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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 teethy '
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 ...

AOh! 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 combounds

including metal-binding compounds such as KCN (10_6M),
4

‘aa'dipyridyl (lO—QM), 8—quinoliﬁoi (10” M); thiosemicarbazide
(10"5M); thioufeé (10'4M), hydroxyiamine (10’3M), histidine

(LO—ZM), British Anti-Lewisite (5 x lO-BM)'and‘miscellaneoﬁs

kﬁown inhibitors of dther oxygenases. The 1apk of any

significant inhibition of methanol and formate oxidation by -

the same concentrations of these compounds and the ability

of Methylomonas albus BGS8 to grow with methanol but not
ﬁéthane as carbon source in their presence'iﬁdicates that
these compounds are specific inhibitors of the methane
"oxygenase. A role fdr copper in the methane oxygénase system
was éﬁggeéted'by the pattern of inhibition and felief of
inhibition by added metal ions.
2. The nitrogen-stabiliser 2-chloro,6(trichloromethyl)
pyridine ('N-SERVE') was also fqund to selectively inhibit

methane oxidation at a concentrafion of'0.67‘x 10—4M in both'”

M. albus BG8 and M. trichosporium OB3B.
3. Hydrazine sulphate at a concentration of 2 x 10—3M
selecfively inhibited methanol oxidation in suspensions of

M. albus BG8 and M. trichosporium OB3B. -

4, The ability of M. trichosporium OB3B to oxidise ammonia

‘was confirﬁed by the demonstration in.Washed cell éuspensions
of both ammonia and hydroxylamine-stimulated nitrite
production and the fdrmer was found to be stimulated by the
addifion of formate. Ammonia-stimulated nitrite production

_in the presence of formate was inhibited to a greater extent



“the inhibitors of methane oxidation 8-quinolinol’ (10

than the hydroxylamlne stlmulated nltrlte productlon by
8-quinolinol (10~ M), aa'dipyridyl (10~ M), allyl thlourea
(10-4M), thiosemicarbazide (107 'M) dithyldithiocarbamate
(7.5 x 10~ M) and N-SERVE (0.67 x 107 M),

5. Ethylene was shown to dlsappear from 1ncubat10ns of

.§uspensions of M. trichosporium OB3B and ‘the addition of

formate stimulated this disappearance. - Both the formate-

. ‘stimulated ethylene and ethane oxidation were inhibited by

QM),

aa'dipyridyl (10~ M), thlosemlcarba21de (10” M), thiourea
(10~%M), hydroxylamine (107°M) and N-SERVE (0.67 x 10~ M)
6. :Thevspeéific inhibition of'methéne oxidation by cérgon
monoxide was confirmed and the sensitiVity of ethylene

oxidation and ammonla—stlmulated nitrite productlon in

2&_trlchospor1um OB3B to inhibition by CO also demonstrated.

- Carbon monoxide was found to stimulate respiration and CO2
‘ productlon by washed cell suspenclons of M. albus BG8 and

‘M. tr:chosporlum 0B3B and 1ILC tracer technlques were used to

confirm the ox1dat10n ‘of carbon mon0x1de by these two

methylobacteria. Carbon monoxide-stimulated respiration by

M. trichosporium OB3B was inhibited by nine of the specific

inhibitors of methane oxidation described in (1) ahd an
oxygenase_mechanism fér the oxidation of éarbop monoxide by
methylobacteria was indicated by the demonstration by mass
spectrometry of the 18O—enfichment of fhe 602 evolved by

incubations of M. trichosporium OB3B with CO and 18O—enriched

molecular oxygen. Formate was found to stimulate CO

respiration by M. albus BG8 and M. trlchosporlum 0OB3B and a

- role for- endogenous metabolism in the oxidation of CO by the

latter organism:: was suggested by the ability of CO to



stimulate endogenous 1’*C02 production from 140-1abelied

M. trichosporium OB3B.

7. Suspensions of methylobacteria were examined by Electron

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

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

albus BG8, Pseudomonas methanica, Methylosinus trichosporiﬁm

OB3B, and‘Mefhylosinus trichosporium OB4. Examination of

~the proposed_f;cultative methylstroph XX rsvealed the
presence of an E.P.R.-detectable species resembling Cu (II)
in suspensions of fhe‘methane—grown but not the glusose—grown
cells. An E.P.R.-detectable Cu (II) species was mnot observed

in Suspensions of Escherichia coli B and the hydrocarbon.

utiliser Brevibacterium JOB5, indicating-some significancé

for the proposed copper species, however the lack of
reproducible reduction of the E.P.R.-detectable 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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. INTRODUCTION



general introduction

The state of knowledge of the properties  -of methane-

oxidising bacteria has advanced considerably since the

initial isolation by Sdhngen (1906) of Bacillus methanica
from aquatic plant material which wés 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 potenfial of methane as a substrate for the
productioh of single-cell protein led to a break-through in
isolafionvtechniques by Whittenbury et al. (1970) who, by '
iéolating over a hﬁndred strains of methane—oxidisiﬁg |
bacteria forming five distihct morphqlogical groups from
éamples of mud, water and soil from a number of countries,
_firmlyvestablished theiubiquity of these organisms in nature.
' The ﬁidespread occurrence of methane-~oxidising bacteria
is nof surprising coﬁsidering the large gquantities of
methane produéed.in nature from biological sources; esfimated
fo be 1,600 million tons per yeaf on a global ievel (Robinson
and Robbins 1967) or 3000 pounds per acre each year from
swamps or rice paddies (Stévens,‘l972). Other authors quote
figureshof methane production,from less exotic sources such
as anleructafing cow (Quayle,1972)' The fate of biologiéallyl
producéd methane'in the atmdsphere is generally considered to
.be fhe éonversion‘by.photochemically—bfoducedAhydroxyl,

radical to formaldehyde, carbon monoxide and carbon dioxide



(McConnel et al.,.l97l) and a significant role for methane-
ox1alslng 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 abiiity of
these organismsAto fix atmospheric nitrogeh (Coty, 1967,..
Whittenbury et al. 1970, de Bont and Mulder 1974), oxidise
ammonia (Whittenhﬁry 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 andvthis‘convention was'followednby
Whittenbury et et al. (1970) in namlng their isolates. However
'the 1solat10n of bacteria w1th an obllgate growth requirement
for C substrates other than methane such as the methylated
amines (Colby and Zatman 1972) and methanol (Dahl et al.
1972, Sperl et al., 1974) has led to the expansion of the
'_orlglnal concept of methylobacteria to 1nclude bacterla with
-an obligate growth requirement for any Cl substrate except
COT and the term 'methylotroph' has been 1ntroduced by Colby
‘and Zatman (1972) to describe this group. The term
'methylobaeteria will, however, be used for methane-oxidising
‘bacteria in this study unless it is stated'otherwise. Ali'
methylobacteria which have been studied.in.any detail have
shown an obligate growth requirement for methane, methanol
.or dimethyl ether, are strict aerobes, Gramfnegative,
oxidase-and catalase-positive and may contain resting stages

or be motile. In view of the notorious contamination



problems-encountered in handling methylobacteria the

earlier reports of heterotrophi; methane oxidisers_musf bé
viewed with suspicion. The bactefium JOﬁ 5 has been reported
to grow oh methane in addition to higher hydrocarbons (Ooyama
and Foster, 1965; Perry, 1968) but no further reports éf the
methanefoxidising ability of this bacterium haveiappeared.
%his'generalisation may have to be amended in the light of

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

1970; Cappenberg 1972) of the isolation of methylobacteria

_which are capable of heterotrophic growth on.carbon sources

such as sugafs but the validity of these controversial élaims
has yet to be fully established.

Electron mibrographs of thin'sections'of méfhylobaéteria
have reﬁealed the presence of two.cohtraSting types of highly

developed internal membrane systems (Whittenbury 1969,.Davies

-and Whittenbury 1970, Smith and:Ribbons 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.beén speculated that the metabolism of methane.
takes placé$ in these membrane structures (Ribbons and

Michalover 1970). The presence offtriterpenoids'such as

squalene and sterols has been demonstrated in Methylococcus

capsulatus (Bird et al. 197la, 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 élso the pathway of carbon assimilation (Lawrence



.and Quayle-1970), the presenée or absence of a complete Krebs
Cycle (Davéy et al. 1972), the présence of polyhydroxybutyrate
' as a storage poiymer (Thomson 1974) and the cytochrome content
(Davey and Mitton 1973) strongiy supports the existence of a
fundamental evolutionary division Between these two groups.

The difference in properties of the two-membrane-types are

Asﬁmmarised in table 1.
o

Table 1: Difference between membrane—type I and II
' methylobacterla

Type-i | _ Type If

Internal membrane - stacked ' o peripheral
Carbon;assimilation _ hexuloée phosphaterl serine
:Tricarboxylic acid cycle incomplete - - complete
Polyhydfoxybutyrate ' absent . A - present
Glucose-6-phosphate and ‘2 A i V

JGlucoﬁate?G—phosphate

dghydrogenasés _ _ present | ' absent

_ The présent study has been directed at understanding the
nature of the_oxidation of methaﬁe, and aécordingly,.the
following review is.confined to the existing statg of-knowledge
.. of the biochemical pathyay of methane oxidation_and will not
diséuss the isolation, morphology and taxonomy of
methylobacteria which has been well reviewed by Quayle (1972)
or fhe applied aspects of the prbduction of single-ce11~ A
protein from methane which is discussed by Wilkinson-(197l),

A full discussion of the limited state of knowledge'of’the

genetics of Methylobacteria can be found in Williams and

Bainbridge (1974) and Shimmin (1974).



'PATHWAY OF METHANE AND'ETHANE METABOLISM

The pathway-of‘methane oXxidation
- The oxidation of methane iS~generally assumed .to take
place by the following‘series of steps:
CH, — CHBOH—-) HCHO —— HCOOH — Co,, (1)
Quayle (1972) has. prov1ded an excellent rev1ew of the
ev1dence for the above . pathway Wthh will only be summarised
below. The main ev1dence comes from the follow1ng observations:
l)'_ The ability of washed cell suspensions of
methylobacteria to oxidise the. ‘above compounds and of
~methanol to act as a growth substrate.
2) The'demonstration of methanoi formaldehyde -and
formate oxidation in cell free extracts of
methylobacteria.
3)l The accumulation and detection of-thevabove
compounds_in suspensions'of'methylobacteria'during
:'methane oxidation; Quayle (1972) discusses the
_inconsistencies in the literature inltne obser?ations
of_different groups on the effect of trappinglcohpounde.
The,aocumulation of'compounds in the presence of
trapping agents such as semicarbazide or bisulphite
(Brown and Strawinski, 1958) should be 1nterpreted with
‘caution as possible 1nteractlons between the added
compounds and the cells may provide alternatlve
explanatlons for the ‘accumulation of. a proposed
1ntermediate.
4)..aThe demOnstration that the incorporation of
carbon from methane into celinlar material takee place

at the level of formaldehyde in membrane—type I
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methylobacteria and formaldehyde or formate in type II
(Lawrence and Quayle, 1970). =~ .- KIS
The proposal that methane was metabolised by an oxygenase

mechanism was initially made by Leadbetter and Foster (1959)

who showed that cells of Pseudomonas methanica, grown on

vmethane in the pfesence of 18O—enriched molecular oxygen,
incorporated sixteen times monﬂl%fthan cells grown on
-methanol. Klthough 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 preférentially inhibiting with high phosphate
concentrations methanol oxidation in suspensions of
Pseudomonas methanica and Methanomonas methanooxidans

incubated with methane and 18O

51 were able to demonstrate a
close correlation between thebl80—content,of the molecular
oxygen and the accumulated methanol.‘ Consistent with an
ioxygeﬁase mechanism for methane oxidation they were able to
demonstrate the absence of 18O-—incorporation into methanol
by cell suspensions incubated with_ﬁethane in the presence
ofAlSOfenriched water. Davey and Mitton (1973) and Ferenci
(1974) subsequently shéﬁed that the mtthane oxygenase reaction
was inhibited by carbon monoxide. The state of knowledge of
the methane oxygenase system will be discussed in a léter
section of this introduction togethér with the mechanism of

t

“hydrocarbon oxidation in general.

the role of dimethyl 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 d1methyl ether
: as 1ntermed1ate

A) After Davey (1971)

02
2CH————— — CH, - cH,
NADH,  ~ NAD
CO é—————— HCOOH(——'CH3 CHO
+ \0/
. CHy0H |
waste 8 Amethyl formate _ o L
assimilation HCHO C o L e e
'HCOOH or assimilation
B) After Mitton (personal communication) -
o %2
2CH4
CH
 methoxymethanol methyl formate
'CH,0H R - CH,0H
3 o 3"
+ ’ o +

- HCHO ‘ B C . HCOOH

-



steps of which can be demonstrated in cell-free extracfs, but
does not rule out an intermediate between ﬁethane and methanol.
' The unpublished obeervations of Bryan-jones and Wilkinson
u(Wilkinson, 1971) that dimethyl etﬁer can act as a growth
substrate for methylobaeteria and be oxidised in cell
suspensions has led to the suggestion that instead of the
oxygenatien of methane proceeding directly to methanol, the-
initial product formed is dimethyl ether according to the
following reaction:( |
2CH,  + 0, —> CHjOCH, + ‘HZO - (2)

Wilkinson (1971) discussed the advantages such a
reaction would have in explaining the cellular growth yields
of methylobacteria. stihg 180 studies, dimethyl ether.was
subsequently shown by Dr Mitton (personal communlcatlon) to
be metabollsed by a carbon monox1de-sen51t1ve oxygeﬁase
reaction to form methyl formate. whlch was hydrolysed to
formate and methanol by means of an esterase. Davey (1971)
incorporated these observations into a prebosed pathway of
methane oxidation shown in figure'lA. |

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

- detect ll*C-incorporation into methyl formate by cell suspen-

sions of Methylomonas albus BG8 and Methylosinus trichosporium
OB3B incubafed with l&CH[* under conditions where léCHBOH was
readily detectable. In order to preserve a role for dimethyl
ether, these authorsvsuggested'the scheme in flg. 1B in Whlch
the initial product of dimethyl ether might be the unstable
hemi-acetalvmethoxymethahol, which could either decompose

spontaneousiy to form formaldehyde and methanol or form
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r

‘amounts when cell susoensions of methylobacteria are

Meth&l-formate. The forﬁer 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 seriue and
hexulose phosphate one-carbon assimilation pathways ahd in
order to obtain cellular ylelds above 50% (see Wilkinson

l97l and Quayle 1972) fixation of most of the CO arising

from formate oxidation is required.

Dimethyl ether has been shown to accumulate in small

incubated with methane but the inability tdidefine
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 1nvolvement .of d1methyl ether as an intermediate
although 1ts part1c1pat10n under certain ill-defined
condltions cannot be ruled out. It is unfortunate that. in
.neither of‘the two studies where the ox1dat10n of methanev‘
has beeu.demonstrated in cell free extracts have any product

of methane ox1dat10n been reported (Rlbbons and Michalover,

1970, Ferenc1 1974).

.pathway of ethane oxidation

Ethane and higher alkanes can be oxidised by all
methylobacterla although they cannot act as growth substrates

(Leadbetter and Foster 1960/ ; Whlttenbury et al. 1970;

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

oxygenase system is responsible for this reaction.
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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 conflrm the observations of Leadbetter and Foster

(1959 ) that suspen51ons of methylobacterla were able to
oxidise ethane, ethanol acetaldehyde and the accumulation
of acetaldehyde and its subsequent metabollsm to acetate was
confirmed by gas chromatography. These results suggested a
pathway of ethane exidatien analogous to (1):

c H6——>C H_OH — CH_CHO — CH_COOH (3)

5 3 3

The ability of euspensions of the two methylobacteria
to carry oat the carbon monoxide-sensitive oxidation of
diethyl ether at low rates introduced the'possibiiity ofian
ether intermediate analogous to that proposed for methane
oxidation. However the metabolism of diethyl ether.was»shown
to prbceed, not to acetaldehyde'ahdVacetate,-but by terminal
’hydroxylationvand subSequent'meeabolism_to é-ethokyacetic‘
acid. fﬁis ruled out as unlikely an initial step in efhane
oxidation involving.formation of an ether intermediate and
assuming the analogy between methane and ethane oxidation in
_ methylobacteria; Thomson (1974) suggested that these results
prov1ded evidence for the non-involvement of d1methy1 ether
as an 1ntermed1ate‘1n methane oxidation. ‘

In order to test this assumption strenuous efferts were
made by Thomson to prove that methane, ethane, dimethyl ethef
and diethyl ether were all oxidised by the same ehzyme and,

in splte of the sen51t1v1ty of all these reactions to

1nh1b1t10n by carbon mpnox1de, 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 oxidatién to the same cbmbound led Thomson; reluctantly,
to the conclusion that methane and ethane were metabolised by |

different oxygenase enzymes.

The Assimilation of Carbon by Methylobacteria
| 14

Incorporation experiments with _002 have shown that CO2

can be assimilated into éellular materials, hoﬁever the
amounts incofporated were insufficient to account’for all
- the cell carbon (Leadbetter and Foster 1958, Johnson an@
Quéyle 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 studigs, reviewed in detail by Quayle (1972),
.showed the existence of two distinct pathways of incorporation
of Cl ﬁhits'éhg that the distribution of the two different
pathways among“methylobacteria corresponded to the division
between the two ﬁembrane—fypes.

Membrane-~type I méthylotfophs contain a 3-hexulose
phosphate cycle in which a molecule of for@aldehyde condenses
with ribuioSe-S—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—B—hexulose
phosphate (Kemp, 1974; Strdm et'ai;,l974; Ferenci et al.,
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., product of methane or

1
methanol oxidation and the condensation of the resulting

5.10-CH, -tetrahydrofolate derivative with glycine to form

2
serine which subsequently reacts with glyoxylate to form
hydroxypyruvate. A'major advancement since the ;eview by
Quayie (19?é)bhgs been the identifiqation of the role of the
enéyme malylfco;nzyme’A iyase 15 thé'generation'of glyoxylate -
units (Salem et a1. 1973, Hersh and Bellion 1972, Bellion and
Hersh 1972, Hacking aﬁd Quayle 1974).

That the two pathways may not be mutually exclusivé is
suggestéd by the recent demonstrations of thelpresence of two
Vof‘the.ﬁajof enzymes of the serine pathway hydroxypyruvate
reductase (Str¢gm ét al., 19?4) and_mélyl Coenzyme_lyﬁase'
(Salem et al., 1974) in‘thg membfane—type I methylbbacteria

Pseudomonas methanica and Methylococcus capsulatus and the

.ihcorporation of 1liC—formaldehyde into serine and glycine by
- whole cells of the latter organism:(Ecclestonband Kelly,
1973).

THE OXIDATION OF METHANOL AND ETHANOL

'distributién and properties of methanol dehydrogenase
Methanol dehydfogenase activity has now been'demonsfrated
in. .cell-free ektractsvof metﬁanéﬁutilisers, obligate and
facultative methanol-utilisers (see table 2) and the property
of thé extracts of okidising only primary alcohols with rates
‘of oxidation decreasing with chain length has-led fo‘the term-

'primary élcohol dehydrogenase' (P.A.D.) supplanting }methanol

T2

dehydrogenase'. With one exception such celi-free systems



Table 2. Methanol Dehydrogenase. Activity in extracts of

Facultative and Obligate Methvlotrophs -

Group

Organism

References

Methane-
Oxidisers

Methylosinus

trichosporium OB3B Davey (1971)

type I1

11 5
Methylosinus

sporium 12
Methylocystis

parvus OBBP

Methylomonas

albus BG8

Methylomonas
methanica

Methylococcus
minimus TMC

Methylococcus
capsulatus
(Texas strain)

Pseudomonas
methanica

Quayle (1972)

Davey (1971)

14
n
1"

Patel and Hoare (1971)

Johnson and Quayle (1964)

Obligate
Methanol-

Utilisers

Pseudomonas W1

Hyphomicrobium WC

Pseudomonas TPl

Dahl et al. (1972)
Sperl et al. (1974)

Facultative

Pseudomonas AM1

Methanol-
utilisers

Protoaminobacter

Vibrio extorquens

Pseudomonas PP

Pseudomonas M27

Johnson and Quayle (1964)

f

Ladner and Zatman (1969)

Anthony and Zatman (1964a
: . 1964b)




could riot ﬁse Nicotinamide Adenine Dinucleotides as électron.
acceptors but sﬁowed a strict requirement for phenaziné "
methosulphate 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‘methaneﬁ 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 H202
generating system. Jéhnson 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_(Anth0ny'and Zatman, ‘196%) and

Pseudomonas AM1 (Johnson and Quayle, 1964) would'éuppoft this

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

extracts for the presence of P.M.S.-dependent methanol
dehydrogenase activity.
The abiiity of ceftain_yeasts to utilise methanol as

sole Carbon_sdurce 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 pfimary 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 pufified in Pseudomonas M27

(Anthony and Zatman, 1967a; Anthony and Zatman, 1967b),

Methylococéus capsulatus texas strain (Patel et al. 1972) and

P

12
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Hyphomicrobium strain WC, Pseudomonas W1 and Pseudomonas TPl

(Sperl et al. 1974). Similar methods of purification were
" used in each case and involvéd ammonium sulphate

fractionation followed by chromatography on DEAE 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 pufity of the other P.A.D.s. .The enzyme

from Pseudomonas M27 constituted 10% of the cell'pfotein
(Anthony and Zatman 1967a).A

The properties of the purified enzymes show similarifies
in their molecular wéiéht of 120,000, in having equal sub—
units, an absorption spectrum with a peak at wavelength
350 nm, . a pH.optimnncf.9 and a requirement for activation
by ammonia or méthylamine.

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 weighf 62,000 which were non—covalently joined.
The enzymes differed in their electrophorétic mobilities
althéugh the amino acid cpntents showed strong similarities,
differing only in the amounts of the charged amino acids,
which could account'forithe faster moﬁilities of the enzyme

from Methylococcus capsulatus.

Anti-sera against these two enzymes have been Prepared
(Patel et al., 1973) and showed that each bf the two enzymes
~possess distinct as well as shared antigenic determinants

which would indicate differences in conformational, and hence



primary structure. Their speculation that shared antigenic

regions represent active sites of the enzymes was reinforced

-

by the inhibition of enzyme activity found when each enzyme
was treated with anti-sera prepared from either enzymeév

Examination

of antibody precipitation and gel diffusion’

reactions between these two antisera and crude cell extracts

from a number of methylbtrophs*fevealed that membrane type I

methylobacterial strains Methylococcué capsulatus Bath‘and

14

Texas strains, Methylococcus minimus, Culture CF (Methylobacter

sp.) and Pseudomonas methanica form a natural group as do the

.type ITI methylotrophs Methylosinus sporium and Methylosinué

trichosporium strain>5 with the methanol-oxidisers Hyphomicro-

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

from one methanpl—utiliser Pseuddmbnaé W Sh0wed_ho.ahfibody,
reactidné with the two.antiséra. |

Their limited. survey thus-sgggésts that, despite the
sharing of common antigenic determiﬂants, the difference'
 between tﬁe membréne—type I and.Ii méthylbbacteria extends

‘to the level of the methanol dehydfogenase.enzyme énd»fhat>

some methanol-utilisers can be considered related to typé I

methylobaéteria which would be expected 6n the-gfpunds of
the common possession of the serine pathway of carbon

assimilation (Lawrence ;nd Quaylé, 1970). Although these
studies appear promising, cross-reaction data from a wider

range of methylotrdphs 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

‘ dehydrogenase can bring about: the P.M.S.-dependent oxidatiop



1“bf”forma1dehydé to formate'intthé‘presencé of émmoniamions.
-This was originally claiméd‘ by Ladner and Zatman (1969),

but the validity of their report is questionable because of
their discovery at a late stage of thé présencevof methanol
as an impurity in their formaldehyde. Further circumstantial
evidence for the dual specificity of the eniyme comes from,
the demonstration by Heptinstall and Quayle (1970)

that extracts of Pseudomonas AM1, un@er conditions of assay

for methanol'dehydrogenase, oxidised formaldehyde at 26% of
k‘the rate of methanol and thét their.mutant strain M-15A,
which lacked methanol dehydrogenase, was unable to oxidise
formaldehyde. More safisfactory evidence comeé'from thé

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

capsulatus oxidised both formaldehyde aﬁd méthanol and that
the ratios of specific activity of methanol aﬁd formaldehyde—
oxidising activityAwere-constant under widely-differing
conditions of pH and ammbnium ion conéentration (Patei and

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

P.A.D.s from.three mgthanbl—utilisefs Hyphomicrobium WC,

Pséudomonas ;tfain TPl and Pseudomoﬁas.W (Sperl et al. 1974)-
further support the dual specificitonf the alcohol
dehydrogenase énd also revealed that, when bxygen uptake was
followed manometricéliy_over a fifteen minute period acetal-
déhyde, 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 éver which the spectrophotometric

dye reduction assays were usually carried out, The pfoperty

of formaldehyde, and acetaldehyde, but not higher aldehydes,
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of undérgoing hydration to the gem-diols was suggested as the
reason why these two aldehydes alone act_aS‘substratés for

the primary alcohol dehydrogenase.

Mechanism of action of primary alcohol dehydrogenase enzyme

The mechanism of»aqtion of the P.A.D. is unknown: the
enzyme does not contain a ﬁetal or a flavin (Anthony apd
Zatman, 1967a; Anthony and Zatman, 1967b) but it is now‘
ﬁell-established that the'enzyme cénéains a pteridine deriva-
tive whose role in the oxidation of methanol has yet to be
understood., Anthony and Zatman (1967b) showed that acid_ and
alkali treatment as well as boiling-releaséd 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 cdmpound. 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 nof 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 spofium_.-'

strain S (Urushibara and Forrest, 1970). This group has
récently reported, without.presenfihg their evidence in

detail, the isolation of the same fluorescent compound from

the purified primary alcohol dehydrogenases from Pseudomonas

TP1, Hyphhmicrobium sp W.C., Methylococcus capsulatus Texas
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strain, Pseudomonas M27 and Pseudomonas methanica, and from

the effects of chemical treatmeﬁt on the fluorescence and
ébsorption spectra, the compound was considered to be a
»derivative ofAlumaZine, a pteridine (Sperl et al., 1974).

Two mechanisms have been proposed by which pterid}nes
might”play”é"ﬁart"in methanol oxidation (Quayle 1972;

Anthony and Zatman 1967b), The first includes a novel reaction
invélving the binding of the methyl group of methanol to the
N-5 of the byrazine ring derivative and the subéequent'
formation of a 5, 10 methylene tetfahydro derivative.

A second mechanism is one in which the pteridine: T
deri&ativé might function as the natural electron acceptor
‘"for methanol dehydrogenase and support for this hypothesis
comes from the siﬁilarity of the standard electrode potential
for the quinonoid dihydropterin couple (Ei = + 0.5v.) ana the
dehydrogenation of methanol to.formaldehyde.. The known
involvement of pteridine derivatives as electron donors in
_monofoxyéenase reactions raises fhe interesting poséibilit&
that methanol dehydrogenation-might provide electrons for"

- methane oxidation through such a cofactor.

A role for cytochrome ¢ in the oxidation of methanol by

Péeudomonas AMl is suggested by the inability of cells from
a cytochrome Efdeficient mutant cbntaining normal levels of
methanol dehydrogenase to oxidise methanol (Anthony, 1975)
and the highér levels of cytochrome ¢ in methanoL—than

succinate-grown cells of Pseudomonas AM1 (Tonge et al.,

1974). The evidence from cell-free studies of a-coupling
between the methanol dehydrogenase enzyme and cytochrome ¢

is still inconclusive (Anthony, 1975). The lack of reduction
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of Nicotinamide Adeniﬁe“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 tﬁe subsequent fate of the eleetrons-generated must be
made with caution; The first mechanism is attractive
beceuse it suggests how one-carbon units can be assimilated
in membrane-type II methylotrophs (containing fhe serine
pathway) threugh 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, act1v1ty
has been observed in some ‘methanol- utlllsers (for review see

Quayle, 1972) .and a facultative methylamine-utiliser 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 a role

4for the methanol dehydrogenase enzyme in the in vivo

metabolism of formaldehyde and acetaldehyde.
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fFérmate dehydrogenase activiiy linked to'NAD-reduﬁtion
is_widespread in micro—organismé 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 ¥exas strain (Patel and Hoare,

1971).
- Studies on the biochemistry of thié enzyme in
methylobacteria have not been extensive. The partially-

purified enzyme from Pseudomonas AMl1 (Johnson and Quaylég,

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

inhibition by 5 x 10"4m), ferrous ions (50% inhibition by
SM Cu2+) and an
6

10‘6M) and copper (92% inhibition by 2 x 10~
even greater sensitivity to CN~ (85% inhibition by 2 x 10~ °M)

‘was shown by the formaté‘dehydrogenase in extracts of

Methylococcus capsulatus (Patel and Hoare, 1971).
Forméte oxidation is the only step in the prdposed'
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
&irectly incorporated into a substrate was by Mason et al. (1955)
who showed the incorporation of 180 into 5, 4 dimethyl
catechol b& a Pseudomonad species in the presence of 180-

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.

