Filamentous organism bulking in nutrient removal
activated sludge systems
Paper 9: Review of biochemistry of heterotrophic respiratory
metabolism

TG Casey, MC Wentzel and GA Ekama*
Department of Civil Engineering, University of Cape Town, Rondebosch 7701, Cape, South Africa

Abstract

Biochemical mechanismsfor respiration by facultative organisms are reviewed in two sequential parts. In Part I, the biochemical
reactionsinvolvedin the utilisation of substrate under aerobic and under anoxic conditionsare outlined. In Part 11, the mechanisms
which initiate, regulate, and terminate respiration under each of aerobic and anoxic conditions are described. A consequence of
Part 11 isidentification of aseriesof conditionsand mechanismsinwhich oneof theintermediatesof denitrification (nitrite, or nitric
oxide) interacts with the aerobic respiratory enzymes (the cytochrome oxidases), resulting in inhibited aerobic respiration when
organisms are aternately exposed to anoxic and aerobic conditions. This mechanism is an important aspect of a conceptual
biochemical model for facultative heterotrophic organisms developed in Paper 10 (Casey et al., 1999a).

List of symbols

AA = anoxic-aerobic

CoA = coenzymeA

ADP = adenosine diphosphate

aq = aqueous

ATP = adenosine triphosphate

ATPase = adenosine triphosphatase

cs = cysteine

cyt = cytochrome

DO = dissolved oxygen

ETP = electron transport pathway

FAD = flavin adenine dinucleotide - oxidised
FADH, = flavinadenine dinucleotide - reduced
FMN = flavin mononucleotide - oxidised
FMNH, = flavin mononucleotide - reduced

Fp = flavoprotein

g = (Qgaseous

GTP = guanosine triphosphate

hs = histidine

NAD* = nicotinamide adenine dinucleotide - oxidised
NADH = nicotinamide adenine dinuclectide - reduced
NaR = nitrate reductase

NiR = nitrite reductase

NOR = nitric oxide reductase

N,OR = nitrous oxide reductase

NO = nitric oxide

NO, = nitrite

NO, = nitrate

N, = dinitrogen

N,O = nitrous oxide

OUR = oxygen utilisation rate

Q = ubiquinone

QH, = ubiquinol (reduced ubiquinone)

TCA = tricarboxylic acid (cycle)
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Introduction

Theintention of thisreview isto outline the pertinent information
and research which contributesto an understanding of and provides
a basis for development of the conceptual respiratory model for
facultative heterotrophic organisms described in Paper 10 (Casey
et a., 1999a) of this series and the conceptual microbiological
model for bulking by AA filaments(Casey et al., 1999b, Paper 11).

A considerable portion of the information set out in this paper
iswell accepted and widely documented in the microbiology and
biochemistry literature and consequently, where general microbi-
ology and biochemistry isdescribed, itisnot referenced. However,
whereinformationimportant to thebulking hypothesisisdescribed
or where research in an areais still being extensively conducted,
references are cited to support the statements.

In the previous paper (Musvoto et al., 1999, Paper 8) of this
seriesit was concluded that a more fundamental understanding is
required of the biochemical mechanismsinvolvedinrespiration by
aerobicfacultativeorganisms. Thisisaconsequenceof thefinding
that AA filamentous organisms proliferate in activated sludge
when thisis cycled between anoxic and aerobic conditions. This
cyclingrequirestheorganismsto utilisedifferent el ectrontransport
pathways under each condition.

Toexaminethis, aliteraturereview isconducted, the objective
of whichistoidentify the principal ETPsemployed by facultative
heterotrophic organisms under aerobic, anoxic, and alternating
anoxic-aerobic conditions. This review is limited to facultative
heterotrophic organisms since these are the organismslikely to be
present under the cyclic anoxic-aerobic conditions found in acti-
vated sludge plants.

Background

Metabolism can be broadly described as the manner by which
facultative heterotrophic organisms derive energy and matter for
growth. It consistsof two processes: the enzymatic biosynthesisof
the complex molecular components of the organism itself (anabo-
lism); and the enzymatic bio-reactions which generate energy to
performthisbiosynthesis(catabolism). Theprocessof catabolism,
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but not anabolism is described in this paper and is
referred to asrespiratory metabolism. |n catabolism,
complex organic compounds (substrate) are

PROTEINS

CARBOHYDRATES LIPIDS

enzymatically degraded such that some of the elec-
trons originally present in the organic compound
(called the electron donor) are removed (oxidation)
and transferred through a sequence of controlled
biochemical reactionsto afinal compound (called a
terminal electron acceptor). In this sequence of
biochemical reactions there is arelease of chemical
energy, some of which is conserved through the
formation of the energy-rich molecule ATP. The
principal objective of the catabolic process is the
formation of ATP and without electron donors and
acceptors, thisisnot possible. The ATP produced by
thecatabolicprocessisutilised by theorganisminthe
anabolic process for the synthesis of new cell mate-
rial andin maintenanceof cell function and structure.
Facultative heterotrophic organisms could more ap-
propriately be named chemo-heterotrophs as a con-
sequence of their derivation of energy (catabolism)
from the breakdown of organic compoundsand their
derivation of the principal source of carbon for cell
synthesis (anabolism) from the same organic com-
pounds (heterotrophic). The term facultative refers
to their ability to switch between available terminal
electron acceptors in response to the environmental
conditions, oxygen (O,) under aerobic conditions,
and nitrate (NO,) and/or nitrite (NO,) under anoxic
conditions.[Note: In the field of sanitary engineer-
ing, anoxic is defined as a condition in which DO is
absent or maintained zero by biological action and
nitrate and/or nitrite is present or added in signifi-
cant quantities. The condition in which no DO,
nitrate or nitrite are present is called anaerobic. In
the bacteriological disciplines, conditions of respi-
rationwith nitrate/nitrite present and DO absent are
referred to as anaerobic respiration with nitrate/nitrite present.
The condition termed anaerobic by sanitary engineersisreferred
to as fermentation by bacteriologists]. The major catabolic bio-
chemical pathways of facultative heterotrophic organisms under
aerobicandanoxicconditionsaredescribedin Part | below andthe
mechanisms which regulate respiration are described in the suc-
ceeding Part 11.

STAGE |

Part I: Aerobic and anoxic respiration in
facultative heterotrophic organisms

Stages of respiratory metabolism (catabolism)

The processes of respiratory metabolism by heterotrophic organ-
ismswherein organic substrates, such ascarbohydrate, proteinand
lipids, are oxidised to the endproducts of H,O and CO, can be
divided into 4 stagesand conceptualised asillustratedin Fig. 1. In
Stage |, large complex organic molecules are enzymatically de-
graded (hydrolysed) tosimpler ones; carbohydratesto hexosesand
pentoses, proteins to amino acids, and lipids to fatty acids and
glycerol.

In Stage |1, the endproducts of Stage | are degraded further,
resultingin theformation of acetyl-coenzyme A (acetyl-CoA) and
carbon dioxide. For the degradation of each group of Stage |
endproducts, i.e. amino acids, hexoses/pentoses, and fatty acids/
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Figure 1

Stagewise division of substrate breakdown by facultative heterotrophic
organisms, indicating the major metabolic pathway, reactants, and

products (from Lehninger, 1975)

glyceral, different biochemical pathways are employed.

In Stage |11, the endproduct from Stage |1, acetyl-CoA, enters
the TCA cycle, acyclic sequence of reactions catalysed by aseries
of enzymes. During the cycle, the acetyl group of acetyl-CoA is
oxidised to form two molecules of CO,, eight protons (H*), four
pairs of electrons (e') and one molecule of GTP whichisenergeti-
cally equivalenttoone ATP; CoenzymeA isrecovered.[Note: The
terminology “ pairsof electrons’ isused to indicate that electrons
(e) are transported in pairs, unlike protons (H*) which can be
transported individually]. The TCA cycle is the final catabolic
pathway common to al aerobic and facultative organisms. It can
be conceptualised as the mechanism by which all the foregoing
substrates (in the form of acetyl-CoA) are converted to common
products, i.e. electronsand protons, in theform of reduced NADH
and reduced FADH.,,

In Stage 1V, the electrons and protons associated with NADH
and FADH, are removed and transferred along a pathway of
electron and proton carrier enzymes of successively lower energy
- the ETP - to a fina (terminal) electron acceptor. During the
process, much of thefreeenergy of theelectronsisconservedinthe
formof theenergy-richmolecule ATPinaprocesstermed oxidative
phosphorylation. Under aerobic conditions, the electrons and
protons are transferred to the final electron acceptor O, (with the
formation of H,O) and under anoxic conditions, electrons and
protons are transferred to nitrate (NO,) and/or nitrite (NO,’) (with
the formation of H,O and N,). With NO, or NO, as externa
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ETP for a typical facultative aerobic
heterotrophic organism indicating
the points of transfer of electrons
to the terminal oxidases and NADH —> | Fo>FeS | —> | Q || Cyth —> Cytc, [ —| Oytc
reductases.

(Adapted from Ferguson, 1982).

terminal el ectron acceptors, thegaseousproductsnitric oxide (NO)
and nitrous oxide (N, O) are produced intracellularly; these gase-
ous nitrogen oxides act as intermediate el ectron acceptors during
the formation of dinitrogen (N.,).

