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Alkane monooxygenase systems in short-chain alkane-utilizing bacteria were

examined at the physiological and genetic levels. Butane monooxygenases of butane-

grown Pseudomonas butanovora, Mycobacterium vaccae JOB5, and Nocardioides sp.

strain CF8 showed some similarity along with remarkable diversity. All three strains

of butane-grown bacteria degraded butane at similar rates, produced 1-butanol during

the butane degradation, and shared similar substrate ranges. Acetylene inactivated

both butane oxidation and 1-butanol production by all three bacteria. Incubation of

three butane-grown bacteria with ['4C]acetylene resulted in the incorporation of '4C

label into specific polypeptides, while the labeling patterns were different among the

three bacteria. The responses to the known monooxygenase inactivator, ethylene, and

inhibitor, allyithiourea (ATU), discriminated butane degradation among the three

strains of butane-grown bacteria. Ethylene ineversibly inactivated butane degradation

by P. butanovora but not by M vaccae or strain CF8. In contrast, ATU, a copper

selective chelator, strongly inhibited butane degradation by only strain CF8. Butane

degradation by strain CF8 was inactivated by light, a specific inactivator of copper-

containing monooxygenases. In addition, the unique thermal aggregation

phenomenon of acetylene-binding polypeptides observed for copper-containing

monooxygenases was also observed for strain CF8. These results suggest that the
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butane monooxygenase in strain CF8 is a copper-containing monooxygenase. The

characterization of alkane monooxygenase system in Nocardioides sp. strain CF8 was

extended to include longer chain alkanes (C6 to C10). In the presence of ATU, hexane,

octane, and decane-grown cells showed detectable butane degradation activities.

Growth on butane was strongly inhibited by alkynes including acetylene, 1 -hexyne,

and 1 -octyne, as well as ATU, while growth on longer-chain alkanes was less affected

by alkynes or ATU. These results suggest the presence of a second monooxygenase

in strain CF8. Degenerate primers designed for PCR amplification of genes related to

the binuclear iron containing alkane hydroxylase from Pseudomonas oleovorans were

used to obtain a related gene from strain CF8. RT-PCR and Northern blot analysis

showed that this gene encoding a binuclear iron containing alkane hydroxylase was

expressed in cells grown on alkanes C6 and above. These results indicate the presence

of two distinct monooxygenases for alkane oxidation in Nocardioides sp. strain CF8.
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DIVERSE ALKANE MONOOXYGENASE SYSTEMS IN SHORT-CHAIN
ALKANE-UTILIZING BACTERIA

Chapter 1. Introduction

1.1. Alkanes in the environment

Large amounts of alkanes are found in crude oil as its maj or constituent

(Lyman, et al., 1992). Crude oils are essentially produced by high pressure and

temperature action on biological material over geological time-scales. The variability

of these factors affects the chemical composition and properties of different crude oils.

Alkanes in the crude oil range from methane to compounds with carbon chain lengths

of 40 or more. Other sources of hydrocarbons include plants, which produce ethylene,

long-chain alkanes and isoprenoids (Taylor and Calvin, 1987). In addition, some

microorganisms have been shown to produce methane, ethylene, isoprene, and

probably n-alkanes (Bird and Lynch, 1974, Kuzma, et al., 1995).

The physical properties of alkanes have great influence on their degradation

rates in the environment. n-Alkanes ranging from C10 to C18 are degraded most

readily. Longer-chain alkanes are less soluble with increasing carbon chain-length,

which results in decreasing degradation rates. n-Alkanes ranging from C5 to C10

become more soluble and consequently increasingly toxic to cells with decreasing

chain-length (Inoue and Horikoshi, 1991).
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1.2. Alkane utilization by microorganisms

Systematic studies have shown that the ability to utilize n-alkane as a sole

carbon and energy source is found in a wide range of prokaryotic and eukaryotic

genera including Gram-negative rods and cocci, Gram-positive cocci, coryneforms,

actinomycetes, yeast, fungi, and some unicellular algae (Watkinson and Morgan,

1990). Although long-chain, liquid and solid alkanes are assimilated by a wide variety

of microorganisms, only some bacteria have the ability to grow on short-chain,

gaseous alkanes. Alkane degradation has been reported to occur both under anaerobic

and aerobic conditions.

1.2.1. Anaerobic degradation

The anaerobic degradation of n-alkanes has been reported under nitrate-

reducing, sulfate-reducing, and methanogenic conditions. However, little is known

about the degrading organisms and the initial mechanisms of anaerobic alkane

degradation. So and Young (So and Young, 1999b) recently isolated an alkane-

degrading, sulfate-reducing bacterial strain AK-Ol from an estuarine sediment with a

history of chronic petroleum contamination. Phenotypic and phylogenetic

characterization indicated that AK-Ol is most closely related to the genera

Desulfosarcina, Desulfonema, and Desulfococcus in the delta subdivision of the

Proteobacteria. Strain AK-Ol grows anaerobically on alkanes (C13 to C18) and oxidizes

them to carbon dioxide coupled to sulfate reduction (So and Young, 1999b). By using

stable-isotope-labeled alkanes as growth substrates, it was shown that strain AK-Ol

oxidized alkanes to fatty acids. Structural characterization of the isotope-labeled fatty

acids derived from the labeled alkanes indicated that exogenous carbon initially was

added to the alkane chain subterminally at the C-2 position with subsequent formation



of fatty acids (So and Young, 1 999a). This carbon addition might be a novel

mechanism by which alkanes are activated without oxygen, in contrast to the

hydroxylation reaction mediated by monooxygenases in aerobic organisms.

1.2.2. Aerobic degradation

A number of microorganisms have been shown to utilize n-alkanes as growth

substrates under aerobic conditions. Alkane-oxidizing bacteria can be conveniently

divided into three groups based on the length of the alkanes utilized as growth

substrates. Methane (C1)-oxidizing bacteria are confined to methane as a growth-

supporting alkane. The second group of alkane-oxidizing bacteria will grow optimally

on other gaseous, short-chain alkanes (C2-C4), and the liquid, long-chain (>C5) alkanes

will support the optimal growth of the third group. Physiology, biochemistry, and

genetics of alkane oxidation by organisms in three groups are discussed in the

following sections.

n-Alkanes are generally oxidized to the corresponding alcohols by

monooxygenases (Ashraf, et al., 1994, Baptist, et al., 1963, Stephens and Dalton,

1986). The initial oxidation of n-alkanes by dioxygenases has also been reported but

is less common (Finnerty, 1988, Maeng, et al., 1996). In such cases, the n-alkanes are

oxidized to the corresponding n-alkyl hydroperoxides, which are reduced to yield

primary alcohols.

1.3. Methane-oxidizing bacteria

Methane-oxidizing bacteria, or methanotrophs, are unique in their ability to

utilize methane as a sole carbon and energy source. Ecological studies of

methanotrophs have shown that they are widespread in nature, including marine,
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freshwater, and terrestrial environments (Hanson and Hanson, 1996). Methanotrophs

have attracted considerable attention because of their potential for the production of

chemicals with commercial values (Lidstrom and Stirling, 1990), their ability to

degrade groundwater contaminants, including trichioroethylene (Alvarez-Cohen, et al.,

1992), and their potential role in global methane cycling (Hanson and Hanson, 1996).

1.3.1. Physiology and taxonomy

Methanotrophs are gram-negative bacteria and taxonomically classified into

three groups (types I, II, and X) based on the pathways used for carbon assimilation

and their pattern of internal membranes (Whittenbury and Dalton, 1981). Type I

methanotrophs, including Methylomonas and Methylobacter, utilize the ribulose

monophosphate pathway for formaldehyde assimilation, and possess bundles of

intracytoplasmic membranes. Type II methanotrophs, such as Methylosinus and

Met hylocystis, utilize the serine pathway for formaldehyde assimilation, and possess

intracytoplasmic membranes arranged around the periphery of the cell. A new group,

type X methanotrophs such as Methylococcus capsulatus Bath appear to have

properties of both type I and type II methanotrophs (Hanson and Hanson, 1996). Type

I and type X methanotrophs belong to the - and the y-subdivisions of the

Proteobacteria, while type II methanotrophs are classified to the a-subdivision of the

Proteobacteria (Tsuji, et al., 1990).

The first step in methane degradation is the oxidation of methane to methanol

catalyzed by methane monooxygenase (MMO). A series of oxidation reactions then

convert methanol to carbon dioxide via formaldehyde and formate, generating

reducing power for biosynthesis and the initial oxidation of methane. Methane

monooxygenase exists in two forms. All methanotrophs can produce a membrane-

bound particulate form of MMO (pMMO), while some species (type II species, some



type X species, and recently a type I methanotroph) can also produce a soluble form of

MMO (sMMO) (Koh, et al., 1993, Tsien and Hanson, 1992). The type of MMO

expressed is dependent on the availability of copper ions in the growth medium;

sMMO is expressed at low copper-biomass ratios (<0.25 tM copper ions) where

pMMO is expressed at high copper-biomass ratios (>0.25 tM copper ions) (Stanley, et

al., 1983). sMMO has a broader substrate specificity and oxidizes a wide range of

aliphatic and aromatic hydrocarbons, including alkanes (up to C7) and alkenes (Colby,

et al., 1977, Green and Dalton, 1989). In contrast, pMMO has a narrower substrate

range, although it still catalyzes the cooxidation of several alternative substrates,

including propane and butane (Burrows, et al., 1984).

1.3.2. Biochemistry of methane monooxygenase

sMMO has been purified and characterized from a number of methanotrophs

(Colby and Dalton, 1978, Fox, et al., 1989). It consists of three protein components, a

hydroxylase (Protein A: 245 kDa) containing a binuclear iron cluster, a regulatory

protein (Protein B: 16 kDa), and an NAD(P)H-dependent oxidoreductase (Protein C:

39 kDa). Protein A consists of three subunits a, 13 and y (60, 45, and 20 kDa,

respectively) arranged in a2132y2 configuration and contains a high degree of helical

structure with a total of 52 histidine residues (Fox, et al., 1989). Protein B is a

monomeric protein and contains no metals or redox active cofactors (Tsien, et al.,

1989). Protein B is not required for electron transfer between the reductase and the

hydroxylase in M trichosporium OB3b, however, it affects the efficiency of the

multiple turnover reaction increasing reaction rates by 150-fold. In contrast, the

presence of component B in M capsulatus Bath is essential for the enzymatic activity

(Green and Dalton, 1985). Protein B has been suggested to play roles in shifting the

redox potential properties of hydroxylase, increasing the rate of electron transfer (Liu



and Lippard, 1991), and altering the structure of the hydroxylase binuclear iron cluster

(Davydov, et al., 1997).

Less is known about pMMO due to the difficulties in obtaining pure active

preparations of the enzyme. Recently, pMMO has been purified fromM capsulatus

Bath (Nguyen, et al., 1998, Zahn and DiSpirito, 1996), andM trichosporium OB3b

(Takeguchi, et al., 1998). It is a copper-containing monooxygenase that is oxygen and

light sensitive. pMMO consists of three polypeptides with molecular mass of 42, 27,

and 25 kDa. The 27 kDa polypeptide was labeled by acetylene, a mechanism-based

inactivator, indicating that it contains the active site of the enzyme (Prior and Dalton,

1985). The 47 and 27 kDa polypeptides were induced by copper, and contained one

nonheme iron atom, one copper atom, and one acid-labile sulfur atom (Zahn and

DiSpirito, 1996). Zahn and DiSpirito (Zahn and DiSpirito, 1996) recently proposed a

model for pMMO in which the catalytic site involves both iron and copper. The

functions of each component and their interactions are not well understood.

1.3.3. Genetics of methane monooxygenases

sMMO structural genes fromM trichosporium OB3b (Cardy, et al., 1991) and

fromM capsulatus Bath (Stainthorpe, et al., 1990) have been cloned and sequenced.

A gene cluster, mmoXYBZorIYC, encodes the a and 13 subunits of protein A, protein

B, the y subunit of protein A, unknown Y, and protein C, respectively. In M
capsulatus Bath sMMO genes, only mmoXis preceded by sequences homologous to

known o70-like promoters (Stainthorpe, et al., 1990). In contrast, M trichosporium

OB3b sMMO gene expression appeared to be directed from two promoters, a cr54-like

promoter directing transcription of mmoX and a &°-like promoter directing

transcription of genes downstream of mmoX(Nielsen, et al., 1997).
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sMMO genes showed little or no enzyme activity when expressed in

Escherichia coli (West, et al., 1992). Recently, the systems for homologous and

heterologous expression of sMMO genes have been developed (Lloyd, et al., 1999a,

Lloyd, et al., 1999b). The homologous expression was achieved by the expression of

the plasmid-encoded sMMO genes in sMMO-minus mutants. This system showed a

high level of active sMMO expression from the natural sMMO promoter(s).

Moreover, the stable maintenance of pVK1 OOSc (a broad-host-range plasmid

containing the native promoter and sMMO operon from M trichosporium OB3b)

resulted in transconjugant methanotrophs with a decreased sensitivity to copper. In

those transconjugant methanotrophs, the expression of sMMO occurred at copper ion

concentrations of 7.5 jiM, while copper ions present at concentrations greater than

0.25 jiM inhibit transcription of sMMO genes in the wide type methanotrophs (Lloyd,

et al., 1999b). Meanwhile, the heterologous sMMO expression system was developed

in order to study the expression of sMMO genes in methanotrophs containing only

pMMO (Lloyd, et al., 1999a). This was achieved by conjugation of pVK100Sc into

methanotrophs that only synthesize pMMO, Methylomicrobium album BG8 and

Methylosystis parvus OBP. Those transconjugant methanotrophs stably maintained

pVK100Sc and the genes contained on these plasmids were transcribed and translated

into active recombinant protein. Constitutive synthesis of pMMO was observed in M

album BG8 when grown at high and low copper conditions, while transcription of the

recombinant sMMO genes was only observed under low copper conditions. These

results suggested that the regulatory protein(s) for sMMO synthesis was also present

on the plasmid used, or the heterologous host contained a regulatory system for

sMMO (Lloyd, et al., 1999a).

Genes for the three subunits of pMMO, pmoA, B, and C, have been cloned and

sequenced from M capsulatus Bath (Semrau, et al., 1995, Stolyar, et al., 1999). The
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pmoCAB gene clusters are present in duplicate gene copies with an additional third

copy of pmoC. For the two pmoCAB clusters, the sequences are almost identical

within the coding and intergenic regions (13 base pair changes in 3183 bp) but they

diverge outside the pmoCAB regions (Stolyar, et al., 1999). Analysis of mutants

constructed by chromosomal insertions in each of these pmo genes has shown that the

duplicate copies of each of the genes can partly complement each other (Stolyar, et al.,

1999). The growth rates of the copy 1 mutants were not significantly different from

that of the wild type, while the growth rates of the copy 2 mutants were 15 to 20%

slower and a longer lag phase was observed. Null mutants could not be obtained for

the third copy of pmoC (C3), suggesting that it may play an essential role in growth on

methane. The role of duplicate gene cluster may be simply to provide increased gene

expression, although it appears that this higher level of pMMO activity is not

necessary for maximal growth under tested conditions. It is also possible that the two

copies are differentially expressed under different growth conditions since the

upstream sequences are highly diverged (Stolyar, et al., 1999).

The complete sequences of the pmo operon from distinct genera of

methanotrophic bacteria, M trichosporium OB3b and Methylocystis sp. strain M, have

been also reported (Gilbert, et al., 2000). Both bacteria belong to a-subclass of

Proteobacteria, while M capsulatus Bath belongs to y-subclass of Proteobacteria. M
trichosporium OB3b and Methylocystis sp. strain M contained two copies of pmoCAB

operon but lack the additional third copy ofpmoC which was found in M capsulatus

Bath. Similarity between the pmo gene clusters from the three organisms was highest

at the 5' end of the operon and less toward the 3' end. Primer extension data

suggested that the pmoCAB gene cluster was transcribed from a single promoter

located 300 bp upstream of the pmoC start codon. The consensus sequences for a7°



promoters were identified, suggesting that the pmo genes are negatively regulated

under low-copper conditions (Gilbert, et al., 2000).

1.3.4. Role of copper in methanotrophs

Copper has been shown to play an important role in regulation of MMO

activity and expression. Copper ions are essential for pMMO activity, while they are

potent inhibitors of sMMO activity (Green and Dalton, 1985). The regulatory

mechanism of gene expression by copper ion in methanotrophs is not clearly

understood. Nielsen et al. have shown that in M trichosporium OB3b and M

capsulatus Bath, copper represses transcription of smo and activates transcription of

pmo (Nielsen, et al., 1996, Nielsen, et al., 1997). The activation of pMMO genes by

copper ions was concomitant with repression of sMMO genes, suggesting that a

common regulatory pathway may be involved in the transcriptional switch between

sMMO and pMMO gene expression (Nielsen, et al., 1997). The presence of 0.25 jiM

copper ions in the growth medium is sufficient to eliminate sMMO synthesis.

Because such concentrations of copper are generally found in polluted waters

(Forstner and Wittman, 1979), methanotrophs are unable to express sMMO when

grown under most conditions relevant to bioremediation.

In addition to the expression of the two MMOs, other physiological traits have

been identified that are affected by the copper concentration in the medium. These

traits include the formation of intracytoplasmic membranes, the concentrations of

membrane-associated copper and iron, and the growth rate (Leak and Dalton, 1986,

Scott, et al., 1981, Stanley, et al., 1983). Cultures grown in the presence of copper

contain stacks of intracytoplasmic membranes which form parallel to the cell surface

(Scott, et al., 1981).



10

Recently, specific copper acquisition systems inM trichosporium OB3b and

M capsulatus Bath have been characterized (DiSpirito, et al., 1998, Tellez, et al.,

1998). DiSpirito et al. (DiSpirito, et al., 1998) isolated and characterized two copper-

binding compounds/cofactors (CBCs) from the M. trichosporium OB3b wild type and

a constitutive sMMO mutant (sMMOc), PP3 19 (Phelps, et al., 1992). Both CBCs,

CBC-L1 and CBC-L2, are small polypeptides with molecular masses of 1.2 and 0.7

kDa, respectively. The highest concentration of the copper-free CBCs was found in

the spent media of cells expressing pMMO under condition of copper stress. Cells

cultured in high-copper media and expressing pMMO showed lower concentrations of

CBCs in the spent media while the majority of the CBCs were associated with the

membrane fraction and contained bound copper. In contrast, the CBCs isolated from

the spent media of sMMOc mutants cultured in high-copper media contained bound

copper, and no CBCs were detected in the membrane fraction of sMMOc mutants

regardless of the culture conditions. These results suggest that the sMMOc mutants

could contain mutations in the cellular mechanism utilized to bind copper-containing

CBCs from the extracellular fraction (DiSpirito, et al., 1998).

1.3.5. Related soluble, binuclear iron monooxygenases

A number of binuclear non-heam iron monooxygenases have been identified.

