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The regulation of monooxygenase enzymes has been demonstrated in 

bacteria that grow on methane and long chain-length alkanes (>C10).  Less is 

known about monooxygenase regulation in short chain alkane oxidizing bacteria 

that grow on intermediate chain-length alkanes C2-C10.  This dissertation focuses 

on the regulation of butane monooxygenase (BMO) expression and activity that 

occurred in response to alcohols, aldehydes, organic acids and O2, in a short chain-

length alkane oxidizing bacterium, Pseudomonas butanovora.  Propionate and 

butyrate were able to inhibit and inactivate BMO while lactate and acetate had no 

effect on BMO activity.  Inactivation of BMO by propionate was both time- and 

O2-dependent, suggesting that the catalytic cycle of BMO is involved in the 

mechanism of propionate inactivation.  Since treatment with [2-14C] propionate did 

not label BMO polypeptides, propionate inactivation of BMO does not follow the 

model of the suicide substrate, acetylene.  Propane and butane were strikingly 

dissimilar in their ability to induce BMO in lactate-grown cells.  Further studies 

revealed that BMO is induced by the primary alcohols (C2-C8) that are 

intermediate products in alkane metabolism, rather than by the alkane substrates, 

and that BMO is repressed by propionate, a product of odd but not even alkane 

metabolism.  Interestingly, propionate repression of BMO was released following 



 

the induction of propionate consumption in P. butanovora suggesting that BMO 

expression, and alkane oxidation, are closely coupled to the ability to consume the 

products formed via monooxygenase activity.  Because O2 is a necessary 

cosubstrate for BMO catalytic turnover, and yet alcohol inducers of BMO are 

often formed under anoxic conditions, I hypothesized that the functional 

expression of BMO should be linked to the cell’s ability to sense O2.  Induction of 

the BMO promoter was repressed during denitrification under anoxic growth on 1-

butanol, and during incubation with 1-butanol at low O2 concentrations provided 

that Cu was supplied in the media.  These data suggest that Cu is involved in the 

mechanism to prevent BMO expression under conditions unfavorable for enzyme 

function.  I propose a model in which Cu is involved in a redox linked mechanism 

to prevent alcohol induced BMO expression under anoxic conditions. 
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CONTROL OF ALKANE MONOOXYGENASE EXPRESSION AND 

ACTIVITY IN PSEUDOMONAS BUTANOVORA 

 

 

Chapter 1. 

 

Introduction 

 

 

1.1. Hydrocarbons 

Hydrocarbons are found naturally in the environment where they are 

produced through biotic processes, such as the production of ethene by plants, 

methane by archaea, and decarbonylation of aldeydes (Alexander & Grierson, 

2002; Dennis & Kolattukudy, 1992; Deppenmeier, 2002).  Anthropogenic 

activities, like the use of fossil fuels, have released large quantities of 

hydrocarbons into the environment where they contaminate soils, water, and air 

(Boehm et al., 2007; Peterson et al., 2003).  Saturated hydrocarbons are called 

alkanes and are the major component of fossil fuels (Pena-Mendez et al., 2001).  

Short-chain length alkanes (C1-C4) are gasses at room temperature, while longer 

chain-length alkanes (C5-C20) are liquids.  Alkanes are the most reduced form of 

hydrocarbons and among the most recalcitrant to abiotic decay. 

 

1.1.1.  Hydrocarbons in the environment   

  The release of hydrocarbons into the environment through anthropogenic 

activity or natural processes exceeds 1.3 Gtons annually (de Lorenzo, 2006).  The 

consequences of hydrocarbon release include; (a) global warming by low 

molecular weight gaseous hydrocarbons such as methane (Walker, 2007), (b) 

contamination of ocean and surface waters by liquid hydrocarbons (>C5), which 

locally harm plant and animal life (Peterson et al., 2003), (c) contamination of 
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drinking water by liquid hydrocarbons (>C5), leading to liver and kidney damage 

in humans (Mehlman, 1996).  Despite the vast quantity of hydrocarbons released, 

our environment remains relatively free of hydrocarbon contamination due to the 

consumption of hydrocarbons through microbial activity.  The importance of 

microbial hydrocarbon metabolism to the global C cycle is well established within 

the scientific community and has been the subject of intense study for nearly 40 y 

(Dalton, 2005; de Lorenzo, 2006; Feng et al., 2007). 

 

1.1.2.  Occurrence and diversity of microbial alkane metabolism 

Alkane-consuming microorganisms are ubiquitous in nature occurring in 

both pristine and polluted environments, and alkane degradation occurs under both 

oxic and anoxic conditions (Heider et al., 1999; Heider, 2007; van Beilen & 

Funhoff, 2007).  Alkanes are consumed for C and energy needs by a wide variety 

of microorganisms including yeast, archaea, and both Gram-negative and -positive 

bacteria (Chistoserdova et al., 2005; Curry et al., 1996; Heider et al., 1999; Heider, 

2007; van Beilen & Funhoff, 2007).  Because alkanes are structurally diverse, 

existing in cyclic, branched, and linear forms, the diversity of enzymes and 

products identified in alkane metabolism is enormous.  One of the goals of 

research into alkane metabolism is to tap into the diversity of these enzymes as a 

resource for the bio/industrial creation of chemicals.  For example, alkane 

monooxygenases might be useful in the creation of 1-butanol from butane, that has 

promising potential for the production of bio-diesel (Warabi et al., 2004a; Warabi 

et al., 2004b).  

 

1.1.3.  Oxic microbial metabolism of alkanes 

Alkane activation is carried out by a diverse range of mono- and di-

oxygenase enzymes.  A common theme in hydrocarbon oxidation is that an 

enzyme that oxidizes one hydrocarbon will typically oxidize hydrocarbons of 

similar structure.  In general alkane oxidizing bacteria can be categorized 
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according to the chain-length of the alkanes they consume; methanotrophs 

consume methane (C1), short chain alkane oxidizers consume alkanes C2-C10, 

and liquid alkane oxidizing organisms consume >C10 (van Beilen & Funhoff, 

2007).  The physiology and regulation of alkane metabolism in these three 

categories are summarized below.  

 

1.2.  Physiology of oxic alkane metabolism 

 

1.2.1. Physiology of Methanotrophs

 Methanotrophs are able to oxidize methane for C and energy (Dalton, 

2005).  Methane metabolism can be initiated either by an iron containing soluble 

methane monooxygenase (sMMO) or a Cu containing particulate methane 

monooxygenase (pMMO) (Csaki et al., 2003; Lieberman & Rosenzweig, 2005; 

Stafford et al., 2003).  Some strains of methanotrophs possess both forms of 

methane monooxygenase.  In these strains the Cu containing monooxygenase is 

preferentially expressed and sMMO is only expressed under conditions of Cu 

limitation (Csaki et al., 2003; Stafford et al., 2003).  The reciprocal relationship 

between the expression of either sMMO or pMMO is commonly referred to as the 

“copper switch” phenomenon (Hakemian & Rosenzweig, 2007; Ukaegbu et al., 

2006).  The presence of Cu also induces two other physiological changes in 

methanotrophs that possess both sMMO and pMMO genes.  First, Cu induces 

production of membrane invaginations, that are believed to increase the membrane 

surface area that binds pMMO (Prior & Dalton, 1985b).  Second, depletion of free 

Cu during growth leads to the production of Cu biochelates believed to be 

involved in Cu uptake by methanotrophs (Kim et al., 2004; Tellez et al., 1998).  

Although one such compound has been purified, and referred to as methanobactin 

(Kim et al., 2004), the role of methanobactin in methanotroph physiology is not 

yet fully understood.  Mutant strains of Methylosinus trichosporium OB3b that are 

unresponsive to Cu have been isolated (Fitch et al., 1993; Phelps et al., 1992).  
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These mutant strains constitutively express sMMO to high levels and produce 

biochelates, however, neither pMMO or membrane invaginations are induced in 

response to Cu (Fitch et al., 1993; Phelps et al., 1992).  Low levels of cell-

associated Cu suggest these mutants are defective in Cu uptake.  Cu chelation and 

acquisition has not yet been incorporated into the model of the “copper switch”, 

and more research is needed to gain an understanding of the Cu sensing 

mechanism.  The current model of the “copper switch” consists of a membrane 

bound protein MmoS that has been characterized biochemically (Ukaegbu et al., 

2006).  MmoS exists as a tetramer and contains a bound FAD that can be reduced 

or oxidized with a midpoint potential of -291.2 mV.  MmoS resembles NifL from 

Azotobacter vinelandii, a protein that signals the repression of nitrogenase 

transcription by binding the transcriptionl regulator NifA (Hakemian & 

Rosenzweig, 2007; Ukaegbu et al., 2006).  To date no biochemical, or mutational 

evidence has been obtained to support the involvement of MmoS in Cu sensing or 

monooxygenase regulation. 

There are three types of methanotrophs that can be separated based upon 

their metabolic routes for the assimilation of 1C units (Dalton, 2005).  First, type I 

methanotrophs belong to the γ-proteobacteria and assimilate 1C units obtained 

from methane oxidation through the ribulose monophosphate pathway (RuMP).  

Briefly, ribulose-5-monophosphate and formaldehyde are converted to hexulose-6-

phosphate by the enzyme 3-hexulose 6-phosphate synthase.  Second, type II 

methanotrophs belong to the α-proteobacteria and assimilate 1C through the 

activity of serine transhydroxylmethylase that combines methylene 

tetrahydrofolate and glycine to form serine.  Third, Methylococcus capsulatus, a γ-

proteobacteria, is a representative of the type X methanotrophs.  Its genome codes 

for both a partial serine cycle and the RuMP cycle and contains the genes for 

ribulose bisphosphate carboxylase (Ward, 2004).   

The first isolate of a facultative methanotrophs was described in 2005.  

Methylocella silvestris BL2 is phylogenetically affiliated with type II 
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methanotrophs (Theisen et al., 2005; Theisen & Murrell, 2005).  M. silvestris BL2 

oxidizes methane by a sMMO, and lacks the genes that code pMMO. The sMMO 

enzyme was determined to be induced during growth on either methane or 

methanol, suggesting a possible role for product induction of the sMMO enzyme 

(Theisen et al., 2005).  Induction of sMMO was not affected by Cu indicating that 

the regulation of sMMO was not subjected to the “copper switch” (Theisen et al., 

2005).   However, when both acetate and methane were supplied as C sources, 

sMMO expression was not detected.  These results suggest that sMMO is 

subjected to catabolite repression in response to acetate (Theisen et al., 2005). 

 

1.2.2.  Physiology of alkane oxidation by short chain-length alkane utilizing 

bacteria. 

P. butanovora is a rod shaped, motile, Gram-negative bacterium closely 

affiliated with the genera Azoarcus and Thauera based upon 16S phylogeny 

(Anzai et al., 2000), and studies are underway to determine the correct 

classification of this organism (Dubbels unpublished observations).  Thauera and 

Azoarcus genera are known for their ability to degrade hydrocarbon compounds 

via both aerobic and anaerobic pathways (Heider et al., 1999; Heider, 2007).  Like 

members of the Azoarcus and Thauera genera, P. butanovora can use either O2 or 

NO3
- as terminal electron acceptors and grow on organic acids (ie acetate, 

propionate, and citrate) as C and energy sources.  The inducible pathway of alkane 

metabolism in P. butanovora converts alkanes into organic acids.  Because alkane 

metabolism is initiated by a monooxygenase in P. butanovora, alkane-dependent 

growth only occurs under oxic conditions (chapter 4).  The major pathway of 

butane consumption proceeds through the terminal oxidation of butane to 1-

butanol which is subsequently oxidized to butyraldehyde and butyrate and further 

metabolism probably proceeds via β-oxidation (Arp, 1999).  In chapter 3, I found 

that the pathway of propionate consumption was not induced during growth on 

even chain-length alkanes, but was induced during growth on odd chain-length 
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alkanes (Doughty et al., 2006).  Furthermore, propionate accumulated in butane-

grown cells incubated in the presence of propane, pentane, and heptane.  These 

results suggest that β-oxidation is involved in the downstream metabolism of 

pentane and heptane.  However, some sub-terminal oxidation of n-alkanes has 

been observed in P. butanovora and potentially produces ketone end products 

(Halsey et al., 2006).  This alternative route of secondary alcohol metabolism has 

received increasing attention.  Consumption of acetone and butanone is dependent 

upon CO2 indicating the likely involvement of a ketone carboxylase in acetone and 

butanone consumption (Davidson and Bottomley unpublished observations).  In 

this context, Ensign and colleagues have characterized a protein called acetone 

carboxylase that is involved in acetone metabolism in Xanthobacter autotrophicus 

Py2 (Sluis et al., 2002a).  It is unclear if acetone carboxylase is involved in the 

carboxylation of ketones >C3 by P. butanovora, or whether an additional 

carboxylase is required. 

Short chain alkane monooxygenase enzymes are induced during growth on 

alkanes, but not during growth on non-alkane substrates in a variety of organisms 

(Doughty et al., 2006; Hamamura et al., 1999; Hamamura et al., 2001).  Induction 

of alkane monooxygenase in P. butanovora is well studied.  Alkane 

monooxygenase is not expressed during growth of P. butanovora on organic acids, 

but is induced during growth on alkanes (Doughty et al., 2006; Sayavedra-Soto et 

al., 2001; Sayavedra-Soto et al., 2005).  Recent research in the Arp laboratory has 

suggested that:  (i) Induction of alkane monooxygenase occurs in response to 

terminal alcohols C2-C9, that are the products of alkane oxidation (Doughty et al., 

2005; Doughty et al., 2006; Sayavedra-Soto et al., 2005). (ii) Expression of alkane 

monooxygenase is controlled transcriptionally by a σ54 promoter (Kurth et al., 

2007; Sluis et al., 2002b). (iii) The transcriptional regulator BmoR is essential for 

exponential growth on n-alkanes C6-8, but not necessary for exponential growth 

on C2-C5 n-alkanes (Kurth et al., 2007).  The molecular regulation of BMO will 

be discussed later in chapter 1. 
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1.2.3.  Physiology of alkane oxidation by long chain-length alkane utilizing 

bacteria

The physiology associated with the metabolism of long chain-length 

alkanes is similar to that described above for short chain alkane oxidizers.  For 

example, alkane hydroxylation is believed to proceed through either through 

terminal or sub-terminal oxidation with the subsequent formation of alcohols, 

aldehydes, ketones and organic acids.  Further metabolism is hypothesized to 

proceed through β-oxidation (van Beilen & Funhoff, 2007).  Alkane oxidation has 

been reported to be inducible in long chain alkane oxidizing bacteria.  For example, 

in Pseudomonas putida GPo1 alkane hydroxylase is expressed following exposure 

to either decane or decanol (Yuste et al., 1998).  Interestingly 1,10-decanediol did 

not induce the expression of alkane consumption suggesting that the presence of 

the aliphatic hydrocarbon tail and not the hydroxyl group of 1-deconol is required 

for monooxygenase expression (Yuste et al., 1998).   

The monooxygenase enzymes responsible for degradation of long chain-

length alkanes are dissimilar to either sMMO or pMMO.  The three types of 

bacterial long-chain alkane hydroxylases described thus far are summarized below:  

(A) The AlkB-type monooxygenases are integral membrane proteins with iron 

active sites.  AlkB monooxygenases are typically expressed in organisms growing 

on alkanes C5-C16, but may oxidize shorter chain length alkanes (Johnson & 

Hyman, 2006).  (B) Bacterial P450 (CYP153) are heme containing 

monooxygenses involved in the metabolism of alkanes C5-16 (van Beilen & 

Funhoff, 2007).  (C) Some evidence supports the presence of a Cu containing 

dioxygenase in Acinetobacter sp. M-1 that initiates alkane oxidation C10-C30 

(Maeng et al., 1996).  
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1.3. The biochemistry of the soluble diiron monooxygenase (SDIMO) family. 

 

The soluble diiron monooxygenases are a large family of structurally 

related enzymes that initiate metabolism of hydrocarbons in some bacterial species.  

Many representatives of this group have been studied at the biochemical level.  

SDIMOs are multi-component enzyme systems (Dalton, 2005).  A hydroxylase 

subunit contains the conserved diiron active site responsible for the activation of 

O2 and oxidation of substrate.  NADH is the biological electron donor and 

electrons are passed to the hydroxylase by the reductase subunit via an enzyme 

bound FAD.  The third component of the enzyme is a coupling protein that reduces 

the fortuitous reduction of O2 to H2O2 and increases the rates of substrate turnover 

(Zhang & Lipscomb, 2006; Zhang et al., 2005).  Some members of the SDIMOs 

contain a fourth subunit comprised of a short polypeptide with a bound Rieske 

center believed to be involved in electron transfer to the hydroxylase (Elsen et al., 

2007; Leahy et al., 2003; Moe et al., 2006a; Moe et al., 2006b; Small & Ensign, 

1997).  

 

1.3.1.  sMMO 

The soluble methane monooxygenase of type I, II, and X methanotrophs as 

well as the butane monooxygenase of P. butanovora, the propane monooxygenase 

of Gordonia sp. strain TY-5, and the cyclohexane monooxygenase of a recently 

isolated Brachymonas species are active against saturated hydrocarbon substrates 

(Brzostowicz et al., 2005; Kotani et al., 2003; Sluis et al., 2002b; van Beilen & 

Funhoff, 2007).  The best characterized representatives of SDIMOs are the soluble 

methane monooxygenases of M. capsulatus Bath and M. trichosporium OB3b.  

The catalytic mechanism of M. capsulatus Bath proceeds as depicted in figure 2.6., 

located in chapter 2 (Brazeau et al., 2001; Lee et al., 1993a; Lee et al., 1993b; Lui 

et al., 1995).  Briefly, following the binding of substrate, the diiron active site is 

reduced by electrons passed from the reductase subunit and one bond of O2 is 
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broken to form intermediate P, scission of the second O2 bond results in the 

formation of intermediate Q.  The scheme presented in figure 2.6. is based upon 

research into methane oxidation by Lipscomb and colleagues, and some debate 

surrounds the identity of the intermediate responsible for substrate oxidation 

(Beauvais & Lippard, 2005). 

 

1.3.2.  BMO 

 One intriguing feature of BMO in P. butanovora, is its ability to produce 1-

butanol rather than 2-butanol (Arp, 1999; Dubbels et al., 2007; Halsey et al., 2006).  

Because the conversion of alkanes to primary alcohols is not favored by abiotic 

alkane oxidation, the basis of regiospecificity of hydroxylation by BMO has been 

the subject of intense study.  Reports in whole cells of P. butanovora suggest that 

butane is oxidized to 1–butanol about 95% of the time (Arp, 1999).  Beginning in 

1999 evidence supporting the production of some 2-butanol was obtained when 

BOH was upregulated in response to 2-butanol and butane, but not during growth 

on 1- butanol (Vangnai et al., 2002a; Vangnai et al., 2002b).  Halsey et al. (2006) 

detected 2-butanol production to be about 4% of the product of butane oxidation, 

and also detected that propane was oxidized to 1- or 2-propanol with a ratio of 

approximately 1:17 (~6 %) (Halsey et al., 2006).  Dubbels et al. (2007) succeeded 

in purifying a terminally hydroxylating alkane monooxygenase belonging to the 

SDIMOs from P. butanovora, however, the product distribution was slightly 

skewed from the in vivo phenotype and all n-alkanes tested were oxidized sub-

terminally about 17% of the time (Dubbels et al., 2007).   

The BMO of P. butanovora is a three component enzyme bearing amino 

acid sequence similarity to sMMO enzymes of methanotrophic bacteria.  The α-

subunit of the hydroxylase of BMO shares 63-64% identity to the α-subunit of the 

hydroxylase of the sMMO of M. capsulatus bath and M. trichosporium OB3b 

based upon predicted amino acid sequence, and 14 of 19 residues predicted to line 

the hydrophobic binding cavity are conserved (Sluis et al., 2002b).  Despite the 
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similarity between BMO and sMMO two striking differences are:  (i) BMO 

oxidizes methane very slowly (Halsey et al., 2006).   (ii)  BMO oxidizes butane to 

1-butanol while sMMO oxidizes butane to 1- and 2-butanol (Dubbels et al., 2007).  

Because of the similarity between BMO and sMMO, differences in their substrate 

specificity were examined using a site directed mutagenesis approach (Halsey et 

al., 2006).  Single amino acid substitutions to the α-subunit of the hydroxylase 

were made at positions believed to be involved in active site stucture, substrate 

entrance to the active site, and the interaction between the hydroxylase and the 

coupling protein (BmoB).  All mutant strains showed altered 1-butanol:2-butanol 

product distributions as compared to the wild-type cells, however, effects were 

most pronounced for residues near the active site (Halsey et al., 2006).   This 

research succeeded in producing strains of P. butanovora in which butane was 

oxidized exclusively terminally (strain T148C) or sub-terminally (G113N) (Halsey 

et al., 2006).  

 

1.4. Molecular mechanisms of monooxygenase regulation 

 

1.4.1. Molecular mechanisms of regulation of the alkane degradation pathway 

of P. putida GPo1 

 Several alkane oxidizing organisms are able to control the expression of 

monooxygenases at the transcriptional level.  The best genetically characterized 

example of expression of an alkane hydroxylase (AlkB) is in Pseudomonas putida 

GPo1 (formerly P. oleovorans GPo1).  The pathway for the conversion of alkanes 

into organic acids is coded by the alkBFGHJKL and alkST operons (Figure 1.1) 

(van Beilen et al., 2001).  AlkS, a transcriptional regulator, is activated by alkanes 

and stimulates transcription from both PalkB and PalkS2, sigma 70-type promoters 

(van Beilen et al., 2001; Yuste et al., 1998).  Because AlkS initiates transcription 

of its own promoter, expression of AlkS is controlled by a positive feedback 

mechanism (Canosa et al., 2000).  During growth on non-alkane substrates AlkS is 
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not expressed and both operons are silent.  However, when P. putida GPo1 enters 

stationary phase, σs becomes available, and transcription of the alkST operon is 

initiated from the PalkS1 promoter (Yuste et al., 1998).  One additional feature of 

AlkS regulation is repression of PalkS1 by AlkS, which conceptually prevents the 

fortuitous over expression of PalkS by the stationary phase promoter. 

 

 

alkBFGHJKL alkTS

+
PalkS2 PalkS1

AlkS

AlkS

-

PalkB + -

 

 

 

 

 

 

 

 

Figure 1.1.  Diagram of the molecular regulation of the alkane biodegradative 
pathway in P. putida GPo1 (Canosa et al., 2000; Dinamarca et al., 2002; van 
Beilen et al., 2001; Yuste et al., 1998). 
 

 Alkane oxidation, in P. putida GPo1, is subjected to catabolite repression 

in response to either minimal medium with lactate or succinate supplied as a 

source of C or to complex Luria-Bertani (LB)  medium (Dinamarca et al., 2002; 

Yuste & Rojo, 2001).  When the catabolite repression control protein (Crc) was 

insertionally inactivated by a tetracycline resistance cassette, repression in 

response to lactate and succinate medium was released, however, repression by LB 

was unaffected (Yuste & Rojo, 2001).  These results suggest that repression 

observed in complex medium was mediated through a genetically distinct 

mechanism.  Crc-dependent repression of the PalkB promoter was examined 

further.  Constitutive expression of the transcriptional regulator AlkS from a strong 

promoter resulted in insensitivity of the promoter to lactate or succinate.  These 
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results suggested that Crc responds to lactate and succinate by inhibiting the 

activity of the AlkS protein (Yuste & Rojo, 2001).  Because LB medium repressed 

alkane degradation independent of the Crc mechanism of repression, mutants were 

created through random mutagenesis and selected for defective LB-dependent  

repression (Dinamarca et al., 2002).  Mutants defective in cytochrome o ubiquinol 

oxidase were defective in LB-dependent repression, suggesting repression was 

dependent upon the route of electrons through the electron transport chain 

(Dinamarca et al., 2002). 

 

1.4.2. Molecular mechanisms of regulation of sMMO in methanotrophs 

 The molecular basis of sMMO regulation in methanotrophic bacteria is not 

well understood.  However, transcriptional regulators coded either up or down 

stream of the sMMO structural genes are well conserved between M. capsulatus 

Bath, M. trichosporium OB3b, and M. silvestris BL2 (Csaki et al., 2003; Stafford 

et al., 2003; Theisen et al., 2005).  All three strains have a putative σ54 promoter 

located upstream of the mmoX gene, that codes for the α-subunit of the sMMO 

hydroxylase.  Insertional inactivation of a σ54 type regulator, MmoR, produces 

strains that are unable to express mmoX mRNA (Csaki et al., 2003; Stafford et al., 

2003; Theisen et al., 2005).  Similarly a GroEL type chaperone (MmoG) is found 

adjacent to sMMO genes in these methanotrophs (Csaki et al., 2003; Stafford et al., 

2003; Theisen et al., 2005).  Inactivation of MmoG in either M. capsulatus Bath or 

M. trichosporium OB3b produces phenotypes that can not produce mmoX mRNA 

(Csaki et al., 2003; Stafford et al., 2003).  The authors suggest that MmoG is a 

MmoR specific chaperone.  Although the expression of sMMO appears to be 

dependent upon Cu concentration, the molecular signals for sMMO induction are 

unknown. 
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1.4.3.  Molecular mechanisms of regulation of BMO in P. butanovora 

 

 

 

 

 
bmoX Y  B  Z   D  CistABbmoR bmoG

σ54

 
Figure 1.2.  Genetic organization of the bmo genes and flanking DNA regions 
(Kurth et al., 2007; Sluis et al., 2002b). 
 

Over the course of this thesis work more genetic information became 

available as the region of the chromosome surrounding the BMO genes was 

sequenced and open reading frames were selected for mutagenesis (Figure 1.2.).  

Two open reading frames located near the BMO structural genes share similarity 

to a σ54 transcriptional regulator (BmoR), and a GroEL chaperone (BmoG) (Kurth 

et al., 2007).  Inactivation of BmoR produces a phenotype in which the BMO 

promoter is unresponsive to induction by alcohols (C2-C8) following growth on 

lactate or acetate.  However, in the absence of a functional bmoR gene BMO 

transcription can be up regulated by: (i) C-starvation (Sayavedra-Soto et al., 2005).  

(ii) alcohols C2-C5 following growth on propionate, butyrate, or pentanoate 

(Figure 1.3.) (Kurth et al., 2007). Insertional inactivation of BmoG produces a 

phenotype that cannot grow on alkanes (Kurth et al., 2007).  Because multiple 

mechanisms of induction exist, the inability of BmoG mutants to grow on alkanes 

indicates that BmoG is not a BmoR specific chaperone.   
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Figure 1.3.  The effect of n-alcohol chain-length on induction of the BMO 
promoter by BmoR and the unknown regulator (BmoR2) (Doughty et al., 2006; 
Kurth et al., 2007).  The open trapezoids correspond to the range of alcohols that 
can signal induction of BMO by the indicated regulator. 
 
 
 
1.5.  Summary 

Regulation of alkane oxidation has been well studied in long chain-length 

alkane degrading organisms and in methanotrophs, however, less literature was 

available on the regulation of alkane monooxygenases in short C2-C5 alkane 

oxidizing bacteria.  The pathway of butane metabolism had been shown to proceed: 

butane, 1-butanol, butyraldehyde, butyrate (Arp, 1999).  Furthermore the 1-butanol 

and butyraldehyde products of alkane oxidation served as the inducers of the BMO  

(Doughty et al., 2005; Sayavedra-Soto et al., 2005).  In this connection this 

dissertation focused on the regulation of BMO that occurred in response to the 

products of terminal alkane oxidation.  Chapter 3 extends product induction by 

terminal alcohols C2-C8 and elucidates the independent regulation of propionate 

and alkane metabolism as well as a negative feedback mechanism whereby alkane 

monooxygenase expression is repressed when propionate builds up in the cell.  

Chapter 2 built upon previous research into organic acids as exogenous electron 
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donors to BMO activity, and showed that propionate and butyrate, two 

downstream products of alkane metabolism, were inactivators and inhibitors of 

BMO.  Because alcohols are both inducers of BMO and end products of anoxic 

metabolism and since P. butanovora can grow under denitrifying conditions, 

chapter 4 explored the role of O2 in 1-butanol-dependent induction.  A significant 

observation of chapter 4 is the involvement of Cu in repression of BMO.  The 

advancement of research in chapter 2 was essential to the development of enzyme 

assays used in chapters 3 and 4.  
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Chapter 2 

 Propionate Inactivation of Butane Monooxygenase Activity in Pseudomonas 

butanovora; Biochemical and Physiological Implications. 

 

D. M. Doughty, K. H. Halsey, C. Vievelle, L. A. Sayavedra-Soto, D. J. Arp, and P. 

J. Bottomley
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2.1.  ABSTRACT 

 

Butane monooxygenase (BMO) catalyzes the oxidation of alkanes to 

alcohols in the alkane utilizing bacterium, Pseudomonas butanovora.  Incubation 

of alkane-grown P. butanovora with butyrate or propionate led to irreversible, 

time-, and O2-dependent loss of BMO activity.  In contrast, BMO activity was 

unaffected by incubation with lactate or acetate.  Chloramphenicol inhibited the 

synthesis of new BMO, but did not change the kinetics of propionate-dependent 

BMO inactivation, suggesting that the propionate effect was not simply due to it 

acting as a repressor of BMO transcription.  BMO was protected from propionate-

dependent inactivation by the presence of its natural substrate, butane. Although 

both the time and O2 dependency of propionate inactivation of BMO infer that it 

might be a suicide substrate, no evidence was obtained for BMO-dependent 

propionate consumption, or 14C labeling of BMO polypeptides by [2-14C] 

propionate during inactivation.  Propionate-dependent BMO inactivation was also 

explored in mutant strains of P. butanovora containing single amino acid 

substitutions in the α-subunit of the BMO hydroxylase.  Propionate-dependent 

BMO inactivation in two mutant strains with amino acid substitutions close to the 

catalytic site differed from wild-type, providing further evidence that propionate-

dependent inactivation involves interaction with the BMO catalytic site.  A 

putative model is presented that might explain propionate-dependent inactivation 

of BMO when framed within the context of the catalytic cycle of the closely 

related enzyme, soluble methane monooxygenase.    

 

2.2.  INTRODUCTION 

 

Bacterial monooxygenase enzymes have been extensively studied because 

of their potential to degrade environmental pollutants, and to serve as biocatalysts 

for the creation of industrially important chemicals (Astier et al., 2003; Lipscomb, 
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1994; Smith et al., 2003; Smith & Dalton, 2004).  In this connection we have 

studied the transcriptional and physiological regulation of butane monooxygenase 

(BMO) in Pseudomonas butanovora (Doughty et al., 2005; Doughty et al., 2006; 

Sayavedra-Soto et al., 2001; Sayavedra-Soto et al., 2005; Vangnai et al., 2002a).  

BMO oxidizes n-alkanes to alcohols which are subsequently metabolized to fatty 

acids (Arp, 1999; Doughty et al., 2006).  Although acetate, propionate, butyrate 

and lactate can act as exogenous sources of reductant to drive BMO activity, we 

noticed that the duration of substrate turnover by BMO differed among them 

(Doughty et al., 2005).  Subsequently, the activity of the bmo promoter was shown 

to be repressed by the presence of micromolar concentrations of propionate 

(Doughty et al., 2006).  In this study we extend our observations to show that 

propionate also inactivates pre-existing BMO. 

BMO shares a high level of amino acid sequence homology with the well 

characterized soluble methane monooxygenase (sMMO) found in methanotrophic 

bacteria (Sluis et al., 2002b).  Inhibitors and inactivators of sMMO include: i) 

Suicide substrates such as terminal-alkynes, which covalently bind to active site 

residues following a catalytic transformation in the enzyme’s active site (Prior & 

Dalton, 1985a).  ii) heavy metals (eg. Cu2+), that rapidly and irreversibly inhibit 

the reductase subunit of the enzyme, preventing electron transfer to the 

hydroxylase subunit (Green et al., 1985; Jahng & Wood, 1996). iii) H2O2, that 

inactivates the enzyme through an unknown mechanism (Astier et al., 2003).  

Because propionate lacked structural similarity to any of the known inhibitors and 

inactivators mentioned above, we thought it worthwhile to characterize the effect 

of propionate on BMO.  As the project evolved, it became clear that intermediate 

chain length fatty acids might be potentially useful for further studies focused on 

dissecting the processes of substrate recognition and O2 activation by BMO, 

specifically, and perhaps other monooxygenases, generally.   
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2.3.  METHODS 

 

2.3.1.  Bacterial strains, growth conditions and enzyme assays.   

Wild-type and mutant strains of P. butanovora (ATCC 43655) were grown 

as described previously (Arp, 1999; Hamamura et al., 1999; Vangnai & Arp, 

2001).  Cells were harvested by sedimentation in a centrifuge (6,500 x g for 10 

min) and washed three times in 50 mM KNa phosphate buffer, pH 7.1.  Lactate 

supported, ethene-dependent ethene oxide production is a convenient measure of 

BMO activity.  Ethene oxide assays were performed as described previously 

(Doughty et al., 2005) except that 0.5 ml samples of the headspace were taken at 

2.5 min intervals and injected into separate 7 ml sealed vials for later analysis.  

This variation of the ethene oxide assay allowed for the prompt sampling of a large 

number of vials and separated experimental execution from the analysis of gas 

samples.  Protein concentrations were determined using the micro biuret assay 

described previously (Gornall et al., 1949). 

 

2.3.2.  In vivo inactivation of BMO in P. butanovora.  

 Butane-grown cultures of P. butanovora were harvested and washed as 

described above.  Vials (160 ml) containing 80 ml of cells, resuspended in 

phosphate buffer, served as the reaction chambers for the assays.  Vials received 

10 mM lactate as an exogenous reductant to support BMO activity and 10 mM of 

either propionate, butyrate, or acetate as indicated in the figure legends. Assays 

were shaken on an orbital shaker at 200 rpm and at 30 oC.  Accurate assessment of 

time-dependent inactivation of BMO required the prompt interruption of the assay.  

To accomplish this, aliquots of cells were injected into “stop vials” (160 ml ) 

containing 10 ml of phosphate buffer in equilibrium with headspace containing 0.4 

mmoles butane gas (approximately 200 µM aqueous concentration) which 

prevented further inactivation of the BMO enzyme during the washing procedure.  

Cells were washed three times by centrifugation, resuspended in phosphate buffer, 
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and tested for residual BMO activity using the lactate-dependent ethene oxidation 

assay described above. 

 Because substrate oxidation by BMO is dependent upon O2 as a cosubstrate, 

we examined the effect of propionate on BMO under anoxic conditions.  Vials 

(160 ml) containing 30 ml of phosphate buffer were sealed with butyl rubber 

stoppers and made anoxic by flushing the headspace with argon for 2 min.  Stock 

solutions of lactate and propionate, as well as cell suspensions, were prepared 

using the same method.  Lactate (10 mM), propionate (10 mM), and cell 

suspensions were injected into the reaction vial with an airtight syringe.  Aliquots 

were removed from each treatment and injected into “stop” vials, washed three 

times, and tested for BMO activity.  

 

2.3.3.  Investigation of propionate-dependent inactivation in mutant strains of 

P. butanovora with modified BMO hydroxylase.   

Amino acid sequence alignments were used to compared the hydroxylase 

subunit of BMO with the hydroxylase subunit of the well characterized sMMO 

enzymes of Methylococcus capsulatus (Bath) and Methylosinus trichosporium 

OB3b (Halsey et al. 2006).   Amino acid residues were identified that were likely 

associated either (a) with the active site, (b) entry of substrate into the active site, 

or (c) with the interaction between the hydroxylase subunit and a regulatory 

subunit, BmoB.  These amino acid residues were targeted for site-directed 

mutagenesis and are described in table 2.1.  These mutants were screened for 

sensitivity to propionate as described above. 
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Table 2.1.  Summary of mutant strains of P. butanovora in which single amino 
acid substitutions were made to the α-subunit of the BMO hydroxylase*. 
Strain 
designation 

Targeted 
amino acid 
in BMOH-α 

Corresponding 
amino acid in 

MMOH-α 

Proposed role of amino 
acid in sMMO function  

T148C Thr 148 
 

Cys 
 

Active site structure 

G113N Gly 113 
 

Asn 
 

Active site structure 

L279F Leu 279 
 

Phe 
 

Hydrophobic cavity 
leading to active site 

F321Y Phe 321 
 

Tyr 
 

MMOH-MMOB 
interaction 

Q320K Glu 320 
 

Lys 
 

MMOH-MMOB 
interaction 

* For further details about mutants see Halsey et al. (2006). 

 
 
2.3.4.  Labeling studies with 14C2H2 and [2-14C] propionate.  

  14C2H2 was synthesized from Ba14CO3 [57 mCi×mmol-1 (2.1 GBq×mmol-1)] 

as described previously (Hyman & Arp, 1992), and  [2-14C] propionate [50 

mCi×mmol-1 (1.8 GBq×mmol-1)] was purchased from American Radiolabeled 

Chemicals (101 ARC Drive, St. Louis, MO 63146).  Butane-grown cells were 

harvested and washed with phosphate buffer containing 50 µg/ ml 

chloramphenicol to stop the synthesis of protein.  Vials (2 ml) containing 200 µl of 

resuspended cells (approx. 140 µg protein) received 5 mM lactate to serve as an 

electron donor for BMO activity and either 0.2 µmole (1 mM) [2-14C] propionate 

or 14C2H2.  All treatments were incubated for 30 min in a covered water bath 

shaker (30 C and 150 rpm).  Following incubation, cells were washed three times 

in phosphate buffer and lysed by the addition of SDS and DTT as described 

previously (Sambrook et al., 1989).  Protein (20 µg) from each treatment was 

loaded onto a 12.5% SDS-PAGE gel and resolved at 15 mA.  SDS-PAGE gels 

were stained with Coomassie Blue to visualize the protein, destained and dried in a 

vacuum desiccator.  The incorporation of 14C label was visualized and the relative 
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signal densities determined by phosphorimaging and the ImageQuant software as 

described by the manufacturer (Molecular Dynamics). 

 Because the complete inactivation of BMO was not observed following 

incubation with propionate, an experiment was carried out to discriminate between 

inactivation of a fraction of BMO versus a reduced turnover rate by all BMO 

molecules.  The effect of propionate inactivation on 14C2H2 label incorporation 

into BMO was examined.  Butane-grown cells, washed and treated as described 

above, were exposed to either 5 mM lactate or 5 mM lactate plus 10 mM 

propionate for 2 h.  Cells were washed and aliquots of each treatment were tested 

for BMO activity or incubated with 10 mM lactate plus 14C2H2 for 2 h.  Following 

incubation with 14C2H2, whole cell protein was examined by SDS-PAGE and the 

incorporation of 14C into the α-subunit polypeptide of BMO hydroxylase 

determined as described above. 

 

2.4.  RESULTS 

 

2.4.1.  In vivo organic acid-dependent inactivation of BMO.   

Although acetate, propionate, and butyrate are effective exogenous sources 

of reductant for supporting BMO activity in propane-grown cells of P. butanovora, 

propionate (10 mM) or butyrate (10 mM) quickly and effectively reduced lactate-

dependent BMO activity (Fig 2.1).  In contrast, the rate of lactate-dependent BMO 

activity was not affected when acetate (10 mM) or an equivalent volume of 

phosphate buffer were added to the assay.  These data indicated that propionate 

and butyrate were capable of suppressing BMO activity despite their ability to 

promote BMO activity when provided as exogenous electron donors.  Additionally, 

when the concentration of propionate was decreased from 10 mM to 1 mM the 

kinetics of propionate-dependent BMO inhibition were unchanged, suggesting that 

propionate was not simply inhibiting lactate catabolism.  The same organic acids 

were tested to determine if the BMO inactivation was reversible or irreversible 
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(Fig. 2.2).  Propionate and butyrate irreversibly inactivated BMO in a time-

dependent manner, and BMO activity was not restored when propionate or 

butyrate were removed (Fig. 2.2).  In contrast, BMO activity did not decrease in 

cells treated with either lactate or a combination of lactate and acetate.  Figure 2.1 

indicates that propionate inhibited approximately 75% of BMO activity within the 

first 7.5 min, while figure 2.2 indicates that only 40% of BMO was irreversibly 

inactivated following a similar length of incubation with propionate. These data 

suggest that propionate acts as both a reversible inhibitor and irreversible 

inactivator of BMO.  The remainder of this study is focused on the irreversible 

effect of propionate on BMO activity.   
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Figure 2.1.  Time-course of the effect of butyrate, propionate, and acetate on the 
kinetics of lactate-dependent ethene oxidation.  At time zero, vials containing 
propane-grown cells received 95 µM ethene and 10 mM lactate was provided as an 
exogenous source of reductant.  At the time indicated by the arrow, vials received 
either 10 µmoles (10 mM in the assay vial) of either acetate (■), propionate (○), 
butyrate (□) or an equivalent volume (10 µl) of buffer (●). 
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Figure 2.2.  Time course of the irreversible effects of 10 mM lactate (●), acetate 
(■), propionate (○), or butyrate (□) on BMO activity.  Cells were incubated for the 
length of time indicated on the x-axis, harvested, washed, and tested for residual 
BMO activity.  Data points are the means of three replicates and error bars 
represent the standard deviation of the means. 

 

2.4.2.  The presence of butane and the absence of O2 protect BMO activity 

from the effect of propionate.   

A series of experiments were carried out to characterize propionate-

dependent BMO inactivation.  When butane (0.2 mM) was present in the assay, 

propionate (10mM) did not lead to a significant loss of BMO activity (Fig. 2.3.a).  

Because BMO hydroxylation of butane is dependent upon O2 as a cosubstrate we 

thought it worthwhile to determine if O2 was required for propionate-dependent 

BMO inactivation.  Under anoxic conditions, propionate (10 mM) failed to 

inactivate BMO (Fig. 2.3.b).  In contrast, when 22 nmoles O2 was  supplied to 

anoxic cells, the ability of propionate to inactivate BMO was restored.  Control 

treatments which received either no O2, or O2 and no propionate, did not show a 

significant decrease in BMO activity.  Propionate-inactivated BMO did not regain 

activity following subsequent incubation under anaerobic conditions, indicating 

that BMO activity was protected by anaerobiosis, rather than restored during 
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anaerobic treatment.  The O2-dependence of inactivation suggests that the catalytic 

cycle of BMO is involved in propionate-dependent inactivation. 
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Figure 2.3.  Independently conducted experiments in which the irreversible 
inactivation of BMO by propionate was prevented by the inclusion of the enzymes 
natural substrate, butane (A), or the removal of O2 (B), a cosubstrate necessary for 
BMO catalytic turnover.  Incubations were 30 min in length and lactate (10 mM) 
was provided as an exogenous reductant.  Data points are the means of three 
replicates and error bars represent the standard deviation of the means. 
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2.4.3.  Determining the effect of protein synthesis on BMO activity.   

