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Nitrosomonas europaea is a soil bacterium that derives energy solely

from the oxidation of ammonia to nitrite. The first enzyme in ammonia

metabolism, ammonia monooxygenase (AMO), is regulated transcriptionally

and translationally by NH3. When cells of N. europaea were incubated with 50

mM ammonium, molecules of AMO were synthesized and the ammonia-

oxidizing activity doubled over a 3 h period. In the same incubation, the activity

decreased over the next 5 h to about the initial level. The decrease in activity

was correlated to a decrease in the pH of the medium, from 8 to 5.6, which

lowered the availability of the substrate for AMO, NH3, by favoring the formation

of NH4+. Approximately half of the ammonium was oxidized in the incubations

before reaching the limiting pH for ammonia oxidation.

When cells were incubated in concentrations of ammonium that were

consumed to completion, 15 mM, about 80% of the total ammonia oxidation

activity was lost after 24 h. In cells incubated without ammonium or with a non-

limiting amount, 50 mM, that was not consumed to completion due to

acidification of the medium, only about 20-30% of the activity was lost after 24 h.

The 80% loss of ammonia oxidation activity in the presence of limiting

ammonium concentrations was specific and was not due to differences in AMO
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transcription or protein degradation. The presence of ammonium or short-chain 

alkanes, alternative substrates for AMO, ameliorated much of the activity loss. 

Incubations of cells in the presence of up to 20 mM nitrite also resulted in 

the specific loss of up to 62% of the ammonia oxidation activity. Thus, in the 

incubations with limiting concentrations of ammonium, the loss of activity was 

due to both the loss of the protective effects of ammonium and the accumulation 

of nitrite. The toxic effect of nitrite was more pronounced at alkaline pH, was not 

dependent on 02, and required copper. These results indicate that AMO is the 

target for nitrite and nitrite does not fit into previously identified classes of AMO 

inhibitors. The sensitivity of N. europaea to nitrite may help explain the 

specialized ecology of ammonia-oxidizing bacteria. 
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CHAPTER 1 

Introduction 

1.1. Isolation of Nitrifying Bacteria. 

Nitrite and nitrate formation from the bacterial oxidation of nitrogenous 

compounds has been of intense interest since the mid-1800's. Although many 

scientists attempted early on to isolate ammonia- and nitrite- oxidizing bacteria 

into pure cultures, success did not come until the 1890's when Winogradsky 

isolated both Nitrosomonas and Nitrobacter from enrichment cultures 

(Winogradsky, 1890, Winogradsky, 1891a, Winogradsky, 1891b). Bacteria in 

the Nitrosomonas genus catalyze the oxidation of ammonia to nitrite, and 

bacteria in the Nitrobacter genus oxidize nitrite to nitrate. The combined activity 

of ammonia- and nitrite-oxidizers defines the process known as nitrification. 

The difficulty of isolating nitrifying bacteria was due to their apparent inability to 

colonize agar or gelatin plates. Winogradsky recognized that the organic 

nutrients in traditional media may be inhibitory to the growth of nitrifiers and thus 

employed an inorganic media and a "negative culturing" technique, i.e. 

inoculating from parts of the plates with no visible growth, to procure pure 

isolations of ammonia- and nitrite-oxidizers. Many other microbiologists 

followed Winogradsky's lead to isolate nitrifiers, but most were plagued by 

contamination problems with heterotrophic bacteria, a common problem when 

isolating ammonia- or nitrite-oxidizers (Gibbs, 1919). However, this early work 
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yielded a vast amount of information about nitrifying bacteria, including their 

requirement for carbon dioxide (Godlewski, 1895, Godlewski, 1892). Although 

there are a few nitrite oxidizers that can grow heterotrophically, the dependency 

on carbon dioxide by most nitrifiers led to their classification as obligate 

autotrophs (Bock, et al., 1986). 

Heterotrophic nitrifiers also contribute to the production of nitrite and 

nitrate in the environment (Killham, 1986). Heterotrophic nitrifiers include fungi 

and bacteria, such as actinomycetes and bacterial denitrifiers, which produce 

nitrite and nitrate by oxidizing a variety of reduced organic or inorganic nitrogen 

species without gaining energy from the process. The contribution of oxidized 

nitrogen species produced by heterotrophs may be significant in situations 

where autotrophic nitrifiers are inactive, such as in anaerobic environments, 

extremely acidic environments (pH 3-5), or where autotrophs do not compete 

well with heterotrophs for ammonium. However, the bulk of nitrifying activity in 

nature is most likely conducted by the obligate autotrophs considering that their 

conversion of ammonia to nitrate proceeds at a much more efficient rate (103

104 times greater) than that of heterotrophs (Focht and Verstraete, 1977). 

1.2. Ecology of Nitrifying Bacteria. 

1.2.1. Processes. 

Both ammonia- and nitrite-oxidizing bacteria are found in many of the 

earth's ecosystems including soils, oceans, lakes, rivers and estuaries. 

Because of their pervasiveness, these bacteria contribute to many ecologically 

significant processes. On a global scale, nitrification is a major component of 

the biogeochemical nitrogen cycle. One of the significant contributions of 

nitrification to the nitrogen cycle is the loss of nitrogen via the leaching of nitrate 
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through soils, which can cause both economical and ecological problems. For 

example, the oxidation of ammonia-based fertilizers applied to agricultural 

fields results in major monetary losses for farmers (Postgate, 1982). 

Furthermore, once nitrates leach through the soil they can contaminate ground 

and surface waters leading to eutrophication (Keeney, 1982, McAllister, 1990). 

The consumption of water that contains toxic nitrates can lead to health 

problems in human and animal populations including the ingestion of 

carcinogenic nitrosamines and increased prevalence of methemoglobinemia in 

infants and children (Prosser, 1989). Other negative byproducts of ammonia 

oxidation are nitric and nitrous oxides, which are created primarily under 

microaerophilic conditions (Goreau, et al., 1980, Poth and Focht, 1985). The 

release of these greenhouse gases into the atmosphere may contribute greatly 

to global warming (Logan, et al., 1981). 

Although there are many negative effects from the process of nitrification, 

there are also several beneficial contributions. For example, the removal of 

ammonia from waste waters in sewage treatment facilities is largely facilitated 

by ammonia-oxidizing bacteria. As described in a review by Painter (Painter, 

1986), nitrification is vital to sewage treatment for three primary reasons: 1) 

autotrophic nitrifiers are highly sensitive to water quality and their health in 

sewage treatment bioreactors will act as a marker for overall purification of the 

waste water; 2) the activity of ammonia-oxidizers will prevent the release into 

rivers of ammonium salts, which are more toxic than nitrate to aquatic life; and 

3) the conversion of ammonia to nitrate is a necessary first step towards the 

denitrification process, another step in sewage treatment, which removes the 

nitrate from effluent waters thus preventing eutrophication of rivers and 

estuaries. On a smaller scale, ammonia- and nitrite-oxidizers are important for 

maintaining the health of marine and freshwater aquaria by removing waste 

nitrogen produced by fish and other aquarium life (Hovanec and De Long, 1996, 

Hovanec, et al., 1998). 

Besides playing a role in human-derived ecosystems, nitrification is also 

a vital process for maintaining the health of natural ecosystems. For example, 
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in the oceans, the upwelling of nitrate from deep water provides much of the 

nitrogen for new biological productivity in the photic zone (Eppley and Peterson, 

1979). This primary productivity establishes the foundation for carbon cycling 

throughout the marine ecosystem. Although there are many negative economic 

and health concerns regarding the products of nitrification, the role of nitrifiers is 

unarguably an important process for keeping nitrogen mobile throughout the 

environment. However, there is a sizable industry focused on preventing 

nitrification by applying inhibitors of ammonia oxidation to agricultural fields, 

mostly to relieve the losses of ammonia-based fertilizers and prevent the health 

problems associated with nitrate leaching (Keeney, 1986). Although this 

approach may provide short-term economic gains, it could cause unforseen 

problems due to a lack of understanding of how nitrification contributes to the 

global ecology. 

1.2.2. Diversity and Ecology of Ammonia-Oxidizers. 

Many research groups have undertaken novel approaches to uncover 

the ecology and species diversity of ammonia-oxidizing bacteria in a broad 

array of ecosystems. One such method is the fluorescence-based detection of 

polyclonal antibodies attached to individual cells of ammonia-oxidizing bacteria 

from soils (Belser and Schmidt, 1978), sewage (Volsch, et al., 1990), lake 

sediment (Smorczewski and Schmidt, 1991), and marine environments (Ward, 

1987, Ward and Carlucci, 1985). Although this method can identify the 

serological diversity and distribution of ammonia-oxidizers, it requires prior 

cultivation of the organisms under study to raise strain-specific antibodies. 

Because ammonia-oxidizers are difficult to isolate due to their slow growth rate 

and problems with contamination during cultivation, this method is limited for 

determining species diversity in the environment. 
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A much more powerful method that does not require cultivation and can 

detect diversity at multiple levels is molecular-based DNA or ribosomal RNA 

approaches (Amann, et al., 1995). Specific nucleic-acid probes are usually 

derived from the 16S rRNA subunit and can be applied for the detection of 

specific sequences in a mixture of nucleic acids extracted from almost any 

environmental sample. Nucleic acid probes can be used for phylogeny, 

diversity, or ecology studies. They can also be applied in a variety of methods 

such as the polymerase chain reaction (PCR), membrane blots of nucleic acids, 

and in situ identification of cells fixed to microscope slides. The multi-

functionality of molecular probe techniques and the ability to detect uncultivated 

organisms has expanded microbial ecology studies substantially and has 

revolutionized the field of microbiology. 

The use of molecular-based approaches to investigate the diversity and 

ecology of ammonia-oxidizing bacteria is only beginning to flourish. Probes 

based on the 16S rRNA molecule have been used for phylogeny, diversity, and 

ecology studies of ammonia-oxidizers in marine, aquatic, soil, sewage, 

sediment, and biofilm environments (Head, 1993, Hovanec and De Long, 1996, 

Kowalchuk, et al., 1997, Mobarry, et al., 1996, Pommerening-Roser, et al., 1996, 

Schramm, et al., 1996, Stephen, et al., 1996, Teske, et al., 1994, Voytek and 

Ward, 1995, Wagner, et al., 1995, Ward, et al., 1997). One of the most common 

findings in these studies was that ammonia-oxidizers are evolutionarily 

associated almost exclusively with the beta-subdivision of the class 

Proteobacteria as determined by the comparison of 16S rRNA sequences 

among hundreds of bacterial isolates (Woese, et al., 1984). Only one known 

exception, Nitrosococcus oceanus, is represented within the gamma-

subdivision (Woese, et al., 1985). However, N. oceanus is much more efficient 

at oxidizing methane than other ammonia-oxidizing bacteria which may argue 

for its classification as a methane rather than as an ammonia-oxidizer (Ward, 

1987). The evolutionary relatedness of ammonia-oxidizing bacteria suggests 

that the study of one isolate may yield information that can be extrapolated to 

other members of the same group. 
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Most of the biochemical, physiological, and genetic information known 

about ammonia-oxidizing bacteria was gained from the single isolate, 

Nitrosomonas europaea. Although the extent of similarity between N. europaea 

and other ammonia-oxidizers has yet to be discerned, the model studies 

performed in this organism may be of significance for understanding the 

process of nitrification on a global scale. 

Another interesting finding from studies with 16S rRNA probes was the 

close associations found between ammonia-and nitrite-oxidizers. Bacterial 

aggregates extracted from a continuously mixing bioreactor were hybridized 

simultaneously with two probes, one specific for ammonia-oxidizers and one 

specific for nitrite-oxidizers (Mobarry, et al., 1996). The two cell types were 

found to cluster within the same bacterial aggregate. In a nitrifying biofilm from 

a filter in an aquaculture water recirculation system, ammonia- and nitrite-

oxidizer aggregates were found in very close proximity to one another 

(Schramm, et al., 1996). These results suggest that ammonia- and nitrite-

oxidizers may depend upon each other for survival and growth in the 

environment. 

Functional genes from ammonia-oxidizers, such as ammonia 

monooxygenase (Rotthauwe, et al., 1997, Singalliano, et al., 1995) and 

hydroxylamine oxidoreductase (Nejidat and Abeliovich, 1994) have also been 

used in ecological studies. The use of functional gene probes is potentially very 

powerful because the expression of a gene in a particular environment could be 

accessed, providing activity data in a system as well as species diversity. 

However, the literature describing the use of this technique has not provided 

significant results in terms of understanding the ecology of ammonia-oxidizers. 
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1.3. Nitrosomonas europaea.
 

The family Nitrobacteraceae is composed of the ammonia- and nitrite-

oxidizing bacteria. Members of this family are described based on their 

physiology, which is the oxidation of ammonia or nitrite as a sole energy source 

and the fixation of carbon dioxide as a sole carbon source (Watson, et al., 

1989). All of the bacteria in this group are gram negative, can have any of a 

variety of morphologies, and often have a convoluted arrangement of 

intracytoplasmic membranes. N. europaea, a rod-shaped bacterium, is 

frequently isolated, but is probably not the dominant ammonia-oxidizer in the 

environment. There is evidence that Nitrosolobus species are the most 

prevalant type of ammonia-oxidizer in many soil environments, Nitrosospira 

species dominate acidic soils, and Nitrosococcus species dominate marine 

systems (Prosser, 1989). Most of the biochemical studies of ammonia-oxidizers 

have been conducted with N. europaea because it is amenable to laboratory 

culturing conditions and grows faster than most other isolates. 

1.4. Metabolism of N. europaea. 

Two different enzymes in N. europaea catalyze the oxidation of ammonia 

to nitrite as illustrated in Scheme 1.1. The first, ammonia monooxygenase 

(AMO), catalyzes the oxidation of ammonia to hydroxylamine. The true 

substrate for AMO is the uncharged form of ammonia, NH3, and not NH4+, as 

shown by a stable Km for NH3 and a changing Km for NH4+ with changing pH 

(Suzuki, et al., 1974). The oxidation of ammonia requires the presence of 

molecular oxygen. This was shown by the inability of the cells to oxidize 

ammonia anaerobically, and also by the integration of 180 from 1802 into the 

product of ammonia oxidation, hydroxylamine (Hollocher, et al., 1981). 

Presumably, the other oxygen atom is integrated into H2O, which is a common 
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mechanism for monooxygenase enzymes (Wood, 1988). A variety of alternative 

substrates are co-oxidized via AMO, a process which will be discussed in 

Section 1.5. 

0 2 H2O
 

AMO HAO

NH3 NH2OH NO2- + 511 

Reversed flowed 

02 

_.) 
Ammonia Hydroxylamine H2O 

monooxygenase oxidoreductase 

Scheme 1.1. Central metabolism of N. europaea. 

The third requirement for ammonia oxidation is reductant, which is 

supplied in vivo by the hydroxylamine oxidation reaction. The second enzyme 

involved in ammonia metabolism, hydroxylamine oxidoreductase (HAO), 

oxidizes hydroxylamine to produce nitrite. Hydroxylamine was shown to prime 

resting cells of N. europaea thereby preventing the lag between introduction 

and consumption of ammonia. This result suggested that oxidation of 

hydroxylamine provides the reductant for ammonia oxidation (Hooper, 1969b). 

The rates of AMO-catalyzed oxidation of methane to methanol (Hyman and 

Wood, 1983) and ethylene to ethylene oxide (Hyman and Wood, 1984a) were 

also increased in the presence of a reductant source, such as hydroxylamine or 

hydrazine, suggesting further that reductant is provided to AMO via the 
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hydroxylamine oxidation pathway. However, other classes of electron donors 

have been identified for AMO as well. NADH can prime ammonia oxidation in 

membrane isolations (Tsang and Suzuki, 1982) and may be the reductant 

source for respiration in the absence of ammonia oxidation, and tri- and tetra

methylhydroquinone can donate reductant presumably through ubiquinone 

(Shears and Wood, 1986). The 4 electrons released from hydroxylamine 

oxidation are diverted to at least three different pathways. As mentioned above, 

2 electrons are cycled back to AMO for further ammonia oxidation, and the other 

2 are either passed through several electron carriers to the terminal oxidase or 

are pumped energetically upstream by reversed electron flow for the reduction 

of nucleotide co-factors (Wood, 1986). 

Hydroxylamine is rarely detected as an intermediate in ammonia 

metabolism because AMO and HAO have tightly coupled activities. For 

example, only when hydrazine was provided as a hydroxylamine analogue, 

were small amounts of hydroxylamine detected during ammonia oxidation 

(Hofman and Lees, 1953). Furthermore, ammonia oxidation was inhibited 

when cells were incubated in the presence of hydroxylamine, indicating that the 

ammonia oxidation pathway may be sensitive to feedback inhibition by 

hydroxylamine (Hyman and Wood, 1984b). 

The oxidation of hydroxylamine to nitrite is an acidogenic reaction. For 

each molecule of hydroxylamine oxidized, 2 protons are released into the 

extracellular medium. This acidification of the medium has consequences for 

further ammonia consumption considering that the equilibrium between NH3 

and NH4+ will shift highly towards NH4+ as the media becomes more acidic, thus 

reducing the amount of available substrate for AMO. 
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1.4.1. Energy Generation. 

The oxidation of ammonia provides very little energy for the growth and 

maintenance of bacterial cells (Hooper, 1989). Furthermore, an enormous 

amount of energy is consumed in the fixation of carbon dioxide, which provides 

all of the organic carbon for obligate ammonia-oxidizers, leaving only a small 

amount of energy for other cellular processes. The oxidation of ammonia to 

hydroxylamine is an endergonic reaction with a AG°' of +17 kJ/mol. The energy 

deficiency of ammonia oxidation is made up by the oxidation of hydroxylamine 

to nitrite, which has a AG°' of 288 kJ/mol. The redox couple of ammonia-nitrite 

has a very high mid-point potential, E',(NO2INH4+) = +340 mV, which is very 

near the practical limit for aerobic respiration (Wood, 1986). 

In the hypothetical model presented in Scheme 1.2, the energy-

generating pathway proceeds in three different cellular compartments. 

Ammonia oxidation is presumably catalyzed within the membrane by the 

membrane-bound AMO. Hydroxylamine is then either transported or diffuses to 

the periplasm, presumably with the help of AMO, where it is oxidized by the 

soluble HAO enzyme. In the cytoplasm of the cell, reversed electron flow leads 

to the reduction of NAD+ to NADH (Wood, 1986). Ammonia-oxidizers have 

several layers of intracytoplasmic membranes which are thought to increase the 

surface area for housing enzymes involved in ammonia oxidation thus 

increasing the capacity for energy generation (Bock, et al., 1986). 
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Reversed e flow 
-OP' NAD+ 

C NADH 

1/2 02, 2114 

H2O 

Periplasm Inner Memb. Cytoplasm 

Scheme 1.2. Hypothetical model of electron transport in N. europaea 
(modified) (Wood, 1986). 

Several electron carriers have been identified in N. europaea that 

participate in energy-generating processes, but only a few have been well 

characterized. Two of the c-type cytochromes, c-552 and c-554 have been 

purified and characterized (Yamanaka and Shinra, 1974). The periplasmically 

located cytochrome, c-554, contains 4 c-type hemes (Andersson, et al., 1986) 

and can accept electrons directly from HAO (Arciero, et al., 1991). The gene 

sequence of c-554 is present in three copies in the N. europaea genome 

(McTavish, et al., 1993b) and shows homology to other known cytochrome 

sequences only in the heme-binding motifs (Hommes, et al., 1994). There are 

two names for the c-554 gene, hcy for bydroxylamine oxidoreductase-linked 

atochrome (Hommes, et al., 1994), and cycA (Bergmann and Hooper, 1994b). 

Another c-type cytochrome, c-552, is thought to accept electrons from a variety 

of proposed pathways and donate electrons directly to the terminal oxidase. In 

one model, c-552 can accept electrons from either c-554 or a ubiquinone pool 

(Wood, 1986, Yamanaka and Shinra, 1974). Another model suggests that 

between c-554 and c-552 there is a ubiquinone-cytochrome be complex that 
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diverts the electrons from hydroxylamine oxidation (Bock, et al., 1991). A third 

possibility is that c-552 can accept electrons directly from HAO, but only with the 

concomitant transfer of electrons from HAO to c-554 (Prince and George, 1997). 

To date, there has been no compelling evidence in support of one of these 

models over the others, so the actual pathway of electron transfer remains 

unknown. Compared to the gene sequences available in data bases, the 

amino acid sequence of c-552 shows high similarity only to c-551, a cytochrome 

found in pseudomonads that donates electrons to a dissimilatory nitrite 

reductase (Fujiwara, et al., 1995). 

The terminal oxidase of N. europaea was purified and found to be similar 

to bacterial cytochromes of the a; type (Yamazaki, et al., 1985). This 

cytochrome c oxidase is composed of two heterologous subunits with 2 heme 

molecules and 1-2 atoms of copper per enzyme (Yamazaki, et al., 1985). The 

proton gradient formed during metabolism for ATP synthesis and to drive 

reversed electron flow is partially generated by cyt-aa3 during the reduction of 

02 with 2 H+ on the cytoplasmic side of the membrane. However, inhibitors of 

cyt aa3 did not prevent proton gradient formation by endogenous reductant flow 

(Frijlink, et al., 1992b). Therefore, there is evidence for two cytochrome 

oxidases that help maintain a proton gradient in N. europaea. Besides c-554, c

553, and cyt-aa3, there are presumably several other undiscovered electron 

carriers in N. europaea, which may include other cytochromes, ubiquinone or 

other quinones (Bergmann, et al., 1994a, Bock, et al., 1991, DiSpirito, et al., 

1985, Miller and Wood, 1982, Wood, 1986). 

1.4.2. Autolithotroptiv. 

It is estimated that 80% of the energy produced by an obligate
 

autotrophic organism is used for the fixation of carbon dioxide (Forrest and
 

Walker, 1971, Kelly, 1978). For ammonia-oxidizers, one molecule of fixed
 



13 

carbon requires the oxidation of about 35 ammonia molecules (Becking and 

Parks, 1927). It is perhaps for this reason that obligate ammonia oxidizers are 

such slow growers (Bock, et al., 1986). Carbon dioxide fixation in N. europaea 

is catalyzed by ribulose 1,5-bisphosphate carboxylase / oxygenase (RuBisCO) 

through the reductive pentose phosphate pathway (Nicholas and Rao, 1964). 

The reductive power for carbon fixation is provided by NAD(P)H, produced by 

the process of reversed electron flow. The energy for the process of NAD(P)H 

reduction is supported by the proton motive force, not the reversal of oxidative 

phosphorylation and hydrolysis of ATP (Kelly, 1990). The electrons are 

produced through the oxidation of hydroxylamine and enter with a positive mid

point potential. Electrons are then delivered from one carrier to another with 

more negative redox potential, with a simultaneous inward flow of protons down 

the electrochemical gradient, until they are of sufficiently low potential to be 

transferred to NAD(P)+ (mid-point potential = -320 mV). 

