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SUMMARY

The thesie begins with a description of cellular slime moulds and
briefly reviews growth and differentiation of D. discoideum and the
changes occuring during differentiation. Proteins are a major nutrient
during growth and differentiation of D. discoideum Ax2, The proteinases
and peptidases involved in the breakdown of protein and peptides, and
some amino acid metabolising enzymes are described. The effects of
glucose and amino acids on differentiation are discusssed and the
introduction concludes with a brief description of transport systems used
by the glime mould namely pinocytogis and phagocytosis.

The aimg of the experimental work were four fold.

A} to develop and define different growth systems where the

rates of amino acid utilization by the cells were different.

B) to determine if rates of amino acid utilization could be

altered by growth conditions.

<) to measure the rates of amino acid utilization and the effect

of metabolites on the utilization of amino acids.

D) to determine if rates of amino acid metabolism were related to

the levels of amino acid metabolising enzymes in the cells,
Axenic liquid medium (ALM), either with or without glucose, at 86 mM, was

used to grow the cells. The following results were cobtained.

1) In the absence of glucose.

a) During growth of the cells, the pH of the medium increased.
The yield of the cells obtained increased as the initial pH of the
medium was decreased within the pH range 6.0 ~ 7.0.

b) Growth of the cells was limited by pH change of the medium.

With the pH of the culture maintained at 6.2 the cells grew to a

B
¥
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6

density of 6.6 x 10~ cells/ml. In the absence of pH control,

the cell density reached 2.8 x 106 cells/ml.

C) Ammonia was produced during growth. An ammonia concentration

of 19 mM was achieved during growth to a density of 6.6 x 106

cells/ml. Cultures growing to a lower cell density produce

proportionally less ammonia.

2. In the presence of glucose,

a) The yield of the cells increased to 1.2 'x 107 cells/ml and

the pH change associated with growth was reduced. The final
density was much less susceptable to the pH at which the medium was
prepared {routinely 6.2).

h) Control of medium pH at 6.2 marginally increased the final

cell density to 1.5 x lO7 cells/ml,
c) During growth ammonia production was reduced to about half the

value obtained in the absence of glucose,

3. Fructoge, added to ALM produced similar results to glucose with

respect to growth yield, pH change and ammonia production.

4. Galactose, added to ALM reduced the growth rate and diminished the
vield to wvalues less than the control value. Galactose had little

effect on ammonia production.

5, Pyruvate, added to ALM had a small effect. It increased the yield

by 25% and decreased the ammonia production by 20%.




6.

XX

The addition of ammonium chloride (up to 20 mM), sodium and

potassium phosphate {up to 28,76 mM) and 2(N-morpholino} ethane sulphonic

acid (up to 20 mM} all reduced the growth rate and the yield of the cells.

In washed cell suspensions.

a) Glucose, added to the cell suspensions, reduced ammonia
praduction to an extent couwparable to its effect during growth,

b) By using the techniques of ammonia estimation, amino acid
analysis, radiclabelled substrate utilization and oxygen uptake,
amino acid breakdown was measured. In general, cells grown in the
absence of glucose had a greater ability to catabolise amino acids.
c) Among the individual amino acids, whose rates of degradation
were measured, arginine was the most rapidly catabaolised followed
by lysine and tyrosine. The pattern was independent of the madium
in which the cells were yrown.

d) The rate of amino acid catabolism, measured by ammonia
production or 140- carpon dioxide production, was reduced by the
addition of a range of compounds to washed cell suspensions.

e) In washed cell suspensions prepared from cells grown in the
absence of glucose, glucose at 10 and 20 mM stimulated the
breakdown of extracellular amino acids. A similar effect was
produced by 2 deoxy D~glucese and trehalose but not by other
additives. These results are discussed in terms of stimulation

of uptake but reduction in metabolism.




X

L) Galactose, pyruvate, phosphate, and glucose in ALMg cells

and glucose and 2 deoxy D~glucose above 20 mM in ALM cells, all

reduced amino acid metabolism. The data are considered in

relation to metabolic and osmotic effects on the cells,

8. The activities of several amino acid catabolising enzymes were

measured in cells grown in the presence and absence of glucose. Cells
grown in the absence of glucose possessed higher levels of activity and

this correlates with their increased ability to catabolise amino acids. :
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1. Celiular slime moulds

The Cellular Slime Moulds or Acrasiales stand at the boundary
between the true protista and the metazoa and metaphyta (Sussman 1965} .
They are usuvally grouped within the myxzomycophyta with the myxomycetes or
true slime moulds {Keeton 1972), although they differ from the
myxomycetes in certain important particulars. Unlike the myxomycetes,
the acrasiae neither exhibit a swimming stage, nor do they fuse at any
time to form a true plasmodium (Raper 19586). Because the cellular slime
moulds undergo morphogenesis independently of growth, they have proved to
be an ideal system for the study of the development of a eukaryote.

Analvsis of the growth phase of the organism has been much more limited.

2. Growth and differentiation of D, discoideum.

The cellular slime mould Dictyostelium discoideum NC4 isolated from

forest soil by K.B., Raper in 1935, is by far the most gstudied and the
best known of the cellular slime mculds., The spores of this strain of
D, discoideum are elliptical in shape and vary considerably in size,
being approximately 6 to 9 ? long and 2.5 to 3.% P in diaweter (Bonner
1967) . In the laboratory, optimum germination of the spores occurs
between pli6 and 7 in potassium phosphate buffer and can be promoted by
heat shock at 45°C for 30 min (Cotter and Raper 1968a), and by the loss
of the germination inhibitor Discadenine (Abe et al., 1976) from the
Spores. Germination occurs in three well-defined stages: activation of
dormant epores, swelling of activated spores and emergence of myxamcebae
from swollenh spores (Cotter and Raper 1968b}. Emergence of the amoebae
occurs a few hours after the spores have been placed in a favourable
environment.,

The life cycle of the cellular slime mould D. discoideum {¥Figure 1)

can be divided into two mutually exclusive phases (Raper 1835), the
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{(after Ashworth and Dee (1975)).




growth or vegetative phase when the cells exist as free living amoebae,
followed by the differentiation or development phase in which the cells
form a multicellular aggregate witich progressively integrates to form a
final fruiting structure consisting of supportive tissue (stalk) and
reproductive elemeunts {(spores).

During growth, which occurs successfully between 20-25"C (Cotter
and Raper 1968a), the single celled myxamoebae use bacteria as a food
source, When one amoeba has eaten about 1000 bacgteria, it divides by
binar%&ission into two danghter amoebae which proceed to eat more
bacteria and so on. The organism is at all times strictly aerobic,
hence growth and development occur only in the presence of oxygen (Gregg
1950} .

During the growth phase of the life cycle, the feeding amoebae
disperse to find new nutrients. They are aided in their search for
bacteria as food because they are chemotactically attracted to folic acid
{pan et al,, 1972) and related compounds while growing and these
compounds appear €0 be excreted by bacteria (Ashworth and Dee 19753).

Ag with a number of organisms (Witkin and Rogenberg 1970;
Schaeffer et al., 1965; Haber et al., 1975) exhaustion of the food
supply of D. discoideum initiates the differentiation process. The
initial phase of differentiation is aggregation and occurs in response to
the excretion of a chemotactic agent or acrasin by some of the amoebae.
The chemical agent, acrasin, responsible for aggregation has been
identified as cyclic AMP in D. discoideum (Konijn et al., 1967}. After
a certain period of starvation, amoebae synthesize cyclic AMP (Konijn et
al., 1967; ponner et al., 1969) and emit pulses of the cyclic nucleotide
with a periodicity of a few minutes (Gerisch and Wick 1975). Cyclic AMP
pulses have been shown to regulate cell differentiation to aggregation

competence (Darmon et al., 1975; Gerisch et al., 1975a) chemotactic




novements (Robertson et al., 1972), the level of varicus enzymes {(Klein
and Darmon l1975; Gerisch et al., 1975b) and cell surface membtane
components (Gerisch et al., 1975 a, b)}. The rhythmic production of
cyclic AMP is due to periodic oscillation of adenylate cyclase activity
(Roos et al., 19773y Klein et al., 1977). Cellular responses to cyclic
AMP are mediated by surface membrane receptors (Malchow and Gerisch 1974)
whose primary effect appears to be to increase the intracellular

concentration of cyclic GMP and through it to promote chemotaxis and

phosphodiestrase producticn {Vaanaastert et al.,l982). When amocbae
are stimulateqd by a pulse of cycliebMP, they relay this pulse (Schaffer
1962; Robertsog et al., 1972; Roos et al., 1975; Shaffer 1975).
Relay involves a transient activation of adenvlate cyclase (Roos and
Gerisch 1976), a bricf increase in intracellular cyclic AMP
concentration, and the excretion of the newly synthesized cyclic
nucleotide (Shaffer 1975; TRoos et al., 1973). Such a relay mechanism
permits the coordinated aggregation of a relatively large cell
population. The amoehbae which are now mutually attractive, gather
together to form streams of amoebae which flow towards an aggregation
centre to form a tissue like aggregate of cells {Bonner 1967), Cyclic
AMP ig also involved in differentiation (Bonner 1967). The presence of
cyclic MMP at high levels during differentiation promotes the formation

of stalk cells (Bonner 1970; Chia 1975; Town et al., 1976) and

immunological staining of the slugs has shown that the concentration of

cyclic AMP is higher in the front prestalk region of the slug than in the
prespore region (Pan et al., 1974). The inference would be that ecyclic
AMP promotes stalk cell formation but there is also considerable evidence
that cyclic AP can promote spore formation (Town et al., 1976; Ishida
1980; Kay 1982). Cyclic AMP appear therefore to promote

differentiation with other morphogens such as differentiation inducing g




factor (DI¥) (Town and Stantord 197¢) promoting stalk cell formation
{Gross et al., 1981).

after aggregation the multicellular organism forms a migrating
pseudoplasmodium or siug whose movement is cont:oller!by its apical
tip. The tip can sense and respond to horizontal, unidirectional light
and to temperature gradients (Raper, 1940; Bonner, et al., 1950; Poff et
al,, 1973; Poff and Loomis, 1973; Poff and Skokut 1977). Ag a
pseudoplasmodium, the organism can migrate over a considerable distance
in a search for more advantageous environments. This multicellular
stage thus ensures distribution over a much more considerable area than
could be achieved by individual cells {(Bonner et al., 1950; Loomis 19875).

The duration of slug miagration is influenced by a number of
parameters including light and ionic strength {(Newell et al., 1969}.
Migration is also prolonged by the presence of ammonia and it has been
shown that removal of ammonia either by enzymic fixation into glutamate
or by charcoal absorption, reduces the migration period. It has been
suggested that the presence of ammonia prevents differentiation and
maintains migration. Ammonia consequently acts as an antagonist of
cyclic AMP (Schindler and Sussman 1977) and it has been demonstrated that
the presence of these two mutually antagonistic molecules influences the
appearance of a number of developmentally important proteins and markers
(KRay 1979).

At the end of migration, the pseudoplasmodium rounds up. The
anterior cells from the slug begin to form the stalk portion of the
fruiting body. The other cells, which were at the back of the slug rise
up the stalk and eventually become spores, When all spores are formed,
fruiting body construction iz finished and the differentiation phase of
the life cycle is completed {Bonner 1967; Loomis 1975). When

conditions alter, the spores from the fruiting body disperse, germinate

and so gtart the process once again.

oL cemEdar .




2.1l. Growth conditions,

Most of the work carried out to date using D. discoideum has been
to study differentiation and development. One of the reasons for the
lack of study on growth is that D. digcoldeum uses bacteria as food for
growth (Bonner 1967). The analysis of any bicchemical changes occuring

in the amoebae are complicated by the bacterial food supply and its

digestion in the phagocytic vacuoles of the amoebae. The measurement of

DNA content of the amoebae of the cellular slime mould D. discoideum Ax2

grown on bacteria as a food and in axenic medium shows twice the amount
of DNA contents in bacterially grown amoebae (Leach and Ashworth 13972)

and is a good example of this complicatiion.

Several attempts has been made to develop more defined media for

the growth of D. discoideum. Susgsman and Sussman {1967) were the first

to describe such a medium for D. discoideum. The medium was complex
containing liver extract and foetal calf serum in addition to inorganic ;g
salts, peptones and yeast extract. Watts and Ashworth (1970} eliminated

the most complex components, foetal calf serum and liver extract, by
subculturing the cells and gradually reducing the amount of these

cowponents in the wmedium, The medium developed by Watts and Ashworth is

called axenic liquid medium (ALM). These studies did not produce a

medium for the growth of D. discoideum NC4 but selected mutant strains of
the organiswm that were able to grow in a nutritionally poor environment
containing bacteriological peptone, yeast extract, glucose and inorganic
salts. The mutants selected, Ax2 and Ax3, are both double mutants with
mutations in linkage groups II and III of the D. discoideum chromosomes
(William, Kessin and Newell 1974a,b). Strain Ax2 of P. discoideum was
used in this study.
Glucose is not an essential component of the medium, since the

myxamoebae grow with almost the same growth rate in the medium lacking




glucose, This medium, without added glucose, is not, however, entirely
free of carbohydrates and a very small uptake of carbohydrate can be
detected during growth of the cells (Ashworth and Watts 1870).

Similar modified media for the growth of D. discoideum, consisting

of salts, vitamins, peptones and glucose have been described {Coccuci and
Sussman, 1970, Marin 1976).

Recently a number of attempts have been made to define rather more
effectively the nutritional requirements of D. discoideum and to devise a
completely defined medium that would permit the growth of the organism.
Watts and Guest (1975) determined vitamin requirements of D. discoideum.
They found that lipoate, folate, thiamine and biotin were essential
nutrients for the growth of D. discoideum but pantothenate, nicotinamide,
cobalamine, ubiguinone and vitamin K were not essential.

Watts (1977) in a later study confirwed thege vitamin requirements
and added ribofiavin to the nutritional requirements. He also developed
a defined medium containing a mixture of 20 L~amino acids, B vitamins,
inorganic salts, scluble starch and detergent Tween B80. Tween 80, which
is not an essential nutrient, causes starch precipitation and thus
stimulates the growth of the myxamoebae. The unique feature of
myxamoebal growth in this defined wedium is its complete dependence on

the presence of a precipitate of starch.

Rahmsdorf (1277} described a defined synthetic medium for the

growth of the strain AXZ of D. disccideun. It contains 20 amino

acids, 1l vitamins and glucose. In addition salts and trace elements
are supplied.

Franke and Kessin (1977) also described a defined minimal medium
for growth of the axenic strain Ax3 of D. discoideum. The medium ?
contains glucose, a number of amino acids whose concentrations in the {

medium are optimised and a series of vitamins, minerals and trace

elements.




Both these media described by Rahmsdorf and Franke and Kessin for
the strains Ax2 and Ax3 of D, disceoideum require the addition of sugar to
produce any growth.

So for the growth of the slime mould D. discoideum, a medium
containing many amino acids, vitamins, minerals and carbohydrates,
usually glucose, is required and it is possible to select several
different media, each of which allows growth to proceed. However,
axenilce liquid medium {(ALM) described by Watts and Ashworth (1970} was
considered the medium most suitable for this study since it allows growth

both in the presence and in the absence of added glucose.

3. Metabolic changes during development.

Since development ig initiated by the removal of exogenous
nutrients, the cells must use their endogenous reserves to provide
metabolites and eneryy during differentiation. Endogeneous reserves
consist of carbohydrate, largely as glycegen, and protein. Considerable
changes occur to both these reserves during differentiation (Gregg
et al., 1954; Gregg and Bronsweig 19563 Wright and Anderson 1960;

White and Sussman 1961, 1963; Sussman and Sussman 1969; Mizukami and
Iwabuchi 1970).

Carbohydrate is not used as the major source of energy in this
system. After growth on bacteria, amoebae, on starvation contain about
0.5 mg carbohydrate per 108 cells and this decreases hy 202 to leave
about 0,4 mg/lo8 cells by the end of differentiation (White and Sussman
1961). Although limited changes in amount occur, the carbohydrate is by
no means inert and considerable changes in composition take place.
During the preculmination stage, glycogen is degraded (White and Sussman
1963a) and replaced by trehalose, the storage carbohydrate of the spore

(Clegg and Filosa 1961; Ceccarini and Pilosa 1965), mucopolysaccharide,




a component of spore coat (White and Sussman 1963b) and cellulose, which
is present in the stalk wall and in the spore coat (Ward and Wright
1965) . There is a balance between breakdown and synthesis of
carbohydrate with glycogen being converted to other products., It seems
reasonable to conclude that cells, after growth on bacteria, ceontain
sufficient carbohydrate to meet their synthetic needs during
differentiation.

It would, however, be incorrect te say that breakdown cannot
ocaur, After growth on bacteria there is little breakdown because the
cells need the carbohydrate as such. In situations where the cells
contain mafkedly different amount of carbohydrate from their requirements
for differentiation, changes in the amount of carbohydrate do occur
{HHames and Ashworth 1974). Cells with excessive amounts of carbohydrate

degrade it to CO., while cells with ilnadequate amounts carry ocut

2
gluconeggenesis to increase the available supply of glucose:; a process
shown to occur only to a very limited extent after growth on bacteria
{(Cleland and Coe 1968).

The situation with regard to protein is quite different.
Considerable breakdown of protein occurs (Gregg et al., 1954; Gregg and
Bronsweig 1956; Wright and Anderson 1960; White and Sussman 1961:
Wright 1964; Cleland and Coe 1968; Sussman and Sussman 1969; Mizukani
and Iwabuchi 1970) with a significant fraction of the amino acids
produced being degraded to ammonia (Sussman et al., 1977) and carbon
dioxide {(Hames and Ashworth 1974). As a consequence, during
differentiation the protein content of the cells decreases from 5.0
mg/lO8 cells to 2.5 mg/joa cells and the decrease is accompanied by a
corresponding production of ammonia (White and Sussman 1961) .

The loss of protein and preduction of ammonia occurs continuougly
during differentiation (White and Sussman 1961; Hames and Ashworth

1974) and the evidence suggests that breakdown decreases
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gradually until the late stages of differentiation when spores are heing
produced. The protein breakdown is essential for differentiation to
proceed, is suggested by the inhibition of differentiation by the
proteinase inhibitor chloroquine {Fong and Bonner 1979). Howevey this
inhibition is not totally specific for proteinase and other reasons for
its influence on differentiation are possible (North et al., 1982).

It has, in the past, been considered that protein breakdown
increased at preculmination {Gregy et al., 1950; Wright and Anderson
1960; Pong and Loomis 1971) but this conclusicn was based on the
assessment of carbohydrate synthesis and protein breakdown using dry
weight of the multicellular mass as a reference {Gregg et al., 1954).
Since Ary weight/cell decreases during differentiation, erroneocusly high
values for both these processes were abtained as differentiation
proceeded. It now seems clear, 1if cell number rather than cell mass is
used as a reference, that no net carpbohydrate synthesis is needed and
indeed, does not occur {Cleland and Coe 1968) and that protein breakdown

does neot increase at preculmination.

3.1. Breakdown ¢f amino acids,

It is difficult to assess the breakdown of amince acids during
differentiation because of the lack of work in this area. There are two

ways in which metabolism can be assessed, either using indirect

measurcments or direct measurements of amino acid utlization.

Indirect measurements can be based on two types of data. Losg of
protein and consequent production of ammonia can both give a measure of
the extent of amino acid breakdown. Neither ig an ideal method because

they both assume that amino acids produced by protein breakdown are

degraded to C02 and that after loss of ammonia, no intermediates build

up in the cell, On the bagis of these measurements the breakdown of g
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amino acidsdecreases during differentiation (based on protein) or stays
constant (based on ammonia). These methods also assume that no other
gource of ammonia exists and the known decrease in RNA content could
supply ammonia (Hames and Ashworth 1974).

Since it is assumed that protein and amino acids are responsible

for the bulk of the energy production, they should also account for the

bulk of the oxygen consumption. Oxygen utilization therefore provides a
second assay for amino acid degradation. On this basis amince acid
utilization decreases as differentiation proceeds (Liddel and Wright
1961) . The major drawback to this method of estimation is that non
protein material will also consume oxygen as a result of its degradation.
Obsexrvations have also been made on the level of amino acid pools
in cells during differentiation (Wright and Anderson 1961; Hames and
Ashworth 1974) and have been found to decrease quite rapidly early in
differentiation, These data have been considered to represent the
oxidation of amino acid pools early in differentiation with the later ~
{Liddel and Wright 1861
oxidation being restricted by the supply available from protein bréékdowntq )
All ofthese data considered together suggests that amino acids are
brokegbown at a rate which decreases as differentiation proceeds until at
the spore stage metabolism is essentially zero. » ¢
Unfortunately this conclusion cannot be rationalised with the

measurements made on amine acid pool levels of some individual amino

acids and on their rates of metabolism. Measurements of the pool size

of glutamate, aspartate and alanine have shown a gradual increase in pool

size as differentiation proceeds (Kelly et al., 1979) and the metabolism

of glutamate, measured in vivo, increases 7 fold during differentiation 4
(Wright and Bard 1963). The pool size of amino acids in spores are also
high, but metabolism does not occur until germination {Ennis 1981).

There is therefore no clear picture of amino acid metabolism and its
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changes during differentiation with the data that is available providing

rather inconsistent hypotheses,

4, Influence of differentiated cell type on metabolism,

The slime mould produces two distinct cell types on dlfferentiation
and these differ in many ways. Two of which relate to the metabolism
discussed above,

Stalk cells only produce cellulose and consequently their
carbohydrate metabolism is different but more importantly, they alsc
degrade all their protein during differentiatlon (Gregg et al., 1954).

In both these respects they differ from spores. As differentiation
proceeds, therefore protein and amino acid metabolism diverges in the two
cell types and this clearly complicates further any analysis that may be

made of protein and amino acid breakdown.
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5. Carbohydrate metabolism.

A little breakdown but a considerable rearrangement of carbohydrate
components takes place during differentiation in D. disceoideum.

Glycogen, for example, is degraded and converted to mucopolysaccharide {a
polymer in the spore coat), trehalose (storage disaccharide in spores)
and cellulose {(which is present in the cell wall material of both staik
cells and spores). These changes in composition can be observed at
specific times during differentiation. At the same time as these
changes in carbohydrate composition are occurring, there are changes
observed in the activity of a number of enzymes of carbohydrate
metabolism which are essential for the production of new carbohydrate
components (Loomis 1875). UbP-glucose pyrophosphorylase (the enzyme
used for the synthesis of UDPG and wlsc for the biosynthesis of
mucopolysaccharide and cellulose} and trehalose 6-phosphate synthetase
{an enzyme used for trehalose synthesis) for example, accummulate at
specific times, before the appearance of the end product of their
metabolism.

These two enzymes of carbohydrate metabolism have mechanisms for
contrulling their concantraticen in cells which may be different because
neither has been entirely satisfactorily explained. The evidence for
the control of the level of UDPG pyrophosphorylase is more substantial.

UDPG pyrophosphorylase is an enzyme present at low levels during
the vegetative stage but which increases as much as 10 fold, during
differentiation (Newell and Sussman 1969). The increase in activity is
prevented by the addition of actinomycin D and cycloheximide to the cells
suggesting that de novo synthesis is responsible for the increased
activity and this has been confirmed by measurement of rates of protein
synthesis and degradation which have shown that the enzyme is not subject

to turnover during its accumulation or at any earlier period of
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differentiation and that the rate of change of activity is related to the
rate at which de novo synthesis of the enzyme protein occurs. (Franke and
Sussman 1971). Recently two different iscenzymes of UDPRG
pyrophosphorylase activity have been demonstrated with the increase in
éctivity, observed late in differentiaion, being due to the accumulation
of a new, developmental specific, species of enzyme (Fishel et al.,
1982). Interestingly this most recent work demonstrated that mRNA for
the developmental specific isoenzyme present in vegetative cells is
apparently not transliated. The reason why translation does not occur is
not known. In this case the ghange in enzyme activity depends on a
change in the rate of protein synthesis but is not clear if this change
can be explained solely by a change in the synthesis of mRNA,

Trehalose 6-phosphate synthetase accumulates during differentiation
{Roth and Sussman 1968). The enzyme appearsdh after the initiation of
development and its activity reaches &' maximum in léh and then starts to
decline. Exposure of cells to the drugs, cycloheximide and actinomyein
D prevent the change in activity and suggests that prior protein and RNA
synthesis is required for enzyme accumulation.

However Killick and Wright (1972) have shown that the enzyme is
present in early differentiation (2h starved amoebae) but is assayed at a
low level bhecause it is masked by a specific inhibitor. Precipitation

of the enzyme protein by (NH4)2 50, followed by solubilization of

4

the precipitated protein in MES-thioglycollate buffer increase the
activity of the enzyme 170 fold. These studies suggest that the enzyme
is controlled at activity level rather than by synthesis. Ne attempt
had been made to measure the rate of synthesis of this enzyme to provide
evidence as described for UDP-glucose pyrophosphorylase. Furthermore

Sargent and Wright (1971) studied trehalose synthesis at various stages

of differentiation and reported a 100 fold increase in trehalose
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synthesis at late culmination {20h). This increase in synthesis,

studied in vivo, begins several hours after the increase in enzyme
activilty, as measured in vitro, occurs. a second control system must be
responsible for the lack of trehalose synthesis and could be due to
unavallability of adequate supplies of substrate for the enzyme,

A large number of enzymic activities (Loomis 1975) have been shown
to increase during differentiation and, if the increase is prevented by
addition of cycloheximide or actinomycin D, it has been assumed that the
increase ig due to de novo synthesis of enzyme protein. However, in
only very few cases, such as UDPG pyrophosphorylase, has a change in
activity been directly related to a change in rate of protein
synthesis, In some cases, such as suggested for TEP synthetase, other
mechanisms can operate to control the level of activity and the operation
of such mechanisms way be important.

The analysis of trehalose synthesis has also shown that the
presence of enzyme activity in an in vitro experiment does not guarantee
that the enzyme is active in the cell.

Another enzyme P.N—acetylglucosaminidase — although not directly
involved in carbohydrate metabolism, shows yet another mechanism of
contrel, The activity of the enzyme increases dramatically early in
differentiation only if the slime mould cells have been grown in
association with bacteria on an agar surface and have a low level of
activity at the start of differentiation. Growth of the cells in liguid
media results in a higher activity at zero time which decreases during
the early stages of differentiation largely due to loss of activity by
excretion from the cells (Ashworth and Quance 1972). In this casge the
change in activity appeared to be more related to growth conditions

rather than differentiation with excretion playing a regulatory role.
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Related to the low level of carbohydrate beakdown, it has been found that
the activities of the enzymes of the pathways by which qlucose is
degraded are also low.

The glycolytic enzymes have all been shown to be present but at low
specific activity. Thetr levels do not alter during differentiation and
evidence suggests that the glycolytic pathway catabolises very little
glucose {Cleland and Coe 1968). Under conditions where glucose
breakdown does occur (Hames and Ashworth, 1974) enzyme activities have
not been assayed.

The activities required for operation of the pentose phosphate
pathway have also all been found (Edmondson and Ashworth, 1972, Thomas,
1979) but again at low activity. The activities of glucose 6.phosphate
dehydrogenase and ribose B.phosphate isomerase are higher than the others
but the dehydrogenase has been shown to catalyse a non-eguilibriam
reaction suggesting that it is the contreol reaction of the pathway
(Thomas 1979). It is known that oxidative pentose phosphate metabolism
serves as a major source of NADPH (Mcl.ean 1958). Thus the increase in
NADPH levels during development in D. discoideum could be due to enhanced
activity of this pathway (Wright and Wasserman 1964). Evidence for the
operation of a pentose phosphate pathway in this organism comes from the
glucose labelling studies by Wright and Bloom (1961}, which
demonstrated that during development, the 6-—14(:02/1-14002 ratio
from {6~l4C] glucose and {1-1401 glucose decreases and is minimal
during sorocarp construction, suggesting increased pentose phosphate
pathway operation during differentiation,

It has therefore been shown that in carbohydrate metabolism a
number of events take place and enzyme activities alter. In some cases

such as UDPG pyrophosphorylase and T6P synthetase it is easy to see a
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relationship between an enzyme activity change and the accumulation of an
end product. In other cases although the mechanismof ceontrol is not
clear e.9. P.N—acetylglucosaminidase, however, there is no cbvious reason
for, or result from, a change in the activity of an enzyme and the
changes may simply be dependent on metabolic changes occurring in the
cells or changes in the nature of the cells. While some of these are
changes related to the development of the organism others could equally
be a response to altered cellular metabolism rather than an essential
component in development. Such changes are also interesting because
they demonstrate the operation of metabolic controls as a result of

altered metabolism.
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6. Protein metabolism in D. discoideum.

Protein breakdown is important f£for energy production during
differentiation in D. discoideum and its inhibition by Chloroguine
prevents differentiation (Fong and Bonner 1979). However protein
metabolism compared to that of carbohydrates, is diffigult to examine
because of the complexity of the components, the numerous routes of
metabolism and the number ©f enzyme activites involved,

Furthermore, the breakdown will not necessarily result in massive
changes in enzyme activites during differentiation because these
activities are also present and operating during growth. Less massive
changes in activity, changes in specificity and changes in the
utilization of individual amino acids could occur as a result of changes
in the nature of metabolism and a number of these changes have been
observed in D, discoideum.

The breakdown of protein can be considered as a procesgs that occurs
in several stages and can be subdivided into particular regions.

i) Proteinases and peptidases
ii) Enzymes, metabolizing specific amino acids
1ii) Enzyme$ for the final stage of breakdown.

These regions will be considered separately.

6.1. Proteinases and peptidases:

Proteinases and peptidases are used for the breakdown of proteins

and peptides to amine acids.
6.1.1. Proteinases:

Proteinase activity in D. discoideum was first reported by Sussman
and Sussman (1969) who demonstrated this activity by using the
chromogen ic substrate azocalbumin. The activity, which was present at a

constant level at all stages throughout the morphogenetic sequence, was
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an acid proteinage. Wéine: and Ashworth ({1970) reported that this acid
proteinase activity was associated with lyosomes of myxamoebae and showed
that ik hydrolyses haemoglobin at acid plis with optimum activity at pi2
or below.

