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Figure 23: PfHT1 fusion transporters localize peripheral and confer growth rescue on glucose.  

(A) Immuno-fluorescence assay of S. cerevisiae expressing the indicated his-tagged proteins. Zymolase-treated 
transgenic cells from log-phase liquid cultures were fixed with 4 % PFA overnight at 4°C, and processed for IFA 
using mouse anti-His antibody at 1:200 dilution. (B) Plasmid loss assay was performed in non-selective yeast-
peptone-maltose liquid cultures for 8-10 generations followed by single cell plating onto non-selective synthetic 
media with uracil and maltose. This master plate was replica printed onto selective (uracil-free) media with mal-
tose and onto non-selective media supplemented with glucose to score for yeast cells with reverted phenotype. 
Plasmid depleted cells (red circles) as confirmed by their reduced or absent growth on selective maltose media 
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maintain to their original no-growth phenotype on non-selective glucose plates, while exhibiting normal growth 
on non-selective maltose media. In contrast, cells that retained the plasmid (green circles) grow under all condi-
tions. Also, note that yeast cells harboring empty vector do not grow in non-selective glucose media regardless 
of their plasmid status, and ScHxt9 behaves identical to Plasmodium constructs. Similar assays were also per-
formed with mannose as a carbon source, which yielded identical data. Only the assays performed with glucose 
are shown to avoid redundancy. 

In further assays, we examined C3361 (a glucose analog)-mediated inhibition of yeast mu-

tants expressing His-PfHT1-Syn, His-GM55-PfHT1-Syn and His-GM80-PfHT1-Syn in glu-

cose- and mannose-containing agar plates. These assays revealed that C3361 retarded the 

growth of yeast strains complemented with Plasmodium proteins but not with ScHxt9 on glu-

cose plates (Fig. 24). This inhibition was glucose-specific since C3361 did not influence 

growth on mannose. Taken together, these data further support our functional and inhibition 

data obtained in L. mexicana. More importantly, they emphasize the expediency of the yeast 

model for a high-throughput selection of PfHT1 inhibitors. 

  

Figure 24: C3361 inhibits PfHT1-mediated growth of Saccharomyces cerevisiae on glucose.  

C3361-mediated inhibition of PfHT1 transport activity on 0.06 % glucose or mannose. Cells were spotted on 
agar plates supplemented with C3361 (100 µM) or DMSO and incubated at 30°C for 4 days. Chemical stability 
of C3361 is not know4.  

 



 

4 Discussion 

4.1 Implications on the metabolism of Toxoplasma gondii  

4.1.1 Major nutrients of T. gondii 

The results reported in this thesis clearly demonstrate that Toxoplasma expresses a single 

functional hexose transporter (TgGT1) that is capable of transporting glucose and mannose as 

major, and fructose and galactose as minor substrates. The transporter is entirely dispensable 

in Toxoplasma tachyzoites, and its deletion aborts glucose utilization. The in vitro growth 

delay of the Δtggt1 strain is modest and no decrease in its virulence in mice was observed. 

Besides, the intrinsic growth defect of this mutant is not enhanced by the depletion of exoge-

nous glucose. Toxoplasma can effectively compensate restricted access to glucose by resort-

ing to glutamine metabolism demonstrating an unexpected metabolic adaptation (Blume et 

al., 2009). Collectively, these data strongly advocate for dispensability of exogenous glucose 

for T. gondii. This metabolic flexibility may contribute to the parasite's ability to replicate in 

virtually all nucleated cells regardless of their intracellular glucose levels. 