Because the relative rates of BMO synthesis and turnover are unknown we 

explored the possibility that propionate-dependent BMO inactivation was due to 

repression of BMO synthesis.  Chloramphenicol (50 µg/ml) prevented the 

induction of BMO in repressed lactate-grown cells that were exposed to butane 

(data not shown).  The kinetics of propionate-dependent inactivation of BMO were 

the same in chloramphenicol-treated and control cells, indicating that the decrease 

in BMO activity following exposure to propionate was mediated on pre-existing 

BMO.  

 

2.4.4.  [2-14C] propionate and 14C2H2 labeling experiments.   

The possibility that propionate might covalently bind to BMO during 

inactivation was explored with [2-14C] propionate (Fig. 2.4).  Although SDS-

PAGE analysis of cellular proteins following treatment with [2-14C] propionate 

showed weak labeling of a few polypeptides, the molecular weights of [14C] 

labeled bands did not correspond to molecular weights of BMO polypeptides.  

These data suggest that [2-14C] propionate did not covalently bind to the BMO 

enzyme, and that propionate inactivation did not follow the model of a classical 

monooxygenase suicide substrate such as acetylene.  Furthermore, we explored the 

possibility that propionate was oxidized by BMO.  Propionate consumption by 

butane-grown P. butanovora was unaffected by acetylene within the limits of 

detection (5 nmoles propionate×min-1×mg protein-1).  These data further suggest 

that propionate is not a substrate of BMO. 

 Because propionate did not completely inactivate BMO, we attempted to 

distinguish between inactivation of a fraction of BMO molecules vs. a reduced rate 

of turnover of all BMO molecules.  Butane-grown cells incubated with propionate 

for 2 h retained ~10% of BMO activity, and all remaining BMO activity was found 

to be acetylene sensitive (Fig. 2.5.a & b). Furthermore, 14C2H2 labeling of the 58 

kDa polypeptide of the α-subunit of BMO hydroxylase was reduced by 88% 
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relative to the buffer control, and was consistent with the propionate reduction of 

BMO activity (Fig. 2.5.c).  These data suggest that propionate caused BMO 

inactivation rather than an overall reduced rate of BMO turnover. 
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Figure 2.4.  [2-14C] propionate labeling studies in butane-grown P. butanovora.  
Butane-grown cells were either treated with acetylene to inactivate BMO and then 
exposed to [2-14C] propionate (lane 1) or treated only with [2-14C] propionate 
(lane2).  The arrows indicate the expected migration distance of the α, ß and γ 
subunits of the BMO hydroxylase. 
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Figure 2.5.  Acetylene (14C2H2) labeling of propionate treated cells.  (A) Ethene 
oxide production in butane-grown cells (●), and butane-grown cells that were 
treated previously for 30 min with either lactate (■), or lactate and propionate 
(○). (B) Ethene oxide production by the same cells following an additional 2 h 
incubation with acetylene.  (C)  14C2H2-dependent labeling the α-subunit of the 
BMO enzyme in cells treated as described in A, washed, and treated for 2 h with 
14C2H2.   
 

2.4.5.  Inactivation of BMO in P. butanovora mutants strains containing 

specific amino acid substitutions in the α-subunit of the BMO hydroxylase.   

 Mutant strains of P. butanovora that contain single amino acid 

substitutions in the α-subunit of BMO hydroxylase were examined for propionate-

dependent inactivation of BMO (Table 2.2).  The effects of propionate on BMO 

differed among the mutant strains.  For example, in the case of the G113N mutant, 

in which a glycine was replaced by an asparagine residue in a region adjacent to, 

or contributing to the active site, BMO activity was not inactivated by propionate.  

In contrast, mutant strain T148C, in which a threonine in the active site region was 

replaced by a cysteine, showed a significant increase in BMO sensitivity to 

propionate inactivation relative to wild type.  In contrast, mutants F321Y and 

L279F, which were modified on the outer surface of BMO-α, were inactivated by 

propionate to a similar extent as wild-type.  Interestingly, reversible inhibition of 
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BMO was observed in all mutant strains, including the G113N mutant, providing 

strong evidence that reversible inhibition and inactivation are independent 

phenomena. 

 

Table 2.2.  Effect of propionate on BMO activity in P. butanovora mutant strains 
in the α-subunit of BMO hydroxylase. 

   
% BMO Activity 

remaining 
P. butanovora 
strain Sp. Act*. Control†

Propionate 
inactivated‡

Wt. 155    96 (15)§       41 (7) 
G113N 44    92 (20)     103 (16) 
T148C 98   102 (11)       15 (3) 
L279F 101    90 (9)       56 (8) 
F321Y 163    97 (9)       61 (5) 
Q320K 56   104 (8)       28 (3) 

* Rate of lactate dependent ethene oxide formation (nmol min-1 mg protein-1) 
before treatment. 
† Control cells were incubated in 50 mM phosphate buffer with 10 mM lactate. 
‡ Cells were incubated in 50 mM phosphate buffer with 10 mM lactate and 10 mM 
propionate.  
§ Data points are the mean of three replicates and the standard deviation of the 
means are shown in parentheses. 
 

 

2.5.  DISCUSSION 

 

The current study provided an unexpected and novel finding, that 

intermediate chain-length fatty acids inactivate BMO.  Because some, but not all, 

of BMO activity could be recovered when cells were washed to remove propionate, 

we were able to provide convincing evidence that both reversible inhibition and 

inactivation of BMO occurred.  Furthermore, propionate-dependent inactivation of 

BMO was not observed in one mutant strain of P. butanovora in which a single 

amino acid substitution had been made close to the catalytic site in the α-subunit of 

the hydroxylase.  Because the reversible inhibition by propionate remained 
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unaffected, these data indicated that reversible inhibition and irreversible 

inactivation of BMO occur through separate mechanisms. 

Propionate inhibition of BMO ties in well with the recent discovery that 

propionate represses the transcription of BMO genes (Doughty et al., 2006).  We 

previously discussed a model of BMO transcriptional regulation to explain how 

fatty acid products of alkane oxidation might repress BMO.  This form of feedback 

inhibition resembles the regulation of lipid synthesis (Fab) and fatty acid oxidation 

(Fad) characterized in Escherichia coli (Cronan & Subrahmanyam, 1998).  In this 

connection it is interesting to note that three Fab enzymes are not only repressed 

by long-chained acyl-CoAs at the level of transcription, but also controlled post-

translationally through feedback inhibition by acylated acyl-carrier proteins (acyl-

ACP) (Heath & Rock, 1996; Marrakchi et al., 2002).  The net result is close 

coupling of the reductant-consuming lipid biosynthesis pathway with reductant-

generating fatty acid β-oxidation.  Similarly, the reversible inhibition of alkane 

oxidation by the downstream products of BMO activity could prevent the 

allocation of reductant to BMO under circumstances where the production of fatty 

acids via alkane oxidation exceeds the C and energy requirements of the cell.   

Because we could not detect propionate consumption during BMO 

inactivation and [2-14C] propionate label did not associate with the BMO 

polypeptides after electrophoresis under denaturing conditions, propionate 

inactivation did not follow the model of a monooxygenase suicide substrate such 

as acetylene.  We propose a hypothetical model of BMO inactivation in which 

propionate stimulates the production of H2O2 by BMO and causes oxidative 

enzyme damage.  Dalton and colleagues recently reported that H2O2 could be 

produced by the purified hydroxylase component of sMMO and cause its 

inactivation (Astier et al., 2003).  A model based upon the catalytic cycle of 

sMMO is shown in figure 2.6 (Brazeau et al., 2001; Lee et al., 1993a; Lee et al., 

1993b; Lui et al., 1995).  The diferric active site, shown at the bottom of the model, 

is reduced and used to break one bond of O2 forming intermediate P.  The scission 
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of the second O2 bond results in the formation of intermediate Q.  The release of 

H2O2 from intermediate P returns the enzyme to the diferric resting state without 

substrate turnover (Astier et al., 2003; Jiang et al., 1993).  Propionate-dependent 

formation of H2O2 by BMO would reconcile our observations that BMO 

inactivation is O2- and turnover-dependent, while propionate oxidation per se does 

not occur.  In the context of existing literature on sMMO, two possible 

mechanisms for propionate-dependent inactivation of BMO can be proposed.  First, 

in vitro studies showed that when sMMO hydroxylase is electrically reduced at the 

surface of an electrode, O2 is reduced to H2O2 by the hydroxylase and 

subsequently inactivates it (Astier et al., 2003).  Although the presence of the 

regulatory subunit (MMOB) eliminates the production of H2O2 by sMMO 

hydroxylase, H2O2 production resumed, as did enzyme inactivation, following the 

introduction of substrate to the reaction mixture (Astier et al., 2003).  In this 

context, the aliphatic tail of propionate might resemble the alkane substrate of 

BMO sufficiently well to reduce the ability of the coupling subunit to prevent 

H2O2 formation.  Alternately, propionate may form an ionic bond with the active 

site irons, and inactivate the enzyme by blocking the active site.  In this context, it 

is interesting to note that crystallographic data obtained from the diferric form of 

sMMO showed an unidentified electron density within the hydrophobic substrate 

binding pocket.  Researchers tentatively identified this structure as acetate, a 

component of the crystallization buffer, with the carboxyl group of acetate forming 

a bridging ligand between the diirons (Rosenzweig et al., 1997).  Additionally, 

recent research on a structurally related diiron desaturase used acetate as a 

molecular mimic for O2 binding.  The authors suggested that acetate produced a 

carboxyl shift in a glutamate residue, resulting in a change in coordination of an 

active site iron (Moche et al., 2003).  Interestingly a similar change was observed 

following the binding of substrate (acyl-ACP) and it is hypothesized that the 

observed change in Fe coordination increases the reactivity of the active site with 

O2.  Our research, although preliminary, raises the possibility that propionate could 
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be useful as a probe to uncover some of the mechanistic details of BMO, and 

perhaps other oxygenases.  In this connection we explored the possibility that other 

well studied monooxygenase enzymes, that are closely related to BMO, might be 

inactivated by fatty acids.  In vivo studies showed that the diiron methane 

monooxygenases (sMMO) of M. capsulatus Bath, and M. trichosporium OB3b, 

and the toluene o-monooxygenase of Burkholderia cepacia G4 were not 

inactivated by propionate.  In contrast, the toluene 4-monooxygenase (T4MO) of 

Pseudomonas mendocina KR1 was inactivated by propionate and butyrate, but not 

acetate or lactate, indicating that T4MO was sensitive to the same range of organic 

acids as BMO.  Furthermore, T4MO activity could be protected from propionate-

dependent inactivation by toluene, the physiological substrate of T4MO.  

(Doughty et al. unpublished observations). Because of the novelty of propionate-

dependent inactivation, we extended our study to mutant strains of P. butanovora 

in which single amino acid substitutions had been made to the α-subunit of the 

hydroxylase (Halsey et al., 2006).  Because amino acids G113 and T148 are 

predicted to be close to the enzyme active site (Table 2.1), the altered outcome of 

propionate inactivation observed in mutant strains G113N and T148C suggest that 

propionate enters the active site of BMO.  Although it remains unclear why mutant 

strains G113N and T148C display altered propionate-dependent inactivation 

relative to wild type, two possibilities can be discussed.  First, structural prediction 

programs indicate that the size of the hydrophobic substrate binding cavity of 

BMO will be decreased by the G N mutation and increased by the T C 

mutation (Halsey et al., 2006).  In this context, the insensitivity of mutant strain 

G113N to propionate may indicate that the active site of the enzyme is inaccessible 

to propionate.  In contrast, the larger substrate binding cavity of T148C may 

increase the accessibility of the active site to propionate.  Second, the altered 

outcome of propionate-dependent inactivation in the mutant strains might reflect a 

subtle change in the tendency of these enzymes to release H2O2.  Indeed, recent 

research on a structurally related diiron desaturase indicated that a mutant form of 
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the enzyme containing a single amino acid substitution near the active site 

produced 40-fold more H2O2 than the wild-type enzyme (Guy et al., 2006).  

Obviously, more research is required to gain a better understanding of how fatty 

acids reversibly and irreversibly inhibit BMO.  

  

 

 

 
 

 

 

 

 

Figure 2.6.  A model of propionate-dependent inactivation of BMO superimposed 
upon the catalytic cycle of sMMO. 
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Chapter 3. 

 

Product Repression of Alkane Monooxygenase Expression in  

Pseudomonas butanovora 
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2.2 ABSTRACT 

 

Physiological and regulatory mechanisms that allow the alkane oxidizing 

bacterium Pseudomonas butanovora to consume C2-C8 alkane substrates via 

alkane monooxygenase (BMO) were examined.  Striking differences were 

observed in response to even vs. odd chain-length alkanes.  Propionate, the 

downstream product of propane oxidation and of the oxidation of other odd chain-

length alkanes following β-oxidation, was a potent repressor of BMO expression.  

The transcriptional activity of the BMO promoter was reduced with as little as 10 

µM propionate, even in the presence of appropriate inducers.  Propionate 

accumulated stoichiometrically when 1-propanol and propionaldehyde were added 

to butane and ethane-grown cells, indicating that propionate catabolism was 

inactive during growth on even chain length alkanes.  In contrast, propionate 

consumption was induced (about 80 nmoles propionate consumed×min-1×mg 

protein-1) following growth on the odd chain-length alkanes, propane and pentane.  

The induction of propionate consumption could be brought about by the addition 

of propionate or pentanoate to the growth media.  In a reporter strain of P. 

butanovora in which the BMO promoter controls ß-galactosidase expression, only 

even chain-length alcohols (C2-C8) induced ß-galactosidase following growth on 

acetate or butyrate.  In contrast, both even and odd chain-length alcohols (C3-C7) 

were able to induce β-galactosidase following the induction of propionate 

consumption by propionate or pentanoate.   

 

2.2 INTRODUCTION 

 

Considerable research has been carried out on the biochemistry and 

physiology associated with the catabolism of intermediate chain length n-alkanes 

(Arp, 1999; Hamamura et al., 1999; Hamamura et al., 2001; Perry & Smith, 2006; 

Phillips & Perry, 1974; Vangnai et al., 2002b).  However, much less is known 
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about the transcriptional regulation of these pathways (Sayavedra-Soto et al., 2001; 

Sayavedra-Soto et al., 2005; Sluis et al., 2002b; Vangnai & Arp, 2001).  Insights 

have been obtained into the complexity of the transcriptional regulation of alkane 

utilization by studying Pseudomonas putida GPo1 that grows on liquid alkanes 

(C5 to C12).  The alkane monooxygenase of this bacterium is induced during 

growth on alkanes and repressed during growth on either complex medium or 

minimal medium containing simple organic acids (Dinamarca et al., 2002; Staijen 

et al., 1999; Yuste et al., 1998; Yuste & Rojo, 2001). The deletion of the gene 

encoding the Crc protein that is involved in the repression of alkane hydroxylase 

by organic acids does not affect repression exerted by complex medium (Yuste et 

al., 1998; Yuste & Rojo, 2001).  To date the signaling pathway involved in the 

catabolite repression of the alkane hydroxylase in P. putida GPo1 by complex 

medium has been well studied (Yuste et al., 1998; Yuste & Rojo, 2001).  In 

contrast, catabolic repression by organic acids has received less attention 

(Dinamarca et al., 2002). 

