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Foreword

There are two kinds of organism which stand out as the biosynthetic virtuosi
of the living world—the autotrophs and the methylotrophs. The autotrophs
are organisms which can synthesize all their cell constituents from carbon
dioxide as sole carbon source; methylotrophs can perform such total bio-
synthesis from reduced carbon compounds containing one or more carbon
atoms but containing no carbon—carbon bonds. Autotrophs have long been the
subject of intense study, if for no other reason than that they include the green
plants as well as microorganisms. Although the first methylotroph, Bacillus
methanicus, was discovered 76 years ago growing aerobically on methane, the
next 40 to 50 years saw the discovery of only a few other methylotrophs
growing on reduced C, compounds such as methane, methanol, methylamine
and formate. They were regarded as somewhat exotic organisms and received
scant biochemical attention; it was often speculated that they might merely
couple the energy of oxidation of the C, substrate to the reduction of carbon
dioxide and thus in effect be chemosynthetic autotrophs. If this had turned out
to be the case, the subject of methylotrophy would have remained but a minor
variant on a familiar theme. However, it was recognised in the 1950s that
although some methylotrophs were indeed autotrophs in thin disguise, many
other methylotrophic organisms assimilated C, units at levels more reduced
than carbon dioxide by unknown assimilatory processes. As a result an
explosive development of this whole field then took place. Biochemists espied
virgin areas of intermediary metabolism and energy transduction, the range of
methylotrophic microorganisms was greatly extended by development of new
enrichment procedures and the new organisms were ripe for genetic analysis
and manipulation. At the same time biotechnologists realized that methane
and methanol offered entirely new industrial possibilities as cheap and
readily available fermentation feedstocks, thus providing an additional
stimulus for research and development.

A wealth of publications resulted from all this activity and for 20 years this
burgeoning literature has been reviewed at frequent intervals by various
investigators. With many of the major biochemical problems now solved, and
the remaining ones clearly defined, it has been clear for some time that there
was an urgent need for a definitive and wide-ranging textbook on the subject.
The present book has been written to meet such a demand and it is hoped that
it will serve as a standard reference book for all gficionados of this field,
whether they be newcomers or veterans. The newcomers can be assured that
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Vi Foreword
it has been written by a biochemist who, since 1960, has himself been a

highly active investigator and an authority on methylotrophy; the veterans
will not need any such prefatory assurance from me.

Sheffield 1982 J. R. Quayle



Preface

In 1960, when 1 started working with methylotrophs I had half a dozen
reprints (the total available) on these organisms. The growth of the literature
since then has been exponential, and the decision to write this book is based
on the well-established practice of harvesting in the mid-log phase; this is in
order to avoid being completely submerged beneath the methylotrophic
culture.

A preface usually defines the limits of the author’s intentions; the ground
covered and the likely readership. I shall do likewise; this book covers
everything to do with the biochemistry of methylotrophs and it is written to
suit everyone. '

Perhaps I had better attempt to justify this bold claim. My first aim was
to cover all aspects of methylotrophy in the detail required by anyone active
in research in this field, whether they be microbiologists, microbial physio-
logists, “‘metabolic”” biochemists or enzymologists. Such an aim, however,
might tend to diminish the usefulness of a book to those using it as an
introduction to any aspect of the subject; this is because more fundamental
aspects can be obscured by detail, and submerged beneath lines of references
to the original sources. I have tried to avoid this in two ways. When possible
I have arranged references in separate tables so as to leave the text clear.
More important, each chapter starts with a descriptive section which I have
tried to make comprehensible to a senior undergraduate. The evidence for
conclusions initially presented is then discussed in separate sections. When
in doubt I have erred, I hope, on the side of too much explanation rather than
too little.

As the subject of the book is biochemistry, the first chapter was to have
been a very brief introductory guide to the methylotrophs themselves.
This intention was abandoned when I realised that the biochemists for whom
it was written could probably cope with any biochemistry they might come
across in the literature, but might find the microbes themselves bewildering
beyond belief. I hope that the first chapter now provides a complete account
of the methylotrophic bacteria in a way that allows a ready evaluation of
which are likely to be biochemically similar and which are probably different.

Chapters 2, 3, 4 and 5 cover the carbon assimilation pathways of methylo-
trophic bacteria. The pathways, and evidence for them, are first described;
this is followed by summaries of the distribution of the pathways amongst
the methylotrophs; the individual enzymes are then described and regulation
of the assimilation pathways discussed.

vii



viii Preface

Chapters 6 and 7 deal with the enzymes (many of them novel) involved
in the oxidation of methane, methanol and methylated amines.

Chapter 8 is devoted to electron transport and energy transduction; and
Chapter 9 attempts to interrelate all the biochemistry discussed in Chapters
2 to 8 in a discussion of growth yields and bioenergetics in methylotrophs.

Because the biochemistry of oxidation and assimilation of methanol in
yeasts differs in most important respects from that in methylotrophic bacteria,
Chapter 10 is exclusively concerned with metabolism in methylotrophic
yeasts.

Chapter 11 is a self-contained chapter on methanogens and methanogenesis.
Although few methanogens are actually methylotrophs, the recent rapid
advances in our knowledge of the unique biochemistry of these “archae-
bacteria” made the temptation to include this complete review irresistible.

Chapter 12 deals with the commercial exploitation of methylotrophs.
The biochemistry of microbes growing on methane or methanol makes them
especially suitable for commercial exploitation; this includes their use as
single cell protein (SCP); their use for the production of carboxylic acids,
amino acids and vitamins; their use as biocatalysts; and their use in electro-
enzymology and biofuel cells. Although not dealing with detailed practical
aspects of such processes, this chapter aims to provide a foundation for
understanding this rapidly-developing area of biotechnology.

February 1982 C. Anthony
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2 The biochemistry of methylotrophs

l. Introduction

. Once upon a time there was a lonely methylotroph called Bacillus methanicus,
sole representative in the literature of a metabolic type of microorganism
capable of growth on methane or methanol as sole source of carbon and
energy (Sohngen, 1906). Relatively few additions were made to the list of
known bacteria with these growth characteristics in the next half century and
J.R. Quayle was able to quote only seven references to bacteria growing on
methane or methanol in his first paper on Pseudomonas AM1 (Peel and
Quayle, 1961). In the next ten years many new bacteria were described and
much of their basic biochemistry elucidated. Since then an appreciation
of the potential of these bacteria for production of single cell protein from
methane or methanol has stimulated the isolation of many new species of
bacteria and yeasts able to grow on these substrates. A measure of the growth
of interest in these microbes and their metabolism is indicated by the holding
of the International Symposia on Microbial Growth on C,-compounds;
the first informal symposium was in Edinburgh in 1973 and since then more
formal symposia have been held in Tokyo and Putschino-on-Oka, the last
being in Sheffield in the summer of 1980 (see Dalton, 1981).

The explosive development of this subject as outlined here has resulted in
a vast literature presenting a daunting prospect to anyone approaching it for
the first time. It is for such workers that this book has been written; it is also
hoped that it will provide a useful guide for those who, like the author,
have helped produce this literature and are now finding themselves becoming
submerged beneath it.

II. Definition of methylotrophy and the
taxonomy of methylotrophs

Microbes growing on C,-compounds as their sole source of carbon and
energy must make every carbon—carbon bond “de novo”, and this problem
18 shared with microbes growing on compounds having more than one
carbon atom but having no carbon-carbon bonds

These microbes are called methylotrophs by analogy with those autotrophs
that are able to use CO, as their sole source of carbon.

Colby and Zatman (1972) have provided a generally accepted definition of
methylotrophs which I use here in a slightly altered form to allow the in-
clusion of bacteria assimilating reduced C, compounds by way of CO, and
the ribulose bisphosphate pathway. Methylotrophs are those microorganisms
able to grow at the expense of reduced carbon compounds containing one or
more carbon atoms but containing no carbon-carbon bonds. Obligate



1. Methylotrophic bacteria 3

methylotrophs grow only on such compounds whereas facultative methylo-
trophs are also able to grow on a variety of other organic multicarbon com-
pounds.

Table 1 lists those substrates known to support the growth of methylo-
trophs. Bacteria able to grow on carbon monoxide are, strictly speaking,
methylotrophs, obtaining their energy by oxidising CO to CO, and assimil-
ating the CO, by the “‘autotrophic” ribulose bisphosphate pathway. They
are not discussed further in this book and the reader is referred to the follow-
ing references for useful reviews of these organisms (Zavarzin and Nozhev-
nikova, 1976; Colby er al., 1979; Schlegel and Meyer, 1981; Cypionka et al.,
1980; Meyer and Schlegel, 1980).

TABLE 1
Substrates used for methylotrophic growth

Compounds containing one Compounds containing more than
carbon atom one carbon atom

Methane CH, Dimethyl ether (CHy),0
Methanol CH,0OH Dimethylamine (CH;),NH
Methylamine CH,NH, Trimethylamine (CH;)sN
Formaldehyde HCHO Tetramethylammonium (CHy) N+
Formate HCOOH Trimethylamine N-oxide (CH,);NO
Formamide HCONH, Trimethylsulphonium (CH;)sS+

Carbon monoxide CO

Ideally this first chapter would include a taxonomic survey of methylo-
trophs with some generally acceptable suggestions on nomenclature, However,
this has proved impossible for a number of reasons. The first is that the
property of methylotrophy is a very special property; very few bacteria in
culture collections grow on methane or methanol unless they were first
isolated on these substrates. Thus methylotrophs do not always fit neatly into
previously characterised groups. A second difficulty is that the obligate
methylotrophs have relatively few features that can be used in conventional
taxonomic studies. A third problem is that many methylotrophs were
initially isolated with the aim of studying their peculiar metabolism, and
while this has been achieved, the original description may be inadequate or no
longer correspond to the characteristics of the organism which is now
available in culture collections and used for extensive biochemical investiga-
tions, or for production of millions of tons of single cell protein.

The best that this chapter can hope to achieve is to place the methylotrophs
into groups having similar growth properties and, sometimes, structural
features. These groups will be for convenient storage of information and they
are not necessarily taxonomic groups with genetic relationships.
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Methylotrophicyeasts (discussed separately in Chapter 10) do not pose such
a problem as the bacteria, because they are typical yeasts which can be
classified with previously described non-methylotrophic yeasts, The extra
genetic information required for the oxidative and assimilatory pathways
during growth on methanol may be sufficiently great, however, to warrant
separate species for them.

The nomenclature of methylotrophs is confusing and likely to remain so.
It has been stated by Cowan (1970) in his heretical taxonomy for bacterio-
logists that ““names are only labels and have no significance except as a means
of communication”, Although this is a sound principle aimed at avoiding
wrangles over nomenclature, it still leaves the problem of what is actually
communicated in the name chosen. Many methylotrophs were first isolated
by biochemists with little interest, expertise or experience in taxonomy or
nomenclature; some chose to give completely new names, some gave the name
of the most similar non-methylotrophic bacteria while others, in desperation
I suppose, produced a prosaic series of numbers. The result of this is that the
information communicated by the name may be wrong or non-existent.
A further problem is that two methylotrophs may have the same generic name
but be very different, while very similar bacteria may have completely
different names.

In this book I have used the names in most common use and I have tried to
indicate where differently named bacteria are very similar when this is
particularly relevant.

Il. Microbes growing on methane (methanotrophs)

A major landmark in the development of our knowledge of methanotrophs
was the description in 1970 of more than 100 new isolates by Whittenbury
and his colleagues at Edinburgh (Whittenbury e al., 1970a). This was a
landmark because previously only four methanotrophs had been described.
The first was called Bacillus methanicus (Sohngen, 1906), reisolated as
Pseudomonas methanica (S6hngen) by Dworkin and Foster (1956) and now
renamed Methylomonas methanica. In the half century between the work
of S6hngen and that of the Edinburgh group only three further methano-
trophs were described; these were Pseudomonas methanitrificans (Davis et al.,
1964), Methanomonas methano-oxidans (Brown et al., 1964) and Methylo-
coccus capsulatus (Foster and Davis, 1966). All of these were strictly aerobic,
obligate methylotrophs able to grow on methane, methanol or dimethylether
but not on multicarbon compounds.

It was only in 1974 that Hanson and his colleagues at Wisconsin first
described facultative methanotrophs (Patt et al., 1974), and in 1979 that they
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first described methanotrophic yeasts (Chapter 10). It is now clear that
methanotrophs are commeon in Nature and that there is a great biological and
biochemical diversity amongst these organisms. The very important role of
methanotrophs and methanogens (Chapter 11) in the global carbon cycle has
been discussed fully elsewhere (Schlegel ef al., 1976; Vogels, 1979; Hanson,
1980).

A. General description of the methanotrophic bacteria

The main subject of this book is the biochemistry of methylotrophs and
the following descriptions are primarily for the convenience of biochemists
interested in their metabolism. It does not aim to evaluate taxonomic propo-
sals but merely to collate the available information into tables and to make a
few comments where the picture is rather confused. Whittenbury and his
colleagues originally categorised their new isolates into groups and sub-
groups and they avoided genus and species designations. In the subsequent
literature, however, they have referred to them as genera and species and 1
shall do likewise.

The descriptions of Whittenbury’s 100 new isolates provides a convenient
introduction to the methanotrophs. Because they only grow on C, compounds,
the characteristics available for division into genera and species are necessarily
structural and biochemical and these characteristics are discussed in later
sections of this chapter.

1. The isolates of Whittenbury and his colleagues

Table 2 is a list of properties of the obligate methanotrophs in the collect-
ion of R. Whittenbury and these properties are shared by most other obligate
methanotrophs. Table 4 is based on the main characteristics of the five
genera initially described, and it includes only those features that might be
expected to remain important in any classification scheme (Whittenbury
et al., 1970a,b; Davies and Whittenbury, 1970; Davey ef al., 1972). This
table also includes the Methylobacterium species which are the facultative
methanotrophs whose properties are more fully described in Table 7.

Table 3, based on that of Colby et al. (1979), includes some of the bio-
chemical generalisations that can be made about the main groups of methano-
trophs. The use of these biochemical properties in the classification of
methanotrophs is discussed below.

Table 5 is based on the table of properties of subgroups or species of
methanotrophs isolated by Whittenbury ez a/. (19702) and is included as an
illustration of the relative paucity of physiological properties available for
classification of methanotrophs.



TABLE 2
Properties of the obligate methanotrophs in Professor
Whittenbury’s collection

Most of these properties are also shared by the majority of obligate methanotrophs
isolated by other workers (see text).

All are Gram-negative, strictly aerobic, and are rods, vibrios or cocci.

All form a differentiated resting body (exospore or cyst).

All possess a complex internal arrangement of paired membranes.

All are catalase-positive, oxidase-positive and have typical cytochromes a, b and c.

All are (to some degree) sensitive to normal oxygen tension in air. Some do not grow
in shaking flasks. During nitrogen fixation they becomeextremely oxygen-sensitive.

All use methane, methanol, methyl formate, dimethylcarbonate and (those tested)
formaldehyde as sole carbon and energy sources.

All use ammonia as nitrogen source; most use nitrate and nitrite. Some use urea,

amino acids and yeast extract. All those with a serine pathway (and some with

the RuMP-pathway) fix molecular nitrogen.

All reduce nitrate to nitrite, but do not grow anaerobically on methane.
All oxidise (or co-oxidise) methane, methanol, ammonia, carbon monoxide,
dimethylether, propane, ether, ethanol, propanol, butanol, formaldehyde and

formate.

TABLE 3

Further properties of methanotrophic bacteria

Type I bacteria (RuMP
pathway)

(Methylococcus, Methylo-
monas and Methylobacter)

Type H bacteria (serine
pathway)

(Methylosinus, Methylo-
cystis and the facultative

Methylobacterium)
TCA cycle Incomplete (no oxoglutarate Complete
dehydrogenase)
Nitrogenase Present in some Present in all tested

Chain length of main 16 carbon atoms
fatty acid in lipid

Glucose-6-phosphate  Present (NADP*-specific)

18 carbon atoms

Absent during growth on

dehydrogenase methane

6-phosphogluconate  Present (NADP*-specific) Absent
dehydrogenase

Pentose phosphate High level Low level
isomerase

Methylococcus Methylomonas  All Type IT bacteria
Methylobacter

Isocitrate NAD*-specific NAD* and NADP+-specific
dehydrogenase NADP+

Malate dehydrogenase Low activity = High activity High activity

Ribulose bisphosphate + — —_
carboxylase

Phosphoribulokinase + — —

Growth at 45°C + some -+ -

Not all strains have been tested for all characteristics and discrepancies in these general-
isations may well arise. Most enzyme measurements are taken from Davey ef al. (1972).



TABLE 4
Properties characterising the main groups (Genera) of methanotrophs

Morphology Resting stage® Rosette DNA base ratio Major carbon Motility®
formation (G+ O pathway
Type [? (obligate)
Methylococceus Coccus Azotobacter-type — 62-64 %, RuMP pathway —
cyst (immature)
Methylomonas Rod Azotobacter-type — 50-549%; RuMP pathway +P
cyst (immature) .
Methylobacter Rod Azotobacter-type — 50-54%, RuMP pathway +P
cyst
Type I1° (obligate)
Methylosinus Rod or Exospore + 62:5%, Serine pathway +PT
pear-shaped
Methylocystis Rod or ‘Lipid cyst’ + 62:5% Serine pathway —
vibroid
Type 11° (facultative)
Methylobacterium Rod Exospore + 58-669 Serine pathway +P

a Type 1 bacteria have internal membranes arranged as bundles of vesicular discs; Type II bacteria have membranes arranged in pairs around the
cell periphery. :

b Not all organisms form an identifiable resting stage.

¢ P indicates a single polar flageflum; PT indicates polar tufts of flagella; + indicates that some strains are motile (see Table 5); all Methylomonas
strains were motile except M. streptobacterium.



TABLE 5
Properties of species (sub-groups) of methanotrophs (taken from Whittenbury et a/., 1970a)

Growth on methane

enhanced by yeast
extract, malate,
Number of Growth at Growth on Motility and  Capsule  acetate, or succinate
Organism strains 37°C 45°C methanol  flagellation formed 0-1%)
Type I bacteria
Methylomonas methanica 30 — — + +(P) + +
Methylomonas albus 3 + — + +(P) — +
Methylomonas streptobacterium 5 - — — — + —
Methylomonas agile 4 + — + +(P) — +
Methylomonas rubrum 7 - — + +(P) + —
Methylomonas rosaceous 2 — — — +(P) + —
Methylobacter chroococcum 9 — — — — + —
Methylobacter bovis 5 + — - — — +
Methylobacter capsulatus 4 - — — 4-(P) + —
Methylobacter vinelandii 5 + + — +(P) + -
Methylococcus capsulatus 3 + + — — + —
Methylococcus minimus 5 — — - — + +
Type II bacteria
Methylosinus trichosporium 9 + — + +(PT) + —
Methylosinus sporium 12 + — — +(PT) + +
Methylocystis parvus 1 + — — - + _

It has been suggested that Methylococcus minimus should be changed to Methylomonas minimus because it is rod-shaped (Whittenbury, personal
communication). Slight variations from the original have been included after discussion with Professor Whittenbury. The capsules of Type 11 bacteria
consisted of short fibres radiating from the cell wall; no structure was seen in capsules of Type 1 bacteria. Motility was by way of a polar flagellum
(P) or by polar tufts of flagelia (PT).
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2. Other obligate methanotrophs

Methanomonas methano-oxidans (Stocks and McCleskey, 1964b; Brown
et al., 1964; Smith and Ribbons, 1970) is most similar to the Methylosinus
strains. It is rod- or pear-shaped; it grows in rosettes, has Type II (peripheral)
membranes; it assimilates its cell carbon by the serine pathway (Lawrence
and Quayle, 1970) and it has a complete TCA cycle (Wadzinski and Ribbons,
1975b). It may differ from Methylosinus sp. in having only a single polar
flagellum rather than a tuft of polar flagella and in forming microscopic
colonies.

Pseudomonas methanitrificans was suggested by Whittenbury et al. (1970a)
to be a strain of Methylosinus. Its original name was given because it was
isolated using atmospheric nitrogen as the sole nitrogen source. As mentioned
in Table 4 nitrogen fixation is a characteristic common to all Type II bacteria
so far tested.

Pseudomonas methanica (Sohngen, 1906; Dworkin and Foster, 1956; Lead-
better and Foster, 1958) conforms to the description of the most commonly
isolated methanotroph, Methylomonas methanica.

Methylococcus capsulatus was first isolated by Foster and Davis (1966),
and the name adopted by Whittenbury et al. (1970a, b) for all their similar
isolates.

The Methylobacter vinelandii strains of Whittenbury ez al. (1970a, b)
resemble the methanotrophs isolated by Leadbetter and Foster (1958).

Methylovibrio sohngenii strains (Hazeu and Steenis, 1970) were later
identified as strains of Methylosinus sporiumand Methylocystis parvus (Hazeu,
1975).

Methylococcus thermophilus. Malashenko (1976), in a study of thermo-
tolerant and thermophilic methanotrophs described an organism very
similar to Methylobacter vinelandii (Tables 4 and 5) but having an unusually
high percentage (G + C) ratio (59 %). In the same study he described a new
species of thermophile which he named Methylococcus thermophilus. This
differed from typical Methylococcus strains (Tables 2 and 3) in being motile.

Methylococcus mobilis. Hazeu et al. (1980) have recently published a
thorough description of this novel species of obligate methanotroph. This
non-pigmented coccus appears singly or in pairs, chains or tetrads that are
occasionally motile and have one or two flagelia. In some conditions multiple-
bodied cysts like those of Methylobacter are formed. Carbon is fixed by the
ribulose monophosphate pathway and electron micrographs reveal the
presence of Type I membranes as well as reserve material; this is probably
polysaccharide because these bacteria do not form poly 3-hydroxybutyrate.
Growth only occurs on methane or methanol but peptone increases the
growth rate on methane and in these conditions unusual tubular structures
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become visible in electron micrographs of cross-sections of bacteria. No
fixation of atmospheric nitrogen was observed. The temperature optimum is
30°C but some growth occurs at 37°C. The percentage (G + C) ratio of 56-3
differs from values recorded for both Methylobacter and Methylococcus
species (Table 4). The cysts are more like those of Methylobacter species but
the new isolate is a coccus. This poses a problem of taxonomy which the
authors have avoided by including this interesting organism in the more
widely-defined Methylococcus genus as defined by Romanovskaya et al. (1978)
(see below).

