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• 	The Microbe is so very small 
You cannot make him out at all, 
But many sanguine people hope 
To see him through a microscope.. 
His jointed tongue that lies beneath • • 
A hundred curious rows of teeth; • 	- 

His seven tufted tails with lots 	• 
Of lovely pink and purple spots, 	•. • • 	 • 	 :- 	 • 	 • 

On each of which a pattern stands, • 	: 	• 	• 
Composed of forty separate bands; • • • 	• . 

• 	 His eyebrows of a tender green; •. 	 •- • • 	 • • • 

• 	All these have never yet been seen - 
But Scientists, who ought to know, 	• 	• 

• • 	Assure us that they must be so ...• 	 . 

Oh let us never, never doubt 

What nobody is sure about 

HILAIRE BELLOC 



SUMMARY 

1. 	The oxidation of methane by washed cell suspensions of 

Methylosinus trichosporium OB3B was inhibited by 22 compounds 

including metal-binding compounds such as KCN (10 M), 

aa'dipyridyl (10 4M), 8.-quinolinol (10' M), thiosemicarbazide 

(10 5M), thiourea (10M), hydroxylamine (10 3M), histidine 

(10N), British Anti-Lewisite (5 x 10 3M) andmiscellaneous 

known inhibitors of other oxygenases. The lack of any 

significant inhibition of methanol and formate oxidation by 

the same concentrations of these compounds and the ability 

of Methylomonas albus BG8 to grow with methanol but nQt 

methane as carbon source in their presence indicates that 

these compounds are specific inhibitors of the methane 

oxygenase. A role for copper in the methane oxygenase system 

was suggested by the pattern of inhibition and relief of 

inhibition by added metal ions. 

2.. The nitrogen-stabiliser 2-chloro,6(trichloromethyl) 

pyridine ('N-SERVE') was also found to selectively inhibit 

methane oxidation at a concentration of 0.67'x  10 M in both 

M. albus BG8 and N. trichosporium OB3B. 

3. Hydrazine sulphate at a concentration of 2 x 10 3M 

selectively inhibited methanol oxidation in suspensions of 

N. albus BG8 and M. trichosporium OB3B. 	 - 

4. 	The ability of M. trichosporiuni OB3B to oxidise ammonia 

was confirmed by the demonstration in washed cell suspensions 

of both ammonia and hydroxylamine-stimulated nitrite 

production and the former was found to be stimulated by the 

addition of formate. Ammonia-stimulated nitrite production 

in the presence of formate was inhibited to a greater extent 



than' the hydroxylamifle_5tim]at,ed nitrite production by 

8-quinolinol (10 4M), aa'dipyridyl (10 4M), allyl thiourea 

(10 4M), thiosemicarbazide (lo'M) dithyldithiocarbamate 

(7.5 x 10M) and N-SERVE (0.67 x 10- 4M). 

Ethylene was shown to disappear from incubations of 

suspensions of N. trichospOriUln OB3B and the addition of 

formate stimulated this disappearance. Both the formate-

stimulated ethylene and ethane oxidation were inhibited by 

the inhibitors of methane oxidation 8-quinolinol '(10 4M), 

aa'dipyridyl (10 4M), thiosemicarbaZide (10 -4  M), thiourea 

(10-4  M), hydroxylamifle (10 3M) and N-SERVE (0.67 x 10N). 

The specific inhibition of methane oxidation by carbon 

monoxide was confirmed and the sensitivity of ethylene 

oxidation and ammonia_stimulated nitrite production in 

N. trichosporium OB3B to inhibition by CO also demonstrated. 

Carbon monoxide was found to stimulate respiration and CO 2  

production by washed cell suspensions of N. albus BG8 and 

N. trichospOrium OB3B and 
14 tracer techniques were used to 

confirm the oxidation of carbon monoxide by these two 

methylobaCteria. Carbon monoxide-stimulated respiration by 

N. trichóspOriUm OB3B was inhibited by nine of the specific 

inhibitors of methane oxidation described in (1) and an 

oxygenase mechanism for the oxidation of carbon monoxide by 

methylobaCteria was indicated by the demonstration by mass 

spectrometry of the 180_ enri chment of the CO  evolved by 

incubations of N. trichospOriUm OB3B with CO and 
180 enriched 

molecular oxygen. Formate was found to stimulate CO 

respiration by N. albus BG8 and N. trichosporiUm OB3B and a 

role for endogenous metabolism in the oxidation of CO by the 

latter organismH was suggested by the ability of CO to 



stimulate endogenous 
l4; production from 14C-labelled 

N. trichosporium OB3B. 

7. 	Suspensions of methylobacteria were examined by Electron 

• 	Paramagnetic Resonance Spectroscopy (E.P.R.) and an E.P.R.- 

detectable Cu (11)-like species was found in Methylomonas 

• 

	

	albus BG8. Pseudomonas methanica, Nethylosinus trichosporium 

OB3B, and Nethylosinus trichosporium OBLk. Examination of 

the proposed facultative methylotroph XX revealed the 

presenôe of an E.P.R.-detectable species resembling Cu (II) 

in suspensions of the methane-grown but not the glucose-grown 

cells. An E.P.R.-detectable Cu (II) species was not observed 

in suspensions of Escherichia coli B and the hydrocarbon 

utiliser Brevibacterium JOB5, indicating some significance 

for the proposed copper species, however the lack of 

reproducible reduction of the E.P.R.-det actable Cu(II)-like 

species on addition of methane prevented the conclusive 

assignment of a role for this species in methane oxidation. 
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ABBREVIATIONS 

ATP 	 : 	adenosine triphosphate 

NAD(H) 	 nicotinamide adenine dinucleotide (reduced) 

NADP(H) 	 : 	nicotinamide adenine trinucleotide (reduced) 

FAD(H) 	 flavin adenine dinucleotide (reduced) 

PNS 	 : 	phenazine methosuiphate 

• DCPIP 	 : 	2,6_dichlorophenolindOlPhef101 

P.H.B. 	 - 	poly-(3-hydroxybutyrate 

N.M.S. 	 : 	nitrate mineral salts medium 

A.N.S. 	 : 	ammonium mineral salts medium 





general introduction 

The state of knowledge of the properties-of methane-

oxidising bacteria has advanced considerably since the 

initial isolation by Söhngen (1906) of Bacillus methanica 

from aquatic plant material which was followed up by further 

isolations leading to the characterisation of Pseudomonas 

methanica (Dworkin and Foster 1956, Leadbetter and Foster 

.1958), Methanomonas methano-oxidans (Strawinski and Brown 

1957, Brown and Strawinski 1958  and Brown et al. 1964) and 

Methylococcus capsulatus (Foster and Davis 1965).  Growing 

interest in the potential of methane as a substrate for the 

production of single-cell protein led to a break-through in 

isolation techniques by Whittenbury et al. (1970)  who, by 

- isolating over a hundred strains of methane-oxidising 

bacteria forming five distinct morphological groups from 

samples of mud, water andsoil from a number of countries, 

firmly established the ubiquity of these organisms in nature. 

The widespread occurrence of methane-oxidising bacteria 

is not surprising considering the large -quantities of 

methane produced in nature from biological sources, estimated 

to be 1,600 million tons per year on a global level (Robinson 

and Robbins 1967)  or 3000 pounds per acre each year from 

swamps or rice paddies (Stevens,-1972).  Other authors quote 

figures of methane production from less exotic sources such 

as an eructating cow (Quayle,1972)t  The fate of biologically 

produced methane in the atmosphere is generally considered to 

be the conversion by photochemically-produced. hydroxyl 

radical to formaldehyde, carbon monoxide and carbon dioxide 

S 



(McConnei et al., 1971) and a significant role for methane-

oxidising bacteria in the removal of methane has yet to be 

established. The ecology of methane oxidising bacteria has 

received little attention but reports of the ability of 

these organisms to fix atmospheric nitrogen (Coty, 1967, 

Whittenbury et al. 1970, de Bont and Mulder 1974), oxidise 

ammonia (Whittenbury et al. 1970), carbon monoxide (Ferenci 

1974) and ethylene (de Bont and Mulder, 1974) reveals the 

versatility of this group. 

The prefix 'methylo' was introduced by Foster and 

Davis (1965) to describe bacteria with an obligate growth 

requirement for methane and this convention was followed by 

Whittenbury et al. (1970) in naming their isolates. However 

the isolation of bacteria with an obligate growth requirement 

for C1  substrates other than methane such as the methylated 

amines (Colby and Zatman 1 972) and methanol (Dahl et al. 

1 972, Sperl et al., 1 974)has led to the expansion of the 

original concept of methylobacteria to include bacteria with 

an obligate growth requirement for any C 1  substrate except 

CO  and the term 'methylotroph' has been introduced by Colby 

and Zatman (1972) to describe this group. The term 

methylobacteria will, however, be used for methane-oxidising 

bacteria in this study unless it is stated otherwise. All 

methylobacteria which have been studied in any detail have 

shown an obligate growth requirement for methane, methanol 

or dimethyl ether, are strict aerobes, Gram-negative, 

oxidase-and catalase_posjtive and may contain resting stages 

or be motile. In view of the notorious contamination 

2 



problems - encountered in handling methylobacteria the 

earlier reports of heterotrophic methane oxidisers must be 

viewed with suspicion. The bacterium JOB 5 has been reported 

to grow on methane in addition to higher hydrocarbons (Ooyama 

and Foster, 1965; Perry, 1968) but no further reports of the 

methane-oxidising ability of this bacterium have appeared. 

This generalisation may have to be amended in the light of 

recent reports (Patt, et al.,1974;  -Naguib and Overbeek, 

1970; Cappenberg  1972)  of the isolation of methylobacteria 

which are capable of heterotrophic growth oncarbon sources 

such as sugars but the validity of these controversial claims 

has yet to be fully established. 

Electron micrographs of thin sections of methylobacteria 

have revealed the presence of two contrasting types of highly 

developed internal membrane systems (Whittenbury 1969, Davies 

-and Whittenbury 1970,  Smith and:Ribbóñs, 1970,  De Boer and 

Hazeu 1972)  with the membranes organised in stacks at the 

centre of the cell (type I) and along the periphery (type II) 

- 

	

	and it has been speculated that the metabolism of methane 

takes place.'-4,- in these membrane structures (Ribbons and 

Michalover 1970).  The presence of triterpenoids such as 

squalene and sterols has been demonstrated in Methylococcus 

- 	capsulatus (Bird et a1. 1971a, Bird et al. 1971b)  but the 

role of these compounds, considered until quite recently to 

be absent from prokaryotes (Stanier 1970), in the membranes 

of methane-oxidising bacteria remains to be established. 

The extension of the differences between membrane-type I and 

type II methylobacteria to include not only the membrane 

systems but also the pathway of carbon assimilation (Lawrence 

3 
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and Quayle 1970), the presence or absence of a complete Krebs 

cycle (Davey et al. 1972),  the presence of polyhydroxybutyrate 

as a storage polymer (Thomson 1974)  and the cytochrome content 

(Davey and Mitton 1973)  strongly supports the existence of a 

fundamental evolutionary division between these two groups. 

The difference in properties of the two membrane-types are 

summarised in table 1. 

Table 1: Difference between membrane—type I and II 
methylobacteria 

Type I 	 Type II 

Internal membrane 	 stacked 	 peripheral 

Carbon assimilation 	hexulose phosphate serine 

Tricarboxylic acid cycle incomplete 	 complete 

Polyhydroxybutyrate 	absent 	 present 

Glucose-6-phosphate and 

Gluconate-6-phosphate 

dehydrogenases 	 present 	 absent 

The present study has been directed at understanding the 

nature of the oxidation of methane, and accordingly, the 

following review is confined to the existing state of knowledge 

of the biochemical pathway of methane oxidation and will not 

discuss the isolation, morphology and taxonomy of 

methylobacteria which has been well reviewed by Quayle (1972) 

or the applied aspects of the production of single-cell 

protein from methane which is discussed by Wilkinson (1971). 

A full discussion of the limited state of knowledge of the 

genetics of Nethylobacteria can be found in Williams and 

Bainbridge (197 4 ) and Shimmin (1974). 
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PATHWAY OF METHANE AND ETHANE METABOLISM 

The pathway of methane oxidation 

The oxidation of methane is generally assumed to taie 

place by the following series of steps: 

CH4— ) CH3OH -) HCHO -) HCOOH ) CO 	(1) 

Quayle (1972) has provided an excellent review of the 

evidence for the above pathway which will only be summarised 

below. The main evidence comes from the following observations: 

i) 	The ability of washed cell suspensions of 

methylobacterja to oxidise the. above compounds and of 

methanol to act as a growth substrate. 

The demonstration of methanol, formaldehyde and 

formate oxidation in cell-free extracts of 

methy1obacterja 

The accumulation and detection of the above 

compounds in suspensions of thethylobàcterja during 

methane oxidation. Quayle (1972) discusses the 

inconsistencies in the literature in the observations 

of different groups on the effect of trapping compounds. 

The accumulation of compounds in the presence of 

trapping agents such as semicarbazide or bisuiphite 

(Brown and Strawinski, 1958) should be interpreted with 

caution as possible interactions between the added 

compounds and the cells may provide alternative 

explanations for the accumulation of a proposed 

intermediate. 

1) 	
The demonstration that the incorporation of 

carbon from methane into cellular material takes place 

at the level of formaldehyde in membranetype I 
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methylobacteria and formaldehyde or formate in type II 

(Lawrence and Quayle, 1970). 

The proposal that methane was metabolised by an oxygenase 

mechanism was initially made by Leadbetter and Foster (1959) 

who showed that cells of Pseudomonas inethanica, grown on 

methane in the presence of 18 -enriched molecular oxygen, 

incorporated sixteen times moIe180.than  cells grown on 

methanol. Although a non-oxygenase mechanism for methane 

oxidation was proposed by Whittenbury et al. (1970),  all 

doubt on the matter was dispelled by Higgins and Quayle 

(1970) who, by preferentially inhibiting with high phosphate 

concentrations methanol oxidation in suspensions of 

Pseudomonas methanica and Methanomonas methanooxidaris 

incubated with methane and 180 2 , were able to demonstrate a 

close correlation between the 
18 
 0-content of the molecular 

oxygen and the accumulated methanol. Consistent with an 

oxygenase mechanism for methane oxidation they were able to 

demonstrate the absence of 
l8 
 incorporation  into methanol 

by cell suspensions incubated with methane in the presence 

of 
18  O-enriched water. Davey and Mitton (1973)  and Ferenci 

(1974) subsequently showed that the mthane oxygenase reaction 

was inhibited by carbon monoxide. The state of knowledge of 

the methane oxygenase system will be discussed in a later 

section of this introduction together with the mechanism of 

hydrocarbon oxidation in general. 

the role of diniethyl ether 

The evidence for the above pathway for methane oxidation 

is good for the subsequent metabolism of methanol, all the 



Fig. 1: Pathways of methane oxidation with dimethyl ether 
as intermediate 



steps of which can be demonstrated in cell-free extracts, but 

does not rule out an intermediate between methane and methanol. 

The unpublished observations of Bryan-jones and Wilkinson 

(Wilkinson, 1971) that dimethyl ether can act as a growth 

substrate for methylobacteria and be oxidised in cell 

suspensions has led to the suggestion that instead of the 

- oxygenation of methane proceeding directly to methanol, the 

initial product formed is dimethyl ether according to the 

following reaction: 

2CH11 	+ 0 2 > 	CH3OCH3 	+ H 
2  0 
	 (2) 

Wilkinson (1971) discussed the advantages such a 

reaction would have in explaining the cellular growth yields 

18 of.methylobacteria. Using 0 studies, dimethyl ether was 

subsequently shown by Dr Mitton (personal communication) to 

be metabolised by a carbon monoxide-sensitive oxygenase 

reaction to form methyl formate which was hydrolysed to 

formate and methanol by means of an esterase. Davey (1971) 

- incorporated these observations into a proposed pathway of 

methane oxidation shown in figure lÀ. 

Mitton et al. (in preparation)however were unable to 

detect 14c_incorpora tion  into methyl formate by cell suspen-

sions of Methylomonas albus BG8 and Methylosinus trichosporium 

OB3B incubated with 14CH under conditions where 
4CH30H was 

readily detectable. In order to preserve a role for dimethyl 

ether, these authors .suggested the schene in fig. lB in which 

the initial product of dimethyl ether might be the unstable 

hemi-acetal methoxymethanol, which could either decompose 

spontaneously to form formaldehyde and methanol or form 

P 



methyl-formate. The former route is more attractive since 

the methyl formate route results in the conversion of one 

molecule of methane to formate which is at an oxidation level 

too high for direct incorporation into the serine and 

hexulose phosphate one-carbon assimilation pathways and in 

order to obtain cellular yields above 50% (see Wilkinson 

1971 and Quayle 1972) fixation of most of the CO  arising 

from formate oxidation is required. - 

Dimethyl ether has been shown to accumulate in small 

amounts when, cell suspensions of methylobacterja are 

incubated with methane but the inability to define 

reproducible conditions for this accumulation makes the 

evidence extremely unsatisfactory (Thomson 1974; Mitton 

et al. in preparation). Hence there is no direct evidence 

for the involvement of dimethyl ether as an intermediate 

although its participation under certain ill-defined 

conditions cannot be ruled out. It is unfortunate that in 

neither of the two studies where the Oxidation of methane 

has been demonstrated in cell-free extracts have any product 

of methane oxidation been reported (Ribbons and Michalover, 

1970; Ferenci 1974). 

:,pathway of ethane oxidation 

Ethane and higher alkanes can be oxidised by all 

methylobacteria although they cannot act as growth substrates 

(Leadbetter and Foster 1 960)'; Whittenbury et al. 1970; 

.Davey 1971) and it has been suggested that the methane 

oxygenase system is responsible for this reaction. 

8 



This led Thomson (1974) to carry out a detailed study 

of the metabolism of ethane by Methylomonas albus BG8 and 

Methylosinus trichosporium OB3B in the hope that such a study 

would shed light on the pathway of methane oxidation. He was 

able to confirm the observations of Leadbetter and Foster 

(1959 ) that suspensions of methylobacteria were able to 

oxidise ethane, ethanol, acetaldehyde and the accumulation 

of acetaldehyde and its subsequent metabolism to acetate was 

confirmed by gas chromatography. These results suggested a 

pathway of ethane oxidation analogous to (1): 

C 
2  H 

 6 - C2H5OH - CH3CHO - CH3COOH 	(3) 

The ability of suspensions of the two methylobacteria 

to carry out the carbon monoxide-sensitive oxidation of 

diethyl ether at low rates introduced the possibility of. an  

ether intermediate analogous to that proposed for methane 

oxidation. However the metabolism of diethyl ether was shown 

to proceed, not to acetaldehyde and acetate, but by terminal 

hydroxylation and subsequent metabolism to 2-ethoxyacetic 

acid. This ruled out as unlikely an initial step in ethane 

oxidation involving formation of an ether intermediate and 

assuming the analogy between methane and ethane oxidation in 

methylobacteria. Thomson (1974) suggested that these results 

provided evidence for the non-involvement of dimethyl ether 

as an intermediate in methane oxidation. 

In order to test this assumption strenuous efforts were 

made by Thomson to prove that methane, ethane, dimethyl ether 

and diethyl ether were all oxidised by the same enzyme and, 

in spite of the sensitivity of all these reactions to 

inhibition by carbon monoxide, the contradiction between the 
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insensitivity of ethane and diethyl ether oxidation to 

inhibition by dimethyl ether and the extreme sensitivity of 

methane oxidation to the same compound led Thomson, reluctantly, 

to the conclusion that methane and ethane were metabolised by 

different oxygenase enzymes. 

The Assimilation of Carbon by Methylobacteria 

Incorporation experiments with 14 	have shown that CO 2  

can be assimilated into cellular materials, however the 

amounts incorporated were insufficient to account for all 

the cell carbon (Leadbetter and Foster 1958, Johnson and 

Quayle 1965, Eccleston and Kelly 1973).  This evidence, 

together with the absence of carboxydismutase from Pseudomonas 

methanica (Johnson and Quayle 1965) emphasises the distinction 

between methylotrophs and autotrophs which derive their 

carbon from the fixation of CO  (Rittenberg, 1969). 

Subsequent studies, reviewed in detail by Quayle (1972), 

-- showed the existence of two distinct pathways of incorporation 

- 	of C1  units and that the distribution of the two different 

pathways among methylobacteria corresponded to the division 

between the two membrane—types. 

Membrane—type I methylotrophs contain a 3-hexulose 

phosphate cycle in which a molecule of formaldehyde condenses 

with ribulose-5-phosphate to form what was initially identified 

as allulose phosphate (Kemp and Quayle, 1966, 1967)  but which 

has now been shown to be D-erythro -L- glycero-3-hexulose 

phosphate (Kemp, 1974; Str6m et al.,1974; Ferenci et a1., 

1974 ). 

Membrane—type II methylotrophs, as well as some methanol-

utilisers, contain •a 'serine pathway' of incorporation in 
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which the principal reaction is the condensation of a 

tetrahydrofolate with an unknown C 1  product of methane or 

methanol oxidation and the condensation of the resulting 

5.10-CH2-tetrahydrofolate derivative with glycine to form 

serine which subsequently reacts with glyoxylate to form 

hydroxypyruvate. A major advancement since the review by 

Quayle (1972)  has been the identification of the role of the 

enzyme malyl-coenzyme A lyase in the generation of glyoxylate 

units (Salem et al. 1973,  Hersh and Bellion 1972,  Bellion and 

Hersh 1972,  Hacking and Quayle 1974). 

That the two pathways may not be mutually exclusive is 

suggested by the recent demonstrations of the presence of two 

of the major enzymes of the serine pathway hydroxypyruvate 

reductase (Str$m et al., 1974)  and malyl Coenzyme lyase 

(Salem et al., 1974)  in the membrane—type I methylobacteria 

Pseudomonas niethanica and Methylococcus capsulatus and the 

14 
incorporation of C-formaldehyde into serine and glycine by 

whole cells of the latter organism (Eccieston and Kelly, 

1973). 

THE OXIDATION OF METHANOL AND ETHANOL 

distribution and properties of methanol dehydrogenase 

Methanol dehydrogenase activity has now been demonstrated 

in-cell-free extracts of methane-utilisers, obligate and 

facultative methanol—utilisers (see table 2). and the property 

of the extracts of oxidising only primary alcohols with rates 

of oxidation decreasing with chain length has led to the term 

'primary alcohol dehydrogenase' (P.A.D.) supplanting 'methanol 

dehydrogenase'. With one exception such cell-free systems 



Table 2. Methanol Dehycirogenase. Activity in extracts of 
Facultative and Obligate Mëthylotrophs 

Group Organism . 	 References 

Methane- Methylosinus 
Oxidisers trichosporium OB3B Davey (1971) 

type II H 	5 Quayle 	(1972) 

Methylosinus 
sporium 12 Davey (1971) 

• Methylocystis 
parvus OBBP ti 

type I Methylomonas 
albus BG8 

Methylomonas 
methanica 

Methylococcus 
minimus TMC 

Methylococcus 
capsulatus 
(Texas strain) Patel and Hoare (1971) 

Pseudomonas 
methanica Johnson and Quayle (1964) 

Obligate 
Methanol-  Pseudomonas Wi Dahl et al. 	(1972) 

Utilisers Hyphomicrobium WC Sperl et al. 	(1974) 

Pseudomonas TP1 

Facultative Pseudomonas AM1 Johnson and Quayle (1964) 

Methanol- 
utilisers Protoaminobacter 

Vibrio extorguens 

Pseudomonas PP Ladner and Zatman (1969) 

Pseudomonas M27 Anthony and Zatman (1964a 
1964b) 



could riot use Nicotinamide Adenine Dinucleotides as electron. 

acceptors but showed a strict requirement for phenazine 

methosuiphate as primary acceptor, a requirement for 

activation by ammonia or methylamine and a pH optima of 9. 

The exception is the demonstration of NAD-linked dehydrogena- 

tion in a methanol-, but not methane-, utilising organism 

-. 	identified as Pseudomonas methanica (Harrington and Kallio, 

1960). The reaction was .considered to proceed by a 

peroxidative attack because of the requirement for an H 
2  0 

 2 

generating system. Johnson and Quayle (1964) point out this 

reaction may be an in vitro artefact having nothing to do 

with in vivo methanol oxidation and the absence of such 

activity in Pseudomonas M27 (Anthony and Zatman, 1964D) and 

Pseudomonas AN1 (Johnson and Quayle, 1964) would support this 

view. Harrington and Kallio (1960) did not examine their 

extracts for the presence of P.N.S.-dependent methanol 

dehydrogenase activity. 

The ability of certain yeasts to utilise methanol as 

sole carbon source is now well established (Ogata .. 

1974) and studies on the methanol-oxidising enzyme from 

Kloeckera spp show major differences from the P.M.S.-linked 

enzyme in bacteria. No P.M.S.-linked primary alcohol 

dehydrogenase was found, instead there was a FAD-containing 

alcohol oxidase enzyme catalysing the oxidation of methanol 

to formaldehyde with the formation of hydrogen peroxide. 

purification and properties of primary alcohol dehydrogenase 

The enzyme has now been purified in Pseudomonas N27 

(Anthony and Zatm an. , 1967a;  Anthony and Zatman. , 1967b), 

- . Methylococcus capsulatus texas strain (Patel et al. 1972)  and 

12 
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Hyphomicrobium strain WC, Pseudonionas Wi and Pseudomonas TP1 

(Sperl et al. 19711). Similar methods of purification were 

used in each case and involved ammonium sulphate 

fractionation followed by chromatography on DE -AE cellulose 

and Sephadex. The P.A.D. from Pseudomonas M27 was purified 

to more than 95% homogeneity as judged by ultra-centrifugal 

and electrophoretic analysis and similar criteria were used 

to establish the purity of the other P.A.D.s. The enzyme 

from Pseudomonas M27 constituted 10% of the cell protein 

(Anthony and Zatman 1967a). 

The properties of the purified enzymes show similarities 

in their molecular weight of 120,000, in having equal sub-

units, an absorption spectrum with a peak at wavelength 

350 rim, a pH optimum of 9 and a requirement for activation 

by ammonia or methylamine. 

Patel et al. (1972) have carried out a detailed comparison 

of the purified enzymes from Pseudomonas M27 and Methylococcus 

capsulatus and showed that they each consist of two sub-units 

of molecular weight 62,000 which were non-covalently joined. 

The enzymes differed in their electrophoretic mobilities 

although the amino acid contents showed strong similarities, 

differing only in the amounts of the charged amino acids, 

which could account for the faster mobilities of the enzyme 

from Methylococcus capsulatus. 

Anti-sera against these two enzymes have been prepared 

(Patel et al., 1 973) and showed that each of the two enzymes 

possess distinct as well as shared antigenic determinants 

which would indicate differences in conformational, and hence 
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primary structure. Their speculation that shared antigenic 

regions represent active sites of the enzymes was reinforced 

by the inhibition ofenzyme activity found when each enzyme 

was treated with anti-sera prepared from either enzyme. 

Examination of antibody precipitation and gel diffusion 

reactions between these two anti-sera and crude cell extracts 

from a number of methylotrophs revealed that membrane type I 

methylobacterial strains Methylococcus capsulatus Bath and 

• Texas strains, Methylococcusminimus, Culture CF (Methylobacter 

and Pseudomonas methanica form a natural group as do the 

type II methylotrophs Methylosinus sporium and Methylosinus 

trichosporium strain 5 with the-methanol-oxidisers yphomicro- 

bium B 522, Pseudomonas M27 and "pink organism". Extracts 

from one methanol-utiliser Pseudomonas W showed no antibody 

reactions with the two anti-sera. 

Their limited survey thus suggests that, despite the 

sharing of common antigenic determinants, the difference 

between the membrane-type I and II methylobacteria extends 

to the level of the methanol dehydrogenase enzyme and that 

some methanol-utilisers can be considered related to type II 

methylobacteria which would be expected on the grounds of 

the common possession of the serine pathway of carbon 

assimilation (Lawrence and Quayle, 1970). Although these 

studies appear promising, cross-reaction data from a wider 

range of methylotrophs will be required before taxonomic 

conclusions of any real significance can be drawn. 

Dual specificity of alcohol dehydrogenase 

There is now good evidence that the primary alcohol 

déhydrogenase can bring about the P.M.S.-dependent oxidation 
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of formaldehyde to formate in' the presence of ammoniions. 

This was originally claimed byLadner and Zatman (1969), 

but the validity of their report is questionable because of 

their discovery at a late stage of the presence of methanol 

as an impurity in their formaldehyde. Further circumstantial 

evidence for the dual specificity of the enzyme comes from, 

the demonstration by Heptinstall and Quayle (1970) 

that extracts of Pseudomonas AN1, under conditions of assay 

for methanoldehydrogenase, oxidised formaldehyde at 26% of 

the rate of methanol and that their mutant strain M-15A, 

which lacked methanol dehydrogenase, was unable to oxidise 

formaldehyde. More satisfactory evidence comes from the 

demonstration that the purified P.A.D. from Methylococcus 

capsulatus oxidised both formaldehyde and methanol and that 

the ratios of specific activity of methanol and formaldehyde-

oxidising activity were constant under widely-differing 

conditions of pH and ammonium ion concentration (Patel and 

Hoare, 1972 ). Studies of the properties of the purified 

- 	P.A.D.s from three methanól-utilisers Hyphomicrobium WC, 

Pseudomonas strain TP1 and Pseudomonas W (Sperl et al. 1974) 

further support the dual specificity of the alcohol 

dehydrogenase and also revealed that, when oxygen uptake was 

followed manometrically. over a fifteen minute period acetal-

dehyde, but not aldehydes of longer carbon chain length, 

could be oxidised at a low rate. The inability of other 

laboratories to detect acetaldehyde oxidation was ascribed 

to the short time interval over which the spectrophotometric 

dye reduction assays were usually carried out s  The property 

of formaldehyde, and acetaidehyde, but not higher aldehydes, 
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of undergoing hydration to the gem-diols was suggested as the 

reason why these two aldehydes alone act as substrates for 

the primary alcohol dehydrogenase. 

Mechanism of action of primary alcohol dehydrogenase enzyme 

The mechanism of action of the P.A.D. is unknown: the 

enzyme does not contain a metal or a flavin (Anthony and 

Zatman, 1967a;  Anthony and Zatman, 1967b) but it is now 

well-established that the enzyme contains a pteridine deriva-

tive whose. role in the oxidation of methanol has yet to be 

understood. Anthony and Zatman (1967b) showed that acidand 

alkali treatment as well as boiling released a green 

fluorescent material which was considered to be a pteridine 

derivative on the basis of the fluorescence, and absorption 

spectrum of the partially-purified compound. There appeared 

to be a direct relationship between inactivation of the 

enzyme and release of the fluorescent material although as 

Quayle (1972)  points out this does not necessarily imply 

a causal relationship. 

Evidence for the presence of pteridine derivatives in 

methylobacteria, 'but not necessarily their involvement in 

the methanol dehydrogenase reaction, comes from the isolation 

and chemical characterisation of four pteridine derivatives 

from Methylosinus trichosporium PG and Methylosinus sporium 

strain S (Urushibara and Forrest, 1970). This group has 

recently reported, without presenting their evidence, in 

detail, the isolation of the same fluorescent compound from 

the purified primary alcohol dehydrogenases from Pseudomonas 

TP1, Hy.phomicrobium s.p W.C. Methy.l.oco.ccu.s .capsul.a±us Texas 
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strain, Pseudomonas M27 and Pseudomonas methanica, and from 

the effects of chemical treatment on the fluorescence and 

absorption spectra, the compound was considered to be a 

derivative of lumazine, a pteridine (Sperl et al., 1974). 

Two mechanisms have been proposed by which pteridines 

might play a pàitin methanol oxidation (Quayle 1972; 

Anthony and Zatman 1967b).  The first includes a novel reaction 

involving the binding of the methyl group of methanol to the 

N-5 of the pyrazine ring derivative and the subsequent 

formation of a 5, 10 methylene tetrahydro derivative. 

A second mechanism is one in which the pteridine 

derivative might function as the natural electron acceptor 

for methanol dehydrogenase and support for this hypothesis 

comes from the similarity of the standard electrode potential 

for the quinonoid dihydropterin couple (E = + 0.5v.) and the 

dehydrogenation of methanol to formaldehyde. The known 

involvement of pteridine derivatives as electron donors in 

mono-oxygenase reactions raises the interesting possibility 

that methanol dehydrogenation might provide electrons for 

methane oxidation through such a cofactor. 

A role for cytochrome c in the oxidation of methanol by 

Pseudornonas AN1 is suggested by the inability of cells from 

a cytochrome c-deficient mutant containing normal levels of 

methanol dehydrogenase to oxidise methanol (Anthony, 1975) 

and the higher levels of cytochrome c in methanol- than 

succinate-grown cells of PseudOmonas AN1 (Tonge et al., 

1974). The evidence from cell-free studies of a coupling 

between the methanol dehydrogenase enzyme and cytochrome C 

is still inconclusive (Anthony, 1975).  The lack of reduction 
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of Nicotinamide Adenir Dinucleotides and FAD by the methanol 

dehydrogenase also raises the problem of the identity of the 

natural electron acceptor. 

Any speculation on the mechanism of methanol oxidation 

and the subsequent fate of the electrons generated must be 

made with caution. The first mechanism is attractive 

because it suggests how one-carbon units can be assimilated 

in membranetyp'e II methylotrophs (containing the serine 

pathway) through the formation of co-enzyme bound C1  units. 

The advantage of the second mechanism is the possible role 

such a reduced co-factor might play in methane oxidation or, 

in the absence of any other acceptor, in electron transfer 

to the cytochrome chain. 

THE METABOLISM OF FORMALDEHYDE AND FORMATE 

Although a NAD-linked formaldehyde dehydrogenase activity 

has been observed in some methanol-utilisers (for review see 

Quayle, 1972) and a facultativemethy.lamjne_utjljser Bacterium 

4B6 (Colby and Zatman, 1972), the absence of a NAD-linked and 

the presence of a PMS-linked ammonia-requiring formaldehyde 

dehydrogenase activity in a wide range of both membrane 

types I and II of methylobacteria (Johnson and Quayle, 1964; 

Davey, 1971; Patel and Hoare, 1971) together with the 

ability of the purified methanol dehydrogenase enzyme to 

carry out the oxidation of formaldehyde and acetaldehyde 

(Patel et al., 1972; Sperl et al., 1974) supports arole 

for the methanol dehydrogenase enzyme in the in vivo 

metabolism of formaldehyde and acetaldehyde. 
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Formate dehydrogenase activity linked to NAD reduction 

is widespread in micro-organisms and the occurrence of this 

enzyme in methylotrophs has been reviewed (Ribbons et al., 

1970; Quayle,  1972).  Since these reviews the presence of 

this enzyme in ten methylobacteria, including representatives 

of both membrane types, has been demonstrated by Davey (1971) 

and in Methylococcus capsulatus Texas strain (Patel and Hoare, 

1971). 

Studies on the biochemistry of this enzyme in 

methylobacteria have not been extensive. The partially-

purified enzyme from Pseudomonas AM1 (Johnson and Quay1, 

1964) was specific for formate and was inhibited by CN (95% 

inhibition by 5 x 10 4M), ferrous ions (50%  inhibition by 

10 6M) and copper (92% inhibition by ,2 x 10 5M Cu2 ) and an 

even greater sensitivity to CN (85% inhibition by 2 x 10 6M) 

was shown by the formate dehydrogenase in extracts of 

Methylococcus capsulatus (Patel and Hoare, 1971). 

Formate oxidation is the only step in the proposed 

pathway of methane oxidation (equation 1) which is known to 

generate NADH and the possible significance of this will be 

discussed in a later section. 

THE METHANE OXYGENASE 

Introduction to oxygenases 

The first demonstration that molecular oxygen could be 

directly incorporated into a substrate was by Mason et a1 (1955) 

who showed the incorporation of 
i8

0 into 5, 4 dimethyl 

18 
catechol by a Pseudomonad species in the presence of 0-

enriched molecular oxygen. The term has now come into use 

to describe all reactions where oxygen is introduced into a 
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molecule from molecular oxygen instead of water. 

