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Summary.

The aim of this project was to isolate and characterise
the socluble methane monooxygenase (MMO) from the obligate
methanotroph Methylosinus trichosporium (OB3b) and to
investigate 1ts role in the oxidation of ammonia.

The nature and location of the MMO was shown to be
dependent on the availlability of copper to the organism.
Cells grown in chemostat culture with copper in excess
produced a particulate MMO, whereas under conditions of
copper stress a soluble MMO is produced. This response was
independent of the carbon and energy source used for growth
(methane or methanol).

"The soluble MMO was separated into two fractions by
DEAE i1on exchange chromatography. Each had no MMO activity
when assayed individually but had MMO activity when assayed:
in combination. Fraction A consisted of material that
failed to bind to DEAE cellulose and from 1t component A of
the soluble MMO was purified. ' Component A had an M, of ’
230000 and consisted of three subunits a ,fand?y of M, 54000,
40000 and 18500 respectively, suggesting a a2 52'Y2 subunit
structure, Component A could replace component A of the
soluble MMO of Methylococcus capsulatus (Bath) in assays of
pure components of the soluble MMO from this organism and ‘
was therefore identified asg the hydroxylase component of the

. enzyme.

Fraction C consisted of material eluted from DEAE
cellulose by 0.3 M NaCl, from 1t component C of the soluble
MMO was partielly purified. Component C was purified to a
point where 1t consisted predominantly of two proteins of M,
38000 and 58000. Component C could replace component C of
the soluble MMO of Methylococcus capsulatus (Bath) in MMO .
assays of pure components of the soluble MMO from this
organism and was therefore identified as the NADH: acceptor

- reductase component of the enzyme.

The presence of a third component (component B) of the
soluble MMO essential for MMO activity was demonstrated.
Component B was not purified or isolated from components A
or C but it was ‘shown to be analogous to component B of the
soluble MMO of Methylococcug capsulatus (Bath).

The close functional and physicochemical similarity
between the components of the soluble MMOs from Methyloginus
trichosporium (OB3b) and Methylococcugs capsulatus (Bath) is
discussed, as is the distinct difference between the soluble
and particulate MMOs from Methylosinus trichosporium (0OB3b).

The goluble MMO was shown to oxidlise ammonia to
hydroxylamine in that: 1. ammonia oxidation required the
presence of NAD(P)H for activity as does the soluble MMO,; 2.
ammonla oxidation was inhibited by acetylene and
8~-nydroxyquinoline, specific inhibitors of the soluble MMO,
3. Ammonia oxidation required the presence of -both DEAE
fractions of the soluble MMO for activity, and 4. ammonia
oxidation activity was always assoclated with the soluble
MMO and was never present in extracts lacking soluble MMO
activity. Hydroxylamine inhibits the soluble MMO (50% at 1

.mM) and this was identified as a cause of the cessation of

maximum ammonia oxidisling activity after 1 minute in vitro.
Only low levels of hydroxylamine oxidoreductase activity
were measured in vitro (> 1 nmol/min/mg) and activity falled
to be stimulated by the addition of a number of electron
donors.
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Section 1. Introduction.

A.l‘Definition of C-1 Utilization.

Methylosinus trichosporium, the subject of this

theéis. is a Gram negative aerobic methane oxiqizing rod and
is 8 member of a group of organisms Known as C-1 utiliéers.
C-1 utilizing microorzanisms,are‘those that have the abiiity
to use C-1 compéundé as their sole carbon and enebgy.séurce.

C-1 éompbunds afe'defined as those compoﬁnds fhat are more
reduced than carbon dio#ide and contéin no carbon.to.carbbn
_bdnds, e.g. methane, methanol, S-methyl and N-methyl
compounds. Of these compounds methane is the most abundant
in nature.

Two groups of these organiesms have been identified:

a) The~Methylotrophs( as defiﬁed by Colby'ahd Zatman
(2973), and Quayle ana'Ferenci (1978), are thosé ofzanisms
that can obtain theilr en;rgy from the oxidation of'C—l
compounds and assimilate carbon as fofmaldehyde §r a'mixture

of formaldehyde and carbon dioxide.

b) C-1 utilizing autotrophs, 'as definea by Schieéel (19755.
and Quayle and Ferenci (1978), as organisms that can o*idise
C-1 compounds to carbon dioxide (in most cases providing
energy for growth) and then assimilate the,c;;bon dioxide
formed. |

It 1s not the intention here to give a comprehensive
review of the physiology and biochemistry of C-1 utilizers,

this area has been extensively covered by a number of recent

4
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reviews (Colby, et al.,1979; Higgins et al., 1981ib; Anthony,
1982.). Therefore this section of the introduction will.
primarily be concerned with the physiology and blochemistry

of obligate methanotrophs with particular reference to

Methylosinugs trichosorium (OB3b).

A.2 Occurrence, diversity, ecology and history of the

isclation of cbligate methanotroéhs.

It has been estimated that 50% of the total organic
carbon degraded by anaerobic miérbflora is converted into
methane, a fotal of 1-4 x 1015g of atmoépheric methane
produgeq per year (Ehhalt, 1976). Methane produced b&

non-biclogical processes. has been eatimated to be 20-100% of

~that produced by biological processes (Gold 1979).

Wwith such a.large amount of methane produced ;t ié not
suprising that organisms have Aeveloped the ability to
utilize methane as both a carbon and an energy sourqe..'Tﬁe
occurrence of these bacteria 1is widespread. Heyver (1977)
found that 90% of 250 samples from a Widé range of natural
sources contained methéne oxidising bacteria, .Oniy samples
from the acid soils of heathland and coniferous woods failed
to yield methanotrophs. In most habitats where methane
diffuses into an aerobic environment, populations bf
methanotrophs can be found; e.g. solils, surface layers of
sediments and natural waters.

One environment that has been extensively ;tudied is

that of dimictic lakes. Dimictic lakes during the summer



stratify to form three distict léyers. The hypolimnion
which 18 a cool oxygen depletéd.bottdm layer, the
‘metalimnion which is narrower and an area of rapldly
decreasing temperature with depth, and the epilimnion. a
warm aerobiec surface layer, Neafly all methane 6xidationvby
microorzanismé is confined té“the lower pért of the
métalimnion where the oxygen tension is very low kRudd and
Hamilton 1975). However in Autumn when the stratificafion
-of the laskes breaks down; methéne oxidation is observed..
throughout the water column. For a cémprehensive review 6f
the production.and oxidation of methane ih.aquatic.
environments see Rudd and Taylor (1980).

Considering the widespréad natgral occurrence of
methane-oxidising bacteria it is bgfhaps surprising that up
until a few years ago only a'small number of methanotrophs
- had been isolated. The first well characterised organism Was
i1solated by SBhngen (19065 and named by him Bacillus

methanicus. This organism was renamed Pseudomonas

methanica, and finally renamed by Foster and Davies (1966)

as Methylomonas methanica,. Despite vigorous attempts to
isclate methanotrophs only two other species were well

defined by 1970. Methylomonas methanocoxidans (Stocks and

McCleskey 1964) and Methylococcus capsulatug (Foster and

Davies 1966),

It was not until Whittenbury et al., (1970b) initiated
their study of methane oxidisers fhat a large number (over.
100 different stains) of methanotrophs were isé}ated.v The
success of Whittenbury and his colleagues 1in 1isolating new

specles of methanotrophs depended on the short enrichment
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time employed (3-4 days) which limited losses due to
predation and overgrowth by bacteria growing on substrates

other than methane. Whittenbury et al., classifiled their

isclates 1nto-five groups;: Methylosinus, Methylocystis,

Methylomonas, Methylobacter, and Methylococcus -and further

divided them into fifteen subgroups. . Since 1970 there have

been a number of reports of the isolation of new groups of

methylotrophs-( Hazeu 1975; Malashenko et. al., 1976),

Mefhylosinus trichosporium (OB3b) was one of Whittenbury's

original isolates.

A.3 Morphology and Classification.

Thé.studies by Whittenbury and his colleages
(Whiftenbury et al., 1970ab; Davies ahd'Whittenbury 19?0) on
methanoctrophs provide.a basis for their classification._ All
of the one hundred énd,more strains ieolatéd were obligaté
methanotrophs, ;erbbic Gram negative, catalase positive:
bacteria. Many isoclates formed heat resistant.sﬁores
(Whittensury et al., 1970a). Examination under the electron
microscopg of sections of methanotrophs reveaiéd a complex
structure of intracytoplasmic membranes resembling thoée'
already cobserved in nitrifying and photosynthgtic bacteria
(Procter et al., 1969;: Davies and Whittenbury 1970; Smith et
al., 1970). 6n the basis of their membrane arrangments
Davies and Whittenbury (1§70) divided the methanotrophs 1nfo

two groups. Type 1 were described as having bundles or disc

shaped membrane vesicles distributed throughout the cell.



Tyvpe 2 organisms possessed layers of pairéa membréneg
situated around the periphery of the cell. Recently it hag
been Aeﬁonstrated that the conditions of growth determine
thé 1ﬁtracytoplasmic membrane content of certain
me?hanotrophs. ‘Notgably. the availabiiity of copper to
pells. This alsp affects the type and position of the
methéne moQooxygenaée (MNO) in these bactéria and will be
discussed 1ater‘(Sé§tion A.l.1.2b).

Lawrence and Quayle (1970) working on the carbon’
assimilation pathways 1n é number of methanotrophs, found a
correlation between the type of membrane arrangémeﬁt dnd‘tﬁe
method employed for carbon assimilation. Type i organisms
incorporatéq carbon at the level of formaldéhy&e using the
ribulose monophqsphaté cycle, type 2 organigms used the
- serine pathway. Davey et al., (1972), discovered further
'biochemical d;Visiqns’between the two gfoups while exaﬁiﬁing
the activities of key‘enzymes in cell free extracts of
various methanotrophs. Type 2 methanotrophs had a cémplete
set of enzymes for the tricarboxylic acid (TCA) cyele, |
whereas the tybe 1 mefhanotrophs lacked o ~kKetoglutarate
dehydrogenase, An‘NADP—specific zluconate-G—phosphate
dehydrogenase was only detected in .type 1 and not type 2
methanotrophs.

Colby et g;..(1979) have recently'exbanded this
classification scheme to accommodate two subgroups in each
of the type 1 and type 2 groups of methanotrophs
(FIG 1.A.1.). Of type 1 methanotrophs subgroup A consists
of bacteria with a DﬂA base ratio of 50-%54 mol ¥ guanine

plus cytosine (G+C) and do not fix carbon dioxide



Figure 1.A.1.

: s s . s oas s ’ . a
Tentative classification scheme for methane-oxidizing bacteria

b

s

2

Determinants

Type 1

Type I1II

Membrane arrangement
Resting staces

Major carbon assimilation
pathway

TCA cycle

Nitrogenase

Predominant fatty acid
C chain length

Presence of nrunp carboxylase
DHA base rotid (1G4C)

Isocitrate dehiydrogenase

Cell shape
Growth'at 4SOC

Presence of glutamate
dchydrogenase when
grown on ammonia

Fxoamp |l e

- Bundles of vesicular discs

Cysts (Azotobacter-like)

RuMp (hexnlosephdsphatc synthaset)

Incomplete (Z2-oxoqglutarate dehydro-
genase neqgative)

+
- Some

16

Subgroup A Subgroup B
- ‘ 4
50-154 62.5

NAD or NADP
dependent

NAD dependent
Rod & ? coccis Coocus
Some + +

absent (uses '

present
’ alanine

dehydrogenase)

Methylomonas
e thaniea and
Methylomonas albus

Methylocoecens
ecapsulats

Paired membranes around cell periphery
Fxospores or lipid cysts

Serine pathway (hydréxypyxuvate reductase
4; hexulosephosphate synthase -)

Complofc
+ .
18

t ' .. C
Subqroup ohligatni Subgroup facultative

62.5+ (where teésted)

NADP dependent

Rod and vibrio

abhsent
{uses GS/GOGAT)

Mo thanomonas me thano-oxridans, Methylosinus
Lrichosporiien (both obligate) and
Methylobacsteviim organophilum (facultative)

a
“Not all strains classifiable into type I and type IT have been shown to possess all the biochemical

characteristics outlined in

this scheme.

Y .
Use methanol and formaldehye as carbon and energy source, but not C 1 compounds.
Use variety of organic cowpounds, e.g. glucose as carbon and enerqgy source.
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autotrophicall&. Methylomonas methanica‘and Methylombnas:
albus are examples of such organisms. - Subgroup B includes
bactéria with a DNA base rafio of 62.5 mol % G+Cwhich pdssess
the ribulose monophosphate cycle for garbon assimilatién; as
dq all type 1 méthanotropﬁs. However théy also pqssesg some
of the enzymes of the serine pathway aﬁd Benson-Calvin cycle
(phqspﬁoribulokinaée and ribulése bisphosphate carbéxylase);
It is'unclear bo& these pathways cont?ibute to thg oVerall

carbon assimilation of these bacteria ( Taylor gg_gl..1980§

i981:’Stanley and Dalton 1982). Mefhylococgus capsulatus
(Bath) is-an éxamplé of such an organism and,may.well |
represent a.thipd major type of methanotroph, the so called
type X (Whiftenbury and Dalton 1981).

The type 2 methaﬁotrophs have been e#panded to include
the facultative mefhanotrophs into a subgroup B.
. Facultative methanotrophs are orgaﬁisms able.to grow on
multi-carbon substratés as well as methané. Reports by Patt
et al., (1974) and Patel et al., (1978b), describe two

gtrainsg of a similar organism of a new speciles

Methylobacterium. These orgaﬁisms are reported to grow on

methane, and glucose, ethandl; acetate, and succinate in the
absence of methane. Zhao and Hanson (198l4) have rééently
reported the isolation of a facultative methanotroph which
would grow in 1liquid media contailning ziucoseAand caesin
hydrolysate in the absence of methane, as well as methane
and metha;ol. It possesed a complete'TCAchcle. 3—he£ulose.
phosphate synthase (an enzyme of the ribulose mqnophosphate
pathway) and arrays of intracytoplasmic membranes typlcal of

a type 1 methanotroph.



.There is/now a concensus of opinion that the
classifiqation scheme proéosed by Whittenbury et al.,
(1970§.b) should form the basis of any formal taxomony of
the.methanotrophs. A recent study 6: the phospholipid, DNA
bomology and protein patterns as taxanomicaily useful
characteristics, produced results that coincided with the

classification. secheme of Whittenbury and his collabérgtors

(Galchenko and Andreev 1984),

Al Physiology and Biochemistry of Methanotrophs

A.4.1 Carbon Metabolism.

Methanotrophs have the ability to oxidise methane

S L 5

_~completely to carbon dioxide (FIG 1.A.2.). Methane is.first
oxidised to methanél'via the action of an MMO, methaﬁol is
then further oxidised to formaldehyde by a methanol
dehydrozenase; énd it is at this level that there 1s'a
branch in the pathway. Formaldehyde can either be
assimilated in the cell to form cell carbon or fqrther
oxidised in dissimilatory reactions via formate to carbon
dioxidg to provide the cell with energy for its agsimilafory
pathways. Both assimilatory and dissimilatory pathways

occur simultaneocusly in the cell.



CH4‘7-<CH OHLHCOH>——HCOOH co,

NADH+H NAD" | HO NAD™ NADH+H"

Assimilation

Figure 1.A.2. Pathway for the oxidation of methane to

carbon dioxide.

1) Methane monooxygenase. <2) Methanol dehydrogenase.

3) Formaldehyde dehydrogenase. 4) Formate dehydrngenése;



10

A.8.1.31 Carbon Assimilation Pathways

This aspect of the biochemistry of methanotrophs ig not
directly related tb the work containea in this thesis and so
only a brief outiine 1$ presented here. For & more
éomprehensiQé'review the reader is refered to recent reviews

by"Quaylé (1972), Colby et al., (1979), Higgins et al.,
(1981b) and Anthony (1982).

As airéad& stated the obligate metﬁanotrophs
incorporate carbon at the oxidation level of forﬁaldehyde.
Type 1 methénotrophs all use thé'ribqlosevmonophosphate

cycle and type 2 methanotrophs the serine pathway td fix

formaldehyde.

A.b.1.1a Ribulose monophosphate cycle

The ribulose monophosphate cycle (FIG.l.A.3.) was first
proposed by Kemp and Quayle (1967) after radio—isotdpe

studies on C-1 incorporation in Methylomonas methanica, The

overall effect of the cycie 18 to synthesise a C-3.c9mpduna
(either pyruvate or dihydroxyacetone phosphate) from three
molecules of formaldehyde. The cycle can convenigntly be
éplit into three stages: fixation, cleavage and
rearrangement.

Fixation: b& the action of hexulose ﬁhosphate synthase
three molecules of formaldehyde are condensed with three
molecules of ribulose-5-phosphate to give three mdlecules of
hexulose-6-phosphate. This stage 18 common to all obligaté
methylétrophs. '

Cleavage: one molecule of hexulose-6-phosphate is
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Figure 1.A.3. The ribulose monophosphate

RubP
HubpP
F6P
FDP
G3P
E4P
S7P’
SDP
R5P
G6P
6PG

PYR

pathway.

Ribulose-5—p$osphate
D-erythro-3-hexulose-6-phosphate
Frugtose—6—phosphate
Fructose-l,G—ﬁiphospﬁate
Gyceraldehyde—3—phosphate
Erythrose-ﬂ—phosphate
Sedohéptu}ose;7—phosphate
Sedohgptulose—l.7—diphosphate
Ribose-5-phosphate
Glucose-6-phosphate
6—p$osphogluconate

Pyruvate

3¥hexulosephosphate synthase
Phospho—B—hexulbisomerase
6-phosphofructokinase
Fructose diphosphate aldolase
Transketolase

Transaléolase

Ribulose phosphate epimerase
Ribulose phosphate isomerase

Glucose phosphate 1somerase

Glucose-6-phosphate dehydrogenase

6-phosphogluconate dehydratase plus

phospho-2-keto-3-deoxygluconate aldolase



Original RMP Pathway of Kemp & Quayle(1967)

3HCHO + ATP  —» DHAP + ADP

3 .
Hu6P  Hu6P  Hu6P

, - 12
Jz 2 FepP
F6P ,

Entner-Doudoroff variant of Stage2

A
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isomerised to fructose-6-phozphate and this is fhgn split
into two C-3 molecules. This being achieved either by the

enzymes of the glycolytic sequence or by the

Entﬁer—Déudbroff pathway enzymes. Methylococcus capsulafué
{Bath) contains both sets of.enzymgs. However fructosé
bisphosphate aldolase was not at very high'activitieglin
this organism, so clevage of he#ulose-6—phosphate and the
prpduction of glyceraldeﬁyde—s—phoéphate is thought to occur
via Entner- Doudoroff pathway"enzymeé.

Rearrangement: this stage gcts to regengrate the‘tﬁree'
moleculeé of ribulose-5-phosphate from two'molecgles of
ﬁexulose—G—phosphate and one molécule of
glyceraldehyde—3-phos§hate. fdf’the completion of the c&cle.
in a series of reactioﬁs similar to those of the ribﬁlose
bisphosphate cycle. As in cleavage there are two.variaﬁts.
In methanotrophs thése interconversions are céfried oﬁf b& a
series of transaldolase and'transketolase’reactions; In
some'methylotrophs the rearraﬁgementslihvolve sedoheptulcse

biphosphatase and fructose biéphosphate aldolase,

A.h.l.lb The Serine Pathway

The serine pathway (FIG 1.A.4.) was proposed by
Lawrence éhd Quaylé‘(1970) after radib—isotope studies of
C-1 incorporation in the facultative methylotroph

Pseudomonag AMi1. The overall result of thelpathway is to

incorborate two molecules of formaldehyde and one molecule
-O0f carbon dioxide into a C-3 compound, 3-phosphoglycerate.
Two molecules of serine are formed from two molecules

of glycine plus two molecules formaldehyde by the asction of

i
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Fig

ure 1.4.4,

The Serine Fathwav.

From Colby et al.., 1977.

i,

Serine transhydroxymethylase.

‘Berine glyoxvlate amino—-trasferase.

Hydroxypyruvate reductase;
Glycerate kinase.

Pﬁosphopyruvate hydratase.
Fhosphaenal —pyruvate carboxylase.
Malate dehydrogenaée.

Malate thiokinase.

Malyl-CoA lyase.

Isocitrate lvase.

——==, Unknown reactions.

OHPYR, Hydroxypyruvate.

GA, Glycerate.

FPGA, Phosphoglycerate.

FEFP, Fhosphoenol pyruvate.

0OAA, Oxaloacetate.
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gerine transhydréxymethylase. By & series of resctions
serine 1s converted into 2-phosphoglycerate, whiéh.is
isomerised td 3-phosphoglycerate for assimilation into cell
-carﬁpn or converted into phosphoenol py?uvate.(PEP). PEP
ﬂcafboxylése catalyses the carboxylation of PEP wiph carbon
dioxide to form éxaloaéetate. which subsequently forms
malyl-CoA. It is at this point, in the regeneration of
gly&ine from malyl-CoA that fhe two variants of th;s pathway
occﬁrf In 6rgahisms possessing 1§oc1trate lyase, malyl—éoA
is cleaved to yield glyoxylate and écetyl;CoAﬂ ‘The
acetyl-CoA 1s then ponvertedlto glyoxylate via a cyclé of
réactions.involying 1soc1trate.1yase. In organisms lacking
this enzyme the route of regeneration of glyoxylate from
acetyl-CoA 13 yet to bé elucidated, A recent report
implicated the invclvmentlof~homoisocitrate lvase and a
‘homoisoccitrate/glyoxylate cycle was proposed for the
regeneration of glyqulate from acetyl-CoA (Kéftsteé 1680).
However much doupt has been expressed on fhe operation of
this cycle due to the fallure of other workers to fepeat

this work (Bellion et al., 1981).

A.l0.1.1¢c Other carbon assimilation pathways.

The apparent sharp division between type‘} and type 2-
methanotrophe with respect to their carbon éssimilation
pathways, has recently been challenged by evidence that
-suggests that certain methanotrophs may use more than one
pathway for C-1 agssimilation. Possibly the besé example of

such an organism is Methylococcus capsulatus (Bath),
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Methylococcusg capsulatus (Bath), a type 1 )

methanotroph, appeared to use only the.fibblose

- monophosphate cycle for C-1 ass;milation (Strﬁﬁ et a8l.,
197&). However it has now been shown to posseés-
hydroxypyfuvéte reductase, a key enzyme in the serine
‘pathway, aibeit atllowllevels.(Reed 1976). _Furthermore.'the
presence of'ribulose'l—s bisphosphéte éarbpxylase and
phosphoribulockinase 1in thié organism (Taylor 1977). has led
to speculation on‘its role as an altefﬁative éleévage roﬁte
for C-6 molecules in the ribulose monophosbhatg pathway for

the production of glyceraldehyde-3-phosphate. Atfempfs to

.grow Methylococcus capsuiatus (Bath).autotroéhically in the
presénce of a suitable energy éourée haQe f&iled (Téylor -
1979. Stanley and‘Dalfon 1982). The activiti?s §f
éhoéphofrﬁctokinasehand frutose bisphosphﬁte aldolase are
low 'in tﬁis organism.Asé the maih péthway for the production
of glyceraldehyde—3—phosphate is thought“to be via Entnér—
Doudoroff enzymes.“(Téylpr 1979f Quayle 1979; Stanley and
Daiton 1982). | |

There is sbme evidence for-the simultaneoué funétioning

of two complete C-1 assimilating pathways in microorganism

-

(Levering et al., 1981) and further work on the alternative
C-1 assimilation pathways in type 1 methanotrophs will
hopefully explain their role and importance in the overali

carbon metabolism of these organisms.
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A.l.1.2 Methane Oxidsation.

A lL.1.2a8 Isoclation, purification and charscterisation of the

methanhe monooxygenase.

The first report of a cell-free methane-oxidising

system came from Ribbons and Michalover (1970) using

particulate (membrane) preparations of Methylococcus 

capsulatus (Texas). This was followed by'work.'again in

particulate preparations on Methylomonas methanica.(Ferenci
_197&:'Ferenci et a2l., 1975.) who measured methane |
stimulated disapéearance of oxygen and NADH. Howéver no
methanol accumulation was demonstrated, presumably due. to
thg presence of methanol dehydrogenase and formaldehyde

"dehydrogenase. Colby et al., (1975) demonstrated the NADH

dependent dlsappearance of bromomethane in a particulate

cell free extract of.Methylomonas methanica. Bromomethane
is a substrate analogue of methane that is oxidised by the
MMO, These reports were followed by'descriptioné of cell

free methane-oxidising activity in Methylosinus

trichosporium (Tonge et sal., 1975.)‘and Methylococcus

capsulatus (Bath), (Colby and Dalton 1976), and it is in

these two organisms where the methane—oxidisigg complex has

been purified and studied in detail.
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Methylococcus capsulatus (Bath).

A sBoluble methane monocoxygenase (MMO) from

Metgylococcus capéulatus (Bath) was resolved intq three
fractions A, B and C by DEAE.ion exchange chromatography
(Colby and Dalton'19785.- Subsequently it has been shown
‘that eaéh ffaction contains a single protein eséentiai for
in vitro MMO activity. Early reports that fraction B was
not esseﬁtiai but merely stimulated MMO activity wﬁs
explainéd by contamination of fraction A with éraction B
(Colby and Dalton 1976, 1978). '

All three components of the soluble MMO from

Methylocoécus capéulatus (Bath) have now been purified and‘
characterised, Protein A has a relative moleculﬁr mass (M)
of 210000 and 1is composed:of three subunits a , 8§ and v ,
,of My 54000, 42000 and 17000 respectively, indicating that
the holoprotein consists of two of each of the three |
subunits (WOO&and and Dalton 1983). Tge protein is
colourless even at eoncentrétions of 50 mg/ml and‘contaiﬁs
2.3 ; 0.7 moles of non-haem iron and 0.2-0.5 moles of zine
per mole of protein A, as measured by atomic apsorption
spectroscopy (Woodland and Daltcon 198@@._ No acid—lapile'
sulphide was detected (Woodland and Dalton 1984@. though 2
moles per mole protein were reported previously (Dalton
1980). Protein A has no discernible indépeﬁdent catalytic
activity. However protéin A 1s belleved to be the component

‘responsible for substrate binding. A large change in the

ESR spectrum of reduced protein A is observed in the



20

presence of a substrate (Dalton i§80. wOodlénd‘ahd Dalton
1984d).

Prqtein B is a colourless proteiﬁ of M, 16600
conslisting of a single polype#tide. It is devoia of
'pbqéthetic groups and like pratein A has no discerﬁable
independent catelytic activity (Green'and.bélton 1985).
| Protein C is an iron-sulphur flavoprotein of My 38006;
consistiﬁg of a single polypeptide. It contains one.f;avin
adenine dinucleotide (FAD).moleculé and oné Feész.centre per
molecule of é‘(Colby and Dalton 1978, 1979, Luﬁd 1983).
Protein C unlike proteiﬁs A or B hgs a measﬁrable_ |
independegt catalytic activity. If cafalyses the transfer
of‘elecfrons from NAD(P)H to sa vériety of electron accéptors
such as: DCPIP, potassium fefricyanide.‘oxygen and proteiln
A, 1 e., it acts as an NAb(P)H: acceptor reductase,

fhe recenf development of purificatién brécedures for.
all three proteins haé enabled the investigafion pf the .
mechanism of methane oxidaéion by thé'récénstituted complex.

Protein C as a;ready stated can fransfef electrons froﬁ
NADH to a wide range of electron acceptors including protein
A, By the use of electronic and électron paramagnetic
resonance (EPR) spectroscopy, the oraering of the fedox
couplés_of‘the FAD and Fe,Sp redox centres was carried out
(Lund and Dalton 1985). The redox centréé can exist in odd
electron forms, Oe~l (oxidised), 1e~1l (semiguinone), 2e-1
(mostly semiquinone and reduced Fe,S5), and
‘3e"1(ainydroquinorie and reduced FezSz). This abllity
suggests a role for protein C as a 2e;1/1é‘1 transformase,

electron pairs from NADH being split up and donated to

W
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protein A as single electrons of equal redox potential. FAD

appears'to interact with NADH, transfering single electrons
onto.Fézsz which donates them fo protein A (Lund and Dalton
1§85;'Lund Woodland and Daltqﬁ 1985).

Protein C can therefore péss electrons singly from NADH
to protein A ﬁf constant redox potential. H These electrons
can then be used to reduce oxygen to water resulting in an,'
NADH: oxldase acfivity for tﬁe protein A plus C complex (Lund
Woodland and Dalton 1985). This occurs in thé absencé of

protein B, and so electron flow is independent of the

presence of B, B does however act to shutdown this electron

flow (Green and Dalton 1985). On the addition of a suitable
substrate, relectron flgw and oxygen.uptake are immediately
stimulated, the complete monooxygenése complex being active.

The addition of substrate to proteins A and C has no effect

. on the flow of electrons. Protein B therefore appears to

act to éouple the flow of electrons from ﬁADH through
protein C to bfotein Alto the oxidation of substrate,
switching the enzyme complex from an oxlidase to an oxyzenﬁse
(Green and Dalton 1985).

The foles of the.three component broteinsAof the

soluble MMO of Methylococcus capsulatus (Bath) have now been

elucidated. In summary, the FAD group of protein C
interacts with NADH picking up two electrons. These can
pass singly to the Fe232 centre of the protein or can

directly redude a number of electron acceptors. From the

4"Fe282 centre of protein C electrons pass sgingly to protein

A. In the absence of protein B these electrons reduce

oxygen to water, In the presence of protein B electron flow

»



22

only occurs in the presence. of a sultable subetrate.
Electrons pass from protein C to protein A where the
oxygenase reaction is éatalysed (Mechanliem summarised FIG

1.A.5).

The B protein of the soluble MMO of Methylococcus

éapsulatus_(Bath)'acfs to couplé the f}ow of electrons to
tse oxidation of substrate, converting the enzZyme from an
oxidase to an oxygenase. The enzyme 1s not simpiy switched
off bﬁt uncoupling leads to the wasteful oxidation of_NAbH.
a‘co—factqf thought to be limiting in fhege prganisms |
(Anthony 1952). It has been suggested that the ability of
the solublé MMO to uncouple may 'be a produét of the celis
need to regulate the felative levels of NADH and'NAD+ (Green
and Dalton 1985). The toxic intermediate formaldehyde has

been shown to accumulate in cells of Methylosinus

trichosporium (OB3b) that contain particulate MMO when.

growing on methanol. Cellsicontaining soluble MMO did not
contain significant levels of forma;deh&de (Cornish et al.,
1984). It was suggested th#t the uncoupled soluble'MMO<a¢ts
as an NADH oxldase pr§viding sufficient NADY fof the-further
oxlidation of formaldehyde, The partliculate MMO appears to
obtain its reducing equivalents from non—NAD*“liﬁked
dehydrogenases and therefore would not act efficiently as an
NADH oxidase (Le&k and Dalton 1983). Formaldghyde has been

shown to uncouple the soluble MMO of Methyibcoccus

capgulatus (Bath), though at high, possibly

" non-physioclogical levels (Green and Dalton 1985),
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Figure 1.A.5. Mechanism of the soluble MMO from

Methylococcus capsulatus (Bath). : #

1. Components A anq C catalyse the four electron reduction
of oxygen to water in the presence or absence of a
hydroxylgpable'substrate.

2. The addition of cemponent B switches‘the enzyme from an
oxidase to an oxygenase, In the absence of a hydroxylatable
substrate electron flow between componentgs A and C is shut

. f
down preyenting the reduction of.oxygen to water.
3. Thé addition of a hydroxylatable substrate (methane) to
the complete soluble MMO complex restores electron flow

between components A and C and the oxygenase reaction is

catalysed to the complete exclusion of the oxidase reaction.
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Methylobscterium sp. Strain CRL-26.

A soluble MMO has been purified and characterised from

Methylobacterium sp.. Strain CRL-26 ( Patel et al., 1982,
Patel 1984). ItAwgs resolved into three fractions A, B and C
by DEAE ion exéhange chromatography in &an identical manner

"to the soluble MMO of Methylococcus capsulatus (Bath).f.The

initial report stated that all three fractions were required
for maximum éctivity.(Patel et gl_.. 1982); ﬁowever'
Asubsequently it was reported that ffaction E was not.
required fop_MMO’acfivity (Patel 1984).

| Proteiﬁ A has a M, of 220000 and is composed of‘three
subunits ¢ , f and Y ., of M, 60000, 40000 and 20000
respectively, indicating that the holoenzyme conéists.of two
of each of the three suSuﬁits. It contains‘ZTB: 0.2 moles
. of iron per mole of protein. Protein C consists of a single
polypeptide chgin of'Mr L0000 and contains one FAD molecule
and oneA?eZSZ centre pervmolé of protein. | | |

fhis solub;e MMO is obviously closely related to that

‘of Methylococcus capsulatus (Bath). The apparent lack of a

requirement for a regulatoryvprotéin B for monooxygenase
activity.is a major difference. It will be interesting when
mechanistic studies, analogous to those carried out on the

soluble MMO of Methylococcus capsulatus (Bath), are

performed on this system, confirming or otherwise its

independence from a regulatory B protein.



