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Graphium sp., a eukaryotic alkanotroph, is able to oxidize small-molecular 

weight gaseous n-alkanes, diethyl ether and the branched ether, methyl tert butyl ether 

(MTBE).  However, information regarding the biochemistry of fungal-mediated 

alkane and ether metabolism is limited, and questions regarding the identity of alkane 

oxidation catalysts and the genetic underpinnings of alkane metabolism are 

unresolved. The objectives of this investigation were to refine the pathway and the 

regulation of MTBE metabolism, to further define the substrate range and to identify 

and characterize the hydroxylase responsible for alkane and ether oxidation in this 

Graphium species. We found that Graphium oxidizes MTBE through a novel variation 

of an existing pathway first described in n-alkane-grown Mycobacterium vaccae 

JOB5. However, the fungus is unable to utilize the products of MTBE metabolism, 

resulting in the accumulation of potentially toxic intermediates. We also found that the 

regulatory effects of MTBE oxidation intermediates proposed for other MTBE-

degrading organisms do not impact Graphium-mediated MTBE metabolism and thus 

are not universally relevant mechanisms for MTBE-degrading organisms.   

Given that Graphium is able to degrade MTBE and diethyl ether, we 

investigated the ability of the fungus to degrade environmentally relevant cyclic ethers 



including tetrahydrofuran (THF) and 1,4-dioxane (14D). Our investigation of cyclic 

ether metabolism revealed that Graphium sp. utilizes THF as a sole source of carbon 

and energy under aerobic conditions via the THF metabolic pathway used by 

Rhodococcus ruber and two Pseudonocardia strains. Although Graphium sp. was 

unable to grow on 14D, it was able to cometabolize this compound after growth on 

either THF or alkanes. The results of our investigations regarding cyclic ether and 

MTBE metabolism suggested that the metabolic pathways that process these 

compounds are superimposed on the alkane oxidation pathway. Because 

monooxygenase-catalyzed substrate activation is both the first and the rate-

determining step of these pathways, an additional aim of this investigation was to 

identify, clone and characterize the gene encoding the alkane monooxygenase from 

this Graphium sp. Prokaryotic alkanotrophs oxidize alkanes mainly through diiron and 

copper-containing monooxygenases. Unlike prokaryotes, in Graphium sp., we found 

that the initial oxidation of alkanes is catalyzed by a cytochrome P450 alkane 

monooxygenase. This is the first report of a cytochrome P450 monooxygenase that is 

able to oxidize gaseous n-alkanes. To further characterize this novel enzyme, we also 

estimated the regiospecificity of alkane oxidation and determined that although the 

majority of hydroxylation events result in terminal carbon oxidation, a significant 

portion of these events result in subterminal oxidation. Subterminal oxidation can 

produce metabolites that are unpalatable and possibly toxic. Taken as a whole, the 

results of these investigations significantly extend the known growth substrates and 

lend insight into the biochemical foundations and genetic underpinnings that facilitate 

gaseous n-alkane and ether oxidation by this versatile fungus.   
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Characterization of the Molecular Foundations and Biochemistry of Alkane and Ether 

Oxidation in a Filamentous Fungus, a Graphium species. 

 

Chapter 1 

 

Introduction 

 

Alkanes 

 Alkanes, also known as paraffins, are saturated hydrocarbons and can have 

branched, linear or cyclic arrangements. Although alkanes mainly originate from 

decaying plant matter, they can also be biologically produced as natural intermediates 

of metabolism (Shennan, 2006; van Beilen and Funhoff, 2007).  These highly-reduced 

molecules play critical environmental, ecological and economic roles. For example, 

methane is a potent greenhouse gas and has a significant role in global carbon cycling. 

Likewise, long-chain and cyclic alkanes can account for up 50% of the constituents in 

crude oil. These compounds therefore impact ecosystems and economies through 

petroleum contamination and the world oil market. Despite their inert chemical 

characteristics, several microbes have evolved enzymes and metabolic pathways that 

allow them to glean carbon and energy from these otherwise unpalatable substrates.  

Aerobic alkanotrophic microorganisms metabolize these compounds by 

activating the hydrocarbon substrate with an initial reaction that inserts a single 

oxygen atom into the molecule. This initial oxidation reaction is mediated by alkane 

hydroxylases. Alkane hydroxylases are versatile catalysts that oxidize a broad-

spectrum of compounds (reviewed in; (Shennan, 2006; van Beilen and Funhoff, 2007). 

These enzymes are therefore important in and relevant to a variety of industrial and 

bioremediation applications.  

 The metabolic pathway by which alkanes are processed is determined by the 

regiospecificity of the alkane hydroxylase, which oxidizes alkanes at either the 

terminal or the subterminal carbon. The subterminal and terminal metabolic pathways 
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are compared in Figure 1.1. During terminal alkane oxidation, activation of the 

molecule occurs through hydroxylation events that result in the production of primary 

alcohols. The alcohol undergoes oxidation by an alcohol dehydrogenase to produce an 

aldehyde. The aldehyde is subsequently oxidized by an aldehyde dehydrogenase to 

produce the cognate fatty acid. The fatty acid can either be oxidized again to form a 

dicarboxylic acid, or it can directly enter -oxidation or other central carbon metabolic 

pathways. The metabolic pathway by which acids are assimilated depends on the chain 

length of the alkane intermediate. For example, propane derivatives are metabolized 

through the 2-methylcitrate or the methylmalonate pathway (Shennan, 2006). Alkane 

activation also occurs at subterminal carbons. When the alkane is hydroxylated at the 

secondary position, the metabolic fate of the alcohol is more strain-specific. For 

example, during propane oxidation, production of the secondary alcohol and 

subsequent oxidation leads to the formation of acetone. Depending on the metabolic 

capability of the organism, the acetone can either be oxidized by a Baeyer-Villager 

monooxygenase to methyl acetate (Kotani et al., 2006b), it can undergo CO2-

dependent carboxylation, producing acetoacetate (Clark and Ensign, 1999) or, in the 

case of M. vaccae, acetone can undergo further oxidation to acetol (Coleman and 

Perry, 1984). Some organisms, like Pseudonocardia TY-7 and Mycobacterium vaccae 

JOB5 are thought to hydroxylate alkanes at both the primary and the secondary 

carbon. Although the fate of subterminal oxidation products is unresolved in M.vaccae 

JOB5, Pseudonocardia TY-7 is able to metabolize the resulting products (Kotani et 

al., 2006a). However, if an alkane hydroxylase displays lax regiospecificity and lacks 

the metabolic pathways to process intermediates, the production of secondary alcohols 

can result in the buildup of dead-end intermediates that cannot be used for downstream 

cellular processes. Although this would lead to a decrease in biomass yield, more 

deleterious cellular effects could occur if secondary alcohols or methylketones exert 

toxic effects on the organism. 

Most organisms that grow aerobically possess the necessary pathways that are 

involved in primary or secondary alcohol metabolism; however, relatively few 
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organisms are able to oxidize alkanes. Of these, only a subset of organisms is capable 

of growing on short-chain, gaseous n-alkanes. The ability of organisms to use gaseous 

alkanes is determined by both the presence and the substrate specificity of alkane-

oxidizing enzymes.  

 

Alkane Hydroxylases  

In bacteria, the ability to degrade nonmethane gaseous hydrocarbons, including 

ethane, propane and butane, is limited mainly to Gram-positive bacteria belonging to 

the Corynebacterium, Mycobacterium, Nocardia and Rhodococcus group (Ashraf et 

al., 1994; Hamamura et al., 1999). Recently the ability to oxidize propane was 

biochemically and genetically characterized in another Gram-positive bacterium, 

Gordonia sp. TY-5 (Kotani et al., 2003).  Few Gram-negative bacteria have been 

reported to grow by using gaseous n-alkanes. Of these, ‘Pseudomonas butanovora’ is 

the best characterized, and the pathway of terminal butane oxidation has been 

elucidated through biochemical and molecular genetic studies. In prokaryotes, the 

initial activation of gaseous alkanes is often catalyzed by soluble diiron- or copper-

containing monooxygenases (van Beilen et al., 2003; Shennan, 2006; van Beilen and 

Funhoff, 2007). These enzymes show similarity to the well-characterized methane 

monooxygenases, sMMO and pMMO. For example, both the butane monooxygenase 

(sBMO) from ‘P. butanovora’ and the propane monooxygenase from Gordonia TY-5 

(PMO) are remarkably similar to sMMO (Sluis et al., 2002; Kotani et al., 2006a). 

Similarly, Nocardia sp. CF8 expresses a copper-containing BMO that is likely similar 

to pMMO (Hamamura et al., 1999). The best-characterized enzymes that catalyze the 

activation of longer-chain alkanes  (C5-C16) by bacteria are non-heme, diiron-

containing AlkB-related alkane hydroxylases (reviewed in (van Beilen et al., 2003) 

and cytochrome P450 alkane monooxygenases belonging to the CYP153 Class I P450 

family (van Beilen et al., 2006). Although CYP153 members that are able to oxidize 

medium- and long-chain alkanes are common in prokaryotic alkanotrophs, no known 
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cytochrome P450 alkane monooxygenases have been isolated that activate short-chain 

gaseous alkanes. 

 The metabolism of medium and long-chain alkanes has been characterized in 

some yeasts, including Candida maltosa (Ohkuma et al., 1991b; Ohkuma et al., 

1995a; Zimmer et al., 1996; Ohkuma et al., 1998), C. tropicalis (Gallo et al., 1973; 

Sanglard et al., 1987; Sanglard and Fiechter, 1989; Sanglard and Loper, 1989; 

Ohkuma et al., 1991b), Debaryomyces hansenii (Yadav and Loper, 1999) and 

Yarrowia lipolytica (Iida et al., 1998; Iida et al., 2000).  In each of these yeasts, the 

pathway and the genetic underpinnings of alkane metabolism have been molecularly 

determined. Without exception, the enzymes that are responsible for the initial 

activation of alkanes in these fungi are cytochrome P450 alkane hydroxylases 

belonging to the CYP52 cytochrome P450 family. 

 Unlike yeast-mediated medium-and long-chain alkane oxidation, almost no 

information is available on gaseous alkane metabolism in fungi, and only a few 

species have been described that are able to utilize these substrates. Fungal organisms 

that are able to grow on gaseous n-alkanes include: Scedosporium sp. A-4(Onodera et 

al., 1989a), Acremonium sp.(Dworkin and Foster, 1958; Davies et al., 1974), 

Phialophora jeanselmei (Davies et al., 1974), and two isolates of Graphium spp. 

(Zajic et al., 1969; Davies et al., 1974). Of these, Scedosporium A-4 (Onodera et al., 

1989a, b; Onodera and Ogasawara, 1989, 1990; Onodera et al., 1990) and Graphium 

sp. ATCC 58400 (Zajic et al., 1969; Curry et al., 1996; Hardison et al., 1997) are the 

best characterized; however, information regarding the biochemical basis and the 

genetic underpinnings of alkane metabolism in these species is limited. Because 

Graphium sp. produces a Scedosporium stage in culture, it is possible that these two 

isolates are conspecific. By determining the straight and branched-alkane and the 

alcohol substrate range of Graphium sp. we will be able to directly compare the rare 

abilities of these fungi to oxidize alkanes. The determination of the alkane and alcohol 

substrate range of Graphium sp. is the focus of a study presented in Chapter 5. 

Additionally, understanding the biochemical pathway and the molecular genetic basis 
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of alkane metabolism in Graphium sp. is the subject of the investigations presented in 

Chapters 4 and 5. 

 

Biology of Graphium sp. ATCC 58400 

 Graphium is a filamentous fungus that is commonly found in soils and on 

plants. Fungal species belonging to the form genus Graphium are united by their 

ability to form synnema, a structure comprised of several conidiophores to form one 

large bouquet of conidia. These fungi are the anamorphs of a taxonomically broad 

group of Sordariomycetes including members of the Microascaceae and the 

Ophiostomataceae (Issakainen et al., 1997; Rainer et al., 2000; Jacobs et al., 2005). 

Teleomorphic stages of Graphium include species of Pseudallescheria, Ophiostoma 

and Petriella. Graphium cultures can also produce a Scedosporium synanamorphic 

stage that produces distinct conidia.  Graphium sp. ATCC 58400 was isolated in the 

late 1960s from microbial cultures isolated from sewage samples (Zajic et al., 1969). 

These isolations were enriched for organisms that could grow by using the 

components of natural gas as the sole source of carbon and reductant. One of the 

organisms that were reported to grow on natural gas (C2-C4 n-alkanes) was identified 

as this Graphium strain (Zajic et al., 1969).  More recent studies isolated several fungi 

from flare pit soils (April et al., 1998; April et al., 2000). Some of the fungal cultures 

were provisionally identified as Graphium spp., however, further molecular and 

morphological analyses determined that these isolated Graphium strains, and strain 

ATCC 58400, are conspecific with Pseudallescheria boydii (April et al., 1998). 

However, the Pseudallescheria boydii teleomorphic stage of Graphium sp. ATCC 

58400 has not been observed in culture.   

A later study extended the range of substrates that is known to support the 

growth of Graphium to include diethyl ether (Hardison et al., 1997) (DEE). The 

diethyl ether degradation pathway in Graphium involves an initial oxidation reaction 

that produces a hemiacetal, ethoxyethanol, which undergoes rapid dismutation to form 
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ethanol and acetaldehyde. Metabolism of these compounds proceeds via the terminal 

alkane oxidation pathway depicted in Fig. 1.1.  

A separate study demonstrated that alkane-oxidizing activity in Graphium sp. 

ATCC 58400 is inhibited by alkenes and alkynes, indicating the involvement of a 

cytochrome P450 alkane monooxygenase (Curry et al., 1996).  DEE oxidation was 

also abolished in the presence of cytochrome P450 inhibitors, suggesting that ether 

and alkane oxidation are mediated by similar enzymes (Hardison et al., 1997). 

Following growth of Graphium on either n-butane or on DEE, Graphium sp. was able 

to cometabolize the fuel oxygenate methyl tert-butyl ether (MTBE) (Hardison et al., 

1997). This activity was also shown to be associated with a cytochrome P450 alkane 

monooxygenase. Evidence supporting this association included overlapping inhibitor 

and induction profiles and the demonstration of competitive interactions between 

butane and MTBE oxidation (Hardison et al., 1997).  Studies that examined alkane 

inhibition profiles (Curry et al., 1996) and the linkage between alkane and ether 

oxidation (Hardison et al., 1997) established the foundation for the hypothesis that 

these reactions are catalyzed by a novel cytochrome P450 alkane monooxygenase with 

activity toward gaseous n-alkanes and branched ethers. The investigations presented in 

Chapter 4 strengthen this hypothesis and functionally characterize a cytochrome P450 

short chain alkane hydroxylase from Graphium sp.  

 

Metabolism of MTBE 

 MTBE is widely used in modern gasoline formulations to introduce fixed 

oxygen into the combustion process. However, petroleum leaks originating from 

underground storage tanks have contaminated groundwater supplies with MTBE 

(Johnson et al., 2000; Moran et al., 2005). The US Geological Survey found that 27% 

of urban wells sampled were contaminated with environmentally significant levels of 

MTBE (Squillace et al., 1995; Squillace et al., 2000). Nationally, it has been estimated 

that there are 250,000 leaking underground storage tanks that have led to MTBE 

contamination (Squillace et al., 1995).   Public concerns over MTBE contamination 
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have arisen because the effects of chronic MTBE exposure are unknown and because 

typical environmental concentrations can render drinking water supplies unpalatable. 

Furthermore, microbial metabolism of MTBE results in the production of tert-butyl 

alcohol, a compound that can cause oxidative DNA damage and other toxic responses 

(Lindamood et al., 1992; Williams-Hill et al., 1999; Budroe et al., 2004). For these 

reasons, the U.S. EPA issued a drinking advisory for MTBE of 20 to 40 ppb (U.S. 

Environmental Protection Agency, 1997).  

The MTBE molecule has two key structural features that suggest that it might be 

resistant to environmental degradation: its tertiary-branched hydrocarbon structure 

(Squillace et al., 1995) and its ether bond (White et al., 1996). However, many studies 

with bacteria and mammals have shown that MTBE can be biodegraded. There are 

two mechanisms for aerobic degradation of MTBE; MTBE acts either as the sole 

source of carbon and energy for growth (Hanson et al., 1999; Hatzinger et al., 2001; 

Smith et al., 2003a) or it is cometabolically oxidized by organisms grown on other 

compounds (Steffan et al., 1997; Garnier et al., 1999; Hyman et al., 2000; Hyman et 

al., 2001; Liu et al., 2001; Smith et al., 2003a; Smith et al., 2003b). The MTBE 

metabolic pathways that have been characterized in microbes are outlined in Figure 

1.2.  

Bacterial strains that grow on MTBE include R. gelatinosus PM1 (Hanson et al., 

1999) and H. flava ENV735 (Hatzinger et al., 2001). These organisms directly oxidize 

MTBE to TBA through the activity of monooxygenase enzymes. Further oxidation of 

TBA appears to be catalyzed by a separate monooxygenase enzyme (Hanson et al., 

1999; Hatzinger et al., 2001). Although the remaining intermediates and enzymatic 

steps involved in MTBE mineralization after TBA have not been elucidated, TBA 

metabolism is hypothesized to proceed via 2-hydroxyisobutyrate.  

Cometabolic degradation of MTBE is catalyzed by a diverse group of 

microorganisms after growth on specific hydrocarbons (Steffan et al., 1997; Garnier et 

al., 1999; Hyman et al., 2000; Hyman et al., 2001; Liu et al., 2001; Smith et al., 2003a; 

Smith et al., 2003b). Organisms that cometabolically degrade MTBE can be separated 
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into two subclasses based on the final extent of MTBE degradation and the 

intermediates generated during MTBE metabolism. The first class of organisms is 

comprised of pseudomonads like Pseudomonas mendocina KR1 (Smith et al., 2003b) 

and P. putida GPo1 (Smith and Hyman, 2004), that oxidize MTBE through the 

activity of alkane-inducible alkane hydroxylases. Like Rubrivivax gelatinosus PM1 

(Hanson et al., 1999) and Hydrogenophaga flava ENV735 (Hatzinger et al., 2001), 

these organisms directly oxidize MTBE to TBA.  However, current evidence indicates 

that these n-alkane-grown pseudomonads do not further oxidize TBA (Smith et al., 

2003b; Smith and Hyman, 2004).  

The second class of cometabolic MTBE-degrading bacteria includes propane-

grown M. vaccae JOB5 (Smith et al., 2003a) and n-butane-grown bacteria (Liu et al., 

2001). These organisms produce tertiary butyl formate (TBF) as the first detectable 

product of MTBE oxidation. This ester is thought to be generated by an alcohol 

dehydrogenase-catalyzed oxidation of tert-butoxymethanol, an unstable hemiacetal 

(Hardison et al., 1997). TBF hydrolysis is catalyzed by an esterase-like enzyme and 

yields TBA. Cometabolism of MTBE by M. vaccae JOB5 and other TBF-forming 

organisms is distinguished by the fact that the monooxygenase enzymes responsible 

for MTBE oxidation also oxidize TBA (Liu et al., ; Smith et al., 2003a) to 2-methyl-1, 

2-propanediol (Steffan et al., 1997; Johnson et al., 2004). Because MTBE and TBA 

are substrates for the same monooxygenase there is a potential for competitive 

interactions between these compounds (Smith et al., 2003a). Recently, TBA oxidation 

was linked with the presence and activity of an AlkB-like alkane hydroxylase in a 

spectrum of Mycobacterium strains, suggesting a tighter enzymatic connection 

between alkane, MTBE and TBA oxidation (Lopes Ferreira et al., 2007).   

The pathway and enzymatic processes outlined above for M. vaccae also 

operate in M. austroafricanum IFP 2012 (François et al., 2002). This organism has 

been reported to grow on both MTBE and TBA (François et al., 2002). A 

physiological study with M. austroafricanum IFP 2012 suggested that TBF has a 

regulatory effect on the monooxygenase responsible for MTBE and TBA oxidation 
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(François et al., 2003) and that TBA impacts the preceding TBF hydrolysis reaction. 

In combination, these effects may contribute to the unusual metabolic and 

physiological responses of this organism to MTBE. These regulatory effects have not 

been characterized in any other MTBE-oxidizing and TBF-generating organism, 

irrespective of whether the organism fully metabolizes or simply cometabolizes 

MTBE.   

Although much of our current knowledge concerning MTBE biodegradation 

has been obtained from bacterial studies, cometabolic degradation of MTBE was first 

demonstrated in an n-alkane-grown fungus, a Graphium sp. (Hardison et al., 1997). 

This study provided the first identification of TBF as an intermediate in microbial 

MTBE degradation, but the evidence for a central role for this intermediate in MTBE 

oxidation was not strongly supported by kinetic analyses.  Since this observation, TBF 

production during MTBE oxidation has been observed in several bacterial studies and 

this activity has consistently been associated with the ability of these organisms to 

further oxidize TBA (Liu et al., 2001; Smith et al., 2003a). Despite the early report of 

MTBE cometabolism in butane-grown Graphium, the details and the reactions 

involved in fungal-driven MTBE metabolism have not yet been elucidated. Since 

MTBE cometabolism was reported in Graphium sp., only one other study 

investigating MTBE oxidation in a fungus has been reported (Magaña-Reyes et al., 

2005). However, that study did not investigate either the pathway or the enzymology 

involved in MTBE degradation. Likewise, in Graphium sp., the fate of the TBA 

produced during MTBE oxidation has not been established. Although previously 

reported data suggest that TBA does not stiochiometrically accumulate during MTBE 

metabolism, it remains to be seen if the disappearance of TBA can be attributed to 

enzymatic oxidation. It is also unclear if the regulatory effects of TBF and TBA 

reported in M. austroafricanum IFP2012 impact MTBE oxidation in Graphium sp.  

These questions are addressed in the investigation presented in Chapter 2.  
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Cyclic Ether Metabolism 

The cyclic ether tetrahydrofuran (THF) is added to industrial solvents to 

stabilize solvent performance and to prevent chemical breakdown. Some industrial 

solvents that contain solvent stabilizers include U.S. Environmental Protection Agency 

designated priority pollutants including trichloroethylene (Mohr, 2001). Therefore, 

THF is often present at environmental sites impacted by commonly used solvents 

(Mohr, 2001). Public concern over the presence of THF and other cyclic ethers in the 

subsurface has emerged in response to the possible adverse health effects of THF 

(Moody, 1991) and the suspected carcinogenic properties of others, like 1,4-dioxane 

(14D) (U.S. Environmental Protection Agency, 1995).  Health concerns have 

prompted some states to adopt standards that regulate the concentration of THF in 

drinking water (Mohr, 2001).  

In the subsurface, the ether functional group confers both resistance to 

bacterial degradation (White et al., 1996) and the ability to form hydrogen bonds with 

water. These properties render THF recalcitrant and mobile. THF contaminant plumes 

may therefore persist longer and migrate well beyond the industrial solvents with 

which they were originally released (Mohr, 2001). The persistence of THF in the 

environment is exacerbated because it is not amenable to remediation regimes 

typically employed for the removal of concomitant solvents (Mohr, 2001, Zenker, 

2003 #241; Zenker et al., 2003). Furthermore, because solvent stabilizers tend to lead 

solvent plumes, stabilizer co-contamination is often not discovered until after 

remediation schemes for the attenuation of solvents are already in place, resulting in 

increased costs (Zenker et al., 2003). Biological approaches and monitored natural 

attenuation may be appropriate for the remediation of THF-impacted groundwater.   

