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ABSTRACT



ABSTRACT

Mechanism of ammonia oxidation r^/as studied in the reconstituted

system of Nitrosomonas membrane fraction plus the Nitrosomonas cyto-

chrome c-554. The cytochrome c-554 was reduced by hydroxylamine,

hydrazine and ammonia and the reduced cytochrome was oxidized upon the

addition of ammonia or carbon monoxide. The oxidation of carbon monox-

ide in the presence of hydroxylamine or hydrazine was studied as a

possible assay method for ammonia hydroxylase where hydroxylamine or

hydrazine was supplying the red.ucing porúrer required for the hydroxyla-

tion of carbon monoxide. The stoichiometry of the reaction, Km values

for substrates and effects of pH and inhilcitors \.{eïe investigated. It

is concruded that carbon monoxide, a competitive inhibitor for

ammonia oxidation, is an alternate substrate for ammonia hydroxylase

using the reduced cytochrome c-554 as the reducing po\.{er.

The possibl-e invol-vement of peroxonitrite as an intermediate in

ammonia oxidation was studied.
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TNTRODUCTION

The mechanism of ammonia oxidation has long been a subject of
intensive research- The study on the mechanism is hiqhlighted by

the preparation of active cell-free extracts capable of ammonia oxi-
dation (suzuki et af, 1970) - Later studies by these workers estabfished
the conditions necessary for the preparation of active cel-l_-free

extracts and showed that reduction of cytochromes present in the

extract by ammonia \^/as a necessary precondition before the initiation
of oxygen consumption (Suzuki et al, l9g1). They also reconstituted

the ammonia oxid.izing system using Nitrosomonas cytochrome c-554 and

a Nitrosomonas membrarre fraction-

The hydroxylation of ammonia to

cel-Is was concl_usively demonstrated .

hydroxylamine by Nitrosomonas

by oua et al (1979) and

Hol-locher et al (1981) using 15Xu4Ct and l8O2 o, HztBO.

Huqhes (1970a) proposed a scheme for the oxid.ation of hydroxy-

Lamine to nitrite, suggestinq the invorvement of peroxonitrite (oNoo )

.: * intermediate in the process. Suzuki et af (I9gl) extended the

idea to suggest that peroxonitrite was used as an agent for the

hydroxylation of ammonia in the steady state of ammonia oxidation by

Nitrosomonas europaea.

It is the purpose

c-554 in the oxid.ation

membrane fraction plus

possible involvement of

also studied..

of this thesis to study the rol_e of cytochrome

of ammonia by the reconstituted. Nitrosomonas

Nitrosomonas cytochrome c-554 system. The

peroxonitrite in the oxidation of ammonia is
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HÏSTORICAL

The process of nitrification, the oxid.ation of ammonia to

nitrate, is an integral process in the nitrogen cycle. The reaction

\n¡as once considered purely chemical in nature. rts biol0qical_

involvement was suggested by pasteur (rg62) and established by

i'finogradskv (1891) when he isol-ated Nitrosomonas and Nitrobacter in
pure curtures from soil usinq an inorganic medium. Nltg"rgrg",

oxidises ammonia to nitrite, while Nitrobacter oxidises nitrite to

nitrate, thus constituting the two-stepped process of nitrification.

Nitrosomonas, as described by winogradsky, was smarlr grêm

negative, oval in shape and motile with a single polar flagerlum.

The organism is chemoautotrophic as it d.erives al_1 its energy for

growth and cel] synthesis from the oxidation of ammonia to nitrite

and obtains its carbon source from carbon dioxide.

Despite its importance in the .process of nitrification, little

work was d.one successfully on Nitrosomonas in the years after its

isol-ation. due partly to its ronq mean generation time and partly to

its low mol-ar growth yield. Major biochemical discoveries were made

in the last thirty years.

The overall equation for ammonia oxid.ation is: NH3 + r4o2 + No2
+

H2O + ¡¡

fn 1953, Hofman and Lees, using hydrazine as a selective inhibitor,

observed the accumulation of hydroxylamine during ammonia oxidation

by intact cells of Nitrosomonas europaea. Hydroxvlamine was oxid.ised.

stoichiometricarry to nitrite by washed ce]l suspensions of N.

europaea (Lees , L952). The oxidation of ammonia to hydroxyramine was



inhibited by alJ-yrthiourea (Hofman and Lees, l-953) and thiourea

(Anderson , 1964). These authors suggested. that the enz)¡me contained.

copper.

Lees (1954) proposed that the metabolism of ammonia to nitrite

proceeded via hydroxylamine and an unknown intermediate in a series

of three two-eÌectron steps in which the energy and reducing po\^/er

rel-eased could be efficiently utilised by the cefl. Since hyponitrite.

H2N2o2 was not metabol-ised to nitrite, he suggested that the hypothet-

ical intermediate was nitroxyl (NOH). Since the free energy released

by the oxidation of ammonia to hyd.roxylamine was small. the metabol-ism

of hydroxylamine to nitrite provided the main free-energy reguirement

of the cerr. The free energy changes at pH 7 (Âc9-) for the oxid.ation

of ammonia and hydroxyramine (Anderson Lg64) are as fol-l-ows:
+NHq + lOz = NH2OH Aco' = 3.7 kcal

NH2OH * 02 = NO2 + H2O + H+ Acg'= -69.1 kcal

Lees (1954) noted the small- free energ.y released by the oxidation of

ammonia to hydroxylamine and suggested that since the reaction

invoÌved copper and molecuJ-ar oxygen, the enzyme might be a type of

oxidase.

The oxidation of hydroxyramine to nitrite by cerr-free extract

occurred in the presence of electron acceptors and air. Mol_ecular

oxygen was essential for nitrite formation. Anaerobicalry, hydroxy-

lamine disappeared and negrigibre amounts of nitrite \,rere formed

(Falcone et aI, l_963; Anderson, L964¡ Hooper and Nason, l_965; Aleem

and Lees. 1963). Nitric oxide and nitrous oxide were prod.uced in

amounts equivarent to the hydroxytamine added. (Anderson 1964). fhese

resul-ts suggested that the metabol-ism of hydroxylamine was a



two-stepped process. In stage one hydroxylaruine was dehydrogenated

to form nitroxyl which decomposed to nitrous oxide. The latter coul-d

be further dehydrogenated to nitric oxide. Stage tr¿o was the conver-

sion of nitric oxide into nitrite by an enzyme system requiring

oxygen (Änderson 1964). Such an idea v¡as supported by Hooper

and Terry (1979) using purified hydroxylamine oxidoreductase.

Extensive efforts were made to purify the enzyme system for

hydroxylamine oxidation. The enzyme hyd.roxylamine oxidoreductase, or

hydroxylamine-cytochrome c red.uctase, or hyd.roxylamine oxidase. which

catalyzed the oxidation of hydroxylamine has been extensively purified

and studied (Falcone et al¡ 1963; Aleem and Lees, 1963; Hooper and

Nason, 1965¡ Rees, 1968; Ritchie and Nicholas, 1974¡ Hooper et al-,

19'18¡ Yamanaka et aI, L979¡ Erickson and Hooper, 1972). Rees (1968)

and recently Yamanaka et aI (1979) purified the enzyme to an electro-

phoreticallv homogeneous preparation with a molecular weight of

200'000 and I75r000 respectively. As determined by isoelectric focus-

ing, the enzl¡me had an isoelectric pH value of 5.3. Preliminary

experiments indicated that the protein consisted of subunits of smal-ler

molecular weight although the protein was unusually resistant to

dissociation by sodium dodecyl sulfate and mercaptoethanol (Hooper et aI

1978). Although inhibitor studies suggested. the involvement of

fl-avin, it could not be detected. The enzyme had. a high content of

cytochrome. Approximately 30% of the dithionite-reducible cytochrome

absorbanclz in the wavelength range between 540 and 570 nm was reduc-

ib]-e by either hydrazine or hyd.roxylamine. Physicochemical studies

of the enz)¡me showed that the enzyme did not possess protoheme or a

cytochrome b subuniÈ although the a peak of the enzyme at 553 nm had a



shoulder at 559 nm. The enzyme \^¡as considered a c-type cytochrome

with absorption peaks at 4l-8 (y peak) , 52L (ß peak), 553 (cr peax) and

460 nm (Hooper et al, 1978; Yamanaka et af, IgTg).

The absorbancy at 460 nm \Á¡as due to the cytochrome p46O which was

unique to the ammonia oxidizing nitrifying bacteria. From a compar-

ison of recovery of enzyme activity, c-type cytochrome, and p46o in

the homogeneous fraction of the enzyme, it is noted that 40% of the

total cellular 9-type cytochrome and essentialJ-y loou of the total

p460 was associated with hydroxylam-ine oxidoreductase (Hooper et aI, LgTg).

The absorption maximum at 460 nm of hydroxylamine oxidoreductase did

not appear in the presence of carbon monoxide, nitrite, hydroxyramine

or hydrazine (Hooper, L978¡ Nicholas, Ig74; yamanaka, L919). The

addition of either of these compound.s, to the oxidised enzyme

precluded the appearance of the reduced 460 nm absorbing band on sub-

sequent addition of dithionite (Ritcnie and Nicholas, Lg74¡ Hooper,

1978¡ Yamanaka, L979). Carbon monoxide at 5å which resul_ted in a

complete shift of the 460 nm peak of the enzyme, did not inhibit the

oxidafion of hydroxylamine to nitrite (Hooper and Terry , Ig73). It

was thus considered unlikely that clrtochrome p460 had a direct rol_e

in the oxidation of hydroxylamine to nitrite. That it has no d.irect

role is also arg,ued on the basis that no natural red.uctant has yet

been found for it. Hooper and Terry (L977), however, found that

treatment of the enzyme with H2O2 caused a simultaneous loss of

absorbancy due to p460, substrate-reducibility of cytochromes, and

hydroxylamine oxidored.uctase activity, thus suggesting a roJ-e of p46O

in the action of the enzyme.

The enzyme hydroxylamine oxidoreductase showed NH2OH-cytochrome c



reductase and NH2NH2-cytochrome c reductase activities (Hooper and

Nason 1965) - The Km values for hyd.roxylamine and hyd.razine as

estimated were 3.6 uM and 4 pM. The enzyme showed specificity for

the kind of cytochrome used. as the electron acceptor: in general

it reacted rapidly with eucaryotic cytochrome c whire it reacted

slowly or did not react at all- with many bacterial cytochrome c (yamanaka

et al 1979). In the presence of either cytochrome c or phenazine

methosulfate as el-ectron acceptors, the enzyme catalyzed. the removal-

of at least two el-ectrons from hydroxylamine, on the basis of the

number of mol-es of cytochrome reduced per mol-e of hydroxvtamine oxidised

(Fafcone et aÌ, f963; Hooper and Nason, l-965). The direct product of
hydroxylamine oxidation was not known but was presumably a substance

with nitrogen in an oxidation state between that of hydroxytamine (-l)

and nitrite (+3). The production of nitrous oxide under anaerobic

conditions suggested nitroxyr (NoH) as the intermediate. un]ike

whole cel-l-s which oxidised hydroxylamine to nitrite stoichiometrically,

the nitrite yierd by the highty purified enzyme system was r_ess than

50t even aerobicall_y. Other products formed. included nitrate (HNO3),

nitric oxide (No) and. nitrous oxide (l¡zo) (Hooper and Terry,
1979).