Organiasm SB1,.

'A éoluble MMO was resolved into two fractions from the
typé 2 obligate methanotroph qrganism Sél. using DEAE.ionA
-exchange chrom8tography, both components‘were requireda for
activity (Allen g£>él.. 198@). The presumed oxygenasé
éomponent~A. Was purified to ﬁomogeﬁeity. had-a M,. of 260006
and is composed of four subunits of‘Mr 60006. each
containing 0.5 g atom iron per mole protéih.~ Visible and
EPR spectra ¢onf1rm the‘protein to be an ifon-éuiphur |

protein. The second component, presumed analagous to

protein C of the scluble MMO of Methylococcus‘capsulatué
(Bath), was ndf purified to homogeneity and so the ébsenée
of a third component cannot be gnequivocally stated. Thef
subunit M, of thé C compoﬁent was esfimated to be 48000.
~Visible spectra indicated tﬁe presence of a flavin and.this

fraction possessed NADH:acceptor reductase activity.

Methylosinus trichosporium (OB3b).

a) Soluble.

There has only been a gingle report on the resolution

of a soluble MMO from Methylosinus trichosporium (OB3b) into

its component proteins; The studies by Stirling and Daltén
(1979) indicated that c¢rude extracts contaihinz MMO activity
could be resclved into two components by DEAE ion éxchange
“ehromatography. Fraction 1 consisting of material that doés
not bind to DEAE cellulcse, and fraction 2 consistinz of the

eluate from DEAE cellulose when washed with 20 mM sodium
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phogphate buffer containing 0.5M sédium chloride. ‘Neither
fraction confaiped any MMO acﬁivity élone, however 25% of
the cell free activity was measured Qhen 5oth fractions were
_assgyed'toéether. Full activity Was'restofed'to fﬁacgion 1

by the addition of DEAE fractions B and C from the soluble

MMO of Methylococcus capsulatus (Bath). No comblementation
of activity was obsérVed with fraction 2 énd any components

of the socluble MMO of Methylococcus capsulatus>(Bath).

These results indicated a similérity between fraétion 1

of Methylosinus trichosporium (QBSb) and. protein A of the

soluble MMO of Methylococcus capsulatus (Bath), the
hydroxylase component. Further evidence for similarity

between the two components is evident when cell free

extracts of Methyloginus trichosporium (OB3b) containing

'soluble MMO are compared to similar extracts of

. Methylococcusgs capsulatus (Bath) as analysed 6n SDS
rolyacrylamide gels. The three subunits of Protein A appear
as distinect bands, this protein has been estimated to

constitute ﬁp to 30% of the total soluble protein (Woodland

and Dalton. 1984). Crude cell. free extracts of Methylosinus

trichosporium (OB3b) grown under conditions where the

soluble MMO was present contained thfee prominent bands that
roughly corresponded (M, of 53000, aﬁooo'and 23000) to the

three subunits of fraction A (Burrows et al.,.1984). These
bands disappeared when the production of the solubie MMO was

repressed (Section A.4.1.2b).
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Methylosinus trichosporium (OB3b).

b) Particulate.

A particulate MMO from Methylosinus trichosporium

(OB3b) was solubllised from membrane preparations following

_incubation in the presence of phospholipase-D (Tonge g&.gl..

‘1975. 1977):_ This solubllised fraction was further resoclved

into two fractions by ultrafiltration over a PM10 membrane.
From the residue fraction a protein (Protein 1) was

purified. with a M,, of 47000 and whiceh contained one étom of

.copper per protein molecule. From the filtrate protein 2

was purified, 1t had a M, of 9400 and no detectable iron or

copper. The presence of the copper atom and changes in the

EPR copper signal, on the addition of substrate to the

reconstituted complex, led Tonge et al., (1977) to propose

.that protein 1 may be the monooXygenase compénent

responsible for binding oxygen.

For the maximum particulate MMO activity the presencev
of Q éoluble éarbon monoxide-binding cytochrome ¢ was
reqqibed. In such pfeparations ascofbate (1.5mM) could act
aé an alternative electroﬁ doﬁor to NADH, as could méphanol
in crude extracts that contained metﬂanol dehydrozéhase
(Tonge et al., 1975 ). The purified cytochrome Cco has a M,
of 13000, one iron and 0;3-0.8 atoms of coppef per molecule
of protein, it haa NADH/ascgrbate c#idase activity and

because of this 1t was proposed to be the redQctase

'Eomponent. the immediate electron donor to the particulate_

MMO (Tonge et al., 1977). However due to 1its ability to

bind not only oxygen and carbon monoxide but also methane

i
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and ethane (Hammond et al., 1979) the péssibility of the
cytochrome ¢, being the ﬁonooxygenase component was not
discounted. However as previously reported tﬁe cytochrome
Coo Wase ndt an absolute requirement for particulate MMO
activity, activity proceeding at one tenth maximum in 1ts‘
abgence. In a later report (Scott et al., 1981&)ltﬁe
addition of cytothpme oo t0 MMO active crude particulate
'preparations failed to result in ascorbate—lihked MMO
activity. Cytochrome ¢., plays ;o part in the soluble MMO
(Scott §£ al,..1981a) and its role; 1f any. in the

particulate MMO as an electron donor, 1is as yet unclear.

A.4.1.2b Soluble and particulate MMO
The enzyme described and purified by Higgins's group

from Methylosinus tfichospcrium was assoclated with the

particulate fraction pf the cell free extract. Dalton's

group at Warwick University however observed and partialiy'

purified a soluble MMO from‘Methylosinus trichosporium,

which had properties similar to the enzyme purifled from

Methy;ococcus capsulatus (Bafh) (Stifling and Dalton; 1979).
| The controversy over these apparenfly contradictory |
reports has only recently been resolved by the realisation
that the MMO from certain methanotrophs can exist in either
a particulate or a socluble form, depending on the conditions
‘under which the organism ié grown (Scott et ﬁl‘{ 1981ab;

Stanley et a2l., 1983).

Methylogsinusg trichosporium grown in a chemostat under

)



30

oxygen limitinz'conditions had 100% partiéu;ate MMO .
activity, under nitrate limitation 160% solublé_MMO'was
observed, Limitation by methane_produced a mixture of
'solﬁble and particulate activities, 78% and 22%.respécpive1y

(Scott et al., 1981a,b).

Recent studies on Methylococcus capsulatus (Bath)
(Stanley et _;;; 1983) showed that the intracellular
location of tﬁe MMO dependéd'oh the‘availability_of copﬁer
and was not dependent on eitber methane or nitrétef |
limitation. Particulate MMO.was ébservéd under conditions
Withrﬁopper in excess, Qhereas ;nder conditions of copper
stress‘a solﬁble MMO was found. The two activities were not
hutually exclusivé and éonditions under which both occur
coﬁld'be sfably maintained.

The availability of copper has also been shown to

~control the location of the MMO in Methylosinus

trichosporium (Stanley et al., 1982, Burrows et al., 1984),

Previous reporfsflinking oxygen. methane and nitrate
limitations with the location of the MMO ignoread the.
variation in thevcell density of the chemostaf cultures
used. When this was done, it could be seen that these
results were gttributable to copper availability.

Bqth particulate and soluble MMO have been observed in

Méthylobacterium sp. Strain CRL-26 (Patel et al., 1982).
Particulate MMO was preéent in organisms zréwn in shakg
flasks, présumably at low cell density and soluble MMO in
"fermenter cultures at high cell dehsities. The effect of
copber on the location of the MMO in this organism has yet

to be studied, though from the above results it would appear
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that it may be similar to Methylococcus capsulatus (Bath).

Concomitant with particuiate MMO productioh is:the
production of the characteristic extensive'mémbrane
arfangements found in methanotrophs. Organisms growing
_under conditions where the séluble.MMO is expressed.have a
far less extensive system of internal membranes, the
‘"vesicular" membrane arrangement (Scott et al., 1981&5.
Cornish et 21., 1985. Prior and Dalton 1985%).

| Not ai; strainénof méthanotrophshave the‘abi11ty to

avoid copper limitation and presumably also lack the ability

to produce a soluble MMO. Methylocystis parvus (OBBP),

Methylomonés aibus (BG8) and Methanomonas margaritae are

examples of such organisms (Dalton et al., 1§8H. Takeda et
al., 1976). There appears to be no obvious type specific
quality -to this'characteristic. Both type'1l and type ?

. methanotrophs have been shown to produce both‘soluble and
particulate MMO and other s£rains lack the ability to avoid
copper 1imitation.

The solublg MMO’abpears to be more stable than thé:
particulate MMd and therefore easier to purify gnd
characterise. .There has only.been a singlg particulate MMO
purified and charactérised,_althohgh.recently this'procedure
has failed to yield active enzynme (Higziﬁs et al., 1981).

In the absence of a repeatable method for the .-isolation of a
particulate MMO, it 1is difficult to assess whether or not
the socluble and particdlate MMOs have any compbnents in
Mcommon or wﬁether they are\distinct; unrelated enzymes.
However some insigm can be‘gained from the information

already available.
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The eoluble MMO of Methylococeue capeulatue (ﬁath) is .
made'up of three ¢omponents. protein A the oxygenase.'
protein B =a regQ1atory coupling effector énd protein é an
NADﬁ:acceptor reductase, The particulate MMO appears to ‘
acégpf its eléétrons.'not qirect;y from NADH but via an
electron transport‘chain'(Sectioﬁ‘Afu.l.ac)L‘ Ppotgin C of
fhe soluble MMO would thefefore be superfluous to the
particulate MMO. There.is no evidence for the equivaient of
protein B qf the soluble MMO;wifhin tbe ﬁarticulate MMO énd
for reasons discussed previously. the suggested funétioﬁ of
protein B mgy”not act efficienfly in-the‘particulate MMO.
system (Sectioh'A.a.l.za). | |

Pfogein A can constitute up to‘36% of the solﬁble
protein of the cell (wéodland and Dalton.198ﬂ$. produciﬁg
very prominant baﬁds on SDS: polyaqulamide gels
4corre§ponding to the three subgnits. ' These bands
disappeared when cells were induced to produce particulgte.
MMO .(Stanley et al., 1983. Cornish et s8l., 198A). New bands
appeared in particulate extracts of cells with the
particulate MMOé éne of pérticular interest is # higﬁ
molecular weight copper containing protein (Dalton et al.,

1984), however there were no proteins equivalent to the

subunits of protein A of the socluble MMO. Finally, the one

purified particﬁlate MMO system, that from Methylosinus

trichosporium (OB3b) bears nho resemblance to the purified

soluble MMO from Methylococcus capsulatus (Bath), an enzyme

“ known to be similar to that found in Methylosinus

trichosporium (OB3b) (Stirling and Dalton 1979)l

Sc it would appear that the soluble MMO and particulate
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MMO are very different. However not until both enzymes are
purified and characterised from the same organism and
protein sequencing data is available will we know 1if these

two enzymes bear any resemblance at all.

"A.lL,1.2c Electron donation to the methane monooxygenase.

The 1éck ofiunderstanding of the effect of growfh'
cohditiéns.oh fhe nature of thé'MMb in certain_stréins of
méthaﬁotféphs. has also ied to confusioﬂ over the source of
electrons for the enzymé. . However 1t 18 now clear that the
only known source of electrons for the soluble MMb Ié |
NAD(P)H (Colby and Dalton 1978. Scott et al., 1981. Patel et

l..'1982). The purified soluble MMO of Methylococcus

‘capsulatus .(Bath) has been shown to have a componenf tﬁat
directly interacts with NADH, passing electrons to the
oxygenase component of the enzyme (Lund et 31., 1985).

The provision. of electrens to the particulaté MMO
appears t§ be mére complicated. "The first evidence for a
differenée in the pfo?ision of electrons to the part;cﬁlate
MMO as comparéd to the soiuble MMO was that tﬁevparticulate
MMO was shown to be susceptible to a wide range of '
inhibitors, notably a number of electron traqsport
inhibitors, whereas the soluble MMO was only inhibited 5y
8-hydroxyquinoline, a chelating agent, and ethyne (acetylene),
a guiclide substrate for the enzymé. The particulate MMO |
could accept electrons from NAD(P)H in vitro (écptt et al.,

1981. Stanley et al., 1983). Reports of in vitro ascorbate

El
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and methanhol:methanol dehydrogenase (MDH) -linked

particulate MMO activity have not been substantiated (Tonge

et al., 1975,1977. Scott ét al., 1981, Dalton et al., 198L4).

However in vivo ethanol can act as an electron donor for

the particulate MMO in Methylococcus capsulatus {(Bath) gnd

Methylomonas methanica (Ferenci et al., 1975. Leak and

Dalton 1983), ethanol being oxidised to acetaldehyde by the

vMDH..producing electrons which could either flow directly to

thé particulate MMO.or by.revérse electrén tpahsport,
produce NAﬁH which wouid ?heh.dohate its elecfrons to thé
particulate MMO. Recently Cornish et é;;{»(;985).
deﬁonstrated succinate-linked NADH—independént particﬁlate

MMO activity 1n cell free extracts of Methylosinus

trichosporium (OB3b). Along with the above évidence.this

suggests that the particulate MMO can obtain electrons in

vivo from the respiratory chain and NAD*-independent

dehydrogenases such as MDH. This theory has also been
invoked to explain the incregsed yields of methanotrophs‘
observed in cells containing £he particulate'MMO_compsréd
with those contéining the soluble MMO (Leak et gi.;'1985)5
A candidate fér the immediate electron donor t? the
particulate MMO is the cytochrome gcé.'which zreatiy
stimulated the particulate MMO acfivity when added in a

purified form to extracts of Methylosinus trichosgporium

(OB3b) (Tonge et al., 1975). Cytochrome ¢,, is8 known to be

involved in the oxidation of methanol in methylotrophs

"(Beardmore-Gray et al., 1983; Section A.a.1.3). A scheme

has been proposed, where cytochrome ¢.., is reduced in the

oxidation of methanol to formaldehyde, and then donates

0
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" these electrons to the particulate MMO for the oxidation of

methane to methanol (Anthon& 1982). However for reasons
discussed pfeviously the role of cytochrome gco.in the
provislion of electrons for the particulate MMO still remains

unclear (Section A.4.1.2a).

A.l.1.24 Substrate specificity.

One of the maqor incentivés to research in the
biéchemiétry of methylotrophs is the'industrial exploifation
of the MMQ's.unusual lack dffsﬁpstpate specifieify.' MMO
from several species of methanotropﬁs haQe been shown to

insert an. oxygen atom into a wide range of substrates.

These include, carbon monoxide (Fereﬂc1 197u). ammonila

- (Dalton 1977). n—alkahes. n-slkenes, dimethyl and diethyl

ether, alycyclic and aromatic hydrocarbons (Colby et gl..
1977: Stirling et al., 1979; Higgins et al., 1980.).
Oxidation by MMO can produce a moiecule that is not.furthér
métabbliéed'such as 1-2 epoxypropane from the oxidation of
propene br a molecule that is further oxidised by other
oxidoreductases such as benzyl alcochol from tge oxidation of
toluene, which is further oxidised to benzoic acid. .
The particulate MMO from a number of orggnisms oxidises
a more restricted range of compounds than the soluble MMO.
The particulate MMO can oxidise ﬁ-alkanes and n-alkenes but
not aromatics or alicyclics (Stirling et al., 1979. Burrowé
t al., 1984). Whether this 1is due to differeéces in the

active sites of the enzymes or inhibition by co-metabolites
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ecf the electron traneport chain sesocclated with the
particulate MMO, 1s yet to be resolved. For a comprehensive
review of the oxidation of hydrocarbons by methanotrophs see

Dalton (1980).

A.4.1.3. Methanol Oxidation

A brosd specificity NAD(P)-independeht methgnolA
déhydrogeﬁasé is common to all methane—oxidising;baéteria so
far studied (Wadzinski and Ribboﬁs. 1975d.Patel and Felix.
1976.). an enzyme first'éharacteriéed by Anthony and'Zatmén

(1964) from the methanol-utilizing Pseudomonas sp M27. The

methanol dehydrogénase from these sources has én M, of
120000 and is compriséd of two equal subunits of M, 60000.
in vitro, the enzyme activity can be assayed . by éoupliﬁg.it
to the reduction of phenazine mefhoéﬁlphate (PMS) in fhe

presence of ammonium ions at pH 9.0, in vivo, the enzyme is

thought to be coupled to the ekectron transport chaih at fhe
level of cytochfome ¢ (Duine éﬂd ?rank 1981@. However only
fecently has this activity been demonstrated in vitro uging
anaerobically prepared enzyme and cytochrome é
(Beardmore-Gray et al., 1983).

Methanol dehydrogenase is found in the s9}uble
fraction, released from the membrane by cell breakage
(Wadzinskl and Ribbons 1975 . Alefounder and Ferguson
~(1981) investigated the methanol dehydrogenase in Paracoccﬁs

denitrificans a facultative chemoautotrOph able to grow on

methanol and found it to be soluble and 1ocated'on the
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periplasmic side of the membrane. Methanol dehydrogenase as

‘'well as both cytochrome e¢'s (low and high isocelectric point

forms) found in Methyloéhilus methylotrophus are found
almost exclusively in the periélgsmic space (Jones et al., .
1982).. Methanol'dehydroggnase has béeﬁ shown to pass
electrons only tb‘thé low iscelectric point form of
cytochrome ¢ (Beardmore-Gray et al.,1983). Forméldeﬁyde is
also a substrate for methanol dehyér&genase éatalysing its
oxidatioﬁ to fofmate.

Recehtly the'nature of the novel prosthetic group df
the méthanol dehydrogenase has ﬁeen détérhined to be a
pyrrolo—éuinoline Quinone (Duine.gi g;...1980). though novel
at the time 1t has subsequently been found in ; number of
other dehydrogenases, Qiucose dehydrogenase (Duine et al.,
1979) alcohol dehydrogenase (Duine and Frank 1981 and

.aldehyde dehydrogenase (Ameyama et al., 1981).

A.4.1.4 Formaldehyde and Formate Oxidation

There are threé possible routes of formaldehyde
oxidation in obligate methanotrophie bacteria: The first is
oxidation by formaldehyde dehydrogenase to give formate.
There exist two forms of this enzyme, an NAD(P)-linked &and &

NAD(P)-independent form. ‘Stirlinz and Dalto;'t1978)
purified a NAD(P) 1linked fgrmaldehyde dehydrogenase ffom

Methylococcus capsulatus (Bath) of M, 115,000. Formate so

formed is further oxidised by a NAD(P)-linked formate

dehydrogenase to carbon dioxide (Stirling and Dalton 1978).
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The second route 1is via é cyclic series of reactions
1nvolviné hexulose phosphate synthase which yields carbon
dioxide and two molecules of NAD(P) (Strgm 93751..‘197u).

- In additioﬁ to oxidising methanol, methanol

dehydrogenase will also oxidise formaldehyde to formate in

vitro, whether of not it functions in vivo, in this way 1s

not known.

A.4,2., Nitrogen Metabolism
-The obllgate methanotrophs'nave'the ablility to utilize
‘nitrate and ammonia as nitrogen sources and some can fix-

dinitrogen.

‘A b.2.1 Ammonia Assgimilation.

The only'detailed study of nitrogen metabolism has come

from Murrell (1981), Murrell and Dalton (1983a,b), who

studied the nitrogen assimilation pathways in Methylomonas

methanica, Methylosinus trichosporium (OB3b) and

Methylococcus capsulatus (Bath).

All obligate methanotropbs were shown to metabolise
ammonia via the glutamine synthetase / glutamate synthase
(GS/GOGAT) pathway. ﬁowever type 1 organiéms also possess
other ammonia assimilating systems, the pathway of ammonia
“assimilation being determined by the fixed nitrogen aourceA
present. Type 2 organisms assimilate ammonia chlusively vie

the GS/GOGAT pathway whether grown with ammonia, nitrate or
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dinitrogen.

During growth 6n nitrate type 1 orgénisms possessed
high levels of GS/GOGAT activities with 1little or ﬁo alanine
dehydrogenase or glutamate dehydrogenase act;vity. Growtﬁ
with ammonié repressed GS/GOGAT pathwéy enzymes and ammonig'
was aésimi;ated by alanine dehydfogenase and glutamate |

dehydrogenase..

A l.2.2 Nitrogen Fixation.

A survey of a widg rénge of 6pligate methanotrophs for
their ability to fix nitrogen once again 1ndicafed.a
fundamental difference between type 1'énd type 2>
methénotrophs,(Murrell 1961; Murrell and Dalton 1983b). Of

‘'seven type 1 organisms only Methylococcus,capsulatus (Bafh)

was shown to f;x nitrogen. All type 2 organisms tested were
found to fix nitrogen.

Methylococcus capsulatus (Bath) as already stated has a

numbeerf characteristics which separate it from other type
1 mefhanotrophs. Its ablility to fix nitrogenAprqvideé
further support for 1its inclusion in.a separate grbup. the
80 called type X methanotrophs (Whittenbury and Dalton

1981).
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"A.U.2.3 Ammonia Oxidation.

The f;rst report of ammonla oxidation by a methanotroph
wasrby Huptod and Zobell (1953), whobrepdrtea the production
of nitrite'in media_containing ammonia'as the nitrogen
soufce.by an unidentified type 1 methanétroph;‘AWhittenbury
et al., (1970b) found all their isolates formed
ﬁon—inhibitory levels of nitrite when grown on an ammonia
minimal salts medium. Subsequently there have been a nu@ber
of short reports concerning ammonia éxidation'by
methanotrophs (Colby et al., 1975; Ferenci et al., 1975.

Drozd 1980). The most comprehensive work to date has.been

. that of O'Neil and Wilkinson (1977) working with whole cells

of Methylesinus trichogsporium (0OB3b), Dalton (1977) and

Pilkington (1983), workiné with ceil—frée extracts of

Methylococcus capsulatus (Bath), and Sokolov et al., (1980;

1981) working with cell-free extracts of'Methylococcus

thermophilus, who concentrated on the oxidation of-

hydroxylamine.
O'Neil and Wilkinson (1977), working with whole cell

suspensions of Methylosinus trichosporium (OB3b) measured

ammonia oxidatilon and hydroxylamine oxidation by the
measurement of oxygen uptake and nitrite formation. Ammonia
oxidation was 4% of the methane oxidation rate as measured
by oxygen uptake. Measurements of ammonia disappearanqe.

nitrite appearance and oxygen consumption were consistent

with the stoich | ometry:

NHf + 115 0, ——s NO3 + 2H* + Hy0

The same as that established for the autotrophic
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ammonia-oxidising baéteria (Hofman and Lees 1953). .

A number of compoundé were shown to stimulate the -
oxidation.of ammonia but not hydrogylamine. including;
forﬁate. formaldehyde, pyruyate. acefate and methanol. The
efféct.of methéhe on the oxidation of ammonia was éoﬁplex.
at lqw ievels méthane stimulated ammonia oxidation..wﬁereas.
_ét high ievelé it was inhibifory. fhe Km for amﬁénium ion
(NHj}) at pH 6.5 was 4.1 mM and at pH 7.5 was 0.6 mM.
"Recalculating the Km in ferms of.ammonié (NH3) céncenffation
(using the Henderson—Haéselbach equation) gives essenfially
siﬁilar valués of 7.4 and 10.4 micromolar respectively. The
éompetitive inhib;tion of methane oxidation by'ammonium_ion
also rises with pH. Bcth.these results suggest that ammonia
and not ammonium ion is the substrate for the enzyme,

Dalton (1977)., working with soluble extracts of

Methylococcus capsulatus (Bath), presented strong evidence
in supbort oflthe h&pothesis that the MMO was respgnsible
for the oxidation of ammonia to hydroxylamine;' This was
presented as four main points: 1).Both methane and'amm5nia
oxidation require the presence of reduced pyr;dine
nucleotides and oxygen for activity. 2) The oxidation of
methane to methanol and ammonia to h&droxylaminé wére
specificaliy inhibited by acetylene, 8-hydroxyguinoline and
methanol. 3) Neither methane nor émmonialbxidation were
-inhibited by thiocurea, hydrazine..diethyldifhiocarbamate
(DDTC) and ad-dipyridyl. 4) Methane was a good inhibitor of
"ammonia oxidation.

Pilkington (1983) using purified components of the

soluble MMO of Mefhylococcué capsulatug (Bath), showed
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unegquivocally that ammonié oxidation was catalysed b& the
solublé MMO and also presented evidence that suggested that
the particulate MMO also catalysed this reaction. .The pH -
bptimum for the reaction catalysed by the socluble MMO was
7.6, a higher value than that reported.for.the oxiaatiqn of

other substrates (Colby and Dalton 1976). Unlike the system

in Nitrosomonas (Suzuki et al., 1974) the Kmtwith respect té‘
both ammonia (NH3) and the ammonium ion (NHE) rose with pH,
being 0.18mM and 32.5mM at pH 7.0, and 0.73mM‘and_ul.2mM.at
PH 7.5, respectively (Dalton 19%7. Pilkington 1983).
Hydroxylamine. the product of the oxidation of émmonia. was -
é strong inhibitor of the soluble MMO.(H9% at 1mM) and its
acgumulation wés identified as the cause of the cessatién of
ammonia oxidation activity after one minute in assays of
crude or partially purifiéd soluble MMO whére the.
‘hydrbxylamine oxidoreductase was. inactive.

In whole cell suspensions of Methylococcug NCIB 11083 a

lower Km for the ammonium ion of 2.8 mM at pH 7.0 was
obgerved, énd hydroxylamine oxidation was partially
competitive with.methanol oxidation in whole éeils (Drozd
" 1980).

Recently there have been a number of reports on the
inhibition of ammonia and methane oxidation in the
autotrophic ammonia-oxidising bacteria.and methanotrophs by
nitrapyrin (2—chlogo-6—(trichloromethyl) pyfidine) and other
pyridine derivatives (Topp and Knowles 1982, 1984; Salvas
‘and Taylor 1984). The aim of this work has been to try to
provide the means to differentiate between ammogia oxidation

carried out by the autotrophic ammonia-oxidisers and ammonia
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oxidation carried 6ut by the methanotrophs in the
environment. Only picolinic acid (2-carboxy pyridine)
showed any specificity., inhibiting ammonia oxidation by

méthanotrophs but not by the autotrophic ammonia-oxidisers

(Salvas and Taylor 1984).

A.L.2.4 Hydoxylamline Oxidation

Dalton (1977) showed that hydroxylamine was an
intermediate in the oxidation of ammonia to nitrite in

Methylococcus capsulatus (Bath). From inhibitor“profiles of

methane, methanol and hydroxylaminé oxidation it was deduced
that the enzyme responsible for hydroxylamine oxidation was
neither MMO or methanol dehydrogenase. A purified

preparation of methanol déhydrogenase showed no

hydroxylamine oxidoreductase (HAQ) activity nor did mefhanol

inhibit this activity in crude soluble extracts. HAO
activity was stimulated by the presence of phenazine

methosulphate (PMS)..- Pilkington (1983) partially purified .

the HAO from Methylococcus capsulatus (Bath) separating_it
from both soluble MMO and methanol dehydrogenése; It waé
associated with the membrane and had‘hydroxylaﬁiﬁe-dependent
cytochrome'g reductase activity, although cytochrome ¢ Qas
unable to act as an eiectron acceptor for hydrpxylamine
oxldation. . '

Using crude soluble extracts of Methylococcus

‘thermophilus, Sokolov et al., (1980) showed that the HAO and

methanol dehydrogenase activities ccoculd be separated by ion

exchange chromatography. The pH optimum for HAO was 9.0 ancd



44

associated with i1t was hydroxylamine cytochrohe <
oxidoreductasé activity that was inhibited by c¢cyanide. . The
differential absorﬁtion spectra of their prepara?ion was
chaéécterised by abéorption bands at 552 nm, 523 nm aﬁd
419 nm corresponding to the alpha, beta and gamma peaks of
cytoghfome c. Shoulders at 557 nm and 531 nm corresponded
‘to the alpha and beta peéks of cytochrome 2. 

Subseqﬁently Sokolov et al., (1981) further purified
the HAO énd methaﬁél dehydrogenase along with a.number‘of

cytochrome components from Methylococcus‘thermophilus.  From

the properties presented they proposed a scheme for eléctron
transpbrt duping methanol and hydroxylamine oxidation (FIG
1.A.6.). For hydroxylémine ;xidation this involved the |
passage ¢©f four electr&ns from hydroxylamine to a cytochrome
c554 via HAO, which Qere then passed on to a terminal

‘ cytochrome‘g oxidase. = Previously 1t had been shown thét
ATP, and, via reverse electron flow, NADH could be
s?nthesised. coupled to the flow of electrons from
hydrokylaﬁine to the terminal oxidase (Malashenko et al.,

1979).
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q .
NH:\ NH,OH (NOH) HNO,
XH, H,O+H"+X 2€”. 2€”
HAO
cytochromes
cytochromeC,,,
cytochromed——-0,

Figure 1.A.6. Proposed electron transport during the

oxidation of ammonia by Hethylocnécus thermophilus.

Taken from Sokolov et al., 1981.

X —-electron donor for methane monooxygenase. -
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B. Ammonia oxidation iﬁ the chemolithotrophic ammonia

oxidising bacteria,

Ammonia is oxidised by both heterotfophic and
autotrophic bacteria, as well as some metﬁyiotfcphic
bacteria. In this section it is mylintention to restriét
diséussion to the ammonia-oxidising chemolithotrophic

bacteria typified by Nitrosomonas europesae, 1arzely'becéuse

"there appears to be a number of similarities in the"

oxidation of ammonlia in this organism and the methanotrophs.
For discussion of heterotrophic ammonia oxidation the
reader is refered to a number of other papers (Hirschlgﬁ

al., 1961; Verstraete and Alexander 1972 a,b).

B.1. The Nitrobacteriacéae.

Autotrophic nitrification is associated with the family

Nitropacteriaééae. All organisms from this group are
capable of dériving all their.ehergy for gfo&th frqm the
oxidation of either ammonia ér nitrite. These organisms
were first described by Winograisky (1890) in his classical
early studles of the nitrifying bacteria. |

Bergey's manual (1984), lists four genera which oxidise

ammonia, these being; Nitrosomonas, Nitrosospira, .

“Nitrosococcus and Nitrosolbbus. Of these Nitrosomonas is

the most commonly 1isolated and presumed to be the most

common in nature. This is a very large assumption to make,

0
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the procedure employed in the isolation of any bacterium

will tend to select from a group of metabolically similar

organisms, that organism which can best survive and grow

under the conditions of isolation, hot necessarily that

organism which predominates in the natural environment

(Belser and Schmidt, 1978).

HoweQer Nitrosomonas has been isolated from a wide

variety of terrestrial and aquatic enviroments

and may well

be the dominant organism in at least some of these, and it

is the organism on which the bulk of the research on the

biochemistry and physiology of autotrophic ammonia oxidation

has been undertaken.

B.2. Ahmonia oxidation.

B.2.1. Enzymology.

The overall reaction for the oxidation of

nitrite carried out by Nitrosomonas is:
NHf + 135 0o, ——> nNO3 + 2H*

hydroxylamine was shown to be the first stable

(Lees, 1952. Hoffman and Lees, 1953.). in the

ammonia to

+ Hzo

intermediate

above

equation the substrate is written as the ammonium ion

(NH&), although measurements on the rate of ammonia

utilization and Km values 6? whole cell ammonia oxidation at

“various pH values suggest " that ammonia (NH3) 1is the actual

substrate (Suzuki et a2l., 1974, Drozd, 1976).



48

The firest step of ammonia oxidation 1= normally

written:
NH3 + 02 + XHz B e NHZ(JH -+ H20 + p.4

although there is some degree of uncertainty as to the exact
mechanism of the ammonia oxidation. The above reaction is
catal#sed by an enzyme variodsly called ammonia hydroxylaée,
ammbnia oxXxygenase, or ammonisa monooxygenase.  Whole cell

studies of ammonia oxidation by Nitrosomonas showed a small

incorproration of l802 into nitrite (Rees and Nagon 1966)
which suggeszted direct inccerporation of oxygen into ammonia
" at some stage of its oxidation though not necgssarily ih the
initial reaction. 15N,and 18 tracer experiments using
highly enriched 15N-ammonium chloride &nd 130—dioxygen ﬁave
now established that the production of hydroxylamine from
‘ammonia involves & monocxygenase-type reasction by way of
direct insertion of one stom from dioxygen, the other
pfesumably being reduced to water (Hollccher et al., 1981).
Little 1s known #bout the initisl oxidation of amménié
due to the diffiéult& in preparing active ammonia—oxidiéing

cell free extracts of Nitrocomonas (Watson et &l., 1970,

Suzuki and Kwck, 1970). Recently however Suzukil et
al.,(1981) have described conditions under which active

ammonia-oxidising membrane preparations can be made from

whole cells of Nitrosomonas, Bovine sgerum albumin, spermine

or magnesium chloride were required for ammonie oxidation

and the concentration of phosphate determined the
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effectivness of thése'adtivators. Phosphate couldAbé'
replaced by chloride, sulphate or nitrate so its effect was
. proposed to be ionic. although 1its mecﬁanism was not clear.
The.cell free extract obtained oxldised ammonia to nitrité.
a functional sepération of the~ammonia monooxygenase from'
the,HAb has yet to be achieved.

