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Abstract

This chapter covers one of the microbiological steps of the
nitrogen cycle, nitrification, which is the biological oxidation
of reduced forms of inorganic nitrogen to nitrite and nitrate.
Nitrifying bacteria use the oxidation of inorganic nitrogen com-
pounds as their major energy source. Reactions are catalyzed by
two physiological groups of bacteria: ammonia-oxidizing bacte-
ria, which gain energy from oxidation of ammonia to nitrite,
and nitrite-oxidizing bacteria, which thrive by oxidizing nitrite
to nitrate. Because of the toxic nature of nitrite, its rapid con-
version to nitrate, assimilated by plants and microorganisms, is
essential. Ammonia oxidizers are lithoautotrophic organisms
using carbon dioxide as the main carbon source; ammonia
monooxygenase oxidizes ammonia to hydroxylamine, which is
converted to nitrite by the hydroxylamine oxidoreductase. When
grown lithotrophically with nitrite, nitrite is oxidized to nitrate
by the nitrite oxidoreductase and the oxygen atom in the nitrate
molecule is derived from water. The enzyme also reduces
nitrite to nitrate when Nitrobacter strains are grown heterotro-
phically in the presence of nitrate. Detailed schemes for electron
flow and energy transduction as well as energy generation
schemes are outlined and the role of nitrifying bacteria in the
environment highlighted. The two groups of nitrifying bacteria
are phylogenetically unrelated, as they are found in different
classes of Proteobacteria and members of the nitrite oxidizers
are even found in different phyla. This chapter also covers
the physiology and phylogeny of recently detected anaerobic
ammonium-oxidizing deep-branching members of the phylum
Planctomycetes and of Nitrosomonas eutropha.

Introduction

Life depends on the element nitrogen. In nature, nitrogen exists
mainly in the oxidation states -III (NH3), O (N,), +I (N,O),
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Nitrogen cycle mediated by the biosphere

+II (NO), +1II (NO, "), +IV (NO,), and +V (NO; ). Owing to
nitrogen transformations by the activity of living organisms and
to chemical instability, any form of oxidation state has only
a transient existence. Dinitrogen (N,) is the most inert and
frequent constituent of the atmosphere.

Taking into account also abiotic transformations, three
cycles of nitrogen can be distinguished:

1. The cycle of the atmosphere
2. The interaction between the atmosphere and the biosphere
3. The cycle of the biosphere

The nitrogen cycle mediated by the biosphere (© Fig. 3.1)
can also be characterized by mobilization and immobilization of
nitrogen compounds. Most of the reactions are catalyzed exclu-
sively by prokaryotes. By microbial nitrogen fixation, dinitrogen
is reduced to ammonia and subsequently transferred to amino
acids and assimilated into cell material. On the other hand,
ammonia is released from organic nitrogen compounds by
microbial activity called “ammonification” or “mineralization.”
Ammonia (NH;)/ammonium (NH,") is the most frequently
found form of nitrogen in the biosphere and is transferred
efficiently over long distances via volatilization. In contrast,
nitrite is wusually found in trace amounts in aerobic
habitats and only accumulates at low oxygen partial pressure,
for example, in soil with high water potential. Because of the
toxicity of nitrite for living organisms, the maintenance of low
nitrite concentration in aerobic habitats is essential. Under oxic

conditions, ammonia and nitrite are not stable and

» soil organic
matter

/

are converted to nitrate by nitrifying bacteria. Nitrification,
the biological oxidation of reduced forms of inorganic nitrogen
to nitrite and nitrate, is catalyzed by two physiological groups of
bacteria. Ammonia-oxidizing bacteria, which use ammonia
and not ammonium as substrate (Suzuki et al. 1974),
gain energy from oxidation of ammonia to nitrite, and
nitrite-oxidizing bacteria thrive by oxidizing nitrite to nitrate.
In seawater and freshwater as well as in soil, nitrite produced by
the ammonia oxidizers is immediately consumed by nitrite
oxidizers, and thus, the nitrite concentration is extremely low
in these environments (El-Demerdash and Ottow 1983; Schmidt
1982). Nitrate can be assimilated by plants and microorganisms.
Under anoxic or oxygen-limited conditions, nitrate is used
as electron acceptor for anaerobic respiration (if organic matter
is available) and thereby converted to ammonia (respiratory
ammonification) or dinitrogen (denitrification).

This chapter focuses on nitrifying bacteria, which use the
oxidation of inorganic nitrogen compounds as their major
energy source. Lithotrophic nitrifiers are Gram-negative bacte-
ria and conventionally have been placed in the family
Nitrobacter iaceae (Buchanan 1917; Watson 1971; Watson
et al. 1989). However, phylogenetically the lithoautotrophic
ammonia oxidizers, characterized by the prefix Nitroso-, and
nitrite oxidizers, characterized by the prefix Nitro-, are not
closely related (Teske et al. 1996; Purkhold et al. 2000).
Comparative 16S rRNA sequence analysis demonstrated
that all recognized ammonia oxidizers are either members of
the B- or y-subclass of Proteobacteria (@ Fig. 3.2). The genera
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16S rRNA-based tree reflecting the phylogenetic relationship of ammonia- and nitrite-oxidizing bacteria. The consensus tree is based on
the results of a maximum likelihood analysis of the 16S rRNA primary structure data from the nitrifying bacteria shown in the tree and
a selection of reference sequences. Only homologous positions that share identical residues in at least 50 % of all available almost
complete bacterial 16S rRNA sequences were included for tree reconstruction. In the tree, ammonia oxidizers are labeled green, and
nitrite oxidizers are depicted in red. It should be noted that the assignment of the genus Nitrospina to the 8-Proteobacteria is tentative
and might change if additional reference sequences become available. Multifurcations connect lineages for which no unambiguous
branching order could be retrieved using different treeing methods. Bar represents 10 % estimated sequence divergence

Nitrosomonas (including Nitrosococcus mobilis), Nitrosospira,
Nitrosolobus, and Nitrosovibrio form a closely related monophy-
letic assemblage within the [-subclass of Proteobacteria
(Head et al. 1993; Woese et al. 1984; Teske et al. 1994;
Utdker et al. 1995; Pommerening-Réser et al. 1996; Purkhold
et al. 2000), whereas the genus Nitrosococcus constitutes a
separate branch within the y-subclass of Proteobacteria
(Woese et al. 1985; Purkhold et al. 2000). Among the nitrite
oxidizers, the genera Nitrobacter, Nitrococcus, and Nitrospina

were assigned to the -, y-, and y-subclass of Proteobacteria,
respectively (Orso et al. 1994; Teske et al. 1994). Nitrite oxidizers
of the genus Nitrospira are affiliated with the recently described
Nitrospira phylum, which represents an independent line of
descent within the domain Bacteria (Ehrich et al. 1995).

The most important character of lithotrophic nitrifying
bacteria is energy generation via ammonia oxidation to nitrite
(section © “Biochemistry of Ammonia-Oxidizing Bacteria”)
and nitrite oxidation to nitrate (section © “Biochemistry of
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Nitrite-Oxidizing Bacteria”), respectively, according to the fol-
lowing equations:

3.1
AGy' = +17kJ - mol ™! (3-1)

0.50, +2H" +2¢~ — H,0

3.2

AGy' = —137KkJ - mol ™! (32)

NH; + O, + 2H' + 2¢~ — NH,0OH + H,0 (3.3)
AGy' = —120k] - mol ™ '

NH,OH + H,0 — HNO, + 4H" + 4e™ (3.4)

AGy' = +23kJ - mol™!

0.50, + 2H' 4+ 2¢~ — H,0
(3.5)

AGy' = —137KkJ - mol ™!
NH,OH + 1.50, — HNO, + 2¢~ +2H* (36)
AGy = —114kJ - mol™ '
NH; + 1.50, — HNO, + H,O (3 7)
AGy = —235k] - mol™! '
NO; +H,0 — NOj +2H" +2e~ (3:5)
AGy = 483k - mol™! '
0502 + 2H+ -l— 26_ — HzO (3 9)
AGy = —137kJ - mol ™! '
NO; + 0.50, — NO7
2 : : (3.10)

AGy' = —54kJ - mol™!

© Equations 3.1 and © 3.2 describe the two half-reactions of
ammonia oxidation to the intermediate hydroxylamine
(NH,OH). The total reaction is given in @ Eq. 3.3. For hydrox-
ylamine oxidation, no oxygen is consumed (© Eq. 3.4). Subse-
quently two electrons are transferred back to reaction ® 3.2, and
the remaining two electrons pass to the respiratory chain
(© Eq. 3.5). The second step of ammonia oxidation, the hydrox-
ylamine oxidation, is depicted in @ Eq. 3.6. The overall reaction
(© Eq. 3.7) shows that biogenic ammonia oxidation causes
nitric acid production. The 3Gy value of reaction © 3.7 is
significantly higher than that of nitrite oxidation (@ Eq. 3.10).
Nitrite oxidation starts with © Eq. 3.8. Electrons are released
and penetrate the respiratory chain at the cytochrome c level
(© Eq. 3.9). There is no acid production when nitrite is oxidized
to nitrate (@ Eq. 3.10).

Ammonia oxidation is initiated by the enzyme ammonia
monooxygenase (AMO; sections © “Enzymes Involved in
Ammonia Oxidation”; ©® “Ammonia Monooxygenase”), which
oxidizes ammonia to hydroxylamine. Substrates for AMO are

ammonia (Wood 1986), dioxygen, and two electrons. One atom
of molecular oxygen is reduced to water, while the second
oxygen atom is incorporated to form hydroxylamine. The inter-
mediate hydroxylamine is further oxidized to nitrite by hydrox-
ylamine oxidoreductase (HAQ; sections © “Enzymes Involved
in Ammonia Oxidation”; ® “Hydroxylamine Oxidoreductase”).
Two of the four electrons derived are required for AMO
activity, and the other two are used for energy generation
(section © “Electron Flow and Energy Transduction”). The
AmoA protein is assumed to contain the active site of AMO
(Hyman and Arp 1992). A second AMO subunit named
“AmoB” has been identified (Bergmann and Hooper 1994a).
The gene cluster encoding AMO contains a third open reading
frame termed “amoC,” which is located upstream of the genes
amoA and amoB (Klotz et al. 1997; section © “Genetics of
Ammonia Oxidizers”). Neither AmoA nor AmoB has been puri-
fied in the active state as yet. The enzyme HAO is a trimer of
63-kDa subunits, including seven c-type hemes and a novel heme
(P-460) per monomer (Arciero and Hooper 1993; Hoppert et al.
1995; Igarashi et al. 1997). The enzyme is located in the peri-
plasmic space but anchored in the cytoplasmic membrane.

Nitrite oxidation is initiated by the enzyme nitrite oxidore-
ductase (NO,-OR; section ©® “Enzymes Involved in Nitrite Oxi-
dation”) which occurs as characteristic membrane-associated
two-dimensional crystals in all nitrite oxidizers. These regularly
arranged particles are located on the surface of the cytoplas-
mic—and if present—intracytoplasmic membranes of nitrite-
oxidizing bacteria. In all Nitrobacter species and in Nitrococcus,
particles are arranged in rows, whereas in Nitrospina and
both Nitrospira species, hexagonal patterns were observed. The
NO,-OR consists of two subunits (Meincke et al. 1992). For
Nitrobacter hamburgensis, the molecular weight of one particle
was found to be 186 kDa representing an of-heterodimer
(Spieck et al. 1996). The full sequence of the B-subunit as well
as a partial sequence of the o-subunit of the NO,-OR of
Nitrobacter hamburgensis shows similarities to nitrate reductases
of several chemoorganotrophic bacteria (section ®@ “Genetics of
Nitrite Oxidizers”). During oxidation of nitrite to nitrate, the
additional oxygen atom of nitrate is derived from water (Aleem
1965) and two electrons are released for energy generation.

In addition to lithotrophic nitrifiers, various heterotrophic
bacteria, fungi, and algae (Focht and Verstraete 1977; Killham
1986; Papen et al. 1989) are capable of oxidizing ammonia to
nitrate. However, in contrast to lithotrophic nitrification,
heterotrophic nitrification is not coupled to energy generation
(section © “Heterotrophic Nitrification”). Consequently, het-
erotrophic nitrifiers are dependent on the oxidation of organic
substrates (Focht and Verstraete 1977; Kuenen and Robertson
1987). During heterotrophic nitrification, ammonia or reduced
nitrogen from organic compounds (e.g., the amino group of
amino acids) is co-oxidized to hydroxylamine, gaseous nitrogen
oxides, nitrite, or nitrate. For example, methane-oxidizing
bacteria were shown to co-oxidize ammonia to nitrite by
a biochemically well-characterized particulate (membrane-
bound) methane monooxygenase and a unique hydroxylami-
noxidoreductase (Anthony 1982; Yoshinari 1985; O’Neil and
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Wilkinson 1977; Zahn et al. 1994; Bergmann et al. 2000). The
methane monooxygenase is assumed to be biochemically related
to the AMO of ammonia-oxidizing bacteria, and methane-
oxidizing bacteria are potential contributors to nitrification in
the rhizosphere of rice plants (Bodelier and Frenzel 1999).
Conversely, ammonia oxidizers are able to oxidize methane to
methanol (Hyman and Wood 1983; Ward 1987; Jones and
Morita 1983; Steudler et al. 1996), but up to now, there is no
evidence that ammonia oxidizers significantly contribute to the
oxidation of atmospheric methane (CH,) in natural systems
(Jlang and Bakken 1999; Bodelier and Frenzel 1999). In general,
heterotrophic nitrification is considered to contribute only mar-
ginally to the global nitrogen cycle (Brady 1984; Brown 1988)
but nevertheless might be of local importance especially in heath
and conifer forest soils (e.g., see Van de Dijk and Troelstra 1980;
Schimel et al. 1984).

Lithotrophic nitrifiers are autotrophic bacteria that fix
carbon dioxide (CO,) via the Calvin-Benson cycle (Harms
et al. 1981) and, to a lesser extent, via phosphoenolpyruvate
carboxylase (Takahashi et al. 1993). In the past, they were thus
described as obligate lithoautotrophs and were thought to find
organic compounds toxic. However, this assumption is not
correct for several nitrifier species. Clark and Schmidt (1967)
demonstrated that ammonia oxidizers of the genus
Nitrosomonas and nitrite oxidizers of the genus Nitrobacter are
capable of growing mixotrophically with ammonia or nitrite as
electron donors and with a combination of carbon dioxide and
organic compounds as carbon source. Compared to purely
autotrophic growth, the addition of organic compounds stimu-
lated cell growth and increased cell yield (Steinmdtiller and Bock
1976; Matin 1978; Kriimmel and Harms 1982; Watson et al.
1986). Furthermore, the nitrite oxidizers Nitrobacter
winogradskyi, N. hamburgensis, and N. vulgaris can grow
chemoorganotrophically with acetate or pyruvate as electron
donor and dioxygen or nitrate (in absence of dioxygen) as
electron acceptor (Bock 1976; Freitag et al. 1987). However, for
these organisms, heterotrophic growth was always slower than
lithotrophic growth. Recently, Daims and coworkers (Daims
et al. 2000, 2001) showed that in nitrifying activated sludge,
not yet cultured Nitrospira-related nitrite oxidizers fix CO, and
simultaneously take up pyruvate but not acetate, butyrate,
and propionate. In addition, some strains of Nitrosomonas
can utilize organic substances like urea or glutamine as
source of their substrate ammonia for lithotrophic growth
(Koops et al. 1991).