Proteinase activity is due to the presence of more than one
ENLYIRE . Fong and Rutherford (1978) and Fong and Bonner (1979) reported
the presence of two types of proteinase. One was active on protein
substrates at pH2.75 and was sensitive to DNME and partially inhibited by
pepstag‘jin. The other was active on the peptide andlogue substrates

L --benzoyl-DiL~ arginine-4-nitroanilide {Bz-Arg-pha),

L -N~benzoyl-DL-arginine—~2-naphylamide (Bz~Arg—-2NAP) as well as proteins at
pH5.5 and was inhipited by chloroxjuine, leupeptin, icdoacetate,
iodoacetamide and TLCK, On the basis of the sensitivity of these
enzymes to inhibitors {Barrett and leath 1977), it was concluded that
these proteinases were similar to Cathepsin D and Cathepsin B like
activities respectively. The Cathepsin B activity observed is similar
to proteinase 1I; & proteinase activity which was reported to be present
in myxamoebae of D. discoideum (Gustafson and Thon 1979) and is inhibited
by chloroguine (North et al., 1982}).

A fuller analysis of the spectrum of proteinase: activities has
been carried out by North and Harwood (1979) using electrophoresis on
polyacrylamide gels containing denatured haemoglobin. They found that
the extracts of amoebae showed eight bands of proteinases active bhelow
PHS which could be divided into two groups according to inhibitor
sensitivity. The four most mobile enzymes were found to be sensitive to
a number of cysteine proteinase inhibitors and so congidered to be
tesponsible for the Cathepsin B activity while the other enzymes were

sensitive only to mercuric chloride, a feature of Cathepsgin D like

proteinases.

One of these Cathepsin D like activities, proteinase B, which

constitutes the major portion of the activity has been purified and shown
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to have a molecular weight of 53,000 and an optimum pH activity of 2 to
3.5 (North and whyte 1981}).

So at acid pH values, proteins in D. discoideum are broken down by
two familiea of proteinase activities which on the basis of specificity
and inhibitor studies can be considered as similar to Cathepsin B and

Cathepsin D like activities,

6.1.1.1. Developmental significance of proteinasge activity.

North and Harwood {1979) who described eight proteinase bands in
the extracts of myxamoebae also studied changes in proteinase activity
dur ing differentiation, They found that fruiting body formation is
accompanied by the appearance of a new proteinase band,

At a slightly less specific level, changes in Cathepsin like
proteinase activities have been observed during differentiation (Fong and
Rutherford 1978). Both Cathepsin B and Cathepsin D activities decreased
during differentiation but the pattern of decrease was different for the
two activities. There was a gradual decrease in Cathepsin D activity
dur ing differentiation but a sharp decrease between the aggyregation and
migrating pseudoplasmodia stages was detected for Cathepsin B activity.
These workers also studied proteinase activity differences, by using a
microdissection technique with fluorometric assays to detect activity in
different differentiating cell types. They found no difference in
Cathepsin D activity either between prestalk and prespore cells or
between stalk and spore cells at the slug and the sorocarp stage
respectively. However, Cathepsin B activity was slightly higher in the
prestalk cells than the prespore cells, and was 5 fold higher in stalk
cells than in spores (Fong and Rutherford 1978).

So, although one new proteinase activity has been reported to be

produced during differentiation, in general proteinase activity

oy 2
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decreases. The decrease is most marked in spore differentiation where
Cathepsin B activity decreases markedly. The decrease in this activity
iz much less in stalk forming cells and this is not unexpected since

these cells breakdown almost all their protein during differentiation.

6.1.2, peptidases.
The study of peptidases of the cellular sline moulds is limited.
Firtel and Brackenpury (1972) have described a leucine aminopeptidase in

D. discoideun, Its activity increases approxXimately three fold during

early differentiation and reaches maximum at 18 h. The increase in
enzyme activity was found to be sengitive to actinomycin D and
cycloheximide suggesting that prior RNA and protein synthegis are
required for the increase in activity.

To date no carboxypeptidase activity has been defined, although

Nagth (1982} has reported that the hydrolyzis of chromogenic peptide

substrates that he observes, could be caused by carboxypeptidase activity.

50 the study of proteinases and peptidases in D. discoideum has

revealed a number of activities that could contribute to the breakdown of
proteins. Although a number of proteinases have been described, only
one peptidase has been identified. It seems likely that additional ;

peptidases would be present since no peptidase activity in vegetative

cells has yet been reported.

6.2, Enzymes metabolising specific amino acids.

A number of specific amino acid metabolising enzymes have been

studied in D. discoideum.

The first amino acid metabolising enzyme shown to be dependent on
development was tyrosine transaminase, studied by Pong and Loomis

(1971y. They demonstrated that the enzyme which is specific for L-
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tyrosine, increased in activity 8 h after the initiation of
development. The increase can be prevented hy cycloheximide and
actinomycin D suggesting de novo synthesis was required for the
increase. This increase in activity, after a certain period of
starvation, suggested an increase in the utilization cof tyrxosine by the
organism during development.

Pong and Loomis {1973) have also described two distinct threonine
deaminase enzymes in the cells of D. discojdeum. One of these isozymes,
the vegetative threonine deaminase, is sensitive to feed back inhibiton
by isoleucine and, as a conseguence, is considered a biosynthetic
enzyme, The significance of this activity 18 uncertain and indeed
difficult to accept, since isoleucine, whose synthesis it promotes, is an
essential amino acid in this organism (Marin 1976).

The second, differentiation enzyme, is insensitive to iscleucine
and catalyses the breakdown of serine and threonine and is thus involved
in catabolism. While the isoleucine sensitive enzyme iz synthesised in
growing cells but is inactivated shortly after initiation of development,
the isoleucine insensitive enzyme accumulates during the aggregation and
pseudoplasmodial stages of development, As with many other enzymes,
treatment with cycloheximide or actinomycin D shows that the accumulation
of differentiation specific threonine deaminase requires prior protein
and RNA synthesis.

Firtel and Brackenbury (1972) have demonstrated activities of a
number of other amino acid metabolising enzymes in differentiating slime
moulds. Cne of which, aminopeptidase, has already been discussed. of
the other activities only alanine transaminase, which is specific for
alanine metabolism, increases in activity. The increase, which iz
sensitive to inhibition by cycloheximide and actynomycin D, is
developmentally regulated, with the increase in activity occuring after

the initiation of differentiation. Mutants, blocked at an early stage
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of differentiation do not accumulate the activity. The specific
activities of aspartate transaminase and glutamate dehydrogenase were
also measured. The activities, however, remain constant throughout the
development of D. disccoideum and do not appear to be developmentally

regulated.

The glutamate dehydrogenase, whose activity does not increase

during differentiation, occurs as two isozymes, and both enzymes are

subjected to activity controls (Langridge et al., 1977). One ecnzyme,

which wag detected in the crude mitochondrial fraction utilizes both

+ + . , b
NAD and NADP as coenzyme while the other extramitochondrial enzyme B

. + s .. . . \
is NAD sgpecific. The activity of the mitochondrial enzyme is
stimulated by both AMP and ADP but inhibited by ATP, While the activity

of the extranmitochondrial enzyme is found to be sensitive to modulation

by a number of intermediates in carbohydrate metabolism and is inhibited
by ADP, ATP, GTP and CTP,. Both the enzymes are ¢ontrolled at activity

level,

The enzyme ornithine decarboxylase has rather unusual control.

Harris and North (1982) have shown that the activity of this enzyme is
controlled by the osmotic strength of the environnent. Exponentially

growing ceils of D, discoideum showed changes in ornithine decarboxylase

activity upon external osmotic perturbation. The cells, transferred to
hypotonic NaCl solution, showed higher enzyme activity when compared to
cells transferred to hypertenic solution, The change in activity was %
reversible and the response to osmotic changes occured rapidly within a

few minutes. The physioleogical significance of this observation is not

obvious.

There are thercfore reports of a number of amine acid metabolising b

enzymes in D. discoideum. Some of these enzymes change in amount during
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Of those that change in amount there is no defined time at which they all
increase or decrease. If it is assumed that increase in amount occurs
in response to increased uetabolic reguirement, there would appear to be
considerable changes occuring in the nature of amine acids being degraded
as differcntiaion proceeds and a more systematic approach to amino acid
metabolism is needed to complement the observations made during

development.,

6.3, Bnzymes for the Einal stages of amino acid breakdown.

TR

Several enzymes of central metabolism have been examined in D.
discoideum. Of these only one, malic enzyme, appears to play a
significant metabolic role in amino acid breakdown.

Malic enzyme which is cne of the major enzymes involved in
metabolising tricarboxylic acid compounds, utilizes malate as a substrate

and functions in the direction of pyruvate and hence acetyl CoA formation

{Kelleher et al., 1979). The activity of malic enzyme increases rapidly

et

during the first 4 h after the onset of differentiation and the partially

R

purified enzyme from the culmination stage of differentiation is 3
allosteric and positively affected by aspartate and glutamate.

The enzyme is important in aminc acid breakdown because the amino
acids produced from Dictyostelium proteins during 4ifferentiation,

oversupply TCA cycle intermediates with respect to available acetyl

Cea. Malic enzyme activity compensate the balance of substrates for the
TCA cycle by decarboxylating malate to pyruvate and hence to acetyl
COA. The presence of glutamate and aspartate as &ffectors clearly
promote the enzyme in this role.

Of the other enzymes examined in central metaboligm, neither
lactate dehydrogenase {Firtel and Brackenbury 1972), which is not
involved in amino acid metabolism, nor malate dehydrogenase (Emyanitoff

and Kelly 1982}, which is only involved as an enzyme of the TCA cycle,

change in activity during differentiation. Al though both have been
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shown to be subjected to modulation of activity by inhibitors, none of
these effects are physiologically significant.,

80 there are clearly differences in the mechanisws that control
enzyme activities. Some enzymes change in activity while the others
change in amount. In summary the studies carried out on enzymes at all
Jlevels of amino acid metabolism show that regulation of activity occurs

but that the mechanism by which it is achieved is variable.

6.4. Other aspects of amino acid metabolism in slime moulds.

Amino acids act not only as substrates for energy production in
slime moulds cells. They are also involvedlin protein synthesis and if
present in sufficient quantities will allow growth, or at least protein
synthesis to occur. They are also involved in the synthesis of
polyamines and as such are important in aspects of nucleic acid
me tabolism, inally, amino acids are nutrients that must be absorbed
from the environment and uptake from media, especially defined media, is
impor tant. These other aspects of amino acidsand their metabolism and
their effect on differentiation. and on polyamine production are
considered next, followed by a section describing amino acid uptake in

D. discoideum.

6.5. Role of amino acids in differentiation.

Amino acids play an important role in the control of
differcntiation was first documented by the study of Marin (1976) who
showed that cell differentiation can be inhibited by a nixture of amino
acids. He reported that a part of this mixture could be substituted by
glucose which probably acts as a precursor of the synthesis of
‘conditionally essential' amino acids. The other essential amino acids

were always required for the inhibition of development. lee (1972),
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Toonis (1975) and Marin (1976) have all reported that glucose on its own
at concentrations sufficient to promote cell growth in nutritional
medium, has no, or only a slight, effect on the differentiation

process. Rickenberg et al., {(1975) have data which contradict these
results and claims that such concentrations of glucose and other
metabolizable sugars, do inhibit development and apparently do so by
blocking the rise in cellular and extra cellular cyclic AMP which occurs
in differentiating amoebae (Bonner et al.,1969).

Darmon and Klein {1978} attempted to clarify this situation and
undertook an extensive analysis of the effects of amino acids and glucose
on both the aggregation and differentiation of the cells and on the
biochemical events involved in cyclic AMP pulse generation, They
concluded that a complete mixture of amino acids inhibits development and
showed that amino acids act by preventing the increase in adenylate
cyclase activity which occurs after 2 hours of starvation (Klein 1977).
Concentration of glucose equivalent to that present in the growth
medium {86 mM) was found to have no effect on cell differentiation. At
higher concentration (220 mM} glucose did inhibit the development of
aggregation competence and this inhibition was associated with low levels
of cyclic AMP production by the amoebae (Rahmsdorf et al., 1976).

Thus amino acids regulate differentiation through their ability to
control adenylate cyclase activity. Glucose, however, may produce the

same effect but only at a very high concentration.




27.

7. pPolyamines and their metabolism in D. Discoideum.

The pelyamines, putres¢ine (1, 4 diaminobutane), spermidine and
spermine have been found in a wide wvariety of organisms. Pukrescine is
synthesised by decarboxylation of ornithine which in turn is derived £rom
arginine. Spermidine and spermine are produced by addition of an amino
propyl group, derived from methionine, to putrescine. The polyamines
are therefore synthesized from amino acids.

In the cellular slime mould putrescine is the principal polyamine

present with spermidine and spermine only detectable by sensitive assay
methods (Turner and Morth 1977). 1,3 diamino propane also occurs but
has only been found in two species of slime mould namely D. discoideum
and D. mucoroides (North and Murray 1980). 'The level of 1,3
diaminopropane can be increased by the presence of the compound in the
growth medium. Under these conditions it replaces putrescine (North and
Turner 1977).

The metabolic role of polyamines is not well understoed. They are
helieved to be involved in membrane structure stability and tao be
associated with the structure of DNA and RNA. In this latter regard the
decrease in polyamine concentrations in cells as a conseéuence of
differentiation (Turner and North 1977) appears related to the fall in
nucleic acid content with differentiation (Hames and Ashworth 1974).

Although polyamines are lost during differentiation, synthesis
continues (Turner and North 1977) but the cellular content of polyamines
and their rate of synthesis represents a small proportion of the amino

acid metabolism of the organism.
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8. Trapsport systems in D. discoideum.

Dur ing both, vegetative and differentiation phases of the life
cycle of D. discoideum the cells are able to take up a variety of
materials including small molecules such as hutrients and inhibitors.
The organism achieves this by pinocytosis and phagocytosis (Ryter and de
Chasteller 13977}). During phagocytosis extracellular particles are
enclosed by the cell membrane and subseguently internalised. n
pinocytosis the process is similar but the new vesicles are smaller and
contain no particles (Dayson et al., 1978).

vogel et al., (1980) have described independent binding sites on
the surface of D. discoideum that are characterised by non specific and
specific receptors. Non specific binding sites bind substrates like
bacteria, erythrocytes and latex bheads with the surface of the cells.
while for a specific binding the substrate should have a glucose residue
on the surface and B, coli B/r for example, is phagoaytosed after binding
to this specitic system on the the cell surface, The phagocytic
capacity of the cell increases during starvation and is maximal at 90 min
of starvation but then declines as the digestive system becomes
autophagic (Ryter and de Chasteller 1977). These autophagic vacuoles
persist throughout development and can be found at the culmination stage
(George et al., 1972) where they are more prominent in prestalk cells
than in prespore cells (Maeda and Takeuchi 1969: Yamamoto et al., 1981L).

Pinocytosis, where the vesicles formed are much smaller and are
used for the uptake of soluble materials into the cell, has not heen
extensively examined in D. discoideum, The process would appear to be
more important in axenic strains since these organigsms obtain all
nutrients in a soluble form the growth medium,and the data on the

sensitivity of axenic cells to®_.amino carhoxylic acids suggests that
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these cells have a greater pinocytic rate than non axenle cells {North
and Williams 1978).

There is evidenhce that two pinocytic systems occur in
D. discoideum (Rossomando et al., 1981). One of these activities occurs
in cells, irrespective of the extracellular environment. A basal system
has kbeen observed, by measurement of uptake of FITC-dextran, in cells
suspended in buffer and is independent of the amino acid analogue,
hadacidin. The second system measured by the same assay system. is

stimulated by the presence of nutrients. It is of simijar magnititude

to the hasal system but is inhibited by hadacidin, Both systems were
inhibited by the energqy polson azide. This work, carried out on strain
Ax3, is interesting because the nutrient stimulated pinocytosis might
represent the additional pinocytic activity needed to allow axenic growth.
Several attempts have been made to examine the uptake of soluble

materials into D. discoidum. The results obtained indicate that the

bulk of such uptake is by pinocvtosis with little evidence for direct
uptake by passive diffusion and no evidence for active transport as
occurs in bacteria (Murray, 1972).

The first analysis of uptake of D. discoideum was made by Lee (1972}
who proposed that the uptake of inulin was achieved by pinocytosis since
its uptake could be prevented by addition of 2,4 dinitrophenol and by low
tenperature. Amino acid uptake was less gensitive to inhibition, either
by inhibitor or temperature, and it was éioposed that uptake of these
compounds occured by passive diffusion. Subgequent studies have not
provided support for uptake by passive diffusion.

Examination of the uptake of several small molecules, similar to
anminc acids, has suggested that pinocytosis is part of the uptake

mechanism i.e. W~amino carnoxylic acids are taken up by cells (North and

Williams, 1978). Uptake is prevented by 2,4 dinitrophenol and azide,
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suggesting a requirement for energy, and by cycleheximide. Although the
data are not presented, similar results are reported for amino acids such
as lysine suggesting that all these molecules reguire energy linked
pinocytosis for uptake. North (1983} reported the uptake of
radiolabelled solutes by D. digcoideum amoebas under starvation condgions
and showed that the uptake of inulin is proportional to its extracellular
concentration and is ene%y dependent. Uptake of P-alanine, glucose,
protein hydrolysate and Uracil occur at a similar rate to inulin,
Pinocytic activity he reported to be present in starving cells was
sensitive to developmental inhibitors ™~ amino carboxylic acids.
chloroquine and KCL. Putrescine uptake has also been examined in some
detail (Turner et al., 1979). As with amino acids putrescine uptake is
enerqy dependent and is considerably reduced at low temperature. In the
case of putrescine, uptake at low concentrations has an associated
affinity constant and maximum velocity suygesting the involvement of a
specific transport system in the membrane. At higher concentrations,
the uptake becomes noﬁ saturable but exchange at high concentrations can
occur which again suggest specific membrane exchange. In none of the
cases described does any accumulation above the concentration in the
medium occur. Aamino acide (Lee, 1972} and & -aminccaproic acid
(North and Williams, 1978} have been shown to equilibrate and although
putrescine is taken up te high concentration, only a small part of the
total is likely to constitute a soluble pool (Turner et al., 1979).
Uptake of these molecules therefore occurs by pinocytosis, which is

enerygy dependent, with membrane binding and transport systems promoting

different rates of equilibration inteo cells from pinocytic vesicles.
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9. AIMS OF THIS RESEARCH.

D. discoideum has two mutually exclusive phases in its life cycle,
namely the growth or vegetative phase followed by the developmental phase
(Raper 1935). To date most of the studies carried out on this organism
have been on the developmental phase because it represents a very good
system to analyse changes that occur during differentiation. The growth
phase has been much less studied partly because the organism uses
bacteria as a food source and partly because other eukaryotic cells are
more easily studied and analysed,

Nevertheless, the study of the growth phase is important because
there is evidence to suggest that both the rate of growth of the cells
and the environment in which they have been grown are important for the
subsequent developmental phase. Furthermore, there are some
similarities between the growth and the developmental phase of
D. discoideum. In particular during differentiation cellular protein
decreases by almost 50% with the nitrogen being released as ammonia
{(Wright and Anderson 1960, White and Sussman 1961;). Clearly amino
acids derived from protein provide a major energy source during
differentiation. During growth, amino acids, although in this case
derived from bacterial protein or from growth medium components, provide
the major energy supply, with again the release of a considerable
quantity of ammonia {Ashworth and Watts 1970).

Therefore a study of cellular metabolism, particularly amino acid
metabolism, during growth may be useful in helping to understand aspects
of amino acid and protein metabolism that occur during differentiation
and it was intended in this study to look at the utilization of amino
acids durlng growth under different growth conditions, and then to
examine the mechanisms which regulate amino acid utilization and the

amount and activity of amino acid metabolising enzymes in the cells.

& " as
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1. MATERIALS

1.1. Commerc¢ial sources

ALl reagents were the best grade which could be obtained
commercially. With the exceptions of the compounds listed below,
reagents were optained from British Drug Houses Ltd., Poole, Dorset BH12

4NN,

Bovine serum albumin (fraction V): Armour Pharmaceutical Co., Ltd.,

Eastbourne, Sussex BN22 9AG.

Glutamate dehydrogenase, WAD, NADP, NADH, dithiothreitol (Cleland's

reagent): Boehringer Corp., Ltd., Lewes, East Sussex BN 7 1llG.

Bactopeptone, Agar, Yeast extract: Difco Laboratories, Detroit,

Michigan, U.S.A.
I#mco beef extract: Oxaoid, Oxo Ltd., London.
All amine acids({L-form): SAS & Sons Ltd; London WCLB 4DF.

tris (hydroxymethyl) methylamine (Tris), © -aminobenzaldehyde, pyruvate,
2- (N-morpholino) ethane sulphonic acid, pyridoxal phosphate: Sigma

Chemical Co; Poole, Dorset BHL17 7N,

L[U—ClQ]Arginine {344 mCi/mmol) , L[U—cl4] Lysine (336 mCi/mmol),
L[U—Cl4] Threonine (228 m Ci/mmol), L[U*Cl4l Tyrosine (509 mCi/mmel),
L[U—Cl4] Glutamic acid (285 mCi/mmol), D[U~C14} Glucose {268

mCi/mmol) : Radiochemical Centre Amersham (Amersham, Buckinghamshire,

England, HP7 9LL).
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2. Organism

he organism used throughout this study was Dictyostelium

discoideum Ax2 (Watts and Ashworth 1972). The Strain Ax2

(ATCC-24397) was isolated by J.M. Ashworth as a derivative of the wild

type c¢ellular slime mould Dictyosgtelium discoideum NC4 (ATCC 24697)

{(Raper 1935). The strain AxZ is characterised by its ability to grow
in nutrxient media in the absence of bacteria.

Escherichia ¢oli B/r was used as a food bacterium for the cellular slime

mould and was obtained from J.T. Bonner.

3. Maintenance of stock cultures

3.1. Dictyostelium discoideum Ax2: Stock cultures of

0

L
D. discoideum were maintained at 4°C as fruting bodies on the surface

of nutrient agar plates. Fresh cultures were obtained by transferring
spores from a stock culture plate to a fresh nutrient agar plate, adding

a portion of a nutrient broth culture of Escherichia coli B/r and

incubating at 23%c. aAfter approximately 40 h the slime mould cultures
became starved, aggregated and formed fruiting bodies. After an
additional 2 days fruiting body formation was complete and the plates
were stored at 49C until used.

For longer term storage, spores were kept in silica gel as
described by Reinhardt (1966). At intervals a sample from the
silica gel stock was used to prepare fresh gtock culture plates of the

orqganiam.

3.2, Escherichia coli B/r: E. coli B/r was kept at 4°¢ in

cocked meat medium, At intervals the cooked meat cultures were used to
inoculate 10 ml samples of nutrient broth medium in 25 ml Universal
bottles and grown at 23°C for 48 nh. Cultures were stored at 4°C

until required for preparation of slime mould stock cultures.
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4, preparation of media and huffers

The following growth media and solutions were used routinely for

maintenance and growth of organisms and preparation of washed cell

suspensions.
4.1. Nutrient Agar: Nutrient agar was prepared as described by
Bonner (1967). 1t contains

Bactopeptone 10 g

Glucose 10 g

?

Na H20, 0.96 g

KHZPO4 1.45 g

Agar 20 g

All components except agar were dissolved in distilled water, adjusted to
pH 6.4 and made to 1 litre using distilled water. Agar was then added
and the wedium sterilised by autoclaving at 15 PSi. The medium was
dispensed into 13 com diameter plastic petri dishes with approximately 25
ml/dish. After the agar had solidified the plates were stored at %

until required.

4.2, Nutrient broth

Nutrient broth was prepared from (x0id dehydrated granules. It

contains in 1 litre of distilled water

Lemco beef extract lg
Yeast extract 2gq
Peptone 5g
Sodium chloride 549

final pB 7.4
Nutrient broth was dispensed 10 ml into universal bottles,

sterilised by autoclaving at 15 PSI and stored at room temperature.
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4.3, Cooked meat medium

Cooked meat medium was prepared from Oxoid dehydrated material.
One tablet was soaked in 10 wml distilled water for 15 min. in a universal
container and sterilised by autoclaving at 15 PSI. The medium was

stored at room temperature until used.

4.4. Axenic liguid medium (ALM)

Axenic ligquid medium was prepared as described by Watts and

Ashworth (1970). It contains
Bactopeptone 14,3 g
Yeast extract 6.16 g
Nazl-IPO4 0.52 g
KH2P04 .48 g

pH was adjusted as required using NaOH and distilled water added to
make to 1 litre. The medium was dispensed as required and sterilised by
autoclaving at 5 PSI.

As described in the literature AIM is prepared at pH6.7 and the
medium prepared at pH 6.7 was used. for a lot of early experiments
described in this thesis. We found however that, when prepared at this
pH value, the pH of the medium fell as a consequence of autoclaving.

The decrease in pH was especially noticable when glucose was added to the
medium. As a result of this observation and observations reported in
this thesis, supplements to ALM were added after sterilisation. in
addition, the pH of ALM was adjusted to pH6.2 before autoclaving for
media used for preparation of cells for washed cell studies and enzyme
activity measurements.

For the media where supplements were added after sterilisation, the
volume was made to 900 ml instead of 1 litre by adding dilstilled water.

'his medium which was lO/9 ALM was dispensed into flasks.
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The supplements were prepared in distilled water at 10 times the
required final concentration, adjusted to pH6.2 if necessary and
sterilised. Supplements wera then added to 10/9 AIM to the required
concentration, If no supplementation was reguired, sterilised distilled
water was added to bring the medium to the correct final volume.

In this thesis supplemented ALM is provided with a suffix. or
glucose as a supplement ALMg is used. Other supplemented media are

provided with a full suffix.

4,5, Phoschate buffer

7.19 mM phosphate buffer was used throughout the work to wash

cells. It was prepared as
=
NaZHPO4 0.52 g
KH, PO, 0.48 g

adjusted to pH6.2 with NaOH and made to 1 litre with distilled water.

5. Sterilisaltion

Sterilisation of the media was carried out using one of the two
procedures,
5.1. Autoclaving

Heat stable media were sterilised in a pressure chamber (Manlove
Alliett, Nottingham, England) using steam supplied by a
speedlec-electrode boiler (Bastian and Allen, Harrow, England). The
conditions for sterilisation had been determined using thermocouples in
the solutions (Fewson, unhpublished results). Both the pressure (5 and
15 PSI)} and the time of autoclaving depended on the nature and volume of
the solutions being sterilised. On all cccasions, the effectiveness of
sterilisation was checked using Browne steriliser control tubes~type one,

black spot (Brown Ltd., Leicester, England).




5.2. Filtration

Media or media components, which could not be safely sterilised by
heat were sterilised by filtration using sterifil filter holders of 250
ml capacity fitted with a 0.22 p pore gize millipore filter (Millipcre
Corp. Massachussetts, U.8.a.). Once assembled the unit was sterilised
by auteclaving at 15PSI. After filtration solutions were aseptically

transferred to sterile bottles.

6. Measurement of cell density

The density of D. discoideum cells was determined using a
haemocytometer (improved Neubauer pattern) supplied by Hawksley U.K.
Lkd. If posible at least 200 cells were counted to reduce the counting
error. At densities below 105 cells/ml 1t was not always possible to
count enough cells to fulfil these criteria of low error levels and

consequently cell density measurements below 105/ml are less reliable

than higher values,

7. Measurement of pH

The pH of solutions and media were measured under several different
conditions and different equipment was used. At all times pH values

were calibrated against solutions of known pH value (BDH chemicals Ltd.).

7.1. Media and buffer preparation

The pH of these solutions was measured using a direct reading pH
meter (Model 7010; E.I.L. Ltd., Cumbernauld, Glasgow G67 lAG) connected
to a combination glags/reference electrode (type 224: Probion Ltd.,
Glenrothes, Fife KY6 3AE). pi adjustment wasg carried out using stock

solutions of sodium hydroxide or hydrochloric acid.
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7.2. pH value of culture samples

The pH values of small wvolumes (<12ml} were measured with a pH
meter (Model 2320; E.I.L. Ltd.,) fitted with an assembly containing a

microelectrode {Type 257; Probion Ltd.).

7.3, pH control equipment

Experiments with pH control were monitored for pH value by using an
autoclaveable glass combination electrode {Probion, type 703} which was
inserted into the growth medium before sterilisation. The electrode was
connected to a pH controller (Model 9150 E.I,L Chertsy, EBl. Surrey,
BEngland) which caused the addition of alkalil or acid to the growth medium
if the pH value fell below or rose above a preset value, Since pA of
the media, in these experiments always rose with growth, to achieve pH
control 0.2 N HCl was added by switching on a Watson Marlow Flow Inducer
(MIHRE 20Q) fitted with 0.8}11nnerdiameter gilicon tubing. A reservoir
containing 0.2N HCl was prepared and connected to the growth flask using
the same piece of 0.8 A silicone tubing before sterilisation. A set up
of the apparatus is provided in Figure 2,

To ensure that the pH electrcde and controller did not drift during
a growth experiment, the pH of a sample of the medium was checked at

intervals by comparing its value with that of a buffer of known pH value.

8. Preparation of inocula

Inocula of D. discoideum cells for growth in ALM were always
prepared from spores by growth through 2 pagsages of ALM. The pH, to

which ALM was adjusted before sterilisation, is specified in the figure

legends.
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Figure 2: pH controlled experiment set up
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For the first passage, spores from a petri dish culture, stored at
4OC, were transferred aseptically to a 250 ml erlenmeyer flask
containing 50 ml of sterilised ALM. The flask was placed on an orbital
shaker at 2300.

After about 10 days, when the cell density had reached 106
cells/ml and the pH was still less than 7, 1 ml from the first passage
was transferred to a similar f£lask containing the same medium. After a
further 3 days the cells had again grown to a density of 106 cells/ml
and were used as inocula for growth experiments.

Similarly cells were grown on supplemented ALM before incculation
into supplemented media. In those media in which the generation time
was longer than on ALM, the cell density of inocula was maintained and
the time scale altered as necessary.

To monitor growth of these cultures, samples were taken at

intervals to measure cell density and culture pE as described previously.

g, Growth conditions in liguid culture

Cells were grown in liquid <cultures in several different vessals
depending on the volume of culture being used. 3ll growth was carried

out in a culture room maintained at 23°C with cultures inoculated at a

density of 5)(104 cell%ml.

a.1. Cultures of small volume

Cultures of 50 ml liquid medium were grown in 250 ml Erlenmeyer
flasks fitted with polystyrene bungs. The flasks were grown on a rotary
shaker {Mk,V.Orbital Shaker, L.H. Bngineering Co.Ltd., Stoke Poges)
moving at about 180 oscillations min_JL with no aeration other than

diffusion through the polystyrene bung,
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9,2. Cultures of large volune

&
Cultures of 100 ml or greater were grown using the appaqyus

described by Harvey et al., (1968). vVolumes of 100 ml were grown in

500 ml Erxlenmeyer flasks and those of 1 litre up to 1.5 litres in 2 litre
flat bolLtomed side arm flasks. Initially these cultures were aerated at
100Oml/min. from a compressed air supply but aeration was found to he
unnecessary and diffusion through polystyrene bungs was sufficient to
permit full growth rate to high cell densities, Samples were removed
aseptically from these cultures for the measurement of grewth, pH and
changes in metabolite concentrations.

