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ABSTRACT 

The focus of this work was to assess the utility of sMMO-bearing (soluble 

methane monooxygenase) type II methanotrophs for bioremediation. These 

bacteria have demonstrated the highest trichloroethylene degradation rates of aU 

organisms investigated thus far. Two problems, however, must be resolved to 

maximize these organisms' potential: (1) type II strains have slow growth rates, 

and (2) copper represses sMMO activity at low concentrations «0.25 uM Cu(II)). 

Selective enrichment strategies for type II strains were evaluated through two

organism, continuous-flow competition experiments between type I (Methy/omonas 

a/bus 8G8) and type II (Methy/osinus trichosporium 083b) methanotrophs. Type 

II organisms pisdominated under copper and nitrogen limitation because they 

express sMMO and nitrogenase, respectively. Secondary oxygen effects 

accelerated competitive success -- high oxygen (> 173 uM) for copper limitation, 

and low oxygen «65 uM) for nitrogen limitation. Two topics were evaluated 

involving sMMO repression by copper: (1) the regulation of sMMO activity, and (2) 

copper uptake and toxicity in type II strains. Results indicated that copper 

represses the expression of sMMO at the genetic level in M.trichosporium 083b. 

This implies that regulatory mutants, which express sMMO at elevated copper 

levels, may be feasible. A colorimetric method for sMMO-bearing organisms is 

described which could be used for mutant screening. Experiments on Cu(lI) 
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uptake and toxicity were performed using M.trichosporium OB3b. M.trichosporium 

was found to have a two-component copper uptake system: (1) a constitutive 

component, present at low copper concentrations (<2.0 uM), and (2) an inducible 

component, which is expressed when copper is unavailable to the constitutive 

system. The inducible system is very efficient at scavenging copper. It can 

sequester copper even in the presence of strong copper complexing agents such 

as tetraethylenepentaamine (pK=20.9). The ability to manufacture sMMO-bearing 

mutants may be complicated by the inducible copper uptake system. 

Methylosinus sp. DG1 appears to have a less efficient copper uptake system than 

M.trichosporium and should be studied further. Although type" organisms show 

tremendous talents at bioremediation, their potential cannot be maximized unless 

the problems associated with copper can be resolved. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOTIVATION 

Halogenated organic compounds, such as trichloroethylene (TCE) , 

dichloromethane (DCM), trichloroethane (TCA) and other species have been used 

extensively as industrial solvents for many years. Until very recently, however, the 

disposal of these compounds has been indiscriminate, and such compounds and 

their degradative end-products have progressively accumulated in the 

environment. Groundwater contamination has become a particular concern, 

especially in heavily industrialized areas. Tucker (1981) found that one fourth of 

the wells in New Jersey had at least one of these halogenated organic 

contaminants at above detectable levels. This is significant because almost all of 

the above chemicals have been implicated as potential carcinogens (EPA, '1980). 

There are a wide range of methods available for dealing with these 

contaminated groundwaters. Methods including air stripping, activated carbon 

adsorption, and bioremediation have been utilized. Air stripping and activated 

carbon are well established engineering techniques and have been successfully 

utilized in a number of applications (Love and Eilers,1982;Dupont et al,1991). The 

I 

--I 
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disadvantage of both of these methods is that they only change the phase of the 

contaminant; neither method provides ultimate contaminant destruction. 

Bioremediation has a distinct advantage over the other two methods in that the 

contaminant may be converted to simple, innocuous end-products such as water, 

halide ion, carbon dioxide, and methane. 

Successful bioremediation requires pairing the contaminant of interest with 

microorganisms which have appropriate enzymatic and physiological traits to 

degrade the compound. There are many useful organisms which are capable of 

catalyzing the degradation of a wide range of organic contaminants. One general 

class of organisms, methanotrophic bacteria, are particularly well suited to initiating 

the degradation of halogenated organic solvents. 

Methanotrophs possess an enzyme, methane mono-oxygenase (MMO), which 

is highly reactive with many organic species. MMO non-specifically inserts a 

molecular oxygen into a wide range of substrates. Methanotrophs do not 

mineralize the contaminant themselves; they alter the compound, through 

oxygenation, such that it can be mineralized by other organisms in the growth 

environment. The catalytic function of methanotrophs is called co-metabolism 

(Stirling and Dalton,1982) -- the non-specific chemical modification of a secondary 

substrate (the contaminant) in the presence of their growth substrate (methane). 

One of the principle advantages of methanotrophs is that they do not need 

a high level of contaminant present to stimulate their activity. Their presence can 
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be stimulated by simply adding oxygen and methane to the contaminated zone. 

This is important because groundwater contaminants are usually at low 

concentrations that cannot support, by themselves, significant biological activity. 

There are two basic techniques available for using methanotrophs for 

groundwater decontamination; (1) in-situ methods, where methane and/or oxygen 

are passed directly into the ground, and the degradative reactions occur in the 

contaminated zone, or (2) pump-and-treat methods, where the contaminated water 

is pumped to the surface, passed through a methane catalyzed reactor, and then 

re-injected back into the ground. In-situ methods are comparatively inexpensive; 

however, these techniques lack control of the treatment environment. Pump-and

treat methods are more expensive, but they can be controlled and optimized 

because the reactor is above ground. One major advantage of pump-and-treat 

methods is that it is possible to influence the types of methanotrophs in the 

treatment environment. Control over the specific methanotrophs in the treatment 

system is important because different methanotrophs have different talents at co

metabolic degradation (Thomas and Ward,1989). 

There are two general types of methanotrophs, type I and type II (Whitten bury 

et aI., 1970a). Both types of methanotrophs possess particulate or membrane

bound methane mono-oxygenases (pMMO). Only type II strains, however, are 

capable of expressing a soluble or periplasmic MMO (sMMO;Hanson et aI., 1991). 

sMMO has much broader co-metabolic talents than pMMO, therefore, type II 
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strains are of potentially greater utility for biodegradation than type I strains 

(Oldenhuis et al.,1989). 

The selection of sMMO-bearing type II strains in a laboratory environment is 

relatively simple; however, in actual treatment systems, the selection of specific 

methanotrophic strains is comparatively difficult. This is particularly true of sMMO

bearing organisms because there are certain factors which can mitigate against 

selection of these strains. For example, sMMO is typically deregulated by copper 

concentrations as low as 0.25 uM (Tsien et al.,1989), therefore, in "real" treatment 

environments, sMMO is not likely to be present. Also, there is no assurance, given 

that type I and type II strains are both potentially in the treatment environment, that 

type II organisms will actually be prevalent. Type II organisms have superior co

metabolic talents to type I strains, however, type I organisms have higher yields 

and growth rates than type II species. 

The purpose of this dissertation is to address the utility of biodegradation of 

environmental pollutants with sMMO-bearing type II methanotrophs. There are two 

basic questions which must be answered; 

(1) Under what conditions will type II strains be prevalent in a treatment 

environment? It may be possible to specifically enrich for type II strains in 

treatment systems if the environmental conditions that select for type II 

strains were established. 

(2) Is there any way of enhancing the probability of having active sMMO in 
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the treatment environment? To answer this question, it is necessary to 

better understand what regulates the presence of sMMO in type II strains. 

If the copper effect on sMMO can be deregulated, the full catalytic ability of 

the type II strains could be utilized. 

The answer to the first question would have direct application in pump-and-treat 

methods. Specific chemical supplements CQuid be used to enrich for or maintain 

type II strains in the reactor. The results could also be applied to in-situ systems. 

In typical in-situ systems, supplementary methanotrophic strains are not usually 

added to the contaminant zone; indigenous strains stimulated by methane addition 

are usually relied upon. Knowing factors which bias selection for type II strains 

may be helpful in influencing the resulting strains present. 

Understanding the effect of copper on the regulation of MMO is of more 

fundamental interest. Whether copper affects the presence of sMMO by direct 

inhibition or by some indirect mechanism is very significant. For example, if 

copper was not directly inhibitory to sMMO and copper deregulated sMMO at the 

genetic level, it would be feasible to generate regulatory mutants which would be 

capable of retaining sMMO in the presence of copper. Another copper effect 

which would be useful to understand is the role of copper speciation on sMMO 

regulation. Copper speciation would be relevant if copper uptake was an 

important step in its deregulating effect. If the copper was bound to a strong 

chelator or incorporated into other organisms, the copper may not available for 
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uptake by newly produced cells. 

The ultimate goal of this project is to determine whether the impressive 

degradation potential of sMMO-bearing type " methanotrophs is of practical 

significance. Numerous researchers have shown that sMMO can catalyze the 

degradation of many halogenated organic compounds including TCE (Oldenhuis 

et al,1989;Tsien et al,1989;Fox et ai, 1989); however, very little attention has been 

given to whether sMMO will actually be prevalent in the "real" world. Some 

researchers believe that all the observed successes of methanotrophs in practical 

applications are a consequence of concerted pMMO activity rather than sMMO 

activity (M.E.Lidstrom,personal communication). The purpose here, therefore, is 

to determine whether sMMO-bearing organisms are of practical use, and if they 

are, to develop methods of maximizing the probability that sMMO-bearing 

organisms will be present in treatment environments. 

1.2 DISSERTATION ORGANIZATION 

This dissertation is divided into three main sections. The first part (Chapters 

1 and 2) provides general background information about methanotrophs, methane 

mono-oxygenase, bioremediation applications, and competition. The next section 

(Chapters 3 through 6) addresses different aspects of the problem of maintaining 

sMMO-bearing type " strains in reaction environments. Chapter 3 describes 

competition experiments involving l'typical" type I and type "strains. Chapter 4 

presents preliminary work on the regulation of MMO by copper in Methylosinus 
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trichosporium OB3b, a well studied type II methanotroph. A possible regulatory 

mechanism is proposed. Chapter 5 looks at the effects of copper speciation on 

the induction of pMMO. It also describes the apparent interconnection of copper 

uptake and copper toxicity. Chapter 6 presents a simple colorimetric procedure 

for identifying type II strains capable by bearing sMMO in soil samples. The 

method is proposed as way of identifying sMMO-bearing regulatory mutants. The 

final chapter, Chapter 7, summarizes the results and proposes future work. 

__ I 
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BACKGROUND AND LITERATURE REVIEW 

2.1 MF.THANOTROPHS 
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Methane utilizing bacteria (methanotrophs) include a broad range of 

microorganisms which are virtually ubiquitous in nature. They have in common the 

unique capacity of using methane or methanol as their principle source of energy 

and cellular carbon. Methanotrophs can be obligate or non-obligate depending 

upon whether they use growth substrates other than just methane or methano/. 

All methanotrophs are gram-negative aerobes which are found as cocci, rods, or 

vibrios depending on the species. Most methanotrophs are capable of forming 

dormant life stages such as spores or cysts, and some are capable of nitrogen 

fixation (Whittenbury et aI., 1970b). 

Methanotrophs contain intracellular membrane incursions which are either 

oriented parallel to the external cell membranes (called type II methanotrophs) or 

are perpendicular to the external cell membranes (called type I methanotrophs). 

There are also type X methanotrophs which have type I membranes but have 

some type " physiological traits. The extent and integrity of the internal 

membranes are a function of such environmental factors as oxygen tension, 

methanol concentration, the type of methanotroph, and copper concentration 

--I 
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Table 2.1 

Characteristics of Type I and Type II Methanotrophs 

I Characteristic I Type I I Type II I 
Membranes Vesicular Disks Peripheral 

Resting Stages Cysts Exospores 

C02 Fixation (_) 1 (+) 

TCA Cycle Incomplete Complete 

Carbon Assimilation RuMP Pathway Serine Pathway 

Theoretical Yield2 0.43 g.cell/g.methane 0.32 g.cell/g.methane 

Nitrogenase Some (+) (+) 

Cell Morphology Rods and cocci Rods and vibrio 

Growth at 45°C Some (+) (-) 

MMO type pMMO only sMMO and pMMO 

Cu Requirement Required for MMO Not required for MM03 

Example Organism M.a/bus BG8 M.trichosporium OB3b 

* Notes: 1. (+) = Can utilize; (-) = Cannot utilize 
2. Theoretical yields are for growth on methane in NSM medium (Cornish 

et al,1984). 
3. sMMO is produced in "copper-free" environments. 

(Takeda et al,,1976; Stanley et al,,1983; Prior and Dalton,1985). The type 

classifications appear to correlate well with phylogenic classification of the various 

species (Tsuji et al,,1989). Table 2.1 summarizes some of the important traits of 

type I and type II methanotrophs. 
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All methane-utilizing bacteria contain enzymes for the oxidation of methane to 

carbon dioxide. The pathway, which is unique to these organisms, is shown on 

Figure 2.1. The key enzyme in this pathway, from the standpoint of 

biodegradation, is the first enzyme in the sequence, methane mono-oxygenase 

(MMO). MMO is a mixed function, highly non-specific oxygenase which under 

normal growth conditions inserts an oxygen atom into methane to form methanol 

at the expense of a molecule of cellular reducing power, NAD(P)H. Because it is 

so non-specific, MMO can also catalyze the insertion of an oxygen molecule into 

a variety of non-growth substrates. 

Typical reactive non-growth substrates are shown in Table 2.2 (Burrows et 

al.,1984). The non-growth substrates which react most readily with MMO are short 

to moderate chain length saturated aliphatics, smaller aromatic compounds, and 

aliphatics which contain carbon-carbon double bonds. Oxygen is inserted in these 

compounds to form various alcohols and epoxides. This catalytic phenomenon 

is called co-metabolism; the transformation of a non-growth substrate in the 

presence of a growth substrate. Research has shown that these co-metabolic 

products are usually more biodegradable than the initial substrates (Vogel and 

McCarty,1987). Following insertion of an initial oxygen atom (by the 

methanotrophs), other organisms in the reaction environment can more readily 

degrade the oxidation products, sometimes mineralizing substrates which are 

otherwise exceptionally persistent. Thus, methanotrophs effectively enhance the 
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Assimilation 

Figure 2.1: Methane Oxidation to Carbon Dioxide (Stirling and Dallon.1982). 
1. Methane mono-oxygenase. 

2. Methanol dehydrogenase. 

3. Formaldehyde dehydrogenase. 

4. Formate dehydrogenase. 
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general biodegradability of the co-metabolic substrates in the reaction 

environment. 

Table 2.2 

Typical Non-Growth Substrates for Methane Mono-oxygenase 1 

Non-Growth Substrate sMMO Product(s) 

Ethane Ethanol 

Propane 1-Propanol,2-Propanol 

Butane 1-Butanol,2-Butanol 

Pentane Pentanal 

Styrene Styrene oxide 

Cyclohexane Cyclohexanol 

r--
Benzene Phenol 

*Notes: 1. From Burrows et al,1984. 
2. NR = will not react. 

pMMO Product(s) 

Ethanol 

2-Propanol 

2-Butanol 

Pentanal 

NR 

NR 

NR 
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2.2 METHANE MONO-OXYGENASE 

There are two commonly found forms of MMO; a soluble MMO (sMMO) 

believed to be situated in the periplasmic space, and a membrane bound, 

particulate MMO (pMMO). All type II methanotrophs isolated thus far have been 

found capable of expressing both forms of MMO whereas type I methanotrophs 

appear to be only able to .synthesize pMMO (Hanson et al., 1991). This is 

significant because the substrate specificity for environmental contaminants of 

many soluble methane mono-oxygenases is much broader than for typical 

particulate methane mono-oxygenases (See Table 2.3). 

In the organisms found capable of expression of both enzymatic forms, the 

relative presence of the two enzymes in a given cell is a function of environmental 

variables such as carbon source, copper concentration, and oxygen levels 

(Stanley et aL,1983). sMMO is usually promoted by: (1) methane rather than 

methanol as the principle carbon source, (2) low copper concentrations, and (3) 

high oxygen levels. It is believed that the two enzymatic forms are never 

simultaneously manufactured by the cell, therefore, under normal circumstances, 

only one form of MMO is present in significant quantities at any time. 

The influence of copper and oxygen on the regulation of MMO type is 

becoming better understood (Stanley et aL,1983; Prior and Dalton,1985; Cornish 

et aL,1985; Suzina et aL,1985; Gayazov et aL,1990). In-vitro studies with 

Methylococcus capsulatus have shown that elevated copper levels (80 uM Cu(lI)) 
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Table 2.3 

sMMO and pMMO Activities for Various Halogenated Contaminants 

I Chemical IOrganism1 
I sMMO I ~MMO I Reference I 

Dichloromethane DG1 1002 862 This lab3 

Chloroform DG1 86 15 This lab 

trans-1,2-DCE4 DG1 100 100 This Lab 

cis-1,2-DCE OB3b 100 56 This lab 

1,1-DCE OB3b 40 19 This lab 

Trichloroethylene 083b 100 10 Tsien et al (1989) 

*Notes: 1. Type" strains, Methylosinus sp. DG1 or M.trichosporium OB3b. 
2. Percent of chemical modified in 24 hours. 
3. Unpublished results. 
4. Dichloroethylene. 

inhibit the activity of sMMO by directly and irreversibly binding to Protein C, the 

reductase sub-unit of the enzyme, thus interfering with the binding of NADH to the 

enzyme complex (See Section 2.2.1). Direct inactivation of sMMO by copper was 

previously believed to be triggering step in the switch from sMMO in the cell to 

pMMO in the cell (Dalton et al.,1984). Recent results, however, have shown that 

copper may actually regulate MMO type at the translational level and that the 
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inhibition by copper of sMMO may be coincidental to the actual regulating event 

(See Chapter 4). In fact, type II methanotrophic strains retain active sMMO for up 

to 24 hours, even when the cells are transferred into a moderately high copper 

concentration environment (3.0 uM Cu(II)). 

The influence of oxygen on MMO regulation has been correlated to the 

presence or absence of intercellular membranes (Prior and Dalton, 1985). At low 

oxygen tensions « 20% saturation in air), intercellular membranes (ICM) are 

extensively produced by both type I and type II methanotrophs and pMMO is 

prevalent (Gayazov et aI., 1990). When oxygen levels are increased, however, leM 

production is reduced and sMMO is more frequently observed (Scott at aI., 1981). 

It has been speculated that pMMO is oxygen sensitive and this sensitivity causes 

the cell to revert to sMMO at elevated oxygen levels (Dalton,1987). 

The type of MMO present in any scenario can be controlled by manipulating 

both copper and oxygen levels. The availability of copper is the most important 

factor in MMO selection because copper appears to be obligately required for 

pMMO activity (Hanson et aI., 1991 ;See Section 2.2.2). Oxygen tends to have a 

secondary effect by shifting upward or downward the copper-to-cell ratio at which 

pMMO is produced. 

The role of carbon source in regulating MMO varies between organisms (Prior 

and Dalton,1985; Davis et al.,1987). In M.trichosporium OB3b, the carbon source 

(methane versus methanol) does not effect the type of MMO present in the cell. 
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MMO speciation is principally controlled by the copper and oxygen effects. In 

M.capsulatus, however, methanol deregulates the sMMO system regardless of 

copper and oxygen levels. sMMO can only be found when this organism is grown 

with methane as the carbon source. The reason for the different behavior between 

the two organisms in unknown. 

The detailed biochemistry of sMMO and pMMO is currently being studied at 

various institutions. Recent work has defined the structure and function of soluble 

methane mono-oxygenases obtained from a variety of organisms (Fox et aI., 1989; 

Green et aI., 1985). Particulate methane mono-oxygenase has only had superficial 

analysis in cell-free systems at this time. The disparity of results is due to that fact 

that sMMO is comparatively easy to work with in cell-free systems; however, 

pMMO is very difficult. In fact, only short-term, transient activity has been 

consistently obtained from pMMO in cell extracts (Hanson et aI., 1991). Tonge et 

al (1977) claimed to have isolated pMMO from M.trichosporium OB3b and 

assessed pMMO activity in vitro, however, their experiments have never been 

reproduced. Listed below are brief summaries of what is known about sMMO and 

pMMO. 

2.2.1 Soluble Methane Mono-oxygenase. Soluble methane mono-oxygenase 

has been isolated and assessed in detail for two organisms, Methylosinus 

trichosporium OB3b and Methy/ococcus capsu/atus (Fox et al.,1989; Green et 

al.,1985). The results show a great deal of conservation in the sMMOs of these 
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two strains. Although these sMMOs are most studied, it appears that these 

sMMOs may not be the only type of sMMOs observed in methanotrophs. Recent 

results have shown that the sMMO observed in Methylocystis strains of type II 

methanotrophs may be different than those in the above two strains (Tsien et aI., 

1991). Results presented in Chapter 6 here, indicate that the Methylocystis type 

of sMMO may be the more common type of MMO present in soils. Unfortunately, 

the Methylocystis sMMO appears to have a narrower substrate specificity than 

Methylosinus strains (See Section 2.3). 

sMMO is a three protein enzyme complex (Fox et al.,1989). It contains a 

245-kDa hydroxylase sub-unit, Protein A, which is responsible for the binding and 

hydroxylation of methane. It also contains a 39.7-kDa reductas6 sub-unit, Protein 

C, which binds NADH (the only known electron donor to sMMO) and transfers 

electrons to Protein A to perform the methane oxidation. Protein B, the third 

sub-unit, is a 15.8-kDa protein which acts a regulator of the hydroxylation reaction. 

Protein A alone is capable of the hydroxylation reaction, however, only one 

turnover is possible if Protein C is not also present (Fox et al.,1989). Protein C 

provides electrons for the regeneration of Protein A for repeated hydroxylation 

reactions. The hydroxylation reaction does not require Protein B in-vitro, however, 

specific activities are considerably greater when Protein B is present (Green and 

Dalton,1985). 

The actual means by which Protein B influences sMMO activity in whole cells 
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is not known, although, it has been speculated that its activator function is 

controlled by formaldehyde levels in the cell (Dalton et al.,1984). As intracellular 

formaldehyde levels increase, Protein B stimulates sMMO activity in order for 

sMMO to scavenge the excess formaldehyde in the cell. 

sMMO activity is inhibited by various metals and one notable organic 

compound. Cu(I), Cu(II), Cd(II), and Ag(l) inhibit both whole-cell and cell-free 

activity in M.capsu/atus (Green et al.,1985). The inhibitory concentrations used in 

these experiments, however, were exceeding high, 10 mM for whole-cells and 80 

uM cell-free extracts. The subtle inhibitory effects of lower metal concentrations 

on sMMO have not been clearly defined. Dalton et al (1984), showed that 5.4 uM 

Cu(lI) caused inactivation of sMMO in M.trichosporium OB3b whole cells, although, 

it was not clearly delineated as to whether copper inhibited sMMO directly or 

caused its expression to be inhibited. 

The principle organic compound which irreversibly inhibits soluble methane 

mono-oxygenase is acetylene. This selective inhibition is frequently used as a 

means of determining whether a given observed degradative result in 

methanotrophic cultures is due to mono-oxygenase activity. 

2.2.2. Particulate Methane Mono-oxygenase. The only successful isolation of 

particulate methane mono-oxygenase (pMMO) was performed by Tonge et al 

(1977) on the pMMO of M.trichosporium OB3b. They found that the pMMO was 

membrane-associated and contained three component proteins; (1) a 13-kDa CO-
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binding cytochrome c, (2) a 47-kDa copper-containing protein, and (3) a 9.4-kDa 

small protein. The functions of the three proteins were not well defined. The CO

binding cytochrome c shows oxidase activity and is believed to playa similar role 

in pMMO to Protein A in sMMO. It also appears to be directly linked to the 

electron transfer pathway. The copper-containing protein is probably the 

reductase sub-unit. It is unclear what the significance of the small protein is. 

pMMO is not obligately linked to NAD(P)H as an electron donor. In crude 

extracts, compounds such as ascorbate and methanol were used as alternate 

electron donors. This evidence, coupled with descriptions of methanol 

dehydrogenase (MDH), imply that the activity of pMMO and MDH are probably 

directly coupled (Leak and Dalton,1986b) and that ubiquinone may act as an 

alternate electron donor for pMMO. The direct linking of pMMO and MDH explains 

the higher energy conversion efficiency observed for pMMO versus sMMO (Leak 

and Dalton, 1986a). 

With the exception of copper, pMMO has similar sensitivities as sMMO to 

metal inhibition. The effect of organic inhibitors on pMMO activity, however, is 

more dramatic than on sMMO. Like sMMO, pMMO is severely inhibited by 

acetylene. pMMO is also inactivated by potassium cyanide, 2-mercaptoethanol, 

thiourea, 2,2-bipyridyl, and a number of other electron transfer chain inhibitors 

(Dalton et aI., 1984). 

The range of substrates for pMMO is much narrower than sMMO (Burrows et 

--I 
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al.,1984}. Both sMMO and pMMO react with short chain aliphatic compounds but 

only sMMO reacts with aromatic or alicyclic compounds (See Table 2.2). The 

nature of the reaction of pMMO versus sMMO with common substrates is also 

different. pMMO produces only secondary alcohols when reacting with n-alkanes, 

whereas, sMMO produces both secondary and primary alcohols. The narrow 

substrate range of pMMO is probably a direct response of the close association 

of pMMO, MDH, and the electron transport chain. 

2.3 CO·METABOLISM OF HALOGENATED ORGANIC COMPOUNDS 

The use of cometabolism by methanotrophs to initiate the degradation of 

environmental contaminants including halogenated organic compounds has been 

studied fairly extensively (Strand and Shippert,1986; Little et al.,1988; Oldenhuis 

et aI., 1989; Tsien et aI., 1989; Leblanc et aI., 1992). Halogenated compounds which 

are readily transformed in this manner include modestly halogenated alkenes and 

low molecular-weight aromatic compounds. Double-bonded carbons appear to 

make the reaction proceed more rapidly. Highly halogenated compounds, 

complex aromatics, and alkynes have been shown to degrade poorly. In fact, 

these three classes of compounds, especially alkynes, can be toxic or inhibitory 

to methanotrophic growth. 

The degradation mechanism of one halogenated chemical, TCE, has been 

examined in detail (Little et aI., 1988). The TCE study used carbon radiolabelled 
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TCE to evaluate the extent of TCE mineralization in pure and mixed cultures. The 

authors found that in pure cultures the methanotrophs could only partially 

mineralize TCE (approximately 7% of TCE-carbon ended up as carbon dioxide). 

Extensive mineralization of TCE was found to occur, however, if a mixed culture 

was employed (73% of TCE-carbon as carbon dioxide). They hypothesized a 

mechanism of degradation that is initiated by epoxide formation at the TCE 

carbon-carbon double bond, by the methanotrophs, and followed by a sequence 

of both abiotic and biotic transformations which ultimately produce carbon dioxide. 

The TCE co-metabolic reaction was studied in more detail with pure cultures 

of M.trichosporium OB3b by Wackett and Gibson (1988) and Newman and 

Wackett (1991). Their work confirmed that the principle end-product of TCE 

hydroxylation by MMO was TCE epoxide. However, they also observed that 

chloral hydrate was an end-product of the TCE reaction (about 6% of incorporated 

carbon). The chloral hydrate formed was abiotically and biotically stable under 

typical growth environments. This is significant because chloral is quite toxic and 

may be of practical consequence if methanotrophs were used in TCE degradation 

reactions. 

Further work showed that there was feedback inhibition on the 

methanotrophic cultures during TCE oxidation (Alvarez-Cohen and 

McCarty,1991 a). The feedback effects are believed to be caused by the build-up 

of TCE epoxide or other end-products in the reaction environment. Alvarez and 

-I 
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McCarty (1991 b) showed that end-product inhibition should be accounted for 

when assessing potential TCE degradation rates. They developed design 

equations for a two-stage reactor based on their observed inhibition effects 

(Alvarez and McCarty, 1991 c). 

