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Ammonia monooxygenase (AMO) in Nitrosomonas europaea is
a key enzyme of the nitrogen cycle that may have bioremediation
applications. Selective inhibition of AMO could control deleterious
nitrification. These purposes warrant a better understanding of
mechanisms of AMO catalysis and of substrate interactions with
AMO.

AMO in N. europaea hydroxylated alkyl substituents of aro-
matic compounds, epoxidized styrene, and initiated aniline oxida-
tion to nitrobenzene. The aromatic rings of benzene, ethylbenzene,
halobenzenes, phenol, and nitrobenzene were hydroxylated. Ethyl-
benzene and indoline were desaturated, suggesting an electron
transfer mechanism for AMO. Halobenzenes were not hydroxylated
in ortho positions.

Fifteen hydrocarbons and halogenated hydrocarbons exhibited
competitive or noncompetitive inhibition of NH3 oxidation by AMO in
N. europaea. Competitive character generally decreased as mole-
cular size of the inhibitors increased: CH4 and C2H4 were competi-
tive inhibitors of NH3 oxidation, whereas the remaining alkanes (up
to C4) and monohalogenated (CI, Br, I) alkanes were noncompetitive.
Oxidation of C2H5Br (noncompetitive) increased as the NH4+
concentration increased up to 40 mM; oxidations of inhibitors with
competitive character were diminished with 40 mM (NH4)2SO4
relative to lower concentrations of (NH4)2SO4. Maximum rates of
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NH3, C2H4, and C2H6 oxidations were similar, suggesting a common
rate-determining step. These data support an active site model for
AMO consisting of an NH3 binding site and a second site that binds
noncompetitive inhibitors, with oxidation occurring at either site.

1-Aminobenzotriazole, cis / trans -1 ,2- dimethylcyclopropane,
1,3-phenylenediamine, cyclopropyl bromide, p-anisidine, and
1-hexyne inactivated AMO activity in N. europaea. Incubation
conditions provided reductant for AMO ((NH4)2SO4; (NH4)2SO4 plus
NH2OH; NH2OH), protected AMO from inactivation by providing a
noninactivating substrate for AMO ((NH4)2SO4 plus propane), or
protected AMO by preventing or limiting its turnover ((NH4)2SO4
with 02 excluded or thiourea added; reductant omitted). Only
(NH4)2SO4 or (NH4)2SO4 plus NH2OH allowed substantial inactivation
of NH3-dependent NO2- production. NH2OH-dependent nitrite
production was unaffected. Analysis of other aniline derivatives
showed that substantial inactivation was promoted with a second
(meta) amino group or a para methoxy group. First order loss of
AMO activity was observed for most inactivators. All compounds
except cyclopropyl bromide showed increasing rates of inactivation
as the (NH4)2SO4 concentration increased up to 12.5 mM, suggesting
noncompetitive binding of the compounds vs. NH3. Inactivations by
1,3-phenylenediamine and 1,2-dimethylcyclopropane are
rationalized by radical mechanisms. Oxidation of NH3 to an aminium
radical that abstracts an electron from noncompetitively bound
inactivators can explain NH3-dependent inactivation by the
compounds.
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INTERACTIONS OF AMMONIA MONOOXYGENASE
IN NITROSOMONAS EUROPAEA WITH HYDROCARBONS

AND SUBSTITUTED HYDROCARBONS

CHAPTER 1:

INTRODUCTION

1.1. The significance of nitrification

Ammonia oxidizing bacteria are ubiquitous in nature and occupy a major
link in the nitrogen cycle. With respect to our understanding of the micro-
organisms responsible, this link is the weakest (Abeliovich, 1993). Ammonia
oxidizing bacteria are intimately involved in several processes vital to the
health of humans and the environment. These include sewage treatment,
stratospheric ozone depletion, and nitrification in croplands. The last role of
nitrifying bacteria can affect the availability of nitrogen to plants, eutrophication
of waters near croplands, and human health. Also, ammonia oxidizing
bacteria, and Mtrosomonas europaea in particular, may prove useful in the
bioremediation of chemical pollution. Improved control of these processes and
their consequences will require a more detailed knowledge of the enzymes
involved in nitrification and their interactions with nonphysiological substrates
and inhibitors.

Ammonia oxidation to nitrite, the first step in nitrification, provides the sole
natural energy source for ammonia oxidizing bacteria (Wood, 1986).
Nitrosomonas europaea is a widely distributed ammonia oxidizing bacterium
found in soils, water, and sewage (Buchanan and Gibbons, 1974; Schmidt,
1982). Nitrifying bacteria are responsible for considerable losses of ammonia-
based fertilizers applied to agricultural soils (Legg and Meisinger, 1982;
Postgate, 1982). The ultimate product of NH3 oxidation by ammonia oxidizers,
NO2-, does not accumulate in soils since it is further oxidized to nitrate by co-
occurring bacteria such as Mtrobacter apils. While NH4+ electrostatically
binds to negatively charged soil particles, nitrate is readily leached from the
soil by infiltrating water. Such leaching removes nitrogen from the root zone
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and leads to eutrophication of nearby surface waters and contamination of
ground waters (Keeney, 1982; Legg and Meisinger, 1982; McAllister, 1990).

Ammonia applied to agricultural soils can also be lost as nitrous oxide
(N20) evolved as a by-product during nitrification or N20 and N2 evolved
during microbial denitrification. Nitrification may be the main source of N20 in
aerobic soils (Groffman, 1991). Under anaerobic conditions (or partially
anaerobic microsites in otherwise aerobic soils), denitrifying bacteria convert
nitrate via NO2- and N20 to N2 gas. Nitrous oxide is a greenhouse gas which
contributes to global warming (Dickenson and Cicerone, 1986). Nitric oxide
(NO) can contribute to the production of tropospheric ozone and the formation
of NO2 and nitric acid (found in acid rain)(Conrad, 1990). Nitrous oxide can
react with 02 to yield NO; N20-derived NO can react catalytically with
stratospheric ozone to reduce the ozone concentration (Bolle, Seiler et al.,
1986). While stratospheric ozone absorbs ultraviolet solar radiation,
tropospheric ozone is a pollutant (Harte, Holdren et al., 1991b).

Globally, about 25% of applied ammonia fertilizer is lost through routes
initiated by ammonia oxidizing bacteria (Postgate, 1982). Nitrapyrin is a
commonly used nitrification inhibitor, but it also inhibits methanogenesis,
sulfate reduction, methane oxidation, and denitrification (Vannelli and Hooper,
1993). The mechanism involved in nitrapyrin inhibition of nitrification is not
fully understood. Understanding the mechanism(s) of AMO-catalyzed
transformations may allow the design of a selective inhibitor of nitrifying
bacteria in croplands.

Although plants can generally assimilate NH4+ or NO3-, the latter is
primarily utilized due to activity of bacterial nitrifiers in soil. Most of the NO3-
taken up by plants is assimilated into organic form, but some remains in the
plant as NO3-. About 87% of nitrate intake by the average American is from
vegetables (Harte, Holdren et al., 1991b). Bacteria in humans convert nitrate to
nitrite, which reacts with secondary amines in the stomach to form carcinogenic
N-nitroso compounds (Montesano and Bartsch, 1976; Harte, Holdren et al.,
1991b). Therefore, nitrifying bacteria are indirectly responsible for most of the
N-nitroso compounds formed in humans: their enhanced activity in farmlands is
linked to a significant health risk. Nitrosamine formation in the stomach is
believed to account for about half of human exposures, while preformed
nitrosamines account for the remainder (Harte, Holdren et al., 1991b).
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Nitrifiers produce nitrate during aerobic sewage treatment, which can be
followed by treatment in anaerobic reactors to allow denitrifying bacteria to
convert nitrate to N2 (Gray, 1989; Noyes, 1991e). (Nitrate is preferably
removed in water treated for human consumption by ion exchange resins.
(Noyes, 1991d)) Nitrifying bacteria in wastewater treatment plants are more
sensitive to inhibition than are heterotrophs (Gray, 1989). Therefore, a better
understanding of the effects of inhibitors on nitrifiers is essential to maximize
their utility in wastewater treatment.

The enzyme in N europaea that catalyzes the initial oxidation of
ammonia (ammonia monooxygenase) has been found to oxidize many organic
substrates including alkanes and halogenated aliphatic hydrocarbons. Many
of these compounds are listed by the Environmental Protection Agency as
priority pollutants and are common contaminants of ground water (Keith and
Telliard, 1979; Kavanaugh, 1994). Greater appreciation of the biotransforma-
tion capabilities of N europaea may help to realize the bioremediation
potential of this bacterium.

Nitrifying bacteria occupy an important niche in soil and aquatic
ecosystems. Their activity can be strongly influenced by human practices such
as fertilization of croplands and sewage treatment. Nitrification can have
beneficial or deleterious effects. Negative effects include economic, environ-
mental, and health impacts. More research is needed to control nitrification in
order to minimize nitrate and N20 pollution and to maximize the effectiveness
of nitrifiers in sewage treatment and bioremediation of organic chemical
pollutants. The following sections will focus primarily on chemical pollution, its
remediation, and the potential role of N europaea in bioremediation.
Subsequent sections will review research related to the biochemistry and
enzymology of nitrification, the substrate specificities of nitrifiers and methano-
trophs, kinetics of natural substrates and inhibitors of the key monooxygenases
in N. europaea and methanotrophs, and the mechanisms of catalysis of
systems related to ammonia monooxygenase with respect to substrates
oxidized.



4

1.2. Applications, occurrences, and health effects of chemicals
associated with nitrification or its bioremediation potential

It is the intent of this section to broadly describe representative chemicals
associated with nitrification in terms of human applications of the chemicals,
the consequential occurrences of the compounds in the environment, and the
possible health effects associated with human exposure. Ammonia and nitrate
will be discussed in this context. Many anthropogenic chemicals are
substrates of ammonia monooxygenase in N europaea. These chemicals
include aliphatic halogenated hydrocarbons that often contaminate soils and
ground waters. The in situ bioremediation potential of this ubiquitous
microorganism will depend on the manner in which these organic substrates
are distributed in the environment.

1.2.1. Uses and occurrences of chemicals associated with
nitrification. Most fossil fuels are used to provide energy for automobiles
and power plants (Harte, Holdren et al., 1991a). The remainder (ca. 10%) is
used in chemical production (Harte, Holdren et al., 1991a). Feedstock ("basic")
chemicals (e.g., ethylene, benzene) and their derivatives are used in the
manufacture of industrial chemicals (e.g., solvents), agricultural chemicals
(pesticides, NH3 and other fertilizers), plastics, pharmaceuticals, fibers, dyes,
household chemicals, and other products.

Petrochemicals used as fuels are released to the environment during
maritime transport (intentional discharge (Mitchell, 1992) and spillage), transfer
(volatilization), storage (leakage from hazardous waste sites and underground
tanks), usage (unburned fuel emissions), disposal (waste motor oil deposited
in storm sewers (Natural R. D. C. et al., 1992)), and manufacture and refining
operations. Benzene is a gasoline additive and is found in pesticides, paints,
plastics, asphalt, cigarette smoke, and other products (Harte, Holdren et al.,
1991b).

Halogenated compounds also have many uses. Four compounds
presently satisfy most of the demand for chlorinated solvents: dichloromethane
(CH2Cl2), 1,1,1-trichloroethane (CH3CCI3), trichloroethylene (TCE), and
tetrachloroethylene (PCE)(Harte, Holdren et al., 1991a). Estimated U.S.
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production of PCE and dichloromethane in 1993 was 271 and 354 million lb.,
respectively (Hey lin, 1994). About 94% of these solvents are eventually
released to the environment, mostly through volatilization (Harte, Holdren et al.,
1991a). TCE is used largely in metal degreasing, while PCE is used in dry
cleaning (Harte, Holdren et al., 1991b). Uses of CH2012 include paint removal
and coffee decaffeination. 1,1,1-Trichloroethane is used in degreasing and
cleaning, and is found in inks, insecticides, and other products.
Chlorobenzene is also used as a solvent and in metal degreasing (Ware
1988). Chloroethylene (vinyl chloride) is the monomer used in making
polyvinyl chloride plastic (Harte, Holdren et al., 1991b).

Chemicals volatilized to the atmosphere are essentially inaccessible to
microorganisms that might degrade them. It is believed that atmospheric
release of many of the aforementioned chlorinated compounds and benzene
results in their photooxidation within days or weeks (Ware, 1988). However,
industrial waste streams, chemical spills, and leakage from surface or
underground tanks can contaminate soil, surface waters, and/or ground waters.
Such releases are far more amenable to microbial remediation. Nonatmos-
pheric chemical pollution can pose a threat to the environment as well as to the
drinking water supplies of communities dependent on underground aquifers.
All specifically aforementioned compounds have contaminated soils and
ground water (Ware, 1988; Harte, Holdren et al., 1991b). TCE is a commonly
detected contaminant of ground water (Harte, Holdren et al., 1991b).

In 1988, average application of nitrogenous fertilizers in the U.S. was
22.4 kg ha-1 of agricultural land, and was 17.0 kg ha-1 worldwide (Biswas,
1994). There are over 40 million private water wells in the U.S., and NO3- is a
common contaminant of these wells, especially in rural areas (McAllister,
1990). Worldwide, NO3- is the most common chemical contaminating aquifers;
levels of contamination are increasing (Spalding and Exner, 1993). The
maximum limit of NO3- allowable in the United States for drinking water is 45
mg NO3- 1-1 or 10 mg NO3--N 1-1 (Follett and Walker, 1989).

1.2.2. Health effects of chemicals associated with nitrification.
Much of the human exposure to volatile organics is inhalational. Absorption by
dermal contact may occur in the workplace. Unintentional ingestive intake
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occurs with contaminated water or food. Short-term exposure to large amounts
(acute exposure) of many chlorinated organic chemicals commonly affects the
central nervous system, producing symptoms such as headaches, dizziness,
drowsiness, and attention lapses (Ware, 1988; Harte, Holdren et al., 1991b).
Chronic exposures to some organic chemicals can result in bronchitis and
blood changes and permanent damage to the liver, kidneys, and central
nervous system. Cytochrome P-450 enzymes are largely responsible for
transformations of lipophilic xenobiotic compounds (Guengerich, 1990). Some
compounds are transformed to more water-soluble products that are more
easily removed from cells, while other compounds are activated to reactive
metabolites (Archakov and Bachmanova, 1990a). Some halogenated
compounds are transformed by cytochrome P-450 to reactive intermediates that
inactivate the enzyme and/or react with other cellular components. Examples
include CCI4 and chlorinated ethylenes (Groot and Haas, 1981; Liebler and
Guengerich, 1983; Miller and Guengerich, 1988). Vinyl chloride is oxidized to
an epoxide by cytochrome P-450 in the human liver and is correlated with a
rare form of cancer in that organ (Gehring, Nolan et al., 1991). Different
isozymes of cytochrome P-450 are located in different organs and may have
varying catalytic activity toward xenobiotic substrates. This may account for
organ-specific toxic effects of bromobenzene (lungs), aromatic amines
(erythrocytes), and chloroform (kidneys)(Archakov and Bachmanova, 1990a).
The carcinogenicity of TCE is controversial since epidemiological data are
inconclusive, although TCE has been listed by the EPA as a probable human
carcinogen (Campos-Outcalt, 1992).

Many chlorinated aliphatic compounds have been found to induce
cancer in mice or rats (Ware 1988; Harte, Holdren et al., 1991b). A possible
exception is CH3CCI3, which is also less toxic than other chlorinated
compounds. Structurally similar compounds (1,1,2-trichloroethane and CHCI3)
are carcinogenic in test animals (Harte, Holdren et al., 1991b). Therefore, the
chlorine substitution pattern influences toxicity and carcinogenicity. Other
compounds that are suspected of causing cancer in humans include benzene,
TCE, PCE, and CH2Cl2 (Harte, Holdren et al., 1991b).

Ammonia is toxic in high concentrations, but chronic exposure does not
lead to cancer (Harte, Holdren et al., 1991b). Nitrites are added to foods (e.g.,
cured meats) as a preservative, and nitrates are found in vegetables and
drinking water. Nitrate is not as toxic to humans as NO2- (Keeney, 1982). In
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addition to involvement in N-nitroso compound formation, NO2- microbially
reduced from NO3- in the human body can react with hemoglobin to produce
methemoglobin; the result is reduced 02 carrying capacity of blood. Infants are
prone to NO2- induced methemoglobinemia (Harte, Holdren et al., 1991b).
Infant methemoglobinemia may be a significant unrecognized problem in less
developed countries (Biswas, 1994).

1.3. Remediation of organic chemical pollution: treatment
strategies, bioremediation, microbial cometabolic transformations,
and the potential role of N. europaea

1.3.1. Introduction. Many of the organic pollutants released to the
environment are volatilized to the atmosphere. A major route for destruction of
atmospheric pollution is via photooxidation due to ultraviolet solar radiation
(Noyes, 1991b). Photooxidation of organic chemicals in the soil is limited to
the first 1-2 mm of the surface. However, it may be significant for hydrophobic
or cationic organics that bind tightly to the surface. In the soil subsurface,
abiotic transformations of contaminants can occur by soil-catalyzed (esp. clay)
oxidation or hydrolysis, but is limited to susceptible classes of compounds
(Noyes, 1991b). Hydrolysis can occur slowly for saturated chlorinated aliphatic
compounds. For example, CH3CCI3 can be hydrolyzed to acetic acid with a
half-life in aqueous solution of about 1 year (Jeffers, Ward et al., 1989).
Dehydrohalogenation is also possible for CH3CCI3, yielding 1,1-
dichloroethylene (Vogel and McCarty, 1987). Abiotic hydrolysis of chlorinated
ethylenes is insignificant, with half-lives on the order of 108 years (Jeffers, Ward
et al., 1989).

Ground water contamination most frequently involves contaminant
releases at or just below the soil surface (Noyes, 1991c). This typically
involves the unsaturated zone lying above the water table (vadose zone)
Chlorinated solvents are more dense than water, and large spills can result in
downward migration of the contaminant plume until an impermeable layer is
reached (Norris, Hinchee et al., 1994b). This layer can be clay or the surface of
the water table (capillary fringe). Horizontal spreading occurs at either layer.
When sufficient mass accumulates at the capillary fringe, the nonaqueous
solvent penetrates into the water table and continues its downward migration.
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Concentrations of contaminants in such plumes may be too great to permit the
co-occurrence of viable microorganisms that could degrade the chemical(s).
However, some of the nonaqueous solvent will dissolve in horizontally flowing
ground water below the water table. It is more likely that such horizontal
migration can be effectively remediated by bacteria.

1.3.2. Treatment strategies. There are many options for dealing
with contaminated soils. Contaminants in soils can be entrapped and
stabilized in situ, removed by excavation and treated exsitu, or treated in situ
by various strategies. Treatments include physical, chemical, thermal, and
biological methods. Each method has advantages and disadvantages, and
each may have its place given the diversity of conditions found in contaminated
sites. Several nonbiological methods will be discussed in addition to
bioremediation in order to clarify the utility of bioremediation and the role of N.
europaea therein. Many methods presented in the following paragraphs can
be adapted for use in bioremediation schemes, and all methods can
complement applications of microorganisms in pollution control strategies.

Contaminated soil may be left in place using soil stabilization methods:
modifying flow of clean surface water to prevent infiltration, blocking
contaminant migration with impermeable subsurface barriers, "capping" the
site with natural clay or synthetic liners, and solidifying the soil in situ with
systems that entrap contaminants (e.g., mixing with cement materials or
electrically melting soil)(Noyes, 1991a). These methods do not destroy
contaminants and may later release them to the surrounding environment.

Contaminated soil is commonly excavated for treatment (on- or off-site) or
transfer to an approved landfill (Noyes, 1991a). Disadvantages of excavation
include uncontrolled volatilization of contaminants, potential damage to
structures on or below the soil surface, higher costs of above-ground
treatments relative to in situ methods, difficulties due to disposal regulations,
the necessity of backfilling the excavation, and aesthetic considerations
(Noyes, 1991a). Excavated soil can be cleaned by incineration, air stripping
volatile constituents, solvent extraction, water washing, or on-site biological
treatment (Noyes, 1991a; Noyes, 1991b).
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Removal of volatile contaminants in situ involves venting unsaturated
soil with air, which may include vacuum extraction of volatilized contaminants
(Noyes, 1991b). This approach is commonly used for halogenated hydro-
carbons. Similarly, sparging the saturated zone with air can be used. Soils
can also be flushed with water or aqueous surfactant solutions; contaminated
water is removed by extraction wells for treatment (Noyes, 1991b). This
method has been used with PCE (Noyes, 1991b). Soils permeable to water
are amenable to this technique. Subsurface barriers and strategic placement
of water injection/extraction wells can aid in containment or removal of a
contaminant plume. Chemical oxidants, especially ozone and/or H202, can be
used in venting or flushing soil to transform or destroy contaminants. Also, both
oxidants can provide 02 for enhanced microbial oxidations of organic
contaminants (Noyes, 1991b). Bioventing and sparging also provide 02 for
microorganisms (Norris, Hinchee et al., 1994a).

Withdrawal of contaminated ground water by extraction wells or
subsurface drains is frequently used for remediation of aquifers (Noyes 1991c).
A variety of physical, chemical, and biological techniques are potentially
available for treatment of extracted ground water (Noyes, 1991c). Wet air
oxidation allows aqueous phase oxidation of organics at elevated tempera-
tures and pressures (350-650 °F, 300-3000 psi). However, chlorinated
aromatics are resistant and require inclusion of a catalyst or higher tempera-
tures and pressures (supercritical water oxidation) for efficient destruction.
These methods are well suited to concentrations of pollutants too low for
incineration and too high for biological treatment (Noyes, 1991a). Both solid
and aqueous wastes may be incinerated. Incineration can be virtually 100%
efficient for destroying organics, but can be prohibitively expensive when large
volumes are involved (Noyes, 1991a).

Air stripping of volatile contaminants, including many chlorinated
hydrocarbons, is the technique most frequently employed in treating extracted
ground water (Noyes, 1991a, Noyes, 1991c). Air stripping often allows only
partial contaminant removal, and must be combined with an additional process
such as activated carbon adsorption or biological treatment (Noyes, 1991a).
Soil excavation with on-site biological treatment, although not an in situ
method, is frequently used in remediating hazardous waste sites (Noyes,
1991b).
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1.3.3. Bioremediation. In addition to biological treatment of extracted
water at the surface, microorganisms indigenous to the contaminated soil can
be utilized to transform or mineralize (convert to 002, H2O, and inorganic ions)
the contaminants. Many factors influence the activity of soil microorganisms,
including the concentration of dissolved 02, temperature, pH, redox potential,
salinity, moisture, pollutant concentration, and the availability of mineral
nutrients and organic carbon needed for growth (Noyes, 1991c). Nitrogen and
phosphorus are typically the only nutrients that must be added (Norris, Hinchee
et al., 1994a). Oxygen must be added to stimulate aerobic bacteria in deep or
water-saturated soils. Other nutrients (N, P, organic carbon source) can be
added as aqueous solutions through injection wells in a manner analogous to
soil flushing. Methane can be added to air during bioventing to stimulate
methanotrophs to degrade TCE (McCarty and Semprini, 1994). Since
subsurface flow of ground water must be sufficient to deliver nutrients to
microorganisms, in situ bioremediation is limited to soils with hydraulic
conductivities 8.6 cm d-1 (Norris, Hinchee et al., 1994a).

Biodegradation can occur when bacteria use the pollutant as a source of
carbon and energy. Compounds that can be used as a sole carbon and
energy source by various microorganisms include hydrocarbons (Hartmans,
Bont et al., 1989), benzene and alkylbenzenes (Chang, Voice et al., 1993),
CH2Cl2 (Brunner, Staub et al., 1980), CH3C1 (Hartmans, Schmuck le et al.,
1986), vinyl chloride (Hartmans and Bont, 1992), chlorobenzene (Reineke and
Knackmuss, 1984), dichlorobenzenes (Chaudry and Chapalamadugu, 1991),
chlorophenols (Knackmuss and Hellwig, 1978), halobenzoates (Engesser,
Schmidt et al., 1980; Tweet, Kok et al., 1987), 1-monohaloalkanes (Scholtz,
Schmuck le et al., 1987), and halogenated alkanoic acids (Hardman and
Slater, 1981). PCE and TCE can act as electron acceptors (ethane produced)
to support growth of an isolated but unidentified anaerobic bacterium when
formate or H2 were added as energy sources (Hollinger, Schraa et al., 1993).

If a contaminant cannot be metabolized rapidly enough or is structurally
incompatible with energy generation, then its biodegradation will be limited to
cometabolic processes. Cometabolism has been defined as "biodegradation
of an organic substance by a microbe that cannot use the compound for growth
and hence must rely on other compounds for carbon and energy" (Thomas and
Ward, 1989). Microorganisms that cometabolize contaminants may be enrich-
ed by addition of growth substances which may or may not be structurally
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analogous to the contaminant. For example, TCE can be cometabolized by
various microorganisms, each of which can grow by oxidizing one of the
following substrates: toluene, ammonia, methane, propane, and propylene
(Ens ley, 1991; Ensign, Hyman et al., 1992). Only propylene is a reasonable
structural analogue of TCE. Furthermore, the growth substrate may be
necessary to induce synthesis of the appropriate enzymes. Xanthobacter
strain (Py2) can grow on many substrates including propylene and glucose, but
only cells grown on the former substrate will oxidize TCE (Ensign, Hyman et al.,
1992)

Biodegradation of aliphatic hydrocarbons is a strictly aerobic process,
and no reports to the contrary are known (Smith, 1991; Reinhard, 1994).
Generally, a monooxygenase converts n-alkanes to n -alcohols, which are
oxidized to carboxylic acids by dehydrogenases, and subsequently degraded
by p-oxidation (Smith, 1991). In contrast, benzene and alkylbenzenes can be
degraded under aerobic and anaerobic conditions. Electron acceptors
associated with degradation of these compounds include 02, nitrate, metal
oxides (Fe(III), Mn (IV)), sulfate, and CO2 (Reinhard, 1994). Benzoate is a key
intermediate in the anaerobic mineralization of aromatic compounds (Seyfried,
Glod et al., 1994). The benzene ring can be cleaved after it is reduced to an
alicyclic compound and derivatized (Evans, 1988). Oxidations similar to those
for aliphatic hydrocarbons may occur for alkyl substituents of aromatic
compounds under aerobic conditions (Ribbons and Eaton, 1982); methyl
groups may be oxidized to carboxyl groups (Hopper, 1991). Aerobically,
preparation for ring fission involves formation of (substituted) catechols via cis
-dihydrodiols (dioxygenase reactions) or by two additions of a hydroxyl group
(monooxygenase reactions). Ring cleavage by dioxygenase enzymes
between a hydroxyl- and a non hydroxyl-substituted carbon (meta cleavage) is
better suited to degradation of alkyl substituted catechols, although ortho
cleavage (between hydroxyl groups) can be carried out by some bacteria
(Hopper, 1991). Catechol and protocatechuic acid are key ring fission
substrates to which many monoaromatic compounds are converted (Hopper,
1991). Ring fission products are generally converted to metabolites of common
pathways (e.g., tricarboxylic acid cycle, glycolysis).

Halogenation tends to make compounds resistant to biodegradation
(Noyes, 1991a). Biotransformation of most chlorinated aliphatic hydrocarbons
requires cometabolism (McCarty and Semprini, 1994). Halogenated aliphatic
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compounds can be transformed under aerobic and anaerobic conditions.
Anaerobically, more highly halogenated compounds are more readily reduced
than less substituted compounds. Reductive dechlorinations of aliphatic
hydrocarbons are promoted under the following conditions in order of
increasing efficiency: nitrate reduction, sulfate reduction, and methanogenesis
(McCarty and Semprini, 1994). Reductive dehalogenations by microbial
communities are typically associated with methanogenesis and are inhibited
by oxygen, nitrate, and sulfate, although exceptions exist (Mohn and Tiedje,
1992). This inhibition may be direct or may occur when the presence of an
electron acceptor favors a nondehalogenating population. Reductive
dehalogenation in microbial cultures is dependent on the viability of the
organisms involved. However, the catalysts involved in cultures and natural
environments are not well understood, and the role of bacteria may be largely
to provide reductant (Mohn and Tiedje, 1992). Hexachlorobenzene is most
readily converted to 1,3,5-trichlorobenzene, and further reduction to
chlorobenzene is possible (Mohn and Tiedje, 1992). Under anaerobic
conditions, chlorobenzene is apparently stable. Reductive processes are
generally cometabolic and may result in incomplete reductions to more toxic
compounds (McCarty and Semprini, 1994). For example, PCE may be
converted to vinyl chloride; further reduction to ethylene may be possible
(McCarty and Semprini, 1994). Anaerobic processes provide a route for
biotransformations of fully chlorinated compounds (PCE, CC14) that cannot be
oxidatively dechlorinated; aerobic bacteria can often degrade the less
chlorinated products of anaerobic biotransformations.

Hydrolytic dehalogenations of terminally substituted haloalkanes can be
catalyzed by enzymes that do not require oxygen, even though the bacteria
grow aerobically (Janssen, Scheper et al., 1985; Scholtz, Schmuckle et al.,
1987; Sallis, Armfield et al., 1990). However, low oxygen concentrations can
favor hydrolytic dehalogenations of halo-substituted benzoates (Marks, Wait et
al., 1984; Tweel, Kok et al., 1987). Bimolecular nucleophilic substitution
reactions (SN2) are not considered possible for haloaromatic compounds
without disruption of aromaticity of the ring (McMurry, 1984). These reactions
can be promoted by an ortho or para electron withdrawing substituent.
Apparently, enzymatic hydrolytic dehalogenations are possible for all halogens
except fluoride, which is the poorest leaving group among the halides (Scholtz,
Schmuckle et al., 1987; Tweel, Kok et al., 1987). Elimination of ortho halo
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substituents in benzoates can also occur by an oxygenolytic mechanism
(Engesser, Schmidt et al., 1980; Engesser and Fischer, 1991).

Halogen atoms can be removed from monoaromatic compounds
(benzene derivatives) by the aforementioned mechanisms prior to ring
cleavage. Monoaromatic chlorinated compounds are converted to catechols in
preparation for orthe cleavage, which is required to avoid formation of reactive
species that inactivate the enzymes involved. Therefore, halobenzene and
alkylbenzene mixtures cannot be completely bioremediated due to the mutual
incompatibility of their preferred cleavage pathways (Engesser and Fischer,
1991). Effective degradation of halocatechols is limited to compounds with one
or two halogen atoms (Engesser and Fischer, 1991). Halogen substituents are
eliminated after ring cleavage in rearrangement reactions that involve
somewhat specialized enzymes.

Aerobic biodegradation of halogenated aliphatic compounds involves
incorporation of oxygen into the compound with subsequent abiotic
rearrangements that eliminate halide ions. For example, oxidative degradation
of TCE occurs via enzymatically produced TCE epoxide, which non-
enzymatically hydrolyzes to TCE diol (Henschler, Hoos et al., 1979). TCE diol
can undergo cleavage of the C-C bond to produce two molecules of formyl
chloride, or can rearrange (lose 2 HCI) to yield glyoxyl chloride. Both formyl
chloride and glyoxyl chloride can hydrolyze to carboxylic acids or can react
with and covalently bind to cellular macromolecules. Formyl chloride can also
non-enzymatically rearrange to lose HCI and form CO (Henschler, Hoos et al.,
1979).