The ETPsfor aerobic and anoxic respiration have some com-
mon electron transferring complexes, i.e. some complexes which
areutilisedin both aerobicand anoxicrespiration; other complexes
are specific to aerobic or anoxic respiration. Figure 2 (an amalga-
mation of the ETPs proposed by Ferguson, 1982; Knowles, 1982;
Stouthamer, 1980 and Payne, 1973) illustrates the complexes
present in both the aerobic and anoxic ETPs of atypical facultative
organism. A complete description of the significant developments
in the elucidation of this pathway is given by Casey et al. (1993).
The representation of the respiratory ETP as alinear arrangement
of electron carriersis somewhat misleading in that no recognition
isgivento thelocation of each of the complexeswith respect to the
cytoplasmic membrane, or to the manner by which the location
affects the movement of electrons, protons, and intermediates of
the aerobic and anoxic pathways. In reality, the complexes are
arranged withinthe membranein amanner similar tothat shownin
Fig. 3. In this depiction, all of the respiratory complexes are
included, irrespective of whether they are synthesised under aero-
bic or anoxic conditions.

The remainder of this review is devoted to description of the
mechanisms of the aerobic and anoxic respiratory processes that
occur in Stage 1V. The mechanisms associated with aerobic
respirationarereviewed first and then those associated with anoxic
respiration.

Aerobic respiration

The respiratory enzyme complexes involved in the transfer of
electrons and protons from NADH and FADH, to the terminal
electron acceptor oxygenareshowninFig. 4whichisanadaptation
of Fig. 3 in that only the complexes synthesised under aerobic
conditions are illustrated. These are, NADH dehydrogenase,
ubiquinone(Q), cytochromebc,, cytochromec andthetwo oxidases,
cytochromes aa, and o. (Synthesis of the complexes shown in
dotted outline is repressed under aerobic conditions, an aspect
discussedingreater detail inPart 11 of thisreview.) Thecomplexes,
NADH dehydrogenase, ubiquinone, and cytochrome aa, are con-
sidered asthreeproton-pumping, energy-conserving sites, i.e. sites
at which protons are pumped from the cytoplasmic (inner) to the
periplasmic (outer) side of the membrane, this being the first step
of themechani smwhichlinksthe processesof respiration (transfer
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of electronsto oxygen) and oxidative phosphorylation (production
of the high energy molecule, ATP, from thelow energy molecule,
ADP). Usually the ETPs to cytochrome o and cytochrome aa,
operate simultaneously, with the major portion of electron flow
passing to cytochrome aa,. Cytochromeaa, and cytochromeo are
referred to as the primary and alternative oxidases, respectively.
The series of reactions catalysed by each of the complexes of the
aerobic ETP with respect to the cytoplasmic membrane are dis-
cussed below.

Although the level of microbiological and biochemical detail
presented below may seem unnecessarily fundamental in the
sanitary engineering context, it is considered necessary for the
formulation and proper understanding of the AA filament bulking
hypothesis.

NADH dehydrogenase enzyme complex

The NADH dehydrogenase enzyme complex consists of polypep-
tidechainscollectively referred to asflavoprotein (Fp) and aseries
of iron-sulphur protein complexes (designated FeS). Flavoprotein
contains a prosthetic (attached) group called flavin mononucle-
otide (FMN) or flavin which acts as the electron and proton
transferring site of the complex.

The NADH dehydrogenase complex catalyses the transfer of
two protons and a pair of electrons from NADH to ubiquinonein
three steps.

Inthefirst step, the prosthetic group, FMN of the flavoprotein
(Fp) gains protons and electronsto give the reduced form FMNH,
asfollows:

NADH + H* + FMN - FMNH, + NAD* @
In the second step, apair of electronsare transferred from FMNH,
toaseriesof iron-sul phur protein complexes(FeS) ontheperiplasmic
sideof themembrane at which point two protonsarerel eased to the
periplasm. The point a which protons are extruded through the
membrane to the periplasm is conventionally regarded asthe first
of three proton-pumping or energy-conserving positionsalong the
pathway and isreferred to as Site | (see Fig. 4).
Thereaction is asfollows:

FMNH, + 2Fe* - 2Fe* + FMN + 2H* 2

Inthethird step, apair of electronsaretransferred between the FeS

complexes, and each reduced FeS complex donatesone electronto
the next carrier in the ETP, ubiquinone (Q).
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Figure 3
ETP for a typical facultative aerobic heterotrophic organism
indicating the active site of both the aerobic and anoxic electron
transferring complexes with respect to the cytoplasmic membrane
and the three energy conserving (proton-pumping) sites.

Ubiquinone

Ubiquinone is a mobile molecule which transports el ectrons and
protons from the cytoplasmic to the periplasmic side of the mem-
brane. [Note: In the discussion of electron transfer to and from
ubiquinone, when the moleculeisintheoxidised stateitisreferred
to as ubiquinone, and when it isin the reduced stateit isreferred
to as ubiquinol]. As illustrated in Fig. 4, either of NADH and
FADH, can act as the initial electron donor. For NADH as the
initial donor, the transfer of electrons and protons is as follows:

Q (ubiquinone) + 2Fe** + 2H* ~ QH, (ubiquinal) + 2Fe** (3)

For FADH, asthe donor, thetransfer of electronsand protonsisas
follows:

Q+FADH, ~ QH,+ FAD @)

Ubiquinone transports electrons and protons to the periplasmic
sideof themembranewhereit extrudestwo protonstotheperiplasm
and transfers a pair of electrons to cytochrome b contained in the
second of the main respiratory complexes, the cytochrome bc,
complex asfollows:

QH,+2cytb (Fe") - 2cytb

Ie

o(FE) +2H"+Q ©)
The point at which two protons are transferred to the periplasmic

side of the membraneis conventionally regarded as the second of
the three energy-conserving sites, i.e. Site .
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Figure 4
ETP for a typical facultative aerobic heterotrophic organism grown
under aerobic conditions, indicating the presence of the oxidases,
and synthesis at a low level of the nitrogen oxide reductases.

Cytochrome bc, complex

An important characteristic of cytochromesin general isthat they
areabletotransfer electronsonly, unlikeNADH, NADH dehydro-
genase, FADH, and ubiquinone discussed above, which transport
both electrons and protons.

The cytochrome bc, complex containstwo sequential electron
transporting proteins, cytochrome b and cytochrome c,. The
cytochromesof thecyt bc, complex areintermediatesinthetransfer
of electrons from ubiquinal to cytochrome c, the next complex in
the pathway. Cytochromes are electron transporting proteins
whichcontainironinaprosthetic group and arereferred to ashaem
proteins. Thetransfer sequenceisfrom ubiquinol tocytbtocytc
tocytc.

Aswith the iron atom of the FeS complexes, the iron atom of
the haem group of the cytochromes alternates between an oxidised
ferric (+3) state and a reduced ferrous (+2) state during electron
transport. Regarding electron transport, it should be noted that the
haem groups of the cytochromes are able to transfer only one
electron at atime, unlike NADH, FMNH,, and ubiquinol which
transfer two electrons. Thus, even though it is not shown as such
inFig. 4, for each molecul e of ubiquinol transporting two el ectrons
and two protons, two complexes of cytochrome b, cytochrome ¢,
and cytochrome c are required.

Cytochrome ¢ complex

The cytochrome ¢ complex accepts electrons from cytochrome ¢,
of the cytochrome bc, complex and transfers them to the terminal
electron transferring complex for aerobic respiration, the cyto-
chrome oxidase complex, cytochrome aa,,.
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Cytochrome oxidase complexes

The terminal cytochrome complex in the aerobic ETP, the cyto-
chrome oxidase complexes (cytochromes aa, and o), transfer
electrons to the terminal electron acceptor, oxygen. For obligate
aerobic heterotrophic organisms, the agrobic cytochromes in the
ETP to oxygen are contained in the cytochrome aa, complex
(Poole, 1982). For facultative denitrifying organisms, an addi-
tional cytochrome oxidase complex, cytochrome o is present
(Scholesand Smith, 1968; Schulp and Stouthamer, 1970; Lam and
Nicholas, 1969a; Sapshead and Wimpenny, 1972; Willison and
John, 1979). It has been found that for facultative organisms
maintained under anoxic conditions, three to four times more
cytochrome oissynthesised than when the samefacultative organ-
isms are maintained under aerobic conditions (Sapshead and
Wimpenny, 1972). In facultative organisms undergoing aerobic
respiration, both of cytochrome aa, and cytochrome o may be
operative. The roles of cytochrome o and cytochrome aa, in
facultative organism respiration are described in the biochemical
respiratory model for facultative organismsin Paper 10 (Casey et
al., 1999a). For electron transport mediated by the cytochrome aa,
complex, cytochromes a and a, transfer electrons to oxygen in a
complex mechanismwhichisnot compl etely understood (Babcock
and Wikstrém, 1992). The cytochrome aa, complex containsfour
electrontransferring metal centres; 2ironand 2 copper. Ironatoms
are contained in each of cytochrome a and cytochrome a, and
alternatebetweenareducedferrous(+2) stateand anoxidisedferric
(+3) state during electron transport. Copper atoms are also con-
tained in each of cytochromes a and a, and also mediate electron
transport and alternatebetween areduced (+1) stateand an oxidised
(+2) state (Poole, 1982). Cytochrome a, liesinthe membrane, the
active sitelocated on the cytoplasmic side. At thissite, 4 protons
from the cytoplasm combine with an oxygen molecule and 4
electrons from the four metal centres of the cytochrome aa,
complex to form water as follows:

cyta (Fe,Cu’) + eyt a, (Fe*,Cu*) + O, + 4H"
- 2H,0 + cyt a (Fe**,Cu™) + cyt a, (Fe*, Cu®) (6)

The cytochrome aa, complex is conventionally regarded as the
third of the three energy-conserving sites, i.e. Site Ill, a which
protons are pumped across the cytoplasmic membrane to the
periplasm. The distinguishing characteristic between the cyto-
chrome aa, complex (Site 1) and the other two proton-pumping
sites, i.e. the NADH dehydrogenase complex (Site 1) and the
cytochrome bc, complex (Sitell), isthe manner by which protons
aretransferred acrossthemembrane. At Sitesl and 1, two protons
associated with the pair of electrons being transferred are gjected
to the periplasm by the proton transferring molecules, FMNH, and
ubiquinol respectively, whereas at Site Il1, proton transferring
molecules are not present. The mechanism for removing protons
from the cytoplasm to the periplasm at cytochrome aa, is thought
to be a consequence of electron transport to and from the cyto-
chrome, this transport inducing a change in the cytochrome a,
protein conformation, causing part of the complex which spansthe
membrane to gject protonsto the periplasm (Van Verseveld et a.,
1981).