The transformation of ammonia to nitrate via nitrite by the
nitrifying bacteria has various direct and indirect implications
for natural and man-made systems. For example, nitrifying
bacteria contribute directly or indirectly to loss of nitrogen
compounds from various environments due to:

1. Leaching of mobile nitrogen compounds produced by
nitrifiers. Leaching is the mobilization and transfer of nitrate
to rivers, lakes, seawater, and groundwater. Nitrification is
not desirable in agricultural soil because it induces loss of
soil nitrogen. Fertilizer ammonium, which is required for

plant growth, adsorbs well to clay particles of soil owing to
its positive charge (© Fig. 3.1). When converted to nitrate,
the inorganic soil nitrogen becomes mobile and thus sus-
ceptible to denitrification and leaching. In some countries,
nitrification inhibitors like nitrapyrin (N-Serve) are used in
agriculture to minimize nitrogen loss (Huber et al. 1977;
Keeny 1986; Slangen and Kerkhoff 1984; Lipschultz et al.
1981; Poth and Focht 1985).

2. Denitrification. Denitrification is the microbial reduction of
nitrate via nitrite, nitric oxide (NO) and nitrous oxide
(N,0O) to dinitrogen (N,). This type of anaerobic respiration
can be performed by a variety of phylogenetically different
heterotrophic microorganisms. By aerobic oxidation of
ammonia to nitrate, nitrifying bacteria produce the electron
acceptor for subsequent denitrification in many natural and
engineered systems. During the last years, nitrifiers also
have been shown to be able to denitrify (section @ “Denitri-
fication Catalyzed by Ammonia Oxidizers”).

3. Chemodenitrification of nitrite (produced by the ammonia
oxidizers) in acidic environments. Chemodenitrification
is defined as nonenzymatically catalyzed loss of nitrogen
due to dismutation of nitric acid at pH values <4.5 leading
to the formation of nitrate and gaseous nitric oxide.
In the atmosphere, nitric oxide is unstable and reacts with
oxygen or ozone to form gaseous nitrogen dioxide,
which chemically dismutates to nitrous and nitric acid in
the presence of water.

In addition to the well-recognized metabolic activity, nitri-
fiers react to and produce gaseous nitrogen oxides like N,O, NO,
and nitrogen dioxide (NO,). For example, the presence of NO
is required for ammonia oxidation of Nitrosomonas eutropha
(Zart et al. 2000). Furthermore, cell growth and the ammonia-
oxidizing activity of this species are enhanced by NO, (Zart and
Bock 1998). On the other hand, NO is always produced during
ammonia oxidation (Stiiven and Bock 2001; Schmidt et al.
2001b). In the absence of oxygen, Nitrosomonas eutropha and,
to a certain extent, Nitrobacter sp. are able to denitrify concom-
itant with the production of nitric oxide, nitrous oxide, and
dinitrogen (in the case of N. eutropha; Poth and Focht 1985;
Freitag et al. 1987; Zart and Bock 1998; Bock et al. 1995).
Furthermore, NO, has recently been reported to be produced
by Nitrosomonas europaea if grown in coculture with Paracoccus
denitrificans (Stiiven and Bock 2001). Owing to the above-
mentioned activities, ammonia-oxidizing bacteria are consid-
ered to contribute to the increasing nitrous oxide level in the
atmosphere (Bouwman et al. 1993). While flux mechanisms for
nitric oxide exchange are frequently studied (e.g., Conrad 1996),
the processes of nitrogen dioxide production and release from
soil have rarely been investigated (Williams et al. 1992;
Baumgirtner 1991). Nitric oxide, nitrogen dioxide, and
nitrous oxide circles between soil and atmosphere are of great
importance because N,O is a greenhouse gas and NO and NO,
act as effectors for metabolic activity of microorganisms.
The latter effect is of particular importance considering the
increasing amounts of the nitrogen oxides NO and NO, in
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the anthropogenically polluted atmosphere originating from
methane, oil, and coal combustion. Compared to these sources,
the contribution of microbiologically produced NO and NO,,
however, is marginal.

The production of nitric and nitrous acid by nitrifiers also
contributes to biodeterioration and can cause harmful effects
for plants. With an outdoor exposure experiment lasting
for 7 years, Mansch and Bock (1998) could demonstrate that
the ammonia concentration of the atmosphere in the city of
Duisburg (Germany) was high enough to support cell
growth of lithotrophic ammonia oxidizers in natural sandstone.
The formation of nitrous and nitric acid by such endolithic
nitrifiers causes biodeterioration of carbonaceous masonry
(Bock and Sand 1993). Furthermore, in unbuffered environ-
ments (e.g., forest soils), the oxidation of ammonia to nitric
and nitrous acid leads to acidification followed by the
formation of aluminum ions (AI’") from insoluble aluminates,
which are toxic to the roots of trees (Mulder et al. 1989;
Stams et al. 1991). However, it should be kept in mind that
plants can also benefit from nitrifying activity. Especially,
many tree species prefer nitrate instead of ammonia as
nitrogen source.

Nitrification is also important in biotechnology for efficient
removal of ammonium from sewage (Painter 1988; Eighmy and
Bishop 1989). Nitrifiers oxidize ammonium, which together
with urea is the most frequently found nitrogen compound in
sewage, to nitrate which can subsequently be removed from the
sewage by denitrifying bacteria via anaerobic respiration. This
treatment, which is an integral part of modern nutrient removal
at wastewater treatment plants, prevents environments from
increasing amounts of ammonia (causing eutrophication and
oxygen depletion) and reduces the toxic effects of ammonium to
aquatic life. However, the slow growth rate of nitrifiers and their
susceptibility to changes in pH and temperature as well as to
toxic sewage compounds causes frequent failure of nitrification
in municipal and industrial wastewater treatment plants. In the
future, wastewater treatment plants also might exploit the

unique physiology of recently identified but not yet cultured
novel planctomycetes that can catalyze anaerobic oxidation of
ammonium to dinitrogen with nitrite as electron acceptor
(Strous et al. 1999; Schmid et al. 2000; see section © “Anaerobic
Ammonium Oxidation Catalyzed by Deep Branching
Planctomycetes” in this chapter).

Nitrifying bacteria are slow-growing organisms because
their cell growth is inefficient. For example, nitrite oxidizers
oxidize 85-115 mol of nitrate to generate the energy required
for assimilation of 1 mol of carbon dioxide (Bomeke 1954).
Thus, it is not surprising that the shortest generation times
measured in laboratory experiments did not exceed 7 h for
Nitrosomonas and 10 h for Nitrobacter (Bock et al. 1990). For
cell division in natural environments, most nitrifier species even
need several days to weeks depending on substrate, oxygen
availability, the temperature, and pH values. The slow growth
rates of nitrifiers have severely hampered cultivation-dependent
approaches to investigate the number, community composition,
and dynamics of nitrifiers in different environments. The num-
ber of nitrifiers in complex systems has been traditionally deter-
mined by the most probable number (MPN) technique
(Matulewich et al. 1975). However, this method is time-
consuming, and the nitrifier cell counts determined usually do
not correlate well with nitrifying potential estimated for the
same environmental sample under optimized laboratory condi-
tions (Belser and Mays 1982; Belser 1979; Groffmann 1987;
Mansch and Bock 1998). These discrepancies illustrate that not
all nitrifiers can be cultivated using standard methods (Stephen
et al. 1998; Juretschko et al. 1998; Purkhold et al. 2000). Fur-
thermore, in many environments, nitrifiers form dense
microcolonies of ten to several thousand cells embedded in
extracellular polymeric substances (EPS; © Fig. 3.3). Since
these microcolonies are resistant to the dispersal techniques
implemented in standard cultivation protocols, the use of
these protocols dramatically underestimates the number of
nitrifiers occurring in microcolonies (Watson et al. 1989; Stehr
et al. 1995; Wagner et al. 1995).

O Fig. 3.3

Transmission electron micrographs of ultrathin sections of an ammonia oxidizer microcolony in activated sludge (a) Arrows indicate

intracytoplasmic membranes (b) Modified from Wagner et al. (1995)
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For direct microscopic enumeration of nitrifiers in complex
samples, the fluorescent antibody (FA) technique can be applied
(Belser 1979; Fliermanns et al. 1974), but for antibody produc-
tion, the target cells have to be isolated first as pure culture and
the produced antibodies often recognize only a few strains of
a species (Belser and Schmidt 1978). Recently monoclonal anti-
bodies targeting the nitrite oxidoreductase were developed that
allow group-specific detection of nitrite-oxidizing bacteria
(Bartosch et al. 1999). In addition, polyclonal antibodies specif-
ically recognizing the AmoB protein of B-subclass ammonia
oxidizers are available (Pinck et al. 2001). Alternatively, nitrifiers
can be detected in environmental samples independent from
their culturability by using a variety of different polymerase
chain reaction (PCR) techniques for specific amplification of
16S rRNA gene fragments (e.g., Degrange and Bardin 1995;
Hiorns et al. 1995; Voytek and Ward 1995; McCaig et al. 1994;
Kowalchuk et al. 1997; Utéaker and Nes 1998) or a fragment of
the amoA gene (e.g., Rotthauwe et al. 1997; Purkhold et al.
2000). Quantitative population structure analysis of nitrifying
bacteria within their natural habitat can most precisely be
obtained by applying the recently developed set of rRNA-
targeted oligonucleotide probes for fluorescence in situ hybrid-
ization (FISH; Wagner et al. 1995, 1996; Mobarry et al. 1996;
Juretschko et al. 1998; Daims et al. 2000; © Fig. 3.4).

Nitrifying bacteria are present in oxic and even anoxic envi-
ronments. They are widely distributed in freshwater, seawater,

O Fig. 3.4

In situ detection (with fluorescently labeled 16S rRNA-targeted
oligonucleotide probes) of ammonia-oxidizing and
nitrite-oxidizing bacteria in a nitrifying biofilm from a municipal

wastewater treatment plant. Ammonia oxidizers are stained red,
whereas nitrite-oxidizing bacteria of the genus Nitrospira appear
green. Bar = 10 pm

soils, on/in rocks, in masonry, and in wastewater treatment
systems. Nitrifiers also could be enriched or isolated from
extreme habitats like heating systems with temperatures of up
to 47 °C (Ehrich et al. 1995; E. Lebedeva, personal communica-
tion) and permafrost soils up to a depth of 60 m at a temperature
of down to —12 °C. Although the pH optimum for cell growth
is 7.6-7.8, nitrifiers were frequently detected in environments
with suboptimal pH (e.g., acid tea soils and forest soils at pH
values below 4) but also in highly alkaliphilic soda lakes
at a pH of 9.7-10.5 (Sorokin et al. 2001). Growth under
suboptimal acidic conditions might be possible by ureolytic
activity, by aggregate formation (De Boer et al. 1991), or as
biofilms (e.g., on clay particles; Allison and Prosser 1993).
In many environments, nitrifier sensitivity to sunlight is of
ecological importance. The light sensitivity of ammonia and
nitrite oxidizers increases from blue light to long wave UV
(Hooper and Terry 1974; Hyman and Wood 1984a; Shears and
Wood 1985). Based on spectroscopic similarities, Shears
and Wood (1985) postulated a model of the ammonia
monooxygenase light inhibition similar to the three-stage
catalytic cycle of the tyrosinase reaction. In Nitrobacter, which
is more sensitive to visible light than Nitrosomonas (Bock 1965),
the photooxidation of c-type cytochromes is assumed to cause
light-induced cell death (Bock 1970).

Although Nitrosomonas europaea and Nitrobacter sp. are
the most commonly investigated ammonia and nitrite oxidizers
in laboratory studies, molecular analysis revealed that other
nitrifiers are of higher importance in many natural and
engineered systems. For example, stone material of historical
buildings and many soil systems seem to be dominated by
members of the genera Nitrosovibrio and Nitrosospira,
respectively (Spieck et al. 1992; Hiorns et al. 1995; Stephen
et al. 1996; Meincke et al. 1989), whereas different Nitrosomonas
species and Nitrosococcus mobilis are the most abundant
ammonia oxidizers in wastewater treatment plants (Juretschko
et al. 1998; Purkhold et al. 2000). Interestingly, not yet cultured
members of the genus Nitrospira and not Nitrobacter are the
most abundant nitrite oxidizers in sewage treatment plants
and aquaria filters (Burrell et al. 1998; Juretschko et al. 1998;
Wagner et al. 1996; Daims et al. 2000).

Phylogeny of Lithotrophic Nitrifying Bacteria

Traditionally, nitrifying bacteria have been lumped together into
one coherent group, the family Nitrobacter iaceae (Watson 1971;
Watson et al. 1989). Based on their ability to lithotrophically
oxidize either ammonia to nitrite or nitrite to nitrate, nitrifying
bacteria were separated into two groups, the ammonia and the
nitrite oxidizers. The assignment of ammonia- and nitrite-
oxidizing bacteria into genera was dependent primarily upon
their morphological features like cell size, shape, and the
arrangement of the intracytoplasmic membranes (Watson
et al. 1989). The physiological and morphological grouping of
the nitrifying bacteria is in contradiction to data obtained from
molecular phylogenetic studies which show at least subdivision
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level diversity within and between the ammonia and nitrite
oxidizers (Head et al. 1993; Orso et al. 1994; Teske et al. 1994;
Purkhold et al. 2000; Ehrich et al. 1995). Significant differences
between ammonia- and nitrite-oxidizing bacteria are also indi-
cated by the fact that both physiological groups possess very
different key enzyme systems for the energy-gaining oxidation of
ammonia and nitrite, respectively (sections © “Enzymes
Involved in Ammonia Oxidation”; © “Enzymes Involved in
Nitrite Oxidation”). With the exception of the nitrite oxidizers
of the genera Nitrospina and Nitrospira, all known nitrifiers are
closely related to phototrophs and thus presumably originated
in several independent events by conversion of photosynthetic
ancestors to chemolithotrophs (Teske et al. 1994). Consistent
with this conversion hypothesis, all nitrifying bacteria related to
phototrophs retain the general structural features of the putative
ancestor’s photosynthetic membrane complex, while nitrite oxi-
dizers of the genera Nitrospina and Nitrospira lack
intracytoplasmic membranes (ICMs). However, it should be
noted that the ammonia oxidizers of the genera Nitrosospira
and Nitrosovibrio lack an extensive intracytoplasmic membrane
system (Koops and Moller 1992).

Chemolithotrophic ammonia oxidizers were isolated for the first
time at the end of the nineteenth century (Winogradsky 1892).
Since then, 16 species of ammonia oxidizers have been described
(Jones et al. 1988; Koops et al. 1976, 1990; 1991, Watson 1965),
and according to DNA-DNA hybridization experiments, at least
15 additional genospecies are “hidden” in existing culture col-
lections (Koops et al. 1991; Koops and Harms 1985; Stehr et al.
1995). Our current perception of evolutionary relationships of
ammonia-oxidizing bacteria is mainly based on comparative
sequence analysis of their genes encoding the 16S rRNA and
the active site polypeptide of the ammonia monooxygenase
(AmoA). During the last decade, the genes for both biopolymers
were sequenced for all recognized ammonia oxidizer species
(Alzerreca et al. 1999; Head et al. 1993; Pommerening-Roser
et al. 1996; Teske et al. 1994; Purkhold et al. 2000; Rotthauwe
et al. 1995, 1997; McTavish et al. 1993; Horz et al. 2000), and the
deduced phylogeny now provides an encompassing and rela-
tively robust framework for assignment of 16S rDNA and amoA
sequences of (1) ammonia oxidizer isolates (Stehr et al. 1995;
Suwa et al. 1997; Utaker et al. 1995; Juretschko et al. 1998) and
(2) cloned sequence fragments directly retrieved from the envi-
ronment (e.g., Stephen et al. 1996; Rotthauwe et al. 1995;
Purkhold et al. 2000).