The propensity for TCE epoxide to produce covalent modifications of
macromolecules may be the basis for its toxicity as well as its mutagenicity
upon activation by cytochrome P-450 (Banerjee and Duuren, 1978; Ens ley,
1991). TCE epoxide appears to be responsible for inactivations of the TCE
transforming activities of soluble methane monooxygenase (sMMO), toluene
dioxygenase, and ammonia monooxygenase (AMO) (Ens ley, 1991). Toluene
monooxygenases are apparently less sensitive to inactivation (Ens ley, 1991).
Other chlorinated ethylenes are oxidized to unstable epoxides that are
themselves toxic and may rearrange to other toxic intermediates. Such toxicity
could limit the biodegradation potential of microorganisms by inactivating the
epoxidizing enzymes, which are also responsible for initial oxidation of the
energy-providing physiological (cometabolic) substrate. Thus, the abilities of
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the bacteria to obtain energy for transformations and syntheses of new
enzymes would be diminished.

Saturated, chlorinated hydrocarbons can be oxidatively dechlorinated
when a hydroxyl group is added in a monooxygenase reaction (replacing
hydrogen) to a carbon bound to one or more halogen atoms. If one halogen is
bound, rearrangement will occur to produce an aldehyde. Substitution with
two halogens will lead to an acyl halide, which can acylate macromolecules.
Following this model, enzymatic hydroxylation of dichloromethane would result
in abiotic rearrangements yielding formyl chloride and CO. Therefore, hydroxyl
substitution of saturated halocarbons can dehalogenate the compounds and/or
produce enzyme inactivations depending on the halogen substitution pattern.

Bacteria capable of cometabolizing chlorinated aliphatic hydrocarbons
include methanotrophs, propane oxidizers, ethylene oxidizers, toluene/
phenol/cresol oxidizers, ammonia oxidizers, and vinyl chloride oxidizers
(McCarty and Semprini, 1994). Some bacteria, such as methanotrophs and
ammonia oxidizers, can epoxidize chlorinated ethylenes and hydroxylate
saturated halohydrocarbons. In contrast, the monooxygenase enzyme of
Xanthobacter strain (Py2) epoxidizes chlorinated alkenes, but does not
hydroxylate saturated molecules (Ensign, Hyman et al., 1992).

1.3.4. Role of Nitrosomonas europaea in bioremediation.
Laboratory studies have shown that the ammonia oxidizer N europaea can
oxidatively dehalogenate halogenated aliphatic compounds (Rasche, Hicks et
al., 1990; Vannelli, Logan et al., 1990; Rasche, Hyman et al., 1991). The
bacterium may also be stimulated to promote bioremediation of contaminated
soils and aquifers. Enhancement of nitrification would undoubtedly require
addition of ammonia and would result in the production of nitrate if nitrite
oxidizers were present. Addition of ammonia may be acceptable if ammonia
oxidizers can effectively decrease the concentrations of chlorinated
compounds without producing excessive amounts of NO2 -. However, in situ
bioremediation will generally be the result of combined contributions of the
various members of indigenous microbial consortia. Sufficient nitrification can
alter the activities of other microorganisms or contaminate drinking water
derived from aquifers. Excessive ammonia additions to soils may lead to
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nitrate accumulation and subsequent nitrate leaching to ground water (Noyes,
1991b). Nitrification could deny other microorganisms a reduced source of
nitrogen and diminish the total nitrogen supply if nitrate leaching is involved.

Nitrification could be used to modify the redox potential of subsurface soil
environments. Since nitrifiers are aerobes, addition of ammonia will decrease
the concentration of dissolved oxygen and provide nitrate for denitrifying
bacteria. Conditions conducive to denitrification are considered less efficient
for bioremediation of chlorinated aliphatic hydrocarbons than methanogenic
conditions or sulfate reducing conditions (McCarty and Semprini, 1994).
However, denitrification can allow rapid mineralization of benzene and
especially alkylbenzenes relative to the other anaerobic conditions (Zeyer,
Kuhn et al., 1986; Reinhard, 1994).

Oxidation reactions catalyzed by ammonia monooxygenase in N.
europaea may result in incomplete dehalogenation. However, such
incomplete dehalogenation may still serve a useful purpose. Oxygen
incorporation into hydrophobic compounds could increase partitioning of
contaminants from soil surfaces into the aqueous phase, making them more
available to other microorganisms. Hydroxylation of aromatic compounds may
contribute to their preparation for ring fission.

The ubiquity of nitrifying bacteria and the likely necessity of addition of
nitrogen fertilizers to stimulate growth of any bacteria responsible for in situ
bioremediation suggest that nitrifiers will inevitably be involved in many
bioremediation schemes. Contaminant degradation by ammonia oxidizing
bacteria will depend on many factors including the availability of ammonia, pH
(low pH inhibits ammonia oxidation), oxygen availability, abundance of the
bacteria, and the concentrations and identities of contaminants. Indirectly,
nitrifiers may alter the redox potential and the availability of nitrogen to other
microorganisms. Therefore, specific control of nitrification during in situ
bioremediation may significantly improve results, with stimulation of nitrifiers
favorable in some circumstances and inhibition favorable in others.
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1.4. Biochemistry and enzymology of Nitrosomonas europaea
regarding nitrification and transformations of alternative substrates

Ammonia oxidizing bacteria are considered to be obligate aerobes and
to assimilate carbon as CO2 via the Calvin cycle (Wood, 1986). Ammonia
oxidation provides the "sole" natural source of energy (Wood, 1986). Although
some strains of ammonia oxidizing bacteria can use other sources of carbon
(e.g., acetate and formate increase growth yield of Nitrosospira strain Nsp1
(Kriimmel and Harms, 1982)), ammonia is still required as an energy source;
no reports of heterotrophic growth of ammonia oxidizing bacteria are known.
N europaea can assimilate acetate carbon (Smith and Hoare, 1977). This
bacterium apparently has specific transport systems that allow accumulation of
several amino acids (Frijlink, Abee et al., 1992). N europaea reportedly can
exist in permanently anaerobic environments and can use pyruvate as an
electron donor to reduce nitrite in the presence of NH3 (Abeliovich and
Vonshak, 1992). In this study, uses of radiolabeled pyruvate and NaHCO3
indicated that only the latter was a carbon source for N europaea.

Autotrophy in ammonia oxidizing bacteria may be influenced by the lack
of a-ketoglutarate dehydrogenase activity, which results in an incomplete
tricarboxylic acid cycle (Hooper, 1969). Impermeability of cytoplasmic
membranes to organic compounds may contribute to autotrophy (Smith and
Hoare, 1977). Wood suggested that autotrophy in nitrifiers is required to
prevent an imbalance in the electron transport chain so that AMO is not
reductant limited and NH2OH does not accumulate (Wood, 1986).
Transformation products of alternative substrate oxidations by N. europaea
typically do not include CO2 or carbonate (Hyman, Murton et al., 1988; Rasche,
Hicks et al., 1990; Rasche, Hyman et al., 1991). Thus, autotrophic growth of N
europaea suggests that this bacterium would be highly unlikely to mineralize
contaminants in most cases.

Ammonia monooxygenase (AMO) is the enzyme in N europaea respon-
sible for most transformations of potential organic pollutants, and is responsible
for initiation of ammonia oxidation as the sole energy source for growth. Fixa-
tion of CO2 consumes most (ca. 80%) of the energy derived from NH3 (Wood,
1986). AMO requires 02, two electrons, and two protons to incorporate an
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oxygen atom from 02 into NH3 to produce NH2OH (Reaction 1)(Wood, 1986):

NH3 + 2H+ + 2e- + 02 -> NH2OH + H2O (1)

When 02 is adequate, NO2- production is virtually quantitative when NH3
derived NH2OH is oxidized by hydroxylamine oxidoreductase (HAO). This
reaction releases four electrons for further oxidation of ammonia and energy
dependent cellular processes (Reaction 2):

NH2OH + H2O > NO2- + 5H+ + 4e- (2)

Evidence for NH2OH as an intermediate includes NO2- production from NH2OH
by whole cells of N europaea (Lees, 1952a), accumulation of NH2OH upon
addition of N2H4 (an alternative substrate of HAO)(Hofman and Lees, 1953),
and conversion of NH3 to [180]NH2OH when 1802 was added (but not [180]H20)
(Hollocher, Tate et al., 1981). Hydroxylamine apparently does not accumulate
to detectable levels during in vivo oxidation of NH3 to NO2- (Wood, 1986).

AMO activity is localized in the cytoplasmic membrane (Wood, 1986).
Nitrosomonas sp. contain intracytoplasmic membranes arranged as flattened
vesicles in the periphery of the cytoplasm (Bock, Koops et al., 1986). These
membranes are believed to be complex invaginations of the cytoplasmic
membrane (Wood, 1986). Membrane localization was demonstrated by
Hyman and Wood in studies showing that incorporation of radioactivity into a
28 kDa membrane-bound polypeptide resulted from treatment of cells with
14C2H2, a specific mechanism-based inactivator of AMO (Hyman and Wood,
1985).

The most recent evidence for involvement of copper in AMO catalysis is
provided by a study by Ensign et al. showing that a population of AMO
molecules exists in cell-free extracts of N europaea that can be activated by
addition of copper (Ensign, Hyman et al., 1993). Ammonia-dependent 02
uptake was stimulated 5- to 15-fold by addition of CuC12, as were N H3-
dependent NO2- production and N2H4-dependent ethane oxidation. Labeling
of a 27 kDa polypeptide (previously estimated at 28 kDa) by 14C2H2 was
promoted by addition of CuC12. Ten other metal ions were tested and found to
be ineffective at stimulating AMO activity. Other evidence for a copper-
containing active site includes potent, noncompetitive inhibition of AMO activity
by copper-selective chelators (e.g., thiourea, allylthiourea) and reversal of
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inhibition by metal chelators (e.g., KCN) by addition of CuCl2 (Hooper and
Terry, 1973). Tyrosinase and ammonia oxidation activity (but not NH2OH
oxidation) in N. europaea show similar sensitivities to near ultraviolet light
(Shears and Wood, 1985). Also, similar difference spectra for irradiated vs.
nonirradiated samples were obtained for tyrosinase, hemocyanin, and cells of
N europaea . Tyrosinase contains a binuclear copper active site. Based on
the aforementioned similarities, Shears and Wood proposed that AMO
contains a binuclear copper active site that reversibly binds and reduces 02 to
022-, which bridges the copper atoms (Shears and Wood, 1985). Verification of
the presence and role of copper in AMO has been hampered by the inability to
purify AMO in an active state.

Studies by McTavish et al. indicated that the genome of N europaea
contains two copies of the gene coding for the 14C2H2 binding polypeptide
presumed to be at least a part of AMO (McTavish, Fuchs et al., 1993). The
sequence for one of the genes, designated as amoA, was determined. The
molecular weight of AMO based on that sequence was 31,861 Da, which is
somewhat larger than the estimates based on SDS-PAGE (28 and 27
kDa)(Hyman and Wood, 1985; Hyman and Arp, 1992). A polypeptide that
copurified with the acetylene-binding polypeptide is encoded by a gene
(amo6) occurring immediately downstream of amoA.

The difficulty in purifying active AMO is partially due to its dependence on
other enzymes and accessory proteins for sustained oxidation of NH3.
Hydroxylamine oxidation by HAO provides electrons for steady-state NH3
oxidation. HAO is localized in the periplasm (Wood, 1986). HAO is an
oligomer consisting of two or three subunits (a2 or a3); each monomer has a
molecular weight of 63 kDa and contains seven c-type hemes and one P-460
heme (Arciero and Hooper, 1993). An accessory protein, cytochrome c554,
was purified and found to serve as a reductant source for the oxidation of NH3
or CO by AMO in the membrane fraction of cell extracts (Tsang and Suzuki,
1982). Cytochrome c554 was suggested to serve as a direct electron donor to
AMO (Tsang and Suzuki, 1982). This cytochrome was shown to form a stable
complex with and accept electrons from purified HAO (Arciero, Balny et al.,
1991; Arciero, Collins et al., 1991). Other potential electron carriers have been
identified in N europaea, including ubiquinone, membrane-associated
cytochromes b and c, soluble periplasmic c-type cytochromes, and a terminal
oxidase containing two a-type cytochromes and copper (Wood, 1986). Wood
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has proposed a model for electron transport in N. europaea in which electrons
are transferred from HAO to cytochrome c554, which can donate electrons to a
ubiquinone-cytochrome b complex which in turn donates electrons to AMO
(Wood, 1986). The model suggests that cytochrome c554 also donates
electrons to terminal oxidase via periplasmic cytochrome c552. NAD+ may be
reduced by reversed electron flow. A chemiosmotic mechanism involving
proton translocation is believed to be responsible for phosphorylation of ADP.

It is clear from reconstitution studies with purified components and the
aforementioned model that sustained oxidation of ammonia and
cometabolized organic substrates depends on an array of enzymes and
accessory proteins.

1.5. Substrate specificities of ammonia monooxygenase (AMO),
particulate methane monooxygenase (pMMO), and soluble
methane monooxygenase (sMMO)

The broad substrate specificity of AMO in N europaea is the basis for
interest in its bioremediation potential. Comparisons of substrate specificities
of methanotrophs are warranted due to many similarities of these organisms
with N europaea (Bedard and Knowles, 1989). Methanotrophs oxidize
methane to CO2 as a sole source of carbon and energy (Lipscomb, 1994).
They are also abundant in nature, occurring in soil, lacustrine, and marine
environments (Lipscomb, 1994). Methanotrophs can transform a wide variety
of organic substrates due to the enzyme methane monooxygenase; many
substrates are pollutants (Burrows, Cornish et al., 1984; Oldenhuis, Vink et al.,
1989; Fox, Borneman et al., 1990). N europaea and methanotrophs oxidize
both CH4 (to CH3OH) and NH3 (to NH2OH) (Bedard and Knowles, 1989).
Methy/ococcus capsu/atus (Bath) oxidized NH3 to NO2-, which apparently
required sMMO and a NH2OH oxidase (Dalton, 1977). Apparently, NH3 can be
oxidized by both soluble and particulate MMO (Dalton, 1977; Bedard and
Knowles, 1989).

1.5.1. Growth substrates, reductant sources, and inhibitors.
With N europaea, oxidations of alternative substrates are typically enhanced
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by addition of ammonium salts as a source of reductant. Oxidations by AMO
can also be stimulated with NH2OH or N2H4 (substrates of HAO; oxidation of
N2H4 provides N2 and 4e-), as reported with ethylene and benzene (Hyman
and Wood, 1984; Hyman, Sansome-Smith et al., 1985). Enhanced oxidation
rates for propylene by whole cells of N. europaea were demonstrated with tri-
and tetramethylhydroquinone as electron donors (Shears and Wood, 1986).
However, none of these alternative electron donors can feasibly be used in
bioremediation applications.

Methanotrophs grow readily with methane, but some strains can also be
grown on methanol and formaldehyde (Dalton, Prior et al., 1984). Oxidations
of nonphysiological substrates can be enhanced by addition of methane
(McCarty and Semprini, 1994). However, formate (an intermediate in the
oxidation of CH4 to CO2) is often a more useful reductant source since it is
noncompetitive toward MMO catalyzed oxidations (Oldenhuis, Vink et al.,
1989). Since carbon is assimilated via formaldehyde (Lipscomb, 1994),
formate cannot support growth. Also, formate is not toxic to the cells as is the
intermediate CH3OH when added exogenously (Whittenbury, Phillips et al.,
1970; Oldenhuis, Vink et al., 1989). Formaldehyde is toxic to any bacterium in
sufficient concentrations. Methanol does not support TCE oxidation
(Oldenhuis, Vink et al., 1989). Methane and/or CH3OH are apparently required
for induction of synthesis of sMMO (Dalton, Prior et al., 1984).

When copper is available (70 nM can be adequate (Oldenhuis, Oedzes
et al., 1991)), a membrane-bound (particulate, or pMMO) methane
monooxygenase is synthesized in type I, type II (Methylosinus trichosporium
OB3b), and type X methanotrophs (Methy /ococcus capsulatus (Bath))
(Lipscomb, 1994). Copper may have a role in catalysis with pMMO (Bedard
and Knowles, 1989). When copper is limiting, a soluble MMO containing iron
is expressed in type II and type X methanotrophs (Lipscomb, 1994). Both
pMMO and sMMO oxidize nonphysiological substrates (Burrows, Cornish et al.,
1984; Oldenhuis, Vink et al., 1989).

AMO, pMMO, and sMMO are all inactivated by acetylene, whereas only
AMO and pMMO are sensitive to the copper selective chelator thiourea and
other metal chelators (e.g., KCN)(Dalton, Prior et al., 1984; Bedard and
Knowles, 1989). While the enzymology of pMMO may be more similar to AMO,
the substrate specificity of AMO may be more comparable to sMMO ( vide infra).
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1.5.2. Substrate specificities of nitrifiers. AMO in N. europaea
oxidizes a broad range of substrates (products are indicated in parentheses)
including alkanes (alcohols)(Hyman, Murton et al., 1988), alkenes (alcohols,
epoxides)(Hyman, Murton et al., 1988), benzene (phenol, hydroquinone)
(Hyman, Sansome-Smith et al., 1985), aliphatic halides (alcohols, aldehydes,
other products)(Rasche, Hicks et al., 1990; Rasche, Hyman et al., 1990;
Vannelli, Logan et al., 1990; Rasche, Hyman et al., 1991), carbon monoxide
(CO2)(Beclard and Knowles, 1989), dimethyl ether (CH2O, CH3OH)(Hyman,
Page et al., 1994), CH3OH (CH2O)(Voysey and Wood, 1987), and thioethers
(sulfoxides)(Juliette, Hyman et al., 1993a). The transformations of nitrapyrin to
2-chloro-6-dichloromethylpyridine and 6-chloropicolinic acid apparently
involve a reductive dechlorination step mediated by AMO (Vannelli and
Hooper, 1993). Typically, oxidation activity has been assigned to AMO when
oxidations and/or enzyme inactivations were prevented by allylthiourea, C2H2,
and/or anaerobic conditions; enhancement of oxidations by addition of
ammonia also indicates involvement of AMO. AMO hydroxylates alkanes at
terminal or C2 positions, but apparently not at C3 (Hyman, Murton et al., 1988).
Some alkyl halides, including CH3CI and C2H5CI, are oxidatively dechlorinated
with few toxic effects; oxidation of C2H5CI yielded no detectable 2-chloro-
ethanol (Rasche, Hicks et al., 1990; Rasche, Hyman et al., 1991). All
monohaloethanes yielded only acetaldehyde and halide ion as products. 1,1-
Dichloroethane apparently was oxidized only to acetic acid. This compound
and various chlorinated ethylenes were oxidized by N europaea with variable
toxic effects on AMO and HAO activities (Rasche, Hyman et al., 1991).
Compounds not oxidized by N europaea were 0014 and 02014 (PCE).
Incubations of cells with TCE and NH3 led to release of chloride ions from
oxidized TCE, although exposure to TCE resulted in decreases in AMO and
HAO activities and covalent attachment to many cellular proteins ([14C]
TCE)(Rasche, Hyman et al., 1991). Since rates of TCE degradation were not
constant, the amount of TCE degraded per weight of active cells may provide a
better indication of bioremediation potential than rate data. Rasche et al.
presented an asymptotic curve of TCE oxidation vs. time indicating that
transformation of TCE by AMO in the presence of 5 mM (NH4)2SO4 (1 h) was
limited to approximately 0.35 whole TCE mg protein-1 due to toxicity (Rasche,
Hyman et al., 1991). If one assumed a protein content in N europaea of 0.15
mg protein mg wet weight cells-1 (unpublished data), then 0.35 larnole TCE
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mg protein-1 corresponds to about 53 nmoles TCE mg wet weight cells-1. In

studies with aged (endogenous reductant depleted) N europaea cells in 0.5
mM (NH4)2SO4, Arciero et al. reported rates of TCE oxidation of 1.1 nmole
min-1 mg protein-1 that were sustainable for several hours (no toxic effects
noted)(Arciero, Vanneli et al., 1989). Still, the TCE depletion reported
corresponds to 25 nmoles TCE mg wet weight cells-1, which includes all TCE
additions (48 h total). In studies with N europaea, Logan et al. found that NH3
stimulated depletion of halogenated aliphatic compounds including CHCI3,
TCE, CH2Cl2, and CH2CHCI (Vannelli, Logan et al., 1990). Depletions
occurred without enzyme inactivation.

The soil nitrifiers /Vitrosomonas europaea and Nitrosolobus mull/fermis
and the marine nitrifier Nitrosococcus oceans were tested for their abilities to
transform methyl bromide, 1,2-dichloropropane, and 1,2-dibromo-3-chloro-
propane (Rasche, Hyman et al., 1990). The soil nitrifiers transformed all three
compounds, while the marine organism transformed only methyl bromide.
Inhibition of these transformations by C2H2 and allylthiourea suggested that
ammonia monooxygenases were involved.

1.5.3. Substrate specificities of methanotrophs. Ms.
trichosporium OB3b were grown by Burrows et al. under conditions favoring
expression of pMMO or sMMO (Burrows, Cornish et al., 1984). n-Alkanes up
to pentane were substrates for both enzymes (oxidized to 01 and C2 alcohols),
but only sMMO oxidized benzene (to phenol), ethylbenzene (to 1-phenyl-
ethanol, 4-ethylphenol), and cyclohexane (to cyclohexanol). Aldehydes were
detected from alkane oxidations, and the formation was attributed to a
nonspecific alcohol dehydrogenase (Burrows, Cornish et al., 1984). Soluble
MMO in Methy/ococcus capsu /atus (Bath) cells oxidized CO (to 002), diethyl
ether (to acetaldehyde, ethanol), dimethyl ether, toluene (to benzyl alcohol,
cresol), styrene (to styrene oxide only), pyridine (to pyridine N-oxide), benzene
(to phenol), alkenes (to epoxides, alcohols), and n-alkanes (to C1 and C2
alcohols only)(Colby, Stirling et al., 1977).

Oldenhuis et al. studied the ability of pMMO and sMMO in Ms.
trIchosponum OB3b cells to individually transform twelve saturated and
unsaturated chlorinated aliphatic 01 and C2 compounds (200 p.M compound,
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20 mM formate)(Oldenhuis, Vink et al., 1989). The cells expressing sMMO
showed greater activity toward the compounds, oxidizing all but CCI4 and PCE.
The pMMO-containing cells were also inactive toward CCI4 and PCE, and were
substantially less active than sMMO toward several compounds including 1,1-
dichloroethane and 1,1,1-trichloroethane. TCE was depleted only by cells
expressing sMMO. TCE and 1,1-dichloroethylene were found to be toxic to the
cells (Oldenhuis, Oedzes et al., 1991). Cells incubated with formate and
[14C]TCE were shown to have many labeled proteins whether pMMO or sMMO
were expressed; total labeling of cellular proteins (nCi mg protein-1) was 14-
fold greater when sMMO was expressed than when pMMO was expressed
(Oldenhuis, Oedzes et al., 1991). The authors proposed that TCE is a very
poor substrate for pMMO. Given the toxic effects of TCE in inactivating cells,
Oldenhuis calculated that about two grnoles TCE could be converted per mg of
cells expressing sMMO (30°C, 02 unlimiting, 20 mM formate). This amount is
about 38-fold higher than for N europaea as interpreted from the study by
Rasche et al. (vide ante).

Fox et al. studied the ability of purified sMMO from Ms. trichosporium
OB3b to transform ethylene and the five chlorinated ethylenes excluding PCE
(NADH as reductant)(Fox, Borneman et al., 1990). Calculated values of Vmax
ranged from about 650 to 935 nmol min-1. mg enzyme-1. Radio labeled TCE
covalently modified all enzyme components and TCE produced turnover-
dependent enzyme inactivation. Products of TCE oxidation were glyoxylate
(5%) dichloroacetate (5%), formate (33%), chloral (6%), and CO (51%).

In summary, many metabolic and enzymological similarities exist
between N. europaea and methanotrophs. The organisms also share many
common alternative substrates. All monooxygenase enzymes oxidize alkanes
in 01 and C2 positions only, and all oxidatively dechlorinate halogenated
substrates. Evidently, only sMMO and AMO oxidize aromatic substrates.
Enzyme inactivations due to putative epoxidations of chlorinated ethylenes can
limit the bioremediation potential of both organisms. Different strains of a
bacterium may produce biodegradative enzymes with different sensitivities to
reactive intermediates. It should be noted that faster rates of TCE oxidation
may be disadvantageous by causing inactivations of cellular enzymes too
rapid for cellular repair or replacement mechanisms to maintain viability.
Nonetheless, promising results have been obtained in field studies in which
indigenous soil methanotrophs have been stimulated with methane to
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cometabolize TCE, C 1 ,2- di c hl o roe th ylene, trans -1,2-dichloroethylene, and
chloroethylene (McCarty and Semprini, 1994).

1.6. Kinetics of reactions involving transformations of natural and
alternative substrates by AMO, sMMO, and pMMO

1.6.1. Kinetic studies with physiological substrates. Kinetic
experiments with AMO have been limited to experiments with whole cells and
cell extracts of N europaea due to the instability of AMO in vitro (Ensign,
Hyman et al., 1993). Experiments by Suzuki et al. showed that increasing the
pH decreased the Km for total ammonia plus ammonium (Suzuki, Dular et al.,
1974). However, when the concentration of free NH3 was calculated at each
pH value, the Km was relatively unchanged. It was concluded that the actual
substrate for AMO is NH3 (Km = 26 pM at pH 8 with whole cells). Experiments
with methanotrophs have shown that NI-13 is apparently the substrate for the
methane monooxygenase of Ms. trichosporium OB3b (O'Neill and Wilkinson,
1977).

Recently, labeling of AMO with 14C2H2 allowed estimation of the cellular
concentration of AMO (23 nmol AMO g wet weight cells-1) and an in vivo kcat
of AMO for NH3 of 20 s-1 (McTavish, Fuchs et al., 1993). Experiments by
Hyman and Wood with ethylene oxidation by whole cells of N europaea
suggested that the oxidation rate at high concentrations of C2H4 was limited by
the rate at which reductant could be provided to AMO; addition of N2H4
dramatically increased the oxidation rate (Hyman and Wood, 1984). Findings
also indicated that the Km for 02 is below 5 p.M (Hyman and Wood, 1984).

Kinetic studies have not been done with AMO in N europaea to
determine the order in which the substrates (NH3, 02, 2e-, 2 H+) bind at the
active site. Kinetic studies with whole cells of a methanotroph (strain OU-4-1)
expressing pMMO allowed assignment of a random bireactant mechanism in
regard to binding of CH4 and 02 (Joergensen, 1985). Binding of one substrate
diminished the enzyme's affinity for the second substrate. The true Km deter-
mined for 02 was 0.14 p.M and the true Km for CH4 was 1 gM. With purified
sMMO from Mc. capsulatus (Bath), kinetic studies revealed a concerted-
substitution mechanism in which CH4 binding is followed by NADH binding
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with subsequent enzyme reduction yielding NAD+; 02 binding leads to oxygen
activation and formation of H2O and CH3OH (Green and Dalton, 1986). The Km
values determined for CH4, NADH, and 02 were 31.1M, 55.8 AL and 16.8
respectively. In this system, stopped-flow kinetics experiments indicated that
the rate-determining step was not electron transfer between proteins, but was
likely to be the hydroxylation of CH4 (Lund, Woodland et al., 1985).

1.6.2. Kinetic inhibition studies with nitrifiers. With cell-free
extracts of N. europaea, Suzuki et al. found that NH3-dependent 02 uptake was
competitively inhibited by CO (K1 = 311M), CH4 (K1 = 50 µM), and CH3OH (K1 =
0.12 jiM)(Suzuki, Kwoks et al., 1976). With whole cells, plots of reaction rate
(02 uptake) vs. NH4+ concentration were sigmoidal when CH4, CO, or CH3OH
were present. The authors speculated that the complex behavior may have
been due to a phenomenon related to substrate transport. When cells are
lysed, AMO activity can be lost due to loss of copper from AMO or a loss of
coupling efficiency between AMO, HAO, and accessory proteins (Ensign,
Hyman et al., 1993). These phenomena may have influenced the kinetics
observed by Suzuki with cell extracts. Hyman and Wood found that CH4
competitively inhibited NH3 oxidation in whole cells of N europaea (Hyman
and Wood, 1983); a Ki of 2 mM for CH4 was obtained. Slight upward curvature
in the v-1 vs. S-1 plot was noted when CH4 was present (Hyman and Wood,
1983; Hyman and Wood, 1984). More pronounced curvature was noted for
C2H4 in a later study with whole cells (Hyman and Wood, 1984). This deviation
from simple competitive inhibition was suggested to be related to the inability of
C2H4 oxidation to provide reductant for subsequent oxidations. Assuming
competitive inhibition, a Ki of 80 .1.M was determined. Hyman et al. monitored
oxygen uptake by whole N europaea cells exposed to 200 Al C2H2 and
showed that increasing concentrations of NH4CI increased the time required
for 50% inactivation of 02 uptake (AMO) activity (Hyman, Kim et al., 1990). This
implies competitive binding between C2H2 and NH3. Rasche et al. showed that
C2H5CI oxidation increased or was undiminished at several concentrations as
the NH4+ concentration increased to 40 mM (Rasche, Hicks et al., 1990).
Therefore, all AMO substrates may not bind at the same site bound by NH3 on
AMO. Kinetic data (v-1 vs. S-1 plot) for benzene inhibition of NH3 oxidation by
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AMO in whole cells of N europaea did not show simple kinetic behavior
(Hyman, Sansome-Smith et al., 1985); the result can be interpreted as
noncompetitive inhibition.

1.6.3. Kinetic inhibition studies with methanotrophs.
Ammonium chloride competitively inhibited CO- and CH4-dependent 02 uptake
by the methane monooxygenase system of Pseuo'omonas methanica (Ferenci,
Strom et al., 1975)(form of MMO unspecified). This was later confirmed for
ammonia inhibition of CH4 oxidation (measured as 02 uptake) with whole cells
of the same organism: the Km for CH4 was about 4511M and the Ki for NH3 was
about 10 IN regardless of a pH of 6 or 8 (Ki for NH4+ varied with pH)(O'Neill
and Wilkinson, 1977)(form of MMO unspecified).

Kinetic parameters have been published for methane monooxygenase
systems in which chlorinated aliphatic compounds were substrates. In one
study using purified sMMO from Ms. trichosporium OB3b, a Km of 3511M was
determined for TCE (Fox, Borneman et al., 1990). Km values for C2H4 and
other chlorinated ethylene congeners ranged from 18 Al to 38 0.4. Data from
kinetic plots suggested that PCE (and presumably other congeners) bind "at
the same site as typical methane monooxygenase substrates" (i.e., CH4 and
furan). Oldenhuis determined Km and Vmax values for various chlorinated 01
and C2 compounds as substrates for sMMO expressed in Ms. trichosporium
OB3b (Oldenhuis, Oedzes et al., 1991). Km values were reported for CH4 (92
P,M), CH2Cl2 (4 JIM), CHCI3 (3411M), CH2CICH2C1 (77 1.tM), CH3CCI3 (214 1-LNA),
CCI2CH2 (5 [tM), trans -CHCICHCI (148 IN), cis -CHCICHCI (30 i_tM), and
CCI2CHCI (TCE, 145 11M). These values show no apparent correlations with
structural features of the substrates.

In summary, both AMO and MMO appear to bind small molecules such
as CO, NH3 and/or CH4 competitively vs. their physiological substrates.
Soluble MMO may also bind PCE and other chlorinated ethylenes competi-
tively vs. CH4. However, limited data suggest that some substrates of AMO
may not bind competitively vs. NH3.
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1.7. Possible mechanisms of AMO catalysis and characteristics of
other enzyme and non-enzyme systems catalyzing similar
reactions

Elucidation of the mechanism(s) of AMO catalysis will require
experiments designed to discriminate between the mechanistic pathways that
are possible. Several possible pathways are discussed in the following
paragraphs. Subsequent paragraphs will discuss mechanisms of reactions
catalyzed by enzymes and nonenzymatic systems that transform substrates
comparable to those of AMO. Since these systems are better understood than
AMO, consideration of their mechanisms will help to determine the most
probable mechanistic pathway(s) for AMO. Finally, previous studies of AMO in
N europaea that provide mechanistic insights regarding transformations
catalyzed by the enzyme will be reviewed. Emphasis will be given to the
potential role of copper in reactions catalyzed by AMO and other enzymes.