Many strains of obligate methanotrophs similar to those described above
and in Tables 2, 3, 4 and 5 have been isolated in recent years (e.g. Malashenko,
1976; Trotsenko, 1976; Galchenko et al., 1978; Romanovskaya et al., 1978).
A problem that has arisen during these studies has been due to the isolation
of motile cocci and of thermophilic methanotrophs. Romanovskaya et al.
(1978) in their proposed scheme for the classification of obligate methano-
trophs have included these species together with all Methylobacter species
(Tables 3 and 5) into the genus Methylococcus; the species proposed are
given with a brief list of their properties in Table 6.

Besides the Gram-negative methanotrophs described above a number of
Gram-positive bacteria (Mycobacterium sp. and Nocardia sp.) are said to be
able to grow on methane but no full descriptions of these are available and
little biochemical work on them has been reported (see Seto et al., 1975).

3. The facultative methanotrophs (Methylobacterium spp.)

Eleven strains of facultative methanotrophs have been described, four of
these in some detail (Table 7). All are Gram-negative rods having the Type 11
membrane arrangement and assimilating C, compounds by the serine pathway.
All were originally isolated on methane and many were isolated from fresh-
water lakes at depths where O, concentrations are relatively low; and some
isolates (e.g. M. organophilum XX) grow best at low O, concentrations,
Most are motile by polar flagella and have a (G + C) ratio of 669%; the
exception is Methylobacterium ethanolicum which is non-motile and has a
(G + C) ratio of only 589 (Lynch et al., 1980). Some isolates are resistant to
high temperatures (Patt et a/l., 1974) and exospores were observed in the R6
strain (Patel et al., 1978). The facultative methanotroph described first and
used for many biochemical investigations is Methylobacterium organophilum
XX. This strain usually contains poly-3-hydroxybutyrate and is catalase- and
oxidase-positive. It is similar to Methylococcus capsulatus in having phos-
phatidyl choline, squalene and sterols in its membranes (Patt e al., 1976;
Bird et al., 1971).



TABLE 6
Summary of some properties of Methylococcus species as defined by Romanovskaya et a/. (1978)

Motile in some Temperature range
Organism Shape growth phase %(G + C) ratio and optimum
Methylococcus capsulatus coccal — 62:5% 20-50°C (37°C)
Methylococcus thermophilus coccal or rod +(P) 63-3% 37-62°C (55°C)
Methylococcus minimus coccal - (62-5%,) 20-30°C
Methylococcus luteus oval — 53-:0% 20-37°C (33°C)
Methylococcus bovis coccal or rod - (50-54%) 20-37°C (30°C)
(Methylobacter bovis)
Methylococcus chroococcus oval - (50-54%) 20-30°C
(Methylobacter chroococcurn)
Methylococcus ucrainicus oval rods +(P) 52:7%, 20-37°C (30°C)
Methylococcus whittenburii oval rods +(P) (50-54%) 20-30°C
(Methylobacter capsulatus)
Methylococcus vinelandii oval rods +(P) (50-54%) 20-45°C

(Methylobacter vinelandii)

A complete description of the proposals is given in the paper on “‘A corrected diagnosis of the genera and species of methane-utilizing bacteria®
by Romanovskya et al. (1978). The names in parentheses are those given by Whittenbury et @l. (1970a, b) (Table 5) when these differ from those
given in this table. Percentage (G + C) ratios given in parentheses are those stated to be typical of the genus by Whittenbury et al. (1975).



TABLE 7
The facultative methanotrophs (Methylobacterium sp.)

M. organophilum Seven other Methylobacterium
XX (ATCC 27886) Methylobacterium sp. R6 M. hypolimneticum M. ethanolicum
Colour on solid media pink (white in white, yellow or light-brown white yellow
first description) orange
Size 1 by 1-5um Various 0-6 by 2:0 um 0-4 by 0-9 um 0:5 by 20 pm
Motility + n.d. + + —
% (G + C) ratio 66 % nd. n.d. 669 58%
Vitamin requirement — n.d. — + -~
Fixation of molecular N, + n.d. n.d. n.d. +
Spores or heat-stable forms + some + n.d. n.d.
Alternative carbon sources
nutrient broth + + + + +
methanot + n.d. + - —
methylamine — n.d. — n.d. n.d.
formate n.d. n.d. — n.d. n.d.
ethanol — -+ + — +
acetate + + -+ + +
succinate + + + + -+
malate + + n.d. -+ +
fumarate + + n.d. n.d. nd.
glucose + + + + +
fructose n.d. n.d. n.d. + +
galactose + + - -+ -
xylose n.d. n.d. n.d + +
sucrose + -+ - — I
lactose + —+ — + +

All strains (tested) have Type II membranes, the serine pathway and a complete TCA cycle. Some contain poly-3-hydroxybutyrate and are pleo-
morphic in shape. Methylobacterium organophilum XX is described in Patt et al. (1974, 1976) and Lynch et al. (1980). Seven other Methylobacterium
sp. are described in Patt et al. (1974). Methylobacterium R6 is described in Patel et al. (1978b) and Lynch et al. (1980). M. ethanolicum and hypo-
limneticum are described in Lynch et al. (1980).

n.d., not determined; 4+, growth (not necessarily good growth); —, poor growth
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In the original descriptions all facultative methanotrophs were described
as white, yellow or orange and M. organophilum XX was said to be white,
turning orange on ageing. However, subsequent descriptions of this organism
have stated that it is pink on solid media and a culture of this strain that has
lost the ability to grow on methane is said to be similar to the typical pink
facultative methylotrophs that grow on methanol but not on methane
{Green and Bousefield, 1981),

The main criterion by which the organisms in Table 7 are grouped into the
single genus Methylobacterium is that of ability to grow on methane. It must
therefore be emphasised that these facultative methanotrophs do not grow
rapidly on this substrate (no information is available on cell yields on methane).
Indeed, the species name “organophilum” was chosen to indicate the prefer-
ence of these bacteria for multicarbon substrates. It has been suggested that
the genetic information for growth on methane may be encoded on a plasmid
and this would certainly explain the ease with which this characteristic is lost
by some facultative methanotrophs (see Hanson, 1980; O’Connor, 1981).

B. Structural features of methanotrophic bacteria
1. Resting stages

In the natural environment most methanotrophs use only methane as
energy source, even methanol being toxic to many of them. This apparently
precarious existence is relieved by their ability to form resting stages (exo-
spores and cysts) having survival properties not found in the vegetative
organisms; the following description of these resting stages is taken from the
first report of them by Whittenbury er al. (1970b) which includes many
excellent electron micrographs as illustrations.

(@) Exospores. The only obligate methylotrophs to form exospores are
Methylosinus sp. Exospore formation is also indicated in an electron micro-
graph of the facultative methanotroph Methylobacterium R6 (Patel et al.,
1978b). The exospores confer resistance to desiccation, surviving in the dried
state for at least 18 months, and to heat, surviving 85°C for 15 min; they are
also resistant to ultrasonication for 10 min.

(i) Spore formation. As cultures enter the stationary phase 5-959% of
organisms (depending on the strain) elongate and taper to a pear-shape
(Methylosinus trichosporium) or comma shape (Methylosinus sporium) at
the opposite end from the flagella, the round spore being finally budded at
this tapered end. In Methylosinus trichosporium, but not in Methylosinus
sporium a second, ill-defined capsule forms around the developing spore and
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remains attached to it after budding. This spore capsule is more finely
fibrous than that of the vegetative cell; neither capsule is stainable by conven-
tional capsule stains and neither is removable by ultrasonication. After
ageing for one to seven days many spores become refractile and acid-fast;
for convenient observation they may be stained with malachite green spore
stain. The immature exospores of Methylosinus trichosporium are cup-shaped
and, in favourable conditions, are able to germinate before formation of the
mature spherical exospore (Reed er al., 1980).

(ii) Spore structure. The structure of the exospores bears some resemblance to
the endospores of Bacillus species in having no well-defined cortex, respira-
tory activity or dipicolinic acid. The exospore has an outer coat derived from
the vegetative organism, a laminated inner coat, an area corresponding to the
cortex of endospores, a protoplasmic membrane and an inner protoplast.
The exospores of Methylosinus are similar in many respects to those of
Rhodomicrobium vannielii (Reed et al., 1980; Dow and Whittenbury, 1980).

(iii) Spore germination. Methane is essential for spore germination which
occurs within 2-15 days, the germination time being affected by the age of the
spores and by treatments such as drying or heating. Before germination the
capsular coat, only present on spores of Methylosinus trichosporium, is
usually shed and appears to play no part in conferring the properties of heat
and desiccation resistance. Spores do not swell before germination; the first
observable change is that they lose refractility and the property of acid-
fastness. This is followed by the emergence of a rod from the spore which
increases in length and either divides or, rarely, forms another spore. The
inner spore coat, but not the outer wall, remains an integral part of the
germination organism for at least two divisions. The germination process,
from loss of refractility to the first division, lasts 6-7 h.

On isolation all strains spore profusely but many strains tend to lose this
property after subculturing a few times; this can sometimes be overcome by
transferring to a medium lacking a nitrogen source,

(b) Lipid cysts. These have a complex wall structure and contain laige lipid
inclusions; they bear little resemblance to other bacterial cysts apart from
their ability to resist desiccation. They are formed by only one strain, Methylo-
cystis parvus, a Type 11 organism, very similar to Methylosinus sp. and which
might therefore have been expected to form exospores.

In the exponential phase the bacteria are small rods, free of inclusions and
stainable by conventional stains. As the stationary phase is entered a propor-
tion (5-90%) of bacteria increase in size and form large lipid inclusions
consisting mainly of poly-3-hydroxybutyrate which, after 7-14 days, can only
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be stained with acid-fast stain. The only difference in fine structure of these
“lipid organisms™ compared with the vegetative organisms is the increased
complexity in their walls and their lack of a complex internal membrane
system,

The “lipid organisms” fail to resist 65°C for 30 min but are resistant to
desiccation, 809, surviving after a week. On transfer to a fresh medium the
lipid organisms become sensitive to desiccation, losing their lipid inclusions
and the property of acid-fastness.

(c) ““Azotobacter-type” cysts. These are formed only by Methylobacter sp.
“Immature Azotobacter-type” cysts are formed by most other Type I
bacteria (see below). The cysts are single, double or multiple-bodied and
resemble in all ways the cysts formed by Azotobacter species. They are
produced as cultures enter the stationary phase, the rod or oval-shaped
bacteria becoming larger, round and refractile; this process is often accom-
panied by a change from creamy white pigmentation to various shades of
yellow to brown. The mature cysts have a central body, an inner wall and an
outer coat or exine. They are not heat-resistant but are resistant to desiccation.

(d) “Immature Azotobacter-type” cysts. These are produced by those Type 1
bacteria not forming mature cysts, Methylomonas sp. and Methylococcus sp.
These bacteria produce rounded bodies which appear to be an immature form
of the Azotobacter-type cysts produced by Methylobacter sp. (see above);
they possess a wall structure intermediate between that of a vegetative cell
and a mature cyst and survive the absence of methane for 5-6 weeks in
contrast to the vegetative bacteria which survive only 2-3 days.

2. Internal membranes

All methanotrophs have a complex internal membrane structure (Procter
et al., 1969 ; Davies and Whittenbury, 1970; de Boer and Hazeu, 1972; Patt
et al., 1974; Hazeu et al., 1980) resulting in a surface area4-8 times that of the
cytoplasmic membrane. The Type I bacteria (Methylococcus, Methylomonas
and Methylobacter) have bundles of disc-shaped vesicles which appear to be
formed by invagination of the cytoplasmic membrane (Fig. 1) while Type II
bacteria Methylosinus, Methylocystis and Methylobacterium have a system
of paired peripheral membranes (Fig. 2). Although all methanotrophs are
able to form these membranes the extent of formation depends on the
growth conditions. In the Type I Methylococcus capsulatus the membranous
development observed in methane-grown bacteria persisted when they were
grown on methanol (Linton and Vokes, 1978) but internal membranes were
absent from the facultative Type II organism Methylobacterium organophilum






Fig. 1. Methylomonas methanica (a) and Methylococcus capsulatus (b) showing Type [
membranes. This electron micrograph was kindly provided by Professor D. W. Ribbons
Type I membranes are typically arranged as bundles of disc shaped vesicles.
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Fig. 2. Methanomonas methano-oxidans showing Type II membranes. This electron micro-
graph was kindly provided by Professor D. W. Ribbons. Type II membranes are typically
arranged as a system of paired peripheral membranes.

when grown on methanol or glucose (Patt et al., 1974; Patt and Hanson,
1978; O’Connor, 1981). In this organism the internal membranes increased in
extent under low oxygen tension during growth on methane. Low oxygen
tension also appears to stimulate membrane production in the obligate
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Type 11 bacterium Methylosinus trichosporium,; a review by Higgins et al.,
(1981a) suggests that membrarnes are only produced under conditions of
oxygen-limitation and that cultures growing rapidly under conditions of
rapid gas transfer do not contain membranes (see also Best and Higgins,
1981; Scott ef al., 1981).

The role of the internal membranes is a matter for speculation (see Procter
et al., 1969; Davies and Whittenbury, 1970; Higgins, 1979a; Higgins et al.,
1981a) but it is probable that they are associated with peculiar oxidative
properties of methanotrophs because similar membrane systems are found in
photosynthetic bacteria, ammonia and nitrite oxidisers, cyanobacteria and
some higher hydrocarbon utilisers all of which have specialised electron
transport requirements. As methylotrophs able to grow on methanol but not
methane do not possess internal membranes, then it seems reasonable to
conclude that they perform some special function in the initial step in
methane hydroxylation. The membranes may merely act by anchoring
the oxygenase components or they may be involved as a solvent for methane
or oxygen as proposed by Higgins (1979a).

3. Rosette formation, flagella and pigmentation

(@) Rosette formation. The majority of Type 11, but not Type I, bacteria are
able to form rosettes of bacteria held together and anchored at their non-
flagellated poles by polysaccharide ““holdfast” material which is visible
under the light microscope (Whittenbury ez al., 1970a).

(b) Motility and flagella. Many methanotrophs are motile at some stage
during growth; this is by way of polar flagella which are single or (in Methylo-
sinus) arranged in tufts. Motility is often lost during laboratory culture and
may thus be a confusing characteristic in classification schemes.

(c) Pigmentation. The most commonly isolated methanotrophs are the pink or
red species very similar to those described by Leadbetter and Foster (1958).
These are now named Methylomonas methanica,; the majority of methano-
trophs able to form pink-red carotenoid pigments are included in Methylo-
manas methanica, Methylomonas rubrum or Methylomonas rosaceous.
When pigmentation is recorded it is usually that of colonies grown on solid
media; pigmentation recorded in pellets of bacteria centrifuged from aero-
bically-grown cultures is more difficult to use in classification because it may
often be due to cytochromes (particularly cytochrome ¢) rather than to
carotenoid pigments. Water-soluble pigments are rarely formed by methano-
trophs; Methylobacter produces a yellow pigment and, on iron-deficient
medium, Methylosinus sporium produces a brown-black pigment and Methylo-
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monas methanica a green to sapphire pigment. Many cyst-forming species
produce a brown pigment whenever the cysts are present.

C. Biochemical and physiological features of methanotrophs
used in their classification (see Table 3)

1. Major carbon assimilation pathways

Two major carbon assimilation pathways occur in methanotrophs;
the serine pathway in Type I bacteria and the ribulose monophosphate
(RuMP) pathway in Type I bacteria (Table 8). Because methanotrophs
usually have high levels of enzymes of only one of the pathways, some of the
enzymes peculiar to each pathway have been used as indicator enzymes.
That for the serine pathway has been hydroxypyruvate reductase and that for
the RuMP pathway has been hexulosephosphate synthase. Reports of low
levels of hydroxypyruvate reductase in Type I methanotrophs in which the
RuMP pathway is predominant emphasise that the mere presence of an
indicator enzyme is insufficient evidence for the presence of one pathway or
the other. Furthermore, the low levels of ribulose bisphosphate carboxylase
and phosphoribulokinase in Methylococcus capsulatus (but not other methano-
trophs) indicates that CO, can be fixed by the RuBP (autotrophic) pathway to
some extent (very slight) even in the presence of a major alternative assimi-
lation pathway (Taylor et al., 1980).

2. The dehydrogenases for 2-oxoglutarate, malate, isocitrate, glucose-
6-phosphate and 6-phosphogluconate

The levels of most TCA cycle enzymes are generally lower in TypeIthan in
Type II methanotrophs (Chapter 5). In particular, Type I bacteria (Methylo-
coccus and Methylomonas) contain no 2-oxoglutarate dehydrogenase
whereas the levels of this enzyme in Type I bacteria (Methylosinus, Methylo-
cystis and Methylobacterium) are similar to those measured in non-methano-
trophic bacteria growing on methanol. Thus it appears that those bacteria in
which the major assimilation pathway is the RuMP pathway (Type I bacteria)
have an incomplete TCA cycle whereas those with the serine pathway have
a complete TCA cycle.

It has been suggested (Whittenbury er al., 1976) that the function of the TCA
cycle is to provide NADH for the serine pathway and for the hydroxylation
step in methane oxidation. This is unlikely to be the case because the pro-
duction of acetyl-CoA from methane by the serine pathway requires the same
amount of NADH as is produced by its subsequent oxidation by the TCA
cycle. Perhaps a more likely function of the cycle is the occasional provision
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of NADH for methane hydroxylation by oxidation of stored poly 3-hydroxy-
butyrate; this might be particularly important for the initial hydroxylation
of methane after germination of resting stages or after a period in the absence
of methane.

The analysis of Davey et al. (1972) has indicated that dehydrogenases for
glucose-6-phosphate and 6-phosphogluconate only occur in Type I organisms
and are NADP+-specific. The facultative Type II methanotroph, Methylo-
bacterium, is typical in lacking these enzymes during growth on methane
but they are induced during growth on methanol and glucose (when they are
NAD+-specific). The isocitrate dehydrogenases of Type Il bacteria are NADP*
specific, but use NAD* or NADP+ in the Type I bacteria with the exception
of Methylococcus capsulatus in which the enzyme uses only NAD*. This
important organism is also the exception in its low activity of malate dehydro-
genase compared with all other methanotrophs. It is also unusual in having
the enzymes ribulose bisphosphate carboxylase and phosphoribulokinase,
albeit at very low levels compared with those in bacteria whose major path of
carbon assimilation is the ribulose bisphosphate pathway (Taylor et al., 1980).

3. Growth temperatures, growth on methanol and nitrogen fixation

(a) Growth temperature. Ability to grow at 45°C was initially used to dis-
tinguish between various subgroups (“’species”) by Whittenbury er a/. (1970a).
It is of interest that no Type II species is able to grow at this temperature.
Methylococcus minimus was originally separated from Methylococcus
capsulatus by its inability to grow at 37°C or 45°C but it has now been
suggested (Whittenbury, personal communication) that this should be
included with the Methylomonas species, becausc recent observations have
shown it to be rod-shaped, and not a coccus. The thermophilic methanotrophs
described by Malashenko (1976) are all Type I Methylococcus or Methylo-
bacter species.

(b) Growth on methanol. Ability or otherwise to grow on methanol is a
difficult characteristic to determine with any degree of certainty. Many
methanotrophs grow on methanol only if this substrate is provided in the
vapour phase or when it is the rate-limiting nutrient (and hence at negligible
concentration) in continuous culture.

(c¢) Nitrogen fixation. Many methanotrophs fix atmospheric nitrogen, using
this as their sole nitrogen source. The discrepancy between earlier reports
(Whittenbury et al, 19702) and summaries included in recent reviews
(Colby et al., 1979) is because false negative results were originally obtained
when using the acetylene reduction test for nitrogenase. Nitrogenase requires
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an added reductant and this was supplied as methane. This has been shown
to be unsuitable because acetylene inhibits the oxidation of methane; a
better test for the presence of nitrogenase thus uses methanol as the reductant
in the acetylene reduction test (Dalton and Whittenbury, 1976; Chapter 6).

4. DNA base ratios and predominant fatty acids

(a) DNA base ratio (percentage G + C). This is usually assumed to be a
fundamental characteristic and is thus given particular importance in
taxonomy. This is one reason why the merging of Methylobacter, having a
percentage (G + C) ratio of less than 56%, into the Methylococcus group
(percentage G + C, 62-5%), as suggested by Romanovskaya et al. (1978),
has not been followed here.

(b) Predominant fatty acids. Type 1 and Type Il bacteria differ in the pre-
dominant fatty acids in their membranes. As shown first by Ribbons and
co-workers, in Type I bacteria the predominant fatty acid is a saturated fatty
acid with 16 carbon atoms (16: 0) while in Type II bacteria the predominant
fatty acid is a mono-saturated fatty acid with 18 carbon atoms (18:1)
(see Colby et al., 1979 and Higgins, 1979a for references).

IV. Methylotrophs unable to grow on methane

I start this section by emphasising that although there may be some taxomomic
validity in the groupings used here, my approach when devising these groups
has been essentially pragmatic. A taxonomist would no doubt abhor the
division of methylotrophs into two major groups on the apparently single
characteristic of growth on methane, but this division is convenient and to
some extent justifiable. Ability to grow on methane is correlated with posses-
sion of methane mono-oxygenase, a complex membrane system and the
ability to form spores or resting stages. The organisms in the following
section have none of these characteristics. The existence of the facultative
methanotrophs (previous section) does, of course, confuse this neat division
to some extent and the possibility of an organism transferring from the
previous section into this one merely by losing a plasmid is rather irritating.
This is especially so if the rumour is justified that some methanotrophs can
be cured of “methane plasmids” by means of flight across the Atlantic
ocean!

It is not always obvious to which group individual organisms should be
allocated in this section. When in doubt, I have tended to group together
those organisms with biochemical similarities and this has sometimes
involved placing bacteria of the same (apparent) genus into different groups.
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This reflects my experience that it is probably easier to distinguish between
biochemical pathways than to allocate to a genus, with any certainty, an
organism having, for example, some of the characteristics of a Pseudomonas
sp. and some of an Arthrobacter sp.

Because of the importance I have placed on their biochemistry, I have
included in this section a summary of the distribution of the main carbon
assimilation pathways operating in the methylotrophs (Table 8).

TABLE 8

Distribution of carbon assimilation pathways in
methylotrophic bacteria

The RuBP pathway (Chapter 2)
This occurs only in facultative autotrophs and Pseudomonas oxalaticus (Table 15)

The RuMP pathway (Chapter 3)

(a) Type 1 obligate methanotrophs (KDPG/TA variant) (Tables 3 and 4)

(by All obligate methylotrophs unable to use methane (KDPG/TA variant) (Tables
9 and 10)

(c) Some facultative methylotrophs unable to use methane; mainly non-motile
species; most Arthrobacter and Bacillus sp. (FBP aldolase/SBPase variant)
(Tables 13 and 14)

(d) Pseudomonas oleovorans (a Gram-negative, motile, facultative methylotroph
unable to use methane) (KDPG/TA variant). This organism is an exception to
many generalisations in this book.