The replication of the Δtggt1 strains is almost completely inhibited without glutamine. Its pro-

longed culture, although at a much slower replication rate, is however, possible over weeks 

(data not shown). This indicates that other minor nutrient(s) can also be used by the parasite to 

sustain its vital functions. In line, the labelling of intracellular Δtggt1 parasites with 14C-

glucose indicates that host-derived products of glucose metabolism are taken up by the para-

site. Glycolysis is strongly induced in parasite-infected HFF cells (Blader et al., 2001; Fouts 

and Boothroyd, 2007) and the residual labeling of Δtggt1 (Fig10 A), is abolished when glyco-

lysis is inhibited by the hexokinase inhibitor, 2DOG (Blume et al., 2009). Several potential 

transporters for triose phosphates are present in the parasite genome, and could contribute to 

this phenomenon. Other substrates that may support the basal survival of the Δtggt1 mutant in 

absence of glutamine are succinate and branched-chain amino acids (BCAA). Succinate has 

been shown to enhance the replication of a succinyl-CoA synthetase knock out mutant (Fleige 

et al., 2008), and is thus imported directly or indirectly by tachyzoites. A transporter that is 

homolog to INDY permases and potentially transports TCA cycle metabolites is expressed by 

tachyzoites (T. Fleige personal communication). BCAA can also be metabolized to pyruvate 

and acetyl-CoA via conserved enzymes for their degradation (Seeber et al., 2008). 
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4.1.2 Changes in gene expression of Δtggt1 

In order to further deduce the metabolic adaptation in the Δtggt1 parasites, we performed mi-

croarray analysis of this parasite (8059 probes, triplicate assays, in cooperation with Prof 

David S Roos, University of Pennsylvania, US). The obtained data represent log2 expression 

values of KU80 deficient parasites (as a control) and the Δtggt1 parasites. A principal compo-

nent analysis (Fig. 25) was carried out in order to visualize differences in the complex data-

sets. This analysis revealed that all three Δtggt1 samples cluster together but are separated 

from the control parasites in the first two principal components (Fig. 25). 

 

Figure 25: Principal component analysis of Δtggt1 and ΔKU80 transcriptomes.  

An R-based online tool MIDAW (http://midaw.cribi.unipd.it/dnachip/) was used to perform data normalization, 
principal component and significance analysis (PC1, 2 - principal component 1, 2). 

One sample of the control parasites appeared to be distinct from the total three control sam-

ples. This outlier was thus omitted from further analysis. The significance analysis of microar-

ray (SAM) algorithm (using R-based online tool MIDAW 

(http://midaw.cribi.unipd.it/dnachip/) was used to determine differentially regulated genes in 

Δtggt1. In total, 80 non-redundant ToxoDBv6.0 gene models appear to be regulated. Among 

these were 53 genes that could not be functionally annotated. The remaining 27 genes (Ap-

pendix C) were manually analyzed. As expected, the TgGT1 transcript lies below the detec-

tion limit. The most up-regulated (15-fold) gene in the Δtggt1 mutant belongs to a family of 
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the short chain dehydrogenases and appears homologous to the fabG protein (ToxoDB ID 

TGME49_106450) participating in the FAS2 pathway. Furthermore, a gene model 

(TGME49_094820) that is predicted to be the FAS1 protein is 8-fold down-regulated. It re-

mains to be tested if their mRNA expression levels reflect the activity of these gene products. 

The FAS1 pathway does appear to be very critical in tachyzoites, as the strong down-

regulation is well tolerated and may be compensated by the FAS2 pathway, other potentially 

redundant enzymes such fatty acid elongases (Mazumdar and Striepen, 2007) or increased 

fatty acid uptake. 

Another gene (TGME49_054330) with a predicted triacylglycerol lipase activity is 2.3-fold 

more abundant in the Δtggt1 parasites. In addition, a phosphodiesterase (TGME49_063270) is 

1.5-fold induced. The up-regulation of both genes suggests that increased uptake of lipid in-

termediates (diacylglycerol and triacylglycerol) contributes to the fatty acid pool of the Δtggt1 

mutant. The transcript levels indicate the fatty acid synthesis being a limiting factor for the 

growth of the T. gondii mutant. Interestingly, Streptomyces coelicolor (a soil-dwelling bacte-

rium) uses glycerophosphodiesters as carbon sources and the expression its glycero-

phosphodiesterases is directly regulated by available nutrients (Santos-Beneit et al., 2009). 