Fox et al. (Fox, et al., 1994) proposed that the known soluble binuclear iron proteins

can be grouped into two classes (I and II) based on the differences in primary sequence

motifs providing the cluster ligands and the structural differences elucidated by X-ray

crystallography. The respiratory protein, hemerythrin, is a prime example of class I,

while class II contains ribonucleotide reductase, stearoyl-ACP desaturases, and

bacterial hydrocarbon hydroxylases including sMMO, toluene-2-monooxygenase,

alkene monooxygenase, and phenol hydroxylase (Fox, et al., 1994). For the class II
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binuclear iron proteins, primary sequence alignments revealed a conserved iron

binding motif containing two repeats of Glu-X-X-His separated by approximately 100

amino acids. This iron-binding motif provides four of the six protein-derived ligands

to the diiron cluster (Shanklin, et al., 1994).

Although the hydrocarbon hydroxylases in the class II group share similar

sequence motifs and physical characteristics, there are differences in catalytic

properties of these enzymes. Toluene 2-monooxygenase (T2MO) from Burkholderia

cepacia G4 consists of three components: a hydroxylase (211 kDa), a reductase

containing one FAD and a [2Fe2S] cluster (40 kDa), and a coupling protein (10.4

kDa). The hydroxylase is an a213jy2 hexamer and contains two binuclear iron centers

(Newman and Wackett, 1995). The coupling protein is not required for toluene

oxidation but increased the oxidation rates 10-fold when added to the other two

components and NADH. T2MO oxidizes toluene to o-cresol and o-cresol to 3-

methylcatechol. In contrast, sMMO oxidizes toluene to benzyl alcohol and p-cresol

(Newman and Wackett, 1995). Alkene monooxygenase from Xanthobacter Py2

(XAMO) consists of four components: an oxygenase (212 kDa); an NADH dependent

reductase containing one FAD and a [2Fe2S] center (35.5 kDa); a Rieske-type

ferredoxin (13.3 kDa); and a small coupling protein (11 kDa). The oxygenase is an

a22y2 hexamer which contains approximately four iron atoms (Small and Ensign,

1997). XAMO catalyzes the epoxidation of a range of alkenes, some with a high

degree of stereospecificity, but does not catalyze the hydroxylation of the homologous

alkanes (van Ginkel and de Bont, 1986). This contrasts with sMMO, which can attack

both unactivated C-H bonds and carbon-carbon double bonds. In addition, the

mechanism of substrate attack at the active site must be different because XAMO only

carries out epoxidation with substrates like 2-butene, while sMMO also produces the

terminal allylic alcohol (Green and Dalton, 1989). There are significant differences
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between XAMO and sMMO in the residues forming the hydrophobic cavity which

forms the substrate binding site, suggesting that these residues might be informative

and serve as a guide for site directed mutagenesis (Zhou, et al., 1998).

1.3.6. Related copper-containing monooxygenase

Despite the different physiologies of organisms, pMMO shares many

similarities with ammonia monooxygenase (AMO) from ammonia-oxidizing bacteria.

Ammonia oxidizers are chemoautotrophs and oxidize ammonia to nitrite to obtain

energy for carbon dioxide fixation via the Calvin-Benson cycle (Arp, et al., 1996).

AMO catalyzes the oxidation of ammonia to hydroxylamine, which is then further

oxidized to nitrite by hydroxylamine oxidoreductase (HAO). Both AMO and pMMO

consist of at least two membrane-associated polypeptides (approximately 27 and 45

kDa), contain copper at the active site (Nguyen, et al., 1994), and share similar

substrate ranges and inhibitor/inactivator profiles (Bédard and Knowles, 1989). AMO

can catalyze the cometabolic oxidation of alkanes (up to C8), including methane, to

alcohols (Hyman, et al., 1988). Similarity between AMO and pMMO extends to the

genetic level. The genes encoding AMO (amoC, amoA, and amoB) show substantial

similarity to genes encoding the analogous subunits of pMMO (pmoC, pmoA, and

pmoB) (McTavish, et al., 1993, Semrau, et al., 1995), and the genes are also organized

in a cluster in the orderamoCAB (Sayavedra-Soto, et al., 1998). As mentioned earlier,

methanotrophs contain multiple copies of genes encoding pMMO subunits. The

pmoCAB gene clusters are present in duplicate gene copies with an additional third

copy ofpmoC (Stolyar, et al., 1999). The amoCAB gene clusters are also present in

multiple copies in the ammonia-oxidizing bacteria (Norton, et al., 1996, Sayavedra-

Soto, et al., 1998). The role of these multiple copies has not been well understood.
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1.4. Long-chain alkane oxidizers

Long-chain, liquid alkanes are utilized by many bacterial species including

both gram-negative and gram-positive bacteria. Long-chain alkanes are components

of petroleum; consequently, the research on bioconversion of long-chain alkanes has

attracted a great deal of attention for the use in remediating oil disasters.

1.4.1. Physiology and taxonomy

Systematic studies have shown that the ability to use long-chain alkanes as sole

carbon and energy source is very common and not restricted to any particular group of

microorganisms. Within gram-negative bacteria, genera Pseudomonas and

Acinetobacter have been most thoroughly studied. A little is known about the enzyme

systems in gram-positive long-chain alkane-utilizers including genera Rhodococcus,

Gordona, Mycobacterium, Nocardia, and Sphingomonas (Vomberg and Klinner,

2000).

Pseudomonas oleovorans is able to utilize alkanes ranging from C6 to C12 and

its alkane hydroxylase system is well characterized (Baptist, et aL, 1963, van Beilen, et

al., 1994). P. oleovorans oxidizes n-alkanes to the corresponding terminal acyl-CoA

derivatives, which then enter the 13-oxidation cycle. In the initial step, alkanes are

oxidized to primary alcohols by a three-component alkane monooxygenase, composed

of a membrane-bound hydroxylase, rubredoxin, and rubredoxin reductase (van Beilen,

Ct al., 1994). Alkanes above C12 chain-length can be utilized by the strains of

Acinetobacter spp. Several different alkane oxidation pathways have been described

for these strains. An involvement of alkane dioxygenases in degradation of alkanes

ranging from C13 to C44 was shown in Acinetobacter sp. strain M-1 (Maeng, et al.,

1996, Sakai, et al., 1994) and in strain HOl-N (Finnerty, 1977, Finnerty, 1988). In
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this pathway, n-alkanes are oxidized by a dioxygenase to n-alkyl hydroperoxide which

is further metabolized to the corresponding aldehyde by oxidation of alkyl peroxide.

In addition, some strains of Acinetobacter spp. utilize P-450 system (Asperger, et al.,

1984), while alkane hydroxylase homologous to P. oleovorans system has been found

in Acinetobacter sp. strain ADPI (C12 to C18) (Ratajczak, et al., 1998a).

1.4.2. Biochemistry of long-chain alkane oxidizing enzymes

The alkane hydroxylase system in P. oleovorans has been characterized most

thoroughly in this group of long-chain alkane-utilizing bacteria. n-Alkanes are

oxidized by terminal hydroxylation and dehydrogenation to the resulting alkanol by

the alkane hydroxylase. This alkane hydroxylase system consists of three

components; an integral cytoplasmic membrane hydroxylase (A1kB: 41 kDa) and two

soluble proteins, rubredoxin (AIkG: 19 kDa) and rubredoxin reductase (A1kT: 41

kDa), which transfers electrons from NADH to the hydroxylase (Peterson, et al.,

1966). Recently, Shanklin et al.(Shanklin, et al., 1997) showed that the AlkB

component in alkane hydroxylase contains a binuclear-iron cluster which is also found

in soluble diiron proteins, including hemerythrin, ribonucleotide reductase, and

sMMO. These diiron-containing enzymes do not share significant overall amino acid

homology, however they all contain a conserved iron-binding motif with eight

histidine residues (Shanklin, et al., 1994). It is suggested that these conserved

histidine residues serve as ligands for the iron(s) present in the active site. Shanklin et

al. (Shanklin, et al., 1997) have proposed that a diiron active site might be prevalent in

a diverse family of integral-membrane enzymes.

Recently, a novel n-alkane-oxidizing enzyme that requires only molecular

oxygen has been purified from Acinetobacter sp. strain M-1 (Maeng, et al., 1996).

The purified enzyme is a homodimeric protein with a molecular mass of 134 kDa,
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contains FAD, and requires Cu2 for its activity. The enzyme showed broad substrate

range, including n-alkanes (C10 to C30), n-alkenes (C1, to C20), and some aromatic

compounds with substituted alkyl groups, but branched alkanes, alcohols, or aldehydes

were not utilized. During n-alkane degradation, n-alkyl hydroperoxide accumulation

was detected, and the addition of oxygen radical scavengers did not affect the enzyme

activity (Maeng, et al., 1996). These results suggest that the reaction is probably

catalyzed by a dioxygenase to produce the corresponding n-alkyl hydroperoxide. This

supports the existence of an n-alkane oxidation pathway catalyzed by a dioxygenase in

Acinetobacter spp.

1.4.3. Genetics of long-chain alkane oxidizers

P. oleovorans harbors a large plasmid, named OCT for n-octane utilization,

encoding the enzymes required for the oxidation of n-alkanes to the corresponding

terminal acyl-CoA derivatives, which then enter the B-oxidation pathway (Baptist, et

al., 1963). The OCT plasmid encodes the Alk system, which consists of at least two

separate regions, the a1kBFGHFKL operon and alkST. Starting from the promoter

upstream of the a1kBFGHFKL operon, six polypeptides have been identified as alkane

hydroxylase (41 kDa), rubredoxin 1 (inactive, 14 kDa), rubredoxin 2 (19 kDa),

aldehyde dehydrogenase (49 kDa), alcohol dehydrogenase (58 kDa), acyl-CoA

synthetase (59 kDa), and unknown flmction (20 kDa), respectively (van Beilen, et al.,

1994).

The alkane hydroxylase, A1kB, contains up to nine cytoplasmic membrane

spanning amino acid sequences (van Beilen, et al., 1992) and shows clear sequence

homology with Xy1M, the membrane bound xylene monooxygenase (Suzuki, 1991).

Both A1kF and A1kG showed sequence homology to other rubredoxins. Sequence

comparisons showed that A1kF is a product of a duplication event of N-terminal,
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inactive part of A1kG (van Beilen, et al., 1994). The alkH was found to have

homology to several mammalian aldehyde dehydrogenases (ADHs). In a comparison

of 11 ADH superfamilies, Alk}i was most closely related to a rat aldehyde

dehydrogenase (Horn, et al., 1991). The P. putida chromosome encodes several

ADHs, A1kH is not essential for growth on n-alkanes (Grund, 1975). Sequence

analysis of the al/cf gene showed significant homology with four flavin proteins (van

Beilen, et al., 1992). The enzymatic properties of A1kJ suggest that A1kJ is linked to

the electron transfer chain. As with A1kH, A1kJ is not essential for alkane utilization.

Neither AlkK or A1kL have apparent functions in alkane oxidation, and both genes

could be deleted without affecting growth on n-alkanes (Eggink, et al., 1987). The

alkST region is separated from the a1kBFGHJKL operon by 42 kb on the OCT plasmid

and is oriented in the opposite direction (Owen, 1986). The aikS gene encodes a

LuxR-UhpA-like transcriptional regulator, which is necessary for the expression of

a1kBFGHJKL operon (Kok, et al., 1989). A1kT is rubredoxin reductase, the third

component of the alkane hydroxylase system (Eggink, et al., 1990).

The expression of Alk system is tightly regulated by the transcriptional

regulator, AlkS. In the presence of alkanes (C6 to C10) or structural analogue inducers

such as dicyclopropylketone, A1kS activates the PalkB promoter, from which the

a1kBFGHJKL operon is expressed (Kok, et al., 1989). Expression of the Pa/kB

promoter is also subject to carbon-source-dependent catabolite repression (Yuste, et

al., 1998). When cells were grown with citrate as a carbon source, the expression of

the PalkB was most efficient, while the efficiency decreased with lactate or succinate

as the carbon source (Yuste, et al., 1998). The aikS gene is expressed from two

promoters, PaikS] and PalkS2, which are both auto-regulated by A1kS (Canosa, et al.,

2000). In the absence of alkanes, aikS gene is expressed from promoter Pal/cS], which

is recognized by S4NA polymerase. The alternative sigma factor, o, directs the
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expression of many stationary phase and stress-induced genes (Loewen and Hengge-

Aronis, 1994). The activity of this promoter is very low during the exponential phase

of growth but increases when cells enter the stationary phase. AIkS down-regulates

the promoter PaikS], limiting the expression of aikS in the stationary phase when

alkanes were absent. In the presence of alkane, AlkS activates the expression of the

a1kBFGHJKL operon as well as a second promoter, PalkS2, which allows efficient

transcription of aikS when alkanes were present (Canosa, et aL, 2000). This

mechanism allows a rapid induction of the alkane degradation pathway, as well as a

fast switch-off when alkanes are depleted.

Acinetobacter sp. strain ADP 1 is able to grow on alkanes with chain length of

at least 12 carbons. Alkanes are oxidized by a three component alkane hydroxylase

system, which is a homologous to that of P. oleovorans. However, the genetic

organization of alkane hydroxylase system in Acinetobacter sp. strain ADP1 is

completely different from the arrangement found in P. oleovorans. The alkane

degradation in Acinetobacter sp. ADP1 depends on at least five essential genes, which

are spread on the chromosome in at least three loci (Geil3dorfer, et al., 1999,

Ratajczak, et aL, 1 998a). The a/kM and a/kR genes are oriented in the opposite

directions and encode an alkane hydroxylase and an AraC-Xy1S family of

transcriptional regulator, respectively (Ratajczak, et al., 1 998a). Both genes are

located on the chromosome about 370 kb from the rubA and rubB genes, which

encode rubredoxin and rubredoxin reductase, respectively (Gralton, et al., 1997).

Lastly, the xcpR gene encodes a part of the general secretory pathway and its location

on the chromosome has not been identified (Parche, et al., 1997). AlkM shows high

sequence homology to other integral-membrane hydrocarbon hydroxylases, including

A1kB from P. oleovorans, XyIM (xylene monooxygenase) from P. putida, and CymAa

(p-cymene monooxygenase) from P. putida. It was suggested that these different
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integral-membrane hydrocarbon hydroxylases are evolutionarily related and evolved

into proteins with different functions (Ratajczak, et al., 1 998a).

The expression of rubAB and xcpR is constitutive (Geil3dorfer, et al., 1999,

Parche, et al., 1997), while the expression of alkMis induced by A1kR in the presence

of alkanes including non-growth supporting alkanes (C7-C1 ) as well as growth-

supporting alkanes (C12-C18) (Ratajczak, et al., 1998b). The putative AIkM substrate

1 -dodecene is also an effective inducer. Products of alkane hydroxylase activity such

as 1 -dodecanol prevent induction of alkM expression (Ratajczak, et al., 1 998b). This

is contrast to the inducer profile for the alkane hydroxylase system in P. oleovorans,

because A1kS induces a1kBFGHJKL operon in response to alkanes, alkenes, and their

respective primary alcohols (Grund, et al., 1975).

1.4.4. Distribution of the alkane hydroxylase genes among long-chain
alkane-utilizing bacteria

Molecular methods to screen for the presence of alkane hydroxylase genes in

long-chain alkane-degrading bacteria have been developed (Smits, et al., 1999,

Vomberg and Klinner, 2000). By using highly degenerate primers for PCR of genes

related to the alkane hydroxylase gene of P. oleovorans and Acinetobacter sp. ADP1,

it was shown that a large proportion of bacteria able to grow on long-chain alkanes

possess genes related to the P. oleovorans gene alkB (Smits, et al., 1999). Bacterial

strains that were unable to grow on alkanes did not yield PCR products with homology

to alkane hydroxylase genes. The sequence alignment of cloned alkane hydroxylase

gene homologues showed that certain regions were well conserved in all sequences

while overall sequences were very diverged. Therefore, the cloned PCR fragments can

not be used as probes for Southern blotting to screen environmental isolates able to
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grow on long-chain alkanes because the alkane hydroxylase genes in each strain may

be too divergent to be detected (Smits, et al., 1999).

1.4.5. Physiological adaptations involved in alkane assimilation

One of the problems in biodegradation of long-chain alkanes is their low

solubility in the aqueous phase. The resulting decreased bioavailability is responsible

for the recalcitrance of the long-chain alkanes in the environment. This effect is even

more significant at lower temperature. In order to facilitate alkane uptake,

physiological adaptations in long-chain alkane-degrading bacteria have been reported.

For instance, many bacteria are capable of emulsifying hydrocarbons in solution by

producing surface-active agents, such as biosurfactants (Banat, et al., 2000). Long-

chain alkane-degrading bacteria may modify cell surface components to increase cell

surface hydrophobicity, and thus facilitate adhesion to hydrophobic substrates (Whyte,

et al., 1999). In addition, some Rhodococcus strains have been shown to produce

extracellular polysaccharide in the form of capsules or mucoid secretions that may

interact with hydrophobic substrates (Iwabuchi, et al., 2000, Whyte, et al., 1999). In

the presence of high concentrations of long-chain alkanes, bacteria are also known to

adapt to protect cells from hydrocarbon-associated toxicity by altering the lipid

composition of the cytoplasmic membrane. In this case, an increased degree of

saturation or conversion of cis to trans fatty acids is commonly observed (Sikkema, et

al., 1995).

1.4.6. Related integral-membrane, binuclear iron monooxygenase

The xy!ene monooxygenase, encoded by the TOL plasmid of P. putida,

catalyzes the oxidation of toluene and xylenes to (methyl) benzyl alcohols. The
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enzyme consists of two subunits encoded by xylM and xylA (Harayama, et al., 1989).

The XylM is the hydroxylase and its gene sequence shows high homology to alkB.

The Xy1A component contains two functional domains, a ferredoxin- and an NADH-

ferredoxin-reductase domain, and transfers electrons to the Xy1M subunit. The xylAM

genes are in the operon with other genes, xylB and xylC, encoding the degradation of

toluene and xylene to benzoate and toluates, respectively (Harayama, et al., 1989).

The expression of xy1CAMB operon is regulated by Xy1R, which is expressed

constitutively at a high level in the presence of substrates such as toluene. Xy1R binds

to the substrate and forms a complex, which then binds to the promoter (Pu) of the

xy1CAMB operon to activate its transcription. The Pu promoter is recognized by the

RNA polymerase utilizing the alternative sigma factor, &, and XylR acts as an

activator protein (Inouye, et al., 1990, Worsey, et al., 1978).