Suzuki and Kwok (iQBiS resolved thi; extrapt into threé
components each required for ammonia ogidation. A membrane
fractidn containing cytochroﬁe al and ¢ type cytochromes, a
fraction witﬁ hydréxylamine cytochfomé ¢ reductase activity
'and a cytocﬁrome c fraéfion.' Aﬁmonia oxidation activity..as
ﬁeasured by amménia-dependent oxygen uptéke and nitrite

formation, could be reconstituted by the combination of

these three fractions, however more consistent results were

obtained by the addition of Nitrosomonas.  cytochrome ¢554
_purified earlier by Yamanaka and Shinra, (1974), which
increased the hydroxylamine cytochrome ¢ reductase activity.

Addition of Nitrosomonas cytochrome ¢552 also purified

’

earlier.by Yamanaka and Shinra (1974), was required for‘thé
“oxidation of hydroxylamine to nitrite. Cytochrome c¢554
probably acts té mediafe electron trénsfer betyeen
hydrbxylamine oxidation and ammonia éxidation (Suzuki and
Kwok, 1981).

Ammonia oxidation is known to be inhiﬁited by a wide
range of metal-binding agents, uncouplers of oxidative
phosphorylation, carbon monoxide and electron acceptors such
‘as PMS. The electron acceétors probably oxidise the
electron donor, XH2, while the uncouplers of oxldative

phosphorylation may act to destroy membrane potential.

W
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Inhibition by chelating aggnts‘such as thiourea suggests the
involvememnt of a metal ion such as copper (Shears and Wood
1985).

Fﬁrther evidence for the 1nvolvément of copper cohes
from the discovery that ammonia oxidation in whole cells of

Nitrosomonasg 1is photosensitive to near U.V. light (Hooper'

and Terry 1974; Shears and ﬁééd 1985). Illumination élso
causes bleaching in the.absorption‘spectrum around 380nm,
along with chgnges in the cytochrome gamma-band (Soret)
region. Similar sensitivity to U.V. light was seen witﬁ the
éopper—cogtaining préte;ns haemocyaniﬁ and tyrosinase and
was attributéd toithe liveration of a highly reactive
supero#ide lon at the acfive site. Tyrosinase 1é‘the
generic name for a group of copper proteins that typically
"have both cétechol oxidasé and mon&phenoi.monoonyeAase
‘aptivities. From their results Shears and Wood (198%)
suggested that fhe ammoni# ﬁonooxygénase éontained'two
copper atoms at its active site and had a three stage
catalytic cyéle analogous to that of tyrosinase.
Récently Hyman and Wood (1985) demonstrafed that

acetylene'waé a suicide sdbstrate for ammonia monooxygenase.

Acetylene oxidation 1is thought to Qield an unsatufated
epoxide (o#iréne) which being highly reasctive and unsﬁablé.
covalently bonds to the ammonia monooxygenase by either,
reacting with the prosthetic group of the eﬁzyme in an
analogous way to the mechanism proposed by Ortiz de
"Montellano and Kunze (19805 for the 1nactivatiop of
cytochrome P-U450 or, ma& attack one or more of the amino

acid side chains that bind the copper (Hyman and Wood 1985).

0
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Incubation of cells with 1“C-acetylene caused the labelling

of a single membrane polypeptide of M, 28000. This provides
the first identification of a constituent polypeptide of thé

ammonia monooxygenase.

B.2.2. Substrate specificity..

~As in the methanotrophs, whole celis §f ‘Nitrosomonas
have re?ently been shown to oxidise a wide range of |
‘substrates. These inélude methane which is oxidiséd to
ﬁethanol and carbon dioxidél(ﬁyman‘and Wood, 1983; Jones and
Morita, 1983 ), ethylene to ethylene oxide (Hyman and Wood
i98&). carbon‘monoxide_tb carbon dioxideviJones‘and Morita
1984 ), propylene to propylene oxide, benzene to.phenol and
cycléhexane to cyclohexandl (Drozd, 1980); Acetylene a
pbtent inhibitor of the MMO, has also been shown to sffongly
inhibit the»ammonia monooxygenase (Hynes ahd Knéwles. 1982).

Obviously the non-specific nature of the ammonia

monooxygenase 1is similar to fhat of the MMO. Thg oxidatioh
of methane is therefore of particular interest.

Methane was shown to be a competitive 1nhibiﬁor of

ammonia oxidation in Nitrosomonas (Suzuki et al., 1976).

Hyman and Wood (1983) demonstrated the production of

methanol from methane in whole cells of Nitrosomonas, this

oxidation was inhibited by the same spectruﬁ of inhibitors
ag ammonia okidafion. Thils evidence led Hyman and Wood
"(1983) to conclude that the ammonia monooxygenase also
catalysed the oxidaticn of methane to methanol.. Jones and

Morita (1983 ) examined a range of ammonia-oxlidising and

il
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ﬁitrite—oxidiéing bacteria for their ability to oxidise
1&C—méthane. All the ammonia oxidisers, but none of the -
nitrite oxidisers tgsted. had the ability to oxidise methane
to éarbon dioxide'ahd 1ncopporate ya?ious am$unts of carboﬁ.
into cellular components.- The add1f1¢n of ammonia (10 ppm)

gtimulated both carbon dioxide formation and cellular

,incorporétion of carbon derived from methane, as did the

presence of nitrate, nitrite and veast extract. Ammonia may

activate the enzyme'system. leading to increased levels of

'methéne oxidatién. However levels of ammonia above 10 ppm

decreased the rate of methane oxidation. Stimulation by
nitrate, nitrite and ammonia may'also.be caused by the
presence of a nitrogen source in the assay (Jones and Morita

1983 ).

B.3. Hydroxylamine Oxidation

Unlike the ammonia monooxygenase the hydroxylamine

oxidoreductase (HAQO) from Nitrosomonas eurcpese has been

purifled and extensively characterised (Hocper and Nason
1965). HAO had an M, of 220000 and an alpha3, beta3 subunit
structure (Terry and Hoopef 198i). " The alpha subunit had an
M,, of 63000 and contains six ¢-type haems and a single PU60
haem, this belng a novel CO-binding haem unique te the

ammonia-oxidising autotrophs. The beta subunit was e

‘mono-haem cytochrome ¢ and had an M, of 11000.

HAO 18 a soluble, extracytoplasmic (periplasmic) enzyme

(Hooper et al., 1972. Olson and Hooper, 1983) which, in

»
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vitro, requires the presence éf a_sditablé electron acceptor
(pPMS, éytochrome e) toAcatalyse the two electroh |
"dehydrogenation of hydroxylamine.to a compound at the
oxiéatipn state of nitroxyl (HNO). This is further oxidised
to nitrite by HAO.  The enzyme will'éls§ catalyse the
oxidation of hydrazine to dinitrogen (N)) and the
hydroxylamine-dependent reduction of cytochrome c.
Experimentally, in whole cells 100% of the hydroxylamine
oxidised is éonverted to nitrite, however in cell extrécfs
and purified preparations of HAO 1e§s than 50% of»the
hydroxylaming.oxidised appeared as nitrite.(Hooper4g1»§l..
1977)’and although nitrite was thoﬁght t; be the ehd‘pfoduct

of ammonia oxidation in Nitrosomonas, nitrate as well as

nitrite was produced in roughly equimeclar amounts by
partially purified preparétions of HAO (Hooper et al.,
.1977). The capacity of the HAO in vitro., to prodﬁce
nitrate results not from thé addition of an‘artifiqial
eleﬁtron acceptor such as PMS but from a change 1in the
enzyme itself or from 1lts assoclation with other enzymes
upon cell breakage  (Hooper et al., 1977). In tﬁe presence
of diethyldithiocarbamate (DDTC), nitrite alone is préduced
which 18 coupled to the oxidation of DDTC (Hooper et al.,
1977). DﬁTC may act by either: a) reducing a reactive form
of oxygen generated during the oxidation of hydroxylamine;
thus pneventing tﬁe oxidation of an intermediaté to nitrate:
or b) reducing a nitrogen-containing intermediate of nitrate
“to a nitrogen compound which is subsequently oxidised to |
nitrite. The préduction of nitrate may well be'the result

of chemical reactions between enzymatically produced nitric
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oxide with oxygen and water, or the oxidation of

hydroxylamine may result in the activation of an oxygen atom

'which‘reacts with an N-containing intermediate such as

nitroxyl (HNO) or NyOy.
. Nitrous oxide can also be a product of the oxidation of

ammonia and hydroxylamine'by whole cells of Nitrosomonas

(Richie and Nicholss, 1972). It's produétion has aléo been’
deﬁonstrated in cell-free extracts with hydroxylamine as the
oxidisablé éubétrate. Recéntly by the‘use‘of 180.]5N
labelled hydroxylamine and analysis of the products by.NMR.
the origin,of'xhe sécoﬁd oxygen in nitrite was fdund to be
water, showing the.HAO to be a dehydrogenase rather than an
oxygenése (Anderson and Hooper 1983). Previous attempts to
determine the source of oxygen were hampered by a rapid

exchange between the oxygéns of nitrite and water catalysed

by Nitrosomonas (Anderson. et 21.,1982).

B.4. Mechanism for the oxidation of ammonia to nitrite.

it 1s now éossible to construct a séheme for the
oxidation of ammonia to nitrite (FIG 1.B.1.) centering
around the functioning of a périplasmié thydfogénase (HAO)
and an inner membrane-bound terminal oxidase (cytochrome él}
(Hooper et al ;98&$. As already stated, Suzgki and Kwok
(1981) reportéd the isoclation of an active membrane—bound

ammonia-oxidising system, which required the addition of

"purified cytochrome c554. ' Subsequently carbon monoxide- and

ammonlia-dependent re-oxidation of cytochrome ¢554 and oxysgen

uptake has been demonstrated using this system (Tsang and
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oxidation of ammonia in Nitrosomonas..

" Taken from Hooper et _al.,(1984aq)
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Suzuki, 1982). Thie sugcgsta_thg operation of & carbon
monoxide and amméﬁia oxidase activi?y utilizing electrons’
from cytochrome c554. EPR_spectroscopy studies of this
cytéchrome have shown 1t to be capable of aéting as an
electron donor to an oxygenasé or it may itself be an
oxygenase (Anéerson et al., 19825[

Electrons from.the oxidation of.hydroxylamine are’
thought to pass to a membrane-bound terminal oxidase,
cytochrome al, for the estabiishment of a proton.gréd1ent
for ﬁhe_synthesis of ATP.. Cytochrome.gl has bgen purified
aﬁd characterised (Ericksoﬁ et 21.,1972). HAO being both
soluble and periplasmic would seem to act as a
pfoﬁon—releasing dehydrogenase with concomitant
trans-membrane movement of e;ectrons to the ferminal ox;dase
which consumesvcytoplasmic protons for the establiéhment of
~a profon gradient (Olson and Hooper, 1983.'Hboper et gi..
1984). The natural electron(accéptors for HAO are uﬁknqwn.

however in the presence of hydroxylamine and Nitrosomonas

cytochrome ¢S54, HAO catalysed the reduction of Nitrosomonas

cytochrome ¢552. "It would therefore be 1ogical‘to assume
that electrons from hydroxylamine pass from HAO to
cytoéhrphe ¢552 via cytpchrome gssﬂ and onto ghe'terminal
oxidase, cytochrome al. Thé path of electrons thfough the
HAO has recently been determined (Hooper et al., 1984).
Electrons pass from hydroxylamine to the HAO-PU460 centre to
the HAO-cytochrome ¢ haems and onto cytochrome c554.

Olson and Hocper (1983) point out that this type of
scheme, involving a periplasmic dehydrogenase aﬁd a membrane

bound terminal oxidase, is applicable to the oxidation of a

3
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number of other small molecules in other'oréanisﬁs where, in
contrast to many cytoplasmic oxiéations. products are nqt
necessarily furthér metabolised_fob energy yielding or
bliosynthetic reactions. Evidence of substrate oxidatiqn én
the periplasmic side of the membrane has béen found in the
oxidation of a number 5f substrates 1nciuding methanol

(Alefounder and Ferguson 1981).
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Section 2. Materials and Methods.

A. Organism.

The organisms used in these studiés were Methylosinus

trichogsporium (0B3b) ana Methylococcueg gapsulatus (Bath)
obligate methanotrophs originally isolated by ‘Whittenbury et

al., (1970b).
B. Media.

Minimal salts medium (Whittenbury et al., 1970b) was
used throughout these studiés for the routine growth of the
organisms in flasks, 2.0 1 cﬁemcstats and 100 1 batch
cultures. In flasks and on plates the standard medium.was
uséd with nitrate (NMS) as the nitrogen source. In 2 1
chemostat culturé nitrate, ammonium, or gaseous nitrogen
- were used as the nitrogen source and the copper 1evéi of the
mediumwas varied between 0 - 1.2 mg/l copper sulphate aé
indicated in the text. 100 1 batch cultures were‘zréwn on
minimal mediumwith no added coﬁper and émmonium as nitrogen
source.

For solid medium 15 g/l Difco bacto-agar was added to

NMS prior to sterilisation.

C. Growth and maintenance

Methylesginus trichosporium (OB3b)‘and Methylococcus

capsulatus (Bath) were maintained by subculturing on NMS

n
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rlates every two weeks. The plates were incubated at 30°C
and H5°C regspectively 1in an anaeroblc Jar flushed with
methane from‘a‘football bladder to give a-concentration.of
50% &v/v) methane in air.

| -<Growth in continuous culture at 30°9C wae performed.in &
2.0 1 working volume LH 1000 fermenter (LH Engineering Ltaq,
Stoke Poges, Buéks. U.K.) on NMS, with methane
(approximstely 10-20% v/v in air) or methanol (1% w/v mediunm
as the carbon soufce. Dilution rate was maintained at 0.05
h-1 excepf where indicated. The pH value of the culture was
maintained at 6.8 by automatic titration with 1.0 M HC1
and/or 1.0 M NsOH.

Whole cells of Methyloginug trichosperium (OB3b) and

Methylococcus capsulatus (Bath) for the preparation of large

gquantities of cell free extract, used in the purification of
components of the soluple MMCG, were grown in a 100 1 batch
fermenter (LK Eng;neering Ltd). 100 1 of ammonium minimal
salts medium(AMS) was maintained at either 309C or ﬂs?c and
pH 6.8, quwms inoculated with 500 ml of culture from a 2.0
1l chemostat. Methgne wag used as the carbon source and the
okygen ten;ion (pO5) of the culture was maintained bélow 10%
by the use of an LKB 1601 Ultraferm pO, controller and valve
(LKB, Bromma, Sweden). Over a period of 24-48 n fhe opticel
density (A5u0‘nm) of the culture increased to between 8 and
14, at which point the culture was harvested using a
Westfalia continuous centrifuge (Westfalia Separator Ltd,
Wolverton, Bucksg, U.K.). The centrifuge was connected to
the outflow of the fermenter Qia a stalnlecge steel coclinz.

coill immerced in ice. The cellz were waohed onze with icse



cold 20 mM sodium phosphate buffer pH 7.0, Cells of

Methylosinus trichoéporium (OB3b) were then drop frozen into

liquia nitrogen and stored at -80°C until reguired, Cells

of Methy;ococcus capsulatus (Ba?h) were gesuspended in
buffer contaiﬁiné 5 mM sodium thioglycollate ready for
extract preparation, For consecutive batches of o;ganisms
approximately 5 1 of culture was . left in the vessel as the
inoculum for the following run, Sterilisatiqh of the vessel
was by steam at 15 PSI.fof 3 hrs and sterilisation of the
ﬁedia was by filtration (0.2 micrometer) through a Sartobran
filtrgtion cgpsule (Sértorius Ihsfrumeﬂts Ltd. Sutton. R

Surrey).

D. Culture Purity.

The purity of ali the cultures was checked byAplating
out on nutrient agaf plates and incﬁbating these at 309C and
a5°c for 48 h. The presence of heferotrophic bacteria waﬁa
‘revealed by zrowtﬁ of colonies on these plates., |
Methanotrophs fall to grow under these conditions. The
presence of other.methanotrophs as contaminan?s was checked
by plating out on NMS plates and incubating these at 3000
and 459C under a methane atmosphere as previqggly describeaq.

Contaminants were identified by thelr different colony
morphology to the methanotroph being cultivated. Chemostat
cuatures were examined daily for purity by phase contrast

microscopy using an 01ymbus X-Tr stereoscopic microscope.
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E. Preparation of cell free éxtracts.

Whole cells of Methylosinus trichosporium (OB3b) grown

in chemostat or 100 1 bgtch culture were pgntrifﬁzed at
10000 ‘g for 10 minutes, washed once with, and resuspended in
20 mM sodium phosphate buffer pH 7.0 containing 5 mM
magnesium chloride and freshly added 1 mM dithiothreitol and
i1 mM phenylmethylsu;phonylfluoride (PMSF). Crude cell
extracts were ﬁrepared by two passages throﬁgn a pre-cooled
French bressure cell (American Instrument Company, Maryland,
U.S.A) at 137 M?a. Unbroken cells and debris were removed
by centrifugation at 32000 g for 15 minutes. 1% protamine
sulphate (w/v) was sdded as a 10% solution and th; extract
incubated with stirring for 10 minutes at 4°cC. The extract
waé then further centrifuged at 150000 g for'60lminutes to
vield soluble (S;g5p) and particulate (P1505 extracts,
which were drop frozen in liquid nitrogen and stored at

-800c.

" Soluble extracts‘of ﬂgﬁhylococcus capsulatus (Bath)
from the 100 1 fermenter were prepared as described by Colby
et al., (1977). Crude extracts were prepared by ausingle
passage of the cell suspension through a French pfessure
cell at 137 MPa, followed by centrifugation at 80000 g for
éne hour and yielding a soluble crude extract (S80). All

exXxtracts were frozen by dropwise addition to ligquid nitrogen

and stored at -80%C until required.
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F. Purification of components of the soluble MMOs of

Methylosinus trichosporium (OB3b) and Methylococcus

capsulatus (Bath) from scluble cell free extracts.

All procedures described below were carried out at u‘%.
All fractions were frozen by dr§pwise addition to liguiaqd

nitrogen and stored at —80‘% until reguired.

F.1 Methylococcus capsulatus (Bath).
F.1.1 DEAE cellQlose ion exchange chrométogpaphy.
Resolution of the:MMO iﬁto three compdheqts was carried
out as dgscriéed by Colby and Dalton (1978). Soluble
extract (550 ml) was-thawed and piaced on a 4.5 x 7.0 cm
column of DEAE cellulose equilibrated with 20 mM Tris/HCl, 5
mM sodium thiogylcollate buffer pH 7.0. Material not
binding to the column packing was_eluted with the abové
bﬁffer yielding fraction A.‘ The column was then eluted with
successive batches of the same buffer containing |
respectively 0.1 M, 0.2 M yielding fraction B and 0.5‘M'

sodium chloride yilelding fraction C.

F.1.2 Component A.

Component A of the soluble MMO was purified as
described by Woodland and Dalton. (1984b). Aﬁy,particulate
matefial was removed from fraction A by centrifugation in a
microcentrifuze.for 10-15 minutes end filtration through a
0.é’micrometér filter. Chromatography was carried out at
room temperature on an Ulfra-?ac TSK-G 3000 SWG (21.5 by 600

mm) gel permeation column preceded by a guard.column,

Bl
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Ultra-Pac TSK-GSWPG (21.5 by 75 mm).' Degassed and filtered
buffer (?0 mM sodium phosphate pH 7.0) waé supplied to the
colgmn at a flow rate of 3 ml/minute_by,€ﬁ LKB 2150'pump.‘
Aliéuots of thé prepared fraction A were ioaded onté the
column via a 2 ml sample loop incoréorated in a Rheodyné
7125 valve., The eluatngas collegted b& means of a Mﬁltiraé
‘2111 fraction collector>and honifored.fér protein by UV
absorbance at 280 nm with_a 2138 Uvicord S'linked to a
"single channel 2210 potentiometrig.recorder (all the column
and fractionation equipment was supplied by LKB, Bromma,
Sweden). Pure éomponéntiA was stored in'séx'glycerol at

-200¢,

F.1.3 Component. B.

Coﬁponent B of the soluble MMO was purified by Dr. J;‘
fGréen. as described by Greén and Dalton (1985). Fraction B
was concentrated S; ultrafiltration over aVYM-S
ultrafiltration membrane (Amicon Ltd, Woking. Surrey, U.K).
Concentrated fractions (3-5 ml) were applied to a Sephadex
G-100 column (2.5 by 80 cm) equilibrated with 10 mM sodium
phosphate buffer pH 7.0, and the column.eluted<with the same
buffer at a flow rate of 20 ml/h, collecting 4 ml fractions
using a RediRac 2112 fraction collector (LKB). Fooled
éctive fractiéns.were appliéd to a DEAE-Sepharose CL—GB
‘column equilibrated with 10 mM sodium phosphate buffer pH
7.0. The column was eluted with a linear gradient of 10—390
mM sodium chloride in buffer at 20 ml/h, after phe column

had been washed with three column volumes of buffer

containing 10 mM sodium chloride, fractions being collected

i
’
i
i
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as above. Pooled active fractions after ultrafiltr;tion.and
dilution were gpplied to a coiumn of'hydroxyapgtite‘(z'by 7
cm)f The colﬁmn was developed with a linear gradient of

10-150 mM sodium phésphate pH 7.0 and fractioﬁs collected as

above.

F.1.4 Component C

-Component C of the soluble MMO was purified as
described by Lund‘(1983). Approximately 30 ml of fraction C
were pumped at a rate of 60 ml/h onto a 1.5 by 11 ecm column
of fresh S'—AMP éepharose 4B (Pharmacia Ltd) eguilib:ated |
with buffer (20 mM sodium phosphate buffer pH 7.0 confa;nihg
5 mM sodihm thioglycollate). The column was washed with
about one half column volume of buffer containing 0.5 M
sodium chloride to reduce protein protein ?nteractions{
.foilowed by one column Qolume of buffer and fhe protein C'én
the column was chased off with 1 mM NADH (ethanol free) in

buffer.

F.2 Methylosinus trichosporium (©0B3b).

F.2.1 DEAE cellulose l1on exchange chromatography.

Soluble cell extracts of Methyiosinus trichosporium

(OB3b) were concentrated by dialysis against dry
polyethylene glycol (PEG) 20000. Concentrated soluble .
extract was mixed with pre-swoilen DEAE cellulose (10 ml
ex;ract Plus 20 ml DEAE cellulose) equilibrated with 20 mM
sodium‘phosphate buffer pﬁ 7.0 containing 1 mM

dithiothreitol (DTT), poured into a column (2.% by 6.0 cm)

W
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and allowed to settle for 10—i5-minutes;. Unbgund profein
was eluted with two column volumes of buffef at a'fioﬁ'rate
of 1 ml/minute, yielding fraction'A; The golumn'waé then'
eluted with buffer containing 0.3'M sodium.bhloride which
chased off the bound protein, yielding fraction C. Protein.
concentratign of fpactions was monitored throughout by UV
| absorbénce af 280 nm using an LKB 2138 Uvicord S linkea to
an LKB single channel 2210 potentiometric_recorder.
fractions were,cbllected by means of a:LKé ﬁediRéc 2112
fréction collecfor.
F.2.2 Component A.‘

| Component A of the soluble MMO was purified Qsing the
same teqhniques and appargtus as described above for the
purification of»component A of thg solubleVMMO of |

Methylococcus capsulatus (Bath).

F.2.3 Component C.

Component C of the soluble MMO was further purified.
Fraction C was concentfafed up 5y ultrafiltration over a
PM-10 ultrafiltration membrane (Amicdn); Chromatography was
carried out on a Reactive Red 120 agarose 3000 CC (Sigma)
column. (10 by 60 mm, 5 ml volume); equilibrated with buffér
(26 mM sodium phosphate pH 7.0, 1 mM DTT). Fraction C waé
pumped onto the column and followed by 1 ml of buffer and
allowed to equilibrate for 10 minutes. The column was
el;ted with two column volumes of buffer énd the component C
¢h§sed off the coclumn wiéh 2hmM NADH (ethanol free) in

buffer. Fractions were collected by use of a LKB RediRac
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Praction colleétor.

F.3 Assocliated purification procedures.

F.3.1 5'-AMP Sépharose chromatography;-
5'-AMP Sepharose chromatography of fraction C of

Methylosinus trichosporium (OB3b) was carried ocut using the

procedure described above.for the purification of component

C 6f the soluble MMO of Methylococcus capsulatus (Bath) but
using & small 2ml volume column and chasing bound protein C’
with 2 mM NADH. Buffers contained 1 mM DTT rather than 5 mM

sodium thioglycollafe.

F.3.2 DyeMatrex screening kit.

A 'Dymatrex' screening kit was used to assess the
ability of a number of d&e affinity chromatography matérials
to bind component C. The kit contains six 2 ml columns, one
each of'dye affinity chromatography materials: BluevA. Blue
B, Red, Orange, Green and a control column containing
support material,

Procedures were thosge laid down in 'Operating
instructions for DyeMatrex screening kit' (Amicon). Columns:-
were washed with s8ix column volumes of 8 M urea, followed by
six column volumes of buffer (20 mM tris/HCl pH 7.5). A 0.5
ml sample of fraction C was added to each column followed by
0.1 ml of buffer and allowed‘to equilibrafe for 30 minutes.
Cgiumns were eluted with five column volumes of buffer |
followed by five column volumes of 2 mM NADH ig buffer and

finally five column volumes of 1.5 M potassium chlofide in

0
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buffer. A single fraction wae collected for each elution

and assayed for protein and component C activity.

F.3.3 Molecular weight determination by gel filtration.’
The molecular welght of component A of the soluble MMO

of Methylosinus trichosporium (OB3b) was estimated by gel

filtration on Séphacryl S—300>superfine_(Pharmacia). The
following‘staanrds were used to calibrate the column: |
%:hyroglobin‘(Mr 669000), ferritin (M, 440000), catalase (M,
232000), aldolase (Mr 150600’ and bovine sérum albumin (ﬁr
670005. 'The void volume was calculatéd'b& the use of blue
degtran. To estimate the‘molecuiar welight, Kg. (the.
fraction of the statiohary gel volume which is availabie for
a given solute species) was blotted against log molecular

' weight. | )

Where Kay = (Vo - Ve)

<

Where V., is the voild volume, Ve 18 the elution volume and Ve

fhe total columh volume,

G. Gas chromatography procedures.

Measurement of epoxypropane, acetate anq,acetone‘were
done using a Pye Unicam series 104 gas chromatograph (Pye
Unicam, Cambridge, U.K.) fittéd with‘a flame ionisation
detector and a "Poropack Q" (Waters Associates, Milford,
Massachusetts, U.S.A) coiumn (1 m x 4 mm internal diameter).

Nitrogen was used as a carrier gas at a flow rate of 30

il
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ml/min and an oven tampératﬁre of 195cb. This system was
1inked to a Hewlett-Packard 3390A integrator
(Hewlett-Packard, Avondale, Pennsylvania, U.S.A.) for thé
meégurement of peak-éreas. 'For epox&propane and'acetone fhe
system was calibratéd with a standard 2 mM solhfion from a
sealed reaction flask (7 ml volume) confaining i mM of the
standa;d. inéubated at 309c or ﬂst in order -that
equiligration of the epoxypropane or acetone between the
liquid and gas phases of fhé feaction.yeséel couldlo;cur.
For the meaéurement of acetaté..the coldmn waé brétreated
with a seriés of ‘injections 6f 10 mM acétate tp redueé
tailing and the cénsequent variabil£ty in the peak areas
(Leek and Dalton 1983), and then a 5 @M acetate standard was

used.

H. Spectrophotometric procedures.

Routine spectrophotometry e.g., optical density
readings of liguid cultures at 540 nh. optical density
readings of protein.‘niérite. hydroxylayine apdAPHB asséys.
were carried out on a Pye Unicam SP 1806 U.V. recording
spéctroéhctometer. All other‘spectrophotometry including
spectra of enzymé preparations and enzyme aséayé méasurinz
the rate of oxidation/reduction of NADH. DCPIP, ferricyanide
.or cytochrome ¢ were carried éut using a Pye Unicam SP8-200
U.;./VIS recording spectrophotometer. This instrument
'incoréorates a water dacketed chette carridge that can be

heated to the required temperature for enzyme assays.

Bl
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I. Analytical determinations.

Linear regression analysis was carried out on each
standard curve prdduced for the analyticsal determination of

compounds.

I.1. Protein.
Protein was assayed using commercially available
Bio-Réd reagent (Bio-Rad Ltq, Watford.'Herts. U.K.)Adsing

bovine serum albumin as a protein standara.

I.2. Hydrox&lamine.,

Hydroxylamine was assayed using a mpdified version of

.the method described. by Magee and Burris (1954). A test

solution , volume 0.1-0.2 ml was acidified with 1 M HCl and

. the volume made up to 1 ml in a test tube. 1 ml of 1% (w/v)

8-hydroxyquinoline in ethanol was addea. follo@ed by 1 ml of
1 M sodium carbonate solution with shaking. A cap waé
§laced on the test tube which was incubated fqrnl héur at
aﬁfb and the optical density read at 680 nm. A standard
curve was constructed by addition of 10f206'nm91>
hydroxylamine to the assay. No interference with‘;mﬁonié.
nitrite or nitrate was observed; however PMS interfered with
the éssay. With PMS the response to the concéntration of
hydroxylamine was still linearAbut lower than thét of assays
lacking PMS. Separate standard curves were therefore

conétructed for samples containing PMS.
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I.3. Nitrite;

The concentration of nitrite was detérmined using phe
method deécribed by Nicholas and Nason-(1957). To a test
samplé.Amade up to a volume of 1 ml, 0.5 ml of 1%
sulfanilamide 1n'3.M HCl was added followed by 0.5 ml of
0.02% N-(1-napthyl)ethylenediamine hydrochloride with
shaking. As both the abové solutions are light sensitive
they were kept iﬁ an amber'or foil.covered bottle. The
colour was left to dévelo# at room feméerature for fen
minutes and the sample was then centrifﬁged for é minﬁfeé in
a Microcentrifuge (Quickfit Instfuﬁéntatidn. U.K.)'to4rem9ve
any precipitafe formed in the assa;. the opfical denéity was
then read at 540 nm. A standard curve wa; cgﬁstructéd-by
addition of 2~35 nmol nitrite to the assay. Standard
solutions of nitrite were preéared in dilute sodium
hydroxide solution (25 mg NaOH perlloo ml)'tg'prevent fhe‘
liberation of nitrous oxidé from the réaction'of nitrite

with carbon dioxide.

I.4. Nitrate.

N#trate'was assayed using a modiéication oflthe method
described by ﬁooper et al., (1977). A;sample Qas made up to .
a volume of 1 ml and an ammdnium hydroxide concentration of
1M, 25 mg of metallie éinc powder was added_w;th vigdrous
shaking on a Griffin flask shaker. -Aliquots of 0.2 m; were
withdrawn at four two minute intervals and centrifuged for

. .
thirty seconds in a microcentrifuge to remove the zinc

powder. 0.1 ml aliquots'were then assayed for nitrite as

described above. The maximum nitrite value qbtained>for

n
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‘each sample waé used and adjgsted”fof reéovery by compérison
with the value of nitrite obtained from standard nitrife |
solutions containing 0-200 nmol/ml nitrite and treated in
,the-sahe way. Recovery of both nitrite and nitrate from
this assay was consistent at 92X as compared with the

nitrite assays.

I.5. - Poly § .h‘ydroxybutyrate'.

Poly § hydroxybutyrate (PHB) was analysed by the methéd
of Law and Slepécky (1961). Samples of cells (25 mg dry’
weigﬁt) were pelleted by centrifugation and reSuspended in
sodiuh'thochlorite solution . and incubsted at 379C for 60
minutes. The lipid granules were‘washed with acetone aﬁd.
ethanol and disolved in three volumes of boiling chloroform,
‘:filfered and the filtrate used for PHB éssayf The
chloroform was évaporated and 10 ml of cencentrafed
sulpﬁuric acid was added and heated for 10 minutes at 1000c.

The solution is céoled and mixed and the absorbance at 235

nm measuredq against'a sulphuric acid blank.

I.6. Iron.

‘Iron content of the protein was determiﬁeq by fhe
method described by Woodland and Dalton (i98ua). The
‘protein was wet ashed 1in concentrated sulphuric, nitric and
peéchloric aclids, The acld digest were transferred to
volumetric flasks (5 ml) containing séturated s;qium acetate

.

(2.0 m1).»20% ascorbic acid (0.45 ml) and 10 mM

»
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béthophenanthroline sulphonate (0.15 ml) and the volume

adjusted to 5 ml with distilled water. The absorbance at

535 nm was measured and compared with a standard curve

prepared from solutiéns of ferrous ammoénium sulphate to

estimate the .iron content.

J. Enzyme assays.

All figures for activity of enzymes are the average of

at least three assays.

