fl-avin isolated from

nitrate reductase

3.1.10.I Cytochrome c

The red-coloured fraction isolated from the solubilizecl

nitrate reductase (Section 2.5.7) was identified as cytochrome c from

its spectral and physical properties.

On -reduction with sodium dithionite, it showed absorption

bands at 4L7, 524 and 554 nm (Figure 16). This spectra correspond,ed

to that of cytochrome c in the ploo fraction. The evidence for the

participation of cytochrome c in nitrate reductase, as deduced from

the spectral investigations, has arready been presentecl (Figure 9).

This isorated cytochrome c, in addition, was reduced. enzymically by

sulphite in the presence of nitrate reductase. The redox-potential

of the isolated cytochrome c, determined as described in Section 2.6.4,
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rable 21. Stability of the partially purified nitrate reductase
on storase for 36 hr at 50 , Oo and -15o

Aliquots of the partially purífied enzyme (Fraction IV,
Table 20) were stored at the temperatures given in the Taþle. After
36 hr, the enzyme activity Ì^ras assayed as described in Section 2.5.4.L.
The results are expressed as % of the initial activity (before storage)
e¡þich was 1060 nmoles No] froduced/I5 min/mg protein

Storage temperature % Initíal
activity

34

41

I

50

OO

-150
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Figure 15. Thermal stability of partially purified
sulphite-l-inked nitrate reductase.

Aliquots of a partially purified nitrate reductase
(Fraction IV, Tab1e 20) were kept at either 40, 45 or 5Oo

Samples were withdrawn at the indicated times and, after
eqrritibrating at 3Oo for 5 min, s¡ere assayed for nitrate
reductase activity according to the procedure given in
Section 2.5 .4.I.

The results are presented as % activity of the control
sample (prior to heat treatment). Activity of the control
was 1OOO nmoles Nol froduced/I5 nin/rng protein.

o Pre-incubated at 4Oo

Pre-incubated at 45o

O Pre-incubated at 5Oo

D

o

o
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Figure 16. Spectra of sodium dithionite-reduced cytochrome

c--,t separated from soh:bilized nitrate reductase.

Cytochrone t554 r." separated from the solubilized
nitrate reductase (Fraction III, Table 2O) as described Ín
Section 2.5.7. Its spectrum was recorded, against 0.05 M

Tris-HCl buffer (pH 7.5), after reducing it with a crysta1 of
Na2S2O4.
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was +0.223v. rts morecular weight. estimated by gel-filtration

through sephadex G-'75, was 13,000. Thus, both its redox-potentiar

and molecular weight were similar to those of mammalian cytochrome c.

This bacterial cytochrome c, in its reduced state, served.

as an effective erectron donor for the reduction of nitrate by the

solubilized enzyme (Fraction IV, Table 20). A plot of the enzyme

activity against various concentrations of the reduced cytochrome c

exhibited a tlpical Michaetis - Menten kínetics (Figure 17). The

K- value for the reduced. cytochrome c rvas 1.53 pM which refrects am

very high affinity of the enz),'me for the cytochrome. However. the

ability to reduce nitrate enzymically was not specific to the bacterial

cytochrome c since, as shown in Figure l-8, reduced mammalian cytochrome

c \^¡as equally effective. The apparent K* value for the mammaLian

cytochrome c was 1.33 pM.

3.1.10.2 Flavin

The yellow-coloured fraction isolated. from nítrate reductase

(Section 2.5.7) showed an absorption band at 450 nm which disappeared

on adding sodium dithionite. These spectral properties indicated

that it \4ras a f lavin compound.

The isolated flavin, along with authentic samples of FMN and.

FAD, were chromatogrraphed on 3MM whatman paper using t-butanol : water

(60 : 40) as the sol-vent as described in section 2.6.5. on examining

the dried chromatograrns under u.V. light, the ftavin isolated from

nitrate reductase was found to have co-migrated with standard FAD

(Figure 19).
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Figure 17. Effect of various concentrations of cvtochrome

9ss+ on nitrate reductase activity.

Cytochrone 
"554, separated from solubilízed nitrate

reductase (Fraction III, Table 20) as described in Sectíon
2.5.7, was reduced with NarSrOO and the excess reductant was

removed by passing it through a Sephadex G-25 column (1.2 x 15
)-cm). The reduced, cytochro*" 

"554 
was used, in place of SO!-,

as an electron donor for the activity of solubilized nitrate
reductase (Fraction III. Table 20) as described in Section
2.5.4.L.

A Lineweaver - Burkrs plot of the effect of various
concentrations of cytochto*. 

"554 
on the rate of nitrate

reduction is presented in the inset.
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Figure 18. Effect of different concentrations of mammalian

cytochrome c on nitrate reductase activity.

Experimental details as given in Figure 17 except that
reduced mammalian cytochrorne c was used in place of bacterial
cytochrome 

"554.
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Figure 19. Paper chromatographv of flavin isolated frorn

nitrate reductase.

Flavin, from solubilized nitrate reductase (Fraction fII,
Table 20), was separated by DEÄE-column chromatography as
described in Section 2.5.7. The isolated flavin along with
standards of FAD and FMN was subjected to paper chromatography
accordíng to the procedure given in Section 2.6.5.

Standard FAD
Standard. FMN

F1avin from nitrate reductase.

Figure 20. Hiqh-voltage electrophoresis of the isol-ated
flavin.

Flavin, separated from soLubilized nitrate reductase
(section 2.5.7), was incubated at 30o with either snake venom
pyrophosphatase fo:l 30 min or with yeast pyrophosphatase for
30 and 60 min. The treated samples of the flavin, as well as
an untreated one alonq with the standards of FMN and FAD, \^rere
spotted on to 3 rdM vlhatman paper. Tt-reir relative mobilities,
after a high-voltage electrophoresis at I5OO volts for I hr,
were determined (section 2.6.6). The fl-avins were detected
under U.V. Iight.

Standard FMN
Standard FAD
Flavin isolated from nitrate reductase
F1avin, from nitrai:e reductase,
incubated with snake venom pyrophosphatase
for 30 min

F1avin, from nÍtrate red.uctase, incubated
with yeast pyrophosphatase for 30 min

As for E except the incubation time was
60 min.

A
B
c

A
B

c
D

E

F
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The identity of this flavin as FAD Ì{as further confirmed by

incubating it with either snake venom pyrophosphatase or yeast

pyrophosphatase. These treated sampres of the flavin, along with

the standards of FAÐ and FMN, were then subjected to a high voltage

electrophoresis as described in section 2.6.6. The results irr

Figure 20 show that the isorated flavin, treated with snake venom

pyrophosphatase had co-migrated with FMN whereas the untreated. sample

or that incubated up to 60 min with yeast pyrophosphatase migrated. the

same distance as the standard. FAD. Since snake venom pyrophosphatase

hydrolyses FAD to FMN, these results provide ad.ditional evidence that

the flavin isolatecl from nitrate reductase was FAD.

3.1.11 Requl-ation of NADH-1i nked nitrate reductase

3.I.II.1 rnhibition by NAD+ and its reversal by NADH and menadione

NADH-linked n.itrate reductase activity was progressively

inhibited by increasing concentrations of NAD+ in the reaction mixture

as shown in Figure 2t. The effect of NAD+ was infl-uenced. by the

concentration of NADH in the reaction mixture. rhrr" . 50% inhibition

by o.3mM NAD+ in the presence of o.5mM NADH was re<1uced to 20% when

the concentration of NADH was raised to lmM.

The inhibitory effect of NAD+ on NADH-linked nítrate reductase

was quite specific since NADP+ did not affect the activity over the

range 0.1 - I.OmM.

The data in Figure 22 ind.icate that the enzyme activity was

dependent on the ratio of nao+/uADH rather than on the absorute

concentrations of either of the nucleotid.es. The enzyme activity was not

affected when the ratio of NAD+/NADH h¡as less than o.l. Above this
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Figure 21. Effect of various concentrations of NAD* on

NADH-Iinked nitrate reductase activity.

Cell-free extract (S18), prepared. as descríbed in Section
2.5.2.1, was dialysed overnight against 0.05 M Tris-HCl buffer
(pH 7.5) containing I nM Na2-EDTA. The assay procedure for
determining the NADH-linked nitrate reductase activity was as
described in Section 2.5.4.I. The reaction mixture in a final
volume of 2 ml, contained the following: Tris-HCl buffer (pH
7.5), 80 pmoles; KNO3, I pmole; 0.03 ml of dialysed cell-free
extract (S1B containing 0.96 mg protein); NADH, either L or 2
ymoles as specified and the various concentrations of NAD+
(0-2.4 pmoles).

The results are expressed. as % inhibition with respect to
control (wj.thout NAD+) which was I25 nmoles NO] produced/I5 min/mg
protein.

0.5 mM NADH

o 1.0 nM NADH

Figure 22. Effect of Nan+/saDH ratio on NADH-linked nitrate
reductase activity.

The data from Figure 2L are plotted as % activity of the
control (without NAD+) against NAD+/NADH ratio.

0.5 mM NADH

o

o

o

o

o

o 1.0 nM NADH
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value, the enzyme activity vras progressively inhibited and it was

virtually inactive when the ratio was 1.2.

As shown in Figure 23, the enzyme activity v/as not a linear

function of the concentrations of NADII. The prod.uction of nitrite

was markedry stimulated by NADH over the range of o.r0 - o.75mM. rn

the presence of NAD+, this alrosteric effect of NADH was, however,

significantly suppressed and the maximum velocity also decreased, with
_+Íncreasing concentrations of NAD' .

The data of Figure 23 are presented as a double-reciprocal plot

in Fígure 24. Non-Iinear curves which vrere concave up\^/ards were

obtained in the presence of varying concentrations of NADH. However,

the curves tended to approach linearity with increasing concentrations

of NAo+ in thereactionmixture. These data also show that the inhibition

of the enzlzme activity by Nan+ r^/as reversed by increasing concentrations

of NADH. This inhibition by NAo+ was arso reversed by íncreasing

concentrations of menadione (0.05 - t.onM) as shown in Figure 25.

The inhíbition by Nao+ was specific for NADH-rinked nitrate
I

reductase because even at ImM, NAD'

enzyme activity.

3. I.1I.2 Effect of various adenine nucleotides

The effects of s'-AMp, either alone or in the presence of

O- I3mM NAD+, on the NADH-linked. nitrate red.uctase activity are illustrated

in Figure 26. The enzyme actívity was inhibited by S'-AMp and. at 10mM,

it dininished the enzlzme actívity by more than 60%.

Similar concentrations of 5'-ÃMP did not affect the sulphite-

linked nitrate reductase activity. rn addition, neither 5'-ADp nor

did not affect the sulphite-Linked
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+Figure 23. Effect of NAD on the NADII-linked nitrate
reductase activity at various concent-rations

of NADH

Nitrate reducÈase activíty, in the presence of three

fixed concentrations of NAD*, was determined as described in
Fígure 21 except that the concentration of NADH in the

reaction mixture was varied as indicated in the Figure.

Without NAD
+

0.25 nM NAD+

0.5 mM NAD+

T I 1.0 MM NAD
+

o

o
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Figure 24. Double-reciprocal plot of the effe ct of NAD+

at varvins concentrations of NADH on nítrate
reductase activity.

The data of Figure 23 are presented in the form of a

double-reciprocal plot. $ r.nr.""nts the reciprocal of
nmoles NO] froduced/I5 min.

V[ithout NAD+

^

o

o

A

I

+o 0.25 mlt NAD

0.5 mM NAD
+

1.0 mM NAD
+
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Figure 25. Reversal bv menadione of the inhibition of
the NADH-linked nitrate reductase by naO+

The enzyme activity in the preser-rce of 0.6 pmole NAD+

was determined as described in Figure 2l except that specífied
concentrations of menadione r^rere also included in the assay

mixture.
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Fígure 26. Effect of 5r-AMP on nitrate reductase activitv.

Nitrate reductase activity in the cell-free extract (S18) '
dialysed against 0.05 M Tris-HCl buffer (pH 7.5) eontaining I r$f

Na2-EDTA, was determined in presence of specified concentrations

of S'-AMP with either SO?- or NADH as the electron donor as
J

described in Section 2.5.4.I. l¡lherever indicated' 0.6 pmoles

NAD* was also included in the reaction mixture.

B

A. 
^----;--^

sol--rinrced nitrate reductase

NADH-linked nitrate reductase

Same as B except that 0.3 mM NAD+

was included in the reaction mixture.

o

c.
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5r-ATP'had any effect on either the sulphite- or NADH-linked nitrate

reductase activities. Other nucleotide monophosphates viz., 3r-AMp,

5r-UMP,5r.-cMP, 5r-CMp, 5'-Tllp and nucleotide triphosphates such as

S'-CTP, S!-GTP and S'-UTP, at 5mM each, were also without effect on

nitrate reductase activity with either NADH or sulphite as the electron

donor. These results thus indicate that NADH-Iinked nitrate reductase

was inhibited specifical-ly by 5'-ÄMP. The inhibition of NADH-Iinked

nitrate red.uctase by 5'*AMP was not reversed by either ATp or NADH.

llowever, 0.5mtl menadione completely reversed the inhibition by 5'-AI{P.

3.I.I1.3 Effect of adenylate charse on NADH-linked and su tphite-1j-nked

nitrate reductase activities

On varyi.ng the adenylate charge from O.2 - I.0 in the reaction

mixture, the enzyme activity with either NADH or sulphite as an el-ectron

donor did not change significantly.

3.1.11.4 Effects of cat-ions on the rever:sal of inhibition of NADH-finked

+nitrate reductase by NAD and S'-AMP

2+The effects of Mg and. some other catic¡ns on the i.nhibiti-on

of NADH-dependent nitrate reductase by uAD+ and 5'-AMp are presented. in
2+TabJ-e 22. In presence of 5mM Mq a 662 inhibition of the enzyme

activity by O.Smì'f NÀD+ was reduced to lOs. and that by lOmM sr-Alrtp was

lowered from 7I to 572. other divafent cations l-ike Ca2-F .r,d 8.2*

also reversed the inhibitory effect of NAD+ by about 30%. The inhibition

by S'-AMP was reversed by 50% with Ba2+ but not with ca2+. Monoval-ent

cations like tla+ and K+ were not effective in reversing the inhibition

of NADH-l-inked nitrate reductase by eithe.r NAD* or 5r-AMp.

The inhi.bition of NADH-linked nitrate reductase by ej-ther NAD+

or 5r-AMP was not influenced by metabolites of the tricarboxylic acicl
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Table 22. Effects of monovalent and divalent cat ions on the
inhibition by NAD+ and 5'-ÀMP of the NADH-linked

nitrate reductase activitv.

NADH-Iinked nitrate reductase activity in the dialysed cell-free
extract (SlB), in the presence of either O.5 mM NAD* or IO mM S,-AMP

was determined as d.escribed in Figure 21. rn addition, various
cations, as shown in the Table, were included in the reaction mixture"
The resurts are presented as % actívity with respect to control
(without NAD+ or 5'-ÀMP) which was I2O nmoles No] nroduced,/Is min/mg
protein.

Cation Concentration
(mlnl)

% Activity
with v'Iith

0.5 mM NAD+ 10 mM 5'-AI4P
V{ithout NAD+
or sr-A-[{P

None

MgCl2

MgSO4

BaCl,

CaC1,

NaCl

KCl

5

5

5

5

5

100

12L

tI2

1I0

L23

I03

109

109

110

34

101

93

73

86

34

36

33

53

29

51

89

28

28

31

10

5

10

36

31

30
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cycle, e.g. cx,-ketoglutarate, oxaloacetate, malate, fumarate and

succinate.

3.2 Nitrite reductase

3.2.I Distribution of sutphide-Iinked nitrite reductase

The distribution of sulphíde-linked nitrite reductase in various

cell fractions is shown in Tab1e 23. The supernatant fraction (Sl0O) ,

obtained after centrifuging the crude extract (s10) at 10o,ooox g for

90 min, had very low enzyme activity. The bulk of the enz)rme activity

was recovered in the pellet fraction (plOO).

3.2.2 Various electron donors

3.2.2.L Sulphur compounds

Since in P100 fraction nitrite was redticed with surphide,

the effectj.veness of some other sulphur compounds for nitrite reduction

was also examined. Results in Tabre 24 show that nitrite was not

reduced in the presence of either Letrathionate, thiosuJ-phate or

glutáthione. Sulphite and thiosulphate plus GSH showed less than 5%

of the activity observed. with sulphide.