Recent work from our laboratory has shown that genes coding for a broad 

substrate-range alkane monooxygenase, commonly referred to as butane 

monooxygenase (BMO), are responsible for the ability of Pseudomonas 

butanovora to grow on alkanes C2-C9 (Sluis et al., 2002b).  The region 

immediately 5’ of the BMO operon in P. butanovora contains a putative sigma 54-

dependent promoter (Sluis et al., 2002b).  Sigma 54-dependent promoters are 

subject to positive control mediated by enhancer-binding proteins (EBP), which 

facilitate transcriptional initiation (Buck et al., 2000; Cases & de Lorenzo, 2001; 

Reitzer & Schneider, 2001).  Unlike the alkane-responsive system regulating 

monooxygenase expression in P. putida GPo1, the transcriptional activity of the 

BMO promoter in P. butanovora is up-regulated in response to the products of 

monooxygenase activity, butyraldehyde and 1-butanol.  In contrast, neither the 

substrate, butane, nor the immediate downstream product of butyraldehyde 

oxidation, butyric acid, were found to be inducers (Doughty et al., 2005; 
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Sayavedra-Soto et al., 2005).  A constitutive albeit low level of BMO activity 

allows cells to respond to alkanes by transforming them to products which then 

induce higher levels of BMO (Sayavedra-Soto et al., 2005).   

In this manuscript we describe an additional feature of the regulation of 

alkane catabolism in P. butanovora whereby BMO expression is repressed in 

situations where propionic acid accumulates because of the oxidation of odd chain-

length alkanes by cells growing on even chain-length alkanes and actively 

expressing BMO activity.  Our results are discussed in the context of a 

hypothetical model of BMO regulation that bears some resemblance to the 

classical regulatory model controlling fatty acid oxidation and lipid biosynthesis in 

bacteria (Cronan & Subrahmanyam, 1998; Rigali et al., 2002; van Aalten et al., 

2001; Xu et al., 2001).  

 

3.3.  MATERIALS AND METHODS 

 

3.3.1.  Bacterial strains, growth conditions, and routine assays.   

P. butanovora (ATCC 43655) is a Gram-negative bacterium that grows on 

n-alkanes (C2 to C9) (Takahashi et al., 1980).  Liquid cultures were grown and 

harvested as previously described (Doughty et al., 2005).  BMO activity was 

routinely measured using ethene-dependent ethene oxide (EtO) production as 

described elsewhere (Doughty et al., 2005). The specific activity of BMO in whole 

cells is routinely expressed in nmoles ethene oxide ×min-1×mg protein-1.  Protein 

concentrations were determined using the micro biuret assay, as described 

previously (Halsey et al., 2005). 

When alkanes served as growth substrates, 2 mmoles (approximately 

200µM aqueous concentration) of the respective alkane were added to each vial.  

When lactate, acetate, propionate, butyrate, or pentanoate served as the C source 

for growth, acid concentrations were balanced to 12 mM carbon equivalents (4, 6, 

4, 3, and 2.4 mM respectively), sufficient to support growth of P. butanovora to an 
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OD600 of approximately 0.8.  The induction of BMO activity was carried out under 

the same conditions used to grow the cells, except the concentrations of alkanes 

were varied as indicated in the figures.  Concentrations of alkanes in the aqueous 

phase were assumed to follow their unitless Henry’s constants.  Lactate-grown 

BMO repressed cells were harvested by centrifugation (6000 rpm for 10 min), 

washed three times, and resuspended in fresh growth medium with phosphate 

buffer.  Induction assays were performed in 750 ml flasks containing 150 ml of 

cell suspensions at OD600=0.3.  The indicated amount of alkane was added as 

overpressure to the headspace of the vial except for pentane, which was added as a 

liquid to the vial using a glass syringe.  Induction vials were shaken at 200 rpm on 

an orbital shaker at 30° C.  Cells were removed at time intervals, washed in 

phosphate buffer, and tested for BMO activity as described.  

 

3.3.2.  Measuring propionate consumption and production by P. butanovora 

grown on alkanes of varying chain length. 

Propionate consumption and production was measured in (a) Consumption: 

Cells were grown on the indicated substrate, harvested, washed 3 times, and 

resuspended in phosphate buffer to 1 mg protein×ml-1.  Reaction vials (10 ml) 

contained 1 ml of the concentrated cell suspension, and 1mM propionate.  (b) 

Production: Two separate experiments were carried out to measure propionate 

production by P. butanovora.  (i) Cells were grown on either ethane, propane, 

butane, pentane, or lactate, harvested, and suspended in vials as described above.  

Either propane (0.2mM), 1-propanol (2mM) or propionaldehyde (2mM) were 

added to the vials.  Concentrations of substrates were chosen that supported 

optimal rates of propionate production.  (ii) The sensitivity of propane-dependent 

propionate production to the presence of butane was determined by harvesting and 

resuspending butane-grown cells as described above and adding to the vials 

varying ratios of propane to butane. Concentrations of propane were 200, 300, or 

400 µM in solution while the concentration of butane ranged from 10 to 200 µM.  
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 Vials were capped with butyl rubber stoppers, placed in a 30° C water bath 

shaker and shaken at 150 rpm.  Propionate was determined by injecting 1 µl 

samples of the cell suspension into a Shimadzu GC-8A gas chromatograph 

equipped with a flame ionization detector and a 50-cm Porapak Q column (Alltech 

Associates, Inc.).  Column temperature was  maintained at 160° C and the detector 

and injector at 200° C.   

 

3.3.3.  Determination of induction and repression of β-galactosidase 

expression in the lacZ transcriptional reporter strain.   

P. butanovora strain bmoX::lacZ::kan contains a bicistronic expression 

system in which kanamycin resistance is constitutive and the BMO promoter 

controls β-galactosidase (lacZ) expression (Sayavedra-Soto et al., 2005).  The lacZ 

reporter strain was unable to grow on any of the alkanes tested (C2-C9), indicating 

that the BMO enzyme is essential for the metabolism of all alkanes that are growth 

substrates for P. butanovora.  The lacZ reporter strain was grown on organic acids 

under the same conditions as described for the wild type cells.  Inductions were 

performed in 10 ml vials with one ml cell suspension (approximately OD600= 0.5).  

Incubation time was 2h for all lacZ assays and the concentrations of putative 

inducers ranged from 10 µM to 5 mM as indicated in the results.  1,2-trans DCE 

(100 µM) was used as a gratuitous inducer of the reporter system as described 

previously (Doughty et al., 2005).   ß-galactosidase activity was determined at the 

end of the induction period as previously described (Doughty et al., 2005; 

Sayavedra-Soto et al., 2005).   

 



 

41

3.4.  RESULTS 

 

3.4.1.  Suppression of butane- induced BMO activity by propane and pentane.   

Although preliminary experiments showed that late log phase cells of P. 

butanovora grown on alkanes C2 through C5 achieved similar maximum levels of 

BMO activity (~160 nmoles ethane oxide x min-1 x mg protein-1 ), the up-

regulation of BMO activity in lactate-grown, BMO repressed cells was 

consistently delayed in propane-exposed cells relative to butane (Fig. 3.1.A).  

Furthermore, when lactate-grown cells were exposed to butane and propane 

simultaneously, the presence of propane reduced the ability of butane to induce 

BMO activity (Fig. 3.1.B), indicating that the lag in BMO induction during 

exposure to propane is due to repression by propane rather than to its inability to 

induce BMO.  The repressive behavior of propane was extended to other odd chain 

alkanes when it was shown that butane induction of BMO activity could be 

aborted by additions of either propane (C3), or pentane (C5) to cultures already 

actively inducing BMO activity (Fig. 3.1.C).  The increase in BMO activity was 

unaffected by additions of ethane or more butane.  These data indicate that 

propane and pentane were capable of suppressing BMO activity in P. butanovora, 

despite their ability to promote BMO activity when provided as sole growth 

substrates.   Since we already knew that products of butane oxidation induced 

BMO expression, we explored the possibility that the products of alkane oxidation 

could also act as repressors of BMO expression. 
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Figure 3.1.  The effects of various alkanes on the induction of BMO activity in 
lactate-grown P. butanovora.  Y-axis values represent BMO specific activity as 
measured by the ethene oxide assay, (ethene oxide ×min-1×mg protein-1).  
Independently conducted experiments show: A. Time course of butane() and 
propane(○)-dependent induction of BMO activity from lactate-grown P. 
butanovora.  B.  Induction of BMO activity following 2 h of incubation with either 
224 µM butane (B1), 112 µM butane (B2), 328 µM propane (P), or a mixture of 
112µM butane and 164 µM propane (B + P).   C.  Time course of the effect of 
ethane, propane, and pentane on butane-dependent induction.  At time zero, vials 
containing lactate-grown cells received either 1 mmole butane (open symbols) or 
no n-alkane (●).  At the time indicated by the arrow, vials received either no 
additional n-alkane (∆), or 2 mmoles of either ethane(×), propane(), butane(○), 
or pentane(◊).   
 

3.4.2.  Products of propane oxidation act as the repressors of β-galactosidase 

expression from the BMO promoter.   

Using a reporter strain derivative of P. butanovora, bmoX::lacZ::kan, in 

which ß-galactosidase expression is controlled by the BMO promoter (28), the 

repressive effects of propane and its metabolites on the BMO promoter were 

examined.  1-Butanol-dependent induction of β-galactosidase activity was strongly 

repressed by 1-propanol, propionaldehyde, and propionate to <10 % of the 1-

butanol control (Table 3.1 columns 1 and 2).  Neither propane nor the putative 

propionate metabolite, methylmalonate, or TCA cycle intermediates, citrate and 

succinate, significantly affected 1-butanol-dependent induction of ß-galactosidase.  

Similar results were obtained when 1-butanol was replaced with the surrogate 

BMO inducer, 1,2-trans DCE (11), that cannot be metabolized to oxidized 
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products by the reporter strain (Table 3.1 column 3).  These data suggest that 

intermediates of propane oxidation, rather than propane per se, repress 

transcriptional activity of the BMO promoter and that the repressive effect is 

mediated by one or more of the downstream oxidation products 1-propanol, 

propionaldehyde or  propionate.   

 

TABLE 3.1.  The effect of propane, oxidation products, and putative downstream 
metabolites on 1-butanol or 1,2-trans DCE-dependent induction of β-galactosidase 
activity in the lactate-grown reporter strain.   

Test Compound  LacZ activitya

  1-Butanol 1,2-trans DCE  

Propane  88 105 

1-Propanol  NSb NS 

Propionaldehyde  NS NS 

Propionate  NS NS 

Methylmalonate  83 102 

Succinate  114 82 

Citrate  100 126 
a Values are represented as a % of either 1-butanol-dependent induction, (433 +/- 
48 Miller units above background) or 1,2-trans DCE-dependent induction (180 +/-
26 Miller units above background).  
b NS indicates values that were not significantly greater than background activity 
in the absence of a test compound.  

 

3.4.3.  Propionate production by P. butanovora.   

We examined metabolism of propane in alkane (C2 to C5) -grown cells of 

P. butanovora.  Butane and ethane-grown P. butanovora produced propionate 

following exposure to either propane, 1-propanol, or propionaldehyde (Fig. 3.2.A 

and B).  In contrast, cells grown on propane or pentane produced very little 

propionate when exposed to 1-propanol and propionaldehyde and no propionate 

was produced following exposure to propane (Fig. 3.2.C and D).  Because nearly 
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stoichiometric amounts of propionate were produced from the known amounts of 

1-propanol and propionaldehyde added to ethane and butane-grown cells, we 

concluded that metabolism of propionate is blocked during growth on even chain-

length alkanes.  In contrast, lactate-grown, BMO repressed, cells did not produce 

propionate when exposed to propane and lacked sufficient 1-propanol and 

propionaldehyde oxidation activities to consume all of these substrates within the 

20 min assay (Fig. 3.1.E).  Consequently, propionate production by lactate-grown 

cells was diminished relative to ethane and butane-grown cells and completely 

absent when lactate-grown cells were exposed to propane.  Furthermore, 

propionate was produced at a rate of approximately 2 nmoles propionate ×min-

1×mg protein-1 when pentane was fed to either butane or ethane-grown cells, 

indicating that pentane consumption was also blocked at propionate in ethane and 

butane-grown cells.  Finally, propionate production was detected from butane-

grown cells fed varying ratios of propane and butane proving that propionate could 

accumulate when the two alkanes were simultaneously present (Fig. 3.3).  These 

data indicate that propionate would have been produced and accumulated, albeit to 

low concentrations, during the experiments shown in Fig. 3.1.B and C.   
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Figure 3.2.  Propane (○), 1-propanol (□), and propionaldehyde (∆) -dependent 
propionate production by ethane (A), butane (B), propane (C), pentane (D), and 
lactate (E)-grown P. butanovora.  Data points are the mean of three replicates and 
error bars represent standard deviation of the means. 
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Figure 3.3.  Kinetics of propane-dependent propionate production by butane-
grown P. butanovora in the presence of mixtures of propane and butane. 
Concentrations of propane were 200 (□), 300 (∆), or 400 (○) µM in solution while 
the concentration of butane ranged from 10 to 200 µM.  
 

3.4.4.  Effect of propionate concentration on the transcriptional activity of the 

BMO promoter.   

Various concentrations of propionate were tested for their ability to repress 

1mM 1-butanol-dependent expression of β-galactosidase in the reporter strain.  

When 0.01, 0.1, 1, and 10 mM propionate were added to the induction assay, β-

galactosidase activity was reduced to 62, 45, 16, and 8% of the control, 

respectively.  A similar concentration profile of repression was observed in vials 

that received 5mM 1-butanol, indicating it is unlikely that propionate simply 

competes with the BMO inducer for its site of action. 

 

3.4.5.  Induction of propionate consumption in P. butanovora.  

The pathway of propionate metabolism could be induced in P. butanovora.  

Although propionate accumulation initially occurred at a high rate when 

propionaldehyde was added to lactate or butane-grown cells, net propionate 

consumption commenced within 2 h of exposure to propionaldehyde (data not 
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shown).  Furthermore, propane or pentane-grown cells consumed propionate 

immediately upon the addition of propionate.  Indeed, the rate of propionate 

consumption is about 10× faster in cells grown on propane or pentane than in cells 

grown on lactate, ethane or butane (Table 3.2).  The rate of propionate utilization 

by the odd chain length alkane-grown cells is consistent with previously published 

estimates of alkane consumption by P. butanovora indicating that a fully induced, 

propionate utilizing pathway has sufficient capacity to consume organic acids 

produced by BMO activity. 

 

TABLE 3.2. Specific rates of propionate consumption by P. butanovora grown on 
various C sources. 

Growth Substrate   Propionate Consumption   

    (nmoles ×min-1×mg protein-1)   

Lactate                     7.2 (1.3a)  

Ethane                     2.8 (2.3)  

Propane                   74.5 (8.1)  

Butane                     8.8 (1.1)  

Pentane                   96.0 (15.0)   
a Values in parentheses represent the standard deviation of the mean of three 
replicates. 
 

3.4.6. Effect of growth substrate on the sensitivity of the BMO promoter to 

propionate.   

The repressive effects of the intermediates of propane oxidation on BMO 

induction in lactate-grown reporter strain, bmoX::lacZ::kan, were not manifested 

in propionate-grown cells (Table 3.3).  Furthermore, in the absence of 1-butanol, 

1-propanol and propionaldehyde induced the expression of β-galactosidase in 

propionate-grown cells to approximately 300 and 500 Miller units, respectively, 

following 2 h of incubation, while propane and propionate did not induce 

expression.  These data show that the repressive effects exerted by the 

intermediates of propane oxidation could be overcome when propionate 

 



 

48

consumption was active and confirmed that propionaldehyde and 1-propanol are 

inducers of the BMO promoter as observed previously with butyraldehyde and 1-

butanol.  

 

TABLE 3.3.  The effect of propane, oxidation products, and putative downstream 
metabolites on the induction of β-galactosidase activity in the propionate-grown 
LacZ reporter strain. 

Test Compound 

Lac Z activity

(Miller Units) 

Propane              NSa 

1-Propanol          316 (34)b

Propionaldehyde          527 (34) 

Propionate              NS 

Methylmalonate              NS 

Succinate              NS 

Citrate              NS 
a NS indicates values that were not significantly greater than background activity 
in the absence of a test compound.  
b Values in parentheses represent the standard deviation of the mean 

 

3.4.7.  Monitoring the activity of the BMO promoter, in a transcriptional 

reporter strain, in response to alcohols C2 to C8.   

Our study was extended across the full chain length spectrum of alkanes 

that support growth of P. butanovora.  The ability of various primary alcohols (C2 

to C8) to induce BMO was examined in the reporter strain, bmoX::lacZ::kan, that 

were grown either on even C (acetate and butyrate), or odd C (propionate and 

pentanoate) chain length fatty acids (Fig. 3.4).  β-galactosidase was induced in 

acetate and butyrate-grown cells upon exposure to even chain length alcohols 

ethanol (2C), 1-butanol (4C), 1-hexanol (6C), and  1-octanol (8C), whereas either 

no induction (acetate-grown) or very little induction (butyrate-grown) was 

measured in response to odd chain length alcohols (C3, C5, and C7).  In contrast, 
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β-galactosidase was expressed in response to all of the terminal alcohols (C2 to C8) 

in propionate and pentanoate -grown cells.  
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Figure 3.4.  Effect of (A) acetate, (B) butyrate, (C) propionate, or (D) pentanoate 
as growth substrates on the effectivity of varying chain length primary alcohols 
(C2-C8) as inducers of β-galactosidase from the BMO promoter in the LacZ 
reporter strain.  Cells were exposed to the specific alcohols for 2h and β-
galactosidase activity measured as described in materials and methods. Data points 
are the mean of three replicates and error bars represent standard deviations of the 
means. 
 

3.5.  DISCUSSION 

 

 We recently showed that induction of BMO by alkanes was mediated 

through the alcohol and aldehyde products of alkane oxidation (28).  In this 

manuscript we extend our studies of BMO regulation to show that a further 
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downstream product of alkane oxidation, propionate, can be potent repressor of 

BMO expression.  This response only occurred when the propionate catabolic 

pathway was not operational such as during growth on even chain-length 

hydrocarbons and organic acids.  When the pathway of propionate consumption 

was induced propionate did not accumulate even to low concentrations.  This need 

to have the propionate catabolic pathway induced led to the striking disparity in 

the ability of even chain-length vs. odd chain-length alkanes and alcohols to 

induce BMO expression. 

At this time we know very little about the identity of the pathway of 

propionate metabolism in P. butanovora and nothing about its regulation.  Genes 

have been identified on a 30 Kb fragment of DNA that show close homology to 

propionyl-CoA carboxylase subunits, and to methylmalonyl-CoA mutase subunits 

(unpub. observ.).  If these genes produce active protein products then it seems 

reasonable to infer that propionate utilization in P. butanovora proceeds via 

methylmalonyl-CoA and succinyl-CoA into the TCA cycle.  One interesting 

difference between the methylmalonyl pathway of propionate consumption 

(Phillips & Perry, 1974) and the alternative 2-methylcitrate cycle of propionate 

consumption (Palacios et al., 2003; Palacios & Escalante-Semerena, 2004), is the 

ability of the former to substitute for the glyoxylate shunt of the TCA cycle 

through the net generation of succinate rather than pyruvate (Berg et al., 2002; 

Blevins & Perry, 1972; Han & Reynolds, 1997; Perry, 1980; Phillips & Perry, 

1974).  Mutation of isocitrate lyase in P. putida GPo1 resulted in a strain that 

could use odd but not even chain length alkanes, and provided evidence that 

propionyl-CoA, generated during the consumption of odd chain-length alkanes in 

P. putida GPo1, is incorporated into the TCA cycle via the methylmalonyl-CoA 

pathway (Marín et al., 2003.).  Similarly, the expression of isocitrate lyase activity 

in propane-grown Mycobacterium vaccae JOB5 led to the conclusion that propane 

was not metabolized via the methylmalonyl-CoA pathway (Coleman & Perry, 

1984; Phillips & Perry, 1974).  Further studies showed that propane was oxidized 
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to 2-propanol and subsequently oxidized to acetone by M. vaccae JOB5 (Ashraf et 

al., 1994; Coleman & Perry, 1984; Phillips & Perry, 1974).  In this case, 

propionate is not an intermediate of propane metabolism in M. vaccae JOB5, and it 

is not known if the negative effect of propane on butane metabolism would occur 

in M. vaccae JOB5, or other alkane utilizing bacteria for that matter.     

The observation of fatty acid repression of BMO ties in well with the 

recent discovery that BMO expression is also product induced by 1-butanol and 

butyraldehyde (Phillips & Perry, 1974).  There is an advantage to product 

induction of broad substrate range monooxygenases that might otherwise be 

inappropriately up regulated by compounds that are not growth substrates. The 

downside of a product induction strategy is, however, that the combination of a 

broad substrate range monooxygenase, with broad range alcohol and aldehyde 

dehydrogenases might produce an effective BMO inducer, yet give rise to a 

carboxylic acid that cannot be metabolized further.  In this situation, it would be 

exceedingly important to have a second layer of control over the BMO operon to 

prevent the cell from exhausting its reductant supply, and accumulating a product 

that might cause cytotoxic damage.  In this context, the repression of BMO could 

serve a dual function by preventing BMO expression either in response to the 

accumulation of non-metabolizable organic acids or in response to organic acids 

that are preferred C sources.  Indeed previous researchers have observed the 

repression of alkane monooxygenase enzymes in response to the products of 

alkane oxidation (Marín et al., 2001; Marín et al., 2003.; Ratajczak et al., 1998).  

For example, myristic acid (C14), a potential product of tetradecane metabolism in 

Burkholderia cepacia RR10, was shown to repress the expression of alkane 

hydroxylase (Han & Reynolds, 1997).  It was speculated that repression could 

prevent the over loading of β-oxidation during long chain n-alkane consumption.  

It is difficult to reconcile our observations of propionate-dependent 

repression of BMO with the existing model of catabolite repression of the alkane 

hydroxylase of P. putida GPo1.  Exponential growth on LB media is required for 
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repression of the alkane hydroxylase of P. putida GPo1, however, upon entry into 

stationary phase the alkane hydroxylase may be expressed even in the presence of 

preferred C sources (Dinamarca et al., 2002; Yuste et al., 1998; Yuste & Rojo, 

2001).  Similarly, LB-dependent repression of alkane hydroxylase is released in 

cytochrome o ubiquinol oxidase negative mutants of P. putida GPo1 while growth 

on lactate remained unaffected.  These data suggest that the repressive signal 

generated by the oxidative consumption of LB was dependent on the metabolic 

route of electrons through the electron transport chain (Dinamarca et al., 2002).  In 

contrast, BMO was repressed by propionate before the pathway of propionate 

metabolism was induced indicating that the cells need not grow at the expense of 

propionate to trigger propionate-dependent repression of BMO.  Because β-

oxidation of fatty acids is likely linked to growth of P. butanovora on alkanes, it is 

interesting to speculate about coordinated regulation of fatty acid degradation by 

β-oxidation and fatty acid synthesis via alkane oxidation, and how this might have 

some similarity with the mechanism whereby a bacterium coordinates fatty acid 

catabolism by β-oxidation with anabolism in lipid biosynthesis (Cronan & 

Subrahmanyam, 1998).  We propose a model of BMO regulation in which the first 

step of alkane oxidation can be considered as a reductant sink analogous to steps in 

the lipid synthesis pathway.  The global transcriptional regulator, FadR, belongs to 

the GntR family of transcriptional regulators and controls the expression of the 

enzymes responsible for fatty acid synthesis and degradation as well as some 

alcohol dehydrogenase activities in Escherichia coli (Clark & Rod, 1987; Cronan 

& Subrahmanyam, 1998; van Aalten et al., 2001; Xu et al., 2001).  When FadR is 

not associated with acyl-CoAs, it forms complexes with specific sequences of 

DNA that (a) promote transcription of fatty acid synthesis genes (fab), and (b) 

prevent transcription of genes in β-oxidation (fad) (9). When fatty acids are in 

excess, long chain acyl-CoAs accumulate transiently in the cell, bind to FadR, and 

cause it to disassociate from DNA. This results in down regulation of fab genes, 

and up regulation of fad genes.  Similarly, we propose that the build up of 
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propionate will lead to accumulation of propionyl-CoA.  If a form of FadR exists 

with the capacity to bind short chain-length acyl-CoAs, this could extend the role 

of FadR-like proteins to BMO regulation.  Although, Rigali et al. (Rigali et al., 

2002) have shown that FadR homologs of diverse bacteria vary considerably in 

their abilities to bind acyl-CoAs of different chain-lengths, there are no current 

models for the global regulation of fatty acid synthesis and degradation in bacteria 

that are either phylogenetically closely related to P. butanovora or that carry out 

alkane oxidation.  There is precedent however for the GntR family of 

transcriptional regulators to be involved in the transcriptional regulation of 

aromatic hydrocarbon degrading pathways (Ohtsubo et al., 2001; Rigali et al., 

2002; Teramoto et al., 2001). 

 Although it is intriguing to speculate about the existence of a FadR-like 

fatty acid responsive regulator associated with the BMO promoter region that 

interacts with acyl-CoAs, and which could provide a molecular mechanism that 

coregulates expression of BMO, propionate consumption and β-oxidation, several 

different growth scenarios require different responses from BMO and β-oxidation.  

For example, both β-oxidation and BMO activity need down regulating during 

growth on propionate, and upregulating during growth on C4+ alkanes. On the 

other hand, growth on propane requires upregulation of BMO and down regulation 

of β-oxidation, whereas growth on butyrate requires the opposite response.  

Obviously, more research is required to gain a better understanding of how 

regulation of broad substrate range enzyme systems is networked into the 

sophisticated regulation associated with basic cell metabolism.    
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4.1.  ABSTRACT 

 

Pseudomonas butanovora possesses an alcohol-inducible alkane 

monooxygenase that initiates alkane degradation via an O2-consuming mechanism.  

Although BMO activity is induced by 1-butanol, and is also partially expressed 

during growth on 1-butanol under oxic conditions, no detectable activity was 

observed during growth on the same alcohol under denitrifying conditions.  A lacZ 

transcriptional reporter strain, in which the BMO promoter controls β-

galactosidase activity, was used to confirm that the BMO promoter was inactive 

during denitrifying growth conditions. The effect of anoxic growth conditions on 

BMO expression was traced to the transition element components of the growth 

medium.  Copper sulfate (0.5 µM) repressed 1-butanol dependent induction of the 

BMO promoter in the presence of 1% O2 to about 30% of the control, and had no 

effect on induction under oxic (20% O2) conditions where higher concentrations of 

Cu (1-2µM) were required.  Addition of the reducing agent, ascorbic acid, 

permitted 0.5 µM Cu to have the same repressive effect on 1-butanol-dependent 

induction under oxic conditions as 0.5 µM Cu had under anoxic conditions. 

Several experimental results indicate that Cu is not merely behaving as a toxic 

agent. (1) Growth of P. butanovora, and endogenous and 1-butanol dependent O2 

uptake were unaffected by Cu ≤ 2µM. (2) Propionate metabolism was induced 

normally under low O2 conditions in the presence of Cu concentrations that repress 

induction of BMO.  The repressive effect of Cu on BMO induction extended to the 

induction by other chain-length alcohols.  Under oxic conditions Cu (2 µM) only 

partially repressed β-galactosidase induction by C2-C5 alcohols, and completely 

repressed induction by C6-C8 alcohols in propionate-grown cells.  Because C6-C8 

alcohols do not induce BMO activity in a bmoR deficient mutant of P. butanovora, 

this provides circumstantial evidence that at least under oxic conditions the Cu  

effect might be exerted via the putative BMO transcriptional regulator, bmoR.   
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4.2.  INTRODUCTION 

 

The functional expression of metabolic pathways in bacteria requires the 

integration of  both physiological and environmental signals into the decision on 

whether or not to transcribe a gene (Cases & de Lorenzo, 2001).  In this 

connection we have developed a model for the regulation of an alkane 

monooxygenase (BMO) in Pseudomonas butanovora (Doughty et al., 2005; 

Doughty et al., 2006; Doughty et al., 2007; Kurth et al., 2007; Sayavedra-Soto et 

al., 2001; Sayavedra-Soto et al., 2005; Sluis et al., 2002b).  The salient features of 

this model are: (a) BMO transcription is up-regulated by alcohol and aldehyde 

products of alkane oxidation (Doughty et al., 2005; Doughty et al., 2006; Kurth et 

al., 2007; Sayavedra-Soto et al., 2005).  (b) BMO transcription is down-regulated 

in response to the organic acid propionate, a further downstream product of odd-

chain length alkane oxidation (Doughty et al., 2006). (c)  Products of alkane 

oxidation, propionate and butyrate, are able to inhibit and inactivate the BMO 

enzyme in the absence of alkane substrates (Doughty et al., 2007).  The net result 

is the close coupling of alkane oxidation to the cells demands for C and energy, 

and the ability of the cell to consume the products of alkane oxidation.   