According to comparative 16S rRNA sequence analysis, all
recognized ammonia oxidizers are members of two monophy-
letic lineages within the B- and 7y-subclass of Proteobacteria
(® Fig. 3.5). The marine species Nitrosococcus halophilus and
Nitrosococcus oceani, which are distantly related to methane-
oxidizing bacteria, cluster together in the vy-subclass of
Proteobacteria. ~ All  other form
a monophyletic assemblage of

oxidizers
B-subclass

ammonia

within the

Proteobacteria, most closely related to the iron oxidizer
Gallionella ferruginea. This lineage encompasses the genera
Nitrosomonas (including Nitrosococcus mobilis, which is actually
a member of the genus Nitrosomonas), Nitrosovibrio,
Nitrosolobus, and Nitrosospira. It has been suggested (Head
et al. 1993) and subsequently questioned (Teske et al. 1994)
that the latter three genera should be reclassified into the single
genus Nitrosospira. The nitrosomonads can be further subdivided
into the N. europaea/Nc. mobilis cluster, the N. marina cluster,
the N. oligotropha cluster, and the N. communis cluster
(Purkhold et al. 2000). Nitrosomonas cryotolerans forms
a separate lineage within the PB-Proteobacteria. The genera
Nitrosospira, Nitrosolobus, and Nitrosovibrio are closely related
and form a cluster to the exclusion of the nitrosomonads.
Similar but not identical evolutionary relationships were
obtained if comparative analysis of AmoA sequences
were performed (Purkhold et al. 2000). In the AmoA tree, the
N. europaea/ Nc. mobilis cluster, the N. marina cluster, and the
Nitrosospira cluster are retained, whereas the members of the
N. oligotropha cluster and the N. communis cluster form no
monophyletic assemblages.

Four different genera, Nitrobacter, Nitrococcus, Nitrospina, and
Nitrospira, of lithotrophic nitrite-oxidizing bacteria have
been described. From 16S rRNA sequence analysis, the first
three genera were assigned to different subclasses of
the Proteobacteria, whereas Nitrospira is the name-giving
genus of an independent bacterial phylum (@ Fig. 3.5). The
genus Nitrobacter contains the four closely related species
(N. hamburgensis, N. vulgaris, N. winogradskii, and N. alkalicus)
within the o-subclass of Proteobacteria. Nitrite oxidizers of the
genus Nitrobacter are phylogenetically related to Bradyrhizobium
japonicum, Blastobacter denitrificans, Afipia felis, Afipia
clevelandensis, and the phototroph Rhodobacter palustris
(Seewaldt et al. 1982; Orso et al. 1994; Teske et al. 1994)
with which Nitrobacter shares a nearly identical arrangement
of ICMs.

The genus Nitrococcus represented by the single marine
species Nitrococcus mobilis is, like the marine ammonia oxidizers
of the genus Nitrosococcus, a member of the ectothiorhodospira
branch of the y-subclass of Proteobacteria, consistent with an
assumed photosynthetic ancestry of these nitrifiers. Nitrococcus
and Nitrosococcus are the only nitrite and ammonia oxidizers
that are relatively closely related, but the closest relatives of
Nitrococcus mobilis are the phototrophic bacteria Arhodomonas
aquaeoli, Ectthiorhodospira halochloris, and Ectthiorhodospira
halophila (Teske et al. 1994).

The genus Nitrospina with the marine Nitrospina gracilis as
the only species (represented by two isolates, one from the
Atlantic and the other from the Pacific) has been provisionally
assigned to the &-subclass of Proteobacteria and is the
only member of a deep branch within this subclass (Teske
et al. 1994). Nitrospina gracilis shows no ICMs.
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Phylogenetic neighbor-joining 16S rRNA tree reflecting the relationships of ammonia-oxidizing bacteria and several reference
organisms. The multifurcation connects branches for which a relative order could not be unambiguously determined by applying
different treeing methods. Parsimony bootstrap values for branches are reported. Missing bootstrap values indicate that the branch in
question was not recovered in the majority of bootstrap replicates by the parsimony method. AOB ammonia-oxidizing bacteria, MOB
methane-oxidizing bacteria. The bar indicates 10 % estimated sequence divergence (Modified from Purkhold et al. 2000)

The genus Nitrospira encompasses the marine species
Nitrospira marina and Nitrospira moscoviensis, isolated from
a municipal water heating system. The genus Nitrospira forms
a monophyletic grouping with the genera Thermodesulfovibrio,
Leptospirillum, and with “Magnetobacterium bavaricum.” This
phylogenetic assemblage has recently been identified as a novel
phylum within the domain Bacteria and was named “Nitrospira
phylum’” (Ehrich et al. 1995). There is accumulating molecular
evidence that Nitrospira-related nitrite oxidizers are of major
importance for nitrite oxidation in wastewater treatment plants
and aquarium filters (Burrell et al. 1998; Juretschko et al. 1998;
Hovanec et al. 1998; Daims et al. 2000) and also occur in many
natural environments including the rhizosphere (© Fig. 3.6).
Like Nitrospina gracilis, members of the genus Nitrospira do
not possess ICMs and are apparently not closely related to
phototrophic bacteria.

Biochemistry of Ammonia-Oxidizing Bacteria

Ammonia oxidizers are lithoautotrophic organisms using car-
bon dioxide as the main carbon source (Bock et al. 1991). Their

only way to gain energy is the two-step oxidation of ammonia to
nitrite (Hooper 1969). Investigations of the K,,, values and pH
optima indicate that ammonia (NH;3) rather than ammonium
(NH,") is the substrate of ammonia oxidizers (Suzuki et al.
1974; Drozd 1976). This is in accordance with results showing
that the ammonia-oxidizing enzyme might be located in the
cytoplasmic membrane (Suzuki and Kwok 1981; Tsang and
Suzuki 1982), since membranes are highly permeable to ammo-
nia but not to ammonium (Kleiner 1985). First, ammonia is
oxidized to hydroxylamine (Kluyver and Donker 1926) by the
ammonia monooxygenase (AMO; Hollocher et al. 1981). This
enzyme does not possess high substrate specificity and also
oxidizes several apolar compounds such as methane, carbon
monoxide, or some aliphatic and aromatic hydrocarbons
(Hooper et al. 1997). These compounds can act as competitive
inhibitors of ammonia oxidation (Hyman et al. 1988;
Keener and Arp 1993). The second step is performed by the
hydroxylamine oxidoreductase (HAO). This enzyme oxidizes
hydroxylamine to nitrite (Wood 1986). Two of the four electrons
released (Andersson and Hooper 1983) are required for the
AMO reaction (Tsang and Suzuki 1982), whereas the remaining
ones are used for the generation of proton motive force
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Phylogenetic tree of the genus Nitrospira based on comparative analysis of 16S rRNA sequences. The basic tree topology was
determined by maximum likelihood analysis of all sequences longer than 1,300 nucleotides. Shorter sequences were successively added
without changing the overall tree topology. Branches leading to sequences shorter than 1,315 nucleotides are dotted to point out that
the exact affiliation of these sequences cannot be determined. Black spots on tree nodes symbolize high parsimony bootstrap support
above 90 % based on 100 iterations. The scale bar indicates 0.1 estimated changes per nucleotide. The four sublineages of the genus
Nitrospira are delimited by horizontal dashed lines and marked by the numbers | to IV. Two of the four sublineages entirely consist of 16S
rDNA sequences amplified from environmental samples (Modified from H. Daims et al. 2001)

(Hollocher et al. 1982) to regenerate ATP and NADH
(Wheelis 1984; Wood 1986). Most of the investigations on
energy metabolism of ammonia-oxidizing bacteria have been
carried out with Nitrosomonas europaea. Keeping in mind
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that the ammonia oxidizers encompass five different genera et al. 1985).

affiliated to two proteobacterial subclasses (section © “Phylog-
eny of Ammonia Oxidizers”), additional species should
be investigated to obtain a more encompassing picture of
the biochemistry of the ammonia-oxidizing system (Giannakis
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Growth of Nitrosomonas eutropha in the presence of ammonia, 2,315 parts per million (ppm) acetylene, and hydroxylamine (4 mmol) as
substrate (48-96 h). The AMO was inhibited by acetylene, while cell growth was detectable after a lag phase of 2 days. Most of the
hydroxylamine undergoes deterioration in contact with atmospheric oxygen. As calculated from additional nitrite formation, 400 pmol
of hydroxylamine was oxidized to nitrite, resulting in an increase of cell number

The overall process of ammonia oxidation to nitrite may be
characterized as a two-stage process:

NH; + 0.50, — NH,OH (3.11)

NH,0H + H,0 — HNO, + 4H" + 4e~ (3.12)

However, this two-stage scenario is a simplification. For
lithotrophic ammonia oxidizers, ammonia is essential as the
primary substrate. The intermediate hydroxylamine (NH,OH)
is the real energy source. The coupling between ammonia and
hydroxylamine oxidation, a complex mechanism not yet
established in detail, is suggested by several observations.
The addition of hydroxylamine to ammonia-oxidizing cells
shortened the lag phase of ammonia oxidation (Hooper 1969),
probably by providing reductants to the monooxygenase. It is
generally assumed that partial reduction of c-type cytochromes
is necessary to start ammonia oxidation. Cytochrome reduction
was attained by addition of hydroxylamine to cell-free prepara-
tions of Nitrosomonas europaea (Suzuki et al. 1981). If both
ammonia and hydroxylamine are used, the molar growth yield
of hydroxylamine was found to be twice the amount of ammonia
(Bottcher and Koops 1994; De Bruijn et al. 1995). On the other
hand, increasing amounts of hydroxylamine are inhibitory to
ammonia oxidation (Hyman and Wood 1984b; Poth and Focht
1985; Abeliovich and Vonshak 1993), probably due to
imbalancing the redox state of AMO and HAO (Wood 1986).
Another result is more difficult to understand. All attempts to
grow ammonia oxidizers on hydroxylamine as the only substrate
have failed, although hydroxylamine is oxidized to nitrite
(Lees 1952; Hoffman and Lees 1953; Engel and Alexander

1958; Nicholas and Jones 1960). This failure is most likely not
caused by the toxicity of hydroxylamine, because addition of
hydroxylamine in the presence of ammonia promotes substrate
oxidation and cell growth. As demonstrated recently,
Nitrosomonas eutropha cells are capable of growing on hydrox-
ylamine as the only substrate when AMO is simultaneously
inhibited by acetylene (S. Oesterreicher, personal communica-
tion; © Fig. 3.7). Without addition of acetylene, N. eutropha
cells 3lyse within 3 days when hydroxylamine is oxidized to
nitrite, although within the first day NADH and ATP are still
formed (C. Look, personal communication). It is important to
note that during these experiments, ammonia was present as
nitrogen source because hydroxylamine could not be assimi-
lated. The observation that reduction of a functionally active
AMO in the absence of ammonia leads to cell death could be
explained by the formation of toxic oxygen radicals by this
enzyme under these conditions. This suicidal activity of ammo-
nia oxidizers also might cause nitrification breakdown in waste-
water treatment plants, if (1) plenty of organic substrate is
available as additional alternative electron donor and (2) ammo-
nia is present in very low concentrations.

Ammonia Monooxygenase

The first intermediate of ammonia oxidation is assumed to be
hydroxylamine (section © “Genes Encoding AMO, HAO, and
Related Enzymes”). In the presence of hydrazine (an irreversible
inhibitor of hydroxylamine oxidation; Nicholas and Jones 1960;
Hynes and Knowles 1978), the production of small quantities of
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hydroxylamine from ammonia was observed (Hoffman and Lees
1953; Yoshida and Alexander 1964). Using 180,, it could be
demonstrated that more than 92 % of the oxygen in hydroxyl-
amine originates from dioxygen (Dua et al. 1979). The enzyme
AMO, catalyzing the conversion of ammonia to hydroxylamine,
has not yet been purified as active protein, but Hyman and
Wood (1985) were able to identify a membrane-associated
“C-labeled protein, putatively representing a component of
AMO, when whole cells of Nitrosomonas europaea were incu-
bated with ['*C]acetylene. The N-terminal amino acid sequence
of the ["*CJacetylene-labeled protein (AmoA) was determined.
Based on this sequence, an oligonucleotide was derived and was
used to identify and clone the gene amoA. The AmoA protein is
a31.8 kDa (McTavish et al. 1993), probably containing the active
site of AMO (Hyman and Arp 1992), and consists of five trans-
membrane sequences and one periplasmic loop. In the same
operon, a second gene amoB is located adjacent to amoA.
From the deduced amino acid sequence, the protein has
a molecular weight of 43 kDa (Bergmann and Hooper 1994a)
and is characterized by two transmembrane domains and two
periplasmic loops (Vanelli et al. 1996). Upstream of the genes
amoA and amoB, a third open reading frame amoC is located
which might encode a chaperone helping the AmoA and AmoB
protein subunits to integrate into the membrane properly (Klotz
et al. 1997).

Indirect evidence indicates that AMO is a copper-containing
monooxygenase (Rees and Nason 1966; Tomlinson et al. 1966;
Loveless and Painter 1968; Dua et al. 1979; Hollocher et al. 1981;
Wood 1988a; Hooper and Terry 1973). Quantitative immunoblot
analysis using polyclonal antibodies revealed that total cell protein
of Nitrosomonas eutropha consisted of approximately 6 % AmoA
and AmoB, when cells were grown using standard conditions
(Pinck et al. 2001). The specific cellular amount of AMO in cells
of Nitrosomonas eutropha was regulated by ammonium concen-
tration. At high ammonium concentrations, less AMO was
found than under ammonium-limiting conditions. Further-
more, AMO seems to be strongly protected from degradation.
Cells starving 1 year for ammonia still contained high amounts
of AMO, although they showed far less ammonia oxidation
activity than growing cells. Hence, the amount of AMO does
not directly correlate with the activity of ammonia oxidation.

Most information about the reactions catalyzed by
AMO originates from studies with intact cells. In addition
to oxidizing ammonia, AMO can hydroxylate non-growth-
supporting substrates such as hydrocarbons and alcohols
(Hooper and Terry 1973; Suzuki et al. 1976; Tsang and
Suzuki 1982; Hyman and Wood 1983, 1984a, 1984b;
Hyman et al. 1985; Voysey and Wood 1987). This is not only
of theoretical interest but also could be of importance for
microbial ecology (Hall 1986). For example, pure cultures
of ammonia oxidizers are able to oxidize methane but could
not grow on this alternative electron donor (O’Neil and
Wilkinson 1977; Hyman and Wood 1983; Jones and Morita
1983). Recent data, however, suggest that at least in the rice
rhizosphere, ammonia oxidizers do not significantly contribute
to the methane oxidation (Bodelier and Frenzel 1999;

section @ “Co-oxidation and Inhibition of AMO?”). This capa-
bility reflects structural and functional homologies between the
ammonia and the methane monooxygenase of ammonia
oxidizers and methanotrophs, respectively (Bedard and Knowles
1989). Since substrates or competitive inhibitors of AMO
are apolar, it seems reasonable to assume that its active site is
hydrophobic. As suggested by Hooper et al. (1997), the reaction
is started by the activation of oxygen rather than the substrate.
Oxygen might be activated by reduction with a reduced
metal-containing center of the enzyme followed by the release
of water to form a reactive oxygen species. This compound may
extract an electron from the substrate (hydroxylation of the
substrate) or interact with nitric oxide to form the real oxidant
nitrogen dioxide/dinitrogen tetroxide (see also © Fig. 3.17).