Much of the early interest in this class of reactions 

lay in the commercial potential of hydrocarbon-oxidising 

micro-organisms, for the production of single-cell protein (see 

Wilkinson 1971)  but more recently interest has been stimulated 

by the increasing awareness of the important role oxygenase 

reactions play in the metabolism of hormones, drugs and 

carcinogens in mammalian organisms, especially those reactions 

involving cytochrome P-450  (Boyd, 1972). The. application of 

physical techniques such as visible and mssbauer spectroscopy, 

electron paramagnetic resonance spectroscopy and circular 

dichroism to the study of oxygenase reactions both in cell-

free extracts and the purified enzymes has led to a rapid 

expansion of the now-sophisticated field of oxygenase 

biochemistry which has been the subject of a considerable 

number of reviews and symposia (Hayaishi, 1966; Hayaishi, 

.1969; Hamilton,  1969,  Boyd  1972,  Mason,  1965; Jurtshuk and 

Cardini, 1971;  King et al., 1973;  Hayaishi, 1974). Only a 

brief summary of this well-documented field will be presented 

below with examples derived mainly 'from hydrocarbon-oxidising 

systems rather than those of drug metabolism. 

Dioxy.genase is the term given to the class of reaction 

where both of the oxygen atoms in molecular oxygen are 

incorporated into the substrate and an example of this class 

of reactions is the m-pyrocatechol oxygenase of Pseudomonas 

arvilla which brings about the ring cleavage reactions shown 

below (Hayaishi, 1955): 

OH- 	- 	

- 2± 	1 2 -COOH 	', 

+ 02 	+ 1nzyme-Fe ''L CICOH 	 '_-COCH 
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When only one of the oxygen atoms is introduced into 

the substrate the reaction is termed a mono-oxygenase. The 

oxygen atom that is not incorporated into the substrate is 

reduced to water and because of the dual nature of the 

reaction the term 'mixed function oxidase' has been 

introduced (Mason,. 1957). Where RH is the substrate and 

a reducing agent, a mono-oxygenase hydroxylation reaction 

can be represented as follows: 

RH + 02 + XH 	 ) ROH + X + H20 	(5) 

The reducing agent can be part of the substrate ('internal 

mono-oxygenase') or, as is usually the case, an exogenous 

reductant such as NADH, NADPH or ascorbic acid ('external 

mono-oxygenase'). The ability of a compound to serve as an 

electron donor in cell-free systems does not, however, imply 

that the compound is involved in the reaction in vivo. 

The transfer of electrons from the exogenous reductant 

to the oxygenase enzyme has been shown to involve co-factors 

- such as the ferredoxin and rubredoxin-type non-haeme iron 

proteins (reviews Yoch and Valentine, 1972; Orme-Johnson, 

1973;Lovenberg, 1973), pteridines and flavins (Hayaishi, 

1969). 

mechanism of. hydrocarbon oxidation 

Comprehensive reviews of the mechanism of biological 

hydrocarbon oxidation have been made by Klug and Markowetz 

(1971), Jurtshuk and Cardini (1971), Van der Linden and 

Thijsse(1965) and McKenna and Kallio (1963) and accordingly 

only a brief discussion follows. 





The Cytochrome P -4 50 mediated hydroxylation of camphor 

by Pseudomonas putida has been the subject of an intensive 

study by Gunsalus and his group (for reviews see Gunsalus 

and Marshall, 1971,  Guiisalus et al., 1974)  and takes place 

by the following mono-oxygenase reaction: 

D-camphor + NADH2  + 0 2-4exo-5-hydroxycamphor + H20 + NAD (6) 

The individual components responsible for the mono-

oxygenase reaction have now been isolated and purified and 

shown to consist of Cytochrome P_450cam an iron-sulphur 

redox protein 'putaredoxin' , a fiavoprotein FAD reductase 

and NAD dehydrogenase and electron transport to the oxygenase 

enzyme is thought to take place according to the left hand 

portion of sequence in figure 2 (Katagiri et al., 1968). 

The n-octane hydroxylase system from Pseudornonas 

oleovorans, which also w-oxidises a series of fatty acids, 

has been studied in less detail (Baptist et al., 1963; 

Gholson et al., 1963;  Peterson et al., 1966; Kusunose 

et al., 1967;  Peterson, 1970)  but three components have 

been identified from st'udies with cell-free systems: an 

iron-sulphur protein rubredoxin, NADH-rubredoxin reductase 

and the alkane-l-hydroxylase enzyme. The electron transfer 

sequence can be represented as follows: 

NADH\ / Reductase '\ IRubredoxin\ 
(oxidised) \ 	 2+ 

Fe 

NAD 	Reductase/ Rubredoxin 
(reduced) 	 3+ 

Fe 

02 CH3R 

w-hydroxylase 	(7) 

H 
2 
 0 HOCH2R 



In addition to the above two studies should be men-

tioned the demonstration by Cardini and Jurtshuk (1968) 

and reviewed in detail by Jurtshuk and Cardini (1971), 

of the oxidation of n-octane by cell-free extracts of 

Corynebacteriu.m spp strain 71EC which required molecular 

oxygen, NADH, cytochrome P -450 and a flavoprotein. This 

reaction was sensitive to inhibition by carbon monoxide 

as was the Cytochrome P-50 mediated camphor hydroxylase 

of Pseudomonas putida (Gunsalus et al. 1974).  However 

n-alkane hydroxylation by Pseudomonas oleovorans was 

insensitive to inhibition by CO (Peterson et al. 1966) 

raising the question of the identity of the functional 

group of the mono-oxygenase system. Pseudomonas oleovorans 

does not contain Cytochrome P-4 50 (Peterson, 1970)  and the 

observation that n-alkane--grown cells contained higher 

levels of cytochrorne o than cells grown On glucose led 

Peterson (1970)  to suggest that cytochrome o, which has 

- 	been implicated as a terminal oxidase in other bacteria 

(Castor and Chance, 1959) may be fulfilling the same 

function as Cytochrome P-450 in other hydrocarbon-

oxidising bacteria. This is highly indirect evidence and 

conclusive proof for a role for cytochrome o awaits the 

demonstration of the requirement of a cell-free hydrocarbon 

oxidising system for added cytàchrome o. 

The anaerobic oxidation of hydrocarbons by a non-

oxygenase mediated reaction has been proposed for 

Pseudomonas aeruginosa (Chouteau et al., 1962), Candfda 

rugosa and Can.dida tropi.c.alis 	(Leheault et al., .1969) 

23. 
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and a discussion of the evidence against this unlikely 

mechanism can be found in Kiug and Markowetz (1971). 

The chemical form of the oxygen atom that is inserted 

is a subject of considerable controversy and speculation 

and possible candidates are the hydroxyl radical 0H, the 

oxygen atom O or 'oxene' group, the protonàted oxygen atom 

OH and the superoxide anion 0 (see Coon et al., 1973  for 

a discussion). A mono-oxygenase can be envisaged as 

consisting of a number of. distinct steps: 

Reduction of oxygenase enzyme 

Combination of oxygen molecule with the enzyme 

Reduction of one oxygen molecule to water 

i. 	Insertion of one oxygen atom into the, substrate 

• Considerable effort is being directed towards understanding 

the sequence in which the above steps take place or whether 

they take place simultaneously through a concerted mechanism, 

A proposed sequence for camphor hydroxylation (Katagiri et 

al., 1968) is presented in figure 2. There is also con-

tinuing debate as to whether the initial product formed is 

a hydroxyl-or hydroperoxide compound. These two mechanisms 

are shown in equations 8 and 9 and it can be seen that in 

the case of hydroperoxide formation the second oxygen would 

be reduced 'after insertion of the oxygen into the substrate. 

rui + (0) 	)ROH 	 (8) 

RH + 02 	- > ROOH 	2H 	> ROH + H20 	(9) 

The involvement of a hydroperoxide free radical 

intermediate and a free radical equilibrium between C 

1' 
	position     5.., 	 i,,.,- T 	 (ji_nsZc' 	4-,- 

''2      	-was 	'' 	 1)7 	' CA CA 	 C .1. 	an d.7 1 -  •.J . C 	 j, 	 ,.L. 7 J '.J / 

a 
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account for the formation of methyl ketones during 

hydrocarbon oxidation by Pseudomonas methanica. The 

demonstration by Thomson (1974) that acetone is produced 

from the breakdown of polyhydroxybutyrate during the 

metabolism of ethane by Methylosinus trichosporium might 

account for the production of acetone found by Leadbetter 

and Foster (1960) but not for the production of higher 

ketones. Thomson (personal communication, 1974) was unable 

to detect polyhydroxybutyrate in Pseudomonas methanica, 

suggesting that Leadbetter and Foster's (1960) observations 

were not artefacts. The formation of ketones during 

hydrocarbon oxidation and the possible involvement of 

hydroperoxide free radical intermediates has been reviewed 

by Markowetz (1971). 

Support for the involvement of hydroperoxide inter-

mediates comes from the demonstration that alkyl 

hydroperoxides are substrates for the n-alkane oxidising 

cell-free extracts from Pseudomonas oleovorans but attempts 

to detect hydroperoxide intermediates have proved negative 

and n-alkyl hydroperoxides did not act as substrates for 

the n-alkane hydroxylating system of rat liver (Coon et al. 

1973). This does not, however, rule out the participation 

of hydroperoxides as enzyme-bound intermediates. The 

participation of epoxide intermediates in mono-oxygenase 

reactions has also been proposed (Hayaishi,. 1969; Gibson, 

1971). 

the methane oxygenase 

Studies of the methane oxygenase have been limited by 

the lack of reproducible cell-free systems capable of 
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- 	oxidising methane (Ribbons et al., 1970; Quayle, 1972), 

however both NADH-stimulated methane respiration as well 

as methane-stithulated NADH oxidation have now been demon-

strated in cell-free extracts of Nethylococcus capsulatus 

texas strain (Ribbons and Michalover, 1970) and 

Pseudomonas methanica (Ferenci, 1974) and their experimental 

procedures and results are summarised in table 3. Similar 

levels of activities were obtained and in both cases the 

bulk of the activity resided in the particulate fraction. 

The ability of the extract from Methylococcus capsulatus 

to carry out an ethane-stimulated NADH dependent 

respiration and NADH oxidase activity was shown by Ribbons 

and Michalover (1970) and Ferenci (1974) was able to show 

carbon monoxide-stimulated NADH dependent respiration and 

NADH oxidase in cell-free extracts from Pseudomonas 

methanjca. 

Neither of these studies showed the uptake of methane 

- by cell-free extracts or confirmed the nature of the 

product of methane oxidation. A stoichiometry of methane 

and oxygen uptake for the.cell-free reaction was not 

calculated by Ribbons and Michalover (1970) because of the 

difficulty in assessing the levels of methane-independent 

NADH oxidation in the presence of methane and presumably 

a similar problem was encountered by Ferenci (1974) who 

also did not give a stoichiometry. In both cell-free 

systems the ratio of methane-stimulated oxygen uptake and 

NADH disappearance was 1:1 which is consistent with a - 

mono-oxygenase mechanism for methane oxidation but not 

proof. 



Table 3. Methane-oxidising - Cell-free Extracts from Methylobacterja 

Ribbons and Michalover (1970) Ferenci (1974) 

Organism Methylococcus capsulatus (Texas) Pseudomonas methanica 

Breakage French Press Sonicat ion 	90 secs. 
MgSO4  10mM. MgC1 2  5mM 

20 mM. Phosphate buffer pH 7.2 20mM Phosphate buffer p117 
14.4 mg protein/ml 5 - 10 mg dry wt cells/ml 

Methane-stimulated activities1  

extract 22.6nm 302/min/mg protein (48%2) 32.9nm 0 2/min/mg protein (84%) 
28.4nm NADH/min/mg Protein (73%) 32nm NADH/min/mg protein (320%) 

Pellet 1*0,000g, 	16 min 	('P2 1 ) 38 1 000g, 60mm 
46.3 nm 02/min/mg prot. (262%) 47.9 nm 0 2/min/mg prot. 
38.8 nm NADH/min/mg prot. (246%) 52. nm NADH/min/mg prot. 

St:oichiometry 0 :NADH 1:1.3 and 1:0.8 1:1 and 1:1.1 

Other Substrates Ethane Carbon Monoxide 

1 All activities refer to rates corrected for the methane independent rates 

2 Figures in brackets refer to the % stimulation over the rate in absence of methane 
3nm=nmo].es 
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No further reports of the characterisation of the 

constituent components of the cell-free extracts have 

appeared and in the case of the earlier report of Ribbons 

and Michalover (1970) this is undoubtedly due to the low 

level of reproducibility (Ribbons, personal communication 1973) 

ar.d the lack of success of other workers in reproducing their 

results using the same method (Thomson, 197 4 ). 

energetics of the methane oxygenase reaction 

Although both oxygenase enzymes and cytochrome oxidase 

in mammals are linked to specialised electron transport 

chains which pass electrons ultimately to molecular oxygen, 

oxidative phosphOrylati0fl has not been shown to occur with 

the former (Hayaishi, 1969). Thus mono_oxygeflase reactions 

in mammals are used for anabolic processes only and are 

dependent on cellular metabolism for the generation of 

reducing power for the mono_oxYgeflase reaction. In the 

case of hydrocarbon-utilising bacteria t. 
 he substrate for 

the mono_oxygeflase reaction is also the energy source for, 

the cell and it is generally assumed that subsequent 

metabolism of the oxygenated product provides both energy 

for cellular metabolism and growth and reducing power for 

the initial mono_oXygeflase reaction which by analogy with 

oxygenase reactions in mammals is assumed not to be coupled 

to phosphOrYlatiofl. There is no experimental evidence to 

support this assumption and even if the absence of 

phosphorYlation were to be demonstrated, the extreme 

difficulty encountered in obtaining cell-free oxidative 

nl in bacteria (Geltrnan et al., 1967) would phosphOrYlatio  

render the significance of such negative results questionable. 
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Whereas the loss in available energy through an initial 

attack by a mono-oxygenase is small in comparison to the 

total available energy, in the case of a long chain 

hydrocarbon substrate, a mono-oxygenation of methane 

according to reaction ( 10) is likely to be energetically 

an éxtrémèly costly process: 

CH  + 02 + NADH2 	) CH3OH + H 
2 
 0 + NAD 	(10) '  

2CH4 + 02 	 ) 2CH3OH 	 (ii) 

Higgins and Quayle (1970) have calculated that the 

mono-oxygenase reaction (10) involves a standard free 

energy change of '-82.1 kCal mole 	at pH 7 whereas reaction 

(11) involves -59.8 kCal mole 	and that these free energy 

changes represent 40% and 16% respectively of the total 

energy available from the complete oxidation of substrate. 

If the metabolism of methane took place by the non-energy 

yielding mono-oxygenase mechanism in reaction,. 10, as. both 

Ribbons and Michalover (1970) and Ferenci (1974) propose, 

- 	a substantial proportion of the 'total energy available 

from methane would be unavailable and indeed reducing power 

would be required from the subsequent metabolism of methanol 

to activate the mono-oxygenase. 

The reported molar growth yields (moles cell carbon 

per mole substrate utilised) of methylobacteria on methane 

are summarised in table 4 and it can be seen that there are 

numerous reports of yields in excess of 60% incorporation 

of substrate carbon which compare favourabl y  with yield 

data for heterotrophic bacteria which are reviewed . by Payne 

(1970). Whittenbury et al'. (1970) reported that cell yields 



Table 1* 	Growth Yields and Stoichiometries of Methylobacteria 

Stoichiometry of CH4/CH3OH + 02 	CO 2  + Cells 

Organism Reference 	. remarks . Cell 
moles: Cl! OH.. CH 4 	

3 
0 	. 2 CO 	. 2 Carbon 

(YM) 

Batch Studies 	. . 	.. 	. . . . . . . 	. 	. 
Pseudomonas methanica Dworkin and . 	.. . . . 	. 	. 

Foster (1956) 1 	. 0.5 0.23 0.71 . 	. 	. 	. 
ft  Leadbetter and . 	. . . . . 	.. 	. 

Foster (1958) 1 0.4 0.21 - 
Methanomonas methano- Brown et al. 1 ell 	l.. 0.19  
oxidans (1964) 
Nethylococcus Foster and Davis 
capsulatits 	. (1966) 	. 	. 1 0.58 .0.18 	. 0.95 	. .; 
Mothylomonas albus  

Whittenbury . 

Methylornonas methanica) et 	al. 	(1970) 	.. 1 	. 1.0-1.2 0.2-0.3 0.63-0.68 . 

25 	 ) . . 	1 	. 1.0-1.1 0 .5-006 007-0.5 
Nethylos tnus Dugan and 
trichosporium Weaver (1974) 1 1. 5 -1 .7 0. 45-6-5 - 

Continuous Culture Studies . . . 
Methylornonag albus BG8 Phillips (1970) 1 1.1 0.3 0.66-0.71 . 	. 	30-32°C 
Nethylococcus - 	 . 	 . . . 	 .. 	 . 

capsulatüs Harwood ani . 1 	. 1.8 	. 0.34 0.66 Methane-limited chemostat 37°C -_- Pirt 1972 1 	: 0.3 0.05 	. . 0.2 Oxygen-limited chemostat 
Gram-negative mixed Sheehan and . . . 

culture 	 . Johnson 	(1971) 	. 1 	. 	,. 1.4 	. 0.2 CH 	and °2 -limited chemostat 0  
cuttures 	45C 	. 	. . 

Mixed culture Wilkinson et al.  
(1974) 1 1.7 0.47 	. 0.53 	. Methane-limited chemostat 32°C 

1 1.24 003 0.67 Oxygen-limited chemostat 320C 



in gm gells/gm substrate of two non-capsular, non slime-

forming methylobacteria were half the value of cells grown 

-on methane and interpreted this to indicate an energy-

yielding step between methane and methanol and Higgins and 

Quayle (1970)  speculated that such an exergonic oxygenation 

of methane might proceed by a mechanism in which electrons 

- 	from the reduced nicotinamide nucleOtide during the process 

of methane oxygenation are passed to- one oxygen atom as 

terminal electron acceptor. Quayle (1972) later points out 

that the yield data could also be explained by an energy-

dependent uptake of methanol. There is however no evidence 

to support this latter suggestion. 

The lowering of the molar yields of Methylococcus 

capsulatus from 0.66 to 0.2 and the excretion of methanol 

into the growth medium on changing from a methane-limited 

to an oxygen-limited chemöstat (Harwood and Pirt, 1972) 

emphasises the problems in the interpretation of yield data 

from batch culture studies where the growth conditions are 

not controlled. In apparent contrast the mixed-culture 

continuous culture studies of Sheehan and Johnson (1970) 

and Wilkinson et al. (1974) showed higher yields in the 

oxygen-limited continuous culture and this effect has been 

ascribed by the latter authors to the scavenging effect of 

the methanol-utilising symbionts thus emphasising the 

difficulty in interpreting yield data from mixed cultures.. 

Methanol is toxic to most methylobacteria which can 

only use it as a growth substrate when it is present at low 

substrate concentrations (Phillips, 1970). Although the 

two organisms used by Whittenbury et al. (1970) were 
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tolerant to methanol at higher concentrations than their 

other methylobacterial isolates  the low yields on methanol 

may be a result of growth under sub-optimal conditions. 

The problem of methanol toxicity can be overcome by 

studying yields in a methanol-limited chemostat but, 

although Phillips (1970) has confirmed the high yield of 

Methylomonas albus BG8 on methane substrate in continuous 

culture, there is no published information on the growth 

yields in continuous culture of methanol-grown methylo-

bacteria. Continuous culture studies of the methanol- 

utilising bacteria Methylomonas methanica (Dostalek etal., 

1972), Pseudomonad C (Mateles, 19711), Protoaminobacter 

ruber and Pseudomonas extorguens (Harrison et al., 1972) 

have shown molar growth yields of 0.47, 0.53, 0.33 and 

0.53 respectively demonstrating that molar growth yields of 

methanol-utilisers can approach those of methylobacteria 

grown on methane. 

It is thus by no. means conclusively established 

whether molar growth yields for methane substrate are 

higher than methanol. A rigorous continuous culture study 

of the growth of a methane-utilising bacterium on both 

carbon substrates under a variety of substrate-limiting 

conditions will be required to establish whether the 

initial oxidation of methane is energy-yielding or energy 

dependent. 

the stoichiometry of the methane oxygenase reaction 

The two cell-free studies of methane oxidation 

(Ribbons and Michalover, 1970; Ferenci, 1 9711) were not 

able to obtain stoichiometries for the initial oxygenase 

30 
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reaction which would have distinguished between the. mechanisms 

shown in equations 10 and 11. Although the dimethyl ether 

pathway envisaged by Bryan-Jones and Wilkinson (see 

Wilkinson, 1970) requires only one mole of oxygen to 

oxidise two moles of methane, the subsequent metabolism of 

dimethyl ether involves an oxygenase reaction (Mitton and 

Wilkinson, in preparation) and thus the resulting 

stoichiometry of the initial oxidation of methane would be 

greater than 0*5:1 for 0 2 :CH4  consumption. 

The oxidation of methane to methanol by the mono-

oxygenase reaction in equation 10 would require the 0 2 :.CH4  

stoichiometry of growing cells to be above 1:1 and the 

existing data on the stoichiometry, discussed in detail by 

Quayle (1972), are summarised in table 4 and reveal a 

confused picture. Whittenbury et al. (1970) and Brown et 

al.,, (1964) in batch studies and Phillips (1970) in 

continuous culture studies found a CH4 :0 2 :CO2  stoichiometry 

of 1 :1.0-1.1:0.19-0.3. It is difficult to accommodate 

these results into a scheme which requires one mole of 

oxygen to oxidise methane to methanol and impossible to fit 

the stoichjometrjes for Pseudomonas methanjca (Dworkin and 

Foster, 1956, Leadbetter and Foster, 1958) of 1:0.5 and 

1:0.4 respectively. An explanation for the wide variation 

in stoichiometries is provided by the investigation by 

Harwood & Pirt (1972) of the growth of pure cultures.--of 

Methylococcus capsulatus which showed the 0 2  :CH 4  

stoichiometry under oxygen limitation to be 0.3:1 and under 

methane-limiting conditions to be 1.8:1. The presence of 

contaminants makes the so-i-ch-jornct-rcs derived from 
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Continuous 

 

culture studies with mixed cultures difficult to 

interpret. 

The data on the stoichiometry of methane and oxygen 

uptake during growth of pure cultures of methylobacterla 

do not support the mono-oxygenase reaction and instead 

support a mechanism of methane oxidation in which one mole 

of oxygen or even less combines with two moles of methane. 

source of reducing power for the methane OXygenase 

Ribbons and Michalover (1970) and Ferencj (1974) both 

showed a requirement for NADH for cell-free methane-stimulated 

respiration consistent with a mono_oxygenase mechanism and 

the inability of NADPH to substitute as electron donor was 

established by the former group for Methylococcus capsulatus. 

The only known reaction in the metabolism of methane which 

yields NADH is formate dehydrogenase, however a mechanism 

which requires all the carbon derived from methane to be 

oxidised to CO 2  in order to provide NADH for the first step 

is clearly impossible since fixation of carbon by 

- 	methylobacteria occurs at the level of formaldehyde and 

only to a slight extent CO  (Quayle, 1972). In support of 

a role for formate metabolism, Thomson (1974) found that 

the oxidation of ethane by methylobacteria was stimulated 

by formate and this stimulation can be interpreted as the 

provision of reducing power for the mono-oxygenase mediated 

metabolism of a substrate whose further metabolism, unlike. 

that of methane, does not produce reducing power. 

An alternative to the mono-oxygenase mechanism (equation 

10) is the dimethyl ether pathway (equation 2) and the 

unsatisfactory state of the evidence for this pathway has 
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already been reviewed. The requirement for reducing power 

by the methane oxygenase, and the possible sources, will be 

discussed later in the light of results obtained in this 

study. 

cytochromes of methylotrophs 

Preliminary studies on representatives of each 

membrane type of methylobacteria Methylomonas albus BG8 and 

Methylosinus trichosporium OB3B (Davey 1971, Davey and 

Mitton 1973) revealed quantitative, but not qualitative 

differences between the two types. Accurate absorption 

wavelengths could not be determined by Davey (1971) who 

used Ct-  sP800 spectrophotometer and the later study by 

Davey and Mitton (1973) using an Aminco-Chance Dual 

Wavelength Split beam recording spectrophotometer must be 

considered the more reliable. Difference spectra revealed 

that both strains possessed a c type cytochrome with a 

and soret bands of 553 and 423 nm respectively and a slight 

- shoulder on the a band was the only indication of the 

presence of a b type. A shoulder at 443 nm in the 

difference spectrum suggested the presence of an a type 

cytochrome which was confirmed by the presence in the CO 

difference spectrum of a shoulder at 425 nm on a peak at 

416 which was identified as cytochrome 0. Although both 

CO binding species were present in each organism the level 

of the a type cytochrome was higher in Methylosinus 

trichosporium OB3B. 

The role of the CO-binding cytochrornes was discussed 

in the light of their observation that the oxidation by 

whole cells of methane was inhibited by carbon monoxide 



whereas the oxidation of other presumed intermediates 

methanol, formaldehyde and formate was unaffected. This 

observation has subsequently been confirmed by Thomson 

(1974) and Ferenci (1974). The involvement of cytochrome 

o in methane oxidation was initially proposed by Davey 

(1971) by analogy with its suggested involvement in n- 

- 	octane metabolism by Pseudomonas oleovorans (Peterson 1970). 

The inconclusive nature of the evidence for this suggestion 

together with the contrast between the carbon monoxide 

insensitivity of ri-hexane oxidation by Pseudomonas oleovorans 

(Peterson et al., 1966) and the carbon monoxide sensitivity 

of methane oxidation led Davey and Mitton (1973) to propose 

the involvement of the a-type cytochrome in methane oxida-

tion, relegating cytochrome o to the role of terminal 

electron acceptor in the metabolism of the products of 

methane oxidation. The insensitivity of the metabolism of 

these products to inhibition by carbon monoxide was explained 

by postulating à:terminal acceptor which combined very slowly 

- 	with carbon monoxide and there is evidence that cytochrome 

o from Bacillus megateriuin combines with CO more slowly 

than with cytochrome a (Broberg and Smith, 1967). 

The involvement of cytochrome o in the methane oxygenase 

system becomes unlikely in the light of findings of Tonge 

et al. (1974), that the CO-binding cytochrorne corresponding 

to the cytochrome' o of Davey and Mitton (1973) is present 

in the soluble fraction of the cell and not in the membrane 

fraction where cell-free methane-stimulated respiration 

and methane-stimulated NADH oxidase activity have been shown 

to occur (Ribbons and Michalover, 1970; Ferenci, 1974). 
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Tonge et al. (1974) examined the Cytochromes of the 

facultative methanol-utilisers Pseudonionas extorguens, 

yphomicrobiumsp., Pseudomonas AM1 and the methy1obact-ja 

Pseudomonas methanica and Methylosinus trichosporium OB3B. 

They found in all of these organisms a soluble CO-binding 

pigment with a co difference spectrum absorption maximum 

at 415 nm but from the absence-of pyridine haemochromogen 

Corresponding to protohaeme concluded that this cytochrome, 

together with the 'cytochrome 0' of Davey and Mitton (1973) 

was a CO-binding cytochrome c and that the cytochrome c 

that did not bind with CO did not represent a second 

cytochrome C but merely incomplete binding. 

The presence of a CO difference spectrum corresponding 

to cytochrome o in whole cells of a cytochrome c deficient 

mutant of Pseudomonas AM1 has led Anthony (1975) to 

disagree with the findings of Tonge et al. (1974) and 

propose that Pseudomonas AM1 contains an a-type cytochrome 

and both cytochrome o and a CO-binding c-type cytochrome. 

Anthony (personal communication, 1975) suggests that the 

principle reason for the confusion lies in the difficulty 

of extraction of haeme from cells with a low concentration 

of haeme a and haeme b and proposes that the organisms 

studied by Davey and Mittori (1973) contain both cytochrorne 

o and the CO-binding c-type cytochrorne. The extrapolation 

of results from cytochrome studies of methanol-utilisers to 

the cytochromes of obligate methylobacteria is highly 

speculative and a further study is needed to establish the 

identity of the CO-binding cytochromes of methylobacteria.  

The observation that CC stimulates the respiration of 

suspensions of methylobacteria led Ferencj (1974) to propose 
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an alternative mechanism of inhibition by CO of methane 

oxidation in which CO competes with methane for the methane 

oxygenase enzyme and the evidence for this mechanism will 

be discussed in detail in the light of results presented 

in this study. 

Thus it can be seen that studies of the cytochromes 

- 	of methylobacteria have not proceeded beyond the initial 

characterisat..Zon stage and their role in both the methane 

oygenase reaction and in the energetics of methylobacterial 

growth is still obscure and will remain so until such 

studies are carried out with cell-free extracts capable. of 

methane oxidation. 

CONCLUSION 

The demands of the initial oxygenase reaction on cell 

organisation, metabolism and energy production are likely,  

• to dictate many of the unusual properties of methylobactej 

and the obligate growth requirement for methane (Ribbons 

-
et al., 1 970). Although progress has been made in the 

understanding of the mechanism of methanol oxidation and 

carbon assimilation in methylotrophs, little is known 

about this initial oxidation which forms the subject of the 

present study. 
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organisms 

Most of the strains of methylobacteria used in this 

study were isolates of Whittenbury et al. (1970)  and in 

addition Pseudomonas methanica was a gift of Professor 

Quayle (Department of Microbiology, University of Sheffield),_  

the proposed facultative methylotroph XX, was a gift of 

Professor Haiion (Department of Bacteriology, University of 

Wisconsin, U.S.A.), Escherichia coil B wild type was a gift 

of Dr J. Dawes (Department of Microbiology, University of 

Edinburgh) and Brevibacterium JOB 5 was a gift of 	* 

Dr J.J. Perry (Department of Microbiology, North Carolina 

State University, U.S.A.). Following the approach of 

previous work in this laboratory (Davey, 1971; Thomson, 

1974) Methylomonas albus BG8 and Methylosinus trichosporium 

OB3B were used as representatives of the two membrane types 

of methylobacteria and will be referred to by the shortened 

names M. albus BG8 and M. trichosporium OB3B. 

maintainance and growth of cultures 

The nitrate mineral salts (N.M.S.) and ammonia mineral 

salts (A.M.S.) of Whittenbury et al. (1970) were used for 

all flask-grown cultures. Where appropriate the N.M.S. was 

supplemented with methanol (0.3 or 0.5% v/v.) or glucose 

(0.1% W/V). 

Stock cultures of methylobacteria were maintained on 

N.M.S. agar (1.2% agar) in a methane-air atmosphere at 30 °C 

as described in detail by Davey (1971). Brevibacterium 

1 	 _,__-_-.___1 	- JjJJ , L,S C11L L 	 '.'_ • • 	 C4LA 	were 	 £Lt 	 L.L I.- 

agar slopes at 30°C. 

0 
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Washed cell suspensions of methylobacteria and XX 

in the exponential phase of growth were prepared from shake 

cultures of 21 flasks containing kOO mis of N.M.S. incubated 

at 30°C in the presence of methane and the method used in 

both the growth of the cultures and the preparation of the 

cell suspensions was identical to that of Thomson (1974) 

except that the cells were resuspended in phosphate buffer 

pH 6.8 (ig /1 Na2HPO4 ; 0.8g/1K2H2PO4 ) and not the growth 

medium. 

The preparation of washed cell suspensions of 

Brevibacterium JOB5, glucose-grown XX and Escherichia coli B. 

was identical to the above procedure except that with 

Brevibacterium JOB5, propane replaced methane as carbon 

source, with XX 0.25% W/V glucose replaced methane and with 

Escherichia coil B nutrient broth in N.M.S. salts medium 

replaced methane. 

Unless otherwise stated all experiments with cell 

suspensions were carried out within 24 hours of harvesting 

and before being used cell suspensions were maintained at .  

Prior to preparation of washed cell suspensions all 

flasks of methylobacteria were tested for contamination by 

sub-culturing onto nutrient agar and if any growth appeared 

after 48 hours the results of the experiment were discounted. 

respiration studies 

The respiration of the organisms at 30°C wes determined 

with 'a Clark-type oxygen electrode with a reaction chamber 

of capacity 2.7 ml (Estabrook 1967). An amount of 

air-saturated pH 6.8 phosphate buffer at 30°c  was initially 
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added to the chamber such that the final volume of buffer, 

cells and reagents was 2.7 ml. Substrate was added one 

minute after a volume of cells equivalent to 5 mg dry weight 

had been added to the chamber. The substrates sodium 

formate, ethanol, methanol, formaldehyde and acetaldehyde 

were added as 100 id of lOOm Molar solutions and gases,  such 

as CH11 , C 2H6 , C3H8 , CH10  and CO were added as 0.6 ml of 

gas-saturated buffer at 30°C unless otherwise stated. Where 

required 100 il of inhibitor solution was added immediately 

after the addition of cells to give the desired concentration. 

For the determinations of the Km of methane-stimulated 

respiration the gas-saturated buffer was added before the 

cells as the changes in oxygen concentration on the addition 

of the oxygen-depleted methane-saturated buffer obscured the 

initial rate of substrate respiration. 

Air-saturated buffer at 30°C was used to calibrate the 

100% saturated oxygen level and a few crystals of sodium 

dithionite were added to calibrate the zero oxygen level. 

Unles:!Er otherwise stated all respiration rates given have 

been corrected for the endogenous respiration in absence 

of substrate. 

the determination of methane, ethane, ethylene and 
methanol disanDearance rates 

The rates of methane, ethane, ethylene and methanol 

disappearance from incubations of washed cell suspensions 

in sealed flasks were determined by periodic sampling and 

analysis by gas chromatography of the liquid phase of the 

cell suspensions in the case of the determination of methanol 

disappearance and the gaseous phase in the case of methane, 

ethylene and ethane. Sampling was carried out over a 
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twenty-minute period in the case of methane and methanol and 

thirty minutes in the case of 'ethane and ethylene. The 

incubations were initiated by the injection of a volume of 

cell suspension corresponding to 47 ing dry weight of cells 

(i ml of optical density 100 at 610 nm) into sealed 25 ml 

round-bottoined'Quickfit' flasks containing the required 

reagents dissolved in the pH 6.8 phosphate buffer described, 

earlier to give a final volume of 5.4 ml in the case of the 

experiments with inhibitors described in tables 5 and 6 in 

the Results and Discussion section of this report and 5.0 ml 

in all other cases. Where appropriate the amount of methane 

ethylene or ethane present was 1 ml and methanol 10 mM. 

In experiments where the effect of dimethyl ether on ethane 

disappearance was being determined an amount of gaseous 

dimethyl ether was injected into the flasks such that after 

shaking for 10 minutes to allow the dimethyl ether to dissolve 

the concentration of dimethyl ether in solution 10 mM. 

After the reaction had been initiated the flasks were 

shaken on a Griffin and Tatlock 'Microid' flask shaker in a 

constant temperature room at 30 ° C. 

In experiments investigating the effects of inhibitors 

on the.rates of methane and methanol disappearance 0.2 ml' 

of a solution of inhibitor in pH 6.8 phosphate buffer was 

added to the incubation to give the final desired concentra-

tion of inhibitor and the resulting rates of methane and 

methanol disappearance were determined as described above. 

The low solubility of aa'dipyridyl and 8-quinolinol 

necessitated the shaking of suspensions for at least'one 

hour at 30°C to dissolve the inhibitors completely. N-SERVE 
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proved particularly insoluble- mT buffer and it was necessary 

to work with a saturated solution. i, 2, 1, 0.4 mis of a 

saturated solution of N-SERVE were added to the incubation 

mixture and the corresponding concentrations of N-SERVE in 

a total volume of 5 ml were calculated from the solubility 

of N-SERVE in water (40 mg liter; Dow Chemical Company, 

1 973) to be 13, 6.7, 3.25 and 1.3 x 10M respectively. 

determination of reversibility: of inhibition 

One ml aliquots of suspensions of M. trichosporium OB3B 

containing 47 mg dry weight bacteria were held for 30 minutes 

with inhibitor present at a concentration known to cause 100% 

inhibition of methane oxidation. Cells were sedimented and 

resuspended in 20 volumes phosphate buffer, sedimented again 

and finally resuspended in the original volume. Methane-

stimulated respiration rates were measured and compared 

with a control which had been treated similarly in absence 

of inhibitor. 