The glucose-6-phosphate dehydrogenase enzyme that catalyzes the initial rate limiting step of 

the PPP pathway is repressed by 1.6-fold in the Δtggt1 parasites. The PPP delivers NADPH 

and ribose-5-phosphate. The NADPH is also produced by TCA cycle enzymes such as isocit-

rate dehydrogenase (Fleige et al., 2008), but ribose-5-phosphate for nucleotide synthesis is 

exclusively produced by the PPP. Therefore, the activity of this pathway should correlate to 

the replication of the parasites. It remains to be established whether the decreased replication 

of the Δtggt1 is a caused by a limited ribose-5-phosphate pool or if the down-regulation of the 

glucose-6-phsohate dehydrogenase is a consequence of decreased nucleotide demand due to 

delayed growth, potentially caused by slow fatty acid biogenesis. 

Other significantly regulated genes include a plasma membrane proton P-type ATPase 

(TgPMA) (TGME49_052640) that is reported to be expressed specifically in bradyzoites 

(Holpert et al., 2001). Six predicted protein kinases were also differentially regulated but their 

function remains to be established. The distinct transcriptome of the Δtggt1 parasites demon-

strates that their metabolic adaptation to different host cells could very well involve transcrip-

tomic regulation. 
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4.1.3 Novel aspects of bioenergetic metabolism of T. gondii 

It has been proposed that glycolysis is the main ATP source for extracellular tachyzoites and 

also responsible for the F-actin and MyosinA-based parasite motility (Pomel et al., 2008). 

This notion is also supported by complementation of a conditional knock-out mutant with the 

mutated isoforms of the aldolase enzyme. All enzyme isoforms that retained their catalytic 

activity complemented growth and motility of the parasite, while enzymatically-dead aldo-

lases failed to do so (Starnes et al., 2009). Our observation that extracellular Δtggt1 parasites 

do not glide in the presence of glucose is consistent with these results. Interestingly, this work 

identified glutamine as another source of energy for extracellular Δtggt1 parasites that is suf-

ficient to drive the parasitic motility. The generation of ATP from glutamine involves oxida-

tive phosphorylation is a likely source. It has been demonstrated that oxidative phosphoryla-

tion is functional in T. gondii (Vercesi et al., 1998) and a severe depletion of intracellular 

ATP levels was observed in intracellular parasites following treatment with the ATPase in-

hibitor oligomycin (Lin et al., 2009). Similarly, the ATP levels in extracellular Δtggt1 para-

sites are elevated by glutamine in an-oligomycin sensitive manner (W. Bohne personal com-

munication). This ability may have been overlooked by the excess of glucose in the parasite 

cultures. The prolonged glucose-independent proliferation of Δtggt1 parasites reveals an in-

trinsic ability of T. gondii to efficiently metabolize glutamine to energy. 

4.2 Potential function of TgST1, TgST2, TgST3 

Toxoplasma expresses four sugar transporter like proteins during its tachyzoite stage, but only 

TgGT1 is involved in sugar transport. TgST2, which also localizes to the parasite plasma 

membrane, does not take part in the import of glucose as its deletion in the wild-type and the 

Δtggt1 strain does not influence glucose uptake by intracellular parasites. Accordingly, het-

erologous expression of TgST2 in Δlmgt L. mexicana parasites fails to mediate transport ac-

tivity of any of the four tested hexoses (Blume et al., 2009). TgST2 is non-redundant with 

TgGT1 and cannot replace its function. Recently, two sugar transporters of L. mexicana that 

were previously described as hexose transporters (Burchmore et al., 2003) were also found to 

transport ribose with considerable efficiency (Naula et al., 2010). The affinity of TgST2 to-

wards ribose remains to be tested. 

