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IHTRODUCTTION

Lo Aerobic Growih on a Single Carbon Source

A number of microorgenisms including Hscherichia coli show

congiderable nutritional versatility. They are able to grow
aerobically in simple salfs media with only a single carbon source
present as well as in a varicty of more complex environments. When
growing under scrobic conditions, in a simple salts/single carbon
source medium, the cell must overcome the problem of generating both a
supply of energy and of intermediates for the synthesis of new cell
material from the single carbon source. Both requirements are
fulfilled by feeding the carbon source into the amphibolic routes of
the cell. During aerobic growth on a single carbon source the
amphibolic routes may be considered as glycolysis, the pentose phosphatle
pathway and the TCA cycle and serve the dual function of supplying the
cell with energy from the oxidation of some of the carbon source while
the remainder is uvsed to synthesise small molecular weilght molecules
which the cell can polymerise inlo macrcmolecules. It is the end
result of all these functions which is observed as the phenomenon of
growth.,

In all, the amphibolic routes, as defined above, contain 27
compounds of which 11 are used by the cell for biosynthesis. The
operation of the amphitolic and various anaplerotic routes ensures
that a supply of these 11 compounds is meintained under all nutritional

conditions. Since these 11 compounds form the basis of all the



biosynthetic carbon metabolima in the cell, all cellular metabolism
from the amphibolic wroutes is the same irrcspective as to the nature
of the carbon scurce used to support growth. Consequontly prowth can

be represented on a simple disgram (Figure I)c
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The nutritional versatility of the cell depends cn the number of
carbon sources which can be metabolised to compounds on the amphibolic
routes. IHMany more compounds can be used by the cell as sole carbon
sources than are used to synthesise intermediates for biosynthesis.

We have shown that E.coli 15224 can grow on at least 58 carbon sources
under aerobic conditions in simple salts medium, a number wvhich does
not represent the result of an exhaustive survey and many more carbon
sources which support growth will exist. To metabolise all these
carbon sources and make use of them as growth substirates the cell must

be able to synthesise a large number of enzymes, some of which may



only be required to metabolise a single compound.

In view of the complexity required to enable the cell 1o utilise
all these carbon sources and to balance energy production with
synthesis of new cell material, it would not be surprising if iho cell
only incorporated a small proportion of the carbon source carbon into
cell material. In fact the cell converts 55~65% of the carbon source
into cell material (Siegel & Clifton, 1950). It might also be
expected that growth on differcnt carbon sources would lead to the
excretion of waste products of cellular metabolism but, except under
exceptional circumstances, no more than trace amounts of waste
products are excreted (Roberts et al., 1955) and the only
quantitatively significant end products of metabolism are cellular
material,; carbon dioxide and water. The cell makes efficient use of
carbon source under all conditions and does so because of the
operation of control processes in metabolism.

That control must exist had been known for some time butl it is
only in the last 15~20 years that real advances have been made in the
understanding of control processes and of the molecular mechanisms by
which they operate.

Control may be achieved in % ways:

a) by controlling the rate of enzyme synthesis.
b) by controlling enzyme activity.
c) by regulation of the supply of carbon source.
Although c¢) may be regarded as the result of b) it is considered

separately because its site of action is markedly different.



e

In the nexl seection I describe some of the systems whose control
has been analysed. 1 do not however intend fto present a comprehensive
review but only te survey the types of control which have been
ohserved and, where known, of the mechanisms hy which control is

achieved at the molecular level.



2. Control. of Frotein Synthesis

The rate of operation of a metabolic sequence depends divectly on
the activity of the enzymes-of the sequence. One way in wbich
activity can be altered is to control the quantity of enzyme present
by regulation of the rate of enzyme synthesis, a mechanism which has
been shown to regulate many processes, particularly in catabolic and
anabolic sequences.

2.1, Control in the lac operon of B.coli

The lac operon of E.coli has been examined in greater detail
than any other regulatory system. The products of the lac operon are
ﬁ-galactosidage and ﬁ«galacﬁoside permease, which are required for the
metabolisn of lactose, and thiogalactoside transacetylase whose
function is unknown. The enzymes are synthesised by the cell vhen
inducer is present in the growth medium (Monod & Cohen, 1952), are
always synthesised coordinately (Jacob & Monod, 1961) and as a result
of genetic mapping have been shown to be coded for by a single region
the operon (Jaoob & Monod, 1961), as the controlling element for the
synthesis of the lactose metabolising enzymes in E.coli. Consid=srable
additional support for this hypothesis has been obtained over the
years and, with some modification, it is accepted today. The control
of the lac operon has been reviewed by a number of authors (Reckwith,
1967; Richmond, 1968; Beckwith, 1971).

In the model proposed by Jacob and Monod (1961) the eazymes of

the operon are coded for by structursl genes in the order shown
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(Figure II) and their synthesis is controlled by the overator region.
The operator region can exist in two states - one, in which a
repressor molecule is bound to the opefator snd a second, when the
operator is free. In the latter case RNA polymerase, which is bound
at the promotor site (Chen ot al., 1969), can traunscribe the lac
operon producing lac wBNA and so specify synthesis of the lac enzymes.,
When the repressor molecule is bound to the operstor no transcription
can teke place. The repressor is synthesised using the i gene as a
template and is a protein (Riggs & Bourgeois, 1968) which binds to
operator DNA (Riges et al., 1968). The addition of an inducer such as
IPTG to the system results in an interaction bhetween IPTG and the
repressor molecule which removes the repressor from the operator
region of the DNA (Gilbert & Muller-Hill, 1967; Rigss et al., 1968)
allowing transcription to take place. Control at the level of
transcription has been demonstrated (Varmus et al., 1970).

Removal of represscr from the operator region is not in itself
gsufficient to permit transcription but requires an adﬁitional inter—
action with cyclic ANMP mediated by cyclic AWP receptor protein (Pastan
and Perilman, 1970) which regulates the rate at which RNA polymerase
initiates new mRVA synthesis and consequently the rate of synthesis of
the enzymes. Catabolite repression (Magasanik, 1961), which is
measured as a reduction in the rate of specific enzyme synthesis
compared to total protein synthesis, has been explained as a result of
the interaction of cyclic AVMP with RNA polymerase as described above

(Perlman et al., 1969; Silverstone et al., 1969; Jacquet & Kepes, 1969).



The regulation of enzyme synthesis in the lac operon has now
been demonstrated in a cell-frec system using purified components
(de Crombrugghe et al., 1971b) and is %the same as the regulation
observed in vivo (de Crombrugghe et al., 1971la). Using the cell-fres
system it was demonstrated that lac miliA synthesis can be completely
controlled, using lac DNA as a template, by lac repressor, ENA
polymerase, and cyclic AMP receptor protein (de Crombruggtie et al.,
1971b). These authors contend that RNA polymevsse synthesises lac
mRNA and the initiation of transcription is controlled by bindines of
either lac repressor to the operator région or cyclic AP receptor
protein to the promotor region. The action of these two latter
proteins depends on their interaction with small noleculsr weight
effector molecules (inducer and cyclic AMP respectively).

The lac operon is therefore controlied at the wolecular level by
the interaction of macromolecules on the DNA teumplate at the operator/
promotor site under the influence of intermediates present in the cell.

2.2. Control in the gal operon of E.,coli

The gal operon of f.colil has been studied in a similar manner to
the lac operon but not in such detail. The enzymes required for the
metabolism of galactose are coded for by a single opuron (Bubbin,
1963a) and are induced by either galactose or fucose (Buttin, 1963b).
The sequence of enzymes on the operon (Michaelis & Starlinger, 1967;
Shapiro & Adhya, 1969) and the stoichiometry of their synthesis
(Wilson & Hogness, 1969) have been studied and are similar in principle

to the lac operon. Synthesis is susceptible to catabolite repression



(de Crombrugghe et al., 1969) which can be overcome by addition of
cyclic AMP to the culiuve (Pastan & Peorlman, 1970).

The operon has been studied in a cell-tree system in less detail
than the lac operon, but it has been shown that the rate of synthesis
of galactokinase is regulated by cyclic AMP and cyclic AVP receptor
protein (Parks et al., 1971) and that control is at the level of
transcription (Miller et al., 1971).

Differences do occur between the lac and gal systems with respect
to quantitative requirements for cyclic AMP and cyclic AMP recepior
protein. Parks et al. (1971) have shown that synthesis from the gal
operon continues to a significant extent in the absence of cyclic AMP
and cyclic AMP receptor protein. During isolation gal DNA is not
entirely separated from phage genes and tramscription from the gal
operon in the absence of cyclic AMP and cyclic ANP receptor protein
may be due to read through into the gal operon from these genes. DParks
et al. (1971) have further observed that while guanosine %'diphosphate
5'diphosphate stimulates lac mRNA synthesis; it inhibits gal mRNA
synthesis. Despite these differences it has been concluded that
control of the gal operon is very similar to the lac operon (Miller et
al., 1971).