The serine pathway (Chapter 4)
(a) Type II obligate methanotrophs (Tables 3 and 4)
(b) Type II facultative methanotrophs (icl~) (Tables 3, 4 and 7)
(c) Pink facultative methylotrophs (icl-) (Table 11)
(d) The Hyphomicrobia (icl-)
(e) Most non-pigmented pseudomonads (iclt) (Table 12)
() A few non-motile, Gram-negative facultative methylotrophs (Table 13)

This is a rough guide; full distribution tables are presented as follows: RuBP pathway,
Table 16; RuMP pathway, Tables 18 and 19; serine pathway, Tables 26 and 27.

A. Obligate methylotrophs able to use methanol or methylamine
but not methane

Under this heading I am including the more restricted facultative methylo-
trophs. The distinction between obligate and facultative methylotrophs
among the methanol- and methylamine-utilisers is not as well-defined as
might at first appear; this is because some facultative methylotrophs are
almost obligate in nature. Some grow (very slowly) on only one or two multi-
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carbon substrates (usually glucose or fructose) (e.g. organism W3Al and
W6A) and these have been called the (Type M) restricted facultative methylo-
trophs (Colby and Zatman, 1975a). Other organisms grow rapidly on a larger
but still very limited range of multicarbon compounds and these have been
called the less (Type L) restricted facultative methylotrophs; these include the
Hyphomicrobia (Harder and Attwood, 1978) and the Bacillus species S2A1
and PM6 (Colby and Zatman, 1975a).

Under the heading of obligate methylotrophs, I have included the more
restricted facultative organisms, whereas the less restricted organisms have
been included in the next section with the facultative methylotrophs.

The non-methanotrophic obligate methylotrophs are listed in Table 9 and a
summary of their properties presented in Table 10. This summary shows that
all such obligate methylotrophs are very similar 1o one another and that
they could perhaps be included in a single genus (perhaps Methylophilus).
A taxonomic study of these organisms with many similar new isolates by
Urakami and Komogata (1979) appears to confirm this. Byrom (1981),
however, has suggested (on the basis of DNA/DNA hybridisation experi-
ments) that while they do form a separate group, this group itself might be
divisible into two. In some features these bacteria are similar to the obligate
methane-utilisers whose properties are summarised in Table 2. The main
differences are that none grow on methane, none have a complex internal
arrangement of membranes, none form a differentiated resting body, none
fix atmospheric nitrogen and all grow well on methanol. The obligate
methanol-utilisers are most similar to the methanotrophs Methylomonas and
Methylobacter (Table 4), being rod-shaped, motile, having the RuMP
assimilation pathway for carbon assimilation, having a (G + C) ratio of
52-56 % and having fatty acids with 16 carbon atoms as the predominant
fatty acids (Urakami and Komogata, 1979). It is unfortunate that some
workers, on the ‘“‘authority” of Bergey’s Manual, have given the name
Methylomonas to obligate methanol-utilisers because this name was originally
used for obligate methane-utilisers,

An unusual characteristic of some of the non-methanotrophic obligate
methylotrophs is that they have a rather thick cell envelope and a wavy
outline. This is clearly seen in electron micrographs of Methylophilus methylo-
trophus, Pseudomonas C, Pseudomonas methanolica (Rokem et al., 1978b)
and Pseudomonas W1 (Dahl et al.,, 1972), but not in facultative methylo-
trophs. In some cases the wavy outlines may be so extreme that they con-
stitute clear protrusions of the outer membrane. The thick cell envelope is
correlated with relatively high concentrations of lipid in these obligate
methylotrophs and it has been calculated that the amounts of lipid per unit
of cell surface is between two and five times that in facultative methylotrophs.



TABLE 9

Obligate methylotrophs unable to use methane but able to use methanol or methylamine

Organism

References

Pseudomonas C

Pseudomonas W1 (Organism W1)

Organism C2A1

Organism 4B6 (non-motile and grows only on
methylated amines)

Pseudomonas RJ3

Methylomonas methylovora (ATCC 21850)
(about 50 strains; 3 were non-motile)

Pseudomonas W6

Methylophilus methylotrophus (Pseudomonas
methylotropha, NC1B 10592; 10515)

Methylomonas M15

Organisms W3A1 and W6A (also grow slowly on
glucose)

Methylomonas aminofaciens 77a

Methylomonas P11

Organism BC3

Methylomonas methanolica (Pseudomonas
methanolica ATCC 21704)

Pseudomonas J

Organism L3

Methylomonas clara

Chalfan and Mateles (1972); Goldberg and Mateles (1975); Rokem et al. (1978b);
Urakami and Komogata (1979)

Dahl et al. (1972)

Colby and Zatman (1973); Urakami and Komogata (1979); Byrom (1981)

Colby and Zatman (1973)

Mehta (1973a)

Kouno et al. (1973); Kouno and Ozaki (1975); Mehta (1977); Patel et al. (1979b);
Urakami and Komogata (1979); Byrom (1981)

Babel and Miethe (1974)

Maclennan et al. (1974); Byrom and Ousby (1975); Taylor (1977); Brooks and
Meers (1973); Rokem et al. (1978b); Urakami and Komogata (1979); Byrom
(1981); Large and Haywood (1981)

Sahm and Wagner (1975)

Colby and Zatman (1975a); Byrom (1981)

Ogata et al. (1977)

Drabikowska (1977); Michalik and Raczynska-Bojanowska (1976); Budohoski
et al. (1978); Michalik et al. (1979)

Chen et al. (1977); Urakami and Komogata (1979)

Rokem et al. (1978b); Amano et al. (1975); Urakami and Komogata (1979);
Byrom (1981)

Matsumoto (1978)

Hirt et al. (1978)

Drozd and Linton (1981); Byrom (1981)

The properties of these bacteria are summarised in Tablie 10; in spite of their different names most of these bacteria are very similar to one another.
Names in parentheses are previously used names for the same organism. The name Methylomonas was used initially for bacteria using methane
(Tables 3, 4 and 5) and not for the bacteria described here. Methylophilus methylotrophus and Pseudomonas C were originally thought to be facultative
methylotrophs but they are known to be obligate methylotrophs growing only on C, compounds and perhaps also fructose (Taylor, 1977; Goldberg,
personal communication; Urakami and Komogata, 1979; Byrom, 1981)



TABLE 10
Properties common to the obligate methylotrophs unable to use methane

All are strictly aerobic, Gram-negative, non-pigmented, non-sporing, slender rods, motile by a single polar flagellum and occurring
singly or in pairs.

All (except organism 4B6) grow well on methanol; none grow on methane or formate but a few (e.g. organism L3) grow on formaldehyde.
Methylamine(s) support the growth of Pseudomonas W1, J and RJI3, Methylophilus methylotrophus, organisms C2A1, W3Al, W6A,,
some strains of Methylomonas methylovora, Methylomonas methanolica and nine out of 52 of Kouno’s isolates (3 of these 9 were non-
motile). None grow on typical laboratory nutrient media and the majority grow on no other carbon source tested (except fructose in

a few cases).

All (except organisms W3A1, W6A and 4B6) have a percentage (G + C) ratio between 529 and 56 %, the majority being between 52 9%
and 549 (exceptions are given below).

All tested grow by way of the Ribulose monophosphate pathway of carbon assimilation (KDPG aldolase/transaldolase variant).

All use ammonia, and the majority use nitrate, as nitrogen source. Some grow (poorly) with organic nitrogen sources but none have been
reported to fix atmospheric nitrogen.

All tested have coenzyme Q, and have fatty acids with 16 carbon atoms as the predominant fatty acids (Urakami and Komogata, 1979).

The optimum temperature for growth is usually about 30°C but the majority grow fairly well at 37°C; none grow above 42°C.

The majority are oxidase-positive and catalase-positive.

A few require a vitamin for growth (Kouno et al., 1973; Colby and Zatman, 1973).

Some (e.g. Methylophilus methylotrophus, organism BC3 and Pseudomonas C) are particularly sensitive to high concentrations of phos-
phate in growth media.

Many grow at very high rates and to high growth yields on methanol; this may reflect the purpose for which they were isolated (produc-
tion of single cell protein).

This Table lists those properties common to the majority of obligate methylotrophs unable to use methane but able to use methanol as sole source
of carbon and energy (Table 9).
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B. Facultative methylotrophs unable to grow on methane

Most of these bacteria (listed in Tables 11 to 15) were isolated by elective
culture on methanol or methylated amines; very few methylotrophic bacteria
have been isolated by other means and then ‘““discovered” in culture collec-
tions. Although the majority of facultative methylotrophs isolated on meth-
anol are able to grow on methylamine, the opposite does not appear to
be true. Apart from the pink facultative methylotrophs and the Hyphomi-
crobia, bacteria isolated on methylated amines do not usually grow on
methanol (Levering et al., 1981a).

1. The pink facultative methylotrophs (Table 117)

These Gram-negative bacteria are the facultative methylotrophs most
readily isolated on methanol which they assimilate by way of the serine
pathway. They are usually motile by a single polar flagellum and form red
carotenoid pigments so that colonies often appear scarlet on nutrient agar
(Peel and Quayle, 1961). They grow rather slowly on nutrient media (such as
nutrient broth) and on solid media, seven days being required for full develop-
ment of colonies. They are large, non-sporing rods containing inclusions of
poly-3-hydroxybutyrate and are strictly aerobic, non-fermentative and are
catalase- and oxidase-positive. None grow autotrophically, none grow
anacrobically with nitrate as electron acceptor, none fix molecular nitrogen
and none grow on methane (but see comment on M. organophilum, below).

Most strains grow on methanol, formate, methylamine, ethylamine,
ethanol and/or acetate, lactate, pyruvate, 3-hydroxybutyrate, C, carboxylic
acids and propanediol; a few also grow on oxalate. Only a few grow on
dimethylamine or trimethylamine (Large, 1981).

Their DNA base ratios are between 609, and 709 (G + C) (Green and
Bousefield, 1981); they all form coenzyme Q,, and they all have an unsatur-
ated fatty acid with 18 carbon atoms (18: 1) as their predominant fatty acid
(Natori et al., 1978; Urakami and Komogata, 1979).

It should be noted that neither these pink facultative methylotrophs nor
the non-pigmented Pseudomonas sp. listed in Table 12 are typical Pseudomonas
sp.; of the 267 typical Pseudomonads selected and classified by Stanier et al.
(1966) none were able to grow on methanol, methylamine or oxalate as sole
carbon and energy source.

In their valuable taxonomic survey of 150 strains of pink facultative
methylotrophs, Green and Bousefield (1981) also emphasise that the pseudo-
monad properties of these bacteria are not very convincing: “the Gram
reaction is often equivocal, flagellation is not always polar and the cellular
size, pleomorphism and branching shown by most strains is not typical of the
genus Pseudomonas™. They suggest that all these bacteria should be placed in



TABLE 11

The pink facultative methylotrophs

Organism

References

Pseudomonas extorquens NC1B 9399
(Bacillus extorquens, Vibrio extorquens)

Protaminobacter ruber

Pseudomonas PRL-W4
Pseudomonas AM1 (INC1B 9133)
Pseudomonas AM2

Pseudomonas M27

Pseudomonas PP

Pseudomonas 3A2

Pseudomonas RJ1

Pseudomonas TP1

Organism FMO02T

‘Pink Pseudomonas’ (59 strains)
Pseudomonas sp. 1 and 135
Pseudomonas sp. YR, JB1 and PCTN
Pseudomonas methylica sp. 2 and 15

Pseudomonas rosea (NC1B 10597 to 10612)

Pseudomonas 2941
Pseudomonas AT2
Pseudomonas 80

‘Pink chromogens’ (C, compounds not tested)

[Methylobacterium organophilum XX]

Bassalik (1913); Bhat and Barker (1948) (both cited in Peel and Quayle, 1961);
Stocks and McCleskey (19644, b); Tonge et al. (1974); Urakami and Komogata
(1979)

den Dooren de Jong (1926) (cited by Peel and Quayle (1961); Sato er al. (1976,
1977); Sato (1978); Urakami and Komogata (1979)

Kaneda and Roxburgh (1959a, b, ¢)

Peel and Quayle (1961); Urakami and Komogata (1979)

Blackmore and Quayle (1970)

Anthony and Zatman (1964a); Urakami and Komogata (1979)

Ladner and Zatman (1969)

Colby and Zatman (1972, 1973); Urakami and Komogata (1979)

Mehta (1973a, b)

Sperl et al. (1974); Bellion and Spain (1976)

Toraya et al. (1975)

Kouno and Ozaki (1975)

Rock er al. (1976); Urakami and Komogata (1979)

Bellion and Spain (1976)

Kirikova (1970); Netrusov et al. (1977); Loginova and Trotsenko (1979a)

Urakami and Komogata (1979)

Yamanaka and Matsumoto (1977b, 1979)

Boulton et al. (1980)

Kortstee (1980)

Austin et al. (1978); Austin and Goodfellow (1979)

[Patt et al., 1974, 1976]

These rod-shaped bacteria form red carotenoid pigments and are usually motile by single polar flagella. They grow on methanol, formate and usually
methylated amines which they assimilate by the serine pathway. Besides the strains referred to below many more similar strains are discussed in
taxonomic surveys by Urakami and Komogata (1979) and Green and Bousefield (1981). Methylobacterium organophilum XX is not typical, being
able to grow on methane and being able to fix atmospheric nitrogen (see text). Oxalate is also assimilated by the serine pathway (Blackmore and

QOuavle. 1970).
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a separate genus having two species, one of which corresponds to the descrip-
tion of Pseudomonas mesophilica (Austin et al., 1978 ; Austin and Goodfellow,
1979). They also suggest that the genus Methylobacterium might be a suitable
generic name, When first described, Methylobacterium organophilum XX was
said to be a white facultative methanotroph (Patt ez al., 1974) and this obviously
obscured any similarity to the typical pink facultative methylotrophs, none
of which grows on methane. A later description stated that this organism is
pink but its ability to fix atmospheric nitrogen and its ability to resist high
temperatures appears to set it apart from all other organisms listed in Table II.
Green and Bousefield (1981) conclude that Methylobacterium organophilum
XX is a typical pink facultative methylotroph but their strain had lost the
ability to grow on methane, Other strains of Methylobacterium which are not
pink are said to be more stable with respect to this growth characteristic
(O’Connor, 1981). This is obviously an interesting problem awaiting more
work for its resolution and I think it best to avoid the confusion that would
arise if the name of these unusual organisms were to be used as the generic
name for the typical pink facultative methylotrophs.

2. The non-pigmented “pseudomonads” (Table 12)

As mentioned above, no typical Pseudomonas sp. grows on methanol or
methylamine. The term pseudomonad is used here because these bacteria were
originally designated Pseudomonas sp. They are Gram-negative, non-
pigmented, non-sporing rods, motile by a single polar flagellum and they are
catalase- and oxidase- positive. Most of them were isolated on methylated
amines; this type of methylotroph is not usually isolated on methanol
although some do grow on this substrate, Most grow well on methylated
amines, formate and a wide range of multicarbon compounds and on
nutrient agar, Most of them assimilate C, compounds by the serine pathway
(icl* variant). The exception is Ps. oleovorans which uses the RuMP pathway
of formaldehyde assimilation. Although a considerable amount is known
about its biochemistry I have failed to find any published description of this
unusual methylotroph.

3. Gram-negative (or variable), non-motile rods and coccal rods (Table 13)

The bacteria listed in Table 13 comprise a diverse group. They are all
Gram-negative at some stage of growth but the Arthrobacter species are
usually Gram-positive at some stage and are often pleomorphic. The bacteria
listed here are white, yellow, orange or (rarely) red. Most are catalase-
positive and said to be oxidase-negative or variable. Many of the Gram-
negative, non-motile rods are difficult to allocate to a genus and they have
been assigned tentatively to Alcaligenes, Achromobacter or Acinetobacter
groups.



TABLE 12
The non-pigmented “pseudomonads”

Organism Reference

Bacteria able to grow on methylated amines but unable to grow on methanol

Pseudomonas aminovorans (NC1B 9039) Peel and Quayle (1961); Eady er al. (1971)
Pseudomonas MA (Shaw strain) Shaw et al. (1966)

Pseudomonas MS (ATCC 25262) Kung and Wagner (1970a)

Pseudomonas 2A3 Colby and Zatman (1973)

Bacteria able to grow on methanol and (usually) methylated amines

Pseudomonas aminovorans (some strains only) den Dooren de Jong (1926, 1927) (cited in Peel and Quayle, 1961)
Pseudomonas sp. 1A3, 1B1, 7B1 and 8BI Colby and Zatman (1973)
(isolated on trimethylamine)
Pseudomonas S25* Yamanaka and Matsumoto (1979)
Pseudomonas (methylica) 20* Loginova and Trotsenko (1977b, 1979a)
[Pseudomonas oleovorans*] [Loginova and Trotsenko, 1977a, b]

All these bacteria are Gram-negative rods, motile by a single polar flagellum. The majority grow on methylated amines, formate and a wide range of
conventional growth substrates. All those tested assimilate formaldehyde by the icl* variant of the serine pathway except for Ps. oleovorans which
has the RuMP pathway (no full description of this methylotroph is available). The facultative autotrophs are listed separately in Table 13. An
asterisk indicates that no full description is available. )



TABLE 13
Gram-negative (or variable), non-motile rods

Organism References

Bacteria able to grow on methanol and (usually) methylated amines

Arthrobacter rufescens (red) Akiba et al. (1970)

Arthrobacter 1A1 and 1A2 Colby and Zatman (1973)

Arthrobacter 2B2 (yellow) Colby and Zatman (1973)

Arthrobacter (yellow/orange, 10 strains) Kouno and Ozaki (1975)

Arthrobacter globiformis SK-200 Tani et al. (1978b)

Organism 5B1 (requires thiamine) Colby and Zatman (1972, 1973)
(Alcaligenes| Achromobacter group)

Kiebsiella 101 Nishio et al. (1975a)

Alcaligenes| Acinetobacter (28 strains) : Kouno and Ozaki (1975)

Strain S50 Yamanaka and Matsumoto (1979)

Bacteria unable to grow on methanol but able to grow on methylated amines

“Diplococcus” PAR Leadbetter and Gottlieb (1967); Bellion and Spain (1976)
Organism 5H2 Hampton and Zatman (1973)

Arthrobacter globiformis B-175, B-126 and B-53 Loginova and Trotsenko (1976a)

Arthrobacter P1 (NCIB 11625) Levering et al. (1981a, b)

This is a diverse (and rather arbitrary) group of white, yellow, orange or (rarely) red bacteria. They are all Gram-negative except the Arthrobacter
which are Gram-variable, with the response to the Gram stain varying with the stage of growth. The majority grow on methylated amines and on a
wide range of multicarbon substrates. The majority are catalase-positive and oxidase-negative (or variable) (organisms 5B1 and S50 are oxidase-
positive). The facultative autotrophs are listed separately in Table 15.



TABLE 14
Gram-positive facultative methylotrophs

Organism References
Bacillus cereus M-33-1 (grows on methanol) Akiba et al. (1970)
Bacillus PM6 (grows on methylamine, not Myers and Zatman (1971); Colby and Zatman (1975a)
methanol)
Bacillus S2A1 (grows on methylamine, not Colby and Zatman (1975a)
methanol)
Streptomyces 239 (grows on methanol) Kato et al. (1974d)
Mycobacterium vaccae (grows on methanol and Loginova and Trotsenko (1977b)
methylamine)

Brevibacterium fuscum 24 (grows on methylamine) Loginova and Trotsenko (1977b)

The Bacillus species are restricted facultative methylotrophs (Type L). The Arthrobacter sp. are often Gram-positive during some stage of growth but
they are arbitrarily included with the Gram-negative bacteria in Table 11 because many were originally described as Gram-negative. Facultative
autotrophs are listed separately in Table 15,
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Some of the bacteria in Table 13 use the serine pathway and others the
RuMP pathway. In the recent detailed study of Arthrobacrer Pl it was
suggested that a high proportion of rapidly-growing facultative methylo-
trophs isolated on methylamine are Arthrobacter sp. assimilating methylated
amines by way of the RuMP pathway (Levering et al., 1981a). These authors
were presumably referring to the very rapidly-growing bacteria and exclud-
ing the pink facultative methylotrophs and the Hyphomicrobia from this
generalisation.

4. Gram-positive facultative methylotrophs (Table 14)

Besides the Gram-variable Arthrobacter sp. (Table 13), very few methylo-
trophic bacteria stain positively with the Gram stain. Two of the Bacillus
sp. (PM6 and S2A1) are restricted facultative methylotrophs (Type L).They
are unable to grow on methanol but grow on methylated amines, glucose,
gluconate, citrate, alanine, betaine and nutrient agar (no growth was recorded
on about 50 alternative carbon sources). All of the bacteria in Table 14 have
the RuMP pathway of formaldehyde assimilation but the specific activities of
key enzymes were low in Streptomyces sp. 239 and low activities of some
serine pathway enzymes were also present.

5. Facultative autotrophs or phototrophs growing on methanol or formate
(Table 15)

Table 15 is a list of miscellaneous bacteria assimilating methanol or
formate by way of their oxidation product CO, and the RuBP cycle of CO,
fixation. The Rhodopseudomonas sp. are red, motile, prosthecate, photo-
trophic bacteria that reproduce by budding. They grow anaerobically in the
light using methanol or formate (not methylamine) as reductant, and Seifert
and Pfennig (1979) have now shown that in the right conditions they can grow
aerobically in the dark using methanol or formate as the sole source of
carbon and energy.

Paracoccus denitrificans is a Gram-negative, oxidase-positive, non-motile
coccus or coccal rod; it is a facultative chemoautotroph, able to grow aero-
bically on H, + CO, and it was originally called Micrococcus denitrificans.
It is able to grow anaerobically on methanol with nitrate as terminal electron
acceptor instead of oxygen. Like Rhodopseudomonas sp. it grows better on
methanol or methylamine when the growth medium contains a trace of
yeast extract.