Several actinomycetes, including Rhodococcus ruber strain 219 (Bock et al., 

1996), Pseudonocardia dioxanivorans (Parales et al., 1994; Mahendra and Alvarez-

Cohen, 2005), P. tetrahydrofuranoxydans strain K1 (Kohlweyer et al., 2000; 

Kaempfer et al., 2006), and Pseudonocardia strains M1 (Daye et al., 2003), and 
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ENV478 (Vainberg et al., 2006) consume THF as a sole source of carbon and energy 

under aerobic conditions. The THF degradation in these organisms involves an initial 

oxidation of THF to generate the unstable hemiacetal, 2-hydroxytetrahydrofuran. This 

intermediate is then rapidly dehydrogenated to form -butyrolactone, a cyclic ester that 

then undergoes an esterase-catalyzed hydrolytic cleavage to form 4-hydroxybutyrate. 

This hydroxyacid is further oxidized to succinate, which enters central carbon 

metabolism.  

Unlike the prokaryotes described above, little is known about the degradation 

of THF by eukaryotic microorganisms. A strain of Cordyceps sinesis, a fungal insect 

pathogen, was described as the first eukaryote able to grow on several cyclic ethers 

including THF and 14D (Nakamiya et al., 2005).   The pathway of THF degradation in 

this strain was not determined although ethane-1, 2-diol was shown to be generated 

during 14D catabolism.  No other eukaryotes have been described to grow on THF or 

14D.  

A recent kinetic study determined that a spectrum of THF-, alkane- and 

toluene-monooxygenases is able to degrade 14D (Mahendra and Alvarez-Cohen, 

2006). Some of the bacteria investigated in that study, like M. vaccae JOB5 and P. 

mendocina KR1 are also capable of degrading MTBE (Mahendra and Alvarez-Cohen, 

2006).  Given that Graphium sp. is able to grow on DEE and is also able to 

cometabolize MTBE (Hardison et al., 1997) through monooxygenase-catalyzed 

reactions, the ability of this fungus to degrade cyclic ethers seems likely. 

Investigations into the ether substrate range of this versatile fungus may lend insight 

into the biochemistry and genetics of eukaryotic ether degradation, and are the subject 

of the investigations presented in Chapter 3. 

 

Cytochrome P450 Hydroxylases 

 Cytochrome P450s are a superfamily of heme-thiolate monooxygenase 

enzymes that primarily catalyze the oxidation of hydrocarbons to alcohols, but are also 

able to catalyze other reactions including dealkylation, deamination and 
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dehalogenation (Werck-Reichhart and Feyereisen, 2000; Guengerich, 2001; 

Bernhardt, 2006). These enzymes are found in almost all organisms and are involved 

in a diverse spectrum of metabolic processes. There are over 700 cytochrome P450 

families, with over 6400 named sequences (Nelson). Cytochrome P450 hydroxylases 

use the power from high energy reducing compounds like NAD(P)H to cleave 

molecular oxygen. Upon cleavage, one atom of oxygen is introduced into the 

substrate, while the second atom is reduced to water (Bernhardt, 2006). All 

cytochrome P450s contain a heme cofactor and a reductase component. The 

cytochrome P450 superfamily is subdivided into four known classes based on the 

reductase component and thus are delineated by the mechanism that delivers 

NAD(P)H to the catalytic site of the enzyme (Werck-Reichhart and Feyereisen, 2000; 

Bernhardt, 2006). Class I proteins are found in prokaryotes and require both a FAD-

containing reductase and an iron-sulfur redoxin. Class II enzymes are membrane-

bound, eukaryotic Cytochrome P450s that require a FAD/FMN-containing 

oxidioreductase. Class III enzymes are self-sufficient and do not require an electron 

donor for catalysis. Class IV enzymes are also self-sufficient, but directly receive 

electrons from NAD(P)H (Werck-Reichhart and Feyereisen, 2000).  

Cytochrome P450s in fungi are typically Class II microsomal enzymes and can 

be involved in the detoxification and/or activation of a wide-range of xenobiotic 

compounds including medium and long-chain alkanes, polyaromatic hydrocarbons, 

and other recalcitrant molecules (Werck-Reichhart and Feyereisen, 2000; Bernhardt, 

2006). Although they are extremely diverse in their primary structure and function, 

cytochrome P450 class II enzymes all contain common features (Werck-Reichhart and 

Feyereisen, 2000). These common features include; a predicted transmembrane region 

(Hofmann and Stoffel, 1993) containing a string of hydrophobic amino acids, a halt-

transfer signal comprised of basic residues followed by a proline cluster (the hinge 

region), a proton transfer groove important in cytochrome P450 catalysis, an EXXR 

motif in the K-helix and the heme-binding loop with the absolutely conserved cysteine 

that serves as a fifth ligand to the heme iron (Werck-Reichhart and Feyereisen, 2000). 
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Cytochrome P450s have six substrate recognition sites (SRS) that are involved in 

substrate recognition or binding. These regions are highly variable in their primary 

protein structure and are thought to determine substrate specificity (Gotoh, 1992). 

 Medium- and long-chain alkane oxidization in yeasts is catalyzed by 

cytochrome P450 enzymes belonging to the CYP52 family. Genes encoding CYP52 

enzymes have been molecularly characterized in several n-alkane utilizing yeasts, 

including several species of C. maltosa (Schunck et al., 1989; Takagi et al., 1989; 

Ohkuma et al., 1991b; Schunck et al., 1991; Ohkuma et al., 1995b), C. tropicalis 

(Sanglard et al., 1987; Sanglard and Loper, 1989; Seghezzi et al., 1991; Seghezzi et 

al., 1992; Craft et al., 2003), D. hansenii (Yadav and Loper, 1999), and Y. lipolytica 

(Iida et al., 1998; Iida et al., 2000). Cytochrome P450 activity can be distinguished 

from the activity of other monooxygenases by using suicidal inactivators that do not 

collectively affect diiron or copper-containing enzymes (Ortiz de Montellano and 

Reich, 1986; Hyman and Arp, 1988; Hamamura et al., 1999). Because this suite of 

alkenes and alkynes has previously been shown to inhibit Graphium-mediated 

oxidation of n-alkanes (Curry et al., 1996) and ethers (Hardison et al., 1997), a 

cytochrome P450 was hypothesized to be responsible for the initial activation of these 

compounds. However, a cytochrome P450 that is involved in gaseous n-alkane 

oxidation has not yet been identified from either prokaryotic or eukaryotic 

alkanotrophs. In Chapter 4, we present conclusive evidence that a novel cytochrome 

P450 alkane monooxygenase catalyzes both ether and gaseous alkane oxidation in 

Graphium sp.  

 

Overview of Dissertation 

 The overall objective of this research is to advance our understanding of the 

biochemistry and the molecular underpinnings of alkane and ether utilization in 

Graphium sp. In Chapter 2, the pathway and the regulation of MTBE metabolism in 

this fungus is further elucidated. In Chapter 3, the biochemistry and the pathway of 

Graphium-mediated cyclic ether metabolism is described. In addition, a spectrum of 
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ethers, esters, diols, carboxylic acids and nitrogen heterocycles are investigated for 

their ability to support Graphium growth (Fig. 1.3).  In Chapter 4, a gene encoding a 

novel cytochrome P450 alkane hydroxylase that catalyzes gaseous n-alkane and ether 

oxidation is identified and functionally characterized. Lastly, the substrate range of 

this versatile fungus  (Table 1.1) and the regiospecificity of alkane oxidation are 

further explored in the description of isobutane metabolism that is presented in 

Chapter 5.  The conclusions of these investigations and their role in elucidation of the 

biology, the biochemistry and molecular genetics of alkane oxidation in this versatile 

and fascinating fungus are summarized in Chapter 6.  
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Figure 1.1.  Pathways involved in the metabolism of alkanes by terminal and 

subtermial oxidation. 

 

 

The generic compounds and enzymes involved in terminal and subtermial alkane 

oxidation pathways are shown. Only the Baeyer-Villager pathway for subterminal 

oxidation is shown. Primary alcohols generated from esters during subterminal 

oxidation are metabolized via terminal oxidation. In some fungi, fatty acids are 

oxidized to , -dicarboxylic acids and processed via -oxidation (Scheller et al., 

1998).  
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Figure 1.2.  MTBE metabolic pathways described in bacteria and fungi. 

 

 

The structures of the compounds involved in the MTBE metabolic pathway are shown 

above.  Bacteria like R. gelatinosus PM1 (Hanson et al., 1999) are able to grow on 

MTBE. These bacteria directly oxidize MTBE to form TBA and formaldehyde. TBA 

is further oxidized to 2-methyl-1, 2-propanediol, 2-hydroxyisobutyric acid and carbon 

dioxide.  Other bacteria cometabolize MTBE after growth on alkanes. Some of these 

bacteria, like P. mendocina KR1 (Smith et al., 2003b) directly oxidize MTBE to form 

TBA. TBA does not undergo further oxidation by pseudomonads. M. vaccae JOB5 

(Smith et al., 2003a), cooxidizes MTBE to form the intermediate tert-butoxymethanol 

(TBOM). Rapid hydrolysis of TBOM results in the formation of TBF, which 

undergoes hydrolysis to form TBA. M. austroafricanum IFP (François et al., 2002) 

grows on MTBE via this pathway. Graphium sp. also generates TBA from TBF 

hydrolysis, but the fate of TBA in this organism has not yet been characterized. Solid 

arrows designate the known reactions involved in Graphium-mediated MTBE 

cooxidation. Dashed arrows designate reactions that are not known to occur in fungi. 

(Figure adapted from (Johnson, 2005) 

? 
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Figure 1.3.  The compounds investigated as potential Graphium sp. growth 

substrates in Chapter 3. 

 

 

The structures of the ethers, lactones, terminal diols, acids, nitrogen heterocycles and 

hexamethylene oxide that were investigated as potential Graphium sp. growth 

substrates are shown above.   
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Table 1.1.  Potential n-alkane, branched alkane, cyclic alkane and alcohol growth 

substrates investigated in Chapter 5.  

 

   Chain   

   Length         Chemical Name and Structure 
 

 
 

2 

6 

4 

5 

3 
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Pathway, Inhibition and Regulation of MTBE Oxidation by a Filamentous Fungus, 
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Abstract 

 The filamentous fungus Graphium sp. (ATCC 58400) cometabolically 

oxidizes the gasoline oxygenate methyl tertiary butyl ether (MTBE) after growth on 

gaseous n-alkanes. In this study, the enzymology and regulation of MTBE oxidation 

by propane-grown mycelia of Graphium sp. were further investigated and defined. 

The trends observed during MTBE oxidation closely resembled those described for 

propane-grown cells of the bacterium Mycobacterium vaccae JOB5. Propane-grown 

mycelia initially oxidized the majority (~95%) of MTBE to tertiary butyl formate 

(TBF) and this ester was subsequently biologically hydrolyzed to tertiary butyl 

alcohol (TBA). Substoichiometric amounts of TBA were detected during oxidation of 

low MTBE concentrations or hydrolysis of low TBF concentrations. However, near 

stoichiometric amounts of TBA were detected when propane-grown mycelia were 

exposed to high TBF concentrations. Oxidation of TBA was not observed when TBA 

was added as a sole substrate to propane-grown mycelia. These results collectively 

suggest propane-grown mycelia only have a limited capacity to degrade TBA. None of 

the products of MTBE exerted a physiologically relevant regulatory effect on the rate 

of MTBE or propane oxidation and no significant effect of TBA was observed on the 

rate of TBF hydrolysis. Together these results suggest the regulatory effects of MTBE 

oxidation intermediates proposed for MTBE-degrading organisms such as 

Mycobacterium austroafricanum are not universally relevant mechanisms for MTBE-

degrading organisms. The results of this study are discussed in terms of their impact 

on our understanding of the diversity of aerobic MTBE-degrading organisms and 

pathways and enzymes involved in these processes. 

 

Introduction 

 Several alkyl ethers, including methyl tertiary-butyl ether (MTBE), have been 

widely used in modern gasoline formulations as both octane enhancers and 

oxygenates.  The widespread use of MTBE over the past 25 years has resulted in 

extensive contamination of subsurface drinking water resources (Johnson et al., 2000; 
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Moran et al., 2005, Johnson, 2000 #85). Public concerns over MTBE contamination 

have arisen because the effects of chronic MTBE exposure are unknown and because 

typical environmental concentrations can render drinking water supplies unpalatable.  

For these reasons, the U.S. EPA issued a drinking advisory for MTBE of 20 to 40 ppb 

(U.S. Environmental Protection Agency, 1997). 

There are two distinct mechanisms for aerobic degradation of MTBE; MTBE 

acts either as the sole source of carbon and energy for growth (Hanson et al., 1999; 

Hatzinger et al., 2001; Smith et al., 2003a) or it is cometabolically oxidized by 

organisms grown on other compounds (Steffan et al., 1997; Garnier et al., 1999; 

Hyman et al., 2000; Hyman et al., 2001; Liu et al., 2001; Smith et al., 2003a; Smith et 

al., 2003b).  The best-characterized bacterial strains that grow on MTBE are 

Rubrivivax gelatinosus PM1 (Hanson et al., 1999) and Hydrogenophaga flava 

ENV735 (Hatzinger et al., 2001). These organisms oxidize MTBE to TBA through the 

activity of monooxygenase enzymes. Formaldehyde is the expected C1 product from 

these reactions. Further oxidation of TBA appears to be catalyzed by a separate 

monooxygenase (Hanson et al., 1999; Hatzinger et al., 2001). Although the remaining 

multicarbon intermediates involved in MTBE mineralization after TBA have not been 

described for these organisms, TBA metabolism may proceed through 2-

hydroxyisobutyrate.   

Cometabolic degradation of MTBE is catalyzed by a variety of 

microorganisms after growth on specific hydrocarbons, including n-alkanes, branched 

alkanes and aromatic compounds (Steffan et al., 1997; Garnier et al., 1999; Hyman et 

al., 2000; Hyman et al., 2001; Liu et al., 2001; Smith et al., 2003a; Smith et al., 

2003b). Organisms that cometabolically degrade MTBE can be separated into two 

subclasses based on the final extent of MTBE degradation and the intermediates 

generated during biodegradation. The first class of organisms include bacteria such as 

Pseudomonas mendocina KR1 (Smith et al., 2003b) and Pseudomonas putida GPo1 

(Smith and Hyman, 2004), that oxidize MTBE through the activity of alkane-inducible 

alkane hydroxylases. These enzymes generate TBA and formaldehyde as products.  
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The fate of formaldehyde has not been characterized but current evidence indicates 

these n-alkane-grown pseudomonads do not further oxidize TBA (Smith et al., 2003b; 

Smith and Hyman, 2004).  

The second class of cometabolic MTBE-degrading bacteria includes propane-

grown Mycobacterium vaccae JOB5 (Smith et al., 2003a) and n-butane-grown 

bacteria (Liu et al., 2001). These organisms produce tertiary butyl formate (TBF) as 

the first detectable product of MTBE oxidation. This ester is thought to be generated 

by an alcohol dehydrogenase-catalyzed oxidation of an unstable hemiacetal that is 

believed to be the common and immediate product of all monooxygenase-catalyzed 

MTBE oxidation reactions (Hardison et al., 1997). Subsequent hydrolysis of TBF by 

an esterase-like activity yields TBA. Formate is the expected C1 product from this 

reaction. In addition to the production of TBF, cometabolism of MTBE by M. vaccae 

JOB5 and other TBF-forming organisms is consistently distinguished by the fact that 

the monooxygenase enzymes responsible for MTBE oxidation also further oxidize 

TBA (Liu et al., ; Smith et al., 2003a) to 2-methyl-1, 2-propanediol (Steffan et al., 

1997; Johnson et al., 2004). Because MTBE and TBA are substrates for the same 

enzyme there is a potential for competitive interactions between these compounds that 

can impact the kinetics of MTBE and TBA oxidation (Smith et al., 2003a).  

The pathway and enzymatic processes outlined above for M. vaccae also 

appear to operate in another strain, M. austroafricanum IFP 2012 (François et al., 

2002). This organism has been reported to grow on both MTBE and TBA (François et 

al., 2002). However, growth requires high initial MTBE and TBA concentrations and 

is limited to an approximate 2-fold increase over high ( 0.1 OD at 600 nm) initial 

culture densities and concomitant increases in biomass have not been reported for this 

organism. Oxidation of MTBE and TBA also involves an unusual feature of a true 

metabolism in that there is a sequential excretion and subsequent consumption of close 

to stoichiometric amounts of MTBE oxidation intermediates, including TBF and TBA. 

A physiological study with M. austroafricanum IFP 2012 suggested that TBF has a 

regulatory effect on the monooxygenase responsible for MTBE and TBA oxidation 
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(François et al., 2003) and that TBA impacts the preceding TBF hydrolysis reaction. 

In combination, these effects may contribute to the unusual metabolic and 

physiological responses of this organism to MTBE. These regulatory effects have not 

been characterized in any other MTBE-oxidizing and TBF-generating organism, 

irrespective of whether the organism fully metabolizes or simply cometabolizes 

MTBE.   

Although much of our current knowledge concerning MTBE biodegradation 

has been obtained from bacterial studies, cometabolic degradation of MTBE was first 

demonstrated in an n-alkane-grown fungus, a Graphium sp. (Hardison et al., 1997). 

This study provided the first identification of TBF as an intermediate in microbial 

MTBE degradation. Since this observation, TBF production during MTBE oxidation 

has been observed in several bacterial studies and this activity has consistently been 

associated with the ability of these organisms to oxidize TBA. In each case the 

oxidation of TBA has been attributed to the activity of the same oxygenase enzyme 

responsible for initiating MTBE oxidation (François et al., 2003; Smith et al., 2003a).  

In the present study, we have examined the potential for TBA oxidation by 

propane-grown Graphium as well as the potential regulatory role of MTBE 

metabolites on MTBE oxidation. Our results indicate that TBA does not appear to be 

oxidized by Graphium as has been seen for all bacterial TBF-generating organisms. 

Our results also indicate TBF does not appear to exert a physiologically relevant 

regulatory effect on either propane or MTBE oxidation by this fungus. These results 

are discussed in terms of their impact on our understanding of the diversity of aerobic 

MTBE-biodegradation processes. 

 

Materials and Methods 

Chemicals and reagents 

MTBE (99.8 %), propane (98 %), TBF (99 %), TBA (99 %) and calcium 

carbide (~80% technical grade; for acetylene production) were obtained from Aldrich 

Chemical Company Co. (Milwaukee, WI). Gases (He, H2, N2 and compressed air for 
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gas chromatography) were obtained from local vendors. All other chemicals were of 

reagent grade or better.  

 

Strain and culture conditions 

Graphium sp. (ATCC 58400) was obtained from the American Type Culture 

Collection (Manassas, VA.). Conidia were produced from mycelia grown under 

constant illumination on potato dextrose agar (PDA) (Difco, Franklin Lakes, NJ) at 

25ºC. Conidia were harvested and counted with a haemytometer after 6 to 10 d of 

growth. Propane-grown, filter-attached cultures were grown as previously described 

(Hardison et al., 1997), except that each filter was inoculated with 2.5  10
6
 conidia. 

Following inoculation, the filter-attached cultures were placed into a 7.8-L plastic 

container with two butyl-rubber septa inserted into the tight-sealing lid. The gas phase 

of the container was adjusted to contain 15% propane (vol/vol gas phase), and 20% 

oxygen (vol/vol gas phase). The container was incubated under constant illumination 

for 5 days at 25ºC.  

 

 Analytical methods 

Consumption of propane, MTBE, TBF and TBA were monitored by a Hewlett 

Packard 6890 (Palo Alto, CA) gas chromatograph (GC) fitted with a flame ionization 

detector. A 30 m x 0.45 mm I.D., 2.55 m DB-MTBE capillary column was used 

(J&W Scientific, Folsom, CA) at an oven temperature of 65
o
C. Helium was used as 

the carrier gas (15 ml min
-1

). Gas phase concentrations of O2 and CO2 were monitored 

with a Hewlett Packard 5890 GC fitted with a thermal conductivity detector (TCD). A 

15’ x 1/8” Carbonxen 1000 column (Supelco, Bellfonte, PA) was used at 30° C, with 

argon as the carrier gas (15 ml min
-1

). In all experiments, headspace samples (100 l) 

were taken with gas-tight syringes (Hamilton Co., Reno, NV). Headspace 

concentrations were calculated by using 15-point calibration plots. These plots were 

developed with serum vials that contained three heat-killed, filter-attached cultures. To 
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determine the amount of mycelial biomass in each treatment, the filter-attached 

cultures were removed from the serum vials, dried at 70º C and weighed.  

 

Degradation experiments 

 Filter-attached cultures were grown as described above for five days. Three 

filters were transferred to each sterile serum vial (160 ml).  After the filters were 

added, the liquid phase volume was approximately 4 ml. The serum vials were sealed 

with butyl-rubber stoppers and aluminum crimp seals (Wheaton Scientific, Millville, 

NJ). The reactions were initiated by the addition of substrates to the sealed vials. The 

vials were maintained at room temperature and remained stationary throughout all 

experiments. 

 In some experiments, the effect of anaerobic incubation conditions on MTBE, 

TBF, TBA and propane degradation were examined. Anaerobic conditions were 

established by purging the sealed serum vials with N2 treated in a tube furnace at 

600
o
C. Headspace samples (100 l) were analyzed by GC-TCD to confirm that O2 

was completely purged from the serum vial. A heat-killed control was included in 

each experiment. The heat-killed controls were similar to an experimental treatment 

but instead contained filter-attached cultures that had been autoclaved at 121
o
C for 30 

minutes. Initial rates were calculated over the timeframes indicated in the text, and had 

R
2
 values of >0.99.  

 Previously reported dimensionless Henry’s Law coefficients (Church et al., 

1999) were used to calculate the concentration of the substrates in the liquid phase, 

and total mass based on the following equation,

  

M= X[ ] VA +
VL

H

 

 
 

 

 
 

 

 
 

 

 
 , where M is the 

total mass of the substrate being measured, X.   [X] represents the concentration of X 

measured in headspace samples, VL and VA are the liquid and the headspace volume, 

respectively, and H is the dimensionless Henry’s coefficient for X.  

 All statistical analyses were preformed with the software Statgraphics 

(Statpoint, Englewood Cliffs, NJ). A Bartlett’s Test was preformed to determine if 
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triplicates could be combined for further analyses. Results of the Bartlett’s test 

indicated that the variances were not statistically significant (p>0.3), and therefore the 

rates measured in triplicate treatments were combined for ANOVA and means 

analysis. All statistical analyses were preformed at the 99% confidence level. 

 

Results 

Our previous studies with n-butane-grown Graphium cultures (Hardison et al., 

1997) suggested that a short-chain alkane monooxygenase is responsible for both n-

alkane and MTBE oxidation in this Graphium strain.  However, that study did not 

quantitatively examine the enzyme activities and potential fates of the other 

intermediates (TBF and TBA) generated during MTBE oxidation. We therefore tested 

the effect of culture conditions (presence or absence of n-alkane), environmental 

conditions (presence or absence of O2) and selective inhibitors (presence or absence of 

acetylene) on the fate of these MTBE-derived metabolites. As expected, propane-

grown mycelia immediately oxidized propane at a rapid initial rate (0.19 mol h
-1

 mg 

dry weight
-1

over 0-2 h), however, this activity was completely (>98%) inhibited in the 

presence of acetylene or under anaerobic conditions (Table 2.1).  Dextrose-grown 

cultures also lacked propane-oxidizing activity (Table 2.1).  The patterns of activities 

during MTBE oxidation were very similar to those observed during propane oxidation.  