The compounds nitric oxide and nitrous oxide were a1so produced

using the partiarly purified enzyme complex of nitrite reductase

(Hooper, 1968) which reduced nitrite using hydroxylamine as electron

donor aerobicalì-y or chemicall-y red.uced pyrocyanine as electron donor

anaerobical_ì-y.

The enzyme peroxidase was

et aÌ, f968), but no evidence

purified from Nitrosomonas (Anderson,

was obtained to support its possible



involvement in ammonia oxidation.

The early years of the nineteen seventies marked the purification

of a number of cytochromes from N. europaea. such cytochromes

incl-ude cytochrome c-552r cytochrome c-554 (yamanaka and Shinra, !g74),

cytochrome c-553 (Tronson et al, r973, cytochrome a1 (Erickson et af,

1972), and cytochrome p-460 (Erickson and Hooper,L972). Cvtochrome

c-552 is reduced by hydroxylamine (NH2OH) in the presence of catalytic
quantities of hydroxylamine oxidoreductase and cytochrome c-554, and

reduced cytochrome c-552 is oxidised by cytochrome a1 in air. Thus

the frow of erectron from NH2OH is: NH2OH + hydroxylamine oxido-

reductase + c-554 + c-552 * al * 02 (yamanaka and shinra, Lgi4).

Despite al-r the successes in purifying and characterizing the

enzymes and cytochromes in N. europaea, the charlenging question of

the mechanism of ammonia oxid.ation is stil_l_ not cl_ear. part of the

Teason is the difficulty in getting active ammonia-oxid.ísing cell-free

extracts - The first active celI-free extract was obtained by Suzuki

and Kwok (r97o) using French pressure cerl- and in the presence of

bovine serum albumin, Mg2+ or spermine. such cel-r-free extracts

stoichiometrically oxidised ammonia at a rate as high at lo%-20e"

of that of intact cells. conditions for the preparation of such

active system were el-aborated further by these workers (Suzuki et al,

1981). The rerative effectiveness of the activators (BSA, Mg2+ o.

spermine) on the membrane system was infl-uenced by the concentration

of phosphate- BSA was most effective in 0.1 M potassium phosphate

and spermine at a lower phosphate concentration. BSA had an addi-

tionar effect of stabirizing the ammonia-oxidizing activity of

extracts- The presence of BSA appeared to keep the partial reduction



of cytochromes in the extracts upon addition of ammonia. using such

active systems, it was shown that the ammonia oxidising activity was

optimar at pH 7.7 and 25oc. Electron microscopic studies of active

extracts showed that there \,/as an association of membranes in a

structure resembl-ing chromatophores in photosynthetic bacteria, such

as association was a.bsent in inactive extracts (Durar, Lg75) .

Similar studies showed that inactive spheroplasts became active when

incubated with Mg2+, accompanied by an increase in membranous fords

and invaginations (Suzuki and Kwok, 1969). Such studies indicated

the importance of a structural membrane in ammonia oxidation.

Ammonia oxidation by the active extract v/as competitively inhibited

by carbon monoxide, methane, ethlzlene and methanol_ (Suzuki et aJ-,

1976; Suzuki et aI, 1981)

In 1974, Suzuki, on the basis of published information and

unpubrished work from his laboratory, proposed the following scheme

of ammonia oxidation:

NH3+02+AII2 +NH2OH + A+

NH2oH + 2 cytochrome" (¡'"3+) + (uon¡ + 2H+ +

2 cytochrome
)+r2 cytochrome c (Fe-' ) + t4O2 + 2H'

+ 2 cytochrome

NOH+A+H2O+NO2 +AH2+

NH3 + I\O2 -+ NO2 + H2O +

Hzo (r)

1L
c (r'e-' ) (2)

?r(re-' ) + H2oc

+
H

+
H

(3)

(4)

Sum:

rn his scheme, the oxidation of ammonia, as catalysed. by the

hypothetical ammonia hydroxyrase, is tightly coupled to the oxidation

of hydroxylamine. In the absence of ammonia, hydroxylamine oxidation

is coupred to the erectron transport chain with uptake of oxygen and



evoLution of nitrous oxide (N2o) due to decomposition of nitroxyl

(NoH) .

Rees and Nason (1966), on the basis of 180 isotope stud.ies,

demonstrated the incorporation of atmospheric oxygen into one of the

two oxygen atoms of nitrite during the oxidation of ammonia by N.

europaea. This finding opened the possibility of the involvement of an

oxygenase in ammonia oxidation. It was suggested by Suzuki and Kwok (1969)

that if the oxidation of ammonia to hydroxylamine was catalysed by an

oxygenase, the reaction \.^¡as very likery to be a mixed-function type,

requiring a reducing equivarent for the reduction of the remaining

half of the oxygen molecule. This reducing equival-ent could be

supplied only during the oxidation of hydroxylamine to nitrite, since

this organism derived arr of the energy and reducing power for growth

from the oxidation of ammonia to nitrite. Hooper (1969) reported the

erimination of an initial 1ag phase of ammonia oxid.ation by resting

cel-l-s by the addition of a smal-l quantity of hydroxylamine. Suzuki and

Kwok (1969) reported the oxidation of ammonia by spheroplasts of N.

europaea when primed. with hydroxylamine or when preincubated with
2+

Mg

The hydroxylation of ammonia to hydroxylamine was conclusively

demonstrated by ana]-ysing the oxime formed specificalry from hydroxy-

lamine using highly enriched 15Nu4ct and I8o2 or ttzl8o (Dua et_ aI,

1979¡ Hollocher, 1981). In these experiments, hydrazine used as

inhibitor of hydroxyramine oxidation presumably suppried erectrons

required. for ammonia hydroxylation as a substrate for hydroxylamine

oxidoreductase.

As discussed earl-ier, nitrite was not the only product of
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anmonia oxidation. Besides nitrous oxide and nitric oxide, Anderson

(1964) first identified nitrate as an additional product of the

oxidation of hydroxylamine in the presence of oxygen, methyrene brue

and' extracts of Nitrosomonas. Hooper et g_l (rg77) found that although

nitrate was not produced in the oxidation of ammonia or hydroxylamine

by intact cell-s of Nitrosomonas, a partialJ-y purified hydroxyramine

oxidoreductase enzyme system catarysed the aerobic oxidation of
hydroxylamine to nitrite and nitrate in roughly equimolar quantities.

Ïn the enzyme preparation the nitrate was not formed from nitrite.
Diethyldithiocarbamate inhibited nitrate but not nitrite formati-on

and was itseff oxidised to bis (diethyl-dithiocarbamoryl) disulphide.

suzuki et al (198r), suggested. that the formation of nitrate
from hydroxyramine possibry supported the moder of hydroxyramine

oxidation invotving peroxonitrite (oNoo ) advanced by Hughes and

Nickl-in (r97oa) based on studies of hydroxylamine autooxidation in
alkarine sorution (Hughes and Nicklin r97ob). rn their moder the

nitroxyr ion (No ) produced from hydroxyramine, forms peroxonitrite

in combination with oxygen: NO + 02 -+ ONOO . Copper ion catalyses

the reaction of peroxonitrite wíth hydroxyJ-amine: oNoo + NHzoH +

oH + No2 + No + 2H2o. The overarr reaction is the oxidation of
hydroxyramine to nitrite: NH2OH + 02 + oH -+ No2 + 2H2o. peroxo-

nitrite, when protonated, is unstable and isomerizes to nitrate:
-+oNoo + H -> oNooH -¡ HNOI (Hughes and Nickrin, tg6g; Benton and.

Moore, 1970) - rf peroxonitrite is indeed the intermediate of bio-
logical hydroxylamine oxidation the production of nitrate as weLl_ as

nitrite is understandable. The effect of diethyldithiocarbamate may

then be explained as the reduction of peroxonitrite.
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Peroxonitrite, although unstable at nonafkal-ine conditions, l-s

an attractive candidate as an intermediate of ammonia oxidation

because of its ability to hydroxylate benzene to phenols (Hatfpenny

and Robinson, 7952) and to transfer oxygen atoms to nucl-eophiles such

as cyanide: oNoo + cN- -+ No2 + cN (Hughes et al , lglÐ. Tf ammonia

can be hydroxylated by peroxonitrite, then the forlowing hypothetical

reactions can be visualized:

NH3 + ONOOH -+ NH2OH

NH2OH + NOH +

NOH+02*ONOOH.

a ¡INOZ

-I2e + 2H'

rf the first and last reactions are tightry coupred we have

NH3 + NOH + 02 + NH2OH + HNO2, a reaction compatible with the mechan-

ism proposed earlier (Suzuki , l-g74). The hypothetical scheme of

ammonia oxidation involving peroxonitrite is shown in Figs. i and ii.

Ammonia is initiarly hydroxyrated by oxygen p]us electrons derived

from endogenous metabolism or added NADH, hydroxylamine, or hydrazine.

once the hydroxyration is initiated, electrons from hydroxyramine

oxidation became avairabre for further hydroxylation of ammonia (Fig.

i). At the steady state of ammonia oxidation the oxidation of

nitroxyl (NoH) is coupled to ammonia hydroxylation with peroxonitrite

as possibfe intermediate (FiS. ii). The only el-ectrons going through

the erectron transport system to morecular oxygen for possible energy

generation are the two electrons derived from hydroxylamine.

l'he resol-ution of the cell-free ammonia-oxidizing system of N.

europaea was reported by suzuki and Kwok (1981) by the passage of

extracts through a sepharose 68 column. The membrane or particul-ate

fraction prepared had cytochrome a1 and other cytochromes, a strong
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cytochrome oxidase activity and very little NH2oH-cytochrome c_ oxido-

reductase activity. It retained activity for the ammonia-stimutated

NADH oxidation (suzuki et al, 1976), but did not oxidise ammonia.

The ammonia oxidising activity was restored when a sepharose fraction

containing hydroxyl-amine oxidoreductase and a fraction containing a

9-type cytochrome (spectrally similar to c-552 but not replaceable

with the purified cytochrome c-552) were combined with the membrane

fraction. Ammonia-oxidising activity was al-so restored when cyto-

chrome c-554 was added to the membrane fraction.
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MATERTALS AND METHODS

I"IATERIALS

A1l- chemicals and reagents used. were of anaÌytical grades.

Bovine serum albumin (fraction V), d.eoxyribose nuclease I, 2,2r-

bipyridyl, disodium EDTA, and 8-hydroxyquinoline were obtained. from

Sigma Chemical Co., St. Louis, Missouri. Magnesium sulfate, ammonium

sulfate, monobasic potassium phosphate, dibasic potassium phosphate,

and diethyldithiocarbamate were obtained from Fisher scientific

Company, Fairlawn, N.J., U.S.A. Calcium chloride, ferric chloride,

N-I-Naphthyl-ethylenediamine dihydrochloride, and sulfanilic acid. were

obtained from Matheson, Coleman & Bell manufacturing chemists, Norwood,

Ohio; East Rutherford, N.J., U.S.A. potassium carbonate, hydrazine

sulfate' hydroxylamine hyd.rochlorid.e, and Triton X-IOO were obtained

from J.T. Baker Chemical Co., Phi-Iipsburg, N.J., U.S.A. Sepharose

68 was obtained from Pharmacia, Uppsa]a, Sweden. Carbon monoxide,

methane, and acetylene were obtained from Union Carbide Canada Limited.