A different procedure was adopted in the case of the 

- inhibition of methane oxidation by N-SERVE. After 

establishing for M. trichosporiwn OB3B the complete 

inhibition of methane disappearance by 1.3 x 10- 4 
M N-SERVE 

as described in the previous section 15 ml of phosphate 

buffer was added to the contents of the flask and the diluted 

suspension was sedimented and resuspended in 20 ml buffer 

twice and then sedimented and the pellet taken upin 5 mis 

buffer and the rate of methane disappearance from an 

incubation of the washed cells determined in the usual 

manner. 



restoration of activity on addition of metal ions 

Relief by metal ions of inhibition of methane-

stimulated respiration was determined in the oxygen 

electrode. Metal ion solution (100 iLl) was added after full 

inhibition had been reached and the resultant rate was 

compared with uninhibited control in the presence of the 

appropriate metal ion. 

gas chromatograph systems 

The gas chromatograph systems routinely used to assay 

ethane, methane, oxygen, carbon dioxide, helium and methanol 

have been described in considerable detail by Thomson (1974) 

and accordingly only a brief description follows. 

Methane, ethane,. oxygen, helium and carbon dioxide 

were assayed by injection of gas samples (0.2 ml) into a 

gas chromatograph (PYE 104, 2.8 m silica gel column, carrier 

flow rate 30 ml N2/min, 140°C) with a katharometer detector. 

Helium, oxygen and methane gave line peaks of retention 

times 0.5, 0.7 and 1.3 minutes respectively and hence the 

peak heights could be taken as proportional to the amounts. 

present and the rates of methane oxidation calculated. 

However carbon dioxide gave a broad peak of retention time 

4.3 mm, and the peak heights were standardised against 

known samples. 

Sharper peaks with shorter retention times were 

obtained in the studies of ethane and ethylene disappearance 

by using a 1.6 m column with the above conditions which gave 

peaks with retention times 0.5, 0.5, 0.7, 0.9, 1.9, 2.3 and 

2.6 minutes for hydrogen, helium, oxygen, methane, ethane, 

carbon dioxide and ethylene respectively. 
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Methanol and acetone were measured in-solution-by 

injection of 2.5 tl of the cell suspension into a gas 

chromatograph (PYE 104 series, 1.6 m Chromosorb 101 column, 

carrier flow rate 30 ml N2  mm', 150°C)  with a flame 

ionisation detector. Retention times were 0.8-,-and 1,6.minutes 

respectively formethanol and acetone. 

14 CO studies 

Radioactive counting 

Scintillation counting was carried out in either a 

Beckmann (Beckmann Instruments Limited, Glénrothes, Scotland) 

ambient temperature liquid scintillation counter or ina 

Packard Tricarb liquid scintillation spectroh!oo)neter, 

model 3300 (Packard Instruments Limited, Caversham, Berkshire). 

The scintillant routinely used was a solution of 2,5-

diphenyloxazole (PPO, 0.5% W/V) and 1, 4-di-2 (5-phenyl-

oxazolyl) benzene (POPOP, 0.01% w/V) in toluene. PPO, POPOP 

and hyamine hydroxide (1M solution in methanol) were obtained 

from Nuclear Enterprises Limited, Sighthill, Scotland. 

standardisation of 	CO source 

Standardisation of 
14  CO source: an ampoule of 

14CO 

(500 1jCi, Radio-chemical Centre, Amersham) was broken in 

unlabelled CO (70  ml) and the specific activity of the ,l4CO 

was determined by the following method. A known amount of 

the 14 CO was introduced into a 25 ml roundbottom flask 

fitted with a gas-tight 'suba-seal' whose volume had been 

accurately determined by weighing empty and filled with 

water; 0.2 ml samples from the flasks were then injected 

into a gas chromatograph (PYE 104 Series, carrier gas. flow 

rate 15 ml N2  mm', 50°C) fitted with a flame ionisation 
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detector (F.I.D.). The 	CO produced by the burning of the 

CO in the F.I.D. flame was trapped by sparging the exhausted 

gases through 10 ml hyarnine hydroxide (1M solution in methanol) 

which is a good solvent trap for CO2  (Hash, 1972). The 

resulting trapped radioactivity was measured by making a 

1:9 dilution of the lLICO,  -hyamine hydroxide with scintillator 

and counting-in a scintillation counter. No quenching due 

to the presenc-e of hyamine hydroxide was detected. 

c 	determination of specific activity of evolved 	CO2  

Three round-bottomed flasks whose exact volumes had 

been measured as described in the previous section were set 

up with 4 mls N.M.S. and, as a control against injection 

errors, 1 ml helium. Flask A was 	 - r-ri +- .------ 	- 

endogenous CO  production. The diluted 14C0 (i ml) was 

injected into the sealed flask B. An equal amount of washed 

cell suspension containing 	mg dry weight cells was added 

to each flask and they were mounted on a wrist action shaker 

in a room thermostatically-maintained at 30 0C. The gas phase 

in each of the flasks was analysed by injecting 0.2 ml 

samples at timed intervals over a
. 3 hr or longer period into 

a gas chromatograph with katharometer detector and the CO2  

production rate determined as described under gas 

chromatographic methods. At different times during the 

incubations (from one minute before the appearance of the 

CO  peak until one minute after) the gas stream of the gas 

chromatograph was sparged through 10 ml of hyamine hydroxide 

and counted as described above. 

The expression x/(y-z) was used to calculate the 

"specific activityof the excess CO2" where x was the total 
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counts min 	14(;() in the fiak with 14PØ y the amount of 

14 
CO  in i.imoles in the flask with CO and z the amount of 

endogenously-produced CO  in the control flask. 

establishing linear rates of 
14  CO 2 

production from14CO 

14 
The linear rate of production of 	CO !z  in the presence 

of 14 was established by the following method: incubations 

of cell suspensions containing 47 mg cells in sealed 25 ml 

round-bottomed flasks of known volumes were set up in the 

usual manner with 3 ml of 
14  CO and incubated at 30 0.  Gas 

samples (0.2 ml) were taken at 20 minute intervals and 

injected directly into scintillation vials containing 0,5 ml 

hyamine hydroxide and sealed with suba-seals. After ten 

minutes the suba-seals were removed and any 
14 COpresent 

was removed by leaving the vials for 1 hour in a fume cup-

board. Scintillant was then added (4 mis) and the l4C 

content of each vial counted as described above. From the 

total C dissolved and the volume of the flask the total 

14c 
2

.conten .t of the original flask at the time of sampling 

14 
was calculated and the corresponding amount of CO 

oxidised could be determined from the specific activity of 

the 14CO source. 

1 
Effect of CO on endogenous •C0 production from 
14 C-labelled cells 

14C_labelled cell suspensions of M. aibus BG8 and 

N. trichosporium OB3B were prepared by inoculating ten 250 

Erlenmeyer flasks containing 50 mlN.MS. medium with 4 ml of 

a methane-grown culture in the exponential phase of growth. 

After sealing the flasks with sterile ISuba.sealst  50 ml of 

unlabelled methane were added by syringe followed by two ml 
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14 	 1 of CH  of approximate specific activity 5iCi ml; After 

24 hours incubation on a reciprocal shaker at 30 0C the 

cultures had grown and a sample from the gas phase from 

each flask was injected into the gas chromatograph to 

confirm that the CH  had not been totally consumed and that 

the cells were in the exponential phase. Washed cell 

suspensions were prepared in the usual manner and 47 mg dry 

weight of cells were incubated in sealed 25 ml round-bottomed 

'Quickfit' flasks with 1 ml of helium marker and in the 

presence and absence 'of 3 mls unlabelled CO. Gas samples 

(0.5 ml) were taken at 20 minute intervals during the course 

of the incubation and injected into sealed scintillation 

vials containing 0.5 ml hyamine hydroxide and the trapped 

14 
Co 2 counted as described above.. During the course of the 

incubation gas samples (0.2 ml) from the flasks were 

chromatographed and the rates of CO 2  production determined. 

Determination of the effect of inhibitors on growth 

The following procedure was adopted for all inhibitors 

listed in table 9: 	 solutions of inhibitors that had 

been sterilised by passage through a 0.45 millipore filter 

were added to 250 ml erlenmeyer flasks containing 20 ml NMS 

supplemented with 0.3%  v/v methanol or 20 ml methane and the 

flasks were then inoculated with 2 ml of a liquid culture 

of N. aibus BG8 taken from the exponential phase of growth. 

The growth after five days incubation with shaking at 30° C 

was determined by nephelometry (Evans Electroselenium 

Limited, Halstead, Essex). 	 ' 

Effect of CO on growth (table 20): twelve flasks with 

NMS and 2 ml inocu.lum were set up as above except with 0.5% 
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methanol and 20 ml of CO were  added to six of the flasks. 

After five days incubation with shaking at 30 the complete 

uptake of methanol was confirmed by gas chromatography and 

from the optical density at 610 nm the dry weight of cells 

and yield was calculated (Thomson, 1974). 

(c) Effect of N-SERVE on growth (figure 4): four mls of an 

inoculum were introduced into 250 ml Erlenmeyer flasks 

fitted with side arms and containingNNS and 20 ml CH  and 

N.MS. and CHOH (0.5 % v/v) respectively. The flasks were 

incubated at 30 C and after commencement of growth, which 

was measured by nephelometry, 1 ml of a filter-sterilised, 

saturated solution of N-SERVE was injected through the "suba-

seal" into each flask and the subsequent growth over a six-

hour period was measured and compared with a control flask 

incubated in the absence of N-SERVE and the results recorded 

in figure 4. 

180_incorporation experiments 

Sealed 25 ml ttQujckfittt round-bottom flasks with four 

ml buffer were flushed with oxygen-free nitrogen for ten 

minutes and, after checking a gas sample by gas chromatography 

for anaerobicity, 5 ml of the gas contents were removed and 

replaced with 5 mis of 30% 0-enriched oxygen. Incubations 

with 1 ml of washed cell suspensions optical density 100 

(610 nm) were set up in the usual way in the presence and 

absence of CO 0 ml) or CIT4  .(3m1). Initially the flasks 

after incubation were frozen and the gas phase analysed at 

a later date but as these experiments proved negative the 

incubations were then carried out with larger amounts of 

cells in the same room as the mass spectrometer so that the 
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gas phase could be sampled and analysed throughout the 

course of the incubation which.was carried out at 23 0C. 

The 18  cqntent of the evolved CO 2  and the total CO 2  

content were determined by injecting a 0.2 ml gas sample 

(or 0.5 ml if the CO  contents of the flask did not exceed 

0.5 ml) into a Micromass 12 Combined Gas Chromatography! 

Mass Spectrometer unit (GC/MS) which consisted of a PYE 104 

Gas Chromatograph (1.6 m silica gel column, column 

-1 temperature 140 0 
 C and gas flow rate 40 ml helium min -  

coupled to the mass spectrometer maintained with 70 ev emission. 

The oxygen and carbon dioxide peaks appeared after 0.6 and 

1.6 minutes respectively and the mass spectrum of both 

peaks was taken with a4, 3-?sond scan encompassing mass numbers 

26 to 48. At the beginning and end of each run a mass 

spectrum was taken of the background column effluent and the 

mean of this figure was subtracted from the measured mass 

spectra. The mass composition of the 18 
source was 

determined by sampling the oxygen in each flask and averaging, 

- 

	

	and of the CO source and a CO 
2- standard (Distillers Company) 

by injecting samples directly into the GC/MS. Care had to be 

taken to avoid dilution of the CO source by air which would 

lead to the confusion of the .28N and 28C0 present. The 

expression'[>X2/(n....1) ._ 	 here  X was the 
18 16 

amount of C 0 0 component with mass 46 as a percentage 

of the C10 2 component with mass 44 and i the number of 

samples, was used to calculate the standard deviations of 

the 180 	ichme . nts of the incubations with and without CO. 
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the production of hydrogei-i by methylobacteria 

Anaerobic incubations, prepared by flushing flasks with 

oxygen-free nitrogen for 10 minutes and containing 47 mg dry 

weight of M. trichosporiurn OB3B or M. albus BG8 in a total 

volume of 5 ml buffer, were incubated in the presence of 

either formate (10 mM.), or CO (3 ml) or in the absence of 

substrate and in the case of N. trichosporium OB3B, with sodium 

hydroxybutyrate (10mM.).  Similar aerobic incubations were 

set up in the presence and absence of CO (3 ml). 0,2ml of 

the gas contents of each flask were injected into the gas 

chromatograph at the beginning of the incubation, aftee one 

and two hours, and after overnight incubation and the CO 2  

production and H2  evolution determined and shown in table 27. 

Samples of the liquid phase (2.5 ti) of the anaerobic 

incubations of N. trichosporium OB3B in the presence and 

absence of hydroxybu -tyrate were assayed by gas chromatography 

for acetone production. 

electron paramagnetic resonance studies 

One ml aliquots of washed cell suspensions of known 

optical density of methylobacteria, Brevibacteriuin JOB5, 

glucose-grown XX and Escherichia coli 13, which were all 

grown on the same N.M.S. medium supplemented with methane, 

propane, glucose and nutrient broth respectively, were 

shaken vigorously for one minute in sealed test tubes in 

the absence of substrate ('oxidised sample') and in the 

presence of 20 ml methane or a few crystals of sodium 

• 	dithionite. 	Approximately 0.4 ml of each suspension was 

then introduced into 0.3 mm internal diameter quartz electron 

paramagnetic resonance tubes (James F. Scanlon Company) and 

the samples were slowly frozen in liquid nitrogen over a 
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period of two or three minutes to avoid cracking of the tubes 

during freezing. Samples were only prepared of the oxidised 

cell suspensions in the case of the .twoorgarjjsms .. . .... 

Escherichia coli B and Brevibacterium .JOB5. As controls, 

samples were prepared of N.N.S. basal salts medium and 

phosphate buffer. Samples were also prepared of incubations 

of M. trichosporium OB3B with methanol and formate which 

were both added before shaking as 100 il of 100 mM solutions. 

Electron paramagnetic resonance spectra were recorded 

with a Varian E 11 spectrophotometer and unless otherwise 

stated were carried out at -172 °C with receiver gain 1.25 x 

103 , modulation amplitude 1.25 x 10  Gauss, modulation 
frequency 100 Id-1z and microwave power 50mW. Scans were 

carried out at fixed frequency 9.1+0 GHz with a time constant 

of one second over a magnetic field range of 1000 Gauss 

with a centre of thefield set at 3100 Gauss. 'g-values' 

were calculated by substituting in the expression g = hv I 13H 

where h is Planck's constant, 13  is the Bohr magnetron, H 

is the magnetic field at resonance and v is the set frequency 

(Swarz et al., 1972). 

rates of ammonia-stimulated nitrite production 

The same method was used to determine rates of nitrite 

production in the presence of ammonia and hydroxylamine and 

rates of disappearance of added nitrite: cell suspensions 

containing 47 mg dry wt cells of N. trichosporium OB3B grown 

on methane and N.M.S. or A.M.S. basal salts media and buffer 

were pre-.incubated at 30 °C with shaking for 20 minutes and 

the reaction initiated by the addition of 0.5 ml of soltitions 

of N}14  C1 (100 mM), NH2OH.HC1 (100 mM), or NaNO 2  (10mM.) with 
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and without HCOONa (20 mM) such that the final volume of 

the contents of each flask was 5 ml. Samples (0.2 ml) of 

the suspensions were drawn from each incubation at measured 

time intervals that varied from 2 to 8 minutes and added to 

0.8 ml buffer at 30 0C in microcentrifuge tubes and, after 

sedimentation of the cells by centrifugation for 1 minute in 

.a "Quickfit 320 Microcentrifuge", the supernatants were 

decanted and 0.5 ml samples withdrawn and assayed for nitrite 

according to the diazotLtionmetho:d of Nicholas and Nason 

(1957). The time of sampling was taken as 10 seconds after 

commencement of centrifugation. In the case of the inhibitor 

studies the cells were pre-incubated for 20 minutes with 

inhibitor before addition of substrate. With the gaseous 

inhibitor CO, 0.3 ml samples of the suspensions were withdrawn 

through the suba-seal by syringe and 0.2 ml of these were 

diluted, centrifuged and assayed for nitrite as described 

above 

methanol dehydrogenase assay 

This enzyme was assayed according to the method of 

Anthony and Zàtman (1965)  with the slight modifications of 

Davey (1971).  Analar methanol (10 pmo1es) was added to the 

sample cuvette to initiate the reaction which was followed 

at 600 nm. When examining for inhibition by hydrazine, 100 Vl 

of a solution of hydrazine sulphate was added to the cuvette 

to give a final concentration of 2 x 10 3M and the reaction 

mixture was allowed to stand for two minutes in the presence 

of hydrazine before the reaction was initiated by the addition 

of methanol. 

C--) 
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formate dehydrogenase assay (EC 1.2.1.2. formate:NAD 
Oxidoreduc tase) 

The assay was adapted from Quayle (1966). The complete 

reaction system contained sodium phosphate buffer pH 6.8, 

NAD (i.o iunole) and 0.lml of a soluble fraction of 

N. trichosporium OB3B containing 31g protein. The reaction 

was initiated by the addition of 20 moles sodium formate 

to the sample cuvette. 

preparation of cell-free extracts 

In the attempts made to obtain cell-free methane or 

carbon monoxide oxidation the method of preparation of the 

extracts were as described by Ribbons and Nichalover (1970) 

and Ferenci (1974). For the preparation of soluble fractions 

from the cells for the formate and methanol dehydrogenase 

assay 5 mis of a suspension of N. trIchosporium OB3B or. 

N. albus BG8 containing 47 mg dry wt cells/ml were subjected 

to two passages through a cooled French pressure cell at 

4000 lb in 2  and a microscopic examination of the resultant 

extract confirmed that cell breakage was in excess of 90%. 

A soluble fraction was prepared by centrifugation of the 

extract for 1 hr .  at 30,000 g at 5 °C and using the supernatant. 

protein and dry weight determinations 

Protein was determined by the method of Lowry et al. 

(1951) using bovine serum albui4n as a standard. Dry 

weights of cells in suspension were estimated from measurement 

of absorption at 610 nm and comparison with a dry weight 

calibration curve. 

spectropho tome try 

A Unicam Series SP 600 spectrophotometer was used for 

dry weight, protein and nitrite determinations. Measurement 
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of the rates of NAD reduction and methanol-stimulated dye 

reduction involved the use of. a Unicam SP800 recording 

spectrophotometer. 

gases 	 - 

Methane (technical grade), Oxygen, Helium, air, 

nitrogen ("oxygen-free") and hydrogen were obtained from 

British Oxygen ompany Limited, while ethane, propane and 

butane were purchased at 'C.P.' grade from Air Products 

Limited. Carbon dioxide was obtained from Distillers 

Company Limited and Carbon Monoxide, ethylene and dimethyl 

ether from Matheson Gas Products. 180_ enri ched oxygen (30%) 

was obtained from Miles Laboratory Limited. No impurities 

in any of the above gases were detected by the gas 

chromatography systems used in this study. 

inhibitors 

SKF 525A ( 3_diethylaminoethyldipheflylprOPy1aCetate) 

was a gift from Smith, Kline and French Laboratories, Welwyn 

- 	Garden City and Lilly 18947 (2-4 dichloro-6-phenoxYethYl- 

diethylamine) and Lilly 53325 (2,4 dicholoro6-phenylpheflOXY 

ethylamine hydrobromide) were kindly provided by Lilly 

Research Limited, Windlesham, Surrey. N-SERVE, (2-chloro-6- 

trichioromethyl pyridine) was a gift from the Dow Chemical 

Company Limited, Houndsiow, Middlesex. All other 

inhibitors were analytical grade reagents or equivalent and 

were obtained from B.D.H., Sigma or Eastmans Kodak Limited. 

Metal ions used in reversibility studies were all in 

the form of the following B.D.H. 'Analar' salts: CoC1 2 .6H20, 

CrK (SO 4 ) 2 12H20, SnC1 2 2H2O, MnSO44H2O, FeSO7H2O and 

FeCl 6H20. 
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Substrates and coenzymes 

Formaldehyde was prepared by boiling an aqueous 

suspension of para-formaldehyde (tAnalar t BDH) in a screw-

capped vial. HCOONa, CH 3OH, NH4C1, NaNO2  and all other 

substrates were B.D.H. 'Analar' grade. 



RESULTS AND DISCUSSION 
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SPECIFIC INHIBITORS OF METHANE OXIDATION 

The difficulties encountered in obtaining cell-free 

extracts capable of oxidising methane have limited iñvesti-. 

gations of the methane oxygenase to the study of the reaction 

in whole cells. Faced with a similar situation with the 

ammonia oxygeriàse system of Nitrosomonas Hooper and Terry 

(1973) have attempted to characterise the oxygenase 

reaction in whole cells by obtaining a number of compounds 

which inhibit ammonia oxidation but leave hydroxylamine, the 

presumed product of ammonia oxidation (Hofmann and Lees, 1953) 

unaffected. Such an approach has not been applied to the 

methane oxygenase and as.Quayle (1972)  points out, the 

published inhibitor work on methane and methanol oxidation 

has proved difficult to repeat. It has now been well- 

established, however, that carbon monoxide specifically 

inhibits methane oxidation leaving the oxidation of methanol 

unaffected (Davey and Mitton, 1973; Thomson, 1974; Ferenci, 

1974) and a similar effect for cyanide has been recorded 

- 	(Davey, 1971). 

In the present study the effect of a number of compounds 

on the oxidation of methane and methanol was investigated 

with a view to obtaining specific inhibitors of the methane 

oxygenase and Methylosinus trichosporium OB3B, a membrane— 

type II methylotroph, was selected as a test organism on 

account of its generally higher level of oxidative metabolism, 

Davey (1971).  The effect of a range of concentrations of 

each potential inhibitor on methane and methanol-stimulated 

respiration by cell suspensions in the oxygen probe was 

initially determined and if the compound proved inhibitory 
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to methane oxidatior, the rates., of methane and methanol 

disappearance from incubations in sealed flasks were 

determined by gas chromatography at the concentration of 

inhibitor that produced the greatest differential effect 

between the inhibited methane and uninhibited methanol 

respiration rates. The effect of a number of compounds 

found to selectively inhibit methane oxidation is shown in 

Tables 	5 and 6, where the division into metal-binding 

compounds and miscellaneous inhibitors has been chosen for 

convenience 

The metalion chelators fall into three broad classes 

depending on the chemical nature of the ligands present; 

nitrogen-nitrogen (o-phenanthroline, ua'dipyridyl), nitrogen 

oxygen (B-quinolinol), sulphur-nitrogen (thioacetamide, 

ethyl xanthate, dithyldithiocarbamate and the structurally 

related thiourea, allyl thiourea and thiosemicarbazide) and 

sulphur-sulphur ('British anti Lewisite'or:ctimercapto propanol). 

Ethylene diamine tetra acetic acid (E.D.T.A.) at concentra-

tions of up to 10 3M was ineffective as a selective 

inhibitor suggesting that chelators with oxygen-oxygen ligands 

lacked the specificity towards methane oxidation that the 

other chelators possessed. The oxygen-containing analogue 

of thiourea, urea, also proved ineffective in inhibiting 

methane stimulated respiration at 10 3M indicating the 

importance of the sulphur atom in the inhibition of methane 

oxidation by thiourea. All the inhibitors in part. I of table 

5 were reversible except British Anti- Lewisite as were the 

monodentate ligands in part II. Methane oxidation proved 

less sensitive to the compounds in the second group with the 

exception of cyanide. 



Table 5 

Inhibition of methane and methanol metabolism in washed 
cell suspensions of Methylosinus thrichosporium OB3B  by metal-

binding compounds 

• 
Rates of 

Reversibility  

Inhibitor 
Concentration disappearance 

of inhibition 

/ (% control)1 
OL 	'.11/f 

CHL1 CH10H 
oxidation 

I 

Thiourea 10 0 96 ++ 

Allyl thiourea 10 28 i08 ++ 

Thioacetamide 10 0 100 ++ 

Diethyldithio- 4 
carbamate 7.5 x 10 0 90 ++ 

8-quinolinol 10 0 102 ++ 

o-phenanthro- 
5 V  line SxlO 65 90 ++ 

aa'dipyridyl 10 0 92 ++ 

Ethyl xanthate 
3 V 80 

V ++ 
(K salt) 10 0 

Dimercaptopro- V 

panol 
(British V 

Anti-Lewisite) _ 5 x 10 0 
V 	

100 + 

Thiosemi- V 

carbazide 10 45 100 ++ 

EDTA 10 72 76 N.T. 

II - 

Sodium cyanide l0_6 38 100 ++ 

Sodium azide 10 7 85 ++ 

Histidine 10- 2 0 105 ++ 

Pyridine I0 36 108 ++ 

Imidazole 10 0 109 ++ 

3-amino 
2 

triazole 10 27 91 ++ 

The uninhibited rates of methane and methanol disa-

ppearance were 20nmoles/min/mg dry cell weight and 100 n 

moles/mm/dry cell weight respectively. 

Reversibilities: ++ and + indicate restoration to more 
• _ • _n, 	 •--.- 	__V• 

man 	U7O W. L.L V L I-)' *11U Le 	&/111I }.VJ/U 1. 	pe 	
- y , 	 - 

indicates irreversibility. 	
V 

N.T. - Not tested. 



Table 6 

Inhibition of methane and methanol metabolism in washed cell 
suspensions of M. trichosporiuni OB3B  by miscellaneous com-

pounds 

Concentration 
Inhibitor 	

(M) 

Rates of 
disappearance 
(% control) 

CH4 	CH3OH 

Reversibility 
of inhibition 

of CH4 
oxidation 

Di ethyl amino - 
ethyl-diphenyl- 

5 x 10 36 100 - 

propylacetate 
(sKF 525A) 

2-4 dichloro- 
6-phenyl--phenoxy 

0 100 N P 
ethyldiethyl- 
amine (Lilly 
18947) 

2,4 dichioro 
(6-phenyl-phe-- 
noxy) ethyl- 

5 x 10 0 100 N.T. 
amine hydrobro- 
mide (Lilly 
53325) 

Cysteamine 30- 
2 0 84 -. 

Hydrazine 
3 6 sulphate 2 x 10 70 - 

Hydroxylamine 
hydrochloride 10 23 75 

Atninoguanidine 10- 2 32 96 N.T. . 

Spermine 2 x 10 41 100 N.T. 

Methanol 10 2  5 - N.T. 

The notes for Table 5 apply to Table 6. 



In table 6 the finding of Thomson (1974) that methanol 

inhibits methane oxidation is confirmed and extended to 

hydroxylainine, the likely product of ammonia oxidation by 

Nitrosomonas (Hofman and Lees, 1953). This compound is 

commonly used as a mutagen and the observation that it 

inhibits methane oxidation provides an explanation for the 

low viability of hydroxylamine-treated cultures of 

methylobacteria found by Shimmin (1974). Aminoguanidine at 

-2 
10 M inhibited methane oxidation and although not presented 

in table 3 another mutagen and derivative of guanidine, 

nitroso guanidine at 0.7 x 10 2M, inhibited methane 

respiration to 10% of the control value leaving methanol 

respiration unaffected. The sensitivity of methane 

oxidation to these two mutagens may necessitate the use of 

methanol as carbon source for further studies of mutagenesis 

in methylobacteria although this would restrict such studies 

to a small group of Methylobacteria that grow on methanol. 

SKF 525A  is a known inhibitor of Cytochrome P-450 

mediated mono-oxygenase reactions in mammalian systems 

(Hildebrandt, 1972)  and carotene hydroxylation in 

Staphylococcus aureus (Hammond and Whyte, 1970) and was 

found to irreversibly inhibit methane oxidation as did 

Lilly 533 2 5 and Lilly 18947, two other known inhibitors of 

oxygenase reactions (Hildebrandt, 1972). Cysteamine and 

aminoguanidine both inhibited methane oxidation 

irreversibly. The polyamine spermine was originally tried 

unsuccessfully as a potential protective agent for the 

preparation of methane oxidising - bell-free extracts of 

rnfhr1 r1-ir tari 	r the light n'h+ rf its c 	 I 	 ---4-4 - 	 - - - -- - - - - - - £ 	 4. %.. A 4. 
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in the ammonia oxidising cell-free extracts of Nitrosomonas 

(Suzuki and Kwok 1970)  however it was discovered that it 

also acted as aselective inhibitor of methane oxidation. 

Inhibition of methane oxidation by amino acids 

The selective inhibition of methane, oxidation by histidine. 

shown in table 5 is likely to be the explanation for the 

inhibition of growth of Methylococcus capsulatus on methane 

as carbon source found by Eccieston and Kelly (1972) who 

were able to explain the inhibition of growth by L 

threonine through interference with the feed-back mechanisms, 

of branched amino acid synthetic pa thways but were unable to 

offer an explanation for inhibition by histidine. The results 

of a survey of the effects of added amino acids on the 

respiration of methane and methanol by N. trichosporium OB3B 

is shown in table 7 and it can be seen that only histidine, 

proline, methionine and valine showed any selective effect 

Table 7 Effect of added amino acids on Methane and Methanol-
stimulated respiration by Methylosinus'trichosporium 
OB3B 

I 	Conc. 	
Respiration Rates (% Contro1 2 ) 

Amino acid 	 CH 	, 	CH OH 

Methionine 	. 101 
16 79 

Cysteine 10 2 
0 22 Arginine 

Proline 
10 2 
102 16 68 

Valine 102 30 
62 

80' 
84 Tryptophan 

Glycine 
102 
102 82 85 

Asparagine 	. 102 . 	 80 
80 

. 	 80 
. 85 Ornithine 

Serine 
102 
10 

. 

80' 100 

All amino acids were L-isomers. The following amino 

acids at 10 2M. reduced methane and methanol-stimulated 

respiration by less than 10% of the control: threonine, 

phenylalanine, tyrosine, homoserine, lysine, alanine, 

glut amamate, aspartate. 

control rates of methane and methanol respi'ation were 89 

and 53 nmoles 02/min/mg dry cell wt. 



towards methane respiration ndcysteine had a non-selective 

effect on methane and methanol respiration. All of these 

inhibitory amino acids are known for their ability to bind 

to metals in enzymes and the significance of this will 

become apparent when the mechanisms of inhibitions by the 

selective inhibitors is discussed in a later section. The 

- lack of effect' of all of the inhibitory amino acids except 

histidine on growth of Methylococcus capsulatus may be due to 

strain differences or more likely the physiological state of 

the cells since growth of Methylococcus capsulatus was found 

to be sensitive to a wider range of amino acids when they 

were added during the lag phase (Eccieston and Kelly, 1972). 

The effect of n-octylamine on methane and methanol metabolism 

In view of the specific inhibition of methane oxidation 

by a number of nitrogen-containing compounds, the effect of 

a primary amine on methane and methanol-stimulated respira-

tion of M. trichosporium OB3B was investigated. The rates 

of methane and methanol-stimulated respiration were not 

inhibited by 1OM. n-octylamine but were reduced by 10 3M 

to Wand 85% respectively of the control rates of 89 and 53 
ilmoles 0 2/min/mg cells and to 0 and 8% of the control rates 

by 10 2M. n-octylamine. This inhibition was found to.,be 

irreversible and when cell suspensions of Pseudomonas 

methanica were also treated by 10- 2 M. n-octylamine the 

intense pink colour of the suspension was bleached out. 

The lack of specificity of the inhibition by n-octylamjne 

shows that the possession of a free amino group alone is 

insufficient for specificity and a non-specific mode of 

inhibition through cellular lysis is suggested by the 

irreversibility of the inhibition and the bleaching of 

Pseudomonas methanjca 
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Effect of temperature  

The variation of methanol and methane-stimulated 

respiration with temperature for M. trichosporium is shown 

in table 8 and it is evident that the lowering of the 

temperature of the suspension to 150 has a much greater 

effect onmethané_stimulated respiration, reducing it to 3 0  

of the rate at 30° C. 

Table 8 Effect of temperature on Methane and Methanol-

stimulated Respiration by M. trichosporium 

Temperature 	 Respiration rates (% control) 

	

CH4 	 CH3OH 

30 	 100 	 100 

20 	 40 	 58 

15 	 3 	 33 

(1) control respiration rates for CH  and CH 3OH at 30° C 

115 and 105 nmoles 0 2/min/mg dry cell wt. 

A similar effect of temperature was found byJeens (1972) 

with the thermo-tolerant organism Methylococcus capsulatus Bath 

where lowering the temperature from 46 0C to 30°C inhibited 

methane-stimulated respiration completely but only reduced 

the methanol-stimulated respiration rate by 51%. 

Effect of inhibitors on growth on methane and methanol carbon 

sources 

Inherent in the approach adopted in this study was the 

assumption that compounds that inhibit methane, but not 

methanol, oxidation are specific inhibitors of the methane 

oxygenase enzyme(s) and leave the rest of cellular metabolism 

unaffected. In reality, however, the results merely show 

that the compounds do not affect methanol oxida-ticr. In an 
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- - attempt to establish that these compounds are specific for 

the methane oxygenase the effect of selected inhibitors on 

growth on methanol and methane carbon sources was examined. 

Methylomonas albus BG8, a membrane—type I methylotroph, was 

used for this study since unlike M. trichosporium OB3B, it is 

capable of growth on methanol at high concentrations. 

Table 9 Effect of Inhibitors on Growth of Methylomonas 
albiicBG8 on Methane and Methanol carbon sources 

Concentration Growth after 5 days 
Inhibitor 	 (% control) 

.1 	
CH 
	 CH OH 

Allyl thiourea 	 10 	 1.5 	 94 
Thiosemjcarbazjde 	 10 	 15 	 112 

Hydroxylamine 
hydrochloride 5 107 5 91 

Diethyldithiocarbamate 10 0 .90 
a.a'dipyridyl 5 x 10 2 80 
8-quinolinol 10 15 154 
Pyridine 10 4 88 
CO 	 . 	 25% CO: 	

°2 0 94 

(i) 	Methane and methanol contents of growth media were 

20 mis and 0.3%  (v/v) respectively and yields of 

controls 12 and 13.1 mg dry weight. 

The growth of M. albus BG8 after five days in the 

presence of a selected.range of inhibitors is shown in table 

- 

	

	9 in which growth is expressed the percentage of the control 

flasks in the absence of the inhibitor. The complete 

uptake of methanol substrate was confirmed by gas 

chromatography. T  all of the cases tested growth on 

methanol was recorded in the presence of concentrations of 

inhibitor which prevented growth on methane, although ten-

fold higher concentrations of inhibitor generally inhibited 



growth on both substrates. The assumption that it Is the 

initial step in the metabolism of methane that is affected 

by the inhibitors is validated by the lack of inhibition of 

the wide range of cellular reactions associated with cell 

growth and replication. These results also confirm that 

methane oxidation in a membrane—type I methylotroph is also 

affected by the specific inhibitors of methane oxidation in 

M. trichosporium OB3B and the lower concentrations required 

for inhibition are likely to be an effect of the lower cell 

density in a shake culture (approximately 0.2 mg dry wt./ 

ml) than a washed cell suspension (10 mg dry wt./ml). 1n 

some cases there was a stimulation of yield on methanol in 

the presence of inhibitors for which the reason was unknown. 

Effect of inhibitors on the metabolism of formate 

In view of the sensitivity to inhibition by cyanide of 

the formate dehydrogenase activity in extracts of Methylo-

coccus capsulatus (Patel and Hoare, 1971) and of the 

partially-purified enzyme from Pseudomonas AM! (Johnson and 

Quayle, 1964) it is possible that these inhibitors may act 

by inhibiting for-mate dehydrogenase and the production of 

NADH for a methane mono-oxygenase reaction. That this is 

not the case is shown by the results in table 10 in which the 

effect of a range of inhibitors on both formate-stimulated 

respiration by cell suspensions and formate-stimulated NAD 

reduction.(f'ormate dehydrogenase) in a supernatant fraction 

of M. trichosporium are shown. The sensitivity to cyanide 

found by Pate! and Hoare (1971) is confirmed, although in 

contrast with their results the sensitivity of formate 

oxidation to inhibition by cyanide was less than methane 

oxidation, but the low level of inhibition by the other 
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specific inhibitors of methane oxidation indicates that the 

formate dehydrogenase enzyme is not the site of action of 

the inhibitors, pointing again to the specificity of these 

inhibitors for the methane oxygenase. 