Hydroxylamine Oxidoreductase

The key enzyme of hydroxylamine oxidation, HAO, is a
multiheme enzyme, located in the periplasmic space (Olson
and Hooper 1983; Hooper et al. 1984; Hooper and DiSpirito
1985; section © “Genes Encoding AMO, HAO, and Related
Enzymes”). The enzyme complex has a relative molecular weight
of 180,315-190,315 and consists of an a3 oligomer closely asso-
ciated with three heme centers including seven c-type hemes and
a novel heme, P-460, per monomer (Arciero and Hooper 1993;
Hoppert et al. 1995; Igarashi et al. 1997; Bergmann and Hooper
1994b). The P-460 was found to be a CO-binding heme (Hooper
et al. 1978; Lipscomb et al. 1982). According to spectroscopic
and chemical investigations, the P-460 iron resides in a heme-
like macrocycle, but the presumed porphyrin must have some
unusual features (Andersson et al. 1984). In total, HAO consti-
tutes about 40 % of the c-type heme of Nitrosomonas europaea
(Hooper et al. 1978). The c-type hemes of HAO can be placed
into two classes with different oxidation-reduction midpoint
potentials and protein environments, respectively (Lipscomb
and Hooper 1982; Prince et al. 1983; Hooper 1984a;
Collins et al. 1993; Arciero et al. 1991). A detailed discussion of
possible interactions of the described redox centers of the HAO
can be found in Hooper (1989).

Hydroxylamine is supposed to bind at the HAO near the
P-460 center. Electrons are released and transferred to c-hemes
(Hooper and Terry 1977; Hooper and Balny 1982; Olson and
Hooper 1983). Initially, Hooper and Balny (1982) postulated
that HAO catalyzes a two-electron dehydrogenation of hydrox-
ylamine and a subsequent net addition of one oxygen atom from
dioxygen. Later, they favored a mechanism in which water was
the source of the second oxygen atom of the metabolic final
product nitrite (Andersson and Hooper 1983; Hooper 1984).

The oxidation of hydroxylamine to nitrite was postulated to
be a two-step reaction with enzyme-bound nitroxyl (HNO) as
an intermediate (Andersson and Hooper 1983):

NH,0H — [HNO] + 2H* + 2e~ (3.13)

[HNO] + H,0 — HNO, +2H" + 2¢~ (3.14)
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However, in cell-free extracts of Nitrosomonas europaea,
nitric oxide was suggested as another possible intermediate of
hydroxylamine oxidation (Hooper and Terry 1979). Experi-
ments with '*N-label showed that nitric oxide was produced
by hydroxylamine oxidation and not by nitrite reduction. The
authors discussed a mixed-function hydroxylation of nitric
oxide to be involved in the oxidation from (HNO) to nitrite,
with all intermediates being enzyme bound. Miller and Wood
(1983) analyzed CO-binding cytochromes of the b type in
Nitrosomonas europaea and discussed their possible function in
binding nitric oxide resulting from hydroxylamine oxidation.

Electron Flow

The first step of ammonia oxidation to nitrite, the conversion to
hydroxylamine, is endergonic. Thus, hydroxylamine is the real
energy-generating substrate. If all subsequent steps of the
hydroxylamine oxidation to nitrite are coupled to electron trans-
port chains, a maximum yield of four electrons can result. The
number of electrons passing to the terminal oxidase(s), however,
is uncertain because four systems (ammonia monooxygenase,
nitrite reductase, cytochrome oxidase, and NADH production)
are fed with electrons from the oxidation of hydroxylamine to
nitrite (Wood 1986). Electrons from HAO reduce cytochrome
(554, @ 25-kDa tetraheme protein (Andersson et al. 1986).
Because both ammonia- and hydroxylamine oxidation seem to
be balanced at a steady state, cytochrome css, is thought to be the
first electron transfer branch point. Two of the four electrons
released from the hydroxylamine oxidation must pass to the
monooxygenase reaction, the latter two flow to a second branch
point, for example, cytochrome ¢s5, and then to one of the
terminal oxidases cytochrome aa; (DiSpirito et al. 1986) or
nitrite reductase. Once per 5.7 cycles, two electrons are assumed
to enter a reverse electron transfer pathway for NADH produc-
tion (Wood 1986). Cytochrome css, is a probable candidate for
the proposed central role because it is a two-electron carrier
(Arciero et al. 1991; Bergmann et al. 1994). The electron carriers
downstream have not been investigated in detail. However, the
production of nitric and nitrous oxide by Nitrosomonas
europaea and N. eutropha suggested that nitric oxide reductase
as well as nitrous oxide reductase might be present (Hooper et al.
1997). Yamanaka and Shinra (1974) postulated the path of
electrons from HAO to the terminal oxidase to be:

HAO — cytochrome ¢s54 — cytochrome c¢ss, — terminal
oxidase. However, several other membrane-bound redox
carriers have been identified in Nitrosomonas europaea.
The function of a tetraheme c-type cytochrome (Cyt ¢ B) is
unknown (Bergmann et al. 1994). The periplasmic diheme
cytochrome ¢ peroxidase (Arciero and Hooper 1994) of
Nitrosomonas europaea might protect enzymes like HAO,
which are easily inactivated by hydrogen peroxide (H,O;
Hooper and Terry 1977). Wood (1986) suggested a more con-
ventional construction of the electron transport chain, involving

ubiquinone and membrane-bound b- and c-type cytochromes.
Wood (1986) discussed a possible proton motive Q cycle as
described by Mitchell (1975). Ubiquinone (Q8 species) and
membrane-bound cytochromes of types b and ¢ were identified
in Nitrosomonas europaea (Hooper et al. 1972; Tronson et al.
1973; Miller and Wood 1983). In © Fig. 3.8, a model of the
electron flow in ammonia oxidizers is depicted.

Energy Transduction

ATP synthesis driven by proton motive force occurs in
Nitrosomonas (Drozd 1976, 1980; Hollocher et al. 1982; Kumar
and Nicholas 1982). This energy transduction is assumed to
proceed at the level of hydroxylamine oxidation, but the process
is not as yet well understood.

A simplified scheme would be a two-proton release per
electron pair translocated from hydroxylamine to the electron
transport chain via the periplasmic located HAO outside the
membrane. In addition, the consumption of two protons in
the cytochrome oxidase reaction is probably located on the
cytoplasmic site of the membrane. However, the exact
amount of ATP gained by oxidation of hydroxylamine is
not known, since the total number of electrons fed into the
energy-generating respiration chain per mol hydroxylamine
oxidized varies, depending upon growth stage and environ-
mental conditions. This variation reflects the fact that the
production of NADH by reverse electron flow is not constant
and coupled to hydroxylamine oxidation by an unknown
mechanism.

According to Hollocher et al. (1982), the H'/O ratio depends
on the substrate concentration. From their measurements,
they extrapolated the maximum values to be 3.4 and 4.4
for ammonia and hydroxylamine oxidation, respectively. In
addition, Drozd (1976, 1980) stated the maximum P/O ratio
from hydroxylamine oxidation to be only one. Measurements of
respiration-driven proton translocation indicated the associa-
tion of only one proton translocation loop, with the transport
of two electrons channeled from hydroxylamine to the terminal
oxidase.

NADH Production

Aleem (1966) showed that cell-free extracts of Nitrosomonas
europaea catalyzed an ATP-dependent NAD(P)* reduction
with hydroxylamine as substrate. The reaction was interpreted
as ATP-driven reverse electron flow. This hypothesis is in
accordance with the postulate that the transmembrane
oxidation-reduction loops of respiration chains are reversible,
with the exception of the cytochrome ¢ oxidase loop.
However, in vivo, the proton motive force resulting from the
hydroxylamine oxidation might perhaps drive the reverse
direction of the electron flow directly, without support of
ATP as previously demonstrated for the nitrite oxidizers
Nitrobacter winogradskyi and Nitrobacter vulgaris (Freitag and
Bock 1990).
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Model of the electron flow in ammonia-oxidizing bacteria. The part of the figure dealing with nitric oxide, nitrogen dioxide, and
dinitrogen tetroxide is hypothetical (section “©® Novel Aspects”). CM cytoplasmic membrane, i inside the cell/cytoplasmic space,
o outside of the cell/periplasmic space, and TCA the tricarboxylic acid cycle (Figure was kindly provided by I. Schmidt)

Co-oxidation and Inhibition of AMO

The ammonia monooxygenase (AMO) is a nonspecific enzyme.
Ammonia oxidizers are capable of co-oxidizing a range of
hydrocarbons (including methane and even xenobiotics),
which raised interest in exploiting these microorganisms for
bioremediation (Vanelli et al. 1990). The broad substrate range
of AMO also is responsible for inhibition of ammonia oxidizers
by a variety of substances (@ Table 3.1). During oxidation of
acetylene via AMO, reactive intermediates that bind irreversibly
to AMO are formed in the presence of oxygen. The same
mechanism causes the inhibition of AMO by trichlorethylene.

The acetylene inhibition can be ameliorated by high ammonia
concentrations via an unknown mechanism (Hyman and
Wood 1985). Competitive inhibitors of AMO are methyl
fluorides, dimethyl ether (Voysey and Wood 1987; Miller et al.
1993; Hyman et al. 1994), alkanes, alkenes (Hyman et al. 1988),
and aromatic compounds (e.g., aniline; Keener and Arp 1994;
Voysey and Wood 1987; Hyman and Wood 1983; Jones
and Morita 1983). Carbon monoxide (CO) not only binds
irreversibly to cytochromes but also competitively inhibits
AMO, the enzyme that oxidizes it to carbon dioxide
(Tsang and Suzuki 1982; Erickson et al. 1972). Since copper
is a cofactor of AMO (Loveless and Painter 1968;
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@ Table 3.1

Inhibitors of ammonia oxidation
Allylthiourea 107 18 100
KCN 5x 107 22 83
Na,$ 10°% 0 9
NH,NH, 2 x 107%® 16 86
CO (95 % 05, 5 % CO) 0.05° 8 100
mCCP® 107°P 17 128
Dinitrophenol (DNP) 2 x 107 27 100
Methylene blue 10740 100
Methanol 5x 1073 100
Ethanol 0.09° 100
Acetate 0.1° 91 100
Light 420 lux 0 100
Temperature 15°C 23 50

®Nitrite-producing rates (%) of whole cells using ammonia as substrate are listed.

Nitrite-producing rate of the untreated control equals 100 %
PConcentration in mol per liter

“m-Chlorcarbonyl cyanide phenylhydrazone

Modified from Hooper and Terry (1973)

Hooper and Terry 1973), metal chelators such as allylthiourea
and diethyldithiocarbamate are noncompetitive, reversible
inhibitors (Lees 1952).

In addition to of the
inhibitors, © Table 3.1 lists other inhibitors of ammonia
oxidation that do not directly interact with AMO. Ammonia
oxidation is much more strongly inhibited by all listed physical

some above-mentioned

parameters and chemical compounds than is hydroxylamine
oxidation.

Ammonia-oxidizing bacteria not only catalyze aerobic ammo-
nia oxidation but also show denitrifying activity with nitrite as
electron acceptor. For example, small amounts of nitric oxide
and nitrous oxide are produced during denitrification with
ammonia as electron donor at reduced oxygen concentrations
(Hooper 1968; Goreau et al. 1980; Remde and Conrad 1990;
Stiiven et al. 1992). When using "*NH,* and '°NO,~, Poth
and Focht (1985) demonstrated that nitrous oxide was
produced at low oxygen tension by nitrite reduction and not
by hydroxylamine oxidation. The reaction is thought to be
catalyzed by a periplasmic soluble cytochrome oxidase/nitrite
reductase induced at low oxygen partial pressure (Miller and
Wood 1982; Miller and Nicholas 1985; DiSpirito et al. 1985).
Additionally, the formation of dinitrogen was observed
(Poth 1986; Bock et al. 1995), indicating that at least some
strains of Nitrosomonas possess a nitrous oxide reductase.
However, this enzyme has not been isolated as yet from
denitrifying ammonia oxidizers.

For comparison, the respective rates for hydroxylamine oxidation are shown.

Ammonia oxidizers show relatively high denitrification
activities when they are cultivated under oxygen-limited
conditions in the presence of organic matter (mixotrophic
growth conditions; Bock et al. 1995). However, under these
conditions, ammonia oxidation rates are low (Zart et al. 1996).
For this reason, the denitrifying potentials of ammonia
oxidizers cannot be efficiently exploited for one-step nitrogen
removal in wastewater treatment plants.

In the absence of dissolved oxygen, Nitrosomonas eutropha
and Nitrosomonas europaea are capable of anoxic denitrification
using molecular hydrogen, or simple organic compounds such
as acetate, pyruvate, or formate as electron donors and nitrite as
electron acceptor (Bock et al. 1995; Abeliovich and Vonshak
1992; Stiiven et al. 1992).

Genetics of Ammonia Oxidizers

Relatively little information regarding the genetic makeup
of ammonia oxidizers is available. Most studies focused on
Nitrosomonas europaea (genome of ca. 2.2 Mb) whose genomic
sequence is currently being determined [{spider.jgi-psf.org}].
For the other ammonia oxidizers of the B- and A-subclasses of
Proteobacteria (section ® “Phylogeny of Ammonia Oxidizers”),
sequence information is restricted to the genes coding for the
16S rRNA (for a review, see Purkhold et al. 2000), the 16S-23S
rDNA intergenic spacer region (Aakra et al. 1999), as well as the
ammonia monooxygenase operon (Rotthauwe et al. 1995;
Purkhold et al. 2000; Alzerreca et al. 1999). Recently, a gene
for a copper-containing dissimilatory nitrite reductase (nirK)
that has been detected by PCR and was sequenced for
several B-subclass ammonia-oxidizing bacteria is under way
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(Casciotti and Ward 2001). Ammonia oxidizers can also harbor
plasmids, as demonstrated by the isolation and characterization
of two cryptic plasmids in a Nitrosomonas strain retrieved from
activated sludge (Yamagata et al. 1999).

Genes coding for enzymes involved in the oxidation of ammo-
nia, particularly the ammonia monooxygenase (AMO), the
hydroxylamine oxidoreductase (HAO), and the accompanying
cytochromes, have been most intensively studied in N. europaea,
which has multiple copies of these primary nitrification genes
(section © “Enzymes Involved in Ammonia Oxidation”).
Nitrosomonas europaea has a duplicated amo operon containing
a continuous arrangement of the genes amoC, amoA, and amoB,
which are cotranscribed as a 3.5-kb mRNA and encode the three
subunits of AMO, AmoC, AmoB, and AmoA (McTavish et al.
1993; Klotz et al. 1997; Sayavedra-Soto et al. 1998). A third copy
of amoC, which is not associated with the genes for the other
subunits of this enzyme, has recently been identified (Sayavedra-
Soto et al. 1998). Multiple amo operons also have been found in
several other ammonia oxidizers (@ Table 3.2). Furthermore,
N. europaea has at least three copies of each of the genes coding
for the hydroxylamine oxidoreductase (hao) and cytochrome
Cssq (cycA or hey; McTavish et al. 1993; Hommes et al. 1994).
Each copy of the hao gene is located 950 bp upstream of a copy
of the hcy gene, but both genes are always found to be within
different operons (Bergmann et al. 1994; Sayavedra-Soto et al.
1994). Downstream of two of the hcy genes, an ORF (cycB)
predicted to encode another tetraheme cytochrome ¢ was
detected (Bergmann et al. 1994). The nucleic acid sequences of
the multiple copies of all above-mentioned genes (except for the
unlinked amoC genes) are either identical or highly similar
within a single ammonia oxidizer species, whereas much lower
similarities occur between the respective genes of different

B Table 3.2

species. Thus, it is likely that the multiple gene copies originated
from relatively recent gene duplication events and were not
caused by lateral gene transfer (Klotz and Norton 1998). It has
been speculated that the presence of multiple genes might
(1) allow more-rapid generation of the respective mRNA during
ammonia flushes within the local environment of the ammonia
oxidizers (Hommes et al. 1998) or (2) be responsible for
maintaining a certain ratio of the gene products (Bergmann
et al. 1994).