Many bacteria that grow on methanol or methylamine also grow on
formate and they assimilate all three substrates by the same route. However,
some bacteria that are able to grow on formate cannot use other C, substrates



TABLE 15

Facultative autotrophs or phototrophs growing on methanol or formate

Organism

References

Rhodopseudomonas palustris

Rhodopseudomonas acidophila and some other
Rhodospirillaceae

Thiobacillus A2 (formate only)
Thiobacillus novellus

Nitrobacter agilis

Alkaligenes eutrophus H-16 (formate only)
Paracoccus denitrificans (methanol, methylamine)
Pseudomonas oxalaticus (formate only)
Pseudomonas gazotropha®

Pseudomonas 8¢

Achromobacter 1L°

Mpycrocyclus aquaticus (e.g. ATCC 25396)
Mycrocyclus ebrunous (ATCC 21373)
Blastobacter viscosus

Mycobacterium 50°

Quadri and Hoare (1969); Stokes and Hoare (1969)

Quayle and Pfennig (1975); Douthit and Pfennig (1976); Sahm et al. (1976a);
Seifert and Pfennig (1979)

Kelly et al. (1979); Gottschal and Kuenen (1981); Wood and Kelly (1981)

Chandra and Shethna (1977)

Ida and Alexander (1965)

Friedrich et al. (1979)

Cox and Quayle (1975)

Khambata and Bhat (1953); Quayle (1961); Dijkhuizen and Harder (1979a, b)

Romanova and Nozhevnikova (1977)

Loginova and Trotsenko (1979¢)

Loginova and Trotsenko (1979¢)

Namsarev et al. (1971); Loginova er al. (1978); Urakami and Komogata (1979)

Kouno and Ozaki (1975); Urakami and Komogata (1979)

Loginova and Trotsenko (1979¢)

Loginova and Trotsenko (1979¢c)

Except for Mycobacterium 50, all are Gram-negative. Some grow only very slowly on methanol. The Rhodopseudomonas species are facultative photo-
organotrophs. Except for Ps. oxalaticus the others are facultative autotrophs, oxidising H, as energy source. All use the RuBP pathway of CO,

assimilation.

4 Denotes an organism for which there is no full description.
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and these bacteria usually use the Ribulose bisphosphate cycle of CO,
assimilation. Indeed, this type of bacterial growth on formate appears to be
a fairly common property of autotrophic bacteria (see Kelly, 1971).

6. The Hyphomicrobia

The Hyphomicrobia are Gram-negative, stalked, motile bacteria reproduc-
ing by a budding process (Hirsch and Conti, 1964a, b; Dow and Whittenbury,
1980; Meiberg, 1979). The biology, physiology and biochemistry of these
elegant and important methylotrophs has been thoroughly discussed in an
excellent review by Harder and Attwood (1978). The majority of them grow
well on methanol, methylamine(s) and formate and some use dichloro-
methane, dimethyl sulphoxide and dimethyl sulphide (Stucki et al., 1981;
de Bont et al., 1981). They are restricted facultative methylotrophs, growing
only on C; compounds and on those substrates metabolised exclusively by
way of acetyl-CoA, such as acetate, ethanol and 3-hydroxybutyrate; they
do not grow on other compounds with 3 or more carbon atoms. They often
accumulate poly 3-hydroxybutyrate as a store of carbon and energy. They
are able to grow oligocarbophilically at the expense of carbon compounds
in the atmosphere and this can lead to the spurious conclusion that these
bacteria are able to grow, albeit poorly, on a wide range of carbon sources;
the isolation of 64 strains of versatile *“ Hyphomicrobia” reported by Kouno
and Ozaki (1975) may be an example of this. No autotrophic Hyphomicrobia
have been described.

An important characteristic of the Hyphomicrobia is their ability to grow
anaerobically on methanol using nitrate as the final electron acceptor; this
property of denitrification is the basis for selective isolation techniques for
these bacteria (Sperl and Hoare, 1971; Attwood and Harder, 1972).

Hyphomicrobia are usually rods with pointed ends, having hyphae (pros-
thecae or stalks) at one or both ends; the hyphae may be branched. During
multiplication a bud or daughter cell, formed at the tip of the hypha, swells
to produce a bud or daughter cell which has up to 3 flagella at or near the
pole. After a period of active movement the daughter cell breaks away,
thus becoming an active swarmer; this eventually becomes non-flagellate and
forms a hypha thus becoming a mother cell itself (Fig. 3) (Harder and
Attwood, 1978). The mother cells sometimes clump together to form rosettes
with the protruding hyphae pointing outwards. The Hyphomicrobia often
have an internal membrane system produced by invagination of the cyto-
plasmic membrane. The Hyphomicrobia all appear to have coenzyme Q, and
their predominant fatty acid (50-609%) is an unsaturated fatty acid with 18
carbon atoms (18: 1) (Urakami and Komogata, 1979).
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Fig. 3. Photomicrographs and electron micrographs of Hyphonticrobium sp. The pictures
were kindly provided by Dr. C. S. Dow. (a) Phase contrast photomicrograph of a Hypho-
microbium species. (b) Gold/palladium shadowed electron micrograph of a Hyphomicrobium
species. (¢) Diagrammatic representation of the Hyphomicrobium cell cycle. The motile
swarmer cell undergoes obligate morphogenesis and differentiation to become a repro-
ductive, prosthecate cell. Subsequent growth is by budding to generate a flageilate cell at
the end of the prostheca. Division is asymetric yielding a motile swarmer (daughter) and
a prosthecate (mother) cell. Two cell cycles are therefore apparent—the reproductive
(mother) cycle and the swarmer cell cycle.

7. Marine bacteria able ta grow on methanol and methylated amines

Remarkably few marine methylotrophs have been fully described although
the isolation of methane-utilisers from a marine environment has been
reported (Hutton and Zobell, 1949) and marine Hyphomicrobia have been
reported (Attwood and Harder, 1972; Hirsch, 1974). More recently, 65 new
marine isolates have been described by Yamamoto ef al. (1978a, b; 1980).
These organisms are presented in this separate section because there is
insufficient physiological or biochemical information available to allocate
them to the various groups used in this chapter. All 65 strains were isolated on
methanol in media containing 2 %, NaCl. All are Gram-negative, non-sporing
white or yellow rods, motile by polar flagella. All require NaCl (1~4 %) and
vitamin B,, and all grow at 42°C (temperature optima are 30-37°C). The
percentage (G 4 C) ratios of representative strains are in the range 43-8 %
to 47-6 9. All isolates grow on methanol but none grow on methane. The
majority (63 out of 65) grow on methylamine and 40 out of 65 grow on
dimethylamine and trimethylamine. Although identical in all other respects
the 63 isolates able to grow on methylamine were divided into two completely
new species on the basis of their ability to grow on fructose (no other carbon
source appears to have been tested); those growing on fructose (39 strains)
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were called Alteromonas thalassomethanolica and the remaining 24 isolates
were called Methylomonas thalassica (Yamamoto et al., 1980).

It was concluded that those strains growing on fructose were facultative
methylotrophs whereas those unable to grow on this substrate were obligate
methylotrophs. This conclusion, however, is clearly suspect; some typical
facultative methylotrophs do not grow on fructose and the one substrate
most often supporting growth of otherwise obligate methylotrophs is
fructose. The failure of any of these marine isolates to grow on nutrient
media (containing NaCl) is more typical of the obligate methylotrophs
than of any facultative methylotrophs and it remains to be seen whether or
not these new organisms are really different from the non-marine obligate
(and near-obligate) methylotrophs listed in Table 9.

V. The place of methylotrophs in nature

I have insufficient expertise in ecology to match the grandeur of this title and
I can do little more than to make a few obvious generalisations about this
subject.

There are two main questions to consider: where are methylotrophs
found in nature and what is their function in relation to biological carbon and
nitrogen cycles ? Over the last 20 years it has become obvious that methylo-
trophs are ubiquitous, reflecting the physiological diversity of this vast group
of microorganisms. Which methylotrophs are found in which environments
depends on the predominant C, substrate and its concentration; the presence
or absence of O, and alternative terminal electron acceptors (nitrate and
sulphate); the available nitrogen source (amino acids, amines, ammonia,
nitrate, nitrite and N,); and the prevailing conditions of temperature and pH.

A. The microbial production and utilisation of methane

The ecology of methane-utilising bacteria has been reviewed extensively by
Quayle (1972), Whittenbury et al. (1970a, 1976) and Hanson (1980). Methane
is produced anaerobically by methanogenic bacteria (see Chapter 11).
When this occurs at depth in marine sediments it diffuses upwards and most
of it is oxidised anaerobically by bacteria at the base of the sulphate-reducing
zone using sulphate as the terminal electron acceptor (Reeburgh, 1976, 1980,
1981; Reeburgh and Heggie, 1977). Most methane is produced and utilised
within 1 m of the surface of the earth (above or below) and an idea of the
proportions produced in different environments may be obtained from a
consideration of the amounts released into the atmosphere. The total released
annually is about 10'3g; 459 of this is from swamps, 20 %, from ruminants,
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25% from paddy fields and most of the remainder from river and lake mud
(Schlegel e al., 1976; Vogels, 1979; Hanson, 1980).

Once formed, the methane remains for 1-5-7 years in the atmosphere
where interaction with ozone and its radicals produces H,, CO and CO,.

Many methanotrophs fix atmospheric nitrogen, most form drought-
resistant spores or cysts and many are able to grow at high temperatures;
as a group they are thus able to take advantage of the widespread availability
of their carbon substrate. Although most methanotrophs grow well at low
oxygen tensions, one niche not available to most methanotrophs is where
strictly anaerobic conditions prevail and nitrate must be used as an alternative
electron acceptor to O,. Besides their importance in fixing atmospheric
nitrogen, the methanotrophs also play a role in the nitrogen cycle by oxidising
ammonium ions (by way of the methane mono-oxygenase).

B. The microbial production and utilisation of methanol and
formate

Methanol arises in nature by the oxidation of methane and by the hydro-
lysis of methyl ethers and esters present in pectin and lignin which are major
structural components of plants. So, like methanotrophs, methanol-utilisers
abound in nature and they are readily isolated from almost any sample of soil,
water or sewage. There appears to be no correlation between the sites from
which they have been isolated and whether or not they are facultative or
obligate methylotrophs. Yeasts are likely to predominate at low pH whereas
bacteria are more likely to be found in neutral conditions. Very few form
spores, few, if any, fix atmospheric nitrogen and relatively few are able to grow
anaerobically using nitrate as terminal electron acceptor. The important
exceptions are the Hyphomicrobia which can be specifically isolated by
anaerobic elective culture on methanol or methylated amines with nitrate
(Sper! and Hoare, 1971; Attwood and Harder, 1972). These organisms are
widespread in nature and, in part, this is related to their ability to grow on
very low concentrations of carbon substrate. This ability to grow in oligo-
trophic environments may be related to their prosthecae which are used to
fasten them to solid substrates and which increase their relative surface area,
enabling them to transport low concentrations of carbon substrate more
effectively (Harder and Attwood, 1978; Meiberg, 1979; Dow and Whitten-
bury, 1980). The attachment to solid surfaces may also help in this respect
because it has been suggested that limiting nutrients may be concentrated at
the surface-water interface. ,

Hyphomicrobia are often found to be associated with methanotrophs in
enrichment cultures on methane and it has been suggested that Hyphomi-
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crobia predominate over other methanol-utilisers in such mixed cultures
because of their relatively high affinity for methanol (Harrison, 1973;
Wilkinson and Harrison, 1973; Wilkinson et al., 1974). However, this may
not be the only explanation because some other methanol utilisers have
equally low Ks values for growth on methanol (Harder and Attwood, 1978;
Meiberg, 1979). Some methanotrophs are inhibited by methanol and are
able to grow in laboratory culture on methane only in the presence of Hyphomi-
crobia which remove the methanol (Wilkinson and Harrison, 1973, and see
Harrison, 1978, for a useful review of growth of bacteria in mixed populations
in the laboratory).

Formate is produced by oxidation of C, compounds and, more important
in producing formate for bacterial growth, it is a major end-product of
bacterial fermentation (see Chapter 11). It is used by many typical facultative
methylotrophs, by some facultative autotrophs, by Pseudomonas oxalaticus,
and also by many photosynthetic bacteria as an electron donor (see Table 15).

C. The microbial production and utilisation of methylated amines

The methylated amines used by methylotrophs are listed in Table 1 and
their origin in nature reviewed by Meiberg (1979). Trimethylamine is
produced by microbial degradation (usually anaerobic) of carnitine and of
lecithin and other choline derivatives (Hayward and Stadtman, 1959;
Baker et al., 1962; Neill et al., 1978). Trimethylamine N-oxide is an important
constituent of fish (possibly having a role in osmoregulation) and during
their decomposition it acts as a terminal electron acceptor for some bacteria,
the product being trimethylamine which leads to the smell of rotting fish
(Ishimoto and Shimokawa, 1978; Kim and Chang, 1974; Madigan and Gest,
1978). Dimethylamine is produced during the degradation of some pesticides
(Tate and Alexander, 1976) and is a product of trimethylamine oxidation.
Methylamine is a constituent of some plant material and is produced during
the oxidation of all other methylated amines.

No yeasts can use methylated amines as the sole source of carbon and
energy although many can use them as the sole nitrogen source. Probably
more methylotrophic bacteria are known to be able to grow on methylated
amines than on methanol and these bacteria have been isolated from most
natural sources. As with the methanol-utilisers, obligate and facultative
utilisers of methylated amines have been isolated from similar environments.
Very few, if any, fix atmospheric nitrogen and very few (some Bacillus
species) form spores.

Most Hyphomicrobia are able to grow on low concentrations of methylated
amines and they are the only methylotrophs able to grow anaerobically with
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nitrate as terminal electron acceptor (except for Paracoccus denitrificans).
An important conclusion of Meiberg er al. (1980) is that some Hyphomi-
crobia growing on dimethylamine (and probably other methylated amines)
may play a role in the denitrification process (conversion of nitrate to N)
even in aerobic conditions provided the growth rate is sufficiently low.
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. Introduction: the definition of autotrophy

The diversity of microbes able to grow on C, compounds as the sole source of
carbon and energy (Chapter 1) is impressive, but even more remarkable is the
diversity of their assimilation pathways. There are four different pathways by
which aerobic methylotrophs assimilate carbon substrates into cell material
and each has at least two potential variants; one route operates in yeasts
(Chapter 10) and the other three in bacteria.

The ribulose bisphosphate pathway or Calvin cycle was first elucidated in
photosynthetic autotrophs, and because the designations autotroph and
methylotroph will be used frequently in this chapter, a brief digression on
terminology is appropriate.

An autotroph was originally an organism able to grow with CO, as its
major carbon source, heterotrophs by contrast requiring a reduced source of
carbon. Later definitions emphasised the inorganic nature of the energy
source—light or oxidation of inorganic compounds—as well as the in-
organic carbon source. When it was found that most autotrophs use the
ribulose bisphosphate pathway for CO, assimilation, the operation of this
pathway became loosely synonymous with autotrophy, thereby changing
from a nutritional to a metabolic basis for the definition. This sowed the
seeds of later confusion when it was found that some bacteria grow on
reduced C; compounds by way of the ribulose bisphosphate pathway.
Three main problems arise when designating organisms as autotrophs or
methylotrophs on a metabolic, rather than on a nutritional basis; the first is
that the metabolism of many organisms may be insufficiently investigated
to determine the nature of the assimilation pathway; the second is that some
organisms (such as Methylococcus capsulatus) may use more than one

42
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pathway; the third is that some photosynthetic bacteria (e.g. Chlorobium
thiosulphatophilum) possibly have no ribulose bisphosphate pathway, but
may instead have a reductive carboxylic acid cycle (Evans et al., 1966,
Quayle, 1972; McFadden, 1973; Cole, 1976). Such problems v.ould to some
extent be avoided by adopting the suggestion of Whittenbury and Kelly
(1977) of a return to a nutritional basis of designation, but these authors have,
in my view, also unnecessarily included methylotrophs under the heading of
autotrophs, thereby losing the advantages of grouping the organisms at all.
An alternative solution (Zatman, 1981), of introducing the term pseudo-
methylotroph for those bacteria growing on reduced C, compounds by the
ribulose bisphosphate pathway, can be confusing because this implies
(etymologically speaking) that the organism does not really grow on reduced
C, compounds.

A further argument against using the operation of the ribulose bisphosphate
pathway as the basis of sub-dividing the methylotrophs into two groups is its
arbitrary pature. After all, the ribulose monophosphate and ribulose bis-
phosphate pathways are very similar, so bacteria using these pathways
might just as well be separated from those using the serine pathway for
assimilation of C, compounds; or, on another arbitrary basis; the serine
pathway bacteria might be grouped with the ribulose bisphosphate pathway
bacteria because more than one third of the cell carbon arises from carbon
dioxide.

Clearly this sort of debate can be entertaining but in order to achieve
clarity of presentation I shall use the nutritional definitions, and metabolic
types will be indicated by naming their assimilation pathway when necessary.
For this purpose autotrophs are considered as those organisms able to grow
on CO, as their major carbon source, and methylotrophs are those able to
grow on reduced carbon compounds containing one or more carbon atoms
but no carbon-carbon bonds. Some bacteria, of course, are able to grow
autotrophically, methylotrophically and heterotrophically according to the
carbon source present in the growth medium. It is appreciated that organisms
such as Pseudomonas oxalaticus, growing by the ribulose bisphosphate
pathway will be unhappy wherever we arbitrarily place them, because the
name (but not the definition of ) methylotroph implies that they can grow on
“methyl” compounds whereas the only C, substrate supporting growth of
Ps, oxalaticus is formate.

Il. Description of the ribulose bisphosphate pathway

In the ribulose bisphosphate (RuBP) pathway or Calvin cycle (Figs 4 and 5),
all the cell’s carbon is assimilated at the oxidation level of CO,, some or all of
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Fig. 4. The ribulose bisphosphate cycle of CO, fixation (sedoheptulose bisphosphatase variant). The enzyme numbers refer to those listed
in the text: (1) ribulose bisphosphate carboxylase; (2) phosphoglycerate kinase; (3) glyceraldehyde phosphate dehydrogenase; (4) triose
phosphate isomerase; (5a, b) aldolase; (6) fructose bisphosphatase; (7) sedoheptulose bisphosphatase; (8) transketolase; (9) pentose
phosphate epimerase; (10) phosphoribulokinase; (11) pentose phosphate isomerase.
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which arises from oxidation of reduced C,; compounds during methylo-
trophic growth. The overall reaction cycle synthesises one molecule of
glyceraldehyde 3-phosphate from 3 molecules of CO,:

3 CO, + 6 NAD(P)H + 6 H* + 9 ATP — glyceraldehyde
3-phosphate 4+ 6 NAD(P)* + 9 ADP + 8 Pi

The first part of the cyclic sequence (fixation) is the carboxylation of 3
molecules of ribulose 1,5-bisphosphate (RuBP), yielding 6 molecules of
3-phosphoglycerate (PGA) which is then phosphorylated to 1,3-diphospho-
glycerate.

The second part of the cycle is the reduction of the diphosphoglycerate to 6
molecules of glyceraldehyde 3-phosphate (GAP), one of which constitutes
the final product of the cycle.

The third part of the cycle (rearrangement) regenerates the 3 molecules of
ribulose bisphosphate from 5 molecules of glyceraldehyde 3-phosphate.
At least two variants of the cycle may occur; they are the same in the fixation
and reduction reactions but differ in the reactions involved in the rearrange-
ment part of the cycle. The sedoheptulose bisphosphatase (SBP) variant
{Fig. 4) involves this enzyme but not a transaldolase, whereas the trans-
aldolase (TAL) variant (Fig. 5) involves transaldolase but not the sedo-
heptulose bisphosphatase.

The following section discusses the evidence for the operation of the path-
way in methylotrophs and this is followed by a description of the individual
enzymes of the pathway.

lIl. The occurrence and distribution of the ribulose
bisphosphate pathway

This pathway (the RuBP pathway) operates in relatively few methylo-
trophic bacteria (Table 16). In all essential features it is the same as that
first proposed by Calvin, Bassham and their colleagues (Bassham ef al.,
1954; Bassham, 1971a, b) for the fixation of CO, during plant photosynthesis
and which subsequently has been shown to operate in those autotrophs
obtaining their energy by oxidation of inorganic compounds (the chemo-
lithotrophs) (for reviews see Vishniac et al., 1957; Quayle, 1961; Kelly, 1971;
McFadden, 1973; Walker, 1977; Whittenbury and Kelly, 1977; Quayle and
Ferenci, 1978). It is not known which variant (Figs 4 and 5) of the pathway
operates in autotrophic or methylotrophic bacteria.
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In the RuBP pathway the cell carbon is assimilated at the oxidation level
of CO,, some or all of which, in the methylotrophs, arises from initial
oxidation of the reduced C, substrates. With the exception of Pseudomonas
oxalaticus, the methylotrophs using this pathway are facultative autotrophs
using light energy or the oxidation of H, as the ATP source; and hence
acquisition of the ability merely to oxidise C, compounds would, without the
further elaboration of biosynthetic enzymes, confer upon the organisms
the capability of growth on such compounds. It has been suggested (Sahm
et al., 1976a) that “the gain in nutritional versatility, at such little cost in
fashioning of extra enzyres, probably outweighs the disadvantage of using
this more energetically costly pathway instead of a formaldehyde fixation
sequence such as the RuMP pathway or serine pathway”’.

To establish the occurrence of the RuBP pathway with the same degree
of thoroughness as in green plants it is necessary to satisfy the following
requirements: phosphoglycerate must be the first labelled compound during
assimilation of *CO,, and other phosphorylated intermediates must also be
labelled at early times; the labeiling pattern in intermediates must conform
to those predicted by consideration of the proposed pathway; all the enzymes
necessary for the operation of the cycle must be present in the organism. In
practice, the presence of two key enzymes ribulose bisphosphate carboxylase
(carboxydismutase) and phosphoribulokinase is often taken as indication of
the presence of the pathway. A summary of the evidence for its occurrence
in a range of autotrophs is given in the review by Quayle (1961).

Whilst the occurrence of the RuBP pathway in most of the methylotrophs
listed in Table 16 has usually not been established as rigorously as for auto-
trophic bacteria it is certain that many methylotrophs do use this pathway
and what evidence is available is described below.

The first methylotroph shown to assimilate its carbon substrate by the
RuBP pathway was Pseudomonas oxalaticus, an otherwise typical heterotroph,
which grows on formate as sole carbon and energy source but not on other
C; compounds (Khambata and Bhat, 1953; Quayle and Keech, 1938,
1959a, b, c, 1960). It was thoroughly established that the RuBP pathway is
involved during growth on formate by showing that 949, of the carbon of
formate is converted to CO, prior to assimilation into cell material; isotope
from “C-formate or “C-bicarbonate was incorporated most rapidly into
phosphoglycerate and then into phosphorylated sugars; and that ribulose
bisphosphate carboxylase and phosphoribulokinase were present during
growth on formate but not on other substrates. It is of interest that oxalate,
which might be expected to be assimilated by the RuBP pathway after
oxidation by way of formate to CO,, is assimilated after reduction to gly-
oxylate (Quayle et al., 1961); hence although oxalate is at a slightly higher
oxidation level than formate its carbon-carbon bond is preserved for bio-
synthetic purposes.



TABLE 16

Methylotrophs able to use the ribulose bisphosphate pathway

Organism

References

PHOTOSYNTHETIC BACTERIA

Rhodopseudomonas acidophila (10050)
(uses methanol or formate)

Rhodopseudomonas gelatinosa, Rhodomicrobium
vannielii, Rhodospirillum rubrum, Rhodospirillum
tenue (all use methanol)

Rhodopseudomonas palustris (formate)

Spirulina platensis (CO)

NON-PHOTOSYNTHETIC BACTERIA
(and potential photo-synthetics growing
aerobically in the dark)

Pseudomonas oxalaticus (uses formate)

Paracoccus denitrificans (Micrococcus denitrificans)
(uses methanol, methylamine or formate); this
bacterium also grows on methanol and methyl-
amine anaerobically with nitrate

(Rhodopseudomonas acidophila) (methanol or
formate)

Thiobacillus novellus (methanol, formate or
formamide)

Quayle and Pfennig (1975); Douthit and Pfennig (1976); Sahm et al. (1976a)
Quayle and Pfennig (1975)

Yoch and Lindstrom (1967); Stokes and Hoare (1969); Quadri and Hoare (1969)
Cited in Colby ef al. (1979)

Quayle and Keech (1958, 1959a, b, ¢, 1960); Dijkhuizen et al. (1978); Dijkhuizen
and Harder (1979a, b)

Cox and Quayle (1975); Shively et al. (1978)

Seifert and Pfennig (1979)

Chandra and Shethna (1977)



Thiobacillus A2 (methylamine or formate) Kelly et al. (1979)
Hydrogenomonas eutropha, Alcaligenes FOR,, All cited in Colby et al. (1979)
Bacterium formoxidans (all use formate);
Pseudomonas gazotropha (uses CO); Bacterium sp.
7d (methylamine)
Microcyclus aquaticus (methanol or formate); Loginova et al. (1978), Loginova and Trotsenko (1979¢c)
Achromobacter 1L, Pseudomonas 8,
Mycobacterium 50 (all use methanol)
Blastobacter viscosus (methanol) Loginova and Trotsenko (1979a)

With the exception of Ps. oxalaticus, methylotrophs using this pathway are facultative autotrophs using light or the oxidation of hydrogen as the
source of ATP. No methanotroph uses this pathway. The distribution of other pathways is described in Tables 8, 16 and 18.

The evidence for inclusion of some of the bacteria in this table is not extensive; it is usually based on the presence of ribulose bisphosphate carb-
oxylase and the absence of key enzymes of alternative pathways. A number of photosynthetic bacteria whose similarity to Rhodopseudomonas
acidophila suggests that they also use the pathway are included (their doubling times are usually at least four times that of Rh. acidophila on
methanol which is 10°6 h). The anaerobic photosynthetic bacteria use light as the source of ATP for biosynthesis, and the C, substrate as reductant
and source of CO,. During aerobic growth in the dark the reduced C, substrate provides ATP (by oxidative phosphorylation), reductant and CO,.
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The first methylotroph shown to grow on methanol by the RuBP pathway
was Paracoccus denitrificans (Micrococcus denitrificans) which also grows
autotrophically on H, + CO, + O, and on a range of conventional sub-
strates (Cox and Quayle, 1975). During growth on methanol, or on H,
plus CO,, ribulose bisphosphate carboxylase is induced but (except for
constant low levels of hydroxypyruvate reductase) enzymes for the alter-
native pathways for assimilation of reduced C, compounds are absent. As
all carboxylases have oxygenase activity it is possible that the product of this
activity (phosphoglycollate) might act as a precursor for glycine and serine
biosynthesis and it has been suggested (Colby e al., 1979) that this unexplained
presence of hydroxypyruvate reductase in Paracoccus denitrificans growing
on methanol (Bamforth and Quayle, 1977) might be involved in “recycling”
the serine produced in this way.

The anaerobic growth of RhAodopseudomonas acidophila on methanol
(Sahm et al., 1976a) in the light is the second example of growth of a methylo-
troph by way of the RuBP pathway. The pattern of labelling of metabolites
from *C methanol and bicarbonate was consistent with this pathway as was
the high level of ribulose bisphosphate carboxylase compared with that
present during growth on succinate. Dehydrogenases for oxidation of
methanol, formaldehyde and formate were also induced during anaerobic
growth on methanol in the light. Growth yield measurements indicate that
Rhodopseudomonas acidophila assimilates methanol by a process which
approximates to:

2 CH;0H + CO, ~-> 3 (HCHO) (cell material) + H,0

In this overall process all carbon is assimilated at the oxidation level of CO,,
the NAD(P)H requirement for the reductive steps of the RuBP pathway
being provided by the oxidation of methanol, the first steps of which must
be coupled to reduction of NAD(P)* by reversed electron transport from
methanol dehydrogenase (see Chapter 9). It has also been shown that
Rhodopseudomonas acidophila can grow eerobically on methanol in the dark,
presumably also by way of the RuBP pathway. The low growth yield suggests
that the first step in aerobic methanol oxidation, which is presumably by
way of methanol dehydrogenase plus an electron transport system, cannot be
coupled to ATP synthesis.

Although it is probable that methylotrophs assimilate their cell carbon
predominantly from only one of the four main pathways, the distribution of
key enzymes of these pathways is not as exclusive as earlier results first
indicated. The presence of the serine pathway enzyme, hydroxypyruvate
reductase in P. denitrificans, has already been mentioned (above) and a
second example is probably even more significant. Methylococcus capsulatus
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(Bath) assimilates most of its cell carbon by way of the RuMP pathway
of formaldehyde fixation and the first observation of ribulose bisphosphate
carboxylase and phosphoribulokinase in this methanotroph was both
important and surprising (Taylor, 1977). Recent experiments in which
incorporation of 1#CQ, into this organism was measured have confirmed that
the ribulose bisphosphate carboxylase does operate in vivo, the label appear-
ing in phosphoglycerate at early times. Atthese early times, label also appeared
in aspartate, malate and citrate indicating that the conventional hetero-
trophic carboxylation reactions were occurring (Taylor et al, 1981). The
presence of phosphoglycollate phosphatase and low levels of hydroxypyruvate
reductase suggests that any phosphoglycollate produced by the oxygenase
activity of the RuBP carboxylase is metabolised by way of glycollate, gly-
oxylate, serine, hydroxypyruvate and glycerate. This perhaps accounts for
the presence of some serine pathway enzymes in this methanotroph in which
the predominant assimilation pathway is the RuMP pathway (Taylor
et al., 1981). It was concluded that only about 2-5 %, of cell carbon arose from
CO, during growth on methane as carbon substrate. As the short-term
labelling experiments suggested that about 75% (very approximately)
of this was by way of conventional carboxylation reactions it is apparent
that the presence of RuBP carboxylase in Methylococcus capsulatus is
of little physiological significance. Even so, if the RuBP pathway of CO,
fixation evolved from the RuMP pathway of formaldehyde assimilation
as suggested by Quayle and Ferenci (1978) then Methylococcus capsulatus,
having the possibility of both assimilation pathways, represents an important
transition organism.

IV. The reactions of the ribulose bisphosphate pathway

The following section describes the individual reactions of the pathway
and the enzymes catalysing them. Descriptions of enzymes isolated from
methylotrophic bacteria are relatively few and the reader is referred to the
following more general discussions for more information on these enzymes
(Vishniac et al., 1957; Bassham, 1963, 1971a, b; Wood, 1966, 1975a, b).
The numbers in parentheses refer to the number of the reaction as designated
in Figs 4 and 5.

Ribulose bisphosphate carboxylase (carboxydismutase) (1)

This enzyme, first described in 1954 (Quayle et al., 1954; Weissbach et al.,
1954), catalyses the carboxylation of ribulose 1,5-bisphosphate in a reaction
requiring Mg*+ ions for activation. The reaction yields 2 molecules of



52 The biochemistry of methylotrophs

3-phosphoglycerate and proceeds by way of a number of (probable) enzyme-
bound intermediates (written in parentheses) (Walsh, 1979):

CH,0-P
CH,0-P CH,0-P CO, CH,0-P CH,0-P H-(IZ-OH
C=0 (IS-OH HOOC-(IZ-OH HOOC-(li-OH lCOOH
H-IC-OH — (IZI—OH ‘C=O —_— HO-(II-OH —< COOH
H-|C-0H H-(II-OH H-C-OH o H-C-OH H-'C-OH
(liH,O-P |CH;,O-P ]CH,!O-P éH,O-P (l?H,O-P
ribulose 3-phospho-
1,5-bisphosphate glycerate

The carboxylase also catalyses the oxygenation of ribulose bisphosphate,
the product of this reaction being one molecule of 3-phosphoglycerate
plus a molecule of phosphoglycollate; this oxygenation reaction appears to be
an inevitable consequence of the reaction mechanism and hence the enzyme
is also named ribulose bisphosphate carboxylase/oxygenase. The oxygenase
activity of the enzyme is the basis for the photorespiration occurring in some
plants (see review by Andrews and Lorimer, 1978). The first intermediate in
this oxygenase reaction is probably the same as in the carboxylation reaction
but this intermediate is oxygenated instead of carboxylated:

CH,O-P
I
CH,O-P CH,0-P O, CH,O-P CH,O-P COOH
I I | |
C=0 C-OH HOO-C-OH HOO-C-OH phospho-
| il | | glycollate
H-C-OH— C-OH C=0 HO-C-OH COOH
| | / |
H-C-OH H-C-OH H-C-OH H,0 H-C-OH H-C-OH
I | | | H,0 I
CH,O-P CH,;0-P CH,0-P CH,O-P CH,O-P
ribulose 3-phospho-
1,5-bisphosphate glycerate

Ribulose bisphosphate carboxylases have been isolated, purified and
characterised from a wide variety of sources (for reviews see Kawashima
and Wildman, 1970; Seigel et al., 1972; McFadden, 1973, 1978; Jensen and
Bahr, 1977; Lawlis et al., 1979; Taylor and Dow, 1980). On the basis
of their quaternary structure the RuBP carboxylases have been divided into
two categories, Those termed the O enzymes consist entirely of 2, 6 or 8
large subunits of about 55000 daltons and are only found in some ‘“less
evolved” procaryotes (including Rhodospirillum rubrum, Chlorobium thio-
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sulphatophilum and Thiobacillus intermedius). Enzymes in the second category,
the 7 enzymes, are large (about 500 000 daltons) and consist of similar
large subunits to those found in the O enzymes and in addition an equal
number of small subunits (about 15 000 daltons). Catalytic activity is usually
associated with the larger subunits while the smaller subunits have a binding
site for the usual inhibitor 6-phosphogluconate. Enzymes of this type (T
enzymes) have been described in Hydrogenomonas eutropha, Ectothiorhodo-
spira, Halophila, Chromatium, Euglena gracilis and in higher plants and
they usually have 8 large and 8 small subunits.

The ribulose bisphosphate carboxylase from the facultative methylotroph
and autotroph Paracoccus denitrificans has been shown to be a typical
large (T') type of enzyme having 8 large, and 8 small subunits and being
inhibited (94 %) by 1 mm 6-phosphogluconate; the X,, values for ribulose
bisphosphate and CO, are 0-166 mm and 0-051 mM respectively (Shively
et al., 1978).

The carboxylase from Pseudomonas oxalaticus (grown on formate) also
has a relatively high K, for ribulose bisphosphate (0-22 mm) and is com-
petitively inhibited by 6-phosphogluconate (X;, 0-27 mm) (Lawlis et al.,
1979). The subunit structure of this carboxylase is unusual, having only 6
large and 6 small subunits and in this feature it is similar to the enzymes from
Rhodomicrobium vannielii (grown on pyruvate and malate) (Taylor and Dow,
1980) and Methylococcus capsulatus (Bath) (Taylor et al., 1980). 1t shouid be
noted, however, that Andrews et al. (1981) have recently suggested that
assignment of such hexameric structures might be erroneous if based on gel
filtration experiments alone.

As would be expected for an enzyme functioning uniquely in the ribulose
bisphosphate pathway, the RuBP carboxylase is usually induced during
autotrophic and methylotrophic growth, being present in facultative hetero-
trophs at much lower levels during growth on typical multicarbon substrates
(Quayle, 1961; Kelly, 1971; McFadden, 1973, 1978; Cox and Quayle, 1975;
Sahm et al., 1976a; Dijkhuizen and Harder, 1979a, b).

Phosphoglycerate kinase (2)

This enzyme catalyses the phosphorylation of the first stable product of
CO, fixation, 3-phosphoglycerate to 1,3-diphosphoglycerate using ATP as
phosphate donor:

COOH COO-pP

1 \
H-C-OH + ATP « H-C-OH + ADP

| |
CH,0-P CH,0-P

3-phosphoglycerate 1,3-diphosphoglycerate
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Glyceraldehyde phosphate dehydrogenase (3)

This enzyme catalyses the reduction of 1,3-diphosphoglycerate to glycer-
aldehyde 3-phosphate using NAD(P)H as reductant. In plants this enzyme
is specific for NADPH but this is not necessarily the case in all bacteria
(McFadden, 1978):

COO-P CHO

| |
H-C-OH + H* + NAD(P)H « H-C-OH + NAD(P)* + Pi + H,0

I |
CH,O-P CH,O-P

1,3-diphosphoglycerate glyceraldehyde 3-phosphate
Triose phosphate isomerase (4)

This enzyme catalyses the isomerisation of glyceraldehyde 3-phosphate
and dihydroxyacetone phosphate:

CHO CH,OH

I |
H-COH «— (=0

CH,0O-P CH,0O-P
glyceraldehyde dihydroxyacetone
3-phosphate phosphate

Aldolase

Aldolase catalyses the condensation of an aldose with a ketose giving a
larger ketose sugar. The first aldolase-catalysed reaction in the RuBP pathway

(5a) is between dihydroxyacetone phosphate and glyceraldehyde 3-phosphate
yielding fructose 1,6 bisphosphate:
CH20‘P
|
CH,O-P CHO C=0
| I l
C=0 + H-C-OH «———— HO-C-OH
| | |
CH,OH CH,O-P H-C-OH
I
H-C-OH
|
CH,O-P
dihydroxyacetone glyceraldehyde fructose
phosphate 3-phosphate 1,6-bisphosphate
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In the sedoheptulose bisphosphatase variant of the pathway (Fig. 4),
an aldolase also catalyses the condensation (reaction 5b) of a second molecule
of dihydroxyacetone phosphate with erythrose 4-phosphate to give sedo-
heptulose 1,7-bisphosphate (this second reaction does not occur in the
alternative transaldolase variant):

CH,0-P CHO CH,O-P
co +  meom c-o
éHzOH H-(lI-OH > HO-‘C-OH
C|H2O~P H-(|Z-OH
H-IC-OH
H-((I-OH
(lZHzO-P
dihydroxyacetone erythrose sedoheptulose
phosphate 4-phosphate 1,7-bisphosphate

Fructose bisphosphatase (6)
This enzyme catalyses the hydrolysis of fructose 1,6-bisphosphate giving
the monophosphate:
CH,0O-P CH,OH

| |
C=0 C=0
| |
HO-CCH + H;0 — > HO-C-H + Pi
l |

H-C-OH H-C-OH
I |
H-C-OH H-C-OH
I |
CH,0-P CH,0-P
fructose fructose
1,6-bisphosphate 6-phosphate

Sedoheptulose bisphosphatase (7)

In the sedoheptulose bisphosphate variant of the pathway this enzyme
catalyses hydrolysis of the bisphosphate to sedoheptulose 7-phosphate.
In plants this phosphatase is not the same as that hydrolysing fructose
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bisphosphate; it is usually a separate enzyme although in bacteria this may
not be the case (McFadden, 1973).

Transketolase (8)

Transketolase catalyses the reversible transfer of a glycolaldehyde moiety
from a donor ketose to an acceptor aldose, the reaction typically requiring
thiamine pyrophosphate and a divalent cation as cofactors. Two trans-
ketolase-catalysed reactions occur in the RuBP pathway, both using glycer-
aldehyde 3-phosphate as the aldose acceptor and both producing xylulose
5-phosphate. In the first reaction (8a) the glycolaldehyde donor is fructose
6-phosphate and the product is erythrose 4-phosphate:

CH,OH
|
C=0 CH,OH
l |
HO-C-H C=0 CHO

l l I
H-CCOH +  CHO «—> HO-C-H + H-C-OH

I I | |

H-C-OH H-C-OH H-C-OH H-C-OH
l I | l
CHzo'P CHzO'P CH20"P CHzO“P
fructose glyceraldehyde xylulose erythrose
6-phosphate 3-phosphate S-phosphate 4-phosphate

In the second transketolase-catalysed reaction (8b) the glycolaldehyde
donor is sedoheptulose 7-phosphate and the product is ribose 5-phosphate.
Usually the same transketolase is able to catalyse both of these reactions.

CH,OH
deo
HO-(IZ-H CH,0H CHO
H-(]Z-OH clzo H-IC-OH
H-(IS-OH CHO HO-Cl-H H-(IJ-OH

| I | l
H-COH + H-COH «—> H-COH + H-COH

| | l |

CH,0O-P CH,O-P CH,O-P CH,O-P
sedoheptulose glyceraldehyde xylulose ribose
7-phosphate 3-phosphate S-phosphate S-phosphate
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Pentose phosphate epimerase (9)
This enzyme catalyses the epimerisation of xylulose 5-phosphate to
ribulose S-phosphate:
CH,OH CH,OH
I I
C=0 C=0
| I
HO-C-H <> H-C-OH
| |

H-C-OH H-C-OH
| l
CH,O-P CH,0-P
xylulose ribulose
5-phosphate 5-phosphate

Phosphoribulokinase (10)

Phosphoribulokinase catalyses the regeneration of the CQj-acceptor
molecule, ribulose 1,5-bisphosphate from ribulose 5-phosphate in an irrevers-
ible reaction requiring ATP:

CH,0H CH,0-P
l |

C=0 C=0

| I
H-CCOH + ATP——>HCOH + ADP
l |

H-C-OH H-C-OH
l |
CH,O-P CH,O-P
ribulose 5-phosphate ribulose 1,5-bisphosphate

Pentose phosphate isomerase (11)

This enzyme catalyses the isomerisation of the ribose 5-phosphate produced
in the second transketolase reaction (8b) to ribulose 5-phosphate:

CHO CH,OH
H-Cl-OH ézO
H-CI-OH < H-é-OH
H-(!‘-OH H-Cl-OH
(l,H2O-P (‘IH2O-P
ribose 5-phosphate ribulose S-phosphate



58 The biochemistry of methylotrophs

Transaldolase (12)

This enzyme is only involved in the transaldolase variant of the pathway
(Fig. 5). It catalyses the reversible transfer of a dihydroxyacetone moiety
from the donor ketose, fructose 6-phosphate to the acceptor aldose erythrose
4-phosphate, the products being glyceraldehyde 3-phosphate and sedo-
heptulose 7-phosphate:

CH,OH
CH,OH (Ilz 0]
(|J=O HO-é-H
HO-(‘}H + CHO <«—— + H-é-OH
H-(lJ-OH H-CI-OH CHO H-CIJ-OH
H—CI-OH H-E-OH H-(IZ-OH H-C|-OH
(13H20-P (‘?H20-P C|H20-P (?1/H20'P
fructose erythrose glyceraldehyde  sedoheptulose
6-phosphate 4-phosphate 3-phosphate 7-phosphate

V. Regulation of the ribulose bisphosphate pathway

A more extensive discussion of general aspects of regulation in methylotrophs
is presented in Chapter 4 (Section V). ,

The key enzymes of the RuBP pathway (RuBP carboxylase and phospho-
ribulokinase) are both regulated at the genetic level in facultative autotrophs
(McFadden, 1978), and in those facultative methylotrophs able to grow on
reduced C, compounds by the RuBP pathway (references in Table 16).
This has been particularly studied in Pseudomonas oxalaticus which has this
pathway during growth on formate but not on oxalate or other multicarbon
compounds. Regulation of synthesis of the RuBP pathway enzymes in this
organism is especially suitable for study because the change to this pathway
from typical heterotrophic pathways of assimilation involves only a change
in carbon metabolism and not the change in energy metabolism which must
occur in most typical facultative autotrophs (Blackmore and Quayle, 1968;
Dijkhuizen et al., 1978; Dijkhuizen and Harder, 1979a, b).
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Although a considerable amount is known about regulation of the RuBP
pathway at the enzymic level in autotrophic bacteria there is little information
on this subject in methylotrophs. Regulation in autotrophs has been recently
reviewed by McFadden (1978) and this is summarised below.

The phosphoribulokinase of a number of chemolithotrophs is inhibited by
AMP which is an indicator of low “energy charge” and hence low potential
for biosynthesis. Other enzymes similarly inhibited in some autotrophs are
phosphoglycerate kinase and fructose bisphosphatase. In the non-photo-
synthetic autotrophs and perhaps also the methylotrophs, NADH, instead of
NADPH is the reductant in assimilation of CO, and related to this fact is the
demonstration that NADH (not NADPH) is a potent allosteric activator of
phosphoribulokinase in these bacteria. Thus it appears that the CO, assimila-
tion cycle is regulated not only by the supply of ATP and NADH but also by
specific effects on regulatory enzymes which ensure that the operation of the
cycle is increased when there is a sufficient supply of ATP and NADH to
support it.