Table 10 Effect of Inhibitors on the Metabolism of Formate 
by Methylosinus trichosporium OB3B 

Effect on formate 1. 

Inhibitor 	Concentration 	metabo1jm (% Contr61) 

(M 
-Formate Formate 

respiration Dehydrogenase 

aa'dipyridyl -4 
10 -4 100 86 

8-quinolinol 
thiosemicarbazide 

10 4  85 77 
10 4  103 82 

Allyl thiourea 10 4  100 8o 
Thiourea 
NaCN 

10 100 85 
10 7 0 _ 10 

lo 
24 13 

•1 64 64 

(i) Formate metabolism in control: formate-stimulated 

respiration 10 nmoles 0 2/min/mg dry cell weight; formate 

dehydrogenase activity 0.035 absorbance units (3110  nm)/ mg 

protein. 

Mechanism of action of specific inhibitors 

The specific inhibition of methane oxidation by such a 

large number of metal ion chelators and metal-binding compounds 

would suggest that - these compounds inhibit methane oxidation 

through binding to a metal ion in the methane oxygenase system. 

Indeed, the presence or •absence of inhibition by such 

compounds is often presented as evidence for or against the 

involvement of a metal ion in an enzyme and a good 

discussion of the use of chelators in the study of metallo-

enzymes is given by Hughes (1972). Any conclusions based on 

inhibition by one chelator must be made with caution as the 
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inhibition could be through a mechanism other than the 

binding to a metallo-enzyme as is known for the inhibition 

of some flavoprotein mono-oxygenases by o-phenanthroline 

(Yamamoto et al., 1969)  and inhibition of cytochrorne 

-oxidase by British Anti -Lewisite (Cooperstein,1963). .-

The protection from inhibition by pre-incubation of the 

enzyme with a metal ion and the restoration of activity 

after inhibition by the addition of a metal ion are both 

considered as evidence for the involvement of a. metal ion. 

The satisfaction of the latter criterion by a range of 

inhibitors is shown in table 11 where the inhibitors, were 

chosen as representatives of the three main categories of 

inhibitors containing nitrogen-nitrogen, oxygen-nitrogen and 

sulphur-nitrogen ligands. 

It is possible to draw some conclusions as to the 

nature of the metal involved in an enzyme from the chemical 

nature of the chelator although as discussed in detail by 

Hemmerich (1966) the term 'specificity' as applied to metal 

ion chelators is considerably mis-used in the scientific 

literature. The thermodynamic specificity of a chelator for 

a metal is the criterion most relevant to the inhibition of 

biological redox systems and can be generalised according to 

the rule that 'hard' metal ions react with 'hard' ligands 

and 'soft' metal ions with 'soft' ligands where hard means 

ionic and not easily polarised atoms and molecules such as 

Fe. (iii), Mn (II), Cr (III), Na and the ligands H20, RCOO, 

BNH2  and 'soft' means easily polarisable molecules such as 

Cu (I), Ag (I) ions and the ligands CN, RSH, 11 2S, RS (Hughes, 

1972). In addition to these two classes there is an 'inter- 



Table 11 Effects of Added Metal Ions on Inhibition of 
Methane-stimulated Respiration in Methylosinus 
trichosporiurn OB3B 

Inhibitors 

% Restoration 
Conc. 	added Metal 
(M) 

Fe(II) 	Co(II) 

of activity 	by 
ions 	(10-4M) 

Cu(II) 	Zn(II) 

aa'dipyridyl 10- 4 37 	64 62 
8-quinolinol 10 45 	14 65 	11 
thiosemicarbazide 10 0 	 0 14 	0 

1  

thiourea 4 
10 

- 
0 	 0 0 	0 

allyl thiourea 10- 4 0 	0 0 	0 

mediate' 	class of Zn 	(II), 	Cu 	(II), 	Ni 	(ii), 	Fe 	(II), 	Sn 	(II), 

Pb (II) and the ligands pyridine, N3 , NO 2 . 	Thus the 

specific inhibitors of methane oxidation which contain the 

ligands oxygen-nitrogen, nitrogen-nitrogen and nitrogen- 

sulphur fall into the categories of intermediate and soft 

whereas hard ligands such as E.D.T.A., octylamine and-.urea 

are not specific inhibitors. Another metal ion chelátor with 

hard ligands, 1,2-dihydroxybenzene 3,5-disulphonic acid 

disodium salt or 'tiron', has been reported to combine 

specifically with Fe (III) (Harvey and Manning, 1959; 

Kojima et al., 1967) and consistent with a role for copper 

in the methane oxygenase this,, compound at 10 3M concentra-

tions inhibited methane respiration of suspensions of M. 

trichosporium OB3B by less than 10%. Purely chemical 

considerations would suggest that the metal ion in the 

oxygenase is a 'soft' ion such as Ag (I) 	or Cu (I) and this 

is supported by the results. in table 11 which show that although U 

inhibition of methane-stimulated respiration by the 

'intermediate' inhibitors aa'dipyridyl and 8-quinolinol is 

reversed by a range of added metal ions, only Cu (ii) reversed 



inhibition by the sulphur-containing thiosemicarbaz -jde and 

none of the added metal ions even at concentrations of 10 3M 

reversed inhibition by thiourea and allyl thiourea. No 

reversal of inhibition by any inhibitor was observed on the 

addition of Mn (ii), Fe (Iii), Cr (III) and Sn (II) at a 

concentration of 10 3M. 

The high thermodynamic stability constant of thiourea 

for Cu (I) of 06  15 (Sillen and Martell, 1971) is approached 

only by Ag (I) and from the known involvement - of copper in 

oxygenase enzymes a copper component is suggested. The 

extremely low solubility of cuprous compounds and theii 

tendency to readily undergo disproportionation to Cu (0) and 

Cu (II) in aqueous solution makes the above reversibility 

studies difficult (Hammericiì, 1966). The addition of a 

suspension of cuprous chloride to Methylosinus trichosporium 

in the oxygen probe resulted in a low but detectable 12 1/6 

restoration of activity of thiourea-inhibited methane 

respiration which supports a mechanism of inhibition of 

methane oxidation by thiourea involving the formation of a 

chelate complex with a cuprous component of the methane 

oxygenase. 

If the mechanism of inhibition by thiourea was distinct 

from the other compounds in table 11 the total inhibitions 

by combinations of thiourea and the metal ion-reversible 

inhibitors need not necessarily be additive. The inhibitions 

of methane-stimulated respiration by M. trichosporiurn OB3B in 

the presence of aa'dipyridyl, 8-quinolinol and thiourea, both 

individually and in combinations with each other are shown in 



table 12. The cibse agreement between the inhibition by pairs 

of inhibitors and the arithmetical products of the individual 

inhibitions is consistent with a single site of inhibition 

for thiourea,a&dipyridyl and 8-quinolinol but does not 

constitute proof. 

Table 12 Effect of Combinations of Inhibitors on Methane-
stimulated respiration of M. trichosporium 

CF!4  respiration Arithmetic 
Inhibitors 

(% Control 1) 
products of  
inhibitions 

8-quinolinol (10M) 27 

aa'dipyridyl 	(l0) 44 

thiourea (5x10 6 ) 64 

thiourea (5x10 6 ) 5  
+8-quinolinol 	(10 - 5 ) 17 17 

thiourea (5x10 6 ) 5  
+aa'dipyridyl 	(10 - 5 ) 27 28 

8-quinolinol (lO) 
+aa'dipyridyl 	(10 	') 14 12 

(i) control rate methane respiration = 57 nmoles 02/ 

mg dry wt. cells/mm. 

(2) i.e. 27 x 64 = 17 etc. 

Among the 'intermediate' metals the strength of a metal-

ligand bond increases in the order Mn (II) Fe (ii) Co (ii) 

Ni (ii) Cu (II) Zn (ii) and the reversibility of inhibition 

by added metal ions other than copper is consistent with this. 

Thus the ability of Fe (ii) from a copper-free analytical 

grade preparation to relieve inhibition byaa'dipyridyl and 

8-quinolinol is in no way contradictory with the involvement 

of a copper atom since this effect is observed in the relief 

of inhibition by these compounds of the copper-containing 

dopamine hydroxylase enzyme (Goldstein, 1966). The inhibitory 



action of a metal ion chelator may involve a complete removal 

of the metal from the enzyme leaving the apo-enzyme which may 

or may not be reactivated by the addition of the original 

metal ion, or the replacement of some of the protein groups 

only to form a mixed-enzyme inhibitor complex (Hughes, 197 2 ). 

If a mixed complex is formed then addition of metal ion should 

compete with the inhibitor and thus reverse the inhibition. 

The relief of inhibition by a range of metal ions would suggest 

that inhibition is through the formation of a mixed complex 

but kinetic studies on the purified enzyme would be required 

to prove this conclusively. 

Effect of inhibitors on kinetics of methane respiration 

Inhibitors can be classified according to their mode of 

action as'competetive. 'non-competitive'and 'uncompetitive' 

and the kinetic analysis method of Lineweaver and Burk (193 4 ) 

can in principle be applied to determine the mode of action 

of any inhibitor provided the inhibition is reversible and the 

rate of enzyme reaction can be measured as a function of 

substrate concentration. With a gaseous substrate such as 

methane it is particularly difficult to determine the substrate 

concentration in solution and Thomson (1974) gives a detailed 

critique of the attempt by Phillips (1970) to demonstrate 

competitive inhibition by ammonia of methane disappearance 

- 

	

	through the determination of rates of methane disappearance 

in flasks with varying amounts of ammonia. 

An alternative to measuring methane disappearance in 

flasks is to use an oxygen probe to measure the rate of 

methane-stimulated respiration and this method has the 

advantage that the concentration of dissolved methane canbe 



easily controlled by the addition' of different amounts of 

methane-saturated buffer to the reaction vessel. This method 

has been used by Harrison (1973)  to derive the Km for methane 

of a methane-oxidising Pseudomonas strain and figure 3 shows 

that it can also be applied to M. trichosporium OB3B to give 

a Km for methane of 520 41molar compared with that of Harrison 

.of 26 pmolar. lndicative of the limitations of working with 

whole cells, considerable variations were found with different 

batches of cells and Kms of as low as 50 Amolar have been 

found. The low Km for methane made it necessary to add to 

the oxygen probe chamber small amounts of substrate which 

rapidly becomes used up making steady-state respiration rates 

difficult to determine accurately and resulting in the scatter 

of points about the straight line found in this study and in 

Harrison (1973).  Figure  3 also shows double reciprocal ,'plots 

for methane-stimulated respiration partially-inhibited by 

thiourea and aa'dipyridyl and the alteration of both V 	and max 

Km for methane-stimulated respiration by these inhibitors is 

typical of the 'uncompetitive' class of inhibitors and is 

clearly not competitive inhibition. The simplest qualitative 

interpretation of uncompetitive inhibition is that it is due 

to the inhibitor binding with a form of the enzyme that differs 

from that responsible for combination with the free substrate, 

thus lowering the amount of enzyme available for the reaction 

(Cleland, 1963) and, although more complex interpretations can 

be made, this simple mechanism is consistent with inhibition 

caused by binding of metal ion chelators to a metal in the 

oxygenase system. 
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The similarity between the plots for thiourea and 

aa'dipyridyl inhibition shown in figure 3 lends further 

support for a similar mechanism for these two compounds.. 

In support for a role for copper in the metabolism of 

methane by methylobacteria, a batch culture study with a 

mixed culture HR (Vary and Johnson, 1967) and continuous 

culture studies of Methylococcus capsulatus. (Harwood and 

Pirt, 1972),  Methylomonas strain. Fl (Fukuoka, 1974) and a 

mixed culture of methane oxidising Gram-negative rods 

(Sheehan and Johnson, 1971)  have all demonstrated a 

requirement for copper ions in the growth medium. None of 

these studies on copper requirement were sufficiently detailed 

to assess the significance of the requirement for copper over 

and above that of a normal Gram-negative heterotroph. 

Although a mechanism of inhibition involving combination 

with a copper species is consistent with the properties of 

many of the inhibitors, it does not explain inhibition by 

methanol which is not found in Methylomonas albus BG8 

- 	(Thomson, 19711), nor is it likely to explain the inhibition 

by the compounds SKF 525A,  Lilly  18947  and Lilly 53325  whose 

mode of action in inhibiting Cytochrome P-1150-mediated 

oxygenase reactions are little understood (Hildebrandt, 1972). 

Metapyrone, which inhibits some Cytochrorne P-1150 hydroxylation 

reactions (Hildebrandt, 1972) did not inhibit methane 

oxidation at concentrations of 1mM 	although limited 

interpretations can be made of negative results with cell 

suspensions where permeability barriers may arise. 
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Comparisons between the inhibition patterns of the ammonia 
oxygenase in Nitrosornonas and methane oxidation in Methylosinus 

A list of the compounds which were found by Hooper and 

Terry (1973)  to inhibit ammonia but not hydroxylamine 

oxidation by Nitrosomonas europaea and which have also been 

shown in this study to inhibit methane-,but not methanol-

oxidation in Methylosinus trichosporium is given in table 13 

and it can be seen that seventeen out of the twenty-five 

specific inhibitors of methane oxidation are also specific 

for ammonia oxidation. The higher concentrations of 

inhibitor required for inhibition of methane oxidation-in 

Methylosinus trichosporium is readily explained by the 

higher concentrations of cells used in each assay. The 

studies of Hooper and Terry (1973)  used 0.2 mg dry wt. cells/ 

ml of Nitrosomonas and 10 mg/ml of Methyiosinus was used in 

this study. 	 1 

This similarity in the pattern of inhibition suggests 

that the two Oxygenases may resemble each other. Resemblances 

between methylobacteria and Nitrosomonas also extend to 

the highly fastidious growth requirements for ammonia by 

Nitrosomonas and for methane, methanol and dimethyl ether by 

methylobacteria (Quayle, 1972), the possession by both 

groups of complex internal membrane systems (Davies and 

Whittenbury, 1970;  Whittenbury,  1969; Sthithand.Ribbóñs, 

1970; DeBoer and Hazeu, 1972, Murray and Watson, 1965; 

Watson and Mandel, 1971) a lesion in the Tricarboxylic acid 

cycle of Nitrosomonas (Hooper, 1969) and membrane -type I 

methylobacteria (Davey et al., 1972) and the initial 

-1- .-:I 	•I - 	,-4' +•I- 	 source 	 -'    me 	L,o ... 	.. 	 .. 	a. 	0S.. 	 t- C 1.13 1.4.1.1 '.1 -n.J CII flOC reaction   



Table 13 	Compounds which inhibit both Methane Oxidation in 
V 	 Nethylosinus and Ammonia Oxidation in Nitrosomonas 

V  

Ammonia Methane 
Oxidation in Oxidation in 

V 
V  

Nitrosomonas1  Methylosinus2 

V 

Conc. % Control 
Rever- 	Conc. 
sibility 	Mj . 	% Control Rever- sibili 

• 	 Metal-binding 
• 	

. 	 Compounds 
 

Allyl thiourea 10 6  18 
+ 	 V  lOTS 28 	

• + 

V 	o-phenanthroline 5x10 5  0' 5x105 
V 	

65 + 

V 	 diethyldithio- 
carbainate 

V 	

V 
V 

10  
. 

7.5x10 0: + 
V 	 V 

8-quinolinol 10 0 104V 0 + 

V 	 aa'dipyridyl 10 0 . 	 10 0 + 

• 	 •. 	KCN 	
V 	

V 	
• 5x10 6  22 + 	0_6  36 

: 	 + 	 V 

• 	Enzyme-arid Haeme V 
-. 	

:. 	 •, 	 : V 
V 

Protein-. 
V 	Binding Compounds V  •• V. 	, 	 ' 	 . : 

V 	Thiosemicarbazide 10 5 , 	
io-5 . 45  V  + 

Co 	V (95%02 :5%CO) 8 (85%02 :15%CO) 0 	. 
V  

V 	Ethyl Xanthate 10 0 •: 
.• 

V 	
. Aminoguanidine 10 	.. 26 . 	 10_ 2  . 	32 

.... ..

LILLY 18947 V 10 4 .. ' 	10- 2 	•. . 0 	' •• 	 : 	
, 	V 

V 	 LILLY 53325 10 . 	4 V 	5x10 3  0 

SKF 525A 5x10 5  35 - 	 5x10 3  36 - 

V 	 - 	 - 	 3-Aminotriazole V 	10 0 : 	
. 	10- 2 27 + 

Short Chain • 	 • 	V • 	• •VV 	

V 	 V 	 V V  • 

Alcohols 	. 	 V V 	
V • V 	' 	 '• 

V 	 Methanol 5x10' 0 10.2'  o 	. + 

V 	
Ethanol 0.09 : 

. 	 10- 
2 	. o, + 

V  Hydroxylamine 	
V V  •, 

V  23 + 

V 	
,V 	

(1) 	figures from Hooper. and Terry (1973)'. V 

• 	• 	(2) 	figures from' tables 1, 2 and 3 of this section. 

• 	 V 	 • 	V 	(3) 	Thomson 	(1974) 	
• V • 	• 	 V 	 • V 

(4) Reversibility = + 
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(Higgins and Quayle, 1970; Rees and Nason, 1966). 

It is thus pertinent to consider in detail the analysis 

made by Hooper and Terry (1973) of their inhibitor data. 

The conclusion that a copper ion may be involved in ammonia 

oxidation has been based on the inhibition of ammonia 

oxidation by thiourea, allyl thiourea and diethyl 

- ..dithiocarbamate. (Hofman and Lees, 1953, Anderson,  1965, 

Hooper and Terry, 1973)  but in reality the evidence is in a 

similar state as for the involvement of copper in methane 

oxidation in 'relying heavily on the chemical properties of 

the metal ion chelators. Growth on Nitrosomonas in shake 

cultures has been shown to require copper ions (Loveless and 

Painter, 1968) and a copper species has been detected in 

whole cells and extracts using electron paramagnetic 

resonance spectroscopy (Nicholas et al., 1962) and the 

significance of the latter study will be discussed in a 

later section. 

Hooper and Terry (1973)  reporttthat the the addition 

of Cu (ii) ions reversed the inhibition of ammonia 

oxidation by KCN and diethyl dithiocarbamate. and not Mg (II), 

CeC1 3 , SnC1 2  or Cu (EDTA) 	but did not try Fe (I)which 

although not shown in table 11 reversed inhibition by 

diethyl dithiocarbamate of methane oxidation in M. 

trichosporium OB3B. As found in this study with N. 

trichosporium OB3B they reported the absence of inhibition 

by the heavily substituted derivative of o-phenanthroline, 

Bathocupr.o±ne, at 1 mM. Histidine was not included in their 

study although it has been shown by Lees (1952a) to inhibit 

ammonia oxidation by washed cell suspensions of Nikroso.monas 

and by Clark and Schmidt (1967)  to inhibit growth. 
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The grouping of inhibitors in this present study was 

made so1ey on the basis of their chemical properties but 

Hooper and Terry (1973) classify a number of their 

compounds as 'Enzyme and haemc protein-binding compounds' 

on the basis of the known inhibition of catalase by 

thiosemicarbazide, 3-amino triazole, amino guanidine and 

carbon monoxide (Nicholls and Schonbaum, 1963), of peroxidase 

by potassium ethyl xanthate (Anderson, 1968), of diamine 

oxidases by diethyldithiocarbarnate, aminoguanidine, 

hydroxylamine, Cn and thiosemicarbazide (Zeller, 1963) and 

of cytochrome P-450-mediated oxygenase reactions by Lil-ly 

18947, Lilly 53325 and SKF 525A (Hildebrandt,, 1972). However 

most of these compounds are metal ion chelators and could 

act by binding to the same site as the first group and thus 

any attempt to involve specific enzymes on the basis of 

inhibition data should be made with caution. The suggestion 

by Hooper and Terry (1973) that a catalàse or peroxidase-

like enzyme may be involved in ammonia oxidation, either 

directly through the production of (OH) or as a hydroxylase 

or indirectly through the removal of inhibitory levels of 

11202 is interesting but must be considered highly 

speculative. The same qualification also applies to their 

suggestion that methanol might inhibit by reacting with a 

peroxide-metabolising enzyme as has been shown for catalase 

(Nicholls and Schonbauin, 1963) or as a free radical trap. 

Valuable though such a comparison between inhibitors 

of methane and ammonia oxidation may be it must be borne 

mmmd that there are differences such as the insensitivity 

of methane oxidation to inhibition by 2-4 dinitrophenol at 

10 3M and N20 (90% 02,  10% N20). 
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The inhibition of ammonia oxidation by lowering the 

temperature was also noted by Hooper and Terry (1973) who 

demonstrated that lowering the temperature of incubation 

of Nitrosomonas from 25 °C to 15°C  resulted in a reduction 

in the rate of ammonia oxidation by 77% but only reduced 

hydroxylamine oxidation by 50%. 

In their study of the lipid content of the membranes 

of the same menibrane - type II methylobacteriu.m as used in 

this study M. trichosporium OB3B, Dugan and Weaver (1974) 

showed that the fatty acid content consisted predominantly 

of a C181  fatty acid and commented that this was the 

longest fatty acid known to exist in bacteria which is 

liquid at room temperature. Smith and Ribbons (1970) have 

also shown that over 90% of the esteriuied fatty acids in 

the membranes of another membrane type II methylobacteriuin 

Methanomonas methano-oxidans was a C 18 . 1  fatty acid. A 

high content of C161  fatty acid has been reported for 

Nitrosomonas (Blumer et al., 1969). 

- 	 In view of the likely location of the methane 

oxygenase in the complex internal membrane systems of 

methylobacteria, an explanation of the inhibition of the 

methane oxygenase is suggested in which lowering the 

temperature 'freezes' the C181  fatty acid. That this. 

'freezing' is reversible is indicated by the ease of storage 

of cell suspensions of methylobacteria at 
40  without any 

loss of methane-oxidising activity on restoration of the 

temperature to 30 
0
C. Lowering the temperature of cell 

suspensions of methylobacteria below 0 °C, however, was 

found in this study to result in the irreversible loss of 



methane-oxidising activity and a loss in ammonia-oxidising 

activity has also been found on freezing Nitrosomonas 

(Aleem, 1970). 

THE EFFECT OF N-SERVE ON METHANE OXIDATION BY METHYLOBACTERIA 

There has been considerable commercial interest in 

finding compounds which inhibit or even slow down the rate 

of nitrification of ammonia fertilisers which can lead to 

the leaching of nitrate and nitrite and their accumulation 

in rivers and lakes where they can cause both health 

hazards and eutrophication (review: Prasad et al., 1971). 

Thus many of the compounds found to be specific inhibitors 

of ammonia oxidation by Nitrosomonas (Hooper and Terry, 

1973) and of methane oxidation by methylobacteria have been 

investigated as potential "Nitrogen Stabilisers" (Prasad 

et al., 1971; Bundy and Bremner, 1973). 

The ability of a compound to inhibit ammonia oxidation 

by suspensions of pure cultures does not necessarily 

indicate its effectiveness in a demanding environment such 

as soil where it might be washed away, adsorbed onto soil 

particles or degraded by micro-organisms. The efficiencies 

of such inhibitors have also been shown to vary with the 

types of soil. Hence allyl thiourea and thiourea were 

found to be ineffective in inhibiting nitrification in a 

range of soils whereas potassium azide proved to be 

extremely effective (Bundy and Bremner, 1973). Additional 

criteria such as freedom from toxicity to man, animal and 

soil organisms as well as manufacturing cost must be 

superimposed on the biological effectiveness of a nitrogen 

stabiliser. 
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A compound which has received considerable attention 

is 2-chioro,6(trichloroiiiethyl)pyridine (Goring, 1962a; 

Goring, 1962b) which is commonly known by the trade name 

ttNSERVETT and whose structure is shown below: 

Cl 	CCl3  

The widespread commercial application in soils of a 

compound that may be toxic to methylobacteria is sufficient 

reason to study such a compound, but even more relevant to 

this present investigation of the methane oxygenase is the 

mechanism of inhibition of ammonia oxidation by Nitrosornonas 

proposed by Campbell and Aleem (1965) involving inhibition 

of cytochrome oxidase by N-SERVE. 

The initial studies on N-SERVE by Goring (1962a; l962b) 

only demonstrated the retardation of nitrification in soils 

and it was Campbell and Aleem (1965) who showed the 

inhibition of growth of Nitrosomonas europea in pure 

cultures was completely inhibited by 0.9 x 10 6M N-SERVE 

and ammonia-stimulated nitrite production in cell suspensions 

by 0.43 x 10 5M N-SERVE was required to produce 90 1/,0-' 

inhibition of hydroxylamine oxidation. In their 

comprehensive survey of specific inhibitors of ammonia 

oxidation by suspensions of Nitrosomonas Hooper and Terry 

(1973) confirmed the specificity of N-SERVE, showing that 

a concentration of 5 x 10 5M caused 86% inhibition of 

ammonia oxidation and only 4% inhibition of hydroxylamine 

oxidation. 

(0 
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The effect of N-SERVE on the rate of methane and 

methanol disappearance from incubations of suspensions of 

M. trichosporium OB3B  is shown in table 14. Concentrations 

of 1.3 and 0.65 x 10- 4M N-SERVE inhibited methane 

disappearance completely whereas disappearance .of methanol 

was only 10% inhibited at the higher concentration of 

N-SERVE. The effect of N-SERVE on the disappearance of 

methane and methanol from suspensions of N. albus BG8 is 

shown in table 14 and a similar selective effect on methane 

disappearance is evident. Methane oxidation in N. albus BG8 

appeared more sensitive to inhibition by N-SERVE. 

At the end of the incubation of N. trichosporium OB3B 

with 1.3 x 10M N-SERVE the cells were washed and sedimented 

twice with 20 mls buffer, and sedimented and resuspended in 

the original volume of buffer and re-incubated with methane. 

After a lag of twenty minutes during.which no. disappearance 

of methane occurred the rate of methane disappearance was 

restored to 57% of the original uninhibited rate of.the. 

Table 14 Effect of N-SERVE on Methane and Methanol 
Disappearance in Suspensions . of Methylobacteria 

Rates of 
Concentration 	Disappearancf 

Organism 	 N-SERVE (N.) 	 (% Control) 
CIT4 	CH3OH 

Methylomonas 	. 	l.3x10 	 n.t. 2 	59 
albus BG8 	 l.3xlO 	 0 	 61 

Methylosinus 	. 	1.3xl044 	 0 3 	 90 
trichosporium OB3B 	0.67x105 	. . 	0 	 100 

1.3x10 	 57 	n.t. 

(1) Control rates of disappearance in the absence of 

inhibitor: M. albus BG8 CH  11.51CH3 OH 53 nmoles/rnin/rng 

dry cell wt. M. tr*chosporiun OB3B CH, 21, CH 0H 82 nmoles/ 
L 

mill/mg dry cell wt. 	 . 
10 



- (2) n.t. = not tesfed 

(3) Inhibition on washing cells three times with 20 mis 

buffer 57% reversible after twenty minute lag. 

control demonstrating the partial.reversibility of inhibition 

of methane oxidation by N-SERVE. In the inhibitor studies 

with N-SERVE the extremely low solubility of N-SERVE made 

it necessary to add the compound as a saturated solution 

in water and the concentrations were calculated from the 

solubility data supplied by the manufacturer. The addition 

of N-SERVE as an alcoholic solution in the studies of 

Campbell and Aleem (1965) was considered unsatisfactory in 

view of the inhibition by ethanol of methane oxidation 

(Thomson, 1974) and ammonia oxidation in Nitrosomonas 

(Hooper and Terry, 1973). 

The effect of N-SERVE on formate-stimulated respira-

tion by suspensions of N. albus BG8 and N. trichosporium 

OB3B was investigated and it was found that formate- 

- stimulated respiration was not inhibited by 2.6 x 10 5M 

N-SERVE at which concentration methane-stimulated respira-

tion was totally inhibited. 

The inhibition of growth of N. albus BG8 with methane 

as carbon source can be seen from figure i which shows the 

- 	effect of the addition of N-SERVE to cultures in the 

exponential phase of growth with methanol and methane as 

carbon sources. Growth was followed for five hours after 

addition of N-SERVE and although growth on methane was 

inhibited completely by 0.8 x 10 5M N-SERVE, growth on 

methanol was unaffected. From the results in table 14 and 

figure 4 it is evident that, like the compounds described 



Fig. 4: Effect of N-SERVE on growth of N. albus BG8 

(A) Growth on methane in the presence (o) and 

• 	absence (0) of N-SERVE 

B) 	Growth on methanol in the presence (A)  and 

absence (t)  of N-SERVE 

Optical densities determined by nephelometry of • 	• 

freshly-inoculated cultures of N. albus with 20 ml 

• 	methane and 0.3%  w/v methanol incubated in 250 ml 

flasks at 30°C. Control flasks and with 1 ml 

saturated solution of N-SERVE (0.8 x 105M). 
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earlier in this study, N-SERVE acts as a specific inhibitor 

of methane oxidation. In view of the specific inhibition 

of methane oxidation by pyridine (see table 5) the inhibition 

of methane oxidation by a pyridine derivative such as N-SERVE 

should be expected, however N-SERVE inhibits methane 

oxidation by cell suspensions at 1/15th the concentration of 

- 	pyridine required for complete inhibition which points to 

some effect of" 	-Cl and -Cd 3  substituent groups. 

Although there remains the possibility of the chlorine 

groups binding directly to a metal, the effect of these 

electro-negative chlorine substituents on the pyridine ring 

would be to reduce -the metal-binding ability of the nitrogen 

atom. The greater inhibitory properties of N-SERVE may thus 

be a result of the extreme insolubility of this compound in 

water and a possible enhanced solubility in the 

methylobacterial membranes. 

2+ 
All attempts to demonstrate reversibility by Cu 

2+ 	2+ 	2+ 	3+ 	3+ Fe , Co , Mn , Cr , Fe have been unsuccessful which 

would suggest that if N-SERVE was inhibiting methane 

oxidation through combination with a copper enzyme it wàuld 

have to do so by binding to the enzyme in the cuprous 

oxidation state or that the high solubility in the 

methylobacterial membranes prevented reversal by added 

copper. The inability of added Cu2  to reverse inhibition 

by N-SERVE contrasts with the results of Campbell and Aleem 

(1965) who were able to demonstrate complete reversal, 

however, contradictions even exist between their results 

and those of Hooper and Terry (1973) who reported the 

inhibition of ammonia oxidation to be irreversible. The 



twenty minute lag observed in - this study before restoration 

- 	of methane uptake by washed N-SERVE-inhibited cells may 

provide an explanation for the inability of Hooper and Terry 

(1973) to demonstrate reversibility. Whether this lag was 

due to the time required to remove the last traces of 

inhibitor from the cells or the actual metabolism of the 

bound inhibitoris not certain. 

Campbell and Aleem (1965) demonstrated that added 

reduced cytochrome c was oxidised by suspensions of 

Nitrosomonas and that this 'cytochrome c oxidase' activity 

could be followed spectrophotometrically. The contrast 

between the partial inhibition of this 'cytochrome c 

oxidase' activity of whole cells and the lack of inhibition 

of this activity in broken extracts, which did not oxidise 

ammonia, led Campbell and Aleem (1965) to - propose that 

N-SERVE inhibited a component of the cytochrome oxidase 

which was involved in ammonia oxidation. The inhibition 

of 'cytochrome oxidase' activity by N-SERVE was also 

reversed by the addition of Cu 2+ 

The relationship between this 'cytochrome c oxidase' 

and the cytochromes of Nitrosomonas europaea is unclear and 

it does not necessarily follow that their 'cytochrome c 

oxidase' activity corresponds to either the a or o-type 

cytochromes, whose presence in this organism has been well-

established (flees and Nason, 1965; flees, 1968b; Erickson 

et al., 1972)  or the Cytochrome P-460, the existence of 

which is disputed (flees and Nason, 1965; Rees and Nason, 

1968b; Erickson and Hooper, 1972). The o-type cytochrome 

has received little detailed attention but the cytochrome 



a has been solubilised and purified (Erickson et al., 1972). 

Although the specific inhibitors of ammonia and methane 

oxidation CN (10 5M), N3  (10M.)NH2OH (5 x 10 M.) and 

diethyl dithiocarbamate (10 5M) all inhibited the cytochrome 

oxidase activity of the purified cytochrome a, aa'dipyridyl, 

allyl thiourea and hydrazine at 1mM did not inhibit cytochror 

c oxidase activity and indeed caused some stimulation, the 

extent of which was not given in their publication. 

Unfortunately the effect of N-SERVE on the cytochrome c 

oxidase activity of fteir purified enzyme was not investigated. 

As with methylobacteria, cytochrome studies of ammonia-

oxidising cell-free extracts will be required to establish 

a functional role for the a-type cytochrome of Nitrosomonas 

in the oxidation of ammonia. 

The Effect of Hydrazine on Methylobacteria 

In view of the reported specificity of hydrazine for 

the ammonia oxygenase in Nitrosomonas (Hooper and Terry, 

1973) the effect of the compound on methane and methanol 

disappearance in suspensions of N. trichosporium OB3B was 

investigated and the rates of methane and methanol 

disappearance were found to be 70 and 69/6 respectively of 

the control rates. As this was the only compound examined 

which showed any selectivity for methanol oxidation, the 

effect of hydrazine on the metabolism of the membrane—type I 

bacterium M. albus BG8 also was examined and it was found 

that methane and methanol disappearance were inhibited by 

30 and i00% respectively confirming the sens itivity of 

methanol oxidation in both membrane—types of methylobacteria 

to inhibition by hydrazine. All attempts to demonstrate by 



gas chromatography the accumulation of methanol or any 

other intermediate in incubations of suspensions of 

methylobacteria with methane and hydrazine and methane 

have proved unsuccessful. 

It is in this class of inhibition that the controversy 

in the methylobacterial literature is perhaps the greatest. 

Brown and Strawinski (1964) had reported that 3mM iodoacetate 

inhibited methanol but not methane oxidation in cell 

suspensions of Nethanomonas methano-oxidans resulting in 75%. 

of the methane accumulating as methanol and it was this 

observation, together with yield data, which led 

Whittenbury et al. (1970) to discount a mono-oxygenase 

mechanism for the oxidation of methane since they considered 

that any reducing equivalents for such a reaction would 

arise from the subsequent metabolism of methanol and hence 

a situation where methanol oxidation is inhibited but 

methane oxidation continues would not be expected to arise. 

Higgins and Quayle (1970) were unable to show inhibition by 

iodoacetate of methanol oxidation in either Pseudomonas 

methanica or Methanomonas methano-oxidanS and in this study 

it was found that both methane and methanol disappearance 

in suspensions of N. trichosporiUfli OB3B were inhibited by 

3m1v1 iodoacetate. 

In their confirmation of the oxygenase nature of methane 

oxidation Higgins and Quayle (1970) found that high phosphate 

concentrations (80rM) inhibited methanol oxidation to the 

extent that methanol accumulated to a concentration of 2mM 

showing that methane oxidation can take place when the 

oxidation of methanol is partially inhibited. Anthony (1975) 
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has since confirmed the sensitivity of methanol dehydrogenase 

to phosphate ions. 

That confusion and controversy is not limited to 

inhibitors of methanol oxidation is suggested by the 

contradiction between the selective inhibition by hydrazine 

of ammonia oxidation in Nitrosomonas observed by Hooper and 

- Terry (1973) and the selective inhibition of hydroxylamine 

oxidation leading to the accumulation and identification of 

this compound during ammonia oxidation observed by Hofman 

and Lees (1 953) and the inhibition of purified hydroxylamine 

oxidase by hydrazine (Hooper and Nason, 1965). 

The contradiction noted by Whi•ttenbury et al. (1970) 

can be resolved if it is taken into consideration that 

methanol oxidation, when determined by measuring rates of 

disappearance of exogenously-added methanol, proceeds at a 

faster rate than methane, typically lOOnmole CH 3OH/min/mg cells 

compared with 20 nmole CH4/min/mg cells, thus 90% inhibition of 

methanol oxidation would have only slight effect on the 

- 	flow of reducing power to a methane mono-oxygenase. Another 

factor which must be considered with non-proliferating - 

cells is the possible provision of reducing power from 

endogenous metabolism such as the formation of reduced 

pyridine nucleotides from the metabolism of polyhydroxy-

butyric acid in N. trichosporium OB3B (Thomson, 1974). 

Hence both the relative rates of methane and methanol 

oxidation and the level of endogenous metabolism would 

determine the extent of accumulation of intermediates and 

would vary with different batches of cells. 
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The inhibition of methanol disappearance in cell 

suspensions of Pseudomonas M27 by a compound similar to 

hydrazine, phenyl-hydrazine, was noted by Anthony and 

Zatman (1965). who were unable to detect any inhibition of 

the methanol dehydrogenase activity of their partially-

purified enzyme preparation and this led them to suggest 

that phenyihydrazine affected some site other than the 

alcohol dehydrogenase enzyme. The methanol-stimulated 

reduction of a PMS/DCPIP dye couple by supernatants of 

cell-free extracts Of both N. albus BG8 and M. trichosporium 

0 B3 was followed spectrophotometrically in the presence 

and absence of 2 x 10 3M hydrazine sulphate and despite the 

high activities of ammonia-dependent dye reduction of 0.17 

x lO and 0.4 x lO absorbance units (600nm)/min/mg 

protein respectively the addition of hydrazine had no effect. 

The mechanism for the inhibition by hydrazine of 

methanol oxidation in whole cells is thus likely to be 

through either the prevention of entry of methanol into the 

cells, which might explain the inability to detect the 

accumulation of intermediates, or as proposed for the 

inhibition of hydroxylamine oxidation in Nitrosomonas 1J 
Hooper and Nason (1965), that hydrazine inhibits electron 

transport from the methanol dehydrogenase enzyme to the 

cytochrome chain but not to the artificial dye acceptor 

PMS. The difficulty in obtaining methanol accumulation 

during methane oxidation may lie in the difference between 

the oxidation of methanol when that methanol is present as 
c. 

a product of methane oxidation and when methanol is added 

exogenously. 
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THE EFFECT OF SPECIFIC INHIBITORS ON ETHANE AND ETHYLENE 
METABOLISM 

Thomson (197 4 ) discussed the difficulties encountered 

in establishing a common oxygenase mechanism for methane 

and ethane oxidation by methylobacteria and, despite the 

sensitivity of both reactions to inhibition by carbon 

monoxide, the contrast between the inhibition of methane 

oxidation by dirnethyl ether and the insensitivity to this 
f 

compound of ethane oxidation led him to conclude that methane 

and ethane were metabolised by separate oxygenase enzymes. 

Thomson's results could still be accommodated within a 

single enzyme theory if the rate-limiting step in ethane 

metabolism was distinct from that of methane and insensitive 

to dimethyl ether. Support for this suggestion comes from 

his observation that the oxidation of ethane, but not 

methane, was stimulated by the addition of formate which 

would suggest that the provision of reducing power.- for a 

possible methane mono-oxygenase was limiting in the case of 

ethane oxidation but not methane oxidation. An alternative 

explanation is that inhibition of ethane oxidation may have 

been superimposed on a stimulation of ethane oxidation by 

the metabolism of dimethyl ether. 

A simple test to verify if one of the above explanations 

applies is to examine the effect of dimethyl ether on the 

metabolism of ethane in the presence of formate and the 

effect of dimethyl ether on ethane disappearance from 

suspensions of M. trichosporium OB3B and N. albus BG8 in the 

presence and absence of formate is owri in table 15. - 

Confirming the results of Thomson (1974) the inhibition of 
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ethane disappearance by dimethyl ether was only slight but 

a marked inhibition of formate-stimulated ethane 

disappearance took place with both organisms. 

Table 15 Effect of Diniethyl Ether on Ethane Oxidation in 
the Presence and Absence of Formate 

Rates of Ethane Disappearance 

L, 	 •. 	 (% Control) 

N. albus BG8 N. trichosporiuni OB3B 

C 
2  H 

 6 + CH3OCH3 2 	 100 	 95 

C 
2  H 

 6 + HCOONa + CH3OCH3 	50 	 59 

Control rates of ethane disappearance were: M. alb -us 

C 
2  H  6  12, C 2 

H  6 + HCOONa 29 nmoles C 2H6/min/mg dry wt. 

N. trichosporium C 2 H  6  12, C 2 
H  6 + HCOONa 18 nmoles C 2H6/min/ 

mg dry wt. 

concentration of substrates: C 2  H  6 
 1 ml/25 ml flask, 

HCOONa and dimethyl ether 10mM. 

Table 16 Effect of Specific Inhibitors of Methane Oxidation 
on the Disappearance of Ethane and Ethylene by 
N. trichosporium OB3B 

Rate of Ethane and. Ethylene 
. 	Conc. 	Disappearance in the presence of 

Inhibitor 	 1 	 2 (N.) 	 formate (/0 control 2 ) 

Ethane 	 Ethylene 

- 

aa'dipyridyl 	10 
If 	 0 	 12 

8-quinolinol 	lOT 	. 	0 	 0 

hydroxylamine 	 . 	17 	 0 
-4 

Thiosemicarbazide 10 	 0 	 3 

Thiourea 	 10
_ 11 	

11 	. 	 12 

• N-SERVE 	 0.67 x 10 	21 	 29 

(i) concentration HCOONa 10mM in a total of 5 ml pH 6.8 

buffer. 

(2) Control rate of formate-stimulated ethane and ethylene 

disappearance were both 22 nmoles C 2H6/min/mg dry wt. 
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The contradiction between the production of ethylene in 

the presence of acetylene by methanol- but not methane-

grown cultures-of a methylobacterial isolate MS led DeBOnt 

and Mulder (1974)  to propose that ethylene was being 

oxidised and, although ethylene could not serve as sole 
t. 

carbon source, their suggestion was supported by the 

demonstration that ethylene disappeared from cultures of 

MS growing with methane, but not methanol, as sole carbon 

source. 

The disappearance of ethylene from incubation of N. 

trichosporium OB3B is shown in figure 5 as well as the 

effects of addition of formate. Ethylene disappeared at a 

rate of 7 nmole C2Hk/min/mg cells which was increased to 22.2 

in the presence of formate. Ethylene did not disappear from 

a control incubation with buffer alone in place of a cell 

suspension or from an incubation of cells that had been 

boiled for five minutes indicating that ethylene uptake 

could not be ascribed to the solution of ethylene in the red 

rubber 'suba-seals' as the solution of ethylene in rubber has 

been shown to occur (Kavanagh and Postgate, 1970). Although 

not shown in figure 5 ethylene disappearance was inhibited 

45% in the presence of carbon monoxide (25% C0:75% 0 2 )  

indicating a lower sensitivity than methane oxidation to 

inhibition by carbon monoxide. 

The rates of ethane disappearance in the presence and 

absence of formate from incubations of cell suspensions taken 

from the same batch of cells were 13.4 and 22 nmole C 2H6/min/mg 

cells respectively, demonstrating that although the rate of 

ethane oxidation was higher than ethylene in the absence of 
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-- formate, the rates öfthe two reactions were identical in 

the presence of formate. 

The effect' of the specific inhibitors of methane 

oxidation described in the first chapter of this study on the 

oxidation of ethane and ethylene by N. trichosporium OB3B 

was then determined. However in view of the lack of 

inhibitionby dimethyl ether of ethane disappearance at the 

unstimulated tte in the absence of added formate, the 

effect of inhibitors on the formate-stimulated ethane and 

ethylene disappearance was determined. The rates of ethane 

and ethylene disappearance in the presence of formate and 

a range of inhibitors is shown in table 16 and it can be seen 

that, in addition to inhibiting methane oxidation, these 

compounds also inhibited ethane and ethylene disappearance. 

The inability of DeBont and Mulder (1974) to observe ethylene 

disappearance by methanol-" grown cultures may thus be explained 

by the inhibition by methanol of methane oxidation by 

suspensions of N. trichosporium shown in table 6 and in 

Thomson (1974) and the inhibition of methane uptake by a 

mixed culture on the addition of methanol (Wilkinson, 1972). 

Table 16 also shows that N-SERVE inhibits both ethane and 

ethylene oxidation by N. trichosporiurn OB3B although the 

ecological significance of this observation will await a 

detailed study of the ecology of methane-utilisers in the 

soil and the role of ethylene which has recently been implicated 

in the regulation of fungistasis (Smith, 1973; Smith and 

Cook, 197 4 ). 

Whilst not constituting proof, the above data is 

consistent with a tone  enzyme' theory for methane, ethane and 

ethylene oxidation by methylobacteria. 



THE EFFECT OF SPECIFIC INHIBITORS OF METHANE OXIDATION ON 
AMMONIA OXIDATION BY METHYLOI3ACTERIA 

The reports by Hutton and Zobell (1953)  and Whittenbury 

et al. (1970) of the ability of cultures of Methylobacteria 

to produce nitrite in the presence of ammonia raise the 

possibility that methane and ammonia are oxidised in 

Methylobacteria by the same oxygenase enzyme. Phillips 

(1970) showed that in the presence of 0.1% NHC1 (0.019M) 

methane uptake by suspensions of a range of Methylobacteria 

was inhibited 20-50%  and, by following the rates of methane 

uptake at different methane concentrations in the gas phase 

and applying the analysis of Lineweaver and Burke ( 1 93 4
) 

attempted to demonstrate competitive inhibition between 

ammonia and methane. Thomson (1971+)  criticised this approach 

which relies not only on knowing the substrate concentration 

which is difficult for a gaseous substrate, but also requires 

the determination of the initial rates of methane oxidation 

at that substrate concentration. Thus the plots of 

Phillips (1970)  though typical of competitive inhibition, 

may not necessarily represent competition between methane 

and ammonia for the same enzyme binding site. Inhibition of 

methane oxidation by ammonia may be through competition for 

the same oxygenase enzyme but the metal—binding properties 

of ammonia may allow it to complex with a copper component 

of the methane oxygenase and inhibit methane oxidation in an 

analogous manner to the other specific inhibitors of methane 

oxidation. If NH2OH, by analogy with ammonia oxidation in 

Nitrosomonas (Lees, 1952D), is the immediate product of ammonia 

oxidation by Methylobacteria then inhibition of methane 

oxidation may be through the formation of hydroxylamine which 
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was shown in this study to bea specific inhibitor of methane 

oxidation. Phillips (1970) had earlier demonstrated that 

hydroxylarnine (0.005%, 1.5 x 10  _ 3M) inhibited growth of both 

N. albus and M. trichosporium on methane as carbon source and 

also inhibited oxidation of methane by cell suspensions of 

those two methylobacteria but no value was given of the degree 

of inhibition. 

Exploratory experiments were carried out on ammonia 

oxidation by M. trichosporium. In the determination of the 

rate of ammonia oxidation by assaying the rate of 

disappearance of ammonia )  complications may arise from the 

ammonia assimilation enzymes for cellular growth and thus 

rates of ammonia oxidation are typically determined by taking 

liquid samples from incubations of cell suspensions with 

ammonia, centrifuging and performing a nitrite assay on the 

supernatant (e.g. Hooper and Terry, 1973).  This method was 

used to determine the rate of nitrite formation by washed 

cell suspensions of N. trichosporium OB3B in the presence of 

- 	10mM NH4C1 and figure 6 shows the linear rate  of nitrite 

formation of 0.4 nmoles NO 2  1mm/mg cells which began after 

an initial lag of five minutes. There was no nitrite 

production in the control incubation in the absence of 

ammonia. 

A lag in ammonia respiration, which was more pronounced 

as cells approached stationary phase, has been observed in 

Nitrosomonas europeae by Hooper (1969 who demonstrated that 

the lag could be removed by the addition of hydroxylamine or 

by pre-incubation and shaking of the cells in dilute 

suspensions. He interpreted this as indicating that the 

oxidation of ammonia required a product of the metabolism of 

hydroxylamine or endogenous metabolism. 
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The incubation shown in figure 6 had been shaken for 20 

minutes at 30 °C before the addition of substrate hence the 

lag could not be ascribed to temperature adjustment or be 

removed by pre-incubation. The same figure also shows the 

effect of the addition of formate to the incubation and 

although the final rate of ammonia-stimulated nitrite 

production is 600% stimulated at 2..8 nmoles NO2  /min/mg cells 

the lag is still present and is even greater. 

The respiration of suspensions of M. albus and M. 

trichosporium in the presence of NH and a range of C 1  and 

C2  compounds was investigated and the results are shown in 

table 17.  A marked inhibition of methane-stimulated respiration 

Table 17 Effect of C 1  and C. Metabolites On Ammonia-stimulated 

Respiration by Methylobacteria 

Respiration Rates  (nmoles 0 2/min/ 
mg dry wt) 

9 1 and C 2  compound 	M. albus BG8 	N. trichosporium OB3B 

-NH4  +NH4 	NH4 	 +NH4  

CIT4  33 28 112 58 

30 29 lii 85 CH3OH 

HCHO 20 21 69 88 

HCOONa 1.5 5 15 22.5 

C 
2  H 

 6 2 1 4 3 

C2H5OH 21 21 69 72 

2 2 14 10 CH3CHO 

Substrate Concentrations: CH 	and C 2H6  added as 0.6m1 

of gas-saturated buffer, NH1 C1 added to a final concentration 

of 10mM and all other substrates added as 0.lml of a 100mM 

solution. 

Endogenous respiration rates were 1 and 'l nmoles 0 2/min/ 

mg dry wt for N. albus BG8 and N. trichosporiurn OB3B 

respectively which were increased to 2 and 4 nmoles 0 2/min/mg' 

dry wt by the addition of 	NH4C1. 
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by 10mM NH4C1 was only apparent with N. trichosporium OB3B. 

Ammonia-stimulated respiration washigher in the case of 

M. trichosporium OB3B which may be a reflection of the higher 

rates of methane respiration of this organism. Consistent 

with the stimulation in ammonia oxidation by formate in 

figure 6, respiration of both methylobacteria were considerab]H 

enhanced by combinations of formate and ammonia above the sum 

of the two individual respirations and a similar effect was 

found,in N. trichosporiurn only,for the combination of HCHO 

and ammonia. No lags in ammonia respiration were apparent in 

the oxygen probe studies which were carried out over tlime 

spans of ten minutes. 

The washed cell suspension of methylobacteria routinely 

used in this study were prepared from cells grown on a nitrate 

mineral salts medium (N.M.S.) medium and the possible effect 

of the nitrate assimilation enzymes on the uptake of nitrite 

was investigated by incubating suspensions of N. trichosporium 

OB3B with 1mM NaNO 2  in the presence and absence of formate 

-. 

	

	and the results shown in figure 7. Nitrite was found to 

disappear from the suspensions at a rate of 0.19 nmole No 2/ 

mm/mg cells with no lag and the disappearance was 305% 

stimulated by formate to give a final rate of 0.77  nmoles NO 2/ 

mm/mg cells. Although analysis of supernates of the sus- 

pensions revealed no ammonia1  the lack of stimulation of 

respiration when nitrite was added to cell suspensions 

respiring formate in the oxygen probe suggests that the 

nitrite disappearance was due to reductive assimilation. 

The contradiction between the lag in ammonia-stimulated 

nitrite production and the absence of a lag in the ammonia- 
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Fig. 7: Disappearance of nitrite from suspensions of 

Methylosinus trichosporiuin OB3B and the effect of 

formate 

Standard suspensions of 47 mg cells in 5 ml pH 

6.8 buffer incubated at 30 °C with 2.5 ,imoles 

sodium nitrite in the presence (0) and absence 

of 50 1imoles sodium formate (0). 

9 
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stimulated respirations described in table 17 together with 

the nitrite disappearance found in suspensions of NMS-grown 

cells suggested that the apparent lag in ammonia oxidation 

was due to interference from the nitrate assimilation enzymes. 

Washed cell suspensions were then prepared from cells grown 

on an Ammonia Mineral Salts Medium (A.M.S.) and the ammonia-

stimulated nitrite production and nitrite disappearance in 

the presence and absence of formate were followed and the 

results together with the control incubations in the 

presence and absence of formate are shown in figure 8. No 

nitrite disappearance was observed in the presence and 

absence of formate and nor was any lag observed in ammonia-

stimulated nitrite production. The rates of nitrite 

formation in the presence and absence of formate were 4.3 and 

9.4 nmoles NO -/min/mg cells. The lag in ammonia-stimulated 

nitrite production by N.M.S.-grown M. trichosporium OB3B 

can thus be ascribed to the uptake of nitrite by the inducible 

nitrate assimilation enzymes. 

- 	 The production of nitrite by suspensions of A.M.S.-grown 

N. trichosporiuni OB3B incubated with ammonia and hydroxylamine 

is shown in figure 9 and the rate of hydroxylamine-stimulated 

nitrite production was 6.8 compared with 2.6 nmoles NO  

mg for the ammonia-stimulated rate. Although hydroxylamine-

stimulated nitrite production was only 48% inhibited by CO 

(75% 02, 25% Co) the ammonia-stimulated nitrite production 

was completely inhibited. 

If ammonia is oxidised by the methane oxygenase as 

suggested by Whittenbury et al. (1970)  the specific 

inhibitors of methane oxidation described in section would 

be expected to inhibit ammonia-stimulated nitrite production. 



Fig. 8: Ammonia-stimulated nitrite production and nitrite 

disappearance in suspensions of M. trichosporium 

and the effect of formate 	 V  

Ammonia-stimulated nitrite formation in the 

presence (0) and absence (0) of formate. 

Nitrite disappearance in the presence (A)  and 

absence (E)  of formate and control incubations 

in presence () and absence (0) of formate. 

Standard suspensions (of 47  mg cells in 5 ml pH 
V 	 0 6.8 buffer incubated at 30 C) with 50 moles 

N1iCl or 10 jtmoles NaNO 2  in the presence and 

absence of 100 imo1es sodium formate. Control 

incubations of standard suspensions in the presence 

and absence of 100 ;zmoles sodium formate. 
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Fig. 9: Hydroxylamine and ammonia-stimulated nitrite 

production by suspensions of A.M.S.-grown 

Methylosinus trichosporium OB3B. 

• • 
	Nitrite production by standard suspensions of 47 

mg cells in 5 ml pH 6.8 buffer incubated at 30 °C 

with 50 Funoles  hydroxylamine hydrochloride () and 

.50 • 1imoles ammonium chloride (0). 
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In view of the problems that arose over the. inhibition of 

ethaneoxidation by dimethyl ether, inhibition studies, were 

carried out on incubations of cell suspensions in the 

presence of formate. The effect of a range of specific 

inhibitors of methane oxidation on N. trichosporium is shown 

in table 18 and it is evident that ammonia-stimulated 

nitrite production in the presence of formate was inhibited 

by all of the compounds tested.. The effect of these 

compounds on hydroxylamine-stimulated nitrite production is 

also shown in table 18 and ammonia-stimulated nitrite 

production was inhibited by all of these compounds 

Table 18 Effect of Specific Inhibitors of Methane Oxidation 
on Ammonia and Hydroxylamine-stimulated Nitrite 

.Production by N. trichosporiun1 OB3B 

Rate of nitrite 

Compound 	 Concentration 	production (% control- 3 ) 
(M) 	

ammonia' hydroxylamine 2  

8-qtinolino1 10 11 22 

'dipyridyi 4 . 	 10- 24 81 

allyl thiourea lO 16 100 

thioseinicarbazide . 	 10 . 	 19 	' 100 

diethyldithiocar- 
' bamate 7.5 	x 10 . 0 11 

N-SERVE 0.67 x 10 26 100 

50 Fmoles NI-14 C1 and. 100 jmo1es HCOONa in 5 ml suspension 

of pH 6.8 buffer. 

50 pmoles N1-120H.HC1 in 5 ml suspension of pH 6.8 buffer. 

Control rates of ammonia and formate-stimulated nitrite 

production and hydroxylamine-stimulated nitrite production 

were 7.5 and 10 nmoles NO -/min/mg dry wt cells. 

more than the .hydroxyiamine-stimulated nitrite production 

although the latter reaction was also inhibited by 

8-quiiioiinol and diethyldithiocarbamate. If the 

production of nitrite from ammonia is assumed analogous 
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to the same process in Nitrosomonas europaea, hydroxylamine 

would be the product of the initial oxygenation of ammonia 

and it is the subsequent metabolism of hydroxylamine, a 

process poorly understood in Nitrosomonas (Aleem, 1970), 

which generates nitrite. Thus a number of the specific 

inhibitors of methane oxidation are also likely to be 

- 	specific inhibitors of ammonia oxidation in M. trichosporium 

OB3B, lending support to the suggestion by Whittenbury et al. 

(1970) and Phillips (1970) of a common oxygenase enzyme 

system. A detailed study of the mechanism of ammonia 

oxidation in methylobacteria was beyond the scope of the 

present investigation but the importance of nitrification 

in nature would make such a study worthwhile. 

CARBON MONOXIDE OXIDATION BY METHYLO BACTERIA 

In the course of a study of the inhibition of methane 

respiration by carbon monoxide (Co) it was observed that in 

addition to inhibiting methane respiration of M. trichosporium 

OB3B, carbon monoxide itself stimulated respiration as can be 

seen from the superimposed oxygen probe traces in figure 100 

The endogenous respiration rate, the respirationrates in the 

presence of carbon monoxide-saturated buffer, methane and 

both methane and carbon monoxide were 6., 12, 53 and 16 -moles 

02/minute/mg dry cell weight respectively. The two-fold 

stimulation of endogenous respiration only lasted for three 

minutes and in the presence of carbon monoxide and methane 

the initial inhibited respiration lasted for a similar period 

as that with carbon monoxide alone before reverting to a rate 

identical to the uninhibited rate for methane alone. The 

sharp decrease in oxygen content on addition of carbon 



Fig. 10: Respiration of N. trichosporium OB3B  in the 

presence of carbon monoxide and methane 

Respiration at 30°C determined in oxygen probe 

of 5mg cells (a) endogenously in the absence of 

added substrated (b) with 0.3 ml carbon monoxide-. - .  

saturated pH 6.8 buffer, (c) with 0,3 ml methane- 

saturated buffer and (d) with 0.3 ml carbon • 	•• 

• 	• 	monoxide,saturated buffer. The total volume of 

the reaction chamber was •2.7 ml. 
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monoxide and methane are merely due to a dilution of the 

oxygen-saturated buffer in the chamber. 

This simple experiment suggested that during the period 

of inhibition of methane respiration by carbon monoxide the 

observed respiration was, due to oxidation of carbon monoxide 

and that methane-stimulated respiration only started up agair 

when all of the carbon monoxide was removed. 

A survey was then carried out on the ability of washed 

cell suspensions of a range of membrane-type I and II 

methylobacteria to carry out carbon monoxide-stimulated 

respiration and the endogenous, carbon monoxide- and mthane-

stimulated respiration for a range of methylobacteria are 

given in table 19. Carbon monoxide-stimulated respiration 

Table 19 A Survey of Carbon Monoxide-Stimulated Respiration 
in Methyl'obacteria. 

Organism 

Respiration Rates 
(nmoles 0 /min/mg 

2 
dry wt) 

Endogenous 	CH CO 

Type  

Methylomonas albus BG8 1 31 1 

Methylomonas agile 	, ' 0.5 83 0 

Pseudomonas methanica ' 0 80 0 

Type II 

Methylosinus trichosporium OB3B 3 53 3 

OBti 1 112 5 
It PG 4 140 	, 4.5 

Methylocystis parvus OBBP 0 114 4 

Methylosinus trichosporiurn 12 6 163 	' 6.5 

can be seen to be a property of all membrane-type II 

inethylobacteria examined but only M. albus BG8 of the three 

membrane-type I organisms examined. Methane-stimulated 
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respiration rates were generally higher with membrane-type ii 

methylotrophs but the ability of N. albus BGB to carry out 

CO-stimulated respiration when a suspension of Pseudomonas 

methanica with a higher rate of methane respiration showed 

no methane-stimulated respiration suggests that methane and 

carbon monoxide-stimulated respiration are not necessarily 

correlated. 	 - 

Although considerable confusion exists in the early 

literature, the biological oxidation of carbon monoxide is 

now a well-established phenomenon and the literature has been 

discussed fully in two reviews (Chapelle, 1962b; Fenn, l9O ) 

and mentioned briefly in a review by Quayle (1972). The 

organisms that metabolise carbon monoxide fell into two 

categories: Gram-negative bacteria which utilise carbon 

monoxide as sole carbon source and which may also utilise 

hydrogen (Kistner, 1953; Kistner, 1954; Collins, 1969; 

Savelieva and Nozhesnikova, 1972; Nozhesnikova and Savelieva, 

1972) and a much larger' group of organisms which cannot 

utilise carbon monoxide as sole carbon source but can 

oxidise carbon monoxide to carbon dioxide and in the process 

may be able to incorporate some of the evolved carbon dioxide 

into cell material. The latter category includes groups as 

diverse as plant leaves (dwell and Fraser, 1972; Bidwell 

and Bebee, 1974), green algae (Chapelle, 1962a), animal 

tissues (Fenn and Cobb, 1932), photosynthetic bacteria 

(Hirsch, 1968), Desulphovibrjo (Yagi and Tamiya, 1962; 

Postgate, 1970), Clostridium (Fuchs et al. 1 974), methanogenic 

bacteria (Kluyver and Schnellen, 1947), soil fungi (Inman and 

Ingersoll, 1971). Even such mubiquitous enzyme to life as 



cytochrome oxidase has been shown to oxidise carbon monoxide 

(Breckenridge, 1953; Tzagoloff and Wharton, 1965).  It is 

thus likely that carbon monoxide oxidation is a property of 

all respiring plant and animal tissues. The failure of all 

attempts to grow methylobacteria with carbon monoxide as 

carbon source places carbon monoxide oxidation by 

methylobacteria in the second category but the higher rates 

of carbon monoxide-stimulated respiration of 3 - 6 nmoies 02/ 

mm/mg dry cell wt: than the carbon monoxide 'burning' rates 

compiled from the literature by Fenn (197), which do not 

exceed 0.3 nmoles CO/mm/mg dry wt., suggests that carbon 

monoxide oxidation in methylobacteria may have some special 

significance. 

Independent of this study it was shown that respiration 

of washed cell suspensions of M. trichosporium OB3B was 

stimulated by carbon monoxide and that :respiration of cell-

free extracts of Pseudomonas methanica was stimulated by both 

methane and carbon monoxide and that this stimulation was 

dependent on the provision of NADH (Ferenci, 1974). Despite the 

conclusion of Ferenci (1974) that-the methane oxygenase was 

capable of the oxidation of carbon monoxide his study only 

showed stimulation of respiration and NADH oxidation by 

carbon monoxide and did not establish the product of. carbon 

monoxide oxidation or offer any proof that carbon monoxide 

was actually oxidised. 

The immediate product of carbon monoxide oxidation, 

where investigated, has been shown to be carbon dioxide (see 

Chapelle, 1962b) and the addition of carbon monoxide to 

incubations of suspensions of both M. albus and N. trichosporiuni 
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OBJB resulted in a stimulation of the endogenous carbon 

dioxide production which was followed by gas chromatography. 

Figure 11 shows a time course plot of carbon dioxide 

production by a suspension of N. trichosporiuin OB3B in the 

endogenous incubation and in the presence of 1 and 3 mis of 

CO. Over the initial 30 minutes rates of carbon dioxide 

production were approximately linear and were 4, 11.5 and 

14 nmoles CO 2/min/rng dry wt giving a rate of 'excess CO 2-' 

production of 6.5 and 10 nmoies CO 2/min/mg dry cell wt in 

the presence of 1 and 3 rnls CO respectively. The latter 

figure was typical although there was some slight variation 

with each batch and over 5 experiments the figure varied 

between 6 and 10 nmoles CO 2/min/mg dry cell wt. Similar 

plots could be obtained for the membrane type I methylotroph 

N. albus BG8 and the rates of carbon monoxide-stimulated 

carbon dioxide production were generally lower, falling 

into the range 3 to 6 nmoles 0 2/min/mg dry wt. The 

stimulation of carbon dioxide production in the presence 

of carbon monoxide was completely abolished by boiling the 

cell suspensions for five minutes or incubating the cells 

with CO anaerobically, indicating that the CO-stimulated CO  

production was dependent on a biological process and required 

molecular oxygen. Attempts to obtain stimulation of CO 2  

production by CO from cell-free extracts of N. trichosporium 

OB3B using either the method of Yagi and TaLniya (1962)  for 

Desulphovibrio and Thaiier et al. (1974) for Clostridium 

j?asteurianum, which both used methyl viologen as electron 

acceptor or the method of Ferenci (1974) for Pseudomonas 

methanica using NADH as electron donor were all unsuccessful. 
10 



Fig., 11: Production of carbon dioxide by suspensions of 

N. trichosporium incubated in the presence of 

carbon monoxide 

Standard suspension (of 47mg cells in 5m1 pH 6.8 
:buffer) incubated at 30 0C endogenously in the 

absence of substrate (0)  and in the presence of 

imi (0) and 3m1 () carbon monoxide. 
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The experiments which demonstrated-carbon monoxide-

stimulated respiration and carbon dioxide production were 

all carried out with washed cell suspensions and these 

activities could be properties of non-proliferating cells, 

thus .before any significance could be ascribed to this 

process in Methylobacteria it was necessary to establish 

whether it took place in growing cells. Growth of 

methylobacteria on methane is inhibited by carbon monoxide 

hence methanol was used as carbon source. Table 20 shows 

the carbon dioxide produced and cell yield of N. albus BG8 

grown in the presence and absence of 20 ml carbon monoxide 

and the carbon dioxide produced by each.set of cultures on 

exhaustion of methanol which was verified by gas 

chromatography. There was a slight inhibition of yield in 

• the presence of carbon monoxide but a considerable enhance-

ment of carbon dioxide production and oxygen uptake. The 

increase in carbon dioxide production in the presence of 

carbon monoxide is equivalent to 9 mg of carbon and cannot 

be explained away in terms of an increased carbon dioxide 

production from methanol due to a decrease in yield. 

Table .20 Carbon dioxide production and yields of M.albus BG8 
Grown in the presence and absence of Carbon Monoxide 

Growth Conditions 0 7  consumed CO, .produced 
(pinoles) 	(pnioles) 

Yield 
(mg dry wt) cells 

CH3 OH1 	 980 	 570 	 16 

CH3OH + CO (20ml) 	 1490 	 1330 	 15 

1 	0.5% V/V CH3OH in 20 ml Nitrate mineral saltsmediurn. 

The gas chromatography system routinely used for assaying 

methane, carbon dioxide and oxygen did not resolve carbon 

monoxide from oxygen and carbon monoxide appeared as a shoulder 
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on the oxygen peak. Although a decrease in the height of this 

shoulder during the course of incubations of cell suspensions 

in the presence' of carbon monoxide indicated that carbon 

monoxide was indeed disappearing, more satisfactory evidence 

14 came from the demonstration of the conversion of 1 
 CO to CO 2  

by suspensions of M. albus BG8 and N. trichosporium OB3B usin 

a method which involved incubating cell suspensions with 14 
CO 

and the estim&tion of the evolved 14 
	

by the injection of 

gas samples into the gas chromatograph, thus separating the 

gases present, trapping the CO  by sparging the effluent from 

the column through hyamine hydroxide, and counting the 

14 
dissolved 	CO2  in a scintillation counter. The results of 

two trapping experiments are shown in table 21 and it can be 

seen that the specific activities of the 'excess CO2 ', where 

'excess' was the amount of evolved CO  over and above the 

endogenous level of CO 2  in the control, were of the same 

magnitude as the specific activity of the carbon monoxide 

source which would be expected if the 'excess CO 2 ' was 

derived from carbon monoxide. There is close agreement 

between the specific activities in the case of N. aibusBG8 

but some discrepancies with N. trichosporium OB3B and the 

possible significance of the low specific activity for the 

'excess' carbon dioxide in terms of a stimulation of-

endogenous carbon dioxide production in addition to oxidation 

of carbon monoxide will be discussed in a later section of 

this study. 

The above results unambiguously confirm that carbon 

monoxide is oxidised to carbon dioxide by N. albus BG8 and 

N. trichosporium OB3B making it highly likely that the carbon 



Table 21 	The activities of .14 CO 2  trapped in hyámine hydroxide and the specific 

activities of the excess CO 2  

Time Specific activity of excess 
105  

CO2 in endogenous CO 	in flask 
witR CO (pznole) minutes . control (imole) CO2 counts/min4imole x 

57. 8 14 2.6 

Methylomonas 	 133 . 16 26 2.1 
albus (BGB) 	 433 43 63 2.6 

61 7 17 1.2 

Methylosinus 	 122 14 	. 29 2.3 
:trichospori 	(OB3B) 	

187 18 63 .. 	 . 	 . 	 . 	 .3.5 

Specific activity of CO source 	2 x lO 	counts/inin/iunole CO 



monoxide-stimulated respiration found in other methylobacteria 

was also due to the oxidation of carbon monoxide. 

The trapping method described above was inconvenient for 

repeated sampling with time and an alternative method was 

devised whereby gas samples from incubations of cell suspensions 

with 
14 
 COwere injected directly into sealed counting vials 

containing hyamine hydroxide into which the 14 
COdissolved 

and could be counted on addition of scintillant. The linear 

14 
rate of CO  production from such an experiment with N. 

trichosporium OB3B is shown in fig 12 and from knowing the 

specific activity of the 141
CO source a rate of CO oxidation of 

8 nmoles CO/mm/mg dry cell wt was readily deduced. In the 

'4 
same figure a plot of CO  production in the presence of 

NH 20H (10i) is given showing that carbon monoxide oxidation 

is 88% inhibited by NH2OH which, in addition to being a 

selective inhibitor of methane oxidation, has been shown to 

inhibit the oxidation of carbon monoxide in green algae 

(Chapelle, 196 	and purified cytochrome oxidase 

(Breckenridge, 1953). 

Effect of Specific. Inhibitors of Methane oxidation on the 
Carbon-Monoxide-stimulated Respiration by N. trichosporium OB3B 

The effect of a range of specific inhibitorson the rate 

of carbon monoxide-stimulated respiration by N. trichosporium 

OB3B is shown in table 22 and it is evident that this reaction 

is inhibited by the specific inhibitors of methane oxidation. 

The inhibition of carbon monoxide oxidation in the green 

algae by B-quinolinol (5 x 10 3M ) and hydroxylamine (lOM ) 

has been reported by Chapelle (19 62a) and in purified 

1 	 1 	 l%4•S 	(fl cyi.ocrxrome oxiQase oy nyuroxyiamine at w ri. breCicenr1age, 

1953). 



Fig. 12: Production of li 	by M. trichosporium incubated 

1!! 
with CO 

Standard suspension (of 47  mg cells in 5 mis pH 

6.8 buffer) incubated at 300C with 3 mis 
14  CO 

(890 counts/minute/&mole CO) in the presence 

(0) and absence (*) of hydroxylamine hydrochloride 

3  to final concentration 10 M. 
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Table 22 Effect of Specific Inhibitors of Methane Oxidation 
on Carbon Monoxide-stimulated Respiration by 
Methylosinus trichosporium OB3B 

Concentration 	Rate CO stimulated 
Compound 	 (N) 	respiration (% Control) 1  

8-quinolino1 

o_phenanthrOlifle 

aa' dipyridyl 

Thioacetamide 

diethyl dithiocarbamate 

Thiourea 

Ailvi thiourea 

10- 	 40 

5x10 5 	 : 

10-h 	 9 

lO 	 0 

7.5x10 4 	 0 

0 

10_LI 	 0 

NH 2  O 10 	 0 

Pyridine 10 	 70 

3-amino triazole 10 2 
	 8o 

4 	 o 10- Thiosemicarbazide 

(1) Control rates of carbon monoxide-stimulated respiration 

were 5 nmoles 0 2/min/mg dry cell wt. 

The inhibition by the monodentate nitrogen ligands such 

--as  3-amino triazole and pyridine was slight but the marked 

inhibition by the rest of the metal ion chelators show a 

close association between the methane oxygenase and the 

oxidation of carbon monoxide. 