Organism and growth of organism

A culture of Nitrosomonas europaea (Schmidt strain) was supplied

by Dr. A.B. Hooper, University of Minnesota. The organism was

curtivated at 28oc in a modified ATCC med.ium No. 22L:3.0 g (NH4)2so4r

0.5 q K2HPO4, 150 mg MgSO4.7HZO, 12 mg CaC12.2H2O, O.4 mg chelated

iron, and distilled water to 1.0 L. Chelated iron was prepared by

mixing solutions of. 2.0 mg Fec13.6H2o ro mÏ,-l with 2.4 mg disodium

-lEDTA l0 mL H2O -. The chelated. iron solution and a solution of

magnesj-um and calcium salts were autoclaved separately from the rest

of the medium components. Batch cultures of 25 L were grown in 30 L
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glass carboys under forced aeration through spargers after inoculation

with an actively growing N. europaea culture (two, 500 rnl, in I L

flask, 4 days on a rotary shaker at l2o rpm). During growth of the

organism the pH of the medium was maintained aL 7.6 þ the addition of

a 50c" (w/v) potassium carbonate sol-ution by means of a radiometer pH-

stat unit.

After 4 days of growth when 75% ammonia nitrogen was used up,

the cells were harvested by sharples centrifugation at 50,o0o rpm.

Ammonia nitrogen in the medium was determined by the method. of

Cïowther and Large (1956). The cells (1 g wet weight.lO L medirr*-l)

were washed three times in 0.1 M potassium phosphate buffer (pH 7.5)

and finarry suspended in the same buffer (20 mg wet celrs or 3.2 mg

-lprotein.mL '). The ce1l suspension so obtained was stored at 4"C

and was used within 3 days.

METHODS

Preparation of celI-free extracts

Ammonia oxidizing extracts \,/ere prepared by addition of bovine

serum albumin (Sigma, fraction V, ZO mg.mf,-l¡ and DNase I (Sigima,

-l100 Ug.mL 
*) to the ceII suspension (30 mg wet cells or 4.g mg

_l
protein'ml -) in 0.1 M potassium phosphate buffer (pH 7.5) before the

passage through a French pressure cel-l. All the procedures were

carried out at 4oc. cells were disrupted by passing this cell suspen-

sion through a French pressure cerr at r8,ooo psi (124 Mpa). rntact

cerrs vrere removed by centrifugation at 2roo0 x g for 20 min and the

resulting cell-free extract was used as the source of ammonia-oxidizing

system. CompJ-ete removal of cells by this centrifugation proced.ure

was confirmed by the microscopic examination of extracts under a
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phase contrast or electron microscope.

Preparation of the membrane fractio,g

The N. europaea membrane fraction (fraction 1) was obtained.

by passage of 5 mI cell-free extract at room temperature through a

colurnn (2 cm x 30 cm) of Sepharose 68 (Pharmacia) equilibrated \.,rith

0.1 M potassium phosphate but-fer (pH 7.5). The same buffer was used

for elution. Fractions of 6 mL were collected starting with the

turbid membrane fraction (fraction 1) which was eluted at the void

volume. Elution rate was I m]..min-l. A slower elution rate resulted

in inactive fractions.

Preparations and determinations of cytochrome c-554, cytochrome c-552,
gn

TLre methods used were essentially the same as those described by

Yamanaka and Shinra (1914) with slight modifications.

CeIIs of t¡. europaea that lvere stored frozen were defrosted and

-lsuspend.ed (1O0 mg wet cells'mI -) in 10 mlt'I Tris-HCl buffer, pH 8.5.

The suspension was treated with a sonic oscillator at 4oC (IO kc't..-f,

Raytheon) for 20 min. The sonicate was treated with 2 mg each of

phospholipase C (Sigma) and lipase D (siglna) for 3 hrs at 28oc. To

the suspension was added (NHa) 2SO4 to 10% saturation, and. the pH of

the solution obtained was adjusted to 7.5 by the addition of 5%

ammonium hydroxide solution. The suspension was allowed to stand over-

night at 4oC with gentle stirring. The dark brown coloured suspension

was then centrifuged at 13,000 x g (10,000 rpm) for 30 min to remove

the celf debris. The supernatant thus obtained was 90% saturated with

(wua)2soa, stirred gently at 25oC for 20 min and centrifuged at 30'000

x g for 30 min. The supernatant was stored at 4"C (supernatant I).
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The pellet was suspended in 10 nM Tris-HCl_ (oH 8.5) containing goe"

saturated. ammonium sulphate. The suspension was stirred gently for

20 min and centrifuged at 3o,ooo x g for 30 min. The supernatant

(supernatant rr) was saved and the pellet \¡/as suspended in lo mM

Tris-HCl (pH 8.5) containinq 7oe. saturated. ammonium sulfate. The

suspension v/as stirred gentry for 20 min and centrifuged at 30,ooo g

for 30 min to obtain the precipitate and supernatant fractions. The

supernatant (supernatant fII) obtained was combined with supernatant f

and supernatant rr and was diarysed for 2 days aqainst running tap

water and then for r or 2 days against 10 mM ammonium phosphate

buffer, pH 6.5. The precipitate fraction \,/as suspended in a minimal

volume of l-0 mM Tris-HCl- buffer, pH 8.5, and the solution obtained.

was dialysed for 2 days against the same buffer with occasional-

changes of the buffer. The precipitate fraction contained cytochrome

c-552 and hydroxylamine-cytochrome c reductase, whereas cytochrome

c-554 was found in the combined supernatant fraction.

Purification of cytochrome c-554. The dialysed supernatant

fraction in the preceding section containing cytochrome c-554 was

load.ed on an Arnberlite Cc-50 column (l- x 9 cm) previously equilibrated

with r0 mì4 ammonium phosphate buffer, pH 6.5. The void voLume of the

column was 6 ml. cytochrome c-554 was adsorbed. on the col_umn. After

the column had been washed with about l-o ml of 0.3 M ammonium phos-

phate buffer, pH 6.5, cytochrome c-554 ad.sorbed on the column was

el-uted with 30 ml- of 0.5 M ammonium phosphate buffer, pH 7.0, corrected

in 2 ml fractions. The eluate thus obtained contained cytochrome c-554

and was further purified by rechromatography on an Amberlite cG-50

column (r x 9 cm) in the same way as described above, and the el-uate
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thus obtained with 0.5 M phosphate buffer, pH 7.0, was used as a

purified preparation of cytochrome c-554 after dialysis against 0.r M

potassium phosphate buffer, pH 7.5. The concentration of the cyto-

chrome was determined from the absorption at the cr peak using the

mil-l-imolar extinction coefficient value of 24.6 (yamanaka and Shinra,

L974) .

Purification of cylochrome c-552 and hydroxylamine cytochrome c

reductase. The dialysed precipitate fraction described in the first

section was loaded on a DEAE-cellul-ose column (l x 12 cm) previously

equilibrated with r0 mM TTis-Hcr buffer, pH 8.5. The void vol_ume of

the corumn was 7 mr. cytochrome c-552 and hyoroxylamine cytochrome

c reductase were adsorbed on the column. After washing the cotumn

with the roading buffer cytochrome c-552 was eluteo with ro mM Tris-

HCI buffer, pH 8.5, containing 5o mM Nacl-, whil-e the reductase was

eluted with 10 mM Tris-HCt buffer¡ pH 8.5 containing 0.15 M Nacl_.

The corumn was washed with l0 mM tris-ucl- buffer, pH 9.5, containing

0.10 M Nacr between the two elution steps. The last eruate was dark

brown in col-our and was used as a purified preparation of hydroxylamine-

cytochrome c reductase. The eluate obtained above containing cyto-

chrome c-552 was again dialysed against ro mM rris-HCl- buffer, pH 9.5,

and rechromatographed on a DEAE-cel-lul-ose col-umn (r x 12) in the same

way. The eluate obtained was used. as a purified preparation of cyto-

chrome c-552. The concentration of the cytochrome was determined from

the absorption at the!o peak using the millimol-ar extinction coeffic-

ient of 30.6 (Yamanaka and Shinra, 1974).
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Preparation of peroxonitrite

Stable sol-utions of sodium peroxonitrite were prepared by adding

acidified hydrogen peroxide solution to sodium nitrite solution and

immediately adding alkal-i to stabilize the peroxonitrite anion (Hughes

and Nicklin, 1968). The timing of these operations was critical_. To

obtain the best yields, ail three solutions:72.5 c.c. of aqueous

solution containinS 0.5 g of sodium nitrite of analytical reagent

purity; I2.5 c.c. of aqueous solution containing O.75 c.c. of 35 per-

cent hydrogen peroxide and O.2 c.c. of 96 percent sulphuric acid.; and

25 c.c. of aqueous soLution containing L.25 g of sodium hydroxide of

analytica] reagent purity, were cooled in ice-water. Gtass-distilled

water was used in preparing a1I three solutions. With the nitrite sol--

ution being well stirred, the hydrogen peroxide solution was poured

quickly into the nitrite solution, followed immediately by the alkali.

The resulting bright yellow solution was then treated with manganese

(IV) oxide for about 15 min to destroy the excess of peroxide and

filtered. Normally yields of 40s" were obtained..

Peroxonitrite solutions with hiqher yield.s may be prepared by

the careful autoxidation of hydroxylamine in alkati (Hughes et aI,

f971). Oxygen was bubbled for three hours via a fine sinter at room

temperature into a solution of l_ M NaoH (24 mI), 0.I M ethylene-

diaminetetraacetic acid (EDTA) (0-5 mI), 0.f M NH2OH.HCI (5 ml) and

gJ-ass distilled water (19.5 mI). The yetl-ow colour of peroxonitrite

was visible after 30 min and maximum conversion (50%) occurred after

three hours.

Spectrophotometric studies on the reduction and oxidation of cytochrome c-554

Absorption change at 420 nm (ÂAa2g nm) or 430 nm (ÀAa3gnm) \^/ere
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followed in a Shimadzu MPS-50 L spectrophotomeLer (1 cm light

path). In experiments where cytochromes and fraction I were used in

the sample cell, equal amounts of cytochromes and ínactivated fraction

1 were added to the reference cetl-. Inactivated fraction I was obtained

by heating the membranous fraction in a boilinq water bath for 2

minutes. When reagents were added to the sample cell egual volumes of

phosphate buffer were added to the reference cell. Both cells were

well mixed after each addition. The addition of reagents was made in

microlitre quantities with Hamilton microlitre syringes. Gases were

added to all assays as saturated solutions in 0.1 M potassium phosphate

buffer (pH 7.5) at 25"C and atmospheric pressure.

