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Abstract

Previous models of glycolysis in the sleeping sickness parasite Trypanosoma brucei assumed that 

the core part of glycolysis in this unicellular parasite is tightly compartimentalized within an 

organelle, the glycosome, which had earlier been shown to contain most of the glycolytic 

enzymes. The glycosomes were assumed to be largely impermeable, and exchange of metabolites 

between the cytosol and the glycosome was assumed to be regulated by specific transporters in the 

glycosomal membrane. This tight compartmentalization was considered essential for parasite 

viability. Recently, size-specific metabolite pores were discovered in the membrane of 

glycosomes. These channels are proposed to allow smaller metabolites to diffuse across the 

membrane but not larger ones. In light of this new finding, we reanalysed the model taking into 

account uncertainty about the topology of the metabolic system in Trypanosoma brucei, as well as 

uncertainty about the values of all parameters of individual enzymatic reactions. Our analysis 

shows that these newly discovered nonspecific pores are not necessarily incompatible with our 

current knowledge of the glycosomal metabolic system, provided that the known cytosolic 

activities of the glycosomal enzymes play an important role in the regulation of glycolytic fluxes 

and the concentration of metabolic intermediates of the pathway.
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Introduction

The kinetic model of glycolysis in the sleeping sickness parasite Trypanosoma brucei was 

one of the first detailed kinetic models of metabolism for which measured enzyme kinetic 

parameters were used, rather than presumed [1]. The model postulated that the core part of 

glycolysis in this unicellular parasite is tightly compartmentalized within an organelle, the 

glycosome, which had earlier been shown to contain most of the glycolytic enzymes [2]. 

The glycosome was considered to be largely impermeable. Exchange of metabolites was 

assumed to be regulated by specific transporters in the glycosomal membrane. This 

assumption was supported by the experimentally validated model prediction that 

mislocalisation of glycolytic enzymes to the cytosol leads to a lethal accumulation of sugar 

phosphates in the cytosol [3, 4]. This encouraging agreement between modelling and 

experiment reinforced the conviction that leaky glycosomes would be incompatible with 

parasite physiology. Notwithstanding, arguments that the glycosome membrane should be 

considered only as semi-permeable were made [5].

Recently, size-specific metabolite pores were discovered in the membrane of the 

glycosomes [6]. These channels are proposed to allow smaller metabolites to diffuse freely 

across the membrane, but not larger ones. This observation adds support to the idea that 

glycosomes are not impermeable. In this paper, we show that these newly discovered 

nonspecific pores are not necessarily incompatible with our current knowledge of the 

glycosomal metabolic system provided that the known cytosolic activities of the glycosomal 

enzymes play an important role in the regulation of glycolytic fluxes and the concentration 

of metabolic intermediates of the pathway.

We do so by taking into account uncertainty about the topology of the metabolic system in 

T. brucei, as well as uncertainty about the values of all parameters of the enzymatic 

reactions [7]. Comparing different model topologies and taking parameter uncertainty into 

account reveals unexpected robustness to glycosome leakiness. The model also uncovers 

several major gaps in our current understanding of trypanosome glycolysis which should 

guide further experimentation towards a full description of this pathway in T. brucei.

The 14 different models are available in SBML format, with a tab-delimited file including 

100,000 parameter sets as they were sampled, at https://seek.sysmo-db.org/models/107.

Results and Discussion

A few methods for dealing with this uncertainty have been suggested before [8, 9, 10, 11, 

12]. In this context, we have previously analysed the existing model of T. brucei glycolysis 

taking into account uncertainty about the enzyme parameter values, but keeping the 

topology of the model fixed [7]. In addition, we incorporate a second tier of uncertainty into 
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the model with regard to its topology, i.e., considering which reactions occur, and in which 

subcellular compartment. Topological uncertainty is regularly dealt with in the context of 

genome-scale metabolic reconstructions (see for example [13]), but is usually disregarded in 

dynamic model analysis. For this purpose, we constructed alternative model versions with 

different topologies. We then simulated each model version using a large range of plausible 

parameter sets which were sampled from distributions reflecting our degree of uncertainty 

about each parameter (see [7] and Methods for details).

Exploring the effect of a permeable glycosome

In the original model published in 1997 and in all of its subsequent iterations [1, 14, 15, 3, 

16, 17, 7], the glycosomes have been considered to be impermeable (see Fig. 1). However, 

the recently discovered pores [6] would allow free diffusion of the smaller metabolites 

between the cytosolic and the glycosomal lumen. This has been considered to be 

incompatible with the survival of the parasite, due to the accumulation of sugar phosphates 

observed when the glycosomal enzymes are mislocalised to the cytosol and therefore 

exposed to a high ATP/ADP ratio. This phenomenon, referred to as a “turbo explosion”, is 

assumed to result from the loss of specific regulatory feedbacks for critical enzymes [3, 4]. 

