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SUMMARY

Glycerol-3-phosphatase activity was found in both bloodstream and procyclic 

form o f trypanosomes with a specific activity o f 35 nmol/min/'mg o f  protein and 28 

nmol/min/mg o f protein respectively. The localisation o f the enzyme in bloodstream 

form o f trypanosomes was identified as cytosolic using cell fractionation techniques 

followed by the purification o f the enzyme using ion exchange chromatography and 

size exclusion chromatography. The purified enzyme had a specific activity o f  100 

|j^mol/min/mg protein and had an apparent molecular weight o f  32.8 kDa estimated by 

Tricine SDS-PAGE. Characterisation studies revealed that the enzyme had a 

molecular weight o f 33 kDa determined using a gel filtration technique which was in 

close agreement with that estimated from SDS-PAGE. The pi o f glycerol-3- 

phosphatase was estimated by chromatofocusing the enzyme using a pH gradient 

during elution and the enzyme eluted at a pH o f 5.0, which was consistent with values 

reported for other cytosolic enzymes. The activity profile o f the enzyme was 

determined as a function o f H* concentration and showed a sharp optimum pH at 7. 

Glycerol-3-phosphatase required Mg^* for activity and was inhibited S0 4 '̂ as well as 

Ba^^, Pb̂ * and Ca^". The enzyme has a K„, o f 2.7 mM for D,L-glycerol-3-phosphate 

and 1.6 mM for L-glycerol-3-phosphate. Approximately equal activity was observed 

with D,L-glycerol-3-phosphate, glucose-6-phosphate and fructose-6-phosphate 

indicating that the enzyme was not specific for glycerol-3-phosphate.

The protein sequencing and cloning by PCR o f trypanosomal glycerol-3- 

phosphatase was completed and the recombinant protein was purified to homogeneity 

using the same techniques implemented in the purification o f the native protein. 

Characterisation work confirmed that the recombinant protein displayed the same 

properties as the native form. The specific function o f  the phosphatase in 

trypanosomes was not determined in this thesis.

The intracellular concentration o f glycerol-3-phosphate, glycerol, ATP and 

ADP were measured under aerobic and anaerobic conditions and the kinetics 

associated with the reversal o f glycerol kinase activity were analysed. It was 

confirmed that glycerol kinase activity couldn’t proceed in the reverse direction as a 

result o f the mass action effect alone. The fate o f the phosphate group from glycerol- 

3-phosphate in trypanosomes incubated under anaerobic conditions in the absence o f



glucose was investigated using radiolabelled glycerol-3-phosphate. It was determined 

that the phosphate group is directly transferred to ADP and that the reversal of 

glycerol kinase activity was responsible for the production ATP under anaerobic 

conditions. In addition substrate channelling/tunnelling was observed as a result of 

the detection o f radiolabelled cytosolic intermediates and the apparent absence of 

radiolabelled glycolytic intermediates. It was concluded that reversal of glycerol 

kinase activity is most likely facilitated by multiple factors that include an increase in 

glycerol-3-phosphate concentration which results in a conformational or orientation 

change as well as the localisation of glycerol kinase within the glycosome in close 

juxtaposition to enzymes, such as hexokinase, that act as effective traps for the 

products of the reversed reaction. The organisation of the enzymes within the 

glycosome in turn results in substrate channelling of glycolytic intermediates.
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CHAPTER 1 

INTRODUCTION



1.1 INTRODUCTION TO T. BRUCEI

Trypanosomes are eukaryotic, flagellated, digenetic parasitic protozoans 

belonging to the order Kinetoplastida. Trypanosoma brucei is generally transmitted 

by Glossina species (tsetse), in which they undergo a strict developmental cycle 

(Fig 1.1), although they can be directly transmitted by blood sucking flies, or by 

ingestion o f infected carcasses (Cross, 1990). The subspecies, T. b. rhodesiense and 

T. b. gambiense cause African trypanosomiasis in humans (sleeping sickness), and 

nagana in cattle. Sleeping sickness is a devastating disease; it has been reported that 

approximately 25,000 people die each year due to this disease, while the actual 

figure is likely to be nearer 300,000 (Molyneux, 1997). It is also estimated that 

fifty-five million people are at risk in 36 countries from the disease 

(trypanosomiasis) caused by Trypanosoma. However, some consider the economic 

impact o f nagana to be even more important than the impact on human health, with 

at least 10 million square kilometers o f potential grazing land, in 37 countries o f 

sub-Saharan Africa, rendered unsuitable for livestock breeding (Kuzoe, 1993). The 

threat posed by these trypanosomal subspecies renders large areas o f Africa 

unsuitable for human settlement and economic rearing o f livestock.

The third subspecies o f T. brucei is T. b. brucei. Unlike the other two 

subspecies, T. b. brucei cannot infect humans. It is questioned whether T. b. brucei 

is a true subspecies, as its inability to survive in the human bloodstream is its only 

defining characteristic (Cross, 1990). As a consequence o f this and for reasons o f 

safety Trypanosoma brucei brucei is the preferred species/subspecies for 

experimental investigation.

Trypanosomes display several unusual biochemical characteristics 

(Opperdoes, 1987a). These characteristics include sequestration o f many o f the 

glycolytic enzymes within a membrane bound organelle called the glycosome, 

polycistronic transcription followed by trans-splicing o f precursor mRNAs, 

mitochondrial RNA editing, kinetoplast DNA, antigenic variation o f surface 

glycoproteins and finally abundant occurrence o f glycosylphosphatidyl-inositol 

(GPI)-anchored membrane proteins and glycolipids. Several o f these characteristics 

have already been extensively reviewed (Benne, 1985; Borst, 1986a; England, 

1981; Englund et al., 1982 and Simpson, 1986), but glycolysis still poses many

1
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questions that remain unanswered and it was the aim of this study to attempt to 

answer some of these questions.

1.2 THE LIFE CYCLE OF T. BRUCEI

The Hfe cycle of T. hrucei is complex. There are several stages in the life 

cycle o f this organism involving both vertebrate and invertebrate hosts (Vickerman, 

1965; Vickerman, 1971 and Vickerman & Preston, 1976). The trypanosomes 

usually enter their mammalian host in the discharged saliva of the tsetse fly during a 

blood meal. This release of saliva, the purpose o f which is to prevent clotting o f the 

blood, commences during penetration of the strateum comeum, and is maintained 

throughout the probing of the tissues, continuing intermittently during the feed 

(Gordon et a l,  1956). This process leads to the tissues being thoroughly 

impregnated with saliva, and if infected, the trypanosomes will be equally 

distributed in the haemorrhagic areas, in the intervening tissues and some may enter 

the lumen of tom capillaries. In cyclically transmitted species, only the metacyclic 

stage is known to be able to initiate infection of the host in the wild. If the 

metacyclic forms are present, a local inflammatory response usually takes place, 

from which the trypanosomes enter the draining lymphatics and then the 

bloodstream. Here they undergo a change in form to emerge with the characteristic 

morphology of the dividing bloodstream stage. T. brucei can also escape from the 

bloodstream into the soft connective tissues and multiply in the tissue fluid. In 

chronic infections invasions of the brain and cerebrospinal fluid occurs (Vickerman, 

1985).

In the bloodstream of the mammalian host the trypanosome shows a wide 

and continuous variation (Fig 1.1) in form (pleomorphism). This variation ranges 

from the dividing long, slender trypomastigotes with a long flagellum, via 

intermediate forms, to non-dividing short, stumpy forms with no free flagellum 

(Vickerman, 1965; Vickerman, 1971 and Flynn & Bowman, 1973). In the long, 

slender form, the single mitochondrion is reduced to a peripheral canal with almost 

no cristae; cytochromes are absent and so the Krebs cycle is also absent (Bowman 

et al. 1976). The swelling of the mitochondrial canal and the development of 

tubular cristae mark transformation from the long, slender form to the stumpy form.

When the trypanosome is ingested by the blood-feeding tsetse fly the short, 

stumpy form develops in the midgut to form the procyclic trypomastigote. This
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form has a well-developed mitochondrion with an extensively branched network of 

prominent plate-like cristae (Vickerman, 1965) and cytochromes are present. The 

procylic trypomastigote then migrates to the salivary glands of the fly, where it 

transforms into the epimastigote form, which in turn transforms into the metacyclic 

trypomastigote. This latter form is infectious to the vertebrate host.

It is generally accepted that, while in the mammalian host, multiplication of 

T. brucei is practically restricted to the slender bloodstream forms. Like the other 

Salivaria, trypanosomes of the subgenus Trypanozoon, divide by equal binary 

fission which is initiated by bipartition or replication of the kinetoplast, followed by 

the development of a new flagellum in the posterior region of the cell adjacent to 

the new kinetoplast. The new flagellum gradually grows in length and runs more or 

less parallel to the old one. When the two tlagella are the same length, cytokinesis 

begins from the anterior end of the cell body. Nuclear division is initiated when 

cytokinesis is about one third complete and finally the daughter flagellates separate. 

Division in Trypanozoon is practically symmetrical. Sexual reproduction in 

trypanosomes has been a controversial subject (Vickerman, 1986; Jenni, 1990), 

however, recent experiments completed by Gibson et al. (2008) have demonstrated 

the frequency and the mechanism of sexual resproduction.

1.3 VARIANT SURFACE GLYCOPROTEIN fVSG)

While in the bloodstream, the parasite has the ability to avoid the host’s 

immune response by replacing its surface protein coat, the variable surface 

glycoprotein (VSG), with another antigenically distinct VSG in a process known as 

antigenic variation. The VSG is the predominant component o f the surface coat of 

the bloodstream form of the African trypanosome. Every cell has the capacity to 

express a large number of antigenically distinct VSGs, thereby enabling the parasite 

to evade the host’s immune response (Borst, 1986a). For this reason the VSG has 

been extensively studied in the hope of finding a chemotherapeutic target.
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1.4 GLYCOLYSIS IN T. BRUCEl

L4.1 GLYCOLYSIS IN THE BLOODSTREAM FORM OF 

TRYPANOSOMES

The bloodstream form of T. brucei is entirely dependent on glycolysis for its 

production of energy because o f the absence of a functional mitochondrion. This 

form lacks significant polysaccharide reserves or high-energy phosphate stores such 

as creatine phosphate or polyphosphates and so it relies entirely on an exogenous 

source of carbohydrate (Opperdoes et al., 1976c). Glucose is the preferred energy 

source, but fructose, mannose, and glycerol can also support motility and respiration 

(Ryley, 1962). A diagrammatic representation of the glycolytic pathway is shown 

in Fig 1.2.

L4.2 AEROBIC GLYCOLYSIS

In eukaryotic ceils, which are obligate aerobes, the production o f energy 

occurs, in the form of ATP or GTP, from glucose metabolism. Glucose metabolism 

occurs by means of the glycolytic and tricarboxylic acid pathways with most of the 

ATP being produced by phosphorylation subsequent to the oxidation of 

NADH/FADH in the mitochondria. A proportionately small amount of the total 

ATP is directly produced at substrate level in the glycolytic and tricarboxylic acid 

pathways in most cells.

The bloodstream forms of Trypanosoma brucei have some of the 

characteristics of facultative anaerobes but lack a conventional respiratory redox 

chain. Consequently, they are incapable of oxidative phosphorylation, yet the rate of 

glycolysis in trypanosomes is far greater than that of the mammalian host. It has been 

calculated that the glucose consumption of the African trypanosome is about fifty 

times that of the erythrocytes of its mammalian host (Brand, 1951). It has been 

suggested that this remarkable rate of glucose metabolism, which is necessary to 

support rapid cell division, is in some way, facilitated by the existence o f the 

glycosome (Aman et al., 1985; Opperdoes, 1987). The glycolytic enzymes are 

present at relatively high concentrations within the glycosome. Approximately 90 % 

of the glycosomal protein content consists of glycolytic enzymes (Aman et al., 1985) 

and the glycosomal concentrations of the active sites vary between 0.055 mM for 

triosephosphate isomerase and 0.5 mM for glyceraldehydephosphate dehydrogenase 

(Misset et al., 1986). It is also known that the concentration of glycolytic
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Fig 1.2 An overview of glycolysis in T. brucei.

Glucose metabolism in blood stream forms of T. brucei differs from glycolysis in other 

eukaryotes m a number of respects. Lactate dehydrogenase is absent and therefore the 

NADH generated by glycolysis is reoxidised by molecular oxygen via a 

dihydroxyacetone phosphate (DHAP), glycerol-3-phosphate shuttle linked to a 

mitochondria G-3-P oxidase. Under aerobic conditions, pyruvate is the sole end product 

of glycolysis; net ATP synthesis occurs in the cytosol and not in the glycosome, where 

ATP production and consumption are balanced. Under anaerobic conditions glucose is 

converted into equimolar amounts of pyruvate and glycerol. It has been proposed that 

glycerol kinase is responsible for the synthesis of ATP under anaerobic conditions. The 

role of glycerol-3-phosphatase in ATP production under anaerobic conditions has not 

been investigated, and this scheme shows how it could be conceived to be involved in the 

synthesis of a low energy phosphorylated intermediate (X-P) that would, following 

further metabolism, ultimately be responsible for ATP production under anaerobic 

conditions.
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intermediates in lysates of bloodstream forms of T. brucei are an order o f magnitude 

higher than in most mammalian cell types (Visser & Opperdoes, 1980). Meanwhile, 

most glycosomal enzymes have affinities for their substrates that are similar to those 

o f their mammalian counterparts, although in vivo the effective AT̂ ’s for many 

metabolites are much higher than the in vitro measurements. This situation is a result 

of the competition between substrates and products for the active sites of the different 

enzjmies.

The transport of glucose into the bloodstream form of trypanosomes occurs 

by facilitated diffusion (Ter Kuile, 1994; Tetaud et al., 1997). However, the 

mechanism of entry into the glycosome is unknown, but is likely to be by diffusion 

(see chapter 5 for further discussion on the permeability properties of the 

glycosome). The initial part o f glycolysis occurs in the glycosome, which contains 

the first seven enzymes of glycolysis as well as glycerol-3-phosphate dehydrogenase 

(Aman et al., 1985; Opperdoes, 1987). Under aerobic conditions the main product of 

glycosomal glucose metabolism is 3-phosphoglycerate. Consequently, in the 

glycosome two molecules o f ATP are consumed for every glucose molecule 

metabolised, one by the reaction catalysed by hexokinase and the other by the 

reaction catalysed by phosphofructokinase. Similarly two ATP molecules are 

produced within the glycosome, both at the step catalysed by phosphoglycerate 

kinase. Therefore, no net production of ATP occurs in the glycosome under aerobic 

conditions. However, two ATP molecules are produced in the cytoplasm at the step 

catalysed by pyruvate kinase (one from each of the triose phosphates produced by 

glycolytic metabolism following fructose-1,6-bisphosphate cleavage).

The reducing equivalents produced by glyceraldehyde-3-phosphate 

dehydrogenase in the glycosome are normally re-oxidised in many other eukaryotic 

cells by lactate dehydrogenase, an enzyme that is not present in trypanosomes 

(Dixon, 1966). This problem in trypanosomes is overcome by the introduction of an 

NAD^ regeneration cycle. The regeneration cycle reoxidises NADH by molecular 

oxygen via a dihydroxyacetone phosphate : glycerol-3-phosphate shuttle mechanism 

and the mitochondrial glycerol-3-phosphate oxidase (Opperdoes et al., 1977b).

Another consequence of the absence of lactate dehydrogenase is that pyruvate 

is the major end product of glycolysis under aerobic conditions with approximately 2 

moles of pyruvate being produced per mole of glucose metabolised (Grant & Fulton, 

1957; Brohn & Clarkson, 1978 & 1980). However, a small amount of glycerol is
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still produced at high oxygen tension (Eisenthal & Paynes, 1984). Pyruvate cannot 

be further metabolised because lactate dehydrogenase is absent and also because of 

the absence of the complete pyruvate dehydrogenase multienzyme complex (Danson 

et al., 1987). Pyruvate is finally excreted into the bloodstream of the host from 

which it is rapidly cleared by the liver.

1.4.3 ANAEROBIC GLYCOLYSIS

Under anaerobic conditions the ATP/ADP and NADH/NAD balance within 

the glycosome remains the same as that found under aerobic conditions. Anaerobic 

conditions in trypanosomes can be mimicked by the addition of salicylhydroxamic 

acid (SHAM) to the cells. SHAM mimics these conditions because it inhibits 

glycerol-3-phosphate oxidase and so oxygen cannot function as an electron acceptor. 

Under anaerobic conditions or when the cells are inhibited by SHAM glucose is 

quantitatively converted into equimolar amounts of pyruvate and glycerol, instead of 

the two moles of pyruvate produced by one mole of glucose under aerobic condition. 

Both pyruvate and glycerol are excreted end products (Fairlamb et al., 1977b). 

According to the scheme of glycolysis, formulated by the classical Embden- 

Meyerhof pathway, there should be no net synthesis of ATP. It has been 

demonstrated, however, that this conclusion is incorrect. High SHAM 

concentrations neither block trypanosomal motility in vitro nor prevent the course of 

a fulminant infection with Trypanosoma brucei in rats (Opperdoes, 1976e). Glucose 

dismutation can proceeds with net ATP synthesis under anaerobic conditions for a 

short period of time (Opperdoes et al., 1976c). However SHAM kills in vitro- 

cultured bloodstream and the effects on growth are visible after about 8 hours 

(Helfert et al., 2001). This observation has led to the conclusion that the classical 

Embden-Meyerhof scheme is an oversimplified model for trypanosomal glycolysis 

and that bloodstream trypanosomes must contain additional steps, which allow the 

synthesis of ATP during glucose metabolism when glycerol-3-phosphate oxidase is 

blocked by SHAM or lacks one of its substrates, oxygen.

Studies have shown that SHAM and glycerol together represent a lethal 

combination to trypanosomes, while either inhibitor alone is ineffective. Glycerol 

has little effect on glycolysis in the absence of SHAM, but in the presence of SHAM 

5 mM glycerol is sufficient to inhibit pyruvate formation by 99 %. This inhibition by 

glycerol can be explained by product inhibition of the putative alternative pathway
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for NADH reoxidation (Fairlamb et al., 1977b). An understanding of the synthesis of 

glycerol under anaerobic conditions, therefore, becomes an attractive option in the 

desire to assist the development o f drug combinations to combat sleeping sickness. 

Because o f the differences between mammalian and trypanosomal glycolysis, this 

pathway is a major potential target for drugs in the chemotherapy of African sleeping 

sickness.

1.5 TRYPANOSOMAL GLYCOLYTIC ENZYMES

Trypanosomal glycolysis is unique in that it is compartmentalised and many 

o f its enzymes display unique structural and kinetic features. The most obvious 

difference between these glycosomal enzymes from T. brucei and their mammalian 

counterparts is the location, the mammalian enzymes are found free in the cytosol 

and so are not compartmentalised. Research by Misset et al. (1986) revealed that 

most glycolytic enzymes located within the glycosome were composed o f subunits, 

which were found to be typically 1 -  5 kDa larger in size than their mammalian 

counterparts. The exceptions to this rule included hexokinase and 

phosphofructokinase. Hexokinase, which was found to be a hexamer compared to 

the monomer enzyme in mammals, has a subunit size of 51 kDa in trypanosomes 

compared to the subunit size of 96 -  100 kDa found in mammals, 

Phosphofructokinase had a similar difference in subunit size between trypanosomal 

enzymes (55 kDa) and the mammalian counterparts (80 kDa), while the subunit 

compositions did not change. Only triosephosphate isomerase and glycerol kinase 

exhibit a similar molecular mass to those found for the same enzymes isolated from 

other organisms.

It was originally thought that the extra size of the subunits in trypanosomal 

enzymes allows for ‘signalling’ sequences, which direct the protein from the site of 

translation to the glycosome. Contrary to the situation for most proteins imported 

into mitochondria and secretory proteins, which contain cleavable signal peptides 

(Clayton et al., 1995), the glycosomal enzymes do not have such a cleavable 

sequence and therefore are not processed upon entry into the glycosome from the 

cytosol. Subsequently they maintain their extra large size following arrival at their 

destination. Interestingly phosphoglycerate kinase, which has a cytosolic form and a 

glycosomal form in trypanosomes, displays a shift in molecular mass, which is 

dependent on location o f the enzyme in the cell. The cytosolic form has a molecular
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mass of approximately 45 kDa, similar to that o f the same enzyme found in other 

organisms, while the glycosomal enzyme is 2 kDa larger (Misset & Opperdoes, 

1987). Glyceraldehyde-phosphate dehydrogenase has also been reported to exhibit a 

molecular mass difference between the cytosolic form and the glycosomal form 

(Misset et a l, 1987b). Researchers believed that this clearly defined disparity 

between these groups of isoenzymes should thus facilitate the identification o f a 

glycosomal signalling sequence.

Initial comparison between trypanosomal enzymes and their cytosolic 

counterparts from other species suggested a model in which the signal was composed 

of two ‘hot spots’ of basic residues 40 A (4 nm) apart (Wierenga et al., 1987). 

Although this model subsequently turned out to be incorrect, it was prescient as it 

implied that the proteins were recognised in a mature folded state However, the 

reason for the presence of hot spots, the overall larger size is still a mystery. The 

excess positive charge of glycosomal enzymes is something that is in common with 

other peroxisomal proteins and may indeed be correlated with their metabolic profile 

of the organelle (Brett et al., 2006).

Keller et al. (1987) first noticed that firefly luciferase expressed in 

mammalian cells was imported into peroxisomes. Subsequent studies showed that 

the import was dependent on the very last three amino acids at the C terminus of the 

protein, serine-lysine-leucine (SKL), and that a C-terminal SKL sequence was 

sufficient to target a cytosolic carrier protein to the peroxisomes (Gould et al., 1989 

and Gould et al., 1988). Similar signalling sequences have since been found in 

trypanosomal glycosomal enzymes (see Clayton et al., 1995 for review). The 

spectrum of amino acid changes that can occur in trypanosomes is broader than that 

allowed for in mammalian cells and the amino acids preceeding the C-terminal 

tripeptide can also influence the efficiency o f glycosomal imports (Blattner et al., 

1992; Sommer et al., 1992 and Sommer et al., 1993). This targeting sequence and its 

associated additional amino acid sequence is not found in the cytosolic equivalents of 

these enzymes.

O f the glycosomal enzymes studied, another common feature revealed by 

Misset et al. (1986) was that of the pi. All were found to be highly basic proteins 

with pi values between 8.8 and 10.2, with the exception of glucosephosphate 

isomerase, which has a pi of 7.5. These values are 1 -4  higher than in the case of 

their mammalian cytosolic counterparts and 3 - 6  higher than in the case of various



other unicellular organisms. This observation indicates that at neutral pH, all 

glycosomal enzymes have a net positive charge, in contrast to the enzymes from 

other unicellular organisms that carry a net negative charge.

Trypanosomal enzymes also differ in their kinetic properties to enzymes from 

other species. This is not unexpected given the high rate of glycolysis in 

trypanosomes and the fact that it is partially compartmentalised. Hexokinase has a 

low specificity towards sugars (Nwagwu & Opperdoes, 1982 and Hara et al., 1997) 

and is neither regulated by glucose-6-phosphate nor glucose 1,6-bisphosphate 

(Nwagwu & Opperdoes, 1982) as are hexokinases from most other sources. In 

mammals both hexokinase and phosphofructokinase are inhibited by high levels of 

ATP, thus enabling regulation according to the energy balance within the cell. 

Neither o f these affects is observed in trypanosomes (Clayton & Michels, 1996). 

Furthermore phosphofructokinase from the bloodstream form of T. brucei has been 

shown to be insensitive to many compounds that affect this enzyme in other 

organisms and so this enzyme exerts hardly any control over the glycolytic flux in T. 

hrucei{So\s, 1981 and Cronin & Tipton, 1985).

The enzyme that is responsive to the energy balance in trypanosomes is the 

one that actually generates ATP in the cytosol, namely pyruvate kinase. This 

enzyme, like phosphofructokinase in mammals, is activated most notably by 

fructose-2,6-bisphosphate, but also by weakly by fructose-1,6-bisphosphate, glucose 

1,6-bisphosphate and ribulose bisphosphate (Callens et al., 1991). Its activity is 

modulated by ATP and inorganic phosphate (Callens et al., 1991 and Callens & 

Opperdoes, 1992), while it is insensitive to regulation by most of the metabolites that 

regulate pyruvate kinase activity from other sources.

Aldolase is abundantly present in T. brucei and exerts a significant amount of 

control over the glycolytic flux, which does not seem to be the case for the red blood 

cell, where deficiencies in aldolase activity seem to have little or no effect (see 

Opperdoes & Michels, 2001 for review). Glycerol-3-phosphate dehydrogenase and 

glyceraldehyde-3-phosphate dehydrogenase both display affinities for their 

respective substrates that are lower than their mammalian counterparts. 

Trypanosomal glycerol-3-phosphate dehydrogenase has affinities for NAD" and 

glycerol-3-phosphate that are 10-30 times lower than those reported for the rabbit- 

muscle enzyme (Marche et al., 2000). Similarly, the glycosomal glyceraldehyde-3- 

phosphate dehydrogenase has a for NAD that is also one order o f magnitude
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higher than that measured for the homologous enzymes from other sources (Lambeir 

e t a l ,  1991).

The phosphoglycerate kinases in trypanosomes have been extensively studied 

in the past. The kinetic parameters of these enzymes do not differ significantly from 

each other or from the homologous enzymes in other organisms (Misset & 

Opperdoes, 1987). The phosphoglycerate kinases from T. brucei have an almost 

absolute requirement for ATP in agreement with results obtained for the enzyme 

from lS. platensis, but contrary to the results obtained for enzymes from yeast and 

rabbit muscle, which accept GTP and ITP as well as ATP.

Both phosphoglycerate mutase and enolase are cytosolic glycolytic enzymes 

and so have received later attention than the glycosomal enzymes. Both genes 

coding for these proteins have now been cloned and sequenced, and the 

corresponding proteins have been overexpressed (Chevalier et a i ,  2000 and 

Hannaert et al., 2000). Two classes of non-homologous phosphoglycerate mutase 

exist. All o f the mammalian enzymes use 2,3-bisphosphoglycerate as a cofactor, 

while many bacterial and plant forms are co-factor independent. The trypanosomal 

enzyme is a typical cofactor-independent protein. Furthermore, modelling of its 

three dimensional structure revealed that this protein is related to the family o f 

alkaline phosphatases.

Functional studies o f trypanosomal enolase revealed similarities between this 

enzyme and enolase from rabbit muscle and Saccharomyces cerevisiae (Hannaert et 

al., 2003a). The Michaelis constant (AT„) values for the substrates and Mĝ "̂  were all 

reported to be very similar. Differences in pH optima for activity, inhibition by 

excess Mg^ and susceptibilities to monovalent ions showed that the trypanosomal 

enzyme behaves more like the yeast form of the enzyme.

Trypanosomal mitochondrial glycerol-phosphate oxidase is a relatively 

unique enzyme system and consists of a glycerol-3-phosphate dehydrogenase that 

transfers electrons to ubiquinone and the resulting ubiquinol transfers its electrons to 

a plant-like alternative oxidase (Clarkson et al., 1989). Like the alternative oxidase 

in plants trypanosomal glycerol-3-phosphate oxidase is insensitive to cyanide but can 

be completely inhibited by salicylhydroxamic acid. The plant alternative oxidase 

does not pump protons and is, therefore, not coupled to ATP synthesis (Moore et al., 

1978). Studies have shown that glycerol-3-phosphate oxidase in trypanosomes is not 

coupled to ATP synthesis (Grant & Sargent, 1960). Later experiments showed that
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the accumulation of rhodamine 123 (an indicator of the membrane potential) into the 

mitochondnon o f intact bloodstream trypanosomes was, at least, qualitatively, 

insensitive to salicylhydroxamic acid (Divo et al., 1993). The conclusion from these 

experiments was in agreement with the previous study and also indicated that 

trypanosomal glycerol-3-phosphate oxidase does not pump protons. Bloodstream 

forms of trypanosomes can, however, maintain a mitochondrial proton-motive force 

through the activity o f an oligomycin-sensitive H"-ATPase (Nolan & Voorheis, 

1992). Homology studies between the plant alternative oxidase, which does not 

pump protons, and the trypanosomal enzyme are in agreement with the fact that the 

trypanosomal enzyme does not pump proteins either (Chaudhuri & Hill, 1996).

In summary, it appears that trypanosomal enzymes located within the 

glycosome tend to deviate somewhat from characteristics that are shared among their 

mammalian counterparts, partly due to the fact that they are located within the 

glycosome. Trypanosomal cytosolic enzymes are not as typically unique as the 

glycosomal enzymes and tend to share more common traits with counterparts from 

other organisms. Furthermore, trypanosomal glycolysis uses enzyme types that are 

not found in their mammalian host. The alternative oxidase is found in the 

mitochondria of plants, fungi and some protozoa and this enzyme is responsible for 

catalyzing the four-electron reduction of molecular oxygen to water. In mammals 

and procyclic trypanosomes cytochrome c oxidase acts as the terminal oxidase to 

reduce molecular oxygen with the formation of water and the concomitant 

translocation of protons across the inner mitochondrial membrane.

1.6 GLYCEROL KINASE

The suggestion that glycerol kinase was responsible for the synthesis of ATP 

in trypanosomes metabolising under anaerobic conditions led to an investigation of 

the enzyme, which until then, had been little studied. Research has shown that 

glycerol kinase is a glycosomal enzyme. Certainly, this organelle has the highest 

specific activity when assayed for glycerol kinase activity compared to all other 

cellular fractions (Hammond & Bowman, 1980b, Oduro et al., 1980a and Misset et 

al., 1986). Following cloning and sequencing of the gene from T. brucei (TbGLKl, 

both Kravlova et al., (2000) and Steinbom et al. (2000) identified a PTSl-like 

targeting sequence (AKL) at the C-terminus, which indicates that the protein is most 

likely to be found in the glycosome. Two types o f peroxisomal (glycosomes are
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related to a family of organelles which also includes peroxisomes) signalling 

sequences have been identified (de Hoop & Ab, 1992). One, the PTS-1, consists of 

the C-terminal sequence -SKL and related peptides (Gould et al., 1989; Gould et al., 

1987). It is this particular motif that is found in glycerol kinase. The second 

signalling sequence, PTS-2, was first identified at the N-terminus o f rat 3-ketoacyl 

coenzyme A thiolase (Swinkels et al., 1991), but has since been identified on other 

enzymes. The vast majority of glycosomal enzymes so far sequenced bear PTS-1 

type signals, whereas cytosolic enzymes do not contain this sequence. Glycosomal 

enzymes that contain a PTS-motif include phosphofruckokinase, 

phosphoenolpyruvate carboxykinase, glyceraldehyde phosphate dehydrogenase, 

phosphoglucose isomerase, phosphoglycerate kinase C, fructose bisphosphate 

aldolase and triosephosphate isomerase (Sommer et al., 1994a; Melendy et al., 1988; 

Kendall et al., 1990; Marchand et al., 1989; Blattner et al., 1992; Blattner et al., 

1995; Alexander & Parsons, 1993 and Swinkeld et al., 1986). The SKL specific 

sequence has been reported for fructose bisphosphatase and sedoheptulose-1,7- 

bisphosphatase (Hannaert et al., 2003c) and for many other sequences in 

trypanosomatids (Opperdoes & Szikara, 2006). SKL-Specific antibodies clearly 

react with the organelle matrix (Keller et al., 1991). Phosphoglucose isomerase, for 

example, has a -SHL signalling sequence, while glyceraldehyde phosphate 

dehydrogenase has a -AKL signalling sequence and phosphoenolpyruvate 

carboxykinase has a -SRL signalling sequence (see review by Clayton et al., 1995) 

The specific activity of glycerol kinase in extracts o f both the bloodstream 

form of trypanosomes and the procyclic culture forms were found to be similar, 

resulting in 0.70 + 0.04 U mg ‘ protein in the former and 0.65 + 0.03 U mg ' protein 

in the latter form (Hart et al., 1984 and Steinbom et al., 2000). This result is 

consistent with the findings from experiments conducted by Wille et al. (1998), but 

is in contrast to the activity reported by Aman & Wang, (1986a and b). These last 

authors reported a significant (more than 10 fold) reduction in glycerol kinase 

activity in procyclic forms compared to the bloodstream forms of T. brucei. 

Steinborn et al. (2000) postulated that this difference in results might be due to the 

different procedures used to assay the enzyme. The equal specific activity o f 

glycerol kinase found (by Steinbom et al., 2000) in both forms of the trypanosome is 

interesting in light o f the fact that glycerol kinase reversal has been proposed to 

explain ATP synthesis in bloodstream forms under anaerobic conditions. Clearly,
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reversal of glycerol kinase is not required by the procylic trypanosomes, yet they 

have an equally active enzyme. This fact dissociates any relationship between the 

specific activity of glycerol kinase and whether or not it is responsible for ATP 

production under anaerobic conditions. Many authors have argued that because high 

glycerol kinase activity has been found in organisms belonging to the Trypanosoma 

species that produce glycerol anaerobically, but only low activities are present in T. 

cruzi, T. lewisi, and Crithidia fasciculata, organisms that do not produce glycerol 

(Hammond & Bowman, 1980b), that this high glycerol kinase activity is a 

prerequisite for the formation of glycerol and ATP (Opperdoes & Borst, 1977). 

Furthermore, many enzymes that are critical in the glycolytic pathway, which is the 

only source of ATP synthesis in bloodstream trypanosomes, have activities that are 

reduced by 80-100 % in the procyclic trypanosome (Aman & Wang, 1986a), which 

does not rely solely on glycolysis for its energy requirements. These enzymes 

include hexokinase, phosphoglucose isomerase, phosphofructose kinase, aldolase 

and phosphoglycerate kinase. One might expect that because glycerol kinase is 

believed to be critical for anaerobic glycolysis in the bloodstream stage and because 

the procyclic stage does not have the same need for this function, that levels of 

glycerol kinase activity might be reduced in the procylic stage in conjuction with 

other glycolytic enzymes. This reduction is not observed, thus questioning the 

importance of glycerol kinase in anaerobic glycolysis.

Glycerol kinase catalyses the conversion of glycerol and ATP to glycerol-3- 

phosphate and ADP. This enzyme is used in tissues, such as the liver, to convert any 

glycerol produced in adipose tissue from triglycerides which is then phosphorylated 

in the liver followed by reoxidation by NADH to di hydroxy acetone phosphate as 

mediated by glycerol phosphate dehydrogenase. Glycerol-3-phosphate is also an 

essential component of glycerophospholipids, which are major lipid components of 

biological membranes. They consist of 5«-glycerol-3-phosphate esterfied at its C (l) 

and C(2) positions to fatty acids and at its phosphoryl group to another group which 

can be composed of a series o f compounds including water, ethanolamine, choline, 

serine, myo-inositol, glycerol and phosphotidylglycerol. It is clear, therefore, that 

glycerol kinase has more than one function in cells. However, in trypanosomes 

metabolising under aerobic conditions it would only be used for the synthesis of 

glycerolphospholipids.
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orthophosphate, is taken up into the cells without first entering the pool o f  

orthophosphate present in the growth medium. Glycerol derived from glycerol-3- 

phosphate by the action o f a phosphomonoesterase cannot be utilised because o f  the 

lack o f  glycerol kinase in Saccharomyces (Sprague & Cronan, 1977). The authors 

indicated that activities o f  the extracellular enzymes studied, including glycerol-3- 

phosphatase, were regulated by the extracellular concentrations o f inositol and 

orthophosphate.

Glycerol-3-phosphatase also plays a fundamental role in Phycomyces 

blakesleeanus. The breaking o f dormancy o f the spore form o f this organism by a 

heat shock is followed by a transient production o f glycerol, which culminates within 

5-10 min and is terminated by 20 min (Van Schaftingen & Van Laere, 1985). 

Extracts o f  spores contained a magnesium-dependent glycerol-3-phosphatase active 

on both L-glycerol-3-phosphate and dihydroxyacetone phosphate, but has more 

affinity for the first substrate than the second. Interestingly in extracts from dormant 

spores, the phosphatase was profoundly inhibited by physiological concentrations o f  

inorganic phosphate, whereas the enzyme from heat-activated spores was much less 

inhibited. The authors suggested that this inhibition was most likely the result of 

phosphorylation o f glycerol-3-phosphatase by a cyclic-AMP-dependent protein 

kinase, which is responsible for the activation o f the enzyme. Again the role of 

osmo-regulator was assigned to glycerol-3-phosphatase when it was suggested that 

the production o f glycerol would assist osmoregulation. It was also highlighted that 

glycerol is a substrate that potentially can be further metabolised aerobically by 

spores independent o f an external stimulus. It was becoming clear that micro

organisms have developed systems to adapt to sudden changes in their surrounding 

environment and that specific cellular control mechanisms had the ability to sense 

the external osmotic environment o f the cells, resulting in the induction o f  responses 

such as the production and retention o f glycerol.

Steinbuchal and Muller (1986) reported a novel role for glycerol-3- 

phosphatase in Trichomonas vaginalis and Tritrichomonas foetus. Glycerol was 

demonstrated as an end product o f the anaerobic glucose metabolism in Trichomonas 

vaginalis and Tritrichomonas foetus, produced in addition to acetate, H2 , CO2 and 

lactate or succinate. The amounts o f  glycerol detected compensated almost exactly 

for the deficits in fermentation products recognised earlier, thus complete redox 

balance could now be provided for both organisms. Glycerol was produced
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following reactions catalysed by cytosolic glycerol-3-phosphate dehydrogenase and 

glycerol-3-phosphatase. This glycerol-3-phosphatase was found to be Mg^"- 

dependent and had a pH optimum between 5.5 and 6.0. This pathway is not 

dissimilar to that found in trypanosomes.

Studies on the production of glycerol by trypanosomatids incubated under 

anaerobic conditions revealed the presence o f glycerol-3-phosphatase activity in L. 

mexicana, T. cruzi and C. fasciculata (Martin et al., 1976 and Cazzulo et al., 1988). 

The specific activity of glycerol-3-phosphatase in L. mexicana (2.16 nmol/min/mg 

protein) and in C. fasciculata (3.6 nmol/min/mg protein) is higher than in T. cruzi 

(0.43 nmol/min/mg protein). These values are in agreement with the fact that 

glycerol is produced by the first two organisms but none was detected following 

metabolism of the later organism. L. mexicana produces approximately twice as 

much glycerol when the cells are metabolising under anaerobic conditions as 

compared to aerobic conditions.

In 1996 Norbeck et al. reported the existence o f two distinct glycerol-3- 

phosphatases in Saccharomyces cerevisiae. Following microsequencing of trypsin

generated peptides the corresponding genes were identified and named GPPl and 

GPP2. These genes encoded proteins that have 95 % amino acid identity and 

molecular masses o f 30.4 {Gpplp) and 27.8 kDa (Gpp2p), respectively. The authors 

proposed different roles for the isoenzymes. The intracellular concentration of 

Gpp2p was found to increase in cells subjected to osmotic stress, while the 

production of Gpplp  was unaffected by changes of external osmolarity. Gpplp  is 

the predominant form in cells cultured at low osmolarity and at this stage an exact 

role for this form of the enzyme had not been clarified.

Investigations of the roles played by Gpplp  and Gpp2p continued with the 

work of Siderius et al., (2000). These authors found that mutant strains, where both 

genes were mutated, became temperature sensitive and the growth defects as a resuU 

of this sensitivity could be suppressed by adding external glycerol. Consequently, 

glycerol and glycerol-3-phosphatase appeared to play a critical role in the way wild- 

type cells coped with high temperature stress.

A closer look at the role of Gpplp  ensued. Results published by Costenoble 

et al. (2000) indicated that the cell required Gpplp  at times o f oxidative stress as 

opposed to the distinct requirement for Gpp2p at times of osmotic stress. At high 

demand for NADH reoxidation, a strong induction was seen of the GPPl gene and it
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The apparent values o f trypanosomal glycerol kinase for its substrates are 

relatively high compared with other glycerol kinases (Kralova et al., 2000). In 

particular the value of 0.44 mM for glycerol is high, considering values of 0.01-0.02 

mM have been reported for E.coli, Candida mycoderma and mammalian glycerol 

kinases. The apparent o f approximately 0.24 mM for MgATP is also relatively 

high, but is closer to the values reported for other glycerol kinases, although more 

variation seems to occur in the affinity for the nucleotide in mammalian glycerol 

kinases, 0.01-0.17 mM; C. mycoderma, 0.009 mM; E.coli, 0.08-0.5 mM (Janson & 

Cleland, 1974; Lin, 1976; Grunnet & Lundquist, 1967 and Thomer & Paulus, 1973). 

Alignment of the amino acid sequences of T. brucei glycerol kinase with other 

eukaryotic and prokaryotic glycerol kinases, as well as inspection o f the available 

three-dimensional structure of E. coli glycerol kinase showed that most residues of 

the magnesium-, glycerol- and ATP-binding sites are well conserved in T. brucei 

glycerol kinase (Kralova et al., 2000). However, a number o f remarkable 

substitutions were identified, which could be responsible for the low affinity for 

substrates. The most remarkable substitution identified was that o f amino-acid, 

A lai37. In all of the other organisms studied a serine was present in the 

corresponding position. The alanine in the T. brucei sequence was mutated to a 

serine and the mutant glycerol kinase was over-expressed and purified. Remarkably, 

the affinity of the mutant enzyme for its substrates glycerol and glycerol-3-phosphate 

appeared to be 3.1-fold to 3.6-fold higher than in the wild-type enzyme. 

Furthermore, an alanine occurs in this position in glycerol kinase not only in T. 

brucei, but also in other trypanosomatids, which can convert glucose into equimolar 

amounts o f glycerol and pyruvate. These include T. gambiense, T. equiperdum and 

T. evansi. In trypanosomatides with no capacity or only a limited capacity to 

produce glycerol, a hydroxy group-containing residue is found in this position of 

glycerol kinase, as is the case in all other organisms. T. vivax and T. congolense 

possess a serine in this position while Phytomonas sp., Leishmania brasiliensis and 

L. mexicana have a threonine in the same position.

1.7 GLYCEROL KINASE REVERSAL

The solution to ATP synthesis under anaerobic conditions in bloodstream 

form trypanosomes that has been proposed in the literature suggests that glycerol 

kinase activity is reversed, accounting for the synthesis of 1 additional ATP molecule
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to make net ATP synthesis possible (Opperdoes & Borst, 1977). This ATP is then 

used to phosphorylate hexoses or hexose-6-phosphates catalysed by glycosomal 

hexokinase or phosphofructokinase. This idea provided a solution for ATP synthesis 

under these conditions without postulating further, as yet undetected, enzyme 

activities and allowed the cell to maintain the ATP/ADP balance within the 

glycosome. The authors of this hypothesis remarked that under anaerobic conditions 

the intracellular concentration o f glycerol-3-phosphate increased significantly. At a 

later date this increase was recorded to be four times that found under aerobic 

conditions (Visser & Opperdoes, 1980). The increase in glycerol-3-phosphate 

concentration was in stark contrast to the decrease in concentration o f all other 

glycolytic intermediates, thus perhaps highlighting its role in the production of ATP 

under anaerobic conditions. The suggestion of glycerol kinase reversal was based on 

the idea that mitochondrial glycerol-3-phosphate oxidase inactivity, due to lack of 

oxygen or specific inhibition by SHAM, would result in a locally high concentration 

of glycerol-3-phosphate and ADP in the glycosome, assuming the glycosomal 

membrane was impermeable or partially impermeable. Subsequently, entropic or 

mass action effects, as a result of the large increase in substrate concentrations, 

would provide the energy required to reverse glycerol kinase activity, leading to the 

formation of glycerol and ATP from ADP and glycerol-3-phosphate. This entropic 

or mass action effect was required for glycerol kinase reversal as the reverse reaction 

is extremely thermodynamically unfavourable (AGo' = 22 kJ/mol) (Gruenberg et al., 

1980). The confinement o f glycerol-3-phosphate to the glycosomes, which only 

represent 4-5 % of the total cytoplasmic volume, (Opperdoes et al., 1984) would 

increase the concentration o f glycerol-3-phosphate available to glycerol kinase to 

values as high as 0.1 M, thus making glycerol kinase reversal more plausible 

(Opperdoes & Borst, 1977). The same authors indicated that this novel explanation 

would also explain the presence of an exceedingly high glycerol kinase activity (2 .6 

Umol/min/mg protein) in the highly specialised glycosome, even though glycerol is 

not a readily available substrate in the blood of the vertebrate host.

Initial evidence to support this hypothesis was provided by Hammond and 

Bowman (1980a). Firstly, these authors confirmed the dramatic increase in 

intracellular glycerol-3-phosphate concentration under anaerobic conditions. 

Secondly, they showed that glycerol formation from glycerol-3-phosphate was 

coupled to the phosphorylation of another compound, which they believed to be
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ADP. Later studies by the same authors showed that glycosomal rich fractions from 

Trypanosoma brucei were capable o f  catalysing glycerol-3-phosphate dependent 

ADP phosphorylation which resulted in ATP synthesis when hexokinase, glucose-6 - 

phosphate dehydrogenase and glucose concentrations o f approximately 55 mM were 

added exogenously (Hammond & Bowman, 1980b). These authors speculated that 

endogenously added hexokinase acts as a trap favouring ATP synthesis from 

glycerol-3-phosphate and ADP. The rate o f the reverse reaction was found to be 

sufficient to account for the observed rate o f  glycerol production from anaerobic 

glucose metabolism by intact cells (38 nmol/min/mg protein). Studies on glycerol 

kinase activity showed that glycerol had an IC50 o f  2 mM at 28 mM glycerol-3- 

phosphate. Under these conditions any glycerol confined to the glycosome would 

serve to inhibit the reversal reaction. The authors suggested that the close 

juxtaposition o f glycosomal bound hexokinase to glycerol kinase may facilitate in 

some way the reversal o f glycerol kinase, highlighting that this combination would 

provide a more efficient trap for ATP (to form glucose-6 -phosphate as it is produced 

from glycerol-3-phosphate and ADP) than exogenously added enzymes.

The validity o f  the confinement o f glycolytic intermediates (especially 

glycerol-3-phosphate and ADP) to the glycosome was first questioned by Visser and 

Opperdoes (1980). The authors measured the concentrations o f all the intermediates 

involved in glycolysis and calculated the apparent mass-action ratios for the 

individual reactions in order to test their hypothesis o f  extreme compartmentalisation 

o f part o f glycolysis. The metabolic concentrations that were found did not support 

their hypothesis. The authors suggested that under steady-state conditions the major 

pool, which according to its size must represent the cytosol, is in apparent 

equilibrium with the glycosomal enzymes. No evidence was found for the presence 

o f an independent glycosomal pool.

Visser et al. (1981) further investigated subcellular compartmentation o f  

glycolytic intermediates at a later date. These experiments involved pulse-labelling 

intact T. brucei with [U-'^^CJ-labelled glucose and following the incorporation of 

radioactivity into glycolytic intermediates, which were separated by anion-exchange 

chromatography. The authors established the existence o f two pools o f glycolytic 

intermediates, one pool, which labelled rapidly in 15 seconds and the other, labelled 

more slowly (15 min). The conclusion to these experiments with respect to glycerol- 

3-phosphate was that there was rapid mixing (90 seconds) o f the glycosomal and cell
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sap pools. Consequently it would not be possible for large concentrations of 

glycerol-3-phosphate to be confined to the glycosonie without a specific transporter 

being responsible for glycerol-3-phosphate movement between the glycosome and 

cytosol. The authors did not rule out glycerol kinase reversal as the reason for ATP 

and glycerol production under anaerobic conditions.

Hammond et al. (1985) presented further evidence, which supported the 

hypothesis o f glycerol kinase reversal and the subsequent synthesis o f ATP from 

ADP and glycerol-3-phosphate. This study demonstrated that glycosomes, 

suspended in a solution containing 5.6 mM glycerol-3-phosphate and 2 mM ADP, 

produced ATP inside the glycosomes for glucose phosphorylation at a rate of 0.7 

fj,mol/min/mg protein. This result confirmed the feasibility of producing ATP from 

the reversal of glycerol kinase activity, as glycerol kinase is one o f the enzymes 

found in high amounts in the glycosome. The authors also investigated whether the 

organisation of cross-linked enzymes contributed to the efficiency o f ATP 

production by glycerol kinase. This experiment was critical in the sense that 

solubilised glycerol kinase was found to be less effective at catalysing the reverse 

reaction than the particulate form of the enzyme (Hammond & Bowman, 1980b). It 

was known that glycosomal enzymes are not always truly in solution, but have been 

observed occasionally tightly aggregated in stable crystal formation that dissociates 

only in high (150 mM) salt concentrations (Opperdoes et al., 1977c and Aman et al., 

1985). In fact the presence of a crystalline nucleoid in glycosomes has been reported 

(Vickerman & Preston, 1976; Muller, 1975; Opperdoes et al., 1984 and Opperdoes et 

al., 1977b). Experiments have shown that even after the glycosomal membrane is 

disrupted by repeated cycles of freezing and thawing, some of the enzymes 

(especially hexokinase and phosphofructokinase) continue to exhibit a considerable 

degree of latency, which is only abolished by further addition of detergents and salt 

(Opperdoes, review, 1987a). It was indicated that this aggregate may in some way 

be responsible for the reversal of glycerol kinase activity, whereby the organised 

structure of the complexed enzymes served to promote the “channelling” of 

glycolytic intermediates, thus delivering intemiediates directly to the active sites of 

enzymes. Free, unbound substrate / product would not play a significant role in this 

hypothesis. As the next enzyme in the pathway removes the product {e.g. the 

catalysis of ATP by hexokinase) from the previous step {e.g. ATP production from 

glycerol kinase) it acts as a natural trapping agent and allows the reaction to proceed



by the rapid and efficient removal of product. No evidence was found for the direct 

channelling of the ATP generated by glycerol kinase (Hammond et al., 1985). These 

preliminary studies showed that ATP could be synthesised in the glycosome with 

glycerol-3-phosphate and ADP as substrates under specified conditions. They did 

not clarify that glycerol kinase was the enzyme responsible for ATP synthesis.

The absence of substrate channelling in the glycosome of Trypanosoma 

brucei was also indicated by studies conducted by Aman and Wang (1986b). Their 

initial report showed that the crosslinking reagent dimethyl suberimidate (DMSI) 

was capable of crosslinking the glycosomal enzymes in intact glycosomes into one 

large complex, which indicated a physical closeness o f the enzymes. Despite the 

lack of evidence provided from this study for channelling of glycolytic intermediates 

they proceeded to investigate the kinetic properties of the crosslinked complex to 

address the question as to whether this complex represented an ordered aggregate 

that could efficiently channel intermediates along the glycolytic pathway. The 

kinetic profile of the complex was compared to that of a parallel system composed of 

the corresponding unaggregated enzymes. All results obtained from this study 

suggested an absence of substrate channelling among the glycolytic enzymes in the 

glycosomes, as no significant differences were observed between the complexed and 

uncomplexed enzymes.

