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Chapter 1 

General introduction 

Glycolysis in bloodstream form Trypanosoma brucei 

Trypanosoma brucei (Fig. 1.1), the parasite causing the African sleeping disease, is a 

protozoan organism of the order Kinetoplastida. During part of its life cycle this organism 

lives freely in the bloodstream and in other extracellular fluids of its mammalian host. It is 

transferred between its mammalian hosts by bites of the tsetse fly. In the mammalian 

bloodstream T. brucei obtains its free energy solely from glycolysis. The abundant glucose 

Table 1.1 Aerobic glucose consumption by a variety of intact organisms and tissues in vitro.° 

Organism or tissue 	Aerobic glucose consumption rate 

(umol min-1  g wet weight ') 

Saccharomyces cerevisiae 	 20-30 

Pigeon retina 	 9-15 

Ehrlich ascites tumour 	 11 

Trypanosoma brucei 	 7 

Schistosoma mansoni 	 1-5 

Rat ascites hepatoma (H-91) 	 2 

Rat skeletal muscle 

Tetanized 	 7 

At rest 	 0.03 

Guinea pig cerebral cortex 	 1.4 

Rat heart 	 0.9 

Rat liver 	 0.2 

Human erythrocytes 	 0.05 

Modified from [67], in which the references to the original data can be 
found. In addition the value for bloodstream from T. brucei was calculated 
from data in [13]. 

Parts of this chapter have been published: Bakker, B.M., Westerhoff, H.V. and Michels, P.A.M. (1995) J. 
Bioenerg. Biomembr. 27, 513-525. 
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Chapter 1 

Figure 1.1 Electron micrograph of a cross section of a bloodstream form Trypanosoma brucei cell. 
Glycosomes are indicated by arrowheads. N, nucleus; F, flagellum; CV, coated vesicles; G, golgi apparatus. 
ER, endoplasmic reticulum. The bar indicates 0.5 um. (By courtesy of Dr. I. Coppens, ICP, Brussels.) 

is converted at a high rate (Table 1.1) into pyruvate, which is subsequently excreted. The 

exclusive dependence on glycolysis is found neither in other life stages of T. brucei nor in 

most other related protists. 

Kinetoplastida share a unique organization of their glycolytic pathway. Those 

glycolytic enzymes that are responsible for the conversion of glucose into 3- 

phosphoglycerate (3-PGA), reside in organelles called glycosomes (Fig. 1.1 and 1.2) [1]. 

The morphology, enzyme contents and biogenesis of these organelles strongly suggest that 

glycosomes are evolutionarily and, in part, functionally related to peroxisomes of other 

eukaryotes [2, 3]. In Kinetoplastida, peroxisomes are called glycosomes, because their 

predominant function is glycolysis. 

Some glycolytic enzymes do not only occur in the glycosome and some are even 

represented in the cytosol by a different isoenzyme. Of other glycolytic enzymes, such as 

hexokinase (HK), aldolase (ALD), triosephosphate isomerase (TIM), glycerol-3-phosphate 
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Figure 1.2 Glycolysis in bloodstream form T. brucei. 1: transport of glucose across the plasma membrane; 
2: HK; 3: PGI; 4: PFK; 5: ALD; 6: TIM; 7: GAPDH; 8: PGK; 9: PGM; 10: ENO; 11: PYK; 12: pyruvate 
transport across the plasma membrane; 13: GDH; 14: GPO; 15: GK; 16: ATP utilization; 17: glycosomal 
AK; 18: cytosolic AK. Question marks indicate that the involvement of specific carrier molecules has not yet 
been unambiguously established. 
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dehydrogenase (GDH) and glycerol kinase (GK), less than 10 % of the total activity was 

localized in the cytosol [1]. Recombinant bloodstream form T. brucei that, apart from the 

glycosomal PGK, also expressed the glycosomal isoenzyme, died [4]. This result 

demonstrates that a correct localization of the glycolytic enzymes is of vital importance. 

Pulse-labelling studies on intact T. brucei cells with "C-glucose have yielded evidence that 

their glycolytic flux runs virtually exclusively through the glycosome [5]: about 20 - 30 % 

of the hexose phosphates and triose phosphates in the cell were labelled within 15 seconds 

upon the addition of radioactive glucose to the cells, while it took 14 minutes to label as 

much as 90 % of these metabolites. Most probably, the rapidly labelled glycolytic 

intermediates reside in the glycosomes, which constitute only 4 % of the cell volume. The 

more slowly labelled pool of intermediates (70-80 %), which appears not to be directly 

involved in glycolysis, was assumed to represent the metabolites in the cytosol. These 

experiments then also show that the glycosomal membrane is poorly permeable for most 

glycolytic intermediates. There must be specific transport proteins in the glycosomal 

membranes for those metabolites that have to enter or leave the glycosome, such as glucose, 

3-PGA, dihydroxyacetone phosphate (DHAP) and glycerol 3-phosphate (Gly-3-P) (Fig. 