Obligate autotrophic bacteria including Anacystis nidulans, Coccochloris 

peniocystis, Thiobacillus thiooxidans, and Thiobacillus thioparus often lack the 

citric-acid-cycle enzymes a-ketoglutarate dehydrogenase and NADH oxidase 

(Smith, et al., 1967). N. europaea also lacks a-ketoglutarate dehydrogenase, 

but has NADH oxidase activity (Hooper, 1969a). It was once thought that 

obligate autotrophs were unable to utilize organic carbon because they lack a 

full citric acid cycle. However, there have been reports for the uptake of some 

amino acids by N. europaea, although only with limited incorporation into 

cellular biomass, and certainly not enough incorporation to support growth 

(Clark and Schmidt, 1967a). The growth of many other ammonia-oxidizers is 

inhibited by the presence of amino acids (Clark and Schmidt, 1967a, Clark and 

Schmidt, 1967b, Frijlink, et al., 1992a, Frijlink, et al., 1992b). Furthermore, the 

growth rate of some ammonia-oxidizers is enhanced, and in others inhibited, 

when grown in the presence of organic acids, such as formate, acetate, and 

pyruvate, and there is also limited evidence for carbon incorporation from these 

sources (Bock, et al., 1991, Krummel and Harms, 1982). Thus, there appear to 
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be complex responses of ammonia-oxidizers to organic carbon that are largely 

strain specific, but there is no evidence supporting the strictly heterotrophic 

growth of autotrophic ammonia-oxidizers. 

1.5. Ammonia Monooxygenase. 

1.5.1. Catalytic Active-Site. 

The best way to understand the chemical and physical properties of an 

enzyme is to purify it in an active state away from other cellular components and 

provide only the vital components for activity in vitro. Intensive biochemical 

analysis of AMO and its catalytic active-site has been difficult to conduct 

because AMO activity is lost almost immediately in cell-free extracts. One of the 

reasons for this problem may be the requirement for tight coupling between 

AMO and HAO for the proper flow of electrons. Once the cells are broken, the 

transfer of electrons may not be able to proceed as the AMO-HAO complexes 

dissociate. Thus, another hurdle to overcome in formulating a purification 

scheme for AMO is finding a suitable electron donor that acts independently of 

the coupled AMO-HAO system. The inclusion of fatty acid binding proteins, 

such as bovine serum albumin and lactoglobulin, can maintain AMO activity for 

at least 2 days after cell breakage which may alleviate some of the problems of 

AMO activity loss in cell extracts (Juliette, et al., 1995). Also, the addition of 

lipase inhibitors, such as phenazinemethosulfonate, can protect AMO activity for 

over 70 h (Juliette, et al., 1995). It is thought that fatty acids and lipase inhibitors 

prevent lipid hydrolysis and keep the electron transport chain intact. The 

addition of Cu ++ to cell extracts can also stimulate and maintain AMO activity 

after breaking the cells. Cu ++ can act as a lipase inhibitor and is also a 



15 

presumed component of the AMO catalytic active-site (Ensign, et al., 1993, 

Juliette, et al., 1995). 

Copper-selective chelators, thiourea, allylthiourea, and xanthates, all 

inhibit AMO activity (Bedard and Knowles, 1989, Hooper and Terry, 1973). 

Light is also an inhibitor of AMO activity but does not affect any activities 

between HAO and the terminal cytochrome oxidase (Hooper and Terry, 1974, 

Shears and Wood, 1985). Tyrosinase, a monooxygenase enzyme found 

ubiquitously among living organisms, contains a bi-nuclear copper active-site 

and enters a photosensitive state during its catalytic cycle (Sanchez-Ferrer, et 

al., 1995, van Gelder, et al., 1997). The sensitivity of tyrosinase and AMO to 

light and other inhibitors led to a model proposing that the AMO active-site is 

similar to tyrosinase (Shears and Wood, 1985). 

Although AMO has yet to be purified in an active form, it has striking gene 

sequence and functional homology to the particulate methane monooxygenase 

(pMMO) enzyme found in methylotrophic bacteria (Holmes, et al., 1995, 

Semrau, et al., 1995). There is conflicting evidence as to the actual structure of 

the AMO and pMMO active-sites in terms of what type and how many metal 

atoms are present. The addition of Cu ++ to both N. europaea and 

Methylococcus capsulatus (Bath) lysates increased the AMO and pMMO 

activities, suggesting that copper is indeed an important component of these 

enzymes (Ensign, et al., 1993, Nguyen, et al., 1994). There is some evidence 

for a tri-nuclear copper active-site in AMO and pMMO (Nguyen, et al., 1994), 

and the purified pMMO enzyme complex appears to contain 14.4 copper atoms 

and 2.5 iron atoms dispersed amongst three polypeptide subunits (Zahn and 

DiSpirito, 1996). Furthermore, there is limited evidence that AMO also has an 

iron atom, in addition to copper, in its active site as determined by electron 

paramagnetic resonance spectroscopy performed on cell membranes (Zahn, et 

al., 1996). Although it is not difficult to argue that metals, especially copper, are 

important for AMO activity, the true active site of AMO can not be determined 

until the enzyme is purified in an active state. 
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The pMMO enzyme has been extensively purified with retention of 

activity, although not to homogeneity (Zahn and DiSpirito, 1996). Unlike AMO, 

artificial electron donors for the purified pMMO, decylplastoquinol and 

duroquinol, were available (Shiemke, et al., 1995). The activity of methane-

oxidizers, such as Methylococcus capsulatus Bath and Methylosinus 

trichosporium OB3b, is regulated by copper. There are two forms of methane 

monooxygenase in methylotrophic bacteria, pMMO, and the soluble enzyme, 

sMMO. In the presence of large concentrations of copper, pMMO is active and 

sMMO is inactive. When copper is limiting, sMMO is the active monooxygenase 

and pMMO is inactive. (Burrows, et al., 1984, Dalton, et al., 1984) Copper also 

appears to be required for the activity of pMMO in vivo (Prior and Dalton, 

1985b). 

1.5.2. Substrate Range. 

Like many other monooxygenase enzymes, such as the P-450 type 

(Guengerich, 1990, Guengerich and Shimada, 1991), AMO has a very broad 

substrate range. For example, AMO can oxidize a variety of hydrocarbons 

including methane (Hyman and Wood, 1983, Jones and Morita, 1983b), 

methanol (Voysey and Wood, 1987), ethylene (Hyman and Wood, 1984a), 

mono-halogenated ethanes (Rasche, et al., 1990a), n-chlorinated alkanes 

(Rasche, et al., 1990a), propylene (Drozd, 1980), benzene (Hyman, et al., 

1985), phenol (Hyman, et al., 1985), cyclohexane (Drozd, 1980), and 

bromocarbons (Hyman and Wood, 1984b). A more comprehensive study of 

alkane, alkene and alkyne transformations by N. europaea found that the 

oxidation of alkanes to alcohols could proceed with increasing carbon content 

up to octane, and the oxidation of alkenes to epoxides and alcohols could 

proceed with increasing carbon content up to pentene (Hyman, et al., 1988). All 

of the alkane and alkene transformations, with the exception of 1-pentene, were 
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negatively affected by the concentration of ammonium and ammonia-oxidation 

inhibitors. Also, an 0 atom was inserted between the C-H or C=C bond, 

suggesting that AMO was the enzyme catalyzing the oxidations. Several 

alkynes were also oxidized by AMO, but resulted in the inactivation of the 

enzyme presumably due to oxirene formation (Hyman, et al., 1988). 

Sulfur-containing compounds are also AMO substrates, such as 

dimethylsulfide, dimethyldisulfide (Juliette, et al., 1993a), allylsutfide (Juliette, et 

al., 1993b) and carbon disulfide (Hyman, et al., 1990). Sulfur-containing 

compounds produced by onions and garlic may be useful for inhibiting the 

activity of ammonia-oxidizers in agricultural fields to prevent the loss of 

ammonia-based fertilizers. This method would save money because additional 

sulfur-based chemicals would not have to be purchased and workers would not 

have to apply the chemicals. 

Some of the soil fumigants for controlling nematode outbreaks, methyl 

bromide, 1,2-dichloropropane, and 1,2-dibromo-3-chloropropane (no longer in 

use), are degraded by AMO which may be important for removing these toxic 

substances from the soil before leaching into water supplies (Rasche, et al., 

1990b). Other substrates of AMO include the aromatic compounds, benzene 

and substituted benzenes (Keener and Arp, 1994), methyl fluoride (Hyman, et 

al., 1994), dimethyl ether (Hyman, et al., 1994), carbon monoxide (Jones and 

Morita, 1983a), and trichloroethylene (TCE) (Arciero, et al., 1989). Many of 

these substrates, such as TCE, are wide-spread environmental pollutants that 

pose a health risk due to their toxicity (Infante and Tsongas, 1987). Thus, 

because of the ability of AMO to oxidize a variety of hydrocarbon pollutants, and 

the ubiquity of ammonia-oxidizers, it is thought that these bacteria may play a 

significant role in the bioremediation of contaminated environments. 

Interestingly, pMMO from methylotrophic bacteria has a much smaller 

substrate range than AMO; it can also oxidize alkanes with up to 4 carbon 

atoms (butane), but not aromatic hydrocarbons (Burrows, et al., 1984). 

However, sMMO, the soluble methane monooxygenase, which has no 
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significant homology to AMO, can oxidize aromatic hydrocarbons and has a 

much more similar substrate range to AMO (Burrows, et al., 1984, Colby, et al., 

1977). 

1.5.3. Inhibitors. 

Alternative substrates of AMO act as inhibitors or inactivators of ammonia 

oxidation activity in N. europaea. Substrates mainly act as inhibitors of 

ammonia oxidation because they compete with ammonia for reductant as 

shown in Scheme 1.3. Alternative substrates are oxidized by a process called 

cometabolism, which is a fortuitous oxidation supported by cellular metabolism 

with no direct benefit to the organism. The only hydrocarbon substrates that are 

classified as competitive inhibitors are methane (Hyman and Wood, 1983) and 

ethylene (Hyman and Wood, 1984a), implying that these substrates compete 

directly with ammonia for access to the AMO active-site. Benzene is a non

competitive inhibitor, along with alkanes (other than methane) and many mono-

halogenated alkanes (Hyman, et al., 1985, Keener and Arp, 1993). The kinetic 

characteristics of non-competitive inhibitors suggest that an additional binding 

site exists in AMO and that oxidations can occur at either the ammonia-binding 

site or this second site (Keener and Arp, 1993). Molecules that inactivate AMO 

are often the products produced by AMO catalysis that bind to the enzyme and 

prevent further catalytic activity. 
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Scheme 1.3. Reductant flow for the oxidation of ethylene, an alternative 
substrate for AMO (modified) (Keener and Arp, 1993). 

Sulfur compounds can act either as inhibitors or inactivators of AMO. 

Most organic sulfur compounds that are oxidized to sulfoxides inhibit the 

ammonia-oxidizing activity of N. europaea, but allylsulfide is a mechanism-

based inactivator of AMO (Juliette, et al., 1993a, Juliette, et al., 1993b). A partial 

definition of a mechanism-based inactivator is: i) the targeted enzyme is 

inactivated via its own activity; ii) the inactivation is caused by a product that 

was formed during catalysis in the enzyme active-site; and iii) inactivation can 

be prevented by the presence of another substrate (Ortiz de Montellano, 1988, 

Silverman, 1988). Thus, turn-over of allylsulfide by AMO is required for it to 

become an inactivator. Both anaerobiosis and the presence of the copper

chelator allylthiourea prevented the inactivation of AMO via allylsulfide. 

Furthermore, the recovery of ammonia-oxidizing activity in cells exposed to 

allylsulfide required de novo protein synthesis, suggesting the irreversible 

inactivation of AMO (Juliette, et al., 1993b). Carbon disulfide also debilitates 

AMO activity but by a different process than a mechanism-based inactivator. 
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The loss of ammonia-oxidizing activity was not dependent on turnover of CS2 by 

AMO, and AMO remained catalytically capable, but the rate of catalysis was 

slowed (Hyman, et al., 1990). Thus, it appears that CS2 might interact with an 

amino acid in close proximity to the AMO active-site thus causing a debilitation 

but not complete inactivation of the enzyme. 

Three separate classes of chlorocarbon substrates have been 

designated based on their ability to act as substrates and/or inactivators of 

AMO: i) compounds which are not oxidized by AMO and have no toxic effect on 

N. europaea cells, such as carbon tetrachloride; ii) compounds which are 

oxidized by AMO and have little or no toxic effect on the cells, such as 

chloroethane; and iii) compounds which are oxidized by AMO and result in a 

turnover-dependent inactivation of the ammonia-oxidizing activity of N. 

europaea (Rasche, et al., 1991). Class ii substrates are inhibitors, but not 

inactivators of AMO. Class iii substrates are inactivators of AMO, and TCE is a 

prime example. The products of TCE oxidation attach to AMO, presumably 

causing inactivation, and also to many other polypeptides in the cell (Rasche, et 

al., 1991). The ammonia-oxidizing activity is recoverable only by the de novo 

synthesis of polypeptides upon exposure to ammonia, indicating that the 

products of TCE oxidation cause irreversible inactivation of AMO activity, similar 

to the situation with allylsulfide (Hyman and Arp, 1995). 

Alkynes, such as acetylene (C2H2), also cause the irreversible loss of 

AMO activity (Hyman and Arp, 1988, Hyman and Wood, 1985). Exposure of N. 

europaea cells to 14C2H2 resulted in the covalent attachment and incorporation 

of 14C la primarily into a single polypeptide of approximately 27-32 kDa (Hyman 

and Wood, 1985). This potypeptide presumably contains the active-site of 

AMO. The labeling process was repeated for the isolation, N-terminal 

sequencing, cloning, and complete gene sequencing of this polypeptide. A 

second polypeptide of approximately 40-42 kDa co-purified with the acetylene-

labeled polypeptide (McTavish, et al., 1993a). Both of the genes encoding the 

polypeptides were cloned, sequenced and found to occupy the same operon 

(Sayavedra-Soto, et al., 1996, Sayavedra-Soto, et al., 1998). The 27-32 kDa, 
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putative active-site-containing, polypeptide was designated as AmoA, and the 

40-42 kDa polypeptide was designated as AmoB (McTavish, et al., 1993a). The 

co-purification of the AmoA and AmoB polypeptides suggests that these two 

proteins are necessary for the complete funtion of AMO in the cell. 

14.L., 
-.2.ri was also used to study the composition of sMMO and pMMO in 

Methylococcus capsulatus (Bath). The subunit of sMMO that becomes 

radiolabeted by 14C2H2 corresponds to the alpha subunit of a hydroxylase 

component (Prior and Dalton, 1985a). However, the subunit that becomes 

labeled in pMMO corresponds to a 27 kDa, membrane-associated polypeptide, 

as is the case with AMO in N. europaea (DiSpirito, et at., 1992). Furthermore, a 

45 kDa polypeptide is associated with pMMO. Sequences of both the 27 and 

45 kDa polypeptides of pMMO are highly similar to the amoA and amoB genes 

of N. europaea, respectively (Semrau, et al., 1995). 

1.5.4. Regulation. 

In N. europaea there are three genetic components of AMO designated 

as amoA, amoB, and amoC. The three amo genes are encoded in the same 

operon, amoCAB, and the operon is present in two virtually identical copies 

(Sayavedra-Soto, et al., 1998). In Nitrosospira sp. NpAV and Nitrosococcus 

oceanus, there appears to be three copies of the amoCAB operon (Klotz and 

Norton, 1997, Klotz and Norton, 1995). Not surprisingly, the amoA genes of 

Nitrosospira sp. NpAv, Nitrosomonas cryotolerans and Nitrosococcus oceanus 

have high sequence identity to the amoA genes of N. europaea (Singalliano, et 

al., 1995). As anticipated, there are also three genes in the pMMO operon, 

which is present as two virtually identical copies in the genome of 

methylotrophs (Semrau, et al., 1995). 

Although the function of multiple gene copies in bacteria is not well 

characterized, there is some evidence that the amoCAB operons may be 
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differentially regulated (Hommes, et al., 1998, Stein, 1998). After mutating the 

two amoA genes separately (by a process described in Section 1.5.3), the 

transcription of mRNA, 74C2H2 labeling of AmoA polypeptides, growth rate, and 

02 uptake rates were monitored for each of the mutant strains and the wild-type. 

The mutant designated amoA, was slower than both the amoA2 and wild-type 

strains in all of the metabolic and regulatory measurements. The amoA2 mutant 

was very similar to wild-type in all respects (Hommes, et al., 1998). Preliminary 

evidence suggests that amoB mutations exhibit a highly similar response to the 

amoA mutations in corresponding operons. This suggests that the regulation of 

AMO activity is dependent upon the interaction between the AmoA and AmoB 

polypeptides. Additionally, the amoCAB transcript may be processed after 

transcription as shown by the presence of 2 distinct bands in Northern 

hybridizations using either an amoAB or an amoC probe (Hommes, et al., 1998, 

Sayavedra-Soto, et al., 1998). Using the amoAB probe, one of the bands was 

large enough to correspond to the full length amoCAB transcript (3.5 kb), and 

the other band corresponded to the size of the amoAB transcript (2.4 kb). Using 

the amoC probe, one band corresponded to the size of the amoC transcript (1.1 

kb) and the other corresponded to the full length amoCAB transcript. Thus, it 

appears that amoCAB is most likely transcribed together and then the amoC 

mRNA is separated from amoAB (Sayavedra-Soto, et al., 1998). 

The ammonia-oxidizing activity of N. europaea appears to be tightly 

regulated by the presence of ammonia at both the transcriptional and 

translational levels. N. europaea cells incubated in the absence of ammonium 

for 8 h, sufficient time for the degradation of the intracellular pool of amo mRNA, 

showed a high level of transcription of the amoA, amoB, and, to a lesser extent, 

hao genes when ammonium was re-introduced (Sayavedra-Soto, et al., 1996). 

The transcriptional response increased with increasing concentrations of 

ammonium. Cells treated with acetylene produced amo and hao transcripts in 

the presence of ammonium even though they were incapable of using 

ammonium as an energy source (Sayavedra-Soto, et al., 1996). This result 
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implies that ammonium acts as a signal for the transcription of these genes 

even when the energy is provided by another source. 

Ammonia also plays a role in the production of AMO polypeptides. Cells 

exposed to acetylene or light were only able to recover activity in the presence 

of ammonia, and the amount of recovered activity was correlated to an increase 

in the 27 kDa polypeptide that could incorporate 14C2H2 (Hyman and Arp, 1992). 

Several other polypeptides were also synthesized during the recovery process, 

but their identities remain unknown. When cells were continuously incubated in 

the presence of acetylene, such that they could not use ammonia as an energy 

source, they were still able to produce AMO and other polypeptides using 

hydroxylamine as an energy source (Hyman and Arp, 1995). However, AMO 

was only produced in the presence of relatively high concentrations of free NH3. 

It was concluded that ammonia (NH3) provides both a signal for AMO 

expression and a nitrogen source for polypeptide synthesis (Hyman and Arp, 

1995). 

1.6. Hydroxylamine Oxidoreductase. 

1.6.1. Structure and Function. 

Unlike AMO, HAO has been purified and extensive analysis of its fine 

structure has been completed. HAO is an unusual and complex enzyme that 

contains 7 c-type hemes and a unique P-460 heme in each subunit of the 

homotrimer consisting of an a3 arrangement of 63 kDa polypeptides (Arciero, et 

al., 1993). The eight heme moieties of each subunit occupy one of four clusters 

and support a structure in which electrons are removed from the active-site 

through multiple pathways (Igarashi, et al., 1997). The o-type hemes are 

located near the bottom of the holoenzyme, which has been described as 
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resembling a head of garlic (Igarashi, et al., 1997). The P-460 hemes are 

located above a ring formed by the c-type hemes. Each of the chromophores 

has a different redox potential; the potentials of the c-type hemes range from 

-412 to +288 mV and the P-460 has a mid-point potential of 260 mV at pH 7 

based on a standard hydrogen electrode (Collins, et al., 1993). There is 

evidence from EPR spectroscopy that the hemes interact closely with one 

another (Prince and Hooper, 1987). Thus the arrangement and redox potential 

of each of the hemes suggests a highly coordinated transfer of electrons from 

chromophore to chromophore and a unique "dielectron transfer" from P-460, 

perhaps forming the branch point for the electron transport pathways (Igarashi, 

et al., 1997). 

The origin of the P-460 chromophore within the HAO active-site is 

somewhat of an enigma. In addition to the P-460 heme in the HAO enzyme, 

there is also a cytochrome P-460 in N. europaea that appears to act 

independently of HAO but has similar enzymatic activity (Numata, et al., 1990). 

Purified cytochrome P-460 reduced c-552 using hydrazine as an electron donor 

at a much higher rate than HAO and in the absence of c-554. The reduction of 

c-552 by cytochrome P-460 was even lower in the presence of c-554, whereas 

HAO is unable to reduce c-552 in the absence of c-554. It was previously 

thought that cytochrome P-460 was simply a solubilized form of the active-site of 

HAO (Erickson and Hooper, 1972). However, the P-460 chromophore is not 

extractable by acid acetone, AgSO4, or 0-nitro-phenylsulfonyl chloride in either 

HAO or cytochrome P-460, suggesting a covalent linkage between the heme 

and the polypeptides (Erickson and Hooper, 1972, Numata, et al., 1990). 

Immunological evidence has shown that cytochrome P-460 is completely 

distinct from the P-460 chromophore within HAO (Miller, et al., 1984). 

Polypeptide sequence has also shown no homology between cytochrome P

460 and HAO (Numata, et al., 1990). Cytochrome P-460 exists as a homotrimer 

of 18 kDa subunits and is located in the periplasm of N. europaea (Miller, et al., 

1984). Methylococcus capsulatus (Bath) also contains a cytochrome P-460 that 

catalyzes the oxidation of hydroxylamine to nitrite and shows some amino acid 
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sequence homology to the cytochrome P-460 in N. europaea (Zahn, et al., 

1994). Although there are two enzymes in N. europaea that are capable of 

oxidizing hydroxylamine to nitrite, the physiological significance of this 

duplicated activity has not been clearly addressed in the literature. 

1.6.2. Inhibitors and Inactivators. 

Although inhibitors and inactivators of HAO activity have not been as 

widely investigated as those for AMO, there are a few compounds that appear to 

specifically inhibit the hydroxylamine-oxidation activity of N. europaea. 

Hydrazine, an alternative substrate that is often used as a proxy for 

hydroxylamine, is a competitor of hydroxylamine for oxidation by HAO (Hooper 

and Nason, 1965). The highly reactive molecule, hydrogen peroxide, causes a 

rapid and irreversible loss of HAO activity in partially purified enzyme extracts 

from N. europaea (Hooper and Terry, 1977). The rate of inactivation was 

dependent upon both the concentrations of protein and H202. The c-552 and c

554 cytochromes were apparently not affected by H202 treatment, but the P-460 

chromophore in the HAO active-site was lost. Addition of cytochrome P-460 to 

extracts that had been treated with H202 did not restore activity (Numata, et al., 

1990). The reaction was deemed specific for HAO because hydrazine, metal

chelators, reductants, electron acceptors, and a singlet oxygen trapping agent 

all protected the hydroxylamine-oxidizing activity, but oxygen radical 

scavengers did not (Hooper and Terry, 1977). 

The P-460 chromophore in HAO is also inactivated by organohydrazines 

(Logan and Hooper, 1995). The complete loss of enzyme activity and 

characteristic absorbance by P-460 were lost when exposed to a 1:1 ratio of 

phenylhydrazine to HAO. The inactivation of HAO and the loss of the P-460 

heme by both H202 and organohydrazine exposure in N. europaea suggest 
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further that the P-460 chromophore is a necessary component of the HAO 

active-site. 