P. butanovora has also been shown to grow under anoxic conditions on 

alcohols, aldehydes and organic acids using nitrate as a terminal electron acceptor 

(Doughty et al. this study).  Because the activity of the BMO enzyme is dependent 

upon O2 as a co-substrate for catalytic activity, the expression of BMO in response 

to alcohols and aldehydes under anoxic conditions would be fortuitous.  In this 

connection, the studies were extended to investigate the possibility that the activity 

of the BMO promoter was sensitive to O2.  During the course of the work BMO 

transcription was found to be sensitive to O2, and was dependent upon the CuSO4 

supplied in the medium.  Because of the novelty of this observation, the objectives 

were: (i) Determine the metal specificity of this effect. (ii)  Provide evidence that 

the observed repression is not merely due to heavy metal toxicity.  Because Cu has 
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been shown to regulate methane monooxygenase enzymes in several 

methanotrophs, the findings are discussed in the context of the proposed Cu-

sensing proteins of methanotrophs that also resemble redox-sensing proteins in 

diazotrophic bacteria (Ukaegbu et al., 2006). 

 

4.3.  MATERIALS AND METHODS 

 

4.3.1.  Bacterial strains, growth conditions and routine assays.   

P. butanovora (ATCC 43655) is a Gram-negative bacterium that grows on 

n-alkanes (C2 to C9) (Doughty et al., 2006; Takahashi et al., 1980) and is closely 

related to the β-proteobacterial genera, Azoarcus and Thauera (Anzai et al., 2000).  

Liquid cultures were grown as previously described (Doughty et al., 2005), with 

NH4Cl (20 mM) supplied as a N-source and KNO3 (30 mM) added where 

indicated.  For anoxic growth, the media was autoclaved, degassed by aspiration, 

flushed with N2 for 30 min to remove residual O2, and autoclaved a second time 

for sterilization.  When organic acids or alcohols served as C sources for growth, 

concentrations were balanced to 12 mM carbon equivalents, sufficient to support 

growth of P. butanovora to an OD600 of 0.6 (0.3 mg protein×ml-1). 

   

4.3.2.  Determination of induction and repression of β-galactosidase 

expression in the LacZ transcriptional reporter strain.  

P. butanovora strain bmoX::lacZ::kan (LacZ) contains a bicistronic 

expression system in which kanamycin resistance is constitutive, and the BMO 

promoter controls β-galactosidase expression (Sayavedra-Soto et al., 2005).  The 

reporter strain was grown on organic acids or alcohols under the same conditions 

as described for the wild type cells.  Induction assays were performed as described 

previously (Doughty et al., 2005; Sayavedra-Soto et al., 2005). 

For experiments carried out under sub-ambient O2 concentrations, O2 was 

flushed from 10 ml vials with N2 (30ml/sec for 30 sec).  Anoxic growth medium or 
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buffer were prepared as described above and aliquots (1 ml) were transferred by an 

airtight syringe to induction vials.  Anoxic solutions of MnCl2·4H2O, FeSO4·7H2O, 

CoSO4·7H2O, NiCl2·6H2O, CuSO4·5H2O, and ZnSO4·7H2O were prepared as 100 

µM stock solutions and made anoxic by flushing with N2.  Metals were transferred 

into assay vials using an airtight syringe.  The indicated amount of O2 was added 

to each vial and values are expressed as a % O2 (volume/ total volume) in 

headspace of the vial.  Stock solutions of 10 mM sodium ascorbate were made 

daily in phosphate buffer.  A high concentration (approximately 10 mg protein × 

ml-1) of washed cells was resuspended in 50 mM NaK phosphate buffer and made 

anoxic by flushing with N2.  Aliquots of the concentrated cell suspension (5 µl) 

were injected into the induction vials to an OD600 = 0.2.  Additional replicates of 

low O2 and anoxic treatments were set up to confirm the presence or absence of O2 

at the beginning and end of each experiment by the methylene blue oxidation assay 

(Mowry & Ogren, 1999).   

 

4.3.3.  Induction of propionate consumption in lactate-grown P. butanovora.   

 Because propionate consumption is induced following exposure of lactate-

grown cells of P. butanovora to propionate (Doughty et al., 2006), the effects of 

Cu and O2 concentrations on the induction of this metabolic pathway were 

examined.  Cells grown under oxic conditions in the presence of lactate were 

harvested, washed 3 times, resuspended in ammonium phosphate buffer and made 

anoxic by N2 flush.  Cells were injected into 160 ml vials containing 50 ml of 

anoxic ammonium phosphate buffer.  O2 (1% vol/ total volume) was added to the 

headspace of the vials and CuSO4 (0.5 µM) and rifampicin (40 µg×ml-1) were 

added as indicated.  Propionate consumption was induced by the addition of 

propionate (2 mM in the induction assay).  To confirm that propionate metabolism 

would not be induced in the absence of propionate control vials were included that 

did not receive propionate.  Following 2 h of incubation, cells were harvested, 
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washed three times in phosphate buffer, and assayed for the ability to consume 

propionate as described previously (Doughty et al., 2006; Halsey et al., 2006).  

 

4.3.4.  Determination of O2 consumption in lactate-grown P. butanovora. 

Endogenous- and 1-butanol-dependent O2 uptake were followed using a Clark-

style O2 electrode in a glass reaction vial (YSI Model 5300 Biological Oxygen 

Monitor, Yellow Springs Co., Yellow Springs, OH) as described previously 

(Doughty et al., 2005).  Cells were grown aerobically on lactate, harvested, and 

resuspended in the presence of 0.1, 0.33, 1, 3, 10, or 30 µM Cu for two hours.  

Cells were then washed and assayed for O2 consumption. 

 

4.4. RESULTS 

 

4.4.1.  Growth of P. butanovora on alcohols and repression of β-galactosidase 

in the LacZ reporter strain during denitrification.   

Preliminary data showed that BMO activity was not detected in P. 

butanovora cells grown under anoxic conditions on 1-butanol as a C-source and 

KNO3 as an electron acceptor.  In contrast, cells grown under oxic conditions on 1-

butanol expressed BMO activity approximately 20% that of butane-grown cells.  

Because these data do not distinguish between an effect of anoxic conditions on 

the synthesis of BMO transcript from conditions unfavorable for the development 

of functional BMO per se, a transcriptional reporter strain was used to study the 

effect of anoxia on BMO transcription.  β-galactosidase expression was detected in 

the LacZ reporter strain during oxic growth on 1-butanol regardless of the 

presence or absence of nitrate (Fig. 4.1.A and B).  In contrast, β-galactosidase was 

only marginally expressed during growth on 1-butanol under anoxic conditions, 

when KNO3 was supplied as the electron acceptor (Fig. 4.1.C).  These data 

indicate that the ability of 1-butanol to serve as an inducer of BMO transcription is 
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repressed during growth by denitrification under anoxic conditions, and that KNO3 

cannot significantly repress β-galactosidase under oxic conditions.     
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Figure 4.1.  The effects of KNO3 and O2 on β-galactosidase expression in the 
LacZ reporter strain during growth on 1-butanol.  Open symbols represent the 
growth of P. butanovora on 1-butanol as measured by OD600 and closed symbols 
represent the expression of β-galactosidase as measured in Miller units.  Results of 
independently conducted experiments are as follows. (A) P. butanovora was 
grown under oxic conditions on 1-butanol (3 mM) in the standard growth medium. 
(B) KNO3 (30 mM) was added to the growth medium and cells were allowed to 
grow under oxic conditions on 1- butanol (3 mM).  (C) KNO3 (30 mM) was added 
to the growth medium under anoxic conditions and cells were allowed to grow on 
1-butanol (3 mM).  Inocula were grown under the conditions described for each 
panel.  Data points are the representative of the means of three replicates and error 
bars are proportional to the standard deviation of the means. 

 

4.4.2.  Effect of pO2 on 1- butanol-dependent β-galactosidase expression in the 

LacZ reporter strain. 

Because it was unclear how rapidly cells could respond to anoxic 

conditions or what concentrations of O2 permitted induction, the sensitivity of 1-

butanol-dependent induction of β-galactosidase to varying concentrations of O2 

was explored using lactate-grown LacZ reporter strain in which β-galactosidase is 

repressed.  Cells resuspended in ammonium phosphate buffer, or ammonium 

phosphate buffer with 30 mM KNO3 induced β-galactosidase in response to 1-

butanol to about 300 Miller units.  Interestingly, in buffer, the effectiveness of 1-
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butanol as an inducer of BMO did not change significantly as O2 decreased from 

20% to zero (Fig. 4.2. A and B).  In contrast, there was a marked effect of low O2 

on cells resuspended in growth medium.  There was a striking reduction in the 

expression of β-galactosidase at 1% O2 in either the presence or absence of KNO3, 

and anoxia completely repressed β-galactosidase (Fig. 4.2.C).  Furthermore, the 

addition of KNO3 to the growth medium did not significantly affect the response 

of P. butanovora to varying concentrations of O2 (Fig. 4.2.D).  These data suggest 

that the observed repression of BMO requires a component of the growth medium 

and that decreasing O2 concentrations, or the presence of KNO3 alone, were 

insufficient to cause transcriptional repression of the BMO promoter. 
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Figure 4.2. Effects of O2 and KNO3 on 1-butanol-dependent induction of β-
galactosidase in the lactate-grown LacZ reporter strain.  Lactate grown cells were 
washed and resuspended in: (A) ammonium phosphate buffer, (B) ammonium 
phosphate buffer amended with 30mM KNO3, (C) Growth medium, (D) Growth 
medium amended with 30mM KNO3.  Values represent the means of three 
replicated and error bars represent the standard deviations of the means. 
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4.4.3.  Effect of various transition metals on 1-butanol-dependent induction of 

BMO at 20% and 1% O2 partial pressure.   

We examined the effects of various transition metal components of the 

growth medium on 1-butanol-dependent induction of β-galactosidase at low (1%) 

and ambient (20%) O2 (table 4.1.).  Although CuSO4 (0.5 µM) had no effect on 1-

butanol dependent induction of β-galactosidase at ambient O2, β-galactosidase was 

reduced to 27% of the control in the presence of CuSO4 at 1% O2.  Other transition 

metals included in the growth medium did not significantly enhance or diminish 

the ability of 1-butanol to induce BMO transcription under either oxic or anoxic 

conditions. 

 

Table 4.1.  Effects of growth medium transition metals on 1-butanol-dependent β-
galactosidase expression in lactate-grown cells of P. butanovora at ambient (20%) 
and low (1%) O2 levels. 

 M
 

(43)311(25)256Zn

(25)80(45)294Cu

(12)318(31)321Ni

(28)346(31)306Co

(33)304(15)322Fe

(21)288(23)303Mn

(29)283(41)a310Buffer

1% O220% O2(0.5µM)

iller unitsTest Element

(43)311(25)256Zn

(25)80(45)294Cu

(12)318(31)321Ni

(28)346(31)306Co

(33)304(15)322Fe

(21)288(23)303Mn

(29)283(41)a310Buffer

1% O220% O2(0.5µM)

Test Element Miller units

 

 

 

 

 

 

 

 
a Values represent the means of three replicates and standard deviations are 
provided in parentheses. 
 

 

 

 

 

 



 

64

4.4.4.  Effect of ascorbate and CuSO4 on 1-butanol-dependent induction of β-

galactosidase in the LacZ reporter strain under oxic conditions.   

 We examined the effect of ascorbate on 1-butanol-dependent β-

galactosidase induction in the reporter strain under oxic conditions.  In ammonium 

phosphate buffer, 1-butanol induced β-galactosidase to a similar level (~300 Miller) 

units in the absence or presence of 100 µM ascorbate.  In contrast, when CuSO4 

(0.5 µM) was added to the buffer, 1-butanol induced β-galactosidase to 281 and 55 

Miller units in the absence or presence of 100 µM ascorbate, respectively.  Typical 

standard deviations for the experiment were 30 Miller units.  These data suggest 

that CuSO4 can significantly repress β-galactosidase induction under oxic 

conditions in the presence of ascorbate to a similar extent as occurred under 1% O2 

in the absence of ascorbate. 

 

4.4.5.  Effects of CuSO4 on growth, O2 consumption and the induction of 

propionate consumption in lactate-grown P. butanovora.   

We conducted several experiments to ensure that CuSO4 repression of 1-

butanol-dependent induction of BMO was not simply due to a general toxic effect 

of CuSO4 on the metabolism of P. butanovora.  First, the LacZ reporter strain was 

grown in medium containing various CuSO4 concentrations from 0 to 30 µM.  

Cells did not grow on lactate in medium without supplemental CuSO4, and grew in 

the presence of 1 µM CuSO4 at rates comparable to the normal growth medium.  

Higher concentrations of CuSO4 (10 and 30 µM) slowed growth rates.  Second, 

endogenous and 1-butanol-dependent O2 consumption was unaffected by CuSO4 

up to a concentration of 3.3 µM, however, higher concentrations inhibited O2 

consumption.  Third, when lactate-grown cells were incubated with 2 mM 

propionate for 2 h, washed and assayed for the ability to consume propionate, cells 

consumed about 1 µmole of propionate×mg protein-1 in 30 min (Figure 4.3.).  The 

induction of propionate consumption was not significantly affected by the addition 

of 0.5 µM CuSO4 to the induction assay.  In contrast, when rifampicin was 
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included in the induction assay, propionate did not induce propionate consumption 

suggesting that the induction of propionate consumption requires transcription and 

it is insensitive to CuSO4 under conditions that would significantly repress BMO 

induction.  