Consequently, after the discovery of unspecific pores, mechanisms that would nonetheless 

permit all metabolites to be retained inside the glycosomes have been hypothetised, but no 

evidence for any of them has been found [18]. Here, we explore the consequences of 

increasing the permeability of glycosomes in a series of alternative computational models 

and reveal an important role for residual cytosolic activities of several glycolytic enzymes 

whose function had hitherto been unclear.

To represent our uncertainty about the permeability of the glycosome, we constructed 

different versions of the model in which different groups of metabolites can freely diffuse 

across the glycosomal membrane. We defined the different groups of metabolites based on 

their molecular weight (see Figure 2). Based on these groups and on the last published 

version of the model [7] (which we updated by explicitly including glycerol transporters, see 

Methods and Supplementary Doc S1 for details), we built seven different model versions, 

each permitting an increasingly large set of metabolites to diffuse freely.

Among these seven models, we included two versions of the original impermeable model: 

model 1a, in which the transport of glycerol 3-phosphate and dihydroxyacetone phosphate is 

linked via an antiporter in the glycosomal membrane, as introduced in 1999 [14], and model 

1b, in which the transport of glycerol 3-phosphate and dihydroxyacetone phosphate is 

independent, as was the case in the first published version of the model in 1997 [1]. The 

glycerol 3-phosphate/dihydroxyacetone phosphate antiporter was introduced to lower the 

effect of the inhibition of the glucose consumption flux by glycerol, thus allowing a better 

agreement of the model with experimental results [14]. Therefore, we expect model 1a (with 

antiporter) to perform better than model 1b (without). Experimental evidence for the 

antiporter is lacking. However, the requirement for such a transporter disappears if glycerol 

3-phosphate and dihydroxyacetone phosphate are able to diffuse using the newly identified 

permeability pores. Therefore, it is important to evaluate the effect on model behaviour of 

the replacement of the specific antiporter by diffusion pores.
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Since exposing the glycosomal enzymes to the ATP/ADP ratio of the cytosol leads to a 

“turbo explosion” when cells are exposed to high concentrations of external glucose [4], we 

know that at least model 6 (which allows ATP and ADP to diffuse freely) should show this 

lethal increase in sugar-phosphate concentrations when the external glucose concentration is 

high. We simulated all model versions at both 5 and 50 mM of glucose in the medium and in 

both aerobic and anaerobic-like conditions. In our model, the anaerobic case was simulated 

by including an inhibitor (Salicylhydroxamic Acid or SHAM) of the trypanosomal 

glycerophosphate oxidase system (GPO, the only oxygen-using reaction in the model which 

covers two reactions in vivo: glycerol 3-phosphate and trypanosome alternative oxidase), in 

order for our simulation process to remain as close to the experimental setting as possible 

(see Supplementary Doc S1 for details).

Under aerobic conditions (see Figure 3 A and B), most models lead to similar predictions for 

the glucose consumption flux. Only model 4 (in which glycosomes are permeable to all 

metabolites other than AMP, ADP, ATP, NAD and NADH) and model 5 (similar to model 

4, but where glycosomes are also permeable to AMP) show lower fluxes for some parameter 

sets. It has been shown that the parasite dies when the glucose consumption flux is inhibited 

more than 50% [19], therefore models 4 and 5 are not compatible with experimental data for 

some parameter sets. In anaerobic conditions, however, all models show lower glucose 

consumption fluxes than in aerobic conditions, except for model 6 (in which glycosomes are 

permeable to ADP and ATP). Models 1b, 2, 3, 4 and 5 (which are models with increasingly 

permeable glycosomes) show significantly lower fluxes than model 1a (the impermeable 

model with a glycerol 3-phosphate/dihydroxyacetone phosphate antiporter). Hence, the 

absence of the antiporter is sufficient to render the performance of the impermeable model 

as poor as the semi-permeable models (models 2 to 5). Model 6 is the only one to show a 

similar distribution of glucose consumption fluxes in all conditions (see figure 3), which is 

consistent with experimental data [20, 15]. However, model 6 shows a dramatic increase in 

the intracellular sugar phosphate concentrations, especially at higher glucose concentrations, 

corresponding to the expected “turbo explosion” phenomenon which would be lethal in vivo 

(see the example of fructose 1,6-bisphosphate concentration in Figure 4), hence model 6 is 

not a realistic description of intact trypanosomes, as expected.

From these results, the model in which the glycosome is impermeable with a glycerol 3-

phosphate/dihydroxyacetone phosphate antiporter (model 1a), allows the best match 

between experimental results and simulations. However, the discovery of non-specific 

metabolite pores in the glycosomal membrane and the absence of experimental evidence for 

the antiporter means that a dilemma remains. Moreover, model 1a is inconsistent with 

several other facts. Most importantly, all parameter sets result in a lower glucose 

consumption flux in anaerobic conditions than in aerobic conditions, which is contrary to 

experimental observations [20, 15]. Model 1a did not show any decrease in glucose 

consumption flux in anaerobic conditions in previous versions of the model. Indeed, in 

earlier versions, the glycerol concentration was fixed to zero inside the glycosome, which 

means that the transport of glycerol outside was considered infinitely fast and the glycerol 

concentration outside as infinitely low. Both of these assumptions are unrealistic. When 

introducing the glycerol transporter, even considering that the transport can favour glycerol 
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export over import and setting its Vmax up to more than twice as fast as the measured Vmax, 

some inhibition of glucose consumption already appears with a very small concentration of 

glycerol outside the cell (see Supplementary Figure S1). Even when the glycerol transporter 

Vmax is increased to much higher values (up to 1000 nmol/min/mg of cell protein, which is 

10 times the rate of the glucose transporter), glucose consumption is still predicted to be 

lower in anaerobic conditions (see Supplementary Figure S2).