1.6.3. Genes. 

The gene encoding HAO is present in three copies within the N. 

europaea genome, as is the c-554 gene, the cytochrome that accepts electrons 

from HAO (McTavish, et al., 1993b). Each of the three HAO and c-554 genes lie 

within 2.7 kilobases of each other, but they occupy different operons 

(Sayavedra-Soto, et al., 1994). Analysis of one of the HAO genes uncovered 

eight heme-binding motifs spread throughout the length of the amino acid 

sequence (Arciero, et al., 1993). Also, the length of the coding region suggests 

that the fully active HAO polypeptide consists of a homo-trimer of a 61.6 kDa 

subunit, although the size as determined by SDS-PAGE is about 63 kDa 

(Arciero, et al., 1993). The gene encoding the cytochrome P-460 (cyp) is 

present as a single copy within the genome (McTavish, et al., 1993b). The 

discovery of a unique genetic location has again dispelled the notion that HAO 

and cytochrome P-460 are components of the same polypeptide (McTavish, et 

at., 1993b). Thus, there are two distinct genes, HAO and cytochrome P-460, 

that encode hydroxylamine-oxidizing polypeptides in N. europaea. 

One of the best ways to determine whether the three copies of HAO are 

differentially regulated is by performing mutational analysis. Until recently, N. 

europaea has proven to be very resistant to traditional genetic transformation 

methods. However, a successful protocol was developed and each of the three 

HAO genes was mutated in N. europaea (Hommes, et al., 1996). 

Transformation was achieved by the electroporation and integration of a 

kanamycin expression cassette into the HAO genes of N. europaea via 

homologous recombination with flanking gene sequence. (The same method 

was used to mutate the amoA and amoB genes). Under the conditions tested, 
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none of the three HAO copies was essential for supporting the viability and 

growth of N. europaea, and there was no difference between the mutated 

strains and the wild-type in terms of growth rate (Hommes, et al., 1996). Thus, 

so far there appears to be no difference in the expression or requirement of the 

three HAO copies and the reason for maintaining three active copies in the cell 

remains elusive. 

1.7. Regulation of Ammonia-Oxidizing Activity in the Environment. 

Besides the energetic considerations discussed above, there are several 

physical factors that regulate the metabolism and activity of ammonia-oxidizing 

bacteria in the environment. Ammonia-oxidizers occupy a circumscribed niche 

because they maintain a specialized metabolism which is quite sensitive to 

environmental changes. The ecology of ammonia-oxidizers is also dependent 

upon relationships with other organisms, especially nitrite-oxidizers. Laboratory 

studies with pure cultures of ammonia-oxidizers are vital for understanding their 

physiology, biochemistry, and genetics, but ecological questions are best 

answered in field studies where the associations of ammonia-oxidizers with 

biological, physical, and chemical components are relatively undisturbed. This 

dissertation addresses physiological questions with potential ecological 

significance. Controlled laboratory studies with pure cultures of one bacterial 

isolate may not adequately address the complexity of bacterial responses to 

environmental stimuli, but by carefully controlling a subset of the physical and 

chemical parameters that affect ammonia-oxidizers we may gain a better 

understanding of how they might adapt to environmental changes in natural 

systems. 
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1.7.1. pH. 

As mentioned above, ammonia oxidation is an acidogenic reaction; for 

every hydroxylamine molecule oxidized, 2 protons are released into the 

periplasm (net production of H+ minus net consumption), which diffuse into the 

immediate environment of the cell. The optimal pH range for the growth of N. 

europaea in pure culture is 5.8-8.5 (Prosser, 1989). Below pH 5.8, ammonia 

oxidation ceases almost completely. Ammonia oxidation is not favorable at 

acidic pH because the NH3-NH4+ equilibrium shifts towards NH4+, and away from 

NH3, the substrate for AMO (Suzuki, et al., 1974). However, acidification may 

cause other problems for ammonia oxidation as well. For example, if the 

transport of NH3 into the cell occurs by passive diffusion across the membrane, 

then the rate of uptake will slow at acidic pH values due to the diminishing 

gradient of NH3 across the membrane (Prosser, 1989). If NH3 is transported 

actively across the membrane, then the energy required to support an NH3 

transport system, general cell maintenance, and a neutral internal pH may not 

be available at acidic pH because of the diminishing availability of NH3 for 

energy generation. There is also evidence that an acidic pH directly affects 

AMO activity and not just the availability and uptake of substrate (Prosser, 

1989), an observation which is supported by results presented in Chapter 4 of 

this dissertation. 

Although the process of ammonia oxidation is sensitive to pH, 

acidiophilic strains of ammonia-oxidizers have been isolated from acidic soils. 

One isolate from a Japanese tea field, presumably belonging to the 

Nitrosococcus genus by morphological similarity, was able to grow at a pH 

ranging from 3.5 to 7.0 with an optimum at pH 5.0 (Hayatsu, 1993). The Km for 

ammonia in this organism was higher than that for N. europaea, and growth 

was more efficient with very high concentrations of ammonium. This study 

suggests that ammonia-oxidizers are able to adapt to acidic environments 

through biochemical or genetic adjustments of the ammonia oxidation pathway. 
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Other hypotheses explaining the adaptation of ammonia-oxidizers to 

acidic environments include formation of aggregates that surround themselves 

in a protective slime layer (Keen and Prosser, 1987), restricted activity in 

microsites that maintain a neutral pH relative to the bulk soil (Hankinson and 

Schmidt, 1984), or ammonia oxidation coupled to nitrogen mineralization which 

would raise the effective pH (De Boer, et al., 1988, De Boer, et al., 1989b). In 

one study, Nitrosospira AHB1, isolated as an acid-sensitive strain from 

heathland soil (De Boer and Laanbroek, 1989a), adapted to growth at pH 4 

either by aggregation on alginate beads or by exposure to pH fluctuations in 

liquid culture (De Boer, et al., 1995). In another study, nitrifiers from a Dutch soil 

were isolated by enrichment cultures at pH 4 (De Boer, et al., 1991). The pure 

culture of ammonia-oxidizers (identified as Nitrosospira) were active at low pH 

only when aggregated. It was suggested that the aggregation was necessary to 

protect the cells against the toxicity of nitrous acid which accumulated around 

the aggregates during ammonia-oxidation. Biofilm studies using N. europaea 

in a sand matrix showed that activity was possible at a pH of 5, and growth 

occurred at pH 5.5 (Allison and Prosser, 1993). The activity of N. europaea in 

this column was explained by the aggregation of the bacteria in microsites that 

maintained a neutral pH towards the top of the column. The authors suggest 

that soils may operate similarly and that the bacteria likely aggregate in areas 

with a neutral pH. Based on all of these experiments, it appears that ammonia-

oxidizers survive and grow in acidic environments by biochemical adaptations, 

aggregation, localization to neutral pH microsites, slime formation, or a 

combination of methods. 

Using a different experimental approach, the ammonia- and 

hydroxylamine-oxidizing activities of N. europaea were analyzed separately at 

different pH values to determine the biochemical basis of pH sensitivity (Frijlink, 

et al., 1992a). This study found that only ammonia oxidation is acid sensitive, 

but not hydroxylamine oxidation. Oxidation of hydroxylamine at pH 5 resulted in 

the generation of a proton motive force which supported ATP production and 

the uptake of amino acids. However, a metabolism based solely on 
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hydroxylamine is unreasonable because hydroxylamine is a highly unstable 

compound in the environment. Thus, AMO is the acid-sensitive enzyme in the 

pathway for ammonia-oxidation and limits the rate of metabolism at acidic pH. 

The regulation of AMO gene expression in N. europaea is pH-sensitive, 

mostly because only NH3 acts as a regulatory signal, and not NH4+ (Hyman and 

Arp, 1995). The AMO of N. europaea cells was inactivated with C2H2 and the 

cells were incubated with Na214CO3 in the presence of 1 or 10 mM ammonium at 

a pH of 7, 7.5, or 8. Using hydrazine as an energy source, 14C accumulation 

into polypeptides increased with increasing pH values and more incorporation 

was observed with 10 mM than with 1 mM ammonium. These results indicated 

that polypeptide synthesis occurred most favorably with a high concentration of 

NH3, which was available only as a regulatory signal, not as an energy source. 

This phenomenon also applies to the regulation of AMO activity which has been 

characterized in Chapter 2 of this dissertation. 

1.7.2. Ammonia Limitation and Starvation. 

Most of the literature describing ammonia limitation in N. europaea has 

focused on cells attached to solid matrices with a small, continually supplied 

concentration of ammonium (Prosser and Gray, 1977). This environment was 

hypothesized to be similar to a soil environment in which cells aggregate within 

the soil matrix and ammonia is supplied by slow percolation from the top of the 

matrix down. N. europaea cells attached to a matrix and, provided with limiting 

ammonium concentrations, grew slowly and did not stick to the matrix efficiently 

(Prosser and Gray, 1977). In contrast to biofilm studies, the experiments 

described in this dissertation were conducted solely in batch incubations and 

ammonia limitation is defined as an amount of ammonia that is consumed to 

completion by N. europaea cells within a generational period (8 h). 
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Ammonia-oxidizers from marine environments are especially adept at 

survival with very limiting concentrations (sub -µM) of ammonium (Ward, 1986). 

However, once isolated into laboratory cultures, many strains of marine 

ammonia-oxidizers can thrive with mM concentrations of ammonium. This 

adaptation from utilizing very small to high concentrations of substrate suggests 

that the bacteria can either oxidize ammonia when provided at a variety of 

concentrations, or they lose their ability to oxidize ammonia at low 

concentrations once isolated (Ward, 1986). Therefore, it is possible that 

ammonia-oxidizers can adapt quickly to the amount of ammonia that is 

available in their environment either by biochemical adjustment or, perhaps, by 

genetic mutation. Alternatively, some ecological studies have suggested that 

ammonia-oxidizing bacteria do not compete very effectively with other bacteria 

for ammonia, and mostly stay aggregated within microhabitats (Verhagen and 

Launbroek, 1991). This hypothesis suggests that ammonia-oxidizers are often 

forced to survive with very low concentrations of ammonium in natural 

ecosystems and are nearly impossible to isolate through enrichments with high 

ammonia concentrations. Most likely, a combination of survival strategies exists 

among ammonia-oxidizers and the isolation of different strains will be dictated 

by the ability of the bacteria to utilize ammonia at the provided concentrations. 

Ammonia starvation, as opposed to limitation, occurs when cells are 

subjected to environments that are completely deplete of ammonia. To starve 

an ammonia-oxidizer in pure culture, cells are typically taken directly from an 

ammonium-rich culture medium and placed in buffer without ammonium for a 

period of days, weeks, or months. Only two species of ammonia-oxidizers, N. 

europaea and Nitrosomonas cryotolerans, have been carefully studied with 

respect to ammonia starvation responses. Ammonia-oxidizers do not appear to 

undergo the same responses to starvation as heterotrophic bacteria (Kolter, et 

al., 1993). For example, miniaturization of the cells does not occur and 

intracellular levels of nucleic acids and proteins do not appear to decrease 

(Johnstone and Jones, 1988b). Although the endogenous respiration of N. 

cryotolerans was undetectable within 4 weeks of starvation, ammonia oxidation 
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activity was partially recoverable in cells starved for up to 14 weeks (Jones and 

Morita, 1985). N. cryotolerans cells starved for 4 weeks were more susceptible 

to damage by light than "freshly starved" cells, but neither were affected by the 

presence of CO (Johnstone and Jones, 1988a). These results indicate that 

starved ammonia-oxidizers, unlike starved heterotrophic bacteria, are not cross-

protected against other stresses (Roszak and Colwell, 1987). Once ammonium 

was reintroduced to cultures of N. cryotolerans cells that had been starved for 5 

weeks, the cells initiated a burst of metabolic activity which was greater than 

that accounted for by cell growth (Johnstone and Jones, 1988c). This activity 

burst may be similar to that characterized in N. europaea in Chapter 2 of this 

dissertation. 

Recovery of N. europaea cells starved either in liquid culture or on 

biofilms has also been examined (Batchelor, et al., 1997). Cells attached to 

biofilms were more capable of oxidizing ammonia after a 42 day starvation than 

those in liquid media. This result indicates that aggregated cells are somehow 

protected against activity loss, maybe by maintaining active AMO molecules. 

The authors suggest that in biofilms, the bacteria produce and respond to 

"quorum sensing" molecules, such as homoserine lactone, which may provide a 

signal for maintaining active metabolic enzymes (Batchelor, et al., 1997). In 

liquid cultures, the bacteria are not in close enough contact with one another to 

elicit a quorum-sensing response and thus are not able to respond quickly to 

ammonia. Again, the survival and quick metabolic response of aggregated N. 

europaea cells suggests that they may preferentially form clustered 

communities in soil systems. 

1.7.3. Oxygen. 

Ammonia-oxidizers are quite sensitive to the level of 02 in their 

environment, both when it is overly abundant and when it is limited. In many 
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natural environments, such as marine or soil systems, 02 is often present in 

limiting concentrations, which generally slows the rate of nitrification. 

Furthermore, ammonia-oxidizers do not compete well with heterotrophs for 02 

because they have a much higher kinetic saturation constant for 02 (Prosser, 

1989). However, ammonia-oxidizers can adapt to limiting 02 concentrations by 

changing their physical distributions or by modifying their affinity for 02 to 

become better competitors (Laanbroek and Woldendorp, 1995). 

Ammonia oxidation requires molecular oxygen for catalysis to proceed. 

The optimal concentration of 02 for ammonia oxidation is a partial pressure 

about 10% that of air (Prosser, 1989), which means that ammonia-oxidizers are 

microaerophilic. The presence of higher concentrations of 02 may result in the 

formation of oxygen radicals, which are hypothesized to inactivate AMO in the 

absence of substrate (Bock, et al., 1986). Oxygen radical formation has been 

implicated in the inactivation of AMO by light (Shears and Wood, 1985). 

Irradiated cells showed an absorption shift in a spectrophotometric assay, 

suggesting that a light-sensitive, oxygenated form of AMO exists. When the 

oxygenated AMO absorbs energy from photons, the 02 dissociates to a radical 

form which then destroys the enzyme. The sensitivity of the cells to photo-

inhibition was greatly reduced in the absence of 02, when the ammonia 

oxidation activity was inhibited, or with high concentrations of ammonia or 

hydroxylamine, suggesting that oxygen radicals attack AMO specifically and 

only when there is no substrate for the activated oxygen to act upon (Hooper 

and Terry, 1974). 

Nitrite-oxidizers are even more sensitive to light than ammonia-oxidizers, 

which has important implications for the ecology of nitrifiers in marine 

ecosystems (Olson, 1981). Often, nitrite maxima are found between the water 

layer containing ammonia-oxidizers and the layer containing nitrite-oxidizers. 

Because nitrite-oxidizers experience more photo-inhibition, nitrite builds up 

before the nitrite-oxidizers can recover their activity during dark periods (Olson, 

1981). 
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Although 02 is required for the activity of AMO and ammonia oxidation, a 

small handful of mechanisms have been described for the anaerobic 

metabolism of N. europaea. For example, using pyruvate as an electron donor 

and nitrite as an electron acceptor, cultures of N. europaea were maintained 

and some incorporation of 140 from NaH14CO3 was shown (Abeliovich and 

Vonshak, 1992). However, it was not clearly demonstrated that N. europaea 

could grow anaerobically via this metabolism. It was later demonstrated that 

incorporation of 140 into polypeptides using pyruvate or hydrazine to drive nitrite 

reduction required the presence of NH3 as a regulatory signal (Hyman and Arp, 

1995). Another example of anaerobic metabolism is the oxidation of ammonia 

in Nitrosomonas eutropha in the presence of NO2 (Schmidt and Bock, 1997). In 

this study, ammonia was oxidized to nitrite with hydroxylamine as an 

intermediate and nitric oxide was formed simultaneously. Between 40 and 60% 

of the nitrite produced was reduced to N2 with N20 as an intermediate. 

Anaerobic ammonia oxidation by bacteria, perhaps in the Nitrosomonas 

species, has also been shown in the presence of nitrate with N2 as a product 

(Van de Graaf, et al., 1995). This reaction was discovered in a denitrification 

bioreactor and was found to produce a substantial amount of energy (Mulder, et 

al., 1995). Very few species of Nitrosomonas have been analyzed for their 

ability to reduce nitrite to N2, but it is apparently possible (Poth, 1986). 

The more common denitrifying activity associated with ammonia-

oxidizers is the production of NO and N20, mostly from the reduction of nitrite 

under low partial pressures of 02. The enzyme responsible for this activity in N. 

europaea is a copper-containing nitrite reductase that also has cytochrome 

oxidase activity (Miller and Nicholas, 1985, Miller and Wood, 1983, Poth and 

Focht, 1985). In pure cultures of a marine isolate, Nitrosomonas sp., the molar 

ratio of N2O -N to NO2--N increased from 0.003 with 2% 02, to almost 0.1 with 

0.5% 02 present (Goreau, et al., 1980). Similar results were obtained with pure 

cultures of N. europaea (Lipschultz, et al., 1981). Substantial amounts of NO 

(up to 15 x 106 tonnes N yr') and N20 (5-10 x 106 tonnes N yr') are released 

from soil ecosystems with some correlation to fertilization with either ammonium 
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or nitrate (Bremner and Blackmer, 1978, Lipschultz, et al., 1981, Nage le and 

Conrad, 1990). The large-scale production of NO and N20 from fertilized lands 

is of grave concern because both N20 and NO are potent greenhouse gases 

that could contribute significantly to global warming. 

1.7.4. Nitrite. 

Ammonia-oxidizing bacteria produce nitrite, a highly toxic and reactive 

molecule, directly from their central metabolism. The production and 

accumulation of nitrite may well have a significant impact on the activity and 

ecological distribution of ammonia-oxidizers in the environment. The 

transformation of nitrite into toxic products occurs both aerobically and 

anaerobically and often in a pH-dependent manner. For example, at low pH, 

nitrite spontaneously forms nitrosonium cations (NO+) by the reaction of nitrous 

acid (HNO2) with free protons (Bonner and Stedman, 1996b): 

NO+ + H2O H+ + HNO2 

Nitrosonium cations are highly reactive with metals, such as iron and copper, 

and readily form metal-nitrosyl complexes, which prevent bacterial growth by 

interfering with membrane structures and metabolic enzymes (Cui, et al., 1992). 

Treating foods with nitrites has been helpful for controlling the growth of food-

spoilage bacteria because of the reactivity of nitrosonium cations with biological 

molecules. 

Another highly reactive, and often toxic, product formed through the 

reduction of nitrite is NO. As stated above, NO is formed most efficiently during 

ammonia oxidation by N. europaea at low partial pressures of 02. In 

mammalian systems, NO performs a number of activities, such as acting as a 

neurotransmitter, a regulator of protein function, an attenuator of enzyme 
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activity, or as a toxic agent (Stamler, 1994). Some enteric bacteria, including 

those in the genera Alcaligenes, Bacillus, Escherichia, Klebsiella, Neisseria, 

Proteus, and Pseudomonas, catalyze the formation of the N-nitroso group of 

secondary amines through nitrate and nitrite metabolism, which has been 

implicated in stomach and bladder cancers in humans (Calmels, et al., 1988, 

Ralt, et al., 1988). Nitrosation is a major health concern that has led to the 

regulation of nitrites as food preservatives and has increased the attempts to 

curb nitrate leaching into water supplies from agricultural fields. 

Although Chapter 4 of this dissertation suggests that NO is not toxic to N. 

europaea in vivo (Stein and Arp, 1998b), NO does interact with membrane 

proteins from cell-free extracts of N. europaea (Zahn, et al., 1996). NO forms 

metal-nitrosyl complexes with copper and iron-containing enzymes in many 

bacteria, in a similar fashion to NO+, causing bactericidal effects (Zumft, 1993). 

One mechanism for avoiding the toxicity of NO is to localize a nitrite reductase 

enzyme in the periplasm as observed in denitrifying bacteria. This allows the 

NO to be reduced before it can cross the membrane and destroy cytoplasmic 

enzymes (Zumft, 1993). In another approach, some denitrifying bacteria have 

very low rates of nitrate and nitrite turn-over, which keeps the concentrations of 

NO too low to cause serious damage. 

It is surprising that N. europaea is not more susceptible to the toxic effects 

of nitrite and products of nitrite chemistry considering that ammonia oxidation 

results in nitrite production and acidification, which both increase the amount of 

reactive NO molecules in the immediate environment of the cells. Also, the 

production of NO without the proven ability to reduce it to N2 would seem to 

cause more problems for ammonia-oxidizers. Chapters 3 and 4 of this 

dissertation provide some answers for how N. europaea may avoid the toxicity 

of nitrite and nitrite chemistry. However, this research also suggests that 

ammonia-oxidizers may not survive as well in the environment without the 

presence of nitrite-oxidizing bacteria. Therefore, the success of ammonia-

oxidizing bacteria depends upon the ecological relationships it forges and the 

physical qualifications of each environment. 
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1.8. Summary. 

Ammonia-oxidizing bacteria are ubiquitous in nature and significantly 

impact the global ecology. Their activity of transforming ammonia to nitrite, 

which then acts as a substrate for other bacteria in the nitrogen cycle, has both 

beneficial and negative consequences for life on Earth. Although the ecology of 

these bacteria is still poorly understood, the contributions of ammonia-oxidizers 

to environmental processes are unarguably important. Nitrosomonas europaea 

is the best studied isolate of the autotrophic ammonia-oxidizers. The catalytic 

function and substrate range of AMO has been heavily studied in N. europaea, 

although purification of the active enzyme has yet to be accomplished. The two 

hydroxylamine-oxidizing enzymes, HAO and cytochrome P-460, have also 

been characterized in N. europaea. However, there are still many questions to 

be answered regarding the electron transfer pathways between HAO, AMO, 

other characterized cytochromes, including c-554 and c-552, and the terminal 

cytochrome oxidase. 

Another important question yet to be answered is how do ammonia-

oxidizers respond to changes in the environment? Ammonia-oxidizers are 

sensitive to a variety of biological, chemical, and physical attributes, including 

pH, substrate concentration, oxygen, and the product of their metabolism, nitrite. 

Several studies have attempted to address the physiological responses of 

these bacteria when subjected to environmental changes, but much has yet to 

be learned. This dissertation addresses three types of changes that occur in the 

environment of N. europaea when incubated in liquid batch cultures substrate 

concentration, pH changes, and nitrite accumulation. The study described in 

Chapter 2 (Stein, et al., 1997) suggests that the ammonia-oxidizing activity of N. 

europaea is regulated by changes in the NH3 concentration of the incubation 

medium. The free concentration of NH3 was changed both by the acidification 

of the medium from the oxidation of ammonia and also by adding acid directly to 

the medium. Chapter 3 (Stein and Arp, 1998a) describes the loss of ammonia
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oxidizing activity of N. europaea when subjected to limiting concentrations of 

ammonium. The loss of activity was ameliorated by the presence of AMO 

substrates and was not observed in incubations containing no ammonium. 