J.1. Methane monboxygenase (MMO) .

The MMO of Methylosinus trichosporium (OB3b) and

Methylococcug capsulatus (Bath) are composed of more than

one protein and when their specific activity 1is plotted as a

.function of the concentratlion of extract in the assay a
4noh—11near relationship is obtained (Colby and Dalton 1976,

this thesis). Maximum specific activity was obtained when a

.

concentration of 5 mg/ml' protein for the soluble MMO of

Methylosinug trichosporium (OB3b) and 7 mg/ml protein for

the soluble MMO of Methylococcus capsulétus (Bath) was

present in the assay. This was therefore the amount of
extract present in routine MMO asssys of soluble cell free

extracts.

J.1.1. Propene oxidation.

Cell extracts and combinations of the components of the
MMO complex were assayed as described by Colby et al.,
(1977).

Assays were done in conical flasks (7 mlAinternél

n
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volume) containing 1 mi of the reaction mixture and sealed
with a Suba-Seal (N037). Propene (3 ml) was added by
injecfion fhrough the Suba-Seal, replacing the same volume
oflfhe gas phase of the reactionAflasK. The reaction
mixture contained 20 micromol éodium phosphate buffer pH
7.0, the éxtract or whole cells plus any inhibitors. The
flask was pre-incubated fér two minutes in a Gyfétory waterl
bath shaker'model G76 (&ew Brunswick Scientific Co Ltd,
Edisén. Néw jersey. U.S.A.) a8t 90 oséillations/min. The
reaction was started by the addition of 5 micromol NADH
(ethanoi—free). A sample of the liquid phésé'(s micro 1)
was removed after three minutes for analysis of epoxypropane

concentration as described above. .

J.1.2. Ammonia oxidation.

Assays of ammonia oxidation by the MMO were carriéd out
as above replacing propene with the requiredbamohﬁt of
~ammonium chloride in the reaction mixture. Samples of the
liquid phase (0.1—9.2 ml) were withdrawn at intervals oveﬁ;a
fifteen minute period for analysis of the'concentration df

nitrite, nitrate or hydroxylamine.

J.2. Independent NADH:acceptor reductase activity of

compohent C of the soluble MMO.

NADH: acceptor reductase assays were performed as
described by Colby and Dalton (1979) and Lund (1983). 2 ml
of 20 mM sodium phosphate buffer PH 7.0 containing 0.9
micromoleSferricyanide or 0.19 micromcles of

dichlorecindophenol (DCPIP) or 0.05 micromoles of horse heart

il



cytochrome c Was Dplaced in a2 3 ml cuvette, sgaled withia
Suba Seal and s?arged with helium for 10 minutés to'maké
anoxic. After thé addition of tﬁe enzyme by injectioﬁ
thr;ugh the SubévSeal. the reaction was initiated by the
addition of 0.23 micromols of NADH and thé reaction
monitored at the apperriate wavelength for the'electron

acceptor employed.

J.3. Methanol dehydrogenase.

Methanol dehydrogenase was assayed by the method
Qescribed by Anthony and Zatman (1967). Assays in a cuvette
sealed with a Suba Seal, contained 33 mM pyrophosphate
buffer pH 9,

1 mM potassium cyanide, 1.6 mM ammonium chloride and

12% micrograms DCPIP, which was sparged with nitroéen for
teﬁ minutes to‘produce anoxilic conditiohs. 1imz PMS, extract
and methanol to 6.7.mM édded. and after each addition the
rate of DCPIP dxidétién-followed af 606 nm. Assays were of 3

ml total volume and carried out at 300C,

J.4, Hydroxylamine oxidoreductase (HAO).

Assays were done in conical flasks.(7 mi_internal
volume) containing 1 ml of the reaction mixture and sealed
with a Suba-Seal. The reactiqh mixture contained 20
miéromol sodium phosphate buffer, pH 7.0, extragt (as
indicated in the text) aﬂd any electron aéceptors. électron

donors or inhibitors used as detailed in the text. Flasks

W



were pre-incubated for two minutes.at 300C 1in a Gyratory
water bafh'at 90 oscillations/minute. The reaction,&aa
started>by the addition of 5 micromol hydroxylamine.

Samﬁles (0.1-0.2 ml) were withdrawn over a.peribd of fifteen
minutes fpom the ligquid phase and assayeq for eithef

nitrite, nitrate or hydroxylamine.

K Preparation of ethanol-free NADH.

2 g of NADH was dissolved in 20 ml of 20 mM sodium
phosphate buffer pH 7.0. 1In a seﬁarating»funnel 150 ml of-
diethyl ether (A.R. grade) was added to the NADH solution
and the closed funnel shaken violently for a few minutes.
The ether waé,removed and rgblaced by fresh ether, This
_ e#traction wag repeated five times. The NADH solution'wgs
then made up to 20 ml and the efher evaporated off unéer
vacuum until the levels of both ethanol and ether.areAat a
suffliciently ;ow levels for MMO assays. Ethanol. and ether .
were monitored by gas chromatography as éreviousiy

described. The solution of NADH was diluted down to 100 mM

and stored at -20°cC.

L Dry weight determinstions of cell suspensions.

Cells were washed in Coz—free water, The total carbon
content of the cell suspension was measured using a Beckmaﬁ
Model 915-B total carbon  analyser (Beckmanl Instruments Inc,

Fullerton, California, U.S.A). The cell carbon ccocntent was

W
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asgumed to be 47% of the dry weight (Dijken and Harder 1975)

and thus the dry weight of the c¢cell suspension was

estimated. A curve of ODgjg Vvs dry welght was therefore

prepared giving a figure of 0.429 mg/ml dry weight per unit

M. Polyacrylamide gel electrophoresis.

Analytical.polyécrylamide gel electrophoresié (PAGE)
was carried out on vértical 5-20% linear gradient gels (1.5
by 150 mm by 180 mm) with é 4% stacking gel. A |
discontinuocous buffer system was usedlconsisting of 0.375 M
fris/HCl pH 8.8‘resolving gel buffer, 0.125 M tris/HCl pH
6.8 stacking gel buffer and.0.025 M tris/glycine pH 8.3
reservoilr buffer. For PAGE under dissociating conditioﬁs
all buffers were supplemented with 0.1% sodium dodecyl.
sulfate (SDS) and protein samp;es were treated with
g -mercaptoethanol and 0.2% SDS for 2 minutes at.loooc prior
tp loading on fo tﬁe gel. Non-dissoclating gels were run ét
150 mV constant voltage for at least 2000 Vh, dissocilating

gels were run at 50 mA constant current. On the completion

"of electrophoresis, dissociating gels were socaked in

methanél:acetic acid:water (3:1:6) to remove SDS and then

‘gels were stained in Coomassie brilliant biue R-250 (0.1%

w/v) dissolved in the above solvent and destained with the

same solvent,
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N. Extinction cowfficients.

The molar extinction coefficients of the chemicalslqsed

were as follows:

Chemical Wavelengfh Molar extinction coefficient
(nm) (M~1lem™1)

DCPIP - 600 21000

Cytochrome ¢ 550 19000

ferricyanide . ﬁ1o 1020

'NADH 340 . 6220

o. Chemicals.

Compounds, inhibitors, substrates and media components
. wefe obtalned from the following manufacturers:.sigma
{London) Chémical Cé Lt4, Péole. Dorset, U.K.; Fisons
Scientific Apparatus, Loughborough, Leics, U.K.; Aldrich

Chemical Co Ltd, Gillingham, Dorset, U.K.

P. Gases.

Methane (technical grade), oxygen, hydrogen, propene

and nitrous oxide were obtained from the British Oxygen Co,

L.ondon, U.K.
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Section 3. Results.and Discussion.

A. Growth harvesting and the preparation of soluble cell

extracts of Methylosinus trichosporium (OB3b) for the

purification of the goluble methane monooxygenase,

The methods for the growth, harvesting and preparation

of soluble cell free extracts from the cell of Methylosinus

trichosporium (OB3b) were employed to maximize the viela of
solubie MMO. There are a numSer of general consideratioﬁs
that need to be takén into account in order fo.achieve this
objective: 1. Growth conditions méy alter the level of
enzyme produced by the cells, so conditions conducive to the
production of the soluble MMO need to be obtimised. 2. Thé
stability of the soluble MMO in vitro requires
investigation, so that by the addition of stabillising agents
the enzyme ié sufficiently stable.to yield active enzyme gt
the end of a purification procedure. 3. A cell freekextfacf
needs to be produced quickly and efficiently, from which the
soluble MMO is easy to purif&. These tpreé‘éoints are
interrelated.’but will be declt with separatély reféning to

the others where appropriate.

A.1. Growth of Methylosinus trichesporium (OB3b).

Both a soluble and a particulate MMO is produced by

Methylosinus trichosporium (OB3b) (Scott et al., 1981.

Bl .
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Stanley et al., 1983. Burrows et &l., 1984). 1In the
chemostat there are two parameters that affect the
availability of copper to cells, the biomass concentration 
and the concentration of copper in the feedstock.

There are two methods for measuring the type and

position of the MMO in cells of Methylosinus trichosporium
(OEBb). A crude extract can be separated into soluble and
particulate fractions by centrifugation and the speéific
aétivity‘of the MMO in each fraction measured. |
Alternatively, crude extracts c¢an be analysed by SDS
polyacrylamide gel elecfrophoreéis (PAGE) and the distinct
bands associated with thg soluble MMO observed (see
introduction A.4.,1.2a). Both thése methods were used in
conjuction to assess the effect, 1if any..df a range of
culture conditions on the location and activityvof the MMO
in cell extracts. ‘V |

For the.investigation of the effect of’growth

conditions on the location and activity of the MMO,

Methylosinus trichosporium (OB3b) was grown in a 21 working
volume, LH1000 fermenter on ammonia minimal salts (AMS)-af-a
dilution rate of 0.05 h~1l, as detailed in Materials and

Methods. Under conditions of oxygen limitation,

Methylosinus trichosporium (OB3b) attaiﬁed a ﬁioﬁass
concentration of 4.05 mg dry weight/ ml -(OD5ao'= 8.3). AMS
contains 0.2 mg/1 cépper sulphate and cells grown under
these conditions contained high activities of the soluble
MMO (70-90 nmol/min/mg). ©On fhe addifion of a further 1.0
mg/1l copper sulphate to the gfowth medium, soluble MMO
activity drops to between 15-25 nmol/min/mg with a

concomitant rise in the particulate MMO activity. The

3
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measuremeﬁt of the particulate‘MMO activity was very
ifreproducible dﬁe,to'its inherent instability (Scott et
al., 1981. Cornish et al., 1985). However under conditiqns
of excess copper particulate MMO activities were usually
between 10-20 ﬁmol/min/mg. whereas under conditions of
copper stress particulate MMO activity was often not
detectable and never exceeded 6 nmol/min/mg. Recently it

has been shown in our laboratory that the addition‘of'coppef

ions in vitro., to particulate cell extracts of

Methylococcus capsulatus (Bath) can stimulate the activity
of the particulate MMO (Prior and Dalton 1985) and inhibit

the activity of the soluble MMO (Green et al., 1985).

Asséys of particulate MMO activity from Methylosinﬁs

trichosporium (OB3b) here were carried out without the

addition of copper to the assays and so they may not have
measﬁred the maximum particuiate MMO acfivity of particulate
extracts. |

Dﬁe to mechanical fqilure a culture "batched up" 1n the
fermenter to an 005&0 of 16»on AMS, these cells were
extremely copper stressed and had a high soluble MMO
activity (107’nmol/min/mé) and no detéctable pargiculate MMO

activity. Subsequently cultures of Methylosinus

-

trichosporium (OB3b) were grown exfremely copper stressed

with no copper added to the medium. Under these conditioné
the biocmass concentration was similar to that gchieved on
media with 0.2 mg/1 copper sulphate but the socluble MMQ
activity was consistently high‘(85—105 nmol/m;h/mg) and no
particulate MMO activity was detected.

An alternative carbon source for Methylosinus

trichosporium (OB3b) is methanol. The substitution of

T
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methanol for methane as a carbon source had no obvious

effect on the level of soluble MMO of soluble extracts from

a chemostat culture grown under copper stress. This agrees

with the work of Best and Higgins (1981) and Cornish et sl.,

(1984), who studied methanol-grown Methylosinus

trichosporium (OB3b). However, work carried out in our

laboratory has failed to demonstrate the production of a

soluble MMO by Methylococcus capsulatus (Bath) when grown in

& chemostat oﬁ methanoi at a copper concentration of.0—2
mg/1 copper sulphate (P#ior and Dalton 1985).

The above results were paralleled in the SDS PAGE
protein band patterhs of c¢rude cellkextracts. Under
conditions of copper stress the bands associated‘ﬁith the
soluble MMO were prominant wﬁereas under conditions of
copper 1in excess these bénds were diminished or had
diseppeared and a single bahd (MW U42000) 5ecome mgfe

prominant. On closer inspection, there were a number of

' other changes in band pattern not reported by Burrows et

al., (1984). An additional band not present in cells with a

particulate MMO, was presenf in soluble MMO-containing

célls. and a baﬁd ﬁot present in cells containing soluble
MMO Qas present in cells with a particulate MMO‘(FIG 3.A4.1).
Whole cells for the preparation of large quantities of
soluble cell free extract required for the purification of
the soluble MMO were grown in a iOO 1l batch culture on AMS
with no copper added to the hedium on methane‘;é detalled in
Materials and Methods; The fermenter was inoculated with
5 1 from the waste pot of a 2‘1‘chemostat culture. Two such
batch fermentations were performed, sequentially using 5 1
from the first batch culture as an inoculum for the second.

]
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Figure 3.A.1. Electrophoresis of crude extracts of

Methylosinus trichosporium (OB3b).

Concentration of copper sulphate in the growth medium.

(mgf1)

high
ODs40

0"2 1;2 0;2 0;2 1.'2 , ‘
{ [ T | ] ;

-~
N
T T e e e T

Electrophoresis: 5-20% gradient SDS PAGE, 50 micrograms
protein per track.

Cells grown in 2 1 chemostat on AMS with methane a3 the
carbon and energy source, dilufion rate 0.0S% h-1,

N Arrows 1indicate protein bands associated with the presence

of the soluble MMO.
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Each culture grew slowly, achieving a doubling time of only
17 hours. Cultures were harvested when the ODSHO had
reached 8.0 and were sti1ll in the exponential phase of
grogth. Cells were centrifuged down, washed and drop frozen
intc 1iquid nitrogen and stored(at.—SOOC. These cells
contained soluble MMO activity of 40-70 nmoi/min/mg with no
particulate.MMO activity being detected.

In summary, the availability of copper to the cells of

Methylosinusg trichosporium (OB3b) grown in a chemostat

culture affects the type and location of the MMO produced,
High coppér‘stimulates the production of a #articuléte MMO,
whereas low copper levels stimulate the productién of a
soluble MMO. The substitution of methanol for methane as
carbon and energy source has»little or no effect on this

relationship.

A.2. Stability of the soluble MMO.

The stability of a multicomponent enzyme system such as

the soluble MMO of Methylococcus capsulatus (Bath) is

dependent on the individual stabilities of the enzyme's
component proteins. FEach component may require different
conditions or the addition of different stabilising agents
to retain activity. 1In practice howevef. one of the
components of the enzyme complex will be appreclably less
stable thaﬁ the other(s) and therefore in‘crude cell
pr;pafations. will always appeaf to be or will guickly
begomé the rate limiting component of the enz&me complex.

It is therefore for this component that the initial efforts

Bl



84

at stabllisation are directed in crude cell free exXtracts.

Colby &nd Dalton (1976) in their initial report of cell

free soluble MMO activity of Methylococcus capsulatus
(Bath), reported a loss of 25% activity over 24 hours at
19c. "On the resolution of the soluble MMO from

Méthylococcus capsulatus (Bath) into its three components,

DEAE- fractions A and B were found to be stable over a
period of 24 hours at 00%c. The instability of the soluple‘~
MMO was due to a loss of 60-90% of activity of the reductase
component in DEAE-‘ffaction C err & 20 hour period at,OOC
(Colby and Dslton 1978). All three fractions were stable
when frozen in liquid'nitrogen and stoped at —BObC. A
nﬁmber of stabilising agents were tested for their effect on
thelstability of component C. Sodium thioglycdlate (5 mM)
and DTT (5 mM), were showh to stabilise as was NADH (5 mM)
with no loss of activity i1n 22 hours at 0°c.

On the subsequent purification of the componénts bf the

soluble MMO of Methylococcus capsulatus (Bath) information
has been aquired on the stability of the individual |
components., Woodland and Dalton (1984), reported a 1633 of
40% in activity over 72 hours at 49c for DEAE- fraction A,
A wlde range of stabilising agents failed to prevent this
loss of activity. Once purified, component A was not stable‘
to freezing but could be stored in 50% glycerol at -209¢ for
severai weeks without loss of activity. This instability
was éttributed to the loss of iron from the pfétein. as
kactivity could be restored by lncubation with iron andleT.
though this process was unreliable and variable. Component

B of the soluble MMO of Methylococcus capsulatus (Bath) was

only stable after treatment with phenyl methyl sulphonyl

»
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fluoride (PMSF), a serine protease inhibitor (Green and
Dalton 1985). 1In the presence of 5 mM sodium thioglycdlate,
crude preparations of qomponent C lost activity at a rate of
5% an hour at 49c, Pure comp&nent C was more unstable,

loéing 30% ofAits activity per hour under the same
conditions. It was stable to freezing and could be stored
at -709C indefinitely without loss of activity (Lund 1983).
In crude cell freelextracts. made in either the presence or
absence of § ﬁM sodium thiozlycdlafe. component C was shown
to be the iimiting factor in soluble MMO activity

(Pilkington 1983).

The soluble MMO of Methylosinus trichosporium (OB3b) in
crude cell free extracts 1s unstable, loéing»all activity
after 24 hours at 49C (Stirling and Dalton 1979a. Scott et
al., 1981&).' Scoluble extracts were less stable, losing all
activity after only two houré at 49c. However activity

could be restored to these extracts by the addition of DEAE-

fractions B and C from the soluble MMO of Methylococcus

capsulatus (Bath). DEAE-Ffraction 1 of the soluble MMO of

Methylosinug trichosporium (OB3b) lost all activity in 1-3

hours at #49C and also when frozen in liquid nitrogen and
stored at -800C. A number of stabilising agents including
PMSF (0.05-0.15 mM). DTT (10 mM), and sédium thicoglycolate
(10 mM) had no effect on the stability of DEAE- fraction 1
(Stirling ‘and Dalton 1979%9a). Scott et al., (;981). found

the soluble MMO of Methylosgsinus trichosporium'(OB3b) was

stable at liquid nitrogen temperatures and that the
stébility of the soluble MMO in socluble extracts was
enhanced by & number of stabilising agents particulaﬂy

PMSF (1 mM) and DTT (1 mM). Storage of éxtragts under

bl
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anaeroblc conditions also inhibited the decay in soluble MMO
activity (Table 3.A.1).

Initial short-term studies of the stability of the

soldble MMO in soluble extracts of Methylosinus

trichosporium (OB3b) showed that 25-30% of sctivity was lost

per hour at 0°C, no activity remaining after 24 hours.
Scott et a8l., (1981a) reported partial stabillsation of the:
soluble MMO by a number of compounds (Table 3.A.1). An
investigation of the effect of a number of compounds on the
stability of the soluble MMO was therefore carried out.
1 mM PMSF proved to be the most effective, éxtracts
rétaininz ﬂo%vgf the initial activify over‘zﬂ‘hours at OOC.
a result in agreement with Scott et al., (1981a). However,
other agents specifically DTT, sodium thioglyecdilate and
NADH, were found to be less éffective than reported by Scott
et al., (1981a), as was the incubation of extract under an
anaeroblic environment (Table 3.A.1).

PMSF is a serine protease inhibitor (Fahrney and G&ld
1963) and so two other such inhibitors, aminophenylboronic

acida (APBA) and procane were also testgd for their ability

‘to stabilise the soluble MMO. Both showed some ability to

étabilise the soluble MMO, though they were no% aé effective.
as PMSF (Table 3.A.i).
The ablility of PMSF to stabilise the éoluble MMO was
presumably due to 1ts action as a serine protéése inhibitor.
Enzymic digestion is Jjust one mechanism by which an enzyme
may become denatured. Other éompounds that.enhance-the
stability of the soluble-MMO act to inhibit other

de-stabllising processes secondary to enzyme digestion: eg.,

El
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8"

Samples (1ml) of soluble extract were kept at 0°C in sealed
éolythene~tubes in the présence of the test. compound for 24

hours. The original MMO specific activity for Scott et 5;;.

1981 was 21 nmol/min/mg and for S.J.Pilkington was 52

nmol/min/mg'

MMO assays: 3 minute assays, 30°C. following the oxidation

of propene to epoxypropane. S5mg soluble extract per assay.

f



Table 3.A.1. Stability of the soluble MMO: Effect of a

number of stabilising agents.

Test compound Cong¢ MMO activity

(mM) (% of original)

A B

No additions - 0-5 0-5

PMSF A k1 au 4o

5 - 32 ' 27v

10 o nd

Dithiothreitol i 35 8

5 ' 11 15

10 12 9

Na thioglycollate 1 16 4
5 12 3 )

10 13 U

NADH | 1 24 nd

5 0 nd

Anaeroblc conditioﬁs - 41 o]

Procane 1 na 10

5 nd u

10 nd 0

APBA 1 na 14

| 5 nd 25

:'10 nd 0

A- Scott et al., 1981

B- S.J. Pilkington
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thiél reazents'such as DTT and thioglyecdlate, protect active
site thiol groups (Cleland 1964). The stabilising effects
of such agents that inhibit secondary denéturing prgcesses..
may, when used in isoclation, be masked by the primary
denaturation process tha; ppoceeds at a higher rate. Their
‘effect, if any, will only 5ecome fully apparent when used 15
combination with an inhibitor of the primary denaturation
process. This may be particularily true of the
stabilisaéion of complex multicoﬁponent enzymes such as the

soluble MMO's. Soluble extracts of Methyiosinus

trichosporium (OB3b) prepared with 1 mM PMSF were incubated

with variéus concentrations of DfT overnight at 09c (Téble

3.A.é). Both 1 mM and 5 mM DTT were found to siénificantly
enhance the stability of‘the soluble MMO up to a maximum of
79% of the original activit? retained over 24 hours at 0°cC,

Short term stability studies carried out on a soluble

cell freé extract of Methylosinus trichosporium (6B3b)'
showed dramatically the effect of DTT.‘ An extract was
divided into three parts and 0, 1, and 5 mM DTT added,
specific activi;ies measuréd over a pefibd of six hours:
(FIG 3.A.2). After only three hours at room teﬁperafure all
activity was lost from the extract with no DTT. Extracts
with additions of 1 and 5 mM ﬁTT lost 25% of {heir activity
over a éix hour periocd at room temperature.

Ex;racts were therefore routinely prepared using
buffers that contained freshly dissoclved PMS# (1 mM) and DTT
(1 mM). This allowed the production of crude extractslwith
soluble MMO activities as hiéh_as 105 nmol/min/mg.

However, normally the specific activity of soluﬁle extracts

was 1n the range of 50-70 nmol/min/mg. This compares with

bl
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Table 3.A.2. Stability of the soluble MMO: Effect of

dithiothreitol.
Dithiothreitol Specific activity = % Original’
(mM) S (ﬁmol/min/mg) activity
o | 23 39
1 , . u7 79
5 . uu N 74
10 . 28 a% .

Soluble extract was made wifh 1 mM PMSF was incubated
for 24 hours at 49C in the presence of 0..1; S‘and 10 mM DTT
. and assayed for soluble MMO activity. Original specific
activity of the soluble extract: 60'nmol/miﬁ/mg.

MMO assgay: 3 min, 30°C. propene to epoxypropane.
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Figure 3.A.2. Stability of the soluble MMO of Methyloginus

trichosporium (OB3b): The effect of dithiothreitol.

Soluble extract was incubated with
dithiothreitol at rooﬁ temperature
activity hourly.
Dithiothreitol A 0O mM, A1 mM.
MMO assay: 3 minute assay, 30°C, 5

following the oxidation of propene

0, 1 and 5 mM

and assayed for MMO

O 5 mM.

mg extract per assay,

to epoxypropane.
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21-26 nmol/min/mg activity reported for soluble MMO activity
in soluble extracts by Scott et él.. (1981a) and up to 146
nmol/min/mg reported by Stirling and Dalton (19792a).

The preparation of soluble cell free exfracts did not
provide constant soluble MMO activities, even when extracts
were prepared from the same batch of drop frozen ceils.’ of
the seventeen extracts made from the first 100 1 batch

culture of Methyloéinus trichosporium (OB3b), three haad

soluble MMO activities below 10lnmol/m1n/mg, with fhe lowest
having no detectable activity. The madorit& éf extracts had
a soluble MMO activity of over uobnmol/min/mg with the
highést éctivity measured at 68 nmol/min/mg. So_despite the
addition of both PMSF and DTT the soluble MMO coﬁld still be
highly unstable during thg preparation of soluble cell
extracte, yielding little or no activity. .Extracts as far
as possible were prepared in'an identical fashion, with
'buffers made up directly prior to usé. and the process’
taking 2-2.5 hours in total. So no obvious réaéon for the
variation in the specific'activity of the soluble MMO of
analogous cell free extracts can be put forward.

Soluble extracts were drop frozen in liquid.nitfogen
and stored at -809C until required. No loss of activity wasg
measured when extracts were stored in tﬁis manhef for up to
gix months, abresult that ccntradic{s Stirling and Dalton
(1979&5 . who, although finding crude cell free
extracts stable under these conditions, measu;éd a 25% loss
of activity in soluble extracts over ten day period.

Stirling and Dalton (197?&) found that soluble extracts
thgt had lost activity could be restored to full activity by

the addition of DEAE- fractions B and C from the soluble MMO

il
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of Methylococcus capsulatus (Bath). Similar findings were

observed with extracts prepared in.this study (Table 3.A.3).

Addition of 1 mg of each of Methylococcus capsulatus (Bath)

soluble MMO DEAE fractions B and C increased the specifie
activity from 13.8 to 69 nmol/min/mg. The addition of
greater amounts of elither B or C failed to further increase

the specific activity and so a component(s) present in the

s80luble cell free extract of Methylosinus trichosporium
(OB3b) must have been limiting. The addition of

Methylococcus capsulatus (Bath) soluble MMO DEAE- fraction B

‘to soluble cell extracts of Methylosinus trichosporium
(OB3b) feailed to increase and in fact slightly lowered the
specific activity. Addition of DEAE- fraction C of the

soluble MMO of Methylococcus capsulatus (Bath) raised the

specific activity to 2.3 nmql/min/mg a significant rise but
‘not asc high as on the addition of both combonents B and C
(Table 3.A.3).

These results suggest that it was the hydroxylase

compoﬁent of the soluble MMO of Methylosinus trichosporium
(OB3b) that was the most stable: lie that component

equivalent to component A of the soluble MMO of

Methylococcus capsulatus (Bath), confirming the view of

>

Stirling and Dalton (197%a). This component was also the

most stable in the soluble MMO of Methylococcus capsulatus

(Bath) when in solpble cell free extracts (Co;by and Dalton

1978).

Neither Methylococcus capsulatus (Bath) soluble MMO

DEAE fractions B cr C alone would restore full activity to

goluble extracts of Methylosinus trichosporium (OB3b) which

may suggest that both were required by the hydroxylase

Bl
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Table 3.A.3. Stability of the soluble MMO: Restoration of

aétivity by the éddition of components of the soluble MMO of

Methylococcus capsulatus (Bath).

Methylococcus capsulatus .Eponpropane Specific
goluble MMO components (mg) (nmgi) activitg
A B | - c , (nmol/min/mg)
o o o 206 14
o . '1 1 © 1039 . 69
o, 1 2 . 1019 " 68
o 2 1 1028 - 68
1 O ) 0 C 204 14
0 1 o : 140 ' 9
(o] o 1 | 785 | 52
R o] o] 4o7 27
o] o] 1 _ 537 36
) o L2 ‘ 637 _ | b2

o o = 1* no8 27

Assays conhtained: S5 mg soluble extract of Methylosinus

trichosporium (OB3b) plus DEAE frations of the soluble MMO

of Methylococecus capsulatus (Bath) as specified.

* - Denotes usge of pure component C.

MMQ assay: 3 minutes, 30°C. propene to epoxXypropane.
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component of the soluble MMO of Methylosinus trichosporium

. (OB3b) for full activity. However, it is not known whether

component B, which couples. the flow of electrons through the

'solubie MMO of Methylococcus capsulatus (Bath) fa the
oxidation of substrate, acts.on component A, component C or
a complex of the two. So-component B may well act on
component C énd not the hydroxylase compohent of the soiuble

MMO of Methylosinus trichosporium (OB3b). The addition of

Methylococcus capsulatus (Bath) soluble MMO DEAE- component

C to soluble cell free extracts of Methylosihus

trichosporium (OB3b) raised the specific activity, however
the additlion of pure component C of the soluble MMO of

Methylococcus capsulatus (Bath) failed to increase the

specific activity (Table 3.A.3). Methylococcus capsulatus

(Bath) soluble MMO DEAE component C was known to be
contaminated with component B (seé results section E), and
_&ccéunts for this result, showing that both cgﬁponents.B and
C were required to restore full activity to soluble cell

extracts of Methylosinug trichosporium (OB3b). .

Unfortunately pure coﬁponent B of the soluble MMO of

Methylococcus capsulatus (Bath) was unavaillable for use in

this work. The addition of pure component A of the soluble

MMO of Methylococcus capsulatus (Bath) to soluble cell

extracts of Methylosginus trichosporium (OB3b) had little or |

no effect on the activity of the soluble MMO.Av

The activitlies measured for the hydroxylase component

of the soluble MMO of Methyloginus trichosporium (OB3b) by :

the addition of the components 6f the goluble MMO of

Methylococcus capsulatus (Bath) were not expected to be the

maximum attainable, eince it would not be expected that




the components df the soluble MMO of Methylococcus

capsulatus (Bath) would operate efficlently at 30°C‘cr.as

efficlently as the equivalent components of the soluble MMO

of Methylosinug trichosporium (OB3b) in combination with the

hydroxylase component of this enzyme.

A.3. Preparation of cell free extracts.

Upon disruption of bacterial cells a large smount of
pucleic aclid 1is released. Cell disruption can also release
cell Qall material that can either bé finely dispersed to
give & turpid extract or parfially solubilised, so that as
well as protein and nucleic acid, there is a large amount of
viscous polysaccharide in solution causing high viscosity

(Scopes 1982).

Cell éxtracts_of Methylosinus trichosporium (OB3b).are
extremely viscous, this has been prevously reported by
Stirling and Dalton (197%a) and Scott (personal
communication). If was found that soluble extrécts #regter

than 20 mg/ml protein prepared for this work, obtained

-

either by sonication or decompression ih the French press
had a sufficiently high viscosity to prevent significant
separétion into soluble and particulate fractions by

centrifuzation at 150000 g for 60 minutes. This compares
with the adequate separation achieved in this laboratory

with extracts of Methylococcug capsulatus (Bath) of a

protein concentration of 40 mg/ml by centrifugation at 38000

g for 30 minutes (Stanley and Dalton 1982).

El

?6
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Two groups.‘that of Higgins's and Dalton's have

prepared séluble cell extracts of Methylosinus trichosporium
(OB3b), each used a centrifugation of 150000 g for 20-90
minutes, tovzi§e a soluble celi extract (8150). From the
daté avallable, though in-many papers figures aré not
supplied, it can be seen that soluble celi extracts of

Methylosinus trichosporium (0OB3b) were prepared at low

profein concentrations (less than 20 hg/ml); 'Tﬁis was
presumably necessary to enable efficlent pelleting of
partiqulﬁte materiasl at 150000 g.

High viscosity extracts‘canAcausé a numbér of problems
in the purification_and characterisation of enzymgs'from
such extracts:

1. High viscosity soluble extracts can only be
prepared at low proteln concentration to enable an efficient
and reprodﬁcible separation of particuléte material. At such
vlow‘protein concentrations enzymes are often less staﬁie
than at high protein concentrations. Low protein
concentrations élso restrict the amount of proteln that can
be prepared at one time due to the large volumes invqlved;

2. Viscosity can‘interfere with a number of
purification procedures such as: precip%fation.
ultrafiltration, running of chromatography columns, etc.

3. All processes such as centrifugation or
concentration, are prolonged by viscosity, cépsiné probleﬁs
in the purification particularily 1f the enzyme is unstable.

