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reduced form,.
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Flavin adenine dinucleotide and its reduced form,
Benzyl viologen and its reduced form,

Nethyl violagen and its reduced form,
Diethylaminoethyl—-ellulose,

Ethylenediamine tetraacetic acid,
p-Hydroxymercuribenzoate,
p-~Chloromercuribenzene sulfonic acid.
5,5'=-Dithiobis(2-nitrobenzoic acid),

Sodium borohydride,

Sodium dodecyl sulfate,

2~-Mercaptoethanol.

1=Dime thylaminonaphthalene-~5~gulfonyl chloride,
Guanidine hydrochloride.

Svedberg unit (10’135ec) of sedimentation
coefficient,

Fick unit (10 'cm?sec™') of diffusion

coefficient,

Revolutions per minute,

Optical density,

Nanometer.

Microgram or micrograms,
Micremole or micromoles,

Times normal gravitational force.

Sulfhydryl or thiol groups.,



—-SeSe- Disulftide group,
en Gram or grams,

hr Hour or hours,
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Chapter 1

INTRODUCTION



E ECT RGANIC NITROGEN METABOLISM AND THE
SCOPE OF LITERATURE DURVEY

The ultimate source of nitrogen for all forms of life is
inerganic nitregen, Frea an ecological peint of view, all plants
and many mierecerganisms capable of converting the nitregen atom
from its various oxidised states to the level of ammonia and
amine groups are ultimately responsible for previding organie
nitrogen te the many heterotrophic forms of life, Virtually all
animals and numerous microorganisms ocan fulfill their nitrogen
requirement only from exegenous supply of organic nitrogen, and
- to-a lesser eslitent ammonia, for they lack the biechemical
machinery fer transforming the more oxidised states of inorganie
nitrogen to this level,

The essential features of inorganic nitregen metabolism
revolves about oxidation-reduction reactions, The nitrogen atem
has a variety of oxidation states ranging from the disputed
oxidation level of plus six as represented by the presumed short
half-lived loa(l) upto the oxidation level of minus three as
represented by ammonia (Table 1). With the exeeption of the
controversial plus six oxidation state, each has been implicated
in the inerganic nitregen lotabolisiret elther intact organisa
or gell-free preparations, Howvever, of all the oxidation states
of nitrogen, nitrate, molesular nitrogen, and ammonia are the

most widely distributed in natures



IABLE 1
) § P EN A
Oxidation Compound Hydrate
State
+ 6 Nitrogen peroxide (NO3) Pernitrous acid (HgNO,)
+ 5 Nitrogen pentoxide (NyOg5) Nitric acid (HNOs)
+ 4 Nitrogen tetroxide (8203) -
+ 3 Fitrogen trioxide (Ny0z;) Nitrous acid (HNOy)
+ 2 Nitrogen dioxide:
Nitric oxide (NO)
+ 1 Nitrogen monoxide: Ryponitrous
Nitrous oxide (N, 0) acid (323202)
Nitramide (NOZNHZ)
0 Nitrogen (N;) -
-1 Hydroxylamine (NHEOH) -
-2 Hydrazine (lBéNHz) -
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Reeently, the scepe of interest in biologieal reduction
of nitrate and other nitrogenous oxides had broadened. The
current interests can be catiporisod as follows:
1) Isolation, purification and characteriszation of
ensymes and eytochromes involved in the various
redustive steps (2-8).
11) Identification of electron donors and organic amd
inorganic components of eleetron transport chains
linked to reduction (6-9).

111) Determination of mechanisms that control synthesis
and funetioning of the reductive enzymes (10-12).

iv) EBstimation of the agrisultural and ecological impact
of nitrate reduction on biological interactions in
soil, sewage and water (13-15),

Health hazards resulting from the consumption of nitrates

or nitrites and economic losses are being considered (16,17).
Presenlly available data applicable to humans whether pertaining

to methemoglobinemia, nitrosamine formation or other possible
effects of nitrate and nitrite, provide no basis for alarm (16-17).

The literature revieved in this chapter deals mainly with
studies on nitrite reductases from bacteria, fungi and higher
plants with a brief reference to nitrate reductase. No attempt
has been made to eover exhaustively all the aspects of nitrite
reduction, Instead, the emphasis has been plaeced on those
aspects (purificatien, physico-chemical properties and kineties)
gxtt which form the subject matter of this thesis and also those

where substantial progress has been made in recent years,
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The recent reviev by Payme (18) on reduction of
nitrogenous oxides as well as those published earlier by Nason
and Takahashi (19), Nason (20), Hewitt and Nieholas (21),
Takahashi, Taniguchi and Rgami (22) and Beevers and Hageman (23)
on this subjeet were of great help in writing this ehspter,

§ECTION II
METABOLIGM OF NITRATE

The biological reduction of nitrate to nitrite ocours in
a variety of bacteria and fungi as well as in algae and higher
plants. A number of classificationchave been proposed for
various types of nitrate reduction (19,24-27) but none has been
found satisfactory. Jensen (28) suggested five categories
according to the products of the reaction whereas Verhoeven (24)
differentiated between three types of nitrate reduction, thus:
(a) 'assimilation' in which nitrate is reduced only for the
elaboration of nitrogenous cell materials, (b) ‘incidental
dissimilation' in which nitrate aets as a non-essential hyirogen
accepter, (e) ;truc dissimilation® in which nitrate acts as the
essential hydregen asceptor which enables the organisam to grow.
An entirely different classification based on the function of
the cytochrome system was given by Sato (25)., He classified
nitrate reducers into three categories (a) Reducers whose
cytochromes participate in nitrate reduction; the cytochromes

involved, however, differ from species to species. Another
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important characteristic common to this group is the strong
1nh1b1to}y action of oxygen on nitrate reduction. (b) Those whose
cytochromes de not participate in nitrate reduction.(c) Those
that lack cytechromes., The above three categories suggested by
Bate (28) for nitrate reduetion were considered by Takahashi

st al. (82) as nitrate respiration, nitrate assimilation and
nitrate fermentation as illustrated in Table 2. However, it is
known that obligate anaerobes can also synthesize cyto-

ehromes (29,30). Garret and Nason (31) and Solomonson and
Vennesland (32) have concluded that the distinction between
assimilatory and respiratory nitrate reduction cannot be made
on the basis of the presence or absence of a cytochrome.

Fewson and Nicholas (33) and Nason (20) proposed that
nitrate reduction can best be distinguished into two major
types: (a) nitrate assimilation or assimilatory nitrate reduction
in which the nytrato and its reduction products are re&hced to
anmonii for the biesynthesis of nitrogen-containing components,
and (b)/;iprato respiration or dissimilatory nitrate reduction
in which nitrate and/or its reduction products serve as the
terminal electron aeceptors in place of oxygen, usually under
anaerobic or partially anaerobic conditions. Depending upon the
organisms and its environment, nitrate may be reduced only to
nitrite or in a ssdk series of steps te more reduced forms of
nitregen. If molesular nitrogen, nitrie oxide or nitrous oxide
is the product of nitrate reduction, the process is called
denitrification. The respiratory or dissimilatory nitrate
reduction is inhibited by oxygen. Because of th;p obvious
physiological and enzymological similarity to oxygen respiration,
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it would be expected that nitrate respiration involves energy-
yielding reactions which under given conditions are necessary for
the growth samd well-beimg of the organism. One step reduction

of nitrnt";;éwiatrou: oxide is known to suppert the growth of
various bactoriaﬁ(ﬂo,34,83). Nowever, only mitrete reduction is
reportedly linked to oxidative phosphorylation (36~38). There

are as yet no reports of oxidative phospherylatien coupled
specifically to nitrous oxide reduction (18).

Piehinoty (39-41) reported the existenee of two types of
nitrate reductases, A and B, in nitrate reducing bacteria which
differ in some of their properties particularly in their
behavieur towards chlorate. Chlorate is a substrate of A and an
inhibitor of B, He classified nitrate reducing bacteria into
three groups in accordance with their pessessing A,B and A and B.
Nitryie reductase A, in general, belongs to the respiratory
type and is membrane~located, Its formation is induced by
nitrate and repressed by oxygen. The enziyme B (soluble)
depending upon the species, has assimilatory (Pseudomonas putida,
Misresogeus denpitrificans) or respiratery (Providentis aleali-
fagiens Aergmonas hydrophila) function (42)., In the former case,
it is constitutive and not repressed by oxygen whereas in the
latter, it is induced in the presence of nitrate and repressed
by oxygen. G8everal speeiss, however, are known that do not
produce ensyme B but nenetheless assimilate nitrate nitrogen.

Two types of ensyme B are nevw discernible in several

species of bacteria. Enzyme By is activated by IM NaCl, KCl or



CsCl whereas 'p is net (43). A aopu?ato shlerates~reducing
ensyme, designated ensyme C, and unrelated to nitrate redustase
has been reported.

In BRaeberishis $oli, nitrate reductase has s multifunctional
character (285,44)s It ean perform simultaneously two different
types of mitrste metabolism, nitrate respiration (anaerobiosis)
and apparent nitrate sssimilation (aerobiosis), The amaerobiec
nitrate roduetié; does not proceed further tham the nitrite stage
and is profoundly retarded by oxygen, reflecting the character
of nitrate respiration. However, it is not known whether the
same nitrate reductase performs the two functions. In jere-
pacter aerogenes, there is only one nitrate reductase which has

a respiratory function under anaerobiec comditions, and an
assimilatory function under aerobic conditions (41,45), On the
basis of differences in factors regulating the synthesis of
ensyme that carries out the two different activities, however,
Van Triet gt gl. (46) raised the possibility of two different
nitrate reductases in A. aerogenes. In M. denitrificans
hovever, the existence of two nitrate reductases, one having
respiratory and the other an assimilatory function, has been
reperted (47).

Nitrate metabolism in Achromehecter fiseheri has been
studied in this laboratory and is feumd unique im that the
preduct of nitrate metabolism is amme@iia but Both the metabolimm
of nitrate and the formation of nitrate and nitrite reductases:
is greatly inhibited by oxygen (48). Achromobgcter nitrate
reductase involves the participation of bacterial eytoehrome
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8551 in the eleetron transpert chain., Furthermore, the nitrite
reductase of 4, fiacheri is itself a heme-containing protein (49).
In view of the sytechrome partieipation and the apparent
competition by oxygen fer the sleetrons in the conversion of
nitrate to nitrite and to ammenia, nitrate metadbolism of
A- Lischeri apparently exhibited the characteristies of the
respiratory type (25). However, since the prodmet of mitrate
reduction is ammenia, it should belong to the assimilatery type.

SECIIONIII

NITR R

Nitrate reductase catalyzes the reduction of nitrate to
nitrite, the first step involved both in the assimilatoby as well
as respiratery nitrate reductions Depending upon the type of
nitrate reduction carried out by the organism, nitrate reductases
can be divided inte two major groups (i) assimilatory nitrate
reductases and (ii) dissimilatery or respiratery nitrate

reductases.

In additien, three different molybdenum-containing ensymes
from animal tisswes, xanthine oxidase, aldehyde oxidase and
xanthine tohyiro;ipaso are also known to catalyse the redustion
of nitrate to mitrite, although this is not considered to be
their primary function (50,51).

Ivanova and Poivé (52) have recently reported that
horseradish peroxidase can also catalyze nitrate reduction at a

very high rate uwsing diethyldithiocarbamate and sulfite mixture
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as electron donor.
1) Assimilatery Nitrete Reductase

The assimilatory nitrate reductase was first
characterized from Jeurospora (53) and soybean leaves (54) as a
sulfhydryl molywdo-FAD-protein, Both FAD and Mo were shown to

function as eleetron garriers in the follawing sequence (55).

NADPH - —> FAD——%'KO——éIOS

Oxidation states of molybdenum involved in the oxidation-
reduction app;} te be +6 and +6 (585,56).

The work of Nason and his colleagues has established
several features of the enzymatiec apparatus associated with
nitrate reduction in K. orassa. HN. crassa assimilatory NADPH-
nitrate reductase (NADPH: nitrate oxidoreductase, B,C., 1,6,6.2)
is a soluble sulfhydryl protein, with FAD, cytochrome bs57
(N. erassa), molybdenum and an unidentified second metal
component as prosthetiec groups (31,53,55,567-569), It has a
molecular weight of 230,000 (59,60) and displays several other
induecible ensymatic activities including FAD-dependént
NADPR-cytochrome g-reductase (6l1), FADH,-nitrate reductase and
reduced methyl viologen (MVH)-nitrate reductase (859).

The following pathway of electron transfer in nitrate
reduction in J. grasgy has been suggested:

sytoeshrome ¢
2!
NADPH-—*FAD-—>neta1?-———acyto?Prouo kss7 Mo ——7]05

i

FADH, MVH
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Both genetic (60) and biechemical (7) evidence has shown
that M. grassa nitrate reductase is composed of at least two
subunits. The synthesis of ome of these subunits is induced by
nitrate. This compement is sharacterized by a capacity to
catalyse the r.‘g.tip. of eytochrome @ by NADPH., The other
subunit, which is a constitutive component of wild-type
N. srassy and eertain mutants, is chnrfctcr?sod by a capacity of
catalysis of nitrate reduction by ?ABB; or reduced methyl
viologen when this subunit is eombined with the inducible subunit,
Ketchum ¢t al. (7) and Neson et al. (62) have shown that
molybdenum-centaining constitutive subunit from N. crassa can be
replaced by aesid-treated molybdenum ensymes from diverse
phylogenetic sources extending from prokaryoetic through higher
eucaryotic organisms, The molybdenum ensymes included bovine milk
and intestinal xanthine oxidase, rabbit liver xanthine oxidase
and chicken liver xanthine dehydrogenase. Acid-treated
preparations of nitroi&nano from Clostridius, AZotobacter and
soybean bacteroids, liver aldehyde and sulfite oxidases from
mammals, plant nitrate reductase and E. goll respiratory nitrate
reductase can also replace the constitutive molybdenum-containing
subunit of J. gragsa (62). By contrast, inorganic molyddate,
and eertain -olybdonul-aigino acid complexes as possidble catalytie
moddls of nitrogenmage failed to yleld NADPH-nitrate reductase
activity after incubation with the nitrate-induced pit-1
extrast (7). Cembination of molybdenum-eontaining subunit from
any one of the various sources with the inducible subunit from

E. grassa (pit-l) results in reconstitution of functional nitrate
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2
reductass with properties 1ndistinguis§gble from those of
wild-type j. sragss nitrate reductase (7,62). Apparently
N. erasss nitrate reductase and the various molybdenum-
containing entymes share highly similar protein subunit. In
prlljnin; these results, Nason gt al. (62) postulated that the
constitutive component is a molybdenum coyfacter, Ketchum and
Svarian (63) have recently reported that the loss of the gene
preduct in N. grasss (pit-l) can be replaced by a trypsin and
protease-insensitive dialysable component which is present in
the extracts of bacteria that are capable of metabolising
dinitrogen and/or nitrate. The component is presumed to
contain molybdenum and can probably be viewed as a cofactor as
postulated by Mason et al. (62), BEvidence for possible
existence of common genes affecting both nitrate reductase and
nitrogenase has also been obtained in studies with mutants of
Rhizobium (64), In more recent papers Nason and his colleagues
(65,66) have demonstrated using radﬁ?ctive molybdenum, the
partial reactivation effect specifically by salts and other
derivatives of the metal showing that molybdenum (presumably as o
component of a larger moleSule or cofacter in the 1 vitro
formation of the ensyme) is contributed solely by Neurospora
extracts other than that of pit-l, and by acid-treated
molybdenum ensymes.

Information is yet scaree on nitrate reductase from
nitrate-reduecing yeasts, Preliminary experiments with
Hansenula anomgla (67,688), Candids gg;LLéignd zg;ulgnsis
pitratophila (70) have indicated that the enzyme resembles
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Neurogpere nitrate reductase in that it is a metalloflavoprotein
specific for NADPH as eleetron doner.

The presence of assimilatory nitrate reductase has been
reperted in algae and a variety of higher plants. The nitrate
reductase from algae and higher plants has been characterized
in reeent years (23,71,78).

The ensyme is a nf'\bdofllvo)rotciu and speeifically
roquir.ly;:bl as eleetrem demer for the reduction of nitrate to
nitrite. The indispemnsable nature of melybdenum as a component
of nitrate reductase from algae and higher plants has been
convincingly demonstrated by the use of tungston as a specific
inhibiter (786-77) and by other ways (6,73,74). By using lasw,
it was possible to get, in vive, a radiecactive nitrate reductase-w
complex from spinach (77) and Chlorella (75) which maintained
unaffected its NADH-~-diaphorase aotivity but was completely
inactive as nitrate reductase. The assoclation of 185, with
nitrate reductase was shown to be a weaker than that of Mo.

The pathway of electron transfer within the nitrate reductase
complex,as suggested by Schrader ¢t al., (78), envisages a
transfer of eleotrons from NADH to a flavin meiety and then to
molybdenum which ultimately reduces 105 attached at the active
site of the enzyme.

Rxceptions to pyridine nucleotide speeifieity are known
in algae. Thus nitrate reductase from Cvanidiwa galdarium,

Rupaliella tertielecta and Ankistrodessus braunii ean. accept
electrons from both NADH and NADPH even at the highest degree of

purification (79,80). The apparent ability of partially purified



enzyme from leaves of soybean, malze and foxtall to utilize
NADPH wasg ghewn to be due te the presence of a phosphatase
vhich readily cenverted NADPH to NADH (8l),

In amalegy with the ensymes from fungi, the partially
purified nitrate reductase from several algae has assoclated
cytochrome g-reductase activity and contains eytochrome Dgs7,
in addition te FAD and Me (18). MNo involvemeat of eytechrome
could be demgenstrated for nitrate reductase frem higher
plants (82).

Working with highly purified nitrate reductases from
spinach, small calabash and 1 llg, Losada gt al. (83)
concluded that nitrate reductase molesule consists of two
chomicallalcplrlblo moietiessa FiAD-dependent NADH-diaphorase
which can use several oxidised compounds such as cytochromes as
electron acceptors, and terminal nitrate reductase which used
reduced flavin nucleotides and viologen dyes as eleetron donors.,
The two activities participsted sequentially in the transfer of

electrons frem NADH to nitrate as described belovw:

E%cctron aeceptors

NADH FAD

/AEREYRLY L7 N EYEREE & -
iy o , /» KO
///’///////L[ /// TIm /) 3
Disphorase fr Terminal NOgR
Electron
donors

Intraeellular lecation of nitrate reductase in green
plants has been studied., The enzyme was shown to be present
in cytosol (84,85). Studies with non-greem tissues, however,

suggested that nitrate reductase is a soluble (cytoplasmic)



enzyme (86).

By eontrast with nitrate reductage from the plant
kingdom, information is yet very seanty on nitrate reductases
from the assimilatery nitrate-reducing type bscteria, Nicholas
and Nagson (87) purified a soluble NADH-linked nitrate reductase
from B 99li strain B; the ensyme wvas a lotallo(glavoprotoin
with FAD as the prosthetie group and molybdenum as & probable
metal conatituent, Taniguchi and Ohmashi (83) isolated an
inducible, particulate NADH-specifiec nitrate reductase from
Asotobacter vinelapdi]l which was characterized as & sulfhydryl
metalloensyme; the activity of the eniyme wag stimulated about
2-f0ld by added FAD or FMN. An assimilatory nitrate reductase
has recently been reported from pAgotobacter chroococcum (89).
The ensyme (M.W., 100,000) was characterised as a molybdo-
protein which could use only reduced vioclogen dyes as electron
donors. The enszsyme did not accept electrons from reduced
pyridine nueleotides.

11) Respiratory Nitrete Reductase

In contrast to assimilatory nitrate reductases which are
often found in the soluble cytoplasmic fraction, the respiratory
nitrate reductases are, in general, membrane~bound, Exception
to this generalization are found, as exemplified by the soluble
respiratory nitrate reductase of §11111;95+1;g;32311 (90).

Taniguchl and Itagaki (91) isolated a particulate
nitrate reductase system from E. goli wvhich ineluded cytochrome b
as an intermediary electron carrier from formate or NADH to

nitrate; this system possessed remarkably high activity of



nitrate reductase. The best natural electron donors for
nitrate reduction by the intact particle were FMNH,, FADH,,
formate and NADH, whereas reduced methyl and benzyl vioclogens
acted as best artificial eleatron donors. The nitrate
reductase, the terminal ensyme of the particulate system was
solubilizsed and purified to a honego%}us state. The enzyme
was shown to have a molecular weight of one million and
contained cne atom of bound Mo and about 40 atoms of iron per
molecule but no bound flavin or eytochrome, The solubilised
ensyme utilized reduced methyl viclogen as eleetron donor but
formate and NADH were no longer effective. The data suggested
that reduced cytochrome b would be the favourable electron
donor for nitrate reduction, Itagaki, Fujita and Sate (92)
presented evidence indicsting the involvement of cytochrome b
as electron donor, The following pathway feor the transfer of

electrons was suggesteds

Formate Lipid
Formate — Dehydrogenase ~  ~ factor °Yt07hrono b
v
litrate¢roductns.
l03

The lipid factor could be replaced by vitamina K.
Fewson and Nicholas (33) reported a NADH~specific nitrate
reductase from denitrifying eells of Pssudomongs aeruginosa

which contained FAD, cytochrome ¢ and Mo as functional eomponents.,

The following scheme for electron tramsport was suggested:
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S5+
NADH —~ > FAD — — cytochrome ¢ —> Mo —> NOg

cytochrome oxidasa-—,oz

The respiratory nitrate reductase from Mierogoecus
denitrificana was purified and characterized by Lam and
Nichelas (93)e The enzyme was molybdoprotein bdut did not
contain sytochrome or flaviny NADH, FADRg, FMNHy succinate and
reduced cytoechrome could not donate electrons to the enzyme,
Only reduced benzyl viologen and methyl viologen were utilized
as electron donors. The purified preparation of the nitrate
reductase obtained by Forget (4) from the same organism did not
accept eleetrons from NADH, but reduced flavin nucleotides were
effective electron donors, The enzyme was characterized as a
non-heme ircn protein which contained only traces of Mo. The
1nvglvement of iron and Mo as functional components of nitrate
reductase was later confirmed on the basgis of EPR studies (5).
Chiba and Ishimoto (24) reported a nitrate reductase from
Clostridium perfringens that reduces nitrate to nitrite or
ammonia, Ferredoxin was found to be an intermediary electren
carrier in nitrate reducing system with NADH as the electron
donor. The following pathway for electron transport was

suggested:

Fa 8.0, —> NAD* — > Pd ~ NAD®— M
reductase |

losl-—¢l0§
S8adana and McElroy (95) purified and characterised a
nitrate-reducing system from A, fischeri and preposed the
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following pathway of electron transfer:

NADH PMN :
3+ Bacterial
or — or —> Fo —> cytochrome 2551 ~—a»02
NADPN FaAD { -
. Jeduced — Jiitrate ———— NO
' densyl reductase 3
violegen

The eleotren transport chain vas separated into twe
soluble fractions: (a) the electron donor system, namely a
NAD(P)H~cytochrome g-reductase with a requirement for FAD or FMN;
and (b) the terminal nitrate reductase which mediated the
transfer of electrons from reduced eytochrome to nitrate. Wwhen
reduced bensyl vicolegen supplied the electrons, the bacterial
cytochrome was not involved. On further purification, nitrate
reductase free from oytochrome component was obtained by
Sadana gt al. (96) and the absorption bands at 550 nm, 520 nm
and 419 nm observed in the reduced state (95) were shown to be
‘3§o to eytochrome impurities. Ultracentrifugal studies
indicated that the A, fischeri nitrate reductase was a much
smaller molecule than the enzsyme from E. goll reported by
Taniguehi and Itagaki (91).

Knook and Planta (97) have shown that NADH-dependent
nitrate reductase involved in respiratory reduction of nitrate
in A. serogenes requires ubiquinone-8 and cytochrome )}, isolated
from the same organism,as electron carriers.

- Cytoshrome-liaked nitrate reductases have aslse been
purified, thoughf not thoroughly charactori;ad, from Ritro-
bacter agilis (98), Rhizobium Jjaponicum (99), Bagillus




sgearothermopnilus (10l) and Baglllus cereus (102).
111) Mitrete Respiratien and Crtoehromes

There have been numerous reports of enhanced cytochrome
synthesis in various organisas growing with nitrate or nitrite
under conditiens when mitrate asts as an alternate electron
acceptor to oxygen., uith denitrifying bacteria such as
M. denitrifiesns, considerable amounts of soluble eytochrome g
are formed by ocells grown anaerobically with nitrate (103,104),
Soluble forms of the pigments are also found in Haewophjilus
parainfluenszae (105), E. goli (106) and 3. itersopii (107)
when these organisms are grown anaerobically with nitrate,

An aerobie nitrate-dependent growth of M. depitrificsns (104,108)
and R. japopicum (109) represses synthesis of g + 8, oytochromes
characteristically produced by well-aerated cells, Moreover,
increase in the production of g-type cytochrome, Rhisobium
haemoglobin and oytochrome Pygq are concomitant with increases
in the synthesis of nitrate and nitrite reductases in the cells,
Highly purified preparations of twe-heme (¢-, and d-type)
eytochromes associated with nitrite reduction have been obtained
from ¥- deaitrifieans (110), P. asruxiness (111) and Alealigenes
Laeoalls (112)., A copper-comtaining cytochrome ggsp isolated
from Psevdoponas denlitirifieans was shown to ecouple lactate
oxidation te the reduction of nitrate to altric oxide (34).
S8timulation of nitric oxide production from nitrite in
Pseudomonas perfectomarinus has also been oblorjpd fxxx by a
specific cytochrome gg,.g isolated from the same organism (113),
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SECTTION IV

R Syt —

BIIRIIE REDUCTASE

The term nitrite reductase is used for all enzymes
that catalyze the reduction of nitrite regardless of the end
product of reduction (l14)., MNitrite is the first stable
intermediate in the nitrate reduction by plants, fungi and
hﬁetoria.

1) Qegurrence

Nitrite reductases are widely distributed in nature,
The enzyme has been reported from bacteria, fungi, algae and
higher plants,

Higher plants

The enzyme nitrite reductase, which ctalyzes the
reduction of nitrite to ammonia (23,82,115),1s widespread in
higher plants. Enzymatic reduction of nitrite was first
described briefly by Nason et 81.(116); soybean leaf extract
catalyzed ammonia formation from nitrite in Presence of either
NADH or NADPH and manganese ions. Similarly, in a brief report
Vaidyanathan and Street (117) reported NADH-depdendent
di sappearance of nitrite as ammonia in tomato extracts.
Stoichiometry of the disappearance of nitrite and ammonia
formation was established for the first time by Hageman et al.
(118). Photosynthetic nitrite reduction was reperted in wheat
leaves by Vanecko and Varner (119) but the resetion product
was not identified, The partieipation of Photosynthetically
reduced electron donor in nitrite reduction was reported in

a similar grana system of tomato (120). Subsequently several
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groups demonstrated that ferredoxin was the physiological
electron donor (121-123)e This non~heme iron protein replaced
viologen dyes as the electron carrier in the dark (124,125),
Since then a number of groups have attempted to isolate and
purify nitrite reductase from higher plants (23,126-128),

Studies of the intraeellular location of nitrite
reductase in green tissues were carried out and most workers
seen to agree that the enzyme ocq@ﬁrs in ohloroplast fgfaction
after aqueous or non-aqueous isolation (23,84-86). In non-
green tissues nitrite reductase was found to be localized in
the stroma of the chloroplast (86).
Algae

Photochemical reduction of nitrite was first observed by
Kessler (129) in cultures of Apnkistredegmus. He later
demonstrated that nitrite served as an efficient Hill reagent
for oxygen evolution of Scenedesmus braunii and that light
immediately stimulated nitrite reduction (130). Huzisige and
Satoh (131) observed a similar light dependence of nitrite
reduction by Euglens gracilis,. In the blue-green alga
Anabaensa g¢yvlindries the photochemical reduction was first
demonstrated by Hattori (132) who also showed nitrite reduction
with molecular hydrogen as electron donor (133), A soluble
. nitrite reductase was 1solated and purified from cell«free
.extracts of D, tertiolecta (134). The enzyme resembled nitrite
reductase of higher plants in that it was a ferredoxin-
dependent enzyme, More recently, Zumft (135) obtained electro-
phoretically homogeneous enzyme from Chlorella fusca which



22

requires ferredoxin, reduced chemlcally, photosynthetically
or by reconstituted enzymatic systems, as its natural electron
donor.
Eungd

In contrast to ferredoxine-nitrite reductase from
algae (135) and higher plants (136), which has been purified to
homogeneity and its cemposition and properties studied in
detail, nitrite reductase from fungi has been only superficially
examined to-date. Nason et al, (116) partially purified from
N. cragsa (and from goybean leaves) a nitrite reductase which
catalysed the reduction of nitrite to ammonia via hydroxylamine
by reduced pyridine nucleotides, The enzyme had a specific
FAD requirement as well asiﬁetal component. Nicholas et al.(137)
further purified the N. crlssgg nitrite reductase and concluded
that it was NADH-dependent and contained FAD, Fe, Cu and -SH
groups. Studies on the regulation of nitrite reductase in
Aspergillus nidulaps (138) and N, crassa (139, 140) have shown
that the enzymé is repressed by ammonia and induced by nitrate
and nitrite, More recently Rivas et al. (70) isolated and
purified from T. nitratophila a NAD(P)H-dependent nitrite
reductase that specifically required FAD and some metal
component.,
Bacteria

The dissimilatory nitrite reduction was first reported
by Yamagata (141) in a cell-free preparation of Bagillus
pyocyaneus, Denitrifying-type nitrite reductasey whieh
catalyzed the reduction of nitrite to nitric oxide was
subsequently reported from Thiobacillug denitrjificans (142)
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P. stutseri (142), Bagillug gubtills (144), P. aeruginosa (145)
and E., geli, strain K1® (114) grown anaerobically in the

presence of nitrate., Yamanaka, Ota and Okunuki (146,147)
obtained a eytochrome oxidase from P. aeruginosa which functioned
as a nitrite reductase under anaerobic conditions, The

existence of a nitrite reductase which reduced nitrite to
nitrogen was reported by Asano (148) in an aerobic denitrifier,

a halotolerant Migrococous (strain £203) . Newton (110) isoclated
a cytochrome from M, denitrificans which functioned as a

nitrite reductase and was shown to contain two hemes (heme ¢ and

heme d). In recent years respiratory nitrite reductases have

been isolated and purified from Corynebacterium nephridii (149)
A. faecalis (112), Achromobacter cygloclastes (150) and

P. perfectomarinus (10) grown under denitrifying conditions,
Finally an smmonia-oxidising bacteria, Nitrosomonag eurgpaea

which ordinarily generate nitrite was shown to contain a hydroxy-
lamine-dependent nitrite reductase that catalysed nitrite
reduction to nitric oxide (151).