9.3 pH controlled cultures

Experiments which required pH control were carried out in 1 litre
culture vessels (Jobling Glass) fitted with 5~-sccket flat flange lids
{(Figure 2). Bach flask contained 500 ml of medium and was connected,
using O.8 J diameter silicon tubing, to a reservoir containing 0.2 R HCL
before autoclaving. The culture was stirred using the apparatus of
Harvey et al., (1868) but in this case, forced aeration from a source of
compressed air, at 100 ml/min. was provided. Air was filtered before
entry and on exit using 37 mm Bacterial Air Vent No. 4210 filters (Gelman
Filtration Division}. pH was maintained as described in section 6.3.

Inoculation of the medium and sampling of the growing culture were
both achieved by using a sterile syringe connected to a needle which
passed through a suba-seal stopper (Gallenkamp, East Kilbride) and which
ended below the level of medium in the flask. Samples were taken at

intervals during growth to monitor the growth and metabolism of the

culture.




9.4. Processing of samples from growing cultures

Samples removed from cultures were used to measure culture cell
density and pil immcdiately. Samples for other estimations were treated

and stored as follows:

9.4.1. Amino acid analaysis

Samples were stored at -20°C atter centrifugation at 12,000 g for
10 min. and 4°C in an MSE high speed 18 centrifuge to remove cells.

No chemical treatment was carried out before storage.

9.4.2 ammonia estimation

The treatment of samples for ammonia estimations depended on the

method by which the analyses were to be performed.

9.4.2.1. Chemical method

A 2 ml sample from the culture was c¢hilled, and 2 nl of O.1N
hydrochloric acid added. After centrifugation at 12,000 g for 10 min.

O, . “ . .
at 4 °C in an MSE high speed 18 centrifuge, the supernatant was decanted

and stored at —20°C.

2.4.2,2, Enzymic method

When this method was used, the sample was kept on ice, an egual
volume of chilled 10% trichloroacetic acid added and the mixture
centrifuged at 12,000 g for 10 min at 4°C in an MSE high specd 18
centrifuge. A 3 ml sample of supernatant was taken and neutralised (pH
7-7.5) by adding 3 ml 2M potassium bicarbonate and centrifuged again as

described above, The sample was then stored at -20°C until assayed,
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9.4.3 Protein estimatiaon

Estimation of cellular protein was influenced by components of the
growth medium and these were removed before storage. A 2ml portien of
the culture was centrifuged at 12,000 g for 10 min. at 400 in an MSE
high speed 18 centrifuge. The peliet was resuspended in 7.19 mM
phosphate buffer pH6,2 and centrlfuged once more as described above.

The pellet of the cells was finally resuspended in 2 ml 7.19 mM phosphate

buffer pllé.2 and stored at -20% until assayed.

10. Experiments using washed cell suspensions

10.1 Preparation of washed cell suspensions

To prepare washed cell suspensions, the cells of D. discoideum were
grown at 23°C as described in section 9.2, in 2 litre flat bottomed
Flasks containing 1.5 litre medium (either ALM or ALMg adjusted to
pH6.2) . The cells were grown until they reached a density of 106
cells/ml. At this denslty the pil had increased to 6.6 - 6.7 after
growth on ALM and to 6.4 -~ 6.5 after growth in the glucose supplemented
medium. The cells were then harvested by centrifugation at 900 g and
1°c for 15 min, washed twice by resuspension in 7.19 mM phosphate
buffer pH6.2 and centrifugation at 900 g and 4°c for 15 min. Finally,
the cells were resuspended to ten times the required cell density in

7.19 mM phosphate buffer pH6,2 and stored on ice until required. An

aliquot was removed for protein estimation and stored at -20°C until

assayed.
10.2. Measurement of ammonia production
10.2.1. Incubation conditions

Incubations were carried out in 50 ml Erlenmeyer flasks with

polystyrene bung clogures. Stock solutions of all the components to be
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added to the incubations were prepared individually at high concentration
in 7.19 mM phosphate buffer pH6.2, added to the incubation flasks and
made to a total volume of 9 ml with 7.19 mM phosphate buffer pH6.2.

Then 1 ml of cell suspension was added to each flask and the flasks

incubated at 23°C on an orbital shaker {Luackham Ltd.) at 150 rpm.

10,2.2 Samples for ammonia estimation

Samples were taken at intervals over 100 min. for ammonia
estimation. The samples of volume 0.5 ml, were added to 0.5 ml O.1N HC1
to stop further ammonia production and to ensure fixation of the ammonia
already present, mixed and stored on ice. A batch of samples was then
centrifuged at 2000 g and room temperature for 2 min. in an Eppendorf
centrifuge 3200 in 2 ml plastic centrifuge tubes. The supernatants were
stored in plastic vials at -20°C until assayed for ammonia using the

chemical method described in Section 11,1,L.31.

10.3. Measurement of oxygen uptake

10.3.1, Apparatus used

Two Clark type oxygen electrodes (Rank Brothers, Bottisham,
Cambridge CB5 9DA) were used to measure oxygen utilisation of the
cells. The electrodes were maintained at 2700 by a circotherm unit
{Shandon-London) which circulated water from an adjacent water bath
through the elctrode jackets. The electrodes produce a millivolt output
dependent on the activity of oxygen in the solution and this out-put was

measured on a Servoscribe chart recorder (Smith Industries, Ltd. Wembley,

England}.

10.3.2. Estimation method

Phosphate buffer (7.19 mM, pH6.2) was maintained at 27°C in the




water bath, and was air saturated by stirring the solution vigorously
with a magnetic stirring bar and magnetic drive assembly using the
apparatus described by Harvey et al., (1968).

The phosphate buffer and cell suspension were pipetted into the
incubation vessel and the perspex disc carefully screwed down into
position so that no ailr bubbles were trapped above the incubation
mixture, The endogeneous rate of oxygen uptake was recorded for at
least 5 min. Additions were then made through the small hole in the
perspex disc using a Hamilton syringe to make a total volume of 3 ml and
the rate of oxygen consumption measured as a change in the millivolt

cutput of the electrode assenmbly.

10.4 Measurement of qu - Carbeon dioxide production

10,41, incubation conditions

Incubations were carried out in 10 wml Erlenmeyer flasks fitted with
a central well using a modification of the procedure of Wright and Bard
(1963) .,

The central well contained 150 Pl 14N sodium hydroxide, With the
exception of the compound whose metabolism was being measured, stock
solutions of all the components to be added to the incubation were
prepared at high concentration in 7.19 mM phosphate buffer pH6.2 and
added in a total volume of 100pL, to the flask, 1OOML of substrate
(0.25 uCi), at 10 times the required final concentration, in 7.19 nmM
phosphate buffer pH6.2, was added, followed by 0.8ml of washed cell
suspension in 7.19 mM phosphate buffer pH6.2 to give a final volume of
1.0 ml with a cell density of lo7 cells/flask. The flasks were then
sealed witih subaseal stoppers and incubated on an orbital shaker { Luckbam
Ltd.) at 150 rpm at 23°C for 90 minutes. After 90 minuteg the

reaction was terminated by the injection of 250 Fl of 5N sulphuric scid




through the subaseal stopper. The flasks were replaced on the shaker
for an additional 90 minutes to ensure that any bicarbonate in the
acidified incubation was released and trapped in the alkali in the

central well.

10.4.2. Measurement of radioactivity

After incubation, the l4C~carbon dioxide produced was assayed in
duplicate by transferring 50 Fl aliquots of the alkali from the central
well of the flask into plastic scintillation vials containing 10 ml of
ligquid scintillation fluid (1 litre toluene, 300 ml ethancl, 5 g 2.4
diphenyl oxazole (PCP}). Similar aliguots were taken from the acidified
incubation mixture to measure the total radioactivity still present.
Samples were counted on an 8L 30 Liguid Scintillation Spectrometer
{Intertechnigue, 78370 Plaisir, France)., and the conversion of substrate
to carbon dioxide calonlated.

Bince all the calculaticns of substrate utilization were dependent an
ratio measurments, cpm values were used directly without correction: for
efficiency. T0 ensure the efficigncy of counting was constant under the
conditions used for counting, vials were set up and counted bhath before
and after the addition of either 14N NaOH or a mizture of buffer and

5N H,80,. No significant effect of alkali ox ‘acid addition was

‘observed when up to 100 pl of alkali or acid was ‘added.
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11. Analytical techniques and their gquantification
11.1. Ammonla estimation
1l.1.1, Chemical method

The phenol/hypochliorite method described by Henry (1966} was used

to estimate ammonia in the samples. In this method ammonia and

hypochlorite react to form chloramine which combines with 2 moles of
phenol to form yellow indophenol. The reaction is promoted by the
presence oi the catalyst sodium nitroprusside. In alkaline solution

indophenol dissociates to produce a blue colour which is measured at

630nm.,
Phenol
SN
_ QL» ,éf‘OH ——
NE., + oCl —7 NHC1 > o:/ N N~C1
3 2. ———
Hypochlorite .Cllldl-famine
Quinone Chloramine
7N
Phenol
\¥
o
b
N
N /TN o0 \on L - on
- x 4

dissociated in alkaline associated Indophenol

medium (blue) (yellow)
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11.1.1.1. Assay procedure

Two reagents were prepared as described below
Solution I
Phenol 10 g
Sodium nitropruqﬁde 0.05 g

dissolved in 1 litre distilled water

Solution II
NaOH 5 g
Sodium hypochlorite 0.42 g
dissolved in 1 litre distilled water , and stored at a%c.
Samples were removed IErom the freezer, thawed, mixed and dilutions
made in distilled water. Then to 0.1 ml sample, 2.5 ml sclution I was
added, mixed thoroughly and 2,5 ml of solution IX added. The assay was
again mixed thoroughly, incubated at 27°C for 40 min. and read at &30nm

on SP-30 spectrophotometer (Pye Unicam Ltd., Cambridge, BEngland).

A standard curve was constructed using NHqcl, covering the range

of 0-200nmol/assay.

11.1.1.2, Interference with ammonla estimation

Some of the components present in the extracts in which ammonia was
being measured, were found to alter the optical density change produced
by the ammonia standards (Table 1).

The effect varied depending on the component present and was
particularly marked if ammonia concentrations in ALM were being
measured. To compensate for this effect standard curves were made in
the presence of all the components that were present in the incubation or

growth medium. For example, to measure ammonia concentration during
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growth in ALM, a standard curve for ammonia was prepared in ALM, in
this way any component which interfered with the assay also interfered
with the standards.

On a few occasions internal compensation for standards was not
carried out and in these cases the measured ammonia concentration was

corrected arithmetically for any alterations caused by components of the

incubatlon mixture.

1L.1,2, Enzymic method

The method of Kun and Kearney (1974) was also used to estimate
ammeonia in some samples. This assay depends on the reductive amination
of 2-~-oxoglutarate catalyzed by the enzyme glutamate dehydrogenase.

GLDH

NADH + NH, + 2-Oxoglutarate , I-Glutamate + NAD -+ H,0.

The decrease of NADH, as measured by the change of extinction at

340nm, is a measure of the amount of ammonia present.

11.1.2.1. Assay procedure

The assay were carried out using an assay cocktail containing

tris-puffer pi18 200 mM
2-Oxoglutarate 20 mM
NADH 0.64 mM
glutamate dehydrogenase L18u/ml

Samples were removed from the freezer, thawed, mixed and
appropriate dilutions made in phosphate buffer, 500 Pl of diluted
sample was taken and 500 Pl of the 'assay cocktail' described above

added. The assay was mixed well and incubated at E?OC for 30 min.




Table 1. Interference of components with

ammonia estimation

2,0 mM ammonium chloride and components {aminc acids 5 mM; Glucose,
Pyruvate and 2-oxoglutarate 20 mM) prepared in 7.19 mM phosphate buffer
pii6.2 were incubated with solution I and solution II {methods 11.1.31.1.)
and their optical density (0OD) measured at 630 nm on SP-30
spectrophotometer. The components were also incubated without the

v
standard and optical density (OD) measured. AOD was calculated

7
oD = oD — QD




Components added
to the assay

none
glucose
Pyzuvate
2-oxoglutarate
arginine
tyrosine
threoning

ALM

AOD from
200 nmol ammonia

1.3¢

0.639

50.

% of control

100

100. 6

69.8

88.6

1c0

91.9

93.3

42.9
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Samples were read at 340 nm on an 5P—-800 or SP-30 spectrophotometer, A

standard curve covering the range 0—-150 nmol/assay was constructed by

using ammonium chloride as standard.

1.2 Calibration of oxygen electrode and oxygen

uptake measurements

The procedure of Robinson and Cooper (1970) was used to calibrate
the electrodes. In this method oxygen is consumed in the stoichiometric

reoxidation of phenazine methosulphate (PMS) after it has been reduced by

NADH.

NADH + HY + PMS —— sNap® + PMSH,

5 ———————— NS
PMSH, + 0, PMS + H,0,

Hydrogen peroxide formed in the reaction is broken down by

inc:luding catalase in the reaction mixture

H, O 1
22— H20 + /202

The net reaction then becomes

NADH + H++1/202 NAD® + H_O

~
N

The calibration is carried out by adding aliquots of an NADH
solution, whose concentration has been accurately measured
spectrophotometrically, to an air saturated assay and measuring the
oxXxygen consumed.

The total oxygen in aqueous solution was also calculated using

oxygen solubility at the temperature of assay and found to agree with the

measured dissolved oxygen. A value of 248 nmol oxygen/ml was found for

an oxygen saturation solution at 2700.
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11.3 Scintillation spectrometry and calculation of substrate

utilization
The utilization of substrate was assessed as a fraction of the
total radioactivity added to the flask by measuring the radicactivity
that was converted to carbon dioxide and consequently was trapped in
sodium hydroxide in the central well.
To measure 14CO2 produced 2 samples each of 50 Pls were taken

from the central well and counted. The total radioactivity (X) in

central well was assegssed as

150 x cpm from central well

s v

g

50

Similarly 2 x SOPl samples from the acidified compartment were
counted and total radicactivity (¥) in the main cowmpartment. of the flask
calculated using

1250 x cpm from acidified materilal

Y = cpm
50

% metabolism of substrate to carbon dioxide

= X100%

X+Y
Since this percentage metabolism occurred during a defined assay time
from a known initial substrate concentration, the actual rate of

substrate utilization (Z) is given by

X 60
Z = (——) X Substrate concentration (FM) X o~ nmol/h/flask

X+Y
Time of assay (min).




In calculating substrate utilization in this way two assumptions
are made namely, that substrate molecules are broken down completely to
carbon dioxide with no accumulation of intermediates, and that the

efficiency of counting is independent of the presence of acid or alkali

in the sample being counted

1ll.4 Protein estimation

Protein was estimated by a modification to the method of Lowry et
al., (1951).

Samples were thawed, mixed and diluted in 7.19 mM phosphate buffer
pHE, 2. Portions of diluted samples and bovine serum albumin standards
were mixed with an equal volume of LN NaOH and left to digest overnight
at 370C. The following day, O.2ml aliquots of the digest were taken,

1 ml of alkaline copper sclution {0.0l$ CuSO4. 5H2O angd 0.02% sodium
potassium tartrate in 2% sodium carbonate) added, followed after 10 min,
at room temperature, by 0.1 ml of 1IN Folin reagent. The assays were
incubated for a further 30 min. at room temperature, then read at 750 nom

on SP-30 spectirophotometer. A standard curve was constructed using

bovine serum albumin covering the range 0—50 }Jg/assay.

11.5. Amino acid analysis

Amino acid analysis was carried out using an LKB 4400 aminc acid

analyser,

11.5.1, Method

Samples, taken during growth, for amino acid analysis were thawed,
thoroughly mixzed and an aliquot of 250 pl taken, added to 250 Pl 10 mM

norleucine (&S internal standard) and diluted to 5 ml with distilled

water.
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250 pl of each of the diluted, norleucine containing samples, were
mixed with ZSOfl aristar HCl in pyrex tube. The tube was drawn,
evacuated to remove 02 and sealed under wvacuum. Samples were
hydrolysed by placing the tubes in a heating block (Griffin, hot block
unit 3) at 110°C for 6 h and were then chilled before opening.

Hydrochloric acid was removed from the samples by lyophylisation
over sodium hydroxide and sulphuric acid, 1.25 ml distilled water added
to the dried samples and lyophylisaticn repeated. Samples were then
stored dry at -20°C until needed.

For assay, samples were thawed, dissolved in 1,25 ml 0.2 N sodium
acetate buffer pH2.2 and 50 pl analysed on the LKB 4400 amino acid
analyser using a 3 sodium acetate buffer system described by LKB (LKB

protein chemistry note No.10).

11.5.2. Quantitation of analyses

Analyses were quantified by comparing data from samples, with data
obtained from standard amine acid mixtures (LKB product supplemented with
nor leucine) . Standards were run with every 3 samplesz ang average
values, from all standards, used to assess the quantities of each amino
acid present in the individual samples.

Three types of control were considered:

a) a norleucine standard which was not hydrolysed at 110%¢ for
6 h, was compared with a hydrolysed sample in both the
presence and absence of 86 mM glucose.

b} a standard amino acid mixture was also not hydrolysed and
compared with a hydrolysed sample in the presence and absence
of glucose.

c) Samples of culture medium were hydrolysed for varying times up

to 24 h in 6 W HCL at 110°C.
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11.6. Measurement of osmotic strength

Osmotic strength of solutions were measured using an osmometer
(Advanced Osmometer 3D, Advanced Instrument Inc.} which depended on the
depressicn of the freezing point of agueous solutions.

The machine was calibrated using a standard sodium chloride
solution and all measurments were related to the standard solution. As
expected osmolarity was related to concentration, with ionisable
conpounds giving higher osmotic values than non ionisable compounds, when

orepared at the same concentrations (Figuxe 3).

1z, Measurement of enzyme activity

12.1. Preparation of cell extracts

Enzyme assays were carried out on extracts prepared from
logarithmically growing cells of D. discoideum. In all cases cells were
grown in 2 litre flat bottomed flasks containing 1.5 liltres of culture
medium as described in methods 9,1, Cells were harvested and washed as
for preparation of washed cell suspensions ({see methods 10,1) except that
the final resuspension of the cells was in the medium appropriate for the
enzyme being assayed (Table 2).

Lo prepare extracts, 5 ml of a cell suspension was subjected to
uitrasonic irradiation using a Dawe Soniprobe (Type 1130a; Dawe
Instruments Ltd., London) at 0%. Disruption was effected at a
current of 3A for 3 periods of 15 seconds alternated with cooling periods
of 30 seconds. The homogenate was then checked microscopically to
ensure disruption was complete and an aliguot removed for protein
estimation (Section 10.4). The remainder of the homogenate was
centrifuged at 12,000 g for 15 min. at 4°C in an MSE high speed 18
centrifuge to remove debris and the supernatant stored on ice until used

to measure enzyme activity in the extract.
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Table 2: Maedia for the preparation of extracts of D. discoideum

for enzyme assays

Enzymes

Ornithine aminotransferase

{ECN0.2.6,1,13)

Threonine deaminase

(ECNo.4.2.1.186)

Tyrosine transaminase

(ECN0.2.6.1.5)

Glutamate dehydrogenase

(ECNo.1,4.1.2)

Malic enzyme

(ECNo.1.1.1.40)

Lysine dependent oxygen

uptake activity

Extract preparation medisa

100 mM Tris HCl pHS8.0

(Fenkins and Tsai 1970)

20 pg/ml Pyridoxal phosphate

{ Loomis 1970)

Distilled water

{ Diamondstone 1966)

100 mM Tris HCL pHS.O

(Langridge et al., 1977)

50 mM Tris HCl pHS.1

(Kelleher :Q_-E “a_}._- r 1979)

100 mM Tris acetate pHS8.O

(Nakazana 1971)




Figure 3: Bffect of additives on osmolarity

Dilutions of standard solutions of additives were prepared in phosphate

buffer pH6.2. Osmotic strength of the dilutions was measured using
strangth

osmometer {methods 1l.6). After subtracting csmoti¢]of the dilutions

buffer the values were plotted against concentrations.
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12.2. Ornithine amino transferase

Ornithine aminotransferase activity was determined as described by

Jenkins and %sai (1970).

L-Ornithine + 2-oxoglutarate ————> L-glutamic semialdehyde + glutamic acid

Transamination of the amino group f£rom ornithine to 2.oxoglutarate
proceeds virtually to completion due to the spontaneous cyclization of
the product, L-glutamic semialdehyde to ﬁé_pyrroline 5 .. carboxylate.
This latter compound reacts with S~aminobenzaldehyde to form a deep yellow f

dehydrogquinazolium derivitive, which is measured at 440 nm.

12.2,1. Assay condition

The standard Ornithine aminotransferase assay contained, in a final

volume of 1.0 ml, 10 mM Sodium pyrophosphate, 20 mM L-Ornithine~HCL,
3.5 mM 2-oxoglutaric acid, 0.8 pg/ml pyridoxal phosphate; adjusted pH f
8.0.

The reaction was initiated by addition of extract, routinely 400
pl, prepared from lO8 cells/ml in 10C mM Tris-HCL pH8, and carried out
at 3700 for 60 minutes. The enzyme reaction was then stopped by
addition of 1 ml of 10% (w/v) trichloroacetic acid, followed by the
addition of 2 ml of 5% (w/v)®-amino benzaldehyde solution in 95% (v/v)
ethanol. The colour was developed by incubation for 3-5 minutes at
370C. After centrifugation at 12,000 g for 15 minutes, the ahsorbance
was determined at 440 nm on SP-30 spectrophotometer and the number of

enzyme units present calculated by assuming a molar extinction

3 1

coefficient for the dehydroquinazolium derivative of 2.7 x 10° M
-1 ; . . ‘o - .
cm {(Jenkins and Tsai 1970). Enzyme specific activity is expressed

as mol of substrate transformed/min/mg of cellular protein in the crude

cell extract.
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11.2.2. Asgay reliability

The assay for ornithine aminotransferase was linear over a period
of at least 90 min.,and to a final product concentration of 3.9 pmol/assay
(Figure 4a}. To ensure linearity of the assay, activity was measured
over a period of 60 min. and it was ensured that the amount of product
formed never exceeded 2.5 pmol/assay. Under these conditions the assay
was linear with respect to volume of extract added up to 400 Fl

(Figure 4b) and with cell density up to 10B cells/ml (Figure 4c).

12.3. Threonine deaminase

Threonine deaminase activity was determined as described by

Loomis (1970)

IL-Threoning m——— - 2-0xobutyrate + NH3

The enzyme was assayed by measuring the amount of 2-oxobutyrate

formed as a phenyl hydrazone derivative,

12.3.1. Assay conditions

The standard Threcnine deaminase assay contained, in a total volume
Iof 0.5 ml » 10 mM Tris-HCl pH.8.5; 50 mM L-~Threonine adjusted to pH8.5
and routinely 100 nl cell extract, prepared from J.O8 cells/ml in
20 Pg/ml pyridoxal phogphate. The addition of extract initiated the
reaction which was carried out at ZSOC for 60 min; the ketone product
was converted to the phenylhydrazone by addition of 0.9 ml of a solution
cgontaining 0.34 mg/ml 2,4 dinitrophenylhydrazine in 1.2 N HC1l and
incubatingat25OCjﬁn:20miﬁ. The colour was then developed by adding
1.7 ml of 2.5 N WNaCOH and incubating for 10 min, at ZSOC, and the

optical density was determined at 520 nm on an SP-30 spectrophotometel.




Figure 4. Ornithine aminotransferase

Cells were grown in ALM, washed and resuspended in 100 mM Tris-HCL
pHB8.Q and extract prepared as described in methods 12.1. Assays,

modified as described below, were carried out as in methods 12.2.1.

4a) Time course of glutamate semialdehyde formation

Assays were set up, initiated by addition of 400 pl extract
. 8
prepared at 10 c¢ells/ml and incubated at 37DC for different times,

In the control assay at zero time, acid was added before extract.

4)>) Effect of extract volume on glutamate semialdehyde formation

Standard assays were set up and initiated by adding different
volumes of extract prepared at :LOB cells/ml. Where necessary 100 mM
Tris-fdcl pHB.O was added in place of extract to make the assay volume to
1 ml. Assays were incubated for 60 winutes at 37%. Control assays,

set up with no substrate, were otherwise identical.

4c} Effect of cell density on glutamate semialdehyde formation

Standard assays were set up and initiated by adding 400 Pl of
extracts prepared from different cell densities and incubated at 17%
for 60 minutes. As with 4b control assay contained all components

except substrate.

Substrate added

3

0 : No substrate
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The amount of 2-oxobutyrate produced in the assay was calculated by uszing
a. 2~oxobutyrate standard curve covering the range 0-2 pmol/assay

{Figure 5).

12.3.2 Assay reliability

Threonine deaminase assay was found to be linear over a period of
120 min. and to a final product concentration of 1.1 Pmol/assay
{(Pigure 6a). The activity of the enzyme was wmeasured over a period of
60 min, with the amount to product formation never exceeding
0.6 pmol/assay.

Under these condltions, the assay was linear with respect to,
volume of extract added up to 200 P {Figure 6b) and cell density up to

108 cells/ml (Figure 6g).

12.4. Tyrosine transaminase

Tyrosine transaminase activity was determined by a modification of

the method of Diamondstone (1966).

Tyrosine + 2-oxoglutarate w———3 p~hydrozyphenyl pyruvate + glutamic acid.

p-hydroxyphenyl pyruvate is measured by its conversion to

p~lwydroxybenzaldehyde which absorbs at 331 nm.

12.4.1. Assay conditions

The standard reaction mixture, in a total volume of 1.75 ml,
contained 5.6 mM IL-Tyrosine; 120 mM Pris-iiCl pH8.5; 0.057 mM Pyridoxal
phosphate and routinely 100 Pl cell extract prepared from 108 cells/ml
in distilled water. The reaction was initiated by addition of

8.57 mM 2-oxoglutarate. After incubating at 3200 for 15 min, the




Figure 5: 2-oxobutyrate standard curve

Different concentrations of 2-oxobutyrate were prepared
in 10 mM Tris HCl pH8.5. To 0.5 ml of each concentration 0,9
ml of a solution containing 0.34 mg/ml 2,4
dinitrophenylhydrazine in 1.2 M HCl was added and the assay
incubated at 2500 for 20 min. The cclour was then developed
by adding 1.7 ml 2.5 N NaOH and incubating for a further
10 min. at 25°C {methods 12.3.Ll.). Optical density was

measured at 520 nm.



62.

0D at 520nm

3.0

2.5

1.0

0.5 1.0 1.5 2.0

2-oxobutyrate (pmol/assay)




Figure 6 Threonine deaminase

Cells were grown in ALM, washed and resuspended in 20 yg/ml
pyridoxal phosphate and cell extract prepared as described in methods
12.1. Assays, modified as described below, were carried out as in

methods 12.3.1.

6a) Time course of 2~oxobutyrate formation

Assays were set up, initiated by additien of 100 pl extract
8
prepared at 10 cells/ml, and incubated at 2500 for different

times. In the control assays at zero time, acid was added before

extract.

6b) Effect of extract volume on 2-oxobutyrate formation

Agsays were set up and initiated by adding different volumes
of extract prepared at lO8 cells/ml. Where necessary 20 pg/ml
pyrodoxal phosphate was added in place of extract., The assay volume was

made to 0.5 ml by adding distilled water and incubated at 250C for 60

minutes., Control assays, set up with no substrate, were otherwise
identical.
6C) EBffect of cell density on 2—oxobutyvrate formation

Standard assays were set up and initiated by adding 100 Pl of
extracts prepared from different cell densities and incubated at 2500
for 6C minutes. Ag in 6b control assays contained all components except

substrate
® Substrate added

O No substrate
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reaction was stopped by addition of 0.1 ml of 10 N NaOH and conversion of
p-hydroxyphenylpyruvate to p-hydroxybenzaldehyde allowed to proceed for
30 min at 25°C. The reaction mixture was clarified by centrifugation
at 12,000 g for 15 min. and the optical density of the supernatant
determined at 331 nm on SP~30 spectrophotometer.

The number of enzyme units present were calculated by using a molar
extinction coefficient for p-hydroxybenzaldehyde of

19.9 x 103M~lcm_l {(Diamondstone 1966),

12.4.2. Assay Reliability

The assay for tyrosine transaminase was linear over a period of at
least 30 min. and to a final product concentration of 0.224 upmol/assay
{(Figure 7a)

To ensure the linearity of assay, the activity was measured over
the period of 15 min. with the amount of product formation never
exceeding 0.13 pmol/assay (Figure 7a).

Under these condifions, the assay was linear with respect to volume
of extract added up to 200 pl (Figure 7b) and with cell density up to

108 cells/ml (Figure Tc}.

12.5. Glutamate dehydrogenase

Glutamate dehydrogenase activity was determined ag described by

Langridge et al., {197

Glutamic acid 2-oxoglutarate

NAD (P) “NAD (P)H

The appearance of NADH/NADPH was measured at 340 nm on SP-800

spectrophotometer at 259,




Figure 7. Tyrosine transaminase

Cells were grown in ALM, washed and resuspended in distilled water
and cell extract prepared as described in methods 12,1]. Assays,

modified as described below, were carried out as in methods 212.4.1.

7a) Time course of p~hydroxyphenylpyruvate formation

Assays were set up, initiated by addition of 100 Fl cell extract
prepared at lO8 cells/ml and incubated at 32°C for different times.

In the control assays at zero time, NaOH was added before extract.

7b) Effect of extract volume on p-hyvdroxyphenylpyruvate formation

Standard assays were set up and initiated by adding different
volumes of extract prepared at lO8 cells/ml. Where necessary
distilled water was added in place of extract to make a final asgsay
volume 1.75 ml. Assays were incubated for 15 minutes at 32%.

Control assays, set up with no substrate, were otherwise identical,

7c) Effect of cell density on p-hydroxyphenylpyruvate formation

Standard assays wereset up and initiated by adding 10O Pl of
extract prepared from different cell densities and incubated at 3200
for 15 min. As in 7b control assays contained all components except

substrate.

Substrate added

®
'

O

No substrate
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12.5.1. NAD linked glutamate dehydrogenase

12.5.1.1. Assay conditions

The standard reaction mixture contained, 10 WM Tris-HCl, pHS8.2,
0.3 mM NAD+, 0.08 mM NADH (this gives an OD of 0.5 at 340 nm) to which
0.1 ml cell extract was added. NADH appearance was recorded and 10 mM
Glutamic acid added to make f£inal assay volume 1.0 ml. NADH appearance
was recorded and glutamate dehydrogenase activity calculated using
6.22 x 10° ™% cn™! as molar extinction coefficient of NADH.
Confirmation of the value of the molar extinction coefficient, under the
conditions of assay, were verified using NADH as a standard. The

presence of NADH in the assay was to allow measurement, under glutamate

dehydrogenase agsay conditions, of NADH oxidase activity. NADH oxidase

was present at only small amounts in the extract.
The difference in the rate of NADH production, between the assays
carried out in the presence and absence of L-glutamate was used to give a

value for the activity of NAD linked L-glutamate dehydrogenase. ;

12.5.1.2. BAssay reliability

The assay for NADN linked glutamate dehydroyenase was linear

with respect to volume of extract added up to 500 pl with a preduct

concentration 19.2 nmol/min/assay (Figure 8a) and cell density lxlO8

cells/ml which gives a product concentration % nmol/min/assay

(Figure 8b). To ensure the linearity of assay, the activity was
measured with 100 ul cell extract of lxlO8 cells/ml at a product é

copcentration never exceeding 5 nmol/min/assay.

12.5.2. NADP linked glutamate dehydrogenase

12.5.2.1. Assay conditions

The standard reaction mixture contained 10 mM Tris-HCl pig.2, 0.3

mM NADP, O.08 mM NADPH (this gives an OD of 0.5 at 340 nm) to which 0.5




Figure 8. NAD linked glutamate dehydrogenase

Cells were grown in ALM, washed and resuspended in 100 mM Tris-HCL
pHB.O and cell extract prepared as described in section 12.1. Assays
o . . X
were carried out at 25°C as described below and the optical density at

340 nm was used to record the formation of NADH in the assays.

g8a} Bffect of extract volume on NADE production

Assays were carried out with different volumes of extract prepared
from a c¢ell suspension of 108 celles/ml and NADH production recorded.

For control assay, equivalent volumes of extracts were added along with

assay mixture without the addition of substrate.

8b) Effect on cell density on NADH production

100 Pl of cell extract, prepared from cells, suspended in 100 mM
Tris HCL pHB8.0 at different cell densities, were added in standard assays
and NADH production recorded. As with 8a control assays were carried

out. without the addition of substrate.
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m). cell extract was added. NADPH appearance was recorded and 10 mM
glutamic acid added to make f£inal assay volume 1.0 ml. NADPH appearance
was recorded at 340 nm and glutamate dehydrogenase activity calculated
using 6.22x103 M_l c::m_l as molar extinction coefficient of NADPH.
Confirmation of the value of the melar extinction coefficient, under the
conditions of assay, were verified using NADPH as a standard. The
presence of NADPH in the assay was to allow measurement, under glutamate
dehydrogenase assay conditions of NADPH oxidase activity. NADPH oxidase
was present at only small amounts in the extract.

The difference in the rate of NADPH production, between the assay

carried out in the presence and absence of L-~glutamate was used to give a

value for the activity of NADP Linked L-glutamate dehydrogenase,

12.5.2.2. BAssay reliabllity

he assay of NADP linked glutamate dehydrogenase was linear with
respect to volume of extract added, up to &1)}u.with a product
concentration 3.8 mmol/min/assay (Figure 9a) and cell density
lxlO8 cells/ml which gives a produét concentration 3,2 nmol/min/assay
(Figure 5b}. To ensure the linearity of assay, the activity was

measured using 500 Fl of cell extract prepared at 108 cells/mlL,

12.6. Malic enzyme

Malic enzyme activity was measured by the method described by
Relleher et al., 1979, The enzyme activity is assayed at 25°C in the
direction of malate decarboxylation using appearance of NADPH at 340 nm

as a measure of activity.

12.6.1. Assay conditions

The standard reaction mixture in 50 mM Tris-Hcl pHB.1 contained 10

oM MgClZ, 15 mMmalate, 1 mM dithiothreitol, 1 mM EDTA and O.1 mM




Figure 9. NADP linked glutamate dehydrogenase

Cells were grown in ALM, washed and resuspended in 100 mM Tris-HCl
pHE.0 and cell extract prepared as described in methods 12.1, Assays
. 0o . . .
were carried out at 25°C as described below and the optical density at

340 nm was used to record the formation of NADPH in the assays.

9a) Effect of extract volume on NADPH production

Assays were carried out with different volumes of extract prepared
from a ¢ell suspension of 108 cells/ml and NADFH production recorded.
For control assay, equivalent volumes of extracts were added along with

assay mixture but without the addition of substrate,

9b} Effect of cell density on NADFH production

100 Pl of cell extract, prepared from cells, suspended in 100 mM
Tris—HC) pHB.0, at different cell densities, were added in standard
assays and NADPH production recorded. As with 9%9a control assays were

carried out without the addition of substrate.
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NADP, 0.1 ml cell extract was added to the reaction mizture and the
total veolume adjusted to 1 ml using 50 mM Tris-HCl pHB.l,NADPH2
production was recorded at 340 nm on SP.800 spectrophotometer. The
enzyme activity was calculated using 6.22x103 M—lcm—l as molar

extinction coefficient of NADPHZ.

12.6.2, Assay reliability

The assay for malic enzyme was linear with respect to volume of
extract added up to 20 pl with product concentration up to
9.8 nmol/min/assay (Figure 10a), and cell density up to lxloecells/ml.
At these upper limits the Assay gives a product concentration of
16 nmol/min/assay (Figure 10b). To ensure the linearity of assay, the
activity was measured with 100 pl cell extract of 5xlO7 cells/ml to &

product concentration never exceeding 8.0 nmol/min/assay.

12.7. Lysine dependent oxygen uptake activity

The activity was measured by the method described by Nakazawa {1971)

ooy §-Bmino n-valeramide + CO. + H_O.

L-Lysine +
ysSine O2 2 2

The assay depends on measuring the rate of oxygen uptake by means

of the polarographic technique described in methods 10.3.2. but at a

temperature of 340C.

12.7.1. Assay conditions

The assay system contains in a final volume of 2.7 mly 2.1 ml of
100 mM Tris-acetate bufifer pH8 and 0.5 ml cell extract. The endogenocus
rate of oxygen uptake was recorded for at least 5 min. The reaction was

then initiated by the addition of 0.1 ml of 1M TL-lysine through the small




Figure 10. Malic enzyme

Cells were grownh in ALM, washed and resuspended in 50 mM Tris-HCl
pH8.1 and cell extract prepared as described in methods 12.1. Assays
were carried out at 2500 as described below and the optical density at

340 nm was used to record the formation of NADPH2 in the assays.

1Ga) Effect of extract volume on NADPHZ production

Assays were carried out with different volumes of extract prepared

from a c¢ell suspension of 5xlo7 cells/ml and NADPH2 production
recarded. For control assays, equivalent volumes of extracts were added
along with assay mixture without the addition of substrate.

10b) Effect of cell density on NADPH, production

2
100 Pl of cell extract, prepared from cells suspended in 50 mM

Tris-Hcl pHB.l at different cell densities, were added in standard assays
and NADPH? production recorded. As with 10a control assays were

carried out without the addition of substrate.
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hole in the perspex disc using a Hamilton syringe to make a total volume
of 2.7 ml. The rate of oxygen consumption was measured for another %

min. and calculated as described in methods 11i.2.

12.7.2. Bssay reliability

The assay for lysine dependent oxygen uptake activity was linear
with respect to volume of extract, up to 500 Fl' and cell density up to
lxlOB/ml. The maximum rate of oxygen uptake measured was
530 nmel/min/assay {(Figure 1lla)., To ensure the linearity of assay,
oxygen uptake was measured with 500 pl cell extract of -leO7 cell/ml
which gives oxygen uptake never exceading 290 nmol/min/assay

{(Figure 1lb).

13. Glassware

All growth flasks were cleaned by autoclaving ini% w/v Hemosol

solution (Meinecke & Co., Baltimore, U.S.A.}. The flasks were
thoroughly rinsed with tap water followed by distilled water and then
dried in an oven. All other glassware was only immersed in Hemosol

overnight and then rinsed with tap and distilled water and dried.

All pipettes were cleaned after soaking in "Kirbychlor®
disinfectant solution (H. & T. Kirby & Co., Ltd., Mildenhall, Suffolk).
They were then steeped in Hemosol solution overnight and then rinsed
thoroughly in tap water followed by deionized water. They were dried in

an electrically heated pipette drier. All pipettes used were plugged

with cotton wool.

14, Statistical methods

Means and standard deviations were calculated using the formula

given by Baily (19763




Figure 1l. Lysine dependent oxygen uptake activity

Cells were grown in ALM, washed and resuspended in 100 mM
Tris—-Acetate pHB.O and cell extract prepared as described in methods
12,1 Assays were carried out as described below and the rate of oxygen

uptake measured by means of the polarographic technigue described in

methods 10.3.2. at 34°C.

Lla) Effect of extract volume on oxygen consumption

Assays were carried ocut with different volumes of extract prepared
. 8 R
from a cell suspension of 10 cells/ml and assays carried out as

described in Section 11.7.1. For control assays no substrate was added.

11lb) Effect of cell density on oxygen consumption

500 Fl of cell extract, prepared from cells, suspended in 100 mM
TRis-Acetate pHB.O at different cell densities, were added in standard
o
assays and the rate of oxygen consumption reccerded at 34 C. as with

lla control assays were carried out without the addition of substrate,
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1. Growth of D, discoideum Ax2 in liguid culture.
1.1, Growth in axenic liguid medium (AILM).

Initial experiments were carried out in ALM which was adjusted to
pH6 .7 before sterilisation. When this medium was inoculated with
D. discoideum Ax2 the cells grew to a density of 2.8x106 cells/ml with
a growth rate (P) of 0.0375ﬂl (Fiqure 12}, addition of glucose
{86 mM) to ALM increased the final cell density to 1.2x107 cells/ml but
reduced the growth rate (P) to 0.032h"l {Figqure 12).

During growth there were considerable changes in pl. Autoclaving
reduced the pH of the medium from 6.7 to 6.5. The pil value increased
with growth to a value of 7.4 at the stationary phase in the absence of
glucose and to 6.9 in the presence of giucose (Figure 12). After the
cells had reached stationary phase, the pH continued to rise.

In ALM the final cell density achieved was proportional to the
concentration of nutrients supplied . Changes in the concentration of
nutirients had however other effects on the culture. Increasing the
concentration of nutrients had the effect of slightly decreasing the
growth rate and had an influence on the final pH of the culture.
Cultures at low nutrient concentration (0.5 AIM) rose to a plH value of
7.7-7.8 by stationary phase while those at a higher concentration (1.5
AILM} only rose to a pH of 7.4 (Figure 13).

Under these conditions the pH value at the end of growth was

changing rapidly and its value cannot be guaranteed to better than 0.1 pHE

unit.




Figure 12:  Growth of D. discoideum Ax2 in AIM and

ALMg pHG.7.

D. discoideum Ax2 was grown in ALM and AlMg prepared at pH&.7, using
inocula grown through 2 passages of equivalent media, and inoculated to
give an initial cell density of 5xlO4 cells/mi. Samples were taken

from the growth flasks at intervals., pH and cell density were estimated

as described in methods 6 and 7.

® : ALM
O : AIMg
ALM ALMg
maximum
cell density 2.8x10° 1,2x107
growth_rate
(1) 0.037 0.032

pH at the end
of growth 7.4 6.9
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Figqure 13; Bffect of concentration of AIM pH6.7, on the

growth of D. discoideum AX2.

D. discoideum Ax2 was grown in AIM of different concentrations at pH6.7,
using an inoculum grown through 2 passages of ALM pH6.7 and
inoculated to give an initial cell density of 5x10% cells/ml. Samples

were taken at intervals, pH and cell density were estimated (methods

6' 7) -

® : AIM (0.5)

g :AIM {0.75)

O :ALM {1.0} nornal

A M (1.5

ALM concentration
Q.5 Q.75 1,75 1.5

maximum
cell density 1.1x10° 2x10° 2.6x10 3.5x106
growth rate
{(h™) 0,035 0.037 0.037 0.029

pH at the
end of growth 7.8 7.7 7.5 7.4
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2. Influence of ammonia and pHE on growth in ALM.

Two Lfactors which are known to alter during growth are the
concentrations of ammonia and hydrogen ions. The influence of both of
these on growth of the cells was examined.

2.1, Influence of ammonia on growth.

Cultures grown in the presence of ammonium chloride were altered
with respect to both filnal cell density and growth rate. At 10 mM, the
highest concentration examined without pH control, the final cell density

6

decreased from 2.8x10° to l.3x106 cells/ml (a decrease of 54%) while

1o 0.020n7t (Figure

the growth rate (F) decreased from 0.035h
14). Some changes in the pH at the end of growth were also observed but
their significance is hard to assess. Similar experiments carried out
under pH controlled (6.7) conditions with ammonium chloride added up to
20 mM gave similar effects (figure 15). Cell density decreased from
4.2x1.06 cells/ml to 6x105 cells/ml at 20 mM ammonium chloride added
in ALM with growth rate (P) reduced to 0.024 h_l.

Effects of the same type were observed when ammonium chioride was
added to cultures growing in the presence of glucose. The presence of

10 mM ammeonium chloride decreased yield by only 27% and reduced growth

rate rate (p) from 0.032h" " to 0,027n * (Figure 16}.

2.2. Influence of pH on growth.

Since pH changes occur during growth, experiments were carried out
to examine the influence that these changes have on growth rate and vield
of cells. To achieve this, cells were grown in AIM with starting pH
value of 6.0, 6.5, 6.7 and 7.0,

As the pH of the culture was increased, the yleld of cells obtained

decreased, especially when a pH value above 6.7 was used. The growth




Figure 14: EBffect of ammonium chloride concentration

on the growth of D. discoideum Ax2

in AILM pH6.7.

D. discoideum Ax2 was grown in ALM pH6.7 at different concentrations of
NH4Cl using an inoculum grown through 2 passages of ALM and inoculated
to give an initial cell density of 5 x 104 eells/ml. Samples were

taken at intervals. pH and cell density were estimated as described in

methods 6 and 7.

. ATM

A .alM + 5 mM NH,CL

4
O :ALM x 10 mM NH C1

ALM ALM+5S mM MH4C ALM+10 mM NH4Cl
max imum
cell density 2.8x10° 1,9x106 1.3x106
growth rate
(h~+) 0.035 0.032 0.029
pH at the
end of growth 7.4 7.7

7.8
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Figure 195: Effect of ammonium c¢chloride concentration,

on the growth of D. discoideum Ax2 in AIM

with pH maintained at 6.7.

D, digscoideum Ax2 was grown in ALM with pH maintained at 6.7 with
different concentrations of NH4Cl, using an inoculum grown

through 2 passages of ALM pH6.7 and inoculated to give an initial
cell density of 5x1.04 cells/ml. Samples were taken at intervals to

estimate pH and cell denisty (methods 6 and 7).

o AIM

Q@ : AIM + 5 mM NH4Cl

@ :  ALM + 10 mM NH4CL
® : AIM + 20 mM NH4Cl
ALM ALM+5mM ALM+10OmM ALM+20nM
NHyCl NHyCl NHyCl
Maximum 4.2x10% 2.9x10% 2x106 6x10°
cell density
Growth rate 0.035 0.032 0.029 0.024

(h=1)




79.

5 x 100 -
«-®e
7* co-
¢ ©
o
Ko}
0"‘0‘"0
-/0/(;[
/
///0
- o}
D! 6 /.
£ 107 r ‘fo/
A b
~ ‘—"““
> // ,’/
o]
2 /
*
5 /
5] *
[
=
5
)
*
5 »
10 o
i ! t !
0 50 100 150 200

TIME (h)




Figure 16: Effect of ammonium chloride concentrations

on the growth of D. digscoideum Ax2

in AlM, pHE.7 .

D. discoideum Ax2 was grown in ALMg pH6.7 at different

concentrations of NH4Cl, using an inoculum grown through 2

passages of ALMy PH6.7 and inoculated to give an initial cell

density of 5x104 cells/ml. Samples were taken at intervals. pH and

cell density were estimated {methods 6 and 7).

@ : ALMg

A ALMg+SmM NHACL

O : ALM+lOmM NH4CL

ALMg ALMg+5mM NH4CL ALMq+1OmM NH,

NH CL
Maximum
cell density 1,3x%107 1.1x107 9.5x106
Growth rate
th=4) 0.032 0.029 0.027

PH at the
end of growth 7.0 7.4 kL
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rate (W of the cells also decreased. As might be expected, the final
pH was related te initial pH but the values obtained could not be relied
upon as being of significance because of the rate at which they were
¢hanging. In all cases the pH at stationary phase was 7.3 or above
(Figure 17}. With glucose present in media at different initial pH
values, a similar effect was noted. As before, the cell yield was
particularly depressed by growth at an initial pH of 7.0 and in this case

the final pH was 7.5 (Figure 18).

2.2.1, Attempts to stabilise pH in growth medium.

2.2.1.1. Influence of buffer concentration.,

To reduce the pH changes occuring during growth, increased
concentrations of buffer were added to growth media. Both phosphate and
MES [{2- (N—morpholino) ethane sulphonic acid] at pH6.7 were used. in
the presence of either of these buffers, the ch%%e in pH during growth
was reduced (Figure 19, 20). The addition of 28.76 mM phosphate buffer
reduced the pH value at the end of growth from 7.4 to 7.0. Similarly 20
M MRS reduced the pH value to 7.1 at the end of growth.

Unfortunately the addition of these buffers reduced both the

cellular growth rate and final yield. In the case of phosphate

1 1

(28.76 mM) the growth rate (p) decreased from 0.03%9h" " to 0.027
with yield decreased by 30% {(Figure 19). The MES buffer produced a
gimilar effect, decreasing the growth rate [P) to 0.029h"1 and the

vield by 10% {Figure 20). The presence of both phosphate at 28,76 mM
and MES at 20 mM provided very satisfactory pH control with the pH value

at the end of growth being 6.7 (FPigure 21). Unfortunately the presence

of both buffers together greatly influence c¢ell density and growth rate




Figure 17:

Bffect of pH on the growth of D. discoideum Ax2

in ALM.

D. discojdeum Ax2 was grown in AIM, prepared at different pH values, |

using inoculum grown through 2 passages of ALM pH6.7 and inoculated |

to give an initial cell density of 5x10% cells/ml.

at intervals,

me thods 6 and 7.

pH and cell density were estimated as described in

® :ALM pHO
0 :ALM pHE.5
O:aLM pHE,?

M ALM pH7

Initial pH of ALM

Samples were taken

6.0 6.5 6.7 7.0
maximum
cell density 3.6x10° Ix106 2.7x10° 1.5x%105
growth
rate (1) 0.037 0.032 0.032 0.027
pH at the
end of growth 7.3 7.5 7.6 7.6
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Figure 183 Effect of pH on the growth of D. discoideum Ax2

in ALMg

D. disgoideum Ax2 was grown in ALMg, prepared at different pH values,
using an inoculum grown through 2 passages of ALMg pH6.7 and
inoculated to give an initial cell density of 5x104 cells/ml. Samples
were taken at intervals. pH and cell density were estimated (methods
6, 7)

@ : AlMg pH6.0

O :ALMg pH6.S

O :ALMg pH6.7

B :AIMg DH7.O

Initial pH of ALMg

6.0 6.5 6.7 7.0
maximum cell

density 1.3x107 1.3x107 1.1x107 8.10°
growkth

rate (h™1) 0.029 0.029 0.027 0.026
pll at the

end of growth 7 7.3 7.3 7.5
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Figure 19: Growth of D. discoldeum Ax2 in ALM, prepared at

pH6.7 at different concentrations of phosphate

buffer,

D, discoideum Ax2 was grown in ALM pH6.7 at different phosphate
concentrations ugsing an inoculum grown through 2 passages of ALM

pHEé.7 and inoculated to give an initial cell density of 5x104 cells/ml.
Samples were taken at intervals and pH and cell density estimated as

descr ibed in methods 6 and 7.

.!ALM
O ALM + 14.38 mM PO,

O : ALM + 28.76 mM POy

ALM ALM+14.38 mM POy ALM+28.76 WM POy
maximum

cell density 3x10° 2.4x10° 2.1x108
growth rate

(1) 0.039 0.035 0.027

pH at the end
of growth 7.4 7.2 7.0
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Figure 20: Growth of D. discoideum BAx2 in ALM, prepared

at pHE.7 with MES added at different concentrations.

D. discoideum Ax2 was grown in ALM pH6.7 at different concentrations

of MES [2-{N-morpholino} ethane sulphonic acid] using an inoculum grown
through 2 passages of ALM pH6.7 and inoculated to give an initial cell
density of 5x10% cells/ml. Samples were taken at intervals and pi

and cell density estimated {(methods 6, 7).

@ :ALM
O :ALM + 1lOmM MES

O :2aLM + 20 mM MES

ALM ALM + 10 mM MES ALM + 20 mM MES
maximam

cell density  2.9x10b 2.8x106 2.6x106
growth rate

(h~1) 0.039 0.037 0.029

pH atl: the
end of growth 7.4 7.3 7.2
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Figure 21: Growth of D. discoideum Ax2 in AIM, prepared

at pH6.7 with phosphate and MES buffers added

at different concentrations.

D. discoideum Ax2 was dgrown in ALM with buffers (MES & PO4) added at
different concentrations and pH set at 6.7, using an inoculum grown
through 2 passages of AIM pH6.7 and inoculated to give an initial

cell density of 5x10% ceills/ml. Samples were taken at intervals and pH

and cell density estimated as described in methods 6 and 7.

@ : AlM
O :ALM + 14.38 mM PO4 + 10 mM MES

[J:AIM + 28.76 mM PO, + 20 mM MES

ALM ALM+14.38 mMM ALM+28.76 mM
PO, +10 mM MES PO, +20 mM MES

maximum

cell density 2.8x10° 2.1x10° 1x106

growth rate

(h1) 0.039 0.027 0.018

pH at the
end of growth 7.5 6.9 6.7
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-1
The growth rate (P) decreased to 0.0l8h from a control value

-1
0.03%h while the growth vield was decreased to 36% of the control

value.

2.2.1.2 P controlled experiments.

To examine the influence of pH on growth, in the absence of pH
change, cultures were grown at several pH values where pH was maintained
by addition of acid. Experiments were carried out at pH values of 6.0,
6.2, 6.5, and 6.7 in both the presence and absence of added glucose
{FPigure 22, 23, 24, 25 and Table 3).

At all pH values tested the growth rate of the cells was
independent Of pH but the yield obtained was greatly increased by growth
at lower pH values, At pH6.2, for example, the final cell density
achieved was 6.6X10 cells/ml-an increase of 38% on the yield obtained
at pHé6.7.

A similar but much less pronounced effect was produced when
glucose, at 86 nM, was present at thege pH values. Again the growth
rate was constant (0.029h_l), but the yield at low pH values was 15%

greater than that observed at pH6.7 (Table 3}.




Figure 22. Growth of D. discoideum Ax2 in AIM and ALMg

with pH maintained at 6,7.

D. discoideum Ax2 was grown in ATM and ALMg prepared at pH6.7, using
inocula grown through 2 passages of equivalent media and

inoculated to give an initial cell density of 5x10% cells/ml. pH

was maintained at 6.7 (methods 7.3) Samples were taken at intervals to

estimate pH and cell density as described in methods 6 and 7.

@® : ALM
O : AlNy
ALM ALM,
maximum cell
density 4,8x10° 1.3x107

growth rate
(h~1) 0.035 0.029
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Figqure 23. Growth of D. discoideum Ax2 in AIM and ALM

with pH maintained at 6.0.

D. discoideum Ax2 was grown in AIM and ALMg prepared at pH6.0, using
inocula grown through 2 passages of equivalent media and inoculated to
give an initlal cell density of 5x10% cells/ml. pPH was maintained at
6.0 as described in wethods 7.3. Samples were taken at intervals to

estimate pH and cell density (methods 6, 7).

® ALM
O :ALM,
ALM ALy
cell
density 6.8x10° 1.5x107

growth rate
(h=1) 0.035 0.029
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Figure 24. Growth of D. discoideum AxZ2 in ALM and AlMg

with pH maintained at 6.2,

D. discoideum AX2 was grown in AIM and ALMqy prepared at pH6.2, using
inoecula grown through 2 passages of eguivalent media and inoculated to
give an initial cell density of 5x10? cells/ml. pH was maintained at
6.2 (methods 7.3}, Samples were taken at intervals to estimate pH and

cell density as described in methods 6 and 7.

® :ALM
O : ALMy
AIM ALM
cell density 6.6x10° 1.5x107

growth rate
w1 0.035 0.029




%0.

1.5 x 107 -
——
O
O/O ~o
107 } /
o
"'“‘*-Z
ST Se
.
/ O

~ .
E
6]
ﬂ [ ]
S . 6
— 10 " 0
>.J_
Pl
!
4]
e
=3
]
% O
= P
= /
[

./D

/ y
10° /:/
F I ] | ] [ J
Q 50 100 150 200 250 280

TIME (h)




Figure 25. Growth of D. discoideum Ax2 in ALM and ALMg

with pH maintained at 6.5.

D. discoideum Ax2 was grown in AIM and ALMg prepared at pH6.5, using

inocula grown through 2 passages of equivalent media and inoculated to

give an initial cell denisty of 5x10% cells/ml. PH was maintained at

6.5. (methods 7.3}. Sanmples were taken at intervals to estimate pH and

cell density as described in methods é and 7.

® :ALM
O ALM,

AIM AL
cell density  6x10° 1.4x107
growth rate
(h~1) 0.035 0.029

L
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Table 3: Growth of D, dis¢oideum Ax2 in ALM and ALMg

with pH maintained at 6.7, 6.5, 6,2 and 6.0.

92.

ALM
Culture
pH Cell Density Growth Rate Cell Density Growth Rate
-1 ~1
h ™) (™)
6.7 4.8x106 0.035 1.3x107 0.029
6.5 6x10% 0.035 1.4%10
° * 0.029
6.2 6.6x10°% 0.035 1.5%107 0.029
6.0 6.8x106 0,035 1.5x107 0.029

Data in this table summarise the information from growth experiments

shown in Figure 22, 23, 24 and 25.

A
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3. Influence of carbohydrates on growth in AIM,
3.1, Glucosge: Glucose, at 86 mM, is usually added to AIM for the
growth of cells. Its presence profoundly alters not only the growth

rate and vield of the cells but also the nature of the culture in other
less obvious ways. The presence of 86 mM glucose in ALM increases the
cell yield 4 fold. This increase is consilderxably reduced when the pH of
the culture is controlled. With pH maintained at 6.2 the increase in
vield is only 2 fold ({(Figure 24). However, the reason for this is not
an alteration of yield in the presence of glucose but an effect on the
culture growing without glucose supplementation.

In the absence of pH control, but with the medium prepared at pHG.2
to reduce the pH value at the end of growth, glucose influences the
growth of the c¢ells in 3 ways. It increases the density of the cells at
gtationary phase, decreases the growth rate of the cells and reduces the
change in pH that occurs during growth, All of these effects are
dependent on the concentration of glucose added to the medium, Rithin
the concentration range tested, all of these effects increase as glucoss
concentration increases {(Figure 26).

3.2. Pructose: The addition of fructose to the growth medium has
an effect similar to glucose. In the presence of 86 mM fructose, with
pH controlled at 6.2, the cell yield is increased 2 fold and the growth
rate is decreased to 0.029h - (Figure 27).

3.3, Galactose: Galactose produced quite different results to
glucose and fructose when added to ALM at 86 mM with the pH controlled

at 6.2. it decreased the growth rate (f» to 0.023h-l, a lower rate of
growth than that produced by the presence of the other sugars but did not
increase cell yield. In the presence of galactose the cell density is
reduced to 34% of the value obtained in the absence of galactose (Figure

28) .

N




Figure 26.

Growth of D, discoideum Ax2 in AIM and ALMg pHG6.2

at different glucose concentrations.

D. digcoideum Ax2 was grown in ALM pH6.2 at different glucose

concentrations.

The inoculum for the ALM culture was drown through 2

passagesof AIM pH6.2 whereas the inoculum for the glucose supplemented

cultures was grown through 2 passages of AIM + 86 mM glucose, at pH6.2.

In both cases the initial cell density was 5x10% cells/ml.

Samples were taken at intervals to estimate pH and cell density as

described in methods 6 and 7.

® :AIM

O :AIM + 17.2 mM Glucose

O :AlM 43 wM Glucose

- tAIM + 86 mM Glucose

ALM AIM + 17.2 mM ALM + 43 mM ALM + 86 mM
Glucose Glucose Glucose
cell density  2.8x10° 5.1x108 7.8x10% 1.2x107
growth rate
1y 0.039 0.035 0.035 0.029
pH at the
end of growth 7.4 7.4 7.2 7.0
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Figure 27. Growth of D, discoideum Ax2 in AIM and ALMf, ;ctose

with pH maintained at 6,2.

D. digcoideum Ax2 was grown in ALM and AIM fructose prepared at pH6.2,
uging inocula grown through 2 passages of equivalent media at pH6.2 and
inoculated to give an initial cell density of 5x104 cells/ml. PH

was maintained as described in methods 7.3. Samples were taken at

intervals to estimate pH and c¢ell density {(methods 6 and 7).

@®: ALM

QO : AlMg yoctose (AIM + 86 mM fructose).

ALM AlMfrnotose

cell density 6x10% 1.4x107

growth rate
th~1) 0.037 0.029
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Figure 28. Growth of D. discoideum Ax2 in AIM and AlMgalactose

with pH maintained at 6.2.

D. discoideum AX2 was grown in AIM and AlMgalactose Prepared at pH 6.2,
uzing inocula grown through 2 passades of equivalent media and inoculated
to give an initial cell density of 5x104 cells/mil. pH was maintained
at 6.2 (methods 7.3). Samples were taken at intervals to estimate pH

and cell density as described in methods 6 and 7.

& : ALM

O : AlMgajactose (ALM + 86 mM galactose)

ALM Amgalactose

cell density 5.8x10° 2x106

growth rate
Ly 0.037 0.023
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4, Influence of pyruvate on growth in ALM.

The addition of pyruvate to the growth medium slightly increased
the cell yield, In the presence of 20 mM pyruvate, with pH maintained

at 6.2, the cell density at the end of growth was 25% higher than the

control. Pyruvate, however, slightly reduced the growth rate (u) to

0.032n" % (Figure 29).

5. Ammonia estimation during growth.

The concentration of ammonia in growing cultures were estimated

using samples taken from the cultures that had been grown at constant pil il

values. In all cases the concentration of ammonia in the cultures

increased with growth. P
By the end of growth in ALM at different pH values, the amount of
ammonia produced varied with pH. Ammonia concentrations at stationary %

phase were 20, 19, 17.5 and 14 mM at pH valueg of 6.0, 6.2 6.5 and 6.7

respaectively (Table 4). When this data wag rationalised to a common
¢cell density value of 6 x 106 cells/ml the concentration of ammonia was
17.6 + 0.34 aM (Table 4). A similar flask allowed to grow on ALM in the
absence of pH contrel from an initial pH value of 6.2 to a final value of
7.4, produced 8,0 mM ammonia in achieving a cell density of 2.8 x l()6
cells/ml {Figure 30, Table 5). When converted to a cell density of 6 x
106 cells/ml, this is equivalent to an ammonia concentration of 17,1

mM. Ammonia production was reduced with the increase in glucose
concentration added in ALM under the same conditions and only 8.0 mM
ammonia was produced at an equivalent cell density of 6 x 1O6 cells/ml
at 86 mM glucose added in the medium (Figure 30, Table 5).

The presence of either glucose or fructose in the medium reduced

the amount of ammonia produced. At a cell density of 6 x 106 cells/ml




Figure 29: Growth of D. discoideum Ax2 in ALM and

ALMpyryvate With pH maintained at 6.2.

.

D. discoideum Ax2 was grown in ALM and ALMpymvate prepared at pH6.2,
using inocula grown through 2 passages of equivalent media and incculated
to give an initial cell density of 5 x 104 cells/ml. pR was maintained

at 6.2 (methods 7.3). Samples were taken at intervals to estimate pH and

cell density as described in methods 6 and 7.

® s ALM

O : AlMpyruvate (ALM + 20 mM pyruvate)

ALM ALMpyruvate

cell density 5.6x10° %106

~growth rate
- el 0.037 0.032
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Table 4: Ammonia production during the growth,

at fixed pH, of D. discoideum Ax2 in

supplementaed ALM.

Samples were taken during the growth of D. discoideum Ax2 in AIM with
supplements added and pH maintained at fixed values as described in
growth experiments shown in Figures 22, 23, 24, 25, 27, 28 and 29.

After HCl treatment and centrifugation (methods 9.4.2.), the samples were
stored at -20°C. ammonia assays were carried out using the
phenol/hypochlorite method (methods 1l.1.1.1,) and ammonia <¢oncentration
plotted against time (see Figure 31}, Ammonia production at the end of
growth was determined from the graph and the concentration at a cell
density of 6x10% cells/ml calculated.

Samples from the experiment described in Figure 24 were also assaved for

ammonia by the enzymic method described in methods 11.1.2.
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Culture pH Supplement Final cell  Ammonia Ammonia
concentration  density concentration concentration

{cells/ml) at the end of at 6x10°

growth {mM) cells/ml
ALM 6.0 - 6.8x106 20.0 17.6
ALM 6.2 - 6.6%106 19.0 17,2

19.0 * 17.2 *
ALM 6.5 - 6.0x10% 17.5 17.5
AIM 6.7 - 4.8x10% 14.0 17.5
ALM 6.2 6.0x10° 18.1 18.1
ATM 6.2 5,8x106 17.0 17.5%
ALM 6.2 5.6x106 16.5 17.7
ALM 6.0 glucose (86 mM) 1.5x107 22.0 8.8
ALM 6.2 glucose (86 mM) 1.5x107 21.0 8.4

"

20.0 8.0 *
ALM 6.5 glucose (86 mM) 1.4x107 20.0 8.5
ALM 6.7 glucose (86 mM) 1.3x107 19.0 8.8
ALM 6.2 fructose (86 mM) 1.4x107 19.0 8.1
ALM 6.2 galactose (86 mM) 2.0x100 6.0 18.0
ALM 6.2 pyruvate (20mM) 7.0x10g 16.5 14.1

* - assay by enzymic method




Figure 30: pmmonia production during the growth of

D. discoideum Ax2 in ALM pH6.2 at different

concentrations of glucose.

Samples were taken during the growth of D. discoideum Ax2 in ALM pH6, 2,
at different glucose concentrations (growth experiment Pigure 26}.
Bfter HCl treatment and centrifugation (methods 9.4.2.1.},

the samples were stored at -20°C. Aammonia assays were carried out,

using the phenol/hypochlorite method as described in methods 11.1.1.1l1.

: AlLM
tALM + 17.2 mM gluccse

+AIM + 43 mM glucose

> m O ©

s ALM 86 mM glucose
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Figure 31: Ammonia production during the growth of

D, discoideum Ax2 in ALM and AlMr,ctose

with pH maintained at 6.2.

Samples were taken during the growth of D. discoideum Ax2 in AIM and
AlM¢ryctose With pH maintained at 6.2 as shown in Figure 27.  aAfter
HCl treatment and centrifugation (methods 9.4.2.1l.), the samples were
stored at -20°cC. Ammonia assays were carried out, using the

phenol/hypochlorite method as described in methods 11.1.1.1.

®: ALM

O : AlMgryctose
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Table 5: ammonia production during the growth of

D. discoideum Ax2 in ALM pH6.2 at different

concentrations of glucose.

Samples were taken during the growth of D. discoideum Ax2 in ALM pil6.2 at
different glucose concentations (growth experiment Pigure 26). After
HCL treatment and centrifugation (methods 9.4.2.1.), the samples were
stored at -20°C, Ammonia assays were carried out using the
phenol/hypochlorite method as described in methods 1l.l.1l.l1. and ammonia
concentration plotted against time. The concentration of ammenia at the
end of growth was determined from this graph and concentration

corresponding to a cell denisty of 62100 cells/ml calculated.
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Supplement Final cell Ammonia Ammonia
concentration . density concentration production
(cells/ml) at the end at 6x100
of growth{mm) cells/ml
ALM pH6.2 - 2.8x105 8.0 17.1
ALM pHG6.2 glucose (17.2 mM) 5.1x106 12.8 14,7
ALM pH6.2  glucose (43 m) 7.8x106 14.0 11.5

ALM PHG.2 glucose (86 mM) 1.'2x].(§ 16.0 8.0
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the concentration of ammonia in the glucose containing media was 8.6 +
0.17 mM and in the presence of fructose, at pH6.2, was B.1 mM

{Table 4). By the end of growth in the presence of these two sugars the
ammonia concentration had increaged to 20.5 + 1.2 wM and 19 mM
respectively (Table 4),

Because the assay being used to measure ammonia appeared to be
influenced by the composition of the samples (see methods 11.1.1,2)
independent measurements of ammonia were carried out, on samples from the
experiment shown in Figure 24, using an enzymic assay. Hssentially the
same resulls were obtained using this nmethod (Table 4).

Galactose present in the medium had little effect on ammonia
production. After growth, in the presence of galactose, which only
reached a density of 2 x 106 cells/ml (Figure 28) the concentration of
ammonia was 6 mM. When the data was rationalised to a density of
6 x 106 cells/ml, the concentration of ammonia produced was 18 mM and
is close to the amount of ammonia produced by the contrel (Table 4).

Pyruvate added in the medium slightly reduced ammonia production,
At maximum cell density, in the absence of pyruvate (5.6xlOG cells/ml)
16.5 mM ammonia was produced which is equivalent to an ammonia
concentration of 17.7 mM when converted to a cell density of 6 x 106
cells/ml. Whereas at an equivalent cell density(é x 106 cells/ml), in
the presence of pyruvate l4.1 nM ammonia was produced (Table 4).

In all growth experiments, whether in the presence of
carbohydrate/pyruvate or not, ammonia production continued after the end
of growth. As far as c¢an be estimated the rate of ammonia production
was fixed at the same rate as the maximum rate achieved by
logarithmically growing cultures. A concentration of 30 mM was measured

in an ALM culture after it had been in stationary phase for 35 h.
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6. Changes in amino acid concentrations in the

medium during the growth of D. discoideum Ax2.

Measurements of amino acid concentrations in samples taken during

the growtir of D. discoideum Ax2 in ALM and ALMg pH6.2 did not show much
change in either medium (Table 6, 7). Since ammonia production must be

generated from some medium source, it is surprising that the amino acid

content does not decline with growth. It appears however that, if
anything, the concentration of amino acid in¢reased,. This is probably

not a real effect but due to evaporation of liguid from the media with

growth.
Based on the concentration of amino acid when cells reach a density

of 106 cells/ml in both media, there is no change in amino acid

concentration during growth until cells are harvested for analyses in

washed cell suspensions.




Table 63 Changes in amino acid concentration {mM) during

the growth of D. discoideum Ax2 in ALM pH6.2.

Samples were taken during the growth of D, discoideum Ax2 in ALM pH6.2
{experiment Pigure 24) and stored at ~209C after centrifugation
(methods 9.4.1.). Samples at inoculation (o time, culture density
5x10% cells/ml), 94 h (culture density 1.3 x 108 cells/ml) and at the
end of growth (165 h, culture density 6.6 x lO6 cells/ml) were used for
amino acid analysis, using an LKB 4400 amino acid analyser as described
in methods 11.5.1. A1l other samples, taken during growth, were also
analysed and gave similar amino acid concentration but the data from

these analyses are not shown.



Anino Acid Concentration {(mM)
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Amino Acids o time 94 h 165 h
Alanine 15.60 15.38 15.54
Arginine 6.13 G.41 6.42
Aspartate 8,02 7.80 7.89
Glutamate i3.83 14.05 14.38
Glycine 36.97 38.60 40.22
Histidine 1.72 1.69 1.6%
Isoleucine 2.47 2.58 2,73
Leucine 5.53 5.30 5.24
Lysine 5.40 5.51 5.43
Methionine 3,08 1.06 1.02
Phenylalanine 2.54 2.51 2.54
Serine 6.37 6.18 6.08
Threonine 3,51 3.49 .52
TYrosine 0.87 Q.82 0.87
Valine 4.07 3.96 4.03




Table 7: Changes in amino acid concentrations (mM)

during the growth of D. discoideum Ax2 in

AlMg pHE.2.

Samples were taken during the growth of D. digcoideum AxZ in ALMg

pH6.72, (experiment Figure 24) and stored at -20°C after centrifugation
(methods 9.4,1.). Samplez at incculation {o time, culture density

5x10% cells/ml), 130 h (culture density 1.2 x 10° cells/ml) and at

the end of growth (268 h, culture density 1.5 x 107 cells/ml) were used
for amino acid analysis using an LKB4400 amino acid analyser as described
in methods 11.5.1.

Analyses on other samples were also carried out but data is not shown.




Anino Acid Concentration (mM)

1046.

Amino Acids O time 130 b 268 h

Alanine 16.22 is.27 17.51
Arginine 5.77 6.39 6.36
Aspartate 8.04 9,75 8.93
Glutamate 14.20 13.83 15,34
Glycine 40.54 46,26 43.51
Histidine 1.06 1.1) 0.87
Isoleucine 2.90 3.01 2.76
Leucine 5,59 5.96 5.44
Lysine 6.02 5.95 4,11
Methionine .84 0.92 0.63
Phenylalanine 2.62 3.00 2,72
Serine 5.71 6,55 5.88
Threonine 3.40 4.19 3.46
Tyr o8 ine 0.89 1.04 0.93
Valine 5.77 6.39 6.36
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7. Washed cell experiments
7.1, ALM cells,

AIM is a complex medium and a numbher of changes take place
simul taneously with growth. To simplify the study of the rate of amino
acid metabolism, cell suspensions prepared in 7.19 mM phosphate buffer
(phosphate concentration in ALM) pH6.2, after growing the cells in bulk
under defined conditions, were used to assess the rate of amino acid
metabolism. Ammonia production was initially used as an indication of
ne tabolism.

The production of ammonia in these cell suspensions, in the absence
of extracellular nutrients, was proportional to both the time of
incubation (Figure 32a} and to the cell density (Figure 32b). Linear ity
of ammonia production with time was also found when ammonia production

was stimulated by adding ALM to the cell suspensions (Figure 33).

7.1.1, Bffect of ALM and individual amino acids

on anmmonia production.

The amount of ammonia produced by the cells in washed cell

suspension in phosphate buffer (endogenous rate) was stimulated by the

addition of ALM to the incubation.

The cells' endogenous rate of ammonia production was 8.0

nmol/min/mg protein - » in phosphate buffer and this was increased to
56 nmol/min/mg protein [ . when ALM was added to the cell suspension
(Table 8).

Individual amino acids added to the cell suspensions alsgo
stimulated ammonia production. Addition of arginine, lysine, tyrosine
and threonine stimulated the production of ammonia , in particular
{Table 8).

Amino acids which stimulated ammonia production were selected for

more detailed examination. Glutamic acid was also examined further.




Figure 32: Effect of incubation time and cell density on

the endogenous producticn of ammonia by washed

cell suspensions of D. discoideum Ax2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 10.l. from the cells grown in AIM at pH6.2, The suspension
was diluted in 7.19 mM phosphate buffer pH6.2 to the densities shown and
incubated with shaking at 23°9C (methods 10.2.1.1.). Samples were

taken at intervals for ammonia estimation during the incubation and
stored at ~209C after HCL treatment and centrifugation (methods
10.2.2.).

Anmonia was estimated by the phencl/hypochlorite method as described in

metheds 1Ll.1.1.1. {(Figure 32-a)

® :2 x 107 cells/ml
O .1 x 107 cells/ml
O :5 x 10° cells/ml

W1 x 10% celis/ml

The rate of ammonia production at each cell density was assessed from the
gradient of the lines on graph {a) and plotted against cell density

(Figure 32-hb).
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Figure 33: Effect of ALM on the rate of ammonia

production by washed cell suspensions

of D. discoideum Ax2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 10.1, after growth in ALM pH6.2. Cells were incubated at
107 cells/ml in 7.19 mM phosphate buffer pH6.2 and in ALM pH6.2

(methods 10.2.1.}. Samples were taken at interwvals and after HC1
treatment and centrifugation stored at -20°C (methods 10.2.2.).

Ammonia assays were carried cut, using the phenol/hypochlorite method as

described in methods 1l.1l.1l.1

® :ALM

O : phosphate buffer
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Table 8: Rate of ammonia production by washed cell

suspension of D. discoideum Ax2, grown in

ALM, in the presence of individual amino acids.

A washed cell suspension of D. discoideum Ax2 was prepared, as

described in methods 10.1. from cells grown in ALM at piH6.2, The
suspension was incubated, in 7,19 mM phosphate buffer pH6.2 with
individual amino acids added to 5 mM. Samples were taken at intervals
during the 100 min incubation and after HCl treatment and centrifugation,
stored at -200¢ {methods 10.2.2.). Ammonia was estimated using the
phenol/hypochlorite method as described in methods 11.1.1,1.

For each amino acid, the concentration of ammonia in the samples was
graphed against time and the slope used to estimate the rate of ammonia

production.

The results shown are the means of three independent experiments.




Rate of ammonia production

AMINO ACID (nmol/min/mg protein)
alanine 8.2
aspartic acid 11
arginine 19
glutamic acid 11
glycine 12.6
histidine 13.7
hydroxyproline 8
isoleucine 10.4
leucine 10
lysine 15
methionine 8
proline 1l.5
phenyialanine i3.4
serine 13
threonine 15
tyrosine 14
valine 8.2
buffer 8
ATM 56

110.
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7.1.2. Influence of amino acid concentration on

amnonia production,

The rate of ammonia production increased above the endogencus
level, as the concentration of the amino acid added to the cell
suspension was increased. There was, however no single pattern that
related changes in ammonia production to concentration for each of the
amino acids studied.

Wwith each amino acid, and at all concentrations examined, the rate
of ammonia production was linear with time and the individual points on
Figure 34 represent rates of ammonia production measured over a period of
100 min.

In general, the rate of production of ammonia increased with
concentration up to 10 mM. Further increase in concentration above 10
mM had lesser and more varilable effects on rate of ammonia production,
With two of the amino acids examined, tyrosine and arginine, there was a
further increase in rate of ammonia formation. With other amino acigds,
ammonia production was constant,

As a result of these studies, 5mM was chosen as a standard
concentration for further examination since it provided a clearly marked
increase in ammonia production without oversaturating the system and as a
consequence, masking any influence of experimentally made changes on
utilization of amino acids or on ammonia production, The single
exception to this pattern of ammonia production was lysine which provided
almost maximal ammonia release at 1 mM. Nevertheless 5 mm was also
selected as a suitable concentrations for further study of lysine
metabolism since it was considered sensible to maintain the same molar
concentration of all the amino acids until more information was available
on their utilization.

Al) subsequent experiments on ammonia production in the presence of

amino acids were carried out at an amino acid concentration of 5 mM.




Figure 34: Effect of amino acid concentration on the

rate of ammonia production by washed cell

suspensions of D. discoideum Ax2 in the

presence of individual amino acids.

A washed cell suspension of D. digcoideum Ax2 was prepared, as

described in methods 10.1l, after growth in ALM pHE,2. Cells were
incubated at a density of 10’ cells/ml for 100 min. in 7.19 mM

phosphate buffer pH6.2 with individual amino acids added at different
concentrations. Samples were taken at intetvals over 100 mins., ammonia
estimated (methods 11,1.1.1.) and the rate of ammonia producticn assessed

using the slope of the graph of ammonia concentration against time for

each condition.

glutamic acid
: tyrosine
1 arginine

1 lysine

¢ & o o P

t threonine
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7.1.3. Effect of nitrogen free metabolites on the rate

of ammenia production by cell suspensions.

7.1.3.1. Effect of glucose: in both the presence and the absence of

an exogenous nitrogen source, the rate of ammonia production was reduced
by glucose (Tahle 9).

In the pregsence of ALM as an exogenous nitrogen source, the cells
produced 53 nmol NH3/min/mg protein. This rate of ammonia production
was reduced to 26 nmol/min/mg protein when 86 mM glucose was added with
ATM, 8imilarly, glucose reduced the endogenous rate of ammonia
production from 9nmol/min/mg protein to 4.7 nmol/min/mg protein when
added to a cell suspension in the absence of any exogenous nitrogen

sSourgce.

F.1.3.2. Influence of other metabolites.

A range of metabolites, in addition to glucose were added to cell
suspensions in both the presence and absence of exXogencus sources of
amnmonia. To accentuate the effect produced, 86 mM concentrations of
metabolites were provided when exogenous nutrients were present to
stimulate ammonia production, In the absence of exogenous ammnonia
sources, only 20 mM was provided as an additive to ensure that the rate
of ammonia production was not too low for reasonable measué?ents. The
results shown in Table 10a and b indicate that the influence of
metabolites was different if ammonia production was dependent on
exogenous or endogenous nitrogen sources.

In the presence of ALM as an exogenous nitrogen source, the
addition of glucose and trehalose reduced ammonia production to 50 and
52% respectively of the control value. The presence of the analogous
compounds maltose and glycerol had a lesser effect, reducing ammonia

production to only 68% of the control. The addition of the carboxylic




Table 9: Effect of glucose on the rate of ammonia

production by washed cell suspensions of

D. discoideum Ax2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 9.1. after growth in ALM pH6.2. The suspension, diluted to a
density of 107 cells/ml in 7.19 mM phosphate buffer pH6.2, was

incubated in the presence (86 mM) and absence of glucose (method 10,2,1,).
Samples were taken at intervals during the 100 min. incubation and, after
HC1l treatment and centrifugation, stored at -20°C (methods 10,2.2.}.
Ammonia was estimated using the phencl/hypochlorite method as described
in methods 11.1.l.1. and concentration plotted against time. Gradient

of the line was used to calculate the rate of ammonia productian.

The results are the mean of the three separate experiments.
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AMMONIA PRODUCTION
nmol/min/mg protein

ALM 53
ALM + glucose 26
buffer 9

buffer + glucose 4.7

g/



Table lOa: Effect of metabolites on the ALM stimulated rate

of ammonia preduction by washed cell suspensionsg

of D. discoideum Ax2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.1l. from cells grown in ALM at pH6.2, The
suspension (107 cells/ml) was incubated, as described in methods
10.2.1., in ALM pH6.2, in 7.19 mM phosphate buffer pH6.2 and in ALM with
metabolites added at 86 mM,

Samples were taken at intervals during the 100 min. incubation and after
HCl treatment and centrifugation, stored at -20°C (methods 10.2.2.).
Ammonia was estimated using the phenol/hypochlorite method as

described in methods 11,1.1.1 and the rate of ammonia production
calculated from the slope of the graph of ammonia concentration against

time.

The results shown are the mean of three independent experiments,
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Rate of ammonla production

CONTENTS {(nmol/min/mg protein) $ of ALM
AIM 56 100
buffer 1o 18
AIM + glucose 28 50
AIM + maltose 38 68
AIM + glycerol 34 68
AIM + trehalose 29 - 52
AIM + malate 20 36
AIM + pyruvate LB 32
AIM + 2Z-oxoglutarate i5 27




Table 10b: Effect of metabolites on the endogenous rate

of ammonia production by washed cell suspensions

of D. discoideum Ax2,

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 10.1. from the cells grown in ALM at pH6.2. The suspension
(107 cells/ml) was incubated, as described in methods 10.2.1. in 7.19

mM phosphate buffer pH6.2 with metabolites added at 20 mM. An
incubation in ALM was also included.

Samples were taken at intervals during the 100 min. incubation and, after
HCl treatment and centrifugation, stored at -20°C {(methods 10.2.2.)
ammonia was estimated using the phencol/hypochlicrite method as described
in method 11.1.1.1. and the rate of amnonia production calculated from

the slope of the graph of ammonia concentration against time.

The results are the means of three separate experiments.
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Rate of ammonia production % of buffer

CONTEN'TS {nmol/min/mg protein)

ALM 54 540
buffer 10 100
buffer + glucose 5 50
buffer 4 maltoge 5.4 54
buffer + glycerol 5.2 52
buffer + trehalose 5 50
buffer -+ malate 5.4 54
puffer + pyruvate 5.2 52
buffer + 5.0 50

2-oxoglutarate
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acids, malate, pyruvate and 2-oxoglutarate all reduced ammonia production
to 36 - 27% of the control value.

In the abhsence of an exogenous nitrogen source, all the compounds
added to cell suspensions at 20 mM depressed ammonia production by about
50%. These latter values were subject to some erroy because of the low
rate of ammonia production being measured.

Since all of these compounds influence ammonia production when ALM
was added, as an exogenous nitrogen source, similar experiments were
carried out using individual amino acids and the results shown in
Table 11 were obtained. However it isg difficult, due to the small
changes in ammonia production being measured to place any quantitative
significance on the results.

In summary, it would appear that, despite the effort, the only
conclusion that can be made was that the pregence of the metabolites

reduce the extent to which exogenous amino aclds could gtimulate ammonia

production.

T.2. ALM cells.
"

‘the production of ammonia from cell suspensions prepared from
ALMg cells (cells grown in ALM in the presence of 86 mM glucose), was
similar to that obtained from cells yrown in the absence of glucose.
Ammonia production was propertional to both the time of incubation
(Figure 35a) and the cell density (Figure 35hb).

Linearity of ammonia production with time was also observed, when

the rate of ammonia production wag increased by adding nutrients such as

AIM to the cell suspension (Figure 36).

7.2.1. Bffect of ALM and individual amino acids.

Cells grown in the presence of glucose, produced only 4.2 nmol

ammonia/min/mg protein and was increased to 22 nmol/min/mg potein with

20 R go




Table 11: Effect of metabolites on the rate of ammonia

production stimulated by amino acids, in

cell suspensions of D. discoideum Ax2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 10.l. from cells grown in ALM pH6.2. The suspension was
incubated, as described in metheds 10.2.1. in 7.19 mM phosphate buffer
PH6.2 with an amino acid at 5 mM and metabolites at 20 mM.

Samples were taken at intervals during the 100 min incubation and after

HC1l treatment and centrifugation, stored at —20°C (methods 10.2.2.}.

Ammonia was estimated using the phenol/hypochlorite method as described
in methods 11.1.1.1. Ammonia concentration was plotted against time and
the slope of the line used to c¢alculate the rate of ammonia production.
For each amino acid, the rate of ammonia production in the presence of
amino acids, but no other additive, was taken as 100% and other values in

the presence of additives calculated as .% of this wvalue.
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Relative rate of ammonia production from added
amino acids by ALM washed cell suspensions’

glutamic
ADDITIONS bufferx arginine acid lysine threonine tyrosine
None 100 100 100 100 100 100
glucose 50 81 59 72 63 72
maltose 35 86 7 78 65 71
trehalose 50 . 81 58 T4 60 76
glycercol 53 86 61 78 78 79
malate 52 75 61 65 58 65
pyruvate 51 73 57 63 57 61
2~0X0 i

glutarate 50 70 54 63 59 59




Figure 35: Effect of incubation time and cell density

on the endogenous production of ammonia

by washed cell suspensions of D. discoideum Ax2

after growth in ALMQ pH6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in methods 10.,1l. from cells grown in AlMy at pH6.2. The suspension was
diluted in 7.19 mM phosphate buffer pH6.2 to the densities shown and
incubated with shaking at 23°C as described in methods 10.2.1.

Samples were taken at intervals for ammonia estimation during the
incubation and stored at -209C after HCL treatment and centrifugation
(methods 10.2.2.}. Ammonia was estimated by the phenol/hypochlorite

method as described in methods 11.1.1.1. (Figure 35a).

O 2 x 107 cells/ml
+ 1 x 107 cells/ml
A 5 x 1¢® cells/ml

® -1 x 10° celig/ml

The rate of ammonia producticon at each cell density was assessed from the
gradient of the lines on graph {(a) and plotted against cell density

(Figure 35b).




119.

r
<
(it

1.00r
0.75F
0.25F

o
(Tw/ Touny)

UOCTIeAJU2DV00 BTUIOWWY

120

60 90

TIME (min}

30

-

_,_‘-«—""‘.

€. —

)
= i
o~
B N
< o

(1w /v Tour)

uotaronpoad

15 20

10
CELL DENSITY (x 10%)

wy

BTUOWWE JO 238y




Figure 36: Bffect of ALM on the rate of ammonia production

by washed cell suspensions of D. discoideum Ax2

after growth in ALMq pH6.2.

A washed cell suspensicn of D. discoideum Ax2 was prepared as

described in methods 10.1. Cells were incubated at 107 cells/ml in
7.19 mM phosphate buffer and in AIM pH6.2 with shaking at 23°C as
described in methods 10,2.1. Samples were taken at intervals, for
ammonia estimation, during the incubation and stored at -20°C after HCl
treatment and centrifugation {(methods 10.2.2.). Ammonia was estimated

by the phenol/hypochlorite method as described in methods 11.1.1.1.

@®: ALM

© : phosphate buffer
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the addition of AIM to the cell suspension (Table 12). This compares
with values of 9 nmol/min/mg protein and 53 nmol/min/mg protein
respectively for ALM cells (Table 9). Individual amino acids, selected
from the experiments carried out uszing ALM cells, also stimulated the
rate of ammonia production by ALMg cells. As with AIM cells, the
stimulation of ammonia production was greater when arginine and lysine
were added, although stimulation was also ohserved with threonine,
glutamic acid and tyrosine {Table 12). In all cases the rates of
production of ammonia were lower than those obtained from equivalent

experiments using <¢ells grown in the absence of glucose

7.2.2. Effect of nitrogen free metabolites on the rate of ammonia

production by ALMg cell suspension.

72.2.1. Bffect of glucose: Glucose {86 mM) added to the c¢ell

suspension reduced the endogencus rate of ammonia production from 4,2
nmnol/min/mg protein to 2.0 nmol/min/mg protein, In the presence of AIM,
cells produced 2% nmol ammeonia/min/mg protein which was reduced to 9.8
nmol/min/mg protein by adding 86 mM glucose to the cell suspension
(Table 13}).

Overall, glucose had a similar effect on the rate of ammonia

production when added to AIM or ALMg cells.

7e2.2.24 Influence of other metabolites.

Metabolites, other than glucose, also reduced ammonia production by
ALMg cells. The endogenous rate of ammonia production was reduced by
all the metabolites at 20 mM to 51 = 56% of the control value (Table 14},

A% with AIM cells, an attempt was made to look at the influence of
additives on the ability of exogenous amino acids to stimulate ammonia
production by the cells. Inhibition of stimulation was obtained in all

cases but quantitatively it is dQifficult to draw a firm conclusion

because of the small changes in ammonia production (Table 15).




Table 12: Effect of individual amino acids on the rate

of ammonia production by washed cell suspensions

of D. discoideum Ax2 grown in ALMy pHG. 2.

A washed cell suspension of D. discoideum Ax2 was prepared as described
in metheds 10.1. from cells grown in ALMy PE6. 2. The suspension was
incubated in 7.1% mM phosphate buffer pH6.2, with individual amino acids
added at 5 mM {methods 10.2.1).

Samples were taken at intervals for ammonia estimation during the 100
min. incubation and stored at -20°C after HCl treatment and
centrifugation {methods 10.2.2.}. Ammonia was estimated by the
phenol/hypochlorite method as described in methods 11.1.1.1. and its
concentration graphed against time to allow assessment of the rate of

ammonia production.

The results shown are the means of three separate experiments.




Amino Acid

Rate of NH3 proeduction
nmol/min/mg protein

arginine
glutamic acid
lysine
threonine
tyrosine
butfer

AIM

1o

4.5

10

7.5

122.




Table 13: Effect of gluccse on the rate of ammonia

production by washed cell suspensions of

D. discoideum Ax2 grown in ALMg pH6, 2,

A washed cell suspension of D. discoideum Ax2 was prepared, as described
in methods 10,1, after growth in ALM, pH6.2. The suspension diluted to
a density of 107 cells/mi in 7.19 mM phosphate buffer was incubated
{maetheds 10.2,1.} in the presence (86 mM) and absence of glucose.

Samples were taken at intervals for ammonia estimation during the 10O nin.
incubation and stored at -209°C after HCl treatment and centrifugation
{methods 10.2,2,). Ammonia was estimated by the phenol/hypochlorite
method as described in methods 11.1.1.1. and its concentration graphed

against time to allow assessment of the rate of ammonia production.

The results shown are the means of three independent experiments.




Ammmonia production
nmel/min/myg protein

ALM
ALM 4 glucose
buffer

buffer + glucose

22

9.8

4.2

2.0

125.




Table l4: Effect of metabolites on the endogenous rate of

ammonia production by washed cell suspensions of

D. discoideum Ax2 grown in ALMg pHE.2.

A washed cell suspension of D. discoideum Ax2 was prepared, as
described in methods 10.l. from cells grown in ALM, pHE. 2. The
suspension was incubated (methods 10.2.1.) in 7.19 mM phosphate buffer
with metabolites added at 20 mM. An incubation in ALM was also
carried out.

Samples were taken at intervals for ammonia estimation during the

100 min. incubation and stored at -20°0C after HC1l treatment and
centrifugation {methods 10.2.,2.), ammonia was estimated using the
phenol/hypochlorite method as described in methods 11.1,1,1. and its
concentration graphed against time to allow assessment of the rate of

ammonia production.

The results shown are the means of three separate experiments.
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Rate of ammonia production % of Buffer

CONTENTS nmol/min/mg protein

ATM 22 565

buffer 3.9 100

buffer 4 glucose 2.0 51

buffer + maltese 2.1 54

buffer + gliycercl 2.2 56

butfer 4 trehalose 2.0 51 5
buffer + malate 2.1 54 ~f
buffer + pyruvate 2.2 56 :
buffer +

2=-oxoglutarate 2 51

Caen e Sl




Table 15: Effect of metabolites on the rate of ammonia

production stimulated by amino acids, in

cell suspensions of D. discoideum Ax2

grown in ALM, pHG.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.l., from the cells grown in ALMg at pH6.2, The
suspension was incubated, as described in methods 10.2.1. in 7.19 mM
phosphate buffer pH6,2 with an amino acid at 5 mM and

metabolites at 20 mM,

Samples were taken at intervals during the 100 min. incubation and,
.after HCl treatment and centrifugation stored at ~-20°C (methads
10.2.2,).

Ammonia was estimated using the phenol/hypochlorite method as

described in methods 11.1.1.1. Ammonia concentration was plotted
against time and the slope of the line used to calculate the rate of
ammonia production. Congidering 100% rate of ammonia production when no
metabollite was added as a control, other values were calculated as % age

of the control.
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Relative rate of ammonia production frxom
‘zdded amine acids by ALMg washed c21l suspensions

glutamic
ADDITIONS buffer arginine acid lysine threonine tyrosine
Kone 10C 100 100 100 100 100
glucose 52 85 64 77 72 75
maltose 57 90 71 78 67 77
trenalose 54 86 62 78 69 78
glycerol 68 89 65 82 79 79
malate 57 73 63 68 72 77
pyruvate 62 68 65 75 73 62

2-0X0O
glutarate 60 67 69 72 69 67
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B. Oxygen uptake by D. discoideum Ax2 cells.,
g8.1.1, Bffect ©of ALM on the rate of oxygen uptake

by washed cell suspensions.

Cells, harvested from logarithwic growth in AIM and resuspended in
7.19 mM phosphate buffer, metabolise endogencus reserves and dgenerate a
rate of oxygen uptake of 84 nmol/min/mg protein, The addition to the
cell suspension, of a complete mixture of nutrients in the form of AIM
and so producing conditions identical to growing cells, stimulated the
oxygen uptake of the cells by 75% to 147 nmol/min/mg protein (Table 16) .

The addition of higher concentrations of AIM, reduced the rate of
respiration of the cells. In the presence af four times the normal
value for AIM concentration, resplration was reduced to a rake less than

that generated endoyenously (Table 16).

8.2, Influence of amino acids and other metabolites

on_the rate of oxygen uptake by cells grown in AIM.

Those amino acids which had been observed to stimulate ammonia
production were examined for their ability to influence oxygen uptake by
the cell suspensions. No individonal amino acid, added at 5 mM, produced
a large effect on the rate of oxygen uptake. The addition'of glutamic
acid, produced the maximum stimulation and increased oxygen uptake by J1%
(Table 17).

The amine acids, arginine and lysine, which gave the 1argést
increase in ammonia production by washed cell suspensions (Table 8) were
considered in more detail, although neither stimulated the oxygen uptake
rate by more than 9% (Table 17). With these amino acids, those
compounds, whose influence on the amino acid induced stimulation of
ammonia production had been measured, were also examined. Little change

was produced by the addition of guch compounds to the respiring




Table 161 Effect of ALM on the rate of oxygen uptake by

washed cell suspensions of D. discoideum Ax2

after growth in ALM pH6.2.

A washed cell suspension of D, discoideum Ax2 was prepared as
described in methods 10.1. after growth in AIM pH6.2. and resuspended to
107 cells/ml in 7.19 nM phosphate buffer pHG6.2. Oxygen uptake by cell

suspensions was estimated (methods 10.3.2.) at different concentrations

of ALM pHG, 2,
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Rate of Qp uptake :
nmol/min/myg protein :

buffer 84
ATM 147
AIM (X2 concn,.) 131

AIM (X4 concn.) 75




Table 17: Effect of individual amino acids on the rate

of oxygen uptake by washed cell suspensions

of D. discoideum Ax2 after growth in ALM

pHE6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.1. after growth in ALM pH6.2 and resuspended to
107 cells/ml in 7.19 mM phosphate buffer pH6.2. Oxygen uptake was
estimated, as described in methods 10.3.2. with individual amino acids,
added at 5 nM, to the cell suspension. The basal rate of oxygen uptake

was measured for 5 min before addition of the amino acid,




Rate of O uptake
nmol/min/mg protein

ALM

buffer
buffer
buffer
buffexr
buffer

buffer

+ arginine

+ lysine

+ glutamic acid
4+ threcnine

+ tyrosine

156

89

97

94

99

90

93

128.
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cells, either in the presence or absence of the amino acid (Table
18 a,b,c). In some cases the rate of respiration was greater in the

presence of these compounds alone than that in the presence of these

compounds and the amino acids (Table 1B i??"

At no time, 4id the addition of aminc acid, at 5 mM, or of a second

compound at 20 mM, with an amino acid cause a reduction in the rate of

respiration.

8.3. Oxygen uptake by ALMH cellsg.

Measurements of oxygen uptake by washed cell suspensions prepared
from A[Mg grown cultures gave very similar results to those found with
AIM grown cells,

The basal rate of oxyden uptake was 81l nmol/min/mg protien for
ALMg cells (Table 19) compared to a value of 84 nmol/min/mg protein for
ALM cells {(Table l6). Furthermore, the addition of AlM to a suspension
of ALMg grown cells, stimulated oxygen uptake to 147 nmol/min/mg
protein (Table 19) - exactly the same value as that found for ALM
grown cells.

The influence of either the amino acids or the nitrogen free
compounds on respiration of ALMg cells was minimal with no significant
changes in the rate of oxydgen uptake being detected after addition of

these compounds (Table 19, 20).




Table 18a: BEffect metabolites on the rate of

oxygen uptake in the presence of

arginine by washed cell suspensions of

D, discoideum Ax2 after growth in ALM pH6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.1. after growth in AIM pH6.2. and resuspended to
1x107 cells/ml in 7.19 mM phosphate buffer pH6.2. Oxygen uptake was
estimated as described in methods 10.3,2. with arginine, at 5 mM, and
metabolites, at 20 mM, added to the cell suspension.

of
In all cases the basal rateZuptake was measured for 5 min before addition

of arginine. Metabolites were added after a further 5 min incubation

period.




130.

Rate of 0y uptake
nmol/min/mg/protein

ALM 150

buffer gl

kuffer + arginine 85

buffer + arg. + glucose B4

buffer + arg. + maltose 84

buffer + arg. + trehalose 83

buffer + arg. + glycerol 91

buffer + arg. + malate 97

buffer + arg. + pyruvate 83

buffer + arg. + 2~-oxoglutarate 95




Table 18b: Effect of metabolites on the rate of

oxygen uptake in the presence of lysine by

washed cell suspensions of D. discoideum Ax2

after growth in AIM pB6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.1. after growth in ALM pH6.2 and resuspended to
1x107 cells/ml in phosphate buffer pH6.2. Oxygen uptake was estimated

as described in methods 10.3.2. with lysine, at 5 mM, and metabolites, at
20 MM added to the cell suspension .

In all cases the basal rate of oxygen uptake was measured fox 5 min before
addition of lysine.Metabolites were added after a further 5 min incubation

period.




Rate of O, uptake
nmol/min/mg protein

ALM

hutfer
buffer
. buffer
buffer
buffer
buffer
buffer
buffer

buffer

lysine

lys.
lys.
lys.
lys.

lys.

+

+

glucose
maltose
trehalose
glycerol
malate
pyruvate

2-oxoglutarate

1586

90

100

Jol

106

101

102

103

100

104

131,



Table 18c: Effect of metabolites on the rate of oxygen

uptake by washed cell suspension of

D. discoideum Ax2 after growth in ALM pH6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.l. after growth in ALM pH6.2 and resuspended to
1x107 cells/ml in phosphate buffer pH6.2. Oxygen uptake was estimated
as described in methods 10.3.2. with nitrogen free metabolites added at

20 mM, to the cell suspension after the basal level had bheen verified

over a 5 min period.
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Rate of 0y uptake
nmo l/min/mg protein

ALM

buffer

buffer

buffer

buffer

buffer

buffer

bufferx

+ glucose

+ trehalose
+ glycerol
+ malate

+ pyruvate

+ 2—oxoglutarate

156

90

94

96

102

as

113

98




Table 19: Effect of individual amino acids on the rate

of oxvgen uptake by washed c¢ell suspension

of D. disceideum AX2 grown in ALMy pH6.2.

A washed cell suspension of D. discoideum Ax2 was prepared as

described in methods 10.l., after growth in ALMg pHO.2 and resuspended to
1x107 cells/ml in phosphate buffer pH6.2. Oxygen uptake was estimated
as described in methods 10,3,2. with individual amino acids added at 5 mM
to the cell suspension. The basal rate of oxygen uptake was measured

for 5 min before addition of the amino acid.




Rate of uptake
nmol/min/mg protein

AIM 1 age

BLMgic
buffer
buffer +

butffer

+

bulffer

+

buffer +

buffer +

arginine
lysine
glutamic acid
threonine

tyrosine

147

148

81

a2

81

82

81

81

13

.|
',
U
i




Table 20: Effect of metabolites on the rate of

oxygen uptake by washed cell suspension of

D. discoideum Ax2 grown in ALMy pHE. 2.

A washed cell suspension of D. discoideum Ax2 was prepared as
described in methods 10.1l. after growth in ALMy pHB,.2, and resuspended
to 1xlo? cells/ml in 7.1% mM phosphate buffer pH6.2. Oxygen uptake
was estimated as described in methods 10.3.2. with nitrogen free
metabolites added at 20 mM to the cell suspension. The basal rate of
oxygen uptake was measured for 5 min hefore the addition of the

metabolites.




Rate of Oy uptake
nmo L/min/mg protein

AlMpasea

ALMg) ¢
buffer
buf fer
huffer
butfer
buftfer
buffer

buffer

+

+

+

+

glucose
trehalose
glycerol
malate
pyruvate

2=pxoglutarate

147

148

81

83

86

85

81

89

86

134,
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9. Catabolism of radiolabelled amino acids.

The rate of aminoacids utilization by D. discoideum Ax2 was
measured using 14C“ carbon dioxide produced by the catabolism of
uniformly labelled amino acids as a tool. Cell suspensions prepared as
described in methods 10.1 were added to individual amino acids in 10 ml
erlenmeyer flasks fitted with a central well {(methods 10.4.1.) and 14C—
carbon dioxide production by the catabolism of amino acids was measured
{methods 10.4.2).

Under the cvonditions chosen 140— carbon dioxide production was
linear over 150 minutes with all five selected amino acids (Figure 37)
but an incubation time of 90 min. was selected and rarely exceeded in the

experiments using radioactivity.

9.1. Catabolism of amino acids by AIM

and ALM cells.
g
Cells grown in AIM in the presence (ALMg cells) and absence (ALM

cells) of glucose showed different capacities for carbon dioxide
formation from the radiolabelled amine acids studied. The rate of
14

C- carbon dioxide production by ALM cells ig about 200% of that found
from AIMg cells and arginine and lysine added to the cell suspension

14 .. .
generate more C— carbon dioxide by catabolism than other amino acids

studied (Table 21).

9.2. Effect of glucose on the catabolism of

amino acids by D. discoideum Ax2

cells grown in AIM.

' , 14 . .

On the basis of * C~ carbon dioxide production,the rate of
catabolism of all the amino acids tested was decreased with glucose, at a
concentration of 86 mM, added to amino acid catabolising cell

suspensions, On the other hand, if glucose was added at a concentration




Figure 37: Rate of 14C carbon diocxide production from

amino acids by D. discoideum Ax2 cells

grown in ALM pH6.2.

A4 cell suspension of D. discoideum Ax2 was prepared in phosphate buffer
after growth in ALM as described in methods 10.1. Flasks were set up
containing 5 Pmol radioclabelled amino acid {0.25 pci). Cell suspension
was added at a cell density of 107 cells/flask to initiate the
catabolism of the amino acid and incubated at 239C with shaking as
described in methods 10.4.1. After defined periods of incubation the
reaction in an individual flask was stopped by injecting 250 ul of 5N
sulphuric acid and the flasks retained on the shaker for an additional 90
minutes. 14¢ carbon dioxide production was measured as described in
methods 10.4.2. and the rate of breakdown of amino acid calculated.
Series of experiments were carried out, under identical conditions for

each of the individual amino acids.

varginine {Figure 37a)
« lysine {Figure 37h}
. tyrosine (Figure 37b)

:glutamic acid (Pigure 37c}

S ¢ O p e

: threonine (Pigure 37¢)
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Table 21: Catabolism of radiolabelled amino acid

by D. discoideum Ax2 c¢cells grown in

ALM and ALMg pPH6.2

A cell suspension of D. discoideum Ax2 was prepared in phosphate

buffer pH6.2 after growth in ALM (methods 10.1). A series of flasks was
set up containing 5 Pmol of one of the radiolabelled amino acids listed
oppoesite with 0.25 PCi/flask. Cell suspension was added to each flask
at a density of 107 cells/flask, to initiate the catabolism of the

anino acids, and incubated at 23°C as described in methods 10.4.1. An
identical series of flasks was get up under the same conditions using a
cell suspension prepared after growth in ALMy.

14¢ carbon dioxide production was measured (methods 10.4.2.) and

the rate of carbon dioxide production calculated. Agsuming that any
aminc acld catabolised is completely converted to carbon dioxide, the rate
of amino acid cataboeolism was calculated (methods 11.3.).

The results are the means of three independent experiments.
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of 20 mM, the rate of l4C-- carbon dioxide production from each of the
aminc acids was stimulated (Table 22).

This result is quite different to that obtained when glucose was
added to amino acid metabolising suspensions and ammonia was used as a
measure of amino acid utilization. Measurements of ammonia production
in these experiments had demonstrated that the rate of ammonia production
decreased as the concentration of glucose added to the cell suspension
was increased and that at both 20 mM and 86 mM glucose added, ammonia
production was reduced as compared to the control (Table 22).

14

9,3, Bfifect of the addition of metabolites on C carbon dioxide

production from arginine catabolism by ALM and ALMg cells.,

bifferent compounds, added at 20 mM to the suspension of AIM cells,
in addition to arginine altered the rate of carbon dioxide production
from the amino acid. The addition of either glucose or trehaolose
slightly stimulated the rate of carbon dioxide formation whereas the
addition of either malate or pyruvate reduced it.

When ALMg cells were used in similar experiments, carbon dioxide
production from arginine was not affected by the addition of either
glucose or trehalose but malate or pyruvate still reduced carbon dioxide

production (Figure 38).

9.4. Effect of glucose concentration on carbon

dioxide production from amino acild

cataboligm by ALM cells.

Glucose influences 14CO2 production from radiolabelled amino
acids. A concentration profile with different concentrations of glucose
added to the cell suspensions along with individual amino acids confirmed
that low concentrations of glucosé (10 mM and 20 mM) stimulate carbon

dioxide production from all five amino acids (Figure 39).




Table 22: Bffect of glucose on the catabolism of amino acids

by D. discoideum Ax2 cells grown in ALM pH6.2.

A cell suspension of D. discoideum Ax2 was prepared in phosphate

buffer pH6.2 after growth in ALM (methods 10.1). Flasks were get

up containing 5 Fmol radiolabelled amino acid {(0.25 Fci) and glucose at
the concentrations shown. The cell suspension was added to each flask
to give a density of 107 cells/flask to initiate the catabolism of

amino acid and incubated at 239C as described in methods 10.4.1.

léc- carbon dioxide production was measured (methods 10.4.2.) and the
rate of amino acid utilization calculated (methods 11.3). Samples were
also taken from the flasks for ammonia estimation, centrifuged at 2000 g
for 2 min. in an eppendorf centrifuge 3200 in 2 ml plastic centrifuge
tubes and the supernatant used For ammonia estimation using the

phenol/hypochlorite method as described in methods 11.1.1.1.
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FPigure 38: EBffect of metabolites on the utilization

of arginine by ALM and ALMy cells.

Cell suspensions of D. discoideum Ax2 were prepared in phosphate buffer
PH6.2 after growth in ALM and AIMg as described in methods 10.1.

Flasks were set up containing 5 Fmol radiolabelled amino acid (0.25 Pci)
and metabolites at 20 mM concentration. Each cell suspension was added
in a separate set of flasks to give a cell density of 107 cells/flask

to initiate the catabolism of amino acid@ and incubated at 23°C as
described in methods 10.4.1. 14c- carbon dioxide production was
measured (methods 10.4.2.), the rate ¢of the amino acid utilization
calcnlated {(methods 11.3.) and graphed against the metabolites in a

histogram,

arginine

arginine + glucose

arginine + trehalcse
arginine + malate

arginine + pyruvate

MEZ0E
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Figure 39: Bffect of glucose concentration on the catabolism

of amino acids by D. discoideum Ax2 cells

grown in ALM pH6,.2,

A cell suspension of D, discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in ALM as described in methods 10.1, Flasks were set
up containing 5 Fmol radiolabelled amino acid (0.25 Pci} and giucose at
different concentrations as reguired. Cell suspension was added to give
a density 107 cells/flask to initiate the catabolism of amino acid and
incubated at 23°C as described in methods 10.4.1. }4C- carbon dioxide
production was measured (methods 10.4.2.)}, the rate of amino acid
utilization calculated (methods 11.3) and graphed against sugar
concentratioen, ’

Identical series of experiments were carried out for each of the

individual amino acids examined.

+ arginine

3 lysine

8

o

L tyrosine
A : glutamic acid
<

: threonine
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In all cases the rate of carbon dioxide production was decreased

gradually as the concentration of glucose was increased above 20 mil.

9.5. Effect of glucose concentration on itgs own catabolism.

pifferent concentrations of glucose added to suspension of ALM

14
¢alls along with a constant amount of DiU~ C] glucose showed that

1

4002 production from glucose increased as the glucose concentration

increased (Figure 40). At low concentration of glucose the rate of
4 , .

increase in 1 c02 production with concentration was greater than at

higher concentration {an increase of 9%/mM between 1O mM and 20 mM

compared to an increase of only 0.17%/mM between 50 mM and 80 mM).

9.6. Bffect of pyruvate, galactose and phosphate concentration

14
on C carbon dioxide production from amino acids.

The influence of several metabolites, namely pyruvate, galactose
and prhosrhate on the rate of carbon dioxide production from exogencus
amino acids was examined in cells grown in AIM.

At high {(above 20 mM) concentrations of pyruvate, the rate of
carbon dioxide production from all the amino acids was decreased in a
similar way to that observed with added glucose. However, with the
addition of pyruvate at 10 mM and 20 mM, no stimulation in carbon dioxide
production was obserwved. Carbon dioxide production, therefore decreased
continuously with increasing pyruvate concentration (Figure 41}.

Similar results were obtained when galactose or phosphate buffer
Pi6.2 were added to amino acid metabolising cell suspensions
(figure 42, 43). The only difference observed was that the rate of
decrease in carbon dioxide production was less dependent on galactose
concentration than with the other compounds (Figure 42), in all cases,
the pattern of carbon dioxide production was the same for all five maino
acids with the different added compounds, although, as previously

obgerved, the extent to which each amino acid was metabolised varied.




Figure 40: Effect of qlucose concentration on its own

catabolism by D. discoideum Ax2 cells

grown in AIM pH6.2.

A cell suspension of D. discoideum Ax2 was prepared in phosphate buffex
pH6.2 after growth in AIM (methods 10.1). Flasks were set

up containing 0.25 FCi radiolabelled glucose at dlfferent glucose
concentrations. Cell suspension was added to give a density of 107
cells/flask to initiate the catabolism of glucose and incubated at 23°C
as described in methods 10.4.1. 1%C- carbon dioxide production was
measured {(methods 10,4.2.), rate of glucose catabolism calculated

{methods 11.3} and graphed against glucose concentration,
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Fiqure 41: Bffect of pyruvate concentration on the

catabolism of amino acids by D. digcoideum

cells grown in AIM pH6.2.

A cell suspension of D. discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in ALM (methods 10.1). Flasks were set up containing
5 Pmol radiolabelled amino acid (0.25 Pci) and pyruvate at different
concentrations as required. Cell suspension was added to give

a cell density of 107 cells/flask to initiate the catabolism of amino
acid and incubated at 23°C as described in methods 10.4.1. ldc-

carbon dioxide production was measured (methods 10.4.2.), the rate of
amino acid utilization calculated (methods 1il.3) and graphed against
pyruvate concentration,

Identical series of experiments were carried out for each of the

individual amino acids examined.

@® : arginine

O+ lysine

®: tyresine

A - glutamic aciag

% { threonine
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Figure 42: Bffect of galactose concentration on the

catabolism of amino acids by D. discoldeum Ax2

cells grown in ALM pH6.2.

A cell suspension of D. discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in ALM as described in methods 10.1. FPlasks were set
up containing 5 Pmol radiolabelled amino acid {(0.25 PCi) and galactose at
different concentrations as required. Cell suspension was added to give
a cell density of 107 cells/flask to initiate the catabolism of amino
acid and incubated at 23°C as described in methods 10.4.1. l4c-

¢carpon dioxide production was measured (methods 10.4.2. )}, rate of amino
acid utilization calculated (methods 11.3) and graphed against galactose
cencentration.

Identical series of experiments were carried out for each of the

individual amino acids examined.

@ : arginine

O : lysine

& : tyrosine

A :9lutamic acid

<& s threonine
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Figure 43; Effect of phosphate concentration on the

catabolism of amino acids by D. discoideum Ax2

cells grown in ALM pH6.2,

A cell suspensicn of D. discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in ALM as described in methods 10,1. Flasks were set
up containing 5 Pmol radiolabelled amino acid {Q.025 PCi) and phosphate
at different concentrations as regquired. Cell suspension was added to
give a cell density of 107 cells/flask to initiate the catabolism of
amino acid and incubated at 23°C as described in methods 10.4.1.

l4c- carbon dioxide production was measured (methods 10.4.2.}, the rate
of amino acid utilization calculated (methods 11.3) and graphed against
phosphate concentration.

Identical series of experiments were carried out for each of the

individual amino acids examined.

arginine

lysine

e

0:

®: tyrosine
A < 9lutamic acid
<O

threonine
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14 ..
9.7. Bffect of glucose concentration on C carbon dioxide

production from amino acids by ALMg cells.
Like ALM cells, the production of 14CO2 from amino acids by
ALMg cells was decreased with increasing glucoge concentration. There
was however, no stimulation in c¢arbon dicoxide production with ALMg

cells at low concentration (10 and 20 mM} of glucose (Figure 44} as

observed with AIM cells.

9.8. BEfect of pyruvate, galactose and phosphate concentration

on the production of carbon dioxide from amino acids by

fggg cells.

As with ALM cells, the addition of any one of pyruvate, galactose
or phosphate to ALMg cells produced a decrease in carbon dioxide
production (Figure 45, 46, 47). The decrease in carbon dioxide
production was related to the concentration of the compound added to the
incubation mixture.

A similar pattern was obtained for all three compounds on carbon
dioxide production for all five of the amino acids used. The only
difference, between the three compounds examined was that, as with AIM
cells, galactose produced a smaller decrease in carbon dioxide production

with increasing galactose concentration (Figure 46).

9.9, Effect of 2-deoxy D-gluccose on carbon dioxide

production from arginine by AIM cells.

The addition of 2~deoxy D-glucose to ALM cell suspensions
metabolising uniformly labelled arginine has a similar influence on
carbon dioxide production to that produced by glucose. The addition of
either glucose or 2-deoxy D-glucose at 20 mM stimulates the breakdown of
extracellular arginine to carbon dioxide. At higher concentrations both
compounds produce a reduction in carbon dioxide production but 2-deoxy

D-glucose has less effect than that produced by glucose (Figure 48).




Figure 44: Effect of glucose concentration on the

catabolism of amino acids by D. discoideum Ax2

cells gqrown in AlMg pH6.2.

A cell suspension of D. discgoideum Ax2 was prepared in phosphate buffer

pH6.2 after growth in A[.Mg (methods 10.1). Flasks were get up

conlkaining 5 Pmol radiolabelled amino acid {0.25 PCi} and glucose

at different concentrations as required. Cell suspension was added to
give a cell density of 107 cells/flask to initiate the catabolism of
amino acid and incubated at 23°C as described in methods 10.4.1l.

l4c. carbon dioxide production was measured (methods 10.4.2.), the rate
of amino acid utilization calculated (methods 11.3) and graphed against

glucose concentration.

ldentical series of experiments were carried out for each of the

individual amino acids examined.

® : arginine
O : lysine
® : tyrosine

A : glutamic acid

¢

threonine
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Figure 45: Effect of pyruvate concenttation on the

catabolism of amino acids by D. discoideum Ax2

cells grown in ALMg pHG6.2..

A cell suspension of D. discoideum Ax2 was prepared in phosphate buffer
pHE.2 after growth in AlMg as described in methods 10,1. Flasks were
set up containing 5 }JIRO]. radiolabelled amino acid (0.25 pci) and pyruvate
at different concentrations as required. Cell suspension was added to
give a cell density of 107 cells/flask to initiate the catabolism of
amino acid and incubated at 23°C as described in methods 10.4.1.

Lo carbon dioxide preoduction was measured (methods 10.4.2.), the rate
of amino acid utilization calculated (methods 11.3) and graphed against
pyruvate concentration.

Identical series of experiments were carried out for each of the

individoal amino acids examined.

®: arginine
O:lysine
®:tyrosine
A:9luthamic acid

¢:threonine
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Figure 46: Effect of galactose concentration on the

catabolism of amino acids by D. discoideum Ax2

cells grown in ALMg pHGE.2,

A cell sugspension of D. digscoideum AxX2 was prepared in phosphate buffer
pH6.2 after growth in AlMg (methods 10.1). Flasks were set

up containing 5 Fmol radiolabelled amino acid (0.25 PCi) and galactose at
different concentrations as reguired. Cell suspension was added to give
a cell density of 107 cells/flask to initiate the catabolism of aminc
acid and incubated at 23°C as described in methods 10.4.1, L14c-

carbon dioxide production was measured {methods 10,4.2.}, the rate of
amino acid utilization calculated (methods 11.3) and graphed against

galactose concentration.

Identical series of experiments were carried out for each of the

individual amino acids examined.

®: arginine

O: lysine

4: tyrosine

A :glutamic acid

< threonine
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Figure 47: Bffect of phosphate concentration on the

catabolism of amino acids by D. discoideum Ax2

cells grown in ALM; pH6.2..

A cell suspension of D, discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in ALM (methods 10.1). Flaskg were set up containing
5 Fmol radiolabelled amino acid (0.25 PCi) and phosphate at different
concentrations as required. Cell suspension was added to give a cell
density of 107 cells/flask to initiate the catabolism of amino

acid and incubated at 23°C as describedin methods 10.4.1. 1ldc-

carbon dioxide production was measured (methods 10.4.2.), the rate of
amino acid utilization calculated {methods 11.3) and graphed against
phosphate concentration.

Identical series of experiments were carried out for each of the

individual amino acids examined.

®:arginine

Qi lysine
@®:tyrosine
A:glutamic acid

< threonine
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Figure 48: Effect of concentration of 2- deoxy D-glucose on the

utilization of arginine by D. discoideum Ax2

-

cells grown in AIM pH6.2.

A cell suspension of D. discoideum Ax2 was prepared in phosphate buffer
pH6.2 after growth in AIM as described in methods 10.1. Flasks were set
up ¢ontaining 5 Fmol radiolabelled arginine (C.25 fCi) and 2~deoxy
D-glucose at different concentrations as regquired. Cell suspension was
added to give a cell density of 1D’ cells/flagk to initiate the
catabolism of arginine and incubated at 23°C as described in methods
i0.4.1. léc- carbon dioxide production was measured (methods 10.4,2.}
and rate of amino acid utilization calculated {methods 11.3).

The results of an identical series of experiments using glucose are also

shown.

®: Jlucose

O1 2~deoxy D-glucose
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10. Effect of osmotic strength on amino acid catabolism.

14
10.1. Tffect of oswotic strength on the rate of C carbon

dioxide production from arginine catabolism by ALM cells.

The addition of glucose cr galactose to the cell suspensions causes
a change in osmotic strength of the suspension medium that is different
from the change produced by addition of equimclar amounts of pyruvate or
phosphate (because the latter are ionisable).

To assess the influence that osmotic strength may have on carbon
dioxide production, direct measurements of osmotic strength changes were
made and the data from Figures 39, 41, 42, 43 for 140 carbon dioxide
production from uniformly labelled arginine replotted against the change
in osmotic strength. The influence of pyruvate and phosphate
concentrations relate closely when assessed on an osmotic basis but
galactose is still less able on an osmotic basis to reduce carbon dioxide
production from arginine. Glucose still produces a stimulation in

carbon dioxide production at low concentrations (Figqure 49).




Figure 49: Effect of osmotic strength on the utilization

of arginine by D dipcoldeum AX2 cells grown

in ALM pH6.2.

Osmotic strength of different concentrations of glucose, pyruvate,
galactose and phosphate buffer used in experiment Figures 39, 41, 42, 43
was measured {methods 11.6) and the data for arginine cataboiism in the
ahove mentioned experiments was redrawn against the change in osmotic

strength.
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1l. Bffect of growth conditions on the gpecific

activity of amino acid metabolising enzvymnes.

Celils grown in AIM in the presence of glucose (ALMg cells)
contained lower specific activities of enzymes involved in amino acid
metabolism than ALM cells (cells grown in the absence of glucose). The
specific activity of five of the seven enzymes measured was reduced by
growth in the presence of glucose to about 50% of the control value
(Table 23).

Of the other two enzymes, malic enzyme was reduced only to 78% of
the control value while the lysine dependent oxygen uptake activity was
reduced to 7.6% of the control value {Table 23).