TgST1, TgST 2 and TgST3 might be involved in glucose sensing. Sugar transporter-like pro-

teins (ScSnf3 and ScRgt2) of S. cerevisiae have been reported to lack a transport activity and 

are involved in sugar sensing instead (Ozcan et al., 1996). It may well be that Toxoplasma 
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uses sugar sensors to adapt to the nutritional environment of different host cells. The N-

terminal extensions of TgST1-3 show no homology to known proteins and could function as 

signal transduction domains in this regard. 

4.3 Metabolic Interactions Between Toxoplasma and Its Host 

Cell 

The obligate intracellular life style of T. gondii reflects its strict dependence on its host cell 

for acquisition of nutrients. In this regard, the parasitic strategies include its adaptation to the 

host environment and metabolic manipulation of the host cell. For example: Toxoplasma may 

have preserved redundant pathways to broaden its host specificity. Besides, it also may adjust 

the host cell by either direct manipulation via secreted proteins or indirectly by metabolic 

shifts in the host cell. These parasite-induced adaptations should lead to the integration of its 

own metabolic network with that of the host cell. The two previously disconnected networks 

are fused by many (unknown) nutrient exchange reactions. They thus can be considered as a 

single entity that ultimately ensures the parasite replication while maintaining the integrity of 

the host cell until its lysis. The metabolic shift in fatty acid biogenesis in the Δtggt1 mutant 

exemplifies this notion. The following discussion attempts to integrate the nutritional re-

quirements of T. gondii with its own metabolic capacities and with those of its host cell. 

4.3.1 The central carbon metabolism of the host cell and the parasitic requirements 

An example that illustrates both strategies is the induction of the host glucose-6-phosphatase 

(G6Pase) system in a T. gondii-parasitized cell (Fig. 26). This enzyme localizes to the host ER 

in uninfected cells and dephosphorylates glucose-6-phosphate to produce glucose. Free glu-

cose is usually a rare intracellular compound as it is quickly phosphorylated by hexokinases. 

In order to gain access to and to compete with its host cell for glucose, Toxoplasma strongly 

induces the G6Pase and re-localizes it from the host ER to the lumen of the parasitophorous 

vacuole as shown by cytochemical staining of infected cells (Melo and de Souza, 1997). The 

parasite also expresses a glucose transporter and a hexokinase, both of which exhibit a re-

markably high affinity to facilitate glucose uptake (Blume et al., 2009; Joet et al., 2002; Saito 

et al., 2002). 
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Host cell metabolism is also modulated by parasite-directed induction (Fouts and Boothroyd, 

2007) and stabilization (Wiley et al., 2010) of HIF1 (hypoxia inducible factor 1) (Fig. 26). 

HIF1 is a potent regulator of the host carbohydrate metabolism and adjusts it to cope with low 

oxygen levels (Denko, 2008) by restricting carbon metabolism to glycolysis and by down-

regulating mitochondrial functions (Zhao et al., 2010). Indeed, a significant up-regulation of 

several pro-glycolytic genes is observed in infected cells (Fig. 26, (Fouts and Boothroyd, 

2007). Significant induction of the solute carrier 16 member 1 transporter, that is implicated 

in pyruvate and lactate export and of lactate dehydrogenase A and B suggest an increased 

glycolytic flux and lactate production (Blader et al., 2001; Fouts and Boothroyd, 2007). Con-

sistently, mitochondrial pathways are down regulated. The PDH enzyme complex that fuels 

the TCA cycle by metabolizing pyruvate, might be inactivated via phosphorylation by an up-

regulated PDH kinase (Blader et al., 2001; Fouts and Boothroyd, 2007). Thus, the glucose-

derived carbon flow is diverted from the mitochondrial TCA cycle towards glycolytic lactate 

production. In further agreement with a diminished TCA cycle in infected host cells is the fact 

that the expression of the host glutaminase is suppressed in parasitized cells (Fouts and 

Boothroyd, 2007). This enzyme catalyzes the deamination of glutamine to glutamate, which is 

then further deaminated to the TCA cycle intermediate, alpha-ketoglutarate. In further agree-

ment, T. gondii does not exhibit any detectable growth defect in host cells that are deficient of 

aerobic respiration (Schwartzman and Pfefferkorn, 1982). Collectively, these changes in the 

host metabolism support the parasite growth as inhibition of HIF1 leads to a retarded of para-

site replication (Wiley et al., 2010). A potential beneficial effect of HIF1-modulated host cells 

could involve a decreased production of reactive oxygen species by the host mitochondria. 
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Figure 26: Toxoplasma-induced modification of the host metabolism in parasitized cells.  