Although only these two operons for catabolic enzymes have been
studied in detail, a large number of enzyme systems in many micro-
organisms have been showm to be subject to induction control,
apparently similar in type to the lac operon. Some have been shown to

be sengitive to catabolite repression -~ the repression being overcome



by addition of cyclic ANP to the culturc {de Crombrusgghe et al., 1969).
As a result cf these invesiigations it wss proposed that the synthesis
of meny inducible, catabolic enzyme systems requires cyclic AMP which
implies, in view of the more recent cell-freec studies, that many
catabelic operons require cyclic AWP and cyclic AMP receptor protein
to initiate mRNA synthesis.

2.35. Control in the ara operon of E.coli

The ara operon which codes for the enzymes of arabinose
degradation, does not resemble the lac operon model in the regulation
of enzyme synthesis. The 3 enzymes reguired for metabolism of
arabinose in B.coli are coded for hy a single operon whose activity is
dependent on the product of another part of the genome, ara C (Gross &
Engelsberg, 1959). The operon is dinduced by L-arabinose and induction
ig inhibited by D-fucose (Schleif, 1969)0.

Based on several lines of evidence Engelsberg et al. (1965)
proposed that the regulation of the sra operon was under positive
control by the product of the ara C gene. Positive control was
supported by an analysis of merodiploids in the ara operon (Sheppard &
Engelsberg, 1967). Engelsberg et al. (1969) have presented further
evidence to show that, in addition to acting as an activator for enzyme
synthesis, the ara C gene product, in the absence of L-arabinose, acts
as a repressor at a site on ithe operon distinct from its site of action
as an activator and have proposed a model to explain the observed

regulation (Figure III). In the model the product of the ara C gene,

Pl, represses the transcription of the operon by acting at the 0 region.



The presence of L-avabinose, the inducer, converits the repressor ﬁo
another form, P2, which acis at the I region as an activator of operon
transcription.

Although this system is markedly different from the lac systen it
is sensitive to catabolite repression which is relieved by cyclic ANMP
(Katz & Engelsberg, 1971).

The system has been examined in cell-free preparations where
arabinose specifically induces the operon and transcription is
stimulated by cyclic AP (Zubay et al., 1971). As with the lac system,
synthesis is stimulated by guanosine %' diphosphate 5' diphosphaile.

The operon was examined in greater detail using a sccond cell-
free system (Greenblatt & Schleif, 1971) and has confirmed the model
of Bngelsberg et al. (1969) for the regulatory pattern observes in vivo.
Greenblatt and Schleif showed that the ara C gene product actes as both
a positive and a negalive controlling element. Arabinose stimulates
while D-fucose inhibits enzyme synthesis.

1he arabinose system therefore represents an operon vwhosc control
is different from the lac and gal systems but which has features in
common with these systems. Enzyme synlthesis is matched to the
requirements of the cell and is controlled by the interaction of
regulatory macromolecules with operator DNA, dependent on the presence
of small molecular weight molecules in the cell.

2.4. Control of enzyne synthesis in biosynthetic vathways

The specific activity of many biosynthetic ernzymes in cells

depends on the nature of the environment (Cale, 194%3). In these ceses
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the control mechanism is required to fulfil a quite different function
From that in catabolic pathways and its mechanism has been selected
accordingly. Repression operates only in the presence of the end
product of a bilosynthetic sequence or of & compound closely related to
the end product. It has been shown, for example, thatl in the presence
of tryptophan in the environment the enzymes required for tryptophan
biosynthesis are not synthesised (Ames et al., 1967).

An operon model can be constructed which, in general terms,
explains the regulation of the synthesis of these enzymes (Figure IV).
In this model the regulstor gene codes for a protein which has no
affinity for the operator region and so_does not block mRNA and
subsequent enzyme synthesis. The corepressor, which may be the end
product of the reaction sequence for which the operon codes, interacts
with the represscer molecule and alters its structure, so that its
affinity for the operator region increases and it now blocks mRNA and
thence enzyne synthesis. Although this model can explain regulation
in general terms, it has not been found %o apply to any particular
system. Umbarger (1969) has observed, with particular reference to
amino acid biosynthetic pathways, that whereas the control function is
general the mechanism by which it is achieved is not. Indeed each
system may pe unique in molecular terms. The simplest type, vhere
single feedback repression rcgulates the synthesis of all the enzymes
of a biosynthetic sequence has been observed in the regulation of

leucine biosynthesis in Salmonella typhimurium {Burns et al., 1966).

Fuch more complex is the repression of the branched chain amino acid



biosynthetic enzymes in E.coli (Freudlich et al., 1962) where the
presence of all the branched chain amino acids are necessary for
complete repression. Multiple enzymes which catalyse the same
reaction are another complicating factor and in the synthesis of amino
by feedback repression control by a different end product (TruffaRachi
& Cohen, 1968). There are therefore no apparent restrictions on the
patterns of regulation employed by cells,

Umbarger (1969) has considered many of these pathways and one of
the few common elements to emerge from the study of regulatory mutants
is the role of amino acyl tENA as the corepressor for masny amino acid
biosynthetic pathways. In the reguvlation of the histidine operon
several genes, unlinked on the genome, were shown to influence the
synthesis of the histidine biosynthetic enzymes (Roth et al., 1966;
Anton, 1968) which suggested a much more complex regulatory mechanism
than had previously been observed but it has since been shown that
many of these mutations are associated with the synthesis of his tRNA
and not the synthesis of the histidine biosynthetic enzymes (Roth &
Ames, 1966; Silbert et sal., 1966). One exception appears to fulfil the
role of a regulator protein amalogous to the i region in the lac operon.
Similar data from other systems (Yaniv & Gros, 1966; Nazario et al., 1971)
support the role of amino acyl tRHAS as the corepressors that regulate
enzyme synthesis. Hirshfield et al. (1968) have shown, however, that

Nt

specific amino acyl tRNA is not involved in the repression of the
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arginine biosynthetic enzymes. There is, therefore, evidence hoth for
and against the role of amino acyl tRFA's as corepressors in different
gystems and it is unlikely that the nature of the corvepressors in
these systems will be finally establicshed until cell-free gystems are
developed.

The regulation of the synthesis of enzymes in biosynthetic path-
ways way bhe even more complex siace there have been seversl reports
that the presence of amino acid mixtures in the mediuvwm can lezd to an
alteration in the rate of synthesis of the cnzymes required for the
biosynthesis of amino acids not present in the mixture (Lee et al., 1966;
Nester, 1968; Lavalle & De Hauwer, 1970; Carsiotis et al., 1970: Stubbs
& Stubbs, 1971). There may in some of these cases be an element of
positive as well as negative contrel concerned in the regulation of
biosynthetic engyme synthesis.

The analysis of regulation in these systems is, however, not
nearly so far advanced as in the lac and gal systems and indeed the
level at which regulation is expressed has not been ascertained. Roth
et al. (1966) have suggested that control could occur at the ievel of
translation. Although this is not widely supported there is some evidence
from other systems to suggest that regulation at the level ol translation
can occur (Perlman & Pastsn, 1969; Yudkin & MHoses, 1969). The dala depend
on the inhibition of mRNA synthesis which is difficult to guarsntec as
100% effective. There is however no evidence to sugegest that resulation

at the level of translation does nolt play a role in cellular resulation,
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3. Repulation of Pnzyme Activity

Alterations to the activilty of an enzyme is anolher mechanism
used by cells to regulcte metabolism. Enzyme activity once present in
bacverial cells is not rapidly degraded - protein turnover being of the
order of B%Vh (Mandelstam, 1963) - but is diluted out by subsequent
cellular growth, Consequently when enzyme synthesis ceases in responge
to a change in environment, either by removal of inducer or addition of
corepressor, enzgyme specific activity decreases slowly which could lesd
to a wasteful use of nutrient unless a mechanism to regulale ensyme
activity is present. Regulation ig also necessary to maintain balanced
levels of intermediates during growlth and Atkinson (1969) hes observed
that if the concentration of intermediates in the cells are measured
during growth, the stability of cellular melabolite pools will reflect
not the absence but the sensitivity of the cellular control processes.

3.1, Regulation of biosynthetic pathways

Biosynthetic sequences have provided nany examples of the
regulation of enzyme activity and it was with Just such pathways that
the first examples of inhibition of enzyme activity by end preducts of
nmetabolism were observed (Umbarger, 1956; Yates & Pardee, 1956). A4S
with repression many different control mechanisms have been evolved
and each regulatory system may be unique in itself. MNany reviews have
been published on the nature and mechanisms of these control vrocesses
(Stadtman, 1966; Atkinson, 1969; Shaviro & Stadtman, 1970; Calvo & IMink,

1971).