A further regulation of the cycle may be achieved by feedback inhibition
by “products” of the pathway. For example, PEP inhibits phosphoribulo-
kinase and/or fructose bisphosphatase in some autotrophs and in others
this enzyme is inhibited by glyceraldehyde 3-phosphate. Of particular
interest is the inhibition by low concentrations of 6-phosphogluconate of the
RuBP carboxylase. Inhibition of this enzyme in photosynthetic organisms
has been taken to indicate a regulatory role for 6-phosphogluconate in
changing from light to dark metabolism during which this metabolite becomes
an intermediate in oxidative carbon metabolism. A similar inhibition of
RuBP carboxylase occurs in the hydrogen bacteria, this inhibition becoming
important when the 6-phosphogluconate concentration increases during a
change to heterotrophic metabolism. This is also presumably the significance
of the inhibition by 6-phosphogluconate of the RuBP carboxylase of the
facultative methylotrophs Paracoccus denitrificans and Pseudomonas oxala-
ticus (Shively et al., 1978).
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The ribulose monophosphate cycle

of formaldehyde fixation

I. Introduction .
Il. Description of the rlbulose monophosphate pathways
A. The biosynthesis of a C, compound from formaldehyde
B. The biosynthesis of carbohydrates
C. The oxidation of formaldehyde by a d|$5|m|latory RuMP cycle
D. The interconversion of pyruvate, phosphoenolpyruvate and oxaloacetate in
bacteria with the RuMP cycle . .
111, The occurrence and distribution of the RuMP pathways .
A. The RuMP pathways of formaldehyde assimilation
B. The dissimilatory cycle of formaldehyde oxidation
IV. Reactions of the RuMP pathways .
A. Enzymes involved in the fixation phase (aII vanants)
B. Enzymes involved in the cleavage phase
KDPG aldolase variants .
2 Fructose bisphosphate aldolase vanants .
C. Enzymes involved in the rearrangement phase
1. All variants .
2. Transaldolase vanants .
3. Sedoheptulose bisphosphatase vanants .
D. The key enzyme of the RuMP dissimilatory cycle 6 phosphogluconate
dehydrogenase
E. The interconversion of phosphoenolpyruvate wnth tnose phosphates
F. The interconversion of pyruvate, phosphoenolpyruvate and oxaloacetate
V. Regulation of the RuMP pathway of formaldehyde assimilation .

I. Introduction

This cycle operates only during methylotrophic growth of bacteria (not
yeasts), fixing carbon at the oxidation level of formaldehyde. The first
intimation that carbon is not assimilated at the level of CO, was obtained
during studies of “CO, assimilation in Methylomonas methanica during
growth on methane by Leadbetter and Foster (1958), and by Johnson and
Quayle (1965) who showed that ribulose bisphosphate carboxylase, the key
enzyme of the ribulose bisphosphate pathway of CO; fixation is absent from
this organism. That a novel pathway was operating was confirmed (Johnson
and Quayle, 1965), by showing that the *C-labelled compounds accumulating

60
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at early times during incubation with CH, or “CH OH were mainly
glucose and fructose phosphates, and not the first product of the ribulose
bisphosphate pathway of CO, fixation. A formaldehyde-condensing enzyme
was then demonstrated in crude extracts of Methylomonas methanica by
Kemp and Quayle (1965, 1966), who suggested that this enzyme was catalysing
the hydroxymethylation of ribose 5-phosphate by formaldehyde to give
allulose phosphate, and that it was thus likely to be a key enzyme in a novel
pentose phosphate cycle for C, assimilation. Such a cycle was subsequently
proposed, in which a novel hydroxymethylation of ribose phosphate to
allulose phosphate is followed by cleavage of fructose 1,6-bisphosphate,
catalysed by aldolase, and typical pentose phosphate rearrangements
catalysed by transketolase and transaldolase (Kemp and Quayle, 1967).
This type of cycle was shown to be consistent with the labelling in radio-
active hexose phosphates obtained from whole-cell experiments, and con-
sistent with the demonstration that the label from *CH,OH was found
predominantly in the C-1 of hexoses at the earliest times (Kemp and Quayle,
1967).

The same, or a similar cycle was then shown to operate in Methylococcus
capsulatus, by demonstrating that “*CH;OH was rapidly incorporated into
hexose phosphates, and that an enzyme system is present which is able to
condense formaldehyde with pentose phosphate to give a mixture of hexose
phosphates, consisting predominantly of fructose phosphate and what
appeared to be allulose phosphate (Lawrence et al., 1970). It was by using
extracts of this organism that Kemp (1972, 1974) was able to show that the
true substrate for the first enzyme in the cycle is ribulose monophosphate
rather than ribose phosphate, and that the product is not allulose phosphate
but the very similar novel sugar D-erythro-L-glycero 3-hexulose 6-phosphate
(shorter names, D-arabino-hexulose 6-phosphate or hexulose 6-phosphate).
The ribulose monophosphate cycle of formaldehyde fixation was eventually
completed by the purification and characterisation of the hexulose phosphate
synthase and isomerase from Methylococcus capsulatus (Ferenci et al., 1974);
and by demonstrating the presence of essential cleavage and rearrangement
enzymes in Methylomonas methanica and Methylococcus capsulatus (Strom
et al., 1974), and in the obligate and facultative methylotrophs which do not
use methane (organisms, 4B6, C2A1, W3A1l, W6A and Bacillus sp. S2Al
and PM6) (Colby and Zatman, 1975c).

In a highly stimulating review, Quayle and Ferenci (1978) have argued the
case that the RuMP cycle of formaldehyde assimilation might have been an
evolutionary precursor of the RuBP cycle of CO, assimilation.
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{l. Description of the ribulose monophosphate
pathways

A. The biosynthesis of a C; compound from formaldehyde

In the ribulose monophosphate pathways (RuMP pathways) (Figs 6 to 9)
all the cell carbon is assimilated at the oxidation level of formaldehyde,
produced by oxidation of methane, methanol or methylated amines. The
overall reaction cycle synthesises one molecule of a C; compound from three
molecules of formaldehyde, this C, compound being either pyruvate or
dihydroxyacetone phosphate.

The first part of the cyclic sequence (fixation) is the aldol condensation of
formaldehyde with three molecules of ribulose 5-phosphate to give 3-hexulose
6-phosphate (hexulose phosphate), which is then isomerised to fructose
6-phosphate (FMP) (three molecules).

In the second part of the cycle (cleavage) one of the molecules of FMP is
converted to either fructose 1,6-bisphosphate (FBP) by phosphofructokinase,
or to 2-keto 3-deoxy 6-phosphogluconate (KDPG) by the Entner/Doudoroff
enzymes; these molecules are then cleaved by aldolases to glyceraldehyde
3-phosphate plus the “product” of the pathway, which is either pyruvate
(from KDPG) or dihydroxyacetone phosphate (from FBP).

In the final part of the cycle (rearrangement) the remaining two molecules
of FMP and the glyceraldehyde phosphate undergo a series of reactions,
similar to those occurring in the RuBP cycle of CO, fixation, leading to
regeneration of three molecules of ribulose 5-phosphate. As in the RuBP
pathway there are two rearrangement variants; the sedoheptulose bisphos-
phatase (SBPase) variant involves this enzyme but not a transaldolase,
whereas the transaldolase (TA) variant involves transaldolase but not the
SBPase. ,

Because there are two possible cleavage enzymes and two rearrangement
sequences there is a total of four potential variants of the RuMP pathway.
Although not equally important, they are all written out in full for con-
venience and comparison (Figs 6 to 9).

As it is essential to produce both triose phosphate and pyruvate for bio-
synthesis, bacteria with the KDPG aldolase variant must contain enzymes
for the synthesis of triose phosphate from pyruvate. Likewise, bacteria with
the fructose bisphosphate aldolase variant must also have all the “glycolytic”
enzymes for production of pyruvate from triose phosphate. The choice as to
whether pyruvate or a phosphorylated C; compound is taken as the “end-
product™ of the pathway is to some extent arbitrary, but as the greater
proportion of carbon flow must be by way of phosphoenol pyruvate (PEP),
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e and triose phosphates, I have chosen to consider phos-

phosphoglycerat

the “end-product”. This choice has the added advantage

phoglycerate as

dily compared with respect to their energy

that the pathways can be more rea
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Fig. 7. The ribulose monophosphate (RuMP) cycle of formaldehyde assimilation (Fructose bisphosphate aldolase/
sedoheptulose bisphosphatase variant). This variant occurs predominantly in facultative methylotrophs. The
enzyme numbers refer to those listed in the text: (2) phosphoglycerate kinase; (3) glyceraldehyde phosphate
dehydrogenase; (4) triose phosphate isomerase; (5) aldolase; (7) sedoheptulose bisphosphatase; (8) transketolase;

(9) pentose phosphate epimerase; (11) pentose phosphate isomerase; (13) hexulose phosphate synthase; (14) hexulose
phosphate isomerase; (15) phosphofructokinase.
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Fig. 8. The ribulose monophosphate (RuMP) cycle of formaldehyde assimilation (Fructose bisphosphate aldolase/
transaldolase variant). This variant does not occur frequently in methylotrophs. The enzyme numbers refer to
those listed in the text: (2) phosphoglycerate kinase; (3) glyceraldehyde phosphate dehydrogenase; (4) triose phos-
phate isomerase; (5) aldolase; (8) transketolase; (9) pentose phosphate epimerase; (11) pentose phosphate
isomerase; (12) transaldolase; (13) hexulose phosphate synthase; (14) hexulose phosphate isomerase; (15) phospho-

fructokinase.
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Fig. 9. The ribulose monophosphate (RuMP) cycle of formaldehyde assimilation (KDPG aldolase/sedoheptulose
bisphosphatase variant). This variant has not been described in methylotrophs. The enzyme numbers refer to
those listed in the text; (5) aldolase; (7) sedoheptulose bishopsphatase; (8) transketolase; (9) pentose phosphate
epimerase; (11) pentose phosphate isomerase; (13) hexulose phosphate synthase; (14) hexulose phosphate isomerase;
(15) phosphofructokinase; (16) glucose phosphate isomerase; (17) glucose 6-phosphate dehydrogenase; (18)
phosphogluconate dehydrase; (19) 2-keto, 3-deoxy, 6-phosphogluconate (KDPG) aldolase: (20) PEP synthetase or
equivalent enzyme(s); (21) enolase; (22) phosphoglycerate mutase.



TABLE 17
Summary of variants of the ribulose monophosphate cycle of formaldehyde fixation

Cleavage Rearrangement
phase phase Occurrence Other key enzymes
(1) (Fig. 6) KDPG aldolase transaldolase mainly in requires Entner/Doudoroff enzymes; enzymes for
obligate conversion of pyruvate to glyceraldehyde phosphate; NOT
methylotrophs phosphofructokinase or fructose bisphosphate aldolase
(2) (Fig. 7) FBP aldolase SBPase mainly in requires phosphofructokinase and other “glycolytic”
facultative enzymes
methylotrophs
(3) (Fig. 8) FBP aldolase transaldolase minor requires phosphofructokinase and other “glycolytic”
importance enzymes
(4) (Fig.9) KDPG aldolase SBPase not yet requires Entner/Doudoroff enzymes; enzymes for
described conversion of pyruvate to glyceraldehyde phosphate and

phosphofructokinase; N.B. this variant would have both
“cleavage” enzymes

Summary equations for production of phosphoglycerate from formaldehyde as in Figs 6 to 9

(1) (Fig. 6) KDPGA/TA 3 HCHO + NAD+* 4 2 ATP —— phosphoglycerate + NADH + H+* + 2 ADP + Pi
(2) (Fig. 7) FBPA/SBPase 3 HCHO + NAD* + ATP —— phosphoglycerate + NADH + H* 4+ ADP
(3) (Fig.8) FBPA/TA 3 HCHO + NAD* + Pi -— phosphoglycerate + NADH + H+*

4) (Fig. 9) KDPGA/SBPase 3 HCHO + NAD* + 3 ATP —— phosphoglycerate + NADH + H* +- 3 ADP 4- 2 Pi
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Table 17 summarises the four potential variants of the RuMP pathway,
the distribution of which will be discussed in more detail in Section III
(below). The most commonly occurring variants are the KDPG aldolase/
transaldolase variant and the FBP aldolase/SBPase variant, and these differ
by only one ATP in their energy requirements, The less important FBP
aldolase/transaldolase variant requires no ATP and the “‘non-existent” KDPG
aldolase/SBPase variant requires the most ATP of the four potential variants.
It should be noted that these differences are very slight compared with the
great differences in ATP requirement between the major C, assimilation
pathways.

B. The biosynthesis of carbohydrates

Pentose phosphate can be produced from triose phosphate, plus two
molecules of formaldehyde by the enzymes of the complete cycle acting
without the cleavage enzyme; hexose phosphate can be synthesised from this
by fixation of another molecule of formaldehyde (Fig. 10).

2 HCHO HCHO
3fructose o~ . glyceraldehyde ribulose fructose
3 HCHO 6-phosphate G g phosphate 5-phosphate 6-phosphate
3 ribulose 2 ribulose
5-phosphate 5-phosphate
Complete RuMP cycle Cycle omitting

cleavage reaction

Fig. 10. The biosynthesis from formaldehyde of triose, pentose and hexose. This route can
operate in bacteria having either variant of the RuMP pathway.

Erythrose monophosphate can be produced by way of the enzymes of the
complete RuMP cycle operating to produce one molecule of glyceraldehyde
phosphate and one of fructose 6-phosphate from four molecules of formal-
dehyde; the operation of the ubiquitous transketolase (reaction 8a) can then
regenerate pentose phosphate and yield one molecule of erythrose phosphate
(Fig. 11a). In bacteria containing transaldolase, an alternative route might
operate which involves transaldolase, acting together with transketolase, to
effect the rearrangement of two molecules of pentose phosphate (Fig. 11b)
(Quayle and Ferenci, 1978).

C. The oxidation of formaldehyde by a dissimilatory RuMP cycle

Bacteria having the Entner/Doudoroff enzymes also have the potential for
oxidising formaldehyde completely to CO, in a cyclic manner (Fig. 12),
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Route (a)
4 hexulose fructose erythrose
4 HCHO / 6-phosphate 6-phosphate  4-phosphate
4 ribulose 3 fructose 8
S-phosphate 6-phosphate
l glyceraldehyde
phosphate
xylulose
5-phosphate
Route (b)
xylulose glyceraldehyde erythrose
5-phosphate phosphate 4-phosphate
o
10 HCHO x
KN 12
.
ribose sedoheptulose fructose
5-phosphate 7-phosphate 6-phosphate

Fig. 11. The biosynthesis of erythrose 4-phosphate from formaldehyde. Reaction 8 is
catalysed by transketolase and reaction 12 by transaldolase. Route (a) can operate in
bacteria with either of the variants of the RuMP pathway. Route (b) can only operate in
those bacteria having the transaldolase variant of the pathway.

HCHO
ribulose hexulose fructose
S-phosphate 13 6-phosphate 14 = 6-phosphate

NAD(P)H CO,
23 16
NAD(P)*
6-phosphogluconate L71—7\ gﬂ;?](())ssi)hate
NAD(P)H NAD(P)~

Fig. 12. The oxidation of formaldehyde to CO, by a dissimilatory RuMP cycle. The
enzymes of this cycle are those of the assimilatory cycle plus the dissimilatory enzyme
6-phosphogluconate dehydrogenase (reaction 23). Other enzymes: (13) hexulose phosphate
synthase; (14) hexulose phosphate isomerase; (16) glucose phosphate isomerase; (17)
glucose 6-phosphate dehydrogenase.

provided that they also have an active 6-phosphogluconate dehydrogenase
(Strom et al., 1974; Colby and Zatman, 1975c¢).
The summary equation of the cycle is:

HCHO -+ 2 NAD(P)* — CO, + 2 NAD(P)H + 2 H~
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In the oxidative pentose phosphate cycle of higher organisms the glucose
phosphate and phosphogluconate dehydrogenases are coupled to synthesis
of NADPH, and the cycle is an important source of this reductant for bio-
synthesis. In methylotrophs this may also be the case but a main function of
the cycle is the provision of energy, and the dehydrogenases are usually
coupled to reduction of both NAD* and NADP+ (see below); the electron
transport chains of some of these bacteria are able to oxidise both NADH
and NADPH (Colby and Zatman, 1975a; Cross and Anthony, 1980b).

D. The interconversion of pyruvate, phosphoenolpyruvate (PEP)
and oxaloacetate in bacteria with the RuMP cycle (Fig. 13)

Bacteria having the fructose bisphosphate aldolase variant of the cycle
produce glyceraldehyde 3-phosphate (GAP) and hence PEP as the “‘end-
product”, For biosynthesis of cell material, routes must also exist for form-
ation from PEP of pyruvate, acetyl-CoA and oxaloacetate (OAA). These
bacteria must therefore possess pyruvate kinase (giving pyruvate from PEP)
and (usually) pyruvate dehydrogenase for production of acetyl-CoA. Alter-
natively, malyl-CoA lyase catalyses the formation of acetyl-CoA from
malyl-CoA, and this might provide an alternative route for acetyl-CoA
production in bacteria having enzymes for malyl-CoA synthesis and suffi-
ciently high activities of malyl-CoA lyase. The most likely enzymes for
carboxylation of a C3 compound to a C, compound are PEP carboxylase or
pyruvate carboxylase, both of which yield oxaloacetate (Fig. 13).

Bacteria having the KDPG aldolase variant produce pyruvate as their
“end-product” and must, therefore, have routes for synthesis from pyruvate
of acetyl-CoA, PEP and OAA. One possibility for PEP production involves
its direct synthesis from pyruvate by way of PEP synthetase; the alternative
route involves carboxylation of pyruvate to OAA, catalysed by pyruvate
carboxylase followed by decarboxylation of the OAA to PEP, catalysed by
PEP carboxykinase. If this second route operates then PEP carboxylase will
not be necessary whereas bacteria having a PEP synthetase will not neces-
sarily require pyruvate carboxylase.

There have been very few complete studies of these enzymes in bacteria
having the RuMP pathway, and not all of the published work can be readily
related to the analysis presented above. This may be to some extent because
of the methods of enzyme assay used; these have sometimes been based on
single determinations in crude extracts using radioactive substrates and this
can lead to positive results in which the specific activity may be so low as to
be physiologically insignificant.

One organism that can be related satisfactorily to the analysis presented
above is Methylophilus methylotrophus, an obligate methanol-utiliser having
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KDPG aldolase variant. This synthesises PEP and oxaloacetate from pyruvate
by way of pyruvate carboxylase (which is not activated by acetyl-CoA) and
PEP carboxykinase; the direct route by way of PEP synthetase is absent
from this organism (Aperghis and Quayle, 1981). Pseudomonas oleovorans
and sp. W6, which also have the KDPG aldolase variant also contain pyruvate
carboxylase that does not require acetyl-CoA for activity (Loginova and
Trotsenko, 1977a, 19794 ; Babel and Loffhagen, 1977; Loffhagen er al., 1979).
Unexpectedly, these bacteria also have low levels of PEP carboxylase during
growth on methanol (Loginova and Trotsenko, 1977a, 1979d; Babel and
Loffhagen, 1977; Loffhagen and Babel, 1978; Loffhagen et al., 1979).
Pseudomonas W6 also contains pyruvate kinase (Loffhagen and Babel, 1978)
but its function in this organism is not obvious. PEP carboxykinase, the
second enzyme essential for synthesis of PEP from pyruvate is present at low
levels compared with those on acetate in Pseudomonas oleovorans (Loffhagen
et al., 1979), but its presence in Pseudomonas W6 has not been reported. The
presence (or absence) of PEP synthetase has not been reported in these two
bacteria.

FBP aldolase variant KDPG aldolase variant

3 HCHO 3HCHO
AMP + Pi  ATP

AMP - PPi ATP + Pi
COOH 5N 2 / COOH
s 28 e

(
glyceraldehyde ., ¢_gp TTmeA T =0~ acetyl-CoA
phosp Il 57 |
CH, R4 N\ CH,  CO,+NADH
ATP v
co,
25/ —~ATP
ADP 4 Pi
COOH
G=o
CH,COOH
OAA

Fig. 13. Theinterconversion of phosphoenolpyruvate and oxaloacetate. The enzyme numbers
refer to numbers listed in the text: (20) PEP synthetase; (24) PEP carboxylase; (25) pyruvate
carboxylase; (26) PEP carboxykinase; (27) pyruvate kinase; (28) pyruvate phosphate
dikinase.



TABLE 18

The occurrence and distribution of the RuMP pathway of formaldehyde fixation

OBLIGATE METHANOTROPHS
(all tested have type I membranes)
Methylomonas methanica®

Methylomonas agile and M. rosaceous®
Methylomonas rubrum®

Methylomonas GB3 and GB8”
Methylococcus capsulatus®®

Methylococcus minimus®

Methylococcus ucrainicus and M. thermophilus
Methylobacter capsulatus®

Methylobacter bovis and M. vinelandii®
Methylobacter chroococcum®

<

Johnson and Quayle (1965); Kemp and Quayle (1965, 1966, 1967) Lawrence
and Quayle (1970); Strom et al. (1974); Ferenci et al. (1974)

Lawrence & Quayle (1970)

Shishkina et al. (1976)

Babel and Mothes (1978)

Lawrence ef al. (1970); Lawrence and Quayle (1970); Kemp (1972, 1974);
Strom et al. (1974); Ferenci et al. (1974); Whittenbury et al. (1975)

Lawrence and Quayle (1970)

Shishkina et al. (1976)

Lawrence and Quayle (1970)

Shishkina et al. (1976); Trotsenko (1976)

Trotsenko (1976)

OBLIGATE METHYLOTROPHS UNABLE TO USE METHANE

Pseudomonas W1°¢
Organism 4B6?
Pseudomonas C°

Pseudomonas W6°
Organism C2A1¢
Organisms W3A1 and W6A?

(these also grow slowly on glucose)
Methylomonas M15°
Methylomonas aminofaciens 77a°
Methylophilus methylotrophus®
Organism L3¢

Dabhl et al. (1972)

Colby and Zatman (1972)

Stieglitz and Mateles (1973); Goldberg and Mateles (1975); Ben-Bassat and
Goldberg (1977); Ben-Bassat ef al. (1980)

Babel and Miethe (1974)

Colby and Zatman (1975¢)

Colby and Zatman (1975¢c)

Sahm et al. (1976b); Steinbach et al. (1978)

Kato et al. (1977b, 1978)

Beardsmore et al. (1982); Large and Haywood (1981)
Hirt et al. (1978)



FACULTATIVE METHYLOTROPHS UNABLE TO USE METHANE

Arthrobacter® Cox and Zatman (1974)

Bacillus sp. PM6 and S2A1¢ Colby and Zatman (1975¢)

Arthrobacter globiformis® Loginova and Trotsenko (1976b)

Streptomyces sp. 239¢ (low specific activity) Kato et al. (1977b)

Pseudomonas oleovorans® Loginova and Trotsenko (1977a); Sokolov and Trotsenko (1978a, b); Muller
and Sokolov (1979)

Organisms MBS53, 55, 56, 57, 58, 59 and 604 Babel and Mothes (1978)

Brevibacterium fuscum 24 Loginova and Trotsenko (1979a)

Mycobacterium vaccae 10%¢ Loginova and Trotsenko (1979a)

Arthrobacter P1° Levering et al. (1981)

The distribution of other pathways is described in Tables 8, 16 and 18. The distribution of variants is discussed in Table 19.
a Hexulose phosphate synthase plus some other enzymes of the pathway demonstrated.