Research into anaerobic glycolysis in Trypanosoma brucei continued with 

worked completed by Kiaira and Njogu (1989). This group proposed that glycerol 

kinase reversal was not responsible for ATP synthesis in trypanosomes incubated 

under anaerobic conditions, but suggested that a glycerol-3-phosphate : glucose 

transphosphorylase was responsible for the production of glucose-6-phosphate and 

glycerol from glycerol-3-phosphate and glucose. Studies leading up to this proposal 

indicated that only glucose catabolism in digitonin-permeabolized trypanosomes 

incubated under anaerobic conditions produced glycerol as an end product, whereas 

the catabolism of glycolytic intermediates did not (Kiaira & Njogu, 1988). This 

could also be interpreted as meaning that glucose is required for glycerol kinase 

reversal, in the sense that it acts as a trap with hexokinase for ATP produced by the 

reverse reaction. Without glucose the reverse reaction will not proceed as the 

products of this reaction are not efficiently removed (because the hexokinase 

catalysed reaction will not occur in the absence of glucose) to allow the reaction 

proceed.
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The next step in these investigations of the reversal o f glycerol kinase activity 

under anaerobic conditions involved the purification of the enzyme. Previously it 

had been impossible to confirm that glycerol kinase reversal was responsible for the 

observed production o f glycerol and ATP under anaerobic conditions when the 

studies used the glycosomes as the enzyme source and not the pure enzyme. Krakow 

and Wang (1990) initiated this work and they conducted a more detailed study o f the 

kinetics of the enzyme. These investigators found that glycerol-3-phosphate 

concentrations of up to 10 mM displayed no product inhibition o f the forward 

reaction, but ADP was found to be a weak inhibitor. The forward reaction was 

catalysed very efficiently in vitro, but the reverse reaction proceeded at an extremely 

low rate, consistent with the extremely unfavourable AG (see chapter 5 for further 

discussion on the thermodynamics of the reaction catalysed by glycerol kinase). 

These authors concluded that the reversal o f glycerol kinase reaction may rely on the 

unusually high concentrations o f glycerol-3-phosphate and ADP and the presence of 

traps may drive the reaction by a mass action effect, as had been suggested 

previously by several research groups.

Overexpression of the trypanosomal glycerol kinase gene in E.coli, 

purification of the recombinant protein and biochemical characterisation studies were 

completed by Kralova et al. (2000). The kinetic properties of the enzyme with 

respect to the forward and reverse reactions were found to be in agreement with 

those reported by Krakow and Wang (1990) for glycerol kinase purified from the 

parasite and the inefficient reversal of glycerol kinase was confirmed. Following 

mutation studies a number o f remarkable substitutions were identified, which could 

be responsible for the low affinity, and subsequent high values for the substrates 

(see Section 1.6 for further discussion). Finally the cloning, heterologous expression 

and kinetic analysis o f glycerol kinase from Trypanosoma brucei was conducted by 

both Kralova et al. and Steinbom et al. (2000). This study also confirmed poor 

affinities towards the substrates glycerol and ATP for the purified enzyme reported 

by Krakow & Wang (1990). The reverse reaction was consistently found to depend 

on relatively high substrate concentrations. Interestingly, they also noted a 

pronounced hysteresis effect for the reverse reaction. It is a characteristic feature of 

hysteretic enzymes to react in a delayed way and to ignore short pulses of substrate 

fluxes. These facts, taken together with observed different pH optima for each 

direction of the reaction led the authors to propose a novel hypothesis as to how
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glycerol kinase may actually operate in the reverse direction under anaerobic 

conditions. They suggested that a conformational change of the structure o f glycerol 

kinase seemed inevitable, and that it was this conformational change that allowed the 

enzyme to react in vivo to anoxic conditions. To date no further advances have been 

published on the involvement o f glycerol kinase in the anaerobic glycolysis in 

Trypanosoma brucei.

1.8 THE PERMEABILITY PROPERTIES OF MICROBODIES

Microbodies were first defined morphologically as small electron-dense 

vesicles in kidney and liver, and most importantly, bounded by a single membrane. 

Glycosomes, glyoxysomes, peroxisomes and microperoxisomes are all part of this 

family of organelles. Isolated microbodies from whatever source may be penneable 

to small molecules such as sucrose, phosphorylated sugars or nucleotide cofactors. 

Many investigators working on peroxisomes have tacitly or explicitly accepted that 

peroxisomes are also leaky in vivo. Porins have been postulated to be responsible for 

the permeability of peroxisomal membranes to low molecular weight substrates (Van 

Veldhoven et al., 1987). The question regarding the permeability properties of the 

glycosomal membrane has long being debated and is highly significant. The reason 

for this is that an understanding of these properties will help clarify how the 

“missing” ATP is produced in trypanosomes under anaerobic conditions and whether 

or not a mass action effect can possibly be responsible for glycerol kinase reversal. 

Studies conducted by Van Veldhoven et al. (1983) on the water and solute accessible 

spaces o f purified peroxisomes indicated that apparently intact peroxisomes are 

permeable to a number o f small molecules. The structural integrity of the organelles 

in this study appeared to be preserved as evidenced by the high degree of catalase 

latency, the absence of catalase released during purification and the exclusion of 

inulin (mol. wt. + 5000). Despite evidence provided for the permeability properties 

of other members of the microbody family it was generally accepted that the 

glycosomal membrane acted as a barrier to glycolytic intermediates, thus confining 

them to the glycosome. The function of the glycosomal membrane as a diffusion 

barrier was based upon, amongst other things, the increase (four to nine times) in the 

specific activity of the glycosomal enzymes when detergent is added to intact cells or 

to isolated glycosomes (Opperdoes & Borst, 1977; Broman et al., 1982; Opperdoes 

et al., 1984 and Oduro et al., 1980a and b). This phenomenon, known as latency.
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was observed in both bloodstream (Visser & Opperdoes, 1980; Visser et a i,  1981 

and Hammond et al., 1985) and procyclic (Broman el ul., 1982, Opperdoes et al., 

1981 and Broman et al., 1983) forms of the cells. Specific translocators have been 

proposed for glucose, di hydroxy actone phosphate, glycerol-3-phosphate, 3- 

phosphoglycerate, and inorganic phosphate (Opperdoes & Borst, 1977 and Visser et 

al., 1981). However, since the addition to apparently intact glycosomes of ATP, 

phosphoenolpyruvate, oxaloacetate, NAD’ (Broman et al., 1983), fructose-6- 

phosphate, ADP, NADH and adenylate kinase inhibitor P',P^-di(adenosine-5’) 

pentaphosphate (Hammond et al., 1985) have been found to affect the glycosomal 

enzymes’ activities, these molecules must penetrate the organelle membrane and, 

consequently, the presence of translocators seems very plausible. These results were 

not consistent with the model o f a glycosome with a relatively impermeable 

membrane. In order to clarify the permeability properties o f the glycosomal 

membrane Patthey and Deshusses (1987) treated intact glycosomes with protein 

labeling agents of varying size and charge. Their results showed that the glycosomal 

particle was freely permeable to low molecular weight molecules, the size of 

metabolites, regardless of their charge. Restriction of permeability was observed 

with larger molecules (the size of proteins). They concluded that a porous 

membrane, as they found, could not be responsible for high intraglycosomal 

concentrations o f intermediary metabolites, as had previously been proposed.

Both bacteria and mitochondria exhibit permeable outer membranes. The 

mitochondrial outer membrane seems to be freely permeable to a variety of 

hydrophilic solutes (O’Brien & Brierly, 1965 and Pfaff, et al., 1968) such as the 

substrates of oxidative phosphorylation and ions. On the other hand, it is 

impermeable to molecules of higher molecular mass. The outer membrane o f gram- 

negative bacteria acts as a molecular filter for hydrophilic compounds. The active 

components o f these molecular sieving properties are porins. Most porins form, in 

the outer membrane and reconstituted systems, large water-filled channels and are 

generally diffusion porins because they sort solutes mostly according to their 

molecular mass. Other porins have a certain solute specificity and contain binding 

sites for sugar, phosphate and nucleosides inside the pore (Ferenci et al., 1980; 

Luckey & Nikaido, 1980; Hancock & Benz, 1986; Hancock et al., 1982 and Maier et 

al., 1988). It was considered highly probable at this stage that glycosomal 

membranes contained similar porins to those described above.
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Finally, the confirmation of the lack o f a permeability barrier to small 

molecules in this family of organelles was provided by a study that assessed the 

permeability properties of the peroxisomes in rat hepatocytes by Verleur and 

Wanders (1993). This study lead to the conclusion that the substrates for a specified 

group of enzymes freely permeated through the peroxisomal membrane. This, the 

authors concluded, was in accordance with an earlier suggestion that a porin was 

present in the membrane, through which low molecular mass compounds could 

diffuse. Thus it is possible that the glycosomal membrane does not provide a barrier 

to glycolytic intermediates between the cytosolic and glycosomal compartments. 

The hypothesis of intermediate confinement to the glycosome as a result of this 

membrane cannot be substantiated as a consequence o f these experimental results. 

The question as to how exactly glycerol kinase activity is reversed in vivo under 

anaerobic conditions remains unanswered.

1.9 POSSIBLE FUNCTIONrS) OF THE GLYCQSOME

Since the glycosomal membrane encapsulates most o f the glycolytic 

enzymes, it has been suggested that this compartmentalisation is in some way 

responsible, or assists, the extremely high flux rate by limiting diffusion of the 

substrates. The previous discussions in this chapter do not provide any support for 

this hypothesis, firstly because the glycosomal membrane has not definitively been 

found to act as a true permeability barrier, and secondly, because no evidence of 

substrate channelling has been found to date. Calculations have shown that in the 

bloodstream form of T. brucei the glycolytic flux is limited by the catalytic activity 

of the enzymes rather than by diffusion of metabolites from one enzyme to the next, 

making diffusion limitation highly unlikely (Bakker et a l, 1995). Even if the 

enzymes were dispersed over the total cell volume, diffusion should not be a 

controlling factor. Furthermore, comparisons with yeast indicate that 

compartmentalisation is not required for a high glycolytic flux. These computer 

studies on the theoretical flux rate suggested that even without glycosomal 

compartmentation the diffusion of the substrates should not limit glycolysis (Bakker 

et al., 1997 and Hannaert et al., 2003b). Based on the kinetics of trypanosomal 

enzymes, a detailed mathematical model of glycolysis in the bloodstream form 

trypanosomes has been constructed and validated. This model was used to assess the 

metabolic consequences of compartmentation (Bakker et al., 2000). The “wild-type”
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model of T. brucei aerobic glycolysis was compared with a replica in which the 

glycosomal membrane was removed and the glycosomal enzymes were diluted into 

the whole cytosol. Removal o f the glycosomal membrane did not significantly affect 

the steady-state glycolytic flux.

Alternative functions for the glycosomal compartmentation of glycolysis 

have been suggested by different studies. Suggestions indicate that 

compartmentation may be important in preventing metabolic interference. T. brucei 

has three different phosphoglycerate kinase (PGK) genes. PGKA encodes a minor 

glycosomal variant, PGKA, that is expressed at low levels in both bloodstream and 

procyclic forms. The second gene, PGKB, encodes the major cytosolic enzyme, 

PGKB, which is only present in procyclic forms. The third gene, PGKC, encodes a 

major glycosomal enzyme PGKC, expressed only in bloodstream forms. Expression 

of PGKB (the procyclic cytosolic form), in the cytosol of bloodstream cells is toxic 

to this form of T. brucei (Blattner et al., 1998). This experiment was performed on 

cells co-expressing wild-type levels o f the glycosomal form so that the glycosomal 

glycolytic pathway was still intact. These findings suggest that the cytosolic form of 

the enzyme may be consuming cytosolic substrates or generating products at levels 

that the cell cannot tolerate. In fact the authors suggested that cytosolic 

phosphoglycerate kinase created an ATP-generating shunt in the cytosol, thus 

preventing full ATP regeneration in the glycosome and ultimately inhibiting the first, 

ATP-consuming, steps o f glycolysis. Similarly, triose phosphate isomerase 

expressed in the cytosol is toxic to bloodstream forms of trypanosomes (Helfert et 

al., 2001). This toxicity could result from the disruption o f the glycerol phosphate 

shuttle.

Experiments conducted by Blattner et al. (1998) suggested the importance of 

ATP being available for the initiation of glycolysis. It is important to remember that 

some catabolic pathways require an initial investment of ATP, so that the following 

reactions, which generate ATP, can be thermodynamically favourable. Indeed, 

glycolysis is one o f these pathways and was described as a “turbo design”, as this 

early investment of energy requires that glycolysis be kept under control (Teusink et 

al., 1998). In most organisms, control is accomplished by tightly regulating the early 

ATP utilising steps catalysed by hexokinase and phosphofructokinase. Various 

glycolytic intermediates and heterotropic allosteric effectors regulate the activity of 

these enzymes. However, purified hexokinase and phosphofructokinase from
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trypanosomatids are not subject to typical feedback regulation (Nwagwu and 

Opperdoes, 1982). Knowledge o f the kinetic parameters and enzyme concentrations 

of the glycolytic enzymes of the bloodstream stage T. brucei allowed Bakker and 

colleagues to generate a computer kinetic model that strongly suggested that 

glycosomal compartmentation was required to protect the parasite from ill-fated 

investments of ATP (Bakker et al., 2000). As glycosomal ATP is depleted, 

hexokinase and phosphofructokinase activity would decrease. The authors indicated 

that when glycosomal enzymes were freed into the cytosol, more ATP would be 

available and consumed, generating high levels of phosphorylated hexoses. The 

resulting osmotic effects and depletion of phosphate pools would be catastrophic. 

More effort will be required to determine whether death is because of the generation 

of toxic levels of phosphorylated intermediates and consumption o f ATP or a more 

complex, as yet, unidentified mechanism. Furthermore, whether glycosomal ATP is 

required to maintain other glycosomal pathways requires further examination. Most 

other reactions that occur in the glycosome do not require glycosomal ATP, even 

though P-oxidation o f fatty acids requires an investment of ATP, this investment 

occurs in the cytosol.

The precise role or roles o f glycosomes has still not been established, but 

ideas about the role of glycosomes in metabolism have changed. Prominent questions 

about energy metabolism and carbohydrate metabolism in trypanosomatids 

concerning the regulation of the fluxes through various pathways inside and outside 

the glycosomes still remain to be answered.

1.10 GLYCEROL-3-PHOSPHATASE

Glycerol-3-phosphatase activity has previously been reported in 

Trypanosoma hrucei (van Schaftingen et al., 1987), but has never been investigated 

to any great degree. Little speculation, if any, regarding the function of the enzyme 

in trypanosomes has occurred, despite interest in glycerol-3-phosphatases found in 

other organisms.

Significant investigations into glycerol-3-phosphatase activity began around 

the time of Tsuboi and Hudson, (1953, 1955a & b and 1956). These investigators 

compared phosphatase activity in yeast, erythrocytes and prostate. The enzymes had 

varying degrees of affinity for glycerol phosphate, but none were found to be 

completely specific for any one substrate. The phosphomonoesterases of yeast and
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erythrocytes had been considered to be similar and appeared in various 

classifications of the acid phosphatases. The studies completed by Tsuboi and 

Hudson questioned this similarity and consequent grouping o f these enzymes with 

acid phosphatase and reported that little if any basis could be found to support this 

classification. In fact these workers reported a neutral pH optimum for these 

enzymes. This was the first time the idea of glycerol-3-phosphatases as a separate 

family o f enzymes emerged.

Glycerol can be utilised as a source of carbon and energy by a number of 

yeasts. Knowledge of the metabolism of glycerol is of considerable interest in the 

study of enzymatic regulation of gluconeogenesis and in the fermentation of glucose. 

The last step of glycerol fermentation is mediated by a a-glycerophosphatase. The 

enzyme was found to be specific for the L-form of the substrate with the efficiency of 

the enzyme when using the D-form being about 1/30 of that when using L-glycerol-3- 

phosphate (Gancedo et a i,  1968).

Work on the characterisation of glycerol-3-phosphatase activity increased as 

a role for the enzyme in osmo-regulation of cells began to emerge. The halotolerant 

algae, Dunaliella, are dependent on their internal concentration of glycerol as a 

means of osmotically balancing the salinity of their environment (Craigie & 

Mclachlan, 1964 and Ben-Amotz & Avron, 1973). The intracellular glycerol 

concentration changes proportionally to the NaCl concentration o f the external 

medium. Adjustment o f the intracellular glycerol concentration occurs readily and 

rapidly. A highly specific D,L-glycerol-3-phosphatase was reported in Dunaliella 

salina, with a neutral pH optimum and requiring magnesium for activity (Sussman & 

Avron, 1981). It was suggested that this enzyme played a major role in the 

mechanism of osmoregulation in Dunaliella and that this enzyme hydrolysed the 

esterified phosphate to permit the observed large accumulations o f free glycerol. A 

pattern was emerging of a group of enzymes that were generally quite specific for 

glycerol-3-phosphate, had neutral pH optima and required magnesium for activity.

This pattern continued with the report of a similar enzyme found in 

Saccharomyces uvarum (Paltauf et al., 1985) with the same properties as those in 

Dunaliella. Inositol-starved Saccharomyces uvarum cells hydrolyse exogenous 

glycerophosphodiesters to glycerol-3-phosphate and the corresponding alcohol. 

Glycerol-3-phosphatase was found to be loosely associated with the outer side o f the 

yeast plasma membrane. One of the products o f the catalysed reaction,
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orthophosphate, is taken up into the cells without first entering the pool o f  

orthophosphate present in the growth medium. Glycerol derived from glycerol-3- 

phosphate by the action o f a phosphomonoesterase cannot be utilised because o f the 

lack o f glycerol kinase in Saccharomyces (Sprague & Cronan, 1977). The authors 

indicated that activities o f  the extracellular enzymes studied, including glycerol-3- 

phosphatase, were regulated by the extracellular concentrations o f  inositol and 

orthophosphate.

Glycerol-3-phosphatase also plays a fundamental role in Phycomyces 

blakesleeanus. The breaking o f dormancy o f the spore form o f this organism by a 

heat shock is followed by a transient production o f glycerol, which culminates within 

5-10 min and is terminated by 20 min (Van Schaftingen & Van Laere, 1985). 

Extracts o f  spores contained a magnesium-dependent glycerol-3-phosphatase active 

on both L-glycerol-3-phosphate and dihydroxyacetone phosphate, but has more 

affinity for the first substrate than the second. Interestingly in extracts from dormant 

spores, the phosphatase was profoundly inhibited by physiological concentrations o f  

inorganic phosphate, whereas the enzyme from heat-activated spores was much less 

inhibited. The authors suggested that this inhibition was most likely the result o f  

phosphorylation o f glycerol-3-phosphatase by a cyclic-AMP-dependent protein 

kinase, which is responsible for the activation o f the enzyme. Again the role o f  

osmo-regulator was assigned to glycerol-3-phosphatase when it was suggested that 

the production o f glycerol would assist osmoregulation. It was also highlighted that 

glycerol is a substrate that potentially can be further metabolised aerobically by 

spores independent o f an external stimulus. It was becoming clear that micro

organisms have developed systems to adapt to sudden changes in their surrounding 

environment and that specific cellular control mechanisms had the ability to sense 

the external osmotic environment o f the cells, resulting in the induction o f responses 

such as the production and retention o f glycerol.

Steinbuchal and Muller (1986) reported a novel role for glycerol-3- 

phosphatase in Trichomonas vaginalis and Tritrichomonas foetus. Glycerol was 

demonstrated as an end product o f the anaerobic glucose metabolism in Trichomonas 

vaginalis and Tritrichomonas foetus, produced in addition to acetate, H2 , CO2  and 

lactate or succinate. The amounts o f glycerol detected compensated almost exactly 

for the deficits in fermentation products recognised earlier, thus complete redox 

balance could now be provided for both organisms. Glycerol was produced
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following reactions catalysed by cytosolic glycerol-3-phosphate dehydrogenase and 

glycerol-3-phosphatase. This glycerol-3-phosphatase was found to be Mg^'- 

dependent and had a pH optimum between 5.5 and 6.0. This pathway is not 

dissimilar to that found in trypanosomes.

Studies on the production of glycerol by trypanosomatids incubated under 

anaerobic conditions revealed the presence of glycerol-3-phosphatase activity in L  

mexicana, T. cruzi and C. fasciculata (Martin et al., 1976 and Cazzulo et al., 1988). 

The specific activity of glycerol-3-phosphatase in L. mexicana (2.16 nmol/min/mg 

protein) and in C. fasciculata (3.6 nmol/min/mg protein) is higher than in T. cruzi 

(0.43 nmol/min/mg protein). These values are in agreement with the fact that 

glycerol is produced by the first two organisms but none was detected following 

metabolism of the later organism. L. mexicana produces approximately twice as 

much glycerol when the cells are metabolising under anaerobic conditions as 

compared to aerobic conditions.

In 1996 Norbeck et al. reported the existence of two distinct glycerol-3- 

phosphatases in Saccharomyces cerevisiae. Following microsequencing of trypsin

generated peptides the corresponding genes were identified and named GPPl and 

GPP2. These genes encoded proteins that have 95 % amino acid identity and 

molecular masses of 30.4 {Gpplp) and 27.8 kDa {Gpp2p), respectively. The authors 

proposed different roles for the isoenzymes. The intracellular concentration of 

Gpp2p was found to increase in cells subjected to osmotic stress, while the 

production o f Gpplp  was unaffected by changes of external osmolarity. Gpplp  is 

the predominant form in cells cultured at low osmolarity and at this stage an exact 

role for this form of the enzyme had not been clarified.

Investigations of the roles played by Gpplp  and Gpp2p continued with the 

work o f Siderius et al., (2000). These authors found that mutant strains, where both 

genes were mutated, became temperature sensitive and the growth defects as a result 

o f this sensitivity could be suppressed by adding external glycerol. Consequently, 

glycerol and glycerol-3-phosphatase appeared to play a critical role in the way wild- 

type cells coped with high temperature stress.

A closer look at the role of Gpplp  ensued. Results published by Costenoble 

et al. (2000) indicated that the cell required Gpplp  at times of oxidative stress as 

opposed to the distinct requirement for Gpp2p at times of osmotic stress. At high 

demand for NADH reoxidation, a strong induction was seen of the GPPl gene and it
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Organism Mw pH
optimum

Cation
requirement

Substrate specificity Suggested
Function

Specific
activity*

S. cerevisia^^^ Gpplp-30.4 kDa 
Gpp2p- 27.8 kDa

6.5 Mg"" D,L-glycerol-3-phosphate 
K,®’’ 3-4 mM

Gpplp- Redox balance 
Gpp2p- Osmoregulation

68

P.
blakesleeanus'

Mg^' L-glycerol-3-phosphate 
and di hydroxy acetone 
phosphate

Response to breaking o f dormancy 
/ heat shock

800

D. salina 86 kDa 7 Mg"^ L-glycerol-3-phosphate Osmoregulation 150
T. vaginalis 5.5-6 Mg"‘ Glycerol-3-phosphate / 

glycerol-2-phosphate
Redox balance 119.7

T. feotus 5.5-6 Mg"- Redox balance 10.5
S. uvarum 7 Mg"' L-glycerol-3-phosphate Activated during inositol 

deficiency and starvation of 
orthophosphate

C. fasciculata
(6) No change in glycerol production 

under anaerobic conditions
0.43

T. cruzi No change in glycerol production 
under anaerobic conditions

3.6

L.mexicana Glycerol production doubles under 
anaerobic conditions

2.16

* nmol.min '.mg protein’' ofhom ogenate

Table 1.1 A comparison of properties and functions of glycerol-3-phosphatase from different organisms.

Information was obtained from; (1) Norbeck et a l, 1996; (2) Van Schaftingen & Van Laere, 1985; (3) Sussman & Avron, 1981; (4) Steinbuchel 

& Muller, 1986; (5) Paltauf, Zinser & Daum, 1985; (6) Cazzulo et al., 1988.



was noted that induction of the gene appeared to play a decisive role at elevated 

growth rate. These studies confirmed that while GPP2 is induced during conditions 

o f osmotic stress, only the expression of GPPl increases when a redox imbalance 

occurs. It may even be that elevated temperatures result in oxidative stress, perhaps 

due to inactivation o f a redox-protective enzyme.

Finally, mutants lacking both GPPl and GPP2 are devoid of glycerol-3- 

phosphatase activity and produce only a small amount of glycerol, confirming the 

essential role these enzymes play in glycerol biosynthesis (Pahlman et a i, 2001). 

Overproduction of Gpplp  and Gpp2p did not significantly enhance the glycerol 

production, indicating that in this organism glycerol-3-phosphatase is not a rate- 

limiting enzyme. It is clear that glycerol metabolism and glycerol-3-phosphatase 

play multiple roles in yeast and other organisms. Resulting from this flexibility is the 

ability of organisms to adapt according to environmental change/shock and the 

provision of glycerol for various different cellular pathways. A comparison of the 

properties and functions of glycerol-3-phosphatases from different organisms are 

listed in Table 1.1.

1.11 AIM

The overall aim o f this project is to investigate the enzymatic basis of the 

anaerobic synthesis o f ATP by Trypanosoma hrucei in steps that may be not 

accounted for by current schemes of glycolysis and to investigate the characteristics 

and function o f trypanosomal glycerol-3-phosphatase.

The specific goals of this study were:

(1) To purify the glycerol-3-phosphatase to homogeneity. The purification 

of the enzyme was desirable to allow comparison of its physical properties with those 

reported for glycerol-3-phosphatase preparations isolated from other sources and also 

to eliminate the possibility of artifacts which might arise while performing kinetic 

analysis with impure enzyme preparations.

(2) To investigate the kinetic, physical and chemical properties of the 

enzyme, thus providing a better understanding of how the enzyme works and to 

allow comparisons to be drawn with other enzymes.

(3) To investigate the reversal of glycerol kinase under anaerobic conditions 

in an environment that has an active glycerol-3-phosphatase. The method of ATP 

production by trypanosomes under anaerobic conditions proposed in the literature is

28



via the reversal of glycerol kinase. Since it is only in the presence o f very small 

amounts of glycerol that net flux of carbon in the reverse direction through the 

glycerol kinase catalysed reaction will take place, and because glycerol-3- 

phosphatase actually produces glycerol it is worth considering how glycerol kinase 

reversal occurs under anaerobic conditions in this organism. Rapid glycerol removal 

would o f course aid the reversal of glycerol kinase, but the mechanism of glycerol 

kinase reversal remains unknown. Despite intensive investigation of trypanosomal 

glycolysis, unequivocal evidence has not been reported that explains the mechanism 

of net anaerobic ATP production in Trypanosoma brucei.

(4) To investigate the possibility of glycerol-3-phosphatase acting as a 

phosphotransferase by transferring phosphate to ADP or some other glycolytic 

intermediate. The possibility of this enzyme playing a role in anaerobic glycolysis in 

trypanosomes will be tested

(5) To sequence, clone and express trypanosoma! glycerol-3-phosphatase 

yielding recombinant protein. Sequence data will allow searches of genomic 

databases to be conducted and thus identify any similar proteins or protein families. 

The use of bioinformatic tools will provide further characterisation data for the 

enzyme. Purification and partial characterisation of the recombinant protein will 

confirm that the correct protein sequence has been identified and will provide an 

efficient means to produce the enzyme for future studies.

An understanding o f trypanosomal glycolysis is important because the 

“missing ” enzymes or indeed alternative functions, if they exist, are unlikely to be 

found in mammalian cells, making these enzymes an ideal chemotherapeutic target. 

Furthermore, such new metabolic information must enhance our understanding of 

metabolism of glucose at a fundamental level. Presently, only a few drugs are 

available for the treatment of diseases caused by trypanosomes. These drugs have 

serious side effects and drug resistance is a problem, hence underlining the need for 

new treatment. New effective treatments will come with greater understanding of 

biological processes.
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CHAPTER 2 

MA TERIALS AND METHODS



2.1 MATERIALS

A. Chromatographic media: Supplier:
DEAE-52 Whatman
Sephacryl S-200 Pharmacia
Cellulose Phosphate Whatman
Sephadex G-25 Sigma
PBE™ 94 Pharmacia
Dowex 1X8-200 Sigma
Dowex 50WX8 Supelco

B. Protease inhibitors:
Leupeptin Sigma
Phenylmethylsulphonyl fluoride (PMSF) Sigma
Tosyl lysine chloromethylketone (TLCK) Sigma
Pepstatin A Sigma

C. Molecular weight markers:
Low molecular weight markers fo r  SDS-PAGE: Sigma (SDS-7)
Albumin (Bovine Serum) 66 kDa
Albumm (egg) 45 kDa
Glyceraldehyde-3-phosphate dehydrogenase 36 kDa
Carbonic Anhydrase 29 kDa
Trypsinogen (bovine pancrease) 24 kDa
Trypsin Inhibitor (soyabean) 20.1 kDa
Lactalbumin (bovine milk) 14.2 kDa

Low molecular weight fluorescent markers Sigma
Alcohol Dehydrogenase (Horse liver) 39 kDa
Carbonic Anhyrase (Bovine erythrocyte) 29 kDa
Trypsin Inhibitor (Soyabean) 20.1 kDa
a-Lactalbumin (Bovine milk) 14.2 kDa
Aprotinin (Horse liver) 6.5 kDa

Tricine low molecular weight markers Sigma
Myoglobin (Polypeptide backbone 1-153) 16,950
Myoglobin (Fragment I + II, 1-153) 14,440
Myoglobin (Fragment I+III, 56-153) 10,600
Myoglobin (Fragment I, 56-131) 8,160
Myoglobin (Fragment II, 1-55) 6,210
Glucagon 3,480
Myoglobin (Fragment III, 132-153) 2,510

Molecular weight markers fo r  gel filtration: Sigma
Blue Dextran 2,000 kDa
Bovine Serum Albumin 66 kDa
Ovalbumin ( egg) 45 kDa
Carbonic Anhydrase (bovine erythrocytes) 29 kDa
Cytochrome C (horse heart) 12.4 kDa
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D. Solvents
Dimethylsulphoxide BDH
Dimethylformamide BDH
Ethanol BDH
Methanol BDH

E. Acids and bases
Acetic acid BDH
Hydrochloric acid BDH
Nitric acid BDH
Sodium hydroxide Sigma
Sulphuric acid BDH
Trichloroacetic acid BDH

F. Miscellaneous
Acrylamide BDH
Adenosine Sigma
e-Amino-n-hexanoic acid Sigma
1-Amino-2 naphtol-4-sulfonic acid Sigma
Ammonium molybdate Sigma
Ammonium persulphate Sigma
ATP Sigma
P^P]-labelled ATP Merck
Bicine BDH
Bovine Serum Albumin Sigma
Butanol BDH
Cacodylate buffer BDH
Centricons Ami con
EGTA Aldrich
Filter paper Whatman
Fluorescaime Sigma
Folin’s Cioctleau’s phenol reagent Merck
Fumaric acid Sigma
Glucose BDH
Glycerol BDH
D, L-Glycerol-3-phosphate Sigma
L-Glycerol-3-phosphate Sigma
[U'"C]-labelled Glycerol Merck
Heparinised microhaematocrit tubes Hawksley & Sons Ltd.
Hydrazine BDH
Magnetic stirrers BDH / Sigma
Mercaptoacetic acid Sigma
NAD^ Boehringer
Pentobarbitone sodium B.P. Rhone Merieux
Polybuffer 74 Pharmacia
SHAM Sigma
Sodium azide BDH
Sodium Dodecyl Sulphate BDH
TEMED Sigma
TES Sigma
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Wistar Rats Bioresourcs Unit

G. Enzymes
Glycerol Kinase (EC 2.7.1.30) Boehringer
Glyceraldhyde-3-phosphate dehydrogenase Boehringer
Glycerol-3-phosphate dehydrogenase (EC Boehringer
1.1.1.8)
Pyruvate kinase (EC 2.7.1.40) Boehringer
Lactate dehydrogenase (EC 1.1.1.27) Boehringer
Luciferase Sigma

2.2 SUPPLIERS ADDRESSES

Biochemical reagents and chemicals used were of analytic grade, where possible and 

were obtained from:

Amicon, 72 Cherry Hill Drive, Beverly, MA01915, U.S.A.

BDH Chemicals Ltd., John F. Kennedy Dr., Naas Rd., Dublin 12 

Bioresources Unit, Department of Biochemistry, Trinity College, Dublin. 

Boehringer Corporation Ltd., Temple Road, Blackrock, Co. Dublin, Ireland. 

Merck, Merck KgaA, 64271 Darmstadt, Germany.

Pharmacia LKB Biotechnology, S-75182, Uppsala, Sweden.

Sigma Chemical Co. Ltd, Fancy Road, Poole, Dorset BH17 7NH, U.K.

Supelco, Supelco Park, Bellefonte, PA 16823-0048, U.S.A.

Whatman Biochemical Ltd., Maidstone, Kent ME 14 2.
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2.3 PREPARATION OF SOLUTIONS

Reagents were weighed using a Mettler top loading balance (model K7T) 

within the range of 1 g to 800 g and an Oertling analytic balance (model R20) for 

masses less than 1 g. All solutions were made with distilled, deionised water. 

Volumes in the range of 5 |il to 5 ml were dispensed with Gilson Pipetteman 

pipettes. The hydrogen ion concentration of all solutions was adjusted with either 

HCl (12 mM) or NaOH (5 mM) and monitored using a Philips combined glass 

electrode connected to a Pye Unicam Meter. The pH meter was calibrated with 

standard buffers o f pH 4.0, 7.0 and 10.0, which were obtained commercially from 

Sigma. Centrifugations were performed in a Sorvall RC 5B refrigerated centrifuge 

or an MSE centrifuge with a swing out rotor. High-speed centrifugation was 

performed in a Beckman TL-100 refrigerated centrifuge. Centrifugation of small 

volumes (less than 1.5 ml) was performed using a Hermle BHG microspin 

centrifuge, which operated at a fixed speed corresponding to 13,000 g

2.4 MAINTENANCE OF GLASSWARE

All glassware used for experiments containing live bloodstream form 

trypanosomes was soaked in concentrated nitric acid and thoroughly rinsed in 

distilled deionised water prior to use. This precaution was necessary to remove any 

traces o f detergent from the glassware, as trypanosomes are partially susceptible to 

lysis by small amounts of detergent.

2.5 ISOLATION AND PURIFICATION OF T. BRUCEI

2.5.1 SOURCE OF TRYPANOSOMES

Trypanosoma brucei (427-12/ICI-060) was derived from T. brucei (427), 

which was originally isolated by Cunningham & Vickerman (1962). The organism 

was then subjected to successive cloning procedures as described by Voorheis (1974) 

and has been given the standard internationally agreed strain designation MITat 1.1 

(Holder & Cross, 1981).

2.5.2 PREPARATION OF STABILATES

Heparinized microhaematocrit tubes were two thirds filled with infected 

blood (approximately 10  ̂ cells/ml blood) at 0-4 °C that contained glycerol (12 %, 

w/v) and EGTA (10 mM, pH 7.0). After flame sealing, the tubes were slowly cooled
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over liquid nitrogen for two to three hours before being totally submerged in the 

liquid nitrogen. Stabilates were stored under these conditions until required.

2.5.3 INFECTION OF RATS

The contents o f a single stabilate were diluted with 1 ml of trypanosome 

suspension buffer (Tes buffer). The suspension was divided in half Each portion 

was used to infect a large male rat by the intraperitoneal route, resulting in a 

parasitaemia o f 10  ̂cells/ml blood after 3 days.

2.5.4 HARVEST OF TRYPANOSOMES

The trypanosomes were harvested from the pentobarbitone sodium B.P. 

anaesthetised rat. Blood was removed from the aorta into a 20 ml syringe containing 

1 ml of 100 mM EGTA as anticoagulant. Approximately 10 ml of blood was 

collected from each rat.

2.5.5 PURIFICATION OF TRYPANOSOMES FROM INFECTED BLOOD

The isolation procedure used was a modification o f the method of Lamham 

(1968). The chilled blood was centrifuged at 650 g  for 10 min at 4 °C in a MSB 0- 

1582-A centrifuge using a swing-out rotor. Blood cells centrifuged to the bottom of 

the tube while the trypanosomes remained in a layer above them under these 

conditions. The serum layer above the trypanosomal layer was removed and 

replaced with an equal volume o f trypanosome separating buffer (TSB, see Table 2.1 

for composition)

The trypanosomal layer was resuspended in TSB and the resulting suspension 

was applied to a column containing Whatman DEAE 52 cellulose (20 ml bed 

volume), which had been equilibrated with TSB. Blood cells bound to the ion 

exchanger while the trypanosomes were found in the void volume. The column was 

then washed with TSB until all the trypanosomes had been eluted.

The collected trypanosomes were centrifuged in the same manner as the 

chilled blood. The combined pellets from this centrifugation were resuspended in 

cacodylate buffer (200 mM, pH 7) containing sucrose (200 mM) or Tes buffer 

depending on requirements and recentrifuged for a further 10 min under the same 

conditions. The pellet from this centrifugation was washed with the same buffer and
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either used as a pellet or resuspended as a stock suspension at approximately 10  ̂

cells / ml and stored on ice until use.

2.5.6 CELL COUNTING

The density o f cells in each stock suspension of cells was determined by 

counting the number of cells in a sample that had been appropriately diluted with 

TES buffer (for composition see Table 2.1), using an improved haemocytometer with 

a silvered stage (Gelman-Hawksley, Lancing, Sussex, U.K.) and a Zeiss light 

microscope.
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Table 2.1 Composition o f Buffers

Component Tes

(mM)

Trypanosome 

Separating Buffer 

(TSB, mM)

Titration

Buffer

(mM)

Swell buffer 

(mM)

NaCl 120 44 120

KCl 5 5 5

MgS04 3 3

Na2HP04 16 57

KH2PO4 5

NaH2P04 3

Tes 30 30

Glucose 10 10

Sucrose 70 75.5

Adenosine 0.1 0.1 0.1

Cacodylate 200

Fumaric acid 200

Bicine 200

pH 7.4 8.0 As required
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2.6 ENZYME ASSAYS

2.6.1 GLYCEROL-3-PHOSPHATASE STOPPED ASSAY

The rate of the glycerol-3-phosphatase catalysed reaction was measured by 

the release of inorganic phosphate or of glycerol using a stopped assay in each case. 

Typically the enzyme assay contained the following components:

Table 2.2 Components of glycerol-3-phosphatase assay

Reaction Medium Volume A Volume B Final

Concentration.

Cacodylate Buffer, 200 mM, pH 6.8 200 1̂ 35.8 )il 66 mM

D,L-Glycerol-3-Phosphate, 0-40 mM 150^1 26.9 1̂ 2.5 mM

MgClj, 50 mM 50 fxl 9^1 4.2 mM

Extract or HjO 200 1̂1 35.8 1̂

Final Volume 600 1̂1 107.5 jil

Inorganic phosphate determination was used as a means of assay for the 

inorganic phosphate released from organic phosphates by glycerol-3-phosphatase. 

Inorganic phosphate concentration was detected with the Fiske-Subbarrow assay.

The assay was stopped at appropriate times, typically 45 minutes, by the 

addition of 70 |u,l (Volume A) or 12.5 fj.1 (Volume B) of 50 % (w/v) ice-cold TCA for 

the detection of inorganic phosphate released. The precipitated protein was removed 

by centrifugation at 12,000 g  for 5 min in a bench-top minifuge. A sample (120 ^1) 

of the supernatant was removed for phosphate analysis. In the case of the glycerol 

detection Dowex 1X8 slurry (1 ml and 50 % v/v) was added to stop the enzyme 

assay and remove any remaining glycerol-3-phosphate. The supernatant was then 

assayed for glycerol using a combination of the glycerol kinase and glycerol-3- 

phosphate dehydrogenase catalysed reaction and measuring the fluorescence of the 

NADH produced.
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2.6.1.1 Fiske-Subbarow assay

The phosphate detection assay used was a modification o f  the micro-method 

reported by Bartlett (1959). The assay contained the following components:

Table 2.3 Components o f the Fiske-Subbarow phosphate assay

Component Volume

TCA treated sample 120 ^1

H2O 170

Ammonium molybdate (2.5 % (w/v)) 50 ĵ l

Fiske Subbarow reagent* lOiiil

Final volume 350 )nl

*Leloir and Cardini (1957)

The assay was stopped with TCA (50 % w/v). Water and ammonium 

molybdate were added next. A delay o f 10 min was essential before the addition o f 

the Fiske Subbarow reagent and the solution was mixed well. Absorbance at 660 nm 

was measured one hour later in a Unicam spectrophotometer. A typical standard 

curve o f the dependence o f absorbance on inorganic phosphate concentrations is 

shown in Fig 2.1. The key feature o f this assay is that unlike the original Bartlett 

method, no additional acid is required. The solution is sufficiently acidic in the 

presence o f the TCA in the sample to allow reproducible colour development to 

occur, but less acidic than that required to hydrolyse organic phosphates. However, 

care must be taken to maintain strict control o f  the time o f incubation during colour 

development if  reproducibility is to be obtained between assays.
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Fig 2.1 Standard curve for the determination of inorganic phosphate.

The standard curve shown is a typical example o f one constructed as a reference when 

determining the amount o f  inorganic phosphate produced by glycerol-3-phosphatase 

catalysis. Inorganic phosphate was assayed with KH 2 PO 4  as the source o f inorganic 

phosphate. Portions (0-40 |^1) o f a stock solution o f  1 mM KH 2 PO 4  were added to the 

assay. The assay solution consisted o f cacodylate buffer ( 6 6  mM, pH 6 .8 ), MgCl2  (4.2 

mM) and the standard to be assayed (0-40 ^il) adjusted to 120 |al with H 2 O. TCA [50 

% (w/v), 12.5 1̂ 1 ] and ammonium molybdate [2.5 % (w/v), 50 )iil] were then added 

and a period o f  10 min was allowed before the addition o f the Fiske-Subbarow 

reagent. The experiment was conducted in triplicate and where no error bars are 

shown the standard deviation was smaller than the datum symbol.

Fig 2.2 Standard curve for the determination of glycerol from a Dowex 1X8 

treated sample.

The standard curve shown is a typical example o f one constructed as a reference when 

determining the amount o f glycerol produced by glycerol-3-phosphatase catalysis. 

Portions (0-40 jal) o f a stock solution o f  ImM  glycerol were added to the assay as 

standard amounts o f glycerol. The assay solution consisted o f cacodylate buffer ( 6 6  

mM, pH 6 .8 ), MgCl2 (4.2 mM) and the standard to be assayed (0-40 (il) adjusted to 

120 1 ^ 1  with H 2 O. Dowex 1X8 was added to each sample as described in the methods 

section. The supernatant was assayed for glycerol using the NADH fluorescence 

method coupled to glycerol kinase and glycerol-3-phosphate dehydrogenase as 

described in the methods section. The experiment was conducted in triplicate and 

where no error bars are shown the standard deviation was smaller than the datum 

symbol.
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The Fiske-Subbarow reagent had the following composition:

Table 2.4 Components o f the Fiske-Subbarow reagent

Fiske Subbarow Reagent

1 -Amino-2-naphthol-4-sulfonic acid 0.2 g

Sodium bisulfite 1.2 g

Sodium sulfite 1.2 g

The three powders were mixed together and stored in the dark in a dark bottle. For 

use 25 mg o f the mixture was dissolved in 1 ml o f water.

2.6.1.2 NADH fluorescence assay for the detection of glycerol

This assay is an adaptation o f an assay developed by Chemick (1969). The 

assay follows the phosphatase stopped assay procedure to the point o f adding TCA to 

stop the enzyme reaction. At this stage instead o f adding TCA, 107.5 (il o f  the assay 

solution is removed and added to a slurry o f  Dowex 1X8-200 (1 ml o f  Dowex 1 

slurry, 50% v/v; deionised and distilled H^O) in a 5 ml plastic tube (Rohren, 

Sarstedt). The Dowex treated sample was left to stand at room temperature for 15 

min at which time 0.7 ml o f  deionised and distilled H2O was added, the mixture 

stirred vigorously and allowed to settled. The Dowex resin bmds glycerol-3- 

phosphate and proteins, thus stopping any further enzyme activity, however glycerol 

does not bind and, hence, can be used as the substrate for the subsequent step (Fig 

2.3 and Fig 2.4). The supernatant was removed and assayed for glycerol using the 

NADH fluorescence assay.
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Table 2.5 Components o f the glycerol assay mixture used in the fluorescence assay

Glycerol assay mixture

Component Volume (ml) Stock Concentration Final

Concentration

Hydrazine 5 2.0 M l.OM

Glycine 5 0.4 M 0.2 M

EDTApH 10 0 .1 0.1 M 1.0 mM

MgCl2 0.025 l.OM 2.5 mM

NAD^ 0.25 2 % 0.2 mM

ATP 0.25 3 % in 5 % NaHCOa 0.5 mM

Each assay contained 0.7 ml of glycerol assay mixture, and i . l  ml of 

supernatant from the Dowex treated sample. GDH (1.0 U / 100 îl) was added first 

and the readings made at zero time (Fi) and after 20 min (F2). The difference (Di) 

between these two readings is the fluorescence due to the reduction o f NAD‘ at the 

expense of reducing equivalents from any residual glycerol-3-phosphate 

contaminating the sample. GK (1.0 U, 100 jxl) was then added and after 30 minutes 

a third reading was taken (F3). The fluorescence due to the reduction of NAD' at the 

expense of reducing equivalents derived from glycerol is therefore:

F 2  ■ F 3  ~  F  Glycerol

Fluorescence was read at room temperature in a Perkin Elmer luminescence 

spectrophotometer LS50B (excitation at 360 nm and emission at 455 nm). 

Fluorescence values were converted to equivalents of glycerol by comparison with 

values for standard glycerol concentrations. A typical standard curve of the 

dependence o f relative fluorescence intensity on glycerol concentration following 

Dowex treatment is shown in Fig 2.2. Typical standard curves of glycerol and L -  

glycerol-3-phosphate concentrations using the same enzymatic assay were also 

constructed but using standards that had not been treated with Dowex are shown in 

Fig 2.5 and Fig 2.6.

The preparation of Dowex 1X8-200 for use in the NADH fluorescence assay 

involved treating the resin for 5 min with 0.5 M HCl using at least 5 resin volumes.
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Fig 2.3 The isolation of glycerol from the glycerol-3-phosphatase stopped assay

Glycerol-3-phosphatase catalyses the reaction that hydrolyses glycerol-3-phosphate to 

inorganic phosphate and glycerol, Glycerol-3-phosphate that is not hydrolysed by the 

enzyme binds to Dowex 1X8, leaving glycerol free in solution.

Fig 2.4 Glycerol and glycerol-3-phosphate determination

The pathway of the coupled enzyme assay that allows the determination of glycerol 

content in a sample. The abbreviations used are glycerol kinase; GK and glycerol-3- 

phosphate dehydrogenase; GDH.
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Fig 2.5 Standard curve for the determination of glycerol

Portions (0-40 |al) o f a stock solution of ImM glycerol were added to a solution 

containing hydrazine (0.5 M), glycine (0.1 M), EDTA (0.5 mM, pH 10), MgCl2(1.25 

mM), NAD"  ̂ (0.1 mM) and ATP (0.5 mM) in a final volume of 2 ml. The samples 

were assayed for glycerol using the NADH fluorescence method coupled to glycerol 

kinase and glycerol-3-phosphate dehydrogenase as described in the methods section. 

The experiment was conducted in triplicate and where no error bars are shown the 

standard deviation was smaller than the datum symbol.

Fig 2.6 Standard curve for the determination of L-glyeerol-3-phosphate

Portions (0-40 ^1) of a stock solution of ImM L-glycerol-3-phosphate were added to a 

solution containing hydrazine (0.5 M), glycine (0.1 M), EDTA (0.5 mM, pH 10), 

MgCh (1.25 mM) and NAD^ (0.1 mM) in a final volume of 2 ml. The samples were 

assayed for L-glycerol-3-phosphate using the NADH fluorescence method coupled to 

glycerol-3-phosphate dehydrogenase as described in the methods section. The 

experiment was conducted in triplicate and where no error bars are shown the 

standard deviation was smaller than the datum symbol.
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The supernatant was then decanted off and washed with deionised and distilled H2O 

until the pH of the supernatant was neutral when tested with pH paper.

2.6.2 CONDITIONS FOR THE ASSAY OF GLYCEROL KINASE, 

PHOSPHOFRUCTOKINASE AND PYRUVATE KINASE FROM T. BRUCEI

Before analysis cell samples were incubated for approximately 10 min with 

0.25 % Triton X-100 in a ratio of 1 part sample to 3 parts Triton X-100.

Glycerol kinase was assayed in a mixture containing hydrazine (0.2 M), 

glycine (0.5 M) and EDTA (5 mM) pH 9.5, NAD' (20 mM), MgCb (5 mM), DTT 

(10 mM), ATP (5 mM) and glycerol-3-phosphate dehydrogenase (1.7 units). The 

reaction was started by the addition of glycerol (10 mM). The assay used was a 

modification o f the method described by Lang (1987) with a hydrazine trap for the 

ketone product, dihydroxyacetone phosphate. The presence of a trap for the ketone 

group together with a pH of 9.5 ensures that the coupling reaction functions as 

required, which is the reverse direction to that observed under physiological 

conditions. The only modification to the assay described by Lang was the inclusion 

o f dithiothreitol as suggested by Bulbitz & Wieland (1954) in order to eliminate a 

marked blank rate resulting from a time-dependent interaction between the 

hydrazine, glycine, EDTA buffer and NAD".

Phosphofructokinase was assayed according to the method of Misset et al. 

(1984). The assay mixture contained triethanolamine / HCl buffer (0.1 M, pH 7.6), 

ATP (0.5 mM), AMP (1.6 mM), MgS0 4  (2.5 mM), KCl (10 mM), NADH (300 |iM), 

phosphoenolpyruvate (2.2 mM), pyruvate kinase (1.7 units), lactate dehydrogenase 

(1.7 units) and the sample to be assayed. The reaction was initiated by the addition 

o f fructose-6-phosphate (5.3 mM). In this assay corrections were made for the 

activity of adenylate kinase and ATPase. Blank rates recorded in the absence of 

fructose-6-phosphate were subtracted form the total activity.

Pyruvate kinase was also assayed according to the method of Misset et al. 

(1984) with a few modifications. The assay mixture contained triethanolamine / HCl 

buffer (0.1 M, pH 7.6), ADP (4 mM), MgS0 4  (2.5 mM), KCl (100 mM), NADH 

(300 |iM), lactate dehydrogenase (1.7 units) and the sample to be assayed. 

Phosphoenolpyruvate was added to a final concentration of 20 mM to initiate the 

reaction. In this assay corrections were made for the activity of adenylate kinase and 

ATPase. Blank rates recorded in the absence of phosphoenolpyruvate were
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subtracted form the total activity. For all the assays the absorbance of NADH was 

recorded at 340 nm for approximately 5-10 min.