Under environmental conditionsinwhich cytochromeoactsas
oxidase, electrons flow directly from ubiquinol to cytochrome o;
cytochromes bc, and ¢ are not involved. Consequently, the elec-
trons pass only two energy conserving sites, Sites | and Il for
NADH as electron donor but only one site, Site |l for FADH, as
electron donor. For NADH as electron donor, electrons are
transferred to NADH dehydrogenase, then to ubiquinone and for
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FADH, aselectron donor, to ubiquinonedirectly. For cytochrome
0 asoxidase, 4 protonsfrom the cytoplasm combinewith 1oxygen
molecule and 2 pairs of electrons (transferred from ubiquinol to
cytochrome 0) to form water as follows:

2cyto (Fe*,Cu’) + O, + 4H* - 2H, 0O + 2cyt o (Fe*, Cu*) (7)

Theenvironmental conditionsthat determinewhich of cytochrome
oor cytochromeaa, actsasterminal el ectron acceptor aredescribed
in Part |1 of thisreview.

A significant physical difference between cytochrome o and
cytochrome aa, isin the metal electron-transferring centres con-
tained in each cytochrome. Cytochrome o contains two iron-
histidine (Fe-hs) centres and one copper-histidine (Cu-hs) centre,
whereas cytochrome aa, contains both of these, and additionally a
copper-histidine-cysteine (Cu-hs-cs) centre (Babcock and Wik-
strom, 1992). The implications of this difference between the
oxidases will become apparent in Part |1 of this review where the
mechanisms of regulation of aerobic respiration are investigated.
Thisin turn hasimplications with regard to differencesin respira-
tion between filamentous and floc-forming organisms, described
fully in Paper 11 (Casey et al., 1999b), these differences forming
the basis of the AA filament bulking hypothesis.

Anoxic respiration

The description above of aerobic respiration is for conditions
where dissolved oxygen (DO) is in adequate supply. When DO
becomes limiting, facultative heterotrophs switch from oxygen to
nitrate/nitrite asterminal el ectron acceptor and respire anoxically.
For nitrate/nitrite as electron acceptor, the first three stagesillus-
trated in Fig. 1 and the greater part of the fourth stage of the ETP
continuefunctioning unchanged; adifferencein electrontransport
between aerobic and anoxic respiration becomes apparent only
after the ubiquinone complex, i.e. in the electron and proton
transferring complexesin StageV of Fig. 1. Under anoxic condi-
tions, not al of the electron-transferring complexes shownin Fig.
3 are synthesised. Figure 5 illustrates the respiratory complexes
present in a typical facultative aerobic organism grown under
anoxic conditions. Synthesis of the complexes shown in dotted
outlineisrepressed under anoxic conditions, an aspect discussedin
greater detail in Part 11 of thisreview.

Definition of terms
Organisms can utilise nitrate through two processes, assimilatory
nitrogen removal and dissimilatory nitrogen removal.
Assimilatory nitrogen removal isthe reduction of nitrate to
ammonium (NH,*), the anmonium being used for synthesis of
cellular material. Thisisananabolic process, isenergy consuming,
isnot associated with therespiratory ETPand can occur under both
aerobic and anoxic conditions. Because the process is not associ-
ated with the respiratory ETP, it is not considered further.
Dissimilatory nitrogen reductionisthereduction of nitrateto
nitrite, or nitriteto one of the more reduced gaseous nitrogen oxide
compounds, nitric oxide (NO), nitrous oxide (N,O) or dinitrogen
(N,). The processes whereby nitrate and nitrite act as terminal
electron acceptors during utilisation of organic substrate are re-
ferred to as nitrate and nitrite respiration respectively. The term
nitrate reduction applies to the reduction of nitrate to nitrite only.
The term denitrification is applied to the reduction of one of the
ionic nitrogen oxides (nitrate or nitrite), to one of the gaseous
nitrogen compounds, nitric oxide, nitrousoxide, or dinitrogen. The
pathway for denitrification is composed of anumber of sequential
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Figure 5
ETP for a typical facultative aerobic organism grown under anoxic
conditions, indicating the presence of the reductases and
cytochrome o, and the synthesis at a low level of the oxidase,
cytochrome aa,.

steps by which electrons are passed via the ETP to one of the
nitrogen oxides, to produce another more reduced nitrogen oxide.
Although opinions differ as to the intermediates produced in the
denitrification pathway, an overwhelming body of evidence has
accumulated that supports the sequential production of the inter-
mediates in the manner proposed originally by Payne (1973):

Nitrate(NO,)* ~ Nitrite(NO, ) — NitricOxide(NO )2
- Nitrous Oxide (N,0)“ — Dinitrogen (N,,)© (8)

[Note: The values in brackets are the oxidation states of the
nitrogen atom for each nitrogen oxide compound. The subscripts

and denoteaqueousand gaseousstatesrespectively]. A review
of the research which contributesto the general acceptance of this
as the standard denitrification pathway is given by Casey et al.
(1993).

The nitrogen oxides of the pathway, which comprise the more
reduced species, i.e. nitrite, nitric oxide and nitrous oxide, are
referred to asthe intermediates of the denitrification pathway and
dinitrogen asthe end-product of denitrification. Reduction of one
nitrogen oxide intermediate to another is accompanied by the
transfer of electrons along the pathway to the specific nitrogen
oxide. Reduction of each specific nitrogen oxideis catalysed by a
specific enzyme; theseenzymeshelongto agroup which generally
isreferred to asthe nitrogen oxide reductases. Specifically, these
arethenitrate-, nitrite-, nitric oxide-, and nitrous oxide reductases.
The pathways for electron flow under anoxic conditions differ,
depending on the nitrogen oxide available as terminal electron
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acceptor. With NO; as terminal electron acceptor, electrons are
transferred from NADH to NADH dehydrogenase to ubiquinone
and then directly to nitrate reductase, i.e. the electronsdo not pass
through cytochromes b, ¢, and ¢ (Fig. 5). WithNO,, NOandN,O
aselectron acceptors, electrons passfrom NADH to NADH dehy-
drogenase, to ubiquinone, to cytochrome bc, complex, to cyto-
chrome ¢ and then to nitrite-, nitric oxide-, or nitrous oxide
reductase, respectively.

Not all organisms classified as denitrifiers can execute the
entire pathway from nitrate to dinitrogen. Some organisms are
capableof executing only part of the pathway, from oneof theionic
nitrogen compounds (i.e. NO, or NO,) to one of the gaseous
nitrogen compounds(i.e. NOor N,Oor N,) andtheseorganismsare
referred to as partia denitrifiers. As mentioned above, some
organisms reduce nitrate to nitrite only and these arereferred to as
nitrate reducers.

Electron transferring complexes and energetic yield
associated with anoxic respiration

With one of the nitrogen oxides as terminal electron acceptor,
electrons pass directly from ubiquinol to nitrate reductase for
nitrate as el ectron acceptor and from ubiquinol viathe cytochrome
bc, and cytochrome ¢ complexes for the other nitrogen oxides as
electron acceptor. In contrast, with oxygen as terminal electron
acceptor, electronspassfromthecytochromebc, complex, through
cytochrome c to either cytochrome aa, or cytochrome 0. These
differencesin el ectron transport between aerobic and anoxic respi-
ration have significant implicationsfor energy conservation by the
organism. For aerobic respiration, during electron transfer from
NADH tocytochromeaa,, electronspassall three energy-conserv-
ing sites whereas for anoxic respiration, during electron transfer
from NADH to the nitrogen oxide reductases, electrons pass only
two energy-conserving sites. The consequences of these differ-
ences in the aerobic and anoxic biochemical pathways for organ-
ismsswitching between aerobic and anoxic respirationin activated
sludge processes are discussed in the biochemical model for
facultative organisms described in Paper 10 (Casey et al., 1999a).

It will be noted that in this section of the review, considerable
attention isdevoted to nitrate reductase, reflecting not so much the
particular importance of that complex in anoxic respiration, but
moreso thegreater volumeof research devotedtoit. Thissituation
has devel oped because nitrate isthefirst choice nitrogen oxide for
reduction, being the most oxidised of al the nitrogen oxides (+5),
asindicated in Eq. 8.

For the complete reduction of nitrate to dinitrogen, electrons
aretransferred through each of the nitrogen oxidereductasesto the
specific nitrogen oxides which become reduced. The complexes
NADH dehydrogenase, ubiquinone, cytochrome bc,, and cyto-
chrome c are common to the aerobic and anoxic ETPs. Their roles
in mediating electron/proton transfer have been discussed in detail
under aerobic respiration above. Therefore, only their roleinfinal
electrontransfer to the nitrogen oxidereductasesisdiscussed here.
To illustrate the mechanisms by which each reductase accepts and
transferselectrons, thestructure, function andlocationwithrespect
tothecytoplasmic membraneof eachreductaseisdescribedinturn.

Nitrate reductase

Nitrateisreduced to nitrite at nitrate reductase, the catalytic site of
which is situated on the cytoplasmic side of the membrane (John,
1977; Kristjansson et al., 1978; Alefounder and Ferguson, 1980;
Boogerd et al., 1983b). In transfer of electrons from NADH to
nitrate reductase, electrons pass sequentially through the com-
plexes of NADH dehydrogenase to ubiquinone as described for

Available on website http://www.wr c.org.za



aerobic respiration. Inthe process, thefirst of the energy conserv-
ing (proton-pumping) sites (Site 1) is passed. The transfer of
electrons through the NADH dehydrogenase complex is common
to reduction of each of the nitrogen oxidereductases. Theelectrons
then pass from ubiquinol to nitrate reductase.

Atthe catalytic site of nitrate reductase, 2 electrons are passed
tonitratewhichintheprocesstakesup 2 protonsfromtheperiplasm
to form nitrite and water as follows:

2H*+2e +NO, - NO, +H,0 9)

In the process of transferring 2 electrons to nitrate reductase,
ubiquinol gjects 2 protonsto the periplasm and establishesthe site
of NO, reduction as the second (i.e. Site Il) of the energy-
conserving sites of the anoxic respiratory pathway asindicated in
Fig. 5. This site corresponds to Site |1 of aerobic respiration at
which ubiquinol gects 2 protonsto the periplasm in the process of
transferring electrons to the cytochrome bc, complex. Thus, for
each molecule of nitrate reduced, 2 electrons originating from
NADH pass2 proton-pumping sites, Sites| and |1, at each of which
2 protons are transl ocated to the periplasm. Electrons originating
from FADH, and transferred to nitrate, pass only one proton-
pumping site, Site Il. Thus a lower energy yield results for
electrons originating from FADH, compared with electrons origi-
nating from NADH. Either of NADH or FADH, can serve as
electron donor to each of theintermediates (nitrite, nitric oxideand
nitrous oxide), but for simplification, the role of NADH only and
not FADH, is described during discussion of the mechanism of
reduction of each of the intermediates.

Given the cytoplasmic placement of the active site of nitrate
reductase, nitrate has to be translocated across the cytoplasmic
membrane, from the periplasmic (outer) to the cytoplasmic (inner)
side in order to be reduced. The literature is not clear on the
mechanism of this translocation. John (1977) proposed a trans-
membraneionic carrier specific to nitrate. Boogerd et al. (1983a)
proposed two uptakesystemsfor nitratewhich operatein sequence.
Thefirst systemisan H*-NO, symport mechanismwhich initiates
nitrate uptake and is dependent on the proton motive force (pmf)
established by the translocation of protons across the cytoplasmic
membrane. Nitrate crosses the membrane together with two or
moreprotonsduring production of ATP, andisreducedtonitriteon
the cytoplasmic side. The second proposed nitrate uptake system
isanNO,/NO, antiport, the function of whichisto takeover NO,
uptakefromthefirst system. For each nitrate moleculecrossingthe
membraneto the cytoplasm, one nitrite mol ecule woul d pass back
totheperiplasm. However, becauseno physical evidenceexistsfor
the presence of such systems, Craske and Ferguson (1986) suggest
that the nitrate reductase complex itself incorporates a nitrate-
specific channel which providesaccessfor nitrateto the active site
of its reductase.

Nitrite reductase

The function of nitrite reductase is to reduce nitrite, originating
either from the bulk solution or from the reduction of nitrate, to
nitric oxide. Nitrite reductase, situated on the periplasmic side of
the membrane (Meijer et a., 1979; Alefounder and Ferguson,
1980; Boogerd et al., 1981) accepts 1 electron from cytochrome c
and at the catalytic site of the reductase the electron is passed to
nitrite, which in the process also takes up 2 protons from the
periplasm to form nitric oxide (NO) and water as follows:

2H"+e +NO, -~ NO+H,0 (10)
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If the electron from cytochrome c originated from NADH, then it
must have passed through each of FMN, FeS, ubiquinone and
cytochrome bc,, and inits transfer passed two energy conserving
sites, Sites| and I1. Thus, for each pair of electronswhich passto
nitrite, four protons are pumped across the membrane, which is
equal to the number of protons pumped across the membrane for
each pair of electronswhich passtonitrate. Thereforetheorganism
hasabout the same energeticyield for nitrite asfor nitrate (seenote
on p. 416, bottom of 2nd column).

Thereductionof NO, ontheperiplasmic sideof themembrane
necessitates the transport of NO,” from the cytoplasm where it is
formed, to the periplasm whereit is reduced, this transport appar-
ently occurring as part of the NO,/NO, antiport mechanism
described for the movement of nitrate across the membrane.

Two different typesof nitritereductase have beenidentified: a
cytochrome complex containing haems of the c- and d-type,
referred to as cytochrome cd, and acopper-contai ning cytochrome
complex, both of which apparently perform the same function but
arepresentindifferent speciesof denitrifying organisms(Shapleigh
and Payne, 1985a).

Whereasit isindicated by Egs. 8 and 10 that nitric oxideisthe
product of nitrite reduction, the production or not of nitric oxide
through denitrification hasbeen the cause of somedispute, because
usually N, O, but not NOisdetectedindenitrifying cultures(Averill
and Tiedje, 1982; Firestone et a., 1979; Garber and Hollocher,
1981). Thisanomaly has been resolved with thefinding that under
normal denitrifying conditions, NO is maintained at constant low
concentrationsintracel luarly and isabsent extracelluarly (Carr and
Ferguson, 1990a; Goretski and Hollocher, 1990), but under ad-
verse situations (e.g. high concentrations of NO,, the presence of
toxins, or in physiologically old cells), NO can be excreted
extracelluarly (Verhoeven, 1956; VoRwinkel and Bothe, 1990).
Proof of thepresenceof NO asanintermediateinthedenitrification
pathway has important implications for the conceptual model for
facultativeheterotrophicrespirationformul atedin Paper 10 (Casey
et al., 1999a).

Nitric oxide reductase

The function of nitric oxide reductase is to reduce nitric oxide to
nitrous oxide. Considerable uncertainty exists concerning the
position of the active site of nitric oxide reductase. It has been
tentatively placed on the periplasmic side of the membrane on the
basis of proton uptake experiments (Ferguson, 1987; Stouthamer,
1988; Zumft, 1993), but thereisstill some uncertainty (Bell etal.,
1992).

A feature which distinguishes nitric oxide reductase from the
other nitrogen oxide reductasesisthat it isthe site at which the N-
N bond of N,O isformed and 2 molecules of NO are required for
theformationof 1 moleculeof N,O. Nitricoxidereductasereceives
apair of electronsfrom cytochrome c and at the catalytic site of the
reductase the electrons are passed to 2 molecules of nitric oxide
which in the process take up 2 protons to form one molecule each
of nitrous oxide and water as follows:

2H*+2e +2NO - N,O+H,0 (1)
Thepair of electronsgained by nitric oxidearetransferred between
the same complexes as electrons gained by nitrite, i.e. electrons
passthesametwo proton-pumping sites, Sites| and |1, for electrons
originating from NADH, but pass Site Il only if the electrons
originatefrom FADH,,. Thusfor each pair of electronsoriginating
from NADH and gained by nitric oxide, 4 protons are pumped
acrossthemembrane per pair of electronstransferred, whichisthe
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same ratio for the reduction of nitrite and nitrate. Thusfor either
nitric oxide, nitrite or nitrate aselectron acceptor, the organism has
asimilar energetic yield (see note at bottom of 2nd column).

Transfer of el ectronsfrom nitric oxidereductaseto nitric oxide
occursviathereactivecentreof thereductase, abc-typehaem (Carr
and Ferguson, 1990b). Although no transport mechanismhashbeen
identified for movement of nitric oxideacrossthemembrane, inall
probability, the gaseous state of the molecule alowsiit to diffuse
across the membrane. This potential for movement across the
membrane has implications with regard to interaction of nitric
oxide with cytochrome oxidase, animportant aspect in theregula-
tion of aerobic respiration described in Part 11 below.

Nitrous oxide reductase

The function of nitrous oxide reductase is to reduce nitrous oxide
todinitrogen. Nitrous oxide reductase situated on the periplasmic
side of the membrane (Boogerd et a., 1981) receives a pair of
electronsfrom cytochrome ¢ and at the catalytic site of the reduct-
ase the electrons are passed to nitrous oxide which in the process
takes up 2 protons from the periplasm as follows:

2H"+2e+N,O -~ N,+HO (12

The endproduct N, isreleased from the cell. The pair of electrons
gained by nitrous oxide are transferred between the same com-
plexes as electrons gained by each of nitrite and nitric oxide, i.e.
electrons pass the same proton pumping sites as for nitrate, nitrite
and nitric oxide.

Energetic aspects of respiration

The primary role of catabolic respiration, irrespective of whether
it occurs under aerobic or anoxic conditions, is the production of
energy for the purposes of biosynthesis of the complex molecular
components of the organism anabolism and for cell maintenance.
In the aerobic and anoxic respiratory pathways, the electrons and
protons gained from organi ¢ substrate oxidation are transported to
successively lower redox potentials during their passage between
complexes. Inthistransport pathway, free energy associated with
the electronsand protonsisreleased; aportion (about 60%) of this
free energy is conserved by the organism in the form of ATP.

In the foregoing discussion, mention was made of the three
energy-conserving sites in the ETP, alternatively referred to as
proton-pumping sites (Figs. 4 and 5). At these sites, free energy
released by the electrons is used to transport protons across the
cytoplasmic membrane. In a subsequent mechanism, termed
oxidative phosphorylation, the protonsflow back acrossthe mem-
branethrough aprotein called adenosine triphosphatase (A TPase)
and energy iscapturedin theform of high energy phosphate bonds
during the formation of ATPfrom ADP. The coupling of respira-
tion and oxidative phosphorylation was proposed in 1961 by
Mitchell and is known as the chemiosmotic theory. In short, to
generate 1 molecule of ATP, 2 protons must cross the membrane
from the periplasm to the cytoplasm viathe ATPase enzyme. One
ATPisgenerated at ATPasefor each pair of protonspumped across
the membrane at Sites|, Il or [11.