The parasite recruits the host microtubule organization center (MTOC) and scavenges low-density lipoprotein 
(LDL)-derived vesicles along microtubules that invaginate the parasitophorous vacuole membrane. The hypoxia 
inducible factor (HIF1) is activated in infected cells. It induces several glycolytic enzymes and increases perme-
ability of the plasma membrane for glycolytic by-products. Mitochondrial functions are down-regulated by 
phosphorylation of the pyruvate dehydrogenase and by decreased glutaminase mRNA abundance. Furthermore, 
endoplasmatic reticulum (ER)-bound activity of the glucose-6-phosphatase is increased and expanded into the 
parasitophorous vacuole (PV). References are (1) Fouts et al 2007; (2) Widley et al 2010; (3) Coppens et al 
2000, 2006; (4) Melo et al 1997; (5) Schwab 1994 

4.4 Outlook 

This study reveals previously unknown metabolic features of T. gondii. It is now clear that the 

parasite can survive without glucose and is capable of utilizing glutamine to support its 

growth. Microarray analysis of the Δtggt1 transcriptome and biochemical labeling also indi-

cate the uptake of alternative nutrients by T. gondii. Future research should aim to verify the 

postulations made in this work especially on how the parasites metabolic network interacts 

with that of its host cell. The research should facilitate and also profit from the construction of 

genome-scale models by flux-balance analysis (FBA) and unravel new insights of the para-

site-host interactions. 
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4.5 The Hexose Permeation Pathway of Plasmodium 

The function of PfHT1 has been extensively researched and PfHT1 is now considered as a 

qualified drug target during blood stages (Joet et al., 2003b; Patel et al., 2008). In brief, 

PfHT1 has been characterized biochemically (Fayolle et al., 2006; Manning et al., 2002; 

Woodrow et al., 1999; Woodrow et al., 2000), and specific inhibitors have been developed 

(Ionita et al., 2007; Joet et al., 2003a; Saliba et al., 2004). Recently, genetic essentiality of 

PfHT1 and its P. berghei homolog PbHT1 was reported for blood stages (Slavic et al., 2010). 

This thesis focuses on previously unknown aspects of the PfHT1 and PbHT1, and reveals the 

importance of hexose transport in ex-erythrocytic stages. Furthermore, this work provides a 

complete platform for screening of anti-malarial sugar analogues, which should facilitate the 

in vitro identification of high-affinity PfHT1 inhibitors prior to their in vivo testing in trans-

genic P. berghei model. 

4.5.1 The pan-hexose nature of PfHT1 and PbHT1 

Our results demonstrate that the PfHT1 and PbHT1 can transport glucose, mannose, fructose 

and galactose with similar kinetics and hence are functional pan-sugar permeases. Similar to 

TgGT1, glucose and mannose are high-affinity substrates for both Plasmodium proteins, 

whereas galactose and fructose are transported with low affinity. PfHT1 can also compensate 

for the loss of PbHT1 function in P. berghei. Previously PfHT1 has been expressed in 

Xenopus oocytes and reported to transport glucose with a Km of 0.48 to 1 mM (Woodrow et 

al., 1999; Woodrow et al., 2000) and fructose with a Km of 11.5 mM (Woodrow et al., 2000). 