3.2, General control of central metabolism

Although metabolic sequences, particularly those leading from
the central metabolic or awphibolic pathways have been examined in
some detail, the actual regulation of the amphibelic pathways has not
received so much attention.

One mechanism by which regulatlion of the amphibolic pathways can
be achieved is by changes in the energy charge in the cegll. 'The
concept of the energy charge as a control function has been developed
by Atkinson (1966) whose original data applied to the energy mstabolism
of mammalian cells. Phgsphofructokinase in glycolysis (Shen et al.,
1968) and isocitrate dehydrogensse in the TCA cycle (Atkinson, 1968)
have been shown to be susceptible to regulation by energy charge,
Although most of the data come from mamwslian systems, bacterial
systems contain enzymes vwhich arc susceptible to energy charge such zs
phosphoribosyl pyrophosphate synthelase (Atkinson & Tall , 1967) and
citrate synthase (Jangaard et al., 1968) in B.coli. Atkinson (1969)
has proposed that energy charge has a control function not only in
energy metabolism but also in metabolism in general.

Based on the susceptibility of mammalisn, yeast and E.coli
citrate synthases to energy charge regulation (Jangasrd et al., 1968;
Parvin & Atkinson, 1968 ), Atkinson has suggested that the TCA cycle is
regulated by energy charge in these systems. However direct measure-
ment of energy charge in B.coli (Lowry et al., 1971) has shovn that,
under a variety of growth conditions and growth rates, the energy

charge is very stable. Lowry et al. (1971) conclude that large changes
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in energy charge are not responsible for metabolic regulation but,
that energy charge places the cellular regulatory systems in a
position where they are sensitive to changes in other metabolites. In
B.coli it is found that NADH also inhibits citrate synthase (Veitzman,
1966) malate dehydrogenase (Sanwal, 1969) and several other engzymes
(Saﬁﬁal, 1970). Based on these enzyme inhibitions and changes in the
intracellular NADH concentration, Sanwal (1970) has proposed that the
TCA cycle in E.coli is regulated by the NADH concentration in the cell.

%e3. Regulation by catabolite inhibiticn

Catabolite inhibition is similar to feedback inhibition but has
as its site of action either the itransport systems in the cell membrane
or the first enzyme of subsequent metabolism (McGinnis & Paigen, 1669).
It involves the regulation of the initial steps in one metabolic systenm
by the presence of other nutrients in the medium. Examples in B.coli
include the inhibition of lactose utilisation by glucose (McGinnis &
Paigen, 1969), the inhibition of maliose and galactoside upteke by
glucose (McKinstry & Koch, 1972) and the inhibition of glycerol
utilisation by glucose (Edgar et al., 1972). Quite unrelated metaholic
systems might similarly interact. Evans et al. (1942) reported that
sugars, particularly glucose, inhibit either tryptophan uptake or

metabolism in F.coli and hydrogen reduces the utilisation of fructose

in a Hydrogenomonss sp. (Blackkolb & Schlegel, 1968). Other examples

of catabolite inhibition are listed by Paigen & Williams (1970).



4. Yalatle lMetabolism

The term amphibolic pathways (Davis, 1961) describes the central
metabolic routes which fulfil both anabolic and catabolic functions in
the cell. Glycolysis, the pentose phosphate pathway and the TCA cycle
which form the core of the amphibolic pathweys in the cell, are required
to different extents under different growth conditions. Regulation has
been much more difficult to analyse in this region partially because it
is difficult, if not impossible,-to obtain cells in a condition where a
particular function is absent and partially because of the cowplexity
of the regulatory patlterns involved. Despite these disadvantages some
progress has been made in the understanding of the regulation of central
netabolism.
growth., It is also a central metabolite of the cell, being involved in
several metabolic functions. Malate is a cowmponent of the TCA cycle
(Krebs & Johnson, 19%7) and after tranéport across the cell membrane is
metabolised by the enzymes of the cycle to generate a supply of energy
(Aj1, 1958; Kornberg, 1959)., ralate is also involved in the inter-
conversions of C.5 and 04 compounds in the cell during growth on glucose
or acetate (Kornberg, 1965, and is required after oxidation to OLA for
synthesis of aspartate and of the aspartate family of amino acids. The
regulation of growth on compounds like malate which are directly
invelved in the amphibolic pathways of the cell has not been rigorously

examined despite an understanding of the dintracellular metabolism.
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In this section I deal specifically with malate metabolism in

[ty

4.1, Transport of wmalate into the cell

The first evidence Tor the involvement of a transport system for
the metabolism of dicarboxylic acids in K.ccli was obtained from the
study of the ability of cells to oxidise succinate after previous
growth in different media. Halpern et al. (1964) found that, while
extracts of glucose grown E.coli contained 35% of the respiratory
activity of extracts of succinate grown cells to oxidise succinate,
glucose grown whole cells possessed only 9 of the respiratory activity
on succinate compared to succinate growa whole cells. The difference
they ascribed to a permeabllity barrier to succinate in glucose grown
cells. “Their conclusinon was supported by Takahashi & Hino (1968a) who
showed that aeration of anacrobically grown cells in complex medium
resulted in the cells acquiring the ability to oxidise both malate and
fumarate without altering the oxidative ability of cell extracts towards
these substrates.

The involvement of a single specific system in the transport of
dicarboxylic acids was demonstrated by studying mutants of J.coli which
were resistant to growth inhibition by % fluoromalate (Kay'& Kornberg,
1969). Registant cells are umnable to utilise exogenous dicarboxylic
acids although they contain all the necessary engymes and can metabolise
endogenous compounds, further evidence to support the single transport
system for dicarboxylic acids was provided by the observation that some
cells, with an impaired ability to utilise dicarboxylic acids contain a

low level of the trensport system (Herbert & Guest, 1971).
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4.2, Imeregy vroduction from malate

The bulk of the energy supply in E.coli under aerobic conditions
is produced by operation of the TCA cyele (Krebs & Kornbers, 1957).
During growth on malate the TCA cycle and two ancillary reactions sre
vsed to produce energy. The substrates required by the cycle are ORA
and acetyl CoA. OCAA is produced from malate by malate dehydrogenase
(B.G. 1.1.1.%7) using NAD as a cofactor (Murphey & Kitto, 1969).
Acetyl CoA is the product of twoe decarboxylation reactions. The first
is catalysed by malic engyme (B.C. 1.1.3.40 and BE.C. 1.1.1.%8) which
decarboxylates malate to pyruvate and generates a moiecule of reduced
nicotinamide cofactor (Katsuki et al., 1967). Pyruvate is subsequently
decarboxylated by the pyruvate dehydrogenasse complex (B.C. 1.2.4.1) %o
acelyl CoA ~ & reaction which produces a further molecule of reduced
cofactor (Reed & Willms, 1966 ).

Acetyl CoA and OAA condense under the actvion of condensing enzyire
or citrate synthase (B.C. 4.1.%.7) to yield citrate (Veitsman, 1969)
which is metabolised in the TCA cycle by rearrangement, decarboxylation
and oxidation reactions to regenerate onc molecule of malate from the
two initially metabolised. Reduced cofactors generated during these
reactions are reoxidised by electron transport coupled to oxidative
phosphorylation to provide the cell with its energy supply (Kornberg,
1959).

Pyruvate carboxylase (E.C. 6.4.1.1.) which can also catalyse the

o s o,

(Kornberg, 1965).
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4.%5. Intermediates from the TCA cycle

The operation of the TCA cycle is not exclusive to energy
generation but also supplies intermediates for biosynthesis. OAA,
olketoglutarate, and succinyl CoA are all used to synthesise amino
acids, nucleotlides and porphyrins. Pymvate and acetyl CoA are also
used for biosynthesis.

4.4, PEP production

During growth on malate the cells require to synthesise PEP from
malate using PEP carboxykinase (E.C. 4.1.1.49) (Kornberg, 1966; Hsie &
Rickenberg, 1966)., The enzyme requires ATP as a source of the phosphate
group of PEP (Utter & Kurahashi, 1954). 4 second enzyme PEP carboxy~
1ase (E.C. 431.1.31) which interconverts PEP and 0fA (Bandurski &
Greiner, 195%) does not act in the direction of PEP synthesis (Kornberg,
1965). |

PEP is used to synthesise sugars by gluconzogenesis and operation
of the pentose phosphate pathway and acts as a svbstrate for amino acid
biosynthesis.