4 In vivo incorporation of *4C substrates indicates operation of the pathway.

¢ Only evidence is a demonstration of hexulose phosphate synthase and this is sometimes at a low specific activity.
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The facultative methylamine-utiliser Arthrobacter globiformis B-175 has
the FBP aldolase cleavage variant and so must be able to synthesise oxalo-
acetate from C; compounds. This is probably achieved by way of PEP
carboxylase, but low levels of pyruvate carboxylase and PEP carboxykinase
are also present in this organism (Loginova and Trotsenko, 1979d).

lll. The occurrence and distribution of the RUMP
pathways

A. The RuMP pathways of formaldehyde assimilation

Because each species of bacteria has only a single predominant carbon
assimilation pathway, the presence of high levels of key enzymes of a pathway
can be used as a criterion for initially establishing the presence of that path-
way in a given species. The absence of key enzymes of alternative pathways
is an important confirmation and, ideally, an indication of “C labelling
patterns is also obtained. On the basis of these criteria a number of useful
generalisations can be made; but it must be emphasised that any such general-
isations are merely guidelines, one of whose functions is to highlight excep-
tional cases as they may arise.

The first demonstration of the RuMP pathway was in obligate methane-
utilising bacteria (Table 18), but the assay of key enzymes soon showed that
this pathway is also important in obligate methylotrophs unable to use
methane (Dahl et al., 1972; Colby and Zatman, 1972; Stieglitz and Mateles,
1973; Babel and Miethe, 1974; Colby and Zatman, 1975¢); and in facultative
methylotrophs (Cox and Zatman, 1974; Colby and Zatman, 1975¢). These
observations eliminated the possibility that the RuMP pathway is uniquely
associated with methanotrophy or with obligate methylotrophy; but it
remains true to say that more facultative methylotrophs appear to use the
serine pathway, and that all those obligate methylotrophs which are unable
to use methane as substrate use the RuMP pathway for carbon assimilation.

The original RuMP cycle as proposed by Kemp and Quayle (1966, 1967)
for Methylomonas methanica and Methylococcus capsulatus involved fructose
bisphosphate (FBP) aldolase in the cleavage phase and sedoheptulose bis-
phosphate (SBPase) in the rearrangement phase (Fig.7), but the first
measurements of these enzymes (Strom et al., 1974) showed that the alter-
native route involving KDPG aldolase and transaldolase (Fig. 6) is probably
the major route operating in these bacteria. Although FBP aldolase is also pre-
sent in Methylomonas methanica, the level of phosphofructokinase, the other
essential enzyme for the FBP aldolase/transaldolase variant (Fig. 8), is so low
as to indicate that this route can only be of minor importance (Zatman, 1981).



TABLE 19
Distribution of cleavage and rearrangement variants of the RuMP cycle

Bacteria with the KDPG aldolase/transaldolase variant (Fig. 6)
OBLIGATE METHYLOTROPHS USING METHANE

Methylococcus capsulatus (Texas) Strom et al. (1974)

Methylomonas methanica® Strom et al. (1974)

OBLIGATE METHYLOTROPHS NOT USING METHANE

Pseudomonas W6 Babel and Miethe (1974)

Organisms 4B6 and C2A1 Colby and Zatman (1975¢)

Organisms W3A1 and W6A (these also use glucose) Colby and Zatman (1975¢)

Methylophilus methylotrophus Taylor (1977); Beardsmore et al. (1982)

Pseudomonas C Ben-Bassat and Goldberg (1977); Ben-Bassat et al. (1980)

Facultative methylotrophs not using methane
Pseudomonas oleovorans Loginova and Trotsenko (1977a)

Bacteria with the FBP aldolase/sedoheptulose bisphosphatase variant (Fig. 7)
FACULTATIVE METHYLOTROPHS NOT USING METHANE

Bacillus species PM6 and S2A1 Colby and Zatman (1975¢)

Arthrobacter globiformis B-1754 Loginova and Trotsenko (1976a, b, 1977b)
Brevibacterium fuscum 24°¢ Loginova and Trotsenko (1977b, 1979a)
Mycobacterium vaccae 10° Loginova and Trotsenko (1977b, 1979a)
Arthrobacter P1 Levering et al, (1981)

The variants are described and summarised in Figs 6 to 9 and in Table 17; their distribution is discussed further by Zatman (1981).
a Also contains fructose bisphosphate aldolase but has very low levels of phosphofructokinase.

b Measurements not available for the transaldolase.

¢ Sedoheptulose bisphosphatase not measured.

4 No value quoted for the FBP aldolase.
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It is now evident that the KDPG aldolase/transaldolase variant (Fig. 6)
(Strom et al., 1974; Babel and Miethe, 1974; Colby and Zatman, 1975c,
Zatman, 1981) is the major route in most obligate methylotrophs (which
usually lack FBP aldolase and SBPase); whereas in most facultative methylo-
trophs the FBP aldolase/SBPase variant is the major route (Table 19). The
one exception to this generalisation so far known is Pseudomonas oleovorans,
a facultative methylotroph having the KDPG aldolase variant of the RuMP
pathway.

B. The dissimilatory cycle of formaldehyde oxidation

Except for methane-utilisers, all bacteria having the RuMP pathway
appear to have high levels of glucose 6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase, and to oxidise formaldehyde pre-
dominantly by the dissimilatory RuMP cycle (Fig. 12) (Zatman, 1981). This
even includes the methylamine-utilising Bacillus species which do not have
the KDPG aldolase (Colby and Zatman, 1975¢). All methane-utilisers have
relatively low levels of the dehydrogenases of the dissimilatory cycle, and they
appear to oxidise formaldehyde predominantly by way of formaldehyde and
formate dehydrogenases (Zatman, 1981).

The generalisation that all obligate methylotrophs (except methanotrophs)
having the RuMP pathway oxidise formaldehyde by the cyclic route is an
important one, and it is thus essential to examine critically the evidence
against this generalisation presented by Ben-Bassat et a/. (1980). This evidence
is based on work with the obligate methanol-utiliser Pseudomonas C. Although
the in vitro levels of formaldehyde and formate dehydrogenases are very low
compared with the enzymes of the cyclic oxidation route in this organism
(Ben-Bassat and Goldberg, 1977), it is claimed, on the basis of complex
1C-labelling experiments, that more methanol is oxidised by the direct
route, by way of formate, than by the cyclic route; and that the in vivo
activities of the formaldehyde and formate dehydrogenases must be higher
than those actually measured.

A critical part of this work is the evaluation of the amount of 6-phos-
phogluconate being assimilated, compared with that being decarboxylated
by way of the cyclic route. The method depends on the use of uniformly-
labelled 4C-glucose as a tracer of the 6-phosphogluconate metabolism
occurring during carbon-limited growth in continuous culture on methanol
containing a low concentration of glucose.

However, this assumes that the use of uniformly-labelled glucose neces-
sarily ensures the presence of uniformly-labelled 6-phosphogluconate, and
this assumption is not valid. The 6-phosphogluconate will have relatively
less label at the C-1 position, and hence measurement of 4CO, will give a



3. The ribulose monophosphate cycle 77

false low value for estimating the proportion of formaldehyde being oxidised
by the cyclic route. This is because almost all the subsequent metabolism of
uniformly-labelled ribulose 5-phosphate produced by decarboxylation of
6-phosphogluconate must involve condensation with non-radioactive formal-
dehyde. This produces hexulose monophosphate, and hence 6-phospho-
gluconate which is not labelled at the C-1 position, and this becomes CO,
(unlabelled) in all subsequent decarboxylations.

Using the data of Ben-Bassat et al. (1980), and taking into account these
considerations, it can be estimated that more than 909, of the oxidation of
methanol is by way of the cyclic route in Pseudomonas C. This confirms the
enzymic evidence and supports the suggestion that the RuMP dissimilatory
cycle is the predominant route for formaldehyde oxidation in methanol-
utilising methylotrophs having the RuMP assimilation pathway.

IV. Reactions of the ribulose monophosphate pathways

The following section describes the individual reactions of the pathway and
the enzymes catalysing them. The numbers in parentheses refer to the numbers
of the reactions as described in Figs 6 to 13. Some of these enzymes are the
same as those involved in the ribulose bisphosphate pathway and these have
retained the same numbers.

A. Enzymes involved in the fixation phase (all variants)

3-Hexulose phosphate synthase (D-arabino-3-hexulose 6-phosphate formal-
dehyde lyase) (13)

This first, key enzyme of the RuMP pathway catalyses the aldol condensa-
tion of formaldehyde with ribulose 5-phosphate to give a novel 3-hexulose
6-phosphate (Kemp and Quayle, 1965, 1966; Kemp, 1972, 1974; Ferenci
et al., 1974):

CH,OH
|

CH,OH HO-C-H

| |

C=0 C=0

I l
HCHO + H-C-OH —— H-C-OH

| l

H-C-OH H-C-OH
I I
CH,O-P CH,0-P
ribulose hexulose

5-phosphate 6-phosphate
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This enzyme was first purified and characterised by Ferenci ez al. (1974)
from the obligate methanotroph Methylococcus capsulatus. More than 809,
was membrane-bound and was released by incubation in 1M-NaCl prior to
a 40-fold purification. The synthase is probably a hexamer of identical sub-
units of about 49 000 daltons (total mol. wt 310 000); dissociation into
monomers occurs at low pH (4-6) or in buffer of low ionic strength (less than
15 mm). Ions of Mg++ or Mn*+ are absolutely essential for activity and also
for stabilisation of the enzyme which thus resembles a Class 11 aldolase
(Horecker et al., 1972).

The equilibrium constant of the reaction is in favour of synthesis (Keq.
(M) is 2-5 x 10~* in the direction of synthesis). Low concentrations of
reactants and product (less than 0-1 mm) will tend to favour cleavage rather
than condensation but the reaction will be “pulled” in favour of synthesis by
its coupling to the subsequent isomerisation reaction which gives fructose
6-phosphate. The synthase from all sources is specific for ribulose 5-mono-
phosphate as the acceptor for condensation with formaldehyde, and for
3-hexulose phosphate in the direction of cleavage. No significant inhibition
by ATP, ADP, AMP, NADH, fructose 6-phosphate or phosphoenolpyruvate
occurs with synthase from any source and this has led to the suggestion
(Ferenci et al., 1974) that regulation of the ribulose monophosphate cycle
must lie elsewhere,

The hexulose phosphate synthases from methylotrophs not growing on
methane are similar in most respects to that first described in Methylococcus
capsulatus except that they appear to be small, soluble, dimeric proteins (sece
Table 20) and it has been suggested that their solubility reflects the lack of a
complex internal membrane system in non-methanotrophs (Kato et al., 1978).

A feature of the synthases from some non-methanotrophs is that they may
exhibit unusual kinetic characteristics showing intermediary plateau regions
in plots of rate against substrate concentration; this has been observed with
the synthases from obligate methanol-utilisers ( Pseudomonas W6 and Methylo-
monas methylovora), and from facultative methanol-utilisers (bacterium
MB58 and Pseudomonas oleovorans), but not from the methanotrophs
“Methylomonas” GB3 and GBS8. (For a summary in English of this work
see Muller and Sokolov, 1979; Muller and Babel, 1980.) These kinetics have
been interpreted in terms of multiple and interconvertible enzyme forms,
each having slightly differing kinetics, and it has been suggested that “this
mechanism exerts the main influence on the regulation of the hexulose phos-
phate synthases in all non-methane-utilising methylotrophic bacteria”
(Muller and Sokolov, 1979). How such regulation might work, and whether
or not such regulation of this enzyme is necessary for regulation of the ribulose
monophosphate pathway, is not immediately obvious.



TABLE 20
Hexulose phosphate synthase

Methylococcus  Methylomonas M15 Methylomonas Pseudomonas Methylophilus
capsulatus amino-faciens oleovorans methylotrophus
(Ferenci et al., (Sahm et al., (Kato et al., (Sokolov and (Beardsmore et al.,
1974) 1976b) 1977a, 1978) Trotsenko, 1978a, b; 1982)
Muller and Sokolov,
1979)
Bacterial type Obligate Obligate Obligate Facultative Obligate
methanotroph methanol-utiliser  methanol-utiliser ~ methanol-utiliser  methanol-utiliser
Location of enzyme membrane fraction  soluble fraction soluble fraction soluble fraction soluble fraction
pH optimum 7-0 7:5-8-0 80 7-0 72
Molecular weight 310 000 40 000-43 000 45 00047 000 45 000 40 000
Subunit mol. wt 49 000 22 000 23000 — 22 500
Activator (K ) Mg++ or Mn+* Mg++ (0-25 mm) Mg++ (0-17 mm) Mg*+ or Mn++ Mgt+ (0-25 mm)
or Mn++ or Mn++ or Mnt+
K, values:
formaldehyde (HCHO) 0-49 mmMm 1'1 mMm 0-29 mm about 1 mm 0-53 mm
(at 0-57 mM-RuMP) (at ©© RuMP) (at 1:67 mm-RuMP)
ribulose 5-phosphate (RuMP) 0-083 mM 1:6 mm 0-:059 mm — 0-136 mm
(at 40 mmM-HCHO) (at o HCHO) (at SmM-HCHO)
hexulose 6-phosphate 0-075 mmM 0-:036 mm 0-041 mm
Specific activity 69 665 53 196 97-4

of most pure preparation
(wmol (min)~! (mg protein)~')
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3-Hexulose phosphate isomerase (D-arabino-3-hexulose 6-phosphate 3,2-
ketolisomerase) (14)
This second key enzyme of the RuMP cycle catalyses the isomerisation of
the product of the first initial condensation reaction, 3-hexulose 6-phosphate
and fructose 6-phosphate:

CH,OH CH,OH

| |
HO-C-H C=0

| |

C=0 HO-C-H

l |
H-C-OH «—— H-C-OH

H-C-OH H-C-OH
| l
CH,O-P CH,O-P
hexulose fructose
6-phosphate 6-phosphate

As far as is known this represents the first example of an enzyme catalysing
the isomerisation of a 3-ketulose to a 2-ketulose. This soluble isomerase is
highly active in extracts of Methylococcus capsulatus and it has been purified
about 150-fold from this source (specific activity of the 90 % pure preparation,
1560 pmoles (min)~*(mg protein)-!). Characterisation of this isomerase
preparation (Ferenci et al., 1974) has shown it to have a pH optimum of 8-3,
a molecular weight of 67 000 and to be inhibited by divalent cations. The
apparent K, (pH 8-3) for fructose 6-phosphate is 1-1 mm. The equilibrium of
the isomerisation is in favour of fructose 6-phosphate formation, the equilib-
rium constant, calculated from K, and ¥V, values, being 1-9 X 10% The
isomerase appears to be specific with respect to the isomerisation of 3-hexulose
6-phosphate, no reaction being observed with ribulose 5-phosphate, xylulose
S-phosphate or allulose 6-phosphate. No appreciable inhibition was observed
with various sugar phosphates nor with ATP, ADP, AMP, NAD"* or
NAD(P)H. A similar, highly active isomerase from Methylophilus methylo-
trophus has been purified and characterised (Beardsmore et al., 1982).

The hexulose phosphate isomerase has also been partially purified from the
obligate methanol-utiliser Methylomonas aminofaciens 77a (specific activity,
20 pmoles (min)~}(mg protein)~?) (Kato et al., 1977a). It has a pH optimum
of 7-5 and K, values for hexulose phosphate and fructose 6-phosphate of
0-029 mM and 0-67 mM respectively.
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B. Enzymes involved in the cleavage phase
1. KDPG aldolase variants (Figs 6 and 9)
Glucose phosphate isomerase (16)

This enzyme catalyses the formation of glucose 6-phosphate from fructose
6-phosphate:

CH,OH CHO
c-o oM
HO—(iI-H HO-IC-H
H-‘C-OH H-|C-OH
H-‘(ID-OH H-(]Z-OH
‘CH20-P [CH20-P
fructose 6-phosphate glucose 6-phosphate

Glucose 6-phosphate dehydrogenase (17)

This enzyme catalyses the oxidation of glucose 6-phosphate to 6-phos-
phogluconate, by way of 6-phosphogluconolactone, with the concomitant
formation of NADH or NADPH:

CHO COOH
l 1
H-C-OH H-C-OH
| |
HO-C-H 4+ H,0 + NAD(P)* ——> HO-C-H + NAD(P)+ H*
| |

H-C-OH H-C-OH
l I
H-C-OH H-C-OH
l |
CH,O-P CH,O-P

glucose 6-phosphate 6-phosphogluconate



TABLE 21

The glucose 6-phosphate dehydrogenases of methylotrophs

Methylomonas Af/5 Pseudomonas C  Pseudomonas W6 Methylophilus Candida boidinii
methylotrophus
(Steinbach et al., (Ben-Bassat and  (Miethe and Babel, (Beardsmore et al., (Kato et al.,
1978) Goldberg, 1980) 1976) 1982) 1979b)
Extent of purification 192-fold 220-fold not stated 190-fold 1714-fold
(homogenous) (homogenous) (“partially pure™) (homogenous) (homogenous)
Specific activity 122-8 150 not stated 304 516
of pure enzyme
(pmol (min)~* (mg)~)
Vinax NAD?*/Vinax NADP+ about 1-3 about 1-0 1-6 1-51 NADP+-specific
Molecular weight (subunits) 108 000 (55 000) 150 000 — 110 000 (52 000) 118 000 (61 000)
pH optimum about 9:0 8:5-9-5 8:6-9-2 90 8:5-9:0
K,, values
glucose 6-phosphate 0-29 mMm 0:16 mm 0-18 mm 1-03 mmMm —
(with NADY) (with NAD+) (with NAD+) (with NAD+)
0-11 mm 0-25 mm 0-13 mmMm 1-:02 mm 0-86 mm
(with NADP+) {(with NADP+) (with NADP+) (with NADP+) (with NADP+)
NAD+ 0-2 mm 0-29 mm — 0:39 mm —
NADP+ 0-014 mm 0-022 mm — 0-018 mm 0-014 mm
Inhibitors
with NAD+ as 1 mm ATP (35%) ATP (K, 11 mm) ATP and GTP — —
acceptor (1 mm)
NADH, NADPH NADH, NADPH NAD,
(not NADPH)
acetyl-CoA
with NADP+* as 1 mMm ATP (16%) ATP ATP and GTP ATP 1 mm ATP (90%)
acceptor NADH, NADPH (“less pronounced”) (1 mm) NADPH NADPH
(not NADH) (not NADH)
NADH, NADPH not acetyl-CoA glyceraldehyde

3-phosphate

These dehydrogenases are all from obligate methanol-(or methylamine-) utilising bacteria or from yeast.
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The glucose 6-phosphate dehydrogenases from a number of obligate
methanol-utilisers (Methylomonas M15, Pseudomonas C and Methylophilus
methylotrophus) have been extensively purified and shown to be similar in
most important respects (Table 21). The enzyme is almost equally active
with NAD+ and NADP+, Hyperbolic kinetics are usually followed and K,
values with NADP+ are considerably lower than with NAD*. None of a
wide range of sugar phosphates or carboxylic acids tested (including acetyl-
CoA) are activators or inhibitors (Steinbach et al., 1978; Ben-Bassat and
Goldberg, 1980) but all dehydrogenases studied are to some extent inhibited
by ATP and by NADH or NADPH (or both). The glucose 6-phosphate
dehydrogenase from yeast is included for comparison; it is specific for NADP+
and is probably only involved in provision of NADPH for biosynthesis
(Kato et al., 1979b).

Assays of glucose 6-phosphate dehydrogenase in crude extracts of a number
of obligate and restricted facultative methylotrophs having the KDPG
aldolase variant of the RuMP cycle suggests that the glucose 6-phosphate
dehydrogenase in these bacteria also uses both NAD+ and NADP* as
oxidant, the rates measured with NADP+ usually being greater than with
NAD*, (In such experiments it is not shown that a single enzyme is respon-
sible for both activities). These bacteria included organisms 4B6, C2Al,
W3A1l and W6A (Colby and Zatman, 1975c) and Pseudomonas oleovorans
(a facultative methylotroph) (Loginova and Trotsenko, 1977a; Sokolov et dl.,
1980). The methylamine-utilising Bacillus species S2A1 and PM6 have no
KDPG aldolase but they oxidise formaldehyde by the dissimilatory RuMP
cycle; in these bacteria the glucose 6-phosphate dehydrogenase is NADP+-
specific (Colby and Zatman, 1975c).

6-phosphogluconate dehydrase (18)

By removal of water from 6-phosphogluconate this enzyme catalyses
formation of 2-keto, 3-deoxy, 6-phosphogluconate (KDPG):

COOH COOH

! l
H-C-OH C=0

| |

HO-C-H H-C-H

| —_— |
H-C-OH H-C-OH + H,0

l |
H-C-OH H-C-OH

I I

CH,0-P CH,0-P

6-phosphogluconate  2-keto, 3-deoxy, 6-phosphogluconate
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KDPG aldolase (2-keto, 3-deoxy, 6-phosphogluconate aldolase) (19)

This is the cleavage enzyme of KDPG aldolase variants, catalysing the
formation of pyruvate and glyceraldehyde 3-phosphate from one molecule
of KDPG:

COOH
o
H é—H
H~(\?-OH COOH CHO
H~(II-OH —_— (IJ=O + H—é—OH
(IIHZO-P (IJH 3 lCH20-P
KDPG pyruvate glyceraldehyde

3-phosphate
2. Fructose bisphosphate aldolase variants {Figs 7 and 8)

The following two enzymes are involved in the rearrangement phase of
the sedoheptulose bisphosphatase variants; the only variant not requiring
them is the KDPG aldolase/transaldolase variant (Fig. 6 and Table 17).

Phosphofructokinase (15)

This enzyme catalyses the irreversible phosphorylation by ATP of fructose
6-phosphate to fructose 1,6-bisphosphate:

CH,OH CH,O-P
| |
C=0 C=0
! |
HO-C-H HO-C-H
l + ATP ——> 1 + ADP
H-C-OH H-C-OH
| |
H-C-OH H-C-OH
l |
CH,0-P CH,O-P

fructose 6-phosphate fructose 1,6-bisphosphate
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Fructose bisphosphate aldolase (5a)

This catalyses the typical “glycolytic” cleavage of fructose 1, 6-bisphosphate
to two triose phosphate molecules. Although the equilibrium constant (M)
(about 10-%) favours condensation, at low concentrations of reactants and
products the cleavage reaction will be favoured.