NADP linked glutamate dehydrogenase was found to he 7 — 9% of NAD
linked glutamate dehydrogenase after growth under both conditions. The
activity of NAD and NADP linked glutamate dehydrogenase in case of ALMg
cells was 40 - 50% of the ALM cells~ the level of reduction being similar

to that found for other enzymes.




Table 23: Bffect of growth conditions on the specific

activity of amino acid metabolising enzymes

of D. discoideum Ax2.

The cells of D. discoideum Ax2 were grown under two different

growth conditions i.e. in ALM and ALMy, as described in methods 9.1.
Cells were then harvested and washed as for washed cell suspension
preparation (methods 10.1.) except that the final resuspension of the
cells was in the medium appropriate for the enzyme being assayed
{(Table 2). Cell extracts were prepared (methods 12.1l.) and enzyme

activity estimated as described under assay conditiong of each enzyme.
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1. Growth of D. Discoideum

In order to look at amino acid metabolism and its regulation during
growth, the work was split into two stages. Firstly to obtain a good
growth system which provided suitable conditions for the analysis of
amine acid utilization. Secondly to develop and use methods which
allowed amino acid utilization and changes in amino acid metabolism to be
measured,

A strain Ax2 derived from D. digcoideum NC4 was used for the growth
studies because it can grow on a defined medium and is adapted for growth
in axenic liquid medium (ALM) (Watts and Ashworth 1970). This axenic
liquid medium is suitable for these studies because the cells can grow in
both the presence and absence of added glucose and thus provide two
separate systems for analysis. In other, more defined media, glucose is
a necessary component for growth of the cells. puring growth in ALM,
amino acids must first be deaminated to provide a suitable substrate for
energy production (Ashworth and Watts 1970). 8o, the rate of ammonia
production during growth is a measure of rate of amino acid oxidation.
Based on this fact Ashworth and Watts (1970} have shown that less ammonia
is produced during growth in ALM in the presence of glucose than in its
absence (see Table) and consequently amino acid utilization is reduced by

glucose in the medium.

Glucose added ammenia production Culture density *
to medium fimol/ml culture cells/ml ;
86 ™M Glucose 3.28 + 0.03 3.6 x 106
None 8.70 + 0.67 3.4 x 106
16 mM Glucose 6.44 + 0.06 3.8 x 106
None 9.32 + 0.22 4.2 x 100

Glucose shows a similar effect during early differentiation and
according to Murphy and Klein (1979) the presence of glucose in
combination with essential amino acids inhibits cell differentiation and 3

is accompanied by production of lower levels of ammonia than seen by the

cells incubated with only essential amino acids.
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We have confirmed@ these observaticns during growth in ALM in the
presence and absence of glucose and have shown that ammonia levels are

reduced by addition of glucose (Figure 30, Table 4,5)

Glucose added Ammonia production
to medium umol/6x10%cells/ml
o+
86 mM Glucose 8.6;0.17
None 17.6-0.34

t

Cellular growth in axenic liquid medium (ALM) not only results in ammonia
production but also causes the pH of the medium to increase
(Figure 12). In glucose supplemented medium growth yield is
significantly increased but glucose also helps to minimise the increase
in pH that occurs with growth {(Figure 12). Glucose seems to promote an
increase in ¢ell density in two ways i) by its own utilization by the
cells (glucose concentration decreases from 86 mM to 69 mM (data not
shown} by the end of growth) ii) by reducing the plI change with growth
because of reduced ammonia production from amino acid utilization and
glucose being converted to Co,.

As pH and ammonia changes are higher in ALM, this medium was looked
at in more detail to determine if these changes were likely to alter
either the amino acid metabolism or the growth of the cells to an extent

that could influence the reproducibility of the harvested cells.

1.1. Growth in axenic liquid medium (ALM)

After giving a certain growth yield, the cells stop growing. The
cessation of growth could be due either to exhaustion of nutrients or to

changes in the medium caused by growth, the most significant of which

appear to bc pH and ammonia concentration.




159.

1.1.1. Effect of nutrient concentration

The results show that cellular yield is proportional to the
concentration of nutrients as ALM, Higher concentrations of ALM
increase the final cell density but reduce the growth rate (p). By the
end of growth, however pH increases at all ALM concentrations to as high
a value as that produced during growth in normal nutrient concentration
of the medium (Figure 13). So it 1s difficult te say that cessation of
growth is due to nutrient depletion and not due to pH alteration. As
far as individual amino acids are concerned, amino acid analyses show
little change in their concentration by the end of growth (Table 6, 7)

The changes in concentration, measured are too small to detect
reliably but all the amino acids, present initially, are still present
when growth stops and so seem unlikely to be the cause of the end of

growth.

1.1.2. Effect of pH

pH seems to have some effect on growth of D. discoideum Ax2 as the
inocula which were allowed to grow to a pH value of 7 or above did not
always grow properly on subcultﬁring. A series of experiments carried
out with varying starting pH of the medium from 6.0 ~ 7.0 showed that
there is more cell yield with lower starting pH (Figure 17} but by the
end of growth in all cases, the pH had gone beyond 7.0,

Certain attempts to stagilise pH, by using higher concentrations of
buffer, did help to reduce the changes in pH but cell density and growth
rate (p) are also decreased {(Figure 19, 20, 21).

A series of cxperiments carried out with pH maintained at 6.0, 6.2,
6.5 and 6.7 by addition of acid showed that pH did affect growth. There
is an increase of 71% of the yield when pH is maintained at 6.7 during

growth in ALM (Figure 22). An increase in cellular vield is also




obtained as pH is maintained at 6.5, 6.2 and 6.0 respectively (Figure 23,
24, 25). These results show that, in the absence of pH control, the
cessation of growth is not due to depletion of nutrients, unless it is a
pPH related depletion, and that cessation of growth could be due to an

increase in pH.

1.1.3. Effect of ammonia

In D. digcoideum, amoebae, growing either upon a bacterial
asgociate or in axenic medium, protein degradation occurs and ammonia is
a major catabolic product (Schindler and Sussman 1977). Hence ammonia
iz another factor which could cause the termination of growth. During
growth in ALM, the amount'of ammonia produced is independent of the pH of
the medium and 17.6 + G.34 mM ammenia is produced when calculated on the
basis of 6x106 cells/ml {Tahle 4) Growth experiments, either
without pH control (Figure 14) or with pH maintained at 6.7 (Figure 15},
with ammonium chloride added at concentration up to 20 mM, showed that
the presence of ammonia inhibited growth and reduced growth yield.
Although there is a 83% reduced cellular yield under PH controlled
conditions in the presence of 20 mM Nﬂqcl but growth still occurs in
the presence of ammonia above 20 mM (Figure 15). Hence, complete
cessation of growth is not due to the ammonia produced in the medium by

cells during growth under non-pH controlled conditions.,

1.2, Growth conditions in axenic liquid medium

In practical terms it proved impossible to grow all cultureg with
PH control to allow optimal growth, and it is clear that under non-pH
controlled conditions changes in the medium are occuring that could

influence the nature of the cells.
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In addition there are other possible factors that could restrict
growth, such as the extracellular inhibitor described by Yarger et al.,
(1974), which appears when amoebas of D. discoideun reach stationary
phase in ligquid nutrient medium and inhibits cell multiplication when
added to logarithemically multiplying cultures, According to Hanish
{1975) accumulation of an inhibitor starts during the logarithmic phase
and c¢essation of cell multiplication and final cell concentration are
controlled by the accumulation of this inhibitor to an effective level,
Although Ferguson and Soll (1976} contradicted these findings and could
find no evidence to support Hanish's conclusion. The possibility of
factors being produced during growth to regulate further growth cannot be
ignored.

Because of all these changes observed and reported to occur during
growth, ALM is considered a suitable medium for the studies, provided it
is prepared at pH6.2 and grown up to a density of lO6 cells/ml bhefore
harvesting for study in washed cell suspensions., At this cell density
all amino acids measured are in exéess and pH of ALM was 6.5 - 6.6.

When 86 mM glucose is present in the medium (ALMg), the pH only rises
to 6.3 ~ 6.4 by this cell density. dmmonia produced at 106 cells/ml

in ALM and ALMg is 2 WM and 1 mM which are 12% of the values at

stationary phase.

Hence pH6.2 was selected as a standard pH condition for the

preparation of ALM for production of inocula and for the subseguent

growth of D. discoideum to provide logarithmically growing cells for
further metabolic studies. Inocula prepared in this medium gave much

more reliable results when subcultured into fresh media.
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1.3. Influence of carbohydrates on growth in axenic¢ liguid medium

1.3.1. Glucose

As previously described glucose added in the medium increases cell
yield, helps to keep pH low (Figure 12) and reduces ammonia production
during growth of D. discoideum (Table 4, 5, Figure 30). The effects of
glucose are consistant with those reported by Watts and Ashworth (1970)
and are due to its utilization by the cells with consaquently lower
utilization of amino acids. Rickenbexg et al., 1975 have also reported
that glucose is metabolised by D. discoideum and enhances vegative growth
when added to the growth medium, It also inhibits development.

All the changes observed when glucose is present in ALM, are
dependent on glucose concentrations added to the medium and increase with
the increase in glucose concentration in the medium (Figure 26, 30

Table 5}.

1.3.2. Fructose

Fructose, added in ALM, gives an effect similar to glucose. Cell
yield is increased and ammonia production is reduced {(Figure 27, 31,
Table 4). These facts suggest that fructose is utilized by the cells
with consequently lower utilization of amino acids and legss ammonia
production. Watts and Ashworth (1970) reported similar effect of

fructose on growth yield when added in axenic liguid medium.

1.3.3. Galactose

Galactose gives different results to glucose and fructose. The
cell yield is 66% reduced by the addition of galactose to the medium
compared to ALM alons {Figure 28) and ygrowth rate [P) is reduced to

1

0.023 h™ ™, There is no difference in the amount of ammonia produced

at the same cell density {(Table 4). Watts and Ashworth (1970) have
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reported a similar inhibitory effect of galactose on growth and
Rickenberg et al., (1975) have demonstrated that Strain_sz of

D. discoideum grown in HL5 supplemented with galactose, exhibits a longer
generation time and lower final cell yield than cells grown in the same
medium with either glucose oxr no carbohydrate supplemented. Although

De Meglio and Friedman {1978} confirmed these findings with respect to
growth using strain A3 and demonstrated that the cells could metabolise
galactose but the evidence they give 1s not good enough and is incomplete
to draw a conclusion that galactose is utilized by the cells.

Therefore, on the basis of growth of D. discoideum in ALM
supplemented with different carbohydrates, and ammonia production during
its growth in the supplemented medium, it can be concluded that glucose
and fructose are metabolised by D. discoideum and sc reduce amino acid

utilisation whereas galactose is not utilized.

2. Nature of the organism used in these studies

As a consequence of these growth experiments, it is apparent that
there are discrepancies between some of the data presented here and the
data reported in the literature for D. discoideum Ax2., The most obvious
of these discrepancies is the growth rate {P) of the organism in ALM in
the presence of glucose. Typically in the presence of glucose,

D. discoideum Ax2 should grow at a specific growth rate of 0.081 h™ 1
(doubling time 8.5 h) but in the experiments reported here, the growth
rate is 0.032 h”l (doubling time 22 h). This, a significant,
difference was noticed from the start of the work. It was assumed,
however, that the slow growth rate was due to the differences found with
the irreproducibility of inocula, but this is clearly not the case. It

follows that the organism used for this study is not strain Ax2 but

either an unrelated axenic strain of uncertain parentage or a variank
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derived from Ax2. None of the work carried out can distinguish beblween
these two possibilities.

The other data from growth experiments suggest that the organism is
similar to strain Ax2 (Figures 13, 22, 23, 24, 25, 27, 28, Table 4).
Fructose, added to ALM gives an effect similar to glucose; galactose not
only reduces growth rate but also reduces the yield below that of the
control in the absence of glucose. It could be significant, however,

that all these compounds and indeed a number of other compounds

{phasphate buffer (Figure 19), MES buffer (Figure 20}, ammonium chloride
{Figure 14, 15, 16) and some others the data on which are not presented}
which were added during growth caused a reduction in the growth rate.
According to Dr. Watts (private communication) and information Erom the

literature (Watts and Ashworth 1970) the growth rate of Ax2 should not be

influenced by the addition of some of these compounds.

It would, therefore, appear to be a feature of this strain that ‘?

growkh rate is reduced by additions to the basic growth medium (ALM) and

this may be because the membrane or uptake processes are sensitive to
osmotic strength changes in the mgdium. No facts other than an
osmolarity change to the medium, appears to be common to the range of ;
compounds which reduce the rate of growth of the cells,
In conclusion, it would appear that the strain used for these
studies was not D. discoideum Ax2 but a variant derived from Ax2 whose
ability to absorb nutrientg is more than usually sensitive to alterations

in the osgmotic strength of the growth medium.
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3. Metabolism of ALM in washed cell suspensions

ALM is a complex medium and a number of changes take place
simultaneously with growth. Although ammonia production during growth
suggested that amino acid catabolism was lower in the presence of glucese
(Table 4, Figure 30), direct assay of amino acids during growth does not
provide an adequate measure of utilization {Table 6 and 7). In an
attempt to simplify this study and to assess the rate of metabolism of
individual amino acids, cell suspensions, prepared in 7.19 mM phosphate
buffer pH6.2 after growing the cells in bulk under defined conditions,
were used.

" In the absence of extracellular nutrients, washed cell preparations
utilize endcgenous reserves of amino acids and ammonia is produced, The
endogenous rate of ammonia production in ALMg cells is lower by about
50% of that observed with ALM cells {(Table 9, 13). Addition of AIM, a
rich source of nutrients, to the cell sugspensions stimulates ammonia
production. When added to ALM cells these nutrients increase the rate
of ammonia production about & fold (9.0 to 53 nmol/min/mg protein)
presumably because of the increased availability of amino acids for
metabolism (Table 9). Undexr the same conditions ammeonia production by
ALMg cells is also increased about 6 fold (4.2 to 22 nmol/min/mg
protein) {(Table 13). So after addition ta ALM, the rate of ammonia
production in ALMg cells is still about 50% of that found in ALM cells.

In contrast, the basal rates of oxygen uptake by ALM and ALMg
cells are the same and are stimulated equally by the addition of ALM to
Lhe cell suspensions {Table 16, 19}, These gfesults are rather difficult
to interpret.

At the basal level the lower rate of ammonia production by ALM
cells but equal rate of oxygen uptake by both types of cells can be

explained by assuming that endogenous glucose ar glycogen is used along
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with amino acid reserves. The reduced rate of ammonia production in
ALMg cells is not due to reduced metabolism in general but to amino

acid catabolism being reduced because these cells contain large amounts
of glucose which contributes, to overall metabolism, t© a greater extent
than occurs in ALM cells.

When ALM is added to the cell suspension, of both types, there is
an equal increase in oxygen uptake which suggests that there is still an
equal rate of metabolism in both types of cells. The fact that a
greater stimulation in ammonia production is generated in ALM cells, than
in ALMg cells, without a corresponding increase in oxygen uptake is
difficult to explain. Two explanations seem feasible.

The first explanation is that oxygen uptake measures total
catabolism of all compounds and that the rate of deamination is greater
than the rate of catabolism. The higher ammonia output, in AIM cells,
slmply reflects a higher capacity in these cells to partially metabolise
amino acids by deamination. This explanation is not entirely
satigfactory because it would represent massive loss of amino acids to
the cells, but with regard to partial metabolism, it is supported by some
measurements made using individuwal amino acids as supplements to washed
cell suspensions - (Table 22).

A second explanation is that the presence of a balanced mixture of
amino acids stiumulates cellular metabolism and increases the breakdown
of endogenous, non ammonia containing reserves to compensate for a
shortfall in metabolism from amino acid breakdown. Such a mechanism

would not continue for long but may be used while the cells adapt to the

new wmetabolic balance.
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4. Metaboliem of individual amino acids in washed cell suspensions

Individual amino acids, added to cell suspensions, are able to
stimulate the rate of ammonia production. The degree of stimulation is
dependent on the amino acid added and, as the addition has little effect
on oxygen uptake rates {(Tables 17, 19), is due to added amino acid
replacing endogenous metabolite breakdown. Arginine and lysine, in
particular, cause large stimulations to ammonia release (Tables 8§, 12).
Although part of this increase may be due to the high nitrogen content of
these amino acids, metabolism of arginine and lysine, measured by
radiolabelled carbon dioxide production from uniformly labelled
substrate, is stiil high compared to other amino acids (Table 21), The
other amino acids have a smaller influence on ammonia production but,
when measured by 14C* carbon dioxide production from radiolabelled
amino acid, are still metabolised (Tables 8, 12, 21}.

As observed with addition of ALM to cell suspensions, individual
amino acids added to ALM cells are catabolised at a greater rate than
observed in ALMg cells {Table 21). In hoth cell types, arginine and
lysine are catabeolised at a greater rate, so the pattern of ability to
use amino acids is similar in the two types of cells but the overall rate
of metabolism of each amino acid in ALMg cells is only about 50% of the
rate in ALM cells, so the ability of cells te catabolise individual amino
acids is simllar to their ability to catabolise the componants of ALM.

In general, the data from these experiments where ALM or individual
amino acids are added to suspensions of cells grown in the presence and
absence of glucose, show that growth in the presence of glucoge reduces

the capacity of the cells to catabolise amino acids.
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4.1. Influence of metabolites on amino acid utilization

A considerable effort was put into a serids of experiments designed
to try to measure the rates of utilization of amino aclids in cells after
addition of nutritional. supplements to the cell suspension, using both
ammonia and 14C- carbon dioxide production rates as measures of
metabolism.

There are, however, considerable discrepancies in the measurements
of rates of metabolism depending on the method of egtimation used (see
Table 22). For example, the rate of lysine catabolism based an
increased ammonia production is 270 nmol/h/mg protein whereas the rate
calculated from 14C— carhon dioxide production i3 only 37 nmol/h/mg
protein. In calculating these values, it is assumed that the inerease
in ammonia production, on addition of lysine, is due only to loss of all
the ammonia from lysine and that production of 140— carbon dioxide is

due to complete catabolism of lysine to CO, and H,0. This

2 2

discrepancy clearliy means, as would be expected, that these assumptions

are not true. Lysine is not fully catabolised to carbon dioxide but

will be used to replenish many of the catabolic pools in the cell. This
represents partial metabolism of the amino acid and consequently the
measurement of CO2 production is an underestimate of the rate of lysine

netabolism, Similarly ammonia is not only derived from lysine but also

from the other cataholites and its value must represent the sum of

ammonia from all sources, Its quantitative assessment is influenced by ;
the fact that the basal rate of ammonia production is high and in some
cases an amine acid does not stimulate its ammonia production to above
the basal level. There must therefore be some error involved in the
measurement of ammonia production. Furthermore, assays of amino acid
metabolism, in the presence of metabolites which influence metabolic
rates, will influence the basal rate of ammonia production and so

introduce another variable that is hard to assess accurately (Tables 11,15,22}5
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"The problems in assessment of rates of metabolism make it essential
that assumptions are made about the measurements before any
interpretation of data under different conditions, is carried out.

These assumptions are that, irrespective of conditlons, the measurement
of COQ derived from a radiolabelled amino acid represents a constant
fraction of that amino acid's metabolism and is therefore a good measure
of breakdown of that amino acid. A further assumption is that ammonia
production is a measure of the tatal catabolism of amino acids in the
system and can only in exceptional cases be used to measure metabolism of
individual amino acids. These assumptions are considered to apply in
the analysis of changes in metabolism that follow.

Considerably more effort was made to analyse the influence of
glucoege and it will be considered as a model additive before looking at

evidence for other compounds,

4.1,1. Influence of glucose

In washed cell suspension experiments glucose, at 86 mM, has a
similar effect on metabolism to its influence during growth, The
presence of glucose depresses the rate of ammonia production from cells
irrespective as to the nature of the cells (ALM or ALMg) or to the
presence of extracellular nutrients {Table 9, 13}. The redugtion in the
rate of ammonia production from extracellular nutrients is slightly
greater for ALMg cells (54.5%) than ALM cells (51%) and could be due to

ALMg cells being more able to catabolise glucose.

Glucose has a gimilar effect on the ability of the cells to
catabolise individual amino acids. For all the amino acids examined,

glucose, at 86 mM, reduces the rate of 14C~ carbon dioxide production

from radiolabelled amino acids by the ceclls., It also reduces ammonia
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production from amino acids (Table 22), but it ig difficult to assess
quantitatively because of changes produced in the basal rate of ammonia
production and could be complicated by glucose metabolism generating
acceptors for ammonia in transamination reactions.

The data suggest that glucose reduces the metabolism of all amino
acids to an equivalent amount (Table 22) and if extrapolated to growing
cells, suggests that during growth, the presence of glucose reduces the

rate of catabolism of all amino acids.

4,1.2. Effect of other metabolites

A range of metabolites, added to cell suspensions, in the presence
or the absence of any exogenous nutrient supply (Table 10 a & b) affect
ammonia production and is qualitatively similar to the effect of
glucose. Addition of carboxylic acids, in particular, have a greater
affect on ammonia production than carbohydrates and could be explained
either by utilization of these metabolites by the cells or because they
act as acceptors for ammonia. Qualitatively these metabolites have
similar effects on ammonia production by individval amino acids added to
cell suspensions (Table 11) but the changeg are 80 small that it is
difficult to draw any firm conclusions from the data. The only
conclusion that can be made is, the general one, that the presence of a
metabolite reduces the extent to which exogenous amino acids stimulate
ammonia production. While it might be possible Eo infer that ammonia
production from arginine demonstrates similar differential inhibition by
additives to ALM, the same cannot be said, with confidence, to any other
amino acid.

However, the reduced 14C~ carbon dioxide production from

uniformly labelled arginine added to the cell suspension along with

carbohydrates and carboxylic acids (Figure 38) does indicate that these
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additives cause a reduction in arginine utilization by the cells and
other experiments (Figure 39, 41, 42, 43) have shown that these effects
apply to all the amino acids locked at in detail. Using 14C—carbon
dioxide production data, c¢ells grown in the presence of glucose show
similar effects due to metabolites at higher concentration on the
metabolism of amino acids but quantitatively there are lower rates of
metabolism in ALMg cells, demonstrating once again the reduced capacity
of the cells for amino acid metabolism (Figure 44, 45, 46, 47).

In all these studies, little change was measured in the rate of
oxygen uptake by cell suspensions. The addition of aminc acids
therefore merely replaces endogenous metabolites but does not alter the
total rate of metabolism. Similarly the addition of other metabolites,
either in the presence or absence of added aminc acids, does not alter
greatly the rate of oxygen uptake (Tables 17, 18a, b, ¢, 1%, 20) and so
these must also replace endogenous metabolites in the metabolism of the
cells. The metabolism of all these compounds may be quite small since
the changes observed in amino acid utilization by 140- carbon dioxide
measurement and ammonia production at these concentrations of additive
are small.

In summary, the addition of a range of metabolites therefore
depresses aminoc acid catabolism to similar extents in ALM and AL%Icells
with the only difference being the capacity of the cells to degrade amino
acids. There must therefore be controls on the rate of amino acid
utilization by these compounds which appear to influence the rates of
utilization of several amino acids to similar extents. This would

suggest a common factor in this regulation.
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5. Bffect of metabolite concentration on amino acid wtilization

5.1. ALM grown cells

It was noticed that glucose and trehalose, at 20 mM, stimulate
qu— carbon dioxide production from uniformly labkelled arginine, when
added to the cells grown in ALM ({Pigure 38), while at a higher
concentration (86 mM), glucose reduces 14C~ carbon dioxide
production, ammonia production is reduced at both 20 mM and 86 mM
glucose (Table 22}.

To examine this further, a complete range of glucose concentrations
were tested and show a stimulation in 14C~ carbon dioxide production at
lower concentration (10 mM and 20 mM) which thereafter decreases as
9lucose concentration increases {(Figure 39). The stimulation in 140-
carbon dioxide from added amino acids at low glucose concentrations may
be explained by considering the work by Lee {1972) since his work is not

inconsistent with the work 1 have done, Lee reported that the presence

of glucose stimulated the utilization of the amino acids lysine and

glutamic acid in . discoideum and attributes this increased utilization Ly
to increased uptake, and consequently increased metabolic pools, of the
added amino acid. Assuning that the same is the case with other amino
acids, glucose, in thisg gystem, stimulates the uptake of labelled amino

acid and so increases the amount of that amino acid ingide the cell.

The rest of the amino acid pool, which is derived from endogenous

reserves, will remain the same. Metabolism of the added amino acid in

proportion to other amino acids is increased due to the higher pool of

this amino acid and consequently 14C~ carbon dioxide production is
stimulated.

In bacteria, active transport of amine acids is usually dependent
on the availability of an energy source, e.g. glucose (Gale and Folkes,

1967).  However in this work in D, disgoideum glucose does not seem to




be associated with energy mediated uptake of amino acids, since 2-deoxy
D-glucose, a non metabolisable glucose analcgue also stimulates 140-
carbon dioxide production from uniformly labelled arginine at 10 mM and
20 mM when added to the cell suspension which reduces thereafter with the
ingrease in concentration {(Figure 48}.

Glucose has another effect. It is cometaboliged when present with
amino acids. As a conseguence, as glucose concentration increases, the
rate of metabolism of all amino acids, including the added aminc acid,
decreases. Since only the extracellular aminc acid is stimulated by
glucose, the catabolism of the other amino acids and so ammonia
production decreases as glucose concentration increases.

However, for the added amino acid, the stimulation due to the
glucose effect on uptake and the reduction due to metabolism compete and
it is only above 20 mM that the decrease in the rate of metabolism of the
added amino acid becomes dominant.

It is not clear if glucose metabolism is the only factor decreasing
the utilization of amino acids. Other metabolites namely pyruvate,
galactose, phosphate and 2—deoxy~b—glucose all decrease 14C~ carbon
dioxide production as their concentration increases (Figures 41, 42, 43,
48B) . There is a smaller decrease in 14C— carbon dioxide production
with increasing galactose concentration as compared to glucose (Figure
39, 42). Pyruvate, however gives a greater effect than glucose with
l4c- carbon dioxide produetion being reduced at a higher rate with the
increase in concentration (Figure 39, 41),

Galactese could be little metabolised. It inhibits growth and has
no etfect on ammonia production {(Figure 28, Table 4) so its metabolism is
not great. .Pyruvate which slightly increases growth yield and reduces

ammonia production {Figure 29, Table 4) seems to be metabolised.

)
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However, on the basis of data from the growth experiments neither
galactose nor pyruvate are metabolised as much as glucose. Phosphate is
not metabolised and reduced l4c~ carbon dioxide production from

uniformly labelled amine acids {(Figure 43) and 2-deoxy D~glucose, at
higher concentrations, also reduces 14C~ carbon dioxide production from
radiclabelled amino acids arginine {(Figure 48). The effect of these
last two compounds on 14C— carbon dioxide preduction caunot be due to
their metabolism by the cells.

The concentration of the metabolites added are such as to produce
significant osmotic changes in the medium and these might contribute to
the rates of amino acid utilisation, There are reports of osmotically
induced changes in cellular slime moulds. Harris and Korth (1882)
described the activity of the enzyme, ornithine decarboxylase, which is
sensitive to change in the osmolarity of the environment. When the
osmolarity was reduced, Harris and North measured high enzyme activity.
puring differentiation of D. discoideum, raising the osmotic strength to
about 150 m Osmol completely inhibits ¢cAMP production in response to cAMP
pulses (Darmon and Klein 1978). . Toama and Raper (1967) also reported

that increasing osmotic pressure in Polyspondylium pallidum, Iinduces

microcyst formation instead of aggregation.

Therefore, since osmotic pressure exerted by the metabolites could
affect the utilization of amino acids (Figure 49), the decreased rate of
14C— carbon dioxide production, as concentration of metabolites such as
glucose and pyruvate increases, is partly because of their utilization by
the cells and partly because of the osmotic effect of these
metabolites. Whereas the reduced rate of 14C~ carbon dioxide

production by galactose, phosphate and 2.deoxy D-glucose seem all due to

the osmotic effect of these additives on the cells.
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Since all metabolites have a similar effect on the utilization of

all amino acids, there must be a common feature responsible for this

effect. It is not likely to be an enzymic effect because all amino

acids, have different metabolic pathways. However it could be the
effect of the osmotilc pressure of these metabolites on the uptake system
of the cells such as pinocytosis. The uptake of the medium by the

cells, cvalculated on the basis of 'medium clearance', decreases as the

concentration of glucose increases in the medium (Figure 50) and provides

support Eor this hypothesis.

5.2. ALMy grown cells

ALMg cells do not show a similar effect to ALM cells. Since in
AlMg cells increasing concentration of all the metabolites
added, including glucose, decreases the rate of l4c—carbon dioxide \;
production, According to Lee (1972) presence of glucose stimul&tes the
utilization of amino acid. The lack of stimulation in 14c—carbon
dioxide production in the presence of low concentration of glucose in
ALMg cells can be explained by a combination of a reduced ability to
catabolise amino acide (Table 21), a greater endogenous rate of

metabolism from non amino acid sources and perhaps a greater ability to

catabolise glucose. As a result the reduction due to metabolism, both

endogeneous and from added glucose, is greater and so the stimulation is

not observed at the concentrations of glucose used.




Figure 5Q: Effect of glucose concentration on the

medivm clearance by D. discoideum Ax2

cells grown in ALM pH6.2.

Medium clearance measures the minimum volume of medium that must be
endocytosed by the cells to explain the observed rate of metabolism,
Ags such it is a measure of the rate of pinocytosis. Medium
clearance was calculated as

Glucose catabolised at given glucose concentration
Glucose concentration

using the data from figure 40 and graphed against glucose concentration,
The figure demonstrates the influence of glucose concentration on the

rate of pinocytosis {(as measured by medium clearance} .
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6. Enzyme activities under different growth conditions

Although the results of direct amino acid measurement by amino acid
analyses are difficult to assess, ammonia estimations, oxygen uptake and
14C—carbon dioxide production from radiolabelled amino acids by the
cells, all suggest that there is considerable amino acid utilization by
D. discoideum Ax2 during growth, Furthermore different rates of ammonia
and 14C—carbon dioxide production by ALM and ALMg cells indicate
changed levels of catabolism by two dififerent types of cells and could
indicate the presence of different levels of amino acid metabolising
enzymes.

Six enzymes were selected for enzyme activity measurements mainly
because these enzymes are important for the metabolism of those amino
acids which were studied in detail. They are either directly involved
in the metabolism of these amino acids like tyrosine transaminase and
threonine deaminase or play an important role in the general metabolism
of many amino acids e.g. malic enzyme and glutamate dehydrogenase,
Tyrosine transaminase (Pong and Loomis Jr. 1971), threonine deaminase
(Pong and Loomis Jr. 1973), glutamate dehydrogenase (Langridge et ai.,
1877) and malic enzyme (Kelleher et al., 1979) have already been reported

in D. discoideum.