1.5. Short-chain alkane oxidizers

Although long-chain, liquid and solid alkanes are utilized by a wide variety of

microorganisms, the ability to utilize short-chain, gaseous alkanes (C2-C4) is more

restricted. Most described short-chain alkane-utilizing bacteria belong to the

Corynebacterium-Nocardia-Mycobacterium-Rhodococcus group of Gram-positive

bacteria (Ashraf, et al., 1994, McLee, et al., 1972). Some Gram-negative

Pseudomonas spp. have been described to grow on short-chain alkanes (Hou, et al.,

1 983b, Takahashi, et al., 1980). The growth substrate range of these short-chain

alkane-utilizing bacteria generally extends into liquid alkanes. For example

Mycobacterium vaccae JOB5 utilizes alkanes ranging from C2 to C40 (Murphy and

Peny, 1987) and Pseudomonas butanovora utilizes alkanes ranging from C2 to C9

(Takahashi, et al., 1980). In contrast, other groups of alkane-utilizing bacteria,

methanotrophs and long-chain alkane-utilizers, generally do not grow on short-chain,
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gaseous alkanes (Baptist, et al., 1963, Murrell, 1992). Some short-chain alkane

oxidizers have broad substrate ranges and cometabolically degrade a number of

chlorinated hydrocarbons (Burback and Perry, 1993, Hamamura, et al., 1997,

Vanderberg, 1995, Wackett, et al., 1989), consequently, they have been studied for

their potential use in bioremediation.

The pathways for short-chain alkane metabolism have been less established

compared to those of methane and long-chain alkane metabolisms. Accumulated

evidences indicate that short-chain alkanes are oxidized to alcohols by

monooxygenases via tenninal, subterminal, or the mixture of both pathways (Phillips

and Perry, 1974; Ashraf, et al., 1994, Arp, 1999).

Little is known about the mechanisms of alkane oxidation in short-chain

alkane-utilizers. There have been no descriptions of the purification of

monooxygenases nor any isolations of genes encoding for monooxygenases from

short-chain alkane-utilizers. Therefore, this dissertation focused on the

characterization of the alkane oxidation systems in this understudied group of alkane-

utilizers. Three strains of butane-grown bacteria, Pseudomonas butanovora,

Mycobacterium vaccae JOB5, and strain CF8, were chosen for this study.

1.5.1. Pseudomonas butanovora

P. butanovora was isolated from activated sludge originally for the purpose of

biomass production from gaseous alkanes since this strain showed remarkable rate of

growth and ability to produce extracellular as well as intracellular proteins (Takahashi,

1980, Takahashi, et al., 1980). This strain was classified into the genus Pseudomonas

based on the morphological, physiological, and biochemical characterizations

(Takahashi, et al., 1980). P. butanovora utilizes n-alkanes ranging from C2 to C9,

primary alcohols and carboxylic acids of C2 to C4, but does not utilize C1 compounds,



22

sugars, or n-alkenes (Takahashi, et al., 1980). Previous studies showed that the

butane-grown P. butanovora can also degrade several chlorinated hydrocarbons,

including chloroform, trichioroethylene, 1 ,2-cis-dichloroethylene, and vinyl chloride

(Hamamura, et al., 1997). P. butanovora requires the presence of exogenous reductant

for the degradation of chlorinated hydrocarbons. The presence of butane or acetylene,

a known inactivator for monooxygenases, inhibited chloroform degradation by P.

butanovora, which indicates that the butane monooxygenase is responsible for

chloroform degradation (Hamamura, et al., 1997).

The pathway of butane metabolism by P. butanovora was determined to be a

terminal oxidation pathway, butane-> 1 -butanol->butyraldehyde->butyrate (Arp,

1999). Up to 90% of the butane consumed was detected as 1-butanol, while no

production of the subterminal oxidation product, 2-butanol, was detected. Butane

grown cells of P. butanovora consumed 1-butanol and other terminal alcohols. The

pathway intermediates (butane, 1 -butanol, butyraldehyde and butyrate) stimulated

oxygen consumption by butane-grown cells, and these intermediates also supported

growth of P. butanovora. Although detectable levels of 2-butanol were not produced

from butane, 2-butanol was consumed and stimulated oxygen consumption by butane-

grown cells of P. butanovora (Arp, 1999). Recently, the alcohol dehydrogenases

(ADHs) induced in butane-grown P. butanovora were characterized (Vangnai and

Arp, 2001). Butane-grown P. butanovora expressed two soluble ADHs, an NADt

dependent secondary ADH and an NADtindependent primary ADH. Two additional

NADtdependent secondary ADHs were detected in 2-butanol- or lactate-grown cells.

The inducible NAD+-independent primary ADH was primarily responsible for 1-

butanol oxidation in the butane metabolism pathway. This enzyme, named 1 -butanol

dehydrogenase (BDH), was purified and identified to be a quinohemoprotein,

containing one mole of PQQ and 0.25 mole of heme c per mole of enzyme. The
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presence of the inducible BDH and secondary ADH in butane-grown cells may reflect

a low level of subterminal butane oxidation pathway involved in butane-grown P.

butanovora.

1.5.2. Mycobacterium vaccae JOB5

Mycobacterium vaccae JOB5 was isolated from soil and can grow on n-alkanes

ranging from C2 to C40, various alkenes, aromatics, and several long chain (C16 to C18)

monohalogenated alkanes (Murphy and Perry, 1987). M vaccae has a broad substrate

specificity and cometabolically degrades chlorinated hydrocarbons including

chloroform, trichioroethylene, 1,1 -dichloroethylene, trans-i ,2-dichloroethylene, cis-

1,2-dichioroethylene, and vinyl chloride (Hamamura, et al., 1997, Wackett, et al.,

1989).

The pathway of butane metabolism by M vaccae was proposed to be a

terminal oxidation pathway because cells grown on either butane or butyrate showed

isocitrate lyase activity, which is required for assimilation of the 2-carbon compounds

formed by further butyrate metabolism (Phillips and Perry, 1974). In contrast, the

pathway of propane metabolism by M vaccae was proposed to be primarily

asubterminal pathway to form 2-propanol, which was then further metabolized to

produce acetone and a C1 product. This C1 fragment was directly assimilated through

the cellular reduced C1 pooi (Coleman and Perry, 1984, Perry, 1980). Some terminal

oxidation of propane was also shown by M vaccae (Vestal and Perry, 1971).

1.5.3. An environmental isolate, strain CF8

CF8 was isolated from a mixed culture obtained by enrichment with butane

and inoculated with aquifer solids from the Hanford DOE site in Washington. Cells of
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strain CF8 are Gram-positive, coryneform rods and typically show aggregation of

several cells. Butane-grown CF8 was able to cometabolically degrade chlorinated

hydrocarbons, including chlorofonn, trichloroethylene, 1 ,2-cis-dichloroethylene,

1,1,2-trichloroethane and vinyl chloride (Hamamura, et al., 1997). Chloroform

degradation by CF8 required oxygen and was inactivated by acetylene. Butane

protected CF8 from inactivation by acetylene, indicating that butane monooxygenase

is responsible for chloroform degradation (Hamamura, et al., 1997).

1.6. Summary

A wide range of microorganisms has been isolated for their ability to grow on

alkanes as sole carbon and energy source. These organisms possess diverse

mechanisms for harvesting alkanes. Among these alkane-utilizing organisms,

methane- and long-chain alkane-utilizers are well characterized and their alkane

oxidation systems have been studied thoroughly at physiological, biochemical, and

genetical levels. In contrast, little is known about the alkane oxidation by short-chain

alkane-utilizers. Therefore, this dissertation focused on characterization of alkane

monooxygenases in butane-oxidizing bacteria as representatives of this understudied

group of alkane-utilizers. Chapter 2 studies the butane monooxygenases of butane-

grown P. butanovora, M vaccae JOB5, and strain CF8 at the physiological level.

Chapter 3 continues further characterization of the butane monooxygenase from strain

CF8, which is identified as a member of the genus Nocardioides. Chapter 4 extends

the characterizatioh of the alkane oxidation system in strain CF8 to include longer

chain alkanes (C6 to C10).
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2.1. Abstract

Butane monooxygenases of butane-grown Pseudomonas butanovora,

Mycobacterium vaccae JOB5, and an environmental isolate CF8 were compared at the

physiological level. The presence of butane monooxygenases in these bacteria was

indicated by the following results: 1) 02 was required for butane degradation, 2)1-

butanol was produced during butane degradation, and 3) acetylene inhibited both

butane oxidation and 1 -butanol production. The responses to the known

monooxygenase inactivator, ethylene, and inhibitor, allyithiourea (ATU),

discriminated butane degradation among the three bacteria. Ethylene irreversibly

inactivated butane oxidation by P. butanovora but not by M vaccae or CF8. In

contrast, butane oxidation by only CF8 was strongly inhibited by ATU. In all three

strains of butane-grown bacteria, specific polypeptides were labeled in the presence of

[14C]acetylene. The {'4C]acetylene labeling patterns were different among the three

bacteria. Exposure of lactate-grown CF8 and P. butanovora, and glucose-grown M

vaccae to butane induced butane oxidation activity as well as the specific acetylene-

binding polypeptides. Ammonia was oxidized by all three bacteria. P. butanovora

oxidized ammonia to hydroxylamine, while CF8 and M vaccae produced nitrite. All

three bacteria oxidized ethylene to ethylene oxide. Methane oxidation was not

detected by any of the bacteria. The results indicate the presence of three distinct

butane monooxygenases in butane-grown P. butanovora, M vaccae, and CF8.
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2.2. Introduction

A number of bacteria can utilize gaseous and liquid alkanes as growth

substrates (Baptist, et al., 1963, Blevins and Perry, 1972, Takahashi, 1980). n-

Alkanes are oxidized to the corresponding primary or secondary alcohols by

monooxygenases through either monoterminal oxidation, biterminal oxidation, or

subterminal oxidation (Ashraf, et al., 1994, Baptist, et al., 1963, Phillips and Perry,

1974, Stephens and Dalton, 1986). Due to their broad substrate specificities, alkane

monooxygenases are capable of cometabolically degrading a number of chlorinated

hydrocarbons (Alvarez-Cohen, et al., 1992, Burback and Perry, 1993, Hamamura, et

al., 1997, Vanderberg and Perry, 1994, Wackett, et al., 1989), consequently, alkane-

oxidizing bacteria have been studied for their potential use in bioremediation (Chang

and Alvarez-Cohen, 1996, Kim, et al., 1997, Tsien, et al., 1989, Vanderberg, 1995,

Vanderberg and Perry, 1994, Wackett, et al., 1989). Alkane-oxidizing bacteria can be

conveniently divided into three groups based on the length of the alkane growth

substrate. Methane (C1) oxidizing bacteria are confined to methane as a growth-

supporting alkane. Other gaseous alkanes (C2-C4) will support the growth of the

second group of alkane-oxidizing bacteria while those bacteria which grow on the

liquid alkanes (C5-C12) constitute the third group.

Both methane- and liquid alkane-utilizers have been well characterized.

Methane-utilizers, methanotrophs, oxidize methane to methanol by the methane

monooxygenase (MMO). There are two distinct forms of MMO: all methanotrophs

can produce a membrane-bound particulate form of MMO (pMMO), while only some

methanotrophs can produce a soluble form of MMO (sMMO) (Lipscomb, 1994, Zahn

and DiSpirito, 1996). sMMO, which is produced under conditions of copper

limitation (Stanley, et al., 1983), has broad substrate specificity and oxidizes alkanes

(up to C7) to alcohols and alkenes to epoxides or enols (Green and Dalton, 1989).



sMMO has been purified and well characterized biochemically as well as genetically.

It consists of three protein components: a hydroxylase (245 kDa) containing a

binuclear iron cluster that is the active site of MMO, a reductase (40 kDa) containing

FAD and an [Fe2-S2] cluster, and a regulatory subunit (16 kDa) (Ericson, et al., 1988,

Fox, et al., 1989, Fox, et al., 1993). In contrast to sMMO, pMMO is produced under

conditions of copper sufficiency in methanotrophs. Although pMMO has a narrower

substrate range than sMMO, it can still catalyze the co-oxidation of several alternative

substrates, including propane and butane (Burrows, et al., 1984, Colby, et al., 1977).

pMMO consists of three polypeptides with molecular masses of 47, 27, and 25 kDa

(Zahn and DiSpirito, 1996). Zaim and DiSpirito (Zahn and DiSpirito, 1996) recently

proposed a model for pMMO in which the catalytic site involves both iron and copper.

The functions of each subunit and their interaction are not well understood.

Among the group of bacteria which oxidize longer-chain, liquid alkanes (C5-

C12), the alkane hydroxylase system in Pseudomonas oleovorans has been

characterized most thoroughly. P. oleovorans can grow on 6-12 carbon n-alkanes

(Baptist, et al., 1963). The substrate range includes straight chain, branched, and

cyclic alkanes and fatty acids, but not alkenes and arenes (McKenna and Coon, 1970).

Alkane monooxygenase consists of three polypeptides: an alkane hydroxylase (AlkB;

41 kDa), a rubredoxin (AlkG; 19 kDa), and a rubredoxin reductase (AlkT; 41 kDa) -

(Eggink, et al., 1987, Eggink, et al., 1990, Eggink, 1988). Recently, Shanklin et al.

showed that the alkane hydroxylase contains a binuclear iron cluster which is found in

soluble diiron proteins such as methane monooxygenase, hemerythrin, and

ribonucleotide reductase (Shanklin, et al., 1997).

Short-chain, gaseous (C2-C4) alkanes are utilized by the bacteria that mainly

belong to the Corynebacterium-Nocardia-Mycobacterium-Rhodococcus complex

(Ashraf, et al., 1994, McLee, et al., 1972). In addition, some gram-negative
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Pseudomonas sp. including P. butanovora have been found to grow on short-chain

alkanes (Takahashi, 1980). Studies have shown that short-chain alkanes can be

oxidized by the monooxygenases to alcohols via terminal, subterminal, or a mixture of

both pathways (Ashraf, et al., 1994, Phillips and Perry, 1974, Stephens and Dalton,

1986). There have been no descriptions of the purification to homogeneity of a

monooxygenase from short-chain alkane-utilizing bacteria nor any isolations of genes

that code for this group of monooxygenases. Our research focused on butane-

oxidizing bacteria as representatives of this understudied group of alkane utilizers.

We chose three strains of butane-grown bacteria, Pseudomonas butanovora,

Mycobacterium vaccae JOB5, and an environmental isolate CF8, and characterized

their butane monooxygenases at the physiological level. Pseudomonas butanovora

was originally isolated from activated sludge for the purpose of biomass production

from gaseous hydrocarbons (Takahashi, et al., 1980). This gram-negative bacterium

utilizes alkanes ranging from C2 to C9, primary alcohols and carboxylic acids of C2-C4,

and polyvalent alcohols of C3-C4, while alkanes of C10 and more, C1 compounds, n-

alkenes, and sugars are not utilized. We previously showed (Hamamura, et al., 1997)

that the butane-grown P. butanovora can also degrade several chlorinated

hydrocarbons including chloroform, trichloroethylene, 1 ,2-cis-dichloroethylene and

vinyl chloride. Butane-grown P. butanovora oxidizes butane to 1 -butanol by terminal

oxidation (Arp, 1999). 1-Butanol is further oxidized to butyraldehyde and to butyrate.

M vaccae JOB5 was isolated from soil and can grow on a number of substrates

including butane and propane (Blevins and Perry, 1972). This organism has a broad

substrate range and cometabolically degrades a number of chlorinated hydrocarbons

(Burback and Perry, 1993, Vanderberg, 1995, Vanderberg and Perry, 1994). Propane

is metabolized by M vaccae either via subterminal or terminal oxidation, while butane

is thought to be metabolized via terminal oxidation only (Perry, 1980, Phillips and
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Perry, 1974). CF8, a gram-positive bacterium, was isolated from mixed cultures in

microcosms enriched on butane from aquifer solids from the Hanford DOE site in

Washington. Butane-grown CF8 has been shown to cometabolically degrade

chlorinated hydrocarbons, including chloroform, trichloroethylene, 1 ,2-cis-

dichloroethylene, 1,1,2-trichioroethane and vinyl chloride (Hamamura, et al., 1997).

In this chapter, we examined the effects of known monooxygenase inhibitors

and inactivators on butane monooxygenase activities and ['4C] acetylene labeling

patterns in butane-grown P. butanovora, M vaccae, and CF8. The results showed

some similarity along with remarkable diversity among these three butane

monooxygenases. The substrate range of each butane monooxygenase was also

examined.

2.3. Materials and Methods

2.3.1. Bacterial strains and growth conditions

Cells of Pseudomonas butanovora, CF8, and Mycobacterium vaccae JOBS

were grown as previously described (Hamamura, et al., 1997). Pseudomonas

butanovora (ATCC 43655) was cultured at 30 °C with constant shaking in 150 ml

sealed vials (50 ml of growth medium) with 7 ml n-butane and 5 ml CO2 added as an

overpressure. n-Butane gas (99.0%) was purchased from Airgas, Inc., Randor, PA.

The growth medium consisted of 2 mM MgSO4, 400 jtM CaC12, 0.0 1% (wt/vo!) yeast

extract, and the same trace elements as described previously (Wiegant and de Bont,

1980). The medium was buffered with phosphate (pH 7.1, 60 mM (N}T4)2HPO4, 7 mM

Na2HPO47H2O, 15 mM KH2PO4). Mycobacterium vaccae JOB5 (ATCC 29678) was

grown in the Xanthobacter Py2 medium (Wiegant and de Bont, 1980), except that

NH4NO3 replaced NaNO3, yeast extract was removed, and the pH was adjusted to 7.5.



31

Cultures (50 ml of growth medium) were grown in 150 ml sealed vials with 50 ml of

n-butane and 40 ml of 02 added as an overpressure. CF8 was isolated from Hanford

core material by growth on n-butane as the only carbon source. CF8 was grown in the

same medium as M vaccae with 50 ml n-butane added as an overpressure. Cell

growth was monitored by removing a portion of the cultures (1 ml) and measuring

optical density at 600 nm (0D600).

2.3.2. Butane degradation assay

Cells were harvested from cultures by centrifugation (6000 x g for 10 mm),

washed twice with the same buffer as in the growth medium, and then resuspended to

a constant cell density (based on OD). To optimize the determination of butane

degradation, the assays were carried out in reaction vessels with a liquid phase only.

When compared to reaction vessels with a gas and liquid phase, this method shortened

reaction times because changes in butane concentration were confined to a single

liquid phase rather than the liquid and the larger reservoir of butane in the gas phase.

Vials (2 ml) were sealed with screw caps and teflon-coated rubber liners (Alitech

Associates, Inc., Deerfield, IL). The vials were filled with phosphate buffer as in the

growth media (1.5 ml), 02-saturated phosphate buffer (0.5 ml), and glass beads to

facilitate mixing. Butane-saturated phosphate buffer (170 j.tl) was added by syringe

and displaced existing buffer through a needle. The assays were initiated by the

addition of the concentrated cell suspension (100 p1). The reactions were carried out

at 30 °C in a water bath. Liquid samples (4 j.il) were removed and analyzed for butane

with a gas chromatograph (Shimadzu GC-8A) equipped with a flame ionization

detector and a 30 cm by 0.1 cm ID stainless steel column packed with Porapak Q

(Alitech Associates, Inc.). The gas chromatograph was run at a column temperature of

80 °C and a detector temperature of 220 °C. Time courses of butane consumption
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were linear until the butane was consumed after 10-30 mm. Experiments were

repeated at least three times.