The biodegradability of various compounds other than TCE have been 

evaluated with methanotrophic cultures. Compounds such as chloroform, the 

isomers of dichloroethylene, dichloromethane, vinyl chloride, and other 

halogenated species have all been degraded successfully (See Table 2.3). 

Degradation has been found to be dependent upon factors such as microbial 

species, chemical cometabolite, copper and oxygen concentrations, and methane 

concentration. 

In general, type " methanotrophs demonstrate higher biodegradation rates 

than type I methanotrophs. This is a direct consequence of the fact that type " 

organisms can bear either sMMO or pMMO enzymes whereas type I organisms 

can only bear pMMO. Table 2.3 demonstrates the difference in potential 

transformation rates of halogenated compounds for typical soluble and particulate 

MMOs. Whether pMMO or sMMO is present in a given environment, even if the 

environment is dominated by type" organisms, is determined by the copper and 

oxygen levels (See Section 2.2). As a result, copper and oxygen concentrations 

also influence the transformation rate observed by influencing the type of MMO 

present in the cell. 
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The transformation rate observed for a given non-growth halogenated 

substrate is a function of the size, the level of halogenation, and the 

stereochemistry of the substrate (Fox et aI., 1991). Halogenated methanes with 

three halogens or less react well with MMO. Four halogens make the substrate 

refractory probably due to steric inhibition and the highly oxidized state of the 

molecule. Halogenated ethenes follow a similar pattern to halogenated methanes 

although the orientation of the halogens is important in determining the relative rate 

observed. For example, 1, 1-dichloroethylene is much less degradable than 

1 ,2-trans dichloroethylene because the chlorines are clustered on 1, 1-DCE such 

that MMO cannot attack the double bond as readily as on the 1 ,2-trans DCE 

molecule. 

Typically, halogenated aromatic or alicyclic compounds are not effectively 

transformed by methane mono-oxygenases (especially by pMMO). Longer-chain 

halogenated alkanes are also poor non-growth substrates for MMO. The presence 

of a sterically accessible double bond appears to be very important for effective 

transformation reactions if the substrate is not a methane analog (Fox et aI., 1991 ; 

Oldenhuis et al.,1989). 

The final effector of transformation rate is the ambient methane concentration. 

The active site for methane on MMO is the same as for the non-growth substrate. 

As a result, there is significant inhibition of co-metabolic activity at elevated 

methane levels even with comparatively degradable non-growth substrates. 

--I 
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Experiments performed here using 1,2-trans DCE as the non-growth substrate 

showed that reaction kinetics obeyed a Michaelis-Menten competitive inhibition 

model. Similar results have been observed elsewhere (Broholm et al.,1990; 

Alvarez and McCarty,1991 a; Semprini et al.,1991; LeBlanc et al.,1992). 

2.4 BIOREMEDIATION USING METHANOTROPHS 

Two basic approaches to bioremediation utilizing methanotrophic bacteria 

have been considered; (1) methane amended bio-reactors (pump-and-treat 

methods), where the biologically activity is contained in a reactor chamber, and (2) 

in-situ remediation, where methane and oxygen are added directly to a 

contaminated site and the biological activity occurs in an unrestrained manner. 

The use of reactors has the advantage of permitting greater control over the 

degradation environment, whereas in-situ methods reduce costs by not 

necessitating the construction of elaborate facilities. Both methods are being 

evaluated and have shown promise in specific cases (Semprini et al,1990;Alvarez

Cohen and McCarty, 1991 c). This section reviews the two general options and 

presents some of the limitations of the methods relative to methanotrophic 

bacteria. 

2.4.1 Methanotrophlc Blo-Reactors. Methanotrophs have been used in reactors 

as biocatalysts for single-cell protein (SCP) manufacture, and alcohol and epoxide 

production since the early 1980's. A number of related reactor designs have been 
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patented (Hou, 1984). Although the use of methanotrophs for SCP has declined 

in recent years, the use of methanotrophs has dramatically increased for 

biochemical product manufacturing and bioremediation. 

Wilson and Wilson (1985) first published results on halogenated aliphatic 

degradation utilizing a bench-scale, sand filled, methane enriched bio-reactor 

column. Results of these experiments were very promising and stimulated much 

interest in the application of methane enriched biological reactors for water and 

waste treatment. Since that time a number of researchers have studied bio-reactor 

design and application (Mayer et al.,1988; Niedzielski et al.,1989; Strandberg et 

al.,1989; Lanzarone and McCarty,1990; Strand et al.,1991). Most efforts have 

concentrated on packed bed, fixed-film soil columns with undefined mixed 

methanotrophic populations. 

The initial pilot scale bio-reactor work was performed by the U.S. Air Force 

Engineering and Services Center in conjunction with the Batelle Corporation (B. 

Allen, personal communication). This reactor was designed as a trickling filter with 

downflow co-current methane addition and was used to treat TCE contaminated 

groundwater. The reactor had limited success, probably due to poor mass 

transfer conditions resulting in oxygen limitation in the reaction zone. 

The next generation of reactors concentrated on alleviating the mass transfer 

limitations. Design modifications have included: (1) stepped aeration along the 

column, (2) pulsed fluidization with methane and oxygen, (3) pulse-fed 
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cometabolite addition, (4) providing substrate blends of both methane and 

propane (Phelps et al.,1990), and (5) separating the methanotroph growth tank 

from the main waste stream in an independent "batching" tank (Alvarez-Cohen and 

McCarty, 1991 c). 

2.4.2. In-situ Bioremedlation. In-situ techniques were studied extensively by a 

group at Stanford University in conjunction with the U.S. Environmental Protection 

Agency (Semprini et al.,1990; Semprini et aI., 1991; Roberts et al.,1990). They 

evaluated the stimulation of in-situ methanotrophs with methane at a site 

contaminated with halogenated ethenes and ethanes. 

Three modes of operation were assessed; (1) methane and oxygen 

continuously-fed directly in the contaminated aquifer, (2) alternate metharle and 

oxygen pulse-fed into the aquifer, and (3) alternate methane and oxygen pulse-fed 

with intermittent addition of formate or methanol instead of methane. In all three 

cases, it was possible to enrich an indigenous methanotrophic population by 

adding methane and oxygen. No other nutrient supplementation was required. 

Option 3 was found to be the most effective operating regime for the 

degradation of halogenated ethenes. Option 2 indicated that maintaining elevated 

methane levels in the soil zone resulted in significant competitive inhibition of 

ethene degradation. When formate or methanol were temporarily replaced as the 

substrate, the observed degradation rates increased; although, the increase was 

transient if methane was not occasionally also provided. The optimum operating 
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regime was one where methane and oxygen were alternately pulse-fed into the 

contaminant zone. Once a stable methanotrophic population was developed, 

formate was added as a supplement to methane in treatment zone. 

The procedures developed in the above study are currently being used in two 

pilot applications; the remediation of a hydrocarbon contaminated zone in 

St.Josephs, Michigan and in the treatment contaminated groundwater at the 

Savannah River Site (McCarty et aI., 1991). Both projects are in the early stages 

of the proposed work. 

2.4.3 Problems With Methanotrophs In Bloremedlat!on. Aithough 

methanotrophic bacteria have been shown to have impressive talents at the 

degradation of environmental contaminants, there are a number of distinct 

problems with their application. The two major problems are as follows: 

(1) Only type " methanotrophs can bear sMMO and sMMO is 

deregulated at very low copper concentrations. The environmental 

. condition conducive to optimum degradation is highly restrictive. 

(2) Methanotrophs are slow growing organisms and may not 

proliferate in the treatment environment due to unsuccessful 

competition for nutrients with non-methanotrophic bacteria. 

The second problem does not appear to be a concern in in-situ remediation or in 

reactors where the general nutrient levels are low (eg. alternate carbon sources). 

The problem of slow growth appears to be significant in industrial waste treatment 

__ I 
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applications, probably due to poor competition for oxygen and other nutrients in 

the treatment environment (C. Bryant, personal communication). 

The problem of type II selection and the presence of sMMO in treatment 

environments is potentially significant and has not been adequately addressed. 

It has two component questions; (1) will type II methanotrophs predominate in a 

given treatment environment, and (2) if type II strains prevail, will they possess 

sMMO. The first part of the problem is concerned with the competition between 

sMMO bearing organisms and other methanotrophs. The second part involves the 

regulation MMO by copper and oxygen in type II methanotrophs. 

Previous experiments using bio-reactors and in-situ remediation methods have 

been relatively successful in the degradation of contaminants (Strandberg et 

al.,1989; Semprini et aI., 1991 a). However, none of the previous studies were 

particularly concerned with the specific selection of sMMO-bearing organisms in 

the treatment environment. It is likely, given the restrictive requirements of sMMO 

manufacture, that the observed results were a consequence of the cumulative 

effect of many pMMO-bearing organisms. It is unclear whether the reSults could 

have been improved if more care were given to MMO selection or to the 

enrichment of specific bacterial strains, such as M.trichosporium OB3b, in the 

treatment environment. 

For in-situ applications, it would be very difficult to control sMMO selection 

because one is subject to the physical conditions of the site. High oxygen levels 
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could be utilized in the gas injector system to promote sMMO, however, control 

of copper would be difficult. Given the lack of environmental control, in-situ 

remediation must rely on indigenous methanotrophs for the degradative reactions. 

On the other hand, in bio-reactors it may be possible to enrich for sMMO

bearing organisms by manipulation of the growth environment. Previous groups 

have proposed two-stage treatment reactors with this concept in mind (Alvarez

Cohen and McCarty,1991c). In these systems, one stage is a controlled 

"activating" or batching chamber where sMMO-bearing organisms are maintained, 

and the second stage is a contacting chamber where degradation occurs. The 

results presented in Chapter 4 verify that these systems could work due to the fact 

that sMMO-bearing organisms can maintain active sMMO for an extended time in 

the presence of moderate amounts of copper. 

2.5 METHANOTROPH COMPETITION 

The competitiveness and proliferation of a microbial species under a given set 

of environmental conditions is usually difficult to predict. Variables such as 

temperature, pH, substrate type and concentration, the presence of major and 

minor nutrients, and other more subtle factors can directly influence the 

competitive success of an organism in an environment. 

Although the body of information is increasing on the growth and kinetics of 

co-metabolism of methanotrophs, very little is known regarding the actual selection 
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processes that determine methanotrophic species dominance in a particular 

environment. A significant question is how type II methanotrophs can compete 

with type I organisms in the environment even though type II strains tend to have 

lower cell yields and growth rates than type I strains (Anthony, 1982). This section 

reviews three topics related to competition; (1) factors which may affect 

competition between methanotrophs, (2) the use of continuous-flow reactors in 

determining selection and competitive success, and (3) descriptions of specific 

methanotrophs selected for competition experiments performed here. 

2.5.1. Competition Between Methanotrophs. A variety of interactions are 

possible between microbial populations in a mixed culture (Atlas and Bartha,1987). 

They include negative interactions (competition and amensalism), positive 

interactions (mutualism, commensalism, and synergism), and interactions which 

are positive for one organism but negative for another (parasitism and predation). 

Parasitism and predation are unlikely in mixed methanotrophic populations, 

however, the other relationships are all possible. 

Competition occurs where two or more organisms in a mixed population 

require a common nutrient for growth. In general, under purely competitive 

conditions, one organism will ultimately predominate when the organisms are 

closely related. This phenomenon is described by the competitive exclusion 

principle (Fredrickson and Stephanopolis, 1981). This principle states that two 

populations competing for same limiting nutrient cannot co-exist unless there are 
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mutual, commensal, or amensal relationships between the competing organisms. 

In effect, these secondary processes avoid pure competition through an 

adaptation by one or both of the organisms. 

In competing methanotrophic populations, competitive success can occur 

based on a range of limiting nutrients including methane (or methanol), nitrogen, 

copper, and oxygen. Synergism, commensilism, and amensalism are also 

possible because methanotrophic organisms, particularly type II strains, have a 

number a adaptive traits which permit them to avoid pure competition (Whittenbury 

et al.,1970a). Also, all methanotrophs are known to release exudates such as 

methanol, formaldehyde, and exopolymers which may also influence their 

competitive success (Jayakumar and Lim,1989; Mountfort et al.,1990; Mehta et 

al.,1991). These excretions could effect selection by stimulating the growth of ona 

or both of the species (synergism or commensilism), or could selectively inhibit 

either of the competing strains (amensalism). 

A summary of some of the basic traits of type I and type II methanotrophs is 

provided in Table 2.1. In principle, type I strains should be most competitive when 

carbon is limited. Type II strains, on the other hand, should be most competitive 

when nitrogen and copper are limited. The effects of other factors such as oxygen 

limitation, alternate carbon sources, and micronutrients is unknown relative to 

competition between type I and type II strains. 

2.5.2 Competition Experiments Using Continuous-Flow Reactors. Their are two 
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basic methods of assessing the competitive behavior of microbial populations--

batch and continuous-flow systems (Atlas and Bartha,1987). Batch systems are 

appropriate for modelling behavior where there is sudden input of non-native 

matter and a transient response must be assessed. Batch systems do not, 

however, simulate conditions where ambient nutrient levels are low and potentially 

growth-limiting. To assess the consequences of limiting nutrients on competitive 

success (which is the purpose of the experiments performed here) flow-through 

systems must be used. 

The population in a continuous-flow reactor is self regulating, controlled by the 

dilution rate utilized, the concentration of the limiting nutrient, and the specific 

growth rate of the population (Veldkamp et al.,1984). Population numbers adjust 

upwards or downwards until the population's specific growth rate equals the 

dilution rate and steady-state is achieved. When the dilution rate is greater than 

the population's maximum specific growth rate, the population will washout out of 

the reactor completely. 

If two competitive populations are grown in a reactor, a similar self-regulating 

effect occurs; however, in this case, the population with lower specific growth rate 

will ultimately washout (Frederickson and Stephanopolis, 1981). The rate at which 

washout occurs is function of the difference between the specific growth rates of 

the two species at the steady-state condition. 

A number of subtle factors can effect competitive success in a continuous-flow 

--I 
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reactor. These include: 

(1) The absolute concentration of the limiting nutrient. One organism may 

have comparatively higher specific growth rates at low substrate levels, 

whereas the other organism may have comparatively higher growth rates 

at high substrate levels (Veldkamp,1970). In this case, it is possible to get 

two different competitive results using the same limiting nutrient. 

(2) The production of exudates by one or both organisms which may effect 

the competitiveness of one or both strains (Meyer et al.,1976). Miura et al 

(1980) demonstrated mathematically that secondary products can change 

the competitive result of two competing species. They showed that when 

secondary products are formed, the initial cell numbers of the two 

populations determine the results of the competition. 

(3) The dilution rate utilized. Some organisms have competitive adaptations 

which result in lower specific growth rates. Depending on the dilution rate, 

the adaptation may result in either competitive success or failure. For 

example, copper limitation causes type II strains to manufacture sMMO 

rather than pMMO. If the dilution rate were higher than the maximum 

specific growth rate of sMMO-bearing organisms, the enzyme adaptation 

may result in competitive failure rather than competitive success. 

(4) The effect of secondary environmental factors on adaptation 

mechanisms. For example, oxygen inhibits nitrogenase activity. A nitrogen-
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fixing strain should not show any competitive advantage under nitrogen-

limiting conditions unless the oxygen levels were sufficiently low to permit 

nitrogenase activity. 

(5) The presence of non-competing strains in the growth environment. 

Methanotrophs are very frequently coupled in synergistic relationships with 

methanol-utilizing strains in natural systems (Lamb and Garver,1980). The 

methanol-utilizing strains live off the excretions of the methanotrophs. If 

competition between two methanotrophic strains was influenced by the 

build-Up of methanol in the growth environment, the presence of methanol

utilizing strains could affect the competitive result. 

It is very difficult to account for all of the above factors in competition experiments 

because the factors which affect competitive success are so interrelated. Efforts 

were made in the experiments performed here to monitor all relevant variables, 

and therefore, to minimize ambiguous results. 

2.5.3. Descriptions of Strains Studied. To perform competition experiments, it 

was necessary to select specific methanotrophic strains for study. The selection 

process was difficult because specific traits of organisms in each Ittype" sub-group 

are quite variable -- Table 2.1 only shows 'ttypical" traits. The specific organisms 

chosen for study were selected because they possessed the characteristic traits 

which were considered important for competition. They may not, however, 

represent the competitive behavior of all organisms in their type group. 
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Methy/osinus trichosporium OB3b was selected as the type 1/ strain. It was 

selected because it has received the most attention for biodegradation and has 

an extremely reactive sMMO (Oldenhuis et al.,1989; Tsien et al.,1989; Park et 

al.,1991). M.trichosporium OB3b is an obligate methanotroph which possesses 

all the' basic traits that might make type 1/ strains competitively successful (Stanley 

et al.,1983; Murrell and Dalton,1984; Chen and Yoch,1988). It can fix molecular 

nitrogen and it expresses sMMO under copper limitation. It also has comparatively 

high growth rates and can be grown in pure culture (unpublished results). It uses 

either methane or methanol as its carbon source, although growth on methanol 

requires acclimatization (Burrows et al.,1984). Its doubling times when grown on 

methane in batch culture are as low as 5.0 hours. Interestingly, Whittenbury et al. 

(1970a) found that it preferentially utilizes methanol over methane provided the 

option. Recent work has shown that M.trichosporium OB3b will compete and 

survive when added to a soil treatment column (See Chapter 6). 

Methy/omonas a/bus BG8, which is also an obligate methanotroph, was 

selected as the representative type I strain. It is capable of only expressing pMMO 

and shows very stunted growth under copper limitation (Collins et al.,1991). It 

does not possess the nit genes which are required for nitrogenase manufacture 

(R.S.Hanson, personal communication). On the other hand, M.a/bus BG8 shows 

high cell yields which are typical of the ribulose mono-phosphate (RuMP) pathway 

for carbon assimilation (Leak and Dalton,1986a) and it has very high growth rates 
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in batch culture (doubling times as low as 3.8 hours). Methane or methanol are 

its two principle growth substrates, and when the substrates are provided 

together, M.a/bus 8G8 utilizes them both equally (Whittenbury et al.,1970a). 

M.a/bus 8G8 has shown a high tolerance to elevated methanol concentrations. 

The two selected organisms are fairly typical of obligate methanotrophic 

strains but do not represent non-obligate methanotrophs. They also may not 

represent the Methy/ocystis sub-class of type " organisms which may have 

different competitive traits to the Methy/osinus sub-class. However, they are both 

dependable strains and should provide indications of factors which influence 

selection among methanotrophs. 

2.6 ENUMERATION METHODS 

Enumeration of the individual strains in the competition experiments requires 

special techniques. Non-specific enumeration methods like cell dry weight or 

absorbance at 600 nm wavelength cannot be used in competition studies because 

they do not distinguish between strains. The two procedures considered suitable 

for enumeration in competition experiments are gene probes techniques and 

immunological methods. 

The advantage of gene probe methods is that they are useful for general 

groups of organisms rather than individual strains. Gene probes, however, tend 

to generate comparatively weak signals, and as such, can be very difficult to 
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enumerate in complex mixed samples. Immunological probes are highly specific 

to the strain on which they are based. They also typically generate a very strong 

signal. In general, immunological probes are preferable if one is working with 

defined strains and the specific probes are available. Gene probes are more 

suitable if the strains are not well characterized and immunological probes are 

unavailable. 

Both the gene and immunological probes were provided by Dr. T.C.Tsien of 

the Grey Freshwater Biological Institute located at the University of Minnesota. The 

probes are described in the literature (Tsien et al.,1991). Details of using gene and 

immunological probes are provided below. 

2.6.1 Gene probes. The application of nucleic acid probes in environmental 

microbiology for microbe identification and enumeration is becoming increasingly 

widespread. The bulk of the early applications were associated with the soil and 

plant sciences although the use of probes in other fields is growing rapidly 

(Holden et al.,1988; Ogram et al.,1987). The primary advantage of gene probe 

techniques is that they are specific and quite sensitive (Saylor and Stacy,1985). 

When utilized with direct nucleic acid extraction, they also permit enumeration of 

strains in natural situations and identification of unculturable species (Holben et 

al.,1988; Ogram et al.,1987). 

There are numerous types of probes, most commonly DNA and rRNA based 

systems. The principal difficulty of the genetic probing methods is that of probe 
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development. There is no easy way of developing a probe. Typically, either a 

unique gene or oligonucleotide sequence must be identified from the organism(s) 

of interest to serve as the basis for probe development. Once the probe has been 

designed and manufactured, considerable trial and error testing must be 

performed in order to demonstrate that the probe is specific to the intended target 

(Dockendorff et al.,1989). 

The procedure for methanotrophs usually utilizes short oligonucleotide DNA 

chains (typically 15-30 base pairs in length), based on unique sequences in the 

16S ribosomal RNA sub-unit. This technique does not require cell lysis and uses 

a fluorescent signal for cell identification. In these procedures, the probe is directly 

contacted with the cells in solution. The cell wall is first made "leaky" with 

formaldehyde and the probe is then diffused into the cell. If the cell has a 

complimentary sequence to the probe, the probe will bind to the cell's rRNA. 

Probe specificity is controlled by varying the stringency of the hybridization 

buffers utilized. Stringency determines the level of mismatching allowed in the 

hybridization. Stringency is controlled by the temperature, the cation concentration 

of the buffer, and the formamide level in the buffer. High temperatures, low levels 

of cation, and high levels of formamide result is higher stringency and less 

mismatching. 

Enumeration is performed on prepared slides by epifluorescence microscopy 

at the prescribed excitation wave lengths relevant to the probe. This is done by 

I 
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taking a picture of the microscopic field and then counting the fluorescent cells on 

the field picture. This procedure permits enumeration of more than one type of 

organism in a given sample by utilizing various fluorescent labels for each 

strain-specific probe. The whole procedure takes approximately one day to 

perform (hybridization is performed overnight), however samples can be analyzed 

in replicate. 

2.6.2. Immunologic'al Probes. Immunological probes utilize antibodies that 

specifically bind to surfaces or other features of cells (Reed and Dugan,1978; 

Schmidt et aI., 1968). The procedures are very well established in microbial ecology 

(Schmidt et aI., 1968; Sohlool and Schmidt, 1970), and have been successfully used 

for Type I and Type II methanotrophs (Reed and Dugan,1978; R.S.Hanson, 

personal communication). Typically, antibodies are labelled fluorescently in order 

to permit enumeration by fluorescent microscopy similar to procedures for rRNA 

as described above. 

The antibodies are manufactured by the direct injection of the cells (or some 

other cell feature, ego protein sub-units) into the blood stream of a rabbit (Tsien et 

aI., 1991). After a period of incubation, the antibodies, which have been created by 

the rabbit's immune system, are harvested from the rabbit's blood and 

subsequently conjugated with an appropriate fluorescent label. 

The probes can be used as described for the gene probe procedure (See 

Chapter 2.6.1) or by a filtration/immobilization technique similar to the Acridine 
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Orange Direct Count method (8trugger,1948;8ge Chapter 3.2). In the filtration 

method, the collected sample is passed through a filter. The immobilized cells are 

then washed and the probe is directly contacted with the organisms which were 

collected on the filter. Enumeration is performed by direct counts using 

epifluorescence microscopy. The whole procedure takes approximately 4 hours 

to perform. 

One of the advantages of this procedure is that it has been successfully used 

for methanotrophs (Reed and Dugan, 1978; Reed and Dugan, 1979). Antibody 

probes were developed for Methylomonas methanica and Methylosinus 

trichosporium OB3b for a study of methanotroph distribution in Cleveland Harbor. 

The probes appeared to be quite effective at enumeration even in sediment zone 

samples. The probes were found to be able to distinguish between the living cells 

and the spores of the cells, which is very important when doing activity studies as 

proposed here. 

2.7 COPPER AND CHELATOR CHEMISTRY 

Copper plays a significant role in the expression and activity of both soluble 

and particulate methane mono-oxygenase. It has been implicated as the major 

repressor of sMMO activity in type /I strains and has also been shown to be 

important to the pMMO enzyme complex. It is unclear how copper actually plays 

its roles; however, copper speciation appears to be important in the observed 

i 
-·1 



Ii 

58 

effects of copper. This section provides a brief overview of copper coordination 

chemistry. Also included is description of complexation chemistry relative to 

various important copper chelating agents. 

Copper is a transition metal of Group 18 which exhibits both + 1 or +2 

oxidation states and has a coordination number of six. Under aerobic conditions, 

Cu+2 (Cu(II)) is the more common of the two oxidation states. In aqueous 

solutions, Cu(II) is typically found as a hydrated complex (eg. aquo copper, 

Cu(H20)62+) unless more specific copper binding ligands are present. Copper 

shows very rapid water release rates and tends to form labile complexes (8asolo 

and Pearson, 1967). 

For the purpose of biological applications, two aspects of copper complexation 

chemistry are important: (1) complex stability, and (2) complex formation kinetics. 

Complex stability will be discussed first. Complexes involving the divalent 

transition metal ions are dominated by nonelectrovalent or covalent interactions (as 

opposed to ionic interactions). Small atomic radii and high ionization potentials 

tend to make a metal more amenable to these interactions. Cu(II) has the smallest 

atomic radii and the highest ionization potential of the metals in this series 

(Schwarzenbach, 1961); as a result, Cu(II) tends to form the most stabile 

complexes of the transition metals. Copper is defined as a borderline Lewis acid, 

which is typical of the divalent transition metals (Pearson,1963). 8ecause of its 

bonding nature, Cu(II) forms stable complexes with less electrovalent ligand atoms 
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such carbon, nitrogen, and sulphur. 

Elemental copper and Cu(II} have basic electron configurations of [Ar]4s13d10 

and [Ar]d9
, respectively. The electron configuration of the oxidized form is 

particularly relevant because it directly influences the nature of the complexation 

reactions in which copper is involved (8asolo and Pearson,1967). The d 9 

configuration of Cu(II} Ilas a distorted octahedral structure which renders only four 

of the six coordination sites as strong ligand binding sites. Copper, as result, 

tends to form square planer complexes which use only four of the six available 

coordination sites. 

From the above evidence, the most appropriate complexing agents for binding 

Cu(II} should be at least tetradentate and possess less electrovalent ligand atoms. 

Table 2.4 shows the formation constants for a range of polyamines, various amino 

acids, and other Cu(II} complexing agents (Schwarzenbach, 1961; Iyer et aL, 1978; 

Hallman et a/., 1971 ). The following observations are possible: 

(1) Pentaethylenetetramine (penten), tetraethylenepentamine (tetren) and 

triethylenetetramine (trien) form the most stable Cu(ff) complexes. 

These agents have at least four available amino"groups for 

complexation reactions. 

(2) Trien and tren are structural isomers, however, trien forms more 

stable complexes than tren. Trien does not possess a tertiary 

amino-group and is less sterically restricted than tren. 
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(3) Although ethylenediaminetetraacetic acid (EDT A) has six coordination 

sites, it forms less stable complexes with Cu(lI) than trien. This is 

due to the fact that four of its six ligands atoms are oxygens and its 

two nitrogens are sterically less available than in the polyamine. 

(4) The chelate effect strongly influences the stability of the complex 

formed. Chelates, or ring structures, are only formed with 

multidentate ligands. The stability constants of NH3 complexes are 

ten orders of magnitude less than the bidentate ligand 

ethylenediamine (en), and sixteen orders of magnitude less than the 

tetradentate ligand trien. 

(5) Cu(lI) forms comparatively stable complexes with biologically 

significant ligands including a number of amino acids and short 

chain peptides. The most stable complexes are formed with 

peptides which include histidine. 

(6) pH can play major role in the complexation reactions for many 

ligands because it influences the ligand charge and speciation. 