1.7.1. Possible mechanisms of NHa and alkane
hydroxylations. The monooxygenase mechanism assigned to AMO was
deduced largely from the observation that incorporation of an oxygen atom
from 1802 into NH3 produces [180]NH2OH (Hollocher, Tate et al., 1981).
Balancing the reaction requires the concomitant production of H20, which was
not demonstrated. The production of NH2OH from NH3 with incorporation of an
oxygen atom from dioxygen can be explained by several reasonable
mechanisms (Schemes 1.1 to 1.3). In most cases, the net reaction complies
with the equation previously presented for AMO catalyzed oxidation of NH3
(NH3 + 2H+ + 2e- + 02 NH2OH + H20).

Reaction A2 in Scheme 1.1 is based on reactions presented by Wood
(Wood, 1988), in which formation of an aminium radical is followed by its
reaction with superoxide to form aminyl hydroperoxide (H2NOOH).
Alternatively, reaction of 02 with the aminium radical could yield an aminyl
peroxide radical that is reduced by one electron to produce aminyl
hydroperoxide. Aminyl hydroperoxide could undergo hydrolysis or a two-
electron reduction to produce NH2OH; H2O would also be produced directly
only by reduction. Hydrolysis would require no reductant, which is not
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observed physiologically. Alkyl hydroperoxides are proposed intermediates in
model reaction systems designed to mimic MMO (vide infra)(Fish, Konings et
al., 1991; Barton, B6viere et al., 1992). Alkyl hydroperoxides can decompose
to aldehydes/ketones and H2O. Methyl hydroperoxide decomposition to
formaldehyde and H2O would deny CH3OH as a reductant source to
methanotrophs. Hydroxylations of alkanes via alkyl hydroperoxides would
account for AMO and MMO activity only if the intermediates are immediately
reduced to alcohols before rearrangements to aldehydes/ketones occur.
Aminyl hydroperoxide may undergo a similar decomposition (not shown).

Aminium
radical

H3N + 02

Al B1

H2N + 02H2N 02*

1 e- +

H+ 1A2 62

H2NOOH -awry H2N-0-0
Aminyl hydroperoxide peroxide1 e + H+ radical

H2O
Hydrolysis

NH2OH + H202

2e- + 2H+
Reduction

NH2OH + H2O

SCHEME 1. 1. Possible radical mechanism for AMO-catalyzed oxidation
of NH3 with intermediate formation of aminyl hydroperoxide
and aminium radical
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SCHEME 1.2. Possible nucleophilic substitution mechanism for
AMO-catalyzed oxidation of NH3 not involving radical
intermediates
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SCHEME 1.3. Possible radical mechanism for AMO-catalyzed
oxidation of NH3 with formation of aminium radical but
not aminyl hydroperoxide. An electron from ammonia
could be abstracted (shown) followed by deprotonation
to give the aminium radical. Also, an H atom could be
abstracted from ammonia to give the aminium radical.
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SCHEMES 1.1 to 1.3 Possible reaction mechanisms of AMO.
Several reasonable mechanisms exist for AMO -catalyzed oxidation
of NH3 which may also apply to alkanes. Interpretation of these
mechanisms requires the following considerations:

1) Metal ions that may participate are not shown for simplicity.
They may be involved in stabilizing intermediates (e.g., radicals),
binding substrates (e.g., substituting for protons in hydroxyl groups
or even in alkanes), and transferring electrons (metal ions may
change redox states).
2) The active site may exclude protons to prevent loss of super-
oxide or peroxide bound to metal ions. Intermediates may not be
protonated as shown here (e.g., anionic products may be proton-
ated in periplasm).
3) Double-headed arrows indicated two-electron transfer as in
nucleophilic substitution reactions. Single-headed arrows
indicate one-electron transfer.

Reaction B2 involves aminyl radical reaction with 02 rather than with
superoxide as in reaction A2.

Scheme 1.2 involves nucleophilic attack by the NH3 lone electron pair on
protonated hydrogen peroxide to give NH2OH and H2O. Hydrogen peroxide
acts as an electrophile under acidic conditions (Mc Murry, 1984). A theoretical
study concluded that NH3 can react as a nucleophile toward HOOH after it
rearranges to water oxide (H200)(Bach, Owensby et al., 1991). A possible
binuclear copper center proposed for dopamine p-monooxygenase is
analogous to water oxide (Cu200; 1,1-p.-peroxo dicopper)(Fitzpatrick and
Villafranca, 1987). Such peroxo species could epoxidize alkenes by a
nonradical mechanism, since any species that renders one hydroxyl group of
hydrogen peroxide a good leaving group could promote epoxidation (Carey
and Sundberg, 1990f). This species may also operate by a radical mechanism
for saturated substrates. With cytochrome P-450 and MMO, the chloride shift in
TCE oxidation yielding chloral is indicative of a cationic intermediate, possibly
via a one-electron oxidation of the double bond followed by oxygen rebound
(Lipscomb, 1994). Radical cation intermediates from one-electron oxidations
of alkenes by cytochrome P-450 are uncertain (Guengerich and MacDonald,
1990). Possible intermediates include active oxygen-bound substrate radicals
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and carbocations, the former being favored presently (Guengerich and
MacDonald, 1990). A nonradical electrophilic addition process analogous to
Scheme 1.2 is also possible for cytochrome P-450 oxidations of alkenes.

Scheme 1.3 is most similar to mechanisms accepted for reactions
catalyzed by cytochrome P-450, dopamine 13-monooxygenase, and MMO
(Fitzpatrick and Villafranca, 1987; Guengerich and MacDonald, 1990;
Lipscomb, 1994). The activated oxygen species in AMO may consist of a
peroxo group bridging two copper atoms (as in tyrosinase) or an oxenoid (0
atom with six valence electrons) species stabilized by a metal ion (as in MMO
or cytochrome P-450, vide infra). Abstraction of a hydrogen atom from the
substrate by the peroxo species would produce hydroxide ion and a metal
bound hydroxyl radical that would rebound with the substrate radical to yield
an oxygenated product. Abstraction of a hydrogen atom by the oxenoid
species would directly produce hydroxyl radical and substrate radical, which
would likewise combine. Either mechanism could allow NH3 oxidation directly
to NH2OH.

1.7.2. Mechanisms of enzymes and biomimetic systems
catalyzing reactions similar to AMO. Comparisons of mechanistic
studies of other enzymes catalyzing hydroxylation, epoxidation, and N atom
oxidation reactions can provide insights to the mechanism(s) of AMO. Many of
these enzymes contain metals as primary components of the active site.
Biomimetic systems can often catalyze reactions similar to enzymatic reactions
and can be used to define the characteristics that confer activity. The following
discussion will include studies of tyrosinase, dopamine f3-monooxygenase,
amine oxidases, laccases, cytochrome P-450, soluble methane
monooxygenase, and ammonia monooxygenase.

1.7.2.1. Tyrosinase. Tyrosinase is a monooxygenase enzyme found
in chordates, insects, and plants, where it functions in melanogenesis,
sclerotization, and phenolics biosynthesis, respectively. Tyrosinase is also
found in prokaryotes and mushrooms (Robb, 1984; Likhtenshtein, 1988).
Spectroscopic studies of Neurospora tyrosinase have shown its active site to
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be very similar to that of hemocyanin (Himmelwright, Eickman et al., 1980).
(Hemocyanin is an oxygen-binding protein found in the hemolymph of
molluscs and arthropods (Preaux and Gielens, 1984).) The two copper atoms
in deoxygenated hemocyanin are each ligated to three histidine residues and
do not share a bridging ligand (Solomon, Baldwin et al., 1992). Deoxygenated
tyrosinase has been proposed to share this structure (Likhtenshtein, 1988).
Models for reduced, oxygenated (oxy)tyrosinase propose that each copper ion
is ligated to two N (histidine) atoms and that both Cu(II) ions bind peroxide
(Robb, 1984; Solomon, Baldwin et al., 1992); a hydroxide or phenolate ligand
may also bridge the copper ions (Himmelwright, Eickman et al., 1980;
Solomon, Baldwin et al., 1992). Unreduced, deoxygenated (met)tyrosinase
contains two antiferromagnetically coupled Cu(II) atoms (Solomon, Baldwin et
al., 1992). This center accepts two electrons from o-diphenols, followed by
dioxygen binding and reduction to give oxytyrosinase, which hydroxylates
monophenols in the ortho position to regenerate the dicopper Cu(II) center
(met tyrosinase) and the o -diphenol reductant source (Solomon, Baldwin et
al., 1992). An alternative structure proposed for the active site of oxytyrosinase,
the j.t-n 2:n2 peroxide bridge, may be more reactive than the 11-1,2-peroxo
structure due to electronic properties (Fig. 1.1)(Solomon, Baldwin et al., 1992).

The suggested mechanism of ortho hydroxylation by tyrosinase involves
nonradical electrophilic attack on the aromatic ring by the activated oxygen
(Solomon, Baldwin et al., 1992). The substrate is suggested to bind a copper
atom as a phenolate ligand. AMO hydroxylates phenol in the Para position
only. If a binuclear copper center exists in AMO, then ligation of the copper by
phenolate ion may hinder oxidation and thereby prevent ortho hydroxylation of
phenol. Inhibition of oxidations by catechols and 3,4-dimethylaniline due to
their apparent complexation with copper has been reported in a model
binuclear copper system (Rockcliffe and Martell, 1993).

1.7.2.2. Dopamine p-monooxygenase. Dopamine 13-
monooxygenase is found in the nervous system and catalyzes the benzylic
hydroxylation of dopamine to yield norepinephrine (Fitzpatrick and Villafranca,
1987). The enzyme is tetrameric: each monomer contains two copper atoms
which are ligated by imidazole N atoms and 0-donor ligands (Blackburn,
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Concannon et al., 1988). Evidence suggests that the two copper atoms in each
subunit are ?..7 A apart in the oxidized enzyme and both atoms should not be
involved in 02 binding unless a conformational change occurs upon enzyme
reduction (Blackburn, Concannon et al., 1988). Still, a catalytic cycle has been
proposed in which both atoms are involved in oxygen binding and activation,
and several possible active oxygen species were presented (Fitzpatrick and
Villafranca, 1987). Possibilities, shown in Figure 1.1, included an oxenoid
stabilized by two copper atoms (Cu"LO-Cum) and a peroxo group bound to both
copper atoms via one oxygen atom (1,1 -.t- peroxo; Cu200) or both oxygen
atoms (1,2-1.1-peroxo; Cu-0-0-Cu).

L \ iCk /
Cu I Cu

L / \C)/ \L
p -n2 :n2 peroxide

L L\
Cuill-O-Cu"'

L/ \L
oxenoid specie

L\ /0_0, /L
Cu Cu

L/ sc,)y \L
H

11-1,2-peroxide

0
1 LL\

CuCu

L" \y/ \L
H

1i-1,1-peroxide

FIGURE 1.1. Possible active site structures for AMO based
on models proposed for dopamine p-monooxygenase (Fitzpatrick
and Villafranca, 1987) and tyrosinase (Solomon et al., 1992).

L = ligand to enzyme. Except for the oxenoid specie, copper ions
are in the cupric form (Cu").
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Many substituted aromatic compounds serve as mechanism-based
inactivators of dopamine p-monooxygenase and have provided evidence for a
one-electron oxidation mechanism (Fitzpatrick and Villafranca, 1987). For
example, benzylcyclopropanes reportedly inactivate by cyclopropyl ring-
opening of a benzylic radical intermediate to yield a terminal radical that reacts
with the enzyme. Several N-substituted aniline derivatives serve as
mechanism based inactivators via aminium radicals (Wimalasena and May,
1987). With aniline, a one-electron oxidation led to attachment of the Para ring
carbon to the enzyme.

In experiments with Cull complexes designed to mimic a binuclear
copper active site, iodosylbenzene in anaerobic acetonitrile served as a donor
of activated oxygen and allowed epoxidation of several alkenes (though
terminal alkenes were not substrates)(Tai, Margerum et al., 1986). The
reactive species is not known: an oxenoid (high-valent oxo) species and a
copper-iodosylbenzene complex were suggested. A complex containing
Cu(III) has been shown to oxidize cyclohexanone to 2-hydroxycyclohexanone,
apparently by one-electron steps to a carbocation which combines with
hydroxide ion (Panigraphi and Pathy, 1984). Cuprous (Cul) copper was not
detected.

1.7.2.3. Amine oxidases. Amine oxidases include widely
distributed copper containing enzymes found in mammals, plants, yeasts, and
prokaryotes (Dooley, McGuirl et al., 1991). Generally, these enzymes consist
of two similar or identical subunits, each of which contains one quinone
cofactor and one copper ion. The initial reaction involves nucleophilic attack
by a primary amine on the quinone with a pyridoxal-like transamination to yield
an aldehyde and an amine substituted aromatic (reduced) cofactor (Wang and
Sayre, 1992). The Cull ion is required for 02-dependent reoxidation of the
cofactor to an imine that hydrolyzes; the products are NH3 and H202 (Wang
and Sayre, 1992). This reaction was modeled using Cull, 02, and
diaminouracils in aqueous solutions (Al-Arab and Hamilton, 1986). These
experiments suggested a two-electron reduction of 02 to H202 (without release
of superoxide) in a complex of diaminouracil-Cull-02; copper served to transfer
the electrons. Although the reaction was described as a "one-step" process,
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resonance structures were proposed in which a diaminouracil radical and a
superoxide radical were bound to one Cull ion.

1.7.2.4. Monoamine oxidase. Mitochondrial monoamine oxidase
(EC 1.4.3.4) is localized in the outer membrane of mitochondria and contains a
covalently bound flavin (FAD) prosthetic group (Yasunobu and Tan, 1985).
The enzyme catalyzes oxidative deamination of amines:

RCH2NH2 + 02 + H2O > RCHO + NH3 + H202

Purified enzyme preparations from bovine or porcine liver mitochondria were
used in studies with inactivating substrates (Silverman, Hiebert et al., 1985;
Vazquez and Silverman, 1985; Silverman and Zieske, 1986). Allylamine,
N-cyclopropylbenzylamine, and cyclopropyl-a-methylbenzylamine were
shown to cause time-dependent inactivation of monoamine oxidase.
1-Phenylcyclobutylamine produced time-dependent irreversible inhibition as
well as rearranged products. These results were interpreted in terms of a one-
electron oxidation of the nitrogen atom to yield an intermediate aminium radical
that leads to ring opening reactions and enzyme inactivations. Monoamine
oxidase inactivated by N-cyclopropylbenzylamine could be reactivated by
treatment with various primary and secondary amines (Yamasaki and
Silverman, 1985).

1.7.2.5. Laccases. Laccases are also known to oxidize amines.
They are an important class of oxidative enzymes found in soils (Berry and
Boyd, 1984). Laccases and peroxidases are produced by soil microorganisms
and catalyze formation of covalent linkages between phenolic and anilino
compounds by radical mechanisms to produce humic substances. Laccases
contain copper and require 02, which is reduced to H2O (Berry and Boyd,
1984). The active site includes four Cull ions: one type 1 site (T1), one type 2
site (T2), and one type 3 site (T3; two antiferromagnetically coupled
Cu(II))(Solomon, Baldwin et al., 1992). Four one-electron substrate oxidations
occur via T1 and are coupled to the four-electron reduction of 02 to two H2O
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molecules at the T2/T3 trinuclear copper center (oxidase activity) (Solomon,
Baldwin et al., 1992). Coupling of anilino compounds is generally associated
with peroxidases (Berry and Boyd, 1984). The laccase from Trametes
vers/co/or has been shown to catalyze coupling of various substituted anilines
(Hoff, Liu et al., 1985). An aqueous nonenzymatic Cull complex was shown to
oxidize aliphatic amines at nitrogen atoms by one electron, with Cull being
reduced to Cul and the substrate radical being oxidized by another Cull ion
(Wang and Sayre, 1992). The ligand environment was important to reactivity.
The redox potential of the complex (620 mV) is comparable to that of laccase
(430-785 mV)(Wang and Sayre, 1992). Dependence of the reaction on pH
indicated that only the unprotonated amine was the substrate. A tetranuclear
Cul complex has been prepared that reacts with 02 to form a tetranuclear Cull
complex that catalyzes the oxidative coupling of 2,6-dimethylphenol with
formation of H2O (EI-Sayed, Abu-Raqabah et al., 1989).

1.7.2.6. Cytochrome P-450. Cytochrome P-450 enzymes are
ubiquitous in nature. They are found in plants, animals, and prokaryotes
(except strict anaerobes)(Archakov and Bachmanova, 1990b). Physiological
substrates that are hydroxylated include fatty acids, cholesterol, and steroid
hormones (Guengerich, 1990). Cytochrome P-450s catalyze the activation of
mutagens and the oxidation of xenobiotic compounds (Guengerich, 1988;
Guengerich, 1990). All mammals express over 20 cytochrome P-450 isozymes
(Guengerich, 1990). Molecular weights range between 45 and 60 kDa
(Guengerich, 1990). The active site consists of a ferric ion ligated by four
nitrogen atoms of a porphyrin tetrapyrrole to form heme. An axial thiolate
ligand (cysteine residue) is responsible for the 450 nm absorption maximum of
CO bound heme (Guengerich, 1990). Activated oxygen is formed when 02
binds the iron atom and is reduced by two electrons to a peroxy ligand.
Heterolytic cleavage of the peroxy group affords H2O and activated (oxenoid)
oxygen. This iron bound oxenoid (perferryl oxygen) species is believed to be
responsible for substrate oxidations. Recent studies with model complexes in
benzene (which mimics the hydrophobic active site) indicate that the thiolate
ligand promotes heterolytic cleavage of the peroxy ligand. Alkanes were
efficiently oxidized to alcohols by the complexes (Higuchi, Shimada et al.,
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1993). Another study with a nonenzymatic P-450 model system showed
radical oxidation of alkanes to alcohols (Traylor, Hill et al., 1992).

A wide variety of substrates are oxidized by cytochrome P-450. An
enzyme from Rhoo'ococcus rhea/ochrous hydroxylates n -octane exclusively to
1-octanol (Sligar and Murray, 1986). Oxidation of ethylene leads to enzyme
inactivation, apparently by an intermediate at the active site and not a diffusible
species (Ortiz de Montellano and Reich, 1986). This is in contrast with the
epoxidation of chlorinated ethylenes to diffusible, possibly mutagenic
intermediates. Carbon tetrachloride is also an inactivator of cytochrome P-450,
presumably being reduced to trichloromethyl radical or dichlorocarbene that
can yield CO (Groot and Haas, 1981). Other reactions catalyzed by
cytochrome P-450 involve N-dealkylations via aminium radicals, alkane
desaturations, and heteroatom oxidations (Guengerich, 1990).
Monohalobenzenes were hydroxylated mostly in para position and
secondarily in the oitho position (meta hydroxylation was very minor)(Burka,
Plucinski et al., 1983).

Many compounds have been shown to inactivate cytochrome P-450
enzymes, and the mechanisms proposed often involve radical intermediates.
Heteroatom-substituted cyclopropanes are inactivators (Guengerich, Willard et
al., 1984). The one-electron oxidation potentials of the heteroatoms correlated
with the rate of enzyme inactivation. Also, ring-opened products were
detected. Cyclopropylamine derivatives are also inactivators; aminium radical
intermediates led to ring opening and enzyme inactivation (Hanzlik and
Tullman, 1982; MacDonald, Zirvi et al., 1982; Bondon, MacDonald et al., 1989).
1-Aminobenzotriazole inactivated cytochrome P-450; reactive benzyne results
from a two-electron oxidation of the inactivator (Ortiz de Montellano, Mathews
et al., 1984). Aromatic amines are oxidized to hydroxylamines that can form
nitrosoarenes; nitrosoarenes form quasi-irreversible complexes with
cytochrome P-450 (Fukuto, Brady et al., 1986; Ortiz de Montellano and Reich,
1986). Methyl and methylene substituted cyclopropanes were shown to
undergo ring opening reactions to yield rearranged products upon oxidation by
cytochrome P-450 (Atkinson and Ingold, 1993). Enzyme inactivation was not
reported.
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1.7.2.7. Soluble methane monooxygenase. The types of
methane monooxygenases and reactions catalyzed have already been
presented (Sections 1.5.1 and 1.5.3). Mechanistic studies have been reported
only for the soluble MMO. Soluble MMO, like cytochrome P-450, contains iron
in its active site that is believed to stabilize a high-valent (oxenoid) oxygen
atom. However, the iron in sMMO exists as a binuclear iron center, not as
heme. Soluble MMOs from Mc. capsu /atus (Bath) and Ms. trichosporium OB3b
contain three protein components: a hydroxylase (contains diiron center; 245
kDa), component B (no cofactors; 15.8 kDa), and a reductase (contains FAD
and an Fe2S2 center; 38.4 kDa)(Lipscomb, 1994). The diiron center is believed
to be reduced by two electrons and bind 02, which undergoes homolytic
cleavage to yield H2O and the reactive oxenoid species. Oxidation of CH4 by
sMMO requires NAD(P)H as a reductant source (Lipscomb, 1994):

CH4 + 02 + NAD(P)H + H+ > NAD(P)+ + H2O + CH3OH

The mechanism of MMO has been studied using several chemical
approaches. Ethane with a chiral carbon can be synthesized if deuterium and
tritium are used. This substrate showed approximately 35% inversion of
configuration during oxidation by sMMO from Ms. trichosporium OB3b
(Priestley, Floss et al., 1992). A radical intermediate was suggested to be more
likely than a carbocation to account for the inversion. The use of substituted
cyclopropanes as substrates for sMMO of Ms. trichosporium OB3b resulted in
ring-opened hydroxylated products and a ring-expansion product suggestive of
a carbocationic intermediate (Ruzicka, Huang et al., 1990). It was proposed
that stepwise electron abstraction allowed the existence of both radical and
carbocationic intermediates in oxidations of the cyclopropyl substrates
(Ruzicka, Huang et al., 1990). Similar experiments by Liu et al. with sMMO
from Ms. capsulatus (Bath) revealed no ring opening, and the idea was
advanced that radicals and carbocations are not intermediates in the reaction
mechanism of sMMO from this organism (Liu, Johnson et al., 1993). The same
study examined the sMMO from Ms. trichosporium OB3b, which produced
some rearranged, hydroxylated products. Formation of carbocations in methyl-
substituted cyclopropyl substrates does not necessarily indicate that alkyl
substrates (e.g., CH4) are oxidized to carbocations (Ruzicka, Huang et al.,
1990). Direct evidence for radical intermediates in the oxidation of CH4,
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CH3OH, and CH3CN by purified sMMO from Mc. capsu /atus (Bath) was
obtained by using nitrone spin-trapping reagents (Deighton, Podmore et al.,
1991). In this study, no hydroxyl radicals were trapped. Thus, if hydroxyl
radicals are formed at the active site, they are not accessible to the reagents, or
perhaps they do not form simultaneously with the substrate radical (which is
preferentially trapped). Transfer of an electron via an iron atom may allow a
finite substrate radical lifetime. A substrate radical and a hydroxyl radical could
be expected to recombine very rapidly. The study was repeated by the same
authors using different substrates: C2H4, CH2Cl2, CHCI3, C2H2, cyclohexane,
and benzene. Adducts were formed in all cases, indicating that radical
intermediates were involved (Wilkins, Dalton et al., 1992).

Attempts to model the active site of sMMO in three nonenzymatic systems
have been made (Fish, Konings et al., 1991; Barton, Beviere et al., 1992;
Menage, Vincent et al., 1993). In all three systems, alcohols were produced
from alkanes, although aldehydes/ketones were also produced. In one system,
alkyl radicals were proposed to react with 02 to form an alkyl peroxyl radical
that abstracts a hydrogen atom to form alkyl hydroperoxide (ROOH)
intermediates (and another alkyl radical)(Fish, Konings et al., 1991). In another
system, 02 was proposed to insert into a carbon-Fe sigma bond to form an alkyl
hydroperoxide (radicals not involved), reduction of which afforded the alcohol
(Barton, Beviere et al., 1992). These alkyl hydroperoxides also rearrange to
produce aldehydes and ketones. In view of the high efficiency of CH4 oxidation
to CH3OH (virtually 100%) by sMMO, these mechanisms are highly unlikely to
apply to sMMO (Lipscomb, 1994). Also, formation of alkyl hydroperoxides
would necessarily have to occur prior to oxygen activation to an oxenoid
species, since an alkyl hydroperoxide intermediate would contain both atoms
from 02.

1.7.2.8. Ammonia monooxygenase. Other than the spectroscopic
study by Shears and Wood comparing the active site of AMO to that of
tyrosinase (vide ante), information regarding the active site of AMO is limited to
studies of inhibition kinetics, substrate specificity, and enzyme inactivation by
suicide substrates. Only the last subject has not yet been discussed in this
Introduction. Experiments with AMO in N europaea regarding mechanism-
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based inactivators have been limited to C2H2 and allylsulfide (Hyman and
Wood, 1985; Juliette, Hyman et al., 1993b). Acetylene was proposed to
specifically inactivate AMO after its epoxidation to oxirene. Other n -alkynes
have been shown to cause time-dependent inhibition of NH3-dependent 02
uptake by N. europaea (Hyman, Murton et al., 1988). Oxirenes can rearrange
to carbenes and ketenes (Fitzpatrick and Villafranca, 1987), which could also
be involved in inactivation. Epoxidation can occur by a radical or nonradical
mechanism (vide ante). Inactivation of AMO by (di)allylsulfide may involve a
sulfoxide or an epoxide intermediate (Juliette, Hyman et al., 1993b).
Alternatively, inactivation may occur by a mechanism similar to the proposed
inactivation of mitochondrial amine oxidase by allylamine (Silverman, Hiebert
et al., 1985). This mechanism involves aminium radical formation on
allylamine followed by abstraction of a hydrogen atom from an adjacent C-H
bond to produce an allyl radical capable of resonance and inactivation.
Diallylamine was ineffective toward AMO (Juliette, Hyman et al., 1993b).

If alkyl hydroperoxides are intermediates in AMO-catalyzed
hydroxylations of alkanes, they are very short lived or are stabilized by the
enzyme. Alkanes are oxidized to alcohols by AMO without formation of
aldehydes or ketones (Hyman, Murton et al., 1988). Haloethanes are
hydroxylated at C1 by AMO and rearrange to yield acetaldehyde (Rasche,
Hicks et al., 1990). Oxidation at C1 to form an alkyl hydroperoxide would lead
to decomposition to acetyl halide, which would lead to enzyme inactivations.
Chloroethane is oxidized with minimal toxic effects (Rasche, Hyman et al.,
1991).

Nitrapyrin was reductively dechlorinated by N europaea (Van nelli and
Hooper, 1993). Production of 2-chloro-6-dichloromethylpyridine and 6-
chloropicolinic acid from nitrapyrin was apparently catalyzed by AMO.
Inactivation of AMO and covalent modification of cellular proteins resulted from
transformation of nitrapyrin (2-chloro-6-trichloromethylpyridine)(Vannelli and
Hooper, 1992). Exogenously added 2-chloro-6-dichloromethylpyridine was
not transformed and did not inhibit NH3 oxidation (Vannelli and Hooper, 1993).
Thus, 6-chloropicolinic acid was derived by some other intermediate. Radical
and/or carbene intermediates may have been involved. If oxygen binding is
indeed reversible as proposed (Shears and Wood, 1985) and nitrapyrin
competitively binds vs. 02, then reductive dechlorination may occur in the
presence of 02. Reductive dechlorination could also be facilitated by a lack of
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any readily oxidized group on nitrapyrin or the benzylic position of the chlorine
atoms of the trichloromethyl substituent.

Surprisingly, CH3CCI3 was oxidized to 2,2,2-trichloroethanol with toxic
effects largely on AMO activity (Rasche, Hyman et al., 1991). Without
rearrangements, this hydroxylation reaction would not produce an acyl halide
thought to be responsible for inactivations observed with other compounds
(Rasche, Hyman et al., 1991). In a mammalian system, CH3CCI3 was
converted to C2H2, possibly via a cytochrome P-450-dependent reduction to a
carbene intermediate (Durk, Poyer et al., 1992). Perhaps specific inactivation
of AMO by C2H2 or an intermediate carbene derived from CH3CCI3 could
account for the observed toxicity of CH3CCI3 in N europaea. Thus, nitrapyrin
and CH3CCI3 may inactivate AMO by a reductive mechanism analogous to
anaerobic CCI4 inactivation of cytochrome P-450.

Since cuprous copper (Cu(I)) is proposed in the catalytic cycle for AMO
(Shears and Wood, 1985), the reactivity of this species should be considered.
Cuprous copper (CuCI) and zinc can couple to form metal atom pairs that can
reduce dihalomethanes to carbenes (Carey and Sundberg, 1990e). Enzymes
can catalyze hydroxyl substitution of aryl halides (Section 1.3.3). Organic
substrates can be oxidized by O2 /CuCl /amine systems (Jonge, 1986). Steps in
this reaction include deprotonation of the organic substrate to a carbanion,
one-electron oxidation to form a radical, and coupling of alkyl radicals. Amines
are involved by complexing with copper to form binuclear copper complexes
that react with terminal acetylenes in the presence of 02 to form coupled
products (Jonge, 1986). Cupric copper (Cu") can oxidize alkyl radicals,
resulting in ligand transfer reactions, carbocation formation, or desaturation to
form a double bond (Carey and Sundberg, 1990d). Desaturation may not
involve a carbocation intermediate (Kochi, Bemis et al., 1968).

As discussed above, many enzymes are likely to operate by single
electron transfer (radical) mechanisms. Examples are cytochrome P-450,
dopamine p-monooxygenase, mitochondrial amine oxidase, laccase, and
methane monooxygenase. Tyrosinase and copper containing amine oxidases
may not involve radical intermediates. Several studies have reasonably
established the mechanisms of the aforementioned enzymes. Since many of
the reactions catalyzed by the enzymes are also catalyzed by AMO, their
mechanisms may also be shared.



43

Clearly, copper exhibits considerable potential in radical oxidation,
electron transfer, and reduction reactions. If copper is a constituent of the
active site of AMO, radical mechanisms are likely to be involved. Still,
nonradical pathways may be possible, especially for alkenes and arenes. The
selection of mechanistic probes based on the known substrate range of AMO
could help to elucidate the mechanism(s) of AMO catalysis.
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CHAPTER 2:

TRANSFORMATIONS OF AROMATIC COMPOUNDS
BY N1TROSOMONAS EUROPAEA

2.1. Abstract

Benzene and a variety of substituted benzenes inhibited ammonia
oxidation by intact cells of Nitrosomonas europaea. In most cases, the inhibition
was accompanied by transformation of the aromatic compound to a more
oxidized product or products. All products detected were aromatic, and
substituents were often oxidized but were not separated from the benzene ring.
Most transformations were enhanced by (NH4)2SO4 (12.5 mM) and were
prevented by C2H2, a mechanism-based inactivator of ammonia
monooxygenase (AMO).

AMO catalyzed alkyl substituent hydroxylations, styrene epoxidation,
ethylbenzene desaturation to styrene, and aniline oxidation to nitrobenzene
(and unidentified products). Alkyl substituents were preferred oxidation sites,
but the ring was also oxidized to produce phenolic compounds from benzene,
ethylbenzene, halobenzenes, phenol, and nitrobenzene. No carboxylic acids
were identified. Ethylbenzene was oxidized via styrene to two products
common also to oxidation of styrene; production of styrene is suggestive of an
electron transfer mechanism for AMO. lodobenzene and 1,2-dichlorobenzene
were oxidized slowly to halophenols; 1,4-dichlorobenzene was not
transformed. No 2-halophenols were detected as products. Cells treated with
C2H2 oxidized several hydroxymethyl (-CH2OH)-substituted aromatics and p
-cresol to the corresponding aldehydes and reduced benzaldehyde to benzyl
alcohol;o -cresol and 2,5-dimethylphenol were not depleted.