4, Viscosity causes‘broblems in the general
handling of the extract, especially when trying to measure
out small volumes accuratély for assays ete. |

To the author's knowledge only two proteins have been
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purified from the socluble fraction of cell free extracts of

. Methylosinus trichosporium (OB3b). These were cytochrome ¢

(Tonge et al., 1977) and methanol dehydrogenase (Higgins et

al., 1984). No detalls were published of the purification

of methanol dehydrogenase from Methylosinus trichosporium

(OB3b) however it was purified in an analogous way to the

methanol dehydrogenase from Methyléphilus mefhylotrophus.by

the use of an aqueous two-phase partition system consisting

of polyethylene‘glycol (PEG). and potassium phosphate.
Cytpchrome & was burified‘from a 150000 g supernatant

using a protamine sulphate precipitation (equal volume of 1%

.weight/volume) which brought the protein concentration down

from 26.0 to 9.6.mg/ml. Furfher steps including ion
exchange and gel-filtration chromatography were employed to
give pure cytochrome ¢. This protein, though totally
denatured by one cycle of freezing and thawing, was very
stable when stored at 0-49C, and so would présent little

problem in purificatlion unlike the highly unstable soluble

- MMO, During the early stages of purification protein

concentrations were kept low presumably due to high

viscosity. So the problems caused by high viscosity in cell

e#tracts of.Methylosinus triéhosporium (0OB3b) have not been
overcome. No progress had been made on the proble@ of
viséosity by members of Higgins's group over the last few
vears (D. Scott perszonal communication).

It 18 therefore obviocus that the problem of very high

vigcosity of cell extracts of Methyloginus trichosporium

(OB3b) needed to be addressed before any purification of the

soluble MMO was undertaken. There are a& number of

"strategles available to allevigte the problems caused by



high viscosity extracts. These are:
1. Variation in the growth conditions of

Methylesinus trichosporium (OBSb) may reduce the production

of Yiscous components of the cell free extract.

2. Cells can be treated directly prior to
disruption to eifher stimulate the breakdown of viscous
components or extract viscous.components;

3. Use of a more gentle method of cell disruption
~than sonication or French pressing to reduce the dispersion
and solublisation of 'gum'-like poiysaccharides of the c¢cell
wail.

4. The treatment of exfracts éither tb digest or
to separate viscous components from enzyme(s) of interest.’

Attempts were therefore made to prepare manageable

extracts using each of these strategiés.
CA.3.1. Variation of growth conditions.

'Methylosinus trichosporium (OB3b) was grown in a

chemostat under a variety of different conditions to‘exahiné.
whether the viscosity of cell extracts wds . affected. Cells
were harvested, disrupted using the French pressure cell and
cell extrécts'prepared as detaliled for small scale.exfract
preparations‘in Materials aﬁd Methods. The growth
conditions investigated were: using methane #s a carbon and
energy source; oxygen limitation; methane limitation; with
either ammonia, nitrate or gaseous nitrogen as nitrogen
source in each case, variation in the dilution rate (D = |
0.025-0.1 h~1) and therby variation in the cell dencsity in. i
r
|

the chemostat. None of these growth conditiohs appeared to
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affect the viscosity of cell extracts. Substituting methane
for methanol, the only other known carbon and energy source
for obligate methanotrophs also had no effect on the

viscosity of the extracts. Because Methylosinus

trichosporium (OB3b) was sensitive to methanol (Best and

Higgins 1981), all cultures using methanol were grown under

methanol limiting conditions.

A.3.2. Treatment of cells prior to disruption.

Under certain growth conditions Methylosinus

trichosporium (OB3b) is known to form large quantities of -

the storage polysaccharide poly—?—hydroxybutyraté (PHB),
particularly when it is gfown under conditions of carbon
exéess. when up to 30% éf the dry welght ofvthe organism may
consist of PHB (Best.and Higgins 1981). Such large
quantities of PHB may, when released on cellldisruption.
contribute to the yiscosity of cell free extracts.

Thomson et al., (1976) showed that.acetate and higher

carboxylate ions stimulated the breakdown of PHB in

Methyloeginug trichosporium (OB3b). Under these conditions
3~-hydroxybutyrate is convertéd to acetone and carbon dioxilde
by the action of 3-hydroxybutyrate dehydrogenase and
acetoacetate decarboxylase, which are e#creted from the
cell.

Cells of Methylosinusg trichosporium (OB3b) from a

methane-limited chemostat culture were centrifuged and
resuspended in 20 ml of 20 mM phosphate buffer pH 7.0 to an
ODgypo ©f 100 (43 mg/ml dry weight) in a conical flask.

Sodium acetate to a concentration of 5 mM was added, the



101

flask sealed with a 'Suba Sesal' and placed in a gently
rotating gyratory water bath set to 300C. 5 microlitres

samples were withdrawn at approximately 15 milnute intervals
and analysed for gcetone and acetate using gas
chéomatdgraphy'as described in Materials and Methods,

The concentration of acetate fell to a level of 1 mM

after 105 minutes (FIG 3.A.3). The level of acetone rose to

reach a maximum at 75 minutes of 3.7 mM from which it slowly

declined. At 105 minutes the cells were centrifuged, washed
twiceland resuspendeq in buffer. A sample Qas taken for PHP
analysis. fhe rest of thé cells were broken and a soluble
cell extract prepared (without the use of protamine
sulphate)..

Before acetone treatment céllé contained 5% of their
dry weight as PHB whereas cells after acetate treétment
contained no measurable PHB. However the soluble extract
prepared from acetate treatgd cells was still aé viscogs as
that prepared from untreated cells.

This result shows that PHB contént of thé cells 1is not
a major factor in the viscosity of cell extracfs. This
cénfirms the resuits obtained from experiments where cells
were grown under different limitations that greatly affect
the levels of PHB in the cell, Cells grown under conditione
where carbon was in excess (oxygen limitation) are known to
contaln 30% of their dry weight as PHB whereas cells growh
under carbon limited conditionsg have less than 5% of their
dry welght as PHB (Best and Higgins 1981) yet each yields
highly viscous extracts.

Capsular polysacchafide that is tightly bo;nd to

bacterial cells can be removed from cells and extracted
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Figure 3.A.3. The assimilation of acetate and the production

of acetone by whole cell of Methylosinusg trichosporium

(OB3b).

Cells (20 ml ODgyo = 100) were incubated with 5 mM acetate
at 3000 in a sealed conicél flask, éamples were withdrawn
over

2 h and assayed for acetate and acetone by gas
chromatography.

Acetate O Acetone A



using & number of technigues (Sdtherland and Wilkinson
1971). However such techniques are normally designed for
fhe isolation of capsular pol&saccharide or nucleic.acids.*
the treatment of cells 1s often harsﬂ and leads to the -
denaturation of any enzymes present. Hot aqQueous, hot
phenol, alkall énd acetic acid extractions of capsular
polysaccharide obviously fall into this‘category. A number
of less harsh methods were tested for their-abiiity to
. N
reduce the viscosity of extracts while preserving high
soluble MMO activity; These included , phenol extragtion
(Sutherland and Wilkinson 1971), cold acetone extraction
(Gansalus 1955) ana lysoczyme digestion. None of these
methods proved_satisfactory.' In all éases where ceils were

exposed to organic solvents no soluble MMO activity was

recoverable from cells.

A.3.3. Methods of cell disruption

Cells of-Methylosinus ?richosporium (OB3b) were
routinely disrupted'b& two passages through a French”
pressure cell;' Tﬁié is a violent mechanical method of cell
disruption. relying on hydrodynamic shear. Sonicatioﬁ also
relies on similar forces to disrupt cells. Both’these
methods of cell disruption yielded equally viécous extracts,
a result in agreement with that observed by Sfirling and
Dalton (197%a). Methods such as these are the methods of
choice when disrupting cells in the preparation of éell.
extracts for protein purification, because they - work
efficiently at the high cell densities required. The major

disadvantage of these methods is that they can release and



104

disperse large quantitlies of cell wall material producing
tufbid viscous extracts. Gentle chemical methods of cell
disruption have been developed, m&ainly for the isolation of
DNA. These methods release the minimum amount of cell wall
pol&mers but are designed to work at low cell densities.

A method using combinations of detergent wasﬁés.
lysozyme treatment and osmotic shock as described by

Schwinghamer (1980) was employed in an attempt to disrupt

gently cells of Methylosinué trichosporium (OB3bL).
Experimenfs carried out using low cell densities similar to

that ﬁsed by‘Schwihghamer (ODSHO 1-5), ghowed that celle of

Methylosinus trichosporium (OB3b) were indeed'éensitive to
this tfeatment being efficiently broken as obsérved by
Vmicr§scqpic examination though no soluble MMO acfivit& was
measured in extrécts prepared using this-method. However at
the high cell densities required for the préparation of cell
extracts for protein purification (ODSMO = 150) the mefhod
proved totally inadequate at disrupting cells. Variation in
the type, concentration and length of exposure to, the
detergent gnd exposure to.lysozyme as detailed in Materiais

and Methods had little or no effect on this efficiency.
A.3.4., Treatment of extracts.

As, previously stated,-the viscosity of'gxtracts.can
render the fractionation of proteins by precipitation
digficult and irreproducible._vHowever precipitation can be
employed as an early step to seiectively separate protein |
from other cellular comp;nents. in the‘hope tha; viscous

componente of the exXxtract remain in solution. Protein can
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then be pelleted, redissclved and fractionation proceseded
with.

Two precipitation methodé were tested using amhonium
sulphate and écetone. Solid ammonium sulphate was aéded
slowly to a concentration of 80% satura£ion. to a crude cell
extraét. a concéntration at thch all protein should
precipitatev(Scopes 1982). The extract was then inéubated.
with gentle stirring at 49C for 10 minutes to allow |
precipitation éo take blace and cenfrifuged at 38000.2 for
10 minutes to remove precipitate. The resultant pellet wés
resuspended and redissoclved in breakage buffer. It wés then
necessary to ¢ial&se the protein solution against breakage
Buffer to remove,traces‘of ammonium éulphate. A similér
process using 40% acetone:as the precipitant was also
undertéken.

The protein solutions obtained were of reduced
viscosity however no soluble MMO activity waé detec%ed in
either the ammonium sulphate- or acetone-prepared protein
solutions. This may have been due to a number. of reasons
but was most likely to be due to the inherent 1nstabili£y éf
the soluble MMO (eveh in the presehce of DTT and PMSF),
combined with the length of fime the above procedure takes,
particularily dialysis

The acidification of extracts to pH 5-6 can promote the
aggregation of particulate material, enabling the more
efficient and reproducible separstion of the particulate
material from soluble extracts by centrifugation. It is not
a method that will reduce the viscosity of extracts (Sceopes
1982). This method is conly useful when the enzyme of

interest does not itself precipitate, absorb to the
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prQEipitate and is stable at_the reduced pH.

Molar acetic acid was added to cell free extracts
reducing the pH value to 5.5. The extract was‘then'gently
sti?red fbr 10 minutes, centrifuged at 150000 g for 60. |
minutes and the pH of the resulting supernatant returned to
pH 7.0 with molar sodium hydroxide. Acidification was an
aid to the removal of particulate material from cell free
extracts, however the treatment resulted in a large droé in
the activityféfiéﬁe soluble MMO, from 47.7 to 17.2
nmol/min/mg.'

Bacterial extracts contain Iafge gquantities of nuc;eic
acid in the form of DNA and fibosoﬁél RNA‘Whiéh»may cause
high viscosities. All ﬁucleic aéid can be precipitated
"using a poly-cationic'macfomolecule such as protamine frém
salmon milt. DNA, all forms of RNA and other forms of
nucleic acid are precipitated as well as some proteins whice
- may absgorb to the precipitate, in fact protamine precipitate
absorption has been used as a step in the purification of
certain enzymes (Dé;éﬁghgl al., 1971. Welch and Scopes
1981). S

The addition, prior to cell disruption, of
deoxyribonuclease 1 (0.01 mg/ml) and/or- ribonuclease A (0.1

mg/ml) to cell extracts of Methylosinue trichosporium (OB3b)

failed to reduce the viscosity of extracts significantly.
However the addition of protamine sulphate to cell extracts

of Methylosinus trichogporium (OB3b) was investigated as a

method of precipitating nucleic acid and thereby reducing
the viscosity of extracts. A cell extract was prepared and
split into 5 ml eliqQuots and to each was added a Kkrnown

percentage of protamine sulphate (0.25~ 2.0%) as & 10%
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solution and each volume made up to the same final volume .
with water so that each had been diluted to the same degree.

The extracts were then incubéted'at 4%¢c for 20 minﬁteé with
shaking. Samplee were then centrifuged at 150000 g for 60 .
minutes to remove the precipitate and protein and MMO assays
performed (Table.S.A.U). In addition all samples were
analysed on SDS PAGE (FIG 3.A.4). The'addifion of 0.25 -
1.0% protamine sulphate precipitatgd up to 17% of the
protein without affecting the soluble MMO acfi@ity of the
extract'(Table 3.A.4). The addition of 2% protamine
sulphate caused the precipitation of §5% of the protein with
the accompanying loss of all soluble MMO aqtivity from the
supernatant. fhe éddition of 1% and 2% protamine sulphate
reduced the viscosity and promoted the precipitation of
particulate mgterial to a degfee where, after centrifugation
at 150000 g for 60 minufés. a consistently clear soluble
‘extract was obtaingd from extracts with a protein
concentration at, or around 20 mg/ml protein.

Aé analysed on SDS PAGE no major differences can be
seen in the protein band pattern between.crude extracts,
soluble exXtracts ana soluble extracts produced after
tfeatmént with 0.25 —1.6% protamine sulﬁhate. “However thé
exXxtract treated with 2% protamine sulphate has one major and
one minor proteiﬁ band greatly reduced in intensity as
compaYred to éoluble extracts (FIG 3.A.4). The'hador band ies
one of those associated with the presence of the soluble
MMO, and was subseqently identified as the large (o)
subunit of component A of the soluble MMQ (Results section
c). Ite precipitation may explain the loss of soluble MMO

activity from soluble extracts prepared by the addition of



T08

Figure 3.A.4. Electrophoresis of cell extracts of

Methylosinus trichosporium (0OB3b): Treatment with Protamine

sulphate.

PerCentage protamine sulphate treatment.

1. O0X crude extract 2. 1% soluble extract
3. 0% soluble extract . 1% soluble extract

5. 1% soluble extract 6. 0.5% soluble extract

7. 0.25% soluble éxtract 8. 1% soluble extraq;

9. 2% soluble extract

"Electrophoresis: 5-20% gradient SDS PAGE, 20 qicrograms
protein per track.

Arfows denote bands dimminishing after treatment with 2%

protamine sulphate.
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Table 3.A.4. Protamine sulphate treatment of cell exfracts.

Sample Protamine Protein® MMO sctivity
sulphate (mg/ml) (nmol/min/mg)

Crude . _ 0 a18.7 60.9

extract

Soluble 0.25% 15.6 ~51.2

extract .

Soluble 0.50% 17.3 56.8

extract

Soluble 1.00% 15.9 59.6

extract

Soluble 2.00% 6.9 0

extract

* - Protein concentration of the supernatant.

MMO sassays: 3 minute assay, 30°C. following the oxidation of

propene to epoxypropane. 5 mg extract per assay.



2% protamine sulphate.

In conclusion, of 2l1l1 the many methods employed in an
attémpt to reduce the viscosity of cell extracts none
enabled the production of concentrated cell free extracts
containiné high soluble MMO activity."The addition of
protaminé sulphate (1%) to crude extracts, prior to
centrifugation at 150000 g enabled the production of clear
socluble cell free exfracts of protein concentration of
around 20 mg/ml, by some reduction of the yiécosity énd
promotion of the aggregatioﬁ of particuléte material. ‘The
method was subsequently used to routinely produce soluble

cell free extracts of Methylosinus trichosgporium (OB3b) for

the purification of the soluble MMO.

A.l4., Basic characterisation of the scluble methane

8

monooxygenase.

Both reports of the soluble MMO of Methylosinus

trichosporium (OB3b) state that NADH or NADPH were required
for activity (Stirling and Dalton 1979%9a, Scott gg.gl..
1981), activity with NADPH as electron donor sﬁpporting ' |
60-100% of that with NADH depending on the substrate used 1in
the aséay. This was confirmed by assays on extracts
prrepared for this study. Soluble MMO activity was measured
only in the presence of eithervNADH or NADPH using propene
as a substrate. Assays of soluble extracts carried out |
under anaerobic conditions falled to have solubie MMO
activity showing a requirement for oxygen by the soluble

MMO. The -soluble MMO has been exposed to a wide range of
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inhibitors of which only 8-hydroxyguinoline and ethyne

(acetylene) were found to be effective.

The pH optimum for the soluble MMO of Methylosinus

trichosporium (OB3b) was measured in soluble extracts using
a range of phosphate buffers pH 6.2 - 8.5 (FIG 3.A.5). The

soluble MMO was found to have an activity optimum (using

"propene as & substrate) between pH 7.4 - 7.7, higher than

that reported for the soluble1MMOs‘of Methylococcus

capsulatus (Bath) (pH 6.5 —7.6) (Cdlby and Dalton 1976) and

'Methylobacterium CRL-26 (pH 7.0) (Patel et al., 1982), for

the oxidation of propene.

When the specific activity of the soluble MMO was

~measured &8s a function of the enzyme concentration a

non-linear relationship was obtained (FIG 3.A.6). As the

protein concentration was increased the specific activity

-increased up to a maximum at 4 mg/ml. This is indicative of

the enzyme consisting of two or more proteins, inactive
singly but active as a complex. A rise in the specifilc
activity with enzyme'concentration may alsc be due to tﬂe
presence of a dissociable acti?afor or co-enzyme in the
extract or the presence of a toxic impurity (possibly a
metal ion) present in ohe of the other components of the
reaction mixture (Dixon gs al., 1679). However it is

already knoWn that the sgoluble MMO from Methyloéinus

trichosporium (OB3b) is a multicomponent enzyme, consisting

of at least two proteins (Stirling and Dalton 1979a) and so
the increase in gpecific activity with enzyme concentration
is probably due to the multicomponent nature of the enzyme.

The temperature optimum of the soluble MMO of
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Figure 3.A.5. pH optimum of the soluble MMO of

Methylosinus trichosporium (OB3b).

MMO assay: 3 minute assay, 30°C. following the oxidation of
propene to epoxypropane, 5 mg soluble extract per assay. pH

6.2 - 8.5 (20 mM sodium phosphate buffer).
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Figure 3.A.6. Effecf of protein concentration on the

activity of the soluble MMO of Methylosinus trichosporium

(OB3b).

MMO assay: 3 minute assay, 30°C. 1 - 7 mg soluble extract
per assay, following the oxidatlion of propene to

epoxXxypropane.



30—3500.4though it was active at 80% of its full activity.at
459c (FIG 3.A.7). The decrease in specific acti;itQ aé
highe; temperatures may be due to the instability of the
soluble MMO, as extracts incubated at 459¢Cc for three minutes
prior téAéoluble MMO assay lost 70% of their activity.
However on the addition of soluble MMO DEAE components B and

C Methylococcus capsulatus (Path), full activity Qas

restored showing the hydroxylase component to be the most
stable component of the soluble MMO. Further investigation
of the activity of components of the solﬁble MMO at 30°C and

459Cc is reported in results section E.

A.5. Discussion.

The nature and position of the MMO in Methylosinus

trichosporium (OB3b) was in dispute for a number of yvears,

until Scott et al., (1981ab) discovered that Methylosinus -

trichosporium (OB3b) had the ability to produce two MMOs

whose subc¢ellular location and properties were significantly
different. However it was not until Stanley et al., (1933)
showed that the controlling factor in the production of one

or the other of the two MMOs in methanotrophs was found to

-be due to the availability of copper to the ofzanism that

any progress could be made on the elucidation of the role of

' eaéh of the two formes of the soluble MMO in the metabolism

of methanotrophs. Subsequently, work by Burrows et al.,

(1¢984) and the work contained in this thesis has shown that

the regulation of the production of one or the other of the
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Figure 3.A.7. Temperature optimum for the soluble MMO of

"Methylosinus trichosporium (OB3b).

MMO assay!: 3 minute assay, 30°C. 5 mg soluble extract per

assay, following the oxidation of propene to epoxypropane.



definitely controlled by the availabilit& of copper to the
organism, a particulate MMO béing ?roduced by cells.zréwn
with copper in excess and a soluble MMO by cells grown under
conditions of cépper stress. There ;s evidence that other

organisms (Methylobacterium CRL-26 ' Patel 1984) , can

produce two forms of the MMO and/or have a similar response

to copper as cells of Methylosinus trichosporium (OBBb) and

Methylococcug capsulatus (Bath) (Takada and Tanaka 1980.

Patel 1984). All organisms so far described appear to
either produce both a soluble and a particulate MMO or Jjust
a particulate MMO, to the the authors knowledge no organism

haes been reported to produce pnly a soluble MMO.

There is however a difference between Methylosinus

trichosporium (CB3b) and Methylococcus capsulatus (Bath) in

the. regulation of the MMOs when these organisms are grown

on methanél. Methylococcug capsulatus (Bath) grown on
methanol ¢an only produce a particulate MMO no matter what

the copper concentratién of the media. Methylosinus

trichosporium (0OB3b) grown on methanol can produce either

soluble or a particulate MMO (Best and Higgins 1981, Prior
and Dalton,1985).‘ Prior and Dalton (1955) suggest that the
method of cell disruption employed by Best and Higgins
(1981), sonication, may act to release a particulate MMO
from the membrane and this was the reason why“an.MMO

activity was observed in soluble extracts of

Methylosinus trichosporium (OB3b) grown on methanol. wWork

contained in this thesis demonstrates that Methylosinus

trichosporium (OB3b) grown on methanol responds to the level

of copper in the medla as occurs during growth on methane,



There 1is no obvious reason why it would be an advantage
/

for an organism to only produce a particulate MMO when grown
on methanol. Paradoxiceally, it would appear that the
production of é soluble MMO may be advantageous to an.
organism growinz‘on methanol, if as Cornish et al., (1984)
suggest, during growth on metbanol, its oxidation by the MMO
acts as a sink for NADH producing NAD* required for the
further oxidation of methanol tﬁrough to carbon dioxide.
The soluble MMO hgs dn absolute requirement for NADH,
whereas the particulate MMO can obtain its reducing
equivalents from non-NADH linked alcohol and aldehyde
deh&drogenases (Leak and Dalton 1983) and soAa lower demand
for NADH by & particulate MMO would more guickly result in
the depletion of NAD* and accumulation of formaldehyde.

The three protein bands prominéent on SDS PAGE of cell

- free extracts of Methylesinus trichosporium (0OB3b) as

described by Burrows et al., (198&)'were only present when
soluble MMO.activity was ¢etected and a further band was
also 1den§1fied to be associated with the presence of the
soluble MMO.

The soluble MMO of Methylosinus trichospocrium (0OB3b)

was highly unstable but could be stabilized by the addition
of DTT, a thiol protective agent, and PMSF, a serine
protease inhibitor, which enhanced.the stability of the
soluble MMO up to a maximum of 79% activity retained over a
period of 24 hours at 0-40C. This is a similar stabilizing
cocktail to that used for the stabilisation of the soluble

MMO of Methylococcus capsulatue (Bath), component C

requiring the additicn of thiocl protective agent , sodium

thiolglycollate, and component B requiring the addition of
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the serine protease inhibitbr, PMSF. Although component B

of the socluble MMO of Methylococcus capsulatug (Bath)

appears to be far more stable than the serine protease

requiring component of the soluble MMO of Methylosinus

trichosporium (OB3b).

The éimilarity between the scluble MMOs of

Methylococcus capsulstus (Bath) and Methylosinusg

trichosporium (0OB3b) again was demonstrated by the ability

of components B and C of the soluble MMO of Methylococcus

capsulatus (Bath) to restore full MMO activity to soluble

cell free extracts of Methylosinus trichosporium (OB3b) that

had lost actiVity due to the unstable nature of the enzyme,
as first shown by Stirling and Dalton (1979). This also
demonstrates that the hydroxylase compohnent of the soluble

MMO of Methyiosinus trichosporium (OB3b) is the most stable,

"as 1t is in soluble extracts of Methylococcus cépsulatus

(Bath). This work fails to give any indication of the
number of components that go to make up the soluble MMO of

Methylosinus trichosporium (OB3b), beyond the fact that it

may have twoe or more. Its similarity to the soluble MMO of

Methylococcuse capsulatus (Bath) would suggest that 1t has

three components but no real indication can be given at this

point (see Results section E).
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B, Separstion of the soluble MMO into its component

proteins.

B.1. Introduction.

Stirling and Dalten (1979a) separated the goluble MMO

of Methylosinhus trichosporium (OB3k) into two components

using batch DEAE ion exchange chromatography. Of the

soluble MMO's presently described, only that from

Methylococcus capsulatus (Bath) is fully characterised and

has three distinct protein components. Other partisaslly

characterised soluble MMO's, that of Methylobacterium CRL-26
(Patel 1984) and Organism SBE1 (Allen et al., 1984) have at

least two components. Initially then, concentrated soluble

extracts of Methylosinusg trichosporium (0OB3b) were run on

DEAE ion exchange chromatography columns in an attempt to

separaté it ihtb its component proteins.

B.2. Resultse.
To optimise the separation of the =soluble MMO of

Methylosinus trichosporium (OB3b) into its component .

proteins by the use of DEAE ion exchange chromatogrsaphy,
column rather than batch chromatography was employed with
the use of a number of eluting methods.

Soluble cell free extracts, containing 1 mM PMSF and 1

"mM DTT, end prepared with the use of & 1% protamine sulphate

precipitation, were concentrated by dialysis against dry PEC
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20000. Dialysis wag used as & method of concentration

because of the inherent viscocity of soluble cell extracts

of Methylosinus trichosporium (0OB3b) which prevents the
con;entration of extracts by ultrafiltration. A small
column of DEAE cellulose of 20 ml volume was used (60 mm by
20 mm). Typically 10 ml of concentrated soluble extract of
70-100 mg/ml protein concentration..was loaded onto the
column. 30 ml of buffer was used ta wash the unbound

protein from the column'at.a :low'rate of 1.0 ml/min,

followed by one of a number of gradients of sodium chloride,

ffactions'of 3.0 ml being collected'ahd the'ODZBO of the
eiuate belng monitoredvthroughout. |
Approximately 85% of fhe protein loaded onto the column
as a deep red concentrated protein solution failed to bind
and was eluted with the buffer wash (FIG 3.B.1). This
fracticn 1s.equ1valent to fraction 1 as described by. |
Stirling and Dalton (197%a) but ﬁenceforth will be known as
DEAE OB3b A. DEAE OB3b A had no soluble MMO activity when
assayed alone, however when assayed in the presence of

Methylococcus capsulatus (Bath) soluble MMO DEAE fraction(s)

C and/or B as described in the materials and methodé. high
soluble MMO activities were measured confirming the findings
of Stirling and Dalton (1979a) (TABLE 3.B.1). Activity was
also observed when DEAE 0§3b A was assa&ed in combination

with pure ¢omponent C from the soluble MMO of Methylococcus

capsulatus (Bath). No activity was measured when DEAE OB3b

A was assayed in combination with Methylococcus capsulatus
(Bath) DEAE fraction(s) A and/or B.

The specific activities of DEAE OB3b A fractions
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Table 3.B.l. MMO assays of combinations of DEAE fractions

of the soluble MMOs of Methylosinus trichosporium (OB3b) and

Methylocoeccus capsulatus (Bath).

Soluble ﬁMO DEAE fraétion (mg) ﬁpoxypropane Specific
OB3b " MC _{(nmol) | Activity
A C A B C (nmol/min/mg)
5 0 7 0 0 ¢ —_—

5 0 0O 1 0 o —
5 o 0 0 1 - s81 39
5 0 o 1 1 : 829 55
5 O 0 o0 1% _ 110 7

o 2 7 0 0 262 87
o 1 0O 1 O 0 —_—
0 1 0O 0 1 0 N
o 1 0O 1 1 (o) —
0 1 1% 0 O 63 10

DEAE fractions prepared as described in Materials and
Methods.

Methylosinus trichosporium (OB3b): A buffer elution.

. C 0.3 M NaCl elution.

MMO assay: 3 min, 30°c. propene to epoxypropaﬁé.

OB3b- Methylosinus trichosporium (0OB3b).

MC- Methylococcus capsulatus (Bath).

* denotes use of a pure component.
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on average being 61.1 nmol/min/mg with a standard deviation
of 6.5 (19 samples). DEAE OB3b A was drop frozen into
liquid nitrogen and stored at —SGOC without any loss in
activity, at 0-49C 1t was very stable 1osinz‘up to 5%
éctivity’over a 24 hour period. 1Its stabllity was not
dependent on the presence of either PMSF or DTT. PMSF
irreversabiy inhibits the action of serine profeasés by
sulphonylation at or near the active site (Fahrney and Gold
1963) and so once an extract has been exposed to PMSF it
would not be expected that 1its presence would be further
required.

The soluble cell extracts used had been concentrated up
to five times their original prétein concenfration and so
their viécosity was zréafly increased. This posed a number
of problems in the running of DEAE cellulose columns,
notably it led to the compacfing of the column material when
extracts were pumped onto the top of columns, leading to
very slow flow rates and often to bloéked coiumns. This was
overcome by the mixing of concentrated soluble extracts with
the column packing material prior to the pouring of the .
column. The column was then poured, allowed to settie and
run in the nérmal way. This method had. a number of
advantages, in that it aslleviated the problemé‘céused by
viscosity, was qQuick and conly led to the minimum dilution of
protein.

The viscous components of the soluble ceil free

extracts of Methylosinus trichosporium (OB3b) failed to bind

to DEAE cellulose columns and were washed through with the
initial buffer wash and were therefore present in DEAE OB3b

A.
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After the buffer wagh the columns were eluted with
gradients of buffer containing 0-0.2 M to 0-0.5 M sodium
chloride. Typically a single broad yellow protein peak was
eluted, sometimes with a shoulder on its trailing édge (FIG
3.5.1). Variétion in the steepness of the gradient failled
to resolve this single peak further, which eluted at a
sodium chloride concentration of 0.1 M, the shoulder if
present appearing at 0.17 M. Fractions from thé protein
peak had no soluble MMO activity when assayed alone, however
when assayed in the presence of DEAE OB3b A soluble MMO
activity was observed (Teble 3.B.2). Combinations of early
and late fractions from the 0.1 M peak assayed witb DEAE
OB3b A gave similar‘activities as when assayed individually.

Fractions from this peakvare therefore equivalént to
fracti§n 2 as defined by Stirling and Dalton (19792) which
also restored aotivify to DEAE OB3b A, this fraction will
henceforth be known as DEAE OB3b C. When DEAE OB3b C Qas

assayed in combination with Methylococcus capsulatus (Bath)

DEAE fraction A, soluble MMO activity was_observed.'however
no activity was measured when it was assayed in combinatién

with Methylococcus capsulatus (Bath) DEAE fraction(s) B

and/or C (TABLE 3.B.1). This is in contrast to the findings

k]

of Stirling and Dalton (1979a) who found that none of the

components of the soluble MMO of Methylccoccus_capsulatus
(Bath) restored activity to DEAE OB3b C. Soluble MMO
activity was also restored to DEAE OB3b C when it was
assayed in combination with pure component A of the soluble

MMO of Methylococcus capsulatus (Bath) (Table 3.B.2).

No enhancement or stimulation of soluble MMO activity

was ever observed on the addition of any late gradient
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. fraction number

. Figure 3.B.1. DEAE ion exchange chromatography of soluble

extracts of Methylosinuse trichosporium (OB3b).

Protein concentration of fractions was monitored by UV
absorbance at 280 nm.

DEAE cellulose ion exchange chromatography: 20 ml volume
column eluted with buffer (20 mM sodium phosphate, 1mM DTT,
pH 7.0). followed by & linear gradient of buffer plus 0-0.5
M soQium chloride at a flow rate of 1 ml/minute.

CQl DEAE 0B3b A.

b DEAE OB3b C early fractions 0-0.15 M NaCl (C,).

C DEAE OB3b C late fractions 0.15-0.27 M NaCl (Cp).
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Table 3.B.2. MMO assays of combinations of DEAE fractions

of the soluble MMO of Methylosginus trichosporium (OB3b).

Soluble MMO DEAE fraction Epoxypropane Specific

(mg) - (nmol) activity

A Ce - € (nmol/min/mg)
5 0 0 0 R

0 1 0] 0 _;

o 0 i 0 —

5 1 0 | 332 22

5 o} 1 292 19

5 1 1 324 21

DEAE fractions prepared as described in Materials and
Methods using a lineer (0 - 0.5 M) gradient of sodium
chloride (FIG 3.B.1).
Soluble MMO assays: 3 min, 309C, propene to epoxypropane.
A - Buffer elution
Ce — early fractiéna of sodium chloride gradient ;0 -
0.15 M), |
Cy - late fractions of sodium chloride gradient (0.15 -

0.27 M).
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fractioneg (of very low protein concentration), eluting after
the main single 0.1 M protein peak, to assays containing
DEAE OB3b A, and/or C.

The specific activity of DEAE OB3b C varied with its
concentration in the assay. In assays contalining 5 mg/ml
DEAE OB3b A the maximum speéific activity for DEAE OB3b C
occurs at 0.1 mg/ml DEAE QBSb C, with activity rapidly
decreasing as the concentration approached 1.0 ﬁg/ml (FIG
3.B.2). So the specific activity for DEAE OBéb c was‘
measured at this low level where the specific activity'ié;
éonstant.