2.3.3. 1-Butanol production assay

The assays were conducted in 10 ml serum vials containing phosphate buffer

(900 tl) and 1 -propanol (5 mM for P. butanovora and 10 mM for CF8) or 1 -pentanol

(10 mM forM vaccae). The vials were sealed with butyl rubber stoppers and

aluminum crimp seals (Wheaton Scientific, Milleville, NJ). Butane gas (900 p1) was

added as an overpressure to the headspace. Concentrated cell suspension (100 jil) was

added to start the reaction and the reactions were carried out in a water bath with

constant shaking at 30 °C. Liquid samples (4 .t1) were removed to measure 1-butanol

with a gas chromatograph (same as above) at a column temperature of 150 °C and a

detector temperature of 220 °C.

2.3.4. Inactivator/inhibitor assay

For inactivator assays, concentrated cell suspensions (100 jfl) were incubated

for 5 minutes at 30 °C with constant shaking in the sealed 10 ml serum vials that

contained phosphate buffer (1.4 ml) and either 0.1% (v/gas phase v) acetylene (40

jiM), or 0.1 or 10% (v/gas phase v) ethylene (4.4 jiM and 440 jiM, respectively). The

concentrations of acetylene (Smith and Baresi, 1989) and ethylene (Dean, 1973) in the

aqueous phase were calculated from Henry's constants. Sodium butyrate (1 mM) was

added as an electron donor for P. butanovora. For ethylene oxide inactivation assays,

concentrated cell suspensions (100 j.il) were incubated for 6 minutes at 30 °C with

constant shaking in the sealed 10 ml serum vial containing phosphate buffer (400 p1),

and 0.001, 0.01, or 0.1 % (v/total v) ethylene oxide (3, 30, or 300 jiM, respectively)
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(MG Industries, Malvern, Pa.). Control cells were incubated for 5 mm in phosphate

buffer alone (CF8 and M vaccae), or phosphate buffer plus 1 mM sodium butyrate (P.

butanovora). After incubation for the indicated times, inactivators were removed from

the vials by opening the cap and purging with air for 2 mm. Reaction mixtures (total

volume 1.5 ml) were then transferred to 2 ml sample vials containing 02-saturated

phosphate buffer (0.5 ml) and butane degradation was monitored with a gas

chromatograph following the addition of butane-saturated phosphate buffer (170 p1).

For inhibition assays, cells were preincubated as described above for control cells.

After 5 mm, vials were purged with air, allyithiourea (200 jiM or 2 mM) was added,

and butane degradation was monitored as described above.

2.3.5. Induction ass

Cells of P. butanovora were grown in the media described above without

butane but supplemented with sodium lactate (10 mM). Cells were grown to

stationary phase, harvested by centrifugation, and washed once with phosphate buffer.

Cells were then resuspended with 50 ml media (without supplements) and butane gas

(7 ml) was added to the gas phase as overpressure. After 7 hours incubation at 30 °C

with constant shaking, butane-induced cells and lactate-grown cells were harvested

and assayed for butane degradation activity. Cells of CF8 and M vaccae were grown

in the media (200 ml) described above without butane but supplemented with sodium

lactate (5 mM) for CF8 or 0.0 1% (w/v) yeast extract and glucose (5 mM) forM

vaccae, in 700 ml bottles sealed with butyl rubber lined screw caps. Cells were grown

to an OD6 of 0.5 to 0.8. For lactate-grown or glucose-grown controls, 50 ml of

culture was transferred into a 150 ml sterile vial, sealed with rubber stopper and

aluminum cap, and cells were continuously incubated at 30 °C with constant shaking.

For butane-induction, 50% (v/gas phase v) butane and 20% (v/gas phase v) 02 was
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added to the gas phase of 700 ml bottles as an overpressure and the cells were

incubated at 30 °C with constant shaking. Butane-induced and lactate- or glucose-

grown cells were harvested after 15 hours and assayed for butane degradation activity

as described above. The optical densities (OD 600) were around 1 to 1.4 for butane-

induced cells and 0.5 to 0.8 for lactate- or glucose-grown cells.

2.3.6. [14C1 acetylene assay

Cells of butane-grown P. butanovora, M vaccae, and CF8 were treated with

['4C] acetylene synthesized from Ba14CO3 as described previously (Hyman and Arp,

1990). Concentrated cell suspensions (200 Ri) were incubated for 10 mm at 30 °C with

constant shaking in 10 ml sealed vials containing phosphate buffer (800 j.ti), sodium

butyrate (5 mM), and [14C] acetylene (1 ml (mixture of approximately 0.25% acetylene

and air), approximately 1 to 2 pCi). Cells were also incubated with {'4C] acetylene (1

ml) in the presence of 50% (v/total vial v) butane. Butane-induced and lactate- or

glucose-grown cells (400 tl) were incubated for 20 mm at 30 °C with constant

shaking in 15 ml sealed vials containing phosphate buffer (1 ml), sodium butyrate (5

mM), and ['4C] acetylene (1 ml). After incubation, cells were harvested, washed twice

with phosphate buffer (1 ml), and resuspended in phosphate buffer (200 or 400 Ri).

The cells of P. butanovora were solubilized in SDS-PAGE sample buffer. The cells of

CF8 and M vaccae were solubilized by using Mini-beadbeater (Biospec Products,

Inc., Bartlesville, OK) in the presence of SDS-PAGE sample buffer. Protein samples

(50 jig) were separated on a 10% polyacrylamide gel at a constant current of 15 mA.

Gels were stained with coomassie-blue, dried onto filter paper, and radioactive

polypeptides were visualized by exposure on storage phosphor screens (Molecular

Dynamics, Sunnyvale, Calif.) for 4 to 7 days. Densitometry was conducted with

Imagequant software (Molecular Dynamics) to quantify '4C labeling intensities.



2.3.7. Ammonia oxidation assay

Concentrated cells suspensions (100 j.tl) (approximately 0.17, 0.36, and 0.15

mg of protein in CF8, P. butanovora, and M vaccae, respectively) were incubated at

30 °C with constant shaking in 10 ml sealed serum vials containing phosphate buffer

as in the CF8 and M vaccae growth media (900 pA) and 10 mM NH4C1. At selected

times, cells were removed by centrifugation and supernatants were analyzed for

hydroxylamine (Magee and Burns, 1954) and nitrite formation (Hageman and

Hucklesby, 1971) by colorimetric assays.

2.3.8. Ethylene oxidation assay

Concentrated cells suspensions (100 jil) were incubated at 30 °C with constant

shaking in 10 ml sealed serum vials containing phosphate buffer (900 tl) and 25%

ethylene (v/total vial v). For acetylene pre-treatment, cells were incubated in the

presence of 1% (v/total vial v) acetylene for 10 mm, and purged with nitrogen gas for

2 mm prior to 25% (v/total vial v) ethylene addition. After 30 mm, a sample of gas

phase (100 p.1) was removed for analysis of ethylene oxide production with a gas

chromatograph (Shimadzu GC-8A) equipped with a flame ionization detector and a

120 cm by 0.1 cm ID stainless steel column packed with Porapak Q (Alltech

Associates, Inc.). The gas chromatograph was run at a column temperature of 130 °C

and a detector temperature of 220 °C.
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2.3.9. Protein determinations

Protein content was determined by using the Biuret assay (Gornall, et al.,

1949) after the cells were solubilized in 3N NaOH for 30 minutes at 65 °C. Bovine

serum albumin was used as the standard.

2.4. Results

Butane degradation rates by the resting cells of three strains of butane-grown

bacteria, P. butanovora, CF8, and M vaccae JOB5, were determined. Butane

degradation rates were comparable among the three bacteria (Table 2.1). The reported

butane degradation rate (4.9 nmol min' mg protein') with butane-grown Nocardia

TB1 (Van Ginkel, 1987) was much lower than those of our butane-grown bacteria.

Time courses (not shown) were linear from 100 jiM to about 5 jiM butane. Butane

oxidation rates for P. butanovora were rather variable from culture to culture and

generally fell in the range of 20 to 65 nmol min' mg protein'. 02 was required for

butane degradation by all three bacteria (data not shown). We attempted to estimate

values (the apparent Km observed in intact cells) for butane from time courses of

butane degradation with initial butane concentrations of 10 to 20 jiM (data not shown).

For all three bacteria, the rate of butane degradation did not decrease until the butane

concentration was 5 jiM or less. These results indicated that the for butane was

below 5 jiM for all three bacteria. A more accurate estimate could not be obtained

because of the detection limit of the gas chromatograph.
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Table 2.1 Butane degradation by butane-grown P. butanovora, CF8, and M
vaccae

I-'. butanovora CF M. vaccae

Butane degradation rate 42 ± 23' 31.5± 3.4 21.5 ± 5.4

(nmol mm' mg protein')
1Butanolproductionb 40.5 ± 2.9 16.4 ± 2.1 2.1 ± 0.3

(nmol min' mg protein')

a Data are expressed as means ± standard deviations.
13 1 -Butanol accumulation was measured in the presence of 10% (v/gas phase v) butane
and 1-propanol (5 mM for P. butanovora and 10 mM for CF8) or 1-pentanol (10 mM
forM vaccae).

During the butane degradation assays, the predicted products of butane

oxidation, 1 -butanol or 2-butanol, did not accumulate. In order to detect product

formation, 1 -butanol metabolism was partially blocked by the addition of an excess

amount of the product structural analogs, 1-propanol or 1-pentanol. CF8 and P.

butanovora accumulated 1 -butanol in the presence of 10 or 5 mM 1 -propanol, while

M vaccae accumulated 1 -butanol in the presence of 10 mM 1 -pentanol, when the cells

were exposed to butane (10% (v/v) in the gas phase) (Table 2.1). The rates of 1-

butanol accumulation were less than the rates of butane consumption. However, even

10 mM of 1-propanol or 1-pentanol could only partially block the consumption of

added 1-butanol (100 jiM) (data not shown). Therefore the lower rates of 1-butanol

accumulation could reflect the continued consumption of some of the 1-butanol

produced, or the conversion of some of the butane to other products (e.g. 2-butanol).

The product of the subterminal oxidation of butane, 2-butanol, was not examined in

this experiment. 1 -Butanol production by all three bacteria was specifically inhibited

in the presence of acetylene (400 jiM), a known monooxygenase inhibitor. These



results strongly support the presence of butane monooxygenases which oxidize butane

to butanol in all three bacteria.

One known monooxygenase inhibitor and two inactivators were tested for their

effects on butane degradation by the three strains of butane-grown bacteria. Acetylene

is a mechanism-based inactivator of several monooxygenases including sMMO,

pMMO, and ammonia monooxygenase (AMO) (Hyman and Wood, 1985, Prior and

Dalton, 1985). Previously, we showed that acetylene inactivated chloroform

degradation by CF8, P. butanovora, and M vaccae (Hamamura, et aL, 1997). We

have now examined the effect of acetylene on butane degradation (Table 2.2). To

distinguish inactivation (irreversible) from inhibition (reversible), cells were

preincubated in the presence of acetylene for 5 mm, then the acetylene was removed

by purging with air, and the cells were assayed for butane degradation activity.

Compared to untreated cells (Table 2.2; No treatment), P. butanovora lost

approximately 25% of its butane degradation activity after 5 mm of preincubation

even in the absence of inactivators (Table 2.2; Preincubation cont.). This loss of

activity was not substantial in the cases of CF8 or M vaccae. Preincubation with 40

tM (0.1% (v/gas phase v)) acetylene strongly inactivated (85%) butane degradation

activity in all three bacteria (Table 2.2). Prolonged preincubation time with acetylene

resulted in complete inactivation (data not shown).



Table 2.2 Effects of known monooxygenase inhibitor and inactivators on butane degradation activity
in butane-grown P. butanovora, CF8, and M vaccae

Butane degradation rate (nmol mm' mg protein')"

Inhib/inac Conc. P. butanovora CF8 M vaccae

No treatment

Preincubation cont.b None

Inactivationc Acetylene

Ethylene

Inhibition" ATU

27.1 ± 0.6 31.5 ± 3.4 21.5 ± 5.4

21.4 ± 2.5 27.6 ± 2.4 14.6 ± 1.6

40.tM 2.7 ±2.2 5.2 ± 1.5 3.7 ± 1.1

4.4iM 3.8±0.7 ND ND

440 ND 18.6 ±4.9 11.4± 3.9

200 tM 20.8 ± 1.3 <1.5 7.5 ± 1.6

2mM 19.0 ± 0.3 <1.5 5.2 ± 0.3

a Data are expressed as means ± standard deviations. ND, not determined.
b Cells were preincubated for 5 mm in the phosphate buffer and in the presence of sodium butyrate (1 mM) for P.
butanovora.
C Cells were preincubated for 5 mm with the inactivator, and the inactivator was removed before the assay by
purging with air.
d The inhibitor was present during the assay.



The effect of ethylene on butane degradation was also examined. After

preincubation with 440 tM ethylene (10% (v/gas phase v)), CF8 and M vaccae

retained 60 to 80% of the butane degradation activity, respectively, suggesting that

ethylene was not a strong inactivator. In contrast, P. butanovora retained only 18% of

its butane degradation activity after preincubation with 4.4 tM (0.1% (v/gas phase v))

ethylene. Interestingly, preincubation with 1.1 mM (25% (v/gas phase v)) ethylene

did not inactivate butane degradation by P. butanovora (data not shown). A high

concentration of ethylene apparently protects the cells from losing their butane

degradation activity. Further experiments were conducted to examine whether

ethylene itself or the expected ethylene oxidation product, ethylene oxide, inactivated

the butane degradation activity in P. butanovora. After preincubation with ethylene

oxide as low as 3 jiM (0.00 1% (v/v)), P. butanovora completely lost butane

degradation activity (data not shown). These results suggested that ethylene was

oxidized to ethylene oxide, which subsequently inactivated the butane degradation

activity.

The inhibitory effect of allyithiourea (ATU), a copper selective chelator, was

examined by measuring butane degradation in the presence of ATU. Butane

degradation by CF8 was strongly inhibited (> 90%) in the presence of 200 jiM ATU

(Table 2.2). Butane degradation by M vaccae was reduced approximately 50% by

200 jiM ATU. Inhibition of butane degradation by ATU was not observed with P.

butanovora even at ATU concentration as high as 2 mM. These results show that

discrimination among the butane-degrading activities of these butane-grown bacteria is

possible based on their responses to ethylene (ethylene oxide) and ATU.

Our previous study showed that acetylene inactivation of butane

monooxygenases in each of the three strains of butane-grown bacteria required

enzyme turnover, and that butane protected the enzyme from inactivation (Hamamura,
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et al., 1997). These results coupled with the results in Table 2.2 suggest that acetylene

works as a mechanism-based inactivator for butane monooxygenase. Insights into the

mechanism of acetylene inactivation of other known monooxygenases were obtained

by the use of {'4C] acetylene (Hyman and Wood, 1985, Prior and Dalton, 1985). For

example, acetylene or a product of acetylene oxidation irreversibly bound to the

enzyme, thereby allowing a monooxygenase polypeptide to be identified among the

cellular proteins (Hyman and Wood, 1985, Prior and Dalton, 1985). Therefore,

specific acetylene binding to butane monooxygenases was examined by exposing

butane-grown P. butanovora, CF8, and M vaccae to ['4C] acetylene.

Cells treated with ['4C] acetylene incorporated '4C label into cellular

polypeptides (Fig. 2.1). In P. butanovora one major band corresponding to a

molecular mass near 58 kDa was identified along with several minor bands (Fig. 2.1;

lane 1). In CF8, one major band with a molecular mass near 30 kDa incorporated '4C

label (Fig. 2.1; lane 3). In M vaccae, a number of bands were labeled, however, two

major bands with molecular masses near 30 and 58 kDa were apparent (Fig. 2.1; lane

5). Although a number of M vaccae protein bands were labeled, the labeling pattern

does not simply reflect the polypeptide pattern visualized by coomassie-blue staining

(data not shown), which indicates that there is some specificity to the labeling. The

presence of butane during ["C] acetylene incubation would be expected to protect the

enzyme from "C label incorporation by competing with acetylene for binding to the

enzyme. When cells were incubated with ["C] acetylene in the presence of 50%

(v/total vial v) butane, the incorporation of '4C label into proteins decreased

substantially (Fig. 2.1; lane 2, 4, and 6). This result supports the idea that acetylene

binds to specific polypeptides which may contain the active sites of the butane

monooxygenases in these three strains of butane-grown bacteria. Again, the unique
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labeling patterns are consistent with the diversity in monooxygenases among the three

butane-grown bacteria.

Lane 1 2 3 4 5 6

Figure 2.1 Incorporation of '4C from ['4Cjacetylene into cellular proteins of P.
butanovora (lanes 1 and 2), CF8 (lanes 3 and 4), and M vaccae (lanes 5 and 6).
Butane-grown cells were incubated with [14C]acetylene (lanes 1, 3, and 5) or
['4Cjacetylene in the presence of 50% (v/total vial v) butane (lanes 2, 4, and 6).
Incorporation of '4C into polypeptides was analyzed by SDS-PAGE and visualized by
a phosphorimager as described in Materials and Methods. Each gel lane contains
approximately 50 .tg of cell extract protein.

Butane degradation activity was not detected for lactate-grown P. butanovora

or CF8, or glucose-grown M vaccae. When lactate- or glucose-grown cells were

exposed to butane (10% (v/gas v) for P. butanovora and 50% (v/gas v) for CF8 and M
vaccae) for 7 to 15 hours, induction of butane degradation activity was observed. The

levels of butane degradation activity of P. butanovora after 7 hours exposure to butane

were 20 to 30% of those observed in butane-grown cells. After 15 hours exposure to

butane, butane degradation activities in CF8 and M. vaccae reached 70 to 100% of

those observed in butane-grown cells.
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Specific polypeptides which were synthesized during the incubation with

butane were identified (Fig. 2.2A). Even comparing butane-grown cells to lactate- or

glucose-grown cells, the differences in the polypeptide patterns as visualized by

coomassie-blue staining were difficult to distinguish. To identify the specific

polypeptides responsible for induction of butane monooxygenase activity, butane-

induced cells and lactate- or glucose-grown cells were tested for radioactive label

incorporation from ['4C] acetylene (Fig. 2.2B). The incorporation of '4C label should

be proportional to the induced butane monooxygenase activity. In lactate-grown P.

butanovora and CF8, and glucose-grown M vaccae, little or no '4C label was

incorporated into cellular polypeptides (Fig. 2.2B; lane 3, 6, and 9). Butane-induced

cells of P. butanovora showed a predominant '4C labeled polypeptide with molecular

mass near 58 kDa, corresponding to the band observed in butane-grown cells (Fig.

2.2B; lane 1 and 2). The intensity of '4C label in butane-induced cells was lower than

in the butane-grown cells, which was consistent with lower butane monooxygenase

activity in the induced cells. Butane-induced cells of CF8 showed one major '4C

labeled polypeptide with molecular mass near 30 kDa, again, corresponding to the

band in the butane-grown cells (Fig. 2.2B; lane 4 and 5). Butane-induced cells of M

vaccae showed two strongly '4C labeled polypeptides with molecular masses near 58

and 30 kDa (Fig. 2.2B; lane 8). The 58 kDa polypeptide was more intensely labeled

than the 30 kDa polypeptide. In all three bacteria, the induction of butane

monooxygenase activity was correlated with the induction of specific polypeptides

which were labeled with ['4C] acetylene but were not apparent in the coomassie-blue

stained protein gel.
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Figure 2.2 Induction of specific polypeptides during the induction of butane degradation activity in P.
butanovora (lanes 1 to 3), CF8 (lanes 4 to 6), and M vaccae (lanes 7 to 9). (A) Coomassie blue-stained SDS-
polyacrylamide gel of butane-grown cells (lanes 1, 4, and 7), butane-induced cells (lanes 2, 5, and 8), and lactate- or
glucose-grown cells (lanes 3, 6, and 9). (B) Phosphorimager image of ['4C]acetylene-labeled butane-grown cells
(lanes 1, 4, and 7), butane-induced cells (lanes 2, 5, and 8), and lactate- or glucose-grown cells (lanes 3, 6, and 9).
The apparent molecular masses of the labeled polypeptides are shown on the left of each panel.
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We examined three well known substrates of other monooxygenases, methane,

ammonia, and ethylene, as substrates for P. butanovora, CF8, and M vaccae.

Methane oxidation was not detected in all three bacteria. Additionally, P. butanovora

(Takahashi, 1980) and CF8 (data not shown) could not grow with methane as a

substrate. The distinction between gaseous alkane utilizers and methanotrophs

extends to their ability to oxidize methane. We also examined the oxidation of

ammonia by butane-grown bacteria. Both C1 oxidizing monooxygenases can also

oxidize ammonia, but ammonia oxidation has not been examined for other alkane

oxidizing bacteria. For ammonia oxidation, both the initial product of ammonia

oxidation, hydroxylamine, and the product of hydroxylamine oxidation, nitrite, were

measured (Table 2.3). All three butane-grown bacteria oxidized ammonia to some

extent (Table 2.3). Both hydroxylamine and nitrite accumulated in CF8 incubations,

while only nitrite accumulated in M vaccae incubations. P. butanovora produced

much more product than CF8 or M vaccae. Interestingly, very little nitrite was

detected in P. butanovora incubations. Addition of an exogenous electron donor,

sodium butyrate, enhanced ammonia oxidation in most cases. The effect of butyrate

was greater with P. butanovora than CF8 or M vaccae, and this is consistent with our

previous result which showed the requirement of butyrate for chloroform degradation

by P. butanovora but not for CF8 or M vaccae (Hamamura, et al., 1997). In the

presence of 10% (v/gas phase v) butane, ammonia degradation was inhibited in all

three strains of bacteria, suggesting that the same enzyme is capable of both butane

and ammonia degradation. The involvement of a monooxygenase in ammonia

oxidation was also suggested from the results that acetylene inhibited product

formation (Table 2.3) and 02 was required (data not shown).



Table 2.3 Ammonia oxidation by butane-grown bacteria

Oxidation products (nmol) a

Addition P. butanovora CF8 M vaccae

NH2OH NO2 NH2OH NO2 NH2OH NO2

None 94 ± 24 1.4 ± 0.5 13.1 ± 2.9 10.5 ± 1.3 <1 18.1 ± 3.2

Butyrate b 226 ± 24 8.0 ± 0.2 5.7 ± 2.8 15.0 ± 2.1 <1 4.8 ± 1.0

Acetylene (10% <1 <1 <1 3.9 ± 1.0 <1 <1

Butane(10%) <1 <1 <1 3.8± 1.0 <1 <1

a Each reaction mixture contained NH4C1 (10mM) and the indicated addition. Assays were conducted for 3 hours for
CF8 and M vaccae, and 2 hours for P. butanovora (approximately 0.17, 0.36, and 0.15 mg protein, respectively).
Data are expressed as means ± standard deviations.
b 5 mM Na-butyrate forM vaccae and 0.5 mlvi for CF8 and P. butanovora.

Volltotal vial vol.
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Ethylene was oxidized to ethylene oxide by all three strains of bacteria (Table

2.4). Addition of an exogenous electron donor, sodium butyrate, enhanced ethylene

oxide production. P. butanovora produced more than 500 nmol of ethylene oxide on

the addition of sodium butyrate, suggesting that butane monooxygenase was not

inactivated by the produced ethylene oxide. This seems to contradict to the result

which showed that 3 jtM ethylene oxide alone completely inactivated butane

degradation activity in P. butanovora. However, under this experimental condition

with 1.1 mM (25% (v/total vial v)) ethylene present, it is possible that the high amount

of ethylene protected the cells from ethylene oxide inactivation. In all three bacteria,

ethylene oxide was not produced by acetylene-treated cells, which suggests that butane

monooxygenase was also responsible for ethylene oxidation.

Table 2.4 Oxidation of ethylene to ethylene oxide by butane-grown bacteria

Ethylene oxide produced (nmol mg protein ') in 30mm"

Addition P. butanovora CF8 M. vaccae

None 151 ± 14 50.4 ± 3.9 566 ± 88

Butyrate(5mM) 525 ±88 359 ±21 1301 ±311

Acetylene (1%) 9.5 ±1.6 BD 17 ± 14

a Each reaction mixture contained ethylene (25% vol/total vial vol) and the indicated
addition. Data is expressed as means ± standard deviations. BD, below detection
(<1.3 nmol).



2.5. Discussion

Butane degradation by three strains of butane-grown bacteria, P. butanovora,

M. vaccae JOB5, and an environmental isolate CF8, was characterized at the

physiological level. The presence of butane monooxygenases in these organisms was

indicated by the following results; 1) butane oxidation required 02; 2) 1-butanol was

produced as a product of butane oxidation; 3) butane oxidation as well as 1-butanol

production was inactivated by acetylene. All three strains of bacteria oxidized butane

at similar rates (Table 2.1) and exhibited a strong affinity for butane < 5 tM).

Incubation of butane-grown P. butanovora, CF8, and M vaccae with ['4C] acetylene

resulted in the covalent binding of 14C label to specific polypeptides (Fig. 2.1). The

presence of butane protected enzyme from ['4C] acetylene binding (Fig. 2.1). These

results are consistent with acetylene acting as a mechanism-based inactivator of butane

monooxygenases in all three strains of bacteria.

The substrate ranges of these butane monooxygenases apparently extend to

compounds other than n-alkanes. Previous studies (Burback and Perry, 1993,

Hamamura, et al., 1997, Vanderberg, 1995, Vanderberg and Peny, 1994) showed that

a number of chlorinated hydrocarbons of environmental concern are substrates of

butane-grown CF8 and P. butanovora, and propane-grown M vaccae. In this study,

all three strains of butane-grown bacteria were shown to oxidize ammonia (Table 2.3),

thus they are heterotrophic nitrifiers. However, the amounts and distributions of

products formed discriminated among the three bacteria. CF8 and M vaccae formed

much less oxidation products from ammonia than P. butanovora. But all three strains

of butane-grown bacteria oxidized more ammonia than other heterotrophic nitrifiers.

For instance, Pseudomonas putida oxidized the ammonium (4.6 mM) to 1.7 jiM nitrite

in 24 hr during heterotrophic growth on y-amino-butyrate (final OD 680 1.4) (Daum,

et al., 1998). CF8 and M vaccae oxidized ammonia to nitrite. Perhaps, these



organisms possess hydroxylamine oxidoreductase (HAO) which catalyzes the

oxidation of hydroxylamine to nitrite. HAO in autotrophic nitrifiers has been well

characterized (Arciero, et al., 1993). All three strains of butane-grown bacteria also

oxidized ethylene to ethylene oxide. Ethylene oxidation by propane-grown bacteria

has been reported (Hou, et al., 1 983a). Various propane-grown bacteria showed

ethylene oxidation rates ranging from 0.1 to 2.6 tmol houf' mg protein'. A nitrifying

bacterium, Nitrosomonas europaea, also oxidized ethylene and produced ethylene

oxide at a rate of 1.54 p.mol hou(' mg protein' in the presence of 10 mM NH

(Hyman, et al., 1988). Methane was not oxidized by any of the strains of butane-

grown bacteria. These results showed similarities in the alternative substrate ranges of

the butane monooxygenases among the three strains of bacteria.

Further examination of butane oxidation in response to ethylene, a known

monooxygenase inactivator, and ATU, a known monooxygenase inhibitor, showed a

remarkable diversity among the three strains of butane-grown bacteria. The effects of

these two compounds allowed us to discriminate among the butane monooxygenases

in these organisms. Ethylene is known to irreversibly inactivate monooxygenases

containing a P-450 prosthetic group by alkylating the heme group (Ortiz de

Montellano and Reich, 1986). Ethylene strongly inactivated butane oxidation by P.

butanovora, but not by CF8 or M vaccae. Further examination showed that the

oxidation product of ethylene, ethylene oxide, inactivated butane oxidation by P.

butanovora. Although we did not rule out the possibility that ethylene itself was also

an inactivator, the fact that high concentrations of ethylene protected cells from

ethylene oxide inactivation suggested that ethylene oxide, and not ethylene, was the

inactivator.

The inhibitory effect of ATU provides further discrimination among the three

butane-grown bacteria. ATU is a copper selective chelator and reversibly inhibits
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copper containing monooxygenases such as pMMO and AMO (Bédard and Knowles,

1989). ATU strongly inhibited butane degradation by CF8. The low concentration of

ATU (200 tM) showed complete inhibition, which was consistent with the results

observed with pMMO and AMO. The results from ['4C] acetylene labeling assays also

support the similarity among butane monooxygenases of CF8, pMMO, and AMO.

Active preparations of pMMO from Methylococcus capsulatus (Bath) consisted of

three major polypeptides (47, 27, and 25 kDa) and the 27 kDa polypeptide was

identified as the acetylene-binding protein (Zahn and DiSpirito, 1996). AMO, which

shares many characteristics with pMMO, also contains acetylene-binding protein with

molecular mass of 27 kDa (Hyman and Wood, 1985). It is noteworthy that the ['4C]

acetylene-binding polypeptide in CF8 has a similar molecular mass [Ca. 30 kDa (Fig.

2.1)]. It is possible that a butane monooxygenase in CF8 is a third example of the type

of copper-containing monooxygenases found in autotrophic ammonia oxidizers and

methanotrophs. In contrast, butane oxidation by P. butanovora was insensitive to

even a high concentration (2 mM) of ATU. Only partial inhibition was observed with

M vaccae. This weak inhibition could be explained by ineffective ATU binding to a

copper site or non-specific ATU binding to metal prosthetic groups other than copper.

One possible prosthetic group for butane monooxygenase of M vaccae could be a

diiron cluster, which is widely distributed among known monooxygenases including

sMMO and alkane hydroxylase in Pseudomonas oleovorans (Ericson, et al., 1988,

Fox, et al., 1989, Fox, et al., 1993, Shanklin, et al., 1997).

The mechanism-based inactivator, acetylene, was used to identify specific

polypeptides that most likely contain the active site of the enzyme. The three strains of

butane-grown bacteria showed distinct ['4C] acetylene labeling patterns (Fig. 2.1). The

limited labeling of additional proteins could be due to non-specific labeling by some

reactive intermediates of acetylene oxidation that escaped from the enzyme active site
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and reacted with closely located proteins. In all three strains of bacteria, exposure of

lactate- or glucose-grown cells to butane induced butane degradation activity

accompanied with the induction of specific acetylene-binding polypeptides that were

absent in lactate- or glucose-grown cells (Fig. 2.2B). There was a correlation between

butane-oxidizing activity and the amount of '4C label incorporated into the specific

polypeptides.

We studied butane oxidation by P. butanovora, CF8, and M vaccae, as

representatives of short-chain alkane utilizers. A remarkable level of diversity was

observed in butane monooxygenases among the three butane-grown bacteria. Inhibitor

and inactivator profiles might imply the presence of different prosthetic groups in the

butane monooxygenases among three butane-grown bacteria. Bacterial oxygenases

are known to utilize various metal ions such as iron, copper, and manganese as

cofactors to bind dioxygen (Harayama, et al., 1992). The presence of diverse cofactors

have been found in monooxygenases, including a diiron cluster in alkane hydroxylase

from P. oleovorans (Shanklin, et al., 1997) and sMMO from methanotrophs (Ericson,

et al., 1988, Fox, et al., 1989, Fox, et al., 1993), both iron and copper in pMMO from

M capsulatus(Bath) (Zahn and DiSpinto, 1996), and cytochrome P450 in n-octane

hydroxylase in Corynebacterium sp. Strain 7E1C (Cardini and Jurtshuk, 1970). The

result from ['4C] acetylene labeling also supports the diversity among the three

bacteria we have studied. Further characterization of these butane monooxygenases at

the biochemical and genetic level will be necessary to elaborate on the differences and

similarities among these three enzymes.
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3.1. Abstract

A butane-utilizing bacterial strain CF8 was isolated and identified as a member

of the genus Nocardioides from chemotaxonomic and 16S rDNA sequence analysis.

Strain CF8 grew on alkanes ranging from C2 to C16 in addition to butane and various

other substrates including primary alcohols, carboxylic acids, and phenol. Butane

degradation by strain CF8 was inactivated by light, a specific inactivator of copper-

containing monooxygenases. The unique thermal aggregation phenomenon of

acetylene-binding polypeptides was also observed for strain CF8. These results

suggest that butane monooxygenase in strain CF8 is a third example of the copper-

containing monooxygenases previously described in ammonia-oxidizers and

methanotrophs.

3.2. Introduction

Most described short-chain, gaseous (C2-C4) alkane-utilizing bacteria belong to

the Corynebacterium-Nocardia-Mycobacterium-Rhodococcus group of Gram-positive

bacteria (Ashraf, et al., 1994, McLee, et al., 1972). Some Gram-negative

Pseudomonas sp. have been reported to grow on short-chain alkanes (Takahashi,

1980). Alkane-utilizing bacteria have attracted interest due to their ability to

cometabolically degrade a number of environmental pollutants (Fairlee, et al., 1997,

Hamamura, et al., 1997).

In Chapter 2, we studied butane degradation by three butane-grown bacteria,

Pseudomonas butanovora, Mycobacterium vaccae JOB5, and an environmental isolate

CF8 and characterized their butane monooxygenases at the physiological level

(Hamamura, et al., 1999). The results showed some similarity along with remarkable

diversity among these three butane monooxygenases. A known monooxygenase
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inhibitor, allyithiourea (ATU), strongly inhibited butane degradation by CF8 but not

by P. butanovora or M vaccae JOB 5. ATU is a copper-selective chelator and

reversibly inhibits copper-containing monooxygenases such as ammonia

monooxygenase (AMO) and particulate methane monooxygenase (pMMO) (Bédard

and Knowles, 1989). Acetylene was shown to work as a mechanism-based inactivator

for all three strains of butane-grown bacteria, however the [14C]acetylene labeling

patterns were different among the three. In CF8, one major polypeptide with a

molecular mass near 30 kDa was labeled (Hamamura, et al., 1999). This result also

supports the similarity between butane monooxygenase of CF8 and copper-containing

monooxygenases, AMO and pMMO, which also contain an acetylene-binding protein

with similar molecular mass (ca. 27 kDa) (Hyman and Wood, 1985, Prior and Dalton,

1985, Zahn and DiSpirito, 1996).

In this chapter, we have identified the butane-utilizing bacterium strain CF8 as

a Nocardioides sp. and determined the growth substrate range of this bacterium. The

similarity of butane monooxygenase of strain CF8 to copper-containing

monooxygenases was further examined.

3.3. Materials and Methods

3.3.1. Bacterial strain and growth conditions

Cells of strain CF8 were grown as previously described (Hamamura, et al.,

1997). Strain CF8 was grown in the Xanthobacter Py2 medium (Wiegant and de

Bont, 1980), except that NIH4C1 replaced NaNO3, yeast extract was removed, and the

pH was adjusted to 7.5. CF8 was isolated from Hanford aquifer solids by growth on

n-butane. To obtain pure culture, the cells were plated onto agar plates containing 15

g agar per liter of medium. The plates were incubated at 30 °C in a closed container
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with a gas phase of 50% n-butane and 50% air. A dominant colony type was purified

by several transfers to the plates. Cultures (50 ml of growth medium) were grown at

30 °C with constant shaking in 150 ml sealed vials with 50 ml of n-butane added as an

overpressure. Cell growth was monitored by removing a portion of the cultures (1 ml)

and measuring 0D600.

3.3.2. Taxonomic characterization

The morphology of cells grown on medium described above with butane as the

growth substrate was examined by light microscopy. The methods used for Gram

staining, Ziehi-Neelsen staining(LányI, 1987), and the determination of diamino acid

of the peptidoglycan (Komagata and Suzuki, 1987) were described previously. Fatty

acids analysis was performed by MIDI (Microbial ID, Inc., Newark, DE).

The 16S rDNA sequence was amplified by using a set of primers described by

Giovannoni (Giovannoni, 1991). The 16S rDNA sequence was aligned by using

Seqlab software (Seqlab, Wisconsin Package version 10.0, Genetic computer group,

Madison, WI). The unrooted phylogenetic tree was constructed by using the neighbor-

joining methods (Saitou and Nei, 1987) on the basis of distance matrix data.

3.3.3. Nucleotide sequence accession number

The 1 6S rDNA sequence of strain CF8 was deposited in the GenBank database

under accession number AF2 10769.
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3.3.4 Growth substrate assays

Cells of strain CF8 were incubated in 150 ml vials containing 50 ml medium

(described above) without butane and with various carbon compounds. Gaseous

compounds (50 ml) were added as an over pressure to the gas phase. Other substrates

were added to an initial concentration of 10 mM except butyraldehyde (5 mM) and

phenol (1.4 mM). All cultures were incubated at 30 °C with constant shaking. Cell

growth was monitored by removing a portion of the cultures (1 ml) and measuring

0D500. Incubations were continued until cell growth reached the stationary phase or

for 14 days if no growth was observed. Experiments were repeated at least three

times.

3.3.5. Light inactivation assay

Cell suspensions were prepared as described previously (Hamamura, et al.,

1999). For light inactivation, concentrated cell suspensions (2.4 ml) were added to the

serum vials (150 ml) that contained phosphate buffer (27.6 ml) and were sealed with

butyl rubber stoppers and aluminum crimp seals (Wheaton Scientific, Milleville, NJ).