The partially purified preparation of hydroxylamine
oxidase from the same organism was shown by Ritchie and
Nicholas (152) to have retained nitrite reductase activity,
This raised doubts as to the ideantity of nitrite reductase in
N. europaea, Recently, however, the same authors reported the
separation of nitrite reductase from hydroxylamine oxidase (153),
Evidence was presented forrﬁiobablc identity of nitrite

reductase as a copper protein.
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By contrast with nitrite reductases from the plant
kingdom, information on nitrite reductases from bacteria of
the assimilatory nitrate-redueing (non-denitrifying) type is
very scanty (20-22). The assimilatory nitrite reduction was
first observed by Taniguchi gt al. (154) in Bagillus pumilis

grown aarobically in the presence of nitrate. Assimilatory

nitrite reduction also occurs in Azotobacter species (155,156),
Clostridium pasteurisnum (157), Rhodospirillium (158), and in

soil actinomycetes (189), E. goli strain Ban grown in deep
standing cultures with nitrate as the sole source of nitrogen
has been shown to contain at least three nitrite reductases
that reduced nitrite to ammonia (160) but only the enzyme
specific for NADH appeared to be responsible for physiological
nitrite reduction (16l1).
11) Purification
Bacteria

The purification of bacterial nitrite reductases has
been sttempted from a number of sources, Nitrite reductases
thus far prepsred from P. stutzerji €¢143), P. aeruginosa (111,
145, 163), P. denitrificans (163), E. goli Bn (161),

E. coli K-12 (114), M. denitrificans (110) N. europsea (151),
A. faecalis (112) and A. cycloclastes (150) were of various

degrees of puritye.
The purification procedures which result in highly
purified bacterial nitrite reductases are briefly described

below.



Pseudomopas aeruginosa
The wvater soluble nitrite reductase which also had

cytochrome oxidase activity was extracted and purified by
Horio et gl. (11l1). The purification procedure consisted of
rivanol treatment, chromatography on an Amberlite IRC-50

or Doulite C8~101 column, ammonium sulfate fractionation and
zone elegtrophoresis on a vertical starch gel column, The
purity of the best preparation as judged by diffusion and
sedimentation patterns was approximately 70%.

Yamanaka et al. (162) modified the procedure of
Horio et al. (111) and obtained a crystalline preparation of
the ensyme. The chromatography was performed on Amerlite CG-50
column and the last step, the szsone eleotrophoresis on vertical
starch gel, of the earlier procedure (l11) was deleted. Instead
the enzyme obtained after ammonium sulfate fractionation was
crystallized with ammonium sulfate. The homogeneity of the
preparation by other eriteria was not mentioned.

Micrococous denitrificans .

A purification procedure ylelding a highl;j;?:j;te
reductase of M. denitrificans has been reported by Newton (110),
The enzyme was purified by a sequence of steps involving
preparation of erude cell-free extracts by passing the cell
suspension twice through a modified Freneh Press, treatment with
DNase and addition of ammonium sulfate to 865 saturation. The
further purification was carried out by treatment with DEAR-
cellulose, gel filtration on Sephadex, and chromatography on
hydroxylapatite gel column. The purified enzyme was 99% pure



26

as judged vy its behaviour on cellulose acetate and poly-
acrylamide gel electrophoresise.
Bseudomonas denitrificans

The procedure consisted of ammonium sulfate fractionation,
column chromatography on Amberlite CG=-50 and carboxymethyl
cellulose (143), The ensyme was found homogeneous in the
ultrasenskifuge.

Alcaligengs faecalls
Iwvasaki aad Matsubara (112) described a purification

procod;re which results in a crystalline preparation of the
enzyme from cell-free extracts of A, faecalis, The cell-free
extracts vere subjeeted to chromatography on Amerlite CG-50,
ammonium sulfate fractionation, gel filtration on Sephadex
G-200, fractionation on hydroxylapatite column followed by
erystallisation with ammonium sulfate. The purified enzyme
showed a small amount of impurity on disc gel electrophoresis,
Ashromobacter gvgloolgstes (150)

The soluble fraction of the crude extract which contained
most of the nitrite reductase activity was applied to
Amberlite CG-850 column, The active fraction which remains
unadsorbed on the ecolumn was subjected to chromatography on
DEAB~cellulose, ammonium sulfate fractionation, gel riltration
on Sephadex G-150 and precipitation with ammonium sulfate at
90% saturation, The partially purified ensyme was again
subjected to gel filtration on the same g¢olumm, DEAE-eellulose
chromatography and ammonium sulfate fractionation, The purified

enzyme was found to be slightly contaminated with colourless
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proteins as revealed by polyacrylamide disc gel electrophoresis,
Fungi, Algae and Higher Plants

Nason et ale (116) purified Neurospore nitrite reductase
by fractionation with ammoniuam sulfate and calcium phosphate gel.
They achieved only l0«fold imcrease in the specific astivity.
A 50-fold increase in speeific activity was achieved by
Nicholas g% al. (137), The clear supernatant was fractionated
with c;icl“lxphotphato gel and ammonium sulfate, Nitrite
reductases have also been purified from spinach (122,124,126,164),
maize (124), vegetable marrow leaves (127,165), A. goylindrica (185)
and D. tertiolects (134) and the enzynqobtainod was of various
degrees of purity. More recently, Cardenas et al, (136) and
Zunft (135) have obtained electrophoretically honogeﬁ?us enzymes
from spinach and C, fuscg respectively. The purification

procedure of the enzyme from spinach and Chlorella are discussed
brieflys

Chlorells fusca (185)
' The crude extract obtained by homogenizing the algal cells
and cenirifugation was subjected to a fractionation procedure
comprising of chromatography on DEAE~cellulose, ammonium sulfate
precipitation, gel filtration on Sephadex G-100 and a second
ehromatography on DEAE-cellulose. At this stage, the enzyme
showed two bands showing nitrite reductase activity on polyacryl-
amide gel electrophoresiss The two componeats were resolved by
preparative polyacrylamide gel electrophorefsis. The purified
enzyme had a sgpecific activity ef 51.7 umoles nitrite reduced

Per min per mg protein.
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Spinach (136)

The srude extrsct prepared as described by San Pletro
and Lang (166) was subjected to acetone precipitation. The
precipitate was dialysed and applied to DEAE-cellulose column,
The active eluate was fractionated vith ammoniwm sulfate between
45 and 70§ saturation and by gel chromatography on Sephadex G-100.
The . aoctive fractions were concentrated on DEAB-gellulose column
and finally purified dy preparative eloctrophorégs on 7.5%
polyacrylamkde gel column, The purified enzyme was honogeé?u.
as judged by disc gel electrophoresis and had a specific activity
of 83.88 iumoles nitrite reduced per min per mg protein.

i11) Properties
Mglecular welght

The molecular welghts reported for nitrite reductase
from/algae and higher plants are in the narrow range of
60,000 - 72,000, A 40-fold pure enzyme from 4, gyvlindrioca was
reported to have a molecular weight of 68,000 as determined
by its elution behaviour on Sephadex G-100 (125). The same
technique yielded a value of 61,000-63,000 for a highly purified
nitrite reductase from vegetable marrow (165), The molecular
weight of highly purified, though not ecempletely homogeneous,
spinach enzyme was determined by a number of different lifhod:
(164). Thus, gel filtration yielded a value 60,000 whereas a
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higher value of 72,000 was obtained from the sedimentation
data. The higher value was supported by a subunit molscular
wvelght of 37,000 determined by 8D8-polyscrylamide gel electro-
phoresis. Cardenas et al. (136) reported a molecular weight of
63,000 for the slectrophoretically pure spinach nitrite
reductase, The sa-n.vgluc {63,000) was obtained, using gel
rfiltration technique, for a homogeneocus easyme from
G. fusca (135). The nitrite reductase from a green algs,

D. tertiolecta was partially purified and shown to have a
molecular weight of 70,000 as determined by its elution behaviour
on a ealibrated Sephadex G-200 column (134).

In contrast to nitrite reductases from algae and higher
plants, the molecular weight of bacterial enzyme exhibited a
greater degree of variation (67,000-200,000). A number of
molecular weight values have been reported for the nitrite
reductase from P, aeruginosa., Thus Horio et al. (111), using
a 70% pure preparation, reported an approximate value of
90,000 as calculated from the sedimentation coefficient, diffusion
coefficient and partial specific volume, From gel filtration,
hovever, the molecular weight obtained was 85,000 (110), whereas
a signifieantly lower value of 67,500 wvas determined on the
basis of amino acid composition by Nagata ¢t al., (167). The
higher values obtained by earlier workers were attributed to
the fact that the ensyme used in their studies was impure,

Recently, Kuronen and Ellfolk (168) carried out

sedimentation studies with a crystalline preparation of Pseudomonas
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nitrite reductase and obtained a molecular weight of
119,000 based on the sedimentation data. Their estimates of
about 63,000 and 65,000 for SDS-treated and succinylated enzyme,
respectively, led them to suggest that the native enzyme
oconsists of two subunits,

Ivasaki gt al, (163) estimated from the sedimentation data
a molecular wveight eof 148,000 for the P. denitrificans nitrite
reductase, whereas for the M., denitrificans entyme a molecular
veight of 180,000 (110) was calculated from the gel filtration
data,

Molecular weights of 90,000 (112), 69,000 (150) and
67,000 (1568) were obtained respectively, for the nitrite
reductase from A. faegalls, A. gveloclastes and A, ghroococoum.
The first two estimates were made by the gel filtration
technique whereas the latter by sucrose density gradient
centrifugation. An unusually high value of about 200,000 was
vreportad by Cox et al, (J) for a partially purified preparation

of nitrite reductase from P. perfectemarinus
Sedimentation qosfriolent, Diffusion epefficient and pértisl
2pecific volime

Horio et al. (111) carried out seddimentation and
diffusion measurements with P. geruyginosa nitrite reductase
vhieh was only 70% pure. Sedimentatiom and diffusion
coeffigiehts were determined to be 5.8 8 and 5.8 F and wvere
essentiallly independent of the protein concentration tested
(08 x 1,0%8). 4 value of 0.73 ml per g for the partial

s¥ecific volume was determined from the density measurements.
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Using a modified purification procedure, a crystalline
nitrite reductase vas reported from P. seruginosa by Kuronen
and Ellfolk (168). The native ensyme had a molecular weight
of 119,000 and was shown to contain four iron atoms per molecule,
The native enzyme dissoclated afto; sueeinylation or in 8D8 into
two subunits which oontaiiod two iron atoms, heme ¢ and heme d.
The molecular weight of the subunits, as determined by
sedimentation measurements and 8DS-polyacrylamide gel electro-
phoresis, was around 65,000,

More recently, Ida and Morita (164) obtained an ultra-
centrifugally homogeneous nitrite reductase from spinach.
The molecular veight of the native ensyme was determined to be
72,000 from sedimentation and diffusion eoefficients., The
results of SDS-gel electrophoresis suggested that the native
enzyme consists of two subunits of molecular weight of 37,000,
Amino Acid Composition

Amino acid composition of nitrite reductases has been
reported in recent years, Nagata et al. (167) were the first
to report the amino acid composition of a twice crystallized
preparation of the enzyme from P. geruginoss. The ensyme was
rich in acidic amino acids and contained only two half-cystine
residues as revealed by performic acid oxidation, Neither the
free sulfhydryls nor the -8-8« wvere detected in urea and 8SDS-
denatured enzyme. The two half-cystine residues detected were
assumed to bind heme-oc moieties present in the ensyme,

Zumft (135) has recently reported the amino aeid
composition of C., fusca nitrite reductase. (Chlorella enzyme
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also a slight predominence of acidic amino acids which
was consistent with its isoelestric point of around §, The four
tryptophan residue determined in the enzyme molecule were
in accordance with its ultraviolet absorption. The enzyme was
also shown to contain 10 sulfhydryl groups whieh were shown to
be essential for ensyme activity.
H-terminal amipne acid residue

The only report of N- terminal determination was that of
Nagata et al. (167) who identified lysine as the N-terminal
amino acid of P. aeruginosa nitrite reductase. attempts to
quantitate the N-terminal amino acid were unsuccessful as the
yield of di (2,4~dinitrophenyl)-lysine was low.

es ea s

Nitrite reductases are sensitive (82,114,135,137,145,
156,160,170) to p~HMB (1 uM to 1 mM). The inhibition by p-HMB
is reversible in most cases when incubated with 5-100 fold excess
of cysteine or reduced glutathione (114,137,145,170,171). The
enzyme i3 also inhibited by phenyl-mercuribenzoate, iodosobensocate
and heavy metals (137,171,172), Iodosobensoate inhibition was
not reversed by reduced glutathione possibly because disulfide
bonds were formed by the reaction with this reagent (137). The
possible site of action of these reagents was assumed to be
sulfhydryls, but no titration studies with purified ensyme were
reported and the number of -SK groups involved in enzyme function
is not known.

With spinach nitrite reductase,p-HMB (0.1 mM) inhibition
was observed only £ when ferredoxin was used as the electron

+ donor (173). No inhibition occurs when methyl vioclogen was the



oscur (l8l-183).

The in:citVltion of nitrate reductase by ammonia in
algae is known to be readily reversible (79,178,184).
In C. fusea (178), C. saldarium (79) and Chlamydomonas
reinhardi (184) nitrate reductase is roactii?d in yivo as soon
as smmonia is withdrawn from the mediume. The enzyme can also
be reactivated ip Yiiro by keeping C. fusgas extracts containing
the inactivated nitrate reductase at 0°C for several hours (178),
In studies with the N. crassa enzyme, however, such a reactivation
was not possible (185). In C. reinhardi (184) in vitro-~-
reactivation was achieved by treating extracts containing the
inactivated enzyme with ferricyanide or nitrate.

All the available evidence indicated that nitrate
reductase activity is not inhibited in yvitro by ammonia or
amino acids (69,174,175,180), This suggested that inactivation
of nitrate reductase in vivo by ammonia is not due to direct
inhibition of the enzyme activity. Evidence (12) obtained
indicated that ammonia exerts its regulatory effect by uncoupling
photosynthetic phosphorylation thereby leading to a rise inY the
cellular level of the reduced pyridine nucleotides and adenosine
diphosphate as a consequence increasing the redox level of the
cell (186). Reversible inactivation of nitrate reductase can
thus be equally achieved in the light by arsenate, another
chemically unrelated uncoupler (186), and in the dark, by
stopping aeration of the oculture. On the other hand ip vivo-
inactivation by arsenate or ammonia does not occur when

accumulation of reducing power is hindred, either by speeding
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up its reexidation or by blocking the non-cyelic electron
flov of photosymthesis (188),

Intereonversion of the active and inactive forms of
nitrate reductase could also be achieved ip yitro by reducing
and axkitsng oxidising the ensyme vwith its physiological or
artificial substrates, using botk erude extracts (184,187) and
partially puriffed preparatieas (188), Thus, in yitro
conversion of active Chlorella nitrate reductase into its
inactive form was found to depend on its reduction by NADH in
the presence of ADP, and is prevented by high concentrations of
nitrate. The transformation is reversidble., Upon reoxidation
with ferricyanide, the enzsyme becémes active again (189), Nitrate
reductase from yeast (70) behaves in a similar way. Thus, the
phenomenon seems to be a general property of the enzyme,

Vennesland and her associates (180,191) found that
C. !HLKSI¥! nitrate reductase in the cell~free extraocts is
largely 1a an insctive form, which can be extensively activated
by nitrqto in the presence of phosphate buffer at low piA,.
Additien of NADN in the absence of nitrate led to a loss of
ensyme activity, MNore reecently, the same group has reported
that the aetivation of the inactive form requires an oxidising
agent and is inhibited by CO (198)., Ferrieyanide causes the
eonversion of imactive to the astive form within few minutes
even at 0°C, vhereas activation by molecular oxygen is slow
requiring many hours at room temperature. In J.mydis, nitrate
reductase is rapidly lost wvhen the organism is transferred to

ammonia media (174)c The rapidity of ammoni a~triggered loss is
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suggestive of an active mechaniaa degrading the ensyme, Since
the sysloheximide and actinomycin Dy imhibitors of protein

and mRNA synthesis, bdlooked this degradation, it was suggested
(174) that a controlling masromoleculs indused by ammonia,

causes the degradatisn of nitratse reductase, In studies with

E. gxasss hovever, eysloheximide was foumd to only partially
proteet nitrate reductase asd other related activities from

ia Yive-insetivation caused by the addition of ammonium tartarate
to, or the removal of nitrate from, the cultural medium (185),

In Ne grassa, the rapid decline of nitrate assimilating
ensymes is caused by the lack of nitrate rather than by the
presence of ammonia (140). An active mechanism similar to that
proposed for U. .;zglgi:ﬁzuctaso (174) was suggested,

A specifie protein, which mediates the ip yitro-
inactivatios of NADN-dependent nitrate reductase, has been
reported frdm the mdture roots of maize seedlings (193), The
inactivdting-ensyke has been purified 460-fold and its molecular
veight estimatel to be approximately 44,000 (194). The
demoustration pf the degradation of caseim by the imactivating-
enzyme suggests that the inactivatiea of nitrate reductase may
be due to its proteolytic degradatioa.

More recemtly, Kadam ¢f gl. (198) iselated frem roots of
rice seedlings s heat-labile nom-dialysable facter wihich
inhibits nicrete reductase activity from leaves when NADH or
Fililig was used as the e¢lectron donor. The activity of BVH-
nitrate reductase was, however, not affected. In contrast to

the NOgR-inactivating enzyme from malze seeedlings (193) the
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inhibditor from riee seedlimgs did not appear to be a general
proteslytic ensyme since it had no effect on nitrite reductase
and also the inclusion of bovine serum albusin or casein in the
incubatien mixture did not offer any protection to the
inmactivation of nitrate redustase, It vas suggested that the
inhidigory factor present in the roots probadbly controls log
assimilatien theredy regulating the supply of NOy to the shoots,

Hynes (196) reported the rapid loss of nitrate redustase
activity in A. nidulans when the organism was starved for carbon
source, The rates of inactivation were similar when brought
about by carbon starvation in the presence of the inducer or
inducer plus ammonium, or in the adsence of the inducer,
suggesting that there is only one mechanism of inactivation
operating under various conditienms.

At present, intereonversion of nitrite reductase between
an active and an inaptive fofl has only been reported in
bacteria using purified ensyme preparations (156,161). The
interconversion pracess seems to be of general metabolic
significamce, prodably related to a redox change of the enzyme
protein., Kemp and Atkinson (161) observed that the activity of
E. 20ll WADH~-nitrite reductase was enhanced by preincubation
with nitrite and decreased by preimcubdbation with NADH,

Vega 2t al. (186) have reeently shown that NADR=nitrite
reductase from A. Shrooceceun cam be ingotivated by preincubation
with NADH in the adsence of nitrite and that nitrite specifically

prevents and reverses such an inactivation, MNADPE was also

effective in inactivating the A. ghroocogous ensyme but the
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NADPH~induced inactivation could noti;rovonted or reversed by
nitrite. Furthermore, protection by nitrite against
inactivation by NADH is specific, in the sense neither nitrate
nor ammonia are effective in this respect (156).

11) Respiratery Nitrate Redustion

8ince the classifal experiment of Gayon and Dupetit (197)
on the inhibition of dissimilatory reduction of nitrate, the
influence of oxygen on the formation and activity of the nitrate
and nitrite reducing ensymes in denitrifying bacteria has been
a matter of considerable interest (198,199)., Oxygen appears to
inhibit the formation of ensymes involved in anaerobic
respiration (41,200),

The formation and activity of the enzymes catalyzing the

reduction of nitrate and nitrite are influenced in several ways:
(a) the formation of nitrate and nitrite reductases is repressed
by oxygen (41,46),
(b) the function of these reductases is prevented by oxygen, as
in the presence of saturating concentrations of oxygen,electron
transfer to inorganic electron acceptors does not occur, though
the reductases are present (41,46).

The mechanism by which oxygen controls the synthesis of
anncrqhac respiratory ensymes has been the sudbjeot of some
discussien, Pichinoty (4l) suggested that oxygen itself was
responsible for the repression of ensymes that appear wmder
anaerobic conditions of gwekkx growth, Wimpenny and Cole (201)
on the eontrary, suggested that the redox potential of the

growth medium is the controlling factor and that oxygen exerts
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its effect by influepcing the redox potential, The findings
of Showe and DeMoss (9) also revealed that the controlling
factor may be the effeotive intracellular redox potential.
This potential is a fumetion not only of the oxidants and
reductants in the cell but also its eatalytic capabilities for
electron flew, 8Similar eonclusions have been drawn by Sinclair
and White (éoz) with cultures of Haegophilus parainfluensae.

The decline in total enzymatic activity immediately
after the switch from anaerobic to aerobic conditions and the
results of experiments from cell-free preparations show that
oxygen inactivates anaerobic nitrate reductase of A. aerogenes
both in vivg and in yitre (46) and represses its further

formation,
In B. goll, biosynthesis of nitrate reductase 1is

di?rosced in the absence of nitrate by anoxia (absence of oxygen)
alone; but in the presence of nitrate, synthesis is initiated
when oxygen tension 1s significantly lowered even before anoxia
is reached (5). It is suggested, therefore, that oxygen

functioning as eleetron acceptor is the repressing agent rather

than oxygen 2L 2%.

In Baglllus stesrothermophllus the quantity of nitrate
reductase that is produced is direectly related to the

concentration (upto 20 mM) of nitrate and inversely related to -
the quantity of oxygen in the cultures (101). Aeration of
anaerobically grown cells results im the rapid destruction of
existing nitrate reductase vith or without added amino acids (10l).
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Nitrite reductase from je gj;gzg:hg:lgnhllng was also shown

to be axygem-repressidble (10l1),

111) Iafluense of light on the aotivity of pitrate and nitrite

redyctage in plauts |

Light plays an important role im the synthesis of nitrate

redustase in nl;io (208) and higher plants (204-208), The
activity of aitrate reductase does not insrease in leaves exposed
to light in co’-trcc atmosphere or in leaves treated with
inhibitors of photosynthesis (207). It was suggested that redox
changes associated with Hill reaction might be involved in the
induction of both nitrate and nitrite reductases (208,209)., In
the case of todmoceo leaves, hovever, it was reported that the
requirement for light could be replaced by providing appropriate
amounts of gibberellic acid and kinetin in the dark, suggesting
thereby that light per ge¢ is not required but acts by supplying
these hormones (210,211), It is believed that roots are
important centres for the synthesis of hormones which are
transported to the shoots (212,213). It has recently been
reported that exeision of roots depresses the synthesis of
nitrate reductase and nitrite reductase in the leaves of rice
seedlings and application of gibberellic acid to the exoised
seedlings restores the level of ensyme synthesis (214). However,
even in the presence of gibberellic acid and kinetin, light is
still required for the induction of the ensymes., This is
contrary to the observation in the tobasco loavis where

glbberellic acld and kinetin were reported to induce the synthesis



42

of nitrate redustase in the dark (210,211), 8ince the latter
experiments were conducted in the dark with young leaves of
tobacco plants which were grown for two months in light, the
observed synthesis was suggested to be a manifestation of the
residual effect of light (214). The residual effect of light
in rice seedlings is reported to persist about 12 hr after
transfer to the dark (209). The exact mechanism of the
influence of light on nitrate and nitrite reductases, however,

is yet far from clear,

The enzyme involved in the assimilatory reduction of
nitrite to ammonia in algae and higher plants has been
characterized in recent years and classified as ferredoxine
nitrite reductase (23,71,72)., Bnzymatic reduction of nitrite
was first desocribed by Nason et al. (116); soybean leafy
extract catalysed ammonia formation from nitrite in the
presence of either NADH or NADPH, and manganese ions, Similarly,
in a brief report Vaidyansthan and Street (117) showed NADR-
dependent disappearsnce of nitrite with aqueous extracts of
tomato roots, but only 2% of the added nitrite was resovered

as ammonia, The studies on the reduction of nitrite by



A. braypii led to the agssuaption that reduced pyridine
nucleotides are generated through hydrogenase (215), and that
nitrite reduction was markedly accelerated by exposure to

light (216), These studies were confirmed in E. gracilis (131),
Both Cressvell (217) and Sanderson and Cocking (120) concluded
that ;;dneod pyridine nucleotides did not function as direct
electron donors for nitrite reductase, A new insight into
nitrite metabolism was provided by the demonstration of a
nitrite reductase in cell-free extracts of higher plants

capable of reducing nitrite and hydroxylamine to ammonia (118),
The use of BVH as electron donor was first reported by Sadana
and MoBlroy (95) for nitrate reduction, Huzisige and Satoh (218)
reported a photosynthetic nitrite reductase from spinach leaves
but the reaction product was not identified, Nitrite
disappearance in the presence of chloroplasts was markedly
stimulated in the light. The participation of photosynthetically
reduced electron donor in the nitrite reduction was confirmed

in a similar grana-enzyme system of tomato (120)., With the
observation that naturally occurring electron transporting
proteins, the ferredoxins, were important not only in the
bacteria (219) but also in photosynthetic mechanisms of higher
plants (220,221), it became apparent that ferredoxin might also
be involved in nitrite reduction, The investigations of a
number of groups (121,2282-224) revealed that ferredoxin was
apparently the physiological electron carrier for the reduction
of nitrite to ammonia and could replace viologen dyes as the

electron donor., Reduced ferredoxin for the enzymatic reduction
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of nitrite ean be supplied by light in the presence of grana
or in dark by NADPH via NADP*-reductase and hydrogen gas-
Clostridium hydrogenase system as follows (122)

';itrito Reductase

O » PFerredoxin & NADPH

Hydrogena;e NADP*-
" reductase

[Chloroplast

Light

For each mole of nitrite reduced, 1 mole of ammonia,

1.5 moles of oxygen, and 3 moles of ATP are formed (121,122),
Fungi

Nason ¢t ale. (116) partially purified from N. crassa
(and from soybean leaves) a nitrite reductase which catalyzed
the reduction of ammonia via hydroxylamine by reduced pyridine
nucleotides, The ensyme has a specific FAD requirement as well
as a metal component. Nicholas et al. (137) further purified
N. cragsa nitrite reductase and concluded that it was NADPH-
dependent and contained FAD, Fe, Cu and -SH groups., The enzyme
also required Mg*" and pyridoxine for maximal activity,

An assimlatory nitrite reductase which utilises NADPH
but no NADH, as electron donor has recently been reported from
yeast T. pitratophila (70). PAD was a specific requirement
for the NADPH-linked activity of nitrite reductase., MVH and
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BVH could alse ke used as sisetrom donors. On the basis of the
specific FAD roquitonint th th‘ entymatic reduction of nitrite

with NADPH and imhibition studies, it was suggested that NADPH-
nitrite reductase from I, pliratophils is a metalloflavoprotein.
Bagteria

Relatively k less information is available about
assimilatery nitrite redustases from bacteria in contrast to
nitrite redustases from plant kingdom (20-22).

gpencer et al, (185) found in extracts of Agotobagter agile
a soluble nitrite reductase which also showed hydroxylamine
reductase activity, The enzyme utilized reduced nicotinamide
nucleotides as eleetron donors and required added flavin
nucleotides for maximal activity. Inhibitor studies indicated
that the system had an essential metal component, The product
of nitrite reduction was identified as NHz, whereas that of
hjpdroxylamine was not established.

Bxtracts of Degylfovibrio desulfurigang reduced nitrite
and hydroxylamine to ammonia with either hydrogen gas or
piiuvutc a8 hydrogen donor (325,226)., PB. goli grown in deep-
standing cultures with nitrate as the sole nitrogen source has
besn shewn to contain at least three nitrite reductases that
catalyzse the reduction of nitrite and hydroxylamine to ammonia
at the expense of three different reducing agents,

Oné {8 specific for NADH, one for NADPH and third, which
apparently involvoo a gcytochrome,rsquires flavin or viologens (16l1),
The NADPH-specific enzyme was shown to function in the intact
cell as a sulfite reductase (16l1).



Vega et al. (156) have recently reported a soluble
assimilatory nitrite reductase from ‘,|chrgocoecgg grown
anaerobically on nitrate as the nitrogen source. The enzyme
utilizes NADH as an electron donor and requires FAD for maximal
activity., Inhibitor studioi suggested the involvement of thiol

groups and a metal component,
11) giz-elsetron saavmatic reduction of nitrite to ammonia

It was postulated earlier that reduction of nitrite to
ammonia proceeds by a series of two electron transfers, each
catalyzed by a different enzyme (20-22), However, working with
Es ¢01i nitrite reductase, Lazsarini and Atkinson (160) concluded
that the enzyme catalyi?d the complete six-electron reduction
of nitrite to ammonia with no obligate free intermediates, The
relevant findings were: (a) there was no indication of separation
of enzymes catalyzing the different steps in the course of
moderate degree of purification of the overall system.

(b) Possible intermediates at the +1 oxidation level of nitrogen
(hyponitrite and nitrous oxide) were not reduced. (c) Although
hydroxylamine is reduced, free hydroxylamine is not an obligate
intermediate in the reduction of nitrite. (d) There was no
evidence for the participation of a dissocliable organi# cofactor,
so that the movement of hydroxylamine from one site to the other
in the form of an organic compound seems unlikoly. This
conclusion was supported by studios of Kemp and AXxinson (161)
wvho showed that E, goli nitrite reductaso catalyses the

reduction of nitrite as well as hydroxylamine to ammonia and that

the Michaelis constant for hydroxylamine was 150-times greater
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than that for nitrite. The high Km for hydroxylamine seems
to exelude hydroxylamine as an intermediate in nitrite
reduction, Similar comeclusions vere reached with ferredoxin-
nitrite redustase from Chlorella, spinach and squash leaves (23,
72). Results reported regently by Vega et al. (156)
eorroborate this view and show that in A. chroogosecum, nitrite
1s stoichiometrically redyced to ammonia without the formation
of hydroxylamine as a free intermediate,

gince ferredoxin is a single electron donor, x nitrite
reduction to ammonias might proceed by a series of onemeleetron
stages; such a scheme was proposed by Fewson and Nicholas (227),
However, if such intermediates do occur 1t appears unlikely that
they are released in the free form, Hewitt et al. (127) and
Cresswell et al. (171) suggested a tentative hypothetical scheme,
based on a hemiacetal strufture, for the reduction of nitrite
and hydroxylamine by a single protein (Fig, 1), The scheme
would be compatible with the absence of free intermediates,
However, as the scheme is based on a sequence of two-electron
steps it would need further modifications to accommodate the
specific requirement for a single electron donor (either
ferredoxin er benzyl viologen), as suggested by the authors (127).

Other six electron reduction reactions which occupy
crucial position in metabolism and which involve only a single
ensyme are those catalyzed by sulfite reductase,
L§b§— + 6(H*)—» 82" + 3 Hy0/ and nitrogenase
{fg + 6(H) + 2 B*—2 NH_ 7. Like nitrite reductase,

assimilatory sulfite reductases have been obtained in a
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homogeneous state which catalyze the six electron reduction
of sulfite to 8£1fldo without iﬁe formation of free inorganic
sulfur~c§ntnining intermediates (228,229).

Although in plants, sulfite and nitrite reductions are
catalysed by distinct enzymes (230,831) it is interesting to
note that in bacteria and fungl, sulfite reductases of both
assimilatory (160,161,229,232,233) and dissimilatory (234)
types are capable of catalysing the reduction of nitrite. Wwith
E. goli sulfite reductase the product of nitrite reduction by
NADPH was identified as ammonia (160). The possibility that
some struectural features may be common to both sulfite and.
nitrite reductions in nature ax was supported by the studies
of Zumft (135) who demonstrated striking similarity between
nitrite reductases (from Chlorella and spinach) and sulfite
reductases (from spinach, yeast and B, goll) suggesting that the
two enzymes might share a common heme chromophore, The heme
chromophore has recently been isolated from E. goli sulfite
reductase and identified as a new type of heme prosthetic
group, an octacarboxylate iron~tetrahydroporphyrin of the
isobagteriochlorin type vhich has been given the name
"giroheme® (235,236),

Seigel and his colleagues have reported a detailed study
of E. goli sulfite reductase. The ensyme is complex hemo-"
flavoprotein of molecular wvelight 670,000, It sontains per
molecule (R3) 4 FAD, 4 FMN, 20 to 21 atoms of iron, approximately
16 atoms of aeid~labile sulfide, and 3 to 4 molecules of
siroheme (235,236). The FAD prosthetic group is bound much more
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tightly than the FMN (238),
L - D“

—CH - —Cooy

e

ALk
C.NB_— cCooly

Postulated structural formula for
the siroheme prosthetic group

The enzyme is composed of only two different types of
polypeptide chains, termed « and B, which may be dissociated by
urea treatment and separated on DEAR-cellulose chromatography (239).
The «~chains bind the FMN and FAD prosthetic groups, while the
B-chain bind the iron, sulfur and siroheme prostheties groups.

The subunit structure appears to be «gBfg. The flavoprotein
(%~chains) can catalysze the lADPl-dQﬁE}ndcnt reduction of a
variety of artificial electron aceeptors, including cytochrome g,
but net that of the natural ensyme acceptor, sulfite. The
hemoprotein (B~chains), on the other hand, can catalyze the

reduction of sulfite with artificlal electron donor, MVH, but
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not with the natural electron demor NADPH. The lsolated
flavepretein and hemoprotein cahb combine te reconstitute the
complete ¢lectron transfer sequence with lAé?-aulfite reductase
activity (239).

The FAD prosthetic group ef sulfite reduction appears
to serve as the sple "entry part” for elestrons from NADPH (238).
The FMN presthetis group is.required for transfer of electrons
from NADPH via the FAD, sither to enzyme-bound siroheme and
thence to sulfite, or to the exogenous electron acceptor,
cytochrome g, The majority of electrons which are transferred
from NADPN to the tdiaphorase!-type acceptors 2,4-dichlorophenol
indophenol, ferricyanide, or menadione by sulfite reductase
pass through a FNN-dependent pathway (238). Thus, NADPH reacts
with the flavins, while sulfite interacts with the sircheme
component, The patterns of interaction of the enzyme with a
variety of electron donors, acceptors and inhibitors indicated

the following minimum sequence of electron transfer:

NADPH —FAD —> FMN —>heme —80g or ¥oZ

Siroheme was shewn to serve as the prosthetic growp for
sulfite reductases assosiated with sulfate respiration as well
as sulfate assimilation (236,840). Morerecently,

Murphy g% al. (241) reported that the heme-like prosthetic group
of spinach ferredoxin-nitrite reduetase is identieal in its
spectral and chromatographiec preperties to the sirocheme
prosthetic group of E. golil sulfite reductase, The presence of
this nev type iron-porphyrin, siroheme, in the assimilatory
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sulfite reductase of E, ¢oli and spinach ferredoxin nitrite
reductase suggests that hoth types of "multi-electron reduction
processes (sulphite to sulfide and nitrite to ammonia) may share
common mechanistic features. This possibility 1s strengthened
by the fact that many highly purified sulfite reductases have
been shown to possess nitrite reductase activity. Some of this
reactivity, it has been suggested (241), may be ascribed to the
siroheme, The association of siroheme with the reduction
processes involved in the metabolism of two of the major
elements of the biosphere, nitrogen and sulfur suggests that
this novel heme may have played a key role in the evolution

of redox metabolism.

Although 2ll adequately studied sulfite redactases
contain siroheme as prosthetic group (236,240), this
generalization cannot be made for nitrite reductases, Prakash
and Sadana (170) have reported from this laboratory that
A. fischeri nitrite reductase that catalyzes the reduction of
nitrite to ammonia as part of the process of nitrate respiration
contains a heme g-type prosthetic group as its sole iron-
containing moiety. This is incompatible with the presenece of
siroheme in the jA. fischerl nitrite reductase. Ensymes involved
in the dissimilation of nitrite to gaseous nitrogen
(N0, N0, N, etce) do not have the siroheme prosthetic group.
111) Denitrifring organisws

In the past, lack of precise analytical techniques
slowed the study of stepwise reduction of nitrite in denitri-
fication, but introduction of gas chromatographic methods
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(149,242) has increased the pace of researchs Thus several
workers determineds (1) that nitric oxide is a specific product
of nitrite reduction, (i1) that nitrous oxide results from
nitriec oxide reduction, and (iii) that nitrous oxide is the
terminal denitrification preduct of several bacterial
ltraips (10,149,243,244).

The following section will deal inm brief with various
schemes of dissimilatory nitrite reduction in denitrifying

bacteria.
psedomonas denitrificans
[\
The copper-containing nitrite reductase from
P. denitrificans was obtained in an ultracentrifugally homogeneous

state (143), The enzyme catalyzed the reduction of nitrite to
nitrous exide using hydiroxylamine as an electron donor. Nitrie
oxide was identified as the reduction product of nitrite with
pacterial Aytochrome/ggsz a8 & specific hydrogen carrier and
tetramethvl p-phenylensdiamine (TEMPD) as a hydrogen donor (2485)
When d1nethyl-p-phenylincdiélino (DMPD) or p-phenylenediamine (PPD)
were added to this system, nitrogen was evolved instead of

nitrie oxide (the nitric oxide produced reacts with the phenyl-
amino or imimo groups present to give nitrogen). This observation
suggested that nitric oxide was an intermediate of the
denitririsation reaction, Miyata and Mori (246) working with
various reconstituted reastion systems, demonstrated that nitric
oxide was the only product of nitrite reduction catalyzed by the
denitrifying enzyme(NOgR). Matsubara (247) has recently shown



thet the mechanisa of as prouuction from uwMPL and nitrite
and from NHgOH and NO; is different from the normal denitrifying

mechanism using a respiratory substrate, lactate, as the sole

reducing agent. The following scheme, which 1s a modification

of earlier schemes (244), represents a posgiblo mechanisa of
the nitrite reduction to Mg in P. denitrificans (247 )3

lzo ugo DMPD
/Z, NHgOH iy
l02 ~l0él20 v No
Do Eo NO-R l20‘R
T 0 T
X b 4
PPD Cyt
PED 9552 ]‘ J
TNPD > or —-

Cyt 4553 Lactate dehydrogenase

I

Lactate

wmdp Normal denitrifying process
--» Non-ensymatic reactions

—> Other ensymatic reaction, or electron
transport systea

D.R.,benitrifying enzyme (nitrite reductase); NO.R.,
NO reductase; NoOR, N0 reductase; X,Y, unknown

coupomds?\'olcctron transport systea
Eseudononas asruzinosa
A 600-fold pure preparation of nitrite reductase from
P. asruzingss was reported to contain FAD, Fe and Cu as
components and shoved a cytochrome g-type spectrum (145). The

enzyme reduced nitrite to nitric oxide when either reduced
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flavins, reduced pyocyanine or reduced methylene blue was the
electron donore FAD was required for maximal activity. NADH,
NADPH and reduced cytochrome g were ineffective as electron
donors, The following scheme was proposed:

cul*t=s cu*

Py, — » PAb——> Cu. Protein —>NOp

Yamanake gt al. (147) obtained a purified preparation
of the ensyme which reduced nitrite to nitriec oxide with
Pseudomonas cytochrome gs551 as the eleotron donor, The enzyme
contained two types of hemes, heme a, (heme d) and heme-g¢ and
also whamt showed strong cytochrome oxidase activity (248).
The following scheme was suggested for the reduction of nitrite

in P. gerugiposa,

NADH ., Pseudomonas
cytochrome gcxs54

~ Pseudomonas __» NOy, Op
7 cytochrome gsg)

Suecinate;Pseudogonas
cytochrome gggo Pseudomonas

cytochrome
oxidase(NOgR)
Microcoocus denitrificans
In Mierococcus sp, nitrite is totally reduced to nitrogen
with one mole of nitrogen being formed for every two moles of
nitrite reduceds A NADH-dependent mitrite reductase was reported
wvhich vas stimulated by added FAD and menadione and inhibited
by amytal, quinine, diconnz?ol, antimyein A and CO (148).

Besides reduced dyes which served as direct electron donors,



a cytochrome b, seemed to function as an electron carrier.

The following scheme was suggested:

Amytal Suceinate
succinie
l Quinine Dieoumarol dehydrogenase
NADH, l l
“Srlavoprotein ——s Vit. K—>( ) —> Antimycin A
sensitive factor
Oxidase-—>02

eyt.d4

NE,OF _PMSH
4
>NiR —— lOﬁ

i@na't
(CO,CR™, Ny

(Heavy arrows indicate inhibitions)
metal complexes)

A cytochrome~containing protoheme was suggested to be
participating at the step shown with blank parenthesis. The
Micrococgus nitrite denitrifying system was subsequently

separated into two, particulate and soluble, protein fractions,
both were necessary for denitrification, Soluble activity was
stimulated by Cu® and Cu**, whereas the particulate activity

was enhanced by Fe** and Fe'*’. Unlike P. depitrificans,
nitrite reduction in M. denitrificans was reported to be coupled
with phosphorylation, though to a lesser extent than that for
nitrate (38), Like several demitrifying bacteria which require
cytochrome ¢ as an electron carrier, nitrite reductase of

M. denitrificans is linked to the electron transfer chain at a
site between cytochrome ¢ and O, (249). A 99% pure preparation
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of nitrite reductase was reported from M. denitrificans (110).

Nitrite reductase from M. denitrificans like P. aeruginosa

enzyme was a cytochrome containing two hemes, heme ¢ and heme d
and exhibited cytochrome oxidase activity (110).
eud as perfectoma us

In P. perfectomarinus which requires asparagine for
denitrifying growth, the reduction of nitrite to nitrogen
consists of three identifiable steps (113), each involving
a different enzyme systeme. From crude extracts of
P. perfectomarinus, grown anaerobically on nitrate, nitrite
or nitrous oxide, separate complex fractions were obtained
that utilized NADH as electron donor fo;t;eduction of
(1) nitrite to nitric oxide (ii) nitric oxide to nitrous oxide,
and (i1i) nitrous oxide to nitrogen. Each of these fractions
reduced only one of the nitrogenous oxides (10), Nitrite and
nitric oxide reductases were found soluble and were partially
purlfied, whereas nitrous oxide reductase remained particle-
bound (113). Electron flow was initiated by NADP'-linked
malate dehydrogenase, connected in turn by transhydrogenase to
NAD] and on”to free flavin reduction. The following scheme
was suggested for denitrification in P. perfectomarinus (18):
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Asparaginase
Aspartic deaminase
o

Fumarase /
—> Pyruvate

L-asparagine —it——> Malate

NADP NADH FMN(FAD) od.
(AP 5 (T ¢ y (rods)
"NADPH  NAD FMNH, (FADH) €yt (oxid.)

o {3 " O [ £ —
By —— lzo +— N0 «— NO,«—— NO,

a Membrane associated

b Soluble

Rlectron flow for

denitrifiecation in P. perfectomaripus

Other ]

The end product of dissimilatory nitrate and nitrite

red\Ttions Corynepacterium pephridij is nitrous oxide.
Kitrlo exide‘was detelted during the reduction of nitrite

to mitrous oxide (149). Iike P. denitrificans, C. pephridii
' can #lso qonvert hydroxylamime and nitrite to nitrous oxide
in the presence of lactate as eleftron donor. A tentative

scheme suggested for dissimilatory nitrite reduetion in

C. pephridil is as under:
102 + lnaon
IOE‘———910§-——9 NO ~——+.}i).___+.3o

hypothetieal
internediate
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Iwasaki and Matsubara (150) obtained from
A Sycloclastes a highly purified preparation of a copper-
containing nitrite reductase which catalysed the production
of nitric oxide from nitrite using aseorbate-phenazine-
methosulfate as the electrem donor. Like Pseudomonas (163)
and mn:kﬂﬂm (149) enstymes, A. 9ygloglastes enszyme canm
also catalyse nitrous oxide production from nitrite and
hydroxylamine.

A two-heme cytochrome acting as a nitrite reductase
in dissimilatory nitrite reduction has been reported from
A [ascalis (112). The enzyme catalyzes the formation of
NO from NOg in the presence of ascorbate and phenazine-
methosulfate, The authors suggested that cytochrome c4
of A. faegalis may function as the two-heme nitri}e reductases

n

from P. aexuginosa and M. denitrificans.
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SECTION V E;g

PRESENT INVESTIGATION

It is evident from the literature reviewed in this
chapter that nitrite reductases have mostly been studied in
either crude preparations or in partially purified forn.
Studies with relatively pure entyme preparations have, however,
been reported in the ocase of P, aeruginoss (111),

M. depltrifiogns (110), C. pepo (165), A. faecalis (113),

and A. cyeleclgstes (150). The enzymes obtained from C, fusca
(135), and spinach (136) are homogeneous in dise gel electro-
phoresis, It is also evident from the literature reviewed

here that little information is available on the subunit
structure of nitrite reductases., The investigations made till
now indicate that nitrite reductases from different organisms
have widely different properties and diffurent reaction
meshanisms, The work presented in this thesis includes the
foilowing investigations:

1. Purification of the enzyme to a state which is
homogeneous in the ultracentrifuge and disc gel
electrophoresis and study of some of its physical
properties,

2. Studies on the subunit structure of the enszyme.

3. Determination of the amino acid composition and some
of the hydrodynamic parameters of the enzyme,

4. Studies on sulfhydryl and disulfide groups and the
involvement, 1f any, of -8H groups in the enzyme

activity.
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5, Studies on the reversible inactivation of the
enzyme by urea, guanidine HCl, sodium dodecyl
sulfate and acid pH.

These studies, it was hoped would throw some light on

the structure of the enzyme molecule and may also form the
basis for future studies on the mechanism of the six-eslectron

reduction of nitrite to ammonia by A. fischeri nitrite reductase.



Chapter 2

MATERIALS AND METHODS
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Materialg

All the chemicals used in the media for the growth
of Achremobscter f{isherl were of analytical grade., Bacto
peptone snd agar (Difco) were obtained from Difeco Laboratories,
U.SeAs and beef extract from Oxoid, England, Ferric chloride
and gylyeerol were supplied by B.D.H., England.

Crystalline bovine serum albumin, crystalline ovalbumin,
catalase, yeast alcohol dehydrogenase, deoxyribonuclease I,
lysozyme (three times crystallized), dansyl chloride, dansyl
amino acids kit, p-hydroxymercuribenzoate,x p-chloromercuri=-
benzene sulfonic acid, 8,8'~dithiobis (2-nitrobenzoic acid),
6y81-dithioblyg (2«nitrobenseiewecid), reduced glutathione,
protamine sulfate (Salmine) were obtained from Sigma Chemical
Company, U.8.A. Acrylamide, N,N'-methylenebisacrylamide, and
N,N,ﬁﬁN'-totramethylothylenediamine were the products of
Eastman Organic Chemicals, U.S.A. Benzyl viologen, methyl
viologen, tyrosine, tryptophan, ethylenediaminetetracetic aeid
and p-dimethylaminobenzaldehyde were purchased from British
Drug Houses Ltd., England., Sephadex G-200, and Blue Dextran
2000 were obtained from Pharmacia, Sweden and Bio-gel P-150
from Bio-Rad Laboratories, U.B.A.

The folloving chemicals were purchased from the suppliers
indicated: l-nitroso-3-naphthol (Hopkins and Williams); sodium
borohydride (Koch and Light Laboratories Ltd.)§ 2-mercapto-~
ethanol (Fluka, Switszerland); sodium dodecyl sulfate (HICO
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Products pvt.Ltd., Bombay); sulfosalicyclic acid (Riedel,
Germany),

All other chemicals were of analytical grade and were
obtained from commercial soureces. Prior to use, p~-hydroxy-
mercuribenzoate was erystalliwed by the procedure of Boyer (250),
S8odium dodecyl sulfate was orystallized twice from ethanol before
use,

Guanidine hydrochleride was prepared from guanidine
carbonate (Analar, B.D.H.) gecording to the procedure of
Kawahareand Tanford (251). The carbonate was recrystalliszed
from aqueous solution by the addition of ethanol at 4°C, the
orystals dried in vacuum and mixed with water to make a paste
and converted to hydrochloride by the addition of cold
concentrated HCl, The resulting solution was adjusted to
PH 33& 5.4, filtered and concentrated in vyaguo below 40°C and
the residual mass recrystallized from methanol, The crystals
were stored dry in a vacuum dos#%ator over Pg0g and solutions
prepared and used fresh,

The analytical grade urea (B.D.H.) was recrystallised
from aqueous ethanol and the erystals stered dry over PgOg
in vacuume 8Solutions vere made fresh befere use,

Hydroxylapatite gel was prepared according to the
procedure of Tiselius, Hjerten and Levin (252). The gel was
equilibrated with @OJO01l M potassium phosphate buffer (pN 6.8).
Nitrogen gas was obtained from Indian Oxygen Ltd., Bombay and was
made Og-free by passing over heated copper at 700-800°C and
then through methylene blue solution reduced by hydrogen and
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palladised asbestos (Danpha Chemicals, India).

Mefhods

orzanisms The salt-water luminocus bacterium Aghromobacter
fischeri used in the present investigation was kindly
supplied by Dr. W.Ds MeBlroy (MeCollum-Pratt Institute,
Johas Hopkins University, Baltimore, U,8.A.). The culture
appwared as Oram~-negative rods, sometimes slightly ourved,

Maintenance and propagation of cultures A. fischerj was

propagated on nutrient agar slant of the following composition:

Peptone 0.5 g
S8odium chloride 3.0 g
Beef extract 0.3 ¢
Glycerol 0.3 ml
Agar 2.0 g

Calcium carbonate 0.3 g

Distilled water

to make 100 al
The first four constituents wvere dissolved in water and the
PH was adjusted to 7.4 with 4N KON. The final volume wvas
then made to 100 ml, Agar and ealcium carbonate were then
added and the mixture steamed for one hour, For preparation
of slants, 7-8 ml aliquots were distributed into 19 x 150 mm
Pyrex test tubes and autoclaved at 15 psi (120°C)for 20 min.
The tubes were shaken while hot in order to distribute caleium
carbonate uniformly, immediately slanted and allowed to
solidify. These slants were inoculated from the stock culture



and inoubated at 88°C for 24 hrs.
The organism vas maintained at 4°C and subcultured

routinely every month.

Bagal liguid medium for grovihi To obtain large amounts of cells,
the organisa vas greva imn the folbwing basal liquid medium:

Bodium ehloride, (NaCl) 30 g.
Ammonium phosphate, (lll4)aHPO4 0.5 g
Potassium dihydrogen
phosphate, (KHgPO4) 2.1 ¢
?lil:o;%‘o. h{grogon phosphate,

ghPU,. Ho ) 7.06 g
Magnesium sulfate (Mg80¢) 0.l ¢
Ferric chloride (FeClz.6Hg0) 0.01 g
Glycerol 3 ml
Peptone 10 g.

Distilled water to meke one liter
pH was adjusted to 7.4 by 4K KOH

All the constituents were dissolved separately, then mixed

and made to the final volume. The media were asutoclaved at

15 psi for 20 min., When nitrite was required to de incorporated
this alone was sterilised by passing through a 8eits filter.
Srowth conditloens and collegtiel of cellss Inceula from 24 hr
cultures grown on agar slepes wvere transferred into 500-aml

conical flasks containing 100 ml ligquid medium and grown for

20 hr at 28°C om a rotary shaker, 210 rpm, The organisa was
subcultured through two transfers in liquid media (without nitrate)

under aerobic conditions, The inoculum was then transferred



to 16 liters of the bassl liquid medium in glass carboys
containing 0.1% petassium nitrate. Antifoam (0.2 to 0.3 ml,
Alkaterge C, Commercial Solvents Corporation, U.S5.A.; one part
antifoam mixed with four parts of liquid paraffin) was added to
each earboy in order to prevent excess frothing. The culture
vas kept at 88 to 30°C and purified air was continuously‘gorccd
through the sultures from sintered glass units at 850 llfiin.
After growing for 18~20 hr, the cells were harvested in a
refrigerated Sharples centrifuge (2,000 rpm) at a flow rate of
about 10 liters per houre The bacteria were washed free of
nitrite by suspending in 3% sodium chloride and centrifuging.
The cells were stored as a paste at 158°C until used.
Refinition of umit of activity and specific activity:

The unit of nitrite reductase activity is defined as the
amount of ensyme required to cause disappearance of 1 imole
of nitrite in 10 minutes at 30°C and pH 7.5 using reduced
benzyl viologen as the electron donor under the experimental
conditions given in the tdﬁ}. The specific activity of the
ensyme is defined as the astivity per mg of protein,

] as

Nitrite reductase was measured in Thunberg tubes after
evacuation and refilling with Og-free nitrogen with chemically
reduced bensyl viologen as eleetron donor, The rate of
reduction vas measured by determining the decrease of nitrite
concentration in the reaction mixture by the diazo-coupling
procedure of Snell and Snell (253)., The details of the assay
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procedure are as follows.

The incubation nlxtur? contained, in a final volume
of 1,8 ml, 200 gmoles of potassium phosphate (pH 7.5), 0.67 mmoles
of NaNOg and enszyme protein. 0.5 ml of bensyl viologen
(10 mg/ml in water) and 1 ml of freshly prepared dithionite
(1 mg/ml) in 0.2 N potassium phosphate (pH 7.5) were placed
in the side arm of the Thunberg tube and the tubes were
evacuated immediately. The reaction was started b}fﬁddition
of reduced benzyl viologen, The final pH of the reaction mixture
was 7.5, After 4-6 pmin of incubation' at room temperature, the
reaction was terminated by opening the Thunberg tubes and shaking
for few seconds to oxidize all the reduced benzyl viologen. To
1 ml of reaction mixture was then added 1 ml of sulfanilamide
reagent (1% w/v in 1 M KCl) followed by 1 ml of N-(l-naphthyl)-
ethylenediamine dihydrochloride (0,02% w/v in water), The
resulting red color was read at 540 nm after 10 minute after
mbking the volume to 9.5 ml, The amount of enzyme used was
adjusted so0 that the nitrite utilized was between 0,2 ~ 0.3 umolees,
An optiocal density of 0.5 for 10 mm light path was taken as
equivalent to 0.l (mole of nitrite reduced, A blank with all
the assay constituents except ensyme was always rune
Ratimation of oatalage activity: Catalase was assayed according
to Beers and Sizer (834). 2.9 ml of buffered solution of
hydrogen peroxide (0.2 ml of 30 NgOg in 50 ml of 0.08 M potassium
phosphate buffer, pK 7.0) was taken in 3 ml capacity silica
cuvette. O.1 ml of entyme sample was then added to the

substrate solution and the decrease in optical density per 1-2 min,
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used as the standard,
(b) Method of Lowry et al.:

Protein determinations in the subsequent purification
steps were carried out with the Folin-Ciocalteu reagent
as deserided by Lowry gt al. (257)s Crystalline bovine serum
albumin vas used as the standard and the final solution was
read at 750 nm, the absorption peak. Samples free of ammonium
sulfate and Tris and containing only low concentrations of
phosphate were used to avoid interference from these substances.
(¢) Qptical method:

Protein determination by the optical method of Warburg
and Christian (258) was done by using the following empirical
equation (269) to eorrect for light sbsorption due to nucleic
acids, the light path being 10 mms

4/7 [2.03 (O'D‘280nl - OODQMO“) - (O'D’Qﬁcnm - 0.D.340n.)_7
~ ﬂ\a MQ:W ?lh. m‘,

This method was used, although it was somewhat inaccurate, to
obtain rapid comparative estimates of protein content. The
concentrations of serum albumin and mammalian cytochrome ¢

in solutions were caloulated from their extinction coefficients

at 280 nm (260) and 550 nm (261) respectively,
(4) Mlcro-Kjeldahl methed:

This method was used to determine the protein of electro=-
phoretically homogeneous sample of ensyme to compare the final
specific activities obtained by this method and those based
on protein determinations by optical and Lowry's methods. The

protein was calculated from total nitrogen on the assumption



69

that the protein contained 168 No 1 - 1.5 mg enzyme protein,
dialyzed against distilled water, was digested with 2 ml of
conc. HgdO, and about 1 gm of digestion mixture of composition,
5 mg Cud0,.8HgO, 0.5 mg powdered selcaium and 250 mg KHBO,
(262)' until eompletely clear. The ammonia liberated from
the digest by steam distillation under alkaline conditions
was absorbed in N/70 E,80, and nitrogen vas calculated by
titrating against standard NaOH solution. The accuracy of the
method was judged by using standard ammonium sulfate solution,
For comparison, protein estimations on standard solution of
cytochrome ¢ and bovine serum albumin were also carried out
by this method,
Ammonlum sulfate fractionation:

Ammonium sulfate saturation refer to 0°C and the quantity
required for changing the degree of saturation vas calculated
according to Jagannathan et al.(259) from the following equations:

50(82-81)
For solid ammonium sulfates X =

1.0.28 8,
100(33-81 )

1-8g

vhere X equals gm of solid ammonium sulfate to be added to

For saturated ammonium sulfate: Y =

100 ml of solutions of saturation 8, in order to change it

to saturation 8;,, and Y equals ml of saturated solution te

be added to 100 ml of solutien to chamge its saturation from
S; to 85, 8; and 8g being expressed in fractions of saturation
at 0°C, Ammonium sulfate, solid or solution, was added slowly
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with gentlie stirring to avoid frothing and the liquid was
allowed to stand for 30-40 min, thea centrifuged at 4,000 x g
for 45 min.

Ultracentrifugation:

The ultracentrifugal studies were carried out in the
Beckman Spineo model R ultrasentrifuge equipped with a phase
plate-schlieren optics and a retor temperature indicator and
control deviee capable of maintaining a eonstant temperature
during the run. All the determinations in aqueous system were
carried out at 3-8°C, and in denaturing systems at 20-25°C, using
red-sensitive I-N spectroscopic plates (Kodak) and a 660 nm red
filter for recording the sedimentation profile of the pink
colored protein. A counter balance with the usual reference
holes was used to provide reference points for determining
radical distances from the axis of rotation.

Homogene s enta ficjent:

Homogeneity and sgg \ Were routinely determined from
sedimentation velocity runs using a 4° sector, 12 mm standard
sell at a speed of 59,780 rpm. Some of the runs were also
carried out in a Beckman valve-type synthetic boundary cell
of 12 mm thickness and 4° sector. Photographs taken at different
time intervals wvere read either on a Hilger (L-80) or a %&ertncr
(model M 2060) microcomparator. Correction for the stretching
of the analytical rotor (0.02 cm) was determined according to
the method of Kegeles and Gutter (£2683), Sedimentation

coefficient was calculated in the usual manuner from the plots
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of the logarithm of distance of sedimenting boundary from
the axis of rotation versus time (264). The sedimentation
coefficients (s,,,) vere normalized to water at 20°C (syg )
after making density and viscosity corrections (£264). A4 value
of 0.78 -1{; calculated frem amino acid composition as
described i:i- vas used after sorrection for the temperature.
Moleoular weixhis

Molecular weight determinations were made by the
approach-to-equilibrium method of Archibald (265) as described
by Schachman (264) in a synthetic boundary cell., The phase
plate was used at an angle of 80° and the approximate speed of
the centrifugation for linear extrapolation of the gradient
curve was calculated according to Labar (266). The protein
solution was dialyzed overnight at 0-4°C against 100 volumes of
0.06 M phosphate buffer (pH 6.8) with two changes and then
spun at 10,000 x g for 15 min before filling in the cell,
0.6 ml solution (0.5 - 1,0% protein) was used directly in the
sector of the synthetic boundary cell with the cup empty
for determination of changes in concentration. Only readings
at the meniscus wvere taken. Initial protein concemtrations
were determined by layering the solvent buffer system (0.2 ml)
from the cup at a speed of about 8,000-10,000 rpm over the
protein solution (0.4 ml) and immediately adjusting rotor
speed to that used in the correspenmding run Ssx for determining
concentration depletion at the memiscus. Photographic plates
were read at O.1 mm intervals either on a Hilger L-50 two-way

measuring micrometer with a sensitivity of one micron or a
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model M bosofi-rtncr microcemparator. Areas were delermined
by trapezoidal anmalysis.

For determining the molecular weight in denaturing
systems, the ensyme was precipitated with solid asmmonium
sulfate and the protein precipitate dissolved in approrpriate
denaturing buffer system. The ensyme was dialyzed against
the dennéuiiig baffer for 70-80 hr with at least four changes
of the buffer. The densities and viscosities for guanidine
HCl and urea solutions were taken from tables of Kawahara and
Tanford (251).

As a check on the accuracy of the method, the molecular
veight of crystalline bovine plasma albumin was determined.
Consistent values were obtained and were on the average 68,000
in both dilute aqueous buffer solution and in 8M urea, This is
in good agreement with the reported molecular weight values in
the literature (267,268)s The method of Archibald was preferred
over that of Yphantie (269) because oft?ifficulty in obtaining
a stabilized supply of current over a long period of time,

Gel filtration studless

A column (1.6 x 85 om) of Sephadex G-800 (40-120 u)
or Bio-Gel P-150 was equilibrated at 4°C with 50 mM potassium
phosphate buffer, pH 6.8. Hydrated gel and buffer were routinely
deasrated under vacuum prior to use. When the bed had settled
to a constant height the sample solution (0.5 - 1.0 ml)
containing 108 sucrose wvas carefully layered under the buffer
solution above the gel. Eluate fractions of 1 ml were collected

at a flow rate of 10-12 ml/hr and assayed for protein and/or
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ensymic activity, Dextran Blue 2000 (Pharmacig) was used to
determine the void volume (V,) and phenylalanine to measure the
innér volume (V4). The total volume (V;) was determined directly
vith water. The elution volume (Vq) of a given solute zone

wvas taken in all cases as the effluent peak position of the
solute. The columm was calibrated with proteins of known
molecular weights (870) or SBtokes' radii (871). Gel filtration
data are presented in terms of V¢/V,, K; and Kyy, the parameters
involved in several mathematical correlations of elution velume
with Stokes®! radius and molecular weight (271-273). The
parameters, Kq and K,y are calculated as defined by the
following equations (274):

Kq = V¢ - Vo . Y9~ Yo

v1 Vt - V‘-Vo
Kgy = Yo - Vo

Vt - vo

where Vg4 Vg9 V¢ and V; have the same meaning as described

above, Vg, the volume occupied by the gel grains is estimated
from the following relation

where B = bed volume per gram of dry Sephadex G-300 (approx
35 ml/g) and 4 is the density of dry Sephadex G-800 (1.6 g/ml)
(273). For the columns used in the present werk

V‘ = 1,73 and K.' = 0.97 ‘da



Polyeoryiamide gel electronhoreiss

Analytical disc gel electrophoresis was performed
according to Davis (875) msing 7.5% acrylamide gel polymeriszed
vith 0,078 persulfate. The discontimmous buffer system of
Davis was used in which separation gel dentains a Tris~HCl
buffer of pK 8.9. Sample and stacking gels were omitted,
After 2 hr of preliminary electrophoresis to eliminate
persulfate ions, 350-200 ul sample (made dense with 20% sucrose)
was applied throtgh the upper buffer onto the surface of the
gels, BElectrophoresis was carried out in the ¢old room (49C)
at 3 mA per tube for 3-4 hr until the dye, bromophenol blue,
reached the bottom of the gel. The electrode buffer was
Tris-glyciney pH 8.3, After the electrophoresis the protein
bands were stained with 1% Amido Schwars in 7% acetic acid,
The destaining of the gel was either performed electrophoretically
or by diffusion in 7% acetic acid for about 24 hr.

The molecular weight of native nitrite reductase using
gel electrophoresis was determined according to the method
described by Hedriock and Smith (276), Separation gels with
various concentrations of acrylamide (6-18%) were prepared
according to Ornstein and Davis (277) except that the ratio
of acrylamide to bs (N,M'-methylenebisacrylamide) was 303l
vhich was whidtained comstant in all the gels. The use of
spacer gel was found umnecessary. Samples (100 ul) im § wml
Tris-glyeine buffer, pH 8.2 containimg 50% glycerol and 0.05%

bromophenol blue were layered on top of the gels. Eleetro-
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phoresis was carried out at 2 mA for 30 min and 4 mA for 2 hr,
in a cold room (4°C). At the end of the run the dye front was
marked by inserting 25 gauge copper wire. The staining and
destaining were pirfor-cd as already described, Higrqéition of
dye and protein bands was measured on a 1lluminated box using
a magnifying glass mounted on the top of the light box,
Measurements were scsurate to ¢ 0,5 mm,

SDS~gel electrophoresis containing 0.1% SDS was carried
out as described by Shapiro et 2l.(273) except that samples
after treatment withl 1% SDS and 1% 2-ME at pH 7.0 were
incubated at 37°C for about 4 hr and were not dialyzed prior to
electrophoresis. The electrophoresis was carried out at 8 maA
per tube for 3 hr.

E-terminal snalvses:

N-terminal amino acid residue was determined as dansyl
~derintivo using the technique described by Gros and
Lgﬂouoslo (279). Protein (about 1 mg) was dansylated in 60 mM
phosphate buffer pH 8.5 containing 4 M urea for 30 min at 30°C,
The dansylated protein vas precipitated with 108 TCA; the
precipitate was recovered by centrifugation and washed twice with
1 X RCl., The dansyl-enzsyme was hydrolyzed with 5,7 M HCl at
110°C for 4 hrj the hydrolyzate was taken x to dryness, and the
residue was suspended in 0,1 ml of a mixture of acetone-1N
HCl (@31, v/v). Thin layer chromatography on silioa gel plates
was used for identification of dansylamino acids using solvent
system A of Morse and Horecker (280) and the solvent system b

of Deyl and Rosmus (28l1), Migrations were compared with
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standard dansylamino acids (8igma) as necessary. N-terminal
residues of glutathione and lysosyme were determined as a check
on the aecuracy of the method and were found to be the same as
reported in the literature. The quantitative determination of
N-terminal amino aeid residue was performed aceording to the
procedure of Gros and Labouesse (279) with slight changes,
The damnsylation of the eniyme (loﬂto 12 nmoles) and its
hydrolysis was carried out as already described for qualitative
experiments. Chromatography was performed in solvent system A of
Morse and Horecker. The fliourescent spot was drawn up from the
plate and the dansylmethionine was eluted three times with
0.5 ml of chloroform-methanol-acetic acid (7:2:2) mixture. The
eluates were combined, evaporated to dryness and dissolved in
5 ml of absolute ethanol. The fluurescence of the samples was
measured in a Beckman DU Spectrophotometer equipped with a
flourescence attachment provided with a 365 nm entrance filter.
A standard dansylmethionine solution was used as a reference.
Control experiments with methionine gave dansylmethionine in
about 50-60% of the theoretical yield.
Anlno a¢id apalvsess

The amino acid analyses of nitrite reductase were performed
vithout prior removal of heme grdups. To prepare acid
hydrolysates, lyophilized samples of the ensyme (approximately
12 mg protein) were heated with three-times glass-distillead
constant boiling HCl at 110°C for 18,24,30 and 48 hr in evacuated
and sealed Pyrex tubes in a block heater as descrided by Moore

and Stein (282), The hydrolysates were evaporated to dryness



77

in a rotary flash evaporator at 45°C. The residual HCl in

the hydrolysates was removed by dissolving the residue in
about 2 ml of deionized water and taken to dryness by flash
evaporation. This was repeated two tises, The residues were
taken up in eitrate buffer, pR 3.8, and aliquots were analyzed
in a Spinco model 120-B automatic amino acid analyzer by the
method of Spackman gt sl. (B83).

The amide content of the ensyme was determined from the
amount of ammonia liberated during acid hydrolysis of the ensyme,
No separate determination were performed because of inssuficient
amount of the enzyme available.

e i of gul 1 3

The free thiol groups of nitrite reductase were determined
by titration of the enzyme in the presence and abssnce of
denaturing agents (8M urea, and 8M urea plus 1% 8DS) with
p~HMB and DTINB. When denaturing agents were used, the protein
was initially incubated with these solutions for 60 min prior
to the addition of DINB or p-HMB,
ap p-HMB titretiopn

Titrations of the enzyme with p~-HMB were carried out
essentially as described by Benesch and Benesch (284). 8-9 mg
of p-HMB (sodium salt) is dissolved in 1 ml of 0,04 M NaOH
and solution made to 25 ml, p-EMB solutions were standardiszed
both spectrophotometrically by direct optical density
determination at 332 mm (ey = 1.69 x 10%) (280) and by titration
against standard reduced glutathione solution as described by
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Benesch and Benesch (284). The determinations by the two
methods were in good agrecment,
Fitrations of nitrite reductase samples vere carried
out on accurately measured aliquots of the protein in 1 ml
stoppered silica suvettes of 10 mm light path. The protein
samples were taken in 50 mN potassium phosphate buffer, pH 7,.0.
lmall alté‘nts of stamdard p-HMB solution were added to the
kperil;ntal solution and the blank which contained equal
lolume of buffer, The contents :Eglmixed and the optical
lensity %8 measured at 255 nm after each addition till there was
o further change, The observed optical densities :;glcorrected
lor dilution and plotted against the volume of the p~HMB added,
the end point is obtained from the intersection of the two linesll
$ shown in Fig.i5

Q DINR titration:

Ehe titrations of the enzyme with DTNB were carried out
according to the procedure desoribed by Thorner and Paulus (285).
Appropriate dilutions of the enzyme were prepared in 1 ml volume
in l-ml capacity silica cuvettes of 10 mm light path and the
titration was started by the addition of 0,02 ml of 10 mM DTNB
in 0.08 M potassium phosphate buffer, pH 7.5, The reaction
wvas monitored at 412 nm with a Beckman DU Spectrophotometer
over a period of about 6-8 hr, The same procedure was used
vhen the titratioms were performed in the presence of the
denaturin; agents except that the reaction was complete within
about an hour's time. An extinction coefficient of 13,800 (286)
vas used for reduced thionitrobenzoate for caleulating the
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free thiol groups. The asgcuracy of the method was checked

with reduced glutathione,
erm i f tota ul d d 1fide nds :

Total -5H groups and -8-8~ linkages in nitrite reductase
were dotnrhﬁhed by’two differeéent procedures:
1) Reduction of -S8-8-linkages with NaBH, in 8M urea followed
by DINB titrations after removal of excess of lllﬂ4‘
2) Oxidation of <BH and «8~5- groups to cysteioc acid by the
standard procedure of performic acid oxidation followed by acid
hydrolysis and cysteic acid estimation using an amino acid

analyser,

1) Beduction af bv NaBH, followed by DIND titration:

The reduction and estimation were carried out by a slight
modification of the procedure of Cavallini, Graziani and
Dupre (287)., Test tubes (18 x 110 nm) with marks at 3 ml and
6 ml were used for this experiment. The following were added
to the tubes in the order shown: l.44 g of solid urea, 0.1 ml
of O.1 M dig Na-EDTA, 1 mg of the purified ensyme, 1 ml of 2.5%
NaBl4 prepared just before use and water to make upto 3 ml,
The tubes were shaken in order to dissolve urea and incubated
at 38°C for 45 min. 0.5 ml of 1 M KH;PO, containing 0.2 N HC1
was then added. The destruction of NaBH  was completed by
addin; 2 ml of acetone. The solution was shaken thoroughly
and brought well into contact with the walls of the test tube.
Nitrogen was passed through the solution and 0.1 ml of 0.1 M DTKB
was added under nitrogen, After standing for 15 min the light
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absorption at 412 nm was determined. The number of sulfhydryl
groups (N) was calculated using the following formula,

N = My x A XY
120Q0 x m

vhere Mw = molecular vweight of the protein
A = absortunny'
V = volume of the final solution
m = weight in mg of the protein sample analyzed
The accuracy of the method was checked with bovine serum
albumin and lysoszyme as standard.

2) Perf c_acld oxidati ation:

The total half-cystine content was determined as cysteic
acid after oxidation with performic acid according to Moore (288)
followed by hydrolysis and amino acid analysis as above. The
performic acid treatment removes heme moieties of the heme
protein (289). This methpd will, therefore, also estimate the
cysteine residues which are bound to heme moieties of the
protein,
Eatimation of tyrosine snd tryptophans

Tyrosine and tryptophan were determined both spestro-
photometrically by the method of Benese and Schmid (290) and
Goodvwin and Morton (891) and colorimetrically by the method
described by Uehara et al. (292) for tyrosine and that of Spies
and Chambers (283) for tryptophan. The values of tryptophan
and tyrosine obtained by these methods were in good agreement,.



81

Goodwain and Morton's wethed:

Proteins show selective absorption in the ultraviolet
region and the position of the absorption maximum varles with
pH. The majority of the constituent amino acids do not show
any absorption in the region gso-aao nm ané it is known that
phenylalanine, tyrosine and tryptophan are responsible for the
observed ultravielet absorption of protein solutions., In O.1l N
NaOH the absorption by tyrosine and tryptophan is much stronger
and that by phenylalanine is negligible, Under these conditions
the protein solutions may be treated as:?wo-conponont system
for spectrophotometric analysiss The intensity of absorption
at the point where the curves for tyrosine and tryptophan
intersect is a direct measure of the total molar solute
congentration and will be the same however the proportions
are varieds At other wave lengths the intensity of absorption
will vary vith the relative proportions of the components.

Using Os1 N NaOH as solvent the two absorption curves
intersect at 294,4 nm (¢ = 2376) and 257.15 nm (¢ = 2748),
By determining the absorption of the protein in 0,1 N NaOH
at the above two wavelengths and at one other wavelength
(eags at 280 nm) it is possible to determine the relative
proportions of tyrosine and tryptophan in the protein,

Thus, if x = total mole/l in solution

y = g mole of tyrosine
Xx-y = g mole of tryptophan
At any wvavelength other than the point of intersection let
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e tyrosine be A, and ¢ tryptophan be B and the observed intensity
of absorption for a 10 mm cell E

then,
E=yA + (x-y) B
or Y=FE « xB
A~-B
x = E val a r io
tétyr at an intersection
(2) Bencze and Schmid's method (graphical method):

This method is based upon measuring the absorbance of the
protein in O.,1 N NaOH in the range between 278 and 294 nm at
2 nm intervals, The readings are plotted against the wavelength
and a line is drawn tangentially to the two characteristic peaks.
From the slope of the tangent, the maximum absorption between
270 and 290 nm, and the molecular weight of the protein the
tyrosine and tryptophan content is determined.

Attempts to use heme~free enzyme in the determination of
tyrosine and tryptophan by spectrophotometric methods were not
successful as heme~free enzyme /heme split by Paul's
procedurse (294)7 tend to precipitate in alkaline solutions.

The heme of nitrite reductase absorbs more or less uniformly
in the range 272 to 292 nm and is therefore not likely to
interfere with the characteristics of the slope of the tangent
used in Bencze and Schmidt's method to compute the ratio
between tyrosine and tryptophan. A correction for absorption
due to heme was however applied to the value of absorption

maximum which estimates the total x tyrosine and tryptophan
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content, A similar correction was applied in Goodwin and

Morton's method,

(3) Colorimetric determination of tyrosine:

Tyrosine content of nitrite reductase was also determined
by the colorimetric method of Uehara, Mannen and Kishida (292).
The methed involves alkali-denaturation of protein in a boiling
water bath, the color forming reaction between tyrosine and
l-nitroso-2-naphthol in 19 N H;S04, and measurement of the
absorbance at 520 nm. The procedure is as follows:

Nitrite reductase (0.6 « 1.5 mg) in water (1 ml) was
added to 1 ml of 0,158 (w/v) l-nitroso~2-naphthol in 0.1 N
NaQOH and 2 ml of a mixture of equal volumes of 0.025 N HNOg
and O¢3 N KaOH, The mixture was heated in a boiling water
bath for 10 min and then placed 1n a water bath at 50°C until
equilibrium was reached. Concentrated HoSO4 (4 ml) was then
added., The red color was measured after 15 min against a
reagent blank at 520 nm, Tyrosine standards were run at the
same time., The accuracy of the method was checked with
ovalbumin and ribonuclease.
(4) Colorimetric determipatien of tryptophans

Tryptophan was determined by eolcrimotrié method
(procedure K) of Spies and Chambers (203). Eight milliliters
of 23.7 N Hz804 and 1 ml of 2 N HgS80, containing 30 mg of
p-dimethylaminobenzaldehyde were mixed and cooled to 28°C. To
this solution is added 1 ml of aqueous ensyme sample, The
solution was mixed, cooled to 25°C, and kept for 12 hr, To
the solution was then added O.l ml of sm 0.045% solution of



NaNQy. After 30 min, absorbance 1s read and converted to
weight of tryptephan from the standard curve prepared in a
similar way. The accuracy of this method was checked with
bovine serum albumin and ovalbumin,
Retermination of degree of hydrophobieitys

!ho'dograo of hydrophobicity of A. figcheri nitrite
reductase and nitrite reductases from P, aeruginpsa and
Chlorella fusca was calculated from their amino acid *
compositions, Three different methods were followed.
(1) Eisher's method:

According to Fisher (285) the degree of hydrophobicity
is expressed in terms of a polarity ratio, p, thch is defined
by the following equation

p=v/V,

where Vg, and V§y are the volumes occuplea by polar and nonpolar
residues, respectively., Arginine, histidine, lysine, aspartic
acid, glutamic acid (and their amides), tyrosine, serine and
threonine were considered by Fisher (285) as polar residues
and all other amino acids as nonpolar residues.

(2) Waugh's method:

’ According to the method of Waugh (29@) the hydrophobicity
is measured in terms of NPS, the frequency of monpolar side
chains, MNPS 1s caloulated by counting the tryptophan,
isoleucine, tyrosine, phenylalanine, proline, leucine and valine
residues and expressing the sum as a fraction of the total

numper of residues.
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(3) Bigelow's method:
Bigelow!s method (297) gives average hydrophobicity,
Hfgyy Which is based on Tanford's (298) free energies of
transfer of amino acid side chninq from an organic environment
to an aquecus environment. H@,y, i3 the total hydrophobicity
divided by the total number of residues.
Retermination 8L isolonie meints
The isoienic point of JA. fischeri nitrite reductase
was determined from the titration curve which was constructed
on the basis of amino acid composition. Calculations for
constructing the theoretical titration cruve were carried out
according to Cohn and Edsall (299) and were based on the
assumption that there are no electrostatic interactions
between ionizable groups and that each member of each species
is identical, ionizing independently. The principle of
paleulation for theoretical titration curve is as fallows.
If n; is the number of ionizable acid groups of class I
/and «] the fraction of group in the ionized state at a
particular pH, the number of negatively charged groups
{class I) is given by the following expression.

nlo “1
®, as a funetion of pH can be evaluated by the equation

pH = pK + log %1 __
1-“1

where pK is the negative log of ionization constant of the

respective ioniskble group. In the case of basic groups,



however, the number of positively charged groups is given
by
ng (l - ‘3)

where no is the nuamber of basic groups (6lass II) and «5 is the
fraction of the groups that has ionized at a given pH.

SIQGO proteins are polyvalent ampholytes containing a
large nnl;or of acid and buiic groups of more than one typo;
the total mean net charge (Z) at a particular pH is given by
the difference between the sum of negatively charged and the
sum of positively charged groups.

Z z"n‘r‘ (1-““‘) 4+ DLys (1‘“1"’-’) + Dgyge (1- “His)}"

‘?oarboxyl xﬁ‘Carboxyl ' Bpyr ryr * Tcys x“Cyél
« and n have the same meaning as described above,

The net charge on the enzyme protein between pH 2
and pH 14 was calculated by the use of the above equations
and the values were plotted against pH, resulting in a
theoretical titration curve. The pKk values for different

Hettmanw
acid and basic groups were taken from Mahowalq%rnd Kuby (300).

lolbnann—{RA00),



Chapter 3

PURIFICATION
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S UNMARX

Nitrite reductase has been purified from pAchr [}
Zissheri by a modification of an earlier procedure of Prakash
and Sadana (170). The ensyme has been obtained, for the first
time, in homogensous form as judged by ultracentrifugation and
polyacrylnildo disc gel electrophoresis, The overall recovery
of the ensyme was 31% as compared with 15«17% obtained by the
earlier procedure, The purification procedure consisted of
extraction, isoelectric precipitation at pH 4.5, protamine
sulfate treatment, fractionation with ammonium sulfate, two
successive hydroxylapatite chromatography steps, and a
simplified preparative gel electrophoresis,

The purified enzyme has a specific aqtivity of about
150-155 imoles NO; reduced per min per mg with benzyl viologen
as electron donor. Methyl viologen could also serve as an

electron donor and was twice as effective as benzyl viologen.

1T RODUCTIION

The purification of bacterial nitrite reductases has been
attempted from a number of sources., Nitrite reductases thus
far prepared from P, stutserl (143), P. aeruginesa (145,162),
P. deuitrificans (163), B. goli Bm (161), B. goll K12 (1ll4),
M. depitrifigens (110), N. suropaea (151), 4 faecalis (112) and
- A. cycloclastes {130) were of various degrees of purity.
Although the enzymes reported from P. aeruginosa (162),
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Pe denitrificans (163), M. denitrificapng (110),

A. faecalis (1128) and A. oyclooclastes (150) were hilhly purified
none has been obtained in a form which is homogeneous both in

the ultracentrifuge and in the disc gel electrophoresis, The
ensyme preparation reported by Horio et gl. (114 ) from

P. aerugipnops was approximately 70% pure as judged by diffusion
and scdiniata%loﬁ patterns, Yamanaka et al. (162) modified

the procedure of Horio et gl.(1lll) and obtained a crystalline
preparation of the enzyme. The homogenelty of this preparation
was not determined by any other criteria. The ensyme pranzxatiam
purified from Py denitrificans by Iwasaki et al. (163) was
homogeneous in the ultracentrifuge. The purification of

M. denitrificans nitrite reductase was reported by Newton (110),.
The entyme preparation showed slight impurity as judged by its
behaviour on cellulose acetate and polyacrylamide gel electro-
phoresis. More recently, Iwasaki and Matsubara purified nitrite

reductases from A. faecaljs (112) and A, cycloclastes (150).

The purified ensyme from both these sources showed slight
amount of impurity as revealed by disc gel electrophoresis.

The purification of nitrite reductase from A. fischeri was
first reported from this laboratory by Prakash gt al. (49).
The purification procedure consisted of preparation of crude
extract, isoelectriec precipitation, protamine sulfate treatment,
ammonium sulfate fractionation and chromatography on hydroxyl-
apatite gel and DEAE-cellulose. The purified ensyme was
homogeneous in the ultracentrifuge. However, when checked w e

for homogeneity by polyacrylamide disc gel electrophoresis, two
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additional bands were noticed by me (301).