Mu¢h of the early intérest in this class of reactions
lay in the commercial potential of hydrocarbén—oxidising
micro-organisms. for the‘production of singlé—céll protein (see
Wilkinson 1971) but more recentiy interest has been stimulated
by the increaéing awareness of the important role oxygenase
reactions play in the metabolism of hormones, drugs and
carcinogens in‘mammalian organismé, especially those reactions
invélving cytochrome P-450 (Boyd, 1972). The application of
physical techniqueé such as wvisible and mgésbauer spectrdscopy,
electron paramagnetic resonance spectroscopy and circulaf
dichroism to the study of oxygenase reactions both in cell;
free extraqts and the purified enzymes has led to a rapid
'expansion of the now-sophisticated field 6f oxygenase
vbiochemistry which hasAbeen the subjectAof a consideréble
number of reviews and symposia (Hayaishi, 1966;' Hayaishi,
.1969; Hamilton;:l969, Boyd 1972, Mason, 1965; Jurtshuk and
- Cardini, 1971; King et al., 1973; .Hayaishi, 1974). Only a
Brief summary of this well~documehted field will be présénted
below with examples derived mainly‘from hydrdcarbon—oXidising
systems rather-than those of drug metabolism.

Dioxygenase is the term given to the class of reaction
where both of the oxygen atoms in molecular oxygen éré
incorporated into the substrate énd 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 ) - e '/\»COOH
+ U2 + kEnzyme-te 4
.Eiij:::oH "&Qb//COCH

—~
B
~
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When only one of the oxygeén étéms'is.intfoduced-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 aﬁa
'XH2 a reducing agent, a mono-oxygenase hydroxylation reaction

can be represented as follows:

RH + 0, + XH, —3 ROH + X + H20.V '(5)

The réducing agent cén be part of the éubstréte ('internal
mono-oxygenase') or, as is usually the case, an exogenoﬁs
reductant suph as NAbH, NADPH or ascorbic acid ('external
mono—oxygénase‘). The ability of a compound to serve as an
electrén donor in cell-free systems does not, howéver, imply
that the compound is involved in the reaction in vivo.

The transfer of electrons frbm thé exogenous reductant
to the oxygenase enzyme has been shown t§ involve co-factors
such as the ferredoxin and rubredokin—type non-haeme iron
_proteins (reviews Yoch and Valentine, 1972; Orme-Johnson,

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

1969).

mechaniém of.hydrocarbon-oxidation

Comprehensive reviéws of the méchanism of biological

v hydfocarbon 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.
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Fig. 2 Proposed Mechanism for the Hydroxylation of €Camphor by Pseudomonas Putidal .

‘Substrate (s)

. P-450-8 . P-450

, A v o 4 ; S . OXe . ' 0X.
NADH Putaredoxin Putaredoxin\ R . ’ [30)
: " reductase ox. i red. R A L +
. ' : ’ HOH

, NAD - » Putaredoxin Pﬁtaredoxin / . L _ N : :
. : reductase red _ v - OXe - ¥ ' A P_[*so_s . y . : P_[*so_s_oz ’
: . : : red, o sred. :

Key ox. = oxidised form

reds. = reduced form

1 taken from Katagiri et al. (1968) ~ ° . = .
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The Cytochrome P-450 mediated hydroxylation of camphor

by Pscudomonas putida has been the subject of an intensive

study by Gunsalus and his group (for reviews see Gunsalus’
and Marshall, 1971, Gunsalus et al., 1974) and takes place

by the following mono-oxygenase reaction:

D-camphor + NADH_ + 02——9exo—S—hydroxycamphor + H,O + NAD (6)

2 2
The individual compgnents responsible for the'moﬁo—

oxygenase reaction have now been isolated and purified and

shown to consist of Cytochrome P-QSOéam; an iron-sulphur

redox protein 'putaredoxin', a flavoprotéin FAD reductase

and NAD dehydfogenase and electron transport to the oxygenase

enzyme 1is thought to take place ‘according to the left hand

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

The n-octanevhydroxylase system from Pseudomonas

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

ét al., 1967; Peterébn, 1970) but three cbmponénts havé
been identified from studies with ﬁell—free systems: an
iron—sulphur‘profein rﬁbredoxin, NADH-rubredoxin reductase

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

sequence can be represented as follows:

NADH Reductase Rubredoxin ‘02 CHBR
, (oxidised) 2+ \ . \
o Fe »
' w-hydroxylase (7)
NAD'/ ¥ Reductase Rubredoxin/ z/’ ¢/
. (reduced) 3+ HZO HOCHZR

Fe
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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

Cor&nebacterium spp strain 71EC which required molecular
oxygen, NADH, cytoéhrome P-450 and a flavoprotein.A This
reaction was sensitive to inhibition by carbon monoxide

as was the Cyfochrome P-450 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 oleovprans
does not contain Cytochrome P-450 (Peterson, 1970) and the
observation that n-alkane-grown cells contéinéd highér
lgvels of cytochrome o than cells grown on glucosevled
?eterson (1970) to suggest that cytochrome o, which has
been implicated as a terminai oxidase in other bacteria
(Casfdr and Chance,_l959) may be fulfilling the same:
funétion as Cyfochrome P-450 injother hydrocarbon;
oxidising bacteria. This is highly indirect evidenceAand
conclusive proof for a role for cytochrome o awaits the
demonstration of the requirement of a cell-free hydrobarbon
oxidising system for added cytochrome o. |
The anaerobic oxidation of hydrocarbons by a non-
oxygenase mediated reaction has been pfoposed for

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

rugosa and Candida tropicalis (Lebeault et al., 1969)
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and'é'diecussion of the evidence against this unlikely‘
mechanism can be found in Klog and Markowetz (1971);

The chemical forﬁ of the okygen atom that isvinserted
.is a subject of considerable controversy;and speculétion
and-possible candidates are fhe.hydroxyl radicél ‘OH, the
okygen afom Q,of:'oxene' gfoup, the.protonated_oxygen atom
+OH and'the'superoxide anion>0; (see Coon et al., 1973 for
»avdiscuseioﬁ).'-A mono;oxygepaée:oan be enyisaged as

consisting of a number of distinct steps: -

1. Reduction of oxygenase enzyme:
2. Combination of oxygen ﬁolecule'with the enzyme
3. 'Reduofion ofvone.oxygen moleoule to water -

4, 7.Ihsertion of one oxygen atom into thetsobstrate

'“v‘Cohsiderable effoft is being,directed towardsAunderstanding

the sequenoe:in ﬁhich the“aoove steps féke piaCe or Whethef -

";they take place 51mu1taneously through a ‘concerted. mechanlsm

A proposed sequence for camphor hydroxylatlon (Katoglrl et
al., 1968) is presented in figure 23. There 1s‘élso con-
.tinuiog debate as fo_whether the initialepfoduot fofmed‘iS~
;a hYdroXyl:or.hydroperoxide‘compOund, These two mechanisms

are shoWn‘in equatiohs 8 and 9 and it can'be seen ﬁhao in

" the case of hydroperoxide formafion the-seoondvokygen would

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

" RH 4 (0) — 5 ROH - | o (8)

: - : o . o ,
:RH +. O2 —f—f)ROOH ‘ Y- S ROH + HZO (9)

The involvement of a,hYdroperoxide free radical

'1ntermed1ate and a free radlcal equilibrium between Cl and

C, position was propesed by Leadbetter and Foster (1960) to

2
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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 miéht

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 polyhydroxybutyréte in Pseudomonas methanica,
- suggesting that Leadbetter and Foster's (1966) observations
were not aftefacts. The formation of ketones during
hydrocarbon oxidatien and the possiﬁle involvement of
hydroperoxide free radical intermediates has been reviewed
by Markowetz (1971).

Support for the.involve@ent of hydroperoxide.inter—'
hediates comes from the demonstration that alkyl
hydreperoxides 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 parficipation
of hydroperoxides as enzyme-bound intermediates. The
participation of epoxide intermediates in mono-oxygenase
reactions has also been proposed (Hayaishi;.l969; Gibson,-

1971).

the methane oxygenase

Studies of the methane oxygenase have been limited by

fhe 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-stimulated NADH oxidation have now been demon-

strated iﬁ cell-free extracts of Methylococcus 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 eitract from Methylococcus capsulétus

-

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 qell-freé extracts from Pseudomonas
methanica. H

Neither of these studies showed the uptake of methane
by cell-free éxtracts or confirmed fhe nature of the --
"product of methane oxidation. A stoichiometry of methane
and oxygen uptake for the cell-free reaction was not
célculated by:Ribbons:and Michalovgr (1970) because of the
difficulty in assessing the levels of methane—independent
NADH oxidation in the presence of methane and presumébly
a similar problem was encountered by Ferenci (1974) who
also did nof give a stoichiometry. In bofh cell-free
systems the ratio of methanestimulated oxygen uptake and
NADH disappearance was l:1 which is consistent with a -

mono-oxygenase mechanism for methane oxidation but not

proof..



Table 3.

Methane-oxidieing Cell?freevExtraets from Methylobacteria

Ribbons and Michalover (1970)

- Ferenci (1974)-

Organism

. Breakage

(1)  extract

(2) Pellet

- Stoichiometry OZ:NADH

Other Substratee

vMethane-stimulafed activitiee;

Methylococcus capsulatus (Texas)

French Press

MgS0, 10mM..

20 mM, Phosphate buffer pH 7. 2

144 mg protein/ml

22'6nm30 /min/mg proteie:(QB%a)
28.4nm NADH/mln/mg Protein (73%)

"40,000g, 16 min ('pz')
- 46.3 nm o /m1n/mg prot. (262%)
" 38.8 nm NADH/min/mg prot. (246%)

1:1.3 and l 0. 8

Ethane

Pseudomonas methanica

Sonication “\90 secs.‘

-MgCl SmM

20mM Phosphafe‘buffer pH?7

"5 - 10 mg dry wt cells/ml_

32.9nm Oz/min/mg protein (84%)
32nm NADH/min/mg protein (320%)
38, odos, 60 min

47 9 nm 0 /mln/mg prot.

52. nm NADH/min/mg prot.

1:1 and 1:1.1

Carbon Monoxide

1 Ail activities refer to'ratee corrected for'the methane independeﬁt rates

2 Figures in brackets refer to the % stimulation over. the rate in absence of methane

3 nm = nmoles

BRI
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No further reports of the Characterisation ef 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 undeubtedly due to the low

level of.reproducibility (Ribbons, personal communication 1973)

fand the lack of success of other workers in reproducing their

results using the same method (Thomson, 1974).

energetics of the methane oxygenase reaction

Although both oxygenase enzyﬁesvand cytochrome oxidase
in mammals are 1inked to specialised electron transport
chains which pass electrons ultimately to molecular oxygen,
oxidative phosphorylation has not been'shown to occur with
the former (Hayaishi, 1969). Thus mono-oXygenase reactions
in mammals are used for anabolic proeesses only . and are
dependent on cellular metabolism. for the generation of
reducing power for the mono- oxygenase reaction. In the
case of hydrocarbon—utilising bacteria the substrate for
the mono-— oxygenase reaction is also the energy.source for

the cell and it is generally" assumed that subsequent

metabolism of thedoxygenated product provides both energy

- for cellular metabolism and growth and reducing power for

the initial mono-oxygenase reaction which by analogy with

-

‘oxygenase reactions in mammals is assumed not to be coupled

to phosphorylatlon. There is no experimental evidence to
support this assumptlon and even if the absence of
phosphorylatlon were to be demonstrated, the extreme
difficulty encountered in obtaining cell free ox1dat1ve
phosphorylation in bacteria (Gel'man et al., 1967) would

render the significance of such negative results questionable.
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Whereas the loss in avaiiabie energy throuéh an initial
attack by a mono-oxygenase is émall-in comparison to the
total a&ailable energy in the case of a long chain
hydrocarbon‘sﬁbsfrate, a mono-oxygenation of methane
according to reaction ( 10)is likely to be energetica}ly

an éxtrémélyﬁéosfly process:

CH, + O, + NADH,, —> CHBOH. + H,0 + NAD (10)

2CH, + O, : > ZCHBOH - ()

Higgins and QuaYle_(1970) have calculated that the
mono-oxygenase reaction (10) involves a standard free
energy change of -82.1 kCal mole_1 at pH 7 whereas reaction
(11) involves -59.8 kCal mole_a-l and that'these free energy
" changes represent.QO%'and.16%.respectiveiy of the total
.energy available from the complete oxidation of substraie.
If the metabélism of methane took piéce by the non-energy
yielding moho—oxygenase mechanism in rgacfion,lO’ as.both
Ribbons:and Miéhalover‘(1970) and Ferenci (1974) propose,
évsﬁbstantiai proporfion_éf the total energy availablev |
from methané would be una&ailable and-indeed reducing power
would be required from the subsequent metabolism of methanol
to activate the moﬁo—oxygenase.

The reported molar growth yields (moles celi carbon
per mole substraté utilised) of methylobacteria on methane
are summarised in table & and'if*can be'éeen that there are
numerous reports of yields in excess of 60% incorporation
of substrate carbon which compare favourably with yield
Aata for heterotrophic bactefia which are reviéwed..by Payﬁe

(1970). Whittenbury et al. (1970) reported that cell yields
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Table 4 Growth Yields and StoichiometriesAof'Methylobacterié

+ Cells

o Stoichiometry ofECHq/CHBOH f o, - 002
Organism vReference , o : Cell remarks
moles: CH, CH. OH. O, - co Carbon |
b T2 2 (M) -
Batch Studies
Pseudomonas methanica Dworkin and o : p .
» ‘ 'Foster_(1956) 1 . 0.5 0.23 , 0.71 
" " Leadbetter and o o : V
‘ ~ Foster (1958) 1 0.4~ ' 0.21" -
- Methanomonas methano- - Brown et al. 1 oLl 0.19 -
oxidans (1964) '
Methylococcus ' Foster and Davis .
cagsulatus (1966). . 1 0.58 0.18 0.95
'Methylomonas albus ) : - ' o
EG8 ) Whittenbury . _ : ‘ :
Methylomonas methanica) et al. (1970) 1l - 1l.0-1.2 0.2-0.3 0.63-0.68
25 ' ) ‘ 1 K 1.0-1.1 0.5‘0_.6 0.37‘0.5
Methylosihus Dugan and ' . ‘.  “ o
trichosporium Weaver (1974) -1 1.5-1.7 0.45-0.5 -
Continuous Culture Studies ‘
. Methylomonas albus BGS Phlllips (1970) 1 1.1 0.3 0.66-0.71 30-32°C
Methylococcus 2 . ' . . : ' o
. capsulatus Harwood and.: . 1 1.8 0.34 0.66 - Methane-limited chemostat 37 C
o - : Pirt 1972 1 0.3 0.05 0.2 _Oxygen-limited chemostat .
Gram-negative mixed Sheehan and T : : .
culture - Johnson (1971) 1 1.4 0.2 ' CH and O2 - llmlted chemostat
. - : ' . cultures 45 c
 Mixed culture Wilkinson et al. o _ , : o
: E - (1974) _ 1 1.7 0.47 0.53 . Methane-limited chemostat 32°C
....... L le2h 0.33 . 0.67. . Oxygen-limited chemostat 32°C
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i; gm gells/gm substrate -ofzéwo non-capsular, non slime-
forming methylobacteria were ﬁalfvthe value of cells grown
-on methane and ‘interpreted thié to indicate an energy-
yielding step between methane and methanol and Higgins and
Quayle (1970) spéculated that suéﬁ‘an eXergonic oxygenation
of methane might ﬁroceed by a mechanism in which electrons
from the réduced nicotinamide nucleotide during the process
of methane oiyéenation are passed {6 one oxygen atom as
terminal eléctron acceptor; Quayle (1972).1ater points out
that the yiela data could also be explained by -an energy-
dependenf uptake of methanol. There is however no eviéence.

.to support this latter suggestion.

The lowering of the mdlar yields of Methylococcus'

‘capsulatus from 0.66 to 0.2 and the ex¢retion of methanol

into the growth medium on changing from a mefhane—limitéd'
to an oxygen—1imited chemﬁétat (Harwbod and Pirt,,1972)
émphasises the problems in the interpretatipn of yield data
from batch cuiture studies where the growth conditions are
“not coﬁtrolled. In apparent contrést'the‘mixed—culture |
continuous culture studies of Sheehan and Johnson (1970)
and Wilkinson et al. (1974)-showed higher yields in the
"ox&gén—limited continuous cuiture and this effect has been
ascribed by the latter' authors to the scavenging effect.of‘
the methanol—ﬁtilising symbionts thus émphasising the
difficulty in interpreting yield data from mixed cultures..
Methanol is toxic to most methylobacteria which cah-
. only use it as a growth substrate when it is present at low
substrate concentrations (Phillips, 1970). Although tﬁe

two organisms used by Whittenbury et al. (1970) were
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toléfant to methanol at highéé céncentrations than their
other methylobacterial isolateélthe low yields on methanol
ﬁay be a result of growth under sub-optihal copditions.
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 et "al.,

1972), Pseudomonad C (Mateles, 1974), Protoaminobacter

ruber and Pseudomonas.extorquens (Harrison et ai.,.l972)
ha&e shown molar growth yields‘of 0.47, 0.53,v0.33 énd
0.53 respecfively demonstrating that molar growth yieldélof
‘methanoi—ufilisers can approach those of methylobacteria |
~grown on methane.

It ig thus by no means conclusively established
_wﬁethe; molaf:growth yields for methane substrafé,are

- higher than méthanol. A rigordus continuous culture study
of the growth of'a methahe-utilising bacterium on both
vcarbon substrates undér a variety of subétrate—limiting
cdnditions will>be required to establish whether the
initial dxidatibn 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, 1974) were not

able to obtain stoichiometries for the initial oxygenase



reaction which would have distinguishedEbetweenlthe.mechanisms
shown in equations 10 and 11. - Although‘the dimethyl ether .
pathway envisaged by Bryan-Jones and Wilkinson (see

Wilkinson, 197Q) requires only one mole of oxygen to

oxidise two moles of methane, the'subsequent metabolism of
dimethyl"ethefhlufolves an Qkygenase reaction (Mittonﬁaudf
Wilkinson, in preparatlon) and thus the resulting
st01ch10metry of the initial ox1dat10n of methane would be
greater than 005 1 for 0 CHl1 consumption.

The ox1dat10n of methane to methanol by the mcno-
oxygenase reactlon in equatlon 10 would require the 0 '-CH4
st01ch10metry of grow1ng cells to be above 1:1 and the'
._ex1st1ng data on the st01chiometry, discussed in detail by
Quayle (1972), are summarised in.table 4 and reveal a
confused picture. Whittenbufy‘et al. (1970) and Brown et
al., (1964) in batch studies and Phllllps (1970) in
continuous culture studies found a CHIL'O"CO2 st01ch10metry
of 1:1.0—1.1:0.19-0.3. It 1s d1ff1cult to accommodate
these results into a scheme wh1ch requlres one mole of-
cxygen to oxidise methane to methanol and. impossible to fit

the stoichiometries for Pseudomonas methanica (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.pfovided by the investigation by

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

Methylococcus capsulatus which showed the OZ:CH4
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 stoichiometries derived from
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- - continuous culture studies withﬁhiied cultures difficult to

interpret.

The data qn~the stoichiomefry of methane and oxygen
uptake during growth of pure cultures of methylobacteria
do not support the mono-oxygenase reaction and instead
~support a mechanism of ﬁethane oxidation in which one mole

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

source of re&ucing power for the methane oxygenase

Ribbons and Michalover (1970) and Ferenci (1974) both
. showed a requirement'for NADH for celi—free methane-stimulated
respiration consistent with a mono- -oXygenase mechanlsm and
the 1nab111ty of NADPH to substltute as electron donor was

establlshed 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'carﬁon derived from methane te Be
oxidised to CO in order to provide NADH for the flrst step
is clearly 1mpos51ble since flxatlon of carbon by
methylobacteria occurs at the level of formaldehyde‘and
only to a slight extent CO2 (Quayle, 1972); In support of
a role for formate metabolism,'Thomson (1974) found  that
the ox1dat10n of ethane by methylobacterla was stlmulated
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 metabollsm, unlike.
that of methane, does not produce reducing power.

An alternative to the mono- -oxygenase mechanism (equatlon
10) is the dlmethyl ether pathway (equatlon 2) and the

unsatisfactory state of the evidence for this pathway has
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already been reviewed. ‘Thg requirement for reducing power
by the methane oxygenase, and the possible sources, wili be
discussed later in the light of results_obtained in this
study.

cytochromes of methylotrophs

Prellmlnary studies on representatives of each

membrane type of methylobacteria Methylomonas albus BGS8 and

Methylosinus trichosporium OB3B (Davey 1971, Davey and’

Mitton 1973)‘revealed quantitative, but not qualitative
'differenées betwéen the two types. Accurate absorption
wavelengths could not bé determined by Davey (1971) who
used @ SP800 spectrophotometer and the later study by
Davey aﬁd Mitton (1973) using an Aminco-Chance Dual
Wavelength Split beam recording spectrophotometer must be
cénsidered the more reliable. Difference spectra fevealed
that both strains possessed a c type cytochrome with a

and soret bahdsnéf 553 and 423 nm'reépectively and a slight
shoulder on the .aband was the only iﬁdication of the
preésence of a b type. A éhoulder.at 443 nmvin the
difference spectrum suggested the presence of an a typev
cytochrome. which was confirmed by the presence in the CC
difference spectrum of a shoulder at 425 nm on a peak at
416 which was identified as cytochréme ©. Although both

CO binding species were present in each organism the level

- of the a type cytochrome was highef in Methylosinus

trichosporium OB3B.,

The role of the CO-binding cytochromes was discussed
in the light of their observation that the oxidation by

whole cells of methane was inhibited by carbon monoxide

rd
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wheféqs.the oxidation of other pfesumed intefmédiates
methanol, formaldehyde and‘forhate'wa51n1affected. This
observation has subsequently been confirmed by Thomson
(1974) and Ferenci (1974). The involvement of cytochrome
-0 in methane oxidation was initially proposed by Davey
(1971) by analogy ﬁith 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 n-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 a terminal acceptor which combined very slowly

with cérbon mohoxide and there is evidence that cytochrome

o from Bacillus megatérium combines with CO more slowly
than with cytochrome é (Broberg and Smith, 1967).

The involvemept df pytochrome o0 in the methane oxygenase
system becomes unlikely in the light'of findings of Tonge.
et al. (1974), that the CO-binding cytochrome cbrresponding
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-utlllsers Pseudomonas extorquens,

Hyphomicrobium sp., Pseudomonas AMl1 and the methylobacteria

Pseudomonas methanica and Methylosinus trichosporium OB3B.

They found in all of these organlsms a soluble CO- blndlng
pigment w1th a CO difference spectrum absorption maximum |
at 415 nm but from the absence -of pyridine,haemochromogen o
;corresponding to protohaeme COncludeq that this cytochrome,
together with the 'cytochrome o' of'Davey and Mitton (1973)

was a CO-binding cytochrome € and that the cytochrome [

that did not bind with CO did not represent a second

cytochrome ¢ but merely incomplete binding.
The-presence of‘a CO difference spectrum corresponding

to cytochrome o in whole cells of a cytochrome < def1c1ent

‘mutant of Pseudomonas AMI1 has led Anthony (1975) +to

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

Propose. that Pseudomonas AMI1 contains an aétype cytochrome

and both cytochrome o and a CO-binding c-type cytochrome.
‘-Anthony (personal communlcatlon, 1975) suggests that the
pr1nc1ple reason for the confusion lies in the dlfflculty
of eYtractlon of haeme from cells with a low concentration
of haeme a and haeme b and proposes ‘that the'organisms
'studied by Davey and Mitton (1973) contain both cytochrome
o and the CO- -binding c- type cytochrome. The extrapolation.
of results from cytochrome studies of methanol—ﬁtilisers to
the cytochromes of obligate methylobacteria is highly
speculative and a further study is needed to establish the
idehtity of the CO-binding cytochromes of methylobacteria.
The observation that €6 stimulates the respiration of

‘suspensions of methylobacteria led Ferenci (1974) +to propose



""éﬁ>alternative mechanism of iﬁhiﬁi;ioﬁ by CO of metﬁane
oxidation in which CO competes.with methane for tﬁe 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 cytechromes
of methylobacteria have not proceeded beyond the initial
characterlsatton stage and their role in both the methane
oxygenase reactlon and in the energetics of methylobacterial
growth is still obscure and will remain so until such

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

methane oxidation.

CONCLUS ION

The demaﬁds of tﬁe initial oxygenase reaction oh cell
organisation, metabolism and energy productlon are llkely
“to dictate many of the unusual propertles of methylobacterla
and the obllgaﬁe growth requirement fer methane (Ribbons.

— et al., 1970). Alﬁhough 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 ef the

present study.

36



MATERIALS AND METHODS
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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 giff of. Professor

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

”

the'proposed facultative methylotroph XX, was a gift of

Professor Hanson (Department of Bacteriology, University of

Wisconsin, U.S.A.), Escherichia coli 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 trichospérium
OB3B were used as represen%atives of the two membrane types

of methylobacteria and will be referred to by the shortened

‘names M. albus BGS8 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‘fog
all flask-grown cultures. Where appropriate the N.M.S. was
supplemented with metﬁanol (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

JOB5, Escherichia coli B and XX were maint

°c.

agar slopes at 30



- C - ' 38

Washed cell suspehsions qf methylobacteria and XX
in the exponential phase of growth were prepared from shake
cultures of 2i‘flasks éontaining 400 mls of N.M.S. incubated
at 3000 in tﬂe.presence of methane and the method used in
both the growth of the cultures and the preparation of the
cell suspen51ons was identical to that of Thomson (1974)
. except that the cells were resuspended in phosphate bufferw
pH 6.8 (lg /1 Na,HPO,; O.8g/1K2H2P04) 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

Brev1bacter1um JOBS, propane replaced methane as carbon

source, w1th XX 0.25% W/V glucose replaced methane and w1th

'Escherlchla coli B nutrient broth in N.M.S. salts medlum

replaced methane. . A | ' .

Unless otherwise stated all experiments with cell
susSpensions were carrled out w1th1n 24 hours of harvestlng
and before being used cell suspen51ons were malntalned at
4°c.

Prior to preparation of washed cell suspensions all
flasks of methylobacteria were tested for confamination by
sub-culturing onto nutrient agar and if any growth appeared
after 48 hoqrs the results of the experiment were discounted.

‘. respiration studies

The respiration of the organisms at BOOC 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 pl of 100m Molar solutions and gases; such

. ~as CH, , C2H6' C3H8’ CQHlO and CO werg added as 0.6 ml of

—

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

required 100 pl of inhibitof‘solution was added immediately

after the additiop of cells to give the desired concentration.

-For the determinations of the Km of methane-stimulated
réspiration the gas-saturated buffer was édded before‘ihe
éells as the changes in oxygen concentration‘on the addition
of the oxygen—depleted methane-saturated buffef obspured the
initial rate of substrate respiratidn. |

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

lOO% saturated oxygen level and a few crystals of sodium

dithionite were added to calibrate the zero oxygen level. .

Unless otherwise stated all respiration rates given have
been correctéd for the endogenbus respiration in absence
of substrate.