In addition to those genes with products directly involved in
ammonia oxidation, genes of N. europaea encoding the enolase
(eno) and CTP synthase (pyrG) were sequenced (Mahony
and Miller 1998). The enolase catalyzes the conversion of
2-phosphoglycerate to phosphoenolpyruvate, and its gene was
found to be linked on the chromosome with the pyrG gene,
albeit both genes are not cotranscribed. A similar arrangement
of both genes is present in the Escherichia coli genome
(where they are cotranscribed), though these genes are not
linked in other investigated bacterial genomes.

Unfortunately, no sequence information regarding the
genes involved in CO, fixation/carboxysome formation of the
autotrophic ammonia oxidizers is currently available.

One unusual feature of N. europaea is that it possesses multiple
copies of those genes directly involved in ammonia oxidation.
This is remarkable, since, with the exception of rRNA and tRNA
genes, only relatively few cases of gene duplications have been
described for bacteria (e.g., Hass et al. 1992; Sela et al. 1989;
Tubulekas and Hughes 1993; Kusian et al. 1995). The signifi-
cance of the N. europaea ammonia oxidation genes being present
in multiple copies has been investigated using techniques for
transformation and insertional mutagenesis (Hommes et al.
1996, 1998). Disruption of each of the two amoA copies showed

Number of amo operons and amoC copy numbers in different ammonia oxidizers

Nitrosomonas europaea ATCC 19178

Nitrosomonas eutropha C-91

Nitrosospira briensis C-128

Nitrosospira sp. NpAV

Nitrosolobus multiformis ATCC25196

Nitrosospira sp. 39-19

Nitrosovibrio tenuis NV-12

Nitrosococcus oceani

slw|bs|n[d[pr|lw|w

Nitrosococcus sp. C-113

== (N[ WfWlW|lW[N|N

—_

2Several ammonia oxidizers contain in their genomes an additional amoC copy not linked to other amo genes. In N. europaea, the additional amoC copy has 60 %

nucleic acid sequence similarity to each of the other two amoC copies
From Norton et al. (1996); Alzerreca et al. (1999), and data from GenBank



Oxidation of Inorganic Nitrogen Compounds as an Energy Source 3 99

that each copy was functional in N. europaea and that neither
copy is essential in the cell. However, knockout of one of the
amoA copies, but not of the other, has a significant influence on
the growth rates of the cells (Hommes et al. 1998), suggesting
different regulation of each copy. Surprisingly, however, the
putative 6”°-type promotors of both amoA genes were found
to be identical (Hommes et al. 2001), indicating that the differ-
ential transcription of both genes (Hommes et al. 1998) involves
regions upstream of the promotor where the DNA sequences of
both copies diverge (Hommes et al. 2001). Similar results were
obtained with cells carrying single mutations in each of the
amoB genes (Stein et al. 2000). Insertional mutagenesis of each
of the three hao gene copies, all of which possess 6”°-type
promotors (Hommes et al. 2001), showed that none of them
was essential and that their inactivation could be compensated
fully by the two remaining hao genes (Hommes et al. 1996).
However, owing to the presence of three hao gene copies,
differences in their regulation might only become apparent
after simultaneous inactivation of two of the copies.
Ammonia-oxidizing bacteria thrive in environments where
ammonia is often present in very low concentrations. In these
habitats, the capability to efficiently make use of temporal
flushes of ammonia might represent an important selective
advantage for an ammonia oxidizer. Therefore, the genetic and
physiological responses of ammonia oxidizers under conditions
of ammonium limitation (ammonium present in amounts that
can be metabolized to completion), of starvation (absence of
ammonium), and in the presence of excess ammonium
were intensively investigated. Nitrosomonas cryotolerans and
N. eutropha survive ammonia starvation for at least 25 weeks
(Jones and Morita 1985) and 1 year, respectively (Pinck et al.
2001). In contrast to energy-starved heterotrophic bacteria,
N. cryotolerans cells after 10 weeks of starvation (1) do not
miniaturize, (2) maintain stable levels of intracellular ATP, and
(3) show no changes in the total protein, DNA, or RNA levels
(Johnstone and Jones 1988). Furthermore, quantitative FISH
demonstrated that ammonia oxidizers in activated sludge main-
tain relatively stable cellular rRNA concentrations during star-
vation for 1 month or inhibition with allylthiourea for several
days (Wagner et al. 1995; Morgenroth et al. 2000). During
prolonged starvation for several months or years, ammonia
oxidizers lose ammonia-oxidizing activity but still contain
significant amounts of AMO inasmuch as this enzyme is
degraded more slowly in comparison to the mean cellular
protein (Pinck et al. 2001). Under conditions of ammonia
starvation, the mRNA of the amo gene disappears within 8 h,
though the ammonia and hydroxylamine oxidation activities do
not change over a period of 24 h (Stein and Arp 1998a). Limiting
ammonium concentrations results in a large loss of ammonia-
oxidizing activity (85 %) after 24 h, but it neither affects the
steady-state levels of amoA mRNA nor the result in degradation
of the AmoA subunit (Stein and Arp 1998a). Interestingly,
short-chain alkanes and other substrates having a high binding
affinity for AMO ameliorate the inactivating effects of ammonia
limitation by protecting the energy-generating activity of

N. europaea from potentially toxic by-products of its metabo-
lism (Stein and Arp 1998a, b; section ® “Ammonia and Hydrox-
ylamine as Substrates”). Interestingly, N. europaea cells grown in
biofilms recover much faster after ammonium starvation than
their planktonic counterparts. Preliminary data suggest that
this phenomenon might be caused by cell-to-cell communica-
tion via N-(3-oxohexanoyl)-L-homoserine lactone (Batchelor
et al. 1997). As expected, ammonium/ammonia induces the
transcription of the ammonia monooxygenase and hydroxyl-
amine oxidoreductase genes as well as the transcription of
several additional genes that were not further characterized
in Nitrosomonas europaea (Sayavedra-Soto et al. 1996).
Furthermore, the activity of AMO is regulated by the presence
of ammonia at translational (Hyman and Arp 1995; Stein et al.
1997) and posttranslational (Stein et al. 1997) levels.

Biochemistry of Nitrite-Oxidizing Bacteria

The second step of nitrification, the oxidation of nitrite to
nitrate, is performed by nitrite-oxidizing bacteria. Although at
least four different genera of nitrite oxidizers exist in nature
(section © “Phylogeny of Nitrite Oxidizers”), most of our
knowledge on the physiology and biochemistry of these organ-
isms stems from research on Nitrobacter species and thus cannot
be generalized for all nitrite oxidizers.

The key enzyme of nitrite-oxidizing bacteria is the
membrane-bound nitrite oxidoreductase (Tanaka et al. 1983),
which oxidizes nitrite with water as the source of oxygen to form
nitrate (Aleem et al. 1965). The electrons released from this
reaction are transferred via a- and c-type cytochromes to
a cytochrome oxidase of the aas type. However, the mechanism
of energy conservation in nitrite oxidizers is still unclear. Neither
Hollocher et al. (1982) nor Sone et al. (1983) were able to find an
electron transport chain linked to proton translocation in
nitrite-oxidizing cells of Nitrobacter winogradskyi. The first
product of energy conservation was shown to be NADH and
not ATP (Sundermeyer and Bock 1981).

Except for Nitrobacter, all other isolated nitrite oxidizers are
obligate lithotrophs with nitrite serving as the only energy
source. Although many strains of Nitrobacter are able to grow
heterotrophically, growth is very inefficient and slow (Smith and
Hoare 1968; Bock 1976). Additionally, inorganic substrates
other than nitrite, namely, nitric oxide, can be used for
lithotrophic growth, indicating metabolic diversity among
Nitrobacter species (Freitag et al. 1987).

In anoxic environments, Nitrobacter cells are able to grow by
denitrification (Freitag et al. 1987; Bock et al. 1988). Nitrate
can be used as acceptor for electrons derived from organic
compounds to promote anaerobic growth. Since the oxidation
of nitrite is a reversible process, the nitrite oxidoreductase can
reduce nitrate to nitrite in the absence of oxygen (Sundermeyer-
Klinger et al. 1984). Furthermore, the nitrite oxidoreductase
copurifies with a nitrite reductase that reduces nitrite to nitric
oxide (Ahlers et al. 1990).
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The utilization of nitrite as an energy source has been the subject
of several reviews (Wood 1986; Hooper 1989; Bock et al. 1991;
Yamanaka et al. 1981; Tanaka et al. 1983; Sundermeyer-Klinger
et al. 1984; Fukuoka et al. 1987). Nitrite is oxidized to nitrate,
and the oxygen atom in the nitrate molecule is derived from
water (Aleem 1965; Kumar et al. 1983; Hollocher 1984)
according to © Eq. 3.15.

NO,” + H,0 — NO;~ +2H" +2¢~ (3.15)

The two electrons released are transported to oxygen, as
described in © Eq. 3.16.

2H" 4 2¢ +0.50, — H,0 (3.16)

The produced nitrate is inhibitory for Nitrobacter species at
concentrations between 30 and 65 mM, probably owing to
feedback inhibition.

The electron flux from nitrite to oxygen could pass the
following electron carriers (Bock and Koops 1992):

nitrite — molybdopterin — iron-sulfur clusters

— cytochrome a; — cytochrome ¢~ (3.17)

— cytochrome aa; — dioxygen

Nitrite Oxidoreductase

Nitrite oxidation is a reversible process. The enzyme nitrite
oxidoreductase (NO,-OR) catalyzes the oxidation of nitrite to
nitrate and the reduction of nitrate to nitrite (section ©® “Genet-
ics of Nitrite Oxidizers”). The NO,-OR is an inducible mem-
brane protein present in Nitrobacter cells, which are either
grown lithotrophically with nitrite or heterotrophically in the
presence of nitrate. Depending upon the enzyme isolation tech-
nique, the molecular features of NO,-OR vary considerably.
Cytochromes of the a and ¢ type were present when the enzyme
of Nitrobacter winogradskyi was solubilized with Triton X-100
and purified by ion exchange and size exclusion chromatogra-
phy (Tanaka et al. 1983). The purified protein was composed of
three subunits of 55, 29, and 19 kDa. Cytochromes a; and c were
also found when n-octylglycoside was chosen as detergent. How-
ever, using sodium deoxycholate and subsequent isolation by
sucrose gradient centrifugation, only cytochrome ¢ could be
detected (Sundermeyer-Klinger et al. 1984). In this preparation,
the holoenzyme of Nitrobacter hamburgensis consisted of three
subunits with relative weights of 116-130, 65, and 32 kDa. No
cytochromes were found when the NO,-OR was isolated from
membranes by heat treatment. In this case, only two subunits of
115-130 and 65 kDa were present for Nitrobacter winogradskyi,
Nitrobacter vulgaris, and for Nitrobacter hamburgensis (Bock
et al. 1990).

All preparations of the NO,-OR contain molybdenum
(Mo) and iron-sulfur clusters. In membranes of Nitrobacter

winogradskyi, signals attributed to molybdenum were
detected by electron proton resonance spectroscopy (Ingledew
and Halling 1976). In isolated NO,-OR, molybdenum
occurred in the form of molybdopterin (Kriiger et al. 1987).
The molybdenum content varied between 0.13 (Sundermeyer-
Klinger et al. 1984) and 1.4 y-atoms per molecule (Fukuoka et al.
1987). This difference can probably be explained by the fact
that molybdenum often is lost during the enzyme isolation
procedure. Molybdenum is essential for nitrite oxidation, and
when it is replaced by tungsten, lithoautotrophically growing
cells of Nitrobacter hamburgensis are inhibited, whereas
heterotrophically growing cells are not. Flavoproteins are absent
in NO,-OR preparations. When isolated with Triton X-100,
manganese was found to be associated with the NO,-OR
(Tanaka et al. 1983). The pH optimum of the NO,-OR for nitrite
oxidation differs from that for nitrate reduction. Optimal pH
for nitrite oxidation with ferricytochrome cs5, ferricyanide,
or chlorate as oxidants is about 8.0. With reduced methyl or
benzyl viologen as reductants, the optimal pH for nitrate
reduction ranges from 6.0 to 7.0. The apparent K, value
for nitrite oxidized by the NO,-OR with the aid of different
electron acceptors varied with the test conditions between
0.5 and 2.6 mM (Tanaka et al. 1983) or 0.5 and 3.6 mM
(Sundermeyer-Klinger et al. 1984), whereas the K, value for
nitrate amounted to about 0.9 mM.

It is important to note that the specific activities of NO,-OR
are influenced by the purification steps of the isolation proce-
dure. As shown in @ Table 3.3, the nitrite oxidation activity and
the nitrate reduction activity are highest in the membrane frac-
tion. Both activities decrease to about 80 % when NO,-OR is
isolated from membranes without detergent. If Triton X-100
or sodium deoxycholate is used for isolation, this effect is
even more pronounced (Yamanaka and Fukumori 1988;
Sundermeyer-Klinger et al. 1984).

Cytochrome ¢ Oxidase

In Nitrobacter species, absorption peaks at 605 nm in difference
spectra indicate a cytochrome ¢ oxidase of the aa; type. This
membrane-bound enzyme was purified to an electrophoretically
homogeneous state (Yamanaka et al. 1981; Sewell et al. 1972),
and the function of cytochrome aa; was determined as
a terminal oxidase by photoactivation of CO-inhibited oxygen
consumption. In contrast to mitochondrial terminal oxidases,
cytochrome aa; of Nitrobacter winogradskyi is composed
of two subunits with 40 and 27 kDa in a molar ratio of 1
(Yamanaka et al. 1979). One molecule of the enzyme contains
two molecules of heme a, two atoms of copper, one atom
of magnesium, but no zinc (Yamanaka and Fukumori 1988).
The K,,, values were estimated to be 110 and 24 uM for horse
heart cytochrome ¢ and ferricytochrome ¢ (both of which
can serve as electron donors) of Nitrobacter winogradskyi,
respectively.  Phospholipids  isolated from  Nitrobacter
winogradskyi did not stimulate the oxidation rate of native
ferrocytochrome ¢ or horse heart cytochrome ¢ (Yamanaka
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@ Table 3.3

Activity variations of the nitrite oxidoreductase isolated from mixotrophically grown cells of Nitrobacter hamburgensis depending on the

isolation procedure

Crude extract, 8,000 x g 1.728 2.101
Supernatant 2.338 1.839
Membranes 6.047 3.270
Membranes after heat treatment 2.582 4.882
Purified enzyme 2.506 1.740

*The unit of activity for NO,  oxidizing was determined with ClOs ™ as electron acceptor. One unit is defined as the oxidation of 1 uM nitrite per minute and per

milligram of protein

PThe nitrate reductase activity was measured with reduced methyl viologen (MVH) as electron donor. One unit is defined as the reduction of 1 uM nitrate and per

minute and per milligram of protein

and Fukumori 1988). If cytochrome aa; was incorporated
in phospholipid vesicles or membrane vesicles, respiratory
control was observed, but proton-pumping activity was not
(Sone et al. 1983; Sone 1986).