From above summary and Table 2.4, it is apparent that the reactions of tile 

polyamines are of most interest for the experiments performed here. Polyamines 

form very stable Cu(lI) complexes -- more stable than most biological ligands. It 

may be possible to use polyamines to influence the effects of Cu(lI) on the 

methanotrophic cells. 
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Table 2.4 

Formation Constants of Various Cu(lI) Complexing Agents 

Ligands Log Formation Con~tant1, pKI 

NH3 4.2 3.5 2.9 2.1 

C2N2H10 (en) 10.8 9.3 

C4N3H13 (den) 16.0 

N'(C2NHs)3 (tren) 18.8 

CSN4H1B (trien) 20.6 

CBN5H23 (tetren) 20.9 

C10NaH2B (penten) 22.4 

EDTA 18.8 

Serine 7.6 6.4 

Alanine 8.0 6.6 

Glutamic acid 8.7 6.2 

Histidine 9.8 7.7 

Asp-ala-his 1 17.3 

Gly-gly-his2 17.5 

*Notes: 1. The values represent the stability constants of the individual stepped 
complexation reactions, The cumulative stability constants can be 
calculated from the respected individual constants. 

2. Asp-ala-his is a synthetic peptide comprised of aspartic acid, 
alanine, and histidine. 
3. Gly-gly-his is a synthetic peptide which mimics the human serum 
albumin copper binding site. It is comprised of two glycines and a 
histidine. 
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The other aspect of copper coordination chemistry which effects the role of 

Cu(lI) in biological reactions is reaction kinetics. As indicated by the high 

formation constants of the Cu(lI) complexes, complex association rates are rapid 

(the formation constant is defined as the complex association rate divided by the 

complex dissolution rate). The formation and dissolution of Cu(lI) complexes 

generally follow two different reaction mechanisms -- (1) acid catalysis or (2) 

nucleophilic substitution (Pagenkopf and Margerum,1970). In acid catalysis, a 

proton is added to a ligand atom and the ligand dissociates from the metal. In 

nucleophilic substitution, a ligand atom from a substituting ligand directly binds to 

the copper and replaces the original ligand. Acid catalysis is enhanced by low 

pH's «5.0), whereas nucleophilic substitution reactions are favored under 

moderate to high pH conditions (> 7.0). The mechanism for a given reaction is 

important because; (1) at biological pHs, nucleophilic substitution is typically more 

rapid than acid catalysis with copper complexes, and (2) nucleophilic substitution 

reactions are subject to steric influences. 

In general, polyamines, such as trien and tetren, react with Cu(lI) by 

nucleophilic substitution, whereas EDTA reacts by non-nucleophilic mechanisms 

(Pagenkopf and Margerum,1970). The different reaction mechanisms partially 

explain the difference in the observed formation rates of the copper complexes 

(trien versus EDT A). Trien has been used as a catalyst to enhance copper 

exchange rates between sterically hindered and other complexation agents 
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because of its rapid substitution reactions (Pagenkopf and Margerum,1968). This 

catalytic phenomemon has been called a IIcoordination chain reactionll
• 

Coordination chain reactions have been used as an analytical tool for trace metal 

and ligand determination (Olsen and Margerum,1963). 

This type of chain reaction may be very relevant to copper uptake chemistry 

in biological systems. With no polyamines present, copper exchange with the cell 

would be dominated by acid catalysis reactions, which are comparatively slow at 

pH 7.0. Chain reactions may make Cu(II} more available to the cell by enhancing 

reaction rates between copper and cellular ligands. Reaction rates can be 

accelerated by a factor of greater than 2,000,000 compared to uncomplexed 

copper (Carr et al.,1967; Hauer et al.,1973). Carr et al (1967) ranked the various 

copper complexes agents in order of the agents's ability to accelerate reactions -

- den> trien > tetren > penten > > en > EDTA (See Table 2.4). The reactions 

proceed the fastest when at least three primary or secondary nitrogens are 

available from the catalyzing ligand. Trien, in particular, has been studied 

extensively because it acts as a strong reaction catalyst and it is the most widely 

reactive of the complexing agents. 

In general, ligand-copper exchange reactions are described by first order 

mechanisms, in terms of both ligand and copper. These exchange reactions 

occur with a variety of three-residue peptides (Hauer et al.,1973). Reaction rates 

can be very rapid, with rates varying between 2.0 X 10° and 1.0 X 108 M·1sec·1
., 
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depending on the structure of peptide and the complexing agent utilized (Hauer 

et al.,1973; Pagenkopf and Margerum,1970). 
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CHAPTER 3 

TYPE I/TYPE II TWO ORGANISM COMPETITION EXPERIMENTS 

3.1 INTRODUCTION 

Methanotrophic bacteria play a critical role in the global cycling of carbon 

and in the flux of methane, a greenhouse gas, to the atmosphere (Andreae and 

Crutzen, 1985; Blake and Rowland, 1988). Investigations have also lead to 

biotechnical applications for methanotrophs and their utilization for the destruction 

of hazardous organic compounds (Hau, 1984; Wilson and Wilson, 1985). The 

utility of methanotrophs for technical purposes centers around the initial enzyme 

in their catabolic pathway, methane mono-oxygenase (MMO). MMO has been 

found to catalyze the hydroxylation of n-alkanes, the epoxidation of n-alkenes, and 

a variety of other co-metabolic transformations involving halogenated organic 

compounds (Anthony,1982; Oldenhuis et aI., 1989; Tsien et aI., 1989; Fox et aI., 

1991; Chapter 2). 

Methanotrophs are divided into two general classes (type I and type II) 

based on the structure of their internal membranes (Whittenbury et aI., 1970a). 

Both type I and type II methanotrophs can express a particulate, or membrane-

associated MMO (pMMO; Hanson et al.,1991). Certain type II strains, however, 

can also express a soluble MMO (sMMO), which catalyzes the transformation of 
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an extremely broad range of substrates of environmental significance (Oldenhuis 

et aI., 1989; Tsien et aI., 1989). Type I and type II methanotrophs differ in several 

other significant respects (See Table 2.1). Type I organisms typically are unable 

to fix molecular nitrogen, usually lack a complete tricarboxylic acid (TeA) cycle, 

utilize the ribulose mono-phosphate (RuMP) pathway for formaldehyde 

assimilation, and require copper for growth because it is believed to be needed 

for pMMO activity (Hanson et aI., 1991). Type II methanotrophs typically can fix 

nitrogen, possess a complete TCA cycle, use the serine pathway for formaldehyde 

fixation, and (many) express sMMO in the absence of copper (Dalton and Higgins, 

1987). Both type I and type II organisms can form resting stages (Whittenbury et 

al.,1970b). A few methanotrophs (type X) possess certain traits of both type I and 

type " organisms (Whittenbury and Krieg, 1984). Type X strains, such as 

Methy/ococcus capsu/atus, are unique and are normally found at ambient 

temperatures > 37°C. 

The prevalence of methanotrophs in aquatic and terrestrial settings has been 

studied by a number of groups (Harrits and Hanson, 1980; Rudd and Taylor, 

1980; Megraw and Knowles, 1987; Brusseau et aI., 1990; Kramer et aI., 1990). 

Evidence indicates that methanotrophic activity in aquatic and terrestrial systems 

is highly seasonal and dependent on a number of variables. Methane oxidation 

was observed in the metalimnion during summer stratification in a low dissolved 

nitrogen lake in Canada (Rudd et al.,1974; Rudd and Hamilton, 1978); however, 
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high methanes fluxes were observed only when oxygen levels were low. Harrits 

and Hanson (1980) observed that primary methane oxidation occurred in the 

metalimnia near the anoxic hyperlimnium. Heyer and Suchow (1985) found that 

methane produced by peat bogs was almost completely mineralized in the near 

surface soils, even at pHs as low as 3.8. In their work, they isolated both 

Methylosinus sporium and Methylosinus trichosporium, type II strains, from the low 

pH zones. 

Little direct work has been aimed at the prevalence of specific type I and type 

II strains. Putzer et al (1991) found predominantly type I organisms in high

methane/low-oxygen river water using a Percoll gradient technique. Reed and 

Duggan (1978) obsElrved that Methylomonas methanica, a type I strain, was 

present at all water depths in Cleveland Harbor, although, organisms were most 

concentrated near the sediment interface. M.trichosporium was only found within 

1 meter of the sediment zone in their work. It is shown in Chapter 6 here that 

Methylosinus-like type II strains are not present in a variety of surfece soils from 

a methane-producing sanitary landfill. In non-sterile, unsaturated soil columns, 

however, Leblanc et al (1992) found that seeded M.trichosporium OB3b prevailed 

over indigenous type I strains. Also, samples collected from the liquid/sediment 

interface in a nitrogen-limited pulp mill treatment pond generated predominantly 

type II strains (unpublished results, our lab). 

From the above evidence, general patterns of type I and type II selection are 
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discernable. Type II methanotrophs appear to be selected in the low soluble 

nitrogen zones and possibly where pH is low. Type I strains appear to be present 

in almost all methane enriched locations where other nutrients, such as dissolved 

nitrogen, are available. 

In this chapter methanotroph competition in a continuous-flow system is 

examined in order to further define factors leading to selection between type I and 

type II strains. Frederickson and Stephanopolis (1981) indicated the competitive 

success of similar organisms can be assessed using the "competitive exclusion 

principle". In principle, the predominant organism, under the given environmental 

conditions, should "exclude" all the purely competitive strains. The focus of the 

work is to delineate methanotroph "type" selection patterns which may used in 

reactors for bioremediation. Preliminary experiments were conducted in pure, 

batch cultures to establish the growth parameters for the competition experiments. 

Two-organism competition experiments were premised on those results. The 

methanotrophs used for the experiments were Methy/osinus trichosporium OB3b, 

a type II strain, and Methy/omonas a/bus BG8, a type I organism. M. 

trichosporium OB3b is both well characterized and biotechnically relevant due to 

its highly reactive sMMO (Oldenhuis et aI., 1989; Fox et aI., 1991). M. a/bus BG8 

was selected on the basis of its high growth rate and because is possesses traits 

common among type I strains (Hanson et al.,1991; Collins et aI., 1991). The 

independent variables used in the experiments were methane, copper, and 
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nitrogen concentration. The roles of oxygen and a supplementary carbon source 

(methanol) were also studied. 

3.2 MATERIALS AND METHODS 

3.2.1. Experimental Procedures. (i) Bacterial Strains. Methy/osinus trichosporium 

OB3b, ATCC #35070, was purchased from the American Type Culture Collection 

(Rockville, MD). Methy/omonas a/bus BGB was obtained from R.S.Hanson at the 

University of Minnesota. 

(ii) Growth Media. Unless otherwise noted, the growth medium employed was 

nitrate-reduced NSM (Cornish et al.,1984). Components are as follows: NaN03, 

1.0 mM; ~S04' 1.0 mM; MgS04'7H20, 0.15 mM; CaCI2 '2H20, 47.6 uM; KH2P04, 

3.9 mM; N~HP04' 6.0 mM; ZnS04 '7H20, 2.0 mM; MnS04-7H20, 1.6 uM; H3B03, 

6.0 uM; NaMo04·2H20, 0.4 uM; CoCI2'6H20, 0.4 uM; KI, 1.0 uM; FeS04'5H20, 

40 uM. Media were sterilized by autoclaving for 20 to 60 minutes at 121°C. Iron 

and copper were added following sterilization from filter-sterilized stock solutions 

(10 mM CuS04; 40 mM FeS04). For nitrogen-limited cultures, target nitrogen 

levels were established via the addition of NaN03 (1.0 M NaN03 stock solution) to 

previously prepared, nitrogen-free media. 

(iii) Batch Cultures. Batch experiments were performed using either 165-ml serum 

vials or 1000-ml Erlenmeyer flasks. The serum vials were crimp sealed, with teflon

coated rubber septa (The West Co.). Methane was fed to the vials using sterile 

-I 
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20-ml syringes (Becton Dickerson Co.). The Erlenmeyer flasks were sealed with 

specially prepared rubber stoppers equipped with two bored entrance ports. 

These ports were fitted with glass tubes that were capped at one end and open 

at the other. One glass tube was sealed with a teflon septa to permit syringe 

access for sample collection. The other was sealed with a plug that could be 

removed for the exchange of gases. Methane was added by establishing a partial 

vacuum in the flask and backfilling with 99.0% purity methane (Union Carbide) to 

the desired methane concentration. In the preliminary batch experiments, methane 

was maintained between 15 and 20% of the heads pace volume. Liquid volumes 

were always less than 25% of the total flask volume. Agitation was provided using 

a rotary shaker table at 240 RPM (New Brunswick Co.). All experiments were 

performed at 30°C. 

The purpose of the pure culture experiments was to determine appropriate 

levels of copper and nitrate for the subsequent competition experiments. Cultures 

of either M. trichosporium OB3b or M. a/bus BG8 were pre-grown in the 1000-ml 

flasks in copper-free or nitrate-free media to an absorbance of between 0.02 and 

0.06 (cm-1
; ').. = 600 nm; Asoo) , 20-ml aliquots were then transferred to 165-ml 

serum vials, and copper or nitrate was added from stock solutions to target 

concentrations. Methane was added by syringe and growth was monitored 

spectrophotometrically. 

To ensure that reaction kinetics were biologically controlled during batch 
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and competition experiments, methane uptake rates were measured in both the 

batch and continuous-flow reactors at various levels of agitation. For the shaker 

table experiments, M. a/bus BG8 was grown in 1000-ml flasks at agitation rates 

ranging from 130 RPM to 340 RPM. At each speed, growth rate and headspace 

methane were measured periodically. From these data, methane uptake rates 

were estimated and compared with calculated rates based on the empirical mixing 

and methane diffusion data (Thibedeaux, 1979; Camp, 1968; see Appendix I). Both 

M. a/bus BG8 and M. trichosporium OB3b were used in the methane uptake 

experiments with the continuous-flow reactor. Agitation rates were ranged from 

200 to 600 RPM. 

(iv) Competition Experiments. These were performed utilizing a Biostat MD (B. 

Braun Biotech, Inc.). The Biostat is capable of simultaneous measurement and 

control of liquid-phase pH, dissolved oxygen, temperature, and mixing rate. Feed 

rates for liquid media and methane were maintained by separate flow controllers. 

Liquid volume was maintained at 2 liters. The steady level of dissolved oxygen 

was established via manipulation of air flow rate. Methane flow rates were, in 

general, held constant at each operating condition. Reactor dilution rates varied 

between 0.025 and 0.05 h(l. Methane concentration were measured periodically 

in the inlet and outlet gas streams and on the reactor contents. 

Experiments were initiated by growing 200-ml batch cultures of both M. 

trichosporium OB3b and M. a/bus BG8. During mid-log phase (Asoo = 0.2 to 0.5, 
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cm'1), from 50 to 150 ml of each culture was transferred to inoculate the Biostat. 

Inoculum size was varied to provide preestablished (initial) c~1I ratios. The Biostat 

was operated as a batch reactor until cell numbers increased to target levels, then 

switched to continuous-flow mode. 

For each experiment, initial conditions were selected to avoid biasing toward 

either organism. Independent variables were then altered individually over a 

preestablished range, and culture response was monitored in terms of relative cell 

numbers, etc. A minimum of 5 or 6 reactor volumes were exchanged between 

environmental alterations. Dependent variables were measured every 4 to 12 

hours. 

3.2.2. Analytical Procedures. (i) Culture Enumeration. Absorbance at 600 nm 

(Asoo' cm'1; Shimatzu UV-160a recording spectrophotometer) was used to monitor 

growth in the pure culture experiments. A600 was also used as an approximate 

measure of total cell density during the competition experiments. 

In mixed cultures, individual strains were counted using either fluorescent 

anti-body probes (FA; Tsien et aI., 1990) or acridine orange direct counts (AODC; 

Strugger, 1948). Fluorescein-labelled anti-body probes for M. trichosporium OB3b 

and M. a/bus BG8 were developed at the University of Minnesota and provided for 

use in this project by Dr. T.C. Tsien. The probes were tested for cross-reactivity 

and performed satisfactorily. 

The basic FA procedure was as follows. One-ml samples were collected and 
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diluted to an Asoo of 0.2. Two 10 to 15-ul volumes of the diluted sample were then 

spread over two 1-cm2 areas on a glass slide that had previously been washed 

with 70% alcohol. Transferred cells were heat fixed, and 10 ul of the respective 

anti-body solutions was placed on each smear. After applying cover slips, the 

slide containing the smears was transferred to a Tupperware box kept humid with 

moist tissues and incubated in the dark for 90 minutes at 30°C. The cover slips 

were then removed, and the slide was washed three times in phosphate buffer 

saline solution (pH 7.5). The slide was then air-dried in the dark at room 

temperature. A drop of mountant (0.01 M phosphate buffer, 0.15 M NaCl, 0.1 % 

w/v p-phenylenediamine (SIGMA), 90% v/v glycerol, pH 8.0) was placed on the 

treated smears, the cover slips were replaced, and cells were counted under oil 

immersion using fluorescence microscopy (1000x; Olympus BH-2 equipped with 

a Mercury-100 Lamp). Fifteen to twenty fields (0.01 mm2 in area) were counted 

per smear. The arithmetic average was used to calculate cell density. 

Acridine orange direct counts were also used to follow cell densities in the 

mixed cultures. It had been previously observed that M. trichosporium OB3b 

fluoresces bright green whereas M. a/bus BG8 fluoresces orange using standard 

AO techniques (unpublished observation, this lab). Given the dramatic difference 

in color and the fact that the two organisms are morphologically distinct, it was 

possible to accurately enumerate the two cell populations using AOOC alone. 

Throughout the competition experiments, parallel counts were used to correlate 
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values obtained via AOOC and FA methods. The two methods were always in 

agreement within 20%. 

The following relationships were used to relate cell count and absorbance 

data in pure cultures: 

M. trichosporium OB3b: Asoo = 13.5 X 107 cells/ml 

M. a/bus BG8: Asoo = 15.8 X 107 cells/ml 

(ii) Enzyme Assays. sMMO activity assays were derived from Oldenhuis et al. 

(1989). The assay is based on the conversion of cyclohexane to cyclohexanol in 

an assay buffer. 2 to 20-ml samples (depending on the culture density) were 

centrifuged at 6000 x g for 10 minutes (Beckman J2-21 Centrifuge). The resulting 

pellet was resuspended in 2 mls of sterile formate buffer (10 mM formic acid; 5 

mM mgS04; 5 mM ~HP04; pH adjusted to 7.0) to an absorbance of between 0.4 

and 0.6 cm·1
• One ml of the suspension was used to measure cell density, and 

the other was transferred to a 6.5-ml serum vial equipped with a teflon-lined 

septum cap. 1.3 ul of cyclohexane (Sigma Chemicals) was injected into each vial, 

and cyclohexanol formation was monitored over time by gas chromatography. 

The enzyme activity was defined as the rate of cyclohexanol formation per minute 

per culture Asoo. All assays were performed at 30°C with mild agitation. 

The acetylene-ethylene reduction assay was used to measure nitrogenase 

activity (Hardy et aI., 1970). Modification was necessary since acetylene is a 

strong inhibitor of methane mono-oxygenase (Higgins et aI., 1981). One-ml culture 
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samples were transferred directly to a 6.5-ml serum vial equipped with a teflon-

lined septum cap. The headspace of the serum vial was purged with pure 

nitrogen gas (>99.8%; Oxygen Co. Ltd.) for 1 minuL9 to remove both oxygen and 

methane from the vial. 0.5 mls of air was injected into the purged vial to provide 

a trace of oxygen. It had previously been observed that nitrogenase activity in M. 

trichosporium OB3b is short-lived if anaerobic conditions were employed 

(unpublished observation, this lab). The assay was initiated by adding 0.5 mls of 

acetylene gas (Liquid Air) to the assay vial. Nitrogenase activity was measured by 

following ethylene formation over time using gas chromatography. 

(iii) Copper Analysis. Copper was measured using a Perkin-Elmer 303 Atomic 

Absorption Spectrometer with a HGA-400 grapt,ite furnace and a single-element 

copper lamp. Copper standards were prepared from oven-dried Cu(NOa)2(s) 

dissolved in water with 0.1 % HN03• 

Total and dissolved copper were measured. Total copper was determined by 

direct injection of the samples. Dissolved copper was measured as the 

supernatant of the sample after centrifugation (8000 x g for 10 minutes). 

Particulate copper was the difference between total copper and dissolved copper 

measurements. 

(iv) Gas chromatography. All GC analyses (methane, methanol, enzyme activity 

assays etc.) were conducted using a Hewlett-Packard HP5890A gas 

chromatograph equipped with a flame ionization detector (FlO). A 30 m x 0.53 
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mm ID capillary column (GSa, J&W Scientific Ltd.) was used for the measurement 

of ethylene and gas-phase methane. Injection volume was 200 ul. Ethylene 

standards were purchased from Aldrich Chemical Co. Methane standards were 

prepared in serum vials using pure methane gas in air. 

For the analysis of liquid-phase methane concentration, 1-ml samples were 

transferred into 6.5 ml septum-capped serum vials using methods designed to 

minimize methane loss. The vial and sample were allowed to sit, without agitation, 

for 5 minutes until gas/liquid methane concentrations approached equilibrium. 

Previous testing had indicated that this was adequate time for equilibrium to be 

established. Headspace methane levels were then analyzed (in triplicate). The 

liquid-phase methane concentration was calculated using Henry's law and a mass 

balance. Low-level methane standards were purchased from Aldrich Chemical Co. 

Analyses for methanol, formaldehyde, formate and cyclohexanol were 

performed using a 30 m x 0.531D column (DB-Wax, J&W Scientific Ltd.). Aqueous 

samples (1.5 ul) were injected directly onto the column. Individual peaks were 

identified via comparison to authentic standards. Standards for methanol, 

formaldehyde, and formate were prepared in water. Cyclohexanol standards were 

made in 2% w/w methanol/water solutions. 

3.3. RESULTS AND DISCUSSION 

3.3.1. Pure Culture/Batch Culture Experiments. Mixing rate experiments were 
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conducted in the 8iostat MD and in flasks on the shaker table. The results of the 

experiments using M. a/bus 8G8 are summarized in Table 3.1. In the 8iostat 

experiments, growth rates of M. a/bus 8G8 were relatively independent of agitation 

rate at speeds between 240 and 400 RPM. At mixing rates below 240 RPM, 

growth was probably mass-transfer limited from gas to liquid (calculations in 

Appendix I showed that it was not transfer limited from liquid to cells); at 500 RPM 

and above, growth may have been inhibited by mechanical shear or by oxygen 

toxicity resulting from enhanced oxygen transfer. An agitation speed of 300 RPM 

was adopted for a" continuous-flow competition experiments. The shaker table 

experiments showed a similar growth/mixing rate relationship. The optimum mixing 

rate was found to be 240 RPM with this apparatus. Mass transfer calculations 

indicated that biological activity rather than physical transport controlled methane 

uptake under these conditions (See Appendix I). 

M. a/bus 8G8 W;IS incapable of growth in copper-free media; however, in 

the presence of copper, specific growth rate was independent of copper 

concentration in the range 1 < Cu(") < 5 uM. The maximum specific growth rate 

for M. a/bus 8G8 was 0.182 h(1 (minimum generation time, 3.8 hour). At low cell 

densities (A600 < 0.1 cm-1), M. a/bus 8G8 was relatively large and oval under 

phase contrast light microscopy. At higher densities, average cell size decreased, 

and the organisms were more spherical and more opaque. The change in 

morphology did not appear to effect specific growth rate as measured 
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Table 3.1 

Specific Growth Rate of Methy/omonas a/bus 8G8 at Different Mixing Rates 

I Mixing Rate (RPMs) I Shaker Table I Biostat 

130 0.0991 NT2 

200 0.144 0.138 

240 0.173 0.168 

300 0.182 0.182 

340 NG3 NT 

400 NT 0.164 

500 NT 0.038 

600 NT NG 

*Notes: 1. Specific growth rate in hours·1. 
2. NT - Not tested. 
3. NG - No growth. 

spectrophotometrically. 

M. trichosporium OB3b grew with and without copper ([Cu(lI)] ~ 5.0 uM). 

In copper free media, its maximum specific growth rate was 0.097 hr'1 (generation 

time equal to 7.1 hour). In copper-bearing media, the maximum specific growth 

rate was 30 percent higher (k = 0.126 hr'1; generation time, 5.5 hours). 

Nitrate-limitation experiments are summarized in Figures 3.1 and 3.2. Since 

M. a/bus BG8 cannot fix nitrogen, growth was impossible after nitrate exhaustion 

(See Figure 3.1). Cell yield was estimated at 24.3 mg CDWI mg N-nitrate (CDW, 

I 
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Figure 3.1: Batch Growth of Methvlomonas a/bus BGB as a Function of Initial 
Nitrate Concentration. (_) - 0.0 mM nitrate, (+) - 0.1 mM nitrate, (t) - 0.3 mM 
nitrate, (0) - 0.5 mM nitrate, and (X) - 1.0 mM nitrate. 
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Cell Dry Weight). Optimal growth rates by M. trichosporium OB3b were similarly 

affected by nitrate exhaustion, after which additional growth was dependent on N2 

fixation (See Figure 3.2). The cell yield prior nitrogen exhaustion was 26.7 mg 

CDWI mg N-nitrate for M.trichosporium OB3b. Methanotrophs are known to have 

significant external nitrogen requirements because their principle growth substrates 

do not contain nitrogen (Topp and Knowles, 1984). 

Nitrogenase activity was assessed in the M.trichosporium OB3b cultures, 

post-nitrate exhaustion, and found to be present in all cultures. Nitrogenase 

activity apparently restricted the post-nitrate-exhaustion specific growth rate (k < 

0.023 h(1; generation time > 30 hrs.). Chen and Yoch (1988) indicated that the 

nitrogenase in M.trichosporium OB3b is linked, through ferredoxin, to formate 

dehydrogenase (as a source of reducing power), and as a consequence, there is 

a significant bleed on energy available when nitrogenase is active. 

Figure 3.2 indicates that up to 100 hours were required for the recovery of 

exponential growth following nitrate exhaustion. This period was much shorter or 

even nonexistent when nitrate exhaustion occurred at cell densities greater than 

Asoo = 0.3 cm'1. Although confirmation is not possible, nitrogenase activity may 

have been impeded by elevated dissolved oxygen concentrations in the low

density cultures. 

As indicated in Figure 3.3, M. trichosporium OB3b nitrogenase is sensitive 

to dissolved oxygen concentrations above about 43 uM (20% saturation in air). 
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Figure 3.3: Nitrogenase Activity versus Ambient Dissolved Oxygen Level in 
Methvlosinus trichosporium OB3b. Cultures grown under continuous-flow 
conditions (Siostat) with oxygen control. Oxygen level refers to % saturation 
in air. All cells were grown under nitrate-limited conditions. Nitrogenase activity 
defined as the ethylene formation rate normalized to cell dry weight. 
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Above that concentration, nitrogenase activity decreased significantly, probably 

due to oxygen inhibition (Murrell and Dalton,1983). Under anoxic conditions, the 

absence of nitrogenase activity was probably due to cellular energy status. 

Cultures became noticeably flocculent when nitrogenase-bearing (nitrate-starved) 

cells were transferred to O2 concentrations near saturation with air. 

3.3.2. Competition Experiments. (i) Copper stress. Figures 3.4 and 3.5 illustrate 

the effect of copper stress on competition between M. trichosporium OB3b and 

M. a/bus BG8. Dissolved oxygen was maintained at about 65 uM (30% saturation 

in air) in the experiments described by Figure 3.4. The type I organism held its 

own in the two-culture experiment at soluble copper concentrations ranging from 

0.5-2.5 uM. At lower copper concentrations, however, M. trichosporium OB3b had 

a decided advantage, as indicated by a 10-fold shift in the ratio of cell numbers 

over about seventy hours. Expression of sMMO was not apparent until soluble 

copper concentrations dropped below detection limits « 0.05 uM). 