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

The'rates of methane, ethane, ethylene and methanol
disappearénce from incubations of washed cell suspensions
in sealed flaéks'were determined by periodic sémpling and
analysis by gas chromatography of the liquid phase of the
cgll 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



twenty-minute period in the case of métﬁane 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 mg dry weight of cells
(1 ml of optical density 100 at 610 nm) into sealed 25 ml
round-bottomed 'Quickfit' flasks confaining the requiééd
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 describgd in. tables 5 and 6 in
the Results and Discussion section of this report and 5.0 ml
in all other cases. Where appropriateAthe‘amount of methane
ethylene or ethane présent was 1 ml and.methanol 10 mM;

In experiments where the effect of dimethyl ether oﬁ ethane

disappearance was being determined an amount of gaseous

dimethyl ether was injected into the flasks such that after
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shaking for 10 minutes to allow the dimethyl ether to dissolve

the copcentration of dimethyl ether in solution 10 mM.
After the reaction had been initiated the flasks were

shaken on a Griffin and Tatldck ‘ﬁicroid' flask shaker in a
constant temperature room'at'BOOC.

| In éxperiments investigafing the effects of inhibitbrs
on the,ra£es 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 Qeéired concentra-
‘tion of inhibitor and the resulting rates of methane and
methaﬁol disaﬁpearance were determined as described above.
The low solubility of ao'dipyridyl and 8-quinolinol
ﬂécessitated the shaking.of.suspensions for at least one -

0

hour at 30 C to dissolve the inhibitors cempletely. N-SERVE
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- proved particularly insoluble- in buffer énd it Qas necessary
to work with a §aturated'solution. b, 2, 1, 0.4 mls of a
saturated solution of N-SERVE were added to the incubation
mixture and_fhe corresponding concentrations of N-SERVE in

a total volume of 5 ml were calculated from the solubilify

of N-SERVE in water (40 mg 1iter"1; Dow Chemical Company,

1973) to be 13, 6.7, 3.25 and 1.3 x 10" M respectively.

determingtion of revérsibility of inhibition

One ml -aliquots of suSpehsions of M. trichosporium OB3B

containing 47 mg dry_weight‘bacteria were held.fér 30 minﬁtes
with inhibitor present at a concentration knoﬁn to cause 100%
inhibition of methane oxidation. Cells wereVSedimentea and
fesuspendeq_in 20 volumesthosphate'buffer,'sedi@ented-again
aﬁd finally fesuspended in the original volume. Methane-
stimulated respirétion rates were measured and compared ’
with a control which had been treated_similarly in absence
of inhibitor.

A_different procedure was adobtéd in the case of the
inhibition of-methanevoxidatibn by N-SERVE. After

~establishing for M. trichosporium OB3B the complete

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

as described in the previous Séction 15 ml of phosphafe
buffer was added to thqbcontents of the flask and the diluted
suspension was sedimented and resuspended in 20 ml buffer
twice and then sedimented and the pellet taken up.in 5 mls
buffer and the rate of methane disappearance from aﬁ |
incubation of the washed cells determined in the usual

‘manner.

o~
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' 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 pl) 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 roﬁtinely used to assay
ethane, methane, oxygen, carben dioxide, helium and methanol
have been described in considerable detail by Thomson 21974)
and accordingly only a brief‘description follows.

Methane, ethane, oxygen, helium and cerbon dioxide
were assayed by injection of gas samples (0.2 ml) into a’
gas chromafograph (PYE 104, 2.8 m silica gel column, carrier

flow rate 30 ml N2/min-l, 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 heightshcould}be taken as proportional to thevamounts

present and the rates of methane oxidation calculated.
However carbon d10x1de gave a broad peak of retention time
4.3 min, and the peak helghts were standardised against
known samples. :

Sharper peaks with shorter retention times were
obtained in.the studies of ethane and ethyle#e 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 weré méasured in»sélution-by
injection of 2.5 pl of the cell suspension into a gas
chromatograph (PYE 104 series, 1.6 m Chromosorb 101 column,

carrier flow rate 30 ml N, min~T, 150°C) with a flame

2

ionisation detector. Retention times were 0.8.and 1.6 minutes

respectively’ for 'methancl and acetone.

quO studies

(a) Radioactive counting

Scintiliation counting was carried out in either a
Beckmann (Beckmanﬁ Instruments Limited, Gleénrothes, Scotland)
.ambient temperaturé liquid scintillation counter or in'a
Packard Tricarb 1iqﬁid scintillation spectro@hs#dmeter,‘
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.

(b) standardisation of 1400 source

14

Standardisation of lltCO source: an ampoule of Co

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

unlabelled CO (70 ml) and the specific activity of the.lQCO

_ﬁas determined by the.following method. A known amount of

the quO 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

ﬁater; 0.2 ml samples from the flasks were then injected

into a gas chromatograph (PYE 104 Series, carrier gas. flow
1

‘rate 15 ml N2 min ", SOOC) fitted with a flame ionisation
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detector (F.I.D.),l-Ihe 1&COé pfoduoeavhy the'hhrning of the
CO in the F.I.D. flame was trapped by sparging'the exhausted
gases through 10 ml hyamine hydroxide (1M solution in methanol)
which is a good solvent trap for CO2 (Hash, 1972). The
resulting trapped fadioactivity was measured by making a
1:9 dilution of the llfCOQ.-hyamlne hydroxide w1th sc1nt111ato*‘_
'and countlng in a scintillation counter. No quenching due

to the presence of hyamine hydroxide was detected.

(c) determination of specific activity of evolved 14CO2

“Three round—bottomed flasks whose exactvvolumes had
been measured as described in the previous sectlon were set
Aup with 4 mls N.M.S. and, as a control agalnst 1n3ect10n
erfors, 1 ml helium. Flask A was a control to measure the
- endogenous CO production. The diluted. QCO (1 ml) was
injected 1nto the sealed flask B. An equal amount of washed
cell suspension contalnlng 47 mg dry welght cells was added
to each flask and they were mounted on a wrlst actlon shaker
in a room thermostatically~-maintained at 30 C. The gas phase
in each of the flasks was analysed by 1nJect1ng O 2 ml
'samples at timed intervals over 2 3 hr or longer period into
a gas chromatograph with katharometer detector and the CO2
production rate determined as descrihed under gas
chromatographic methods: At different times during the
incubations (from one minute before the appearance of the
CO peak untll one minute after) the gas stream of the gas
chromatograph was sparged through lO ml of hyamine hydroxide
and counted as described above.

The' expression x/(y-z) was used to oalculate the‘

"specific activity of the excess €Q," where x was the total
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couﬂfs‘min—l ll!C02 in the flask with ;4CO, y the amount of

CO2 in umoles in the flask with lqco and z the amount of ~

endogenously-produced CO_ in the control flask.

2
~(d) establishing linear rates of lliCO

production froml%CO

2

The linear rate of production of quOa in the presence

of 1lfCO was established by the following mefhodi' incubations

g

of celi suspensions containing 47 mg cells in sealed 25 ml’

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

14

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

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

- -

injected directly into scintillation'vialé containing 0,5 ml
" hyamine hydroxide and sealed with suba-seals. After ten
minutes the suba-seals were removed and any 1400 present

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

- board. Scintillant was then added (4 mls) and the ¢

‘content of each vial counted as described above. From the

. total 1LlC»dissolved and the volume of the flask the total

ll£002-,c:onten_j_l: of the original flask at the time of sampling

14

was’calculatéd and the corresponding amount of CO

oxidised could be determined from the specific activity of

14

fhe CO source.,

(e) Effect of CO on endogenous ;QCOn production from
lZ*C—labelle.d cells

14

C-labelled cell suspensions of E; albus BG8 and

M. trichosporium OB3B were prepared by inoculating ten 250

Erlenmeyer flasks containing 50 ml1N.MS. medium with 4 ml of
a methane-grown culture in the exponential phase bf'growth.
After sealing the flasks with sterile 'Suba-seals' 50 ml of

‘unlabelled methane were added by syringe followed by two ml
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of 140H4 of approximate specifiglacti;itQ suéi m1™1.  Arter
24 hours incubation on a recipfocal shaker at 30°C the |
cultures had grown and a sample from the gas phase from -
each flask was-injected into the gas chromatograph to
confirm that the CHQ had not been totally consumed ang_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 ihcubated in sealéd 25 ml round-bottomed
'Quickfit' flaéks with 1 ml of helium marker.éhd in the
presence and absence of 3 mls uniabelled CO. Gas samplesv
(0.5 ml) were taken at 20 minute intervals during the §ourse
of the incubation and injected into sealed scintillation
vials containing O.Siml hyamine hydroxide aﬁd the.frapped
14C02 counted as described above. During the course of ﬁhe

incubation gas samples (0.2 ml) from the flasks were:

chrohatographed and the rates'of COz'production determined.

Determination of the effect of inhibitors on growth

(a)A The following procedure was adopted for‘ail iﬁhibifors
listed»in tabléa9} S TE solutions of’inhibitoré that had
been sferilised by'passage through a 0.454 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 1noculated with 2 ml of a llquld culture
of M. albus BG8 taken from the exponentlal phase of growth.
The growth after five days incubation with shaking at BOOC
was determined by nebhelometry (Evans Electroselenium
Limited, Halstead, Essex).

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

NMS and 2 ml inoculum 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 300 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
';noculum were iﬁtroduced into 250 ml Erlenmeyer flasks
fitted wi£h side arms and containing NMS and 20 ml CH4 and
N.MS. and CH30H (0.5 % v/v) respectivélf. . The flasks were
incubated at 30°C'and'after commencement of growth, which
was measured by nephelometry, 1 ﬁl of a filter—sterilié;d,
saturated solution of N-SERVE was injected through the "“suba-
seal" into each flask apd the subsequent growth’dver a six-
hour period was measufed and compared with a control flask
incubated in the absence of N-SERVE and the results recorded'
in figure 4. |

18O-incorporation experiments

Sealéd 25 ml "Quickfit" round—bottom'flasks with four
'ml buffer Wefé_flushed with oxygen-free nitrogen for ten
minutes and, after checking a gas sampie by gas chromatography.
for anaerobicity, 5Jml of fhe'gés,contenté were removed and .
replaced with 5 mls of 30% 18O-enriched oxygen. Incubations
Awith 1 ml of washed ceil suspeﬁsions optical density 100
(610 nm) were set up in the usual way in the presence and
absence of CO (3 ml) or CH,, (3ml). Initially the flasks"
after incubation were frozen and the gas phase analysed at
a latér déte but as these experiments proved negative the
incubations were then carried out with largef amounts of

cells in the same room as the mass spectrometer so that the
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»gas'pnaee could be sampled and analysed througnout the
course of the.incubation whichlwas carried out at 23°Ct
The 18O content of the evolved C02-and the total CO2
content were determined by injecting a 0.2 ml gas sample
(or 0.5 ml if the 002 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 Chromatographv(l.6 m silica gel column, column
‘temperature.140°C and gas flow rate 40 ml helium min-l)
coupled to the mass spectrometer maintained with 70 ev em1551on.
The oxygen and carbon dioxide peaks appeared after O. 6 and
1.6 minutes respectively and the mass spectrum of both
pPeaks was taken witha@3ﬂxcond 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 thie figure was subtracted from the measured mass
spectra. The mass composition of the 180 source was
vdetermined by sampling the oxygen in each flask and averaging,
and of “the COYsource and a COz_standard (Distillers Company)
by injecting eampies directly into the GC/MS. Care had to be
taken to avoid dilution of the CO source by air which would

lead to the confu51on of the’28N and 2800 present. The

expression - [Zx /(n 1)._&(26)/(11 l)n] 2where X was the
18,16

amount of C 070 component with mass 46 as a percentage
of the C 602 component with mass Lk and n the number of
samples, was used to calculate the standard deviations of

the l80-enrichments of the incubations with and without CO.
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the production of-hydrogen By methylobacteria

Anaerobic incubations, prepared by flushing flasks with
oxXygen-free nitrogen for 10 minutes and containing 47 mg dry

weight of M. trichosporium 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 M. trichosporium O0B3B, with sodium

'hydroxybutyrate (lQmM.). Similar aerobic incubations were
set up in the présence and absence of CO (3 mi). 0,2 ml of
the gas contents of each flask were injected into the gas
chromatograph at the beginning of the inéubation,.aftef one
and two hours, and after overnight incubatiop and the CO2
production and H2 evolution determined and showhlin table 27.
Samples of the liquid phase (2.5 pl) of the anaerobic

incubations of M. trichosporium OB3B in the Presence and

absence of hydroxybutyrate were assayed by gas chromatography
for acetone production.

electron paramagnetic resonance studies

One ml aliquofs of washed cell suspensions of known

optical density of methylobacteria, Brevibacterium JOB5, -

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

grown on the same N.M.S. medium supplemented with methane,
propane, glucose and nutrient broth respectively, were

shaken vigorously for oﬁe minute in sealed test tubes in

the absence of substrate ('oxidi;ed sample') and in the
Presence of 20 ml methane or a few crystals of sodium
dithionite. - Approximately 0.4 ml of each‘suspehsion was
then introduced into 0.3 mm internal diameter‘quartz electron
paramagnetic resenance 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 .two organisms ..~ .- .-

Escherichia coli B and Brevibacterium JOB5. As controls,
. samples were prepared of N.M.S. basal salts medium and
rhosphate buffer. Samples were also prepared of incubations

‘of M. trichosporium OB3B with methanol and formaté which

were both added before shaking as 100 pl of 100 mM solutions.
| .Electron paramagnetic resonance spectra wére recorded

with a Varian E4 spectrophotometer .and unless otherwise

stated were'éarried oﬁt at —1720C’ﬁith receiver gaiﬁ'l.25 x

103, modulation amplitude 1.25 X 101 Gauss; modulation

frequency 100 kIHz and microwave power SO'mW} Scans were

carried out at fixed frequenc& 9.140 GHz wifh a time constant

of one second over a magnetidifiéld range of lOOO.éauss

" with a centre of the:field-set af 3100 Gauss.. 'g-valﬁes{

. were calculated by substitﬁting in the exbression~g = hv / BH

Qhere h is glanck'é constan{, B is the Bohr maghefron, 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 ammoniaAand hydroxylamine and
rates of disappearance of added nitrite: cell suspensions

containing 47 mg dry wt cells of M. 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 solutions

of NH,Cl (100 mM), NH,0H.HC1 (100 mM), or NaNO, (10mM.) with
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and ‘without HCOONa (20 mM) such that the final volume of
the cogtents of each flask was-5 ml. Samples (0.2 ml) of
the suspensiong 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°C in microcentrifugevtubes and, after
sedimentation of the cells by centrifugation fof 1 minute in
-a "Quickfit 320 .Microcentrifuge'", the supernatants were
deéanted and 0.5 ml samples withdrawﬁ and assayed for nitrite
.acéording to the diazotisation method éi‘ Nicholas and Nason |
(1957).. The time of'sémpiing was taken as 10 seconds after
commencement of centrifugation. In the case of the inhibitor
" studies the cells were pre-incubated for éO minutes Wifh
inhibitor before addition éf substrate.. With the gaseoﬁs
inhibitor Co, 0.3 ﬁl éamples of the suspensions were withdrawp
through the suba-seal by syriﬁge and-b.z ml of these werei
diluted; centrifuged and assayed for nitrite as described.
above.

methanol dehydrogenase assay

This ehzyme was assayed aé;ording to the method of
Aﬁthony and Z;tman (1965) with the slight modificationé of
DaQey (1971)."Analar methanol (10 pmoles) was added to the
samplé cuvette to initiate the reaction which Was‘followed
‘at 600 nm; When examipiﬁg for inhibition by hydraéine, 100 pl1
of a solution of hydrézine sulphate was added to the cu&ette
to give a final concentratibn of 2 x lO—BM and the reaction
mixture was allowed to stand for two minutés ih the'presence
of hydrazine before the reaction was initiated by the addition

6f methanol.




e

T ' S 52

‘formate dehydrogenase.assay (EC 1.2.1.2. formate:NAD

Oxidoreductase)

The assay was adapted from Quayle (1966). The complete
reaction system contained sodium phosphafe buffer pH 6.8,

NAD (1.0 pmole) and O0.1lml of a soluble fraction of

M. trichosporium OB3B containing 3lug protein. The reaction

was initiated by the addition of 20 umoles sodium formate

to the sample cuvette.

‘preparation of cell-free extracts

In the attempts made to obtain cell-free methane or
carbon monoxide o#idation the method of preparation of the
extracts were as described by Ribbons and Michalover (I9?O)
and Ferenci (1974). For the preparation of soluble fractions

from the cells for the formate and methanol dehydrogenase

assay 5 mls of a suspension of M. trichosporium OB3B or.

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

to two passages through a cooled French pressure cell at

4000 1b in_2 and a microscopic examination of the resultant-

extract confirmed that cell bréakage was in excess of 90%.
A soluble fraction was prepared by centrifugation of the
extract for 1 hr at 30,000 g at SOC and using the supernatant.

protein and dry weight determinations

?rotein was detefmined by the method of Lowry. et al.
(1951) usipg bovine se;um albumén 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.

spectrophotometry

A Unicam Series SP 600 spectrophotometer was used for

dry weight, protein and nitrite deﬁerminations. Measurement
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.of the rates of NAD reduction and methanol-stimuiated dye
reduction involved the use of a Unicam SP800 recording
spéctrophotometer.
gases

Methane (technical gfade), Oxygen, Helium, air,
nitrogen ("oxygen-free") and hydrogen were obtained from
British Oxygenw Company Limited, while ethane, propane and
butane were purchased at 'cC.pP.! grads ffom Air Products
Limited. Carbon'd?oxide was obtained from Distillers_
Company Limited and Carbon Monoxide, etﬁylené and dimetbyl
ether from Matheson. Gas Products. 18O—enriched ox&gen (30%)
was obtained from Miles»Léboratory Limited. No impurities
~in sny of the above gases were detected by the gas -
chromatography systems used in this study.

inhibitors

SKF 525A ( B-diethylaminoefhyidiphenylpropylacétate)
was a gift from Smith, Kline and Ffench Laboratories, Wélwyn
Garden:City and Lilly 18947 (2—4.dichloro—6—phenoxyethyl—
'diethilamine) and Lilly 53325 (2,4 dicholore 6-phenylphenoxy
ethylamine hydrobromide) were kindly provided by Lilly | |
Research Limited, Windlesham, Surrey. N-SERVE, (2-chioro—6—

ffichloromethyl pyriqine) was a gift from the Dow Chemical
'Company Limited, Houndslow, Middlesex. All other
inhibitors were analytical grade reagents or equivalent-and
were obtained from B.D.H., Sighasor Eastmans Kodak Limited.
Metal ions used in‘reQersibility studies were all in
the form of the following B.D.H. 'Analar' salts: coc12.6H20,

crK (s9,)_12H 0, SnCl_2H_ 0, MnSO, 4H,0, FeSO,7H,0 and



Substrates and coenzymes

Formaldehyde was prepared'by boiling an aqueous
suspension of para-formaldehyde ('Analar' BDH) in a screw-

capped vial. HCOONa, CH_OH, NH,C1l, NaNO, and all other

3

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 inveéti—_
gations of the methane oxygenase to the study of the reaction
in whole cells. Faced with a similar situation with,ﬁhe

ammonia oxygenase system of Nitrosomonas Hooper and Terry

(1973) have attempted to chafacterise the oxygenasé
reéction in whole cells by obtaining a humber_of éompounds
which inhibit ammonia oxidation but leave hydfoxylahine, the
presumed product of ammonia dxidation (Hofmann and Lees, 1953L
unaffected. Such an approach has not been applied to }he
methane oxygenase and as Quayle (1972) points out, the
published inhibitor work on methane and methénol oxidation.
.has pfoved difficult té.repeat. "It has now-Been well-
established, however; that carbon monoxide specifically
inhibits methane oxidation leaving the.oxidation of'methanél
unaffected (Davey and Mitton, 1973 Thoﬁson,.l974} Ferenci,
1974) and a similar effect for cyahide has been recordéd-
(Davey,'l97l).

In the present study the effect of a number of compounds
on fhe oxidation of methane and methanol was‘invéstigétéd
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
:adcount‘of”its generally higher level of oxidétive metabolism,
Davey (1971). The effect of a.range of concentrations of
each potential inhibitor on methane and methanol-stimuléted
reépiration by cell suspensions in the oxygen probe was

initially determined and if the compound proved inhibitory
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to methane 6xidatiog,the ratesfof me thane and methaﬁol
disappearance from incubations‘in Sealed flasks were
"determined by gas chromatography at the concentrafion of
inhibitor that produced the greatest differential effect
between'the inhibited methane ana uninhibited methanél
resbifé£16;‘;;£é;1 The effect of a‘number of compounds.

. found to selectively inhibit methane oxidation is éhown in
Taﬁles -+ 5 and 6, where the division into metgl-binding
compounds and miscellaneous inhibitors has been choseh for
convenience.

The metal ion chelators fall into three broad cla;ses
depénding on the chemical nature of the ligands présent;
nitrogen-nitrogen (o-phenanthroline, aa'dipyridyl); nitrogen-
oxygen (8-quinolinol), sulphur-nitrogen (thioacetamide,
ethyl xanfhate, dithjldithioﬁarbamate and the structufally
related thiourea, allyl thiourea and thiosemicarbazide) and
sulphur-sulphur ("British antiALewisite'orxﬁmercapto propanol).
Ethylene diamine tetra acétic acid (E.D.T.A.) at concentra-

tions of up to lO_3

M was ineffective as a selective

inhibitor suggesting that chelétors witﬁ oxygen-oxygen ligands
lacked the specificity toWards’methane oxidation that the
othéf chelators possessed. The oxygen-containing analogue’

of thiourea, urea, alsb proved ineffective in inhibiting
methane stimulated respiration af lOﬁBM indicating the
_imbortancé §f the‘sulphur atom in the inhibition éf methane
oxidation by thiourea. All the inhibitors in part.Irof table
5'were'revefsible except British Anti- Lewisite as were éhe
monodentéte ligands in part II. »Methane-bxidafion 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

e 1.2
. Rates of Reversibility
A Concentration . of inhibition
Inhibitor , disappearance
(M) 1 - of CH4
(% control) oxidati
CHY CH;0H ron
_ I
Thiourea 10‘4 0 96 - ++
"~ Allyl thiourea 107° 28 108 4+
Thioacetamide 1073 0 100 ++
Diethyldithio- " ‘
carbamate 7.5 x 10 -0 90 ++
8-quinolinol 1o‘li 0 - 102 . ++
o-phenanthro- -5 ‘ T
line 5 x 10 65 90 ++
aa'dipyridyl 1074 0 92 R
Ethyl xanthate 3 ' -
(K salt) . 10 0 80 ++
Dimercaptopro-
panol
(British ' ;3 o '
Anti-Lewisite) 5 x 1077 o © 100 o+
Thiosemi— -5 ‘
carbazide 10 4s _ 100 _ ++
EDTA 1072 72 76 - N.T.
Sodium cyanide 107° 38 100 ++
Sodium azide 1073 7 85 ++
Histidine 1072 o 105 ++
Pyridine | 1073 36 108 o+
Imidazole 1073 0 109 4+
J-amino ' 5 ' . '
triazole 10~ 27 91 ++

1. The uninhibited rates of methane and methanol disa-
ppearance were 20nmoles/min/mg dry cell weight and 100 n

moles/min/dry cell weight respectively.

2. Reversibilities: ++ and + indicate restoration to more
‘than 50% activity and Tess than 59%>respective}y, and -

indicates irreversibility. .

N.T. - Not tested.



Table 6

Inhibition of methane and methanol metabolism in washed cell’
suspensions of M. trichosporium OB3B by miscellancous com-

pounds
Rates of Reversibility
Inhibitor Concentration disappearance of inhibition
(M) (% control) of CHy
o CHy - CH30H oxidation
Diethylamino-
ethyl-diphenyl- -3 -
propylacetate ,5 x 10 7. 36 . 100
(SKF 525A)
2-4 dichloro- A .
6-phenyl —~phenoxy -2
ethyldiethyl- 10 o 100 N.T.
amine (Lilly
18947)

2,4 dichloro

(6-phenyl-phe- _
noxy) ethyl- -3

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

53325) _

Cysteamine ]sz o] 84 ' -

Hydrazine -3 '

sulphate 2 x 10 70 6 . -
- Hydroxylamine -3 ‘ v '

hydrochloride 10 23 _ 75 ++

Aminoguanidine 10‘2 32 - 96 - N.T.

Spermine 2 x 1073 41 1100 N.T.

2

Methanol 10° 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
hydroxylamine, the likely product of ammonia oxidation by

Nitrosomonas (Hofman and Lees, 1953). This compound 1is

commonly used as a mufagen and the observation that if
iﬁhibifs methane oxidation provides an explanation for the
low viability of hydrdxylamine-treafed cultures of
methylobacteria found by Shimmin (1974). Amindguaniﬁine at

2M inhibited methane oxidation and although not presented

10~
in fablé 3 another mutagen and derivative of guanidine,
nifroso guanidine at 0.7 x 10_2M, inhibited methane
réspiration to 10% of the control valuéileaving'methanol
_fespiration unaffected. The sensitivity of methane
dxidatién to these two mutagens may necessitate the use of
methanol as carbon source fof’further studies of mutagenesis
in methylobacteria although this wquld restrict such studies
to a small group of.Methyiobacteria.that grow. on ﬁethanol.
SKF  525A ié'a known inhibitor of Cytochrome P-450 '

mediated mono-oxygenase reactions in mammalian systems

(Hildebrandt, 1972) and carotene hydroxylation in

Staphylococcus aureus (Hammondvand Whyte, 1970) and was
found to irreversibly inhibit methane oxidation as did
Lilly 533é5 and Lilly 18947, two other known inhibitors of
ox&genase reactions (Hildebrandt, 1972). Cysteamine and‘ 
aminoguanidine both inhibited methane-oxidation-
'irreverSibly. The polyamiﬂe spermine was originally tried
‘unsuccessfully as a potential protective agent for the

preparation of methane oxidising cell-free extracts of
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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 a selective 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 6f growth of Methylococcus capsulatus on methane

as carbon sogréé found by Ecclegton and Kelly (1972) whé

were able to explain the inhibition of‘growth By L=

threonine through intérference with the feed-back mechanisms.
of branched amino acid synthetic pathways but were unabie to
offer an explanation for inhibition by histidine, The results

of a surveonf the effects of added amino acids on the

respiration of methane and methanol by M. trichosporium OB3B

is shown in table 7 and i£ can be Seen that only histidine,
" proline, methionine and valine showed any selective effect
Téble 7 Effect of added amino acids on Methane and Methanol-

stimulated respiration by Methylosinus trichosporium
OB3B :

- 'Respiration Rates (% Control?)

‘Amino aciql oS CH, | CH,,OH
. . -2
Methionine 7 10 16 79:
Cysteine o 10:3 7 ' 9
Arginine lO_2 v ¢ - 22
Proline . 10_, 16 _ - . 68
Valine : 10_, 30 80
Tryptophan ' 10_5 .62 84
Glycine lO_2 82 85
-Asparagine - 10_, . 80 1 - 80
Ornithine 10_, 8o . -85
Serine 10 80" 100

(1) All amino acids were L-isomers. The foliowing amino
acids at lO-zM. reduced methane and methanol-stimulated
respiration by less than 10% of the control: threonine,
phenylalanine, tyrosine, homoserine, lysine, alanine,
glutémamate, aspartate.

(2) control rates of methane and methanol respiration were 89

"and 53 nmoles 02/min/mg dry cell wt.
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towards methane respiration ahd"cyéteiné had a nonasélective
effect on methane and méethanol respiration. All of these
inhibitory amipo acids are known for their ability to bind
to metals in enzymes and the significance of £his will
become apparent when the mechanisms of inhibitions by the
selective inhibitors is discussed in a later‘séction. ~ The
lack of effect of all of the inhibitpry amino acids except

histidine on growth of Methylococcus capsulatus may be due to

strain differences or more likely the physiolbgical 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 (Eccleston 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 comﬁounds, the effecf of

a brimary amine on methane and methanol;stimulated respira-

tibn of M. trichosporiﬁm OB3B was investigated. The rates

of methane and methanol-stimulated respiration were nof

_inhibited by 107'M. n-octylamine but were reduced by 1077M

to 84 and 85% respectively of the control rates of 89 and 53
nmoles Oz/min/mg'cells and to O and 8%vof,the control rates
by lO—sz n-octylamine. This inhibition was found to.be

irreversible and when cell suspensions of Pseudomonas

méthanica'were also treated by lO-ZM. n—octylamine the

intense pink colour of the suspension was bleached out.