.DEAE OB3b C was drop frozen into liquid nitrogen and
stored at -80°0C without any loss in activity for ﬁp to six
months. At 40C on average a 3.5% loss of activity was
‘measured over a 24 hour period in the presence of DTT (FIG
3.B.3). At room temperature (209C) although initially
~stable, 73% of activity was lost over 24 hours in the
presence of DTT. DEAE OB3b C was prepared with 1 mM DTT
which was present in all the buffers during DEAE cellulose
chromatography. =~ On fhe removal of DTT by dialysis all
activity was lost.

The specific activity of DEAE OB3b C prepared by column
chromatography from the same batch of whole ceils was qQuite
variable, ranging from 97 to 1586 nmol/min/mg, even though
it was prepared in the presence of 1 mM DTT. However the
greatest influence on the specific activitymmgﬁxmbxthe
variable nature of the soluble MMO activity of the soluble
cell extracts which varied from 0 to 79 nmol/min/mg, unliké
DEAE OB32b A where the specilifc activity was conséant and

indeprendant of the starting MMO activity. This therefore
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Figure 3.B.2. Effect of the concentration of DEAE OB3b C on

its specifiec activity.

MMO assays: 3 minute assays, at 30°C. containing 5 mg DEAE
OB3b A prlus 0.05 - 1.0 mg DEAE OB3b C, following the

oxidation of propene to epoxypropane.



_ | | 128

SPECIFIC
ACTIVITY

nmol,/min,fng

150+

TIME hrs

Figure 3.B.3. Stability~of DEAE OB3b.C.

DEAE OB3b C was incubated at 49c ana 20°%c. Samplgs were

withdrawn and assayed for MMO activity.

MMO assay. 3 minute assay, at 30°C. coﬁpaining 5 mg DEAE
» 683b A and 0.2 mg DEAE OB3b C,‘following the oxidation of

propene to epoxypropane.

4°c © . 20% A .
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‘demonstrates that the component(s) of the soluble MMO
present in DEAE OB3b C are limiting in soluble MMO assays of
soluble cell extracts.

To maximise the yield of DEAE 0B3b C from a DEAE
cellulose column elution other methods for this fraction
were investigated. All fracfions containing any soluble MMO
activity were eluted inva single protein peak ét 0.1 M
sodium éhloride. this peak containing over 95% of the
proteinbbouhq tq the column. So to elute this peak quickly
and efficientlyﬁaffér“the buffer wash the column was washed
with 0.3 M sodium chloride which brought off the DEAE 0B3b C
band as a tight concentrated yellow/brown band.. This method.
of elution proved far more reliable_inlterms of yield than
gradient elution where, DEAE 083b C was eluted as a much
broader less concentrated band.

DEAE OB3b C had no viscosity associated with it, the

viscosity inherent in soluble extracts of Methylosinus'

trichosporium (OB3b) does not bind to DEAE cellulose.

B.3. Discussion.

In conclusion the soluble MMO of Methylosinus

trichosporium (OB3b) was separated into two ffécfionslby
DEAE cellulose chrdmatozraphy. each of which was essentisal
for soluble MMO activity. DEAE OB3b A falled to bind to
DEAE cellulose and wag equivalent to componené A of the

goluble MMO of Methylococcus capsulatus (Bath) in that, in

combination with both Methylococcus capsulatus (Bath)

soluble MMO components B and C, it had socluble MMO activity.

One scluble MMO component contained in DEAE OB3b A was
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therefore by analogy the hydroxylase component of the

soluble MMO of Methyloginus trichosporium (OB3b). This

fraction, when eanalysed using SDS PAGE, contained the three
prominant protein bands associated with the soluble MMO of

Metﬁylosinus trichosporium. (OB3b) and that roughly

corresponded in size to the three subunits of component A of

the soluble MMO of Methylococcus capsulatus (Bath) (FIG

3.C.2).
The protein bound to the DEAE cellulose column was
eluted as a single yellow protein band at a sodium chloride

concentration of 0.1 M and contained a component equivalent

to component C of the soluble MMO of Methylococcus

capsulatug (Bath) in that, in combination with Methylococcus

capsulatus (Bath) soluble MMO'component A had MMO activity.
One component found in this fraction 1s therefore presumably
the NADH-acceptor reductase component, accepting electrons
frém NADH and passing them on to the hydroxylase component

of the soluble MMO.

The soluble MMO of Methylococcus capsulafus kBath) has
a third component, cbmpénent B.‘ This‘acts to medliate the
flow of electrons from NADH to substrate via componeﬁts C
and A. ' It is not known whether component B acts on

component A, component C or a complex of fhe two. The .

simllarity between the soluble MMQ's from Methylosinus

trichosporium (OB3b) and Methylococcug capsulatus (Bath), in

that both their hydroxylases and NADH acceptor reductase
components can be interchanged, may suggest that the soluble

MMO of Methylosinus trichosporium (OB3b) also has a third

component (and possibly others) that iz egquivalent in action

to component B of the soluble MMO of Methylocbccus
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capsulatué (Bath). However at this stage of the

purification of the components of the soluble MMO of

Methylosinus trichosporium (OB3b) there is 1little evidence

for the existence of such a component. Component B of the

soluble MMO of Methylococc&s capsuiatus (Bath) was required

for maximum activity in assays of DEAE OB3b A, but this may

be due to its action on component C of the soluble MMO of

Methylococcus capsulatusg (Bath) and not any requirement by

'OB3b A for a B component. Component B of the soluble MMO of

Methylococcus capsulatus (Bath) is a small proteih of high
specific activity (Green and Dalton 1985), that elutes from
DEAE cellglose columns at 0.1 M sodium chloride. it does
however contaminate both DEAE fractions A and C. There is
no evidence for the existence of a thirdAcomponent of the

soluble MMO of Methylosinus trichosporium (OB3b) from DEAE

cellulose ion exchange chromatography results. The

reductase component of the soluble MMO of Methyloginus

trichosporium (OB3b) elutes earlier than its equivalent from

Methylococcus capsulatusg (Bath) (0.1 and 0.5 M sodium

chloride respectively) and so may elute at the same stage as
any third B component, along with 95% of the bound protein.
Alternatively, 1t may be equally split between DEAE OB3b A

and C or absent from the soluble MMO of Methylosinus

trichosporium (OB3b). Only further purification of the

components of the soluble MMO of Methylosinus trichosporium

(OB3b) will reveal the presence or otherwise of a B

component (Results section C, D and E).



C. Purification of component A of the soluble methane

monooxygenase of Methylosinhus trichosporium (OB3b).

C.1. Introduction.

As previously stated the hydroxylase components of the

soluble MMOs of both Methylococcus capsulatus (Bath) and

Methylosinug trichosporium (OB2b) appear to be similar, both

in their structure and activity (Stirling and Dalton 1979=a,

Burrows et al., 1984). The purification of the component A

of the soluble MMO of Methylosinus trichosporium (OB3b) was
thefefpre carried out using the same HPLC apparatus as

Woodland and Dalton (1984b).

C.2. Results.
The fraction DEAE OB3b A was concentrated by dialysis

against dry PEG 20000 to a protein concentration of 50-100

b
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mz/hl. Any residual particulate material was removed by
centrifugation and filtration through a 2 micrometre filter.
2 ml aliquots of conceptrated DEAE OB3b A containing up
to 200 mgbof protein were loaded onto the HPGPC column and
elufed at a rate 6f 3 ml/min with degassed filtered buffer.
The use of HPGPC resolved DEAE OB3b A into three major peaks
as monitored by UV absorbance at 280 nm (FIG 3.C.1). The
first peak consisted of high molecular weight
lipid-containing material_thatAwas cloudy in appearance and
was totally excluded from.fhe column packing. The size of
the first peak was variable and dependent on the efficiency
of the reﬁoval of particulate material frém concentrated
DEAE OB3b A. The second peak contained component A soluble
MMO activity, in that it had MMO activity when assayed 1n
combination with DEAE OB3b C ér components B and C of the

soluble MMO of Methylococcus capsulatus (Bath). The third

peak consisted of ver& pure methanol dehydrogénase as

monitored both by enzyme assay and PAGE (FIG 3.C.2). All of
the three major peaks had eluted in 35 minutes, however
after a further 15 minuteé one or two minor peaks were
observed. These had & very low protein concentration

( < 0.5 ﬁz/ml). but were highly coloured.and_were‘thought to

contain cytochromes. The whole process was carried out at

" room temperature and was completed within an hour. None of

the fracticns listed above had any viscosity assbciated with
them.

" The second peak containiné component A of tpe soluble
MMO activity was colourless and eluted at a protein
concentration of 2-4 mg/ml. Fractions from this.peak were

pooled and concentrated by ultrafiltration over a PM10
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fraction number

" Figure 3.C.1. Purification of component A: HPGPC of

DEAE OB3b A.

Protein concentration of fractions monitored by UV
absorbance at 280 nm.

HPGPC on an ‘'Ultra-pack' TSK-GSWPG column (21.5 byl600 mm).
115 mleEAE OB3b A loaded and eluted with de-gassed and
filtered buffer (20 mM sodium phésphate pH 7.0) at a flow
rate of 3 ml/minute. |

.1.‘Material totally excluded froh the column. 2. HPLC OB3b A

3. Methanol Dehydrogenase. 4. Cytochrome,
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ultrafiltration membrane to a protein concentration of 20-50
mg/ml, at which éoncentration it was still colourless. This
fraétion will henceforth be referred to as HPLC OB3b A.

The specific activity of.HPLC OB3b A was variable. In
maﬁy cases the specificbactivity of HPLC OB3b A was similar
to that of thé concentrated DﬁAE OB3b A fraction loaded onto
the_column. However in approximately 50% of column runs an
increase in specific activity of up to 2.5 fold was observed
up to & maximum of 159 nmol/min/mg. This apparent loss in
activity during theﬁpfocess of purification of componenth

was also observed during the purification of component A of

the soluble MMO from Methylococcus capsulatus (Bath) and was
tentatively ascribed to the loss of iron from the protein
(Woodland and Dalton 1984ab).

Analysis of HPLC OBBp A 5y SDS PAGE (FIG 3.C.2)
revealed the presence of three major bands, the same three
bands that were associated with the #resénce éf the soiuble

MMO activity in cell free extracts. With HPLC OB3b A loaded

onto polyacrylamide gels at high protein concentrations (50

micrograms per track) three or four min;r.ﬁands were.
observed'though they constituted only approximately 5% of
the total protein (FIG 3.C.2). In an atfempt to reduce
furtﬁer this a;ready low level of contaminating protein,
fractiqns of HPLC OB3b A were pocled, concentrgted by
ultrafiltration over a PM30 ultrafiltration mgmﬁrane and
loaded onto the HfGPC column as previous;y described. As
wasﬂexpectéd a single major syﬁmetrical peak of protein was
observed, which sometimes‘héd preceeding it a minor peak |
which was probably comprised of material totall; excluded

from the column consisting of aggregated denatured protein



Figure 3.C.2. Purification of component A: SDS PAGE of the

stages of purification.
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,1. Soluble extract. 2. DEAE OE3b A. 3. HPLC 6B35 A.

4. Purg OB3b A. 5. DEAE MC A.

6. OB3b methanol dehydrogenase.

Electrophoresis: 5-20% gradient SDS PAGE 30 micrograms.of

prokein per trsck.
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(FIé 3.C.3). From the eingle major peék two typese of
fraction were collected. From the centre of the peak;
fractions of very pure component A and from the edges of the
peak fractions of impure component A ﬁhich could‘be added
baék to subsequent purifications.. The Very pure peék
fractions will henceforth be referfed to as pure OB3b A.

When pure component A of the soluble MMO of

Methylosinus trichosporium (OB3b) was analysed using
non-denaturing PAGE no protein bands were observed using the
standard discontinuous buffer system described in materiéls

and metheds (FIG 3.C.4). Samples of soluble cell extracts

of Methylosinué trichosporium (OB3b) and DﬁAE OB3b A weré'
analysed using this system and had a siﬁgie prominent banad
corresponding to purified methanol deh&dfoéenase with no
prominent band as would be expected for combonent A.

Sambles of soluble cell exXtracts and DEAE component A from

Methylococcus capsulatus (Bath) when analysed on
non-denaturing PAGE had two prominent bands corresponding'to
methanol dehydrogenase and component A of the soluble MMOY

(FIG 3.C.4 and 3.C.5). Component A of the soluble MMO of

Methyloginus trichosporium (OB3b) was thg only proﬁein which
failed.tb form a band using this gel system inclu@ing
standard proteins added to gels (thyroglobin, _‘fefritin,
catalase.'lactate dehydrogenase and bovine serum albumin).
Compcnent A gave a long continuous streak of protein |
extending almost the entire length of the gel with no
conéentration of material at any point. There was no
material at the top‘of thé stacking gel, at the bottom of

the well or at the stacking gel / resclving gel interface.

The smearing of protein on non-denaturing gels is
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fraction number

Figure 3.C.3. Purification of component A: HPGPC of HPLC

OB3b A.

Protein concentration of fractidns monitored by UV

-

absorbance at 280 nm.

)

HPGPC on an 'Ultra-pack' TSK-GSWPG column (21.5 by 600 mm).
40 mg DEAE OB3b A loaded and eluted with de—gagsed and_
filtered buffer (20 mM sodium phosphate pH 7.0) at a flgw

rate of 3 ml/minute.

1. Material totally excludéd from the column. 2. Pure OB3b A
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normally due to the precipitation of the protein, followed
by the dissoclution of the protein during electrophoresis
(Hames and Rickwood 1984). Precipitation of protein can be
caused in two ways in non-denaturing PAGE. The ionic
strength of the.sample preparation buffer used, if too low,
can cause the aggregation and precipitation of protein.
variation in the concentration of the sample preparation
buffer used (0.05- 0.5 M) féiled to have any effect on the
resolution of component A on non-denaturing gels. The
second possible cause of precipitétion 1s the. addition of an
excess of pfotein. which during the process‘of"stacking
forms such a concentrated band of protein that it comeslout.
of solution within the stacking gel. variation in the level
of pure OB3b A loaded onto each track (5-60 micro grams)
falled to produceAa band or concentrated area éf protéin. A
continuous gel system was. also investigated that lacked a

stacking gel. Despite giving excellent tight banding for

methanol dehydrogenase from both Methylococcus capsulatus

(Bath) and Methylosinus trichosporium (OB3b) and good

banding for component A of the soluble MMO of Methylococcus

cépsulatus (Bath), no bands were observed for component A of

the soluble MMO of Methylosinus trichosporium (OB3b) (FIG

3.C.5). Variation in fhe pﬁ of the running bu}fef (pH
6.3-9.0) also failed, and often made worse, the banding of
protein on non-denaturing gels.

The purification sequence described abov; yielded
coméonent A of approximately 95%‘homogeneity as dudged>by
the following criteria. A single symmetrical peak was
observed for pure OB3b A eluted from gel-filtpafion columns

(HPGPC and Sephacryl S300) (FIG 3.C.3). The specific




'Figure 3.C.4. Non-denaturing PAGE of component A:

Discontinuous system.

¥
¥

1. OB3b extract. 2. DEAE OB3b A. 3. Pure OB3b A.

4, OB3b methanol dehydrogenase.

5. Methylocuccug capsulatus (Bath) extract. 6. DEAE MC A,

Electrqphoresis: 5-20X gradient PAGE, discontinuous buffer

system, 20 micrograms protein per track.




141

Figure 3.C.5. Non-denaturing PAGE of component A: Continuous

system.

=

1. OB3b extract. 2. DEAE OB3b A. 3. Pure OB3b A.

4. Methylccuccus capsulatus (Bath) extract. 5. DEAE MC A.
6. OB3b methancl dehydrogenase.
Electrophoresis: 5-20X gradient PAGE (no stacking gel),

continuous buffer sgystem, 20 micrbgrams protein per track.
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activity of each fraction from this peak was thé same, a
further indication qf the purity of the ppotein.
Unfortunatly it was not posible to analyse component A on
non-dissociating PAGE as it falled to form a band under
theée conditions. Dissociating PAGE revealéd the presence
of three bands of approximately equal intensity
corresponding to the threé'subunits of componentA and at
high loadings (50 micrograms protein), three contaminating
bands. Puré OB3b A therefofe contained low levels of
contamihating proteins which may have consisted of specific
degredation products of éomponent A. However, for most B
pragfical purposes this protein gén be regarded as
sufficiently pure for the énalysis of its properties to be
carrlied out.

The_molecular weight of component A was estimated to be
230600 as measured by gel filtration on sephacryl 8—300 (FIG
3.C.6). The molecular weight of the subunits of the.pdre
component A as determined by SDS PAGE was 54000. 40000 and
18500, in broad, though not close, agreement with the
molecular welghts reported by Burrows et al., (i98ﬁ). These
subunits will in future be refered to as a, f anév% in
descending molecular weight following the terminology
adopted by Woodland and Dalton for fhe subunit; of'the

component A ¢f the soluble MMO of Methylococcus‘capsulatus

(Bath) (Woodland and Dalton 198l4a). The subunits appear to
be present in stoichiometric amounts suggesting a a25272
arrangement in the native protein.

Component A of the soluble MMO of Methylococcus

cspsulatus (Bath) was shown to contain 2.3 mol. Fe per mol

protein (qudland and Dalton 1984a). The iron content of
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Figure 3.C.6. Estimation of the molecular weight of

component A by gel filtration.

The moleculgr wi;ght of cémponent A was estimated by zelz
filtratioﬁkon Sephacryl S-300 as described in Materials and
' Methods. Molecular weight standards were: 1. Thyréziobulin‘
(M, = 669000), 2. Ferritin (M, = 440000), 3 Catalase (Mr‘-
232000) 4. Aldolase (M, = 158000)._ The plot ;as calculated

by linear regression analysis.

4 Component A.



component A of the scoluble MMO of Methylosinus trichogporium

(0B3b) was analysed by colorimetry as described by Woodland
and Dalton (1984a). Component A contained 1.9 - 2.4 mol of

Fe/mol protein.

Pure component A of the scluble MMO of Methylococcus

-

capsulatus (Bath) was found to be sensitive to freezing

(Woodland and Dalton 198l4a). . Pure component A of the

soluble MMO of Methylosinus trichosporium (OB3b) was also

found to be sensltive to freezing, losing 40-50% of its
activity 1in one cycle of freeze/thawing and all activity in
three cycles of freeze/thawing. However as with pure

component A of the soluble MMO of Merthylococcus capsulatus

(Bath), 1t was found that pure component A of the socluble

MMO of Methylosinug trichosporium (OB3b) could be stored for

extehdgd periods of time at -20% in 50% glycerol without
the loss of activity. Pure component A was relatively °
stable losing up to 10% of its activity over 24 hours at
u%c, The losgs of activity fréﬁ componen¥AA of the socluble

MMO of Methyiococcus capsulatus (Bath) was ascribed to loss

of iron from the protein (Woodland and Dalton 198&3);
Preliminary experiments were reported which describéd how
the activity of component A could be stimulated by its
incubation with DTT and iron. Subsequently in our
1aborafory it has been shown that the incubation of pure
component A with DTT (10 mM), iron-EDTA (100 ﬁicro molar)
andmmaterial from the first peak that is eluted from tﬁe
HPGPC step in purification (containing very high molecular
weight membranous material) restored activity ﬁé component A

(Green personal communication). This process was




investigated using pure component A of ths zoeluble MMO of

Methylosinus trichosporium (OB3b). Pure component A was

inactivatedby three cycles of freeze/thawing and then
incubated for 20 minutes at 30°C with DTT (10 mM) and
1roﬁ—EDTA (100 micromolar) with and without high molecular
weight material from the first peak of protein from the
HPGPC step in'éurificétion.; No stimulation in the activity

of compongnt A was observed, under these conditions.

C.3. Discussion.

The use of HPGPC in the purification of component A of

the soluble MMO of Methylosinus trichosporium (OB3b) was a

quick, efficient and easy step that could be carried out at
rooh temperature. The whole process was completed within an
. hour and so & number of runs coﬁld be carried out in a
singlé working day producing up to 200 mg of pure component
A. One of the reasons why thié process was so efflicient is
because component A already comprises a very large
percentage of the protein added to the column in the.form of
concentrated DEAE OB3b‘A. The HPGPC column yielded only
three major peaks, the first being made up of Qefy high
molecu;ar welght membranous material of a cloudy appearance.
The second peak wasvcomprised of pure component A and the
third peak pure methanol dehydrogenase. This process
therefore not only provided a method for the purification of
éomponeht A but also an aiternative method for the
purification of methanol dehydrogenase to that ﬁublisﬁed by

Higgins et al., (1984). For cell extracts that had lost
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goluble MMO activity (component C activity) yet vetained
component A soluble MMO activity, 1t was shown that the DEAE
step in the purification could be omitted without.
significant loss in the purification of component A by
HPGPC, anh effective single stage purification.

One of the major problems in purifying proteins from

soluble cell extracts of Methylosinus trichosporium (0OB3b)

waé the very high viscosity of.such extracts. Another of
the major advantages of HPGPC was that the use of highly
viscous extracts had no onion effeét?oh the running or.thé
efficlency of the purilfication achieved by the column.
Viscous compohnents were separated from the proteins of
interest and must have emerged'from the column in a highly
diluted form as no obvious viscous fractions were observed.

Pure component A has soluble MMO activity when assayed

in combination with elther DEAE OB3b C or Methylococcus

capsulatus (Bath) soluble MMO components B plus C.

Component A 1s therefore the hydroxylase component of the

soluble MMO of Methylosinus trichosporium (OB3b). DEAE OB3b

C therefore contains not only the NADH: acceptor reductase

component of the the soluble MMO of Methylosinus

trichosporium (OB3b) but also any other componentg essential
* for soluble MMO activity. This does not however exclude the
possibility ofvthe presence of such componente in DEAE OB3b
A, further components may be spread between DEAE fractions;
No s}imulation of activity was meésured by the addition of
other HPGPC fractions to assays of component A,

The purification of component A of the soluble MMO of

Methylozinus trichogporium (0OB3b) was accompanied by an at

most 2.5 fold 1ncrease in specific activity equating




Table 3.C.1.

soluble MMO,

Purification scheme

of component A of the

Fraction Volume Protein Total Specific Total Recovery Purification
(ml) conec protein activity gctivity (2) factér
| (mg/m1) (mg) (nmol/min/mg) (nmol/min)
Soluble extract .10 82.3 823  6&.7 53248 100v 1.00
DEAE OB3b A 9 57.6 518 .' " 61.7- 31985 60 0.95
HPLC OB3b A 5 23 115 ' 148 17020 32 2.28
pure:OB3b A d .2 19.8 83.2 ‘150.7' 12529 23 | 2.30

Ly L
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directly to the purificafion factor. This 1s very low,
héwever'when the very high levels of this protein within the
cell are taken into account, at best a purification factor
of approximately three would be expected, so although the
purification factor achieved is low this 1is not necessarily
unexpected.

The purificatiqn of component A was accompanied with a
2-2.5 fold increase in specific activity only in
approxXximately 50% of cases investigated. In other
purification procedures ho increase in specifié gctivity was
observed. The variability in specific activity and apparent
iqss in'activity was also observed in component A of the

soluble MMO of Methylococcus capsulatus (Bath) where it was

tentatively ascribed to the loss of 1iron from the protein
(Woodland and Dalton 1984a).

Until this final purification step component A of the

~soluble MMO of Methylosinus trichosporium (OB3b) was very
stable and lost no activity on ffeezing.»this last stage in
the purification theréfore removed a stabillising factor from

the environment of component A. This factor may be

specific, as 1s thought to be the case in Methylococecus.

capsﬁlatus (Bath) where fhe factor present in Fhe.first‘beak
" of the HPGPC purificationAis sensitive to proteéée énd heat
treatment (Green bersonai communication). It may also be
nonspecific, where association of component A with protein

and/or membranous material stabilises the protein. No .

restoration in activity of component A of the soluble MMO of

MethylosinUS'trichosporium (0OB3b) was observed when this
factor was incubated with DTT, iron-EDTA and material from

the first HPGPC peak.  However this section of work was not
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comprehensively investigated and therefore no absolute
conclusions can be drawn.

The failure of component A ofvthe soluble MMO of

Methylosinug trichosporium (OB3b) to form discrete bands on
non;denaturing gels was unexplained.. Component A mere ly
produced & smear of brotein thoughéut the length 6f the gel,
This would normally be attributed to the precipifation of
the protein either in the gels well or within the gel.
However there was no eQidence for this precipitation to have
taken place, with no coﬁcentration of prptein either at the

top of the stacking gel or at the stacking gel / resblving

'gél interface. Smearing was not caused by nonspecific

interference from another molecule either from contamination
of component A with a protesse or a small molecule sucb as

an organic solvent, as crude extracts of Methylosinus

trichosporium (OB3b) failed'to produce a prominent protein
band that could be ascriped to component A but did have a
single prohinent banad fepresenting methanol dehydrogenase
and & number of minor bands. Methanol dehydrogenase

co-purified with component A also formed discreha bands on
non-denaturing gels. No explanation can.be put forwérd as

to why compohent A failed to  band on non-denaturing gels

and only with further chemical analysis of this protein may

an answer be forthcoming.,
The purification of component A of the soluble MMO has
further demonstrated its similarity both functionally and

physicochemically to component A of the soluble MMO of

Methylocoeccus capsulatus (Bath). Both are large proteins of

Mr 236000 and 220000 respectively, have three different

subunits of similar M,., which are present in %,8,7, subunit

i
|
i
g
i
|
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structure. Each contain approximately 2 mol Fe per mol

protein and in their pure state are inactivated by freezing.
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D. Purification of the NADH:acceptor reductase, component C

of the soluble MMO.

D.1. Introduction.

DEAE OB3b_C contains at least one component of the
soluble MMO, which is equivalent to component C of the

soluble MMO of Methy;ococcus-capsulatus (Bath), the

NADH:acceptor reductase. This component will hence-forth be

referred to as component C of the soluble MMO of

Methylosinus trichosporium (OB3b). However DEAE OBéb C ﬁay

also contain at least one othér component of fhe soluble MMO
that is essential for activity. There 1s little evidence
for the existence of such a gomponent apart froh the '

observation that a third component exists (component B) in

the sgoluble MMO of Methylococcus capsulatus (Bath), a

~soluble MMO that resembles that from Methylosinus

trichosporium (OB3b). The solublé MMO of Methylobacterium

CRL-26 also appears to be a similar enzyme to that from

Methylococcue capsulatus (Bath) and was initlally reported~
tb have three components, ﬁowever subsequently only two
components were reported to be reguired for maximum activity
(Patel et al., 1982, Patel 1984). |

In this chapter the purification of the NADH:acceptor

reductase component of the soluble MMO of Methylosinus

trichosporium (OB3b) is reported. The NADH:acceptor
reductase component must, by definition, bind NADH. There
are a number of affinity cgromatography materials availablé
specifically designed to bind NADH binding prot;ins aﬁd

thereby achieving a high level of purification in a single
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step. - Affinity chromatography was used as the major

purification step in the purification of component C from

the soluble MMO of Methylococcus capsulatus (Bath)-and s0
it was decided to expose DEAE OB3b C to affinity
chromatography to effect the purification of the

NADH: acceptor reductase component.
D.2. Results.

Component C of the soluble MMO of Methylococcus

capsulatus (ﬁath) was originally purified using a.
bcombination of ion-exchange and gel filtration
'chromatogréphy. However subsequently 5'-AMP Sebharose
affinity chromatography was,usea'to effeﬁt a more efficient
purification (Colby and Dalton 1978, 1979, Lﬁnd 1983).

Initially then, 5'-AMP Sepharose was used in an attempt to

purify component C from the soluble MMO of Methylosinus

trichoéporium (OB3b).

Throughout this section, except where indicated, the

activity of component C of the soluble MMO of Methylosinus

trichosporium (OB3b) was measured by assay in combinéti§n
with DEAE OB3b A (5 mg) at 3o5c.

The fraction DEAE OB3b C was concentratea\by
ultraf;itration over a PM10 ultrafiltration membrane to a
.protein'concentration of 5-15 mg/ml. A smalthest column of
5'-5MP Sepharose UB (2 ml volume) was prepared within a 2 ml
syringe. 1 ml of concentrated DEAE OB3b C was added to the
column and allowed to equilibrate for 10 minutes and then |

the column was eluted with 10 ml of buffer (20°' mM sodium

phosphate, 1 mM DTT, pPH 7.0), followed by 10 ml of buffer
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containihg 2 mM NADH. 2 ml fractions were collected and
assayed for component C activity in‘combination with DEAE
OB3b A. .On two occasions no component C activity was
_recovered from the column, as measured by assay-of.
individual fractions or combined fractions from the'buffer
wash and bgffer'plus NADH wash. Component C activity was
recovered from other 5'-AMP Sepharose c¢column runs. Activity
was measured thquzhout the fractions collected with 30% of.
the activity present in fractions eluted with 2 mM NADH. |
Component C therefore only bound weakly to 5'—AMP Sepharose,
The column was tested.for'its efficienc; of binding by.the
substitution of DEAE OB3b C by- DEAE fraction C of the

soluble MMO of Methylbcoccus capsulatus (Bath), the

condlitions of the elution of the column being identiceal to
those listed above. Component C of the =goluble MMO of

Methylococcus capsulatus (Bath) bound efficlently to the 2

ml test column, 80% of the component C activity eluting with
2 mM NADH.

The inadequacy of the purification of component C of

the soluble MMO of Methylosinus trichosporium (OBBb)‘by'
5'-AMP Sepharose affinity chromatography .led to the festing
Qf a wide range of dye affinity materials, which‘are known
" to bind proteins that bind NADH, for the purification of
component C. Using a 'byeMatrex'vtest kit (Amicon) a range
of five affinity dyes were tested fof their ability to bind
component C. The test columns weré cf 2 ml volume and were
run in an analogous way to the 5'-AMP Sepharose column
described above, though instead of collecting 2 mi
fractions, a single fraction was collected for';ach elution

i e.. elution with buffer, buffer plus 2 mM NADH and buffer
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plus 1.5 M petazaium chloride az described in the 'Opersting
instructions for Dyematrex screening kit' and Materials and
Methods.

Five dye affinity materials were tested. Blue 5.
Greén. Orange and the control column failed to bind
component C, though the Green gel bound 67% of the protein
recovered without binding component C (Table 3.D.1); ‘Two
gels, Red and Blue A bound component C that was eluted'with'
2 mM NADH. From the Red gel colﬁmn 70% of the component C
activity was recovered in the 2 mM NADH elution. From tﬁe
.Blue A column LO¥% of the component C activity was recovered
in the 2 mM. NADH elution (Taple 3.D.1). Repeated runs of
the '6ymatre#' test columns produced similar results, with
on average the Red gel binding 60% of tﬁe component C
activity which was eluted with 2 mM NADH. Thé overall
recovery of component C aptivity from all of the 'DyeMafrex'
~columns was excellent ranging from 102 to 113% of the
&ctivit& added to the column., On the_basis of these results
the red dye affinity material was chosen for the further
purification of component C, where it should have begn
pOésible.to achieve a purification factor. of 20 in a single
step using figufes based on the the recovery of agtivity
" from the test columns (Table 3.D.1).

Reactive Red 120 Agarose (3000 CC) was purchased from
Sigma and a test column of 2 ml vblume made up and the
mate?ial tested for its ability to bind component C as
described for the 'DyeMatrex' test columns. Reactive red
from Sigma had similar properties bindiﬁg 61% of the
component C activity recovered from this column; eluting

with 2 mM NADH in 2% of the protein added toc the column.
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Table 3.D.1. Purification of component C 6f the soluble

MMO: ‘'Dyematrex' test kit affinity chromatography.

Buffer elution.

% protein

¥ C activity

2 mM NADH elution.
% protein
% C activity

KCl elution,

¥ protein

% C activity

‘Dymatrex' columns

Blue A Blue B - Red

55

61

39

36

88

100

12

43

29

71

52

run as described in

DEAE OB3b C (4.2 mg/ml protein) loaded

Green Orange Control

33 100 100
100 100 100
19 o) 0
o o o
48 o} o}
0 0 o

the text. 0.5 ml

onto the columns,

of

with a sgpecific activity for the oxidation of propene of 737

nmol/min/mg.

% protein - ¥ of the protein recovered from the column.

% C activity - ¥ of the component C activity recovered from

the column.




156

However, when this procese was ecaled up with the use of &
40 ml volume column, little or no component C activity was
recovefed in the buffer elution, buffer plus NADH elution or
in desalted fractions of & 1.5 M potassium chloride elution.
This failure t§-recover coﬁponent C from the 40 ml column
was repeated on three separate occasions and could not be
attributed to the instability of component C, as the running
of the large‘uo m; column did not take significantly longer
than the 2 ml test columns. The failure to recover any
component. C activity from this large column and the
experiments investigating this‘failure led to a_sevére
reduction in the amount of actiQe DEAE OB3b C available for
the rest of the experimehtation. Consequently; and to limit
the losses from the failure to recover component C activity,
further use of Red dye affinity chromatography was confined
to a.5 ml column loading samples containing ohly. at most,
15 mg of DEAE OB3b C. Of the six purifications carried out
uging this 5 ml column all but'ope yieléed purified

component C of & specific activity ranging from 818 to 6615

. nmol/min/mg. These active fractions were pooled and

.concentrated up by ultrafiltration over a~PM10

ultrafiltration membrane yielding 0.5 mg of protein (2.2 ml

- at 0.229 mg/ml protein) with a specific activity of 2829

nmol/min/mg (Table 3.D.2). With such a small amount of
protein any comprehensive charaterisation or further
purification of this component of the soluble‘MMO was
impossible, however a limited analysis was performed and its
activity studied in the présence of purified components of'

the soluble MMOs of both Methylococcus capsulafus (Bath)

and Methylosinue trichogporium (OB3b).