In addition, model 1a neglects the need for glucose 6-phosphate and fructose 6-phosphate in 

the cytosol. Indeed, previous versions of the model also assumed that the glycosomal 

enzymes have no activity in the cytosol. However, several glycolytic metabolites are 

required in the cytosol as input to other pathways, for example, glucose 6-phosphate for the 

cytosolic branch of the pentose phosphate pathway [21] or fructose 6-phosphate for the 

synthesis of fructose 2,6-bisphosphate [22]. These metabolites either come from the 

glycosome or are synthesised directly in the cytosol, implying the presence of some 

glycolytic enzymes in the cytosol. Moreover, it has been known for many years that specific 

isoforms are present for key enzymes including glyceraldehyde phosphate dehydrogenase 

(GAPDH). The glycosomal enzymes are imported fully folded and functional [23, 24]. 

Therefore, even when specific cytosolic isoforms have not been identified, activity of the 

freshly synthesized enzymes, prior to their entry into the glycosomes, will be found in the 

cytosol.

Exploring the effect of specific or residual activity of the glycosomal enzymes in the 
cytosol

Uncertainty pertaining to the topology of the model means that some fraction of activity of 

the glycosomal enzymes in the cytosol should be included. Data about the percentage of 

activity in the cytosol is very limited except for glyceraldehyde-3-phosphate dehydrogenase, 

which is present in the cytosol as the product of a different gene than that encoding the 

glycosomal version (see Supplementary Doc S1). Although measurements of these fractions 

have been attempted [2, 25], the fragility of glycosomes and the properties of some enzymes 

(such as the tendency of hexokinase to stick to membranes [26]) have precluded any reliable 

quantification. We assumed, however, that the percentage of cytosolic activity of these 

enzymes is probably small, and certainly more than 50 percent of each of these enzymes is 

in the glycosomes. Therefore, percentages were sampled from a log uniform distribution 

between 0.01% and 50% (using a log uniform distribution allows each order of magnitude to 

be sampled in similar proportions, and also ensures that the unlikely very high values are 

only rarely sampled; 80% of the values will be < 5%; see Supplementary Doc S1 for 

details).

Figure 5A and B show that most models with an explicit fraction of cytosolic activity of 

glycolytic enzymes have similar distributions of glucose consumption flux under aerobic 

conditions, with only a small proportion of some models with some sampled parameter sets 

showing a drop in flux that differs from experimental observations. However, under 

anaerobic conditions (Figure 5C and D), models 3, 4 and 5 (which have glycosomes 

permeable to metabolites smaller than, respectively, fructose 6-phosphate, fructose 1,6-

bisphosphate and AMP) allow higher glucose consumption fluxes at both 5 and 50 mM of 
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Figure 6. 
Fructose 1,6-bisphosphate concentration in models with increasing glycosome permeability 

and cytosolic activities of the glycosomal enzymes. The distributions shown include all 

sampled fractions of cytocolic activities of the glycosomal enzymes for each model 

topology. (A, B) Aerobic conditions (−SHAM); (C,D) Anaerobic-like conditions (+SHAM). 

(A, C) 5 mM of external glucose; (B,D) 50 mM of external glucose; the vertical grey lines 

indicate the average whole-cell concentration of fructose 1,6-bisphosphate as measured by 

Visser and Opperdoes et al. [31]. When a fraction of cytosolic activity of the glycosomal 

Achcar et al. Page 18

FEBS J. Author manuscript; available in PMC 2016 February 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



enzymes is included in the models, all model topologies have parameter sets that lead to the 

accumulation of high concentrations of fructose 1,6-bisphosphate. Hence, if glycosomal 

enzymes have a fraction of activity in the cytosol, it is probably regulated.
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Figure 7. 
Log-likelihood of models with increasing glycosome permeability and cytosolic activities of 

the glycosomal enzymes. The distributions shown include all sampled fractions of cytocolic 

activities of the glycosomal enzymes for each model topology. Inserts on the right show the 

fraction of parameter sets leading to a log-likelihood higher than −100 (top) higher than −30 

(bottom) for each model topology. The best parameter sets produces the largest log-

likelihoods (closer to 0), hence the models producing the closest match to experimental data 

are model 1a (impermeable with antiporter), 3 (permeable up to fructose 6-phosphate) and 4 

(permeable up to fructose 1,6-bisphosphate).

Achcar et al. Page 20

FEBS J. Author manuscript; available in PMC 2016 February 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts




