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ABSTRACT 

Heterotrophi c (dark, non-photosynthetic) carbon dioxide fixation was 

measured in the phytoflagellate Euglena gracilis. Variation in 

heterotrophic carbon dioxide fixation depends on the phase of batch 

growth and the mode of nutrition. A sharp increase in heterotrophic 

carbon dioxide fixat ion occurs during the mid- to late-logarithmic 

growth periods in Euglena growing photoautotrophically (with carbon 

dioxide as carbon source, light as energy source) and heterotrophically 

(in the dark with glucose as sole carbon and energy source). Cells 

growing heterotrophically with acetate or ethanol as sole carbon source 

do not increase their he terotrophic carbon dioxide fixation during the 

growth cycle. Addition of acetate to cultures of Euglena causes a 

reduction in dark carbon dioxide fixation. The results are consistent 

with the hypothesis that heterotrophic carbon dioxide fixation in 

Euglena functions in anaplerotic replenishment of the tricarboxylic 

acid cycle . 

The regulation of these chan~es in heterotrophic carbon dioxide fixation 

was shown to be controlled by exogenous ammonium in a complex fashion. 

Ammonium stimulates heterotrop hic carbon dioxide fixation after a period 

of an~onium deprivation. The kinetics of the regulatory effects of the 

ammonium ion on dark carbon dioxide fixation are presented. 

A survey into the activities of carboxylating enzymes from both 

autotrophically and heterotrophically grown Euglena was conducted. The 

heterotrophic cultures were supplied with either glucose or acetate as 

substrate. PEP carboxykinase (E.C.4.1.1.38) and (E.C .4.1.1.49) could not 

be detected in any of the cultures tested. A trace amount of PEP 
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carboxykinase (E.C.4.1 . 1. 32) is present in the acetate grown cells only 

and a trace amount of pyruvate carboxylase (E.C .6.4.1.1.) is present in 

the glucose grown cells only. Malate enzyme (E.C.l.l.l.40), PEP 

carboxylase (E.C .4. 1. 1.31) and acetylcoenzyme A carboxylase (E.C.6 .4.1.2) 

are present in all cells tested. Ammonium stimulation causes a small 

increase in specific activity of all the enzymes except acetyl-CoA 

carboxylase. The largest increase occurs in PEP carboxylase, but the 

increase is not sufficient to account for observed increases in whole 

cell dark carbon dioxide fixation after ammonium stimulation . 

Two isoenzymes of PEP carboxylase were purified from each other from 

both ammonium stimulated and non-stimulated cells. There are no 

significant differences between elution profiles of isoenzymes from 

ammonium stimulated and control cells. There are no significant 

differences between elution profiles of i soenzymes from autotrophic 

and heterotrophic cells. The kinetics of the regulation of the two 

isoenzymes by malate, citrate, succinate and 3-phosphoglycerate are 

presented. 

The products of heterotrophic carbon dioxide fixation by ammonium 

stimulated and control cells were identified and measured by chromatography. 

Ammonium stimulates the biosynthesis of glutamine, glycine, serine and 

alanine. 
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DEFINITIONS AND EXPLANATIONS 

Autrophically grown Euglena Batch cultures of Euglena grown in 

continuous light, with carbon dioxide as sole carbon source. Such a 

culture is also referred to variously as an autotrophic culture, 

autotrophically grown cells, autotrophic cells or autogrophic Euglena . 

Heterotrophically grown Euglena A batch culture of Euglena grown in 

complete darkness, with a complex organic carbon source (usually glucose 

or acetate). Such a culture is also referred to variously as a heterotrophic 

culture, heterotrophically grown cells, heterotrophic cells or heterotrophic 

Euglena. 

Heterotrophic carbon dioxide fixation is defined as the non-photosynthetic 

(dark) fixation of gaseous carbon dioxide to form a new carbon-carbon bond. 

It does not necessarily imply heterotrophic growth. It is also referred 

to as dark carbon dioxide fixation. To avoid unnecessary repitition of 

these terms, the abbreviations carbon dioxide fixation, dark fixation and 

fixation are sometimes used. These terms never imply photosynthetic 

carbon dioxide fixation, which is always referred to as photosynthesis. 
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I NTRODUCTI ON 

Euglena has been and continues to be exploited in biological research 

laboratories for several reasons, most important of which are its ease of 

experimental manipulation and growth, and its biochemical adaptability. 

The level of adaptability is unusually high for a eukaryote organism. 

This dissertation describes an investigation into heterotrophic (as 

opposed to photosynthetic) carbon dioxide fixation in euglena. 

The existence of heterotrophic carbon dioxide fixation, or the dark 

assimilation of gaseous carbon dioxide into metabolism, has been recognised 

for about 40 years. Duri ng thi s peri od it has become ev i dent that thi s 

fixation is the sum total of a plethora of biochemical carboxylations, 

catalysed by a range of different enzymes. Different cells and tissues 

possess a variety of enzymes catalysing different reactions. In all 

cells or tissues which have been critically investigated, some form of 

dark carbon dioxide fixation has been found to occur, indicating that it 

is probably ubiquitous and of basic importance. In some of these cases 

the function or functions of the carboxylations have been elucidated, and 

in other cases they are still not known. 

In EUglena relatively little attention has been directed to the problems 

of heterotrophic carbon dioxide fixation. This is in spite of the fact 

that over 20 years ago it was shown that there may be unusual features 

in this organism's carbon dioxide fixation. The enzymology of the fixation 

is still not fully worked out and control processes are still obscure . 

It was observed that heterotrophic carbon dioxide fixation in EUglena 

whole cells varies considerably during growth cycles (M.J. Peak, personal 
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communication). Such modifications reflect a regulating mechanism 

controlling heterotrophic carbon dioxide fixation. It was decided to 

use this observation as starting point to further elucidate functions and 

control mechanisms of Eug lena heterotrophic carbon dioxide fixation . 
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THE GENUS EUGLENA 

At the base of the plant and animal kingdoms are unicellular pigmented 

organisms, swimming freely by means of flagellae. These organisms, 

which are unique in that they photosynthesize like plants but are 

classified by zoologists among the animals, are the phytoflagellates. 

Recent protozoological classification distinguishes ten orders of 

phytoflagellates, one of which is the euglenoids, containing both pigmented 

and colourless forms. Euglenoid flagellates, in particular the green 

genus EUglena have been the subject of biological study for many years. 

Buetow (1968) edited a comprehensive survey of studies on Euglena taxonomy, 

morphology, behaviour, physiology and biochemistry. 

Morphology and taxonomy euglena is a widespread genus, inhabiting a 

variety of environments . Most species live in fresh water habitats such 

as ditches, ponds and streams, particularly those contaminated by animals 

or decaying vegetable matter . Members of the genus are free-living, 

single celled organisms, possessing two flagellae, one external and one 

internal. Different species vary considerably in body shape, from nearly 

spherical to extreme ly elongated or leaf-like. Characteristics common 

to all species include the presence of paramylon as the carbohydrate 

storage product, the lack of any known sexual processes, and the pellicle, 

which can be flexible or rigid, surrounding the body. The helical or 

screw symmetry which is characteristic of euglenoids is shown most clearly 

by the arrangement of the pellicle. 

The taxonomy of euglena is problematic. Most species, in the light, 

possess green chloroplasts and live photoautotrophically, in a plant-like 

fashion. However, EUglena is also capable of heterotrophic nutrition 
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and can graw equally efficiently an a variety .of substrates in the abser.c e 

.of light, in which case the fully elaborated green chloroplasts are absent. 

Thus it has been classified variausly as a mastigopharan protozoan, 

passessing green chromatophares, or as a green alga. Margulis (1970) 

suggested that EUglena may be polyphyletic in .origin, and that the 

chloroplasts may originally have been prokaryatic blue-green algae, which 

became associated with a mastigopharan protozaan and entered into an 

endosymbiotic relationship with it. The animal part .of the union deri ved 

benefit fram the association since it obtained fixed carbon fram the 

photosynthesis of the plant. Cavalier-Smith (1975) recently described a 

different theory whereby plastids evolved from pre-existing cy tosolic 

structures. 

Biochemistry and physiology .of EUglena euglena is widely used as an 

organism for biological research. Two characteristics of EUglena render 

it particularly suitable as a laboratory organism, firstly it can readily 

be cultured in the laboratory under a variety .of culture conditions, and 

secondly, its biochemical andphys ialogical flexibility can be exploited 

experimentally. Of all species of EUglena, the mast common ly used in 

the laboratory is EUglena gracilis, in particular Euglena gracilis Z and 

EUglena gracilis var bacillaris. 

Coak (1968) described experimental methods for the culture of euglena, 

and Hutner et d. (1966) discussed various culture media. Important in 

physiological and biochemical research is the fact that euglena can be 

cultured axenically, and on completely defined media. As euglenaid 

flagellates have simple chemical requirements, th ese media need not 

necessarily be complex. Various different methads can be employed to 

culture euglena, depending on the need of the investigatar. Caak (1968) 
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describes these methods in detail . The two most common ways in which 

euglena is grown in the laboratory are either in simple batch culture, or 

synchronously. Cook and James (1960) described how autotrophic cultures 

of Euglena can be made to synchronize their division in the laboratory 

by exposure to appropriate, alternating periods of light and dark. The 

divisions become synchronized, occurring in the dark periods. Heterotrophic 

cultures may be made to divide synchronously by means of heat shocks 

(Pogo and Arce, 1964). When grown in batch culture, autotrophic 

euglena receive continuous illumination with supplied carbon dioxide, 

whereas heterotrophic growth is always in complete darkness with supplied 

substrate. 

Batch culture has been described as ' simple'. However, in fact more 

is involved in a growth cycle than simply an increase in numbers until 

the limits of the medium are reached. EUglena in batch growth behave 

in an extremely complex fashion, changing radically as they go through 

the di ffere nt phases of growth. Cook (1968) pointed out that changes 

in physiology, morphology and b.iochemistry of Euglena during growth 

have been recognised by several investigators, for example decrease 

per cell of total protein, dry weight and RNA with culture age (Buetow 

and Levedahl, 1962), and decrease in oxygen consumption of cells grown 

on glucose (Cook and Heinrich, 1968). Because of such changes it is 

important that stages of growth be taken into account in any investigation 

into EUg l ena phys iology and biochemistry . This is emphasized by Cook 

(1968), "Changes in the average euglena that occur as the culture 

grows clearly make it a risky business to reproduce experiments that 

could be influenced by such changes.". However, changes in Euglena 

during growth cycles can also be a useful probe in biochemical 

investigation. This has been found to be the case during previous work. 
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For instance it was found that the specific activities of both the 

cytosolic isoenzyme of malate dehydrogenase, (E.C. 1. 1. 1.37)* and of malate 

enzyme (E.C. 1. 1.1.40), increase severalfold during the growth cycle of 

Euglena gracilis Z grown heterotrophically on glucose. No increase in 

the specific activity of these enzymes was measured if the cell~ were 

grown autotrophically. These findings gave some insight into the question 

of the function of these enzymes in eug l ena (Peak e t al ., 1972b, 1973). 

EUg lena is able to withstand large changes in pH and can grow efficiently 

at pH values ranging from 3 to 9, although in general it grows faster in 

acid media. Cook and Heinrich (1965) studied the effect of initial pH 

of the medium on growth of euglena graci l is Z, using the salt medium of 

Cramer and Myers (1952). They found no growth below pH 5 when acetate 

was sole carbon source . However, in the present study, EUglena gloaciZis Z 

were successfully cultured on acetate at pH 3.3 (see Materials and Methods). 

Nutritional versatility is a feature of euglenoids. t~ost have the 

ability to modify their metabolism in such a way that they can grow equally 

efficiently photoautotrophically (i.e. fixing carbon dioxide with the 

aid of light) or heterotrophically (i.e. on complex organic carbon 

substrates, not necessarily in the light). Heterotrophic nutrition may 

be osmotrophic (intake of soluble food material) or phagotrophic (ingestion 

of particulate matter). In response to environmental change they can 

adapt rapidly to either the autotrophic or heterotrophic mode of life. 

Such changes can be controlled experimentally, and the organism induced 

to alter its mode of life so that modifications in metabolism can be 

* Nomenclature and numbering of enzymes is according to the Enzyme 
Commissions of 1965 (Barman, 1969) and 1972 (Florkin and Stotz, 
1973) . 
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studied. Peak et al. (1972b, 1973) studied changes in metabolism 

resulting from the abrupt transfer of Euglena from autotrophic culture 

to heterotrophic culture and vice versa . Such transfers were termed 

transpositions. When grown under autotrophic conditions, euglena possess 

several plant-like characteristics, most notable of which is the presence 

of fully developed chloroplasts functioning in photosynthesis (approximately 

30 in E. gracilis). Also observed in autotrophic cells is a plant-like 

spectrum of lipid content (Rosenberg, 1963). About 30% of the lipid 

found in autotrophic cells is alphalinolenic acid, which is a typical 

plant chloroplast fatty acid. This fatty acid is barely present in 

heterotrophic cells. If autotrophic cells are experimentally transferred 

to the dark and provided with a suitab le complex carbon substrate, growth 

continues heterotrophically. Apparently the manufacture of new chloroplast 

material ceases and the chloroplasts regress, losing their chlorophyll and 

the organization of the photosynthetic lamellae (Ben Shaul et al . " 1965). 

After several generations of growth in the dark the ce lls become fully 

etiolated and have lost all their chlorophyll, the chloroplasts being 

present as proplastids, which are apparently simple sacs containing 

protochlorophyll(ide), but lacking internal structure (Epstein and Schiff, 

1961; Schiff et al. , 1961b). During continued heterotrophic growth of 

the cells the proplastids continue to divide, maintaining the original 

number per cell. 

Heterotrophic EUglena are in a temporarily etiolated or bleached condition 

and if they are placed in the light the proplastids rapidly elaborate 

once again into mature, functional chloroplasts. This process, which is 

known as "green ing", is stimulated by light alone and can occur in the 

abse nce of carbon dioxide or other carbon source i.e . without cell division 

taking place. (However, both light and carbon dioxide are necessary for a 
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complete transposition to autotrophic growth). The details of the 

elaboration of the chloroplast structures and related matters during 

greening have been the subject of extensive study. Early electron 

micrographs illustrating the process were presented by Epstein and 

Schiff (1961) and by Ben-Shaul et al. (1964). Buetow (1968) devotes 

four chapters of his book to the subject of chlorophyll and the chloroplast 

in Euglena; and since then a considerable further body of work has been 

reported in the literature. 

The transposition of Euglena from an autotrophic to a heterotrophic mode 

of life, and vice versa, is accompanied by other metabolic changes which 

have been relatively littl e researched in comparison with chloroplast 

changes. Peak et al. (1972a and b, 1973) studied metabolic changes 

associated with transpositions, in particular changes in the activities of 

certain enzymes. It was found for instance, that malate enzyme and 

cytosolic malate dehydrogenase increased considerably when autotrophic 

Euglena were transposed to heterotrophic conditions, whereas the reverse 

transposition was accompanied by sharp decreases in the enzymes' specific 

acti viti es. The differences observed in enzyme activity between 

heterotrophic and autotrophic Euglena proved to be of importance in a 

consideration of the function of the enzymes (Peak et al., 1972, 1973). 

In another comparison Rosenberg (1963) studied the differences in fatty 

acid composition between autotrophic and heterotrophic Euglena. He 

found a major difference in the proportion of alpha-linolenic acid as 

described above. 

Whereas Euglena is only temporarily bleached by heterotrophic growth in 

the dark, and will "regreen" if given light, it is possible to induce 

permanent bleaching in the laboratory by various treatments such as 
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exposure to streptomycin, ultraviolet light or heat (Mego, 1968). These 

various treatments may cause bleaching in different ways. For instance, 

plastids are more sensitive to streptomycin or ultrav iolet light compared 

with the cell nucleus, and can be selectively inhibited by these agents. 

In some cases the treatment may be reversible (Schiff et al., 1961a) but 

continuation of the treatment through a number of generations can produce 

permanently bleached ce lls which are incapab le of forming functional 

chloroplasts. This bleaching is some~ imes thought to be due to genetic 

mutation, in which case the plastids are biochemically inhibited so that 

they can no longer become fully functional chloroplasts, but remain as 

non-functional inclusions (Gibor and Herron, 1968). However, ultraviolet 

treatment in some cases appears to block completely the replication of 

plastids so that after successive generations they are completely diluted 

out of the cells in the cu lture (Schiff et al., 1961b). Permanent 

bleaching by heat may occur in a similar manner. At 340 C the division 

rate of the plastids is inhibited, while cell division continues at the 

normal rate, so that after many generations of growth at this temperature 

no plastids remain in the cells. The bleached mutant used in the present 

study, euglena gracilis Z SB3, was obtained by streptomycin treatment. 

When cultured heterotrophically many Euglenae are able to grow on a wide 

variety of different substrates. euglena gracilis Z in particular is very 

versatile in this regard, and has been found to grow success fully on 

glucose, fructose, malate, pyruvate, succinate, glutamate, acetate or 

ethanol as sole carbon source (Peak et al., 1972b) . Further, it has been 

shown that the cells can be induced to modify their metabolism not only 

by transposition from autotrophic to heterotrophic mode of growth, but 

also by varying the carbon source for heterotrophic growth. For instance, 

Euglena gracilis Z grown on glutamate have levels of mitochondrial malate 
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dehydrogenase twice as high as cells grown on glucose (Peak et al., 1972b). 

Such a modification might act as a lever for an investigation into the 

regulation of this isoenzyme. Of interest with relation to the present 

study is t he fact that EUg l ena is a member of a small group of eukaryotes 

known as the "acetate flagellates" which are able to utilize and grow on 

2-carbon compounds as sole carbon source. For instance Euglena can grow 

on acetate or ethanol and thus must be able to synthesize 6-ca r bon sugars 

from these compounds. Heinrich and Cook (1967) have shown that growth 

on 2-carbon substrates affects the respiratory physiology of EUglena gracilis. 

A notable modification to growth on 2-carbon substrates such as acetate 

is the utilization of the glyoxylate shunt or bypass described below 

(Kornberg, 1966), which is catalysed by the enzymes isocitrate lyase 

(LC.4.l.3.1.) and malate synthase (E.C.4.1.3.2.). These enzymes were 

fi rs t demons tra ted in EUg l ena by Reeves et al . (1962). Cook and Carver 

(1966) showed that culturing Euglena graci lis on acetate induces the 

glyoxylate cycle enzymes in cells previously grown either autotrophically 

or heterotrophically on glucose. Also, Graves et al. (1975) demonstrated 

these glyoxylate enzymes in cells grown in the dark on ethanol. 
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HETEROTROPHIC CARBON DIOXIDE FIXATION 

This subject was reviewed by Wood and Stjernholm (1962) and again by \-Iood 

and Utter (1965). The phenomenon of heterotrophic carbon dioxide fixation 

ha s only been known for the past 40 years, but it is now recognised as 

being of importance in a wide range of cells and tissues. 

The formation and breakage of the covalent carbon-carbon bond, with one of 

the reactants being carbon dioxide, is basic to life. The formatio n of a 

large proportion of organic material is due to carboxylations which occur 

during photosynthesis in autotrophic organisms. Here light energy is 

used to form the covalent bond. Ultimately, all the carbon dioxide fixed 

in photosynthesis will be liberated again through the processes of 

respiration, either in an autotrophic plant cell or a heterotrophic animal 

cell. . 

The processes of photosynthesis and respiration, which involve large 

exchanges of gas, have been known for many years. The possibility of 

carboxylations other than those of photosynthesis occurring in metabolism 

was not cons idered by early investigators and in fact it was assumed that 

heterotrophic organisms were unable to utilize carbon dioxide at all. It 

is now known that both autotrophic organisms and heterotrophic organisms 

do fix carbon dioxide non-photosynthetically, but that these carboxylations 

were not detected because they are masked by the relatively larger exchanges 

of carbon dioxide occurring either in photosynthesis or respiration. 

It was not until r adioactive isotopes became available, in 1940, that it 

was possible to demonstrate heterotrophic uptake of carbon dioxide in many 

differ ent ce lls and tissues using tracer techniques. Although the tissue 
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under investigation might actually be releasing more carbon dioxide than 

it is fixing, the use of labelled carbon dioxide picks out the carboxylation 

reactions. Since heterotrophic carbon dioxide fixation reactions are 

independent of light as energy source and can occur in the dark, the energy 

to form the covalent bond must come from within the cell. 

In actual fact, heterotrophic carbon dioxide fixation was demonstrated · 

before the advent of tracers, bu t on ly as the result of an unusual type of 

metabolism manifested by propionic acid bacteria. In 1936 Wood and 

Werkman, while conducting quantitative determinations of the products of 

glycerol fermentation, demonstrated a net uptake of carbon dioxide by 

these organisms, in contrast to other heterotrophic bacteria in which a 

net output of carbon dioxide had always been seen. At first the 

exceptional result with propionic acid bacteria was considered to be an 

artefact. However, it was subsequently discovered that more carbons 

had been produced by the fermentation, in the form of succinate and 

propionate, than were originally added in the form of glycerol, the excess 

being obtained from gaseous carbon dioxide. 

The metabolism of propionic acid bacteria is a special case, but with the 

use of radioactive tracers heterotrophic carbon dioxide fixation was 

demonstrated in many different organisms. Early workers measured carbon 

dioxide uptake by heterotrophic bacteria (Barker et al ., 1940) ; moulds 

(Foster et al ., 1942); and animal tissues (Evans and Slotin, 1940), and 

following these dis coveries the heterotrophic assimilation of carbon 

dioxide by bacteria and mammalian tissues was extensively studied. 

Moreover, heterotrophic carbon dioxide fixation was found not to be 

limited to heterotrophic organisms, but was demonstrated in both higher 

and lower plants. By placing green algae in the dark, non-photosynthetic 
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uptake of labelled carbon dioxide could be measured. Heterotrophic 

carbon dioxide uptake was measured in this way in Nostoa and Saenedesmus 

(Holm-Hansen, 1956) and in ChZoreZZa by Moses et aZ. (1959). In · higher 

plants, for example Ting and Dugger (1965, 1967) have investigated 

carbon dioxide fixation by various root tissues. Having demonstrated 

the existence of heterotrophic carbon dioxide fixation it became evident 

that it is of fundamental importance in the physiology of, for example, 

many microorganisms, since lack of carbon dioxide in the environment 

caused an inhibition of growth (Hutner and Provasoli, 1951). Wood and 

Utter (1965) in their review stated that " ... most, if not all, heterotrophic 

cells are dependent on carbon dioxide fixation reactions.". 