1.2). Such transporters have, however, not yet been identified. 

The NADH produced in the glycosome by glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) is reoxidized by a glycosomal GDH. The redox equivalents are 

then transferred to a mitochondrial glycerol-3-phosphate oxidase (GPO) via a Gly-3-P / 

DHAP shuttle [6]. The mitochondrial GPO consists of a glycerol-3-phosphate 

dehydrogenase which transfers electrons to ubiquinone and a plant-like alternative oxidase 

which, subsequently, accepts electrons from ubiquinol [7]. Like the alternative oxidase in 

plants, trypanosome GPO is insensitive to cyanide, but can it be inhibited completely by 

salicylhydroxamic acid. The plant alternative oxidase does not pump protons and is, 

therefore, not coupled to ATP synthesis [8]. An early report that T. brucei GPO is not 

coupled to ATP synthesis either, is not conclusive, since it was based on experiments in cell-

free extracts [9]. Accumulation of rhodamine 123 (an indicator of the membrane potential) 

into mitochondria of intact bloodstream form T. brucei cells was, at least qualitatively, 

insensitive to salicylhydroxamic acid [10]. The authors concluded from this observation that 

the trypanosome alternative oxidase does not pump protons. Bloodstream form T. brucei 

can, however, maintain its mitochondrial proton-motive force through the activity of its 

oligomycin-sensitive HtATPase [11]. Claims that the trypanosome alternative oxidase does 

not pump protons, appear to be based largely on its homology with plant alternative 

oxidases [12]. 
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The Gly-3-P / DHAP shuttling mechanism guarantees a balanced redox state within 

the glycosome. Similarly, the consumption and production of ATP are balanced within the 

organelle. Net  glycolytic ATP synthesis occurs only in the cytosol, notably in the reaction 

catalysed by pyruvate kinase (PYK). Under anaerobic conditions or in the presence of 

salicylhydroxamic acid the glycosomal Gly-3-P is converted into glycerol, with the 

concomitant production of ATP, by GK [1, 13-15]. Consequently, the ATP and NADH 

balance within the glycosome are maintained also under anaerobic conditions. However, 

then one molecule of glycerol and one molecule of pyruvate are produced per molecule of 

glucose, instead of two molecules of pyruvate, resulting in only one molecule of cytosolic 

ATP per molecule of glucose (Fig. 1.2). 

Regulation of glycolytic enzymes 

Kinetic analyses, using cell lysates and purified proteins, have shown that some 

glycosomal enzymes behave quite differently from their counterparts in other organisms. 

This is particularly true for HK and phosphofructokinase (PFK) of which the activity is 

usually regulated by various glycolytic intermediates and heterotropic effectors. The 

trypanosomal enzymes appear to be largely insensitive to such effectors. No indications 

have been found for any regulation of HK activity: glucose 6-phosphate, glucose 1,6- 

bisphosphate, 	fructose 	1 ,6-bi sphosphate 	(Fru-1,6-BP), 	phosphoglycerates, 

phosphoenolpyruvate (PEP) and pyruvate exert no effect on the HK activity in a cell extract 

[16]. Like its counterpart in other organisms trypanosomal PFK exhibits positive 

cooperativity in the binding of its substrate fructose 6-phosphate (Fru-6-P). AMP and ADP 

stimulate the enzyme at subsaturating concentrations of Fru-6-P and are inhibitory at high 

concentrations of this substrate. PEP behaves as an allosteric inhibitor. However, the usual 

regulators Fru-1,6-BP, fructose 2,6-bisphosphate, citrate and inorganic phosphate do not 

significantly influence the activity of the trypanosomal enzyme [17, 18]. In contrast, the 

activity of PYK, an enzyme located exclusively in the cytosol, is sensitive to a large variety 

of metabolic intermediates, most notably fructose 2,6-bisphosphate, which in other cells 

activates the activity of PFK rather than PYK [19-21]. Consistently, the enzymes 6- 

phosphofructo-2-kinase and fructose-2,6-bisphosphatase are found in the cytosol [22]. The 

concentration of fructose-2,6-bisphosphate was largely saturating in bloodstream form 

trypanosomes, while this compound was not detectable in procyclic trypanosomes [20, 22]. 
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ATP, ADP and AMP inhibit PYK by increasing its K,,, for PEP. As inhibition by ATP is 

strongest and by AMP weakest [20], the activity of PYK should decrease with increasing 

[ATP]/[ADP] ratio. 