Anaerobic experiments were done in either 3 mI suba sealed

cuvettes or 4 mL glass stoppered cuvettes with a side arm. !,ihen the

suba sealed cuvettes \¡/ere used, oxygen was removed by gas exchange

with nitrogen for 20 minutes using hypodermic need.Ies, and the reagents

were added with microl-iter syringes through the suba seal_. When the

glass-stoppered cuvettes were used, oxygen was removed by evacuation,

and reagents to be addeo were placed in the side arm.

Assay of ammonia oxidizing activity

The oxidation of ammonia was routinely foì-lowed by oxygen uptake

in a Gil-son oxvgraph (Clark oxygen el-ectrode) to determine the ammonia

oxidizing activities of either the whole cells, the cell-free extracts,

or the membrane fractions of N. europaea. Thre activíties \^rere con-

firmed by the colorimetric determination of nitrite formed (Bratton and

MarshaIl, L939) to agree with the stoichiometry

NH3 + I\O2 -+ HNO2 + H2O (Suzuki and Kwok , I97O¡

standard reaction mixture, in a total volume of

expected of the equation:

Suzuki et aI, 1976) the

1.2 mL, contained I.7
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mM (NHa)2SO4, 0.1 M potassium phosphate buffer, and either 24 UI

whole cell suspension (3.2 mg protein.ml--1) , or 0.2 ml cel-l-free

extract (4.8 mg protein.ml-1), or O.l- mI fraction l- (1.4 mg protein.
-1mL ) plus cytochrome c-554 (3.4 nmot). The addition of ammonia, and

other reagents was made in microlitre quantities with Hamilton micro-

Iitre syringes. AII experiments were carried out at 25"C. The

activity was expressed in nanomols oxygen consumed per minute after

correction for end.ogenous respiration measured with the addition of

2,2'-b|pyridyl. Bipyridyl at 0.3 mM inhibited ammonia oxidation

completely but had no effect on endogenous respiration.

Assay of carbon monoxide oxidizing activíty

Ttre oxidation of carbon monoxide by the fraction I (W. europaea

membrane fraction) plus cytochrome _c-554 system in the presence of

either þydroxytamine or hydrazine was followed by oxygen uptake in

a Gilson oxygraph (Clark oxygen electrode). The standard reaction

mixture contained 0.1 mL of fraction I (N. europaea) 3.4 nmoles of

cytochrome c-554, 100 nmoles of NH2.NH2.H2SO4, f00 nmoles of carbon

monoxide, and 0.1 M potassium phosphate buffer (pH 7.5) in a total

volume of I.2 mL. Reaction was started by the addition of fraction I.

The addition of reagents was made in microlitre quantities with

HamirÈon microritre syringes. A1r experiments were carried out at

25oC. The activity was expressed in nanomols oxygen consumed per

minute. A saturated solution of carbon monoxide \¡ias prepared by

bubbling carbon monoxide for ten minutes ín a suba-seal_ rubber

stoppered bottle containing I0 mI potassium phosphate buffer (pH 7.5).

The saturated solution was stored at 4"C. Hydrazine and hydroxyJ-amine

soLutions were prepared fresh.
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Determination of ammonia

Ammonia was determined by the method of Crowther and Large (1956).

The forLowing reagents \n/ere prepared. (A) sodium phenoxide prepared

by dissolving 62.5 g phenol- in a small-est amount of ethanol, foll-owed

by the addition of 2 ml methanol- and 18.5 ml acetone and. finally made

up to 100 mI with ethanol. The solution was stored. at 4oC. (B) 27%

NaOH (w/v). (C) Sodium hypochlorite solution (0.9% active chlorine).

Reagent (D) was prepared by mixing 20 mr of reagent (A) with 20 ml- of

reagent (B) and dil_uting to l_00 ml with distill-ed \^/ater.

To l- m1 sample was added 0.4 ml reagent (D) and 0.3 ml reagent

(C). After 20 minutes at room temperature the mixture was diluted. to

5 ml with distilled water. The blue colour developed was measured in

a K1ett Summerson colorimeter with a No. 66 fitter.

A standard curve was prepared from the above procedure using

known concentration of ammonium sulfate.

Determination of hyd.roxylamine

Hydroxylamine was determined by the method of Frear & Burreff (l-955),

using 8-quinolinol. The following reagents were prepared. (A) g-

Quinolinol solution was made by dissol-vinS 1.0 gram of 8-quinolinol

(Eastman Kodak co.) in 100 ml- of absol-ute alcohol-. The soLution was

tightly stopped. (B) I.O M sodium carbonate. (C) l-2Z (w/v) Trichloro-

acetic acid solution.

no one mI of the sample was add.ed 1.0 mI of 0.05 M potassium

phosphate buffer (pH 6.8), 1.0 ml water, O.2 mI of trichloroacetic

acid solution, and. 1.O mt of 8-quinolinol solution. Íhe reaction

mixture was swirled gently. Next, 1.0 ml of the l-.0 M sodium carbon-

ate solution was added, shaken vigorously, and stoppered before
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placing in a boiling water bath for I minute to develop the green

colour. On remova] from the water bath, the mixture was cooled for

15 minutes. The green colour developeo \,vas measured in a Klett

Summerson colorimeter with a No. 66 fil-ter.

A standard curve r.¡as prepared using the above procedure with

fresh hydroxylamine standard. solutions. Beer's law was obeyed over

the range of O to 5 x l-O-2 millimole of hydroxylamine per ml of so1-

ution.

Determination of peroxonitrite

TLre concentration of peroxonitrite was determined from the

absorption at 302 nm with a millimolar extinction coefficient of 1.67

using the Shimadzu MPS-SOL spectrophotometer (1 cm light path)

(Hughes and Nicklin, 1968).

Decomposition of peroxonitrite was followed by the absorption

change at 302 nm using the same spectrophotometer.

Determination of nitrite

Nitrite was determined by the method of Bratton and Marshall (1939).

The reagents consisted of O.L2e" N-(l-naphthyl)-ethylene d.iamine

dihydrochloride in distil-led water and 1% sulfanil-ic acid in 20* HCI.

To one mI of sample were added 1 mI of sulfanilic acid and l- mI

of N-(l-naphthyl)-ethyl-ene diamine dihydrochloride solution. The

samples were incubated at room temperature for 20 minutes to insure

maximum col-our development. The volume of each reaction sample was

then made up to I0 mI with distilled water. The colour intensity was

measured in a Klett Summerson col-orimeter with a No. 54 filter.

A standard curve was prepared from the above procedure using
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known concentrations of sodium nitrite.

Determination of protein

Protein was d.etermined by the cororimetric method of Lowry et al

(1951). Crystalline bovine serum albumin was used as the standard

protein.

Measurement of carbon monoxide

Carbon monoxide was measured by T.C. Kuchnicki, using a hydrogen

sensitized crark oxygen erectrode (T.c. Kuchnicki, M.sc. thesis l9B2).

A I.2 ml water-jacketed oxygen electrode chamber, with the electrode

inserted horizontarry, was used as the reaction vessel. Reagents

were added through a capillary bore stopper. The electrod.e (ysr 4004,

Yellowspring) that had been sensitized (T.c. Kuchnicki, M.sc. thesis

1982) was coupled to the electrometer constructed by K. carter, LgTg

(r-C- Kuchnicki, M.Sc. thesis 1982). A high sensitivity membrane (ySI

5776) was used. The polarographic potential used was 600 mv. The

system was standardized before and after the experiment.
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RESULTS

Properties of the membrane fraction

As described in Materials and Methods, fraction I ({. egropeee

membrane fraction) was obtained by chromatography of N. europaea

extracts in Sepharose 68. profiles of protein concentration and

absorbance at 4l-0 nm (1 cm light path) were determined (Fig. 1).

The membrane fraction showed a cytochrome oxidase activity, a

hydroxylamine-cytochrome c red.uctase activity (measured with horse

heart cytochrome c) stimulated by cytochrome c-554 as reported pre-

viously (Suzuki and Kwok, 1981), and an ammonia oxidizing activity in

the presence of cytochrome c-554 (Suzuki and Kwok, 1981).

As described in l-ater sections the membrane fraction, in addition,

showed the fol-lowing activities: ammonia or NH2OH-dependent reduction

of cytochrome c-554, oxidation of reduced cytochrome c-554 with

ammonia, carbon monoxide etc. and oxidation of carbon monoxide coupled

to NH2OH or NH2NH2oxidation in the presence of cytochrome c-554.

Al1 these activities \^/ere relatively stable for 3-4 days when

stored at 4oC, but were d.estroyed by heating the fraction for 2 min

in a boiling water bath.

Ammonia oxidation and the kinetics of oxidation and reduction of
cytochrome c-554

The membrane fraction of N. europaea reduced cytochrome c-554

partially with ammonia, hydroxylamine or hydrazine (Fig. 2). The

cytochrome was also slightly reduced by the endogenous substrate

present in the membrane fraction. The cytochrome reduced with hydroxy-

lamine or hydrazine showed a characteristic and asymmetric Soret band

with a 430 run shoulder in addition to its 421 nm peak (yamanaka and
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Shinra ' L974). Ttre patterns of reduction of the two peaks by ammonia

were different (fig. 3). Although the reduction wich hyd.roxylamine or hydra-

zine was rapid, data not shown, that with ammonia was much sfower with a 1ag

period (FiS. 4). The J-ag period was shorter with higher ammonia con-

centration but lonÇer with addition of hydroxylamine-cytochrome c reductase,

cytochrome c-552 or horse heart cytochrome c (data not given). Under the

same conditions, there was a lag period in the uptake of oxygen during

ammonia oxidation. The duration of such a Ìag period varied similarly

with the concentration of ammonia and with the addition of various

other cytochromes. The rate of reduction of the cytochrome also

increased. with ammonia concentration.

The reduction of cytochrome c-554 by ammonia (50 m¡,1), vras biphasic

with time: stage l- and stage 2. The cytochrome was initially reduced

rapidly for 30-45 sec (stage 1) and was subsequently reduced more slowly

istage 2) until it reached an equilibrium fevel-. At this level-, addition

of hydroxylamine could not further reduce the cytochrome- Changes in

the amount of the membrane fraction in the system changed the rate of

reduction in stage I, but did not affect that of stage 2 (Table I).

The reduction of cytochrome c-554 was not affected by superoxide

dismutase or cataì-ase, suggesting that superoxide anion was not

responsible for the reduction of the cytochrome by ammonia under

aerobic condition. It was only under aerobic condition that cyto-

chrome c-554 rnras reduced by ammonia in the presence of the membrane

fraction.

The cytochrome c-554 partially reduced by hydroxylamine in the

presence of the medbrane fraction remained reduced until disappearance

of hydroxyJ-amine by oxidation (FiS. 5) . Und.er the experimental
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conditions used in Fig. 5 the cytochrome was reduced with 2 nmol-es

hvdroxyJ-amine to the same lever as with 10 nmoles hydroxylamine, but

v/as re-oxidized within one minute. with IO nmoles hydroxylamine it

remained red.uced for a few minutes before the reoxidation started.

The addition of ammonia to this hydroxylamine-reduced cytochrome c-554

partially oxidized the cytochrome instantly (Fis. 5) presumably

through the hydroxyration of ammonia to hydroxyramine. The complete

reoxidation of cytochrome c-554 was derayed perhaps due to the avail_-

ability of hydroxylamine formed from arrrmonia (see the curve with 0.1-

mI4 NH3 in Fig. 5). The above patteïn of reduction and. oxidation were

observed at either iuhe 42O nm peak or the 430 shoutder of cytochrome

c-554. v,Iith a high concentration of ammonia (50 mM) the initial rapid

oxidation of cytochrome c-554 at either 42o nm or 430 nm \^ras more

extensive. The 420 nm peak was slowry reduced back to the original

Ieve1 of reduction before ammonia addition, while the 430 nm shou1der

remained reduced at a level- about 50% of that before arunonia add.ition

(Fis. 6) .

Under the same expeúimentat conditions, the addition of ammonia

started the oxygen uptake instantry. The uptake of oxygen during

ammonia oxidation \¡¡as associated with a steady state of reduction of

cytochrome .c_-554. Similar results were obtained when hydrazine was

used in place of hydroxylamine.

Horse heart cytochrome c reduced by hyd.roxylamine und.er similar

conditions did not react with ammonia. cltochrome c-554 reduced by

hydroxyramine with a partially purified hydroxyramine-cytochrome c

reductase (Yamanaka and shinra, 1974) did not react with ammonia in

the absence of the menibrane fraction, i.e. no instant partial oxidation
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of the cytochrome upon ammonia addition and no effect by ammonia on

the autooxidation of cytochrome c-554. The autooxidation of cyto-

chrome c-554 was too fast when the cytochrome was reduced with a

limiting amount of sodium dithionite to demonstrate its interaction

with ammonia.

Effect. of carbon monoxide, methane and methanol on ammonia oxidation
and cytochrome c-554 oxidation.

Ammonia oxidation by N. europaea is competitively inhibited by

carbon monoxide, methane, methanol and ethylene (Suzuki et al,

1976¡ Suzuki and Oh,1981). Carbon monoxid.e at I0 UM had no effect on

the ammonia-cytochrome c interaction with 50 mM ammonia, but increased

the extent of instant partial oxidation of the cytochrome with t mM

ammonia (Fig. 7). Carbon monoxide at 20 UM inhibited the re-red.uction

of cytochrome, presumably competing with the ammonia hydroxylation

reaction leading to hydroxylamine production. fn fact carbon monoxide

could replace ammonia in the reoxidation of reduced cytochrome c-554

in the presence of the membrane fraction (Fig. 8a). The competitive-

ness of carbon monoxide as an alternate substrate for the hydroxylase

could also be shown when cytochrome c-554 was reduced by different

concentrations of ammonia and the effect of carbon monoxide studied.

At high ammonia concentration (50 mM), carbon monoxide at a concen-

tration of I0 ¡lM or 20 UM couid. not oxidize the cytochrome. At l-ow

ammonia concentration (f m-l',I), cytochrome c-554 was oxidized. Both

the extent and the rate of oxidation increased with the concentration

of carbon monoxide added. In contrast to experiments with ammonia

(FiS. 5) i¡r the oxidation of cytochrome c-554 reduced by hydroxylamine,

however, there rrùas no subsequent reduction of the cytochrome with CO
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(FiS. 8), presumably due to lack of hydroxyiamine production. The

complete oxidation of the cytochrome was achieved faster with increasing

concentration of carbon monoxide. The extent of initial rapid oxidation

of reduced cytochrome c-554 depended on the concentration of carbon

monoxide (FiS. 8a), similarly to the effect of ammonia concentration

(FiS. 5), the results compatible with a theory that reduced cytochrome

c*554 was used as el-ectron donor for hydroxylation of ammonia or

carbon monoxide. Methane and methanol- showed a similar response to

carbon monoxide.

Hydrazine which can replace hydroxylamine in hydroxylamine-

cytochrome c reductase of N. europaea (Hooper and Nason, 1965) partially

reduced cytochrome c-554 in the presence of the cytochrome similarly

to the hydroxylamine-reduced one (FiS. 8b). Methane and methanol also

oxidized the cytochrome.

The oxidation of cytochrome c-554 by CO occurred only under

aerobic conditions. Under anaerobic conditions, the extent of oxida-

tion increased with the amount of oxygen added to the system (Fig. 9).

Complete oxidation of the cytochrome occurred only when the system

v¡as opened to air.

Effect of acetyLene and 2,2'-bipyridyl on cytochrome c-554 oxidation

Acetylene which is not a competitive inhibitor with respect to

ammonia (Suzuki and Oh, l-98fr Hynes and Knowles, 1982) did not oxidize

cytochrome c-554 partially reduced with hydroxylamine or hydrazine,

but inhibited the initial rapid oxidation of the cytochrome by ammonia

and the ensuing slow reduction (nig. t0). Thus acetylene unlike carbon

monoxide inhibits the hydroxylation of ammonia not by competition as

ai: al-Èernate substrate, but by inhibiting the ammonia hydroxylase
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activity. As shown in Fig. 11 acetylene inhibited the hydroxylation

of carbon monoxide as weIl. 2,2'-Bipyridyl, another inhibitor of

ammonia oxidation, showed a similar inhibition.

Oxid.ation of carbon monoxide by the membrane fraction

If hydroxylamine or hydrazine donates electrons for the hydroxy-

l-ation through cytochrome c*554 and hydroxylase, the hydroxyration of

carbon monoxide should consume oxygen according to the equation:

CO + 02 + AII2 + CO2 * A + H2O.

where AH2 is hydroxylamine or hydrazine. Fig. 12 shows an increased

oxygen consumption rate upon addition of carbon monoxide to the mem-

brane fraction plus cytochrome c-554 oxid.izing hydrazine. The rate

returned to the original slow rate after approximately 1 mo1 of

oxygen consumption per mol of carbon monoxide. fn these experiments

the hydrazine concentration was higher tha¡r the concentration of

carbon monoxide. When the experiments \4rere carried out in the

presence of excess carbon monoxide the results in Table II were

obtained. Carbon monoxide alone was not oxidized, but with hydroxy-

lamine or hydrazine present it increased the rate and total quantity

of oxygen consumption. Cytochrome c-552 stimulated hydroxylamine

oxidation as reported earLier (Suzuki and Kwok, 1981-) or hydrazine

oxidation, but was not required for its oxidation in the presence of

carbon monoxide. In fact the cytochrome c-552 reduced the total

oxygen consumed, presumably by draining the electrons required for

carbon monoxide hydroxylation through the cytochrome oxidase

(Yamanka and Shinra, 1974). The amount of nitrite formed from

hydroxlzlamine was not affected by the presence of carbon monoxide.

The total oxygen consumed agreed with the stoichiometry expected of
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the following equation:

NH2OH * 02 -> HNO2 + H2O t

NH2OH + CO + IlaO2 -> HNO2 + CO2 + H2O.

fn the case of hydrazine there was no nitrite formation, but the

total oxygen agreed with the equation:

NH2NH2 + 02 '+ N2 + 2H2O ,

or

NH2NH2 + 2eO + 2O2 + N2 * 2CO2+2H2O .

These equations have to be considered as hypothetical until the

stoichiometry of all the substrates and products can be established.

Experiments were done to show the disappearance of carbon monox-

ide under similar cond.ition \..¡here limited amount of carbon monoxide

was oxid.ised with a stoichiometric uptake of oxygen in the presence

of excess hydrazine. The pattern of disappearance of carbon monoxide

as measured showed. a striking similarity to the pattern of consumption

of oxygen (FiS. 13). The amount of oxygen consumed in the complete

oxidation of the carbon monoxide present supported the equation:

NH2NH2 + zCO + 2O2 + N2 + 2CO2 + 2H2O .

In the presence of excess carbon monoxide, hydrazine, and cyto-

chrome c-554, the activity of carbon monoxide oxidation (rate of

oxygen consumption) linearly increased with the increasing amount of

the membrane fraction (Table 3).

The oxidation of car:bon monoxide under similar condition was

not affected by the hydroxyl radical scavenger, mannitol (I0 mM).
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Effect of pH on the oxidation of carbon monoxide

Ttle carbon monoxide-oxidizing activity of fraction I (N. europaea

membrane fraction) varied with pH, exhibiting a normal pH dependency

curve (nig. 14). With 200 nmol hydrazine and lOO nmol carbon monoxide

per 1.2 ml¡ the optimal pH range for the reaction was pH 7.O-9.4.

Fig. 14 showed also the change in the rate of oxidation of hydrazine

with pH. Below pH 8.5 the rate of oxidation of hydrazine was rela=

tivery smal]. Beyond pH 8.5 the rate of oxidation increased sharply.

Petemination of Kn r e,
hydrazine, and cytochrome c-554.

when a fixed amount of hydrazine was oxidized by the membrane

fraction plus cytochrome c-554 system in the presence of a smal-l

amount of carbon monoxide the initial fast oxygen uptake rate

sharply sl-owed down to the rate of hydrazine oxidation presumably

when carbon monoxide was exhausted (Fig. 12). The total oxygen con-

sumption to the inflection point corresponded to the amount of carbon

monoxide added (Tabre 4). rt was possibre to estimate the apparent

Km value for carbon monoxide from the rate of initial fast oxygen

consumption as 16 UM by the double reciprocal rate-concentration plot

(Fis. 15) - rt \,ùas assumed here that hydrazine was preferentiatry

oxid.ized through the hyd.roxylation of carbon monoxide until carbon

monoxide was nearLy exhausted when hydrazine was oxidized at a slower

rate through the cytochrome oxidase and the autooxidation of cyto-

chrome c-554.

fn the presence of excess carbon monoxide (iOO nmol/I.2 mL)

with varied and timiting concentrations of hydroxylamine or hyd.razine

(essentiarry the same condition as in Table 2) the apparent Km val-ue
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was obtained as 2-3 U¡¡ NII2OH or NH2NH2 by the double reciprocal- rate

concentration plot (I.ig. t6).

Under simil-ar conditions the apparent Km value for cytochrome

c-554 was estimated as I.2 UM from the initial velocities with 0.1

mI fraction I and varied concentrations of the cytochrome (Fig. L7) .

Determination of the Km value for ammonia in the presence of

hydrazine was compJ-icated by the fact that upon hydroxylation ammonia,

unlike carbon monoxid.e, becomes hydroxylamine, an electron donor for

further hydroxylation. The apparent Km value for ammonia with 100

nmol hydrazine in I.2 ml was estimated as 0.1 mr4 (uU4+ + NH3) without

subtracting the rate of hydrazine oxidation in the absence of ammonia.

I,ilhen the hydrazirre rate was subtracted the apparent Km value for

ammonia became 1.3 mM (¡¡H,** + NH3) or 24 |rM NH3, the same value

obtained with a cell--free extract of N. europaea for ammonia oxidatiorr

without hydrazine at pH 7.5 (Suzuki et al, L974).