2.2. Introduction

The soil bacterium Nitrosomonas europaea is an obligate autotroph
which uses 02 as an electron acceptor and ammonia as its sole natural energy
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source (Wood, 1986). Ammonia monooxygenase (AMO) catalyzes the
oxidation of NH3 to hydroxylamine (NH2OH), which is subsequently oxidized to
NO2- by hydroxylamine oxidoreductase (HAO) with the release of four
electrons (Wood, 1986). Under steady-state conditions, two of these electrons
are routed back to AMO to participate in the activation of 02 for oxidation of NH3
or other substrates. AMO transforms many pollutant chemicals that may
contaminate soils and aquifers. The ubiquity of nitrifying bacteria may facilitate
their use in bioremediation applications, but such applications will require a
thorough knowledge of the substrate range of AMO in N europaea and the
oxidation products of transformations mediated by the bacterium.

Some aromatic compounds are known to inhibit nitrification (Tomlinson,
Boon et al., 1966; Stafford, 1974). In sewage sludge, for example, ammonia
oxidation was inhibited 75% by phenol (60 .tM) and approximately 50% by
pyridine (1260 jiM)(Stafford, 1974). Aromatic metal chelating agents and
pyridine derivatives are also inhibitors of ammonia oxidizing bacteria (Hooper
and Terry, 1973; Bedard and Knowles, 1989). Nonetheless, previous studies
with pure cultures of N europaea focused largely on non-aromatic
hydrocarbons and halogenated hydrocarbons (Hyman, Murton et al., 1988;
Rasche, Hicks et al., 1990; Vannelli, Logan et al., 1990; Rasche, Hyman et al.,
1991). However, one study showed that AMO oxidizes benzene to phenol and
subsequently oxidizes phenol to hydroquinone (Hyman, Sansome-Smith et al.,
1985). Another study implicated AMO in the transformation of nitrapyrin to
6-chloropicolinic acid (Vannelli and Hooper, 1992). The soluble methane
monooxygenase (sMMO) of methylotrophs, which has a substrate range similar
to that of AMO, was shown to oxidize aromatic compounds. Benzene,
ethylbenzene, and toluene were oxidized to phenolic compounds, with the
alkyl substituents also oxidized to yield benzylic alcohols; styrene was oxidized
only to styrene oxide (Colby, Stirling et al., 1977; Burrows, Cornish et al.,
1984). Methanol dehydrogenase or a similar enzyme in Methylosinus
trichosporium converted benzyl alcohol and related compounds to aldehydes
and benzoic acids (Mountfort, White et al., 1990).

The present study extends the known substrate range of AMO in N
europaea to include alkylbenzenes, halobenzenes, and various N- and 0-
containing aromatics. We also present evidence that oxidation of p -cresol and
ring-substituted benzylic alcohols to corresponding aldehydes occurs even in
the absence of AMO activity.
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2.3. Materials and Methods

2.3.1. Cell growth and preparation. N. europaea (ATCC 19718)
was cultured as described (Chapter 3). Cells were washed once in assay buffer
(50 mM NaH2PO4, 2 mM MgCl2, pH 7.7), then sedimented and resuspended in
assay buffer. Cell suspensions were prepared daily, stored on ice in the dark,
and used within 8 h. Protein content was determined using the Biuret assay
(Gornall, Bardawill et al., 1949) after the cells were solubilized in 3 N NaOH for
1 h at 65°C.

2.3.2. Materials. Most aromatic compounds were obtained from
Aldrich Chemical Co. (Milwaukee, Wis.). Exceptions were toluene
(Mallinckrodt, Paris, Ky.), 2-hydroxy-acetophenone (TCI America, Tokyo,
Japan), 2-ethylphenol (TCI America) and 3-ethyl-phenol (TCI America). All
chemicals except phenylacetaldehyde (90+% purity) were of analytical reagent
grade.

2.3.3. Assays for inhibition of NI-12 oxidation to NO2-. Assays
were carried out in duplicate in glass serum vials (volume, 10.2 ml) sealed with
Teflon stoppers (Alltech Associates Inc., Deerfield, Ill.). Vials contained a final
liquid volume of 2 ml, which included assay buffer, aromatic compound (from a
stock solution in assay buffer), cells (ca. 18 ii.g protein m1-1), and (NH4)2SO4
(0.5 mM). Inhibitor concentrations in the liquid phase of the vials were
calculated from dilutions of stock solutions, accounting for partitioning between
the gas and liquid phases (partitioning was determined empirically). Cells were
added, vials were then preincubated 10 min and reactions were initiated by
addition of (NH4)2SO4 and stopped by addition of 1- ally) -2- thiourea after 10 min
incubations as described (Chapter 3). Amounts of NO2- produced were
determined colorimetrically (Hageman and Hucklesby, 1971).

2.3.4. Transformations of aromatic compounds. The reactions
were as described above, except that the cell density was higher
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(117 t,tg protein m1-1), initial (NH4)2SO4 concentrations were 0 and 12.5 mM,
and incubation times were 5 and 40 h. Cells were harvested and all
components were added to reaction mixtures under aseptic conditions to avoid
contaminant growth during the long incubations. Acetylene (0.2 ml), a specific
and irreversible inactivator of AMO (Hyman and Wood, 1985), was used in
control experiments. For volatile compounds (hydrocarbon and halocarbon
aromatics), quantities of residual substrates were determined by removing gas
phase aliquots from sample vials for analysis by gas chromatography. The
apparatus, as described (Rasche, Hicks et al., 1990), was fitted with a stainless
steel column (6 ft x 1/8 in) packed with 0.1% Alltech AT-1000 on Graphpac-GC,
80/100 (Alltech). The only product identified by gas chromatography was
styrene (from ethylbenzene oxidation), which co-eluted with an authentic
standard at several temperatures. Volatile substrate partitioning between gas
and liquid phases was assumed to remain constantly proportioned as the
substrate was depleted. Amounts of residual substrate were calculated by
dividing integrated peak areas (for incubated samples) by peak areas
corresponding to known substrate amounts in control vials; resultant fractions
were multiplied by amounts of substrate (nmol) in control vials to obtain residual
amounts in samples. For analyses of non-volatile substrates and all remaining
products, samples were transferred to 1.5 ml Eppendorf tubes and cells were
removed by microcentrifugation; supernatants were transferred to similar tubes
and stored on ice prior to analysis by high performance liquid chromatography
(H PLC). The HPLC column (4.6 mm I.D. x 250 mm) contained octadecylsilyl
functional groups attached to 5µm particles (Vydac 218TP; Alltech). A
pellicular C-18 packing was used for the precolumn. The apparatus included a
Beckman 210A sample injection valve and a dual pump system (Beckman
110B solvent delivery modules; Beckman Instruments Inc., Fullerton, Cal.). The
solvent composition was acetonitrile (HPLC grade; Mallinckrodt)(varied as
necessary from 10 to 30% by volume) and water, with a flow rate of 1 ml min-1.

Eluted compounds were detected by u.v. absorption with a Waters 484 tunable
absorbance detector (Millipore Corp., Milford, Mass.). Eluted products were
identified by comparison of relative absorbance values obtained at several
wavelengths and elution times (with various solvent compositions) to eluted
standards. Aldehydes were also identified by derivatization with NH2OH to form
aldoximes (Carey and Sundberg, 1990b).
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2.4. Results and Discussion

2.4.1. Inhibition of NHa oxidation to NOr by aromatic
compounds. Compounds oxidized by AMO can inhibit NH3 oxidation to
varying degrees and by different mechanisms (Chapter 3). We examined the
inhibition of NO2- production by 17 aromatic compounds over a wide range of
inhibitor concentrations and a single NH4+ concentration (1 mM). The results
reveal considerable variation in the extent to which NO2- production was
inhibited. Benzene and four alkylbenzenes (10 to 300 liM) inhibited ammonia
oxidation by N europaea to similar extents (Fig. 2.1A). Halobenzenes were
even less variable in their inhibition of NH3 oxidation (Fig. 2.1B), and were
more effective inhibitors as a group than the hydrocarbon compounds (Fig.
2.1A). The inhibition profile for phenol was similar to those for the
halobenzenes (Fig. 2.1C). Acetophenone, nitrobenzene, and aniline inhibited
similarly (Fig. 2.1C) and were less effective than the alkylbenzenes (Fig. 2.1A).
The least effective inhibitors were benzyl alcohol, pyridine, and benzoic acid
(Fig. 2.1C).

The inhibition of NH3 oxidation by aromatic compounds could be the
result of competition for activated oxygen species at the active site of AMO,
depletion of the reductant supply to AMO as the aromatic compounds are
oxidized by AMO (generally without resupplying reductant via subsequent
oxidations), binding to AMO and preventing the oxidation of NH3 to NH2OH, or
interaction with cellular constituents other than AMO. To aid in discrimination
between effects on AMO and effects on other cellular constituents, the effects of
the aromatic compounds on HAO activity (NH2OH oxidation to NO2- during 8
min reactions) were determined. Exposure of cells to the highest
concentrations of the compounds used in the inhibition profiles resulted in little
or no decrease in NO2 production for most compounds. For styrene, p-xylene,
toluene, and chlorobenzene, 30-40% decreases in NO2- production were
noted. Inhibition of oxidation of NH3 to NO2-, however, was typically much
greater in the presence of a given compound (Fig. 2.1). When cells were
exposed for 5 h to each aromatic compound (at the highest concentrations
used in the inhibition profiles) and 2 mM NH4+ and then washed (sedimented
then resuspended in fresh buffer), ammonia oxidation activity was generally
fully recoverable. Exceptions were exposures to aniline, nitrobenzene, and
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FIGURE 2.1. Aromatic inhibitors of ammonia oxidation to nitrite by N
europaea. (A) Benzene and alkylbenzene inhibitors. Symbols: () benzene;
(A) toluene; 0) ethylbenzene; (o) p-xylene; (0) styrene. (B) Halobenzene
inhibitors. Symbols: (0) chlorobenzene; (A) bromobenzene; (p) iodoben-
zene; (0) 1,2-dichlorobenzene; 0) 1,4-dichlorobenzene. (C) N- and 0-
containing inhibitors. Symbols: (0) phenol; (A) aniline; (p) nitrobenzene;
(0) acetophenone; (A) benzyl alcohol; (s) pyridine; <>) benzoic acid.
Experimental conditions are described in Materials and Methods.
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phenol (-50%, 20%, and 60% recovery, respectively). The products of toluene
oxidation, benzyl alcohol and benzaldehyde (100 11M), did not cause
irreversible inhibition of AMO. These data indicate that AMO activity is more
sensitive than HAO activity to the aromatic compounds.

To determine if reductant depletion was the cause of the inhibition,
hydrazine was included in the reaction mixture. Hydrazine can be oxidized by
HAO to provide a reductant supply to AMO (Hyman and Wood, 1983).
Hydrazine addition has been shown to increase NO2- production in the
presence of some alternative substrates (Chapter 3). Hydrazine enhancement
of NO2- production was tested for the highest concentrations of the aromatic
compounds used in the inhibition profiles (except where noted). For many
compounds, NO2- production increased by less than 20% upon addition of 0.1
mM N2H4. However, for reactions containing phenol (50 1.IM), bromobenzene
(30 p.M), benzene, toluene, chlorobenzene, or styrene, 1.3- to 2-fold increases
in NO2- production were observed when 0.1 mM N2H4 was added. Approx-
imately 5.5-fold increases in NO2- production were observed for iodobenzene
and ethylbenzene (0.1 mM N2H4).

2.4.2. Potential factors affecting extents of transformations. In

the next section, we report on the transformation of specific compounds and
determination of products. The experiments consider the influence of the
presence or absence of NH4+ and whether or not cells were pretreated with
C2H2. Concentrations of aromatic substrates were selected that did not
completely inhibit AMO activity (Fig. 2.1) and preclude enhancement of that
activity by addition of (NH4)2SO4. A number of additional factors could have
influenced the extent of the aromatic conversions. Experiments were
conducted with chlorobenzene and toluene to determine if NO2- accumulation,
02 limitation, variation in the initial NH4+ concentration, and decreases in pH
influenced the transformations. Reactions were carried out using 50 mM or
100 mM phosphate buffer (pH 7.7) over 3, 6, 18, and 48 h incubations. With
chlorobenzene (in the presence of 12.5 mM (NH4)2SO4), 4-chlorophenol
quantities were virtually identical after 18 and 48 hours regardless of the buffer
concentration. With 50 mM phosphate after 48 h, the pH was decreased by
only 0.2 pH units and little NO2- accumulated (5101.IM NO2-). For toluene, the
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two buffer concentrations yielded very similar quantities (<10% differences) of
benzyl alcohol and benzaldehyde; NO2- concentrations were also similar
(20±2 mM NO2-). The pH of the 50 mM buffer decreased to 6.1. Toluene was
completely depleted by 48 h (Fig. 2.2), so its oxidation was not prevented by
reduced NH3 availability in our experiments.

Significant toluene oxidation required NH4+, and was greatest with 25
mM NH4+ (0 and 2 mM also tested); 48 h incubations with 25 mM NH4+ had
86% of the benzyl alcohol and 186% of the benzaldehyde of similar
incubations with 2 mM NH4+. In contrast, the greatest 4-chlorophenol
production from chlorobenzene occurred without NH4+ over 48 h and was 1.3-
fold greater than production with 25 mM NH4+. An initial NO2- concentration of
5 mM had no effect on 4-chlorophenol production from chlorobenzene or on
benzyl alcohol/benzaldehyde production from toluene (3 h incubations). When
vials were vented at 18 h to replenish 02, no significant differences were noted
after 48 h in comparison with unvented vials after 48 h for either substrate.
Therefore, NO2- did not influence product accumulations and 02 was not
limiting.

2.4.3. Transformations of aromatic compounds. We determined
the ability of N europaea to transform a variety of substituted benzenes.
Depletion of the compounds was monitored by HPLC or gas chromatography.
All products were aromatic and were identified as described in Methods and
quantified by HPLC (except styrene). These products usually accounted
largely or fully for depletion of their corresponding substrates. Our data
indicate that AMO catalyzes multiple oxidations of some substrates and can
also yield products that are substrates for other enzyme(s).

Each compound (Fig. 2.2-2.4) was incubated with cells for 5 and 40
hours both in the presence and absence of 25 mM NH4+ (dichlorobenzenes
incubated 40 h only). These incubation conditions were used for 15
compounds; the results are recorded as segmented columns in Figures 2-4.
For each compound and its set of columns (Fig. 2.2-2.4), a horizontal bar
represents the initial amount of substrate added to the incubation vials (nmol).
Each column represents the sum of the substrate remaining (unfilled segment)
and the identified products (filled segments). All values were determined in
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duplicate; the recorded value represents the mean. Typically, deviations from
the mean were near 6%; the deviations ranged from 0% to 54% of their
corresponding mean values. Column heights that exceed or are slightly below
the amount of substrate initially added probably reflect the errors in the
determinations. Heights of some columns are substantially less than the initial
amount of substrate; the differences are presumably accounted for by
unidentified products which were often detected by absorption of u.v. light (due
to aromaticity).

2.4.3.1. Transformations of benzene and alkylbenzenes.
Transformations of the substrates shown in Fig. 2.2 were initiated only by cells
with active AMO; the transformations were prevented by treatment of the cells
with C2H2 to inactivate AMO. Benzene, as reported previously (Hyman,
Sansome-Smith et al., 1985), was oxidized to phenol (Fig. 2.2). This oxidation
was enhanced by NH4+. The fact that less benzene was oxidized by AMO over
40 h relative to the alkylbenzenes probably relates to inhibition of AMO activity

(ca. 80uM)(Fig. 2.1C, 2). For alkylbenzenes, the alkyl
sidechains were the preferred sites of oxidation (Fig. 2.2); the only
transformations involving ring hydroxylations were ethylbenzene oxidation to
4-ethylphenol, and possibly styrene oxidation to a vinylphenol (identity
presumed from a retention time comparable to 4-ethylphenol and incompatible
with multiply oxidized styrene, and exclusion of other mono-oxygenated
possibilities).

Ethylbenzene oxidation yielded several products. Both sec-phenethyl
alcohol and phenethyl alcohol co-eluted with the major product peak of
ethylbenzene oxidation (64% of depleted substrate after 5 h with NH4+).
Because both potential products gave similar extinction coefficients and
absorption spectra, we were not able to discriminate between these two
compounds. However, acetophenone was detected (Fig. 2.2)(1.4% of
depleted substrate; 5 h, +NH4+), which suggests that sec-phenethyl alcohol
was produced. Direct conversion of sec-phenethyl alcohol to acetophenone
was mediated only by cells with active AMO (Fig. 2.5). 4-Ethylphenol
constituted 4% of the ethylbenzene depleted after 5 h (+NH4+); 2- and
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3-ethylphenols were not detected (detection limit, 4 nmol). A small amount of
styrene was detected (<1 nmol), from which styrene oxide and the putative
product, vinylphenol, were also formed. Four other unidentified products were
detected by HPLC and were probably products of multiple oxidations.
Phenylacetaldehyde was not detected (detection limit at 270 nm, 100 nmol).

Both styrene and ethylbenzene were oxidized to styrene oxide (Fig. 2.2)
and the putative product, vinylphenol. Ethylbenzene yielded 20% more of this
putative product than did styrene (4 h, data not shown). 1-Phenyl-1,2-
ethanediol and 2-hydroxyaceto-phenone were also detected as products of
styrene oxidation. The 2-hydroxyaceto-phenone may have been derived from
the diol or from styrene oxide. Acetophenone was not detected as a product of
styrene oxidation (detection limit, 2 nmol).

Production of styrene from ethylbenzene (and not from sec-phenethyl
alcohol) is suggestive of the intermediacy of a benzylic carbocation resulting
from a two-electron oxidation of ethylbenzene, which is analogous to reactions
catalyzed by cytochrome P-450 enzymes (Guengerich, 1990). P-450s
apparently oxidize aromatics via electron transfer to the activated oxygen
complex without concomitant binding of the substrate to the oxygen atom
(Guengerich and MacDonald, 1990). This scenario would explain styrene
production by AMO. A carbocation intermediate may only occur for AMO
substrates having a benzylic C-H bond: other substrates having lower
oxidation potentials may undergo one-electron oxidations to yield radicals that
"rebound" with activated oxygen to yield an oxygenated product. Soluble
methane monooxygenase and dopamine p-monooxygenase (believed to
contain a binuclear Cu active site (Guengerich, 1990), as proposed for AMO
(Shears and Wood, 1985)), apparently oxidize substrates by radical mechan-
isms (Fitzpatrick and Villafranca, 1987; Wimalasena and May, 1987; Fox,
Fro land et al., 1989; Fox, Borneman et al., 1990; Priestley, Floss et al., 1992).

Toluene was oxidized to benzyl alcohol (84% of depleted toluene after 5
h, +NH4+), benzaldehyde (8.5% of depleted toluene), and an unidentified
product which did not co-elute with benzoic acid or 4-hydroxybenzaldehyde.
Phenolic compounds (cresols) were not detected as products of toluene
oxidation (detection limit, 2 nmol). Products of p-xylene oxidation were
analogous to those derived from toluene. 2,5-Dimethylphenol was not
detected upon oxidation of p-xylene (detection limit, 2 nmol). p-Xylene was
oxidized to p-methylbenzyl alcohol (78% of depleted xylene after 5 h, +NH4+),
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p -tolualdehyde (9% of depleted xylene, 5 h, NH4+), 1,4-benzenedimethanol
(quantified only at 40 h), and an unidentified product which partially
disappeared upon addition of NH2OH (i.e., an aldehyde likely to have been 4-
hydroxymethylbenzaldehyde). p -Tolualdehyde was produced from
p-methylbenzyl alcohol in the presence or absence of C2H2, while 1,4-
benzenedimethanol was formed only by cells with active AMO (Fig. 2.5, 2.7).
The latter observation further demonstrates that AMO was involved in oxidation
of methyl (-CH3) or methylene (-CH2-) substituents. The presence of ammonia
strongly enhanced the extent of substrate transformations for all the
alkylbenzenes.

Because methyl substituted benzenes were not ring-hydroxylated
(Scheme 2.1), alkyl substituent attack was apparently favored by AMO when
available. However, the production of some 4-ethylphenol from ethylbenzene
indicates that the ring is available for oxidation; perhaps the ethyl substituent
sterically hinders its own oxidation relative to a methyl substituent. If radical
mechanisms are involved, the ratio of cresol : benzyl alcohol produced from
toluene may be much less than one due to the greater stability of the benzyl
radical compared to the phenyl radical (Benson, 1965).

The copper-induced particulate MMO, an enzyme similar to AMO in N.
europaea (Bedard and Knowles, 1989), does not oxidize aromatic substrates
(Burrows, Cornish et al., 1984). However, the iron-containing soluble MMO (M.
trichospotium) catalyzes reactions similar to AMO, including benzene oxidation
to phenol, styrene epoxidation to styrene oxide, and ethylbenzene
hydroxylation to sec-phenethyl alcohol and 4-ethylphenol (Burrows, Cornish et
al., 1984). This bacterium was also reported to produce aldehydes from
various benzylic alcohols (hydroxymethyl substituent oxidations), with
evidence for involvement of NAD+-independent methanol dehydrogenase
(Mountfort, White et al., 1990). The sMMO from M capsule/us also mediated
oxidation of styrene to styrene oxide (no vinylphenols produced). Unlike AMO,
however, sMMO yielded cresol (isomers undifferentiated) as well as benzyl
alcohol from toluene oxidation (Colby, Stirling et al., 1977).

2.4.3.2. Transformations by acetylene-treated cells. Benzyl
alcohol was oxidized to benzaldehyde in the absence of AMO activity (Fig. 2.5).
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FIGURE 2.5. Transformations of products of alkylbenzene oxidations by N
europaea. For a given compound, data in left columns were results from 15 h
incubations including 12.5 mM (NH4)2SO4 and no C2H2; C2H2 was included to
inactivate AMO in incubations represented by right columns. All initial substrate
amounts were 200 nmol (100 [IM). Other conditions are described in Materials
and Methods. Column segments: benzyl alcohol () oxidation to benzalde-
hyde (11111), 4-methylbenzyl alcohol () oxidation to 1,4-benzenedimethanol (II)
and p-tolualdehyde (0), sec-phenethyl alcohol () oxidation to acetophenone
(0) and 2-hydroxyacetophenone (/), and benzaldehyde () transformation to
benzyl alcohol (I ).

Two additional benzylic alcohols as well as benzaldehyde were examined for
conversion by N europaea in the absence of AMO activity. p Methylbenzyl
alcohol was also transformed by an enzyme(s) other than AMO (Fig. 2.5).
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sec-Phenethyl alcohol was not oxidized by N europaea in C2H2-treated cells.
Benzaldehyde was reduced to benzyl alcohol in cells treated with C2H2 as well
as in cells with active AMO. An unidentified product was detected by HPLC
(240 nm) when benzyl alcohol or benzaldehyde (or toluene) were substrates,
and was produced only by cells with active AMO in the presence of NH4. +
Eight additional compounds, including phenols and alcohols, were tested to
determine if they could be transformed by cells in the absence of AMO activity
(Fig. 2.6). The best substrates were p -cresol and 4-hydroxybenzyl alcohol,
which were quantitatively converted to 4-hydroxybenzaldehyde (data not
shown). Complete conversion of 4-hydroxybenzyl alcohol to the same product
suggests that 4-hydroxybenzyl alcohol is an intermediate in the oxidation of
p-cresol. p-Cresol provides the only observation of oxidation of a methyl
group by an enzyme other than AMO. o -Cresol and 2,5-dimethylphenol were
not converted by C2H2-treated cells, but were substrates for cells with active
AMO. Other substrates were 2-hydroxybenzyl alcohol, 4-ethylphenol,
1,4-benzenedimethanol, and benzyl alcohol (10 to 25% depleted after 15 h
incubations). sec-Phenethyl alcohol and phenethyl alcohol were not
transformed by C2H2-treated cells.

The presence of a C-2 methyl group in 4-ethylphenol or the absence of a
hydroxyl group para to the hydroxymethyl substituent (e.g., benzyl alcohol or
1,4-benzenedimethanol) dramatically reduced conversion of the substrate by
C2H2-treated cells (Fig. 2.6). Substrates containing a methyl group in ortho
(o -cresol) or meta (2,5-dimethylphenol) positions relative to a hydroxyl group
were depleted only when AMO was active. A lack of phenethyl alcohol
depletion suggests that only hydroxymethyl-substituted aromatics (or p -cresol)
were significant substrates. Although we have not determined if 02 is required
in conversions by C2H2-treated cells, the substrate range of this activity is
remarkably similar to the anaerobic activity reported for p -cresol methyl-
hydroxylase in Pseudomonas putida (Hopper, 1991).

2.4.3.3. Transformations of halobenzenes. Depletion of four of
the five halobenzenes examined was observed. These transformations
required active AMO but were less stimulated by (NH4)2SO4 than conversions
of benzene and alkylbenzenes. Substrate leakage from vials was negligible;
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however, some losses of products (halophenols) probably occurred due to
volatilization prior to quantification. Only 3- and 4-halophenols were detected
as products of halobenzene oxidation (Fig. 2.3). Chloro- and bromobenzene
conversions were stimulated over 5 h by (NH4)2SO4 addition (12.5 mM),
although product amounts were similar after 40 h. Halobenzenes were
oxidized primarily to 4-halophenols by AMO (Scheme 2.1). 3-Halophenols
were minor products (<7% of total halophenols detected) of chloro- and
bromobenzene oxidations, while 2-halophenols were not detected for any
substrate (detection limit, 2 nmol for 2-chlorophenol). Corroborating evidence
for an inability of AMO to hydroxylate halophenols in the ortho position was the
finding that no loss of 1,4-dichlorobenzene occurred over 40 h and no product
was detected. 1,2-Dichlorobenzene, with meta positions (relative to nearest CI
atom) available, was oxidized to 3,4-dichlorophenol.

Halogens are ortho /para directors in electrophilic aromatic substitution
reactions (Carey and Sundberg, 1990c). The lack of 2-halophenols suggests
that substrate binding interactions with the active site prevented ortho
hydroxylations of halobenzenes. Ortho and meta hydroxylations of phenol
(producing 1,2- and 1,3-dihydroxybenzenes) by AMO in N europaea were not
observed previously (Hyman, Sansome-Smith et al., 1985). A P-450 enzyme
was shown to oxidize monohalobenzenes to ortho and para halophenols
(with meta phenols occurring as minor products), and substrate binding and
orientation at the active site were suggested as factors which might influence
the ratios of ortho and para halophenol products (Burka, Plucinski et al.,
1983). The observations that halobenzenes were more inhibitory toward NH3
oxidation than benzene and alkylbenzenes (Fig. 2.1A, 2.1B) and that no 2-
halophenols were produced indicate that the halogen substituent mediates
binding and inhibition at the active site. Phenol apparently ligates the Fe
atom(s) at the active site of sMMO (M trichosporium OB3b) via the hydroxyl
group (Andersson, Elgren et al., 1992).

2.4.3.4. Transformations of N- and 0-containing compounds.
Except for benzyl alcohol, oxidations of the N- and 0-containing aromatic
compounds required cells with active AMO (Fig. 2.4). Aniline was converted to
nitrobenzene (Fig. 2.4) and two other unidentified products detected by HPLC.
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At pH 7.7 in the absence of cells, some reaction between aniline (100 iiM) and
nitrobenzene (100 jiM) apparently took place to create an abiotic route for
aniline loss (-14% loss after 40 h). Nitrobenzene was oxidized to 3-
nitrophenol; the reaction was stimulated by NH4+ (Fig. 2.4). The two other
nitrophenol isomers cannot be excluded as minor products (<20 nmol) given
that they co-eluted with NO2- and other ions (HPLC). Acetophenone was
oxidized at the C-2 position of the substituent to yield 2-hydroxyacetophenone,
which was abiotically oxidized to phenylglyoxal. None of the possible ring
hydroxylation products of acetophenone oxidation (2'-, 3'-, and 4'-
hydroxyacetophenone; detection limits, <2 nmol) co-eluted with the actual
products. As previously reported, phenol was oxidized to hydroquinone
(Hyman, Sansome-Smith et al., 1985). With the exception of benzyl alcohol
conversion to benzaldehyde, the transformations of N- and 0-containing
aromatic compounds were stimulated by NH4+. In fact, less benzaldehyde was
detected as an oxidation product of benzyl alcohol when NH4+ was present.

Oxidation of the amino group of aniline to a nitro group is analogous to
the oxidation of NH3 to NO2-. Conversion of aniline to nitrobenzene may have
involved HAO-mediated conversion of an intermediate, N-phenylhydroxyl-
amine, although this intermediate was not detected (Scheme 2.1). The nitro
group is meta directing in electrophilic substitutions, and 3-nitrophenol was
found to be the primary product of nitrobenzene oxidation (Scheme 2.1). The
aceto substituent is likewise meta directing; however, acetophenone oxidation
occurred at the C-2 (methyl) position of the substituent rather than on the ring.
This result demonstrates the preference of AMO for hydroxylating alkyl groups
rather than aromatic rings.

AMO-mediated transformations of aniline, phenol, acetophenone, and
alkylbenzenes were dramatically increased in the presence of NH4+, whereas
transformations of AMO substrates (e.g., benzene, nitrobenzene and
halobenzenes) yielding phenolic products were incomplete and were less
stimulated by NH4+ addition. In fact, halophenols were produced in very
similar amounts from chloro- and bromobenzene after 40 h incubations in the
presence or absence of NH4+. Limitations on extents (and stimulation by
NH4+) of transformations could arise from greater inhibition of AMO activity by
accumulated phenolic products compared to non-phenolic products (Fig.
2.1C).
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The transformations observed in the present work make the usefulness of
N europaea in bioremediation of aromatic pollutants unclear. Complete
mineralization requires ring fission; however, no evidence for ring fission of
aromatics by N europaea was obtained. Nonetheless, N europaea may
initiate degradation of aromatic compounds to provide products that can be
transformed by other bacteria. Also, incorporation of oxygen atoms into
aromatic compounds in reactions mediated by N europaea increases
aqueous solubility and hence the availability of these compounds to other
bacteria.
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CHAPTER 3:

KINETIC STUDIES OF AMMONIA MONOOXYGENASE
INHIBITION IN NITROSOMONAS EUROPAEA BY

HYDROCARBONS AND HALOGENATED HYDROCARBONS
IN AN OPTIMIZED WHOLE-CELL ASSAY

3.1. Abstract

The inhibitory effects of 15 hydrocarbons and halogenated hydrocarbons
on NH3 oxidation by ammonia monooxygenase (AMO) in intact cells of the
nitrifying bacterium Nitrosomonas eucopaea were determined. Determination
of AMO activity, measured as NO2- production, required coupling of hydroxyl-
amine oxidoreductase (HAO) activity with NH3-dependent NH2OH production
by AMO. Hydrazine, an alternative substrate for HAO, was added to the reac-
tion mixtures as a source of reductant for AMO. Most inhibitors exhibited com-
petitive or noncompetitive inhibition patterns. Competitive character generally
decreased (KiE/KiEs increased) as molecular size of the inhibitors increased.
For example, CH4 and C2H4 were competitive inhibitors of NH3 oxidation,
whereas the remaining alkanes (up to C4) and monohalogenated (CI, Br, I)
alkanes were noncompetitive. Oxidation of C2H5Br (noncompetitive) increased
as the NH4+ concentration increased up to 40 mM, whereas oxidations of inhi-
bitors with competitive character (KBE « KIEs) were diminished at 40 mM
Multichlorinated compounds produced nonlinear Lineweaver-Burk plots. CH31,

C2H51, and C2C14 were potent inhibitors of NH3 oxidation. Maximum rates of
NH3, C2H4, and C2H6 oxidations were approximately equivalent, suggesting a
common rate-determining step. These data support an active site model for
AMO consisting of an NH3 binding site and a second site that binds
noncompetitive inhibitors, with oxidation occurring at either site.