The lack of specificity of the inhibition by n-octylamine
shows that the possession of a free amino group alone is
insufficient for specificity and a nonfspecific_mode of
inhibition through cellular lysis is suggested by the

irreversibility of the inhibition and the bleaching of




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
témperature of the suspension to 150 has a much greater
effect on methané-stimulated respiration, reducing it to 3%

of the rate at 30°C. oL | -

Table 8 Effect of temperature on Methane and Methanol-

stimulated Respiration by M. trichosporium

" Temperature Respiration rates (% control)
°c : ‘CHQ : CH3OH-
30 100 . 100
.20 40 58 -
15 3 33

(1) control respiration rates for CHQ and CHSOH at 3006

115 and 105 nmoles Oz/min/mg dry cell wt.

A similar effect of temperature was found by Jéenes (1972)

with the thermo-tolerant organism Methylococcus capsulatus Bath

where lowering the temperature from 46°C to BOOC 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 aﬁproach adopfed in this study ﬁas the
assumption that compounds that inhibit methane, but not
methanol, oxidation are specific inhibitors of thé 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 oxidatien. 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 trlchosporlum OBBB,-lt is

capable of growth on methanol at high concentrations.

Table 9 Effect of Inhibitors on Growth of Methylomonas
albi'<= .BG8 on Methane and Methanol carbon sources

i1

Concentration Growth after 5 days

Inhibitor ’ (M.) ' (% control)
: . . . CH, CH,OH
. 3
Allyl thiourea - 1072 1.5 94
Thiosemicarbazide _ 107° - |
Hydroxylamine -5 ‘
hydrochloride 10. 0 91
. Diethyldithiocarbamate ‘ 10-4 -0 a .90
aa'dipyridyl 5 x 1077 2 - 80
8-quinolinol K 1072 15 154
Pyridine I 1074 A - 88
co N ’ 25% CO: 75% O, O | 94

(1) Methane and methanol contents of growth media were

AéO mls end 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 selecfed.range of inhibitors is shown in teble
9 in which grdwth is expressed thevpereentage of the control
flasks in the absence of tﬁe inhibitor. The complete
uptake of methanol substrate was confirmed by gas
chromatography. In all of the cases tebted growth on
methanol was recorded n the presence of concentratlons of
inhibitor which prevented growth an methane, although ten-

fold higher concentrations of inhibitor generally inhibited
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;growfh on both substrates. Thé assumpfion that it is the
initial step in the metabolisﬁ of methane that is affectéd'
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 T methylotroph is also

LT “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 £he lower cell
density in é shake culture (épproximately 0.2 mg dry wt./
ml) than a washed cell suspension (10 mg dry wt./ml). “In
some cases there was a stimulation of yield on methanol in
the presence of inhibitors for which the reason was unknbwn.

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 AM1 (Johnson and

' Quayle: l964)hit is possible that.theSe inhibitors may act
by inhibiting”formate dehydrogenase and the production of
NADH for a methane mono-oxygenase reaction. That this is
not the case is shown ﬁy‘the results in table 10 in which the-
effect of a range of inhibitors on both formate-stimulated
respiratibn by cell suspensions‘and formate—stiﬁulated NAD

reduction. (formate dehydrogenase) in a supernatant firaction

of M. trichésporium are shown. The sensitivity to cyanide
found by Patel and Hoare (1971) is confirmed, although in
contrast with their results the sensitivit& of formate
oxidation to inhibition by cyanide was less than methaﬁe

.oxidation, but the low level of inhibition by the other
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specific inhibitors of methane oxidafioh indicafes that the
formate dehydrogenase enzyme is pot the site of action of
the inhibitors3 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-
metabolism (% Contrél)"

- Inhibitor C°n°e?;r?ti°n
: ' ¥ -Formate Formate
' respiration ' Dehydrogenase
ea'dipyridyl ) : 1o‘g ‘ 100 - 86
8-quinolinol 10-4 -85 77
thiosemicarbazide 10_, y 103 82"
Allyl thiourea 10_, 100 80-
Thiourea ‘ 10_, 100 ' - 85
NaCN 10 7 0
. » 1072
_6 24 4 13
10 : 64 - 64

(1) Formate metaBolisﬁ in control: formate-stimulated
‘fesﬁifation 10 nmoles 02/mih/mg dry cell ﬁeight; formate
dehydrggeﬁase activity 0.035 absorbance units (340 nm)/ mg
prdtein. -

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
woﬁld suggest that these compounds inhibit methane oxidation.
through binding to a metal ion in the methane oxygenase system.
Indeed, the presence oéhabsence of inhibition by such
"compounds is often presented as evidence for or against the
involvement of a metal ionAin 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 thfough a mechanism other than the
biﬁding to a metallo-enzyme as is known fér the inhibition
of some flavoprotein mono-oXygenases by o-phenanthroline
(Yamamoto et al., 1969) and inhibition of cytochrome
.oxidase by British Anti-Lewisite (Cooperstein; l963)aAQf‘],
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 metél_ion are both
considered as evidence for the involvement of_anmetai ion.
The satisfaction of the latter criterion by”a range of
inhibitors is shown in table 11 where.the inhibi£ors,were
chosen as representatives of the three ﬁain‘categéries 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 ferm~'specificity' as applied to metél
ion chelators is coﬁsiderably mis-used in the scientific
literature. The.ther@odynamic specificity of a chelator for
a metal is the criterion most reieVant to the inhibition of
bioiogical redox systems and can bé generalised according to
the rule that 'hard' metal ions react with 'hard' ligands
and 'soff' metal ions with ;soft' ligands where hard means
ionic and not easily polarised.atoms and molecules suéh as

0, RCOO™,

Fe (III), Mn (II), Cr (III), Na and the ligands H,

RNH2 and 'soft' means easily polarisable molecules such as
Cu (I), Ag (I) ions and the ligands CNf, RSH, R,S, RS (Hughes,

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

&



Table i1 Effects of Added Metal Tons on Inhibition of
Methane-stimulated Respiration in Methylosinus
trichosporium OB3B

% Restoration of activity by

Inhibitors Co;;. added Metal ions (10-%M)

‘ ' Fe(II) " Co(II) Cu(II) Zn(I1)
aa'dipyridyl | 10'4 ‘ 37 64 | 62 11
8-quinolinol 10”4 4s 14 65 11
thiosemicarbazide 1072 o - 0 14 - 0
thiourea S 10'4 | o o0 o0 0
allyl thiourea 1o‘lf (o) 0 o - o

mediate' class of Zn (II), Cu (IT), Ni (II), Fe (II), Sn (11),

Pb (II) and the ligands pyridine, N.~, NO~ Thus the ~

3 ki

“Specific inhibitors of méthane oxidation which contain the

o°

_ligands oxygen nitrogen, nitrogen- nltrogen and nitrogen—‘
sulphur‘fall into the categorles of 1ntermed1ate and soft-
whereas hard ligands such as E.D.T. A., octylamine and urea
are not specific 1nh1b1tof$. Another metal ion cheiator with
' hafd 1igands,.1,2—dihydroxybenzene 3,5—disulphonic acid
diaodium salt_or 'tiron','has been reportod to combine
specifically with Fe (III) (Harvey and Manning, 1959;

Kogima et al., 1967) and consistent with a role for copoer

-3

in the methane oxygenase thmsr compound at 10 °M concéntra-

tions inhibited methane respiration of suspensions of M.

trichosporium QB3B by'ieas thah 10%. Purely ohemical
considerations would suggest that the metal ion ih the

oxygenase is'a 'soit; ion sooh as Ag (I) or Cu (I) and this

is supported by the results.-in table 11 which show thatalthough +1
inhibition of methane-stimulated respiration by the

?interﬁediate' inhibitors aa'dipyridyl and 8-quinolinol is

reversed by a range of added metal ions, only Cu (II)'reversed
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inhibition by the sulphur-containing fhiosemicafbazide and

none of the added métal ions even at concentrations of 10_3M

reversed inhibition by thiourea and allyl thiourea. No

reversal of inhibition by any inhibitor was ooserved on the
addition of Mn (II), Fe (III), Cr (III) and Sn (II) at a
concenfration of 107 M.

The high thermodynamic stability constéﬁt of thiourea

for Cu (I) of 365 15 (Sillen and Martell, 1971) is approached

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

oXygenase enzymes a ‘copper comﬁonent is suggested.' The
extremely low solobility of cuprous compounds and their
tendency to readily undergo disproportionotion to Cu (6) andv
Cu (Ii) in aqueous solution‘makes the above reversibility

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

suspension of cuprous chioride to Methylosinus trichosporium

in the oXygen probe resulted 1n a low but detectable 12/

_restoratlon of activity of thiourea-inhibited methane

'respiration which supports a mechanism of inhibition of

methane ox1dat10n by thlourea involving the formation of a
chelate complex with a‘cuprous component of the methane
oxygenase.

If thé ﬁechaniém-of inhibition by thiourea was distinct
from the other compounds\in table 11 the total inhibitions
by combinations of thiourea and the metalvion—reversible.
inhibitors need not hecessarily be additive. The inhibitions

of methane-stimulated respiration by M. trichosporium OB3B in

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

individually and in combinations with each other are shown in
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table 12. The close agreement bétweeﬁ the ihhigition b& pairs
of inhibitors and the arithmetical products of the individual
inhibitions is consistent with a single site of inhibition-
for thiourea, aa'dipyridyl and 8-quinolinol but does not
constitute proof. | |

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

CHQ respiration Arithmetic
Inhibitors o e products of
| (% Control™) inhibitions
8-quinolinol (1072M) " T 27 ~
aa'dipyridyl (10_5) L4 _ .
thiourea (5x10—6) 64 ' ’
thiourea»(5x10_625 : R
+8-quinolinol (10 7)) 17 17
thiourea (5x10—625 -
+aa'dipyridyl (107 7) 27 . 28
8-quinolinol (10:2) . : B
+aa'dipyridyl (107°) 14 12
(1) control rate methane respiration = 57 nmoles-Oz/

‘mg dry wt. ceils/min.
(2)  i.e. 27 x 64 = 17 etc.
Among thé 'intermediate' metals the strength of a metal-.b
ligand bond increases in the order Mn (II) Fe (II) Co (II)
Ni (II) Cu (II) Zn (II) and the reverSibility of iﬁhibition
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 bycuvdipyridyl and
8-quinolinol is in no way contradictory with_the.involvement
of a copper atom since this effect is obgerved in the relief
of inhibition by these compounds of the copper-containing

dopamine hydroxylase enzyme (Goldstein, 1966). The inhibitory
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action of a metal idh-;ﬂéié#of may involve a completé removal
of the metal from the enzyme leaving the.apo-enzymé which may
or may not be reactivated by the addition of the original

metél ion, or the replaqement of some-of the prqtein groups
only to form a mixed—enzyme inhibifﬁr coﬁplex (Hughes, 1972).
AIf a mixed complex is formed then addition of metal ion shOuld?
compete with the inhibitor and thussreverse the inhibition.

The reiief of i;hibitioﬁ-by a rénge 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 fhe kinetic analysis methdd of Lineweaver-and Burk»(i934)
~can in principle be applieé to determine the mode of adtibn
of any inhibitor provided the inhibition is reversible and the
rate of enzymé reaction éan be measufed as é function of |
substrate concentration. With a gaseous substrate such as
methane it is particularly difficult to defermine the substrate
conpentration‘in solution and Thbmson (1974)‘gives a detailed |
‘critique of the aftempt by Phillips (1970) to deménstrate
competitive iphibition‘by ammonia of methane disappearanée
through the determination of rates of methane disappearance
in flasks with varying amounfs 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 me thane can _ be .



easily controlled by the addition of different amounts of
. methane-saturated buffer to theé reaction vessel. This-methbd
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 wmolar compared with that of Harrison
.of 26 gmolar."Indicative of the limitations of working with
whole cells, considerable variationslwere found with different
)batches of cells and Kms of éé low as 50 ﬂmolar»have'been'
found. The'lqw K@ for methane.made it necessary'té add to

the oxygen probe chamber small amounts of suﬁstrate whi@h
rapidly becomes used up making steady—sta£e respiration-rates
difficult to determine accurately and resulting in thé scatter
_of points about the sfraight line found in this study and in
'Harrison (1973). Figure 3 also showé double reciprocal ‘plots-
for methane-stimulated respiration partially—inhibited by
thiourea'and aa'dipyridyl and the alteration of bofh Vﬁax and
Km for methane-stimulated respiration by these.inhibitors is
typical of the 'uncompetitive' class of inhibitors and is

- clearly not cémpetitive inhibition. The sihplest qualitative
interpretation:of uncompetitive inhibition is that it is due
to thé inhibitor binding with a form of the enzyme that differs
from that responsible fo? 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 consisteﬁt with inhibition
caused by'binding of metal ion chelators to a metal in the

oxygenase system.
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'Kinetics of inhibition of’methéne—étimﬁlatedz

'erespiration.in M. tfichoéporium OBBB by thiourea
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Double—re01proca1 plots of . resplratlon rates,
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" The similaritj between the ﬁlotsrfo;.thiourea and
aa'dipyridyi inhibition shown in figure 3A1ends 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 F1 (Fukuoka, 1974) and a

mixed culture of methane oxidising Gram—negatiVe rods
(Sheehan and Johnson, 1971)'héve 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 alnormal Gram~negative heterotroph.

Although a mechanism of inhibitién 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

(Thomsdn, 1974), nor is it likely to explain theninhibition

by the compounds SKF 525A, Lilly 18947 and Lilly 53325‘whése
mode of acfion in inhibiting Cytochrome P-450-mediated
oxygenase reactions are little understood (Hildebrandt, 1972).
Metapyrone, which.inhibits some Cytochrome P-450 hydroxylation
reactions (Hildebrandt; 1972) did not inhibit meéethane
oxidation at concentrationsoof' 1mM although limited
interpretations can be made of negafive results with cell

suspensions where permeability barriers may arise.
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Comparisons between the inhibition patterns of the ammonia
oxygenase in Nitrosomonas 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 dqt of the twenty-five
spécific inhibitors of methane oxidation are also specific
for ammohia oxidatién. The highef concentrations of

inhibitor required for inhibition:of methane oxidation-.in

Methylosinus trichosporium is readily expiained 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 Methylosinus was used in

this study. "
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; Smith and. Ribbons,
- 1970; DeBoer and Hazeu, 1972, Murray and Watson, 1965;
Watson and Mandel, 1971) a.lesion in the Tficarboxylic‘acid

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

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

metabolism of +he ner
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Table 13 Compounds which inhibit both Methane Oxidation in
Methylosinus and Ammonia Oxidation in Nitrosomonas

Ammonia ’ _ Methane
Oxidation in .Oxidation in
Nitrosomonasl ‘Methylosinus2 .
CoRee % contron ROVOTT, SEC" % cantror BOyOE]
Metal-binding
.Compounds ) .
Allyl thiourea 1076 18 .+ 107 28 o+
o-phenanthroline - 5x10"7 0 _ . leo-s - 65 ' +
diethyldithio- e o _ oy : '
carbamate S 10 0 . + 7.5x10 ~ - 0 +
8-quinolinol 1070 o - 107 0 +
aa'dipyridyl 107% 0 . 107% 0 Y
_KCN - . _5x10‘6fA- 22+ 1006 36 4
EnzYme-and-Haeme o T Lo ‘ : S
Protein- . -
Binding Compounds o ' - :1. L ‘ 4.T<' R L
Thiosemicarbazidé 10—5 5 s '10-5 , -45A  T
co - - (95%0,:5%C0) 8 (85%0,:15%C0) 0 .
Ethyl Xanthate 10°* o 107 0 e
.-Aminoguanidine 1073 . 26 o " 1072 . 32 .
LILLY 18947 107 . g . 1072 . .o
LILLY 53325 : 107 4 ' 5x10™3 o o
SKF 525A  s5x107° 35 - sx1073 36 . -,
3-Aminotriazole 1073 -0 f‘_ - 1072 27 o+
' Short Chain = - - ' e ' '
Alcohols : : '
Methanol - sx10™3 o 1072 o+
. Ethanol’ . 009 . 0 - 10% 03
Hydroxylamine . . = . - : _ 1of4 23 4

(1) figures from Hooper and Terry (1973)
(2) figures from tables 1, 2 and 3 of this section.

(3) Thomson (1974)

) Reversibilify = +
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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 ﬁheir 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 realify.the evidence is in a
;similar state as for the involvement of copper in methane
oxidation in relying heavily on the chemical properfies of

the metal ion chelators. Growth on Nitrosbmonas in shake

cultures has been shown to require copper ions (Loveleés and
Painter, 1968) and a copper species has been detected in.
.whole cells and extraéts uéing electron paramagnetic
resonance spectroscopy (Nicholas etlal., 1962) and the
significance of the latter study will be discussed in a
later section. . |

Hooper and Terry (1973) reportdthat thé the addition
of Cu?(II).iqns reversed the inhibition of ammonia
oxidation by KbN and diethyl dithiocarbamate. and not Mé (11),
CeC133 SnCl2 of 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 M.

trichosporium OB3B they reported the absence of inhibition

by the heavily substituted derivative of o-phenanthroline,
Bathocuproine, 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 Nitrosomonas

and by Clark and Schmidt (1967) to inhibit growth.
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The grouping of inhibitors in this bresént study was
made solely on the basis of their chemical properties but
Hooper and Teryy (1973) classify a number of their
compounds as 'Enzyme and haeme protein-binding compounds'
on the basis of the known inhibition of catalase by
thiosemicarbazi@e, 3—amin6 triazole, amino guanidine égd
carbon monoxide (Nicholls and Schonbaum, 1963), of peroxidase
"by ‘potassium ethyl xanthate (Anderso?, 1968), of diamine
oxidases by diethyldithiocarbamate, aminoguanidine,
hydroxylamine, Cn and thiosemicarbazide (Zeller, 1963) and
of cytochrome P-QSO—mediated oxygenase reaéfions by Lil&y
18947, Lilly 53325 and SKF 525A (Hildebrandt, 1972), However
most of these compounds aré metal ion chelétors and coﬁid
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 catalase or peroxidase-
like enzymé may be involved in ammonia oxidation, either
J_directly through the production of (OH)® or as a hydroxylase
or indirectly fﬁfough the removal of iﬂhibitory levels of
H,0,, is interesting but must be considered highly
speculative. The same qualification also applies to their
suggestion that methanol might inhibit by reacting with a
peroxidé—metabolising eﬁzyme as has been shown for catalase '
(Nicholls and Schonbaum, 1963) or as a free radical trap.

Valuable though such a comparison betwéen inhibitors
of methane and ammonia oxidation may be it must be borne

in mind that there are differences such as the insensitivity

of methane oxidation te inhibition by 2-4 diwitrophenol at
1077M and N,0 (90% 0,, 10% N,0).
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The inhibitibn of émmqﬁié ékiéation by iowering the
temperature was also noted by Hooper and Terry (i973) who
demonstrated that lowering the temperature of incubation

of Nitrosomonas from 25°C to ISOC 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 &eﬁbrane - type ITI methylobacterium as used in

this study E; trichosporium OB3B, Dugan and Weaver (1974)

showed that the fatty acid content consisted predominantly

-

of a C fatty acid and commented that this was the

18:1-
‘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 esterified fatty acids in

the membranes of another membrane type II methylobacterium

Methanomonas methano-oxidans was a Cl8'l fatty acid. A

high content of Cl6 fatty acid Has been reported for

: 1

Nitrosomonas (Blumer et al., 1969).

‘In view 6f the likely 1ocation 6f the methéne
-oxygenase in the complex internal membrane systems of
methylobactefia, an explanation of the inhibition of the
mefhane oxygenase 1is Suggested in which lowering the
temperature 'freezés' the 018:1 fatty acid. That this
'freezing' is'reversible is indicated by the ease of storage
of cell suspensions of methylobacteria at 4° withoﬁt any
loés of methane-oxidising acfivity on restoration of the
temperature to 30°C. Lowering the temperature of cell
suspensions of methylobacteria below OOC, however, was

found in this study to result in the irreversible loss of
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methane-oxidising activity and a loss in ammonia-oxidising

activity has also been found on freezing Nitfosomonasl

(Aleem, 1970).°

THE EFFECT OF N-SERVE ON METHANE OXIDATION BY METHYLOBACTERIA

There has been considerable commercial interest in
’finding compoun@s 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 eutrobhiéation (review: Prasad et al., 1971).
Thus many of the compdunds 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 Bremmer, 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 wher;,it might be washed away, adsorbed onto‘SOil
particles or degraded by micro-organisms. The efficiencies
of such inhibitors have aisolbeen shown to vary with the
types of soil. Hence allyl thiourea and thiourea were
found to be ineffectiv; in inhibiting nitrification in a
range of soils whereas potassium azide proved to be
extremely effective (Bundy and Bremmer, 1973). Additional
criteria such as freedom from toxicity to man, animal and
soil orgahisms as well as manufacturing cost must be
superimposed on the biologiqél effectiveness.of a nitrogen

‘stabiliser.



A compound which has recéived considerable attention
is 2-chloro,6(trichloromethyl)pyridine (Goring, 1962a;
Goring, 1962b) which is commonly known by the trade name

"N—SERVE” and whose structure is shown below:

AN
C1 N cc1
3
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 Nitrosomonas

proposed‘by Campbell and Aleem (1965) involving inhibition
of c¢cytochrome oxidase by N-SERVE.

The initial studies on N-SERVE by Goring (1962a; 1962b)
only demonstrated‘the retardation of nitrification in soils
and it was Campbell and Aleem (1965) who showed the
inhibition of grthh of Nitrosomonas europaea in pure

cultures was completely inhibited by 0.9 x 10_6M N-SERVE

and ammonia-stimulated nitrite production in cell suspensions

OM N-SERVE was required to produce 90%

by 0.43 x 10~
inhibition of hydroxylamine oxidaticn. In their

comprehensive survey of specific inhibitors of ammonia
p

oxidation by suspensions of Nitrosomonas Hooper and Terry

(1973) confirmed the specificity of N-SERVE, showing that
' 5

a concentration of 5 x 10 °M caused ‘86% inhibition of
ammonia oxidation and only 4% inhibition of hydroxylamine

oxidatione.



77

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—§M N-SERVE inhibited methane

disappearance completely whereas disappearénée,of mefhanol-
was only 10% inhibited at the'higher concentration of
N-SERVE. The effect .of N-SERVE on the disappearance of
methane and.methapoi from suspensions of M. aibus BG8 is
shown in table 14 and a similar selective'effect oﬁ methane
disappearance is evident. Methane oxidatiﬁn in M. albus BGS8

appeafed.more sensitive to inhibitidn by N-SERVE.

At the end of the incubation of M; triéhosporium 0B3B

4M N—SERVE the ceils were wéshed and sedimented

with 1.3 x 10
twice with 20 mls buffer, and sedimented and resuspended ihv
tﬁé'original volume of buffer and re—incubated with methane.
After a lag of twenty minutes'dufing_which no.diséppearancer
. of ﬁethane occurred the rate of methane disappearénce was

restored to 57% of the original uhinhibited rate of the

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

: Rates of
Concentration Disappearancg -
e o _
Organism N-SERVE (M.) (% Control)
CH4 : | CHBQH
, " P} '
Methylomonas l.3xlO__5 n.t. 59
~albus BG8 "1.3x10 ~ - . 0 ' 61
Methylosinus ‘ 1.3x10_§4_ - 03 90
trichosporium OB3B .O.67x195 _, o) 100
- 1.3x10 57 n.t.

(1) Control rates of disappearance in the absence of
inhibitor: M. albus BG8 CH), ll.S;'CHBOH 53 nmoles/min/mg
dry cell wt. M. trichosporium OB3B CH, 21, CH30Hv82 nmoles/

min/mg dry cell wt.

o
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(2) n.t. = not tested
(3) Inhibition on washing cells_three times with 20 mls

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-SERYE the extremely low solubility of N-SERVE made

it necessary t9 add the compound as a saturated solution

in water and the concentrations‘were~calculated from the
solubility data éupplied by the manufacturer. The addition
of N-SERVE as an élcoholic solution in the studies of .
Campbell and Aleem (1965) was considered unsatisfactory in

view of the inhibition By éthanol of methane oxidation

(Thomson, 1974) and ammonia oxidation in Nitrosomonas

(Hooper and Terry, 1973).

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

#ion by suspensions of M. albus BG8 and M. trichosporium
OB3B was investigated and it was found that formate-
stimulated respiratioh was not inhibited by 2.6 x 10_5M
N-SERVE at which concentration methane-stimuléted respira—
tion was totally inhibited.

The inhibition of growth of M. albus BG8 with methane
as carbon source can be seen from figure 4 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
additioﬁ of N-SERVE and although growth on methane was
inhibited completely by 0.8 x lO_SM N-SERVE, growth on
~methanol was unaffecfed. From the results in table 14 and

figure 4 it is evident that, like the compounds described



Fig,

'

Effect of N-SERVE on growth of M. albus BG8

(A) Growth on methane in the presence (®) and
absence (O) of N-SERVE
B) Growth on methanol in the presence (4) and

absence (4) of N-SERVE

.Optical densities determined by hephelometry of

freshly-inoculated cultures of M. albus with 20 ml
methane and 0.3% w/v methanol incubated in 250 ml -
flasks at 3000. Control flasks and with 1 ml

saturated solution of N-SERVE (0.8 x 10~ °M).
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‘earlier in this study, N-SERVE acts as a specific inhibitor
of methane oxidation. In view'of the specific ihhibition

of methane oxidation.by pyridine (éee table 5) the inhibition
of methanh oxidation by a pYridine derivative such as N-SERVE
should be expected, however N-SERVE inhihits methane
oxidation by cell-suspensions at 1/15th the concentration of
pyridine réquire& for complete inhibition which points to

some effect of’fhe-—Cl and —CCl3 substituent groups.
Although thére remains the possibility of the chlorine
groups binding directly to a metal, the effect of these
electro-negative chlorine substituents on the pyridine }ing
would be to reduce ‘the metal- blndlng ability of the nitrogen
atom. The ‘greater 1nh1b1tory propertles of N-SERVE may thus
be a result of the extreme insolubility of this compouhd in
water and a possible enhanced soluhility in the
methylobacterial membranesi

All attempts to demonstrate reversibility by Cu2+,

Fe2+, Coz+, Mn2+, C 3+_

3+ ha&e béen unsuccessful which
would suggest that 1f N-SERVE was inhibiting methane
oxidation through combination with a copper enzyme it would
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,
hoﬁever, contradictions even exist between their results

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

inhibition of ammonia oxidation to be irreversible. The
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tweﬁﬁy minute lag observed in this stu&y.bef6re: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 £his lag was
~due to the time required té remove the last traces of
inhibitor from the cells or the actual metabolism of the
“bound inhibitof'is not certain. _

" Campbell and Aleem (1965) demon;tr;ted that added

reduced cytochrome ¢ was oxidised by suspensions of

Nitrosomonaé and that this 'cytochrome cloxidase' activity
could be followed spectrophotometrically. The contrast
between the partial inhibition of this 'cytochrome ¢
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>oxidatioh. The inhibition
of 'cytochrome oxidase' activity by N-SERVE was also
reverséd by fhe addition_of Cu2+.

"The reléfionship between this 'cytochrome ¢ oxidase'!

and the'cytochrohes of Nitrosomonas europaea is unclear and
it does not necessaril& follow that their 'cytochrome ¢
oxidase' activity corresponds to either the a or o-type
cytochromés, whose'preSence in this organism has been well-
estabiished (Rees and Nasoh, 1965; Rees, 1968b; Efickson
et al., 1972) or the Cytochrome P-460, the existence of
which is disputed (Rees and Nason, 1965; Rees and Nason,
1968b; Erickson and Hoopef, 1972). The gftypé cytochrome

has received little detailed attention but the cytochréme
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a has been solubilised and purified (Erickson et al:, 1972).

Although the specific inhibitors of ammonia and methane

-1
3
diethyl dithiocarbamate (lO_SM) all inhibited the cytochrome

oxidation CN~ (107°M), N (10'%%.)NH20H (5 x 10"*M.) and
oxidase activify_of the purified cytochrome a, aa'dipyridyl,
allyl thiourea and hyerazine at 1mM did het inhibit cytochrofﬁ
E_oxidase'activity and indeed caused some stimulation, the
extent of whic% was not given in their publieation.
Unfortunately the effect of N;SERVE on the cytochrome ¢
oxidase activity of feir purified enzyme was not investigated.
Ae with methylobacteria, cytochrome studies of améonia-

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 M. trichosporium OB3B was
investigated and the.rates of methane and methanol
disappearance were found to be 70 and 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 fhe\metabolism of the membrane~type I
baeterium M. albus BG8 also was examined and it was found
that methane and methanol disappearance were inhibited by

30 and 100% respectively confirming the sehsitivity of
methanol Qxidation in both'membrane—types of methylobacteria

to inhibition by hydrazine. All attempts to demonstrate by
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gas chromatography fhe accumulation of methanol or aﬁy
other intermediate in incubations of suspensions of
methyiobacteria‘with methane and hydrazine and methane
have proved unsuccessful.