Nitrite Reductase

In Nitrobacter vulgaris, a membrane-bound nitrate reductase
(NiR) was copurified with the nitrite oxidoreductase (Ahlers
et al. 1990). The NiR reduces nitrite to nitric oxide, which is
released under reduced oxygen partial pressure from the cells to
the environment. Therefore, this enzyme seems to be
a dissimilatory nitrite reductase of the denitrification type.

In the sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) of NO,-OR and NiR, three bands are
visible. In addition to the two proteins with M, 115,000 and
65,000, which are constituents of the NO,-OR, a third protein
with M; 63,000, possibly representing the NiR, is detectable.
The pH optimum of the NiR was shown to be 6.1, and the K,
value for nitrite was 0.263 mM. The isoelectric point (IEP) was
calculated to be at pH 5.5-6.0. Reduced horse heart cytochrome
¢ can serve as an electron donor for nitrite reduction in
Nitrobacter winogradskyiand Nitrobacter vulgaris. The biological
function of NiR is difficult to understand, since ATP generation
has not been detected during nitrite reduction (Freitag and
Bock 1990).

As shown in © Fig. 3.9, the first step, the electron transfer from
nitrite to cytochrome a; is catalyzed by the enzyme nitrite
oxidoreductase. Cytochrome a; was shown to be necessary to
channel electrons from nitrite to cytochrome ¢ (Yamanaka and
Fukumori 1988). Cytochrome a, of Nitrobacter winogradskyi is
not autoxidizable (Tanaka et al. 1983) and shows a typical
absorption maximum at 589 nm. It is always found in nitrite-
oxidizing and nitrate-reducing cells of all Nitrobacter species.

O CM i
/\ NO,™ + H,O
Cyt ascq o+ Hp
NO,~ + 2H*
—Ers
Yyt O +
26~ 0,5 02 +2H
Cyt bey Acetate
A
HADH + H*.
HADH/Q Q
HAD™* + 2H*
Cytaicy @ HADH + H*
D
Cyt a;c; @ HAD* + 2H*
NO,™ + H,O
26~ NO,™ + 2H*
ytaag o5 0, + 2H*
nitrite /nitrate
antiport

@O Fig. 3.9

Model of the electron flow in Nitrobacter. Depicted are the
pathways of denitrification and heterotrophic growth (upper part)
and the nitrification pathway (lower part). CM cytoplasmic
membrane, i inside the cell/cytoplasmic space, o outside of the
cell/periplasmic space, NO,-OR nitrite oxidoreductase, and TCA
the tricarboxylic acid cycle (Figure was kindly provided by

l. Schmidt)
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On the other hand, Nitrospira marina does not possess any
cytochrome of the a type (Watson et al. 1986).

The electrons enter the underlying respiratory chain at the
level of cytochrome ¢ (Aleem 1968; Cobley 1976b; Aleem and
Sewell 1981; Sundermeyer and Bock 1981; Tanaka et al. 1983).
The reduction of cytochrome cis a thermodynamically unfavor-
able step, which is slow in cell-free extracts. Electrons derived
from the nitrite/nitrate couple have a redox potential of E,, ; =
+420 mV, whereas those of ferrocytochrome ¢/ferricytochrome ¢
have a potential of E;;,; = +260 mV. A relatively high nitrite
concentration would cause a lowering of the redox potential, but
in natural habitats, high nitrite concentrations are rarely found
(Schmidt 1982). Actually, a highly active cytochrome aas pushes
nitrite oxidation by the removal of electrons from cytochrome c.
In addition, the concentration of cytochrome aa; also varies
dependent upon the oxygen concentration. SDS-PAGE experi-
ments demonstrated that cells of Nitrobacter vulgaris grown
under high oxygen partial pressure possess high nitrite-oxidizing
activity and a high cytochrome aa; content, whereas those cells
grown under low oxygen tension have a low activity and a low
cytochrome aa; content (E. Bock, unpublished observation).

The nitrite-oxidizing system of Nitrobacter vulgaris can be
remodeled by reassociation of n-octylglycoside-isolated NO,-
OR with cytochrome aa;. The activity of the nitrite-oxidizing
system increased with increasing amounts of cytochrome ¢ oxi-
dase (© Fig. 3.10). Present alone, NO,-OR or cytochrome aa;
was unable to oxidize nitrite to nitrate. The in vitro modeling of
the nitrite-oxidizing system of Nitrobacter vulgaris shows clearly
that both enzymes are essential for the oxidation of nitrite to
nitrate, with oxygen as the terminal electron acceptor. At a fixed
NO,-OR content, the enzyme activity is regulated by the con-
centration of cytochrome aaj.

Specific activity [nmol / mg x min]

0 T T T T T T
0 1 2 3
Cytochrome ¢ oxidase concentration [mg protein]

O Fig. 3.10

Increase of the specific nitrite-oxidizing activity in cell-free
enzyme preparations of Nitrobacter vulgaris. Isolated nitrite
oxidoreductase was complemented with increasing amounts of
cytochrome oxidase (aas) for 20 h at 28 °C. The specific activity
was measured as nitrite oxidized to nitrate with oxygen as the
electron acceptor

In addition to oxygen, CO, can serve as electron sink in
Nitrobacter. Cytochrome ¢ oxidation generates energy that is
necessary for autotrophic carbon dioxide fixation. Since
lithoautotrophic growth is inefficient, 85-115 mol of nitrite
has to be oxidized to assimilate 1 mol of carbon dioxide
(Bomeke 1954).

Electron Flow of the Conventional Respiratory
Chain

The electrons from nitrite meet the underlying respiratory
chain at the level of cytochrome ¢ (not shown in © Fig. 3.9).
This chain functions in lithotrophically, mixotrophically,
and heterotrophically growing cells as well as in endogenous
respiring cells of Nitrobacter in the absence or presence of oxygen
(© Fig. 3.11). Electrons from NADH + H" (NADH) pass via
flavin mononucleotide (FMN) and ubiquinone to a cytochrome
be, complex and finally to the terminal oxidase.

The responsible NADH oxidase has not yet been isolated.
However, FMN was found to be present in heterotrophically
grown Nitrobacter cells (Kirstein et al. 1986). Ubiquinone Qy,
was the isoprenoid in the respiratory chain (Aleem and
Sewell 1984).

The cytochrome be, is supposed to consist of a cytochrome
bsgo (55 kDa) and cytochrome ¢1-550 (32 kDa; M. Rudert,
unpublished observations). The terminal oxidase (presented
in © Fig. 3.11) is a protein complex isolated from Nitrobacter

NADH + H*

55,000 Cyt.b - 560

|

32,000 Cyt.cq - 550

v

Cyt.c - 552

|

Cyt.o - 560

N

05 Op+2H" H,0

25,500
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@ Fig. 3.11
Components of the conventional respiratory chain of Nitrobacter.
The blocks symbolize proteins and their subunits in M,
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vulgaris cells (M. Rudert, unpublished observations) consisting
of a 25-kDa cytochrome ¢ss, and a 24.5-kDa cytochrome o. This
oxidase is assumed to be active at high oxygen partial pressure
and is also present in lithotrophically grown cells of Nitrobacter
winogradskyi (Aleem and Sewell 1984) as well as in heterotro-
phically grown cells of Nitrobacter hamburgensis (Kirstein et al.
1986). At low oxygen tension, cytochrome aa; might perform
this function (© Fig. 3.9).

Additional electron carriers have been described by different
authors. Kurokawa et al. (1987) isolated a flavin adenine dinu-
cleotide-containing flavoenzyme from lithotrophically grown
cells of Nitrobacter winogradskyi with NAD(P)H cytochrome ¢
reductase and transhydrogenase activities. Two cytochromes of
the b type, bsgp and bses, were found in Nitrobacter
hamburgensis. Cytochrome bsg is typical for heterotrophically
grown cells and might belong to the be; complex (Kirstein et al.
1986). The function of cytochrome bsq, is unknown. Several
additional membrane-bound and soluble cytochromes of the ¢
type have been described (Chaudhry et al. 1981; Miller and
Wood 1982). As reported by Tanaka et al. (1982) and Yamanaka
et al. (1982), the amino acid composition of a soluble cyto-
chrome cof Nitrobacter winogradskyi is similar to the mitochon-
drial cytochrome c.

ATP Production

A generally accepted concept for the mechanism of energy
generation derived from the described electron flow system is
not available. Cobley (1976a) reported proton release into the
cytoplasm, whereas Wetzstein and Ferguson (1985) detected
proton extrusion into the periplasmic space coupled to oxida-
tion of nitrite with artificial electron donors. However, proton-
pumping activity able to drive a membrane-bound ATPase
could neither be measured for nitrite-oxidizing cells nor for
nitrite-oxidizing vesicles (Hollocher et al. 1982).

Apart from the oxidation of exogenous organic substrates,
Nitrobacter cells can oxidize endogenous material, for example,
poly-B-hydroxybutyrate; this metabolic activity is called “endoge-
nous respiration.” It has been shown that the oxidation of both
exogenic and endogenic matter causes electron flow via a “normal”
respiratory chain. Thus, nitrite-oxidizing Nitrobacter can be
considered as a regulatory specialist because nitrite oxidation
interferes with normal respiration, for example, nitrite oxidation
might inhibit endogenous respiration (Eigener and Bock 1975).
Changing from endogenous respiration to nitrite oxidation, active
cells increased their ATP pool to a maximum of 1 mol of ATP by
the oxidation of 1 mol of nitrite (Aleem 1968). All attempts to
reproduce this result have failed, but in whole cells and in
membrane vesicles, ATP was formed at the expense of NADH
oxidation with nitrate (Kiesow 1964; Freitag and Bock 1990)
and/or oxygen as electron acceptor (Sewell and Aleem 1979).

In Nitrobacter, phosphorylation of ADP is carried out by a
membrane-bound ATP synthase. Isolated Nitrobacter ATPase is
similar to the F1-ATPase from a thermophilic bacterium
(Yamanaka and Fukumori 1988). With respect to ATP

production, Nitrobacter might be best described as a “normal”
respiring organism, but this does not explain why heterotrophic
growth is so slow.

NADH Production and Cell Growth

Lithotrophically grown cells of Nitrobacter winogradskyi and
Nitrobacter vulgaris possess an average poly-B-hydroxybutyrate
(PHB) content of 10-30 % of the cell dry weight (E. Bock,
unpublished observations). This relatively high content indirectly
indicates overproduction of NADH. Kiesow (1964) demonstrated
in vivo NADH synthesis in nitrite-oxidizing cells by measuring the
increase in extinction at 340 nm. Repeating these experiments, we
also found NADH formation but only at low oxygen partial
pressure. The reaction was sensitive to the uncoupler 2,4-dinitro-
phenol and insensitive to the ATPase inhibitor N,N'-
dicyclohexylcarbodiimide (DCCD; Freitag and Bock 1990).

In © Fig. 3.12, the classical scheme of reverse electron
flow for generation of NADH is shown. The functional models
proposed by Wood (1986) and Hooper (1989) leave many
questions unanswered. For example, the authors cannot explain
why nitrite-oxidizing cells or spheroplasts of Nitrobacter
winogradskyi do not produce a proton gradient, which is
necessary to understand reverse electron flow (Hollocher
et al. 1982). As stated above, nitrite-oxidizing bacteria are
able to grow with nitrite, although the electron transfer
from nitrite to cytochrome ¢ is more electronegative than the
nitrite/nitrate couple (Aleem 1968; Ferguson 1982). In spite of
the existing unfavorable redox potential of cytochrome ¢,
the electrons released from nitrite are promptly removed by
cytochrome aas, so that nitrite oxidation can proceed without
energy consumption (O’Kelley et al. 1970). As shown by Cobley
(Cobley 1976a, b), the membrane potential has a stimulatory
effect on the rate of nitrite oxidation. In experiments with whole
cells and membrane vesicles, the nitrite-oxidizing activity
decreased in the presence of uncouplers, which collapsed
the membrane potential. Thus, even the loss of activity of
the isolated NO,-OR might be caused by the loss of the
transmembrane electric field, which mediates a conformation
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@ Fig. 3.12
Classical scheme of ATP-dependent NADH synthesis in nitrite-
oxidizing cells of Nitrobacter
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NADH formation in whole cells of Nitrobacter winogradskyi in the
presence of nitrite (a) and nitric oxide (b) under oxic conditions.
NADH production was measured as the increase in absorption at
340 nm

transition between an “inactive” and an “active” form of the
enzyme (Tsong and Astumian 1987).

Sundermeyer and Bock (1981) were the first to present
evidence that NADH synthesis is the primary energy-conserving
process in nitrite-oxidizing cells. In addition to nitrite, nitric
oxide was shown to be a suitable electron donor for NADH
synthesis (Freitag and Bock 1990). © Figures 3.13 and © 3.14
show the formation of NADH (increase in absorption at
340 nm) in whole cells of Nitrobacter winogradskyi. When nitrite
was added to aerobic cell suspensions, the dissolved oxygen
tension dropped within 5 min to less than 4 % of saturation.
As shown in © Fig. 3.13, the NADH pool of the cells first
decreased for 5 min and then increased at a constant rate.
When nitrite was added to anaerobic cell suspensions, the
NADH content increased without any lag phase (@ Fig. 3.14).
As shown in the figures, the rates of NADH formation with nitric
oxide as substrate were faster than those with nitrite. Compared
to E,; = +420 mV for the nitrite/nitrate couple, the redox
potential of the nitric oxide/nitrite couple is E,, ; = +374 mV
(Wood 1978), if water is the reactant. Thermodynamically, there
is no great difference between the two reactions; nevertheless,
nitric oxide was the better substrate than nitrite when
Nitrobacter winogradskyi was grown lithoautotrophically.

It is generally accepted that NADH generation in Nitrobacter
cells is an ATP-independent reaction as shown for Thiobacillus
ferrooxidans (Lu and Kelly 1988). But it is still unclear how
NADH is synthesized.

A 340 nm
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A A A JANN
ACASA - & o b
0.02 A
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0.00
min
O Fig. 3.14

NADH formation in whole cells of Nitrobacter winogradskyi in the
presence of nitrite (a) and nitric oxide (b) under anoxic conditions.
NADH production was measured as the increase in absorption at
340 nm

Genetics of Nitrite Oxidizers

With exception of the 16S rRNA genes (Sorokin et al. 1998; Orso
et al. 1994; Teske et al. 1994; Ehrich et al. 1995), no genetic data
are available for nitrite-oxidizing bacteria other than Nitrobacter
(section © “Phylogeny of Nitrite Oxidizers”). For Nitrobacter
species, sequence of the 16S-23S rRNA intergenic spacer and
partial sequences of the 23S rRNA genes have been determined
(Grundmann et al. 2000). Furthermore, the genes encoding
the two catalytic core subunits of cytochrome ¢ oxidase
of Nitrobacter winogradskyi occur in the same operon.
Similar to many ammonia-oxidizing bacteria, N. winogradskyi
possesses at least two copies of these genes in its genome (Berben
1996). In addition, the sequences of the Calvin cycle genes were
determined for Nitrobacter vulgaris (Strecker et al. 1994) and
Nitrobacter winogradskyi (GenBank accession numbers [ {http://
www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Search=Nucleo-
tide=AF109915=DocSum}{AF109915}] and [{http://www.ncbi.
nlm.nih.gov/entrez/query.fcgi?cmd=Search=Nucleotide=AF10
9914=DocSum}{AF109914}]). In Nitrobacter vulgaris, the
genes for the large and small subunits of ribulose-1,5-
bisphosphate carboxylase/oxygenase, the glyceraldehyde-3-
phosphate dehydrogenase, and a regulatory protein of the LysR
family are located together within one cluster. Another cluster
contains the genes for fructose-1,6- and sedoheptulose-1,7-
biphosphatase, phosphoribulokinase, and fructose-1,6- and
sedoheptulose-1,7-bisphosphatealdolase. ~ Furthermore, the
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genes for both subunits (norA and norB) of the membrane-
bound nitrite oxidoreductase (NO,-OR) from Nitrobacter
hamburgensis were sequenced. These genes cluster together
with an additional ORF (norX) in the order norA, norX,
and norB. The deduced amino acid sequence of protein NorB
contains four cysteine clusters with striking homology to those
of iron-sulfur centers of bacterial ferredoxins. The B-subunit
and the sequenced part of the a-subunit of NO,-OR
exhibit significant sequence similarities with the B- and o-
subunits of the two dissimilatory nitrate reductases of several
chemoorganotrophic bacteria including E. coli (Kirstein and
Bock 1993). This is consistent with biochemical data that
suggest a close functional similarity between both enzyme
complexes (Sundermeyer-Klinger et al. 1984; Hochstein and
Tomlinson 1988).