Chapter 4 (Stein and Arp, 1998b) continues the study in Chapter 3 by showing 

that the loss of ammonia-oxidizing activity under limiting ammonia 

concentrations is a response to nitrite toxicity. Nitrite appears to target AMO 

resulting in the debilitation of ammonia-oxidizing activity. The results described 

in this dissertation may or may not directly apply to the behavior of ammonia-

oxidizing bacteria in natural environments, but the data certainly provide a 

better understanding of how ammonia-oxidizers respond to environmental 

changes. An understanding of the basic physiology of ammonia-oxidizers in 

the laboratory will help others to formulate studies to be conducted eventually in 

situ. 
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CHAPTER 2
 

Regulation of the Synthesis and Activity of Ammonia 
Monooxygenase In Nitrosomonas europaea by pH-Mediated Effects 

on NH3 Availability 

2.1. Abstract 

The obligate ammonia-oxidizing bacterium, Nitrosomonas europaea, 

was incubated in phosphate-buffered medium containing 50 mM NH44-. The 

changes in the concentration of nitrite, the pH, and the NH4+- and hydroxylamine 

(NH2OH)-dependent 02 uptake activities of the cell suspension were monitored. 

Due to the acidifying effect of ammonia oxidation, the pH of the medium 

declined from an initial value of 8.0 to 5.6 over an 8 h period. The NH4+

dependent 02 uptake activity nearly doubled over the first 3 h of the incubation 

and then slowly returned to its original level over the following 5 h. In contrast, 

there was no effect on NH2OH-dependent 02 uptake activity over the same 

period. The extent of the stimulation in NH4+-dependent 02 uptake activity was 

decreased by lowering the initial pH of the medium. Radio labeling studies 

using 14CO2 demonstrated that the stimulation in NH4+-dependent 02 uptake 

activity involved de novo synthesis of several polypeptides including the 27 kDa 

component of ammonia monooxygenase (AMO), and substoichiometric 

quantities of polypeptides with molecular masses of 68, 55 and 42 kDa. Both 

the de novo synthesis of all polypeptides and the stimulation in NH4+-dependent 

02 uptake activity were inhibited by chloramphenicol and rifampin. Under 02

limited conditions, the NH4+-dependent 02 uptake activity was stabilized and 

remained unchanges for up to 5 h. Rapid, controlled, and predictable changes 

in this activity could be caused by acidification of the medium in the absence of 

ammonia oxidation. These results indicate that the NH4+-dependent 02 uptake 
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activity in N. europaea is strongly regulated in response to the NH3 

concentration present in the incubation medium. 

2.2. Introduction 

Nitrosomonas europaea, an obligate ammonia-oxidizer, has been used 

extensively as a model organism due to the ease of its cultivation relative to 

other ammonia-oxidizing bacteria (Prosser, 1989). The energy-generating 

metabolism of N. europaea, the oxidation of ammonia to nitrite (NO2), is 

catalyzed by two enzymes. The first enzyme, ammonia monooxygenase (AMO), 

oxidizes ammonia to hydroxylamine (NH2OH) and consumes molecular oxygen 

and two electrons in the process (Wood, 1986). The second enzyme in the 

ammonia oxidation pathway, hydroxylamine oxidoreductase (HAO), oxidizes 

N H2OH to NO2-, thereby releasing 4 electrons. Two of these electrons are 

consumed by AMO to sustain further ammonia oxidation and two are diverted 

either through the electron transport chain for ATP generation or to reversed 

electron flow for reduction of nucleotide cofactors used for CO2 fixation and 

other biosynthetic reactions (Wood, 1986). 

External pH is known to greatly influence the distribution and activity of 

ammonia-oxidizing bacteria in soils (Prosser, 1989). Part of this effect is 

thought to be due to the influence of pH on NH3 availability (Focht and 

Verstraete, 1977, Suzuki, et al., 1974). The physiological substrate for AMO is 

NH3, not NH4+ (Suzuki, et al., 1974). NH3 is a curious substrate because at 

physiologically relevant pH values (6 to 8), the NH3-NH4+ equilibrium is shifted 

primarily towards NH4+ (pKa = 9.1 at 30 °C) (Sober, 1968). Although 

autotrophic ammonia-oxidizing bacteria are not thought to be particularly active 

in acid soils because of substrate limitation, these organisms can often be 

isolated from acidic environments (Hankinson and Schmidt, 1984). In contrast 

to the effects of NH3 on AMO activity, we have recently demonstrated that the 
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synthesis of the polypeptides for ammonia-oxidizing activity in N. europaea is 

also regulated by NH3, not NH4+. In one study, the regulatory effects of ammonia 

were investigated by following de novo protein synthesis in acetylene-

inactivated cells which were unable to use ammonia oxidation as a source of 

energy (Hyman and Arp, 1995). This study demonstrated that the de novo 

synthesis of the 27 kDa component of AMO is a saturable process with respect 

to [NH3] rather than [NH41(Ks [NH3] = 30 NM) (Hyman and Arp, 1995). Similar 

results were observed in a second study which examined the regulatory effects 

of ammonia on the transcription of AMO-encoding genes in both acetylene-

inactivated and control cells (Sayavedra-Soto, et al., 1996). Taken together, 

these studies indicate that NH3 affects the ammonia-oxidizing activity of N. 

europaea at both the transcriptional and translational levels, and is a global 

regulator of several other genes as well. 

This chapter describes investigations of the regulatory roles of NH3 and 

NH44- on ammonia-oxidizing activity in cells of N. europaea with active rather 

than acetylene-inactivated AMO. 

2.3. Materials and Methods 

2.3.1. Materials. 

Na214CO3 (6.2 mCi/mmol) and Ba14CO3 (29 mCi/mmol) were supplied by 

Sigma Chemical Co. (St. Louis Mo.). [U-14C]C2H2 was generated from Ba14CO3 

as described previously (Hyman and Arp, 1990). Reagents for sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were obtained from 

ICN Biochemicals (Costa Mesa, Ca). 
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2.3.2, Growth of N. europaea. 

Cells of N. europaea (ATCC 19178) were grown in 1.5 liter batches on 

rotary shakers (200 rpm) in 2 liter Erlenmeyer flasks at 30 °C in the dark. The 

defined growth medium was as previously described (Hyman and Arp, 1992). 

Cells in late-log phase were harvested by centrifugation (10,000 x g, 10 min) 3 

days after inoculation. The sedimented cells were resuspended in 1.5 ml of 

sodium phosphate buffer (50 mM) containing 2 mM MgCl2, pH 8 (referred to as 

"sodium phosphate buffer"). Cells were sedimented and resuspended 3 times 

in 1.5 ml of sodium phosphate buffer and finally resuspended in 1.5 ml of the 

same buffer. The protein concentration of the resuspended cells was 

consistently about 20 mg m1-1. Washed cells were stored up to 18 hours at 4 °C 

in the dark to allow degradation of intracellular AMO mRNA (Sayavedra-Soto, et 

al., 1996). No changes in AMO or HAO activities occurred during this period. 

2.3.3. Batch incubations. 

Most of the experiments followed the changes in AMO and HAO activity 

in batch incubations using cells originally harvested from late log-phase 

cultures. The batch incubations were conducted using cotton-stoppered 

Erlenmeyer flasks (125 ml) containing growth medium (25 ml) consisting of 50 

mM NH4+, 50 mM sodium and potassium phosphate, and trace minerals, as 

previously described (Hyman and Arp, 1992). The reactions were initiated by 

the addition of washed cells (250 NI) after which the flasks were placed on a 

rotary shaker (200 rpm) in an unlit constant temperature (30 °C) room. At the 

indicated times, samples (1 ml) of the reaction medium were removed and the 

cells in these samples were sedimented (14,000 x g, 2 min). The resulting 

supematant was collected and used to determine the accumulation of nitrite 
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and the pH of the reaction medium. The sedimented cells were resuspended in 

sodium phosphate buffer (100 pl) and sedimented again (14,000 x g, 2 min). 

The washed cell pellet was resuspended in sodium phosphate buffer (50 pl) 

and subsequently used to measure NH4+- and NH2OH-dependent 02 uptake 

activities and protein concentrations. In experiments with chioramphenicol or 

rifampin (Sigma Chemical Co.), the antibiotic (400 pg/ml) was added directly to 

the incubation medium before the addition of cells. The minimum 

concentrations, although very high by most standards, of chloramphenicol and 

rifampin were determined empirically by the ability of the antibiotics to control 

RNA or polypeptide synthesis by N. europaea. The incubations with lower 

initial pH values were obtained by acidification with 10 N HCI. The incubations 

with limiting 02 were conducted in glass serum vials (160 ml) sealed with butyl 

rubber and aluminum crimp seals. The vials were evacuated and re-

equilibrated 5 times with 02-free N2 . The desired amount of pure 02 was added 

with a syringe. 

2.3.4. 09 uptake measurements. 

The levels of AMO and HAO activities in whole cells were determined, as 

described previously (Hyman and Arp, 1992), by measurements of NH4+- and 

NH2OH-dependent 02 uptake activities at 30 °C, respectively. In summary, 

samples of washed cells (25 pl) obtained from batch incubations were added to 

the reaction chamber of a Clark-style oxygen electrode (Yellow Springs 

Instrument Co., Yellow Springs, Ohio) containing sodium phosphate buffer (1.8 

ml) and (NH4)2SO4 (5 mM). Once a stable rate of 02 uptake had been 

established and measured, the NH4+-dependent 02 uptake activity was inhibited 

by the addition of allylthiourea (100 pM). After 2 min, NH2OH-HCI (600 pM) was 

added to the reaction mixture. The NH2OH-dependent 02 uptake rate was then 

measured once a steady rate of 02 uptake had been re-established. 
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2.3.5. N a214CO3 labeling reactions. 

Batch incubations were conducted in serum vials (160 ml) sealed with 

butyl rubber stoppers and aluminum crimp seals. Growth medium (25 ml) was 

added. In vials where 02 was intentionally limited, 5 cycles of evacuation and 

re-equilibration with 02-free N2 were completed, and pure 02 (7 ml) was added 

via syringe as over-pressure. The radioactive carbon source, Na214CO3 (5 pl; 1 

pCi p1-1), was added from an aqueous solution. The reactions were initiated by 

the addition of washed cells (250 Ni). At the indicated times, samples (1 ml) of 

the reaction medium were removed and the cells were sedimented, the 

supernatant was removed, and the pellet was solubilized in SDS-PAGE sample 

buffer (100 pl). The samples were stored at 80 °C. SDS-PAGE gels (12% 

polyacrylamide) were run with approximately 40 Ng of protein loaded per lane. 

14C-incorporation into separate polypeptides was analyzed on a Molecular 

Dynamics Phosphorimager (Sunnyvale, CA) using lmagequant software 

(Molecular Dynamics). The Peakfind program (Molecular Dynamics) was used 

to display labeled proteins in line-graph format based on the intensity of the 

labeled bands. Apparent molecular masses of the major polypeptides were 

determined by comparison with Rf values for molecular mass markers. The 

markers were bovine serum albumin (68 kDa), ovalbumin (45 kDa), carbonic 

anhydrase (30 kDa), cytochrome c (12.5 kDa), and aprotinin (6 kDa) (Sigma 

Chemical Co.). 

2.3.6. 14C H -labeling incubations. 

Samples (1 ml) from the batch incubations described above were taken 

after 3 h incubation. The cells were incubated in the presence of hydrazine and 
14t.,0,2..2ri as described previously (Hyman and Wood, 1985). Briefly, the cells 

were placed in a glass serum vial (10 ml) stoppered with butyl rubber and 
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aluminum crimp seals and equilibrated for 10 min at room temperature. Five 

minutes prior to labeling, 2 mM N2H4HCI from an aqueous stock solution (0.1 

M) was added. Approximately 1 p1 of 14C2H2 was added in a total of 1 ml gas 

over-pressure to the vial. The vial was incubated on a water bath shaker (300 

rpm) at 30 °C for 45 min. The cells were sedimented, the supernatant 

discarded, and the pellet solubilized in SDS-PAGE sample buffer (100 p1). The 

samples were stored at 80 °C. SDS-PAGE gels (12% polyacrylamide) were 

run and analyzed as described for the Na214CO3 labeling experiments. 

2.3.7. Nitrite analysis. 

Nitrite accumulation in the incubation medium was determined 

colorimetrically by the method of Hageman and Hucklesby (Hageman and 

Hucklesby, 1971). 

2.3.8. Protein determinations. 

Protein concentrations were determined using the Biuret assay (Gornall, 

et al., 1949) after protein solubilization for 30 min at 65 °C in aqueous 3 N 

NaOH and sedimentation of insoluble material (14,000 x g, 5 min). 
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2.4. Results 

2.4.1. Changes in AMQ and HAO activities in cells Incubated 
in batch cultures. 

When cells of N. europaea were incubated in medium containing 50 mM 

ammonium, the NH4+-dependent 02 uptake rate (AMO activity) increased by 1.8 

to 2.6 fold between 3 and 4 h after the start of the incubation (Fig. 2.1A), after 

which the activity slowly declined to near the initial level. No further changes in 

the rate of NH4+-dependent 02 uptake were observed for at least 48 additional 

hours (data not shown). The observed changes in activity were specific for 

AMO as the rate of NH2OH-dependent 02 uptake (HAO activity) remained 

largely unchanged throughout the course of the incubation (Fig. 2.1A). The lack 

of change in HAO activity or protein content (data not shown) during these 

incubations suggests that the effects observed on AMO activity were 

independent of cell growth. The peak and subsequent decline in AMO activity 

coincided with a sharp decrease in the rate of nitrite production (Fig. 2.1B). The 

concurrent decline in both AMO activity and the rate of nitrite production 

occurred even though only about 50% (25 mM) of the total ammonium had 

been oxidized (Fig. 2.1B). Both the pH and the calculated free [NH3] also 

declined significantly during the time course of the reaction (Fig. 2.1C). At the 

point of maximal AMO activity, the pH had dropped from approximately 8.2 to 

6.8 and the free [NH3] had dropped from 3.9 mM to approximately 47 pM. After 

8 hours, the pH had declined to 5.6 and only 6 pM NH3 remained. 
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Figure 2.1. Time course of changes in enzyme activities and culture 
conditions for cells of N. europaea incubated in medium containing 50 mM 
ammonium. Cells were incubated in medium containing 50 mM ammonium 
and sampled for enzyme activities as described in the text. The error bars 
indicate variations in four replicate experiments. (A) Time course for changes in 
NH +-dependent (AMO) (I) and NH2OH-dependent (HAO) (A) 02 uptake 

activities. (B) Time course of NO2 production MO and estimated residual NH4+ 
concentration (A). (C) Time course for changes in medium pH (0) and 
estimated concentration of NH3 in solution (), as determined from pH 
measurements and calculated residual NH4+ concentrations. 

4
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2.4.2. Effect of pH on AMO activity.
 

The results from Fig. 2.1 suggest that the observed changes in AMO 

activity correlated with the availability of NH3 rather than NH4+. We therefore 

examined whether the increase in AMO activity over the first 4 h could be 

influenced by the initial concentration of available NH3 in the incubations. 

Incubations were conducted using phosphate-buffered media (50 mM, pH 8) 

which contained 5, 15 or 50 mM ammonium. In all cases, the AMO activity 

underwent an initial rapid increase followed by a slower decrease similar to that 

shown in Fig. 2.1. The maximal level of AMO activity increased with increasing 

ammonium concentration: 1.5 fold with 5, 1.7 fold with 15, and 2 fold with 50 

mM ammonium (data not shown). The strength of the buffer in the incubation 

medium also affected the time course of changes in AMO activity. Incubations 

were conducted using media containing 50 mM ammonium and varying 

concentrations of sodium phosphate buffer (10-40 mM) at a constant starting pH 

of 8.1. Again, a rapid stimulation in AMO activity was observed in all 

incubations followed by a slower decline to the original level of enzyme activity. 

However, decreases in buffering strength resulted in a smaller stimulation in 

AMO activity -- 1.5 fold with 10, 1.6 fold with 20, and 1.8 fold with 40 mM 

phosphate -- and a shorter period over which maximal activity was observed 

(data not shown). To further illustrate the effect of pH change on NH3 

availability, and the concurrent effect on AMO activity, batch incubations were 

conducted with medium containing 50 mM NH4+ and sodium phosphate buffer 

(50 mM) adjusted to different initial pH values of 8.1, 7.5 , or 6.3. The starting 

concentrations of free NH3 in these incubations were estimated at 4.76, 1.43, 

and 0.08 mM respectively. As the initial pH of the medium was decreased, 

there was also a decrease in the maximal stimulation of AMO activity (Fig. 2.2A). 

Again, the changes in pH did not affect HAO activity (Fig. 2.2A). The nitrite 

production rate and final accumulation also decreased as the pH was 

decreased (Fig. 2.2B). 
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Figure 2.2. Effect of the initial pH of the medium on the time course of 
changes in NH4+- and NH2OH-dependent 02 uptake activities. Cells were 
incubated in phosphate-buffered media (50 mM sodium phosphate; 50 mM 
NH4+) and sampled for enzyme activities as described in Materials and 
Methods. The data are single representatives of 5 replicate experiments. (A) 
Time course of changes in NH4+-dependent (AMO) (closed symbols) and 
NH2OH-dependent (HAO) (open symbols) 02 uptake activities for cells 
incubated in media with initial pH values of 8.1 (0), 7.5 (A) and 6.3 (0). (B) 
Corresponding time course for NO2 production for incubations with initial pH 
values of 8.1 (I), 7.5 (A) and 6.3 (). 
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2.4.3. Analysis of de novo polypeptide synthesis.
 

To determine if the increase in AMO activity was due to de novo protein 

synthesis, transcription or protein synthesis inhibitors were added to the 

incubation medium. Both rifampin and chloramphenicol greatly diminished the 

stimulation in AMO activity (Fig. 2.3). In contrast, HAO activity was not affected 

by the presence of either inhibitor. After 8 hours, the AMO activity was lower in 

the incubations with rifampin or chloramphenicol than in a control incubation 

without inhibitor. To determine which proteins were synthesized in response to 

NH3, Na214CO3, was included with the cells to follow 14C incorporation into newly 

synthesized polypeptides. In the presence of either chloramphenicol (Fig. 2.4A) 

or rifampin (Fig. 2.4B) there was no detectable incorporation of 14C into 

polypeptides, indicating a lack of de novo protein synthesis. In the absence of 

chloramphenicol or rifampin, several polypeptides had 14C incorporated after 3 

hours (Fig. 2.4D). The four main labeled polypeptides corresponded to 

apparent molecular masses of 27, 42, 55, and 68 kDa. The highest level of 14C 

was incorporated in the 27 kDa polypeptides. Between 3 and 8 hours there 

was approximately a 2 fold increase in the amounts of label associated with 

each major polypeptide (Fig. 2.4E). Thus, during the decline in AMO activity, 

labeled protein did not decrease; rather, it continued to accumulate. To 

determine which polypeptide corresponded to AmoA, a separate aliquot of cells 

was incubated in the presence of 14C2H2, but without Na214CO3 (Hyman and Arp, 

1990). The 14C-labeled polypeptide generated in this assay co-migrated with 

the 27 kDa polypeptide labeled by the fixation of 14CO2 (Fig. 2.4F). 
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Figure 2.3. Effect of RNA and protein synthesis inhibitors on changes in 
NH4+- and NH2OH-dependent 02 uptake rates. Cells of N. europaea were 
incubated in medium containing 50 mM ammonium and chloramphenicol (400 
pg/ml) or rifampin (400 pg/ml). NH4+-dependent (AMO) and NH2OH-dependent 
(HAO) 02 uptake activities are shown for cells incubated for 0, 3, and 8 h with no 
inhibitor (solid bars), with chloramphenicol (shaded bars), and with rifampin 
(open bars). The error bars indicated variations in four replicate experiments. 
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Figure 2.4. Effects of inhibitors on the de novo synthesis of 14C-labeled 
polypeptides. Cells of N. europaea were incubated in medium containing 50 
mM ammonium with Na214CO3, and 14C incorporation into newly synthesized 
polypeptides was analyzed by SDS-PAGE. The densitometric profiles of 
radiolabel distribution for cells incubated under the following conditions were 
determined: 8 h in medium containing chloramphenicol (400 pg /mI) (A); 8 h in 
medium containing rifampin (400 pg/ml) (B); 0 h in medium alone (C); 3 h in 
medium alone (D); 8 h in medium alone (E); and incubation in the absence of 
Na214CO3 for 3 h and subsequent exposure to 14C2H2 (F). The molecular masses 
were determined by comparing fit values for individual polypeptides with the R, 
values for a series of molecular mass markers as described in the text. 
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2.4.4. Effects of pH 9hanges on AMO activity in 02-limited
incubations. 

We wished to determine whether the changes in AMO activity could be 

manipulated in a predictable fashion in incubations where the pH of the 

medium and the relative proportions of NH3 and NH4+ could be changed without 

concurrent ammonia oxidation. To limit the rate of ammonia oxidation and the 

extent of the associated pH change, cells were exposed to limiting amounts of 

02 (5% of the gas headspace) during the incubation (Fig. 2.5). In an incubation 

vial with limiting 02, the AMO activity increased over the first 3 h to a level only 

slightly lower than that observed in incubations with ambient levels of 02. 

However, in contrast to the incubation with ambient 02, the AMO activity in the 

02-limited incubation remained stable for 5 h and then slowly declined. The 

rate of nitrite production was much slower in the incubations with limiting 02 

compared to those with ambient 02 levels (Fig. 2.5B). 

To determine if a decline in pH alone could lower the AMO activity in the 

absence of ammonia oxidation, HCI was added after 3 hours to 02-limited 

incubations which exhibited stabilized AMO activity (Fig. 2.5A). With 50 pl HCI 

(10 N) added, the pH dropped from 7.2 to 5.4, which is similar to the final pH 

observed in the incubation conducted with ambient concentrations of 02. 

Following the pH adjustment, there was a large, rapid decline in the AMO 

activity that approached the level observed in the incubation containing ambient 

02. When 25 pl HCI was added, the pH immediately decreased from 7.2 to 6.4 

and continued to decline slightly over the next few hours. An immediate 

decrease in the AMO activity was also observed in this incubation, as opposed 

to the slow decline of activity in the 02-limited vial without HCI. However, cells 

from both incubations had the same amount of AMO activity after 8 hours. 

Similar pH adjustments were also made to the medium of incubations which 

began under anoxic conditions to test whether the acidification was non-

specifically affecting the cells rather than specifically affecting AMO activity. The 
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adjustment of the pH in the anoxic incubation from 8.0 to 6.4 had no effect on 

either AMO or HAO activity (Fig. 2.5A). 