Establishing the position of the energy sites in the
electron transport pathway

The chemiosmotic theory hinges on the definite identification of

the position and function of the three proton-pumping sites
described above. Sinceidentification of thethreesitesasgivenin
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Fig. 3formsanimportant part of the conceptual model for faculta-
tive heterotrophic organism respiration described in Paper 10
(Casey etal., 1999a), itisimportant that theliteratureissufficiently
well reviewed to identify the pertinent research in thisarea. The
sites have been identified experimentally through three different
approaches:

e Comparison of the ATP yield of different substrates from the
known redox potentials of the complexes.

e Thermodynamic estimates of electron and proton flow be-
tween complexes which donate electrons at different points
aong the ETP.

< Inhibition of electron flow at specific sites on the electron
transport pathway throughtheuseof specificchemicals(Stryer,
1981).

Energetic yield associated with aerobic and anoxic
growth

Considering Fig. 3 asrepresentative of atypical facultative organ-
ism, the ATP yields can be compared for the use of oxygen under
aerobic conditions and the nitrogen oxides under anoxic condi-
tions.

Under aerobic conditions: Two cytochrome oxidases are avail-
able, cytochrome o and cytochrome aa,. For cytochrome aa, as
terminal oxidaseand with NADH aselectron donor, el ectrons pass
all three of the proton-pumping sites with the concomitant energy
conservation of 3 moles of ATP formed for the acceptance of 2
molesof electronsby 1 moleof oxygen. For thealternativeoxidase
cytochrome o as terminal oxidase, and with NADH as electron
donor, electrons pass Sites | and Il only, and the energetic yield
associated with electron flow to oxygen mediated by this enzyme
would be about %, of that associated with electron flow to oxygen
viacytochrome aa,.

Under anoxic conditions: With NADH as electron donor, elec-
tronspassonly thefirst two of thethree proton-pumping siteswith
anassoci ated energy conservationof 2molesof ATPformedfor the
acceptance of 2 moles of electrons by 1 mole of nitrogen oxide.
Experimental evidence of a cell yield with nitrogen oxides under
anoxic conditions of approximately %, of the yield with oxygen
under aerobic conditions has been presented by K oike and Hattori
(1975a), Justin and Kelly (1978), Van Verseveld et al. (1981),
Parsonage and Ferguson (1983), and Stouthamer (1988).

Although it can be concluded from the foregoing that less
energy (ATP) iscaptured with nitrogen oxidereductasescompared
with oxygen reductases, comparing the different nitrogen oxides
(NO,, NO,, NO, N,O and N,) as electron acceptors under anoxic
conditions, from experimental determinations, approximately the
sameamount of energy isgai nedintheuseof each (Hadjipetrouand
Stouthamer, 1965; KoikeandHattori, 1975b; VanVerseveldetd.,
1977; Kristjansson et al., 1978; Stouthamer et al., 1982; Garber
etal., 1982; Shapleighand Payne, 1985b). [Note: Eventhoughthe
literature demonstrates that the energy yield from the nitrate
reduction (NO, toNO,) and NO, or gaseousnitrogen oxides(NO,
N,0O) reduction (NO, to NO, NOto N,O andN,Oto N,) issimilar,
it would appear that froma proton balance acrossthe cytoplasmic
membrane this may not be so. With NO," reduction, protons are
transformed to water on the cytoplasmic side of the membrane,
whereas with the reduction of the other nitrogen oxides, protons
are transformed to water on the periplasmic side, thereby estab-
lishing a different proton motor force].
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Comparison of energetic yield of nitrate reducers and
denitrifiers

For denitrifying (i.e. from ionic to gaseous N oxide forms) organ-
isms, the reduction of two nitrateionsthrough each nitrogen oxide
intermediate to form one dinitrogen molecule requires atotal of 5
pairsof electronsasfollows: 2 pairsof electronstoreduce 2 nitrate
ionsto 2 nitriteions, 1 pair of electrons to reduce 2 nitrite ions to
2 nitric oxide molecules, 1 pair of electrons to reduce the 2 nitric
oxidemoleculesto 2 nitrousoxidemoleculesand 1 pair of electrons
to reduce 1 nitrous oxide molecule to 1 dinitrogen molecule. The
5 pairs of electrons each pass 2 energy-conserving sites, resulting
in thetransfer of 10 pairs of protons across the membrane and the
concomitant generation of 10 ATP (Fig. 5). In comparison, for
nitrate reducing organisms (NO, to NO, only), the reduction of
2 nitrateions to 2 nitrite ions requires 2 pairs of electrons, which
during transfer from NADH through the electron transferring
complexes to nitrate reductase pass the first 2 energy-conserving
sites, transferring 8 protons to the periplasmic side of the mem-
brane, resulting in the generation of 4 ATP. Onthebasisof nitrate
utilised, thisis a considerably lower yield than that gained by the
denitrifying organisms in reducing 2 nitrate ions through each
nitrogen oxideintermediate to amolecule of dinitrogen. Thus, for
conditions in which nitrate is limiting with respect to the electron
supply, denitrifying organismswould gain an energetic advantage
over the nitratereducers because they gain 10 ATPsper 2 moles of
nitrate utilised instead of 4. However, for conditions in which
nitrateisin excesswith respect to the el ectron supply, the capacity
of the denitrifiersto reduce nitrate through each intermediate does
not endow them with an energetic advantage because their energy
acquisition is not limited by the supply of nitrate. In activated
sludge systems subjected to anoxic/aerobic conditions, growth of
facultative organisms in the anoxic zoneis limited most often by
substrate (el ectron donor) availability, not by nitrate/nitritelimita-
tions. Thus, itisunlikely that denitrifierswould gain an advantage
under such conditions.

Part Il: Mechanisms of regulation of aerobic and
anoxic respiration in facultative heterotrophic
organisms

Introduction

InPart |, thebiochemical pathwaysand enzymecomplexespresent
in facultative organisms under steady-state aerobic and steady-
state anoxic conditions were described. By definition, facultative
organisms have the capability of respiring under either anoxic or
aerobic conditions. In order to determine the effect of changes
between aerobic and anoxic conditions on substrate utilisation by
facultative organismsin activated sludge, it isimportant to under-
stand how such organisms regulate the distribution of electrons
between the aerobic enzymes (oxidases) and the anoxic enzymes
(reductases) when the organisms are exposed to changes between
anoxic and aerobic conditions and additionally how the synthesis
and activity of the enzymes are affected by these changes.

Inthissection - Part 1 - itistheintention to examinethefactors
associated with initiation, regulation, and termination of aerobic
and anoxic respiration. Each of these three phenomenon involve
changes in both synthesis and activity of specific enzyme com-
plexes.

To investigate the synthesis and activity of the denitrifying
complexes of facultative organisms in pure culture, generaly,
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research workers conducted experiments with two sets of growth
conditions:

* Aerobicaly grown organisms (in which the denitrifying en-
zymes are absent and aerobic enzymes are present) were
exposed to anoxic conditions to examine how denitrifying
enzymes are synthesised and how aerobic enzymes are inacti-
vated and degraded.

e Anoxicaly grown organisms (in which the denitrifying en-
zZymes are present and aerobic enzymes are absent) were
exposed to aerobic conditions to examine how aerobic condi-
tionsaffect theactivity of thesynthesi sed denitrifying enzymes
and synthesis of the aerobic enzymes.

This approach is fortuitous in that the two sets of laboratory
experimental conditions are similar to conditions encountered in
anoxic-aerobic activated sludge systems (i.e. cyclic changesfrom
anoxic to aerobic, and from aerobic to anoxic). Because of this
similarity, findings from the pure culture organism experiments
have important implicationsfor research into mixed culture facul-
tative organism behaviour in activated sludge systems.

In thisreview, the ETP that illustrates the changes that occur
when a facultative organism is subjected to changes between
anoxic and aerobic conditionsisillustrated in Fig. 3. ThisETPhas
been developed from an accumulation of research findings with
nitrate respiring (NO, NO,) and denitrifying (NO,/NO, N,)
organismsin pureculture; anextensivediscussion of theseresearch
findingsand their rolein the conceptualisation of the ETPisgiven
by Casey et al. (1993). Note that the above distinction between
denitrification (ion to gas) and nitrate reduction (ion to ion) is
retained throughout the review.

Inthisreview and subsequent papers, anumber of key termsare
used to describe the effect of specific conditions on enzyme
development; these terms are defined below. Enzymes are either
congtitutive, implying that theenzymeisformedirrespectiveof the
environmental conditions, or inducible, indicating that the enzyme
is produced in trace amounts under all conditions, and is synthe-
sised inmuch larger amountsin the presence of aspecific substrate
for that enzyme. The synthesis of enzymes is controlled at the
genetic level, and for inducible enzymes, synthesisisinitiated by
the process of induction as described above, and the halting of
enzyme synthesis is a process referred to as repression. For an
enzymethat hasbeeninduced, synthesisedtoahighlevel, andthen
repressed, repression canbeovercomeand synthesisagaininitiated
by theonset of theconditionsthat originally induced theenzyme(or
by other conditions), and this processis described as derepression.
The rate of processes mediated by enzymes can be affected at the
molecular level by the presenceor not of thecompound being acted
on (reducedinthecaseof nitrogen oxidereduction) and thisprocess
isreferred to as activation of the enzyme. The term inactivation
thenreferstothehalting of the process mediated by theenzymedue
to lower concentrations of the molecule to be acted on.