The work presented in this chapter describes a modified
procedure for the purification of ‘Q Lischeri nitrite reductase,
The last step in the purification procedure of Prakash and
Sadana (170)-column chromatography on DEAB-c¢ellulose- has been
deleted, as considerable ensyme losses (40% to 70%) occur at
this step. Further purification of the enzyme was carried out
by a simplified preparative polyacrylamide gel electrophoresis.
This has resulted in obtaining an enzyme which 1s homogeneous
both in the ultracentrifuge as well as in the disc gel electro-
phoresis with an overall yield of about 31% as cempared with
15-17% obtained by the procedure of Prakash and Sadana (170).
The specific activity of the enzyme increased 1,4 fold to a final
value of about 1500-1850 units (umoles hitrite reduced per 10 min)
per mg protein, the highest reported so far for any nitrite
reductase.

The results show that reduced methyl viologen could also
serve ast?loctron donor for the reduction of nitrite by .

A. fischeri nitrite reductase and that it was nearly twice as
effective as bensyl viologen.

The results presented in this chapter have been published
(Maghar Husain and J.C. Sadana (1972) Analytieal Biochemistry
45, 316).

Purifieatien of 4. fischeri nitrite reductase

Unless otherwise mentioned, all steps were carried

out at 0-4°C,
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Step 1s Preparation of crude exgragts

The frozen cells (200 g) were thawed overnight at 4°C
and lysed in cold distilled water (1 g wet wt/20 ml water).
The suspension was stirred for 30 min, homogenized in a Potter-
Elvehjem glass homogeniszer, and stirred again fer 30 min, The
gell-free supernatant fluid was collected by centrifugation for
20 min at 44,000 x g in a Model L 8pinco preparative ultra-
centrifuge. The supernatants were combined sand the total volume

of this crude extract was 3750 ml.
Step 2 pH 4,5 sediment:

The pH of the clear supernatant was adjusted to 4.5
by adding an equal volume of 0.2 M acetate buffer, pH 4.3,
with constant gentle stirring, The resulting precipitate was
collected by centrifugation at 4,000 x g for 30 min, resuspended
in about one~third of the original volume of 50 mM potassium
phosphate buffer and dialyzed against the same buffer overnight.
Although, practically no purification is achieved in this step,
it helps in reducing the volume of crude extract for easy
handling in further purification steps,
Step 3: Protamige sulfste treatment:

The isoelectric precipitate contained large amount of
nueleic acids ad indicated by the optical density ratio at
280 to 260 nm and approximately 8 mg protein per ml. The enzyme
was precipitated from the dialysed clear supernatant by the
addition of protamine sulfate (15 mg/ml, pH 5.0), The addition



91

of protamine sulfate was continued until no further precipitate
was formedj; about 500 ml of protamine sulfate was required. The
precipitate was collected b} centrifugation at 4,000 x g, The
clear supernstant which had little (0.5 - 1,0%) or no nitrite
reductase activity contained moast of the NAD(P)H-flavin reductase.
Step 4s Extraction of nitrite reductase from protamine sulfates

The preipitate from step 3 was suspended in 100 ml of
0.2 M potassium phosphate buffer (pH 7.5), homogenized in
Potter-Elvehjem glass homogeniser, stirred for 45 min and
centrifuged at 14,000 x g¢ The extraction was repeated 5 to
6 times in s similar manner until the extract showed negligible
enzyme activity. The extracts were combined, centrifuged and
the inactive precipitate was discardeds The ratio of light
absorption at 280 nm to that at 260 nm increased from 0.68 in the
crude fraction to 1.1, A 4~-fold purification was achieved in
this step. '
Step 63 Ammonium sulfate fractionations

The cqnbined protamine sulfate extracts (590 ml) from
step 4 Were brought to 055 saturation by the addition of 192 gm
of ammonium sulfate. No pH adjustment was made during ammonium
sulfate fraetionation. The suspension was stirred for 30 min
at 4°C and centrifuged at 20,000 x g for 15 min in a Sorvall
-gentrifuge, The sediment was discarded., The concentration of
the supernatant fluid was then raised to 0,85 saturation by
adding 20,7 gm of solid ammomium sulfate for every 100 ml of

solution. The Suspension was stirred and centrifuged as before,
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The precipitate was dissolved in 50 ml of 0.02 potassium

phosphate buffer (pH 6.8) and dialyzed overnight against the
same buffer with three changes of the buffer.

Step G

The dialysed ensyme solution (1317 mg) was passed
through a hydroxylapatite column (1.6 x 50 om) which was
previeusly equilibrated with 0.02 M potassium phosphate
buffer (pH 6.8). The column was washed with the same buffer
until the absorbancy of the washings was less than 0.0l at
280 nm, Nitrite reductase was adsorbed on the column as a
pink diffused band and remained stationary while the column
was being washed with 0.02 M potassium phosphate buffer
(pH 6.,8)s, About 400 ml of this buffer was used. The column
was then washed with 0,05 M potassium phosphate buffer
(pH 6.8) and the washing was continued until nitrite reductase
activity started appearing in the eluate. About 400 ml of
the buffer was required. The enztyme was eluted with 0.2 M
potassium phosphate buffer (pH 6.8) at a flow rate of
156-20 ml/hr and fractions of 2-5 ml volume were collected.
The highly active enzyme fractions were combined and dialysed
overnight against 0,02 M potassium phosphate buffer (pH 6.8)
with three changes of the buffer,

Step 7: Segond ohromatography op hvdroxylgpatite golump:

The combined dialyzed fractions containing 300 to 400 mg
protein were applied to a second hydroxylapatite column

(1 x 40 om), equilibrated, developed and eluted as before.



The pink nitrite reductase band was eluted as one major
fraction (5 ml) which contained 155 mg of protein. The
enzyme was dialyzed overnight against 300 ml of 0.05 M potassium
phosphate buffer (pH 6.8) with three changes of the same buffer,
The dialysed ensyme was either used immediately for further
purification or stored at -16°C until used. The specific
acitivity of the ensyme at this stage was about 680-700 units
(o umoles no; reduced per 10 min) per mg protein and the
recovery was approximately 50% of the initial aotivity present
in the orude extract.
Step 8: Preparative polvacrylamide gel electrophoresis:

’ When the purified ensyme from the preceding step was
subjected to disc gel electrophoresis, the preparation gave
one major and four minor protein bands (Fig. 2a)., The major
band which contained about 40-50% of the total protein applied
was coincident with nitrite reductase. Three of the impurity
bands were slow moving and one fast moving when compared to the
enzyme band.

Further purification of the enzyme by chromatography

on DRAR-cellulose resulted in about 60-70% loss of the enzyme
activity (170). Also the enzyme after DEAE-cellulose
chromatography was found polydisperse in the disc gel electro-
phoresis retaining one slow and the fast moving impurity
(Fige 2b)e In order to avoid the heavy losses of enszyme
activity during DEAE-cellulose chromatography, attempts wvere
made to use Sephadex G-100 and DEAE-Sephadex A-50 instead of

DEAE~cellulose. No encouraging results were obtained,
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FIG. 2 DISC GEL ELECTROPHOXRETIC PATTERN OF NITRITE
REDUCTASE FROM VARIOUS PURIFICATION STAGES.

7.5% gels with tris-glycine system, pH 8.6,
were used. (a) Enzyme fraction obtained after
second hydroxylapatite column chromatography.
(b) Fraction a purified by DEAE-cellulose
chromatography. (e¢) Fraction a purified further
by preparative gel electrophoresis. Arrows
indicate the location of the enzyme. Migration
took place from the top ( - ) to bottom ( + ).
Other conditions were as described under
Materials and Methods.



Purification of the enzyme to homogeneitiy was, hewever,
achieved by the use of prcparativo'polyacrylanidc gel electro-
phore;ig.

A sinplificd ﬁéoeoduﬂ of mm.m. polyacrylamide
gel .lggtro’hgr.glj uns gdo’tcd for r&rth.r purificatioa of
‘the ensyme, The proptrativo clcctrophorosis vus performed
in 7.8% aoryln-ido 501 at pH 8,3 - 8.8, The apparatu; used
for carrying out th! pra,arativo olqctropherosis resembled
that described by Davis (275) eonsisting of electrode vessels
provided with platinum electrodes, The cathode vessel was also
prbvidod witﬁ-tvo ;rqund (lagl X joints (19 B) for attacﬁg;ng
the gel columns, Thé electéophorttlc columns (2 x 15 cm)
were filled with acrylamide gel solution prepared according
to the proe;dure described by Davis (275) and Ornstein (277)
to the top, leaving about 2=4 ml volume for applying the enzyme
samples., The gels were polymerized using 0.04f ammonium
persulfate. After polymerization was over, residual persulfate
was removed by passing a current of about 10 mA through the
colunn for 4 hr with eathode at the top of the column., Tris-
tlycine nrra‘;':%‘?ﬁmu She wvashing of the gel columns
as well as during tm preparative electrophoresis. _

The purified ensyme obtained after second hydroxyl-
i’gtito.eolunn chromatography (S8tep 7) was dialyzed agaimst
D.0L M potassium phosphate buffer (pH 7.5) for about 6-10 hr
vith throo changes of the buffer, Enszyme samples (1.2 ml)
containing 20-30 mg protein were made 20% in sucrose and |

ayered on the top or each column. BRlectrophoresis was



95

commenced and was carried out at 4°C at a constant current
of about 6 mA per column, In order to avoid excessive heating,
the columns were kept immersed in lower bath buffer, The
enzsyme under these conditions migrates as a sharp band and
being red in color was easily detectable visually without
staining the gel, As iho run progressed a faint pink band
which r:;r‘iqn:a 9ne. 0f the impurities, vas seen separating
from the ensyme band, After about 5-6 hr, the apparatus was
switched off and a piece of dialysis sacking filled with 1,5 ml
of bath buffer (tris-glycine, pH 8.,3) was attached to the lower
end of the column. Trapped air bubbles, if any, were removed
by introducing a plastic capillary into the dialysis sacking
by the side of the column and pushing the sacking upward.
The‘olcctrophoresis was continued till the red enzyme band
reached the end of the column, The main enzyme band was
eluted into a fresh dialysis sacking containing tris-glyecine
buffer. Care was taken to avoid mixing of other proteins with
) thn»najor enzyme fraction, The remaining slow moving proteins
werf collected as a third fraction, At the end of electro-
phoresis, the thrfes fractions were dialysed overnight against
300.ml of 0,08 M potassium phosphate buffer (pH 6.8) with
three changes of the buffer and the activity and protein
determined. Three preparative runs using two columns st a time
vers carriil out to purify all the ensyme obtained from second
hydroxylapatite column (8tep 7).

The results of preparative polyacrylamide gel electro-
phoresis are presented in Table 3. About 85-80% of the total
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enzyme activity was recovered in all the three fractions with
most of the activity (66%) in the major ensyme fraction. On
protein basis a recovery of about 90% is recorded, The final
speeific activity of the enzyme (main enzyme fraction) increased
from 700 to 1520 unitn/qgj protein indicating a purification of
about 2,2-fold in- this final step. The electrophoretic behaviour
of the smsyme obtained after second hydroxylapatite, DEAR-
cellulose and preparative polyacrylamide gel columns is shown

in Fig 2.

In the preliminary purification studies, the colored
enzyme band was cut at the end of electrophoresis and eluted
by homogénizing and centrifuging. This was, however, found
inconvenient and resulted in low recoveries (40-50%).

‘The purification of the enzyme by preparative gel electro-
phoresis has been repeated 8~10 times with rejiroducible results.
A summary eof thﬁ purification procedure is given in Table 4,

The yield of the final purified enzymexm is about 46 mg protein
fronlaoo g of bacterial cells (wet weight) and on a protein
basis. represents a 84-fold purificetion,with an overall
recovery of 31f. The overall reeovery of the enzyme of 31%

by the present procedure represents a 2-2.5-rfold increase over
that of 1218% by the procedure of Prakash and Sadama (170).
The specific activity of the ensyme also increased to about

1.8 fold to a value of 1520 units per mg protein.

Homogeneity:

The homogeneity of the purified enzyme of highest specific
activity was examined both by polyacrylamide disc gel electro-
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phoresis and ultracentrifugatione ZThe ensyme sedimented as a
single symmetrical peak at 59,780 rpm in the ultracentrifuge.
The patterns obtained after 18,32,40,48 and 56 min of ultra-
centrifugation indieated that the purified ensyme was
homogemsous (Fig. 4, see chapter IV),

The examination of homegeneity by polyacrylamide disc
gel eloetrophnr;ais was carried out using 7.5% gels, About
30-80 ug of protein was used, The ensyme migrated towards
the anode as a sharp single red band which e¢oincided with the
protein band visualized on staining (Fig. 3).

a eal a e ied nit e
reductese

Protein determinations on purifigd enzyme preparations
were routinely carried out by the method of Lowry et al. (267).
However, when the estimations were made by optical (258,259)
and miero-Kjeldahl (262) methods (ref. chapter II), it was
observed that the values obtained are lower than that
determined by Lowry's method, It was, therefore, thought
necessary to evaluate the accuracy of the three methods of
protein determination. Protein estimations on bovine serua
albumin, mammalian cytochrome g and purified nitrite reductase
vere performed by the different methods; the results are
compared im Table 5. Although the three methods gave different
results, the values obtained for bovine serum albumin and
cytochrom$p ¢ by the micro-Kjeldahl method were in close
agreement with those determined from absorption coefficients

at their specific wavelengths (ref. chapter II). The protein



FIG. 3 DISC GEL ELECTROPHORESIS OF PURIFIED
NITRITE REDUCTASE.

About 50 ug enzyme vnrotein was used.
Electrophoresis was carried out in 7.5%

gel with tris-glycine system, pH 8.6 at

3 mA/gel. Migration was towards the anode
(bottom). Other conditions were acs described
in Materials and Methods.
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values obtained by the optical method were lower and by the
Lowry's method higher as compared to those obtained by the
mioro-Kjeldahl method, Finally, the comparison of areas of
sedimenting ensyme protein in symthetic boundary cell and that
of the standard alpumin solution wmder similar conditions gave
a valuo‘vhlnh was in agreement with the wvalue obtained by the
niero-Kjeliiahl method indicating that the latter method is more
accurate than that of Lewry's.

anodbn the protein values determined by micro-Kjeldahl
method, the specific astivity of purified (electrophoretically
homogenesus) nitrite reductase was calculated to be 1688 units
per mg protein in contrast to & value of 1520 units/mg protein
by the method of Lowry et al. The former, therefore, is the true
specific activity of the enzyme.

Methyl yiologen as electren doporp:

Ia‘lo 6 shows that nitrite reductase from j. fischeri
could algo use MVH as electron donor. In experiments with MVH
as electron denor, the assay procedure for nitrite reductase
vas the same as deseribed for BVE. MVH was found to be a more
effective electron donor than BVH. The specific activity of
she enzyme With MVH was about two times more than that obtained
vhen BVE was used as elegtron donor. S$imilar observations have
been reported in the case of niftrite reductass from yeast,

1. nitratemhila (70), algae (125, 134), spinack (164), and
cultured tobaces colls (30R).

Unless otherwvise stated, the ensyme econcentrations and

specific activities mentioned in the present work will refer
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The imeubation mixture comtaimed in a fimal volume of
3.0 ml: potassium pnosphate (pH 7.5), 200 smoles; NaNO,,
0.6umole; ensyme, O.2 ug; benzyl violoegen or methyl viclogem,
(10 mg/ml), 0.5 mlj sodium dithionite, 1 mg in 1 ml of O:8°NM
pofa:otui phosphate (pH 7.8). Viologen dyes and sodium dithionite
vere taken in the side arm of the Thunberg tubes, Reaction was
carried out for 8§ min at 30°C. The disappearance of nitrite |
vas followed on 1 ml samples by diaszo-coupling procedure of

Snell and Smell (253 ) as described in Chapter II.

Electroa Nitrite reduced/10!
donor (1moles)
Besxyl violegen 0.308

Nethyl violegen 0.585
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to the values obtained by Lowery's method with BVH as electron

donora

LlscissiolN

The enzyms aitritée refiugctase whish satalyses the
reduetion of nitrite to sammonia has been studied in a variety
of or';ﬂilllq Nitrite reductases from different sources have
been purified to varying extents and some of these have been
characterised, The ensymes from spinach and C. fusga have,
however, ‘nun recently obtained in electrophoretically
homogenecus form By Gardenas 8t gl, (186) and Zumft (135)
respectively. The specific activities of the two plant nitrite
reductases, spinach and G. fusgs , were respectively 33,85 and

per mg protein
51,7 umoles nitrite reduced per min/with MVH as electron donor,
TLC highly purified emzyme preparation from C. pepo (165)
vhich shovod(fainx impurity bands on electrophoresis had a
specific, activity of 46 umeles of NOg reduced per min per mg
proteia with reduced ferredoxin as electron donor.

There 48 as yet no report of a homogeneous nitrite
reductase from bacteria, Crystalline preparations of nitrite
reductases were obtained frem P. jeruginogs (162) and
Aa f200alis (112). The A, faeealis ensyme rwxmiad revealed
minor impurity bamds on ‘eollulou asstate or poelyacrylamide

gel electrophoresis, However, mo mention was made wvhether

the Pe aeruginosa ensyme was pure by sny other eriteria (163).
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Similarly, puriried amitrite reductases from M. denitrificans (110)
snd A. gveloglastes (180) wers not homogeneous when Jjudged by
disc gel elestrophoresis.
The puriffeation procedure deasribded here has provided

for the first time s praparation of nitwskte redusiase from
Ao ‘Lm whiech iz homezensony WER-In TRE ULTETHCEATTITUES

amt in the dise w8l sle¢trophoresis. The present procedure,
whieh 1s a modification of the method of Prakssh sud Ssdens (170),
avoids use of column chromatography on DEAE-cellulose. The

ensyae obtained after second hydroxylapatite column

,m ‘s direatly purified by 2 simplified prepearative
gel electrophoresis prosedure. The intreduwstion of a preparative
polyacrylamide gel electrophoresis in place of DEAE-cellulose
chromatography resulted in a two-fold increase in the overall
resovery of the enzyme (851%) as compared te the previous
procesure, The final spesific activity of 152 /moles of NG;
reduced per min (1520 units) per mg protein is the highest
réported so far. The results of the ensyme purification

by th® present ’ncﬂn- and the proecedure of Prskash apd

Sadasa (170) have been comparsd in Tahle 7.

Protein dctornilﬂfionl on plriﬁod preparations of nitrite

reduitase, nammelian—eyteshteni-yp-anddevine-sesun-sldbuaia by
-optiml, nicre-Kjeldabl afd Jowry's metheds gave variable results,
The micro-Kjeldahl method dased on mitrogen estimation, whieh
gave lower values as eomparea to those by the Lowry's nthoé; -
vas found to be more reliable., A final specifiec activity of
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about 1688 umiss per mg protein was caloulated for purified
nitrite reductase on the besis of protein estimated by micro-~
Kjeldahl method,

A Liggheri cen alse mse methyl viologen as electron
donor for reduesion 6f nitrfite. The rate of nitrite reduction
with NVHE as the eleetron donor was about two times faster than
that obtained with BVE. Similar observations have been made in
the case of ensymes from T. pitrataophila (70), algae (185,134),
spinach (164) and cultured tobacco cells (302).

The simple preparative gel electrophoresis described here
can be applied for the purification of colored proteins such
as hemeproteins from relatively crude or partially purified
preparations, The procedure provides an easy method for
removing selectively colored protein-impurities from ensyme
preparations, BNo special equipment other than the apparatus
used for the analytical polyacrylamide disc gel electrophoresis
is required, The technique has been used sucsessfully in this

laboratory for the purification of As fischer{ NAD(P)H-flavin
reductase (170).



CHAPTER 4
MOLECULAR WEIGHT AND
SUBUNIT STRUCTURE
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S UMMARY

The Achramebacter fisgheri nitrite reductase used in the
present studies was monodisperse as Judged by ultrasentrifugation

and-disc gel electropharesis: The native ensyme has 2

ﬁ;. valus of D.BB & &NG AR average moiscular weight of
80,000 ax dsterninsd by the Archibald approach-to-equilibrium
method . Gisa gei -slastropnoresis and also from a combination
of hydrodynamic properties, The diffusion coefficient (Dﬂo,w)
and Stokes'! radius determined by gel filtration are 6,05 F and
3.49 nm,respectively. From Stokes' radius and ‘?ao,w values,

a frictionsI ratio of 1,25 could be caleulated. In the absence
or presence of BM urea or 8M ures plus 1 8D8, four sulfhydryl
groups reacted with DTNB, or p-HMB., Titration of the enzyme
with DPEB after borohydride reduction in urea gave a value

of 6 thiel graups indicating the presence of one disulfide
bond in the'ensyme.

Nitrite reductase does not disseciate in the presence of
6M Gu.EClL or 6M urea, The enzyme, however, splits into two
physically imsistinguishable subunits upon treatment with
:& Gu.ﬁl or 1% SDS im the presence of 1% n«-ui. The subunit
moleculdy weight of the emxyme, determined by the Archimald
approagh-to-equilibrium method in €M Qu.HCl- Q.1N 2-ME and
8DS~gel slectrophoresis in the presence of 1% ﬁs-lll, vas
approximstely 39,000. The subunits appear homogeneous in
8DE-gel slectrophoresis as well as in the ‘ultracentrifuge with
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a sedimentapion coefficlent of 1.4 S at a protein concentration
of 7 mg/ml; Studies with dansyl chloride indicate that
methionine is the only l-tornina#anino acid. The date suggest
that A. fisgheri nitrite reductase is comprised of two subunits
of equivalent sise which are covalently bonded by a disulfide

bridge.

INTRODPUCTION

In a previous communication (170) from this laboratory,
the ultracentrifugally pure nitrite reductase from A. fischeri
was reported to have a molscular veight of 95,000 + 4000 as
determined by the Archibald approach-to~equilibrium method,
and iéo,' value of 5.2 8. Further investigations (ref.chapter III)
showed that the enzyme preparation used in the previous work
was polydisperse in polyacrylamide disc gel electrophoresis (301).
It was, therefore, thought necessary to reinvestigate the
molecu.ar weight of the native enszyme which is homogeneous both
in thc{ultracentrirugo as well as in the disc gel electrophoresis,
The use of several different methods of molecular weight
determinations, deseribed in the present investigation, indicated
that the prior estimate for the molecular weight is in error.

The results of dissociation and molecular weight studies indicate
that the native ensyme consists of twe polypeptide chains which
are covalently limked by a disulfide bond, Studies with dansyl
ehloride indicate that methionine i3 the N-terminal anmino acid.
The data presented in this chapter have already been

published (nus€p, N and J.C, Sadana (1974) Buropean Journal of
Biochemistry 42, 283-289),



109

The sedimentation profiles obtained with the pure

enzyme are preaented in Pig. 4. The enzyme sediments as a
single symmetrical peak in 50mM potassium phosphate buffer

(pH 6.8), and 13 apparently homogeneous in the ultracentrifuge.
Sedimentation coefficients determined at protein concentrations
from 1.0 to 9,0 mg/ml fell on a straight line after appropriate
corrections for the density and viscosity of water at 20°C. The
sedimentation coefficient of the native protein exhibited a
slight dependence on protein concentration as shown in Fig. 5,
The extrapolated value of the sedimentation coefficient at
infinite dilution (i%o") 18 5.25 8. The dependence of the
sedimentation coefficient on the enzyme concentration is best

described by the equation.
320" = 5,25 (1-0.0029 ¢)

where ’2o,w is the observed sedimentation coefficient corrected
for density and viscosity of water at 20°C at a given protein

concentration ¢ (mg/ml).

Three different methods were used in the determination
of lﬁlocular wveight of the native enzyme,
(1) Br uitragentrifugstion

The molecular weight (Mw) of nitrite reductase was

determined according to the procedure of Archibald (Fig.6) (265).
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FIG.5 DEPENDENCE OF SEDIMENTATION COEFFICIENT OF
A.FISCHERI NITRITE REDUCTASE ON PROTEIN CON-
CENTRATION. The solvent was O-O5 M potassium
phosphate buffer, pH 6:8.
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Time(min) | 60 TS

FIG. 6 ULTRACENTRIFUGE SCHLIEREN PHOTOGRAPHS AT THE
MENISCUS FOR NITRITE REDUCTASE.

Buffer, 50 mM phosphate, pH 6.8; protein
concentration, 7 mg/ml; speed, 8,210 rpm;
temperature, 3.7°C; phase plate, 80°.

The determination of initial concentration (C,)
by layering solvent over protein solution made
from a sequence of photographs like the one shown

in Fig. 6 a.
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A value of 0.73 ml/g for Vv, ialculated from the amino acid
composition (ref. chapter V), was used. Mw determinations

were carried out in 50 mM potassium phosphate buffer, pH 6,8,
at three different protein concentrations in the range of

5-10 mg/ml, The value of Mw was found to be independent of
protein concentration in the range tested. An average Mw value
of 80,800 determined in the present work is significantly lower
than the value of 95,000 reported by Prakash and Sadana (170)
for ultracentrifugally pure enzyme. The discrepancy between
the present value and that reported previously may be explained
on the basis of inhomogeneity of the preparation used in the

earlier work. The present value of Mw has been confirmed by
Nw
several different methods. The results ofndeterminatious of

the native enzyme by the Archibald procedure are presented in
Table 8.

i1) By disc gel electrophoresis

The molecular weight was determined by analytical
polyacrylamide gel electrophoresis according to the method of
Hedrick and Smith (276), Nitrite reductase and the protein
markers were subjected to electrophoresis in a series of gels
which varied in acrylamide content from 6-12%; all other
conditions of electrophoresis remained unchanged (ref. chapter II).
Fig. 7 shows the electrophoretic behaviour of nitrite reductase
in gels of varying acrylamide content. Under such conditions
proteins nigraEQ into the gel as a function of their size and

charge and the acrylamide concentration in the gel. A plot of
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FIG. 7 DETERMINATION OF THE MOLECULAR WEIGHT OF
NATIVE ENZYME BY DISC GEL ELECTROPHORESIS
(SLOPE METHOD).

Enzyme samples (25-30 ug) in 50 ul of 6 mM tris
and 47 mM glycine buffer pH 8.3 containing

50% glycerol and 0.05% bromophenol blue were
loaded on top of the gels. Electrophoresis
was carried out at 4 mA/gel for 2 hr at 4°C.
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IABLE 8

MOLECULAR WBIGHT GF A. FISCHERI NITRITE REDUCTASE
BY THE ARCHIBALD PROCEDURE™

Buffer sylt.ﬁ = potassium phosphate, pH 6.8, 0,06 M
Temperature = 3-6°C
Partial specific volume = 0,73 ml/g

Molecular weight calculated from readings at the menisocus

Protein Rotor Molecular
concentration speed weight
(mg/ml) (repome)
5.4 8,210 77,600
83,700
80,100
7.2 8,210 80,000
79,200
82,800
9.6 7,250 78,000
81,200
82,700
5~10 80,600
+ 2,000

‘thil'icthod was preferred over that of ‘Yphantis (269)
because of the diffigulty in obtaining a stabilized
suppdy of current over a long period of time.
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log relative mobility £I00log (100 Rm)/ versus gel
concentration results in a straight line and a linear relation-
ship exists between the slope of such a plot and the molecular
welght of the protein. Results with nitrite reductase and
markers are presented in Fig. 8(a) and 8(b), The molecular
weight of nitrite reductase by this method was found to be
80,000 which agrees excellemtly with those obtained by other
method s,

111) By gel filtration

When the ensyme was chromatographed on Sephadex G-~200
column with marker proteins of known molecular weight, the
elution profile shown in Pig. 9 was obtained. The gel filtration
data of the ensyme and the marker proteins in terms of Kq,
Kav and V¢/V, are presented in Table 9, The elution volumes
were found to be reproducible. The elution position of
- nitrite reductase essentially coincides with that of bovine
serum alpumin, A plot of V¢/V, versus logarithm of molecular
weight (Fige 10) according to the procedure of Andrews (270)
gave a straight line and indicated that the molecular weight
of the enzyme was 66,000-687,000 daltons. This value is smaller
than the molecular weight estimated by other methods, To
substantiate that the low molecular weight calculated according
to the Andrews procedure was not due to interactions between
the ensyme and Sephadex polysaccharide latrix,'tho molecular
weight vas‘ﬂ;%oternined by gel filtration technique using
Bio-gel P-150, an inert polyacrylamide gel, In these

experiments, all procedures were identical with thoseé described
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FIG. 8, DETRRMINATION OF THE MOLECULAR WERIGHT OF A. FISCHERI

NIT ] BY GEL ELECTROPHORESIS LOPE METHOD

Electrophoresis was carried out in the cold room at 4°C

at 4 mA per tube for 2 hr. The ratio (R.) of the migration of
the protein band to that of bromophencl blue for 6,8,10 and
124 gel concentrations were determined, The ratio of acrylamide
to methylenebisacrylamide was kept constant at 30:1. Migration
of bromophenol blue and protein bands were measured on a
illuminated box using a %?nifying glass, Measurements wvere
accurate to + 0,5 mm,

(a) Plots of log R, of protein markers versus gel concentration.
Straight lines were obtained, The standard proteins used ares

(A) deoxyribonuclease I, 31,000 (303); (B) ovalbumin, 46,000 (304);
(C) bovine serum albumin, 68,000 (305); ovalbumin dimer, 92,0003
(E) bovine serum albumin dimer, 136,000; (F) bovine serum
albumin trimer, 204,000, In the case of deoxyribonuclease I
the position of the major band was taken as representing the
behaviour of the protein. In the insert is the plot of Ry of
nitrite reductase versus gel concentration.