  

                            
Figure 4.3.  Effect of CuSO4 and rifampicin on the induction of propionate 
consumption under microaerobic conditions from lactate-grown P. butanovora. 
Aerobically-grown cells were washed and resuspended under 1% O2, and 
propionate (1mM), rifampicin (40 µg/ml), or CuSO4 (0.5 µM) were added as 
indicated.  Values represent the means of three replicates and error bars represent 
the standard deviations of the means. 
 

4.4.6.  Effect of n-alcohol chain-length on oxic Cu-dependent repression. 

From another study Kurth et al. (manuscript in preparation) evidence was 

obtained for the presence of an additional BMO regulator induced by growing 

cells on propionate.  Because the two regulators of BMO in propionate-grown cells 

have different n-alcohol chain-length specificities, we tested the effect of alcohol 

chain-length on induction of the LacZ reporter strain in the presence and absence 

of 2 µM CuSO4 under oxic conditions. The LacZ reporter strain induced β-

galactosidase in response to alcohols C2-C8 (Figure 4.5.A.).  Only partial 

repression (about 80%) of alcohol-dependent induction was observed when 2 µM 
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CuSO4 was added to the assays in which alcohols C2-C5 served as the inducers, 

while CuSO4 completely repressed induction by alcohols C6-C8 (Figure 4.5.B.).   
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Figure 4.4.  Effect of CuSO4 on induction of β-galactosidase by alcohols C2-C8 in 
the LacZ reporter strain.  Propionate-grown cells were washed and resuspended in 
(A) ammonium phosphate buffer or (B) ammonium phosphate buffer amended 
with 2 µM CuSO4.  
 

 

4.5.  DISCUSSION 

 

  Previously we introduced a model of BMO regulation in which BMO 

expression is closely coupled to both the production and consumption of the 

alcohol, aldehyde, and organic acid products of alkane oxidation (Doughty et al., 

2006; Sayavedra-Soto et al., 2005).  This model of regulation does not account for 

how BMO is repressed under anoxic denitrifying growth conditions when 1-

butanol is used as a C source and the expression of BMO would be redundant.  

The results of this study clearly demonstrate that P. butanovora has a previously 

uncharacterized ability to repress transcription from the BMO promoter in 

response to exposure to microaerobic or anoxic conditions in the presence of an 

inducer, and that CuSO4 is involved.   
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Recent research in our laboratory has identified a σ54 type transcriptional 

regulator, BmoR, that is involved in the induction of the BMO promoter in 

response to alcohols.  The BMO promoter is not the first example of a σ54 

promoter that is regulated according to environmental redox conditions.  

Nitrogenase in Azotobacter vinelandii, and other bacteria, is transcribed via the 

activity of a σ54 promoter controlled by NifA protein (Dixon, 1998; Key et al., 

2007; Martinez-Argudo et al., 2004a; Martinez-Argudo et al., 2004b; Xie et al., 

2006).  NifA autophosphorylates into an active form and initiates transcription, 

however, the phosphatase activity of NifA is inhibited by NifL under aerobic 

conditions (Martinez-Argudo et al., 2004a).  NifL senses O2 directly via a PAS 

domain with a bound FADH2.  O2 enters the PAS domain and oxidizes the FADH2 

to FAD + H2O2 resulting in a conformation change, NifL activation, and the 

binding of NifL to the n-terminal of NifA (Key et al., 2007; Little & Dixon, 2003).  

In the context of P. butanovora, the BmoR protein is predicted to have a GAF 

domain in the N-terminal region (Kurth et al., 2007).  This raises the possibility 

that BmoR cannot only bind small molecules but may also participate in protein-

protein interactions which may contribute to redox regulation in P. butanovora.  

Interestingly, classic metal binding motifs were not identified in BmoR, yet it 

contains unusually high proportions of methionine and histidine; two amino acids 

frequently used to bind metals.  More research must be conducted to elucidate the 

molecular mechanisms associated with the role of BmoR in induction of BMO, 

and to determine if there is a link to the effect of CuSO4 on induction. 

The involvement of CuSO4 in the repression of BMO may resemble Cu-

dependent repression of soluble methane monooxygenase in M. capsulatus Bath 

and M. trichosporium OB3b (Csaki et al., 2003; Prior & Dalton, 1985b; Stafford et 

al., 2003; Stanley et al., 1983).  In these methanotrophic bacteria sMMO is 

repressed by Cu, and a Cu containing membrane bound methane monooxygenase 

(pMMO) is expressed.  A model of Cu repression of sMMO in M. capsulatus Bath 

has recently been proposed in which periplasmic Cu is sensed via the MmoS 
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protein, a component of a two component sensory kinase (Ukaegbu et al., 2006).  

MmoS has been characterized biochemically and possesses a bound FAD.  In a 

hypothetical model FADH is reduced in the absence of Cu and the kinase activity 

of MmoS is up regulated resulting in phosphorylation of MmoR, a transcriptional 

regulator of sMMO promoter (Csaki et al., 2003; Stafford et al., 2003; Ukaegbu et 

al., 2006).  The phosphorylated form of MmoR activates transcription of the 

sMMO promoter.  In the presence of Cu the FAD is oxidized, MmoS loses kinase 

activity and MmoS binds to and inactivates MmoR (Ukaegbu et al., 2006).  Our 

data strongly indicate that the CuSO4 effect on BMO expression is also redox 

linked, yet at this time it is unclear if the Cu1+ /Cu2+ equilibrium affects the CuSO4 

sensing mechanism of P. butanovora, and how similar this mechanism is to that 

described in methanotrophic bacteria.   

Growth of P. butanovora under anoxic, denitrifying conditions, on 1-

butanol as a C source led to a phenotype that did not induce β-galactosidase in 

response to alcohols, even when cells were placed into conditions favorable for 

BMO expression.  These data probably reflect broader physiological changes that 

have occurred in the organism in response to growing under anoxic conditions.  In 

this connection, E. coli has been shown to possess two redox sensing regulators 

(Partridge et al., 2007b).  Fnr is a global transcriptional regulator that controls 

changes to central metabolism that occur in response to changes in O2 

concentration (Constantinidou et al., 2006).  Fnr rapidly senses O2 because O2 

reacts with an iron sulfur center on Fnr resulting in conversion from a [4Fe-4S] to 

a [2Fe-2S].  In the reduced [4Fe-4S] form, Fnr binds to specific DNA sequences 

and represses transcription of genes. (Partridge et al., 2007a; Partridge et al., 

2007b).  The Fnr mechanism of regulation is very rapid and readily reversible  

(Khoroshilova et al., 1997).  In addition, E. coli also makes a slower response to 

decreasing O2 via ArcA that monitors the redox state of the quinone pool 

(Georgellis et al., 2001; Malpoca et al., 2004; Partridge et al., 2007b).  Our data 

suggests that repression of BMO in response to low O2 occurs through multiple 
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mechanisms, however, more work must be done to determine if molecular 

mechanisms of redox regulation, as described for E. coli, are operating in BMO 

regulation.   
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Chapter 5.   

 

Summary Comments 

 

 

5.1.  Propionate inactivation of butane monooxygenase activity P. butanovora; 

Biochemical and physiological implications.  

 

At the end of my Masters thesis I had speculated that the superiority of 

lactate over propionate or butyrate as electron donors of BMO activity could be 

due to three causes.  First, initial steps in lactate metabolism generate reductant, 

whereas butyrate and propionate metabolism is initiated by ATP consuming 

reactions.  Second, lactate could be metabolized into pyruvate, an antioxidant that 

might protect the cell from BMO-dependent oxidative damage.  Third, butyrate 

and propionate could inactivate or inhibit BMO by an unknown mechanism.  

Chapter 2 extended these observations and provided evidence that propionate and 

butyrate were indeed inactivators of BMO, and inactivation was both time and 

oxygen-dependent.  In addition, these data clearly indicated that lactate does not 

inhibit BMO.  The reevaluation of organic acids as electron donors led to 

procedures that could correctly identify the induction of BMO activity in P. 

butanovora, which was useful in generating the data for chapter 3 and 4.  

Furthermore the development of a refined ethene oxide assay and correct 

assessment of dichloroethene cooxidation kinetics and cytotoxicity, that came 

about as a result of both Doughty et al. (2005) and chapter 2, generated useful 

knowledge used by Halsey et al. (2006 & 2007) to characterize mutant strains of P. 

butanovora in which amino acid substitutions had been made to the α-subunit of 

the hydroxylase.  In turn, I benefited greatly from the creation of these mutants 
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since some mutant strains showed altered kinetics of propionate-dependent 

inactivation.   

Inhibition by propionate and butyrate were also observed in figure 2.1. in 

which BMO activity decreases more rapidly in the presence of propionate or 

butyrate than can be explained by the irreversible effects of these organic acids 

alone.  Furthermore, we were unable to detect propionate-dependent BMO 

inactivation in the G113N mutant, while a time-dependent inhibition of BMO 

activity in the G113N mutant strain was observed.  The G113N mutant could be 

useful in experiments that explore reversible inhibition of BMO by propionate.  

For example, incubation of the G113N mutant with propionate under anoxic 

conditions followed by the initiation of the ethylene oxide assay by the addition of 

O2 and ethene, could provide evidence that the BMO catalytic mechanism is also 

involved in BMO inhibition.  

 

5.2. Product Repression of Alkane Monooxygenase Expression in  

Pseudomonas butanovora 

A common theme in bacterial hydrocarbon consumption is the ability of 

many bacteria to consume a wide range of hydrocarbon compounds (van Beilen & 

Funhoff, 2007).  Despite the overwhelming body of research into the initiation of 

alkane catabolism (Ali et al., 2006; Beauvais & Lippard, 2005; Blevins & Perry, 

1972; Brazeau et al., 2001; Hamamura et al., 2001; Marín et al., 2001; Marín et al., 

2003.; van Beilen & Funhoff, 2007; Yuste et al., 1998), little is known about the 

regulatory and physiological processes that allow these bacteria to adapt their 

metabolic pathways in response to changes in the structure of the hydrocarbon 

substrate.  Because P. butanovora grows on n-alkanes C2-C9 (Takahashi et al., 

1980), we studied the effects of alkane chain length on alkane monooxygenase 

(BMO) expression and bacterial physiology in chapter 3 (Doughty et al., 2006; 

Doughty et al., 2007; Halsey et al., 2006).  These studies revealed that BMO is 

induced by the primary alcohols and aldehydes produced by BMO activity, rather 
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than by the alkane substrates (Doughty et al., 2005; Sayavedra-Soto et al., 2005), 

and that the expression of BMO is subjected to feedback repression in response to 

propionate, a product of odd but not even alkane metabolism (chapter 3). 

Interestingly, propionate repression of BMO was released following the induction 

of propionate consumption in P. butanovora suggesting that BMO expression, and 

alkane oxidation, are closely coupled (i) to the ability to consume the products 

formed via monooxygenase activity (ii) cellular demands for C and energy 

(chapter 3).   

In chapter 3 propionate, a downstream intermediate of propane metabolism, 

repressed BMO.  I proposed a model of BMO regulation in which the first step of 

alkane oxidation can be considered as a reductant sink analogous to steps in the 

lipid synthesis pathway.  The global transcriptional regulator, FadR, belongs to the 

GntR family of transcriptional regulators and controls the expression of the 

enzymes responsible for fatty acid synthesis and degradation as well as some 

alcohol dehydrogenase activities in Escherichia coli (Clark & Rod, 1987; Cronan 

& Subrahmanyam, 1998; van Aalten et al., 2001; Xu et al., 2001).  When FadR is 

not associated with acyl-CoAs, it forms complexes with specific sequences of 

DNA that (a) promote transcription of fatty acid synthesis genes (fab), and (b) 

prevent transcription of genes in β-oxidation (fad) (9). When fatty acids are in 

excess, long chain acyl-CoAs accumulate transiently in the cell, bind to FadR, and 

cause it to disassociate from DNA. This results in down regulation of fab genes, 

and up regulation of fad genes.  Similarly, we propose that the build up of 

propionate will lead to accumulation of propionyl-CoA.  If a form of FadR exists 

with the capacity to bind short chain-length acyl-CoAs, this could extend the role 

of FadR-like proteins to BMO regulation.  More research is certainly required to 

determine if BMO is repressed in response to propionate or the CoA thioester, 

propionyl-CoA.  

Of course my work with BMO regulation is part of a larger effort in the 

Arp and Bottomley laboratories that has focused on the regulation of alkane 
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metabolism.  The initial characterization of product induction was led by Dr. 

Sayavedra-Soto who constructed a mutant strain of P. butanovora in which the 

BMO promoter controlled β-galactosidase expression.  Because this mutant strain 

lacked functional BMO activity, it provided convincing evidence that the activity 

of the BMO promoter was up-regulated (Doughty et al., 2005; Sayavedra-Soto et 

al., 2005) in response to 1-butanol and butyraldehyde.  This has led to a model of 

BMO regulation (figure 5.1.) in which products of alkane metabolism regulate the 

expression of BMO activity through both positive and negative feedback 

mechanisms.  The LacZ mutant strain has proven invaluable to research conducted 

in chapters 3 and 4 as well as to Doughty et al. (2005 and 2006), Sayavedra-Soto 

et al. (2005) and Kurth et al. (manuscript in preparation).   
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Figure 5.1.  Model for the control of alkane monooxygenase expression and 

activity in P. butanovora.  
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5.3.  Evidence for Copper Involvement in a redox switch controlling alkane 

monooxygenase expression in P. butanovora. 

 

In the work of chapters 2 and 3, as well as that of Doughty et al. (2005), 

Kurth et al. (manuscript in preparation), Sayavedra-Soto et al. (2001 and 2005) we 

successfully described a model of BMO regulation in which the products of alkane 

oxidation affect the transcription and activity of BMO.  Because the functional 

expression of a metabolic pathway is not only dependent upon the incorporation of 

physiological information, like C and energy status, but also environmental 

conditions, we sought to expand our model and examine BMO regulation under 

denitrifying conditions in chapter 4.  The data in chapter 4 clearly establish a 

connection between O2 and the ability of alcohols to induce the BMO enzyme.  I 

suggest that CuSO4 mediates a rapid response to decreased O2 concentrations that 

prevents induction of the O2 consuming enzyme, BMO.  Several lines of evidence 

suggest that decreases in O2 bring about a broader physiological response beyond 

just the repression of BMO.  For example, the BMO promoter is unable to respond 

to 1-butanol even in the presence of O2 following anoxic growth or growth in 

medium containing 1 µM CuSO4 suggesting that environmental conditions may 

produce other changes in the regulation of metabolism that extend beyond BMO.   
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