2.7 PROTEIN DETECTION AND CONCENTRATION

2.7.1 DETERMINATION OF PROTEIN CONCENTRATION

The protein content o f each fraction w as determined by one of three methods. 

The absorbance was read at 280 nm for least critical determination where an 

absorbance o f 1 was taken to be equivalent to a concentration of 1 mg/ml. The 

Markwell assay (Markwell et al., 1987, Fig 2.7) was employed when higher 

sensitivity was required or the fluorescamine assay (Dairman & Leimgrube, 1972, 

Fig 2.8) when even higher sensitivity was needed.

2.7.2 CONCENTRATION OF PROTEIN

Protein was concentrated by ultranltration using Centricon centrifugal 

concentrators (Amicon). Centricons with a 10,000 molecular weight cut off, low 

adsorption, hydrophilic membranes were used which held a maximum volume of 2 

ml. The sample was centrifuged (5000 g  for 45 min) and the retentate containing the 

concentrated protein was recovered by placing the collection cap on, inverting the 

centricon, and recentrifuging.
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Fig 2.7 Markwell standard curve using BSA as a protein standard

A stock solution o f  BSA (1 mg/ml) and the samples to be assessed for protein content, 

were prepared in Tris buffer, pH7.5 (10 mM). The samples and the indicated 

concentrations o f BSA, in a final volume o f  250 ml, were mixed with 750 ml o f 

Markwell Reagent C (100 parts Reagent A [Na^COs, 2 % (w/v); NaOH, 0.4 % (w/v); 

sodium tartrate, 0.16 % (w/v); SDS, 1 % (w/v)] plus 1 part Reagent B [CUSO4.5 H2O, 

4 % (w/v)]) and incubated for 20 min at room temperature. Reagent D (75 ml o f a 1:1 

solution o f  Folins Reagent: water) was added to each standard and sample, which 

were then mcubated for a further 45 min at room temperature in the dark. The 

absorbance o f both BSA standards and samples was read at 660 nm and was measured 

against a reagent blank [prepared as above using only 250 ml Tris buffer, pH 7.5 (10 

mM)]. Data are the mean +/- the standard deviation o f  triplicate measurements and 

where no error bars are shown the error is smaller than the symbol used. Data for the 

standard BSA curve are plotted using Cricket Graph and the equation for the line (y = 

0.014X + 0.030) was used to estimate protein concentration from the absorbance 

values obtamed for the samples.

Fig 2.8 Protein fluorescamine assay standard curve using BSA as a protein 

standard

A stock solution o f BSA (1 mg/ml) and the samples to be assayed were prepared in 

phosphate buffer (Na2HP0 4 ), pH 8 (50 mM). The samples and the indicated BSA 

concentrations were made up to a final volume o f 1.5 ml in 5 ml plastic test tubes with 

this phosphate buffer. Fluorescamine (0.5 ml o f a 3.3 m g/11 ml DMSO solution) was 

added to each sample while mixing vigorously on a vortex mixer. The samples were 

then incubated for 30 min at room temperature. Fluorescence was measured via a 

Perkin Elm er Luminescence Spectrometer. The LS-50B setup application was used to 

read fluorescence. The samples were excited at 390 nm and the emission wavelength 

read was 475 nm. Slits o f  5 nm were chosen. The relationship between protein 

concentration and relative fluorescence intensity is linear, and is represented by the 

equation; y = 23.479x + 17.793.
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2.8 POLYACRYLAMIDE GEL ELECTROPHORESIS

Fractions and samples of interest were examined for their content o f various 

proteins on denaturing and non-denaturing polyacrylamide gels.

2.8.1 PREPARATION AND RUNNING OF SDS POLYACRYLAMIDE 

GELS

The additions of reagents and mixing/degasing when making up a 

polyacrylamide gel occurred in the order shown in Table 2.6 in accordance with the 

method o f Laemmli (1970).

Table 2.6 Components o f SDS-PAGE gels. (*Freshly prepared on the day o f use)

Component or action 10% Running Gel 5% Stacking Gel

1. Acrylamide* (30 %, w/v) 10 ml 1.67 ml

2. Bisacrylamide* (1 %, w/v) 3.9 ml 1.3 ml

3. Tris running buffer (1,5 M, pH 8.7) 7.5 ml

4. Tris stacking buffer (1 M, pH 6.8) 1.25 ml

5. H2O 8 ml 4.4 ml

6. Mix and degas

7. SDS (20 %, w/v) 0.15 ml 50 nl

8. Ammonium persulphate* (10 %, w/v) 0.1 ml 50 ^1

9. TEMED (0,34 %, v/v) 10^1 5 |j.l

All buffer solutions were filtered through a 0.2 )im Millipore filter and stored 

frozen in working aliquot volumes until required. The running gel was loaded and 

left to polymerise with a layer of water-saturated butanol on top (60 % distilled 

deionised H2O: 40 % butanol, v/v). Samples for electrophoresis were prepared with 

2X sample buffer. Sample buffer contained Tris buffer (110 îl o f 1.5 M, pH 6.8); 

glycerol (1 ml); bromophenol blue in ethanol (60 )al o f 0.2 % v/v) and SDS (1 ml of 

20 % w/v) was made up to a final volume o f 5 ml with water. DTT (30 mg/m!) was 

added to the sample buffer prior to dilution o f sample. All samples were boiled for 5 

min prior to loading. A vertical slab apparatus (Atto minigel system) based on the 

original design of Studier (1973), connected to a BIO-RAD power pack 3000 was 

used for electrophoresis. Running buffer contained glycine (28.8 g), Tris base (6 g).
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and SDS (1 g) in a final volume of 1 L without further pH adjustment. Gels were run 

at a constant current of 19 mA per gel for 1.5 hour.

Gels were stained in a solution of methanol:acetic acid: water (10:7:83 by 

volume) containing 0.2 % Coomassie Brilliant Blue R-250. Destaining was carried 

out in methanol:acetic acid:water (10:7:83 by volume).

2.8.2 ANALYSIS OF LOW MOLECULAR WEIGHT POLYPEPTIDES BY 

TRIS-MODIFIED TRICINE SDS-PAGE

For resolution of low molecular weight polypeptides, a modification of the 

Tricine SDS-PAGE system of Schagger & Jagow (1987) with Tricine only being 

used in the cathode buffer and replaced with Tris elsewhere. The components of the 

separate gels are outlined in Table 2.7. Samples for Tricine gels were diluted with 

half a volume of sample buffer containing Serva Blue-G (see Table 2.8) and boiled 

for 5 min prior to loading. The anode buffer consisted of 0.2 M Tris buffer (pH 8.9) 

and the cathode buffer consisted of 0.1 M Tris, 0.1 M Tricine and 0.1% SDS (pH 

8.25). Gels were initially electrophoresed at a constant current of 20 mA per gel 

until the tracking dye had migrated into the spacer gel. The current was then 

increased to 30 mA per gel for approximately 3 hours, until the tracking dye was 

within 0.5 cm of the bottom of the resolving gel. Gels were fixed for 30 minutes, 

stained for 1 hour, and destained until complete background destaining was achieved 

(see Table 2.9). The identities of the commercial molecular weight markers used are 

recorded in Section 2. l .C.
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Table 2.7 Components o f  gels

Components Resolving gel Spacer gel Stacking gel

Solution containing Acrylamide (48 %, 10 ml 6.1 ml 1 ml

w/v) and bisacrylamide (1.5 %, w/v)

Tris buffer (3 M, pH 8.45) containing 10 ml 10 ml 3,1 ml

SDS (0.3 %, w/v)

Glycerol 4 g

Ammonium persulphate (10% , w/v) 100 ^1 100 100 1̂1

TEMED 10^1 10 (al 10^1

Add H2O to final volume 30 ml 30 ml 12.5 ml

Table 2.8 Components o f the sample buffer 

Components

Tris base (50 mM, pH 6.8)

SDS (4 %, w/v)

Glycerol (12 %, w/v)

Serva Blue-G (0,01 %, w/v)

Table 2.9 The components o f  fixative, stain and destain solutions used for Tris-

modified-Tricine SDS-PAGE

Fixative solution Stain solution Destain

M ethanol (30 %, v/v) Serva Blue-G (0.025 %, Acetic acid (10 %, v/v)

w/v)

Acetic acid (10 %, v/v) Acetic acid (10 %, v/v)

If  the gel was to be electrophoresed while containing a protein band excised 

from another gel, the excised sample was pre-equilibrated in the Tris-modified- 

Tricine SDS-PAGE sample buffer for 15 minutes. It was then placed at the top end 

o f  the notched glass plate (Fig 2.9 A) and the plates assembled. The gel layers were 

then poured and allowed to set in turn. The stacking gel layer enclosed the excised 

piece o f gel during polymerisation (Fig 2.9 B),
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Excised gel Notched plate
sample

B.

Pour gel layers in
succession

Plam glass

Figure 2.9 The placement o f an excised piece o f  gel into another gel

2.8.3 GEL ELECTROPHORESIS UNDER NONDENATURING  

CONDITIONS

Nondenaturing gels were used in order to identify gel bands containing 

glycerol-3-phosphatase activity. The following buffers and reagents were used:

Table 2.10 The composition o f native gels

Reagents containing: Stacking gel Resolving gel

Acrylamide (30 %, w/v) and ^wacrylamide (0.8 

%, w/v)

2.5 ml 10 ml

Resolving gel buffer (Tris buffer, 3 M, brought to 

pH 8.8 with 1 M HCl)

3.75 ml

Stacking gel buffer (Tris buffer, 0.5 M, brought to 

pH 6.8 with 1 M H C l)

5 ml

Ammonium persulphate (1.5 %) 1 ml 1.5 ml

H2O 11.5 ml 14.75 ml

TEMED 15 [i\ 15 |ul

Final Volume 20.015 ml 30.015 ml
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The reservoir buffer used was a Tris-glycine buffer (3 g Tris and 14.4 g glycine in 1 

L H2 O, pH 8.3).

Table 2.11 The composition o f 5x sample buffer

Reagent 5x Sample buffer

T ris-H C l(l M, pH 6.8) 3.1 ml

Sucrose 15 % 1-5 g

1 % Bromophenol blue 0.5 ml

H 2 O 1.4 ml

Final Volume 6.5 ml

The resolving gel was poured and a layer o f deionised and distilled HjO was 

gently poured on top. When the resolving gel was set the water was removed and the 

stacking gel was poured. Sample buffer was mixed with the sample o f  protein to be 

applied to the gel just before application. The gel was run in the cold room (4 °C) at 

20 mA for about 4 h or until the tracking dye was about 0.5 cm from the bottom of 

the gel. In order to determine the location o f glycerol-3-phosphatase on the native 

gel an activity stain was carried out. This stain consisted o f the following 

components;

Table 2.12 The composition o f  the reaction medium used for an activity stain

Reagent Volume or mass added

Cacodylate buffer (200 mM, pH 6.8) 100 ml

Glycerol-3-phosphate (30 mM) 75 ml

MgCl2(50 mM) 25 ml

Barium acetate (solid salt) 0.77 g

As soon as electrophoresis was completed the gel was immediately 

transferred to a pyrex dish containing the above reaction mixture. The gel was 

incubated at room temperature without shaking until white bands appeared on the
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gel. These white bands identified the location o f active glycerol-3-phosphatase as a 

result of the barium combining with the phosphate to produce a white precipitate.

2.9 TRANSFER OF PROTEIN BAND TO PROBLQTT BY SEMI-DRY 

ELECTROBLOTTING OF SDS-PAGE GELS PRIOR TO PROTEIN 

SEQUENCE ANALYSIS

Mercaptoacetic acid (2 mM) was placed in the upper electrode buffer required 

for the electrophoresis o f the gel used for the transfer o f protein to ProBlott. This 

agent was used to scavenge free radicals present in the gel that might otherwise 

produce N-terminal blocking. A three buffer system was used for the transfer of 

proteins to the Problott:

Table 2.13 Buffers used for the transfer of proteins to Problott

Buffer Components

Anode 1 Tris (0.3 M, pH 10.4) and methanol (10 %, v/v)

Anode 2 Tris (25 mM, pH 10.4) and methanol (10 %, v/v)

Cathode Tris (25 mM, 40 mM), e-aminohexanoic acid (pH 9.4) and

methanol (10 %, v/v)

The gel was equilibrated in the cathode buffer for 15 minutes. Two sections 

of Whatmann 3MM paper were soaked in anode buffer 1, and these were placed on 

the anode of a Hoefer semi-dry blotter. A section of Whatmann paper was then 

soaked in anode buffer 2 and this was placed on top o f the last two paper sheets. 

ProBlott was soaked in methanol for 10 seconds, followed by soaking in water for 5 

minutes, and finally the ProBlott was equilibrated in anode buffer 2 for 5 minutes 

before placing on top of all 3 paper sheets. The pre-equilibrated gel was placed on 

top of the ProBlott, followed by 3 layers of Whatmann paper equilibrated in cathode 

buffer to complete the sandwich. All air bubbles were removed and proteins were 

transferred at a rate o f 1.5 mA/cm^ from the gel.

48



When the transfer was complete the ProBlott membrane was immediately 

washed in water for 10 min. The membrane was then stained with Coomassie Blue 

R (0.1 %, w/v) in methanol (50 %, v/v) for 5 minutes and destained with several 

changes of aqueous methanol (50 %, v/v) containing acetic acid (10 %, v/v), 2-5 

minutes for each change. The membrane was then dried and stored in a sealed 

plastic bag in the freezer until required for sequencing.

2.10 PURIFICATION OF GLYCEROL-3-PHOSPHATASE

2.10.1 SIJBCELLULAR FRACTIONATION OF BLOODSTREAM FORMS

OF T. BRUCEI

The pellet resulting from the trypanosomal purification procedure was 

homogenised according to the method of Opperdoes et al. (1977c), as modified by 

Nolan (1989). The pellet of cells was transferred to a chilled ceramic mortar and 

ground with a ceramic pestle in the presence of an equivalent volume of glass 

ballotini beads (Sigma G-9018, 150-200 microns) until examination under phase 

contrast microscope showed about 90 % of the trypanosomes to be disrupted.

After a 3-6 fold dilution of the resulting paste with TES buffer (200 mM, pH 

7) containing sucrose (200 mM) and protease inhibitors (Table 2.14) the beads were 

removed from the homogenate by centrifugation at 100 ^  for 10 min at 4 °C. The 

sediment was washed three times with a small amount of TES-sucrose buffer and the 

combined supernatants were subjected to differential centrifugation in a Sorvall 

RC5C centrifuge, equipped with a 26 x 14 ml SM-24 rotor (pre-cooled). All 

centrifugation steps were carried out at 4 °C.

Unbroken cells, nuclei and cellular debris were sedimented at 2,900 rev/min 

(1,000 g) for 10 min. From the resulting post-nuclear supernatant a large granular or 

mitochondria enriched fraction was sedimented at 6,400 rev/min (5,000 g) for 10 

min, a small granular or glycosomal enriched fraction at 10,900 rev/min (14,500 g) 

for 10 min. The final centrifugation step, resulting in a microsomal fraction, was 

performed in a Sorvall Discovery 100 ultracentrifuge using a pre-cooled rotor at 

100,000 rev/min (424,000 g) for 1 hr (Fig 2.10). The final supernatant corresponded 

to the cytoplasmic fraction. The pellets from the nuclear, large granular and small 

granular fractions were washed once with TES-sucrose buffer after careful 

resuspension in a Philips all-glass tissue homogeniser (loose pestle). The pellets 

from these washes were resuspended in as small a volume o f TES-sucrose buffer as
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possible. Samples from each pellet suspension were placed in minifuge tubes and 

stored in a freezer at -20  °C.

Table 2.14 Protease inhibitors used during the purification o f glycerol-3-phosphatase

Protease Inhibitors Stock Concentration Final Concentration

Leupeptin 10 mg/ml 10 ng/ml

Pepstatin A 1 mg/ml (in DMSO) 2 ng/ml

TLCK 33 mM (in DMF) 0.1 mM

PMSF 100 m M (in DMF) 0.3 mM

2.10.2 CATION EXCHANGE CHROMATOGRAPHY ON CELLULOSE 

PHOSPHATE

Cellulose phosphate (packing density 0.5 ^  dry weight / 3 ml bed volume) 

was equilibrated with Tris buffer (10 mM, pH 7.5) in a 1.15 L (internal diameter; 

13.1 cm, height; 8.5 cm) column. The resin was washed with buffer until a constant 

bed height was achieved.

A sample of cytosol (derived from 2 x 10" trypanosomes) was applied and 

the column was washed with Tris buffer (10 mM, pH 7.5). Glycerol-3-phosphatase 

eluted in the void volume. Fractions (10 ml) were collected at a rate of 1 ml per 

minute and were assayed for glycerol-3-phosphatase activity using the stopped assay. 

The resulting inorganic phosphate released was detected using the Fiske-Subbarow 

assay.

The regeneration of cellulose phosphate was carried out as follows; the resin 

was suspended in 5 column volumes (CV) of 0.05 M NaOH containing 0.5 M NaCl 

for 10 min (maximum of 30 min) and the slurry was poured into a Buchner funnel 

while applying gentle suction, and allowing a flow rate of 1 CV in 5 minutes. The 

resin was washed with 5 CV of distilled and deionised water at 1-5 CV per 5 min. 

The resin was next resuspended in 5 CV of 0.75 M HCl and left for 10 min before 

pouring back into the funnel to remove the acid. When the liquid level fell to the top 

of the resin bed, fresh 0.75 M HCl (1 CV) was passed through the bed at a rate of 1 

CV per 15 minutes. The resin was washed with at least 9 CV of distilled and 

deionised water until the effluent showed a pH of approximately 5. Following this 

step the resin was mixed with 1-2 CV of 1.0 M NaCl (0.1 % sodium azide) and
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Figure 2.10 Subcellular fractionation of T. brucei cells

The method is that described by Opperdoes et al., (1977a) which allows separation 

into N (nuclear), LG (large-granular), SG (small-granular) and S (cytoplasmic) 

fractions.
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Fig 2.11 Standard curve for the conductivity of KCl solutions

Varying salt concentrations, as shown in the graph, were made up in lOmM Tris 

buffer (pH 7.5). All samples were measured using a Whatman CDM 300 conductivity 

meter at 4 °C. The experiment was conducted in triplicate and where there are no 

error bars the standard deviation was smaller than the symbol used. The relationship 

between salt concentration and conductivity is represented by the linear equation; y = 

0.124X+ 1.092.
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stored at 4 °C until required for use. One column volume of water was passed 

through the resin followed by equilibration with 20 volumes o f Tris buffer (100 mM, 

pH 7.5) and then equilibration with Tris buffer (10 mM, pH 7.5) before the resin 

could be used. The final wash was continued until the conductivity of the effluent 

was the same as 10 mM Tris buffer.

2.10.3 ANION EXCHANGE CHROMATOGRAPHY ON DEAE-52 

CELLULOSE COLUMN

The next step in the purification o f glycerol-3-phosphatase involved anion 

exchange chromatography using Whatman DEAE-52 cellulose (314 ml bed volume, 

height 64 cm and internal diameter 2.5 cm) equilibrated with Tris buffer (10 mM pH

7.5) containing KCl (60 mM). The pooled fractions containing glycerol-3- 

phosphatase activity from the cellulose phosphate column were applied to the 

column of DEAE cellulose at a rate of 1 ml / minute.

In each case 10 ml fractions were collected during chromatography at an 

elution rate o f 1 ml per min. Once the sample had been loaded, a sah gradient of 

KCl [60 mM —> 250 mM in Tris buffer (pH 7.5, 10 mM), 700 ml each of the low and 

high salt buffer] was applied to the column. The column was then washed with 1 M 

KCl in Tris buffer (10 mM, pH 7.5) until no further protein was detected in the 

eluate. Conductivities and protein concentrations were determined for every second 

fraction. Glycerol-3-phosphatase activity was determined with a stopped assay using 

the Fiske-Subbarow method for measuring the inorganic phosphate produced. Every 

second fraction was assayed for phosphatase activity.

2.10.4 CONCENTRATION OF POST DEAE-CELLULOSE SAMPLE

The post DEAE-cellulose fractions containing glycerol-3-phosphatase 

activity were pooled and typically amounted to about 200 ml. Therefore, it was 

necessary to concentrate the protein in this sample before applying it to the gel 

filtration column. The pooled fractions were diluted with TES buffer (10 mM, pH

7.5) until the conductivity o f the sample was about 9 |uS / cm x 1000 (Fig 2.11) and 

then applied at a rate o f 0.5 ml per minute to a 40 ml DEAE-52 column (height = 7 

cm, diameter = 2.6 cm) pre-equilibrated with TES buffer (10 mM, pH 7.5). Once the 

sample had been applied glycerol-3-phosphatase was eluted with 300 mM KCl in
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TES buffer (10 mM, pH 7.5). Fractions were collected at a rate o f 1.5 ml per 2 

minutes. The fractions were assayed for glycerol-3-phosphatase activity and the 

fractions containing the enzyme were pooled and concentrated further (0.5 ml final 

volume), by means of ultrafiltration using a centricon device.

2.10.5 GEL FILTRATION ON A SEPHACRYL S-200 COLUMN

Preswollen Sephacryl S-200 (Pharmacia; High resolution) was suspended in 

TES buffer (10 mM, pH 7.5) and the fines were removed by decantation and 

resuspension. The column was prepared by pouring a thick slurry o f gel particles 

suspended in buffer solution into a vertical glass column (1.1 cm internal diameter, 

Im height) partly filled with buffer, and packed by allowing buffer to percolate 

through the growing gel bed. The addition o f  gel was continued until a bed height of 

95 cm was obtained and then a solvent reservoir was connected to the top of the 

column and the flow of buffer maintained at a rate of 0.5 ml / 8 min. All 

experiments were performed at 4 °C with the column equilibrated in TES buffer and 

a flow rate of 0,5 ml / 8 min was maintained with the application of various amounts 

of hydrostatic pressure to the top of the column by adjustment of the position of the 

solvent reservoir.

Proteins were dissolved in equilibration buffer (0.5 ml) and the solutions 

were applied to the top of the column by allowing the column to almost run dry 

before application of the sample. The sample was run into the gel and the 

equilibration buffer was reapplied for elution. The void volume was collected in a 

graduated cylinder and the 0.5 ml fractions were subsequently collected with a 

fraction collector. Fraction volumes were determined by weight and each fraction 

was assayed for protein spectrophotometrically.

The column was calibrated with blue dextran (2,000 kDa), bovine serum 

albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), and 

cytochrome C (12.4 kDa). An elution profile o f these molecular weight markers on 

Sephracryl S-200 is shown in Fig 4.1. The elution volume, corresponding to the 

maximum concentration of solute (Fe) was estimated to the nearest 0.5 ml from the 

elution diagram, by extrapolating both sides o f the solute peak to an apex (Andrews, 

1964). A plot of Fe against Log (molecular weight) is shown in Fig 4.2. When not
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in use the column was stored at 4 °C in equilibration buffer containing sodium azide 

(0.02 % w/v).

2.11 METHODS USED IN THE INITIAL CHARACTERISATION OF 

GLYCEROL-3-PHOSPHATASE 

2.11.1 DETERMINATION OF THE pi OF GLYCEROL-3-PHOSPHATASE

2.11.1.1 Desalting of glvcerol-3-phosphatase eluted from a DEAE-52 

column

Sephadex G-25 (Sigma; fractionation range 1000-5000) was used to remove 

the salt from the enzyme fractions eluted from the DEAE-52 cellulose column and to 

equilibrate the enzyme in the starting buffer required for chromatofocusing. The gel 

was suspended in water and allowed to swell for 3 h at room temperature or 

overnight at 4 °C, and then the smallest particles or fines were removed by 

decanting. The gel was equilibrated with the starting buffer required for running the 

chromatofocusing column (r = 0.4 cm, h = 44 cm typically). Once the sample was 

loaded the column was washed with the same buffer. A sample size not greater than 

30 % o f the total bed volume was used to ensure good recovery o f the desalted 

sample and sufficient removal o f salt. Each fraction was assayed for enzyme 

activity.

2.11.1.2 Chromatofocusing

A PBE™ 94 (Poly buffer exchanger 94) column (internal diameter 0.65 cm 

and height 11.5 cm) was equilibrated with starting buffer (0.025 M imidazole-HCl, 

pH 7.4). All buffers were degassed before use. The slurry, dispersed in a small 

amount o f  starting buffer, was also degassed prior to packing o f the column. 

Polybuffer 74 (5 ml, pH 4 HCl; 1:8, Polybuffer 74; H2O; Pharmacia Biotech) was 

applied to the column followed by the sample, which had been exchanged into 

starting buffer by gel filtration. Polybuffer 74 was applied to the column following 

the sample application. Fractions (1 ml) were collected at a rate o f  1 ml/min. The 

pH o f each fraction was measured shortly after elution and samples were removed 

for assay o f enzyme activity. The pH o f each fraction was adjusted to 6.8 by the 

addition o f  an equal volume o f  imidazole buffer (250 mM, pH 7). Enzyme activity 

was assayed using the fluorescence assay for glycerol, because Polybuffer 74 was 

found to interfere with the Fiske-Subbarow assay.
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2.11.2 pH ACTIV ITY PROFILE

Glycerol-3-phosphatase was exam ined for activity over a range o f  pH values. 

The stability o f enzyme activity was also determ ined over the same range o f 

concentrations.

Separate portions o f  a titration buffer containing cacodylate, fumaric acid and 

bicine (200 mM each) were adjusted to various concentrations over a range o f  pH 

4-9. Cytoplasmic fraction (high-speed supernatant, 2.7 |u,l) was added to the cocktail 

buffer (35.8 )il) and incubated for 1 hour on ice at the various H^ concentrations. 

Glycerol-3-phosphate (10 mM, 26.9 |^1), M gCl2 (50 mM, 9 |nl) and H2O (33 |li1) were 

then added and the reaction was allowed to proceed for 45 min at room temperature. 

The reaction was stopped in the usual manner, by the addition o f  TCA, and assayed 

for liberated phosphate by way o f the Fiske-Subbarow assay.

The stability o f  enzyme activity was te sted by exposing the enzyme for 1 hour 

to a range o f H* concentrations, by adding various amounts o f a solution containing 

boric acid (20 mM) and either fonnic acid (20 mM) or formic acid (200 mM) 

adjusted to pH 10 and 3.75 respectively. Then the activity remaining after 

readjusting the H concentrations to anyone o f  several standard values, pH 6, 6.8 and 

8 was assayed.

2.12 THE ISOLATION OF INTRACELLULAR GLYCOLYTIC 

INTERMEDIATES FROM TRYPANOSOMAL CELLULAR EXTRACTS

Tes buffer (330 ml at 37 °C and pH 7.4) containing TES (30 mM), NaCl (138 

mM), KCl (4 mM), Na2HP0 4 ( l mM), MgCl2 (4 mM), sucrose (60 mM), glucose (5 

mM) and adenosine (0.2 mM ) was aerated w ith 99.5 % O 2 for 1 minute to saturate it 

with oxygen. SHAM (1 mM ) was added where required before the addition of 

trypanosomes (2.5 x 10'° in 25 ml o f Tes buffer). The trypanosomes were incubated 

in a final volume o f 355 ml under an atmosphere o f 99.5 % O2 at 37 °C for 5 min 

with constant shaking in a 5 L conical flask to provide a high surface to volume ratio. 

After 5 min the cells were cold quenched in 5 volum es o f  ice-cold quench buffer (30 

mM TES, 140 mM NaCl, 4 mM KCl, 3 mM MgCU and 65 mM sucrose, pH 7,4). 

The cells were centrifuged at 1000 g  (3 °C) for 10 min, the supernatant was removed, 

the insides o f  the centrifuge bottle dried with t issue and the pellet drained o f  excess

54



liquid with long strips of filter paper to remove as much extracellular solution as 

possible. The cells were washed 4 times in ice-cold quench buffer (35 ml each wash) 

and centrifuged as previously described. A sample of the supernatant after the last 

centrifugation step was retained in order to determine the concentration of 

extracellular metabolites remaining after the completed washing cycles.

Protein-free cellular extracts were prepared by resuspending the pellet of cells 

in a mixture of distilled and deionised water (40 ml), EDTA (60 mM, pH 7.5, 16 ml) 

and an organic cocktail containing phenol, chloroform and isoamyl alcohol in a ratio 

of 38:24:1 by volume (26 ml) at 0-4 °C (Wanders et ai,  1984). The mixture was 

vigorously agitated and then centrifuged at 12000 g for 2 min. The aqueous upper- 

layer containing the metabolites was removed and extracted 4 times with 3 volumes 

of ether to remove dissolved organic solvents. The resultant solution was either 

assayed directly for glycerol-3-phosphate, ATP, ADP or inorganic phosphate or 

further treated with Dowex ion exchange resin to remove charged metabolites so that 

glycerol could be assayed easily. In the later case the sample was first passed 

through a Dowex 50W column (20 cm x 0.8 cm) in the H' form and then through a 

Dowex 1X8 column (20 cm x 0.8 cm) in the OH' form. The desalted sample was 

freeze-dried and resuspended in as small a volume of deionised and distilled H2O as 

possible.

2.13 DETERMINATION OF THE CONCENTRATIONS OF 

INTRACELLULAR METABOLITES

ATP was measured using a luminescence assay with the enzyme luciferase. 

The assay mixture contained Tricine (20 mM), MgS0 4 .7H2 0  ( 2.67 mM), EDTA ( 0.1 

mM, pH 8.0), DTT ( 33.3 mM), acetyl coenzyme A (lithium salt, 270 |liM) and 

luciferin (6 mg, once this is added keep the reaction mixture in the dark by wrapping 

in aluminum foil). The volume of the reaction mixture was made up to 40 ml with 

distilled and deionised H2O and NaOH was added (114 jil o f a 2 M solution). The 

reaction mixture changes to a yellow colour upon addition o f the base. Magnesium 

carbonate hydroxide was then added (240 )l i 1 of a 50 mM solution). The solution was 

stored at -20  °C in minifuge tubes wrapped in aluminum foil. Each assay mixture 

was composed of reaction mixture (40 )al), Tris-Acetate buffer (20 |iil, pH 7 .75, 0.4 

M), ATP/sample (40 |j,l) and luciferase (2 fal). An integration time of 5 second was
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chosen to measure the luminescence. Standards were measured each time a sample 

was assayed and the amount o f  ATP in the sample was calculated from the standard 

curve (Fig. 2.12).

The amount o f ADP in a sample was determined by treating half o f a sample 

with a reaction mixture [phosphoenolpyruvate (0,5 mM ), MgCl2 (3 mM), KCl (0.5 

mM) and pyruvate kinase (7 U) in a final volume o f 40 |il] that would convert all o f 

the ADP to ATP for 10 min at 30 °C. The treated and untreated samples were then 

added to the ATP luminescence reaction mixture as previously described. The 

difference in the treated and untreated readings directly correlated to the amount o f 

ADP present in the sample.

Glycerol was measured using glycerol kinase, glycerol-3-phosphate and the 

NADH fluorescence assay as previously described (Section 2.6,1), Glycerol-3- 

phosphate was measured using glycerol-3-phosphate dehydrogenase and the NADH 

fluorescence assay (Section 2.6,1),

2.14 THE SYNTHESIS OF P P / U-^"CI-LABELLED L-GLYCEROL-3- 

PHOSPHATE

Radiolabelled glycerol-3-phosphate was synthesised in a reaction mixture 

containing the following components:

Table 2.15 Components required for synthesis o f  radiolabelled L-glycerol-3- 

phosphate

Component Stock Concentration Volume

Glycine 30 mM, pH 9 1 ml

MgCh 50 mM 36 |L t l

Glycerol 100 mM 20 ^1

Glycerol kinase 5 U 10 1̂1

[''P]-labelled ATP 50 |j,C i/16,5 pmol 5 |j,l

ATP 0.2 M 5 )L ll

The components o f the assay were added in the order shown in the table and 

incubated for 10 min at 37 °C, In the case where [U‘'*C]-labelled glycerol-3- 

phosphate was synthesised the concentrations o f glycerol and ATP shown above
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Fig 2.12 A typical standard curve for the measurement of ATP by luminescence

Samples (40 fal) containing various amounts of ATP (0-20 pmol) were assayed for 

ATP using the luciferase luminescence assay as described in the methods section. 

The sample was added to the assay mixture (40 |ul), Tris-acetate buffer (20 ^1) and 

luciferase (2 ^1). The integration time was 5 seconds. The experiment was conducted 

in triplicate and each datum represents the mean + S.D. of the mean.
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were reversed. Labelled glycerol (50 fxCi/ 16.5 pmol, 5 jal) was added to the reaction 

mixture before the unlabelled glycerol.

Following the incubation step, the reaction mixture was loaded onto a 1.5 ml 

Dowex 1X8-200 column (23 cm x 0.288 cm) at a rate o f 1 ml/min and a gradient was 

applied (0-1 M formic acid, 180 ml). ATP does not elute with this gradient. 

Glycerol-3-phosphate detection was completed by taking 20 |u,l from each fraction 

and measuring the radioactivity o f each sample in the liquid scintillation counter. 

The combined fractions were extracted over night with ether using a continuous ether 

extraction set up to remove formic acid. The next day the ether layer was removed 

by decanting. The aqueous sample was loaded onto a 1.5 ml Dowex 1X8-200 

column (23cm x 0.288 cm, equilibrated with 10 volumes o f 1 M HCl and then 

thoroughly washed with HjO until the pH o f the eluant was the same as the H 2 O 

applied to the column) at a rate o f 1 ml/min. The column was washed with 2 mM 

HCl (pH 2.7) until the [^^P]-labelled glycerol-3-phosphate eluted (required 

approximately 300 ml). When detection o f [U-‘''C]-labelled glycerol-3-phosphate 

was required the column was first washed with HjO until all [U''‘C]-labelled glycerol 

was removed and then a 2 mM HCl (pH 2.7) wash was applied. The fractions 

containing radiolabelled glycerol-3-phosphate were combined and freeze-dried 

twice The dried sample was resuspended in 1 ml HjO and neutralised with NaOH 

(0.1 M). Ethanol (50 |ul) was added to help prevent damage to the substrate caused 

by radiation. The sample was stored in the -8 0  °C freezer.

2.15 THE SEPARATION OF GLYCOLYTIC INTERMEDIATES BY ION 

EXCHANGE CHROMATOGRAPHY

Glycolytic intermediates were separated by ion exchange chromatography 

using Dowex 1X8-200 resin. Before use the resin was equilibrated with 7 volumes 

o f  ammonium formate (5 M) and extensively washed with H 2 O until the eluant was 

the same pH as the H2 O. Standards were loaded onto a 1.5 ml Dowex 1X8-200 

column (23cm x 0.288 cm) at a rate o f  1 ml/min and the first gradient was applied (0- 

1 M formic acid, 180 ml). Fractions (approximately 2.5 ml) were collected at a rate 

o f 1 ml/min. The second gradient (0 -  5 M formic acid, 180 ml) was applied once 

fraction 60/61 had been collected. Formic acid (5 M) was brought to pH 3 with 

triethylamine before use. This gradient was allowed to run to completion. The
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elution profile of standards is shown in Fig 2.13. Fractions from the first gradient 

were dried in a speedivac before being assayed, provided they were not radioactive. 

Fractions in the second gradient were freeze dried before been assayed for glycolytic 

intermediates.

2.16 INCUBATION OF ANAEROBICALLY RESPIRING 

TRYPANOSOMES WITH RADIOLABELLED L-GLYCEROL-3- 

PHOSPHATE

Cells (2 X 10^) were washed twice in 3 ml of ice cold iso-osmotic Tes buffer 

containing no glucose or Pj (see Swell Buffer, table 2.1) and resuspended in 300 |ul of 

the same buffer. The cell suspension was diluted while continuously swirling to 

cause cellular swelling. The hypo-osmotic solution was composed of SHAM (20 ĵ l 

of 100 mM), glycolytic intermediates and adenosine (at a final concentration o f 1 

mM each, unless otherwise specified) and radio-labelled L-glycerol-3-phosphate (3.3 

fiCi, 0.066 |a.mol) in a final volume of 1.55 ml at room temperature. The cells were 

examined for mobility under a phase contrast microscope throughout the incubation 

period at room temperature to ensure they were alive.

After 10 min the incubation was terminated with the addition of a mixture of 

phenol, chloroform and isoamyl alcohol (38:24:1, v/v/v, 1 ml) and EDTA (50 mM, 

200 |j,l) with vigorous agitation (Wanders et al., 1984). The sample was incubated on 

ice for 15 minutes and the organic and aqueous layers were separated by 

centrifugation for 2 min in a benchtop centrifuge at 10,000 rpm. The protein free 

supernatant was removed and extracted with 3 volumes o f ether. The ether-extracted 

sample was chromatographed as described in section 2.15. Fractions containing 

radioactivity from the first gradient were extracted with ether, then freeze-dried and 

finally assayed for the presence of various glycolytic intermediates. Fractions from 

the second gradient were freeze-dried before being assayed for glycolytic 

intermediates. The distribution of radioactivity was measured by taking an aliquot of 

each fraction and counting in a liquid scintillation counter (1500 Tri-Carb Liquid 

Scintillation analyzer from Packard).
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Fig 2.13 The elution profile of glycolytic intermediates from a Dowex 1X8-200 

column

Glycolytic intermediates (1 ^imole each in 10 ml o f  distilled and deionised H 2O) were 

combined at a rate o f  1 ml per minute. The elution volume o f  each glycolytic 

intermediate, corresponding to the maximum concentration o f each solute (Ye) was 

estimated to the nearest 1 ml by extrapolating both sides o f the solute peak to an apex 

(Andrews, 1964). The peaks were normalised by dividing each data point by the 

highest data point in a particular assay.

Glycolytic Elution Volume Method of detection

Intermediate (»"e)

[Peak Fraction]

G1 ucose-6-phosphate 68.5 ml [26] Glucose-6-phosphate dehydrogenase

Glycerol-3-phosphate 84.5 ml [32] Glycerol-3-phosphate dehydrogenase 

(+ hydrazine)

Di hydroxy acetone 108.5 ml [41] Glycerol-3-phosphate dehydrogenase

phosphate

Inorganic phosphate 111 ml [42] Fiske-Subbarow assay at 630 nm

M onophosphoglycerate 186 m l [70] 1) Phosphoglycerate mutase, enolase, 

PK and LDH, 2) chromotropic acid.

ADP 187 m l [70] l)P K a n d L D H , 2) 260 nm

Phosphoenolpyruvate 199.5 ml [74] PK and LDH

ATP 216 ml [80] 1) HK and glucose-6-phosphate 

dehydrogenase, 2) 260 nm

B i sphosphogl y cerate 220 m l [82] 1) Phosphoglycerate kinase, HK and 

glucose-6-phosphate dehydrogenase,

2) chromotropic acid.
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2.17 THE ENZYMATIC IDENTIFICATION OF RADIOLABELLED

GLYCOLYTIC INTERMEDIATES FOLLOWING SEPARATION BY 

ANION EXCHANGE CHROMATOGRAPHY

The elution profiles produced after incubation of trypanosomes with p^P]- 

labelled L-glycerol-3-phosphate were compared with elution profiles constructed 

following chromatography of standards to identify the content o f the radiolabelled 

peaks (see Fig 2.13). Glycolytic intermediates were also identified enzymatically. 

The enzymatic reactions were selected so that the radiolabelled product of the 

reaction would elute in a different position to the substrate of the reaction, thus 

separating the two components and establishing if the peak was composed solely of 

one intermediate or if  a second was also present. Fractions in the peak under 

investigation were brought to pH 3 with triethylamine and freeze-dried. Half to a 

third of the freeze-dried sample (total was resuspended in 1 ml deionised and 

distilled HjO) was rechromatographed without further treatment on a Dowex 1X8- 

200 column as a control (see Section 2.15). A separate half to a third of the freeze- 

dried sample was treated with reaction media to convert the substrate to the proposed 

product (see Table 2.16 below for further details on the reaction media). The re

chromatographing of the sample following this treatment positively or negatively 

confirmed that the peak was comprised solely of the intermediate under 

investigation.
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Table 2.16 Enzymatic reactions used for the identification of radiolabelled

intermediates

Possible composition 
of peak

Transfer reaction 
(Substrate - >  product)

Reaction conditions

1. Glucose-6-phosphate 1 Glucose-6-phosphate -> 
ATP

1. Phosphoglucose isomerase (2U), 
phosphofructose kinase (2U), pyruvate 
kinase (2U) and lactate dehydrogenase 
(2U), Bergmeyer, 1974.

2. Glycerol-3-phosphate 2. GIycerol-3-phosphate -> 
dihydroxyacetone phosphate

2. Glycerol-3-phosphate dehydrogenase 
(2U), NADH fluorescence (see methods 
Section 2.6.1)

1. Dihydroxyacet- 
onephosphate

2 Inorganic phosphate

1. Dihydroxyacetone 
phosphate ->  Giycerol-3- 
phosphate

1. Glycerol-3-phosphate dehydrogenase 
(2U), Bergmeyer, 1974.

1. Monophosphoglycerate 1. Monophosphoglycerate -> 
ATP

1. Enolase (2U), phosphoglycerate mutase 
(2U), pyruvate kinase (2U) and lactate 
dehydrogenase (2U), Bergmeyer, 1974.

2 ADP 2 ADP -> ATP 2. See section 2.13 for details
Phosphoenolpyruvate Phosphoenol

pyruvate ATP
Pyruvate kinase (2U) and lactate 
dehydrogenase (2U), Bergmeyer, 1974.

1 ATP 1. ATP glycerol-3- 
phosphate and
dihydroxyacetone phosphate

1. Glycerol kinase (2U) and glycerol-3- 
phosphate dehydrogenase (2U), NADH 
fluorescence (see methods Section 2.6.1).

2 Bisphosphoglycerate 2. Bisphosphoglycerate -> 
monophosphoglycerate + 
ATP

2. Phosphoglycerate kinase (2U), 
Bergmeyer, 1974.

2.18 QUANTITATIVE ESTIMATION OF RADIOACTIVITY FOUND IN 

OVERLAPPING PEAKS

The elution profiles of glycerol-3-phosphate and inorganic phosphate 

overlapped and so absolute measurements of the amounts of each could not be taken 

directly from the data. For all degrees of peak overlap it is well established that peak 

height is a more accurate measure o f the sample size than peak area o f a symmetrical 

peak (Hunt, 1985 and Foley, 1987). In this study the peak height of glycerol-3- 

phosphate was used to measure the amount of radioactivity in the total peak, while 

the amount of radioactivity in the inorganic phosphate peak was calculated by 

deducting this value from the total amount of radioactivity in the two overlapping 

peaks. Standards were used to construct a relationship between peak height and the 

amount of radioactivity in the glycerol-3-phosphatase peak. A series of increasing

60



Fig 2.14 The determination o f the reproducibility of the elution profile of 

labelled L-glycerol-3-phosphate (3.3 jxCi, 0.066 {imol) from a 1.5 ml Dowex IX 8 

column

The sam ple was loaded in 1 ml o f  H 2O onto the colum n and eluted w ith a form ic acid 

gradient as described in the m ethods section. The distribution o f  was detected 

using liquid scintillation counting. The experim ent was conducted in triplicate and 

the graph shows the elution profile o f  each run.
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Fig 2.15 Total peak DPMs as a function of peak height

Aliquots o f  [^^P]-labelled L-glycerol-3-phosphate (containing varying amounts o f 

radioactivity and correspondingly increasing concentration o f L-glycerol-3- 

phosphate) were loaded onto a 1.5 ml Dowex IX 8 column and eluted with a formic 

acid gradient as described in the methods section 2.15. The total amount o f in 

each peak was measured using liquid scintillation counting. The height o f  each peak 

was measured and expressed in DPM units by extrapolating both sides o f the solute 

peak to an apex (Andrews, 1964). The relationship between peak height and the total 

amount o f radioactivity was found to be linear, and is represented by the equation; y = 

4.666X + 34338.133.
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quantities of [^^P]-labelled L-glycerol-3-phosphate (specific activity remained the 

same as quantities increased) were chromatographed independently using the 

conditions for separation o f glycolytic intermediates as previously described (section 

2.15). It was shown that glycerol-3-phosphate chromatographed in a reproducible 

fashion by repeating this step three times for one of the concentrations (Fig 2.14). 

The fractions were assayed for radioactivity in a liquid scintillation counter and the 

sum o f counts from all fractions was calculated. The height o f each peak was 

calculated by extrapolation. The sum of the counts in all fractions was expressed as a 

function of peak height and the curve constructed was used to determine the total 

amount of radioactivity in the [^^P]-labelled L-glycerol-3-phosphate peaks in cell 

experiments (Fig 2.15).

The ratio o f glycerol-3-phosphate to inorganic phosphate in cell experiments 

was determined by deducting the counts attributed to glycerol-3-phosphate from that 

of the sum of the total counts o f both peaks. It was noted, however, this method only 

allowed an estimation o f these values and that there was a degree of error involved. 

The remaining peaks, monophosphoglycerate, phosphoenolpyruvate and ATP, were 

sufficiently separated from each other so that the amount of radioactivity could be 

easily estimated by simply calculating the sum of the counts in each fraction of the 

peak.
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CHAPTER 3

THE LOCALISA TION AND PURIFICA TION OF TRYPANOSOMAL 

GL YCER0L-3-PH0SPHA TASE



3.1 INTRODUCTION

Glycerol-3-phosphatase (EC 3.1.3.21) activity in trypanosomes was first 

reported by Opperdoes & Borst (1977a) and was described as having an activity of 

20 nmol/min/mg protein in bloodstream forms. Van Schaftingen et al. (1987) later 

confirmed the presence of glycerol-3-phosphatase in T. brucei when they reported its 

position in an elution profile of trypanosomal proteins from an anion-exchange 

column. They also reported that the phosphatase had a high (3 mM) for glycerol- 

3-phosphate. However, the enzyme was not further investigated or characterised. 

Consequently, there are no published reports o f the purification of the enzyme, its 

kinetic properties or its amino acid sequence. Furthermore, the physiological role of 

the enzyme in the organism is unknown, even though it could be considered an 

obvious candidate for the conversion of glycerol-3-phosphate to glycerol, an end 

product o f glycolytic metabolism under anaerobic conditions. It seems likely that 

this possibility was not seriously considered because of the early suggestion that this 

role was fulfilled by glycerol kinase (EC 2.7.1.30) activity in the reverse direction 

(Opperdoes & Borst, 1977a). This suggestion was accepted by many laboratories 

(Hammond & Bowman, 1980a,b; Gruenberg et al., 1980; Visser et a i, 1981; 

Krakow & Wang, 1990; Steinborn et al., 2000; Kralova et al., 2000; Helfert et al., 

2001 and Maldonado & Fairlamb, 2001) because such a hypothesis solved the 

missing ATP predicted by a more classical scheme o f anaerobic glycolysis in 

bloodstream forms of T. brucei.

As glycerol-3-phosphatase is clearly a potential competitor of glycerol kinase 

for the substrate glycerol-3-phosphate its possible significance in the overall 

glycolytic pathway cannot be ignored. The glycolytic enzymes in T. brucei are 

distributed between the glycosome and the cytosol (Opperdoes & Borst, 1977a). 

This conclusion is supported by results from latency experiments, differential 

centrifugation and pulse labelling experiments (Visser & Opperdoes, 1980; Oduro et 

al., 1980a and b; Visser et al., 1981). This chapter presents studies of the 

localisation of glycerol-3-phosphatase in the cell and its purification. The cellular 

location of glycerol-3-phosphatase was conducted for three reasons: first, in order to 

establish whether or not it was in the same cellular compartment as glycerol kinase, 

second, knowledge of its location helps in the characterisation o f the enzyme and 

third, localisation can help the design of the first step in the purification of the 

enzyme. The purification of glycerol-3-phosphatase in the current study allowed
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better characterisation o f the enzyme, such as substrate specificity, molecular weight 

determination, the investigation of whether or not the enzyme was composed of 

subunits, sequence analysis o f the protein and kinetic studies of glycerol-3- 

phosphatase activity. The purification process involved subcellular fractionation, 

cation exchange chromatography, anion exchange chromatography and gel filtration. 

Finally, activity stains o f glycerol-3-phosphatase were carried out on non-denaturing 

native gels to ensure the proteins purified were indeed glycerol-3-phosphatase.
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3.2 RESULTS

3.2.1 TRYPANOSOMAL GLYCEROL-3-PHOSPHATASE ACTIVITY

Glycerol-3-phosphatase activity was found to exhibit a rate of 35.6 + 7.3 

nmol/minymg protein when permeabihsed whole bloodstream trypanosomes were 

assayed in the presence of Triton-XlOO. Similarly, whole procyclic trypanosomes 

(frozen and thawed), assayed in the presence Triton-XlOO, displayed a glycerol-3- 

phosphatase activity of 28.3 + 4.1 nmol/min/mg protein (Table 3.1).

3.2.2 THE SUBCELLULAR LOCALISATION OF GLYCEROL-3- 

PHOSPHATASE AND A COMPARISON STUDY WITH GLYCEROL 

KINASE

3.2.2.1 The subcelluiar fractionation of trvpanosomes and the cellular

localisation of glycerol-3-phosphatase

In order to identify the location of glycerol-3-phosphatase in the cell a 

subcellular fractionation of bloodtsream form trypanosomes was conducted. The 

cells were broken according to the procedure of Opperdoes et al. (1977a), as 

modified by Nolan (1989) and the resulting homogenate subjected to a series of 

differential centrifugation steps to produce six final fractions: a fraction containing 

unbroken cells, nuclei and cellular debris, a large granular or mitochondrial enriched 

fraction, a small granular or glycosomal enriched fraction, a microsomal fraction and 

finally a cytosolic fraction. Each pellet from the first four fractions was washed 

twice before being resuspended and assayed.

Each fraction was assayed for the activity catalysing the synthesis of 

glycerol-3-phosphate (glycerol kinase, EC 2.7.1.30) and that catalysing its 

breakdown (glycerol-3-phosphatase, EC 3.1.3.21) as well as for the established 

marker enzymes (Opperdoes & Borst, 1977a; Oduro et al., 1980a,b) of the 

glycosome (phosphofructokinase, EC 2.7.1.11) and the cytoplasm (pyruvate kinase, 

EC 2.7.1.40). Fig 3.1 shows the standard graphical distributions of these enzymes in 

each subcellular fraction and table 3.2 records both the specific activities o f the 

different enzymes in each subcellular fraction as well as their total activities and 

recoveries. The highest specific activity o f glycerol-3-phosphatase was found in the 

cytosolic fraction (56.89 nmol/min/mg protein), while the highest specific activity of 

the glycerol kinase (17.75 )u,mol/min/mg protein) was found in the glycosomal 

fraction. In addition the highest total activity of glycerol-3-phosphatase, 1.52
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Trypanosomes
assayed

Glycerol-3-phosphatase specific activity

(nmol/min/mg)

Bloodstream forms 35.63 ±7.3

Procyclic forms 28.31 ±4.1

Glycerol kinase specific activity

(nmol/miiv/mg)

Bloodstream forms 2.4 ±0.5

Procyclic forms 2.7 ±0.3

Table 3.1 Glycerol-3-phosphatase and glycerol kinase activity in 

homogenised trypanosomes.

Trypanosomes (4.5 x 10  ̂c e lls /100 fil) were treated with 0.2 % Triton-XlOO 

(100 (il) as described in the methods section. A sample (20 fjl) was taken 

and assayed for glycerol-3-phosphatase activity in the presence of L- 

glycerol-3-phosphate (20 mM) using the stopped assay. Inorganic 

phosphate produced during the reaction was measured using the Fiske- 

Subbarow assay. Glycerol kinase activity was assayed as described in the 

methods section (forward direction). Protein concentration was measured 

using the Markwell assay. The experiment was conducted in triplicate and 

each value represents the mean + the S.D.



Total Activity 

(|j.mol/min)

Specific Activity 

(|imoL/min.mg protein)

Homogenate Homogenate Nuclear

fraction

Large granular 

fraction

Small granular 

fraction

Microsomal

fraction

Cytoplasmic

fraction

% recovery

Protein (mg) 56.34 12.4 ±0.2 6.1 ±0.02 2.66±0.44 7.7 ±0.95 26.73 ±2.08 98.7 ±5 .9

Phosphofructokinase 55.9 1.00±0.10 0.68 + 0.05 2.53 ±0.22 4 42 ± 0.46 1.20 ±0.09 0.06 ±0.04 79.98 ± 6.24

Glycerol kinase 233.5 3.17±0.28 0.21 ±0.01 6.47 ±0.41 13 .3 ±  1.66 4.76 ±0.22 1.11 ±0.21 80.26 ±7.57

Pyruvate kinase 272.6 4.85 + 0.65 1.01 ±0.27 1.26 + 0.27 0.96 ±0.28 4.45 ±0.90 13.95±0.83 94.36 ±1.79

Glycerol-3-

phosphatase

2.0 0.035 ± 0.003 0.008 ±0.001 0.0012 ±0.007 0.015 ±0.003 0.016 ±0.001 0.057 ±0.002 94.36 ±3.71

Table 3.2. The specific activities of phosphofructokinase, glycerol kinase, pyruvate kinase and glycerol-3-phosphatase in subcellular 

fractions isolated from bloodstream forms of T. bruceL

Trypanosomes (1.5 x lO'") purified from the blood o f two rats, were homogenized, subjected to subcellular fractionation and the activities of the 

enzymes in each fraction determined as described in the methods section. The protein content o f each fraction was determined using the 

Markwell assay for protein. The assays were conducted in triplicate and the values shown represent the mean + S.D.



Fig 3.1 Distribution of glycolytic enzymes from bloodstream forms of T. 

brucei in fractions obtained by differential centrifugation

Fractions are plotted in the order o f their isolation, i.e. (from left to right) 

nuclear, large-granular, small granular, microsomal and high speed supernatant 

fractions. The ordinate represents the relative specific activity (specific activity 

in the fraction/specific activity in the homogenate). The abscissa indicates the 

cumulative protein content. The data used to construct the figure is presented in 

tabular form in Table 3.2.
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fimol/min (76 % recovery o f the total cell activity) was found in the cytosolic 

fraction, while a large but not the highest, total activity of glycerol kinase, 47.2 

|a,mol/min (20.2 % recovery of total cell activity) was found in the glycosomal 

fraction (Table 3.1).

3.2.2.2 Latency studies of glvcerol-3-phosphatase and other glycolytic 

enzymes

Latency experiments were conducted on the homogenate and on the fraction 

which contained the highest specific activity for each enzyme by measuring the 

activity of each enzyme in the absence and presence o f 0.2 % Triton X-100 in 

isosmotic assay medium (Table 3.3). Glycerol kinase and phosphofructokinase were 

both found to be latent in the glycosomal fraction (79.5 % and 90.7 % respectively). 

These results are in general agreement with those published by Visser & Opperdoes 

(1980) and Hammond et al. (1985), who respectively, found glycerol kinase to be 90 

% and 82 % latent, while these same workers respectively found

phosphofructokinase to be 71 % and 75 % latent. In other words both the current 

study and those in the literature found high latencies, for both enzymes. In the 

present study, both glycerol-3-phosphatase and pyruvate kinase were found to be 

only very slightly latent in the homogenate (3.9 % and 3.5 % respectively) with, as 

expected, no significant latency in the high-speed supernatant.

3.2.2.3 The localisation of glycerol kinase following treatment of 

glycosomes with high ionic strength salt washes

Finally, to test whether glycerol kinase was truly a glycosomal enzyme or 

simply associated with the outside of the organelle membrane, glycosomes were 

washed with increasing concentrations of KCl (0-500 mM, Table 3.4). The washed 

glycosomes were then centrifuged and both the pellet and supernatant assayed for 

glycerol kinase activity. As the ionic strength increased, the amount o f glycerol 

kinase activity in the supernatant also increased. However, even under conditions of 

the highest ionic strength (500 mM KCl), the glycerol kinase in the supernatant was 

only at 18.9 % o f the total, leaving 81.1 % particulate in the glycosomal rich fraction. 

This release of glycerol kinase is most likely to be from only those glycosomes with 

damaged membranes as a result o f the isolation procedure. Glycosomes have been 

reported to possess a multienzyme complex, which can be dissociated under
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Latency
(%)

Homogenate Small granule High Speed Supernatant

Glycerol Kinase 48 + 6 79.5 + 5

Phosphofructokinase 33 + 0.2 90.7 + 3

Glycerol-3-
Phosphatase

3.9+  1.4 0 + 3.4

Pyruvate Kinase 3.5 + 2 1.5 + 1.6

Table 3.3 Latency of glycolytic enzymes in fractions of bloodstream forms 

of T. brucei obtained by differential centrifugation of broken trypanosomes

Fractions were assayed in both the absence and the presence of 0.2 % TXIOO. 

The latency of the enzymes was determined by the following relationship:

[((activity in the presence of TX100~) - (activity in the absence of TXIOO)) x lOO] 

(activity m the presence o f TXI00)



Distribution o f glycerol kinase activity in fractions o f  isolated glycosomes 

obtained after a salt wash.

KCl wash (mM) Supernatant (%) Pellet (%)

0 2.7 97.3

5 3.4 96.6

10 3.6 96.4

100 3.6 96.4

200 10.3 89.7

500 18.9 81.1

Table 3.4 The distribution of glycerol kinase between the 

supernatant and pellet of salt washed glycosomes.

Several samples (20 ^1 each) o f  a glycosomai rich fraction were 

centrifuged for 10 min in a refrigerated bench top cenfrifuge. The 

resulting pellets were resuspended in buffer containing triethanolam ine 

(100 mM), sucrose (300 mM), M gS04  (2.5 mM) and KCl (at the 

concentrations shown) at pH 7.6 and incubated for 15 min at room 

temperature. The samples were then cenfrifuged again for 10 min in a 

refrigerated bench top centriftige. The pellets were resuspended in the 

above buffer and both pellets and supernatants were assayed for glycerol 

kinase activity in the presence o f Triton X-100 (0.2%  w/v).



conditions of high ionic strength (Oduro et al. 1980 a and b, and Opperdoes & 

Nwagwu, 1980).

3.2.3 THE PURIFICATION OF TRYPANOSOMAL GLYCEROL-3- 

PHOSPHATASE

3.2.3.1 The purification of glvceroI-3-phosphatase using ion exchange

chromatography and size exclusion chromatography

All steps in the purification of glycerol-3-phosphatase were carried out at 4 

°C and the whole procedure generally took 4 to 5 days. The cells were homogenised 

according to the procedure of Opperdoes et al. (1977a), as modified by Nolan (1989) 

in the presence of protease inhibitors. The resulting homogenate was subjected to 

ultracentrifugation (118,000 g) for 2 h at 4°C. The high-speed supernatant 

(cytoplasmic fraction) was dialysed against Tris buffer (10 mM, pH 7.5) overnight 

and subsequently subjected to several purification steps. The enzyme in the high 

speed supernatant was apparently 1.6 fold purified compared to the homogenate 

before dialysis (Table 3.2) and apparently 8.2 fold purified compared to the 

homogenate after dialysis (Table 3.5). It appeared likely that this result was due to 

the removal of low molecular weight endogenous inhibitors of the enzyme such as 

inorganic phosphate and loss of small proteins (see Fig 5 .1) by dialysis.

The dialysed cytoplasmic fraction was applied to a cellulose phosphate cation 

exchange column equilibrated with Tris buffer (15 mM, pH 7.5). The enzyme did 

not bind to the resin under these conditions and eluted in the void volume (Fig 3.2). 

Single peaks in the same position were found for both glycerol-3-phosphatase 

activity and protein concentration. However, considerable amounts o f protein were 

retained by the column and could be eluted with 1 M salt without eluting significant 

additional amounts of glycerol-3-phosphatase activity. Consequently, this step 

resulted in an additional 4 fold purification o f glycerol-3-phosphatase.

Fractions (10 ml) containing glycerol-3-phosphatase activity that were eluted 

from cellulose phosphate (typically fractions 35-45) were combined and applied to a 

DEAE cellulose column equilibrated with Tris buffer (15 mM, pH 7.5). The enzyme 

was eluted at a concentration of 100 mM KCl within a salt gradient of 0-250 mM 

(Fig 3.3), while the majority of the protein was only eluted at 1 M KCl. A further 

purification of 9.3 fold was achieved with this step.
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Fig 3.2 The elution profile of glycerol-3-phosphatase from cellulose 

phosphate

High speed supernatant (650 mg protein) was applied to a cellulose 

phosphate column (height = 8.5 cm, internal diameter = 13.1 cm). 

Glycerol-3-phosphatase was eluted with Tris buffer (10 mM, pH 7.5). 

Fractions were collected at a rate o f 1 ml/1.5min. After 1000 ml of 

eluant was collected, a solution of 1 M KCl (in Tris buffer, 10 mM, pH 

7.5) was applied to the column (see arrow). The fractions in the activity 

peak (350 ml-650 ml) were pooled. The activity o f glycerol-3- 

phosphatase in each fraction was assayed as described in the methods 

section and released phosphate was detected using the Fiske Subbarow 

assay. The resulting phosphomolybdate was measured 

spectrophotometrically at 660 nm (-•-) and protein absorbance at 280 nm
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Fig 3.3 Elution profile of glycerol-3-phosphatase from DEAE- 

cellulose

The pooled fractions from the cellulose phosphate column that 

contained glycerol-3-phosphatase activity (390 ml; 200 mg) were applied 

to a DEAE-cellulose column (314 ml bed volume, height 64 cm and 

internal diameter 2.5 cm) equilibrated with Tris buffer (10 mM, pH 7.5). 

A salt gradient (1.4 L, 0-250 mM KCl) in Tris buffer (10 mM, pH 7.5) 

was applied immediately after the sample had entered the column, 

followed by 600 ml o f 1 M KCl in Tris buffer (10 mM, pH 7.5) to elute 

any remaining proteins. Fractions were eluted at a rate of 1 ml / min. 

Panel A shows the elution profile o f glycerol-3-phosphatase activity (-•-) 

and the protein elution profile (-o-). Panel B shows the elution profile of 

glycerol-3-phosphatase activity (-•-) and the conductivity (^S/cm x 

1000) profile (-0-).
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Fig 3.4 The elution profile of glycerol-3-phosphatase from a DEAE- 

cellulose concentrating column

Fractions containing glycerol-3-phosphatase activity from the DEAE- 

cellulose column were pooled and diluted with TES buffer (10 mM, pH 

7.5) until the conductivity o f the sample was about 9 )iS / cm x 1000. The 

diluted sample (typically 500 ml) was applied to a second DEAE- 

cellulose column (40 ml, height = 7 cm, diameter = 2.6 cm) equilibrated 

with TES buffer (10 mM, pH 8). Glycerol-3-phosphatase was then 

eluted with TES buffer (10 mM, pH 8) containing KCl (300 mM) at a 

rate o f 1 ml / min. Fractions were assayed for glycerol-3-phosphatase as 

described in methods.

Fig 3.5 The elution profile of glycerol-3-phosphatase from Sephacryl 

S-200

The pooled fractions from the second DEAE cellulose column, 

containing glycerol-3-phosphatase activity, were further concentrated to 

0.5 ml, using a centricon device and ultracentrifugation, and then applied 

to a Sephacryl S-200 column (internal diameter 1.1 cm, height 95 cm) 

which had been equilibrated with TES buffer (10 mM, pH 7.5, containing 

10 mM KCl). The enzyme was eluted with the same buffer and fractions 

(0.8 ml) were collected at a rate o f 0.1 ml / min. Both glycerol-3- 

phosphatase activity (-•-) and protein (-o-) were measured as described 

in the methods chapter.
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The post DEAE-52 sample was concentrated so that gel filtration could be 

employed. This concentration step was achieved by first diluting the sample so that 

the concentration o f KCl was approximately 10 mM. The diluted sample was 

applied to a small DEAE cellulose column (40 ml bed volume), and the enzyme 

bound to the resin. The enzyme was subsequently eluted by the addition of TES 

buffer (10 mM, pH 8) containing 300 mM KCl. (Fig 3.4). The fractions containing 

enzyme activity from this column were combined and then concentrated to 0.5 ml by 

ultracentrifugation, using an Amicon device with a 10 kDa Mw cut off and applied to 

the gel filtration column. Gel filtration on Sephacryl S-200 was the last step 

employed in the purification procedure of glycerol-3-phosphatase. The enzyme was 

eluted (Fig 3.5) with TES buffer (TES, 15 mM, pH 7.5; KCl, 100 mM). This step 

gave an extra purification of 9.6 fold. The complete purification of glycerol-3- 

phosphatase is summarised in Table 3.5. The specific activity o f the enzyme purified 

by this procedure was typically 70-100 ^mol/min/mg protein. The purification of 

approximately 3000-fold suggests that only about 0.03 % of the protein in T. hrucei 

is present as glycerol-3-phosphatase.

3.2.3.2 Analysis of protein content following each purification step using

SDS-PAGE

To examine the homogeneity of the purified enzyme fractions, protein 

samples from each step of the purification procedure were analysed by Tricine SDS 

PAGE and proteins were visualised by Brillant Blue Coomassie staining (Fig 3.6). 

The protein sample isolated from the final step (size-exclusion chromatography) was 

shown to contain four protein bands with molecular weights of approximately 33 

kDa, 24 kDa, 20 kDa and 14 kDa.

3.2.3.3 Detection of glycerol-3-phosphatase on a non-denaturing native 

polyacrylamide gel following activity staining

In order to discover if the protein bands, following electrophoresis o f a 

sample o f post Sephacryl S-200 step, were components of glycerol-3-phosphatase an 

activity stain was carried out on a native gel. A sample o f the post Sephacryl S-200 

glycerol-3-phosphatase activity peak was electrophoresed on a native gel. One lane 

o f the gel was stained with Coomassie blue stain, and another lane containing the 

same sample was stained for glycerol-3-phosphatase activity using a reaction
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Fraction Volume of 
Fraction (ml)

Total Protein
(mg)

Protein 
Recovery (%)

Total Activity 
(limol/mm)

% Recovery 
of Activity

Specific Activity 
(nmol / min / mg)

Purification
(Fold)

Homogenate 8.38 719 mg 100 23.5 100 32.65 1

High Speed 
Supernatant 
(Post Dialysis)

57 226 mg 31.4 60.9 259 269.24 8.24

Post Cellulose 
Phosphate

88 57 mg 7.9 64.2 274 1,126 34.5

Post DEAE-52 0.55 2.1 mg 0.3 22.14 94.2 10,437 320

Post Sephacryl 
S-200

0.5 0.13 mg 0.018 13.08 55.7 100,638 3082

Table 3.5. Purification table of glycerol-3-phosphatase from Trypanosoma bruceL

A sample was taken from each step of the purification procedure and assayed for glycerol-3-phosphatase activity and for protein 

concentration as described in the methods section. The activity assay was conducted in the presence of 15 mM L-glycerol-3- 

phosphate at 37 °C.



Fig 3.6 Tricine SDS polyacrylamide-gel electrophoresis of a sample 

of protein from each step of the purification procedure of 

trypanosomal glycerol-3-phosphatase

Electrophoresis was carried out as described in the methods section using 

a Tricine SDS-PAGE gel. The gel was then stained for protein with 

Coomassie blue stain. Lane 1 contained a sample o f the homogenate. 

Lane 2 contained a sample o f the high-speed supernatant. Lane 3 

contained a sample o f the post cellulose phosphate pooled fractions. 

Lane 4 contained a sample o f the post DEAE-52 pooled fractions and 

lane 5 contained a sample o f the post sephacryl S200 pooled fractions. 

Lane 6 contained molecular weight markers; bovine serum albumin (66 

kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase 

(36 kDa), carbonic acid (29 kDa), trypsinogen (24 kDa) and trypsin 

inhibitor (20.1 kDa).
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Fig 3.7 Coomassie blue stain and corresponding activity stain for 

glycerol-3-phosphatase activity on a non-denaturing native gel

Partially purified glycerol-3-phosphatase (post Sephacryl S-200) 

was loaded onto a native gel and electrophoresed. Lane 1 and lane 2 

were separated by slicing the lanes apart. Lane 1 of the gel was stained 

with Coomassie blue and lane 2 was stained for glycerol-3-phosphatase 

activity in the presence of barium acetate.

Fig 3.8 Tricine SDS-PAGE electrophoresis of glycerol-3- 

phosphatase active protein bands A and B, as well as protein C

Samples of protein from the post Sephacryl S I00 fractions were 

loaded onto a native gel and electrophoresed. One lane was stained for 

glycerol-3-phosphatase activity and a second lane was stained for 

protein. The protein bands corresponding to glycerol-3-phosphatase A 

and B were excised and re-electrophoresed on a Tricine SDS- 

polyacrylamide gel in lanes 3 and 4 respectively. Protein C was also 

excised and re-electrophoresed in lane 5. Lane 1 contains low molecular 

weight markers and is shown separated from the remaining lanes as there 

were 2 empty lanes in between it and the next sample. Lane 2 contains a 

sample of glycerol-3-phosphatase from the post Sephacryl SlOO step.



Fig 3.7 Coomassie blue stain and corresponding activity stain for 
glycerol-3-phosphatase activity on a non-denaturing native gel
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active protein bands A and B, as well as protein C

kDa

39 — ► 
29 — ►

2 0 . 1— ►  

14.2—► 
6.5 —►

Lane; 1 2 3 4 5



medium that also contained 15 mM barium acetate (see methods section). Released 

phosphate was precipitated in situ as white barium phosphate and so allowed the 

identification o f those protein bands containing active enzyme. Fig 3.7 shows that 

two o f the protein bands contained active glycerol-3-phosphatase and were 

subsequently labelled glycerol-3-phosphatase A and glycerol-3-phosphatase B. 

When the native gel was stained with Coomassie blue, three protein bands were 

observed, one less band than seen on an SDS-PAGE gel, but one more band than 

seen with an activity stain. The protein band that stained with Coomassie blue in the 

native gel but did not stain for glycerol-3-phosphatase activity was located above the 

two protein bands containing active enzyme. This protein band was labelled protein 

C. These protein bands were subsequently excised for analysis by Tricine SDS- 

PAGE. The excised protein bands were placed in the stacking gel o f a Tricine gel 

(Fig 3.8) and electrophoresed. The gel was then transferred to Problot for protein 

sequencing (see chapter 7) and stained with Coomassie Blue (Fig 3.8). A standard 

curve of the relative mobilities o f several low molecular weight protein markers was 

constructed (Fig 4.4), so that the apparent relative molecular weights o f the proteins 

present in the post size exclusion chromatography sample could be determined. 

Glycerol-3-phosphatase A migrated as three prominent protein bands on the Tricine 

gel with apparent molecular weights of approximately 33 kDa, 24 kDa and 14 kDa 

which corresponded to proteins found in the post size exclusion chromatography 

sample (Lane 2). The minor protein bands of lower molecular mass contained in the 

native glycerol-3-phosphatase A band are likely to be due to proteolysis of the main 

peptide considering that they migrate in the same position as the enzyme on a native 

gel. Glycerol-3-phsophatase B migrated as only one band following the same 

procedure with an apparent molecular weight of 33 kDa. Tricine SDS-PAGE of 

Protein C on a gel showed that this protein has a molecular weight of approximately 

20 kDa. Both the post size exclusion chromatography sample and glycerol-3- 

phosphatase A contained a protein with a corresponding molecular weight. If Protein 

C was the same protein as the corresponding protein found in glycerol-3-phosphatase 

A it was also likely to be the result of proteolysis of the whole glycerol-3- 

phosphatase protein considering that the corresponding protein migrated with the 

active enzyme on the native non-denaturing gel.

One possible explanation for the appearance of two glycerol-3-phosphatase 

bands on the native gel could be due to deamidation o f the protein. The

68



Fig 3.9 Possible proteolysis and deamidation pathways of 

trypanosomal glycerol-3-phosphatase.
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intramolecular mechanism for deamidation, under neutral and basic solution 

conditions, proceeds as a result of the peptide bond nitrogen attacking asparaginyl 

carbonyl groups which subsequently causes ring closure and the concomitant release 

o f ammonia (Clarke et al., 1992). This reaction results in an overall charge 

difference between the two types of proteins (deamidated and non-deamidated, 

glycerol-3-phosphatase A and glycerol-3-phosphatase B respectively) and so on a 

native gel the proteins run separately. Furthermore, the resulting five-membered 

succinimide ring is unstable and susceptible to subsequent hydrolysis, which possibly 

explains the presence of several protein bands with different molecular weights in 

glycerol-3-phosphatase A. Despite the fact that the protein has been hydrolysed into 

smaller peptides the presence of disulphide bonds and other structure stabilising 

factors allows the protein to migrate as one band on a native non-denaturing gel. 

This spontaneous, non-enzymatic deamidation of asparagine residues is one of the 

most commonly encountered chemical modifications of proteins. The biological 

purpose of deamidation in vivo may involve the regulation of protein degradation and 

clearance, thus serving as a type o f “biological clock” (Robinson and Rudd, 1974). 

Fig 3.9 shows a diagrammatic presentation of these degradation pathways that are 

plausible explanations for the appearance of lower molecular weight proteins 

together with the larger active glycerol-3-phosphatase.

69



3.3 DISCUSSION

3.3.1 THE SPECIFIC ACTIVITY OF GLYCEROL-3-PHOSPHATASE IN 

TRYPANOSOMES

Glycerol-3-phosphatase activity was found in trypanosomes with a specific 

activity of 35.6 + 7.3 nmol/min/mg protein during the course o f this study. This 

value was almost double that of 20 nmol/min/mg reported by Opperdoes & Borst 

(1977a). More interestingly the glycerol-3-phosphatase value reported here was in 

the same region as the value reported for the reversal o f glycerol kinase activity by 

Hammond & Bowman (1980b) of 36 nmol/min/mg protein. The rate of glycolysis in 

trypanosomes has been reported in the range of 80-200 nmol/min/mg protein 

(Fairlamb & Bowman 1980, Opperdoes & Borst, 1977a). The rate of glycerol-3- 

phosphatase activity in the homogenate is, therefore, a factor o f between 2-5 less 

than that of glycolysis. Clearly the rate of glycerol-3-phosphatase activity is not 

adequate to sustain the normal rate of glycolysis if  indeed this enzyme was found to 

participate in the production of ATP under anaerobic conditions. If glycerol-3- 

phosphatase were involved in ATP and glycerol production under anaerobic 

conditions, there must be some additional steps or activating factors present in vivo 

that would enhance the overall rate of glycerol-3-phosphatase activity. Alternatively, 

the enzyme itself must catalyse the phosphotransferase reaction faster with the native 

acceptor than with water as the acceptor.

As T. brucei differentiates from bloodstream form to procylic form, the 

protein composition of the glycosome changes (Hart et a l ,  1984). Procyclic 

trypanosomes have a well-develof>ed mitochondion and so do not rely solely on 

glycolysis as an energy source, unlike the bloodstream form (Vickerman, 1965). It 

has previously been reported that the specific activity of glycerol kinase in 

bloodstream forms is the same as that found in procyclic trypanosomes (Hart et a i ,  

1984). This study confirmed these findings and the same levels of glycerol kinase 

activity were found in both forms of T. brucei. Other enzymes, including 

hexokinase, phosphoglucose isomerase and phosphofructokinase, which are essential 

to the glycolytic pathway, have been shown to be significantly downregulated, some 

by more than ten fold, in procyclic cells (Hart et al., 1984, Opperdoes et al., 1981, 

Aman & Wang 1986b). The significant changes observed between the metabolism 

of the bloodstream form and the procyclic form made an investigation of the activity 

of glycerol-3-phosphatase in both stages appealing. A reduction in the activity o f
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glycerol-3-phosphatase in procyclic cells could possibly indicate that the enzyme 

plays an important role in the glycolytic pathway in bloodstream cells. However 

such a significant reduction was not found, thus implying that this enzyme may not 

be as critical to glycolysis as other enzymes in bloodstream trypanosomes, and thus 

may fulfill a completely different role in trypanosomes.

3.3.2 THE LOCALISATION OF GLYCEROL-3-PHOSPHATASE AND 

GLYCEROL KINASE

Glycerol-3-phosphatase was found to be a cytosolic enzyme. These studies 

found that glycerol kinase, in contrast, is a latent glycosomal enzyme. Opperdoes et 

al., (1977b and c) and Borst (1977) reported an association of glycolytic enzymes in 

the glycosomes of trypanosomes. Oduro et al. (1980 a and b) confirmed this finding 

and showed that the glycolytic enzymes existed in two separate classes in 

trypanosomes: soluble enzymes, which remained in the supernatant after 

centrifugation at 105,000 g  and particle-bound enzymes. They reported that only 

three enzymes appeared to be exclusively soluble, phosphoglycerate mutase, enolase 

and pyruvate kinase. Hexokinase, phosphoglucose isomerase, phosphofructokinase, 

aldolase, triosephosphate isomerase, glycerol-3-phosphate dehydrogenase, 

glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase and glycerol 

kinase were all found, for the most part, to be in the particulate compartment, namely 

the glycosome. The gene that codes for cytosolic phosphoglycerate kinase is only 

expressed in the procyclic form of T. brucei (Osinga et al., 1985), while two 

isoenzymes of glyceraldehyde-phosphate dehydrogenase are present in the 

bloodstream form of T. brucei (Misset et al., 1987b). In the case o f glyceraldehyde- 

phosphate dehydrogenase 80 % of the total activity is found in the glycosome, while 

only 20 % is found in the cytosol. Examination of the migration pattern o f the 

glycosomal enzymes during SDS-PAGE showed that glycerol kinase could be 

removed from the glycosomal pellet by treatment with Triton X-100 (Aman et al., 

1985). This finding was not discussed in the paper. Glycosomal enzymes migrate in 

an extremely reproducible fashion on SDS-PAGE and so comparisons between 

bands corresponding to known proteins on one gel and bands corresponding to 

unknown proteins on another gel is relatively straight forward. In this case the gels 

used for comparative work were those published by Krakow & Wang (1990), 

Hammond et al. (1985) and Misset et al. (1986). Most of the glycosomal enzymes
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acted in a similar fashion to glycerol kinase, however some (phosphofructokinase 

and aldolase) required the presence of salt to totally dissociate them from the pellet. 

Previously it has been reported that the glycosomal enzymes are in a multienzyme 

complex and that under conditions of low ionic strength all enzymes in the complex, 

except phosphoglucose isomerase, which is to some extent released easily from the 

complex, associate and behave as members of a large multienzyme complex, even 

after removal of the surrounding membrane (Oduro et al., 1980 a and b; Opperdoes 

& Nwagwu, 1980), Such complexes can be dissociated into their constituent 

components by increasing the ionic strength (Oduro et al., 1980b). The results in this 

chapter confirm that glycerol kinase is located mside the glycosome, consequently, a 

salt wash (500 mM) of the isolated glycosome only removed 19 % of enzyme 

activity. This small loss was most likely due to dissociation of the multienz>'me 

complex in damaged glycosomes, which facilitated the release o f the protein into the 

surrounding solution. Opperdoes ei al. (1977c) have shown that glycerol-3- 

phosphate dehydrogenase has similar properties, with 17 % of total glycerol-3- 

phosphate dehydrogenase being found in the supernatant after washing a large 

granular fraction with 250 mM KCl. The particle bound dehydrogenase could, 

however, be solubilised by salt when the surrounding membrane was disrupted by 

sonication. Similarly, the latency experiments conducted in the present study (Fig 

3.3) strongly suggest an internal location. These results are not surprising. Glycerol 

kinase possesses a glycosomal signalling sequence (AXL) at the C-terminus 

(Steinborn et al., 2000 and Kralova et al., 2000). The vast majority of glycosomal 

enzymes so far sequenced are found to have a COOH- terminal tripeptide (PTS-1) 

motif, which is the peroxisomal targeting sequence- type 1. This type of signalling 

was first discovered in peroxisomes and is believed to be responsible for the 

transport of a protein into the glycosome (Keller et al., 1991; Sommer & Wang, 

1994b and Clayton et al, 1995). Many different variants of the signal have been 

identified. Studies conducted by Keller et al. (1991) showed that in all organisms in 

which microbodies were detected by an anti-SKL antibody, it was always the matrix 

and not the membrane of the organelles that was labelled. Therefore, it would seem 

that a protein with this type of sequence will inevitably end up in the glycosome. 

Peroxisomal proteins are targeted to the peroxisomes in other organisms in a fashion 

almost identical to that used for glycosomal proteins. However, peroxisomal 

membrane proteins do not use PTSl or PTS2 sequences for targeting to the
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membrane of the organelle (Parsons et al., 2001). Consequently, glycerol kinase in 

T. brucei must be an internal matrix glycosomal protein and is in a different 

compartment to glycerol-3-phosphatase, even though the glycosomal membrane may 

not afford a permeability barrier to its substrate.

3.3.3 THE PURIFICATION OF TRYPANOSOMAL GLYCEROL-3- 

PHOSPHATASE

This is the first time that a protein purification procedure for trypanosomal 

glycerol-3-phosphatase has been designed and implemented. The purification of 

glycerol-3-phosphatases from other organism has not been extensively reported but 

those purifications that have been reported include glycerol-3-phosphatase from 

Saccharomyces cerevisiae and the partial purification of glycerol-3-phosphatase 

from Dunaliella salina (Norbeck et al., 1996 and Sussman & Avron, 1981). 

Glycerol-3-phosphatase from S. cerevisiae was purified using ion exchange 

chromatography and size exclusion chromatography, while the partial purification of 

the enzyme from D. salina involved ammonium sulphate precipitation and ion 

exchange chromatograhy. The initial characterisation of the protein (see chapter 4 

for pi, pH and molecular weight determinations) assisted in the design o f the 

purification procedure because it revealed how the protein would behave under 

various conditions. Ammonium sulphate precipitation is commonly employed in 

protein purification. However, it was not be used in this case, as sulphate was found 

to inhibit glycerol-3-phosphatase activity (see chapter 4). For the same reasons 

phenyl sepharose and octyl sepharose chromatography, which typically use 

ammonium sulphate to increase hydrophobic interactions, were not attempted in the 

presence of sulphate. One trial using octyl sepharose with the ammonium sulphate 

replaced with KCl proved unsuccessful and no significant purification was achieved.

Chromatography on a cellulose phosphate matrix was the first step used in the 

purification o f the trypanosomal glycerol-3-phosphatase. The reason for choosing 

this exchanger resulted from chromatofocusing studies, which indicated that the 

enzyme had a pi o f approximately 5 (see chapter 4). Consequently, at pH 7.5 (the 

pH at which all purification steps were conducted) the overall charge on glycerol-3- 

phosphatase was negative and so the enzyme did not bind to the resin, thus removing 

it from all the proteins that did bind. However, at the same pH the enzyme bound to 

the DEAE-52 cellulose resin and could be further purified from the bound proteins
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by the application o f a salt gradient. Finally size exclusion chromatography was 

employed to purify the protein further. Some loss of enzyme activity did occur 

during purification. This loss could have resulted in part from factors such as 

oxidation, dilution, proteolysis and temperature lability. Proteolysis or some other 

post extraction change in the protein may explain the appearance of two glycerol-3- 

phosphatase active bands in the native non-denaturing gel, one of which contained 

several peptides.
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CHAPTER 4

THE CHARACTERISA TION OF TRYPANOSOMAL GLYCEROL-3-

PHOSPHA TASE



4.1 INTRODUCTION

Glycerol-3-phosphatase activity (EC 3.1.3.21) has not been the subject of 

many investigations reported in the literature to date. However, several laboratories 

have reported some characterisation of glycerol-3-phosphatase in organisms other 

than T. hrucei. These include the enzyme in Phycomyces blakesleeanus (filamentus 

fungus), Saccharomyces cerevisiae (baker’s yeast), Dunaliella salina (halotolerant 

algae), Candida utilis (yeast), Saccharomyces (yeast), Trichomomas vaginalis 

(parasitic protozoa) and Tritrichomonas foetus (parasitic protozoa), (Van Schaftingen 

et al., 1985b, Schmidt, 1961, Norbeck et al., 1996, Tsuboi et al., 1956, Sussmann et 

al., 1981, Gancedo et al., 1968, Palthauf et al., 1985 and Steinbiichel et al., 1986). 

The difference between these enzymes results mainly from differences in their pH- 

activity profiles, differences in their behaviour towards inhibitors, and from 

differences in their relative activities toward various substrates. To date glycerol-3- 

phosphatase from trypanosomes has not been characterised. The only evidence in 

the literature of glycerol-3-phosphatase activity in Trypanosoma brucei is a measure 

of its activity in a cell homogenate, which has been reported by Opperdoes & Borst 

(1977a), its elution profile from a Mono Q column, which was obtained during the 

purification o f two other enzymes, as well as a A',„ value for glycerol-3-phosphate 

reported by Van Schaftingen et al. (1987). In this chapter the enzyme will be 

characterised both physically and chemically. The molecular weight, pi, pH-activity 

profile, bivalent cation requirement and substrate specificity are all reported. These 

properties of the enzyme may help to unravel the role of the enzyme in the cell.
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4.2 RESULTS

4.2.1 THE DETERMINATION OF THE MOLECULAR WEIGHT OF 

GLYCEROL-3-PHOSPHATASE

A standard curve was constructed by chromatographing a series of proteins 

with known molecular weights on a Sephacryl S200 column (see Fig 4.1 and 4.2). 

Bovine serum albumin was purchased from Sigma (product code A3294) and is 

described as ‘further purified fraction V, > 98%’, The leading peak from the BSA 

elution profile comprises a relatively small proportion o f the entire sample of BSA 

and is most likely a contaminant. The native molecular weight of glycerol-3- 

phosphatase from bloodstream forms o f T. brucei was estimated to be 32.8 kDa by 

gel filtration on a Sephacryl S200 column (Fig 4.1). The small apparent native size 

of this protein confirms its monomeric structure. In a second approach using Tricine 

SDS-PAGE (Fig 4.3) the purified preparation o f glycerol-3-phosphatase was 

composed of three protein components when stained with Coomassie Brillant Blue, 

one of 33 kDa, one of 21 kDa and a third o f 14 kDa, when compared to the migration 

o f standards under identical conditions (Fig 4.4). The molecular weight of glycerol- 

3-phosphatase estimated by gel filtration (32.8 kDa) was close to that of the largest 

band estimated by Tricine SDS-PAGE (33 kDa). In chapter 3 it was concluded that 

the lower molecular proteins (21 kDa and 14 kDa) were most likely the result of 

proteolysis of the native glycerol-3-phosphatase (32.8 kDa).

4.2.2 THE pi OF GLYCEROL-3-PHOSPHATASE

The pi of glycerol-3-phosphatase was estimated by chromatofocusing the 

enzyme on a PBE 94 column to generate a pH gradient during elution. The sample 

used for chromatofocusing was from the post DEAE-52 cellulose purification step 

and was desalted before use. The enzyme eluted at a pH o f 5.0 (Fig 4.5) and it 

proved important that the pH of each fraction was immediately readjusted to neutral 

pH before assay, to prevent irreversible effects on the activity o f glycerol-3- 

phosphatase.
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Fig 4.1 The elution profile of molecular weight markers and glycerol-3- 

phosphatase on Sephacryl S-200.

The molecular weight markers shown in the table below were loaded separately 

onto a Sephacryl S-200 column (internal diameter 1.1 cm, height 95 cm), eluted 

with Tris buffer (10 mM, pH 7.5) containing KCl (100 mM) and detected 

spectrophotometrically as outlined below. The elution volume of each marker, 

corresponding to the maximum concentration of solute (Vg) was estimated to 

the nearest 0.5 ml from the elution diagram, by extrapolating both sides of the 

solute peak to an apex (Andrews, 1964).

Identity o f  component 

chromatographed

Molecular weight 

(kDa)

Elution volume

( V e )

Method o f  detection

1. Blue dextran 2,000 21 ml Absorbance at 660 nm

2. Bovine serum albumin 66 40 ml Absorbance at 280 nm

3. Ovalbumin 45 42.5 ml Absorbance at 280 nm

4. Glycerol-3-phosphatase 32.8 45.7 ml Fiske-Subbarow assay

5. Carbonic anhydrase 29 47.5 ml Absorbance at 280 nm

6. Cytochrome C 12.4 52 ml Absorbance at 550 nm

Fig 4.2 The apparent molecular mass of glycerol-3-phosphatase 

determined by gel filtration.

Gel filtration, on Sephacryl S-200 (internal diameter 1.1 cm, height 95 cm), of 

four standard proteins of known molecular weight allowed construction of a 

plot of log molecular mass versus elution volume (• ; 2. BSA, 3. ovalbumin, 5. 

carbonic anhydrase, 6. cytochrome C and o; 4. glycerol-3-phosphatase). The 

relative molecular mass of glycerol-3-phosphatase was determined to be 32,800 

Da using this standard curve. The molecular weights of the commercially 

available standards are shown in the table above.
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Fig 4.3 SDS-polyacrylamidie gel electrophoresis of post Sephacryl S200 T. 

brucei glycerol-3-phosphatase

The samples loaded were electrophoresed on a Tricine SDS polyacrylamide gel. 

The gel was then stained with Coomassie blue stain. Lane 1 contains low 

molecular weight markers; bovine serum albumin (66 kDa), ovalbumin (45 

IcDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic acid (29 

kDa), trypsinogen (24 kDa), trypsin inhibitor (20.1 kDa) and a-lactalbumin 

(14.2 kDa). Lane 2 contains Tricine molecular weight markers which consists 

of various sized fragments o f  myoglobin. The fragment sizes are 16.95, 14.44, 

10.6, 8.16 and 6.21 kDa. Lane 3 contains a glycerol-3-phosphatase sample 

obtained after the final step o f  purification, Sephacryl S200 chromatography.

Fig 4.4 Standard curve showing relative mobilities of low molecular 

weight markers on Tricine SDS polyacrylamide gels

The log value o f the molecular weight of each protein standard was plotted as a 

function o f the relative mobulity (Rf) of that standard. The apparent molecular 

weight of purified glycerol-3-phosphatase was estimated by comparison of the 

Rr to that o f the standards i n this curve. R f represents the distance migrated 

divided by the distance of the migration of the bromophenol blue front marker.
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Fig 4.5 Chromatofocusing of the glycerol-3-phosphatase extracted from T. 

brucei

The isoelectric point o f glycerol-3-phosphatase was determined by 

chromatofocusing a sample o f high-speed supernatant on a PBE 94 column (6 

ml) at a rate of Iml/min as described in the methods section. The column was 

pre-equilibrated with imidazole-HCl buffer (0.025 M, pH 7.4) and elution was 

initiated with Polybuffer 74, pH 4. The fractions (2 ml) were assayed for 

glycerol-3-phosphatase activity (-•-)  using the NADH fluorescence assay for 

glycerol determination as described in the methods section. A sample volume 

of 200 |nl was taken from each fraction to assay for glycerol-3-phosphatase 

activity. The pH of each fraction was also measured (-0-).
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4.2.3 PARTIAL KINETIC CHARACTERISATION OF GLYCEROL-3- 

PHOSPHATASE

4.2.3.1 The dependence of product formation on time and enzyme

concentration

The production o f  both glycerol and P; were found to be linear until the 

experiment was terminated at 60 mm (Fig 4.6). Equal molar amounts o f  both 

products were produced. The effect o f  glycerol-3-phosphatase concentration on 

glycerol and Pi production was also investigated. Product formation was found to be 

a linear function o f enzyme concentration (Fig 4.7).

4.2.3.2 The influence of concentration on glycerol-3-phosphatase

activity

The experiments in this section were completed with the cytosolic fraction o f 

ruptured trypanosomes. The profiles o f activity as a function o f concentration 

showed a sharp optimum at pH 7 (Fig 4.8), with essentially no activity at pH 4 or at 

pH 9. Thus, this enzyme is a neutral phosphatase and cannot be regarded as either an 

acid or an alkaline phosphatase. The insert in Fig 4.8 shows multiple measurements 

o f activity close to the pH optimum and a true maximum at pH 6.8. The effect of 

treating the enzyme with different concentrations o f  H^ for 1 hr and then returning 

the enzyme to pH 6.8 for assay was also investigated. The lower ascending limb o f 

the pH-activity profile (pH 4-6.8) was found to be partially reversible (approximately 

50 %) while that o f the upper descending limb (pH 6.8-9) was fully reversible (Fig 

4.8). Consequently, the enzyme is at least partially inhibited irreversibly at low pH, 

while the effect o f high pH was reversible.

4.2.3.3 The effect of bivalent metal cations on glycerol-3-phosphatase

activity

Glycerol-3-phosphatase activity required Mg^^ for activity and there was no 

detectable activity at any stage o f the purification process in the absence o f Mĝ "̂ . 

The K„, values calculated for Mg^"  ̂were found to be the same (0.25 mM) when either 

L-glycerol-3-phosphate or D,L-glycerol-3-phosphate were used as substrate (Fig 4.9).
'7+O f all the bivalent cations tested Mg was the only metal ion that supported 

glycerol-3-phosphatase activity (Table 4.1). Interestingly, the enzyme could not use
^  I

Mn as a cofactor. The activity o f the enzyme in the presence o f  magnesium was
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Fig 4.6 Time course assay for glycerol-3-phosphatase activity

The assay contained all components of the glycerol-3-phosphatase incubation 

solution; cacodylate buffer (66 mM, pH 6,8), L-glycerol-3-phosphate (8 mM) 

and MgCh (4.2 mM). High-speed supernatant (2.5 |xg of protein) was added to 

a final volume of 107.5 îl and the samples were incubated at 37 °C. The 

incubations were stopped at various time points by adding ice cold TCA (12.5 

^1) to the samples to be assayed for inorganic phosphate (-•-) production and 

Dowex-lX8 (1 ml o f a 50% v/v slurry) to the samples to be assayed for 

glycerol production (-0 -). Each symbol represents the mean + the S.D. of 

quadruplicate samples. Where no error bars are shown, the standard deviation 

is smaller then the symbol for that datum point.

Fig 4.7 The dependence glycerol-3-phosphatase activity on enzyme 

concentration

The assay contained all components of the glycerol-3-phosphatase incubation 

solution; cacodylate buffer (66 mM, pH 6.8), L-glycerol-3-phosphate (8 mM) 

and MgCla (4.2 mM). Various amounts of high-speed supernatant were added 

and the samples were incubated at 37 °C in a final volume o f 107.5 jâ l. The 

incubations were stopped after 30 min by adding ice cold TCA (12.5 fil) to the 

samples to be assayed for inorganic phosphate (-•-) production and Dowex- 

1X8 (1 ml of a 50% v/v slurry) to the samples to be assayed for glycerol 

production (-0-). Each symbol represents the mean + the S.D. of triplicate 

samples. Where no error bars are shown, the standard deviation is smaller then 

the symbol for that datum point.
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Fig 4.8 pH profile of glycerol-3-phosphatase activity

Enzyme activity was assayed at various pH values ( - • - ) .  Glycerol-3- 

phosphatase (high speed supernatant 2.7 |l i 1, 15 }o,g protein) was incubated at 

room temperature in a titration buffer (cacodylate, fumaric acid bicine buffer, 

66 mM each) at various H"̂  concentrations, together with L-glycerol-3- 

phosphate (8 mM) and M gCh (4.2 mM) in a final volume o f  107.5 |l i 1. After an 

incubation period o f  45 min trichloroacetic acid ( 12.5 |al) was added and the 

samples were assayed for inorganic phosphate. The insert shows a more 

detailed analysis o f  glycerol-3-phosphatase activity around the pH value where 

optimum activity is observed.

To assess the effect o f  treating glycerol-3-phosphatase with various 

concentrations o f  H^, high speed supernatant (25 |4,1) was incubated for 1 hour 

in titration buffer (cacodylate, fumaric acid and bicine, 20 mM each, pH as 

required). Following this treatment a sample (25 )j,l, containing 15 ixg protein) 

was removed and returned to pH 7 by incubation in cacodylate buffer (66 mM, 

pH 7), glycerol-3-phosphate (8 mM) and MgCl2 (4.2 mM) at a final volume o f  

107.5 |ul. These samples were assayed for glycerol-3-phosphatase ( -0 -). The 

data symbols shown represent the mean + standard deviation o f  triplicate 

samples.
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Fig 4.9 Double-reciprocal plot of the activity of purified gIycerol-3- 

phosphatase from T. brucei over a range of Mg^  ̂concentrations
^ I

The dependence o f glycerol-3-phosphatase on the concentration of Mg was 

determined. The assays contained all components o f the glycerol-3- 

phosphatase assay with final concentrations of Mg^”̂ as shown in the figure. The 

source of enzyme used was post Sephacryl S200 chromatography fraction (2 |̂ 1, 

0.03 Jig protein). Inorganic phosphate produced from the reaction was 

measured using the Fiske-Subbarow assay. The apparent K„s of the enzyme for 

L-glycerol-3-phosphate (-•-) and for D, L-glycerol-3-phosphate (-0-) were 

obtained by extrapolation to the x-axis.
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Bivalent Cation (4 mM) Enzyme Activity, % of maximum

M g^ '  100 ±"3.2
Ca2+ 0 + 1 . 4

0 +  1.3

0 +  2,0

0 + 0.5

0 +  0,1

0 +  0,6

None (EDTA) 0 + 0,3

Table 4.1 The activity of purified glycerol-3-phosphatase in the presence 

of various bivalent metal cations.

Glycerol-3-phosphatase activity was assayed in the presence of various cations 

(4 mM final concentration in each case) of and L-glycerol-3-phosphate (8 mM 

final concentration). The source of enzyme used post Sephacryl S200 

chromatography fraction (2 |iil, 0,03 \xg protein). The reactions were conducted 

for 20 min at 37 °C and were terminated by the addition of 0,5 ml o f a Dowex 

50 (H^ form) slurry (50:50, v/v with deionised and distilled water). The 

supernatant was removed after 5 min and treated with 1 ml of a Dowex 1X8- 

200 (OH- form) slurry (50:50, v/v with deionised and distilled water). After a 

further 5 minutes the supernatant was removed and assayed for glycerol content 

using the NADH fluorescence assay. The values shown represent the mean + 

standard deviation o f triplicate samples.



inhibited by 44 % in the presence of by 80 % in the presence of Pb^^ and by 87 

% in the presence of Ca^^ (Table 4.2). These expenments were completed to 

identify a a suitable cation for the staining o f glycerol-3-phosphatase activity on the 

native polyacrylamide gel.

4.2.3.4 The inhibition of glvcerol-3-phosphatase activity by amtnoniutn 

sulphate

These experiments were completed with the cytosolic fraction o f ruptured 

trypanosomes. Ammonium sulphate was added to the glycerol-3-phosphatase assay 

solution at various concentrations between 0 and 0.27 M (Table 4.3), Ammonium 

sulphate concentrations between 0 and 26.7 caused no inhibition o f glycerol-3- 

phosphatase activity. Concentrations between 0.267 mM and 0.27 M caused 

inhibition, which increased linearly with increasing concentration. Considering the 

similarities between the P0 4 “‘ and S0 4 "‘ anions it is not very surprising that sulphate 

inhibition is observed. A control experiment, which may have confirmed that the 

sulphate group rather than ammonium was causing inhibition of glycerol-3- 

phosphatase activity, was not conducted. A literature search has revealed that 

sulphate inhibition of glycerol-3-phosphatases has not been reported. However, 

phosphate inhibition of Saccharomyces uvarum glycerol-3-phosphatase has been 

observed (Paltauf et al., 1985) and phosphate inhibition o f the trypanosomal enzyme 

is discussed further in chapter 5.

4.2.3.5 Glycerol-3-phosphatase substrate stereospecificitv

The stereospecificity of the enzyme for the D- and the L-forms of glycerol-3- 

phosphate was examined. As D-glycerol-3-phosphate is not commercially available 

the action of glycerol-3-phosphatase on D,L-glycerol-3-phosphate was compared to 

that of L-glycerol-3-phosphate. D,L-glycerol-3-phosphate was found to contain 

approximately 50 % of the D-form and 50 % of the L-forni as determined 

enzymatically (glycerol-3-phosphate dehydrogenase is L-specific). The kinetic 

values obtained for the racemic substrate (D,L-form) were compared with those that 

were observed for the pure L-form (sn-glycerol-3-phosphate), which was anticipated 

to be the natural substrate for the enzyme. The apparent and Vmax values for the 

purified glycerol-3-phosphatase were calculated from the Lineweaver-Burk plots of
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Bivalent cation (15 mM) Enzyme activity, % o f max.

None 100 + 4.5

Ba^^ 56 + 8.3

Pb^^ 20 + 0.7

Ca^^ 13 + 2

Table 4.2 The effect of various bivalent metal cations in the presence of 

MgCh on the activity of glycerol-3-phosphatase.

Samples (25 |al containing 25 jag protein) o f high-speed supernatant of broker, 

cells was assayed in the presence of various cations (15 mM final concentration 

in each case). The reaction medium also contained L-glycerol-3-phosphate (20 

mM), MgCh (4 mM) and cacodylate buffer (66 mM, pH6.8) in a final volume 

of 107.5 p.1. The reactions were incubated for 45 min at 37 °C. Each reaction 

was terminated by the addition of 0.5 ml o f a Dowex 50 (H^ form) slurry 

(50:50, v/v with distilled and deionised water). The supernatant was removed 

after 5 min and treated with 1 ml o f Dowex 1X8-200 (OH' form) slurry (50:50, 

v/v with distilled and deionised water). After a further 5 minutes the 

supernatant was removed and assayed for glycerol content using the NADH 

fluorescence assay as described in the methods section. Each value is the meai 

+ the standard deviation of the mean of triplicate determinations.