Aerobic conditions changed to anoxic conditions

Aerobic and denitrifying enzyme synthesis under
aerobic conditions

Under aerobic conditions, the status of synthesisof theaerobic and
anoxic reductases can beillustrated as shown in Fig. 4. Enzymes
shownin dotted outline are not synthesised, or are synthesised at a
low level only. The effect of oxygen on the development of the
aerobic enzymeswas measured for Paracoccus (Pa.) denitrificans
grownat different DO concentrations; thelevel of cytochromeaa,
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in Pa. denitrificansgrown at alow DO concentration was between
the high aa, level developed under high DO concentrationsand its
absenceunder anoxic conditions(Sapshead and Wimpenny, 1972).
In these experiments, cytochrome o was synthesised under both
aerobic and anoxic/anaerobic conditions, but under aerobic condi-
tions developed to only 70% of thelevel under anoxic conditions.

Under oxygen saturation conditions, the nitrate and nitrite
reductases of Pa. denitrificanswere measured at alow level (Lam
and Nicholas, 1969a), and similar resultswere noted for the nitrate
reductaseof thenitratereducing organism, Escherichiacoli (Showe
and De Moss, 1968).

Requirements for induction of denitrifying enzyme
synthesis

Considerablevariability existsbetween organismsintheir require-
ments for synthesis of the denitrifying enzymes. These require-
ments can be summarised as follows:

e Theminimum requirementsfor most facultative organismsfor
induction (initialisation) of synthesis of the nitrogen oxide
reductases are low levels of oxygen or its absence (Bacillus
licheniformis, Schulpand Stouthamer, 1970; Proteusmirabilis,
De Groot and Stouthamer, 1970; Pseudomonas (Ps.) stutzeri,
Kodama, 1970; Ps. perfectomarinus, Payne et al., 1971).

»  Some facultative organismsrequire the absence of oxygen for
derepression of thenitrogen oxide reductasesand additionally,
thepresence of the specific nitrogen oxidewhichisthereactant
for the reductase, for induction of synthesis of each nitrogen
oxidereductase (Pa. denitrificans, Lamand Nicholas, 1969b,c;
Klebsiella aerogenes, Pichinoty and d’ Ornano, 1961; Alcali-
genes faecalis, Kakutani et al., 1981; Flavobacterium sp.,
Firestone and Tiedje, 1979).

» For organisms that require only the absence of oxygen for
induction of reductase synthesis (and not the presence of the
reactant nitrate and/or nitrite), thereductasesare synthesised to
only about 40% of thelevel towhichthey are synthesised when
the organisms are exposed to conditions under which oxygen
isabsent and nitrate/nitriteis present. For virtually all faculta-
tive organisms, maximum levels of the reductases are synthe-
sised only in the presence of the specific nitrogen oxidewhich
isthe reactant for the reductase.

To examinethe relative importance of oxygen and nitrate concen-
tration in the synthesis of nitrate reductase, Pa. denitrificans was
grown at different concentrations of oxygen with nitrate present
(Sapshead and Wimpenny, 1972). At a high concentration of
oxygen, synthesis of nitrate reductase was repressed, irrespective
of thepresenceor absenceof nitrate. However, astheconcentration
of oxygen was reduced in successive experiments, the relative
importance of nitrate in the induction of synthesis of nitrate
reductase increased, such that at a very low concentration of
oxygen or under anoxic conditions, the presence or absence of
nitrate was of primary importance in determining the levels to
which nitrate reductase was synthesised.

Regulation of synthesis and activity of the denitrifying
enzymes under anoxic conditions

Under anoxic conditions, denitrification is regulated by both con-
trol of enzyme synthesis and control of enzyme activity. Control
of the synthesis of the reductasesis exerted at the level of expres-
sion of the specific gene for synthesis of the reductases. More
fundamental details of this mechanism are given by Casey et al.
(1993). Control of the activity of the denitrifying enzymes under
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anoxic conditionsinvol vescomplexinteractionsbetweenthenitro-
gen oxides and the nitrogen oxide reductases. Theinteractionsare
virtually general for all facultative organismsin that the nitrogen
oxidesactivatetheir ownreductasesandinactivateother reductases.
No reports appear to have been published for nitric oxide with
nitrate reductase and nitrate with nitrous oxide reductase. In the
only conflicting research finding, the interaction of nitrate with
nitrite reductase has been reported not asrepressive but as activat-
ing. However, thisresult may have been due to the production of
nitritefrom nitratereduction, thenitritein turn activating thenitrite
reductase. The nett effect of the interactions between each of the
reductases and the oxides is that none of the nitrogen oxide
intermediates (NO,’, NO, N,O), increase to high concentrations
intracellulary. The references for the experimental work con-
ducted on theinteractions between each of the nitrogen oxidesand
the nitrogen oxide reductases under anoxic conditions are too
numerousto list here, but are given by Casey et a. (1993).

Anoxic conditions changed to aerobic conditions

Effect of aerobic growth conditions on the activity and
synthesis of the denitrifying enzymes of organisms
isolated from activated sludge
Inthework reviewedthusfar, theeffectson aerobicand denitrifying
enzymesof switching from aerobic to anoxic conditionshave been
examined for organisms in pure culture. Before examining the
effect on pure culture of switching from anoxic to aerobic condi-
tions (i.e. the reverse of the switch from aerobic to anoxic condi-
tions discussed above), the effect of switching from anoxic to
aerobic conditions on aerobic and denitrifying enzymesin faculta-
tive organisms isolated from activated sludge is discussed first.
For 24 facultative organisms isolated from anoxic-aerobic
activated sludge systems, the effect of oxygen varied from total
repression of nitrate reductase synthesis in some species to near
non-repression in others (Krul and Veeningen, 1977). Inasimilar
investigation (Simpkin and Boyle, 1988), thelevelsof synthesisof
nitrate and nitrite reductase were analysed when activated sludge
wassubjected to variousaerobi c and anoxic conditions; the synthe-
sis of these reductases was repressed by not more than 50% upon
exposure to completely aerobic conditions, but this reduced syn-
thesis could not account for the very low rates of nitrate and nitrite
reduction measured following a change from anoxic to aerobic
conditions. It was concluded that the DO hasasignificantly greater
affect on the activity of the reductases than on their synthesis.

Inhibition of activity and repression of synthesis by
oxygen of the denitrifying enzymes in pure culture
organisms

It is generally accepted that the inhibitory effect of oxygen on
denitrification results from two mechanisms: inactivation of the
electron transferring mechanism of thereductases, and repression
of synthesisof thereductases. |nactivationhasanimmediateeffect
ontherateof denitrification whereasrepressionismorelong term,
resulting in decreasing levels of the reductases with time. From
work conducted with Hyphomicrobium X (Meiberg et al., 1980)
and Thiobacillus denitrificans (Justin and Kelly, 1978), it was
concluded that at low concentrations of DO, the activity of the
nitrogen oxide reductasesisinhibited and at higher concentrations
of DO, synthesis of the enzymesiis repressed.
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Mechanisms of repression of synthesis by oxygen of
the denitrifying enzymes

Korner and Zumft (1989) established that for Ps. stutzeri subjected
to conditions of gradually decreasing DO concentration, the
reductaseswere synthesised intheorder nitrate-, nitrite-, and nitric
oxide reductase (no result was reported for the synthesis of nitrous
oxidereductase). Assuming that nitrous oxide reductase would be
synthesised subsequent to the synthesis of nitric oxidereductase, it
would be logical to assume that for an organism grown under
anoxic conditions (all reductasesfully developed), and exposed to
increasing DO concentrations, synthesi sof thereductaseswoul d be
inhibited in the order, nitrous oxide-, nitric oxide-, nitrite-, and
nitrate reductase.

Mechanisms of inactivation of the denitrifying
enzymes by oxygen

Tiedje (1985) concluded that for a given oxygen concentration at
whichtheactivity of aspecific reductaseisaffected, thereductases
for the increasingly more reduced nitrogen oxides are affected at
increasingly lower concentrations of oxygen, e.g. the activity of
nitrous oxide reductase is inhibited at a lower concentration of
oxygenthantheactivity of nitriteor nitratereductase. |nagreement
with this result, Hochstein et a. (1984) demonstrated that for the
activities of the reductases of Pa. halodenitrificans, the order for
decreasing sensitivity to oxygen is nitrous oxide-, nitrite-, and
nitrate reductase. [Note: Because of its instability in aerobic envi-
ronments, nitric oxide rarely appears as an external intermediate
during inhibition of nitrogen oxide activity by oxygen. In experi-
ments such as those described above, nitric oxide activity was not
measured and consequently the workers did not consider nitric
oxide asan obligatory intermediate in the denitrification pathway
and thus did not consider the effect of oxygen on nitric oxide
reductase]. Under conditions of increasing concentration of DO,
but sufficiently low so that enzyme synthesiswasnot repressed, the
products and intermediates of denitrification appeared in the order
dinitrogen, nitrous oxide, and then nitrite. The hierarchy for the
effect of oxygen ontheactivity of the reductasesisthe sameasthe
hierarchy for the effect of oxygen on their synthesis.

From these investigations, inactivation of the denitrifying
enzymes under aerobic conditions was hypothesised to occur by
one or more of the following three mechanisms. [Note: A fourth
mechanism by which oxygen could inactivate the nitrogen oxide
reductases is through direct attachment to, or reaction with the
reductases, in a manner which preventsthetransfer of electronsto
the nitrogen oxide electron acceptors. However, in research into
this effect no such mechanism has yet been found].

e Changes in the redox potential of the ETP results

in electron flow to the reductases

Extracelluar oxygen ensuresthe presence of intracellular oxy-
gen, which affectstheintracellular redox potential of the ETP
of theorganism by acting asan el ectron acceptor at cytochrome
oxidase, increasing the redox potential at the oxidase, thereby
increasing electron flow to it, and reducing electron flow to
other parts of the ETP (Payne, 1973; Stouthamer, 1988).

e Non-insertion of subunits of nitrate reductase into
the cytoplasmic membrane prevents transport of
electrons from electron transferring complexes to
nitrate reductase
Nitrate reductase is composed of three subunits, labelled a, 3
andy (Craskeand Ferguson, 1986), each of which hasaspecific
roleinthetransfer of electronsto nitrate (Ingledew and Poole,
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1984; Stouthamer, 1988; Stewart, 1988; Enoch and Lester,
1974; MacGregor, 19753, b, 1976). Stewart (1988) suggests
that theincorporation of nitratereductase subunits a and 3into
the membrane requires electron flow, and because oxygen
preventselectron flow to nitrate reductase, the subunits cannot
beincorporated in the presence of oxygen. Thisproposal was
based onthefinding of Hackett and MacGregor (1981) with E.
coli in which synthesis of the y-subunit occurs only in the
absenceof oxygen and presenceof nitrate, andincorporation of
the nitrate reductase subunits o and 13 into the membrane is
blocked following a shift from anoxic to aerobic conditions.

e Nitrate movement across the cytoplasmic
membrane regulated through changes in its
permeability
The two mechanisms above describe the manner by which
oxygen could regulate nitrate reduction through control of the
transfer of electrons to and from nitrate reductase. Attention
has been directed al so at therol e of the cytoplasmic membrane
in restricting nitrate movement to nitrate reductase under
aerobic conditions (Alefounder and Ferguson, 1980). Four
experimentscan beviewed asinstrumental in the promotion of
this mechanism as a primary means of restricting nitrate
reduction under aerobic conditions and these are listed bel ow:
(i) Intact cells[i.e. nitrate reductase on the cytoplasmic (in-

ner) side, seeFig. 4], of denitrifying Pa. denitrificansdid
not reduce nitrate under aerobic conditions. However,
inside-out membranevesicles, i.e. part of Pa. denitrificans’
cytoplasmic membranes were manipulated to function
“inside-out” (so that access of nitrate to nitrate reductase
was not prevented by the cytoplasmic membrane) did
reduce nitrate under aerobic conditions (John, 1977).

(ii) The cytoplasmic membrane of cells of Pa. denitrificans
was made permeable to nitrate by the addition of the
chemical Triton X-100, to allow passage of nitrate to its
reductase - the simultaneous reduction of oxygen and
nitrate was observed under aerobic conditions. In the
absence of Triton X-100, nitrate was not reduced under
aerobic conditions (Alefounder and Ferguson, 1980;
Kuceraet a., 1983b).

(iii) The addition of transmembrane nitrate carriers such as
benzy! or heptyl viologen radicals allow nitrate reduction
under aerobic conditionswith E. coli. Without such carri-
ersnitratereductiondid not occur under aerobic conditions
(Noji and Taniguchi, 1987).

(iv) Atlow and high concentrations of oxygen, nitrate reduc-
tion did not occur inintact cells of Ps. aeruginosa, but in
cell extracts of the same organism in which the cytoplas-
mic membrane was destroyed, nitrate reduction was ob-
served (Hernandez and Rowe, 1987, 1988).

These experiments provide strong evidence that under aerobic
conditions the membrane becomes impermeable to nitrate (i.e.
restricts the movement of nitrate across the membrane), thereby
limiting nitrate reduction. In afifth experiment, in which a non-
limiting supply of electrons (in the form of the chemical
dihydroquinone) was supplied to the nitrate reductase of Pa.
denitrificans under aerobic conditions, no nitrate reduction was
observed (Alefounder et al ., 1983). Thisindicatesthat restriction of
electron flow to the reductases dueto the presence of oxygenisnot
asignificant mechanism for decreasing reduction of nitrate under
aerobic conditions.
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An additional finding in (iv) above was that, in intact cells,
athough nitrate reduction was prevented at both low and high DO
concentrations, nitrite reduction was not inhibited at low DO
concentrations, andwasonly partially inhibited at high DO concen-
trations (Hernandez and Rowe, 1987). Thisisduetodifferencesin
position betweentheactivesitesof nitrateand nitritereductase; the
activesiteof nitratereductaseissituated on the cytoplasmic (inner)
side of the membrane and the active site of nitrite reductase on the
periplasmic (outer) side (see Fig. 3). Reduction of nitrite from
external sources is not affected by the impermeability of the
membrane because it is not necessary for extracelluar nitrite to
cross the membrane to the active site of its reductase. If the only
source of nitriteisintracellular (i.e. from cytoplasmically reduced
nitrate) then regulation of nitrate movement across the membrane
by oxygen would represent a primary mechanism by which the
wholedenitrification pathway could becontrolled. However, if an
extracelluar source of nitriteis available under aerobic conditions
(e.g. from oxidation of ammonium by nitrifiersin amixed culture
such asactivated sludge, or through direct nitritedosing in control-
led laboratory conditions), then control by oxygen of membrane
permeability to movement of nitratewill not regul atethereduction
of nitrite or the nitrogen oxides which result from the reduction of
nitrite (i.e. nitric oxide and nitrous oxide). Thisimpliesthat under
aerobic conditions the gaseous intermediates, nitric oxide and
nitrous oxide are not restricted in their movement across the
cytoplasmicmembrane. Therefore, if thereareno‘ external’ sources
of nitrate, thewhole of the denitrification pathway iscontrolled by
the extent of the permeability of the cytoplasmic membrane to
nitrate.

Mechanisms of regulation of aerobic respiration

An unusud finding in experiment (ii) described above, was that
when the membranes of cells of Pa. denitrificans were made
permeablewith Triton X-100 under aerobic conditions, nitratewas
reduced to nitriteintracel lularly and when acertain nitrite concen-
tration was attained, electron flow to cytochrome oxidase was
reduced and electron flow to the nitrogen oxide reductases was
increased (Kuceraet al., 1983b). Thisfinding has major implica-
tionswithregardtoaerobicrespirationinthepresenceof nitrateand
is of crucia importance to the biochemical model for aerobic
facultative organism respiration developed in Paper 10 (Casey et
al., 1999a) and is reviewed in greater detail below. Because the
inhibition of oxidase activity was a consequence of an increasein
nitriteconcentration, thereview focusesfirstly ontheinteraction of
cytochrome oxidase with nitrite and nitric oxide.

Inhibition of aerobic respiration by nitrite and nitric
oxide

Roweet a. (1979) observed that nitriteinhibited oxygen uptakein
Ps. aeruginosa, but that nitrite did not inhibit oxygen uptake in
specially prepared organisms which lacked nitrite reductase. No
explanation was proposed by the authors. With Pa. denitrificans,
Kuceraand Dadak (1983) examined electron flow to cytochrome
oxidase and nitrite reductase under aerobic conditions. Anuncou-
pling chemical wasadded to reducethetransmembrane potential of
the cytoplasmic membrane, allowing movement of nitrite across
themembrane. Electronflow to cytochromeoxidasedecreased and
electronflow tonitritereductaseincreased, theworkersconcluding
that nitriteinhibitsel ectronflow to cytochromeoxidaseby interact-
ing with that oxidase. With Ps. aeruginosa, Yang (1985) con-
cluded that inhibition of aerobic respiration by nitritewasby direct
inhibition at cytochrome oxidase. No inhibition was measured in
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experiments in which nitrate was added; the reasons for this will
become apparent from the work reviewed below.

However, studies subsequent to those above indicated that
inhibition may not be due to the presence of nitrite per se. From
experimentswith Pa. denitrificans, Kuceraet al. (1986) concluded
that adecreasein oxidase activity following anincreasein electron
flow to nitrite reductase was caused by the production of an
inhibitory but unidentified intermediate resulting from the reduc-
tion of nitrite, possibly one of the denitrification intermediates,
nitric oxide or nitrous oxide. To determine if either of these
intermediates could inhibit oxidase activity, nitric oxide and ni-
trous oxide were added separately to membrane vesicles of Pa.
denitrificans; nitric oxide severely inhibited oxidase activity but
nitrous oxide had no effect. As a further indication that the
inhibitory agent is a product of nitrite reduction, a culture of
aerobically grown Pa. denitrificans (i.e. lacking nitrite reductase
and thereforeal so not ableto produce nitric oxideor nitrous oxide)
demonstrated uninhibited oxidase activity inthe presenceof nitrite
(Kuceraet ., 1986). In experimentsto determine whether nitrite
could be reduced aerobically and to determine the identity of the
inhibitory product, Kucera et al. (1987) demonstrated that nitrite
can be reduced to nitric oxide under aerobic conditions. This
finding forms a cornerstone of the biochemical model outlined in
Paper 10 (Casey et al., 1999a) and establishes some of the funda-
mental background to the model for bulking by AA filaments
outlined in Paper 11 (Casey et al., 1999b).

Results similar to those described above for pure culture
denitrifying organismshavebeenfound alsofor organismsisol ated
from activated sludge from a domestic sewage treatment plant.
Krul (1976) examined the effect of nitrate, nitrite and nitric oxide
on the OUR of an anoxically grown (with nitrate) Alcaligenes sp.
isolated from activated sludge which had experienced anoxic
conditions. Nitrate inhibited the OUR under aerobic conditions
only when the DO concentration was less than 0.5 mgO/¢, nitrite
inhibited the OUR only when the DO concentration was |less than
2.0 mgO/t, and nitric oxide inhibited the OUR even when the DO
concentration was as high as 4.0 mgO/{. Indeed, with nitric oxide
addition, the OUR was suppressed to such an extent that the
organism utilised nitrate and nitrite at rates similar to the rates of
utilisation of nitrate and nitrite under anoxic conditions.