For example, propane-grown mycelia rapidly oxidized MTBE, whereas no detectable 

MTBE-oxidizing activity was observed under anaerobic conditions or under aerobic 

conditions in the presence of acetylene. Propane strongly inhibited MTBE oxidation 

by propane-grown mycelia. Likewise, dextrose-grown mycelia exhibited no detectable 

MTBE-oxidizing activity. In contrast to the similar behaviors of propane and MTBE, 

TBF degradation appeared to be biochemically distinct. For example, propane-grown 

mycelia rapidly consumed TBF without a lag phase but neither acetylene nor propane 

had a strong effect on this activity. Degradation of TBF also occurred at a significant 

but slower rate when propane-grown mycelia were incubated with TBF under 

anaerobic conditions. Like MTBE and propane, dextrose-grown cultures did not 
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consume TBF at a detectable rate. Together, these observations suggest that although 

the enzyme(s) responsible for TBF degradation may be associated and co-expressed 

with the enzyme responsible for n-alkane and MTBE-oxidizing activity, TBF 

degradation does not appear to directly involve the O2-utilizing, acetylene-sensitive 

oxygenase involved in propane and MTBE oxidation.   

Unlike propane, MTBE and TBF, we did not observe detectable consumption 

of TBA under any of the conditions tested in the experiments described in Table 2.1. 

Despite this observation, our earlier experiments (Hardison et al., 1997) demonstrated 

substoichiometric accumulation of TBA (and TBF) during MTBE oxidation. We 

further investigated the potential for low levels of TBA oxidation by examining the 

effect of TBF concentration on the amount of TBA generated over time by propane-

grown mycelia. When propane-grown cultures were exposed to low levels of TBF (6 

moles) only ~25% of the initial TBF could be accounted for as either TBF or TBA 

after ~3 h (Fig. 2.1). However, when cultures were exposed to six-fold higher levels of 

TBF (37 moles), the combined residual TBF and TBA after ~3 h accounted for ~95% 

of the initial TBF (Fig. 2.1). After 80 h, TBF levels were undetectable, while TBA 

accounted for ~50% of the initial TBF (data not shown). The much lower overall 

recovery of TBA in the cultures exposed to low levels of TBF suggests there may be a 

limited capacity for TBA transformation by propane-grown mycelia that is 

overwhelmed when the organism is exposed to much higher levels of TBA generated 

from TBF.   Concentrations of TBF remained constant in the heat-killed controls (Fig. 

2.1), indicating that an abiotic loss of TBF degradation or abiotic TBA accumulation 

was minimal in these experiments.  

The experiments described in Table 2.1 and Fig. 2.1 examined the potential 

fates of TBF and TBA in the absence of MTBE. We also investigated the effects of 

these intermediates on propane and MTBE oxidation to determine whether these 

compounds have any impacts on these monooxygenase-catalyzed activities.  To 

determine if propane oxidation is inhibited by TBF, propane-grown mycelia were 

incubated with propane (8 moles) and varying initial amounts of TBF (0 to 40 
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moles). The initial rates (0-0.5 h) of propane oxidation in cultures exposed to 

propane and to 0, 2.5 and 4 moles of TBF were indistinguishable (221 ± 49, 210 ± 

37, and 249 ± 43 nmol h
-1

 mg dry weight
-1

, respectively) (Fig. 2.2). A slight inhibitory 

effect was observed with 8 and 20 moles TBF (188 ± 8 and 177 ± 29 nmol h
-1

 mg 

dry weight
-1

, respectively). A statistically significant inhibition (p< 0.001) was only 

observed when the highest amount of TBF (38 moles) was added (74 ± 13 nmol h
-1

 

mg dry weight
-1

) (Fig. 2.2). In the above experiments, the presence of propane did not 

affect TBF consumption rates (data not shown). In a subsequent experiment, we tested 

the effects of equivalent amounts (40 moles) of the TBF degradation products, TBA 

and formate, on the time course of propane oxidation. No significant effect of these 

products on propane oxidation in these experiments was observed (data not shown). 

We also examined whether the presence of TBF inhibited MTBE oxidation (Fig. 2.3). 

Two sets of propane-grown cultures were exposed to MTBE (6 moles). The rates of 

MTBE consumption were similar in both treatments over the first 2.75 h. After 2.75 h, 

TBF (15 moles) was injected into one reaction bottle.  This addition did not produce 

an inhibitory effect on the rate of MTBE oxidation that could be unequivocally 

attributed to the effects of TBF on the fungal mycelia during MTBE oxidation. Two 

additional injections of TBF also did not significantly affect the rate of MTBE 

oxidation over the 10 h reaction time course. Large amounts of TBA (>40 moles) 

were produced from TBF hydrolysis. The presence of TBA did not affect the rate of 

either MTBE oxidation or TBF hydrolysis (Fig. 2.3). 

 

Discussion 

Our major conclusion from this study is that MTBE oxidation by this propane-

grown Graphium sp. represents a previously undescribed variation in which the 

organism oxidizes MTBE to TBA via TBF but does not appear to directly oxidize 

TBA. Our present results also suggest that neither TBF nor TBA exert a 

physiologically relevant regulatory effect on the monooxygenase responsible for n-

alkane and MTBE oxidation by this organism. The following sections discuss the 
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main evidence for these conclusions and their impact on our understanding of the 

diversity of aerobic MTBE oxidation processes.  

 

The pathway and enzymology of MTBE oxidation 

The results of our previous study (Hardison et al., 1997) suggested that MTBE 

oxidation by n-alkane-grown Graphium cultures involves the transient accumulation 

of TBF that subsequently degrades to TBA. That study also suggested that ether and 

butane metabolism is mediated by the same enzyme.  Our present results (Table 2.1) 

provide strong support for these previous suggestions and demonstrate that MTBE and 

n-alkanes are mutually competitive substrates for the same n-alkane-inducible, O2-

requiring, acetylene-sensitive monooxygenase enzyme.   

The two most significant results described in Table 2.1 are our observations 

that (1) TBF degradation has substantially different physiological and enzymatic 

characteristics than propane and MTBE oxidation and (2) no significant TBA-

oxidizing activity was observed for this Graphium strain under any of the conditions 

tested.  In the case of TBF, our results suggest the degradation of this compound is not 

attributable to the monooxygenase responsible for MTBE and propane oxidation as it 

is unaffected by either acetylene or propane and continues, albeit at a lower rate, in the 

absence of O2.  Previous studies that examined bacterial TBF degradation implicated 

non-specific esterases in this process (François et al., 2003; Smith et al., 2003a). In M. 

vaccae JOB5, the level of putative esterase activity responsible for TBF hydrolysis is 

strongly influenced by growth substrate and n-alkane-grown cells have much higher 

TBF-hydrolyzing activities than cells grown on dextrose (Johnson et al., 2004). A 

similar effect was also observed in this present study (Table 2.1). It should be noted 

esterases generate alcohols and acids from ester substrates and these two classes of 

compounds are involved in the normal pathway of terminal n-alkane oxidation. The 

elevated levels of TBF-degrading activity we observed in n-alkane grown Graphium 

sp. (Table 2.1) could simply reflect co-expression of enzyme activities peripherally 

involved in hydrocarbon catabolism. Alternatively, an ester-hydrolyzing enzyme such 
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as an aldehyde dehydrogenase, that is more directly involved in n-alkane metabolism, 

(Ishige et al., 2000) may degrade TBF.  

Our results support the conclusion that significant TBA-oxidizing activity does 

not occur in this Graphium sp., irrespective of growth substrate.  Evidence for this 

comes from experiments where TBA was examined as a sole substrate (Table 2.1) as 

well as experiments in which high concentrations of TBA were generated from 

exogenous TBF added to propane-grown mycelia (Fig. 2.3). Despite the fact that this 

fungus does not appear to rapidly oxidize TBA like other TBF-generating bacteria, our 

results support the suggestion that TBA transformation occurs. For example, a lower 

stoichiometry of TBA production to TBF consumption was observed when mycelia 

were exposed to low TBF concentrations as opposed to high TBF concentrations (Fig. 

2.1). A reasonable explanation of this phenomenon is that, like most eukaryotes, 

transformation of compounds like TBA occurs not through further catabolism, but 

instead occurs through various types of conjugation reactions. If this were the case for 

TBA it would not be unreasonable to assume that conjugant availability in resting 

mycelia is limited and can therefore only be used to transform a limited amount of 

TBA. Although it is possible that TBF metabolism occurs through alternative 

metabolic routes, this seems unlikely given the fact that at high TBF concentrations, 

over 95% of the initial TBF mass can be accounted for as TBF or TBA (Fig. 2.1). 

 

Regulation of MTBE oxidation by MTBE oxidation intermediates 

Two mechanisms have been suggested to explain how TBA can potentially 

inhibit MTBE oxidation. First, in M. vaccae JOB5, TBA has been shown to transiently 

inhibit MTBE oxidation in a concentration-dependent manner. This inhibition is 

consistent with TBA competing with MTBE for oxidation by the same 

monooxygenase enzyme (Smith et al., 2003a). Second, in M. austroafricanum IFP 

2012, TBA has been suggested to be an inhibitor of TBF hydrolysis. In this organism, 

TBF has been suggested to be a direct inhibitor of MTBE oxidation even though this 

organism is also believed to oxidize MTBE and TBA through the activity of a single 
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monooxygenase enzyme (François et al., 2003). Because our evidence suggests that 

TBA is not oxidized by the MTBE and n-alkane-oxidizing monooxygenase found in 

n-alkane-grown Graphium sp., the first of these mechanisms most likely does not 

apply.  Data presented here (Fig. 2.3) also suggest that TBA does not detectably 

influence TBF degradation, as the rapid rates of TBF hydrolysis did not significantly 

change as the concentration of TBA progressively increased during the reaction time 

course.  

In the case of TBF, results show that high concentrations of TBF (>20 moles) 

do have an inhibitory effect on n-alkane oxidation. However, much lower 

concentrations, similar to those transiently generated during MTBE oxidation 

(Hardison et al., 1997) have no discernable effect. It is therefore likely that extremely 

high MTBE concentrations would be required for Graphium to not only generate but 

also to sustain the concentrations of TBF that are needed to inhibit monooxygenase 

activity (Fig 2.2). Under these circumstances, it would obviously be difficult to 

deconvolute the impacts of TBF as an inhibitor of a specific process from the potential 

non-specific toxic effects caused by high concentrations of organics. Based on these 

considerations, we conclude that none of the intermediates generated from MTBE by 

Graphium sp., can reasonably be seen as physiologically relevant regulators of MTBE 

oxidation.  

 

Diversity of MTBE degradation processes 

As indicated in the Introduction, a number of different variations in aerobic 

microbial MTBE oxidation have been characterized and these are summarized in 

Table 2.2.  The MTBE-degrading organisms currently recognized can be divided into 

those that do and those that do not generate TBF during MTBE oxidation. Among the 

TBF-generating organisms, all studies to date have demonstrated TBF-production is 

associated with the further oxidation of TBA. Moreover, in each case the enzyme 

responsible for MTBE oxidation is also responsible for the oxidation of TBA.  In the 

present study, we have confirmed the role of TBF in MTBE oxidation by Graphium 
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but we have also demonstrated the lack of significant TBA oxidation. Therefore, it 

appears that Graphium sp. oxidizes MTBE through a novel variation of an existing 

pathway first described in n-alkane-grown M. vaccae JOB5. This is not an 

insignificant reaction as in both of these organisms 80% of the flux of MTBE passes 

through TBF (Smith et al., 2003a) (data not shown). However, as previously 

mentioned TBF is not thought to be a direct product of the monooxygenase 

responsible for initiating MTBE oxidation but is most likely a byproduct generated by 

an alcohol dehydrogenase acting upon a transient unstable hemiacetal intermediate. 

The key difference between propane-grown Graphium sp. and M. vaccae JOB5 

therefore seems to lie in the difference between enzymes that can oxidize both MTBE 

and TBA and enzymes that can only oxidize MTBE. Further studies are still required 

to identify these enzymes at the molecular level and to determine their potential roles 

in aerobic MTBE degradation processes.  
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Table 2.1. The initial rate of propane, MTBE, TBF and TBA consumption by filter-

attached mycelia of Graphium sp. under different environmental and inducing 

conditions. The initial rates
1
 were measured over 2 hours.  

 

 

 

 Dextrose Propane 

 Aerobic Aerobic Anaerobic Acetylene Propane TBF 

Propane 0 193  ± 26 2.0 ± 0.9 3.0 ± 0.1 N/D Fig. 2.2 

MTBE 0 10.8 ± 1.4 0 0 0.97 ± 1.6 Fig. 2.3 

TBF 0 84.9 ± 6.9 18.3  ± 5.9 74.6  ± 18.6 90 ± 8.9 N/D 

TBA 0 0 n/d 0 0 0 

 

 
1
nmol h

-1
 mg dry weight

-1
 N/D: not determined 
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Figure 2.1. Production of TBA during hydrolysis of TBF by propane-grown 

Graphium sp.  

 

 

Propane-grown, filter-attached cultures of Graphium sp. were exposed to 5 moles 

(open symbols) and 40 moles (closed symbols) TBF, as described in the Materials 

and Methods section. A plot of ( , ) TBF consumption, ( , ) TBA production 

and  (■, □) the total remaining products and substrates expressed as a percentage of 

total TBF initially added to the reaction is shown. Also shown (＊) is the control 

reaction containing autoclaved propane-grown mycelia that were exposed to TBF (5 

moles). Data are plotted as the average with the standard error for three replicate 

incubations.  
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Figure 2.2. Effect of TBF on propane oxidation in propane-grown Graphium sp.    

 

 

Filter-attached, propane-grown mycelia were incubated with propane (8 moles) and 

varying amounts of TBF, as described in the Materials and Methods section. The time 

course for propane consumption by mycelia incubated in the presence of either ( ) 0, 

( ) 2.5, (■) 15, (□) 25, or (�) 33 moles TBF is shown. Data are plotted as the 

average with the standard error for three replicate incubations. 
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Figure 2.3. Effect of TBF on MTBE oxidation by propane-grown Graphium sp.   

 

 

Two identical reactions containing filter-attached, propane-grown mycelia and MTBE 

(6 moles) were constructed, as described in the Materials and Methods section.  In 

one reaction (open symbols), MTBE oxidation was allowed to continue undisturbed. 

In the second reaction (closed symbols), TBF (15 moles) was added at each of the 

times indicated by the arrows. The time course for ( , ) MTBE consumption,  

( , ) TBA production and, ( , ) the TBF concentration in each reaction is shown.  
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Table 2.2. Different categories of MTBE degraders based on intermediates and extent 

of metabolism.  
 

 

TBF Producers TBA Producers 

Direct 

Metabolism 

 

Cometabolism 

Direct 

Metabolism 

 

 Cometabolism 

TBA 

Oxidation 

TBA 

Oxidation 

No TBA 

Oxidation 

TBA 

Oxidation 

No TBA 

Oxidation 

M. 

austroafricanum 

IFP 2012 

M. vaccae 

JOB5 

Graphium 

ATCC 

58400 

R. gelatinosus 

PM1 

H. flava ENV735 

P. mendocina 

KR-1 

P. putida GPo1 

François 2003 Smith 

2003 

This study Hansen et al., 

1999 

Hatzinger et al., 

2001 

Smith et al., 

2003, 2004 
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Metabolism and Cometabolism of Cyclic Ethers by a  

Filamentous Fungus, a Graphium sp.  
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Abstract 

The filamentous fungus, Graphium sp. (ATCC 58400) is known to metabolize 

short chain n-alkanes and diethyl ether. In this study, the growth of Graphium sp. on 

cyclic ethers and connections between the cyclic ether and the n-alkane degradation 

pathways were investigated.  Degradation of cyclic ethers in this fungus was induced 

under the same conditions as propane oxidation. Likewise, the same compounds that 

inhibit growth on n-alkanes inhibited growth of the fungus on cyclic ethers, but not 

their metabolites. Our results also demonstrate that ether oxidation is mutually 

competitive with n-alkane oxidation. After growth on cyclic ethers or n-alkanes, this 

Graphium strain is able to cometabolically degrade the emerging pollutant 1,4-

dioxane. These data collectively suggest that cyclic ether and n-alkane oxidation share 

a similar metabolic pathway with overlapping enzyme activity.   The results of this 

study and their contribution to our understanding of the diversity of cyclic ether-

degrading organisms and the metabolism and cometabolism of cyclic ethers are 

discussed. 

 

Introduction 

The cyclic ether tetrahydrofuran (THF) is a colorless, volatile, highly 

flammable liquid that is widely used as a solvent in the manufacture and processing of 

polymers such as polyvinyl chloride and chlorinated polyvinyl chloride (National 

Library of Medicine, 2006). Annually, over one million pounds of THF are generated 

or imported into the US (U.S. Environmental Protection Agency, 2006).   

Several actinomycetes, including Rhodococcus ruber strain 219 (Bock et al., 

1996), Pseudonocardia dioxanivorans (Parales et al., 1994; Mahendra and Alvarez-

Cohen, 2005), P. tetrahydrofuranoxydans strain K1 (Kohlweyer et al., 2000; 

Kaempfer et al., 2006), and Pseudonocardia strains M1 (Daye et al., 2003), and 

ENV478 (Vainberg et al., 2006) can utilize THF as a sole source of carbon and energy 

under aerobic conditions. The consensus pathway of THF degradation by these 

organisms involves an initial monooxygenation of THF to generate the unstable 
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hemiacetal, 2-hydroxytetrahydrofuran. This intermediate is then rapidly 

dehydrogenated to form -butyrolactone, a cyclic ester that then undergoes an 

esterase-catalyzed hydrolytic cleavage to form 4-hydroxybutyrate. This hydroxyacid is 

further oxidized to succinate via succinate semialdehyde, which enters the 

tricarboxylic acid cycle. Another potential product of the abiotic dissociation of 2-

hydroxytetrahydrofuran, 4-hydroxybutyraldehyde, may also be involved in THF 

degradation by R. ruber strain 219 but it is more likely to be an intermediate in the 

catabolism of 1,4-butanediol, another precursor to 4-hydroxybutyrate (Bock et al., 

1996). Based on gene expression studies, it appears that the putative aldehyde 

dehydrogenase responsible for oxidizing 4-hydroxybutyraldehyde in P. 

tetrahydrofuranoxydans K1 is expressed during growth on 1,4-butanediol but not 

during growth on THF.   

Unlike the prokaryotes described above, little is known about the degradation 

of THF by eukaryotic microorganisms. For example, a strain of Cordyceps sinesis, a 

fungal insect pathogen, was described as the first eukaryote able to grow on several 

cyclic ethers including THF and 1,4-dioxane (14D) (Nakamiya et al., 2005).   The 

pathway of THF degradation in this strain was not determined although ethane-1, 2-

diol was shown to be generated during 14D catabolism.  

 Biodegradation of THF has recently reemerged as an area of interest because 

of the close association between THF and other cyclic ethers such as 1,3-dioxane 

(13D) and 14D. A number of cyclic ethers, and particularly 14D, have been used as 

stabilizing compounds in commercial solvent mixtures containing 1,1,2-

trichloroethylene or 1,1,1-trichlorethane as the active agent (Mohr, 2001). Because 

these chlorinated hydrocarbons are commonly encountered ground water pollutants in 

the US, there is concern over the environmental fate of cyclic ethers that are likely co-

contaminants at sites contaminated with chlorinated solvents (U.S. Environmental 

Protection Agency, 1995; Mohr, 2001; Zenker et al., 2003).  

Currently 14D is not known to be widely used by microorganisms as a growth 

substrate (Fincher and Payne, 1962; National Library of Medicine, 2006). However, a 
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number of studies have demonstrated 14D can be cometabolically oxidized by 

organisms that grow on THF or other substrates such as toluene or n-alkanes (Burback 

and Perry, 1993; Mahendra and Alvarez-Cohen, 2006; Vainberg et al., 2006). Notably, 

this group of organisms includes several strains such as Mycobacterium vaccae JOB5 

(Burback and Perry, 1993) and Pseudonocardia sp. strain ENV478 that have also been 

shown to oxidize another important ether pollutant, methyl tertiary butyl ether 

(MTBE) (Smith et al., 2003a; Vainberg et al., 2006). In the present study we have 

characterized the biodegradation of THF and other cyclic ethers by a filamentous 

fungus, a species of Graphium. This unusual organism has previously been reported to 

grow on diethyl ether (DEE) (Hardison et al., 1997) and gaseous n-alkanes (Zajic et 

al., 1969; Davies et al., 1974) and mycelia grown on both of these substrates oxidize 

MTBE (Hardison et al., 1997). Results presented in this study show Graphium sp. 

grows readily on THF, as well as a variety of lactones and terminal diols. Our results 

also demonstrate that n-alkane- and THF-grown mycelia oxidize 14D although this 

compound is not used as a sole carbon and energy source. Physiological and inhibitor 

studies suggest THF degradation is initiated by the same cytochrome P450 responsible 

for oxidizing n-alkanes, DEE and MTBE and also suggest there may be an even 

greater overlap between the enzyme activities involved in n-alkane and THF 

oxidation. Our findings are discussed in terms of their contribution to our 

understanding of the diversity of cyclic ether-degrading organism and the metabolism 

and cometabolism of cyclic ethers.  

 

Materials and Methods 

Materials 

Graphium sp. (ATCC 58400) was obtained from the American Type Culture 

Collection (Manassas, VA).  All of the chemicals tested in growth and kinetic assays 

were either 99% pure, or were of the highest purity available. These chemicals, along 

with calcium carbide (~80% technical grade; for acetylene production), were all 

obtained from Aldrich Chemical Company Co. (Milwaukee, WI), with the exception 
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of propane (instrument grade), which was obtained from Matheson Gas Products, Inc. 

(Montgomeryville, PA). Other gases (H2, N2 and air) were obtained from local 

vendors.  

 

Culture conditions  

Mycelia of Graphium sp. were grown on potato dextrose agar (PDA) (Difco, 

Franklin Lakes, NJ) plates at 25º C. Conidia were harvested from PDA plates, counted 

with a haemcytometer, and used to inoculate liquid cultures (2.5  10
6
 conidia), as 

previously described (Curry et al., 1996). Aseptic conditions were maintained 

throughout all experiments. Cultures were also grown attached to glass-fiber filters as 

previously described (Hardison et al., 1997), except that 2.5  10
6
 conidia were used 

to inoculate the filters.  

In all experiments that investigated the growth of Graphium sp. on specific 

substrates, the fungus was grown in glass bottles (700 ml) (Wheaton Scientific, 

Millville, NJ) containing mineral salts media (MSM) (Hardison et al., 1997) (50 ml) 

inoculated with conidia. Liquid potential growth substrates were added to the axenic 

culture, which was then sealed with a screw- cap fitted with a butyl-rubber septum 

(Wheaton Scientific, Millville, NJ) and wrapped with parafilm. Gaseous inhibitors 

were added as an overpressure (2% vol/vol) to the sealed bottles with a syringe fitted 

with a sterile filter (0.25- m pore).  These bottles were placed on an orbital shaker 

(100 RPM) at 27 ± 3°C for 10-14 d.  

 

Short-term degradation assays 

To obtain sufficient biomass for multiple short-term (<5 h) degradation assays, 

cultures of Graphium sp. were first grown in flasks (500 ml) containing potato 

dextrose broth (PDB) (Difco) (50 ml). The medium was inoculated with conidia (2.5  

10
6
) and the flasks were placed on an orbital shaker (100 RPM) at 27 ± 3°C for 3 d. 