Vials were placed on a rotary shaker (250 rpm), and the inactivation was initiated by

illumination with a 250 W tungsten halogen projector bulb (General Electric Co.

Cleveland, OH) at a distance of 15 cm. A non-illuminated control and a control with

butane present were conducted identically except that the vials were fully wrapped in

aluminum foil or contained 50% butane in the gas phase (v/gas phase v), respectively.

During the time course of light inactivation, samples (7.5 ml) were removed from the

sealed vials and assayed for butane and 1 -butanol degradation. For the control with

butane, samples were purged with air for 2 mm prior to the degradation assays to

remove residual butane. For butane degradation assays, cell samples (1.5 ml) were



transferred into vials (2 ml) with screw caps and teflon-coated rubber liners (Alltech

Associates, Inc., Deerfield, IL) that contained 02-saturated phosphate buffer (330 tl).

The assays were initiated by the addition of butane-saturated phosphate buffer (170

al). The reactions were carried out at 30 °C in a water bath. Liquid samples (4 il)

were removed and analyzed for butane with a gas chromatograph (Shimazu GC-8A)

equipped with a flame ionization detector and a 30 cm by 0.1 cm ID stainless steel

column packed with Porapak Q (Ailtech Associates, Inc.). The gas chromatograph

was run at a column temperature of 80 °C and a detector temperature of 220 °C. For

1-butanol degradation assays, samples (1 ml) were transferred into sealed serum vials

(7.8 ml) and assays were initiated by the addition of 1-butanol (300 nmol). The

reactions were carried out at 30 °C in a water bath with shaking. Liquid samples (4

tl) were removed and analyzed for 1 -butanol with a gas chromatograph (same as

above) at a column temperature of 150 °C and a detector temperature of 220 °C.

Experiments were conducted in triplicate.

3.3.6. Thermal aggregation of the I'4Clacetylene-labeled 30 kDa

Cells of strain CF8 were radio labeled with ['4C]acetylene as described

previously (Hamamura, et al., 1999). The labeled cells (5.5 mg protein) resuspended

in phosphate buffer (500 jfl) were disrupted with a Mini-beadbeater (Biospec Products,

Inc., Bartlesville, OK) and separated into particulate and soluble fractions by ultra-

centrifugation (45,000 x g for 1 hr). The particulate fraction was resuspended in

phosphate buffer (50 il). For SDS-PAGE, particulate samples (8 i.il) were mixed

with SDS-containing sample buffer (5% w/v SDS, 30% v/v glycerol, 125 mM

Tris/HC1, pH 6.8, and 0.1% w/v bromophenol blue) (2 .tl). 3-Mercaptoethanol (10%

(v/v)) was also added either before or after the heating. Protein samples which had
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been heated were cooled at room temperature for 5 mm before electrophoresis.

Protein samples were separated on a 12% polyacrylamide gel at a constant current of

15 mA. Gel was stained with coomassie-blue, dried onto the filter paper, and

radioactive polypeptides were visualized by exposure on storage phosphor screens

(Molecular Dynamics, Sunnyvale, CA).

3.4. Results and Discussion

Strain CF8 was isolated from mixed cultures enriched on butane and incubated

with aquifer solids from the Hanford DOE site in Washington. Cells of strain CF8

were Gram-positive, non-acid fast, coryneform rods that grew aerobically and were

non-sporulating. The cell wall peptidoglycan contained LL-diaminopimelic acid as

the diamino acid. The results from the fatty acid analysis showed a complex fatty acid

profile containing iso-, anteiso-, straight chain, unsaturated, and 1 0-methyl-branched

fatty acids. The predominant fatty acid was iso-C16:0, which is characteristically found

as a major component in the genus Nocardioides (Bousfield, et al., 1983, O'Donnell, et

al., 1982). The 16S r DNA gene sequence of strain CF8 was determined. The

phylogenetic tree constructed from the sequence clearly showed that strain CF8 is a

member of the genus Nocardioides (Fig. 3.1). Strain CF8 forms a distinct lineage

within the cluster of the genus Nocardioides.
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Figure 3.1. Unrooted phylogenetic tree showing the position of Nocardioides sp. strain CF8, other representatives
of the genus Nocardioides, and some other actinomycete taxa. N; Nocardioides.



The growth substrate range of strain CF8 was examined. Strain CF8 grew on a

variety of alkanes in addition to butane. Strain CF8 was also able to utilize various

substrates as carbon source in addition to alkanes (Table 3.1). The extent of growth on

each substrate was determined as the increase in 0D600 at the stationary phase of

growth. Among the compounds tested, alkanes ranging from C2 to C,0, primary

alcohols, carboxylic acids, and butyraldehyde were utilized quite well (growth in 3 to

4 days). Slower growth (5 to 7 days) was observed with longer-chain alkanes ranging

from C,1 to C,6, D-fructose, D-glucose, sucrose, and phenol. C, compounds, alkenes,

sec-alcohols, 2-butanone, L-arabinose were not utilized under the conditions tested.

Strain CF8 is the first example of a short-chain alkane-utilizing bacterium in

the genus Nocardioides. Some Nocardioides sp. including N. plantarum, N albus, N

luteus, and N simples, were reported to grow on a longer-chain liquid alkane,

tetradecane, however the growth on other alkanes was not tested (Collins, et al., 1994).

Recently, some new strains of Nocardioides sp. have been isolated from various

contaminated environments (Behrend and Heesche-Wagner, 1999, Iwabuchi, et al.,

1998, Yoon, et al., 1997). Due to their versatile metabolic capability, the

biodegradation of recalcitrant compounds by Nocardioides sp. has been well studied.

For instance, Nocardioides sp. KP7 was isolated from a sand sample on a Kuwait

beach which had oil pollution (Iwabuchi, et al., 1998) and shown to degrade

polyaromatic hydrocarbons such as phenanthrene by using a ring-hydroxylating

dioxygenase. Ebert et al. reported 2,4,6-trinitrophenol degrading Nocardioides

simplex FJ2-1A which contains an F420-dependent enzyme system (Ebert, et al., 1999).

It would be interesting to examine if these reported Nocardioides species can also

utilize alkanes.



Table 3.1.

Substratea

Methane

Ethane

Propane

Butane

Pentane

Hexane

Heptane

Octane

Nonane

Utilization of various growth substrates by Nocardioides sp. CF8

Final OD

NGC

0.43 ± 0.09

0.69 ± 0.01

0.80 ± 0.10

0.63 ± 0.15

0.69 ± 0.02

0.84 ± 0.03

0.74 ± 0.04

0.72 ± 0.16

Substrate

Decane

Undacane

Dodecane

Tridecane

Tetradecane

Hexadecane

Ethylene

Propylene

1 -cis-Butene

Final OD® Substrate

0.68 ± 0.11 Methanol

0.46 ± 0.14 Ethanol

0.35 ± 0.07 1-Propanol

0.22 ± 0.08 2-Propanol

0.15 ± 0.06 1-Butanol

0.10 ± 0.01 2-Butanol

NG 2-Butanone

NG Butyraldehyde

NG Butyrate

Final OD6 Substrate

NG Acetate

0.58 ±0.02 Lactate

0.68 ±0.04 Formate

NG L-Arabinose

0.75 ± 0.03 D-Fructose

NG D-Glucose

NG Sucrose

0.56±0.06 Phenol

0.89 ± 0.03

Final OD6

0.52 ± 0.01

0.74 ± 0.03

NG

NG

0.40 ± 0.15

0.21 ± 0.08

0.25 ± 0.01

0.36 ± 0.02

° Gaseous substrates were added as 50% (v/gas phase v) in the gas phase as an overpressure. Other substrates were
added as initial concentration of 10 mM except butyraldehyde (5 mM) and phenol (1.4mM).
Li Data is expressed as means ± standard deviations. Experiments were repeated at least three times. The 0D600 at the
beginning of growth assays was 0.026 ± 0.002.

NG, No growth (OD measured after 7 days was lower than 0.07).
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In Chapter 2 and our previous study, we have shown that butane

monooxygenase in strain CF8 has a broad substrate specificity and is able to

cometabolically degrade chlorinated hydrocarbons (Hamamura, et al., 1997,

Hamamura, et al., 1999). The presence of copper in butane monooxygenase of strain

CF8 was suggested from the result that allyithiourea, a copper selective chelator,

strongly inhibited butane oxidation by strain CF8 (Hamamura, et al., 1999). In this

chapter, we examined the effect of another known inactivator of copper-containing

monooxygenases on strain CF8. Light is a specific inactivator for AMO, a known

copper-containing monooxygenase (Hooper and Terry, 1973, Hooper and Terry,

1974). During exposure to light, a time-dependent decrease in butane degradation

activity of strain CF8 was observed in illuminated cells while there was no effect on

non-illuminated cells (Fig. 3.2A). After 60 mm, the illuminated cells lost their butane

degradation activity almost completely. In the presence of 50% butane (v/gas phase

v), the monooxygenase was protected from light inactivation as expected from the

model for copper-containing monooxygenase as proposed by Shears and Wood

(Shears and Wood, 1985). According to the model, AMO could be in one of three

states: reduced (deoxy), oxygenated (oxy), or oxidized (met). The deoxy form can

reversibly react with 02, which binds as a peroxide ion, and results in the activated oxy

state. The enzyme in this oxy state can be inactivated by light that causes the bond

between copper and the peroxide ion to break. The presence of substrate protects the

enzyme from inactivation by quickly shifting from the oxy state to the met state. The

enzyme in either met or deoxy state is not light sensitive. In contrast, no inactivation

was observed on 1-butanol oxidation activity in illuminated cells (Fig. 3.2B). These

results showed that light works as a specific inactivator for butane monooxygenase in

strain CF8 and further support the presence of copper in this enzyme.
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Figure 3.2. The effect of light on butane degradation (A) and 1 -butanol
degradation (B) activities of strain CF8. Symbols: , illuminated cells; U , non-
illuminated control; A, control with 50% (v/gas phase v) butane present. Experiments
were conducted in triplicate.

We have shown in Chapter 2 that acetylene works as a mechanism-based

inactivator for butane monooxygenase and incubation of strain CF8 with

['4C]acetylene results in the covalent binding of '4C label to specific polypeptide with

molecular mass of 30 kDa (Hamamura, et al., 1999). These results also support the

similarity between butane monooxygenase of strain CF8 and other known copper-

containing monooxygenases, AMO and pMMO, which also contain acetylene-binding

protein with similar molecular mass (ca. 27 kDa) (Hyman and Wood, 1985, Prior and

Dalton, 1985, Zahn and DiSpirito, 1996). A unique thermal aggregation phenomenon

of this 27 kDa acetylene-binding polypeptide in pMMO and AMO was reported by

Hyman and Arp (Hyman and Arp, 1993). When cells or membranes are heated in the

presence of SDS-PAGE sample buffer, ['4C]acetylene-labeled 27 kDa polypeptide

undergoes an aggregation reaction and fails to enter the stacking gel in discontinuous

SDS-PAGE gels. The extent of the aggregation reaction is dependent on the
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temperature of sample preparation and the concentration of reductant used in the

sample buffer. However, the concentration of SDS does not have a substantial effect

on aggregation (Hyman and Arp, 1993).

We examined if this thermal aggregation phenomenon occurs with strain CF8.

The '4C-labeled polypeptide of strain CF8 was associated with the particulate fraction

when ['4C]acetylene-treated cells were separated into soluble and particulate material.

Samples of the particulate fraction from {'4C]acetylene-treated cells showed '4C-

labeled 30 kDa polypeptide (Fig. 3.3B; lane 1). When the sample was heated at 100

°C in SDS-PAGE sample buffer in the presence of 10% (vlv) 3-mercaptoethanol,

additional protein-staining material in the sample well and near the top of the

resolving gel appeared (Fig. 3.3A; lane 2), which associated with changes in '4C-

labeling pattern (Fig. 3.3B; lane 2). The extent of the aggregation reaction was greater

with a sample heated at 100 °C than at 65 °C (data not shown). The sample heated at

100 °C in SDS-PAGE sample buffer in the absence of 3-mercaptoethanol did not

show aggregation (Fig 3.3 A and B; lane 3). These results are consistent with the

aggregation phenomenon observed with AMO and pMMO.
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Figure 3.3. Aggregation of 30 kDa polypeptide in ['4C]acetylene-labeled
membranes of strain CF8. (A) Coomassie-blue stained SDS-PAGE and (B)
corresponding Phosphorimager image. Samples of ['4C] acetylene-labeled membrane
fractions in SDS-containing sample buffer were treated as follows: lane 1, no heating
with 10% v/v 3-mercaptoethanol; lane 2, heated at 100 °C for 10 mm with 10% v/v 3-
mercaptoethanol; lane 3, heated at 100 °C for 10 mm without j3-mercaptoethanol. The
sizes (kDa) of molecular mass markers in Coomassie-blue stained gel (A) and the
apparent molecular mass of the labeled polypeptide (B) are shown on the left side of
the gel. SW, position of the bottom of the sample well. I, position of the interface
between the stacking and resolving gel.

Our study strongly supports the idea that butane monooxygenase in strain CF8

is a third example of the type of copper-containing monooxygenases found in

autotrophic ammonia oxidizers and methanotrophs.
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4.1. Abstract

Alkane monooxygenases in Nocardioides sp. strain CF8 were examined at the

physiological and genetic levels. Strain CF8 can utilize alkanes ranging in chain

length from C2 to C16. Butane degradation by butane-grown cells was strongly

inhibited by allylthiourea, a copper-selective chelator, while hexane, octane, and

decane-grown cells showed detectable butane degradation activity in the presence of

allylthiourea. Growth on butane was strongly inhibited by alkynes, including

acetylene, 1 -hexyne, and 1 -octyne, as well as allylthiourea. In contrast, growth on

longer-chain alkanes was less sensitive to the inhibition by alkynes and allylthiourea.

A specific 30 kDa acetylene-binding polypeptide was observed for butane, hexane,

octane, and decane-grown cells, but absent from cells grown with octane or decane in

the presence of 1-hexyne. These results suggest the presence of two monooxygenases

in strain CF8. Degenerate primers designed for PCR amplification of genes related to

the binuclear iron containing alkane hydroxylase from Pseudomonas oleovorans were

used to clone a related gene from strain CF8. RT-PCR and Northern blot analysis

showed that this gene encoding a binuclear iron containing alkane hydroxylase was

expressed in cells grown on alkanes above C6. These results indicate the presence of

two distinct monooxygenases for alkane oxidation in Nocardioides sp. strain CF8.

4.2. Introduction

A number of bacteria have been isolated for their ability to utilize gaseous or

liquid alkanes as growth substrates (Baptist, et al., 1963, Blevins and Perry, 1972,

Takahashi, 1980). It is convenient to recognize three classes of alkane-utilizing

bacteria, namely, those that grow on methane, those that grow optimally on gaseous

alkanes, and those that grow optimally on liquid alkanes. The methane-utilizers



(methanotrophs) have been well characterized. Methane metabolism is initiated by the

oxidation of methane to methanol in a reaction catalyzed by methane monooxygenase

(MMO). Two forms of MMO have been characterized, a particulate methane

monooxygenase (pMMO) that contains copper, and a soluble methane

monooxygenase (sMMO) that contains a binuclear iron cluster at the catalytic site

(Lipscomb, 1994, Zahn and DiSpirito, 1996). Both pMMO and sMMO can catalyze

the oxidation of several alkanes in addition to methane, but cannot grow on any of

these compounds (Burrows, et al., 1984, Colby, et al., 1977). Long-chain, liquid

alkanes are utilized by a wide variety of bacterial species including both gram-

negative and gram-positive bacteria (Britton, 1984, Watkinson and Morgan, 1990).

Among these bacteria, the alkane hydroxylase system in Pseudomonas oleovorans has

been characterized most thoroughly. P. oleovorans can grow on n-alkanes ranging

from C6 to C12 (Baptist, et al., 1963). It harbors a large plasmid (OCT plasmid)

encoding the enzymes required to oxidize n-alkanes to the corresponding terminal

acyl-CoA derivatives which then enter the 13-oxidation cycle (van Beilen, et al., 1994).

Alkane hydroxylase consists of three polypeptides: a hydroxylase (A1kB; 41 kDa), a

rubredoxin (A1kG; 19 kDa), and a rubredoxin reductase (AlkT; 48 kDa) (Eggink, et

al., 1987, Eggink, et al., 1990, Eggink, 1988). The alkane hydroxylase component

contains a binuclear iron cluster, which seems to be a common motif among bacteria

that harvest alkanes, alkenes, and aromatic hydrocarbons as growth substrates

(Shanklin, et al., 1997). Several different long-chain alkane oxidation pathways have

been described for strains of Acinetobacter spp: alkane dioxygenase is involved in

degradation of alkanes ranging from C13 to C in Acinetobacter sp. strain M-1

(Maeng, et al., 1996, Sakai, et al., 1994), some strains utilize a P-450 monooxygenase

system (Asperger, et al., 1984), and an alkane hydroxylase homologous to that of P.



oleovorans has been found in Acinetobacter sp. strain ADP1 (Ratajczak, et al., 1998a).

Gaseous alkanes have not been shown to serve as growth substrates for these bacteria.

Although a wide variety of microorganisms can utilize long-chain, liquid

alkanes, the ability to utilize short-chain, gaseous alkanes is mostly restricted to the

Coiynebacterium-Nocardia-Mycobacterium-Rhodococcus group of gram-positive

bacteria (Ashraf, et al., 1994, McLee, et al., 1972). In addition, some gram-negative

Pseudomonas spp. are reported to grow on short chain alkanes other than methane

(Hou, et al., 1983b, Takahashi, 1980). There have been no descriptions of the

purification to homogeneity of a monooxygenase from short-chain alkane-utilizing

bacteria nor any isolations of genes that code for this group of monooxygenases. In

Chapter 2 and 3, we have isolated a butane-utilizing bacterium, Nocardioides sp. strain

CF8, and characterized a butane monooxygenase in this organism at the physiological

level (Hamamura and Arp, 2000, Hamamura, et al., 1999). Butane degradation by

strain CF8 was strongly inhibited by allylthiourea (ATU) and inactivated by light and

acetylene. Both ATU and light are known inhibitor and inactivator of copper-

containing monooxygenases such as pMMO and ammonia monooxygenase (AMO)

(Bédard and Knowles, 1989). Acetylene serves as an inactivator of butane

monooxygenase in strain CF8 and incubation with ['4C]acetylene results in the

covalent binding of '4C label to a specific polypeptide with a molecular mass of 30

kDa (Hamamura, et al., 1999). This result supports the similarity between butane

monooxygenase of strain CF8 and the copper-containing monooxygenases, pMMO

and AMO, which contain an acetylene-binding protein with similar molecular mass

(ca. 27 kDa) (Hyman and Wood, 1985, Prior and Dalton, 1985). Therefore, it was

suggested that butane monooxygenase in strain CF8 is a third example of the copper-

containing monooxygenases including pMMO and AMO.
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Bacteria that grown on gaseous alkanes often include some liquid alkanes in

their range of growth substrates. This observation also extends to Nocardioides sp.

strain CF8 (Hamamura and Arp, 2000). In this chapter, we extended the

characterization of the alkane monooxygenase system in Nocardioides sp. strain CF8

to include longer chain alkanes (C6 to C10). The results suggested the presence of a

second monooxygenase in long-chain alkane (C6)-grown cells. The possibility of

two distinct monooxygenases for alkane degradation in Nocardioides sp. strain CF8

was further examined.