Heterotroph ic carbon dioxide fixation reactions Basically, heterotrophic 

carbon dioxide fixation as measured in a cell or tissue using tracer, is 

the net sum of all the carboxylations occurring in that tissue. However, 

as investigation into heterotrophic carboxylations continued, different 

reactions were distinguished and it became clear that there are many 

different routes of heterotrophic carbon dioxide fixation, catalysed by 

different enzymes. Moreover, these routes are not, as earlier workers 

had thought, the same as those of photosynthesis. The routes and 

enzymes may vary from organism to organism and from tissue to tissue. 

The following is a selected list of important heterotrophic carbon 

dioxide fixation reactions and the enzymes catalysing them. 

(A) Phosphoenolpyruvate carboxylase (E.C.4. 1. 1.31) 

This enzyme catalyses the formation of oxaloacetate from phosphoenolpyruvate. 

The reaction, which is essentially unindirectional, leads to the formation 

of orthophosphate. 
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C02H 

C02H Mg2+ 
I 
C=O 

I I 

CO2 + C-OP03H2 
+ H2O ~ CH20 + HlO4 

II I 
CH2 C02H 

PEP OAA 

This enzyme was first discovered in spinach leaves by Bandurski and 

Greiner (1953) and was soon shown to be present in many higher plants 

(Tchen and Vennesland, 1955; Mazelis and Vennesland, 1957). It has 

been observed in ThiobaciLLus thiooxidans (Suzuki and Werkman , 1957), 

Escherichia coli (Ashworth and Kornberg,' 1963) and SalmoneLLa typhimuriwn 

(Theodore and Engelsberg, 1964). There is no evidence that this enzyme 

occurs in an imals. 

(B) Phosphoenolpyruvate carboxykinases 

These enzymes also cata lyse the carboxylation of phosphoenolpyruvate to 

oxaloacetate, but the reactions are reversible and phosphate acceptors 

are requi red. Three PEP carboxykinase enzymes have been distinguished 

on the basis of the phosphate substrate specificity. A GOP requ i r i ng 

enzyme (E.C.4. 1. 1.32) was dis covered in chicken liver by Utter and 

Kurahashi (1953) and has been observed in l iver and kidney of severa l 

animal species, where it is usually found in the mitochondria. The 

phosphate acceptor, GOP, can be replaced by lOP (Utter et aL., 1954; 

Kurahashi et aL., 1957). An AOP requiring PEP carboxykinase (E.C.4. 1. 1.49) 

appears to be limited to plants (Tchen and Vennesland, 1955; Mazelis and 

Vennesland, 1957), yeast (Cannata and Stoppani, 1959) and bacteria (Suzuki 

and Werkman, 1958; Oiesterhaft et aL., 1973). Another PEP carboxykinase 

(E.C.4. 1. 1.38) has a requirement for inorganic phosphate as a phosphate 
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acceptor. Also referred to as PEP carboxytransphosphorylase, it was 

discovered by Siu and Wood (1963) and so far appears to be specific to 

propionic acid bacteria (Kaziro and Ochoa, 1964). 

There is some confusion in the literature regarding the nomenclature and 

classification of PEP carboxylase and the PEP carboxykinase enzymes. 

(C) Malate enzyme (E.C .1.1.1.40) 

This enzyme ca talyses the reversible carboxylation of pyruvate to malate. 

It is specifi c for NAOP . 

C02H 
I 

C02H 
I 

CO2 
+ C=O + NAOPH --">- HOCH + NAOP+ ~ 

I I 
CH3 CH 2 

I 
C02H 

This enzyme has been shown to occur in all organi sms and ti ssues so far 

examined, being found .in animal tissues such as liver, where it was first 

discovered (Ochoa et al. , 1947), plants (Conn et al., 1949), in bacteria 

such as Lactobacillus arabinosus (Korkes et al ., 1950) and many more. 

(0) Pyruvate carboxylase (E.C.6.4.1.1.) 

This enzyme catalyses the formation of oxaloacetate from pyruvate. 

C02H 
I Mg 

2+ C02H 
I 

CO2 + C=O + ATP + H2O ~ C=O + AOP + Hl04 -=-
I AcCoA I 

CH3 CH2 
I 
C02H 
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It was first described in chicken liver by Utter and Keech (1960). In 

this tissue it is confined to the mitochondria, however it has been found 

to be present in both mitochondria and cytosol in rat liver and adipose 

tissue (Resheff et al., 1969) . Pyruvate carboxylase was at first thought 

to be confined to animal tissues, however it has since been found in yeast 

(Losada et al., 1964) and in Bacillus subtilis (Diesterhaft et al. , 1973) 

Pyruvate carboxylase is a biotin containing enzyme and has a requirement 

for acety1-CoA. However, an apparently ana1agous enzyme has been 

reported from Pseudomonas citronellolis, which does not require acety1-CoA 

(Seubert and Remberger, 1961), and no requirement for acety1-CoA was 

reported for the pyruvate carboxylase found in the cytosol of Verticil lium 

albo-atrum (Ha rtman and Keen, 1973). 

(E) Acetyl-CoA carboxylase (E.C.6.4.1.2) 

This biotin containing enzyme cata lyses the carboxylation 

S-CoA S-CoA 
I I 
C=O + CO2 + ATP + H2O -----">. C=O + ADP + HlO4 ~ 

I I 
CH3 CH2 

I 
C0 2H 

of acety1-CoA to form ma1ony1-CoA. Waki1 (1958) first described the 

enzyme in liver. 

(F) Propiony1-CoA carboxylase (E.C.6.4.1.3.) 

This enzyme, also biotin containing, catalyses a similar reaction, the 

carboxylation of propiony1-CoA to methy1ma1ony1-CoA. 
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S-CoA S-CoA 
I I 
C=O + CO Z + ATP + HZO ~ C=O + ADP + H3P04 
I I 
CHZ 
I 

CH-CH3 
I 

C~ COZH 

It was discovered in pig heart by Flavin et al. (1955). 

Possible functions of heterotrophic carbon dioxide fixation reactions 

It is now known that heterotrophic carboxylations occur at several sites 

in metabolism and the functions of carboxylations may vary from one cell 

to another. In some cells heterotrophic carbon dioxide fixation may 

have one single overriding fun ction, in others there may be several 

functions occurring at the same time. Further, the functions may vary 

within a cell from time to time depending on the particular metabolic 

requirements. In some cases the metabolic functions of dark carboxylations 

are well worked out; in others they are still obscure. Listed below 

are possible functions of dark carboxylations in a range of situations. 

(A) Fatty acid biosynthesis 

The possible involvement of carbon dioxide fixation in fatty acid 

biosynthesis was not suspected by earlier workers , although some time ago 

it was considered possible that bicarbonate might be of importance in the 

formation of fatty acids from acetate (Brady and Gurin, 1950). Working 

with liver, Wakil (196Z) clearly showed that the first step in fatty acid 

biosynthesis is a carbon dioxide fixation, catalysed by acetyl-CoA 

carboxylase. 
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CO2 + acetyl -CoA + ATP + H20 malonyl-CoA + ADP + H3P04 

The malonyl-CoA formed in this reaction is a chain lengthening substrate 

in the formation of fatty acid chains, the condensation reactions being 

catalysed by the enzyme complex, fatty acid synthetase. ~1a 1 a te enzyme 

may also be involved in fatty acid biosynthesis in a more indirect 

fashion, as one of a series of enzymes which regulate the necessary 

supply of protons. This possibili ty is described under pyridine 

nucleotide ratio control, below. 

(B) Gluconeogenesis 

The resynthesis of glucose by reverse glycolysis is of particular 

importance in the liver, where glycogen is synthesized often from 

lactate via pyruvate. It also presumably occurs in organisms such as 

EUg~ena when i t is growing solely on 2-carbon substrates. 

Heterotrophic carbon dioxide fixation was implicated in gluconeogenesi s 

by early workers who noted the incorporation of 13C02 into liver glycogen, 

but the metabolic site of the carboxylation was not known. The formation 

of PEP from pyruvate, a key reaction in gluconeogenesis, had been shown to 

take place in the mitochondria. Originally this was thought to be merely 

a reverse of the pyruvate kinase reaction of glycolysis 

M 2+ K+ 
PEP + ADP ~-'------'-'->. Pyruvate + ATP 

but the reaction in the direction of PEP is energetically unfavourable 

(Krebs, 1954), in fact Conn and Stumpf (1976) state that it is irreversible 

under physiological conditions. When both malate enzyme (Ochoa et a~. 

1947) and PEP carboxykinase (E.C.l.1.1.32) (Utter and Kurahashi, 1953) were 

discovered in liver it was considered possible that a bypass system 
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involving the carboxylation of pyruvate to malate by malate enzyme could 

provide an alternative route. 

pyruvate < PK 
'7 PEP ) gl ucose 

cr 
NAOPH 

CO2 

GOP 

cytoso 1 mitochondria 
ME PEPCK 

NAOP GTP 

malate « ? 
MOH 

~ 
) OAA 

NAD NADH 

mitoc hond ri a 

It was proposed initially that mitochondrial malate dehydrogenase could 

catalyse the intermediate reaction, converting malate to oxaloacetate. 

In this bypass malate enzyme would function as a carboxylating enzyme, 

whereas PEP carboxykinase would have a decarboxylating function. 

However, a possible objection to this scheme was the fact that the 

activity of malate enzyme in the liver is very low compared with that of 

PEP carboxykinase, and moreover malate enzyme is located in the cytosol 

and not the mitochondria (Utter, 1963). This would necessitate some 

form of shuttle. 

With the discovery of another carboxylating enzyme in liver, pyruvate 

carboxylase, which converts pyruvate directly to oxaloacetate (Utter and 

Keech, 1960), an alternative bypass was postulated for the formation of 

PEP from pyruvate in liver gluconeogenesis (Utter, 1963). 
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Pyruvate carboxylase occurs in large amounts in the mitochondria of both 

liver and kidney, and thus would be able to perform this function in these 

tissues. However, the enzyme has so far been described only in animals 

and a few microorganisms (Losada et aZ .• 1964; Diesterhaft et aZ .• 1973). 

In th is bypass scheme, PEP carboxykinase has a deca rboxy lating function. 

There is in actual fact no total fixation of carbon fioxide as a result 

of these two reactions, but the carbon dioxide can be considered to have a 

catalytic function providing a bypass mechanism for an energetically 

unfavourable step (Wood and Utter, 1965). 

(C) Pyridine nucleotide ratio control 

It has been suggested that malate enzyme may function in fatty acid 

synthesis by acting in a transdehydrogenating system (Peak et aZ .• 1973). 

The conversion of malate to pyruvate, catalysed by malate enzyme, is thought 

to provide a source of NADPH, at the expense of NADH, as a source of 

protons for fatty acid synthesis in EUgZena. Also possibly involved in 

this scheme are PEP carboxylase and cytosol malate dehydrogenase. This 

possibility is described in detail by Peak et aZ .• (1973). Danner and 

Ting (1967) also postulated that malate enzyme may function in the 

direction of decarboxylation as a source of NADPH in corn roots. The 

hypothesis will be considered more fully under Discussion. 
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(0) Anaplerosis 

Kornberg (1966) introduced the concept and significance of anaplerotic 

reactions. The processes of catabolism and anabolism meet in a central 

cyclic pathway, the tricarboxylic acid cycle. The diagram shows a 

representation of this cycle and its amphibolic nature. 

Glucose 

t 
,Jr (glycolysis) 

,J; 
PEP 

/' 

I 1 cO2 
I 
f 

~ I / - Pyruvate 
I / 1 / 

fi 
/ I Ac-CoA 

/ \ 

Citrate A~lINO I \ 
ACIOS~ 

I OM 

i/ \ 
Isocitrate 

Malate 

\ a-ketogl uta rate 

Succinate 

/ ~AMINO 
SuCCinyf(coA ACIDS 

~ 

Fumarate 

~ 

1 
PORPHYRINS 
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The products of catabolism enter the cycle, for example glucose is 

converted to pyruvate by glycolysis. Pyruvate is converted to 

acetyl-CoA which enters the cycle by condensing with oxaloacetate to 

form citrate. Each "turn" of the cycle produces a molecule of 

oxaloacetate to condense with another molecule of acetyl-CoA. 

The tricarboxylic acid cycle is the main starting source of certain 

compounds essenti a 1 for bi osyntheses . . An important example is 

a-ketoglutarate, which provides the a-ketoacid carbon skeleton for the 

biosynthesis, by ami nation, of amino acids such as glutamate, glutamine, 

ornithine, citrulline, arginine, proline and hydroxyproline, the majority 

of which are ultimately incorporated into protein . Similarly oxaloacetate 

can be aminated to form aspartate, and succinate is an important starting 

point in the formation of phorphyrins. 

For each molecule drained from the cycle for anabolic purposes, one 

less molecule of oxaloacetate will be produced, resulting in a diminished 

cycle, since oxaloacetate is the starting molecule for another "turn" 

of the cycle. Thus, without replenishment of drained compounds the cycle 

would eventually stop. It is essential for continuation of the cycle 

that for each molecule drained, the tricarboxylic acid cycle be 

stoichiometrically replenished . Reactions are needed which will 

synthesize compounds to feed into the cycle, and the need for these 

reactions will presumably be greater at a time of rapid growth. Kornberg 

(1966) referred to such postulated reactions as anaplerotic reactions. 

He proposed that heterotrophic carbon dioxide fixation reactions function 

in this way as shown in the diagram. 
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The enzymes listed as A - D above, all catalyse reactions which produce 

4-carbon acids such as oxaloacetate or malate, from the 3-carbon compounds, 

pyruvate or PEP, and therefore could function in anaplerotic replenishment . 

However, as Kornberg (1966) stated, "The existence of this plethora of 

. carboxylating enzymes raises the question whether an anaplerotic function 

can be ascribed to anyone enzyme, and, if it can, whether a role can 

also be found for the others." There is little direct evidence for the 

involvement of carboxylating enzymes in anaplerotic replenishment. 

However, this is often assumed to be the function of such an enzyme if 

evidence of an alternative function is lacking. 

in EUglena as described below. 

This is the situation 

Direct evidence for the involvement of heterotrophic carboxylations in 

anaplerosis was obtained in the Enterobacteriaceae. Using mutants of 

Salmonella typhimurium (Theodore and Engelsberg, 1964) and Escherichia 

coli (Ashworth and Kornberg, 1963) it was clearly shown that PEP carboxylase 

catalyses an anaplerotic reaction. These organisms are normally able to 

grow on glucose, glycerol or pyruvate, but mutants lacking active PEP 

carboxylase could not grow on any of these substrates unless supplied 

also with tricarboxylic acid cycle intermediates. Thus the function of 

PEP carboxylase in the wild type must be to replenish the cycle. Since 

malate enzyme and PEP carboxykinase (E.C.4. 1.1.49) were present in both 

wild type and mutant, these enzymes are clearly not implicated in the 

replenishment of the tricarboxylic acid cycle in these organisms. 

As regards other groups, Kornberg (1966) stated that it is generally 

believed that in mammalian systems the enzyme pyruvate carboxylase has 

an anaplerotic function and is also involved in gluconeogenesis. 

Evidence supporting the anaplerotic function of yeast pyruvate carboxylase 
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has been reported (Losada et al., 1964). Walker (1962) in his review 

of carboxylation reactions in plants, considered it likely that, in 

higher plants, PEP carboxylase fulfills an anaplerotic function, forming 

oxaloacetate for entry into the tricarboxylic acid cycle. The 

oxaloacetate could be stored as malate if not used immediately. However, 

Mukerji and Ting (1971) maintained that, although it is assumed that PEP 

carboxylase has this function in certain microbial systems, in higher 

plants such as corn roots, the enzyme does not appear to function in this 

way. They indicated that the malate aproduced in the adjacent reactions 

catalysed by the cytosol enzymes PEP carboxylase and soluble malate 

dehydrogenase is not in equilibrium with malate in the mitochondria, and 

it appears as though there are two separate malate pools . Furthermore, 

Ting and Dugger (1967) found that the carbon dioxide fixed heterotrophically 

by corn roots did not appear to find its way into biosyntheses. 

Thus although the importance of anaplerotic reactions is certain, in 

many cases the actual enzyme(s) involved in these reacti~ns is not finally 

established. 

A special form of anaplerotic replenishment described by Kornberg (1966) 

is the glyoxylate cycle. Microorganisms which are able to utilize 

2-carbon compounds such as acetate or ethanol as sole carbon source may 

use the glyoxylate shunt or cycle to build 4-carbon acids from 2-carbon 

compounds. The two reactions 

isocitrate < > succinate + glyoxylate 

acetyl-CoA + glyoxylate + H20 ~ malate + CoA 

in combination lead to the formation of two units of 4-carbon dicarboxylic 

acid, succinate and malate, from one of acetate and one of isocitrate. 
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The extra 4-carbon acid thus formed can replenish the tricarboxylic 

acid cycle, obviating a requirement for other anaplerotic reactions. 

Ac-CoA 

~ 
OM ~ 1 Isocitrate 

malate Ac-CoA ~ 
~ ~ :uccinate 
\ glyoxyl ate 

~ 
The two enzymes necessary to catalyse these reactions are present in 

acetate utilizing microorgan i sms. They are isocitrate lyase, which 

was discovered by Campbell et al. (1953) in Pseudomonas aeruginosa, and 

malate synthase , discovered in extracts of Escherichia coli by Wong and 

Ajl (1956). In the absence of 2-carbon units the enzymes are present 

on ly in small amounts. Exposure of the cells to 2-carbon compounds 

induces them (Kornberg, 1959; Rosenberger, 1962). In cases where the 

glyoxylate cycle is functioning the need for other anap leroti c reactions 

will be reduced, since the cycle i s being continually replenished . 

Thus, in the case of the Escherichia coli and SaLmonella typhimurium 

mutants described above, the mutants lacking PEP carboxylase were able 

to grow on acetate without addition of Krebs cycle intermediates. 

(E) C4 pathway of photosynthesis and Crassulacean acid metabolism 

A specialised function of heterotrophic carbon dioxide fixation is 

found in certain tropi ca l plants (the C4 plants) in which the initial 

product of photosynthesis was found to be oxaloacetate (Hatch and Slack, 

1966) . These plants are thought to be able to conserve water by fixing 

carbon dioxide initially, by means of the PEP carboxylase reaction, into 
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oxaloacetate. PEP carboxylase has a higher affinity for carbon dioxide 

than does ribulose -l,S-diphosphate carboxylase (E.C.4. 1. 1.39) and is able 

to function efficiently under conditions of reduced carbon dioxide 

availability associated with restricted stomatal opening. The oxaloacetate 

is then thought to be converted to malate (malate dehydrogenase) , and 

malate enzyme releases the carbon dioxide, which may then be taken into 

the classical Calvin cycle, using ribulose-l ,S-diphosphate carboxylase 

as the catalyst. 

COZH 
I 
C-OP03HZ 
II 
CHZ 

PEP 

COZH 
I 

HO CH 
I 
CHZ 
I 
COZH 

L-malate 

PEPC 
+ CO Z + HZO » 

malate 

"'" enzyme 

COZH 
I MDH 
C=O + Hl04 <: > 
I 
CHZ 
I 
COZH 

OAA 

+ COZ + NADPH + H+ 

~ 
C3 pathway 

pyruvate 

A similar strategem is found in the Crassulaceae which fix atmospheric 

carbon dioxide into oxaloacetate (using PEP carboxylase) and store it 

as malate during the night. By subsequent decarboxylation the 

following day (malate enzyme) carbon dioxide is made available for 

Calvin cycle photosynthesis (Quieroz, 1974). 
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(F) The metabolism of propionic acid 

This represents another specialized function of heterotrophic carboxylation. 

The reaction catalysed by propionyl-CoA carboxylase 

propionyl-CoA + CO2 + ATP + H20 ~ methylmalonyl-CoA + ADP + H3P04 

which was elucidated by Flavin and Ochoa (1957) and others, has been shown 

to be the first step in a series of reactions whereby animals and some 

bacteria (Gibson and Knight, 1961) but not plants, metabolise propionate 

to pyruvate. Carbon dioxide fixation is an essential part of the process, 

whereas in the plant sequence the carbon dioxide fixation reaction is not 

involved. 
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HETEROTROPHIC CARBON DIOXIDE FIXATION IN EUGLENA 

Physiological and biochemical processes in this organism are of particular 

interest due to its interesting position in phylogeny. There are few 

publications concerned with heterotrophic carbon dioxide fixation in 

Euglena, and it is apparent from these that the regulation and functions 

of the fixation in this organism remain obscure. 

Levehahl (1968) reviewed early work on dark carbon dioxide fixation in 

Euglena. The first work to be reported in this field was a kinetic 

study by Lynch and Calvin (1953) who found that the products of dark 

fixation in Euglena gracilis differed from those of all other micro­

organisms that they had tested previously (Lynch and Calvin, 1952) . They 

found that, in addition to the usual products of heterotrophic carbon 

dioxide fixation, such as malate, citrate and aspartate, in Euglena many 

of the products of photosynthesis such as sugar monophosphates were also 

found. In fact these accounted for the major port of the radioactivity 

recovered (Table 1). It was considered possible that the sugar phosphates 

may have been formed as a result of preillumination photosynthesis. It 

had previously been shown that in Chlorella and Scenedesmus photosynthesis 

could continue for a short time after removal of light (Calvin, 

etal., 1951). However, the formation of photosynthetic products by 

dark fixation in Euglena was apparently not due to such a preillumination 

effect, since holding the cells in the dark for up to 16 hours before 

adding radioactive carbon dioxide did not alter the spectrum of products 

of fixation. The dark fixation of carbon dioxide into phosphorylated 

sugars, plus the fact that fixation rates were biphasic, led Lynch and 

Calvin (1953) to suggest that Euglena may fix carbon dioxide heterotrophically 

by two routes, one being identical or similar to the path of photosynthetic 
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Table 1. Ethanol soluble products of heterotrophic carbon dioxide 

fixation by Euglena graciZis. Reproduced from Lynch and Calvin (1953). 