The resulting mycelial mass was collected onto sterile filter paper by gentle vacuum 

filtration and washed twice with MSM (100 ml) to remove residual PDB. The washed 
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mycelia were then transferred to a glass bottle (700 ml) containing MSM (50 ml).  The 

bottles were sealed with screw caps containing butyl rubber septa. Propane (10% 

vol/vol gas phase) or THF (10 mM) were added to induce the expression of enzymes 

systems involved in n-alkane or THF metabolism, respectively. The culture bottles 

were incubated on an orbital shaker (as above) for 2 d. After this time the mycelia 

were harvested by vacuum filtration, washed twice with MSM (100 ml) and finally 

resuspended in a 700-ml glass bottle containing sterile MSM (50 ml). The bottle was 

sealed with a screw- cap fitted with a butyl-rubber septum (Wheaton Scientific) and 

wrapped with parafilm. The degradation assays were then initiated by the addition of 

pure THF, MTBE, or 14D.  

 

Analytical methods 

  Concentrations of THF, 1,4-dioxane, -butyrolactone, and MTBE were 

determined by gas chromatography (GC) using a Shimadzu GC-8A gas 

chromatograph (Kyoto, Japan) fitted with a flame ionization detector. In most 

experiments, aqueous samples (2 l) were directly injected into the GC and analytes 

were separated using a stainless steel column (1/8” by 4’) packed with Porapak Q 

(80/20 mesh) (Waters Associates, Framingham, MA). The GC was operated with a 

constant column temperature of 140
o 
C, and with an injector and detector temperature 

of 200
o
 C and 220

o
 C, respectively. Nitrogen was used as the carrier gas at a flow rate 

of 15 ml min
-1

.  

Aqueous dissolved concentrations of THF, -butyrolactone, and MTBE were 

determined from 8-point calibration plots using the authentic compound. To account 

for possible sorption effects, calibration plots were developed with 700-ml glass 

bottles containing heat-killed (30 min., 121
o 
C) mycelia suspended in MSM (50 ml).  

Previously reported (Mackay and Ying, 1981) Henry’s Law coefficients were used to 

calculate the concentration of the substrates in the headspace and the total mass of the 

remaining substrate. In the experiments examining the effects of propane on THF 

degradation, headspace samples (25 l) were analyzed using a Hewlett Packard 6890 
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(Palo Alto, CA) GC fitted with a flame ionization detector. A 30 m x 0.45 mm I.D., 

2.55 m DB-MTBE capillary column was used (J&W Scientific, Folsom, CA) at an 

oven temperature of 50
o 
C. Helium was used as the carrier gas (15 ml min

-1
). 

The dry weight of the mycelia was calculated as previously described 

(Hardison et al., 1997), except that the filter paper was dried for 24 h at 55°C.    

 

Results 

We initially examined the ability of Graphium sp. to grow on a range of cyclic 

ethers and some of their potential metabolites. The fungus grew readily on THF and 

both of the previously identified THF metabolites ( -butyrolactone and 4-

hydroxybutyrate) but only slightly on 3-hydroxytetrahydrofuran (Fig. 3.1). Other 

potential metabolites such as 2-hydroxytetrahydrofuran and 4-hydroxybutyraldehyde 

are unstable and commercially unavailable and were therefore not tested. The yield of 

mycelia grown on 1,4-butanediol was substantially higher than either THF or its two 

tested direct metabolites. A similar pattern, where growth on the diol metabolite 

produced more growth than the parent compound, was also observed with other cyclic 

ethers and their corresponding potential metabolites. For example, mycelia grown on 

1,3-propandiol generated more biomass than mycelia grown on propriolactone, the 

potential metabolites of the 3-carbon cyclic ether, trimethylene oxide (not tested). 

Slight to moderate growth was also observed with tetrahydropyran and hexamethylene 

oxide, and in both cases higher biomass yields were obtained with their corresponding 

lactones (valerolactone and caprolactone).  Unlike the cyclic ethers that contained a 

single oxygen atom, no growth was observed with either of the cyclic ethers we tested 

that contained 2 oxygen atoms (13D and 14D).  Likewise, no growth was observed for 

any of the nitrogen heterocycles (morpholine, pyrrolidine, piperazine and piperadine) 

tested as potential growth substrates. Neither the potential for toxic effects or overall 

substrate consumption was determined in this experiment (Fig. 3.1).   

A typical time course for THF consumption and the concurrent increase in 

mycelial biomass in a batch culture is shown in Fig. 3.2. Over 12 d, metabolism of 
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THF (1 mmol) generated ~22 mg dry weight of mycelia (~0.3 mg dry weight/ mg 

THF); -butyrolactone was transiently detected in the medium during this experiment. 

The maximum amount of -butyrolactone (0.16 mmol) was detected after 7 d, at 

which point this metabolite accounted for ~20% of the total THF degraded. After this 

initial maximum, the concentration of the lactone decreased (Fig 3.2.).  No other 

potential or recognized THF-derived metabolites were detected over the culture time 

course under the GC conditions described in the Materials and Methods section. In 

previous studies, acetylene was shown to be a potent inhibitor of n-alkane and MTBE 

oxidizing activity in this Graphium strain (Curry et al., 1996; Hardison et al., 1997).  

In reactions containing both THF (1 mmol) and acetylene (2% vol/vol gas phase), no 

THF consumption, -butyrolactone production or increase in biomass was observed 

over the 12 d culture period (Fig. 3.2).   

Our previous studies (Curry et al., 1996; Hardison et al., 1997) suggested that 

an inducible cyctochrome P450 monooxygenase is responsible for both n-alkane and 

MTBE oxidation in this Graphium isolate. To determine if this enzyme is also 

involved in THF catabolism we examined whether propane-grown mycelia were 

simultaneously adapted to oxidize THF.  Mycelia grown on either PDB or propane 

were exposed to THF (1mM) as described in the Materials and Methods section.  

Propane-grown mycelia consumed THF without a lag-phase (Fig. 3.3) and consumed 

~75% of the added THF after 5 h. In contrast, PDB-grown mycelia consumed only 8% 

of the THF over the same period of time (Fig. 3.3).  After 5 h, THF degradation 

activity progressively increased in the PDB-grown mycelia until the rate of THF 

consumption was comparable to the maximal rate observed with propane-grown 

mycelia. No metabolites such as -butyrolactone were observed at any point during the 

reaction time course for either PDB- or propane-grown mycelia. In a similar 

incubation that contained both THF and cycloheximide (100 g ml
-1

) no THF 

oxidizing-activity was measured over the 10 h time course. Likewise, no THF-

oxidizing activity was detected after 10 h incubations containing PDB-grown mycelia 

exposed to both THF (1mM) and acetylene (2% vol/vol gas phase) (Fig. 3.3).  
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Previously, we demonstrated that only the initial step of the n-alkane oxidation 

pathway in this Graphium strain is sensitive to inhibition by gaseous alkenes (ethylene 

and propylene) and alkynes (acetylene and propyne) (Curry et al., 1996; Hardison et 

al., 1997). In contrast, oxidation and growth on subsequent intermediates such as 1
o
 

alcohols or acids is unaffected by these gases. Similar studies were therefore 

conducted with mycelia grown on THF and its recognized metabolites, -

butyrolactone and succinate.  Growth of Graphium sp. on THF was fully inhibited by 

acetylene, ethylene, propylene or propyne (0.5% vol/vol gas phase) (Fig. 3.4) while 

growth on either -butyrolactone or succinate was unaffected by the presence of these 

gases at these concentrations.  

 Although these inhibitor studies suggest that the initial oxidation of THF and 

n-alkanes are potentially both catalyzed by the same enzyme, these experiments do not 

eliminate the possibility that two different enzymes with overlapping inhibitor profiles 

oxidize these substrates. We therefore examined whether propane and THF were 

mutually competitive substrates. Filter-attached cultures of propane-grown mycelia 

were exposed to THF (~50 moles) in the presence and absence of propane (200 

moles). In the absence of propane, the majority (  90%) of the THF was consumed 

in 5 h. (Fig. 3.5A). However, in the presence of propane only 37% of the THF was 

consumed over the same timeframe (Fig. 3.5A).  Similar effects on THF degradation 

were observed when mycelia were exposed to THF and a lower amount of propane 

(100 moles) (data not shown). THF degradation rates in the presence of propane (100 

and 200 moles) were significantly different (p<0.0001) from the rates measured in 

the absence of propane (Fig. 3.5B). However, the presence of lower amounts of 

propane (50 moles, 32 moles) did not significantly alter the rate of THF 

degradation (Fig. 3.5B). Conversely, Graphium cultures exposed to propane (32 

moles) and THF (50 moles), oxidized propane at 50% of the oxidation rate in the 

absence of THF (data not shown). These results suggest that propane and THF each 

exert an inhibitory effect on the oxidation of the other.  
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Although this Graphium strain was unable to grow on 14D, mycelia grown on 

either propane or THF slowly cometabolically oxidized this compound.  For example, 

when propane-grown mycelia were exposed to 14D (1 mM initial concentration), 

~50% of the 14D was consumed after 12h (Fig. 3.6). However, unlike THF 

degradation, this reaction was not sustainable and only ~65% of the 14D was 

consumed after 36 h (data not shown). The consumption of 14D with propane-grown 

mycelia was fully inhibited by acetylene (2% vol/vol gas phase).  Substantially similar 

results were also observed with 14D degradation by THF-grown mycelia (data not 

shown). We also compared the ability of propane-, THF- and PDB-grown mycelia of 

Graphium sp. to degrade three ethers (THF, MTBE and 14D). Propane- and THF-

grown mycelia both rapidly oxidized THF (  100 nmoles h
-1

 mg dry weight
-1

) whereas 

no detectable THF-degrading activity was observed in PDB-grown mycelia (Table 1). 

Much lower rates (between ~2% and~10% of rate of THF oxidation) were observed 

for the oxidation of 14D and MTBE by propane- and THF-grown mycelia. These low 

activities were both inhibited by the presence of acetylene (2% vol/vol gas phase) and 

were generally undetected in PDB-grown mycelia. 

 

Discussion 

The results presented in this study demonstrate this organism is able to grow 

on a number of cyclic ethers and their putative metabolites.  This work therefore 

significantly extends the ether growth substrate range of this unusual organism 

(Hardison et al., 1997) to include not only DEE but also THF and other cyclic ethers. 

Results also indicate this organism can cometabolically degrade 14D after growth on 

THF and n-alkanes such as propane. The following sections discuss our findings 

concerning the pathway and enzymes involved in THF catabolism, the potential 

enzymatic overlap between THF and n-alkane catabolism and the ability of THF and 

n-alkane-grown mycelia to cometabolically oxidize 14D.  
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Pathway of THF oxidation 

Results presented here suggest that this Graphium strain oxidizes THF through 

the same pathway previously described in bacteria such as P. tetrahydrofuranoxydans 

K1.  Evidence supporting the initial oxidation of THF by a monooxygenase includes 

both the observation that propane-grown mycelia are simultaneously adapted to 

oxidize THF (Fig. 3.3) and the observation that THF oxidation can be selectively 

inhibited by the same compounds that inhibit the initial monooxygenase-catalyzed 

oxidation of n-alkanes to their corresponding 1
o
 alcohols (Fig. 3.4) (Curry et al., 1996; 

Hardison et al., 1997). Based on bacterial precedents (Bernhardt and Diekmann, 1991; 

Thiemer et al., 2003), it is presumed the initial oxidation of THF most likely generates 

2-hydroxytetrahydrofuran as a transient intermediate. Although this unstable 

compound has never been detected in any studies of microbial THF degradation, this 

conclusion is supported by the observation that the only other hydroxylated isomer of 

THF, 3-hydroxytetrahydrofuran, does not support the robust growth of this fungus 

(Fig. 3.1).   

As 2-hydroxytetrahydrofuran is an unstable hemiacetal, it could be rapidly 

consumed by two competing reactions, an alcohol dehydrogenase-catalyzed biological 

oxidation that generates -butyrolactone and an abiotic dissociation that yields 4-

hydroxybutyraldehyde.  As we detected a transient accumulation of -butyrolactone 

during growth on THF (Fig. 3.2) and we have also shown this organism can grow well 

on a range of lactones (Figs. 3.1, 3.4), it is likely that a significant portion of THF is 

oxidized through this cyclic intermediate. However, the growth yield for this 

Graphium strain on THF (0.3 mg dry weight/mg THF) is ~25% lower than for n-

butane, another 4 carbon substrate, and DEE, another 4-carbon ether (~0.4 mg dry 

weight/ mg substrate) (Hardison et al., 1997). This lower yield from THF could 

indicate undetected intermediates are excreted into the medium and are not 

subsequently used to support growth. For example, acidic intermediates such as 

succinate would not be readily detectable by the GC method used in this study. 

Likewise, 4-hydroxybutyraldehyde may have gone undetected if it is produced during 
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THF degradation and then undergoes similar abiotic hydration and dimerization 

reactions observed with aqueous solutions of its close structural homolog, 3-

hydroxyproprionaldehyde (Talarico and Dobrogosz, 1989; Vollenweider et al., 2003). 

It should also be noted that free 3-hydroxypropionaldehyde and its hydrated and 

dimerized forms are also the main components of the potent antimicrobial complex 

reuterin (Talarico and Dobrogosz, 1989). We have not determined whether 4-

hydroxybutyraldehyde has equivalent biological properties to reuterin but the low 

level production of a toxic compound could potentially impact growth of any 

organism on THF. A contrary view to this potential toxic effect is the strong growth of 

this Graphium strain on 1,4-butanediol (Fig. 3.1). The role of 4-hydroxybutyraldehyde 

as an intermediate in 1,4-butanediol catabolism is more certain than for THF oxidation 

(Bernhardt and Diekmann, 1991; Thiemer et al., 2003) and yet Graphium sp. clearly 

grows substantially faster on 1,4-butanediol than THF (Fig. 3.1).    

 

Potential overlap between THF and n-alkane oxidation 

 An interesting aspect of the enzyme activities proposed above for THF 

oxidation is they show significant overlap with activities we have previously 

characterized in this organism for oxidation of other compounds such as n-alkanes and 

MTBE. n-alkane oxidation in this Graphium strain appears to follow a conventional 

terminal oxidation sequence involving a monooxygenation step followed by the 

sequential activities of an alcohol and an aldehyde dehydrogenase.  One obvious 

enzyme activity that is common to the catabolism of both n-alkanes and THF is the 

monooxygenase activity required to initiate the catabolism of these compounds. 

Further overlap can also be seen by comparing the key reactions in THF and MTBE 

oxidation. In this Graphium strain and other MTBE oxidizing organisms (Hardison et 

al., 1997; François et al., 2002; Smith et al., 2003a) the immediate product of MTBE 

oxidation is an unstable hemiacetal. In Graphium sp. this hemiacetal is believed to be 

oxidized to an ester (tertiary butyl formate) by an alcohol dehydrogenase. 

Subsequently, this ester is enzymatically hydrolyzed to yield tertiary butyl alcohol 
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(TBA) and formate.  The fact that MTBE oxidation is a cometabolic process 

superimposed upon the underlying n-alkane oxidation pathway (Hardison et al., 1997; 

Smith et al., 2003a) indicates that n-alkane-grown mycelia have additional enzymatic 

activities potentially involved in THF catabolism.  These additional activities include 

the ability to rapidly oxidize hemiacetals and rapidly hydrolyze esters, two key 

processes in the proposed pathway of THF oxidation.   

Given the similarities in the enzyme activities outlined above, our results raise 

the question as to whether THF and n-alkane oxidation are actually catalyzed by the 

same enzymes in this organism? At least three separate physiological observations 

support this conclusion. First, we demonstrated the oxidations of THF and propane 

were fully inhibited by the same alkenes and alkynes (Fig. 3.4, Curry et al., 1996) and 

that both compounds appear to behave as competitive substrates (Fig. 3.5). Second, we 

have shown propane-grown cells rapidly oxidize THF without a lag phase (Fig. 3.3) 

and no intermediates, including -butyrolactone, were detected during the entire time 

course of this reaction. The isolated consumption of THF under these conditions could 

potentially occur if the THF- and n-alkane-oxidizing pathways were initiated by two 

different monooxygenases with fortuitously overlapping substrate ranges. However, 

the apparent ability of propane-grown mycelia to concurrently consume THF as well 

as previously detected THF-derived oxidation products like -butyrolactone suggests a 

greater degree of overlap. Third, the observed rates of THF oxidation by propane-

grown mycelia were equivalent to the rates observed when THF-oxidizing activity was 

fully induced in PDB-grown mycelia (Fig. 3.3). Comparable rates of oxidation of 

THF, MTBE and 14D were also observed when propane- and THF-grown mycelia 

were assayed in short-term initial rate experiments (Table 1).  

Clearly it will require that the respective enzymes and their genes are identified 

and their expression patterns investigated to unequivocally establish the degree of 

overlap between the specific enzymes involved in THF- and propane oxidation in 

Graphium sp.  While this is a current focus in our laboratories, our interest in this 

issue is also stimulated by the fact that several THF-utilizing bacteria are also 
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propane-oxidizing organisms.  For example, the propane-utilizing, MTBE-degrading 

strain ENV425 (Liu et al., 2001) was recently reported to also grow on THF (Vainberg 

et al., 2006). Pseudonocardia ENV478, another recently described THF-utilizing 

organism, also grows on propane (Vainberg et al., 2006). Interestingly a strong 

similarity has also been reported between the genes for tetrahydrofuran 

monooxygenase in P.  tetrahydrofuranoxydans K1 and a propane-specific 

monooxygenase found in Gordonia strain TY-5 (Kotani et al., 2006a). 

 

Cometabolism of 14D 

 Cometabolic degradation of 14D was first reported for propane-grown M. 

vaccae (Burback and Perry, 1993) and is presumed to be catalyzed by the as yet 

uncharacterized propane monooxygenase. More recently, 14D cometabolism has also 

been reported for a number of bacterial strains that express well-characterized 

monooxygenases. These include soluble methane monooxygenase, tetrahydrofuran 

monooxygenase, and toluene-2-, -3- and -4- monooxygenases (Mahendra and Alvarez-

Cohen, 2006). Our previous studies with this Graphium strain on the effects of 

putative mechanism-based inactivators such as acetylene on n-alkane (Curry et al., 

1996), MTBE (Hardison et al., 1997) and now THF oxidation, all suggest that 

oxidation of these substrates is initiated by an inducible cytochrome P450 enzyme. 

Our present results therefore suggest appropriate cytochrome P450s should be 

included in the list of microbial enzymes known to oxidize 14D.  

The non-optimized specific rates of 14D oxidation we have determined in this 

study are 100-fold lower than the lowest rates recently reported for bacterial 14D 

cometabolism. This low level of activity is comparable to the difference between the 

rates of MTBE oxidation we reported for this fungus and bacterial systems (Hardison 

et al., 1997; Hanson et al., 1999; Smith et al., 2003a). However, it should be 

recognized that specific activity determinations for filamentous fungal systems based 

on dry weight are expected to be gross underestimates as large portions of the mycelial 

biomass contains little or no metabolically active cytoplasm.  Despite the low rates of 
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14D degradation we observed, there are similarities between cometabolic 14D 

degradation by this Graphium strain and bacterial systems, as neither process appears 

to be sustainable (Fig. 3.5). The lack of sustainability of 14D oxidation in bacteria has 

been suggested to be due to the generation of reactive intermediates such as 2-

hydroxyethoxyacetic acid (Mahendra and Alvarez-Cohen, 2006; Vainberg et al., 2006) 

that are potentially generated by a similar pathway to that involved in THF oxidation. 

In this case 14D is initially oxidized to an unstable hemiacetal (1,4-dioxane-2-ol) that 

then dissociates to form 2-hydroxyethoxy-2-acetaldehyde without the intermediate 

formation of a lactone. The hydroxyaldehyde is then further oxidized to 2-

hydroxyethoxyacetic acid. We have not characterized the products of 14D oxidation 

by this Graphium strain or investigated the potential toxicity of 14D metabolites. 

However, as this organism effectively metabolizes THF it is plausible that 2-

hydroxyethoxyacetic acid is also generated by this organism and limits its ability to 

sustain 14D oxidation activity.  
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Figure 3.1.  Growth of Graphium sp. on cyclic ethers, lactones, acids, terminal 

diols or nitrogen heterocycles.  

 

 

Liquid cultures of Graphium sp. were grown in 700-mL glass-bottles sealed with 

butyl-rubber stoppers. Each bottle contained the growth substrate (20mM), MSM (50 

mL), and conidia (2.5  10
6
). After 14 d, the resulting mycelia from was collected, 

dried and weighed. Growth was scored in comparison to 3 replicate bottles that did not 

contain a carbon source. Shown is the mean and standard error for three replicate 

growth assays.  
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Figure 3.2.  Growth of Graphium sp. on THF.   

 

 

Liquid cultures of Graphium sp. were grown in 700-mL glass-bottles sealed with 

butyl-rubber stoppers. Each bottle contained THF (20mM), MSM (50 mL), and 

conidia (2.5  10
6
). At the indicated time, 3 bottles with and 3 bottles without 

acetylene were analyzed by GC for THF and -butyrolactone.  The mycelia in these 

bottles were collected, dried and weighed to quantify biomass production. The time 

courses of ( ) THF consumption, the production of (�) -butyrolactone and resultant 

( ) fungal biomass are plotted.  Also plotted are ( ) THF consumption and the ( ) 

fungal biomass resulting from THF utilization under acetylenic conditions. -

Butyrolactone was not detected in any of the bottles exposed to acetylene.  The mean 

and the standard error for three replicate reactions are plotted at each time point.  
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Figure 3.3.   The induction of THF-degradation activity in cultures of Graphium 

sp.  

 

 

Propane-grown and PDB-grown cultures of Graphium sp. were transferred to 700-mL 

bottles, with and without the addition of cycloheximide (100 g/mL) or acetylene (2% 

vol/vol). The reactions were initiated by the addition of THF (50 mole). Shown is the 

time course of THF-degradation in ( ) propane-grown, and ( ) PDB-grown 

Graphium cultures.  THF-degradation was also assayed for in PDB-grown cultures 

exposed to ( ) cycloheximide and in propane-grown cultures exposed to ( ) 

acetylene. The mean and the standard error for three replicate reactions are plotted at 

each time point.  
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Figure 3.4.  The effect of alkenes and alkynes on substrate utilization during 

cyclic ether degradation.  

 

 

Graphium is able to grow on THF, -butyrolactone and succinate (solid bars). THF 

degradation is affected by the presence (2% vol/vol) of acetylene (gray bars), ethylene 

(checkered bars), propylene (white bars), and propyne (striped bars). THF metabolite 

degradation was not affected by the presence of alkenes or alkynes. Each bar 

represents the average and the standard error for three replicate reactions.  
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Figure 3.5.  The effect of propane on THF degradation in filter-attached cultures 

of Graphium.  

 

 

A) Three filter-attached cultures were transferred to serum vial bottles (160 mL). The 

addition of substrates initiated the reaction. The time courses of THF (50 mol) 

degradation in the presence of  ( ) propane (200 mol) and in the ( ) absence of 

propane are plotted. The mean and the standard error for three replicate reactions are 

shown for each time point. B) A plot of the THF degradation rates measured in three 

separate reactions in the presence of ( ) 0, ( ) 32, ( ) 50, ( ) 100, or ( ) 200 

mols propane is shown. One-way ANOVA analysis indicated that the treatment 

exposed to ( ) 100 and to ( ) 200 moles of propane had significantly different THF 

degradation rates than the ( ) control, which was exposed to 0 moles propane.  
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Figure 3.6.  1,4-dioxane degradation by THF-grown cultures of Graphium sp.  

  

 

PDB-grown, THF-induced cultures were transferred to 700-mL bottles containing 

MSM (50 mL). The reaction was initiated by the addition of 1.4-dioxane (10 moles). 