A modification to Figure I can be constructed to describe growlh

of the cells on malate as a sole carbon and energy source (Figure V).
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5. Control of Malate Metabolism

As with growth on any medium, growth on malate is regulated hy
cellular control processes. The enzymes involved in malate metabolism
are subject to metabolic regulation but have not been collectively
considered under conditions of growth on malate. The metaboliom of
this region involving malale has been examined in detail during growth
on glucose and, to a lesser extent, on acetalte and sn overall pictore
of the metabolic controls as they operate under these condition:
considered (Kornberg, 1965). Some aspects of the control of this
region of metabolism have also been considered by Sanwal (19703) while
reviewing control of central metabolic pathways in general. At no
time has the role of transport in malaie metabolism been considered
with regard to metabolic regulation.

The control in this region is complex and has been investigated
by two major methods ~ the metabolic approach of Kornberg's group and
the enzymological approach of the groups of sanwal and Ketlsuki. In
the next few sections the control of each phase of malate metabolism
is considered.

5.1. Control of malate transport

The characterisation of the dicarboxylic acid transport system
as a distinet protein was first reported by Kay and Kornberg (1.969).
By genetic snalysis of mutants they showed that a protein required for
transport is coded for by a region of the genome which is distinct from

the genes coding for other proteins involved in malate metabolism.
& 3
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The transport system is responsible for the wptake of malate,
funarate, succinate and, to a lesser extent, aspartate (Kay & Kornberg,
1971). The system was reported to be constitutive in the cells (Kay &
Kornberg, 1969) but has since heen characterised as inducible and to
be induced by the presence of dicarboxylic acids in the medium (Key &
Kornberg, 1971). The results of Takahashi and Hivo (1968a) support an
inducible dicarboxylic acid permease since they observed that, although
seration of anaerobic cells leads to an altered permeability barrier to
fumarate, acration in the presence of glucose does not. Takabashi &
Hino did however obtain induction in a complex medium which did not
contain dicerboxylic acids.

Takahashi and Hino (1968a) provide evidence to suggest that
energy is necessary Tor fumarate entry into the cells. Kay & Kornberg
(1971) confirmed that energy was necessary by showing that uptake of
dicarboxylic acids could be inhibited by dﬂﬁtrophenol and other
compounds believed to inhibit energy linked membrane processes but
could find no energy source which would enable dicarboxylic acids to
be accumulated above medium concentration in membrane vesicles.

No control on the activity of this system is known.

5.2. Control of energy production

Energy, as described in section 4.2. is produced from complete
oxidation of malate in the TCA cycle. There are 3 facets of this
process which must be considered. |

a) OAA production from malate

b) acetyl Cok production from malate

fnd &7



¢c) operation of the TCA cycle.

5.2.1. O0AA production

OAA ig vroduced from malate by the action of malate dehydrogenase.
Only one malate dehydrogenase is synthesised in R.coli and is coded for
at a genetic locus distinct from both the dicarboxylic acid permease
and the other enzymes of the TCA cycle (Courtright & Henning, 1970).
Although growth in an aerobic environment produces a higher enzyme
specific activity than growlh under amaerobic conditions (Takshashi &
Hino, 1968b) regulation of enzyme synthesis has not been analysed., The
enzyme ig inbibited at NADH concentrations which are physiologically
significant (Saawal, 1969).

5.2.2, Control of acetyl CoA production

There is now cougiderable evidence that malic enzyme catalyses
pyruvate production from malate (Kornberg, 1966) and that the enzyme
under physiological conditions does not catalyse the reverse reaction.

There are two malic eunzymes in B,coli (Katsuki et al., 1967;
Takeo, 1969) and the activity of both is regulated by the cell., TWo
definite induction/repression control has been established for these
enzymes but some indications of control can be obtained by comparing
specific activities after growlh in various media. Sanwal and Smando
(1969) have suggested that the synthesis of NADP-linked malic enzyme
iz regulatcd by catabolite repression while Murai et al. (1971) have
shovn that it is repressed by glucose, glycerol, pyruvate and acetate
and induced by malate with a high gpecific activity in malate trained

cells. Repression is dominant over induction. NAD-linked malic
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enzyme is repressed by glucose and induced by malate but in this case
induction is dominant over repression (Murai et al., 1971). No changes
in specific activities greater than 5-fold have been observed hetween
fully induced and fully repressed levels. All controls operate to
reduce malic enzyme synthesis when pyruvate or melabolites linked to
pyruvate are present in the medium while the presence of dicarboxylic
acids stimulates synthesis.

Enzyme activity is also regulated by conditions in the cell and
au increased WADH concentration as is associated with glycolysis (Wright
& Sanwal, 1969) will reduce enzyme activity. Both malic enzymes are
controlled allosterically. NADP-linked malic enzyme is inhibited hy
NADH, mADPH, OAA and acetyl Cod (Sanwal & Smendo, 1969)* NAD=-Llinked
malic enzyme is inhibited by ATP and coenzyme A - at a physiologically
significant coenzyme A concentratior ~ but the coenzyme A inhibition is
overcome by aspartate (Sanwal, 1970b). Sanwal has suggested that the
HAD-linked malic enzyme is vsed by the cell to degrade dicarboxylic
acids as it is only active when they are present in the mediuvm. Based
on & similar analysis of the regulatory parameters of these two iso-
functional enzymes, the energy generating sequence via acetyl CoA and
the TCA cycle has been ascribed to NAD-linked malic enzyme while NADP-
linked malic engzyme serves to supply pyruvate and acetyl CoA for bio-
synthesis (Furai et al., 1971). The data on regulation of enzyme
activity also support the pyruvate producing function of the enzymes.,

The evidence for the unidirectionzl activity of malic enzymes

comes from analysis of mutants., MNutants of [.coli unable to grow on
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glucose unless supplemented with dicarboxylic acids in the medium are
found to lack PEP carboxylase (Kornberg, 1965). Malic enzyme is present
in these cells but, since the cells do not grow, is unable to synthesise
dicarboxylic acids by carbon dioxide {ixation. Cooper & Kovnberg (1971)
have also shown that radiocactive carbon dioxide is incorporated into
malate to a much greater extent in the presence of PEP than pyruvate
because under thesc conditions the cellg utilise PEFP synthase and PRP
carborylase to catalyse malate synthesis. PEP synthaseless mutants,
although they contain malic enzyme, sre unable 1o carboxylate pyruvate
to malate since in the presence of labelled carbon dioxide and pyruvate
no label appears in malate. Malic enzyme therefore aclts wnidirectionally
to synthesise pyruvate from malate.

Pyruvate synthesised in this way is decarboxylated to acelyl CoA
by pyruvate dehydrogenase -~ a complex enzyme which is specifically
induced by pyruvate (Dietrich & Henning, 1970) and whose activity is
stimvlated by PEP, AMP and guanosine diphosphate but is inhibited by
acetyl CoA (Sanwal, 1970a)¢

5e2e5s Regulation cof the TCA cycle

The regulation of the TCA cycle iun E.coli is not fully understood.
Gray et al. (1966) have shown that glucose in the environmeﬁt can
repress enzyme synthesis and Takahashi & Hino (1968b) have observed
changes in enzyme specific activity during growth under aercbic and
anaerobic conditions. Because cells growing under anaérobic conditions
do not contain etketoglutarate dehydrogenase the TCA cycle can only

operate as such under aerobic conditions (Amarasingham & Davis, 1965).
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The engzymes are not coordinately induced and do not appear to be
grouped in operons alihough mapping has shown that the genes for
citrate synlhase, «ketoglutarate dehydrogenase and succinate
dehydrogenase are localed in one region of the genome (Courtright &
Henning, 1970).

Some control of enzyme activity has heen obgerved. Both citrate
gynthase (Veitzman, 1966) and malate dehydrogensse (Sanwal, 1969) are
inhibited by NADH, and, by analogy with other systems where citrate
synthase activity regulates the TGA cycle (Krebs, 1969), Sanwal (1970a)
has suggested that NADH concentration rcgulates the TCA cycle in E.coli.

C

5.3. Repvlation of PEP production

The studies of Kormberg (1965} have shown that production of PEP
firom OAA is catalysed by PEP carboxykinase. The enzyme is induced by
the preseace of dicarboxylic acids in the medium (Teraoka et al., 1970)
and its activity regulated by NADH concentration (Wright & Sanwal, 1969)
which is high during glycolysis but lower during growth on sueccinate
(Wright & Sanwal, 1969).

5.4. Metabolism during egrowth on malate

Although a considerablce amount of data has heen reported over the
last few years the concept of growth on malate describved by Kornberg
(1965) has not markedly altered. Halate is taken into the cell by an
inducible {transport system and used to fulfil all growth requirements.
Energy is produced by operation of the TCA cycle and during this process
intermediates are synthesised. Pyruvate, required for operation of the

TCA cycle and for biosynthesis, is exclusively produced from malate by



malic enzyme. PEP, also required Tor bilosynthesis of sugars and

amino acids, is produced by PEP caruoxykinaze.
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G. Control of Melbabolism

Control processes are vital to the economy of tThe cell.
Repression/induction achieves an eccnomy of protein synthesis;
activation/inhibition an economy in the distribution of small
molecules, It is the activity of enzymes which regulates the flux of
small molecular weight compounds through metabolism end has been shown
to be active in the biosynthetic precesses of the cell,

Although few examples are available the flux of molecules into
metabolism via the catabolic pathways must be regulated. Glycerol
metabolism is a system vhere regulation has been anslysed and its rolw
in metabolism evaluated. Glycerol enters the cell by facilitated
diffusion and relies, for a flux into the cell, on a low internal
glycerol concentration. The first step in glycerol metaholism is
phosphorylation, catalysed by glycerokinase which is subject tc allo-
steric inhibition by fructose-l-6-diphosphate (Zwaig & Lin, 1966).
Cells growing on glycerol contain a concentration of fructose~l--6~
diphosphate sufficient to inhibit glycerokinase by 70% and analysis of
regulatory mutants has shown thatl inhibition operates in vivo {(Zwaig
et al., 1970).

Although this is the only catabolic system where regulation of
enzyme activity linked to transport has been established similar
mechanisms must exist in other catabolic pathways to regulate intske of
substrate. Transport has been involved in the regulation of lactose

and maltose metabolisi but only as a wechonism of {transporting inducer



into the cell (Xepes & Cohen, 1952). A similar mechanism has slso been
reported by Londcn & Meyer (1.970) to regulate the induction by malate

of malic enzyme in Streptococcus faecalis. Further regulation of

uptake after induction is however regquired to ensure that the rate of
substrate upteke matches the rate of subsirate utilisation.

Bvidence on the role transport systems play in the regulation of
growth has been obtained by Shehata & Marr (1971) and Von Meyerburg
(1971)o Shehata & Marr (1971) have examined the influence of substrate
concentration on growth rate and found that growth rate may be
considered as the sum of two limiting enzymic processes. Kp values
Tor these processes are, at least in the case of growth on tryptophan,
similar to the Kn® for transport systems and they conclude that the
growth rate of the cell is limited by the activitly of transport
mechanisms which they suggest from additional data is a general
phenomencn., Von Meyerburg (1971) isolated a pleiotrophic mutant which
has an impaired ability to grow at low concentrations of a range of
substrates and showed that the cellular transport systems have
decreased affinities for their substrates. The results of Shehata &
Marr (1971) and Von Meyerburg (1971) suggest that transport processes
limit growth at low concentrations of substrate, because of their
affinity for the substrate, and at high substrate concentrations
because they are operating at maximum velocity. If this is so,
alterations to transport system activities will result in changes in
rate of substrate utilisation. Transport systems are therefore likely

sites for regulation of growth and of substrate utilisation but little
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or no evidence of such control has been reported althousgh catabolite
inhibition, where rates of uptake of nutrients are altered, may be the
result of the operation of controls in entry systeus.

The role of tramsport systems in the regulation of growth as shovn
by Shehata & Marr and Von Meyerburg was not obviouws when we began this
research. Nevertheless we believed that melale metabolism must be
regulated at the level of permeation across the cell membrane. When we
embarked on this work to analyse the rate of malale metabolism we hoped
to establish that regulation can be expressed at the level of permeation

of the carbon source into the cell.



7. HMolar Growth ¥ields

The use of microbial growth to measure the concentration of a
specific nutrient is a technique which has been used for a considerable
period of time. Although simpler ftechniques have replaced biological
agsays, the study of the relationship between growth and nutrient
concentration has continued. Research has concentrated on the role of
the energy yilelding substrate in growth. The observations of Fonod
(1942) established that under aerobic conditions the yield of cells
from a culture of bhacteria is proportional to the concentration of the
energy yielding substrate in the medium. These results which reflect
the operation of metabolic controls during growth were the start of an
analysis into the relstionship between energy production and growth.
The most useful data in this regard have been obtained from the study
of growth under anaerobic conditions hecause it was, and indeed still
is, impossible to accurately calculate energy production under aerobic
conditions. Because of a lack of data from E.coli it is necessary to
consider results obtained in other systems. Where data from J.coli are
available they are preferentially considered. lolar growth yields and
energy yields have been reviewed by a number of authors (Stouthamer,
1969; Forreut, 1969; Payne, 1970; Forrest, 1971).

T.1. Anaerobic yvields

Much useful data havebeen obtained by the study of molar growth
yields under anaerobic conditions. Bauchop & Elsden (1960) orew

several microorganisms on different media under enaerobic conditions,
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From an analysis of the products of the fermentations and a knowledge
of the degradative pathways used by the cells they were able to
calculate the total ATP production in cach culture and to relate it to
the growth of the cells to show that for every mole of ATP generated
about 10.5 L 2 g of cellular dry weight is synthesised. In their
experiments Bauchop & Elsden grew the cells in a rich medium and energy
was largely required for transport and polymer formation. A variety of
microorganisms growing on a variely of media have been studied and give
similar resvlts. WMany are listed by Payne (1970).

E.coli has only been examined under anaerobic conditions to
determine a YATP on glucose (Hermandez & Johnson, 1967a) and a value of
9,4 was obtained. In their calculation of ATP production Hernandez &
Johmson assumed succinate wag produced from pyruvate by the action of
pyruvate carboxylase, and not from PEP by PEP carboxylase as is the case
(Kornberg, 1965), and, &g a resull, overestimated ATP production.
Correction of the data for this eyror gives a Tppp = 10.0. Stouthamer
(1969) reported a IATP for E.coli on glucose of 1l.2 under anaerobic
conditions.

T7.2. Aerobic yieclds

Aerobic molar growth yields of facultative anaerobes are much
easier to obtain than anacrobic yields. The original data of lonod
(1942) were derived from an analysis of aerobic growth. It is, however,
difficult to measure oxygen uptake with growlth and is impossible to
relate cxygen upteke data to ATP production because of the uncertainty

of calculating ATP production from oxidative processes, The calculation
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of YATP reguires not only a ¥ substrate oz Y02 value but also the
efficiency with which the cells couple ATP production to electron
transport i.e. a P/O ratio value.

Te2.1. Efficiency of oxidative phosphorylation

In mitochondria the number of high energy phosphate bonds formed

during the transfer of 2e~ from NADH to oxygen has been found to be threes.

No such value {or the P/O ratic has been established for bacteria.

A number of attempts have been made to assess P/O ratios in
bacterial cells using cell-free extracts (Stouthamer, 1962; Cel'man et
al., 1967; VMickelson, 1969)., A1l of these approaches gave results
suggesting that the efficiency of oxidative phosphorylation in bacteria
is much lower tham in mitochondria. Although Stouthamer (1962) made
out a case for the low P/0 ratio which he obtained in cell-free extracts

of Gluconobacter liquefaciens being an accurate value for these cells,

it seems likely that cell-free extracts have a much lower efficiency of
energy coupling because of the breakdown of cell membranecs (Stouthamer,
1969). This is supported by comparison of calculated oxidative phos-
phorylation efficiencies from molar growth yields with cell-free extract
estimates (Hadjipetrow et al., 1964; lickelson, 1972).

Direct measurements of the P/O ralio associated with oxidation of
NADH in B,coli B have been made by Hempiling (1970a). 1In cells which
wvere grown in rich medium, harvested and subjected to a shift from
anaerobic to aerobic conditiong he measures a P/O ratio of 3. He has
further shown (Hempfling, 1970b) that the P/0 ratio is susceptible 4o

changes in the growth environment, addition of glucose to the comnlex



medium reducing the P/0 ratio to 0.1 but that the reduced P/0 ratio
could be due to catabolite repressioun since addition of cyclic AMD
with the glucose results in the P/O ratio returning to 3 (Hempfling &
Beeman, 1971). These data of Hempfling of direct P/O ratio measure-
ments show that the P/0 ratio is variable and dependent upon environ-
mental conditions.

Te2.20 P/O values from molar growth yvields

In the absence of reliable estimates of ATP production during
aerobic growth several attempts have been made to calculate P/O ratios
from molar growth yield data on the assumption that the Yppp of 10,5,
found under anaerobic conditions, is true under aerobic conditions.

The best that can then be achieved is to show thalt the resuits are at
least self consistent.

The Tirst attempts to calculate P/O ratios considered differences
in yield/mollsubstrate for 2 substrates whose metabolism differed by a
single oxidation reaction (Stouthamer, 1962; Gunsalus & Shuster, 1961.)
but was extended to total substrate oxidation (Chen9 1964.; Hernandez &
Johnson, 1967b). Hernandez & Johnson's data showed that a P/0 ratio of
1.0 during growth of E.coli on a complex glucose medium is consistent
with a Yapp of 8.9,

To maintein a constant Y,pp during aerobic growth on different
carbon sources it is necessary to assume that the P/0 ratio is not
constant and can in some cases have non-integer values (ladjipetrou et
al., 1964; Payne, 1970). A similar approach based on the calculation

of the number of electrons available in the substrate for transference
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4o oxygen has been made (Mayberry et al., 1968).

Te3. Aerobic growlh yield values

Although E.coli has not been & preferred choice for molar growth
yield determinations, some yield data are avsilable. Yields/mol
substrate are only available for growth on glucose (Sedlaczek et sl.,
1966; Ribbons, 1969; Ng, 1969) and the values are variable with
Sedlaczek et al. reporting a Yijycoge 0L 67.8 and the others values of
90-94.

Molar growth yields on other substrates have not begen reported
for E.coli. Of relevance are molar growth yields on dicarboxylic acids
during aerobic growth. Several microorganisms give a Yguphstrate OF
between %8-42 for growth on dicarboxylic acids (Payne, 1970).

sn alternative parameter YOQ’ first used by Whitaker & Elsden
(196%) can be used under aerobic conditions. Some data are availabie
from growth of E.coli (Figure VI). The data attributed to stouthamer
(1969) he obtained from Whitaker & Elsden (1963). No statement of

these data by Whitaker & Elsden (1963) exists.

Substrate YO 5 reference

Glucose 40.4 Whitaker & Ilsden (1963)
Glucose (minimal) 41.% Hernandez & Johnson (1967b)
Glucose (complex) 23.9 "

Glutamate 234 Stouthamer (1969)
Succinate 22.6 " |

Lactate 23.4 "

Acelate 12.4 i

Pisure VI Aerobic growlth yields of E.coli




To4. Maintenance requirement of growing cells

A1l the previous material on molar growth yields has not taken
into account any maintenance requirement of the cells during growth.

A maintenance reguirement was considered negligible from the results

of Monod (1942) but with the development of continucus culture techniques,

a maintenance requirement was necessary to explain deviations, at low
dilvution rates, from the original theory (Dawes & Ribbons, 1964)°

Defining the maintenance coefficient (m) as the rate of substrate
utilisation used solely for maintenance, Pirt (1965) derived an equation
to relate maintenance coefficient to molar growfh yield and specific
growth rate of the cells wnich can be applied to both batch and
continuous culture. Several estimates of maintenance coefficients have
been made veing this equation (Pirt, 1965; Righeleto et al., 1963;
Watson, 1970; de Vries et al., 1970; Carter et al., 197l). Using the
data of Marr et al. (196%), Pirt (1965) calculated a maintenance
coefficient of 0.07 g glucose/g dry wt,/hAfor_ngglg growing at 570
under aerobic cdndi’tionso Previously Schultze & Lipe (1964) had found
that 0.055 g glucose/g dry wt./h was necessary to fulfil the requiremnent
of HB.coli for maintenance.

Although maintenance has been estimated for several micro-
organisms, there is little information on the function it fulfils.

Marr et al. (1963) have suggested that maintenance is dependent on the

growth temperature. Watson (1970) showed that the maintenance requirement

of a culture of Saccharomyces cerevisiac depends on the concentration of

sodivm chloride in the medium and suggests the energy is used to maintain
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an electrochemical gradient of Hav across the cell membrane. The
mechanism of energy expenditure is not knowm.

7.5. Interration of molar srowth yield, P/0 ratios and

nainbenance regquirenent

Little has been published either on molar growth yields per mole
carbon source utilised or per mole oxygen taken up for R.coli growing
under aerobic conditions on simple salts medium in the presence of a
single carbon source. No attempt has been made to reconcile estimstes
of molar growth yield with maintenance requirement. Consequently, in
view of the more recent altempts to measure P/O ratios and the
improvements in instrumentation which we describe, it is of interesi
to measures molar growth ylelds under aercbic conditions for J.coli and
to try to interpret these with regard being given to both meintensnce
requirement and /0 ratios.

The uptake of oxygen during growth on malate, a carhon scurce vhich
utilises only oxidative phosphorylation as a means of ﬁroduoing enerey.
ig a direct measure of energy production and is a suitable system to
analyse, under aerobic conditions, the relationships between growth rate,

cell yield, energy production snd the regulation of cellular metazbolism.
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1. Eicrobiolecgical Technigues

1.1l. Ovganisn

The cyrganiam used throughout This work was Becherichia coli ATCC

15224 (11308) which has the genctic structure i~z%yTa’ for the lac
operon. Consequently the synthesis of the products of the luc operon
Qﬁmgalact sidase, fS-palactoside permease and thiogalactoside
transacetylase) is constitutive because the cell produces a defective
repressor. In all other respects it was assumed to be wild type.

The strain was obltained from the American Type Culture Collection
(arcc) (Rockville, Karyland, u.S.A.) and characlerised by
bacteriological tests described (Cowan & Steel, 1965).

1.2. Reconstitution and storasge of organism

+

The organism was obtained as a lyophilisate in a sealed evacuated
glass ampoule which was opened as recommended {National Collection of
industrial Bacteria Catelogue, Aberdeen) and the cells reconstituted
by the addition of a few drops of sterile nutrient broth. The
reconstituted culture was inoculated into 10 ml of sterile nutrient
broth in a 25 ml Facvariney bottle and incubated at 370 for 24 h, then
plated on nutrient ager snd incubated at 370 for 24 h. A typical clone
was picked off, ftransferred to nutrient broth and grown as before. The
nutrient broth culture was checked for homogeneity both microscopically
and by plating out on nutrient agar containing 10 yg/ml
5~brumo—4~chlor0windoxylwﬁwgalactoside (ECIG agar)g A cell

congtitutive foxw@—;alactosidaso produces & blue colony on BCIG agar

LA



so a homogeneous culture of lac-constitutive cells produces only blue
¢lones.

A homogeneous nutrient broth culiure was used to inoculate 10 ml
of cooked meat medium in 25 ml Haclartney bottles vhich were again
incubated at 370 for 24 h. These were then stored at 40 as a long
term stock culture.

Ivery 3 months a cooked meat culture was used to inoculate 6
nubtrient broths and these were grown at 570 for 24 h, plated on RCIC
agar to test for homogened ty then stored at 4°. A fresh nutrient broth
was used each month for the preparation of inocula.

1.%. FPreparation of specifically trained inocula

Complete defined medium, prepared as described in section 2.5.1.,
was inocuiated with 3 drops of a stock nutrient broth culturc and grown
on an orbital shaker (L.H. Engineering Co. Ltd.*England) at 37°.  This
vas a Jst passage and 1 ml of it was subcvlitured into 100 ml of
identical medium (2nd passage) and grown under the same conditions.
these cultures were stored at 4°. 24 h before an experiment 1 ml of
the 2nd passage was subcultured into a %rd passage and grown as above.
This was stored overnight at 4°. The growth time of each passage
depended on the carbon source (Figure 1).

To prepare an inoculum, a portion of the %rd passage was
harvested at 11,600 g for 10 min at 40, resuspended to the required
cell density in chilled 40 mM phosphate buffer pi 7.0 and ztored on ice

until required.
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jigure 1, PREPARATTION OF INOCULA

Inocula of E.coli 15224, trained to different substrates, were
prepared by growbh through 3 passages in 100 ml of minimal salts
medium containing the carbon source at the indicated concentration.
The 1lst pzssage was inoculated with 3 drops of a nutrient broth
culture, the 2nd and %rd passages with 1 ml from the previous passage.
A1l growth was carried out at 370 under aerobic conditions on an

orbital shaking table for the periods of time shown.



Carbon Concne lst Passage 2nd Passage 3vd. Passage
Source mi] h h h
Glucose 10 16 7 7
Glycerol 20 16 7 7
Malate 20 16 8 8
Succinate 20 16 8 8
Fumarate 20 16 8 8
Aheetate 30 36 24 24
Pyruvate 24 16 7 7
Gluconate 10 16 7 7
Alanine 24 48 12 12
‘éﬁfimbe 12 120 7 7
Glutamate 12 120 12 12
Aspartate 20 48 12 12
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2. ledia

2.1, Cooked meat medivm

This was preparcd from Oxoid dehydrated material. A tablet was
soaked in 10 ml glass distilled water for 15 mir in a 25 ml MacCartneoy
bottle, sterilised by autoclaving at 15 p.s.i. and gtored sl 4°,

One litre of cooked meat medium contained:

Peptone 10 g
Lab. Lemco beef extract 10 g
Neutralised heart tissue %0 g
Sodiwm chloride 5 g
Final pH Tl

2.2. Nutrient broth medium

Nubtrient broth was prepared from Oxoid dehydrated granules.