Product % 80% EtOH Soluble Acti vity 

Fumarate 1.2 

Succinate 21. 3 

Mal ate 4.8 
Citrate 5.0 

Glutamate 6.5 
Aspartate 2.7 
Alanine 2.7 
Phosphopyruvate 1.1 
Serine and glycine 12.4 
Phosphoglycerate 4.6 
Sugar monophosphates 19.8 
Nucleotides 5.4 



30 

carbon dioxide fixation i.e. direct incorpo ration of carbon dioxide 

into phosphoglyceric acid. They speculated that EUglena may be unique 

in this respect, and that this may be due to the fact that its phylogenetic 

position may be at the point at which the animal kingdom separated from 

the plant kingdom. Moses et al. (1959) found similarities between the 

dark fixation pattern of the fungus Zygorrynchus moelleri and Euglena. 

They suggested that the reaction by which carbon dioxide enters the sugar 

monophosphates may be via. phosphogluconic acid i.e. by a reversal of the 

decarboxylation of 6-phosphogluconic acid to pentose phosphate. 

COOH 
I 

HCOH 
I 

HOCH 
/' 

I 

HCOH 
I 

6-phosphogluconic acid 

HCOH 
I 
C=O 
I 

HCOH 

I 
HCOH 

ribulose-5 - phosphate 

Since then no work has been reported which elucida tes further the possible 

paths of carbon dioxide incorporation into sugar phosphates. 

Moses et al. (1959) also suggested that the fixation of carbon dioxide into 

the tricarboxylic acid cycle compounds might proceed via the carboxylation 

of pyruvate to oxaloacetate or malate. At that time however, no 

carboxylating enzymes had been detected in Euglena , so their conclusions 

were tentative. 



31 

The importance of heterotrophic carbon dioxide fixation in the me t abo lism 

of EUgZena was further documented by Tremmel and Levedahl (1966) and 

Levedahl (1966, 1967), who measured the effect of exogenously supplied 

carbon dioxide on the growth and metabolism of EUgZena. They used the 

streptomycin-bleached strain, Euglena gracilis var bacillaris SML-l, 

grown on either acetate or succinate as sole substrate. The significance 

of their findings is not always clear. · Firstly, Tremmel and Levedahl 

(1966) showed that the bleached EUglena did in fact utulize carbon 

dioxide heterotrophically for growth, however the extent to which carbon 

dioxide affected growth depended on the substrate on which the cells were 

growing. Exogenous supplied carbon dioxide had small effects on growth 

when the cells were growing on acetate, however the effect was prominent 

when they were growing on succinate. In the latter case the carbon 

dioxide increased peak populations by as much as five-fold. Subsequently 

Levedahl (1966, 1967) reported measurements on the incorporation of 

carbon dioxide by the bleached EUglena as well as the fate of the carbon 

atoms from the respective substrates (succinate and acetate). He showed 

that carbon dioxide was fixed into essentially the same early products 

whether succinate or acetate was used as substrate . However, carbon 

dioxide altered the fate of the carbons of succinate when this was the 

substrate. In the presence of carbon dioxide, the carbon atoms of 

succinate were fixed into the compounds typical of those produced by 

heterotrophic carbon dioxide fixation such as phosphorylated sugars and 

malate, as found previous ly by Lynch and Calvin (1953). In the absence 

of carbon dioxide the carbon atoms of succinate were rapidly fixed into 

lipid . However, the presence or absence of carbon dioxide had no effect 

on the fate of the carbons of acetate. The meaning of these results is 

still not clear. Levedahl suggested that they implied that there may be a 

close relationship between the incorporation of carbon dioxide and the 
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metabolism of succinate, but not that of acetate. In his review he 

made the suggestion that the findings were consistent with the possibility 

that in Euglena carbon dioxide is fixed principally through a reaction 

involving phosphoenolpyruvate which is converted to succinate via the 

tricarboxylic acid cycle (Levedahl, 1968). 

Since the review of Levedahl (1968) a few reports have been published 

on heterotrophic carbon dioxide fixation in EUglena, mostly concerned 

with the enzymology of the process. Heinrich and Cook (1967) compared 

the respiratory physiology of EUglena gracilis Z grown heterotrophically 

on either glucose or acetate. They observed that the rate of dark 

carbon dioxide fixation was approx imately twice as fas t when cells were 

growing on glucose as when they were growing on acetate. A partial 

separation of the products revealed that in both cases practically all 

of the radioactive carbon was found in an ethanol soluble fraction and a 

protein fraction. However, dark carbon dioxide fixation was not the 

primary concern of the investigation and was not pursued further. 

They measured the specific activity of malate enzyme and showed it to be 

higher in the cells growing on acetate, suggesting that the primary 

function of this enzyme in Euglena is not in heterotrophic carboxylation. 

Codd and Merrett (1971) measured whole cell dark carbon dioxide fixation 

in ce lls grown in light/dark synchronous cu ltures. The rate of fixation 

inc reased in the light phase and decreased in the dark phase. PEP 

carboxylase (named phosphopyruvate carboxylase by them) activity also 

varied with the phase of the synchronous cycle, but the changes did not 

parallel changes in dark carbon dioxide fixation. The main products of 

the heterotrophic fixation of carbon dioxide were C4 dicarboxylic acids 

especially malate. They concluded that the enzyme is involved in 

anaplerotic replenishment. 
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PEP carboxylase was first measured in Euglena by Ohmann and Plhak (1969). 

They conducted a major investigation into the properties of a purified 

preparation of PEP carboxylase. Severa l differences were noted between 

the properties of the EUglena enzyme and that which had previously been 

isolated from Escherichia coli, for instance the Euglena enzyme was not 

stimulated by acetyl-CoA nor inhibited by malate . Of all the compounds 

tested only oxaloacetate, citrate and isocitrate affected the activity of 

the purified enzyme. Ohmann (1969) claimed to have measured PEP 

carboxykinase (E.C.4.1.1.32) in Euglena in a previous unpublished study. 

He stated that the act ivity of this enzyme was found to be higher in 

cultures growing heterotrophically on acetate than in autotrophic or 

glucose heterotrophic cultures. In the case of PEP carboxylase the 

. reverse situation obtained. Codd and Merrett (1971) did not detect PEP 

carboxykinase in the light/dark synchronized cultures of EUglena. Perl 

(1974) on the basis of the study by Codd and Merrett (1971) stated that 

PEP carboxylase had been shown by them to be the enzyme responsible for 

heterotrophic carbon dioxide fixation in EUg lena . He extracted and 

partially purified two active fractions of PEP carboxylase from Euglena, 

one of which was found to be predominant in autotrophical 1y grown ce ll s, 

the other in heterotrophs. Preliminary kinetic properties of the 

partially purified isoenzymes and the effects of various inhibitors were 

presented. In contrast to Ohmann and Plhak (1969) he demonstrated 

inhibition of Eug lena PEP carboxylase by a-ketoglutarate, ma l ate, 

succinate, citrate and 3-phosphoglycerate. However, the concentrations 

of inhibitor used by Perl were considerab ly higher than those used by 

Ohmann and Phlak. 

Ohmann and Plhak (1969), also Codd and Merrett (1971), assumed that PEP 
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carboxylase in EUglena has an anaplerotic function. Peak et al. (1973) 

argued that PEP carboxylase, together with malate enzyme and cytosol 

malate dehydrogenase might function in the regulation of the ratio of 

reduced pyridine nucleotide coenzymes. This might be of importance in 

regulating the supply of NADPH, specific for lipid biosynthesis, at the 

expense of NADH. This has since also been proposed by Wolpert and 

Ernst"Fonberg (1975). 

It is clear that basic questions regarding the process, regulation and 

functions of heterotrophic carbon dioxide fixation in Euglena are still 

obscure. Nor is the enzymology of the fixation fully understood. 

Although it appears probable that PEP carboxylase is involved in 

heterotrophic carbon dioxide fixation, its functional significance is 

not yet proven. The observation by Peak (personal communication) that 

the amount of dark fixation varies considerably with the stage of the 

growth cycle in EUglena suggested that some hitherto undescribed 

regulatory mechanism exists . It was felt that this observation could 

be a starting point for investigating the control of heterotrophic 

carbon dioxide fixation in Euglena. From this point it was hoped to 

gain further insight into the function of Euglena dark carbon dioxide 

fixation. 



35 

MATERIALS AND METHODS 

EUglena strains and culture methods Unless otherwise stated this 

investigation was carried out using Euglena graci lis Z. In describing 

the results this strain will be referred to as Euglena, except in the 

one instance where it is necessary to distinguish it from the streptomycin 

bleached stra in Euglena gracilis Z SB3. Euglena gracilis Z was originally 

obtained in 1970 from Dr J.F. Preston, Microbiology Department, Yale 

University. Since that time it has been maintained and subcultured on 

slants of Difco EUglena agar, and more recently as stabs in 0.3% agar 

containing 0.2% peptone, 0. 2 mg/m1 Na acetate and 0.02 mg/m1 vitamin B12 . 

The streptomycin bleached strain of Euglena gracilis Z SB3 was obtained 

from Dr W.R. Evans, Charles F. Kettering Laboratory, and maintained in the 

same manner. 

For experimental purposes, both strains were cultured, either autotrophica11y 

or heterotrophically, at 250 C using a mineral medium modified from the 

low pH autotrophic medium of Hutner et al . (1966). The major components 

of this medium are, in mg/m1, KH 2P04 (0.15); MgS04. 7H20 (0.3); 

MgCo3 (0.3); CaC03 (0.02); EOTA (0.2); NH 4C1 (0.3). The car bo nates 

were dissolved in concentrated HC1 before addition. The trace elements 

were added as described by Hutner et al. (1966), and the pH adjusted to 

3.3. This medium is referred to in the text as mineral medium. 

Autotrophic cu ltures were grown in 500 m1 sidearm flasks with a narrow 

glass inlet tube entering the bottom of the flask. Carbon dioxide 

(5% in air) was bubbled continuously through the culture at a rate of 

approximately 24 bubbles per minute. The culture was further ag itated 

by means of a magnetic stirrer to prevent the cells from aggregating on 

1-



36 

the glass. During the early stages of the work the cultures were 

illuminated by a bank of Sylvania cool white fluorescent tubes, placed 

at a distance of 2 feet from the culture flasks. In later experiments, 

due to a move to another laboratory, the cultures were grown in a constant 

environment room, illuminated continuously by means of overhead lights, 

Sylvania cool white fluorescent tubes, alternating with rows of incandescent 

lamps. The light energy reaching the cultures was 2200 foot candles. 

Heterotrophic cultures of both Euglena gracnis Z and SB3 were grown in 

1 litre flat Pyrex culture flasks. The flasks were shaken by an orbital 

shaker in complete darkness. For heterotrophic growth the mineral 

medium was supplemented with an organic carbon source, either glucose 

(1 %), ethanol (1 %) or Na acetate (0.5%). 

Cell numbers were estimated turbidometrically using a Klett-Summerson 

colorimeter, having established at the outset the relationship between 

turbidity and cell numbers using a cytometer. Cultures were always 

diluted to a concentration at which the relationship between turbidity 

and cell numbers was linear. 

Measurement of heterotrophic carbon dioxide fixation Autotrophic or 

heterotrophic Euglena were grown to the appropriate cell density, 

harvested, washed by centrifugation and resuspended in the appropriate 

medium. Cells were always resuspended to the same concentration 

(7.5 x 105 cells/ml in the case of autotrophically grown Euglena , 

1.0 x 106 cells/ml in the case of heterotrophic cells.) Aliquots of 

cell suspension (1 ml) were pipetted into foil wrapped brown flasks which 

were sealed air tight with serum stoppers. One ~Ci Na~4C03 (specific 

activity 54.9 mCi/mmole) was injected into each flask with a Hamilton 
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syringe. (In a preliminary experiment fixation was measu l ed in a series 

of flasks which had been injec ced with various amounts of Na~4cD3 ' The 

number of counts fixed by the cells was found to increase with increasing 

quantities of labelled carbonate up to 1 ~Ci. Further increases in 

labelled carbonate did not result in an increase in number of counts 

fixed. Thus by injecting 1 ~Ci it was ensured that the amount of 

radioactive carbon dioxide available was not limiting.) The low pH of 

the medium ensured that 14CD2 would be rel eased. The flasks were shaken 

in the dark for 20 mins at 250 C. (Preliminary experiments had shown that 

dark carbon dioxide fixation is linear over this period, so that initial 

rates of incorporation were being measured). The reaction was terminated 

by injection of 0.1 ml 100% (w/v) trichloracetic acid . Ali quots of the 

cell suspension (0.1 ml) were pipetted onto 1.5 x 1.5 cm squares of filter 

paper. After drying under an infrared lamp, the filter papers were 

transferred to liquid scintillation vials containing 8 ml scintillation 

solution (8 gm PPO, 0.2 gm PDPOP, 2 1 toluene, 1 1 triton-X-10D). The 

vials containing filter papers were counted using a Beckman liuqid 

scintillation counter. It was sh0\1n in preliminary experiments that 

quenching by the filter paper squares was negligible. No attempt was 

made to separate or fractionate the suspens i on before counting, thus the 

counts obtained were a measure of total teterotrophic carbon dioxide 

fixation. 

Enzyme assay methods - preparation of crude extracts Euglena were 

grown to the desired cell density, harvested, and resuspended in cold 0.1 M 

Tris buffer, pH 7. 5, to a concentration of 2 x 106 cells/ml . Cells were 

disrupted by 60 sec sonication, using a Wave Energy Systems Ultratip sonic 

generator and probe. The cell sus pension was kept cold in an ice bath, 

and overheating was further prevented by sonicating in two 30 sec bursts. 
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The suspension of disrupted cells was clarified by centrifugation at 

18,000 rpm for 20 min at DoC, and the supernatant was used as a source of 

soluble enzyme. 

PEP carboxylase (E.C.4.1.1.31) was assayed according to the method of 

Mukerji and Ting (1971). The reaction mixture contained in a final 

volume of 3.0 ml, 0.05 M Tris buffer, pH 8 .5; 2.5 mM NaHC03; 6.67 m~~ 

MgC1 2; 0.134 mM NADH and 1 mM PEP. The disappearance . of NADH was 

followed at 340 nm with a Beckman DU spectrophotomete r and recorder. 

The oxidation of NADH is due to the coupled reactions: 

PEPC NADH MHD NAD 
PEP 3> OAA ~ "...7'~ malate 

" 
the fi rst ca ta lysed by PEP carboxylase and the second by malate 

dehydrogenase. Since malate dehydrogenase is present in Euglena in 

cons iderabl e excess compared with PEP carboxylase the co ncentration 

of PEP carboxylase will be rate limiting, and there was no need to add 

extraneous malate dehydrogenase except in the case of the purified PEP 

carboxylase. PEP carboxylase was also assayed radiometrical ly using a 

method modified from that of Perl (1974). The reaction mixture 

contained, in a final volume of 2 ml, 0.05 M Tris buffer pH 8.5 ; 

5 mM MgC1 2; 0.402 mM NADH; 1.5 mM PEP. These reagents together with 

0.2 ml crude extract were added to the reaction flasks which were then 

stoppered with serum stoppers and 2 ~Ci Na~4c03 was injected into each 

flask. After 20 mins incubation at 250 C the reaction was terminated 

by addition of 0.2 ml 100% (w/v) trichloracetic acid. Aliquots of the 

mixture were counted as described above. 

PEP carboxykinase (E.C.4.1.1.32) and (E.C.4.1.1.38) were assayed 

spectrophotometrically according to the method of Codd and Merrett (1971). 
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The reaction mixture was the same as for PEP carboxylase except that it 

was supplemented with 1 umole GDP or 5 umoles Na 2HP04 respectively. The 

PEP carboxykinase activit i es were then calculated by difference. 

PEP carboxykinase (E.C.4. 1. 1.49) was assayed by a method modified from 

that of Cazzulo et aZ. (1968). The reaction mixture contained, in a 

final volume of 3 ml, 0.05 M borax succinic acid buffer pH 5.4; · 2.5 mM 

NaHC03; 617 mM MnC1 2.4H20; 0.134 mM NADH; 1 mM PEP and 1 umole ADP. 

Pyruvate carboxylase (E.C.6.4. 1.1.) was measured according to the method 

described by Codd and Merrett (1971). The reaction mixture contained, 

in a final volume of 3 ml, 0.05 M Tris buffer pH 8.5; 2.5 mM NaHC03; 

6.67 mM r~gC12; 0.134 mM NADH; 1.5 mM Ac-CoA; 1 mM Na pyruvate and 

1 umole ATP. 

Malate enzyme (E.C.l. 1. 1.40) was measured according to the method of 

Mukerji and Ting (1968). The reaction mixture contained in a final 

volume of 3 ml, 0.05 M TES buffer pH 7.0; 0.4 mM MnC1 2; 0.1 mM NADP 

and 0.5 mM L-malate. The initial rate of appearance of NADPH was followed 

at 340 nm. A correction was applied for endogenous reduction of NADP 

before addition of malate. 

Acetyl-CoA carboxylase (E.C.6.4.l.2) was assayed radiometrically by a 

method modified from that of Wolpert and Ernst-Fonberg (1975). The assay 

mixture contained, in a final volume of 2 ml, 0.1 M imidazole buffer 

pH 7.5; 8 mM MgC1 2; 2 mM dithiothreitol; 0.66 mM acetyl-CoA; 4 mM ATP; 

0.2 mg bovine serum albumen. 14 After a 2 min warming period, 2 ~Ci Na 2 C03 
was injected into each flask, and the flasks incubated for 20 mins at 

300C. Termination of reaction and counting of aliquots were as described 

above. 
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Purification of PEP carboxylase isoenzymes from each other The method 

used was essentially the same as that of Perl (1974) except that a linear 

gradient was used instead of the stepwise gradient used by Perl. Cells 

(200 ml) were harvested, washed by centrifugation and resuspended in 

5 ml 0.05 M Tris buffer pH 8.4, containing 0.1 mM mercaptoethanol. Cell, 

were disrupted by 60 sec sonication as described above, and the suspension 

clarified by centrifugation at 18,000 rpm for 20 min at DoC. 

Subsequent steps in the pruification were performed at low temperature 

The crude extract was brought to 20% saturation with solid 

ammonium sulphate (130 mg/ml) and stirred for 30 min with a magnetic 

stirrer. After centrifugation at 18,000 rpm for 20 min at DoC the 

precipitated protein fraction was discarded and the supernatant brought 

to 50% saturation with ammonium sulphate (220 mg/ml) and stirred for 30 

mi n. After centrifuging as before the pellet was redissolved in 1 ml 

of 5 mM Tris buffer pH 8.2 and the solution applied to a Sephadex G-25 

column (1 x 10 cm), and eluted with the same buffer. The high molecular 

weight fraction was collected and applied to a DEAE-cellulose column 

(1.6 x 6 cm) previous ly equilibrated with 5 mM Tris buffer pH 8.2. The 

proteins were eluted by a linear gradient of 5 - 1000 mM Tris buffer at pH 

8.2 . Fractions (2.5 ml) were collected and assayed for PEP carboxylase 

activ ity. 

Other assay methods Total soluble protein in the cell extract~ was 

measured by the method of Lowry et al. (1951). Ammonium concentration 

in the growth medium of EUglena was measured according to the method 

described by Vogel (1951), using a commercial preparation of Ness ler's 

reagent. 
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heterotrophic carbon dioxide fixation EugZena 

cell densities (3.0 x 105 cells/ml for autotrophic 

for heterotrophic cells). 100 ml cells were 

harvested, washed and resuspended in 10 ml of the appropriate medium. 

Each cell suspension was pipetted into a brown, foil-wrapped flask which 

was then sealed with a serum stopper. 50 ~Ci Na~4c03 (specific activity 

54.9 ~Ci/mmole) was injected with a Hamilton syringe and the flasks incubated 

at 250 C. After 10 min the entire contents of each flask was poured into 

40 ml boiling absolute EtOH. The disrupted cells were filtered and the 

filtrate evaporated to dryness and redissolved in 2 ml 80% EtOH. 

50 ~l aliquots were applied to 20 x 20 squares of Whatman No .. 1 chromatography 

paper or Gelman polysilicic acid gel impregnated glass fibre sheets and 

subjected to 2-way ascending chromatography using the solvent system of 

Benson et aZ. (1950). Radioactive areas were located by use of X-ray 

film. Individual compounds were tentatively identified by comparison 

with standards, and then eluted and subjected to co-chromatography with 

standards for final identification. Radioactive 'spots' were cut out of 

the papers and counted in a Beckman liquid scintillation counter to determine 

the amount of label incorporated into each compound. 

Chemicals Sodium (14C) carbonate was obtained from The Radiochemical 

Centre, Amersham, England. Scintillation toluene, PPO, POPop, and 

Triton-X-100 were obtained from Beckman Instruments Incorporated. 

Triton-X-100 was also obtained from Packard Instrument Company, Incorporated. 

All biochemicals were supplied by either Sigma Chemical Company or British 

Drug Houses, and inorganic salts were obtained from British Drug Houses 

or Merck. 
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Figure 1. Variations in heterotrophic carben dioxide fi xation during 

the growth cycl e of Euglena graci lis Z grown photoautotrophi ca 11y. The 
growth of the culture, expressed as cell/ml, is shown by the closed circles . 
Open circles represent heterotrophic carbon dioxide fixation. 
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RESULTS 

Variations in heterotrophic carbon diox ide fixation by Euglena during batch 

growth cycles A series of experiments was performed in order to ver ify, 

and to document more fully, the earlier finding that the amount of carbon 

dioxide fixed in the dark by Euglena increases towards the end of batch 

growth cycles. It was decided to measure heterotrophic carbon dioxide 

fixation at intervals throughout entire growth cycles so that any changes 

wou ld be observed. 

For these experiments Euglena were cultured under three different environmental 

conditions - (a) autotrophically, in the l ight, with ca rbon dioxide as sole 

carbon source; (b) heterotrophically, in the dark, with a 6-carbon substrate 

(glucose); (c) heterotrophical ly, in the dark, with a 2-carbon substrate 

(acetate or ethanol). At intervals during the growth cycle (usually 

every 24 hours, but more frequently during the period of logarithmic growth) 

aliquots of cells were harvested, resus pended to the correct cell density 

in fresh mineral medium, and carbon dioxide fixation measured in compl ete 

darkness as described in Materials and Methods. 