Heterotrophic Nitrification

The oxidation of ammonia (van Niel et al. 1993), hydroxylamine
(Ralt et al. 1981), or organic nitrogen compounds, for example,
oximes (Castignetti and Hollocher 1984), to nitrite and nitrate
by various chemoorganotrophic microorganisms is called “het-
erotrophic  nitrification.” Heterotrophic nitrification is
a cometabolism that is not coupled to energy conservation
(Wood 1988b). Thus, growth of all heterotrophic nitrifiers is
completely dependent on the oxidation of organic substrates
(Focht and Verstraete 1977; Kuenen and Robertson 1987). The
final product of heterotrophic nitrification often is nitrite
(Castignetti and Gunner 1980), so that heterotrophic nitrifica-
tion may supply the substrate for lithotrophic nitrite oxidizers
and heterotrophic denitrifiers. This additional nitrite produc-
tion (together with the ability of nitrite oxidizers to grow
chemoorganotrophically) might explain why in many environ-
ments the number of lithoautotrophic nitrite oxidizers is much
higher than that of lithoautotrophic ammonia oxidizers
(Kuenen and Robertson 1987).

Recently, attention has been driven to heterotrophic nitrifiers
because many of them are capable of aerobic denitrification in the
presence of organic matter, leading to the complete elimination of
dissolved nitrogen compounds with the formation of gaseous
nitrogen oxides and/or dinitrogen gas (Castignetti and Hollocher
1984; Robertson et al. 1989; Andersson and Levine 1986; van
Niel et al. 1987). Owing to the simultaneous nitrifying and
denitrifying activity, nitrification rates of heterotrophic nitrifiers
are often underestimated (Castignetti and Hollocher 1984;
Kuenen and Robertson 1987). For example, Paracoccus
denitrificans  (formerly called Thiosphaera pantotropha)
produces nitrite from urea, ammonia, and hydroxylamine and
is also able to reduce nitrite even under aerobic conditions
(Robertson and Kuenen 1983, 1984; Robertson and Kuenen
1988). Therefore, in cultures of this organism, nitrite only
accumulates when the nitrite reductase activity is repressed.

Biochemically, the ammonia-oxidizing enzyme of
Paracoccus denitrificans shows some similarities to the AMO of
lithotrophic ammonia oxidizers, for example, the ability to

oxidize alkanes, the apparent requirement for copper, and
inhibition by light, diethyldithiocarbamate and allylthiourea
(Moir et al. 1996a; Crossmann et al. 1997). The purified
ammonia-oxidizing enzyme of P. denitrificans contains two
polypeptides of 38 and 46 kDa, respectively (Moir et al
1996a). However, the genes encoding for these polypeptides
are not closely related to the amo genes of lithotrophic ammonia
oxidizers (Crossmann et al. 1997). The hydroxylamine
oxidoreductase from P. denitrificans is a monomeric protein of
approximately 18.5 kDa containing nonheme iron (Wehrfritz
et al. 1993; Moir et al. 1996b).

The environmental importance of heterotrophic nitrifiers is
controversial in the literature. Generally, it is assumed that in
most environments, the biological conversion of reduced forms
of nitrogen to nitrite and nitrate is catalyzed mainly by the
lithoautotrophic ammonia- and nitrite-oxidizing bacteria and
not by heterotrophic nitrifiers. This reflects that the nitrification
rates of heterotrophic nitrifiers are small compared to those of
autotrophic nitrifiers (Robertson and Kuenen 1988). Therefore,
heterotrophic nitrification was thought to occur preferentially
under conditions unfavorable for autotrophic nitrification, for
example, in acidic environments (Killham 1986). In such
environments, heterotrophic bacteria, fungi, and even some
algae might contribute considerably to nitrification (Schimel
et al. 1984; Killham 1986, 1987; Robertson and Kuenen 1990;
Spiller et al. 1976). But according to recent reports, even in acidic
soils, heterotrophic nitrification contributes to overall nitrate
production only to a minor extent (Stams et al. 1990;
Barraclough and Puri 1995).

Novel Aspects

Nitrifying as well as denitrifying bacteria contribute to the net
production of nitrogenous oxides from soil (Kester et al. 1996,
1997a, b) and from aquatic environments (Xu et al. 1995). This
is noteworthy since the gaseous compounds nitric oxide (NO),
nitrogen dioxide (NO,), and nitrous oxide (N,O) are of signif-
icance for the chemistry of the atmosphere (Johnston 1972;
Crutzen 1979; Galbally and Roy 1983). Additionally, nitrous
oxide acts as a greenhouse gas (Wang et al. 1976; Andersson
and Levine 1986). Furthermore, nitric oxide and to a more
moderate extent nitrogen dioxide (Mancinelli and McKay
1983) have strong inhibitory effects on bacteria (Mancinelli
and McKay 1983; Shank et al. 1962). Toxicity of nitric oxide
is based on its capability to form metal nitrosyl complexes
(mainly with heme proteins, iron-sulfur proteins, and
copper-containing proteins; Henry et al. 1991), resulting, for
example, in the inhibition of cytochrome oxidases (Carr and
Ferguson 1990). Furthermore, nitric oxide was shown to form
S-nitrosothiols from sulfhydryl groups (Stammler et al. 1992;
Hausladen et al. 1996) and to cause C — T transitions in the
DNA (Wink et al. 1991).
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To protect themselves from toxic effects of nitric oxide, many
bacteria possess detoxifying enzymes. Denitrifying organisms
produce nitric oxide by the activity of the nitrite reductase but
are able to keep the internal nitric oxide concentration low by
reducing it to nitrous oxide via the NO reductase. Thus, these
organisms are strongly dependent on a close functional coupling
between both enzymes (Zumft 1993). Consistent with this find-
ing, loss of NO reductase is lethal for denitrifying cells of Pseu-
domonas stutzeri (Braun and Zumft 1991). Other organisms, for
example, Pseudomonas strain PS88, which do not possess the
ability to denitrify, are able to detoxify nitric oxide by means of
oxidative processes that convert it to nitrate (Baumgirtner et al.
1996; Hausladen et al. 1996; Koschorreck et al. 1996).

For ammonia-oxidizing bacteria under oxic conditions, NO
is also toxic but only in the absence of ammonia (E. Bock,
unpublished observation). If ammonia is present, NO and/or
NO, is even essential for aerobic ammonia oxidation. Therefore,
the removal of nitric oxide (NO) from cultures of Nitrosomonas
eutropha by intensive aeration leads to inhibition of ammonia
oxidation. This phenomenon has implications on batch cultiva-
tion of ammonia oxidizers in the laboratory (Zart and Bock
1998). Usually, it is necessary to avoid intensive aeration or
stirring during the first days of incubation; otherwise, the cells
will grow very slowly or even not at all. It was possible to achieve
recovery of ammonia oxidation by adding nitric oxide to the air
supply. The grade of recovery was dependent on the concentra-
tion of nitric oxide supplied (Zart et al. 2000). Inhibition of
ammonia oxidation was also observed, when nitric oxide was
removed from nitrifying cells of N. eutropha by means of DMPS
(2,3-dimercapto-1-propanesulfonic acid) in the presence of Fe**
ions. The addition of nitric oxide lowered inhibition by DMPS.
In another assay, ammonia oxidation of Nitrosomonas eutropha
was inhibited by activity of the NO-detoxifying bacterium Pseu-
domonas PS88 (Baumgirtner et al. 1996; Koschorreck et al.
1996) and could be recovered by addition of NO or lowering
the activity of the pseudomonad (Zart et al. 2000). The enhanc-
ing effect of nitric oxide and nitrogen dioxide on aerobic nitri-
fication and cell growth of Nitrosomonas eutropha could also be
demonstrated using fermenter cultures (Zart and Bock 1998). As
shown in © Fig. 3.15, the specific activity of ammonia oxidation
increased drastically in the presence of nitric oxide and even
more if nitrogen dioxide was added instead of nitric oxide.
Nitrosomonas eutropha was able to tolerate long exposure (up
to 30 days) to nitrogen dioxide or nitric oxide at a concentration
as high as 50 ppm when ammonia was oxidized. This is unusual
since already 1 ppm nitric oxide is inhibitory for various
chemoorganotrophic bacteria (Mancinelli and McKay 1983).
This experiment also shows that nitrite is not a potent inhibitor
for N. eutropha because nitrite accumulated in this experiment
to 100 mM. Thus, ammonia oxidation in N. eutropha was
obviously not inhibited by nitrite accumulation as described
for N. europaea (Anthonisen et al. 1976; Wullenweber et al.
1978; Drozd 1980).

The increase of nitrification rates upon nitrogen dioxide or
nitric oxide addition was partly due to a significant increase of
cell density. In the presence of 50 ppm of nitrogen dioxide, it was
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Increase in specific activity of ammonia oxidation in fermenter
cultures of Nitrosomonas eutropha upon addition of nitric oxide or
nitrogen dioxide to the air supply

possible to obtain up to 2 x 10'° cells ml ™" of N. eutropha (Zart
and Bock 1998), a cell density of ammonia oxidizers, which to
our knowledge has never been reported before. Generally, in
batch cultures of different Nitrosomonas strains, a cell density
of about 2 x 10® cells ml™" is rarely exceeded (Engel and
Alexander 1958; Prosser 1989). In continuous cultures of
N. europaea with complete biomass retention, Tappe et al.
(1996) obtained about 5 x 10° cells ml™". But it is not clear, so
far, how nitric oxide and nitrogen dioxide affect the maximum
cell density of these organisms.

Beyond this, nitric oxide and nitrogen dioxide had an
enhancing effect on the increase of cell number of Nitrosomonas
eutropha (Zart and Bock 1998). The specific growth rate (mea-
sured as increase in protein) slightly increased upon addition of
nitrogen dioxide, but the fission rate increased in a much stron-
ger way. Thus, it is obvious that cell growth was uncoupled from
protein increase. Consequently, the cells were depleted of pro-
tein when growing in the presence of nitrogen dioxide. This is
shown in © Fig. 3.16 where the alteration of cell morphology of
Nitrosomonas eutropha grown in presence of 50 ppm of nitrogen
dioxide is depicted for a period of 4 weeks. Most striking are the
reduction of cell material and the increase of electron-dense
inclusion bodies. These inclusion bodies were storage material
and resembled glycogen-like particles of Nitrospina gracilis
(Watson and Waterbury 1971) and Nitrosolobus multiformis
(Watson et al. 1971). Surprisingly, reduction of the protein
content per cell was accompanied by increased specific activity
of ammonia oxidation.

Although nitrification and cell growth of ammonia oxidizers
were enhanced by adding nitric oxide or nitrogen dioxide to the
air supply of the cultures, the cell yield (cell protein produced
per mol of ammonia oxidized) and the energy efficiency slightly
decreased. This finding might be due to the aerobic production
of N, induced by the addition of NO, (Zart and Bock 1998).
More than 50 % of the ammonia was oxidized to dinitrogen (N,)
and traces of nitrous oxide (N,O) by Nitrosomonas eutropha.
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Electron micrograph of ultrathin sections of cells of Nitrosomonas eutropha showing the morphological alteration of cells grown in
afermenter aerated with 50 ppm NO,. The cells were harvested from the reactor after inoculation (a) and for 1 (b), 2 (c), 3 (d), and 4 weeks
(e) of incubation. ICM intracytoplasmic membranes, C carboxysome, and P unknown particles/electron-dense inclusion bodies

Increasing amounts of supplementary nitrogen dioxide resulted
in increasing nitrogen losses (Zart and Bock 1998). Previously,
significant nitrogen losses were only obtained with extremely
oxygen-limited cultures of ammonia-oxidizing bacteria (Bock
et al. 1995; Zart et al. 1996).

Recently, it could be demonstrated that the addition of NO,
to cells of Nitrosomonas eutropha grown first under anoxic
conditions with hydrogen as electron donor and nitrite as
electron acceptor (Schmidt and Bock 1997) and then shifted to
oxic conditions significantly reduced the lag for the initiation of
ammonia oxidation (Schmidt et al. 2001b).

Formation of nitric oxide was up to now interpreted as
formation of a by-product of ammonia oxidation without sig-
nificance for the metabolism of ammonia oxidizers. Inhibition
of ammonia oxidation of Nitrosomonas eutropha upon with-
drawal of nitric oxide from the culture medium indicates that
the production of nitric oxide by ammonia oxidizers seems to
be not the formation of a “waste compound” but rather the
provision of an important agent for the oxidation of ammonia
(Zart et al. 1999). However, nitrogen dioxide rather than nitric
oxide could represent the decisive agent, where the latter is
acting as precursor for nitrogen dioxide. This hypothesis is
based on reports of Schmidt and Bock (Schmidt and Bock
1997, 1998) who described anaerobic oxidation of ammonia by
Nitrosomonas eutropha using nitrogen dioxide as an oxygen
donor in the AMO reaction. It seems not unlikely that nitrogen
dioxide might be involved in the conversion of ammonia to
hydroxylamine under oxic conditions as well. In such a case,
nitrogen dioxide might act as cosubstrate for the AMO reaction.
But since atmospheric nitrogen dioxide concentration hardly
exceeds 800 ppb (Galbally and Roy 1983; Baumgirtner 1991),
the cells would not be able to cover their requirements by
consuming it just from the atmosphere. They might rather

produce nitric oxide, which can be oxidized chemically to nitro-
gen dioxide with dioxygen (Bodenstein 1918). Although the
latter reaction proceeds predominantly in the gas phase (Ford
et al. 1993; Wink et al. 1993), nitrogen dioxide-consuming
reactions (Lewis and Deen 1994) and low concentrations of
nitric oxide in the liquid (Pires et al. 1994) can alter the devel-
opment of the aqueous reaction, so that nitrogen dioxide might
be produced in biological systems by oxidation of nitric oxide as
it is in the gas phase (Huie 1994).