Ammonium Sulphate concentration Enzym e activity (%)

none 100+ 19

0.27 fiM 84 + 8.9

2.67 laM 82 + 6.9

26.7 87 + 5.5

0.27 mM 78 + 6.2

2.67 mM 5 1 + 5 . 9

26.7 mM 6 + 1 0

267 mM 12+14.5

Table 4.3 The effect of ammonium sulphate concentration on glycerol-3- 

phosphatase activity.

Ammonium sulphate (160 |j,l) was added to the glycerol-3-phosphatase assay 

solution o f cacodylate buffer (66 mM, pH 6.8), glycerol-3-phosphate (2.5 mM) 

and MgCl2 (4.2 mM) to give final concentrations as shown in the table, 

Glycerol-3-phosphatase (high-speed supernatant, 50 |Lig protein) was added and 

the mixture (final volume o f 0.6 ml) incubated at room temperature for 45 min. 

The released inorganic phosphate was assayed with the Fiske-Subbarow 

method. The values shown represent the mean + standard deviation o f  triplicate 

samples.



Fig 4.10 Double-reciprocal plot of the rate of product formation of 

purified glycerol-3-phosphatase, from T. brucei as a function of glycerol-3- 

phosphate concentration

The dependence of the rate of glycerol-3-phosphatase activity on the 

concentration o f L-glycerol-3-phosphate (-•-) and on the concentration of D, L- 

glycerol-3-phosphate (-0-) was determined. The assays contained all 

components of the glycerol-3-phosphatase assay as described in the methods 

section with final concentrations of glycerol-3-phosphate as shown in the graph. 

The enzyme used was the glycerol-3-phosphatase sample post Sephacryl S200 

chromatography (2 ^1, 0.03 jug protein). Inorganic phosphate content o f the 

reactions was measured using the Fiske-Subbarow assay.
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L-glycerol-3-phosphate and D,L-glycerol-3-phosphate (Fig 4.10). The equation for 

each line was expressed as:

l/v =  1/(VK fS])+ 1/V

where S = substrate concentration, V = maximum velocity, v = velocity and K is the 

reciprocal of K„,. The intercept of the plot on the 1/v axis is 1/V. The slope o f the 

line is 1/VK. The enzyme had a K„, of 2.7 mM and a Fmax of 137.5 |j.mol/min/mg 

protein for D,L-glycerol-3-phosphate. In the presence of L-glycerol-3-phosphate the 

Km was reduced to 1.6 mM and the Fmax to 96.5 )amol/min/mg protein. The Km of L- 

glycerol-3-phosphate was repeatedly found to be approximately half the value found 

for D,L-glycerol-3-phosphate, while the F^ax was repeatedly found to be 2/3'̂ '̂  o f that 

found for the D,L-glycerol-3-phosphate. However, the true 1̂ ' order rate constant is 

Î max / Km and is a real measure of affinity. The Fmax / K„, value for the D,L-form of 

the substrate is 5.09 x 10'  ̂ I '.min '.mg ' while that for the L-form of the substrate is 

6.03 X 10'- I '.min '.mg '. These values would appear to indicate that there is very 

little difference between the two forms of substrate as far as affinity is concerned, 

however it is important to remember that the reaction catalysed by the enzyme also 

produces inorganic phosphate which inhibits the activity of glycerol-3-phosphatase 

(see section 5.2.2). In addition to this fact the study completed here has not 

independently investigated the affect of the D-form on the enzyme. This form of the 

substrate might act as an inhibitor of the enzyme, a possibility that cannot be ruled 

out by these experiments.

4.2.3.6 Glvcerol-3-phosphatase substrate specificity

The activity of the purified glycerol-3-phosphatase was measured in the 

presence of various substrates over a range of concentrations. Approximately equal 

amounts o f activity were observed with D,L-glycerol-3-phosphate, glucose-6- 

phosphate and fructose-6-phosphate (Fig 4.11). The substrates had K^ values of 2.8 

+ 0.1 mM, 2.5 + 0.2 mM and 3 + 0.3 mM and Fmax values of 124 + 2.0 |j.mol/min/mg 

protein, 113 + 4.0 jxmol/min/mg protein and 142 + 5.6 |j,mol/min/mg protein 

respectively. A small amount of activity was found with glycerol-2-phosphate, and 

what was found may be entirely due to the commercial contamination of glycerol-2- 

phosphate with glycerol-3-phosphate, which was indicated on the manufacturers
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label. This substrate had a Km of 2.6 + 0.3 mM and a Fmax of 31.7 -  1.5 

^mol/min/mg protein. Dihydroxyacetone phosphate and /?-nitrophenolphosphate 

also yielded activity. Dihydroxyacetone phosphate had a of 0.6 + 0.7 mM and a 

f̂ max of 29.2 + 6.5 ^mol/minymg protein. Phosphate production in the presence o ip -  

nitrophenolphosphate reached a maximum rate (47 ^mol/min/mg protein) at the 

lowest concentration of substrate used (1 mM) and so and Fmax values were not 

estimated for this substrate. This observation was not explored further. Other 

substrates were also tested (at a final concentration of 3 mM) and showed varying 

degrees of hydrolysis in the presence of the phosphatase (Table 4.4). Fructose-1,6- 

bisphosphate, fructose-2,6-bisphosphate, 1,3-bisphosphoglyceric acid, 3- 

phosphoglyceric acid and phosphoenolpyruvate all supported enzyme activity to less 

than 1 % of that observed with glycerol-3-phosphate. Glycerol-3-phosphatase from 

yeast showed a higher degree of substrate specificity (Sussman & Avron, 1981) than 

the enzyme from T. brucei, while that from human erythrocytes and human prostate 

(Tsuboi & Hudson, 1956) demonstrated less substrate specificity than the 

trypanosomal enzyme. Glycerol-3-phosphatase from Dunaliella salina has been 

found to be highly specific for glycerol-3-phosphate with no activity on a large range 

o f plausible substrates, and only poor activity with D,L-propanediol-l-phosphate 

(Sussman & Avron, 1981).

4.2.4 A COMPARISON OF GLYCEROL-3-PHOSPHATASE AND 

GLUCOSE-6-PHOSPHATASE ACTIVITIES

This final section of work was conducted in order to investigate if glycerol-3- 

phosphatase and glucose-6-phosphatase activity were produced by the same enzyme 

or by two different enzymes. The cytoplasmic fraction of trypanosomes was used for 

this study. The first experiment was a time course of glycerol-3-phosphatase and of 

glucose-6-phosphatase activity. Both produced inorganic phosphate at practically 

the same rate (Fig 4.12). The second experiment involved analysing the patterns of 

heat deactivation for both activities. The cytosolic sample was incubated in a water 

bath at 50 °C for various periods of time. Samples were removed at various times 

and stored on ice until all incubations in the water bath were complete. The samples 

were then assayed for glycerol-3-phosphatase activity and glucose-6-phosphatase 

activity. Both assays followed the exact same path o f deactivation (Fig 4.13). 

Finally, a pH profile of both reactions was constructed. Enzyme activity was
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Fig 4.11 The dependence of glycerol-3-phosphatase activity on substrate 

concentrations for a variety of substrates

A sample o f purified glycerol-3-phosphatase isolated from the Sephacryl S200 

column (2 )nl, 0.03 protein) was assayed in the presence of various 

substrates. The substrates were present at the final concentrations shown, and 

the reaction mixture (107.5 |al final volume) was incubated for 20 min at 37 °C. 

Where a substrate was in an unsuitable salt form (e.g. lithium or barium), it was 

converted to the sodium salt by treating with Dowex 50 (Na^^) before use. The 

reaction was terminated by the addition o f TCA (12.5 |u.l) and assayed for the 

inorganic phosphate released. The data was plotted using MacCurveFit 1.2 and 

the Vmax and Km values were determined using the Michealis-Menten equation. 

The experiment was conducted in triplicate and each data point represents the 

mean + S.D.

Substrate V’ max K„,
(nmol-min '•m g ’) (mM ) (L-min ’•mg ’)

Fajctose-6-phosphate ( - • - ) 142 ± 5 .6 3.0 ±0.3 0.047

D,L-Glycerol-3-phosphate ( -0 - ) 124 + 2.0 2.8 ±0.1 0,044

Glucose-6-phosphate (-■ -) 113 + 4.0 2.5 ±0 .2 0,045

Dihydroxyacetone phosphate (-□ -) 29.2 + 6.5 0.6 ± 0 .7 0,049

p-Nitrophenol phosphate (-A-) Not Estimated

Glycerol-2-phosphate (-A -) 3 1 .7 ±  1.5 2,6 ±0,3 0,012
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Substrate Enzyme activity

(highest % o f  rate measured in this experiment)

D,L-Glycerol-3-phosphate 100+10

Glycerol-2-phosphate 18 + 2.8

Fructose-1 -phosphate 82 + 1 4

Glucose-1 -phosphate 3 .0±2.3

Fructose-1,6-bisphosphate 0.6+  2.2

Fructose-2,6-bisphosphate 0.2+11

Bisphosphoglyceric acid 0.2 ± 1.0

3-Phosphoglyceric acid 0.4+ 0.8

Phosphoenolpyruvate 0.7+ 1.1

/7-Nitrophenol phosphate 17+ 1.8

Table 4.4 The activity of glycerol-3-phosphatase in the presence of various 

substrates.

A sample of purified glycerol-3-phosphatase isolated from the Sephacryl S-200 

column (2 jiil, 0.03 protein) was assayed in the presence o f various 

substrates. The substrates were present at a final concentration o f 3 mM, and 

the reaction was incubated for 40 min at 37 °C. The reaction was terminated by 

the addition of TCA and assayed for inorganic phosphate released. The 

experiment was conducted in triplicate and each data point represents the mean 

+ the S.D,



measured at various pH values in the presence of each substrate. The pH activity 

profiles produced by the two substrates, glycerol-3-phosphate and glucose-6- 

phosphate, were extremely similar (Fig 4.14). There was no apparent difference 

observed in any of these experiments to suggest that glucose-6-phosphatase activity 

was the result o f a separate protein or active site to that o f glycerol-3-phosphatase 

activity. In chapter 7 the substrate specificity o f recombinant glycerol-3-phosphatase 

is reported.
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Fig 4.12 The time course of the production of inorganic phosphate from 

glycerol-3-phosphate and glucose-6-phosphate catalysed by the 

cytoplasmic fraction of bloodstream forms of T. brucei

Each sample was incubated at room temperature for the time period shown in 

the presence of 8 mM L-glycerol-3-phosphate (-•-) or glucose-6-phosphate (- 

0 -) using the conditions for the glycerol-3-phosphatase assay as described in 

the methods section in a final volume of 107.5 |u.l. The reaction was initiated by 

the addition o f dialysed high-speed supernatant (5 |il containing 20 ^g protein) 

from broken cells of bloodstream forms of T. brucei and terminated by the 

addition of TCA (12.5 ^1). The samples were then assayed for the amount of P, 

released using the Fiske-Subbarow assay as described in Methods. Each 

symbol represents the mean + the S.E. M. of triplicate measurements.

Fig 4.13 Heat deactivation profile of glycerol-3-phosphatase activity and 

glucose-6-phosphatase activity

Enzyme (high-speed supernatant, 5 fxl, of broken cells containing 20 ^g 

protein) was incubated at 50 °C for the time periods shown in the figure. 

Samples were then removed and placed on ice until assayed. Enzyme activity 

was measured in the presence of 8 mM glycerol-3-phosphate (-•-) or glucose- 

6-phosphate (-o-) at 37 °C for 30 min in a final volume of 107.5 |ul. The 

reaction was stopped by the addition of TCA (12.5 |iil) and assayed for 

inorganic phosphate released as described in Methods. Each datum point 

shown represents the mean + the S.E.M of 3 replicate measurements.
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Fig 4.14 The effect of concentrations on glycerol-3-phosphatase activity 

and glucose-6-phosphatase activity

Enzyme activity was measured at various concentrations o f by 

incubating a sample o f high-speed supernatant (5 |l i 1 ) o f broken cells containing 

20 |ug protein at 37 °C  with titration buffer [35.8 (4.1, cacodylate buffer (200 

mM), fumaric acid (50 mM) and bicine buffer (50 mM)] for 30 min. The 

reaction was incubated in a final volume o f  107,5 f̂ l and contained 8 mM 

substrate (L-glycerol-3-phosphate; or glucose-6-phosphate; - o - ) .  The 

reaction was stopped by the addition o f TCA (12.5 ^1) and assayed for 

inorganic phosphate released as described in the methods chapter. The data 

symbols shown represent the mean + the S.D. o f triplicate samples.
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4.3 DISCUSSION

This chapter reports the partial characterisation, both physically and 

chemically, o f the enzyme glycerol-3-phosphatase found in the bloodstream form of 

Trypanosoma brucei brucei.

4.3.1 THE MOLECULAR WEIGHT OF GLYCEROL-3-PHOSPHATASE

The molecular weight of glycerol-3-phosphatase in I', brucei, found by gel 

filtration (32.8 kDa) and by SDS-PAGE (33 kDa), were both in good agreement with 

that predicted from the gene sequence (31.6 kDa, to be presented in Chapter 6), 

indicating that the native enzyme is most likely a monomer. Other glycolytic 

enzymes vary in size from 295 kDa (hexokinase) to 46.5 kDa per subunit for the 

dimeric structure of enolase and 46 kDa for phosphoglycerate kinase (review; 

Opperdoes 1987, Hannaert et al., 2003a). Consequently, glycerol-3-phosphatase is a 

smaller enzyme than the enzymes described to date from the metabolic pathway of 

glycolysis in trypanosomes. Studies of glycerol-3-phosphatase in the literature from 

other organisms have reported the enzyme to have a molecular weight of 86 kDa in 

Dunaliella salina (Sussman & Avron 1981), while the two enzymes in 

Saccharomyces cerevisiae have molecular weights of 30.4 kDa and 27.8 kDa 

(Norbeck et al., 1996). These later values are quite close to the values reported here 

for glycerol-3-phosphatase in T. brucei. Because the enzyme in T. brucei was found 

to be fully active using glucose-6-phosphate as a substrate, a literature review was 

conducted to review the molecular weights of glucose-6-phosphatase in a range of 

different species. The molecular weight o f glucose-6-phosphatase was reported to be 

40 + 1 kDa in Haplochromis nubilus, Mus musculus. Homo sapiens, Rattus 

norvegicus and Canis familiaris (see the ‘BRENDA’ database, www.brenda.uni- 

koeln.de/). In other species {Rattus norvegicus, Aspergillus oryzae and Oryctolagus 

cuniculus) the enzyme had reported molecular weights ranging from 17-70 kDa 

(Countaway et al., 1988, Kamovsky et al., 1982, Burchell & Burchell 1982, Anchors 

et al., 1975, Gold and Veitch, 1973). The larger proteins tended to be multimers 

composed of varying amounts of subunits with molecular weights ranging from 17 

kDa to 36.5 kDa. The sequences of these glucose-6-phosphatases show no 

significant identity to that o f the trypanosomal glycerol-3-phosphatase (see chapter 7 

for discussion on sequence homology).
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4.3.2 A COMPARISON OF THE ESTIMATED pi VALUE OF GLYCEROL- 

3-PHOSPHATASE WITH OTHER TRYPANOSOMAL GLYCOLYTIC 

ENZYMES

The pi o f  glycerol-3-phosphatase in T. brucei was found to be approximately 

5.0 by elution from a chromatofocusing column, which was in good agreement with 

that predicted from the primary structure (5.38) using the proteomics program, 

“Compute pI/MW ”, on the ExPASy proteomics tools website. Consequently at 

neutral pH, trypanosomal glycerol-3-phosphatase has a net negative charge. The 

reported pi values for the other glycolytic enzymes in T. brucei are in the range o f 

8.8-10.2, indicating that they all have a net positive charge at neutral pH (M isset et 

al. 1986). These values are 1-4 units higher than those o f  mammalian glycolytic 

enzymes and 3-6 units higher than those o f the glycolytic enzymes in other 

unicellular organisms where the enzymes are not compartmentalised but are found in 

the cytosol. Trypanosomal glycolytic enzymes located in the cytosol have lower pi 

values than glycolytic enzymes in the glycosome. For example, glycosomal 

glyceraldehyde dehydrogenase has a pi o f 9.3, while the cytosolic isoenzyme has a pi 

o f  7.9 (Misset et al., 1987b). Similarly phosphoglycerate kinase in the glycosome 

has a value o f 9.3, while the cytosolic enzyme has a pi 6.3-6.5 (Misset & Opperdoes 

1987a; Zomer et al., 1998). The low pi value reported here o f  5.0 for the glycerol-3- 

phosphatase in T. brucei follows the same pattern shown by other cytosolic 

glycolytic enzymes in this organism. The pi value for glycerol-3-phosphatases from 

other organisms have not been published to date.

4.3.3 A COMPARISON OF THE ACTIVITY PROFILE OF GLYCEROL-3- 

PHOSPHATASE AT VARIOUS pH VALUES WITH OTHER GLYCOLYTIC 

ENZYMES AND OTHER GLYCEROL-3-PHOSPHATASES

The pH value required for optimal glycerol-3-phosphatase activity is 6.8, 

indicating that the enzyme is a neutral phosphatase and this value is close to the 

reported pH o f the cytoplasm (6.99-7.03) in T. brucei (Nolan & Voorheis, 2000). At 

pH 6 and 8 only 50 % o f the enzyme activity remains. Trypanosomal enzymes have 

a range o f  different pH optimum values. Enolase, a cytosolic enzyme, has a 

relatively sharp pH optimum at 7,7. Outside the pH range 7.3-8.0, the activity o f
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enolase decreased steadily, with 60 % of the activity remaining at pH 7.0 and 50 % at

8.4 (Hannaert et al., 2003a). Glyceraldehyde-phosphate dehydrogenase is found in 

both the glycosome and in the cytosol. Both enzymes display maximal activity at pH 

8 but the cytosolic enzyme has a much broader activity profile and retains significant 

activity at lower pH values. (Misset et al., 1987b). Phosphoglycerate kinase is also 

found in both the glycosome and the cytosol. Both isoenzymes display a broad 

activity optimum between pH 6.0-9.0 (Misset & Opperdoes, 1987a). Glycerol-3- 

phosphate dehydrogenase is a glycosomal enzyme and has been reported to exhibit 

its highest activity between pH 5 and 7.5 with an optimum at pH 6.5 (Marche et al., 

2000). Finally, glycerol-3-phosphate oxidase, a mitochondrial complex was reported 

to have a pH optimum of 7.4 (Grant & Sargent, 1960).

The pH values reported for optimal activity o f glycerol-3-phosphatase in 

other organisms are similar to the value reported for trypanosomal glycerol-3- 

phosphatase in this study. The enzymes in Dunaliella salina, Dunaliella tertiolecta 

and Saccharomyces uvarum have pH optimum values o f 7 (Sussman & Avron, 1981; 

Belmans et al., 1988 and Palthauf et al., 1985), while that in Dunniella parva has a 

pH optimum of 7.6 (Gimmler & Lotter, 1982) and that in Saccharomyces cerevisiae 

has an optimum of 6.5 (Schmidt, 1961 and Norbeck et al., 1996). The lowest pH 

optimum reported for a glycerol-3-phosphatase activity in another organism was by 

Steinbiichel & Muller (1986), who reported a pH optimum of 5.5-6 for both 

Trichomomas vaginalis and Tritrichomonas foetus.

4.3.4 TRYPANOSOMAL GLYCEROL-3-PHOSPHATASE REQUIRES 

FOR ENZYME ACTIVITY

The trypanosomal glycerol-3-phosphatase has an absolute requirement for 

Mg^‘ for activation with a for Mg^'of 0.25 mM. The enzyme is highly specific for 

Mg^ and no other metal ion was found capable of substituting for Mg^*. Glycerol-3- 

phosphatases in Saccharomyces cerevisiae, Dunaliella parva, Dunaliella tertiolecta, 

Dunaliella salina, Saccharomyces uvarum, Phycomyces blakesleeanus,
^ I

Trichomomas vaginalis and Tritrichomonas foetus all required Mg for activity in 

contrast to erythrocyte and prostatic phosphatase which were active in its absence 

(Gimmler & Lotter, 1982, Sussmann et al., 1981, Belmans et al., 1988, Palthauf et 

al., 1985 Van Schaftingen et al., 1985 and Schmidt, 1961). Dunaliella salina can
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also use for activation of glycerol-3-phosphatase activity, but all other cations 

tested showed slight to no activity (Sussmann & Avron, 1981). The erythrocyte and 

the prostatic phosphatase differed from the magnesium requiring group in that they 

were not inhibited by calcium ions (Tsuboi & Hudson, 1956). Inhibition of 

trypanosomal glycerol-3-phosphatase activity was observed by the addition o f Ba^\ 

Pb^' and Ca^' to incubations and the ions exhibited an increasing level of inhibition 

respectively. The inactivating effects of a similar series o f metals on similar 

enzymes in different organisms has previously been reported (Belmans et al., 1988; 

Paltauf et al., 1985; Gimmler et al., 1982; Sussman et al., 1981 and Tsuboi et al., 

1956). It would seem that this inhibition is due to the size of the atomic radius; in 

this case the smaller the cation, the better the inhibitor. Calcium is very close in size 

to magnesium, so it will fit into the activation site/magnesium binding site much 

more easily than lead or barium, which are that much larger.

4.3.5 SULPHATE INHIBITION OF GLYCEROL-3-PHOSPHATASE 

ACTIVITY

The trypanosomal glycerol-3-phosphatase is inhibited by sulphate, probably 

due to its similarity in size and charge to phosphate, the product of the reaction. 

However, sulphate inhibition has not been reported in the literature for any other 

glycerol-3-phosphatase. On the other hand phosphate inhibition has been recorded 

for the enzyme in Saccharomyces icvarum and Phycomyces hlakesleeanus (Palthauf 

et al., 1985, Van Schaftingen, 1985), and phosphate inhibition has been found for the 

trypanosomal enzyme. Phosphate inhibition of glycerol-3-phosphatase is considered 

further in chapter 5.

4.3.6 GLVCEROL-3-PHOSPHATASE SUBSTRATE SPECIFICITY

Some glycerol-3-phosphatase enzymes have been reported to be highly 

specific for glycerol-3-phosphate. Examples would include the enzymes in S. 

cerevisiae and D. salina (Norbeck et al., 1996, Sussmann & Avron, 1981). The 

yeast enzyme was found to have no activity when incubated with glycerol-2- 

phosphate, D,L-glyceraldehyde-3-phosphate, dihydroxyacetone phosphate, D- 

erythrose-4-phosphate, D-glucose-6-phosphate, D-fructose-6-phosphate, D-fructose- 

1,6-bisphosphate, phosphatidic acid, ATP, ADP and p-nitrophenolphosphate but was 

found to be highly specific for glycerol-3-phosphate, while a preference for either

85



CH20H

H  C OH

CH20P03^'

CH2OH

HO C H

CH20P03^-

D-Glycerol-3-Phosphate

CH2OH

■O3PO C H

CH2OH

L-Glycerol-2-Phosphate

CH2OH

C= 0

CH2OPO32-

Dihydroxyacetone phosphate

L-Glycerol-3-phosphate

coo-

H  C— OH

CH2 0P03 '2-

3-Phospho-D-glyceric acid

Fig 4.15a. The Structures of 3-carbon molecules used to test glycerol-3- 

phosphatase for substrate specificity.

The phosphate groups highlighted in grey are groups that are preferentially 

hydrolysed as a result o f glycerol-3-phosphatase activity.
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phosphatase for substrate specificity.
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a result of glycerol-3-phosphatase activity.



L-form was not commercially available). Here the structure is identical to the D -  

form o f glycerol-3-phosphate except for the groups attached to C-1 o f each structure. 

This result may indicate that the group attached to C-1 is somehow involved in the 

binding of the substrate to the enzyme.

Finally, the properties o f both glycerol-3-phosphatase and glucose-6- 

phosphatase activity were similar if  not identical, suggesting that the same enzyme 

hydrolyses both substrates. Furthermore, a search of The Sanger Institute database 

using glucose-6-phosphatase sequences from other organisms did not yield a 

sequence that could be considered to be a trypanosomal glucose-6-phosphatase. 

Consequently, it is likely that trypanosomes do not posess a true glucose-6- 

phosphatase. Additional studies on the specificity of the recombinant trypanosomal 

glycerol-3-phosphatase in chapter 7 add fiirther information that bear upon this issue.
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CHAPTER 5

GLYCEROL KINASE, GLYCEROL-3-PHOSPHATASE AND ANAEROBIC
GLYCOLYSIS



5.1 INTRODUCTION

5.1.1 THE PROPOSED ROLE OF GLYCEROL KINASE REVERSAL IN 

ANAEROBIC GLYCOLYSIS

The bloodstream forms o f Trypanosoma brucei rely solely upon glycolysis 

for their bioenergetic needs and respiration may be either aerobic or anaerobic 

(Fairlamb et a l ,  1985). An external source o f carbohydrate acts as the sole energy 

source (Brand, 1951, Opperdoes et al., 1976c) and there is no Pasteur effect (the 

inhibition o f  glycolysis by oxygen). The first seven enzymes o f glycolysis as well as 

glycerol-3-phosphate dehydrogenase are located within the glycosome (Aman et al., 

1985; Opperdoes, 1987a), while the final three enzymes (phosphoglycerate mutase, 

EC 5.4.2.1; enolase, EC 4.2.1.11 and pyruvate kinase, EC 2.7.1.40) are located in the 

cytoplasm (Oduro et al., 1980a). As a consequence o f  this topology net ATP 

synthesis occurs in the cytosol, in the reaction catalysed by pyruvate kinase, whereas 

consumption and production o f ATP are balanced within the glycosome (See Fig 

1.2). Since lactate dehydrogenase is completely absent from this organism the usual 

terminal step, the reduction o f NADH by pyruvate to yield NAD* and lactate, is also 

completely absent (Taylor et al., 1980; Dixon, 1966).

Under aerobic conditions one mole o f glucose is converted to two moles o f 

pyruvate, the excreted end product (Opperdoes et al., 1976; Brohn & Clarkson, 

1978), and all o f the necessary ATP is accounted for by the current scheme o f 

glycolysis, i.e. 2 moles o f  ATP are consumed (1 mole at hexokinase and 1 mole at 

phosphofructokinase) and 4 are produced (two moles at phosphoglycerate kinase and 

2 moles at pyruvate kinase, see Fig 1.2). Thus for every mole o f  glucose consumed 

there is a net yield o f 2 moles o f ATP.

Due to the absence o f lactate dehydrogenase, the NADH produced by 

glyceraldehyde-3-phosphate dehydrogenase cannot be re-oxidized by reduction o f 

pyruvate to lactate but instead molecular oxygen acts as an electron acceptor, in a 

metabolic shuttle operating between the glycosome and the mitochondrion (Grant 

and Sargent, 1960). The NAD^-linked glycerol-3-phosphate dehydrogenase is 

located within the glycosome and the glycerol-3-phosphate oxidase system is located 

on the outside o f the inner mitochondrial membrane (Opperdoes, 1985). The 

glycerol-3-phosphate oxidase system consists o f  two protein components linked by 

the ubiquinone/ubiquinol couple. The first protein component is a membrane-bound 

glycerol-3-phosphate dehydrogenase that contains FAD and donates electrons to
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ubiquinone. The second protein component is a membrane-bound ubiquinol oxidase 

that contains Fe^^and probably some Cu^' and donates electrons to O2 . The ubiquinol 

oxidase is inhibited by salicylhydroxamic acid (SHAM ), a non-oxidizable analogue 

o f  ubiquinol.

When the oxidase is inhibited by SHAM or becom es inactive due to 

anaerobiosis, glucose is converted into stoichiometric amounts o f  pyruvate and 

glycerol (Ryley, 1956; Opperdoes et al., 1976; Brohn & Clarkson, 1980). Under 

anaerobic conditions the same 2 m oles o f  ATP are consumed for the same reasons as 

under aerobic conditions (see Fig 1.2). However, in the absence o f  oxygen glycerol- 

3-phosphate cannot be converted back to dihydroxyacetone phosphate, because there 

is no oxygen present to accept the reducing equivalents (Fig 1.2). Consequently, we 

can only account for the production o f  2 m oles o f  ATP using the “classical” scheme 

o f  trypanosomal glycolysis. This situation leaves the trypanosome with a 

“theoretical” glycolytic pathway under anaerobic conditions that produces no net 

ATP. However, the organisms are fully motile, maintain good viability and proceed 

with net ATP synthesis under these conditions for about 12 hours (Opperdoes et aL, 

1976c, Helfert ct al., 2001). Clearly, some additional steps must exist to explain this 

situation.

The solution to net ATP synthesis under anaerobic conditions in the 

bloodstream form o f  trypanosomes that has been proposed in the literature suggests 

that glycerol kinase is reversed, accounting for the synthesis o f  1 additional m ole o f  

ATP (Opperdoes & Borst, 1977a; Fairlamb et al., 1977). It has been proposed that 

the energy required to reverse the direction o f  the glycerol kinase activity is provided 

by entropic or mass action effects. This proposal relies on a sufficient rise in the 

intra-glycosomal concentrations o f  glycerol-3-phosphate and ADP to drive the 

reverse reaction in a net fashion under anaerobic conditions. The permeability 

properties o f  the glycosom al membrane are discussed later in this chapter.

5.1.2 GLYCEROL-3-PHOSPHATASE AND ANAEROBIC GLYCOLYSIS

The hydrolysis o f  phosphate monoesters by phosphatases in biological 

systems is a crucially important process, linked to energy metabolism, metabolic 

regulation, and a wide variety o f  cellular signal transduction pathways. In particular, 

acid phosphatases can catalyse the phosphoryl transfer between a phosphoester and 

an alcohol (Bodansky 1972, Vihko 1978 and van Etten 1982). Trypanosomal
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glycerol-3-phosphatase is reported in this study as being a neutral phosphatase. 

Searches of the databases revealed little information on the properties o f neutral 

phosphatases, and as such they are somewhat novel proteins. Consequently the 

possibility of glycerol-3-phosphatase acting as a phosphotransferase cannot be ruled 

out. Considering the substrate (glycerol-3-phosphate) for this enzyme is thought to 

be the source of the inorganic phosphate required for phosphorylation o f ATP under 

anaerobic conditions the role of glycerol-3-phosphatase could potentially be critical 

under these conditions.

In this chapter the concentrations of the glycolytic intermediates involved in 

the glycerol kinase and glycerol-3-phosphatase reactions are determined and the 

feasibility of a mass action effect resuhing in the synthesis of ATP, as well as the 

role o f the respective enzymes in the glycolytic pathway under anaerobic conditions 

is discussed.

90



5.2 RESULTS

5.2.1 THE CONCENTRATIONS OF THE S UBSTRATES AND PRODUCTS 

OF THE REACTION CATALYSED BY GLYCEROL KINASE

The concentrations of all of the substrates and products o f the glycerol kinase 

reaction were determined as described in the methods section. The concentration of 

the substrates and products found in the present study (Table 5.1) are, with one 

exception, comparable with those determined by previous investigators. For 

example, Visser and Opperdoes (1980) reported values o f 8.6 mM, 1.36 mM and 

1.07 mM for glycerol-3-phosphate, ATP and ADP respectively under anaerobic 

conditions. Clearly these values are comparable to the values reported in this study. 

As these values were reported as “lumol / g wet wt” and not as mM, they were 

converted to mM by assuming that 2.5 x 10‘“ cells is equivalent to 1 g wet weight of 

cells (personal communication with Dr. D Nolan, TCD). The internal volume of 

trypanosomal cells (3.05 fal/mg total cell protein where 10* cells contain 0.56 mg 

protein) reported by Voorheis & Martin (1980) was also used in these calculations. 

Using the same values for protein to volume conversion the glycolytic intermediate 

concentrations reported by Hammond & Bowman (1980a) were 20 mM, 1.65 mM 

and 1.33 mM for gIycerol-3-phosphate, ATP and ADP respectively. The generally 

accepted value for glycerol-3-phosphate concentration in trypanosomes in the 

literature is that published by Visser & Opperdoes (1980). However, none of this 

published data included values for the concentration of glycerol in trypanosomes, 

and this value is critical for the feasibility studies of glycerol kinase reversal. In this 

study glycerol was found to be present at a concentration o f 0.6 mM under anaerobic 

conditions and 0.17 mM under aerobic conditions in bloodstream forms of T. brucei.

The determination o f inorganic phosphate concentration was also attempted 

because it is a product o f the glycerol-3-phosphatase reaction, but this proved very 

difficult. The methods used to obtain protein free cellular extracts in this study were 

sensitive to labile phosphate compounds (Wanders et al., 1984). Similarly the 

phosphate determination assay (Bencini et al., 1983) used was very sensitive to labile 

phosphate compounds. Despite all of the precautions taken, values of approximately 

25 mM for inorganic phosphate under aerobic and anaerobic conditions were 

repeatedly found. This extremely high value for inorganic phosphate may have 

resulted from the cleavage of the major stores o f pyrophosphate found in 

trypanosomes (Urbina et al., 1999 and Rodrigues et al., 1999) under the conditions
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of assay used in the present study. The value found here is also in stark contrast to 

the value published by Visser & Opperdoes (1980). These workers found inorganic 

phosphate concentrations o f 2.3 mM under aerobic conditions and 6.4 mM under 

anaerobic conditions. However, they also stated that the experiment was conducted 

only once, so whether or not these values are reproducible remains unanswered at 

present. Nevertheless, the values reported by Visser & Opperdoes (1980) are closer 

to the inorganic phosphate intracellular concentrations reported for other cells than 

the values found in the present study. Saccharomyces cerevisiae has been found to 

have intracellular inorganic phosphate concentration of 1 mM, rabbit erythrocytes 

have concentrations of 0.05 mM and pig erythrocytes have concentrations of 2.2 mM 

(de Koning & van Dam, 1992; Magnani et al, 1984 and Magnani et al., 1983). The 

question of the true concentration of inorganic phosphate in try'panosomes remains 

unanswered.

5.2.2 THE EFFECT OF THE PRODUCTS OF THE GLYCEROL-3- 

PHOSPHATASE CATALYSED REACTION ON GLYCEROL-3- 

PHOSPHATASE ACTIVITY

Glycerol-3-phosphatase activity, using a cyltosolic fraction, was assayed in 

the presence of the products of the forward reaction (glycerol and P,) to investigate 

the possibility of product mhibition (Fig 5.1). Glycerol was found to have no effect 

on glycerol-3-phosphatase activity, while phosphate was found to inhibit the 

enzyme’s activity by 50 % at a concentration of 1 mM. Clearly, the true intracellular 

concentration of inorganic phosphate is relevant to the activity of the glycerol-3- 

phosphatase in vivo.
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Fig 5.1. The effect of glycerol and inorganic phosphate on glycerol-3- 

phosphatase activity.

Cytoplasmic fraction (high speed supernatant) was assayed for glycerol-3- 

phosphatase activity as described in the methods section, containing 15 mM L- 

glycerol-3-phosphate and various concentrations of glycerol and inorganic 

phosphate. The pale gray columns show samples incubated with glycerol (0-10 

mM), and the dark gray columns show samples incubated with inorganic 

phosphate (0-10 mM). The effect of glycerol on enzyme activity (inorganic 

phosphate production) was detected using the Fiske Subbarow assay and the 

effect of inorganic phosphate on glycerol production was detected using the 

NADH fluorescence assay for the detection of glycerol. Each data bar is the 

mean + the S.E.M of 3 replicates.



5.3 DISCUSSION

5.3.1 THE KINETICS ASSOCIATED WITH GLYCEROL KINASE 

ACTIVITY

The reaction catalysed by glycerol kinase is shown below:

Glycerol + ATP  ̂ ^  Glycerol-3-phosphate + ADP (1)

The AG'° for this reaction is given by equation (2):

AG'° = - R T \ n K l ^  (2)

where AG'° is the standard transformed Gibbs energy of the reaction, R is the gas 

constant (8.3145 J°K ‘mol ') and T is the absolute temperature (298.15 K at 25°C). 

The apparent equilibrium constant ( AT' )̂ for the glycerol kinase reaction, calculated

from Gutfreund (1972), is 9037. When the required numerical values are substituted 

into equation 2 the AG'° can be calculated:

AG'° =-8.3145 J°K-'mol '(298.15 °K) (9037)

= -22.6 kJ mol '

Consequently, the reversal of glycerol kinase is thermodynamically extremely 

unfavorable and would require the input of 22.6 kJ mol ‘ to drive the net reaction in 

the reverse direction under standard biochemical conditions. On the other hand, the 

forward reaction, with the production of glycerol-3-phosphate and ADP is strongly 

favored. Without the input o f external energy the net flow of matter through a 

reaction from the substrate [S] side to the product [P] side only occurs when the 

reaction is displaced from equilibrium in such a way that the ratio of products to 

substrates is far less than the equilibrium constant;

Net forward reaction conditions: [P] / [S] < (3)
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Metabolite Aerobic Aerobic + 1 mM 

salicylhydroxamic acid

Concentration (mM)

G1 y cerol -3 -phosphate 0.3 ±0.02 (3) 6.95 ±0.55 (3)

Glycerol 0.172 ±0.043 (3) 0.602 + 0.106 (3)

ATP 2.7 ±  0.3 (3) 0,8 ±0.25 (3)

ADP 1.032 ±0.156 (3) 1.412 + 0.201 (3)

Table 5.1. Intracellular concentrations of metabolites in T. brucei.

The concentrations o f glycolytic intermediates were determined as described in the 

methods section. The experiment was conducted 3 times and each concentration is 

expressed in mM (internal cellular concentrations) ± standard error o f the mean. The 

number of separate experiments is given in brackets. The measurements were 

converted into intracellular concentrations of glycolytic intermediates using the 

following values; 1 x 10^ cells contain 0 .56 mg of protein, 1 mg o f cell protein has an 

equivalent intracellular volume of 3 fxl (Voorheis & Martin, 1980).



where is the equiUbrium constant. Therefore, the reverse reaction will occur at a

significant rate only when the ratio of products to substrates is much larger than the 

value for the equilibrium constant;

Net reverse reaction conditions: [P] / [S] > (4)

i.e. the concentration of the products of the reaction (glycerol-3-phosphate and ADP) 

must be much greater than the concentrations of the substrates (glycerol and ATP). 

When the glycolytic pathway in T. brucei changes from aerobic conditions to 

anaerobic conditions the total cellular concentration of glycerol-3-phosphate rises by 

a factor of 23 while the concentration of ADP rises by a factor of 1.4 (Table 5.1). 

However the concentration of glycerol also increases (by a factor of 3.5), but ATP 

concentrations decrease by a factor of 3.4. If one now considers the concentrations 

of the substrates and products under anaerobic conditions, and substitutes this data 

into the equilibrium equation:

, ^ [Glycerol-  3 -  phosphate][ADP] ^  [6.95][1.412] _ ^
^  [Glycerol][ATP] [0.602][0.8]

the value achieved is 20.4, which is approximately 2 V2 orders of magnitude less than 

(9037), therefore the reaction is displaced far from equilibrium and will proceed

rapidly in the forward direction only if the enzyme has access to the free substrates 

and products o f the reaction. In order to reverse the reaction, so that the rate o f the 

reverse reaction is equal to that of the forward reaction, the ratio of 

[Products]:[Substrates] would have to be increased by a factor of 443. To achieve a 

net flow of reactants in the reverse direction, that approach the rate o f glycerol 

production by trypanosomes under anaerobic conditions, this factor would have to be 

even higher by a factor approaching another 440 fold. Although the concentration of 

the substrates required for glycerol kinase reversal increase under anaerobic 

conditions, they do not increase sufficiently to reverse the reaction in a net 

thermodynamic manner.
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5.3.2 THE EFFECT OF THE PERMEABU.ITY PROPERTIES OF THE 

GLYCOSOMAL MEMBRANE ON GLYCEROL KINASE REVERSAL

A widely accepted hypothesis holds that the increase in the concentrations of 

glycerol-3-phosphate and ADP that occur following the transition from the aerobic to 

anaerobic state largely, if  not completely, occurs in the glycosome. This hypothesis 

depends on the assumption that the glycosomal membrane is impermeable to 

glycolytic intermediates. Let us first assume that the glycosomal membrane does 

indeed act as a barrier to all the glycolytic intermediates involved in the reaction in 

question. In this case we would observe a scalar effect. All components of the 

reaction would become localised in the glycosome resulting in a large build up of 

substrates and products in this compartment. However, since the overall ratio 

required for the mass action effect would not change, the probability of the reaction 

reversing remains the same.

The idea behind a permeability barrier at the level of the glycosomal 

membrane first arose from the work reported by Visser et al. (1981). These workers 

used in vivo pulse-labelling experiments with [U*''C]-labelled glucose to show that 

20-30 % of the glycolytic intermediates labelled at a much faster rate than the 

remaining 70-80 %. The authors concluded that the rapidly labelled pool represented 

intra-glycosomal radioactivity and the slower labelled pool, cytosoplasmic 

radioactivity. Phosphoenolpyruvate and phosphoglycerate both had similar labelling 

patterns to glucose 6-phosphate and fructose bisphosphate. However, the

conclusions drawn by the authors were confusing. For example

phosphoenolpyruvate is produced in the cytosol, whereas glucose-6-phosphate and 

fructose bisphosphate are produced in the glycosome (Opperdoes & Borst 1977a). 

Therefore the production of radioactivity in the glycosomal compartment and in the 

cytosol could not be easily distinguished from one another. However, despite the 

lack of solid evidence for compartmentation of glycolytic intermediates from these 

experiments let us assume that these authors are correct and that compartmentation 

does exist. We can now calculate the feasibility o f the reversal o f glycerol kinase 

under these conditions. Since glycosomes represent 4 % of the total cellular volume 

(Misset et al., 1986) and according to Visser et al. (1981) contain 20-30 % of the 

glycolytic intermediates, the concentration of these intermediates in the glycosomal 

compartment must be at least 5 times higher than in the cytosol. Let us now assume 

that it is only the substrates o f the reversed reaction that are compartmentalised. This
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will give the reaction a better chance of occurring. The ratio of [P] / [S] now 

increases by a factor o f 5 and has a value of 102.5, which is still approximately 2 

orders of magnitude less than (9037), therefore the mass action ratio for the

reaction is still displaced far from equilibrium in favor o f the forward direction. 

Indeed the concentrations o f the substrates for the reverse reaction would need to 

increase by another factor o f approximately 90 for the reaction to approach 

equilibrium. However, at equilibrium there is no net flux and the mass action ratio 

would need to be displaced a further 2 orders of magnitude for the reverse rate of 

glycerol kinase to approach the glycolytic rate o f trypanosomes. It becomes evident 

that the concentration of glycerol-3-phosphate inside the cells does not increase 

sufficiently under anaerobic conditions to reverse glycerol kinase entropically and 

that the mass action effect alone is not a feasible hypothesis.

The permeability properties of the glycosomal membrane have not been well 

studied and therefore whether there is even a possibility that the glycolytic 

intermediates could build up inside the glycosome as a result of a glycosomal 

membrane barrier is speculative. Studies have shown that the external addition of 

ATP, phosphoenolpyruvate, oxaloacetate, NAD"  ̂ (Broman et a l,  1983), fructose-6- 

phosphate, ADP and NADH affect the glycosomal enzymes’ activities when they are 

still bound by an intact glycosomal membrane. Apparently, these molecules must 

penetrate the glycosomal membrane to produce this physiological action. A similar 

absence of permeability restriction was suggested for ADP, fructose-6-phosphate and 

glycerol-phosphate by Hammond et al. (1985). Furthermore, Bowman et al., (1977) 

reported that in T. brucei the (glycosomal) phosphofructokinase activity is regulated 

by phosphoenolpyruvate, a cytosolic product and the (cytosolic) pyruvate kinase 

activity by fructose-1,6-bisphosphate, a glycosomal product These results do not 

support the model o f a relatively impermeable glycosomal membrane. Finally, 

Patthey and Deshusses (1987) showed that the glycosomal membrane is permeable to 

small molecules, the size of metabolites, charged or non-charged, but impermeable to 

larger molecules (the size of proteins). These results are not surprising in light o f the 

fact that many investigators studying peroxisomes (to which glycosomes are related, 

Clayton et al., 1995) and other similarly related microbodies have tacitly or explicitly 

accepted that these organelles are leaky in vivo (Borst, review, 1989). Indeed, many 

studies of peroxisomes have shown that the organelles have an unspecific
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permeability barrier for small molecules the size o f glycolytic intermediates, but 

prevent the import of larger molecules such as inulin, which has a molecular weight 

of 5000 Da (van Veldhoven et al., 1983, 1987; Verleur & Wanders, 1993; Douma et 

al., 1990; Suiter et al., 1993), which is similar to that of the mitochondrial outer 

membrane (for reviews see Benz, 1990 and Halestrap et al., 2002). Interestingly, 

both peroxisomal membranes (Reumann et al., 1995; Reumann et al., 1998) and 

mitochondrial outer membranes (Colombini, 1979; Zalman et al., 1980; Benz, 1994) 

contain porins that account for their high permeability. The small channel diameter 

of these porins o f about 0.6 nm explains their selectivity for small molecules like 

organic acids as opposed to proteins (Reumann, 2000).

5.3.3 A REINTERPRETATION OF THE LATENCY PHENOMENON 

EXHIBITED BY GLYCOSOMAL ENZYMES AND PLAUSIBLE 

EXPLANATIONS FOR GLYCEROL KINASE REVERSAL

All of these results require that the latency phenomenon o f glycosomal 

enzymes should be reinterpreted. One possible interpretation has been proposed by 

Patthey & Deshusses (1987). They remark that the latency of glycosomal enzymes is 

generally measured by coupled reactions, which involve the addition of appropriate 

exogenous enzymes. In the absence of detergent, the exogenous enzymes are 

excluded from the glycosomes because of their size. The apparent latency has been 

suggested to arise from the fact that in the intact glycosome, the product of the 

reaction under test is preferentially transformed by the next enzyme in the glycolytic 

sequence within the multienzyme complex rather than diffusing out o f the particle 

and reaching the exogenous coupling enzyme. This behaviour is typical of 

“substrate-tunneling” within a multienzyme complex and has been suggested by 

several authors to contribute to the reversal o f glycerol kinase under anaerobic 

conditions (Aman et al., 1985, Misset et al., 1986, Opperdoes, 1987). In this 

situation one of the products of the reverse reaction (ATP) of glycerol kinase would 

be directly delivered to the active site of hexokinase or phosphofructokinase as a 

result of the orientation of these enzymes within the multienzyme complex (Misset et 

al., 1986).

Whether or not this “substrate tunnelling” effect allows glycerol kinase 

reversal to occur is not known. It is also possible that some other mechanistic means 

may be involved if glycerol kinase reversal is employed by trypanosomes to allow
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ATP production under anaerobic conditions. One such possibility is “hysteresis 

behaviour”. A pronounced hysteresis effect has previously been reported for 

glycerol kinase when the enzyme was assayed in the reverse direction (Steinbom et 

ai, 2000). Usually, a hysteresis effect reflects a conformational change of the 

protein following substrate binding that prevents an immediate enzymatic reaction 

due to short term or unstable metabolic fluxes. The authors concluded that this fact, 

taken together with the observed high substrate concentrations necessary for the start 

of the backward reaction and the different pH optima for the forward and backward 

reactions, makes a conformational change o f glycerol kinase inevitable for the 

enzyme to react in vivo under anaerobic conditions. This conformational change of 

glycerol kinase could allow the enzyme to pass the products of reversed reaction 

directly to hexokinase or phosphofructokinase, thus removmg them imm.ediately and 

subsequently allowing the reverse reaction to proceed, as it would remain uninhibited 

by a build up of products. Both of the hypotheses, “substrate tunnelling” and the 

“hysteresis-hypothesis” require the enzyme not to have access to the free, unbound 

substrates and products of the reaction and this condition is essential for the reverse 

reaction of glycerol kinase to be physiologically significant in the synthesis of ATP 

under anaerobic conditions in trypanosomes.

5.3.4 THE EFFECT OF THE PRODUCTS OF THE GLYCEROL-3- 

PHOSPHATASE CATALYSED REACTION ON GLYCEROL-3- 

PHOSPHATASE AND GLYCEROL KINASE ACTIVITY

As mentioned earlier glycerol-3-phosphatase activity was assayed in the 

presence of the products of the forward reaction (glycerol and inorganic phosphate) 

to investigate the possibility of product inhibition (Fig 5.1). Glycerol was found to 

have no effect on glycerol-3-phosphatase activity, yet it significantly inhibits the 

reversal of glycerol kinase activity {i.e. the reaction that is proposed to produce ATP 

under anaerobic conditions). It has been reported that glycerol has an I C 5 0  of 0.5-2 

mM for glycerol kinase reversal activity in the presence of 23-28 mM glycerol-3- 

phosphate, which is comparable to that found for whole cells, while lower 

concentrations of glycerol-3-phosphate produced concomitantly lower I C 5 0  values 

for glycerol (Hammond & Bowman, 1980a and b, and Hammond et al., 1985). 

These results are interesting in light of the fact that the internal concentration of 

glycerol in trypanosomes incubated under anaerobic conditions has been found to be
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0.6 mM in this report. Since the concentration of glycerol-3-phosphate found in 

trypanosomes under anaerobic conditions has been reported in this study as being 

approximately 7 mM it would seem that the concentration of glycerol is well above 

that required for 50 % inhibition of glycerol kinase reversal. However, as mentioned 

earlier glycerol-3-phosphatase activity is not affected at all.

Phosphate was found to have an IC50 of 1 mM for glycerol-3-phosphatase 

activity (Fig 5.1). This value could prove significant for the activity of the enzyme in 

trypanosomes. As mentioned previously the intracellular concentrations o f inorganic 

phosphate were not satisfactorily determined in this study, but Visser and Opperdoes 

(1980) have reported a concentration of 6.4 mM for inorganic phosphate under 

anaerobic conditions. Clearly, this value is well above the IC50 reported here for 

glycerol-3-phosphatase activity. Furthermore, the compartmentalisation o f inorganic 

phosphate in trypanosomes may also affect this value in either direction. 

Intracellular inorganic phosphate concentrations in other cells can vary from 0.05 

mM to 2.2 mM (de Koning & van Dam, 1992; Magnani et al., 1984; Magnani et al., 

1983). In chapter 6  the role other glycolytic intermediates have on the activity of 

glycerol-3-phosphatase, namely monophosphoglycerate, bisphosphoglycerate and 

phosphoenolpyruvate is discussed. It is possible that both enzymes may be regulated 

by many factors, including the intermediates of the glycolytic pathway.