From these experiments, two important conclusions can be
drawn concerning reduction of nitrate and nitrite under aerobic
conditions:

« Inhibition of oxidase activity results from the interaction of
nitric oxidewith cytochrome oxidase and not from theinterac-
tionof nitrate, nitriteor nitrousoxidewith cytochromeoxidase;
inhibition of oxidase activity resulting from the addition of
nitrate or nitrite is due to nitric oxide formation from the
reduction of nitrateand nitrite, and not nitrateand nitrite per se.

«  Whennitric oxideinhibitstheflow of electronsto cytochrome
oxidase, a large proportion of electrons are diverted to the
denitrification ETP, and nitrate and nitrite can be reduced.

Mechanism of inhibition of oxidase activity by nitric
oxide

Although the experimental work described above demonstrated
that the most likely inhibitory denitrification intermediateisnitric
oxide, the work did not describe the mechanism of biochemical
inhibition. Four possible mechanisms are outlined below and the
evidence for and against each is briefly presented:

Available on website http://www.wr c.org.za



(1) Nitric oxide accepts electrons directly from cytochrome oxi-
dase, thereby reducing the transfer of electrons from cyto-
chrome oxidase to oxygen: While thisis an obvious mecha-
nism, there is little information available that supports it -
indeed there is evidence against it, vizz Enzymes have a
reactive site configuration specific to the molecule to be
reduced (Robertis and Robertis, 1980) and it is unlikely that
nitric oxide would by chance havethe correct configuration to
effect electron transfer from cytochrome oxidase.

(2) The extremely reactive nature of nitric oxide with dissolved
intracellular molecular oxygen preventsoxygen attainingits
site of reduction at cytochrome oxidase: For this mechanism
also, there appears to be more evidence against it than for it:
Carr and Ferguson (1990a) demonstrated that the nitric oxide
reductase of Pa. denitrificans maintained the steady-state
concentration of dissolved nitric oxide sufficiently low that
reaction with oxygen was insignificant, but sufficiently high
that reaction with the active site of cytochrome oxidase would
inhibit oxygen reduction.

(3) Under aerobic conditions, electrons are directed away from
cytochrome oxidase to the nitrogen oxide reductases by an
intracellular redox effect dueto the presence of nitric oxide:
In support of this mechanism, Kucera et al. (1983a) proposed
from experimental observation that under anoxic conditions,
electron distribution between reductases is effected by redox
control exerted by the concentration of the denitrification
intermediates, and proposed that control of nitratereduction by
oxygen is effected by the same mechanism, thereby making it
feasible that inhibition of oxidase activity by nitric oxide also
occurs by the same mechanism.

4

=

Nitric oxide interacts with cytochrome oxidase to form a
complex which cannot then transfer electrons to oxygen:
Nitric oxide has a particular affinity for proteins containing
haem, iron-sulphur, and copper, al of which form metal-
nitrosyl (NO-) complexes(Henry etal., 1991). A discussion of
the reactivity of nitric oxide with these proteins is given by
Zumft (1993). Asdescribedin Part | of this paper, facultative
organisms have two oxidases (cytochrome o and cytochrome
aa,) and it is not apparent which of the oxidasesis the subject
of inhibition by nitric oxide. Work by Yang (1982) with Pa.
denitrificansand Casella et a. (1986, 1988) with a Rhizobium
“hedysari” strain concluded that inhibited aerobic respiration
isaresult of theinhibition of cytochrome o, thisbeing the only
oxidase synthesi sed under anoxic growth conditionsandthere-
fore the only oxidase immediately present under subsequent
aerobic test conditions. Such experiments however do not
necessarily exclude cytochrome aa, as also being subject to
inhibition. Babcock and Wikstrom (1992) model cytochrome
aa, as having one Fe and two Cu electron transferring centres,
and cytochrome o as having one Fe and one Cu electron
transferring centre, the inference from this work being that
nitric oxide may not necessarily interact similarly with each of
the two oxidases.

Considering the four mechanisms of inhibition: for (1) and (2)
thereis sufficient evidence to discard them. Mechanisms (3) and
(4) have considerabl e supporting evidenceand areimportantin the
development of a conceptual biochemica model for inhibition of
aerobic respiration in facultative organisms described in Paper 10
(Casey et al., 1999a).
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Aerobic denitrification

From the review of inhibition of aerobic respiration it can be
concluded that denitrification can occur under aerobic conditions,
termed aerobic denitrification. Thisisaconseguenceof thefinding
that nitrite and nitric oxide, but not nitrate can be reduced under
aerobicconditions: Theactivesiteof nitratereductaseissituated on
the cytoplasmic side of the membrane and because oxygen makes
themembraneimpermeabletonitratemovement, thenitrate cannot
reach the nitrate reductase under aerobic conditions. The active
sites of nitrite reductase and nitric oxide reductase are on the
periplasmic side of the membrane and externally produced nitrite
isnot required to crossthe membraneto bereduced. Accordingly,
nitritecan bereduced under aerobi c conditionsand theend-product
nitric oxide can also be reduced on the periplasmic side of the
membrane. The capacity of organisms for aerobic denitrification
has been an area of debate for some time. The literature records
claims for its occurrence among a great diversity of facultative
organisms(Skermanetal., 1951; Mechsner and Wuhrmann, 1963;
Hernandez and Rowe, 1987; Robertsonand Kuenen, 1983, 1984a;
b, 1990). The majority of literature is concerned with aerobic
denitrification of nitrate, not nitrite, and it appearsthat the reports
of aerobic denitrification of nitrate can be attributed to organism
tolerance of reduced oxygen levels, not re-direction of electronsto
nitrite reductase due to inhibition of cytochrome oxidase by nitric
oxide as described above. However, aerobic denitrification of
nitriteand nitric oxideby re-direction of electronsformsanintegral
part of the conceptual biochemica model for facultative organism
respiration and inhibition postulated in Paper 10 (Casey et d.,
1999a).

Conclusions

In this paper areview of literature concerned with the respiration
of facultative organisms was conducted in two parts: Part |
reviewed the biochemical mechanisms involved in utilisation of
substrate for aerobic and anoxic respiratory processes, and the
effect of the presence of oxygen, the absence of oxygen, and the
presence of nitrogen oxides on synthesis of the aerobic and anoxic
electron transferring complexes of the electron transport pathway
(ETP); Part 1l reviewed the mechanisms which initiate, regul ate,
and terminate aerobic and anoxic respiration.
Tosummarisebriefly, themajor conclusionsof thereview are:

From Part I:

¢ AnETPcanbedescribed which servesasageneral pathway for
facultative aerobic organisms, representing the major electron
transferring complexes and sequences.

« For facultative organisms respiring under aerobic conditions,
cytochromeaa, issynthesisedtoahighlevel, and cytochrome o
and the denitrifying electron transport complexes (the
reductases) are at a low level. For facultative organisms
respiring under anoxic conditions, the reductases are synthe-
sised to ahigh level and oxidases, cytochromes aa, and o, are
synthesised to alower and higher level respectively than their
levels under aerobic conditions.

* Fromthe general ETP for facultative organisms, mechanisms
resulting in lower yields under anoxic than aerobic condition
areidentifiable; aconsequence of electrons passing only two,
and not the three available proton-pumping (energy-conserv-
ing) sites.
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From Part II:

» For facultative organisms initially respiring under aerobic
conditionsandthentransferredtoanoxic conditions, theoxidases
areinactivated, and synthesis of the reductasesisinitiated.

* The nitrogen oxides regulate activity and synthesis of the
reductases under anoxic conditions; the nitrogen oxides acti-
vate and promote synthesis of their own reductases and inacti-
vate and inhibit synthesis of other reductases.

» For facultative organismsinitially respiring under anoxic con-
ditions, then transferred to aerobic conditions, three mecha-
nisms have an effect on, or result in inactivation of nitrate
reductase:

The presence of oxygen affects the intracellular potential
of the organism, increasing electron flow to the oxidases,
and reducing electron flow to the reductases.

Oxygen prevents insertion of nitrate reductase subunits
into the cytoplasmic membrane, preventing el ectron trans-
port to nitrate.

Oxygen reducesthe permeability of the cytoplasmic mem-
brane to nitrate, thereby reducing the accessibility of ni-
trate to its reductase.

» Forfacultativeorganismssubjected tothe conditionsdescribed
above, nitrite reduction is only partialy inhibited, i.e. as a
consequence of thereduced availability of electrons, but not as
a conseguence of the reduced access of nitrite to its reductase
which islocated on the periplasmic side of the membrane.

» For organisms subjected to the conditions described above,
intracellular nitric oxide which accumulates under anoxic
conditions, inhibits oxidase activity (aerobic respiration) and
promotes denitrification of nitrite under subsequent aerobic
conditions (aerobic denitrification).

The important characteristics of the ETP reviewed above are
assembl ed into abiochemical model for anoxic-aerobic behaviour
of facultative organisms which is described in Paper 10 (Casey et
a., 1999a). Thismodel formsthebasisfor formulatingahypothesis
for anoxic-aerobic (AA) (formerly referredto aslow F/M) filament
bulking in anoxic-aerobic (N removal) and anaerobic-anoxic-
aerobic (N& Premoval) activated sludge systems. Thishypothesis
with supporting evidence is presented in Paper 11 (Casey et a.,
1999b).
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