(A) Heterotrophic carbon dioxide fixation by autotrophically grown 

Euglena 

Fixation of carbon dioxide in the dark by cells harvested at intervals 

during an 

phase 106 

autotrophic growth cycle is shown in Figure 1. During the lag 

cells fixed less than 10,000 cpm over the 20 minute period. 

Dur ing the logarithmic growth phase fixation increased ten fold. The 

highest fixation was recorded during the later part of the logarithmic 

growth period. Thereafter dark carbon dioxide fixation decreased, returning 

to almost the original level by the time the culture was in stationary 

phase. This result confirms the original observation by M.J. Peak. 
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Figure 2. Effect of dark holding in mineral medium on heterotrophic 

carbon dioxide fixation during an autotrophic growth cycle of EugLena. 

Half-filled circles represent heterotrophic carbon dioxide fixation after 
1 hour dark holding. Other symbols as in Figure 1. 
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In the experiment just described care was taken to exclude all light 

during the incubation of the cells with Na~4c03 lest dark carbon dioxide 

fixation should be masked by photosynthetic uptake. However. as a 1 ready 

stated. preillumination photosynthesis was observed in Chlor e l l a (Calvin 

et~ .• 1951). Although Lynch and Calvin (1953) found no evidence of such 

preillumination photosynthesis in Euglena . an experiment was performed to 

test whether the increase in dark carbon dioxide fixation measured during 

the logarithmic growth phase was the result of a photosynthetic component. 

Heterotrophic carbon dioxide fixation was again measured at intervals during 

the growth cycle of an autotrophic culture. Each aliquot of cells. after 

resuspension in fresh medium. was subdivided into two. After pi petting 

the samples into foil-wrapp ed brown flasks and sealing them one sample was 

placed in the dark and Na~4c03 was i mmediately injected . The other sample 

was held in the dark for 60 minutes before addition of the labelled carbonate. 

In both cases the reaction was terminated as usual. 20 minutes after addition 

If preillumination photosynthesis was taking place it would 

be expected that the sample which had been held in the dark for 60 minutes 

would fix less carbon dioxide since the reducing power would have been 

diminished by the time labelled carbonate was added. The results of the 

experi ment are shown in Figure 2. Although dark holding the cells prior 

to measurement of carbon dioxide fixation reduced the fixation measured 

during lag phase. throughout the remainder of the cycle fixation was 

enhanced by dark holding in mineral medium. This switch-over phenomenon 

was observed consistently in several experiments. It can be inferred from 

the result shown in Figure 2 that the increase in heterotrophic carbon 

dioxide fixation measured during logarithmic growth phase is probably not 

due to preillumination photosynthesis. This was confirmed in later 

experiments using dark grown and permanently bleached cells. However. the 

results did not preclude the possibility that a component of the carbon 
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Figure 3. Variations in heterotrophic carbon dioxide fixation during 
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dioxide fixation measured during lag phase was a preillumination photosynthesis. 

Thus, in subsequent experiments, unless otherwise stated, heterotrophic 

carbon dioxide fixation by autotrophic cells was always meas ured after 

60 minutes dark holding. The significance of the enhancement of fixation 

following dark holding in mineral medium which Wi; measured in the later part 

of the growth cycle will be discussed below. 

(8) Heterotrophic carbon dioxide fixation by Eug~ena grown heterotrophically 

on a 6-carbon source 

Figure 3 shows dark carbon dioxide fixation measured throughout thc gr6wth 

cycle of a heterotrophic culture of Eug~ena which was grown in the dark 

and supplied with 1% glucose as sole carbon source. As in the case of 

autotrophically grown cells, dark carbon dioxide fixation increased transiently 

during the growth cycle. However, slight differences were observed between 

heterotrophic carbon dioxide fi xation patterns in the two cultures, shown 

in Figures 1 and 3. The variation in fixation was of greater magnitude 

in autotrophically grown cells, which exhibited a tenfold increase in 

fixation during the growth cycle, whereas heterotrophically grown cells 

increased their dark carbon dioxide fixation only fourfold. Secondly, 

heterotrophic carbon dioxide fixation in autotrophically grown Eug~ena 

reached a peak when the cells were still in the phase of logarithmic growth, 

and had already declined by the time they entered stationary phase. In 

the case of heterotrophically grown cells dark fixation only reached its 

highest level at the end of the phase of logarithmic growth, and began to 

decline when the culture was already in stationary phase. The reasons 

for these kinetic differences are not clear, but it is possible that they 

are related to the fact that heterotrophically grown Eug~ena had a shorter 

period of logarithmic growth than autotrophically grown cells (Figures 1 

and 3). Observations made during some subsequent experiments may support 
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Figure 4. Variations in heterotrophic carbon dioxide fixation during 
the growth cycle of Eug~ena graci~is Z cultured heterotrophically, with 

0.5% sodium acetate as sole carbon source. Symbols as in Figure 1. 
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this possibility. As described in Materials and Methods, in the later 

part of this study the autotrophically grown Euglena were cultured in a 

constant environment room with overhead fluorescent and incandescent 

illumination. This type of environment resulted in a shorter growth cycle 

compared with the earlier method whereby the cultures were illuminated from 

the side by a bank of fluorescent lights, and it was observed that under 

the later conditions heterotrophic carbon dioxide fixation only reached its 

highest level towards the end of the logarithmic growth phase (Figure.16). 

Notwithstanding these kinetic differences, the basic similarity with regard 

to variation of heterotrophic carbon diox ide fixation between Euglena grown 

autotrophically and Euglena grown heterotrophically on glucose, confirm that 

as already indicated by Figure 2, the changes are no t related to photosynthetic 

processes, since the ce lls grown in the dark on glucose lac ked functional 

chloroplasts. This conclusion is further supported by experiments using a 

permanently bleached strain, described below (Table 3). 

(e) Heterotrophic carbon dioxide fixation by Euglena cultured 

heterotrophically on a 2-carbon source 

Euglena was grown in the dark with 0.5% Na acetate as sole carbon source, 

and dark carbon dioxide fixation was measured throughout the growth cycle 

as described above. Figure 4 shows that this culture exhibited no increase 

in fixation during the course of the growth cycle. There was an apparent 

slight decline in dark carbon dioxide fixation during the cycle. A similar 

experiment was performed using Euglena which had been cultured heterotrophically 

on 1% ethano l as sole carbon source. Heterotrophic carbon dioxide fixation 

by EugZena grown on ethanol was more variable than for other culture mode s 

for reasons which are not understood. Thus the results of three replicate 

experiments are shown in Figure 5. As in the case of the cells cultured 
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Figure 5. Variations in heterotrophic carbon dioxide fixation during the 
growth cycle of Euglena gracilis Z cultured heterotrophically with 1% 
ethanol as sole carbon source. Closed circles represent the growth of 
the culture. Open circles and open and closed triangles represent 
heterotrophic carbon dioxide fixation measured in three separate 
experiments. 
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on acetate, there was no increase in carbon dioxide fixation during the 

growth cycle, but a decline. 

Repression of heterotrophic carbon dioxide fixation by acetate The 

results described above indicated that Euglena growin g on acetate or ethano l 

may have a reduced dependence on heterotrophi c ca rbon d i oxi dE fi xa ti on duri ng 

growth compared with autotrophic or glucose heterotrophic cells. Heinrich 

and Cook (1967) observed that Euglena cultured on acetate fixed less carbon 

dioxide than did cells cultured on glucose. The effect of acetate upon 

heterotrophic carbon dioxide fixation by a glucose grown culture was 

measured and the results are shown in Figure 6. Sodium acetate (0.5% 

final concentration) was added to a glucose culture at the stage of growth 

(shown by the arrow) when the dark carbon dioxide fixation was increasing. 

Following the addition of acetate heterotrophic carbon dioxide fixation 

decreased, to a level that was less than that of the lag phase cells and 

also less than that observed for cells growing on acetate alone, shown in 

Figure 4. The cells continued to grow after addition of acetate and the 

peak population was greater than that of the control culture which continued 

to grow on glu cose alone, indicating the utilization of acetate as substrate. 

The control glucose cells continued the normally observed increase and 

decrease of dark carbon dioxide fixation. A similar experiment was 

performed using autotrophica11y grown Euglena. In this case, howeve r, as 

shown in Figure 7, addition of ace tate did not cause a rapid repression 

of heterotrophic carbon dioxide fixation, as had been the case with the 

glucose grown cells, but only a slight reduction compared with the control 

culture. 

Regulation of heterotrophic carbon dioxide fixation in Euglena during 

batch growth cycles The experiments described above confirmed 



52 

2 10 
acetate t 

I 
I 

- -to l{) a a I ....... ....... 
X X I - - I 

I 
, 

en , 
f- ....J , 
~ ....J , 
0 W , 
~ () , 

I 
<.!> rc I ....... , 
....J ........ I 
....J E I 
W C. I 
() 0 I 

50 150 250 
HOURS 

Figure 6. Effect of acetate (final concentration O.5%) on heterotrophic 
carbon dioxide fixation by a glucose heterotrophic culture. The arrow 
indicates the time of addition of acetate. Closed circles represent 
cell growth; open circles represent carbon dioxide fixation. Unbroken 
lines represent the control culture; broken lines represent the culture 
to which acetate was added . Early growth points are omitted for clarity. 
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heterotrophic ca l bon dioxide fi xation varies during batch growth cycles of 

Euglena, grown both autotrophic., lly and heterotrophically on glucose. The 

cause of this variation was not yet known. Possibly the transient elevations 

of dark fixation observed during growth cycles are controlled by growth-

induced changes in the extracellular medium. Cells from the later stages 

of the growth cycle may be stimulated to fix larger amounts of carbon dioxide 

than early phase cells by some factor or factors in their exogenous medium 

not present in medium at an early phase of the growth cycle. If this is the 

case it might be possible to stimulate early stage cells to fix larger amounts 

of carbon dioxide by exposing them to cell-free medium obtained from a culture 

in the later s~age of growth. 

Experiments were performed to test this possibility in both autotrophically 

and heterotrophically (91 ucose) grown Euglena. The experimental procedure 

for both types of culture Vias the same. Euglena were groYIn to the mi d to 

late logarithmic growth stage, the stage of maximum dark carbon dioxide 

fixation. Cells were removed by centrifugation and the cell-free medium 

thus obtained was stored at -14oC. This medium is referred to as "late-

growth phase medium". Another culture was grown to an early stage of the 

growth cycle when heterotrophic carbon dioxide fixation was low. Such an 

early phase culture is referred to as "early phase cells". The early phase 

cells were split into two aliquots. The control aliquot was grown as 

usual. Cells in the other, test aliquot Vlere harvested by centrifugation 

and resuspended to th .. · same cell density in the appropriate late-growth phase 

medium (i.e. early phase autotrophic cells were resuspended in autotrophic 

l ate-growth phase medium and early phase heterotrophic cells were resuspended 

in heterotrophic late-growth phase medium). Both test and control cultures 

were then exposed to identical culture conditions (light and 5% carbon 

dioxide in the case of the autotrophic cultures; complete darkness in the 
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the time of addition of acetate. Open circles represent heterotrophic 
carbon dioxide fixation by control cells; 
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for clarity. 
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case of the heterotrophic Euglena). At various intervals thereafter 

aliquots of both test and control cultures were harvested, cells collected 

by centrifugation and resuspended in fresh medium, and heterotrophic carbon 

dioxide fixation measured as usual. 

Figure 8A and B show the results of these experiments with autotrophic and 

heterotrophic Euglena respectively. In both cases transfer of an early 

phase culture to late-growth phase medium for 24 hours resulted in an 

increase in heterotrophic carbon dioxide fixation compared with the control 

cells. In two subsequent measurements on autotrophic test cel l s after 59 

hours and 72 hours in late-growth phase medium further increases in hetero-

trophic carbon dioxide fixation were observed. Control fixation remained 

constant during this entire period. Further measurements of dark carbon 

dioxide fixation by the test cu l ture of heterotrophically grown Euglena 

after 49 hours and 82 hours exposure to late-growth phase medium showed a 

slight decline in fixation compared with the 24 hour measurement. However, 

the levels of fixation were still severalfold higher than was the control 

cell fixation at this stage. 

For both autotrophic and heterotrophic cells the results shown in Figure 8 

demonstrated that exposure to late-growth phase medium caused young cells to 

increase their dark carbon dioxide fixation. Thus it appeared that late­

growth phase medium differs from fresh medium in some way; and that this 

difference affects heterotrophic carbon dioxide fixation. It was possible 

that, by exposing late-growth phase cells to fresh medium the reverse 

process could be demonstrated i.e. the fresh medium might cause late-growth 

phase cells to decrease fixation. The experiment to test this was performed 

using autotroph ic ce lls only. The culture was split into two aliquots, 

this time at the stage during the logarithmic growth phase when heterotrophic 
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carbon dioxide fixation had increased to half maximum as shown by the arrow 

in Figure 9. The control half of the culture continued normal growth. 

The test half was centrifuged and the cells resuspended to the same cell 

density in fresh medium. The culture was then allowed to continue growth 

under normal conditions of light and carbon dioxide . Heterotrophic carbon 

dioxide fixation of both the control and test cultures ~/as measured at 

interva ls in the usua l way . Figure 9 shows the results of this experiment. 

After 24 hours in f re sh medium heterotrophic carbon dioxide fixation by the 

test cells decreased to a lower level t han that of lag phase cel ls. This 

decrease in fixation was clc r ly not the decrease normally observed towards 

the end of the logari thmi c growth phase since 24 hours after the culture was 

divided, the control culture had further increased its fixation. Subsequent 

measurements on the control culture showed the normal decline in carbon 

dioxide fixation. The test culture continued to grow, reaching a higher 

peak population than the control culture, accompanied by a rise and subsequent 

decreas.e in heterotrophic carbon dioxide fixation as the fresh medium 

presumably changed in its turn as a result of the cell growth. 

It appeared from these results tha t the ability of exogenous medium to 

stimulate heterotrophic carbon dioxide fixation by Euglena is a function 

of the 'age' of the medium, in other words, the ce ll density of the culture 

from which the medium was obtained. The precise stage of the growth 

cycle when the medium developed the ability to stimulate fixation, and the 

duration of the stimulating ability in relation to the age of the medium 

were then determined. At various stages during the growth cycle of an 

autotrophic culture two aliquots of the culture we re harvested. One aliquot 

of cells was used for a normal control measurement of heterotrophic carbon 

dioxide fixation. (Fixation increased as usual during the logarithmic 

growth phase, reached a peak level at the end of logarithmic growth and 

declined during stationary phase, as shown in Figure 10.) The other 
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Figure 9. The effect of fresh medium on heterotrophic carbon dioxide 
fixation by late-growth phase cells from an autotrophically grown culture 
of Eugl-ena gracilis Z. Open circles (solid line) show heterotrophic 
carbon dioxide fixation by the control culture throughout the growth cycle. 
Closed circles (solid line) show the growth of the control culture after 
the culture had been divided in half; early growth points are omitted for 
clarity. Half-filled circles and closed circles (joined by broken line) 
represent heterotrophic carbon dioxide fixation and growth respectively 
of the experimental .culture. 
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aliquot was centrifuged and the cell-free medium (used medium) retained. 

Thus a series of used media taken from various stages throughout the entire 

growth cycle was obtained. Each of these used media was then tested for 

its ability to stimulate early phase cells from a separate autotrophic 

culture to fix carbon dioxide. Al iquots of cells from an ea rly phase culture 

were resuspended in one of the used media for 24 hours and heterotrophic 

carbon dioxide fixation then measured in fresh medium in the normal way. 

The results of these measurements are shown in Figure 10 by crosses, each 

cross being represented on the graph at the correspond ing stage of the 

contro l growth cycle from which the used medium was obtained. The figure 

demonstrates that the ability of the used media to stimulate dark carbon 

dixoide fixation by early phase ce lls parallelled the amount of fixation 

by the original culture from which the used medium vias obtained. t,ledi um 

from.anearlyphase, low-fixing culture did not stimula.te dark carbon dioxide 

fixation by early phase cells. The greatest stimulat ion was caused by used 

medium from a culture which was fixing carbon dioxide at the peak level. 

Subsequently there was a decline in fixation-stimulating ability concomitant 

with the dec line in fixation of the control cells during stationary phase. 

All the experiments described in this section clearly showed that the exogenous 

medium does have a regulatory effect on Euglena heterotrophic carbon dioxide 

fixation. It appeared that early phase cells fixed comparatively small 

amounts of carbon dioxide because they were in contact with fresh medium, 

and that with the onset of rapid cell growth the medium was changed in some 

manner which caused heterotrophic carbon dioxide fixation to increase. The 

next stage in this investigation was to determine what change, occurring 

in the medium during the course of the growth cycle, was controlling 

heterotrophic carbon dioxide fixation. 
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Figure 10. Ability of used medium from various stages of an autotrophic 

growth cycle of Euglena gracilis Z to sti mulate heterotrophic carbon 

dioxide fixation by an early phase culture . Closed circles and open 

circles (solid line) represent growth and heterotrophic carbon dioxide 
fixation respectively of the control culture. The effects of the used 
media (separated from this culture) upon heterotrophic carbon dioxide 
fixation by early phase cells (crosses, broken line) are shown on the 

graph at the times at which the used media were sampled . 
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Investigations into the fixation stimulating ability of Euglena ~rowth medium 

A series of tests was conducted to characterize the fixation stimulating 

ability of late-growth phase medium. Samples of late-growth phase medium 

were obtained from an autotrophic culture as described above. One sample, 

the control, ~Ia s not treated, one ~Ias boiled for 10 minutes and cooled, one 

was dia1ysed overnight against fresh medium and one was 1yophylised an d 

then reconstituted in distilled water. Each of these samples of late-growth 

phase medium was assayed for its abili ty to stimulate heterotrophic carbon 

dioxide fixation by early phase Euglena . Cells were harvested from an 

autotrophic culture at a cel l density of 1.5 x 105 ce1l s/ml, washed by 

centrifugation and resuspended to the same cell density in one of the test 

media. After 24 hours in the test medium (under normal conditions of light 

and carbon dioxide) heterotrophic carbon dioxide fixation was measur~d in 

fresh medium in the normal way. (The cell density after 24 hours in the 

test medium was never more than 2 x 105 ce1l s/m1, well below the density at 

which heterotrophic carbon dioxide fixation normally starts to increase, 

as sho~1n by Fi gure 1.) The results of the carbon dioxide fixation 

measurements are shown in Figure 11. For comparison, bar A shows the 

normal amount of fixation by early phase cul tures, taken from previous 

experiments. The vertical line shows the range of variation of 8 measurements. 

Bar B shows the striking elevation of dark carbon dioxide fixa tion after 24 

hours in late-growth phase medium. Boiling the late-growth phase medium had no 

significant effect on its ability to stimulate ear1yphasece1ls to increase 

carbon dioxide fixation (bar C), whereas after dialysis against fresh 

medium the late-growth phase medium lost the stimulating ability (bar 0). 

Lypophi1ization of the late-growth phase medium and reconstitution in 

distilled water did not significantly impair fixation-stimulating ability 

(bar E). 
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EXPERIM EN T 
Heterotrophic carbon dioxide fixation by an early phase culture 

of autotrophically grown Euglena, after 24 hours treatment in various 
media. Fixation was measured in fresh medium. 
A. Normal fixation by early phase cells. The vertical line shows the 
range of variation of 8 measurements. 
B. Fixation after 24 hours in late-growth phase medium. 
C. Fixation after 24 hours in late-growth phase medium, previously boiled 
for 10 minutes and cooled . 

D. Fixation after 24 hours in late-growth phase medium, dialysed overnight 
against fresh medium. 

E. Fixation after 24 hours in late-growth phase medium which had been 
lyophilised and reconstituted. 

F. Fixation after 24 hours in fresh medium diluted 1:20 with distilled 
water. 
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These results indicated that the factor in Euglena growth medium which 

controls heterotrophic carbon dioxide fixation is a small, dialysable molecule 

(or molecules). The resu l ts are cons ~ . tent with one of two possible 

alternatives. Either a small molecule (which must also be heat stable) 

could be added to the medium during growth, by cellular excretion, which 

molecule affects the amount of dark carbon dioxide fixation by the cells; 

or else a small molecule might be removed from the medium by the cells 

during growth, the lack of which affects heterotrophic carbon dioxide 

fixation . An indication as to which of these possible changes in the 

medium controls the level of fixation ~Ias obtained by suspending early 

phase cells for 24 hours in diluted fresh medium (1 :20 dilution in distilled 

water) before measuring heterotrophic carbon dioxide fixation. 

bar F, shows that this treatment also resulted in a severalfol d increase 

in fixation, albeit to a lower level than that caused by exposure to late-

growth phase medium. This result indicated the latter alternative, thus 

it appeared that late-growth phase medium affects heterotrophic carbon 

dioxide fixation because it is deficient in a factor which has been removed 

by the cells during growth. 

factor is ammonium ion. 

Two types of experiment sho~led tha t thi s 

Regulation of Euglena heterotrophic carbon dioxide fixation by ammonium -

(1) ammonium starvation In order to simulate the effect of late-growth phas~ 

medium on heterotrophic carbon dioxide fixation by early phase cell s, a 

series of test media were prepared each comprising the normal mineral medium 

used for culturing Euglena, but deficient in one or more of the components. 

The possibi l ity that late-growth phase medium might affect fixation because 

its pH is different from fresh medium was also considered. Late-growth 

phase medium has a pH of 2.6, compared with 3.3 for fresh medium. The media 

were tested, in exactly the same manner as described in the preceding 
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Figure 12. Heterotrophic carbon dioxide fixation by early phase ce l ls 
from an autotrophically grown culture of Euglena after 24 hours in various 

media. 

A. Normal fixation by early phase cells as shown in Figure 11. 
remaining histograms represent fixation after 24 hours in:-
B. Complete mineral medium, pH adjusted to 2.6. 
C. Mineral medium deficient in all trace metals. 

Mi nera 1 medium deficient in vitamins B1 and 812 , 
~ii nera 1 medium ' deficient in ++ ++ Ca , , Mg and EDTA. 

Hi nera 1 .medi um deficient in NH4Cl and KH2P04. 

Minera 1 medium deficient in orthophosphate, pH adjusted with 

The 

KOH. 

D. 
E. 

F. 
G. 
H. 
1. 

Hineral medium deficient in orthophosphate, pH, adjusted with NaOH. 