(b) The negative slope of each protein from Fig. 3a was
-plotted against the molecular weight. 4 straignt line was
obtained, The molecular weight of nitrite reductase, eomputed

from 1ts slope on the calibration curve wvas, 80,000,
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FIG. 9. CHROMATOGRAPHY OF A. FISCHERI NITRITE REDUCTASE ON
SEPHADRX G-200

200 ug of nitrite reductase (specific activity = 1500)
were applied on a Sephadex G-200 column (1.6 x 55 om) along
with 3 mg of Blue Dextran, 2 mg of catalase, £ mg of alcohol
dehydrogenase, & mg of bovine serum albumin and 2 mg of
myoglobin in a final volume of 1,0 ml. Ovalbumin (5 mg in 0.5 ml)
was chromatographed in a separate run with Blue Dextran, The
column was equilibrated with 50 mM potassium phosphate buffer,
pH 6.8, Elution was performed with the same buffer, and
fractions of about 1.0 ml each were collected, Bovine serum
albumin and ovalbumin were determined by absorption at 280 nm
wvhile myoglobin at 40,9 nm. Enzyme activities were assayed as
described in the text: catalase ( A24°/min per 40 ul);
alcohol dehydrogenase ( Agygo/min per 0.1 mél); nitrite
reductase (mumoles HO§ reduced per 0.1l ml per min), Blue

dextran was measured at 625 nm,
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FIG.1O DCETERMINATION OF MOLECULAR WEIGHT OF A FISCHER! NITRITE
REDUCTASE BY GEL FILTRATION ON SEPHADEX G-200.
The elutton data of Table 9 were empioyed The protein markers
used were: catalase, 230,000(309), alcohol dehydrogenase,
125,000 (309); bovine serum albumin, 88,000(305); ovalbumin,
46,000 (304); and myoglobin, 17,600 (304). V,/ Vg values were
plotted against fog molecular weights according to the procedure
of Andrews (270).
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for +8ephadex (ref. chapter II). The values of the molecular
welght determined from calibrated Bio-gel P-150 column agree
within experimental error, with those obtained using

Sephadex @G«200.

The behaviour of a protein in gel filtration is a
function of its Stokes! radius rather than the molecular
weight (271). The Stokes! fadius for nitrite reductase was
calculated from its.distribution coefficients, K4 and Kyy and the
pore radius, r, of the column. A pore radius of 18,2 nm for
the baé@ of Sephadex G-200 used was calculated from the
known Stokes! radil of protein markers (271). A linear
relationship (Fige lla and 1llb) was obtained when the experimental
data are plotted according to Porath (272), and Laurent and
Killander (273). The validity of the relationship proposed by
Ackers (271) is evident from the agreement obtained for the
value of r using different standard proteins. The Stokes!
radius of nitrite reductase was calculated byZ::thods of Ackers,
Porath and Laurent and Killander. The three methods yield
similar values (3,56, 3.47 an& 3.45 nm) with an average of
3.49 m,

Combination of this value with the sedimentation
coefficient obtained from the ultracentrifuge experiments allowvs
calculation of the molecular weight through application of the
combined Stokes-Einstein and Svedberg equations (274):

Hzﬁnlqalogo,'
(1L -Vv0)

se 0 @000 (1)




‘(222) UlDi0d }0 UO}4D|24400 BY} O}
Bbuip4020D payso|d 34D DIOPp YL (q (SL2) 43PUDJ|IM PUD 4UINDT] JO UOI}DIIIOD

3y} 0} bulps0doD payjo|d 24D DIDP By (D PASN d4dM G 2|GDL 4O DIDP UONN|d U]

"3SVLONA3Y ILIYLIN IH3HOSId 'V 40 SNIAVY ,S3IN0LS IHL 40 NOILVWILS3

08

(wu) SNIQvy S3NO0LS

0-9

o¢

0-¢

(Q)

!

1

2-0

v-0

g/l(pM)

9-0

8-0

08

(wu)sniavy $INOLS

0-9 0-¢

0-2

3

914

1

(D)

(*°x Boj-)



117

in which N is the Avogadro's number, ;> and n are the viscosity
and density respectively of water at 20°C, a is the Stokes!'
radius, V the partial specific volume, and spg  the sedimentation
coefficient corrected to water at 20°C and extrapolated to zero
protein concentration. Substitution of 0,73 ml/g for V,
determined from amiho acid composition, (ref. Chapter ¥) and
5,25 S5 for dZO,v, ylelded a molecular weight of 78,000. Although
this value is slightly lower than that of 80,600 and 80,000
obtained ultracentrifugally and by the disc gel electrophoresis
procedure respectively, it is within the precision expected
for the gel filtration technique,

The diffusion coefficient could be calculated from Stokes!
radius by the use of the Stokes-Einstein equation (274):

Dzo,w = K T/6w na cesnsse (2)
where K 1s the Boltzman constant, T is8 the absolute temperature
and n and a have the same meaning as in equation 1. The
diffusion coefficient (Dzo,') of nitrite reductase calculated
from the gel filtration data (a = 3.49 nm) is 6,05F, The

diffusion coefficient could be combined with the sedimentation
coefficient to calculate the molecular weight by the use of the
Svedberg equation (310):

MS.ZOQ'RT G060 e000 0P (3)

where R 18 the gas constant and ¥ is the partial speecific
volume. All other symbols have the same meaning as described

in equations 1 and 2, A molecular weight of 79,600 is obtained
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which agrees with the ultracentrifugal value,
0 OF THE NAT

The fé?tional ratio, f/f., can be calculated from

Stokes' radius according to the following equation (274):

£/t =

._ Sse0edoo (4)
(Qﬂ Y -1/3

47N
Substituting Stokes' radius and a molecular weight value of
80,000 in equation 4, a value of 1.25 was obtained for the
frictional ratio of nitrite reductase, An identical value
of frictional ratio was calculated from the ultracentrifugal

data by the following equations (311):

M1 -7V )

f ~ s e0v0cosconsd (5)
N sgo,w
_.1/3
f9=1‘<162Mv> ®eoesoevsovsoeyn (6)
N

All the symbols in equations 4,5 and 6 have the same
meaning as above,

Asphericity and solvation in a molecule result in a
frictional ratio greater than unity. Assuming the average
solvation. (0.3 g/g protein), a value of 1.25 for f/feo would

yield an axial ratio of 3 for A. fischerl nitrite reductase (312).
SUBUNIT STRUCTURE /
i) By ultracentrifugation:

The average molecular weight value of 78,700 and 79,800
obtained in 6M urea and 6M Gu.HCl in the absence of 2-ME are
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very close fto that determined for the native enzyme
indicating that the enzyme does not dissocliate on treatment
with these denaturing agents in the absence of 2~-ME. The
sedimentation coefficient of the enzyme under such conditions
was also similar to that of the untreated enzyme. The addition
of 1% 2-ME to the solution of the ensyme in 6M Gu.HCl resulted
in a marked reduction in the sedimentation coeffigient (1.4 8).
A molecular weight of 39,000 for nitrite reductase was obtained
in 6M Gu.HCl containing 14 2-ME indicating the presence of
two subunits. This dissociation which occurs in the presence
of a reducing agent, indicates that disulfide bond(s) may be
involved in the binding of polypeptide chains of nitrite
reductase. The presence of a single symmetrical peak under
dissociating conditions suggests that the subunits are
apparently of identical size and that the dissociation is
complete, Gu,HCl was chosen for dissociation studies for
its stronger denaturing action as compared to urea. The
results of the molecular weight determinations (Archibald
procedure) in 6M urea and 6M Gu,HCl with and without reducing
agent are presented in Table 10, The molecular weight of the
native enzyme is included in Table 10 for the sake of comparison.
The values for molecular weight of the denatured enzyme are
based upon the assumption that ¥ IAxEREXRENATHRINSXSEEYENT in
the denaturing solvents decreases by 0.0l ml/g (313-315).
11) By SD8-gel electrophoresis:

The molecular weight of the nitrite reductase subunit
was also determined by its migration in SDS-gels according to
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SEDIMENTATION DATA ON ACHROMOBACTER NITRITE REDUCTASE

AND ITs SUBUNITS

Buffer = potassium Phosphate
Rotor speed = 14,200 - 17,250 rpm
V = 0,73

Temperature = 20-25°C

Solvent system Protein Molecular ]
(mg/ml) Weight %g;v
1. 50 mM buffer, pH 6.8 5-10 80,600 5.25
+ 2,000 (s‘éo’w)
2, 6 M Urea - 0.15 M NaCl 9.0 80, 300
2mM EDTA, 50 mM buffer 79,000 5.14
PH 7,0 77,000
Average 78,700
3. 6M Gu,HCl -~ 0,15 M NaCl 8.5 81,500
2 mM EDTA -~ 50 mM buffer 80,200
pH 7.0 77,800
Average 79,800
40 & GuoHCl - 0.1 H 2‘“3- 700 m’lw 1.40
O¢l5 M NaCl -~ 2mM EDTA 37,600
«~50 mM buffer pH 7.0 39,400

Average

39,000
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the method of Shapiro g% al. (278). The enzyme and the
marker proteins were ineubated for 4 hr at 37°C with 1%

SDS and 1% 2-MR before subjectimg them to SDS gel electro-
phoresis. Semilog plot of molecular weight verus relative
mobility of the marker proteins yielded a straight line
(Fig. 18) and an estimate of the molecular woight of the
ensyme subunits of 38,000 A small amount of the protein
migrates eorresponding to a molecular weight of 78,000 which
represents the undissociated enzyme. This has been observed
in the ecase of several enzymes having quaternary structure
(316,317). Only one protein band was detectable for nitrite
reductase subunits in SD8-gel electrophoresis indicating
that the two subunits imn the native enzyme are very similar
if not identical,

The physich parameters of nitrite reductase are

summarized in Table 11,

{

titrat;on of nitrite reductase in the absence or
presenee of 8M urea or 8M urea plus 1% SDS by DTNB or p-HMB
yields four sulfhydryl groups per enzyme nolngule. The
titration of the total number of thiol groups by DTNB after
borohydride reduction in the presence of 8M urea, (which is
the sum of free thiol greups and the ones generated by
reduction of disulfide bond(s)), gave six thiol groups. These
results suggest that nitrite reductase contains four free

sulfhydryl groups and one disulfide bond per mole of native
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MOLECULAR WEIGHT ESTIMATION OF A FISCHERI NITRITE
REDUCTASE SUBUNITS BY SDS-GEL ELECTROPHORESIS.
The enzyme (25-30 ug) was incubated with 1% SDS and

1% 2-ME at 37 °C for 4 hr. Electrophoresis was carried out
at 28-30 °C for 3 hr at 8 mA per tube. The nitrite reductase
gave two bands (®), a major band corresponding to 38,000
molecular weight and a faint band corresponding to

a molecular weight of 78,000.
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enzyme, The results of half-cystine and free thiol groups
estimationsare presented and further discussed in chapter V.
N-TERMINAL ANALYSIS

Preliminary experiments with dansyl-nitrite reductase .
using solvent system C of Morse and Horecker (880) indicated
that methionine was the N-terminal residue. Under these
conditions dansylalanine and dansylphenylalanine were the only
other two amino acids which came close to dansylmethionine on
thin layer chromatograms. Chromatography of dansylphenyl-
alanine, dansylalanine and dansylmethionine in the solvent
system A of Morse and Horecker (280) and solvent system b of
Deyl and Rosmus (28l1) gave unambiguous separations. One-
dimensional thin layer chromatogrephy of hydrolyzed dansyl-
enzyme using the solvent A of Morse and Horecker (Fig. 13) and
system b of Deyl and Rosmus yields one spot corresponding to
dansylmethionine, Only one spot was obtalned when the sample
was co-chrome tographed with authentic dansylmethionine (Sigma)
added as the internal standard. These experiments indicated
methionine as the only N-terminal residue., The failure to find
any N~terminal amino acid other than methionine suggests that
the two subunits are similar though not necessarily identical,

Quantitative determination of N-terminal aminoc acid
was undertaken in the hope of obtaining additional evidence
on the number of peptide chains in the native nitrite reductase,
The dansylation of the enzyme with 20 mM dansyl chloride in 4 M

urea under the experimental conditions described in Materials



FIG.

13

DETERMINATTON OF N-TERMINAL AMINO ACID
OF THE ENZYME.

The dansylated amino acids were separated
by thin layer chromatography on silica gel
by using the solvent system A of Morse and
Horecker (280), benzene : pyridine : acetic
acid (80 : 20 : 2, v/v/v). 1= dansylphenyl-
alanine, 2= dansylmethionine, 3= mixture of
dansylphenylalanine, dansylmethionine and
dansylalanine, 4= dansyl-enzyme, 5= dansylalanine

and 6= dansyl-NH,, The N-terminal was methionine.
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and Methods gave yields of 1.2 and 1.3 mole of dansylmethionine
per mole of the enzyme (after correction for losses during
hydrolysis and isolation procedure was applied). Control
experiments with methionine gave dansylmethionine in about
50-60% of the theoretical yield which is very close to that
reported by Gros and Labouesse (279) for methionine. Although
the ylelds of N-terminal are low, the results support the
dimeric structure of Ae. fischerl nitrite reductase,

D 1) O_N

Although bacterial nitrite reductases have been studied
in a variety of organisms, none has been obtained in a
homogeneous state to permit a detailed characterization. The
present work on J. fischerli enzyme forms the first detailed
characterization of nitrite reductase which is homogeneous
both in the ultracentrifuge as well as in polyacrylamide disc
gel electrophoresis,

Results of sedimentation velocity studies at protein
concentrations in the range of 1-9 mg/ml gave an d%o’, of
5.256 5 with a slight dependence on protein concentration. The
diffusion eoefficient determined from the gel filtration
experiments with Sephadex G-200 is 6,06 F. This value is close
to that reported for P. aeruginosa and spinach enzymes,

An average molecular weight of 80,000 for 4. fischeri
nitrite reductase was determined in the present work. Several

independent methods viz. Archibald approach-to-equilibrium method,
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from sedimentation and diffusion coefficients, from
sedimentation coefficientf and 3tokes! radius, and analytical
disc gel electrophoresis procedure of Hedrick and Smith (276),
were used and values of molecular weights obtained were in
good agreement, The present value of 80,000 is smaller than
that previously reported for the ultracentrifugally (but not
electrophoretically) pure enzyme. It seems likely that
the earlier value was an average of the molecular weights of
the enzsyme and the impurities. |

The molecular weights reported for nitrite reductase
from algae and higher plants fall within the narrow range
of 60,000-72,000. In contrast to the enzyme from green
tissues, the bacterial nitrite reductases exhibit a greater
degree of variation. Molecular weight as low as 67,000 has
been reported for nitrite reductase from A. ghroococcum (156)
and as high as 200,000 for the enzyme from P. perfectomaripus (3).
Though sedimentation studies have also been carried out, in most
cases the molecular weight values were determined by gel
chromatography on Sephadex G-2300.

Squire (318) and Ackers (271) have provided a theoretical
basis for the physico~chemical characterization of proteins by
8pphadex gel filtration. Although the mechanism of gel
filtration has not been completely explained, the correlation
between elution volume and molecular weight holds true for a
great number of proteins and enzymes. Exceptions are exémplified
by non-globular proteins and also by some glycoproteins. Siegel

preae~del
and Monty (274) panafﬁ:ﬂ evidence which strongly indicated that
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the elution position of a protein upon Sephadex G-200
chromatography is not correlated with molecular weight but
instead 18 a function of the Stokes' radius, The molecular
weight of 66,000-67,000 determined for A, fischeri nitrite
reductase by the Andrews' procedure in the present studies is
significantly low and is not consistent with the values
estimated in the ultracentrifuge and disc gel electrophoroiis.
However, when Stokes' radius, determined from the same gel
filtration data, was combined with the sedimentation coetfficient,
a molecular welight of 78,000 was obtained. The agreement
between this value and that of 80,000 obtained by other methods
further supports the usefulness of correlating the behaviour
of proteins on gel filtration with their Stokes' radii. It

is of interest to note that gel filtration is reported to

yield a considerably lower value of 60,000 for spinach nitrite
reductase as compared to that of 72,000 determined from the
sedimentation data (164), However, no attempt was made to

correlate the elution volume with Stokes' radies.

The number of proteins which are known to form stable
conformation by the assembly of discrete subunits is now very

large as witnessed by a recent review article of Irwing et al.(319)
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It has been suggested that proteins whose molecular weights

are over 50,000 may be expected to reveal such a subunit
structure (320). In most cases, the bonding is that of the
noncovalent linkages; although some proteins have been found

to be made of several polypeptide chains covalently linked

by disulfid’ﬁbridgou. Nitrite reductase from A. fischeri

does not dissociate wvhen treated with 6M urea or 6M Gu.HCl
indicating either very strong interactions between the subunits
or covalent linkages, However, in an adequate reducing
environment 6M Gu.,HCl or 1% SDS dissociate 4. fischeri nitrite
reductase into its polypeptide chains. A molecular weight

of 39,000 for the reduced enzyme in 6M Gu.,HCl was determined

by the aArehibald procedure suggesting that the native enzyme

is composed of two polypeptide chains which are linked together
by disulfide bond(s).

Additional evidence for the dimeric structure of
A. fischeri nitrite reductase is derived from the results of
SD8-polyacrylamide gel electrophoresis. A subunit molecular
vweight of 38,000 was estimated by electrophoresis in SDé-
polyscrylamide gels,

Titration of the enzyme with DINB or p-HMB in denaturing
medium for thiol groups before and after borchydride reduction
indicated the presence of one disulfide bond. @geveral lines
of evidence indicate that the subunits are highly similar,
Thus, under dissociating conditioms (6M Gu,HC1l-0,1M R-ME) a
single, symmetrical peak was observed upon sedimentation in the

ultracentrifuge, Similarly, there was no detectable difference
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in the molecular weight upon SDS-poly;crylamide disc gel
electrophoreis for only one protein band was detected for the
ayn ensyme subunits. Furthermore, methionine was the only
N~terminal amino acid determined by dansylation studies.

The quantitative determination of N-terminal amino acid gave a
value of 1,2 ~ 1.3 mole of methionine per mole of enzyme,
Although the results are not conclusivey, they support the
dimeric structure of A. fischeri nitrite reductase. The low
yield, though attributable to incomplete dansylation and losses
during hydrolysis and isolation procedure, leaves open the
possibility of other N-terminal groups. Low recoveries of
N-terminal amino acid have been reported for other proteins
also. Thus dansylation (50 mM dansyl chloride) of bacitracin,
glutamate dehydrogenase, and p-lactoglobulin gave yields of
N-terminal of 51,40 and 62% of the theoretical value (after the
correction was applied) (321),

Data obtained permit the inference that A, fischeri
nitrite reductase consists of two similar, though not
necessarily identical,polypeptide chains which are covalently
bonded by a disulfide bridge and are of the same size,

Though there has been no detailed study, evidence in
support of the subunit structure in nitrite reductases from
spinach (164) and P. asruginogs (167) has been obtained., The
native spinach nitrite reductase has a moleeular weight of
72,000 as determined by the sedimentation data. The resultis
of SDS-~polyacrylamide gel electrophoresjis suggested that the

native enzyme consists of two subunits of molecular weight of
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37,000. The subunit structure of spinach nitrite reductase
resenbles that of A. fischerl enzyme reported here, Similarly,
the sucrose density centrifugation of SDS-treated

Ps aerugipoga nitrite reductase suggested that the native

enzyme which has a molecular of 67,000 consists of two
subunit s, However, the ensyme from C. fusca (135) has been

reported to consists of one polypeptide chain,



CHAPTER b

AMINO ACID COMPOSITION AND
HYDRODYNAMIC PROPERTIES
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S UMMARY

The amino acid composition of A. fisgheri nitrite
reductase was analysed, The analyses indicated an amino
acid composition for a total of 693 amino acid residues of:
Trpg, 1/8+Cys g, Met),, Arg,q, Hisgy, Prog,, Tyrpg, Pheg,,
Valy;, Glygoy Ber gy Iley,, Thr,, Leugg, Lysgy, Alag,,
Aspgs, Glugg, and amide amoniagg. Independent determinations of.
tyrosine and tryptophan were in good agreement with each other
and with the tyrosine content determined in the Amino acid
analyzer, In the absence as well as in the presence of
denaturants, four sulfhydryl groups react with p~hydroxy-
merocuribensoate (p~-HMB), and 5,5'-~dithiobis(2~nitrobenzoic acid)
(DTNB)e Reduction of the ensyme with borohydride followed by
titration with DTNB gave six -8H groups indicating the presence
of one disulfide bond in the enzyme molecule, Titration of all
the four sulfhydryl groups does not inactivate the enzyme,
Inactivation of the ensyme with p~HMB and p~chloromercuribensene
sulfonic acid at relatively higher concentrations is not related
to mercaptide formation,

The isoionic point and the partial specific volume were

dolerimined. o
foupd to be 5.1 and 7,3 55/3 from the amino acid composition.

The hydrophobieities of the enzyme computed from the amino acid
eonpoaﬁ%}on in terms of the average hydrophobieity (Hfgy),
pclaritiuindux (p), and the frequemcy of non-polar side chains
(NPS) were found to be 1075 cal/residue, 1,00, and 0,32

respectively.



INTRODUCRION

A, fischeri nitrite reductase catalyses the reduction
of nitrite to ammonia, Hyldroxylamine is not a free intermedidte
during this 6-electron reduction though the ensyme also reduces
hydroxylamine to smmonia (170). Ensyme chemical studies will
be required to elucidate the reaction mechanism by which the
ensyme carries out the cemplex multielectron reduetion of nifrite
to ammonia. Such a study was made possible by the isolation of
the homogeneous enzyme with high yield (ref, chapter III),

A quantitative amino acid analysis is the basis for any
sequence studies and provides the foundation for a chemiocal
evaluation of the enzyme reaction and the relationship between
the chemical and physical properties of the protein. As a first

step towards the chemical characterization of Achromobacter

nitrite reductase, an analysis of the primary structure of the

enzyme by dcterm}ning ite amino acid composition was undertaken,

The results of this study form the subject matter of this chapter.
The amino acid composition of nitrite reductases from

P. aeruginosa (167), and C., fusca (135) have been reported. The

amino acid compositions of A. fischeri nitrite reductase and

those from P, aeruginosa, and ¢, fusca are found to e quite

similar when e¢omparison iz made on weight percent basis, The
parsial specific volume, the isoionic point and the degree of
hydrophobieity of A. fischeri of=A=—fwehgyl nitrite reductase

ocalculated from the amino acid composition are also reported.
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Nitrite reauctases from several sources have been shown
to be sensitive to p-HMB and a number of other thiol-reactive
compounds (82,114,137,160,170~172). The inhibition by p-HMB
is reversible in most cases when incubated with excess of
cysteine or reduced glutathione (114,137,145,170,171). The
possible site of action of thiol-resctive compounds is assumed
to b;t;ulrhydryls but no titration studies with purified enzyme
were reported. In a preliminary report from this laboratory,
Prakash and Sadana (170) showed that at relatively highems
concentrations, p~HMB and p~CMS produced inactivation of
A« fischerl nitrite reductase. The inhibition by p~HMB and
p~CMS was completely reversed by subsequent incubation with
SH-containing compounds, cysteine and reduced glutathione., The
work presented in this chapter was also aimed at obtalning evidence
on the contents of sulrhydryl and disulfide groups and the
Avntlvemenkt
rsie%#oarof sulfikydryls in the activity of the enzyme.

The work presented in this chapter has already been

published (Mazhar Husain and J,C. Sadana (1974) Arch. Biochem.
Biophys. 163, 21-28).
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RESULTS

Amino acid compogitions

The amino acid analyses of nitrite reductase were
performed on duplicate samples without prior removal of heme
groups, Hydrolysis of the enzyme was carried out for 18,24,30
and 48 hours as desoribed under Materials and Methods,

Table 12 summarizes the amino acid recoveries obtalned
from the hydrolysates after chromatography., The amino acid
composition, calculated by determining the molar ratio of each
amino acid with respect to alanine,according to the procedure
of Markland and Damus (322) is presented in the last column of
Table 12, The calculated number of residues per mole of nitrite
reductase is based upon the molecular weight of 80,000
determined by the Archibald approach-to-equilibrium method and
disc gel electrophoresis (ref. chapter IV). The calculated
value of each amino acid except isoleucine, valine, serine,
threonine, half-cystine, and tryptophan is the average of the
values reported for each time of hydrolysis. The analysis shows
a predominance of lysine, alanine, aspartic aeid, ;nd glutamic
acid residues vhereas those of tryptophan, half-cystine, methionine,
and arginine are slov in number. The total number of amino acid
regsidues per mole of nitrite reductase was determined to be 693
and a consequent molecular weight of 80,030. The nitrogen
content calculated from the amino acid composition is 15,96%
wvhich is the average value reported for proteins., The amide

content of the enzyme was determined from the amount of ammonia



LABLE 12

AMINO ACID COMPOSITION OF A. FISCHERI NITKITE REDUCTASE®

Amino Amount of amino acid recovered (unolos)b Rxtrapolated Conpo;iimx
acid or best (moles/
Hydrolysis time (hr) :z':Ifﬁiﬁ:ti° 80,000
18 24 30 48 ox®
Irp ~ - - - - - 8°®
1/2-Cys - - - - +0109 .207 10f
Met 0olgé  0.0163 ‘0198 :& 0176 «334 178
Arg .0188  .0207  .0217 0218 0202 .358 18
His .0236  .0254  .0240 0249 004 423 22
Pro .0284  .0291  .0271 0257 0282 4786 24
Tyr .0278  ,0292 (.0271) .0291 - 501 26°
Phe 0374  .0364 (.0354) 0389 .0292 .656 34
val .0370  .0394  ,0410 .0450 0418 800 4k
Gly .0474  .0476  (.0645) 0.0456 0458 818 42
Ser .0450  .0435  .0430 .0395 .0433 .820 2!
Ile .0368  .0400  .0390 .0478 0440 848 s«
Thr .0486  .0472  ,0454 .0446 00450 .850 44l
Leu .0561  ,0534  ,0503 0582 .0575 «940 48
Lys .0541  ,0861  ,0563 0574 0614 961 50
Ala .0577  .0878  ,0603 0564 .0660 1,000 52
Asp «0974 0987 .0940 .0961 0973 1,652 86
Glu .0980 ..0988  ,.0983 0934 0992 1.674 86
Anide-NH; 1150  ,1410  ,1560 - - 1.190 o3t

il

8Conditions are deseribhed in the teit. Analyses were performed on duplicate samples. Numbers in
parsnthesfs were not imcluded in calculation of the final value for that amino acid.
b

In order to compare one analysis from another, each set of Galues was multiplied by a factor so that the sum
of recoveries of all amino acids execept Thr, Ser, Val, Ile and 1/2 Cys were constant.

CAnalysis after performic acid oxidation. Values for only cysteine and methionine were used.
dcaloulated according to Markland and Damus (322).

®Measured by spectrophotometric and colorimetric methods as described in the text.
fDatermined as cystelic acid

‘Determined as methionine sulfone
hqg _n,

iExtn
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liberated during acia nyarolysis of the enzyme. No separate
amide determinations were performed because of insufficient
amount of the ensyme.