It has been shown that fructose can replace glucose as a carbon source in P. falciparum cul-

tures (Geary et al., 1985; Woodrow et al., 2000). Notably, P. falciparum and P. berghei para-

sites possess a phosphoglucose isomerase (Aoki et al., 2010) that should be capable of inter-

converting hexose phosphates. The transport of mannose and of galactose may also be 

biologically relevant since these two hexoses are required for protein glycosylation and lipid 

synthesis (Gowda and Davidson, 1999; Marechal et al., 2002). Glucose levels are in the range 

of millimoles in human blood (Iannaccone et al., 2005) and the hemolymph of Anopheles 

stephensi mosquitoes (Mack et al., 1979), hence PfHT1 and PbHT1 should always be satu-

rated for the glucose transport. Fructose, mannose and galactose are present in micro molar 

serum concentrations (Bossolan et al., 2007; Kawasaki et al., 2002; Rodriguez et al., 2005). 

The apparent Ki values for mannose indicate that mannose uptake should not be saturated 

despite a high affinity of both proteins. The Ki values for galactose and fructose are one to 
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two orders of magnitude higher than the levels that the parasite should encounter in the blood. 

Therefore, it seems unlikely that the import of these two hexoses plays a significant role. 

Collectively, these data indicate that both Plasmodium transporters are functional homo-

logues, and under physiological conditions glucose and mannose should be their major sub-

strates. 

4.5.2 The essentiality for Plasmodium hexose transporters 

Multiple attempts to knockout PbHT1 have been unsuccessful by conventional means. It was 

only possible to ablate PbHT1 during concurrent functional complementation with PfHT1 and 

or with PbHT1-HA. These results lend support to a recent study that also suggested the ge-

netic essentiality of PbHT1 and PfHT1 for blood stages (Slavic et al., 2010). It is also consis-

tent with the fact that biochemical inhibition of PfHT1 by C3361 is detrimental to the P. fal-

ciparum cultures (Joet et al., 2003a; Saliba et al., 2004). The relevance of glucose import 

beyond erythrocytic stages of P. berghei is another interesting finding of this work. The pres-

ence of C3361 drastically inhibits ookinete formation, and aborts liver stage development of 

P. berghei. This inhibitory effect is in good agreement with the Ki value of PbHT1 for C3361 

in the L. mexicana model. A definitive assessment of the essentiality of PbHT1 during ex-

erythrocytic stages, however, requires conditional deletion of PbHT1 at different stages. The 

inhibitory effect of C3361 on ookinete formation reveals their dependence on exogenous sug-

ars. Proteomic and transcriptomic studies of gametocytes and ookinetes, however, demon-

strate an up-regulation of the TCA cycle and oxidative phosphorylation, which would suggest 

an increased metabolism of amino acids (Hall et al., 2005). This raises the obvious question 

why hexose uptake is important during in mosquito stages despite an apparent shift towards 

mitochondrial phosphorylation (see comparative discussion section). 

4.5.3 PfHT1 as a drug target 

The potential of PfHT1 as a drug target during blood stages of Plasmodium is well docu-

mented. This work demonstrated that PbHT1 is also necessary for the hepatic development of 

P. berghei. That could well be true for P. falciparum. Abortion of Plasmodium infection dur-

ing the liver passage by antibiotic treatment or genetically-manipulated strains can generate 

protective immunity in the host (Friesen et al., 2010; Mueller et al., 2005). Thus, prophylacti-

cally targeting PfHT1 for inhibition of the clinically silent liver stages might be a vital strat-

egy to generate protective immunity and prevent blood stage parasitemia. Another interesting 

disease control aspect associated with the targeting of PfHT1 emerges from the fact that 
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C3361 treatment of Plasmodium-infected mice reduces transmission to the mosquito host. 

This effect is most likely mediated by inhibition of ookinete formation in the mosquito mid-

gut. The fraction of gametocytes among blood-stages in C3361-treated mice appears unal-

tered. The transmission-blocking activity of PfHT1-targeting drugs should be corroborated by 

genetic means and/or membrane-feeding systems. 

The wide-spread use Artemisinin-based combination therapies (ACT) has caused a decline in 

the transmission rate (WHO, 2008) via its gametocytocidal action (Mehra and Bhasin, 1993). 