1 litre of nubrient broth contained in distilled waterxr

Lemco heef extract lg
Yeast extract 2 g
Peptone 5 &
Sodiwn chloride 5¢g

Final pi 7.4
Mutrient broth was dispensed 10 ml intc 25 ml MacCartney bottles,
sterilised by autoclaving at 15 p.s.i. and stored at 400

2.%. HNutrient agar medium

Nutrient agar was prepared using 0xoid dehydrated material. 15 g
of agar was added to 1 litre of nutrient broth medium and dissolved by

boiling Tor 15 min, Agar was sterilised by sutoclaving at 15 p.s.i.,



poured into petri dishes under wltraviolet light and allowed to
c e . Y
solidify. Plates were stored at 47,

2.4, BCIG apar medium

BCIG was dissolved in dimethyl formamide at a concentration ¢f
2 mg/ml and added to nutrient agar to a final concentrasion of lo)gg/mlp
Solution was mixed, poured into petri dishes under uliraviclet light
and allowed to solidify. Plates were stored at 4°.

2.5, Defired medis

Defined media were prepared by two different procedures. A1l
solutions were dissolved in glass distilled water.

2.5.1. ledia for training of inocula

These media were prepared by mixing % components:

T INS medium conteined 66.7 mM potassiuvm dihydrogen phosphate
(9.07 g/1 KH2P04) and 16.7 nM ammonium sulphate
(2.2 g/1 (NH4)2SO4) te pH 7.0 using sodivm hydroxide. This
was dispensed 60 ml into 500 ml conical flasks and sterilised
by avtoclaving at 15 p.s.i.

IT Ye304 solution contained 0.8 mM ferrous sulphate

(0.22 g/1 FeSO4°7H20) to pH 2.0 using hydrochloric acid and
was sterilised by autoclaving at 15 p.s.i.

11T Combined carbon source and 1.25 mil magnesium sulphate
(0.31 g/1 MgSO4,7H20). The concentration of carbon source
depended on the required final carbon sovrce concentration
(Figure 1). This solution was taken to pH 7.0 only if necessary

due to the nature of the carbon source and dispensed into

. .
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bottles in 40 ml hatches before autoclaving at 5 p.s.i.
Complete defined medium was prepared by adding 40 ml of solution
TiT and 1.25 ml of solution IT to 60 ml of solution I.

2.5.2. Medium for growth experiments

This was prepared as 4 separate components:

T P 760 nl potassium dihydrogen phosphate (5.44 g/1 KH2P04)
pH 7.0 sterilised by auvtoclaving at 15 p.s.i.

1T HMgKS contained 40 nM magnesium sulphate (9.84 g/l NgSO4.7H20)
and 800 mM ammonium suvlphate (105.6 g/l (I‘JH4) S0 4) pH 7.0 -
sterilised by autoclaving at 15 p.s.i.

11T FeSQﬁ 0.8 mif ferrous suiphate (0.22 g/l FeSO4,7H2O) pH 2.0

sterilised by autoclaving at 15 p.s.io.

IV Carbon scurce prepared alt high concentration to pH 7.0 if

required and sterilised at 5 p.s.i.

Minimal salts medium was prepared by adding 10 ml each of
solutions IY and III to solution T and making the final volume to
800 ml using sterile distilled watexr.

The composition of defined medium made by either method was:

KIL,F0, 40 ml
(vH 4_)230 A 10 mM
MgSO4 0.5 mM
FeS0, 10

vith NaOH to pH 7.0
end carbon source at the required concentration.
Components, with the exception of the carbon sources, were stored at

room temperature. Carbon sources were stored at 4°.



3. i Measurement

All solutions were adjusted to The required pH using either
sodium hydroxide or hydrochloric acid while monitoring pH with an
EIL 2%a direct reading pH meter (BIL Ltd. Camhridge). Standard buifer
solution was prepared using buffer solution tablets (Burroughs Yelcome
Ttd. ). 40 ml portions of the bulffer standard were auboclaved at 15
p.s.i. then stored at room temperature. Lach day a fresh 40 ml
portion was used to calibrate the pH meter.

The pH of cultures was determined using & micro-assembly attached
to an EIL 2320 pH meter (EIL, Cambridge). Calibration with buffer

tablels was carried out as above.

4, Sterilisation

The sterilisation of media was carried out using one of two
procedures.,

4.1. Autoclaving.

Solutions were sterilised in a pressure chamber (Manlove Alliott,
Nottingham, England) using steam supplied by a Speedylec - electrode
boiler (Bastian & Allen, Harrow, England). The conditions for
stefilisation had been determined using thermocouples in the solutions
(Fewson, unpublished results). Both the pressure (5 or 15 p.s.i.) and
the time of autoclaving depended on the nature and volume of the
solutions being sterilised. Sterilisation was always checked using

Prowne steriliser control tubes -~ type one, black spot (Browme Ltd.,



%O

Leicester, England).
4.2, Filtration

Sterilisation by filtration was carried out using Sterifil filter
holders of 250 ml capacity fitted with a 0922‘F.pore size Millipore
filter (Millipore Corp. Massachussetts, U.S.A.). Once assembled the
unit was sterilised by autoclaving at 15 p.s.i. After filtration
solutions were aseptically transferred to sterile bottles.

A second procedure for smaller volumes used Nalge disposable
filter units (O,20’u_pore) (Sybron Corp. Rochester, U.S.A.). These
had 1C0 ml capacity and were obtained in a sterile condition. After

filtration golutions were transferred aseptically to sterile bottles.

5. Glassware

5.1. General Glassware

A1l glassware was cleaned before use either by boiling in 109 v/v
nitric acid or by autoclaving in 1% w/v haemosol solution (Meinecke &
Co. Baltimore, U.S.A.). After either treatment all glass was rinsed
with tap and distilled water and drieé in an oven.

5.2. Pipettes

Pipettes were cleaned by soaking first in 5% v/v propanol and 1%
w/v haemosol, then in 1% w/v haemosol solution followed by rinsing with
fap and deionised water, and drying in an oven. All pipeties were
plugged with cotton wool ﬁefore use.,

Pipettes were sterilised by dry heat at 1600 for l% h either
wrapped in paper or in metal canisters. Canister sterilisation was

checked by Browne steriliser control tubes.
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6. Growth

-- s e 3 e

Growth of the organism was slways carried out in batch culture.
800 ml of complete defined medium contained in a 1 litre flat-bottomecd
pyrex flask (Figure 2) filted with » short side arm was inoculated and
maintained at 370 in the apparatus described by Harvey et al. (1968)
(Plate 1). The side arm was plugged with a silicone rubber bung
through which passed a 6" dispensing canulus caryying a disposable
syringe. The main neck of the flask was gealed by a silicone rubber
bung through which two vorts were made. The first was fitted with a
short condenser maintained at 2° by a circulating coolant of 10%
propanol in water. A peristaltic pump (Glen Creston, Staamore,
Fneland) pulled the coolant through a copper coil immersed in an
ice~water slurry then through the condensers before returning the
coolant to the reservoir. The second port was the gas inlet. Air
from the departmental compressed air supply was filtered using
charcoal and passed into the flask at a steady flow rate. The Tlow
rate was monitored on gas flow gauges (G.A. Platon, Croyden, England).
The apparatus ensured that the gas phase above the culture was not
disturbed by sampling but was fully mixed with the ligquid phase so the

culture was always truly aerobic.

7. Sempling of Culture

Sanples were removed from the culture using the syringe which

was rinsed with culture before the semple was removed. Samples of
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various sizes could be taken depending on the size of the syringe

used. Samples were used to measurc culbture density, culture pH and

substrete concentrations.

8. Measurcment of CGrowth

Cell density was determired turbidimetrically on samples (4 ml)
taken from the culture into formaldehyde solution (409, 1 drop). The
apparent E420 wos measured in glass cuvettes (Type 1, 10 mM light path)
(Ross Scientific Co. Ltd., Hornchurch, England) using a SP800 double
beam spectrophotoneter (Unicam Instraments Ltd., Cambridge, England)
fitted with a Servoscribe potentiometric chart recorder (Smiths
Industries Ltd., Wembley, England).

The absorption due to the cells was linear with culture turbidity
up to an optical density of 0.2. Above this value the optical density
was lower than the true culture turbidity. Consequently a calibration
curve was drawn between optical density and culture turbidity
(Figure 3) to enable turbiditics to be determined without dilution. A
culture turbidity of 1.0 at 420 nm is equivalent to a cell density of

196‘pg dry weight/ml culture (Holms, unpublished results).



Ticure 3 TURBLDITY CALIPRATION CURVE

Cultures of a wide range of turbidity were read at 420 nm in a
SP300 double beam spectrophotometer against air as a blank. Portions
of the cultures were diluted in 40 mM phosphate buffer pH 7.0 lo give
Bqpo of less than 0.2 at which level extinction is directly
proportional to the density of the suspension. From these data the

calibration curve was drawn.
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9, Measurement of Substratc Concentration

9.1. General considerations

Substrate concenlrations were measured on semples taken from the
culture. Assays were carried out for malate, glucose, glycerol,
fumarate, acetate and pyruvate. All with the exception of fumarate
were enzymic assays. In every case assays wore read on an SP800
double beam spectrophotometer fitted with a servoscribe recorder
against air as a blank.