3.2.2.2 Other reductants

The results in Table 25 show that NADII was not an effective

electron donor for nitrite red.uction in the peltet fraction (proo).

However, a sign-ificant enzlzne activity with NADH was observed when

either menadione or PMS was included in the reaction mixture. Si-milar-'l-y

ascorbate arone was ineffective but in the presence of either

2,6-dichlorophenor indophenol (DcrP), N,N.N',N' -tetramethylparaphenyr-

enediamine (TMPD) or PMS, nitrite reductase activity was markedly increased.
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Table 23. Distributíon of sulphide-linked nitri te reductase.

The various celI fractions (s10, sloo and proo) were prepared
as described in sections 2.5.2.r and 2.s.2.3. Nitrite reductase
activity, with sulphide as an electron donor, vras determined in
test-tubes covered wíth subaseals according to the procedure given
in Section 2.5.4.2.

Fraction Procedure
Specific activity

(nmoles NO2
utilízed/I5 min/mg

protein)

ï Homogenate obtained after
disrupting the washed cells in
French pressure ceIl at 20r000

p. s. i.

Supernatant fraction (SI0) obtained
by centrifuging the broken cells at
10,00Ox g for 30 min.

Supernatant fraction (S100) after
centrifuging II at 100,000x g for
90 min.

Pellet fraction (P100) from IfI,
dispensed in 0.05M Tris-HCI buffer
(pH 7.5) .

155.6

l_47 .6

26.O

428.3

II

III

IV
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Table 24. Nitrite reductase activity with various sulphur
compounds as electron donors.

P100 fraction was used for determining t-he enzlzme activity.
The reaction mixture in a final vorume of l.o m1 contained the
following, in Umoles: Tris-HCl buffer (pH 7.5), 35; NaNOr, I;
sulphur compound.s (as electron donors), 2¡ and enzyme preparation
(P100 fractíon containing 3 mg protein). After a 15 min incubation
at 3oo, the reaction was stopped with I ml of ro% (w/v) zinc acetate
in 10% (v/v) ethanol excepÈ for the incubation mixture containi¡g
thiosulphate to which 10% (w/v) mercuric chroride was arso added to
precipitate thiosulphate .

Sulphur compound

Specific activi-ty
(nmoles NO2-

utilized/lS min/mg
protein)

S
4
o

S o
2

2-
6
z-
3

0

8

0GSH

2-
S o + GSH

2 3
22

t-to; 22

4669'2-



I02.

Table 25. Nitrite reductase activitv with various electron donors.

Details of the reaction rnixture and the'procedure for determining
the enzyme activity in P100 fraction \4rere as described, in Section
2.5.4.2. The reaction was started by injecting the erectron donor
tf¡rough the subaseal caps fitted on to the test-tubes. MV, BV,

FI4N, FAD and mammalian cytochrorne c \47ere reduced with 7.5 pmores of
freshly prepared solution of Narsro, in 1.0% (w/v) sodium bicarbonate.

Electron donor
FinaI

concentration
(mM)

Specific act-ivity
(nmoles uol

utilizedr/I5 min,/nrg
protein)

NADH

NADH + PMS

NADH + menadione

NADPH

T

2

2+2
2+2
2

2+2
2+2

0. 15

88

88

444

IO74

0

0

33

44

o

0

311

570

583

1s5

tt2 o
2 4

MVH

BVH

FMNH2

FADH2

Sodium ascorbate

Ascorbate + 2 r6-d.íchloro-
phenol indophenol (DCIP)

Ascorbate + TMPD

Ascorbate + PMS

Reduced cytochrome c

S

4

4

2

2

2

0

0

0

0

942

2 + 0.15
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A relatively smarr activity was observed with reduced mammalian

cytochrome c. other reductants rike sodium dithionite, reduced

viologen dyes (BVH, MvH) and. red.uced fravins (FMNHr, FADH2) $¡ere

ineffective. The maximum enz)¡me activity was recorded with NADH

plus menadione which was two-fotd higher than with surphide. The

rate of nitrite reduction wiÈh other electron donating systems such

as NADH plus PMS or ascorbate plus either Dcrp, TMPD or p¡{s were

almost equivalent to that obtained with sulphide.

since, menadione promoted nÍtrite reductase activity with

NADH as an electron donor, the effect of various concentrations of this

carrier on the enz)ryne activity was examined. As shown in Figrrr.e 27,

the enzyme activíty increased proportionarry up to lmlrl menadione

in the reaction mixture.

3.2.3 Optimum conditions for enzvme activity

3.2.3.1 Effect of incubation time

The time course for nÍtrite reductase actÍvity ín the plOg

fraction is illustrated in Figure 28. Utilization of nitrite was 1inear

up to 15 min. Ìn all the subsequent experiments an incubation time

of 15 min was used.

3.2.3.2 Effect of enzyme concentration

The effect of varying enzr¿me concentrations (plOO fraction)

on the rate of nitrite reduction at two concentrations of nitrite and

sulphide is illustrated in Figure 29. In the presence of sulphíde and

nitrite, each at 2mM, the enzlzme activity v/as linear up to 3.5 mg

protein. However, with 5ml4 each of sulphide and nitrite, the enzyme

activity was linear up to lO mg protein.
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FÍgure 27. Effect of various concentrations of menadione on

nitrite reductase activity with NADH as an electron
donor

The reaction mixture v¡as as described in Section 2.5.4.2
except that in addition it contained menadione at the concentrations
given in the Figure. The reaction was started by injecting l pmole

NADH. After 15 min incubation, the reaction was terminated by adding

1 ml of cold 108 (w/v) zinc acetate in I0% (v/v) ethanol and the

residual No] was determined, in a suitable atiquot of the supernatant,

according to the method given in Section 2.7.2.
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Figure 28. Effect of incubation time on the sulphide-linked
nitrite reductase activity.

The assay was carried out in a l,larburg flask fitted with
a stopcock as described in Section 2.5.4.2. Reaction mixture
in a final volume of 2.5 ml contained the following, in pmoles:

Tris-HCl buffer (pH 7.5), 87.5¡ NaNO2, 2.5 and. 0.25 ml enz)¡me

preparation (PI00 fraction containinS 8.3 mg protein). The

fl-ask hTas evacuated and flushed with N, 9as. After equilibrating
at 3Oo for 5 m-in, 5.0 pmoles of fïeshly prepared solution of
sulphide was injected through the subaseal- fitted on to the side

arm of the Warburg f1ask. At the times indicated, 100 Ul

aliquots were withdr:awn with an airtight microsyringe and mixed

immediately with 100 pl of cold l-0% (w/v) zinc acetate solution
in 10% (v/v) ethanol. After centrifuging, the residual UO]

hras determined in 100 UI of the supernatant as described in
Section 2.7.2.
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Figure 29. Effect of varying protein concentrations on

the sulphide-linked nitri te reductase activity.

' The enzlzme activity, with s2- as an

determined, as described in Section 2.5.4.2
amounts of P100 fraction (containing 30 mgt

used and the concentrations of No] and 52-
¿

mixtures r^Iere:

electron donor, vras

except that various
protein/m1) were

in the reaction

2-2 ymoles each of S and NO

2-5 pmoles each of S and NO
2

o

a

2
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3.2.3.3 Effect of pH

Nitrite reductase activity showed a broad pH optimum over

the range of 6.0 - 7.0 (rigure 30).

3.2.3.4 Heat stabilitv

The effect of heat treatment on the sulphide-linked nitrite

reductase is shown in Figure 31. Incubation of the enz)rme (plOO

fraction) at 7oo for 30 min resurted in a ioz loss of activity whire

at 5oo and 4oo, the enzyme activity was diminished by 55 and 20%

respectively.

3.2.4 K
-m

values for sulphide and nitri te

At a fixed concentration of lmM sodium nitrite, the enz)zme

activÍty íncreased proportionally with increasing concentrations of

sulphide up to 2mM. However, sul-phide at concentrations exceeding

3mM inhibited the enz)zme activity (Figure 32). At lMm nitrite, the

K* value for sulphide was 1.25mM.

In the presence of 2mM sulphide, nitrite reductase activity

was rinear up to rmM nitrite. The apparent K* value for nitrite, at a

fixed concentration of 2mM sulphide, was I.6mM (Figure 33).

3.2.5 .Characterization of the electron-tr ansport chain involved

in nitrite reduction

3.2.5.1 Effects of inhibitors

The effects of various inhibitors on nitrite reductase

activity in the pelret fraction (ploo) were studiecl to identify the

components of the respiratory chain involve<1 in the reduction of

nitrite. In addition to sulphide as a donor, the effects of various
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Figure 30. Effect of pH on the sulphide-linked nitrite
reductase.

The enzlzme activity, in P10O fraction, was determined^

as described in Section 2.5.4.2 except that 0.05 M of either
phosphate, Tris-HC1 or Tris-maleate buffer of indicated pH

was used. The pH values given in the Figure correspond to
the final pH of the reaction mixture.

Phosphate

Tris-maleate

Tris:HCI
^

o

^

o
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FÍgure 31. Thermal stability of the sulphide-linked
nitrite red.uctase.

The enzyme preparation (P100 fraction containing 1.75 mg

protein) and 0.7 m1 of 0.05 M TrÍs-HCI buffer (pH 7.5) was

pre-incubated at the specified temperatures. At the times
indicated, nÍtrite reductase activity was determined as

described Ín Section 2.5.4.2.

Enzlane activity is expressed as a of the original activity
(wi-thout heat treatment) which was 503 nmoles XO] utilized./L5
nin/mg protein.

Pre-incubated at 4Oo

Pre-incubated at 5Oo

Pre-incubated at 7Oo

o

^
o
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Figure 32. A Lineweaver - Burkrs plot of the effect of
varying sulphide concentrations on nitrite
reductase activity.

Nitrite reductase activity was assayed, in the PI00

fraction, as described ín Section 2.5.4.2 except that the

concentration of sulphíde was varied over the range O.2-4
_1pmoles. V represents reciprocal of nmoles NO, utilized,/

15 min.
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Figure 33. Double-reciprocal plot of the effect of varying
nitrite concentrations on enzyme activity.

Nitrite reductase activity was determined as described.

in Section 2.5.4.2. PIOO fraction (1.75 mg protein) in O.OS ¡l

Tris-HCI buffer (pH 7.5) was pre-íncubated with the indicated
concentrations of NO] at 3Oo for 5 rnin before starting the

2

reaction by injecting 2 ¡lmoles sulphide solution. +v
represents reciprocal of nmoles NO] utilized/I5 min.

z
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inhibitors on the enz)zme activity with NADH plus menadione and

ascorbate plus PITIS were also examined.

Effect of thioL binding reagents. As shown in Tab1e 26,

sulphydryl reagents markedly inhibited the sulphide-Iinked nitrite

reductase activity. The inhibition by N-ethylmaleimide (NEI4) was

reversed by GSH. The enzlzme activity with either IIADH plus menad-ione

or ascorbate plus PMS as the reductant, was not affected by either

iodoacetamid.e or NEM, but p-CMB at lmM ínhibited both the activities

by 37 and 48% respectively.

Effects of inhibitors of el-ectron transpott chain. Rotenone,

atabrine and amytal did not effect nitrite reductase activity with

ej-ther of the three electron donating systems. Antimycin A at lmM

Iowered the sulphide-l-inked nitrite reductase activity by 39%, and HQNO

(0.05mM) inhibited by 4OZ only the enz)¡me activity with NADH plus

menadione (Table 27). The sulphide-Linked nitrite recluctase activity

was markedly inhibited by dicumarol (50% at 0.7mÌ4) and this effect was

partially reversed by 0.5mM coenzf" QtO and to a lesser extent by

menadione.

Effects of àrsenite, azide and cganide. Arsenite and

cyanide, each at 1mM, diminished the sulphide-linked nitrite reductase

activity by 100 and 82% respectively (rable 28) " Cyanide, at lmM,

also inhibited the N¡\DH plus rnenad.ione d.ependent enzyme activity by

60%. The enzyme activity, wíth ascorbate plus PMS as the donor system,

was not inhibited by any of these inhibitors.

Effects of metal- chefators. The effects of some metal-binding

reagents on the enzyme activity are given ín Table 29. Bathocuproin,
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Table 26. Effects of sul I group inhibitors on nitrite reductase
acti vity.

The effects of sulphydryl group inhibitors on nitrite reductase
activity in P100 fraction was studied with three electron donating
systems (sulphide, NADH plus menadione and ascorbate ptus pMS) as

described in Section 2.5.4.2. P10O fraction (1.75 mg protein) in
0.025 M Tris-HCr buffer (pH 7.5) was pre-incubated for 10 min at 30o

with the inhibitor. 'After adding NO], the reaction was started wíth
the appropriate electron donor system.

Results are expressed as % inhibition of the enzyme activity.
The specific activities of. 444, 488 and 527 nmoles NO] utilized/Ls min/mg
protein \^/ere recorded for the control samples (without inhibitor) with

)-S- , NAÐH plus menadione and ascorbate plus PMS as the electron donors
respectively.

Addition to the
reaction mi-xture

Final
concentration

(mM)

% inhibition
Electron donor

. NADH + Ascorbate
menadione + PMS

Sulphide

p-Chloromercuribenzoate

p-Chloromercuribenzoate
+ GSH

N-Ethylmaleimide (NnU¡

NEM + GSH

Iodoacetamide

Iodoacetamide + GSH

0.1

o.2

1.0

o.2 + o.25

1.0

2.O

5.0

2.O + 2.O

0.5

5.0

0.5 + 2.0

40

57

75

73

0

I7

37

20

6

t7

48

20

31

55

90

11

0

0

0

0

0

0

0

0

0

0

0

0

0

0

75

95

77
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Table 27. Effects of inhibitors of the electron tra nspor t chain on

nitrite reductase activity.

The experi¡nental details are as given in Tab1e 26. plOO fraction
(1.75 mg protein) in 0.025 M Tris-HCt buffer (pu 7.5) was pre-incubated
with various inhibitors for 10 min at 3oo before adding the other
components of the reaction mixture.

The specific activities of the controls (without inhibitor) were
472, 42'7 and.526 nmoles No; uLírízed./r5 min/mg protein with s2-, NADH

plus menadione and ascorbate plus PMS as the electron donors, respectively.

% inhibition
Addition to the

reaction mixture
FinaI

concentration
(mM)

Electron donor
NADH + Ascorbate

menadione + PMS
Sulphide

Rotenone

Atabrine

Amytal

Antimycin A

2 -n-Heptyl- 4 -hydroxy-
quino't-ine-N-oxide (HQNO)

Dicumarol

I
0.1

T

5

2I
22

30

30

10

I6
3

17

I1

30

39

I

0

o0

o

0

l3
30

2.O

5.0

o

20

16

36

0

0

0.5

1.0

0.005

0.05

o.2

0.5

o.7

0.7 + 1.0
0.5 + 0.5

22

39

0

0

0

4

4

8

35

43

52

42

19

4

8

0

0

0

Dicumarol * menadíone

Dicumarol + coenzlzm. QIO

20

00Thenoyltrif luoroacetone 2-O I2
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Tab1e 28. Effects of arsenite, azide and cvanide on nitrite
reductase activity.

Details of the experjmental procedures used are as descri-bed in
Tab1e 26. The specific activities of the controls (without inhibitor)
were the s¿rme as in Table 27.

% inhibition
Addition to the

reaction mixture
Final

concentration
(mM)

Electron donor
NADH + Ascorbate

menad.ione + PMS
Sulphide

Sodium arsenite

Sodium azide

Potassium cyanide

oI

0.1

0.5

0.5

r.0

0.1

o.5

1.0

67

90

I00

IO

t5
t6

0

0

0

9

27

66

76

82

19

28

2A

60

0 0

11

16

0

0
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Table 29. Effects of various metal chelators on nitrite
reductase activitv.

The details of the experimental procedures used are given in
Table 26. The specific activities of the control samples (without
inhibitor) were 583, 566 and 600 nmores No] utirized./rS minlmg

aêprotein for s- , NADH prus menadione and ascorbate prus pMS as the

_electron donors, respectively.