The oxidation of carbon monoxide by the fraction 1 plus cytochrome

c-554 system in the presence of either hydroxylamine or hydrazine was

inhibited by metal chelators. 2,2r-Bipyridyl, (I mM) diethyldithio-

carbamate (5O UM) and KCN (i mI'{) inhibited the activity by over 90%.

At lower concentrations, the inhibitors, 2,21-bípyridyl (50 UM),

diethyldithiocarbamate (2 U¡l), and KCN (50 UM) showed a time-

dependent inhibition, after which a further addition of the fraction l-

restarted the oxidation. HydroxyJ-amine oxidation was not inhibited by

2,2'-bípyridyl (I mM).

Pre,!þinary studies on the inhibitors of carbon monoxide oxidation
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Preliminary studies on the effect of detergents, phospholipase A, phos-
phol-ipase D, and sonication on the activities of fraction 1

The detergents: Triton X-I00, SDS, and sodium chol-ate were

tested for their effect on the carbon monoxide-oxidizing activity or

ammonia-oxidizing activity of fraction I at different concentrations.

Triton X-100 at 0.O5s" (v/v) showed 85e" inhibition. Cholate at 0.1%

(v/v) showed 22t inhibition with the fraction partially sol-ubil-ized.

SDS at 0.01-s (w/v) showed a time dependent inhibition of ammonia

oxidizing activity and solubilized the fraction.

Treatment of the membranous fraction I with phospholipase D

(25 pg/ml) for t hr at 27"C did not affect either the ammonia-or

carbon monoxide-oxidizing activity (O2 uptake). Sonication (20 kc

per sec, 10 min) of the phospholipase D treated membrane fraction

had no effect. With the phospholipase D treatment, about 5% of the

carbon monoxide oxidizing activity was found in the supernatantf

the rest remained in the pellet. Treatment of fraction I vTith phos-

pholipase A (25 pg/ml) for 30 min at room temperature destroyed the

ammonia=dependent reduction of cytochrome c-554.

Preliminary studies on the properties of peroxonirtrite

Peroxonitrite anion (Oi.rOO ) , as measured by the absorption at

302 ¡rm, was sÈabLe at al-kaline pH (pH 1O-12) . crr2* ir,"reased the

rate of decomposition of oNoo . trnlhen peroxonitrite was in excess,

hydroxylamine decomposed peroxonitrite instantly at a fast rate but

sl-owed down to a steady rate of decomposition. The process of

decomposition could be repeated with additions of NH2oH. I{ith an

equivalent amount of hydrazine, however, the decomposition of

peroxonitriÈe was more extensive. The rate of decomposition of
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ONOO increased with the ionic strength of the alkaline solution. KCl

at 0.4 M increased 15 times the rate of d.ecomposition.

Under alkal-ine condition, hemes of horse heart cytochrome c and

hydroxylamine cytochrome c reductase \^iere stabl-e, but were oxidised

and decomposed by ONOO . Under similar cond.ition, dithiothreitof

reacted stoichiometricarly with oNoo The extent of decomposition

of peroxonitrite vras proportionaL to the amount of dithio-

threitol. The rate of decomposition of ONOO depended on the concen-

tration of either of the two reagents. Diethyldithiocarbamate did

not react with ONOO under simil-ar condition. In the presence of
)J- (f5 UM), ammonia (0.4 M) accelerated the decomposition of ONOO .

Potassium cyanide also accel-erated the decomposition (0.2 .r, 0.4 mM) .

At pH 7.5, ONOO \¡/as very unstabl-e. The rate of decomposition

was too fast for experiments to be done at this pH. Organic solvents

l-ike methanol, dioxane did not help stabilize peroxonitrite.

Preliminary studies on the effect of Ni (CtrI) ¡

Reduction of cytochrome c-552 with hydroxylamine in 0.1 M

potassium phosplrate, pH 7.5, in the presence of catalytic amount of

cytochrome c-554 and hydroxylamine cytochrome c reductase was

inhibited when hydroxylamine was in excess (Table 5). Such inhibition

was rel-eased by tuilc¡¡u=, (1 m-¡4) (Tab]e 5) -with a faster rate of

reduct.ion, and a comptete.red.uction of the cytochrome:in the presence

of the complex ion. The complex Ni(Cn¡u= is known to act as a

nitroxyl trap with the formation of the complex tllilç¡¡4NOl=

Under simil-ar corrditions, the reduction of horse heart cytochrome c

was not affected by tti(CN)+
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Fig. l. Chromatography of N. europaea extracts in Sepharose 68.

Fraction I was eluted at the void vol_ume. protein con-

centration and absorbance at 410 nm (l-cm light path)

were determined.
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Fig. 2. Difference spectra of Nitrosomonas cytochrome c-554.

Reference and sample cuvettes (l--cm light path) each

contained 0.1 mL of fraction I (N. europaea membrane

fraction) and 2.5 nmofes cytochrome c-554 in 0.1 M

potassium phosphate buffer (pH 7.5) in a total- vol--

ume of I mI. Ammonium chloride, 50 mM, was added to

the sample cuvette and the ammonia-reduced minus

oxidized difference spectrum was recorded

NH2OH'HCl (10 UM) and NH2NH2.H2SO4 (I0 UM) were

added similarly to two fresh. samples and the corre-

sponding reduced minus oxidized difference spectra

were recorded (---). The two spectra reduced by

NH2OH and NH2NH2 were identical. The dithionite-

reduced minus oxidized difference spectrum is shown

as a reference (...). A Shimadzu MPS-5OL spectro-

photometer was used.
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Fig. 3. Reduction of cytochrome c-554 at 42O nm peak and 430

nm shoulder by ammonia.

Reaction mixture contained 0.1- mL of fraction l- (N.

europaea membrane fraction) , 4.I nmol-es cytochrome

c-554, and 0.I M potassium phosphate buffer (pH 7.5)

in a total vol-ume of 1.0 mL. Ammonia (50 mM) was

ad.d.ed to the reaction mixture where indicated.

Absorption change at 420 nm and 430 nm (---)

were foll-owed as described in Materials and Methods.



O

a 
A

 ¿
2o

nm O o O s\
O

K 3 b* ffi &
ffi

z. :t 
-+

C
¡.

)

4-
rI

O o O æ

,È H



42

Fis. 4. Effect of ammonia concentration on the 1ag of the

reduction of cytochrome c-554 by ammonia.

Reaction mixtures contained 0.1 mL of fraction I (l¡.

europaea membrane fraction), 3.3 nmol-es cytochrome

c-554 and 0.1 M potassium phosphate buffer (pH 7.5),

in a total volume of 1.0 mL. Different concentra-

tions of ammonia \¡lere added as ind.icated. Absorption

change at 420 nm (À4420 ,r*) was fol-lowed in a

Shimadzu MPS-SOL spectrophotometer (I-cm light path)

as described in Materials and Methods.
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Fig- 5. Effect of different concentrations of ammonia on the

oxidation of cytochrome c-554 reduced by hydroxylamine.

Reaction mixtures contained 0.1 mL of fraction l-

(N. europaea mernbrane fraction) , 3.4 nmol-es cytochrome

c-554, and 0.t M potassium phosphate buffer (pH 7.5)

in a total volume of 1.0 mL. Ten nmol-es NH2OH.HCI

were added to the reaction mixture, followed by

ammonia of different concentrations as indicated.

Absorption change at 42O nm was foll-owed as described in

Materials and Methods.
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Fig. 6. Effect of ammonia on the oxidation of cytochrome c-554

at 42O nm and 430 nm.

Reaction mixture contained 0.1 mL of fraction l- (N.

europaea membrane fraction) , 3.4 nmol-es cytochrome

c-554, and 0.f ¡,1 potassium phosphate buffer (pH 7.5)

in a total- vol-ume of 1.0 mL. Ammonia ( 50 mM) and

hydroxylamine (10 UI4) were added to the reaction

mixture where indicated.. Absorption change al 42O

nm (-) and 430 nm (---) were foll-owed as described

in Materials and. Methods-
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FiS. 7. lnhibitory effect of carbon monoxide on the re-reduction

of cytochrome c-554 by ammonia.

Reaction mixtures contained 0.1- nI of fraction 1 (l¡.

europaea membrane fraction) , 3.4 nmol-es cytochrome c-554,

and 0.1 M potassium phosphate buffer (pH 7.5) in a total

volume of 1.0 mL. Ten nmoles of NH2OH'HCI- were added to

the reaction mixture, fol-fowed by the addition of

ammonia (1 mll¡ with or without carbon monoxide. The con-

centrations of carbon monoxide used in each case was

indicated. Absorption change at 420 nm was foll-owed as

described in Materials and Method.s.
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Fig. 8. Effect of different concentrations of carbon monoxide

on the oxid.ation of cytochrome c-554 reduced by

hydroxylamine (a) or hydrazine (b).

Reaction mixtures contained 0.1 nL of fraction l- (l¡.

europaea membrane fraction) , 3.4 nmoles cytochrome

c-554, and 0.1 M potassium phosphate buffer (pH 7.5)

in a total volume of l-.0 mL. Ten nmoles of NH2OH.HCI

(a) or NH2NH2'H2SO4 (b) were added to the reaction mix-

ture, followed by the addition of different concentr-

tions of carbon monoxide as indicated. Absorption

change aL 42O nm vras fol-l-owed as described in Mater-

ials and Methods.
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Fig. 9. Effect of oxygen on the oxidation of cytochrome

c-554 by carbon monoxide.

The reaction mixture contained 0.3 mL of fraction I

(N. europaea membrane fraction), fO.2 nmol_es cyto-

chrome c-554, and 0.1 M potassium phosphate buffer

(pH 7.5) in a total volume of 3.0 mL. The mixture

was stoppered with a Suba-Seal and gassed. with nitro-

gen for 20 minutes. Thirty nmol_es of NH2NH2.H2SO4

was added to the reaction mixture. Carbon monoxide

(20 pM) and oxygen saturated. potassium phosphate

buffer (a, 10 Ul¡ b, 20 ¡rt) were added to the mix-

ture where indicated. The system was opened to air

as indicated by c. Absorption change at 42O nm was

followed as described in Material-s and Methods.
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Fig. 10. Inhibition of ammonia hydroxyJ-ase activity by acetylene.

Reaction mixtures contained 0.f mL of fraction I (N.

europaea membrane fraction) , 3.4 nmol-es of cytochrome

c-554, and 0.1 M potassium phosphate buffer (plt 7.5)

in a total volume of l-.0 mL. Ten nmol-es of NH2OH.HCI-

were added to the reaction mixture, foll-owed by the

addition of ammonia (5O mM). Acetylene, when present,

was added before NH2OH at a concentration of 0.45 mM.

Absorption change at 42O n¡n was 'fol-lowed as described

in Material-s and Methods.
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Fig. ll. Inhibition of carbon monoxide hydroxylase activity

by acetyJ-ene.