The contents of sulfhydryl groups and disulfide bonds,
tyrosine and tryptophan were determined by different methods

a8 described below,

Determinstion of tyrosine and tryptophan
i) Goodwin and Morton's method (291):

The purified enzyme (0.4 mg) was taken in 1.0 ml of
0.1 M NaOH and the absorbance of the enzyme at 294.4 nm and
280 nm was recorded, The tyrosine and tryptophan contents
were determined by Goodwin and Mortont!s method (ref, chapter II)
after applying the correction for heme absorption. The
correction applied for heme absorption was 0,1, From the
optical densities at 294.4 nm (0.43) and 280 nm (0,44), it was
calculated that nitrite reductase from A. fischeri contains
27 moles of tyrosine and 9 moles of tryptophan residues per
mole of enzyme.
i1i) Bencze and Schmid's method (2980):

The absorbance of purified enzyme solution (0.4 mg/ml
in 0,1 M NaOH) was measured between 272 and 294 nm at 2 nm
intervals., A graph of absorbance vs wavelength was plotted
(Fig. 14). The maximal absorbance (Agax) of the absorption
curve (after heme correction, O.l)was 0.515. Two maxima
appeared at about 282 nm and 290 nm. A line was drawn tangential
to these two characteristic peaks. The slope of the tangent
indicated a tyrosine~tryptophan ratio of 3,0 and an E value
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FIG 14 DETERMINATION OF TRYPTOPHAN AND TYROSINE CONTENTS OF
A FISCHERI NITRITE REDUCTASE BY BENCZE AND SCHMID'S METHOD.
The absorbance of O 4 mg per mL of the enzyme in O-t M NaOH was
recorded between 272 nm and 296 nm at 2 nm intervals. The tyrosine
and tryptophan content of the enzyme was determined according to
Bencze and Schmid's method (290) as described in the tex!.
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of 161, The.tyrosine-tryptophan content was 0.515/161 =
3.2 mg per 100 ml of solution or 8% of the protein.

Assuming a molecular weight of 80,000 and a ratio of
3 to 1, nitrite reductase would contain 27 moles of tyrosinel
and 9 moles of tryptophan per mole of ensyme. These values

aréf?ane as’ebtainod from Geodwin and Morton's method,

(111) golorigetrie methods:

The contents of tyrosine and tryptophan were also
determined by colorimetric methods, Tyrosine was estimated
on duplicate enzyme samples (0.57 and 1.14 mg) by the method of
Uehara, Mannen and Kishida (292) with a standard soclution of
tyrosine (15 to 150 ug). A value of 25 tyrosine residues per
mole of enzyme was obtained,

The tryptophan content of nitrite reductase (1.1 mg)
was determined in duplicate by the colorimetric procedure of
Spies and Chambers (293). A standard curve using various
concentrations of tryptophan between 20 and 120 ug was constructed,
A value of 7 tryptophan residues per mole of enzyme was indicated.

The results of tyrosine and tryptophan determinations are
summarized in Table 13, These are in satisfactory agreement

v

with each other and with the tyrosine content determined -tfh
the Amino acid analyzer. An average value of 8 tryptophan and
26 tyrosine residues per mole of enzyme is obtained,
De free sul 1_groups:

The total number of free sulfhydryl residues per mole
of enzyme was determined by spectrophotometric titration of the

enzyme with p-HMB as described by Benesch and Benesch (284).
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TRYPTOPHAN AND TYROSINE DETERMINATION OF

NITRITE REDUCTASE

Method Tyr/Trp
(mole/mole)

Re es/mole
Tyrosine TryptOphan

Spectrophotometric

i) Bencze and 3.0
Schmid (290)
(uv, 0,1 N NaOH)

ii) Goodwin and 3.0

Morton (291)
(uv, O.1 N NaOH)

Colorimetrio

i) 8pies and -
Chambers (293)
(procedure K)

i1) Uehara et al.(292) -
Amino acid analyzer -

27 9

27 9

26 8

agaljulatod from the tyrosine content and a
yr

Trp ratio of 3.0
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Titration of the enzyme was carried out in its native form

as well ag after denaturation with 8 M urea, 1% SDS, and 8 M urea
plus 1% SD8 (ref. chapter II). Fig. 15 represents results which
are typical of several experimeats performed in the presence

or absence of denaturing agents. ‘Fron the data in Table 14,

it is apparent that jpghromobagcter nitrite reductase contains
four -SH group per mole of enzyme in the native and in the
denatured state, In the absence of denaturing agents, however,
the reaotion proceeds at a slower rate taking a total time of
2~3 hr for completion whereas when the denaturants Qere included
the reaction was complete within 20-40 min.

The free sulfhydryls of the nitrite reductase were also
determined by Ellman's procedure with DITNB as described by
Thorner and Paulus (285), The titration of the enzyme (0,2 =~
Os4 mg) was performed in the absence and presence of denaturing
agents (8 M urea or 1% SDS). The data in Fig. 16 indicate that
in the native as well as in denatured state about four
sul fhydryls per mole react with the Ellman's reagent. In the
presence of denaturants the reaction was complete in an hour's
time., In the absence of the denaturants, 2 sulfhydryls reacted
fast (1 hr) while the remaining 2 -SH groups took about 5-6 hr,
80 that the total time taken for all the sulfhydryls to react
in the absence of the denaturants was about 6~7 hr,

The finding of the same value in the presence or absence
of denaturants indicates that all the free -~8H groups are
accessible for reaction with DTNB and p-HMB. The results of
sulfhydryl determinations are summarized in Table 15,
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OPTICAL DENSITY AT 250 nm
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FIG. 15 DETERMINATION OF SULFHYDRYL GROUPS OF A.FISCHERI NITRITE
REDUCTASE BY SPECTROPHOTOMETRIC TITRATION WITH p-HMB
Samples containing O 43 mg of protein were taken in 1O mi of O-O5 M
potassium phosphate buffer (pH 7 O) Aliquots of p~HMB (3:85 X 10”4 M)
were added to the biank cell containing the buffer and to the experimental
cell containing protein and absorbancy at 250 nm was recorded.

The intercept, a, is due to absorptior of the protein
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Sample Solvent system p-HMB required -SH Groups/
mole of
enzyme

ul Moles
x 108
1. Potassium phosphate
buffer (pH 7.0) 60 2.30 4.1
2. " 53 2.05 3.8
3. " 62 2,00 3.7
3.86 average
4. Phosphate buffer 56 2.15 4.0
(pH 7.0) +
denaturant
. 8 " 58 2.23 4.1
6. " 58 2.23 4.1
7. " 53 2,05 3.8

4.0 average
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RATE TITRATION OF A.FISCHERI NITRITE REDUCTASE WITH DTNB.
The reaction of — SH groups was determined by absorption changes

at 412 nm. Samples containing 0-26 mg proteinini-Omlof 0-05 M potasstum
phosphate buffer{(pH 7-5) containing 8 M urea (or no urea) DTNB

(20ud, YO mM ) was added 10 the test samples and blanks and absorbancies

recorded at 412 nm .



TABLE 15

HALF-CYSTINE AND PREE THIOL GROUPS IN A. FISCHERI
NITRITE REDUCTASE

The number of experiments are reported in parentheses

Method — Residues/mole enszyme
Rative Denatured enzymeb
ensyme®
cystelne cygteine Cysteine +
half-cystine
I. With DTNB 3.6(3) 3.85(4) 5.9(2)°
II. With p-HMB 3.85(3) 3.98(4) -

III. As cysteic
acid - lad 10.0

ritrations of thiol content of nitrite reductase with
p~HMB and DTNB were carried out (see text) in 50 mM
potassium phosphate buffer, pH 7.0 and 7.5 respectively.

Porior to titration with p-EMB and DTNB enzyme samples
were preincubated for about 1 hr at room temperature in
the buffer containing 8M urea or 8M urea plus 1% SDS.

CEstimated with DTNB after borohydride reduction in presence
of 8M urea aocording to Cavallini et al. (287).
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Retermination of tetal -—3H groups snd —5-—O-— linkeges
(1) NapH, reduction and DINB titration

The results of total half-cystine ( - 8H groups

and wwS—=8-w linkages) determinations are included in Table 15,
The reduction of the ensyme (1 mg) with NaBH4 in urea
followed by DTNB titration gave a value of 6 — SH groups per
xole ¢f ensyme. Assuming that the enzyme contains 4 free
sulfhydryls as revealed by DINB and p-HMB titrations, this would
indicate the presence of oneé ——S-~S—— linkage per mole of

nitrite reductase.

(11 ) Performic acid oxidation and cysteic aeid determination

As shown in Table 15, analysis of performic acid-oxidized
sample revealed 10 cysteic acid residues per mole of enzyme. The
heme moiety 18 removed from heme protein by oxidation with
performic acid (289). The value of 10 moles of cysteic acid
per mole of enzyme on performic acid-oxidized protein also
indicates the presence of one —S8-~8«= linkage assuming that
4 —8H groups are involved in thiocether linkages for binding
the tvo heme moleties present in the ensyme molecule (170),

sach of the hemes being bound by two thioether linkages.

The inhibitory effect of reagents which can react with

sulfhydryl groups is shown in Table 16, Titration of all she
4 free ~BH groups detected in the enzyme molecule with slight
excess of p-HMB (4-~5 moles/mole enzyme) or DTNB (50 moles/mole
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TABLE 16

INHIBITION OF A. EZLSCHERI NITRITE REDUCTASE BY -SH REAGENTS
AND ITS REVERSAL BY SULFHYDRYL COMPOUNDS AND DIALYSIS

Inhibiteor Inhibiter Percent

sonsentration 1mhibition
(mele/mole (BVE system)®
onsyme)

§,5¢-pithiond g(E-nitro

bassoto eeid) b 50 o

p-Hydroxymercuribenszoioc scia® 5.6 (o]

p-Hydroxymercuribenzoie acid (170) 1650 35

p-Hydroxymercuribensolc acid (170) 3300 95

p-Hydroxymercuri bensolic 3300 2.5
acid + cysteine or GSH
(10 mmoles)® (170)

p-Chloromereuribenzene

sulfonic acid (170) 1350 94
p-Chloromercuifbemsene sulfonic 1350 45
_mgid + cysteiné or GSH (10 jmoles)

(170)
p-Chloromercuribensene ,
sulfonic aeid ~didlysed - 20

o L
) g

fstandard cehditions of asjay with reduced bensyl viologen (BVH)
as oleetrod donor were used (170).

Prhe enzyne was treated with DINB (50 moles/mole ensyme, 48 hr)
and p-HMB (5.5 moles/mole enzyme, 1 hr), until there was no
further imcrease im abserption at 412 rm and 250 nm, respectively,
Suitable aliquots were taken for testing the activity.

®rhe reversal of inhibition was achieved by adding the sulfhydryl

sompound and incubating for ansther & min before testing the
activity.

drhe ensyme (0.25 mmole) was preincubated in 1 ml 50 mM potassiwm
osphate buffer, pi 7.5, with the imhibitor (1.6 smocles) for
0 min at 30°C. The ensyme was dialysed overnight at 49C against
50 mM potassium phosphate buffer, pH 6.8, with three changes of
buffer before testing the activity.
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enzyme) was found to have no effect on the nitrite reductase
activity with reduced benzyl viclogen as electron donor.

However, in the presence of large molar excess (375- to 825-fold/
~~SH group) of the mercurial reagents, p-CMS and p-HMB, the
enzyme activity was completely inhiblitedj this inhibition was
completely reversed by subsequent incubation with —SH containing
compounds, cysteine and reduced glutathione (170), The
inhibition of.nitrite reductase activity by sulfhydryl reagents
was also reversed (70-80%) on removal of these reagents by
dialysis, These results suggest that the inhibition by
sulfhydryl reagents does not seem to be related to mercaptide
formation but involves other interactions, It further suggests
that no permanent derangement in the enzyme molecule is induced
by the sulfhydryl reagents, Similar observations havti;;de in

the case of other enzymes (323-325).

Partial specific volume

The partial specific volume (V) of a protein can be
calculated sccording to the method of Cohn and Edsall (299) from
the weight percentages of the amin;f;tiidncs and their
respective speecific volumes., From the amino acid composition
and the apparent specific volumes Lihken from Cohn and Rdsall,
(299)4 a partial specific volume of 0,73 ml/g was calculated
for A. fischeri nitrite reductase (Table 17). This is in good
agreement with ¥ values of 0,72 (168) and 0.73 al/g (111)
determined experimentally for P. aeruginosa nitrite reductase.

The amounts of asparagine and glutamine used in these calculations

were obtained by distributing the amide groups according to the
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PARTIAL SPECIFIC VOLUME OF A. FISCHERI NITRITE REDUCTASE
The 62 amide groups have been distributed according to the

ratio found for glutamic acid to aspartic acid. Values for v
for the amino acid residues vere taken from Cohn and Edsall(299)

Amino aoid Mo, of Amino aeid ¥ x weight

residues residues/ residue per ) 4 percent

mole of 100 g of

ensyne protein

(veight

—percent)
Tryptophan 8 1,863 74 1,379
1/2 Cystine 10 2.113 .61 1,289
Methionine 17 2,789 .70 2,092
Arginine 18 3.516 «70 2.461
Histidine 22 3.776 .67 2,529
Proline 24 2.914 76 2.215
Tyrosine 26 5.306 71 3.767
Phenylalanine 34 6.269 .77 4.819
Valine 41 5.086 .86 4,374
Glycine 42 3,000 .64 1.920
Serine 42 4,576 «63 2,882
Isoleucine 44 6.228 .90 5.605
Threonine 44 5.563 .70 3.894
Leueine 48 6.795 «90 6.115
Lysine 50 8.016 .82 6.573
Alanine 82 4,623 « 74 3.421
Aspartic aeid 54 7.778 + 80 4.663
Asparagine 31 4,423 .62 2,742
Glutamic aeid 85 8.879 +66 5.860
Glutamine 31 4.966 «87 3.327
98 . 460 71,927

Partial specifie velume of the ensyme was calculated
as follows (ref. Chapter II)

v = 222927 . 0,73 n1/g
98,460



ratio found for asparti: acid to glutamic acid.

he K- and isoionie :

The number of lonizable acidic and basic groups of
A« Lizgherl nitrite reductase with their pK values are given
in Table 18. ﬂasumin; independent ionigzation of the charged
groups and negleeting electrostatic interactionsand any end
groups, a theoretical titration curve (Fig. 17) for A. fischeri
nitrite reductase was constructed from the data of Table 18,
For this hypothetical case, an isoionic point of 5,1 was
calculated. This value is compatible with slight predominance
of acidic over basic groups in the enzyme and may be compared
with the determined isoelectric point of 4,5 using disc gel
electrophoreis (170).

egre h ophobicit

The degree of hydrophobicity of A. fischeri nitrite
reductase in terms of average hydrophobicity, H¢" (297),
polarity index, p (205), and the frequency of non-polar side
chains, NPS (296) was computed from the amino acid composition
as shown in Table 19, Similar calculations were made for nitrite
reductases from P._aeruginoss and C, fusga. The results are
summarigzed in Table 20, The degree of hydrophobicities of'the
three enzymes as measured by the three parameters is strikéngly
similar. The E@,y fall in the limited range between 1000
and 1100 cal/residue for globular proteins (297) and the same
applies to Fisher's polarity index p (296) and Waugh's NP8 (296),
These results when interpreted according to Bigelow (297),
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TABLE 18
IONIZABLE GROUPS OF ACHROMOBACTER
FISCHER]I NITRITE REDUCTASE
Ionizable group Total number pk® assumed
in nitrite .
reductase
Y and § Garboxyls 109P 4.5
Imidazolium ' 22 6.5
¢ Ammonium 50 10,0
Phenolic hydroxyls 26 10,0
Sulfhydryls 4 10.0
Guanidinium 18 12.5

‘pK values for the individual groups are taken
from Mahowald, Noltmann and Kuby (300),

h'Calculated as follows:s 171 Carboxyls - 62 amide groups.
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Calculations were based on the i1onizabie groups present in

the enzyme ( Table 18) pk values for the individual

groups are taken from Mahowaid, Noitmann, and Kuby (300).
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TABLE 19

CALCULATION OF NPS, p AND Hf,, POR A. FISCHERI NITRITE

REDUCTASE
Amino acid Number of Volume (i) H@(cal)
residues

Non-polar
Tryptophan 8 1083,.,2 24000
Isoleucine 44 4488,.0 129800
Phenylalanine 34 3872.6 90100
Proline 24 1786.4 62400
Leucine 48 4896.0 115200
Valine 41 348091 69700
Methionine 17 1660,9 22100
Alanine 52 2736.2 39000
Glyeine 42 1524.6
1/2-Cystine 10 683,0 10000

28198.2

Polar
Tyrosine 26 3021.2 74100
Lysine 50 52565,0 75000
Arginine 18 1963.8 13500
Threonine 44 3132.8 19800
Serine 42 2305.8
Histidine 22 2021,.8
Aspartic acid 54 3693.6
Glutamic acid 55 4658 .5
Amide a2 . 248,0

26300,5
Total 693 744700

Non-polar and polar residues are separated according to
Fisher's definition (895),
NPS is calculated according to Waugh's definition (296) by counting
the trp, iley, tyr, phe, pro, leu and val residues and expressing
the sum as a fraction of the total number of residues:
NPS = 225/693 = 0,32
P 1s the ratio of polar volume to non-plar volume =26300.5/26198=1 0O
H@yy 18 the total hydrophobieity divided by the number of

residues (297) = 744700/693 = 1075 cal/res.
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ZARLE 80

DEGREE OF HYDROPHOBICITIES FOR A. FISCHER],

B. AERUGINOSA AND C. FUSCA NITRITE
REDUCTASES AS MEASURED BY THE THREE PARAMETERS

Proteins Hﬂ‘ve (297) p (295) NPS (296)

cal/res

Nitrite reductase

A. fischeri 1075 1.00 0.32
E. aerugiposa 1107 0.91 0.35
Chlorella fusca 1079 0.96 0.32

The numbers in parentheses are the
appropriate references
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Fisher (295), and Waugh (296) suggest globular nature of the

three nitrite reductases,

DIgcCcUBSION

The amino a¢id composition of A. fischeri nitrite
reductase, calculated by Markland and Damus' method and those
from P. aeruginosa (167) and C. fusca (135) (whose amino acid
compositions have been reported) are shown in Table 21. Although
there are differences in the amino acid compositions of the
three nitrite reductases, the overall amino acid composition
is quite similar when comparison 1s made on weight per cent basis,
In this respect the respective contents of threonine, isoleucine,
lysine, and aspartic acid are partiocularly noteworthy, the
variation being t+ 5%. The percentage composition of methionine,
histidine, valine, serine, leucine, and glutamic acid agrees
within ¢ 10£, while those of alanine, tyrosine and glycine
agrees within + 15%. The number of hydrophobic amino acid
residues in all the three enzymes is comparable. The tryptophan
content of Pseudomonas enzyme is considerably higher as compared
to Achrogmobacter and Chlorells entymes. A striking feature in
the amino acid composition of Chlorella nitrite reductase is

its high alanine and glycine contents as compared to the other

two nitrite reductases., The number of proline residues in

ARhromobacter enzyme is just half of that in ghlorella and
Pseudomonas enzymes,
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AMINO ACID COMPOSITION OF NITRITE REDUCTASES FROM
A. FISCHERL, B. ABRUGINOGA AND C. EUSCA

Amino Ae fischeri . asruginoss Chlorella®
Acid Res. (80,000) (67,325) (63,000)
Trp 8 15(18) 4(5)
He. Cys 10 2(2) 10(13)
Met w7 12(14) 13(17)
Arg 18 24(29) 29(37)
His 22 15(18) 13(17)
Pro 24 40(48) 36(48)
Tyr 26 21(25) 14(18)
Phe 34 15(18) 23(30)
Val 42 45(53) 39(50)
Gly 42 47(56) 56(71)
Ser 42 42(50) 27(34)
Ile 44 33(49) 31(39)
Thr 44 36(43) 34(43)
Leu 48 40(48) 49(62)
Lys 50 40(48) 38(48)
Ala 52 46(85) 60(76)
Asp 86 67(80) 61(77)
Glu 86 57(68) 63(80)

Number of amino acid residues in parenthesis have been
calculated per 80,000 mol. wt.

%Data of Nagata et al.(167)

bData of NG, Zumft (135).
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All the three nitrite reductases are rich in
dicarboxylic acids., The difference in the content between
basic (lysine + arginine + histidine = 90 residues) and acidic
(aspartic + glutamic - amides = 109 residues) amino acid
residues in A. fischerl nitrite reductase showed an excess
of acidic residues which is in accord with its acidic iso-
electric point of about pH 4.6 (170). The isoelectric pH of
Pseudomonas enzyme has not been reported. In the case of
Chlorells enzyme the aspartic and glutamic acid contents are
also in excess and consistant with its isoelectric pH of about
5.0 (135).
The number of half-cystine residues of nitrite reductases

from A. figcheri, C. fusca and P. aeruginosa are 10,10 and
2 respectively, Out of a total of 10 half-cystine residues
present in A. fischeri enzyme, 4 residues are present as free
sulfhydryl groups, two are accounted as one disulfide bridge
and the remaining 4 cystelne residues may be involved in binding
the two heme ¢ moleties of the protein. The free thiol groups
are not essential for enzyme activity as the enzyme is completely
active when the four —8H groups are titrated with p-HMB or DINB,
The depressing effect caused by relatively high concentrations
of p-HMB and p-CMS on nitrite reductase activity reported
earlier (170) appears to be due to nonspecific action of the
inhibitors and does not involve interaction with --SH groups
of the enzyme. Similar effect has been observed in the case
of other ensymes (323-325), Neither free -8H nor —8-—~8-— groups



were detected in Pseuydomonas nitrite reductase, The two
half-cystine residues present in this enztyme have been
implicated in the binding of heme ¢ moiety to the protein.
The half-cystine content of Chlorells nitrite reductase was
determined with performiec acid-oxidised protein. No attempt
vas made to estimate the free sulfhydryl groups or ==SwS—m
linkages, The fact that the Chlorella nitrite reductase
activity was completely blocked by O.,1 mM p~HMB has been
interpreted to indicate the presence of free sulfhydryl groups
which have been postulated to participate in the electron
transfer and in binding the two iron atoms to the apoenzyme (135).
The value of hydrophobicities in terms of
HPavs Py and NPS for the three nitrite reductases are quite
similar and fall within their respective ranges for globular

proteins suggesting the globular nature of the enzymes.



CHAPTER 6

REVERSIBLE INACTIVATION
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BUMMARY

A. fischeri nitrite reductase is markedly inactivated
*

at acid pH and on treatment with urea, Gu.HC1l, and S8D8 at
relatively low concentrations. Gu.HCl is more effective on a
molar basis than urea, Phosphate, nitrite, and hydroxylamine
markedly protect the engzyme from inactivation by 2 M urea, The
optimal concentrations of phosphate and the substrates for the
protection of the enzyme against urea-inactivation are 0,5 M,

5 mM, and 20 mM respectively,

The kinetic analyses show that the inactivation involves
2 moles of urea per mole of enzyme and is of noncompetitive type w
with a Ki of 1.45-1.6 M, The ZLHa for the inactivation of the
enzyme in 2 M urea is 9.2 kcal compared to 60 kcal obtained in

the absence of urea,

The inmactivation of the enzyme by 2-4 M urea and 1-2 M
Gu.HC1l is reversible. As much as 90 to 95% of the initial
activity is recovered when urea is removed by dialysis. Only
50% to 60% reversal is achieved with GuHCl-treated ensyme,
Inactivation of the enzyme with SIS is, however, irreversibdle
suggesting that the action of SDS is qualitatively different from
that of urea and Gu,HC1,

The inactivation of the enzsyme at acid pH is also
reversed on neutralization., About 70 to 75% reversal is achefiived
under optimal conditions. The presence of bovine serum albumin

at a concentration of 1,0 mg/ml in the reactivation mixture is
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an absolute requirement for the reversal. The rate and extent
of the reactivation depend upon the length of time the enzyme
is exposed to acid pH.

The Kkm, and the ratio of nitrite reductase to
hydroxylamine reductase activities of the renatured ensyme

are same as that of the native enzyme,



INTRODUCTTION

Denaturation studies are capable of ylelding
information about the native state of a proteln in terms of
its co-operativity, intrinsic stability and the nature of
forces responsible for maintaining its tertiary structure.

A change in the native structure of a protein is
referred to as f'denaturation!. This process is generally
accompanied by a change in the optical properties, structure,
and loss of biological activity.

Denaturation can be brought about by modification of
the solvent (addition of organic solvents, salts, urea or
Gu.HCl) or by a change in pH, by addition of detergents,
heavy metal ions, complexing agents or by a temperature
change. Denaturation can also be brought about by a chemical
modification of the protein such as oxidative or reductive
cleavage of disulfide groups, oxidation of thiol groups to
disulfide or sulfonic acid groups, and substitution of
functional groups.

Urea and Gu.HCl are the most commonly used protein
denaturants. It is widely believed that these reagents act
as protein denaturants by breaking the intramoleeular hydrogen
bonds (326). However, it has been shown that the denaturing
effectiveness of different compounds does mot follow the order
expected for hydrogen bond formation between the denaturing
agent and the protein (327). Urea increases the solubility

of non-polar compounds in aqueous solution and it has been
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suggested that this hydrophobic effect contributes to the
denaturation of proteins by urea (328,329). The denaturing
ability of urea, however, cannot be attributed solely to its
hydrephobic effects (330,331)., It has been shown that urea
decreases the activity coefficients of peptide and amide
groups (328) and that this non-hydrophobic effect makes a
major contribution to the denaturing action of compounds of
urea-guanidinium class (332).

Of the two denaturants, Gu.HCl has been conclusively
shown to be more effective., Thus, the minimum concentration
of urea required to completely denature bovine serum albumin
(BSA) was found to be 8,5 M, whereas the same effect could be
produced by 5.3 M Gu.HCl (333). Similarly, the concentrations
of urea and Gu.,HCl to cause complete inactivation of 1socitrate
lyase are reported to be 4.0, and 1.6 M respectively, indicating
that Gu,HCl is a much more stronger denaturant (334),

Detergents do not compete for peptide bonds but weaken
the hydrophobic bonds resulting in denaturation of proteins (330).
The binding of ionic detergents may, however, disrup hydrogen
bonds indirectly as a result of intramolecular electrostatic
repulsion (335). Detergents exert high denaturing action at
relatively low concentrations as compared to urea and Gu.HCl,
For instance, the intrinsie viscosity (v ) of BSA is increased
from 4.3 to 22 by 8 M urea and to 25 by 0,17 M SDS (336).
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Denaturation at extreme pH 1s believed to be the
result of the mutual repulsion between the charges proteins
carry under such conditions,

The question of what factors control protein folding
and conformation is of prime importance in biochemistry since
a specific tertiary structure is required for an enzyme to be
active, The phenomenon of reversible enzyme denaturation
provides a powerful tool for studying protein folding, the final
step in protein blosynthesis.

Sela, White, and Anfinsen (337) were the first to
demonstrate that reduced and denatured ribonuclease could be
refolded with full biological activity. Since these pioneering
studles, complete disruption and reversal have been accomplished
for a number of proteins including enzymes. Among the disulfide-
containing proteins, the reduced chains of egg white lysozyme
(338), taka-amylase (339), alkaline phosphatase (340), and
B-galactosidase (34l) have been shown to regain their native
conformations and biological activities on removal of the
denaturant and air oxidation. Similar results have been
obtained with proteins which lack these internal linkages such
as aldolase (342), enolase (343), glucose-~6-phosphate
dehydrogenase (345), acetoscetate decarboxylase (344), and
bacterial luciferase (346).

These successful renaturation studies lend support
to the theory (347) that the higher orders of struecture in

a native protein are determined thermodynamically by the amino



acid sequence of its polypeptide chain(s).

Renaturation of enzymes has been studied in great
detail, The presence of substrates, co-factors, salts, and
sulfhydryl reagents in the reactivation mixture as well as
other conditions (temperature, pH, protein concentration etc)
have been shown to influence the renaturation process (348-352).