3.2. Introduction

The widely distributed soil bacterium Nitrosomonas europaea is an
obligate chemolithoautotrophic aerobe which uses ammonia as its sole natural
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energy source (Wood, 1986). The oxidation of ammonia to nitrite is initiated by
ammonia monooxygenase (AMO). Because of the broad substrate range of
AMO, attention has focused recently on the possibility of using nitrifiers such as
N europaea in the bioremediation of contaminated soils and aquifers and in
the treatment of wastes (Arciero, Vanneli et al., 1989; Rasche, Hicks et al.,
1990; Vannelli, Logan et al., 1990; Rasche, Hyman et al., 1991). Exploitation of
this potential of nitrifiers will require a thorough knowledge of AMO and its
interaction with alternative substrates.

AMO catalyzes the oxidation of NH3 to hydroxylamine (NH2OH), which is
subsequently oxidized to NO2- by hydroxylamine oxidoreductase with the
release of four electrons (Wood, 1986). Two of the four electrons must be
transferred to AMO to activate 02 and maintain steady-state rates of ammonia
oxidation (Wood, 1986). Free NH2OH concentrations are apparently very low
during ammonia oxidation. (Wood, 1986). The coupling of AMO and HAO
activities is illustrated in the top half of Scheme 3.1. AMO in N europaea also
catalyzes the oxidation of several alternative substrates (including
hydrocarbons and halogenated hydrocarbons)(Rasche, Hicks et al., 1990;
Rasche, Hyman et al., 1990; Vannelli, Logan et al., 1990; Rasche, Hyman et al.,
1991). These oxidations, such as the oxidation of ethylene (C2H4) to ethylene
oxide (C2H40)(Scheme 3.1, bottom half), require reductant, which can be
supplied by the simultaneous oxidation of ammonia to provide NH2OH.

Previous studies of halogenated hydrocarbon oxidations by N europaea
focused on the substrate range of the enzyme (Hyman, Murton et al., 1988;
Rasche, Hicks et al., 1990; Rasche, Hyman et al., 1990; Vannelli, Logan et al.,
1990; Rasche, Hyman et al., 1991), product identification (Hyman, Murton et al.,
1988; Rasche, Hicks et al., 1990), and the toxicity associated with the oxidation
of some compounds (Vannelli, Logan et al., 1990; Rasche, Hyman et al., 1991).
As potential substrates for AMO, hydrocarbons and halogenated hydrocarbons
can be categorized into three classes as defined by Rasche et al. (Rasche,
Hyman et al., 1991): Class 1) not oxidized by AMO, Class 2) oxidized by AMO
with little or no resultant toxic effect on the cells, and Class 3) oxidized by AMO
but yielding reactive products that inactivate NH3 oxidation. Two examples of
Class 1 compounds are carbon tetrachloride (CCI4) and tetrachloroethylene
(C2C14)(Rasche, Hyman et al., 1991). Chloromethane (CH3CI)(Rasche, Hyman
et al., 1991) and monohaloethanes (C2H5X; X=1, Br, CI, F)(Rasche, Hicks et al.,
1990) are Class 2 substrates which yield formaldehyde and acetaldehyde as
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Scheme 3.1. Reactions catalyzed by AMO and HAO. Reactants are
shown in numbers required for a single catalytic turnover event.

oxidation products, respectively. Chloroform (CHCI3) and trichloroethylene are
examples of Class 3 compounds, although both are oxidatively dechlorinated
(Rasche, Hyman et al., 1991).

Although previous studies have provided information on the substrate
range and other aspects of alternative substrate oxidations by AMO, the studies
have provided little information on how halogenated hydrocarbon substrates
interact with the active site of AMO. Kinetic inhibition studies can provide such
insights to the active site of AMO, and should therefore have predictive value
for biotransformations of compounds structurally related to those we have
tested, as well as for in situ biotransformations of mixtures of compounds. With
whole cells of N europaea, the inhibition of NH3 oxidation by CH4 (Hyman and
Wood, 1983) and C2H4 (Hyman and Wood, 1984) is competitive, which
indicates mutually exclusive binding of NH3 and these alternative substrates.
Benzene, which is oxidized to phenol and subsequently to p-hydroquinone,
exhibits a noncompetitive pattern (Hyman, Sansome-Smith et al., 1985). At
low NH4+ concentrations, the double-reciprocal plots for CH4 and C2H4 deviate
from the pattern expected for simple competitive inhibition; reductant depletion
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was cited as an explanation (Hyman and Wood, 1984). Suzuki et al. (Suzuki,
Kwok et al., 1976) followed AMO activity as NH3-dependent 02 consumption in
cell-free extracts and obtained double-reciprocal plots for the inhibitors CI-14,
CO, and CH3OH which are also indicative of competitive inhibition. Their plots
also deviate somewhat from simple competitive inhibition.

We wished to investigate the interactions of hydrocarbons and
halogenated hydrocarbons with AMO by determining the inhibition patterns
and apparent inhibition constants associated with the inhibition of NH3
oxidation by these compounds. Since bioremediation applications with N.
europaea would employ whole cells, our experiments were carried out with
intact cells. Active, purified preparations of AMO are not available.
Furthermore, there is considerable difficulty involved in stabilizing and
assaying cell-free extracts (Ensign, Hyman et al., 1993). The direct electron
donor for AMO has not been identified, necessitating the use of a coupled
enzyme system as used in our study. The efficiency of coupling of AMO and
HAO activities is apparently greatly reduced when cells are lysed (Ensign,
Hyman et al., 1993). Alternative substrates can influence AMO activity in intact
cells by three distinct mechanisms: 1) direct binding and interaction with AMO,
2) interference with the reductant supply to AMO (oxidation of alternative
substrates requires reductant, but the products are not further oxidized to
replenish the reductant as is the case with NH3), 3) oxidation to highly reactive
products that covalently bind and inactivate AMO and other enzymes. To avoid
the cytotoxic effects associated with reactive products, we limited our study to
Class 1 and 2 compounds. To ensure a constant supply of reductant to AMO,
we included hydrazine (N2H4), an alternative substrate for HAO, in the reaction
mixtures. In this way, we attempted to restrict the inhibitory effects of Class 2
compounds to direct interactions with AMO. Fifteen hydrocarbon and halogen-
ated hydrocarbon inhibitors produced a variety of inhibition patterns including
competitive, noncompetitive, and nonlinear (concave down) v-1 vs. S-1 plots.
Within the selection of inhibitors, trends were noted corresponding to molecular
size, identity of the halogen substituent, and number of halogen substituents.
These trends should enhance the predictive value of the present work.
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3.3. Materials and Methods

3.3.1. Cell growth and preparation. N. europaea (ATCC 19718)
was cultured in 1.5 liter batches at 30°C. The growth medium contained 25
mM (NH4)2SO4 and other constituents as described (Rasche, Hyman et al.,
1991). Cultures were inoculated with 40 ml of a two day old culture of N
europaea grown on the same medium. Nitrite concentrations were
determined spectrophotometrically using the formula: (A352-A400)/0.0225=
[NO2-](mM). When the NO2- concentrations in the medium reached between
15 and 21 mM (-42 hours), cells were harvested by centrifugation. At this age,

the cell culture is in the late exponential growth phase; AMO activity for a given
cell density is maximum (Hyman, 1985) and consistent (as indicated by day-to-
day consistency of Vmax and Km values for control curves in v-1 vs. S-1 plots,

vide infra). The cells were washed once in buffer consisting of 50 mM NaH2PO4
(pH 7.7) and 2 mM MgCl2 (assay buffer), then sedimented and resuspended in
assay buffer to a constant cell density (1.8 mg protein/m1). Cell suspensions
were prepared daily, stored on ice in the dark, and used within 15 hours.
Protein content was determined using the Biuret assay (Gornall, Bardawill et
al., 1949) after the cells were solubilized in 3N NaOH for 1 h at 65°C.

3.3.2. Materials. Liquid inhibitors included: CCI4 (Fisher, Fair Lawn,
NJ); C2H5CI (Kodak, Rochester, NY); C2H5Br, C2CI4 (PCE), C2H51, CH31,
CCI3CH2CI, and n-CIC3H7 (1-chloropropane)(Aldrich Chemical Co., Milwau-
kee, WI). Gaseous inhibitors included: CH4, C2H4 (Airco, Vancouver, WA);
C3H8, n-C4H10 (Aldrich); CH3Br, CH3CI, C2H6 (Liquid Carbonic, Chicago, Ill.).
Purities of all compounds were _.99%, unless otherwise noted. Other reagents
included: 1- ally) -2- thiourea (Kodak), NH2OH HCI (Fisher, 97.8% pure), N21-14.
H2SO4 (Fisher), (N1-14)2504 (Mallinckrodt, Paris, KY). All other chemicals were
of reagent grade.

3.3.3. Kinetic inhibition assays. Stock solutions of the liquid
inhibitors were prepared by adding the compounds to buffer-filled vials with
microsyringes. Solutions were stirred magnetically to achieve equilibrium,
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then appropriate volumes were added with microsyringes to glass serum vials
(6.5 ml volume) sealed with butyl rubber stoppers (Teflon-lined stoppers used
with C2CI4). Gaseous inhibitors were added directly to sealed serum vials with
microsyringes. Serum vials contained 4.9 ml assay buffer. Inhibitor concentra-
tions in the liquid phase of the assay vials were calculated from dilutions
(solutions of liquids in buffer) or volumes added (gases), accounting for
partitioning between the gas and liquid phases (determined by gas chromato-
graphy). Cells (50 gl of aforementioned suspension) were added to the
reaction vials, which were preincubated 10 min in a water bath with shaking at
30°C. The reactions were initiated by addition of an aqueous solution (50 gl)
containing (NH4)2SO4 and N2H4 in concentrations appropriate to give the
desired initial concentrations in the assay vials. The vials were shaken in a
reciprocating water bath (3 reciprocations/sec) at 30°C. After 10 min, the
reactions were stopped by addition of 1- allyl -2- thiourea (to 40 giv1), a potent,
specific inhibitor of NH3 oxidation (Lees, 1952b). The amount of NO2-
produced in the reactions was determined colorimetrically (Hageman and
Hucklesby, 1971). For the experiment shown in Table 3.1, NH3 concentrations
were determined colorimetrically as described (Weatherburn, 1967).

To examine NH3 as an inhibitor of C2H4 oxidation by AMO, the inhibition
pattern for several fixed NH4+ concentrations with variable C2H4 concentrations
was determined. The production of ethylene oxide was quantified using gas
chromatography as described (Fig. 3.5)(Rasche, Hicks et al., 1990). The reac-
tion conditions were as described above, including the addition of an optimized
concentration of N2H4 for each combination of NH4+ and C2H4 (vide Infra).

3.3.4. Analysis of kinetic inhibition data. The rates of NO2- forma-
tion (v)(or of C2H40 formation, Fig. 3.5) obtained at various NH4+ concentra-
tions (S) at a fixed inhibitor concentration were fit to the equation v=(Vmax .[S])
(Km + [S])-1 using the unweighted least-squares method and the Marquardt-
Levenberg algorithm for nonlinear curve fitting (SigmaPlot, Jandel Corp.).
Data for tetrachlorinated inhibitors clearly exhibited more complex behavior
than the remaining inhibitors, therefore Ki values were not determined for these
compounds. The data points in Fig. 3.7 are connected by straight lines to
indicate that they correspond to a given inhibitor concentration. The kinetic
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inhibition data were plotted as v-1 vs. S-1 at several inhibitor concentrations to
facilitate visual analysis. The inhibition constants KBE and KiEs were obtained
by replotting the inhibitor concentrations versus the slopes or y-intercepts
obtained on the v-1 vs. S-1 plots, respectively. The constants were taken as the
absolute values of the x-intercepts on the appropriate replots. For purified
enzymes with one substrate and an unreactive inhibitor, KBE and K1ES are the
dissociation constants for binding of the inhibitor to the free enzyme (E) and the
enzyme-substrate complex (ES), respectively (Cornish-Bowden, 1979). Our
system provides apparent Ki values that cannot be considered as true
dissociation constants. However, these values should provide reasonable
approximations for the relative affinities of these inhibitors for AMO in vivo.

3.3.5. Addition of hydrazine to circumvent reductant
limitation. In order to eliminate reductant depletion caused by the oxidation
of alternative substrates by AMO, hydrazine was added to the reaction mixture
at a concentration that gave the maximum NO2- production rate. This optimum
N2H4 concentration was determined empirically for each combination of NH4+
and inhibitor concentrations as follows. Hydrazine concentrations (0, 0.1, 0.2,
0.3, 0.5, 0.7, and 0.9 mM) were tested for 0.5, 1, and 5 mM NH4+ for each of the
high, low, and intermediate inhibitor concentrations (five concentrations used
for most inhibitors). The optimum N2H4 concentration was then interpolated for
the remaining combinations of NH4+ and inhibitor concentrations.

3.3.6. Znax and Km determinations for Ca di and C2.H.g. Vmax
and Km values were determined for the alternative substrates C2H4 and C2H6
using N2H4 to provide reductant (added from aqueous stock solutions).
Oxidation rates of C2H4 and C2H6 were maximized with 0.8 mM N2H4; varying
the N2H4 concentration was unnecessary. The respective products ethylene
oxide and ethanol were quantified by gas chromatography as described
(Rasche, Hicks et al., 1990). All other reaction conditions were as described
above.
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3.3.7. Alternative substrate oxidations with NH2 as the sole
reductant source. The effects of increasing NH4+ concentrations on the
oxidation rates of C2H4, CH3Br, C2H5Br, and CH3CI were determined. The
alternative substrates (300 11M in the aqueous phase) were combined with
cells, preincubated as above, and (NH4)2SO4 was added (1, 2, 5, 10, 20, and
40 mM final concentrations of NH4+) to initiate the reaction. Oxidation rates
with endogenous reductant only were determined in the absence of NI-14+
(Table 3.4). Hydrocarbon and halogenated hydrocarbon oxidations were
determined as the amount of product formed or the difference between the
initial substrate concentrations and the substrate that remained after a fixed
time period. Substrates and products were quantified with liquid phase
injections using gas chromatography. All other reaction conditions were as
described above.

3.4. Results

3.4.1. Determination of the validity of a coupled assay to
measure rates of NH2 oxidation in the presence of AMO inhibitors.
We sought to investigate the kinetic mechanisms of the interactions of hydro-
carbon and halogenated hydrocarbon compounds with the physiological sub-
strate, NH3. AMO activity can be determined in a number of ways, including
gas chromatographic analysis of organic substrate depletion, or by determina-
tion of the residual NH4+ by use of an ion selective electrode or a colorimetric
assay. However, these methods suffer from the need to accurately determine
small changes in NH3 or alternative substrate concentration. We chose to
determine rates of NO2- production from NH3 as a measure of AMO activity;
colorimetric NO2- quantification is a simple and sensitive assay. A shortcoming
of this method is that NO2- production involves the coupling of two enzyme
activities--AMO and HAO--through the intermediate, NH2OH. Therefore, a
number of assumptions are inherent in this assay. First is the assumption that
all the oxidized NH3 was converted to NO2-. To test this assumption, an
experiment was performed in which the amounts of NH3 consumed were
determined and compared to the amounts of NO2- produced under various
experimental conditions. As shown in Table 3.1, the amount of NH3 consumed
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after 1 hour incubations equaled the amount of NO2- produced under all
conditions tested, which included the presence of a representative inhibitor,
C2H4 (690 JIM), and the reductant N2H4 (0.7 mM). This approach was not
feasible for measuring small changes in NH4+ concentration occurring during
10 min reaction periods as used in the kinetic assays. However, when the
highest concentration of an alternative substrate/inhibitor was used (with its
optimal N2H4 concentration, vide infra) and AMO was specifically and rapidly
inactivated with C2H2 after 10 min reactions, no significant further increases in
NO2- were measured upon continued incubation of the reaction mixtures.
Supraoptimal N2H4 concentrations diminished NO2- production over 10 min
reactions, but also correlated with significant increases in NO2- with extended
incubations. These observations can be explained if negligible NH2OH
concentrations accumulate with optimal N2H4 concentrations, while
supraoptimal N2H4 concentrations cause accumulation of NH2OH.

The second assumption was that changes in the concentrations of
substrates, inhibitors and products during the time course of the reaction (10
min) did not affect the observed rates of NO2- production. To test the second
assumption, time courses of NO2- production were determined with the
inhibitor C2H4 under conditions described in Figure 3.1. The reaction rates
were constant up to 16 min. In subsequent experiments, the rates were
determined from the first 10 min of the reaction. Similar tests of rate constancy
were conducted for all 15 compounds examined; rates of NO2- production were
constant over the time course of the experiments, with only C2H5Br and C2H51
causing slight rate decreases at the highest inhibitor concentrations.

A third assumption was that any inhibition of NH3 oxidation observed was
specific for AMO, and not due to inhibition of HAO or other enzymes involved in
the coupled reaction. To test this assumption, we determined if the oxidation of
NH2OH to NO2 by HAO was influenced by any of the 15 inhibitors tested.
AMO was inactivated with C2H2, a mechanism-based inactivator of AMO
(Hyman and Wood, 1985). Reactions were stopped after 8 min by adding an
aliquot of the reaction mixture to the acidic reagent for the NO2- assay. Even at
the highest concentrations of the inhibitors used to obtain the kinetic data, the
oxidation of NH2OH (200 gM) was not inhibited by 14 of the compounds. Only
CCI3CH2CI (1.2mM) inhibited the oxidation of NH2OH (by 18%). This indicates
that HAO and other enzymes and proteins required in the oxidation of NH2OH
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FIGURE 3.1. Time courses of NO2- production by N europaea. For each line,
reactions in quintuplicate vials were initiated by addition of cells and individually
stopped at 4 minute intervals by addition of C2H2. For vials containing C2H4,
N2H4 concentrations providing maximum NO2- production were determined
(Materials and Methods) and included in quintuplicate vials. Symbols:
(El) 0.5 mM NH4+; (0) 1mM NH4+; (A) 5mM NH4+; (D) 0.5 mM NH4+ +
69011M C2H4 + 0.7mM N2H4; (0) 1mM NH4+ + 6941M C2H4 + 0.7mM N2H4;
(A) 5mM NH4+ + 69011M C2H4 + 0.3mM N2H4.

to NO2- in intact cells were not influenced by the inhibitors.
Because the reactions were carried out with intact cells, a fourth

assumption was that NH4+ diffusion gradients between the medium and the
cell periplasm were not influenced by changes in AMO activity. To determine if
NH4+ concentration gradients exist, we partially and specifically inactivated
AMO in whole cells with light (Hyman and Arp, 1992), and then adjusted the
concentration of the cells to give the same maximum velocity of NO2- produc-
tion as untreated control cells (at 20 mM NH4+). Rates of NO2- production as a
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function of NH4+ concentration (0.33 mM to 20 mM) were determined. AMO
inactivation should allow any NH4+ diffusion gradient to approach equilibrium,
resulting in a decrease in the apparent Km for NH4+ (Martinez, Schendel et al.,
1992). With 0%, 52%, 82%, and 92% inactivation, the apparent Km's were 1.21
mM, 1.17 mM, 1.11 mM, and 1.02 mM, respectively. These results suggest that
an NH4+ diffusion gradient, if it existed, was small. Therefore, any changes in
the gradient due to addition of inhibitors would not be expected to have a
significant impact on the kinetics of NO2- production. In summary, these results
confirm the validity of determining rates of NO2- production from intact cells as
a measure of AMO activity.

3.4.2. Addition of hydrazine to circumvent reductant limitation.
In previous studies, it was shown that the effects of alternative substrates on the
rates of AMO activity cannot be accounted for solely by direct effects occurring
at the active site of AMO (Hyman and Wood, 1984; Rasche, Hicks et al., 1990).
Because the products of the alternative substrate oxidations are not further
oxidized, the oxidation of alternative substrates by AMO results in a net drain
of reductant (Scheme 3.1). To discriminate between direct NH3 and inhibitor
interactions on AMO and any secondary effects due to reductant limitation, it
was necessary to eliminate the latter effects. This was achieved by addition of
hydrazine (N2H4) to the reaction mixtures. Hydrazine is an alternative substrate
for HAO (Nicholas and Jones, 1960), is an effective electron donor for AMO-
catalyzed oxidations (Hyman and Wood, 1983), and is oxidized by HAO to
produce N2 which does not interfere with the colorimetric NO2- assay.

Addition of N2H4to cells in the presence of NH4+ and the absence of a
hydrocarbon inhibitor did not stimulate the rates of NO2- production, indicating
that NH3 oxidation was not reductant limited under such conditions. Indeed,
increasing concentrations of N2H4 progressively inhibited the rates of NO2-
production (Fig. 3.2A). Excess N2H4 might prevent the oxidation of NH2OH
generated from NH3 and hence decrease the amount of NO2- detected.
Furthermore, the subsequent increase in the intracellular concentration of
NH2OH may lead to a direct inhibition of AMO (Anderson, 1965; Hyman and
Wood, 1984). It seems unlikely that N2H4 directly inhibited AMO activity at the
concentrations used ( <1 mM) in the inhibition experiments because, in the
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FIGURE 3.2. Influence of N2H4 on NO2- production by N europaea. (A). Inhibi-
tion of NH4+ -dependent NO2- production by N2H4 in the absence of an alternate
substrate. Reactions were stopped by addition of aliquot to acidic NO2- assay
reagent immediately after 10 min reaction. Symbols: () 0.5mM NH4+;
A) 5mM NH4+. (B). Influence of NH4+ on the optimum N2H4 concentration
required for maximum NO2- production with 690p.M C2H4 present. Symbols:
(0) 0.5mM NH4+; (e) 5mM NH4+. (C). Influence of C2H4 on the optimum N2H4
concentration required for maximum NO2- production from 1 mM NH4+.
Symbols: (p) 170µM C2H4; (A) 10400 C2H4.
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absence of NH4+, the rate of ethylene (920 gM) oxidation was not diminished
at 1.0 mM N2H4 relative to lower concentrations (data not shown).

The effects of N2H4 addition on the rates of NO2- production in the
presence of the inhibitor C2H4 are shown in Figure 3.2B,C. In contrast to the
absence of C2H4, low concentrations of N2H4 stimulated the rate of NO2-
production in the presence of C2H4. This stimulation was attributed to
circumvention of the reductant limitation imposed by the oxidation of C2H4. As
in the absence of an alternative substrate, higher concentrations of N2H4
resulted in a decreased rate of NO2- production, presumably for the reasons
stated above. These results demonstrate that different concentrations of N2H4
are required to achieve optimal rates of NO2- formation under different
conditions. As increasing concentrations of the same compound will cause
greater depletion of the reductant supply (Fig. 3.2C), it is obvious that each set
of experimental conditions will require a unique optimal N2H4 concentration.
Therefore, in all subsequent experiments, the concentration of N2H4 supporting
the maximum rate of NO2- production was determined for each unique set of
conditions. Throughout the text, "optimal N2H4 concentration" refers to the
concentration of N2H4 required to maximize the rate of NO2- production under
the stated conditions.

TABLE 3.1. Comparison of ammonium consumed and nitrite produced by
whole cells of N europaea in the presence of ethylene and/or hydrazine a

Amt of ammonium
Additions consumed (gmol)

Amt of nitrite
produced (gmol)

0.5mM NH4+ 1.52 1.58
1 mM NH4+ 2.76 2.77
0.5mM NH4+ + 0.7mM N2H4 1.18 1.19
1mM NH4+ + 0.7mM N2H4 1.93 1.89
0.5mM NH4 + + 6900 C2H4 + 0.5mM N2H4 0.61 0.61
1 mM NH4+ + 6900 C2H4 + 0.5mM N2H4 1.14 1.16

a Reactions were stopped after 1 h with C2H2. Ammonium and nitrite
concentrations were measured as described in Materials and Methods.
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Maximum NO2- production rates with optimal N2H4 concentrations were
constant for 16 min, as Figure 3.1 indicates. Also, NH3-dependent NO2-
production equaled NH3 consumption over 1 hour when 0.7 mM N2H4 was
present (Table 3.1). These results show that the assumptions of the previous
section were still valid when N2H4 was included in the assay. We also
assumed that optimal N2H4 concentrations replenished reductant to a constant
level and that only the initial inhibitor and NH3 concentrations varied
significantly between reaction vials.

1.5

0.0
0 1 2 3 4

[NH4+] (mM)

5

FIGURE 3.3. Effect of N2H4 on NH4+ -dependent NO2- production rates by N
europaea in the presence of 34511M C2H4 (and control). Symbols: (0) NH4+
only; (0) C2H4 without N2H4; (A) C2H4 + 0.1 mM N2H4; () N2H4 concentra-

tions selected (for each NH4+ concn) which yielded maximum NO2- production.
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3.4.3. Saturation kinetics are observed with the coupled
assay. The coupled assay (NH3 to NO2-), with addition of optimized
concentrations of N2H4, was used to determine the velocity of NH3 oxidation as
a function of NH3 concentration. As shown in Figure 3.3, saturation kinetics
were observed for NH3 alone. When C2H4 was included in the reaction
mixture, the rates of NO2- production decreased, and the pattern was no longer
typical of saturation kinetics. Addition of a single concentration of N2H4 (0.1
mM) increased the rates, but the curve was not hyperbolic. However, when
optimized concentrations of N2H4 were added to the reaction mixture along
with C2H4, the plot once again was typical of saturation kinetics, albeit with an
apparently higher Km. Thus, including optimal N2H4 concentrations was
necessary to obtain saturation kinetics.

3.4.4. Kinetic inhibition patterns and constants. With the assay
described above, we investigated inhibition of NH3 oxidation to NO2- by the 15
hydrocarbons and halogenated hydrocarbons. Except for CH3I, all of these
inhibitors have been reported to be either substrates for AMO or Class 1
nonsubstrates (C2CI4 and CCI4)(Hyman, Murton et al., 1988; Rasche, Hyman et
al., 1990; Rasche, Hyman et al., 1991). For each inhibitor, a series of NH4+
concentration vs. velocity curves were obtained, with each curve representing
a fixed concentration of inhibitor. Because each experiment included a control
saturation curve with no inhibitor added, this provided a means of determining
the day-to-day variability of the kinetic data. In 15 experiments, an average Km
for NH4+ of 1.34±0.22 mM and an average Vmax of 1.59±0.171.tmol.min-l.mg
protein-1 were determined. This consistency facilitated comparison of results
obtained on different days.

As an example of this approach, the results of the inhibition of NH3
oxidation by C2H4 are shown in Fig. 3.4. The double-reciprocal plot reveals a
pattern typical of a competitive inhibitor. The replot of slopes versus inhibitor
concentrations (slope replot) is linear and yields a KBE of 660 µM (Fig. 3.4
inset). We also determined the inhibition pattern with NH3 as the inhibitor and
C2H4 as the variable substrate. The rate of ethylene oxide formation was
determined. Again, the pattern was typical of a competitive inhibitor although
the slope replot was not linear (Fig. 3.5). For a competitive inhibitor which also
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acts as a substrate, the Ki for the compound as inhibitor should equal its Km as
substrate (Cornish-Bowden, 1979). The Ki for C2H4 of 660 p.M compares
favorably with the Km for C2H4 of 658±154 Wv1 (Table 3.3). Methane was also a
competitive inhibitor of NH3 oxidation (Table 3.2). The Ki for CH4 (3240 p.M)
was about 5-fold higher than the Ki for C2H4. The high Ki for CH4 is consistent
with the observation that CH4 is a relatively poor substrate for AMO (Hyman
and Wood, 1983).

Most of the compounds we examined did not give inhibition patterns
typical of competitive inhibitors. Indeed, noncompetitive patterns were the most
common. The double-reciprocal plot obtained for C2H5CI (Fig. 3.6) exemplifies

-1 0 1

11[NH44-] (m M-1)

2

FIGURE 3.4. Lineweaver-Burk plot for C2H4 as an inhibitor of NH4+-dependent
NO2 production in N europaea. Symbols: (D) 011M C2H4; (0) 345µM C2H4;
(A) 520p.M C2H4; (I) 690pM C2H4, 860p.M C2H4; (A) 104011M C2H4.
Inset: slope replot. Slopes of curves were plotted against inhibitor concentra-
tion to obtain KiE , the absolute value of the x-intercept.
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FIGURE 3.5. Lineweaver-Burk plot for NH3 as an inhibitor of C2H4 oxidation by
N europaea . Ethylene oxide production as a function of C2H4 concentration.
Symbols: (0) 0mM NH4+; (0) 0.5mM NH4+; (A) 5mM NH4--; 15mM NH4+.
Inset: slope replot.

6

the noncompetitive pattern for inhibition of NH3 oxidation. Replots (Fig. 3.6
inset) of inhibitor concentrations versus slopes or y-intercepts of the curves in
Fig. 3.6 provided values for KiE (1.41 mM) and KiES (1.42 mM), respectively.
These similar values may have resulted from C2H5CI having equal affinity to
free enzyme (E) and to the ES complex (i.e., enzyme with NH3 bound). All
other noncompetitive inhibitors exhibited mixed noncompetitive patterns (KiE #
KiEs). These inhibitors were the hydrocarbons C2H6, C3H8, and n-C4H10 and
the halogenated hydrocarbons CH3CI, n- CIC3H7, CH3Br, C2H5Br, CH31, and
C2I-151. The iodinated compounds gave the lowest KiE and K1ES values which
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indicates strong binding to AMO. Ratios of KiE/KiEs increased in the following
sequence: CH3CI (0.20), C2H6 (0.25), CH3Br (0.33), C2H5CI (0.99), C2H5Br
(2.23), n-C4Fl10 (3.07), C3H8 (3.25), CH3I (4.33), n-CIC3H7 (5.10), and C2H51
(9.67). With the inhibitors propylene, trans-dichloroethylene, CH2CICH2CI, and
CH2BrCH2CI, the rates of NH3 oxidation as a function of time were constant
only at inhibitor concentrations causing little inhibition of NH3 oxidation.
Nonetheless, all four inhibitors showed noncompetitive patterns at these low
concentrations (data not shown).

Not all compounds gave inhibition patterns typical of either competitive or
noncompetitive inhibitors. With the tetrachlorinated compounds C2C14, CCI4,
and CCI3CH2CI, the double-reciprocal plots were nonlinear. For example, the
plot for CCI4 (Fig. 3.7) shows concave down curves, especially at high inhibitor

6

1

'I I[N H 4+ ] ( m M -1 )

2

FIGURE 3.7. Lineweaver-Burk plot for CCI4 as an inhibitor of NH4+-dependent
NO2- production in N europaea. Symbols: () 01.1M CCI4; (0) 751.1M CCI4;
(A) 1500 CCI4; (U) 225[IM CCI4; (II) 300gM CCI4; (A) 375p.M CCI4.



TABLE 3.2. Apparent kinetic inhibition constants from slope and intercept replots
of v-1 vs. S-1 plots with N europaea whole cells

Inhibitor
Inhibition
Pattern a

KiE

(-1")b
KiES

01W/3
[11M 1]50%
mM NH4+)c

[N2H4] Range

Used (MM)ci KiE/ KiES

Methane C 3240 >1800 0.05-0.3
Ethane NC 220 8908 520 0.1-0.5 0.25

Propane NC 1430 440 840 0.1-0.5 3.25
n-Butane NC 920 300 450 0.2-0.5 3.07
Ethylene C 660 550 0.1-0.7

Chloromethane NC 300 1470 550 0.1-0.7 0.20
Chloroethane NC 14108 1420e 2340 0.3-0.7 0.99

n-Chloropropane NC 51508 1010 2000 0.3-0.5 5.10
Bromomethane NC 500 1490 770 0.1-0.7 0.33

Bromoethane NC 490 220 550 0.1-0.7 2.23
lodomethane NC 130 30 80 0 4.33

lodoethane NC 290 30 80 0.1 9.67
Tetrachloroethylene CD 5 0
Carbon tetrachloride CD 300 0

1,1,1,2-Tetrachloroethane CD 500 0.1

Footnotes are on following page.
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b
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TABLE 3.2. Continued

Patterns of curves on double-reciprocal plots were as follows:
C = competitive, NC = noncompetitive, CD = concave down.