To obtain the result summarized in Figure 3.5, dissolved oxygen was 

maintained at a considerably higher level (173 uM or 80% of saturation with air) 

and reactor dilution rate was varied between 0.025 and 0.05 h(1. The reactor feed 

was copper-free throughout this experiment so that liquid-phase copper 

concentrations dropped precipitously from an initial level of 1.75 uM at the outset. 

Once again, sMMO expression was not apparent until soluble copper levels 

approached detection limits, after which M. trichosporium grew progressively more 
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Figure 3.4: Copper Limitation Competition Experiment -- Low Oxygen Levels. 
Reactor conditions were as follows: Dilution rate = 0.025 h(l, Dissolved oxygen 
= 30% saturation in air, Nitrate = 10.0 mM, and Methane = 5.0% v/v in gas 
feed. Reactor was switched to copper-free media at point A. (.) - M.a/bus 
BGB cell number, ("') - M.trichosporium OB3b cell number, (0) - Total copper, 
(I) - Dissolved copper, (I) - OB3b to BGB cell number ratio, and (+) - sMMO 
activity. sMMO activity defined as cyclohexanol formation rate normalized to 
culture absorbance (cm,l). 
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Figure 3.5: Copper Limitation Competition Experiment -- High Oxygen Levels. 
Reactor conditions were as follows: Dissolved oxygen = BO% saturation in air, 
Nitrate 10.0 mM, and Methane = 5.0% v/v in gas feed. (.) - M.a/bus BGB cell 
number, (.) - M.trichosporium OB3b cell number, (0) - Total copper, (X) -
Dissolved copper, (-) - Dilution rate, and (+) - sMMO activity. sMMO activity 
defined as cyclohexanol formation rate normalized to culture absorbance 
(cm-1

). Dilution rate was varied between 0.025 and 0.05 h(l, as indicated. 
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dominant in the two-organism culture. In this experiment, sMMO activity appeared 

in the culture prior to total depletion of soluble copper in the reactor. The 

comparatively early appearance of sMMO was possibly a result of the elevated 

oxygen levels used in this experiment. pMMO is known to be inhibited by elevated 

oxygen (Stanley et al.,1983), and as a result, the trend towards sMMO during 

copper depletion appeared to be accelerated. 

(ii) Nitrogen stress. The results of nitrate-limitation experiments are summarized 

in Figure 3.6. The influent nitrate concentration was maintained at 0.5 mM 

throughout to provide an initial source of nitrogen for growth of M. a/bus BG8 and 

to ensure that nitrogen stress would eventually be encountered. The dissolved 

oxygen concentration was shifted between levels representing 80% and 10% of 

saturation with air (175 and 22 uM oxygen, respectively). 

Nitrogen limitation was established about one day into the experiment, after 

which numbers of M. a/bus BG8 were stationary or declined slightly. The 

population of M. trichosporium OB3b was steady or slightly increasing, but 

nitrogenase expression was not apparent until the dissolved oxygen concentration 

was lowered to 10% of saturation with air. Beyond that point nitrogenase activity 

was immediately apparent -- the numbers of M. trichosporium OB3b increased 

rapidly, and M. a/bus BG8 fell below measurable numbers over the next 50 hours. 

The rate at which nitrogenase activity appeared implies that nitrogenase must have 

already been present in the cells prior to the change in oxygen status (ie. nitrate 
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Figure 3.6: Nitrate Limitation Competition Experiment. Reactor conditions were 
as follows: Dilution rate = 0.025 h(1, Initial dissolved oxygen = 80% saturation 
in air, Nitrate = 0.5 mM, Copper = 2 uM, and Methane = 5.0% v/v in gas feed. 
Reactor was switched to continuous·flow mode at point A. At point B, 

dissolved oxygen was reduced to 10% saturation in air. At point C, dissolved 
oxygen returned to 80% saturation in air. (_) - M.B/bus BG8 cell number, (A) -
M.tric.'10sporium OB3b cell number, and (0) - Nitrogenase activity. Nitrogenase 
activity defined as ethylene formation rate normalized to estimated M. 
trichosporium OB3b cell dry weight. 
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limitation appears to induce nitrogenase in M. trichosporium 083b). Nitrogenase 

activity was rapidly lost when the dissolved oxygen concentration was returned to 

BO% of saturation with air, and thereafter numbers of M. trichosporium OB3b 

dropped towards their previous levels. 

It is apparent that the increase in cell numbers associated with nitrogen 

fixation (at low nitrate and dissolved oxygen concentrations) enabled M. 

trichosporium to out compete M. a/bus, presumably by making additional 

demands on an already-limited supply of nitrate in the reactor feed. Although M. 

a/bus BGB again reached countable numbers near the end of the experiment, their 

apparent resurgence was short-lived. 

The dilution rate in this experiment was 0.025 h(1. This rate is slightly higher 

than the predicted M. trichosporium OB3b specific growth rate when nitrogenase 

is active «0.023 h(1). M. trichosporium OB3b probably survived and thrived 

because of residual nitrate in the reactor influent that was made available when 

M.a/bus BGB was washed out of the reactor. M. a/bus's precipitous decline 

indicates the dire consequences of nitrogen depletion on a type I organism. 

(iv) Methane stress. The results of methane-limitation experiments are presented 

in Figures 3.7 and 3.B. Figure 3.7 shows the effects of manipulating the gas feed 

rate between 9.0 and 4.4 ml/min methane to two-organism population grown under 

BO% oxygen saturation in air. The ratio of M. trichosporium to M. a/bus numbers 

declined following the establishment of methane limitation, reaching near-steady 
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Figure 3.7: Methane Limitation -- Vary Methane Feed Rate. Reactor conditions 
were as follows: Dilution rate = 0.05 h(1, Dissolved oxygen = 80% saturation 
in air, Nitrate = 1.0 mM, Copper = 2 uM, and Initial Methane Feed Rate = 
3.5% vlv. Methane feed rate reduced to 1.7% v/v at point A. (_) - M.B/bus 
8G8 cell number, (.) - M.trichosporium 083b cell number, and (X) - Dissolved 
methane. 
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Figure 3.8: Methane Umitation -- Vary Dissolved Oxygen Level and Methane 
Feed Rate. Reactor conditions were as follows: Dilution rate = 0.05 h(1, Initial 
dissolved oxygen = 10% saturation in air, Nitrate = 1.0 mM, Copper = 2 uM, 
and Initial methane Feed Rate = 3.4% v/v. Methane feed rate reduced to 1.7% 
vlv at point A. Dissolved oxygen level increased to 80% saturation in air at 
point S. (a) - M.a/bus SG8 cell number, (.) - M.trichosporium OS3b cell 
number, and (X) - Dissolved methane. 
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conditions after about two days. The transient Increase in liquid-phase methane 

concentration at about 75 hours was due to a temporary blockage in the gas exit 

line and did not significantly alter the results of the competition experiments. After 

methane flux was further restricted at 108 hours, the ratio of M.trichosporium OB3b 

and M.a/bus BG8 dropped again by almost an order of magnitude, although 

differences in liquid-phase methane concentration were barely discernible (2.5 uM 

versus 1.4 uM). The effects of subtle differences in soluble methane concentration 

is dramatic, although there is no clear explanation as to why. The Michaelis 

constants for methane oxidation by both M. a/bus and M. trichosporium have been 

estimated at 24 uM (LeBlanc et al.,1992). It is possible that the competitive 

success of M. a/bus at low soluble methane levels results from non-Michaelis

Menten factors, such as cell maintenance energy requirements. This is possible 

because type I strains have higher cell yields than type II strains. 

In a subsequent experiment (Figure 3.8), dissolved oxygen concentration was 

varied between 10 and 80% of saturation with air. Results suggest that when 

growth is methane limited, dissolved oxygen (in the range tested) plays no role in 

the outcome of competition experiments. M. a/bus BG8 has an advantage when 

competition is based on a limited supply of methane. This advantage is most 

obvious when there is a reduction in the available methane and the methane stress 

is severe (See Figures 3.7 and 3.8). 

(v) Methanol accumulation. Under conditions that lead to unbalanced metabolism, 
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the intermediates of methane oxidation (methanol, formaldehyde, formate) can 

accumulate to very high levels in methanotrophic cultures (Mehta et aI., 1991 ; 

Mountfort et aI., 1991). In preliminary experiments, methanol accumulated to 

millimolar levels under low O2 conditions (1-8% of saturation with air) in pure 

cultures of both M.a/bus and M. trichosporium OB3b (Chaudhary, 1991). Under 

the conditions of these experiments, growth was not limited by methane 

concentration, copper level (2.5 uM total copper), or nitrate (10 mM, initial 

concentration). Formaldehyde and formate were below the limits of detection. 

To explore the effects of metabolic intermediates on the growth of the two 

strains, M. trichosporium OB3b and M. a/bus BG8 were grown to mid-exponential 

phase (Asoo = 0.3, cm·1
) in pure batch cultures. Cells were removed via 

centrifugation, and the residual cell-free media was cross-inoculated (M. 

trichosporium into the M. a/bus medium and the reciprocal cross). If inhibitory 

metabolic intermediates accumulated in solution, there should be growth inhibition 

after crossing. It was found, however, the crossed media had no effect on 

subsequent growth of both organisms (results not shown). 

Methanol effects were tested directly by supplementing the feed stream with 

methanol in competition experiments (Figure 3.9). The feed concentration of 

methanol was increased in increments from 0 to 0.75 mM. Influent methane was 

established at a level that should lead to methane limitation and was eliminated 

halfway through the experiment. Copper and nitrate were provided in excess. 
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Figure 3.9: Methane Umitation -- Methanol Supplementation Experiment. 
Reactor conditions were as follows: Dilution rate = 0.05 hr"1, Dissolved oxygen 
= 80% saturation in air, Nitrate = 1.0 mM, Copper = 2 uM, Methane feed rate 
= 3.4% v/v, and Initial methanol feed Concentration = 0.0 mM. At point A, 0.2 
mM methanol feed was commenced. Methanol feed concentration was 
increased to 0.75 mM at point B. Methane feed was shut off at point C. At 
point 0, 3.0 mM NaN3 was added to the reactor and the reactor feed. (_)
M.a/bus BGB cell number, (,,) - M.trichosporium OB3b cell number, (0) - Total 
cell number, (X) - Dissolved methane, (%) Dissolved methanol, (I) Methane flux, 
and (+) Methanol flux. 
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The initiation of methanol addition to the reactor was accompanied by a 4-fold 

increase in the numbers of M. a/bus BGB. Numbers of M. trichosporium OB3b 

decreased by 50% during the same period. Figure 3.9 indicates that methanol 

consumption was evident following a transient increase in the liquid-phase 

methanol concentration to a maximum value of about 1 0·5M. When methane was 

eliminated, it became apparent that methanol could not support the continued 

growth of either population at the level provided. This isn't surprising since the 

rate of methanol addition was a small fraction (1 :50 to 1 :170; molar ratio) of the 

original methane flux to the reactor. At the conclusion of the experiment, the 

reactor was poisoned with 3.0 mM NaN3 to verify that microbial activity, as 

opposed to physical processes, provided the primary sink for methanol in the 

reactor. 

The competitive success of M.a/bus BGB under methanol amendment is 

somewhat surprising although there is a possible explanation. Whittenbury et al 

(1970a) has shown that both M. a/bus BGB and M.trichosporium OB3b can grow 

in the presence of the methanol levels utilized here. They also indicated that 

M.trichosporium OB3b would preferentially use methanol for growth provided the 

option of methane and methanol, and that M. a/bus uses both methane and 

methanol equally when the substrates are provided together. It is possible, 

therefore, that the poor competitive success of M. trichosporium was due to a 

deregulating effect of methanol on methane utilization. M. a/bus thrived because; 

-I 
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(1) M.trichosporium OB3b methane utilization was inhibited, and (2) there was 

insufficient methanol present to maintain a large population of M. trichosporium. 

3.4 SUMMARY AND APPLICATIONS 

3.4.1. Summary. The results of two-organism competition studies generally 

followed predictions based on physiological principles. A number of general 

points can be made in summary. 

1. Because copper is requisite to pMMO activity, it was required for growth 

by M. a/bus BGB but not by M. trichosporium OB3b. Copper limitation favored 

selection of the type II organism in competition experiments. 

2. It was possible to establish copper-limited conditions without exhausting 

the soluble copper concentration and without inducing sMMO in M. trichosporium 

OB3b. Copper limitation favored M. trichosporium under all conditions tested; the 

advantage of the type II organism was overwhelming under conditions that 

resulted in sMMO expression. 

3. In the high-oxygen-tension experiment sMMO activity appeared at 

measurable soluble copper levels (0.25 uM). At a dissolved oxygen concentration 

representing 30% of saturation with air, sMMO expression could not be detected 

until the soluble copper concentration fell below the limits of detection « 0.05 uM). 

Results suggest that oxygen tension is among the determinants of sMMO 

expression. 

I 
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4. M. a/bus BGB was unable to grow following nitrate exhaustion in pure 

cultures. M. trichosporium OB3b was capable of fixing nitrogen and continued to 

grow, albeit at a much lower rate, following nitrate exhaustion. 

5. Nitrogenase activity was acutely dependent on dissolved oxygen 

concentration, peaking at concentrations that were about 20% of saturation with 

air. Consequently, the relative competitive advantage experienced by M. 

trichosporium OB3b under nitrate-limitation was also dependent on the dissolved 

oxygen concentration. 

6. M. a/bus BGB enjoyed a competitive advantage over the type II organism 

when growth was carbon limited, perhaps taking advantage of its superior cell 

yield and specific methane utilization rate. The competitive success of M.a/bus 

BGB appeared to be accelerated when low levels of methanol were provided 

simultaneous to methane. 

7. The key variable for the selection of type II strains appears to be soluble 

nitrogen concentration. Type I methanotrophs appear to be particularly sensitive 

to nitrogen starvation; as a result, type II strains, due to their ability to fix nitrogen, 

possess a significant advantage over type I strains where nitrogen levels are low. 

3.4.2. Practical Implications. The relationship between M.trichosporium OB3b 

and M.a/bus BGB appears to be purely competitive; although secondary factors 

such as oxygen and methanol levels effect the rate at which competitive success 

occurs. Pure competition is apparent by the fact that one organism ultimately 
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dominated the culture in all experiments. It would be possible, however, if different 

absolute copper, nitrogen, and methane concentrations were used, that different 

results may have occurred. As an example, copper concentration has recently 

been shown to influence the behavior of pMMO in different organisms (even when 

it is not the limiting nutrient). If the type II pMMO were enhanced by high copper 

levels, the type II strain may have been more competitive under methane limitation 

(M.E.Lidstrom, personnel communication). Varying copper level under methane 

limitation was not tested and future work is probably justified. 

In general, results suggest that reactor conditions can be manipulated to select 

for type II methanotrophs. The ability to manufacture nitrogenase under nitrogen 

stress is very significant because of the dramatic effect of nitrogen limitation on 

type I strains. Soluble nitrogen limitation is a potentially useful tool for ensuring 

type II strains in various treatment scenarios such as in above ground reactors or 

for batching tanks in a two-stage treatment system. Switching from pMMO to 

sMMO under copper stress also provides a competitive advantage to type II 

strains, however, the concentrations at which copper becomes the limiting nutrient 

are exceptionally low. Copper speciation also plays an important role in the effects 

of copper (See Chapter 5), and as a result, selective control using copper, 

especially at low concentrations, may be difficult. 

Selection of type II strains under field conditions may be less straightforward, 

as witnessed by the difficulties in finding settings in which type II methanotrophs 
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are dominant (Hanson et al.,1991). The lack of culturable type" organisms 

enriched from natural samples is hard to explain. Results here indicate that type 

" organisms do have some distinct competitive advantages over type I strains. It 

is possible that these conditions, copper and nitrogen limitation, are not common 

in natural settings, although this does not seem likely. It is also possible that the 

secondary effects of metabolites such as methanol may playa more important role 

in selection than was previously anticipated. Another simpler explanation is that 

previous enrichment techniques were biased away from type" strains. Historically, 

comparatively high copper and nitrogen media has been used in methanotroph 

enrichment (Higgins et aI., 1981); as a result, enrichment may have been biased 

towards type I strains. Experiments are currently been performed to determine 

whether type 1/ strains like M.trichosporium OB3b can be enriched from a variety 

of soil samples, using low nitrogen enrichment techniques. Preliminary work has 

shown that enrichments from a soil treatment column using copper-free, moderate 

nitrate media resulted in predominant selection of M. trichosporium OB3b from a 

mixed methanotrophic population (See Chapter 6). 



CHAPTER 4 

Cu(lI) REGULATION OF sMMO ACTIVITY 

IN Methylosinus trichosporium OB3b 

4.1 INTRODUCTION 

99 

One of the major problems associated with the use of methanotrophs in 

bioremediation is the repression of soluble methane mono-oxygenase (sMMO) by 

copper (Stanley et al.,1983; Tsien et al.,1989). sMMO cometabolically transforms 

a wide range of environmental pollutants (Little et al.,1988; Oldenhuis et al.,1989); 

however, sMMO is only expressed in type II methanotrophic strains under severe 

copper limitation (less than 0.25 uM Cu(II); Tsien et al.,1989). Maximizing the 

potential of methanotroph-catalyzed degradation may only be possible if the strict 

copper restrictions on sMMO activity/expression can be overcome. 

There are two potential ways of circumventing the problem of copper 

repression of sMMO. The first is to interfere with copper availability. This topic is 

examined in Chapter 5. The other option is to modify the intracellular effect of 

copper by mutating or altering the cell's mechanism for repressing sMMO. To 

consider the second option, it is necessary to develop a better understanding of 

how copper actually represses sMMO activity. 

Hanson et al (1991) indicated that high levels of pMMO and sMMO are not 
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simultaneously manufactured. It is also suspected that expression/repression of 

sMMO and pMMO are coupled, although the details of the regulation system are 

not well understood. For the purpose of this analysis, two possible sMMO 

repression mechanisms are considered -- (1) copper represses sMMO by blocking 

gene transcription/translation and/or positively regulates the expression of pMMO, 

and (2) copper directly binds to sMMO thus inhibiting its activity and causing the 

cell to produce pMMO. Based on cell-free experiments, Prior and Dalton (1985) 

suggested that copper is directly inhibitory to sMMO activity; however, their 

experiments used very high copper levels which may not have accurately 

represented intracellular conditions. 

If copper was found to be non-inhibitory to sMMO activity at concentrations 

found in the environment (ie. copper is a transcriptional inhibitor), it would be 

potentially useful to develop constitutive sMMO-bearing mutants. Copper

insensitive mutants could overcome one of the major limitations of utilizing sMMO

bearing strains in bioremediation. 

The experiments described here utilized the type II obligate methanotroph 

Methylosinus trichosporium OB3b. It expresses either sMMO or pMMO, as 

regulated by copper level. The species exhibited the highest co-metabolic reaction 

rates of all methanotrophs assessed to date when it expresses sMMO (Tsien et aI., 

1990; Fox et aI., 1991; see Chapter 2). Both whole-cell and cell-free experiments 

are described. In general, cultures were pre-grown in copper-free media to 

__ I 
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express sMMO, and then subsequently exposed to changes in copper level under 

a variety of growth environments. sMMO and total MMO enzyme assays were 

performed to monitor culture responses to the conditions provided. 

4.2 MATERIALS AND METHODS 

4.2.1 Experimental Materials. (i) Bacterial Strains. All experiments were 

undertaken utilizing pure cultures of Methylosinus trichosporium OB3b. 

M.trichosporium OB3b, ATCC #35070, was obtained from the American Type 

Culture Collection (Rockville, Maryland). 

(ii) Growth Conditions. With the exception of the toxicity experiments, all 

experiments were performed in 500 and 1000-ml Erlenmeyer flasks equipped with 

specially prepared rubber stoppers. The stoppers had two bored entrance ports; 

one containing a teflon septum for sample collection, and the other for filling the 

flask with methane. Methane was added by; (1) venting the flask headspace with 

air under a laminar flow hood, and (2) pulling a partial vacuum on the flask and 

backfilling with 99.0% purity methane (Matheson Gas Products Ltd) to the desired 

methane concentration. 

The growth medium employed was modified Higgins Media (NSM) in which the 

nitrate concentration was reduced from 10.0 mM to 1.0 mM nitrate (See Chapter 

3). All glassware was acid washed in 10% v/v H2S04, The medium was made 

from deionized/filtered water to minimize copper contamination. Copper was 
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added, as required, from a sterile-filtered 10 mM CuS04 stock. Complexing 

agents were added from 10.0 mM sterile-filtered aqueous stocks. 

Chloramphenicol was added as a powder directly to the reaction flasks. 

Methane was usually maintained at approximately 15% of the headspace 

volume of the culture flasks. In a few cases, the methane and oxygen levels were 

not replenished during the experiment. Liquid levels were always less than 30% 

of the total flask volume. 

iii) Chemicals. Complexing agents included ethylenediaminetetractic acid (EDTA), 

neocuprione, glycylgylcylhistidine (gly-gly-his) and humic acid (Sigma Chemicals 

Ltd). Chloramphenicol (Sigma Chemicals Ltd) was used as a translational 

inhibitor. Applicable concentrations were determined from toxicity experiments 

performed prior to the MMO regulation experiments. 

4.2.2. Experimental Protocols. (i) General Procedures. Cultures were inoculated 

from copper-free 1 % w/v Noble Agar/NSM media plates into copper-free liquid 

growth media. The cultures were initially grown in 1000-ml flasks on a rotary 

shaker table (at 240 RPM) to an A600 of between 0.08 and 0.12 (absorbance at 600 

nm wavelength,cm"1). Equal culture volumes (between 75 and 100 mls) were 

sterilely transferred into 500-ml flasks. Each flask had been previously injected 

with chemicals to establish target concentrations of copper, complexing agents, 

and/or chloramphenicol. After transfer, the flasks were returned to the shaker 

table -- sMMO activity, total MMO activity, cell growth, and copper levels were 
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monitored over time in each of the flasks. 

ii) Toxicity Experiments. Preliminary experiments were performed to assess the 

toxicities of the various chemicals and to determine appropriate concentrations of 

chemicals to be used in the copper/MMO regulation experiments. Selected 

concentrations were the highest values that did not inhibit growth under the test 

conditions. 

Cultures were pre-grown in 500-ml Erlenmeyer flasks. Before splitting the initial 

culture, MMO enzyr ne assays were performed to establish the type of MMO 

present. 15 ml samples were then transferred to a set of 165-ml sterile, 

teflon-septum serum vials -- each vial containing the required quantity of chemical 

to provide the target concentration. Test concentrations of the different chemical 

supplements are provided in Table 4.1. The vials were fed 20 ml of methane by 

syringe and growth was monitored for approximately 24 hours. 

(iii) Copper/MMO Regulation Experiments. The copper/MMO regulation 

experiments assessed the rate and timing of the switch from sMMO to pMMO in 

response to specific chemical additions. Copper complexing agents and 

chloramphenicol were used to assess effects of copper speciation and protein 

manufacture on the MMO switching phenomenon. The general working protocol 

was used (see (i) above). Four types of experimental conditions were evaluated: 

(1) no copper or chemical amendments, (2) copper amendments only, (3) copper 

amendments with complexing agents and/or chloramphenicol, and (4) complexing 

I 
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Table 4.1 

Concentrations Used in the Complexlng Agent and 

Chloramphenicol Screening Experiments 

Chemical tested Screened Concentrations (uM) 

EDTA 25, 50, 100, 250, 500, 1000 

Neocuprione 1,5,10,25,50 

Gly-gly-his 50, 100,200, 300,500 

Humic acid 1, 3, 5, 8, 12, 15, 20 (mg DOC/l) 

Chloramphenicol 100, 200, 300, 500 
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agents and/or chloramphenicol only'. Growth rate, sMMO activity, and total MMO 

activity were monitored to evaluate culture responses. 

(iv) Cell-Free Experiments. Cell-free experiments were performed to compare the 

effects of copper on sMMO activity in cell extracts versus whole cells. The 

extraction procedure was similar to that described by Fox et al (1989). 

M.trichosporium OB3b was grown in 2-liter cultures to an A600 of 0.7 - 0.8 (300 -

350 mg/I cell dry weight,CDW) in a Biostat MD fermenter (W.Braun Ltd.). The cells 

were harvested by centrifuging the culture at 5000 x g for 15 minutes and 

resuspended in 30 mls of 25 mM MOPS Buffer amended with 200 uM ferrous 

ammonium sulphate and 2 mM cysteine. The cell concentrate was then passed 

two times (10 minutes each) through a French pressure cell (Carver) at 19,000 psi. 
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The extract from the pressure cell was centrifuged for 12 minutes at 5000 x g 

to remove remaining whole cells. This centrate was defined as the crude cell 

extract. The crude cell extract was centrifuged again for 90 minutes at 38,000 x 

g to remove the membrane fraction and produce the final soluble cell extract. All 

centrification steps were performed at 4°C and extracts were kept on ice 

throughout. 

sMMO assays were performed on the original culture, the cell concentrate, the 

crude cell extract, and the final soluble extract to verify that sMMO activity was 

preserved through the extraction process. The cell-free sMMO activity assays 

were identical to the whole-cell assays except that 4 mM NADH was provided as 

the source of reducing power for sMMO in the cell-free assays. 

The cell-free copper inhibition experiment was performed by dividing the cell 

extract into three parts -- Cu(lI) was added to two parts and no amendment was 

made to the other. After copper addition, sMMO activity was monitored over time 

and compared with sMMO activity observed in the unamended extract. 

4.2.3. Analytical Procedures. (i) Culture Density. Culture density was measured 

spectrophotometrically as described in Chapter 3. Relationships were developed 

with cell dry weight (CDW). For M.trichosporium OB3b, in exponential growth, Aeoo 

= 430 mg CDW/L. 

(ii) Enzyme Assays. Total MMO and sMMO activity assays were performed using 

methods similar to Oldenhuis et al (1989). Total MMO activity was determined by 
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measuring the conversion of propylene to propylene oxide over time. sMMO 

activity was assessed by observing the conversion of cyclohexane to cyclohexanol 

over time. The procedures for the sMMO assay are described in Chapter 3. The 

total MMO assay procedures were identical to sMMO, except 0.5 ml of propylene 

was used to initiate the assay, and the appearance of propylene oxide was 

monitored over time. 

The cell-free sMMO assays followed the same procedure as the whole-cell 

sMMO assays except the enzyme activities were normalized to total protein rather 

than COW. Protein analysis was performed using Sigma Diagnostics Protein 

Assay Kit #P 5656. The kit utilizes Peterson's modification to the micro Lowry 

method. 

(iii) Copper Partitioning and Analysis. All copper analysis was undertaken using 

atom absorption spectroscopy (Perkin-Elmer 303 Atomic Absorption 

Spectrometer). Three types of copper analysis were performed; (1) total copper, 

which included cellular and non-cellular copper, (2) dissolved copper, or copper 

that remained in solution after the sample was centrifuged at 8000 x g for 10 

minutes, and (3) extractable copper, or copper that was extracted from the 

centrifuged particulate copper fraction by a 0.4 mM EDTA washing step (ie. 

particulate but non-internalized copper). A copper mass balance was performed 

on each sample. The unextractable copper was equal to the total copper minus 

the dissolved and extractable copper fractions. 
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(iv) Gas Chromatography. The appearance of formation products in the enzyme 

assays was monitored by gas chromatography. Analysis was with a 

Hewlett-Packard HP5890A Gas Chromatograph equipped with a Flame Ionization 

Detector (FlO). The gas chromatograph was equipped with two capillary columns, 

one for low molecular weight/high volatility samples, and the other for less volatile, 

larger molecules. A GS-Q Capillary Column (J&W Scientific Ltd) was used for 

reaction vial heads pace samples (200 ul) for the analysis of propylene oxide. For 

cyclohexanol analysis, aqueous samples (1.5 ul) were directly injected onto a 

OW-Wax Column (J&W Scientific Ltd). Standards were prepared as previously 

indicated (See Chapter 3). 