The interaction of carbon monoxide and endogenous metabolism 

Tne effect of carbon monoxide on endogenous metabolism 

14 
was investigated by the converse of the CO studies recorded 

in table 21 and figure 12. 
14C-labelled cell suspensions were 

prepared from exponential phase cultures of N. albus BG8 and 

N. trichosporium OB3B grown in the presence of 
14CH4 and 

incubations of these labelled cells were set up in sealed 

flasks in the presence and absence of 'cold' carbon monoxide. 
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The total carbon dioxide production in each flask was monitored 

14 
over a two hour period by gas chromatography and the CO  

production was followed by injection gas samples into sealed 

vials containing hyatnine hydroxide. The results for M. albus 

BG8 are given in fig. 13 and for N. trichosporium OB3B .  in 

fig. 14. Although carbon dioxide production by M. albus BG8 

was stimulated in the presence of carbon monoxide the rate of 

14c0 production did not increase indicating that all of the 

increased carbon dioxide production was due to the oxidation 

of carbon monoxide-. The same experiment with 
14 
 -labelled 

N. trichosporium OB3B revealed a different picture: 14co 

production was stimulated in the presence of carbon monoxide 

but not enough to account for all the stimulation of carbon 

dioxide production. The stimulation began after a lag of 10 

minutes. 

A stimulation of endogenous carbon dioxide production 

would affect the calculation of 'speoific radioactivity of 

excess CO2 ' shown in table 21 and may provide an explanation 

for the low figure for this compared - with the 
14

CO source in 

the incubation of N. trichosporium OB3B sampled after one 

hour. 

The difference between N. albus BG8 and N. trichosporium 

OB3B in the ability of carbon monoxide to stimulate endogenous 

metabolism may provide an explanation for the greater ability 

of N. trichosporium OB3B to oxidise carbon monoxide. The 

contradiction between the inability of cell suspensions of 

Pseudomonas methanica, a membrane type I methylotroph, to 

carry out carbon monoxide-stimulated respiration and the NADH 

dependent carbon monoxide-stimulated respiration found in cell-

free extracts of the same organisms led Ferenci (1974) to 



Fig. 13: Effect of carbon monoxide on the endogenous 14
CO 

evolution by suspensions of M. albus BG8 

14 	
and total CO  evolved from suspensions of 2. 

26mg l'LC_labelled cells in 5m1 pH 6.8 buffer 

incubated at 300
C in the presence (0) and absence 

(0) of 3mls carbon monoxide. 
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Fig. lii: Effect of carbon monoxide on the endogenous
—

'  1f 

evolution by suspensions of M. trichosporiurn OB3B 

14 	
and total CO  evolved from suspensions of +7 mg CO 2 

ltkC labelled cells in 5 ml pH 6.8 buffer incubated 

at 300C in the presence (©) and absence (0) of 3 mis 

carbon monoxide. 
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suggest that the explanation for the ability of suspensions 

of N. trichosporiurn OB3B, but not Pseudomonas methanica,lay  

in the ability of N. trichosporium 0B313 to mobilise endogenous 

reserves of reducing. power for the postulated mono-oxygenase 

reaction of carbon monoxide oxidation and in support of this 

he demonstrated with Ps. methanica an apparent stimulation 

of formate and formaldehyde respiration on addition of carbon 

monoxide-saturated buffer to the oxygen probe chamber. That 

this stimulation was due to carbon monoxide was inferred by 

the demonstration that the rate of formaldehyde disappearance 

remained constant during the period of stimulated respiration. 

He thus concluded that like N. trichosporium OB3B, Pseudomonas 

methanica was able to carry out carbon monoxide-stimulated 

respiration provided a source of reducing power was available. 

Another approach to establishing the identity of the 

stimulated respiration with the carbon monoxide-stimulated 

respiration would be to use the specific inhibitors of methane 

oxidation. The effects of added carbon monoxide on the 

respiration of N. albus BG8 and N. trichosporium OB3B on some 

C1 . and C 2  substrates is shown in tables 23 and 24 and an 

enhancement of formate and formaldehyde respiration was observed 

which was greater than the carbon monoxide-stimulated respira-

tion alone. The effect of the addition of diethyldithiocarba-

mate and allyl thiourea to suspensions of the methylobacteria 

respiring on C1  and C 2  substrates alone and in the presence of 

carbon monoxide is also given in Tables 23 and 24 which show 

that stimulation of respiration by combinations of formate 

and formaldehyde with carbon monoxide is abolished in the 

presence of inhibitors. This effect is readily explained in 
O 



Table 23 Effect of C 1  and C2  Compounds on Carbon Monoxide-. 

stimulated Respiration by Methylomonas albus BG8 

Respiration Rates (nmoles 02/min/mg dry 
cell wt.) 

CH OH 	C H OH HCHO 	HCOONa 

Substrate (s) 	37 	 23 24 2 

S+CO 52 	 38 43 5 

S+CO+ATU1  18 	 16 17 1 

S+ATU 20 	 20 22 2 

S + DTC2  + CO 	 20 	 17 17 3 

S+DTC 26 	 22 27 2 

endogenous respiration rate 1 nmole 02/min/mg dry cell wt. 

CO-stimulated respiration rate .1 nmole 02  /min/mg dry cell wt . 

Concentrations of C1  and C2  substrates, CO 0.6 ml gas- 

saturated buffer added to chamber. 0.1 ml of 100 mM solution 

of CH3OH, C2H5OH, HCHO, HCOONa added to Chamber. 

ATU = 	Allyl thiourea (10 4M) 

DTC = 	Diethyldithiocarbamate (7.5 4  x+10 	M) 



Table 24 Effect of C 1  and Ccompounds on Catbon Monoxide- 

stimulated Respiration by Methylosinus trichosporium 
0B3B 

Respiration Rates (nmoles 0 2/min/mg dry 

cell wt.) 

CH OH 	C2H5OH 	HCHO. 	HCOONa 	HCOONa' 

Substrates 89 49 1 6 7 7 

S + CO 71* 71 64 24 31 

S + CO + ATU 50 38 36 6 5 

S + ATU 49 43 '37 6 6 

S + CO + DTC 55 '43 111 7 _8 

S + DTC '  52 42 42 6 ' 	7 

Endogenous respiration rate 3 nmoles 02/min/mg dry cell wt. 

CO-stimulated respiration rate 5 nmoles 02/min/mg dry cell wt. 

• notes as for table 21.  

(3) The same cells left overnight in cold room at 40C with 
- 	

, endogenous and CO-stimulated respiration rate of 1 and 1 nm 

02/min/mg dry wt respectively. 	' 	•• 	
• 
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terms o1 .the enhanced respiration being due to a stimulation 

of carbon monoxide oxidation. The importance of endogenous 

metabolism in determining the rate of carbon monoxide 

oxidation is illustrated by footnote 3. of table 24 which shows 

that although the rate of carbon monoxide-stimulated 

respiration is lowered on leaving the cell suspension over-

night at 4° c the respiration with formate and CO together is 

still greater than the sum of the two.determined separately 

and indeed is even more enhanced than the previous day, 

suggesting that the capacity of M. trichosporium OB3B to 

oxidise carbon monoxide is not altered by overnight incubation 

at 40C, only the reserves of endogenous reducing power. 

Ferenci (1974) had demonstrated that although suspensions 

of Pseudomonas methanica were unable to carry out carbon 

monoxide-stimulated respiration, in the presence of formate 

there was an enhancement of respiration. This inability to 

carry out carbon monoxide-stimulated respiration was shown in 

this study to apply to another membrane—type I methylobacteria, 

Methylomonas agile (see table 25)  and it can be seen that in 

the presence of formate and carbon monoxide there is considerable 

stimulation of respiration over the level with formate alone 

and the abolition of this stimulation by allyl thiourea suggests 

that this organism, like Pseudomonas methanica, oxidises carbon 

monoxide provided a source of reducing power is available. 

Table 25 Effect of Formate on respiration of Methylomonas agile 
in the Presence of Carbon Monoxide 

Substrate 1 	Respiration Rate (nmoles 02/min/mg dry wt) 

HCOONa 1.5 
Co 0 
CO + HCOONa 3.5 
CO + HCOONa + ATU 1.2 
HCOONa + ATU 1.0 
CH4 83 
CH3OH 67 
endogenous 0.5 

1 notes as for table 23 
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An explanation for the stimulation of endogenous CO 2  

production during the oxidation of CO by M. trichosporium 

OB3B but not N. albus BG8 is that the process of CO oxida-

tion leads to the breakdown of a storage compound that is 

only present in the former organismii; Earlier studies using 

microscopic staining techniques had suggested the presence 

of polyhydroxybutyric acid (P.H.B.) in some methylobacteria 

- 	(Whittenbury et al., 1970)  and in a more detailed study 

Thomson (1974) confirmed by chemical analysis the presence 

of low levels (1.8 - 6.5 jag/mg cells) in M. trichosporium 

OB3B, and other membrane-type II methylo bacteria but not in 

the membrane—type I methylobacteria N. albus, Methylomonas 

agile and Methylococcus capsulatus. The incubation of 

suspensions of N. trichosporium OB3B with ethane stimulated 

the breakdown of P.H.B. to hydroxybutyrate, acetoacetate, 

acetone and CO  and the dehydrogenation of hydroxybutyrate 

to acetoacetate was shown in cell-free extracts to be 

coupled to NAD reduction. A slightly higher level of P.H.B. 

of 24 Vg/mg cells was independently reported to be present 

in the same strain of N. trichosporium OB3B by Dugan and 

Weaver (1974). 

The level of P.H.B. found by Thomson (1974) on complete 

conversion to acetone and CO  would yield 0.1 imoICO 2/mg 

cells which is too little to account for the stimulated 
o 

endogenous CO 2  production ofp.mc,Vmg cells. Assay by gas 

chromatography of the suspensions of M. trichosporium OB3B 

incubated in the presence and absence of CO as shown in 

figure 14 showed that the kacetone  produced after 90 minutes 

in the presence of CO was 1.5 1imoles compared with 0.75 

1imoles in the endogenous control. Although there was a 

stimulation of acetone production the levels were 

lower than those observed by Thomson (1974),,-which 
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were typically 51imo1es 	and could not account for the 

stimulated CO  production. The involvement of other storage 

reserves or an alternative pathway of P.H.B. breakdown in 

the metabolism of CO is thus likely. 

The Stoichiometry of Carbon Monoxide Oxidation 

Measurements of the stoichiometry of carbon monoxide 

oxidation in washed cell suspensions are complicated by the 

need to take into consideration the endogenous metabolism which 

itself involves uptake of oxygen and production of carbon 

dioxide. This problem is illustrated-by figure 10 where the 

reversion to the endogenous respiration rate three minutes 

after the addition of 0.3 mis CO-saturated buffer was taken to 

indicate the complete oxidation of the added carbon monoxide. 

If the oxygen uptake during this period is corrected for the 

endogenous respiration rate 133 nmoles of oxygen would have 

been consumed to oxidise 258 nmoles of carbon monoxide resulting 

in astoichiometry of 0 2 :C0 of 0.55:1; if the endogenous 

..respiration  is completely inhibited during this period the 

oxygen uptake would be 242 nmoles resulting in a stoichiometry 

of 0.93: 1 . The result of similar experiments are shown in 

table 26 which gives the oxygen uptake during the addition of 

carbon monoxide to suspensions of M. trichosporium OB3B 

respiring on formate or merely endogenous reserves. The oxygen 

uptake corrected for endogenous or formate respiration is also 

given and the resulting stoichiometries. Although the respira-

tion studies with only endogenous respiration and with formate-

stimulated respiration were carried out with different batches 

of cells the results were essentially the same, that when 

corrections for endogenous or formate metabo±ism are made the 



Table 26 Stoichiometries of Carbon Monoxide-stimulated Respiration of M. trichosporiurn 
OB3B in the presence and absence of Fox-mate 

Oxygen Uptake (nmoles) and 02/CO Stoichiometries 1  

on Successive Additions of CO 

	

Amount of CO: 86 	172 	 258 	344 nmoles 

1) CO and Endogenous 

total CO-stimulated °2 uptake 	90 (1.0) 	176 (1.1) 	252 (1.1) 	300 (0.9) 
(a) - endogenous 	 59 (0.7) 	129 (0.7) 	196 (0.7) 	242 (0.7) 

2) CO for Formate 3  

total CO-stimulated °2  uptake 	100 (1.2) 	210 (1.3) 	288 (1.1) 	328 (1.1) 
(a) - formate 	 44 (0.5) 	120 (0.8) 	182 (0 , 7) 	192 (0.55) 

• 1 stoichiometrien in brackets expressed as the ratio of oxygen uptake/amount of CO 

added 	• 	 • 

2 CO was added as a saturated solution at 300C and the concentration of 860 nmoles 

• CO/ml was assumed 	 • 	• 	 • 

3 •Formate was added as 0.1 ml of a 100 mM solution of sodium formate 	• 

Al 
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stoichiometry for 02 :C0 is between 0.5 - 0.7 and when the 

oxygen uptake is not corrected a value between 1.0 - 1.2 

emerges. 

This problem has not been overcome by Ferenci (1974) who 

used a similar method to derive a 0 2 :C0 stoichiometry of 1:1 

for Pseudomonas methanica. His method was based on the 

measurement of the oxygen uptake in an oxygen probe on the 

addition of 0.1 and 0.2 mis of carbon monoxide-saturated 

buffer and although it is not stated)  the respiration on 

formaldehyde alone is subtracted from the carbon monoxide-

stimulated oxygen uptake. The justification for the 

subtraction of the formaldehyde respiration was the demonstratio: 

that the rate of formaldehyde disappearance, measured 

colorimetrica1iy, was unaltered in the presence of carbon 

monoxide. There is some confusion at this point in his 

report because on the oxygen probe trace enclosed with the 

paper two successive additions of 0.1 and 0.2 mls carbon. 

monoxide-saturated buffer are clearly marked and referred to 

in the legend of the figure. These amounts correspond to 172 

and 86 nmoles dissolved CO, assuming the concentration of carbon 

monoxide-saturated buffer to be 0.86 tunole/ml  at 300C which is 

the value he displays with the figure and is contained in 

standard tables (Seidéll, 1920). In the text however it is 

stated that 108 and 43 nmoles 02  were consumed on the addition 

of 86 and 43 nmoles CO resulting in a 1:1 ratio consistent 

with Ferenci's thesis that carbon monoxide oxidation by 

Pseudomonas methanica was a mono-oxygenase reaction. Thus 

the added amounts of carbon monoxide were twice the amounts 

used in the calculation and instead of a stoichiometry of 
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1:1.2 and 1:1.1 for the addition of 0.1 and 0.2 mis. carbon 

monoxide-saturated buffer respectively, the results of 

Ferenci (1974) would indicate a stoichiometry of 1:0.63 and 

1:0.5 bringing them closer to the values obtained in this 

study with N. trichosporium OB3B. A close examination of the 

oxygen probe trace reveals that if the formaldehyde respiration 

is not subtracted from the total respiration a stoichiometry 

of 1:1 results, again in agreement with values for N. 

trichosporium OB3B. 

A stoichiometry for CO oxidation was also obtained from 

the CO  production and 
°2 
 disappearance rates in sealed flasks 

of cell suspensions of N. albus BG8as, unlike N. trichosporium 

OB3B, stimulation of endogenous CO 2  production by CO does not 

take place (see figure 13) and the excess CO  produced in the 

presence of CO can be assumed to be the, product of CO 

oxidation. The rates of CO 
2.
production by an incubation of 

N. albus BG8 in the presence and absence of 1 ml CO were 5.5 

and 1.6 nmole CO 2/min/mg cells respectively and the rates of 02 

disappearance were 4.2 and 2.4 nmole 0 2/min/mg cells respectivel 

resulting in a stoichiometry for 0 2 :C0 of 0.6:1 and 1.2:1 

depending on whether or not the oxygen consumption is 

corrected for the endogenous 02  disappearance in the control. 

A value between 0.5 and 0.6:1 has been repeatedly obtained for 

the corrected stoichiometries in a number of incubations of 

N. albus BG8. 

A stoichiometry for CO oxidation by growing cells can be 

obtained from the levels of CO  production and 02  consumption 

in methanol-grown cultures of N. albus BG8 and the data in 

table 90 would indicate 	 1- ni hi nmcfr of 0 . 7 !1 siini-wrtjn -- 	-- 	 -- 

the lower stoichiometry for CO oxidation. The calculation of 
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this figure required the subtraction of the CO  evolved and the 

02 consumed in the control flask. 

The assumption that endogenous respiration continues 

unchanged in the presence of substrate is widely made in 

metabolic studies and will be adopted in this study with some 

reservations. The stoichiometry of 0 2 :C0 that results from 

the respiration studies in the oxygen probe, the incubations 

of washed cell suspensions and the methanol-grown cultures is 

thus 0.5 - 0.7:1 suggesting that carbon monoxide in 

methylobacteria proceeds by the following reaction: 

2C0 + °2 = 2CO2 	 (12) T 

The mechanism of carbon monoxide oxidation by methylobacteria 

Carbon monoxide might be oxidised in methylobacteria by 

one of the following three mechanisms: 

CO + H 
2  0 
	)HCOOH 	) CO 	 (a) 

CO + HO 	' CO 	+ H2 	 (b) 

molecular 
CO 	 >C0 	 (c) 

oxygen 

The hydration of carbon monoxide to formate with 

subsequent conversion to carbon dioxide by formate 

dehydrogenase has not been shown to occur in any living system 

and many of the studies reviewed by Chapelle (196W and Fenn 

(1970) have taken great pains to eliminate such a mechanism. 

The involvement of formate as an intermediate in carbon monoxide 

oxidation by methylobacteria is unlikely for two reasons: as 

shown in tables 23, 24 and by Ferenci (1974) formate 

stimulates carbon monoxide respiration by washed cell 

suspensions which Would not be expected if formate itself was 

intermediate. Ferénci (197z4) was also able to demonstrate 

the cell-free stimulation of respiration by Pseudomonas 
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methanica using a particulate fraction which would eliminate' the 

involvement of the soluble formate dehydrogenase in this 

organism (Johnson and Quayle, 1964). 

There is good evidence that the oxidation of carbon 

monoxide by the water gas reaction, mechanism b, takes place 

in some living organisms (Chapelle, 1962b) and it is 

undoubtedly significant that the only known micro-organisms 

which can utilise carbon monoxide as sole carbon and energy 

source can also utilise hydrogen. The occurrence of this 

mechanism is also likely during carbon monoxide oxidation by 

Desulfovibrio and the methanogenic bacteria where the formation 

of molecular hydrogen has been confirmed (Yagi and Tamiya, 1962 

Kluyver and Schnellen1947). The real biological significance 

of non-growth carbon monoxide oxidation by this mechanism is 

questioned by the largely-overlooked cautionary note by Seitz 

(1941 ) who showed that at neutral pH under anaerobic conditions 

carbon monoxide can be converted to carbon dioxide in the 

presence of light and an hydrogen acceptor such as methylene 

blue, and at alkaline pH in the presence of either. It is not 

at all certain how many of the earlier publications on carbon 

monoxide oxidation were merely describing this non-physiological 

process. 
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for the anaerobic oxidation of carbon monoxide by Desulphovibrio 

but all attempts to obtain cell-free oxidation of carbon monoxide 

using his method have been unsuccessful. 

While this study was in progress the evolution of molecular 

hydrogen by anaerobic incubation of M. albus BG8 in the 

presence of formate was observed by Dr J.G. O'Neill (personal 

communication) indicating formate hydrogen lyase activity in 



this organism and, although -  hydrogenase in some micro-organisms 

is known to be inhibited by carbon monoxide (Gray and Gest, 

1965), this observation suggested a way in which oxidation of 

CO by mechanism b could take place in methylobacteria. In 

order to determine whether evolution of hydrogen accompanied 

carbon monoxide oxidation suspensions of N. albus BG8 and N. 

trichosporium OB3B were incubated anaerobically in the absence 

of added substr -cte and in the presence of carbon monoxide and 

formate and aerobically in the absence of substrate and the 

presence of carbon monoxide. A suspension of N. trichosporium 

OB3B was also incubated anaerobically with hydroxybutyrate. 

The gas phase of each flask was sampled by gas, chromatography 

after one and two hours incubation and overnight incubation and 

the amounts of hydrogen and carbon dioxide evolved are shown in 

table 27. 

Anaerobic incubations of both organisms evolved hydrogen 

in. the presence of formate although the rate of evolution was 

considerably slower in the case of M. trichosporium OB3B. 

- 	Neither the endogenous control nor the incubation with carbon 

monoxide evolved hydrogen in the initial two hours although 

hydrogen was present in the overnight incubations. Although 

there was slight stimulation by carbon monoxide of carbon 

dioxide production in the anaerobic incubations, the level was 

considerably lower than the aerobic incubations confirming the 

requirement of carbon monoxide oxidation for molecular oxygen. 

Thomson (1974) demonstrated NADH-linked Hydroxybutyrate 

Dehydrogenase activity in N. trichosporium OB3B but not N. albus 

BG8. Hydroxybutyrate metabolism has been proposed byKiucas 

and Evans (1968) to be linked t.o f.err.edoxi reduction in the 

nitrogenase enzymes in Rhizobium and this compound was found to 



Table 27 Hydrogen evolution by suspensions of Methy1obacteia in the presence of Carbon Monoxide, Formate 
and Hydroxybutyrate 

Endogenous 

ANAEROBIC INCUBATIONS 1  

+ CO 	 + Formate + hy droxy-
butyrate 

AEROBIC 

Endogenous 

INCUBATIONS 

+ Carbon 
MonoxidE 

time 	(hrs.) 	moles CO 2  H2  CO 2  H2  CO 2  H2  CO 2 	H2  CO 2  CO 2  

M. albtts BG8 

1 4.5 0 5 0 7 8 n.t. 3 	n.t. 1.5 4 
2 5 0 6 0 8.5 16 n.t. 	n.t. 3 5.5 

20 10 3.3 11.5 2.7 34 40 n.t. 	n.t. 34 53 
M. trichosporium 
0333 

1 1.8 0 4.3 0 2.4 0.5 1.4 	0.25 7 36 
2 2.1 0 5.1 0 3.4 1.5 2.6 	1.32 20.5 75 

20 	. 4.0. 5.4 8.5 . 	3.8. 11.5 15.0 12.5 	13.3 n.t. n.t. 

1 The amounts of carbon monoxide, formate and hydroxybutyrate were 3 mis, 10 mmolar and 10 minolar respectively. 

Incübations contained 47 mg cells. 	 . 	. 

2 6 Acetone content 1.4 moles 	 . 

3 Not tested 	 . . 
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stimulate hydrogen evolution in N. trichosporium OB3B with the 

level of hydrogen after two hours corresponding closely to the 

amount of acetone present of 1.4 1irn1ith the suspension which was 

determined by gas chromatography. The stimulation by 

hydroxybutyrate of hydrogen evolution suggests that the 

hydrogenase in M. trichosporium OB3B is NADH-linked. The 

evolution of hydrogen by the endogenous incubations of the two 

methylobacteriU. in the absence Of formate would support the view 

that endogenous metabolism can be linked to the reduction of 

NAD. 

Thus there is no evidence for the oxidation of carb'on 

monoxide in methylobacteria by mechanism b. It is also 

difficult to reconcile a mechanism that requires an oxidised 

electron acceptor to receive the evolved hydrogen with a 

definite requirement for reducing power found by Ferenci (1974) 

and in this study. 

The only author to speculate whether molecular oxygen is 

involved in carbon monoxide oxidation is Chapelle (1962a) who 

cites no evidence apart from a requirement for molecular oxygen. 

As with the oxygen requirement for carbon monoxide oxidation by 

methylobacteria this can be explained as a requirement for 

oxygen to oxidise a reduced carrier generated through 

mechanism b. Conclusive proof for the metabolism of carbon 

monoxide by an oxygenase mechanism would require the 

demonstration in incubations of carbon monoxide and 
18  0- 

18 
enriched molecular oxygen of incorporation of 0 into CO 2  to 

give levels of 46CO2  significantly above the naturally occurring 

levels. A serious complication to the determination of 18  
incorporation into CO  is the dilution of 

1 
 0 content caused by 
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the reversible hydration of CO to form carbonic acid,. H CO.,,, 
2 ) 

a reaction which may be non-enzymic (Mills and Urey 1940) or 

catalysed by the enzyme carbonic Anhydrase (Silverman, 1973). 

Initially suspensions of M. trichosporium OB3B were aerobi-

cally incubated for 'two hours in the presence and absence, of CO 

18 and 0-enriched oxygen and the sealed flasks were frozen until 

it was convenient to assay the contents by combined gas 

chromatography/mass spectrometry (GC/MS). These early 

10 
experiments failed to reveal any incorporation of 0 into CO  

and the procedure was then adopted of carrying out the incubations 

in the same room as the GC/MS unit in order that samples could 

be analysed during the .course of incubations. ' The lack of any 

temperature control facilities such as . a hot room necessitated 

maintaining the incubations at .23°C  rather than the usual 

0 
temperature 30 C. 

The isotopic, compositions and quantities of the CO  

evolved in incubations of M. trichosporium OB3B in the presence 

- of CO, CF!4  and an endogenous control are shown in table 28. 

Samples of the gas phase of each flask were taken at 30, 60 and 

90 minutes and the ratios' of the 'mass spectrometer peaks at 

mass 46 and 44 calculated and it is evident from the results in 

table 3that whereas the 46/44% was similar at 0.7% for the 

incubàtions'with CIT4  and the endogenous control and equal to the 

ratio for the CO2  standard, the value in the incubation with CO 

was slightly higher at between 1.0. - 1.3%. A 'value for the 

46/44% of the endogenous control at 30 minutes could not be 

determined as' the levelof CO  present was not high enough to 

give an adequate signal for the GC/MS. 

The apparent enrichment above the control of 0.3 - 0.6% was 

extremely low and a further experiment was carried oit with a 



Table-28 Carbon Dioxide Production and 180_incorporation in incubations of Nethylosinus trichosporium 0B3B 

and CO and CH,4  in an ibO_enriched atmosphere 

Endogenous Control + Carbon Monoxide + Methane Time 
CO 2  produced 

imo1os mass 	+5/mass 44% 454 mass 
 

46/44% CO 	produced 2 1/ff% 1+6/44% 
CO2  produced 45/44% 46/4' 

(minutes) 

Itmoles 

Experiment 1' 

5 - - 12 1.3 1.3 39 1.45 0.75 
30 

60 8 1.4 0.5 25 1.25 1.25 72 1.65 0.75 
90 11 1.4 0.7 42 1.8 1.0 77 1.4 0,7 

Experiment 2 

.8) 29). 30 
6o 16 	) 1.48 t 0.141 0.74 ± 0.06 57 	) 1.38 ± 0.182 2.0 ± 0.4 
90 23 	) 8 

a Go rug cells, one flask for each incubation 
b from figure 15.  100 rug cells, two replicates of each incubation 

1 arithmetic mean and standard deviation of 9 samples from two incubations in absence of CO 

2 	U 	 it 	U 	 it 	13 	if II 	II 	 presence of CO 
18 level in oxygen 30%: 26% 3602 , 

1+ Standard CO 2 : 1.35% mass 45/14 0,100.76% mass 46/mass 44% 
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greater amount of cells in each incubation and with two 

replicates of the endogenous control and the incubation with 

CO. An incubation with CIT4  was omitted in view of the absence 

of enrichment of 46/44% in the previous experiment. This lack 

of enrichment is not surprising since, despite the confirmed 

oxygenase-mediated metabolism of CH 11 , (Higgins and Quayle, 

1.970) both the hydration of HCHO and CO  would be expected to 

dilute out the 18o label. As soon as the CO  contents of the 

flasks were high enough for the GC/MS assay the gas contents 

of each pair of incubations were sampled repeatedly. The 

46/44% of the thirteen samples of CO produced by the twO 

incubations in the presence of CO and the nine samples of the 

two control endogenous incubations are shown in figure 15 

together with the total amounts present in each flask. The mass 

46/mass 44% of the CO 2  formed in the presence of CO were 

consistently higher than that of the controls and both the CO 2  

and CO standards and the mean and standard deviations of the 

mass 46/mass 44% of the incubations with and without CO were 

- 	+ 	 0 2.0 - 0.4 and 0.7 - + O.o6/ respectively. The standard deviation 

of the mass 46/mass 44% in the incubations with CO is larger 

than that of the control incubations reflecting the scatter in 

180_incorporation shown in figure 15 but the differences 

between these two means are well outside the standard 

deviations, pointing unequivocally to the 180_enrichment of 

the CO  formed in the presence of CO. The 18o contents of CO 

can vary from 0.3 - 2.2% according to the source (Stevens, 

1972 ) and a high content of l 8  o. in the added CO could provide 

an alternative explanation for the higher 18o content to an 

oxygenase mechanism for CO oxidation, however analysis I

by GC/MS 

showed that the mass 30 component of the CO source was only 0.3% 



Fig. 15: 
18 
 incorporation into carbon dioxide evolved 

by incubations of M. trichosporium OB3B  in the 

presence and absence of carbon monoxide and in 

the presence of 180_enriched oxygen 

Percentage mass 46 of mass 44 of evolved 
carbon dioxide as determined by combined gas 

chromatography/mas-s spectrometry 

Total carbon dioxide production by 

incubations 

• 	• 5m1 - suspensions incubated at 23 °C with 100mg. dry 

weight of cells and 5m1 30% l80_enriched molecular 

oxygen. Two incubations (0 and C) in absence -of 

carbon monoxide and two incubations (t and A)  in 

the presence of 3m1 carbon monoxide. 
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of the mass 28 component. Reinforcing the significance of the 

enrichments, the close similarity in the contents of CO 2  

which is not due to 

 
18 	

.2 

 in the CO2  standard and the 

incubations in the presence and absence of CO serves as an 

internal control. 

The difference between the means of the O-enrichments 

in the two controls and the incubations with CO was 1.25% and, 

as the oxygen source contained 30% 18o this enrichment 

.corresponded to 4.2% of the -theoretical value for an oxygenase-

mediated oxidation of CO. The measured mass 46/mass tik%  will 

be diluted by CO  produced from endogenous sources and the 

180_enrichment of the CO  produced in the presence of CO, 

corrected using the endogenous CO  production in the controls, 

becomes 5.2% of the theoretical value. A stimulation in 

endogenous CO  production by CO similar to that shown in 

figure 14 would raise the percentage of the theoretical even 

18 further and would explain the slight decline in 0 enrichnint 

with time shown in figure 15. 

Both the low percentage of theoretical 18O_incorporation  

and the higher levels of enrichment in the incubations with 

the greater amounts of cells with a faster total rate of CO 

- 	 18 oxidation are consistent with-isotopic-dilution of 0-labelled 

CO2  by hydration with water. By way of comparison Rees and 

Nason (1966) proposed an oxygenase mechanism for ammonia 

oxidation by Nitrosomonas europeaea on the basis of the 

presence of 6.6 - 7.2/o of the theoretical 	O-incorporation 

in the evolved NO  and also suggested that the reason for - 

their low lBO_enrichment lay in isotopic exchange with water. 

An explanation of the low levels of 18o incorporation in 

terms of exchange of carbon dioxide with 112180 formed when 18 

serves as a terminal acceptor can be readily discounted: 

oxygen could not be quantitatively estimated by the gas 
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chromatography system used in this particular experiment but if 

an 0 2 :C0:C0 9  ratio for carbon monoxide oxidation of 0.5:1:1  is 

assumed and taking the 180_ enr i chment of the oxygen to be 30% 

the amount of H2 O which would have been formed in 90 minutes 

incubation with CO would be 96 x 0.5 x 0.3 i.e. 15 xmoles. The 

total amount of water in 5 mis of a suspension can be taken as 

0.28 moles thus the resultant enrichment of the water would be 

less than 0.005% which is negligible in comparison with the 

observed enrichments of 18  in the CO  produced by incubations 
of N. trichosporium OB3B with CO. 

Lane and Dale (195 6 ) have demonstrated that bacteria utilise. 

3 .20
2 
 at 1.015 greater rate than 3 60 but this isotopic effect 

is also too small to explain the observed enrichments. 

• 	The demonstration of 180 incorporation into the CO  evolved 

• from incubations of N. trichosporium OB3B with CO provides 

conclusive evidence for an oxygenase mechanism for CO oxidation 

by this organism and both the common effect of inhibitors on the 

CO-stimulated respiration of suspensions of N. albus BG8 (table 

22) Nethylomonas agile (table 24) and cell-free results of 

Ferenci (19711) with Pseiidomonas methanica support a similar 

oxygenase mechanism for CO oxidation in other methylobacteria. 

Although the oxidation of CH  and CO by mono-oxygenase mechanisms 

remains to be conclusively established and is inconsistent with 

the observed stóichiometries in this study, the involvement of 

the same oxygenase enzyme system in both processes would seem 

likely in view of the inhibition of CO-stimulated respiration 

by specific inhibitors of methane oxidation, the ability of 

cell-free extracts of Pseudomonas methanica to carry out NADH- 

dependent r-espiration with both substrates and the possible 

inhibition of CH  oxidation by CO through a competit-ve mechanism. 
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On the basis of the sensitivity of methane oxidation to 

inhibition by CO, Davey and Mitton (1973)  had suggested that 

the a-type cytochrome present in methylobacteria was involved 

in CH  oxidation and the specific inhibition of CH  oxidation 

by other known inhibitorsof cytochrome oxidase azide, 

hydroxylamine, cyanide (Lemberg, 1969),  British Anti-Lewisite 

(Cooperstein., 1963) and diethyl dithiocarbamate (Erickson 
f 	 - 

et al., 1972) .  would support this view. The known involvement 

of copper in mammalian, and some bacterial cytochrome oxidases 

(Lemberg, 1969)  would make the involvement of the a-type cyto-

chrome in the methane oxygenase reaction consistent with the 

mechanism by the specific inhibitors proposed in an earlier 

section. The possibility of CO acting as a substrate for the 

methane oxygenase led Ferenci (1971+)  to disagree with the above 

mechanism of inhibition by carbon monoxide and propose instead 

that inhibition was by a competitive mechanism. These two 

mechanisms of inhibition need not necessarily be mutually 

exclusive as there is evidence from two independent sources 

that mammalian cytochrome oxidase can bring about the oxidation 

of carbon monoxide. 

Breckenridge (1953) eliminated the involvement of 

catalase, cytochromes b and 

. 14,..,. 	14, 

that the activity resided ± 

C, diaphorase and myoglobin in the 

  --1 	.--1 demonstrated Li J pig    heart     ILL *.4. USC UASAUJ..   

ri the cytochrome oxidase from that 

tissue. He was also able to show that the oxidation of carbon 

monoxide by purified c'ytochrome oxidase was stimulated by an 

increased fl -ow of electrons down the electron transport - chain 

on the addition of lactate or cytochrome c and concluded that 

cytochrome oxidase must be in the reduced state prior to its 

combination with, and oxidation of, CO. 



- 	 120 

Unaware of the earlier work of Breckenridge (1953), 

Tzagoloff and Wharton (1965) showed that 14 
	

reacted withCO 

purified cytochr'ome oxidase from beef heart mitochondria to 

form a spectroscopically distinct complex and that the 
14 

 CO 

could be dissociated from this complex by passing air through 

the suspension to liberate lLIc;O. The authors did not 

speculate as to whether molecular oxygen participated in the 

reaction and it is impossible to assess from their described 

experimental method whether oxidation of CO took place before 

or after the addition of air and thus whether there was an 

oxygen requirement for CO oxidation or merely for the 

re-oxidation of cyto1wome oxidase. These two studies of CO 

oxidation by cytochrome oxidase indicate a mechanism for 

oxidation of CO in which CO combines with the reduced 

cytochrome and is oxidised either by molecular oxygen or water. 

• Meaningful analogies between methylobacterial and mammalian 

cytochrome oxidase-mediated CO oxidation must await detailed 

• • studies of the properties of the purified methylobacterial a-

type cytochrome and the participation of molecular oxygen in 

the oxidation of CO by mammalian cytochrome oxidase. 
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ELECTRON PARAMAGNETIC RESONANCE STUDIES WITH METHYLOBACTERIA 

The presence of unpaired d electrons in the outer 

orbitals of the transition metals iron and copper has 

established Electron Paramagnetic Resonance (E.P.R.) 

Spectroscopy as a valuable tool in the study of the role of 

metals in oxygenase reactions (Swartz, 1972).  The determina-

tion of the two parameters, the 'g-value', and the hyperfine 

splitting of a signal can give information as to both the 

nature of the metal involved and the oxidation state. Thus 

E.P.R. spectroscopy was used to demonstrate that copper 

changes valency from Cu(II) to Cu(I) during the course of 

the copper-containing dopamine-hydroxylase mono-oxygenase 

enzyme reaction (Blumberg et al., 1965). 	In addition 

the E.P.R. spectrum of .a purified enzyme can confirm the 

presence of covalent bonding to the metal and the presence 

of hyperfine splitting in the signal can sometimes help in 

the characterisation of the ligands. 