It is in this class of inhibition that the confroversy
';n the methylobacterialiliterature'is perhaps the greatest.
Brown and Strawinski (1964) had reported that 3mM iodoacetate
inhibited methanol but not methane oxidation in cell

-suspensions,of Methanomonas methano-oxidans resulting in 75%:.

of the methane accﬁmuiating 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 wouldi
arise fromAthe subsequent metabolism of methénol and hence

a situation where methanol oxidation is inhibited but
"methane oxidation continues would not be expected to arise.

‘-Higgin§ and Quayle (1970) were unable to show inhibition by

jiodoacetate 6f 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 M. trichosporium OB3B were inhibited by

.

3mM iodoacetate.

In their confirmation of the oxygenasé nature of methane
oxidation Higgins and Quayle (1970) found that high phosphate
concentrations (80mM) inhibited methanol oxidation to the
‘extent thét methanol accumulated to a concentration of 2mM
showing that methane oxidation can take placé when the

oxidation.of methanol is partially inhibited. Anthony (1975)
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has“since confirmed the sensifi;ity of methaﬁoi dehydrogenase
to phosphate ions.

That confusion and coptroversy is ﬁot 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
_oxidatioh leading to the acqpmulation and identification of
this compoundlduring ammonia oxidation observed by Hofman
and Lees (i953) and the inhibition of purified hydroxylamine
oxidase by hydrazine (Hooper and Nason, 1965). N
The contradiction noted by Whittenbury et al. (1970)
can be resolved if it is taken into consideration that
~ methanol oiidation, when determined by measuring rates of
disappearance of exogenously-added methanol, proceeds af a

faster rate than methane, typically 100nmole CH_ OH/min/mg cells

3
compared with 20 nmole CH /min/mg cells, thus 90% inhibition of
methanol ox1dat10n would have only slight effect on the

flow of redu01ng power to a methane mono-oxygenase. Another
factor which must be considered with non—prollferatlng

Cellé_is the poésible provision of réducing power from
endogenous metabolism-such as the formation of reduced

pyrldlne nucleotides from the metabolism of polyhydroxy-

butyric acid in M. 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, pheﬁyl-hydraZine, was noted by Anthony and
Zatman (1965) who were unable to detect any inhibition of
the methanol dehydrogenase activity of their partially-
purifiédAéai;;é“bfeparation and thi; led them td suggest

. that phenylhydrazine affecfed some site o%hér than the
alcohol dehydrogenase enzyme. The méthanol—stimulatéd
reduction of a PMS/DCPIP dye couple by supernatants of

cell-free extracts of both M. albus BGS8 and M. trichosporium

-

OB3B was followed spectrophotometrically in the presence

3

and absence of 2 x 107M hydrazine sulphate and despite the
high activities of ammonia-dependent dye reduction of 0.17
x lOfB,and 0.4 x 1077 absorbance units (600nm) /min/mg
protein respectively the addition of hydraziné 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 methénol into the
1cells, which might explain the inability to detect the

accumulation of intermediates, or as proposed for the

inhibition of hydroxylamine oxidation in Nitrosomonas hs

Hooper and Nason (1965), that hydrazine inhibits electron
transport from the metﬁanol dehydrogenase enzyme to the
cytochrome chain but not to the artificial dye acceptor
PMS. The difficuity in obtaining.ﬁethahol accumulation
qufing methane oxidation may lie in the difference between
J;hg oxidation of methanol when that methanol is present as
a p;;aﬁct'of methane oxidation and when methanol is added

exogenously.
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" THE EFFECT OF SPECIFIC INHIBITORS ON ETHANE AND ETHYLENE
METADOLISM

Thomson (1974) discussed the difficulties encountered
in éstablishiné a common oxygenase mechanism for methaﬁe
and ethane oxidation by méthylobaqteria and, despite the
sensitivity of both reactions to inhibition by carbon
monoxide, the éontrast between the inhibition of methane
oxidation 5y dimethyl ether and the insensitivity to this
compound ofnetiane oxidation led him~to conclude that methane
and ethane were metabolised by separate oXygenase enzymes.
Thomson's results'coﬁld still be accommodated within a
single enzyme theory if the rate-limiting step in ethare
mefabdlism was distinct from that of methanevand'insensitive
to dimethyi ether. Support fof this suggestion comes from
his observation that the-oxidation of ethane, but not
méthane, was stimulated 5y;the addition of formate Which'
would suggest that the provision of réducing‘power:for a
'ﬁossible methane mono—oxygénase Was_limiting in the case of
ethane oxidation but not methéne oxidation. An alterﬁative
explanation is that inhibition of ethane ox;dation méy have
been sﬁperimposed on agstimulation of ethane oxidafion gy
the metabolism of diméthyl ether.

A-simple test to verify if one of the above explanations
appliesris fo,ekamine éhe effect of dimethyl ether on the
metabolism Qf ethane in the presence of formate and the

.effect of dimethyl ether on ethane disappearance from

. suspenéions of M. trichosporium OB3B and M. albus BG8 in the

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

Confirming the results of Thomson (1974) the inhibition of



86

ethane disappearance by dimethyl ether was only slight but -
a marked inhibition of formate-stimulated ethane

disappearance fook place with both organisms.

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

Rates of Ethane Disappéarance
(% Control)

M. albus BG8 M. trichosporium OB3B

. 2 .
C2H6 + CHBOCH3 -+ 100 . 95
! .
C2H6 + HCOONa + CHBOQH3 50 59
(1) Control rates of ethane disappearance were: M. albus

oHg 12, C,H. + HCOONa 29 nmoles C Hg/min/mg dry wt.

M. trichosporium C2H6 12, C2H6 + HCOONa 18 nmoles CZH6/m1n/

mg dry wt.
(2) concentration of substrates: C2H6 1 m1/25 ml flask,
HCOONa and dimethyl ether 10mM. '

Table 16 Effect of Specific Inhibitors of Methane Okidation
: "on the Disappearance of Ethane and Ethylene by ©
M. trichosporium OB3B

Rate of Ethane and. Ethylene

Wmhibitor (e Disppearance n the pregence of
‘ Ethane Ethylene
aa'dipyridyl 107t 0 ' 12
8-quinolinol 107 % .o - 0
hydroxylamine 1073 17 - 0
Thiosemicarbazide 107 * 0 3
Thiourea - 107* 11 A 4 A. 12
N-SERVE 0.67 x 107 % 21 .29

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

buffef.

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

disappearance were both 22 nmoles C2H6/min/mg dry wt.
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The contradiction betweeh.éhe_production of ethylene in
the presence of acetylene by ﬁethanol— 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
carbon soﬁrde,‘their suggestion was supported by the
demonstration that ethylene disappeared from cultures of
Mngrowing with methane, but not methanol, as sole carbon
source. )

The disappearance of ethylene from incubation of M.

Avtrichosporium OB3B is shown in figure 5 as well as thef

effects of addition of formate; Ethylene disappeared at a
rate of 7 pmole 02H4/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 ceil
suspension or from an incubation of célls that had beén
boiled for five minutes indicating that ethylene uptake

could nét be ascribed to the solﬁtion of ethylene in the fed
rubber 'suba-seals' és 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 presencé of carbon monoxide (25% CO:75% 02)
indicating a lower seﬁ;itivity than methane oxidation to
inhibifion 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 Czﬂg/min/mg
cells respectively, demonstrating that élthough the rate of

ethane oxidation was higher than ethylene in the absence of



»Fig; 5: -Ethylene disappearance inISuspensions of M.

" trichosporium OB3B

Standard>suspensions'(of 47 mg cells in 5 ml pH 6.8
‘buffer) incubated with 1 ml ethylene in the présence

Land abséncé of 50 pmoles formate.
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-fe;mate, the rates bf”the-twe_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.M; tfichosporium OB3B

was then determined. However in view of the lack of

inhibition by dimethyl ether of ethane disappearance at the
unstimulated Late in fhe absence ofhadded formate, the

effect of iahibitors on the formate-stimulated ethane and
ethylene disappearance was determined. The rates of ethane
and ethylene disappearance in the presenee of formate ahd

a range of inhibitors is shown in table 16 and it can be seen
that, in addition to inhiBiting methane oxidation, these
~compounds also‘iAhibited ethane and ethylene disappearance.
The inability of DeBont and Mulder (1974) to observe etﬂylene
disappearance by methanoleérown cultures may thus be explained

by the inhibition by methanol of methane oxidation by

suspensions of M. 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 M. trichosporium OBSB although the

ecological significance of this observation will_await a
detailed stud& 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, 1974). .
whilst not constituting proof, the above data is

consistent with a 'one enzyme' theory for methane; ethane and

ethylene oxidation by methylobacteria.
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THE EFFECT OF SPECIFIC INHIBITORS OF METHANE OXIDATION ON
AMMONTA OXIDATION BY METHYLOBACTERIA

The repor?s by Hutton and Zobell (1953) and Whittenbury
et al. (1970) of the ability of cultures of Methylobacteria
to éroduce nitrite in the presence of ammonia raise the
poséibility_thaﬁ methane and ammonia are oxidised in
Methylobacteria by the same oxygenase enzyme. Phillips
" (1970) showed that:in the presence qf 0.1% NHQCl (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 concentratiohs‘in the gas phase
and applying the analysis of Lineweaver and Burke (1934);
attempted to demonstrate competitive inhibition betﬁeeﬁ
ammonia and methane. Thomson (1974) criticised this approach
which relies not only on knowing the substrateléonééntration
which is difficult for a gaseous substrate, but also requires
the determination of the initial rates of metﬁane oxidation.
at that substrate concentration. Thus the plots of
Phillips '(1970) though typical of competitive inhibitioﬁ,
may not necessarily répresent.compefition between methane
and ammohia_for thé 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 coéper component
of the methane oxygenase and inhibif methane oxidation in an
analogous manner to the other specific inhibitors of methane
oxidation. If NHéOH, by analogy with ammonia oxidation in

Nitrosomonas (Lees, 1952% is the immediate product of ammonia

oxidation by acteria then inmhibition of methane

oxidation may be %hrough the formation of hydroxylamine which
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wés‘éhown in this study to be a épecific"inhibitor of methane
oxidation. Phillips (1970) had earlier demonstrated that |
hydroxylamine (0.005%, 1.5 x 10" 3M) inhibiied growth of both

M. 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,bf ammbnia oxidation by asséying 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 M. trichosporium OB3B in the presence of

iomM ﬁH4C1 éﬁd figure'6 shows the linear rate of hitrite
formation ofbbe nmoles NO; /min/mg. cells which began after
an initial lag of five minufes. There was no nitrite
production in the confrql 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
oxidationvof ammonia required a product of the metabolism of

hydroxylamine or endogenous metabolism.



Fig. 6: Ammonia-stimulated nitrite prOduction by suspensions.

" of M. trichosporium OB3B and the effect of formate =

Nitrite,prodﬁction'by standard'Suspensions (df 47 
‘mg cells in 5 ml pH 6.8 buffer) incubated §t7309c
with 50 #moles ammonium ch1oridé-in'the présencer’
and abSencé-of 50 wumoles sodium formate. Contrbl

incubafion>ofkcells-with no»added'subsfrate.f
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The incubation shown iﬁ figure 6 had been shaken for 20
minutes at 300C before the addition of substrate ﬁence the
lag could not Be ascribed to temperature adjustment or be
removed by ére—incubation. The same figure also shows the
veffect of the addition of formate to the incubation and
althouéh the final rate of ammonia-stimulated nitrite
production is ?OO% stimulated at 2.8 nmoles NOé /min/mg cells
the lag is still present and is eveﬁ greater.

The respiration of suspensions of M. albus and M.

trichosporium in the presence of NHZ and a range of Cl 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. and C_ Metabolites on Ammonia-stimulated

Respiration by Methylobacteria

Respiration Rates2 (nmoles Oz/min/
. : 1 mg dry wt)
C, and C2 compound

1 M. albus BG8 M. trichosporium OB3B
+ + v

-NH,  +NH, -NH), +NH,,
cH, 33 28 112 58
CH,OH " 30 29 111 85
HCHO 20 21 69 88
HCOONa : 1.5 5 15 . 22.5
C Hg - o 2 1 4 ‘ 3
C,H_OH 21 21 69 | 72
CH,CHO - 2 2 14 | 10

(1) Substrate Concentrations: CH, and.CzH6 added as 0.6ml
of gas-saturated buffer, NH401 added to a final concentration
of 10mM and all other substrates added as O0.1lml of a 100mM
solution. )

(2) Endogenous respiration rates were 1 and 1 nmoles 02/min/

mg dry wt for M. albus BGS and M. trichosporium OB3B

.reSpectively which were increased to 27and 4 nmoles Oz/min/mg'

dry wt by the addition of I&-@r NHQCI.
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by 10mM NH,C1 was only apparent with M. trichosporium OB3B.
Ammonia-stimulated respiration was higher 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 6kidati6n by formate in
figure 6,respira£ion of both methylobacteria were considerabI;A
enhanced by combinations of formate and ammonia above the sum
of the two iﬂdﬁvidual respirationsnand a similar effect was

found,in M. trichosporium 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 time
>spans of ten minutes. |

The washed cell‘suspension of methylobacteria routinely
used in this study were prepared from cells gfown on a nitrate
minefal salts medium (N.M.S.) medium and the possible effect
of the nitrate assimilati&n enzymes on the uptake of nitrite

was investigated by incubating suspensions of M. trichosporium

VOBjB with lmM..NaNO2 in the presence-and absence of'fOrméfe
and the resulfs shown in figure 7. Nitrite was found to
disappear from the suspensions at a rate of 0.19 ﬂmole NO;/
min/mg cells with no lag and the disappearance was 305%
stimulated by formate to give a final rate of 0.77 nmoles NO;/
min/mg cells. Although anaiiéis of supernates of the sﬁs—
pensions reveéled no ammoni% the lack of stimulation of
respiration-when nitrite was added to cell suspensions
respiring formate in the oxygen probe suggests that thé
nitrite disappearance was due to reductive assimilation.

The contradiction between the lag in ammonia-stimulated

_nitrité productioh and the absence of a lag in the ammonia-
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Fig. 7: Disappearance of nitrite from suspensions of

Methylosinus trichosporium 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 Pmoles

_ sodlum nltrlte in the presence (@) and absence

of 50 rmoles sodium formate (0).
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stiﬁﬁlated réspirations descfibea in table l? éﬁgether'with
the nitrite disappearance founa in suspensions of-NMS}grawh
cells suggested that the apparent lag iﬂ ammonia oxidatién
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 presehce and absence of_formate were followed and the
results together with the control incubationsvin the

presence ana 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_prdduction. The rates of nitrite
formation in the presence and absence of formate were 4.3 and
9.4 nmoles NOé/min/mg cells. The lag in ammonia-stimulated

nitrite préduction 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

M. trichosporium OB3B incubated with ammonia and hydroxylamine

is shown in figﬁre 9 and the rate of hydroxylamine-stimulated
nitrite production waé.6.8«cdmpared with 2.6 nmoles NO;/min/
mg for the ammonia-stimulated rate. Although hydroxylamine-
stimulatéd nitrite production was only 48% inhibited by CO
(75% 02, 25% CO) the a@monia—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

A) -Ammonia-stimulafed nitrite formation in;the%
presence.(O)rand‘absence:(O)'of formateev.
'B)‘ Nitritesdisappearance in the presence (A) and
absence (a) of formate ‘and -control 1ncubat10nsr :
in Presence (ﬂ) and absence (o) of formate.:"‘
Standard suspen51ons (of 47 ‘mg. cells in 5 ml pH_ 
>*':6 8 buffer 1ncubated at 30 C) w1th 50 ymoles

2

;absence of 100 pmoles sodium formate.;'Contrcl

o NH401 or’ 10 umoles NaNO in the presence and'

1ncubat10ns of standard suspen51ons in the presence

and absence of 100 pmoles sodlum formate."v
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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 BOOCJ
with 50 Pmolesihydroxylamine hydrochloride (8) and

50 4Pmoles ammonium chloride (®).
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In view of fhe problems "that ardse over the inhibition of
ethanel.oxidation by dimethyl ether, inhibition studies were
carried cut on incubations of cell suspensions in the
presence of formate. Tﬁe effect of a range of specific

inhibitors of methane oxidation on M. trichbsporium is shown

in table 18 and it is evident that ammonia-sfimulated
nitrite production in the presence of fofmate was inhibited
by ail of the compounds tested. The effect of these
compounds on hydroxylamine-stimulated nitrite production is
also shown in table 18 and ammonia-stimulated hitrite
produétion was inhibited by éll of these compounds

Table 18 Effect of Specific Inhibitors.of Methane Oxidation

on Ammonia and Hydroxylamine-stimulated Nitrite
. Production by M. trichosporium OB3B

Rate of nitrite

: ' Concentration production (% controlB)
Compound ‘
(M) .1 .2

. ~ammonia hydroxylamine
8-quinolinol ' 1072 11 22°
o 'dipyridyl - , 10'z’ : 24 81
allyl thiourea 10~ 16 100
thiosemicarbazide C107% .19 100
diethyldithiocar- ' » .

bamate 7.5 x 10 0 11

N-SERVE 0.67 x 107 % 26 100

(1) 50 pmoles "H,CL and 100 mmoles HCOONa im 5 ml suspension
of pH 6.8 buffer.

(2) 50 pmoles NH,OH.HC1 in 5 ml suspension of pH 6.8 buffer.
(3) 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 hydroxylamine-stimulated nitrite production
although the latter reaction was. also inhibited by i
8-quinolinol 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 amménia
and it is the subsequent metabolism of hydroxylamine, a

process poorly understood in Nifroéomonas (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

OB3% lendihg 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 meth&lobacteria was beyond the scope of thé
present investigationvbut the importancerf nitrification

in nature would make such a study worthwhile.

CARBON MONOXIDE‘OXIDATION BY METHYLOBACTERTA

In the course of a study of the inhibition of methane
'respiration b& 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 ffom the superimposed oxygen probe traces in figure 10.
The endogenous respiration rate, the respiration rates in the
preseﬁce of carbon monoxide—éaturatgd buffer, methane and

Aty matTiarna an
GO T G LalailT &4z

)

A rarhan monovide ware
a careoe nmoneM1IGe were

12, 53 and 16 nmoles .

¢

02/minute/ﬁg dry cell weight respectively. The two-fold
.stimulation of endogenous respiration only'iasted for three
minutes and in the presence of carbon monoxide and methane
the initiél_inhibited respiration lasted for a similar period
as £hat with carbon monoxide albne before revértiﬁg to a rate
identical to the uninhibited rate for methane albne. The

sharp decrease in oxygen content on addition of carbon



_Fig.

.10:

Respiration of M. trichosporium OB3B in the

presence of carbon monoxide and methane

'Respiration at 30°C determined in oxygen prdbe.”

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 O +3 ml methane-

saturated buffer and (d) with 0.3 ml carbon

monox1deksaturated buffer. The total volume of

"the reaction chamber was 2.7 ml.
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monoxide and methane_éfé ﬁerely due to a dilution of the
oxygen-saturated buffér in the‘chaﬁber.

This simple experiment suggested that during the period
of inhibition of methané respiration by éarbon mondxide the

observed respiration was due to oxidation of carbon monoxide

and that methane-stimulated respiration only started up agairl~

when all of the carbon monoxide was removed.

A survey @as 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
réspirétion and the endogenous, carbon monoxide- and méthane—

stimulated respiration for a range of methylobacteria are

given in table 19. Carbon monoxide-stimulated respiration

Table 19 A Survey of Carbon Monoxide-Stimulated Rcsplratlon
in Methylobacteria. :

Respiration Rates
(nmoles 02/min/mg

Orgahism dry ot)
Endogenous CHlf - CO
Type I
Methylomonas albus BG8 1 31 . 1
Methylomonas agile o ' 0.5 83
- Pseudomonas methanica ' -0 80 0
Type II S
Methylosinus tfichosporium OB3B 3 53 3
’ o o OB4 i iiz 5
"o u , PG 4 140 4,
Methylocystis parvus OBBP 0 114 4
Methylosinus trichosporium 12 6 -163 6.

\J1

v

can be seen to be a property of all membrane-~type II .
methylobacteria examined but only M. albus BG8 of the three

membrane~type I ofganisms examined. Methane-stimulated
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respiration rates were generally higher with mémbrane-type 11
methylotrophs but the ability of M. albus BG8 to carry out

CO-stimulated respiration when a suspension of Pseudomonas

methanica with a higher rate of mgthane_respiration_showed
no methane-stimulated respiration suggests that methane and
carbon monoxide-stimulated respiration are not necessaril&
correlated. ' - _'

Although gonsideréble confusion‘exists in the early
literature, the biological oxidation of carbon monoxide is
now a well—establishéd Phenomenon and the literature has been
discussed fully in two reviews (Chapelle, 1962b; Fenn, 1970 )
and mentioned briefly in a review by Quayle (1972). The
organisms that metabolise carbon monoxide fell into two
categories: Gram—negativé bacteria which utilise carbon
vmonoxide as sole éarbon Source and which may also utilisg
hydrogen (Kistner, 1953; Kistner, 1954; Collins, 1969;
Savelieva and Nozhesnikova, 1972; Nozhesnikova and Savélieva,
1972) and a much larger.group.Qf organisms which canﬁof
~utilise carbon monoxide as sole carbon source but can
oxidise carbon monoxide to carbop dioxide and in the pProcess

may be able to incorporate some of the evolved carbon dioxide

into cell material. The latter category includes groups as

-

1
“

ct

> T v
diverse ag a leaves

3

s,

Bidwell and Fraser, 1972; Bidwell
and Bebee, 1974), green algae (Chapelle, 1962a), animal

tissues (Fenn and Cobb, 1932), photosynthetic bacteria

(Hirsch, 1968), Desulphovibrio (Yagi and Tamiya, 1962;

Postgate, 1970), Clostridium (Fuchs et al. 1974), methanogenic

bacteria (Kluyver and Schnellen, 1947), soil fungi (Inman and

Ingersoll, 1971). Even such a ubiquitous enzyme to life as
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cytoéhrome oxidase has been shown to oxidise-cafbon monoxide
(Breckenridge, 1953; Tzagoloff and Wharton, 1965). It is
thus likely that carboﬁ monoxide oxidation is a property'of
all respiring plant and animal tissues. The failure of all
.attempts to grow'methyiobacteria with carbon monoxide as
carbon source places carbon monoxide oxidation by
methylobacteria in the second category but the higher rate§
of carbon monoxide-stimulated respiration of 3 - 6 nmoles 02/
min/mg dry cell wt, than the carbon monoxide 'burning' rates
compiled from the literature by Fenn (1970), which do not
éxceed 0.3 nmoles CO/min/mg dry ﬁt.,suggests that carbon
monoxide 6xidation in methylobacteria may have some_special
significance. : .

Independent pf 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-"

frée extracts of Pseudomonas methanica was stimulated by both
methane and carbon monbxide and thét this stimulation wés
‘dependent 6n the provision of NADH (Ferenci, 1974). Despite the
cohclusion of Ferenci (1974) that . the ﬁéthane oxygenase was
'capablebof the oxidation of carbon monoxide his sfudy only
showed stimulation of respiration‘and NADH oxidation by
cérbon mqnéxide and did not establish the product of carbon
monoxide oxidation or offer any proof that carbon moncxide
was'actually éxidised.'

The.immediate product of carbon monoxide oxidation,
wherevinvestigated, 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 M. trichosporium

4
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OB3B resulted in a stimulation 6f 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 M. trichosporium OB3B in the

endogenous incubation and in the presence of 1 and 3 mls of
CO. Over the initial 30 minutes rates of cérbon dioxide
production were approximatelyllinear-énd were 4, 11.5 and
l&_nmoles COz/min/mg dry wt givigg a rate of 'excess COZJ
production of 6.5 and 10 nmoles COg/min/mg dry cell wt in
the presence of 1 and 3 mls CO respectively. The latter
figure was typical although there was some slight variation
with each batch and over 5 experiments‘the figure varied
betﬁeen 6 and 10 nmoles COz/min/mg dry cell wt. Similar
plots could be obtained for‘the membrane type I methylotroph
M. albus BG8 and the rates of carbon monoxide—étimulated
carbon dioxide pfodugtion‘were generally lower, félling

into the range 3 to 6 nmoles 02/min/mg dry wt. The
stimulation of carbon dioxide pfoduction 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—sfimulated CO2
production was dependent on a biological process and required
molecular'oxygen. Attempts to obtain stimulation of C02

" production by CO from cell-free extracts of M. trichosporium

OB3B using either the method of Yagi and Tamiya (1962) for

Desulphovibrio and Thauer et al. (1974) for Clostridium

pasteurianum, 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.

L]



Fig. 11: :Production of carbon dioxide by suspénsions of

M. trichosporium incubated in the presence of

carbon monoxide

Standard suspension (of k7mg cells in Sml_le6.8.
A:buffer)"incubated_at 30°C endogenously in the
- absence of substrate (D) and in the presence of

1ml (O) and 3ml (B) carbon monoxide.
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The expefiments which demonétratedfcarbon monoxide—
stimulated respiration and carﬁon dioxide producfion 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 cellAyield of M. albus BG8
- grown iﬁ the preSencé and absence of 20 ml carbon monoxide
and the carbon dioxide produced By each set of cultufes on
éxhaustion of-methanol.which was verified by gas
chromatogréphy. .There was a slight inhibition of yield in
-the presence of carbon monoxide but a considerable enhance-
menf of éarbon dioxide production and oxygen uptake. The
increase in carboh dioxide'proauction in the presence of
.carbon monoxide is equivalent to 9 mg of‘carbon and cannot
" be explained -away iﬁ terms of an incrgased carbon dioxide
production from methanoi due to a decrease in yield.

Table -20 Carbon dioxide production and ylelds of M.albus BG8
Grown in the presence and absence of Carbon Monoxide

O, consumed CO, produced Yield
., : 2. e ¢ )
Growth Conditions “(pmoles) “(pmoles) (mg dry wt) cells
CHBOH 980 570 16
CH,0H + CO (20m1) 1490 1330 15

1 0.5% v/v CHBOH in 20 ml Nitrate mineral salts medium.

The gas chromatography system routinely used for assaying

methane, carbon dioxide and oxygen did not resolve carbon
’ Toe
monoxide from oxygen and carbon monoxide appeared as a shoulder
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on the oxygen peak{"xifhough a decrease in the height of this
shoulder during the course of incubations of ce11 suspensions
in the presence of carbon monoxide indicated that carbon

monoxide was indeed disappearing, more satisfactory evidence

came from the demonstration of thé conversion of lQCO to 14002

by suspensions of M. albus BG8 and M. trichosporium OB3B usin ..

14

a method which involved incubating cell suspensions with =~ CO

and the estimafion of the evolved 14002 by the injection of
gas samples-into the gas chromatograph, thus separating the
gases present, trapping the 002 by sparging the éffluent fromv
the column through hyamine hydroxide, and couﬁting the T
dissolved 14C02 in a scinfillation counter. The results of
two trabping experiments‘are shown in table 21 and it can be
seen that the specific activities of the 'excess 002', where
'excess' was the amount of evolved‘CO2 over and above tﬁe
endogenous level of CO2 in%the‘control, were of the same'

- magnitude as the specific activity of the carbon’monoxide
source which &ould be expected if the 'excess 0027 was
derived from éarbon monoxide. There is close agreement
between the épecific activities in the caée‘of Mnglhgg'BG8

but some discrepancies with M# trichosporium O0B3B and the

poésiblé significanpe.of the low specific activity fqr the
'excess' carbon dioxide in terms of a stimulation of |
endogenous cafbon dioxide production in.addition to oxidation-
of carbon monoxide Qill be discussed in a later section of
this study. | |

The above results unambiguously confirm that carbpﬁ

monoxide is oxidised to carbon dioxide by M. albus BG8 and

M. trichosporium OB3B making‘it highly likely that the carbon
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VTable 21 - The activities of 14co trapped in hyamine hydroxide and the specific
' activities of the excess CO

Time COz in endogenous in flask 3 Specific activity of excess .
minutes - . control (umole) w1tﬁ Co (pmole)  CO2 counts/min/umole x 10°

57 . -1': s _" _.i Cay 2.6
Methylomonas 133 . - f >’16 IR 06 o S 2.1
albus (BGS) k33 a3 3 T 2.6

| 61 2t . 1.2
Methylosinus 1122 S s . 29 ceL T 2.3
trichosporium (OB3B) 187 e .18 - I T 63 4 S ‘3.5

Specific activitj of CO source = 2 x 10° ¢qunt§/min/pm91§ACO
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monékide—stimuléted respiratibn found in other methylobécteria
was also due to the oxidation éf carbon monoxide.