The time course of 1,4-dioxane degradation in the (�) presence and in the ( ) 

absence of acetylene is plotted.  The mean and the standard error for three replicate 

incubations are plotted at each time point.  
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Table 3.1. Initial rates of 1,4-dioxane, THF, and MTBE oxidation by propane-, THF- 

and dextrose-induced mycelia of Graphium sp.  

 

 

Induction 

Compound               Initial rate
*
 

 1,4-dioxane THF MTBE 

Propane 3.8 ± 1 115 ± 3 10 ± 1 

THF 9.2 ± 5 123 ± 22 12.6 ± 2 

Dextrose 0 ± 6 20.4 ± 25 2.1 ± 6 
  

*
nmol h

-1
 mg dry weight

-1
, the mean of three replicate reactions ±  

standard deviation is listed in the table. 
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Abstract 

Graphium sp. (ATCC 58400), a filamentous fungus, is one of the few 

eukaryotes known to grow on short-chain and branched-chain alkanes, as well as a 

variety of ethers, including tetrahydrofuran and diethyl ether. In this study, we 

investigated the genetic underpinnings of the initial step in the alkane and ether 

oxidation cascade. A gene encoding a cytochrome P450 alkane hydroxylase, 

GSPALK1, was identified, cloned and characterized. Analysis of GSPALK1 suggests 

that it is a member of the CYP52 cytochrome P450 family, which is comprised of 

medium- and long-chain alkane hydroxylases isolated from yeasts. However, direct 

comparison of GSPALK1 with other CYP52 members suggests they are not closely 

related. Post-transcriptional ds-RNA-mediated gene silencing of GSPALK1 severely 

reduced alkane and ether oxidation, while downstream metabolic steps in these 

pathways were unaffected. Collectively, the results of this study suggest that 

GSPALK1 is directly responsible for the initial oxidation of alkanes and ethers, but is 

not involved in alcohol or acid metabolism. To our knowledge, this is the first report 

that describes a CYP52 member involved in short-chain alkane metabolism and is the 

first to identify a cytochrome P450 hydroxylase involved in the initial oxidation step 

of gaseous alkane and cyclic ether metabolism. 

 

Introduction 

 The fungal alkanotroph, Graphium sp. (ATCC 58400) is known to utilize 

short-chain and branched-chain alkanes (Chapter 5, Curry et al., 1996), as well as a 

variety of ethers, including tetrahydrofuran (THF) (Chapter 3) and diethyl ether 

(Hardison et al., 1997). Following growth on alkanes and ethers, Graphium sp. is able 

to cometabolize environmentally relevant compounds including the fuel oxygenate 

methyl tert-butyl ether (MTBE) (Hardison et al., 1997) and the solvent stabilizer 1,4-

dioxane (1,4D) (Chapter 3). Like other alkanotrophic microbes (reviewed in: 

(Shennan, 2006; van Beilen and Funhoff, 2007), Graphium sp. metabolizes these 

rather inert compounds by activating the substrate with an initial reaction that inserts a 
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single oxygen atom into the molecule. The activated substrate is further metabolized 

via conventional dissimilitory pathways. The pathway of ether metabolism has 

considerable overlap with the n-alkane-oxidation pathway and previous studies have 

suggested that the same enzymes involved in ether degradation are also involved in n-

alkane oxidation (Chapters 2, 3, 5, Curry et al., 1996; Hardison et al., 1997).  Evidence 

that supports this hypothesis includes four main observations: 1) n-alkane and ether 

oxidation is inactivated by the same inhibitor profile (Hardison et al., 1997) (Chapters 

2,3,5), 2) alkane and THF oxidation activities are mutually competitive (Chapter 3), 3) 

alkane oxidation occurs without a lag-phase in THF-grown cultures and vice-versa 

(Chapter 3), and 4) cultures grown on alkanes and THF show similar initial rates of 

MTBE and 1,4D oxidation (Chapter 3). 

  Several fungi capable of using n-alkanes as growth substrates have been 

isolated. In general, fungal alkanotrophs can be separated into two groups based on 

substrate specificity: filamentous ascomycetes that grow on short-chain n-alkanes (  

C6) and filamentous fungi and yeasts that utilize medium- and long-chain n-alkanes (  

C10). Little is known about fungal metabolism of short-chain n-alkanes. Many older 

studies investigated the growth of fungi on short-chain n-alkanes (McLee et al., 1972; 

Davies et al., 1974; Onodera et al., 1989a, b; Onodera and Ogasawara, 1989), 

however, these studies did not aim to characterize the genes or the enzymes involved 

in alkane metabolism. To our knowledge, no fungal genes have been characterized or 

cloned that encode short-chain alkane hydroxylases.  In contrast, the metabolism of 

medium and long-chain n-alkanes in some yeasts, including Candida maltosa 

(Ohkuma et al., 1991b; Ohkuma et al., 1995a; Zimmer et al., 1996; Ohkuma et al., 

1998), C. tropicalis (Gallo et al., 1973; Sanglard et al., 1987; Sanglard and Fiechter, 

1989; Sanglard and Loper, 1989; Ohkuma et al., 1991b), Debaryomyces hansenii 

(Yadav and Loper, 1999) and Yarrowia lipolytica (Iida et al., 1998; Iida et al., 2000) 

have been well characterized.  In each of these yeasts, the pathway and the genetic 

underpinnings of alkane metabolism have been molecularly determined. Without 

exception, the enzymes that are responsible for the initial activation of alkanes in these 
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fungi are cytochrome P450 alkane hydroxylases belonging to the CYP52 cytochrome 

P450 family. 

  Cytochrome P450s are a superfamily of heme-thiolate monooxygenase 

enzymes that primarily catalyze the oxidation of hydrocarbons to alcohols (Werck-

Reichhart and Feyereisen, 2000; Bernhardt, 2006). Cytochrome P450s are found in 

almost all organisms and are involved in an extremely diverse array of metabolic 

processes. There are over 700 cytochrome P450 families, with over 6,400 named 

sequences (Nelson). Cytochrome P450s in fungi are typically Class II microsomal 

enzymes and can be involved in the detoxification and/or activation of a wide-range of 

xenobiotic compounds including medium and long-chain alkanes, polyaromatic 

hydrocarbons and other recalcitrant molecules (Werck-Reichhart and Feyereisen, 

2000; Bernhardt, 2006).  Cytochrome P450 activity can be distinguished from the 

activity of other monooxygenases by using a suite of suicidal inactivators that do not 

collectively affect diiron or copper-containing enzymes (Ortiz de Montellano and 

Reich, 1986; Hyman and Arp, 1988; Hamamura et al., 1999). Because this suite of 

inactivators, including alkenes and alkynes, has previously been shown to inhibit 

Graphium-mediated oxidation of n-alkanes (Curry et al., 1996) and ethers (Chapters 2, 

3, Hardison et al., 1997), a cytochrome P450 was hypothesized to be responsible for 

the initial activation of these compounds.    

 Genes encoding cytochrome P450 alkane monooxygenase enzymes have been 

molecularly characterized in several n-alkane utilizing yeasts, including several 

species of C. maltosa (Schunck et al., 1989; Takagi et al., 1989; Ohkuma et al., 1991b; 

Schunck et al., 1991; Ohkuma et al., 1995b), C. tropicalis (Sanglard et al., 1987; 

Sanglard and Loper, 1989; Seghezzi et al., 1991; Seghezzi et al., 1992; Craft et al., 

2003), D. hansenii (Yadav and Loper, 1999) and Y. lipolytica (Iida et al., 1998; Iida et 

al., 2000). Because certain regions of CYP52 family members are conserved, it is 

possible to design polymerase chain reaction (PCR) primers specific for their 

identification and detection. Previous studies have successfully used these primers to 

clone and characterize CYP52 members from yeasts (Iida et al., 1998; Yadav and 
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Loper, 1999; Iida et al., 2000; Craft et al., 2003). We employed this strategy to 

identify the cytochrome P450 hydroxylase responsible for alkane and ether 

metabolism from this Graphium sp.  This gene, designated GSPALK1, appears to be 

present in a single copy and is expressed in the presence of n-alkanes, ethers and their 

immediate metabolic products.  Double stranded (ds) RNA-induced silencing of this 

gene in Graphium sp. abolished the ability of this fungus to grow on alkanes and 

ethers, but not on alkane- or ether-oxidation intermediates.  Collectively, these results 

suggest that GSPALK1 is directly responsible for the initial oxidation of alkanes and 

ethers, but is not involved in alcohol or acid metabolism. To our knowledge, this is the 

first report that describes a CYP52 member involved in short-chain alkane metabolism 

and is the first to identify a cytochrome P450 hydroxylase involved in the initial 

oxidation step of gaseous alkane and cyclic ether metabolism.  

 

Materials and Methods 

Materials 

 Graphium sp. (ATCC 58400) and Graphium cuneiferum (ATCC 26545) were 

obtained from the American Type Culture Collection (Manassas, VA).  All of the 

liquid chemicals tested in growth and kinetic assays were either 99% pure, or were of 

the highest purity available. These chemicals were all obtained from Aldrich Chemical 

Company Co. (Milwaukee, WI). Gaseous alkanes were at least reagent grade. Propane 

was purchased from Airgas (Radnor, PA). Other gases (H2, N2 and air) were obtained 

from local vendors.  

 

Culture conditions 

Aseptic conditions were maintained throughout all experiments. Mycelia of 

Graphium sp. were grown on potato dextrose agar (PDA) (Difco, Franklin Lakes, NJ) 

plates at 25º C. After 10-14 d, conidia were collected. Conidia were harvested from 

PDA plates in water and 0.015% tween-20, counted with a haemcytometer and used to 
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inoculate liquid cultures (2.5  10
6
 conidia), as previously described (Curry et al., 

1996).  

 

Growth on alkanes and alcohols 

  In all experiments that investigated the growth of Graphium sp. on specific 

substrates, or to generate mycelia under different inducing conditions, the fungus was 

grown in glass bottles (700 mL) (Wheaton Scientific, Millville, NJ) containing mineral 

salts media (MSM) (Hardison et al., 1997) (50 mL) inoculated with conidia. Liquid 

growth substrates were added as neat liquids (2 mmol) to the axenic culture, which 

was sealed with a screw cap fitted with a butyl-rubber septum (Wheaton Scientific) 

and wrapped with parafilm (American National Can, Menasha, WI). These bottles 

were placed on an orbital shaker (100 RPM) at 25 ± 3°C for 10-14 d.  In experiments 

that investigated growth of the fungus on specific substrates, the resulting mycelia 

were collected onto pre-weighed and dried filter paper (Whatman, Inc., Florham Park, 

NJ) dried at 55°C and reweighed to determine the mycelial dry weight. For each 

substrate, a control experiment that contained MSM and conidia, but no carbon source, 

was also collected and weighed after 10-14 d. The mycelia resulting from the control 

was subtracted from the final dry weight of the experimental treatment.    

In experiments designed to quantify cytochrome P450 expression under 

different inducing conditions or to generate mycelia for genomic DNA extraction, 

mycelia was grown as above, collected with gentle vacuum filtration onto Mira cloth 

(Calbiochem, San Diego, CA) and were either lyophilized and stored at -80°C or were 

frozen in liquid nitrogen and processed as indicated below.  

 

Extraction of Genomic DNA 

 Genomic DNA for Southern analyses and for library construction was 

extracted from lyophilized Graphium sp. mycelia with a protocol described by 

Martinez and colleagues (Martinez et al., 2004). For all other applications, genomic 

DNA was purified from fresh mycelia with the ZR Fungal/Bacterial DNA extraction 
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kit (Zymo Research, Orange, CA) according to the manufacturer’s instructions. The 

quality of the DNA was confirmed by gel electrophoresis and quantified 

spectrophotometrically. 

 

Sequence Analysis 

 DNA was sequenced at the Central Services Laboratory of the Center for 

Genome Research and Biocomputing, Oregon State University (Corvallis, OR), on an 

ABI Prism 3100 Genetic Analyzer using ABI Prism BigDye terminator cycle 

sequencing (Applied Biosystems, Foster City, CA).  

 

Southern Analysis 

 Approximately 1 μg of DNA was digested with each of the enzymes BamHI, 

ClaI, EcoRI, HinDIII, SstI (SacI), XbaI and XhoI (MBI Fermentas, Hanover, MD) and 

resolved on an agarose gel (1%).  The DNA was downward transferred onto a 

GeneScreen Plus membrane (Perkins Elmer, Boston, MA). The resulting blot was 

washed in 2X SSC (1  SSC is 0.15 M NaCl plus 0.015 M Na citrate) for 10 min at 50 

°C and dried for 2 h at 80°C. The blot was prehybridized for 1 h at 60°C in 7% SDS, 

0.25 M NaHPO4 and 2.5% bovine serum albumin. The blot was probed with the 437-

bp product resulting from PCR of cDNA with the degenerate primers HelIA and 

HR2A (Table 1). Approximately 25ng of the purified PCR product was labeled with 

-[
32

P]-dCTP using the DECAprime Random Priming DNA Labeling Kit (Ambion, 

Austin, TX) and incubated with the blot for 16 h at 60°C. After hybridization, the blot 

was washed twice for 5 min in 2X SSC and 0.1% SDS, followed by a 1X SSC, 0.1% 

SDS, 65°C wash for 4 h and a high-stringency wash (0.5X SSC, 0.1% SDS, 65°C) for 

2 h. The blot was exposed for 30 minutes to autoradiographic film.  

 

RNA extraction  

RNA for northern analysis and for reverse-transcriptase-PCR (RT-PCR) was 

extracted from ~ 200 mg of fresh tissue ground in liquid nitrogen, as described by 
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Andrie (2006). Prior to cDNA synthesis, RNA was screened by polymerase chain 

reaction (PCR) for contamination of genomic DNA.  

 

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) 

For each sample, cDNA was synthesized from 3 μg total RNA with a poly-dT 

primer and SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) according 

to the manufacturer’s instructions. cDNA reactions were treated with RNase (Sigma-

Aldrich), and GSPALK1 transcripts were detected by PCR. The PCR reaction mixture 

(25 μL) contained 2 μL of the cDNA reaction, 1X Taq polymerase buffer (50 mM 

KCL, 1.5 mM MgCL2, 10 mM Tris-HCl, pH 9), 200 μM each primer, 200 μM each 

dNTP and 2.5 U TAQ polymerase (MBI Fermentas). In experiments designed to 

detect gene expression during ds-RNA-induced gene silencing, the primers P450-25, 

P450R and RBPF, RBPR were used to detect GSPALK1 and RBP2, respectively. The 

primers used to amplify RBP2, the second largest subunit of RNA polymerase II, were 

specific to the RBP2 sequence from Graphium sp. (James et al., 2006). The primer 

P450-25 was chosen because the sequence of the oligonucleotide is not contained in 

pCS36 (Fig. 4.7).  

 

Northern Analysis 

 RNA was extracted as described above, the quality was checked by gel 

electrophoresis and the concentration quantified spectrophotometrically. Total RNA 

(~20 μg) was resolved according to standard methods (Sambrook et al., 2000) with gel 

electrophoresis and was downward transferred to Hybond N+ Membrane (Amersham, 

Piscataway, NJ) in 10X SSC. The blot was prehybridized, hybridized with the 

GSPALK1 probe, washed and exposed as described above for Southern analysis. 

 

Construction Graphium genomic DNA library and library screening  

Approximately 11 μg of genomic DNA was digested with SacI and ligated with 

pBluescript II-KS (+) (Stratagene, La Jolla, CA). Plasmids were transformed into 
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JM109 [e14 – (McrA –) recA1 endA1 gyrA96 thi-1 hsdR17 (rK– mK+) supE44 relA1 

 (lac-proAB) (F  traD36 proAB lacIqZ M15)] cells (Stratagene) and colonies were 

screened via colony hybridization under the conditions used for Southern analysis.  

 

Phylogenetic Analysis 

Phylogenetic analysis was completed as previously described by Sung and colleagues 

(Sung et al., 2007) with some modifications.  Amino acid sequences of GSPALK1 and 

other known and predicted CYP52 members were aligned with the multiple sequence 

alignment option in Clustal W (Thompson et al., 1994). Maximum parsimony analyses 

were performed using PAUP*4.0 (Swofford, 2004). All characters were equally 

weighted and unordered. Gaps were coded as missing data. Heuristic searches were 

performed with 100 replicates of random sequence addition of tree bisection-

reconnection branch swapping and multrees on, with a maximum of two trees saved 

per replicate. Nodal support was assessed with 500 replicates of nonparametric 

bootstrapping (Felsenstein, 1985), each with five replicates of random sequence 

addition.  

 

Construction of dsRNA- GSPALK1 silencing vector 

All of the plasmids mentioned below were made by using standard cloning 

techniques (Sambrook et al., 2000) and were propagated in XL1-Blue (recA1 endA1 

gyrA96 thi-1 hsdR17 supE44 relA1 lac [F  proAB lacIqZ M15 Tn10 (Tetr)]) cells 

(Stratagene)(Bullock et al., 1987). In all cases, plasmids were purified with mini-prep 

centrifugation columns (Qiagen). Plasmid fragments and PCR products were purified 

with the appropriate QiaQuick Minelute Purification Kit (Qiagen) according to the 

manufacturer’s instructions. High concentrations of plasmid DNA for fungal 

transformation were purified with the QIAfilter Midi Plasmid Kit, linearized with 

XhoI and concentrated via standard ethanol precipitation.    Unless otherwise noted, all 

of the enzymes (Taq polymerase, restriction enzymes and T4 ligase) were obtained 
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from MBI Fermentas and all of the protocols were followed as per manufacturer’s 

suggestions.  

Double stranded-RNA-induced silencing of GSPALK1 was accomplished by 

introducing a plasmid (pCS36) harboring an inverted repeat (IR) of the coding region 

of GSPALK1 separated by a 387-bp fragment of the coding region of a green 

fluorescent protein (sGFP) (Fig. 4.7); this design was based on previously described 

IR vectors (Hammond and Keller, 2005).  

The sGFP fragment was liberated from pCT74 (Lorang et al., 2001) with EaeI 

and ligated to pBluescript II SK (+) (Stratagene) to create the plasmid pCS30. To 

clone the coding region of GSPALK1 in the antisense orientation, GSPALK1 was 

amplified by 35 cycles of a standard PCR program with an annealing temperature of 

55°C, in a 25-μL reaction with the primers ALK1SacI and ALK1SacII (Table 4.1) and 

cloned into pGEM T-EZ (Promega, Madison, WI).  The resulting plasmid was 

digested with SacI and SacII and ligated into the sGFP-fragment containing plasmid 

(pCS30) to form the plasmid pCS33, which harbored sGFP-antisenseGSPALK1.  

The sense orientation of the gene was amplified with the forward and reverse 

primers ALK1FNcoI and ALK1RXbaI (Table 4.1) to engineer NcoI and XbaI sites at 

either end of the coding region. The amplification product was cloned into pGEM T-

EZ, the resulting plasmid digested with NcoI and XbaI, and the fragment ligated into 

the multiple cloning site of pCT74 (Lorang et al., 2001) to create plasmid pCS4.  

 To complete the silencing construct, the DNA fragment containing sGFP- 

antisenseGSPALK1 was amplified from pCS33 with the forward and reverse primers 

ALK1FXbaI and GFPRXbaI to engineer XbaI restriction sites on either side the 

fragment. The resulting amplification product was cloned into pGEM T-EZ and was 

digested with XbaI. The liberated sGFP-antisenseGSPALK1 fragment was ligated to 

pCS4 to form the plasmid pCS36 (Fig. 4.7).  
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Transformation of Graphium sp.  

 Fungal transformation was performed with a protoplast method adapted from 

the protocol developed by Turgeon and colleagues (Turgeon et al., 1985). Conidia 

were collected as described above and inoculated into potato dextrose broth (PDB) 

(Difco) and grown at 25°C with slow shaking (100 rpm). After 2 d, the mycelia were 

ground, reinoculated into fresh PDB and incubated overnight (25°C, 100 rpm, ~16h). 

The overnight growth was collected by pouring the culture into a beaker covered with 

nytex (100-μ pore-size) (Tetko, Inc, DePew, NY). The tissue (~ 7 g) retained on the 

nytex was transferred into a 100-mL enzyme-osmoticum [0.7M NaCl, 1.5% -

glucanase (Interspex, San Mateo, CA)] in a 500-mL baffled-flask (VWR Scientific, 

West Chester, PA) and incubated at 30°C on a rotary shaker (80rpm) for 2-3 h. 

Protoplasts were separated from the undigested tissue by pouring the enzyme-

osmoticum through a beaker covered with 50-μ pore-size nytex. The flow-through was 

centrifuged (5000 rpm, 5 min, 4°C) and the resulting pellet was resuspended in 0.7 M 

NaCl (10 mL). The protoplasts were recentrifuged under the same conditions and the 

pellet suspended in STC (0.5 M sorbitol, 10 mM CaCl2, 10 mM Tris-HCL, pH 7.5) (5 

mL). The STC-protoplast solution was subjected to a final centrifugation (4500 rpm, 5 

min, 4°C) and the pellet was resuspended in a small volume of STC.  Protoplasts were 

counted with a haemcytometer and adjusted to a final concentration of 1  10
8
 

protoplasts/mL STC. For each transformation reaction, linearized plasmid DNA (20 

μg) was combined with 2  10
7
 protoplasts and spermidine (500 μM). Protoplasts 

were transformed according to the protocol described by Turgeon and colleagues 

(Turgeon et al., 1985), with the addition of a 7-minute heat shock applied after the 

PEG addition.  After the transformation procedure, the reactions were diluted with 

molten (46°C) regeneration media (RM; 0.5 M sucrose, 0.1% yeast extract, 0.1% 

casein, 1.5% bacto agar) and immediately transferred onto RM plates amended with 

75-μg/mL hygromycin B (Invitrogen). Hygromycin B-resistant transformants were 

evident on the plates after 7 days.  
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 Mycelia from hygromycin B-resistant transformants were transferred to PDA 

plates amended with 50-μg/mL hygromycin B and allowed to conidiate. Conidia from 

hygromycin B-resistant transformants were diluted and cultures arising from a single 

conidium were used in subsequent experiments.  These hygromycin-resistant 

transformants were confirmed by PCR with primers specific for the hph-cassette 

(HygF, HygR) (Table 4.1). To test for hygromycin B-stability, colonies were 

transferred to PDA plates without selection, allowed to grow for an extended period 

(14 d), and mycelia from the edge of those colonies were replated onto PDA plates 

amended with hygromycin B (50μg/mL).   

 

Colorimetric Naphthalene Oxidation Assay 

Graphium strains transformed with pCS36 were grown in 75-mL PDB. After 2 

days, the mycelia was collected on filter paper and transferred to 250-ml glass bottles 

containing MSM and propanol. After ~16 h, mycelia were again collected onto filter 

paper, which was placed in a closed glass dish and incubated at 37°C with the known 

monooxygenase substrate naphthalene.   After 4 hours of exposure to naphthalene, the 

filters were removed from the dishes and sprayed with a solution containing 50-

mg/mL tetrazotized-o-dianadizine. This substrate is known to react with naphthol, the 

immediate product of naphthalene oxidation, to produce a distinct purple dye.  

 

Results 

Previous studies (Curry et al., 1996; Hardison et al., 1997) suggested that an 

alkane-inducible cytochrome P450 was likely responsible for the initial hydroxylation 

reaction involved in alkane and ether metabolism in this Graphium strain.   

Consequently, we used a strategy that was developed in alkane-utilizing yeasts (Iida et 

al., 1998; Iida et al., 2000) to identify the gene that encodes this protein. The 

degenerate PCR primers HeI1A and HR2A (Table 4.1) were used to amplify cDNA 

that was generated from Graphium cultures grown on either propane or propanol. 