Final
concentration

(mM)

% inhibition
Inhibitor

Electron donor
NADH +suJ-plìrcte- menadrone

Ascorbabe
+ PMS

Bathocuproin

O-Phenanthroline

2,21-Bipyridyl

8-Hydroxyquinotine

Sodium diethyldithio-
, ca::bamate

Urethane

7

6

2

5

44

50

34

45

43

42

52

22

32

0

0

0

16

L7

2

5

05

5 0

0

36

05

0005

(
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o-phenanthroline, 2,2' -bipyridyl and 8-hydroxyquinoline markedry

inhibited the sulphide-Iinked enzyme while sod.ium diethyldithiocarbamate

(DIECA) and urethane, each at 5mM, had no effect. The enz)¡me activity

\,rith NADH plus menad.ione was inhibited by bathocuproin and. -phen nthroline

each at 5n{ by 52 and 32% respectivery. The enzyme activity with

ascorbate plus PMS as an erectron donor was not affected by any of

these metal chelators.

3.2.5.2 Spectral

The sulphide-reduced rzersus oxidized difference spectra of

Proo fraction showed absorption bands at 420, 523, 553 and 6f5 nm and

a shoulder around 470-475 rtm (Figure 34). The absorption bands at

42O, 523 and 553 nm, which aïe associated rvith cytochrome c and those

at 615 and, 470-475 nm due to cytochrome d, were oxidized. on ad.d.ition

of nitrite anaerobicarry to the surphide-reduced enzyme. These

results thus indicate the involvement of these cytochromes in nitrite

reduction. Both cytochromes c and d of the sulphide-reduced pe11et

fraction (PI00) were also oxidized in air.

3.2.6 Characterization of the electron-transpor t chain linked to

oxvclen

3.2.6.I Comparison of oxvgen up take and nitrite reduction with

various electron donors

The data in Tabre 30 show that eíther sulphide or NADH ptus

menadione effectively supported both the O, uptake and nitrite reduction

in the pefret fraction (ploo). Although a significant uptake on o,

was also observed with either sulphite or NADH al-one, these reductants
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Figure 34. Sulphide-reduced versus oxidized difference
spectra of Pl-00 fraction.

The P100 fraction (0.4 mI containing 12 mg protein) and

0.05M Tris-HCI buffer (pH 7.5), in a total volume of 2.5 ml,

were dispensed into both sample (Thunberg) and reference (ordinary)

cuvettes, The side arm of the sample cuvette contained 4 pmoles

of sulphide. This cuvette was thoroughly evacuated and then

fLushed with a high purity N2 gas as described in Section 2.6.3.
Sulphide solution was tipped. from the side arm into the cuvetl-e

and mixed thoroughly. The spectra of the sample was recorded

against the reference cuvette. The sample cuvette wás then

opened, shaken in air for 1 min and its spectra was again recorded.

In another experiment, instead. of shaking in air, 40 pmoles of
NaNO2 was added anaerobically.

Reduced versus oxidized d.ifference
spectra

After either readmitting air or
adding 40 pmoles of NO, anaerobi,cally

to A.

A

B



Figure 34

553

420

J^
I

523 I
0.02A

615

350 450 5s0 650 750

nm



119.

Table 30. Comparison of oxvgen up take and nitrite reduction with
various electron donors.

oxygen uptake was monitored using an oxygen erectrode as
described in section 2.6.r. Nitríte reductase activity was assayed
as described in section 2"5.4.2. For each assay, o.r nr proo

fraction containing 2.15 mg protein \,ias used.

Electron donor
Final

concentration
(mM)

0, uptake
(nmoles 02

utilized/mín/mg
protein)

Ni,trite reductase
(nmoles NO,

utíI-ì-zed/m inTmg
protein)

Sulphide

Sulphite

NADH

NADH + menadione

Sodirrm ascorbate

Ascorbate + PMS

2

2

I
2

2+I
2+2

2

2+2

22

31

T2

L7

L7

49

6

31

I

6

6

57

85

6

39
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were not effective in reducing nitrite. Ascorbate arone did not

promote either o, uptake or nítrite reduction, but in the presence of

PMS' it stimulated the latter reaction by about six-fold. The effect

of ascorbate plus PMS on oxygen uptake could not, however, be determined.

because PMS -is autooxidizable, resulting in a substantial non-enzymic

uptake of oxygren.

3.2.6.2 Effects of var-ious inhibitors on oxygen uptake with

sulphide as reductant

suTphgdrgl group inhibitors. The effects of various thiol-

binding agents on o, uptake with sulphide as an electron donor are shc.¡wn

in Tabre 31. NEM at 5mM inhibited o, uptake by 90% while rmM p-ctvtB

and 5mM iodoacetamide reduced the activity by 40 and 55q" respectively.

The inhibition of o, uptake by either NEM or p-ÇMB was partiarly

relieved by GSH.

Inhibitors of el-ectron transport chain.

antimycin A and HQNO did not inhibit O

Amyta1 , ata-brine,

, uptake. However,rotenone,

dicumaroÌ, at lmM reduced the activity by about 60% (Table 32).

Metal- chel-ators and other inhibitors. The effects of various

metal chelating agents on the sulphide-dependent O, uptake are presented

in Tabl-e 33. 2,2t-bipyridyl and 8-hydroxyquinoline, each at 5mM,

inhibited the uptake of o, by about 5O%. Cyanide was strongly inhibitory

and at 0.1-mM, it red.uced the activj-ty by 80?. Diethyldithiocarbamate

(DrEcA), bathocuproin and urethane did not have any effect whereas azide

at 1mM was only slíghtly inhibitory.
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Tab1e 31. Effects of inhibitors of -SH sroups on oxyqen uPtake

with sulphide a-s an elec tron donor.

The detairs of the assay procedures are the same as given in
Section 2.6.L except that p10O fraction (2 ng protein) and, 42.5

¡lmoles of Tris-HCl buffer (ptt 7.5) \¡/ere pre-incubated with each
inhibitor for lO min prior to adding the electron donor. The results
are expressed as % inhibition as compared to the control (without
inhibitor) which was 20 nmoles O, utilized/min/mg protein.

Addition to the reaction
mixture

FinaI
concentratíon

(mM)
% inhibition

p-Chloromercuribenz oate

p-Chloromercuríbenzoate + GSH

N-Ethylmal.eimide (tmU¡

NEM + GSH

Todoacetamid.e

fodoacetamide + GSH

0.1

1.0

1.0 + 1.0

1.0

2.O

5.0

2.O + 2.O

1.0

2.O

5.0

5.0 + 5.0

32

39

2L

37

45

90

34

30

43

55

52
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Tab1e 32. Effects inhibitors of electron trans chain on
sulphide-linked oxyqen uptake.

Aliquots of PI00 fraction were pre-incubated wíth the inhibitors
for l0 min as described in Table 31. The specífic actívity of the
control (without ínhibitor) was 19 nmoles o, utirized/mín/mg protein.

rnhibitor
Final

concentration
(mM)

? inhíbítion

AmytaI

Atabrine

Rotenone

Antimycin A

HQNO

Dicumarol

2

5

0. 01

0.05

0.1

0.5

0.5

1.0

23

27

t1
23

27

34

L6

35

25

25

45

5B

0

0

2.O

5.0

0.5

1.0



I23.

Table 33. Effects of metal chelators and other inhibitors on

sulphide-linked oxygen uptake.

The details of the experÍmental procedure are described in
Tabre 31. The specific activity of the control sample, without
inhibitor, was 20 r¡nol-es O, utilized/mln/mg protein.

Inhibitor
FinaI

concentration
(mI'{)

% inhibition

2,2'-Bípyridyl

8-Hydroxyquinoline

Sodium diethyldithiocarbamate

Urethane

Bathocuproin

o-Phenanthroline

Sodium azíde

Potassium cyanide

Sodium arsenite

5.0

5.0

5.0

5.0

5.0

5.0

0

0.05

0.r

1.0

48

44

0

4

0

23

30

59

80

I

0



]-24

3.2.7 Purification of sulphide-linked nitrite red.uctase

3.2.7.I Solubilization

Às mentioned. earrier (Tabre 23), nj-t-rite reductase is

associated with membraneous fraction (PIOO). Attempts to solubilize

the enzlzme from P100 fraction by treatment wíth detergents namely,

sodium deoxycholate, sDS, Triton x-roo or Tween go or with lipases

and proteorytic enz]¡'mes were ineffective. Ho\^¡ever, the enzyme from

acetone-d.ried cells was recovered. in the supernatant fraction. Thus

an acetone treatment of the cells was effective in dissociating the

surphide-rinked nítrite reductase from the membranes. As shown in

Figure 35, addition of sulphide to the high speed supernatant fraction

(s100) of the acetone-dried cel-ls resurts in the appearance of

absorption bands, corresponcling to reduced cytochrome c (42o, s23

and 553 nm) and cytochrome d (615 and a shoulcler at 470-475 n¡n). rn

contrast' sulphite did not cause any spectral changes thus indicating

that the acetone treatment of the celLs did not dissociate the sulphì-te-

linked nitrate red.uctase from the membranes. However, the addition

of surphite to the st00 fractionn prepared. after treating the crude

extract of the acetone-dried ceIls with sodium deoxycholate (0.06 mg/mg

protein) for 30 min at 3oo, showed absorption band.s at 424, 524 and 554

nm. This absorption spectra is identical- to that observed in Fiqure 9

for sulphite-linked nitrate reductase.

3.2.7.2 Purification

Enz]¡me activity at the various stages of purification was

assayed by determining the rate of niÈrite red.uction with sulphid.e as

the reductant. The buffer used during purification was o.o25M

Tris-HCI (pH 7.5) and unless stated oÈherwise, all the procedures were

ca::r:ied out at 40.
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Figure 35. Effect of sodium deoxycholate treatnent on

reduced yersus oxidized spectra of S100 fraction
prepared from acetone-dri-ed cells.

The acetone-d.ried cell-s, disrupted as described in
Section 2.5.L.1. were centrifuged at 18,000x g for 45 min. The

supernatant fraction thus obtained was further centrifuged at
I00,000x g for 90 min either without any treatment or after
incubating it with sodium deoxycholate (0. Ia , w/w) at 3Oo for
30 mín. Reduced rzersus oxidized difference spectra of the
supernatant fractions (5100) were recorded as described in
Section 2.6.3.

)-
SOI -reduced yersus oxid.ized difference

J
spectra of 5100 fraction

2-
SOI -reduced rzersus oxidized. difference

J
spectra of Sl-00 fraction of the
deoxycholate-treated sample

S2--reduced rzersus oxidized difference
spectra of SI00 fraction.
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The cerl-free extract (s18), prepared from acetone-dried

cells as described in section 2.s.2.2, was further centrifuged at

l-00,000x g for 90 min. To the supernatant fraction (sroo) thus

obtained, solid ammonium sulphate was added gradually with continuous

stirring to bring it to 40% saturation. The suspension was centr:ifuqed

at 20'000x g for 20 min. The supernatant fraction lvas then brought
.to 95% saturation by further addition of soljd anrnoniu-m sulphate.

The pel1et, ol:taíned after centrifuging at 20,oOox g', vras clispensed.

in a minimurn vorume of o.o25M Tris-Ilcl buffei: (prI 7.5) and dialyzed

for 16 hr against three changes of double-distil-led. water.

A DEAB-32 cerl-ulose column (2.5 x 26 cm), prepal:ed as d.escr-ibed

in Sect.ion 2..6.8.1, was equilibrated with O.O25M tris-.HCl buffer (pH 7.5)

urrtil the pH of the effluent was the same as that of the equilibrating

buffer. The enzyme preparation, f¡lom the preceding step (I'raction II1,

Table 34) , was then -l-oad.ed onto th,e column and eruted at a ffow rate

of 60 ml/hr with 0.025M tris-HCl buffer (pH 7.5). Nitrite red.uctase,

which v¡as not adsorbed on to the column, \Áras recovered after one

column volume in the greenish brown fractions (Figure 36). A reddish

brown band retained at the top of the column was eluted vrith O.O25M

Tris-HCl buffer (pH 7.5) containing 0.514 KC1 . The spectral- characteristics

of this fraction are presented in Figure 37" In its oxidized state, it

had absorption maxima at 408 and 525 nm and on reduction with sodium

dithionite at 416, 524 and 554 nm. These absorption bands indicatecl

that this reddish brown fraction contained a cytochrome of the c type.

The fractions (15-26) from DEAE-cell-ulose col-umn, which contairred

most of the nitrite red.uctase activity, were pooled and concentrated in

an Aminco ultrafiltration unit using PM-IO membrane fil-ter under N2 gas

as d.escribed in Section 2.6.9.
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Figure 36. Elution profile of nitrí te reductase from a

DEAE-cellulose column.

A DEAE-ceIluIose cohmn (D832¡ 2.5 x 26 cn) r^7as

equilibrated with 0.025 M Tris-HCl buffer (pH 7.5) at 40.
Fraction rrr (Tabte 34) was loaded on to the corumn and eluted
with the same buffe:: at a flow rate of 60 mt/hr. Fractions
(3 nl) were collected in an automatic fraction collector and

nitrite reductase activity was determined in 0.2 mI aliquots
of the each fraction as described in Section 2.5.4.2.' uZgO

of a suitably diluted fraction, in a final volume of 2.5 mI,
was recorded. The values given for U2gO in the Figure have

been calcul-ated. for the absorbance/mI of each fraction.

E 280

Nitrite reductase activity
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Figure 37. Dithionite-reduced yersus oxiclized difference
spectra of cytochromes c55r- srlg-q55*'

cytochrom"r 
"551 

*rd "554 were isolated from ?. denitrificans
during purification of nitrite reductase as d.escribed in section
4.2.7.2. 200 Ul of either cytochrom" 

"55I o, 
"554 and 0.O25 M

Tris-HCl (pH 7.5), in a final votume of 2.5 ml, were dispensed in
to both sampre and reference cuvettes. After adding a small amount

of NarSrOn to the sample cuvette and a crystal of KrFe. (Cl,I) 6 to the
reference cuvett.e, the difference spectra were ïecorded.

NarSrOn-reduced yersus oxidized spectra
of cytochrome c

551

Na2S2O4-reduced versus oxidized spectra
of cytochro*" 

"554.
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A Sephadex G-I00 column (2.5 x 45 cm), prepared as described

in Section 2.6.8.2, was equilibrated with 0.025M Tris-HCl buffer

(pU 7.5). The concentrated enz]¡me from DEAE-cell-ulose (Fraction IV,

Table 34) was applied. carefully onto the column and the sampre was

eluted at a flow rate of 15 mllhr with the equilibrating buffer and.

3 mr fractions were corrected usinq L.K.B. fraction corlector. The

elution profile of the sample from this column indicated that Fraction

fV was resolved into two components (Figure 38). Nitrite reduÇtase

\¡Ias recovered in the frac'r:j-ons immediately after the void volume.

The second fraction contained a cytochrome of c type wj-th absorption

máxima at 4oB and 525 nm in the oxidized form and at 412, 52r and 551

nm after its reduction with sodium dithionite (Figure 37).

Thís purification proced.ure, summarized in Table 34, resulted

in a twenty-fold increase in specific activity of nitrite reductase

compared to the crude extract (sr8) and 36% of the oríginal enz)zrne

activity \^ras recovered.

ratio of O.75.

I'he purified enzYme had u, AZ'O/A405 rxn

3.2.8 Properti-es of the purified enzy:rne

3. 2. 8. I eloreSuref¡9g¿g!!

Mol-ecular weight of the purified enzyme (Fraction V, Table

34) was determined by gel filtration through a sephadex G-150 column

and using the equation of Squire (1964) as described in Section 2.5.6.I.

Assuming that the enzlzme \^/as a globular protein, its estimated

molecular weight was I20r000 claltons with a standard error of +5,OOO.
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Figure 38. Elution profile of nitrite reductase from

Sephadex G-I00 column.

Fraction IV (Table 34) was load.ed onto a Sephadex G-I00

column (2.5 x 45 cm), pre-equilibrated with 0.025 M Tris-HCl
buffer (plf 7.5). The sample was eluted with the same buffer at
the flow rate of 15 ml,/hr,and 3 ml fractions were collected.
Nitrite red.uctase activity was determined in 0.2 m1 aliquots of
each fraction according to the procedure given in Section 2.5.4.2.
Haem c content of each fraction \^¡as measured at 405 nm.

E 280

E
405

tr- - - -tr Nitrite reductase activity
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Table 34. Purification of nitrite reductase.

Acetone-dried powder of the washed cel1s was prepared.

as described in Section 2.5.L. The acetone-dried cells,
suspended. in 0.025 M Tris-HCl buffer (pH 7.5), were stirred
at 40 for 3 hr. The suspension v/as passed through a French
pressure cell (Section 2.5.2.2) . The broke¡r ceLls were

centrifuged at I8,000x g for 45 ¡nin and the supernatant (Slg)
fraction was used for the further purification of the enzyme.