Many of the usual regulatory properties would be redundant for the glycosomal 

enzymes, because the low permeability of the organelle's membrane for most metabolic 

intermediates precludes feed-back mechanisms operating in other cells. Moreover, in 

Trypanosomatidae, activity regulation would not be necessary to co-ordinate pathways that 

share enzymes, for instance to prevent futile cycling at the level of PFK and fructose-1,6- 

bisphosphatase. Gluconeogenesis has never been demonstrated in bloodstream form T. 

brucei. In other Trypanosomatidae it is likely to be localized in the cytosol, as is the pentose 

phosphate pathway, thus physically separated from glycolysis [3, 23]. This is consistent with 

the insensitivity of PFK to fructose 2,6-bisphosphate. Another striking consequence of 

compartmentation and the low permeability of the glycosomal membrane is that the 

glycosomal enzymes, such as HK and PFK, can be only indirectly sensitive to the cytosolic 

[ATP]/[ADP] ratio. This latter ratio may be very different from the glycosomal 

[ATP]/[ADP] ratio. 

Conditions inside the glycosome 

It has been postulated that the high glycolytic flux in trypanosomes results from its 

compartmentation. The latter should enable either metabolite channelling or the occurrence 

of high intraglycosomal metabolite concentrations [13, 24, 25]. In principle, both metabolite 

channelling in the sense of direct metabolite transfer and metabolite concentrations far 

above the Km's of the enzymes, can increase the flux through a pathway, when this flux is 

not limited by the catalytic capacity of the enzymes, but by diffusion of metabolites from 

one enzyme to another. 

The glycolytic enzymes are present at relatively high concentrations within the 

glycosomes of bloodstream form T. brucei. About 90% of the glycosomal protein content 

consists of glycolytic enzymes [24] and the glycosomal concentrations of active sites vary 

between 0.055 mM for TIM and 0.5 mM for GAPDH [25]. The enzymes seem to be in close 

physical association, as can be inferred from the fact that they are only dissolved by addition 

of a high concentration of salt (0.15 - 0.25 M NaCI). Further evidence for close proximity of 

the enzymes was provided by cross-linking experiments [24]. However, there is not yet any 
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experimental evidence for metabolite channelling in glycosomes. 

For the glycolytic intermediates of T. brucei high average concentrations have been 

measured: for several metabolites one order of magnitude higher than in most mammalian 

cell types [26]. Since 20 - 30 % of these metabolites are present in the glycosomes [5] which 

occupy only 4 % of the total cellular volume, the concentrations in the organelles must be 

even higher, i.e. 0.5 - 7 mM, hence mostly exceeding the corresponding Km  (Table 1.2) [27]. 

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

those of their mammalian counterparts. 

Westerhoff and Welch [28] derived that diffusion is not likely to control glycolysis in 

yeast, unless special diffusion barriers are present. This conclusion was based on the 

concentrations of glycolytic enzymes, hence on the average distance between the enzymes, 

and the intracellular viscosity. Analogous calculations can be performed for the glycosomal 

TIM and GAPDH. The mean-square displacement (Ax)2  of a metabolite particle during a 

time period At, resulting from three-dimensional diffusion is given by: 

(Ax)2 = 6DAt 	 (Eq. 1.1) 

With kcaz  values of 1.1.103  s' for the conversion of DHAP into GA-3-P by TIM [29] and 

1.3.102  s' for the conversion of GA-3-P into 1,3-BPGA by GAPDH [30] and a diffusion 

coefficient D of 10-6  cm2  s-1  [28] this results in deplacements of 0.7 um and 2 1AM, 

respectively, during one turnover time of the enzymes. This is virtually sufficient for the 

metabolites to delocalize over the entire glycosome. 

The concentrations of dimeric TIM and tetrameric GAPDH are 0.028 and 0.13 mM, 

respectively, corresponding to average enzyme-enzyme distances between nearest 

neighbours of 4.101  and 2.10' nm. If the trypanosomes did not have a glycosome and the 

same amount of glycolytic enzymes were diluted in the cytosol, i. e. in a 25 times larger 

volume, then the average enzyme-enzyme distances would be 1.2.102  and 7-101  nm for TIM 

and GAPDH, respectively. Thus, even for TIM, the glycolytic enzyme with the lowest 

concentration, the displacement of metabolites during one turnover time of the enzyme 

would still be 6 times as high as the average distance between the TIM molecules, if the 

enzyme were homogeneously distributed over the cytosol. Consequently, even if the 

glycolytic enzymes were not sequestered in a compartment, diffusion should not be 

controlling the glycolytic flux in T. brucei, unless the diffusion coefficient is substantially 

lower than the one for free diffusion assumed here. What is known about diffusion in cells, 

suggests that small range diffusion is not more than threefold slower than free diffusion in 

water [31]. That long range diffusion may be limited by vermicelli in the cell soup, should 