4.3 RESULTS 

4.3.1. Toxicity Experiments. (i) Copper. The results of the copper toxicity 

experiments are presented in Figure 4.1. Two effects were observed when 

M.trichosporium OB3b (grown in copper-free media) was exposed to sudden 

increases in copper level. At copper additions of less than about 3.0 uM Cu(II), 

no reduction in growth rate was observed; however, at levels higher than 3.0 uM 

Cu(II), a temporary lag resulted. The length of the lag period was directly related 

to copper concentration. When 9.5 uM Cu(lI) was added, the lag was very 

extended, requiring at least four days to resume normal growth. Previous results 
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Figure 4.1: Effects of Various Copper Amendments on Growth Rate. Reactor 
conditions: Batch reactors, sMMO activity present at time of copper addition. 
(_) - 0.4 uM Cu(II), (+) - 1.8 uM Cu(II), (%) - 3.0 uM Cu(II), (0) - 4.5 uM Cu(II), 
(x) - 5.4 uM Cu(II), and (.) - 9.5 uM Cu(II). 
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have shown that M.trichosporium 083b can tolerate up to 20 uM Cu(/I) if the cells 

are given adequate time for acclimatization to copper (unpublished data). For the 

purpose of the experiments performed here, Cu(/I) levels were kept at 5 uM or less 

because of the potential inhibitory effects observed at higher copper levels. 

(ii) Chelator and Chloramphenicol. Neocuprione was the most toxic of the 

chelators tested. It was acutely inhibitory at a concentration of 1 uM and was not 

studied further because of its extreme toxicity. EDTA inhibited growth at 100 uM 

and was acutely toxic at 250 uM. Humic acid and gly-gly-his were not inhibitory 

at the highest concentrations assessed, 20 mg DOC/l and 500 uM, respectively. 

The purpose of chloramphenicol in the experiments was to halt translation by 

interfering with ribosomal activity. The required chloramphenicol concentration 

was, therefore, the concentration which would halt cell growth without killing the 

cells. 300 uM chloramphenicol produced the desired effect with M.trichosporium 

083b. At this concentration, growth ceased, however, oxygen utilization rate was 

not affected. 

4.3.2. Copper/MMO Regulation Experiments. A series of experiments was 

performed assessing the rate which sMMO activity was lost after the addition of 

copper to cultures grown in copper-free media. The results of these experiments 

are summarized in Figures 4.2 through 4.8. 

The figures relate sMMO and/or total MMO activity in the culture, defined as the 

amount of product formed (either cyclohexanol or propylene oxide) per unit time 
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per cell dry weight. The activities were normalized to dry weight because some 

of the amendments resulted in retardation of growth rate. 

It should also be noted for the interpretation of total MMO activity results, that 

the specific activity of sMMO for propylene is approximately 40% less than pMMO 

(Dalton et al.,1984; Burrows et aI., 1984). Preliminary experiments performed here 

confirmed this relationship -- the total MMO activity, as measured by the 

propylene/propylene oxide assay, was found to be about 40% less when sMMO 

was dominant versus when was pMMO dominant. 

(i) Effects of Culll) Addition on MMO Activity. Figure 4.2 presents the effects of a 

1 uM Cu(lI} amendment on sMMO, total MMO activity, and growth rate. At low cell 

densities (prior to copper amendment), no sMMO activity was observed; however, 

as the culture became more dense, sMMO activity slowly appeared. Concurrent 

to the gradual increase in sMMO activity, total MMO activity went down. This 

reduction in total MMO activity corresponds to the switch from pMMO dominance 

to sMMO dominance in the culture. When copper was added, sMMO activity 

temporarily levelled (for approximately 1 hour), and then slowly declined -

completely disappearing within 12 hours. Total MMO activity gradually increased 

after copper addition, back to its level prior to the appearance of sMMO activity. 

The addition of 1 uM Cu(lI} had no effect on growth rate. 

This experiment was repeated four times using two different gas feed protocols 

to the reactors: (1) the continual replenishment of both air and methane to the 
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Figure 4.2: sMMO and Total MMO Activity With 1.0 uM Culll) Addition. 
Reactor conditions: Batch reactors. (6.) - sMMO activity, (x) - Total MMO 
activity, and (_) -Culture growth. sMMO and total MMO activities are 
normalized per cell dry weight. Activities are provided as the ratio of the 
measured activity over the initial activity measured at the time of copper 
addition. 
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reactors every 8 to 12 hours, and (2) no gas replenishment through the 

experiment (ie. no air or methane supplements after inoculation). The same sMMO 

appearance and disappearance pattern was noted in each case; however, the time 

required to lose sMMO activity (after copper addition) varied from 9 hours to 25 

hours. sMMO activity was retained longer when the headspace of the reaction 

flasks were frequently replenished with methane and air (Table 4.2). It is 

suspected that elevated oxygen level resulting from semi-continuous replenishment 

of tleadspace gases, was responsible for extended sMMO retention. 

TABLE 4.2 

Retention Time of sMMO Activity Using Different Protocols1 

Experiment Protocol sMMO Retention Time 
Number 

1 Batch fed methane/air, 9 hrs 
no replenishment2 

2 Same as 1. 12 hrs 

3 Semi-continuous 25 hrs 
replenishment of 
methane/air3 

4 Same as 3. 22 hrs 

*Notes: 1. Copper amendment was 1 uM Cu(lI) in all cases. 
2. Methane and air were provided at the time of inoculation 
and not replenished during the experiment. 
3. Methane and air were provided at the time of inoculation 
and replenished to initial levels every 8 to 12 hours. 
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(ii) Copper Concentration Effects. Figure 4.3 shows sMMO and total MMO activity 

changes associated with 1 and 4 uM Cu(II) additions. In each case, there was a 

gradual reduction in sMMO activity when copper was added, and activity was 

gone within 15 hours. For the 4 uM Cu(II) addition, however, the copper addition 

resulted in a parallel drop in total MMO activity and a temporary lag 1n growth. 

After about 12 hours, total MMO activity began increasing, and the culture 

resumed growth at a reduced growth rate. After 24 hours, total activity was fully 

regained, and growth rate returned to its original level prior to copper addition. 

The influence of varying the concentration of the copper amendment on 

retention of sMMO activity is summarized in Figure 4.4. The retention of sMMO 

activity is presented for 0.0, 0.5, 3.0, 4.5, 7.5, and 14.0 uM Cu(II) additions (growth 

data are not provided). Copper concentration did not appear to influence the 

retention of sMMO activity at 4.5 uM Cu(II) or less. However, at higher copper 

additions, sMMO activity was severely inhibited, being retained for less than 5 

hours. 

(iii) Effects of Cell Density on sMMO Retention Time. Figure 4.5 describes an 

experiment where 1 uM Cu(II) was supplied to a culture at different cell densities. 

At absorbances of 0.160, 0.320 and 0.525 (68.8, 137, and 226 mg CDW/L, 

respectively), 75-ml samples were removed from a copper-free culture and 

supplemented with copper. sMMO activity was monitored over time. Within range 

tested, cell density did not appear to influence the retention of sMMO activity after 

-I 
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Figure 4.3: sMMO and Total MMO Activity. 1.0 uM and 4.0 uM Cum) Additions. 
Reactor conditions: Batch reactors. (.) - sMMO activity, 1 uM Cu(II) addition, 
(X) -Total MMO activity, 1 uM Cu(lI) addition, (M) - sMMO activity, 4 uM Cu(II) 
addition, (0) - Total MMO activity, 4 uM Cu(II) addition, (X) - Culture growth, 1 
uM Cu(II) addition, and (~) - Culture growth, 4 uM Cu(II) addition. sMMO and 
total MMO activities are normalized per cell dry weight. Activities are provided 
as the ratio of the measured activity over the initial activity measured at the time 
of copper addition. 
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copper addition. sMMO activity was retained for greater than 15 hours in all 

cases. The copper-to-cell ratios at the time of copper addition were 0.93, 0.46, 

and 0.28 ug Cu(II)/mg CDW in the experiment. 

(iv) Effects of Copper Speciation. Figure 4.6 shows the retention of sMMO activity 

when the copper was expected to present in various complexed forms. In each 

case, the copper/complexing agents had been pre-mixed in order to ensure that 

the copper complex was formed prior to contact with the cells. With the exception 

of humic acid, equilibrium speciation predictions were obtained using MINEQL 

(Westhall et aI., 1976) on all copper/ligand combinations. The calculations indicated 

that the copper would be fully complexed using the concentrations indicated in 

Figure 4.6. Figure 4.6 indicates that the complexing agents have no effect on the 

retention of sMMO activity after copper addition. sMMO activity was retained for 

9 to 12 hours regardless of the form in which Cu(lI) was provided. 

(iv) Effects of Chloramphenicol on the Retention of sMMO Activitv. Four cases 

were assessed; (1) no amendments, (2) 1 uM Cu(lI) only, (3) 1 uM Cu(lI) plus 300 

uM chloramphenicol, and (4) 300 uM chloramphenicol only. Figure 4.7 shows the 

comparative effects of cases (2), (3), and (4). Case (1) behaved as previously 

observed (See Figure 4.2). The retention of sMMO activity was almost identical in 

the two chloramphenicol-amended cultures. When chloramphenicol was provided, 

total MMO activity fell roughly in parallel to the disappearance of sMMO activity 

(data not shown). Cultures were stationary within one hour after chloramphenicol 
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was provided. 

When chloramphenicol was added with copper, sMMO activity was retained 

for longer times than when copper was added alone (Figure 4.7). Similar results 

were observed when total sMMO activities, not normalized to cell density, were 

plotted (data not shown). Typically, copper added with chloramphenicol resulted 

in 10 to 20 hours longer sMMO retention than when copper was added alone. It 

appears that protein production, which is inhibited by chloiamphenicol, is 

important to the rate of disappearance sMMO activity in the cells. Inhibiting the 

manufacture of new protein extends the retention of sMMO activity. 

(v) Cell-free Extracts. The retention of sMMO activity in the cell-free extracts with 

and without a 1 uM Cu(lI) amendment was very similar (Figure 4.8). In both cases, 

the activity was retained for approximately four hours. When 5 uM Cu(lI) was 

added to the cell-free extracts, however, sMMO activity was retained for less than 

90 minutes. Cu(lI) appears to inhibit sMMO activity at this concentration. 

(vi) Copper Partitioning Analysis in the Experiments. Copper analysis was 

performed on all cultures during the &bove experiments. Typically, IIcopper-freell 

cultures contained between 0.10 and 0.20 LIM Cu(lI) prior to copper amendment. 

Partitioning analysis showed that 80% to 90% of this copper was unextractable, 

particulate -- copper was closely associated with the cells. The percent of 

unextractable copper was very consistent for allilcopper-freell cultures with an Asoo 

less than about 0.5 cmo1
• 
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The copper stock solution was typically 90% dissolved and 10% particulate. 

When the copper stock was amended with the complexing agents, the copper in 

the stock solution was found exclusively in the dissolved fraction. The complexing 

agents fully solubilized the copper. 

In all cases where copper was added (and no complexing agents were 

present), the copper rapidly partitioned into particulate fraction (over 90%) after it 

was provided to the cultures. It was found, however, that more than 75% of this 

particulate copper was extractable. This implies that either copper precipitates in 

the growth media or loosely binds to the cells when it is added to the media. 

When complexing agents were provided with the copper, the bulk of the newly 

added copper remained soluble after it was added to the culture; no spontaneous 

precipitation or uptake of the copper appeared to occur. Attempts were made to 

follow copper partitioning during culture growth without success. 

4.4 DISCUSSION 

4.4.1. Copper Toxicity on Methy/osinus trlchosporium OB3b. The results show 

that the inhibitory effect of copper on M.trichosporium OB3b depends on the 

copper concentration and upon the cell's previous exposure to copper and other 

agents. Copper additions of 3 uM or less have no effect on the organism's 

growth. Concentrations of greater than 3 uM Cu(II), however, cause a temporary 

lag in growth. This is interesting because M.trichosporium OB3b can tolerate 
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Cu(/I) levels as high as 20 uM -- although adaptation is required for growth at the 

elevated copper concentrations. 

In the experiments performed here (see Figures 4.2 and 4.3), sMMO was the 

predominant enzyme present when the cultures were contacted with copper. At 

low copper addition levels «3.0 uM Cu(/I)), the only apparent change in the 

culture was the repression of sMMO -- growth was unaffected. At higher copper 

levels, however, a growth lag occurred and production of new MMO was 

temporarily obstructed (see Figure 4.3). The fact that copper interfered with new 

pMMO production suggests that copper may be inhibitory at moderate copper 

levels at points in the cell other than sMMO. 

4.4.2. sMMO Regulation by Copper in M. trichosporium OB3b. Figures 4.2 to 

4.8 present results involving copper additions to cultures or extracts bearing active 

sMMO. The cumulative results imply that Cu(/I) acts as a repressor of sMMO 

expression rather than a direct inhibitor of sMMO itself. The evidence is as follows. 

Figure 4.2 and Table 4.1 indicate than sMMO is retained for greater than 9 

hours and as long as 25 hours after exposure to 1 uM Cu(II). Hauer et al (1973) 

and Pagenkopf and Margerum (1970) indicated that Cu(lI) associates with typical 

peptides through reactions that are first order, in terms of both copper and 

peptide concentration, with rate constants between 1.0 X 100 and 1.0 X 108 M·1sec· 

1. Assuming that copper must bind to all the cells to completely inactivate sMMO, 

1/1000 copper atoms bind to sMMO, 1.0 X 108 cells/ml in the culture, 1.0 uM Cu(lI) 
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in solution, and a rate constant of 1.0 X 103 M·1sec·1 (first order in terms of both 

copper and cell) the approximate time of association of copper with the cell would 

be 16 minutes. Although this calculation is very approximate, the order of the 

result implies that the long whole-cell sMMO inactivation times observed here 

would only be possible if; (1) cell envelope effects do not permit copper to get at 

the enzyme or, (2) if copper was not directly inhibitory to sMMO at 1.0 uM Cu(II). 

Figure 4.2 also indicates that the manufacture of pMMO is initiated by the 

addition of copper. This observation was confirmed via experiments involving 

chloramphenicol addition (Figure 4.7). The stimulatory effect of copper on pMMO 

synthesis occurs rapidly and appears to be complete within 1 hour. The 

implication is that a rapid copper-binding reaction, similar in rate to the 

copper/peptide reactions calculated above, may be responsible for the 

appearance of pMMO activity. 

Results summarized in Figures 4.3, 4.4, and 4.5 also suggest that sMMO is 

repressed by inhibition of expression rather than direct inactivation. Figure 4.3 

shows that the manufacture of new pMMO is temporarily inhibited at 4.0 uM Cu(II), 

although the retention of sMMO activity is the same as if 1.0 uM Cu(lI) were added. 

This suggests that copper toxicity can be observed at copper concentrations that 

affect sMMO synthesis, but do not influence the retention of activity of residual 

sMMO. Dalton et al (1984) suggested that the lag in growth associated with 

copper additions in the 4.0 to 5.0 uM Cu(lI) range was associated with direct 
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inactivation of sMMO activity. Results here indicate that this may not be the case 

with M.trichosporium. At these copper levels, copper toxicity, resulting from 

factors other than sMMO inhibition, appears to mask the fact that sMMO is not 

directly inhibited by copper. 

Figures 4.4 and 4.5 show the effects of copper-to-cell ratio on the retention of 

sMMO activity after copper addition. These experiments indicate that the retention 

of sMMO activity is not affected by Cu(II) at extracellular concentrations less than 

4.5 uM or by copper-to-cell ratios ranging from 0.28 to 6.6 ug Cu(II)/mg CDW. If 

copper were directly inhibitory to sMMO, a relationship between the copper-to-cell 

ratio and sMMO retention would be expected due to increased copper binding 

rates at higher copper concentrations. However, no such relationship was 

observed. 

Figure 4.4 also shows that a 0.5 uM Cu(II) addition results in activation of the 

pMMO system without altering sMMO activity retention. This implies that only a 

trace of copper above the transition concentration of 0.25 uM Cu(II) is required to 

activate pMMO expression and initiate sMMO repression. 

The most conclusive results indicating that inhibition of expression controls 

sMMO activity are shown in Figures 4.7 and 4.8. Figure 4.7 shows the effect of 

chloramphenicol on retention of sMMO activity with a 1.0 uM copper addition. 

Chloramphenicol is a ribosomal inhibitor that obstructs the cell's ability to 

manufacture new protein and permits the effects of Cu(II) addition, independent 
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of new protein manufacture, to be observed. In the presence of chloramphenicol 

and 1.0 uM Cu(II), sMMO activity is retained longer than when 1.0 uM Cu(lI) is 

added alone. Apparently, the retention time of sMMO is partially related to the 

manufacture of new protein. One possible explanation for this result is that when 

protease manufacture is blocked (in the presence of chloramphenicol), 

degradation of existing sMMO would be restricted, and the retention of sMMO 

activity would be extended. 

Figure 4.7 also indicates that chloramphenicol alone has the same effect on the 

retention of sMMO activity as do chloramphenicol and copper together. The 

attenuation of sMMO activity is clearly independent of 1.0 uM Cu(lI) once sMMO 

has been produced. The rate of loss of sMMO activity appears to be dependent 

on other factors including: (1) dilution of sMMO-bearing cells due to culture 

growth, (2) intercellular degradation of sMMO after new sMMO production has 

ceased, and (3) enhanced or inhibited inactivation based on high or low oxygen 

conditions, respectively (see Table 4.2). 

Finally, Figure 4.8 shows the effects of copper additions on cell-free extracts. 

Cell-free extract work permits the effect of Cu(lI) addition on sMMO activity to be 

observed directly. An addition of 1.0 uM Cu(lI) to extracts (ie. four times the 

repression concentration) did not inhibit enzyme activity. sMMO activity was 

retained for 4 hours with or without copper addition. Interestingly, 5.0 uM Cu(lI) 

addition appears to inhibit sMMO activity in cell-free systems. Enhanced 
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copper/peptide binding kinetics may explain the greater Inhibition of sMMO activity 

seen at this elevated copper level. 

4.4.3. Copper Partitioning Effects. One topic that may be significant in 

interpreting the copper regulatory effect is the observed partitioning and 

localization of copper at the cell surface. Copper analysis indicated that there was 

a rapid partitioning of loosely associated copper (about 90%) to the cells when 

new copper was provided to the culture. It is possible that this partitioning results 

in elevated copper levels at the enzyme, thus making the nominal copper levels 

in the media a poor representation of the actual copper environment at sMMO. 

Prior and Dalton (1985) assumed that copper was concentrated in the vicinity 

of sMMO in choosing copper concentrations for cell-free copper inhibition work. 

They utilized extremely high copper levels, 80 uM Cu(II), in experiments that 

showed that copper inactivated sMMO from Methy/ococcus capsu/atus by 

replacing the iron from the Fe-S center of the reductase subunit. Although it is 

likely that copper inactivates sMMO by their proposed mechanism, results here 

suggest that high localized copper levels in the vicinity of sMMO do not occur in 

whole-cells, at least when ambient copper levels approach those used here. 

There are three pieces of evidence that imply that copper accumulation in the 

vicinity of sMMO does not occur. Firstly, the extended retention times of sMMO 

activity after copper addition imply a slow inactivation mechanism, too slow for the 

direct association of copper with sMMO. Secondly, copper analysis indicated that 
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copper partitioning to the cells does not occur in the presence of complexing 

agents; however, the loss of sMMO activity occurs at similar rates with or without 

such ligands. Finally, DiSpirito et al (1990) indicated the copper accumulates in 

membranes at increased copper levels -- copper does not appear to concentrate 

in the soluble fraction of the cell where sMMO is situated. 

4.4.4. Practical Implications. These results indicate that sMMO is "normally" 

repressed at the level of protein synthesis rather than via direct inactivation of 

enzyme. Thus it may be possible to obtain sMMO-bearing mutants. In principle, 

if the regulation mechanisms for sMMO repression could be eliminated, it would 

be feasible to maintain active sMMO in the presence of copper. However, the 

following problems must be overcome: 

(1) It is very difficult to obtain stable mutants from M.trichosporium OB3b 

(M.E.Lidstrom, personal communication). A convenient mutant screening 

method is now available (See Chapter 6), however, mutant stability must be 

addressed. 

(2) Copper appears to inhibit sMMO at copper levels on the order of 5.0 

uM. If a mutant were obtained that could synthesize sMMO at copper 

concentrations below this value, copper problems still may limit the number 

of environments in which the mutants could be utilized. 

One direction of work which may be fruitful is the isolation of other type II strains 

to work with. As implied, M.trichosporium has been relatively difficult to mutate. 
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It is possible that other type II strains, with similar biodegradative traits to 

M.trichosporium, may be more amenable to mutation. Other results suggest that 

the influence of copper on different type II strains varies from organism to 

organism (Chapter 5). 
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The transport and toxicity of cations and anions in bacteria has been studied 

extensively in recent years and found to follow a number of general patterns 

(Silver, 1978; Silver and Walderhaug,1992). There are two basic types of transport 

systems: (1) chromosomally-directed transport, which is typically associated with 

nutrient uptake (eg. phosphate, iron, potassium), and (2) plasmid-mediated 

transport, which is usually associated with ion toxicity defense mechanisms (eg. 

mercury, cadmium). Some ion transport systems, however, do not fit neatly into 

either of the above schemes. Heavy metals, such as copper, frequently playa 

nutritional role at low concentrations, but are toxic at higher levels (Wood and 

Wang, 1983). In type II methanotrophs, copper plays an important role in the 

function of pMMO, whereas, copper can be inhibitory to these organisms at 

concentrations as low as 4.0 uM Cu(lI) (Chapter 4). 

Only two copper-specific transport systems have been studied in detail at this 

time -- for E.coli (Brown et al.,1991) and for Pseudomonas spp. (Cooksey,1990). 

The E.coli system is both chromosomally and plasmid-mediated and appears to 
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rely on copper uptake, then efflux, for copper resistance (Brown et al.,1992; Lee 

et al.,1990). Copper is initially taken up by the cell, some of it is utilized, and the 

unused copper is released back into solution complexed with "efflux" proteins 

(Rogers et aI., 1991). The uptake system is performed by chromosomally encoded 

proteins, whereas the efflux system is comprised of proteins from plasmid-born 

genes. 

The copper transport system for Pseudomonas spp. is somewhat different than 

the Ecoli system. The Pseudomonas spp. system appears to sequester copper 

in the cell's membranes and periplasm, thus reducing the free copper 

concentrations in solution (Cooksey,1990; Cha and Cooksey, 1991). Specific 

pseudomonads are so efficient at copper accumUlation, that cells turn blue when 

exposed to high levels of copper (Cha and Cooksey, 1991). Unlike Eco/i, it is 

believed that both the copper uptake and storage proteins are plasmid associated, 

although this has not been clearly defined (Mellano and Cooksey, 1988). 

In both the Ecoli and the Pseudomonad spp. systems, copper-sequestering 

proteins have been identified and sequenced. All of the proteins found thus far 

have had canonical sequences rich in histidine, cysteine, methionine, and glycine 

(Mellano and Cooksey,1988; Ouzounis and Sander, 1991). Three of these four 

peptides are effective Cu(lI) binding agents due to possessing available amine or 

sulphydryl ligands in their side-groups (see Section 2.7). It is believed the 

canonical sequences are located in the copper binding domains of the proteins 
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(Mellano and Cooksey,1988). 

The purpose of this chapter is to assess whether either of the models fits the 

physical data describing copper transport and utilization in type II methanotrophs. 

Type II methanotrophs tested here have been shown to be chronically inhibited by 

low levels of copper (4.0 uM Cu(II)); however, after adaptation, they are capable 

of growing well at levels of copper significantly higher (20 uM Cu(II);see Chapter 

4). They appear to have an inducible system that allows them to adapt to elevated 

copper levels. The system appears to rely upon enhanced intracellular copper 

uptake mechanisms rather than modifications of the growth environment. 

Two sets of experiments on Cu(lI) uptake and toxicity were performed using 

the type II strains Methylosinus trichosporium OB3b and Methylosinus sp. DG1. 

The first experiments used the appearance of sMMO activity in low-copper cultures 

as an indicator of copper availability and uptake. Previous evidence suggested 

that sMMO activity appeared when copper became unavailable for pMMO 

production (Chapter 4). The independent variables included bacterial species, 

copper concentration, copper speciation, and oxygen level. The dependent 

variables included the copper-to-cell ratio when sMMO activity appeared, the 

magnitude of activity observed, the persistence of sMMO activity once it had 

developed, and growth rate. The second group of experiments looked at the 

relationship between Cu(lI) toxicity and the physiological status of type II strains. 

Variables included the type of MMO present at the time of copper addition, 



133 

previous exposure to copper, and previous exposure to complexing agents. 

5.2 MATERIALS AND METHODS 

5.2.1. Experimental Methods. (i) Bacterial Strains. All experiments were 

undertaken utilizing pure cultures. Methylosinus trichosporium OB3b, ATCC# 

35070, was obtained from the American Type Culture Collection (Rockville, 

Maryland). The unclassified strain, DG1, was isolated ffom the benthic zone of an 

industrial waste treatment pond. DG1 is a type II Methylosinus strain which is 

capable of expressing both sMMO and pMMO. It has comparable degradation 

capabilities to M.trichosporium OB3b (See Table 2.3). 

(ii) Growth Conditions. With a few exceptions, the growth conditions, including 

growth media, were identical to those described in Section 4.2.1. The exceptions 

were as follows. Methane and oxygen were continually replenished in all the batch 

experiments -- usually every 8 to 12 hours, depending upon cell densities. 

Except for the adaptation/toxicity experiments (see below), no copper 

amendments were made to the cultures. All experiments utilized the trace 

amounts of copper present in the "copper-free" media as the coppElr source for 

the copper speciation experiments. Copper analysis was performed on all media 

prior to each experiment. If copper levels were inappropriate, the media was 

discarded and new media were prepared. 

iii) Chemicals. Complexing agents, including ethylenediaminetetractic acid (EDTA), 
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'triethylenetetraamine (trien), ethylenediamine (en), diethylenetriamine (den), and 

tretraethylenepenteamine (tetren), were all obtained from Sigma Chemicals Ltd. 

All agents were added from individually prepared sterile-filtered 10.0 mM aqueous 

stocks. A summary of thermodynamic constants for these agents with Cu(lI) is 

provided in Table 2.4. 

iv) General Procedures. Cultures were inoculated from copper-free 1 % w/v Noble 

Agar/NSM media plates into copper-free liquid growth media. Typically, 300-ml 

cultures were pre-grown to an absorbance of 0.02-0.04 cm,1 in 1-liter Erlenmeyer 

flasks, and then 50 to 75 mls volumes were transferred into a of series 500-ml 

flasks. The flasks were either empty (unamended controls), or contained copper 

complexing agents (added to target concentrations), to assess the influence of 

copper speciation on copper availability. After transfer, sMMO activity, cell growth, 

and copper levels were monitored over time. 

v) Inhibition Experiments. The target concentrations for the copper speciation 

experiments were determined by inhibition experiments similar to Section 4.2.2. 

The tested concentrations are provided in Table 5.1. 

The experiments designed to evaluate the effects of sMMO activity and cellular 

adaptation on copper inhibition were slightly different. The initial culture was 

grown in a 2000-ml Erlenmeyer flask containing 400 mls of copper-free media. 

When the culture absorbance was 0.03 c.:m,1, and no sMMO activity was yet 

observed, the culture was divided into 20-ml sub-units and transferred to 165-ml 
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septum-capped serum vials. Eight vials had been prepared with a matrix of target 

copper and trien concentrations -- 0 uM, 2.0 uM, 5.0 uM, and 10.0 uM Cu(lI) for 

copper, and 0 uM and 50 uM for trien. Methane (20 ml) was added to each vial, 

and growth was followed over the next 7 days. 

Table 5.1 

Test Concentrations for Complexing Agent Inhibition Experiments 1 

Chemical tested Screened Concentrations2 

EDTA 25, 50, 100,250,500, 1000 

En 25,50, 100, 125,250,500 

Den 25,50, 100, 125,250,500 

Trien 10,25,50, 100,200,400 

Tetren 10,25,50, 100,200,400 

*Notes: 1. The concentrations used in the complexing agent toxicity screening 
experiments. 

2. Concentrations are provided in uM. 

In mid-log growth phase, 2 mls were removed from selected cultures for 

eventual transfer to fresh media containing 2.0, 5.0, or 10.0 uM Cu(II). The 2 ml 

sample was centrifuged (10 minutes at 6000 x g) and resuspended in Cu(II)-free 

media to remove residual "pre-grown" media constituents. After a second 

centrifugation step, the resulting pellet was resuspended in 18 to 20 mls of new 

media (containing various levels of copper) to a common initial cell density of 0.06 

cm-1
• Copper analyses were performed to confirm that copper concentrations 

-.1 
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were near target levels. sMMO activity assays were performed on each inoculum 

at the time of resuspension to establish the type of MMO present. The second set 

of cultures was injected with methane, and growth was monitored for 7 more days. 

(vi) Copper Speciation Experiments. The methods were similar to those of 

Chapter 4, except that the initial culture was sub-divided prior to the appearance 

of sMMO activity, typically at an AaDD of between 0.02 to 0.04 CI11'1. It had been 

previously observed that cultures of M.trichosporium OB3b grown in "copper-free" 

media initially had pMMO present, probably due to traces of copper in the media. 

sMMO activity typically appeared in the cultures at an Aaoo of 0.04 to 0.06 cm,1 and 

was usually fully developed by an Aaoo of 0.15 cm'1 in unamended cultures (see 

Table 5.1). Each experiment examined three to five cases -- an unamended 

control (no complexing agents added), and cultures amended with a variety 

complexing agents, designed to examine particular variables of interest. 

5.2.2. Analytical Methods. (i) Culture Density, The culture densities were 

determined primarily by absorbance at 600 nm wavelength (Aaoo,cm,1). 

Correlations were made between cell dry weight (COW) and absorbance (see 

Chapter 3 for M.trichosporium OB3b). The relationship of absorbance to dry 

weight for Methylosinus sp. DG1 was, Aaoo = 330 mg cell dry weight/L. 

(ii) sMMO Activity. Copper Analysis. and Chromatography. sMMO activity assays, 

copper analysis, and gas chromatographic techniques were identical to methods 

described in Section 4.2.2. Copper analyses included total, dissolved, extractable 
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particulate, and unextractable particulate. Mass balances were performed on all 

samples. 

5.3 RESULTS 

5.3.1. General. The experiments described here evaluated copper 

uptake/regulation in type II strains by following the rate and timing of appearance 

of sMMO activity in dilute cultures. It had previously been established that batch 

cultures of M.trichosporium OB3b, grown in "copper-free" media, did not possess 

sMMO activity at low cell densities and that as cultures became more dense, 

sMMO activity gradually appeared. See Figures 4.2 to 4.4. Apparently, the traces 

of copper in the media were titrated out by new celi growth -- the cells functionally 

ran out of copper, which was required both to express and to maintain pMMO 

activity. At that time, the cells switched over to the sMMO system and sMMO 

activity appeared. 

The timing and rate of appearance of sMMO activity was found to be quite 

variable in preliminary experiments. It was suspected that the variability of the 

appearance of sMMO activity was a function of factors related to the cell's copper 

uptake and utilization mechanisms. From this result, it was hypothesized that 

sMMO activity appearance may be used an indirect indicator of copper availability 

and uptake. This was the basis of the experiments described here. Copper 

complexing agents were provided to the culture, prior to the appearance of sMMO 



138 

activity, and the timing of sMMO activity appearance was monitored. In principle, 

agents that caused sMMO activity to appear at low cell densities negatively 

influenced copper availability, and amendments that retarded the appearance of 

sMMO activity enhanced copper availability. 

5.3.2. Complexing Agent Toxicity Experiments. The toxicity of each ligand was 

assessed prior to the copper uptake/regulation experiments to determine the 

appropriate amendment concentrations. Ligand toxicity was defined as the 

concentration at which growth rate was noticeably affected by the addition of the 

agent. Table 5.2 lists the maximum non-toxic levels for M.trichosporium OB3b and 

Methylosinus sp. DG1. The inhibitory effects of the complexing agents were very 

similar for the two strains. En and den were least inhibitory, having no effect on 

growth at concentrations less than 125 and 100 uM, respectively. EDTA, trien, and 

tetren all inhibited growth at levels greater than 50 uM. 

From these results, ligand concentrations of 20 and 50 uM were chosen for the 

experiments. MINEQL (Westhall et al.,1976)) analyses were performed on all 

experimental cases to verify that reagent additions were sufficient to complex 

essentially all the copper provided in the growth medium. 

5.3.3. The Uptake/Regulation of sMMO Activity in M.trichosporium 083b. (i) 

Oxvgen Effects on the Appearance of sMMO Activitv in Dilute Cultures. Nine batch 

culture experiments were run to evaluate relationships between ambient aqueous 

Cu(II) concentration and the cell density at which sMMO activity appeared (Table 
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Table 5.2 

Toxicity of Various Chelators 1 

Chelator2 M.trichosporium OB3b Methylosinus sp.DG1 

EDTA 50 50 

En 125 125 

Den 100 100 

Trien 50 50 

Tetren 50 50 

*Note: 1. Maximum concentration in uM at which chelator does not 
inhibit culture growth rate. 
2. Definitions of the ligands are provided in Section 5.2.1. 
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5.3}. These experiments were performed in 500-ml flasks in which methane and 

oxygen were replenished every 8 to 12 hours. Oxygen levels were, therefore, 

believed to be comparatively high although they were not monitored. The results 

indicate that the appearance of sMMO activity generally correlates with the 

absolute copper concentration. In two experiments, however, this was not the 

case. In experiment 3, sMMO activity appeared later than would be expected 

based on the absolute copper concentration, and in experiment 9, sMMO activity 
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appeared much earlier than would be expected based on copper level. 

Table 5.3 also presents the copper-to-cell ratios present in the culture at the 

time of sMMO appearance. With the exception of experiment 9, copper-to-cell 

ratio data fall into two groups; (1) at approximately 0.2 ug Cu(II)/mg COW 

(experiments 3, 7, and 8), and (2) at approximately 0.5 ug Cu(II)/mg COW 

Table 5.3 

Cell Density At Which sMMO Activity Appeared Versus Copper Level 

Experiment Copper Level Culture Oensity1 Copper-to-Cell 
Number (uM) Ratio2 

1 0.11 0.035 0.46 

2 0.14 0.044 0.47 

3 0.14 0.097 0.21 

4 0.17 0.043 0.58 

5 0.17 0.060 0.42 

6 0.18 0.064 0.42 

7 0.19 0.146 0.19 

8 0.22 0.138 0.23 

9 0.24 0.035 1.01 

*Notes: 1. Culture density when sMMO activity first appeared in low copper batch 
cultures. Density is measured as A600,cm'1 

2. Copper to cell ratio when sMMO activity first appeared is provided in 
the units of ug Cu(II)/mg COW. The mean copper to cell ratio for all 
nine experiments is 0.43 ug Cu(II)/mg COW (s=0.23 ug Cu(II)/mg 
COW)). 
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(experiments 1, 2, 4,5, and 6). To examine whether oxygen effects could explain 

the irregularities of the previous experiments, the same basic experiment was 

performed using: (1) high, but unregulatad, oxygen levels similar to those used in 

the previous nine experiments, and (2) low oxygen levels, controlled at 10% 

saturation in air. The absolute copper levels were identical in both cases. Figure 

5.1 indicates that low oxygen levels in the reactor environment significantly delayed 

the onset of sMMO expression (compared to cell density). The calculated copper

to-cell ratios for the experiment described in Figure 5.1 were 0.14 ug Cu(II)/mg 

COW for the low-oxygen case and 0.34 ug Cu(II)/mg COW for the unregulated 

oxygen case. The results suggest that oxygen variability could potentially explain 

the irregularities in the original nine experiments. 

(ii) Effects of Chelators on the Appearance of sMMO Activity in Batch Cultures. 

Experiments were performed using a variety of copper complexing agents to 

assess whether copper speciation affected the onset of sMMO activity in low

copper, batch cultures. Figure 5.2 describes the effects of 50 uM trien and EOTA 

additions on sMMO activity appearance. EOTA amended cultures had the same 

basic sMMO appearance pattern as unamended cultures. Trien, however, initially 

promoted the appearance of sMMO activity (at lower cell densities than 

unamended cultures), but the activity was transient and slowly disappeared with 

additional growth. sMMO activity did not reappear until high cell densities were 

achieved (>0.4 cm o1
). Trien addition also slightly retarded of growth as compared 
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Figure 5.1: Appearance of sMMO Activity in Low Copper Media. Reactor 
conditions: (1) Unregulated oxygen system -- Batch reactor on shaker table, 
oxygen and methane fed every 8 to 12 hours, Copper level = 0.22 uM. (2) Low 
oxygen system -- Biostat MD batch reactor, oxygen maintained at 10% 
saturation in air, methane added in excess, Copper level = 0.22 uM. (A) -
Unregulated oxygen reactor, culture growth, (0) - Unregulated reactor, sMMO 
activity, (X) - Low oxygen reactor, culture growth, and (_) - Low oxygen 
reactor, sMMO activity. sMMO activity normalized to cell dry weight. 
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Figure 5.2: Appearance of sMMO Activity With Trien and EDTA Amendments. 
Reactor conditions: Unregulated oxygen system -- Batch reactor on shaker 
table, oxygen and methane fed every 8 to 12 hours, Copper level = 0.17 uM. 
( .. ) - No amendment, (0) - 50 uM Trien, and (.) - 50 uM EDTA. sMMO activity 
normalized to ce11 dry weight. 
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to EDTA amendment and the unamended control. 

Similar effects were observed when cultures were supplemented with other 

polyamine chelators (Figure 5.3). Both en and den retarded the appearance of 

sMMO activity, although the transient appearance of sMMO activity, previously 

observed with trien, was not seen with these agents. Tetren, however, produced 

a brief appearance of sMMO activity similar to trien, but the activity was soon lost 

and did not reappear until cell density reached 0.5 cm'l. Both trien and tetren 

amendments retarded growth rate, whereas the en and den amended cultures 

showed similar growth patterns as unamended cultures. 

(iii) Effects of Variations in Trien and EDT A Concentration on sMMO Activity. Figure 

5.4 shows the retardation of the appearance of sMMO activity for different 

concentrations of trien. In this experiment, the 50 uM trien amendment resulted 

in only a trace of sMMO activity below an A600 of 0.4 cm'l and slightly retarded 

growth (data not shown). The early appearance and disappearance of sMMO 

activity, previously observed in the presence of trien, did not occur. 20 uM trien 

also delayed the appearance of sMMO activity compared to the control, however, 

activity eventually appeared, but at lower levels than the unamended control. The 

20 uM trien amendment did not affect growth rate (data not shown). 

Figure 5.5 shows the effects of 0,20, and 50 uM EDTA amendments on sMMO 

activity appearance. Both EDTA amendments (20 and 50 uM) slightly retarded the 

appearance of sMMO activity compared to the control. Growth rates were similar 
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Figure 5.3: Appearance of sMMO Activity With Various Polyamine 
Amendments. Reactor conditions: Unregulated oxygen system -- Batch reactor 
on shaker table, oxygen and methane fed every 8 to 12 hours, Copper level = 
0.15 uM. ( ... ) - No amendment, (X) - 50 uM En, (X) - 50 uM Den, (0) - 50 uM 
Trien, and (_) - 50 Tetren. sMMO activity normalized to cell dry weight. 

145 



10 20 30 40 
Time (hours) 

146 

" 

50 60 

Figure 5.4: Appearance of sMMO Activity With Various Trien Concentrations. 
Reactor conditions: Unregulated oxygen system -- Batch reactor on shaker 
table, oxygen and methane fed every 8 to 12 hours, Copper level = 0.17 uM. 
( ... ) - No amendment, (X) - 20 uM Trien, and (0) - 50 uM Trien. sMMO activity 
normalized to cell dry weight. 
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Figure 5.5: Appearance of sMMO Activity With Various EDTA Concentrations. 
Reactor conditions: Unregulated oxygen system -- Batch reactor on shaker 
table, oxygen and methane fed every 8 to 12 hours, Copper level = 0.22 uM. 
(.) - No amendment, (0) - 20 uM EDTA, and (_) - 50 uM EDTA. sMMO activity 
normalized to cell dry weight. 
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to the control for both EDTA levels tested (data not shown). 

(iv) Effects of Iron Concentration on the Appearance of sMMO Activity With Trien 

Present. The effect of varying iron concentration on the appearance of sMMO 

activity was assessed in experiments similar to those described in Figure 5.2. Iron 

was varied from 1.0 uM to 100 uM Fe(lII) in the presence of 0.0 and 50 uM trien. 

The normal Fe(llI) level in NSM media is 40.0 uM. It was found that altering iron 

concentration had no effect on the appearance of sMMO activity, with or without 

trien. 

5.3.4. Copper Effects on sMMO Activity in Methylosinus sp. DG1. Parallel 

experiments to those described for M.trichosporium OB3b were performed using 

Methylosinus sp. DG1. Experiments included: (1) the appearance and retention 

of sMMO activity with unamended controls,· Cu-trien +2, and Cu-EDT A"2 in low

copper cultures, and (2) the effects of a 1.0 uM Cu(lI) addition on sMMO-bearing 

populations (similar to Chapter 4). 

With no chelators present, sMMO activity appeared in all DG1 cultures at cell 

densities less than 0.02 cm'l «0.25 uM Cu(II); data not shown). These densities 

are considerably lower than corresponding transition points observed with 

M.trichosporium OB3b. The appearance of sMMO activity in OG1 also occurred 

at lower copper-to-cell ratios compared with M.trichosporium OB3b (0.02-0.04 

versus 0.2-0.5 ug Cu(II)/mg COW). 

A different response was also observed when chelators were employed. 
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Figure 5.6 shows the effects of 50 uM EDTA, 50 uM trien, and an unamended 

control on the appearance of sMMO activity in DG1. EDTA addition caused a 

significant delay in the appearance of sMMO activity compared to the control. This 

effect was not observed with M.trichosporium OB3b. Conversely, trien promoted 

rapid appearance of sMMO activity; however, unlike with M.trichosporium OB3b 

(Figure 5.2), the activity remained stable at elevated cell densities. Interestingly, 

EDTA did not effect growth rate with DG1 (which was similar to the control), 

whereas trien addition caused some retardation of growth -- the effects on growth 

rate were similar to those seen with M.trichosporium OB3b. 

Figure 5.7 shows the effects of a 1 uM Cu(lI) addition on DG1 and 

M.trichosporium OB3b expressing sMMO activity. The data represent the average 

sMMO activities (normalized to cell density) from three different experiments. DG1 

retained sMMO activity considerably longer than M.trichosporium after copper 

addition. 

5.3.5. The Effects of Enzyme Status and Copper Speciation on Copper 

Toxicity. Results in Section 4.3.1. (Figure 4.1) indicated that copper additions 

greater than approximately 4.0 uM Cu(lI) interrupted growth of sMMO-bearing 

M.trichosporium cultures. To determine whether the lag was a consequence of 

the presence of sMMO, pMMO, or other factors, copper inhibition experiments 

were performed using cultures: (1) expressing sMMO, pre-grown in a low-copper 

environment «0.25 uM Cu(II)), (2) expressing pMMO, pre-grown in a low-copper 
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Figure 5.6: Appearance of sMMO Activity With Trien and EDTA Amendments -
Methylosinus sp. DG1. Reactor conditions: Unregulated oxygen system -

Batch reactor on shaker table, oxygen and methane fed every 8 to 12 hours, 
Copper level = 0.23 uM. ( ... ) - No amendment, (0) - 50 uM Trien, and (_) - 50 
uM EDT A. sMMO activity normalized to cell dry weight. 
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Figure 5.7: Effects of a 1.0 uM Culll) Addition on Methvlosinus so. DG1 and 
Methvlosinus trichosporium DB3b. Batch cultures. Retention of sMMD activity 
over time after a 1.0 uM Cu(lI) addition. (_) - Methylosinus SPa DG1 and (0) 
- Methylosinus trichsporium DBSb. Activities are provided as the ratio of the 

measured activity over the initial activity measured at the time of copper 
addition. 
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environment «0.25 uM Cu(II)), (3) expressing pMMO, pre-grown in a higher 

copper environment (2.0 uM Cu(II)), and (4) expressing pMMO, pre-grown in a 

low-copper environment with trien present «0.25 uM Cu(II)). The results are 

provided in Figures 5.8 (5.0 uM Cu(lI) addition) and Figure 5.9 (10.0 uM Cu(lI) 

addition). 

The observed growth lag, after a 5.0 uM Cu(lI) addition, varied dramatically 

based on the pre-growth conditions of the culture (Figure 5.8). The culture that 

possessed pMMO activity, but was pre-grown with 50 uM trien, showed no lag 

after copper addition. The next shortest lag (approximately 10 hours) was from 

the pMMO-bearing culture that was pre-grown in 2 uM Cu(II). The culture that 

contained pMMO, but was grown in "copper-free" media, showed a 25 hour lag. 

The sMMO-bearing culture had an extended lag of greater than 75 hours. 

Figure 5.9 describes the toxic response in M.trichosporium resulting from a 

10.0 uM Cu(lI) addition to cultures expressing sMMO «0.25 uM Cu(lI)) , pMMO 

from a low-copper environment «0.25 uM Cu(II)), and pMMO with trien present 

«0.25 uM Cu(II)). Pre-growth conditions did not significantly effect the cultures' 

response to the 10 Cu(lI) addition -- an extended lag of >80 hours was observed 

in all cases. It is interesting to note that although pre-growth in the presence of 

trien rendered the culture resistant to a 5.0 uM Cu(lI) amendment, trien did not 

protect the culture from inhibition by 10.0 uM Cu(lI) addition. 
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Figure 5.8: Toxicity of 5.0 uM Culll) Addition versus Pre-growth Conditions in 
Methvlosinus trichosporiiJm OB3b. (_) - sMMO activity in culture, grown to an 
A600 of 0.2 cm'l in copper-free media, diluted with copper-bearing media to give 
an Asoo of 0.06 and 5.0 uM Cu(II), (+) - pMMO activity in culture, grown to an 
Asoo of 0.06 cm,l in copper-free media and then copper added to 5.0 uM Cu(II), 
(0) - pMMO activity in culture, grown to an Asoo of 0.06 cm,l in 2.0 uM Cu(lI) 
media and then copper added to 5.0 uM Cu(II), and (X) - pMMO activity in 
culture, grown to an Asoo of 0.2 cm,l in copper-free media plus 50 uM trien, 
diluted to give an Asoo of 0.06 and 5.0 Cu(II). 
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Figure 5.9: Toxicity of 10.0 uM Culll) Addition versus Pre-growth Conditions 
in Methvlosinus trichosporium 083b. (_) - sMMO activity in culture, grown to 
an Aeoo of 0.2 cm'1 in copper-free media, diluted with copper-bearing media to 
give an AGOO of 0.06 and 5.0 uM Cu(II), (+) - pMMO activity in culture, grown to 
an AGOO of 0.06 cm,1 in copper-free media and then copper added to 5.0 uM 
Cu(II), and (X) - pMMO activity in culture, grown to an AGOO of 0.2 cm'1 in 
copper-free media plus 50 uM trien, diluted to give an Aeoo of 0.06 and 10.0 
Cu(II). 
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5.4 DISCUSSION 

5.4.1. Copper Uptake and Toxicity in Methy/osinus trlchosporium OB3b. (i) 

General. The role of copper in regulating the behavior of M.trichosporium OB3b 

is very complicated. Copper is an essential nutrient required for pMMO expression 

at levels near 0.25 uM Cu(II), however, copper is inhibitory to M.trichosporium 

OB3b, at copper concentrations as low as 4.0 uM Cu(lI) (see Chapter 4). The 

regulatory system required to control cellular responses to such subtle differences 

in copper concentration must be sophisticated. 

Two sets of experiments were performed to determine factors that influenced 

the cell's responses to copper. The first set employed the appearance of sMMO 

activity in low-copper cultures to define variables that enhanced or retarded cOJ.)per 

availability. The second experiments looked at the relationship between cellular 

enzyme status, and the inhibition of growth due to sudden increases in copper 

level. 

The results suggest that the M.trichosporium copper uptake system has two 

components: (1) a constitutive component, which is responsible for copper uptake 

at low copper levels «2.0 uM Cu(II)), and (2) an inducible component, that is 

activated either when copper levels are high (>2.0 uM Cu(lI)) or when copper is 

provided as certain complexes. The inducible component sequesters copper 

more aggressively than the constitutive component. It also appears to be a 

principle defense response in M.trichosporium OB3b against elevated copper 

_I 
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levels. Evidence for the suggested uptake system is provided below. 

(ii) Copper Availability and Uptake. Three observations are important in 

explaining the uptake system for copper in M.trichosporium OB3b. These 

observations are: 

1. Cu-trien +2 and Cu-tetren +2 cause premature appearance of sMMO 

activity in M.trichosporium OB3b; however, after an adaptation, sMMO 

activity is lost (Figures 5.2 and 5.3). Trien and tetren additions retard the 

growth of M.trichosporium, particularly right after chelator addition. 

2. The polyamines, especially those with coordination numbers of four or 

greater, enhanced copper availability, as evidenced by retarded sMMO 

activity until high cell densities are achieved (See Figures 5.2,5.3, and 5.4). 

3. EDTA-copper complex only slightly retards the appearance of sMMO 

activity compared to unamended controls (See Figures 5.2 and 5.5). 

The observations relate to the proposed model as follows. The appearance 

and disappearance of sMMO activity in the presence of trien and tetren implies 

that M.trichosporium OB3b has two copper uptake systems -- one system that is 

present when copper levels are very low, and the other that is induced by changes 

in copper speciation or availability. The fact that all the polyamines retard the 

appearance of sMMO activity, but EDTA does not, implies that specific chemical 

speciation strongly influences the cell's uptake system. Apparently, enhanced 

uptake with the polyamines results from characteristics unique to polyamine-
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copper chemistry. 

To understand how the general copper uptake system works, the differences 

in sMMO activity appearance between the unamended controls and chelator 

amended cultures must be compared. Through the differences, a pattern can be 

seen. The results indicate that two environments delayed appearance of sMMO 

activity compared to the controls: (1) when oxygen levels were low (discussed 

later) or (2) when copper was provided with polyamine complexing agents. 

The effects of the polyamine complexing agents will be discussed first. Table 

5.4 summarizes copper formation constants for the various chelators, the copper

to-cell ratios where sMMO activity appeared, predicted chemical species present, 

and predicted "uncomplexed" copper concentrations at physiological pHs 

(MINEOL,Westhall et al.,1976). All the polyamines retarded sMMO activity -- ie. 

copper became more available to the cell when it was complexed with these 

agents. Interestingly, EDTA did not significantly enhance copper availability. The 

order of availability of copper with chelators present, as indicated by sMMO activity 

appearance, was as follows; tetren > trien > en > den> EDTA > None. The 

stability of the different copper complexes is best approximated by the predicted 

uncomplexed copper levels (MINEOL,Westhall et a.,1976). The predicted order of 

complex stability is tetren > trien > EDT A > den > en > none. These results 

suggest that copper enhanced solubilization or comparative copper-complex 

stability do not exclusively explain the improved availability of copper in the 
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presence the polyamines. To understand the possible effects of the polyamines 

on copper availability, the differences between EDTA-copper complexes and 

polyamine-copper complexes must be reviewed. 

There are two main differences between polyamine and EDTA complexes: (1) 

the polyamine-copper complexes are positively charged, whereas EDTA 

complexes are negative, and (2) polyamines exchange copper by nucleophilic 

substitution reactions, whereas EDT A/copper reactions 'proceed by non

nucleophilic mechanisms (Hauer et al.,1973; Pagenkopf and Margerum, 1970). 

Both of these are factors that suggest that polyamines should enhance copper 

exchange rates compared to EDT A. 

The positive charge of the polyamines should aid binding reactions because 

cell surfaces are typically negatively charged (Stanier et aI., 1986). EDTA, on the 

other hand, may resist cell binding reactions because of its negative charge. 

Charge effects may also affect transport through the cell's membranes. It is 

possible that the specific transport mechanism for copper in M.trichosporium 

OB3b requires positively charged species. 

In general, copper exchange rates should be greater with polyamines than for 

EDT A because nucleophilic substitution reactions are much more rapid at neutral 

pHs than non-nucleophilic reactions (Hauer et al.,1973). Trien and tetren, in 

particular, are extremely strong catalysts in abiotic metal exchange reactions 

(Pagenkopf and Margerum, 1970). Both agents have greater than four 
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Table 5.4 

Appearance of sMMO Activity with Various Chelators Present 

Chelator Formation Predicted Copper-to- Predicted 

Constant1 Species2 Cell Rati03 log [CU+2]4 

Nones - CuHP04 0.25 -6.03 

En 20.0 Cu-(En)2 +2 0.055 -10.54 

Den 16.0 Cu-Den+2 0.101 -11.20 

Trien 20.4 Cu-Trien+2 0.044 -15.69 

Tetren 20.9 Cu-Tetren +2 <0.040 -16.01 

EDTA 18.8 Cu-EDTA'2 0.25 -13.93 

*Notes: 1. Cumulative formation constants ( log K values) for species indicated as 
defined by; K=[MLn]/[M][L]n where M=metal and L=ligand. 

2. Dominant species as predicted by MINEQL (Westhall et al.,1976). 
3. Ratios at the time of sMMO activity appearance. Calculated for the 

experiments described in Figures 5.2 and 5.3. 
4. Concentration of the uncomplexed copper in each case as predicted 

by MINEQL. Provided as log [uncomplexed Cu+2] in M. 
5. Unamended low-copper media. MINEQL predicts that copper is 94% 

present CuHP04 • 

coordination sites, and they are capable of participating in coordination chain 

reactions, which significantly accelerate metal transfer rates between ligands 

(Olsen and Margerum, 1963). Coordination chain reactions are ligand exchange 
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reactions that are catalyzed by subtle changes in ligand concentration. Trien and 

tetran accelerate metal transfer by increasing the rate of dissociation of the metal 

associated with one ligand (ex. trien) through enhanced association of the metal 

with a second ligand (ex. the cell). EDTA is less successful at these reactions 

because it sterically less flexible than the polyamines and it only has two available 

nitrogens for complexation reactions (Pagenkopf et aI., 1968). Carr et al (1967) 

determined that at least three nitrogens were required for coordination chain 

reactions to proceed. Coordination chain reactions could explain the dramatically 

enhanced availability of copper in the presence of trien and tetren. 

It was previously suggested that M.trichosporium has both constitutive and 

inducible copper uptake systems. This is apparent because the unusual effect of 

trien and tetren on sMMO expression. As implied by the previous arguments, both 

trien and tetren enhance copper uptake when cell densities are high, however, 

enhanced uptake only occurs after an adaptation period. Figures 5.2 and 5.3 

indicate that both these agents can initially accelerate the appearance of sMMO 

activity when they are first exposed to the cells -- ie. they initially make copper less 

available to the cells. After a lag, however, the sMMO activity disappeared -- ie. 

the copper became more available again. 