To test the possible consequences of the pH change on protein 

composition, we followed the fate of newly synthesized polypeptides during the 

pH adjustments by including Na214CO3 in the incubations (Fig. 2.5C). The 

newly synthesized 27 kDa component of AMO (AmoA) continued to accumulate 

in the 02-limited incubations with or without pH adjustment. However, at the 

end of the incubation, there was a greater level of radiolabel in the 02-limited 

incubation without pH adjustment relative to the 02-limited incubation with pH 

adjustment. Likewise, there was a greater level of de novo protein synthesis 

overall in the incubation containing ambient 02, as compared to the 02-limited 

incubations. Furthermore, several unique (and as yet uncharacterized) 

polypeptides were synthesized in the incubation containing ambient 02 levels 

as compared to the 02-limited incubations. 
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Figure 2.5. Effects of pH adjustment on NH4+-dependent 02 uptake activity, 
NO2 production, and 14C radiolabel distribution in N. europaea incubated with 
NH4+ in the presence of limiting 02 concentrations. Cells of N. europaea were 
incubated in medium containing 50 mM ammonium in the presence of either 
ambient (20%) or limiting (5% vol/vol) 02 concentrations. Acidification of the 
incubation medium with HCI was performed after 3 h where indicated. (A) NH4+
dependent 02 uptake rates for cells with ambient levels of 02 (0), 5% 02 (II), 5% 
02 and 25 µl HCI (10 N) (A), 5% 02 and 50 1.1,1 of HCI (), 0% 02 (0), and 0% 02 
and 50 RI HCI (A). The data for incubations performed with 5% 02 in the 
headspace are given by heavy lines to distinguish the experimental incubations 
from the control incubations. (B) Concurrent NO2- production rates in 
incubations with ambient levels of 02 (0), 5% 02(11), 5% 02 and 25 µi of HCI (A), 
5% 02 and 50 RI of HC1 (), 0% 02 (0), and 0% 02 and 50 FA.1 of HCI (A). The 
data for incubations performed with 5% 02 are given by heavy lines. (C) Cells 
were incubated in the presence of Na214CO3, and radiolabel incorporation into 
de novo-synthesized polypeptides was visualized by SDS-PAGE as described 
in the text. The Phosphorimage of the SDS-PAGE gel is shown for cells 
incubated for 0, 3, 4, or 8 h with 5% 02, 5% 02 plus 50 µl of HCI, and ambient 02. 
The arrow indicates the position of the putative AmoA polypeptide at 27 kDa. 
Relative densitometric values for radiolabel incorporation into the 27-kDa 
polypeptide are shown for each lane. 
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2.5. Discussion 

Taken together, the experiments described in this chapter demonstrate 

that the activity of AMO in N. europaea can undergo large changes over sub-

generational periods of time when cells are incubated in batch cultures 

containing ammonium. It is important to note that all of the activity 

measurements described used cells that were washed after their removal from 

their respective incubations. This approach has ensured that all reported 

enzyme activities were determined under identical conditions and any 

differences reflect the effects of the incubation conditions rather than the 

enzyme assay conditions. With this in mind, we suggest that the changes in 

AMO activity described in this chapter (Fig. 2.1) are consistent with a response 

of N. europaea to the ambient concentrations of NH3 rather than NH4+. 

Furthermore, our results indicate that there are two components to the response 

to NH3, one that leads to an increase in AMO activity through de novo protein 

synthesis, and a second counteracting response that decreases the activity of 

AMO to a defined level in a process which does not require the degradation of 

newly synthesized AMO poiypeptides. These observations confirm and expand 

previous studies of the responses of N. europaea to NH3 (Hyman and Arp, 

1995, Sayavedra-Soto, et al., 1996). 

The mechanism by which N. europaea increases AMO activity in 

response to NH3 concentrations appears to involve selective de novo protein 

synthesis, as suggested by the effects of transcription and translation inhibitors 

(Fig. 2.3) and our 14CO2 labeling studies (Fig. 2.4). The four main polypeptides 

synthesized during the increase in AMO activity (Fig. 2.4) have similar 

molecular weights to those observed during the recovery of AMO activity in N. 

europaea after inactivation by either C2H2 or light (Hyman and Arp, 1992). The 

27 kDa polypeptide observed in the present study is very likely to be the AmoA 

(McTavish, et al., 1993a) based on its co-migration with the 14C-labeled 

polypeptide generated by the exposure of the cells to 14C2H2 (Fig 2.4). Likewise, 
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the 42 kDa polypeptide is probably the AmoB (McTavish, et al., 1993a) 

component of AMO although it is clear that the level of 14C incorporation into this 

polypeptide is sub-stoichiometric with respect to the level observed in the 27 

kDa polypeptide. Therefore, the two known components of AMO (AmoA and 

AmoB) can be differentially synthesized. This result is surprising as the amoA 

and amoB genes are co-transcribed (Sayavedra-Soto, et al., 1996) and AmoA 

and AmoB polypeptides co-purify in apparently equimolar concentrations 

(McTavish, et al., 1993a). Although the regulatory significance of this differential 

synthesis of AMO components remains to be determined, it is important to note 

that this effect has been consistently observed in our recent studies of AMO 

regulation (Hyman and Arp, 1992, Hyman and Arp, 1995), either during 

recovery from acetylene or light inactivation (Hyman and Arp, 1992) or during 

N H2OH- dependent de novo protein synthesis by cells continuously exposed to 

C2H2 (Hyman and Arp, 1995). In addition to these putative components of AMO, 

we also observed the synthesis of 68 and 55 kDa polypeptides which were also 

sub-stoichiometric with respect to AmoA. The identity of these polypeptides 

remains unknown. 

The factors controlling the decrease in AMO activity also appear to be 

determined by the availability of NH3 rather than NH4+, despite the fact that 

approximately 50% of the added ammonium remained un-oxidized in most 

experiments. Our results also demonstrate that a net decrease in AMO activity 

consistently became apparent when the free NH3 concentration in the 

incubation medium had decreased to approximately 47 pM (Fig. 2.1). This 

value is very similar to the Km for NH3 as a substrate for AMO (Suzuki, et al., 

1974) and the Ks value for NH3 as a regulatory agent on de novo protein 

synthesis (Hyman and Arp, 1995). Our present results therefore provide further 

evidence that N. europaea is able to regulate the activity of AMO at 

physiologically and enzymatically relevant concentrations of NH3. While the 

increases in AMO activity involve de novo protein synthesis, the decrease in 

AMO activity observed in pH-adjusted, 02-limited incubations does not appear 

to involve the degradation of AmoA protein, but could involve the degradation of 
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other proteins involved in ammonia oxidation activity (Fig. 2.5). Our results 

demonstrated that there was no effect of pH adjustment on cells incubated 

under anoxic conditions. These results suggest that cells of N. europaea may 

be able to support two types of AMO activity. One of these types appears to 

provide a base level of enzyme activity which is largely insensitive to changes 

in the available NH3 concentration. This is the activity which was observed at 

the start of each incubation and the level to which the cells returned after having 

undergone an initial stimulation in activity and subsequent decline. The second 

type of AMO activity has been represented and characterized in the present 

study. This activity can be increased in response to increases in NH3 

availability and can be rapidly decreased in response to NH3 limitation. These 

two differentially regulated forms of enzyme activity could be particularly useful 

to N. europaea for a rapid response to transient fluctuations in ammonia 

availability and still allow the organism to maintain a basal level of AMO activity 

to generate energy for both cell maintenance and the rapid de novo synthesis of 

AMO once ammonia becomes available. While the presence of two apparently 

different forms of AMO activity is consistent with our present results, we have not 

determined whether they are related to the two copies of the AMO structural 

genes present in the N. europaea genome (McTavish, et al., 1993a). 
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CHAPTER 3
 

Ammonium Limitation Results in the Loss of Ammonia-Oxidizing
 
Activity in Nitrosomonas europaea
 

3.1. Abstract 

The effects of limiting concentrations of ammonium on the metabolic 

activity of Nitrosomonas europaea, an obligate ammonia-oxidizing soil 

bacterium, were investigated. Cells were harvested during late logarithmic 

growth and were incubated for 24 h in growth medium containing 0, 15 or 50 

mM ammonium. The changes in nitrite production and the rates of ammonia-

and hydroxylamine-dependent oxygen consumption were followed. In 

incubations without ammonium, there was little change in the ammonia 

oxidation activity after 24 h. With 15 mM ammonium, an amount that was 

completely consumed, there was an 85% loss of the ammonia oxidation activity 

after 24 h. In contrast, there was only a 35% loss of the ammonia oxidation 

activity after 24 h in the presence of 50 mM ammonium, an amount that was not 

consumed to completion. There was little effect on the hydroxylamine oxidation 

activity in any of the incubations. The loss of ammonia oxidation activity was not 

due to differences in steady-state levels of ammonia monooxygenase (amoA) 

mRNA or to degradation of AmoA protein. The incubations were also 

conducted at a range of pH values to determine whether the loss of ammonia 

oxidation activity was correlated to the residual ammonium concentration. The 

loss of ammonia oxidation activity was less at lower pH values (where the 

unoxidized ammonium concentration was higher) after 24 h. When added in 

conjunction with limiting ammonium, short-chain alkanes, which are alternative 

substrates for AMO, prevented the loss of ammonia oxidation activity at levels 

corresponding to their binding affinity for AMO. These results suggest that 
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substrates of AMO can preserve the ammonia-oxidizing activity of N. europaea 

in batch incubations by protecting either AMO itself or other molecules 

associated with ammonia oxidation. 

3.2. Introduction 

Autotrophic ammonia oxidation is an environmentally and economically 

significant process that has been largely characterized at the molecular level in 

a single bacterial isolate, Nitrosomonas europaea (Prosser, 1989). Many 

populations of ammonia-oxidizing bacteria are thought to occupy oligotrophic 

environments, such as in soils or the open ocean, where ammonium is often 

present in extremely low concentrations (Prosser, 1989). Thus, ammonium 

limitation (when ammonium is present in amounts that can be metabolized to 

completion) and starvation (survival in the absence of ammonium) are important 

environmental stresses to which these bacteria must adapt. However, although 

much is known about the general metabolism of ammonia-oxidizing bacteria 

(Wood, 1986), little is known about their physiological responses to limiting 

ammonium concentrations. 

Previous studies of ammonium limitation and starvation in N. europaea 

have focused on cells either attached to a solid matrix or in suspension culture. 

When provided with limiting ammonium, N. europaea cells attached to a solid 

matrix grew slowly and exhibited problems with adhesion (Prosser and Gray, 

1977). When N. europaea cells attached to a sand matrix were starved of 

ammonium for 7.7 to 43.2 days, they were immediately capable of producing 

nitrite upon reintroduction of ammonium (Batchelor, et al., 1997). However, in 

suspension cultures, N. europaea cells starved for up to 42 days showed an 

increasing lag period in nitrite production after ammonium was reintroduced. 

This study indicated that N. europaea cells were more capable of tolerating 

ammonium starvation in biofilms than in suspension cultures, perhaps due to 
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the production of and response to the "quorum sensing molecule", N-acyl 

homoserine lactone (Batchelor, et al., 1997, Swift, et al., 1997). Ammonium 

starvation studies in liquid cultures have also been conducted using the marine 

isolate, Nitrosomonas cryotolerans (Johnstone and Jones, 1988b, Jones and 

Morita, 1985), a close relative of N. europaea. When incubated in ammonium-

free medium for up to 25 weeks, N. cryotolerans cells did not die, but their 

endogenous respiration rate and ability to oxidize ammonia decreased 

significantly within the first week (Jones and Morita, 1985). Physiological 

studies of N. cryotolerans cells starved for 10 weeks showed no changes in 

protein, DNA, or RNA levels, the cells did not miniaturize, an active electron 

transport system was maintained, and the intracellular ATP levels were stable 

(Johnstone and Jones, 1988b). These responses were markedly different than 

those observed in energy-starved heterotrophic bacteria, in which the listed 

attributes changed markedly (Dawes, 1985, Kolter, et al., 1993, Roszak and 

Colwell, 1987). 

In contrast to the above studies, this chapter has focused on the 

responses of N. europaea to ammonium limitation and starvation in batch 

incubations over a shorter time scale (24 h). Because ammonia oxidation is the 

central metabolism of N. europaea, this study has focused primarily on the 

changes in ammonia- and hydroxylamine-oxidizing activities. The metabolic 

activities of ammonia monooxygenase (AMO), and the subsequent flow of 

reductant through the electron transport chain to the terminal oxidase can be 

measured by the rate of NH4+-dependent 02 uptake (Hyman and Arp, 1992). 

The rate of hydroxylamine (NH2OH)-dependent 02 uptake measures the 

metabolic activity from hydroxylamine oxidoreductase (HAO) through to the 

terminal oxidase. By measuring these activities independently, we were able to 

determine whether the observed changes in this study were specific to the 

ammonia oxidation activity or to an activity from hydroxylamine oxidoreductase 

to the terminal oxidase. 

The activity of AMO is regulated by the presence of ammonia at the 

transcriptional (Sayavedra-Soto, et al., 1996), translational (Hyman and Arp, 
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1995, Stein, et al., 1997), and post-translational levels (Stein, et al., 1997). 

Therefore, we wanted to determine if there was also an effect on the ammonia 

oxidation activity when cells were exposed to limiting concentrations of 

ammonium. We found that ammonium limitation leads to dramatic and specific 

changes in only the ammonia oxidation activity within 24 h. These changes 

occur strictly at the post-translational level and can be ameliorated by the 

presence of ammonium or the addition of alternative substrates for AMO. 

However, these effects were only observed when the incubations contained 

ammonium, not when ammonium was absent from the beginning. Thus, these 

results represent effects from limiting ammonium concentrations rather than 

starvation from ammonium. 

3.3. Materials and Methods 

3.3.1. Materials. 

Reagents for electrophoresis were obtained from ICN Biochemicals 

(Costa Mesa, CA). Na214CO3 (6.2 mCi/mmol) was supplied by Sigma. [a-

32P]dCTP (3,000 Ci/mmol) was supplied by DuPont-NEN Products (Wilmington, 

DE). All other chemicals were of reagent grade. 

3.3.2. Growth of N. europaea. 

Batch cultures (1.5 L) of N. europaea (ATCC 19178) were grown in 

Erlenmeyer flasks on a rotary shaker (200 rpm) at 30 °C in the dark. The 

defined growth medium was as previously described (Hyman and Arp, 1992). 

Cells were harvested during late logarithmic growth by centrifugation (10,000 x 
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g; 10 min) three days after inoculation. The cell pellet was resuspended and 

sedimented three times in sodium phosphate buffer (50 mM NaH2PO4, 2 mM 

MgC12, pH 8.0; 1.5 ml). The cells were resuspended in sodium phosphate buffer 

(1.5 ml) and incubated at 4 °C for 12 to 18 hours to allow degradation of 

intracellular amoA mRNA (Sayavedra-Soto, et al., 1996). No changes in the 

NH4+- or NH2OH-dependent 02 uptake activities occurred during this period 

(data not shown). 

3.3.3. Batch incubations. 

The experiments in this chapter followed the changes in NH4+- and 

NH2OH-dependent 02 uptake activities, and nitrite production, from cells 

originally harvested from late logarithmic growth. The batch incubations were 

conducted in Erlenmeyer flasks (125 ml) containing ammonium-free media (25 

ml; pH 8.1) which contained Na2CO3 (4 mM). Ammonium sulfate was added to 

achieve a final concentration of 0, 15, or 50 mM ammonium. The reactions 

were initiated by the addition of washed cells (250 NI; ca. 1010 cellsm1-1) and 

were incubated at 30 °C on a rotary shaker (200 rpm) in the dark. The pH of the 

incubations was not controlled by adding additional buffer due to the negative 

effects of high ionic strength on the cells. At the indicated times, samples (1 ml) 

of the incubation medium were removed and the cells in these samples were 

sedimented (14,000 x g; 2 min). The resulting supernatant was collected and 

used to determine the accumulation of nitrite (Hageman and Hucklesby, 1971) 

and the pH of the incubation medium. The sedimented cells were washed, 

resuspended in sodium phosphate buffer (50 pl), and used to measure the 

NH4+- and NH2OH-dependent 02 uptake rates (hereafter referred to as ammonia 

and hydroxylamine oxidation activities respectively;(Hyman and Arp, 1992) and 

protein concentrations (Gornall, et al., 1949). The rate of NH4+-dependent 02 

uptake referred to as "100% activity" was approximately 120 nmol 02 min-1 m1-1. 
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The rate of NH2OH-dependent 02 uptake referred to as "100% activity" was 

approximately 35 nmol 02 min-1 m1-1. Total remaining ammonium in the medium 

after the 24 hour incubation was determined by micro-diffusion followed by 

Nesslerization as previously described (Dilworth, 1965). In incubations initiated 

at different pH values, the pH was adjusted with 10 N HCI. The incubations 

including short-chain alkanes were conducted in sealed glass vials (160 ml), 

and the gas was added as an overpressure to the headspace in the vials. The 

concentration of each alkane in the liquid phase of the incubation was 

calculated from the coefficients for Henry's law constants for gases in water 

(Linskens and Jackson, 1989). 

3.3.4. Analysis of amoA gene expression. 

Batch incubations of N. europaea cells were conducted in ammonium-

free media (150 ml) containing 0, 15, or 50 mM ammonium in Erlenmeyer flasks 

(500 ml). The incubations were initiated by the addition of washed cells (1.5 ml) 

and the flasks were incubated on a rotary shaker at 30 °C in the dark. Total 

RNA was isolated from aliquots (24 ml) of each incubation at the indicated time 

points in a CsCl step gradient (Reddy and Gilman, 1993). Northern 

hybridizations were performed on Nytran membranes (Schleicher & Schuell, 

Keene, NH). The same amount of RNA was loaded on each lane (2pg). 

Hybridization standardization was assessed by hybridization with a 23S rRNA 

probe, obtained by the polymerase chain reaction using genomic N. europaea 

DNA as a template, and the oligonucleotide primers S2301 and S23R01 

(Thiem, et al., 1994). A probe for amoA mRNA (Sayavedra-Soto, et al., 1996) 

was used for specific transcript hybridization. Hybridization was quantified by 

exposure on a storage phosphor screen with Imagequant software (Molecular 

Dynamics, Sunnyvale, CA). The efficiency of hybridization was determined by 
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loading an equal amount of mRNA from ammonia-induced cells and 

normalizing the amoA signal from this control for each blot. 

3.3.5. N a214C O3 labeling reactions. 

Batch incubations were conducted in glass serum vials (160 ml) sealed 

with butyl rubber and aluminum crimp seals. Ammonium-free medium (30 ml) 

including Na2CO3 (4 mM); 0, 7.5, or 25 mM (NH4)2SO4; and Na214CO3 (5 pCi; 2

10 mCimmol-1) was added to the vials. The incubations were initiated by the 

addition of washed cells (300 pl), and the vials were shaken at 30 °C in the 

dark. At the indicated time points, aliquots were sampled (1 ml), the cells were 

sedimented (14,000 x g; 2 min), and the supernatant was discarded. The cell 

pellets were solubilized in sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) sample buffer (100 p1) and frozen at -80 °C. 

Apparent molecular masses of the polypeptides visualized on SDS-PAGE gels 

(12%) were determined by comparison with Rf values for molecular mass 

markers as described previously (Hyman and Arp, 1992). Polypeptides that 

had accumulated 14C from the fixation of Na214CO3 were visualized by exposure 

on storage phosphor screens (Molecular Dynamics). Densitometry was 

conducted using Imagequant software. 
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3.4 Results 

3.4.1. Time-dependent changes in ammonia oxidation 
activity from cells incubated in batch cultures containing different 
amounts of ammonium. 

Changes in nitrite production and ammonia oxidation activity were 

followed over a 24 h time course for cells incubated with 0, 15, or 50 mM 

ammonium. Within 6 h, all of the ammonium was consumed in the incubation 

containing 15 mM ammonium as shown by the accumulation of 15 mM nitrite in 

the medium (Fig. 3.1A). The complete conversion of the 15 mM ammonium to 

nitrite was confirmed by the direct measurement of less than 0.1 mM total 

ammonium (NH3 and NH4+) after 6 h (data not shown). In contrast, the 

incubation containing 50 mM ammonium retained up to 27 mM ammonium and 

produced up to 23 mM nitrite after 6 h. The average initial and final pH values 

were, respectively, 8.4 and 8.6 in the incubations without ammonium, pH 8.2 

and 6.7 in the incubations with 15 mM ammonium, and pH 8.1 and 5.6 in the 

incubations with 50 mM ammonium (data not shown). The same amount of 

cellular protein was measured in each treatment at the beginning and end of 

the incubations, indicating that cell growth did not occur over the 24 h time 

course. 

In the incubations containing either 15 or 50 mM ammonium, there was a 

stimulation in the ammonia oxidation activity within the first 2 h (Fig. 3.1B). The 

extent of the increase in ammonia oxidation activity was smaller for the cells 

incubated in 15 than 50 mM ammonium, which was similar to the previously 

characterized stimulatory effect that ammonia has on AMO activity (Stein, et al., 

1997). By 12 h, the ammonia oxidation activity in the incubation with 15 mM 

ammonium had declined to approximately 40% of its pre-incubation level, and 

by 24 h the activity had declined to approximately 15% of the initial level (Fig. 

3.1B). However, the activity of ammonia oxidation in the incubation with 50 mM 
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ammonium was near 80% of its initial level after 12 h and at approximately 65% 

after 24 h. In the incubation without ammonium, there was no detectable 

stimulation of ammonia oxidation activity, no dramatic loss of ammonia 

oxidation activity after 12 h, and the activity had only declined to about 78% of 

its initial level after 24 h. In contrast to the ammonia oxidation activity, the 

hydroxylamine oxidation activity remained relatively stable, ranging between 78 

and 100% of the initial level in all of the incubations, and did not correlate with 

changes in the ammonium concentration (data not shown). 
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Figure 3.1. Time course of changes in ammonia oxidation activity and nitrite 
production for N. europaea cells incubated with different concentrations of 
ammonium. N. europaea cells were incubated in growth media containing 0, 
15, or 50 mM ammonium. Washed cells were assayed for ammonia oxidation 
activity and the supernatant was assayed for nitrite at the indicated time points 
as described in Materials and Methods. Error bars represent standard deviation 
for the average of 5 replicate experiments. (A) Nitrite accumulation over 24 h 
time course for cells incubated with 50 (), 15 (A), or 0 (m) mM ammonium . (B) 
The percentage change in the NH4+-dependent 02 uptake rate for cells 
incubated with 50 ), 15 (A), or 0 (N) mM ammonium. The rate of oxygen 
consumption at "100% activity" was approximately 120 nmol 02 consumed min-1 
m1-1. 

3.4.2. Expression of the amoA gene in response to changing 
levels of ammonium. 

The results from Fig 3.1 suggested that the levels of ammonia oxidation 

activity were responsive to both the initial amount of ammonium in the 
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incubation medium and also to the changes occurring in the incubation medium 

over time. Because there was such a large difference after 24 h between the 

amount of ammonia oxidation activity in the incubations with 15 or 50 mM 

ammonium, we wished to investigate the nature of the activity loss by analyzing 

the effects on AMO levels. Towards this end, the steady-state levels of amoA 

mRNA transcript were examined by Northern hybridization of RNA from cells 

incubated in medium containing 0, 15, or 50 mM ammonium . There was a 

small amount of amoA transcript detectable in all of the samples at the 

beginning of each incubation (Fig. 3.2A). Hybridization to the 23S rRNA 

molecules was performed to show that equivalent amounts of RNA were loaded 

in all of the lanes (Fig. 3.2A). Between 4 and 6 h, there was a large amount of 

specific hybridization to the amoA transcript in the incubations containing 15 or 

50 mM ammonium (Fig. 3.2B). However, both the increases and decreases in 

the amoA mRNA pools occurred at approximately the same rate in the 

incubations with 15 or 50 mM ammonium, indicating that the differential losses 

of ammonia oxidation activity seen in Fig. 3.1 were not correlated to differences 

in amoA gene expression. In the incubation without ammonium, the small 

amount of initial transcript continued to decay until it was undetectable by 

Northern hybridization (Fig. 3.2B). 
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Figure 3.2. Time-dependent changes in the steady-state levels of amoA 
mRNA in N. europaea cells incubated with different concentrations of 
ammonium. Total RNA was extracted at the indicated times from N. europaea 
cells incubated in media containing 0, 15, or 50 mM ammonium as described in 
Materials and Methods. (A) A Phosphorimage composite of RNA blotted on a 
Nytran membrane and hybridized with a single-stranded DNA probe specific for 
amoA mRNA or 23S rRNA as indicated by the arrow heads. The blots are a 
single representative of 3 replicate experiments. A control mRNA (lane C), as 
described in Materials and Methods, is shown for each blot . (B) Relative 
densitometric values of the mRNA band hybridized to the amoA probe from the 
above experiment plotted against time for cells incubated with 50 (), 15 (A), or 
0 II mM ammonium. Densitometric values from each blot were normalized to 
the level of hybridization to the amoA mRNA in the control lane, as described in 
Materials and Methods. 
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3.4.3. Stability of AmoA protein.
 