These primers amplified a ~0.44 kb fragment in the cDNA from both propane- and 
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propanol-grown mycelia. This fragment was similar in size to other CYP52 members, 

as predicted by sequence comparison.  The PCR products amplified from the cDNA of 

propane- and propanol- grown cultures were cloned and analyzed. Nine of the 10 

clones analyzed had the same restriction pattern (data not shown). The PCR 

amplification products from propane- and propanol-grown mycelia contained identical 

nucleotide sequences (Fig. 4.3, boxed region). A search using a Basic Local 

Alignment Search Tool (BLAST) (Altschul et al., 1997) revealed that this sequence 

was similar to other cytochrome P450 alkane hydroxylases (P450ALKs) isolated from 

yeasts. Most notably, the deduced amino acid sequence of the PCR product was >50% 

identical to all of the P450ALK (YLALK1-YLALK8) genes encoded by the Yarrowia 

lipolytica genome (Iida et al., 1998; Iida et al., 2000).  The PCR amplification product 

was determined to be a fragment of the gene encoding the P450ALK responsible for 

short-chain alkane and ether oxidation in this Graphium strain. We designated this 

gene GSPALK1. 

 Previous studies demonstrated that Graphium cultures grown on alkanes and 

ethers oxidized P450 substrates without a lag-phase (Chapter 3). In contrast, dextrose-

grown cultures were unable to degrade these substrates over the first five hours of the 

time course. Although dextrose-grown cultures eventually exhibited oxidation activity, 

exposure to cycloheximide prevented the onset of this activity (Chapter 3). The results 

of that study indicated that expression of the gene responsible for alkane and ether 

oxidation is induced by these growth substrates. In Y. lipolytica, and in other alkane 

utilizing yeast, expression of alkane-oxidizing CYP52 enzymes is induced by both the 

alkane substrate and the downstream intermediates of alkane metabolism.  To 

determine if GSPALK1 expression is also subject to these inductive effects, we 

analyzed GSPALK1 expression in mycelia grown not only on alkane and ethers, but 

also on the immediate products of their oxidation, propanol and -butyrolactone. The 

GSPALK1 fragment described above was used to probe total RNA extracted from 

mycelia grown on different substrates. Northern analysis revealed that the probe 

hybridized with RNA isolated from propanol- and propane-grown mycelia, but did not 
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hybridize with RNA isolated from mycelia grown on dextrose (Fig. 4.1A). To 

determine if the GSPALK1 mRNA is also induced by ethers and lactones, we used 

GSPALK1-specific primers in an RT-PCR of cDNA generated from propane, 

propanol, THF, and -butyrolactone-grown Graphium cultures. Likewise, primers 

(P450F2, P450Hel5i) (Table 4.1) that are specific to the GSPALK1 fragment were 

used in a PCR reaction containing cDNA synthesized from RNA isolated from 

propane-, propanol-, THF- and -butyrolactone-grown mycelia. A product 

corresponding to GSPALK1 was amplified from the cDNA generated from the mycelia 

grown on each of these growth substrates (Fig.4.1C). Together, these results suggest 

that GSPALK1 expression was induced not only by short-chain alkane and ether 

growth substrates, but also by the immediate products of alkane and ether oxidation.   

 Although the expression pattern of GSPALK1 is consistent with previous 

observations that suggest alkane and ether oxidation is mediated by the same enzyme 

(Chapters 2, 3, Hardison et al., 1997), it is possible that more than one P450ALK 

participates in alkane and ether oxidation.  To determine if GSPALK1 or GSPALK1-

like sequences are present in multiple copies, genomic DNA was subjected to 

Southern analysis (Fig. 4.2). The GSPALK1 probe hybridized with a single fragment 

of genomic DNA that was digested with either BamHI, ClaI, SstI, XbaI or XhoI. The 

GSPALK1 probe hybridized with two fragments of the genomic DNA digested with 

either EcoRI or HinDIII (Fig. 4.3). The hybridization pattern was consistent with the 

restriction pattern of the GSPALK1 probe inferred from nucleotide sequencing (Fig. 

4.3).  

To clone the full-length copy of the GSPALK1 gene, a genomic DNA library 

was screened by colony hybridization with the GSPALK1 probe. Colonies that 

hybridized with the probe contained a plasmid with an ~9 kb-SacI insert. This plasmid 

(pCC5) was subjected to further Southern analyses to facilitate subcloning of 

GSPALK1 (data not shown). The insert from this plasmid was completely sequenced. 

Sequence analysis revealed that the plasmid encoded a 1.632-kb gene that contained 

the sequence of the GSPALK1 cDNA fragment amplified from propane- and propanol-
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grown mycelia. The nucleotide sequence of GSPALK1 is shown in Figure 4.3. BLAST 

analysis (Altschul et al., 1997) of GSPALK1 indicated that it is similar to P450ALK 

genes from a variety of alkane-utilizing yeasts including C. maltosa, C. albicans, C. 

tropicalis, D. hansenii and Y. lipolytica. All of the previously characterized P450ALK 

genes are comprised of a single exon. Analysis of the full-length genomic copy 

revealed that, unlike all of the yeast CYP52 members, the sequence of GSPALK1 was 

comprised of two exons and one intron (Fig. 4.3). The presence of the intronic 

sequence was confirmed by sequencing the full-length cDNA cloned from propane-

grown mycelia (data not shown). The 0.6-kb region 5’ to the putative start codon was 

compared to known promoter motifs with the software Genomatix Suite Version 3.4 

(Genomatix Software, München, Germany). In silico analysis of the putative promoter 

region identified elements that are 100% identical to Lac9, Nit2 and Mig1, which are 

involved in the upregulation of oleic acid-associated proteins, activation of nitrogen 

assimilation genes and glucose-mediated repression, respectively (Fig.4.4). Analysis 

of the upstream region of GSALK1 also identified various promoter elements that are 

important in the regulation of CYP52 members, including the Lac9 element, other 

oleic-acid response elements (ORE), a UASALK1 element (Sumita et al., 2002) and 

multiple CACAT motifs (Sumita et al., 2002) (Fig. 4.4). 

 GSPALK1 encodes a 525-amino acid protein that is similar to known alkane 

hydroxylases belonging to the CYP52 family (Altschul et al., 1997). Functional motifs 

and conserved regions of this protein are highlighted in the deduced amino acid 

sequence of GSPALK1 (Fig. 4.5). Conserved protein domains that are important for 

cytochrome P450 structure (Werck-Reichhart and Feyereisen, 2000) and function 

were identified in the deduced amino acid sequence of GSPALK1 along with those 

that are specifically associated with CYP52 members (Iida et al., 2000). The domains 

specific to CYP52 members, as identified by Problocks software (Henikoff and 

Henikoff, 1991), are thought to be involved in defining substrate specificity (Iida et 

al., 2000) (Fig. 4.5).   
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The amino acid sequence of GSPALK1 was compared to both the known yeast 

CYP52 members and hypothetical CYP52 members that have been predicted during 

genome analysis of various filamentous fungi. This comparison used maximum 

parsimony (MP) analyses to infer relationships between these enzymes. MP analyses 

showed that the relationships between CYP52 members with similar functions were 

well supported, as demonstrated by the high bootstrap values shown in Figure 4.6. For 

example, phylogenetic analysis indicated a strong relationship between the Y. 

lipolytica isozymes YLALK1 and YLALK2, both known to oxidize long-chain 

alkanes (Iida et al., 2000). Phylogenetic analysis also showed a strong relationship 

between C. maltosa ALK3 and C. tropicalis ALK1, both involved in hexadecane 

oxidation (Seghezzi et al., 1992; Ohkuma et al., 1998).   However, GSPALK1 is not 

closely related to any of these proteins, as its placement in the phylogeny of CYP52 

members was not supported (Fig. 4.6). 

 To more conclusively assign function to the protein encoded by GSPALK1, we 

took advantage of post-translational gene silencing tools to reduce GSPALK1 

expression. Expression of ds-RNA should trigger post-transcriptional gene silencing 

pathways that specifically interfere with GSPALK1 expression, and thus abolish 

alkane- and ether- oxidation activity. A construct (Fig. 4.7) designed to constitutively 

express ds-RNA specific to GSPALK1 was introduced into Graphium sp. Ten 

hygromycin-B-resistant transformants were selected for further phenotypic analysis. 

These ten transformants were tested for propane-induced monooxygenase activity by 

assaying for naphthol formation (Graham et al., 1992). Of the ten transformants tested, 

monooxygenase activity in eight of these cultures was completely abolished, one 

reacted like wildtype Graphium and one gave mixed results (data not shown). Three of 

the eight transformants with abolished activity (1221,1331 and 2319) and the 

transformant that retained activity (1441) were used to conduct more extensive 

phenotypic analysis. The three transformants showing severely reduced P450ALK 

activity (1221,1331 and 2319) retained hygromycin resistance after stability assays on 

non-selective PDA plates.  However, 1441 was unable to grow on hygromycin-
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amended plates after sub-culturing, indicating that the silencing construct was not 

retained during growth on nonselective media. 

To determine if the silencing of GSPALK1 specifically abolished the ability of 

the fungus to grow on alkanes and ethers, these four transformants were used in a 

series of growth assays to quantify hydroxylase activity. When the transformants were 

cultured on propane or THF, three (1331,1221 and 2319) of the four were unable to 

grow these substrates. However, these transformants were able to grow on propanol 

and -butyrolactone, the immediate products of alkane and ether oxidation (Fig. 4.8). 

These results indicated that only the first step in the pathways is affected by GSPALK1 

silencing. The biomass that was generated by these strains during growth on propanol 

and -butyrolactone was very similar to wildtype Graphium (Fig. 4.8). Transformant 

1441 grew like wildtype Graphium on all of the substrates tested. THF oxidation by 

PDB-grown, propanol-induced strains was also tested. These results reiterated the 

patterns observed in the alkane and ether growth assays, as transformants 2319, 1442 

and 1331 had severely reduced activity over the 8 hour time course while 1441 

degraded THF at similar rates as the wildtype culture (Fig. 4.8).  

 Two of the above strains (2319 and 1441) were investigated further to 

determine if the reduction of alkane and ether-oxidation was correlated with a 

concomitant decrease in the inducible GSPALK1 mRNA. Reverse transcriptase-PCR 

of RNA collected from PDB-grown, propanol-induced cultures of strains 2319, 1441 

and wildtype Graphium sp. was subjected to PCR with primers specific to GSPALK1 

(P450-25 and P450R). These primers amplified a product in 1441 and wildtype 

Graphium strains while there was a severe reduction in the GSPALK1 message in 

2319 (Fig. 4.9A). RBP2-specific primers amplified similar amounts of product in all of 

the reactions (Fig. 4.9B)  

 Graphium cuneiferum (ATCC 26545) is one of the few other filamentous fungi 

that have been reported to grow on n-butane (McLee et al., 1972). To determine if a 

GSPALK1-like sequence is also present in the genome of this alkane-utilizing fungus, 

the genomic DNA was extracted and subjected to PCR with the specific GSPALK1 
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primers ALK1NcoI and Alk1RXbaI (Table 4.1). These primers amplified a ~1.65 kb 

fragment, which was purified, cloned into the pGEM T-EZ-plasmid and sequenced. 

We designated this gene GCALK1. Analysis of the sequence revealed that there are 

four nucleotide differences between ALK1 coding regions from Graphium sp. and G. 

cuneiferum. These changes resulted in two non-synonymous amino acid substitutions 

(Fig. 4.5). Like GSPALK1, an intronic region interrupts the coding region of GCALK1. 

However, the intron in GCALK1 lacks the 9-base 5’-TTTTTTTTT-3’ repeat that is 

present in the intronic region of GSPALK1.   

 

 Discussion 

 The major conclusion from this study is that GSPALK1 encodes a cytochrome 

P450 that hydroxylates short-chain gaseous alkanes and ethers. The results of this 

study confirm our previous suggestions that a single broad-substrate enzyme catalyzes 

the oxidation of alkanes and ethers. To our knowledge, this is the first study to report 

the isolation and molecular characterization of a cytochrome P450 that hydroxylates 

gaseous n-alkanes, THF and 14D. Likewise, it is the first report of a eukaryotic gene 

that is involved in THF, MTBE, or 14D oxidation. These results lend insight into the 

important features of the primary protein structure that allow for alkane and ether 

activity. Future experiments involving the over expression of this enzyme may lead to 

the development of biotechnological tools for the remediation of recalcitrant 

compounds from gasoline- and solvent stabilizer-impacted sites. The following 

sections discuss our findings regarding the isolation and the characterization of 

GSPALK1.  

 

Identification and Isolation of GSPALK1 

 The gene encoding the cytochrome P450 alkane hydroxylase from Graphium 

sp., was isolated by using highly degenerate CYP52 primers to amplify a GSPALK1-

fragment from cDNA generated from propane and propanol-grown Graphium 

cultures. In the past, this strategy was successfully employed to isolate CYP52 
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members from Y. lipolytica (Iida et al., 1998; Yadav and Loper, 1999; Iida et al., 2000; 

Craft et al., 2003) and to isolate P450 alkane hydroxylases from bacteria (van Beilen 

et al., 2005; van Beilen et al., 2006). The sequence of the amplified product was 

similar to CYP52 members from Candida species and from Y. lipolytica, indicating 

that the primers are useful for amplifying CYP52 members from yeasts and from 

filamentous fungi. Restriction digest and sequence analysis of multiple plasmid clones 

that contained these amplification products indicates that GSPALK1 was the only 

CYP52 species expressed in the presence of propane and propanol.  

The results of this study indicate GSPALK1 was strongly expressed in cultures 

grown on propane, propanol, THF and -butyrolactone (Fig. 4.2). These results are 

consistent with our previous studies that showed that hydroxylation activity is induced 

by alkane and ether growth substrates, but is not induced in dextrose grown-cultures  

(Chapters 2, 3, Curry et al., 1996; Hardison et al., 1997).  This observation is 

congruent with data from yeast that shows that the intermediates generated during 

alkane oxidation are able to induce CYP52 expression. For example, the expression of 

YLALK3 is induced by tetradecane, even though YLALK3 does not oxidize this 

substrate. Likewise, although ALK5 from C. maltosa does not oxidize n-dodedecane, 

this compound induces ALK5 expression (Ohkuma et al., 1998). This induction 

pattern is also seen in other CYP52 members from C. maltosa, C. tropicalis and Y. 

lipolytica (Sanglard et al., 1987; Sanglard and Fiechter, 1989; Ohkuma et al., 1991b; 

Iida et al., 1998; Ohkuma et al., 1998; Iida et al., 2000; Craft et al., 2003; Zenker et al., 

2003). Therefore, there is not a simple correlation between the compounds that 

regulate expression and enzyme function. Similarly, like CYP52 regulation in yeasts, 

it is doubtful that GSPALK1 oxidizes alcohols and lactones even though these 

compounds clearly induce GSPALK1 expression (Fig. 4.1) 

 

Characterization of GSPALK1  

In alkane-utilizing yeasts (C. maltosa, C. tropicalis and Y. lipolytica), multiple 

ALK-encoding genes are present, forming multi-gene families. These genes encode 
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isozymes that sometimes have overlapping functions (Zimmer et al., 1996; Ohkuma et 

al., 1998; Iida et al., 2000; Craft et al., 2003). In contrast, Southern analysis under 

stringent experimental conditions indicated that GSPALK1 was present as a single 

copy in the Graphium sp. genome (Fig. 4.2), as the probe hybridized only to one band 

of genomic DNA digested with enzymes that do not cut within the GSPALK1 probe 

sequence and hybridized only to two bands in DNA digested with HinDIII or EcoRI, 

which do cut within the GSPALK1 probe (Fig. 4.3) 

 It is possible that GSPALK1 isozymes with low similarity were not detected. 

However, previous studies that probed genomic DNA from C. tropicalis (Sanglard and 

Fiechter, 1989), C. maltosa (Ohkuma et al., 1991b) and Y. lipolytica (Iida et al., 1998) 

detected multiple CYP52 members under these same stringent conditions. 

Additionally, in C. maltosa and C. tropicalis multiple CYP52 members are required 

for the oxidation of n-alkanes and for subsequent steps in the oxygenation cascade that 

converts alkanes to , -dioic acids (Scheller et al., 1998; Craft et al., 2003).  This is 

not the case in Graphium sp., as cytochrome P450 inhibitors do not affect the 

downstream steps in alkane metabolism.  Although the Southern and metabolic 

analyses presented here strongly suggest that the Graphium sp. genome harbors only 

one member of the CYP52 family, further studies using less stringent hybridization 

conditions for Southern analysis or other types of genomic analyses, including 

quantitative PCR, could determine if additional ALK1 isozymes exist. 

Although CYP52 cytochrome P450 family members are extremely diverse in 

their primary structure and function, cytochrome P450 class II enzymes all contain 

common features (Werck-Reichhart and Feyereisen, 2000). All of these features are  

found in the primary structure of GSPALK1 (Fig. 4.5); a predicted transmembrane 

region (Hofmann and Stoffel, 1993) containing a string of hydrophobic amino acids, a 

halt-transfer signal comprised of basic residues followed by a proline cluster (the 

hinge region), a proton transfer groove important in cytochrome P450 catalysis, an 

EXXR motif in the K-helix, and the heme-binding loop with the absolutely conserved 

cysteine that serves as a fifth ligand to the heme iron. Cytochrome P450s have six 
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substrate recognition sites (SRS) that are involved in substrate recognition or binding 

and are thought to determine substrate specificity (Gotoh, 1992). These regions are 

highly variable in their primary structure. Four SRS regions have been identified as 

particularly important in defining CYP52 function (Nelson, ; Henikoff and Henikoff, 

1991). Although the amino acid sequence of GSPALK1 was similar to other CYP52 

members, direct comparison of the deduced amino acid sequence determined that 

GSPALK1 was not closely related to other CYP52 members (Fig. 4.6). This result was 

not surprising, as none of the known CYP52 members are known to oxidize short-

chain alkanes or ethers. Likewise, none of the filamentous fungi from which CYP52 

members were predicted have been described to grow on short-chain alkanes. 

Although the relationships predicted by the MP analysis are not all based on enzyme 

function, the unsupported placement of GSPALK1 among its closest known relatives 

suggests that GSPALK1 could have evolved a unique function.  In particular, 

GSPALK1 and GCALK1 each have a variation in SRS1. This region (GXGI/LFT) is 

conserved in all of the CYP52 members including those predicted from the genomes 

of filamentous fungi, and is thought to be required for the oxidation of n-alkanes and 

fatty acids (Iida et al., 2000). In GSPALK1 and in GCALK1 this motif is changed to 

GXGIFS (threonine  serine) (Fig. 4.5).  Because Graphium sp. and G. cuneiferum 

are also the only organisms among these fungi that degrade gaseous alkanes, it is 

conceivable that this amino acid plays a role in defining the alkane substrate range. A 

single amino acid substitution has been previously shown to affect the substrate range 

of gaseous alkane hydroxylase (sBMO) from the bacterium ‘Pseudomonas 

butanovora’ (Halsey et al., 2006). In that study a glycine  asparagine mutation near 

the active site improved the ability of the enzyme to oxidize methane and altered the 

regiospecificity of the enzyme.  

RNA-mediated gene silencing is a posttranscriptional phenomenon in which 

ds-RNA triggers degradation of mRNA with complementary sequences (Smith et al., 

2000; Pickford and Cogoni, 2003). This process has been exploited as a reverse 

genetics tool in a variety of eukaryotes, including fungi (Liu et al., 2002; Kadotani et 
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al., 2003; Goldman and Rappleye, 2005; Hammond and Keller, 2005; McDonald et 

al., 2005; Nakayashiki et al., 2005; de Jong et al., 2006; Janus et al., 2007; Yamada et 

al., 2007). Although a variety of strategies that exploit ds-RNA-mediated gene 

silencing have been successful (Nakayashiki et al., 2005), many studies have used 

inverted-repeat-transgenes (IRT) to infer gene function (Namekawa et al., 2005; Ha et 

al., 2006; Janus et al., 2007). In the present study, we transformed Graphium sp. with 

an IRT construct that was designed to produce ds-RNA complementary to GSPALK1 

(Fig. 4.7).  

The introduction of the GSPALK1 IRT into Graphium abolished 

monooxygenase activity. Further evaluation of a subset of these hygromycin-resistant 

transformants demonstrated that the first step in alkane and ether oxidation was 

specifically impaired (Fig. 4.8). Even when these transformants were grown on 

dextrose, subjected to GSPALK1 inductive conditions, and assayed for the ability to 

oxidize THF, we observed the same trends that were noted in growth assays, and 

transformants 2319, 1442 and 1331 had reduced THF degradation activity. 

Additionally, the remaining steps in the alkane and ether oxidation cascade were 

unaffected by GSPALK1 IRT expression (Fig. 4.8).  Data presented in Figure 4.8 

collectively indicated that the ds-RNA-silencing results were not attributable to a 

disruption in a general growth process, but instead were specifically attributable to the 

lack of hydroxylase activity. The ds-RNA-mediated knockdown of GSPALK1 in 

transformant 2319 is associated with a severe reduction in the GSPALK1 message 

(Fig. 4.9), while the wildtype Graphium sp. and 1441 showed comparable levels of 

GSPALK1 mRNA. This suggests that product of GSPALK1 expression was 

responsible for the initial oxidation of alkanes and ethers in this fungus.  

In the present study we isolated and functionally characterized the gene 

responsible for the initial step in the alkane and ether oxidation cascade in this 

Graphium sp. Although the strategy we used to identify the gene relied on the 

sequence similarity between GSPALK1 and other known CYP52 members, the 

biochemistry and the genetic underpinnings of medium and long-chain-alkane 
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oxidation pathways in yeasts are clearly distinct from biochemical and genetic bases 

of the short-chain alkane and ether oxidation pathway in this filamentous fungus.  Our 

description of GSPALK1 is the first report of a cytochrome P450 hydroxylase with 

activity towards gaseous alkanes. We also identified a GSPALK1-like gene in a 

different species of Graphium, indicating that GSPALK1-like sequences are present in 

other eukaryotic alkanotrophs. The approaches used here could be used to detect and 

functionally characterize GSPALK1-like genes from other alkane- (McLee et al., 1972; 

Onodera et al., 1989a) and ether-utilizing fungi (Magaña-Reyes et al., 2005; Nakamiya 

et al., 2005). It would be interesting to compare the primary structure of GSPALK1-

like enzymes from other eukaryotic alkanotrophs with their known substrate range to 

build hypotheses regarding the molecular determinants of substrate range and of 

cometabolism.   Furthermore, heterologous expression of GSPALK1 in an alternate 

host may lead to the development of tools for the remediation of petroleum- or ether-

impacted groundwater.  
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Table 4.1.   Synthetic nucleotide oligomers for the cloning and detection of GSPALK1. 

 

 

 

Locus Primer Sequence 

GSPALK1 P450-25 5'-GGCCTTCTCAAGACCCAACAA-3’ 

 P450R 5'-CGCCATTGAAAGGAATGTATTCCC-3’ 

 P450F2 5’-CCGTCCGATATCATGACTCGT-3’ 

 P450Hel5i 5’-ACGGGCGAGATAATACAAAAGC-3’ 

 ALK1SacI 5'-GAGCTCCCAACAACAAACAGA-3' 

 ALK1RSacII 5'-CCGCGGCATCTCGCACAATTTCGG-3' 

 ALK1RXbaI 5'-ACAATTTCTAGACCCTAAGCTCCGGCCGCA-3’ 

 ALK1FNcoI 5'-CAACAAACAGAACCATGGATCCT-3’ 

 ALK1FXbaI 5'-TCTAGACCACACCACCCAAGA-3' 

 HR2A
a
 5'-ATTCKKGGDCCDCCRTTRAANGG-3’ 

 HelIA
a
 5'-GCWGGHMGAGAYACCASHGC -3’ 

sGFP GFPRXbaI 5'-TCTAGAGCCGTTCTTCTGCTTGTC-3' 

Hph HygR 5'-ACACAGCCATCGGTCCAG-3’ 

 HygF 5'-ACGAATTCTACCCAAGCATCC-3’ 

Rbp2 RBPF 5'-CCAAGCACTTGGTCAATGAGATGA-3’ 

Rbp2 RBPR 5'-TCGGGTTCAACTTCGTCTTCAAAC-3’ 
 

a
 Adapted from (Iida et al., 2000) 
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Figure 4.1.  Analysis of GSPALK1 expression.  