Nitrite reductase activity, in various fïactions obtained,
was deterrnined as described in Section 2.5 .4.2.

Total activity

Specific activity

pmoles NO, utilized/I5 mín

ymoles NO] utilized,/L5 nin/mg protein



Table 34. Purification of nitrite reductase.

Fr;rctiolr Procedure Total
activj-ty

Total
protein

(ms)

Speci fic
activity

Fo1¿l
Purificati-on

Reco'øe11'
(%)

I S18, supernatant fraction
l-eft after cerrtrifuging
broken cells at- 18,000x g
for 45 rni-n

S100, supernatant fraction
obtained after centrifuging
the SIB fractiolt at
1.00,00Ox g for 90 nin

Fraction II ¡rrecipitated
with anrmonium sulphat-e
betweelr 40-95>" saturation
and dialyzed against dor:bl-e
distilfed \,/ater overnight

FracLion III eluted with
0.025 M Tris-l{C1 }¡uffer
(ptt 7.5) fronì a DE¡\E-
cellulosccofumn a¡ld
co¡rcentrated by ultra-
filtration

I¡raction ïV eluted with
0.025 M Tris-HCl- buffer
(ptt 7.5) from Sephadex
G-100 column

507.5 9207 0-05

384 4800 0. 08

184.8 16BO 0. 11

173 .8 245 0. 71

732.3 J_18 1. 12

I

t.5

Ì.9

L2.t)

20.¿!

100

'15

Jb

34

26

II

I1I

IV

V
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3.2.9.2 coÞÞer and iron contents

Copper was determined by atomic absorption spectrometry

as described in Section 2.7.3. vlith this technique up to O.I US

of copper can be determined.. However, copper was not d.etected in

the 12.5 mg protein used for the assay. Resurts in TabLe 35 show

that the purified enzyme contained 29 ¡rmoles of iron per mg protein.

3.2.8.3 Rel-ative concentrations of haems c and d in purified

nitrite reductase

It was shown earlier that the reducing equivalents from

sulphide were transferred to nitrite via cytochromes c and d of

purified nitrite reductase. The relative concentrations of haerns c

and d in the purified enz)zme was, therefore, determined from the

respective molecurar extinction coefficients of their pyridine

haemochromogen derivatives. The results of three determinatic-:ns

carrj.ed out with different enzyme preparations indicate that these

two haems \^¡ere present in an equimolar amount (fable 36) .

3.2.8.4 Sequence of reduction and oxidation of cytochromes c and d

As mentioned ín the preceding Section (3.2.8.3), both haems

c and d were present in the purified nitrite reductase in the ratio

of 1 : l. An attem¡rt was, therefore, made to estabrish the sequence

of electron transfer from sulphide to nitrite vÍa nitrite red.uctase.

Arthough both the cytochromes were reduced after adding sulphide, the

rate of reduction of cytochrome c during the first few minutes !ùas

much faster than that of cytochrome d. Thus r min after adding

sulphide to the enzlzme, SôZ of cytochrome c was reduced as compared
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Table 35. Iron content of purified nitrite reductase (cytochrome cd
complex), disso ciated cytochrome c and haem d.

Purified nitrite reductase (l.o mr containing L2.5 mg protein
of Fraction v, Tabre 34), d.issociated cytochrome c (r.5 mr containing
9-2 mg protein) and haem d (1.5 nr containing 3.15 mg protein) were
dried separately in acid-washed pyrex test-tubes. The dried samples
were digested in an acid mixture of HNor, Hclo4 and Hrson (in ratio
of 40 z 4 : 1) and their iron contents were estímated by Varian atomic
absorption spectrophotometer as d.escribed in Section 2.7.3.

Sample Concentration
(Umoles/gm protein)

Purified nitrite red.uctase

Dissociatecl cytochrome c

Haem d

29.O

16 .8

16.8
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Table 36. Relati concentrations of haem c and haem d in the
purified nitri te reductase.

The concentrations of haem c and haem d of the purified
niÈrite reductase (Fraction v, Table 34) were determined spectro-
photometrically in an arkarine pyridine solution as described in
section 2.7.4. The extinction coefficient values of 30.2 and 19.6
*M-1 "*-1 were used for carcurating the amounts of haem c and haem d
respectively.

Preparation No. Haem c
(uM)

Haem d
(uM)

Haem d
Haem c

ratio

92

I

2

104

100

110

96

105

1. 05

1. 04

1.053
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to 25% of cytochrome d (Figure 39). After 13 min both the cytochromes

were ful1y reduced. The relativery faster rate of cytochrome c

reduction during early stages indicates that the reducing equivalents

were first transferred to cytochrome c and then to cytochrome d.

The rates of oxidation of the sulphide-reduced cytochïomes

c and d with nitrite were arso examined. rt is cfear from Figure 4a

that orr adding nitrite, cytochrome d was oxidized at a much faster

rate than cytochrome c. Thus, after 15 min more than 75ç¿ of cytochrome

d was oxidized compared with 34% of cytochrome c. The sequence of

the oxidation of cytochromes c and d indicates that cytochrome d

functions as the imnrediate erectron donor for nitrite reduction.

3.2.8.5 Dj.fference in redox-potential- of cytochrornes c and d

The experimental values for the relatiie concentrations of

reduced ancl ox-idized cytochromes c and d given in Table 37, for: calculating

the val-ues of equiLibrium constant, were derived from the data presented

in Figure 39. On reduction of the enzym.e with sulpl-rid-e, an equ-ifibrium

was established between the haem c and d moieties. The difference irr

the redox-¡rotential of the two cytochromes was calculated by substituting

the values of the equilibrium constant in the equation gíven in Section

2.6.4. The redox-potential- of cytochrome d was 22 mV more positive than

that of cytochrome c.

3.2.8.6 Electron donors

Nitrite reductase activitlz of tlie purified enz)¡me was

examined in the presence of a varieÈy of efectron donor systems. The

results in Tab]e 38 indicate that as in proO fraction (Tabre 25),

sulphíde as well as ascorbate plus PMS were effective efectron donors.
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Figure 39. Rate of reduct of tochromes c and d of cd

complex of purified n-itrite reductase.

Purified nitrite reductase (200 UI of Fraction V, Table 34)
and 0.025 M Tris-HCI buffer (pH 7.5), in a total- volume of 2.5 mI,
were taken in a Thunberg cuvette which contained 5 ¡-rmoles of
sulphide solution in the side arm. The cuvette was vigorously
evacuated and then filled with pure N2 9as. Thís procedure was
repeated twice (Section 2.6.3). Sulphide solut-ion, from the
side arm, was then mj-xed with the contents of the cuvette ancl change
in absorbance at 554 nm (for cytochrome c) ancl at 610 nm (for
cytochrome d) was recorded at various time intervals. Tlie ?

reduction of cytochromes c andd respectively, \^/as calcul.ated on
the basis of maximum reduction of the cytochronres obtained after
prolonged incubation period.

4o554 
',*

Âouto ,r*

Figure 40. Rate of oxidation of sulphide-reduced cytochrornes

c and d of cd complex of purified nitrite reductase

with nitrite.

E><perimental procedure was as described in Figure 39
except that 5 pmoles of sulphide solution was added to the Thunberg
cuvette and the side arm contained 10 Umoles of nitrite solution.
The Thunberg cuvette was mad.e anaerobic as described in Section
2.6.3. Optical density at 554 and 610 nm for cytochromes c and d
respectively, of the reduced enzyme was recorded until maximum
absorbance was obtained. Nitrite was then tipped from the side
arm and mixed. thoroughly with the contents of the cuvette. Changes
in absorbance at 554 and 610 nm were recorded at various time i-ntervals.
s" oxidation of each -cytochrome was cafculated cn the basis of the
respective amounts of the fully reduced cytochromes c and d present
before adding nitrite.

AA554 nm
o

oc AA610 nm
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Table 37. Difference in redox -potentials of cytochromes c and d of the cd

complex of nitri te reductase.

The difference in the redox-potentials of cytochromes c and d of purified
nitrite reductase (Fraction, Table 34) was calculated, as described in Section
2.6.4, from the data given in Figure 39.

Time
(min)

Cytochrome c

å Oxidized % Reduced

("3*) ("2* )

Cytochrome d Equilibrium
constant (K)

Em ( cyt. d)
em(cyt.c) =
0.059 1og x K

(mv)
% Reduced 3+c -2+

cl% Oxidized

, 
{a3+) @2*) ("2*) (a3*)

1.0

2.O

3.0

5.0

9.O

15.0

48.06 5J..94

32.47 67.53

20.80 79.20

9.10 90. 90

1.30 98.7 0

o.00 100. o0

75.00 25.00

45.47 54.52

29.55 70.45

17.30 82.70

4.50 94.45

0.00 100.00

3.24 +30

r.72 +14

1. 59 +12

2. 08 +19

3. 56 +32

Mean +22
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Tab1e 38. Effect of various e1ectron donors on nitrite reductase

activity in the purified enzlzme preparation.

Nitrite reducÈase activJ-ty ín the purified preparation (Fraction.
V' Table 34), wiÈh various electron-donating systems, hras assayed in
Warburg flasks fitted with stopcocks as described in Section 2.5.4.2.

Electron donor
FinaI

concentration
' (*¡r)

Specifíc actiyity
(nmoles NO2

uLiLLzed/IS min/mg
protein)

Sulphide

NADH + menadione

Ascorbate + PMS

2 660

1040

2+2

2+2

0



139.

Nitrite, holvever, was not reduced with NADH plus menadione as the

reductant.

The effectiveness of various redox-dyes, with potentials

ranging from -0.08 to +o.2L7 v, as erectron carriers for nitrite

reduction in the presence of ascorbate was examined (Tabre 39).

Maximum enz]¡me activity was obtained with PMS and TMPD, while methylene

brue' thionine, or 216-dichlorophenor ind.ophenol (Dcrp) gave 75% of

the activity obtained with TMPD. The inclusion of cytochrome c,

isorated from ?. denitrifiaans I arong with DCrp did not increase the

enzyme activity markedly. Thus, nítrite reductase activity was maximal

with dyes with redox-potentiars within the rançle of +0.0g to +0.197 v.

3.2.8.7 Effects of mauunalian and bacterial cytochromes c on nitri.te

reductase activitv

Results in Tabl-e 40 indicate that the inclusion of 2.2 yM

cytochrom" 
"551 

(see Section 3.2.7.2) in the reaction mixture enhanced

the sulphide-rinked nitrite reductase activity by about two-fold.

The presence of either cytochrom" 
"554, 

also isolated from ?. denitrificans

(Section 3.2.7.2, Eigure 37), or manìmalian cytochrome c had no effect on

the enzYme activity. Thus, sulphiCe-Linked nítrite reductase activity

was stimul-ated only by the bacterial cytochrome 
"55I.

The effects of various concentrations of cytochrome c55r on

the enzYme activity were examined. The maximum stimulation was observed

with 2 pM cytochro*" 
"55r 

(Figure 41) and higher amounts, up to lo ¡rM,

did not er¡hance the enzyme activity further.

Reduced cytochrorn" 
"551 served as an effective electron donor

for nitrite red.uction by the purified enzyme (Figure 42). The
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Table 39. Effects of various electron mediators (dyes) on the
activity of nitrite reductase in the purified enzyme

(Fraction V Table 34).

The details of assay procedure are as described in sectiorr
2.5.4.2 except that instead of sulphide, I mM of the specified
erectron mediators were used. Methylene blue was, however, used
at a fi-naI concentration of 0.5 mM. These mediators were reduced
by injectíng 2 ¡tmoles of neutral-ized ascorbic acjd. into the Vtarburg
flasks. After a 15 min incubat.ion at 3oo, residuar nitrite was

determined colorimetrically as described in Section 2.j.2.

Electron mediator
Specific activity

(nmoles NO]
utitized,/l5 miîrzmg

prot-.ein)

Ero'
media

of
tor

(v)

Triphenyltetrazolium

Methylene blue

Thionine

Phenazine methosulphate (pMS)

N,N, N¡, Nr -tetramethylpara-
phenylenediamine (tUnO¡

TMPD + cytochrome c*

2,6-dichlorophenol indophenol

DCIP F cytochrome c *
55r

-0.08

+0. 0 11

+0. 065

+0.08

+0. 197

(DCrP) +o.2I7

130

640

640

820

840

860

696

756

cytochrom" 
"55I was separated from ?. denitrificans

(Section 4.2.7.2, Figure 37).

*
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Tab1e 40. Effect of cytochrome c from various sources on nitrite
reductase activ-itv in ified enzvme preparation
Fraction V le 34

The composition of the reaction mixture was as given in
section 2.5.4.2 except that cytochromes 

"551 
.rd 

"s54, both isolated
.from ?. denitrificans (section 4.2.7.2, Figure 37), and. mammalian

cytochrome c, at indicated concentrations, \¡¡ere included in the reaction
mixtures. The reaction was started by injecting sulphide solution
through the subaseals-fitted side arms of the l¡tarburg frasks.

Addition to the"reaction
mixture

FinaI
concentration

(mM)

Specific activity
(nmoles nol

uLiLized/l5 min/rng
proteins)

None

Cytochrome c5sl

Cytochrome c
554

Mamma.t.ian cytochrome c

1.1

2.2

1.0

1.0

2.O

o2

569

1015

1123

569

560

550

573
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Figure 41. Effect of various concentrations of cytochrome

9sst on the activity of purified nitrite reductase
(Fraction V, Table 34).

The enzyme activity was assayed as described in Section
2.5.4.2 except that cytochrome c55I, at the concentrations
specifi-ed in the Figure, was included in the reaction mixture.

Figure 42. Reduced cytoclqqome cr' and. mammalian cytochrome

c as elecÈron donors for the activi ty of purified
reductase.

Concentrated solutions of cytochromê c.., and mammal-ian
cytochrome c respectively were reduced with ad'åxcess of ltra2sro4.
Each of the reduced cytochïomes was then dialysed overniþht- z

against 0.025 M Tris-HCl- buffer (pH 7.5). The enzyme activity
vras assayed in trVarburg flasks fitted with stopcocks. The
reaction mixture in a final volume of I mI contained the follorving,
in pmoles: Tris-HCI buffer (pH 7.5), 35; NaNO, O.2 and 50 pl
of purified nitrite reductase (Fraction V, Table-34) containing
O.625 mg protein. The fl-asks were repeated.ly evacuated and
filled wíth N2 9as. The reaction was started by injecting
different amounts of either reduced. cytochrome c55I or reduced
mammalian cytochrome c, through subaseal-s fitted on to the side
arms of the lVarburg flasks.

After 15 min incubation, I m1 of 10c¿ (w/v) zinc acetate
in 10% (v/v) ethanol was added to stop the reaction. 0.5 ml
aliquots were used for estimating residual nitrite according
to the procedure given in Sectíon 2.7.2.

o Red.uced cytochrome c
red.uctant

as the551

o Reduced mammalian cytochrome c as
the reductant.
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stoichiometry of approximately I : I was obtained for the amount of

nitrite reduced t-o the amount of cytochro*" "55I added to the reaction

mixture. In contrast, reduced mammalian cytochrome c vras an ineffect-ive

electron d.onor. Only 25 nmoles of nitrite were reduced in the presence

of 130 nmoles of reduced mammalian cytochrome c.

3.2.9 Cytochrome oxidase activi ty of the purified nitrite reductase

cytochrome oxidase activity was determined in the various

fractions obtained during the purification of nitrite reductase (Tab1e

34). Cytochrome oxidase activity was measured by following the rate

of O, uptake with sulphide as an electron donor as described in

Section 2.5.4.3. Results in Table 4I show that the specific activity

of cytochrome oxidase increased progressively durinq the successive

stages of purification of nitrite reductase.

3.2.9.1 Comparison of nitrite reductase and cyl-ochrome oxidase

activities

Some of the properties of nitrite reductase and cytochrome

oxid.ase activities in the purified enz)rme were compared. Both the

activities, with surphide as an el-ectron donor, were stimurated two-

to three-ford by adding 2 pM cytochrome 
"551 to the reaction mixture.