4.3. Materials and Methods

4.3.1. Growth conditions

Cells of Nocardioides sp. strain CF8 were grown as previously described

(Hamamura, et al., 1997). Strain CF8 was grown in the Xanthobacter Py2 medium

(Wiegant and de Bont, 1980) except that NH4C1 replaced NaNO3, yeast extract was

removed, and the pH was adjusted to 7.5. Cells were incubated in 150 ml sealed vials

containing 50 ml medium and alkanes as growth substrates. Gaseous alkanes (50 ml)

were added as an over pressure to the gas phase. Liquid alkanes were added to an

initial concentration of 10 mM. All cultures were incubated at 30 °C with constant

shaking. Cell growth was monitored by removing a portion of the cultures (1 ml) and

measuring OD6. To examine the effect of ATU and alkynes on growth, selected

amounts of ATU, acetylene, 1-hexyne, and 1-octyne were added at the beginning of

growth assays. Acetylene was added as an overpressure (1% [v/gas phase v]). The

extent of growth of each culture was determined by measuring OD6 at selected times

(4-days for C4, C6, and C8-grown cells; 5 days for C10-grown cells). No significant
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increase of 0D600 was observed in any of experimental setups after 5 days.

Experiments were repeated at least three times.

4.3.2. Butane degradation assay

Cells were harvested from cultures by centrifugation (6,000 x g for 10 mm),

washed twice with the same phosphate buffer as the growth medium, and resuspended

to a constant cell density (based on OD). Butane degradation assays were conducted

as previously described (Hamamura, et al., 1999). For ATU inhibition assays, butane

degradation was monitored with 200 .tM ATU in the reaction vials. Experiments were

repeated at least three times.

4.3.3. EC1acetylene labeling assays

Cells of C4, C6, C8, and C10-grown strain CF8 were radiolabeled with

['4C]acetylene as described previously (Hamamura, et al., 1999). C8 and C10-grown

cells were also grown in the presence of 1 -hexyne (4.5 j.tmol) and subjected to

['4C]acetylene labeling. The labeled cells were disrupted with a Mini-beadbeater

(Biospec Products, Bartlesville, OK). Protein samples (50 tg) were then separated on

a 12% SDS-PAGE gel at a constant current of 15 mA. The gel was stained with

Coomassie blue, dried onto filter paper, and radioactive polypeptides were visualized

by exposure to phosphor screens (Molecular Dynamics, Sunnyvale, CA) for 5 days.
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4.3.4. Protein determinations

Protein content was determined by using the Biuret assay (Gornall, et al.,

1949) after cells were solubilized in 3 N NaOH for 30 mm at 65°C. Bovine serum

albumin was used as the standard.

4.3.5. PCR, sequence analysis, and library screening to characterize alkB
in strain CF

Chromosomal DNA was isolated from strain CF8 by the CTAB

(hexadecyltrimethylammoniumbromide) method described previously (Ausubel, et al.,

1994). PCR reactions were performed with degenerate oligonucleotide primers, TS2S

(5'-AAYAGAGCTC AYGARYTRGG TCAYAAG-3') and degiRE (5'-

GTGGAATTCG CRTGRTGRTC IGARTG-3') (Smits, et al., 1999) , and the program

(4 mm at 95 C, 25 x [45 s at 95 °C, 1 mm at 40 °C, 1 mm at 72 °C], 5 mm at 72 °C,

indefinitely at 4 °C) described by Smits et al (Smits, et al., 1999) was used. The PCR

products were cloned into the pGEM-T Easy vector (Promega, Co., Madison, WI)

following the directions of the manufacturer.

A genomic library was constructed in Lambda FIX II (Stratagene, La Jolla,

CA) using Gigapack III XL- 11 packaging extract (Stratagene) following the direction

of the manufacturer. The genomic library was screened as described (Sambrook, et

al., 1989) using a DNA probe generated by PCR with TS2S and degiRE primers.

DNA probes were labeled by random priming using a Prime-a-gene kit (Promega Co.,

Madison, WI) and [a32P] dCTP (3,000 Ci/mmol; DuPont NEN products, Wilmington,

DE). Lambda phage DNA isolation, restriction digests, agarose gel electrophoresis,

Southern hybridization, and cloning were performed as standard procedures

(Sambrook, et al., 1989). DNA fragments (0.6, 1 and 2.7 kb) ofaX7w I digest were

cloned into pBluescript II KS (Stratagene) and sequenced. A total of 3.2 kb including



the complete alkB was sequenced in both directions at least 3 times by a combination

of primer walking with custom oligonucleotides and primers complementary to

cloning vectors.

DNA sequencing and oligonucleotide synthesis were performed at the Center

for Gene Research and Biotechnology at Oregon State University (Corvallis, OR).

The nucleotide and the predicted amino acid sequences were compared with the

EMBL, SWISSPROT and GenBank databases using BLAST (Altschul, et al., 1990).

DNA sequencing data was analyzed and assembled using the GCG sofiware package

(Wisconsin Package version 10.0, Genetic computer group, Madison, WI).

4.3.6. RT-PCR and Northern blot

Cells of strain CF8 were grown on n-alkanes ranging from C4 to C8 in 50 ml

medium as described earlier. Cells were grown to late exponential phase (OD600 of 0.5

to 0.6), and 25 ml of each culture was harvested by centrifugation (6,000 x g for 10

mm) in a rotor chilled to 4 °C. Total cellular RNA was isolated as described by

Brzostowicz et al. (Brzostowicz, et al., 2000) with slight modifications. The pellets

were resuspended in 0.7 ml of an ice-cold lysis solution (1% sodium dodecyl sulfate

(SDS), 100 mM sodium acetate at pH 5) and transferred to a 2 ml conical screw cap

microtube (Biospec Products, Bartlesville, OK) containing 0.7 ml of aqueous phenol

(pH 5) and 0.3 ml of 0.5 mm zirconia beads (Biospec Products). The tubes were

placed in a Mini-beadbeater (Biospec Products) and disrupted at 4,600 beats/mm for 2

mm. The liquid phase was transferred to microcentrifuge tubes and centrifuged for 3

mm at 14,000 x g. The supernatant was extracted twice with phenol (pH 5) and twice

with phenol-chloroform solution (pH 7.5). Nucleic acids were precipitated from the

aqueous phase with ethanol, resuspended in 200 jil of diethyl pyrocarbonate (DEPC)-

treated water, and treated with 5 U of RNase-free DNase (Promega Co.) at 37 °C for 2



75

hrs. Subsequently, the solution was extracted twice with phenol-chlorofonn solution

(pH 7.5). RNA was recovered by ethanol precipitation and resuspended in 200 tl

DEPC-treated water.

The extracted RNA was subjected to reverse transcription (RT) and subsequent

PCR amplification. Primers, revalk (5'-AGTGTCGCTG CAGGTGGTA-.3') and

cfalkF (5'-AGAAGGAGAG CCACGAACG-3'), were designed based on the

nucleotide sequence of the PCR product amplified with TS2S and deg iRE primers.

The RT reactions (20 pl) contained 200 U of M-MLV reverse transcriptase (Promega

Co.), 1 mM each deoxynucleoside triphosphate (dNTP), 1 U of RNase inhibitor

(Promega Co.), 30 pmol of primer revalk, and 100 ng of extracted RNA in lx M-MLV

buffer provided by the manufacturer. Control reactions were performed without

addition of M-MLV reverse transcriptase to verify the absence of DNA in the RNA

preparations. RT was carried out at 42 °C for 15 mm, 95 °C for 1 mm, and 5 °C for 5

mi Aliquots from each RT reaction (5 jil) were used as templates in subsequent

PCR (25 j.tl) containing dNTPs (0.2 mM each), MgCl2 (2 mM), revalk and cfalkF

primers (30 pmol each), and 2.5 U of Taq polymerase (Promega Co.). The following

temperature profile was used: 4 mm at 94 °C, 35 x [1 mm at 94 °C, 1 mm at 62 °C, 1

mm at 72 °C]. The PCR products (10 j.tl) were separated by electrophoresis on a 1.2%

(wt/vol) agarose gel in TBE buffer and visualized with ethidium bromide staining.

Northern blot analysis was carried out as described (Sayavedra-Soto, et al.,

1998). DNA probes specific for alkB and 1 6S rRNA were generated by PCR with

revalk and cfalkF primers and a set of primers described by Giovannoni (Giovannoni,

1991), respectively. The hybridization signals were visualized using a

Phosphorlmager (Molecular Dynamics, Sunnyvale, CA).
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4.3.7. Nucleotide sequence accession number

The nucleotide sequence reported in this study has been deposited in the

GenBank database under accession number AF350429.

4.4. Results

Nocardioides sp. strain CF8 was grown on n-alkanes of various chain-length

and tested for butane degradation activity. Cells grown on butane, hexane, octane and

decane (C4, C6, C8, and C10-chain length, respectively) readily degraded butane at

similar rates (Table 4.1). In Chapter 2, it was shown that butane degradation by

butane-grown strain CF8 was strongly inhibited by allylthiourea (ATU), a copper-

selective chelator (Hamamura, et al., 1999). Along with other lines of evidence in

Chapter 3, it was suggested that butane-grown strain CF8 contains a copper-containing

butane monooxygenase that is responsible for butane oxidation in this organism

(Hamamura and Arp, 2000). We have now examined the effect of ATU on butane

degradation by cells grown on longer alkanes. As previously shown, 200 jtM ATU

inhibited butane degradation by C4-grown cells to below detectable levels (1.5 nmol

min' mg of protein1). In contrast, C6, C8, and C10-grown cells of strain CF8 showed

detectable levels of butane degradation (10 to 30% relative to the absence of ATU) in

the presence of the same concentration of ATU (Table 4.1). These low levels of

activity could be due to an incomplete inhibition of the copper-containing butane

monooxygenase by ATU, although this explanation would require different inhibitory

effects of ATU on cells grown on various alkanes. Alternatively, it is possible that in

addition to copper-containing butane monooxygenase, a second monooxygenase

which degrades butane and is not inhibited by ATU is expressed when cells are grown

on C6, C8, and C10 but not C4 alkanes.
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Table 4.1. Effect of allyithiourea on butane degradation by strain CF8 grown on
various alkanes

Butane degradation rate

(nmol miff' mg of protein')

Growth substratea No additions +ATU (200 pM)

C4 3p821b <1.5

C6 28.2 ± 5.1 3.0 ± 3.8

C8 30.9±4.9 6.4±3.4
ClO 23.9 ± 1.9 7.5 ± 2.4

a Butane was added as 50% (v/gas phase v) in the gas phase as an overpressure.
Liquid alkanes were added at an initial concentration of 10 mM.
b Data are expressed as experimental means ± S.D.

The latter possibility was examined by an experiment in which cells of CF8

were grown on various chain-length alkanes in the presence of alkynes or ATU.

Alkynes are known to be mechanism-based inactivators of a number of

monooxygenases. For example, acetylene is a potent inactivator of ammonia

monooxygenase from the nitrifying bacterium Nitrosomonas europaea (Hyman and

Wood, 1985), and both the particulate and soluble forms of methane monooxygenase

from the methanotrophic bacteria (Prior and Dalton, 1985). In addition, acetylene

seemingly acts as a mechanism-based inactivator of the copper-containing butane

monooxygenase of strain CF8 (Hamamura, et al., 1999). In this chapter, we examined

the effects of ATU and alkynes (acetylene, 1 -hexyne, and 1 -octyne) on the growth of

strain CF8 with C4, C6, C8, and C,0-alkanes as the growth substrate (Table 4.2). As

expected, growth on C4 was greatly inhibited by 0.2 mM ATU and no growth was

observed at the higher concentration of ATU (2 mM). In contrast, ATU did not inhibit

growth on C6, C8, and C,0 at low concentrations, although less growth was observed

with higher concentrations. In the presence of all three alkynes tested, growth onC4



and C6 was not observed. Growth on C8 and C10 was unaffected by the presence of 4.5

p.mol 1-hexyne, however growth was partially inhibited in the presence of 45 jtmol 1-

hexyne as well as 1% (vol/gas phase vol) acetylene. A lower level of 1-octyne (4.5

p.mol) was sufficient to inhibit the growth on C8 and C10 to the same extent. The final

0D600 of these cultures did not increase significantly following extended incubation

(up to 9 days). These results are consistent with the presence of a second

monooxygenase that is not inhibited by ATU and is less sensitive to alkyne inhibition

(inactivation). The different response of C6-grown cells to alkyne inhibition compared

to C8- and C10-grown cells may reflect the higher affinities of the second

monooxygenase toward longer-chain alkanes and alkynes.

Table 4.2. Effects of ATU and alkynes on the growth with various alkanes

Amt Growth on various alkanes (OD)'

(jimol) C4h CO CS CII)

No additions 0.78 ± 0.06 0.60 ± 0.04 0.71 ± 0.06 0.65 ± 0.12

ATU 10 0.15±0.02 0.69±0.07 0.66±0.07 0.53±0.08
100 NGC 0.47±0.18 0.47±0.18 0.55±0.07

Acetylene 45 NG NG 0.11 ± 0.07 0.26 ± 0.02

1-Hexyne 4.5 NG NG 0.65 ± 0.04 0.65 ± 0.08

45 NG NG 0.09 ± 0.04 0.40 ± 0.03

1-Octyne 4.5 NG NG 0.11 ± 0.05 0.32 ± 0.09

45 NG NG NG NG

a Data are expressed as means ± S.D. The OD at the beginning of growth assays
was 0.026 ± 0.002.
b Butane was added as 50% (v/gas phase v) in the gas phase as an overpressure.
Liquid alkanes were added at an initial concentration of 10 mM.
NG, no growth (OD measured after 5 days was lower than 0.07)
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Because ATU is a reversible inhibitor, butane oxidizing activity of the copper-

containing butane-monooxygenase can be recovered in cells grown in the presence of

ATU. Indeed, cells grown on C6, C8, and C,0 in the presence of 200 iM ATU and

subsequently washed free of ATU had similar butane degradation rates to those grown

in the absence of ATU (data not shown). In contrast, the cells grown on C8 and C,0 in

the presence of 1 -hexyne (0.45 j.imol) and washed as above showed much lower

butane degradation rates (5.2 ± 2.7 and 4.3 ± 3.1 nmol min' mg of protein',

respectively) than those grown in the absence of 1-hexyne (see table 4.1). These

results are consistent with the idea that 1 -hexyne irreversibly inactivates the copper-

containing monooxygenase and that the residual butane degradation activity of the

cells grown on C8 and C,0 in the presence of 1-hexyne is due to the second

monooxygenase.

We have previously shown that the incubation of strain CF8 with

['4C]acetylene results in the covalent binding of '4C label to a specific polypeptide

with a molecular mass of 30 kDa and that the incorporation of '4C label correlates with

butane monooxygenase activity (Hamamura, et al., 1999). Thus, cells grown on

various chain-length alkanes either with or without 1-hexyne (4.5 j.tmol) were treated

with ['4C]acetylene (Fig 4.1). The '4C labeled 30 kDa polypeptide was present in C4,

C6, C8, and C,0-grown cells. In contrast, '4C label was not incorporated into cellular

polypeptides of cells grown on C8 and C,0 with 1-hexyne. Since labeling of the 30

kDa polypeptide with '4C from acetylene requires active butane monooxygenase, the

30 kDa polypeptide of the copper-containing butane monooxygenase is most likely

being produced and then irreversibly inactivated by the 1 -hexyne in the growth

medium. These results further confirm that the cells grown in the presence of 1-

hexyne do not possess an active copper-containing butane-monooxygenase. Again,

production of a second monooxygenase would support growth under these conditions.
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Figure 4.1. Incorporation of 4C from ['4C]acetylene into cellular proteins of strain
CF8 grown on C4, C6, C8, and C10-alkanes (lanes 1, 2, 3, and 5, respectively), and cells
grown with C8 or C10 in the presence of l-hexyne (lanes 4 and 6, respectively).
Incorporation of '4C into polypeptides was analyzed by SDS-PAGE and visualized
with a phosphorimager as described in Materials and Methods. The sizes (kDa) of
molecular mass markers and the apparent molecular mass of the labeled polypeptide
are shown on the left side of the gel. Each gel lane contains approximately 50 jig of
cell extract protein.

Interestingly, there were no additional labeled polypeptides observed other

than the 30 kDa polypeptide under any of the growth conditions tested. Together with

the results from the growth experiment (Table 4.2) where acetylene only partially

inhibited growth on C8 and C10, these results indicate that acetylene might act either as

a conventional reversible inhibitor or as an unusually weak mechanism-based

inactivator for the second monooxygenase. Acetylene is a weak inactivator of toluene

2-monooxygenase (T2MO) from the toluene-oxidizing bacterium Burkholderia

cepacia G4 (Yeager, et al., 1999). High concentrations of acetylene (10 to 50 %

[vol/gas phase vol]) were required to inhibit the growth of B. cepacia G4 on toluene,

while longer-chain alkynes were more effective inhibitors. Yeager et al. (Yeager, et

al., 1999) suggested that alkynes are specific, mechanism-based inactivators of T2MO,



although the simplest alkyne, acetylene, was relatively ineffective compared to longer-

chain alkynes. Based on biochemical analyses and sequence comparisons, T2MO

belongs to a family of soluble, binuclear iron enzymes that includes several

hydrocarbon oxygenases, such as sMMO (Fox, et al., 1994). Although these enzymes

have no significant overall amino acid homology, they all contain an eight-histidine

motif as iron-binding ligand (Fox, et al., 1994). This motif is also conserved among

the integral-membrane, binuclear iron hydrocarbon oxygenases such as the alkane

hydroxylases from Pseudomonas oleovorans and Acinetobacter sp. strain ADP1, and

xylene monooxygenase from Pseudomonasputida (Shanklin, et al., 1997, Shanklin, et

al., 1994). The alkane hydroxylase from P. oleovorans catalyzes oxidation of long-

chain alkanes (C6 to C12) (Baptist, et al., 1963). These previous studies drew our

attention to the binuclear iron monooxygenases as potential candidates for the second

monooxygenase in strain CF8.

In order to examine the possible presence of a binuclear iron monooxygenase

gene in strain CF8, we employed the PCR method developed recently by Smits, et al.