9.2. Treatment of samples

A 4 ml sample taken from the cwlture was blown onte 1 ml of
chilled %0% w/v perchloric acid, mixed and allowed to stand on ice Tor
10 min, when 3 ml of chilled potassium hydroxide (~1 M) was added to
return the sample to the original pH value. When the potassium
perchlorate had precipitated the samples were decanted into 15 ml
centrifuge tubes (Corning Glass Works, New York, U.S.A.) and
centrifuged at 11,600 g and 4° for 10 min in an MSE 18 refrigerated
centrifuge (I11.S.E., Crawley, England). The supernate was decanted
into glass vials and frogzen in a mixture of solid carbon dioxide and
ethanol then stored at ~10° until assayed.

Samples were thawed and thoroughly mixed before a portion was
removed for substrate estimation. Samples were then relfrozen and
stored as above,

9.%, lstimation of malate

Falate was measured by a meodification of a standard method

(Hohorst, 1963) in which the oxidation of malate by malate dehydrogenase



is coupled to NAD+ reduction.

The compogition of the assay medium was:

Glycine 0.45 N
Hy&razine 0.18 M
EDTA 2.4 ml
nap* 3.2 nif

-sodium hydroxide to pH 9.5
malate dehydrogenase 50 pg/assayo
The assay was done at pH 9.5 in a total volume of 3 ml. Assay
was initiated by the addition of NAD and incubated atl 27° for 90 min
then read at 340 nm. The assay is linear over the range 0-500 u mol
malate/assay. 1L mol of malate in the assay gives an extinction of
2.07 x 106.

9,4, Estimation of fumarate

Fumarate was measured directly by absorption at 240 nm (Racker,
1950). The assay was linear over the range 0-800 n mol fumarate/ ml
but was usuwally only used over the range 0-400 n mol/ml. 1 M fumarate
gives an extinction of 2.5 x J.Oao

9.5. DBstimation of glycerol

Glycerol was measured by a modification of the commercially
available Boehringer '‘neutral fat' method which is bascd on the method
of Eggstein and Kreutz (1966).

The composition of the assay medium was:

triethanolamine 81 mM

maghesiuvm sulphate 3.2 mM

wd e



ATP 0.54 mM
PEP 017 mi
NADH 0.1 mM

Lactate dehydrogenase 13 p@/ml

pyruvate kinase 7 )Ag/ ml
glycerokinase 3 p@/ml

Assay pH 7.6
Assay was done in a total volume of 3 ml. All reagents with the
cxcepltion of glycerokinase were mizxed before addition to a portion of
sample. The assay was initiated by addition‘of glycerokinase,
incubated at 27° for 60 min and read at 340 rm. The assay is linear
over the range 0-300 n mol glycerol/assay and 1 mol of glycerol in the
6

assay gives an extinction of 2.07 x 10 .

9.6. Dstimation of pyruvate

Pyruvate wag assayed using a modified standard method (Elcher et
al., 1963).
The composition of the assay was:
potassium dihydrogen phosphate 30 mM
NADH 0.22 mM
lactate dehydrogenase 3}&9ﬁnl
Assay was done at pH 7.4 in a total volume of 3 ml. The assay
was initiated by addition of a mixture of phosphate, NADH and lactate
dehydrogenase to a portion of sample and incubated at 27° for more
than 10 min then read at 340 nm. The assay is linear over the range
0-500 n mol/assayu 1 mol of pyruvate in the assay gives an extinction

“
of 2.07 x 10",



9.7. bBstimation of glucose

Glucose was assayed using the Boehringer 'GOD-Perid' method which
is based on that of Verner et al. (19’(0)o AfTter an incubation time of
20 min at 270 the extinction of the assay decreases (Figure 4a).
Consequently assays were incubated for 20 min at 27° then read at 660
nm, The agssay is linear over the range 0--250 n mol glucose/assay
(Figure 4b).

9.8. Estimation of acetate

Acetate was assayed by the method described by Boehringer.

The composition of the essay was:

triethanolamine 62.5 mi
magnesiwe sulphate 6.7 mM
ATP 6.6 uM
PEP 3.0 ml
NADH 0.25 mM

lactate dehydrogenase 13 ﬂg/ﬁl

myokinase lB)%#ﬁl
pyruvate kinase 13 })g/ ml
acetate kinasc 3% jug/ml

Assay was done at pH 7.4 in a total volume of % ml., All reagents
with the exception of acetate kinase were mixed before addition to a
portion of sample. Acelate kinase was added to initiate the assay
which wasg incubated 1 h at 270 and read at 340 nm. The assay is
linear over the range 0-500 n mol acetate/assay, 1 mol acetate in the

asgay gives an extinction of 2.07 x 106e



Figure 4 ESTINATION OF GLUCOSE

w7 Doy

Sauples of glucose containing culture medium were treated as
describad in section 9.2. A portion, containing 200 nmol glucose in a
total volume of 0.9 ml, was taken, 4.5 ml GOD-Perid reagent added and
the change in optical density at 660 nm and 27° followed uging a
SP8O0 double beam spectrophotometer fitted with a chart recorder. The
change in oplical density with time is shown (Figure 4a).

Portions of culture, containing different amounts of glucose in
0.5 ml, were taken, 4.5 ml GOD-Perid reagent added and the assay
incuﬁated at 270 for exactly 20 min then read as above. A calibration

eurve was constructed (Figure 4b).
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10. Heasgvrement of Gas Ixchange

10.1. General considerztions

Gas exchange of a culture was measured using the growth flask
described in Figure 2 in the apparatus shown on Plate 1. A stream of
alr was equilibratcd with a culture and monitored for partial pressure
of oxygen and carbon dioxide. The details of calibration, of development
of the method and of {the calculation of results are discussed later.

A description of the method and its application to batch cullure has
been published (Hamilton and Holms, 1970), but & less sensitive method
has also been described (Ribbons, 1969).,

10.2. Gas exchange of a culture of growing bacteria

The method of gas exchange permitted the measurement of both
oxygen uptake and carbon dioxide production during growth of a culture
of bacteria at a cell density greater than 10 pg dry wi/ml.
Simultaneously with the measurement of gas exchange the system allowed
gsamples to be removed from the culture for measurement of cell density,
of H and of substrate concentration in the mediwm.

Gas entered and left the growth flask at a constant rate of flow.
The rate of flow of the gas was set before the start of an experiment
and was nob altered during the experiment. On leaving the flask water
vapour was stripped from the gas by the condenser maintained at 2°.
The rate of flow of gas was then measured using a calibrated flow meter
(G.A. Platon, Croydon, England). The gas was monitored by infra red

analysis for carbon dioxide content over the range 0-155 using a



lira 300 analyser (Minc Safety Applisncos, Glasgow) and by
paramagnetism for oxygen content over the range 21-207 vsing an 04184
oxygen analyser (Servomex, Crowborough, England). The output from
both gas analysers was continuously recorded on separate servoscribe
potentiometric recorders.

The data obtaincd were gas flow rate (F), partial pressures of
oxygen (02) and carbon dioxide (002) and the ratc of change of carbon
dioxide partial pressurc 01002)¢ These deta plus s measurement of

temperature (OA) (1), volume of culture in the growth flask (V) and

pd of the culture allowed the gas exchange rates of the growing culture

to be determined. It Waé assumed the pressure in the system was
always atmospheric,

The rate of carbon dioxide production was calculated using the
equation 4

C02 xI'"x 275 % 10

n A
CO2 prod = Ty TRV + Lacoz

where K is a constant dependent on temperature and pH.
The rate of oxygen uptaeke was calculated using the cquation

20.960(100-0,-C0,) Fox 273 x 10t

.
79.040 - VxTx 22.4

O2 uptake =

In both cases the results were expressed as n mol/ml culture/min.

10.%. Accvmulative gas exchange of a culture of growing bacteria

The gas exchange occurring throughout the growth of a culture
was determined from the rates of gas exchange calculated above, This
equation applies to both carbon dioxide production and oxygen uptake.

If we measured gas exchange as E, al vime tl, as B, at time t,, and as
- (48

2
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En at time tn then the accumlative gas exchange (4) was given by

T
=%y (B

+ Enél)(tnmtnal)
n=»1

1

The units were n mol/ml culture ox'}ﬁlnol/ml culture.

10.4. Measurement of the mas exchange of cells harvested from another

et s

The ability of cells grown on one carbon source té metabelise
other compounds was measured as oxygen uptake and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>