Mineral medium in which KH2P04 was replaced by Na2HP04. 

J. 
K. 

Mineral medium deficient in NH C1. 
. 4 

Late-growth phase medium supplemented with NH
4

C1. 
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section, for their ability t o stimulate carbon dioxide fixation by early 

phase cells. The results of these tests are shown in Figure 12 . Bar A 

shows the amount of carbon dioxide normally fixed by early phase cu l tures. 

Exposure of early phase cells to fresh medium , pH 2.6 (bar B) had a small 

effect on subsequent carbon dioxide fixation by the cel l s. This effect was 

not large enough to account for the stimulation of fixation by late -growth 

phase medium. Similarly, exposure of early phase cells to test media lacking 

all trace metals (bar C), vitamin s (bar: D) or the divalent cations Ca++ and 

Mg++ together with EDTA (bar E) did not have significant effects upon 

subsequent heterotrophic carbon dioxide fixation. Exposure of early phase 

cells for 24 hours to the test medium lacking both NH4Cl and KH 2P04 (bar F) 

caused a striking increase in dark carbon dioxide fixation, similar to that 

observed after 24 hours in late-growth phase medium. Thus it appeared 

that either or both of these salts was important in control of carbon dioxide 

fixation in Euglena . Further experiments tested the effect of exposure 

to medium lacking phosphate ion (bar G), medium lacking KH 2P04 but containing 

Na+ (bar H) and medium lacking K+ only (bar I) on subsequent dark carbon 

dioxide fixation. None of these treatments affected the amount of fixation 

by the ea rly phase cell s when it was measured in the normal way . Exposure 

to a test medium defici ent in NH4Cl only, (bar J) caused more than 10 fold 

increase in subsequent dark fixation. These results indicated that late-

growth phase medium affects heterotrophic carbon dioxide fixation by early 

phase cells because it is deficient in ammonium (medium J did in fact contain 

Cl from other sources, so thi s ion \vas pres umed to be un important in 

regulation of dark carbon dioxide fixation. Subsequent tests confirmed this). 

In a final confirmatory experiment early phase cells vlere resuspended for 

24 hours in late-growth phase medium which had been supplemented with 5.62 

mM NH4Cl (the concentration in fresh mineral medium) and heterotrophic carbon 

dioxide fixation was then measured in the normal way. p,s shown by bar K, 
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addition of NH 4Cl to late-growth pha ~ '" medium complete ly destroyed its 

abil ity to stimulate carbon dioxide f i';ation by early phase cultures, 

when assayed in the normal way. 

The series of tests described above were all conducted using autotrophically 

grown Euglena. The effect of suspending early phase heterotrophic cells 

in mineral medium (containing 1% glucose) deficient in NH 4Cl for 24 hours 

before measurement of heterotrophic carbon dioxide fixation was also measured. 

As was the case in autotrophic cells, fixation after this treatment was 

increased compared with that of a contro l early phase culture. The extent 

of the stimulation was less than in the case of autotrophic Euglena , a 

5.4 fo ld incrense compared with more than 10 fold increase in the case of 

autotrophic cells, shown in Figure 12J. This is consistent with the earlier 

observation that , during the growth cycle of Euglena grown heterotlophically 

on glucose, dark fi xation increased only 4 fold, compared with a 10 fold 

increase during the autotrophic growth cycle (Figures 1 and 3). 

Variation in ammonium concentration during batch growth cycles in Euglena 

Thus far it had been established firstly that heterotrophic carbon dioxide 

fixation changes dur i ng growth cycles of Euglena grown autotrophic.lly and 

heterotrophically on glucose, and it was reasoned that these changes might 

be caused by growth-induced changes in the exogenous medium. Secondly it 

had been shown that the condition of the growth medium did indeed affect the 

amount of carbon dioxide fixed by Euglena i n that cell free medium from 

cells which were fixing large amounts of carbon dioxide (late-growth phase 

med ium) was able to stimulate early phase cells, which normally fixed smaller 

amounts of carbon dioxide , to increase their dark fixation, and viee versa. 

Finally, it was shown that mineral medium deficient in ammonium was also able 

to stimulate early phase cells, so that they subsequently fixed increased 

amounts of carbon dioxide. 
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Figure 13. Concentration of· exogenous ammonium throughout the growth 

·cyc1e of autotrophica11y grown Euglena. Closed circles represent cell 

growth; crosses represent concentration of ammonium expressed as mmo1es/1 
ammonium chloride. The horizontal arrow indicates the stage of the growth 
cycle when ammonium was depleted. The arrows A and B are explained under 

Figure 19 in the text. 
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These findings indicated that the reason for the increase in heterotrophic 

carbon dioxide fixation exhibited by Euglena during the logarithmic growth 

phase is because the exogenous medium becomes deficient in ammonium, due to 

the uptake of the ion by the cells. It remained to be established whether 

ammonium is in fact removed from the medium during the growth cycle in such a 

way as to correlate with the observed increases in heterotrophic carbon 

dioxide fixation. Thus the concentration of exogenous ammonium in the 

medium ~/as measured throughout the growth cycle of Euglena growing both 

autotrophically and heterotrophically on glucose. Cultures were established 

under the normal growth conditions. At intervals during the growth cycle 

aliquots of the culture were harvested, the cells removed by centrifugation,and 

the residual exogenous ammo nium concentration measured in the cell-free 

superna tants. Figure 13 shows the results of these measurements for an 

autotrophic culture. The concentration of ammonium remained constant during 

the 1 ag peri od. Onset of the logarithmic growth phase was accompanied by a 

drop in ammonium concentration such that, by the mid logarithmic growth 

phase, no measureable ammonium remained in the medium. Comparing this r esult 

with Figure 1, it is clear that the disappearance of ammonium from the medium 

correlated closely with the time of the increase in heterotrophic carbon 

dioxide fixation during the gro~/th cycle. The stage of the growth cycle 

when ammonium was completely depleted (according to the assay method used) , 

is shown in Figure 13 by the horizontal arrow. (The significance of arrows 

A and B will be described in connection with Figure 19). 

Figure 14 shows the results of the same measurements with a heterotrophic 

culture grown on gl ucose. As in the case of autotrophic cells, exogenous 

ammonium concentration remained constant during the lag period, followed 

by a decrease at the commencement of the logarithmic growth phase. Al so, 

as with autotrophic cells, the time of maximum carbon dioxide fixation 
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Fi9ure 14 . Concentration of exogenous ammonium throughout the growth 
cycle of heterotrophically grown Euglena. Symbols as in Figure 13. 
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(shown in Figure 3) correlated closely with the time of complete depletion 

of ammonium during the growth cycle. These events occurred later in the 

growth cycle in heterotrophic cells compared wit h autotrophic cells . 

Regulation of Ev~lena heterotrophic carbon dioxide fixation by ammonium -

(2) . ammonium repl en i shment The fact that the important change in the 

medium during growth affecting heterotrophic carbon dioxide fixation was shown 

to be the removal of a substance rather than the add ition of some stimulatory I 

molecule, raised a furth er question. In all the experiments described so 

far, heterot oph ic carbon dioxide fixation was measured by harvesting the 

cells and resuspending them in complete fresh medium before addition of 

labelled carbonate, as descr ibed above. This was also the method used by the 

majority of wOl'kers who previous ly i nvestigated heterotrophic fixation in 

Euglena and also in Chlorella (Levedahl, 1966, 1967 ; Codd and 11errett, 

1971 ) . Thus in the experiments reported above the cells had been subjected 

to two distinct treatments before measurement of heterotrophic carbon dioxide 

fixation. 

Firstly they had been starved of exogenous ammonium , either normally during 

the course of the growth cycle as shown in Figures 13 and 14, or experimentally 

by resuspension for 24 hours 

prepared medium. Secondly, 

in late-growth phase medium or ammonium-free 

before the injection of Na14c03' the cel ls had 

been resuspended in fresh medium , and thus their supply of exogenous ammonium 

had been replenished. The possibi lity therefore existed that the cells 

had been stimulated to fix more carbon dioxide not on ly by the removal of 
.-

ammonium from the environment but by its subsequent replenishment (or 

possibly that of another compound). 

To investigate this possibi lity a series of tests was carried out to compare 

the carbon dioxide fixation of ammonium starved Euglena with and without 
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Fi gure 15. Heterotrophic .carbon dioxide fixation by early phase 
autotrophic cells measured under various conditions. 

A. Normal fixation by early phase cells as shown in Figure 11. 

B. Fixation by early phase cells after 24 hours ammonium deprivation, 
fixation measured in fresh medium. 
C. As for B, but fixation measured in phosphate buffer, pH 4.7, conta i ning 
10 mM jlH4 Cl. 

D. As for B, but fixation measured in phosphate buffer. 
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subsequent ammonium replenishment. An early phase autotrophic culture 

was deprived of ammonium by resuspending the ce ll s in ammonium-free medium 

for 24 hours as described previously. After the 24 ho~r starvation period 

the culture was divided into three al iquots. The cell s were transferred by 

centrifugation to either fresh medium, phosphate buffer (1 mt1 KH 2P04, pH 4.7) 

or the phosphate buffer containing 10 mM NH4Cl, for measurement of dark 

fixation. The results of these experiment s are shown in Figure 15. Bar A 

shows low l eve ls of heterotrophic carbon dioxide fixation by ear ly phase 

control cultures as described for Figures 11 and 12. Bar B shows fixation by 

an early phase culture .thich had been starved of ammonium for 24 hours and 

then resuspended as usual in fresh medium before injection of Na~4c03' 

The normal increase in heterotroph i c carbon dioxide fixation by the ammonium 

starved culture occurred. Bar C shows that the same dramatic increase in 

fixation vtas observed if the ammonium deprived cells were resuspended in 

phosphate buffer containing 10 mM NH4Cl before injection of labelled ,:arbonate. 

In both these cases the cells were resupplied with ammonium following the 

starvation period. Hovtever, when heterotrophic carbon dioxide fixation by 

ammonium starved cells was measured in phosphate buffer al one (bar D) no 

sign i fic ;.nt increase over the contro l level was observed. This experiment 

cl early showed that the increases in heterotrophic carbon dioxide fixation 

were not caused by ammonium deprivation alone, but that subsequent rep l enishment 

of the cells with ammon i um after the depri vat i on caused the 1 arge increases 

in dark fixation. 

The tests described above showed that early phase Euglena which were starved 

of ammonium experimentally on ly showed increased heterotrophic carbon dioxide 

fixation if they were resupplied with ammonium. Similarly, Euglena which 

are deprived of ammonium during logarithmic growth should also increase dark 

fixat ion only if they are first resupplied with more ammonium. This was 
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Figure 16. Heterotrophic carbon ·dioxide fixation during the growth 

cycle of Euglena gracilis Z grown autotrophicdlly. Open circles represent 
fixation measured in phosphate buffer, pH 4.7; crosses represent fixation 
measured in phosphate buffer containing 10 mM NH

4
Cl. Closed circles 

represent cell growth. 
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tested for in both autotrophic and heterotrophic (glucose) cultures of 

EugZena . The two cultures were established in the usual way. At intervals 

throughout the ·growth cycles aliquots of cells were harvested from the 

cultures. The aliquots were divided into two, washed and resuspended in 

either phosphate buffer alone or in phosphate buffer containing 10 mM NH4Cl, 

for measurement of heterotroph i c carbon dioxide fixation. The results with 

an autotruphic culture are shown by Figure 16. There was an increase in 

fixation during the logarithmic growth phase only when the measurements were 

made in the presence of NH4Cl. For cells resuspended in phosphate buffer 
[ 

no increase was observed. In this case dark carbon dioxide fix~ tion remained 

constant throughout the logarithmic growth period . Figure 17 shows the 

results of a similar experiment with a culture of EugZena grown heterotrophicallj 

on glucose. As in the case of the autotrophic culture, no significant 

change in fixation was observed during the growth cycle if the measurement 

was carried out in phosphate buffer. When the cells were resuspended in 

phosphate buffer containing 10 mM NH4Cl before addition of labell ed carbonate, 

the normally observed transient increase in fixation was obtained. 

Since the ammonium deprived cells only increased dark carbon dioxide 

fixation if they were resupplied with ammonium, and since non-starved cells 

supplied with ammonium did not increase fixation, it was possib l e that 

ammonium starved ce lls might take up suppl ied ammonium more readily than 

non-starved cel ls . In order to investigate this possibility an early 

phase autotroph ic culture was divided into two. One half (the control) 

was washed and resuspended in phosphate buffer containing 10 mf·l NH4Cl. 

Labelled carbonate was immediately injected and heterotrophic carbon 

dioxide fixation measured as usual. Immediately before termination of 

the reaction with trichloracetic acid an aliquot of the suspension was 

sampled and the cells removed from the aliquot by centrifugation. The 
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Figure 17. Heterotrophic carbon dioxide fixation during the growth cycle 
of Euglena gracilis Z grown heterotrophically (glucose). Crosses represent 
fixation measured in phosphate buffer, pH 4.7; open circles represent 
fixation measured in phosphate buffer containing 10 mM NH4Cl. Closed 
circles represent cell growth. 
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Table 2. Comparison of heterotrophic carbon dioxide fixation and 

ammonium uptake between ,., .Joni um starved and non-starved Euglena . 

Con tro 1 ce 11 s 

Ammonium starved cells 

CO2 Fixation in 

20 ~1inutes 

(c pm/106 ce lls) 

16 ,037 

80,894 

NH; Uptake in 

20 ~linutes 

(l1moles/106 cells) 

o 
1.25 

Ce 11 s were supp 1 i ed wi th 10 mM NH4 Cl before meas ur ement of heterotrophi c 

carbon dioxide fixation. 

~ 

I 
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ammonium content of the supernatant was assayed in order to determinl 

uptake of aDmonium from the medium during the fixation period. The second 

half of the culture was starved of ammonium for 24 hours and then treated 

in the same manner as the control. The results are presented in Table 2. 

The ammonium starved cells showed the usual increase in heterotrophic carbon 

dioxide fixation when supplied with more ammonium, compared with the control 

ce 11 s. Further, the ammonium starved cells removed ammonium from the medium 

during the 20 minute fixation period (1.25 umoles of ammonium was taken up 

by 106 cells), whel'eas there was no measureable uptake of ammonium during 

this period by the non-starved cells. The refore , ammonium stimulated 

heterotrophic carbon dioxide fixation is accompanied by uptake of ammonium 

by the cells. 

Measurements of the stimulatory effect of nitrate on heterotrophic carbon 

dioxide fixation after ammonium starvation for 24 hours were carried out, 

using autotrophica lly growing early phase cells. Nitrate had a smaller 

stimulatory effect (approximately 2.5 fold increase) compared with the effect 

of ammonium (10 fold increase). 

Heterotrophic carbon dioxide fixation by a permanently bleached Euglena 

The effect of ammonium deprivation and restoration on heterotrophic carbon 

dioxide fixation by a permanently bleached strain of Euglena> E.gracilis Z 

SB3, was measured and the results compared with those obtained from the 

normal heterotrophically (gl ucose) grown Euglena gracilis Z under the 

same conditions. Dark carbon dioxide fixation by early phase cells was 

measured after various ammonium treatments. Firstly, in order to demonstrate 

the effect of ammo nium starvation alone upon subsequent carbon dioxide 

fixation, an aliquot of early phase cells (1.5 x 105 cells/ml) was harvested 

and divided into two in the usual way. Dark carbon dioxide fixation by 
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Table 3. Comparison of heterotrophic carbon dioxide fixation by 
ea rly phase Euglena graciUs Z and Euglena gracilis Z 5B3 (streptomycin 

bleached), measured under various conditions. 

Euglena gracilis Z Euglena graciUs Z 5B3 

A 13,400 6,876 

B 11 ,169 3,946 

C 26,470 24,263 

0 54,410 52 ,924 

A. Without NH: starvation , fixation measured in 1 mM KH ZP04. 

B. After NH: starvation, fixation measured in 1 mM KH2P04. 

c. Without rlH: starvation, fixation measured in 10 mt>1 ~IH4C 1 in KH 2P04. 

D. After NH: starvation, fixation measured in 10 mM NH4Cl in KH ZP04. 

L 



79 

the control half was measured immediately in phosphate buffer. The 

other half was starved of ammonium for 24 hours and fixation then measured 

in phosphate buffer i.e. the cells were starved of ammonium but not 

repl eni s.hed. The results, shown in Table 3A and B were essentially the 

same for both permanently bleached and temporarily etiolated strains. 

In neither case did ammonium stal'vation lead to increased heterotrophic 

carbon dioxide fixation in the absence of ammonium rep ,enishment. Secondly, 

in order to demonstrate the effect of ammonium starvation followed by 

replenishment, an aliquot of early phase cells wa s divided as before. 

Dark fixation by the control half was measured immediately in phosphate 

buffer containing 10 m~ NH4Cl. The other half wa s starved of ammonium 

for 24 hours and fixation then measured in phosphate buffer containing 

10 mN NH4Cl . Comparison of these results (Table 3C and D) shows that for 

both strains ammonium starvation folloVied by replenishment resulted in a more 

than 2 fold increase in heterotrophic carbon dioxide fixation compared with 

the non-starved cells. The extent of stimulation Vias smaller for the 

heterotrophic and bleached cells than for autotrophic cells shown by Figure 

15. This phenomenon Vias noted previously. Table 3 also shows that 

10 m~l NH4Cl stimulated heterotrophic carbon dioxide fixation even Vlithout 

prior ammonium deprivation (comparing A and C). 

discussed below (Figure 21). 

The observation is 

Kinetic characterization of the effects of exogenous ammonium on 

heterotrophic carbon dioxide fication in Euglena A series of kinetic 

studies was performed in order to characterize quantitatively the effect 

of exogenous ammonium upon Euglena heterotrophic carbon dioxide fixation. 

For the purposes of these studies the 'ammonium effect' was considered 

as two distinct processes. Thus depriving the cells of ammonium either 

experimentally or during the course of a growth cycle had the effect of 
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Figure 18. Heterotrophic carbon dioxide fixation by early phase autotrophic 

cells, measured in phosphate buffer containing 10 mM NH4Cl, following 
various periods of ammonium deprivation. Abscissa represents length 

of ammonium deprivation period. 
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sensitizing the cells, such that the subsequent replenishment of the medium 

with more ammonium caused a stimulation of heterotrophic carbon dioxide 

fixation. The following kinetics were ml:asured: 

1) The time of ammonium starvation required to sen sitize earl y phase cells 

2) The concentration of ammon ium required to sensitize ea rly phase cells 

3) The concen tration of ammon ium required to stimulate heterotrophic 

carbon dioxide fixation by ammonium deprived (sensitized) cells 

4) The concentration of ammonium required to sti mu late hete rotrophic 

carbon dioxide fixation by non-sensitized cells 

5) The time of exposure to ammonium required to stimulate heterotrophic 

carbon dioxide fixati on by sensitized cells. 

In all cases 

cell density 

early phase autotrophic cells obtained from cultures grown 
5 of 1.5 x 10 cells/ml were used. (Such cultures , after 24 

hours normal growth, did not show increased heterotrophic carbon dioxide 

fixation. ) 

1) In all the experiments described above in which cells we re deprived 

of ammonium before measurement of heterotrophic carbon dioxide fi xation, 

the time of ammonium deprivation was 24 hours. It was important to 

to a 

measure the rate of deve lopment of sensitivity of the cells to stimulation 

of heterotrophic carbon dioxide fixation by resupplied ammonium. An 

early phase culture was harvested and resuspen ded in ammonium-free med i um . 

At intervals thereafter heterotrophic carbon dioxide fixation was measured 

in phosphate buffer containing 10 mM NH4Cl . The results of this experiment 

are shown in Figure 18. Ammonium starvation up to 5 hours had no 

sensitizing effect on the cells and carbon dioxide fixation in the presence 

of added ammonium remained constant. Between 5 and 7 hours after the 

cells were placed in ammonium free medium, addition of ammonium stimulated 
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Heterotrophic carbon dioxide fixation by early phase autotrophic 
·cells, measured in fresh medium, followfng 24 hours in media containing 
various concentrations of NH4Cl. Abscissa represents concentration of 
NH4Cl in which cells were suspended for the deprivation period. 
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the ce lls to increase fixation to the high levels observed previous ly. 

Longer periods of starvation caused only negligible further increases. 

2) A series of media was prepared, each containing a different concentration 

of NH4Cl, ranging from zero to 5.62 mM, which is the concentration in fresh 

medium . Cells from an early phase culture were harvested and resuspended 

to the same cell density in the various media . After 24 hours, heterotrophic 

carbon dioxide fixation was measured in fresh medium i.e. in the presence 

The results are shown in Figure 19. t1edium containing 

more than 2 ml·1 NH4Cl did not sensitize early phase Euglena and het Totrophic 

carbon dioxide fixation measured after 24 hours in such medium was low. 

Exposure to medium containing 2 mM NH4Cl caused a slight i ncrease in 

subsequen t carbon dioxide fixation. Below this concentration the sensitizing 

effect of the medium increased sharply and the highest l eve l of fixation 

was recorded using cells which had been complete ly starved of ammonium. 

These results provided a more quantitative correlation between degree of 

ammon ium depletion and degree of subsequent stimulation of heterotrophic 

carbon di oxide fixation by resupplied ammonium. In Figure 13 the rate of 

depletion of ammonium from the exogenous medi um during an autotrophic 

growth cycle was demonstrated . Removal of ammonium from the medium 

appeared to correlate in time with the increase in heterotrophic carbon 

dioxide fixation occuring during the growth cycle. From Figure 19 the 

concentration of ammonium that caused half maxima l stimulation of fixation 

when the cells were subsequently reexposed to 5.6 mM ammonium ("V "1 . max/2 

was 0.5 mM. In the experiment shown in Figure 13, ammonium in the medium 

had dropped to this "V
max

// val ue when the culture had grown to a density 

of 9 x 105 cells/ml (indicated on the figure by the arrow A). From the 

mean of the results of four experiments in which heterotrophic carbon 
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Figure 20. Heterotrophic carbon dioxide fixation by early phase autotrophic 
cells, measured in phosphate buffer containing various concentrations of 
NH4Cl, following 24 hours ammonium deprivation. Abscissa represents 
concentration of NH4Cl used for measurement of fixation. 
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dioxide fi xati or; was measured throughout autotrophi c growth cyc1 es, it was 

estimated that fixation reached half its maximum level when the culture had a 

cell density of 8.2 x 105 ce11s/m1 (indicated on the figure by the arrow B). 