An interpretation of the results goes as follows. When trien and tetren were 

first provided to the low-copper culture, the agents rapidly complexed the available 

copper thus making it unavailable to the cell. Apparently, the constitutive copper 
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acquisition system cannot obtain copper away from these complexing agents. The 

inability of the cells to obtain copper resulted in the rapid expression of sMMO 

(Figure 5.2). After a period of between 10 and 20 hours, however, sMMO activity 

began decreasing, and after 15 to 20 hours more, the activity was essentially 

gone. The inducible copper scavenging system had apparently been activated, 

thus allowing the cell to obtain copper once again. lnterestingly, in Figure 5.4, 

trien amendment did not cause the early appearance of sMMO activity seen in 

Figures 5.2 and 5.3. It is unclear what caused this result. 

In general, the results suggest that the inducible system is capable of 

exchanging copper with the strong chelators, whereas the constitutive system is 

not. The inducible system appears to include ligands with high copper formation 

constants (probably log K >20.0), and/or ligands which are capable of exchange 

reactions with trien and tetren. The constitutive system apparently has lower 

stability constants (probably log K < 15.0) and is incapable of coordination 

exchange reactions. The actual event that activates the inducible uptake system 

is unknown. It may be activated by a change in copper availability through altered 

copper speciation (eg. an altered charge or enhanced solubility), or possibly 

because Cu-trien +2 and Cu-tetren +2 are slightly inhibitory to the cell. Both of these 

complexing agents cause a small reduction in growth rate immediately after they 

have been added to the culture. 

(iii) Copper Toxicity in M.trichosporium OB3b. The toxic effects of sudden 
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increases in copper concentration were examined in Chapter 4. Those 

experiments looked exclusively at the response of cultures bearing sMMO. To 

assess the roles of cellular enzyme status (pMMO vs. sMMO) and the copper 

uptake system in place (constitutive vs. inducible) the experiments summarized in 

Figures 5.8 and 5.9 were performed. 

When grown in low-copper media, the presence of pMMO versus sMMO 

provided a modest advantage in tolerating a 5.0 uM Cu(lI) additions (Figure 5.8). 

However, when the culture was pre-grown at elevated copper levels (2.0 uM 

Cu(II)), or in the presence of trien (0.22 uM Cu(II)), the cells became very tolerant 

to sudden increases in copper concentration. In fact, pre-growth in trien-amended 

media completely eliminated the lag that is generally associated with exposure to 

5.0 uM Cu(II). 

Although the results suggest that the presence of pMMO versus sMMO aids 

in preventing copper inhibition in M.trichosporium OB3b, factors associated with 

the copper uptake system appear to be more significant in copper toxicity 

defense. The results suggest that the inducible copper uptake system that 

permitted pMMO expression at low copper-to-cell ratios (in the presence of trien), 

also makes the cells resistant to copper toxicity. 

Interestingly, when trien induced cultures were exposed to 10.0 uM Cu(II), 

enhanced tolerance to copper was not seen. Pre-growth in the presence of trien 

did not reduce the observed growth lag, compared to sMMO and pMMO grown 

__ I 
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in low-copper media. Figure 4.1 suggests that growth lag progressively increases 

as copper amendments are increased. The increased lag suggests that 

insufficient cellular "copper-binding agent" is produced in the presence of trien or 

at lower copper levels, therefore, time is required to manufacture adequate "agent" 

to counter-balance the higher copper levels. 

The specific mechanism of the induced copper uptake system in 

M.trichosporium OB3b is suggested by results from other researchers (DiSpirito 

et al,1990; M.E.Lidstrom, personnel communication). When type II organisms are 

grown at elevated copper levels they aggressively scavenge copper from their 

environment. DiSpirito et al (1990) observed that when M.trichosporium OB3b was 

grown at 10.0 uM Cu(II}, the bulk of the copper was found in the membrane 

fraction, as indicated by atomic absorption spectroscopy and EPR studies. The 

implication is that the inducible response to changes in copper level is through the 

manufacture of membrane-associated or periplasmic copper-binding agents. 

Further work is required to identify the compounds produced. Previous results 

with Pseudomonas spp. and E.coli suggest that the copper-binding agents are 

likely to be proteins, but work is required to confirm this (Cooksey, 1990: Ouzounis 

and Sanders, 1991). 

(iv) The Constitutive Copper Uptake System and Oxygen Effects. The constitutive 

system's principle function appears to be to obtain copper for the regulation of 

sMMO/pMMO and other nutritional functions. The results imply that appearance 
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of sMMO activity (and indirectly, copper uptake) at low copper levels is controlled 

by factors such as absolute copper concentration, copper speciation, copper-to-

cell ratio, and oxygen effects (See Chapters 3 and 4; Figure 5.1, Figure 5.3, and 

Table 5.3). These are all factors that have been implicated in the regulation of 

sMMO and pMMO in type II strains (Stanley et al.,1983; Dalton et al.,1984; Davis 

et al.,1987). 

Figure 5.1 indicated that in dilute-cultures, without complexing agents present, 

low oxygen levels retarded the appearance of sMMO activity. In unamended 

controls, the cell density where sMMO activity appeared correlated with the 

absolute copper level in solution, other factors being equal. However, the copper-

to-cell ratio (when activity appeared) did not correlate with cell density, but fell in 

two general groups (Table 5.3). It is suspected that the groups resulted from 

secondary oxygen effects. The calculated copper-to-cell ratios from Figure 5.1 

were 0.14 ug Cu(II)/mg COW for the low-oxygen case and 0.34 ug Cu(II)/mg COW 

for the unregulated oxygen case. The ratios loosely match the two groups of 

copper-to-cell ratios indicated in Table 5.3 (0.2 and 0.5 ug Cu(II)/mg COW). 

Although this result suggests that low oxygen levels enhance copper 

availability to the cell, it is more probable that the observed retardation in sMMO 

appearance resulted from inhibition of pMMO. Previous results indicated that high 

oxygen levels inhibit the production of pMMO, although the mechanism of 

inhibition is unknown (Dalton and Higgins, 1987). The actual mechanism by which 

I 
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oxygen affects copper availability and sMMO/pMMO expression requires further 

study. 

5.4.2. The Proposed Copper Regulation Model. Although some of the evidence 

is circumstantial, the results support the following model: 

1. Methylosinus trichosporium OB3b has two copper response systems -

one that is constitutive and the other that is inducible. 

2. The constitutive system is present when copper is readily available. 

Factors that affect its function are copper concentration, copper-to-cell ratio, 

copper speciation, and oxygen level. The system is characterized by 

comparatively low copper binding constants and an inability to scavenge 

copper when provided in stable complexes. 

3. The inducible copper uptake system is produced when copper is in a 

form that is unavailable to the constitutive system or if excess copper is 

provided to the culture. The actual induction mechanism is unknown. 

4. The inducible copper uptake system coincidentally provides defense 

against high, potentially inhibitory, copper levels. The system works by 

sequestering copper to the cell thus reducing the ambient copper 

concentrations in solution. The cellular sequestering agents, when fully 

activated, can exchange copper from trien or tetren implying that the 

cellular scavenging agents have extremely high copper formation constants. 

The above model is hypothetical. In general, the model bears some superficial 
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resemblance to the copper induction system in the Pseudomonas spp. 

(Cooksey,1990), however, the copper levels tolerated by M.trichosporium are a 

factor of 1000 less than the Pseudomonas spp. Also, the inducible Pseudomonas 

spp. uptake system appears to be exclusively produced for copper defense; 

whereas, the inducible system in M.trichosporium OB3b may be just a means of 

obtaining less available copper. Defense against copper toxicity may be 

coincidental to the major purpose of the uptake system. 

The copper uptake system in M.trichosporium OB3b actually shows a closer 

resemblance to typical nutritional (chromasomally-directed) uptake systems like 

that for phosphate (Surin et al.,1987; Elvin et aI., 1987). These systems are 

characterized by constitutive and indl~,:,:ible components which are activated by the 

availability of the nutrient. Typically, the constitutive component is comprised of 

low-affinity, less specific binding agents, whereas, the inducible system includes 

high-affinity, nutrient-specific binding agents. This describes the M.trichosporium 

OB3b system well. Further study is required to confirm specific details of the 

system. 

5.4.3. Comparison of sMMO/pMMO Regulation in Methy/osinus trichosporlum 

OB3b and Methy/osinus sp. DG1. Only preliminary experiments were performed 

with Methylosinus sp.DG1, so only general comments can be made. The results 

in Figures 5.6 and 5.7 indicate that DG1 is less sensitive to the regulatory effects 

of copper than M.trichosporium OB3b. Both the expression of sMMO and 
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repression of sMMO in DG1 followed similar patterns to M.trichosporium; however, 

(1) sMMO activity appears at lower copper to cell ratios with DG1 than 

M.trichosporium 083b (0.02 to 0.04 versus 0.2 to 0.5 ug Cu(II)/mg CDW), and (2) 

sMMO activity is retained longer after the addition of copper with DG1 

(approximately 5 hours with a 1.0 uM Cu(lI) amendment). It is apparent that either 

the sMMO/pMMO expression system in DG1 is less sensitive to copper, or copper 

uptake is less efficient. 

It is interesting to note that copper complexed with trien and EDTA affects DG1 

differently than it does M.trichosporium OB3b. Trien does not cause the 

appearance then disappearance pattern of sMMO activity in low-copper cultures 

with DG1 -- it retards the appearance of sMMO activity only (See Figure 5.6). Trien 

does appear to inhibit cell growth, however. Interestingly, EDTA appears to 

significantly retard the appearance of sMMO activity in DG1, which is contrary to 

what was observed with M.trichosporium. 

In general, DG1 and M.trichosporium OB3b have similar responses to copper, 

however, the two organisms are different in one important way. DG1 appears to 

be less sensitive to the negative effects of copper on sMMO expression -- DG1 

sMMO is expressed under less restrictive copper conditions. As a result, DG1 

may prove to be of more practical use for bioremediation. More sophisticated 

experiments asseSSing the response of DG1 to sequential copper increases and 

on the cell's adaptive system to elevated copper levels would be useful in the 
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assessing the utility of DG 1 for practical applications. 



CHAPTER 6 

APPLICATION OF A COLORIMETRIC ASSAY PROCEDURE 

FOR THE ISOLATION OF sMMO-BEARING METHANOTROPHS 

6.1 INTRODUCTION 

169 

Methanotrophic bacteria are capable of initiating the degradation of a variety 

of environmental pollutants including trichloroethylene, the isomers of 

dichloroethylene, vinyl chloride, and chloroform (Jansenn et al.,1988; Little et 

aI., 1988; Oldenhuis et aI., 1989; Wilson and Wilson, 1985). This phenomenon results 

from the broad substrate specificity of the initial enzyme in the pathway for 

methane catabolism, methane mono-oxygenase (MMO) (Burrows et al.,1984; 

Oldenhuis et al.,1989; Stirling et al.,1979). Methanotrophs possess two types of 

MMO; a soluble MMO (sMMO) and a particulate, membrane-bound MMO (pMMO). 

sMMO is considerably more effective than pMMO at catalyzing such nonenergy

yielding transformations; however, sMMO is only expressed in type II (and type X) 

methanotrophs that have been grown under severely copper-limited conditions 

(Tsien et al.,1989). Conversely, type I organisms appear to express only pMMO 

(Hanson et aI., 1991). 

Methylosinus trichosporium OB3b is the best studied of the type II 

methanotrophs (Brusseau et al.,1990; Burrows et al.,1984; Fox et aI., 1991 ; 
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Oldenhuis et al.,1989; Tsien et al.,1989). The sMMO of M.trichosporium OB3b is 

exceptionally effective in terms of its ability to catalyze biodegradative reactions, 

although the physical and chemical conditions under which optimum activity 

occurs are quite restrictive (Brusseau et al.,1989; Oldenhuis et al.,1989; Tsien et 

al.,1989). In this organism and other type II methanotrophs, the expression of 

sMMO is repressed by Cu(II) concentrations as low as 0.25 uM Cu (Tsien at 

aI., 1989). The copper level for sMMO repression varies somewhat depending on 

the ambient oxygen tension and species identity (Chapter 5). Thus, the F.lbility to 

generate sMMO activity under many natural conditions is problematic, although 

highly desirable from the standpoint of in-situ bioremediation. 

Here we describe a procedure to screen bacteria for sMMO expression 

when grown on solid media. The procedure may have utility for (i) the isolation 

and enumeration of sMMO-bearing strains and (ii) the selection of mutant strains 

that can express sMMO in the presence of comparatively high Cu(II) 

concentrations. The procedure is an application of a method developed by 

Wackett and Gibson (1983) for assessing mono-oxygenase activity in fungi and 

bacteria. It is based on observations that (i) some bacterial mono-oxygenases 

catalyze the conversion of naphthalene to 1-naphthol and (ii) naphthol formation 

can be monitored colorimetrically by the addition of certain aromatic diazo 

compounds to the reaction mixture (Parsons et al.,1955). 

Brusseau et al (1990) demonstrated that various type II methanotrophs 
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bearing sMMO (including M.trichosporium OB3b) catalyze the naphthalene 

reaction in liquid cultures. Type X strains, such as Methylococcus capsulatus, also 

catalyze this reaction (R.S.Hanson, personal communication). The conversion of 

naphthalene to naphthol has been used as an indicator of TCE degradation 

potential in methanotrophs (Tsien et aI., 1991). O-dianisidine, which turns purple 

in the presence of naphthol, was used as coloring agent. As utilized here, these 

methods permit rapid screening of mono-clonal colonies for sMMO activity. The 

utility of such a procedure for strain augmentation, isolation, and mutant selection 

is evident. 

6.2 MATERIALS AND METHODS 

6.2.1. Procedure Development. Unless otherwise indicated, experiments to 

develop procedures involved Methylosinus trichosporium OB3b (ATCC #35070). 

The growth medium was low-nitrate NSM medium (Chapter 3). Copper sulfate 

and ethylenediaminetetraacetic acid (EDTA) (Sigma Chemicals, Ltd.) were added 

from freshly prepared 10 mM stock solutions to the (culture dependent) final 

concentrations indicated in Table 6.1. Solid media consisted of the liquid growth 

medium solidified with 1.0% w/V Noble Agar (Difco Laboratories). 

Liquid cultures of M. trichosporium OB3b were grown in 1000-ml flasks at 

30°C in copper-free NSM with a heads pace concentration of between 15 and 20% 

methane/air. The flasks were agitated on a rotary shaker table (New Brunswick 



TABLE 6.1. Color Development by Various Organisms Grown on Solid Media As a Function of Media Composition 

Organism 

M. trichosporium OB3b 

M. albus BGB 

M. methanlca (ATCC #35067) 

Methylosinus 
sp.OG1 

Phenol degrading isolate 

Pseudomonas Qutida PP0301 
(PR0103) 

Pseudomonas ceQ2c1a Tl249 
(pR0103) 

Escherichia coli HB101 
(PR0103) 

Alcaligenes eutroQhus (pJP4) 

* Note: a (++) 
(+) 
H 

Carbon Source 

CH4 

CH4 

CH4 

CH4 

Phenol 

None 
2,4-0 

None 
2,4-0 

None 
2,4-0 

None 
2,4-0 

Strong Color 
Weak Color 
No Color 

NMS Media Amendment Colo~ 

o 11M Cu (++) 
o 11M Cu, 50 11M EOTA (+) 

1 11M Cu H 
1 JIM Cu, 50 JIM EOTA H 

211M Cu H 
o JIM Cu No Growth 
211M Cu H 
o 11M Cu No Growth 
211M Cu H 
o 11M Cu (++) 
211M Cu H 

20 mg/L Yeast Extract (V.E.) H 
20 mg/L Y.E., 25 mg/L HgOQ H 

20 mg/L Y.E. H 
20 mg/L Y.E., 25 mg/L Hg(IQ (, 

20 mgJL Y.E. (, 
20 mgJL Y.E., 25 mg/L HgOQ H 

20mg/L Y.E. (, 
20 mgJL Y.E., 25 mg/L HgOQ H 

20 mg/L Y.E. H 

i 

..... 
'-l 
l\J 

~---



173 

Co.) maintained at 240 RPM. The heads pace gas-to-liquid ratio in the culture 

flasks was always greater than 5 to 1. During logarithmic growth, the cultures 

were serially diluted in sterile 5 mM phosphate buffer (pH 7.0), and 50 uL of the 

10E-3 dilution was spread plated. A cyclohexane sMMO activity assay (Oldenhuis 

et al.,1989) was performed on the cultures prior to dilution to establish the 

presence or absence of sMMO activity at the point of dilution/plating. 

Plates were incubated at 30°C under a 25% methane/air atmosphere for 7 

to 21 days to develop colonies of different age and size. Every 2 to 3 days the 

incubator (BBL anaerobic jar) was opened and replenished with air and methane. 

Plates were removed intermittently, and colonies were screened for sMMO activity 

using !he following procedure: A few naphthalene crystals were sprinkled in the lid 

of the plate, and the plate was stored inverted at 30°C for 15 minutes in air. The 

plates were then opened and lightly sprayed with freshly prepared, 5 mg/ml 0-

dianisidine, tetrazotized (zinc chloride complex; Sigma Chemicals Ltd.) for 2 to 3 

seconds. The lid was replaced, and the plate was stored for 15 minutes in the 

presence of the dye. If naphthol was produced by the colonies, a purple/red color 

appeared upon contact with the dye. The color, once formed, remained stable --

for at least 24 hours at room temperature, and up to a month at 4°C. 

Procedures for assessing the response of non-methanotrophic strains were 

functionally the same as for the methanotrophs with the following exceptions. Pure 

cultures of locally isolated phenol-degrading bacteria, several known degraders of 

I 
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2,4-dichlorophenoxyacetic acid, and a strain of Escherichia coli were used to 

establish the limits/specificity of the test (see Table 6.1). When non-methanotrophs 

were employed, both liquid and solid media were supplemented with 20 mg/L 

yeast extract (Oifco Laboratories) and with 200 mg/L phenol (phenol degraders 

only) or 500 mg/L 2,4-dichlorophenoxyacetic acid (2,4-0) (Sigma Chemicals) (2,4-0 

degraders only). 

In media for one set of 2,4-0 degrading cultures, 2,4-0 was omitted to 

evaluate the effect of a potentially competitive carbon source on the naphthalene 

reaction. 2,4-0 degrading strains were known to tolerate high mercury levels and 

constitutively produce 2,4-0 degrading dioxygenase (Harker et al.,1989). 

Consequently, 25 mg/L Hg(II) was added to solid media to preclude the growth 

of contaminants. Phenol degraders were unidentified pure strains isolated from 

local oil-contaminated soils. 

6.2.2. Applications. i) Enumeration of M.trichosporium OB3b in sand samples. 

Sands were collected from an unsaturated, methane-amended sand column that 

was used to simulate vadose zone transformation of vinyl chloride (LeBlanc et 

al.,1992). Methane and vinyl chloride were passed in a down-flow mode through 

a 3-in diameter sand column. Under appropriate conditions, both gases were 

readily transformed in the column. There was no liquid feed to the column, and 

water content varied considerably with position (see Table 6.2). Although column 

materials had been seeded with M. trichosporium OB3b only, other 



TABLE 6.2. Cell Counts of 5011 Column Samples1 

LOCATION FRACTIONAL WATER TOTAL METHANOTROPHS {#f!:J}2 TllQe II METHANOTROPHS {#[g}3 
CONTENTMt} 

TOP 0.003 3.8 x 105 1.9 X 105 

MID·DEPTH 0.004 3.3 x 105 0.9 X 105 

BOTTOM 0.10 6.6 x 1011 6.4 x 1011 

-NOTES: 1 All counts were done In IripUcate. Mean values are provided. 

2Based on percent of colonies that utilized methane when transferred to 21!M CU(IQ media. 

3Color assay method. 

4 Acridine orange direct count of washed and diluted samples. 

AODC {#[g}4 

5.2 x 107 

6.0 X 107 

1.1 X 108 

.... 
'I 
OJ 

---.---
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methanotrophic species (uncharacterized) developed in large numbers during the 

50-day course of vinyl chloride degradation experiments. 

Bacterial numbers were estimated in nine samples. Three were collected 

at the top of the column, three at mid-depth, and three at the bottom. The nine 

samples were washed in sterile 0.1 % pyrophosphate buffer and serially diluted. 

Dilutions were plated in triplicate on copper-free NSM plates. The dilutions were 

also plated on 2 uM Cu (II) NSM plates (sufficient copper to permit expression of 

pMMO in methanotrophs) for enumeration of total methanotrophs (see procedure 

below). Plates were incubated in the presence of methane for two weeks, as 

previously described, after which they were removed, contacted with naphthalene, 

and colorimetrically assayed for naphthol formation. 

Colony counts were performed on the 2 uM Cu(lI) plates to estimate the 

number of culturable organisms present. Twenty colonies from the plates were 

transferred to NSM liquid media with 20% heads pace methane to estimate the 

fraction of colonies formed that could use methane in liquid culture. The liquid 

cultures were maintained in 28-ml, septum-capped culture tubes that contained 5 

ml of either copper-free or 2 uM Cu(lI) NSM media. Agitation was provided via 

end-over-end rotation at 100 RPM (Roto-torque tube rotator, Cole Parmer). Those 

colonies/organisms that could not grow on methane in liquid culture were 

assumed to be non-methanotrophic. The ratio of methane-utilizing colonies to total 

transferred (to liquid) was used to recalculate the total methanotrophic numbers 
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from the original plate count. 

Total cell numbers were estimated by acridine orange direct counts (AODC). 

The cells were washed with pyrophosphate and diluted as before, but were 

counted using fluorescent microscopy after contact with acridine orange in a 2% 

formaldehyde solution (see Chapter 3). 

ii) Isolation of type II methanotrophs from landfill soils. Soil samples were collected 

from the top 1.5 feet of surface soil at the Puente Hills Sanitary Landfill in Los 

Angeles County, California. Soil gas concentrations of methane varied from zero 

to 10 ppm at the sites sampled. 

The soil samples were prepared by washing/serial dilution in copper-free 

0.1 % w/w pyrophosphate buffer and then plated directly onto copper-free Noble 

agar NSM plates. After a two-week incubation period, the plates were exposed 

to naphthalene and sprayed with dye for color development. Colonies that turned 

purple were transferred to copper-free liquid NSM media with a 20% methane 

headspace to confirm their methanotrophic character. Purple colonies were also 

re-streaked onto fresh plates to (i) dilute copper that might have carried over from 

the original soils, (ii) establish the ability to rescue cells following 

naphthalene/naphthol exposure and color development, and (iii) verify color 

development. Colonies that re-grew were transferred into copper-free NSM liquid 

media and grown to an optical density of >0.5 (Asoo' cmo1
) for cyclohexane/liquid 

sMMO enzyme assays. If the culture utilized methane and showed sMMO activity 
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in liquid culture, it was assumed to be a methanotrophic strain with exceptional co-

metabolic capabilities (similar or identical to M.trichosporium OB3b). Such isolates 

were assumed to be type II strains because: (1) type I strains do not react with 

naphthalene, and (2) although type X strains also exhibit a colorimetric response 

to the naphthalene assay, they have only been isolated at temperatures >37°C 

(Brusseau et al,1990; Hanson et ai, 1991; Hanson,R.S.,personal communication). 

Controls were maintained throughout the above procedures. Landfill soils 

were mixed with column sands that contained M.trichosporium OB3b (positive 

control) and subjected to the procedures described. Non-color-forming colonies 

were regrown in liquid media and tested for cyclohexane transformation to 

estimate the frequency of false negative responses to the colorimetric procedure. 

6.3 RESULTS AND DISCUSSION 

6.3.1. Procedure Development. Figure 6.1 (a) exemplifies color development 

following the naphthalene/dye treatment by colonies of M.trichosporium OB3b that 

were grown on copper-free solid media. The color of M.trichosporium OB3b 

colonies on NSM/Noble Agar solid media was white. The lack of color 

development among colonies that were grown on copper-free plates and exposed 

to naphthalene but not treated with dye is apparent in Figure 6.1 (b). Colonies that 

were not exposed to naphthalene but sprayed with o-dianisidine (not shown) were 

identical. The colonies in Figure 6.1 (c) were grown on 1 uM Cu media, exposed 
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Figure 6.1: Use of naphthalene/o-dianisidine assay method to identify sMMO 
bearing colonies of Methylosinus trichosporium OB3b. (a) M. trichosporium OB3b 
grown in copper-free solid media, naphthalene, and contacted with o-dianisidine, 
tetrazotized. (b) M. trichosporium OB3b grown on copper-free solid media, 
exposed to naphthalene (no o-dianisidine added). (c) M. trichosporium OB3b 
grown on 1.0 JLM Cu(lI) solid media, exposed to naphthalene, and contacted with 
o-dianisidine. Note the tan discoloration on the left side of the photograph. This 
color is typical of un reacted dye exposed to air and light. Bars indicate 10 mm. 
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to naphthalene, and contacted with dye. No purple pigment was formed. 

However, a tan discoloration of the colonies and growth medium was observed. 

This discoloration probably resulted from the light-enhanced decomposition of 

unreacted dye (Parsons et al,1955; Saunders and Allen,1985). 

Figure 6.2 illustrates the consequences of over addition of dye to a plate. 

Under such conditions, colony definition became a problem as cells were washed 

across the surface of the plate. In an effort to resolve this problem, a blotting 

method was assessed. Dye was sprayed on photographic blotting paper, and the 

paper was briefly contacted with the plate surface. Although this method 

developed color appropriately, it was difficult to blot the colonies without damaging 

them. Replica plating was also assessed as a step in the coloring procedure, but 

proved unacceptable because of poor colony re-growth. As a result, the spray 

method was adopted -- the reagent was aspirated as a fine mist, and care was 

taken to avoid "pooling" on the plate surface. 

False positives occasionally resulted from this procedure. Color developed 

in colonies that had been grown on copper-bearing media only when the colonies 

were permitted to grow too large. Colonies became too large in two cases: (1) 

when the plates were not harvested within five weeks of original plating, and (2) 

when the colonies were streak-plated rather than spread-plated. With large 

colonies, copper is probably exhausted locally, and copper-deficient, sMMO

bearing organisms develop within the colony. The best way to avoid this problem 
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Figure 6.2. Colonies of M. trichosporium OB3b on copper-free media where 
excess o-dianisidine was added to the plate surface. Note the diffusion of color 
on the lower half of the photograph. Bar indicates 10 mm. 
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is to screen colonies only when they are small and discrete. False positives did 

not occur in colonies of M. trichosporium OB3b that were less than 3 mm in 

diameter. 

When the mineral salts medium was supplemented with EDTA at 50 uM, the 

intensity of color developed on the plates was weakened (Table 6.1). Based on 

previous liquid-culture experiments, it is unlikely that EDTA blocked MMO 

expression or activity (unpublished experiments, this lab). Liquid-phase, abiotic 

experiments in which the naphthol/dianisidine coupling reaction was monitored 

colorimetrically, with and without EDTA, indicated that color was significantly 

weaker in the presence of EDTA. EDTA may react with the zinc complex of the 

dye, thereby destabilizing the dye. 

Thirty colonies (M. trichosporium OB3b) that gave positive colorimetric 

responses were re-streaked on copper-free media. All thirty colonies yielded new 

growth, indicating that the screening procedure is non-lethal to M.trichosporium 

OB3b. It was found that the color assay procedure was also non-lethal to 

Methy/osinus sp. DG1. Implications are that the method is non-lethal to type II 

strains and should permit recovery of organisms with favorable cometabolic traits. 

Additional experiments were performed using methanotrophs other than 

M.trichosporium OB3b and non-methanotrophic bacteria (Table 6.1). Neither 

Methy/omonas methanica nor Methy/omonas a/bus BGB, both type I organisms, 

developed color in the presence or absence of copper. Neither of these 

I 

--I 



183 

organisms produces a soluble MMO. Test procedures were positive, however, 

for unidentified type II sp. OG1. 

All of the 2,4-0-degrading and phenol-degrading isolates produced no color 

when tested in the manner described. The prasence or absence of 2,4-0 did not 

influence the ability of the 2,4-0 degrading organism to react with naphthalene and 

develop color. The color response appears to be unique to mono-oxygenase 

bearing organisms and, in methanotrophs, to those expressing sMMO. 

6.3.2. Methanotroph Enumeration in the Sand Column. Table 6.2 presents a 

summary of cell counts including numbers of type II methanotrophs (assumed to 

be M.trichosporium OB3b), total methanotrophs, and total cell numbers (AOOC) 

from the sand column. Estimates are provided for three positions in the column. 

The type II methanotrophs were concentrated at the bottom of the column, where 

the fractional water content was the highest. The non-color-forming 

methanotrophs were an order of magnitude less numerous than type II strains in 

the high-water-content zone. Water content appears to play an important role in 

the enrichment of calor-forming strains. 

AOOC counts were two orders of magnitude higher than the highest of the 

color assay plate counts. This implies that there were either more non

methanotrophs than methanotrophs in the column, or the colorimetric assay 

underestimated the number of type II organisms present. Plates counts with 

methanotrophs are known to underestimate the total populations (Hanson et 
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al.,1991 ). 

6.3.3. Type II Methanotroph Isolation from landfill Solis. Tables 6.3 and 6.4 

summarize the results of the color assay method as applied to landfill soil samples. 

Three soil samples were evaluated. The three soils were similar in terms of water, 

organic, and copper characteristics, but different in terms of site methane 

concentration. Two samples, M-1 and M-2, were from methane-active zones in the 

cover soils of the sanitary landfill. The other sample, NM-1, was from a methane

free zone that provided cover material for landfill operations. To provide a positive 

control, NM-1 was split in two, and one half was blended 10 to 1 (by weight) with 

sand collected from the bottom of the vinyl chloride treatment column (NM-

1 :spiked). The bottom sand sample had be shown to have numerous color 

forming strains present (see Table 6.2). 

The soils were diluted and plated at dilutions of 5.0x10-4, 5.0x10·5, and 

5.0x10-8. Colonies formed from all samples at all dilutions within approximately two 

weeks. M-1 and M-2 generated the greatest number of colonies, both having 

greater than 300 colonies/plate at 5.0x10-5 dilution. 

After two weeks, the plates were contacted with naphthalene and dye. 

Thirty-two colonies were selected for further testing; twenty-four that developed 

some degree of color upon contact with the dye, and eight colonies that did not 

generate color but were well defined on copper-free plates. Table 6.3 identifies the 

sources of colonies used for further study. Strong and weak color corresponded 



TABLE 6.3. Summary of Organisms Isolated from Landfill Solis 

FRACTIONAl2 

SOIL SAMPLE IN-SJTU1 WATER ORGANI~ LEACHABLE" SELECTED COLONIES (# G/VEN)5 
METHANE (PPM) CONTENT CONTENT (%) Cu (ugtg) NO COLOR WEAK COLOR STR::lNG ca.oA 

M-l 10 

M-2 10 

NM-1 TRACE 

NM-1: N/A 
SPIKED 

·NOTES: 

0.18 4.5 0.35 Cl, C2, C3 8,17,18,23,24 NONE 
C7,C8 

0.184 3.8 0.23 C4,C5,C6 5,6,7,9,10 NONE 
11,12,15,16 
19,20,21,22 

0.125 3.1 0.14 NONE 4 NONE 

N/A N/A N/A NONE NONE 1,2,3,13,14 

lMeasured at site. Vadose zone ambient methane content 01 solis. 

2Measured on a v/v basIs. 

3Measured as a percent on a w/w basis. 

4Measured as weight of copper per weight 01 soiL leachable Cu after 1 hour of agitated contact In 100 I'M EDTA 
solution. 
SColony Identification numbers which were selected for further Isolation. 
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TABLE 6.4. Results of Growth/Color-Oevelopment Experiments 
Involving Isolatos from Landnn Salls 

Source (soli sample) 1 Colony Color Development on Cyclohexane Conversion 
Designation Secondary Plata 

(NSM-Iow Cu; 1" 
Noble Agar)2 

I. Color.formlng Colonies 

M·1 8 

17 

18 

23 
24 

NM·1: Spiked w/OB3b 4 
(column salls) 

NM·1 + 
2 + 
3 + 
13 + 
14 + 

M·2 5 

6 

7 

9 

10 

11 

12 

15 

18 

19 

20 

21 

22 

II) Non-color.formlng colonies (negative controls) 

M·1 C1 

M·2 

C2 

C3 
C7 

C8 

C4 
C5 

C6 

1 See Table 6.3 for descnptlon 
of sOil sources. 

2oolonies were restreaked on 
NSM-Iow Cu to confirm color 
development because growth 
on original plates was dense 

and color intensity variable. 

+ : color development on soUd 
media or cyclOhexane conversJon 
in liquid. 

• : no color development/no 

In Uquld Medium (NSM-
IowCu) 

NT 

NG 

+ 
+ 
NG 

+ 
NG 

NG 

cycIohexane conversion 

NT: not tested 

NG: no growth 
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to the color intensity in the colony after dye addition. Color intensity was a 

function of colony size. 

The results of subsequent analyses involving the 32 selected colonies are 

summarized in Table 6.4. All colonies grew when they were re-streaked onto 

copper-free plates, however, only 26 of 32 grew and utilized methane when they 

were transferred from the original plates into liquid media. When colonies were 

restreaked prior to the establishment of liquid cultures, 28 utilized methane and 

grew. Of the 24 color-forming colonies, only the five colonies that were deeply 

colored on the original plates developed color again when tested on the 

restreaked plates. Cyclohexane assays were performed on all liquid cultures that 

consumed methane. Again, only cultures that had developed strong color on 

plates (and developed color following restreaking) converted cyclohexane to 

cyclohexanol. All liquid media used to assay for cyclohexane conversion were 

found to contain less than 0.25 uM Cu(II). 

From the foregoing, it is apparent that the landfill soils contained relatively 

few, if any, methanotrophs of the class represented by M. trichosporium OB3b, i.e. 

methanotrophs that are capable of expressing sMMO lacking substrate specificity. 

The false positives that were obtained in the initial screening steps are easily 

dismissed; the original plates were crowded and color development was extremely 

weak. It is possible that color formation was a consequence of dye reacting with 

other metabolites present (Wackett and Gibson,1983). The frequency with which 
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organisms grew without copper and without a naphthalene-degrading sMMO was 

unexpected, and cannot be explained satisfactorily without a detailed look at the 

taxonomy of the methanotrophic isolates. 

Results imply that the naphthalene plate assay can differentiate between 

color forming and non-color-forming methanotrophs when the colonies (and 

therefore the color response) are distinct. There were no false negatives among 

the 8 non-colored colonies carried forth. Colonies that strongly developed color 

proved capable of expressing sMMO. The false positives observed in the initial 

screen were rapidly reclassified during subsequent screening steps (restreaking 

on copper-free NSM and growth in liquid on methane). The liquid culture step, 

which verified methane utilization, successfully screened out non-methanotrophic 

colonies that originally produced color. These would include naphthol-producing 

fungi (Wackett and Gibson,1983) and other non-methanotrophic naphthalene 

oxidizers. The two-step screening procedure eliminated misleading initial results. 

False positives were infrequent once experience had been developed with the 

procedure. When the procedure was first attempted, however, it was helpful to 

have positive controls available to assist in defining the positive response. 

Putzer et al (1991) summarized the methods available for distinguishing type 

I and type II methanotrophs adding their own method, which was based on 

density gradient separation. The colorimetric method described here offers 

significant advantage over other procedures in terms of simplicity, speed, and 
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sample size requirements. The colorimetric test is designed to identify strains with 

unusual potential for cometabolic applications-- those with highly nonspecific 

mono-oxygenases. We consider this a practical advantage that may prove more 

significant as methanotrophic taxonomy takes on additional complexity. 

6.4 CONCLUSIONS 

The following conclusions are supported by results in Chapter 6. It is 

possible to differentiate between methanotrophic organisms that can and cannot 

transform cyclohexane to cyclohexanol using the screening procedure described. 

This is of practical importance because cyclohexane reactivity correlates with the 

ability to transform several persistent chemical pollutants, including TCE (Brusseau 

et al.,1990; Tsien et aI., 1991; See Chapter 5). In experiments involving 

M.trichosporium OB3b, expression of sMMO was requisite to naphthalene 

transformation and color production on plates. 

The plate assay made it possible to count specific types of methanotrophs 

in soil-column studies and to extract microorganisms with exceptional cometabolic 

potential from sand mixed with landfill soils. The colorimetric procedure did not 

immediately injure participant organisms; treated strains were, without exception, 

conveniently recovered by restreaking on fresh agar. The potential utility of the 

procedure from the standpoint of strain selection and/or selection of regulatory 

mutants that can express sMMO in the presence of Cu(lI) is apparent. 
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CHAPTER 7 

CONCLUSIONS 

7.1 PRACTICAL IMPLICATIONS AND CONCLUSIONS 

Methanotrophic bacteria possess exceptional traits for the biodegradation of 

a variety of environmental pollutants. Type" strains in particular have shown 

impressive potential for biotransformations; however, these strains have a number 

of physiological characteristics which may mitigate against their practical use in 

bioremediation. Type" methanotrophs show comparatively low growth rates 

under carbon limitation, and the enzyme responsible for their degradative talents, 

soluble methane mono-oxygenase (sMMO), is repressed at exceptionally low 

copper levels. The purpose of the work described here was to examine these two 

potentially negative traits of type " strains, thus determining the utility of using 

these organisms for practical applications. 

7.1.1. Competition and Maintenance of Type 1/ Strains in Treatment 

Environments. The competitive success of type " strains with other 

methanotrophs was addressed in Chapter 3. The work looked at the competition 

between a type I methanotroph, Methy/omonas a/bus BGB, and a type " strain, 

Methy/osinus trichosporium OB3b, in continuous-flow reactors. The experiments 

were designed to determine conditions under which the type " strain could 
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"exclude" the type I strain from the reactor, thus providing a guideline for the 

enrichment of type" organisms in treatment environments. The type" strain was 

found to be competitively successful under nitrogen and copper limiting conditions, 

whereas, under carbon limitation, the type I organism predominated. Under both 

nitrogen and copper control, it was found that oxygen level played a significant 

role in the rate of competitive success of the type" strain. Traces of methanol in 

the growth environment appeared to enhance the success of the type I strain 

under methane limitation. 

It is apparent from the results that type " strains should predominate under 

both copper or nitrogen limiting conditions. Through the manipulation of these 

factors, particularly nitrogen control, it should be possible to enrich for type II 

strains in treatment environments; although, the use of these phenomenon may 

not be practical in all scenarios. Under in-situ treatment conditions, for example, 

control of environmental variables, such as available soluble nitrogen, is almost 

impossible, therefore, it would be very difficult to specifically select for type " 

strains under these conditions. The only specific external control possible in-situ 

would be to not provide soluble nitrogen as a nutritional supplement to the growth 

environment. Providing supplements is occasionally done for in-situ treatment; 

however, with methanotroph-driven treatment systems, providing a soluble 

nitrogen source could enrich for less effective methanotrophs in the treatment 

environment. 
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Another possible, but less specific, external control for in-situ treatment would 

be to provide comparatively low levels of oxygen to the treatment zone. If nitrogen 

limiting conditions were prevalent, lower oxygen levels should enhance nitrogenase 

activity thus promoting type" strains. The disadvantage of this control is that low 

oxygen levels would tend to promote pMMO rather than sMMO, which is 

potentially counter-productive to maximizing degradation rate. The potential use 

of oxygen control would depend on the conaitions in the trea~ment zone; if 

available soluble nitrogen was low, low oxygen conditions should be provided, 

whereas, if available nitrogen was high, high oxygen conditions may be preferred. 

High oxygen levels tend promote sMMO rather than pMMO. In a practical in-situ 

treatment scenario, it may be possible, based on preliminary nitrogen soil fertility 

testing, to select the most appropriate oxygen feed rate. 

The use of nitrogen and copper control in above ground reactors is more 

feasible than in-situ systems, particularly if a two-stage reactor system is utilized. 

In above ground systems, the reactor conditions can be more closely monitored, 

and as a result, specific conditions that promote type " strains and sMMO activity 

could potentially be maintained. 

One-stage contacting systems, such as methane-amended, packed or 

fluidized-bed columns, or a methane-amended suspended culture reactors, would 

permit less sensitive control than two-stage systems. In the one-stage cases, the 

copper and nitrogen concentrations would be determined by the contents of the 
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influent feed. Only controls, similar to those described above for in-situ systems, 

would be possible (eg. no nitrogen supplements or maintaining specific oxygen 

conditions). With a two-stage system similar to that described by Alvarez-Cohen 

and McCarty (1991 c), however, precise control of the methanotroph growth 

environment would be possible because the methanotroph batching tank should 

be separate from the waste stream. The batching tank should have a tightly 

controlled reaction environment, including: (1) a low-copper feed, (2) a minimum 

of soluble nitrogen, and (3) appropriate oxygen levels (probably high oxygen levels 

to promote sMMO). Chemical treatment of the batching feed water would 

probably be necessary to maintain the conditions; however, if a reactor design 

such as an air-lift system were used, cell densities could be maximized. 

The use of a two-stage reactor system as described above is also feasible 

because of the results described in Chapter 4. This treatment system assumes 

that sMMO-bearing type II strains would be maintained in the batching tank, and 

then be slowly bled into a contacting tank, where the biodegradation reactions 

would occur. Presumably, the organisms would be exposed to increases in 

copper when passed into the contacting tank, therefore, in principle, sMMO would 

be repressed. Chapter 4 results imply, however, that sMMO activity can be 

retained for extended times (up to 25 hours) when exposed to copper levels less 

than 5.0 uM Cu(lI) and that sMMO activity would probably be present for an 

extended time even though copper was also present. If the hydraulic retention 
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time in the contacting tank were less than about 10 hours, which is likely, active 

sMMO would be present for the entire contact period. The effects of this system 

could be maximized if a stepped-cell-contact system were utilized, where 

methanotrophs would be injected at various points along the contacting chamber. 

The other major advantage of a two-stage treatment system would be that the 

competitive inhibition of the cometabolic degradative reactions by methane would 

be minimized. In the two-stage system described above, methane would be 

provided only to the batching tank, therefore, the reactions of MMO in the 

contacting tank would not be inhibited by methane. It may be necessary to 

provide low levels of formate or methanol to the contact chamber to allow the 

regeneration of NADH in the cells, however, this has already been demonstrated 

to be practically feasible (Semprini et aI., 1991 ). 

7.1.2. Regulation of sMMO Activity In Type II Methanotrophs. The other half 

of the work described in this dissertation is related to the regulation and control 

of sMMO in type" organisms. Chapter 4 demonstrated that copper is not directly 

inhibitory to sMMO activity in cell-free systems in Methylosinus trichosporium 

OB3b. sMMO must, therefore, be regulated by inhibition of expression. This is 

important because it makes regulatory mutants potentially feasible that are capable 

of bearing active sMMO in the presence of elevated copper levels. The 

development of the screening procedures described in Chapter 6 permit rapid 

review of many colonies thus enhancing the ability to perform mutational work. 
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Although the development of sMMO-bearing mutants sounds promising, and 

could potentially alleviate the negative effects of copper on type II strains, there are 

practical problems. In general, mutation with methanotrophs has been shown to 

be extremely problematic (Hanson et aI., 1991). Also, even if mutants could be 

generated that expressed sMMO in the presence of copper, those mutants may 

be susceptible to copper inhibition at copper levels of 5.0 uM Cu(lI) and greater 

(Chapter 4). Results in Chapter 5 also indicated that the defense mechanism to 

copper toxicity in M.trichosporium OB3b may be partially linked to the expression 

of pMMO. In principle, by mutating the expression system of sMMO, one might 

also be mutating the expression system of pMMO, and as a consequence, 

possibly effect the ability of the cell to tolerate elevated copper levels. A number 

of questions are still unanswered and further work is required to understand the 

cascade of effects of copper on type II strains, and in turn, to assess feasibility of 

generating sMMO-bearing mutants. 

One possible direction of work which may be justified in the future is the study 

other type II methanotrophic strains. Methylosinus sp. DG1 appears to have 

similar responses to copper as M.trichosporium OB3b -- although DG1 appears 

to be somewhat less sensitive to the effects of copper (Chapter 5). It is possible 

that DG1 may be more capable of tolerating the negative effects of copper, if it 

were successfully mutated. It may also be more receptive to mutation than 

M.trichosporium. It is possible that the colorimetric screening procedure, 
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described in Chapter 6, may provide other isolates which may be less sensitive to 

the detrimental effects of copper. 

The other major topic studied here, related to sMMO regulation, is the role of 

copper speciation. Chapter 5 showed that the complexed form of copper 

significantly influences the expression of sMMO in type II bacteria. In the presence 

of strong copper complexing agents such as trien, the appearance of sMMO 

activity was initially accelerated, then significantly repressed, after an adaptation 

period (compared to unamended controls). These results indicate that copper 

complexed with trien is initially unavailable to the cell; however, the cell appears to 

be capable of an induced response to the apparent copper deficiency. The 

response permits the cell to scavenge copper away from the Cu-trien+2 complex. 

This inductive response, due to trien, also appears to play an role in the cell's 

copper toxicity defence mechanism. Cells possessing active pMMO, which were 

pre-grown in low-copper media (in the presence of trit3n), showed no toxic effects 

associated with a sudden increase in copper concentration from 0.2 to 5.0 uM. 

This same change in copper concentration resulted in a 25 hour growth lag in cells 

bearing pMMO which were pre-grown in low-copper media without trien. The 

inference from these results is that type II strains develop enhanced copper 

scavenging capabilities based on copper speciation effects. It is possible that the 

cell has further adaptations, as yet undetected, which permit growth at copper 

levels as high as 20.0 uM Cu(II). 
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The other general topic described in Chapter 5 is more fundamental 

speculation on the copper uptake and response system in M.trichosporium OB3b. 

The nature of this system may be very relevant to the application of methanotrophs 

in treatment systems and in the development of stable mutants. The response 

system appears to have two components responsible for copper uptake. There 

appears to be a constitutive component, whic,;;h is involved in nutritional uptake at 

low copper levels, and there appears to an inducible component, which enhances 

the cell's ability to scavenge copper from its environment. 

The practical consequences of having two copper response systems is 

significant for methanotrophic applications in bioremediation. For example, in 

terms of developing mutants, a single mutation may not be adequate to create a 

stable organism insensitive to sMMO repression by copper. It is possible that one 

of the reasons for the difficulties in developing stable mutants in the past is the 

dual copper uptake systems apparently present. A better understanding of the 

interrelationship between the two copper responses systems is required to answer 

these questions. Also, it had been previously hoped that by providing copper to 

type 1/ methanotrophs in lIunavaiiable formsll (such as stable complexes), that 

sMMO activity could be promoted at high copper levels. The results in Chapter 

5 indicate that when copper is IItheoreticallyll less available, the cell is capable of 

altering its copper scavenging system, thus making lIunavaiiablell copper available 

again. There may be no way of making copper functionally lIunavaiiablell to cell. 
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These results make the development of sMMO-bearing mutants much less feasible 

than was previously anticipated. 

7.1.3. Major Conclusions. The work performed here examined factors which 

affected the utility of type " methanotrophs in bioremediation. In general, the 

results imply that methanotrophs may be less useful for bioremediation than was 

previously believed. Although, nitrogen limitation can be used as a tool for 

selection of type " strains, the promotion and development of useful sMMO

bearing strains appears to be difficult. Methanotrophs may still be used; although, 

optimizing degradative capacity through the promotion of sMMO may be difficult. 

As a summary, the following is a list of major conclusions from the work: 

1. The presence of type " strains can be promoted through the use of 

nitrogen limiting conditions. This may have practical significance in both in

situ and in above ground treatment scenarios. 

2. Oxygen concentration plays a significant role in the rate of competitive 

success and the promotion of sMMO activity with type" strains. 

3. Copper represses the expression of sMMO in M.trichosporium OB3b. 

4. sMMO-bearing mutants may be feasible -- although mutant stability and 

the ability of the mutants to tolerate increases in copper concentration must 

be evaluated. 

5. Copper speciation affects the regulation of sMMO and pMMO in type " 

strains. Copper speciation also appears to affect copper toxicity. 

__ I 
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6. The ability of type II organisms to tolerate increases in copper 

concentration is related to the form of MMO present and the other induced 

factors. Complexing agents, such as trien, induce copper-binding agents 

that make copper more available to M.trichosporium 083b. 

7. Methylosinus trichosporium appears to have two copper response 

systems -- a constitutive system and an unducible system. The inducible 

component sequesters copper more aggressively than the constitutive 

component. The inducible component makes less available copper more 

available and protects the cell from the toxic effects of copper. It appears 

to function by sequestering copper from the growth environment through 

induced copper binding agents. 

8. Type II, sMMO-bearing methanotrophs can be enumerated and isolated 

using a simple, colorimetric enrichment technique. The technique may also 

permit rapid screening of sMMO-bearing mutants in mutational work. 

9. There are a number of major advantages of methanotrophs in 

bioremediation; however, for these organism to be most effectively utilized, 

the problems of sMMO repression by copper must still be overcome. The 

interrelationship of sMMO/pMMO expression and the induction of 

aggressive cellular copper uptake agents may make sMMO-bearing 

organisms improbable in treatment environments. 
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7.2. FUTURE WORK 

There are a number of general research problems that still must resolved. 

They include: 

1 . The assessment of other enviro"mentGlI variables in type I/type II 

competition experiments should be performed, including: (1) resting stage 

stability, (2) elevated carbon dioxide levels in the growth environment, (3) 

phosphate limitation, and (4) the propensity for attachment. 

2. The effects of including defined heterotrophs and/or non-obligate 

methanotrophs on methanotroph competition should be studied. 

3. The use of nitrogen limitation as a selection tool for type II strains under 

non-sterile reactor environments must be evaluated, ie. the nitrogen 

limitation hypothesis should be tested in "real" settings. 

4. Biodegradation studies should be performed using type II strains 

possessing active nitrogenase to confirm that the i:Jiodegradation talents are 

not reduced under nitrogen limitation. 

5. The development of a two-stage reactor system which utilizes nitrogen, 

copper, and oxygen controls to promote type II strains and sMMO activity 

should be performed. This may be the only feasible use of methanotrophs 

in bioremediation. 

6. Details of the repression system of sMMO in M.trichosporium OB3b 

must elucidated, ie. (i) whether copper represses sMMO expression directly 
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or (ii) acts as an activator of pMMO expression which, in turn, represses 

sMMO expression by feedback inhibition. 

7. The relationship of the constitutive and inducible copper uptake systems 

in M.trichosporium should be further evaluated. The location and 

classification of the copper binding agents formed in the inductive response 

must be identified. 

8. The actual effect of Cu-trien +2 on cellular response must be defined. 

9. The sMMO expression system and the copper uptake mechanisms in 

Methylosinus sp.DG1 should be examined further. DG1 may prove to be 

a more useful organism for bioremediation than M.trichosporium OB3b 

because it is less sensitive to the negative effects of copper. 

10. Mutation experiments should be attempted with a variety of type II 

strains in an effort to develop stable mutants capable of expressing sMMO 

in the presence of moderate copper levels. 
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APPENDIX I 

METHANE MASS TRANSFER CALCULATIONS 

Methane uptake and mass transfer considerations were assesssed for both the 

shaker-table-grown cultures and the Biostat MD. It was desired to maintain reactor 

conditions where methane utilization was controlled by biological responses rather 

than physical transport limitations. Preliminary experiments were performed 

comparing methane utilization rate, specific growth rate, and mixing rate for both 

organisms. From these results, suitable mixing conditions were selected for further 

experiments. The results provided here are for Methy/omonas a/bus 5GB and the 

shaker table apparatus (similar results were obtained for Methy/osinus 

trichosporium OB3b and the Biostat). All uptake experiments used the procedures 

described in Chapter 3. 

A summary of the results is provided in Table A-1. Table A-1 describes the 

relationship between measured methane uptake rate during cell growth, specific 

growth rate, experimental mixing rate, estimated shear rate, and calculated 

theoretical methane uptake rate, if physical transport was limiting (from the liquid 

phase to the cell). The calculations used methods described by Confer and 

Logan (1991). To perform the calculations, the following assumptions were made: 

1. Methane solubility in water = C = 24.1 mg/I at 1 atmosphere and 30°C. 

2. Diffusivity of methane = D = 1940 x 10·a cm2/sec. 

I 
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3. Cell radius = a = 0.5 nm. 

4. Cell yield = 0.43 g. cell Carboni g. CH4 Carbon. 

5. Cell is 55% carbon. 

6. The active cell surface area for methane transfer is 1 % of the total surface 

(ie. Es = 0.01). 

7. All Peclet #'s are < < 1 ( Pe = a2G/D ). 

8. The reactor methane heads pace is 25% vivo 

9. Shear rates (G) were estimated from tables in Camp (1968). 

10. Culture volume = V = 100 ml. 

11. Cell density = N = 2.0 X 108 cells/ml. 

12. Sherwood Number = Sh = 1 + 0.26PeO.5. 

13. Mass transfer rate/per cell = Q = 47raDShEsC. 

14. Total methane uptake rate = r = QNV. 

The results clearly indicate that, in the range of mixing rates used for the 

experiments here, methane transport was not limited by physical mass transfer at 

the cell surface. The calculated methane uptake rates, which assumed 

conservative transport conditions (see above), were all between one and two 

orders of magnitude higher than those observed in the experiments. 

It is interesting to note that, at elevated mixing rates, both observed growth 

rate and methane uptake rate were reduced even though physical mass transfer 

was enhanced. In fact, elevated mixing rates (>300 PRM) appeared to be 

--I 
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inhibitory to growth. It is unclear whether the growth inhibition was a result of 

oxygen toxicity resulting from enhanced oxygen uptake rates or by physical shear 

effects at the elevated agitation rates. The inhibition phenomenon was observed 

similarly for both Methy/omonas a/bus and Methy/osinus trichosporium, although 

the severity of inhibition was greater in M.a/bus. This result suggests that oxygen 

toxicity may be the more likely cause of inhibition. M.a/bus must express pMMO 

regardless of oxygen level, and pMMO is known to be sensitive to oxygen (Stanley 

et aI., 1983). The inability of M.a/bus to change its enzyme status at elevated 

oxygen levels, makes it inately more sensitive to elevated oxygen conditions. 

M.trichosporium can ~witch from pMMO to sMMO to high oxygen levels, therefore, 

it should be less sensitive to alterations in oxygen status. 
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Table A1 

Comparison of Observed Methane Mass Transfer and Calculated 

Mixing 

Rates 

(RPM) 

130 

200 

240 

300 

340 

*Notes: 

Mass Transfer Rates versus Mixing Rate 

Shear Rate Specific Observed Calculated 

(sec·1)1 Growth Rate CH4 Uptake CH4 Uptake 

(h(l) Rate (mg Rate (mg 

C/sec) C/sec) 2 

110 0.099 2.04 114 

205 0.144 2.86 115 

270 0.173 3.60 116 

345 0.182 3.83 117 

405 NG3 - 118 

1. Estimated from Camp (1968). 
2. Theoretical methane mass transfer rate which would be expected 

if physical mass transfer were growth limiting. 
3. No growth. 
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