 

 

(A) Northern analysis of RNA isolated from propanol-, propane- and dextrose-grown 

mycelia probed with a fragment of GSPALK1. (B) Ethidium bromide staining of the 

RNA. (C) RT-PCR amplification of GSPALK1 mRNA extracted from propane- (lane 

1), propanol- (lane 2), THF- (lane 3), and -butyrolactone- (lane 4) grown mycelia of 

Graphium sp., GSPALK1 positive control (lane 5), water (lane 6), and a size marker 

(1 kb ladder, lane 7). Size is indicated on the right. 
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Figure 4.2.  Southern analysis of Graphium sp. genomic DNA. 

 

 

Genomic DNA was extracted from mycelia of Graphium sp., digested with restriction 

enzymes (top) and probed with a fragment of GSPALK1 containing conserved 

regions of CYP52 family members. Size is indicated on the left. 
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Figure 4.3. The nucleotide sequence of GSPALK1, a cytochrome P450 alkane 

hydroxylase. 

 

 

The sequence of the gene encoding GSPALK1. The region amplified from degenerate 

CYP52 primers and subsequently used as a probe in Southern and Northern analyses is 

boxed. Underlined nucleotides in this region are restriction sites that resulted in the 

detection of two bands during Southern analysis (Fig. 4.2). The nucleotides 

underscored with stars represent the intronic region of GSPALK1. The sequence was 

deposited in the National Center for Biotechnology Information (Genbank Accession 

#AY438638).   

 



 87

 
 

 

Figure 4.3.  The nucleotide sequence of GSPALK1, a cytochrome P450 alkane 

hydroxylase. 
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Figure 4.4.  The putative promoter region of GSPALK1. 

 

 

The 641-bp region 5’ to the GSPALK1 start site was analyzed in silico to known 

transcriptional binding sites. Genomatix software recognized Lac9, Nit2 (starred) and 

Mig1 (underlined) motifs. Comparison of this putative promoter region with 

previously- characterized upstream regions of CYP52 members revealed a UASalk site, 

oleic acid responsive elements (OREs) (boxed), an E-box motif (boxed) and three 

CACAT motifs (circled).  
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Figure 4.5.  The deduced amino acid sequence of GSPALK1. 

 

 

Boxed amino acids (AA) represent protein motifs that are specific to the CYP52 

alkane hydroxylase family thought to be involved in substrate recognition (SRS). 

Underlined AAs represent typical features of cytochrome P450 proteins; the double 

underlined cysteine is the fifth ligand to the heme iron. Stared AAs are basic residues 

involved in the halt-transfer signal.  The circled AAs represent non-synonymous 

changes in the primary structure of the GCALK1 protein from G. cuneiferum. In the 

circles, the AA substitutions are indicated below the corresponding GSPALK1 amino 

acid [Phenylalanine  Leucine (AA211); Tryptophan Arginine (AA435)].   
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Figure 4.5.  The deduced amino acid sequence of GSPALK1. 
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Figure 4.6. Phylogenetic relationships between CYP52 members from yeasts, 

GSPALK1 and predicted CYP52 members from filamentous fungi.  

 

 

Shown is the predicted relationship between CYP52 members from Y. lipolytica (red), 

C. maltosa (blue), C. apicola (brown), C. tropicalis (gray), D. hansenii (green), 

GSPALK1 (fuchsia) and some of the predicted CYP52 members sequenced from 

filamentous fungi (black). Bootstrap values more than 70 are shown at each supported 

node. The black asterisk denotes a collapsed tree. The genes from which the amino 

acid sequence was deduced are shown next to the predicted members. Sequences from 

yeast species are as previously described (Iida et al., 2000). Colored asterisks 

designate proteins that have been implicated in medium- and long-chain alkane 

oxidation and double plus (‡) signs indicate those involved in acid metabolism.  
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Figure 4.6.  Phylogenetic relationships between CYP52 members from yeasts, 

GSPALK1 and predicted CYP52 members from filamentous fungi.  
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Figure 4.7. Vector for the expression of ds-GSPALK1 RNA in filamentous fungi.  

 

 

The ToxA promoter from Pyrenophora tritici-repentis (Ciuffetti et al., 1997) (white 

arrow) drives expression of GSPALK1sense-sGFP-GSPALK1antisense (gray arrow, 

stripped box, gray arrow, respectively). The resulting mRNA forms ds-RNA 

corresponding to the GSPALK1 gene. The nos-terminator and the hygromycin-

resistance cassette (Carroll et al., 1994) are also shown. Arrows indicate the direction 

of transcription.    
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Figure 4.8. Growth or activity of Graphium sp. IRT transformants on various 

growth substrates. 

 

 

Graphium strains expressing pCS36 were grown on propane, propanol, THF and -

butyrolactone. Strains 1441 (white bars), 2319 (gray bars), 1331 (stripped bars) and 

1221 (black bars) are shown. The activity of each strain on each substrate is shown 

relative to the growth of wildtype Graphium sp.  Bars represent the mean and the 

standard error of at least 2 replicates for each measurement. These strains were also 

grown on dextrose, exposed to propanol and assayed for THF degradation activity for 

8 hours. The rate of THF degradation is shown for a single replicate.  
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Figure 4.9.  Expression of GSPALK1 and RBP2 in Graphium sp. IRT 

transformants.  

 

 

cDNA was prepared from total RNA that was collected from the Graphium sp. strains 

2319, 1441 and wildtype Graphium sp. PCR reactions with oligonucleotides specific 

to either (A) GSPALK1 or (B) RBP2 were used to assay for GSPALK1 and RBP2  

transcripts.  
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Abstract 

 Graphium sp. has previously been described to grow on short-chain alkanes, 

ethers, and a variety of the metabolic intermediates produced during alkane and ether 

oxidation. In this study, the substrate range of this metabolically versatile fungus was 

expanded to include branched alkanes, C5 liquid alkanes and a spectrum of their 

metabolites. A cytochrome P450 alkane hydroxylase, GSPALK1, was shown to be 

involved in the initial step of isobutane metabolism. Two metabolites, 2-methyl-1-

propanol (isobutanol) and tertiary-butyl alcohol (TBA) were produced during 

isobutane degradation. Although Graphium was able to grow on isobutanol, TBA did 

not support growth, and therefore accumulated in the culture medium. The results of 

these experiments determined that GSPALK1 displays a regiospecific preference for 

terminal carbon hydroxylation. However, a significant number of hydroxylation events 

result in subterminal carbon oxidation. Terminal carbon oxidation was estimated to 

occur during ~90-95% of the reactions catalyzed by this enzyme, however this may be 

an overestimation. The results of this study are discussed in terms of the versatility of 

GSPALK1 and the biological and environmental impacts of subterminal carbon 

oxidation by this Graphium strain.  

 

Introduction 

Graphium sp., a filamentous ascomycete is one of the few eukaryotes that 

grow on small molecular weight, gaseous n-alkanes.  This Graphium species was first 

isolated from a culture enriched for growth on natural gas, and was later described to 

grow on C2-C4 n-alkanes (Zajic et al., 1969). Previous work demonstrated that 

Graphium grows on a broad range of ethers including straight-chain ethers like diethyl 

ether (Hardison et al., 1997) and cyclic ethers including tetrahydrofuran (THF) (See 

Chapter 3).  After growth on alkanes and ethers, Graphium sp. cometabolizes a variety 

of recalcitrant compounds, including the branched ether, methyl tert-butyl ether 

(Hardison et al., 1997), and 1,4-dioxane (14D) (Chapter 3). Given that Graphium is 

capable of growth on a broad range of industrially- and environmentally-relevant 
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compounds, we were interested to determine the extent of the gaseous, liquid, and 

branched alkane-substrate range of this fungus and to characterize the pathway by 

which alkane metabolism occurs.  

In prokaryotic alkanotrophs, gaseous alkanes are rendered more palatable 

through an initial oxidation reaction, which produces the corresponding alcohol. In 

bacteria, this oxidation step is often catalyzed by a soluble diiron- or copper-

containing monooxygenase that inserts an atom of molecular oxygen into the substrate 

at the primary and/or secondary position (reviewed in (van Beilen and Funhoff, 2007). 

The metabolic pathway by which alkanes are processed is determined by the 

regiospecificity of the alkane hydroxylase, which oxidize alkanes at either the terminal 

or the subterminal carbon. During terminal alkane oxidation, the activation of alkanes 

occurs through hydroxylation events that result in the production of primary alcohols 

(Chapter 1, Fig 1.1). The alcohol undergoes oxidation by an alcohol dehydrogenase to 

produce an aldehyde, which is subsequently oxidized by an aldehyde dehydrogenase 

to produce the cognate fatty acid. The fatty acid can either be oxidized again to form 

the dicarboxylic acid, or it can directly enter -oxidation or other central carbon 

metabolic pathways, depending on the chain length of the alkane. For example, 

propane derivatives are metabolized through the 2-methylcitrate or the 

methylmalonate pathway (Shennan, 2006).  

Alkane activation also occurs at subterminal carbons (Chapter 1, Fig. 1.1). 

When the alkane is hydroxylated at the secondary position, the metabolic fate of the 

alcohol is more strain-specific. For example, during propane oxidation, production of 

the secondary alcohol and subsequent oxidation leads to the formation of acetone. 

Depending on the metabolic capability of the organism, the acetone can either be 

oxidized by a Baeyer-Villager monooxygenase to methyl acetate (Kotani et al., 

2006b), it can undergo CO2-dependent carboxylation, producing acetoacetate (Clark 

and Ensign, 1999) or, in the case of M. vaccae, acetone can undergo further oxidation 

to acetol (Coleman and Perry, 1984). Some organisms, like Pseudonocardia TY-7 and 

M. vaccae are thought to hydroxylate alkanes at both the primary and the secondary 
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carbon. Although the fate of subterminal oxidation products is unresolved in 

M.vaccae, Pseudonocardia TY-7 is able to metabolize the resulting products (Kotani 

et al., 2006a). However, if an alkane hydroxylase displays lax regiospecificity and 

lacks the metabolic pathways to process intermediates, the production of secondary 

alcohols can result in the buildup of dead-end products that cannot be used for 

downstream metabolic processes. Although this would lead to a decrease in biomass 

yield, more deleterious cellular effects could occur if secondary alcohols or 

methylketones have toxic effects on the organism. For example, accumulation of tert-

butyl alcohol (TBA), the secondary alcohol produced during isobutane metabolism, 

could result in oxidative DNA damage (Williams-Hill et al., 1999).  Like bacteria, 

fungal alkanotrophs including Graphium sp. and Scedosporium A-4 hydroxylate 

alkanes through the action of broad-substrate monooxygenases. In Scedosporium sp. 

A-4, both primary and secondary oxidation of alkanes occurs, but the isolate is only 

able to use the primary oxidation products as growth substrates (Onodera et al., 

1989b).  However, it has not been determined if Graphium-mediated hydroxylation of 

alkanes results in the production of the primary or the secondary alcohol, or both.  

To determine if this Graphium species oxidizes alkanes through primary or 

secondary oxidation, we chose isobutane (2-methylpropane) as a model alkane. 

Because Graphium was isolated from natural gas (Zajic et al., 1969) and has 

previously been reported to grow on n-butane, it seemed likely that Graphium could 

utilize isobutane as a growth substrate. Oxidation of isobutane leads to the production 

of isobutanol and TBA, depending on the regiospecificity of the enzyme. A previous 

study showed that during MTBE cometabolism, the MTBE oxidation product TBA is 

not further metabolized (Chapter 2), and therefore accumulates in the culture medium. 

Because TBA accumulates, in the present study, we were able to approximate the ratio 

by which primary and secondary oxidation occurs during Graphium-mediated 

isobutane oxidation.  

 Oxidation of medium- and long-chain alkanes by fungal alkanotrophs has 

been genetically and biochemically characterized in yeasts. Typically, these organisms 



 100

use an array of cytochrome P450 alkane monooxygenases to oxidize a broad range of 

alkane substrates (Sanglard et al., 1987; Sanglard and Loper, 1989; Sanglard et al., 

1990; Ohkuma et al., 1991a; Ohkuma et al., 1995b; Iida et al., 1998; Ohkuma et al., 

1998; Iida et al., 2000). For example, the Yarrowia lipolytica genome encodes at least 

seven alkane monooxygenases that each oxidizes a specific range of alkanes. Of these 

seven enzymes, Y. lipolytica YLALK1 oxidizes n-decane, while YLALK2 and 

YLALK3 oxidize alkanes longer than n-hexadecane (Iida et al., 2000). In contrast, 

gaseous n-alkane and ether oxidation by Graphium is mediated by a broad-substrate 

alkane monooxygenase, GSPALK1 (Chapter 4). The results of physiological, inhibitor, 

and ds-RNAi-mediated gene silencing experiments in the present study suggested that 

isobutane oxidation was also mediated by GSPALK1. Our results also suggest that the 

enzyme activities involved in the subsequent steps of n-alkane and isobutane oxidation 

overlap.  Our findings are discussed in terms of their contribution to our understanding 

of the diversity of fungal alkanotrophs, the biological consequences of primary versus 

secondary oxidation, and the broad substrate range of this Graphium species.  

 

Materials and Methods 

Materials 

 Graphium sp. (ATCC 58400) was obtained from the American Type Culture 

Collection (Manassas, VA).  All of the liquid chemicals tested in growth and kinetic 

assays were either 99% pure, or were of the highest purity available. These 

chemicals, along with calcium carbide (~80% technical grade; for acetylene 

production), were all obtained from Aldrich Chemical Company Co. (Milwaukee, 

Wis.). Gaseous alkanes were at least reagent grade. Methane was purchased from 

Airco (Vancouver, Wash.); ethane was obtained from Matheson (Newark, CA).  

Propane and butane were purchased from Airgas (Radnor, PA) and isobutane was 

obtained from TCI America (Portland, OR). Other gases (H2, N2 and air) were 

obtained from local vendors.  
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Culture conditions 

Aseptic conditions were maintained throughout all experiments. Mycelia of 

Graphium sp. were grown on potato dextrose agar (PDA) (Difco, Franklin Lakes, NJ) 

plates at 25º C. After 10-14 d, conidia were collected. Conidia were harvested from 

PDA plates, counted with a haemcytometer, and used to inoculate liquid cultures (2.5 

 10
6
 conidia), as previously described (Curry et al., 1996). Cultures were also grown 

attached to glass-fiber filters as previously described (Hardison et al., 1997), except 

that 2.5  10
6
 conidia were used to inoculate the filters. Filter-attached cultures were 

grown and incubated as described in Chapter 2, except that propane, butane, or 

isobutane was added as an overpressure (~15% vol/vol).   

 

Growth Assays 

  In all experiments investigating the growth of Graphium sp. on specific 

substrates the fungus was grown in glass bottles (700 ml) (Wheaton Scientific, 

Millville, N.J.) containing mineral salts media (MSM) (Hardison et al., 1997) (50 ml) 

inoculated with conidia. Liquid potential-growth substrates were added as neat liquids 

(2 mmol) to the axenic culture, which was sealed with a screw cap fitted with a butyl-

rubber septum (Wheaton Scientific, Millville, N.J.) and wrapped with parafilm 

(American National Can, Menasha, Wis.). To avoid potential toxicity effects, liquid 

substrates (0.5 mmol) were added four times over the incubation period, for a total 

addition of 2 mmol. Gaseous alkanes (2 mmol) and alkenes (2% vol/vol) were added 

as a single overpressure to sealed bottles with a syringe fitted with a sterile filter (0.25-

m pore).  These bottles were placed on an orbital shaker (100 RPM) at 25 ± 3°C for 

10-14 d. The resulting mycelia were collected onto pre-weighed and dried filter paper 

(Whatman, Inc., Florham Park, N.J.), dried at 55°C, and reweighed to determine the 

mycelial dry weight. For each substrate, a control experiment that contained media 

and conidia, but no carbon source, was also collected and weighed after 10-14 d. The 

mycelia resulting from the control was subtracted from the final dry weight of the 

experimental treatment.    
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Short-term degradation assays 

Filter-attached cultures were grown as described above for seven days. Three 

filters were transferred to each sterile serum vial (160 ml).  After the filters were 

added, the liquid phase volume was approximately 4 ml. The serum vials were sealed 

with butyl-rubber stoppers and aluminum crimp seals (Wheaton Scientific, Millville, 

NJ). The reactions were initiated by the addition of 100 μL propane or isobutane, or 4 

μL THF to the sealed vials. A heat-killed control and a control containing acetylene 

were also included in each degradation experiment. The heat-killed control was 

similar to the experimental treatment, except that the filter-attached culture was 

autoclaved (121°C, 21 min) prior to the addition of substrate. The acetylene controls 

contained live filter-attached cultures, but were exposed to acetylene (2% vol/vol) in 

addition to the degradation substrate. Both the experimental and the control vials were 

maintained at room temperature and remained stationary throughout the experiments. 

 

Determination of oxidation products  

The formation of primary and secondary alcohols from butane and isobutane 

degradation was monitored over 15 d. For each substrate, a series of serum vial bottles 

(164 mL) containing 25 mL MSM and 2.5  10
6 
conidia were constructed and exposed 

to 8 mL isobutane or butane. At each time point, the remaining substrate and the 

formation of alcohols were measured in three serum vials. The dry weights of mycelial 

growth was measured as described above. For each substrate, serum vials containing 

heat-killed mycelia and the growth substrate were analyzed at the end of the 

experiment (15 d). 

 

 

 

Analytical methods 
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Concentrations of THF, propane, butane and isobutane were determined by gas 

chromatography (GC). Headspace samples (100 l) were analyzed using a Hewlett 

Packard 6890 (Palo Alto, CA) GC fitted with a flame ionization detector (GC-FID). A 

30 m x 0.45 mm I.D., 2.55 m DB-MTBE capillary column was used (J&W 

Scientific, Folsom, CA) at an oven temperature of 65
o 
C. Helium was used as the 

carrier gas (15 ml min
-1

). Headspace concentrations in the serum vials were calculated 

from 18-point calibration plots. Calibration plots were developed by measuring 

variable concentrations of the substrate in serum vial bottles that contained heat-killed 

filter-attached cultures to account for any possible sorption effects.   

Concentrations of 1-butanol, isobutanol, and tert-butyl alcohol were 

determined by GC-FID as previously reported (Dubbels et al., 2007), except that 

aqueous samples (2 l) were directly injected into the GC.  

Aqueous dissolved concentrations of primary and secondary alcohols were 

determined from 6-point calibration plots using the authentic compound. To account 

for possible sorption effects, calibration plots were developed with 164-ml serum vial 

bottles containing heat-killed (30 min., 121
o 
C) mycelia suspended in MSM (25 ml).  

Previously reported (Mackay and Ying, 1981) Henry’s Law coefficients were used to 

calculate the concentration of the substrates in the headspace and the total mass of the 

remaining substrate.  

 

Growth Assays of Graphium sp. strains with GSPALK1 knockdown phenotypes 

Strains of Graphium sp. that express a ds-RNA-mediated gene silencing 

construct described in Chapter 4 (GSP pCS36) were grown on isobutane (10% 

vol/vol) or isobutanol (2 mmol) in 700-mL glass bottles (Wheaton Scientific) as 

described above. After 10 d, the resulting mycelia were collected, dried and weighed. 

Wildtype Graphium sp. was also grown under these conditions and served as a 

positive control.   
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Results 

 We examined the ability of this Graphium strain to grow on a range of n-

alkanes, branched alkanes, cyclohexane and their potential metabolites. Graphium sp. 

grew on C1-C5 alkanes, including isobutane (2-methylpropane) and isopentane (2-

methylbutane) (Fig. 5.1), but was unable to grow on hexane, cyclohexane, heptane or 

octane under these growth conditions (data not shown). Graphium sp. was also able to 

grow on C1-C6 primary alcohols, including isobutanol (2-methyl-1-propanol) and 2-

methyl-1-butanol, but was unable to use isoamyl alcohol (2-methyl-4-butanol) (Fig. 

5.1). When the fungus was exposed to high concentrations (50 mM) of 5- and 6-

carbon alcohols it was unable to use these compounds as growth substrates (data not 

shown), but could grow in the presence of lower alcohol concentrations (12.5 mM) 

(Fig. 5.1). Although tert-amyl alcohol (2-methyl-2-butanol) was able to support the 

slight growth of Graphium sp. (Fig. 5.1), isopropanol, tert-butyl alcohol or acetone did 

not support fungal growth under any of the conditions tested (data not shown).  

 Observations made during previous studies of Graphium-mediated ether and 

propane oxidation suggested that enzymes involved in the oxidation of these 

compounds overlap. If branched alkane metabolism is superimposed on the n-alkane 

and ether utilization pathway, then similar patterns should be evident during isobutane 

metabolism.  These observations include an overlapping inhibitor profile (Chapter 2, 

3) and the ability of alkane-grown mycelia to degrade ether substrates without a lag-

phase (Chapter 3).  

Previous studies with this Graphium strain demonstrated that only the initial 

step of the n-alkane oxidation pathway is inhibited by gaseous alkenes and alkynes 

(Curry et al., 1996; Hardison et al., 1997, Chapters 2 and 3). However, these gases do 

not affect the growth of Graphium sp. on the intermediates generated during alkane 

metabolism. To determine if this pattern is also observed during branched alkane 

metabolism, similar experiments were conducted in the present study with mycelia 

grown on n-alkanes and branched alkanes and the potential downstream products of 

their metabolism (Fig. 5.1).  The growth of this Graphium strain on all of the alkanes 
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and branched alkanes tested was severely reduced in the presence of acetylene or 

ethylene (2% vol/vol) (Fig. 5.1) The presence of these gases did not severely impact 

the ability of Graphium to metabolize any of the alcohols tested (Fig. 5.1). These 

results indicated that a similar enzyme is likely responsible for the initial step in both 

n-alkane and branched alkane oxidation.  

Further evidence that the alkane and ether oxidation pathways are 

superimposed was previously provided by studies that measured the rates of THF, 

MTBE and 1,4-dioxane degradation by Graphium mycelia that were incubated under a 

spectrum of inductive conditions (Chapter 3). The results of that study indicated that 

propane-induced mycelia were able to degrade ether compounds (and vice-versa) 

without either a lag-phase or the build-up of metabolic intermediates.  In the present 

study, we investigated the induction of branched alkane oxidation activity under these 

same conditions. These experiments tested the ability of propane-, butane- and 

isobutane-grown, filter-attached Graphium cultures to degrade THF, propane and 

isobutane (Table 5.1). Propane-, butane- and isobutane-grown Graphium cultures 

degraded each of the substrates tested without a lag-phase at similar initial degradation 

rates (Table 5.1).  During these experiments, no metabolic intermediates were detected 

during alkane and ether oxidation under the conditions used with the exception of 

TBA, which was generated during isobutane metabolism (data not shown).   