We examined the changes in the levels of both newly synthesized and 

pre-existing AmoA, a 27 kDa polypeptide containing the enzyme active-site 

(Hyman and Arp, 1990), to determine if the loss of activity observed in the 

incubation with 15 mM ammonium was due to the degradation of AMO protein 

during the 24 h incubation. To visualize the de novo synthesized polypeptides, 

N. europaea cells were incubated in media containing 0, 15, or 50 mM 

ammonium in the presence of Na214CO3. The incorporation of 14C into AmoA 

continued for up to 4 h and then stabilized after approximately 6 hours (Fig. 

3.3A). The total amount of labeled AmoA polypeptide was similar in cells 

incubated in media with either 15 or 50 mM initial ammonium (Fig. 3.3B). 

Furthermore, the amount of radiolabeled polypeptide remained stable for the 

rest of the 24 hour incubation with no indication of degradation. In the 

incubation without ammonium, there was no detectable protein synthesis, 

confirming the results from a previous study (Hyman and Arp, 1995). The total 

radiolabeled protein profiles from cells incubated in 15 or 50 mM ammonium 

were generally equivalent in banding pattern and label intensity, indicating that 

the changes in the ammonia oxidation activity were not due to visible 

differences in general protein synthesis (data not shown). 

A culture of N. europaea was also grown in the presence of 15 pCi 

Na214CO3 to incorporate 14C into all proteins throughout the growth of the 

culture. The cells were then subjected to the same incubations as above to 

determine whether the pre-existing pool of AmoA was subject to degradation 

and could account for the loss of ammonia oxidation activity. Measurable loss 

of the radiolabeled AmoA polypeptide was not observed over 24 h regardless of 

the ammonium concentration, further indicating that protein degradation did not 

account for the loss of ammonia oxidation activity during the incubations (data 

not shown). 
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Figure 3.3. Time-dependent changes in the de novo-synthesized AmoA 
polypeptide in N. europaea cells incubated with different amounts of 
ammonium. N. europaea cells were incubated in growth media containing 0, 
15, or 50 mM ammonium plus Na214CO3. Incorporation of 14C into de novo 
synthesized polypeptides was analyzed by SDS-PAGE and a Phosphorlmager 
as described in Materials and Methods. (A) Phosphorlmager image of the 14C
labeled 27 kDa polypeptide in cells incubated with 0, 15 or 50 mM ammonium 
at the indicated time points. The image is a single representative of three 
replicate experiments. (B) Radiolabel incorporation into the 27 kDa band for 
cells incubated with 50 (), 15 mM (A), or 0 (U) mM ammonium from 3 replicate 
experiments. Error bars represent standard deviation for the average of 3 
replicate experiments. 
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3.4.4. Influence of remaining ammonium on ammonia 
oxidation activity. 

The above experiments suggested that the loss of ammonia oxidation 

activity was likely due to either a post-translational loss of AMO activity, or to 

loss of a factor required only for ammonia oxidation but not for hydroxylamine 

oxidation. To directly investigate the role of ammonium and its involvement in 

the loss of ammonia oxidation activity, incubations with 0, 15, or 50 mM 

ammonium were conducted with media at a variety of starting pH values from 

5.5 to 8.0. Ammonia oxidation is an acidogenic reaction. In the presence of 

excess ammonium, the pH of the medium decreases during ammonium 

oxidation until the pH drops sufficiently to prevent further ammonia oxidation. If 

the starting pH is lowered, then the amount of ammonium which must be 

oxidized to reach this limiting pH is decreased. Thus, at lower pH values, more 

ammonium remained in the medium of incubations containing 15 or 50 mM 

ammonium after 24 h (as measured by a less nitrite production, data not 

shown). 

In an incubation with 15 mM ammonium at pH 5.5, about 77% of the 

initial ammonia oxidation activity remained after 24 h (Fig. 3.4A). At more basic 

pH values, less ammonia oxidation activity remained after 24 h. For example, at 

pH 6, 45% of the activity remained, whereas at pH 8, 17% of the activity 

remained. The level of remaining activity correlated with the amount of 

ammonium remaining in the medium. For example, at pH 5.5, all of the 

ammonium remained in the incubation medium as indicated by the lack of nitrite 

accumulation (data not shown). At pH 6.0, approximately 2 mM ammonium 

remained. 

In contrast to the incubations containing 15 mM ammonium, all of the 

incubations containing 50 mM ammonium maintained about 62% of the original 

ammonia oxidation activity regardless of the initial pH or the remaining 

ammonium in the media (Fig. 3.4A). At least 23 mM ammonium remained in the 

incubations initially containing 50 mM ammonium (data not shown). In 
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incubations without ammonium, the ammonia oxidation activity varied 

considerably, between 65 and 112% of the original level, but the variation did 

not correlate with the pH of the incubation medium (Fig. 3.4A). Changes in the 

hydroxylamine oxidation activity did not correlate with differences in the media 

pH in any of the incubations, although it did range between 78 and 98% of the 

original level (Fig. 3.4B). 
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Figure 3A. The effect of pH on the ammonia oxidation activity in cells 
incubated for 24 h with different amounts of ammonium. N. europaea cells were 
incubated in growth media at a range of pH values from 5.5 to 8.0 and 
containing 0, 15, or 50 mM ammonium. Error bars represent standard deviation 
for the average of 3 replicate experiments. (A) Percent of ammonia oxidation 
activity remaining after 24 h relative to the level at the start of the incubation, for 
cells incubated with 50 (D), 15 mM (A), or 0 (U) mM ammonium at the indicated 
pH levels. (B) Percent of hydroxylamine oxidation activity remaining after 24 h 
for the same incubations as in panel A. 
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3.4.5. Effect of short-chain aikanes on ammonia oxidation 
activity. 

Because residual ammonium appeared to prevent some of the loss of 

ammonia oxidation activity, we wished to determine whether this phenomenon 

was limited to ammonium or if other AMO substrates could provide a similar 

protection of ammonia oxidation activity. Therefore, cells were incubated with 0, 

15, or 50 mM ammonium and with a range of methane concentrations from 0 to 

0.32 mM in the liquid phase of the incubation. These concentrations 

corresponded to additions of 0 to 25% (v/v) of the gas headspace of the vials. 

Methane is a competitive inhibitor of ammonia oxidation by AMO (Hyman and 

Wood, 1983, Jones and Morita, 1983b) and was thus considered an 

appropriate substrate for comparison to ammonium. In incubations with limiting 

ammonium, 15 mM, higher methane concentrations resulted in more protection 

of ammonia oxidation activity during the 24 h incubation (Fig. 3.5A). For 

example, with 0.06 mM methane in the liquid phase of the incubation (5% v/v of 

the gas headspace), approximately 17% of the original ammonia oxidation 

activity was maintained. With 0.19 mM methane (15% v/v of the gas 

headspace), 50% of the ammonia oxidation activity remained, and with 0.32 

mM methane (25% v/v of the gas headspace), 76% of the ammonia oxidation 

activity was preserved. 

In the incubations with 15 mM ammonium, virtually all of the ammonium 

was consumed and the pH declined to 6.7 (data not shown). However, about 1 

mM ammonium could not be accounted for as nitrite produced. The 

discrepancy in nitrite production and ammonia consumption was presumably 

due to the conversion of nitrite to nitrous oxide when the atmosphere in the 

sealed vials became 02 limited several hours after the ammonium was oxidized 

to completion (data not shown) (Lipschultz, et al., 1981). With 0 or 50 mM 

ammonium in the incubations, the ammonia oxidation activity remained 

relatively constant (between 70 to 80% of the original level after 24 h) and was 

thus not affected by the presence of methane (Fig 5A). The hydroxylamine 
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oxidation activities fluctuated between 62 and 85% of the original level, but did 

not follow a noticeable trend with methane concentration (Fig. 3.5B). 

0 0.06 0.13 0.19 0.26 0.32 

[CH4] (mM) 

Figure 3.5. The effect of methane on ammonia oxidation activity for cells 
incubated for 24 h with different amounts of ammonium. N. europaea cells were 
incubated in growth media containing 0, 15, or 50 mM ammonium in sealed 
vials and with different concentrations of methane in the liquid phase. Error 
bars represent standard deviation for the average of 4 replicate experiments. 
(A) Percent of ammonia oxidation activity remaining after 24 h relative to the 
initial level at the beginning of the incubation for cells incubated with 50 (), 15 
mM (A), or 0 NO mM ammonium and the indicated concentrations of methane 
in the liquid phase. (B) Percent of hydroxylamine oxidation activity remaining 
after 24 h in the same incubations as in panel A. 
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Other alkanes -- ethane, propane, and butane -- were also tested for their 

ability to confer protection on ammonia oxidation activity in the presence of 

limiting ammonium concentrations (Table 3.1). All three of these alternative 

substrates are classified as non-competitive inhibitors of ammonia oxidation by 

AMO and have different affinities for the enzyme (Hyman, et al., 1988, Keener 

and Arp, 1993). In the incubations containing 15 mM ammonium, all of the 

alkanes (including methane) protected the ammonia oxidation activity to an 

extent that correlated with their binding affinity for AMO. The K,E for methane is 

3.24 mM, for ethane the K,E is 0.22 mM, for propane the K,E is 1.4 mM, and for 

butane the K,E is 0.92 mM (Keener and Arp, 1993). Thus, in incubations with 

15 mM ammonium, the presence of ethane protected the ammonia oxidation 

activity to the greatest extent, followed by butane, propane, and then methane 

(Table 3.1, Fig. 3.5). The different solubilities of the alkanes in the liquid phase 

of the incubations did not alter the correlation between protection of activity and 

binding affinity for AMO. For example, butane had the lowest solubility in water 

of any of the alkanes tested, but it protected more ammonia oxidation activity 

than propane or methane (Table 3.1, Fig. 3.5). 

The presence of the alkanes led to more complex actions on the 

hydroxylamine oxidation activity than the ammonia oxidation activity. For 

example, the presence of ethane and butane resulted in a dramatic loss of 

hydroxylamine oxidation activity in incubations containing 15 mM ammonium, 

whereas the presence of propane and methane resulted in a smaller degree of 

activity loss. The interactions of the alkanes leading to the loss of 

hydroxylamine oxidation activity are unclear, but may be the result of feedback 

inhibition by hydroxylamine, the diversion of an inactivating agent from its 

preferred target to HAO, or the inactivation of HAO by the products of alkane 

oxidation, mainly alcohols and aldehydes (Voysey and Wood, 1987). 



Table 3.1. Effect of short-chain alkanes on ammonia and hydroxylamine oxidation activities and nitrite production on 
cells incubated with varied amounts of ammonium 

Alkane concn (mM) % of gas in head- Ammonium % NH4+ oxidation % NH2OH oxidation Nitrite 
in liquid space (vol/vol) concn (mM) activitya activitya concn (mM)a 

Control Incubationb 0 76.1 + 11 73 + 12 0 
(no alkane addition) 15 18.7 + 3 87 + 13 12.7 + 0.6 

50 72.2 + 12 90 + 10 19.2 + 1.1 

Ethane 
0.019 1 0 73.2± 14 71.6 + 2 0 
0.095 5 0 73.3 + 11 69.4 + 2 0 
0.19 10 0 72.7± 13 66.0 + 9 0 

0.019 1 15 23.9 + 4 88.7 + 3 14.3 + 1.0 
0.095 5 15 59.9 + 5 54.4 + 15 13.2 + 0.4 
0.19 10 15 70.4 + 7 49.0 + 9 12.4 + 0.4 

0.019 1 50 75.2± 12 86.3 ±1 1 19.3 + 0.4 
0.095 5 50 87.7 ± 15 80.5 ± 17 18.8 ± 0.2 
0.19 10 50 98.9 + 8 82.5 + 14 18.6 + 0.4 

Propane 
0.011 1 0 62.9 + 4 75.9 + 2 0 
0.055 5 0 66.9 + 7 72.2 + 5 0 
0.11 10 0 63.4 + 4 72.1 ±7 0 



Table 3.1. Continued. 

0.011 1 15 14.8 + 0.9 79± 11 13.6 + 0.5 
0.055 5 15 18.6 + 3 67 ± 10 13.7 + 0.8 
0.11 10 15 24.5 + 2 62 ±9 13.6 + 0.5 

0.011 1 50 78.9 + 10 81.8 ±5 18.7 + 1.7 
0.055 5 50 66.9 ± 10 71.5 ± 14 18.0 ± 1.4 
0.11 10 50 61.6 + 9 65.9 ±15 18.3± 1.7 

Butane 
0.008 1 0 71.7 + 16 64.1 + 10 0 
0.04 5 0 66.6 + 12 63.2 + 11 0 
0.08 10 0 55.1 ± 11 57.4 + 9 0 

10.008 15 20.6 ± 7 55.1 ± 13 13.5 ± 0.6 
0.04 5 15 26.3 + 6 52.8 + 2 14.0 + 0.8 
0.08 10 15 40.3 + 15 47.3 + 15 13.5 + 0.5 

0.008 1 50 90.3 ±17 17 78.9 + 8 20.3 + 1.1 
0.04 5 50 87.3± 17 61.3 + 5 18.8 + 0.9 
0.08 10 50 58.6± 15 50.0 + 7 17.3 + 0.3 

a All measurements were made following a 24 h incubation. The standard deviation in all of the experimental treatments
 
is representative of three replicate experiments.
 
b Control incubations had no alkane addition. The standard deviation in all of the control incubations is representative
 
of eight replicate experiments.
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3.5. Discussion 

The purposes of this study were to determine whether limiting amounts of 

ammonium have a unique regulatory effect on the ammonia-oxidizing activity of 

N. europaea and to expand the knowledge of the physiological responses of 

ammonia-oxidizing bacteria to limiting substrate concentrations. The 

concentrations of ammonium chosen for this chapter fit the criteria for 

comparing the effects of ammonium starvation (0 mM: an immediate removal of 

ammonium), ammonium limitation (15 mM: all of the ammonium is consumed 

during the incubation), and non-limiting ammonium (50 mM: excess ammonium 

remains at the end of the incubation) on the metabolic activity of these bacteria. 

Our results suggest that in batch incubations of N. europaea, the limiting 

ammonium concentration, 15 mM, resulted in a large loss of ammonia-oxidizing 

activity -- specifically via AMO, or molecules associated with ammonia 

oxidation, but not HAO -- over a 24 h time course (Fig. 3.1). In contrast, little 

change in the ammonia oxidation activity was observed in the absence of 

ammonium, and only a small loss occurred when ammonium was abundant. 

Because ammonia- but not hydroxylamine-oxidation activity was affected 

in the batch incubations, we examined the regulation of AMO at the 

transcriptional and translational levels. The same steady-state levels of amoA 

mRNA were synthesized and degraded in the incubations with limiting or non-

limiting concentrations of ammonium indicating a lack of differential regulation 

at the transcriptional level (Fig. 3.2). Furthermore, the subunit of AMO which 

contains the active-site was not degraded over the 24 h time period in any of the 

incubations, with or without ammonium (Fig. 3.3). Therefore, the loss of 

ammonia oxidation activity was likely due to a post-translational modification of 

AMO, the inactivation of an electron carrier such as a cytochrome or quinone 

that delivers reductant to AMO for further ammonia oxidation, or the loss of 

another molecule associated with ammonia oxidation. Perhaps the loss of 

ammonia oxidation activity is similar to the activity loss characterized in Chapter 
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2, which described the regulatory effects of NH3 and pH on AMO activity (Stein, 

et al., 1997). In Chapter 2, cells were incubated with 50 mM ammonium and the 

ammonia oxidation activity increased and then returned to a level similar to that 

measured at the beginning of the incubation over an 8 h period. This response 

is similar to the present result with abundant ammonium (50 mM) in the 

incubation, although some additional activity loss was observed during the 

more extended, 24 h, incubation. In contrast, the dramatic loss of ammonia 

oxidation activity in the ammonium-limited incubations suggests that an 

additional mechanism is at work in this case. It is possible that the dynamic pH 

changes which occur during ammonia oxidation contributed to the losses of 

activity in the incubation with 15 mM ammonium. However, pH changes alone 

can not explain the greater amount of remaining activity and the lower pH in the 

incubation with 50 mM ammonium compared to the incubation with 15 mM 

ammonium. Furthermore, there was no difference in the amount of remaining 

activity after 24 h with 50 mM ammonium at any pH between 5.5 and 8 (Fig. 

3.4). This lack of a specific response to pH is interesting because dynamic pH 

changes most likely occur in natural environments, such as in agricultural soils, 

suggesting that the mechanism protecting ammonia oxidation activity, perhaps 

involving the presence of an AMO substrate, may play an important role outside 

of batch cultures. 

The results of this chapter suggest that the presence of an AMO substrate 

can ameliorate most of the inactivating effects on ammonia oxidation activity 

when ammonium is limiting in the incubation. First, only a modest loss of 

ammonia oxidation activity was observed in the presence of non-limiting 

ammonium concentrations (Figs. 3.1 and 3.4). The preservation of ammonia 

oxidation activity in incubations with abundant ammonium was correlated with 

the presence of a large amount of unoxidized ammonium remaining in the 

incubation medium after 24 h. Second, this apparent protective effect of 

ammonium was further defined and characterized by the results in Fig. 3.4, in 

which the pH of the incubation media was made more acidic to prevent the 

complete oxidation of ammonium. Third, the alternative AMO substrates, 
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methane, ethane, propane, and butane, could also protect the ammonia 

oxidation activity once the ammonium was completely consumed in the 

incubations with limiting ammonium concentrations (Fig. 3.5, Table 3.1). 

Because the KiE for ethane is the lowest of the alkanes tested, more of the 

ammonia oxidation activity was preserved with 15 mM ammonium and ethane 

than with the same concentration of methane, propane or butane, regardless of 

the concentration of the alkanes in the liquid phase of the incubations. 

Furthermore, the extent of protection decreased as the KiE for the substrate 

increased. These results suggest that AMO must interact directly with a 

substrate molecule to avoid the deleterious effects of the inactivating agent. 

The experiments conducted in the absence of ammonium corroborated 

observations made in previous studies of ammonium starvation in obligate 

ammonia-oxidizing bacteria (Batchelor, et al., 1997, Johnstone and Jones, 

1988b, Jones and Morita, 1985). The ammonia and hydroxylamine oxidation 

activities did not change considerably during the 24 h incubations under any of 

the conditions tested. These results suggest that in the absence of ammonium, 

cells remain physiologically stable and do not react unless the surrounding 

environment is altered. 

This chapter is different from the previous studies of ammonium limitation 

or starvation in obligate ammonia-oxidizers (Batchelor, et al., 1997, Johnstone 

and Jones, 1988b, Jones and Morita, 1985, Prosser and Gray, 1977), primarily 

because both ammonium and the end products of ammonia oxidation, nitrite 

and an acidic environment, accumulated and remained in the medium 

throughout the experiment. Thus, the effect of the incubations on ammonia 

oxidation activity were not necessarily due to the effects of ammonium limitation 

only, but rather to the effects of the changing culture conditions over time. For 

example, the stimulation in ammonia oxidation activity within the first few hours 

of the incubations with 15 or 50 mM initial ammonium (Fig. 3.1) was most likely 

due to regulated events influencing AMO activity in response to changes in the 

proportion of NH3 to NH4+, as described previously (Stein, et al., 1997). 

However, the further loss of ammonia oxidation activity in the incubation with 15 
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mM ammonium was most likely due to both the loss of the protective effects of 

ammonium and also to the toxic effects of other environmental components, 

mainly nitrite and the acidic environment, since these are the only other aspects 

that changed during the incubation. This model of changing culture conditions 

and their effects on ammonia oxidation activity would explain why none of the 

effects were observed when ammonium was absent from the incubations. 

Our results demonstrate that the presence of an AMO substrate, and 

especially substrates that have a high binding affinity for AMO, are capable of 

protecting the ammonia-oxidizing activity in incubations with limiting ammonium 

concentrations. This phenomenon has broad implications for both the 

physiology of ammonia-oxidizing bacteria and understanding the interactions 

between AMO and its substrates. Most importantly, because ammonium and 

other substrates can protect the energy-generating activity of ammonia-

oxidizing bacteria from the potentially toxic by-products of their metabolism, the 

interactions between ammonia-oxidizers, their metabolic substrates, and other 

microbes in the environment may be defined by avoidance of this toxicity. 
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CHAPTER 4
 

Loss of Ammonia Monooxygenase Activity in Nitrosomonas
 
europaea by Exposure to Nitrite
 

4.1. Abstract 

Nitrosomonas europaea is an obligate ammonia-oxidizing bacterium that 

consumes ammonia as its sole energy source and produces nitrite as a product. 

When cells of N. europaea were exposed to nitrite in the absence of 

ammonium, either from the complete consumption of ammonia or by addition of 

nitrite to cell suspensions, the ammonia oxidation activity decreased 

correspondingly with increasing nitrite concentration. The loss of ammonia 

oxidation activity was specific, i.e. there was no change in the hydroxylamine 

oxidation activity. The loss of activity via nitrite occurred under both aerobic and 

anaerobic conditions indicating that nitrite is not a typical mechanism-based 

inactivator of ammonia monooxygenase (AMO). Also, more activity loss 

occurred under alkaline rather than acidic conditions except in the presence of 

large concentrations of nitrite. More active AMO molecules were detected by 
14c2H2 labeling than indicated by the rate of 02 consumption, indicating both that 

the catalytic rate of AMO was debilitated and only a portion of molecules was 

inactivated. The loss of activity did not occur in the presence of thiourea, 

suggesting that the putative copper moiety in the active site of AMO is involved 

in nitrite toxicity. Incubation of cells with nitric oxide, nitrous oxide, and nitrate 

did not have a large or specific effect on the ammonia oxidation. These results 

indicate that nitrite toxicity in N. europaea is mediated by a unique mechanism 

that is specific for AMO. A model of nitrite interaction with AMO and the 

ecological consequences of nitrite toxicity are discussed. 
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4.2. Introduction
 

Bacterial nitrification is one of the primary processes in the 

biogeochemical cycling of nitrogen. There are two distinct steps within the 

nitrification process which are performed by two separate bacterial groups 

(Bock, et al., 1986). The first activity, the oxidation of ammonia to nitrite, is 

largely executed by obligate lithotrophic bacteria and has been characterized 

most thoroughly in the isolate Nitrosomonas europaea. The oxidation of nitrite 

to nitrate, the second step in nitrification, is performed by bacteria typified by 

those in the Nitrobacter genus. The transformation of ammonia by nitrification is 

economically important, e.g. in sewage treatment or losses of ammonia-based 

fertilizers applied to agricultural soils (Prosser, 1989). Additionally, nitrification 

has important environmental effects due to the leaching of nitrate and nitrite into 

run-off and ground waters. Nitrate leaching causes eutrophication of water 

supplies. The consumption of nitrate and nitrite causes health-related problems 

including exposure to carcinogenic nitrosamines and methemoglobinemia in 

children (Prosser, 1989). 