In an early study of the application of E.P.R. 

spectroscopy to bacteria Nicholas et al. (1962) showed the 

presence of ,a copper resonance of g-value 2.1 with hyperfine 

splitting in whole cells of Nitrosomonas europaea and in 

hydroxylamine-oxidising cell-free extracts consisting of 

particles containing cytochromes b, .c and a. The changes in 

the fine structure of the signal on the addition of 

hydroxylamine were considered evidence for the involvement 

of the copper in the metabolism of hydroxylarnine. That 

the spectral change .was not due merely to binding to the 

copper of hydroxylamine, which has been shown to change the 

E.P.R. copper signal of cytochrome oxidase (Beinert, et al., 

1962), was inferred from the observation that thesd changes 
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occurred more rapidly in the presence of cytochrome c - 

although no kinetic data was presented. 

A role for copper in hydroxylamine oxidation in 

Nitrosornonas cannot be conclusively established from this 

brief study of Nicholas etal., (1962) and it is unfortunate 

that none of the subsequent detailed studies on hydroxylamine 

oxidation in Nitrosomonas (review: Aleem, 1970)  have 

extended the E.P.R. studies. The presence of copper in the 

particles is interesting, however, in the light of the 

proposed involvement of copper in the ammonia oxygenase 

suggested by the inhibition studies of Hooper and Terry 

(1973). 	 ; 

A limitation to the application of E.P.R. spectroscopy 

to the study of whole cells and intact tissues is that the 

concentrations of biologically-important paramagnetic 

species present are usually low and measurement of resonance 

spectra must be carried out at high receiver amplifications 

with correspondingly low signal-to-noise ratios (Swartz, 

1972). The E.P.R. spectra obtained of a dense suspension of 

Methylomonas albus BG8 shaken in air ('oxidised') and 

reduced by dithionite are presented in figure 16 and are 

typical of those repeatedly obtained with this organism.. A 

prominent resonance is present which can be assigned a g 1  

value of 2.06 and also three peaks at a lower magnetic field. 

Both the resonance at g-value 2.06 and the three peaks are 

abolished on reduction by sodium dithionite and the 

dithionite-reduced sample also serves as a control for the .  

background E.P.R. spectrum due to the cavity alone. 

• The resonance of g-value 2.06 is typical of Cu(II) and 

the three low-field peaks can be attributed to the nuclear 



Fig. 16: Electron Paramagnetic ResonanCe spectra of 

MethyloinonaS albus 13G8 and the effect of the 

addition of copper 

Suspensions containing 143 mg dry wt cells/ml were 

shaken for one minute: (a) in the absence of 

substrate, (b) in the presence of a few crystals 

of sodium dithionite and (c) in the presence or 

• 	CuSO4  to a final concentration of 10
4  M. 

Spectra were recorded at -172 °C with receiver 

gain 5 x 10 2 , modulation amplitude 1.25.x 10 1 

Gauss, modulation frequency 100 kHz and microwave 

power 50 mW. Scans were carried out at fixed 

frequency 9.140 GkIz with a time constant of one 

second over a magnetic field range of 1000 Gauss 

with the centre of the field set at 3100 Gauss. 

Spectra are reduced to 25% of the original size. 



M.albus BG8 	 g 1 =2.23 

a. 

+dithionite 

g=2.06 

H 
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hyperfine splitting caused by the interaction of the nuclear 

spin of the copper atom with the unpaired electron. The 

fourth component of the nuclear hyperfine signal is likely 

to be obscured by the g = 2.06 resonance and a g 11  -value of 

2.23 can be assigned to the resonance. Vanngard (1972), in 

his review of the E.P.R. spectroscopy of copper proteins, 

lists the g1  values of over thirty copper complexes as 

ranging from 2.0 to 2.1 and the g1 resonance of the E.P.R.-

detectable copper species in Nitrosomonas europaea was 

centred about 2.1 (Nicholas et al., 1962). An assignment of 

the resonance to two other transition elements of biological 

importance, Molybdenum and Iron, can be eliminated on the 

basis of the g-values. E.P.R.-detectable Mn (ii) has been 

found in a wide range of bacteria in the study of Nicholas 

et al. (1962 ) but although their observed resonances were 

centred about g-value 2.01 their spectra were typically a 

sextet of six equally-spaced components which does not 

correspond to the observable resonances in the E.P.R. 

spectrum of oxidised N. albus .B68 in figure 16. The E.P.R. 

spectra of N. albus BG8 in the presence of CuS0 (10 4M) 

is also shown in figure 16. :.Qn addition of Cu(II) the 

resonance of the suspension of N. albus BG8 changed neither 

in g-value or in shape but only in intensity supporting the 

assignment of the identity of the E.P.R.-detectable species 

to Cu(II). 

The presence of an analogous E.P.R.-detectable Cu(II) 

species in three other methylobacteria of both membrane-

types and the effect of incubation with methane on all 

four methylobacteria were then examined. The results are 

displayed in figures 17 and 18 which show theE.P.R spectra 



Fig. 17:  Electron Paramagnetic Resonance' spectra of 

membrane-type I methylobacteria and the effect 

of methane 

I Methylomonas aibus BG8 

II Pseudomonas methanica 

Suspensions containing 47 mg cells/ml were shaken 

for one minute: (a) in the absence of substrate, 

(b) in the presence of methane and (c) in the 

presence of a few crystals of sodium dithionite. 

A control blank of pH 6.8 phosphate buffer was 

included (d). 

Spectra were recorded under the same operating 

conditions as described in the. notes for figure 16 

with the exception that a receiver gain' 	1.25 x 

10 3  was employed. Spectra are reduced to 25% of 

the original size. 
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'ig. 18: Electron Paramagnetic Resonance spectra of 

membrane-type II methylobacteria and the 

• 	effect of methane 

I Methylosinus trichosporium OB3B 

• 	II Nethylosinus trichosporium OB4 

Suspensions containing 88 and 100 mg dry wt/ml 

for I and II respectively were shaken for one 

• 	minute: (a) in the absence of substrate, (b) in 

the presence of methane and (c) inthepresence 

of a few crystals of sodium dithionite. •A 

control blank of pH 6.8 buffer was included (d). 

Spectra were recorded under the same operating 

• 

	

	conditions as described in the notes for figure 16 

with the exception that a receiver gain of 1.25 x 

103  was employed. Spectra are reducedto25% -of 

the original size. 	 - 
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of cell suspensions of the membrane-type 1 methylobacteria 

N. aibus BG8 and Pseudornonas methanica and the membrane-type 

II organisms Methylosinus trichosporium OB3B and Methylosinus 

trichosporium 0B4 shaken in air ('oxidised'), in methane and 

Air and reduced by sodium. dithionite. Lower cell concentra-

tions and a correspondingly 2.5 times higher sensitivity of 

receiver gain were used in these studies. The E.P.R. 

spectrum of the phosphate buffer in which the cells were 

washed and resuspended is also displayed with both figures 17 

and 18 as a control for both the cavity signal and for the 

presence of extraneous contaminating metal ions. All 

spectra in figures 16, 17 and 18 have been reduced by the 

same amount to 25% of their original size. 

The prominent resonance centred at. g-value 2.0 and 

which is also present in the concentrated N. albus BG8 in 

figure 16 corresponds to the resonance of an unpaired 

electron in a free radical which is commonly found in 

biological material (Swartz, 1972) and although in the 

case of the incubation of N. trichosporium OB3B with 

methane in figure 18 the resonance was enhanced, this was not 

typical and no special significance can be attributed to the 

free radical from this study. 

The resonance at g-value 206 was again present in 

Nethylomonas albus BG8 and resonances centred about the same 

g-value were also present in the oxidised spectra of the 

other methylobacteria although they were not so intense. 

Although peaks corresponding to nuclear hyperfine structure 

of Cu(II) were present in both the membrane-type II 

methylobacteria, the signal-to-noise ratios in the type I 

methylobacteria were such that no nuclear hyperfine 
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structure could be resolved. The resonances centred about 

g-value 2.06 in the suspension of the two membrane-type II 

methylobacteria and also Pseudomonas methanica showed 

considerable hyperfine structure which,'is likely to be due 

to the interaction of the nuclear spins of the ligand atoms 

with the unpaired electron of the Cu(II) species (Vnngtrd, 

1972) but a spectrum from a purified enzyme would be 

required before any further analysis could be made. The 

abolition by dithionite of the resonances centred about 

2.06 in all methylobacteria supports the assignment of 

these resonances to a Cu(II) species. 

On shaking suspensions of methylobácteria in the 

presence of methane the peak-to-trough heights of the 

g-value 2.06 resonance were typically reduced by 20% as can 

be seen in figures 17 and 18. Although this is suggestive 

of some involvement of this E.P.R.-detectable species in 

the oxidation of methane the evidence is inconclusive as the 

reduction in size of the resonance did not always take place 

and the adjacent free radical resonance made the accurate 

peak-to-trough. heights difficult to determine. As 

preparation of samples required the slow freezing of 

methylobacterial suspensions in liquid nitrogen prior to 

analysis by E.P.R. spectroscopy, the. detection of other 

transient species or a greater reduction, of the g-value 2.06 

resonance could have been prevented. 

In addition to the above changes on incubation with 

methane, a resonance' centred about g-value 1.911  was 

invariably observed which, although not shown in figure 18, 

also appeared when N. trichosporium OB3B was incubated with 

methanol and formate. Such a species is typical of the g1 
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resonance of an iron-sulphur protein (Orine-Johnson, 1973;. 

Yoch and Valentine, 1972)  and the lack of symmetry of the 

resonances, although possibly distorted by the adjacent free 

radical resonance, may indicate the presence of more than 

one iron-sulphur protein. The g 0  components of the 

resonance of iron-sulphur proteins are typically found at 

g-value 2.01 but the presence of the prominent resonances 

at g-values 2.06 and 2.0 would be expected to obscure such 

a component. The reduction by dithionite of cell 

suspensions did not result in the appearance of the g-value 

1.94 resonance in N. albus BG8 of Ps. methanica and only to 

a slight extent in the two membrane-type II methyl obacteria. 

Reduction by dithionite of whole cells of Pseudomonas 

putida by dithionite has been shown to generate the E.P.R.-

detectable resonance of g-value 1.94 of Putaredoxin 

(Peterson, 1970) and it must be assumed that sodium 

dithionite reduces the iron-sulphur protein(s) in 

methylobacteria to a level that is not paramagnetic. An 

alternative explanation for the g-value 1.94 resonance 

which has not been eliminated from this study is that it is 

an 'overshoot' component of a Cu(II) species (Vnngrd, 

1972) caused by changes in the electronic environment of 

the Cu(II) as a result of incubation with methane and the 

lack of the 'Overshoot' signal on treatment with dithionite 

could then be ascribed to the reduction of-Cu(II) to the 

non-paramagnetic Cu(I) level. Whilst eliminating the 

involvement of an iron-sulphur protein in methylobacterial 

metabolism, such an alternative would necessarily involve 

the partici-pation of E.-P.R-detectabl.e Cu-(II .....eci.es 

However the 'overshoot' phenomenon is ill-characterised 
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and as the presence of formate-hydrogen lyase activity in 

methylobacteria by analogy with other bacteria,is an 

indication of the presence of an iron-sulphur protein 

(Gray and Gest, 1965), the assignment of the g-value 194 

resonance to a copper 	 component becomes 

unlikely. 

A crude estimate of the amount of E.P.fl.-detectable 

copper in the methylobacterial strains examined can be 

obtained by comparisons of the peak-to-trough heights of 

the resonances with that of a copper standard such as the 

increase in resonance on the addition of Cu(II) to N. albus 

BG8 in figure 16. The concentrations of E.P.R.-detectable 

Cu(II), adjusted to the same cell concentration, in 

• suspensions of N. albus BG8 in figure 16, and N. albus 

• BG8, Pseudomonas methanica (figure 17)  N. trichosporium 

OB3B and N. trichosporium oBk (figure 18) of 0.5,  O.45, 

0.2, 0.2 'and 0.3 x' 10  respectively for suspensions 	- 

containing 47  mg dry wt cells per ml. The arithmetic 

means of these concentrations corresponds to 0.6 nmole or 

4 . x 10 mgCu(II) per mg of cells and if. it was assumed 

that the copper was a component of a protein of molecular 

weight 50,000 and there was only one copper atom per 

protein molecule, such a protein would represent 3% of the 

bacterial mass. Difficulties in measuring the peak-to-

trough heights because of the adjacent free radical 

resonances, the possibility that the dense bacterial 

suspensions were only partially-oxidised and some d th.e 

copper is present as the non-paramagnetic Cu(I) and even 

the existence of non-paramagnetic Cu(11)' complexes 

renders the above crude estimation of value only in 

obtaining' the minimum amount of copper present in these 
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methylohacteria. 

On disruption of Methylomonas albus BG8 in a french 

pressure cell and subjecting the extract to differential 

centrifugation 50% of the E.P.R.-detectable copper was 

present in the soluble fraction. 

The mere presence of an E.P.R.-detectable Cu(II) 

species in suspensions of methylobacteria does not 

necessarily implicate that copper in the methane 

oxygenase since the ion may be a contaminant species from 

the medium or a normal feature of a Gram-negative bacterium. 

The level of added copper in the trace elements component of 

the nitrate mineral salts (N.M.S.) medium used to grow the 

methylobacteria is only 2.6 x 10 6M and i-s not detectable 

by E.P.R. Spectroscopy at the receiver gains employed in 

this study. Nicholson et al. (1962) in their exploratory 

E.P.R. study of bacteria did not observe a copper E.P.R.-

detectable resonance in particulate extracts of Escherichia 

coil, Azotobacter viniandii and Clostridium pasteurianum 

but did not give any details of results with whole cell 

suspensions. In this study an examination of the E.P.R. 

spectrum of a suspension of Escherichia coli B grown on 

nutrient broth/N.M.S. liquid medium failed to reveal any 

copper using sensitivities and cell concentrations similar 

to those employed in figure 16. 

As a further control, the presence or absence of the 

E.P.R.-detectable copper signal in a hydrocarbon-utiliser 

grown in the same N.M.S. salts medium was investigated. 

The Gram-positive organism JOB5 was selected on the basis 

of it-s proposed ability - o grow on hyd-roca-bons -ran-gin-g 

from C1  to higher alkanes (Perry, 1968). This wide' 
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substrate specificity would make JOB5 unique among methylo- 

bacteria since, although hydrocarbons other than methane 

can be oxidised by methylobacteria (Leadbetter and Foster, 

1960; Davey, 1971;  Thomson, 1974), only methane, methanol 

and dimethyl ether have been shown to act as growth sub-

strates. When this organism was inoculated into flasks 

containing N.M.S. medium and methane, ethane, propane or 

butane, however, only propane and butane supported growth. 

The respiration of propane-grown JOB5 on a variety of 

hydrocarbon and alcohol substrates is shown in table 29 and 

Table 29 Respiration of Bacterium JOB5 on Hydrocarbons, 
alcohols and Formate 

Substrate 	Respiration Rate (nrnoles 0 2/min/mg dry wt 2 ) 

n-butane 11 
n-propane 12 
ethane 10.5 
methane 0 
n-butanol 37 
n-propanol 61 
ethanol: 52 
methanol 3 
formate 2 

(i) gases added as 0.6 mis of gas-saturated buffer at 

300C. All other compounds added as 10 Tunoles of 

aqueQus solution. 

(2) endogenous respiration 4 nmoles 0 2/min/mg dry wt. 

it is evident that a significant respiration above the 

endogenous could only be obtained for ethane, propane and 

butane and that respiration of methanol was extremely low 

in comparison to the higher alcohols. The respiration 

results, together with the lack of growth with methane 

and ethane as substrates, indicate that JOB5 behaves as a 
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conventional hydrocarbon-utiliser in not metabolising 

methane. The results of Perry (1968) might be explained by 

impurities in the methane used, which was quoted as 99% 

pure, and the heavy reliance on manometric techniques 

rather than the direct estimation of methane disappearance 

by gas chromatography. The low rate of methanol-stimulated 

oxygen uptake by washed-cell suspensions of their 'methane-

grown' JOB5, which was 18% of the 'methane-stimulated' rate 

and 11% of the ethanol respiration rate was in direct 

contrast to that of a typical methane-utiliser where the 

methanol respiration rate typically exceeds both the 

methane and ethanol respiration rate (see Davey, 1971). 

Growth of JOB5 on propane-N.M.S. medium was not 

inhibited by Co (75% 02:25% co) and examination of the 

effects of the specific inhibitors of methane oxidation 

showed that butane respiration in the presence of the 

following compounds: diethyldithiocarbafllate (7.5 x 107 4M), 
aa'dipyridyl (10 M), thiosemicarbazide (10 -  M), aLlyl 

1. 

thiourea (10M) and hydroxylamine (10 3M) was 100, 73, 90, 

83 and 69% of the control rate of 70 nmoles 0 2/min/rng cells 

and this lack of significant inhibition points to a 

fundamental difference between hydrocarbon metabolism by 

JOB5 and methylobacteria. An examination of theE.P.R. 

spectrum of washed cell suspensions of JOB5 grown on 

propane in the same N.M.S. medium as used in this study 

for methylobacteria showed no E.P.R.-detectable copper 

resonance at receiver gains of four times the sensitivity 

employed in figure 17.  The absence of an E.P.R.- 

detectable copper species i-n hece1Ls is consistent'  

with the lack of participation of copper in hydrocarbon 



metabolism by JOB5 which is suggested by the lack of 

inhibition of butane oxidation by the specific inhibitors 

of methane oxidation. 

studies on the proposed facultative methylotroph XX 

Patt et al., (1974) have challenged the current 

assumptions as to the obligate methylotrophy of methane-

utilising bacteria in their report of the isolation of a 

facultative methylotroph capable of growth on methane or 

complex carbon sources such as sugars and nutrient agar. 

The evidence presented in support of their thesis that 

the bacteria grown on glucose and methane were identical 

was based on: (1) single cell isolation from colonies, 

(2) a similar pattern of antibiotic sensitivity, (3) a 

similar level of heat tolerance, (4) the ability to 

recover isolates of methane-utilising organisms after 

'many' single colony isolations on nutrient agar, (5) an 

identical DNA density as determined by CsC1 gradient 

studies and (6) .the incorporation of 	CH  into glucose- 

grown cells. Although no details are given, a footnote to 

the publication acknowleges Professor IL Whittenbury "for 

his confirmation of the facultative nature of the isolate 

XX. 

In the year prior to the publication of Patt et al. 

(1974) a study of the properties of the organism XX has 

been underway in this laboratory by Dr Williams (personal 

communication). There is an inconsistency between the 

conclusions based on experiments (1), (2) and (3) which 

were based on formation of colonies on agar plates and the 

reported ability of XX to grow on agar, an observation 

which has been confirmed by Dr Williams for the 
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heterotrophic-, but not methane-, grown XX. However, in 

support of the facultative nature of XX, Dr Williams has 

been able to transfer glucose-grown XX to methane N.M.S. 

liquid medium even after subculturing single-cell colonies 

on nutrient agar N.M.S. medium weekly for one year although 

this transfer required a large inoculum and only took place 

- 	after a lag of 5 to  7 days. Further transfers took place 

without any lag. Considerable difficulty has been 

encountered by Dr Williams in bringing about the reverse 

transformation from methane-grown cells to glucose-N.M.S. 

liquid medium and the few successful transfers involved 

very dense inocula and could be a result of survival of 

heterotrophic XX in the previous N.N.S.-methane culture. 

Washed cell suspensions of glucose and methane-grown 

XX were prepared and the respiration in the presence of a 

variety of carbon sources determined in the oxygen probe 

and shown in table 30. 

Table 30 Respiration rates of methane and glucose-
gr'owri XX 

Respiration rates 2  

Substrate 	
(nm 02/min/mg cells) 

CH11 -grown 	 Glucose-grown 

CH0H 
57 
58 

>1 
- 	 67 

CaI16 
C 2H5OH 

HCOONa 

4.5 
45 

3 

0 
- 	 75 

67 
Glucose (1 6 
Sucrose 0 2 
Malate 0 18 
Succinate - 	 0 30 

gases added a-s 0-.6- -ml of sa-tura-ted -so-intl-on- at 30 °C and 
CH3OH, C2H5OH and HCOONa added as 100 il of 100 mm 

solution. Glucose, sucrose, malate and succinae added 
as 100 Lil of 10% w/v solution. 
endogenous respiration rates 15 and 10 nnioles 0 2 /miii/mg 
wt cells for CIT4  and Glucose-grown cells. 
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The pattern of respiration of suspensions of the methane-

grown cells was similar to that of a typical obligate 

methane-utiliser (see Davey, 1971)  in that cells respired 

on C1  compounds but not tricarboxylic acid cycle inter-

mediates. The low levels of the respirations on methane in 

comparison with the endogenous respiration rate by glucose- 

grown cells cannot be considered significant but in addition 

to respiring on sugars and T.C.A. cycle intermediates the 

suspensions of glucose-grown cells respired on methanol, 

formaldehyde and formate. Prompted by these observations 

it was found •tiat both glucose and methane-grown cultures 

of XX could grow readily on methanol and this observation 

was noted and recorded by Patt et al., (197 4 ). 

As evidence for the single identity of the methane and 

glucose-grown XX, Patt et al. (1974) reported the ability 

of cell suspensions of the latter to incorporate 14CH4 and 

also the stimulation by glucose of 
14CH4  incorporation by 

- the suspensions of methane-grown cells. However the 

incorporation of 14CH4  into glucose-grown cells was only 

5.5% of the 14CH4 incorporation by methane-grown cells. 

Methane respiration equivalent to the slight incorporation 

of 14CH4  by the glucose-grown cells would be difficult to 

establish conclusively with the oxygen probe. These results 

show that, if the organism XX is a genuine facultative 

methylotroph, it must be postulated that the methane-

utilising and heterotrophic phase are mutually-exclusive, 

although residual traces of each may remain when the other 

carbon source is employed. Consistent with this, the 

presence of complex internal type II membranes were present 

in thin sections of methane-grown cells only (Patt dt al., 

1974). Differences in the physical properties of the two 
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phases were found in this study where cell suspensions of 

the glucose-grown cultures were found to be deep red in 

colour and to clump easily whereas suspensions of the 

methane-grown culture were cream-coloured and did not clump. 

An examination of the effects of the addition of allyl 

thiourea (10 4M), thiosemicarbazide (10 4M), aa'dipyridyl 

(10
4

-  M), 8-quinolinol (10 4M) and diethyldithiocarbamate 

(7.5 x 10 4M) to the rate of methane-stimulated respiration 

of suspensions of methane-grown XX showed. that methane 

respiration was over '90% inhibited by all of these compounds. 

Thus the conclusions drawn earlier in this study that copper 

is involved in the methane oxygenase of Methylosinus 

trichosporium OB3B and Methylomonas albus BG8 can be 

extended to the methane-grown XX. A suspension of glucose 

and methane-grown XX was then examined by E.P.R. spectroscopy 

and the spectra obtained are presented in fig 19. An E.P.R. 

signal centred about g2.06 similar to the copper-like' 

resonances in figures 16, 17 and 18 is clearly present but 

no E.P.R.-detectable copper signal was evident in the 

glucose-grown cultures. Similar results with two further 

batches of methane and glucose-grown cells confirmed the 

repeatibility of the observation. 

The absence of an E.P.R.-detectable copper signal in 

suspensions of the Gram-negative bacterium Escherichia coli, 

the non-methane-utilising hydrocarbon utiliser JOB5 and 

glucose-grown XX and the presence of E.P.R.-detectable 

copper in the four methylobacteria examined and methane-

grown XX supports the involvement of copper in the 

metabolism of methylobacteria and, in the light of.the 

inhibitor data presented in this study, in the methane 



'ig. 19:  Electron Paramagnetic Resonance spectra of 

the proposed facultative methylotroph )OC grown 

with methane and glucose as carbon sources 

Suspensions of methane-grown cells and glucose- 

grown cells containing 29 and 22 mg dry wt cells/ 

ml respectively shaken in air. 

Spectra were recorded under the same operating 

conditions as described in the notes for figure 16 

with the exception that a receiver gain of 1 x.10 3  

was employed. Spectra are reduced to 25% of 

original size. 
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oxygenase. An alternative explanation involving a high 

affinity of the methane-utilising enzyme system or the 

complex internal membranes for copper from the medium 

cannot be eliminated by the results in this present study 

and It is in the elucidation of the possible, role of this 

copper that methane-utilising cell-free systems will be 

undoubtedly required. 
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GENERAL DISCUSSION 

This study was initiated in the hope that a deeper 

understanding of the enigmatic methane oxygenase system 

could be obtained from studies on the reaction in whole 

cells and it is appropriate to re-evaluate the previous 

knowledge of the methane oxygenase in the light of the 

results presented in this thesis. 

The ability of a number of metal-binding compounds 

to reversibly inhibit the oxidation of methane but not 

methanol by washed cell suspensions of methylobacteria 

provides strong evidence for the involvement of at least 

one species of metal ion in the methane oxygenase system. 

Purely chemical considerations based on the nature of the 

inhibitors and the reversibility of the inhibition by metal 

ions led to the proposed involvement of copper although the 

participation of other metals cannot be eliminated. Electron 

Paramagnetic Resonance (E.P.R.,) studies of cell suspensions 

of methylobacteria confirm the presence of a species 

resembling Cu(II) in the five methylobacterja Methylomonas 

albus BG8, Pseudomonas methanica, Methylosinus 

trichosporium OB3B, Methylosinus trichosporium 0B4 and CH-.. 

grown XX and, although the absence of this E.P.R.-detectable 

species in suspensions of Escherichia Coli B, Brevibacterium 

JOB5 and the glucose-grown proposed facultative methylotroph 

XX strongly support a role for copper in methylobacteria, the 

absence of any significant reduction of the Cu(II) species 

on treatment with CH  prevents the conclusive establishment 

of a role:for this species in methane oxidation. The 

application of stop-flow E.P.R. spectroscopy methods such as 

have been developed for thedetection of transient species 
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by Bray and Patterson (1961) to a study of the response of 

the g-value 2.06 resonance during methane oxidation may 

confirm such a role. 

E.P.R. studies with four methylobacteria also 

suggested the involvement of an iron-sulphur protein in 

methane oxidation. In view of the evidence presented in 

this study for the involvement of copper in the methane 

oxygenase it would be of considerable interest if in any 

future continuous culture study of the growth of 

methylobacteria the role of copper was investigated in 

detail. Such studies should involve not only the determina-

tion, under a variety of copper-limiting conditions, of the 

total amount of copper detectable by chemical assay but 

also the amount of E.P.R.-detectable copper. 

The results of the present study would suggest that 

one-way in which studies of methane-oxidising cell-free 

extracts could proceed beyond the limited observations of 

Ribbons and Michalover (1970) and Ferenci (1974)  would be 

if such extracts were examined for the presence of E.P.R.-

detectable copper, sensitivity to metal-ion chelators and 

iron-sulphur proteins. 

Hayaishi (1969) has summarised the roles that a metal 

may play in an oxygenase as follows: as a component of 

the electron transport system associated with mono-oxygenase 

systems e.g. non-haeme iron proteins, in the aggregations of 

subunits to form a native enzyme or in the activation of 

substrate, molecular-oxygen or both. Copper has been 

implicated in the activation of oxygen by the dopamine--$. 

hydroxylase system (Goldstein, 1966) but it would be 

premature to speculate at this stage on the role of a metal 
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in the methane oxygenase system or to rule out the 

involvement of metals other than copper. 

The selective inhibition of methane oxidation by 

carbon monoxide observed by Davey and Mitton ( 1973), Thomson 

(1974) and Ferenci (1974) was confirmed and the further 

observation that carbon monoxide stimulated respiration and 

CO  production by cell suspensiens of methylobacteria led to 

the suggestion that CO was itself metabolised by 

methylobacteria which was confirmed by the demonstration of 

the production of 
14  COfrom lkco. The inhibition of CO-

stimulated respiration by a variety of the specific 

inhibitors of methane oxidation together with the ability of 

cell-free extracts of Pseudomonas methanica to catalyse both 

NADH-dependent CHk 	 it and CO-stimulated respiration and C 4  and 

CO-stimulated NADH oxidase activity (Ferenci, 1974) suggested 

that CO might be oxidised by the methane oxygenase itself 

and, although problems of isotope dilution by water were 

initially encountered, the oxygenase nature of CO oxidation 

was confirmed by the unambiguous demonstration of the 
18 0- 

• enrichment of the CO  evolved from suspensions of 

Methylosinus trichosporium OB3B incubated with CO and 18o 

enriched oxygen. Although a mechanism for the biological. 

oxidation of CO involving the addition of water has been 

well-established (review Fenn, 1972), there are no reports 

of biological oxidation of CO by an oxygenase mechanism. 

The conclusion of Davey and Mitton (1973) that the 

a-type cytochrome of methylobacteria was involved in methane. 

oxidation was based solely on the inhibition of Cit4  

oxidation by CO and the known inhibition of cytochrome 

oxidase by CO (Lemberg, 1969). Anoxygenase mechanism for 
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CO oxidation suggests that CO may inhibit through competing 

with CH  rather than 02.  The two theories may be 

essentially similar if the observations of Breckenridge 

(1953) and Tzagoloff and Wharton (1965)  that purified 

cytochrome oxidase can oxidise CO can be extended to the 

a-type cytochrome of methylobacteria and the involvement of 

copper in cytochrome oxidase (Lemberg,. 1969)would  make the 

inhibitor results consistent with such a mechanism. It 

would be of considerable interest to duplicate the study of 

Erickson et al. (1972) with Nitrosomonas and purify the 

a-type cytochrome from a methylobacteriu.in and examine it for 

the presence of copper and sensitivity to the specific 

inhibitors of methane oxidation. 

A difficulty in proposing a role for the a-type 

cytochrome in methane oxidation is the low level present in 

Methylomonas albus compared with Methylosinus trichosporiuzn 

OB3B found by Davey (1971).  Such a low level might account 

for the generally higher levels of CO oxidation found in 

type II methylobacteria but in the light of the results 

presentedin this thesis and by Ferenci (1974) a difference 

in endogenous metabolism is a more likely reason., 

Carbon monoxide can bind with Cu(I) and inhibit copper-

containing oxygenase enzymes (Keilin and Mann, 1938; 

Kaufman and Friedman, 1965)  and, although competition with 

oxygen for the oxygen-binding site of the haeme is the 

assumedmechanism of inhibition of cytochrome oxidase by CO 2  

it is of interest that a model for the binding of CO to 

cytochrome oxidase involving bridge formation between the 

copper and the haernehas ben proposed (Lindsay and Wilson, 

1974). It is unfortunate that there has been no extension 



to the work of Breckenridge (1953) and Tzagoloff and 

Wharton (1965) on CO oxidation by Cytochronie Oxidase since 

if the reaction were shown to proceed by an oxygenase 

mechanism it could be of considerable significance in 

understanding the mechanism of the terminal oxidation 

reaction in mammalian electron transport. 

The similarity in inhibition pattern of methane 

oxidation in methylobacteria and ammonia oxidation in 

Nitrosomonas reinforces the suggestion by Quayle (1972) 

of an evolutionary link between the two organisms and 

prompted a brief examination of ammonia and 

hydroxylamine oxidation in Methylosinus trichosporiumOB3]3. 

Although some confusion was initially encountered because 

of the presence of nitrite uptake in suspensions of N.M.S. 

but not A.M.S.-grown cells, the production of nitrite by 

o. suspensions incubated in the presence of ammonia and 

hydroxylamine could be readily demonstrated and the rate 

of the former was stimulated by the addition of formate. 

A wide substrate specificity of the methane oxygenase 

is suggested by the ability of cell suspensions of 

methylobacteria to oxidise methane, ethane, ethylene, ammonia 

and carbon monoxide. The suggestion by Thomson (1974) of 

the existence of distinct oxygenases for methane and ethane 

oxidation on the basis of the lack of inhibition of 

disappearance of the former from cell suspensions by dimethyl 

ether and the demonstration of the inhibition of formate-

stimulated ethane oxidation in this study indicates how 

easily the results of inhibition studies can be mis-

in±ei'preted. Thus, although the inhibition of CO-stimulated 

respiration, ammonia, ethane, and ethylene oxidation by the 
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specific inhibitors of methane oxidation strongly supports 

a common oxygenase mechanism, conclusive verification will 

await kinetic analysis both of the inhibition by the 

specific inhibitors of methane oxidation and of the 

inhibition of methane oxidation by ammonia, carbon 

monoxide, ethane and ethylene. The difficulties inherent 

in kinetic studies with whole cells have already been 

discussed and such studies may have to be delayed until 

reproducible methane-oxidising cell-free extracts can be 

obtained. The ease in controlling the exact amount of 

ammonia in solution as NTH 
3.
and NH, provided the pH is 

defined, compared with the gaseous substrates, will 

facilitate such kinetic analysis of the inhibition of 

ammonia oxidation. 

A wide substrate specificity is also a feature of 

mammalian Cytochrome P-450 mono-oxygenase systems such as 

the liver microsomal system which has been reported to 

metabolise steroids and fatty acids as well as a large 

number of foreign compounds including aliphatic and 

aromatic hydrocarbons, amines, alcohols, phenols and 

thiophenes (see Orrenius and Ernster, 1974).. It is 

difficult to envisage a binding site for a small non-polar 

molecule such as methane as anything but a hydrophobic region 

of the enzyme and one explanation is that this wide substrate 

specificity is due to some inherent lack of specificity in 

a hydrophobic substrate binding site. The effect of 

temperature on methane oxidation is consistent with a role 

for the complex internal membranes of methylobacteria and 

it is undoubtedly significant that only. the metiiane-grown 

cells of the proposed facultative methylotroph XX possess 



142 

membranes (Patt et al., 1974).  A role for the hydrophobic 

environment within the complex membranes as a 'solvent' to 

concentrate an insoluble compound such as methane is 

possible and it is interesting that unusually large amounts 

of long-chain C18•1  fatty acids (Dugan and Weaver, 1974) 

are present in Methylosinus trichosporium as well as 

- 	hydrocarbons such as squalene which make up 0.55% of the 

dry weight of Nethylococcus capsulatus (Bird et al. 1971b). 

A role for the membrane in concentrating methane from the 

aqueous environment would account for the variation in Km 

for methane-stimulated respiration found with different 

batches of cells since a variation in the amount of 

membrane at different stages in harvesting the cells would 

influence the intra-cellular concentration of methane. 

The inhibition of methane oxidation and therefore 

growth of methylobacteria by ethane (Thomson, 1974), 

ammonia (Phillips, 1970)  and carbon monoxide (Davey and 

Mitton, 1973; Thomson, 1974;  Ferenci,  1974)  and the 

oxidation products acetaldehyde (Thomson, 1974) and 

hydroxylamine (this study) could support the suggestion 

advanced by Phillips (1970) that the oxidation of these 

compounds serves a detoxification role. A detoxification 

role, however, would be of secondary importance to a mere 

lack of specificity in the methane oxygenase resulting in 

the competitive inhibition of methane oxidation by these 

compounds which themselves are oxidised. 

Energy conservation in the initial oxidation of 

methane would be a novel reaction among oxygenases but 

if it did take place, the oxidation of CO to CO 2' 
 which 

can be calculated to occur with an accompanying free'  
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energy change at 25 °C of -61.4 Kcal mole, may provide 

energy to the cell. The initial oxidation of ammonia to 

hydroxylamine in Nitrosornonas has been calculated to he an 

endergonic reaction at 25°C and pH 7 and the oxidation of 

hydroxylamine to nitrite, which takes place under the same 

conditions with a calculated free energy change of -69.1 

Kcal mole, has been implicated as the energy-yielding step 

in the metabolism of ammonia (Anderson, 1964). Thus if the 

free energy changes associated with the metabolism of these - 

compounds could be coupled with the synthesis of ATP, which 

remains to be established, the ability to oxidise these 

compounds could benefit the methylobacterial cell even if 

they do not provide carbon for growth. 

The enhancement of the rates of CO-stimulated 

respiration, ethane, ethylene and ammonia oxidation by 

formate lends support to a theory in which reducing power 

is required by the methane oxygenase and that this 

reducing power is limiting when the further metabolism of 

the products of oxygenation of altenative substrates do not 

yield reducing power or energy. Such a theory is 

consistent with the requirement for-NADH shown by the 

reported methane-oxidising cell-free systems (Ribbons and 

Michalover, 1970; Ferenci, 197 4 ) but, although NADPH could 

not serve as an alternative in these studies, it has not 

been established that NADH is the only in vivo electron 

donor to the methane oxygenase. The formate-linked 

hydrogenase activity-in Methylomonas albus BG8 and 

Methylosinus trichosporium OB3B, which was also linked to 

hydroxybutyrate in the latter organism, suggests a way in 

which NADH might be linked to an oxygenase through 
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ferredoxin-like compound and it is interesting that a signal 

in the E.P.R. spectrum of g-value 1.94 has been observed in 

four of the methane-treated methylobacteria. A detailed 

study of the hydrogenase enzyme in methylobacteria is 

required before any role can be established. 

Thomson (1974) noted that the relative rates of 

disappearance of methane and ethane in washed cell 

suspensions was not constant when different batches of the 

same organism were used and in this study it was found that 

the CO-and CH4- stimulated respiration rates of a range of 

methylobacteria (see table 14) also do not correlate. 

These observations, together with the ability of suspensions 

of Pseudomonas methanica (Ferenci, 1974) and Methylomonas 

agile (table 25) to carry out CO-stimulated respiration only 

in the presence of formate, suggests that it is the level of 

endogenous metabolism which determines, the rate of oxygenase 

metabolism of 'non-growth' substrates. The evolution of 

hydrogen at a low rate, by suspensions of both Methylomonas 

albus BG8 and Methylosinus trichosporium OB3B incubated 

anaerobically in the absence of substrate (table 26) confirms 

the ability of endogenous metabolism to generate electrons 

and the stimulation of endogenous 
14CO 2  production from 

14C_labelled cell suspensions of Methylosinus trichosporium 

but not Methylornonas albus suggests that Methylosinus 

trichosporiuzn is able to mobilise endogenous reserves to 

provide reducing power for the oxygenase-mediated metabolism 

of carbon monoxide. The only storage polymer that has been 

conclusively demonstrated in methylobacteria is Poly Hydroxy 

Butyrate (P.H.B.) (Whittenbury et al., 1970; Thomson, 1974; 

Dugan and Weaver, 197 4 ), although Thomson (1974) suggests 
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the possibility of squalene fulfilling such a function. 

Acetone production, which was shown by Thomson (1974) to 

accompany P.H.B. breakdown in Methylosinus trichosporium 

OB3B, did not take place to any significant extent during 

CO oxidation, thus another storage compound, the metabolism 

of P.H.B. by an alternative pathway, or merely the 

mobilisation of a pool of metabolites must be implicated. 

Thomson (1974) overlooked the. possibility that the possession 

of a complete Tricarboxylic Acid (T.C.A.) Cycle in membrane-

type II methylotrophs (Davey et al., 1972)  might enable 

Methylosinus trichosporiuin OB3B to metabolise P.H.B. to 

hydroxybutyrate, acetoacetyl Coenzyme A, .acetyl Coenzyme A 

and CO 2 ... The role of the complete T.C.A. Cycle in the 

metabolism of type II rnethylotrophs was assumed by Davey 

et al. (1972) to be only that of providing carbon skeletons 

for cell synthesis and an examination of the role of the 

T.C.A. Cycle in methylobacteria is likely to provide an 

interesting field of study. 

A corollary of a requirement of the methane oxygenase 

for reducing power is that, even when methane is the 

substrate and the products of methane oxidation can provide 

electrons for the initial oxidation, reducing power from 

endogenous sources would be required to initiate the 

oxygenase reaction. This would be particularly important in 

the natural environment when the cell may have to survive 

without substrate for long periods and the presence of large 

amounts of lipid in the resting stages of some of the 

methylobacteria (Whittenbury et al., 1970)  is consistent 

with such a role. It is, unfortunate that the studies which 

have demonstrated only a low incorporation into cellular 
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material of acetate have been carried out with the membrane-

type I methylobacterium Methylococcus capsulatus (Patel 

et al., 1969, Eccieston and Kelly, 1973)1 which has an 

incomplete T.C.A. Cycle (Patel et al., 1969; Davey et al., 

1972), but the absence of any evidence for the incorporation 

in significant amounts of acetate or CO 2 , the ability of cells 

to respire on acetate (Davey, 1971)  or the coupling of NADH 

oxidation to energy production is consistent with a role for 

storage polymers in methylobacteria in providing reducing 

power for the initial oxygenation of methane analogous to a 

starting handle or battery of a car. A detailed study of the 

nature and role of endogenous metabolism and storage polymers 

in methylobacteria would thus be of considerable relevance to 

the mechanism of methane oxidation. 

The requirement for NADH and the 1:1 ratio between NADH 

disappearance and oxygen uptake found in the cell-free 

studies of methane oxidation (Ribbons and Michalover, 1970. 

and Ferenci, 197 4 ) does not necessarily indicate a mono-

oxygenase mechanism for methane oxidation and, as discussed 

in the introduction to this study the stoichiometries of CH  

and 02 consumption during growth of methylobacteria are 

evidence against this mechanism. If carbon monoxide 

oxidation is assumed to be completely analogous to methane 

oxidation the observed stoichiometry of between 0.5 - 0.7:1 

for 0 2 :C0 uptake would support a ratio of at least 0.5 

moles of oxygen for each mole of methane oxidised in the 

initial step. Although it is uncertain to what extent the 

mechanism of ammonia oxidation in Nitrosomonas is relevant 

to ammonia and methane oxidation in methylobacteria, a 

16 
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stoichiometry of 1.5:1 for oxygen: ammonia for the 

conversion of ammonia to nitrite in cell-free extracts has 

been found (Suzuki and Kwok, 1970), whereas an initial 

oxygenation of ammonia by a mono-oxygenase mechanism, which 

might be expected on the basis of the elimination of the 

lag in ammonia-stimulated respiration by the addition of 

hydroxylamine, (Hooper, 1969b), would require a 

stoichiometry of 2:1. In neither of the two cell-free 

studies of ammonia oxidation in Nitrosomonas (Suzuki and 

So 
Kwok, 1970; Suzuki et al., 1974)  or Nitroqystis (Watson 

et al., 1970) was a requirement showed for NADH although 

the extracts of Nitrocystis required A.T.P. The absence of 

such a requirement does not eliminate the involvement of 

reduced pyridine nucleotides since the crude extracts may 

have contained endogenous NADH-generating systems. 

The contradiction between the manifest requirement for 

reducing power in the oxidation of substrates other than 

methane and the stoichiometric data can be resolved by 

analogy with dioxygenases, some of which have been showed to 

require reducing power e.g. anthranilate hydroxylase 

(Hayaishi, 1966). Whereas in a conventional mono-oxygenase 

(Hayaishi, 1969) the reductant reduces the oxygen atom that 

is not incorporated to water, in a di-oxygenase the role 

may be the reduction or activation of the oxygen molecule 

or the reduction of a copper enzyme to the Cu(I) oxidation 

state. 

A NADH-requiring oxygenase reaction in which both 

oxygen atoms are incorporated into molecules of methane 

resulting in the formation of methanol (equation 13) 

NADH 
2CH4 + 02 	-) 2CH3OH 	 (13) 



would overcome many of the problems encountered with the 

mono-oxygenase mechanism in equation lQ:'ad s :... : more 

favourable alternative to the dirnethyl ether pathway 

proposed by Wilkinson (1971) and Davey (1971) in which the 

metabolism of dimethyl ether involves a further oxygenase 

reaction (Mitton et al., in preparation). 

Both the mechanism described in equationwand the 

dimethyl ether pathway would show a requirement for 

reducing power and the problems discussed by Davey (1971) 

in accounting for yields of greater than 50% incorporation 

of methane Into cell carbon, if the reducing power were 

derived from the formate dehydrogenase-mediated metabolism 

of formate, apply to both mechanisms. The fixation of 

CO  must be postulated to account for these higher yields. 

The need for further continuous culture studies of yield 

and stoichiometries of pure cultures of methylobacteria 

under a variety of substrate-limiting conditions has been 

emphasised and these studies may help distinguish between. 

the following alternatives: 

That the non-energy yielding oxygenation of 

methane takes place by the scheme in equation 13 

with a considerable amount of CO  fixation. 

The oxygenase metabolism of methane is energy-

yielding. A possible mechanism for such a novel 

reaction would involve electron transport from NADH 

and other electron donors accompanied by phos-

phorylat ion to the a-type cytochrome or a copper-

containing oxygenasé as the terminal electron 

acceptor and, instead of °2  being reduced to water in 

the terminal oxidation reaction,, the oxygen atms are 

148 
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incorporated into the substrate. A similar 

mechanism has been proposed by Higgins and Quayle 

(1970) whereby only one of the oxygen molecules is 

reduced to water and the other participates in the 

oxygenase reaction. 

(3) The natural acceptor of the methanol and 

formaldehyde dehydrogenase reaction may be linked to 

the methane oxygenase either directly or indirectly 

through the production of NADH from the A.T.P.-

mediated reversal of electron transport. This means 

of generating NADH has been demonstrated in Nitrosomonas 

europea (Aleem, 1966), where the need for NADH was 

_envisaged not for the initial oxygenase reaction but for 

the fixation of CO 2 . 

(ii) The reaction might not take place by equation 13: 

the stoichiometries of oxygen and methane uptake 

obtained, by Harwood and Pirt (1972) from oxygen-

limited continuous culture studies with Methylococcus 

capsulatus are too low to accommodate even a 

dioxygenase mechanism and an alternative might be a 

free radical chain reaction, the initiation of which 

requires reducing power for activation of oxygen but in 

which water may participate if molecular oxygen is 

limiting. Such a mechanism may explain the 

accumulation of dimethyl ether in suspensions under 

ill-defined conditions (Thomson, 1974). The lack of 

evidence for such a mechanism places it well in the 

realms of speculation but. in the absence of any 

evidence for the other mechanism it deserves considera-

tion. It is interesting, but not necessarily relevant, 
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that studies on the photochemical decomposition of 

CH  and CO in the upper atmosphere have suggested 

that both can be metabolised by the hydroxyl radical 

to form HCHO and CO  respectively (McConnel et al., 

1971). 

The possibilities (1) to (+) are by no means mutually 

exclusive and confirmation of the involvement of any of 

these mechanisms will require a detailed study of the 

electron transport system in methylobacteria in both whole 

cells and methane-oxidising cell-free extracts, precise 

carbon and energy, balances in cells grown in continuous 

culture and confirmation in cell-free extracts of the 

initial products and stoichiometry of methane oxygenation. 

Close attention should be paid to any advances made in the 

studies of the metabolism of ammonia by Nitrosomonas as 

these may shed considerable light on the problem in 

methylobacteria. 

As more is discovered about chemolithotrophic bacteria 

and rnethylotrophs, many of the myths and folklore 

surrounding the autotrophic bacteria, which were initiated 

by the classic studies of Winogradsky (1890), have now 

been exposed and the internal biochemistry of these 

organisms have been shown to be essentially similar to 

heterotrophic bacteria in all but the metabolism of growth 

substrate (reviews: Rittenberg, 1969; Kelly, 1971). 

Earlier generalisations of the inhibition by organic 

compounds 2er se of growth of autotrophs and methylotrophs 

have been proved untrue and in cases where inhibition by an 

organic compound has been demonstrated, explanations 

Is 
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involving interactions with other biochemical pathways 

have been advanced. Thus Eccleston and Kelly (1973) 

explained as end-product inhibition of branched amino acid 

synthetic pathways the inhibition of growth of Methylococcus 

capsulatus by the amino acids L-threonine, L-phenylalanine, 

L-tyrosine and L-homoserine but not L-histidine at 10 3M and 

the specific inhibition of methane oxidation by suspensions 

of Methylosinus trichosporium supports a mechanism of 

inhibition-by histidine involving the interaction with a 

metal component of the methane oxygenase. 

The considerable difficulties encountered in growing 

methylobacteria may also be explained by the ease of 

inhibition of the methane oxygenaseby compounds which bind 

metals such as thiosemicarbazide which can be a component 

of red rubber (Hooper and Terry, 1973). It would be 

interesting to know whether methane oxidation is inhibited 

by another component of red rubber carbon disulphide, which 

was recently shown to inhibit nitrification .(Powlson and 

Jenkinson, 1971). 

The formation of toxic products and the inability to 

obtain energy from reduced pyridine nucleotides have both 

been advanced to explain the inability of methylobacteria to 

grow on organic compounds other than methane and methanol 

but the simplest explanation is that proposed by Ribbons 

et al. (1970) and echoed by Davey et al. (1972),  Quayle 

(197 2 ) and Thomson (1974) that obligate methylotrophy is 

an outcome of the inability of methylobacteria to derive 

energy from the metabolism of compounds other than methane 

or methanol. 
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Current views on obligate autotrophy have been 

challenged by the substantiated reports of the successful 

cultivation of autotrophic bacteria in heterotrophic media 

under carefully controlled conditions (review: Kelly, 

1971) and although the notorious ease of contamination of 

methylobacterial cultures renders the reports in the early 

literature of heterotrophic methane-utilisers suspe -ct 

(review: Silverman, 196 11 ) three reports have recently 

appeared of heterotrophic methane.-utilisers which were all 

isolated from fresh water lakes (Naguib and Overbeek, 1970; 

Cappenberg, 1972;  Patt et al., 19711). Only in the case of 

the Gram-negative bacterium XX has there been any attempt 

to rigorously prove that the heterotrophic methane-

utiliser was not a contaminant and their evidence together 

with some of the difficulties encountered in repeating 

their work in this laboratory has already been discussed. 

If the facultative nature of the methylotrophy can be 

established beyond all doubt the nature of the transition 

between the methane-oxidising stage with membranes and the 

heterotrophic stage will be an exciting and rewarding 

field of study and the presence of an E.P.R. Cu(II) 

species in the methane but not glucose-grown cells will 

acquire real significance The existence of an inducible 

methane oxygenase enzyme will pose no conceptual problems 

and the growth of the glucose-grown XX on methanol could 

provide a mechanism by which growth could be achieved with 

methane as carbon source but although the glucose-

metabolising enzymes might also be inducible it is 

difficult to understand why the methane-grown phase does 

not respire on Tricarboxylic Acid Cycle intermediates. 
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The most significant question in the understanding of the 

nature of obligate methylotrophy will be why these two 

processes are so mutually exclusive. 

There have been no detailed studies reported on the 

quantitative role of methylobacteria in the natural 

recycling of methane and because of the additional abilities 

of these organisms to oxidise hydrocarbons, carbon monoxide, 

• ethylene and ammonia this is a serious omission. The 

current interest in the possible role of ethylene in 

controlling fungistasis (Smith, 1973; Smith and Cook, 1974), 

the toxicity to man of the globe's most common pollutant, 

carbon monoxide, (Jaffe, 1970), the importance of 

nitrification and nitrogen fixation in agriculture and 

• pollution are all pressing reasons for embarking on such 

• studies, especially in the light of the proposed widespread 

application of nitrogen stabilisers such as N-SERVE 

(Prasad et al., 1971). 
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Summary. Carbon monoxide induces both respiration and carbon dioxide pro-
duction in washed cell suspensions of the two methane-oxidizing bacteria Methyl-
omonas albus (BG8) and Methylosinus trichosporium (OB3B). The ability of these 
organisms to oxidise carbon monoxide to carbon dioxide was confirmed by the 
use of tracer techniques. 

There are few reports of the biological oxidation of CO in the litera-
ture but the fact that this property is attributed to sources as diverse 
as hydrogen oxidizing bacteria (Kistner, 1954; Savelieva and Nozhesni-
kova, 1972; Nozhesnikova and Savelieva, 1972), photosynthetic bacteria 
(Hirsch, 1968), Desul/ovibrio (Yagi and Tamiya, 1962), soil fungi (Inman 
and Ingersoll, 1971), green algae (Chappelle, 1962), animal tissues 
(Breckenridge, 1953) and plant leaves (Bidwell and Fraser, 1972) sug-
gest this may be a widespread phenomenon. 

In the course of a study of the respiration of washed cell suspension 
of methylotrophs it was observed that the addition of carbon monoxide-
saturated buffer apparently stimulated respiration and that time course 
plots of CO, production by washed cell suspensions in the presence of 
CO showed an enhancement of CO 2  production. These observations 
suggested that these two methylobacteria were capable of oxidizing 
CO to CO, or that CO might be stimulating endogenous 00 2  production. 

Materials and Methods 
Organisms. The organisms were used as representatives of the two main types 

of methylotrophs. These were Methylomonas aUnts (BG8) and Methylosinus trihos-
porium (OB3B) (Whittenhiiry etal., 1)7O). 

Preparation of Washed Cell Suspensions. Two liter Erlenmeyer flasks with 
400 ml of a nitrate mineral salts medium (NMS) (Whittenbury et al., 1970) and 
fitted with bladders filled with methane (British Oxygen Company, technical 
grade) such that the CR 4 : air ratios were approximately 1:1, were inoculated from 
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slope cultures and after 3 days on a reciprocal shaker at 30 0 0 were harvested by 
centrifugation (6000 g, 10 mm), resuspended in fresh NMS and centrifuged again. 
The pellet was taken up in NMS to give a suspension of optical density approx-
imately 100 at 610 nm measured with a tinicam SP600 series 2 spectrophotometer. 

Respiration Studies. The respiration of the organisms at 30°C was determined 
with a Clark-type oxygen electrode with a reaction chamber of capacity 2.7 nil 
(Estabrook and Pullman, 1967). CO-saturated buffer (0.4 ml) was added 1 mm 
after the addition of the cell suspensions. 

Standardization o/ the 'CO Source. An ampoule of 14C0 (500 iCi, Radiochemical 
Centre, Amersham) was broken in unlabelled CO (70 ml, Matheson Gas products) 
and helium (10 ml, British Oxygen Company) and the specific activity of the 
resulting mixture determined using the following method: a known amount of the 
1400 (1 ml) was introduced into a 25 nil round bottomed flask fitted with a gas-tight 
"Suba-seal" whose volume had been accurately determined by weighing empty 
and filled with water; 0.2 ml samples from the flask were injected into a gas chro-
matograph (PYE 104 series, silica gel column, carrier gas flow rate 15 nil N 2  min, 
50°C) fitted with a flame ionization detector (FID). The 14CO2  produced by the 
burning of the CO in the FID flame was trapped by sparging the exhausted gas 
through 10 ml hyamine hydroxide (1 M solution in methanol, Nuclear Enterprises 
Ltd.). The resulting trapped radioactivity was measured by making a 1:9 dilution 
of the 14CO2-hyamine hydroxide with scintillator (PPO, POPOP and toluene) and 
measuring the counts in a Beckman liquid scintillation counter. No quenching due 
to the presence of hyamine hydroxide was detected. 

Measurement o/ CO, Production in the Presence o/ CO and Trapping 0/ 14CO2 . 

Three round bottomed flasks whose exact volumes had been measured as described 
above, were set up with 4 ml of NMS medium and, as a control against in-
jection errors, 1 ml helium. Flask A was a control to measure the endogenous 
CO, production. The diluted 14C0 (1 ml) was added to flask B. An equal 
amount of washed cell suspension containing 47 mg dry wt/ml was added to 
each flask and they were mounted on a wrist action shaker in a room thermo-
statically maintained at 30°C. The gas phase in each of the flasks was 
analysed by injecting 0.2 ml samples at timed intervals over a 3-h period or longer 
in some cases into a gas chrornatograph (PYE 104, silica gel column, flow rate 
30 ml N2  min', 150°C) with a katharometer detector. Helium, oxygen and methane 
gave line peaks of retention times 0.5, 0.7 and 1.3 min respectively and hence the 
peak heights could be taken as proportional to the amounts present and the rates 
of CH, oxidation calculated. However, 00 2  gave a broad peak of retention time 
4.5 min and the peak heights were standardised against known samples of 00 2  in 
order to determine CO 2  production rates. 

At different times during the incubations (from 1 min before the appearance 
of the 002  peak until 1 mm after) the gas stream of the gas chromatograph was 
sparged through 10 ml hyamine hydroxide and counted as described above. 

Results 

Typical rates of respiration on CO for the organisms used were 
between 6 and 8 nmoles 02/min/mg dry wt cells compared with endo- 
genous respiration rates of between 2 and 3 nmoles 0 2/min/mg dry wt 
cells in the presence of cells alone. Rates of CO, production were doubled 
in the presence of Co to give CO, production rates of the order of 
5 mnoles 00 2/min/mg dry wt cells. 
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Table 1. The activities of 'CO 2  trapped in hyamine hydroxide and the specific 
activities of the excess 00 2  

Time CO2  in endo- 	002  in 	Specific activity of 
min 	genous control flask with excess 00 2  counts/ 

(pmole) 	CO mole) min/mole x 10 

Met hylomona8 57 8 14 2.6 
a1bv.s('BG8) 133 16 26 2.1 

433 43 63 2.6 

Met hglosinu8 61 7 17 1.2 
trichosporium (OB3B) 122 14 29 2.3 

187 18 63 3.5 

Specific activity of CO source 2.1 count/min/mole x 10. 

The expression x/(y—z) was used to calculate the "specific activity 
of the excess CO," where x was the total counts per min of 14002  in the 
flask with 1 CO 3  y the amount of CO, in nmoles in the flask with 1 CO 3  
and z the amount of endogenously produced CO, in the control flask. 

If the excess 00 2  above the endogenous level is derived from the 
1400 then the "specific activity" of the excess 0021  i.e. the counts/ 
minftLmole excess 0021  must equal the specific activity of the original 
1400. The specific activities of the excess 00 2  as well as the amounts 
of 002  present in both flask are shown in Table 1. The total counts 
of 14002  trapped were high and in the range 1 to 4 x 10  c/mm. The 
specific activity of the CO source was 2.1 x 10 (mean of three deter-
minations 2.1, 2.2, 2.1 x 10) counts 140/min/mole CO and in the 
experiment with Methyl omo'na8 albus (BG8) this corresponds closely with 
the specific activities of the excess CO, In the case of Methylosinus 
trichosporium OB3B the mean specific activity over the complete in-
cubation time corresponded with the activity of the added CO but there 
was a lower activity in the early phase and a higher activity in the final 
phase. 

It is evident that the respiration studies and the CO, evolution data 
indicate that CO is oxidized by suspensions of the two methylobacteria 
and the alternative hypothesis that the CO may be merely stimulating 
endogenous 00 2  production has been eliminated by the demonstration 
of the formation of 1 CO2  from 1400. 
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Abstract. Methane oxidation by washed cell suspensions of 
Methylosinus trichosporium OB3B was selectively inhibited 
by 25 compounds, including metal binding components such 
as carbon monoxide (85% 02:15% CO), KCN (10 M), 
xx'-dipyridyl (10-  M), 8-quinolinol (10 M), thiosemi-
carbazide (10 -5  M), thiourea (10-5  M), hydroxylamine 

(10-4  M), histidine (102 M), British Anti-Lewisite (5 x 
10 M), and miscellaneous known inhibitors of other 
oxygenases. A role for copper in the methane oxygenase 
system was suggested by the pattern of inhibition and relief 
of inhibition by added metal ions. 

Key words: Methylosinus trichosporium - Methane Oxidation - Metal Ions - Metal Binding Components - Role of 

Copper - Specific Inhibitors. 

Methane-utilising bacteria have an obligate growth 
requirement for methane or methanol as carbon source. 
Oxidation of methane leading to the formation of 
methanol in Pseudomonas methanica has been shown to 
involve the incorporation of molecular oxygen (Hig-
gins and Quayle, 1970), and the involvement of a mono-
oxygenase has been implied by the methane-stimulated 
NADHZ oxidation observed in cell-free extracts of 
Methylococcus capsulatus (Ribbons and Michalover, 

1970) and Pseudomonas methanica (Ferenci, 1974). 
Further characterisation of the methane-oxidising 
enzyme(s) has been impeded by the lack of success 
experienced in this and other laboratories in the prep-
aration of cell-free extracts capable of methane oxida-
tion. We have therefore attempted to characterise the 
enzyme system(s) in whole cells by studying the effect 
of selected compounds on methane oxidation, noting 
that this approach has proved informative in studies 
on the ammonia oxygenase system in Nitrosomonas 

(Hooper and Terry, 1973). 

Materials and Methods 

The organisms used were Itethy!os!nus rriehosporium OB3B 
and Methylomonas albus BG8, isolated by Whittenbury 
et al. (1970). Growth of organisms and preparation of 
washed cell suspensions was as described by Hubley et al. 
(1974) with the exception that cells were suspended in 
phosphate buffer (1 g/l Na2HPO4; 0.8 g/l KH2PO4; pH 
6.9). Rates of methane and methanol disappearance were 
determined by gas chromatography of samples taken 
periodically during a 20 min incubation, which was initiated 
by the injection of a volume of cells corresponding to 50 mg 
dry weight into a sealed 25 ml flask containing required 
reagents dissolved in phosphate buffer to give a final volume 

of 5.4 ml. Where appropriate, the amount of methane 
present was 1 ml, while methanol was added to 10 mM. The 
incubation temperature was 30°C. Methane was measured 
with a Pye Series 104 katharometer detector with a 2.8 m 
silica gel column at 140'C and nitrogen (30 ml/min) as 
carrier gas. 0.2 ml gaseous samples were taken from incuba-
tion flasks for this analysis. Methanol was measured in 
solution with a Pye Series 104 flame ionisation detector, 
using a 1.6 m Chromosorb 101 column at 150'C with 
nitrogen as carrier at 30 ml/min. The sample size in this 
case was 2.5 sI. Respiration rates were measured at 30°C 
with a Clark-type oxygen electrode (Estabrook, 1967) with 
a reaction chamber of 2.7 ml capacity. Methane saturated 
buffer (0.6 ml) or methanol (0.1 ml of 100 mM solution in 
buffer) were added 1 min after the addition of a volume 
of cells equivalent to 5 mg dry weight and inhibitor, where 
required, the total volume being 2.7 ml. Reversibility of 
inhibition was tested as follows. Cell suspensions were held 
for 30 min at 30°C with inhibitor present at a concentration 
known to cause 100% inhibition of methane oxidation. 
Cells were sedimented and resuspended in 20 volumes of 
buffer, sedimented again, and finally resuspended in the 
original volume. Methane-stimulated respiration rates were 
measured and compared with a control which had been 
treated similarly in the absence of inhibitor. Relief by metal 
ions of inhibition was also tested with the oxygen electrode 
system described above, where metal ion solution (0.1 ml) 
was added after full inhibition had been reached. The result-
ant rate was compared with an uninhibited control. 

SKF 525A (jdiethyiaminoeiiiyidiPhCflYPrOPYiaCetate) 
was a gift from Smith, Kline and French Laboratories, 
Welwyñ Garden City, U.K.; and Lilly 18947 (2,4-dichloro-
6phenylphenoxyethyldiethYlamine) and Lilly 53325 (2,4-
dichloro(6phenylpheflOXy)ethyIamine hydrobromide) were 
kindly provided by Lilly Research Limited, Windlesham, 
Surrey, U.K. All other chemicals were analytical grade 
reagents or equivalent. Metal ions were in the form of the 
following B.D.H. Analar grade salts: CoC12 6 H2O, CrK-
(SO4)2 12 H2O, SnC12 2 H20, MflSO4 4 H2O, FeSO4 
7 HO, FeCla 6 H2O. 
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Results and Discussion 
The concentration of each inhibitor which gave the 
greatest difference between inhibition of methane and 
methanol-stimulated respiration by washed cell sus-
pensions of Met hylosinus trichosporium was determined. 
The effects of these concentrations on methane and 
methanol disappearance are presented in Tables I and 2, 
in which the division into metal-binding compounds and 
other inhibitors has been chosen for convenience. 

In Table I the involvement of a metal ion(s) in 
methane oxidation is suggested by the specific inhibi-
tion of methane oxidation by chelators (Group 1) and 
the monodentate strongly nucleophilic ligands included 
in Group 11 (pyridine, imidazole, histidine, 3-amino-
triazole). Histidine has previously been shown to 
inhibit growth of Methylococcus capsulatus on methane 
(Eccleston and Kelly, 1972). It appears that EDTA 
lacks the specificity towards methane oxidation shown 
by the nitrogen- and sulphur-containing chelators. 

The significance of carbon monoxide inhibition has 
been discussed in terms of the participation of a CO-
binding cytochrome in methane oxidation by Davey 
and Mitton (1973) who tentatively suggested a role for 
cytochrome a in methane oxidation, relegating the 
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cytochrome o to the role of terminal acceptor. Another 
explanation has been provided by Ferenci (1974) based 
on a possible role for the methane oxygenase system in 
CO oxidation, a phenomenon originally observed in 
M. trichosporium and Methylomonas a/bus (Hubley 
et al., 1974). In support of this explanation, we have 
found carbon monoxide oxidation in M. trichosporium 
to be inhibited to a similar extent as methane oxidation 
by the inhibitors detailed in Tables 1 and 2. The two 
theories of inhibition by *carbon monoxide may be 
essentially similar if the observation that purified 
mamallian cytochrome oxidase can oxidise carbon 
monoxide (Breckenridge, 1953; Tzagaloffand Wharton, 
1965) can be extended to the a-type cytochrome of 
methylobacteria. The evidence for participation of an 
a-type cytochrome in methane oxidation must be con-
sidered highly speculative and there remains the distinct 
possibility that both CH4 and CO oxidation are brought 
about by a metal containing oxygenase unrelated to the 
cytochromes. 

The relief by metal ions of the inhibition of methane-
stimulated respiration by some of the more effective 
inhibitors at 10 M was investigated, with inhibitors 
being chosen to represent different ligand combina- 

Table 1. Inhibition of methane and methanol metabolism in washed cell suspensions of Methylosinus trichosporium OB3B 
by metal-binding compounds 

Inhibitor 	 Concentration 	 Rates of disappearance 
(M) 	 (% control) a 

CE-I4 	CH30H 

Reversibility b of 
inhibition of 
CH4 oxidation 

I - 
Thiourea 10-4  0 96 + + 
Allyithiourea 10 28 108 ++ 
Thioacetarnide 10 0 100 + + 
Diethyldithiocarbãmate 7.5 x 10 0 90 + + 
8-Quinolinol 10 0 102 + + 
o-Phenanthroline 5 x 10 65 90 + + 
ox'Dipyridyl 10 0 92 ++ 
Ethyl xanthate (K salt) 10 0 80 + + 
Dimercaptopropanol 
(British Anti-Lewisite) 5 x 10 0 100 + 
Thiosemicarbazide 10-5 45 100 ++ 
EDTA 40-3  72 76 N.T.  

II 
Carbon monoxide (85 % 02: 15%CO) 0 100' N.T. 
Sodium cyanide 10-6 38 100 ++ 
Sodium azide 10 7 85 ++ 
Histidine 10-2 0 105 ++ 
Pyridine 10 36 108 . ++  
Imidazole 10-3  0 109 ++ 
3-Amino triazole 10-2 27 91 + + 
° The uninhibited rates of methane and methanol disappearance were 20 nmoles/min/mg dry cell weight and 100 nmoles/ 

mm/mg dry cell weight respectively. 
b Reversibiities: + + and + indicate restoration to more than 50% activity and less than 50% respectively, and - indicates 

irreversibility. 
N.T. = not tested. 	- 
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Table 2. Inhibition of methane and methanol metabolism in washed cell suspensions of Methylosinus trichosporium OB3B 

- 	
by miscellaneous compounds 

Inhibitor Concentration 
(M) 

Rates of disappearance 
(% control) 

CH4 	CH3OH 

Reversibility of 
inhibition of 
CH4 oxidation 

Diethylaminoethyldiphenyl- 
propylacetate (SKF 525 A) 5 x 10 

2,4 Dichloro-6-phenyl- 
phenoxyethyldiethylamine 
(Lilly 18947) 10-2 

2,4 Dichloro(6-phenylphenoxy)- 
ethylamine hydrobromide 
(Lilly 53325) 5 x 10 

Cysteamine 10 

Hydrazine sulphate 2 x 10 

Hydroxylamine hydrochloride 10 

Aminoguanidine 102 

Spermine 2 x 10 

Methanol 10_2 

The notes for Table 1 apply to Table 2. 

tions, i.e. nitrogen-nitrogen (xx'dipyridyl), oxygen-
nitrogen (8-quinolinol), and sulphur-nitrogen (thiourea, 
allyl thiourea, thiosemicarbazide). Fe2+, C u2+, CO2+, 

Zn 2  (10 M) relieved the inhibition by ocx'dipyridyl 
and 8-quinolinol. C u2+ was the only metal ion tested 
which relieved inhibition by thiosemicarbazide, and 
none of the metal ions even at concentrations of 10 M 
were able to relieve inhibition by thiourea and allyl 
thiourea. No effect of Mn2+, FeS+, Sn2+ or CrS+ was 
observed on inhibition by any of the compounds tested. 
Assuming these inhibitors to act as chelators, these 
results suggest that copper in some form may be a 
component of the methane oxygenase system. Thiourea 
has a high affinity for Cu', with a stability constant 
P6 for the formation of the [Cu2(thiourea)6] 2  complex 
of 15.4, which is approached in magnitude only by 
silver (Sillen and Martel, 1971). The ability of Fe 2  to 
relieve inhibition by £xx'dipyridyl and 8-quinolinol is 
not contradictory since this effect has been observed 
in the copper-containing dopamine hydroxylase (Gold-
stein, 1966). The low solubility of cuprous compounds 
and their tendency to undergo disproportionation in 
aqueous solution precluded its use in the above rever -

sibility studies. 
SKF 525A and Lilly compounds 18947 and 53325 

(Table 2) have been shown to inhibit other oxygenase 
systems (Hammond and Whyte, 1970; Hildebrandt, 
1972) although in this respect their effect on methane 
oxidation should be qualified by the high concentrations 
required for inhibition. Amongst all the compounds  

36 	100 

0 	 100 	N.T. 

0 100 N.T. 

0 84 - 

70 6 - 

23 75 ++ 

32 96 N.T. 

41 100 N.T. 

5 - N.T. 

tested, hydrazine sulphate was unique in inhibiting 
methanol oxidation more than methane oxidation. A 
mechanism of inhibition through combination with a 
Cu2+ or Cu' species, either in cytochrome oxidase or a 
distinct oxygenase, is compatible with the chemical 
properties of all the compounds in Table 1 and many 
of those in Table 2. It is of course acknowledged that 
some compounds may act in various ways; for example 
British Anti-Lewisite can be a chelator (Stocken and 
Thompson, 1949), or can interact with disulphide bonds 
(Cooperstein, 1963). Nor do our results rule out, the 
additional involvement of metal ions other than 
copper. 

Unlike M. trichosporium, M. a/bus can grow on 
methanol as sole carbon source. Consistent with the 
specificity of inhibition we have observed, growth of 
M. a/bus on methanol (but not methane) can occur in 
the presence of selected inhibitors (10 -5  M allyl 
thiourea, 10 M thiosemicarbazide, 10 M hydroxyl-
amine, 7.5 x 10 M diethyldithiocarbamate, 5 x 10 
xcix'dipyidyl, 10 M 8-quinolinol, 10 M pyridine, 
10 M azide). These organisms rcprescnt thc two 
groups of methane-utilising bacteria, which differ in 
their pathway of carbon assimilation (Lawrence and 
Quayle, 1970) and internal membrane organisation 
(Davies and Whittenbury, 1970). It is therefore likely 
that the inhibitory effects we have observed are 
applicable to both groups. The inability of these com-
pounds to inhibit all the cellular reactions associated 
with growth of M. a/bus in methanol also reinforces the 
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hypothesis that these inhibitors act on the initial step in 
the metabolism of methane. 

In conclusion attention is drawn to the similar pat-
tern of inhibition of methane oxidation in Methylosinus 
and ammonia oxidation in Nitrosomonas (Hooper and 
Terry, 1973) and the possibility of the involvement of a 
copper species in both oxygenases. This may support 
the suggestion of an evolutionary link between these 
two groups of microorganisms (Quayle, 1972). 
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