Reaction mixtures contained 0.l- mL of fraction l- (l¡.

europaea membrane fraction) , 2.O nmol-es of cytochrome

c-554, and 0.I M potassium phosphate buffer (pH 7.5)

in a total- vofume of I.0 mL. Ten nmol-es of NH2OH.HCI

were added to the reaction mixture, folJ-owed by the

addition of carbon monoxide (20 UM). Acetylene. when

present, was added before NH2OH at a concentration of

0.45 m1"1. Absorption change at 42O nm \,ras fol-l-owed

as described in Material-s and Methods.
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Fig. L2. Oxidation of carbon monoxide by fraction I (N. europaea

membrane fraction) in the presence of cytochrome c-554

and excess hydrazine.

The Oxygraph reaction mixture contained 0.1- mL of

fraction I (N. europaea membrane fraction) , 3.4 nmoles

of cytochrome c-554, 100 nmoles of NH2NH'H2SO4r

different amounts of carbon monoxide as indicated' and

0.1 M potassium phosphate buffer (pH 7.5) in a total-

vol-ume of 1.2 mL. The reaction was started by the

addition of fraction I as indicated by the arrow (*).

Oxygen consumption vras followed in a Gil-son Oxygraph

as described in Material-s and Methods.
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Fig. t3. Comparison of carbon monoxide disappearance and oxygen

consumption during carbon monoxide oxidation.

The reaction mixture contained 0.I mI fraction I (N.

europaea membrane fraction) , 3.4 nmol cytochrome c-554,

100 nmol carbon monoxide, 2OO nmol NH2.NH2.H2SO4r and

O.l M potassium phosphate buffer in a total- volume of

1.2 mI. Reaction was started by the addition of

hydrazine as indicated. Consumption of oxygen or

carbon monoxide (---) were fol-l-owed as described in

Material-s and. Methods.
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Fis. L4. Effect of pH on the carbon monoxide hyd.roxylase

activity.

The rate of oxygen consumption \^ras followed in a

Gil-son Oxygraph as described in Materials and

Methods. The reaction mixture contained 0.1 mL of

fraction I (N. europaea membrane fraction), 3.4

nmoles cytochrome c-554, 2OO nmoles of hydrazine,

l-00 nmoles of carbon monoxid.e, and 0.1- M potassium

phosphate buffer of different pH's in a total vol--

ume of l-.2 mL. The activity of carbon monoxide

hydroxylase was indicated. by the sol-id line (-) .

The rate of hyd.razine oxidation was indicated by

the broken l-ine (---) .
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Fig. 15. Effect of carbon monoxid.e concentration on the rate of

carbon monoxide oxidation.

Reaction mixture contained O.j- ml fraction I (N. europaea

membrane fraction) , 3.4 nmol cytochrome c-554, IOO nmol

NH2'NH2'H2SO4, 0.1 M potassium phosphate buffer, and

varied amount of carbon monoxide in a total_ volume of

1.2 mL. Reaction vras started by the addition of

f raction l-. Oyxgen consumption \^/as fol_lowed in a Gilson

Oxygraph as d.escribed in Materials and Methods.
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Fig. 16. Effect of hydroxylamine or hydrazine concentration on

the rate of carbon monoxide oxidation.

The rate of oxygen consumption (v:nmol O2/min) was

followed in a Gilson Oxygraph as described in Material-s

and l4ethods. The reaction mixture contained O.l- mL of

fraction I (N. europaea membrane fraction) , 3.4 nmoles

of cytochrome c-554, 200 nmol-es of carbon monoxide,

varied and limiting concentrations of hydroxylamine

or hydrazine, and 0.I M potassium phosphate buffer

(pH 7.5) in a totaf volume of 1.2 mL. The reaction

was started by the addition of either hydroxylamine

or hydrazine.
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Fig - 17. Effect of the concentration of cytochrome c-554 on

the rate of carbon monoxide oxidation.

Reaction mixture contained 0.Ì mf fraction I (N.

europaea membrane fraction) , 2OO nmol carbon monoxide,

50 nmol hydrazine, 0.f M potassium phosphate buffer

(pH 7.5), and varied amount of cytochrome c-554 in

a total volume of l-.2 mL. Reaction was started by

the addition of hydrazine. Oxygen consumption was

foltowed in a Gifson oxygraph as described in

Materials and Methods.
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Table 1. Effect of the amount of the membrane fraction on the rate
of reduction of cytochrome c-554 by ammonia.

I,lembrane
( u1)

Rate of reduction
(AA42gnm'3 min-f)

Stage 1 Stage 2

2^ 0.035

0.084

0.106

o.o29

0.028

0.030

60

100

Note: The reaction mixture contained 3.4 nmoles cytochrome c-554,
ammonia (50 mM), 0.f M potassium phosphate buffer (pH 7.5),
and different amount of fraction 1 (N. europaea membrane
fraction) in a total vol-ume of I.0 mL. Absorption change
aL 42O nm was foll-owed as described in Materials and
Methods. Stage I l-asted for about 30 to 45 seconds and was
fol-Iowed by stage 2.
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Tabl-e 2. Oxidation of hydroxylamine or
plus cytochrome c-554 in the

hydrazine by N. europaea membrane
pr e s e n c e o f c a;b o;----.-.---....-...--..---mono.x rde .

System Hydroxylamine
(nmol)

Carbon
Hydrazine monoxide Activity Total 02

(nmol) (nmol) (nmo1 02 (nmol)
-'l. r..mrn 

)

Complete

Complete

CompJ-ete

Complete

Complete

Complete

Complete

Complete

+ c-552

+ c-552

+ c-552

+ c-552

50

50

50

tr^

200

200

I6
25

25

3

I5
2A

atr¿J

50

tó

54

60

r08

88

50

)U

50

50

200

200

Note: The complete system contained 0.1 mL of fraction I (N. europaea
membrane fraction) , 3.4 nmol cytochrome c-554 and. substrates as
indicated in a total vol-ume of 1.2 mL in 0.I M potassium phos-
phate buffer (pH 7.5). The amount of cytochrome c-552, when
present, was 4.9 nmol-.
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Tabl-e 3. Effect of the amount of fraction I on the
rate of oxidation of carbon monoxide.

fraction 1

(ul )

Activity
(nmol 02.min-a)

20 o^

19.6

34.O

50

100

Reaction mixture contained 3.4 nmoles of cytochrome
c-554, 2OO nmofes of carbon monoxide, 50 nmoles of
hydrazine, 0.f lvt potassium phosphate buffer (pH 7.5) ,
and varying amount of fraction l_ (N. europaea membrane
fraction) in a total volume of 1.2 mL. Reaction was
started by the addition of fraction 1. The rate of
oxygen consumption \.i/as foll-owed as described in
Materials and Methods.



Tabl-e 4. Effect of carbon monoxide on hydrazine oxidation.

Carbon monoxide
(nmoI)

Activity _.',
(nmol 02'min ')

Total 02
(nmol-)

0

t0
20

30

50

2.7
q)

10.7

12.o

13-3

l_3

)1

)q

48

Note: The reaction mixture contained 0.1- mL of fraction 1,
3.4 nmol cytochrome c-554, l-00 nmol hydrazine and
carbon monoxide as indicated in a total volume of
12. mL in 0.1 M potassium phosphate (pH 7.5).
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Tabl-e 5. Effect of Ni(CN)a= on the reduction of cytochrome
^ trtr1C-JJ¿.

NH2OH
(nmol-es)

Ni (cN) +
(mM)

Activity _r
(AA+i5"3 min -)

500

500

o.L52

0.255

o -o24

o.2L

Reaction mixture contained 19 nmoles.cytochrome c-552,
O.256 nmoles cytochrome c-554, O.04 nmol-es hydroxylamine
cytochrome c reductase, and 0.1 M potassium phosphate
buffer, pH 7.5, in a total vol-ume of l-.0 mL.
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DTSCUSSION

The resul-ts presented demonstrate further the important role

played by the cytochrome c-554 of Nitrosomonas europaea isolated by

Yamanaj<a and Shinra (L974) in the oxidation of ammonia. In the

presence of the Nitrosomonas membrane fraction, the cytochrome c-554

reconstitutes the ammonia-oxidizing activity (Suzuki & Kwok, 198I) and

is partially reduced by ammonia, hydroxylamine or hydrazine (FiS. 2).

The membrane fraction contains, in addition to ammonia hydroxylase, a

cytochrome oxidase (cytochrome al, Erickson et al , 19'72) and a hydroxyl-

]amine cytochrome c reductase activity (measured with horse heart cyto-

chrome c) stimulated by cytochrome c-554 as reported previously

(Suzuki & Kwok, 198L). ft is now cl-ear that the membrane fraction

reduces the cytochrome c-554 with hydroxylamine or hydrazine very

effectively.

Yamanaka and Shinra (I974) suggested that cytochrome c-554 may

contain two molecules of heme c in the mol-ecufe, with absorption maxima

at 42l- nm and 430 nm. The suggestion is supported by the observation

that there are differences in the pattern of reduction (FiS. 3) and

oxidation (FiS. 6) of the two peaks by ammonia. The interesting observ-

ation that the 430 nm heme stays partially oxidized whil-e the 420 nm

heme is fully re-reduced after the addition of ammonia (riS. 6)

suggests that if cytochrome c-554 is indeed the electron donor for the

hypothetical- ammonia hydroxylase (as discussed later), the 430 nm heme

is very likely the heme invol-ved directly in the donation of electrons.

The observation that reduction of cytochrome c-554 by ammonia

occurs only under aerobic condition suggests that hydroxylamine, the

product of the ammonia hydroxylation reaction, is responsible for the
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reduction of the cytochrome. Endogenous substrate which can reduce

cytochrome c-554 is probably used to initiate the hydroxylation

reaction. The effect of additions of the various cytochromes on the

lag period of both the reduction of cytochrome c-554 and oxygen uptake

agrees with the idea that electrons that can be used for the hydroxyla-

tion of ammonia are drained through the cytochrome c oxidase.

The cytochrome c-554 partially reduced by hydroxyJ-amine or hydra-

zine is instantly oxidized upon the addition of ammonia or carbon mon-

oxide, the extent of oxidation depending on the concentration of

ammonia or carbon monoxide (Figs. 5 and 8). The results are consistent

with the inlerpretation that the addition of ammonia or carbon monoxide

shifts the stead.y state equilibrium between the reduction and oxidation

of cytochrome c-554. The oxidation of ammonia or carbon monoxide

1L

[ntt3 or CO + 02 + 2 cyt. c-554 (re'' ) + NHZOH or CO2 + H2O + 2 cyt.
?1

c-554 (fe"') I now competes with the reduction of cytochrome c-554 by

hydroxylamine or hydrazine still present in the reaction mixtures. In

the case of ammonia (Fig. 5) the initial rapid oxidation of cytochrome

is followed by a sl-ow reduction due to hydroxylamine produced from

ammonia, while with carbon monoxide (FiS. 8) it is followed by a

further oxidation J-eading to a complete oxidation of the cytochrome

within a shorter period of time than in the control experiment without

carbon monoxider prêsumâbì-y due to the faster exhaustion of hyd.roxy-

l-amine.