In conclusion it appears that reversal of glycerol kinase could only occur if 

the enzyme does not have access to free substrates and products o f the reaction. It 

seems that this could only occur if the enzymes within the multienzyme complex, 

located in the glycosome, are orientated in such fashion so that the binding and 

release sites of each enzyme are positioned to directly receive/deliver the relevant 

substrate/product o f the reaction without release of the intermediate into the 

surrounding environment. Evidence to support this possibility has been limited to 

date.
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CHAPTER 6

A N  INVESTIGA TION OF THE PRODUCTS OF GL YCEROL-3-PHOSPHA TE 
CATABOLISM IN VITRO, AND IN VIVO DURING ANAEROBIC  

METABOLISM IN  T. brucei



6.1 INTRODUCTION

Glycolysis in bloodstream form trypanosomes proceeds with net ATP 

synthesis under anaerobic conditions (Opperdoes et al., 1976c). As discussed in 

Chapter 5 the net synthesis of ATP is unexplained by the classical Embden- 

Meyerhof pathway of glycolysis, and the probability that some additional step(s) 

must be involved is well established (Ryley, 1962 and Opperdoes et al., 1976c). The 

net production of ATP under anaerobic conditions has to date been explained by the 

reversal of glycerol kinase which has been perceived to be facilitated by the large 

build up of glycerol-3-phosphate in the cell under anaerobic conditions and/or due to 

the internal structure of the glycosome (Opperdoes & Borst, 1977a). In addition 

glycerol-3-phosphate:ADP transphosphorylase activity has been reported before and 

was found to be associated with the same cellular fraction as glycerol kinase activity. 

I.e. the glycosome (Hammond & Bowman, 1980 and Hammond et al., 1985). The 

reaction was measured by coupling the synthesis of ATP to NADP reduction via 

hexokinase and glucose-6-phosphate dehydrogenase activity. This study aims to 

investigate if synthesis of ATP can occur in the absence of these coupling enzymes.

Glycerol-3-phosphatase has not been viewed as a viable candidate for 

catalysing the transfer of phosphate from glycerol-3-phosphate to ADP, firstly 

because the specific activity in the cell was found to be low compared to the specific 

rate o f glycerol production (Opperdoes & Borst, 1977a), and secondly because it has 

been reported to be a phosphatase, and any possible phosphotransferase activity has 

not been investigated. It is of interest to note that phosphotransferases can function 

as phosphatases under appropriate conditions (Collet et al., 1999). Phosphoserine 

phosphatases, for example, have recently been classified as a new family of 

phosphotransferases. These enzymes, along with others, contain the totally 

conserved motif, DADvY(T/V), which contains the aspartate group responsible for the 

intermediate phosphorylation of the enzyme in the phosphotransferase reaction 

(Collet et al., 1998). Discussion in chapter 7 will show that the trypanosomal 

phosphatase enzyme being investigated in this study contains this sequence. This 

chapter aims to investigate the role of glycerol-3-phosphatase in the trypanosome and 

to determine whether or not it can function as a phosphotransferase under specific 

conditions both in vitro and in vivo. The fate of the phosphate group following 

glycerol-3-phosphate catabolism is investigated by measuring inorganic phosphate 

and glycerol produced during in vitro experiments and by tracking the metabolism of
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6.2 RESULTS

6.2.1 INVESTIGATION OF THE POTENTIAL OF GLYCEROL-3- 

PHOSPHATASE TO ACT AS A PHOSPHOTRANSFERASE IN THE 

PRESENCE OF POTENTUL PHOSPHATE ACCEPTORS IN VITRO

6.2.1.1 Investigation of the potential of givcerol-3-phosphatase to act as a 

phosphotransferase in the presence of givcerates

The first set of experiments described in this chapter investigate whether or 

not glycerol-3-phosphatase can act as a phosphotransferase under specific conditions 

in vitro. The enzyme was incubated with glycerol-3-phosphate and a variety o f 

potential acceptors for the phosphate group In each case the amount of product 

formed (i.e. glycerol and inorganic phosphate) due to glycerol-3-phosphatase activity 

was assayed. Initially the role of glycerate as a phosphate acceptor was investigated. 

The reason this intermediate was investigated is because 3-phosphoglycerate is a 

potential product of this reaction, which, when converted to phosphoenolpyruvate by 

the sequential action of phosphoglycerate mutase and enolase, is a substrate for the 

extremely thermodynamically favourable reaction catalysed by pyruvate kinase to 

produce net ATP (AG°' = -26.2 kJ/mol, Dobson et al., 2002). It was considered that 

this reaction would only occur once for each mole o f glucose consumed. Thus 2 

ATP molecules would be harvested over the span of the conversion of 

phosphoenolpyruvate to pyruvate, rather than 1 for the single triose phosphate that 

would traverse this path under the pathway proposed for anaerobic conditions 

involving glycerol kinase reversal. Secondly, monophosphoglycerate was found to 

be one of the radiolabelled products of glycerol-3-phosphate catabolism and this is 

discussed at a later stage in this chapter. It is not known whether glycerate itself is 

produced in trypanosomes, but it was considered a feasible possibility. When acting 

as a phosphatase, glycerol-3-phosphatase produces equimolar amounts o f inorganic 

phosphate and glycerol. Both products of the glycerol-3-phosphatase reaction, 

glycerol and inorganic phosphate, were monitored separately, the idea being that if 

the enzyme were to act as a phosphotransferase the rate o f glycerol production would 

remain high, but production of free inorganic phosphate would be reduced as the 

phosphate group was transferred to glycerate. The enzyme was also incubated with 

monophosphoglycerate and 2,3-bisphosphoglycerate. The former was included as it
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may act as a phosphate acceptor to produce 2,3-bisphosphoglycerate, and the latter as 

it may function as a co-factor. As can be seen in Fig 6.1, glyceric acid inhibits 

glycerol-3-phosphatase activity, but equally inhibits the production o f both glycerol 

and phosphate (compare panel a with b). It was concluded that no transferase 

activity could be attributed to the enzyme under these experimental conditions. 

Both the D and L form of glyceric acid inhibit glycerol-3-phosphatase with the L 

form being slightly more effective (Fig 6.1). This is not entirely surprising given the 

fact that glyceric acid shares some structural characteristics with both glycerol and 

glycerol-3-phosphate.

When a cytosolic fraction containing the enzyme was incubated in the 

presence of glycerol-3-phosphate and 3-phosphoglycerate there was no decrease in 

the formation o f either phosphatase product, indicating that this compound does not 

act as an acceptor for a possible phosphotransferase reaction under these 

experimental conditions. However, when glycerol-3-phosphatase was incubated with 

both glycerol-3-phosphate and 3-phosphoglycerate or simultaneously with glycerol- 

3-phosphate, 3-phosphoglycerate and bisphosphoglycerate phosphatase activity (both 

glycerol and inorganic phosphate production) increased by 25 % and 56 % 

respectively (Fig 6.2). 3-Phosphoglycerate and bisphosphoglycerate are not 

hydrolysed by glycerol-3-phosphatase (see Table 4.4). Consequently, it seems 

reasonable to assume that phosphate production, in this case, was a result o f the 

catalytic hydrolysis o f glycerol-3-phosphate by glycerol-3-phosphatase. Why this 

increase in enzyme activity occurred has not been established by the experiments 

reported here. Previous studies have demonstrated that certain trypanosomal 

enzymes are regulated by glycolytic intermediates that are not a substrate or product 

o f the enzyme catalysed reaction. Fructose-1,6-bisphosphate, for example, activates 

pyruvate kinase (Flynn & Bowman, 1981) and phosphoenolpyruvate inhibits 

phosphofructokinase (Cronin & Tipton, 1985), although the physiological relevance 

o f these experiments is questionable considering the substrate concentrations used are 

far above those found intracellulary. It is possible, that 3-phosphoglycerate and 

bisphosphoglycerate may play a role in the regulation o f glycerol-3-phosphatase 

activity m vivo. This possibility will be further discussed in section 6.2.2.
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Fig 6.1 The effect of glycolytic intermediates on glycerol-3-phosphatase 

activity

The assay contained the reaction medium as described in the methods section, 

high-speed supernatant (3.5 \xg protein) from broken cells, L-glycerol-3- 

phosphate (5 mM), as well as the various intermediates shown in the table. 

Glyceric acid and 3-phosphoglyceric acid were added to final concentrations 

of 5 mM. 2,3-Bisphosphoglyceric acid was added to a final concentration of 

10 )̂ M. The assays were incubated for 20 min at 37 °C. The reaction was 

stopped by the addition of TCA (5 % w/v) when phosphate was to be 

determined and by the addition of a slurry of Dowex 1X8-200 (1ml of Dowex 

1 slurry, 50% v/v; deionised and distilled H2O) when glycerol was to be 

determined. Fig 6.1, panel a shows the effect on glycerol production by 

various intermediates and Fig 6.1 panel b show the effect on inorganic 

phosphate production by various intermediates. Each datum point represents 

the mean + S.D. of the mean of 3 separate measurements.

Experiment No. Intermediates added

1 None

2 3-phosphoglycerate, 1,3-diphosphoglycerate

3 3-phosphoglycerate, D-glyceric acid

4 3-phosphoglycerate, L-glyceric acid

5 1,3-bisphosphoglycerate, D-glyceric acid

6 1,3-bisphosphoglycerate, L-glyceric acid

7 D-glyceric acid

8 L-glyceric acid

9 3-phosphoglycerate
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Fig 6.2 Time courses of glycerol-3-phosphatase activity in the presence of 

various glycolytic intermediates

Each assay contained L-glycerol-3-phosphate (5 mM), the reaction medium 

(see Table 2.2) and high-speed supernatant (4 |ug protein). The individual 

experiments contained various glycolytic intermediates; 3-phosphoglyceric 

acid (5 mM), bisphosphoglyceric acid (10 jiM), D-glyceric acid (5 mM) and 

L-glyceric acid (5 mM). The reaction was initiated by the addition o f L- 

glycerol-3-phosphate and was allowed to proceed for 50 min at 37 °C. Fig 

6.2, panel a shows the inhibition of phosphate production and Fig 6.2, panel b 

shows the activation of phosphate production. The table below shows the 

glycolytic intermediates added in each experiment. Each data point represents 

the mean + S.D. o f the mean of 3 separate measurements. Where no error bars 

are shown the S.D. was smaller then the size of the symbol used for the datum 

point.

Experiment Intermediate added

1. None (•)

2. 1,3-bisphosphoglycerate and D-glyceric acid (o)

3. 1,3-bisphosphoglycerate and L- glyceric acid (■)

4. D- glyceric acid *

5. L- glyceric acid (*)

6. 3-phosphoglycerate and L- glyceric acid (□)

7. 3-phosphoglycerate and 1,3-bisphosphoglycerate (♦)

8. 3-phosphoglycerate (O)
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Fig 6.3 (a) The effect of glucose on inorganic phosphate production by 

glycerol-3-phosphatase

Purified glycerol-3-phosphatase (post gel filtration, 40 ng protein) was 

incubated in cacodylate buffer (66 mM, pH 7), containing MgCla (4.2 mM), L- 

glycerol-3-phosphate (10 mM) and glucose at the concentrations shown (final 

concentrations) in a volume o f 107,5 |al. The reaction was started by the 

addition o f the enzyme. The samples were incubated at 37 °C for 30min and 

stopped with TCA (50 % w/v, 12.5 fj.1). Free inorganic phosphate was assayed 

using the Fiske-Subbarow assay (see Section 2.6). Each datum point 

represents the mean + S.D. o f the mean o f 3 separate measurements. Where 

no error bars are shown the S.D. o f the mean was smaller then the size o f the 

symbol used for the datum point.

Fig 6.3 (b) Comparison of the ability of glycerol-3-phosphatase and 

hexokinase present in broken trypanosomes to catalyse the production 

glucose-6-phosphate from glucose and glycerol-3-phosphate or ATP

Each assay was conducted in the presence o f  Tris buffer (80 mM, pH 7,8) 

containing M gCl2 (5 mM), NADP (1 mM), glucose-6-phosphate 

dehydrogenase (4 units) and a sample o f broken cells (50 )o.l containing 14 ^g  

protein and 0.1 % w/v Triton X-100). In each case the assay was initiated by 

adding a stock solution o f the phosphate donor, glycerol-3-phosphate (50 ^1, 

10 mM final concentration) or ATP (50 |il, 1 mM final concentration) to give a 

final volume o f 350 )al. The amount o f glucose-6-phosphate produced with 

glycerol-3-phosphate as donor (■) or with ATP as donor (♦) was assessed by 

measuring the absorbance at 340 nm. Each data point represents the mean + 

S.D. o f the mean o f  3 separate measurements. Where no error bars are shown 

the S.D. o f the mean is smaller than the size o f the symbol used for the datum 

point.
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6.2.1.2 Investigation of the potential of glycerol-3-phosphatase to act as a

phosphotransferase in the presence of glucose

The possibihty of glucose acting as an acceptor for phosphate was also 

investigated. Clarkson and Brohn (1976) have previously suggested this possibility 

and Kiaira and Njogu (1988) later proposed the existence of a glycerol-3-phosphate: 

glucose transphosphorylase that could catalyse the formation of glycerol and glucose- 

6-phosphate. However no inhibition of inorganic phosphate production was observed 

in the presence of glucose concentrations up to 1 mM (Fig 6.3a). The apparent 

absence of phosphate transfer from glycerol-3-phosphate to glucose was further 

substantiated by the lack of production of glucose-6-phosphate, the proposed product 

of glycerol-3-phosphate phosphotransferase reaction, which was measured via a 

coupled enzyme assay (Fig 6.3 panel b)

6.2.2 INVESTIGATION OF THE POTENTIAL OF GLYCEROL-3- 

PHOSPHATASE TO ACT AS A PHOSPHOTRANSFERASE IN THE 

PRESENCE OF POTENTIAL PHOSPHATE ACCEPTORS “/TV VIVO”

No evidence of phosphotransferase activity was found in the in vitro studies 

using glycerol-3-phosphate as a substrate and various potential acceptors. These 

results, however, did not rule out the possibility that glycerol-3-phosphatase could 

still act as a phosphotransferase under different experimental conditions. It was 

considered that the best way to investigate this possibility was to conduct anaerobic 

experiments as close to in vivo conditions as possible, so that the enzyme would 

function as it does naturally in the cell. These experiments were conducted using 

radiolabelled substrate (glycerol-3-phosphate) that was synthesised in two separate 

forms. The first batch of glycerol-3-phosphate was labelled with and the second 

with U-‘''C. The radiolabelling allowed direct tracking of the transfer of the labelled 

group to other glycolytic intermediates, as well as facilitating very sensitive detection 

of phosphate transfer or substrate metabolism that could not be done using unlabelled 

substrate. The introduction of the labelled substrate into the trypanosomes was 

achieved by “swell dialysis” (Voorheis & Martin, 1980). Strictly speaking swelling 

of cells cannot be considered as in vivo conditions because as the cell swells small 

molecular weight substances in the cytosol are diluted into the surrounding medium. 

Nonetheless, the novel technique of swell dialysis was considered a mild way of 

introducing the labelled substrate into the cell without causing cell rupture, thus
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maintaining as natural an environment as possible. These conditions have previously 

been shown not to affect the permeability barrier of the mitochondrial inner 

membrane towards (Nolan & Voorheis, 2000). It seemed unlikely that this 

experimental technique would affect the permeability properties of the glycosomal 

membrane or result in the dissociation o f the multienzyme complex inside the 

glycosome. Even if the glycosomal membrane does not constitute a permeability 

barrier, previous reports have demonstrated that this complex does not dissociate 

under conditions of lower than physiological ionic strength. Instead, glycosomes 

require higher ionic concentrations for dissociation of the enclosed enzymes (Oduro 

et al., 1980 a & b; Opperdoes & Nwagwu, 1980).

The substrates (glycerol-3-phosphate and ADP) of the reaction that is 

believed to be responsible for the production of ATP under anaerobic conditions, that 

is the substrates for the glycerol kinase reverse reaction, were added exogenously to 

the cells to investigate if a transfer of the phosphate group from glycerol-3-phosphate 

leads to the synthesis of ATP under anaerobic conditions. As far as this author is 

aware this is the first time that the products of glycerol-3-phosphate metabolism and 

the subsequent fate of the phosphate group have been directly tracked using P^P]- 

labelled substrate. This may be because [^^P]-labelled glycerol-3-phosphate is not 

commercially available. Consequently, it had to be synthesised from p^P]-labelled 

ATP and glycerol via the reaction catalysed by glycerol kinase and then purified (see 

Chapter 2, Section 2.15). Various unlabelled glycolytic intermediates were also 

added to the reaction medium in separate experiments. These additions allowed the 

intermediates to be tested for the potential to act as acceptors of the phosphate group 

(ADP, glucose, glyceric acid and monophosphoglycerate). Possible co-factors for 

the catalysed reactions could also be investigated in this way. These same glycolytic 

intermediates could also be used to act as “traps” (specifically phosphoenolpyruvate, 

ATP and monophosphoglycerate) or metabolic “sinks”, to sequester any intermediate 

that became phosphorylated with ^̂ P as a result of glycerol-3-phosphate metabolism, 

thus reducing further transformation.

6.2.2.1 The rate of glycolysis in trypanosomes as a function of the osmotic 

strength of the suspension medium

The rate of glycolysis was measured in swollen cells, as it was not expected 

to be the same as that found in cells incubated under iso-osmotic conditions. The
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Fig 6.4 The rate of trypanosomal glycolysis in both normal and swollen 

cells

Trypanosomes were incubated in TES buffer at 37 °C at a concentration 

o f  2.6 X 10’ cells/m l. The rate o f  glycolysis was measured by monitoring 

oxygen consumption with an oxygen electrode. The assay medium used was 

composed o f  two buffers. Buffer A was 314 mOsM and contained TES (30 

mM), sucrose (55 mM), glucose (10 mM), NaCl (120 mM), KCl (2 mM), 

MgCl: (3 mM) and adenosine (0.2 mM) at pH 7.4. Buffer B was 59.05 mOsM  

and contained TES (15 mM), glucose (10 mM), NaCl (10.8 mM), KCl (4.2 

mM), M gCl2 (2 mM) and adenosine (0.2 mM) at pH 7.4. The two buffers 

were combmed in various proportions to give a series o f  incubation media 

with the osmolarities shown in the table. The experiment was conducted in 

triplicate and each result is the mean + S.D o f  the mean.

Osmolarity Rate o f  glycolysis % Activity

(mOsM) (O nmol/min/mg cell protein)

314 (iso-osm otic 206 + 23 100 + 11

conditions)

187 150+  18 73 + 8.7

123 125 + 21 61 + 10

90 120+  14 58 + 6.8
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glycolytic rate was found to be 120 nmol/min of O consumption per mg of total cell 

protein (at 37 °C) when the cells were swollen by mcubation at an osmolarity of 90 

mOsM (Fig 6.4), This is 58 % of the glycolytic rate under iso-osmotic conditions (or 

normal physiological conditions) and was considered sufficient to study the fate of 

[^^P]-labelled L-glycerol-3-phosphate. The cells were returned to an iso-osmotic 

medium after various time periods in the swollen state and examined microscopically 

to monitor cell motility as an indication of cell viability. Under anaerobic conditions 

the cells were found to be fully motile for the incubation periods used in this study, 

i.e. up to 10 minutes.

The ratio of the intracellular concentrations o f monophosphoglycerate to 

phosphoenolpyruvate in trypanosomes under anaerobic conditions reported by Visser 

and Opperdoes (1980) is 3.8:1. This value is consistent with the ratio of 

radiolabelled monophosphoglycerate and phosphoenolpyruvate found in the current 

studies when neither intermediate was added exogenously (Table 6.1, experiments 2, 

3 and 5), indicating that the glycolytic enzymes were in this respect apparently 

functionmg in swollen cells as they do in unswollen cells.

6.2.2.2 The identification of glycolytic intermediates following separation by 

anion exchange chromatography

Swollen cells were incubated with p^P]-labelled L-glycerol-3-phosphate and 

various combinations of glycolytic intermediates. Following these incubations a 

protein-free cellular extract was isolated and chromatographed on an anion exchange 

column to separate the glycolytic intermediates. Glycolytic intermediates separated 

by column chromatography were identified by comparison with elution profiles of 

standards and enzymatically assayed (see Chapter 2, section 2.17 and Fig 2.12). The 

samples that were treated enzymatically were converted to products that retained the 

labelled phosphate group and were known to elute in a different position to the 

substrate (e.g. phosphoenolpyruvate was treated with pyruvate kinase producing 

ATP, thus the phosphate group was transferred from phosphoenolpyruvate to ATP, 

see Fig 2.12 for elution profiles). Following enzymatic treatment the reaction 

mixtures were re-chromatographed to confirm the identity of the labelled phosphate 

product.
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6,2.2.3 Investigation of both and ‘‘*C- radiolabelled L-glvcerol-3-phosphate

metabolism in T. brucei under anaerobic conditions

6.2.2.3.1 Purity of the phosphate donor, [^^PJ-labelled L -glycerol-3-phosphate

Elution of p^P]-labelled L-glycerol-3-phosphate from a strong anion exchange 

resin, Dowex-1, revealed a single peak of radioactivity migrating in a position 

identical to that obtained for unlabelled authentic L-glycerol -3-phosphate, when 

assayed enzymatically (Fig. 6.5). In addition the elution profile showed that L- 

glycerol-3-phosphate was the only radiolabelled material present.

6.2.2.3.2 The phosphate group of p^P]-labelled L-glycerol-3-phosphate was 

completely retained in the starting material in the absence of trypanosomes 

(experiment 1)

When [^^P]-labelled L-glycerol-3-phosphate was incubated alone in the 

absence of trypanosomes all of the radioactivity was recovered in the starting 

material, p^P]-labelled L-glycerol-3-phosphate (Fig 6.6 and Table 6.1, experiment 1). 

The overall recovery of radioactivity in this experiment was 99.7 %.

6.2.2.3.3 The phosphate group of [^^P|-labelled L-glycerol-3-phosphate was not 

transferred directly to glucose (experiment 2)

Glucose was added in this experiment to test its phosphate acceptor 

capabilities. p^P]-Labelled glucose was not produced when swollen bloodstream 

form trypanosomes were incubated with [^^P]-labelled L-glycerol-3-phosphate in the 

presence o f 10 mM unlabelled D-glucose and 1 mM unlabelled inorganic phosphate 

(Fig. 6.7, panel a and Table 6.1, experiment 2). Thus, the source of the 'missing' ATP 

under anaerobic conditions was not produced in a direct hexokinase bypass reaction. 

Unlabelled inorganic phosphate was added as a trap to prevent any ^̂ P from entering 

glucose-6-phosphate indirectly via hydrolysis of p^P]-labelled L-glycerol-3- 

phosphate and then incorporation of the resulting [’̂ P]-labelled inorganic phosphate 

via the sequential actions of phosphate fixation and transfer to ADP to form [’^P]- 

labelled ATP by the respective glyceraldehyde-phosphate dehydrogenase and 

phosphoglycerate kinase reactions and finally to glucose-6-phosphate via the 

hexokinase reaction.
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Fig 6.5 The elution profile of [^^P]-labelled L-glycerol-3-phosphate (3.3 ^Ci, 

0.066 finiol) on a 1.5 ml Dowex column.

The elution profile o f  [^^P]-labelled L-glycerol-3-phosphate ((3.3 nCi, 0.066 )j.mol, 

-0-) was obtained following the chromatographing o f a sample diluted to a final 

volume o f 1 ml with HjO. The elution profile o f  unlabelled L-glycerol-3-phosphate 

(1 )j,mol, -•-) was obtained following the chromatographing o f a sample diluted to a 

final volume o f  1 ml with HjO. L-Glycerol-3-phosphate was eluted with the usual 

gradients as described in the methods section (section 2.16). The distribution o f 

was detected using liquid scintillation counting, while unlabelled glycerol-3- 

phosphate was detected enzymatically. All data was normalised to allow 

comparison.
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Fig 6.6 The fate of p^P]-labelIed L-glycerol-3-phosphate following incubation in 

the 90 mOsM buffer required to swell trypanosomes under anaerobic 

conditions.

The elution profile o f  f^P]-labelled L-glycerol-3-phosphate (3.3 |uCi, 0.066 }amol) 

was obtained following the chromatographing o f a sample incubated under 

anaerobic conditions (SHAM, 1 mM) in a final volume o f 1.55 ml at room 

temperature for 10 min. The osmolarity o f  the incubation was 90 mOsM and the 

swell buffer was added to the mcubation at 37 °C. At the end o f  the incubation the 

sample was treated with a mixture o f phenol, chloroform and isoamyl alcohol 

(38;24;1) and 200 (j,l EDTA (50 mM). L-Glycerol-3-phosphate was eluted from an 

ion exchange column, Dowex-1, with the usual gradients as described in the 

methods section (Section 2.16). The experiment was completed twice and the 

elution profiles shown represent typical results obtained.
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Fig 6.6 The fate of [*^P|-labelled L-glyceroI-3-phosphate following 
incubation in the 90 mOsM buffer required to swell trypanosomes under 
anaerobic conditions.
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Fig 6.7 The fate of p^P]-labelIed L-glycerol-3-phosphate when incubated 

with swollen bloodstream form trypanosomes in the presence of SHAM to 

simulate anaerobic conditions

Trypanosomes (2 x 10®) were swollen under anaerobic conditions (SHAM, 1 

mM) with H2O (37 °C) containing [^^P]-labelled L-glycerol-3-phosphate (3.3 

I^Ci, 0.066 lamol) in a final volume o f 1.55 ml and incubated at room 

temperature for 10 min. Various glycolytic intermediates were also added at 

final concentrations o f 1 mM each, except for glucose which was added at a 

final concentration o f 10 mM. Unlabelled L-glycerol-3-phosphate was added 

at a final concentration o f 2 mM in selected experiments (*, see the table 

below for details). The osmolarity o f all o f the incubations was 90 mOsM. At 

the end o f each incubation the experiment was terminated by adding a mixture 

o f  phenol, chloroform and isoamyl alcohol (38:24:1) and 200 |Lil EDTA (50 

mM). The glycolytic intermediates were then separated by ion exchange 

chromatography on Dowex-1 as described in Section 2.16. Each experiment 

was completed twice and the elution profiles shown represent typical results 

obtamed. The fractions were assayed for by liquid scintillation counting. 

The peaks identified in panels a -f were: 1, glycerol-3-phosphate: 2, inorganic 

phosphate; 3, monophosphoglycerate: 4, phosphoenolpyruvate: 5, ATP. The 

y-axis shows the percentage o f total DPM loaded onto the column and the x- 

axis shows the volume (ml).

Panel Glycolytic Intermediates Added

a Glucose and inorganic phosphate

b None

c Uniabelled L-giycerol-3-phosphate*

d ADP

e Unlabelled L -glycerol-3-phosphate* and ADP

f ADP and monophosphoglycerate

g ADP and phosphoenolpyruvate

h ADP, phosphoenolpyruvate and monophosphoglycerate

i Unlabelled L -glycerol-3-phosphate*, phosphoenolpyruvate, pyruvate, 

glyceric acid, ADP and monophosphoglycerate

j Unlabelled L -glycerol-3-phosphate*, phosphoenolpyruvate, pyruvate, 

glyceric acid, ADP, monophosphoglycerate and ATP
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Fig 6.7 (a) L-G!yceroI-3-phosphate, glucose & P,

(c) L*Glycerol-3-phosphate*

20 -

15 -

10  -

— I H I '
0 50 100 i 50 200 250 300

(e) L-Glycerol-3-phosphate* & ADP

20  -

15 -

10  -

0 50 100 150 200 250 300

(b) L-Glycerol-3-phosphate

20 -

15 -

10  -

0 50 100 150 200 250 300

(d) L-Glycerol-3-phosphate & ADP

20 -

15 -

10 -

0 50 100 150 200 250 300

(f) L-Glycerol-3-phosphate, ADP & MPG

20  -

15 -

10  -

0 50 100 150 200 250 300

(g) L-Glycerol-3-phosphate, ADP & PEP 
25 .

' T  I I I 
50 100 150 200 250 300

(h) L-Glycerol-3-phosphate, ADP, MPG & 
PEP

20 -

15 -

10 -

0 50 100 150 200 250 300

(i) L-Glycerol-3-phosphate*, PEP, pyruvate, 
glyceric acid, ADP & MPG 
25 .

20 

15 -  

10 -  

5 -  

0 - vi-U
50 100 150 200 250 300

(j) L-Glycerol-3-phosphate*, PEP, pyruvate, 
glyceric acid, ADP, ATP &MPG

20 -

15 -

10 -

0 50 100 150 200 250 300

Volume (ml)



The percentage distribution of radioactivity (”P or ’*C)

Experiment Added Glycolytic Intermediates Glycerol-3- 

Phosphate

Glycerol P, MPG PEP ATP Total

1 [’T]-labelled L-GIy-3-P, no cells. 99.6 (0.066) ND ND ND ND 99.6 (0.066)

2 [”P]-labelled L-Gly-3-P + Glucose +P, 87.8 (0.263) 1 4(0.004) 7.7(0.023) 2.3 (0.007) ND 99.2 (0.297)

3 ["P]-labelled L-Gly-3-P 69.5 (0.208) 3.8(0.011) 20.7 (0.062) 5.3 (0.016) ND 99.3 (0.297)

4 [”P]-labelled L-Gly-3-P + 2 mM L-Gly- 
3-P
["P]-labelled L-Gly-3-P + ADP

88.1 (2.99) 10.6(0.360) ND ND ND 98.7 (3.355)

5 57.6(0.172) 19.2 (0.057) 10.7 (0.032) 3.5 (0.010) 7.1 (0.021) 98.1 (0.293)

6 P^P]-labelled L-Gly-3-P + ADP + 2 mM 
L-Gly-3-P

73.7 (2.505) 17.1 (0.581) ND ND 7.2 (0.245) 98 (3.331)

7 [’T]-labelled L-Gly-3-P + ADP+ MPG 28.4 (0.085) 46.2(0.138) 13.4(0.040) 3.8(0.011) 6.9(0.021) 98.7 (0.295)

8 [”P]-labelled L-Gly-3-P + ADP + PEP 41.4(0.124) 38.0(0 114) 12.9(0.039) ND 6.5(0.019) 98.6 (0.295)

9 ['^P]-labelled L-Gly-3-P + ADP +PEP + 

MPG

42.7(0.128) 36.5 (0.109) 11.4 (0 034) 1.1 (0.003) 7.8 (0.023) 99.5 (0.298)

10 P'P]-labelled L-Gly-3-P + 2 mM L-Gly- 
3-P, PEP, pyruvate, D,L-glyceric acid, 
ADP and MPG

60.0 (2.039) 28.9 (0.982) 1.7(0.058) ND 7.4 (0.252) 98 (3.331)

11 [’̂ P]-labelled L-Gly-3-P + 2 mM L-Gly- 
3-P, PEP, pyruvate, D,L-glyceric acid, 
ADP, ATP and MPG

62.3 (2.118) 28.2 (0.959) 1.9(0.065) ND 7.0 (0.238) 99.4 (3.379)

12 [ 'r]-labe lled  L-Gly-3-P 69.0 (0.206) 9.5 (0.028) ND 16.8 (0.050) 4.0(0.012) ND 99.5 (0.298)

ND = none detected

Table 6.1 Transfer of radioactivity from [”P|-labelled glycerol-3-phosphate and |“C)-labelled glycerol-3-phosphate to other glycolytic intermediates while 

incubated with swollen trypanosomes under anaerobic conditions.



Table 6.1 Transfer of radioactivity from (”P]-labelled glyceroI-3-phosphate and [“CJ-labelled glycerol-3-phosphate to other glycolytic 

intermediates while incubated with swollen trypanosomes under anaerobic conditions.

Bloodstream forms o f T. brucei were incubated under anaerobic conditions (SHAM, 1 mM) at room temperature for 10 min in Tes buffer 

(90 mOsM). Glycolytic intermediates were added at a final concentration of 1 mM and L-Gly-3-P (’̂ P or 'C , 3.33 iLiCi, 0.066 ^imol) was also 

added to each incubation. Experiments 4, 6, 10 and 11 were incubated in the presence of an additional 2 mM unlabelled L-G3P. The amount of 

radioactivity in each glycolytic intermediate peak was determined by liquid scintillation counting. The amount of radioactivity was expressed as 

percentage of the total amount o f radioactivity that was added to the experiment. The figures in parentheses represent the moles of each 

glycolytic intermediate that were radiolabelled and these values were calculated on the basis of the amount o f radioactivity transferred to the 

glycolytic intermediate. The amount of L-glycerol-3-phosphate at the start of the incubation in experiments 2, 3, 5, 7-9 and 12 was 0.299 lamol 

and in experiments 4, 6, 10 and 11 was 3.399 lamol. The abbreviations used are as follows: L-Gly-3-P; L-glycerol-3-phosphate, PEP; 

phosphoenolpyruvate, MPG; monophosphoglycerate and P,; inorganic phosphate.



However, labelled phosphate was transferred to both monophosphoglycerate 

(7.7 % of total radioactivity added; Fig.6.7, panel a, peak 3 and Table 6.1, experiment 

2) and to phosphoenolpyruvate (2.3 % of radioactivity added; Fig. 6.7 panel a, peak 4 

and Table 6.1, experiment 2). Radioactivity was also found in inorganic phosphate 

(1.4 % of total radioactivity added; Fig 6.7, panel a, peak 2 and Table 6.1, experiment 

2), The remainder of the radioactivity was recovered in the starting material, [̂ P̂]- 

labelled L-glycerol-3-phosphate (Fig 6.7, panel a, peak 1 and Table 6.1, experiment

2) to give an overall recovery of 99.2%.

6.2.2.3.4 The phosphate group o f p^P]-labelled L-glycerol-3-phosphate w as not 

transferred to ADP in the absence o f added ADP under anaerobic conditions 

(experim ent 3)

There was no transfer of labelled phosphate from [^^P]-labelled L-glycerol-3- 

phosphate to ADP to form [^^P]-labelled ATP when swollen trypanosomes were 

incubated with [^^P]-labelled L-glycerol-3-phosphate alone under anaerobic 

conditions (Fig, 6.7 panel b and Table 6.1, experiment 3). However, once again 

labelled phosphate was transferred to both monophosphoglycerate (20.7 % of total 

radioactivity added; Fig.6.7, panel b, peak 3 and Table 6.1, experiment 3) and to 

phosphoenolpyruvate (5.3 % of radioactivity added; Fig. 6.7 panel b, peak 4 and 

Table 6.1, experiment 3). Radioactivity was also found in inorganic phosphate (3.8 

% of total radioactivity added; Fig 6.7, panel b, peak 2 and Table 6.1, experiment 3). 

Again the remainder of the radioactivity was recovered in the starting material, [̂ P̂]- 

labelled L-glycerol-3-phosphate (Fig 6.7, panel b, peak 1 and Table 6.1, experiment

3). The overall recovery of radioactivity was 99.3 %. For a discussion of the 

possible mechanisms by which these various intermediates became labelled, see the 

Discussion Section of this Chapter.

6.2.2.3.5 The phosphate group o f p^PJ-labelled L-glycerol-3-phosphate was not 

transferred to ADP in the absence o f added ADP even if  the concentration of L- 

glycerol-3-phosphate is raised by an order of m agnitude (experim ent 4)

The last experiment was repeated with an increased final concentration of L- 

glycerol-3-phosphate (2.2 mM final) in order to make its concentration exceed its K„, 

for the L-glycerol-3-phosphatase (1.6 mM, see Chapter 4, section 4.2.3.5), thus 

testing the possibility that this enzyme was responsible for the transfer of phosphate
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from L-glycerol-3-phosphate via some endogenous acceptor to ADP. When swollen 

bloodstream forms of T. brucei were incubated with an additional 2 mM added L- 

glycerol-3-phosphate alone, which increased the concentration of L-glycerol-3- 

phosphate by an order o f magnitude (x 11) to a final concentration of 2.2 mM (taking 

account of both the endogenous L-glycerol-3-phosphate in the added swollen cells 

and that present in the radiolabelled material added, see Table 6.2), p^P]-labelled 

ATP was still not produced (Fig. 6.7, panel c. Table 6.1, experiment 4). In this case 

the amount o f label recovered in inorganic phosphate was increased from 3.8 % to

10.6 % (Compare Fig. 6.7 panel b, peak 2 with panel c, peak 2 and Compare Table 

6.1, experiment 3 with experiment 4) and radioactivity was not found in any other 

component. The overall recovery of radioactivity was 98,7 %.

Increasing the concentration o f L-glycerol-3-phosphate appeared simply to 

allow glycerol-3-phosphatase to produce more inorganic phosphate directly by means 

o f  its phosphatase activity, which has a relatively large K,„ for L-glycerol-3- 

phosphate.

6.2.2.3.6 The phosphate group of [^^P|-labelled L-glycerol-3-phosphate was 

transferred to ADP when unlabelled ADP was added (experiment 5)

The addition of unlabelled ADP (1 mM) to swollen trypanosomes in the 

presence of p^P]-labelled L-glycerol-3-phosphate proved to be a critical experiment. 

This experiment attempted for the first time that this author is aware, using specific 

radiotracer methodology, to answer the question of whether or not the phosphate 

group, that comprises the y-phosphate of ATP, is transferred directly from L-glycerol- 

3-phosphate to ADP under anaerobic condition by trypanosomes themselves. In this 

case 7.1 % of the ^̂ P was found in ATP (Fig 6.7, panel d, peak 5 and Table 6.1, 

experiment 5). In total, 10.7 % of the ^̂ P was found in monophosphoglycerate, 3.5 % 

in phosphoenolpyruvate and 19.2 % in inorganic phosphate (Fig. 6.7, panel d, peaks 

3, 4 & 2 respectively and Table 6.1, experiment 5). In addition 57.6 % of the 

radioactivity was retained in L-glycerol-3-phosphate (Fig. 6.7, panel d, peak 1 and 

Table 6.1, experiment 5). The overall recovery was 98.1 %.

The effect o f exogenously added ADP on production of inorganic phosphate 

was quite significant. The production of labelled inorganic phosphate (3.8 % of total 

radioactivity) increased dramatically in the presence of ADP (to 19.2 %, see Table 

6.1 and compare experiment 3 with 5). The ATPase activity of cells is far higher than
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that o f glycerol-3-phosphatase. Consequently, the additional [^^P]-labelled inorganic 

phosphate found in this experiment where ADP was added and ATP synthesised must 

be mostly as a resuh o f ATPase activity.

The simple conclusion that the phosphate group of glycerol-3-phosphate was 

transferred directly to ADP rather than indirectly via other metabolic steps, proved to 

be correct. However, a full interpretation of these experimental results depend in part 

on other experiments and, consequently, will be found in the Discussion Section of 

this Chapter (section 6.3).

6.2.2.3.7 The phosphate group of [“ P]-labelled L-glycerol-3-phosphate was still 

transferred to ADP in the presence of unlabelled ADP when the concentration of 

P^Pj-labelled L-glycerol-3-phosphate is raised by an order of magnitude 

(experiment 6)

Raising the concentration o f L-glycerol-3-phosphate by almost an order o f 

magnitude did not significantly alter the results found in the previous experiment 

(section 6.2.2.4.7). In this case 7.2 % of the ^̂ P was found in ATP (Fig 6.7, panel e, 

peak 5 and Table 6.1, experiment 6), which was essentially identical to that found in 

the absence of an increased concentration o f L-glycerol-3-phosphate (see section 

6.2.2.3.6 immediately above). The amount o f radiolabelled inorganic phosphate 

found was 17,1 % of the total ^̂ P (Fig. 6.7, panel e, peak 2 and Table 6.1, experiment 

6). However, no ^̂ P was found in either monophosphoglycerate or in 

phosphoenolpyruvate (Fig. 6.7, panel e and Table 6.1, experiment 6).

The increase in concentration of L-glycero 1-3-phosphate would have 

decreased the specific activity o f [^^P]-labelled L-glycerol-3-phosphate by the same 

amount (x 11). Consequently, a drop in transfer o f the ^̂ P radiolabel from L-glycerol- 

3-phosphate to monophosphoglycerate and phosphoenolpyruvate without a change in 

the number o f moles o f phosphate transferred from L-glycerol-3-phosphate to 

monophosphoglycerate and phosphoenolpyruvate would make the % o f ’^P found in 

monophosphoglycerate drop from 10.7 % to 0.97 % and that in phosphoenolpyruvate 

drop from 3.5 % to 0.32 %, easily undetected with the methodology used in this 

experiment. Such a resuh {i.e. no change in the number of moles o f phosphate 

transferred from L-glycerol-3-phosphate to monophosphoglycerate and

phosphoenolpyruvate) would be found if the enzymes leading from L-glycerol-3- 

phosphate to monophosphoglycerate and phosphoenolpyruvate were either all well
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saturated with their respective substrates under these conditions or if  a significant 

portion of this series of enzymes were part o f a multienzyme complex, with bound 

intermediates that were not in equilibrium with their respective counterparts free in 

solution, and operating close to Vmax- Most o f the remainder of the at the end of 

this experiment was found in the starting material, p^P]-labelled L-glycerol-3- 

phosphate (73.7 %) and the overall recovery o f ^̂ P was 98 %.

6.2.2.3.S Unlabelled 3-phospho-D-glycerate did not trap entering ATP nor 

did it significantly reduce the amount of ^̂ P entering phosphoenolpyruvate, 

which supports the conclusion that the pyruvate kinase reaction was not the 

mechanism for transfer of ^̂ P from L-glycerol-3- phosphate to ADP (experiment 

7)
Unlabelled 3-phospho-D-glycerate (1 mM) was added to swollen 

trypanosomes in the presence of p^P]-labelled L-glycerol-3-phosphate and unlabelled 

ADP (1 mM) as phosphate acceptor in order to examine the possibility that 3- 

phospho-D-glycerate might act as a trap for ^̂ P that was being transferred from f^P]- 

labelled L-glycerol-3-phosphate to ADP indirectly by means of the glycolytic 

reactions forming phosphoenolpyruvate from L-glycerol-3-phosphate and then via the 

pyruvate kinase reaction to form [Y-^^P]-labelled ATP (see Fig 6.9). However, the 

amount of ^̂ P found in ATP at the end of the experiment (6.9 %) was not 

significantly reduced by the presence of 3-phospho-D-glycerate compared to the 

value obtained (7.1 %) when it was absent (compare Fig. 6.7, panel f, peak 5 with 

panel d, peak 5 and Table 6.1, experiment 7 with experiment 5).

Consequently, it can be concluded that indirect transfer of ^̂ P from [^^P]- 

labelled L-glycerol-3-phosphate to ADP to form p^P]-labelled ATP did not occur to 

any major extent. Only a small amount of additional ^̂ P was found in 

monophosphoglycerate, 10.7 % in the absence o f 3-phospho-D-glycerate and 13.4 % 

in its presence, indicating that this pathway was o f only minor importance but at the 

same time sufficient to determine that the trap was operational (compare Fig. 6.7, 

panel f, peak 3 with panel d, peak 3 and Table 6.1, experiment 7 with experiment 5). 

Additionally, there was no significant increase of ^̂ P in phosphoenolpyruvate, 3.5 % 

in the absence of 3-phospho-D-glycerate and 3.8 % in its presence (compare Fig. 6.7, 

panel f, peak 4 with panel d, peak 4 and Table 6.1, experiment 7 with experiment 4).
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At the same time the amount of found in inorganic phosphate was greatly 

increased 46.2 % compared to that in the absence of 3-phospho-D-glycerate, 19.2 % 

(compare Fig. 6.7, panel f, peak 2 with panel d, peak 2 and Table 6.1, experiment 7 

with experiment 5). Finally, as expected from the findings thus far, the amount of 

remaining in the starting material, L-glycerol-3-phosphate, was greatly reduced by an 

amount close to that found as an increase in inorganic phosphate (compare Fig. 6.7, 

panel f, peaks 1 & 2 with panel d, peaks 1 & 2 and Table 6.1, experiment 7 with 

experiment 5). This result was also entirely consistent with the ability of 3-phospho- 

D-glycerate to stimulate L-glycerol-3-phosphatase activity resulting in the reduction 

of L-glycerol-3-phosphate and an increase in inorganic phosphate (see Fig 6.2 panel 

b) as well as the ability o f L-glycerol-3-phosphatase to hydrolyse both L-glycerol-3- 

phosphate and its metabolic products, e.g. dihydroxyacetone phosphate but not 3- 

phospho-D-glycerate (see Chapter 4, Fig 4.11). The overall recovery of ^̂ P in this 

experiment was 98.7 %.

6.2.2.3.9 Unlabelled phosphoenolpyruvate did not trap entering ATP but, 

paradoxically, did reduce the amount of ^̂ P entering phosphoenolpyruvate, 

which also supports the conclusion that the pyruvate kinase reaction was not the 

mechanism for transfer of ^̂ P from L-glycerol-3-phosphate to ADP and also 

suggests that phosphoenolpyruvate inhibits enolase (experiment 8)

Unlabelled phosphoenolpyruvate (1 mM) was added to swollen trypanosomes 

in the presence o f [^^P]-labelled L-glycerol-3-phosphate and unlabelled ADP (1 mM) 

as phosphate acceptor in order to explore the possibility that phosphoenolpyruvate 

might act as a trap for “ P that was being transferred from [^^P]-labelled L-glycerol-3- 

phosphate to ADP indirectly as described in the previous experiment where 3- 

phospho-D-glycerate was used as a trap (see Fig 6.9). However, the amount of ^̂ P 

found in ATP at the end of the experiment (6.5 %) was reduced by only a very small 

amount in the presence o f phosphoenolpyruvate compared to that found in its absence 

(7.1 %), in fact the direct difference was only 0.6 % (compare Fig. 6.7, panel g, peak 

5 with panel d, peak 5 and Table 6.1, experiment 8 with experiment 5).

It was very significant and completely unexpected, that phosphoenolpyruvate 

did not trap any ^̂ P. In fact the presence o f phosphoenolpyruvate actually prevented 

any ^̂ P from entering phosphoenolpyruvate and, at the same time, increased the 

amount o f ^̂ P found in monophosphoglycerate (12.9 %) compared to its absence
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(10.7 %) when measured at the end of the experiment (compare Fig. 6.7, panel g, 

peaks 3 with panel d, peaks 3 & 4 as well as Table 6.1, experiment 8 with experiment 

5). This was most likely obtained since the K„ of enolase for PEP is 0.25 mM and so 

the concentration of PEP added to this experiment (1 mM) may well prevent the 

forward reaction from proceeding.

The amount of ̂ P̂ found in inorganic phosphate (38 %) was greatly increased 

compared to that obtained in its absence (19.2 %) by a factor o f about 2 (compare 

Fig. 6.7, panel g, peak 2 with panel d, peak 2 and Table 6.1, experiment 8 with 

experiment 5). It again appears that blocking the usual metabolism of the second half 

of glycolysis allows the L-glycerol-3-phosphatase to hydrolyse L-glycerol-3- 

phosphate and its metabolic product, dihydroxyacetone phosphate but not 3-phospho- 

D-glycerate, probably because the rate at which the intermediates built up was 

matched by the rate of their hydrolysis by the L-glycerol-3-phosphatase. It is also 

likely that any monophosphoglycerate present in the incubation mixture resulted in an 

increase m glycerol-3-phosphatase activity as was found to be the case in the in vitro 

studies completed at the beginning of this chapter (See Fig 6.2 panel b). Once again 

the amount of ^̂ P retained in the starting material, L-glycerol-3-phosphate, (41.4 %) 

was reduced compared to that observed in the absence o f phosphoenolpyruvate (57.6 

%) and the 16.2 % direct difference in these values closely matched the difference 

gained by inorganic phosphate (18.8 %) by the end of the experiment (compare Fig. 

6.7, panel g, peaks 1 & 2 with panel d, peaks 1 & 2 and Table 6.1, experiment 8 with 

experiment 5). The overall recovery of ̂ P̂ was 98.6 %.

Once again, it can be concluded, that indirect transfer o f ^̂ P from [^^P]- 

labelled L-glycerol-3-phosphate to ADP to form [^^P]-labelled ATP did not occur, in 

this case, particularly, because phosphoenolpyruvate blocked the enolase reaction 

entirely without decreasing the amount of ^̂ P entering ATP and so the pyruvate 

kinase reaction was not the mechanism for transfer of ^̂ P from L-glycerol-3- 

phosphate to ADP.
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6.2.2.3.10 Addition of both unlabelled 3-phospho-D-glycerate and 

phosphoenolpyruvate, in the presence of unlabelled ADP, did not trap 

entering ATP and gave results close to those found in experiments 7 «& 8, which 

eliminates any synergistic effects between 3-phospho-D-glycerate and 

phosphoenolpyruvate (experiment 9)

When both 3-phospho-D-glycerate (1 mM) and phosphoenolpyruvate (1 mM) 

were added together as potential traps or regulators to swollen trypanosomes in the 

presence o f p^P]-labelled L-glycerol-3-phosphate and unlabelled ADP (1 mM) as 

phosphate acceptor, the amount o f found in ATP (7.8 %) was only marginally and 

probably insignificantly increased compared to the amount found in their absence 

(7.1 %) in the control incubation (compare Fig. 6.7, panel h, peak 5 with panel d, 

peak 5 and Table 6.1, experiment 9 with experiment 5).

In the presence o f both o f these unlabelled glycolytic intermediates the 

amount o f ^̂ P found in phosphoenolpyruvate (1.1 %) was present but reduced by 

about a factor o f approximately 3-fold from that found in their absence (3.5 %) by the 

end of the experiment (compare Fig. 6.7, panel h, peak 4 with panel d, peak 4 and 

Table 6.1, experiment 9 with experiment 5). This result supported the previous 

conclusion that phosphoenolpyruvate inhibited enolase. Once again these unlabelled 

glycolytic intermediates increased the amount of ̂ P̂ found in monophosphoglycerate 

(11.4 %) compared to their absence (10.7 %) by only a very small amount (compare 

Fig. 6.7, panel h, peak 3 with panel d, peak 3 and Table 6.1, experiment 9 with 

experiment 5). The amount of ^̂ P found in inorganic phosphate was increased 

significantly (36.5 %) compared to that found in their absence (19.2 %) while the 

amount o f ^̂ P remaining in the starting material, L-glycerol-3-phosphate, was 

significantly decreased (42.7 %) compared to that recovered in the absence of these 

unlabelled glycolytic intermediates (57.6 %) in this experiment (compare Fig. 6.6, 

panel h, peaks 2 & 1 with panel d, peaks 2 & 1 as well as Table 6.1, experiment 9 

with experiment 5). The overall recovery of ̂ P̂ in this experiment was 99.5 %.
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6.2.2.3.11 Addition of unlabelled phosphoenolpyruvate, 3-phospho-D-glycerate, 

pyruvate and D, L-glyceric acid did not trap entering ATP when the 

concentration of L-glycerol-3-phosphate was raised by an order of magnitude, 

which supports the view that ^̂ P did not enter ATP via these intermediates and 

that D, L-glyceric acid did not accept ^̂ P directly from p^P]-labelled L-glycerol-3- 

phosphate (Experiment 10)

Unlabelled 3-phospho-D-glycerate, phosphoenolpyruvate, pyruvate, D, L- 

glyceric acid, (1 mM each) were added to swollen trypanosomes in the presence of 

[^^P]-labelled L-glycerol-3-phosphate (2.2 mM) and unlabelled ADP (1 mM) as 

phosphate acceptor in order to explore the possibility that D, L-glyceric acid might act 

as a direct phosphate acceptor or that pyruvate would alter the amount of the that 

was being transferred from [’̂ P]-labelled L-glycerol-3-phosphate to ADP indirectly, 

compared to that found in the presence o f 3-phospho-D-glycerate and 

phosphoenolpyruvate alone at concentrations of L-glycerol-3-phosphate increased by 

an order of magnitude. The results of this experiment did not demonstrate any 

significant difference in the amount of ^̂ P entering ATP from [^^P]-labelled L- 

glycerol-3-phosphate in the presence of all o f these unlabelled compounds (7.4 %) 

compared to that observed in the presence o f 3-phospho-D-glycerate and 

phosphoenolpyruvate alone (7.8 %); the small direct difference in these values was 

only 0.4 % (compare Fig. 6.7, panel i, peak 5 with panel h, peak 5 as well as Table 

6.1, experiment 10 with experiment 9). The overall recovery of ̂ P̂ in this experiment 

was 98 %.