CH,0-P
i
C=0
i
HO-C-H
I
H-C-OH CH,O-P CHO
l | |
H-C-OH «— C=0 + H-C-OH
l l |
CH,O-P CH,OH CH,0-P
fructose 1,6- dihydroxyacetone glyceraldehyde
bisphosphate phosphate 3-phosphate

C. Enzymes involved in the rearrangement phase
1. All variants
Transketolase (8a and 8b)

Transketolase catalyses the reversible transfer of a glycolaldehyde moiety
from a donor ketose to an acceptor aldose, the reaction typically requiring
thiamine pyrophosphate and a divalent cation as cofactors. Two transketolase
catalysed reactions occur in the RuMP pathway, both using glyceraldehyde
3-phosphate as the aldose acceptor and both producing xylulose S-phosphate.
In the first reaction (82) the glycolaldehyde donor is fructose 6-phosphate and
the product is erythrose 4-phosphate:

CH,OH
|
C=0 CH,OH
1 l
HO-C-H C=0 CHO

| I I
H-COH +  CHO «— HO-CH + H-COH

| l i |

H-C-OH H-C-OH H-C-OH H-C-OH
l I | |
CH,O-P CH,O-P CH,O-P CH,O-P
fructose glyceraldehyde xylulose erythrose

6-phosphate 3-phosphate S-phosphate 4-phosphate
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In the second transketolase-catalysed reaction (8b) the glycolaldehyde
donor is sedoheptulose 7-phosphate and the product is ribose 5-phosphate;
usually the same transketolase is able to catalyse both of these reactions:

CH,OH
&m0
HO-IC-H CH,OH CHO
H-('J-OH !C«&O H-(iZ-OH

| l |
HCOH + CHO «—— HO-CCH + H-C-OH

| l | I

H-C-OH H-C-OH H-C-OH H-C-OH
\ l \ |
CH,O-P CH,O-P CH,0-P CH,0-P
sedoheptulose glyceraldehyde xylulose ribose
7-phosphate 3-phosphate S-phosphate 5-phosphate

Pentose phosphate epimerase (9)

This enzyme catalyses the epimerisation of xylulose 5-phosphate to ribulose
S-phosphate:

CH,OH CH,OH
b0 feo
HO-(lI-H — H—IC-OH
H-CIJ—OH H-(II-OH

| |
CH,0-P CH,O-P

xylulose 5-phosphate ribulose 5-phosphate
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Pentose phosphate isomerase (11)

This enzyme catalyses the isomerisation of the ribose 5-phosphate pro-
duced in the second transketolase reaction (8b), giving ribulose 5-phosphate:

CHO CH,OH

| \
H-C-OH C=0

| |
H-COH «—— H-C-OH

| |

H-C-OH H-C-OH
| |
CH,0-P CH,O0-P
ribose 5-phosphate ribulose 5-phosphate

2. Transaldolase variants (Figs 6 and 8)

Transaldolase (12)

This enzyme is only involved in the transaldolase variants of the pathway
(Figs 6 and 8). It catalyses the reversible transfer of a dihydroxyacetone
moiety from the donor ketose, fructose 6-phosphate to the acceptor aldose,
erythrose 4-phosphate, the products being gtyceraldehyde 3-phosphate and
sedoheptulose 7-phosphate:

CH,OH
CH,OH é:o |
ézo HO-(IJ-H
HO-'C-H CHO H-IC-OH
H-IC-OH H-(iJ-OH CHO H-CI-OH

l I | I
H-COH + H-COH «—— HCOH 4  H-C-OH

I | | |
CH,O-P CH,O-P CH,O-P CH,O-P

fructose erythrose glyceraldehyde sedoheptulose
6-phosphate 4-phosphate 3-phosphate 7-phosphate
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3. Sedoheptulose bisphosphatase variants (Figs 7 and 9)

Aldolase (5a and 5b)

Aldolase catalyses the reversible condensation of an aldose with a ketose
to give a larger ketose sugar. In bacteria with the sedoheptulose bisphos-
phatase rearrangements (Figs 7 and 9) aldolase is involved twice in the
rearrangement phase. In the first reaction (5a) fructose I,6-bisphosphate is
cleaved to give glyceraldehyde 3-phosphate and a molecule of dihydroxy-
acetone phosphate (DHAP) which then combines with erythrose mono-
phosphate in a condensation reaction also catalysed by aldolase (5b) to give
sedoheptulose 1,7-bisphosphate. The same aldolase probably catalyses both
reactions:

CH,O-P
|
C=0
|
CH,OH CH,O-P
|
CH,O-P C=0
| DHAP |
C=0 HO-C-H
| 1
HO-C-H CHO H-C-OH
l I |
H-C-OH CHO H-C-OH H-C-OH
I | I l
H-C-OH H-C-OH H-C-OH H-C-OH
I | | l
CH,0O-P CH,O-P CH,O-P CH,O-P
fructose glyceraldehyde erythrose sedoheptulose
1,6-bisphosphate 3-phosphate 4-phosphate  1,7-bisphosphate

Sedoheptulose bisphosphatase (7)

In the sedoheptulose bisphosphatase variants of the pathway this enzyme
catalyses the hydrolysis of sedoheptulose 1,7-bisphosphate to sedoheptulose
7-phosphate.

Phosphofructokinase (15)
(See above.)
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D. The key enzyme of the RuMP dissimilatory cycle; 6-phos-
phogluconate dehydrogenase (23)

This enzyme catalyses the irreversible oxidative decarboxylation of
6-phosphogluconate to ribulose 5-phosphate:

COOH
|
H-C-OH CH,0OH
l I
HO-C-H C=0
| + NAD(P)* —> | + H* + NAD(P)H + CO,
H-C-OH H-C-OH
| |
H-C-OH H-C-OH
l |
CH,O-P CH,O-P

As shown in Fig. 12, possession of this enzyme provides a mechanism for the
cyclic oxidation of formaldehyde in some bacteria.

The dehydrogenase has been purified 245-fold from the obligate methanol-
utiliser Pseudomonas C, giving a homogeneous preparation with a specific
activity of 56-4 IU/mg of protein (Ben-Bassat & Goldberg, 1980). It has a
pH optimum between pH 8 and 9, it requires Mg*+ ions for maximum activity
and its molecular weight is 220 000 with a subunit mol. wt of 55 000. The
enzyme shows normal hyperbolic kinetics. The maximum activity with
NAD+ is 609 of that with NADP+ and the K,, for NADP+ (0-02 mm) is
lower than that for NAD* (0-5 mM). The K, for 6-phosphogluconate is
0-04 mM (with NAD+) and 0-1 mm (with NADP+).

NADH and NADPH inhibit the dehydrogenase with either NAD* or
NADP* as coenzyme, 50 %, inhibition being measured between 28 and 75 pm
NAD(P)H. ATP is also a potent inhibitor when NAD is the coenzyme, this
inhibition being competitive with respect to NAD+ (K, 0-6 mm). This
inhibition by ATP is less pronounced with NADP~ as coenzyme and is non-
competitive with respect to 6-phosphogluconate.

The overall effect of the stronger inhibition by ATP of the NAD+-linked
oxidation of glucose 6-phosphate and 6-phosphogluconate will ensure that
when a plentiful supply of ATP is available the overall activity of the dis-
similatory cycle will decrease, and that the remaining activity will continue
to provide NADPH for biosynthesis.

Although the metabolism of the obligate methanol-utiliser Methylophilus
methylotrophus is often similar to that of Pseudomonas C, it appears to differ
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from it in having two separate 6-phosphogluconate dehydrogenases; one is
specific for NAD™* and the other for NADP+. Both are inhibited by ATP
but the NADP+ enzyme is inhibited by NADH and NADPH whereas the
NAD+*-linked enzyme is only inhibited by NADH and not NADPH. These
enzymes and their regulation are fully discussed in Beardsmore ez al. (1982).

Measurements of 6-phosphogluconate dehydrogenase activity in crude
extracts of other methylotrophs show that all are able to use both NAD+
and NADP+, but whether this is due to a single enzyme or to 2 different
enzymes with differing coenzyme specificity is not known (Babel and Miethe,
1974; Colby and Zatman, 1975c; Loginova and Trotsenko, 1977a, 1979a;
Ben-Bassat and Goldberg, 1977; Sokolov ez al., 1980).

In the methylamine-utilising Bacillus species S2A1 and PM6 which have
only NADP+-specific glucose 6-phosphate dehydrogenase, the 6-phospho-
gluconate dehydrogenase activity is much greater with NADP+* than with
NAD+ and it is suggested that this might correlate with the high levels of
NADPH oxidase in these bacteria (Colby and Zatman, 1975a, c).

E. The interconversion of phosphoenolpyruvate with triose
phosphates

The enzymes catalysing this reversible interconversion are required by all
RuMP pathway bacteria. In those with the FBP-aldolase variant they are
needed for conversion of dihydroxyacetone phosphate to phosphoglycerate
and phosphoenolpyruvate for biosynthesis; and in those with the KDP-
aldolase variant they are essential for formation of triose phosphate from
PEP. The direction of each reaction in a particular bacterium will thus
depend on which cleavage variant of the pathway is operating.

Phosphoglycerate kinase (2)
COOH COO-P

l |
H-COH + ATP «— > H-C-OH -+ ADP

I |
CH,0-P CH,O-P
3-phosphoglycerate 1,3-diphosphoglycerate

Glyceraldehyde phosphate dehydrogenase (3)
CHO COO-P
| |
H-C-OH + NAD* -+ Pi + H,0 «———— H-C-OH + NADH 4+ H*
l J
CH,0-P CH,O-P
glyceraldehyde 1,3-diphosphoglycerate
3-phosphate
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Triose phosphate isomerase (4)
CHO CH,OH
| |
H-C-OH e m—>" C:O
| !

CH,0-P CH,O-P
glyceraldehyde 3-phosphate dihydroxyacetone phosphate
Enolase (21)
COOH COOH

\ |

C-O-P + HO «———— H-C-O-P

I l
CH, CH,OH

phosphoenolpyruvate 2-phosphoglycerate

Phosphoglyceromutase (22)
COOH COOH
| l
H-C-0-P «—— H-C-OH

( l
CH,;OH CH,O-P

2-phosphoglycerate 3-phosphoglycerate

F. The interconversion of pyruvate, phosphoenolpyruvate (PEP)
and oxaloacetate (Fig. 13)

Phosphoenolpyruvate synthetase (20)

This reversible enzyme catalyses the synthesis of PEP from pyruvate during
growth of some bacteria (e.g. enteric bacteria) on C; compounds (Cooper
and Kornberg, 1967). ATP is the phosphate donor and AMP and phosphate
are produced; a second ATP is required to synthesise ADP from AMP and
thus the reaction in effect uses two molecules of ATP for every PEP synthesised:

Pyruvate + ATP ——— phosphoenolpyruvate +- AMP + Pi

Phosphoenolpyruvate carboxylase (24)

PEP carboxylase catalyses the irreversible carboxylation of PEP to
oxaloacetate; it is the main route for formation of C, compounds from C,
compounds in bacteria with the serine pathway for assimilation of C,
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compounds (Large er al., 1962b; Salem et al., 1973a; Loginova and Trotsenko,
1979d):

Phosphoenolpyruvate 4 CO, ——— oxaloacetate

Pyruvate carboxylase (25)

This biotin-containing enzyme is the first enzyme in the mammalian
gluconeogenic route from pyruvate and it also functions as an anaplerotic
enzyme “filling up” the TCA cycle when intermediates are being removed for
biosynthesis. It is in this context that the mammalian (and some microbial)
enzymes are activated by acetyl-CoA. It catalyses a reversible reaction but in
all cases reported it functions in the direction of carboxylation:

Pyruvate + ATP + CO, ——— oxaloacetate + ADP + Pi

In methylotrophs this enzyme is not usually activated by acetyl-CoA
(Loginova and Trotsenko, 1979d; Babel and Loffhagen, 1977: Loffhagen et
al., 1979; Aperghis and Quayle, 1981).

Phosphoenolpyruvate carboxykinase (26)

This enzyme usually functions in the decarboxylation of oxaloacetate to
PEP. In mammals GTP is usually required but in microorganisms ATP may
replace it. It is the principal enzyme by which C; compounds are synthesised
from C, compounds during growth on these and it is also involved in the
synthesis of PEP from pyruvate in those bacteria lacking a direct (single
enzyme) route.

Oxaloacetate + ATP

> phosphoenolpyruvate + ADP -+ CO,

Pyruvate kinase (27)

This enzyme catalyses the irreversible formation of pyruvate from PEP
with the concomitant formation of ATP.

Phosphoenolpyruvate + ADP ——— pyruvate 4+ ATP

Pyruvate phosphate dikinase (28)

This enzyme is an alternative enzyme to PEP synthetase, catalysing the
synthesis of PEP from pyruvate in propionic acid bacteria (Evans and Wood,
1971) and in some tropical grasses (Hatch and Slack, 1968). (For a review
see Wood et al., 1977.) The extra phosphate involved in the phosphorylation
reaction allows the synthesis of pyrophosphate whose subsequent hydrolysis
drives the reaction in the direction of phosphorylation:

Pyruvate + ATP + Pi—— phosphoenolpyruvate + AMP - PPi
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V. Regulation of the RuMP pathway for formaldehyde
assimilation

The problem of balancing the flow of formaldehyde into assimilation and
oxidation in bacteria with the RuMP pathways is different in one respect
from that in bacteria having the serine pathway (see Chapter 4, Section V).
In the serine pathway formaldehyde enters the assimilatory route by way of
methylene tetrahydrofolate, whereas in bacteria with the RuMP pathway the
substrate for oxidation and assimilation is free formaldehyde. Furthermore,
in those bacteria having the cyclic route for formaldehyde oxidation (Fig. 12),
the branch point in metabolism is not at the level of formaldehyde, but at
6-phosphogluconate. In these bacteria, the hexulose phosphate synthase and
isomerase have both dissimilatory and assimilatory roles, and the properties
of the purified enzymes (above) suggest that they are not involved in regula-
tion. Regulation of the RuMP pathways is unlikely to be achieved by way of
the freely-reversible transaldolases, transketolases, epimerases and isomerases
whose function is to maintain appropriate proportions of phosphorylated
sugars in the pathways. However, one “rearrangement” enzyme that might be
involved in regulation is the irreversible sedoheptulose bisphosphatase (when
present) because it is a regulatory enzyme in the RuBP pathway in some
organisms (McFadden, 1978).

The “cleavage” phase is the most probable site of regulation of assimilation
of formaldehyde by the RuMP pathway. In bacteria having the FBP aldolase
variant (Fig. 7), a likely enzyme is the same as that regulated in glycolysis.
This enzyme, phosphofructokinase, is usually inhibited by citrate and ATP,
thus reflecting the function of the glycolytic enzymes as the first part of the
energy-yielding metabolism of glucose. However, ATP would appear to be
an unlikely inhibitor of phosphofructokinase in methylotrophs in which its
function is assimilatory; to my knowledge this has not been investigated.

In bacteria having the KDPG aldolase variant (Fig. 6), the enzymes of
gluconeogenesis are involved in triose phosphate formation from pyruvate.
The most probabile site for regulation of this route is the enzyme(s) responsible
for the phosphorylation of pyruvate to phosphoenolpyruvate but no inform-
ation is available on this point. The balance of formaldehyde oxidation and
assimilation in these bacteria appears to be regulated by way of the dehydro-
genases for glucose 6-phosphate and 6-phosphogluconate. The glucose
6-phosphate dehydrogenase is involved in both assimilation and oxidation,
whereas 6-phosphogluconate dehydrogenase is involved only in the oxidative
cycle. This cycle produces both NADH and NADPH and it is usually assumed
that the NADH is used for ATP synthesis and the NADPH as a reductant in
biosynthesis. The dehydrogenases involved have rather similar regulatory
properties, both being multimeric enzymes showing sigmoidal kinetics and
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being inhibited by ATP and by NADH or NADPH (or both) (see pages 83
and 89). Regulation of the proportion of NADH to NADPH is probably
achieved by inhibition of NAD*-coupled dehydrogenase activities by
NADH, and of NADP+*-coupled dehydrogenase activities by NADPH. It
should be noted that the separation of the functions of NADH and NADPH
may not be as well defined as at first appears, because in Methylophilus
methylotrophus (and perhaps in some other methylotrophs) the electron
transport chain oxidises both NADH and NADPH. There are slight vari-
ations from one organism to another in the details of the regulation of the
two dehydrogenases but the principles appear to be the same in all bacteria
having the cyclic route for formaldehyde oxidation. When there is sufficient
ATP and NAD(P)H for biosynthesis, these metabolites diminish the activities
of both dehydrogenases. However, the extent of inhibition needs to be dif-
ferent; the 6-phosphogluconate dehydrogenase will need to be increased to a
greater extent than the glucose 6-phosphate dehydrogenase because some
activity of this latter enzyme will still be required for the biosynthetic path-
way. As emphasised by Ben-Bassat and Goldberg (1980) elucidation of the
in vivo regulation of these enzymes requires a knowledge of the intracellular
concentrations of substrates and inhibitors. A start has been made in this
direction (Steinbach et al., 1978) but there is insufficient information to build
a complete picture at the present time.
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This bacterial pathway of formaldehyde assimilation was first proposed in
outline by Quayle and his colleagues about 20 years ago as the result of
experiments in which serine was found to be the first labelled compound
to accumulate during incubation of the pink facultative methylotroph
Pseudomonas AMI with radioactive methanol. Although one of the first
methylotrophic pathways to be proposed, after 20 years of research (both
elegant and devious) the pathway in Pseudomonas is only now nearing

something like completion.
95
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The first section below is a brief description of the serine pathway and its
variants; this is followed by a summary of the evidence for the pathway,
its occurrence and distribution in methylotrophs, descriptions of the individual
enzymes, and a discussion of its regulation.

I. Description of the serine pathway

The serine pathway differs from other formaldehyde assimilation pathways
in the nature of its intermediates which are carboxylic acids and amino acids
rather than carbohydrates, and in the key formaldehyde-assimilating enzyme;
this is serine transhydroxymethylase which catalyses the addition of formal-
dehyde to glycine, thus giving the key intermediate in the pathway, serine.
The serine pathway operates in bacteria during growth on a variety of C,;
compounds varying in reduction level between methane and formate. For
ease of comparison with other assimilation pathways the serine pathway is
drawn in Fig. 14 as it operates to synthesise phosphoglycerate from two
molecules of formaldehyde plus one of CO,. To achieve this, the first part
of the pathway (the synthesis of phosphoglycerate from glyoxylate) is
doubled up. Two molecules of formaldehyde plus two of glyoxylate give two
molecules of 2-phosphoglycerate. One is assimilated into cell material by
way of 3-phosphoglycerate, while the other is converted to phosphoenol-
pyruvate (PEP) whose carboxylation yields oxaloacetate and subsequently
malyl-CoA. In the final part of the pathway this malyl-CoA is cleaved to
glyoxylate plus acetyl-CoA, whose oxidation to glyoxylate completes the
cycle. There are two variants of the serine pathway, differing in how the
final oxidation of acetyl-CoA to glyoxylate is achieved. In the icl+-serine
pathway this involves a glyoxylate cycle in which isocitrate lyase is the key
enzyme (Fig. 14). This enzyme is absent from bacteria, such as Pseudomonas
AMI, which have no isocitrate lyase. In such bacteria having the icl--serine
pathway, the route for oxidation of acetyl-CoA has not yet been completely
elucidated, but it might involve homoisocitrate lyase and a homoisocitrate
lyase-glyoxylate cycle in which all the intermediates are homologues of those
of the glyoxylate cycle (see below).

The summary equation of the icl*-serine pathway is as follows (FPH, is
the reduced flavoprotein, succinate dehydrogenase):

CO,; + 2HCHO + 2 NADH + 2H+* + 3 ATP —» phosphoglycerate
+ 2 NAD+* + 3 ADP + 2 Pi + FPH,

The summary equation for the icl--serine pathway is likely to be the same
except perhaps, for the nature of the two reducing equivalents produced
during the oxidation of acetyl-CoA to glyoxylate.
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Fig. 14, The serine pathway of formaldehyde assimilation (icl* variant). The icl- variant
differs from this in lacking a measurable malate thiokinase and in having an alternative
route for oxidation of acetyl-CoA to glyoxylate not involving isocitrate lyase. Precursors
can be removed from the cycle at the level of oxaloacetate or of succinate (see Fig. 15).
The enzyme numbers refer to those in the text: (21) enolase; (22) phosphoglycerate mutase;
(24) PEP carboxylase; (31) serine-glyoxylate aminotransferase; (32) serine transhydroxy-
methylase; (33) hydroxypyruvate reductase; (34) glycerate kinase; (35) malate dehydro-
genase; (36) malate thiokinase; (37) malyl-CoA lyase; (38) citrate synthase; (39) aconitase;
(40) isocitrate lyase; (41) succinate dehydrogenase; (42) fumarase.

The serine pathway must be able to provide precursors for biosynthesis
of all cell components from the C,; substrate. The pathway is redrawn
in Fig. 15 to illustrate the biosynthesis of oxaloacetate and of succinate
from two molecules of formaldehyde plus two of CO,. For biosynthesis of
carbohydrates from phosphogiycerate the usual gluconeogenic enzymes are
also required and pyruvate will be produced from PEP by way of pyruvate
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kinase. The usual source of acetyl-CoA will presumably be the malyl-CoA
lyase reaction; this will be the only route in those bacteria such as obligate
methylotrophs and restricted facultative methylotrophs (e.g. Hyphomicrobia)
which lack pyruvate dehydrogenase.

(A) (B)
2 PEP 2 PEP
( 2 COz\i | 2 COz\i
I
2 serine 2 oxaloacetate 2 serine 2 oxaloacetate ~
CELL
2 HCHO 2 HCHO

2 glycine «——glyoxylate ?‘ malyl-CoA 2 glycine<—— glyoxylate<—7~ malyl-CoA

glyoxylate <---~------- acetyl-CoA acetyl-CoA

glyoxylate 7 isocitrate <—citrate

succinate——>CELL

Fig. 15. The serine pathway operating to synthesise oxaloacetate (A) and succinate (B).
Details of the pathway are as in Fig. 14.

ll. Evidence for the serine pathway

The evidence is discussed in more or less chronological order and is con-
sidered under three main headings: isotope studies with whole cells; enzymo-
logical studies; studies with mutant bacteria.

A. Evidence obtained by incubating whole cells with radioactive
isotopes

Much of the earlier work leading to the formulation of the serine pathway
was done by Quayle and his colleagues using the facultative methanol-
and formate-utilisers Pseudomonas AM1 and Hyphomicrobium vulgare.
The first short-term incubation experiments with methanol, formate and
bicarbonate gave essentially the same results in these two organisms (Large
et al., 1961), and also in methanol-grown Pseudomonas sp. PRL-W4, methane-
grown Methanomonas methanooxidans and methylamine-grown Diplococcus
PAR (Table 22):

(a) radioactivity from all substrates was found at early times predominantly
in serine, glycine, aspartate and malate;