Ammonia oxidation by celÌ-free extract of Nitrosomonas europaea

was competitively inhibited by methane, carbon monoxide or methanol

(Suzuki et aI, 1976). ft vras suggested that the inhibition was due

to the competition of methane or carbon monoxide for the ammonia
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binding site of Nitrosomonas. The exact mechanism of the inhibition

was not clear. The ammonia-oxidizing activity was consistently recon-

stituted by adding Nitrosomonas cytochrome c-554 to the membrane

fraction. Using the reconstituted system, it is found that carbon

monoxide competes with ammonia in the oxidation of cytochrome c-554

reduced by hydroxyJ-amine or hydrazine (I'iS. 7). At fow ammonia concen-

tration (I mM), carbon monoxide (20 UM) inhibits the re-reduction of

cytochrome c-554 by ammonia. Such an inhibition disappears at a high

ammonia concentration (50 mM) . If cytochrome c-554 is the electron

donor for the ammonia. hydroxylase, the mechanism of the inhibition of

ammonia oxidation by carbon monoxide can.be understood.

The effect of acetylene (Figs. l-0 and 11) supports the result

\^rith intact cel-ls of Nitrosomonas where the oxidation of ammonia but

not of hydroxylamine was inhibited by acetylene (Hynes and Knowles,

1982). Acetylene; unlike carbon monoxide, methane, methanol, and

ethytene; is not a competitive inhibitor with respect to ammonia

(Suzuki et aI, L976; Suzuki et aI, l-981; Hynes and Knowles, 1982) and

is not a substrate for ammonia hydroxylase, but inhibits the hydroxyla-

tion of ammonia (Fig. 10) or carbon monoxide (nig. It).

While carbon monoxide alone was not oxidized by Nitrosomonas

cel-l-s or extracts (Suzuki et a]., 1976), it is found to be oxidized by

the Nitrosomonas reconstituted system in the presence of hydroxylamine

or hydrazine. The results in Fig. 12 and Tables 2 and 4 establish

that the Nitrosomonas membrane fraction in the presence of the cyto-

chrome c-554 oxidizes carbon monoxide with hydroxylamine or hydrazine

as electron donor and the amount of oxygen consumed agrees with the

hydroxylation of carbon monoxide. NADH cannot replace hydroxyJ-amine
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or hydrazine as electron donor. The rate of oxygen consumption in

this system was considered as a measure of ammonia hydroxylase

activity. The apparent Km values for Co (16 U¡4) ¡ NH2oH (2-3 uM),

NH2NH2 (2-3 U¡¿) and cytochrome c-554 (1.2 UM) compared favourably with

the K. value for CO (3 ul¿) in the inhibition of ammonia oxidation
f

(Suzuki et al-, 1976) and the Km vafues for NH2OH (3.6 Ul4) and NH2NH2

(  UM) in hydroxylamine cytochrome c reductase (Hooper & Nason 1965) and for

cytochrome c-554 (3.3 UM) in the reconstitution of ammonia-oxidizing

activity (Suzuki & Kwok, 198I). Hydroxylamine and hydrazine oxidation

by Nitrosomonas cell-s or extracts is also stimulated by carbon monoxide

(results not shown).

Similarities and differences between the hydroxylation of methane

by methylotrophs and the hydroxylation of ammonia by N. europaea lrrere

d.iscussed on the basis of the inhibition by different substrates and

certain chemica] compounds (V,filkinson, I975¡ Ferenci et aI, L975;

Suzuki, Lg75; Suzuki et al, 1981). Carbon monoxide' a competitive

inhibitor of methane oxidation by Methylomonas methanica (Ferenci,

I9l 4), \¡/as stoichiomeÈrically oxidized by a particulate meÍÙcrane

fraction of the organism in the presence of NADH as an electron donor

according to the equatÍon: co + 02 + NADH + H+ + Co2 + NAD+ + H2o-

Evidence that the same monooxygenase was used for both oxidation of

carbon monoxide and methane \¡/as discussed (Ferenci.et al-, 1975) - Carbon

monoxide was afso a competitive inhibitor of ammonia oxidation in

Nitrosomonas. As demonstrated, it is stoichiometrically oxidised in

the presence of hydroxyJ-amine or hydrazine as electron donors according

to the equations:
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HNO2+CO2+H2O

N2+2CO2+2H2O

Both hydroxylamine and hydrazine vrere oxidized by Nitrosomonas hydroxy-

lamine cytochrome c reductase (Hooper & Nason 1965). HydroxyJ-amine, a stable

intermediate of ammonia oxidation (Lees, ]-952), is probably the physio-

logicaÌ el-ectron donor. Although exogenous hydroxylamine is not

required for the oxidation of ammonia, there seems to be an obligatory

coupling between anmonia hydroxylation and hydroxylamine oxidation in

Nitrosomonas (Suzuki et al, 1981) .

The oxidation of carbon monoxide in the presence of hydroxylamine

or hydrazine appeared to be catalysed by a combined action of ammonia

hydroxylase and. hydroxylamine cytochrome c reductase that are present

in the membrane fraction of N. el¿repgse with cytochrome c-554 as the

el-ectron carrier. In the absence of a purified preparation of the

hydroxylase one cannot state unequivocal-J-y that carbon monoxide is

oxidised by ammonia hydroxylase, but much of the evidence points to

this being so. Both oxidations used hydroxylamine as efectron donor

and required mol-ecular oxygen and cytochrome c-554. Both ammonia and

carbon monoxide oxidized.hydroxylamine-reduced cytochrome c-554, a

critical- component in the reconstituted system.

The apparent Km values for CO (16 UM) ¡ NH2OH (2-3 UM) r NH2NH2 (2-

3 U¡a) and cytochrome c-554 (1.2 uM) compared favourably with the K.

value for CO (3 UM) in the inhibition of ammonia oxidation (Suzuki et

.!. 1916) and the Km values for NH2OH (3.6 uM) and NH2NH2 (4 pM) in

hyroxylamine cytochrome c reductase (Hooper & Nason, f965) and for

cyiochrome c-554 (3.3 U¡{) in the reconsiitution of ammonia-oxidizing

activity (Suzuki & Kwok, l-981). Carbon monoxide \,ras a strong inhibitor

NH2OH

NH2NH2

co+

2co +

t\oz

20z

+

+
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of ammonia oxidation. Al-so the two activities had the same optimal pH.

These resul-ts further confirm the concept that the initial reaction

of ammonia oxidation is very similar to that of methane oxidation (Wilkinson,

L9'75; Ferenci et al, L975¡ O'Neiff and Wilkinson' L9'77 ¡ Dalton,

19'77¡ Drozd., l-980; Suzuki et al-, L976). Carbon monoxide acts as an

alternate substrate both for methane hydroxylase (Ferenci et al, 1975)

and for ammonia hydroxylase. The hydroxylation of ammonia to hydroxy-

Iamine by Nitrosomonas cells has now been estabtished using 15NH4cl- and

1Bo2 or gzlSo (Dua et al , 19'79¡ Holl-ocher et aI, 1981) . The avail-abil--

ity of a simpÌe essay system is essential in the resol-ution and purifi-

cation of ammonia hydroxyl-ase from the membrane system. The inter-

action of the hydroxylase with carbon monoxide offers advantages over

ammonia in studies of the ammonia hyd.roxylase system. The oxidation

of carbon monoxide is a one-step oxidation with carbon dioxide as

product, which can be sensitivéIy and continuously assayed using a

carbon dioxide electrode (Ferenci et al-, L975) ' Arso' a substrate such as

carbon monoxide cannot generate any reductant through further oxidation

which might complicate the assay system. The use of carbon monoxide as

an alternate substrate and hydroxylamine or hydrazine as electron

donor to reduce cytochrome c-554 represents a promising assay system

for ammonia hydroxylase.

Experiments so far indicated that the hydroxylase enzyme is

tightly bound to the membrane fraction and is sensitive to metal

chel-ators and detergents. Meta} chelators like 2,2''bipyridyl,

diethyldithiocarbamate and potassium cyanide inhibited the hydroxylation

reaction, an observation which agrees with earlier reports that metaf ion

such as copper is invol-ved in the reaction .(Lees, 1952; Hooper & Terry, l-973)
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Detergents such as triton X-I00, sodium chol-ate, and sodium dodecyl

sulfate inhibit the reaction to a different extent. The high sensi-

tivity of the activity to Triton X-100, a non-ionic detergent which

binds only to hydrophobic proteins and generally does not cause denatur-

ation or loss of biological-. activity (Schnaitman, C.4., 1981) , seems

to indicate that the hydroxylase enzyme is hydrophobic in nature.

The solubilization and inhibition of the activity by SDS which binds

strongly to proteins is probably a result of the unfolding and irrevers-

ibl-e denaturation of the proteins.

Although peroxonitrite is unstable in neutral aqueous soJ-ution,

it is stilt likely to be invol-ved in ammonia oxidation in N. europaea.

Besides the arguments put forward by Suzuki et aI (1981). it is found

that ammonia accelerated the decomposition of peroxonitrite in alkaline

aqueous solution in the presence of cu2+, suggesting the possibte

interaction of ammonia with peroxonitrite. It is of interest to study

the stability and reactivity of peroxonitrite under hydrophobic con-

ditions. As discussed earlier, ammonia hydroxytase is likely a hydro-

phobic enzl¡me. It is possibl-e that peroxonitrite interacts with

ammonia more effectively under such hydrophobic conditions than in an

aqueous environment.

The effect of Ni(Cl¡),*= on the reduction of cytochrome c-552 is

interesÈing. The observation that the complex ion which traps nitroxyl

can rel-ease the inhibition caused by addition of excess hydroxylamine

seems to suggest that nitroxyl, a possible intermediate of hydroxylamine

oxidation, is formed and can interfere in the reduction of cytochrome

c-552 if allowed to accumulate.

The work presented supports the hypothetical, scheme of ammonia
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oxidation in N. europaea proposed. by Suzuki et al- (198I) as discussed

in the hj-storical section. The requirement of reduced cytochrome c-554

and molecular oxygen for the hydroxylation of ammonia or carbon monoxide

is demonstrated. Cytochrome c-554 ca¡ be reduced effectively by

either hydroxylamj-ne or hydrazine or endogenous substrate. NADH

stimulates the reduction of the cytochrome in the presence of ammonia.

Cytochrome c-552, if present, drains el-ectrons to the oxidase, causing

a longer 1ag in ammonia oxidation. The invol-vement of nitroxyl is

supported by the effect of nickel cyanide complex on the reduction of

cytochrome c-552.

The model- of ammonia oxidation proposed (Suzuki et al' l-981-) is

very attractive, but more work is needed to elucidate the mechanism of

ammonia oxidation. The purification of.the ammonia hydroxylase and

the study of the mechanism of ammonia interaction with peroxonitrite

are the important aspects of the work that remain to be done.
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CONCLUSTON

The work presented showed that Nitrosomonas cytochrome c-554

coul-d be partially reduced by ammonia, hydroxyl-amine, or hydrazine in

the presence of the Nitrosomonas membrane fraction. The reduced cyto-

chrome c-554 was oxidized by either ammonia or carbon monoxide,

suggesting the role of cytochrome c-554 as the efectron donor for the

hydroxylation of ammonia by the hypothetical ammonia hydroxylase. The

use of carbon monoxide as an alternate substrate represented a promis-

ing assay system for the ammonia hydroxylase.
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