KiE and Ki Es are apparent inhibition constants derived from slope and
intercept replots, respectively. Data in replots were fit to the y=mxi-b
formula by the least squares method.

c These values represent the micromolar inhibitor concentrations
required for 50% inhibition of NO2- production from 1mM NH4+.
The N2H4 concentration was optimized in each case.

d

e

These values include the N2H4 concentrations used in the kinetic
assays.

One (C2H5CI and C2H6) or two (n- CIC3H7) datum points were
omitted from these replots. The remaining replots included all
(5 or 6) datum points. R2 values for all slope replots exceeded 0.91
(average=0.97±0.03). Except for n -C4H10 (R2=0.89), R2 values for
intercept replots exceeded 0.95 (average=0.97±0.03).

concentrations. This pattern does not allow determination of KBE and KiEs
values. For comparison with other inhibitors, Table 3.2 includes inhibitor con-
centrations causing 50% inhibition of NO2- production from 1 mM NH4+. By
this measure, C2CI4 (PCE) was the most potent inhibitor we examined.

For each inhibitor we investigated, the range of N2H4 concentrations
required to optimize the rates of NO2- production are indicated in Table 3.2.
For example, with C2H4 the optimal N2H4 concentrations varied from 0.1 mM to
0.7 mM and N2H4 requirements were influenced by the NH4+ concentration
(Fig. 3.2B). In general, the higher C2H4 concentrations required higher N2H4
concentrations to replace the reductant diverted to C2H4 oxidation (Fig. 3.2C).
Other inhibitors previously shown to be oxidized rapidly (Rasche, Hicks et al.,
1990) also required high concentrations of N2H4 to replenish reductant and
maximize NO2- production, while slowly oxidized inhibitors required lower
concentrations of N2H4 (Rasche, Hicks et al., 1990; Rasche, Hyman et al.,
1991). For inhibitors with competitive character, (ratios of KiE/KiEs <1), the
optimal N2H4 concentration decreased with increasing NH4+ concentration.
This is consistent with a decreased diversion of reductant to the alternative
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substrate as its binding to AMO was out-competed by NH3; NH3-derived
NH2OH would provide more of the total reductant at higher NH4+ concentra-
tions. For noncompetitive oxidizable inhibitors with KE/KiEs (including
C2H5CI), the optimal N2H4 requirements increased with increasing inhibitor
concentration but did not vary with the NH4+ concentration for a given inhibitor
concentration. In contrast, compounds that were oxidized only slowly (such as
CH3I, C2H51, or CCI3CH2CI)(Rasche, Hicks et al., 1990; Rasche, Hyman et al.,
1991) or not at all (C2C14 and CCI4)(Rasche, Hyman et al., 1991) required little
(0.1 mM) or no N2H4 to supplement NH3-derived reductant.

Vmax values were obtained for the oxidation of C2H6 to ethanol and C2H4
to ethylene oxide in the presence of N2H4 and the absence of competing NH3.
The values are compared to those obtained for NH3 (Table 3.3). All three Vmax
values are about 1.51.tmol.min-1.mg protein-1. The Km values for C2H4 and C2H6
are similar and lower than the value obtained for NH4+. However, the substrate
for AMO is considered to be NH3, not NH4+ (Bedard and Knowles, 1989).

TABLE 3.3. Apparent kinetic parameters from reaction rate studies
with N europaea

Vmax (±S.D.)a(grnol product Km (±SD)
Substrate min-lmg protein-1) (N) # Trials

Ammonium 1.68±0.15 1353±109 3

Ethylene 1.56±0.23 658±154 4
Ethane 1.44±0.08 522±27 2

a S.D., standard deviation.

At pH 7.7, 1.35 mM NH4+ corresponds to an NH3 concentration of 54 [tM.
Thus, the Km for NH3 is about 10-fold lower than the Km's for C2H4 and C2H6. In
these experiments, 0.8 mM N2H4 did not inhibit the oxidation of C2H4 and C2H6
at their lowest concentrations and was adequate for their highest concentra-
tions; therefore, 0.8 mM N2H4 was used at all substrate concentrations.



TABLE 3.4. Extents of alternative substrate oxidations by N europaea cells
with increasing NH4+ concentrationsa

NH4+concn
(mM)

C2H40 produced

from C2H4 (.imol)
CH3CHO produced

from BrC2H5 (pmol)
CH3Br

consumed (pmol)
CH3CI

consumed 0.imol)

0 0 0 0.144 0.007
1 0.031 0.054 0.411 0261
2 0.184 0.062 0.421 0.438
5 0.194 0 224 0.433 0.327
10 0.134 0251 0.357 0.301
20 0.095 0293 0.306 0299
40 0.077 0.444 0229 0257

a All initial substrate concentrations in liquid medium were 300IAM. Reaction times for oxidations of C2H4,
C2H5Br, CH3Br, and CH3CI were 10, 10, 25, and 30 min, respectively.
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3.4.5. Alternative substrate oxidations with NF12. as the sole
reductant source. The effects of increasing the concentration of NH4+ on
the oxidations of alternative substrates were studied in order to corroborate the
inhibition data by further characterizing the interactions of NH3 with alternative
substrate inhibitors. High concentrations of NH3 (>10 mM) were found to inhibit
oxidation of C2H4 (Table 3.4), with maximum C2H40 production occurring at 5
mM NH4+. Oxidation of C2H5Br, a clearly noncompetitive inhibitor (KBE > KiES),
was not diminished at high NH4+ concentrations; 40 mM NH4+ caused the
greatest acetaldehyde production (0.44 ilmol in 10 min). However, some
noncompetitive inhibitors showed competitive character (KBE « KiEs); CH3CI
and CH3Br were chosen as examples. Substrate depletion was used to follow
their oxidation; maximum substrate depletion occurred with 2 mM NH4+ for
CH3CI and with 5 mM NH4+ for CH3Br. These results are comparable to those
for C2H4.

3.5. Discussion

We studied the inhibition by hydrocarbons and halogenated hydro-
carbons of NH3 oxidation by AMO to learn more about the interaction of these
compounds with this enzyme. Despite the complexity of the experimental
system, NO2- production rates at various NH3 and inhibitor concentrations
yielded inhibition plots showing simple patterns. The patterns we observed
can be interpreted in terms of direct inhibitor binding to the enzyme, though
binding may not be in equilibrium. We observed a variety of inhibition patterns
ranging from competitive to nearly uncompetitive, and some non-classical
inhibition patterns. Our data suggest that some inhibitors bind predominantly
to the site on AMO which also binds NH3, whereas other inhibitors are not
excluded when NH3 is bound to the enzyme. We propose an active site model
for AMO which consists of an NH3 binding site to which competitive inhibitors
bind and an alternative site to which noncompetitive inhibitors bind. Additional
binding sites would be required for 02 and the site of electron donation.

Because CH4 and C2H4 competitively inhibit NH3 oxidation, it seems
reasonable that these compounds bind predominantly to the same specific site
to which NH3 binds. That C2H4 and NH3 bind to the same site is further
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evidenced by the observation that the KBE (Table 3.2) and Km (Table 3.3) values
for C2H4 are both 660 p.M. This result is predicted for competing substrates,
one of which is treated as the inhibitor (Cornish-Bowden, 1979). Conversely,
Figure 3.5 shows that NH3 is a competitive inhibitor of C2H4 oxidation, which
corroborates mutually exclusive binding between NH3 and C2H4 at the NH3
binding site. Whole-cell kinetic studies with AMO in N oceans (Ward, 1990)
showed that Michaelis Menten kinetics are observed for the physiological
substrate NH3 alone but not when CH4 is added as an inhibitor of NH3
oxidation (Ward, 1987; Ward, 1990). However, no supplemental reductant
such as N2H4 was added, so the effects of inhibitor binding to AMO are difficult
to separate from the problem of reductant limitation.

The competitive character (defined as KBE << KiES) of inhibition by CH4,
C2H4, C2H6, CH3CI, and CH3Br is supported by the optimal N2H4 requirements,
which decreased with increasing NH4+ concentration for a given concentration
of inhibitor. Competitive character is further corroborated by Table 3.4, which
shows that oxidation of C2H4, CH3CI, and CH3Br decreased at the highest
concentrations of NH4+. In each case, an optimum NH4+ concentration
provided maximum oxidation of the alternative substrate, presumably because
lesser NH4+ concentrations provided insufficient reductant, whereas
supraoptimal concentrations competitively prevented alternative substrate
binding to AMO. Not only does our data support the findings of Hyman and
Wood for CH4 (Hyman and Wood, 1983) and C2H4 (Hyman and Wood, 1984),
but also the competitive patterns obtained by Suzuki et al. for CH4, CO, and
CH3OH (Suzuki, Kwoks et al., 1976). The curvature observed in the kinetic
plots of the previous studies (inhibitor present)(Suzuki, Kwoks et al., 1976;
Hyman and Wood, 1983; Hyman and Wood, 1984) disappeared in our plots
when optimal N2H4 was added. We thereby confirm that reductant depletion in
N europaea by oxidation of (competitive) alternative substrates is a primary
cause of nonlinear (concave up) plots, as has been suggested (Hyman and
Wood, 1984). Reductant depletion likely influenced the lower KBE values
obtained for CH4 (2 mM) and C2H4 (80 pM)(Hyman and Wood, 1983; Hyman
and Wood, 1984). Thus, only some C1 and C2 compounds have presently
been shown to competitively inhibit NH3 oxidation by AMO.

Binding of noncompetitive inhibitors to the active site may occur at a
hydrophobic region since the inhibitors are all nonpolar. This region is likely to
be less well-defined than the NH3 binding site because of the greater structural
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diversity of alternative substrates that are noncompetitive inhibitors of NH3
oxidation. Typically, noncompetitive patterns (KiE Ki Es) were associated with
a less variable optimal N2H4 requirement for a given inhibitor concentration.
Since inhibition was not relieved by a high NH4+ concentration, NH3-derived
NH2OH contributed to AMO reduction by HAO in smaller increments as the
NH4+ concentration increased (relative to competitive inhibition). Also, as
shown in Table 3.4, 40 mM NH4+ allowed the greatest production of acetalde-
hyde from 300 gi1/44 C2H5Br (0.50 lonolmin-lmg protein-1). Apparently, some
noncompetitive substrates can be oxidized at a site other than the NH3 binding
site, and at comparable rates. Rasche et al. found that C2H5CI oxidation rates
were undiminished or slightly increased at 40 mM NH4+ relative to lower NH4 +
concentrations over a range of C2H5CI concentrations (Rasche, Hicks et al.,
1990). This result supports noncompetitive binding and oxidation for C2H5CI.

The similarity of Vmax values for C2H4, C2H6, and NH3 is remarkable
given that the oxidized bonds (or electron pair) differ in each case. The most
plausible explanation is that a common rate-determining step limits oxidation
rates for these substrates. It has been suggested that AMO reduction is rate
determining in vivo (Hyman and Wood, 1984). The similar Vmax values indicate
that C2H4 and C2H6 bind at the active site in an orientation allowing efficient
turnover. In contrast, C2H5I was a poor substrate relative to other haloethanes,
but had high affinity for AMO (Rasche, Hicks et al., 1990). Apparently, C2H5I
binds in an orientation which does not promote efficient catalysis, as well as
inhibiting NH3 oxidation. How C2H4, C2H6, and NH3 might bind to a common
site is unknown, but it is interesting to note that lone electron pairs (NH3), pi
electrons (C2H4), and even C-H bonds (C2H6) may serve as metal ligands
(Crabtree and Hamilton, 1988).

The inhibitors we chose allowed us to consider several series of
structurally related compounds. The first trend in our data was an increase in
the KiE/KiEs ratio with increasing molecular size. This was observed for the
alkane series (CH4 < C2H6 < C3H8 = n-C4H10) and for halogenated hydro-
carbons with increasingly longer alkyl chains but an identical halogen atom
(i.e., CH3CI, C2H5CI, n-CIC3H7). This pattern also occurred for halomethanes
(CI, Br, I) as a group, and also for haloethanes (CI, Br, ()(halogen radii increase
in the order CI < Br < I). This effect may have arisen from increasing affinity of
larger (and more hydrophobic) inhibitors to an alternative binding site. Also,
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larger inhibitors might cause greater steric hindrance towards proper position-
ing of the active site (Segel, 1976).

The second trend involved the identity of the halogen substituent on
monohalogenated hydrocarbons. The KiE, KiES, and DIM l]50% values in Table
3.2 indicate that chlorinated compounds were generally less effective inhibitors
than brominated compounds. The iodinated compounds were the most inhibi-
tory of the monohalocarbons. This trend may have been related to increasing
size or nucleophilicity of the halogen atoms (both orders: CI < Br < I). These
data reflect the finding that haloethane reactivity (measured as acetaldehyde
production in the presence of NH3) decreased in the order C2H5CI > C2H5Br >
C2H5I (Rasche, Hicks et al., 1990).

Another observation was that concave down reciprocal plots were only
obtained for tetrachlorinated compounds. The multiple lone electron pairs on
these compounds may constitute potential ligands that could allow some
competition with NH3 binding to the active site, while the molecular size of the
compounds would predict a high KiE/KiEs ratio. This would explain the concave
down curvature: a disproportionate increase in NO2- production rates with
increasing NH4+ concentration.

Our data support a model in which: 1) the NH3 binding site can be
occupied significantly only by Ci compounds and 02 hydrocarbons (including
C2H2, (Hyman and Wood, 1985)); 2) iodinated compounds, C2 (and larger)
halogenated compounds, and most hydrocarbons (>C2) would predominantly
bind at a more hydrophobic site, to which NH3 would not bind; and 3) oxidation
of an organic substrate at the alternative site could occur at a rate comparable
to oxidation at the NH3 binding site. Binding at the alternative site could
interfere with oxidation at the NH3 binding site by competing for activated 02
(i.e., alternative substrate oxidation) or by interfering with turnover (e.g., by
drawing the enzyme into a dead-end complex).

Vannelli et al. (Vannelli, Logan et al., 1990) proposed a model in which
an alternative substrate such as trans-2-butene was bound to AMO through
interactions at two sites. This model, which proposes a single oxidation site,
was presented to explain the product ratios (alcohol/epoxide) for the substrates
cis- and trans-2-butene (Hyman, Murton et al., 1988) and the relative reac-
tivities of C/, - and trans-dibromoethylene (Vannelli, Logan et al., 1990). It

should be noted that differing bond dissociation energies and the intrinsic
steric inaccessibility of the pi bonds may have accounted for the product ratios
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(Hyman, Murton et al., 1988; Vannelli, Logan et al., 1990). Our model and the
model of Vannelli et al. are not necessarily mutually exclusive; substrate
binding orientations are not excluded by our model as a factor influencing
bond reactivities, product ratios, or inhibition patterns.

Our model describes the experimental results in terms of the direct
interactions of the inhibitors with AMO. However, given that the experiments
were carried out with intact cells, other factors may have influenced the results.
For example, the inhibitors could have altered the activities of enzymes other
than AMO that are required for the coupled assay. This appeared not to be the
case, given that the oxidation of NH2OH was not substantially altered by the
inhibitors. If an NH4+/NH3 diffusion gradient existed across the periplasmic
membrane, then addition of inhibitors could have altered this gradient.
Decreasing the activity of AMO would be expected to cause a shallowing of
any diffusion gradient and a decrease in the apparent Km for NH4+ (Martinez,
Schendel et al., 1992). However, specific inactivation of AMO by light resulted
in only small changes in the apparent Km for NH4+, which suggests that the
diffusion gradient, if it existed, was small. Therefore, if the AMO inhibitors we
used also diminished the apparently small gradient, only small decreases in
curve slopes on the double-reciprocal plots would have resulted. It is also
possible that AMO is part of a multi-enzyme complex in intact cells and that the
kinetics we have measured are a reflection of the complex rather than the
active site of AMO. Because of these and additional factors that could
influence the values of measured kinetic constants, the values are referred to
as apparent kinetic constants to distinguish them from the constants that would
be determined if active, purified enzyme preparations were available.

In our experiments, N2H4 was added as a source of reductant so that
reductant limitation was not a factor influencing the observed kinetics. The
results provide a basis for predicting the outcome when N2H4 is not included
and NH4+ is the only source of reductant. For noncompetitive inhibitors (where
KBE > KiES) which are also substrates, the rate of oxidation of the alternative
substrate should not decrease substantially at high NH4+ concentrations
(>20mM). In contrast, for the alternative substrates that are competitive
inhibitors of NH3 oxidation or display competitive character (KBE « KIES), their
rate of oxidation should decrease substantially at high NH4+ concentrations. In

both cases, low concentrations of alternative substrates will inhibit AMO activity
by depletion of the NH3-derived reductant supply. The predicted results were
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observed for a competitive inhibitor (C2H4), a distinctly noncompetitve inhibitor
(C2H5Br), and two noncompetitive inhibitors with competitive character (CH3CI
and CH3Br)(Table 3.4).

In summary, we have observed trends regarding hydrocarbon and
halogenated hydrocarbon inhibition of NO2- production by whole cells of N
europaea. The trends reflect structural relationships of the inhibitors:
increasing molecular size produced increasing KIE /KiES ratios and increasing
halogen size was correlated with greater inhibitor effectiveness. Corroborating
studies indicated that high NH3 concentrations decreased oxidation rates for
alternative substrates with competitive character (KBE « Ki ES) as inhibitors of
NO2- production, but not for substrates with predominantly noncompetitive
character (KBE Ki ES). These results support an active site model for AMO
consisting of (at least) two substrate binding sites in addition to the 02 binding
site and the site of electron donation to AMO; oxidation may occur at either site.
The correlation of structural relationships with the observed trends indicates
that our data should allow predictions for structurally related compounds
regarding their interactions with NH3 at the active site of AMO.
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CHAPTER 4:

MECHANISM-BASED INACTIVATION OF AMMONIA
MONOOXYGENASE IN NITROSOMONAS EUROPAEA

BY CYCLOPROPYL COMPOUNDS, ANILINE DERIVATIVES,
AND 1-AMINOBENZOTRIAZOLE

4.1. Abstract

1-Aminobenzotriazole, cis/trans -1,2-dimethylcyclopropane, 1,3-
phenylenediamine, p -anisidine, and 1-hexyne inactivated ammonia oxidation
by Nitrosomonas europaea . All compounds inactivated NH3-dependent NO2-
production by 90% or more at concentrations _.50 gM during 1 h incubations
with (NH4)2SO4 (5mM). Whole cells were exposed to the inactivators under
conditions designed to: 1) provide reductant for ammonia monooxygenase
(AMO)((NH4)2SO4; (NH4)2SO4 plus NH2OH; NH2OH), 2) protect AMO from
inactivation by providing a non-inactivating substrate for AMO ((NH4)2SO4 plus
propane), or 3) protect AMO by preventing or limiting its turnover ((NH4)2SO4
with 02 excluded or thiourea added; reductant omitted). Only conditions
including (NH4)2SO4 or (NH4)2SO4 plus NH2OH allowed substantial
irreversible inhibition (>70%) of NH3-dependent NO2- production. NH2OH-
dependent NO2- production was unaffected. These observations suggest that
inactivation was specific for AMO and required NH3. Aniline, m-anisidine,
4-chloroaniline, 3-aminophenol, resorcinol, and anisole caused <40%
inactivation of AMO activity at concentrations up to 250 p.M. Therefore,
substantial inactivation by the aniline derivatives tested required a second
amino substituent or a methoxy group; positions of the second substituents
were important. Cyclopropane and 1-hydroxybenzotriazole were also
ineffective as inactivators; the former compound was a substrate for AMO.
Indoline was oxidized by AMO to indole, requiring a two-electron oxidation
without oxygen incorporation. Time-dependent inactivation of NH3-dependent
02 uptake was analyzed for all inactivators (except 1-hexyne): pseudo-first
order loss of enzyme activity was observed for all compounds except 1,3-
phenylenediamine. Most compounds (including 1-hexyne) showed increasing
rates of inactivation as the (NH4)2SO4 concentration increased up to 12.5 mM,
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suggesting noncompetitive binding of the compounds vs. NH3; most rapid
inactivation with cyclopropyl bromide occurred with 0.75 mM (NH4)2SO4.
Inactivations by 1,3-phenylenediamine and 1,2-dimethylcyclopropane are best
rationalized by single electron transfer to produce reactive radical
intermediates. Oxidation of NH3 to an aminium radical that abstracts an
electron from noncompetitively bound inactivators can explain NH3-dependent
inactivation by the compounds.

4.2. Introduction

Nitrosomonas europaea is a widely distributed nitrifying soil bacterium.
Oxidation of ammonia to nitrite, with 02 as an electron acceptor, provides the
sole natural energy source while CO2 provides the sole carbon source for N
europaea (Wood, 1986). Nitrification leads to significant losses of ammonia-
based fertilizers in croplands, which results in N20 release to the atmosphere
and water pollution due to leaching of NO3- (Keeney, 1982). An important
benefit of nitrifying bacteria is initiation of NH3 removal during sewage treat-
ment. N. europaea has been shown to transform many aliphatic and halogen-
ated aliphatic compounds, some of which are environmental pollutants (Hyman,
Murton et al., 1988; Rasche, Hicks et al., 1990; Rasche, Hyman et al., 1990;
Rasche, Hyman et al., 1991; Chapter 2). An understanding of the mechanism of
NH3 oxidation by nitrifiers will aid in designing specific inhibitors of nitrification
to control its deleterious effects, and will allow prediction of toxicities for
compounds that may interfere with beneficial applications.

Ammonia monooxygenase (AMO) is responsible for most of the
transformations of alternative substrates by N europaea. AMO catalyzes NH3
oxidation to hydroxylamine (equation 1):

NH3 + 02 + 2 e- + 2 H+ > NH2OH + H20 (1)

With adequate 02, NO2- production is virtually stoichiometric with NH3 deple-
tion when NH3-derived NH2OH is oxidized by hydroxylamine oxidoreductase
(HAO); the reaction releases four electrons for further NH3 oxidation and
energy dependent cellular processes (Wood, 1986)(equation 2):

NH2OH + H2O > NO2- + 5 H+ + 4 e- (2)
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AMO has not yet been purified in its active form. Current knowledge of its
catalytic activity is based on inhibitor and substrate studies with whole cells
and on experiments in which cell extracts were reconstituted or amended to
regain activity (Hooper and Terry, 1973; Suzuki, Kwok et al., 1981; Ensign,
Hyman et al., 1993). Kinetic studies with non-inactivating inhibitors of NH3
oxidation in N europaea (including substrates for AMO) correlated inhibition
patterns with size of the inhibitor (Chapter 3). Only C1 and some C2
compounds exhibited competitive character for inhibition of NH3 oxidation;
larger compounds inhibited noncompetitively. Two noncompetitive substrates,
chloroethane (Rasche, Hicks et al., 1990) and bromoethane (Chapter 3), are
oxidized to acetaldehyde with increased or undiminished yield as the NH4+
concentration is increased.

The substrate range of AMO is comprised of uncharged compounds,
apparently including NH3, which may reflect membrane localization of the
enzyme (Wood, 1986). The catalytic center is believed to contain copper
(Ensign, Hyman et al., 1993), which is supported by allylthiourea inhibition of
AMO (Hooper and Terry, 1973). Other unreactive compounds, such as
tetrachloroethylene, can be potent inhibitors of NH3 oxidation (Chapter 3).
Many compounds are oxidized by AMO with few toxic effects. Examples of
such substrates (products in parentheses) include alkanes (alcohols), alkenes
(epoxides, alcohols)(Hyman, Murton et al., 1988), benzene (Hyman, Sansome-
Smith et al., 1985) and substituted benzenes (phenols, alcohols and other
substituent oxidations)(Chapter 2), and alkyl halides (aldehydes, alcohols)
(Rasche, Hicks et al., 1990). AMO initiated amino substituent oxidation in
aniline, with nitrobenzene detected as a product (Chapter 2). The only known
example of a non-oxygenated product is styrene from ethylbenzene oxidation;
the reaction suggests an electron transfer mechanism for AMO (Chapter 2).

Still other compounds are inactivators of AMO. Trichloroethylene is
oxidized by AMO to yield a putative epoxide that leads to inactivation and
covalent binding of AMO and other cellular proteins (Rasche, Hyman et al.,
1991). Acetylene is a mechanism-based inactivator of AMO (Hyman and
Wood, 1985). Incubation of N europaea with 14C2H2 resulted in specific,
covalent labelling of a polypeptide with an apparent Mr of 27,000 (Hyman and
Arp, 1992). At high concentrations, NH4+ protected AMO from inactivation by
C2H2, which suggests competitive binding of C2H2 and NH3 at the active site.
1-Hexyne caused a more rapid time-dependent loss of AMO activity than C2H2
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(Hyman, Murton et al., 1988). Allylsulfide is also a mechanism-based inactiva-
tor of AMO (Juliette, Hyman et al., 1993b). In contrast with C2H2, increasing
concentrations of NH4+ increased the rate of inactivation by allylsulfide.
Nitrapyrin transformation to 2-chloro-6-dichloromethylpyridine and 6-chloro-
picolinic acid is apparently mediated by AMO, occurs in the presence of 02,
and is accompanied by inactivation of NH3 oxidation and labeling of cellular
proteins (Vannelli and Hooper, 1992). The dechlorination reaction may involve
a radical and/or a carbene intermediate (Vannelli and Hooper, 1993).

The intermediates involved in inactivations by the forementioned
compounds are uncertain. The present study characterizes five additional
mechanism-based inactivators of AMO. All compounds are structurally related
to known substrates for AMO and most have been shown to irreversibly inhibit
monooxygenase enzymes in other systems (Ortiz de Montellano and Reich,
1986; Fitzpatrick and Villafranca, 1987; Wimalasena and May, 1987). Methods
used previously to demonstrate that C2H2 (Hyman and Wood, 1985) and
allylsulfide (Juliette, Hyman et al., 1993b) are mechanism-based inactivators of
AMO were used to characterize 1,2-dimethylcyclopropane, cyclopropyl
bromide, 1,3-phenylenediamine, p -anisidine, and 1-aminobenzotriazole as
suicide substrates for AMO. Inactivations by all five inactivators required
conditions for catalytic turnover of AMO, were attenuated by reversible enzyme
inhibitors, and were dependent on NH3 for extensive inactivation of the
enzyme. These data and comparisons to structurally related compounds
causing little or no inactivation suggest that AMO catalyzes oxidations by a
single-electron transfer (radical) mechanism. Identification of indole as a
fluorescent product of indoline oxidation by AMO further supports an electron
transfer mechanism.

4.3. Materials and Methods

4.3.1. Materials. Chemicals were obtained from Aldrich Chemical
Co. (Milwaukee, Wis.) with the exception of (cis/trans)-1,2-dimethylcyclo-
propane (Wiley Organics, Coshocton, Ohio), 1-aminobenzotriazole (Sigma
Chemical Co., St. Louis, Mo.), allylthiourea (Eastman Kodak Co., Rochester,
N.Y.), thiourea (EM Science, Gibbstown, N.J.), and NH2OHHCI (Fisher
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Scientific Co., Fair Lawn, N.J.). All forementioned compounds were of
analytical reagent grade. Acetylene was generated from calcium carbide
(technical grade, Aldrich).

4.3.2. Cell growth and preparation. N europaea (ATCC 19718)
was cultured as described previously (Chapter 3). Cells were resuspended in
fresh assay buffer (50mM NaH2PO4, 2 mM MgCl2, pH 7.7) and then sedi-
mented and resuspended in assay buffer to a constant cell density (4.3±0.4 mg
total protein m1-1). These stock cell suspensions were prepared daily, stored
on ice in the dark, and used within 8 h. Protein content was determined with
the biuret assay (Gornall, Bardawill et al., 1949) after the cells were solubilized
in 3 N NaOH for 1 h at 65°C.

4.3.3. Incubations of cells with inactivators and determin-
ations of recoverable AMO and HAO activities. Assays were carried
out in duplicate or triplicate in glass serum vials (volume, 10.2 ml) sealed with
Teflon stoppers (Alltech Associates, Inc., Deerfield, Ill.). Vials contained a final
liquid volume of 2 ml, which included assay buffer, inhibitor (from a concen-
trated solution in assay buffer), cells (ca. 110 lig total protein m1-1), and other

additions. Thiourea, NH2OH, and (NH4)2SO4 were added from concentrated
aqueous solutions. Inhibitor concentrations in the liquid phase of the vials
were calculated from dilutions of stock solutions, accounting for partitioning
between gas and liquid phases (determined empirically). Propane (4 ml) was
added to sealed vials with simultaneous extraction of excess buffer to maintain
atmospheric pressure. Anaerobic conditions were established by sparging
buffer (in filled vials) with N2 to remove 02. 1,2-Dimethylcyclopropane was
added by syringe with subsequent stirring to prepare the stock solution.
Aliquots of the solution were then transferred by syringe to N2 flushed, sealed
vials. The remaining inhibitors were added (201.11) in highly concentrated
solutions to N2 sparged buffer in N2 flushed, sealed vials.

Incubations were initiated by additions of stock cell suspensions (50 W).
After 1 h, cells were sedimented by centrifugation, and supernatants were
analyzed for NO2-. Cells were then resuspended in 1 ml fresh buffer,
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sedimented again, and resuspended in 1 ml fresh buffer. (Cells twice
sedimented and resuspended in buffer are hereafter referred to as "washed.")
Two vials were prepared for each replicate, each containing a 160 µl aliquot of
the final cell resuspension and 1 ml assay buffer. Aliquots (40 1.11) of aqueous
(NH4)2SO4 (final concn, 2 mM NH4+) were added to one vial for each replicate,
while aliquots (40 pi) of aqueous NH2OHHCI (final concn, 0.8 mM) and 300
C2H2 were added to the second vial for each replicate in order to measure
recoverable AMO and HAO activities, respectively. After 20 min, vials
containing (NH4)2SO4 were stopped by addition of 300 pl C2H2, while vials
containing NH2OH were stopped by additions of aliquots of the reaction
mixtures to the acidic reagent for the NO2- assay. The amounts of NO2-
produced in the reactions were determined colorimetrically (Hageman and
Hucklesby, 1971). Reaction rates remained constant during twenty minute
incubations (data not shown). An aliquot of the remaining washed cell
resuspension was used to determine the optical density (600 nm) of the cell
concentration in the reaction vials, which was correlated with protein
concentration (0.22±0.02 mg protein m1-1 unit A600-1). Various treatments (1
h) had no effect on cell protein concentration (data not shown). Percentages of
activity recovered after exposures of cells to inactivators were determined by
comparing rates of NO2- production for washed cells exposed to inactivators to
rates for cells treated identically except for exposure to inactivators.

4.3.4. ga electrode measurements. Ammonium- and NH2OH-
dependent 02 uptake rates were determined as previously described (Juliette,
Hyman et al., 1993b). Cells were added to the buffer-filled 02 electrode
chamber (final concn, ca. 13µg protein m1-1), followed by (NH4)2SO4. After a
constant rate was observed, concentrated aqueous solutions of inhibitors were
added by syringe to obtain desired concentrations. For measurement of HAO
activity (NH2OH-dependent 02 uptake), allylthiourea (201.tM) was added after
the forementioned additions, followed by NH2OH (final concn, 0.8 mM).