Although the above experiments provide strong support for the hypothesis that 

the same enzyme catalyzes the initial oxidation of branched alkanes and n-alkanes, it 

is possible that each is degraded by separate enzymes with similar inhibition and 

induction patterns. Therefore, we used a molecular approach to provide further 

evidence for this hypothesis. A previous investigation determined that a cytochrome 

P450 alkane hydroxylase encoded by the gene GSPALK1 is responsible for the initial 

oxidation of alkanes and ethers (Chapter 4). The expression of this enzyme was 

detected in propane-, propanol-, THF- and -butyrolactone-grown cultures, but was 

not detectable in dextrose-grown cultures (Chapter 4). Moreover, Graphium 

transformants that expressed a ds-RNA-GASPALK1 molecule silenced expression of 
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GSPALK1; these transformants were unable to grow on propane and THF, but were 

able to grow on the metabolic intermediates of alkane and ether oxidation.  

To determine if GSPALK1 is also involved in isobutane oxidation, we 

investigated GSPALK1 expression in isobutane-grown cultures. RT-PCR of RNA 

collected from dextrose-, isobutane- and isobutanol-grown mycelia with primers 

specific to GSPALK1 amplified a product of the expected size from the cDNA 

synthesized from the mycelia of isobutane- and isobutanol-grown cultures (data not 

shown). However, no products were detected in dextrose-grown mycelia. Evidence of 

the involvement of GSPALK1 in isobutane metabolism was also provided by 

experiments that assayed isobutane metabolism in Graphium transformants that 

express a ds-GSPALK1 transcript.  Expression of this transcript triggers post 

translational gene silencing of GSPALK1 and concomitant reduction in the GSPALK1 

message (Chapter 4). This transformant, 2319, was unable to grow on isobutane, while 

the control transformant, 1441, and the wildtype produced similar amounts of growth 

(Fig. 5.2). Both transformants produced similar amounts of biomass as the wildtype 

when grown on isobutanol (Fig. 5.2).  These results indicated that a reduction in 

GSPALK1 expression specifically abolished the ability of the fungus to grow on 

isobutane, but not on isobutanol. 

GSPALK1 was the first cytochrome P450 alkane hydroxylase isolated that is 

able to oxidize gaseous n-alkanes (Chapter 4). However, the directed evolution of 

cytochrome P450cam from Pseudomonas putida (Bell et al., 2002) and P450 BM3 

from Bacillus megaterium (Glieder et al., 2002) resulted in the creation of cytochrome 

P450 enzymes that catalyze the oxidation of these compounds. In each of these cases, 

the enzyme is only able to hydroxylate the alkane at the secondary position. Unlike 

these enzymes, medium and long-chain alkane hydroxylases belonging to CYP153 

family (Funhoff et al., 2006) and the CYP52 family (Sanglard et al., 1990) display a 

regiospecific preference for terminal carbon oxidation. To determine if GSPALK1 

displays a regiospecificity similar to the evolved forms of P450 BM3 and P450cam or 

a regiospecificity similar to CYP153 and CYP52 members, the products of isobutane 
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oxidation were investigated (Fig. 5.3). Isobutane consumption was monitored for 15 

days. At each time point, the isobutane consumed and the potential products of 

isobutane oxidation were detected with a GC-FID. In a separate but analogous 

experiment, butane consumption was monitored and the products assayed. In each of 

these experiments, control reactions containing heat-killed mycelia were also 

monitored as controls. Isobutane consumption (Fig. 5.3A, ) resulted in the 

accumulation of TBA (Fig. 5.3A, ). The accumulation of isobutanol was not detected 

under the experimental conditions. Likewise, no accumulation of any butane oxidation 

products, including 2-butanol, were detected (data not shown). The generation of TBA 

from isobutane oxidation accounts for at least 5% of the consumed isobutane (Fig. 

5.3B, ). This percentage is most likely an underestimate. The results of this 

experiment suggest that while GSPALK1 displays a regiospecific preference for the 

terminal position, a significant portion of alkane hydroxylation is directed at the 

secondary carbon. 

 

Discussion 

 Results of this study demonstrate that Graphium is able to use the branched 

alkanes isobutane and isopentane as growth substrates (Fig. 5.1). Graphium is also 

able to use C2-C5 n-alkanes, and the homologous primary alcohols that are presumed 

to be generated during n-alkane metabolism (Fig. 5.1). The results of inhibitor, 

expression and gene silencing experiments suggest that the initial oxidation of 

branched alkanes was catalyzed by GSPALK1, a cytochrome P450 alkane 

hydroxylase (Figs. 5.1, 5.2). In addition, our results show that the majority of 

oxidation events resulted in terminal carbon hydroxylation, but that a significant 

portion occurred at subterminal positions (Figs. 5.3A, B). The following sections 

discuss our findings concerning the substrate range of this Graphium strain, the 

metabolic pathways by which oxidation occur and the possible biological impact of 

subterminal oxidation events.   
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Substrate Range of Graphium sp.  

 Previous studies demonstrated that Graphium sp. is able to use a broad range 

of alkanes, ethers and their metabolites as growth substrates, including; C2-C4 n-

alkanes and their corresponding primary alcohols (Curry et al., 1996), diethyl ether 

(Hardison et al., 1997), THF (Chapter 3) and a variety of lactones, terminal diols, and 

acids (Chapter 3). This work extends our knowledge of the substrate range of this 

fungus and adds branched alkanes and secondary alcohols to the list of growth-

supporting substrates. Very few fungi have been reported to grow on isobutane. An 

early study that isolated n-butane-utilizing organisms reported that isobutane 

supported growth of isolates from soil samples enriched for growth on n-butane. These 

isolates were identified as Penicillium nigricans, Allescheria boydii and Graphium 

cuneiferum. However, details regarding growth on isobutane were not reported 

(McLee et al., 1972). Scedosporium sp. A-4 is able to cometabolize isobutane after 

growth on propane, but is not able to use it as a growth substrate (Onodera et al., 

1990).  

Despite its inability to grow on isobutane, Scedosporium sp. A-4 is able to 

grow on isopentane like this Graphium strain. The ability of Scedosporium sp. A-4 to 

grow on isopentane (Onodera et al., 1989b; Onodera et al., 1990), but not on isobutane 

(Onodera et al., 1990), seems to lie in the fate of the downstream oxidation 

intermediates and the presence of the appropriate metabolic pathway. For example, 

Scedosporium A-4 generates acetone during propane oxidation, but is unable to use it 

as a growth substrate (Onodera et al., 1989b). This most likely explains the inability of 

Scedosporium to grow on isopropanol. Likewise, growth of Scedosporium on 

isopentane is related to its ability to metabolize 2-methyl-4-butanol (Onodera et al., 

1990). In the present study, we observed a similar pattern with this Graphium strain 

(Fig. 5.1). Specifically, we observed that Graphium was unable to grow on 

isopropanol or TBA, as well as the downstream product of isopropanol and TBA 

oxidation, acetone.  Therefore, the ability of these organisms to grow on n-alkanes and 
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branched alkanes is not only dependent on the presence of specific alkane 

hydroxylases, but also depends on the regiospecific preference of these enzymes.  

     

Isobutane oxidation pathway 

 Isobutane oxidation in this Graphium strain seems to occur mainly through 

primary carbon hydroxylation (Fig. 5.3A), resulting in the formation, but not the 

accumulation of isobutanol. Evidence that supports this conclusion includes the 

detection of isobutanol during isobutane metabolism (data not shown), and the ability 

of the fungus to grow robustly on isobutanol (Fig. 5.1). The ability of the fungus to 

grow on this substrate was not surprising given the fact that isobutanol has been 

identified as an intermediate generated by yeasts during valine metabolism (Dickinson 

et al., 1998). In most organisms isobutanol can also be converted to isobutyric acid by 

an alcohol dehydrogenase, which is further metabolized through the -oxidation 

pathway.  

During isobutane metabolism oxidation of the secondary carbon occurs in a 

significant portion of the hydroxylation events, resulting in the production of TBA 

(Fig. 5.3A). Although various bacterial strains are able to grow on TBA (Hanson et al., 

1999; Hatzinger et al., 2001; François et al., 2002), previous studies with Graphium 

demonstrated that the fungus is unable to oxidize TBA (Chapter 2, Hardison et al., 

1997). The production of a dead-end metabolite, like TBA, could explain why the 

yield of the fungus grown on isobutane is significantly lower than the yields observed 

on butane (Curry et al., 1996) or on isobutanol (Fig. 5.1).  Alternatively, because TBA 

can cause oxidative DNA damage (Williams-Hill et al., 1999), it is possible that the 

accumulation of TBA is deleterious to the fungus, and therefore lower growth yields 

may also be a result of TBA-mediated cellular toxicity.  

 

Role of GSPALK1 in isoalkane oxidation 

 In this study we provide two lines of evidence that suggest GSPALK1 is also 

responsible for the oxidation of pentane and branched alkanes. First, oxidation of 
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isobutane, pentane and isopentane is sensitive to ethylene- and acetylene-mediated 

enzyme inhibition. Previous studies have shown that these known inhibitors of 

cytochrome P450 activity specifically abolish GSPALK1 activity (Chapter 4). Because 

these compounds inhibit growth on branched alkanes, but not their predicted 

metabolic intermediates (Fig. 5.1), it seems likely that GSPALK1 is involved in their 

oxidation. Further evidence that this enzyme is involved in isobutane metabolism 

comes from studies that measured the growth of Graphium transformants engineered 

to express ds-GSPALK1 transcripts (Fig. 5.2). Expression of ds-GSPALK1 transcripts 

triggers sequence-specific degradation of the GSPALK1 message, and confers an 

ALK
 
phenotype (Fig. 5.2). A previous study established that GSPALK1 expression 

was severely reduced in transformant 2319 (Chapter 4), but not in transformant 1441. 

However data also indicate that 1441 does not reliably express resistance to the 

hygromycin, which indicates that the transformation of the ds-GSPALK1-encoding 

vector is unstable.   In that study, data also indicated that reduction of GSPALK1 is 

associated with an inability of the fungus to oxidize alkanes, but does not affect the 

ability of the fungus to metabolize alcohols. This pattern was also observed in the 

present study, as Graphium 2319 was unable to grow on isobutane. Likewise, this 

transformant produced similar amounts of biomass as the controls when grown on 

isobutanol (Fig. 5.2).  These results provide evidence that isobutane metabolism was 

closely associated with the expression of GSPALK1.  

Graphium cuneiferum is one of the three fungal isolates that have been 

previously reported to grow on isobutane (McLee et al., 1972).  This observation is 

congruent with our previous findings that indicated the presence of a GSPALK1-like 

gene, GCALK1. GCALK1 encodes a protein that shares more than 99% amino acid 

identity with GSPALK1 (Chapter 4). Given the results of the present study, it is likely 

that GCALK1 mediates isobutane oxidation by G. cuneiferum. Future studies should 

explore the presence of GSPALK1-like genes in Scedosporium sp. A-4. Although the 

evolutionary relationships between the species in the form genus Graphium are 

unresolved, Graphium species often produce a Scedosporium stage in culture (April et 
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al., 1998). Because Graphium sp. and Scedosporium each have the seemingly rare 

ability to oxidize gaseous n-alkanes, it is likely that these two isolates are closely 

related and could be conspecific.  Because the substrate ranges of these fungi differ 

slightly, if Scedosporium sp. A-4 expresses a GSPALK1-like protein, comparative 

studies of the primary structure of Scedosporium and Graphium enzymes could lend 

insight into the molecular determinants of cometabolism.  

  

GSPALK1 Regiospecificity 

The results of the present investigation indicate that GSPALK1 is regiospecific 

for the terminal carbon, but that at least 5-10% of the hydroxylation events result in 

oxidation of subterminal carbons (Fig. 5.3B). This is likely an underestimation as 

previous studies (Chapter 2) determined that Graphium sp. is able to conjugate and 

sequester TBA. Furthermore, in experiments where Graphium is inundated with 

isobutane, up to 20% of the oxidation events lead to the formation of TBA (J. Jones 

and K.M. Skinner, unpublished data).  This trend was also observed in a previous 

study with Graphium sp. (Chapter 2). In that study, stoichiometric amounts of TBA 

are produced during tertiary-butyl formate (TBF) hydrolysis only when the fungus is 

inundated with high concentrations of TBF. However, when the fungus is exposed to 

low TBF concentrations, substoichiometric amounts of TBA are generated. Those data 

indicated that when the fungus is exposed to low concentrations of TBA, the 

conjugation system is able to process a portion of the TBA. Because a portion of the 

TBA may have been degraded in this study, it is possible that our approximation of the 

proportion of subterminal oxidation events is an underestimate, and may be as high as 

20%. However, the products of secondary-carbon oxidation do not accumulate during 

butane oxidation (data not shown), indicating that metabolic routes that process 2-

butanol must therefore be present in Graphium sp. Other alkane-utilizing fungi, 

including Y. lipolytica, express pathways that degrade secondary alcohols, and are able 

to grow on 2-butanol (Wayman, 1974). Thus, in Graphium, a lenient regiospecificity 

does not seem to negatively impact the fungal growth on straight-chain alkanes. On 



 112

the contrary, the production of dead-end intermediates exacts a toll on yields obtained 

from growth on isobutane (Fig. 5.1). Although this has biological consequences, in the 

case of TBA, it also has environmental consequences. Because studies have 

demonstrated the toxic effects of TBA in rats (Lindamood et al., 1992; Williams-Hill 

et al., 1999; Budroe et al., 2004), TBA concentrations in drinking water are regulated 

in at least two states. In California, an action level of 12 μg/L has been established.  

Therefore, because the production of TBA from even small amounts of Graphium-

mediated isobutane degradation exceeds these limits, subterminal hydroxylation of 

isobutane could ultimately impact groundwater quality. Future experiments designed 

to quantify the amount of TBA generated from Graphium-mediated isobutane 

oxidation are currently a focus in our laboratories.  

 



 113

 
 

Figure 5.1.  Growth of Graphium sp. on short-chain n-alkanes, isoalkanes and 

alcohols in the presence or absence of cytochrome P450 inhibitors. 

 

 

Graphium sp. was grown on alkanes (10% vol/vol) and alcohols (2 mmol) in the 

presence of the known cytochrome P450 inhibitors (2% vol/vol) ethylene or acetylene 

or was grown in the presence of the substrate alone. After 10-14 d, the resulting 

biomass was collected, dried, and weighed. The biomass resulting from cultures 

grown in the presence of either ethylene (black bars), or acetylene (white bars), and 

from the substrate alone (gray bars) is shown. Bars represent the average and standard 

error of three replicate incubations. 
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Table 5.1.  Rate
1
 of propane, isobutane, and THF degradation in filter-attached 

cultures of Graphium sp. grown on propane, isobutane or butane.  

 

 

       Growth  

      Substrate   Initial Rate     

 Propane
2
 Isobutane

2
 THF

3
 

propane 400 ± 50 290 ± 90 175 ± 65 

butane   375 ± 120 145 ± 50 144 ± 40 

isobutane 270 ± 40 210 ± 40 145 ± 25 
 

1
nmol h

-1
 mg dry weight

-1
, the mean of three replicate reactions ± standard  

 deviation is listed in the table. 
2
 initial rates

1
 were measured over 1.5 h  

3
 initial rates

1
 were measured over 4 h 
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Figure 5.2.  Growth of different strains of Graphium sp. on isobutane or 

isobutanol.  

 

 

A Graphium sp. transformed with pCS36 (2319) (Chapter 4) expresses a ds-GSPALK1 

transcript that silence GSPALK1 expression. 2319 was grown on isobutane (10% 

vol/vol) (black bars) and isobutanol (0.5 mmol) (gray bars). The wildtype Graphium 

sp. and a transformant that does not stably express the ds-GSPALK1 transcript (1441) 

were also grown on these compounds. After 10 d of growth, the resulting biomass was 

collected, dried and weighed. Bars represent the average with the standard error for 

three replicate incubations, with the exception of wildtype Graphium sp. grown on 

isobutanol (two replicates).     
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Figure 5.3. The generation of TBA during Graphium sp.-mediated isobutane 

metabolism.  

 

 

A) Graphium cultures were grown on isobutane as described in the Materials and 

Methods. At each time point, isobutane consumption ( ) was calculated, and the 

products of isobutane metabolism, isobutanol and TBA ( ) were measured. The 

accumulation of isobutanol was not detected. Data are plotted as the average with the 

standard error for three replicate incubations. 

 

B) The accumulation of the TBA generated during isobutane consumption, expressed 

as a percentage of the isobutane consumed. Data are plotted as the average with the 

standard error for three replicate incubations. 
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Figure 5.3.  The generation of TBA during Graphium sp.-mediated isobutane 

metabolism.  

B. 

A. 
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Chapter 6 

General Conclusions 

 

 Graphium sp., a fungal alkanotroph, is one of the eukaryotes that possess the 

rare ability to extract carbon and energy for growth from the gaseous n-alkanes, 

ethane, propane and butane. Although the ability of this fungus to utilize these 

compounds was identified in the early 1970’s, limited information is available 

regarding the biochemical or the genetic basis of alkane oxidation. However, a 

discovery in the 1990’s indicated that the presence of the alkane oxidation pathway, 

and specifically, the presence of a presumed alkane hydroxylase, conferred a 

metabolic versatility that enables the fungus to grow on diethyl ether and to 

cometabolize the branched ether, methyl tert butyl ether (MTBE). Since this 

discovery, the extent and the consequences of Graphium’s metabolic versatility has 

remained undefined.  

In the investigations presented here, I provided evidence that extends the 

substrate range of this fungus to include a spectrum of straight chain and branched 

alkanes, cyclic ethers, lactones, diols, and acids. I also refined the pathway and the 

metabolic interactions that were thought to regulate Graphium-mediated MTBE 

cooxidation.  I also demonstrated that the oxidation of alkanes and ethers is linked 

through a common catalyst, a cytochrome P450 alkane monooxygenase that mediates 

the first step of these pathways. This enzyme, designated GSPALK1, was further 

characterized through molecular genetic and biochemical analyses. The 

characterization of GSPALK1 and the gene encoding it is the first description of a 

cytochrome P450 involved in the terminal oxidation of gaseous n-alkanes and cyclic 

ethers as well as the first description of a cytochrome P450 involved in MTBE and 

1,4-dioxane cometabolism.  

Graphium sp. is able to utilize a broader range of alkanes than originally 

thought and has an alkane substrate range that extends beyond ethane, propane and 
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butane to include isobutane, isopentane, and pentane. Although I show that Graphium 

sp. hydroxylates alkanes at both terminal and subterminal carbons, in the case of 

isobutane oxidation, Graphium sp. is only able to use the immediate downstream 

intermediates that result from primary oxidation of isobutane. However, it does grow 

on both the subterminal and the terminal oxidation products of isopentane and 

straight-chain alkane oxidation. In addition, the investigations presented here 

demonstrated that Graphium sp. utilizes the cyclic ether, tetrahydrofuran, as a growth 

substrate. Tetrahydrofuran (THF) is metabolized via the pathway that was previously 

described in some bacteria, including Rhodococcus ruber and two Pseudonocardia 

strains. Likewise, Graphium sp. grows on the concomitant metabolic products of THF 

oxidation and a spectrum of related compounds.  Although my investigations showed 

that Graphium was unable to grow on another cyclic ether, 1,4-dioxane, Graphium sp. 

was able to cometabolize this environmentally relevant ether after growth on propane 

or THF. I also observed that cometabolism of MTBE by this fungus results in the 

incomplete digestion of MTBE oxidation products, and therefore led to an 

accumulation of the MTBE metabolite, tert butyl alcohol. These investigations also 

determined that Graphium-mediated MTBE oxidation is not subject to the regulatory 

effects produced by MTBE metabolites that have been previously described in an 

MTBE-utilizing bacterium.  

Throughout studies that investigated the substrate range of Graphium sp., 

trends were observed that indicate that the alkane and ether metabolic pathways are 

superimposed on each other. At least three separate physiological observations support 

this hypothesis. First, the oxidation of THF and propane are fully inhibited by the 

same alkenes and alkynes and that both compounds appear to behave as mutually 

competitive substrates. Second, propane-grown cells oxidize THF without a lag phase 

or the accumulation of THF metabolic intermediates, indicating an apparent ability of 

propane-grown mycelia to concurrently consume THF and THF-derived oxidation 

products. Third, the rates of THF oxidation by propane-grown mycelia are equivalent 

to the rates observed when THF-oxidizing activity is fully induced in PDB-grown 
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mycelia. Comparable rates of MTBE and 1,4-dioxane were also observed when 

propane- and THF-grown mycelia were assayed in short-term initial rate experiments. 

These observations indicate that THF and alkane oxidation are mediated by the same 

cytochrome P450 hydroxylase and suggest a greater degree of overlap between the 

remaining enzymes in the alkane and ether oxidation pathways. Because 

monooxygenase-catalyzed substrate activation is both the first and the rate-

determining step of these pathways, the gene encoding the alkane monooxygenase 

from this Graphium sp. was characterized. 

We used a strategy that was developed in long-chain alkane-utilizing yeasts to 

identify and clone a cytochrome P450 alkane monooxygenase from Graphium sp. This 

gene was designated GSPALK1.  Although GSPALK1 shares some sequence similarity 

with other yeast alkane hydroxylases from the CYP52 subfamily, unlike cytochrome 

P450s from yeast our analyses indicate that GSPALK1 is not closely related to any 

known CYP52 member. Likewise, GSPALK1 is present in a single copy, whereas 

alkane hydroxylases from yeast often belong to multi-gene families that encode 

proteins with overlapping function.  The differences between GSPALK1 and its 

CYP52 relatives are not surprising given that no other CYP52 member is known to 

oxidize gaseous n-alkanes.  

GSPALK1 was functionally characterized by introducing a construct that 

causes the fungus to express a ds-GSPALK1 transcript. Expression of the ds-

GSPALK1 transcript triggered endogenous post-transcriptional gene silencing 

machinery that degraded the native transcript, and therefore abolished expression of 

this gene in a sequence specific manner. The diminishment of GSPALK1 expression 

was associated with a loss of function phenotype and disabled alkane and ether 

oxidation. I observed that although the transformed fungi are no longer able to grow 

on alkanes or ethers, the ability of the transformants to grow on the downstream 

metabolites of alkane and ether oxidation (propanol, isobutanol or -butyrolactone) is 

not affected by post-transcriptional gene silencing of GSPALK1. This observation 

therefore indicates that only the first step in each of these pathways are affected by 
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GSPALK1 silencing, and thus correlate alkane and ether oxidation to GSPALK1 

expression.  

Another filamentous fungus that is able to grow on gaseous n-alkanes, 

Graphium cuneiferum, also harbors a significantly similar (>99.6% amino acid 

identity) coding sequence, indicating that GSPALK1-like sequences are present in 

other eukaryotic alkanotrophs. During my investigations, a GSPALK1 silencing vector 

was produced. This vector provides a tool for post-transcriptional gene silencing of 

GSPALK1-like genes in other fungi. Because the substrate range of these fungi differ 

from the one characterized here, it would be interesting to compare the primary 

protein structure of CYP52 members from these fungi to further our understanding of 

the molecular determinants of both substrate range and cometabolism.  

The observations made in these investigations could also be applied to the 

development of biotechnological tools for the remediation of ethers from gasoline and 

solvent-impacted groundwater.  This could be accomplished through bioaugmentation 

strategies or by heterologously expressing GSPALK1 or GSPALK1-like proteins in an 

alternate host.  The discovery of a cytochrome P450 monooxygenase involved in 

gaseous n-alkane and 1,4-dioxane and MTBE also significantly extends our 

knowledge of the diversity of enzymes and organisms that are involved in the 

catabolism of these environmentally and economically important compounds.  
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