Given a certain experimental variability in growth cycle profiles of 

heterotrophic carbon dioxide fixation changes, these half maximal values 

are in close proximity. 

3) An early phase culture was deprived of al. lmonium for 24 hours in the 

normal \'lay. A series of phosphate buffers, pH 4.7, was prepared for 

measurement of heterotrophic carbon dioxide fixation, each conta ining a 

different concentration of NH4C1. Afte r the period of ammonium starvat ion 

ce lls were harvested and the stimulation of fixation by the vario us 

concentrations of ammonium was measured . The r~ sults are shown in 

Figure 20. A slightly sigmoid kinetic was obtained such that 0.001 mM 

NH4C1 had the same effect as zero NH4Cl. Above 0.001 mr'1NH4C1 the fixation 

increased rapidly with ammonium concentration. The V was not obtained 
max 

at 10 mM NH4C1, the highest concentration used in this analys is . 

Attempts to analyse the data shown in Figures 19 and 20 by the method of 

Li neweaver and Burke (1934) and by other methods were unsuccessful. The 

resulting graphs were far from linear. This shows that these are not 

classical hyperbolic rate curves. It was presumed that the relationship 

betl-Ieen ammonium and heterotrophic carbon dioxide fixation was too complex 

to permit this type IJ-F analysis . However, the results clearly showed 

two aspects 0 ",- this relationship. Fi rstly, decreasing the amount of 

exogenous ammonium in the environment of Euglena caused an increased 

sensitization of the cells to stimulation of heterotrophic carbon dioxide 

fixation by added ammonium. Complete ammonium deprivation caused the 

highest degree of sensitization . Secondly, cells which were completely 
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Heterotrophic carbon dioxide fixation by early phase, non-
sensitized autotrophic cells, measured in phosphate buffer containing 
various concentrations of NH4Cl. Abscissa represents concentration of 

NH4Cl used for measurement of fixation. 
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starved of ammonium were stimulated to fix more carbon dioxide by very low 

concentrations of added ammonium such as 5 ~M NH~. Increasing the 

concentration of added ammonium caused increased stimulation of heterotrophic 

carbon dioxide fixation. 

4) As an extension of the second aspect of the relationship betw,'en 

ammon i um and heterotrophic carbon dioxide fixation described above, it was 

possible that by increasing the concentration of ammonium above that which 

was normally used in the experiments described above, even ce lls not 

deprived of ammoni um coul d be "forced" to increase heterotrophic carbon 

dioxide fixation. To test this a series of phosphate buffers was prepared 

containing a range of concentrations of NH4Cl up to 100 mM, and heterotrophic 

carbon dioxide fi xation by an ea rly phase , non-sensitized culture was measured 

in each of these. The results are shown in Figure 21. I>Ihen supp l ied 

with anunonium at concentrations up to 5 m~1, dark fixation by cells \vhich 

had not been sensitized by ammonium deprivation did not increase, but 

remained constant within the limits of experimental variation as previously 

observed. When the concentration of NH4Cl exceeded 10 m~1 the amount of 

carbon dioxide fixed increased as a li near functiGn of the increased 

arr.monium concentration, up to 1 00 1Il~·1 NH4Cl. However, compari son of 

Figures 20 and 21 shows that, although heterotrophic carbon dioxide fixation 

could be stimUlated by sufficiently high concentrations of added ammonium 

without a sensitization period of ammonium deprivation, the stimulating 

effect of 100 mM NH4Cl in this case was not as great as the stimulating 

effect of 5.62 mM NH 4Cl on cells previously sens iti zed by deprivation of 

ammonium. 

The results shown in Figure 21 confirm the previous observation (Table 3) 

that heterotrophic carbon dioxide fixation by two strains of Euglena, a 
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Heterotrophic carbon dioxide fixation by early phase autotrophic 
cells, measured after various periods of holding in phosphate buffer 
containing 10 mN NH4Cl, following 24 hours ammonium deprivation. Abscissa 
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bleached strain and a temporari ly etiolated strain, was greater if the 

fixation was measured in the presence of 10 mt·l NH4Cl tlian if measured in 

phosphate buffer al one, even without prior ammonium deprivation. 

5) It was important to examine any changes in heterotroph ic carbon 

dioxide fixation that might occur with time after the cells were resupplied 

with stimulating ammonium . In this experiment an early phase culture was 

. depri ved of ammon i um for 24 hours. Cells were then harvested , resuspended 

in phosphate buffer containing 10 mM NH4Cl and aliquots were hel d in the , .rk. 

At time zero (i .e. immediately after resupplying the cells with ammonium) 

and at intervals thereafter, labelled carbonate was added and carbon dioxide 

fixation measured in the usual way. The results are shown in Figure 22. 

After zero holding time (this measurement actually represents the amount 

of carbon dioxide fixed in the 20 minute period immediately following 

resupply of ammonium) carbon dioxide fixation I.as increased compared .lith 

the norma l level of f i xation by non-sensitized cells in the presence of 

added ammonium. Heterotrophic carbon dioxide fixation increased further 

with dark holding up to 30 minutes and thereafter decl ined. However, even 

after 120 minutes holding the amount of carbon dioxide fixed by the cells 

was still elevated, compared with the amount fixed by non-sensitized cells. 

Carboxylating enzymes in EugZena Heterotrophic carbon dioxide fixation 

reactions in Euglena must be catalysed by one or more carboxylating enzymes. 

As noted in the Introduction, the pathways of heterotrophic carbon dioxide 

fixation are st ill not fully elucidated and the enzymology of the 

carboxylations is still not clearly understood. The new knowledge 

described above , that heterotrophic carbon dioxide fixation in Euglena is 

regulated by ammonium, provided a possible tool for elucidating further 

some of these enigmatic areas. 
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Table 4. Carboxy lati ng enzymes in F,uglena gracilis Z. 

Ammonium Specific act ivity as NAD(P)H/min/mg 
Enzyme (E.C. number) stimulation :.oluble prote in (ymoles x 102) 

Autotrophic Glucose Acetate 

PEP carboxykinase 0 0 0 
(E.C.4 . 1. 1. 38 ) + 0 0 0 

PEP carboxykinase 0 0 0 
(E. C.4 . 1.1.49) + 0 0 0 

PEP carboxykinase 0 0 0.17 

(E. C. 4. 1. 1 .32) + 0 0 

Pyruvate carboxylase 0 0.14 

(E. C . 6 . 4. 1 . 1 . ) + 0 0.20 

PEP ca rboxyl ase 1.83 0.67 0.64 

(E . C.4. 1. 1.31) + 2.85 0.90 

Nalate enzyme 0.68 5.05 12.88 

(E . C. l.l.l.40) + 0. 84 6.26 

Specifi c act i vity as cpm/mg 

so luble protein 

J\utotroph ic Glucose 

PEP ca rboxyl ase 174,650 54 ,456 

(E.C.4.1.1.31) 

Acetyl-Co carboxylase 32, 766 32,533 
(LC.6 .4. 1.2) + 20, 186 23,850 
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A survey into the activities of various carboxylating enzymes in cell-free 

extracts of Euglena was carried out. Enzyme activities in crude extracts 

prepared from cells which had sti mulated heterotrophic carbon dioxide 

fixation (i .e . cells which had been deprived of ammonium for 24 hours and 

then provided wit h 10 mM ammonium for 30 minutes before preparation of the 

extr~ct) were compared with activities in crude extracts from control , 

non-stimulated cells, Crude extracts were prepared from cells growing 

autotrophically and heterotrophically on either glucose or acetate. The 

results of all these assays are shown in Table 4. 

Under the experi mental conditions employed no PEP carboxykinase (E.C. 

4.1.1.38 and E.C.4.1.1.49) activity was detec ted in any of the cultures 

t ested. However, a trace of PEP carboxykinase (E.C.4.1.1.32, GOP requiring) 

activity was present in the extract from the acetate grown heterotrophic 

culture . A trace amount of pyruvate carboxylase activity was measured 

in the glucose heterotrophic culture only. The most active carboxylating 

enzymes found in Euglena were PEP carboxylase, malate enzyme and acetyl-CoA 

carboxylase. Malate enzyme was found to be active in all types of culture 

tested, however, the extract of autotrophic cel ls had about 8 fold less 

activity than that from glucose heterotrophic cells, and the highest 

specific activity was measured in the extract from acetate grOlVJl cells 

vlhich were found to have more than 2 fold more activity than the glucose culture. 

PEP cal 'boxyl ase acti vi ty was also measured ina 11 three extracts, however, 

in t hi s case the specific activity in the autotrophic extract was greater 

than in the extracts from either of the heterotrophic cultures (glucose 

or acetate grown). Acetyl-CoA carboxylase activity was detected in both 

autotrophic and heterotrophic (glucose) cultures of Euglena, with similar 

specific activities in both extracts. When the specific act ivi ties of 

acetyl-CoA carboxyl ase were compared with those of PEP carboxyl ase it was 
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Figure 23. Chromatography on DEAE cellulose of PEP carboxylase from 
heterotrophically grown Euglena. Closed circles represent enzyme 
activity; crosses represent relative protein concentration as measured 

by the optical density at 280 nm. The straight line represents Tris 
concentration. 
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found that the PEP carboxylase spc·c ific activity was approximately 5 fold sreater 
. t-

than that of acetyl-CoA carboxylase in autotrophic cel ls . This comparison 

was made possible because both enzymes were assayed radiometrically. In 

the case of glucose heterotroph ic cells the spec ific activity of PEP 

carboxylase measured radiometrically was approximately 2 fold greater than 

that of acetyl-CoA carboxylase . 

Table 4 also shows the effect of the ammoniulTI treatment (starvation for 

24 hours , fo ll owed by replenishment by 10 mM NH4Cl before preparation of 

the extract) on the specific activities of carboxylating enzymes in crude 

extracts of ~uglena . After the ammon i um treatment the specific activities 

of all the enzymes tested showed increased activities, wi th the exception 

of acetyl CoA carboxylase , whose specific activity decreased after the 

ammonium treatment. PEP carboxylase specific activity showed the largest 

increase after the ammonium treatment, and the increase in specific activity 

of this enzyme was greatest (~ 1.6 fold) in the case of the autotrophic 

culture. 

Partial purification of PEP carboxyl ase from Euglena and separation of 

For reasons described in the Discussion below it was deci ded 

to continue the investigation by further study of PEP carboxylase. 

Figure 23 shows a typical eluti on profile of the enzyme obtained from 

DEAE cellulose chromatography of the 20-25% ammonium sulphate protei n 

fracti on from a heterotrophi c culture of Euglena, after Sephadex G 25 

chromatography. The first active fraction to elute from the column, 

isoenzyme 1, barely adsorbed onto the cellulose. Isoenzyme 1 accounted 

for 73% of the recovered activity. The second active fraction, isoenzyme 2, 

which accounted for the remainder of the recovered activity eluted at a 

concentration of 0.65 M Tris. Also shown by Figure 23 is the relative 

protein concentration as measured by the optical density of the samples 
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Table 5. Purification of PEP carboxylase from Euglena . 

Heterotrophic culture 

Activity Protein Specific Total Yield Prop. total 
Source /ml/min mg/ml activity activity % activity:; 

(xl02) 

Crude 
extract 6.2 4.66 1.33 31. 0 

Peak 1. DEAE 
ce 11 u lose 5.33 0.93 6.73 14.4 73 

Peak 2. DEAE 63 .4 

cellulose 0.6 0.5 1.2 5.24 27 

Autotrophic_culture 

Crude 

extract 5. 0 4.0 1.24 24.8 

Peak 1 4.9 1.12 4.38 124} 75.6 

66.0 

Peak 2 1.1 0.88 1.25 4.0 24.4 

Activity units are ~mole s NADH oxidised. Both cultures were harvested 

at the mid-logarithmic growth phase. The specific activities of the 

separated isoenzyme represent the most active fraction. 
were calculated by pooling all active fractions. 

Total activities 
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at 280 nm. The profile of protein concentration showed two peaks vlhich 

corresponded to the isoenzyme 1 and 2 peaks. 

In the case of an autotrophic culture, two isoenzymes also eluted from the 

DEAE cellulose at the same Tris concentrations as for the heterotroph ic 

culture. The proportion of activity in each peak was also similar to 

that observed for the heterotrophic culture. Details of a typica l 

purification of the two isoenzYl)les from each other from the two cultu . es are 

shown in Table 5, and the similarities between the two types of culture 

are apparent. In both autotrophic and heterotrophic cultures isoen£yme 

accounted for approximately 75% of the recovered activity, and the percentage 

tota 1 act i vity recovered from the ori gi na 1 crude extract was a 1 so a 1 most 

identical in the two cultures. In the case of the heterotrophic culture 

the specifi c activity of isoenzyme 1 Ivas 5 times greater than that of the 

crude extract, representing a 5 fold purification of the enzyme. A 3.5 

fold purification was obtained in the case of isoenzyme 1 from the auto-

trophic culture. In neither case was any pur ification of isoenzyme 2 

measured, due to the low activity and instability of this isoenzyme 

(described below). The elution profile of PEP carboxylase isoenzymes 

from a control early phase cu l ture was compared with that of a culture 

whose heterotrophic carbon dioxide fixation was stimulated by ammonium 

treatment as described above. In both stimulated and non-stimulated 

cells two isoenzymes eluted from the DEAE cel lulose and ammonium 

treatment had no effect on the Tris concentration at which the isoenzymes 

eluted, or the proportion of activity in each isoenzyme. 

Both isoenzymes were unstable in Tris, especially isoenzyme 2 which 

retained less than 10% of its activity after 24 hours at -140 C. The 

stab ility of isoenzyme 1 was inconsistent from experiment to experiment, 
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Figure 24. Effect of various inhibitory substances on isoenzymes of 

PEP carboxylase from Euglena. 

A. Effect of malate on isoenzymes from heterotrophic cells. 

B. Effect of malate on isoenzymes from autotrophic cel l s. 

C. Effect of citrate on isoenzymes from heterotrophic cells. 

D. Effect of citrate, succinate and 3-phosphoglycerate on isoenzymes 

from autotrophic cells. 

Closed .ci rcl es represent i nhi bit i on of i soemzyme 1; crosses represent 

inhibition of isoenzyme 2. Open circles represent inhibition of 

isoenzyme 1 by succinate; triangles represent inhibition of isoenzyme 1 

by 3-phosphoglycerate. 
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and it normally lost 25-50% of its activity after 24 hours at -140 C. 

Ethanol (2%) stabilized crude extracts kept at -140 C such that no loss 

in activity was observed after 14 days of storage. However, the ethanol 

was less effective at stabilizing the separated isoenzymes. In one 

experiment isoenzyme 1 lost 33% of its activity and isoenzyme 2 lost 53% 

in 24 hours when stored at -140 C in the present of 2% ethanol. Other 

stabilizing agents such as glycerol, mercaptoethanol and dithiothreitol 

were tested but were equally ineffective at stabilizing the separated 

isoenzyme. 

Ki neti cs of PEP carboxyl ase i soenzymes from Euglena The effects of 

various substances upon the partially purifi ed PEP carboxylase isoenzymes 

f rom Euglena were studied. In crude extracts an apparent noncompetitive 

inhibition by glutamate was ob t ai ned, using the colorimetric assay. This 

was not observed for the two isoenzymes nor when the radiometric assay was 

used. The apparent inhibition of PEP carboxylase by glutamat p. was 

subsequently shown to be an artefact of the colorimetric assay, due to 

other enzymes present in the crude competing for the substrate (OAA). 

The effect of ammon i um on the act i vi ty of PEP carboxyl ase was tes ted under a 

variety of conditions, but no effect was observed at concentrations of up 

to 50 mM NH4 Cl . 

The effect of various inhibitors on the activity of the two isoenzymes 

from both autotrophic and heterotrophic Euglena is shown in Figure 24. 

Malate, citrate , succinate and 3-phosphoglycerate were found to 

inhibit PEP carboxylase activity. The results obtained for autotrophic 

and heterotrophic cells were essentially similar. Isoenzyme 1 

activity was inhibited about 15-20% by 1 mr~ malate, and at a 
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Figure 26. Rate curves and double reciprocal plots showing the kinetics 

of inhibition of PEP carboxylase (isoenzyme 1) from Euglena by citrate 
with respect to PEP. Closed circles represent initial reaction rates in 

the absence of citrate; open circles represent reaction rates in the 

presence of 3 mN citrate; crosses represent reaction rates in the presence 
of 10 mM citrate. 



100 

concentration of 10 ml~ was virtually totally inhibited. Isoenzyme 2 was 

also inhibited by malate, such that, at a concentration of 10 mtl malate, 

enzyme activity was 60% inhibited. Euglena PEP carboxyla se isoenzymes 

were also sho~m to be inhibited by citrate. As shown in Figure 24 the 

pattern of i nhibition by citrate also was essentially similar for the 

enzymes from autotrophic and heterotrophic cells. Inhibition increased 

sharply up to a concentration of 20 mM citrate (10-15% maximum activity 

remaining) . Further increases in citrate concen~ration did not increase 

inhibition significantly. Also shown in Figure 24 is evidence that 

succinate and 3-phosphoglycerate inhibit isoenzyme 1. 

Analysis of the inhibition of isoenzyme 1 by malate and citrate by the 

conventional method of Lineweaver and Burke (1934) is shown in Figures 

25 and 26. The analysis revealed that malate and citrate inhibited by 

classical competitive inhibition, since Km values increased vii th inhibitor, 

whereas Vmax was constant at different concentrations of the inhibitors. 

Analysis of the data by the Hanes technique (s plotted against s/v) (Hong, 

1975) gave essentially the same information. 

Effect of malate on heterotrophic carbon dioxide fixation by whole cells 

Since PEP carboxylase from Euglena was shown to be inhibited by malate, it 

was possible that malate might inhibit whole cell heterotrophic carbon 

dioxide fixation. In order to investigate this possibility heterotrophic 

carbon dioxide fixation was measured in both autotrophic and heterotrophic 

cells, with and without stimulation of fixation by ammonium treatment. 

Before addition of labelled carbonate cells were exposed for 60 minutes 

to various concentrations of malate. The effects of malate on whole 

cell fixation in both ammonium stimulated and non-stimulated cells is 

shown in Figure 27. Malate affected the cells' heterotrophic carbon 
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Figure 27. Heterotrophic carbon dioxide fixation by early phase 

heterotrophic Euglena after 1 hour holding in the presence of various 
concentrations of malate . Closed circles represent heterotrophic carbon 
dioxide fixation by control cells; open circles represent heterotrophic 

carbon dioxide fixation by cells which were stimulated by ammonium 
treatment. 
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dioxide f i xation differently in the two types of cells . In the case of the 

control (unstimul ated) cells there Vias stimulation of fixation by a low 

concentration of malate, and a decrease of the stimulation at the higher 

concentrations, such that at 40 mM malate, the fixation Vias the same as at 

zero malate concentration. In the case of the ammonium stimulated cel l s, 

malate inhibited heterotrophic ca r bon dioxide fixation such that 40 ~~ 

malate caused 45% inhibition. 

The products of heterotrophic carbon dioxide fixation The radioactive 

products formed after 10 minutes dark carbon dioxide fixation were separated 

by two dimensional chromatography as described in f".aterials and ~lethods. 

A tracing of an autoradiograph of a typical chromatogram is shown in 

Figure 28 . The radioactive compounds separated as discrete spots. In 

the case of glutamate considerable trailing occurred, as Vias observed by 

Moses et al. (1959). Labelled carbon dioxide was incorporated into amino 

acids, phosphorylated compounds, tricarboxylic acid cycle i ntermediates and 

nucleotides. The sugar phosphates, which include 3-phosphoglycerate in 

the separation illustrated, barely migrated from the origin . The other 

phosphorylated compound, PEP, migrated with solvent 2 but not with solvent 1. 

Two low activity compounds we re not positively identified by co-chromatog ra phy, 

but on the basis of their migration characteristics are possib ly nuc l eotides. 

The radioactive spots were cut from the chromatograms, eluted by 1 ml 

volumes of 80% ethanol, and aliquots counted. The remainder of the eluates 

was used for identification of the compounds by co-chromatography. Tabl e 6 

shows the amount of radioactivity incorporated into the various compounds 

both for cuntrol cells and for cells stimulated by the normal ammonium 

treatment. Figure 29 shows the same results as Table 6, presented in the 

form of a histogram. The total amount of radioac ti vity incorporated by 
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Figure 28. Alcohol soluble products of heterotrophic carbon dioxide 

fixation (10 minutes) by an autotrophic culture of Euglena , stimulated 
by the normal ammonium treatment. The products were separated 
chromatographically as described in the text and the chromatograms 

exposed to X-ray film for 4-5 months. The radioactive areas were 
traced from the autoradiogram. The tracing was reduced by 1/3. 

Ala - alanine; asp(t) - aspartate; cit - citrate; citrul - citrulline; 

glut(n) - glutamine; glut(t) - glutamate; gly - glycine; mal - malate; 
nuc - nucleotides; orig - origin; PEP - phosphoenolpyruvate; 
ser - serine; suc - succinate; sugar-P - sugar phosphates. 
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Table 6. Alcoho l soluble products of heterotrophic carbon dioxide 

fixation, with and without ammonium stimulat i on. 

Total (Counts/106 cells) 

Compound Control Ammonium Treatment 

Glycine 467 17,533 

Glutamine 1,720 17,493 

Glutamate 12,810 

Alanine 1,067 8,347 

Serine 0 7,587 

Aspartate 2,133 2,667 

Citrull ine 0 470 

Ci tra te 133 1 ,533 
r~a 1 ate 0 360 

Succinate 0 120 

Sugar phosphates 280 2,427 

Phosphoenolpyruvate 1,840 1 ,333 

Unidentified nucleotides 0 4,787 

Total counts/106 cells 20,450 80,830 

Products of heterotrophic carbon dioxide fixation were separated and 

identified as described in the text. Chromatograms were exposed to 

X-ray film for 4-6 months for local ization of radioactive areas. 