6.2.2.3.12 Addition of the same unlabelled compounds as present in experiment 

10 plus unlabelled ATP (1 mM) gave the same results as experiment 10, which 

again supports the view that “ P did not enter ATP via any of these intermediates 

(Experiment 11)

The previous experiment (section 6.2.1.3.3.11) was repeated with the addition 

o f unlabelled ATP (1 mM) in order to test the ability o f ATP to inhibit the transfer of 

’̂ P from [’̂ P]-labelled L-glycerol-3-phosphate to ADP. The results o f this experiment 

did not demonstrate any significant difference in the amount of ^̂ P found in ATP in 

the presence of unlabelled ATP (7.0 %) or in its absence (7.4 %) by the end of the 

experiment (compare Fig. 6.7 panel j, peak 5 with panel i, peak 5 and compare Table
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Fig 6.8 The elution profiles of ‘"'C following the incubation of [U“ CJ- 

labelled L-glycerol-3-phosphate with swollen trypanosomes under 

anaerobic conditions

Trypanosom es (2 x lO®) were swollen under anaerobic conditions 

(SHA M , 1 m M ) w ith H2O containing [U '‘*C]-labelled L-glycerol-3-phosphate 

(3.3 ^iCi, 0.066 |nmol) for 10 m in at room  tem perature. The final volum e o f  

the incubation was 1.55 ml and the osm olarity o f  the solution was 90 mOsM . 

Follow ing incubation the glycolytic interm ediates were isolated and separated 

by colum n chrom atography (see Section 2.16 for further details). The 

fractions w ere assayed for radioactivity by liquid scintillation counting. The 

com positions o f  the peaks in the graph w ere identified by com parison with 

elution profiles o f  known glycolytic interm ediates (see m ethods section. Fig 

2.12). The elution profile shown represents a typical result obtained in two 

separate experim ents.
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Fig 6.9 Possible pathways of transfer of radiolabelled inorganic phosphate from [“P]-labelled glycerol-3-phosphate to other 
intermediates in the glycolytic pathway of Trypanosoma bntcei.
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Fig 6.9 Possible pathways of transfer of radiolabelled inorganic phosphate from [^^P|-labelled glycerol-3-phosphate to other 

intermediates in the glycolytic pathway of Trypanosoma brucei.

The phosphate group coloured in green shows the transfer of the radioactive label as a result o f glycerol-3-phosphate dehydrogenase 

activity. In this diagram the transfer o f radiolabelled phosphate group from monophosphoglycerate to phosphoenolpyruvate is blocked at the 

step catalysed by enolase. This can occur as a result o f exogenously added phosphoenolpyruvate. Alternatively the labelled group would 

continue through the pathway to the step catalysed by pyruvate kinase where [^^P]-labelled inorganic phosphate would transfer to ADP to form 

ATP. The phosphate group coloured in blue shows the possible pathway of the labelled group as a result o f glycerol-3-phosphatase activity.



Table 6.2 Determination of the quantity and the specific activity of ATP and phosphoenolpyruvate synthesised under anaerobic 

conditions following the incubation of swollen trypanosomes with p^P|-labelled glycerol-3-phosphate and ADP

Glycolytic Intermediate Anaerobic
quantity
(^mol)

Exogenous
quantity
(^mol)

0 min quantity 
(^mol)

10 min
quantity
(^mol)

Quantity
synthesised
(fxmol)

|j,Ci Specific
Activity
(uCi/umol)

Glycerol-3-phosphate 0.23* 3.166 3.396 ND ND 3.3 0.97"

ATP 0.027* 0 0.027 0.285 0.258 0.245 0.95""

Phosphoenolpyruvate 0.014** 0 0.014 0.015 0.001 ND ND
ND = not determined
*values taken from chapter 5, see Table 5.1 
**values taken from Visser & Opperdoes (1980)
"^specific activity o f  glycerol-3-phosphate at the start o f  the incubation (0 min) 

specific activity o f  ATP synthesised during the incubation



Table 6.2 Determination of the quantity and the specific activity of ATP and phosphoenoipyruvate synthesised under anaerobic 

conditions following the incubation of swollen trypanosomes with [^^P|-labelled glycerol-3-phosphate and ADP

The anaerobic quantity is based on the amount of each intermediate found in trypanosomes (2 x 10  ̂ cells) incubated under non-swollen 

anaerobic conditions (for assumptions used to determine the anaerobic quantity of glycolytic intermediates in pre-swollen cells see Table 5.1). 

The 0 min quantity is the sum of the anaerobic and exogenously added quantities. The 10 min quantity was determined enzymatically. The 

quantity o f each glycolytic intermediate synthesised during the 10 min incubation is the difference between the 10 min and 0 min quantities. The 

^iCi value is the amount o f radioactivity that was added to the expenment (glycerol-3-phosphate value), found to elute in the same position as the 

intermediate (ATP value) or could not be determined (phosphoenoipyruvate value, below detection level). The quantity and radioactivity of the 

glycolytic intermediates was determined from experiment 6 (see Table 6.1 and Fig 6.7 panel e for further details.)



6.1, experiment 11 with experiment 10). The overall recovery o f in this 

experiment was 99.4 %.

6.2.2.3.13 The fate of the carbon skeleton of L-g]ycerol-3-phosphate was 

investigated using [U-‘̂ C]-labelled L-glycerol-3-phosphate: The fraction of 

converted to both phosphoenolpyruvate and monophosphoglycerate was only 

marginally less than the fraction of converted to these intermediates, which 

indicates that both radiolabels in these products were incorporated via the same 

standard glycolytic reactions that connect L-glycerol-3-phosphate to 

monophosphoglycerate and phosphoenolpyruvate (Experiment 12)

Swollen trypanosomes were incubated with [U-‘‘*C]-labelled L-glycerol-3- 

phosphate under anaerobic conditions in order to monitor the pathway of metabolism 

of the carbon skeleton of L-glycerol-3-phosphate. The results of this experiment (Fig. 

6.8 and Table 6.1 experiment 12) were similar to those found when the cells were 

incubated with p^P]-labelled L-glycerol-3-phosphate (Fig. 6.7 panel b and Table 6.1 

experiment 3) but with the obvious exception that [^^P]-labelled inorganic phosphate 

could not be detected and in its place [''‘C]-labelled glycerol was found. 

Monophosphoglycerate and phosphoenolpyruvate were both found to be labelled 

with '■’C to an extent that was very close to that observed with ^̂ P in experiment 3 

(Table 6.1). This result indicated that the labelling of both monophosphoglycerate 

and phosphoenolpyruvate was a consequence o f the metabolism of L-glycerol-3- 

phosphate via glycerol-3-phosphate dehydrogenase to dihydroxyacetone phosphate 

and its subsequent conversion to monophosphoglycerate and phosphoenolpyruvate 

via the second half of glycolysis. In other words, a small fraction o f L-glycerol-3- 

phosphate had been converted to monophosphoglycerate and phosphoenolpyruvate 

with the retention o f both radiolabels to the same extent. The overall recovery o f '̂ 'C 

in this experiment was 99.3 %.

6.2.2.3.14 Net synthesis of ATP occurred when p^P]-labelled L-glycerol-3- 

phosphate and ADP were added to cells, while net synthesis of 

monophosphoglycerate and phosphoenolpyruvate did not occur

Calculations were completed to estimate the quantity of each radiolabelled 

glycolytic intermediate synthesised during these experiments (see Table 6.1 and the 

values in parentheses). The calculations were completed using the specific activity
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of the p^P]-labelled L-glycerol-3-phosphate at the start o f the reaction (11 nCi/|J.mol 

for experiments 2, 3, 5, 7-9 and 12 and 0.97 i^Ci/^mol for experiments 4, 6, 10 and 

11) and the amount of radioactivity transferred to each intermediate (see Table 6.1, 

values not in parentheses). The amount of ATP synthesised in experiments 6, 10 and 

11 (0.238-0,252 i^mol) was an order o f magnitude greater than that detected in 

experiments 5 and 7-9 (0.019-0.023 jamol) because the concentration o f glycerol-3- 

phosphate at the start of the reaction was also an order o f magnitude greater 

(compare 3.399 |amol with 0.299 |amol). Enzymatic measurements completed on 

fractions from experiment 6 indicated that 0.258 i^mol (see Table 6.2) of ATP was 

synthesised which is in good agreement with the quantity determined from liquid 

scintillation counting (0.245 ^mol, see experiment 6, Table 6.1).

The specific activity for ATP synthesised in experiment 6 was also calculated 

(see Table 6.2). The specific activity o f glycerol-3-phosphate at the start of the 

incubation was 0.97 ^Ci/^mol. The specific activity of synthesised ATP was found 

to be 0.95 i^Ci/nmol, which is practically identical to that of glycerol-3-phosphate. 

The specific activity of ATP was clearly approaching, if  not equivalent to that of 

glycerol-3-phosphate indicating that practically all the ATP detected in this 

experiment was synthesised as a result of the metabolism of [^^P]-labelled L-glycerol- 

3-phosphate.

Radiolabelled phosphoenolpyruvate could not be detected in experiments 4, 

6, 10 and 11 due to the low specific activity of the [^^P]-labelled L-glycerol-3- 

phosphate, but phosphoenolpyruvate was found in quantities ranging between 0.003- 

0.016 )j,mol for the remaining experiments (see Table 6.1). Enzymatic measurements 

completed on fractions isolated from experiment 6 detected very low levels of 

phosphoenolpyruvate (0.001 |umol, see Table 6.2), in agreement with the liquid 

scintillation measurements.

The quantities o f ATP and phosphoenolpyruvate measured enzymatically 

(see Table 6.2, column labelled ‘10 min quantity’) would yield intracellular 

concentrations o f 8.48 mM and 0.45 mM respectively following the assumptions 

stated in Table 5.1 and the assumption that these glycolytic intermediates were 

maintained within the cell. The intracellular ATP concentration calculated above is 

much greater (approximately 10 fold greater) than that actually found intracellularly 

when trypanosomes are respiring anaerobically (0,8 mM, see Table 5.1), The
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concentration o f phosphoenolpyruvate is equivalent to that found in cells incubated 

under non-swollen anaerobic conditions (0.4 mM data from Visser & Opperdoes, 

1980). These results indicated that net ATP synthesis occurred during the 

experiment, while net phosphoenolpyruvate synthesis did not occur. In a similar 

fashion the concentrations o f monophosphoglycerate were calculated to be in the 

range of 0.7 and 1.8 mM (values calculated from Table 6.1, experiment 2-4, using 

the cellular assumptions stated in Table 5.1). Anaerobic concentrations of 

monophosphoglycerate have been determined to be 1.5 mM (Visser & Opperdoes, 

1980). The concentrations calculated in this study are in good agreement with this 

value and so net synthesis of monophosphoglycerate did not occur in these 

experiments. In conclusions net synthesis of ATP has occurred in the experiments 

completed in this chapter but net synthesis o f monophosphoglycerate and 

phosphoenolpyruvate did not occur.
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6.3 DISCUSSION

6.3.1 INTRODUCTION

In vitro studies showed no indication of glycerol-3-phosphotransferase 

activity when a sample of high speed supernatant from a preparation of broken cells 

was incubated with glycolytic intermediates that were added as potential phosphate 

acceptors for a glycerol-3-phosphotransferase catalysed reaction. The intermediates 

used in these studies were monophosphoglycerate, 1,3-bisphosphoglycerate, glyceric 

acid and glucose. The cell sample used in these experiments was the high speed 

supernatant and so was essentially the cytosolic portion o f the cell from which the 

glycosomes, which contain glycerol kinase, had been removed. The results from this 

set of experiments indicated that the cytosolic enzyme, glycerol-3-phosphatase, was 

not acting as a phosphotransferase with the potential acceptors added to the 

experiments. However, the results did indicate that glycerol-3-phosphatase activity 

could be inhibited and activated by glycolytic intermediates and glyceric acid. 

Similar results were found m the in vivo experiments where increased inorganic 

phosphate production was found when monophosphoglycerate and 

phosphoenolpyruvate were added to the cells. The increase in [^^P]-labelled inorganic 

phosphate observed in these later studies is at least partially a result of the stimulatory 

affect monophosphoglycerate and phosphoenolpyruvate have on glycerol-3- 

phosphatase activity. Hence it is possible that certain glycolytic intermediates such 

as 1,3-bisphosphoglycerate, monophosphoglycerate and phosphoenolpyruvate as well 

as glyceric acid may act as regulators of glycerol-3-phosphatase activity. Following 

the lack phosphotransferase activity detected in the in vitro experiments in vivo 

experiments were completed using radiolabelled substrate in the hope that 

phosphotransferase activity could be more easily detected. Using these radiolabelled 

substrates the products of glycerol-3-phosphate cellular metabolism were tracked.

6.3.2 GLUCOSE DOES NOT ACT AS AN ACCEPTOR FOR INORGANIC 

PHOSPHATE FROM GLYCEROL-3-PHOSPHATE

Kiaira & Njogu (1988 & 1989) have previously reported the possibility of 

glucose acting as an acceptor for inorganic phosphate from glycerol-3-phosphate. 

They proposed that a trypanosomal phosphotransferase was responsible for the 

transfer of the phosphate group from glycerol-3-phosphate directly to glucose under
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anaerobic conditions. The experiment that led to this proposal involved the addition 

of glucose to trypanosomes catabolising fructose anaerobically. They reported an 

immediate drop in glycerol-3-phosphate concentration within the cells after the 

addition o f glucose to the cells in addition to a rapid increase in the concentration of 

glucose-6-phosphate. Concomitant with the drop in glycerol-3-phosphate was an 

increase in the formation of pyruvate and glycerol. They concluded that the 

phosphate group was directly transferred from glycerol-3-phosphate to glucose, thus 

bypassing hexokinase and accounting for the ‘extra’ ATP. However, an equally 

probable explanation could be that instead of glucose-6-phosphate being the product 

of the phosphotransferase reaction ADP accepted the phosphate group. In this 

situation ATP, now in the presence of glucose and with the extremely favourable 

reaction catalysed by hexokinase, could quickly produce glucose-6-phosphate (as 

observed by Kiaria and Njogu). This interpretation o f the Kiaira & Njogu experiment 

would then be in agreement with the results found in this study, where ADP was 

found to be the acceptor o f the phosphate group from glycerol-3-phosphate in cellular 

conditions where exogenous glucose was not added (see experiments 5-11, Table 

6 . 1).

The experiments described in this chapter provided no evidence for a direct 

glycerol-3-phosphate : glucose transphosphorylase activity either m vitro or in vivo. 

Radiolabelled glucose-6-phosphate was not synthesised by swollen, permeabilised 

trypanosomes when incubated with glucose and [^^P]-labelled L-glycerol-3- 

phosphate (experiment 2, Table 6.1 and Fig 6.7 panel a). This result suggests that 

ADP was the inorganic phosphate acceptor from glycerol-3-phosphate in the 

experiments conducted by Kiaira & Njogu (1989). It would seem that the reaction 

observed by the workers occurred in two steps; first, transfer from glycerol-3- 

phosphate to ADP to form ATP, and second, from ATP to glucose. The presence of 

glucose and hence the coupling reaction catalysed by hexokinase prevented the 

authors from detecting ATP production as it was used up in the coupling reaction. 

This finding would then be in agreement with the results in this chapter, where ADP 

was found to be the direct acceptor o f the inorganic phosphate group as a result o f 

glycerol-3-phosphate metabolism under anaerobic conditions.
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6.3.3 [^"P]-LABELLED ATP IS NOT SYNTHESISED AT THE STEP 

CATALYSED BY PHOSPHOGLYCERATE KINASE

ATP was synthesised in the presence of -labelled L-glycerol-3-phosphate

and unlabelled ADP. Several different pathways were considered as possibly 

pathways for the synthesis of ATP from the metabolism of p^P]-labelled L-glycerol- 

3-phosphate. For example, one possibility was that the [^^P]-phosphate group from L- 

glycerol-3-phosphate was transferred in an indirect manner by a series o f catalysed 

reactions. One example o f this possibility might be hydrolysis of [^^P]-labelled L- 

glycerol-3-phosphate by glycerol-3-phosphatase and then covalent incorporation of 

the released p^P]-labelled phosphate into the 1-position of 1,3-bisphosphoglycerate 

by glyceraldehyde-3-phosphate dehydrogenase, followed by transfer to ADP to form 

[^^P]-labelled ATP by phosphoglycerate kinase (see Fig 6.8 and follow the path of the 

phosphate group coloured blue).

The addition of unlabelled ADP produced a 5-fold rise in the synthesis of 

[’̂ P]-labelled inorganic phosphate derived from [^^P]-labelled glycerol-3-phosphate 

(compare experiment 3 with experiment 5 in Table 6.1). When either unlabelled 

phosphoenolpyruvate or monophosphoglycerate or both unlabelled intermediates 

were added in addition to unlabelled ADP there was a further 2-2.4 fold rise in p^P]- 

labelled inorganic phosphate without any additional increase in p^P]-labelled ATP 

(compare experiment 5 with 7, 8 & 9 in Table 6,1). The proposed pathway of 

synthesis o f [^^P]-labelled ATP discussed above is not supported by the fact that the 

synthesis o f [^^P]-labelled ATP is unaffected by this fluctuation in concentration of 

[’̂ P]-labelled inorganic phosphate.

Furthermore, net synthesis o f monophosphoglycerate and 

phosphoenolpyruvate did not occur as a result of L-glycerol-3-phosphate being added 

to swollen cells, while net synthesis of ATP did occur (see section 6.2.2.3.13). Net 

synthesis of ATP at the step catalysed by phosphoglycerate kinase would have also 

resulted in net synthesis o f monophosphoglycerate. The experiments completed in 

this chapter indicated that net synthesis of monophosphoglycerate or its metabolic 

products did not occur. These results indicate that the radiolabelled phosphate 

transfer from [’^P]-labelled glycerol-3-phosphate to ADP to form p^P]-labelled ATP 

did not occur via [^^P]-labelled inorganic phosphate.
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6.3.4 p'Pl-LABELLED ATP IS NOT SYNTHESISED AT THE STEP 

CATALYSED BY PYRUVATE KINASE

A second possibility for ATP synthesis was that the [’^P]-labelled phosphate 

in glycerol-3-phosphate simply made its way to the y-phosphate position o f ATP via 

the soluble NAD"/NADH linked glycerolphosphate dehydrogenase and then the 

second half o f glycolysis resulting in net ATP synthesis at the step catalysed by 

pyruvate kinase (see Fig 6.9). The following paragraphs outline why this was not the 

case.

[^^P]-Labelled L-glycerol-3-phosphate was metabolised to [̂ ^P]- 

monophosphoglycerate via the complete sequence of reactions comprising, glycerol- 

3-phosphate dehydrogenase, triose phosphate isomerase, glyceraldehyde-3-phosphate 

dehydrogenase, phosphoglycerate kinase and phosphoglycerate mutase. At this point 

the [^^P]-labelled group was not further metabolised due to the inhibitory effect o f the 

exogenously added unlabelled phosphoenolpyruvate on enolase (see Table 6.1 and 

experiment 8 and Fig 6.9). Even if the rate o f transfer o f the phosphate group from 

phosphoenolpyruvate to ATP were not inhibited, the specific activity o f the labelled 

phosphate in phosphoenolpyruvate responsible for phosphorylating ADP would be 

greatly reduced. However, the reduction in radioactivity in ATP predicted by this 

scheme did not occur in this experiment; ATP was labelled to essentially the same 

extent as in the absence of unlabelled phosphoenolpyruvate (see Table 6.1 and 

compare experiment 5 with 8).

Furthermore, net synthesis o f ATP did occur in these experiments while net 

synthesis of phosphoenolpyruvate did not occur (see section 6.2.2.3.12). 

Phosphoenolpyruvate and monophosphoglycerate detected in these experiments were 

labelled as a resuh o f the simple exchange o f the radiolabel across the glycerol-3- 

phosphate reaction, and subsequently across the reactions catalysed by triose 

phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate 

kinase, phosphoglycerate mutase, enolase and finally pyruvate kinase as described 

above. In fact this type o f exchange reaction is common and examples are known 

where it occurs rapidly even when the reaction is proceeding in a net fashion in the 

opposite direction to that required for net transfer (for a discussion o f this mechanism 

review Wong & Hanes, 1964). This conclusion is supported by the fact that the 

carbon skeleton and phosphate group from glycerol-3-phosphate were transferred
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together through the glycolytic pathway and finally to phosphoenolpyruvate and 

monophosphoglycerate as demonstrated by the radiolabelling tracking completed in 

this study (Table 6.1 compare experiment 3 with 12). In addition, as the cells were 

not provided with a source of dihydroxyacetone phosphate they had no way to 

reoxidise the NADH formed at the glyceraldhyde-3-phosphate dehydrogenase 

reaction and thus it would seem it was impossible to further metabolise 

glyceraldhyde-3-phosphate. These results indicate that the [“ P]-labelled ATP found 

in this experiment could not have been synthesised as a result of the reaction 

catalysed by pyruvate kinase.

6.3.5 GLYCEROL KINASE IS RESPONSIBLE FOR ATP SYNTHESIS 

UNDER ANAEROBIC CONDITIONS

The third possibility was that the f^P]-labelled phosphate group of L- 

glycerol-3-phosphate was directly transferred in a net fashion and linked to the P- 

phosphate o f ADP to form p^P]-y-labelled ATP by reverse net reaction o f glycerol 

kinase as indicated in the literature (Opperdoes & Borst, 1977). This study has 

shown that [^^P]-labelled ATP was synthesised when ADP and [^^P]-labelled 

glycerol-3-phosphate were added to swollen cells. The addition o f a variety of 

glycolytic intermediates to the swollen cells had no impact on the production of [̂ ^P]- 

labelled ATP indicating that neither phosphoglycerate kinase nor pyruvate kinase 

were responsible for the synthesis of [^^P]-labelled ATP and glycerol-3-phosphatase 

was not acting as a phosphotransferase. These results also demonstrated that the 

[^^P]-labelled phosphate group was directly transferred from glycerol-3-phosphate to 

ADP and the only remaining enzyme that is capable of catalysing this reaction is 

glycerol kinase. In addition the production o f [^^P]-labelled ATP was not inhibited 

by ATP at a concentration of 1 mM, (Table 6.1, compare experiments 10 and 11). 

Trypanosomal glycerol kinase has an apparent of approximately 0.24 mM for 

MgATP (Kralova et al., 2000). However, concentrations of ATP greater than 5 mM 

are required for inhibition o f glycerol kinase activity in the reverse direction, thus 

explaining why inhibition was not observed in this study (Krakow & Wang, 1990).

The fact that the same proportion o f radioactivity was found in the ATP peak 

irrespective o f the concentration or specific activity of glycerol-3-phosphate used in 

these experiments also indicated that the enzyme reaction that was responsible for 

the synthesis o f [’^P]-labelled ATP was operating below the Km for glycerol-3-
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phosphate, because a 15-fold increase in glycerol-3-phosphate led to a 15-fold 

increase in [^^P]-labelled ATP. The Km o f the trypanosomal glycerol kinase for 

glycerol-3-phosphate is 12.56 mM (Steinborn et a l ,  2000). The highest 

concentration of glycerol-3-phosphate added to the ceils in these experiments was 

2.2 mM (experiments 6, 10 and 11), which is almost a factor o f 6 below that o f the 

K„, for glycerol kinase for this substrate. The concentration o f ADP added to the 

cells (1 mM) was also below that o f the Km for glycerol kinase for ADP (3.29 mM, 

Steinborn et al., 2000). Thus all components required for glycerol kinase reversal 

were present and at concentrations below the Km values supporting the observations 

in this study and the conclusion that glycerol kinase is responsible for ATP synthesis 

under anaerobic conditions.

The effect o f exogenously added ADP on production o f inorganic phosphate 

was quite significant as discussed in section 6.2.2.3.6. The ATPase activity o f cells 

is far higher than that o f glycerol-3-phosphatase. Consequently, the additional [^^P]- 

labelled inorganic phosphate found in experiments where ADP was added and ATP 

synthesised must be mostly as a result of ATPase activity. The amount o f [^^P]- 

labelled phosphate entering ATP would probably have been higher than that actually 

observed and may be equal to that observed plus the difference in p^P]-labelled 

phosphate between experiment 6 and 4. The difference between the amount o f 

morganic phosphate found in experiment 4 (where only glycerol-3-phosphate was 

added) and experiment 6 (where glycerol-3-phosphate and ADP were added) is 0.221 

f^mol (Table 6.1). This value, when added to the amount o f ATP found in 

experiment 6 (0.245 ^imol), results in a value of 0.466 ^mol for the actual amount of 

ATP synthesised by the cells. Using the assumptions stated in Table 5.1 the rate of 

ATP production in experiment 6 was calculated to be 4.7 nmol.min '.mg '. This is a 

factor o f 7.6 below that reported for the reversal o f glycerol kinase (36 nmol. min‘ 

'.m g ', Hammond & Boman, 1980 b) and can be explained by the fact the 

concentration o f glycerol-3-phosphate added to the cells was far from optimal at a 

factor o f 6 below that o f the K„ for glycerol kinase (note: cellular activity was 

decreased by a factor o f 2 under swollen conditions).

All the experiments and results outlined in this chapter unequivocally support 

the proposal and studies completed by other laboratories that have indicated that 

glycerol kinase is responsible for the synthesis o f ATP in trypanosomes respiring 

under aerobic conditions (Opperdoes & Borst, 1977; Visser & Opperdoes, 1980;
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Hammond & Bowman; 1980a,b; Hammond et al., 1985; Krakow & Wang, 1990; 

Kralova et al., 2000). This study has demonstrated for the first time through 

radiolabel tracking that the phosphate group that is transferred to ADP resulting in 

ATP synthesis is transferred directly from glycerol-3-phosphate without the potential 

interference of a coupling reaction.

6.3.6 SUBSTRATE CHANNELLING OCCURS IN THE GLYCOSOME

The addition o f unlabelled phosphoenolpyruvate prevented the synthesis of 

[“ P]-phosphoenolpyruvate by inhibiting enolase activity (see Table 6.1 compare 

experiment 5 to experiment 8). In contrast the addition of unlabelled 

monophosphoglycerate did not inhibit to any degree the synthesis of p^P]-labelled 

monophosphoglycerate (see Table 6.1 compare experiment 5 to experim.ent 7). Such 

a result is not entirely unexpected when one considers the location of synthesis of 

monophosphoglycerate in comparison to that o f phosphoenolpyruvate in bloodstream 

forms of T. brucei. Monophosphoglycerate is synthesised in the glycosome by the 

reaction catalysed by phosphoglycerate kinase, which is part o f the multienzyme 

complex, while phosphoenolpyruvate is synthesised in the cytoplasm by an enzyme 

that is not a part of a multienzyme complex. Consequently this result supports the 

possibility that substrate channelling is occurring in the glycosome. If an 

intermediate in a multienzyme complex cannot be freely exchanged with the same 

substance in free solution because of substrate channelling within the complex then 

the result observed in this study would be the outcome. It is possible that 1,3- 

bisphosphoglycerate is transferred directly from the active site of glyceraldehyde-3- 

phosphate dehydrogenase to the active site o f phosphoglycerate kinase without ever 

been released into the surrounding media. If this were true than any unbound 

intermediates would have no affect on the enzyme catalysed reactions as is observed 

in this study. The fact that radiolabelled dihydroxyacetone phosphate, 

glyceraldehyde-3-phosphate and 1, 3-bisphosphoglycerate were not detected in any of 

these experiments also supports this theory. While it is apparent that radiolabelled 

forms o f these intermediates must have been synthesised to facilitate the synthesis of 

radiolabelled monophosphoglycerate and phosphoenolpyruvate they remained 

undetected as they are all synthesised in the glycosome. This result would appear to 

indicate that the phenomenon of substrate channelling, which is also discussed in 

section 1.7 and 5.3.3, is in fact occurring.
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Studies completed by Aman and Wang (1986b) indicated an absence of 

substrate channelling. Ihese experiments were completed using the crosslinking 

reagent dimethly suberimidate (DMSI), which was found to be capable of 

crosslinking the glycosomal enzymes in intact glycosomes into one large complex. 

The kinetic profile o f the complex was compared to that o f a parallel system 

composed o f the corresponding unaggregated enzymes and was found to give the 

same results. It is possible that the cross linking interactions introduced with DMSI 

prevented the investigators from observing substrate channelling. The crosslinking of 

the enzymes could have restricted the movement o f the enzymes, thus preventing the 

channelling o f substrates yet the enzymes could still function as catalysts. Under in 

vivo conditions the enzymes are not linked in this fashion and it is likely that ionic 

and hydrophobic interactions play an important role in the natural linking o f the 

enzymes. These alternative interactions may be required for the enzymes to 

participate in the mechanisms that allow substrate channelling to occur. The 

observations reported in this thesis, where radiolabelled glycosomal intermediates 

were not detected would indicate that this is indeed the case.

6.3.7 SUBSTRATE CHANNELLING AND THE REVERSAL OF 

GLYCEROL KINASE ACTIVITY

This thesis has provided additional evidence to that already available in the 

literature that glycerol kinase is responsible for the synthesis o f ATP under anaerobic 

conditions. Hammond & Bowman (1980b) indicated that hexokinase could well act 

as a trap for ATP, thus favouring ATP synthesis from glycerol-3-phosphate and ADP. 

They also suggested that the close juxtaposition o f glycosomal bound hexokinase to 

glycerol kinase could facilitate the reversal o f glycerol kinase. In fact these authors 

reported that solubilised glycerol kinase was found to be less effective at catalysing 

the reverse reaction than the particulate form o f the enzyme.

Discussion in chapter 5 (see section 5.3.3) indicates that either substrate 

channelling or some other mechanistic means may well facilitate glycerol kinase 

reversal since the mass action effect alone was not identified as being sufficient. A 

closer look at the structure o f the glycosome and characteristics o f the enzymes 

within the glycosome indicate that it is possible that the enzymes are organised in a 

fashion that facilitate the transfer o f one glycolytic intermediate to the active site of 

the next enzyme in the glycolytic sequence without allowing the intermediate to
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diffuse out o f the glycosome as demonstrated in this study. Work completed by 

Misset and Opperdoes (1984) demonstrated that glycosomal enzymes elute from a 

phenyl-sepharose column in an interesting manner. The first set of enzymes, namely 

phosphoglycerate kinase, aldolase and triosephosphate isomerase eluted from the 

column with a reducing salt gradient. The enzymes eluted in the order listed 

indicating that phosphoglycerate kinase was the most hydrophilic and triosephosphate 

isomerase was the least hydrophilic of the three. A gradient o f ethylene glycol was 

then applied to the column resulting in the elution of hexokinase, glycerol-3- 

phosphate dehydrogenase, phosphofructokinase, glucose-phosphate isomerase and 

glycerol kinase in the order listed indicating the hydrophobic nature o f these 

enzymes. This result is particularly interesting since both glycerol kinase and the 

enzymes that are directly responsible for the metabolism of ATP all exhibit 

hydrophobic characteristics. Glycerol kinase has the strongest hydrophobic 

properties and glycerol-3-phosphate dehydrogenase also exhibits hydrophobic 

properties. This property o f the proteins may cause a close association between the 

enzymes in vivo and consequently facilitate the direct transfer of glycerol-3- 

phosphate to the active site of glycerol kinase without release into the surrounding 

media or to the active site of glycerol-3-phosphatase, the enzyme competing for 

glycerol-3-phosphate, which is located in the cytosol. This organisation may be 

partially responsible for the reversal o f glycerol kinase by delivering glycerol-3- 

phosphate to the active site o f glycerol kinase.

In addition, both hexokinase and phosphofructokinase exhibit hydrophic 

properties in common with glycerol kinase, thus making it possible that these 

enzymes are linked by hydrophobic interactions. Again, these characteristics may 

facilitate the close linking of the enzymes that also assist the reversal of glycerol 

kinase under anaerobic conditions. This organisational structure may enable the rapid 

removal o f ATP from the glycerol kinase active site and thus shift the flux of the 

reverse reaction. The work completed in this thesis has showoi that ATP synthesis 

occurred in the absence o f glucose, however, hexokinase may be responsible for 

increasing the activity o f the enzyme in the reverse direction to a level required by 

trypanosomes to survive under anaerobic conditions. The equilibrium constants for 

hexokinase and phosphofructokinase are 5500 and 1200 respectively, while that of 

glycerol kinase is 9037 (Visser & Opperdoes, 1980). It is also possible that ADP 

released from hexokinase or phosphofructokinase may be delivered directly to the
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active site o f glycerol kinase, and this in conjunction with the availability o f glycerol- 

3-phosphate trom the glycerol-3-phosphate dehydrogenase reaction and the, perhaps, 

instantaneous removal o f ATP by hexokinase or phosphofructokinase facilitates the 

rate of reversal o f glycerol kinase activity required to support trypanosomes respiring 

under anaerobic conditions.

6.4 CONCLUSION

In conclusion the work reported in this chapter has demonstrated that 

glycerol-3-phosphatase does not act as a phosphotransferase in the presence of a 

variety of glycolytic intermediates tested both in vivo and in vitro. The phosphate 

group from glycerol-3-phosphate is transferred directly to ADP in trypanosomes 

respiring under anaerobic conditions and the reversal o f glycerol kinase activity is 

responsible for ATP synthesis in these conditions. This chapter has also provided 

data to support the theory that substrate channelling may well be occurring in the 

glycosome and it is likely that this activity is in some way responsible for the reversal 

o f glycerol kinase activity in trypanosomes respiring under anaerobic.

128



CHAPTER 7

THE PROTEIN SEQUENCING, CLONING BYPCR AND PARTIAL 

CHARA CTERISA TION OF RECOMBINANT TR YPANOSOMAL GL YCEROL-3-

PHOSPHATASE



7.1 INTRODUCTION

In this chapter the protein sequencing and cloning by PCR of trypanosomal 

glycerol-3-phosphatase is reported for the first time. Results of the partial amino 

acid sequence data allowed the identification of the complete sequence of glycerol-3- 

phosphatase from the trypanosomal genome database available at The Sanger 

Institute website. Homology searches using the glycerol-3-phosphatase sequence 

from T. brucei were conducted to identify similar proteins in other organisms. As a 

consequence it appeared possible that the trypanosomal enzyme might be the first 

glycerol-3-phosphatase to be characterised in a subfamily o f glycerol-3-phosphatases 

within a superfamily of hydrolases. The DNA encoding the protein was cloned and 

expressed in E.coli BL21 (A,DE3) cells. In order to have the best chance of retaining 

enzyme activity, no tags were added in the cloning process, Expressed protein was 

purified to homogeneity using a four-step purification procedure involving cation 

exchange chromatography, anion exchange chromatography, semipermeable 

membrane concentration and size exclusion chromatography. Partial characterisation 

of the recombinant glycerol-3-phosphatase was conducted to determine whether or 

not the recombinant enzyme had the same properties as the native trypanosomal 

enzyme.
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7.2 RESULTS AND DISCUSSION

7.2.1 THE PREPARATION OF GLYCEROL-3-PHOSPHATASE 

ISOLATED FROM T. BRUCEI FOR THE PURPOSE OF SEQUENCING

A sample o f purified glycerol-3-phosphatase (post Sephacryl S200 sample) 

from bloodstream forms of T. brucei was electrophoresed in three separate lanes on a 

non-denaturing native gel. One lane was stained for protein content and a second 

lane was stained for glycerol-3-phosphatase activity (Fig 7.1). Two of the three 

protein bands stained for glycerol-3-phosphatase activity and these were 

subsequently named G-3-Pase 1 and G-3-Pase 2. The protein band that had not 

stained for activity was subsequently named protein X and was not investigated 

further. Bands corresponding to the active bands in an unstained lane were excised 

together, as it proved difficult to separate the bands reliably from each other. The 

reasons for this difficulty were; (1) the two active bands migrated very close 

together, and (2) when the unstained and the stained lanes were aligned, the bands 

did not align precisely because o f the differential shrinkage of the gel itself in the two 

different suspending solutions. Subsequently the two bands containing active 

enzyme excised from the native gel were placed together in the stacking gel of a 

Tricine SDS polyacrylamide gel and electrophoresed (Fig 7.2). After electrophoresis 

the gel was stained for protein using the method o f Neuhoff et al. (1988) in 

preparation for sequence analysis. The resulting bands (labelled Protein A, Protein B 

and Protein C, Fig 7.2) were excised separately, suspended in 20 % ammonium 

sulphate solution and sent to Dr. Terry Pearson (Dept, o f Biochemistry and 

Microbiology, University o f Victoria, British Columbia, Canada) for MALDI-TOF 

MS analysis.

7.2.2 PRELIMINARY PROTEIN SEQUENCE DATA AND THE PROTEIN 

CLONING BY PCR OF A PUTATIVE HYDROLASE

The first set of data returned from MALDI-TOF MS analysis corresponded to 

the sequence o f three peptides which are shown in Table 7.1 and were the result of 

MALDI-TOF MS analysis o f Protein A. Peptide 2 from the MS analysis was found 

to have no homology with any sequence in the trypanosomal database. Peptides 1 

and 3 were recognised to be somewhat similar. A homology (Blast, Gish 1996-2000) 

search in the trypanosomal genome database, with each of these two peptide
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Fig 7.1 Coomassie blue stain and corresponding activity stain for glycerol- 

3-phosphatase activity on native gels

Purified trypanosomal glycerol-3-phosphatase (post Sephacryl S-200) was 

loaded into three separate lanes on a non-denaturing native gel and 

electrophoresed. Lane 1 of the gel was stained with Coomassie blue and lane 2 

was stained for glycerol-3-phosphatase activity. The protein in the third lane 

was not stained and was used for re-electrophoresis on a Tricine SDS-PAGE 

gel.

Fig 7.2 SDS-PAGE (15 %) of the two glycerol-3-phosphatase active bands 

excised together from a native gel

The two protein bands excised from a native gel corresponding to glycerol-3- 

phosphatase activity (Fig 7.1) were re-electrophoresed as one sample on a 15 % 

SDS-polyacrylamide gel. Lane 1 and 2 contain molecular weight markers. 

Lane 3 contains the glycerol-3-phosphatase active bands from the native gel.



Fig 7.1 Coomassle blue stain and corresponding activity stain for 

gIycerol-3-phosphatase activity on native gels
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Peptide Mass [m/z (M + H2)J Peptide amino acid sequence

1. 748.38 VDLDGTLLNEGGHR

2, 842.9 DHFVSHFFFCWR

3. 869.45 AAVVDLDGTLLNENHR

Table 7.1 Preliminary protein sequence data from MALDI-TOF MS 

analysis of Protein A.



sequences, identified only a single DNA fragment from a clone of sheared genomic 

DNA (AQ657255) encoding a peptide fragment that contained peptide 3. All T. 

brucei sequence data was obtained from The Sanger Institute website at 

http://'vvww.sanuer.ac.uk/Proiects/T brucei/. Further homology searches were 

conducted with this DNA fragment to identify other DNA fragments that overlapped 

with this sequence. Following translation of the resulting DNA sequence 

(AL491872) into all 6 reading frames, one frame (-1) yielded an ORF encoding a 

protein sequence that overlapped the latter part o f the first peptide sequence but had 

no stop codon. A final homology search was conducted with this new sequence and 

following translation of the resulting DNA sequence (AL486339) as before, one 

frame (+1) yielded a protein sequence that overlapped with the second sequence and 

also had a stop codon.

The construction of the entire amino acid sequence for this protein from 

overlapping partial sequences of cloned, sheared genomic DNA is shown in Fig 7.3. 

There are two amino acids in the overlapping sections that are different in homology 

to the aligned amino acids. They are V at the beginning of the AL491872 sequence, 

which is aligned with D in the AQ657255 sequence, and P at the beginning of the 

AL486339 sequence, which is aligned with S in the AL491872 sequence. Both of 

the pairs of codons encoding these pairs of amino acids differ by only one nucleotide, 

U to A and C to U respectively and were thought most likely to be the result o f a 

sequencing error in the genome project. It is also worth noting that aspartate (D) and 

not valine (V) was found in this position in peptide 3, which was determined by MS 

analysis. The scientist participating in the trypanosomal sequencing project had 

placed warnings on the website that the data made available at the time o f this project 

were preliminary and would contain errors. Consequently the discrepancies found 

between amino acids D and V, and P and S may well be due to one of these errors. 

The complete sequence of the protein was composed of 312 amino acids, with a 

molecular weight of 34.511 kDa and a predicted pi of 5.42 (ExPASy proteomics 

server from the Swiss Institute o f Bioinformatics, Appel et al., 1994). Database 

searches further revealed that this protein had conserved domains that were 

representative of the hydrolase family and for this reason the protein was referred to 

as a “putative hydrolase”. The amino acid sequence o f the putative hydrolase is 

shown in Fig 7.4 and is aligned with peptide 3. Peptide 3 had a higher sequence
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AQ657255
AL491872

MPQCGTEKHVSAPPSYTGPFVAVWDLDGTILDDNHRVSDVTKATLYEVASCGVHI
TILVDNHRVSDVTKATLYEVASCGVHIIIATGRPREGVAAIEQELNSYFRCNSRVPGRATSLAE

AL486339

AQ657255
AL4 91872 VKGFHLVASNGARIYNTTGELISAESIDNSVAmAIYERVTESNINANSEDSMLVSVHQTGAWWVNNVLLEEWLRRKYGTLPEVRQNLSDFPT
AL486339

AQ657255
AL491872 DGVGKICLRSFNEGTLRTFQKEL

I  I  I  I  I  I  I  I  I  I  I  I  IAL4 8 6339 PFNEGTLRTFQKELDTKYEHYITTVMTSDHCLDIMPKGVSKASALRMVGEILNFEPHRDAIAFGDSLNDRDMLESVAKGCIMK

AQ657255
AL491872
AL4 8 6 3 3 9 NGKNELKELLPHVEWGCNEEDGVAHKLREVFLLS

Fig 7.3 The construction of the amino acid sequence for the trypanosomal putative hydrolase from overlapping partial sequences of cloned, 

sheared genomic DNA.

Homology (Blast) searches using the peptide sequence data obtained from MALDI-TOF MS analysis of protein A resulted in the identification of the 

first sequence (AQ657255). Further searches resulted in the identification of the remaining two sequence fragments (AL491872 and AL486339). The 

peptide sequences are shown to overlap by amino acid sequences that are homologous.



Putative hydrolase MPQCGTEKHVSAPPSYTGPFVAVWDLDGTILDDNHRVSDVTKATLYEVASCGVHIIIAT 60

MS-Peptide 3 AAWDLDGTLLNENHR
•k •  -k -k  -k

Putative hydrolase GRPREGVAAIEQELNSYFRCNSRVPGRATSLAEVKGFHLVASNGARIYNTTGELISAESI 120

Putative hydrolase DNSWRAIYERVTESNINANSEDSMLVSVHQTGAWWVNNVLLEEWLRRKYGTLPEVRQNL 180

Putative hydrolase SDFPTDGVGKICLRSFNEGTLRTFQKELDTKYEHYITTVMTSDHCLDIMPKGVSKASALR 240

Putative hydrolase MVGEILNFEPHRDAIAFGDSLNDRDMLESVAKGCIMKNGKNELKELLPHVEWGCNEEDG 300

Putative hydrolase VAHKLREVFLLS 312

Fig 7.4 The alignment of MS-Peptide 3 with the amino acid sequence of the trypanosomal putative 

hydrolase.

The annotation used for comparison o f amino acids in several sequences is as follows; identical (*), strongly 

similar (:) or weakly similar (.). The sequence above was constructed from several overlapping partial 

sequences o f cloned, sheared genomic DNA obtained from the trypanosomal genome sequencing database, 

which is part o f The Sanger Institute website. The accession numbers o f the overlapping sequences that 

together comprise the trypanosomal putative hydrolase gene are AQ657255 (amino acid 1-56), AL486339 

(amino acid 196-312), AL491872 (amino acid 30-208).



identity with the putative hydrolase sequence than peptide 1 and was chosen for this 

reason.

The DNA encoding the putative hydrolase was successfully cloned (by 

Katherine Woods & Dr. Derek Nolan, Trinity College Dublin) by PCR and then the 

recombinant enzyme expressed in E.coli BL21 (ADE3) cells using the expression 

vector pET21a containing the recombinant gene. The resultant recombinant protein 

was soluble but was found to have no glycerol-3-phosphatase activity in the crude 

homogenate, following simple purification as well as after both purification and 

protein refolding by means of urea dialysis.

7.2.3 ADDITIONAL PROTEIN SEQUENCE DATA AND PROTEIN 

CLONING BY PCR OF AN ENZYMATICALLY ACTIVE 

TRYPANOSOMAL GLYCEROL-3-PHOSPHATASE

Later, additional sequence data was received from the MALDI-TOF MS 

laboratory (University of Victoria). The peptide sequences returned to us at that time 

were from protein A (Table 7.2) and protein C (Table 7.3). No sequence data was 

received from protein B.

The trypanosomal genome sequencing project at The Sanger Institute was 

progressing throughout the duration o f this project and so the database was 

continually being updated. The additional peptide sequences available from 

MALDI-TOF MS and the expanding database led to the discovery o f a new protein 

sequence (glycerol-3-phosphatase) several months later. This protein was composed 

of 287 amino acids, with a molecular weight of 31.6 kDa and a pl of 5.4 (ExPASy 

proteomics server from the Swiss Institute o f Bioinformatics, Appel et al., 1994) and 

is shown aligned with peptides 1, 3 and 6 in Fig 7.5. Peptides 1, 3 and 6 (Table 7.2) 

are those that were found to have significant identity with segments o f the 

trypanosomal glycerol-3-phosphatase amino acid sequence and are aligned with that 

sequence. A possible source of minor sequence discrepancy arose from the fact that 

the trypanosomal genome database available at The Sanger Institute website was 

constructed with the results o f DNA sequencing of trypanosomes from T. brucei 

strain TREU927/4 (GUTat 10.1) whereas, the genomic DNA used for PCR cloning 

of the proteins in this project was obtained from procyclic trypanosomes of T. brucei 

cell line 29-13. This difference in strains employed may be the reason why the
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Peptide Mass [m/z (M + H2)] Peptide amino acid sequence

1. “ 520.3 fQPVVLATGR

2. 579.6 AAVVCWLHNNVNVLK

3. 626.8 LSAYTLDTLQK

4. 748.4 VDLDGTLLNENHR or VDLDGTLLNEGGHR or

VDLDGTLLNADGHR

5. 783.8 QMNGELVDLAAPHR

6. 869,5 AAV VDLDGTLLNENHR or

LQ VDLDGTLLNENHR

Table 7.2 Additional protein sequence data from MALDI-TOF MS 

analysis of Protein A.

Peptide Mass [m/z (M + H2)] Peptide amino acid sequence

7  556.2 ~  AGYYEFFSK

8. 701.3 FANLSFSFHGFK

Table 7.3 Protein sequence data from MALDI-TOF MS analysis of Protein 

C.



results from MS sequencing do not always exactly match the protein sequence 

available from the trypanosoma! genome database (Fig 7.5).

The first amino acid sequence retrieved from peptide 4 is shorter than the first 

amino acid sequence retrieved from peptide 6 but the overlapping portions of both 

are identical. When the database was searched using peptide 2 and 5 no significantly 

related sequences were found. The protein sequence identified by a Blast search 

with peptides 1, 3 and 6 was identified as the trypanosomal glycerol-3-phosphatase 

sequence because the expressed protein was found to have glycerol-3-phosphatase 

activity. Identical sequences for glycerol-3-phosphatase were found on chromosome 

10 (TRYPIO.0.000597 1) and 11 (TRYPl 1.0.001849 6). A homology (BLAST) 

search in The Sanger Institute trypanosomal database revealed no protein 

significantly related to peptide sequences 7 and 8 obtained by MALDI-TOF analysis 

o f peptide C.

N-terminal sequence analysis o f proteins A, B and C were conducted by the 

Protein and Nucleic Acid Chemistry Facility, which is part of the Biochemistry 

Department in the Universit>' o f Cambridge (courtesy o f Dr. Mark Carrington). 

Proteins A and C were found to be N-terminally blocked and could not be sequenced 

by N-terminal degradation. Protein B was not N-terminally blocked and the 

following amino acid sequence was identified following N-terminal degradation:

YRAAVVDLDGTLLN

This peptide sequence is identical to amino acids 11-25 in the trypanosomal 

glycerol-3-phosphatase sequence shown in Fig 7.5. Moreover, since this sequence 

was obtained from a protein band (protein B) that migrated at 21.1 kDa and not at 34 

kDa, which is the apparent molecular weight of the glycerol-3-phosphatase 

calculated from its migration on a SDS-polyacrylamide gel, it seems that this lower 

molecular weight protein is a probably the result o f proteolysis of the larger native 

glycerol-3-phosphatase which contains the exact same sequence.

Dr. H.P. Voorheis (Trinity College Dublin) successfully cloned the DNA 

containing the gene encoding the enzymatically active trypanosomal glycerol-3- 

phosphatase. Subsequently, the protein was expressed in E.coli BL21 (XDE3) cells 

after one hour of induction in the presence of 1 mM IPTG (Fig 7.6). The cells 

expressing the glycerol-3-phosphatase were homogenised in a French Pressure cell.