Considering the finding of Dua et al. (1979) that up to 97%
of the oxygen of hydroxylamine originates from molecular
oxygen, it is important to note that oxidation of ammonia
with nitrogen dioxide leads to the formation of hydroxylamine
and nitric oxide (Schmidt and Bock 1997). Under oxic condi-
tions, the latter might be reoxidized with dioxygen to form
nitrogen dioxide, which would again be available for the oxida-
tion of ammonia by the AMO. Thus, molecular oxygen would
not react directly with ammonia but is hypothetically mediated
by nitric oxide/nitrogen dioxide. Consequently, it is not neces-
sary to provide nitric oxide or nitrogen dioxide and ammonia in
the same ratio since the nitrogenous oxides are permanently
recycled. In © Fig. 3.17, a hypothetical model of this NOy cycle
is depicted which refers to the three-stage catalytic cycle of the
tyrosinase reaction (Shears and Wood 1985). The AMO can have
three oxidation states (Shears and Wood 1985; Bedard and
Knowles 1989; Keener and Arp 1993). As already mentioned,
copper is a constituent of the enzyme, and NO/N,O, is involved
in ammonia oxidation. Therefore, it can be speculated that NO is
a cofactor of the AMO. In accordance with Zart and Bock (1998),
enzyme-bound N,O, is the final cosubstrate for oxidizing
ammonia to hydroxylamine. Dinitrogen tetroxide (N,O,) is
formed from NO by oxidation with molecular oxygen. The
AMO consists of three stages: (1) the deoxy form (reduced),
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2 H*

Oxy NH3
O, NH,OH
! 2e”

Deoxy

Metoxy

O Fig. 3.17

Hypothetical model of an NO,-mediated three-stage cycle driving
the oxidation of ammonia to hydroxylamine in ammonia-
oxidizing bacteria. This cycle does not contribute to the release of
NO during aerobic ammonia oxidation (Stiiven and Bock 2001),
which is probably caused by chemodenitrification of nitrite at the
hydroxylamine oxidoreductase (HAO)

(2) the oxy form (oxidized), and (3) the metoxy form (oxidized).
The first stage is oxygen sensitive, and the second and the third
one are oxygen stable. The oxygen sensitivity of the deoxy form
is caused by an excess of electrons that might lead to the forma-
tion of oxygen radicals, which directly or indirectly react with
NO, forming peroxy nitrite (OONO). This compound is toxic
and destroys the AMO. This working model is in accordance
with the observation that purified AMO can oxidize ammonia to
hydroxylamine with NADH (H") as electron donor under
anoxic conditions with N,O, as oxidant. Oxygen was shown to
be inhibitory (E. Bock and C. Pinck, unpublished data). Copper
in the active center might be responsible for noncovalently
binding the nitrogen oxides in form of nitrosyl complexes. As
described, oxygen is reacting with NO of the deoxy form
(© Fig. 3.17/3), transforming NO to N,0, (oxy form). The
copper ions are oxidized from Cu™ to Cu**. The N,O, molecule
of the oxy form is the final oxygen donor for ammonia oxidation
to hydroxylamine. By this reaction, the enzyme is transferred to
the metoxy form (© Fig. 3.17/1), which is subsequently converted
by reduction to the deoxy form, thereby completing the cycle
(© Fig. 3.17/2). This model also provides an explanation for
the inhibition of ammonia oxidation after withdrawal of nitric
oxide. As demonstrated recently, acetylene inhibits the aerobic
and not the anaerobic ammonia oxidation. Therefore, acetylene
is assumed to bind to the deoxy form of the AMO (Schmidt et al.
2001a). Additionally, the oxidation of ammonia with nitrogen
dioxide/dinitrogen tetroxide (DGO’ = —140 kJ - mol™') is
thermodynamically more favorable than the “classical”
oxidation of ammonia with dioxygen (DGO’ = —120 kJ-mol ").

Anaerobic Ammonia Oxidation with Nitrogen
Dioxide

In the absence of dissolved oxygen, ammonia oxidation and cell
growth have been observed recently in cultures of Nitrosomonas
eutropha (Schmidt and Bock 1997). Those cells were able to
replace molecular oxygen by nitrogen dioxide or dinitrogen
tetroxide, respectively. Hydroxylamine and nitric oxide
were formed in this reaction. While nitric oxide was not further
metabolized, hydroxylamine was oxidized to nitrite. However,
anoxic ammonia oxidation with nitrogen dioxide was more than
tenfold slower than ammonia oxidation with oxygen as electron
acceptor.

The activity of ammonia oxidizers decreases when the
oxygen concentration in the medium decreases too. This can
be put down to the fact that the oxidant for ammonia oxidation
was limited. Therefore, the organisms need another oxidant for
anaerobic ammonia oxidation. For a long time, nitrite was
discussed as a suitable oxidant (Broda 1977), but as shown
in numerous experiments, it could not serve as electron
acceptor for anaerobic ammonia oxidation and cell growth in
Nitrosomonas (Bock et al. 1995; Zart et al. 1996).

Anaerobic Ammonia Oxidation in Cell-Free
Extracts

To reveal the stoichiometry of anaerobic ammonia oxidation,
consumption and production of ammonia, nitrogen dioxide,
nitric oxide, nitrite, nitrous oxide, and dinitrogen were analyzed
in cell-free extracts of N. eutropha. Many attempts were
performed to prepare active cell-free extracts of Nitrosomonas
europaea under oxic conditions (Suzuki et al. 1970, 1981).
One of the most serious problems associated with the charac-
terization of the AMO in extracts has been the instability of the
enzyme activity (Suzuki et al. 1974, 1981; Ensign et al. 1993)
caused by the sensitivity of reduced AMO to oxygen (C. Pinck
and E. Bock, unpublished observation). In contrast, the ammo-
nia-oxidizing enzyme system is stable and active in cell-free
extracts under anoxic conditions and thus allowed to character-
ize the anaerobic ammonia oxidation (Schmidt and Bock 1998).
In a helium atmosphere supplied with 25 ppm of nitrogen
dioxide, ammonia and nitrogen dioxide were consumed in
aratio of approximately 1:2 by cell-free extracts of Nitrosomonas
eutropha. The production of nitric oxide was closely related to
the consumption of nitrogen dioxide. Nitric oxide was released
in amounts nearly equimolar to the consumption of nitrogen
dioxide. The production rate of nitrite was significantly lower
than the oxidation rate of ammonia. It is assumed that nitrogen
dioxide and nitrite served as acceptors for electrons derived from
ammonia oxidation. Approximately 22 % of the nitrite was
converted into gaseous nitrogen compounds (nitrogen loss).
The main products of denitrification were dinitrogen and traces



Oxidation of Inorganic Nitrogen Compounds as an Energy Source 3 109

of nitrous oxide. During the anaerobic ammonia oxidation,
hydroxylamine concentrations between 30 and 40 uM were
measured. In control experiments with cell-free extracts of
Ralstonia  eutropha  (formerly  Alcaligenes  eutrophus),
Enterobacter aerogenes, and Pseudonocardia nitrificans, neither
ammonia oxidation nor nitrogen dioxide consumption could be
detected. In sterile control experiments, there was again no
ammonia consumption. In addition, no formation of nitric
oxide, dinitrogen, or nitrous oxide was measurable.

At 25 °C and atmospheric pressure, the ratio of nitrogen
dioxide (NO,) to its dimer dinitrogen tetroxide (N,O,) is 30:70.
To decide whether nitrogen dioxide or dinitrogen tetroxide is
the electron acceptor for anaerobic ammonia oxidation, exper-
iments were performed at a temperature of 4 °C, conditions
under which the dinitrogen tetroxide concentration is almost
100 %. Experiments were performed with crude cell-free extracts
in the presence of hydrazine as specific inhibitor for HAO.
Although the specific activity of the cell-free extracts decreased
significantly at 4 °C, anaerobic ammonia oxidation could
be detected with a stoichiometry of the converted nitrogen
compounds comparable to those observed at 25 °C. These
results indicate that dinitrogen tetroxide can be used as electron
acceptor for anaerobic ammonia oxidation.

Based on the observed correlations between ammonia and
nitrogen dioxide/dinitrogen tetroxide consumption and nitric
oxide and hydroxylamine production, the following equations
are proposed. © Equations 3.18 and © 3.19 describe the two
half-reactions of the anaerobic ammonia oxidation. The total
AMO reaction is presented in © Eq. 3.20:

) . (3.18)
AGy = +38Kk]J - mol
0.5N,04 +2H" +2¢~ — NO + H,0 (3.19)
AGy = —178k] - mol ™! '
NH; + N,O4 + 2H" + 2e™
— NH,O0H + 2NO + H,0 (3.20)

AGy' = —140k]J - mol ™!

For comparison, the aerobic ammonia oxidation to hydrox-
ylamine is given in @ Eqs. 3.21-3.23.

: (3.21)
AGy = +17kJ - mol~
0.50, + 2H" +2¢~ — H,0
L (3.22)
AGy = —137kJ - mol
NH; + O, + 2H' +2¢~ — NH,OH + H,0 (3.29)

AGy' = —120KkJ - mol ™!

The 3G, values of the reactions (@ 3.19 and © 3.22) were
calculated under the assumption that the reducing equivalents
for the AMO are energetically near the ubiquinone level

(+110 mV). © Equations 3.18-3.23 indicate that there are only
a few differences between the anaerobic and the aerobic ammo-
nia oxidation of Nitrosomonas eutropha. Instead of molecular
oxygen in the course of aerobic ammonia oxidation, dinitrogen
tetroxide was used as the electron acceptor, and nitric oxide, an
additional product, was released.

It appears likely that the same enzyme is responsible for both
the aerobic and the anaerobic ammonia oxidation, since
(1) hydroxylamine is an intermediate of both reactions, (2) acet-
ylene inhibits the aerobic as well as the anaerobic ammonia
oxidation, and (3) anaerobic ammonia oxidation starts imme-
diately after transferring cell-free extracts to anoxic conditions.

For the oxidation of hydroxylamine under oxic conditions,
no oxygen is needed. Therefore, it can be assumed that under
anoxic conditions, hydroxylamine was oxidized according to
reaction © 3.24 as well.

NH,OH + H,0 — HNO, + 4H" + 4e™

- (3.24)
AGy' = —289k] - mol

Increasing pool sizes of intracellular ATP and NADH indi-
cated energy conservation in the absence of oxygen but presence
of nitrogen dioxide (Schmidt and Bock 1998). Under these
conditions, reducing equivalents were also used for the reduc-
tion of carbon dioxide, resulting in cell growth and excretion of
extracellular organic compounds like glycerol into the medium.

The relevance of the anaerobic ammonia oxidation with
NO,/N,0, as oxidant for microbial ecology cannot be assessed
at present. The nitrogen dioxide concentration of maximal
400-800 ppb in the atmosphere (Crutzen 1979) should be too
low to support anaerobic ammonia oxidation. However, this
metabolism might occur in oxygen-limited zones, where locally
restricted higher nitrogen dioxide concentrations might exist
because of the reaction of molecular oxygen and nitric oxide
(Nielsen 1992).

Recently, a novel organism was discovered which is capable of
catalyzing the anaerobic oxidation of ammonium, with nitrite as
electron acceptor (Strous et al. 1999). This organism, which up
to now cannot be obtained in pure culture, was enriched from
a denitrifying plant reactor where the anaerobic ammonium
oxidation process was observed for the first time (Mulder et al.
1995; van de Graaf et al. 1995). By comparative 16S rDNA
sequence analysis, the organism was identified as a novel,
deep-branching member of the order Planctomycetales, and
the name “Candidatus Brocadia annamoxidans” was proposed
(Jetten et al. 2001). The 16S rDNA-based molecular diversity
surveys and subsequent fluorescence in situ hybridization
analyses of several reactors and wastewater treatment plants
with anaerobic ammonia-oxidizing activity demonstrated
that at least two different genera that form a monophyletic
lineage within the Planctomycetales (@ Fig. 3.18) can catalyze
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16S rDNA tree of the Planctomycetales. Anaerobic ammonium oxidizers are labeled green. The scale bar represents 10 % estimated

sequence divergence (Modified from Schmid et al. 2001)

this process (Schmid et al. 2000, 2001). In most plants
analyzed so far, “Candidatus Kuenenia stuttgartiensis” and
not “Candidatus is the most
abundant anaerobic ammonium oxidizer (Schmid et al. 2000;
Jetten et al. 2001).

“Candidatus Brocadia annamoxidans” is a chemolithoau-
totrophic organism with a very low growth rate (0.003 h™')

Brocadia annamoxidans”

and a conspicuous ultrastructure. It contains inside the
cytoplasm so-called anammoxosomes, membrane-bounded
compartments that make up 30-60% of the cell volume and
harbor an unusual hydroxylamine oxidoreductase (Jetten et al.
2001). The metabolic pathway of the so-called ANAMMOX
process proposed for “Candidatus Brocadia annamoxidans”
differs significantly from the known pathway of aerobic,
lithotrophic ammonia oxidizers, since ammonium is supposed
to be oxidized with hydroxylamine to form hydrazine (N,H,),
which is subsequently oxidized to dinitrogen, the main end
product of the ANAMMOX process. The four reducing

equivalents generated in this oxidation step are used for the
initial reduction of nitrite to hydroxylamine (van de Graaf
et al. 1997). Preliminary data suggest that the unusual hydrox-
ylamine  oxidoreductase  of  “Candidatus  Brocadia
annamoxidans” (Jetten et al. 2001), which has a smaller molec-
ular mass than the respective enzyme of Nitrosomonas and
contains several c-type cytochromes, catalyzes the oxidation of
hydrazine to dinitrogen. Anaerobic ammonia oxidation occurs
only if the cell density of “Candidatus Brocadia annamoxidans”
is higher than 10'°-10"" cells ml™'. The reason for this cell
density-dependent activity is not clear so far. The following
© Eqgs. 3.25-3.28 summarize the proposed pathway. The
overall reaction resembles a process already proposed in 1977
based on theoretical considerations (Broda 1977):

HNO, + 4[H] — NH,OH + H,0 (3.25)
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N,H,; — N; + 4[H] (3.27)

HNO, + NH; — N, + 2H,0 (3.28)
From © Eq. 3.28, it is obvious that the overall reaction is
balanced. No reducing power is gained which is essential for the
fixation of carbon dioxide by autotrophic organisms. To gain
these reducing equivalents, the cells are required to oxidize
nitrite to nitrate. Therefore, the amount of nitrite consumed is
about 20 % higher than one could expect from © Eq. 3.28, and
nitrate is additionally formed (van de Graaf et al. 1996):
HNO, + H,0 + NAD — HNOj; + NADH, (3.29)
The metabolic activity of “Candidatus Brocadia anna-
moxidans” is strongly inhibited by oxygen, phosphate, acetylene,
or shock loading. In addition, organic electron donors or high
concentrations of nitrite are inhibitory (van de Graaf et al. 1996).
“Candidatus Brocadia annamoxidans” oxidizes ammonium
anaerobically about 50-fold faster than Nitrosomonas eutropha
with 25 ppm of nitrogen dioxide in the absence of oxygen
(Anaerobic Ammonia Oxidation Catalyzed by Nitrosomonas
eutropha). Since ANAMMOX was shown to exhibit rather
efficient ammonium elimination rates of up to 3 kg of NH,"
m° day™' (van de Graaf et al. 1996), it is suitable for the
treatment of wastewater containing much ammonium and little
organic chemical oxygen demand (COD). For such wastewater,
it has been calculated that the replacement of the conventional
nitrogen elimination steps by ANAMMOX would result in
a reduction of the operational costs of up to 90 % (Jetten et al.
2001). However, the presence of anaerobic ammonium oxidizers
in addition to ammonium nitrite is required in the wastewater.
Therefore, partial conventional nitrification, converting approx-
imately half of the ammonium to nitrite, and ANAMMOX
have been combined for efficient nitrogen removal from
high-strength organic wastewater (summarized in Jetten
et al. 2001). It should, however, be noted that very long lag
phases are required for obtaining ANAMMOX activity in such
plants (Mulder et al. 1995; Jetten et al. 1997), which might be
a disadvantage for applications.
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