Reduced cytochrom" 
"551 

was also an effective erectron donor f.or e,

uptake and nitrite reduction. For each mol-e of reducecl cytochrome

cu' added, one mole of either nitrite or o, was reduced. Grutathione,

at 2rnM, inhibited the cytochrome oxidase activity by about 40% whire

nitr.ite reductase was not affected (Table 42) .
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Table 41. Cytochrome oxidase activitv in the various fractions
obtained. d.urinq the purification of nitrite reductase.

The fractions were prepared as described in Table 34 (Section

4.2.7.2) and the cytochrome oxidase activity was monitored j.n an O,

electrode ceIl using sulphide as Èhe electron donor (Section 2.5.4.3\.

Fraction Procedure
Total activity

(pmoles 02
utilized/nin)

Specific activity
(pmoles 02

utilizedr/minr/mg
protein)

I Crude extract (SI8) Ieft
after centrifuging the

disrupted acetone-dried

cells at 18,000x g for
45 min.

Supernatant fraction (Sf00)

obtained after centrifuging
S18 at 100,000x g for 90 min.

Fraction II precipitated with
ammonium sulphate (40-959ø

saturation) and dialyzed
against 0.025 M Tris-HCl
buffer (pH 7.5) overnight.

Fraction III loaded on to a

DEÀE-cellulose column and

eluted with 0.025 M Tris-HCI
buffer (pH 7.5). The active
fractions concentrated by

ultrafiltration.

7 4.L

37.6

L9.2

6.5

8.0

7.89

11.4

26.4

IÏ

ÏTT

IV
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Tab]-e 42. Comparison of nitrite reductase and cytochrome oxidase activities

l-n the purified nitrite reductase.

A. Nitrite reductase and cytochrome oxidase activities in the purified

nitrite reductase enzyme (Fraction V, Table 34) were determined' with sulphide

as a donor, as described in Section 2.5.4.2 and.2.5.4.3 respectively. V'iherever

indicated either cytochrom" "551 
(Section 4.2.7.2, FLgure 37) or GSH were

included in the reaction mixture.

B. Reduced cytochrome c

donor.
55r' in place of sulphide, was used as the electron

Electron donor
Addition to the
basal reaction

míxture

Nitrite reductase
(nmoles NO2

utilized/mín/mg
proÈein)

Cytochrome oxidase
(nmoles 02

utÍ1ized.,/min,/mg
protein)

A. Sulphide (2 Umol-es) 35 18

Cytochrome c
(2 u¡l)

551
107

35

48

11GSH (2 mM)

B Reduced cytochrome

"5st
20 nmoles

53 nmoles

2L

59

20

53
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3.2.10' Spectral propert ies of ified nitrite reductase

3.2. I0.1 Absorption spectra

The absorption spectra of purified nitrite reductase

(Fraction V, Table 34) showed absorption bands at 405, 525 and 645

nm and on red.uction with sodium dithionite at 418, 468, 523t 549-5541

615 nm and a broad plateau around 665-700 nm (Figure 43). The

absorption bands at 418, 523, 549-554 nm are associated with cytochrome

c while those aE 468, 615 and a plateau between 665-700 nm were due

to cytochrome d. The ratio of u/S peaks of reduced cytochrome c

was 1.0. The ratio of the absorbance bands at 468 and 615 nm of

reduced cytochrome d was 0.7. On reduction with sodium dithionite,

the absorption of the purified enzyme at 645 nm disappeared.

Addition of sulphide to the purified nitrite reductase, resulted

in the following changes in the absorytíon spectra: absorption bands

of reduced cytochrome c appeared within a minrr-te of adding the reductant

and their peak heights continued to increase with time. The reducr:.ion

of cytochrome d was relativety slower than that of cytochrome c. Both

the cytochromes were fully reduced after 15 min. The sulphide-reduced.

enz)¡me showed absorption maxima at 418 , 462, 523, 549-554, 610 and

664-667 nm (Figure 44). The plateau at 665-700 nm, observed in the

sodium dithionite-reduced enzyme, \.vas repraced by a broad band between

664-667 run. Moreover, instead of a peak at 468 nm obtained with

sodium dithionite, there was a sharp peak at 462 rtm in the sulphide-

reduced enzyme. The absOrption ratio of 462 nm and 6fO nm was 2.1

which was three times greater than in the dithionite-reduced enzyme.

The absorption characteristics of cytochrome cwith either of these

reductants \^rere, however, the same. On reduction of the enzyme with



r47.

Figure 43. Absolute and difference spectra of purified

nitrite reductase.

Absorption spectra of purifíed nitrite reductase

(Fraction V. Table 34) \^Iere record.ed. as described in Section

2.6.3.

Absolute spectra

Difference spectra;
reduced versus oxid .llars zo4

rzed..
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Figure 44. Time course of reduction of the cytochrome cd

complex of purified nitrite reductase with sulphide

The experiment was done in Thunberg cuvettes. l-50 UI of
purified enzyme (Fraction V, Table 34) and 0.025 ivi Tris-HCI buffer
(pU 7.5), in a final volume of 2.5 ml, were dispensed into each
of the reference and sample cuvettes. Freshly prepared sol-ution
of sulph.ide (I5 Umoles) was placed in the side arm of the sarnple
cuvette which was vigorously evacuated and then filled with N,
gas as described in Section 2.6.3. The reaction was started-by
adding sulphide solution to the cuvette from the side arm and the
spectra was recorded against the reference cuvette after following
time intervals:

I min

5 min

15 min

Figure 45. Time course of reduction of cytochrome cd complex

of purified nitrite reductase with ascorbate pLus PIi{S.

Experimental details as described in Figure 44
instead of sulphid.e, 5 prnoles of neutralized solutj-on
and O.5 pmoles of PMS were used. The same amount of
included in the reference cuvette. The spectra were
after the following time intervals:

I min

5 min

except that
of ascorbate
PII{S was also
recorded

15 min
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sulphide as well as with dithionite, the enzl¡me turned. dark green

from its original reddish brown colour. spectrar changes simirar

to those with surphide were recorded when ascorbate plus pluls was

used as the reductant (Figure 45).

The results in Figure 46 show that on adding nitrj-te

anaerobícalIy to the sulphid.e-reduced enzlzme, both cytochromes c and. d

were oxidizeð.¡ cytochrome c, however, remained in a partially reduced

state even after 15 min of adding nitrite. The absorption bands at

462 and' 664-667 run disappeared immediately on adding nitrite, followed

by the one at 610 nm. The peaks associated with cytochrome c were,

however, oxidized at a relatively srower rate. The oxidation of

cytochrome components of the enzyme was accompanied by an appearance of

a peak at 573 nm. Oxidation of either the sulphide- or the

dithionite-reduced enzyme with nitrite, resulted. in restoration of

the original reddish brown colour of the purified enz)zme. The

cytochromes c and d were not oxidized when nitrate, instead of nitrite,

was added to the sulphicle-reduced enz)rme.

Absorption spectrum of cytochrome d of the suJ-phide-reduced

enzYme was markedly influenced by the pH of the reactj-on mixture wher:eas

that of cytochrome c remained unaffected. The absorption peak of

cytochrome d at 645 nm of the purified nitrite reductase was also not

influenced over the pH range of 5.5 - B.o. As shown in Table 43,

the ratio of the absorbance at 6Lo/645 nm increased from o.93 to

1.8 on lowering the pH of the reaction mixture from 8.0 to 5.5. The

y-band of cytochrome d al 462 nm was less prominent at the acid pH.

Thus, the ratio of 462/610 nm decrined frorn r.7 at pll g.o to 0.42 aE

pH 5.5.
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Figure 46. Oxidation of the sulphide-reduced cytochrome cd

complex of purified nitrite r:eductase with nitrite.

Purified nitrite reductase (f50 UI of Fraction V, Table 34),
0.025 M Tris-ËICI (pH 7.5) and I0 ymoles of sulphide, in final
volume of 2.5 ml, were dispensed into a sample cuvette (Thunberg)

and 20 pmoles of NaNO^ was placed in the side arm of the cuvette.
The cuvette was vigorously evacuated and filled with pure N2 gas

as described ín Section 2.6.3. After recording the spectra of
the fully reduced. enzyme, nitrite was tipped from the side arm an<l

mixed thoroughly with the contents of the cuvette. The spectra
\{as recorded. at the times indicated. below:

Reduced with S
2-

I min after adding NO
2

5 min after adding NO,

15 min after adding NO
2
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Table 43. Effect of pH on the absorbance character-istics of
cytochrome d component of sulphide reduced cytochrome cd

comr)lex of the purified nitrite reductase (Fraction V,

Table 34).

Nitrite reductase enzlzme (200 Ul containing 2.5 mg protein) and

2.5 mI of 0.05M phosphate buffer of various pH values were dispensed
in Thunberg cuvettes. The enzyme \^7as then reduced with 10 .¡_rmoles of
sulphide solution. The absorbance of 645 nm before adding sulphide
and at 462 rm (Y - peak) and at 610 nm (cr - peak) of the sutphide-reduced.
cytochrome d component of the purified nitrite reductase were noted.

Absorbance ratios
pH

Reduced Y 462 nm) Reduced o 610 nm)
Reduced o (610 nm) Oxídized (645 mn)

8.0

7.6

7.0

5.5

L.7

1.1

1.0

o.42

0.93

1. 15

L.20

1. 80
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3.2.LO.2 Effects of cyanide and carbon monoxide on the absorption

spectra of purified nit-ri te reductase

The results in Figure 47 show that cyanide had a profound

effect on spectra of the sutphide-reducecl enz)¡me. The y-band of

cytochrome d at 462 rm was abolished when the enzyme was red.uced

with sulphide in the presence of lnM KCN and instead, two band.s at

443 and 482 nm appeared. In addition, the or-peak of cytochrome d

shifted to 627 nm and the absorbance peak at 523 nm díminished

significantly. The 554 nm component of the bifurcated a-band of the

reduced cytochrome c lcecame more prominent as compared to the one at

549 nm. Cyanide had no effect on the absorption band at 4I8 nm.

The spectra of the oxidized enzlzme \^7as not altered in the presence of

cyanide.

On reducing the enzyme vrith sulphide, in the presence of CO,

the y-peak of cyioch::ome d was suppressed ancl the absorption band. at

610 nm was replaced by a broad plaLeau around 650 nm (Figure 48) "

The bands of reduced cytochrome c remained unaffected by CO.

3.2.10.3 Pyridine haemoc hromoqen

Cytochrome d was reduced by akaÌine pyridine even in the

absence of a reductant; a sharp absorption band appeared. at 620 nm

in place of a broad band at 6fo nm which was present in the sulphide-

reduced enz)¡rne. The 664-667 nm band was not detected in the alkaline

pyridine preparation (Figure 49). rn contrast, the cytochrome c

component- of the enzlane was not reduced by alkaline pyridine unless

sodium dithionite was added. Under these conclitions, the bifurcated

a-peak of cytochrome c at 549-554 nm was replaced by a sharp peak at

549 nm. rn addition, the ratio of 'o/ß bands of reduced cytochrome c

increased Lo 2.4 as compared to 1.0, recorded in the absence of
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F'igure 47. Ef fect of on the ctra of ified
nitrite red.uctase (Fraction V, Table 34) .

Detail-s of the procedure are t-he same as j-n Figure 44

except that 2.5 pmoles of KCN was included in the sample

cuvette (Thunberg). After evacuating and flushing the
cuvette with pure N2 gas, 10 ¡lmoles of sulphide was added

from the side arm of the Thunberg cuvette and difference spectra
recorded after 15 min.

Figure 48. Effect of CO on the spectra of pur:if-ied nitrite
reductase (Fraction V, Table 34):

E>çerimental details as described in Figure 44 except
that CO was bubbl-ed through the sample cuvette for 5 min and. the
following spectra v¡ere recorded:

Absolute spectrum of CO-treated
enzlzme

CO-sulphide-reduced ¡zersus
oxidized, difference spectra

CO-sulphide-reduced r¡ersus
sulphide reduced, difference spectra.
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Figure 49. Spectra of purified nitrite reductase in the presence

of alkaline pyridine and sodium dithionite.

The method of Newton (1969) described. in SecLion 2.7.4
was used for examining the formation of pyridine haemochromogen.

250 pI of purified enzl'me (Fraction V, Table 34) in 0.025 M Tris-HCl
buffer (pH 7.5) was made 25% (v/v) and 0.1 M with respecÈ to
pyridine and NaOH respectively. This mixture (5 ml) was then

dispensed. ínto two I cm cuvettes. To the reference cuvette, a

crystal of KrFe (cN) 
O was added and the difference spectra was

recorded (- - - - -). Difference spectra was recorded again after
adding Na2S2O4 to the sample cuvette (

Figure 50. Absolute and sulphide-reduced izer.sus ox-idized

spectra of SDS-treated nitrite recluctase.

Purj-fied nitrite reductase (L2.5 mg protein/mL) was

incubated with I.5% (w/v) SDS at 3Oo for 30 min. The absolute
spectrum of SDS-treated enz)¡me (- - - - -) and difference spectra,
after reducíng with sulphíde (

descríbed in Section 2.6.3.
, \^tefe recOrded aS
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pyridine.

3.2.11 Dissociation of purified nitrite reductase into cytochrome

c and haem d

Cytochrome c and haem d were dissociated from the purified

nitrite reductase on incubating it with SDS. The optimum concentration

of SDS required to dissociate these components from the enzyme ranged

between 1.0 to 1.5 mg SDS per mg protein.

The absorption spectra of the SDS-treated enz]¡me after its

reduction with sulphide is illustrated in Figure 50. The appearance

of absorption bands at 418, 523 and 553 nm ind.icated that only the

cytochrome c component of the SDS-treated. enzl¡me was reduced by sulphide.

Thus the absorption bands of reduced cytochrome d \^/ere not detected on

reducingi the SDS-treated enzyme with sulphide.

Gel-filtration, through a Sephadex G-100 colurnn, resolved the

SDS-treated enzyme into two distinct components, one pink and the other

green coloured fraction as shown in Figure 51.

The pink fraction, containingr the cytochrome c moiety, \^ras

eluted first from the column followed by dark green cytochrome d-

containing fractions. The absorbance of these two fractions at 280 nrn

indicated that bulk of the protein \¡/as associated with cytochrome c

containing fractions (Figure 52).

3,2.II.1 Spectral properties of dissociated cytochrome c

Absorption spectra of the cytochrome c containing component,

recovered after passage of the SDS-treated enzynre througrh a Sephadex

G-I00 colunn, is illustrated in Figure 53. It had absorption bands
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Figure 5I. Separation of cytochrome s c and d on Sephadex

c-100 column.

Purified nitrite reductase (Fraction V, Tab1e 34), after
incubation with 1.5s" (w/v) SDS at 3Oo for 30 nin as described

in Section 2.5.8 was loaded on to a Sephadex G-100 column

(2.5 x 40 cm). Separatíon of SDS-treated nitrite reductase

into red (containing cytochrome c) and green (cytochrome d)

fractions is ill-ustrated in the Figure.
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Figure 52. Elution profile of cytochromes c and d from

Sephadex G-100 column.

Purified nitrite reductase (Fraction V, Tab1e 34) u/as

incubated with 1.5% (w/v) SDS at 3Oo for 30 min and loaded

on to a Sephadex G-100 column (2.5 x 40 cm) which had been

equilibrated, at room temperature, with 0.025 I'f Tris-HCl
buffer (pH 7.5). The sample was eluted with the same

buffer at a flow rate of 15 ml,/hr. 3 mI fractions we-re

colÌected and the absorbance at 405 nm a¡rd 280 nm were

measured.

o-- ---tr Ezgo
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Figure 53. Absolute and dithionite-reduced versus oxidized
difference spectra o.l dissociated. cytochrome c.

The sample and the reference cuvettes each, ín a final
volume of 2.5 mI, contained dissociated cytochrome c (1.6 mg

protein) and 0.025 M Tris-HCI buffer (pH 7.5). To the sample

cuvette, a few crystals of NarSrO4 \^/ere added and absorptíon
spectra \^¡ere recorded as described in Section 2. 6.3.

Absolute spectra of dissociated
cytochrome c

Difference spectra,
versus oxidized.

NarSrOn-reduced
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at 405 and 530 nm and on reduction with sodium dithionite at 416-418,

523 and 549-554 nm. This spectra vras almost identicat with that

obtained for cytochrome c of the undissociated reduced enzyme (Figure

42) except that bifurcation of a-band was not very marked in the

dissociated cytochrome c. The ratio of a/B bands of the separated

cytochrome c \¡/as 0. 81 which was lower than the value of 1. O for the

undissociated enzyme.