133



Glycerol-3-phosphatase MSLVSVTNRMTYRAAWDLDGTLLNENHRISAYTLDTIQKLLKRNIPWIATGRPHPDVF 60
N-terminal peptide YRAAWDLDGTLLN 14
MS-Peptide 6 AAWDLDGTLLNENHR 16
MS-Peptide 3 LSAYTLDTLQK 11
MS-Peptide 1 TQPWLATGR 10

Glycerol-3-phosphatase HTIKSCGLQGTYVITSNGARVSDPQLNVIASFNLSEDWSELIGLGSSGEDIQDPKEVPY 120
Glycerol-3-phosphatase TVNLFQHDEWVTDAARDELLLMFASSGFHYRWDDLQAHQKDGVHELVFLAQPNTLHLLE 180
Glycerol-3-phosphatase GWKKRFEGRISVMRSTSITLDWHHNANKATAMAKVAELLGLELKDIVSFGDGMNDVQM 24 0
Glycerol-3-phosphatase LAAAGKGYIMGNAQQRLKDALPHLEVIGTNAEDSVAKKLRELFNIED 287

Fig 7.5 The alignment of Peptides 1 ,3 and 6 received as a result of MALDI-TOF MS analysis and the amino acid 

sequence received as a result of N-terminal sequencing with the amino acid sequence of Trypanosomal Glycerol- 

3-Phosphatase.

The annotation used for homology of amino acids is as follows; identical (*), strongly similar (:) or weakly 

similar (.). The N-terminal peptide was obtained as a result of N-terminal sequencing o f protein B. The MS- 

peptides were obtained as a resuh o f MALDI-TOF MS analysis of protein A. The entire glycerol-3- 

phosphatase sequence was obtained from the trypanosomal genome sequencing database, which is part o f The 

Sanger Institute website. Identical sequences for Glycerol-3-Phosphatase were found on chromosome 10 

(TRYP10.0.000597_l)and 11 (TRYPl 1.0.001849 6).



Fig 7.6 SDS polyacrylamide-gel electrophoresis of a time course of 

induction of recombinant glycerol-3-phosphatase

Electrophoresis and staining were carried out as in the methods section. Lane 1 

contained molecular weight markers with the molecular weights shown. Lanes 

2- 4 contain samples of E.coli BL21 (>iDE3) cells transformed with the pET21a 

vector containing the gene encoding the trypanosomal glycerol-3-phosphatase. 

These cells were treated with 1 mM IPTG for 1, 2 and 3 hours respectively. 

Lane 5 contains a sample o f the same cells that were not subjected to induction. 

This gel was a kind donation from Dr. H. P. Voorheis who cloned the gene 

encoding the protein.

Fig 7.7 SDS polyacrylamide-gel electrophoresis of the supernatant and 

pellet of induced BL21 cells containing the cloned glycerol-3-phosphatase 

gene

Electrophoresis and staining were carried out as in the methods section. The 

cells were ruptured by passing through a French Pressure cell three times. The 

resultant homogenate was subjected to centrifugation at 10,000 g  for 1 hr. The 

pellet was resuspended in a volume equal to that of the broken cell supernatant. 

Equal volumes o f the supernatant and the pellet were loaded onto the gel. 

Lane 1 contained low molecular weight markers, lane 2 contained a sample o f 

the high-speed supernatant and lane 3 contained a sample of pellet.



Fig 7.6 SDS polyacrylamide-gel electrophoresis of a time course 

of induction of recombinant glycerol-3-phosphatase

Lane: 1 2 3 4 5

Fig 7.7 SDS polyacrylamide-gel electrophoresis of the supernatant 

and pellet of induced BL21 cells containing the cloned glycerol-3- 

phosphatase gene

kDa

Lane; 1 2 3



Approximately 2/3 o f  the recombinant protein was found to be soluble (Fig 7.7) and 

migrated with an apparent molecular weight o f approximately 33 kDa on SDS- 

PAGE. Significant glycerol-3-phosphatase activity (694 nmol/min/mg protein) was 

found in the transformed E.coli host cells (Table 7.4). E.coli host cells without either 

the vector itself or with the vector but minus the glycerol-3-phosphatase insert were 

found to have practically no glycerol-3-phosphatase activity ( < 3 . 5  nmol/min/mg 

protein) and the protein itself was not expressed (Fig 7.8).

7.2.4 HOMOLOGY AND ALIGNMENT OF TRYPANOSOMAL 

GLYCEROL-3-PHOSPHATASE WITH SIMILAR PROTEINS IN OTHER 

ORGANISMS AND IDENTIFICATION OF CONSERVED DOMAINS

An amino acid alignment o f the trypanosomal putative hydrolase (the first 

protein successfully cloned, but without glycerol-3-phosphatase activity) and 

glycerol-3-phosphatase (the second protein cloned, which was found to have 

glycerol-3-phosphatase activity) is shown in Fig 7.9. These sequences were also 

compared with the amino acid sequences for the glycerol-3-phosphatases (G PPl and 

GPP2) found in S. cerevisiae, but no significant homology was found and so this data 

is not shown. However, a homology (BLAST) search in the NCBI database 

(Altschul et al., 1997) revealed significant similarity with proteins from other 

organisms (Fig 7.10). All o f these proteins remain uncharacterised and their 

sequences are only available as a result o f genome sequencing projects. The 

sequences that were found were described as “putative haloacid dehalogenase 

(HAD)-like hydrolases” or “HAD superfamily hydrolases” due to their homology 

with conserved amino acid domains found in proteins with this activity. No 

significant sequence alignment was found with any known phosphatase. It is quite 

possible that this enzyme is part o f an, as yet, uncharacterised sub-family o f  

phosphatases in the larger hydrolase family. Furthermore, if  this protein is part o f a 

sub-family o f  phosphatases it is the first time one o f the family members has actually 

been characterised.

A search for conserved domains in trypanosomal glycerol-3-phosphatase was 

conducted in the NCBI Conserved Domain database (M archler-Bauer et al., 2003). 

As expected conserved domains for the hydrolase / haloacid dehalogenase-like 

hydrolase signature sequences were found (Fig 7.11). This family includes L-2- 

haloacid dehalogenases, epoxide hydrolases and phosphatases. Regions with
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Cell condition Specific activity (nmol/min/mg)

- vector with gene 

+ vector with gene

+ vector with gene + induction

1.85+1.63 

0.0 + 0.97 

673.98 + 37.1

Table 7.4 Glycerol-3-phosphatase activity in E.coli BL21 cells.

E. coli BL21 (DE3) was transformed with pET21a containing an insert 

encoding the T. brucei glycerol-3-phosphatase. The cells were induced with 1 

mM IPTG for 1 hr. Cell lysates were assayed for activity as described in the 

methods chapter. The final concentration o f glycerol-3-phosphate was 8 mM. 

Protein concentrations were determined using the Markwell assay. Each sample 

was assayed three times and the values shown are the mean + the standard 

deviation of the triplicate samples.



Fig 7.8 SDS polyacrylamide-gel electrophoresis of induced and noninduced 

E.coli BL21 (X.DE3) cells with and without the glycerol-3-phosphatase 

insert

Electrophoresis and staining were carried out as described in the methods 

section. Lane 1 contains low molecular weight markers with the molecular 

weights shown. Lanes 2 and 3 contain samples of untransformed E.coli BL21 

(XDE3) cells. The cells in lane 2 were untreated and those in lane 3 were 

treated with 1 mM IPTG for 1 hr. Lanes 4 and 5 contain samples of E.coli 

BL21 (>,DE3) cells transformed with the pET21a vector containing the glycerol- 

3-phosphatase gene. The cells in lane 4 were untreated and those in lane 5 were 

treated with 1 mM IPTG for 1 hr.



Fig 7.8 SDS polyacrylamide-gel electrophoresis of induced and noninduced 

E.coli BL21 (A.DE3) cells with and without the glycerol-3-phosphatase insert

kDa

Lane: 1 2 3 4 5



Putative Hydrolase MPQCGTEKHVSAPPSYTGPFVAVWDLDGTILDDNHRVSDVTKATLYEVASCGVHIIIATGRPREGVAAIEQELNSYFRCNSRVPGRATS 90
Glycerol-3-phosphatase ------MSLVSVTNRMT--YRAAWDLDGTLLNENHRISAYTLDTIQKLLKRNIPWIATGRPHPDV------FHTIKSC-----G----- 67

• 1

Putative Hydrolase LAEVKGFHLVASNGARIYNTTGELISAESIDNSWRAIY-ERVTESNINANSEDSMLVSVHQTGAWWVNNVLLEEWLRRK-YGTLPEVRQ 178
Glycerol-3-phosphatase  LQGTYVITSNGARVSDPQLNVIASFNLSEDWSELIGLGSSGEDIQDPKEVPYTVNLFQHDEWVTDAARDELLLMFASSGFHYRWD 154

• -k -k -k -k -k ■

Putative Hydrolase NLSDFPTDGVGKICLRSFNEGTLRTFQKELDTKYEHYITTVMTSDHCLDIMPKGVSKASALRMVGEILNFEPHRDAIAFGDSLNDRDMLE 2 68
Glycerol-3-phosphatase DLQAHQKDGVHELVFLAQ-PNTLHLLEGWKKRFEGRISA/'MRSTSITLDWHHNANKATAMAKVAELLGLE-LKDIVSFGDGMNDVQMIoA 242

Putative Hydrolase SVAKGCIMKNGKNELKELLPHVEWGCNEEDGVAHKLREVFLLS- 312
Glycerol-3-phosphatase AAGKGYIMGNAQQRLKDALPHLEVIGTNAEDSVAKKLRELFNIED 287

. * *  -k -k -k .. *• .

Fig 7.9 CLUSTAL W multiple sequence alignment of trypanosomal putative hydrolase and trypanosomal glycerol-3-phosphatase.

Alignment of the trypanosomal putative hydrolase (the first protein cloned without glycerol-3-phosphatase activity) and glycerol-3-phosphatase 

(the second protein cloned with glycerol-3-phosphatase activity) was achieved using the program CLUSTAL W (Thompson et al., 1994). An 

identity score (*) of 28.9 % was generated, while an additional 22.9 % of the amino acids were strongly similar ( : ), and finally, a further 32.3 % 

of the amino acids were weakly similar ( . ).
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T. brucei 
L. infant 
F. nucleatum 
E. coli 
H. influenzae 
T. cruzi

RFEGRISVMR!|tSITLDWHHNANKATftMAKVAELLGLELK-DIVSFGDGMNDVC^LAAA 2 4 4  
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Fig 7.10 Multiple alignment of amino acid sequences of putative glycerol-3-phosphatases from other organisms that are similar to that 

of the trypanosomal glycerol-3-phosphatase amino acid sequence.

The T. hrucei sequence was aligned with 5 sequences from other organisms available from databases (TIGR and The Sanger Institute 

Blast server) using the program CLUSTAL W (Thompson et al., 1994). These sequences have not been annotated within any o f the databases 

with any function but may be glycerol-3-phosphatases on the basis of their homology to the enzyme in T. hrucei that does have activity. The 

symbols used to indicate degrees o f similarity are: identical amino acids:, (*); amino acids that are strongly similar, ( : )  and amino acids that are 

weakly similar, ( . ) .  The sequences were Leishmania infantum (contig 3496), Fusohacterium nucleatum (accession number NP 603295), 

Escherichia coli (accession number NP 290458), Haemophilus influenzae (accession number NP 438754), Trypanosoma cruzi (accession 

number AC 103912). The areas highlighted in blue contain amino acids that are identical to those in the sequence of the T. brucei glycerol-3- 

phosphatase.
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Fig 7.11 Conserved amino acid domains found in the trypanosomal glycerol-3- 

phosphatase and putative hydrolyase sequences.

The NCBI Conserved Domain database was searched using the amino acid 

sequence of the trypanosomal glycerol-3-phosphatase (Altschul et a i ,  1997). The 

Cof domain is found in predicted hydrolyases o f the HAD superfamily and is a 

general function prediction only. The NagD domain predicts sugar phosphatases of 

the HAD superfamily and the SerB domain predicts phosphoserine phosphatases.



conserved motifs for Cof, NagD and SerB were also found. The Cof domain is 

found in predicted hydrolases of the HAD superfamily and is a general function 

prediction only. The HAD superfamily encompasses a large family of enzymes with 

diverse substrate specificity, which also includes epoxide hydrolases, 

phosphoglycolate phosphatases, histidinol phosphate phosphatases, nitrophenyl 

phosphatases and numerous putative (not yet characterised) proteins (Koonin & 

Tatusov, 1994). Only small portions of the amino acid sequence aligned with the 

NagD domain and the SerB domain. The NagD domain predicts sugar phosphatases 

of the HAD superfamily and the SerB domain predicts phosphoserine phosphatases. 

Clearly trypanosomal glycerol-3-phosphatase does have some of the properties of a 

sugar phosphatase (it catalyses the hydrolysis the phosphate group from glucose-6- 

phosphate), yet it does not have significant similarity to any sugar phosphatase amino 

acid sequence available in any database online. When the full amino acid sequence 

of glycerol-3-phosphatase was aligned with sequences of phosphoserine 

phosphatases no significant sequence similarity was found, which is not surprising in 

light of the fact that only a small portion of the sequence was homologous to the 

phosphoserme phosphatase domain. Furthermore, when purified recombinant 

glycerol-3-phosphatase and the purified native trypanosomal glycerol-3-phosphatase 

were assayed for phosphoserine phosphatase activity in the presence of 20 mM O- 

phospho-L-serine no activity was found. Interestingly only the Cof domain and the 

SerB domain are found in the first trypanosomal sequence identified and this 

recombinant protein did not show glycerol-3-phosphatase activity (Fig 7.11). 

However, the recombinant form of this protein has not been assayed for 

phosphoserine phosphatase activity or for any other phosphatase activity.

A conserved sequence DLDGTL, located very close to the N terminus, has 

been found to be present not only in various P-Ser-HPr phosphatases 

(phosphorylated serine-histidine containing proteins) but also in bacterial P-glycolate 

phosphatases and the yeast enzymes, glycerol-3-phosphatase 1, glycerol-3- 

phosphatase 2, and 2-deoxyglucose-6-phosphate phosphatase 1, suggesting that this 

conserved sequence is necessary for the phosphatase activity of these enzymes 

(Galinier et al, 1998). This conserved sequence is also found in both proteins 

present in this study and may indeed account for the phosphatase activity of the 

glycerol-3-phosphatase. Furthermore phosphoserine phosphatases have been 

classified into a new family of phosphotransferases based on this conserved sequence
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(Collet et al., 1998 & 1999). The phosphorylated residue in the protein has been 

identified as the first aspartate in the sequence and mutagenesis studies have shown 

that this sequence is critical in the reaction mechanism o f the enzyme.

7.2.5 THE PURIFICATION OF RECOMBINANT GLYCEROL-3- 

PHOSPHATASE

Recombinant glycerol-3-phosphatase was successfully purified to 

homogeneity using a scaled down version of the procedure employed to purify the 

native trypanosomal protein (Fig 7.12). The activity peak eluted from the 

Sephacryl S I00 column was examined for protein content by electrophoresis on a 15 

% SDS-polyacrylamide gel (Fig 7.13). A sample from each step of the purification 

was also examined for protein content by electrophoresis on a 15 % SDS- 

polyacrylamide gel and is shown in Fig 7.14. The purified enzyme had a specific 

activity of 72.8 |Limol/min/mg protein and was purified 42 fold (Table 7.5).

7.2.6 PARTIAL PHYSICAL AND KINETIC CHARACTERISATION OF 

THE RECOMBINANT TRYPANOSOMAL GLYCEROL-3-PHOSPHATASE

The K„, and Vmax for glycerol-3-phosphatase activity in the presence of L- 

glycerol-3-phosphate and in the presence of D,L-glycerol-3-phosphate were 

determined from double-reciprocal plots (Fig 7.15). The F^ax for glycerol-3- 

phosphatase in the presence of D,L-glycerol-3-phosphate is 100 ^mol/min/mg protein 

and 72 ^mol/min/mg protein in the presence of L-glycerol-3-phosphate. The 

values were 2.2 mM and 1.7 mM in the presence of D,L-glycerol-3-phosphate and L- 

glycerol-3-phosphate respectively. Finally the enzyme was assayed for substrate 

specificity (Fig 7.16) and was found to follow the same patterns o f activity as that of 

the native enzyme (Chapter 4), with approximately equal amounts o f activity in the 

presence of D,L-glycerol-3-phosphate, glucose-6-phosphate and fructose-6-phosphate 

(Table 7.6, and V^ax values are given). No activity was found in the presence of 

fructose-1,6-bisphosphate, phosphoenolpyruvate and diphosphoglyceric acid. 

Clearly, these data supports the conclusion that the recombinant protein is the 

trypanosomal glycerol-3 -phosphatase.
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Fig 7.12 The elution profiles of recombinant glycerol-3-phosphatase from a 

cellulose phosphate column, a DEAE-cellulose column and a Sephacryl 

SlOO column

(A.) The elution profile of recombinant glycerol-3-phosphatase from a 

cellulose phosphate column. A sample of high-speed supernatant (14.5ml, 8.6 

mg protein) from lysed induced expression cells (E.coli BL21) was loaded onto 

a cellulose phosphate column (height = 8 cm and diameter = 0.95 cm). Protein 

was eluted with Tris buffer (15 mM, pH 7.5). Fractions (2 ml) were eluted at a 

rate of 1 ml per min.

(B.) The elution profile of glycerol-3-phosphatase from a DEAE- 

cellulose column. The cellulose phosphate activity peak (fractions 3-10) was 

combined and applied to a DEAE-cellulose column (height = 8 cm and diameter 

= 0.95 cm). A salt gradient [100 ml, 50-250 mM KCl in Tris buffer (15 mM, 

pH 7.5)] was applied. Fractions (3 ml) were eluted at a rate of 1 ml per minute.

(C.) The elution profile o f glycerol-3-phosphatase from a Sephacryl 

SlOO column. Fractions (fractions 7-14) comprising the DEAE-cellulose 

phosphate activity peak were combined and concentrated to 0.3 ml using a 

centrifugal “vivaspin” concentrating device with a 10 kDa molecular weight cut 

off The concentrated sample was then applied to a Sephacryl SlOO column 

(height = 95 cm, diameter = 1.1 cm) and fractions (0.9 ml) were eluted at a rate 

o f 90 (j,l / min with TES buffer (15 mM, pH 7.1 containing 10 mM KCl).

Samples (35 ^il) were assayed for glycerol-3-phosphatase activity as 

described in Methods for fractions eluted from all three columns.
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Fig 7.13 SDS-PAGE of samples from fractions across the activity peak of 

recombinant glycerol-3-phosphatase eluted from a Sephacryl SlOO column

Electrophoresis and Coomasie blue staining were carried out as in the methods 

section using a 15 % gel. Lane 1 contains low molecular weight markers with 

the molecular weights shown. Lanes 2 to 12 contain 20 jj.1 each o f fractions 31- 

47 respectively eluted from a Sephacryl S-100 column.

Fig 7.14 SDS polyacrylamide-gel electrophoresis of samples from each of 

the purification steps used for the recombinant glycerol-3-phosphatase

Electrophoresis and staining were carried out as in the methods section using a 

15 % gel. Lane 1 contains low molecular weight markers with the molecular 

weights shown. Lane 2 contains a sample of whole cells induced with IPTG. 

Lane 3 contains a sample of high-speed supernatant. Lane 4 contains a sample 

from the pooled fractions constituting the post cellulose phosphate activity peak. 

Lane 5 contains a sample from the pooled fractions constituting the post DEAE- 

cellulose activity peak. Lane 6 contains a sample from the pooled fractions 

constituting the post sephacryl S-100 activity peak.



Fig 7.13 SDS-PAGE of samples from fractions across the activity peak 

of recombinant glycerol-3-phosphatase eluted from a Sephacryl SlOO 

column
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Fig 7.14 SDS polyacrylamide-gel electrophoresis of samples from 

each of the purification steps used for the recombinant glycerol-3- 
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Fraction Volume of 
Fraction (ml)

Total Protein 
(mg)

% Recovery Protein Total Activity 
(|imol/min)

% Recovery of 
Activity

Specific Activity 
((imol / min / mg 
protein)

Purification
(Fold)

Homogenate 14.5 8.6 100 15.0 100 1.75 1

High Speed Supernatant 
(Post Dialysis)

14 5.81 67.6 29.1 193 5.0 2.6

Post Cellulose Phosphate 16 4.63 53.8 26.6 177 5.75 3.6

Post DEAE-52 1.12 0.48 5.6 13.0 86.7 27.1 15.6

Post Sephacryl S-100 
(fractions 41-43)

2.7 0.162 1.9 11.8 78.7 72.8 42

Table 7.5 Purification table of the recombinant glycerol-3-phosphatase

The enzyme was assayed at each step of the purification using the stopped assay. The substrate concentration was 8 mM and the incubations 

were conducted for 20 min at 37 °C. Inorganic phosphate released was measured using the Fiske-Subbarow assay. Protein concentrations v/ere 

determined using the Markwell assay.



Fig 7.15 Double-reciprocal plot of the activity of purified recombinant 

glycerol-3-phosphatase over a range of glycerol-3-phosphate concentrations

The dependence o f glycerol-3-phosphatase on the concentration o f  L-glycerol-

3-phosphate ( -•-)  and on the concentration o f D, L-glycerol-3-phosphate (-0-) 

was assayed. The assays contained all components o f  the glycerol-3- 

phosphatase assay with final concentrations o f glycerol-3-phosphate as shown 

in the graph. Inorganic phosphate content o f the reactions was measured as 

described in the methods chapter.
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Fig 7.15 Double-reciprocal plot of the activity of purified recombinant 

glycerol-3-phosphatase over a range of glycerol-3-phosphate concentrations
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Fig 7.16 Substrate specificity of the recombinant glycerol-3-phosphatase

A sample o f  purified recombinant glycerol-3-phosphatase (0.1 j^g protein) isolated 

from the Sephacryl S200 column was assayed in the presence o f  various substrates. 

The substrates [D,L-glycerol-3-phosphate (-•-), glucose-6-phosphate (-o-), fructose-6- 

phosphate (-■-), glycerol-2-phosphate (-□-), /?-nitrophenylphosphate ( - a -), glucose-1- 

phosphate ( - a -), fructose-1,6-diphosphate ( - 0 -), phosphoenolpyruvate (-♦-) and 

bisphosphoglyceric acid (-x-)] were present at the final concentrations shown in the 

figure in a final volume o f  107.5 |al. The reaction was allowed to proceed for 20 min 

at 37 °C. The reaction was terminated by the addition o f  TCA (12.5 |j,l) and the 

inorganic phosphate released was measured as described in the methods chapter. The 

data was plotted using the application MacCurveFit 1.2. Each datum symbol in the 

graph represents the mean + standard deviation o f  3 replicates.



fim
ol

 m
in 

‘ m
g-

' 
pr

ot
ei

n

Fig 7,16 Substrate specificity of the recombinant glycerol-3-phosphatase

88

80

72

64

56

48

40

32

24

16

8

0

0 3 9 12

Substrate Concentration (mM)



Substrate V  mas K m V  max /  K m

(lam ol.m in '.m g ') (m M )

D,L-Gly cerol-3 -phosphate 92.1 ± 9 2.3+ 0.6 0.040

Glucose-6-phosphate 100.9 + 5.9 4.4+ 0.6 0.023

Fructose-6-phosphate 79.9 + 2.4 3.5 ±0.25 0.022

Glycerol-2-phosphate 21.3 + 0.9 5.3+ 0.5 0.0004

/>-Nitrophenyl phosphate Not Estimated

Glucose-1 -phosphate 6.0 + 2 10.9 + 6.3 0.0006

Fructose-1,6-diphosphate No Activity

Phosphoenol pyruvate No Activity

Bisphosphoglyceric acid No Activity

Table 7.6 Substrate specificity of the recombinant glyceroI-3-phosphatase.

The data shown was calculated using the application Mac CurveFit 1.2, The Vmax and 

Kni for each substrate was calculated using the Michealis-Menton equation. The 

values are shown in the table above. Each value represents the mean + standard 

deviation o f 3 replicates.



7.3 CONCLUSION

Comparable kinetic and physical properties between the two T. brucei forms 

of glycerol-3-phosphatase strongly indicate that the expression system used, in 

addition to providing a simple method for obtaining large amounts of purified 

protein, also produces the enzyme in the fully active form, with no apparent 

differences from the natural T. brucei glycerol-3-phosphatase. In addition the 

genetic and amino acid sequences o f the enzyme were established.
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CHAPTER 8 

GENERAL DISCUSSION



8.1 INTRODUCTION

This thesis was completed to investigate an enzyme that has glycerol-3- 

phosphatase activity found in Trypanosoma brucei and any possible role this enzyme 

may play in the glycolytic pathway of the trypanosome. This enzyme has never 

before been studied in the detail reported in this study. The intracellular 

concentrations of glycerol-3-phosphate fluctuate drastically (unlike the other 

glycolytic intermediates) between aerobic and anaerobic glycolysis in trypanosomes 

and as a result the possibility that glycerol-3-phosphatase plays a significant role 

could not be ruled out without investigation. More specifically, there was the 

possibility that the enzyme played a part in the synthesis of ATP under anaerobic 

conditions. In addition the role of glycerol kinase in trypanosomes was considered, 

as research to date has identified glycerol kinase as the enzyme responsible for ATP 

synthesis in trypanosomes respiring under anaerobic conditions. This chapter will 

firstly discuss the findings reported in this thesis with respect to the enzyme glycerol- 

3-phosphatase and secondly how the experiments in this thesis, in addition to the 

studies completed by other groups, have confirmed that glycerol kinase is responsible 

for ATP synthesis in trypanosomes respiring under anaerobic conditions.

8.2 A REVIEW OF THE NON-SPECIFIC PHOSPHATASE STUDIED IN 

THIS THESIS

Chapter 3 investigated the localisation of the enzyme and reported the 

purification of the enzyme. The phosphatase activity was found to be a cytosolic 

enzyme in trypanosomes with a specific activity of 35.6 + 7.3 nmol/min/mg of 

protein when glycerol-3-phosphate was the substrate. More interestingly this specific 

activity was in the same region as the value reported for the reversal of glycerol 

kinase activity by Hammond & Bowman (1980b) of 36 nmol/min/mg of protein. 

Glycerol kinase was confirmed as a latent glycosomal enzyme and this result is 

discussed later in this chapter as it proves to play a critical role in the reversal of 

glycerol kinase activity. It has previously been reported that the specific activity of 

glycerol kinase in bloodstream forms is the same as that found in procyclic 

trypanosomes (Hart et a i ,  1984). This study confirmed these findings and the same 

level of glycerol kinase activity was found in both forms o f T. hrucei. Other 

enzymes, which are essential to the glycolytic pathway have been shown to be 

significantly down regulated, some by more than ten fold, in procyclic cells (Hart et
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ai, 1984, Opperdoes et al., 1981, Aman & Wang 1986b). This thesis has confirmed 

that glycerol kinase is indeed responsible for ATP synthesis in trypanosomes 

respiring under anaerobic conditions thus indicating that an enzyme which is essential 

to the glycolytic pathway in bloodstream form is not necessarily down regulated in 

the procyclic form, where it is not yet known to play an essential role.

However, despite this finding the significant changes observed between the 

metabolism of the bloodstream form and the procyclic form made an investigation of 

the activity o f glycerol-3-phosphatase in both stages appealing. A reduction in the 

activity of glycerol-3-phosphatase in procyclic cells could potentially indicate that the 

enzyme plays an important role in the glycolytic pathway in bloodstream cells. A 

significant reduction in the specific activity was not found, thus implying that this 

enzyme may not be as critical to glycolysis as other enzymes in bloodstream 

trypanosomes, with the exception of glycerol kinase. Lastly chapter 3 reported the 

purification o f the enzyme using ion exchange chromatography and size exclusion 

chromatography, thus facilitating the characterisation work completed in later 

chapters.

The work completed in Chapter 4 involved both physical and chemical 

characterisation of trypanosomal glycerol-3-phosphatase. The molecular weight, pi, 

pH-activity profile, bivalent cation requirement and substrate specificity were all 

reported in an attempt to help unravel the role of the enzyme in the cell. The 

molecular weight o f glycerol-3-phosphatase in T. brucei, found by gel filtration (32.8 

kDa) and by SDS-PAGE (33 kDa) was in good agreement with that predicted from 

the gene sequence (31.6 kDa), indicating that the native enzyme is most likely a 

monomer. The pi o f glycerol-3-phosphatase in T brucei was found to be 

approximately 5.0 by elution from a chromatofocusing column, which was in good 

agreement with that predicted from the primary structure (5.38) using the proteomics 

program, “Compute pI/MW”, on the ExPASy proteomics tools website. The low pi 

value reported here o f 5.0 for the glycerol-3-phosphatase in T. brucei follows the 

same pattern shown by other cytosolic glycolytic enzymes in this organism.

The pH value required for optimal glycerol-3-phosphatase activity is 6.8, 

indicating that the enzyme is a neutral phosphatase and this value is close to the 

reported pH of the cytoplasm (6.99-7.03) in T. brucei (Nolan & Voorheis, 2000). 

This value was found to be consistant with that reported for glycerol-3-phosphatases 

from other organisms (see section 4.3 .3). The trypanosomal glycerol-3-phosphatase
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has an absolute requirement for Mg^" for activation with a for Mg^'of 0.25 mM 

and no other metal ion tested was found capable of substituting for Mg^ .̂ Inhibition 

o f trypanosomal glycerol-3-phosphatase activity was observed by the addition of 

Ba^", Pb^  ̂ and Ca^  ̂ to incubations and the ions exhibited an increasing level of 

inhibition respectively as they approached the size of Mg^". Inhibition was also 

observed by sulphate, probably due to its similarity in size and charge to phosphate, 

the product of the glycerol-3-phosphatase activity.

Chapter 7 confirmed that the recombinant protein shared the same 

characteristics as the native protein. The purified recombinant enzyme had a specific 

activity of 72.8 |Limol/min/mg of protein. Sequence analysis studies indicated that it 

was possible that the trypanosomal enzyme might be the first phosphatase to be 

characterised in a subfamily o f phosphatases within a superfamily of hydrolases

Glycerol-3-phosphatase was found to be almost equally active in the presence 

of glucose-6-phosphate, fructose-6-phosphate or fructose-1-phosphate. What is 

interesting about this result is that the enzyme exhibits positional specificity for the 

phosphate group involved in the reaction. The enzyme appears to hydrolyse only 

those phospho-ester bonds that involve a carbon atom that is not part of a ring 

structure, i.e. a carbon atom that is outside of any ring structure that may be present.

In trypanosomes, many enzymes were originally thought to be located in only 

one cellular compartment, such as the glycosome, but were subsequently also found 

to be in the cytosol. Some of these enzymes include glucose-6-phosphate 

dehydrogenase (Heise & Opperdoes, 1999 and Duffieux et al., 2000), 

glyceraldehyde-phosphate dehydrogenase (Misset et al., 1987b and Lambeir et al., 

1991), phosphoglycerate kinase (Misset & Opperdoes, 1987a) and malate 

dehydrogenase (Vernal et al., 2001). An explanation as to why the same enzymes 

can be found in both the cytosol and glycosome is required and how these enzymes 

contribute to the metabolic pathways requires understanding. It is possible that an 

association of glycerol-3-phosphatase/glucose-6-phosphatase activity with these 

pathways occurs by regulating the amount o f glucose/glucose-6-phosphate and or 

glycerol/glycerol-3-phosphate available within the cell.
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8.3 THE NON-SPECIFIC PHOSPHATASE MAY PLAY A ROLE IN THE

REGULATION OF THE PENTOSE PHOSPHATE PATHWAY

One such possible function of the glucose-6-phosphatase function of the 

enzyme reported here is that of a regulatory role in the pentose phosphate pathway. 

All enzyme activities involved in the pentose phosphate pathway are clearly detected 

in insect stage (procyclic) forms of Trypanosoma brucei, and many of them were also 

detected in the bloodstream form of this parasite. The oxidative branch o f the pentose 

phosphate pathway produces ribose-5-phosphate, a substrate for synthesis of 

nucleotides and nucleic acids, and is present throughout the life cycle of the 

trypanosome in the cytosol (Cronin et al., 1989; Clayton & Michels, 1996). The 

major role of this pathway in trypanosomes is possibly the production of NADPH 

since trypanosomes appear to rely principally on salvage pathways for their 

nucleotides. Procyclic forms have in addition the non-oxidative branch of the 

pentose phosphate pathway, which interconverts ribose phosphate, glyceraldehyde-3- 

phosphate and hexose phosphate (which can result in gluconeogenesis). It is possible 

that the substrate for this pathway, glucose-6-phosphate, which is synthesised in the 

glycosome is also available in the cytosol. The reason for this is that glucose-6- 

phosphate dehydrogenase, which catalyses the flux-generating step of the pathway is 

found in the cytosol. Glycerol-3-phosphatase/glucose-6-phosphatase is also found in 

the cytosol and therefore it is possible that this enzyme plays a role in the regulation 

o f the pentose phosphate pathway. Whether or not the enzyme does play a role in 

this pathway has not been determined by this study, but is worth considering ,

8.4 THE ROLE OF GLYCEROL-3-PHOSPHATASE AND THE 

SYNTHESIS OF GLYCEROL IN TRYPANOSOMES RESPIRING UNDER 

AEROBIC AND ANAEROBIC CONDITIONS

Under anaerobic conditions or in the presence of salicylhydroxamic acid (an 

inhibitor o f glycerol-3-phosphate oxidase) glucose is metabolised to equimolar 

quantities o f glycerol and pyruvate (Grant & Fulton, 1957; Ryley, 1962; Opperdoes 

et al., 1976c and Brohn & Clarkson, 1980). The majority of researchers in this field 

have accepted that glycerol and pyruvate are the only products of anaerobic 

glycolysis. The end product o f aerobic glycolysis in trypanosomes has been reported 

to be pyruvate (Grant & Fulton, 1957; Brohn & Clarkson, 1978) and pyruvate is 

generally accepted as being the sole product of glycolysis under these conditions.
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Eisenthal & Panes (1984) have reported that small but significant amounts of 

glycerol (with a glycerol : pruvate ratio of 0.1) in excess o f that predicted by theory 

are produced at all levels of aerobiosis, even when gassing with 95% oxygen. The 

glycerol that is synthesised by the cells is excreted (Helfert et a l ,  2001). As 

discussed in chapter 5 trypanosomal aerobic glycolysis results in glycerol-3- 

phosphate concentrations that are a quarter o f those found under anaerobic 

conditions. The possibility that the glycerol produced under aerobic conditions is a 

result of the reversal o f glycerol kinase activity could be argued to be unlikely (see 

discussion in section 8.6). A rise in the concentration of glycerol-3-phosphate 

(greater than that found in cells respiring aerobically) is required to reverse the 

reaction as is observed in cells incubated under anaerobic conditions. Consequently, 

it is reasonable to consider that the glycerol produced under aerobic conditions is the 

result o f glycerol-3-phosphatase activity.

Gluconeogenesis, the pathway through which noncarbohydrate precursors 

such as lactate, pyruvate, glycerol, and amino acids are converted to glucose is 

absent in bloodstream forms of trypanosomes (Hart et al., 1984; Opperdoes et al., 

1981) and, consequently glycerol must not be produced in T. brucei as a precursor 

for gluconeogenesis. Furthermore glycerol is not required as a substrate for 

glycolysis since the host provides a plentiful supply o f glucose via the bloodstream 

where the parasite resides. The function o f glycerol production under aerobic 

conditions remains unknown. The hydrolysis of glycerol-3-phosphate by 

bloodstream forms of trypanosomes respiring under aerobic conditions could be very 

wasteful energetically. Normally, under aerobic conditions this intermediate is 

returned to the glycolytic pathway via glycerol-3-phosphate oxidase and 

consequently two net ATP molecules are produced from one glucose molecule as a 

result (Fig 1.2). If some of the glycerol-3-phosphate were simply hydrolysed ATP 

synthesis would be affected provided the substrate is not the source of phosphate for 

the phosphorylation of glyceraldehyde-3-phosphate. In addition, the NADh/NAD 

balance would not then be maintained because the glycerol-3- 

phosphate/dihydroxyactone phosphate shunt would be affected. However, as a 

parasite, living in a constant supply of both glucose and oxygen in their mammalian 

host, the solution might be simply to increase the overall flux through glycolysis 

sufficiently to compensate for a decreased efficiency.
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The metabolism o f the parasites, as they proliferate in the midgut o f  their 

tsetse fly vector, is markedly different from that used by the bloodstream form. In the 

tsetse midgut, glucose is scarce, but may become transiently abundant following  

insect blood meals. Proline is a key energy source within the tsetse fly (Balogun, 

1974 and Bursell et al., 1973) and it has been speculated that this is a main energy 

source for the procyclic form trypanosomes too (Ford & Bowman, 1973; Evans & 

Brown, 1972; ter Kuile & Opperdoes, 1992). However, procyclics make efficient use 

o f  glucose, which is the preferred carbon source in the glucose-rich medium  

commonly used to grow these parasites (Cross et al., 1975; Brun & Schonenberger, 

1979, Lamour et al., 2005). While bloodstream trypanosomes excrete pyruvate as the 

end product o f  metabolism, procyclic forms product succinate, acetate, lactate and 

alanine (Cazzulo, 1992). In procyclic forms glycosom al malate dehydrogenase and 

phosphoenolpyruvate carboxykinase are upregulated (Hart et al., 1984), allowing 

metabolism o f  phosphoenolpyruvate to oxaloacetate and malate with concomitant 

CO2 fixation. Since procyclic trypanosomes are so affective at fine tuning their 

metabolism in response to the prevailing metabolic conditions and can metabolise 

either proline which is found in the gut o f  the tsete fly or glucose in the blood meal 

the fly has fed on there is no requirement for the trypanosome to synthesise glycerol 

as source o f  substrate for any metabolic pathway. Hence no alternative relationship 

between the phosphatase activity or glycerol synthesis and procyclic cell metabolism  

is evident. Ultimately the simplest way to determine whether or not the phosphatase 

enzyme has any significant role in either procyclic or bloodstream metabolism is to 

complete RNAi experiments in parallel with analysis o f  metabolite concentrations 

both in the wild type cells and in the form where the gene is turned o ff  or silenced.

8.5 A COMPARATIVE LOOK AT THE FUNCTION OF GLYCEROL-3- 

PHOSPHATASES

As discussed throughout this report glycerol-3-phosphatase activity is found 

in other organisms and a role for the enzyme has been established in several o f  these 

organisms. Following characterisation o f  the trypanosomal glycerol-3-phosphatase 

some physical and kinetic characteristics were found to be homologous to those o f  

the glycerol-3-phosphatases from other organisms (Chapter 4), however no sequence 

hom ology was found with any o f  the enzymes that have, to date, published protein 

sequences (see Chapter 7). Despite this latter finding it was still worth considering
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that the role o f the trypanosomal enzyme may be related to that of the enzymes in 

other organisms. In yeast (Saccharomyces cerevisiae) two glycerol-3-phosphatases 

have been found to be differentially involved in the cellular responses, to osmotic 

and oxidative stress as well as glycerol synthesis (Maeda et al., 1984; Maeda et al., 

1995; Brewster et al., 1993; Pahlman et al., 2001). At high external osmolarity the 

cells compensate for the loss of water by increasing glycerol production (Maeda et 

al., 1995). Similar findings have been reported for Dunaliella salina (Sussman & 

Avron, 1981). Bloodstream trypanosomes are not subjected to such significant 

variations in osmolarity, as the blood of the host must be tightly osmoregulated for 

the sake of the host. Therefore this function is not likely to be applicable to glycerol- 

3-phosphatase activity in bloodstream trypanosomes. It may, however, be important 

for short-stumpy bloodstream forms to be prepared for transition to the insect, and 

for metacyclic trypanosomes which have just arrived in the blood from the fly.

Cells that are transferred from aerobic to anaerobic conditions are faced with 

the problem of catabolizing substrate molecules into a balanced blend of oxidised 

and reduced end products, to maintain intracellular redox balance. In yeast cells 

fermentation of glucose to ethanol is a balanced redox process in the sense that the 

NADH produced in glycolysis is re-oxidised by conversion of pyruvate to ethanol 

and COj. However, the assimilation o f sugar to biomass generates excess NADH, 

which is re-oxidised by converting some of the sugar substrate to the more reduced 

end product, glycerol (Van Dijken & Scheffers, 1986a; Nordstrom, 1966; Albers et 

al., 1998). Glycerol-3-phosphatase is also involved in the redox balance of the 

anaerobic metabolism in Trichomonas vaginalis. Tritrichomonas foetus (Steinbuchel 

& Muller, 1986) and Candida utilis (Gancedo et al., 1968). In trypanosomal cells 

NADH is similarly re-oxidised by glycerol-3-phosphate dehydrogenase under 

aerobic and anaerobic conditions. Under aerobic conditions the product of this 

reaction, glycerol-3-phosphate, is subsequently converted to dihydroxyacetone 

phosphate via the glycerol-3-phosphate oxidase catalysed reaction and ultimately 

results in the synthesis of two ATP molecules. As a result, under these conditions 

glycerol-3-phosphatase has no part in controlling the redox balance. Under 

anaerobic conditions glycerol-3-phosphate is produced for the same reasons, but 

cannot be oxidised by glycerol-3-phosphate oxidase due to the absence of oxygen. 

Under these conditions glycerol-3-phosphate provides the phosphate group required 

for ATP synthesis by direct transfer to ADP via glycerol kinase in the reverse
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direction. It is unlikely that glycerol-3-phosphatase plays a significant role in 

oxidising NADH under anaerobic conditions, since the reversal o f glycerol kinase 

activity ensures that glycerol-3-phosphate is metabolised in place o f glycerol-3- 

phosphate oxidase activity. The absolute function of glycerol-3-phosphatase in 

trypanosomes respiring aerobically or anaerobically has not been ascertained by this 

study.

In conclusion this thesis has investigated and partially characterised a novel 

cytosolic enzyme, which functions as a non-specific phosphatase, in both 

bloodstream and procyclic trypanosomes. Possible functions of the enzyme have 

been discussed and include the regulation of the pentose phosphate pathway, while 

the regulation of the NAD^/NADH ratio under anaerobic conditions seems unlikely. 

The trypanosome faces many different nutritional environments during its life cycle 

and this is reflected in the changes observed in each stage during the development of 

the parasite. All of pathways involved in the energy metabolism required for each 

stage of the life cycle are not well understood and whether or not the enzyme studied 

in this thesis plays a significant role at any of these stages has not been determined, 

but remains a possibility.

8.6 THE REVERSAL OF GLYCEROL KINASE ACTIVITY IN 

TRYPANOSOME RESPIRING UNDER ANAEROBIC CONDITIONS

Studies in chapter 5 were completed to investigate the possibility of the 

reversal of glycerol kinase activity in trypanosomes incubated under anaerobic 

conditions. The intracellular concentration o f glycolytic intermediates involved in 

the glycerol kinase and glycerol-3-phosphatase reactions were determined and the 

feasibility of a mass action effect resulting in the synthesis o f ATP, as well as the role 

o f the respective enzymes in the glycolytic pathway under anaerobic conditions was 

discussed. It became evident that the concentration of glycerol-3-phosphate inside 

the glycosome does not increase sufficiently under anaerobic conditions to reverse 

glycerol kinase entropically and that the mass action effect alone is not a feasible 

hypothesis. Alternative hypotheses used to support glycerol kinase reversal; 

“substrate tunnelling” and the “hysteresis hypothesis”, were discussed. Substrate 

tunnelling or channelling requires the enzyme not to have access to the free, unbound 

substrates and products of the reaction. It seems that this could only occur if the 

enzymes within the multienzyme complex, located in the glycosome, are orientated in
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such fashion so that the binding and release sites of each enzyme are positioned to 

directly receive/deliver the relevant substrate/product of the reaction without release 

of the intermediate into the surrounding environment. Consequently this organised 

orientation of the enzymes would serve to promote the “tunnelling” o f the glycolytic 

intermediates as they are delivered directly to the active sites o f enzymes.

Evidence to support the phenomenon of substrate tunnelling was exhibited by 

the firstly the latent nature of glycosomal enzymes (Opperdoes, review, 1987). 

Discussion in chapter 1 has indicated that the glycosomal membrane is likely to be 

permeable to glycolytic intermediates; therefore the enzymes within the glycosome 

cannot be truly latent. In fact glycosomal enzymes are not always truly in solution, 

but can be found to be tightly aggregated in a stable crystal formation and it may be 

this structured organisation that causes glycosomal enzymes to exhibit latent 

properties (Opperdoes et a i ,  1977c; Aman et a i ,  1985). The structure organisation 

of enzymes is required for substrate tunnelling.

Secondly, the experiments in chapter 6 provided objective evidence that 

substrate tunnelling does indeed occur within the glycosome. The radiolabelled 

intermediates synthesised in the glycosome (dihydroxyacetone phosphate, 

glyceraldehyde-3-phosphate and 1,3-bisphosphoglycerate) could not be detected, 

while cytosolic intermediates (monophosphoglycerate and phosphoenolpyruvate) 

were detected. It was apparent that the structure of the glycosomes facilitates the 

direct transfer of glycolytic intermediates from one enzyme to another thus 

preventing the release of intermediates into the surrounding medium. In fact, the 

enzymes must be orientated in a fashion (facilitated by the structure o f the 

glycosome) that prevents access to free unbound intermediates, and it is this 

orientation that gives rise to the “latency” exhibited by the enzymes. Thirdly, soluble 

glycerol kinase is less effective at catalysing the reverse reaction than glycosomal 

bound glycerol kinase indicating that the structure of the glycosome facilitates the 

reverse reaction and promotes the activity of the enzymes (Hammond & Bowman, 

1980b). Finally, only glucose catabolism in trypanosomes respiring under anaerobic 

conditions produced glycerol as an end product, whereas the catabolism of glycolytic 

intermediates did not (Kiaria & Njogu, 1988). This result indicates that hexokinase is 

acting as a trap for the ATP from the glycerol kinase reaction and thus confirms the 

theory put forward by Hammond & Bowman (1980b) that this trapping mechanism 

aids the reversal of glycerol kinase activity. Hexokinase must immediately remove
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ATP from the glycerol kinase reaction, thus shifting the equilibrium to facilitate the 

reversal of activity. This author would also postulate that hexokinase must be located 

adjacent to glycerol kinase in the glycosome to facilitate this activity. Indeed, this is 

quite likely to be the case. Phenyl-sepharose chromatography o f glycosomal 

enzymes showed that hexokinase, glycerol-3-phosphate dehydrogenase, 

phosphofructokinase, glucose-phosphate isomerase and glycerol kinase all eluted in 

the ethylene glycol gradient as opposed to phosphoglycerate kinase, aldolase and 

triosephosphate isomerase which eluted in the ammonium sulphate gradient (Misset 

& Opperdoes, 1984). This results suggests that the first lot of enzymes all share some 

degree of hydrophobicity and it is likely that this characteristic results in these 

enzymes being closely associated to each other by favouring the formation of low 

energy bonds in the glycosome, thus facilitating the activity of substrate tunnelling.

The phenomenon o f substrate tunnelling has been confirmed by this study, yet 

It alone is not enough to explain how glycerol kinase activity is reversed under 

anaerobic conditions. After all, glycerol kinase activity is not reversed under aerobic 

conditions, so there must be some “triggering” effect that initiates this reaction. 

Work completed by Krakow & Wang (1990) demonstrated that the reverse reaction 

of glycerol kinase had a characteristic feature of hysteretic enzymes. Hysteretic 

enzymes are defined as those enzymes which respond slowly (in terms of some 

kinetic characteristic) to a rapid change in ligand concentration, be it that of either the 

substrate or the modifier. Such slow changes, defined in terms of their rate relative to 

the over-all catalytic reaction, result in a lag in the response of the enzyme to changes 

in the ligand level. A large number of enzymes may fall into the category termed 

hysteretic and such enzymes are frequently those that are important in metabolic 

regulation (Frieden, 1970). It is possible that the large increase in the concentration 

of glycerol-3-phosphate under anaerobic conditions may facilitate a conformational 

or orientation change of glycerol kinase that allows the reverse reaction to proceed, 

possibly by positioning the product binding site of the enzyme next to the substrate 

binding site o f hexokinase, thus allowing it to act as a trap for ATP. The same 

change may allow glycerol-3-phosphate dehydrogenase to act as a donor of substrate. 

Consequently the structure o f the glycosomes ensures that the enzymes are positioned 

next or close to each other, while the rise in the concentration o f glycerol-3-phosphate 

under anaerobic conditions may facilitate a conformation change that “activates” the
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trapping action exhibited by hexokinase that results in the reverse reaction o f  glycerol 

kinase activity.

Clearly the reverse reaction o f glycerol kinase is more complex than perhaps 

originally thought and it would seem that a combination o f the factors discussed here 

allow the extraordinary reversal o f an otherwise thermodynamically unfavourable 

reaction to facilitate the synthesis o f ATP in bloodstream trypanosomes respiring 

under anaerobic conditions.

8.7 FUTURE STUDIES

Future studies related to the work in this project include the use o f  double

stranded RNA interference to target glycerol-3-phosphatase and glycerol kinase 

transcripts for degiadation in cultured bloodstream trypanosomes. A similar study 

targeting glycerol-3-phosphatase activity in procyclic trypanosomes would help 

determine if  the enzyme plays a critical role in this stage o f the life cycle. The cells 

will be then examined and their ability to survive in the absence (or reduced levels) 

o f the respective proteins m both aerobic and anaerobic conditions will be assessed. 

Dr. H. P. Voorheis is currently conducting this study in conjunction with Dr. D. 

Nolan in Trinity College Dublin. Furthermore, following successful transfection and 

RNAi induction o f the respective proteins it may be possible to repeat the radioactive 

studies m this thesis and provide further confirmation that glycerol kinase is 

responsible for the transfer o f the phosphate group from glycerol-3-phosphate to 

ADP under anaerobic conditions.

Experiments need to be conducted to establish the absolute stereospecificity 

o f the glycerol-3-phosphatase. The form o f glycerol-3-phosphate produced in 

trypanosomes as a result o f glycerol-3-phosphate dehydrogenase is the L-form. The 

work in this thesis did not indicate that the enzyme is specific for the L-form o f 

glycerol-3-phosphate, but this work was conducted in the presence o f  a mixture o f  D -  

and L-glycerol-3-phosphate. It is necessary to conduct these experiments in the 

presence o f each stereoisomer separately to draw a definitive conclusion. Kinetic 

studies will assist in determining exactly how the enzyme works both in vivo and in 

vitro.

Since the amino acid sequence o f the enzyme has been identified, and the 

recombinant protein expressed in E.coli it will be possible to synthesise large 

quantities o f the protein in a very pure form. It will also be possible to conduct
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mutation studies by targeting specified amino acids and so identifying amino acids 

essential for enzyme activity. It will be interesting to investigate if mutations to the 

amino acid sequence found in trypanosomal glycerol-3-phosphatase that have been 

reported as critical for the phosphotransferase activity o f phosphoserine phosphatase 

in any way affect the viability o f the trypanosome. The purification of the 

recombinant protein will allow crystallography studies to be completed and the 

subsequent identification of the enzyme structure, localisation o f activity sites, 

identification of structural relationships to other enzymes and the mechanism of the 

reaction to be investigated further. All this work will assist in the understanding of 

the role o f this novel enzyme that possesses phosphatase activity in trypanosomes 

and perhaps answer some of the mysteries associated with metabolic pathways in 

trypanosomes.
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