6.1. Ornithine aminoctransferase

Ornithine aminotransferase is involved in the catabolism of
arginine {see appendix). Tt is present in gram positive bacteria and
veast, in fungi, green algae, protozoa, higher plants and animals (Scher
and Vogal 1957; Roberts 1954). It is a mitochondrial en%yme (Peraino
and Pitot 1963) which catalyses the interconversion of L-ornithine and
2-oxoglutarate to produce glutamic'Y;semialdehyde and glutamate (Strecker

1965; Peraino and Pitot 1963). Hence ornithine aminotransferase is
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involved in the catabolism of arginine which is one of the aminc aclds

actively used by D. discoideum Ax2 during growth and indeed most actively
catabolised in washed cell suspensions. Therefore, this enzyme was
selected for enzyme activity measurements to study the effect of changing

growth conditions on its activity. Ornithine aminotransferase activity,

under the same assay conditions, was found to be 43% greater in ALM cells

than ALE% cells {Table 23}. So the level of activity is related to

cellular catabolism of arginine,

6.2. Tyrosine transaminase

Tyrosine transaminase is the enzyme which catalyses the first

reaction in the pathway by which tyrosgine is degraded to acetate and
fumarate and so to C02 {see appendix) . It catalyses the rate limiting }
step in tyrosine degradation in higher organisms (Tomkins et al.,
1969). The enzyme in D. discoideum accumulates during development to a
specific activity more than 3 fold greater than in growing cells {Pong
and Loomis Jr. 1971). The increase in activity after Bh of development
may suggest increased utilization of tyrosine by D. discoideum at that
stage of development.

Btudies described earlier, based on ammonia and 14C—-carbon
dioxide production from tyrosine, indicate that tyrosine can be
metabolised more rapidly by ALM than ALMg‘cells. The rate of tyrosine
metabolism is related to levels of tyrosine transaminase actlyity since

enzyme activity is 52% greater in ALM cells than in ALMg cells (Table 23).

6.3. Threcnine deaminase

Threonine deaminase is the first enzyme involved in the cataboliam
of threonine and L-threonine is converted to 2-oxobutyrate and ammonia.
2=oxobutyrate is further catabolised to succinyl CoA which enters TCA

cycle for further metabolism {see appendix).
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Two distinct threonine deaminases have been described in

Escherichia coli; one is biodegradative and the other is bjiosynthetic

{Umbarger and Brown 1957). Pong and Loomis Jr, (1973} have also
described two threonine deaminases in D. discoideum, The first enzyme,
which is sensitive to feed back inhibition by isoleucine, is synthesised
in growing cells and is lnactivated after the initiation of

development. The second enzyme, which is isoleucine insensitive,
accumulates during the aggregation and pseudoplasmodial stage of
development.

Since the experiments measured threonine deaminase under growing
conditions, the biogsynthetic enzyme was expected. However, when
activity was assayed in the presence of either of the inhibitors {20 mM
isoleucine or 10 mM leucine) no difference In threonine deaminase
activity was detected. The activity reported here is insensitive to
inhibition and corresponds to the degradative threonine deaminase
activity.

As has already been observed with the other enzymes of amino acid
metabolism the activity of threonine deaminase is higher in ALM cells by

48% (Table 23} showing greater ability in these cells to catabolise

threonine,

6.4. Glutamate dehydrogenase

Glutamic acid has a central position in the metabolism of amino
acids since amino acids are catabolised through transamination with
2-oxoglutarate to produce glutamate, Glutamate dehydrogenase then
regencrates 2-oxoglutarate and releases ammonia. An alternative pathway
proposed by Vender et al., (1965) for release of ammonia, uses
transamination with oxaloacetate to form aspartate, which is converted by

an enzyme aspartase, to fumarate and ammonia is lost. This alternative
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pathway appears to exist in bacteria {Vender et al., 1965) but in

D. discoideum glutamate dehydrogenase probably is the enzyme which is
involved in release of ammonia from amino groups. This enzyme has been
found in many organisms and tissues (Fahien et al., 1965; Corman et al.,
1967; Doherty 1970) and has been reported by Langridge et al., {1977} to
be present as 2 activities in D, discoideum. One of these activities is
mitochondrial and NADP linked while the other is extramitochondrial and
NAD linked.

Enzyme activity, of both enzymes changes with growth conditions,
with approximately 55% more activity of both enzymes being assayed in ALM
extracts compared to ALMy extracts (Table 23). This activity 1s related
to the ability of these differently grown cell types to catabolise
glutamate and is alsc related to their ability to produce ammonia when a

range of aminc acids, either individual or all together, are adgded.

6.5. Malic Enzyme

For the complete oxidation of amino acids via the tricarboxylic
acid cyecle, Goldstein and Newsholme (1376) described a pathway to
pyruvate from tricarboxylic acid cycle intermediate for generation of
acetyl CoA. The major enzymes involved 1n metabolising tricarboxylic
acid compounds ko produce precursors of acetyl CoA are phosphoenol
pyruvate carboxykinase, which utilizes oxaloacetate as substrate and
malic enzyme which utilizes malate. Although both of these reactions
are known to function in vivo in the direction of acetyl Cod formation,
Kelleher et al., (1979) gave isotopic evidence that malate rather than
axaloacetate is the tricarboxylic acid compound uged in D. discoideum
and hence, that malic enzyme was the important enzyme.

In the experiments described, malic enzyme may be required for

amino acid breakdown, but the presence of glucose, which provides an

v
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additional source of acetyl CoA, should reduce the role of malic

enzyme, Based on this loygic, malic enzyme activity was measured and was
found to be lower in the presence of glucose (ALMg cells}, although the
activity was only reduced by 22% (Table 23). Once again enzyme activity

appears to be related to its required activity in the celis,

6.6. Lysine dependent oxygen uptake activity

It was difficult to select a typical or appropriate enzyme activity
of lysine, since nothing is known about the route by which lysine is
catabolised in D. discoideum and there are many potential degradative
pathways {White, Handler and Smith 1978} (see appendix). Lysine is the
amino acid which appears to be most rapildly deaminated and since
deamination can occur by amine acid oxidase reactions as well as by
glutamate dehydrogenase, lysine was used as a substrate for amino acid
dependent oxygen uptake activity by oxygen electrode measurements.,

The reaction measured would be

R-CH-COOH + HO + O, ~s—ee— R=(~COOH + NH,_ + HO
) 2 2 3 12.

Nti 0

Lysine dependent oxygen uptake activity is very low in ALMyg cells being
only 7.6% of the activity found in ALM cells (Table 23), and would
suggest that cells have a very reduced ability to oxidise aminc acids by
this method while growing in the presence of glucosg.

While it is impossible to assess the extent to which this type of
activity participates in release of ammonia, its change in activity with

growth conditions suggest it may be worth further study.
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There are two gqualifications that should be made on these
measurements of lysine dependent oxygen uptake activities. Firstly the
substrate used was L-lysine but the oxidase activity may be able or
indeed prefer to use the D~ form of the substrate and be used to
breakdown D-lysine, As such the activity is not relevant to normal
lysine breakdown. Secondly, lysine oxygenase which has been reported to
be present in Eseudomonas (Nakazawa, T 1971) and converts L-lysine to

®~amino valeramide which by an other enzyme 8~-amino valeramidase, is

converted to S-aminovalerate and ammonia (see appendix), may also be
responsible for the observed activity. While these qualifications may

alter the significance of the results, they do not reduce its potential

interest.,




7. Enzyme activity changes

With the exception of the lysine dependent oxygen uptake activity,
the changes in enzyme activities measured in the cells grown in two
different ways are not large, Those enzymes directly involved in
metaboliem of amino acids are reduced in activity by 50% and malic enzyme
which is less directly involved, by only 20%. S8ince the cells grow at
different growth rates as well as using amino acids at a different rate,
there are many possible explanations of these changes.

However, since the ability of the cells to catabolise individual
amino acids to carbon dioxide is reduced by 50% by growth in the presence
of glucose, and cells growing in the presence of glucose ¢atabolise amino
acids at 50% of the glucose free rate (by overall ammonia production
measurements) it is tempting to speculate that decreased activity of
these enzymes is related to the fact that in the growing celis amino
acids are being catabolised at decreased rates. Since most of the
activites are reduced in similar proportions, a general control mechanism
gimilar to catabolite repression may be involved. Rickenberg (1974) has
teported that growth of bacteria on an effective source of carbon
inhibits the formation of cAMP and hence of proteins regulated by
catabolite repression. However this conclusion is speculative because
it is not even possible to establish that controls on synthesis occur,
Similar results could be produced by controls on the rate of enzyme
degradation as well as synthesis and no distinction can be made between
these possibilities on the basgis of these results. There does, however
appear to be control in these cells of the level of enzyme activities
present under different growth conditions and represents the operation of

a 'rough' level of control of metabolism.

i

I
T
i
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8. General conclusion and future prospectus

The initial aim of the project was to ascertain whether the growth
of D. discoideum could be used to provide useful information about
reqgulation of protein and more directly aminc acid degradation during
differentiation.

The answer would appear to be that the system is not suitable for
two reaasons. Firstly the sort of changes in enzyme activity, are small,
- less than occur during differentiation -~ and consequently are difficult
to assess accurately. Activities may be altered to a greater extent if
high levels of catabolism of individual amino acids are induced in
growing gells but these compounds may for other reasong influence growth
rates, and so make interpretation complex, Secondly, the system of
analysing growth and getting good values for rates of utilization of
particular compounds is difficult to quantify because rates of
utilization appear to be dependent on rates of uptake, rates of
deamination and partial metabolism. If the data presented here are
cénsidered a typical example, it is very 5ifficult to interpret the data
obtained in anything other than a very general way.

However, the work could usefully be extended on the following lines.

1) Amino acids are oxidised to provide energy and in

D, discoideum it will be interesting to look at the general amino

acid oxidases in the cells grown under different growth conditions.

2) Arginine proved to be the most actively utilized amino acid

and detailed study of the enaymes of its catabolism i.e. ornithine

amino transferase and the enzymes of urea cycle will be of interest
to study.

3) Metabolism is dependent on the uptake system such as

pinocytosis and it will be useful to study nutrient uptake system

in D, discoideum cells grown under different growth conditions

using non metabolisable substances,

A




185.

REFERENCES

Abe, H., Uchiyama, M, Tanaka, Y and Saito, H. 1976 Tetrahedr, L.
42, 3807-3810.

Ashworth, J.M. and Watts, D.J. 1970. Bicchem, J. 119, 175-~182.
Ashwor th; J.M. and Quance 3 Je 197 2, BiOChem. J. 12 6 ’ 60\]-"' 608'
Ashworth, J.M. and Dee, J. 1975. Inst. Biol. Stud. Biol., 56, 32-61.

Barrett, A.J., and Heath, M.F, 1977, in "J.T. Dingle (ed}. Lysogomes, a
laboratory handbook", 2nd Ed. North-Iclland, Amsterdam Lysosomal
enzymes, pplo-145.

Baily, N.T.J. 1976. "Statistical Methods in Biology" sees below

Bonner, J.T., Clarke, W.W. Jr., Neely, C.L., Jr., and Slirkin, M.k. 1950
J. Cell, Comp, Physiol, 36, 149-~158.

Bonney, J.T. 1967. Princeton Univ. Press, Princeton, New Jersey.
"The cellular slime moulds”,

Bonner, J.7T., Barkley, D.S., Hall, E.M., Koniin, T.M., Mason, N.W.,
0'Keefe, G, III and Wolfe, P.B. 1969. Develop. Biol. 20, 72-87.

Bonner, J.9. 1977. Mycologia 69, 443-459.

Ceccarini, C. and Filosa, M.F. 1965. J. Cell. Comp. Physiol. €6,
135~140,

Chia, W.K. 1975, Develop. Biol. 44, 239-252,

Cleqg, J.S. and Filosa, M.F. 196]1. Nature 192, 1077-1078.

Cleland, S,V. and Coe, E.L. 1968. Biochim. Biophys. Acta 156, 44~50.
Coccuci, S.M. and Sussman, M. 1970, J. Cell. Biol. 45, 399-405,

Corman, L., Prescott, L.M. and Kaplan, N.O, 1967. J. Biol. Chen.
242, 1383.

Cotter, D.A. and Raper, K.B. 1968a. J. Bacteriol, 96, 86~G2.
Cotter, D.A. and Raper, K.B. 1968b. J. Bacteriol. 96, 1680-1689.

Darmon, M., Brachet, P. and Da Silva, L.H. 1975. Proc. Natl., Acad. Sci.
U.8.a, 72, 3163~3166,

Darmon, M, and Klein, C. 1978. Develop. Biol. 63, 377-389.

Dayson, R.D. 1978, Allyn and Bacon, Inc., Boston, London, Sydney, T
Tokyo. Cell Biology. A Molecular approach. 2nd Ed. ppdd3~447. g

Pe Chastellier, €. and R?ter, A, 1977. J. Cell Biol. 75, 21B-236.
Lz Meglio, D.C. and Friedman, T.B. 1978, J. Biochem. 83, 693~698.

Diamondstone, T. 1966. Anal. Biochem. 16, 395,

Doherty, D. 1970. In "Metheds in Eanzymology Vel. XV1l A. Academic
Press,New York and London. {Tabor, H. and Tabor, C.W. eds).
Ep850-856. Glutamate Dehydrogenase {yeast)™,

Baily, N.T.J. 1976. T"Statistical Methods in Biology"  Unibooks,

Hodder and Stoughton, London, Toronto pp 176.




186.

Edmundson, T.D. nd Ashworth, J.M, 1972. Biochem, J. 126, 593-600.
Ennis, H.L., 1981, Arch. Biochem. Biophys. 209(2), 371-375,

FPahien, L.A., Wiggert, B.Q. and Cohen, P.P. 1965, J. Bicl., Chen.
240, 1loB3.

Ferguson, R. and Sall, D.R. 1976. Develop. Biol. 52, 158~160.

Firtel, R.A. amd Brackenbury, R.W. 1972, Develop, Bicl. 27, 307-32).
Fishel, B.R.,, Manrow, R.E. and Dottin, R,P, 1982. Develop. Biol. 92, 175%
Franke, J. and Sussman, M. 1971. J. Biol. Chem. 246, 6381-6388,

Pranke, J. and Kessin, R. 1977. Proc. Natl. Acad. Sci. U.8.a, 74,
21%7-2161.

FPong, D. and Rutherford, C.L. 1978. J. Bacteriol. 134, 521-527.

Fong, D. and Bonner, J.T. 1979, Proc, Natl. Acad. S¢i. U,8.A. 76,
6481-6485.

Gale, E.F. and Folkes, J.P. 1967. Biochim. Biophys., Acta 144, 461-466.

George, R.P.,, Hohl, H.R. and Raper, K.B. 1972. J. Gen. Microbiol. 70,
477-483.

Gerisch, G. and Wick, U, 1975. Bicthem,. Biophys. Res. Commun., 65,
364~370.,

Gerisch, G., Fromm, H., Hueggen, A. and Wick, U. 1975a. Wature (London)
255, 547-549,

Gerisch, G., Malchow, D,, Huesgen, A. Nanjundiah, V., Ross, W., Wick, U.
and Hulser, D. 1975b, In "Developmental Biology" (D. MacMahon and
C.F. Fox, eds), vol. 2, pp76-88. ICN-UCLA Symposium on Molecular
Cell Biology. W.A. Benjamin, Inc., Menlo Park., California.

Goldstein, L. and Newholme, E.A. 1976. Biochem. J. 154, 555-558,
Gregg, J.H. 1950. J. Exp. Z2o0l. 114, 173-196.

Gregqg, J.H. and Hackney, A.L. and Krivanek, J.0. 1954, Biol. Bull. 107,
226-235,

Gregy, J.H., and Bronsweig, R.D. 1956. J. Cell Comp, Physiol. 47,
483-488.

Gross, J.G., Town, C.D., Brookman, J.J. Jeermyn, K.A, Peacey, M.J. and
Kay, R.R. 1981, Phil. Trans. R. So¢. Lond, B295, 497-508.

Gustafson, G.L. and Thon, L.A. 1979. J. Biol. Chem. 254, 12471-12478.
Haper, J.t., Esposite, M.S., Magee, P,T. and LEsposito, R.E, 1975.

In "Spore VI" (P. Gerhardt, R. Costilow and H. Sadoff, eds).,
ppl3z2-137. American Society of Microbiology, Washington b.C.




187.

Hames, B.D. and Ashworth, J.M. 1974. Bicchem. J. 142, 301-315.
Hanish, M.D. 1975, Develop. Biol. 45, 340-348.
Harris, W.A. amd North, M.J. 1982, J. Bacteriol. lhO({2) 716~721.

Harvey, N.L., Pewson, C.A. amd Helms, W.H. 1968. Lab. Pract. 17,
1134-1136.

Henry, R.T. 1966. Clinical Chemistry, 266-270. Harper and Row, New
York, Evanston, London and John Weatherbill Inc.. Tokyo.

Hohl, H.R. and Raper, K.B. 1963. J. Bacteriol. 85, 191-198.
Ishida, S. 1980. Dev. Growth Differ. 22, 781-788,
Jenkins, W.T. and Tsai, H., 1970. In "Methods in Enzymology Vol. XVIIA.

aAcademic¢ Press, New York and London (Tabor, H. and Tabor, C.W. eds),
pp281-285. Ornithine Amino Transferase.

Kay, R.R, 1979, J. BEmbryol, Exp. Morphol. 52, 171-182.
Kay, R.R. 1982, Proc. Natl. Acad. Seci. U.S5.A. 79{10) 3228,

Keeton 1972, wW.T. 1980, W.W. Norton & Company Xnc, New York,
Biological Science 3rd ed.

Kelieher, J.XK., Kelly, P.J. and wWright, B.E. 1979. J. Bacteriol 138,
467474,

Kelly, P.J., Kelleher, J.K., and Wright, B.E. 1979. Biochem. J. 184,
581-588.

Killick, K. and Wright, B.E, 1972, J. Biol. Chem. 247, 2967-2969.

Klein, C. and Darmon, M. 1975, Biochem. Biophys. Res. Commun. 67,
440-447. ;

Klein, C. 1977. FEMS Microbiol. Lett. 1, 17-20.
Xlein, C., Brachet, P, and Darmon, M. 1977. FEBS Lett. 76, 145-147,

Konijn, T.M., van De Meene, J.G.C., Bonner, J.T. and Barkley, D.S. 1967.
Proc. Natl. Acad. Seci. U.B8.A, 58, 1152~1154.

Kun, E. and Eearney, E,B, 1974. In "Methods in Engymatic Analysis™ 2nd
¥d., Academic Press, New York and London. (Bergmeyer, U.U. ed).
pplBO2-1806. "ammonia®,

Langridge, W.H.R.,, Komuniecki, P. and de Toma, ¥.J. 1977.

: archives
Biochem. 178, 581-587.

Leach, C.K. and ashworth, J.M, 1972. J. Bol, Biol. 68, 35~48,




188.

Lee, K-C. 1972. J. Gen. Microbiocl., 72, 457-471.
Liddel, G.U. and Wright, B,E. 196l. Develop. Biol. 3, 265-276.

Lowry, O.H., Rosebrough, WN.J., Farr, A.L. and Randall, R.J., 1951,
J. Biol, Chem. 193, 265-275.

Loomis, W.F., Jr. 1970, Exp. Cell. Res. 60, 285.

Loomis, W.F., 1875, academic Press, New York. Dictyostelium discoideum
A Developmental System.

oomis, W.FP. 1982, Academic Press, New York. Dictosgtelium discoideun
A Developmental System.

Maeda, Y. and Takeuchi, I, 1969. Dev. Growth. Diff. 11, 232-245.

Malchow, D. and Gerisch, G. 1974. Proc. Nat. Acad. Sci. U.S5.A. 71,
2423-2427.

Marin, F.T. 1976. Dev. Biol, 48, 110-117,

McLean, P. 1958. Biochimica et Riophysica Acta 30, 316-324.
Mizukami, ¥. and Iwabuchi, M, 1970a. J. Biochem. 67, 501-504.
Mizukami, Y. and Iwabuchi, M. 1970b. Exp. Cell. Res. 63, 317-324.
Murphy, M. and Klein, C. 1979%. Cell pifferentiation, 8, 275-285.

Murray, B.A. 1982. In "The development of Dictyostelium discoideum
(Ioomis, W.F. ed}. Academic Press, New York, London pp72-75.

Nakazawa, T. 1971. In "Methods in Eznymology Vol. XV1L B, Acadenic
Press, New York and London (Tabor, H. and Tabor, C.W. eds).
ppl54~157.

Newell, P.C. and Sussman, M, 1969, J. Biol. Chem. 244, 2990-2995,

Wewell, P.C., Telser, A. and Sussman, M. 1969, J. Bacteriocl 100,
763-768.

Yrth, M.J. and Turnes, R. 1977. Microbios lett. 4, 221-228.

North, M.J, and Williams, K.L. 1978. J. Gen. Microbjiol. 107, 223-230.
North, M.J. and Harwood, J.M. 1979, Biochim. Biophys. Acta 566, 222-233.
North, M.J. and Murray, S. 1980. FEMS lLett. 9, 271-274.

North, M.J. and whyte, A. 1981. Soc,. Gen., Microbiol. Q. 8, 273.

North, ¥M.J. 1982. ExXp. Mycol. 6, 345-352,

North, M.J., Whyte, A. and Ventom, A. 1982, FEMS Microbiol letts
15, 189-192,

North, M.J. 1983, J. Gep. Microbiol. 129, 1381-138s5,




189.

Pan, P., Hall, E.M. and Bonner, J.T, 1972. Nature 273, 181-~-182,

Pan, ¥., Bonner, J.'f., Wedner, H. and Parker, C. 1l974. Proc. Natl.
Acad. Sci., U.S.A. 71, 1623-1625.

Peraino, C¢. and Pitot, H.C. 1963. Bilochim., Biophys. Acta, 73, 222.
Perkins, 1962

Poff, K.lL., Butler, W.L. and Loomis, W.F, 1973. Proc. Natl, Acad. Sci.
v.8.a. 70, 81l3-81k5.

Poff, K.B., and Loomis, W.F. 1973. Exps Cell Res. 82, 236-240.

Poff, K,L. and Skokut, M. 1977. Proc. Natl. Acad. 8Seci. 1,8,2,
74, 2007-2010,

Pong, S.S8. and Loomig, W.P. 1971, J. Biol. Chem. 246, 4412-4416,

Pong, S.8., nd Loomis, W.F, 1973, J. Biol, Chem. 248, 4867~4873.

Rahmgdorf, H.J., Cailla, H.L., Spitz, E., Moran, M,J. and Rickenberg, H.V.
1976, Proc, Natl. aAcad. Sci. U.S.A. 73, 3183-3187.

Rahmgdorf, H.J. 1977. Hoppe-Seyler's, %. Physiol. Chem. 358, 527-529.
Raper, K.B, 1935, J. Agr. Res. 50, 135-147.

Raperr K.B. 1940, J. Elisha Mitchell Sci. Soc., 56, 241-282.

Raper, K.B. 1856, Mycolegia 48, 169+-205.

Reinhardt, D,J. 1966, J. Protozool. 13, 225-226.

Rickenberyg, H.V., Rahmsdorf, H.J., Campbell, A., North, M.J., Kwasniak, J.
and Ashworth, J.M, 1975, J. Bacteriol. 124, 212-219,

Roberts, B. 1954. Ach. Biochem. Biophys. 48, 395.

Robertson, A., Drage, D., and Cohen, M. 1972. Science 175, 333~335.

Robinson, J., and Cooper, J.M. 1970. Anal. Bjiochem. 33, 390-399,.

Roos, W., Nanjundiah, V., Malchow, D. and Gerisch, G. 197S. FEBS Lett.
53, 139-142.

Roos, W. and Gerisch, G. l1976. FEBS Iett, 68, 170-172.

Roog, W. Scheildegqger, C. and Gerisch, ¢. 1977. Nature (London) 2646,
259-261,

Rossomando, E.F., Jahngen, B.G., Varnum, B. and Scll, D.R. 1981,
J. Cell, Biol. 91, 227-231.

Roth, K. and Sussman, M. 1968. J. Biol. Chem. 243, 5081-5087.

Ryter, A, and de Chastellier, ¢. 1877, J. Cell Biol. 75, 200-217.




190.

Ryter, A. and Brachet, P. 1978. Bicl. Cellulaire 31, 265-270.

sargent, D., and Wright, B.E. 197l. J. Biol., Chem 246, 5340-5344.

schaeffer, P., Miller, J. and Aubert, J.P. 1965. Proc. Natl. Acad.
Sci., U.8.A, 54, 704-711.

Bcher, W.1. and Vogal, H.T. 1957. Proc, Natl. Acad. S¢i. U.S.A. 43, 796.
gchindler, J. and Sussman, M. 1977, J. Mo, Biol., ll6, 1l61-169.

Shaffer, B.M. 1962. Advan. Morphog. 2, 109~182.

shaffer, B.M, 1975, Nature {(London) 255, 549-552.
Strecker, H,J. 1965, J. Biol.. Chem 240, 1225.
Sussman, M. 1956 annu. Rev. Microbicl. 10, 21-50.

Sugsman, R.R. and Sussman, M. 1967. Biochem. Biophys, Res. Commun,
29, 53=55,

Sussman, M. and Sussman. R.R. 1969. Symp. Soc. Gen. Microbiol. 19, .
403-435. ;

Sussman, M., Schindler, J. and Xim, H. 1977. In "Development and
Differentiation in the cellular slime moulds" Elsevier/North-ficlland
{Cappuccinelli, P. and dshworth, J.M. eds). 31-50. Toward a
bicchemical definition of the morphogenetic fields in Dictyostelium
Discoideum.

Tabor, C.W. and Tabor, H. 1976, Ann. Rev. Biochem. 45, 285-306.
Thomas, D.A. 1979, J. Gen. Micrqbiol. 113, 357-368.
Toama, M.A. and Raper, K.B. 1967, J. Bacteriol. 94, 1143-1149.

Tomkins, G.M., Gelebrter, T,0., Granner, D., Martin. D. Jr. Samuels, H.H.
and Thompson, E.B., 1969. Science 166, 1474,

Town, C.DP., Gross, J.D. and Kay, R,R. 1976. Nature (London} 262,
717~719,

Town, C. and Stanford, E. 1979. Proc. Natl. Acad. Sci. U.S.A. 76,
308-312.

Turner, R. and North, M,J3. 1977, In "Development and Differentiation of
the cellular slime moulds (Cappucinelli, P. and Ashworth, J.M. eds),
pPP221~229. Elsevier/North Holland Biomedical Press, amsterdam.

Turner, R., North, M.J. and Harwood, J.M. 1979, Biochem. J. 180,
119-127.

Unbarger, H.E, and Brown, B. 1957. J. Bacteriol. 73, 105.

van Haastert, P,J., Pasveer, B.J., van der Meer, R.C., van der Heijden,

552.53;an Walsam, H. and Konijn, T.M. 1982. d. Bacteriol. 152(1}




191.

Vender, J., Jayaraman, K., and Rickenherg, H.V. 1965. J. Bacteriol

90, 1304-1307.

Ward, C. and Wright, B.E. 1965, Biochem, 4, 2021-2027.

watts, D.J. and aAshworth, J.M. 1870, Biochem, J. 119, 171-174.

Watts, D.J. and Guest, J.R. 1975, J. Gen, Microbiol. 86, 333-342,

Watts, D,J. 1977, J. Gen., Microbiocl. 928, 355-361,

White, G.J. and Sussman, M. 1961.

Bilochim. Bicphys. Acta 53, 285-293.

white, G.J. and Sussman. M. 1963a. Biochim. Biophys Acta 74, 173-178, -E

Wiener, E., and ashworth, J.M. 1970, Biochem. J. 118, 505-=512,

wWilliam,
247,

K.L., Kessin, R.H.
142-143.

and Newell, P.C. 1974&a. Nature (London}

williams, K.L.,
84, 68-78.

Kessin, R.H, and Newell, F.C. 1974b, J. Gen. Microbiol.

Witkin, 8.8. and Rosenberg, E. 1970. J. Bacteriol. 96, 981-98¢,

White, G.J.
White : Ay

and Sussman, M. 1963b, Biochim. Biophys. Acta 74, 179-~187.

Handler, P.and Smith, E.L. 1978. pPrincipals of Biochemistry
McGraw~Hill HBook Company.

ppdd3~-447 New York, London, Tokyo.
B.E. 1960, Proc. Natl.

Wright, Acad. Sci. U,S5.A. 46, 798-803.

Wright, B,B. and Anderson, M.,L. 1960.

Wright, B.B. nd Bloom, B. 19861.

Wright, B.E. nd Bard, S. 1963.

Wright, B.B. 1964. In "Biochemistry

Vol. 3. Academic Press, New York
Biochemistry of Acrasiales,

Wright, B.E. nd Wassarman, M.E. 1964.
423424,

Yamamoto, A., Maeda, Y. and Takeuchi,

Yarger, J., Stults, ¥. and Soll, D.R.

Biochim.

Biochim. Biophys. Acta 43, 62-66.

Biophys, Acta 48, 342-346.

Blochim. Biophys. Acta 71, 45-49.

and Physilogy of the Protzoa"
(Hutner, S.H. ed). pp341-381,

Biochim, Biophys. Acta 90,

I. 1981,

Protoplasma 108, 55-69.

1974. Js Cell Sci. 14, 681-690,




APPENDIX

METABOLIC PATHWAYS

ARGININE

ARGININE

H

Q

2

2;i:>> Arginase
Urea

A 4

Ornithine
n h“—“"*““--9 Urea cycle

-KG

A \\N&\\\\\\\
Glutamic acild é’///////’/’,A
\

I.- Glutamic semialdehyde

Ornithine

Amninotransferase

n

H,0,8apt . :
2’ glutamic semialdehyde

kr////// dehydrogenase
NADH

y

Glutamic acld

I
!
1
v
(T ¢ 3 cycle)

192.




195.

THREONINE

Threonine

Threonine

deaminase

¥
o(—Ketobutyrate + NH

3
& ~KG
k////// oxidase
CO
2 ¥
Propionate
CoA

/ ATE

//,’//
\A AMP + PPi

\
Propionyl Coi

Cco
2

ATP

TS ADP4PL

R
Methyl malonyl CoA (Streolsomer)

Isomerase

Succinyl CoRA

(T C A cycle)

RSNV 4




194,

TYROSINE
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