Food technologists have taken advantage of the toxicity of nitrite since 

the 1920's to control the growth of Clostridium, a group of food-spoilage 

bacteria (Roberts, et al., 1991). Nitrite is toxic to clostridia due to the formation 

of metal-nitrosyl complexes which arise from the interactions of nitrosonium 

cations with bacterial enzymes (Cui, et al., 1992). Nitrosonium cations form 

spontaneously from nitrous acid below a pH of 7. Metal-nitrosyl complexes can 

also form from the interaction of enzymes with nitric oxide, another compound 

that is formed from nitrite under reducing conditions (Zumft, 1993). The metal

nitrosyl complexes may be directly involved in destroying cellular structures, 

such as membranes, thus preventing bacterial growth (Cui, et al., 1992). 

Several types of bacteria are sensitive to nitrite toxicity due to the damaging 

effects of metal-nitrosyl complexes. However, only a few reports have been 

published describing the toxicity of nitrite in ammonia-oxidizing bacteria and the 
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mechanisms of toxicity in these bacteria remain unclear. In one study, for 

example, nitrite toxicity in Nitrosomonas sp. only occurred at very high 

concentrations (greater than 30 mM) of nitrite, and this effect, as measured by 

the ability of the cells to consume 02, was greater during the lag phase than log 

phase of growth at several different pH values tested (Painter, 1970). Nitrite 

was also toxic for cells in the log phase of growth, but only at acidic pH values, 

and the loss of activity was reversible upon washing of the cells (Painter, 1970). 

Reversal of the damage inflicted by metal-nitrosyl complexes by washing of 

cells has not been shown in other systems, suggesting that, in the preceding 

experiment, nitrite affected the ammonia-oxidizing bacteria via a different 

mechanism (Zumft, 1993). In other studies, a mixed nitrffier population in a 

sewage treatment plant showed inhibition of ammonia oxidation in the 

presence of nitrite (Anthonisen, et al., 1976), and variability in the sensitivity to 

nitrite amongst different strains of ammonia-oxidizers has also been shown 

(Prosser, 1989). The mechanism by which the toxicity was mediated was not 

discussed in any of these previous studies of the response of ammonia-

oxidizers to nitrite exposure. 

In this chapter, we describe a toxic effect of nitrite that specifically targets 

ammonia-oxidizing activity in Nitrosomonas europaea. Ammonia oxidation in 

N. europaea is mediated by two enzymes. The first, ammonia monooxygenase 

(AMO), catalyzes the oxidation of NH3 to hydroxylamine (NH2OH) as shown in 

equation 1 (Wood, 1986). Hydroxylamine oxidoreductase (HAO) then catalyzes 

the oxidation of NH2OH to NO2 as shown in equation 2 (Wood, 1986). 

NH3 + 02 + 2e- + 2H+ --- NH2OH + H2O (1)
 

NH2OH + H2O --- NO2- + 5H+ + 4e- ( 2)
 

Electrons from the oxidation of NH2OH provide reductant for further NH3 

oxidation. The release of protons from NH2OH oxidation causes acidification of 

the medium surrounding the cells. The increase in acidity shifts the NH3-NH4+ 

equilibrium away from NH3. Because the substrate for AMO is NH3, not NH4+ 
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(Suzuki, et al., 1974), a limiting pH at which further ammonia oxidation cannot 

proceed will eventually be reached during cellular metabolism. At this point, the 

nitrite accumulation in the incubation medium will stop, and any remaining 

ammonium in the medium will be primarily in the form of NH4+. In the present 

chapter, a loss of the ammonia-, but not hydroxylamine-oxidation activity 

occurred in incubations where the ammonium was either mostly consumed or 

when nitrite was added in the absence of ammonium. 

In Chapter 3, we showed that the presence of limiting concentrations of 

ammonium in incubations with cells of N. europaea resulted in the post-

translational loss of the ammonia oxidation activity (Stein and Arp, 1998a). The 

loss of activity was greatly ameliorated by the presence of either ammonium or 

short-chain alkanes, alternative substrates for AMO. We also showed that the 

loss of activity in incubations with ammonium was not simply due to the 

decrease in pH, which accompanies the oxidation of ammonia. Thus, if 

ammonium was present in large concentrations, the ammonia oxidation activity 

remained regardless of the pH of the incubation mixture. In the present chapter, 

we show that nitrite is toxic specifically to the ammonia oxidation activity of N. 

europaea in the absence of ammonium, the toxicity is more pronounced at 

alkaline pH, and the mechanism of toxicity is not dependent on the turnover of 

nitrite by AMO. Therefore, this chapter represents a continuation of studies on 

the effects of limiting ammonium concentrations on the metabolism of N. 

europaea by suggesting a unique inactivating effect of nitrite, the main product 

of metabolism, on AMO activity once ammonia is no longer available to the 

cells. 
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4.3. Materials and Methods
 

4.3.1. Growth of N. europaea and batch Incubations. 

Cells of N. europaea were grown and harvested as described previously 

(Stein and Arp, 1998a). Batch incubation mixtures contained growth medium 

(25 ml), the indicated concentrations of NH4+ or NO2- (added as (NH4)2SO4 and 

NaNO2 respectively), and washed N. europaea cells (200 pl; ca. 1010 cells). The 

batch incubations were contained in Erlenmeyer flasks (125 ml) which were 

kept on a rotary shaker (200 rpm min-1) in the dark at 30 °C. Samples (1 ml) 

were taken at the indicated time points as described in Chapter 2 (Stein and 

Arp, 1998a) to measure the NH41-- and NH2OH-dependent 02 uptake rates of the 

cells (Hyman and Arp, 1992), and the pH and nitrite concentrations (Hageman 

and Hucklesby, 1971) in the supernatant. The rate of NH4+- and NH2OH

dependent 02 uptake referred to as "100% activity" was approximately 120 and 

35 nmol 02 consumed min-1 m1-1 cells respectively. For incubations initiated at 

different pH values, the pH of the medium was adjusted with 10 N HCI. The 

incubations without 02 were conducted in glass serum vials (160 ml) and 

sealed with butyl rubber stoppers and aluminum crimp seals. The vials were 

evacuated and re-equilibrated five times with 02-free N2. Complete 

anaerobiosis was monitored by gas chromatography (thermal conductivity 

detector) and the lack of nitrite production in the vials upon addition of 

ammonium. The experiments containing NO or N20 were also conducted in 

sealed glass serum vials and the gases were added as an overpressure via 

syringe. For experiments with NO3, the indicated concentrations were added as 

NaNO3 to the incubation mixtures. Similarly, thiourea (final concentration of 100 

pg m1-1) was added to the media of the indicated incubations. In the incubations 

containing thiourea, the cells were washed twice in buffer (1 ml) which 

contained CuSO4 (0.7 NM) prior to activity measurements. 
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4.3.2. Labeling of polyps do des with "C2H2. 

Samples (1 ml) were taken from the indicated incubations described 

above at an initial time point and after a 24 h incubation. The cells were 

washed and incubated in glass serum vials (10 ml) containing sodium 

phosphate buffer (900 pl; 50 mM sodium phosphate, 2 mM MgCl2) and sealed 

with butyl rubber stoppers and aluminum crimp seals. The vials contained 

either hydrazine (2 mM final conc.), tetramethyihydroquinone (TMHQ; 0.5 mM 

final conc.), or no reductant source, and were exposed to 14C2H2 (-300 pCi) 

prepared as previously described (Hyman and Arp, 1990). The vials were 

incubated in a water bath shaker for 2 h at which time the cells were 

sedimented, resuspended in sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) loading buffer (100 pl) and frozen at -80 °C. 

Incubations containing 10 mM NO2 and 15 mM ammonium were also analyzed 

after incubation with 14C2H2 for 1 and 3 h to determine when the labeling 

reactions had reached completion. Cell extracts were thawed, vortexed (1 min) 

and the polypeptides were separated by SDS-PAGE (12% polyacrylamide). 

Incorporation of 14C into polypeptides was analyzed on a Phosphorimager 

(Molecular Dynamics, Sunnyvale, Calif.). The apparent masses of labeled 

polypeptides were determined by comparison with Rf values for molecular mass 

markers as described previously (Hyman and Arp, 1992). Densitometric values 

were determined using Imagequant software. 
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4.4. Results 

4.4.1. Ammonia and hydroxylamine oxidation activities for 
cells incubated with different concentrations of ammonium. 

N. europaea cells were incubated in media initially containing between 0 

and 50 mM ammonium for 24 h. The changes in the ammonia- and 

hydroxylamine-oxidation activities, as measured by NH4+- and NH2OH

dependent 02 uptake rates respectively, and the nitrite concentrations in the 

incubation medium were monitored. A decrease in the ammonia oxidation 

activity was observed at intermediate ammonium concentrations between 0 and 

50 mM, with the greatest loss occurring at 15-25 mM (Fig. 4.1A). For example, 

in the incubation that contained no ammonium, the ammonia oxidation activity 

decreased to about 81% of the original level after 24 h. With 15 mM 

ammonium, the point of maximal activity loss, the ammonia oxidation activity 

decreased to approximately 18% of the initial level. In the incubation containing 

50 mM ammonium, the ammonia oxidation activity decreased to about 63% of 

the initial level. In all of the incubations, there was little change in the 

hydroxylamine oxidation activity after 24 h, confirming the observation in 

Chapter 2 that incubations containing different concentrations of ammonium 

specifically affect the ammonia oxidation activity of the cells (Fig. 4.1A; (Stein 

and Arp, 1998a). 

The trend of ammonia oxidation activity loss was correlated to the relative 

proportions of nitrite produced and ammonium remaining in the incubation 

medium after 24 h (Fig. 4.1B). The accumulation of nitrite in the media was 

proportional to the initial concentration of ammonium up to 20 mM. In 

incubations containing 25 to 50 mM ammonium, nitrite accumulation ceased 

after reaching about 21 mM. At this point, the limiting pH for ammonia oxidation, 

5.7-6.0, was reached (Table 4.1). The greatest losses of ammonia oxidation 

activity were observed with the largest amounts of nitrite, from 15 to 21 mM, and 
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the smallest amounts of ammonium, from 0 to 5 mM, remaining in the medium 

after the 24 h incubation. 
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Figure 4.1. Ammonia and hydroxylamine oxidation activities and 
concentrations of nitrite and ammonium after 24 h incubation of N. europaea 
cells in ammonium-containing media. Cells were incubated in growth medium 
containing from 0 to 50 mM ammonium. Washed cells were sampled for 02 
consumption rates and the supernatant was assayed for pH and nitrite 
accumulation. Error bars represent the standard deviation from the average of 
6 replicate experiments. (A) Remaining NH4'- (a) and NH2OH-dependent (0) 
02 uptake rates for cells incubated in media containing from 0 to 50 mM NH4+ for 
24 h relative to the amount of initial activity. The rates of NH4+- and NH2OH
dependent 02 uptake at 100% activity were approximately 120 and 35 nmol 02 
consumed min' m1-1 cells respectively. (B) Measured concentration of nitrite () 
and calculated concentration of ammonium (0) (assuming minimal 
incorporation into cellular biomass) in the medium from the incubations in panel 
"A" after 24 h. 
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Table 4.1. Final pH of media in incubations with ammonium 

Initial [NH4+] Final pH 
(mM) 

0 8.4 
3 7.8 
5 7.5 

10 7.0 
15 6.6 
20 6.3 
25 6.0 
30 5.9 
35 5.8 
40 5.7 
45 5.7 
50 5.7 

4.4.2. Effect of nitrite on ammonia and hydroxyiamine 
oxidation activities. 

The results from Fig. 4.1 suggested that both the loss of ammonium and 

the increase in nitrite contributed to the decrease in ammonia oxidation activity. 

To separate the effects of ammonium and nitrite, incubations were conducted in 

the absence of ammonium and in the presence of increasing concentrations of 

nitrite, from 0 to 20 mM, in media at a constant pH of 8. Increased loss of 

ammonia oxidation activity with increased nitrite concentration was observed 

over the 24 h incubation, although several hours were required for substantial 

losses of activity to occur (Fig. 4.2A). The greatest loss of ammonia oxidation 

activity, approximately 62%, occurred with 20 mM nitrite in the incubation. 

Some loss of ammonia oxidation activity was also observed in the absence of 

nitrite. A first-order loss of activity was revealed when the activity loss in the 

absence of nitrite was subtracted from the activity loss in the presence of nitrite 
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for each time point (data not shown). The hydroxylamine oxidation activity was 

not strongly affected by nitrite in any of the incubations (Fig 4.2B). After the 

incubations with nitrite, cells were sedimented, washed, and resuspended in 

phosphate buffer for 48 h to determine if the effect of nitrite was reversible. No 

activity was recovered during these incubations suggesting an irreversible 

inactivation of the ammonia oxidation activity by nitrite (data not shown). 

0 5 10 15 20 25 

Time (h) 

Figure 4.2, Loss of ammonia oxidation activity over 24 h in incubations with 
different concentrations of nitrite. N. europaea cells were incubated in media at 
pH 8 with 0 (N), 0.5 (A), 1 (), 5 (0), 10 (A) or 20 (0) mM nitrite. Error bars 
represent the standard deviation from the average of 4 replicate experiments. 
(A) Percent NH4+-dependent 02 consumption rate over a 24 h time course 
relative to initial activity. (B) Percent NH2OH-dependent 02 uptake for the same 
experiments as in panel "A." 
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4,42,:rtig f&licn3LQ and CH4 l the loss of ammonia 
oxidation activity. 

To further characterize the mechanism of nitrite toxicity on ammonia 

oxidation activity, we incubated cells in concentrations of nitrite ranging from 0 

to 20 mM both aerobically and anaerobically and with or without CH4, an 

alternative substrate for AMO (Fig. 4.3). The amount of ammonia oxidation 

activity remaining after 24 h was measured. The cells retained about 10% more 

activity on average in the absence than in the presence of 02 in the incubations 

without CH4, however, the differences were not substantial (Fig. 4.3A). 

Increasing amounts of nitrite resulted in increased losses of ammonia oxidation 

activity in both the aerobic and anaerobic incubations. Thus, it did not appear 

that 02 was required for the disabling effect of nitrite on ammonia oxidation 

activity. 

Incubations with and without 10 mM nitrite were conducted aerobically 

and anaerobically in the presence of 25% CH4 (v/v of the gas headspace) to 

verify the protective effect of alternative substrates on ammonia oxidation 

activity as shown in Chapter 3 (Stein and Arp, 1998a). In all of the incubations, 

an average of 78% of the ammonia oxidation activity remained, indicating that 

CH4 protects the activity both aerobically and anaerobically and in the presence 

of nitrite (Fig. 4.3B). 
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Figure 4.3. Response of the ammonia oxidation activity in cells exposed to 
nitrite under aerobic or anaerobic conditions with or without CH4. N. europaea 
cells were incubated in media containing the indicated concentrations of nitrite. 
(A) Incubations were conducted both aerobically (solid bars) and anaerobically 
(shaded bars). (B) Incubations were conducted aerobically (open bars) and 
anaerobically (hatched bars) in the presence of 25% CH4 (Nth/ of the gas 
headspace). The ammonia oxidation activity after a 24 h incubation relative to 
the initial activity is shown. Error bars represent the standard deviation from the 
average of 3 replicate experiments. 

4.4.4. Effect of pH on nitrite-mediated loss of ammonia 
oxidation activity, 

Based on the experiments in Fig. 4.1 and Fig. 4.2, the greatest loss of 

ammonia oxidation activity varied 20% between incubations with ammonium 

(15 mM) or with only nitrite (20 mM). Because of this discrepancy and the 

dynamic changes in pH that occur in incubations with ammonium, the possibility 

of pH as a mediator of activity loss was investigated. Incubations containing 0, 

5, 10 or 20 mM nitrite were conducted at a range of fixed pH values from 5.5 to 

8. Without nitrite, the ammonia oxidation activity remaining after 24 h was the 
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same regardless of the initial pH (Fig 4.4). However, when nitrite was included 

in the incubations, the ammonia oxidation activity was more susceptible to loss 

at alkaline (pH 7-8) than acidic (pH 5.5-6.5) pH values, with up to 10 mM nitrite. 

Activity loss also occurred with high concentrations of nitrite, 20 mM, at an acidic 

pH (5.5-6). Only a slight loss of activity was observed with 10 mM nitrite at pH 

5.5 indicating that nitrite toxicity does occur at both alkaline and acidic pH 

values, but is dependent upon the concentration of nitrite in the incubation 

medium. 
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Figure 4.4. Effect of nitrite on ammonia oxidation activity at different pH 
values. N. europaea cells were incubated in media with 0 (N), 5 (A), 10 (), or 
20 () mM nitrite at a range of pH values from 5.5 to 8.0. The ammonia 
oxidation activity remaining after a 24 h incubation was determined relative to 
initial activity. Error bars represent the standard deviation from 4 replicate 
experiments. 
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4.4.5. Quantification of the active AMO polypeptide pool byLtuizt 

The pool of active AMO enzyme molecules was examined by 

radiolabeling with 14C2H2 to determine whether the loss in ammonia oxidation 

activity, characterized in the preceding experiments, was due to the inactivation 

of the AMO enzyme. Exposure of N. europaea cells to 14C2H2 results in the 

specific incorporation of radiolabel into the 27 kDa, active-site containing, 

subunit of AMO (Hyman and Arp, 1992). The amount of radiolabel incorporated 

is proportional to the amount of active AMO enzyme at the time of exposure to 

14C2H2. Cells of N. europaea were incubated with 0, 15, or 50 mM ammonium; 

10 mM nitrite; or 10 mM nitrite without 02. Cells were taken from each of these 

incubations at an initial time point and after 24 h and were exposed to "C2H2 in 

the presence of either hydrazine, tetramethyihydroquinone (TMHQ), or 

endogenous reductant, to determine whether AMO itself or a member of the 

electron transport pathway between AMO and HAO was damaged. 

Hydroxylamine provides reductant to AMO via HAO (Wood, 1986), TMHQ likely 

provides reductant through a ubiquinone pathway (Shears and Wood, 1986), 

and endogenous reductant is likely mediated through NADH (Tsang and 

Suzuki, 1982). Because each of the reductant sources may involve different 

electron carriers at some point in the electron transport pathway, a difference in 

label incorporation would suggest that an electron transport molecule between 

AMO and HAO, such as cytochrome 0-554 or a quinone, may be damaged by 

nitrite rather than AMO itself. 

The extent of 14C incorporation into the polypeptides of cells incubated 

with 10 mM nitrite or 15 mM ammonium was analyzed after 1, 2, and 3 h to 

determine whether the labeling reaction had reached an end-point in the cells 

exhibiting the greatest losses of activity (data not shown). There was only a 

10% difference in label incorporation between each of the time points and a 

trend of increasing incorporation with time was not observed. Thus, the amount 

of label incorporated after 2 h represents the complete pool of AMO that is able 
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to activate 14C2H2 and incorporate 14C. The amount of radiolabel incorporation 

after 24 h relative to the amount at the initial time point was determined (Fig. 

4.5). There were no major differences in label incorporation with the different 

reductant sources for each treatment. Furthermore, at least 55 and up to 90% of 

the AMO population was labeled in all of the treatments after the 24 h 

incubation. The incubation containing 15 mM ammonium accumulated least 

amount of radiolabel, 55 to 67%, among the three reductant treatments. There 

was a trend of less 14C incorporation in the incubations with more activity loss, 

as measured by the 02 electrode. However, the large population of 

radiolabeled polypeptide suggested that more AMO was catalytically active 

than could be detected by the 02 consumption assay. There was little difference 

in the amount of label incorporation between the aerobic and anaerobic 

treatments with nitrite, suggesting again that 02 does not play a role in 

mediating the interaction of nitrite with the cell. 
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Figure 4.5. 14C2H2labeling of cells exposed to ammonia or nitrite for 24 h. 
Cells of N. europaea were incubated in media with the following treatments: 1) 
no additions, 2) 15 mM ammonium, 3) 50 mM ammonium, 4) 10 mM nitrite, 5) 
10 mM nitrite and without 02. Aliquots of cells were exposed to 14C2H2 at the 
beginning of the treatments and after 24 h, as described in Materials and 
Methods, to radiolabel the active AMO population. The difference in radiolabel 
accumulation between the initial and 24 h time points is shown for each 
treatment as an average of 2 replicate experiments. Labeling reactions 
contained 2 mM hydrazine (solid bars), 0.5 mM TMHQ (shaded bars), or 
endogenous reductant (open bars). 

4.4.6. The role of copper in mediating the toxicity of nitrite. 

To further examine whether AMO or an auxiliary molecule was the target 

of nitrite, we used the copper chelating agent, thiourea, to selectively inactivate 

AMO. Based on several lines of evidence AMO is proposed to contain copper 

(Ensign, et al., 1993, Shears and Wood, 1985, Zahn, et al., 1996). Thiourea 
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chelates cuprous copper which leads to the inactivation of copper-containing 

enzymes, such as AMO (Bedard and Knowles, 1989, Hooper and Terry, 1973). 

Cells were incubated with 0, 10, or 20 mM nitrite either in the presence or 

absence of thiourea. The loss of AMO activity by thiourea is partially reversible 

by stringent washing and addition of copper. Once the thiourea-treated cells 

were washed and copper was reintroduced, about 50-60% of the ammonia 

oxidation activity was recovered (Fig. 4.6). The initial activity in the cells which 

were not exposed to nitrite or thiourea was designated as 100%. The activity 

remaining after 24 h in all of the incubations was relative to this 100% activity 

level. Cells exposed to thiourea maintained approximately the same amount of 

activity after 24 h with or without nitrite in the incubations. Therefore, copper is 

likely involved in mediating the toxicity of nitrite and AMO is a potential target 

because of the role of copper in maintaining AMO activity. 
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Figure 4.6. Effect of thiourea on the loss of ammonia oxidation activity in cells 
exposed to nitrite. N. europaea cells were incubated in media containing 0, 10, 
or 20 mM nitrite either with or without the copper-chelator, thiourea (100 tig 
m11). The initial activity of cells incubated without thiourea (solid bars) and with 
thiourea (open bars), and the amount of activity remaining after 24 h without 
thiourea (shaded bars) and with (hatched bars) are shown. Error bars 
represent the standard deviation from the average of 3 replicate experiments. 

4.4.7. The effects of nitric oxide. nitrous oxide and nitrate on 
ammonia and hydroxylamine oxidation activity. 

From the above experiments, it seems likely that nitrite is interacting with 

AMO and debilitating its ammonia oxidation activity. We wished to test whether 

this activity loss was specifically mediated by nitrite, or whether a species 

similar to nitrite or products of nitrite chemistry might also debilitate AMO. When 

we added large amounts of NO or N20, both products of nitrite reduction, to 

incubations of N. europaea we saw only a small change in the ammonia 
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oxidation activity (Table 4.2). With 10% NO in the vial, approximately half 

immediately decomposed to nitrite (about 12 mM), presumably via auto-

oxidation (Bonner and Stedman, 1996b), leaving approximately 20 pmol NO in 

the liquid phase. In this incubation, about 33% of the ammonia- and 18% of the 

hydroxylamine-oxidation activity was lost over the amount in the control 

incubation. This extent of inactivation was even less than in incubations 

containing 10 mM nitrite, indicating that the effect of NO on the cells was 

minimal. Nitrate was also tested as a possible mediator of toxicity because, like 

nitrite, it is a small, negatively charged, oxide of nitrogen. The addition of up to 

20 mM nitrate (NaNO3) caused negligible changes in the activities of the cell, 

suggesting both that nitrate and sodium ions from either NaNO3 or NaNO2 were 

not toxic. Therefore, in the experiments described in this study, only nitrite 

appears to cause the debilitation of ammonia oxidation activity in N. europaea. 
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Table 4.2. Effects of NO, N20 and NO3 on the ammonia and hydroxylamine 
oxidizing activities of N. europaea. 