These were eluted from the chromatograms as described and aliquots 
counted by liquid scintillation for calculation of the total counts 

incorporated into each compound. 
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the stimulated cells was fourfold greater than the total amount fixed by 

the control cells. Quant itative differences between thfs result and the 

previously described effect of ammonium stimulation on heterotrophic carbon 

dioxide fixation by autotrophic cells (a tenfold stimulation, for example 

Figure 15) may be the result of different techniques used, especially as 

the cell densities used in the two experiments were different. 

of the total radioactivity incorporated. The second highest activity was 

found in aspartate, which accounted for 10% of the total counts. Some 

radioactivity was found in phosphoenolpyruvate, 3-phosphoglycerate and 

sugar monophosphates. The amount of labell ed carbon dioxide incorporated 

into tricarboxylic acid cycle intermediates was comparatively small. The 

only acid detected was citrate, accounting for 0.6% of the total counts. 

Generally ammonium treatment caused an increase in the amount of labelled 

carbon dioxide i ncorporated into the various compounds. The largest 

increases were in the coun ts found in glutamine, glycine, alanine, serine 

and the unidentified nucleotides. Smaller increases were observed after 

ammonium treatment for all the other compounds with the exception of PEP. 

Some compounds, not de tec ted in the control cell separation, were labelled 

after ammonium treatment, for example malate, succinate and serine. 

In both control and stimulated cells glutamate was a major product of dark 

carbon dioxide fixation. Ammonium treatment stimulated incorporation of 

carbon dioxide into glutamate by only 25%, compared with for instance 97% 

stimulation in the case of glycine . 
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Comparison of the distribution of l4C from heterotrophic 
carbon dioxide fixation in Euglena by a. control culture and a culture 
stimulated by ammonium treatment. The cultures were -both grown 
autotrophically. Shaded bars represent incorporation of l4C0

2 
by the 

control culture; open bars represent incorporation by the amMonium treated 
culture. Abbreviations as for Figure 28. 
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DISCUSSION 

In this investigation into heterotrophic carbon dioxide fixation in 

Euglena, discoveries were made which gave new insight into aspects of the 

function of this non-photosynthetic fixation and its regulation at the enzyme 

1 eve 1 . Changes in heterotrophic carbon dioxide fixation during growth 

cycles were confirmed and documented, and it was subsequently established 

that the amount of carbon dioxide fixed by Euglena is controlled in a 

complex fashion by ammonium . This is the first time that such a regulatory 

mechanism has been described in these cells. As a result of this finding 

it became possible to control Euglena heterotrophic carbon dioxide f i xation 

experimentally. For instance, if early phase cells were first starved of 

ammonium and then supplied with more ammonium, heterotrophic carbon dioxide 

fixation was stimulated. This enabled comparisons between, for instance, 

properties of carboxylating enzymes and products of heterotrophic carbon 

dioxide fixation when cells were either stimulated by ammonium treatment or 

non-stimulated (control cells). This relationship between nitrogen 

metabolism and heterotrophic carboxylation, discovered in Euglena in thfs 

study; may be a general phenomenon in free-living organisms. Syrett 

(1956) observed that nitrogen starved Chlorella showed an increase in 

dark carbon dioxide fixation if supplied with ammonium. The effect was 

a 1 so found by Morri s et al. (1971) with vari ous mari ne algae. 

Involvement of photosynthetic carbon dioxide fixation in heterotrophic 

carbon dioxide fixation The observation that heterotrophic carbon dioxide 

fixation was increased in the l ater stages of the growth cycle of Euglena 

formed the starting point for this study. The observation was confirmed 

first in an autotrophic cu lture as shown in Figure 1. Several experiments 

showed that the increase in fixation is not related to photosynthetic 
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processes. It was shown that dark holding cells in mineral medium for 

60 minutes prior to measurement of carbon dioxide fixation did not remove 

the increase in f i xation observed during the logarithmic growth phase but 

caused a larger increase than was measured in the absence of dark hol ding 

(Figure 2) , If the increase in carbon dioxide fixation was due to a 

preillumination photosynthetic component it is likely that 60 minutes dark 

holding would have removed Dr decreased this component. Further confirmation 

was provided by the fact that simi l ar changes in heterotrophic, carbon 

dioxide fixation were measured during the growth cycle of cel l s growing 

heterotrohpically on glucose (Figure 3). The gl ucose grown ce l ls were 

etiolated and lacked functional chloroplasts, possessing only proplastids 

which lack the abil i ty to photosynthesize. The changes in heterotrophic 

carbon dioxide fixation during growth cycles were shown to be regulated 

by amnonium and it was shown that similar changes in carbon dioxide fixation, 

also regulated by amnonium, occur in a permanently bleached strain, 

E.gracilis Z SB3 (Table 3). This strain, as a result of streptomycin 

treatment, is incapable of ever forming functional chloroplasts. Permanent 

bleaching was discussed in the introductory section (p. 8 and 9). 

Isotope dilution The possibil ity that the observed changes tn heterotrophic 

carbon dioxide fixation during growth cycles were artefacts due to isotope 

dilution was discounted for several reasons. Such artefacts cou l d have 

occurred if the environment of the early phase cells contained more carbon 

dioxide than that of the later phase ce l ls, altering the ratio of added 

labelled carbon dioxide to unlabelled carbon dioxide. This was unlikely 

in the first place because in the autotrophic cultures carbon dioxide was 

kept at 5% throughout the growth cycle . Secondly, in an experiment 

heterotrophic carbon dioxide fixation was compared in both early phase cells 

(non-stimulated) and in cells from the late logarithmic growth phase 
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(stimulated) in the presence of increasing quantities of added, non-labelled 

carbon dioxide. Similar rates of decrease of amount of labelled carbon 

dioxide incor porated were obtained in the two cases. This indicated 

that the original ratio of labelled to unlabelled carbon dioxide is similar 

in both types of cells. Finally it was established that the cnange in 

heterotrophic carbon dioxide fixation is an ammonium-induced phenomenon, 

correlating with ammonium changes in the medium during growth, and 

controllilb le at any stage of the growth cycle by ammonium manipula tion. 

It is possible that the decline in fixation with time shovm in Figure 22, 

discussed below, may be due to isotope dilution. However, this particu l ar 

possibility was not deemed of sufficient importance to pursue . 

Two components of he t erotrophic carbon dioxide fixation It was shown 

(Figures 16 and 17) t hat heterotrophic carbon dioxide fixation in EugZena 

compri ses two components. There is a minor component wh ich is always 

observed at a constant background l evel. This component was demonstrated 

by measuring heterotrophic carbon dioxide fixation throughout growth 

cycles in the presence of phosphate buffer alone Ci .e. with the cells not 

stimulated by ammonium) and it was shown to remain constant throughout the 

growth cycle. The second, major moeity of fixation was shown to be 

controllable in a complex fashion by ammonium and could also be controlled 

experimentally. Detai ls of the control by ammonium are discussed below. 

Lynch and Calvin (1953) suggested that EugZena may fix carbon dl'oxlde 

heterotrophlcally by two routes. It is possible that these two supposed 

routes correspond to t he two components of dark fixation demonstrated in 

the present study, but certain findings, discussed below , make this appear 

unlikely. 
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Involvement of heterotrophic carbon dioxide fixat ·: in in Euglena in anapl erosi s 

Several possible functions of heterotrophic carbon dioxide fi xation reactions 

were described in the introductory section (p. 17). Apart from speciali zed 

functions, for examp l e the metabolism of propionate, four possible functions 

of hderotrophic carboxylations were described . These are fatty acid 

biosynthesis, pyridine nucleotide ra tio control, gluconeogenesis and 

anapl erotic replenishment of the tricarboxylic acid cycle. Several 

discoveries in this study strongly support anaplerotic replenishment as a 

function of the major, ammonium dependent component of heterotrophic carbon 

dioxide fi xa tion in Euglena . These important discoveries are firstly, t he 

increase in heterotrophic carbon dioxide fixation during the logarithmic 

growth phase, secondly, the repression of dark carbon dioxide fixation by 

acetate, thirdly, the link between heterotrophic carbon dioxide fixation 

and arrunonium and finally, the effect of anmlonium on the products of 

heterotrophic carbon dioxide fixation. 

(A) Changes in heterotrophic carbon dioxide fixation during growth cycles 

In the fi rs t instance it ~Ias found that autotrophi c ce 11 sand ce 11 s growi ng 

heterotrophically on glucose show increases in heterotrophic carbon dioxide 

fi xa tion during the logarithmic growth period as shown in Figures 1 and 3. 

It was l ater established t hat the reason for the increase in fixation is 

the depletion of exogenous a~nonium in the medium during growth (shown in 

Figures 13 and 14) followed by resupplying ammonium for measuremen t of 

heterotrophic carbon dioxide fixation. The implications of the regulation 

by ammonium are discussed below (C) . The observed changes in dark fixation 

during growth cycles were discussed by Peak and Peak (1976). It was 

considered probable that there is an increased demand for anaplerotic 

reactions when the cells are growing and biosyntheses, particularly of protein 

and nucleic acids, are taking place at an increased rate, with concomitant 
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drainage of precursors such as a-ketoglutarate from the tricarboxylic 

acid cycle. There seems to be no reason why gluconeogenesis would 

increase at certain stages of growth cycles since the cells are supplied 

with substrate (carbon dioxide in the case of autotrophic cells, glucose 

in the case of heterotrophic cells). Also, although Peak et al. (1973) 

discussed an increased requirement for fatty acid biosynthesi's towards the 

end of the growth cycle in heterotrophically grown cells with a concomitant 

demand for increased NADPH, there appeared to be no such increased demand 

in autotrophic cells. However both autotrophic and heterotrophic (glucose) 

cells show increased heterotrophic carbon dioxide fixation during the 

logarithmic growth phase. Furthermore, the increase in the case of the 

autotrophic culture is greater than that for glucose-grown cells. These 

observations make it appear unlikely that a major function of heterotrophic 

carbon dioxide fixation in Euglena is fatty acid biosynthesis or pyridine 

nucleotide ratio control, which may be concerned with fatty acid 

biosynthesis (Peak et al. , 1973). 

(B) The effect of acetate on heterotrophic carbon dioxide fixation in 

Euglena 

Further evidence supporting an anaplerot ic role for the major, regulable 

component of heterotrophic carbon dioxide fixation was obtained from the 

effects of acetate on the fixation. When heterotrophic carbon di'oxlde 

fixation was measured throughout growth cycles of Euglena growing on acetate, 

no increases during the logarithmic growth phase were observed. Sfmilar 

results were obtained for cultures growing on ethanol (Figures 4 and 51. 
Moreover, it was found that acetate, added to a glucose grown culture, 

repressed heterotrophic carbon dioxide fixation to a level where it was 

barely detectable under the experimental conditions employed (figure 6}. 

It is known that organisms which can grow on 2-carbon substrates utilize 
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the glyoxy1ate cycle, by means of whi.ch one molecule of malate and one of 

succinate are formed from one molecule of isocitrate and one of acety1-CoA 

(Kornberg, 1966). This process was descri bed in the introductory section 

(p.24). Func t ioning of the glyoxy1ate cycle obvi"ates the need for other 

anap1erot ic reactions . Euglena is able to grow heterotrophically on 

acetate and under these conditions the glyoxy1ate ,:yc1e is functional . 

Cook and Carver (1966) and Heinri ch and Cook (1967} demonstrated that 

culturing Euglena on acetate leads to the induction of the glyoxy1ate 

cycle enzymes, isocitrate lyase and malate synthase. The same enzymes 

are induced when the cells are growing on ethanol. Cook and Carver (1966t 

found the level of malate synthase in these cells to be almost as high as 

for acetate grown cells, and Graves et al. (1975) reported the presence of 

"glyoxysomes" containing the glyoxy1ate cycle enzymes in Euglena grown on 

ethanol. Thus if heterotrophic carbon dioxide fixation reactions function 

in Euglena main ly as anap1erotic replenishment reactions, increased requirement 

for these reactions during the logarithmic growth phase of cultures growing 

on acetate or ethanol would not be expected, since there would be a ready 

supply of the cycle intermediates, malate and succinate due to the activity 

of the glyoxy1ate cycle. The proposed interactions between the tricarboxylic 

acid cycle, heterotrophic carbon dioxide fixation reactions and the 

glyoxy1ate cyc le are summarized in Figure 30. Intermediates of the 

tricarboxylic acid cyc le are drained for anabol ic sequences , and carbon 

dioxide fixation reactions leading to oxa1oacetate or ma late cou ld replenish 

the cycle , for example the carboxyl a ti on of PEP to oxa 1 oacetate. ~Jhen 

Euglena are grown on acetate or ethano l the al t ernate means of replenishing 

the cycle with 4-carbon intermediates malate and succinate would function, 

i.e . the glyoxy1ate cyc le. 

The finding that heterotrophic carboxy1ations are repressed by acetate not 

only supports anap1erotic replenishment as a functi"on of these carboxy1ations, 

L 
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Figure 30. Schematic representation .of drainage of the tricarboxylic 

acid cycle and of its anaplerotic replenishment. The alternate replacement 
of the intermediates by acetate-induced glyoxylate cycle is also shown. 
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but al so further decreases the possibility that the major funct ion of 

heterotrophic carbon dioxide fixation is fn gl .uconeogenesfs, si'nce cells 

growing on acetate would presumably exhibit more gluconeogenes is than 

gl ucose grown cells. Acetate grovm cells requi re to synthes i ze 6-carbon 

sugars from 2-carbon substrates by the gluconeogenetic pathway. As shown 

in ," igure 6, carbon dioxide fixation was repressed by acetate within 24 hours. 

Little information is available on the time course of glyoxylate cycle 

induction in heterotrophically grown Euglena . Cook and Carver (.1966) 

found that addition of acetate to autotrophic Euglena had completed the 

induction of malate synthase in 12 ho urs, wh ile Coll ins and Merrett (.l9751 

who added acetate to an autotrophic culture which was then transferred to 

the dark, showed that the specific activity of malate synthase continued to 

increase for up to 48 hours after transfer to heterotrophic growth on 

acetate. 

An aspect of the "acetate effect" may be concerned with an earlier observati'on 

made in thi s study (shown in Fi gures 1 and 3) that autotroph i c cells 

increase heterotrophic carbon dioxide fixation 10 fold during the growth 

cyc l e, whereas glucose grown cells show only a 4-fold increase. (The 

same difference between the two types of culture was observed when heterotrophic 

carbon dioxide fixation was stimulated by "ammonium treatment").. It was 

shown in Figure 6 that addition of acetate to a glucose culture represses 

heterotrophic carbon dioxide fixation to a bare ly detectable level, even in 

the continued presence of glucose, whereas Figure 7 showed that addition of 

acetate to an autotrophic culture causes a comparatively small decrease in 

heterotrophic carbon dioxide fixation. These results are consistent with . 

earlier work where the activities of glyoxylate cycle enzymes were measured 

under various conditions. For example, Heinrich and Cook (1967l found that 

glucose did not inhibit the synthesis of malate synthase but Cook (1965) 

found that light inhibited respiratory adaptation of Euglena to acetate, 
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and Cook and Carver (1966) found that light inhibited the induction of 

glyoxylate cycle enzymes by acetate. Further, it ~Jas shown that Euglena 

grown heterotrophica lly on glucose alone contain measurable amounts of 

malate synthase and isocitrate lyase activities, but that these enzymes 

are not detectable in Euglena grown autotrophica11y (Heinrich and Cock, 

1967; Peak, 1972). Thus it is possible that glucose grown Euglena (but 

not Euglena grown autotrophical ly) are able to utilize the glyoxylate .cycle 

partially and are thus not so dependent on heterotrophic carboxylatlons 

for anaplerosis as are autotrophical ly grown cel ls. This consideration 

also supports anaplerosis as a major function of heterotrophic carbon dioxide 

fixation. 

(C) The regulation of heterotrophic carbon dioxide fixation by ammonium 

Further evidence supporting the involvement of Euglena heterotrophic .carbon 

dioxide fixation in anaplerotic replenishment was provided by the finding 

that one component of the fixation is regulated by ammonium, described by 

Peak and Peak (1977). It was found that if ammonium was supplied to cells 

previously starved of that ion, the cells' heterotrophic carbon dioxide 

fixation was increased. It is evident that the function of this component 

of dark fixation is intimately linked to ammonium. This does not support 

an involvemen t of this component in gluconeogenesis, since this is not 

closely involved with nitrogen metabolism. For the same reason i t is 

unlikely that fatty acid biosynthesis is a major function of the ammonium 

regulable component of dark carbon dioxide fixation. However, if 

heterotroph i c carboxyl a ti ons function in anap 1 eros is of the tri carboxyli'c 

acid cycle, a link with ammonium supply would be feasible, since ammonium 

is necessary for instance for amino acid biosyntheses by aminations, 

and the biosyntheses of some amino acids requires tricarboxylic acid cycle 

intermediates such as a-ketoglutarate as carbon skeletons. It is possible 

that as exogenous ammonium becomes depleted biosynthesis of amino acids 
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diminishes. Replenishment of the medium with more ammonium may allow for 

an upsurge of amino acid biosyntheses, some of which cause concomitant 

drainage of tricarboxyl ic acid cycle intermediates, thus necessitating 

anaplerotic replenishment. This possibility is supported by the fact that 

ammonium starved cells, v/hen supplied with more ammonium, take up ammonium 

from the medium concomitant with an increase of their heterotrophic carbon 

dioxide fixation, whereas non-starved cells do not take up ammonium when it 

is supplied, nor do they increase heterotrophic carbon dioxide fixation 

(Table 2). 

No direct measurements of an upsurge in amino acid biosynthesis after provision 

of ammonium have been reported for Euglena. · Reisner e t a l. (.1960). found 

that supplying ammonium to Chlore lla previously starved of nitrogen caused 

an increase in formation of amino acids, in some cases measureable within 

15 minutes after supplying ammonium. The largest increases were observed 

in the production of glutamine, glutamate, alanine, asparagine and aspartate. 

Stimulation of amino acid biosynthesis by ammonium is further discussed below. 

(D) Stimulation of glutamine production by ammonium treatment 

If ammonium stimulates heterotrophic carbon dioxide fixation in order to 

replenish the tricarboxylic acid cycle during periods of increased amino 

acid biosynthesis, it is likely that the extra carbon dioxide fixed will be 

found in amino acids derived from tricarboxylic acid cycle i·ntermediates. 

When fixation products of control cells were compared by means of chromatography 

with products of cells whose heterotrophic carbon dioxide fixation had been 

stimulated by ammonium treatment, a high proportion of the extra counts 

were found in glutamine (Table 6, Figure 29). A smaller increase in 

incorporation of labelled carbon dioxide into glutamate was also observed. 

This indicated that the supplied ammonium stimulated formation of these 

amino acids and that carbon dioxide was entering them via the tricarboxyHc 

,-
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acid cycle, since q-ketoglutarate provides the carbon skeleton for the 

synthesis of glutamate and glutamine. 

Other pathways of heterotrophic carbon dioxide fixation Fi gures 28 and 

29 and Table 6 also showed that ammonium stimulation causes increased 

incorporation of labelled carbon dioxide into other amino acids not derived 

from the tricarboxylic acid cycle intermediates, for example glycine, 

serine and alanine which are all derived from the glycolytic pathway. The 

largest increase in incorporation of labelled carbon dioxide after ammonium 

treatment is into glycine. Glycine and serine are synthesized from 

3-phosphoglycerate (which was also observed to be one product of dark carbon 

dioxide fixation) and alanine from pyruvate. (The amino groups for the 

formation of these amino acids, as well as glutamine, are derived from 

glutamate. This may be the reason why glutamate does not show as large an 

increase after ammonium treatment as the other amino acids. Possibly 

glutamate does not accumulate because it is being utilized to provide amfno 

groups for the synthesis of glutamine, glycine etc.) Incorporation of carbon 

dioxide into glycine and serine during dark carbon dioxide fixation was also 

observed by Lynch and Calvin (1953) as was the incorporatlon into sugar 

phosphates and 3-phosphoglycerate. The fact that ammonium stimulates the 

dark fixation of carbon dioxide into 3-phosphoglycerate and into glycine and 

serine which are both derived from this compound may confirm the suggestion 

by Lynch and Calvin that Euglena fixes carbon dioxide heterotrophically by more 

than one route . However, the exact path by which carbon dioxide first enters 

3-phosphoglycerate is still not certain. 

A possible route, described in the introductory section (p. 30), was suggested 

by Moses et al. (1959). They proposed that carbon dioxide might enter 

3-phosphoglycerate by way of 3-phosphogluconic acid, by a reversal of the 

decarboxylation of this compound to pentose phosphate. Although incorporation 
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of the labelled carbon dioxide into 3-phosphogluconate has not so far been 

shown in Euglena , tloses et al. (1959} observed that t his compound is an 

early product of dark carbon dioxlde fixation in Zygorrynchu8 moelleri. 

Although the reaction in the direction of de carboxylation is favoured, 

the reaction nas been shown to be reversible in yeast (Horecker and Smyrniotis, 

1952) so this could be a feasible route for the entry of carbon dioxide into 

3-phosphoglycerate. The enzyme catalysing the reaction, phosphogluconate 

dehydrogenase (E.C.l.l .1.44) has been shown to be present in Euglena 

(Smillie , 1968). Another possibility is that originally 

suggested by Lynch and Calvin (1953) that carbon dioxide enters 3-phosph~­

glycerate direct ly as in photosynthesis but without using light energy. 

Although the exact pathway for the incorporation of carbon dioxide is still 

not known, the resu l ts shown in Figure 29 and Table 6 indicate that 

heterotrophic carbon dioxide fixation, as well as functioning in anaplerotic 

replenishment, is also invo lved in the formation of amino acids such as 

glycine and alanine, and that this component of the fixation is al so 

regulated by ammonium. No further investigation into this component of 

heterotrophic carbon dioxide fixation in EugZena was carried out in thls study. 

Another possible pathway for heterotrophic incorporation of carbon dioxide 

in Euglena was suggested by the fact that a small percentage of labelled 

carbon dioxide was fixed into citrulline in the ammoni'um stimulated cells. 

Hiller (1964) found that ammonium stimulated dark carbon dioxlde flxation 

in Chlorella and that in the presence of ammonium more carbon dioxide was 

fixed into citrulline and arginine, whereas in control cells the maln products 

of dark carbon dioxide fixation were associated with the tricarboxylic acid 

cycle. He suggested that the results vJere consistent with the possibi l ity 

that, in ChlorelZa, the presence of ammonium stimulates not only the carboxylation 

of phosphoenolpyruvate to oxaloacetate, but also the carboxylation of 

ornithine to citrulline and hence arginine, using some of the reactions of 
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the urea cycle. In mammals the first step in urea synthesis is the 

formation of carbamyl phosphate involving carbon dioxide, ammonia and ATP. 