(Smits, et al., 1999) which uses degenerate primers based on the sequence alignment

of the conserved histidine motif (Shanklin, et al., 1994, Smits, et al., 1999). By using

this PCR method, a PCR product of the expected size (557 bp) was obtained from

strain CF8. The fragment was cloned and sequenced. The peptide sequence encoded

by the PCR product was compared with the known alkane hydroxylase sequences,

including some of the PCR fragments obtained by Smits et al. (Smits, et al., 1999),

and the sequence of xy!ene monooxygenase (Fig. 4.2A). The sequence alignment

showed that the regions around the eight-histidine motif were well conserved in the

sequence from strain CF8. The deduced peptide fragment (186 amino acids) from

strain CF8 showed high sequence identities to putative A1kB fragments from other

gram-positive bacteria; including A. rugosa (86%) and R. erythropolis (69%), and an



alkane hydroxylase homologue present on the chromosome of Mycobacterium

tuberculosis H37Rv (63%). Lower sequence identities were observed to the

corresponding sequences from gram-negative bacteria, including A1kM from

Acinetobacter sp. ADP1 (54%), A1kB from P. oleovorans (49%), and XylM from P.

putida (27%).

The complete A1kB gene (alkB) in strain CF8 was isolated by screening a

genomic library with the cloned PCR fragment as a probe. The nucleotide sequences

of three contiguous Xho I restriction fragments totaling 3.2 kb and including alkB

were determined and sequence analysis revealed three open reading frames (ORFs)

(Fig. 4.2B). alkB was located in an ORF that continuously contains a domain similar

to rubredoxin (deduced amino acid sequence showed 55% identity to rubredoxin 2 in

P. oleovorans, 52% to rubredoxin in Clostridium butyricum, and 51% to rubredoxin 2

of P. putida). The entire ORF consists of 1452 bp and potentially encodes an unique

alkane hydroxylase fused to rubredoxin, although further biochemical characterization

of this enzyme is required to confirm this idea. The stop codon of the alkB-rub ORF

overlaps with the start codon of a second ORF (ORF2) which consists of 192 bp. The

deduced amino acid sequence of ORF2 shows 30 to 40% identity to the ferredoxins of

Rhodococcusfascians, Thermotoga maritima, and Archaeoglobusfulgidus. ORF 1 is

located 150 bp upstream of the alkB -rub ORF in the reverse orientation. The putative

product of this gene, encoding 208 amino acid residues, shows -30% identity to the

tetR-family of transcriptional regulators and contains the tetR DNA-binding helix-

turn-helix motif.
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149 HELGHKKESHERWLSKIALAQSFYGHFYIEHNRGHIWRVATPEDPASSRY
XXX HELGHKKESHERWLJSKIALAQSFYGHFYIEHNRGHHVRVATPEDPASSRV
XXX HELGHKKESVERWLSKIVLAQSAYGHFYLEHNRGHHVRVSTPEDPATSRF
161 HEMGHKKDSLERWLSKITLAQTCYGHFYIEHNRGHHVRVSTPEDPASARF
150 HELSHKADRLDHILSHLALVPTGYNHFRIEHPYGHHKPAATPEDPASSQM
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XXX DPSHSWNSNNIATNVLIJYHLQRHSDHHAN
XXX TPAHSWNSDRICTNVFLYHLQRHSDHHAN
317 APVHSWNSDHIVTNLFLYHLQRHSDHHAN
302 MPEHSWNNNNIVTNLFLYQLQRHSDHHAY
290 KPHHSWNSMHIVSNLVLFHLQRHSDHHAH
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Figure 4.2. Part of a multiple sequence alignment of A1kB from strain CF8 and
gene organization map of the cloned regions including complete A1kB gene. (A) Part
of a multiple sequence alignment of AlkB from strain CF8 with other known integral-
membrane, binuclear iron hydrocarbon oxygenases. Eight conserved His residues are
indicated by bold letters and marked by asterisks. The positions of the PCR primers
used for RT-PCR are shown by arrows. Peptide numbering refers to the position in
the full-length enzyme (XXX is shown for the sequences whose full length sequences
are not available). Abbreviations: Nc, Nocardioides sp. strain CF8; Ar, Amycolatopsis
rugosa; Re, Rhodococcus erythropolis; Mt, Mycobacterium tuberculosis; Ac,
Acinetobacter sp. strain ADP1; Po, P. oleovorans; Pp, P. putida; Sm
Stenotrophomonas maltophilia. (B) Gene organization and restriction map of the
cloned regions including complete AlkB gene. Location of the PCR fragment used as
a probe for a/kB is shown. Each box indicates open reading frame and the arrows
indicate the orientation of each gene.



We investigated whether this alkB encodes the second monooxygenase that

was proposed to be expressed when cells of strain CF8 were grown on alkanes above

C6 in chain length. The expression ofa/kB in strain CF8 was examined by RT-PCR

using primers designed from the cloned 550 bp PCR fragment, and by Northern

hybridization using the same PCR fragment as a probe. Total RNA was prepared from

cells grown on alkanes ranging from C4 to C8 as growth substrates. RT-PCR showed

that a single product of the expected size (525 bp) was amplified from RNA prepared

from cells grown on alkanes above C6 in chain length, while no products were detected

from RNA prepared from C4- and C5-grown cells (Fig. 4.3A). The absence of al/cR

transcripts from C4- and C5-grown cells was also confirmed by the Northern blot (Fig.

4.3B). The probe hybridized to one major transcript of approximately 2 kb. These

transcripts were absent from RNA from C4- and C5-grown cells. Hybridization with

the 16S rRNA gene probe showed that all lanes contained similar amounts of RNA

(Fig. 4.3C). These results indicate that al/cR in strain CF8 is expressed when cells are

grown on long-chain alkanes (C6) but not on the short-chain alkanes. Therefore, it

seems likely that expression of alkB leads to production of the second monooxygenase

in strain CF8.
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Figure 4.3. RT-PCR (A) and Northern blot analysis (B and C) of alkB expression
in strain CF8 grown on alkanes of various chain length. Total RNA was prepared
from cells grown on C4 to C8 alkanes. RT-PCR was performed using primers shown
in figure 2A and the expected product size (525 bp) is indicated (A). Northern blot
analysis was performed with the alkB probe shown in figure 2B and the hybridizing
band (about 2 kb) is indicated (B). The same blot was stripped and hybridized to the
16S rRNA probe (C).

Several methanotrophs can produce two methane monooxygenases, sMMO

and pMMO. The production of sMMO or pMMO is dependent on the availability of

copper ions in the growth medium. sMMO is expressed at low copper-biomass ratios

(<0.25 p.M copper ions) where pMMO is expressed at high copper-biomass ratios

(>0.25 p.M copper ions) (Stanley, et al., 1983). We have examined if copper also

plays an important role in regulation of the expression of copper and binuclear iron

monooxygenases in strain CF8. When cells were grown with C3 to C5 alkanes as

growth substrate in medium without any copper sulfate addition, slightly slower (1

day) and ultimately less growth was observed compared to cells grown in the control

medium which contains 0.1 p.M copper sulfate (data not shown). This decreased

growth is an indication of copper limitation. Nonetheless, the presence of the copper-

containing monooxygenase in these cells was indicated by labeling of the 30 kDa



polypeptide with ['4C]acetylene (data not shown). In contrast, cells grown on alkanes

above C6 did not grow more slowly in medium lacking copper (data not shown).

Therefore, copper does not appear to regulate the switch from copper-containing

monooxygenase to binuclear iron-containing monooxygenase in strain CF8 as it does

in some methanotrophs. However, we cannot rule out the possibility that the small

amount of copper contaminant in the reagents used in the growth medium was

sufficient to prevent the switch.

4.5. Discussion

Our results indicate that Nocardioides sp. strain CF8 can produce two distinct

monooxygenases for oxidation of alkanes: a copper-containing monooxygenase and an

integral-membrane, binuclear iron monooxygenase. In this chapter, we took

advantage of the sensitivity of the copper-containing monooxygenase to ATU and to

alkynes in order to reveal the presence of the binuclear iron monooxygenase which is

not inhibited by ATU or inactivated by alkynes. Expression of the copper-containing

monooxygenase occurred on all the alkanes tested, while the binuclear iron

monooxygenase was observed only in cells grown on alkanes C6 and above.

The ability of alkane-grown cells to express more than one monooxygenase is

not without precedent. Several methanotrophs can produce two methane

monooxygenases (pMMO and sMMO). The two situations are similar in that the

copper-containing butane monooxygenase from strain CF8 is similar to pMMO. Like

sMMO, the second alkane monooxygenase in strain CF8 apparently contains a

binuclear iron cluster. A distinct difference between this system and that of the

methanotrophs is that in strain CF8, both monooxygenases can be expressed

simultaneously, whereas, in methanotrophs, expression is limited to one

monooxygenase at a time. Another difference is in the apparent protein composition



and cellular location of the binuclear iron monooxygenases. While sMMO is a soluble

enzyme and the hydroxylase component contains three polypeptides (Fox, et al.,

1989), the hydroxylase component of the binuclear iron monooxygenase from strain

CF8 is expected to be membrane-associated and to contain only a single polypeptide

based on the similarity of the deduced amino acid sequence to that of the alkane

hydroxylase (Eggink, et al., 1987, van Beilen, et al., 1994). Recently, the presence of

two alkane hydroxylases in long-chain alkane-utilizing Acinetobacter sp. strain M- 1

was reported (Tani, et al., 2001). In this case, two alkane hydroxylases are both

integral-membrane, binuclear iron enzymes with high sequence similarity to the

sequence of alkane hydroxylase (alkM) of Acinetobacter sp. strain ADP1. The

expression of two alkane hydroxylase encoding genes is regulated by the chain-length

of alkanes: alkMa expression is induced by solid alkanes (>C22), while alkMb

expression is preferentially induced by liquid alkanes (C16 to C22) (Tani, et al., 2001).

Sequence analysis of the complete alkB in strain CF8 revealed putative A1kB

and rubredoxin domains in one continuous open reading frame that potentially

encodes a fusion protein. The presence of a monooxygenase as a fused polypeptide is

not without precedent. The cytochrome P-450 fatty acid monooxygenase from

Bacillus megaterium was shown to consist of hydroxylase and reductase components

on a single polypeptide encoded by a single continuous open reading frame (Narhi and

Fulco, 1986, Ruettinger, et al., 1989). This enzyme can be cleaved by trypsin into the

respective domains (Narhi and Fulco, 1987). Further biochemical characterization of

the alkane hydroxylase in strain CF8 is required to elucidate the function of the fused

polypeptide and the possible involvement of the adjacent ferredoxin gene product.

The genetic organization of alkB in strain CF8 showed that genes encoding the

enzymes in alkane metabolism are not clustered with alkB. This organization is unlike

the alk genes in P. oleovorans, where the genes encoding alkane hydroxylase, two
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rubredoxins, an aldehyde dehydrogenase, an alcohol dehydrogenase, an acyl coenzyme

A synthetase, and an outer membrane protein constitute a single operon

(a1kBFGHJKL) on the OCT plasmid (van Beilen, et al., 1994). In the case of al/c

genes in Acinetobacter sp. ADP 1, the essential genes for alkane degradation are

separately located on the chromosome where alkM and alkR are located about 369 kb

from the rubA and rubB genes, encoding rubredoxin and rubredoxin reductase,

respectively (Gralton, et al., 1997). The genetic organization of alkB in strain CF8 is

rather similar to that of M tuberculosis, in which the putative alkB is followed by the

putative rubredoxin A and B, and no other genes encoding enzymes of alkane

metabolism are nearby (Cole, et al., 1998).

Our results suggest that the chain-length of the alkane growth substrate plays a

major role in the regulation of the expression of the binuclear iron monooxygenase in

Nocardioides sp. strain CF8. In strain CF8, expression of the binuclear iron

monooxygenase was only observed in cells grown on alkanes C6 and above. In

contrast, the substrate range of the enzyme appeared to extend to the gaseous alkane,

butane. This response is reminiscent of alkB regulation in P. oleovorans, where the

alkane specificity of the transcriptional regulator is more restrictive than the range of

alkanes oxidized by the monooxygenase. In the case of AlkB in P. oleovorans,

expression of the alkane hydroxylase operon (a1kBFGHJKL) is regulated by a LuxR-

UhpA-like transcriptional regulator, A1kS (Eggink, 1988). AlkS induces the

expression of the a1kBFGHJKL operon in the presence of alkanes that are used as

growth substrates (Grund, et al., 1975). In contrast to A1kB, A1kM, the alkane

hydroxylase from Acinetobacter ADP1, can be induced by a variety of alkanes

including non-growth supporting alkanes (Ratajczak, et al., 1998b). AlkR, an AraC-

XylS-like transcriptional regulator, induces the expression of alkM in the presence of

alkanes ranging from C7 to C11, which do not support growth of ADP1, as well as



alkanes ranging from C1, to C18, which are used as growth substrate (Ratajczak, et al.,

1998b). Approximately 150 bp upstream of the putative alkB sequence in strain CF8,

there is an ORF that shows low similarity to TetR-like transcriptional regulators. This

ORF could be a possible transcriptional regulator for alkB in strain CF8.

In conclusion, Nocardioides sp. strain CF8 possesses two distinct

monooxygenases for alkane oxidation. To our knowledge, this is the first example of

an alkane-utilizing bacterium that contains both copper and binuclear iron containing

monooxygenases specific for different chain-length alkanes. The expression of the

binuclear iron monooxygenase is influenced by the alkane chain length.
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Chapter 5. Conclusions

5.1. Summary

A primary objective of the studies described in this dissertation was to

characterize the alkane oxidation systems in short-chain, gaseous alkane-utilizing

bacteria. Due to their versatile substrate specificities, the short-chain alkane-utilizers

have been studied for their potential use in bioremediation of recalcitrant compounds

(Burback and Perry, 1993, Hamamura, et al., 1997, Vanderberg, 1995, Wackett, et al.,

1989). However, little was known about the monooxygenases responsible for alkane

oxidation in this group of bacteria. Therefore, I focused on characterization of alkane

monooxygenases in butane-oxidizing bacteria as representatives of this understudied

group of alkane-utilizers.

Most described short-chain alkane-utilizing bacteria belong to the group of

Corynebacterium-Nocardia-Mycobacterium-Rhodococcus Gram-positive bacteria.

The characterization of a butane-utilizing bacterial strain CF8 conducted in Chapter 3

extended this group to include the genus Nocardioides. Strain CF8 is the first example

of a short-chain alkane-utilizing bacterium in this genus.

In Chapter 2, butane monooxygenases of three strains of butane-grown

bacteria, Pseudomonas butanovora, Mycobacterium vaccae JOB 5, and Nocardioides

sp. strain CF8 were compared at the physiological level. The results showed some

similarity along with remarkable diversity in butane monooxygenases among the three

strains of butane-grown bacteria. All three bacteria oxidized butane at the similar

rates, produced 1-butanol as a product of butane oxidation, and shared similar

alternative substrate range. Acetylene acted as a mechanism-based inactivator for
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butane monooxygenases of all three bacteria and specific polypeptides were labeled

upon the incubation of cells with ['4C]acetylene.

The responses to known monooxygenase inactivator, ethylene, and inhibitor,

allyithiourea (ATU) revealed the differences in butane monooxygenases among the

three butane-grown bacteria. Ethylene strongly inactivated butane oxidation by P.

butanovora but not by M vaccae or strain CF8. In contrast, ATU strongly inhibited

butane oxidation by CF8 but not by P. butanovora or M vaccae. ATU is a copper-

selective chelator and reversibly inhibits copper-containing monooxygenases such as

particulate methane monooxygenase (pMMO) and ammonia monooxygenase (AMO)

(Bédard and Knowles, 1989), suggesting the presence of copper in the butane

monooxygenase of strain CF8. These different inhibitor and inactivator profiles might

imply the presence of different prosthetic groups in the butane monooxygenases

among the three strains of butane-grown bacteria. The distinct ['4C]acetylene labeling

patterns further discriminated among the three bacteria. In P. butanovora, one major

labeled polypeptide had a molecular mass near 58 kDa, which was similar molecular

mass with an acetylene-binding polypeptide in soluble methane monooxygenase (60

kDa) (Prior and Dalton, 1985). In strain CF8, one major band with a molecular mass

near 30 kDa incorporated '4C label. This result also supports the similarity between

butane monooxygenase of CF8 and copper-containing monooxygenases, pMMO and

AMO, which also contain an acetylene-binding polypeptide with similar molecular

mass (c.a. 27 kDa) (Hyman and Wood, 1985, Prior and Dalton, 1985).

The similarity of the butane monooxygenase in Nocardioides sp. strain CF8 to

copper-containing monooxygenases was further examined in Chapter 3. Another

known inactivator of copper-containing monooxygenase, light, was shown to

specifically inactivate butane monooxygenase in strain CF8. The unique thermal

aggregation phenomenon of acetylene-binding polypeptides shown with pMMO and
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AMO was also observed for strain CF8. These results are consistent with the idea that

butane monooxygenase in strain CF8 is a third example of the type of copper-

containing monooxygenases found in Gram-negative, ammonia-oxidizing bacteria and

methanotrophs. If this is the case, the organisms that possess copper-containing

monooxygenases will be extended to phylogenetically distant Gram-positive bacteria.

Generally, short-chain alkane-utilizing bacteria include some liquid alkanes in

their range of growth substrates. This observation also applies to Nocardioides sp.

strain CF8, which utilizes alkanes ranging from C2 to C16 as growth substrate

(Hamamura and Arp, 2000). Thus, the study conducted in Chapter 4 extended the

characterization of the alkane monooxygenase system in strain CF8 to include longer

chain alkanes (C6 to C10). The results indicated the presence of a binuclear iron

monooxygenase in long-chain alkane- (C6) grown cells in addition to the copper-

containing monooxygenase. The binuclear iron monooxygenase was characterized at

the genetic level and shown to be similar to the alkane hydroxylase of a long-chain

alkane-utilizing bacterium, P. oleovorans. The expression of the binuclear iron

monooxygenase was influenced by the alkane chain length, and only expressed in cells

grown on alkanes C6 and above. To my knowledge, this is the first example of an

alkane-utilizing bacterium that contains both copper and binuclear iron containing

monooxygenases specific for different chain-length alkanes.

5.2. Concluding Statement

The research presented in this dissertation contributes to unveil the poorly

understood monooxygenase systems in short-chain alkane-utilizing bacteria. The

presence of remarkably diverse monooxygenases for short-chain alkane oxidation in

this group of alkane-utilizers was elucidated at the physiological level. Another level

of diversity in alkane monooxygenase systems was observed in the short-chain alkane-
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utilizing bacterium, Nocardioides sp. strain CF8, which possesses two distinct

monooxygenases for alkane oxidation. Biochemical and genetic characterization of

the alkane monooxygenase systems in short-chain alkane-utilizing bacteria will shed

light on our understanding of the differences and similarities among these diverse

monooxygenases and their regulations.
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