4.3.5. Time-dependent inactivation of AMO. Time-dependent
loss of NH4+-dependent 02 uptake was monitored with an 02 electrode
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(described above). Tangents were drawn to the 02 electrode traces at various
times after addition of the inactivator. These tangents, relative to the tangent
drawn before inactivator addition, provided fractions of AMO activity remaining.
These data were used to construct plots of In (% activity remaining) vs. time.
Linear regression analysis was used to determine observed first order
inactivation constants, taken as the absolute values of slopes from the
forementioned plots (jslopel = kobs) Linear plots of kobs-1 vs. [inactivator]-1
were fitted by linear regression analysis, with apparent kinact taken as (y-
intercept)-1 and apparent Ki taken as -(x-intercept)-1.

4.3.6. Analyses of transformations of inhibitors. All experiments
were performed with a cell concentration of about 110µg protein m1-1 .

Residual amounts of aromatic substrates were quantified and products were
identified using high performance liquid chromatography (HPLC) as previously
described (Chapter 2). Nonaromatic compounds and associated products
were analyzed by gas chromatography as previously described (Rasche, Hicks
et al., 1990). In addition to analysis by HPLC, indole (product of indoline
oxidation) was quantifed fluorometrically using a Perkin-Elmer LS-5B
luminescence spectrometer (Norwalk, Conn.).

4.4. Results

4.4.1. Oxidation of indoline to indole. indoline (100 i_tM)
desaturation to indole by AMO in whole cells of N europaea was studied to
provide further evidence for an electron transfer mechanism for AMO and a
potential fluorescent assay for AMO activity. Fluorescence of indole allows its
detection without purification and compares favorably with absorbance
detection after separation by HPLC (Table 4.1). The indoline stock contained
small amounts of indole, as indicated by incubations without cells. Incubations
with C2H2, a specific inactivator of AMO (Hyman and Wood, 1985), contained
similar amounts of indole. Incubations excluding (NH4)2SO4 and those with a
dilute cell concentration (11 lig protein m1-1) and 5 mM (NH4)2SO4 yielded

indole production significantly above background amounts (no cells).
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Undiluted cells with (NH4)2SO4 and no C2H2 produced 5.8 pM indole above
background (absorbance detection). Three other unidentified products were
observed in these samples, but not when (NH4)2SO4 was excluded or C2H2
was present. The indoline was depleted by 22% (2211M). The indole produced
(5.8 p.M) accounted for 26% of the depleted indoline.

Exposure of cells to 100 pM indoline for 75 min (5 mM (NH4)2SO4)
resulted in a 73% loss of AMO activity and a 12% loss of HAO activity. Cells
exposed to 10 gM indole and 5 mM (NH4)2SO4 for 1 h retained 98% of their
AMO activity relative to unexposed cells. Use of purified indoline and undiluted
reaction mixtures would allow a fluorescence detection limit of about 30 nM for
indole.

TABLE 4.1. Comparison of absorbance (HPLC/UV) and fluorescence
detection of indole production from indoline by N europaea

Concentration of indole (11M ± S.D.) detected by:

Conditions
Absorbance

(HPLC; 264 nm)
Fluorescence

(excitation 1=277 nm,
emission 1 =350 nm)

Undiluted cellsa,10 mM NH4+ 8.00±0.21 8.02±0.14
Undiluted cells, no NH4 + 2.42±0.14 1.92±0.08
Undiluted cells, 10 mM NH4 +, 300µI C2H2 2.29±0.09 1.55±0.08
No cells or NH4+ 2.19±0.00 1.38±0.13
Cells diluted 1:10,10 mM NH4+ 2.61±0.16 2.15±0.00
Cells (1:10), 10 mM NH4+, 300µI C2H2 1.78±0.09 1.21±0.03

a Vials with undiluted cells contained ca. 110 j.tg total protein m1-1. Reactions
were performed in triplicate. Indoline was initially 100 IAA. Reactions were
stopped with C2H2 after 70 min., cells were removed by centrifugation, and
supernatants were assayed by direct injection for HPLC analysis (absorbance),
or after 1:20 dilution with assay buffer (fluorescence).
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4.4.2. Concentration-dependent inactivation of AMO activity
by various compounds. As a measure of AMO activity, we used NH4+-
dependent NO2- production in washed cells after exposures to potential
inactivators under various conditions (see Materials and Methods). Production
of NO2- from NH3 oxidized by AMO is virtually stoichiometric due to tight
coupling of AMO and HAO activities in vivo (Wood, 1986). The compounds
studied had negligible effects on HAO activity (NH2OH-dependent NO2-
production). Cells washed after exposures to inactivators and conditions
shown in Table 4.2A for 1 h retained 99.5±6.7% of their HAO activity relative to
cells treated identically except for the absence of inactivators (data not shown).
No other compound studied (e.g., Fig. 4.2) significantly affected HAO activity
under the conditions tested. Therefore, NH4+-dependent NO2- production by
cells exposed to AMO inactivators is a suitable assay for AMO activity.

Inactivation of AMO activity by various concentrations of 1,2-dimethyl-
cyclopropane, cyclopropyl bromide, 1,3-phenylenediamine, and 1-amino-
benzotriazole are compared to data for 1-hexyne in Figure 4.1. 1-Hexyne is
the most effective inactivator presently known and the most effective inactivator
we examined. At concentrations below 50 ?AM, all compounds tested caused
_88°/0 inactivation of NH4+-dependent NO2- production after 1 h exposures of
cells in the presence of (NH4)2SO4 (5 mM). Concentrations of cyclopropyl
bromide slightly higher than 1-hexyne inactivated NH3-dependent NO2-
production to a similar extent. Results for 1,2-dimethylcyclopropane and 1,3-
phenylenediamine were similar. 1-Aminobenzotriazole was least effective.
Apparently, increased concentrations of 1,3-phenylenediamine produced
smaller increments of inactivation than the remaining compounds.

Aniline, substituted anilines, and anisole were investigated as potential
inactivators of AMO. Treatment of cells by concentrations of 4-chloroaniline,
aniline, 3-aminophenol, resorcinol, m -anisidine, and anisole up to 250 p,M
resulted in less than 40% losses of AMO activity (Fig. 4.2). At 50 11M concen-
trations, more than 90% of AMO activity was inactivated by 1,3-phenylene-
diamine and p -anisidine. p -Anisidine produced greater inactivation of AMO
activity than 1,3-phenylenediamine.

4-Chloroaniline (50 1.1M) was oxidized by cells (75 min incubations, 5 mM
(NR4)2SO4) to 4-chloronitrobenzene (2.5 1.IM). A product putatively identified
as 4-chloronitrosobenzene was also detected (it completely disappeared upon
addition of 0.8 mM NH2OH, as noted for nitrosobenzene). These reactions
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FIGURE 4.1. Recoverable AMO activity (NH3-dependent NO2- production) after
1 h exposures of N europaea cells to various concentrations of inactivators. In-
cubations included 5 mM (NH4)2SO4. Symbols: (), 1-hexyne; (9), 1,3-phenyl-
enediamine; (A), cv:s/trans-1,2-dimethylcyclopropane; (), 1-aminobenzotriazole,
(o), cyclopropyl bromide.

were prevented by treatment of cells with C2H2. After 1 h incubations of cells
with 1,3-phenylenediamine (50 Al) and 5 mM (NH4)2SO4, 47.7±1.2 jiM of the
substrate remained and no 3-nitroaniline was detected (detection limit, 150
nM). Exposure of cells to nitrosobenzene (1000) with or without (NH4)2SO4
(12.5mM) for 1.5 h allowed recovery of 74% of AMO activity.

4.4.3. Dependence of inactivations on AMO turnover condi-
tions. In order to assign the active site of AMO as the site of action for the
inactivators, various incubation conditions were studied to relate inactivation to
turnover of the enzyme (Table 4.2A). Inactivator concentrations were selected



1.0

0.8

0.6

0.4

0.2

0.0
0 50 100 150 200 250

[Aromatic compound] (1.1M)

104

FIGURE 4.2. Recoverable AMO activity (NH3-dependent NO2- production) after
1 h exposures of N europaea cells to aniline, aniline derivatives, and phenol
derivatives in the presence of 5 mM (NH4)2SO4. Control incubations contained
cells and (NH4)2SO4. Symbols: (), ,o-anisidine, (o), 4-chloroaniline; (A),
1,3-phenylenediamine; (), 3-aminophenol; (e), resorcinol; (A), aniline; (+),
m-anisidine; (x ), anisole.

to provide >85% and <100% inactivation of AMO over 1 h with 5 mM (NH4)2SO4.
The same concentrations were used to test other conditions, including other
turnover conditions (NH2OH, (NH4)2SO4/NH2OH), non-turnover conditions (no
reductant, (NH4)2SO4/-02, (NI-14)2SO4/thiourea), and turnover conditions in the
presence of a non-inactivating AMO substrate ((NH4)2SO4/ propane).

Without inactivators present, AMO and HAO activities were affected
similarly when cells were incubated under a given condition (Table 4.2B). For
example, addition of NH2OH (2 mM) allowed 70.4±3.3% recovery of AMO
activity and 80.4±7.3% recovery of HAO activity in washed cells (relative to
cells treated with 5 mM (NH4)2504). The remaining conditions had lesser
effects on the two activities. Thus, decreases in NH4+-dependent NO2- produc-
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tion by washed cells after exposures to inactivators were due to specific inacti-
vation of NH3 oxidation to NH2OH (AMO activity).

Cells incubated anaerobically with the inactivators studied (Table 4.2A)
retained 80-90% of their AMO activity relative to controls excluding the
compounds. Activity lost may have been due to leakage of 02 into the vials, as
indicated by small NO2- accumulations (Table 4.2B). Thiourea is a noncom-
petitive, specific inhibitor of NH3 oxidation in N. europaea (Lees, 1952b) that is
easily removed by washing cells (Table 4.2B). Thiourea additions (20 p.M)
protected >90% of AMO activity from inactivation (Table 4.2A). Incubation of
cells without added reductant caused .35`)/0 inactivation of AMO activity with
the compounds studied (Table 4.2A).

Propane is an alternative substrate for AMO and a noncompetitive
inhibitor of NH3 oxidation (Hyman, Murton et al., 1988; Chapter 3). Propane
(0.89 mM) conferred partial protection against all inactivators, with 1,3-phenyl-
enediamine, 1-aminobenzotriazole, and p -anisidine showing less recovery of
AMO activity (ca. 50%) than 1,2-dimethylcyclopropane and cyclopropyl
bromide (68% and 88%, respectively). Either NH2OH or N2H4 can be added to
cells to provide reductant via HAO for AMO-catalyzed oxidations (Hyman and
Wood, 1984; Hyman, Sansome-Smith et al., 1985). NH2OH was selected for
our experiments because measurement of NO2- production reflects the
potential NH2OH-derived reductant available to AMO. Excess NH2OH can
inhibit AMO activity (Wood, 1986); this inhibition was minimized by periodic
additions (400 p.M NH2OH x 5 additions). A comparison of NH2OH and N2H4
as sole reductants added to cells oxidizing C2H4 to ethylene oxide (C2H40)
showed that the optimum NH2OH concentration (400 4M) supported about
83% of the rate of C2H40 production obtained with the optimum N2H4 concen-
tration (800 jiM)(930 p.M C2H4; cell concn ca. 18 lig protein - m1-1). At supra-
optimal concentrations, NH2OH was more inhibitory toward C2H40 production
(data not shown). Additions of NH2OH did not promote inactivation of AMO
activity by the compounds tested relative to incubations with no reductant
(Table 4.2A). Nitrite production with 2 mM NH2OH was stoichiometric over 1 h
incubations and independent of the presence of inactivators. In the absence of
inactivators, average NO2- production (all experiments in Table 4.2A) with 5
mM (NH4)2SO4 was 6.3±0.3 mM, and was considerably less when inactivators
were present (2.1±0.8 mM). When both (NH4)2SO4 (5 mM) and NH2OH (2 mM)
were added, 5.0±0.3 mM NO2- was produced (inactivators excluded). Thus,



TABLE 4.2A. Effects of inactivators on recoverability of AMO activity after
exposures under turnover, non-turnover, and protective conditions

Percentages of AMO activities recovered in washed cells (±S.D.)
after 1 h incubations under following conditions:

10 mM NH4-fa
Inactivator

10 mM NH4+
0.89 mM C3H8

No
reductant

2 mM NH2OH6 10 mM NH4+
2 mM NH2OHb

10 mM NH4+
-02

10 mM NE14+

20 j_tM thiourea

1,2-Dimethylcyclo- 6.9±0.6
propane (22 RM)

67.9±2.9 88.7±3.6 98.1±8.8 10.3±1.8 82.4±4.0 96.6±3.8

Cyclopropyl 15.4±0.6
bromide (3.511M)

88.1±3.3 65.3±1.1 86.8±2.8 28.1±1.7 86.9±7.4 98.7±2.0

1,3-Phenylene- 9.6±0.4
diamine (25 RM)

45.2±2.6 95.9±4.1 93.1±2.3 14.4±1.1 80.5±2.6 90.5±1.0

1-Aminobenzo- 5.4±0.4
triazole (5011M)

p -Anisidine 2.0±0.4

49.7±1.3

52.4±3.0

80.0±3.1

96.3±3.5

91.3±1.5

N.D.

13.9±1.0

N.D.

89.5±0.8

90.3±8.6

91.0±0.4

90.5±2.9
(25 RM)

N.D. = not determined. Incubations were performed in triplicate. Recoverable AMO activity was determined as NH4-1--
dependent NO2- production relative to each condition in the absence of the inactivator (Materials and Methods).
a NH4+ was added as (NH4)2SO4. b NH2OH (0.4 mM) was added five times at 12 min. intervals to maintain a
concentration of this HAO substrate that minimized inhibition of AMO activity. _,0

0)



TABLE 4.2B. Effects of various incubation conditions excluding inactivators (1 h; Table 2A)
on recoverable AMO and HAO activities in N. europaea cells and on NO2- production during incubations

Condition AMO (% recov-
erable activity) ±S. D.

HAO (% recov-
erable activity) ±S. D.

NO2- (mM)a
±S.D.

10 mM NH4+ 100 100 6.3±0.3
10 mM NH4+,0.89 mM propane 98.7±6.4 94.0±6.6 0.4±0.03
No reductant 87.1±5.5 81.4±4.9 N.D.
2 mM NH2OH 70.4±3.3 80.4±7.3 2.1±0.2
10 mM NH4+, 2 mM NH2OH 90.6±4.3 92.7±4.4 5.0±0.3
10 mM NH4+, -02 101.3±4.3 95.4±5.2 0.4±0.3
10 mM NH4+, 20 p.M thiourea 93.0±5.1 92.8±4.6 0.1±0.03

N.D. = not determined. Activities were NO2- production rates from NH4+ (AMO activity) or NH2OH (HAO
activity)(averaged for all experiments). The condition with 10 mM NH4+ was taken as 100% activity. aAmount of
NO2- that accumulated in 1 h incubations prior to washing of cells for determinations of recoverable activities.
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oxidation of NH3 by AMO was partially inhibited by NH2OH. Recoveries of
AMO activities for (NH4)2SO4/NH2OH incubations was slightly greater than
recoveries for incubations with (NH4)2SO4 plus a given inactivator, suggesting
some protection against inactivation was afforded by NH2OH. Typically, little
NO2- (0.4 mM) accumulated from 5mM (NH4)2SO4 after 1 h incubations when
propane or thiourea were included or when 02 was excluded (Table 4.2B).

Cyclopropane (600 1.1,M) and 1-hydroxybenzotriazole (50 µM to 1.35 mM)
were tested for their effects on AMO activity to define the structural features of
the inactivators that promote inactivation. After 1 h exposures with (NH4)2SO4
(5 mM) present, no inactivation of NH4+-dependent NO2- production was
observed. Cyclopropane was transformed to a nongaseous product putatively
identified as cyclopropanol; elution after authentic propionaldehyde (not a
product; detection limit = 15 gM) supports this identification. Allylthiourea (20
liM) prevented production of putative cyclopropanol, indicating the reaction
was catalyzed by AMO. When NH2OH was added (400 jaM x 5 = 2 mM), the
putative cyclopropanol accumulated to 30% of that produced with 5 mM
(NH4)2SO4. 1,2-Dimethylcyclopropane was also converted to a nongaseous
product assumed to be an unrearranged alcohol. Incubations without added
reductant and with NH2OH added (12 x 400 liM) yielded 24% and 27% of
product formed with 10 mM (NH4)2SO4 added, respectively (70 1,IM inactivator,
2.6 h incubation, cell concn ca. 440 .1.g protein m1-1). Cyclopropylamine
caused 70% and 22% inactivation of AMO activity at concentrations of 10 mM
and 2.5 mM, respectively (1 h, 5 mM (NH4)2SO4); HAO activity was unaffected.

AMO inhibition via reductant depletion occurs for many alternative sub-
strates, depends on alternative substrate concentration, and can be alleviated
by providing N2H4 as a reductant source (Chapter 3). With 75 1.1M propane, no
inhibition of NH3 (0.5, 1.5, 10 mM NH4+) oxidation to NO2- was observed for 10
min reactions (cell concentrations same as 02 electrode experiments). How-
ever, a higher concentration of propane (0.89 mM) inhibited NO2- production
from NH4+ (10 mM) by 97%; this low level of NO2- increased over 9-fold upon
addition of N2H4 (0.1 mM). Similar experiments with all five inactivators
indicated that, within our experimental conditions, N2H4 (0.1 mM) did not affect
NH3-dependent NO2- production, indicating that AMO activity was not reductant
limited due to high rates of oxidation of the inactivators to unreactive products
(data not shown).
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4.4.4. Dependence of the rate of inactivation of Nth-depend-
ent 02 uptake on the NI-12 concentration. Ammonia-dependent 02
uptake was followed to determine the time required for 50% inactivation of
AMO activity using fixed inactivator concentrations and varied NH3 concentra-
tions. Ammonia-dependent 02 uptake has been used to provide a continuous
measure of AMO activity when cells were exposed to inactivators (Hyman and
Wood, 1985; Juliette, Hyman et al., 1993b). The Km of AMO for NH4+ is 1.35
mM (Chapter 3); we used NH4+ concentrations below (0.5 mM), near (1.5 mM),
and above (10, 25mM) this Km. Table 4.3 shows that the time required to reach
50% inactivation decreased with increasing NH4+ concentration for 1-hexyne,
1,2-dimethylcyclopropane, 1-aminobenzotriazole, 1,3-phenylenediamine, and
p-anisidine. The optimum concentration of NH4+ for 50% inactivation with
cyclopropyl bromide was 1.5 mM.

4.4.5. Adherence of inactivators to pseudo first-order
kinetics. The NH4+ concentration allowing the most rapid inactivation (Table
4.3) was used in further 02 electrode experiments with the appropriate inactiva-
tor to follow changes in AMO activity over time. Figure 4.3A shows the plot of In
(% activity remaining) vs. time for 1,2-dimethylcyclopropane. Plots for all com-
pounds except 1,3-phenylenediamine (Fig. 4.4) exhibit straight lines up to 10
min (data not shown). All lines intersect the y-axis at or near 100% activity
remaining. The plot for 1,3-phenylenediamine reveals concave up curvatures.
Use of early data in the plot (<5 min) allows a replot (kobs-1 vs. [inactivator]-1)
that intersects just below the origin (Table 4.4). A straight line intersecting the
y-axis below the origin was also obtained for a replot of data for 1-aminobenzo-
triazole. Replots for the remaining compounds intersected above the origin,
allowing apparent kinact and apparent Ki values to be determined (Table 4.4).
The range of inactivator concentrations used to obtain these data are also
shown. Use of concentrations above the Ki values was impractical since such
high concentrations caused rates of inactivation too rapid to allow accurate
slope determinations. The highest concentrations of inactivators used in the 02
electrode studies did not affect HAO activity, as determined by NH2OH (800
µM)- dependent 02 uptake by allylthiourea (20 1.1M) treated cells (data not
shown).



TABLE 4.3. Effect of NH4+concentration on time required for 50% loss
of NH4+-dependent 02 uptake activity in N. europaea

Time to 50% loss of activity (min.) ± S.D.
Inactivator 0.5 mM NH4+a 1.5 mM NH4+ 10 mM NH4+ 25 mM NH4+

1-Hexyne (0.65 urv1) 9.27±0.93 5.87±0.58 4.69±0.45 3.58±0.71
1,2-Dimethylcyclopropane (631,tM) 13.55±1.21 9.11±0.28 7.21±0.55 5.60±1.22
1-Aminobenzotriazole (136 !AM) 9.73±0.50 5.63±1.06 3.73±0.50 3.33±0.15
1,3-Phenylenediamine (39 ji.M) 7.33±1.12 4.20±0.17 2.40±0.10 1.93±0.21
Cyclopropyl bromide (11.3 .tM) 2.97±0.60 2.17±0.50 3.53±0.57 5.97±0.93
p -Anisidine (701.A4) 6.60±0.72 3.62±0.54 2.51±0.26 2.03±0.38

a NH4+ was added as (NH4)2SO4.

--L
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FIGURE 4.3. (A) First-order inactivation of NH3-dependent 02 uptake by
1,2-dimethylcyclopropane. Experiments were conducted with intact cells of
N europaea and 12.5 mM (NH4)2SO4 (Materials and methods). R2 values
for all plots exceeded 0.99. Symbols indicate concentrations of 1,2-dimethyl-
cyclopropane: (0), 34 p.M; (o), 45 p.M; (a), 56 ii.M; (m), 67 p.M; (o) 78
(B) Rep lot yielding pseudo first-order kinetic constants for 1,2-dimethylcyclo-
propane. Reciprocals of absolute slope values were replotted against recipro-
cals of inactivator concentrations to obtain apparent Ki and kinact (R2 = 0.992).
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FIGURE 4.4. Time-dependent inactivation of NH3-dependent 02 uptake activity
in N europaea by 1,3-phenylenediamine. 02 uptake was initiated with
12.5 mM (NH4)2SO4. When datum points determined for times less than
5 min (<4 min for 24 µM 1,3-phenylenediamine) were analyzed by linear
regression, R2 values were Symbols are concentrations of
1,3-phenylenediamine: (0), 19 p.M; (o), 241.tM; (e) 34 () 39W.

TABLE 4.4. Pseudo first-order kinetic constants
for time-dependent inactivation of AMO activity

Inactivator
Range of Apparent kinact Apparent Ki

[inactivator]0.1M)a (min-1) (1-IM)

1,2-Dimethylcyclopropane 34-78 0.61 270
Cyclopropyl bromide 2.9-8.6 1.1 39
1-Aminobenzotriazole 64-161 N.O. N.O.
1,3-Phenylenediamine 19-44 N.O. N.O.
p-Anisidine 9-48 0.84 130

N.O. = not obtainable due to apparent origin intercept in plots of kobs-1 vs.
[inactivator]-1. a Concentration range used in 02 electrode experiments. 02
uptake was initiated with 12.5 mM (NH4)2SO4 in experiments for all com-
pounds except cyclopropyl bromide, for which 0.75 mM (NH4)2SO4 was used
(see Results).



113

4.5. Discussion

We investigated the fluorogenic substrate indoline and a series of
potential mechanism-based inactivators of AMO in order to learn more about
the mechanism of oxidation reactions catalyzed by the enzyme. Indoline
conversion to indole required a two-electron oxidation without oxygen
incorporation, and is analogous to ethylbenzene oxidation to styrene (Chapter
2). The transfer of two electrons can be stepwise or concerted; the former
mechanism involves radical intermediates. The potential mechanism-based
inactivators in our study were selected to allow comparisons to other enzyme
systems for which radical (one-electron transfer) mechanisms are more
established, including cytochrome P-450 enzymes (Guengerich and
MacDonald, 1990), dopamine p-monooxygenase (Fitzpatrick and Villafranca,
1987), and soluble methane monooxygenase (sMMO) (Ruzicka, Huang et al.,
1990). All three enzymes oxidize ammonia or nitrogen atoms in organic
substrates (Bedard and Knowles, 1989; Guengerich, 1990). We investigated
derivatives of cyclopropane, aniline, and benzotriazole as potential inactiva-
tors. Nitrogen atoms are sites of oxidation in several of these compounds,
providing the closest possible comparison to the natural substrate for AMO.

The determinative criteria for designation of a compound as a
mechanism-based inactivator include time-dependent loss of enzyme activity,
saturation kinetics, protection by the natural substrate (competitive binding),
irreversibility, involvement of a catalytic step in activation of compound,
absence of a delay prior to inactivation, and a 1:1 stoichiometry of inactivator
bound to enzyme (Silverman, 1988). Our data address all but the last criterion.
Many, though not all, of the remaining criteria are fulfilled. Incomplete
adherance to the criteria does not preclude mechanistic interpretations of
inactivations, but provides further insights to the possible mechanisms of AMO
catalysis.

Cyclopropyl bromide, 1,2-dimethylcyclopropane, 1-aminobenzotriazole,
1,3-phenylenediamine, and p - anisidine were found to be potent inactivators of
NH4+-dependent NO2- production, but not NH2OH-dependent NO2- production,
in intact cells of N europaea . Compounds structurally related to the inactiva-
tors which had no effect on AMO activity included cyclopropane and 1-hydroxy-
benzotriazole. 1,3-Phenylenediamine and p -anisidine were potent
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inactivators, while other aniline derivatives produced little inactivation. These
comparisons serve to identify the structural aspects of the compounds that
confer their potency.

1-Hexyne was previously shown to cause time-dependent inhibition of
AMO activity (Hyman, Murton et al., 1988). The inhibition by 1-hexyne is
irreversible (Fig. 4.1). The inactivation mechanism for 1-hexyne, like that
proposed for C2H2 (Hyman and Wood, 1985), is likely to involve an oxirene.
Alkynes inactivate cytochrome P-450 enzymes (Ortiz de Montellano and Reich,
1986), dopamine I3-monooxygenase (Fitzpatrick and Villafranca, 1987), and
MMO (Prior and Dalton, 1985). Since epoxidation reactions can occur by
either radical or nonradical processes (Carey and Sundberg, 1990f;
Guengerich and MacDonald, 1990), other suicide substrates are needed to
establish AMO mechanisms. Cyclopropyl compounds inactivate dopamine
13-monooxygenase via ring opening reactions resulting from one-electron
oxidations (Fitzpatrick and Villafranca, 1987). Methyl-substituted cyclopro-
panes serve as substrates for cytochrome P-450 and methane monooxy-
genase, leading to products indicative of radical intermediates, but enzyme
inactivations were not reported (Ruzicka, Huang et al., 1990; Atkinson and
Ingold, 1993). Inactivation of AMO by 1,2-dimethylcyclopropane provides good
support for radical intermediates and a 1-electron transfer mechanism for
alkane oxidations since ring-opening of a radical intermediate is a highly
probable route for inactivation. With no methyl substituent, cyclopropane
oxidation would not involve the radical transfer between carbon atoms of the
substrate that entails ring opening. Cyclopropylamine derivatives inactivate
cytochrome P-450 and FAD-containing monoamine oxidase (Guengerich,
1990). Protonation of cyclopropylamine probably accounted for the high
concentration required to inactivate AMO, which prefers uncharged ammonia
(Wood, 1986). The mode of action of unsubstituted cyclopropylamine is
uncertain due to the possible formation of cyclopropanone (Hanzlik and
Tullman, 1982). Cyclopropanone is a proposed intermediate in the inactivation
of methylamine dehydrogenase by cyclopropylamine, initially forming a
reversible, semistable hemiketal that eventually undergoes ring opening to
produce inactivation (Davidson and Jones, 1991). Hydroxylation of
cyclopropyl bromide at C1 by AMO would yield cyclopropanone. Alternatively,
the bromide substituent could be oxidized by one electron to produce a ring-
opened radical intermediate (Guengerich, Willard et al., 1984).
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The requirement of the 1-amino group of 1-aminobenzotriazole suggests
that this compound acts as a benzyne precursor as proposed for cytochrome
P-450 (Ortiz de Montellano, Mathews et al., 1984). The identities of
intermediates leading to benzyne are uncertain, but the mechanism is believed
to involve stepwise electron transfers. Aniline and derivatives inactivate
dopamine 13-monooxygenase (Wimalasena and May, 1987). Evidence was
presented for a one-electron oxidation of the N atom of aniline, with
delocalization of the resultant radical in the ring leading to covalent attachment
of the para carbon to the enzyme. Initiation of aniline oxidation to
nitrobenzene by N europaea requires AMO activity (Chapter 3). Thus,
benzylic amine groups of 1,3-phenylenediamine and p -anisidine are probably
oxidized by AMO. Oxidation of 4-chloroaniline to 4-chloronitrobenzene and a
lack of 3-nitroaniline production from 1,3-phenylenediamine (and little
depletion) shows that the extent of oxidation of the amino group does not solely
determine the inactivation efficiency. Oxygenated products of aromatic amine
oxidations (i.e., nitrosobenzenes) can form quasi-irreversible complexes with
P-450 enzymes (Ortiz de Montellano and Reich, 1986), but are apparently not
responsible for inactivations of AMO since nitrosobenzene was ineffective as
an inactivator. Aniline derivatives with a second amino group (1,3-
phenylenediamine) or a para methoxy group (p anisidine) were potent
inactivators of AMO. The substituent distal to the amino group cannot promote
efficient inactivation if it is a hydroxyl group (3-aminophenol), a chloro group
(4-chloroaniline), is absent (aniline), or is situated differently (m -anisidine).
Phenol is a more potent inhibitor of AMO activity than aniline, which suggests
that the hydroxyl group of 3-aminophenol would preferably bind the active site
and prevent oxidation of the compound (Chapter 2). A quinoneimine
intermediate is not possible with 1,3-phenylenediamine. With 1,3-phenylene-
diamine, a one-electron oxidation of either N atom would produce a radical that
could delocalize and be presented at a ring carbon or at the distal amino group
(Latta and Taft, 1967), leading to covalent attachment to the enzyme. Aminium
radical inactivation via covalent ring attachment to AMO should be promoted
by a meta electron donating substituent (amino or methoxy group) due to
enhanced ring delocalization of the radical (vs. para)(Latta and Taft, 1967).
However, m-anisidine was ineffective as an inactivator of AMO. A two-electron
oxidation of p-anisidine (not meta isomer) could produce a quinoneimine with
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an oxonium ion (HN= C6H4= O +CH3); such species are good alkylating agents
(Carey and Sundberg, 1990a).

Effects of the inactivators correlated with AMO turnover conditions. The
five inactivators studied required (NH4)2SO4 for substantial inactivation of AMO
activity (Table 4.2A). NH2OH can inhibit NH3 oxidation by AMO (Wood, 1986).
Inactivations resulting from additions of (NH4)2SO4/ NH2OH indicate that
possible protective effects due to inhibition of AMO by NH2OH were limited.
The comparative study of N2H4 and NH2OH as reductant sources for C2H4
oxidation suggests that NH2OH protection by inhibition of oxidations of the
inactivators in the absence of NH3 was also limited (see Results). The relative
amounts of product detected from 1,2-dimethylcyclopropane oxidation with
(NH4)2SO4, NH2OH, or no added reductant indicate that NH3 promoted
oxidation by increasing the amount of inactivator oxidized. Similar product
amounts with no added reductant or NH2OH suggest that oxidation of 1,2-
dimethylcyclopropane (701.1M) was not limited by endogenous reductant
availability. The lack of N2H4 enhancement of NH3-dependent NO2- production
with 7511M propane present (or inactivators, see Results) suggests that the
inactivators were not oxidized to inert products to extents that significantly
depleted NH3-derived reductant under the conditions studied. Therefore,
addition of NH2OH was probably ineffective because oxidations of inactivators
were insufficient to deplete endogenous reductant. Hydrazine did not enhance
time-dependent inhibition of AMO activity by alkynes (Hyman, Murton et al.,
1988) or inactivation by allylsulfide (Juliette, 1994b). Acetylene, however,
inactivated AMO effectively without reductant (Hyman and Wood, 1985). These
observations may be related to the manner in which the compounds bind at the
active site. Acetylene and NH3 bind competitively (Hyman, Kim et al., 1990;
Hyman and Arp, 1992), while other alkynes, allylsulfide, and the inactivators
presented in this paper would be expected to bind noncompetitively vs. NH3
due to their size (Chapter 3). Also, these findings indicate that inactivations are
not reductant limited and that NH3 promotes inactivations through a
mechanism unrelated to reductant derived from NH3.