13 



Chapter 1 

Table 1.2 Glycolytic metabolite concentrations in glycosomes of bloodstream form T. brucei as 

compared to those in mammalian cells 

[S] 
(mM) 

T. brucei 

K,,, 

(mM) 

° 

K„,/[S] [S] 
(mM) 

brain ' 

K„, 

(mM) 

K„,/ISI [S] 

(mM) 

muscle ' 

K„, 

(mM) 

K„,/ISI 

PGI Glc-6-P 4.4 0.4b  0.1 0.13 0.21 1.6 0.45 0.70 1.6 

Fru-6-P 2.4 0.12' 0.050 0.11 0.12 1.1 

PFK Fru-6-P 2.4 0.85-1.9d  0.35- 0.11 

0.79 

ATP 0.019- 

0.067e 

ALD Fru-1,6-BP 1.9 0.009f 0.005 0.20 0.012 0.060 0.032 0.10 3.1 

GA-3-P 0.47 0.067 0.14 0.003 1.0 3.102  

DHAP 7.1 0.015f 0.002 0.050 2.0 4.0.10' 

TIM GA-3-P 0.47 0.25° 0.5 0.003 0.46 2.102  

DHAP 7.1 1.2° 0.17 0.050 0.87 1.710' 

GAPDH GA-3-P 0.47 0.15" 0.32 0.003 0.044 1.10' 0.003 0.070 2.10' 

NAD 0.45" 0.60 0.046 0.080 

Pi 

1,3-BPGA 0.77 0.10b  0.13 <0.001 

NADH 0.02" 

PGK 1 ,3-BPGA 0.77 <0.001 0.009 >9 0.06 1.2 2.102  

ADP 1.5 .070 0.046 0.60 0.35 0.58 

GDH DHAP 7.1 0.050 0.19 3.8 

Gly-3-P 5.2 0.22 0.19 0.90 

" The intraglycosomal concentrations in T. brucei are based on experimental data [26] and were calculated 
by Misset et al. [25]; h  B. M. Bakker, estimated from unpublished results; ' [68]. '1[17]; ' [18]; f [69]; 8  [29]; 

[30]; ' The data for mammalian cells were taken from [70] in which the original references can be found. 
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not be relevant at the interenzyme distances calculated here [32]. 

If diffusion is not controlling the flux, one may wonder what the functional 

importance could be of the intraglycosomal metabolite concentrations vastly exceeding the 

corresponding Km's. Actually, in vivo the effective K„,'s for many metabolites are much 

higher than the values given in Table 1.2, because there is competition between substrates 

and products for the active sites of the different enzymes. Thus, the apparent K„,/S ratios of 

the metabolites of for example PGI, ALD, TIM and GAPDH are substantially higher than 

the values given in the table. Furthermore, there must be a significant sequestration of some 

metabolites because of the high concentrations of active sites inside the glycosome. The 

most obvious example is GA-3-P, which is present at a concentration equal to the active site 

concentration of GAPDH (0.5 mM). 

Structure-based drug design 

Every year T. brucei is reported to cause the illness of 25,000 humans and the death 

of 3 million cattle'. In the threatened countries only 10 % of the population is under medical 

surveillance. The World Health Organization estimates that some 250,000 people die every 

year from sleeping sickness for lack of diagnosis and treatment. In Central and South 

America some 17 million people have been infected by a related parasite, Trypanosoma 

cruzi, the causative agent of Chagas' disease, and 1 million new cases are reported every 

year. Kinetoplastids of the genus Leishmania have infected 12 million people throughout the 

tropical and subtropical areas of the world. Most of these diseases cause the death of the 

patients, if untreated. The available drugs, however, are expensive, not very effective and/or 

toxic at their therapeutic doses. 

Because of the differences between the glycolytic pathway of trypanosomes and that 

of their hosts and because of the complete dependence of the bloodstream form of the 

parasite on glycolysis, this pathway has been chosen as an important target for trypanocidal 

drug design [33]. Despite the differences, the design of selective inhibitors remains an 

enormous challenge, since glycolysis is also of vital importance to the host cells. Structure-

based drug design is applied to detect and exploit subtle differences between the parasite and 

the host enzymes [34, 35]. The crystal structures of T. brucei TIM [36], GAPDH [37, 38] 

' The data in this paragraph were derived from the Internet page of the World Health Organization, last updated in April 
1997 (http://www.who.ch/home/map_ht.html#Tropical  Diseases). 
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