Treatments % NH4+-oxidizinga % NH2OH-oxidizing 
activity remaining activity remaining 

Control 81 + 5" 71 ± 4 

NO addition 

0.01%c 72 + 14 64 + 5 
0.1% 63 +9 65 + 2 
1% 59 +8 67 + 4 

10% 48 + 11 53 + 10 

112,Qack2ign 

0.1% 62± 13 71 + 10 
1% 66 +5 63 +3 
10% 64+ 11 72 +8 

110.1 
1 mM 69 +2 73 + 3 
5 mM 74 ± 8 68 + 2 
10 mM 76 + 7 73 + 6 
20 mM 75 +6 68 +2 

a All measurements were made following a 24 h incubation 
b Standard deviations are representative of 3 replicate experiments 

Percentage indicates the amount of compound in the gas headspace 

4.5. Discussion 

The results from this study suggest that nitrite specifically interferes with 

the ammonia oxidation activity of Nitrosomonas europaea, and most likely 

interacts with AMO. The loss of activity was not completely dependent upon 

previously described conditions for nitrite toxicity, such as an acidic pH or the 



105 

chemical transformation of nitrite to nitric oxide in the incubation medium (Zumft, 

1993). Furthermore, the mechanism of nitrite toxicity was different than other 

characterized inactivators of AMO because the presence of 02 was not required 

and the rate of activity loss was very slow (Hyman, et al., 1990, Rasche, et al., 

1991). These results suggest that the inhibitory effect of nitrite on the ammonia 

oxidation activity in N. europaea is due to a previously undescribed mechanism. 

One of the purposes of this research was to continue previous studies on 

the loss of ammonia oxidizing activity in N. europaea cells after 24 h 

incubations with limiting concentrations of ammonium (Stein and Arp, 1998a). 

In Chapter 3, we showed that when ammonium remained in the incubation 

medium, due to the limitation of ammonia oxidation at acidic pH values, the 

ammonia oxidizing activity was preserved. However, when all of the 

ammonium (15 mM) was consumed, about 80% of the ammonia oxidation 

activity was lost after 24 h. In the present study, cells were incubated in the 

presence of several different concentrations of ammonium for 24 h. The 

variable and sometimes dramatic loss of activity was correlated with both the 

loss of ammonium and also with the increase in nitrite concentration, indicating 

both that nitrite is toxic and that ammonium protects against nitrite toxicity (Fig. 

4.1). When nitrite was added to incubations of N. europaea cells in the absence 

of ammonium, loss of ammonia oxidation activity increased with increasing 

concentrations of nitrite, indicating further that nitrite is toxic in a concentration-

dependent manner (Fig 4.2). 

The 20% difference in activity loss observed between incubations 

containing 15 mM ammonium versus the incubations with 20 mM nitrite may be 

explained by the inactivation of some of the AMO molecules. When cells were 

exposed to 14C2H2 after the 24 h incubation in either 15 mM ammonium or 10 

mM nitrite, an average of 62% of the polypeptides in the ammonium-treated, 

and 78% in the nitrite-treated cells accumulated label (Fig. 4.5). Therefore, 

about 40% of the AMO enzyme in the ammonium-treated and 20% in the nitrite-

treated cells was inactivated during these incubations. The inactivation of AMO 

may be the result of oxygen radical formation from an increased flow of 
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reductant that continues to reduce AMO once all of the ammonia is consumed 

(Shears and Wood, 1985, Wood, 1988). These oxygen radicals, having no 

substrate to act upon, may attack AMO and cause a complete loss of activity. 

With nitrite alone, the relatively slow flow of endogenous reductant could also 

inactivate AMO by oxygen radicals, which may account for the 10% difference in 

t., ri labeling and 02 uptake activity between the aerobic and anaerobic 

incubations with nitrite (Fig. 4.3 and 4.5). In all of the incubations, the difference 

between the amount of label incorporation by 14C2H2 exposure and the oxygen 

consumption rate of the cells defined the pools of active, but debilitated, AMO 

versus inactivated AMO. By this analysis, approximately 44% and 35% of the 

ammonia-oxidizing activity was debilitated in the 15 mM ammonium and 10 mM 

nitrite incubations respectively, indicating that the amount of AMO targeted 

corresponded to the amount of nitrite in the incubation. 

Incubations containing nitrite at different initial pH values showed less 

loss of ammonia oxidation activity at acidic than alkaline pH values unless a 

substantial amount of nitrite, 10-20 mM, was present (Fig. 4.4). The extent of 

activity loss at alkaline pH was unexpected because most of the chemistry that 

transforms nitrite into active compounds, e.g. those that form metal-nitrosyl 

complexes, occurs at an acidic pH (Zumft, 1993). Traditional nitrite chemistry 

could explain the loss of activity with 20 mM nitrite at pH 5.5. But in incubations 

containing lower concentrations of nitrite (5-10 mM) the acidity of the incubation 

media may have altered the target of nitrite, perhaps an amino acid residue, 

thus preventing the inactivation of the ammonia oxidation activity. However, 

with 15 mM ammonium in the incubation, the pH declined only to about 6.6 

(Table 4.1) and about 80% of the ammonia oxidation activity was lost (Fig. 4.1). 

With 20 mM nitrite at pH 6.5, only about 40% of the activity was lost. These 

results suggest that pH and nitrite cannot account for the differences between 

incubations with ammonium or with nitrite alone. More complex interactions 

must occur during the dynamic process of ammonia oxidation, such as oxygen 

radical formation, that do not occur in incubations with nitrite at a fixed pH. 

14C2H2
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To determine the actual target of nitrite, the 14C2H2 labeling experiments 

were conducted in the presence of different reductant sources (Fig 4.5). The 

same amount of label was incorporated with endogenous reductant as with 

added hydrazine or TMHQ indicating that very little reductant was necessary for 

the complete labeling of the AMO polypeptide population. Even if an electron 

carrier was debilitated by nitrite, the low level of endogenous reductant flow 

would circumvent the crippled pathway. Thus, this result alone was unable to 

verify whether AMO or an accessory molecule was the target for nitrite. As a 

better test for the involvement of AMO, cells were incubated in the presence of 

the copper-chelator, thiourea. With thiourea, a concentration-dependent effect 

of nitrite on the ammonia oxidation activity was not observed (Fig. 4.6). 

Because thiourea and other copper chelators have been shown to effectively 

inactivate AMO in N. europaea (Bedard and Knowles, 1989), this result is 

stronger proof that AMO is the target for nitrite rather than a component of the 

electron transfer chain. Furthermore, cells incubated aerobically and 

anaerobically in the presence of nitrite did not lose activity if the AMO substrate, 

CH4, was present (Fig. 4.3B). This result, along with previous results in Chapter 

3 describing the protection of ammonia oxidation activity by other AMO 

substrates (Stein and Arp, 1998a), strengthens the argument that AMO is the 

target of nitrite. 

Nitrite toxicity does not require the presence of 02 and is toxic in a 

concentration dependent manner under both aerobic and anaerobic conditions 

(Fig 4.3A). Mechanism-based inactivators of AMO must be turned over by the 

enzyme and thus require the presence of 02 for the toxicity to occur (Silverman, 

1988). By this definition, nitrite is not a mechanism-based inactivator of AMO, 

and the slow rate of inactivation suggests that nitrite also does not belong to two 

other known classes of AMO inactivators, copper chelators, e.g. thiourea; or 

metabolic inactivators, e.g. nitrapyrin (Bedard and Knowles, 1989, Powell, 

1986). However, because nitrite does not require 02 or turn-over by AMO to act 

as an inactivator, it is similar to the mechanism of inactivation by CS2 (Hyman, et 

al., 1990). The proposed mode of AMO inactivation by CS2 involves a 
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reversible interaction with a nucleophilic amino acid that is in close proximity to 

the putative copper molecule in the AMO active-site. Although nitrite might 

target AMO similarly to CS2, the loss of activity mediated by nitrite is not 

reversible and occurs much slower than inactivation by CS2, suggesting again 

that nitrite is a unique inactivator of AMO. 

We attempted to determine whether the mechanism of nitrite toxicity was 

specific to nitrite or if other chemicals could also induce toxicity . Nitric oxide 

(NO) and nitrous oxide (N20) are produced by N. europaea from either the 

reduction of nitrite or the oxidation of hydroxylamine during ammonia 

metabolism (Anderson and Levine, 1986, Hooper and Terry, 1979, Tortoso and 

Hutchinson, 1990). In many systems, NO is known to be toxic, especially 

through interactions with metal-containing enzymes (Bonner and Stedman, 

1996a, Zumft, 1993). Furthermore, it has been reported recently that a putative 

iron moiety within the AMO enzyme can interact with NO in cell-free extracts 

(Zahn, et al., 1996). There is no evidence that N20 is toxic to N. europaea, but 

because it is a product of nitrite reduction, we tested whether it could mediate 

toxicity. Addition of NO or N20 to incubations had little effect on the ammonia 

oxidation activity of N. europaea, and the observed effects were not specific for 

AMO (Table 4.2). A similar lack of effect was observed in the presence of NO3 , 

a compound which is similar to nitrite in size, composition, and charge. 

Therefore, these results suggest that nitrite itself is toxic rather than a known 

product of nitrite chemistry. 

Taking all of the results together, we suggest that nitrite debilitates the 

ammonia oxidation activity of N. europaea by specifically targeting AMO. 

Perhaps the mechanism of inactivation involves the reduction of nitrite by AMO 

to a reactive species (e.g. NO or a nitrosyl radical) which targets a copper or 

iron molecule in close proximity to the enzyme active-site, forming a covalently 

bound metal-nitrosyl complex. Once the complex is formed, the catalytic rate of 

the enzyme may be slowed by a debilitation in the rate of 02 binding and 

activation, substrate binding, or reduction of the active site. Although there is 

only indirect evidence for the involvement of AMO as the target of nitrite, the 
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ability for substrates to protect the activity and the role of copper in mediating 

toxicity imply that AMO, and not an accessory enzyme (e.g. an electron carrier), 

is the target. Nitrite most likely interacts with the reduced form of AMO because 

under anaerobic conditions, most of the enzyme will be in a reduced state and 

nitrite is still toxic in this situation. Although we cannot discount the possibility 

that nitrite may interact with AMO as NO2, it seems more logical that nitrite 

would be converted to a reactive species before interacting with amino acids in 

the enzyme. There is no evidence that small charged molecules can act as 

substrates for AMO, although peroxide radicals may be involved in activating 02 

(Wood, 1988). However, there is an abundance of evidence for the interaction 

of products of nitrite chemistry with amino acids (Bonner and Stedman, 1996b, 

Zumft, 1993). For this mechanism to proceed, nitrite would have to be in very 

close proximity to AMO to be activated, such that exogenous additions of NO 

could not substitute. 

The loss of ammonia-oxidizing activity experienced by N. europaea upon 

exposure to nitrite may influence the ecology of ammonia-oxidizers. For 

example, although the interactions between ammonia- and nitrite-oxidizing 

bacteria are dependent upon several factors including substrate availability, 02, 

and pH (Laanbroek and Woldendorp, 1995), the toxic effect of nitrite to 

ammonia-oxidizers could be ameliorated by the close physical association 

between the two bacterial groups as observed in soils and bioreactors 

(Mobarry, et al., 1996, Prosser, 1986). The close physical positioning of 

ammonia and nitrite oxidizers in the natural environment is useful for both 

energetic reasons and for the prevention of substrate accumulation that could 

be toxic or lead to the formation of toxic by-products, especially in environments 

where nitrite cannot simply diffuse away (Focht and Verstraete, 1977). 

Therefore, this dissertation suggests that the challenge for ammonia-oxidizing 

bacteria in natural systems is not only survival with an inconstant energy 

source, but also avoidance of toxic product formation once the ammonia has 

been converted to nitrite. 
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CHAPTER 5
 

Summary 

5.1. Introduction. 

The effects of ammonia, pH, and nitrite on the physiology and metabolic 

potential of N. europaea have broad biochemical, physiological, and ecological 

implications in terms of how ammonia-oxidizing bacteria respond to specific 

changes in their environment. All of the experiments described in this 

dissertation were conducted in liquid batch incubations, a closed system where 

physical, chemical, and biological factors could be easily controlled. To 

continue and verify the results from this dissertation, the effects described 

should be investigated under more natural conditions where several factors 

interact, such as pH, 02, temperature, other organisms, etc., which would be 

more characteristic of environments where ammonia-oxidizers live. However, 

experiments such as these depend upon a continued understanding of the 

types of metabolic changes that might occur under specific conditions. 

Therefore, the research from this dissertation contributes to the first step towards 

elucidating the physiological ecology of a very important group of bacteria. 
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5.2. Biochemical Significance.
 

5.2.1. Regulation of AMO by the Concentration of NH3 

The study conducted in Chapter 2 described the effects of pH and NH3 

availability on the expression and activity of AMO. This work completed 

previous studies concerning the regulation of AMO by NH3 when the cells were 

incapable of using NH3 as an energy source (Hyman and Arp, 1995). Both the 

previous study and the results in this dissertation showed that NH3 controls the 

ammonia oxidation activity of N. europaea at a concentration very close to the 

Km for NH3. The tight control of AMO activity by the concentration of its primary 

substrate implies that ammonia-oxidizers can regulate their metabolism in the 

environment simply by detecting the presence of their energy source. 

The regulation of AMO by NH3 is not a surprising result since the survival 

of ammonia-oxidizers is completely dependent on NH3, but the burst and 

subsequent decline of activity characterized in Chapter 2 is still somewhat 

puzzling. Although the burst of activity was correlated to an increase in general 

polypeptide synthesis, production of polypeptides, and particularly the 27 kDa 

component of AMO, continued even during the decline of activity. This result 

suggests that the burst of activity could be unproductive and just a response to 

an overload of substrate; the energy could be stored to support future 

metabolism, such as polypeptide synthesis; or some other metabolic system 

that we do not yet understand could be supported. The results showing a burst 

of ammonia oxidation activity in starved N. cryotolerans cells suggests that the 

increased activity may be a productive response that is necessary to support the 

continued metabolism of ammonia-oxidizers in the environment (Johnstone and 

Jones, 1988c). The continuation of polypeptide synthesis (specifically the 27 

kDa subunit of AMO) without a concomitant increase in ammonia oxidation 

activity suggests that another layer of regulation exists to maintain inactive AMO 
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molecules in the cell. Furthermore, the results from Chapter 3 also suggest a 

post-translational loss of AMO activity that does not require degradation of the 

27 kDa component. The reason for this seemingly unproductive synthesis and 

maintenance of inactive AMO is not understood. 

Another factor to consider in these experiments is that the two copies of 

the amoCAB operon could be either coordinately or differentially expressed in 

response to NH3. If expressed coordinately, then the activity increase and 

subsequent decline is most likely an average of the combined activities of the 

de novo synthesized AMO protein. However, based on preliminary evidence 

(Stein, 1998), it seems likely that the two operons are differentially expressed 

and that one copy is highly responsive to NH3 while the other is not. In this 

case, the ammonia oxidation activity profile is reflective of the expression from 

one amoCAB operon and not the other. Further experiments are underway to 

determine which of these possibilities is correct. 

The lack of response by HAO to NH3 suggests that the regulation of HAO 

may not be critical to maintain a desired level of metabolism, or that the HAO 

enzyme is much more stable than AMO and is not synthesized as readily. 

Furthermore, because the AmoA, AmoB, and HAO polypeptides are not 

synthesized coordinately, the coupling of these components is likely based on 

the differential stability and replacement of each polypeptide or an unequal 

stoichiometry of the polypeptides under particular environmental conditions. 

5.2.2. Protection of AMO from Nitrite by Substrates 

The results from Chapters 3 and 4 showed that AMO can be protected 

from the debilitating effects of nitrite when substrate, either ammonium or a 

short-chain alkane, is present under both aerobic and anaerobic conditions. 

These results reveal several biochemical features of the AMO enzyme, a 



113 

pleasing situation considering that all of the experiments were conducted in 

whole cells where it is difficult to separate one enzyme activity from another. 

First, the protection of AMO from nitrite by its substrates indicates that 

nitrite interacts with AMO and not another enzyme involved in the ammonia 

oxidation pathway. To show the interaction between AMO and nitrite more 

definitively, physical methods, such as electron paramagnetic resonance 

spectroscopy, should be employed. Examination of cells exposed to nitrite 

might show whether nitrite is transformed to a more reactive molecule, such as 

NO or a nitrosyl radical, that can covalently attach to AMO by forming a metal

nitrosyl complex. 

Second, because substrates protect AMO both aerobically and 

anaerobically, this suggests that substrate is able to interact with AMO before 

the binding of 02. The order of substrate and 02 binding and activation has not 

been fully elucidated for AMO, but past models have suggested that 02 must be 

bound and activated before substrate is bound (Shears and Wood, 1985, 

Wood, 1986). 

Third, the protection of AMO by ammonium suggests (hypothetically) that 

ammonium is transported inside or through the membrane where a more 

neutral pH may favor the formation of NH3. There is no evidence that NH4+ can 

interact with AMO, and there is strong evidence that NH3 is the AMO substrate. 

Therefore, a logical explanation is that NH3 is actually protecting AMO, which 

would require a more favorable NH3-NH4+ equilibrium and either a hydrophobic 

or cytoplasmic-facing active-site for AMO. There is some evidence that N. 

europaea does not maintain a stable intracellular pH with a changing 

extracellular pH, but the inside of the cell does remain somewhat neutral (pH 

6.3-7.8) while the external pH is varied (pH 6.0-8.5, respectively) (Kumar and 

Nicholas, 1983). However, there is no evidence that the active-site for AMO is 

sequestered inside the membrane or faces out towards the cytoplasm rather 

than towards the periplasm where hydroxylamine can be easily delivered to 

HAO. Both the discovery of an ammonium transport system and positional 



114 

analysis of the AMO active-site must be shown for the "protection of activity by 

NH3" hypothesis to be correct. 

5.3. Physiological Significance. 

The experiments in this dissertation did not address the effects of 

ammonia, pH, or nitrite with cells attached to surfaces or particles. As 

suggested by several previous studies, it appears that ammonia-oxidizers are 

fairly resistant to ammonia limitation (Batchelor, et al., 1997), low pH (Allison 

and Prosser, 1993), and high nitrite concentration (De Boer, et al., 1991) when 

aggregated together. Because aggregates of cells are resistant to these strong 

environmental influences, the authors suggest that ammonia-oxidizers exist in 

soils, aquatic, marine, and industrial systems as biofilms. However, these 

previous studies did not adequately address how ammonia-oxidizers respond 

physiologically to ammonia, pH, or nitrite, only that they were able to withstand 

conditions that were thought to be non-permissive for activity and growth. The 

purpose of this dissertation was to understand why conditions of low 

ammonium, low pH, and high nitrite are detrimental to the metabolism of 

ammonia-oxidizers. The conclusion is that only one of the major metabolic 

enzymes, AMO, is sensitive to these conditions and that the cell responds to 

changes in ammonia, pH and nitrite by regulating both the synthesis and, 

primarily, the activity of this enzyme. Therefore, AMO appears to be the 

determinative enzyme which regulates the rate of ammonia oxidation in this 

bacterium under the conditions examined. However, several other regulatory 

pathways are likely engaged in all of these environments, which lead to the 

dramatic changes in only the ammonia- but not hydroxylamine-oxidation 

activity. 

Several other polypeptides besides AmoA and AmoB were synthesized 

in response to NH3 as shown in Chapter 2. The identity and physiological 
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significance of these polypeptides is unknown, but their coordinate synthesis 

with AMO suggests that other responses, such as a stress response, must occur 

from NH3 exposure. The experiments in this dissertation were somewhat limited 

in scope because only AMO and HAO were analyzed. Although several strong 

conclusions concerning these major metabolic enzymes were made, there are 

certainly other physiological responses to ammonia, pH and nitrite that have not 

been addressed. Therefore, the results presented in this dissertation represent 

only a handful of the responses that likely occur when ammonia-oxidizers are 

subjected to the demonstrated conditions. 

5.4. Ecological Significance. 

The sensitivity of N. europaea to the product of its central metabolism, 

nitrite, may partially explain why ammonia-oxidizers are confined to particular 

niches. For example, the ammonia-oxidizers that have been isolated thus far 

were often found the the presence of nitrite-oxidizers. It has been argued that 

this relationship is present because nitrite oxidation provides even less energy 

than ammonia oxidation, so nitrite oxidizers position themselves near sources 

of abundant nitrite. However, if this was strictly the case, then it seems likely 

that an organism would have evolved to completely oxidize ammonia to nitrate. 

Because AMO can be inactivated by nitrite, a nitrite oxidase would have to 

position itself somewhere near HAO to capture the nitrite molecules before they 

could interact with AMO. There is evidence that the nitrite oxidase of nitrite-

oxidizing bacteria is located either in the membrane (Hooper and DiSpirito, 

1985) or on the cytoplasmic side of the membrane (Ferguson, 1988). 

Furthermore, components within the cytoplasm and/or inner-membrane appear 

to be necessary for assisting in the reduction of cytochrome c, the next 

component in the electron transfer chain, which eventually reaches the terminal 

oxidase (Ferguson, 1988). Therefore, an organism with AMO, HAO, and nitrite 
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oxidase would have to evolve a much more complicated system to maintain 

reducing power to drive an energy-poor metabolism, and for keeping the nitrite 

close to the nitrite oxidase and away from AMO. It seems more likely that a 

heterotrophic organism would develop the ability to oxidize ammonia to nitrate 

since it would not depend on ammonia oxidation for energy generation. 

Therefore, the inactivation of an AMO-like enzyme would not be critical for the 

bacteria's survival. 

The toxicity of nitrite has implications for maintaining biofilms of 

ammonia-oxidizing bacteria in sewage treatment facilities. Loss of ammonia-

oxidizing activity in sewage sludge has been observed with relatively low nitrite 

concentrations (3-5 mM) (Muller, et al., 1995). However, the industry has been 

aware of this problem for some time and can overcome nitrite toxicity problems 

by dilution and carefully controlled rates of nitrogen loading into the system 

(Muller, et al., 1995). Awareness of how nitrite interferes with the physiology of 

ammonia-oxidizing bacteria may help in the development of better technologies 

for maintaining the bacteria where they are useful and removing them when 

they are problematic. 

5.5. Concluding Statement. 

The research presented in this dissertation suggests that the primary 

metabolism of ammonia-oxidizing bacteria is strongly affected by ammonia 

availability, the pH of the incubation medium, and the accumulation of nitrite. As 

opposed to laboratory conditions, ammonia-oxidizers have the capacity to 

adapt to changes in the environment by altering their physiology, such as 

aggregating together or developing better enzymes through mutation; 

maintaining a diversity of species; and forging relationships with other 

organisms. Once isolated from their environment, ammonia-oxidizers are 

highly sensitive to many physical, chemical, and biological stimuli. This 
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phenomenon suggests that ammonia-oxidizing bacteria depend upon several 

interrelating components in nature both for protection and to compete effectively 

for limiting resources, such as ammonium. The data from this dissertation help 

explain the biochemical and physiological reasons for the sensitivity of 

ammonia-oxidizers to some of the major changes that occur in their 

environment and provides the groundwork for future ecological studies. 
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