Propane (0.89 mM) likely competed with the inactivators for oxidation
(but not necessarily binding) at the active site and protected largely by
depleting NH3-derived reductant (see Results). Therefore, addition of propane
would allow some oxidation of the inactivators, which would explain greater
inactivations with propane present vs. exclusion of 02 (Table 4.2A). Protection
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of AMO activity by exclusion of 02 and addition of thiourea show that AMO
turnover is necessary for inactivation to occur and strongly implicate AMO as
the site of action of the five compounds studied (Table 4.2A).

The rate of inactivation of AMO typically increased with fixed inactivator
concentrations as the concentration of NH3 increased (Table 4.3). Juliette et al.
obtained the same result with allylsulfide (Juliette, Hyman et al., 1993b). In
contrast, the rate of inactivation of NH3-dependent 02 uptake by C2H2
decreased as the NH3 concentration increased (Hyman and Wood, 1985;
Juliette, Hyman et al., 1993b). These data suggest competitive binding
between C2H2 and NH3 at the active site of AMO, while the remaining
inactivators apparently bind noncompetitively. The exception noted with
cyclopropyl bromide suggests that it may bind competitively vs. NH3, although
its molecular size suggests noncompetitive binding. Inactivation by cyclopropyl
bromide via 1-electron oxidation of the bromine atom would likely produce
results similar to that observed for 1,2-dimethylcyclopropane (Table 4.3). Also,
halogen atoms are not easily oxidized (Guengerich, 1990). Inactivation by
cyclopropyl bromide-derived cyclopropanone could involve its reversible
hemiketal formation with an active site residue allowing diffusion of NH3; higher
NH3 concentrations could then promote reaction of NH3 with cyclopropanone
to promote its nondestructive release from the active site, accounting for an
optimum NH4+ concentration for inactivation (1.5 mM) near the Km for NH4+
(Chapter 3). Ring opening of the hemiketal would acylate (inactivate) AMO.
Therefore, competitive binding vs. NH3 does not occur or cannot be assumed
(i.e., cyclopropyl bromide) for any of the inactivators we studied.

Except for 1,3-phenylenediamine, plots of In (% activity remaining) vs.
time yielded straight lines, indicating that observed kinetics were pseudo first-
order with respect to enzyme. Thus, the time dependent inactivations were due
to irreversible inhibition of AMO, and did not involve diffusion and buildup of
reactive species in the medium. This can be assumed for 1,3-phenylene-
diamine since curves were not concave down, which also excludes inactivation
by reactive diazobenzenes formed from aniline derivatives and accumulated
NO2-. The biphasic plot for 1,3-phenylenediamine (Fig. 4.4) may have been
due to incomplete inactivation upon covalent binding to AMO or other
phenomena (Silverman, 1988). Plots for all five inactivators also indicate that
no delay occurred prior to inactivation (see Figs. 4.3A, 4.4 and Results).
Rep lots (kobs-1 vs. [ inactivator] l) for 1,2-dimethylcyclopropane (Fig. 4.3B),
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cyclopropyl bromide, and p -anisidine intersect the positive y-axis, indicating
that the rate of inactivation is saturable with high inactivator concentrations.
The apparent origin intercepts in the replots for 1,3-phenylenediamine and
1-aminobenzotriazole may reflect nonsaturation behavior. However, values for
the kinetic constants obtained from our replots may have been influenced by
the inability to use inactivator concentrations that encompassed the Ki values.
The NH3 concentration may have influenced the affinities of the inactivators for
the active site of AMO (apparent Ki affected) or the rates of activation of the
compounds at the active site (apparent kinact affected). The criteria for
designation of a compound as a mechanism-based inactivator that were
addressed but not fulfilled by some inactivators presented in this paper are
saturation kinetics (observed with some, but may apply to all inactivators), and
competitive protection by NH3 (possibly observed with cyclopropyl bromide
only).

Our data indicate that all five compounds (Table 4.2A) were activated by
AMO catalysis in the presence of NH3, leading to specific irreversible inhibition
of the enzyme. Inactivations of AMO by 1,3-phenylenediamine and 1,2-
dimethylcyclopropane are best rationalized by involvement of radical
intermediates. Oxidation of NH3 by a 1-electron transfer mechanism would
generate an aminium radical that would combine with the putative active site
hydroxyl radical (vide infra) to form NH2OH. Dopamine p-monooxygenase and
cytochrome P-450 oxidations of alkylamine N atoms lead to transfer of an
electron from an adjacent C-H bond to the N radical cation, with subsequent
oxygen rebound to the resultant carbon radical (Guengerich, 1990).
Intermolecular transfer of an electron from a noncompetitively bound substrate
or inactivator to the aminium radical is a possible route for alternative substrate
or inactivator oxidations by AMO available only when NH3 is present. Electron
transfer directly to an activated oxygen/metal ion(s) species or via an aminium
radical may both occur, and both routes may be available to noncompetitive
substrates. This model could explain the lesser extents of inactivation with
NH2OH or without reductant compared to additions of (NH4)2SO4 (Table 4.2A),
as well as increasing inactivation rates with increasing NH4+ concentration
(Table 4.3).

Saturated aliphatic substrates of AMO may transfer an electron to an
aminium radical, which would quench the aminium radical and activate the
alternative substrate for oxygen rebound. However, an aminium radical would
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add across a double bond in a noncompetitive substrate to yield an amino-
substituted substrate radical that could rebound with oxygen. The epoxidation
of alkenes by AMO (e.g., styrene)(Hyman, Murton et al., 1988; Chapter 2)
suggests that these double bonds are not directly activated by an aminium
radical. Electrophilic concerted addition of an oxygen atom across a double
bond may occur without radical or ionic intermediates (Carey and Sundberg,
1990f). A nonradical mechanism is possible with cytochrome P-450, but
presently favored pathways include one-electron oxidations of alkenes to
radical cation intermediates and/or to radical intermediates bound to an active
site oxygen atom (Guengerich and MacDonald, 1990). AMO-catalyzed
oxidations of cis- and trans -2-butenes to epoxides with retention of cis /trans
stereochemistry (Hyman, Murton et al., 1988) disfavor the existence of radical
intermediates since double bonds oxidized by one electron could freely rotate.
However, retention could be influenced by substrate binding to the active site.
A preferred binding orientation for propene is indicated by a nonracemic
mixture of epoxidation products with N europaea (Weijers, Ginkel et al., 1988).
Methane and alternative substrates (including C2H4 and C2H2) of sMMO have
been trapped with nitrone compounds, which demonstrated the intermediate
formation of carbon-centered radicals (Deighton, Podmore et al., 1991; Wilkins,
Dalton et al., 1992). This is analogous to quenching of an aminium radical in
our model. Formation of radicals from alkenes by sMMO may be related to the
active oxygen species in that enzyme, which is thought to be an iron-bound
oxenoid comparable to the species proposed for cytochrome P-450
(Guengerich and MacDonald, 1990; Lipscomb, 1994). Activated oxygen in
AMO may consist of a peroxo-bound binuclear copper center (vide infra).

Experiments by Ensign et al. provided direct evidence for the
involvement of copper in AMO catalysis (Ensign, Hyman et al., 1993).
Spectroscopic data for tyrosinase and AMO in N europaea are comparable
and suggest that AMO also contains a binuclear copper active site that
reversibly binds 02 (Shears and Wood, 1985). A proposed mechanism for
ortho hydroxylations of monophenols by tyrosinase involves (nonradical)
transfer of an electrophilic 0 atom created by peroxo (022-) binding to copper
(Solomon, 1981). AMO hydoxylates phenol in the para position only (Hyman,
Sansome-Smith et al., 1985)., which suggests that phenolate anion ligation to
a copper ion in AMO (analogous to model proposed for tyrosinase (Solomon,
1981)), would prevent ortho hydroxylation. Dopamine p-monooxygenase also
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contains two copper atoms per active site (Fitzpatrick and Villafranca, 1987).
Activated oxygen bound to its copper atoms may consist of one (COLO-Cum) or
both oxygen atoms (Cu 11-0-0-Cum; 1,2-p.-peroxo form)(Fitzpatrick and
Villafranca, 1987). Either form would lead to a copper stabilized hydroxyl
radical (Cu'11 -OH) after an H atom is abstracted from the substrate, with
subsequent oxygen rebound to the substrate radical yielding a neutral alcohol.
A similar catalytic sequence for AMO could explain cyclopropane oxidation to
cyclopropanol without production of propionaldehyde due to transient
existence of the unstable cyclopropoxy anion (C3H60-)(Frank, Krimpen et al.,
1989). The apparent reductive dechlorination of nitrapyrin in the presence of
02 (Vannelli and Hooper, 1993) might be possible if 02 is displaced and two
cuprous copper atoms donate two electrons to nitrapyrin.

Theoretical studies have shown that NH3 oxidation by hydrogen peroxide
(HOOH) involves a nonradical two-step process with an essential rearrange-
ment of HOOH to water oxide (HOOH -> H200), followed by nucleophilic attack
by NH3 (lone electron pair) on the unprotonated oxygen (Bach, Owensby et al.,
1991); the ammonia oxide produced could rearrange to NH2OH. An alternative
active site species proposed for dopamine f3- mono oxygenase (Cul1200; 1,1-ii-
peroxo form) is analogous to water oxide (Fitzpatrick and Villafranca, 1987).
Therefore, NH3 could conceivably be oxidized to NH2OH by AMO through a
nonradical mechanism (and unsaturated substrates could be epoxidized
(Carey and Sundberg, 1990f)). However, high NH3 concentrations would have
competed for activated oxygen and thereby protected AMO against inactiva-
tion. Aminium radicals are generated by hydroxyl radical oxidation of NH3, and
perhaps NH4+ as well (Wood, 1988). The aminium radical model provides for
increased activation of the suicide substrates with increasing NH3 concentra-
tion by intermolecular electron transfer (vide ante). Enhancement of inactiva-
tions due to NH3-binding-induced activation of the (active site) oxidizing
species is another possibility, but is disfavored by the finding that maximum
oxidation rates determined for NH3, C2H4, and C2H6 are very similar; N2H4
provided reductant for oxidations of C2H4 and C2H6 (Chapter 3). Alternatively,
NH3 binding could sensitize AMO, perhaps by displacing and exposing an
essential Cu ligand. The apparent preference of the enzyme for unprotonated
NH3 may allow its ligation of active site copper atom(s) via the lone electron
pair. Bridging of two Cu atoms by NH3 (and activated oxygen) could explain
competitive binding only by small molecules (Chapter 3), and is analogous to
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an active site model for tyrosinase in which a ligand (phenolate or oxo) and the
peroxo group bridge the Cu atoms (Himmelwright, Eickman et al., 1980;
Solomon, Baldwin et al., 1992).

Our study shows that several mechanism-based inactivators of AMO are
(or are structurally related to) inactivators of cytochrome P-450 enzymes and
dopamine 13-monooxygenase. We propose that AMO, like the forementioned
enzymes, oxidizes many substrates by a stepwise electron transfer mechanism
involving radical intermediates; likely examples are NH3, alkanes (and alkyl
substituents), and amino substituents of aromatic compounds. Desaturation
would result when the oxidation potential of the substrate (e.g., indoline) allows
facile abstraction of the second electron prior to oxygen rebound. The putative
Cu atoms may catalyze electron transfer. Indeed, Cull readily oxidizes carbon
radicals to carbocations, leading to desaturations and ligand transfers (Carey
and Sundberg, 1990d). Although this mechanism may apply to other
substrates, a nonradical mechanism may be available to substrates such as
alkenes, alkynes, and arenes. Intermolecular electron transfer between
noncompetitive substrates and an aminium radical at the active site provides
an attractive model for NH3 enhancement of alternative substrate oxidations
and suicide substrate activations. Thus, the potential complexity of the catalytic
mechanism of AMO reflects its broad substrate specificity and the diverse
interactions of substrates at the active site. Nonetheless, our findings provide
insights that may facilitate more efficient control of nitrification.
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CHAPTER 5:

SUMMARY

Nitrification is an essential component of inorganic nitrogen cycling in the
biosphere, yet it is the least understood in terms of functioning of the enzymes
involved. Human activities such as sewage treatment and fertilization of crops
provide ammonia to nitrifying bacteria and promote their activity. In the former
case, nitrifiers can initiate the removal of ammonia from wastewater. When
NH3-based fertilizers are applied to croplands, nitrification can lead to
eutrophication of surface waters and nitrate contamination of ground waters.
Nitrate-derived nitrite can negatively impact human health by causing
methemoglobinemia or cancer. Nitrous oxide can also result from nitrification
and may significantly deplete stratospheric ozone. Greater understanding of
the enzymatic processes involved in nitrification will facilitate its specific control
and the prevention of inorganic nitrogen pollution.

Many anthropogenic chemicals also adversely affect human health.
Many of these compounds are substrates for ammonia monooxygenase in N.
europaea and other nitrifying bacteria. In some cases, nitrification may effect
detoxification of the compounds by transforming them to less toxic products.
The ubiquity of nitrifying bacteria suggests that they may necessarily participate
in bioremediation of contaminated soils or aquifers, especially when ammonia
is added to promote growth of contaminant-transforming microorganisms. The
unique conditions of a contaminated site may require stimulation or selective
inhibition of nitrification to optimize bioremediation.

5.1. Transformations of aromatic compounds by
N. europaea

The broad range of aliphatic substrates of N europaea has been
extended to include many substituted monoaromatic compounds. As with
aliphatic substrates, most oxidations of monoaromatic compounds are
attributed to AMO since C2H2 prevented their transformations and (NH4)2SO4
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addition enhanced conversions in most cases. AMO catalyzed hydroxylations
of the aromatic ring as well as substituent oxidations. Alkylbenzenes were
more extensively depleted when (NH4)2SO4 (12.5 mM) was present than were
chlorobenzene and bromobenzene, which were transformed primarily to
4-halophenols to similar extents in the presence or absence of ammonia. The
phenolic products may have limited halobenzene transformations by inhibiting
AMO. Phenol and halobenzenes are more inhibitory than alkylbenzenes
toward NH3-dependent NO2- production by whole cells. Ligation of an active
site copper ion by phenol may cause partial displacement of the peroxide
ligand in tyrosinase and thereby promote substrate hydroxylation (Solomon,

Baldwin et al., 1992). In AMO such phenolic ligation may prevent oxidation as
it apparently does in a model system (Rockcliffe and Martell, 1993). In general,
substrates that bind too strongly to copper may hinder AMO activity, much like
metal chelating agents such as thiourea are believed to inhibit the enzyme.
This type of inhibition may also explain the lack of ortho hydroxylation by AMO.
Hydroxylation of phenol and monohalobenzenes apparently requires
orientation of the substrate to position the substituent away from the activated
oxygen species.

Oxidations of aniline and ethylbenzene also provide insights to the active
site of AMO. Aniline, like phenol, may ligate the putative copper ions at the
active site. Aniline oxidation to nitrobenzene was initiated by AMO and
provided the only known example of a nonphysiological substrate oxidized at a
nitrogen atom. Ethylbenzene oxidation to styrene provided the first instance of
substrate oxidation without oxygen incorporation. This reaction shows that

hydroxylation does not occur by direct oxygen incorporation into a C-H bond. It

may also reflect electron transfer to an electrophilic species other than active
oxygen, since direct one-electron transfer would produce a substrate radical
and a hydroxyl radical that would rapidly combine to produce an oxygenated
product.

The inability of AMO to hydroxylate benzene derivatives in the oftho
position should also affect the potential utility of N europaea in bioremediation.
Apparently, only benzene can be hydroxylated twice by AMO. Monosubstituted
benzene derivatives are likely to be hydroxylated only once on the ring. Also,
inhibition of AMO by phenolic compounds would be likely to limit extents of

transformations of ring-hydroxylated aromatic compounds. Since reactions
mediated by the bacterium do not result in ring fission or removal of
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substituents from the ring, direct contributions toward degradation of
monoaromatics by N europaea will be limited to preparation of compounds for
ring fission reactions performed by other microorganisms. Immediate ring

fission substrates are catechol and substituted catechols; hydroquinone may
undergo ring fission reactions in some systems (Hopper, 1991). Therefore,
most aromatic compounds hydroxylated by AMO will require a
monooxygenase from another microorganism to produce a catechol for ring
fission.

Oxidations of alkyl substituents by N europaea should not prevent
biodegradation of aromatic compounds by other microorganisms, but may
deny a source of energy to microorganisms that can mineralize the chemicals
(since compounds provide less reductant as they become more oxidized). On
the other hand, incorporation of oxygen into hydrophobic compounds will

increase their partitioning into the aqueous phase from soil surfaces or the gas
phase. Thus, oxidations of aromatic compounds by N europaea may increase
their availability to other microorganisms.

In bioremediation applications, conditions may be manipulated to
achieve biodegradation through aerobic and anaerobic processes in a
sequential or cyclic manner. Significant nitrification would provide nitrate and
decrease the 02 concentration, which would favor denitrification over other
reductive processes. This may be detrimental when reductive dechlorination of
aliphatic pollutants is desired since more efficient anaerobic transformations of
chlorinated aliphatics occurs under conditions conducive to sulfate reduction or
methanogenesis. Some monoaromatic compounds such as alkylbenzenes
are more readily transformed under denitrifying conditions. However, benzyl
alcohol, a major product of toluene oxidation by N europaea, may not be a free
intermediate in toluene degradation by denitrifiers and cannot be used by
some denitrifiers as a growth substrate (Seyfried, Glod et al., 1994). Therefore,
if N europaea is involved in transformations of aromatic compounds by design
or by accident, it may play a beneficial or inhibitory role. Indeed, it may be
desirable to selectively inhibit nitrification during bioremediation applications.
Inhibition of nitrification could also prevent nitrate contamination of ground

water when ammonia fertilizers are added to stimulate growth of other bacteria.
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5.2. Kinetic studies of AMO inhibition by hydrocarbons and
halogenated hydrocarbons

The interaction of NH3 with alternative aliphatic substrates of AMO at the
active site will determine the relative concentrations of ammonia and aliphatic
substrate that would allow optimal transformation rates. If it is assumed that all
AMO substrates interact competitively at the active site, then NH3 could
mistakenly be added sparingly during bioremediation applications to avoid
inhibition of oxidation of alternative substrates.

Our study used structurally related series of non-inactivating substrates to
determine relationships between alternative substrate structures and their
interactions with NH3 at the active site. Whole cells were used since active,
purified AMO is unavailable and results with whole cells should be most
applicable to bioremediation applications. Our findings supported previous
studies in which CH4 and C2H4 were shown to competitively inhibit ammonia
oxidation by AMO. Conversely, we showed that NH3 competitively inhibited
C2H4 oxidation by AMO. However, no other inhibitors that we studied exhibited
a simple competitive pattern. An increase in KiE/KiEs ratio with increasing
molecular size was noted for several groups of compounds, including
n-alkanes (C1 to C4), monochloroalkanes (C1 to C3), monohalomethanes
(atomic radii: CI < Br < I), and monohaloethanes (CI, Br, I). Variation of
(NH4)2SO4 as the sole source of reductant showed that oxidations of substrates
with competitive character (KiE « KgS) were diminished by high
concentrations of (NH4)2SO4 (20 mM), whereas oxidations of distinctly
noncompetitive substrates did not diminish. The latter result was noted for
bromoethane in our study and with chloroethane in a previous study. Another
trend was that greater inhibitory effectiveness (lower Ki values) was conferred
by the halogen substituent as its size increased, particularly for
monohaloethanes. Multichlorinated compounds, including
tetrachloroethylene, 1,1,1,2-tetrachloroethane, and carbon tetrachloride
yielded concave down curves on Lineweaver-Burk plots. This complex kinetic
behavior may have been due to some competitive binding vs. NH3, as well as
noncompetitive inhibition. Multiple lone electron pairs in these compounds
may have promoted ligation of the compounds to active site metal ions, just as
the lone pair of electrons of ammonia enables its ligation of copper.
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Maximal oxidation rates were determined for NH3, C2H6, and C2H4 using
whole cells. Hydrazine provided a reductant source for oxidations of the
organic substrates. Rates were similar for all three compounds (ca. 1.5 gmole
product min-1 mg protein-1). Since oxidized bonds were different in each
case, it appears that oxidation rates are limited by a rate determining step
common to the oxidation of all three substrates. This step could be reduction of
AMO or an enzyme conformational change required for oxygen activation.

Our data support a model for the active site of AMO consisting of an
ammonia-binding site and an additional site that binds noncompetitive
inhibitors. Oxidation can occur at either site. If AMO indeed contains a
binuclear copper active site as proposed by Shears and Wood, then the
copper atoms are likely to be involved in forming these substrate oxidation
sites. Indeed, substrates containing lone electron pairs, double bonds, or even
C-H bonds can ligate metals (Crabtree and Hamilton, 1988). The putative
binuclear copper center may be in an asymmetrical environment, as suggested
by excess production of the S enantiomers of 1,2-epoxypropane and
1,2-epoxybutane from propene and 1-butene by N europaea, respectively
(Weijers, Ginkel et al., 1988). Excess production of the 17 form of 1-chloro-2,3-
epoxypropane from 3-chloro-1-propene indicates that the chloro substituent
influenced binding to the active site.

The putative binuclear copper active site for AMO reversibly binds 02
according to the proposed model. A prerequisite for reversible dioxygen
binding to copper is a proton-free (hydrophobic) environment (Karlin and
Gultneh, 1985). Protonation of copper-bound peroxide would release
protonated superoxide or peroxide. This prerequisite is consistent with the
substrate specificity of AMO, given that all substrates are hydrophobic or
uncharged.

Alternative substrates showing competitive character toward inhibition of
NH3 oxidation by AMO are limited to C1 and some C2 compounds. Therefore,
most substrates could be expected to bind noncompetitively vs. ammonia.
However, our data are insufficient for predictions regarding multichlorinated
compounds such as trichloroethylene. In a recent study, Ely et al. determined
that trichloroethylene competitively inhibits ammonia oxidation by AMO in
whole cells of N europaea (Ely, Hyman et al.).
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5.3. Mechanism-based inactivation of AMO by cyclopropyl
compounds, aniline derivatives, and 1-aminobenzotriazole

Cyclopropyl bromide, 1,2-dimethylcyclopropane, and 1-aminobenzo-
triazole were found to serve as mechanism-based inactivators of AMO activity
(NH3-dependent NO2- production), but not HAO activity (NH2OH-dependent
NO2- production). Cyclopropyl bromide may have inactivated AMO via
cyclopropanone. The aniline derivatives 1,3-phenylenediamine and
p-anisidine were potent, specific inactivators of AMO activity, whereas other
aniline derivatives were considerably less effective. Effective inactivation by
aniline derivatives required the presence of a second substituent on the ring in
addition to the amino group: a second amino group or a papa methoxy group.

In all cases, substantial inactivation required the presence of ammonia.
Two conditions, addition of NH2OH or omission of any reductant source, did not
promote inactivations. Addition of thiourea or exclusion of 02 prevented
turnover of AMO and protected the enzyme against inactivation. Apparently,
inactivations were not dependent on a reductant source per se, but on the
presence of ammonia.

Inactivations were shown to be dependent on the duration of the
incubation and were influenced by the ammonia concentration. 1,2-dimethyl-
cyclopropane, 1,3-phenylenediamine, p -anisidine, 1-aminobenzotriazole, and
1-hexyne exhibited faster rates of inactivation of ammonia oxidation with
increasing (NH4)2SO4 concentrations up to 12.5 mM. This result indicates
noncompetitive binding between the inactivators and NH3 at the active site,
which is predicted from the sizes of the inactivators. Cyclopropyl bromide
showed a maximum rate of inactivation with 0.75 mM (NH4)2SO4 that
decreased with higher concentrations of (N1-14)2SO4, however, simple
competitive binding of the inactivator vs. NH3 may not explain this result (vide
ante).

In order to confirm the desaturation reaction previously noted for
ethylbenzene, indoline was tested as a substrate for AMO and found to yield
indole as a product. This reaction provided a second desaturation reaction for
AMO, as well as a potential fluorescent assay for AMO activity. The putative
copper atoms could be involved in the transfer of electrons from indoline to
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activated oxygen, thereby allowing a two-electron oxidation to indole without
incorporation of oxygen.

Inactivations by the compounds 1,3-phenylenediamine and 1,2-di-
methylcyclopropane are best rationalized as proceeding through radical
intermediates. Inactivation by 1,3-phenylenediamine to an aminium radical
may lead to delocalization of the radical between the two amino groups, with
covalent attachment to the enzyme occurring by the amino group distal to the
amino group bound to the active site. Oxidation of NH3 to an aminium radical
may result in abstraction of a hydrogen atom from a noncompetitively bound
substrate by the aminium radical, which would activate mechanism-based
inactivators to reactive intermediates. This model could explain increased
oxidation rates of noncompetitive substrates and increased inactivation rates
by noncompetitively bound inactivators as the concentration of ammonia is
increased. Therefore, an aminium radical intermediate is consistent with the
active site model proposed in the kinetics study. In the case of styrene
oxidation by AMO, an aminium could add across the double bond of the vinyl
substituent. If the aminium radical is trapped by styrene, the amino substituted
compound is a minor oxidation product. If styrene was oxidized via the copper
ions by one electron to a radical cation, then NH3 might bind to the cationic
carbon, leaving the radical carbon to combine with hydroxyl radical. The fact
that these products must be minor suggests that concerted electrophilic syn
addition of the oxygen atom (activated oxygen) across the double bond is
favored during epoxidation reactions catalyzed by AMO. This mechanism does
not involve ionic or radical intermediates and is proposed for epoxidation of
alkenes by peroxycarboxylic acids (Carey and Sundberg, 1990f). This
mechanism is supported by conversions of c45-2-butene and trans-2-butene to
CI:5-2,3-epoxybutane and trans-2,3-epoxybutane by AMO, respectively
(Hyman, Murton et al., 1988). A radical carbocationic intermediate for either
2-butene isomer should have resulted in production of both epoxide isomers
unless bond rotation was restricted by substrate binding to AMO. Some
compounds, especially alkenes, alkynes, and arenes, may be oxidized by a
nonradical mechanism that is not dependent on electron transfer to an
aminium radical.

Inactivations by cyclopropyl bromide, 1-aminobenzotriazole, and
p -anisidine are more ambiguous since more than one reasonable mechanistic
pathway exists in each case. Still, they help to define the sensitivity of AMO
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toward inactivating substrates and may provide a basis for further research
directed at highly selective mechanism-based control of nitrification.

5.4. Proposals for future studies

Further refinement of our active site model will require knowledge of the
amino acid residues and prosthetic groups that comprise the environment of
the active site. The next logical step toward defining the active site would be to
obtain radiolabeled inactivators and determine which amino acid residues
become covalently modified upon inactivation. Presumably, the inactivators
would bind specifically to the 27 kDa polypeptide labeled by 14C2H2. The
bonds formed between the inactivator moiety and the enzyme may support a
specific mechanism for inactivation.

The most definitive proof of an aminium radical intermediate will require
trapping the species directly, not merely quenching it as proposed in our
model. A closer analysis of styrene oxidation may reveal a small amount of
a-hydroxyphenethylamine resulting from addition of the aminium radical
across the double bond of the vinyl substituent, followed by rebound of
hydroxyl radical to the resultant benzylic radical. Nitrones might be used to
trap the aminium radical, since they can trap a hydroxyl radical.

If indeed the active site is hydrophobic in order to exclude protons that
might displace the peroxide ligand, then alkanes should be hydroxylated first to
alkoxy anions that are protonated in the medium away from the active site.
Cyclopropane is apparently hydroxylated to cyclopropanol without formation of
propanal. Propanal is the rearrangement product of cyclopropoxy anion. It

may be that protonation occurred prior to ring opening such that propanal was
not detected. A more sensitive probe, such as 1,1-bis(3,5-dichlorophenyl)
cyclopropane, may undergo sufficient ring opening to allow detection of the
rearranged product. This compound would yield a cyclopropoxy anion that
would undergo ring opening to a relatively stable benzylic carbanion (partly
stabilized by electron-withdrawing chloro substituents that also prevent ring
hydroxylations), protonation of which would lead to 3,3-bis(3,5-dichlorophenyl)
propanal.
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Further attempts to develop highly specific inactivators of nitrification
should consider cyclopropane compounds. Other cyclopropyl halides should
be tested as inactivators. Cyclopropyl iodide should have a higher affinity for
the active site of AMO than cyclopropyl bromide. 1,1-Dibromocyclopropane
cannot be converted to cyclopropanone by hydroxylation; inactivation by this
compound would favor one-electron oxidation of the bromo substituent as
proposed for cytochrome P-450 inactivation by cyclopropyl bromide. Com-
pounds such as 1-bromo-2,2-dimethylcyclopropane could cause inactivation
via a cyclopropanone or by one-electron oxidation of a methyl group. Com-
pounds that undergo ring opening faster than cy.s/trans -1,2-dimethylcyclo-
propane upon one-electron oxidation may inactivate AMO more effectively
(e.g., trans -1-methyl -2-phenylcyclopropane)(Atkinson and Ingold, 1993).

Attempts to further define the structural features of aniline derivatives that
promote inactivation may also provide a highly selective nitrification inhibitor.
4-Aminopyridine and 2,6-diaminopyridine would be interesting analogues of
aniline and 1,3-phenylenediamine, respectively. Like p -anisidine,
4,6-dimethoxy-1,3-phenylenediamine and 4,4'-oxydianiline could effectively
inactivate AMO. 3,3'-oxydianiline, like m-anisidine, may be ineffective.
However, this isomer may undergo radical ring coupling to produce amino-
substituted dibenzofurans. Alkyne derivatives such as 1-propargy1-2-thiourea
(analogous to 1- ally) -2- thiourea) or iodinated 1-hexyne may have increased
affinity for AMO relative to 1-hexyne.

The mechanism of reductive dehalogenation by AMO as demonstrated
for nitrapyrin may be elucidated if other substrates are found that are
reductively dehalogenated. Addition of trichloromethylcyclopropane to whole
cell suspensions of N europaea under anaerobic conditions with hydrazine as
a reductant source should produce enzyme inactivation if a radical
intermediate is involved.

A reductive mechanism for AMO-catalyzed transformation of nitrapyrin
has implications in the bioremediation of highly halogenated contaminants.
Several compounds should be re-examined using whole cells under
anaerobic or low-oxygen conditions with hydrazine or low NH3 concentrations
( <1 mM) as a source of reductant. Low NH3 concentrations with low oxygen
concentrations could provide reductant without involving all AMO molecules in
oxidative reactions. Indeed, these conditions could be very relevant to those
occurring in aquifers and soil environments. Compounds that may be
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reductively dechlorinated include tetrachloroethylene, carbon tetrachloride,
and 1,4-dichlorobenzene, all of which are not transformed under aerobic
conditions. 1,2-Diiodoethane may be converted to ethylene. This or similar
compounds may serve as non-inactivating reductively dehalogenated
substrates for AMO, which will aid in research efforts.

Many questions remain to be answered regarding the mechanisms by
which AMO catalyzes the oxidations of alternative substrates. A greater
understanding of these mechanisms may facilitate the use of N. europaea in
the bioremediation of known substrates of ammonia monooxygenase and may
allow transformations of compounds presently considered to be unreactive
toward AMO. Further research may produce a mechanism-based inactivator
with a high degree of specificity toward AMO, which could be invaluable in the
control of nitrification. The experiments presented herein are a basis for further
research which will better define the interactions of AMO with nonphysiological
substrates.
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