Fraction

Soluble extract
DEAE OB3b C

pure OB3b C

Table 3.D.2.

soluble MMO.

Purification scheme

of combonent C of the

Volume Protein Total

(ml)

13

'5.2

Total Recovery Purification

Specific
cong protein activity activity (%) factor
(mg/ml) (mg) (nmol/min/mg) (nmol/min)
93;8 1219 19 23161 100 1.00
9.6 50 241 12050. 52 12.7
0.5 ‘2829 | 1ﬁ1ﬂ .6 " 1ibg

0.23

LG




Analysls of pure OB3b C using SDS PAGE revealed the
presence of two major bands of approximately equal intensity
of M, 58000 and 38000 (FIG 3.D.1>. This gel also revealed
the degree of purification required in the purification of
comﬁonent C as comparea to component A, The subunits of
component A are always prominent on SDS PAGE gels of soluble
extracfs.because this protein constitutes such a large
proportion of.the total protein of the cell. The two
proteins present in pure OB3b C are not visible until the
final stages of purification and are therefore'present in
much lower relative amounts than those of componént A. FIG
3.D.1 also shows a track that contains'compoﬁent C §f the

soluble MMO,of Methylococcus capsulatps (Bath), with a

molecular weight of 37000. The similarity of the soluble

MMOs of Methylosinus trichosporium (OB3b) and Methylococcus

capsulatus (Bath), tempts one to speculate on the

possibility that the 38000 MW protein in pure OB3b C is

infact component C and the 58000 MW protéin a contaminant.
However this cannot be broved until further and final

purification of this component takes place (see Discussion).

D.3. Independent NADH:acceptor reductase activities of

" component C.

Component C of the soluble MMO of Methylococcus

capsulatus (Bath) has been shown to have an independent
NADH:ac;eptor reductase activity, passing electrons fr@m
NADH to a number of electron acceptors such as potassium
ferricyanide, dichlorophenol indophenol (DCPIP)'and

cytochrome ., (Colby and Dalton 1979, Lund 1983). Steady




Figure 3.D.1. Purification of component C: SDS PAGE of the

stages of purification.

1. Soluble extract. 2. DEAE OB3b C. 3. Purified OB3b C.

4, Pure MC C.

Electrophoresis: 5-20% gradient SDS PAGE 30 micrograms of

protein per track, except 3. 10 micrograms protein..
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state kinetics were employed to investigate the acceptor
reductase activities of component C of the socluble MMO of

Methylococcus capsulatus (Bath) and to study the interaction

of component C with NADH. The simllarity between the

soluble MMO's of Methylococcus capsulatus (Bath) and

Methylosinus trichosporium (OB3b) led to the similar

investigation of NADH:acceptor reductase activities of the

component C of the soluble MMO of Methylosinus trichosporium

(OB3b).

NAbH: acceptor reductase activities were-investigated
using spectophotometr& under anoxic.conditions following the
reduction of the electron aﬁceptoré ferricyanide, DCPIP and
cytochromes at 410, 600 and 550 nm respéctively (see ColRy
and Dalton 1979, Lund 1983 and Materials and Methods for
details). Both DEAE OB3b C and 'pure' dye affinity
~ generated componentlc were used for these éxperiments.
NADH:accéptor reductase activities were lineqrlly related to
the conceﬁfration of DEAE OB3b C ih the assay. This
gctivity was also linequly related to the séluble MMO
activity of component C. DEAE OB3b C with a soluble.ﬂMO
activity of 654 nmol/min/mg had an NADH:acceptor reductacse
“activity of 2938 nmol/min/mg (with DCPIP as electron
acceptor), U4.5 times the soluble MMO activity. The ratio of
approximétely 4,.,5:1 for NADH acceptor reductase activity :
soluble MMO activity was maintained.during the purification
of component C.

The maximum initial rates measured at an NADH

concentration of 1 mM were low as compared to fhe activities

cof component C of the soluble MMO of Methylococcus



capsulatus (Bath), however when the soluble MMO activities
of thesgse two proteins were considered the acceptor reductase
activities are comparable forAthe electron acceptors
ferricyanide and DCPIP (Table 3.D.3). " Activities of
cytochrome , reduction by component C.of the soluble MMO of

Methylosinus trichosporium (OB3b) were very low as compared

to those reported for component C of the soluble MMO of

Methylococcus capsulatus (Bath). Unfortunately this

activity was not measured using fpure' C.

For further asséys of the NADH:acceptor reductase
‘activity of component C, DCPIP was used as the electrén
acceptor, assayé carried oﬁt using this acceptor being of a
convenient veloclity and reproducibility. However a small
amount of endogenocus activity 1s measured with DCPIP and
NADH which has to be taken into account in the calculation
of iﬁi?ial rates.

The km for NADH and the Vmax for the réduction of DCPIP
were fouﬁ§ by measuring the initiai rates of.DCPIP (20
micromolar) reduction with an NADH concentration range 6?
0.135-1.62 mM and 25 micrograms of component C. The
‘reaction was initiated by the addition of NADH and the rate
corrected for endogenous sactivity at the highest
mconceﬁtrétion of NADH. A Lineweaver-Burke plof géve a
linear slope for NADH concenfratiqn 0.27-1.62 mM, however at
or beléw an NADH concentration of 0.135 mM points varied
from the straight liﬁe (FIG 3.D.2). The 1ine§} plot
indicatés that this reaction obeys the behavior predicted by
the Michaelis-Menten equation for enzyme catalysis/kinetics.
The km was calculated to be 0.685 mM and the Vmax u.zgi

micromoles/min/mg.
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‘NADH: acceptor reductase activity of component

C: Comparison

Methylococcus

of the rates of reduction of component C from

capsulatus (Bath) and Methylosinus
trichosporium (OB3b).
Electron acceptor NADH: acceptor reductase activit&.
(micromol/min/mg)
OB3b MC
DCPIP 2.9 30-60
K ferricyanide 123 - 230-260
Cytochrome ¢ 0.05 136—180

Assays contained:

Methylococcus capsulatus (Bath): 50 nmolar component C in

.2.m1 of 20 mM sodium phosphate buffer pH 7.0.

200 micromolar NADH at HSOC.,Component C MMO activity 6000

nmol/min/mg. Figures 6btained fron Lund (1983).

Methyleoginus trichosporium (OB3b); 5-25 micrograms DEAE

OB3b C in 2 ml of 20 mM sodium phosphate buffer pH 7.0, 1 mM

NADH at 30°%C. Component C MMO activity 645 nmol/min/mg.
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i

Figure 3.D.2. NADH:acceptor reductaée activity of component

C: Lineweaver Burke plot for the calculation of the Km with

respect to NADH,.

Assays conteined: 2 ml 20 mM sodium phoséhate buffer pH 7.0,
containing 0.19 micromoles DCPIP 1in a séaled cuvette and
sparged with helipm for 10 minutes to make anoxic.

Component C added ( 10 micrograms DEAE OB3b C) aﬁd the assay

started by the addition of 2 micromols NADH.



D.L4L. Discussion.

Component C of the soluble MMO of Methylosinuse

triéhosporium (OB3b) is the NADH:acceptor reductase

compohent of the enzyme. The eguivalent component of the

2oluble MMO of Methylococcus capsulatus (Bath) wés purified

by 5'-AMP Sepharose affinity chromatography. This technique

when appligd to extracts of Methylosinds trichosporium
(OB3b) comtaining component C activity feiled to
significantly purify this protein. Recovery of component C
activity was erratic, often no activity being recovered from
the column. When activity‘was recovered it waé spreod
thoughout the column fractions, with 30%'of the activity
being recovered with elution with NADH. The‘testing of a
number of dye affinity materials for their ability to bind
component C showed that two, Red and Blue A bound component
c, witﬁ Red binding most strongly with 60-67% of the
component C activity being eluted by 2 mM NADH. Ail these
chromatography procedures were carried out in small (2 ml .
volume) test columns. On scaling up of Red dye affiﬁity
chromatography to a column of 40 ml volﬁme. a complete
failure té recover activity was observed. Returﬁinz to
columnsg of more moderate size (5 ml) component C was once
again recovered, however on multiple runs the specific
activities of the component C fractions variéa greatly from
818 to 6615 nmol/min/mg with one run of six failing to.yield-
any activity. The overall component C recovery was 12% £rom
this column.

Throughout the purification of component C the recovery



of this activity whether it be from cell free extracts, DEAE
cellulose or dye affinity chromatography, has been extremely
variable. Component C was shown to be the 1imiting'
component of the soluble MMO 1in cell extracts. Extracts
that had no soluble MMO activity retained component A
activity but lacked component C activity. - The recovery of
component C activity from DEAE column chromatography was
extremely variable, the specific activity varying between 97
and 1580 nmol/min/mg. in experiments on the stability of
component C, its stability was shown to be dependent on the
presence of DTT, 1t losing only 3.5% activity over a 24 h
'period at 49Cc in the presence of 1 mM DTT, whereas no
activity was measured when DTT wés removed. From these
‘results it would be expected that little or no compénent C
activity would be lost during purification procedures
carried out at 40c anq in the presenc? of DTT. = The
variability of the &ield of component C activity from all
.purification procedures cannot therefore be attributed to
the observed stabllity of the protein or to its separétion

from stablising factors present in extracts of Methylosinus

trichosporium (OB3b) during the purification of component C.

The variable yield of component C from purification
-procedures and particularily the failure to recovér activity
from large scale Red dye affinity chromatography led to a
shortaée of purified component C for further
experimentation. Coﬁsequently the purificafiéh of component
C was curtalled at the Red dye affinity chromatography.
stage. At this stage fractions containing component C

activity had two polyrpeptides present in significant

amounte. These proteins were of gslgnificantly different
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molecular welghts to effect theilr separation by gel
filtration chromatography. So it is suggested that the next
stage in the purification of component C be gel filtration
on Sephadex G-100.

| The soluble MMO activity of component C is discussed in
the following chapter._howéver its independent NADH acceptor
reductase activity ié dealt with here. Pﬁrified component C

of the soluble MMO of Methylococcus capsulatus (Bath) has

been shown to have NADH:acceptor reductase activity, passing
electrons from NADH to a number of electron acceptors (Colby
and Dalton 1979, Lund 1983). Component C of the soluble MMO

of Methylosinus trichosporium (OB3b) was also shown to

possess this activity passing electrons to ferricyanide,
‘DCPIP and cytochrome ¢. An estimation of the .Km for NADH
was made for component C passing electrons to DCPIP and was

.found to be 0.685 mM an order of magnitude higher than that

measured for component C of the soluble'MMO of Methylococcus

capsulatus (Bath) at 0.05 mM (Colby and Dalton 1979).
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E. The interaction of the purified components of the scluble

methane mohooXygenases of Methylococcus capsulatus (Bath)

. and Methylosinus trichosporium.(083b).

E.li Introduction

Over the last few years purification schemes have been
published for all of the three components of the soluble MMO

of Methylococcus -capsulatus (Bath). wWithin the work

contained in this thesis are protocols for the purification
of component A end partial purification of component C of

the soluble MMO of Methylosinus trichosporium (OB3b). The

aim of this section of the thecisg is therefore to

investigate further the interaction of the purified

components of the soluble MMOs‘of Methylococcus capsulatus

(Bath) and Méthylosinus trichosporium (0OB3b). This work was
hampered by lack of material, specifically component B of

the soluble MMO of Methylococcus capsulstus (Bath), and

component C of the soluble MMO of Methylosinus trichosporium

(OB3b).
E.2. Results

To simplify this section abbreviations have been

adopted for the soluble MMO fractions of Methylococcus

capsulatus (Bath) and Methylosinus trichosporium (CB3b) used
in this work, some of which were introduced earlier. There
follows a table listing the abbreviations adopted for gnd
the characteristics of the soluble MMO components used in

this work (Table 3.E.1).
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Abreviations adopted for fractions containing

components of the soluble MMOé of Methylococcus capsulatus

(Bath) and Methylosinus trichosporium (OB3b).

Abreviation.

DEAE

DEAE

DEAE

Pure

Pure

Pure

" DEAE

DEAE

Pure

Pure

MC A

MC B

MC C

MC A

MC B

MC C

"OB3Db

OB3b

OB3Db

OB3b

'Description.

DEAE fractions of the soluble MMO of

Methylococcus capsulatus (Bath)

contaminated by other soluble MMO
components;
Pure components of the soluble MMO of

Mefhylococcus capsgulatus (Bath).

DEAE fractions of the soluble MMO of

Methylosinus trichosporium (OB3b)

contaminated with other components of the
soluble MMO.
*Pure' components of the scluble MMO of

Methylosinus tfichosporium (OB3b) purified

as defined in the text.
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Table 3.E.2 gives the specific activitles of the

components of the soluble MMOs of Methylococcus capsulatus

(Bath) and Methylosinug trichosporium (OB3b) used in this
work. Each was assayed in the presence of excess amounts of
the other components of the soluble MMO from the same

organism in their partially purified state (DEAE fractions).

Assay of the'components of the soluble MMO of Methylococcus

capsulatus (Bath) were carried out at 459c anda 30%c. when

assayed at SODC compenents of the soluble MMO of

Methylococcus capsulatus (Bath) had 32-47% of their specific

activity at u5°C. DEAE fractions of the =soluble MMO qf

Methylococcus capsulatus (Bath) all had contaminating

components present, DEAE MC A contained some cOmbonent B,
DEAE MC B contained some component C and DEAE MC C cont;ined
some component B (Table 3.E.3).

The results in this chapter can be separated into three

parts: 1. the interaction of pure OB3b A with components of

the soluble MMO of Methylococcus capsulatus (Bath). 2. the
interaction of pure 0B3b C with components of the soluble

MMO of Methylococcus capsulatus (Bath), and 3. the

interaction of pure OB3b A+C with components of the éoluble

MMO of Methylococcus capsulatus (Bath).

» As previousiy stated pure 053b A'had activity when
assayed in combination with DEAE MmC B+C.and DEAE MC C at
30°c. 'No activity was measured if pure OB3b A was assayed
in c?mbination with pure MC C or pure MC B+C Af 30°c,
whereas gt u59¢c activity was present with pure MC B+C (Table

3.E.4.). This therefore demonstrates that all three

components of the goluble MMO were. required for activity

when Methylosinus trichosporium (OB3b) was the source of
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Table 3.E.2. Specific activities of the fractions

containing components of the scluble MMO.

Fraction Specific activity
(nmol/min/mg)
300c 45%¢
DEAE MC A _ 33.3 88.1
DEAE MC B 119 253
'DEAE MC C . s14 1613
Pure MC A 40 132
Pure MC B " na 17000
Pure MC C . 254 836
DEAE OB3b A . 35.5 nd
DEAE OB3b C 645 - nd
- Pure OB3b A 35 nd
Pure OB3b C 282§ nd

Soluble MMO assays: as described in Materials and

Methods. Each component being assayed with excess_améunts of
‘partially pure complémentary soluble MMO components (DEAE
fractiongs) from the same organism. 3 minute assa&s. pfopene

to epoxypropane,



Table 3.FE.3. Soluble MMO assays of combinatiens of DEAE

soluble MMO fractions from Methylococcus capsulatus (Bath).

DEAE fraction (mg) E@oxypropane

A B [+ (nmol/3min)
7 .1 1 2518

7 1 o 290
7 0 1 1539

0 1 1 0

7 o 0 , o

o} 1 0 0

0 o} 1 0

Soluble MMO assays: 3 min assays, u5°c measuring the

"oxidation of propene to epoxypropane containing specified

soluble MMO fractions.
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12

'Soluble MMO assays: 3 minute assays, at both 30°C and
asbc fpiiowinz the oxidation of propene to epoxypropane.
Containing:7mg DEAE MC A, 1 mg DEAE MC‘B; 1mg DEAE MC C,

1 mg Puré'Mé.A. 0.1.mg Pure Mé'B; 1‘mg Pure MC C, 1 mg Pure

OB3b A and 0.01 mg Pure OB3b C.
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Table 3.E. 4. Soluble MMO assays of combinations of the

components of the socluble MMOs of Methylococcus capsulatus

(Bath) and Methylosinus trichosporium (OB3b).

Solﬁble MMO fréction Temperature Epoxypropane
OB3b ‘gg (%) (nmo1l)
Pure OB3b A bEAE'Mc B+ C . 30 52
Pure OB3b A DEAE MC B + C us 53
Pure OB3b A DEAE MC B 30 o
Pure OB3b A DEAE MC C . 30 48
Pure OEB3b A _ Pure MC‘C | 30 (o]
Pure OB3b A Pure MC B + C . 30.' o
Pure OB3b A Pure MC B + C us 43
Pure OB3b A Pure MC B » '~__h5 (o]
Pure OB3b A Pure MC C 30 ' 4]
Pure OB3b C DEAE MC A 30 60
Pure OB3b C DEAE MC B 30 0
" Pure OB3b C DEAE MC C 30 o 0
Pure OB3b C DEAE MC B + C 30 o
Pure OB3b C Pure MC A 30 (o]
Pure OB3b C Pure MC B 4 30 ' .o
Pure OB3b C Pure MC C 30 o
. Pure OB3b C Pufe»MC A + DEAE MC B 30 . 45
Pure OB3b C Pure MC A + B 30 , o
Pure OB3b C Pure MC A + B ' 4s 32
Pure OB3b A + C 4 30 0
Puré"083b'A + C 4s o
Pure OB3b A + C DEAE MC B 0 24
Pure OB3b A + C DEAE MC B us y 26
Pure OB3b A.+ C Pure mc B 30 o

Pure OB3b A + C Pure MC B 45 ’ 29
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component A and Methylococcug capsulatue (Bath) compohent

c.

The failure to measure MMO activity at 309C with pure

OB3b A in the presence of pure MC B+C was not due to either

or both of the Methylococcus capsulatus (Bath) components
being inactive &t this temperature, as the partially pure

components stimulated activity at this tempefature. That

" the activity was either absent totally at 30°C or at a

greatly reduc ate at the lower temperature demonstrated

that components B and C of the soluble MMO of Methylococcus

capsulatus (Bath) were more compatible with and therefofe

had a_higher activity at 459C than at 300cC.

Assays of pure OB3b A at.either 30°C or 45°C with DEAE
MC B+C where component A was limiting had very similar
specific activities of approximately 17.5 nmol/min/mg, half

that measured for pure OB3b A assayed with DEAE OB3b C (35.3

nmol,/min/mg). This demonstrates that the activity of

component A of the socluble MMO of Methylosinus trichosporium
(OBSb) was unaffected'by temperature within the range
30—u5°C and that the complementary components of the_solublé

MMO from Methylococcus capsulatus (Bath)‘were less

compatible with component A of the soluble MMO of‘

Methylosinus trichosporium (OB3b) than the equilvilent

sdluble'MMO component(s) from the same ofg&nism.

Pure OB3b C had soluble MMO actiyity when assayed in
combination With DEAE MC A though not DEAE MC B and/or DEAE
MC C. No activity was measured in assays of pure OB3b C in‘
combination with'pure‘MC A, pure MC B, pure MC C or pure MC
A+B at 30°C, though activity was measured with pure MC A

plus DEAE MC B at 300c. At 459C activity was also measured

v
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with pure MC A+E, though not with elther component
separately. Once again combinations of pure components from

both Methylococcus capsulatus (Bath) and Methylosinus -

trichosporium (OB3b) were only active at 45°C and not at

30%c, whereas pure OB3b C assayed in combination with

partially pure components from Methylococecus capsulatus

(Bath) had activity at both 452Cc and 30%c. This demonstrates

that this combination with Methylosinus trichosporium (OB3b)

being the source of component C was more active at USOC than

at 300C. All three known components of the soluble MMO of

Methylococcus capsulatus (Bath) or their equivalents from

Methylosinus trichosporium (0OB3b) were shown to be essential

for activity when Methylosinus trichosporium (OB3b) 1is the

source of component C and Methylococcus capsulatus (Bath)
component A, and as previously discussed it cannot be

presumed from these results that component C from

Methylosinus triéhosporium (OB3b) reguired & B componeAt for
activity, B may well act on component A or on &a complex of
components A+C.

As described previously pure OB3b A, when assaygd in
gémbination with DEAE OB3b C, had activity as does pure OB3b
C assayed in combination with DEAE OB3b A. Howevgr assays
«6f pure OB3b A plus pure OB3b C failed‘to vield activity at
either_30°C or 459C. Activity could be restored'to a
combination of pure OB3b A+C by the addition of DEAE MC B at
300c ‘ana 459C, or by the addition of pure MC B at 450c

though not at 30°C. Assays where all three pure soluble MMO

components from Methylococcus capsulatus (Bath) were assayed

in combination had activity at 45°9C though not et 300¢.
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E.3. Discussion.

The presentation of the above results is necessarily
complicated because of the number of combinations of the
five components of the soluble MMO identified from

Methylococcus capsulatus (Bath) and Methyloesinus

trichosporium (OB3b) and the additional complication of the

effect of temperature. To furfher simélify the
presentatign. discussion of some of the control experiments
has been edited out. The results of these assays éppear in
the tables accompaﬁying this chapter and are hopefully
self-explanétory.

The major conclusgion drawn from these assays is that in

purifying two components of the soluble MMO of Methylosinus

trichosporium (0OB3b), component A the hydroxylase and

component C the NADH:acceptor reductase, a compénent of the
soluble MMO that 1s essential for activity of the enzyme is

lost. The lost component could be replaced by component B

of the soluble MMO of Methylococcus capsulatus (Bath),

restoring activity to the Methylosinus trichosporium (OB3b)

components. All the purified components from the two

organisms were shown to be fully interchangeable so that

component A from Methylosinus tricheceporium (OB3b) could be

combined with components B and C from Methylococc&s

capsulatug (Bath) and and component C from Methyloginus

trichosporium (OB3b) with components A and B from

Methylococcus capsulatus (Bath) to produce a complex with

MMO activity. No sactivity was ever measured when one or

more of the components of the soluble MMO was absent. The

soluble MMO Of Methylosinus trichosporium (OB3b) therefore
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not only had a hydroxylase and NADH:acceptor reductase

component in common with the solgble MMO from Methylococcus

capsulatus (Bath) but also a third component, a regulatory
component B which must act as a coupling effector in a
similar manner to the component B from the soluble MMO from

Methylococcus capsulatus (Bath).

All of the assays of only pure soluble MMO components
failed to have any measurable activity at 30°C only having
activity if all three components of the soluble MMO were

present at.u5°C. Component B of the soluble MMO of

Methylococcus capsulatus (Bath) was the only component
common to a1l these assa&s. pure cémpbnents A and C being
available from both organisms} A température of 450C nhas.
the effect of, 1f not engblihg coﬁponent B to act then
enhanping its action on the other components of the soluble

MMO from both Methylocoeccus capsulatus (Bath) and

Methylosinus trichogporium (OB3b). None of the work

presented here sheds any light on the precise action of

component B, whether it acts on component A, component_c or

a complex of both A and C.
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F. The oxidation of ammonia by Methylosinus trichosporium

(OB3b).

F.1. Introduction.

The oxidation of ammonia has been demonstrated in all
methanotrophs tested, most reports deal with whole cell

oxidations and only in Methylococcus capsulatus (Bath) has

ammonia oxidation been comprehensively studied in cell
extracts. O'Neil and Wilkinson (1977) used whole cells of

Methylosinus trichosporium (OB3b) to study ammonia

oxidation. This work was carried out prior to the

realisation of the effect of growth conditions on the nature

and,loqation of the MMO in Methylosinus tfichoqurium
(OB3b). Ffom the data available it would seem reasonable to
assume that the cells used by O'Neil and Wilkinson (1977)
possessed a particulatebMMO. Cells used for whole cell
assays or for the preparation of cell free extfacts during

thie investigation contained a soluble MMO, unless otherwise

stated.

F.2. Whole cell assays.

Whole cell assays were carried out using a 1 ml

" suspension of washed whole cells in 20 mM sodium/potassium

phosphate buffer pH 7.0 at an ODS&O of 50, in a 7 ml volume
conical flask at 300C in an analogous way to cell free MMO
assays (See Materialé and Methods). However,>with gaseocus

propene as & substrate, assays coculd not be initiated by the

addition of substrate due to the delay in 1its oxidation

caused by the time required for ites dissolution in the

ligquid phase, Consequently a zero point reading was
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Figure 3.F.1. Ammonia oxidation to hydroxylamine by whole

cells of Methylosinus .trichosporium (OB3b).

‘Ammonia oxidation assay as described in Materials and

Methods. Assays containing 21 mg dry weight whole cells.
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necessary, which was subtracted from subsequent readings.
The cells were taken from an oxygen-limited, low copper
chemostat culture and therefore possesgsed a soluble MMO.&nd
high lévels'of tbe storage polymer PHB.

Whole cells oxidised propene to epoxypropane at a'rate
of 414 nmol/min/ODgyqo 50, this activity being stimulated by
10% by the addition of 5 mM formate and inhibited 59% and
4L0% by the addition of 5 mM hydroxylamine and 5 mM ammohium
sulphate respectively. Whole cells oxidised ammonia to
ﬁydroxylamine at a rate of 17 nmol/min/OD5uo 50, 4% of tﬁe
propene rate, and was linear for up to ten minutes (FIG |
3.F.1)-aﬁd was‘unaffected by the presence of 5 mM éormate.
No nitrite was deteéted as a product of ammonia oxidation by
whole cells even after incuba£ion for 25 minutes. This is
in direct opposition to the findings of O'Neill and Wilkinson
(1977).who meagured the rate of ammonia oxidation by the
accumulation of nitrite. Formate was also shown to
stimulate oxidation of ammonia by O'Neil and Wilkinson
(1977). Both of these'anomalies may well be explained by
the difference in the physiological state of the cells used.

Even though no nitrite was detected as a product of the

oxidation of ammonia by whole cells of Methylosinus

trichogporium (OB3b), whole cells did oxidise hydroxylamine

to nitrite at a rate of 20 nmol/min/ODsuo 50.
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F.3. Cell free assays.

F.3.1. Confirmation of the role of the soluble methane

monooxygenase in the oxidation ¢of ammonia.

Dalton (1977) listed four poilntg that led him to the

conclusion that the soluble MMO of Methylococcus capsulatﬁs

(Bath) was responsible for the oxidation of ammonia to
hydroxylamine in c¢ell extracts. These were based on the
requirement for e reduced pyridine nucleotide and an

identical inhibifof'spectrum for the oxidation of ammonia

and propene. Later Piikington'(1983) using purified

components qf the soluble MMO of Methylococcus'capsulatus

(Bath) showed unequivocally that ammcnia oxidation was

catalysed by the solﬁble MMO aﬁd also presented évidence
that suggested that the particulate MMO.also catalysed this
reaction. |

The simi}arity between the soluble MMOs of

Methylococcus capsulatus (Bath) and Methylosinus

trichosporium {OB3b) would lead one to assume that the

soluble MMO of Methylosinus trichosporium (OB3b) was
respongible for ammonia oxidation in this'organism. however

a number of experiments were caried out to test this

hypothesis.

Oxidation of ammonia required the presence of NADH for
activity and was completely inactive in the presence of
ascetylene (5% 1in air) or B—hydrdxyqunoline (1QM), potent
inhibitors of the soluble MMO (Table 3.F.1). Ammonia |
oxidation required the presence of both solublé MMO DEAE"

fractions A and C for activity. Furthermore pure component

C of the soluble MMO of Methylococccug capsulatus. (Bath)
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Table 3.F.1. Confirmation of the role of the soluble MMO in

fhe oxidationAof ammonia.

Assay contained. ) Ammonia Propene

oxidation oxidation

(nmol/min/mg) (nmol/min/mg)

Extract 9.5 68.7
Extract - NADH : o 0
Extract + Ethyné (1x) ' o] : o]
Extract + 8-hydroxyquinocline (1 mM) O o]
DEAE OB3b A : 0 ‘ . (o}
DEAE OB3b C | ) o o
DEAE OB3b A + C _ b1 - 2u.2
DEAE OB3b A + Pure MC C 8.3 61.3

. Soluble MMO assays: As described in Materials and Methods.
Propene oxidation; 3 minute assays. Ammonia oxidation; 1
minute assays. Containing: 5 mg extract, 5 mg DEAE OB3b A,

1 mg DEAE OB3b C and 1 mg Pure MC C.
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restored ammonia oxidisiné(activity to DEAE OB3b A. Ammonia
oxidation activit& was never present in extracts that had
lost all soluble MMO activity due to the lack of stabilising
agents or after being left at room temperature overnight.

In gddition to these assays ammonia oxidatlion activity was
lost from soluble cell extracts along with soluble MMO
activity when extracts were prepared from cells grown in a
high copper medium which acts to suppress the productiocn of
the soluble MMO and induces the particulate MMO. No
ammonia-oxidising a&tivity was evervassociated with
particulate extracts from such cells, though this may be
attributed to the highly unstable nature of tﬁe particulate
MMO &and the consequent low activities measured (<20
nmol/min/mg propene to epoxypropane activity), rather than
the particulate MMO lacking the abllity to oxidise ammonia.
The particulate MMO may indeeq oxidise smmonia as
demonstrated by O'Nell and Wilkinson (1977) in their sfudies

of whole cell oxidations,.

F.3.2. Time course for ammonia aoxidation.

Measurement of the rate of hydroxylamine formation from
the oxidation of ammonia over a period of ten minutes by

soluble cell free extracts of Methylosinus trichosporium

(OB3b) revealed th&t the highest rate of ammonia oxidation

occu;red in the first minute of the assay, this being
independent of the ammonia concentration in the assay (FIG
3.F.2). The concentration of hydroxylamine rose to a peak
between 2 and 5.minutes from whence there wag ;n initial

sharp drop followed by a steady decline. This decline was
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HYDROXYLAMINE I e

and or NITRITE

nmol

5 . 10
TIME min

Figure 3.F.2. Ammonia oxidstion by crude extracts of'

Methylosinus trichosporium (OB3b): Production of

hydrokylamine and nitrite.

Ammonia oxidation assays as described in Materials and

Methods. Containing % mg crude extract, 5 mM ammonium
chloride.
A Hydroxylamine. (o] ﬁitrite.

® Hydroxylamine + Nitrite,
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mainly accounted for by the action of hydroxylamine
oxidoreductase (HAO) converting hydroxylamine to nitrite.
However this did not wholly account for the decline in .
hydroxylamine concentration. There are two possibilities
that may explain this further fall in hydroxylamine
concentration. Nitrite may be further converted to an as
vet unidentified compound (such as nitrate) and so the
measurement of nitrite concentrationlyields a false iow
activity for HAO. - There is no evidence for the further

oxidatibn of nitrite by cell extracts of Metﬁylosinus

trichosporium (OB3b) under .these conditions. No

disappearance of nitrite was observed when incubated with

cell free extracts in the presence or absence of NADH.
Alternatively, hydroxylamine may be converted to another

compound other than nitrite by the HAO as occurs in

Nitrosomonas where the HAO converts hydrbxylamine inyo gqual
amounts of both nitrite and nitrate (Hoopef et al., 19?7).
or by an as yet unidenﬁified enzyme. However no.product;on
of nitrate was detected in_assays of ammonia oxidation.

The cessation of hydroxylamine formation after the

first few minutes of the assay may be the result of two

factors. These being the depletion of a substrate for the

\

oxidation 6f the ammonia (ammonia, NADH or oxyéen) cr the
1nhibition of the soluble MMO by a product of the oxidation
(hydroxylamine or NAp*). -
mThe NADH levels in an MMO assay can.be maintained by
the use of the formate/formate dehydrogenase
NADH-regeneration system (Pilkington 1983). Agssays of'the'

soluble MMO zctivity of soluble cell extrscts of

Methyloginus trichosporium (OB3b), by the measurement of
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rropene to epoxypropans oxidation, maintsinsd a linsar
maximum rate of epoxypropane production for at least ten
minutes._at a far higher rate than that observed for the
éxidation of ammonia. However the oxidation of ammonia was
unéffected by the presence of the.NADH—regeneration system
in assays, maximum activity &till occurring in the first
minute of the assa&.

To test the ability of hydroxylamine to inhibit the
soluble MMO, assays measuring the oxidation of propene to
epoxypropane were carried out in the presence of
hydroxylamine (0.01 - 1.0 mM) (Table 3.F.2). Propene
oxidation activity was inhibited by 50% at 1 mM and 29% at

0.1 mM hydroxylamine.

F.3.3. The oxidation of hydroxylamine to nitrite.