Several enzymes possessing the same amino aclid sequence
have been found to refold into different conformational forms,
Multiple forms of enzymes have been reported such as lactate
(353), malate (354), and glyceraldehyde-3-phosphate (355)
dehydrogenases, Similarly, several enzymes such as lactate
dehydrogenase (356), ribonuclease (357), and creatine kinase (358)
refolded in vitro following partial denaturation, have been
reported to regain biological activity but possessed a
conformation distinct from that of the native enzyme, These
observations inuicate that the enzymes were able to assume
more than one active conformation supporting the idea that
factors other than the primary structure play a significant
role in the folding of proteins,

Studies on the denaturation and renaturation of j. fischeri
nitrite reductase were undertaken., The results are presented in
this chapter. The enzyme is inactivated at acid pH,and on
treatment with protein denaturants such as urea, Gu.HCl, and SDS,
The inactivation of the enzyme by urea has been studied in
relation to changes in eoncentrations of the denaturant, ensyme,

Phosphate, substrates, sulfhydryl reagents as well as temperature
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and pH. The inactivation at acid pH, and by urea and
Gu.HCl is reversed on neutralisation or by removal of the
denaturants by dialysis., The properties of the urea-, and
acid-denatured~-renatured enzymes are determined and compared

with these of the native ensyme.
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Inactiva enzyme ur u, HCl d SD d
its reversal

The effect of denaturants on nitrite reductase
activity in prior-incubﬁtion system was studied as follows,
unless stated otherwise, The enzyme samples were incubated
for 10 min at 5°C in 0.1 M potassium phosphate buffer (pH 6.8)
containing varying amounts of the denaturing agents. Aliquots were
withdrawn and assayed for the residual agctivity. A control
with the enxynb at the same dilution in the absence of the
denaturing agent was always run. The residual activities
were expressed as percent of the initial activity.

To examine the time course of the action of denaturants,
the incubation was continued for a period of about 1-2 hr and
inactivation followed by assayling aliquots withdrawn at
different intervals., The controls were stable within this
period of timej; only slight inactivation was observed on
prolonged incubation,

Inactivation in the assay system refers to incubation
of the enzyme (0.2 to 2,0 ug) with urea in the assay mixture
containing in 1.5 ml, 200 umoles of potassium phosphate
(pH 7.5) and 0.6 tmoles of sodium nitrite. After a
preincubation of 2 to 3 min, the assay wvas started by tipping
0.5 ml of bensyl viologen (10 mg/ml) and 1.0 ml of freshly
prepared dithionite (1 mg/ml). The assay was performed for
4 to 6 min at 30 to 32°C. The concentrations of urea indicated
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in experiments refer to that present before benzyl viologen
and dithionite additions which result in a two-fold dilution.
It was observed that the dédnaturants at concentrations present
in the assay mixture did not interfere with the colorimetric
determination of nitrite.

Reactivation of the urea-, and Gu.HCl-treated ensyme
was carried out by removing the densiffirants by dialysis, The
dialysis was performed against 0,08 M potassium phsophate
buffer (pH 6.8) for 18 to 24 hr at 3»500.

a ation of enzyme cid its reversal

For studylng aclid inactivation of nitrite reductase,
the enzyme (6 to 10 ug) was brought to the required pH by the
addition of 10 volumes of 0,1 M acetate (pH 4.4 br 4.7). At
suitable intervals, samples were withdrawn and residual
activities determined.

For reactivation studies, the acid-treated enzyme was
transferred into an equal volume of 0.2 M potassium phosphate
burffer (pH 6.8) containing 0.1% BS8A and the mixture incubated
at 10-15°C, The regain of ensyme activity was followed by
assaying 50-100 ul samples at suitable intervals,
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RESULTS

The kinetics of denaturation was monitored by
following the loss of ensyme activity. 8Similarly, renaturation
of the denatured enzyme was followed by the regain of enzyme
activity, The procedure for ensyme assay is described in
Materials and Methods,
fect of u HC1l and SDS on en: e

A. flscheri nitrite reductase is susceptible to
inactivation by urea, Gu.HCl, and SDS. The effect of these
denaturing agents on the activity of nitrite reductase was
examined under conditions described in legends to Figs., 18a and
18b, It is apparent that all these denaturants caused marked
inactivation of the enzyme at relatively low concentrations.
Thus, the enzyme loses 50% of its initial activity in 2 M urea
whereas the concentration of Gu. HCl required to produce the
same effect was only 0,75 M indicating the latter to be a more
potent denaturant, Treatment of nitrite reductase with urea
and Gu.HCl at concentrations above 4,0 M and 2.0 M, respectively,
resulted in instantaneous inactivation of the enzyme.

Since SDS tends to precipitate at low temperature,
inactivation of the ensyme with this reagent was carried out
at 189C, The detergent had a pronounced effect on enzyme
activity at very low concentrations. Thus, a concentration of
only 0.01% (about 4.5 x 10”%M) was required to produce 50%

inactivation of the enzyme.
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The inactivation of the enztyme by direct addition of
urea in the assay mixture (assay ayito-) is shown in Fig. 19.
About 80% inactivation was caused im 1,0 M urea as against

2.0 M required im the Priotbilcuhntian system. The greater
susceptibility of the onsy-n tn the assay system 1: probably
due to the higher temperature (30-38°¢C) used,

Prom Fig. 20(insert), it can be socn that inactivation
by urea and Gu.HCl is linear with the logarithm of concentra-
tion. Hd;ovor, when inhibition data are formulated in a
Dixon plot (359) as shown in Fig. 20, ourves are obtained
instead of straight lines. A deviation of this type may be
assotiated with a reaction between the inhibitor and the
substrate, which in the present case seems unlikely, or when
more than one molecule of the reagent reacts with one molecule
of the enzsyme (360).

In order to determine the mode of inhibition by urea,
the inhibition studies were carried out in the presence of
varying concentrations of nitrite. When the data were analysed
by the Lineweaver-Burk (36l1) (rig. 21) and Laidlerts (362)
(rig. 82) procedures, the inhibition by urea was found to be of
noncompetitive type with respect to nitrite. The Ki for urea
by the two methods was calculated to bhe 1.6 and 1.45 M respectively.:

Analyses by the method of Johnson, Eyring and wWilliams
(363) (rig. £3) gave linear plots for points upto 1.2 N urea
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with the slope ranging between 1.7 and 1,8, indicating that
about 2 molecules of urea are involved in the observed
inhibitiog. Beyond 1.2 M urea, sharp changes are again seen,
with a large number (12-15) of urea molecules being apparently
concerned,

The effect of enzyme concentration on the imhibition
produced by urea in the assay system plotted according to the
procedure of Ackermann and Potter (364) is shown in Fig, 24,
Inhibition by urea appears to be irreversible with respect to

enzyme,
Time d dence ct tion of nitrite uctase with urea,
Gu,HCl and 8D8

The rates of inactivation of the nitrite reductase in
urea, Gu.HCl, and SDS are shown in Fig. 26. The loss of enzyme
activity was time~dependent and the rate of enzyme inactivation
was a function of concentration of the denaturant. The process
of inactivation was apparently first order as illustrated in
Fig. 26, The rate constants derived from the data in Pig. 26
were 0.46 and 3,9 min-l for 1 and 2 M urea, and 6,1 and 10.4 min~t
for 1,0 M Gu.HC1l and 0,025% SDS respectively.

Further experiments were directed to study the loss of
ensyme activity by urea in relation to changes in pH, temperature,
and concentrations of the denaturant, enzyme, sulfhydryl reagents
and the substrates, Insctivation with 2,0 M urea was moderate
and likely to refleet conditions causing both inmoreases and

decreases in the stability of enzyme and was therefore chosen

for subsequent experiments,
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Effect temperature on enz tivi in resen
and absence of urea
The heat-inactivation of the enzyme (in the absence
of urea) at temperatures between 32 and 40°C is shown in
Fig. 27. At 40°C, the enszyme loses about 90% of its activity
in about 8 min., The loss in activity can be approximated by
first order kinetics (Fig. 27). From the plot (Fig. 28) of the
logarithm of the rate constants obtalned at 32, 35, 38, and
40°C versus the reciprocal of absolute temperature, the
ANHa for the inactivation process is calculated to be 60,1 kcal,
The heat sensitivity of the enzyme in urea was studied
by incubating the enzyme in 2 M urea at various temperatures
and determining the loss of activity at different intervals
(Fig. 29). Ten minutes incubation (prior-incubation system)
in 2 M urea at 5, 15, 20, and 26°C resulted in 40, 58, 68, and
86% loss of the enzyme activity respectively., The & Hy
calculated for the inactivation of the enzyme in 2,0 M urea
was calculated to be 9,2 kcal (Fig. 28)e This value is
considerably lower than that obtained for the thermal denaturation
of the enzyme in the absence of urea (60.1 kcal),
fec rotein con rati urea- a - ctivatio
of the enryme
The effect of enzyme concentration on urea-inactivation
of the enzyme was studied, A 100~fold change of the ensyme
concentration in the range of 10 ug to 1 mg/ml was found to

have no significant effect. In contrast to urea-inactivation,
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however, heat-inactivation was found to be dependent on
protein concentration. Fig. 30 shows the effect of enzyme
concentration and BSA on heat-inactivation of the enzyme.,
The rate of inactivation at an enzyme concentration of
10 rg/ml was much higher as compared to that at 1 mg/ml.
At low concentrations, the enzyme was greatly stabilized
towards heat-inactivation by BSA (1 mg/ml). The mechanism by
which BSA influences the enzyme stabllity 1s not understood,
The stabilizing effect of BSA following heat and acid
treatment 18 probably a reflection of its ability to prevent
changes in the secondary and tertiary structures of the
enzyme molecule.
Effect of pH

The = inactivation of A. flischerl nitrite reductase
in 2.0 M urea was determined in the pH range from 5.5 to 8.5.
In the presence of urea the enzyme shows maximum stability
around pH 8,0 (Fig,., 31) compared to 6.5 in the absence of
urea (170).

Effect of phosphate goncentration

The effect of phosphate on urea-inactivatioen was
studied by incubating the enzyme with varying oconcentrations
of phosphate buffer, pH 6.8, containing 2 M urea, Samples vere
withdrawvn after 1, 5,and 10 min of incubation and assayed for
the residual activity, As apparent from the results presented
in Table 22, the concentration of phosphate in the incubation
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ac \ [+] itri ed age (1}

4 pg of cniyne in potassium phosphate buffer of
PH 6,8 at indicated concentrations was incubated with 2M
urea at 5°C, Assays were carried out with suitable aliquots

after 1,5, and 10 min of incubation.

Phosphate Percent initial activity
conczagration After After After
1l min $ min 10 min
0.005 20 12 5
0.050 50 35 25
0.100 70 58 40
0.200 90 80 €8
0,500 100 98 20

1,000 100 100 - 1

8
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medium had a profound effect on urea-inactivation of the
enzyme. Thus, while 90% of the original activity was lost

by 10 min incubation in 0,005 M phosphate, no loss was observed
in 1,0 M phosphate, However, there was a complete loss of
activity when the enzyme was treated with 4«68 M urea even in

the presence of 1,0 M phosphate,

Effeot of thiol-compounds

The effect of thiol~containing compounds, 2~ME, and
dithiothreitol, was studieds These reagents were found to have

no effect on urea-inactivation of the enzyme,
ubs

A
Effect of g*;;gages

Fige 32 1illustrates that the substrates, nitrite and
hydroxylamine, considerably protect the enzyme from urea-
inactivations The effect of nitrite was studied at different
concentrationse The maximum protection by nitrite was obtained
at a concentration of 5§ mM or above. At a concentration of
0.2 mM or less, no effect of nitrite could be noticed.
Hydroxylamine also protected the enzyme from urea-~inactivation
but it was less effective as compared to nitrite; maximum
protection was obtained at a concentration of 20 mM, The order
of effectiveness of nitrite and hydroxylamine against urea-
inactivation does not reflect their binding affinities for the
ensyme. The binding affinity for nitrite is 100 times greater
than that for hydroxylamine as indicated by their Km values

(170). Protective effects by substrates and coenzymes as well as
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Enzyme samples (10 ug) tn O-1 M potassium phosphate buffer (pH 6-8)
containing 2 M urea were incubated at 3 °C in the absence and presence
of different concentrations of substrates. Aliquots were withdrawn at
suitable intervals and assayed for the residual activities © = no NO3
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A=10 mM NH,0H, V= 20mM NH,O0H.
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iiﬁbﬁltgrs against denaturation of seyeral enzymes have
besn reamdted (365-367).

.The insctivation of A. fiseherl nitrite reductase vith
urea and gu. HCL wis found to be reversible in that the enzyme
regained 1ts activity wvhen the denaturants were removed by
dialysis against 0.06 M potassium phosphate buffer, pH 6.8.
While almost complete reversal of the urea-inactivated ensyme
was achieved, Gu.,HCl-inactivated ensyme could be reactivated
only to about 50-60%. In these reactivation experiments, the
enzyme was inactivated to 95%-99%. Prolonged exposure
(8 hr at 3-5°C) of the ensyme to 2-4 M urea and 1-28 M Gu.HCl,
however, resulted in irreversible ingotivation. The enzyme
treated for a period of 5~10 min with 6~8 M urea or
4-6 M Gu.HCl also failed to regain the activity.

Reversal of urea and Gu.HCl-~inactivated enzyme was also
attempted by dilution. 20 to 100-fold dilution of the denatured
enzyme in phosphate buffer under various conditions such as the
presence of BSA, various amounts of 2-ME, changes in pH,
temperature, and concentration of phosphate buffer failed to
renature the enzyme.

8D8-treated enzyme failed to regain activity when
the denaturant was diluted or removed by dialysis or by chilling
(to precipitate 8DS), suggesting that the inhibition by SDS
is qualitatively different from that produced by urea and
Gu.HCl, Results of reactivation experiments with urea,
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Gu.HCl, and SDS are presented in Table 283,
Acid-inaetivation of A. figcheri nitrite reductase and its

reversal on neutralisation

Nitride reductase from A fischeri is a rolativity
stable ensyme., However, incubation of the cnzyno at low pH

values leads to loss of the enszyme activity that cam" tubsoquontly
be recovered on neutralization, Figs 33 shows the imaoctivation
observed at pH 4.5 and 4.8 as a function of time and also the
protective effect of BSA on acid inactivation. The rates of
inactivation at pH above 5.0 were too slow and below pH 4.5 too
fast to be measured accurately. Aclid-inactivation of the enzyme,
like urea-, Gu.HCl-, and 8D8-inactivation, follows first order
kinetics; a straight line was obtained by plotting the
logarithm of the residual sctivity versus time (Fig. 33, insert).
BSA at a concentration of 1 mg/ml protected the enzyme from
acid inactivation.

The inactivation of enzyme at pH 4.8 was reversible.
About 70-80% recovery was obtained by adding to inactivated
enzyme equal volume of 0.8 M potassium phsophate duffer
(pH 6.8) containing O.1% BSA and incubating the mixture for
about 3-5 hr at 10-18°C. with the pure enzyme, the presence of
BSA i3 an absolute requirement for the reversal of the activity.

.Paring reactivation experiments, it was observed that
the rate and extent of reactivation depended critically upon
the length of time the enzyme was exposed to acid pH. In order
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eve f urea-~ and anidine 0
otiv ite reductase
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de-

‘Imctivation with urea and Gu.HCl was carried ent

at 5°C in 0,008 M potassium phosphate buffer, pH €.8. Dialysis

was carried out for 18-24 hr at 2-3°C sgainst potassium

phosphate buffer, pH 6,8 with three changes of buffer.

Inactivation with SDS and its removal by dialysis was carried

out at 15°C as SDS tends to precipitate at lower temperatures.

Treatment ) Initialt
activity

a) 20 min with 2-4 M urea 0=5
b) 20 min with 2-4 M urea followed by

dialysis against phosphate 90~100
¢) 20 min with 1-2 M Gu.HCl 0-5
d) 20 min with 1-8 M Gu.HCl followed by

dialysis against phosphate 50-60
e) 8 hr with 2-4 M urea or 1l-2 M Gu.HCl

followed by dialysis against phosphate 0
£) 5-10 min with 6-8 M urea or 4-6 Gu.ECl

followed by dialysis against phosphate
g) 20 min with 0,05% 8DS
h) 20 min with 0,054 8DS followed by dialysis

against phosphate 0
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FIG.33 INACTIVATION OF A.FISCHER!I NITRITE REDUCTASE AT pH 45 & 48.

(=1 3
Enzyme (5ug/ml) was incubated at 3-5 °C in acetate adjusted to pH 4-5 end 4-8.
At the times indicated aliquots were withdrawn and assayed for the residual
activity: @ = pH 4-5 no BSA; O=pH 45+ BSA(2mg/ml); O=pH 4 8,no BSA

Insert: SEMILOGARITHMIC PLOT OF PERCENT RESIDUAL ACTIVITY
VERSUS TIME AT pH 4-8.
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to assess the effect of time of exposure of the enzyme at
PH 4.8, the following experiment was performed. The samples
of nitrite reductase (5 ug protein) were rapidly adjusted to
PH 4.8 with predetermined volumes of O.1 M adetate buffer
(pH 4.7)« At suitable intervals, the¢ samplas were diluted
with equal volumes of 0.2 M potassium phosphate buffer (pH 6.8).
The final ;i of the reaﬁgkyation mixture vas 6.5. The retiurn
of enzymic activity at 18?98 was monitored by withdrawing samples
and agsaying the activity. The results are shown in Fig. 34,
It 1s apparent that both the rate and extent of reactivation
vere considerably influenced by the length of time the enzyme
hgd remained at pH 4.8,

acterigtics of er a z

It was of interest to determine if the renatured enzyme
was similar to the native enzyme. The Km values of the
renatured nitrite reductase (urea, and acid-treated) were
similar to that of the native enzyme (7-9 x 10°9M at pH 7.5).

Ae fischeri nitrite reductase also catalyzes the
reduction of hydroxylamine (170). The renatured ensyme also

- shows hydroxylamine reductase activity, The ratio of nitrite
-%0 hydreoxylamine reductase activities for the renatured ensyme
.ii! alsétshne as that of the native enzyme (9.0 to 92.,5). These
results suggest that the structural changes caused by acid, and

urea-treatments are reversible.
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FIG. 34 RATE AND EXTENT OF RECOVERY OF ENZYMIC ACTIVITY

FOLLOWING INACTIVATION AT pH 4-8.

Enzyme samples (10 ug/mt) were inactivated at pH 4-8 (O-1 acetate)
and 5 °C for different time intervals (35 to 90 min). Reactivation
was initiated by addition, to the acidified enzyme samples, of

an equal volume of O-2 M potassium phosphate buffer (pH 6-8)
containing O-1% BSA at 15 °C.
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The present investigation demonstrates that
A. fischeri nitrite reductase is markedly inaetivated by urea,
Gu,HCl, and 8D§ at relatively lov concentrations as vell as
on incubation at acid pH.

Phosphate at a concentration of 0.5~1.0 M greatly
stabilizes the enzyme against urea inactivation. Multivalent
anions, sulfate and phosphate, are reported to protect the
native conformation of macromolecules as diverse as collagen,
ribonuclease, myosin, and DNA (368).

The substrates, nitrite and hydroxylamine, considerably
protect the enzyme from inactivation by 2 M ureaj nitrite is
more effective than hydroxylamine. BSA also protected the enzyme
against inactivation. Substrates and cofactors are known to
function as stabilizers (365-367) or destabilizers (369,370) for
their respective enzymes. The stablilizing effect of phosphate
and the other compounds 1s probably a reflection of their
abilities to protect changes in the secondary and tertiary
structure of proteins,

The type of Ackermann and Potter plot for the inhibition
of the enzyme by urea would indicate that the inhibition is of
pseudo-irreversible type. Analysis of the inactivation by the
method of Johnson, Eyring, and Williams (363) indicated that
2 molecules of urea are involved in the formation of enzyme-urea

complex which leads to the observed inhibition. This suggested
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a speaific effect of urea within a small region of the enzyme
molecule, However, inhibition by urea with respeet to nitrite
is of noncompetitive type. The noncompetitive kineties of the
1nh1b1tionxiy urea suggest that the site of attachment of urea
is other tham the astive site. The fact that protection from
urea-inactivation required ooas.ntrttiona«eféiitrito of about
70-80 x Km together with the moncompetitive mode of inhibition
suggests that urea imduwuces structural changes.

The results presented in this chapter and those of
chapter IV rule out the possibility that inaetivation by urea,
Gu.HCl! and acid involves dissociation of the ensyme into its
subunigs.

The 4nactivation eosuld largely be reversed on removal
of urea and $u.HCl by dialysis or om neutralisation of aeid.
Iuaetivationiby 8D8, however, results in irreversible loss of
enzyme activyity indicating that the action of SDS is qualitatively
different from that of urea and Gu,HCl, Similar observations
have bsen made by Chilson ot al. (356),

For reaectivation to oeour on removal of urea and Gu,HCl
by dialysis, it was necessary that the period required to
produce complete inaetivation be restricted to the minimum.
Exposure of the ensyne to these denaturants for longer periods
results in irreversible loss of the astivity. All attempts to
routur’ the urea«, and Gu.NCl-inactivated ensyme by dilution
under different envirenmental eonditioens vere unsuceessful,

The failare to obtain reversal ef enziyme activity on dilution
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could mean that the dissociation constant of urea-enzyme
complex 1s very small. The inactivation of the enzyme at

pH 4.8 13 also reversible, About 70-80% of the origimal
activity is recovered on neutralization. The presence of BSA
in the reactivation mixture is an absolute requirement for
renaturation. An absolute requirement of glyeerol, another
stabllizing agent, for the reactivation of spinach leaf
glyoxalic acid reductase has been reported by Kohn (371). He
also showed that the presence of BSA in the reactivation mixture
greatly inereased the yleld of the enzyme activity,

The observation that the rate and extent of reactivation
is dependent upon the length of time the enzyme was exposed to
acid pH is similar to that rq;brted by Anderson and Weber (37
for lactate dehydrogenase andhby Mann and Vestling (373) for
malate dehydrogenase, Chilson et al.(350) have, however,
reported that neither the rate nor the degree of reactivation
of pig heart malate dehydrogenase was influenced by the periéd
the enzyme was exposed to acid pH.

By the criteria of Km and the ratio of nitrite to
hydroxylamine reductase activities, the acid-, and urea-
inactivated-renatured ensymes vere indistinguishable from ¥he

native ensyme,



Chapter 7

SUMMARY AND CONCLUSIONS
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MARY AND C LUSLO:

The Achromobacter fischerl nitrite reductase which

catalyzes the reduction of nitrite to ammonia, a six-electron
reduction, has been obtained for the first time in a homogeémeous
form as judged by ultracentrifugation and disec g.l,QLOiﬁrﬂb
phoresis, The overall recovery of the enzyme is 81’;$‘2hs
purified enzyme has a specific activity of 150-158 mdles log
reduced per min per mg protein with reduced benzyl viologen as
an electron donor. This is the highest specifioc activity
reported hitherto for any nitrite reductase. Reduced methyl
viologen also serves as an electron donor and is twice as
effective as benzyl viologen,

The ensyme has an average molecular weight of 80,000
daltons as determined by the Archibald approach-to-equilibrium
method, disc gel electrophoresis, and from a combination of the
hydrodynamic properties. A significantly low value of
66,000-67,000 daltons is determined from gel chromatography on
Sephadex G-200 and Bio-gel P~150 according to the procedure of
Andrews, The Stokes! radius of the ensyme determined from the
gel filtration data is 3,49 nm, Combination of Stokes' radius
and d;o" yields a molecular weight of 78,000. The agreement
betveen this value and that obtained by other methods lends
support to 8legel and Monty's suggestion (274) that 1t is the
molecular radius and not the molecular weight which dotcrnin@s the

behaviour of macromolecules upon gel filtretion,
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The other physico-chemical properties of the enzyme
determined from sedimentation analysis and gel filtration
experiments are as follows: the ;Eo,w is 5,26 S; the diffusion
constant, 6.05 F; frictional ratio, 1.26, and the axial ratio, 3.0.
The sedimentation coefficient exhibits a slight dependence on
protein soncentration.

The enzyme does not dissociate in the presence of
6 M guanidine hydrochloride (Gu.HCl) or 6 M urea, The enzyme,
however, splits into subunits upon treatment with 6 M Gu.HCl
or 1% sodium dodecyl sulfate (SDS) in combination with 1%.
2-mercaptoethanol (2-ME) The sedimentation coefficient of the
enzyme subunits determined in 6 M Gu,HC1l-0.1 M 2-ME system at a
protein concentration of 7 mg/ml is 1,4 S, The presence of a
single symmetrical peak in the ultracentrifuge suggests that the
subunits are apparently of identical size, The molecular weight
of the subunits is 38,000 to 39,000 daltons as determined by the
Archibald approach~to-equilibrium method in 6 M Gu.HCl-0.,1 M
2-ME system and SDS-gel electrophoresis,

The amino acid analyses indicate an amino acid
composition for a total of 693 amino acid residues ofs
Trpg, 1/2-Cys)q, Met;,, Arg;g, Hisgy, Prog,, Tyrgg, Phegy,
Valg), Glygo, Sergg, Iley,, Thryy, Leugeg, Lysgy, Alagg,

ASpgs, Glugg, and amide ammoniagg. The analysis shows a
predominance of lysine, alanine, aspartic acid and glutamic aeid
residues whereas those of tryptophan, 1/2-cystine, methionine,

and arginine are lov in number,
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The results of tyrosine and tryptophan determinations
by speotrophotometric amd colorimetric methods are in good
agreement with each other and with the tyrosine content determined
in the Amino acid analyser,

Titration of the ensyme vith p~HMB or DINB shows that
the onljne contains 4 f}oo sulfhydryl groups, The finding of
the same value in the presence or absence of denaturing agents
1ndicatos that all the frese -SH groups are accessible for reaction
with DINB or p~HMB, The value of 6 ~SH groups per mole of ensyme
obtained after NaBH, reduction followed by DINB titration
indicates the presence of one ~3-5- linkage., The value of
10 moles of cysteic acid per mole of enzyme obtained on performic
acid-oxidized protein also indicates the presence of one -S-S8-
linkage assuming that 4 ~SH groups are invoLved in thioether
linkages for binding the two heme moleties present in the enzyme
molecule, each of the heme being bound by two thiocether linkages.

Titration of all the four free -8H groups detected in the
nitrite reductase molecule has no effect on the enzyme activity
suggesting that the -8H groups are not involved in enzsyme action.
The inhibition of the enzyme activity at relatively high
concentration is not related to mercaptide formation but involves
other non-~specific interactions. The reversal of p~EMB or
p~CM8 inhibition by -SH-coutaininzlconpounds suggests that no
porllnbnt derangement in the enzyme structure is induced by the
sulfhydryl reagents.

Dansylation studies imdieate methionine as the only
N-terminal residue., The failure to find any N-terminal amino acid
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other than methionine, and the identical molecular weight
of the two subunits suggest that the two subunits are similar
though¥ not necessarily identical.

The data obtained indicate that pA. fischeri nitrite
reductase is composed of two subunits of equivalent size which
are covalently bonded by a digulfide bridge.

The partial specific volume andisoionic point of the
enzyme caloulated from the amino acid composition are
0,73 ml/g and 5.1 respectively. The degree of hydrephobicities
of the 4. fisgheri enzyme in terms of average hydrophobicity
(HOyy)y polarity index (p), and the frequency of non-polar
side chains (NPS) are 1075 cal/residue, 1,00 and 0,32 respectively.

These are in good agreement with the values calculated for the

nitrite reductases from P, aeruginosa and C. fuseca.

A fischeri nitrite reductase is markedly inactivated
at acid pH and on treatment with urea, Gu.HCl, and SDS at
relatively low concentrations. Gu.,HCl is more effective on a
molar basis than urea, Phosphate, nitrite, and hydroxylamine
markedly protect the enzyme from inactivation by 2 M urea. The
optimal concentrations of phosphate and the substrates for the
protection of enzyme against urea-insctivation are 0.8 N,

& mM, and 20 mM respectively,

The kinetic analyses show that the inactivation
involves 8 moles of urea per mole of ensyme and is of non-
competitive type with a Ki of 1.46-1.6 M. The AH, for the

inactivation of the enzyme in 2 M urea is 9.2 keal gompared to
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60 kcal obtalned in the absence of urea,

The inactivation eof the ensyme by 2«4 M urea and
1-2 M Gu,BCl i3 reversibla. As much as 80 to 95% of the
initial activity is recovered vwhen urea is removed by dialysis.
Only 50 te 60% rotoé;al is ashieved with Qu,HCl-treated enzyme.
Inactivation of tho‘dnlrlo vith B8PS is, hovever, irreversible
suggesting that the actien of 8D8 is qualitatively different
from that of urea and Gu.ECl,

The insctivation of the enzyme at acid pH i1s also
reversed on neutralization. About 70 to 76% reversal is achieved
under optimal conditions. The presence of bovine serum albumin
at a concenmtration of 1.0 mg/ml in the reactivation mixture is
an absolute requirement for the reversal., The rate and extent
of the reactivation depend upon the length of time the enzyme
is exposed to acid, pH.

The Ky, and the ratio of nitrite reductase to
hydroxylamine reductase activities of the renatured enzyme are

same as that of the native enzyme,
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