On adding sulphide to the dissociated cytochrome c, absorption

spectra similar to that after reduction with sodium dithionite was

observed except that the rate of reduction was much slower. Although

only a slight bifu:ccation of the a-band of the eíther dithionite- or

sulphide-reduced. cytochrome c $/as observed, it became more pl:onounced.

on adding nitrite (Figure 54). In the presence of nitrite, t.lne a/B

ratio of the cytochrome c was lowered lo O.42. Reduction of d.issoci.rted

cytochrome c with sulphide, in the presence of lmlrî KCN, showecl a shar¡>

peak at 551- nm and the addition of nitrite did not result in the

bifurcation of the cl-peak as was observed in the absence of KCN. This

bifurcation of cr-peak of the reduced cybochrome c was caused specifically

by nitrite since nitrate did not prod.uce this effect. The addition

of nitrite to the dithionite-reduced cytoehrom" 
"551, which was isolated

from 7'. denitrificans (Section 3.2.'7.2, Figure 37) did not affect its

o,-peak. The dissociated cytochrome c was not reduced by sulphite.

The spectrum for the pyridine haemochromogen of dissociated
cytochrome c (Figure 55) was identical to that of the cytochrome c of

the undissociated enz)¡me (Figure 49) .

3.2.Ll-.2 Spectral properti es of haem d

The haem d component separated from the SDS-treated purified
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Figure 54. Absorption spectra oi sulphide-reduced
dissociated cytochrome c.

Experimental details are as in Figure 53 except that
l0 pmol-es of sulphide, instead. of NarSrO4r $ras added and

the reaction mixture v¡as incubated for 20 min. After
recording the spectra, 20 pmoles of NaNO was added to

2
the sample cuvette.

s2--reduced yersus oxidized,
d.ifference spectra

After addíng NaNO, to A.

A

B
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Figure 55. Difference spectra of alkaline pyridine
haemochromoqen of cytochrome c, dissociated
from cytochrome cd complex.

The method of Newton (1969), given in Section 2.7.4,
was used for the preparation of pyridine.haemochromogen.

The cytochrome c (3.2 mg protein) in 0.025 M Tris-HCl
buffer (pH 7.5) was made 25% (v/v) and 0.1 M wj-th respect

to pyridine and NaOH respectively. This mixture was

dispensed equally into two cuvettes. After adding a small

amount of NarSrOn to the sample cuvette and a crystal of
KrFe(CN)U to the reference cuvette, the difference spectra

!üas recorded.
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nitrite reductase, showed absorption bands at 405 and 680 nm with a

shoulder around 480 nm (Figure 56). On reduction with sodi.um dithionite,

two broad peaks at 460 and 610-620 nm were observed. Under anaerobic

conditions, the haem d component was reduced slowly by surphide and

it showed absorption band at 457 nm and a broad peak at 610-640 nm.

The ratio of absorbance at 457 and 610-640 nm was 2.2. Haem d was

;readily autooxidizable in air (Figure 57).

3.2.L2 Products of nitrite red.uction by pu::ified etlzvme

The reduction procl.ucts of lst-hb.Lled n-itrite by the

purified nitrite recluctase were examined in a mass spectrometer. The

data in Figure 58 show that both No (mass 31) and Nro (rnass 45) weïe

produced. During the first 30 mì-n, N2o r^ias formed in relat:i-vely

larger amounts than NO, however beyond th-is periocl, NrO content remained

constant whereas NO continued to increase for a further I2O min incubation

period. only traces of N, gas (mass 29) were detected. during tire

reduction of nitrite by the purifíed enzyme.

3.2.L3 Effect of NO qas on purified nitri te reductase

3.2.13.1 Formation of NO- enzyme complex

On bubbling No gas for 20 sec through the purified nitrite

red.uctase, which had been previously reduced anaerobicalty wíth sulphide,

a sm¿rl but distinct peak appeared at 573 nm (Figure 59). At the same

time, the height of the absorption bands of the reduced cytochromes c

and d decreased.. As demonstrated earlier (Figure 46), this band at

573 nm was al-so observed duri-ng the oxidation of the sulphid.e-reduced

nitrite reductase enzyme with nitrl-te.
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Fiqure 56. Absolute and dithionite-reduced yersus oxidized
spectra of haem d.

Details of the procedure are as in Figure 53 except that
haem d, isolated from purified nÍtrite red.uctase (Fraction V,

Table 34) as described in Section 2.5.8, was useC in place of
dÍssociated cytochrome c.

Absolute spectra

NarSrOn-reduced yersus oxidized.,
difference spectra.



Figure 56

Æ2

405

J*^
I

400

610

600

680

700500

nm



L64.

Figure 57. Sulphide-reduced versus oxidized díff erence

speçtra of haem d.

Haem d, 25O Ul- (3.25 pM) and 0.025 ¡I Tris-HCI buffer
(pg 7.5), in a total volume of 2.5 ml, were dispensed into
both sample (Thunberg) and reference cuvettes. Side arm of
the sample cuvette contained 10 pmoles of sulphide solution.
The sample cuvette was thoroughly evacuated and flushed
with high purity N2 gas. This procedure was repeated three
times. Sulphíde solution was then tipped into the cuvette
from the side arm and after 30 min incubation at room

temperature. difference spectra was recorded.

Sulphide reduced versus oxídized
difference spectra

After bubbling aír for 30 sec through

A.

A

B
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Figure 58. Effect of incubaL.ion time on the production
of various nitroqenous sases fro* r5No

2
by

Table 34).purified nitríte reductase (Fraction V,

The experimental details are given in Section 2.6.7.
The reaction mixture in Vlarburg flasks, in a final volume of
I mI, contained the fotlowing: Tris-HCl (pH '2.5), 35 pmoles;

u"15uo, (27 atom % excess), 2 pmoles and 0.2 ml of purified
nitrite reductase enzyme (2.4 mg protein). The reaction was

started by injecting 5 ¡lmoles of sulphide solution into the
side arm via subaseal. At specified time, the reaction was

stopped by injecting 250 Ut of 10 M KOH into the fl_asks. The

gaseous prod.ucts were identified ín an A.E.r, mass spectrometer.

The results are expressed as rel_ative peak heights
(proportionar to concentrations) and have been corrected for
control values (without the enzyme).

NO (mass 3I)

CN O (mass 45)
2

NZ (mass 29) .

3

A
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Figure 59, Effect of NO gas on the spectra of purified
nitrite reductase reduced with sulphide.

Purified enzyme (200 UI of Fraction V, Tab1e 34) and
O.05 M Tris-HCI buffer (pH 7.5), in a final volume of 2.5 ml,
were dispensed into both sample (Thunberg) and reference
cuvettes. The side arm of the sample cuvette contained
10 pmoles of freshly prepared sulphide solution. The cuvette
was made anaerobic as d.escribed in Section 2.6"3. Sulphide
was mixed with the contents of the cuvette and incubated for
I0 min. Then NO gas \^ras bubbled through the reaction mixture
for 20 sec. The cuvet'Ee was then immediately cfosed under
the strearn of N, gas and the difference spectra recorded after
2 min. L

Figure 60. Effect of sulphide and dithionite on the spectra
of purified nitrite red.uctase treated with NO gas.

Purified nitrite reductase (200 UI) and 0.05 M Tris-HCI
buffer (pH 7.5) were dispensed into both sample and reference
cuvettes. After bubbling NO gas through the sample cuvette
for 15 sec, the enzyme was reduced with either 10 pmoles 52- or
2 mg Na2S2O4 and the following spectra were recorded:

NO-treated. enzlzme

2-
S added to A

N.ZSZO4 added to A.

A

B

c
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In subsequent experiments, the purified nitrite reductase

was treated with No gas for t5 sec in the absence of the reductant,

vJ-z. sulphide, to ascertain whether prior reduction of the enzyme

v¡as essential for the formation of the NO- enzlzme complex. Under

these conditions the absorption peak at 573 nm was not detected (Figure

60). The absorption bands at 525 and 645 nm, associated with the

purified nitrite red.uctase r/iere, however, replaced by peaks at 530

and 565 nm after treatment with No gas. The addition of sulphide to

this NO-treated enz)rme did not change the pattern of the spectra

except that the peak heíghts were lowered. On adding sodium dithionite

to the No-tTeated enzyme, the peaks at 530 and 565 nrn disappeared and

a small shoulder appeared at 573 nm.

3.2.L3.2 Dissociati.on of the NO-enzl¡me l-ex

The spectra in Figure 61 indicate that the absorbance at 573

nrû, due to the formation of a complex between NO and the sulphide-reduced

enz)¡me, decreased with tíme. rt was accompanied by the oxidation of

both cytochromes c and d. After a 30 min incubation, the absorbance

bands of reduced cytochrome c and. d and that at 5'73 nm disappeared and

two prominent peaks at 530 and 565 nm appeared. As mentioned earlier

similar peaks were observed on treating the enzyme with No gas in the

absence of surphide. The colour of the enzyme preparation at this

stage, had turned yeIlow and the pH of the reaction mixture was very

acid (pH 3.5).

3.2.13.3 Effects of pH, co, cN on the formation ancl díssociation

of the NO-enzyme complex

As noted in the preceding experiment, the pH of the reaction

mixture was markedly rowered after the treatment with No gas. The
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Figure 61. Effect of incubation time on the formation of
compl-ex between NO and su lphide-reduced. purif ied
nitrite reductase fFraction V Table 34).

Experimental details as in Figure 59 except that the
difference spectra \,vere recorded at the foll-owing times after
bubbling NO gas through the reaction mixture:

After 3 min

After I0 min

After 30 min

Figure 62. Formation of complex between NO and sulph-ide-

reduced r¡urified nitri te reductase at pH 10.2.

Experimental details are as in Figure 59 except that 0.1 M

Tris-HCl buffer (pH 10.2) was used. and dífference spectra were

recorded at the following times after bubbting NO gas through
the reaction mixture:

After 3 min

After I hr.
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effect'of NO gas v¡as, therefore, investigated in the presence of a

buffer of a higher ionic strength (0.IM Tris-HCr instead of 0.05M)

at pH I0.2. on bubbling NO gas through the sulphide-reduced enz)¡mes,

the peak aÈ 573 nm did not appear immediately (Figure 62). After

I hr, the absorbance bands of cytochromes c and d were markedly

diminished and this was accompanied by the appearance of a peak at

573 nm. The pH of the reaction mixture at this stage was 7.6.

From these results, it is apparent that the formation of the

NO- enzyme complex, at 573 nm, occurred at the neutral pH, while the

peaks at 530 and 565 nm appeared at acicl pH (berow 6.5). As previously

mentioned, when NO gas was bubbled through the enz]¡me (without

reductant) absorption bands appeared at 530 and 565 nm and the pII

of the reaction mixture was rowered to 2.3. However on raising t--he

pH to 6.5 with lN NaOH, the peak heights at 53O and 565 nm were markerJly

red.uced and at pH 7.8, they disappeared altogether (Figure 63). These

bands reappeared. on lowering the pH of the reaction mixture to 3.3

with N HCl.

Pre-treatment of the sulphide-reduced enzyme with CO for 5 min,

did not affect the formation of the peak at 573 nm when No gas was

subsequently bubbled through this preparation. co, however, derayed

the disappearance of the 573 nm band. (Figure 64) by about I hr.

Cyanide had no effect on either the appearance or disappearanse

of the absorption band at 573 nm (r'igure 65).

3.2.L3.4 Effect of NO on dissociated cytochrome c and haem d

The cytochrome c dissociated from purified nitrite reductase

was reduced with sulphide and then treated with NO gas. Instead of the
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Figure 63. Effect of ptt on the formation of complex

between NO and the purified nitrite reductase.

Purified enzyme (200 UI of Fraction V, Tab1e 34) and 0.1 M

Tris-HCI buffer (pH 7.5) were dispensed into both sample (Thunberg)
and reference cuvettes. No gas was bubbled through the sample
cuvette for 20 sec. pH of the NO-treated sample was 3.4. After
recording the difference spectra, pH of the reaction mixture was
progressively adjusted to 4.O,6.5 and 7.8 with 2N NaOH. The
absorption spectra at each pH value was recorded. pH of the
reaction mixture was then lowered with 2N HCI from 7.8 to 3.3 and
the absorption spectra recorded.

-^-A-A-A-A-

pH 3.4 or 4.O

pH 6.5

pH 7.8

pH of C lolered to 3.3.

Figure 64. Effect of CO on the formation and dissociation of
compl-ex between NO and sulphide-reduced purified
enzyme (Fraction V, Table 34).

Experimental details are as in Figure 59 except that CO

was bul¡bl-ed through the reaction mixture for 5 min prior to treating
it with NO gas for 20 sec. After the latter treatrnent, the
difference spectra was recorded at the following t-ime intervals:

After bubbling CO gas through the
reaction mixture

I hr after bubbling NO gas

A

B

c

D

2 hr after bubbling NO gas.
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Figure 65. Effect of cvanide on formation and dissociati on

of the complex between NO and sulphide-reduced
purífied nitrit e reductase.

E><perimental details are as in Figure 59 except that l_ mM

KCN was also included in the reaction mixture. Difference
spectra at following times, after bubbling NO through reaction
mixture f.or 20 sec, h/ere recorded:

After 2 nin

After 30 min.

Figure 66. Effect of NO on spectra of sulphide-reduced
cyto<:hrome c dissoci-ated from the cd complex

of fíed nitrite reductase

0.2 mI (3.6 mg protein) of cytochrome c component, isolated
from purifj-ed nitrite reductase by the pr:oced.ure given in section
2.5.8, v¡as dispensed into a cuvette containing 0.05 M Tris-HCl
buffer (pH 7.5). After reducing it with 52- as described in
Fi-gure 54, NO gas was passed through the reaction mixture for
15 sec.

S2--reduced spectra of dissociated
cytochrome c.

2 min after treatment of A with NO
gas.

A

B
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normal absorption bands at 523 and 549-554 nm, two peaks appeared at

530 and 565 nm (!-igure 66). A similar experiment with haem d showecl

that NO gas abolished the spectral bands at 405 and 680 nm.
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4. DISCUSSIOT{

4.L Nitrate reductase

Nitrate reductase is the first enzlzme ínvolved in both

assimilatory and dissimil-atory nitrate reduction in microorganisms.

Since in the latter process nitrate serves as an alternate terrninal

oxidant to O., dissimilatory nitrate reductase is generally integratedz-
with the respiratory chain of the organism. The association of ¡ritrate

reductase in ?. denitrificans with cel-l-membranes, shown in t-he present

investigation, confirms the earl-ier work of Adarns et al-. (197I) and

is in accord with its role in ceII respiration uncler anaerobic conditjons.

I¡fith the exception o1. Spir-i7Lum itersoni:i (Gauthie:: et a7., I97O) and

Cl-ostridium perfringens (Chiba and fshimoto, I973t 1977), respiratory

nitrate reductases from various bacteria, Escherichia coLi (Tida and

Taniguchi, 1959) , Pseudomonas aeruginosa (l'ewson and Nicholas, 19618),

Micrococcus denitrif icans (r,am and Nicholas I L969At B) , Aerobacter

aerogenes (Vanrt Ri.et and Planta, 1969), Pseudomonas denitrificans

(Radcliffe and Nicholas, l-97O) and Bac-i-Z-Zus stearothermophiTus (Kiszkj-ss

and Downey, L972) have been shown to be associated with the cell ¡nembranes.

Dissirnilatory nitrate reductase in ?. denitrificans d-iffers from

nitrate reductase in other organisms because the reduction of n-itrate

in this chemolithotrophic bacterium is linked to the oxidation of sulphur

compounds (Baalsrud and Baals::ucl , 1954¡ Peeters and Aleem, I97O¡

Adams et al-.0 I97L¡ Aminuddin and Nicholas, J-9748). The work presented

here confirms that nitrate was reduced, both in the PfOO fraction and in

the partially purified enzyme, when sulphite was the elect-ron donor.

In adclition, as reported by Adams et al-. (f971), NADH was also an effective
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reductant for nitrate reduction in the PI00 fraction.

fn the present investigation, the properties of sulphite- and

NADH-Iinked nitrate reductase activities were compared. The enz)¡me

activity with sulphite and NADH as electron donors had different pH

optima at 8.0 and 7.0 respectively. These values are similar to the pH

optima reported by Adams et al-. (1971). The sulphite-Iinked nitrate

reductase but not the NADH-linked enzyme activity was markedì-y sr.rppressed

in phosphate buffer. It is 1ike1y that this anion affected the sulphite-

tinked enz)rme by acting as a pseudo end product because of its chernical

simifar-ity with sulphate. This mechanism was proposed for the inhib:',-tion

by phosphat-.e of the sulphite : cytochrome c oxido-reductase from

ThiobacifTus thioparus by Lyric and Suzuki (19704).