The trapping method described'above-ﬁas inconvenient for
 repeated sémpling with time and an alternative method was
devised whereby gas samples-from incubations of cell suspensions
with 1400 were injected difectly~into sealed counting vials

14

containing hyamine hydroxide into which the 002 dissolved

-

‘and could-be-counted onAaddiﬁion of scintillant. The linear

rate of lLlCOZ production from such an experiment with M.

trichbsporium OB3B is shown in fig 12 and from knowing the
specific activity of the 1l*CO source a rate of CO oxidéfion qf
8 nmoles CO/min/mg dry cell wt was readily deduced. In the

| 14 '

same figure a plot of 002 production in the presence of
NHon (lOiP) is given showing that carboh monoxide oxidation
is 88% inhibited by NH,OH which, in addition to being a
selective inhibitor of methane oxidation, has been shown to
inhibit the Qxidation of carbon monoxide in green algae

(Chapelle, 1962) and purified cytochrome oxidase

'(Breékénridgé, 1953).

Effect of Specific. Inhibitors of Methahe oxidation on the
Carbon-Monoxide-stimulated Respiration by M. irichosporium OB3B

The effect of avfange of specific inhibitors, on the rate

of carbon monoxide-stimulated respiration by M. 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'carbonAmonoxide oxidation in the green

4

algae by 8-quinolinol (5 x 10-3M.) and hydroxylamine (10 'M.)

has been reported by Chapelle (1962a) and in purified
4L

cytochrome oxidase by hydroxylamine at 10 M. {(Breckenridge,



Fig.

12

>Productidn of

14con by M. trichosporium incubated

with Y%co

' Standard suspension (of 47 mg cells in 5 mls pH .

6. 8 buffer) 1ncubated at 30° C w1th 3 mls lL}COV

(890 counts/mlnute/,kmole CO) in the-presence'_;

V(O) and absence (@) of hydroxylamlne hydrochlorlde

to flnal concentratlon 10 3M.-



Total ¥¥co, / flask

x 10,000cpm
6=

- €, 4+CO(3mls)

CO+ NH,0H (1073m)

.

20

40

»

Time in mins



103

- Table 22 Effect of Specific Inhibitors of Methane Oxidation
on Carbon Monoxide-stimulated Respiration by
Methvlosinus trichosporium OB3B

compound Comceptration Rate (0 stgmiated
8-quinolinol = =~ 1074 ' 40
o—phenanthroline' 5 x 107 0 .
aa'dipyridyl 10‘1i 9
Thioacetamide - - A 1073 0
diethyl dithiocarbamate 7.5 X 10’4 o
Thiourea . . A 10~ A o
Allyl thiourea 10“4 o]
NH,OH 1073 0 X
Pyridine o 1073 70
3-amino triazole 10-z_ 4 80

Thiosemicarbazide 10 )

(1) Control rates of carbon monoxide-stimulated respiration

were 5 nmoles 02/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 fhe 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

-bon moncxide on endogenous metabolism

The effect of cax
was investigated by the converse of the ll}CO studies recorded

14

in7tab1e 21 and figure 12. C-labelled cell suspensions were

prepared from éxponential phase cultures of M. albus BG8 and

14

.M; trichosporium OB3B grown in the presence of CHLt and

incubations of these labelled cells were set up in sealed

flasks in the presence ahd absence of 'cold' carbon monoxide.



The total carbon dioxide production in each flask was monitored

over a two hour period by gas chromatography and the 14C02

production was followed by injection gas samples into sealed

vials containing hyamine hydroxide. The results for M. albus

BG8 are given in fig. 13 and for:ML trichosporium OB3B in

fig. 14.  Although carbon dioxide production by M. albus BGS8

was stimulated in the presence of carbon MOnoxide the rate 6f.

14

CO2 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 lLlC—labelled

14&0

M. trichosporium OB3B revealed a different picture: co,

production was stimulated in the presence of carbon monoxide
but‘not enough to account for all the stimulation of carbon
dioxide-produbtion. The stimulation began after aAlag éf 10
minutes. |

A stimulatioh of endogenous carboﬁ dioxide production
would affect the calculation of 'specific radioactivity of
excess CO_,' shown in table 21 and may provide an explanation

2
for the low figure for this compared with the 1lfCO source in

the incubation of M. trichosporium OB3B sampled after one
hour.

The difference between M. albus BG8 and M. trichosporium

OB3B in the ability of carbon monoxide to stimulate endogenous
metabolism may provide an explanation for the greater ability

. of M. 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:

14

Effect of carbon monoxide on the endogenous CO

.evolution by suspensions of M. albus BGS8

14

COZ and total 002 evolved from suspehsions;of

26mg 1lfC—labelled cells in 5ml pH 6.8 buffer

inéﬁbated'at 30°C in the presence (@) and absence

(O) of 3mls carbon moﬂoxide;

2.
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Fig. 14:

14

Effect of carbon monoxide on the endogenous CO

2.

evolution by suspeﬁsions of M. trichosporium O0B3B

14CO2 and total CO, evolved from suspensions of 47 mg

14 _1abelled cells in 5 ml pH 6.8 buffer incubated
at 30°C in the presence (®) and absence (0O) of 3 mls

carbon monoxide.
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suggest that the explanation for the ability of suspersions

of M. trichosporium OB3B, but not Pseudohonas methanica)lay

in the ability of M. trichosporium OB3B 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. méthanica-an apparent stimulation

of formate and formaldehyde réspiration on addition of carbon
monoxide—saturated buffer to theiﬁxygen probe chamber. That
this stimulation was dué to. carbon monoxide wés inferred by
the demonstration thét the rate of formaldehyde disappearance
remained constant during the period of stimulated reépiration.,

'He thus concluded that like M. trichosporium OB3B, Pseudomonas

methanica was able to carfy out carbon monoxide-stimulated
fespiration provided a source of redﬁcing 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 éarbon monoxide on the

respiration of M. albus BG8 and M. trichosporium OB3B on some

Cl-énd Cz.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. vThe effect of the additio A
mate and allyl thiourea to suspensions of the methylobacteria
respiring on Cl and Cé substrates aléne 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

L4



Effect of Cl and C_ Compounds on Carbon Monoxide-

Table 23
stimulated Respiration by Methylomonas albus BG8
Respiration Rates (nmoles O /mln/mg dry
cell wt.)
CH30H__ o C2H59H HCHO : . HCOONa
Substrate (S) 37 23 .- 24 2
S + CO i' 52 38 " = 43 . 5
S +CO + ATUY ~'18 ff4 1. 17 1
S + ATU | 20 20 = 22 2
s+prc®+c0 20 17 a7 3
s +prc . %6 23 5_4n 27 2

.__’endogenoﬁs respiration rate 1 nmole Oé/min/mg_dry‘éell“wt.ﬁ'

CO-stimulated.respiration rate 1 nmole Oé/min/mg dryicell wta “

Coﬁéentrations‘of C, and Cz'substrates{ co O.6vmi‘gaé-'

"1

-saturated Buffer added to chamﬁer.'o.l ml of 100 mM solution_ .

of CHBOH,

‘1(1)>TATU1.

(2) DTC

cznson HCHO, HCOONa added to Chamber. e
- Allyl thiourea (107M)
= Diethyldithiocarbaﬁate (7.5 x~10-4M)A'>'



Table 24 Effect of Cl and C, Compounds on bafbcn Monoxide-

stimulated Respiration by Methylosinus trichosporium

OB38B :

Respiration Rates (nmoles Oz/min/mg dry

cell wt.)
CH,OH cénson HCHO.  HCOONa  HCOONa3
Substrates 89 49 46 7 7
s+co | n om T 24 a1
S + CO +:ATU | 50 . 38 36 6 5
S + ATU 49 a3 37 6 - 6
S + €O + DTC 55 4 m 7 8
S + DTC 52 42 42 6 7

Endogenous respiration rate 3 nmoles Oz/min/mg_dry cell wt.

CO-stimulated respiration rate 5 nmoles Oz/min/mg dry cell wt.

notes as for table 21.

(3) The'same cells left overnight in cold room at 4%c with

. endogenous and CO-stimulated respiration rate of 1 and 1 nm

02/min/mg dry wt respectively.
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.

termsﬂof.the enhanced respirat{on being due to a stiMulétion‘
of carbon monoxide oxidation. The importance of endogehoug
metabolism in determining the rate of carﬁon moqoxide
oxidation is illustrated by foctnote 3. of table 24 which shows
that although the rate of carbon monoxide-stimulated

respiration is lowered on leaving the cell suspension over-

'ﬁight at 4°Cvthe'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 QOC, 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 égilé (see table 25) and it can be seen that in

the presénce of formate and carbon monoxide there is considerable:
stimulation of réspiration 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 onArespiration of Methylomonas agile
in the Presence of Carbon Monoxide :

Substrate?l Respiration Rate (nmoles Os/min/mg dry wt)

HCOONa - - 1.5

Cco , 0

CO + HCOONa ' 3.5

CO + HCOONa + ATU 1.2

HCOONa + ATU 1.0

CHy - S 83

CH30H _ . 67

endogenous 0.5

1 notes as for table 23
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Aﬁ explanation for the stimulation of endogenous CO2

production during the oxidation of CO by M. trichosporium

OB3B but not M. albus BG8 is that the process of CO oxida-
tion leads to the breakdown of a storage compéund that is
oply present in the former organisms. Earlier studies using
microscopic staining techniques had suggested the presence
of polyhydroxybutyric acid (P.H.B.) in some methylobacteria
(Whittenbury ét al., 1970) and in a more détailed study

Thomson (1974) confirmed by chemical analysis the presence

-~ of low levels (1.8 - 6.5 Pg/mg cells) in M. trichosporium

OB3B, and other membrane-type II methylobacteria but not in

the membrane-—type I methylobacteria M. albus, Methylomonas

ragile. and Methylococcus capsulatus.  The incubation of

suspensions of M. trichosporium OB3B with ethane stimulated

the breakdoﬁn of P.H.B. to hydroxybutyrate, écetoacetate,
acetone and 002 and the dehydrogenation of hydroxybutyrate
to acetoacetate was shown in cell-free extracts to be
coupled to NAD reduction. A slightly highef level of P.H.B.
df 24 Pg/mg cells was independently reported fo be present

in the same strain of M. trichosporium OB3B by Dugan and

‘Weaver (197k).
The level of P.H.B. found by Thomson (1974) on complete

cqnfersion to acetone and CO2 would yield O.1 Pmd002/mg

- U, S - . - 2 od g, .. . = I R e L R ol 2 V-~ K ket | 4
cells whnichh is too little to accourit Lo Tae siimuaaled

o5
endogenous 002 production oﬁlrmymg cells. Assay by gas

" chromatography of the suspensions of M. trichosporium O0B3B

incubated in the presence and absence of CO as shown in
" figure 14 showed that £hgT2ce£one produced after 90 minutes
in the presence of CO was 1.5 Pmoies compared with 0.75
'rmoles in the eﬁdogenous control. Although there was a

.

. stimulation of acetone production the levels were

lower than those observed by-Thomson'(l974)ﬁwhich
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were typically SPmoles, and could not account for the
stimulated CO2 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 celi suspensions are complicated by'the.
need to take into consideration the endogenous metabolism which
itself 1nvolves uptake of onygen and production of-carbon
dioxide. This problem is 1llustrated by figure 10 where the
revers1on to the endogenous respiration rate three minutes
after the addition of 0 3 mls CO saturated buffer was taken to
‘indicate the complete oxidation of the added carbon monox1de.
If the oxygen uptake during thls perlod is corrected for the
endogenous respiration rate 133 nmoles of oxygen would have
been consumed to‘oxidise 258 nmoles of carbon monoxide resulting
in ahstoichioﬁetry of ozzoo of 0.5551; if thedendogenous
‘respiration is completely inhibited during this period the
oxygen»uptake'would be 242 nmoles resulting in a stoichiometry
ofvo.§331. The results of similar experiments are shown in
table 26 which gives the oxygen uptake during‘the addition of

carbon monoxide to suspensions of M. triohosporium OB3B

respiring on formate or merely endogenous reserves. The oxygen
uptake corrected for endogenous or formate respiration is also
given and the resultlng st01chiometr1es. Although the respira-
Ation studies with only endogenous respiration and w1th formate-
stimulated respiration were carried out with different batches
of_cells the results were essentially the:same, that when'

‘corrections for endogenous or forimate metabolism are made the

.



Table 26 Sto1chiometr1es of Carbon Monoxide-stimulated Respiration of M. trlchosporlum
OB3B in the presence and absence of Formate

Oxygen Uptake (nmoles) and 02/CO Stoichiometries1

on Successive Additions of CO

Amount of CO: 86 172 258 344 nmoles
1) CO and Endogenous . _ . |
(a) total co-stimulated'oz'uptake 90 (1.0) 176 (1.1) 252 (1.1) 300 (0.9)

(b) (a) - endogenous. ' 59 (0.7) ': 129 (0.7) 196 (0.7) - 242 (0.7)
2) €O for Formate- ' ‘
(a) total CO-stimulated o, uptake - 100 (1.2) 210 (1.3) 288 (1.1) 328 (1.1)

(b) (a) - formate ' 4 (0.5) 120 (0.8) 182 (0.7)° 192 (0.55)

1 stoichiometries in brackets expressed as the ratio of oxygen uptéke/amount of CO
added
. 2 CO was added as a saturated solution at 30°C and the concentration of 860 nmoles

C0/ml was assumed

'{3 -Formate was added as 0.1 ml of a ldO mM solﬁtion of sodium formate
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;£§ichiometry for 025C0 is ﬁé%wéén~0.5 - 0.7 and when the
oxygen uptake is not correctéd a value between 1;0 - 1.2
emerges.
This problem has not been overcome by Ferenci (1974) who
used a similar method to derive a302:CO'stoichiometry of 1:1

for Pseudomonas methanica. His method was based on the

measureﬁent of fhe oxygen uptake in an oxygen probe on the
addition of Ofi and 0.2 mls of carbon monoxide—saturated

buffer and élthough it is not stated,the respiration on
formaldehyde alone is subitracted 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
colotrimetrically, was unaltered in the presence of carbon
monoxide. There.is-some confﬁsion at this point in his
report.because on the oxyéen probe trace enclosed with tﬁe
vbapef two successive additioné of 0.1 and 0.2 mls carbon.
monoxide-satﬁrated buffer are cleariy marked and referred to

in the legend of the figure. These amounfs correspond to 172
and 86 nmdles dissolved CO, assuming the concentration of carbon
' monoxideésaturated buffer to be 0.86 Pmole/ml at 30°C which is
thé value he displays with the‘figﬁre and is contained in
standérd tables (Seidé€ll, 1920). In the text however if is
stated that 168 and 43 nmoles O2 were consumed on the addition
of 86 and 43 nmoles CO resulting in a 1:1 ratio consistent

with Ferenci's thesis that éarbon monoxide oiidation 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 mls carbon

monoxide-saturated buffer respectively, the results of
Ferenci (l974)\wou1d indicate a stoichiometry of 1:0.63 and
1:0.5 bringing them closer to the values obtained in this

study with M. 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 M.

tfichosporium OB3B.

the lower'stoichiometry for CO oxidation. The calculation of

A stoichiometry for CO oxidation was also obtained from

the CO2 pfoduction and O2

of cell suspensions of M. albus BGS8 . as, unlike M. trichosporium

disappearance rates in sealed flasks

OB3B, stimulation of endogendus CO, production by CO does not

2
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 C02Aproduction by an incubation of

M. albus BG8 in the'presence and absence of 1 ml CO were 5.5

and'l.6 nmole COz/min/mg cells respectively and the ratess of 0,
disapﬁearanée were 4.2 énd 2.4 nmole 02/min/@g cells respectivel
resulting in;§ stoichiometry for 0,:C0 of 0.6:1 and 1.2:1
depending on whether or not the 6xygen consumption is

A disappearance in the control.

2
A value between 0.5 and 0.6:1 has been repeatedly obtained for

corrected for the endogenous O

the corrected stoichiometries in a number of incubations of

M. albus BGS.

A stoichiometry for CO oxidation by growing cells can be

obtained from the levels of CO_, production and O2 consumption

2

in methanol-grown cultures of M. albus BG8 and the data in

table 20 would indicate a stoichiometry of 0

-£©
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this figure required‘tﬁé subtraction of the CO2 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 adopféd in £his study with some
reservatioﬁs. The stoichiometry of OZ:CO that reéults from
the respiration studies in the oxygen probe, the incubations
of washed ce}l guspensions and fhe methanol-grown cultures is
thus 0.5 - 0.7:1 suggesting that carbon monoxide in

methylobacteria proceeds by the following reaction:

2C0 + 0, = 2C0 (12) .

The mechanism of carbon monoxide oxidation by methylobacteria

Carbon monoxide might be oxidised in methylobacteria by

one of the following three mechanisms:

cCo + H,0 — HCOOH — CO,, (a)

—A '

CO + H 0= C0, + H, | (b)

co molecular'}CO _ 2 (c)
oxygen 2 :

The hydration of carbon monoxide to formate with
subséquent conversion to darbon dioxide by formate
dehydrogenase has not been shown to occur in any 1iving system
and ﬁany of the:studies reviewed.by Chapelle (19626 and Fenn
(1970) have taken gréat-pains to eliminate such a mechanism.
The involvemenf 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 itéelf was
intermediate. Ferénci {1974) was aiso able to demonstrate

the cell-free stimulation of respiration by Pseudomonas
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methanica using'a particﬁlate fraction which would eiiminaﬁe 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 organismsr(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 Iikely during carbon monoxide oxidation by

Desulfovibrio and the methahogenic bacteria where the formation

of molecular hydroéen has been confirmed (Yagi and Tamiya, 1962;
Kluyver and Schnellen,l947). The real biological significance
of non-growth carbon monoxide oxidation by tﬁis mechanism is
quesfioned by the largely-overlooked cautionary note by Seit=z
(1941) who showed that at neutral pH under.anaerobié conditions
carbon monoxide can be convertedvto carbon dioxide in the
presence of light and an hydrogen écéeptor such as methylene
blue, and at éikaline pH in the presence of either. It is not
at éll certain how many of the earlier publications.on carbon
monoxide oxidation wére_merelyAdescribing this non-physiological
processe.

[2 23 PR TR SR o T mmn smmmm e o ‘A Ty Veamd  casAd Mo ~ra (1_60\
11131 S melrialll Sl aas oeeil Ppropésed Oy iagi aina aamiya “ &)

for the anaerobic oxidation of carbon monoxide by Desulphovibrio
but all attempts to obtain cell-free oxidation of carbon monoxide
using his method have beén unsuccessful.

While.this study was in.progress the evolution of molecular
hydrbgen by anaerobic iﬁcubation of M. albus BGB in the
presence of formate was observed by Dr J.G. O'Neiil (personal

communication) indicating formate hydrogen lyase activity in
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< -~ “this organism and, although‘hydrogeﬁéseiiﬁ 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 M. albus BG8 and'M;

trichosporium OB3B were incubated anaerobically in the absence

of added substrote 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 M; trichospoxrium
O0B3B was also incubated anaerobically with hydroxybutyrate;
The gas phase of each flask waé sampled‘by gas,chromatog%aphy
after oﬁe and two hours incubation and overnight inéubation and
the amounfs 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 ﬁours although
-hydrogen was present in the overnight incubations. Although
there was slighf 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 M. trichosporium OB3B but not M. albus

BG8. Hydroxybutyrate metabolism has been proposed by.Klucas
and Evans (1968) to be linked to ferredoxin reduction in the

N =

nitrogenase enzymes in Rhizobium and this compound was found to



Table 27 Hydrogen evolution by suspensions of

Methylébactefia in the presence of Carbon Monoxide, Formate

and Hydroxybutvrate

ANAEROBIC INCUBATIONS1 AEROBIC INCUBATIONS
: ‘ + hydroxy- ' + Carbon
Endogenous + CO -+ Formate butyrate Endogenous Monoxidd
time (Hhrs.,) umoles CO2 - Hz : CO2 : . H2 C02. Hz CO2 H2 CO2 CO2
M. albus BGS8 .
1 4,5 0 5 .0 7 8 n.t. n.t. 1.5 4
2 5 o 6 -0 8.5 16 n.t. n.t. 3 5.5
20 10 3.3 11.5 2.7 | 3% 4o n.t.  n.t. 34 53
M. trichosporium ' '
0B3B ' _ o
1 1.8 0 4.3 0 2.4 0.5 1.k 0.25 7 36
2 2.1 0 5.1 0 3.4 1.5 | 2.6 1.3% 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 monoxidé, formate and hydroxybutyrate were 3 mls, 10 mmolar and

Incubations contained 47 mg cells.

2 » Acetone content 1.4 pmoles

3 Not tested

10 mmolar respectively.
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'Stimulate hydrogen evolution iﬁ.y; trichosporium OB3B with the

"level of hydrogen after two hours corresponding closely to the
amount of acetone present of 1.4 pymwle inh the suspension which was
determined by gas chromatography. The stimulation by

hydroxybutyrate of hydrogen evolution suggests that the

hydrogenase in M. frichosporium OB3B is NADH-linked. The
evolution of hydrogen by the endogenous incubations of the two
methyiobacteriafin the absence of fo%mate would sﬁpport the view
that endogendus metabolism can be linked to the reduction of
NADY'..

Thus there is no evidence for the oxidation of cafﬁbn
- monoxide in methylobacteria by mechanism b. If is also
difficult to reconcile a mechénism that requires én oxidised
electron acceptor to recéive the evolved hydrogen wi£h a
definite reqﬁirement for reducing power found by Ferenci-(1974)'
and in this study. ’ |

The oﬁly author to'speculate whether molecular oxygen is
~involwved in carbon monoxide oxidation is Chapelle (1962a) who
cites no evidehcé apart from a requirement for molecular oxygen.
As with the oxygen requirement for carbon monoxidefoxidation by
methyiobacteria this can be expléined as a requirement;for
oxygen to oxidise a reduced carrier generated through
mechanism b. Conclusive prSOf for the metabolism 6fvcar50n
monoxide by anvoxygenase mechanism would require the
demonsfratioh in incubations of carbon monoxide and 180-
enriched moleéuiar oxygen of incorpofation of 180 into C02 to
give levels of 46C02 significantlyvabove'the naturally pccurring

' . 18

levels. A serious complication to the determination of 0

. et amw s e . 18 e c
incorporation 1into 002 1s the diiution of O content caused by
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the reversible hydration of CO, to form carbonic acid,incoﬁ;
ST , 2 : 3
a reaction which may be non-enzymic (Mills and Urey 1940) or

catalysed by,the,enzvme Garbonic Anhydrase (Silverman, 1973).

Initially suspensionsvofiy; trichosporium OBBB were:aerobi—
’cally 1ncubated for two bours 'r‘the presence and absence of CO
and.lgO enrlched oxygen and the sealed flasks were frozen untll
1t was conven1ent to assay the contents by combined gas |
chromatography/mass spectrometry (GC/MS). _These early
experlments ‘failed to reveal any ;ncorporation of 180.into COé
_}and the’proeedure-was_then adopted of;carryiné out'the incubations
inuthe:same roo@ as theAGC/MS.unit in order that samples conld'
be analysed duringithe;course of incubatlons. rThe lack of.any
‘temperature_control facillties such asaa hot room:necessitated
maintaining the incubationsvat.ZBOC rather than the,usnal
ptenperatﬁre_joocai' |

The 1sotop1c composltlons and ouantltles of the. CO2

evolved in 1ncubatlons of M. trlchosporlum OB3B 1n the presence

_of CO, CHQ and an endogenons control are shown ;n table 28,
Samples of the éas phase of each flask_Were taken at 30, 6Q.and
90vminntes and the natios,of the mass spectrometer peaks at
ﬁass 46 and 44 calculated and lt is evldent from the:results in
"table:Bthat-whereas.the”46/44% was similar at O.?%Afor the
ineubations’with CHQ and the:endogenous control and.equal to the
vratio for'the Cd 'standard the value in the incubation-with CO
was sllghtly h1gher at between 1.0 - l 3%. A”value for the
46/44% of the endogenous control at 30 m1nutes could not be
-determined as the level of CO present was not_hlgh enough to
give an adequate 51gnal for the GC/MS.A

Theapparent enrichment above the control of O. 3 - 0.6% was

extremely low and a further experlment was carried oﬁt with a



Table 28 Carbon Dioxide Production and

and CO and CH, in an 10

O~enriched atmosphere

180—incorporation in incubations of Methylosinus trichosporium OB3B

CoSAV I e -

Standard CO,:

5 1.35% mass 434%%0.76% mass 4§/mass by

Endogenous Control + Carbon Monoxide + Methane
Time - :
(minutes) CO, produced ! vl ! " CO,_, produced ! i 1 CO_, produced
2 pmoles mass 45/mass 44% 16/44% 2 Lmoles 45/44% 46 /4 4% 2 moles Lb5/44% 46 /44%
Experiment 1°
30 .5 . - - 12 1.3. 1.3 39 1.45 0.75
60 8 1.4 0.5 25 1.25 1.25 72 1.65 0.75
90 11 1.4 0.7 b2 1.8 1.0 77 1.4 0.7
Experiment 2b
30 . 8) . 29 ) o
60 16 ) 1.48 ¥ 0.1t o0.74 ¥ 0.06 57 ) 1.38 ¥ 0.18% 2.0 ¥ 0.4
90 23 ) ‘ 85 )
60 mg cells, one flask for each incubation
from figure 15. 100 mg cells, two replicates of each incubation
arithmetic mean and standard deviation of 9 samples from two incubations in absence of CO
1 " 1" [1] ., " 13 1} 1n L 1] presence Of co
L . HTE
180 level in oxygen 30%: 26% 3602, 7% 3*00
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greater amount of cells in éach iﬁcubatiéﬁAandeith two
replicates of the'endogenous control and the incubation'wifﬁ
CO. An incubat;on with CHli was omitted in view of the absence
of enrichment of 46/44% in the previous experiment. This lack
of enrichment is not sﬁrprising since, despite the confirmed
oxygenase-mediated metabolism of CH, , (Higgins and Quayle,‘

- 1970) both the hydration of HCHO and 002 would be expected to
dilute qut the 18O label. As soon as~thé COzAconténts of ‘the
fiasks were high enough for tﬁé GC/MS assay the.gas confents
of each pair of incubations were sampled repeatedly. The
4b6/44% of the thirteen samples of,COz produced by the twd
incubations in the presence of CO and the nine samples of the
tﬁo control endogenous incubations are shown in‘figure 15
together with the total‘amounts‘present in eachvf155k3 The mass
46/mass 44% of the 002 formed in the presence of CO were
consistently higher than that of the qontréls and both fhe.CO2
and CO standards and the mean and standara deviations of the

mass 46/mass 44% of the incubations with and without CO were

2.0 Y o.y and‘Q.? ¥ 0.06% respectively. The standard deviation

of the mass‘46/@ass 44% in the incubations with CO is larger
than that of theACOntrol incubations reflecting the scatter i
lsO-ianrporation shown in figure 15 but the differences |
between these two meansiare well outside the standard
deviations,'pointing unequivocally to the 180—enfichment of
»fhe COz-formed in the presence of CO, The 180 contenfs of CO
can vary from 0.3 - 2.2% according to theAsourée (Ste?ens,
1972) and a high content of 18O‘in the added CO could provide
an alternative explanation for the higher 18O cbntent to an
oxygenase mechanism for oxXidation, however analysis by GC/MS

showed that the mass 30 component of the CO source was only 0.3%



Fig.

15?

18O incorporation into.carbon dioxide evolved

by”incubations of M.etrichosporium OB3B in.the

" presence and absence of carbon monoxide and in

the preSence-of l80—énriched oxygen

A) _Percentege mass‘46 of mass 44 of evolved

carbon dioxide as determlned by combined gas

chromatography/maos spectrometry

B) Total carbon ‘dioxide productlon by

1ncubat10ns

Sml suspen51ons 1ncubated at 23 C w1th lOOmg dry

'welght of cells and 5ml 30% 80 enrlched:moleculafv

.oxygen. Two 1ncubat10ns (O and @) in absence of

carbon monox1de and two incubations (A andlA) 1n"

the presence of 3mi carbon monox1de.'*



o
44co,
{;
34 4
A
A A
2 — . A A A
A .
+CO
A A 2 a
1 ©
o © e e o ® o-cO
. N
0 __ q :
50 ~ -~ 100 Time in mins
M moles COZ’
ﬂ\
1507
1004
504
M

50 100 Time in mins



117

of the mass 28 component. Reinforcing the significance of'the

46 N . 45

CO2 enrichments, the close similarity in the contents of co
which is not due to l8O—enrichment, in the CO2 standard and the
incubations in the presence and absence of-CO'serves as an

internal control.

The differenceAbetween the means of the 18O—enrichments
in the two controls and the incubations with CO was 1.25% and,
‘as the oxygen source conteined 30% 180, this enrichment
-corresponded to 4.2% of the theoretical value for an oxygenase-
mediated oxidation of CO. The measured mass 46/mass 44% will

be diluted by COz'produced from endogenous sources and the

4180~enrichment of the 002 produced in the presence of CO,

corrected using the endogenous 002 production in the controls,
becomes 5.2% of the theoretical value. A stimulation in

- endogenous 002 production by CO similar to that shown in
figure 14 would raise the percentage of the theoretlcal even
further and would explaln the slight decllne in 180 enrlchmnt
‘with tlme shown in flgure 15.

Both the_IOW'percentage of theoreticalv180—incorpofation
and the highe; levels of enrichment in the incubations-with
the greater amounts of cells with a faster total rate of CO
ox1dat10n are con51stent with. 1sotop1c dilution of 18O—labelled
CO2 by hydration with watern By way of comparison Rees and

Nason (1966) proposed an oxygenase mechanism for ammonia

oxidatien by Nitrosomonas europeaea on the basis of the

presence of 6.6 - 7.2% of the theoretical 18O—incorporation
in the evolved NO; and also suggested that the reason for
their low 18O—enrichment lay in isotopic exchange with water.

An explanation of the low levels of 18O incorporation in

terms of exchange of carbon dioXide with H2180 formed when 180
1v

discounted:

serves as a terminal acceptor can be readi

oxygen could not be quantitatively estimated by the gas
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chromatogrephy system used in this barticular experiment but if
an OZ:CO:CO2 ratio for carbon menoxide oxidation of 0.5:1:1 is
assumed and taking the 18O-—enrichment of the oxygen to be 30%
‘the amount of H 18O which would have been fermed in 90 minutes
“incubation with CO would be 96 x 0.5 x 0.3 i.e. 15 pmoles. The
total amount of water in 5 mls of a suspensionvcan be taken as'
.6.28 moles thus the resultant enrichment of the water would:be
less than 0.005% which is negligible in comparison with the

' 18

observed enrichments of 0 in the CO2 produced by incubations

of M. trichosporium OB3B with CO.

Lane and Dale (1956) have demonstrated that bacteria utlllse
??Oz at 1.015 greater rate than ?602 but thls 1sotoplc effect
is also too small to explain the observed enrlchments."

The demonstration of 18O—incorporation into the 002 evelVed

from incubations of M. trichosporium 0B3B with CO provides:

conclu51ve evidence for an oxygenase mechanlsm for CO ox1dat10n
by this organism and both the common effect of 1nh1b1tors on the
_Cofstimulated respiration of suspensions of M. albus 'BGS (table

22) Methylomonas agile (table 24) and cell-free results of

Ferenci (1974) with Pseudomonas mefhanica support a similar
.oxygenase mechanism for CO oxidarion in other mefhylobacteria..
‘Althoﬁgh the oxidation of CHLt and CO by moho—oxygenase mechanisms
‘remains to be conclusively established and is inconsisfent with
the observed steichiometries in this sfudy, the involvement of

- the same oxygenase enzyme system in both processes would seem
likely in view of the inhibition of CO- stlmulated resplratlon

v’by spe01f10 1nh1b1tors of methane oxidation, the ability of

cell-free extracts of Pseudomonas methanica to carry out NADH-
spiration with bhoth substrates and the possible

inhibitioﬁ-of CH4>oxidationvby CO through a competitjve mechanism.
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On the basis of“the sensitivity of methane oxid;tion to
inhibition by CO, Davey and Mitton (1973) had suggeéted that
the a-type cytochrome preéent in methylobacteria was involved
in CH4 oxidatiqn and the specific inhibition of CHq oxidation
by other known inhibifors‘of cytochrome oxidasé azide,
hydroxylamine, cyanide (Lemberg, 1969), British Anti—Lewisite ;:
(Coopersteiﬁ; 1963) and diethyl dithiodarbamate (Erickson

p .

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 thé a-type cyto-
chrome in the methane oxygenase reaction consistent with'the
mechanlsm by the spe01flc inhibitors proposed in an earlier
sectionf The possibility of CO acting as a substrate for the
methane oxygenase led Ferenci (1974) to disagree with thq above
mechanism of inhibition by carbon monoxide and propose instead
that inhibition was by a competitive mechanisms. These two
méchanisms of inhibition need not neqessarily be mutually
'exclusive as there‘is evidence from two independent sources
that mammalian cytochrome oxidase can bring about fhe oxidation.
of carbon monoxide. |

_ Breckenridge (1953) eliminated the involvement of

catalase, cytochromes b and ¢, diaphorase and myoglobin in the

P P PR A4 141‘ﬂ 4+~ 14(‘[\ Tier wnw o~ hm e
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t muscle and der
that the activity resided in the cytochrome oxidase from that
tissue.. He wés also aﬁle to shéw*thét the oxidation df qarbon_
monoxide by purified cytochrome oxidase was stimulated by an
increased flow 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

conbination with, and oxidation of, CO.
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Unaware of the earlier work of Breckenridge (1953),
Tzagoloff and Wharton (1965) showed that quO reacted with
purified cytochrome oxidase from beef heart mitochondria to
form a spectroséopically distinct complex and thatlthe 1400
could be dissociated from this coﬁplex by passing air through

the Sﬁspenéioﬁ.td liberate 1400 The authors did not

o°
specplate as to whether molecular oxygen participated in the '
rea;tion and it is impossible_to assess from their described

A 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 cr merely for the )
re-oxidation of cytochrome oxidase. These two studies of CO
oxidation by cytochrome oxidase indicate a mechanism for
.6xidation of CO in which CO combiﬁes with the reduced
cytocﬁrome and is oxidised either by molecular oxygen or water.
Meaningful analogies between methylobacterial and mammalian
”cytochrome oxidase-mediated CO oxidation must await detéiled

" - studies of the properties qf the purified methylobactérial a-

type cytochrome and the participation of molecular oxygen in

the oxidation of CO by mammalian cytochrome oxidase.
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VELECTRON PARAMAGNETIC RESONANCE STUDIES WITH METHYLOBACTERTA

The presence of unpaired d elecfrons in the outer
orbitals of the transition metals inon and copper'nas
established Electron Paraﬁagnetic Resonance (E.P.R.)
'Spectroscopy as a valuable tool in the study of-the role of
metals in oxygenase reactions (Swartz, 19?2). The determina—
tion cf the two parameters, the"g-valne', andrthe hyperfine
splitting of a signal can give information as to both the
nature of the,metallinvolved and the.oxidation state. Thus
E.P.R. spectrosccpy 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 pur1f1ed enzyme can confirm the
presence of covalent bondlng to the metal and the presence
of hyperfine spllttlng 1n_the slgnal can sometimes helplln.
the characterisatidn-of'the ligands.

In an early study of the appllcatlon of E.P.R.
‘specn;oqcopy to bacterla Nicholas et al. (1962) showed the
_presence'of‘a copper reeonance of g-value 2.1 with hyperfine

' spllttlng in whole cells of Nltrosomonas europaea and in

‘hydroxylamlne ox1dlslng cell-free extracts consisting of
particles containing cytochromes Eﬁ,g_and a. The changes_in
‘the fine strncture of the signal onithe addifion of

: hydroxylamine.were considered evidence for the inVolvemenf
~of the copper in the metabolism,of.hydroxylamine.. That

the spectra; 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.cyfbchrcme oxidase,tbeinert, et ai.,

1962), was inferred from the observation that thes¢ changes
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occurred more rapidly in the presence of cytochrome c
although no kinetic data was presented.

A role for éopper in hydroxylamine.oxidation in

Nitrosomonas cannot be conclusively‘establiéhed from this
brief study of Nicholas et al., (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
particies-is interestipg, however, in the light of the
proposed involvement éf copper in the ammonia oxygenase
suggested by the inhibition studies of quper'and Térfy
(1973). o | | |

| A limitation to the applicatidn,of E.P.R. spectroscopy
to the study of whole cells and intact tissues is that the
concentrations of biologicallyéimportaﬁf parahagnetic
speéieé present are ﬁsually low and measuremént of resbnanée
specffa'must be carried out at high receiver a@plifibations
A wifh'correspondingly low signél—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
ﬁypical of those repeatedly obtained with this organism. A
'prominent resonance is présent‘whidh can be assigned a'gl_
value of 2.06 ahd also three peaks at a lower magnetic field.
Bofh-the resonanceAat_g-value 2.06 and the three peaks are
abolished on reduction by sodium difhionite and the
dithionite—reduced sample also sgrveé as a control for the_'
background E.P.R. séectrum due to the éavity alone.

The resonance of g-value 2.06 is typical of Cu{II) and

the three 1ow—fie1d peaks can be attributed to the nuclear
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16:

Electron Paramagnetic Resonance spectra of

Methylomonas albus BG8 and the effect of the~

addition of copper

Suspensibns containing 143 mg drvat_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 preséhce of”

Cu504 to a final concentration of 10—4M.

Spectra were recorded at -172°C‘with receiver

gain 5 x 102, modulation amplitude 1.25 X lO1

Gausé, modulation frequency 100 kHz and microwave

power 50 mW. Scans were carried out at fixed .

frequency 9.140 Gllz 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.
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hyperfine splitting caused by the intéractién of the nuclear
';spin of the cbpper 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" -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 gL values of over thirty coppef complexes as
ranging from 2.0 to Zfl and the gl_resonance of the E.P.R.-

detectable copper species in Nitrosomonas europaea was

centred about 2.1 (Nicholas et al., 1962). An assignment of
thé resonance to two ofher transition ele@ents of biological
importance, Molybdenum and Iron, can be ‘eliminated on the
baéis of the g-values. E.P.R.-detectable Mn (II) has beeh
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 M. albus BG8 in flgure 16. The E.P.R.
spectra of M, albus BG8 in the presence of CuSO, (10~ M)

is also shown in figure 16-0n addition of Cu(II) the
resonance of the suspension of M. albus BG8 changed nelther
iﬁ 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 énd the effect of incubation with methane on all
four methylobacteria were then examined. Thé results are

displayed in figures 17 and 18 which show the E.P.R; spectra
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Fig. 17: Electron Paramagnetic Resonance spectra of

membréne-typé'I methvlobacteria and the effect

" of methahe

I Methylomonas albus BGS8

II Pseudomonas methanica

Suspensions containing 47 mg cells/ml ﬁere shaken -
for oneiminute: (é) in thé‘absence of éubstrate,
(b)'in the presence of methane and (c¢) in the
presence of a feW'crystalS of sodium dithionité.
A control blank of pH 6.8 phosphate buffer was

included (d).

- Spectra werevreéorded undér the same operating‘
conditions és described in the. notes for figure 16
_With the exception that a receiver-gain{_?'l.25 x
iOB ﬁaé employed. Spectra are reduced to 25% of

- : the original size.
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Electron Paramagnetic Resonance spectra of

" ‘membrane-type II methylobacteria and the

effect of methane

‘I Methylosinus trichosporium OB3B

IT Methylosinus 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) in'the'presehce
of a few crystals of sodium dithionite. A

control blank of pH 6.8 buffer was included (d).

Spectra yére'recorded under the same operating
cénditions as described in the notes for figure 16
with the eXcebtion that a receiver gain of 1.25 x
103 was employed. Spectra are reduced to:.25% of

the original size.
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of cell suspensions of the membrane-type I methylobacteria

M. albus BGS and Pseudomonas methanica and the membrane—type

- II organisms Methylosinus trichosporium OB3B and Mefhylosinusi

trichosporium OB4 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 usgd in these studies. The E;P;R.
spectrum’of the phosphate buffer-in which the cells were
- washed and resuspended is also dlsplayed with both figures 17
~and 18 as a control for both the cav1ty 51gna1 and for the
presence of extraneous‘contaminating metal ions. . All
speétra ih figures 16, 17 and 18 have been reduced by’thé
same amount to 25% of their original size.

| The prominént resoﬁance centred at,g—vaiue 2.0 and
which is also»pfesent'in:the ébncentrated y; albus BG8 in
figure 16'corresponds to fhé resonance of an unpaired
éleéfrén in a free radical which is commonly_found in

biological material (Swartz, 1972) and although in the

case of the incubation of M. trichosporium OB3B with
methane in figure 18 the resonance was enhanced, this was not
typical and no special significance can be attributed7to the

- free radical from this study.

The resonance at g-value 2.06 was again present in

D

Methylomonas 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 sorintense.
Although peaké correspondlng to nuclear hyperfine structure
of Cu(II) were present in both the membrane type II
methylobacteria, the'signal—tp—noise ratios in the type I

- methylobacteria were such that no nuclear hyperfine
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structure could be reéolved; 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 ef‘the nuclear spins of the'ligand atoms
witﬁ the unpaired electron of the Cu(II) species (Vannggfd;-
1972) but a spectrum from a purified eniyﬁe would be: |
'required before any further analysis could be made. 'The
abolition by dithionite of thevresbnanees centred about
2f06 in all methylobacteria'eupports the assignment of -
these resenances to a Cu(II) species. |

»On shaking suspensions of mefhylobacteria iﬁ the
preéence ofhmefhane the peak-to-trough heightS'of the
g—value 2.06 resonance wefe typically reduced by ZO%.as can
be seen in figures 17 and 18. Altheugh‘this is suggeétive‘
bf seme involvementlbf this E.P.R.-defectable"speciee'in
the oxidation ef methane:the evideﬂce is inconclu$ive as the
reduction in size of the resonance did not elways'take‘place
" and the adjacent free radical resqnancefmade the accuréfe
peak;to—trough,heights difficﬁlt to determine. As
'preparatlon of samples requlred the slow free21ng.of
methylobaeterlal suspensions in llquld nltrogen prior to
analysis by E.P.R. spectroscopy, the.detectidn of other
_transient species or a greater reduction of the g—value 2.06
resonance could;haﬁe been prevented. |
| " In addition to the above changes on incubation with
'methane, a reéonance centred about g-value 1. 94 was
inyariably observed which, although not shown in figure 18,

aiso appeared when y&_trichosforium OB3B was incubated with

methenol and formate. Such a species is typieai offthevgi-
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resonance of en iron- sulphur protein (Orme- Johnson, 1973, |
Yoch and Valentlne, 1972) and the lack of symmetry of the
reeonances; although possibly distorted by the adjacent free
radical resonance, may indicate the‘presence.of more than

one iron-sulphur protein. The g 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 te obscure such

a component. The reduction by dithionite of cell |
sﬁspensions did not result in the appearance of theAg—value'

1.94 resonance in M. albus BGS of Ps. methanica and only to

- a siight extent in the two membrane-type IT methyiobacteria.

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 1t must- be.assumed that sodium
_d1th10n1te reduces the 1ron—suiphur protein(s) in

. methylobacteria'to a level that is not paramagnetic. .An
elternative~explanation for the g—value 1.94 resonance
which has not been eliminated froﬁ this study is that it ie
‘an 'ovefshoot'_component-of a Cu(II) species (Vanngard,
1972) caused'by chahges in the electronic eﬁvironment‘of
the Cu(II) as a result of incubation with methane and the
1ack 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 methylobacteriai

metabolism, such an alternative would necessarily involve

‘However the 'overshoot' phenomenon is ill-characterised



and as the presence of formate-hydrogen lyase activity in
methylobacteria by analogy with other bacteria is an

1nd10at10n of the presence of an iron-sulphur: proteln

(Gray and Gest, 1965), the assignment of the g~-value 1, 94

resonance to a copper 'overshoot'»component becomes
unlikely.

AA crude estimate of the amount of E.P.R.-detectable
copper in the methylobacterial straiﬁs examined can be
Aobtained by comparisons of fhe peak-fd—trough heights ef

the resonances. with that of a copper standard such as the
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jncrease in resonance on the addition of Cu(II) to M. albus

BG8 in figure 16. The concentrations of E.P.R.-detectable

Cu(II), adjusted to the same cell concentration, in

suspensions of M. albus BGS‘in_figufe 16, and M. albus

- BG8, Psecudomonas methanica (figure 17) M. trichosporium

OB3B and M. trichosporium OBk (figure 18) of 0.5, 0.45,

0.2,:0.2'and 0.3 x‘lo-qM reépectively for suspensions
containing 47 mg dry wt cells per ml. The arithmetic
means of these concentrations corresponds to 0.6 nmole or
L x 10—5mg Cu(II) per %g of cells and if it was assumed
that the copper was a component of a protein of molecular
welght 50,000 and there was enly one copper atom per
protein molecule, such a protein would represent 3% of the
bectefial mass. Difficulties in measuring the'peak—tg-
trough'heights because of the adjacent free radicelv
resonances, the pessibility that the dense bacterial
suspens1ons were only partlally ox1d1bed and some & the
eopper is present as the non- para&agnetlc Cu(I) and even
the existence of non—paramagnetic Cu(II) complexes
renders the above crude estimation of value only in’

obtaining‘the minimum amount of copper present in these
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methylobacteria.

On disruption of Methylohbnas'albus BG8 in a french

pressure cell and subjecting the extract to differential
ééntrifﬁgation 50% of the E.P.R.-detectable copper was
present in the soluble fraction.

- The mere presence of an E.P.R.-detectable CukII)
species in suspensions 6fvm¢thylobacteria does not
necessarily implicate that copper in thé methane
oxygenase since the ion may be a contaﬁinant species from
the medium or a normal feature of a Gram-negative baCterium..
The level of added copper in'fhe trace elements componeht of
the nitrate mineral salts (N.M.S.) medium uséd,to gfowbthe
~methylobacteria is only 2.6 . x 10_6M and is not detectable
by E.P.R. Sﬁectroscopy at the receiver gains employed in
:this study. Nicholson et al. (1962) in their exploratory
g E.P;R, stﬁdy of bacteria did not oBserve a copper E.P.ﬁ.—

detectable resonance in particulate extracts of Escherichia

'éoli, Azotobacter vinlandii 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 eon -

nutfient broth/N.M.S. liquid medium failed to-réveai ény
copper.usingvsensifivities and cell‘concentrations similar
to thosé'employed in‘figure 16. |

As a further control, the presence or absence of the
E.P.R.-detectable cobpef’signal in é hydrocarbon-utiliser
grown in the same N.M.S. salts medium was investigated.
The Gram—positive_organism JOBS was selected on the basis
of its propoese ‘

from C, to higher alkanes (Perry, 1968). This wide-

1 .
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substrate specificity woﬁld maké 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, methaﬁol
and dimethyl ether have been shown to act as growth sub-
sfrates. When éhis 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 aléohol substrates is shown in table 29 and

Table 29 Respiration of Bacterium JOB5 on Hydrocarbons,
alcohols and Formate

Substratel Respiration Rate (nmoles Oz/min/mg dry wtz)
n-butane ' 11

n-propane 12

ethane 10.5

methane : 0

n-butanol ’ 37

n-propanol 61

ethaneol: » 52

methanol 3

formate 2

(1) gases added as 0.6 mls of gas-saturated buffer at
3000. All other compounds added as 10 Fmoles_of
aqueous solution.

(2) endogenous respiration 4 nmoles Oz/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

inrcomparisoh to the higher alcohols. The respiration

ot

he lack of growth with methane

v gTvasTa v - L

results ’ toocather with

and ethane as substrates, indicate that JOB5 behaves as a
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conventional hydrocarbon -~utiliser in not metabollslng :
methane. The results of Perry (1968) might be explalned 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 iow rate of methanol-stimulated
oxygen uptake by washed-cell suspensions of their Ymetﬁane—_
~ grown' JOB5, which was 18% of the"methane—stimulated; rate
and 1i% of the ethanol respiration rate was in direct
contfast to thaﬁvef a typicai methape—utiliser where the
‘methanol respiration rate typically exceeds both the
methane and efhanol respiration rate (see Davey, 1971).

Gfowth of JOBS on propane—N.M;5; medium was not -
inhibited by CO (75% 02:25% CO) and examination of the
effects of the specific inhibitors of methane oxidation
shewed that butane respiratlon in the presence of the
following;compounds: dlethyldlthlocarbamate (7.5 x lO M),
aa'dipyridyl (10"*M)V, thiosemicarbazide (10~ M), a11y1_

- thiourea (10_4M)‘and hydroxylamine (lO—BM) was 100, 73, 90,
83 and 69% of the control rate ef‘70vnmoles 02/min/@g cells'
and this lack of significént inhibition points to a
fundamental difference between hydfocafbon metabelism by
HJOBﬁ and methylobeeterie. An examinatlon of the E.P.R.
spectrum of washed cell suspensions of JOB5 grown on
‘propane in the-samelN.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 sen51t1v1ty
embloyed in figure l?. The absence of an E.P.R.-~- |
detectable copper species in the cells is consdis stent’

with the lack of participation of cepper in hydrocaxrbon



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 ébligate 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 nutriént 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
similaf'ievel 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 CsCl gradient |
_studies and (6) the incorporation of 140H4 into glucose-
grown cells. Althdugh no detailélare given, a footnote to
the ﬁublication acknéwieges Professor R. Whittenbury '"for
his confirﬁation of therfacultative nature of the isolate:
XX."

In the yvear prior to the publication of Patt et al.
(1974) a Study of the propertieg of the organism XX has
been underway in this laboratory by br 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 égar plates and the
reported ability of XX to grow on agar, an observation

which has been confirmed by Dr Williams for the



132
-heterotrophic-, but nof methane-, grown XX. However,'iﬁ
support of the facultative nature of XX, Dr Williams has
been able to transfer glucose-grown XX to methane NjM.S..
liquid medium even éfter subculturing single-cell colonies
on nutrient agar N.M.S. medium weékly 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 céuld be a result of survivallof
heterotrophic XX in the previous N.M.S.-methane culture.

Washed cell suspensions of glucose and methane-gfown
XX_were prepared and the respiration in the presence of a
variety of carbon sources determined in the oxygen probe
ana shown in table 30. o

Table 30 Respiration rates of methane and glucose-

grown XX
- . . ' 2
Respiration rates
Substratel . (nm 02/m1n/mg cells)
CHﬁ-grown _ Gluéose—grown
_“4 : 57 _ -
CHBOH 58 : : 67
CH, » 4.5 o
C2H5OH 45 - | . 75
HCOONa 3 S 67
Glucose ' <1 6
Sucrose 0. . . ’
Malate : 0 18
Succinate ) o - 30
(1) gases added as 0.6 ml of saturated solution at BOOC and
CHBQH’ CZHSOH and HCOONa added as 100 Pl of 100 mM
solution. Glucosg, sucrose, malate and succinate added
as 100 Pl of 10% w/v solution. '

(2) endogenous respiration rates 15 and 10 nmoles 02/m1n/mg
wt cells for CH4 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 fespired
on Cl compounds but not tricarboxylic acid cycle inter-’
mediates. The low levels of the respirations on methane in
comparison with the endogenous respiration rate by glucbse—
grown ceils 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 ‘that both glucose and methane-grown cultures
Qf XX could grow readily on methanol and this observation
~was noted andvrecorded.by Patt et al., (1974);

As evidence for the single identity of the methane and
glucose-grown XX, Patt et al. (1974) reportéd_the ability
of cell suspensions of the latter to incorporate 140H4 and
also the stimulation by glucose of l&GHZt incorporation by
the suspensions of methane-grown cells. Hoﬁeﬁer the
.incorporaiion,of 14CHZLL into glucose-grown cells was only
5.5% of the 140H§ incorporafion by‘methane—grown cells.
Methane respiration equivalent to the slight incorporatioh
of.14CHq by the glucose-grown cells would be difficﬁlt to
establish conéiusively with the oxygen probe. These results
show that, if the organism XX is a genuine facultative
methyiotroph, it must be postulated that the methane-
utilising and heterotrophic phase are mutually-exclusive,
élthough 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 &t 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 slump.

An examination of the effects of the addition of all&l
thiourea (lO’qM), thiosemicarbazide (lO_qM),'ad'dipyridyl
(10_4M), 8-quinolinol (lO—QM) and diethyldithiocarbamate
(7.5 x 10-4M) to the rate of methane-stimulated respiration
of suspensions of methane-grown XX showgd. that methane
respiration was over 90% inhibited by ail of these compounds.
Thus the conclusions drawn'éarlier 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
vand 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 gJ-2.06 similar to the conper-likeﬁ
resonances in figures 16, 17 and 18 is clearly present but
no E.P. R ~detectable copper 51gnal was evident in the
glucose-grown cultures. Similar results with two further
batches of methane and glucose-grown cells confirmed the
repeatlblllty of the observation.

The absence of an E.P.R.~detectable copper 51gnal in

suspensions of the Gram-negative bacterium Escherichia coli,

fhe ndn—methane-utilising hydrocarbon utiliser JOBSVand
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
hetabolism of methylobacteria and, in the light of . the

inhibitor data presented in this study, in the methéhé
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19:

Electron Paramagnetic Resonance spectra of .

the proposed facultative methylotroph XXAgrown

~with methane and glucose as carbon sources

Suspensions of methane-grown cells and glucose-
gfown 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.lO3

was employed. Spectra are reduced to 25% of

original size.



Proposed facultative methylotroph XX

a. Glucose —grown

b. CHgq—grown
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oxygenase. An alternative‘explan;tion involviﬁé ; high_
affinify of the methane-utilising enzyme system or the
complex internal membraneé for copper from the medium
cannot be eliminated by the results in this present sfudy
and it is in the elucidation of the pdssible,role of this
copper that metﬁane—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 reacfion 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 épecies of metal ion in the methane oxygenase system.
Purely chemical considerations based on the nature of‘the
inhibitors and fhe reversibility of the inhibition by métal
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 methylobacteria Methylomonas

albus BG8, Pseudomonas methanlca, Methy1051nus'

tr10h05por1um OB3B, Methy1051nus trichosporium OB4 and CH4

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 CHQ preventsvthe conciusi&e establishment
of a rdlegfor this species in methahe oxidation. The

+ s

application of stop-flow E.P.R. speciroscopy methods such as

have been developed for the detection of transient species
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bf Bray and Patterson (1961) to a sfudy 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
suggésted the ipvolvement 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
voXygénase it would be of considerable interest if in any
future continuous culture study of the growth of
methylobacteria the role 6f copper was ihvestigafed in
. detail. Such studies shouid iﬁvolve not onlyAthe determina-
tion, under a variety of coppér—limiting conditions; of the
tbtal émount of copper detectablé by chemical assay. but
also the amount of E.P.R.-detectable cbpper.

» The results of the preéent study would suggest fhat
one. way in which studies of methane—oxidisihg cell-free
e#tracts could proceed beyondvthe limited obsérvations of
 Ribbons and Michalover (1970) and Ferenci (1974) would be
if such extracts wefe examined for the presence of E.P.R;-‘
detectable copper, sensitivity to metal;ibn chelators aﬁd
iron-sulphur proteins. | ‘

Hayaishi (1969) has summariéed the roles that a metal
may play in énvoxygenase as follows: as a component of
the electron transport system assogiated 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, moleculér-oxygen‘or bofh.v Copper has been
“implicated in the activation of oxygen by the doﬁamineﬁ-
hydroxylase system (Goldstein, 1966) but it would be

premature to speculate at this stage on the role'df ‘a metal



: . 400
in the methane oxygenase éystem or totrﬁle out the -
.involvemeht of metals other than copper.

_The selective‘inhibition of methane oxidation by
carboh monoxide obServed by Davey and Mittoh (1973), Thomson
(1974) and Ferenci (1974) was confirﬁed<and‘the forther'
obeervation that carbon monoxide'stimulated respiration and
CO productlon by cell suspen51ens of.methflobacterla led to
,_the suggestlon that CO was itself: metabollsed by
methylobacterla whlch was conflrmed by the demonstratlon of .
:the production of 4C02 from qCO. The inhlbltlon'of»CO-

: etimulated respiration by a‘variety of the specific
1nh1b1tors of methane ox1dat10n together with the ablllty of

cell free extracts of Pseudomonas methanlca to catalyse both -

NADH-dependent CHQ and CO—stimulated resPiration and CH4 and

- COo- stlmulated NADH ox1dase actlviy (Feren01, 1974) suggested»
that CO mlght be ox1dlsed by the methane oxygenase itself |
and, although problems of ;sotope dilution by water were-.
initiaiiyoencountered,'the okygenase nature of CO oxidatioh .
vwas'confirmed by the-onambiguous'demonstration of.the 180— -
enrlchment of the CO_, evolved from suspehsions of

2 .
Methy1031nus trlchosporlum OBBB incubated w1th CO and ;803

venriched oxygene. Although a mechanism for the biological,
'oXidationvof'CO'involring the addition of water has been
weli—established (review Fenn, 1972), there are ho>report$
of biological oxidation of CO by an oxygenaSe mechanism%
‘The conclusion‘of Davey and'Mitton (1973) that.the
a- tyoe cytochrome-of methylobacteria.was involved in methane
ox1dat10n was based solely on the 1nh1b1t1on of CHQ
'_ox1datlon by CO and the known 1nh1b1t10n of cytochrome

oxidase by CO (Lemberg, 1969). Ah_oxygenase_mechangsm for



Cco ékidation suggests that co may inhibit thréugh competing.
with'CHQ fathgr than 02. The two theories may'be-
'essentially similar if the observations of Breckenridge
(1953) and Tzagoloff and Wharton (19655 that purified
gytochrome oxidase can oxidise CO can be extended to the
g-typé‘cytbghromé of methylobacteria and the involvgmentAof
‘copper in cytochrome oxidase (Lemberg,rl969)would makg the
inhibitor results consistent with such a mechanism. It
would'bé of céhéiaerable intéfeSt to duplicate the study of

Erickson et al. (1972) with Nitrosomonas and purify the

gftypencytochromé from~éAmethylobact§rium and eXamine it for
 the‘presen§¢'6fvcopper andAsenéitivity'to the specifip'
iﬁhibitorS»of mefhane oxidation. )

A difficulty in:pfgposing‘a~£61e for the a-type
‘cyfochroﬁé iﬁ methane o#idation»is the low level présent in,”

Methylomonas albus compared with Methylosinus trichosporium

:; OB3B fbuhd bY‘Daﬁéy (1971). Such a low levei'might account
:_for the.generallyvhigherlieﬁels>of-CO oxidation'found in ﬂ
,;f&pé~11.methyiobacﬁeria~but-in'the light of the_resﬁlts
présentea:invthis theéis and by Ferenci (1974) a differenge
in éndqgenoqsﬁmetabolism is a'mpré likely reaéqn. 

‘f09fbon mohogidé can bihdrwith Cu(I) and inhibit'copper;_
contaihing oxygenase enzYmes (Keilin and Mann,,1938;A |
Kaufman and Friedman, 1965) and, although competition with’
Vfoxygen for'thekoxygen-binding site of the‘haéme is the
aséumedAmechanism;of inhibifion'of cytoéhrome oxidase by CO,
it is of interest that a model for the bindiﬁg'of CO to |
¢ytd§hr§me oxidase involving‘bfidée formation between the
copper and thejhaeme-has been pfqpqsed (Lindsay and Wilson,

'1974),. It is unfortunate that,there.has been no extension
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to the work of Breckenridée (1953) and Tzagoloff and
Wharton (1965) on CO oxidation by Cytochrome Oxidase since
if the reaction were shown to preceed by ‘an oxygenase
mechanism it could be of eonsideraﬁle significance in'
qnderstanding the mechanism of the terminal exidation
reaction in mammalian electron transport.

The similarity in inhibition pattern of netnane

ox1dat10n in methylobacteria and ammonia ox1dat10n in

'N1trosomonas reinforces the suggestion by Quayle (1972)
of an evolutlonary link between the two organisms and

prompted a brief examination of ammonia and

.'hydroxylamine oxidation in Methylosinus‘trichosporium;OBBB.'
Although some’Cbnfusion was initially encountered because
of the presence of nitrite uptake in suspensions of N.M.S.

ibut not A.M.S. -grown- cells, the productlon of nitrite by

‘- .suspensions incubated -in the presence of ammonia and

- hydroxylamlne 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 suggestedvby‘the ability of‘eell sﬁspensions of :
methylobacteria to oxidise ﬁethane, ethane, ethylene, amﬁonia
- and carbon monoxide. The suggestion by Thomson (1974) of
the existeneeiof distinct oxygenases for methane and'ethane.
oxidation on the basis of the lack of inhibition ef |
disappearance of the former fromvcell snspensiens by ‘dimethyl
ether and the demonstration of the inhibitien of formate-
stimulated.ethane oxidation in this study indicates how
easily the results of inhibition studies can be mis—
' ion ofyCG—stimulated

respiration, ammonia, ethane, and ethylene oxidation by the
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vspecific 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
inﬁibition of methane oxidation by ammonia, carbon
monoxide, ethane and ethylene. The difficulties inherent‘
in kineticAstudies with whole cells have already been
discussed and such studies may have to be delayed until -
"reproducible methane-oxidising'céll—ffee extracts can be -
obtained. The ease inAcontrolling the exact amount of
ammonia in solution as NHB‘and NHZ, provided the pH is
defined, compared with the gaseous substrates, will
facilitate such kinetic aﬁalysiﬁ_of the inhibitibn,of
aﬁmonia oxidation.

A wide substrate specificity is aléo a feature of
mammalién Cytochrome P-450 mono-degenasé éYstems such as
 the liver microsomal sysfem which has been reported to
metabolise steroids and fatty acids as weil‘as a 1arge.
number of foreign compounds includingvaliphatic and
aromatic‘hydroqarbons, amines, aléohols; phenols and
thiopheﬁes (see Orrenius éhd Ernster; 1974). It is
'diffiéult to envisage a binding site for a émall non-polar
molecule such as methane as anything but a hydrophobic region
of the enzyme and‘one explanation.is-that this wide subétréte
specifibity is due to some inherent lack of specificity in
a hydrophobic substrate binding site. The effect of
ﬁemperature on methéne oxidation is consistent with a fole
for'the complex internal membranes of methylobacteria and
it is‘undoubtedi" significant that Qniy.the methane-grown

cells of the proposed facultative methylotroph XX possess
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membfapes (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 uﬁusually large émounts

of long-chain C fatty acids (Dugan and Weaver, 1974)

18:1

are present in Methylosinus trichosporium as well as

hydrocarbons such as squalene which make up 0.55% of the

dry weight of Methylococcus capsulatus (Bird et al. 1971b).

A role for the membrane in-concentrating-methaﬁe 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 thefefore
growth of methylobactéria-by ethane (Thohsoﬁ, 1974),
" ammonia (Phillips, 1970) and carbon monokide (Davey'and
. Mitton, 1973; Thomson, 1974; Ferenci, 1974) and ‘the
oxidation products acetaldehYde (Thomson, i974)‘and
hydroxylamine (this study) could support the suggestién
advanced by P.hillipé (1970) that the oxidation of thesc.av
compounds.Serves a detoxification role. A detoxification
role, however, would be of secondary importance to a'here
laék of specificity iﬂ the methane oxygenase resulting in
the competitive inhibition of methane dxidation by these
compounds which theﬁseives are oxidised;

Energy conservation in the initiél oxidation of
methane would be a novel reaction amohg okygenases but

if it did take place, the oxidation of CO to CO which

2’

can be calculated to occur with an accompanying freé
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energy change at 25°C of -61.4 Kcal mole—l, may provide .

energy to the cell. The initial oxidation of ammonia to

hydroxylamine in Nitrosomonas has been calculated to be an

endergonic reaction at 25°C and pH 7 and fhe oxidation of
hydréxylamine to nitrite, which takes place under the same
~conditions wifh a calculated free energy.changé of 469.1
Kcal mole_l, 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 synthesié of ATP, which
remains to be established, the aBility to oxidise these. |
comﬁounds could benefit the methylobaéterial cell even if

' fheyvdo not provide carbon for_growth;.

| | The enhancement of the ;atesbof:CO—stimulated
‘réspiration, ethane, ethylene andvammonia 6xidati§n by
fbrmafe lends support to a theory in Which reducing powér
~is required by the methane oxygenase and that this
‘redu01ng power is limiting when the further metabol:sm of
the products of oxygenatlon of alterntive substrates do not
yield reducing'power or energye. Such a theory is
con51stent with the requlrement for NADH shown by the
reported methane—ox1dlslng cell-free systems (Rlbbons and

| Michalover, 1970; Ferenci, 1974) but, although NADPH could
not serve as an alternative in these studies, it has not
beenves?ablished that NADH ié 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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ferrédoxin-like compound and it iS‘interésting 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 thisAstudy'it was found that
the CO- and CHE-stimulated respiration rates of a range of
mefhylobacteria (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
'endogénous metabolism which determines the rate of oxygenaéev
metabdlism of 'non-growth' substrates. The evolution of .

hydrogen at a low rate, by suspensions of both Methylomonas

albus BG8 and Methylosinus trichosporiﬁm OB3B incubated

anaerobically in the absence of substrate (table 26) confirms
the ability of endogenous metabolism to generate electrons
and the stimulation of endogenous 14002 production from

14

C-labelled cell suspensions of Methylosinus trichosporium

but not Methylomonas albus suggests that Methylosinus

trichosporium 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 ai., 1970; Thomson, 1974;

‘Dugan and Weaver, 1974), although Thomson (1974) suggests
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the possibility of squalene fulfilling such a function.

Acéetone 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 storagé 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 eﬁable

Methylosinus trichosporium OB3B to metabolise P.H.B. to

hydroxybutyrate, acetoacetyl Coenzyme A, .acetyl Coenzyme A
and 002.. Tﬁe role of the complete T.C.A. Cycle in the
metabolism of type IX methylotrophs was assumed by ‘Davey
et al. (1972) to be only that of providing carbon skeletons
for cell synthesis and an examination(ﬁ‘the_role of the
T.C.A. CycleAin methylobacteria is likely to pfovide an
‘interesting field of study. |

A corollary of a requifemenf of the methane okygenase<
fof rgducing power is that; even when méthane is the
éubstrate and the froducts of methane oxidation céﬁ-provide
“electrons fof thé initial oxidation, reducing power from
endbgenous sources would be required to initiaté the
oxygenase reaction. This would be particularly importanf 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 cellularv
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material of acetate have been carried ouf with the membrane-

type I methylobacterium Methylococcus capsulatus (Patel

et al., 1969, Eccleston and Kelly, 1973), which has an
incomplete T.C.A. Cycle (Patel et al.;A1969; Davey et al.,
1972), but the absence of any evidence for the incorporation
in significant amounts of acetate or COZ’ the ability of cells
to respire on acetate (Davey, 1971) or the coupling of NADH
oxidation to energy prodoction is consiStent with a role for
storage polymers in methylobacteria in providing reducing
power for the initial oxygenatlon 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
disappearancé and oxygen uptake found in the cell-free |
stﬁdies of methane oxidation (Ribbons and Michalover, 197Q,
and Ferenci, 1974) does not necessarily indicateva'mono—
oxygenase mechanism for methane oxidation.and, as discussed
in the introduction fo this study the stoichiometries of CH4
and 02 consumption during growth of methylobacteria are
evidence against this mechanism. If carbon'monoxide
oxidation is assumed to be comﬁlétely énalogous to methane
oxidation the observed stoichiometry of between 0.5 - 0.7:1
for Oz:CO 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 uncertaiﬁ to'what extent thé

mechanlsm of ammonia oxidation in Nitrosomonas is relevant

to ammonia and methane ox1dat10n in methylobacterla, a

o
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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
oxygeﬁation of ammonia by'a»mono—oxygenase_mechanism,'ﬁhich
might be expéctedvon the basis of'the elimination of the:
lag in ammonia—stimuiated respiration by the addition of
hydroxylamine, (Hoopgr; i969b), would require a

stoichiometry of 2:1. In neither of the two cell-free

studies of ammonia oxidation in Nitrosomonas (Suzuki and

Kwok, 1970; Suzuki et al., 1974) or-Nitrg&ystis (Watson

et al., 1970) was a requirement showéd for NADH although

~the extracts of Nitrocystis required A.T.P. The absence of
such a requirement does not eliminate fhe involvement of
reduced pyridine nucleotides since the crude extracts may
have contained endogenous NADH-generating systems.

iThe contradiction between the manifestvréquiremént for' 
reducihg power in the oxidation of substrates other than
.jmethane'and,the stoichiometric data can be resolved'by
analogy with dioxygenases, some of.which have been showed to
,require reducing power e.g. anthfaniléfe hydroxylase
(Hayaishi; l§66). Whereas in a conventional mono—o#ygenase
(Hayaish?, 1969) the_reductanf 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.cbpper 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

2CH, + 0, —— 2CH30H
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would overcome many of the problems encountered with the
mono—oxygénase mechanism in equation 10:and is.a.more
favourable alternative to the dimethyl 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 equationvand the
dimethyl ether pathway ﬁould show a requirement for
reducing power and the problems discuésed by Davey (1971)
in accounting for yields of greater than 50% incorporation
of methane into éell carbon, if the reducing power were
derived from the formate dehydrogenase-mediated metabolism
of forméte, apply to both mechanisms. The fixation of
CO2 must be postulated to account for these higher yieldé.
The ﬁeed for further continuous culture studies'bf yield
and stoichiometries of pure cultures of methylobacteria
ﬁnder a variety of substrate-limiting conditions has been
emphasised and these studies may.help distinguish between.
the following alternatives:

(1) That the nbn;energy yvielding oxygénation of

methane fakes place by the scheme_in equation 173

with a considerab;e amount of CO2 fixation.

(2) The ox&genase metabolism of methane is energy-

yieldiné. A possible mechanism for such a novel

reaction would involve electron transport from NADH
and other electron donors accompanied by phos-
phorylation to the a-type cytochrome or a copper-
 containing oxygenasé»as the éerminal electron
acceptor and, instead of O_, being reduced to water in

2

the terminal oxidation reaction, the oxygen atdms are
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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 ofher participates in the
oxygenase réaction;

(3) The natural acceptor of ‘the methanol and
Aformaldehyde dehydrogenase reaction may Be linkéd to
"the methane oxygenase either directly or indirectly

throﬁgh the production of NADH from the A.T.P.-
mediated reversal of eléctron 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 oxygenaée reactién but for
the fixation of C02'

(4) »The reaction might not take place by eQuation 13:
.thé stoichiometries of oxygen and méthane uptake
obtained’ by Harwood and Pirt (1972) from oxygen—

limited continuous culture studies with Methylococcus

capsulatus are too low to accommodate even a

diéxygenase 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
limifing. Such a mechanism may explain the

accumulation of dimethyl ether in suspensions under
ill-defined conditions (Thomson; 1974). The lack of
évidence for such a mechanism places it well in the
realms of speculation bﬁt.in the absence of any
evidence for the other mechanism it deserves cohéidera—

tion. It is interesting, but not necessarily felevant,'
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fhat studieg on the photochemical.decomboéition of
CHQ and CO in thevupper atmosphere have suggested
that both can be metabolised by the hydroxyi radical
to form HCHO and CO2 respectively (McConnél et al.,

11971).

VThé possibilities (1) to (4) are by no means mutuall&
exclusive and confirmation of the'involvement of any qf
these mechanisms will require a detailed study of the.
elecfron transport system ip meth&lobaéteria in both wholé
cells and methane—oxidiéing cell—free‘extracts, precise
carbon and energy. balances in cells.grown in continuous
culture and confirmation in cell-free extracts of the
initial produéts and stoichiometry of methane oxygenétiqn.
Close atténtion should be paid to ény advances madé in the

sfudies of the metabolism of ammonia by Nitfosomonas as

these may shed considerable light on the problem_in.
methylobacteria.

As more is diScbvered'about.chemolithotrophic bacteria
and methylotrOphs,vmanyvof_thé myths- and folklore 3
surrounding the autotrophic bactefia, which wefe initiated
by the classic studies of Winogradsky (1890), have now
been éxpoged and the internal‘biqchemistry of these
'organisms have been shown to be essentially simiiar'to
heterotrophic bacteria in all but the metabolism of growth
substrate (reviews£ Rittenberg, 1969; Kelly, 1971).
Earlier generalisations of thg inhibition by organic
compounds Efz.éi of growth of autotrophs and methylotrophs
have been proved untrue ahd in cases where inhibition by an

organic compound has been demonstrated, explanations

L)

PR
L,



.Ainvolving 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 Methvlococcus

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 oxidatibn by suspensions

of Methylosinus trichosporium supports a mechanism of

inhibifion_by histidine involving the interaction with a
metal component. of the methane oxygenase.

The considerable difficulties encountered in growing
methylobacterié may also be explained by the ease of..
inhibition of the methane oxygenase: by compounds which bind
metals such as thiosemicafbazide whichAcan be a component
of red rubber (Hooper and Terry, 1973). It would'be |
intéresting to know whefher methane'OXidatibp is inhibited
by another component of red rubber'carboh‘disulphide, which
was reéently shown to inhibit nifrification,(PowlSpn and
Jenkinson, 1971). |

The formation of toxic products and the inébility to
obtaiﬁ energy from reduced pyridine nucleotides have both
been advanced to explain the inability of mgthyloﬁacteria to
grow on organic compounds other than metﬁane and'methapol
but the simplest explanation is that proposed by Ribbons
et al. (1970) and echoed by Davey et al. (1972), Quayle .
(1972) and Thomson (1974) that obligate’methylotrophy-is
an,outcomé of the inabilityléf methylobacteria to derive
energy from the metabolism of‘compounds other than methane

or methénol.
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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 eérly
. literature of heterotrophic methane-utilisers suspect
(feview: Silverman, 1964 ) three reports have recently
baépeared of heterotrophic methane-utilisers which were ail.
isolated from fresh water lakes (Naguib and Overbéék, 1970;
Cappenberg, 1972; Patt et al., 1974). -Only in the case of
_the Gram-negative bacterium XX has there been any attempt
to rigorously prove that the heterOtrophic’methanem
utiliser was not a contaminant and their evidence together
with some of the difficulties encountered in repeating
their wofk'in this laboratory has élnaady been discussed.
If the facultative nature of the methylotrophy canvbe
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 réwarding
field of study and the presence of an E.P.R. Cu(II)
speéies in the methane but not glucose-grown cells will
acquire real significaﬁce, The existence éf 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
methané as carbon source but although the glucose-A
metaboliéing enzymes might also be inducible it is
difficult to understand why.the methane-grown phaée does

not respire on Tricarboxylic Acid Cycle intermediétes.
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Thé most significant question in‘the understanding of the
nature of obligate-methylotrophy will be why these two:
procésses are so mutually exclusive.

There have been no detailed studies reported on the
quantita£ive-role of methylobacteria in the natural
recycling of methane and because of fhe additional abilities
of these organisms to oxidise hydrﬁcarbons, carbon mbndxide,
ethylene and ammonia this is a serious omission. The
current interest in the possible role of ethflene in
controlling fungistasis (Smith, 1973; Smith and Cook; ;974),
the toxicity to man of the globe's most common pollutant, |
carbon monoxide, (Jaffe, 1970), the i@portgnce of
nitrification and nitrogen fixation.ih agficulture and
pollution are all pressing reasons for embarking on such
studies, especially in the 1ight 6f the proposed widespread
applicatibn of'nitrqgén 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), Desulfovibrio (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, production. These observations
suggested that these two methylobacteria were capable of oxidizing
CO to CO, or that CO might be stimulating endogenous CO, production.

Materials and Methods

Organisms. The organisms were used as representatives of the two main types
of methylotrophs. These were Methylomonas albus (BG8) and Methylosinus trichos-
porium (OB3B) (Whittenbury et l., 1975},

Preparation of Washed Cell Suspensions. Two liter Erlenmeyer flasks with
400 ml of a nitrate mineral salts medium (NMS) (Whittenbury ef al., 1970) and
fitted with bladders filled with methane (British Oxygen Company, technical
grade) such that the CH,: 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°C were harvested by
centrifugation (6000 g, 10 min), 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 Unicam 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 ml
(Estabrook and Pullman, 1967). CO-saturated buffer (0.4 ml) was added 1 min
after the addition of the cell suspensions.

Standardization of the 1¥CO Source. An ampoule of 1#CO (500 uCi, 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
14CO (1 ml) was introduced into a 25 ml 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 ml N, min~1,
50°C) fitted with a flame ionization detector (FID). The *CO, 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 14C0,-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 of CO, Production in the Presence of CO and Trapping of 1“CO,.
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 m] helium. Flask A was a control to measure the endogenous
CO, production. The diluted #CO (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 chromatograph (PYE 104, silica gel column, flow rate
30 ml N, min-?, 1560°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 caleulated. However, CO, gave a broad peak of retention time
4.5 min and the peak heights were standardised against known samples of CO, in
order to determine CO, production rates.

At different times during the incubations (from 1 min before the appearance
of the CO, peak until 1 min-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 O,/min/mg dry wt celis compared with ende-
genous respiration rates of between 2 and 3 nmoles O,/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 nmoles CO,/min/mg dry wt cells.
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Table 1. The activities of ¥CO, trapped in hyamine hydroxide and the specific
activities of the excess CO,

Time CO, in endo- CO; in Specific activity of
min  genous control  flask with  excess CO, counts/
(pmole) CO (amole) min/umole X 10°

Methylomonas 57 8 14 2.6
albus (BGS8) 133 16 26 2.1
433 43 63 2.6
Methylosinus 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/pmole x 105,

The expression z/(y—z) was used to calculate the “specific activity
of the excess CO,”” where x was the total counts per min of 1CO, in the
flask with 14CO, y the amount of CO, in nmoles in the flask with 14CO,
and 2z the amount of endogenously produced CO, in the control flask.

If the excess CO, above the endogenous level is derived from the
HCO then the “specific activity” of the excess CO,, i.e. the counts/
min/umole excess CO,, must equal the specific activity of the original
1C0. The specific activities of the excess CO, as well as the amounts
of CO, present in both flask are shown in Table 1. The total counts
of 1CO, trapped were high and in the range 1to4 X 10?¢/min. The
specific activity of the CO source was 2.1 X 10% (mean of three deter-
minations 2.1, 2.2, 2.1 X 105) counts 4C/min/umole CO and in the
experiment with Methylomonas albus ( BG 8) 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 & 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 CO, production has been eliminated by the demonstration
of the formation of 4CO, from 14CO.
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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% Oz:15% CO), KCN (10-¢ M),
xa’-dipyridyl (104 M), 8-quinolinol (10~* M), thiosemi-
carbazide (10~3 M), thiourea (10~% M), hydroxylamine

Key words: Methylosinus trichosporium — Methane Oxidation

Copper — Specific Inhibitors.

(10-¢ M), histidine (10-2 M), British Anti-Lewisite (5§ X
10-3 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.

— Metal Tons — Metal Binding Components — Role of

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

NADH: 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 oiganisms uscd were Methylasinus trichosporium OB3B
and Methylomonas albus BGS8, 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 Na:HPOa; 0.8 g/l KH:PO4; 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 mi 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 pl. 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 1min 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 (ﬁ-diethyiamin0cii1y1diphen','1prcpylacetate)
was a gift from Smith, Kline and French Laboratories,
Welwyn Garden City, U.K.; and Lilly 18947 (2,4-dichloro-
6-phenyfphenoxyethyldiethylamine) and Lilly 53325 (2,4-
dichloro(6-phenylphenoxy)ethylamine 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: CoCl: + 6 H20, CrK-
(SO4)2 + 12 H20, SnClz2 -2 H20, MnSO4 - 4 H:0, FeSOs -
7 H:20, FeCls - 6 H20.
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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 Methylosinus trichosporium was determined.
The effects of these concentrations on methane and
methanol disappearance are presented in Tables 1 and 2,
inwhich the division into metal-binding compounds and
other inhibitors has been chosen for convenience.

In Table 1 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 II (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 albus (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 carbori 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 10-4 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 Reversibility ® of
M) (% control) & : inhibition of
) CHj4 oxidation

CH4 CH:OH .

I ' _

Thiourea 104 0 96 ++

Allyl thiourea 10-8 28 108 ++

Thioacetamide 10-3 0 100 ++

Diethyldithiocarbamate 7.5x10-4 0 90 . . 4+

8-Quinolinol 104 0 102 -+ +

o-Phenanthroline 5x10-5 65 90 ++

a«o’Dipyridyl 10—4 0 92 + 4 -

Ethyl xanthate (K salt) 10-3 0 80 ++

Dimercaptopropanol _

(British Anti-Lewisite) 5x10-3 0 100 . -+

Thiosemicarbazide 103 45 100 ++

EDTA 103 72 76 N.T.

II

Carbon monoxide (85%02:15% CO) 0 1067 . N.T.

Sodium cyanide 108 38 100 ++

Sodium azide 10-3 7 85 + 4

Histidine 10-2 0 105 + -+

Pyridine 10-3 36 108 4

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/

min/mg dry cell weight respectively.

b Reversibilities: + + and -+ indicate restoration to more than 50 % activity and less than 509 respectively, and — indicates

irreversibility.
N.T. = not tested.
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Table 2. Inhibition of methane and methanol metabolism in washed cell sispensions of Methylosinus trichosporium OB3B
by miscellaneous compounds

Inhibitor Concentration ‘Rates of disappearance Reversibility of
) (% control) inhibition of
CH, oxidation
CHa CHsOH
Diethylaminoethyldiphenyl—
propylacetate (SKF 525A) 5%x10-3 36 100 il
2,4 Dichloro-6-phenyl-
phenoxyethyldiethylamine
(Lilly 18947) 102 0 100 N.T.
2,4 Dichloro(6-phenylphenoxy)-
ethylamine hydrobromide '
(Lilly 53325) 5x1073 100 N.T.
Cysteamine 10-2 0 84 —
Hydrazine sulphate 2x10-3 70 6 —
Hydroxylamine hydrochloride 104 23 75 +4+ .
Aminoguanidine 10-2 32 96 N.T.
Spermine 2x10-3 41 - 100 N.T.
Methanol 10-2 5 — N.T.

The notes for Table 1 apply to Table 2.

tions, i.e. nitrogen-nitrogen (x«'dipyridyl), oxygen-
nitrogen (8-quinolinol), and sulphur-nitrogen (thiourea,
allyl thiourea, thiosemicarbazide). Fe?*, Cu2+, Co2+,
Zn2+ (10-4 M) relieved the inhibition by a«’dipyridyl
and 8-quinolinol. Cu2*+ was the only metal ion tested
which relieved inhibition by thiosemicarbazide, and

none of the metal ions even at concentrations of 103 M '

were able to relieve inhibition by thiourea and allyl
- thiourea. No effect of Mn2+, Fe3+, Sn2+ or Cr3+ 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 Cul+, with a stability constant
Be for the formation of the [Cuz(thiourea)]®* complex
of 15.4, which is approached in magnitude only by
silver (Sillen and Martel, 1971). The ability of Fe?* to
relieve inhibition by x«’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

tested, hydrazine sulphate was unique in inhibiting
methanol oxidation more than methane oxidation. A
mechanism of inhibition through combination with a
Cu2+ or Cul* 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. albus can grow on
methanol as sole carbon source. Consistent with the
specificity of inhibition we have observed, growth of
M. albus on methanol (but not methane) can occur in
the presence of selected inhibitors (10-% M allyl
thiourea, 10~ M thiosemicarbazide, 10-5 M hydroxyl-
amine, 7.5% 105 M diethyldithiocarbamate, 5x10-5.
ax'dipyridyl, 10-3 M 8-quinolinol, 10~3 M pyridine,
10-3 ™M azide). These orgainisims represcat the twe
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. albus 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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