It is probable that these reactions also occur in Eugl ena, since this 

pathway is a route for the formation of arginine. However, as far as is 

known the enzymes catalysing these reactions have not been detected in 

Euglena. 

The significance qf the smaller, non-ammonium regulable component of dark 

fixation in Euglena is still not clear. As already described (Figure 16 

and 17) cells which have not been stimulated by ammonium treatment fix 

carbon dioxide in the dark at a constant level (about 1/10 the level of 

fixation of sti r".Jlated cells in the case of autotrophic Euglena). Since it 

has been shown that incorporation of carbon dioxide into glycine and serine, 

via 3-phosphoglycerate, is stimulated by ammonium it does not appear as 

if this pathway of heterotrophic carbon dioxide fixation corresponds to the 

smaller, basal component of fixation, as suggested above. However it is 

possible that this smaller component may at least in part, have the same 

function as the major moeity. It may represent the basal amount of 

anaplerotic replenishment required by the cell in the absence of ammonium 

stimulation. The fact that glutamate and aspartate were found to be 

major products of heterotrophic carbon dioxide fixation in non-stimulated 

cells supports this possibility. However, although gluconeogenesis and 

fatty acid biosynthesis are not considered to be the major functions of 

heterotrophic carbon dioxide fixation in Euglena they must occur in this 

organism. (Although gluconeogenesis, as described in the introductory 

section, involves both a carboxylation and a decarboxylation step, early 

workers measured incorporation of labelled carbon dioxide into liver glycogen 

(Wood and Utter, 1965).) The non-ammonium regulable component of fixation 

may encompass these functions. 

elucidated. 

More work is necessary before this can be 
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Implications of the regulation of heterotrophic carbon dioxide fixation 

by ammonium 

CA) Previous work on heterotrophic carbon dioxide fixatl'on fn Euglena 

The effect of exogenous ammonion on Euglena heterotrophic carbon dioxide 

fix ation was apparently not known to previous workers and may have affected 

some of their results. By working with cells from the mid-logarithmic 

growth phase, at which stage exogenous ammonium is consfderably depleted 

(Figure 14) and measuring fixation in fresh medium, the cells would be i'n 

the stimulated condition. Thus the finding by Heinrich and Cook (1967l 

that glucose grown Euglena fixed twice as much carbon dioxide as acetate 

grown ce lls may have been due to the fact that fixation by the glucose grown 

cells was stimulated but .not that by the acetate grown cells. In the 

present study it was found that the amount of heterotrophic carbon dioxide 

fixation by non-stimulated glucose grown ce lls is practically the same as 

for acetate grown cells (Figures 3 and 4). 

Another instance of a possi.ble ammonium effect is in the results found by 

Codd and Merrett (1971) who measured dark carbon dioxide fixatl'on by 

Euglena at various phases of a synchronous cycle. The fixation Vias 

measured in fresh who le medium, which contained ammonium. They found that 

fixation increased during the light phase of the cycle, reached a peak in 

early dark phase and then declined. A possible explanation for their results 

may be that ammonium in the medium was increas ingly depl eted by the cells 

up until their synchronous division during the dark phase. 

(B) Kinetic analysis of regulation of heterotrophic carbon dioxide 

fixation by ammonium 

The kinetic studies, the results of which are presented in Figures 18 - 22, 

revea 1 ed complex control mechan isms whereby the cell apparently avofds 
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unnecessary carbon dioxide fixation. By this means the cel l presumably 

conserves energy since cellular energy is required for heterotrophic 

carbon dioxide fixation in order to form the covalent bond . For instance 

Figure 19 showed that complete ammonium starvation is necessary before 

heterotrophic carbon dioxide fixation is increased to maximum level after 

replenishment with ammonium. Thus it may be that, provided the cells have 

some ammonium avai l able for biosyntheses, stimulation of heterotrophic 

carbon dioxide fixation by added ammonium is inhibited. However, as shown 

in Figure 21, when cells are provided with very high concentrations of 

ammonium this inhibition appears to be overridden. Once cells have been 

completely starved of ammonium however, only trace amounts of ammoni'um are 

required to stimulate heterotrophic carbon dioxide fixation, indicating the 

capacity for renewed aminoacid biosynthesis after ammonium starvation. 

As regards the time course of ammonium starvation and subsequent 

replenishment, it was shown in Figure 18 that a 7 hour period after 

remova 1 of all exogenous ammon i um from the medfum is necessary to sens i Hze 

cells to stimulation by added ammonium. This result is consistent with 

that shown in Figure 19 and also suggests that the presence of even small 

amounts of ammonium inhibits the stimulation of heterotrophic carbon 

dioxide fixation by added ammonium. Possibly after 7 hours the level of 

amino acid biosynthesis has diminished to such an extent that stimulation 

of dark fixation is no longer inhibited. 

Once cel ls are fu l ly sensitized by ammonium starvation, stimulation of 

heterotrophic carbon dioxide fixation by added ammonium is a rapid event. 

Figure 22 shows an increase in fixation in the first 20 minutes after 

resupplying ammonium. However, larger increases in fixation occur if 

cells are held for periods of up to 30 minutes in the presence of 
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ammonium before measuring fixation. Possibly there is an increase in 

amino acid biosynthesis with time after ammonium is supplied to the 

starved cell s. It is probable that the increased heterotrophic carbon 

dioxide fixation measured after 60 minutes dark holding in mineral medium, 

shown in Figure 2, represents the same effect. Also shown in Ffgure 22 

is the fact that heterotrophic carbon dioxide fixation declines compared 

with the maximum level if the cells are held in the presence of ammonium 

for longer than 30 minutes before measurement of fixation. A poss,'ble 

reason for this is that amino acid biosynthesis declines because the 

fresh supply of ammonium has been utilized after 30 minutes, and this may 

cause a concomitant decline in stimulation of fixation. It was shown ,'n 

Table 2 that ammonium starved cells take up 1.25 umoles of NH4Cl from the 

.medium per 106 cells during a 20 minute period of carbon dioxide fixation, 

whereas no uptake by non-starved cells was measured. Another possibility 

is that the dec l ine in measured fixation is an isotope dilution effect, 

possib ly due to an increase in proportion of unlabelled carbon dioxfde 

caused by respiration. The effect of ammonium replenishment on respiration 

of ammonium-starved Euglena has not been investigated. However, Syrett 

(1953) found increases in respiration of nitrogen starved Chlorella when 

ammonium was resupplied. 

tCI Significance of the nitrogen compound supplied 

When ammonium starved cell s are resuppl ied with nitrate instead of ammoni·um 

(at the same molarity) an increase in dark carbon dioxide fixation is 

observed, as reported in the results (p. 77) but of a smaller magnitude 

compared with ammonium stimulation. This may be because Euglena may not 

utilize nitrate so readily as ammonium. Little work has been reported 

on the ability of Euglena to utilize various sources of n!trogen. Cramer 

and ~~ers (1952) reported that Euglena gracilis var bacillaris was not 
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able to grow on nitrate as sole carbon source. In Chlorella Syrett 

(1956) showed that nitrate has a smaller stimulating effect on heterotrophic 

carbon dioxide fixation by nitrogen starved cells than ammonium. Later 

he reviewed the subject of nitrogen assimilation by algae (Syrett, 1962). 

He stated that most algae use ammonium in preference to nitrate, an d that 

if both are supplied the ammonium will be used first. This preferential 

util ization of ammonium is caused by the repressi'on of nitrate reductases 

by ammon i urn. It is possible that a similar situation may exist in 

Euglena (however, since algae are plants and Euglena can live as an animal 

this may not necessarily be the case). This possibllity has not been 

explored. 

A mechanism for the regulation of heterotrophic carbon dioxide fixation 

by ammonium This section is concerned only with the component of 

heterotrophic carbon dioxide fixation involved in anaplerosis. ~Jith the 

knowledge that heterotrophic carbon dioxide fixation i'n Euglena can be 

regulated experimentally by ammonium, it was possible that 'ammonium 

treatment' might have a direct effect on the carboxylating enzymeCsL 

responsible for dark carbon dioxide fixation. In order to ascertain 

whether ammonium treatment resulted in induction of carboxylating enzymes 

activities of various carboxylating enzymes were measured in extracts 

from both ammonium stimulated and non-stimulated cells, usi·ng the normal 

regime for ammonium stimulation. As shown in Table 4 there is an 

increase in specifi cacti vity of PEP carboxyl ase after ammoni·um stimul ati on 

but it is not large enough to account for the entire increase in 

heterotrophic carbon dioxide fixation following ammonium treatment. 

For example, the specific activity of PEP carboxylase from autotrophic 

cells increased 1.6 fold following ammonium stimulation of the cells, 

whereas it has been shown repeatedly, for example in Figure 15, that 

ammonium stimulation of autotrophic cells causes a 10 fold increase in 
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heterotrophic carbon di oxide fixation. However, part of the increase in 

heterotrophic carbon dioxide fixation caused by ammonium treatment 

represents an increase in formation of glycine, serine and alanine, which 

is unlikely to be catalysed by PEP carboxylase, so H would not be expect."d 

that PEP carboxylase would increase to such an extent as does wnole cell 

heterotrophic carbon dioxide fixation foll owing ammonium treatment. 

Although the effect of ammonium treatment on PEP carboxylase fs small, 

. the information compiled in Table 4 points to the fact that PEP 

carboxylase is a major enzyme responsible for an important component of 

heterotrophic carbon dioxide fixation in Euglena. The findings made in 

the present study on whole cell carbon dioxide fixation in Euglena suggest, 

as described above, that a major function of dark carbon dioxide fixation 

in this organism is anaplerotic replenishment of the tricarboxylic acid 

cycl e. PEP carboxylase could function in this way, as was assumed by 

Ohmann and Pl hak (1969), a 1 so by Codd and Merrett (19.71 t. 

It is shown in Table 4 that PEP carboxylase is present in extracts from 

Euglena grown autotrophically and heterotrophically on glucose or acetate . 

Moreover the specific activity of PEP carboxylase from autotrophic cells 

was found to be 3 times greater than that from the gl ucose heterotrophi'c 

ce 11 s. It has been observed frequently in this study that ammonium 

stimulated autotrophic cells fix more carbon dioxide heterotrophically 

(an average value is 130 x 103 cpm/106 cells) than do heterotrophic cells 

(average value 60 x 103 cpm/106 cells). Also autotrophic cells show a 

greater increase in heterotrophic carbon dioxide fixation after ammonium 

treatment, 10 fold increase compared with 4-5 fold increase in heterotrophic 

ce 11 s. One reason for the apparently greater requirement for heterotrophic 

carbon dioxide fixation reactions in autotrophic cells is possibly the 

complete absence of glyoxylate cycle activity discussed above. The acetate 
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grown cells contain slightly less PEP carboxylase activity than the 

glucose grown cells, which also correlates with the reduced requirement 

for heterotrophic carbon dioxide fixation reactions in cells growing on 

2-carbon substrates. Thus t he specific activities of PEP carboxylase in 

Euglena cultured under various conditions correlate with the observed 

whole cell heterotrophic carbon dioxide fixation. 

As regards malate enzyme, although thi s en zyme was al so found to be present 

in all types of culture, the specific activities do not correlate with the 

observed whole cell heterotrophic carbon dioxide fixation. Malate enzyme 

was found to be + 8 times more active in glucose heterotrophic cells than 

in autotrophic cells, confirming earlier results of Peak et al., (1973). 

They previously established that malate enzyme activity in Euglena is 

reduced by light (Peak et al. 1972a). The activity of malate enzyme in 

acetate grown cells was found to be twice that for glucose grown cells 

(the fact that malate enzyme is more active in acetate, compared with 

. glucose grown cells was also observed by Heinrich and Cook, 1967).. 

Clearly there is no correlation between malate enzyme activity and 

requirement for heterotrophic carbon dioxide fixation reactions. The 

function and r egulation of malate enzyme has been the subject of previous 

study (Peak et al. > 1973). It was shown that malate enzyme was more acti ve 

in glucose grown heterotrophic cells than in . autotrophic cells. Also, 

in autotrophic cultures there was no change in malate enzyme spedfic 

activity throughout the growth cycle, whereas it increased fourfold 

during heterotrophic growth cycles. It was found that these changes 

correlated with an increased requirement for fatty acid biosynthesis 

towards the end of the growth cycle in heterotrophic cells, and it was 

suggested that malate enzyme in Euglena functions in the direction of 

decarboxylation, serving to provide a source of NADPH for fatty acid 
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biosynthesis. It is possible that the high activity of malate enzyme 

found in acetate grown cells also supports this hypothesis, since acet ate 

is a precursor of fatty acids. These considerations together with the 

results in Table 4 render it improbable that malate enzyme is important 

in heterotrophic carbon dioxide fixation in Euglena. 

Of the other enzymes measured, only acety1-CoA carboxylase was found to 

be active in autotrophic cells. The absolute acti:vity of acety1-CoA 

carboxylase is less than that of PEP carboxylase. Acetyl-CoA carboxylase 

is known to be i nvolved in fatty acid biosynthesis. As discussed ab.ove, 

it is unlikely that the major, ammonium regulable moeity of heterotrophic 

carbon dioxide fixation in Euglena has this function. This 1S also 

indicated by the fact that ammonium treatment decreased the specific 

activity of acety1-CoA carboxylase in both autotrophic and heterotrophic 

cell s . Acetyl-CoA carboxylase is probably involved in a proportion of 

the meas iJred dark carbon dioxide fixation, possibly the smaller non­

regulable moeity, as discussed above, however this was not investigated 

further. The expense of assaying this enzyme was beyond the economic 

scope of this project. 

Pyruvate carboxylase activity was observed in glucose heterotrophic 

cultures. As far as is known this is the first positive report of 

pyruvate carboxylase from this organism. Codd and Merrett (19711 did not 

detect pyruvate carboxylase activity in their extract, however they 

worked only with light/dark synchronized cultures. Since pyruvate 

carboxylase is present in only trace amoun ts in the glucose culture, 

according to the method used, and is not detectable in autotrophic cells, 

it was not considered to be of major importance in Euglena heterotrophic 

carbon dioxide fixation and was not investigated further. Simil arly, 
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PEP carboxykinase (E.C.4.1.1.32) is barely evident in the acetate culture 

only and therefore can not be the enzyme responsible for heterotrophic 

carbon dioxide fixation as measured in this study. Ohmann (1969) reported 

having measured PEP carboxykinase in Euglena in previous unpubl ished 

work, an d stated that the activity vias found to be higher in acetate 

grown cultures than in glucose heterotrophic or autotrophic cultures. 

It is probable that PEP carboxykinase functions in Euglena in gluconeogenesis 

which is of particular importance in the acetate grown cells which have to 

build up 6-carbon sugars from 2-carbon substrates. As described in the 

introductory section (p.18) PEP carboxykinase is considered to. function 

in gluconeogenesis in the decarboxylation step, catalysing the formation 

of PEP from oxaloacetate. As discussed above, gluconeogenesis is not 

considered to be the function of the major, ammonium regulable moeity of 

heterotrophic carbon dioxide f ixa tion in Euglena. 

For these reasons it appeared that PEP carboxyl ase ts the enzyme 

responsible for at least the part of the major moeity of heterotrophic 

carbon dioxide fixation in Euglena, functioning in anaplerotic replenishment 

and leading to the biosynthesis of glutamine and glutamate. The properti es 

of this particular enzyme were thus investigated further. Although the 

increase in specific activity of PEP carboxylase after ammonium stimulati"on 

of the cells is not sufficient to account for the increase in heterotrophic 

carbon dioxide fixation caused by ammonium stimulation, it was possible that 

ammonium stimulation might cause for example a modificati"on in the 

distribution of PEP carboxylase isoenzymes. Perl (1974) sepa rated two 

isoenzymes of PEP carboxylase from Euglena, but he was unaware of the 

stimulating effect of ammonium on heterotrophic carbon dioxide fixaUon. 

In this study, for the first time, PEP carboxylase isoenzymes were purified 

from cultur:es wh.ich ha~ been previously stimulated by the ammonium treatment 

r 
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in order to compare them with those from control cultures. The results as 

regards the effect of ammonium stimulation were negative since the ammonium 

treatment did not cause any changes in the distribution of PEP carboxylase 

isoenzymes. However Perl's results were largely confirmed and elaborated. 

One difference noted in the present study was in the proportion of the 

total activity recovered in the two isoenzymes. The present study indicated 

that in botl. autotrophic and heterotrophic cells the two isoenzymes are 

present in the same proportions i.e. 75% of the total recovered activity was 

in isoenzyme 1. Perl (1974) found that the distribution of recovered 

activity differed between autotrophic and heterotrophic cultures. In 

autotrophic cultures 60% of the activity was in isoenzyme 1 (his fraction A) 

whereas only 20% of the activity recovered from a heterotrophic culture was 

in isoenzyme 1. It may be significant, however, that in his sepa ration of 

isoenzymes from the heterotrophic culture, only 19% of the original activity 

was recovered altogether. 

The investigation into the effects of ammonium on the characteristics of 

PEP carboxylase isoenzymes revealed no significant effects as shown by 

DEAE cellulose chromatography. There is no significant difference between 

the control and ammonium stimulated cells as regards the number of 

isoenzymes eluting, the Tris concentration at which they elute or the 

proportion of recovered activity found in each isoenzyme . As shown in 

Table 4, ammonium treatment causes an increase in specific activity of 

PEP carboxylase, and this increase may occur in both isoenzymes. It was 

not possible to detect any such increase in the elution profiles, possibly 

because the difference in specific activity is too small and because of 

the instability of the isoenzymes. The fact that no new isoenzyme was 

found after ammonium treatment indicates that the increase in whole cell 

heterotrophic carbon dioxide fixation after ammonium treatment is not due 
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to the de novo biosynthesis or induction of another PEP carboxylase 

isoenzyme. However, the possibility that the ammonium treatment causes 

induction of the existing isoenzymes cannot be ruled out. 

Another possibility is that the increase in whole cell heterotrophic carbon 

dioxide fixation may be due to stimulation of PEP carboxylase. If this is 

so, it does not seem likely that ammonium itself is the immediate regulatory 

ligand, since addition of NH4Cl in concentrat,ions up to 40 mM has no effect 

on PEP carboxylase activity in vitro. The stimulation of dark fixation may 

be due to changing metabolic pools resulting in an increase or decrease of 

stimulating or inhibiting metabolites respectively. A possible mechanism 

whereby this may occur is described below. A further possibility is that 

heterotrophic carbon dioxide fixation may be increased after ammonium 

treatment by reduction in the turnover rate of PEP carboxylase, since the 

prevailing concentration of a eukaryote enzyme depends both on the rate of 

its formation and of i ts degradation (Stadtman, 1970). 

The inhibition of PEP carboxylase by various substrates was first measured 

by Ohmann and Plhak (1969) who worked with only one isoenzyme, and 

subsequently by Perl (1974) as described in the introductory section (p.33). 

The present study has essentially confirmed and elaborated the results of 

Perl, with certain inconsistencies. For example, inhibition of PEP 

carboxylase by malate, demonstrated by Perl, was confirmed (Figure 24). 

However, Perl only observed inhibition of isoenzyme 11 by malate, whereas 

isoenzyme 1 was stimulated. It was shown by Figure 27 that malate 

apparently stimulates whole cell carbon dioxide fixation by non-ammonium 

stimulated cells. The kinetics of the stimulation are similar to those of 

Perl (1974) i.e. an increase in fixation was caused by 1 mM malate, 

followed by a subsequent decline in fixation at higher malate concentrations. 
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This result is not understood, but since it was observed in the case of 

non-stimulated cells only it may possibly reflect a stimulatory effect of 

malate on the smaller, non-ammonium regulable component of heterotrophic 

carbon dioxide fixation. 

The inhibition of PEP carboxylase by tricarboxylic acid cycle intermediates 

may provide support for a possible mechanism whereby ammonium stimulates 

heterotrophic carbon dioxide fixation in Euglena for anaplerotic replenis hment. 

The relative importance of the control exerted by these intermediates in 

the metabolism of Euglena has yet to be established, however, one possibility 

is that high pool levels of malate, citrate and succinate could inhibit 

PEP carboxYlase by negative feedback inhibition and so cause reduction of 

dark fixation. The introduction of ammonium to a previously ammonium 

starved culture might result in an increase in amino acid biosynthesis 

with concomitant draining of the tricarboxylic acid cycle. The diminishing 

levels of the intermediates might stop their inhibition of PEP carboxylase, 

thus allowing for the carboxylation of PEP to replenish the cycle. This 

control would be of a multivalent nature in that all the intermediates, 

malate, citrate, succinate, would have to be low before their inhibition of 

PEP carboxylase ceased. It is not known at this stage whether the multivalent 

inhibition is cumulative or concerted feedback inhibition. Contro 1 of 

the fixation of carbon dioxide into glycine, alanine and serine by ammonium 

is less well understood, since the enzyme involved in this particular 

. carboxylation has not yet been studied. 

The fact that similar inhibition kinetics were obtained for both the 

i soenzymes of PEP carboxyl ase (Fi gure 24) i ndi cates that they may both be 

involved in the same function The explanation for having two isoenzymes 

of PEP carboxylase both involved in anaplerotic replenishment remains 
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obscure. The possibility exists that one isoenzyme of PEP carboxylase is 

involved in the larger, ammonium regulable component of heterotrophic carbon 

dioxide fixation while the other is involved in the smaller, basal moeity. 

While this does not appear to be likely if the two components have different 

functions, it is also possible that the smaller component of fixation 

represents a constant basal level of anaplerosis as described above. 

One difficulty in further elucidating the reason for the presence of two 

isoenzymes lies in their instability. A means of stabilizing these 

isoenzymes must be found before more information can be obtained. 
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AFTERWORD 

This investigation, following on from the initial observation that EugZena 

manifests marked modifications in whole cell dark carbon dioxide fixation 

during batch growth cycles, has resulted in increased understanding of the 

functions and regulation of these particular metabolic processes. The 

wide range of growth conditions under which this organism flourishes and 

the ease with which it can be manipulated in the laboratory have contributed 

to this increased insight. The use of abrupt changes in environmental 

conditions has again proved to be invaluable in elucidation of biochemical 

problems. 
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