The NADH-Iinked nitrate reductase activity was relatively morr:

labil-e than the sulphite-linked enzyme during storage and also at

elevatecl temperatures. Restoration of the NADH-clependent acti'¡ity of

the stored enzyme by GSH indicates the involvement of -SH groups and

its greater sensítivity to thiol bindíngr reagents, ví2. p-CMB and

iodoacetamide, than the sulphite-dependent activity further supports

this conclusion. The very marked inhibition of the sulphite-linked

activity by NEl4 was probably clue to the formation of an NEM-sulphj-te

conrplex (E]lis, 1964) rather than a direct effect on the enzyme. The

reo.ui rement of -SH groups for the activity of dissimilatory nitrate

reductases has been demonstrated in P. aeruginosa (Fewson and Nicholas,

19618), M. denitrificans (Lam and Nicholas, l-9698) and. P. denitrificans

(Radcliffe and Nicholas, 1970). Highly purified nitrate reductases from

M. hal-odenitrificans (Rosso et a7., 1973), E. cofi (Forget, 1974) and

M. denitrificans (Forget, 197I), aI1 contained labile sulphide.
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The results presented herein indicate that both the suJ-phite- and

NADH-linked nitrate reductase activities in ?. denitTifica¡ts were affectecl

by the inhibitors of electron transport chain. The differential

sensitivity of the nitrate reductase activity with these reductants

towards flavoprotein inhibitors suggests the invol-vement of two different

flavoproteins or dehydrogenases for the transfer of electrons from

sulphite and NADH to nitrate. The isolated FAD from the solubilized

sulphite-linked nitrate reductase, as repor:ted herein, suqgests that it

functions as an efectron carrier for the enzyme. A requirement for

flavins for dissimilatory nitrate reductases has been demonstrated in

E. coLi (Taniguchi et a7., 1956) , Achromobacter fisheri (Sadana. a-n<1

McElroy, 1957), P. aeruginosa (Fervson and Nicholas, 19618) and

M. denitri.ficans (Lam and Nichol-as. f9698). Assimilatory nitrate

reductases from various organisrns are also flavoprotein (Nason, 1962) .

Downey (1962) has shown that U.V. light destroys vitamin K

type electron carrj-ers. The d-iminished activíties of both the sr-rlphi-t-e-

and NADH-linked nitrate reductase after exposure to U.V. Iight thus

indjcates that a quinone is required for nitrate reduction in

T. denitrificans. This was confirmed by the inhibition of both these

activities by a quinone antagonist, dj-cunarol.. The failure of

exogenously supplied ubiquinone to restore nitrate recluctase activity

in the U.V.-irradiated P100 fraction of T. denitrif-icans may weII be

due to the damaged quinone remaining tightly bound to the membranes

(Knook and Planta, 197f4) . Ubiquinone has been implicatecl in the

reduction of nitra-te in other gram-negatíve bacteria including E. coLi

(Itagaki, L964; Enoch and Lester, I97A) , A. aerogenes (Knook and

Planta, 19718).
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As reported herein, nitrate red.uction in PI00 fracÈion with

either sulphite or NADH as reductant was inhibit.ed by ant.imycin A

which bl-ocks the transfer of electrons between cytochromes .b and c.

A role for cytochromes b and c in sulphite-linked. nitrate reduction

has been inferred earl-ier by Peteers and Al-eem (1970), Ad.ams et af .

(1971-), and Aminuddin and. Nichoras (19748) . As shown in the current

investigations, spectral changes in the PIOO fraction, c¡n its recluction

wíth either sulphite or NADH and its subsequent oxid.ation rvith nitrate

provides further evidence for cytochrome c as an efectron carrier in

the reduction of nitrate. Several other observations confirm this

view. Thus a cytochrom" 
"554, isolatecl from the soLubilized nitrate

reductase, was reduced by sulphite in the presence of catalytic amounts

of nitrate reductase. This reduced cytochrome 
"554 ".rred as effective

electron donor for nitrate reduction. Thc low K* value of purified

nitrate reci.uctase for the reduced cytochrom. 
"554 indicates a hiqh

affinity of the enzyme for this electron carrier. Because the redox-

potential of nitrate/nitrite couple at pH 7.0 is +42f mv (Burton, rg57),

the reduction of nitrat-e via cytochrome c'rn (Uå = +223 mV) is

thermodynarnically possible.

The molecular weight and the redox-potential of the cytochrome

c'rn isolated from the solub-ifized nitrate reductase from ?. denitrificans

was simj-Iar to that of mammalj-an cytoctrrome c (Dutton et a7., 1970) .

A cytochrome of the c type, with a red.ox-potential of +27o mv, prepared

from ?. dcnitrificans also rnediated electron flow between thiosulphate

or sulphite and nitrate (Aubert e.t aJ., r95B; Mirhaud et a7., r95g) .

The participation of cytochrome c in nitrate reduction in

T. denitrificans, as reported in the present work, contrasts with many
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of the other facultative anaerobic bacteria where electrons are

diverted to nitrate from cytochrome b of the respiratory chain. Thus

cytochrome .b has been shown to be the penultimate electron donor for

nitrate reduction in E. col-i (Itagaki et a7., 1962¡ Ruiz-Herrera and

DeMoss, 1969i Enoch and Lester, I974i Garland et a7., 1975) r -

M. denitrificans (Scholes and Srnith, 1968i Lam and Nicholas, 19698),

P. denitrificans (Radcliffe and Nicho1as, L97O) , B. stearothermophiTus

(Kiszkiss and Downey, I972A) and .4. aerogenes (Van't Riet et aL., L972¡

Knook et aJ., 1973). Only in P. aeruginosa (Fewson and Nichol-as, 19618)

and in E. cofi (Gray et aL., 1963; Fujita and Sato, l-966) does

cytochrome c function in nitrate reduction. The physiological significance

of the oxidation by nitrate of reduced cytochrome cUU, ín E. co-Zi has

however been questioned since this cytochrome is believed to be invol-ved

in nitri'te but not in nitrate reduction. A purified nitrate reductase

from .ã. fisheri showed cytochrome c type absorption spectra (Sadana and

McElroy, 1957).

The requirement of molybderlum for nitrate reduction with eithe.r

sulph-ite or ItrADH as the reductant was indicated in the present studies

by the inhibitory effects of dithiol and thiocyanate which are known to

chelate this micronuLrient (Meriwether et a7. , 1966) . Molybdenum is a

constituent of purified nitrate red.uctase in M. denitrificans (Lam and

Nicholas, 19698) and. its participation in nitrate reduction was confirrned

by ESR studies with the enz)'me fror,L P. aeruginosa (r'ewson and Nichol-as,

19618) and ltf . denitrificans (Forget and Dervartanian, 1972) .

Inhibition of nitrate reductase from ?. denitrificans by azicle

and cyanide with either sulphite or NADH as the reductant reported in

thís thesis is in agreement with the results for the enzyme in E. col-i



I78.

(Iida and Taniguchi, I959; Forget, L974) and ¡1. denitrificans (Forget,

1971). However the assimilatory nitrate reductases are less sensitive

to azide (Payne, 1973). I'he competitive inhibition of nitrate reductase

by azide and the non-competitive effect of cyanide with respect to

nitrate, are among some of the properties which distinguish this enzlzme

from the assjmilatory type (Pichinoty, 1964).

The competitive inhibÍtion by chlorate with respect, to nitrate.,

observed in this rdork, suggests that it acts as an alt-ernate substrate

for the enzyme. This is in accord with the effect of chlorate orr

respiratory nitrate reductases from several other microorganisms (Fewson

and Nicholas, 19618; Hackenthal and Hackenthal, 1965; Payne, L973).

The particulate nitrate reductase from ?. denitrifjcans was

solubilized by sodium deoxycholate treat-ment. After tr:eatment of the

P100 fraction with the detergent, the specific activity of the sul.phite-

linked nitrate reductase increased, whereas the NADl-f-dependent enz)rme

was inactivated. A similar loss in NADH-linl-,ed nitrate reductase after

its dissociation from cell-membranes has been reported -in itf. denitrific:ans

(Lam and. Nicholas, 1969B) , P. denitrificans (Radcliffe and Nicholas, L97O) ,

B. stearothermophiJus (Kiszkiss and Dor.*rney, I972A). This loss in enz)¡me

activity has been attribrrted to the disruption of electron flow from NADII

to nitrate (Kiszkiss and Downey, 19728). fn B. stearothermophiTus, the

activity of the solubilized enzl'me was restored on adding dival-ent

cations especially ¡qg2* (Kiszkiss and Downey, Ig72B). In the present

stud.ies, the NADH-linked nitrate reductase of the deoxychol-ate treated.

P100 fraction was partially restored on adding PMS and almost completefl'

with menadione. In additionr menadione alleviated the effects of varj-otrs

inhíbitors, viz. atabrj-ne, rotenone, HQNO and antimycin A on the IIADH-
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linked but not the sulphite-1j-nked. ¡ritrate reductase activity. This

effect is probably associated with an actíve NADH : menad.ione reductase

which in the presence of menadione transfers electrons from NADH

directly to cytochrome c. In fact in E. coli, Medina and Hered,ia

(1958) have described an NADH-dependent system coupled to menadione

reductase which utilj-zed vitamin K3 as an electron carrier for the

reduction of nitrate. The presence of NADH-depend.ent menadione-

reductases has been demonstrated in E'. coLi (Bragg, 1965) and in

Mgcobacterium phlej (Asano et a7.t 1965).

From the results presented in this thesis, it may be concludecl

that the reducing equivalents from either sulphite or NADH are

transferred to nitrate vja the electron transport chain composed of

flavins, quinone, cytochromes b, c and finally to the Mo-containing

nítrate reductase. Nitrate reductase activities with sulphite ancl IüADH

respectively as the reductants, however, showed some importanL clifferences:

the greaterdependenceof NADH-linked activity on -SH groups, inactivation

by deoxycholate treatment of the NADH system only,, differential effect-s

of flavin i¡rhibitors and difference in their pH optirna, indicate that

the electrons from these two reductants are donated at separate sites in

the electron transport chain. Similar inhibitory effects of dicumarol,

U.V. irradiaÈion, antimycin A, metal chelators and the observecl involvement

of cytochro*" 
"554 

in both the sulphite- and NADH-linked nitrate reductase

activities indicate that the components of the electron transfer chain

beyond the ffavins are common to both systems.

Duri-ng the present investigation, a comparison was made between

the sulphite oxidizing systems with nitrate and O, as terminal el-ectron

acceptors. Sulphite-linked O, uptake and nitrate reduction was maxi¡nal

in the P100 fraction, indicating that both systems were associated with
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similar ceII membranes. Kodama and Mori (1968) found that the sulphite

oxidizing system linked lo O, was associated with cell membranes in

ThiobaciLlus thiooxidans.

In the present worli it is shown that as with nitrate reductase,

sulphite and NADH were effective reductants for O, uptake. The inhibition

of sulphite-linked O, uptake by thíol-binding agents, reported herein,

has been observed for sulphite oxidizing systems in Thiobaci l.l.us nove-l-7.us

(Charles and Suzul<-i, 1966) and. Thiobacil-l-us thioparus (Lyric and Suzukj-,

1970A,). However, a particulate sulphite oxidase from ?. thiooxidans

was insensitive to -SH group inhibitors (Kodama arid Mori' l-968).

Sulphite-liñked O, uptake and r-ritrate reduction are shown here:in

to be affected to about the same extent by various inhibitors of the

electron transport chain , viz. rotenone I atabrine, dicumarol , HQltlO

and antimycin A. Peeters and Afeem (1970) however observed aerobic

oxidation of sulphite in ?. denitrifica¡ls was markedly l-ess sensitive to

rotenone than was the anaerobic oxidation of sulphite.

In the r,vork prese¡rted here, the

is more susceptible to cyanide than the

whereas the reverse was true for azide.

sulphite-dependent O, uptake

sulphite-1j-nked nitrate recLuctase

The assocj-ation of O, uptake ancl nitrate i:eduction with the same

cellular fraction, their identical requirements for the recluctarts and

comparable sensitivities to the various inhib¡itors of the respiratory

chain indicate that as in the other nitrate dissimilatory bacteu ia, the

reducing equivalents were transferred from sulphite and. NADH to either O.

or nitrate via a common respiratory chain.

On the basis of these observations, the foilowinq scheme is

proposed for the transfer of electrons from sulphite and NADFI respectívely
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to nitrate in ?. denitrificans.
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The inhibitory effects of NAD+ and 5'-AMP on the NADH-linked

nitrate reductase reported herein, are probably important in conservii-lg

NADH for the anabolic reactions of the celI. In chemolithotrophic

bacteria including f. denitrificans, the incorporation of CO, into carbon

compounds requires a supply of AfP and NADH. fn these bacteria, ATP is

produced from the oxidation of inorganic compounds whereas, NADH is

generated through an ATP-d.riven reverse electron fl-ow (Aleem et aJ.,

1963). The present investigation shows that in ?. denitrificans NADH

is also oxidized via the respiratory chain by either nitrate or Or.

Therefore the observed effects of NAD* and 5'-AMP on the NADH-línked

nitrate reductase activity are probably i:nportant in regulating the

rate of NADH oxidation. The positive cooperative effect of NADH on

the NADH-linked nitrate reductase in the SI8 fraction indicates that

this nucleotide would be utilized at an accelerated rate only when

present at relatively high concentrations. Whenever its concentration

1

Rotenone



I82.

ín the ceIl declines, the accumulated tlAD+ besides inhibiting the

NADH-linked enzyme would also suppress the positive cooperative

effect of NADH on nitrate reductase. Thus under conditions of a

limited supply of NADH, the accumulated NAD+ would restrict the

utitization of NADH for nitrate reduction and conserve it for anaboliê

reactions.

The inhibition of the NADH-Iinked nitrate reductase Ì:y 5r-AMP

suggests that its activity is also controlled by the energy status of

the bacterium. Whenever the concentration of ATP in the ceII diminishes,

elevated concentrations of 5r-AMP, produced from the action of adenylate

kinase on ADP, would decelerate the utilization of NADH by nitrate.

Such a regulation in chemofithotrophic bacteria, in which NADII is

generated rzia an ATP-driven reverse electron flow, is essential

particularly when the concentration of ATP in the cell is low. These

findings are pertinent in view of the proposal by Aleent (L917) that

the functioning of electron transport chain with respect to the forwar:d

and reverse electron flow could be dependent on the phosphorylation stat-e

of the adenine nucleot-ides. Thus the control of NADH-l-inked ni-trate

reductase by NAD+ as wel-l as erlergy charge of the bacterium may weII be

of physiologicat importance. Respiratory NADH-oxidase ín Mgcobac'teri.un

tubercul-osis (Worcel et af . , f 965) and. Mrlcobacterium phl-ei (Bogin et aJ.. ,

L969) and NADH-dehydrogenase from E. coii (Dancey and Shapiro, 1976)

are also known to be regulated by Nan+, AMP and Pi.

4.2 Nítrite reductase

The association of nitri-te reductase with the cell membranes in

denitrificans reported in the present investigation contrasts withT
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the soluble dissimilatory nitrite reductases in the other denitrifying

bacteria (Radcliffe and Nicholas, 1968; Lam and Nicholas, l969Ci Newton,

1969¡ lwasaki and Matsutrara, 1972¡ Cox and payne, 1973). The present

work also shows that the P100 fraction from ?. denitrificans contained

an active sulphide-l-inked O, uptake system in addition to the sutphide-

Iinked nitrite red.uctase. Thus the oxidation of sulphide in thj.s

fraction was linked to either nitrite or O^ as a terminal oxidant.
¿

The activity of nitrite reductase in this bacterium was also

linked to the oxidation of sulphide" None of the other sulphur

compounds examined was effective in reducing nítrite. Although the

intact celfs reduce n.itrj-te with thiosulphate as a reductant (Baalsrud

and Baalsrud, 1954¡ Ish.rque and Afeem, I9'l 3), in the present investiEab,ir:ns,

thiosulphate was not effective for nitrite reduction in the Pl-00 fra-ct-ion"

Às pointed. out by Aminuddin (L91 4), it is 1ike1y that an enzyme syste.-n,

probabJ-y the cleaving enzyme, required for the oxidation of thiosulphate

rzja nitrite recluctase, was either inactivated or removed during the

preparation of the PI00 fraction.