Methanotrophs not only share with Nitrosomonas thé
ability to oxidise émmpnia to hyéroxylamine but can also
further oxidilse hydroxyla;ine to nitrite via the action of
HAO (Dalton 1977, Sokolov et al., 1980). However s=ome

méthanotrophs have been reported that are not ‘able to carry

out this further oxidation (Sokolov et al., 1980). The

)

oxidation of hydroxylamine has been most comprehensively

studied in Methylococcus thermophilus, where it was shown
that ATP and NADH could be generated from the oxildation of
hydroxylamine (Sokolov et 21., 1980, 1981).

Whole cells of Methyloéinus trichosporium (OB3b) have

been shown to be able to oxidise ammonia to nitrite (O'Neil
and Wilkinson 1977) and in this study hydrcwylamine to

nitrite. For the assay of maximum HAO activity in



Table 3.F.2. Inhibition of the sgoluble MMO by

hydroxylamine.

Hydroxylamine

concentration

(mM)

Soluble MMO assays:

following the oxidation of propene to epoxybropane.

Containing 5 mg soluble extract,

Soluble MMO

Specific activity

(nmol/min/mg)
52.4
51.9
7.4

26.2

187

As described in Materials and Methods.

3 minute asgsays at 30°C.
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Methylococcus capsulatus (Bath) and Nitrosomonsase PMS an

electron acceptor was included 1n the assay. Assays of HAO

in crude cell extracts of Methylosinus trichosporium (OB3b)

gave very low activities whether assayed in the presence or
abéenée of PMS (2.5 mM) of 0.3-0.5 nmol nitrite
forméd/min/mz (Table 3.F.3). The possibility that the
enzyme was very unstéble was investigated by thé preparation
and véry,rapid assay of crude cell free extracts, prepared
with or withqut DTT and//or PMSF, however no higher

activities were measured than those listed sabove. A number

. 0of other electron acceptors guch as DCPI1P, cytochfome ¢ and

NAD* were tested for their ability to stimulate HAO activity
in ecrude extracts without success (Table 3.F.3). No
discernible difference in HAO sasctivity was measured in
assays of crude extracts prepared from cells that were grown
under conditions which induced thé production of &
particulate MMO. The only co-factor that was found to
stimulate the HAO activity was NADH (5 mM) an electron
donor, which induced a six fold rise in activity to 3.23
nmol/min/mg, still véry low activity by compérison to HAO -

activity in crude extracts of Methylococcus capsulatus

(Bath) whiech had an HAQO activity of 152 nmol/min/mg using
PMS as an electron acceptor (Pilkington 1983). fhe
stimulgtion of HAO activity was however ephemeral. Time
course aséays measuring nitrite formation over a 9 minute
perigd with various levels of NADH (0-10 mM) showed that the
period of maximum nitrite éroduction occured in the first
two minutes of the assay./ Cnce aéain the inclusion of.an
NADH regeneFation system in essays of nitrite pfoduction

failed to prolong the period of meximum activity. If



Table 3.F.3. Hydroxylamine oxidoreductase in crude éxtfaqts.

Electron donor/ Speclific asctivity

acceptor >(mM) (nmol/min/mg)
PMS 2.5 | 0.50
NAD* 5.0 0.63
DCPIP - 2.0 0.65
Cytochrome ¢ 0.075 | 0.59
NADH | 5.0 3.23

Assay contained: 1 ml 20 mM sodium phosphate buffer pH 7.0
containing, 5 mg crude extract, 5 mM hydroxylamine plus any
electron acceptors/donors as detailed above. Assays were of
3 minute dﬁration. at 300c, following the production of

- nitrite from hydroxylamine.
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hydroxylamine dlesppesasrance rather than nitrite sccumulation
was measured simllar results were obtasined, with NADH and
_not PMS stimulating the‘disappearance of hydroxylaminei

HAO activity was found to be present in the fraction

DEAE OB3b A and was not inhibited by acetylene.

F.lU. Discussion

The oxidation of ammonia by the soluble MMO's of

Methylococcus capsulatus (Bath) and Methylosinus

trichosporium (OB3b) was a similar short lived activity, the
maximum rate of hydroxylamine formation occuring in the
" first minute of the assay. Various aspectz of the assay of

ammonia oxidation in Methylosinus trichosporium (OB3b) were

further investigated, following procedures established

.during the investigation ¢of the activity in Methylococcus

capsulatus (Bath) (Pilkington 1983). The level of NADH in

the assszay was maintained by the use of an NADH-regeneration
system with no effect on the duration of the period of
maximum activity. Pfopene oxidation under these cqnditions
wés constant over a period of 16 minutes ;t a far hiéher

rate than that observed for the oxidation of ammonia. The

'

level of ammonia in assays also had little or'no.effect on
the duration of maximum activity.. So 1t can be concluded
that né subgtrate for the oxidation of ammonia by the
soluble MMO 1e., o#ygen, ammonia and NADH, Qés limiting in
the acsay.

Hydroxylamine is an inhibitor of the soluble MMO's of

Methylozinus trichosporium (OB3b) and Methylceoccous

capsulatus (Bath) as well as the ammonia moncoxygenage of’
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Nitrogsomonas (Suzukl et al., 1976, Pilkington 1983).

Hydroxylamine inhibits the soluble MMO of Methylosinus

trichosporium (OB3b) by 50% at 1 mM and 29% at 0.1 mM., .The

concentration of hydrgx&lamine in assays of ammonia
oxiéatiqn reacheq'at least 0.2 mM and will presumably
inhibited the soluble MMO considerably. Thie must have then
been, 1f not the only, then a major cause of the rapid
cessation of the‘maximum ammonia oxidation activity. The
same conclusion wés‘reached for the oxidation>of.ammonia by

the soluble MMO of Methylococcugs capsulatus (Bath) and so

the same_observations épply.

To extend the oxidation of ammonia by the soluble MMO
the product, hydroxyleamine, muzt be rapidly removed fron the
environment of the enzyme, to prévent ite conéentration
building up to & point where 1t significantly inhibits the

enzyme. Thig could either be Ly physical removal of

hydroxylamine (technically difficult) or Ly the conversion

of hydroxylamine to a compound that was inert in relation to

the oxidation of ammonia but was readily ascsayable. An

obvious candidaté for the conversion of hqdroxylamine is HAO

which converts it to nitrite. The natural levels of HAO in

-extracts of Methyloginug trichosporium (OB3L) were too low

to prevent the rise in hydroxylamine concentration. HAC from

other sources (Methylococcus capsulatus (Bath) and

Nitrocsomonag) reguire the presence of an electron acceptor

such as PMS which inhibited the soluble MMG (Dalton 1977.

Pilkington 1983). The HAO of Nitrocomonas can uce

cytochrome ¢ as ar electron acceptor and may well be a

pozsibility for the removzl of hydrouylasmine Trom ammonis

ct

oxidation assays. Glutamine cynthetase has an activity
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involving the conversion of hydroxylamine to glutamyl
hydroxamate however the products also include ammonia and go
the exploitation of glutamine synthetase in éxperiments on
the stoichioﬁetry of the ammonla oxldation reaction would be
difficult to iﬁterpret.

From the similarities that have been demonstrated

between the soluble MMOs of Methylococcus cspsulatus (Bath)

aﬂd Methqusinus trichogsporium (0OB3b) it could be assumed

that the soluble MMO from Methylosinus trichosporium (OB3b)

wasg also responcsible for the oxidation of ammoﬁia. This
does 1indeed appear'folbe the case, for a number of reasons:
1. Ammonié and methane oxidation required the presence of a
reduced pyridiné nucleptide for asctivity. 2. Ammonis
oxidation was 1inhibited by acetylene and 8-hydroxyqguincline,
potent inhibitors of the soluble MMO. 3. Ammonia onxidation
reguired the presence of boeth of the solﬁble MMC DEAE
fractions for activity. 4. Ammonia oxidation was always
found to co-exist with s=cluble MMO activity and was never
found in extracts lacking soluble MMO ectivity, whether that
activity was lost due to the instability of the enzyme or by

the repression of the enzyme by the conditicns under which

Methylosinus trichosporium (OE3b) was grown. However, only

when the soluble MMO from Methylosinus trichdéporium (CB3b)

is purified and thoroughly characterised will iteg ability to
oxidisze ammonia be finally proven.

The HAQO of Nitroscmcnas is a soluble enzyme that 1g

located in the periplasm and 1s loosely assocliated with

membrane (Suzuki and Kwok 1981ib, Olson an Hcoper 1683). HAC:

purified from Methylecococusn thermaphilus waue reported to he

a soluble enzyme (Sokolov et al., 1980). The HAD from



Methylococcus capsulatus (Bath) was initially reported to be
a soluble enzyme but wag subsequently shown to be assoclated
with the membrane fractibn of the cell extract (Dalton 1977,
Pilkington 1983). In other respects however the HAQO from

Methylococcus capsulatus (Bath) resembled the highly.

characterised enzyme from Nitrogchonas. It was stable,

required the presence of &n electron acceptor (PMS) for
activity and head hydroxylamine-~derendent cytochrome ¢

reductase activity associated with 1it.

The HAO activity in extracts of Methylosinus

trichosperium (0OB3b) was very low when assayed without the
addition of the electron acceptof PMS as it 1s in extracts

of Methylococzus capsulatus (Beth). However the inclusion

of PMS failed to stimulste the HAO in extracts of

Methylozinus trichosporium (CRB3b) whereas it stimulated the

HAC activity in extracts of Methylococcus capsulatus (Bath)

30 fcld. NADH &an electron donor was found to stimulate HAO

activity in Methyleceginus trichosporium (OE3bh) whereas it

had no effect on the activity of the encyme from

Methylococcﬁs capsulstugs (Bath) (Pilkington 1983). These

findinges may indicate that the nature of the oxidation of

~hydroxylamine to nitrite in Methylosinug trichosporium
(OB3b) 1is fundamentally different from this activity in

Nitrosomonags and Methylcococcus carzulatus (Bath). However

Methylosinue trichosporium (OB3b) may have an HAO which may

either not have or lose during the rprocess of extract
preparation, the ability to use PMS as an electron

acceptor.It therefore may only be the failure to identify a

L

sultehle elgotron acceptor that prevents the datoction of

hizgh HAQ activities in Methylosinug trichosporium (OB23b).
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Tﬁis however aoes not explain the stimulation of
hydroxylamine oxidation by NADH an electron donor. This
stimulation was ephemeral and only raised the level of"-
activity to S.é nmcl/min/mg as compared to 152 nmol/min/mg

measured in extracts of Methylococeys capsulatus (Bath)

using PMS as an electrcn acceptor. The oxidation of
hydroxylamine may be carried ocut by another enzyme which
utilizes NADH in the oxidation of hydroxylamine, A good
candidate would have been the soluble MMO which oxidises a
wide range of compounds including methanol the broduct of
vits oxidation éf methane (Introduction A.4.1.2d). However
acetylene = potent inhibitor of the soluble MMO failed to.
inhibit the oxidation of hydroxylamine and so the soluble
MMO could not be responcible for this activity.

In conclusion, the oxldation of hydroxylamine to

nitrite could not necessarily be attributed tc HAQO as

- described in Nitrosomonas. This oxidation may be carried

out by an asg yet unidentified enzyme which utilizes NADH.
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Section 4. Conclusions and general discussion.

The resuits presented in this thesis have been.
discussed at the end of each results section. This section
thefefore has a number of aims: 1. To briefly summarise the
findings of this research, 2. To compare these findings in

Methylosinus trichosporium (OB3b) with those already

published for methanotrophs, particular ly

Methylococcus capsulatus (Bath), 3. To discuss the wider

aspects of these results, and 4. To indicate the research

required to further characterise the soluble MMO of

Methylosinus triéhosporium.(OBsb) and elucidate the
importance (if any) of ammonia_oxidation in thé metabolism

of methanotrophs.

A. Functional and physicochemical properties of the soluble

MMO.

The nature and location of the MMO in Methylosinus

tricheosporium (OB3b) was shown to be dependent on the

avallability of copper to the cells, a particulate Mﬁo being
produced under conditions of excess copper and a soluble MMO
under conditionsbof copper stress., This response to the
availapility of copper was independent of the carbon source
used for zrowtﬁ (methane or methanol). which confirme the

findings of Best and Higgins (1981) that Methylosinus

trichogporium (OB3b) can produce both soluble and

particulate MMO when grown on methanol.
The pu?ificationAof component A and the partial

purification of component C of the soluble MMO of
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Methyloginusg trichosporium (0OB3b) &and their characterigation

has demonstrated further the similarity between the soluble

MMOs from Methylosinus trichosporium (OB3b) and

‘Methylococcus capsulatus (Bath) (Table 4.A.1).

with the pgrification of components A and C 1t became

evident that fhe,soluble MMO of Methylosinus trichosporium
(OB3b) had a third component. »Purified components A and C
assayed for MMO activity in combination failed to shéw
activity. Partiqlly purified component A plusg purified
component Cvand partially purified componenf C plus pure
component A had soluble MMO activity. So there was a
component that was lost in the pufificatidn of .components A
and C thgt was essential for MMO acti?ity and that was
present in both parfiglly pureA(DEAE fractions) A and C.

‘The purification of component A of the goluble MMO of

Methylosinus trichosporium (OB3b) not only confirmed its

functional similarity to component A of the soluble MMO of

Methylococcus capsulatus (Bath) but also the similarity
between these two components in thelr physicochemical
charateristics (Table L4.A.1). Both A components from

Methylosinus trichosporium (OB3b) and Methylococcus

~capsulatus (Bath) are large proteins of M, 230060 and 220600
‘respectively. have three different subunits of similar
molecular welght which are present in an 025272 subunit
structﬁre. They each contain approximately 2 ﬁol iron per

mol érotein and in their pure state are inactivated by

freezing} The component A from Methylobacterium CRL-26

purified by Patel (1984) also shares many of these

characteristics though that purified from Orgshiesm SB1 hag &

different subunit structure ( 2 ,) though is eimilar in



Table 4.A.1.

Characteristics of purified Methane Monooxygenases.

Organism

Classification

Location

Number of component
proteins

Component A M.,
Number of subunits

Methylococcus

Subunit M,

Structure
Metal content
(mol/mol protein)

Component B M,
Number of subunits

Stucture
Metal content

Component C M,
Number of subunits

Structure
‘Prosthetic groups
Catalytic activity

Inhibitors

Electron donors

References

capsulatus (Bath)

Type 1
Soluble

Three

A Hydroxylase

B Regulatory

C Acceptor reductase

220000
Three
a54000
L2000
Y17000
¢2B272
Fe 2.3

15000
One
1
none

38000

One

oy

1 FAD + 1 Fe252
NADH: acceptor
reductase

Ethyne
8-hydroxyquinoline

NADH,

NADPH

Colby & Dalton 1978
Colby & Dalton 1979

Woodland & Dalton 1984a

Green & Dalton 1985

Methylobacterium
CRL-26

Type 2

Soluble

Two or three

A Hydroxylase

B ?

C Acceptor reductase

220000

Three
860000
guoooo
Y 20000

e2B272
Fe 2.8

40000

One

!

1l FAD + 1 Fe282
NADH: acceptor
reductase

Iodoacetamide
5,5'-Dithio-2-
-nitrobenzoate

NADH, NADPH

Patel et al., 1982

Patel 1984

Organism SB1

Type 1
Soluble

At least two
A Hydroxylase

C Acceptor reductase

260000
One
¢ 60000

&
Fe 2.0

HZOOOA‘

One

1!

FAD

NADH: acceptor
reductase

NADH

Allen et al., 1984

Methylosinus

trichosporium (OB3b)

Type 2
Soluble

Three

A Hydroxylase

B Regulatory

C Acceptor reductase

230000
Three
2 53000
B 15000
Y23000
©2B272
Fe 2.2

38000 and/or 58000

NADH: acceptor
reductase

Ethyne
8-hydroxyquinoline

NADH, NADPH

Stirling & Dalton 1979

Scott et al.,
This thesis

1981a

Particulate

Two or three

1

2 -
Cytochrome c.,

1 47000
Cu 1.0
2. 9uoo

Cytochrome ¢c,, 13000

Ethyne
8-Hydroxyquinoline
Imidazole, Cyanide
Thiourea

NADH, NADPH .
Non NADH-linked

dehydrogenases
Tonge et al., 1975
Tonge et al., 1977
Scott et al., 1981a
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molecular weight ( M, 260000). In work presented here

component A of the soluble MMO of Methylosinus trichosporium
(OB3b) in a pure form was shown to be freely interchangeable

with component A of the soluble MMO of Methylococcus

capsulatus (Bath); ieinassays of pure components of the

soluble MMO of Methylococcus capsulatus (Bath), component A

from Methylosinus trichosporium (0B3b) could replace

component A from Methylococcus capsulatus (Bath).

Component C of the soluble MMO of Methylosinus

trichosporium (OB3b) was not purified t§ a homogeneous state
due to its instability during purification, héwever it wes
purified to a point‘where certain characteristics could be
investiéated. In a partially pure (DEAE-fréctions) and
purified state component C was éhown to be ;ble to replace

component C of the soluble MMO of Methylocoeccus capsulatus

{(Bath) in assays of pure and partially pure components of

. the soluble MMO from thilis organism. The physicochemical

charateristics of component C of the soluble MMO of

Methylosinus trichosporium (OB3b) were not investigated in

detail due to the lack of purified preparations. However

purified component C contained two polypeptides of M,. 58000

“and 38000. Component C of the soluble MMO's of Methylosinus

trichosporium (OB3b) and Methylococcus capsulatus (Bath) do

shate other charactéristics. they are highly unstable
proteins that are stabillised by thiol protective agents
(dithiothreitol and thioglycollate).‘and have an 1ndependent
NADH:acceptor reductase activity associated with them. The

NADH: acceptor reductase componenés of Methylobacterium

CRL-26 and Organism SB1 also chare a number of

ch;racteristics with those from Methylosinus trichosporium
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(OB3b) and Methylococcus capsulastuge (Bath) (Table U4.A.1).

Component B of the sgoluble MMO of Methylococcus

capsulatus (Bath) has only recently been purified and

characterised (Green and Dalton 1985). The presence of an

equivalent component in the soluble MMO of Methylosginus

trichosporium (OB3b) was tentatively demonstrated. This

component was not purified or even separated from the other
compohents of the soluble MMO but a requirement for the

activity of a third component was demonstrated as previously

discussed. Further{ pure component B of the soluble MMO of

Methylococcug capsulatus (Bath) wag able to replace the

putative component B of the soluble MMO of Methylosinus

trichosporium (OB3b) in assays of purified components A and

C of the soluble MMO of Methylosinusg trichosporium (OB3b).

Partially purified components A and C of the soluble MMO of

Methylosinus trichosporium (OB3b), saspparently both

~econtaining component B, restore activity to pure components

C and A respectively of the soluble MMO of Methylococcus

capsulatus (Bath). Recently in our laboratory it has been

demonstrated that soldble extracts of Methylosinus

trichosporium (OBBb) contain a protein that cross reacts

“with antibodies raised against pure component B of the

soluble MMO of Methylococcus capsulatus (Bath) (Green,

personal communication). Obviously the confirmation of the

similarity of components B from Methylosinusg tricﬁosporium

(OB3b) and Methylococcus capsulatus (Bath) awaits the

separation of this component from other compcnente of the

soluble MMO and its purification from Methylosinus

trichosporium (OB3b), .however functionally these components

can be said to be gimilar. In Methylobacterium CRL-26 it
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wae initlally reported that three componehts ware regquired
for soluble MMO activity, subseguently it was reported that .
only components A and C were required (Patel et al., 1982.
Patel 1984). The socluble MMO of Organism SB1l has at least
two components, no evidence for the existence of a third
component was presented but the purification of component C
from this organism has not been undertaken and so the

presence of a third component cannot be ruled out (Allen et

al., 1984).

Methylosinus trichosporium (OB3b) is a type 2

methanotroph as is Methylobacterium CRL-26. Methylococeus

capsulatus (Bath) is & type 1 methanotroph but has certain

" characteristics that it shares with type 2 methanotrophs

(Figure 1.A.1). The soluble MMO from Methylosinus

tricﬁosporium (OB3b) and Methylococcus capsulatus (Bath)

(and to a certain extent Methylobacterium CRL-26) are

similar both functionally, physicochemically and in the
.rezulation of their expression. This 1s evidence for this
enzyme being highly conserved within methanotrophs. Though
the purification and characterisation of other soluble MMOs
must be completed before this can be conf;rmed. To fhe
_authors Knowledge only one paper on any aspect of the
biochemistry of Organism SB1 has been published (Allen et
al., 198ﬂ).‘Its soluble MMO appears to be sign{ficantly
different to others described and so further information on
the giochemistry of this organism would be ofizreat |
interesf.

The first MMO to be purified and characterised wés thé

particulate MMO from Methylosinus trichosporium'(OBSD)

(Tonge et al., 1977) though subsequently this purification
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procedure has falled to produce active enzyme (Higgins et

1., 1981ib). The soluble MMO from Methylosinus

trichésporium (OB3b) bears no resemblance to the particulate
MMO from this §rganism (Table 4.A.1).

From wﬁat we know of the functipns of the components of
the soluble MMb it may be predicted that a particulate MMO
may not have a component eqQuivalent to component C of the
soluble MMO. There is evidence that the particulate MMO can
accept.electrons from NAD'+ independent dehydrogenases via an
electron transport chaln (Introduction sgction A.bL.1.2c),
and therefore may have no requirement for a component that
directly interaéts-with NA@H {component C)., The particulafe
MMO must however have a hydroxylase component‘and it may
have been expected that this h&droxylase component would be

similar to that found in the soluble MMO. However in

Methyvlosinus trichosporium (OB3b) this does not appear to be

the case and so it would appear that the two forms of the

MMO found in Methylogsinus trichosporium (0OB3b) have evolved

independently.
No other particulate MMO has been purified and

characterised and as previously discussed, the procedure for

. the purification of the particulate MMO from Methylosinusg

trichosporium (OB3b) now fails to yield active enzyme

(Higgins et al., 1981b). Not until a procedure is
established which yiglds activeyparticulate MMO will a
thor;ugh comparison between the socluble and particulate MMOe
be possible. However from‘the studies already completed the

soluble and particulate MMOs from Methylosinus. trichosporium

(OBBB) appear to be distinct and unrelated enzcymes.
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B, Ammonia oxidation.

The oxidation of ammonia to hydroxylamine in

Methyloéinus trichosporium (OB3b) was shown to be carriéd
out 'by the soluble MMO. This was demonstrated by: 1;
ammonia oxidation required the presence of NAD(P)H for
activity as does the soluble MMO, 2. ammonia oxidation was
inhibited by acetylene and 8-hydroxyquinoline, specific
inhibitors of the soluble MMO, 3. ammonia oxidation required
the presence of both DEAE fractions of the soluble MMO for
activity, 4. ammonia oxidising activity was always found to
co-exist with soluble MMO activity and was never found in

. éxtr&cts lacking soluble MMO activity; whether that activity
was lost due to the instabilit& of the soluble MMO or by the

repression of the production of the enzyme by the conditions

under which Methylosinug trichosporium (0OB3b) was grown.,

It has been demonstrated unequivOcally that the soluble

MMO from Methylococcus capsulatus (Bath) oxidises ammonia to
hydroxylamine (Dalton 1977, Pilkington 1983). The

similarity between the soluble MMOs of Methylosinus

trichosporium (OB3b) and Methylococcus capsulatus (Bath)

demonstrated by Stirling and Dalton (1979a) and by work
contained in this thesis, leads one to predict that ammonia

oxidation is alsc carried out by the soluble MMO of

Methylosinus trichosperium (0OB3b) and this does appear to be

the éase. However not until the soluble MMO of Methylosinus

trichosporium (OB3b) is purified can this be demonstrated

unequivocally.
The product of the oxidation of ammonia by the soluble

MMO, hydroxylamine, was shown to inhibit the soluble MMO
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(50% at 1 mM, 29% at 0.1 mM). This was identified as the
'pﬁobable major cause of the ceséation of ammonia oxidising
activity after one minute in assays. Other posible causes
such as the depletion of of a substrate for the oxidation of
amm;nia (ammonia, NADH or oxygen) or the inhibition of the
soluble MMO by another product of the reaction (NADY) were
inyestigated by parallel studies following the oxidation of
propene and found not to affect the duration of the
oxidation carried out by the soluble MMO.

HAO has been purified and chéracterised from

Nitrosomonas (Hooper and Nason 1965) and also studied in the

methanotrophs Methylococcus capsulatus (Bath) and

Methylococcus thermophilus (Dalton 1977, Pilkington 1983,

Sokolov et al., 1980; 1981). 1In each case the presence of
an electron acceptor (PM3S) 1is required for maximum activity

‘dn vitro. In extracts of Methylococcus capsulatus (Bath),-

PMS stimulates the HAO activity 30 fold.

Whole cells of Methylosinus trichosporium (OB3b) have

been shown to oxidise ammonia to nitrite (O'Neill and
Wilkinson 1977) and hydroxylamine to nitrite (this study).

The activity of HAO in extracts of Methylosinus

~trichozporium (OB3b), measured in the presence or absence of
PMS was low. PMS had nc affect on thi§ activity as dia a
number of other electron acceptors (NAD*, DCPIP &nd
cyto?hrome ¢). Only NADH an electron donor was found to
gstimulate HAO activity, six fold from 0.5 nmol/min/mg to 3.2
nmol/min/mg. This is stili very low activity in comparison

to HAO in extracts of Methylococcus capsulatus'(Bath) of 152

nmecl/min,mg .ueing PMS as an electron acceptor.. There was noc
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indication that the HAO from Methylosinus trichosporium

(OB3b) was highly unstable and being lost during the
preparation of extracts. The soluble MMO was shown not to
be responsible for the oxidation of hydroxylamine to -

nitrite.

C. Compariszszon of the autotrophic ammonias-oxidising and’

methane-oxidising bacteria.

The close morphological and biochemical relationship

between the obligate methanotrophs and the autotrophic

ammonia-oxidising bacteria has often been stressed (Quayle

and Férenci, 1978; Drozd, 1980; Higgins et al., 1981; Suzuki
1984). Both groups ¢of organisms possess a complex series of
internal membranes, & characteristic shared by only one
othef group of bacteria, the photosynthetics. -They both

utilize a very restricted range of substrates for energy

. production and many methanotrophs (the type 1's) and all the

autbtrophic ammonia-oxidisers possess an incomplete TCA
cycle, which further restricts their metabolic diversity.
They both oxidise their energy sources by the action of a

monooxygenase which exibits an unusual lack of substrate

- specificity. The particulate MMO and the ammonia

mohooxygenase appear to be similar unstable, membrane bound,

non-speciflic copper containing monooxygenases that appear to

rece%ve thelr reducing power indirectly from electrons

éerived from dehydrogenases. The methane monooxygenases are

capable of oxidising ammonia and the ammonia monooxygenases,

methane. |
Type .1l methanotrophs utilize the ribulocse

monophosphate (RMP) cycle as their maln carbon assimilation
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pathway whereas the ammonia pxidisers use the ribulose
bisphosphate (RuBP) cycle. Quayle and Ferenci (1978), have
suggested possible evolutionafy sequences by which these two
cycleé may be linked. It is interesting to note that

Methylococcus capsulatus (Bath) has been shown to possess

both RuBP carboxylase and phosphoribulokinase, the th key
enzymes in the RuBP cycle. However attempts to grow

Methylococcus with ammonia as an energy source for the

fixation of carbon dioxide.have failed (Drozd, 1980), as
have aftempts to grow ammonia oxidisers on methane &s sole
carbon and énergy source even in the présence of 1.0 ppm
émmonia (Jones.and Morita, 1983).

The data'presented above has led to speculation on the
" evolutionary relationship betwéen methane and ammonia
oxidisers (Quayle and Ferenci 1978). Whether 1t is by
divergent or convergent evolution that these two groups of
bacteria ;hare so many characteristics, it is certain that
observatidns made about one group may, with care, give us an
insight 1nfo the characferistics of the other.

The significance of the lack of substrate specificity .
- of the MMO in oblizaté methanotrophs, hasibeen an aréa of‘
contention for éome time (Higgins et 2l1., 1980, 1981;
étirling and Dalton, 1981). With the discovery of a similar

lack of specificity in the oxidation catalysed by the

ammonia monocoxygenase from Nitrosomonas, these arguments may
) L] . .-

be applied to this system.

The two positions are: 1) That the wide substrate
specificity shown by the MMO has evolved because of 1ts
(potential) competitive and survival value to tﬂe organism

which outweighs any harmful effects incurred (Higgins et
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1., 1980).

2) that the wide substrate specificity 1s a consequence of
the nature of the activé site chemlstry of the MMO and that
the'oxidations carried out are purely fortuitous (Stirling
and Dalton, 1979b).

Evidence tﬁét methanotrophs are able to benefit from
some of the oxidations carried out by tﬁe MMO (Patel et al.,
1978a; Wadzinski and Ribbons, 1975b:.Sokolov et al., 1981) or
that the sutotrophic ammonia-oxidisers can benefit from the
oxidation of methane (Jones and Morita 1983 ), is not
necessarily evidence for evolutionary pressure for a
non-gpecifie MMO / ammonia honooxygenase. Thé organism‘may
well be trying to make the most of a situation wﬁere. in
order to exploit ﬁethane / ammonia as an energy.source and
in the case of methane, a8 carbon source, it has to possess
- an enzyme which by its very nature lacks substrate
.specificity. An example of such & gsystem occurs with the
enzyme RuBP carboxylase which has both carboxylase and
oxygenase activifigs. The latter leading to the formation of
phosphoglycollate which many organisms excrete as
glycollate., This apparantly wasteful activity has not been
"eliminated over a long period of biochemical evolution and
therefore appears to be a constitutive element of the
enzyme's agtive site, whose primary function 1s that of a
carboxylase (Dalton and Stirling, 1982). However some
organisms have evolved a mechanism for the utilization of
the glycollate so formed, thereby reducing the.deleterious
effect of the oxygenese activity;

The resolu?ion of this argument will rest oq the

discovery of an MMO / ammonia monooxygenase which is more
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specific than those already characterised. In a number of
methanotrophs where a particulate MMO 1s present (Stirling
et el., 1979; Burrows et al., 1984) a more restricted range
of oxidations is carried out as compared to the salgble MMO.
Whether this is due to 1ncreasedlspecificity or the
inhibition of other related processes by these compounds
awaits the (re)isolation and characterisation of a stable
particulate MMO.

The discqssion of thils area has ﬁrimarily been
concerned with éxidétion of hydrocarbons other than methéhe
by methanotrophs with little or no discussion of the
poss;ble advantage gained by methanotrophS'thrbugh the
oxidation of ammonia.

Ammonia is oxidised by #11 methanotfophs tested,
however in only one case has it been demonstrated that the
oxidation leads to the production of ATP or reducing power
(via ATP-dependent reverse electon flow) (Malashenko gi al.,
197§). This ability would confer a selective advantage_over
other methanotrophs lacking this characteristic, either by
supplementinzvthe normalvmetabolic processes or to
facllitate growth énd survival under conditions of méthgne

limitation. Obviously the recently discovered oxidation of

methane to carbon dioxide by Nitrosomonas.-which may provide

it with a significant source of energy under conditions of

ammonia limitation, 1s analogous.

Itﬂis significant that at least in one environment,
that of freshwater lakes, fhe highest rates of both methane
and ammonia oxidation always occur at the same,loc&tioh.
namely &t the oxic—angxic interfaces of sedimen%s and

stratified water columns or throughout the water'cclumn



208

during periode of overturn (Rudd and Taylor, 1980). In
situ, measurments of the ratés of ammonia oxidation
attributable to methane-oxldisers or that of methane
oxidation by ammonia-oxidisers have not been attempted.
However, Griffiths et a1., (1982) reported that in a study
of.naturally occurring methane oxidation of the.Berinz Sea
the proportién of methane incorporated into biomass was very
low at 2%, 1nd1cating'that it was being used és an energy
source. This 1s suggestive of & role for ammonia oxidisers
in the oxidation of methane in the environment. This low
methane incorporation rate in marine environments is
contrary to reports fr§m freshwater environments of 30-60%
methane incorporation (Rudd aﬁd Hamilton, 19f5: Panganiban
et 1., 1979), though this discrepéncy may be due in part to
the relative carbonate concentrgtiéns in mariné ana
frecshwater énvirénmenté. However 1f does appear to.further
demonst}ate the distinet differenceé between marine and
freshwater ammonia oxid;sers as regards methane éarbon
incorporation reported by Jones ana,Mqrita (1983). ﬁecgnt;y
efforts have been:madé to distinguish between ammonia
oxidation carried out by mefhanotrophs and that carried out
by autotrophic ammcnia—oxidisers using pyfidine derivgtives
as‘inhibitors‘of ammonia oxidation. Only picolinic acid
showed any specificity, inhibitiné ammonia oxidation by
methanotrophs but not by the adtotrophic ammonia-oxidisers
(Salvag and Taylor 1984). . The contribution of methane and
ammonia oxidilsers to the cycling of ammonia and ﬁethane
respectively, and the interactions of thesé twg'zroups of

bacteria is an area of research worthy of further study.
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