Besides sulphide, nitrite reductase in P100 fraction functior¡ed

with either NADH plus menadione or rvith ascorbate in conjunctj-on with

various electron carriers , viz. PMS, DCf P, TI'IPD as donor systems.

The purified nitrite reductase although active with sulphide and ascorl¡a,te

plus PMS did not util-ize NADH plus menadione as a reductant. This effect

was probably due to either the inactivation or removat of the NADH-

dependent menadione reductase which med.j-ated the transfer of electrons

from NADH r¡ia menadione to nitrite reductase.

During these investigations, the effects of various inhibitors

on the sulphide-Iinked nitrite reduction ancl O, uptake were examined.



IB4

Both activities were inhibited by p-CMB, iodoacetamide and NEM.

The more pronounced inhibition by NEM was probably due to the formation

of a complex between sulphide and NEM (nttis , L964). The effect of

these inhibitors indicates a requirement for -SH groups for the two

activities and is in accord with the properties of dissimilatory nitrite

reductases from P. aeruginosa (Wa1ker and Nicholas, 196I) and

P. denitrificans (Radcliffe and Nicholas, 1968).

The results presented in this thesis show that the inhibitors

of the respiratory chain did not affect the sulphide-linked nitrite

reductase or o, uptake. The insensitivity of these reactions towards

inhibitors of the electron transport chain (except d.icumarol) i.ndicates

the non-involvement of some electron carriers of the respiratory chain

for the transfer of electrons from suiphide to either nitrite or Or.

Ishaque and Al-eem (L973) have a.lso observed that sorne inhibi.tors of

the electron transport chain did not affect nitrite reductase activity

in the cells of T. denitrificans. They attributed this to the

modification in the path of efectron transfer in the presence of excess

of nítrite and proposed. that the electrons vzere transferred directly

from a flavoprotein system to nitrite. However the work reported herein

precludes the invol-vement of either flavin or cytochrome b in the sulphide-

dependent nitrite reduction in the P100 fraction or in the purified enz)¡me.

The inhíbition of the sulphide-dependent nitrite reductase and

O, uptake in the P100 fraction by cyanide, 2,2r-bipyridyl, O-phenanthroline

and 8-hydroxyquinoline indicates partici.pation of transition metal (s) .

During these studies, the purified nitrite reductase has been shown to

contain iron but not copper. These effects of the metal chelating agents

on the nitrite reductase are similar to those reported for the respiratory

nitrite reductases from other bacteria (Walker and. Nicholas, 196I;
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Radcliffe and Nicho1as, 1968; Lam and Nicholas, L969C; Iwasaki and

Matsubara, L972) .

The combined results on the nature of the reductants required and

effects of the inhibitors of the electron transport chain on the

sulphi<le-tinkecl nitrite reductase and O, uptake activities indicate that

the reducing equivalents are transferred from sulphide to either nitrite

or' O^ rzja the same electron transfer chain. Lam ancf Nicholas (I969C)
2

also concl-uded that in 14. denitrif icans I the oxidat-ion of NADH and

succinate with either Q, or nitrite as the terminal- electron acceptor

was mediated rzja the same electron transport system.

During the invest-i-gation reported herein, the membr:ane-bound,

sulphide-linlcecl nitrite reductase was dissociated from the membranes of

celIs treated wi.th col-d acetone. The solubilized enzyme was purifie,l

twenty-fold and had a mol.ecular weight of I2O,000 daltons. Although

thjs value is sl-ightly higher than that of 90,000 daltons of t-he

crystalline enz)rme from Ä-ZcaTigenes faecaLis (Ìwasaki and Matsubara, I91l-)

it is in agreement with the molecular weight of 120,000 dal-tons for

nitri'te reductase from ltI . denitrificans (Larn and Nicholas, I969C¡

Newton, 1969) and of l-21-,0O0 daltons of P. aeruginosa (Gudat et al--,

1973).

As with the enzyme from 1t4. denitrificans (Lam and Nicholas' 1969C)

and P. aeruginosa (Horio et al-.,19614; Gudat et al-.,1973) the pur-ifierl

ni-tríte reductase from T. denitrificans did not contain ccpper. Hov¡ever,

as for P. aeruginosa (Gudat et a7., 1,973) iron was preserrt in the purj.fied

enzyme frorn ?. denitrificans.

The results presented in this thesís show that on adding sulphide

anaeïobically to either PIOO fraction or the purified enzyme, a composite

spectra for cytochromes c and d were obtained. The spectra of the
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cytochrome c component of the cd compLex of the purified enzyme,

however, differed from that of mammalian cytochrome c. A bifurcated

a-band of the bacterial cytochrorne c \.vas produced on adding reductant

and it had a lower a,/ß absorbance ratio than mammalian cytochrome c.

The spectra of cytochrome d of the reduced enzyme showed that the

absorbance of its Y-band was much smaller. The absorbance ratio of

c,/y bands of cytochrome d was markedly influenced by pH of the reaction

mixture. The cytochrome d component of nitrite reductase was red.uced

by alkali.ne pyridine even in the absence of a reductant. Thus cytochrome

d of the cd complex showed characteristic features of a chlorin haem"

Cytochrome d of the enzyme from P. aeruginosa (Yarnauaka and Ol<unuki,

I963C) and /{. denitrificans (Newton, 1969) have also been identified

as a chlorin derívative of haem d.

As reported herein, the sulphide-reduced cytochromes c and d

of either the P100 fraction or: the purified nitrj-te reductase were

oxidizecl with nitrite but not with nitrate. These results signify

that the sulphide.-reduced cytochromes c and d participate in t--he

reduction of nitrite. Nitrite reductases from P. aeruginosa (Flori-o

et a7., 19614), which was initially studíed as a cytochrome oxid¿rse

but referred to as nitrite reductase in a later communication (Yarnanaka

and Okunuki. I974) and from M. denitrificans (Lam arrd Nicholas, I969C;

NewLon, 1969) and .4. faecal-is (Iwasaki and Matsubara, f971) afso contain

cytcchromes c and d. As with the enzl-me frorn P. aeruginosa (Horio

et al-., 19614) and Ä" faecaTis (Twasaki and Matsubara, J-97l-), it is

shown in this thesis that the purified nitrite reductase from

T. denitrificans contained cytochromes c and d in 1 : I molar ratio.

The results for the reduction and reoxidation of cytochromes c and d

of the purified nitrite reductase, report-ed herein, indj.cate that the
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reducing equivalents from sulphide are transferred first to cytochrome

c and then to cytochrome d which acted as an imrnediate electron donor

for the reduction of nitrite. A similar sequence of reduction of

cytochromes c and d was observed in P. aeruginosa (V,Iharton et aJ. ,

L973¡ Shimada and Orii, 1976). The proposed sequence of electron

transfer f.or cd complex frorn ?. denitrificans vras further confirmed by

a more positive redox-potential of cytochrome d than for cytochrome c.

Hordever, the redox-potential of cytochrome d of the enzyme from

P. aeruginosa was more negative than that of cytochrorne c (Horio et a7.,

19618; V'Tharton et a7., L973¡ Shímada and Orii ' l-9'16).

During purification of nitrite reductase, cytochro*. 
"55-l-

and cytochrome "554 
*"t. isolated. Cytochromes .55I -td 

"554 
fto*

P. aeruginosa (Horio et aJ-. , 1958) and cytochrome "552 
ft"^

M. denitrificans (Smitl-¡ et al-., 1966) have al-so been separated. rn

addition to these species of cytochrome c, a blue protein was also

recovered. from P. aeruginosa (Horio, 1958i Guda*' et a7., 1973) . This

blue proteín, which in its reduced state functíoned as a red.uctant for:

cytochrome oxidase and nitrite reductase in P. aeruginosa (Yamanaka and

Okunuki, 19634; Gudat et al-., 1973), was however not detected during l-Lie

purification of nitrite reductase from ?. denitrificans.

Catalytic amounts of cytochto*u "551, 
iso-j-ated from

T. denitrificans during the present investígation, significantly erihanced-

the -ulphide-linked nitrite reductase activíty. This effect was quite

specific since neither cytochromu "554 
nor manìmalian cytochrome c

stimulated enzlzme activity. Thus cytochrom" 
"551 

is involved -in

transferring electrons from sulphide to nitrite. This rn'as further

supported by the observation that reduced cytochrom" "55I but not

mammalian cytochrome c served as an effective reductant for the purifiecl
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nitrite reductase. Reduced forms of cytochro*. 
"551, 

isolated from

P. aeruginosa (Horio et a7., 19614; Yamanaka and Okunuki, 1963.A,) and

cytochromu 
"552 

from M. denitrificans (Smith et al., 1966) have al_so

been shown to serve as el-ectron donors for purified nitrite reductases

and cytochrome oxidases in these microorganisms. In addition as shov;n

herein for nitrite reductase from ?. denitrificans I the specificity of

the enzyme towards cytochrom" "55I as a reductant was al-so observed

in P. aeruginosa (Yamanaka and Okunuki', 19614) .

The purified nitrite reductase from ?. denitrificans also

exhibited a sulphide-l-inked cytochrome oxidase activity. As with

nitrite reductase, this cytochrome oxidase activity was also stimulated

by cytochto*" 
"551 

and in its red.uced state it was an effective reductant

for cytochrome oxidase activity.

The results presented in this thesis indicate that nitrite

reductase arnd cytochrome oxidase have several common properties" 1'hese

include their identical requirements for reductants, similar effects of

various inhÍbitors of the respiratory chain in P100 fraction, involvement

of cytochromes c and d in these reactions and a functional role for

cytochrom. 
"551 

for both these activities. From these results it can

be concluded that as in P. aeruginosa (Yamanaka and Okunuki, 19634)

and M. denitrificans (Lam and Nicholas, 196IC, *.raorl, Lg6g), these

two activities are associated with the same enz)¡me which functions with

either O, or nitrite as a terminal electron acceptor. The purified

cytochrome cd complex of .4. faecal-is was a-lso reported to possess both

nitrite reductase and cytochrome oxid.ase activities (fwasaki and

Matsubara, L97L). In the present investigation, since the bacterium
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were grown anaerobically with nitrate, the physiological function

of this enzyme is for nitrite reduction. This is confirmed' by a

higher specific activity of the purified enzyme for nitrite reduction

than for cytochrome oxidase act-ivity. On the basis of the turnover

mrnibers for nitrite reductase and cytochrome oxidase activities of

the purified enzlzme from anaerobically grown cells of P. aeruginosa

(Yamanaka and Okunuki, 1963A.) and M. denitrificans (Lam and Nicho1as.

I969C¡ Newtou, 1969) , j-t was concluded that in these bacteria also

the physiological functj-on of the enz)rme was for the reduction of

nitrite.

As reported earl-ier, the sulphicle-reduced, purified nitríte

reductase was oxidized by either nitrite or OU. On oxidation of the

sutphide--reduced enzyme with nitrite' a prominent shoulder appeared

at 573 nm v'hich was not observed when O, was the oxidant. The appeal:ance

of this band was probably associatecl with the formation of a complex

between the enzyme and a product of nj-t-rj.te reduction. A similar peak

was obtained on flushing the sulphid.e-red.uced enzyme rvith NO gas but

not by eibher N2O, N2 or nitrate, Thus this spectral effect-- rvas prodr.rced

by an interaction between NO and the reducerl enzyme. The decrease

in the absorbance at 573 nm with time. noted during the present

investigation, suggests that NO was reduced further by the purifJ-ed

nitrite recluctase. Rowe et al-. (I971) 
)also recorded an absorption

peak at 572 nm on passing NO through cell-free extracts of P. aeruqinosa

ancl they a1so demonstr:ated that its disappearance vüas associa'bed with

the production of NrO gas. The formation of similar peak at 572 rt¡

was also reported during the oxidation of a reduced nitrite reductase

from P. aeruginosa by nitrite (Yamanaka et af., 196I; Yamanaka and

Okunuki. 19638) or aft-er passing NO gas through a purified preparation of

nitrite reductase (Yamanaka and Okunuki, 19638; Shj.mada and Orii, 1975).
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The results of present investigations with 
". 

denitrificans

also show that in addition to the NO complex with the sulphide-reduced.

enz)¡me, two absorption peaks at 535 and 565 nm were produced. when NO

was passed through the purified enzyme in the absence of sulphide,

These peaks were observed. at acid pH only (6.5 to 4). These spectral

changes were associated with the formation of a compl-ex between the

oxidized enz)rme and NO, because in the absence of the gas these effects

were not observed. Shimada ancl Orii (1975) aLso reported the appearance

of twin peaks at 529 and 560 nm at acid pH with the oxidized enz)zme

from P. aeruginosa, treated with NO. Similar bands were obtained during

the present studies, on passing NO through the dissociated cytochrome c

of the cd complex of ?. denitrificans. Thus the absorption peaks

at 530 and 565 nm result from an interaction of NO with the cytochrone c

component of the cd complex.

The products of nitrite reduction by the purified enzyme

from ?. denitrificalrs hrere No and NrO. fn contrasto the pur.'i.fied nitrite

reductase from P. aeruginosa (Vialker and. Ni.cholas, :..96I), P. denitrif i.cans

(Radcliffe and Nicholas, 1968) , M. denitrificans (Lam and Nicholas, 1969c)

and P. perfectomarinus (Payne et aL., 197f) prod.uced NO on1y. However,

highly purified nitrite reductase from .å - faecal-is (ltîatsubara and

Iwasaki, 1972) reduced. nitrite to NO and NrO, in agreement \,víth the

resul-ts reported herein. The reduction of NO to NrO by the purified

nitrite reductase from Ä. faecal-is may tdt ¡" physiologically significant

in vicw of the presence of another particulate nitric oxide reductase

with a lower K_ for NO. Whether a separate nitri-c oxid.e reductase
m

occurs in ?. deni.trificans is not known. In P. perfectomarintts nitrite,

NO and NrO reducing fractions have been isolated (Payne et a7., 1971).
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As reported herein, cytochrome c and haem d were cleaved

from the purif ied nitrite reductase by treating tlle enz)zme with SDS.

The purified enzymes from P. aetuginosa (Yamanaka and Okunuki, 1963C)

and /t4. denitrificans (Lam and Nicholas, 1969C) were dissocíated into

haem d and a protein containing cytoctrrome c components by an acid-

acetone treatment of the enzyme. ln the present investigation nej.ther

the separated cytochrome c nor haem d, either singly or when mixed

together, showed nitrite reductase or cytochrome oxidase activity.

This contrasts with a report by Kijimoto (1968) tl-rat a cytochrome d

fraction, obtained after sucrose-density gradient centrifugation of

tlre SDS-treated nitrite red.uctase fr:om P. aeruginosa, catalyzed the

reduction of nitrite. Since their cytochrome d preparatj.on cont--ained

appreciable amounts of cyLochrome c, it cannot be concfuded that

the former component alone functions as a ¡.itrite reductase.

On the basis of the propert-ies of nitrite reductase described

in this thesís, the following scheme is proposed for the sulphide-l-inked

nitrite reduction i-n ?. der¡itrificans:-

,)_
S.

oz

Nitrite reducLase
t0; -' No -+N^O¿z

The preserrt investigat-1-on indicates that nitrate and nitrite

reductases :l-n ?. denitrifica¡s have soné enz)rmic properties that are

similar to those in other denitfifying bacteria. The main important

d.j-fferences are associated with the recluced suJ-phur compounds which

serve as physiological electron donors for these enz)¡mes. This

unusual requirement for sulphite and sulphide as the reductari:ts for

nitrate and nitrite reductases respectively correlates well with the

Cytochrome ca
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unique physiology of this chemolithotrophic bacteria which couples

the oxidation of these reduced inorganic sulphur compounds with

denitrification.

From the results presented in this thesis, it is concluded

that the reducing equivalents from sulphite and sulphide to nitrate

and nitrite respectively are transferred rzja different electron

carriers.

An integrated electron transfer scheme coupling the oxidation

of sulphite and sulphide to the reduction of nitrate and nitrite

respectively, involving different carrier systems, is as follows:-

o2

î
NOt + NO --> Nz.O

s2- ____+ Cyt."sSt

Nitrite reductase o2

Cfi.. cd
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