This effect, however, is slow and the patients' blood remains partly infective to mosquitoes 

even after two weeks of treatment (Mens et al., 2008; Okell et al., 2008b). Using drugs that 

function by a different mechanism (such as PfHT1) would contribute to an improvement to 

the anti-malarial action of ACT (Okell et al., 2008a). 

It should be noted here that only one single mutation in PfHT1 is sufficient to diminish the 

inhibitory effect of C3361 by 5-fold, without compromising the glucose transport activity 

(Joet and Krishna 2004). Also, the over expression of PfHT1 can alleviate the inhibitory ef-

fect of C3361 on P. falciparum cultures (Slavic et al., 2010). This may not hold true for novel 

sugar analogues, but does indicate the risk of drug resistance by the parasite that may come at 

little fitness cost. 

4.6 Comparative Discussion 

4.6.1 Why is hexose import essential for Plasmodium but not for Toxoplasma? 

Glucose and its transporter are not required for Toxoplasma tachyzoites; however Plasmo-

dium species appear to critically depend on glucose uptake throughout their life cycle. While 

T. gondii is able to replicate in most nucleated cells, replication of Plasmodium is confined to 

erythrocytes and hepatocytes (and to a minor extent to skin fibroblasts) and the mosquito 

midgut. The fundamental difference in glucose metabolism of these two parasites may ac-

count for their host ranges and target tissue. The number of genes that the genome of each 

parasite harbours also indicates a higher metabolic flexibility in T. gondii. It possesses ~8000 

genes, whereas Plasmodium encodes ~5000 genes. 

A critical difference between Toxoplasma and Plasmodium appears to be the fructose-1,6-

bisphosphatase and pyruvate carboxylase, which catalyze final and initial steps of gluconeo-

genesis, respectively (Fig. 27, Table 4, (Foth et al., 2005)). This pathway may enable T. 

gondii to synthesize hexose derivatives from amino acids and other metabolites (communica-
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tion with D. Roos, (Fleige et al., 2007). This imposes an obligation for hexose uptake on 

Plasmodium parasites, to maintain glycosylation and GPI-anchor synthesis, while T. gondii 

can resort to the synthesis of hexose-derived metabolites from amino acids and other carbon. 

Table 4: Genes of glutaminolysis and gluconeogenesis in Toxoplasma gondii and Plasmodium 

Gene Annotations from Parasite Database1 Parasite Pathways and 
Associated Enzymes T. gondii ME49 P. falciparum 3D7 P. berghei ANKA 

EC 
Numbers2 

Enzymes of Glutaminolysis3 
Conversion of Glutamine to Glutamate 

Glutamine Amidotransferase TGME49_081490 PF11_0169 PB000299.02.0 6.3.5.3 
Glutaminase (related to Class I 
Glutamine Amidotransferase) TGME49_010760 X X  

Glutamine-Ammonia Ligase 
(Glutamine Synthetase) TGME49_073490 PFI1110w PB000319.00.0 6.3.1.2 

GMP Synthase 
(Glutamine-Hydrolyzing) TGME49_030450 PF10_0123 PB000253.01.0 6.3.5.2 

Conversion of Glutamate to α-ketoglutarate 
Conversion of Glutamate to a-

ketoglutarate 
NAD-specific Glutamate 

Dehydrogenase 

TGME49_049390 PF08_0132 
PB300354.00.0 
PB301271.00.0 

1.4.1.2 

NADP-specific Glutamate 
Dehydrogenase TGME49_093180 

PF14_0164 
PF14_0286 

PB000714.01.0 
PB300230.00.0 

1.4.1.4 

Enzymes of Gluconeogenesis3 

Fructose-1,6-bisphosphatase 
TGME49_005380 
TGME49_047510 

X X 3.1.3.11 

Phosphoenolpyruvate 
Carboxykinase 

TGME49_089650 
TGME49_089930 

PF13_0234 PB001070.000 4.1.1.49 

Pyruvate Carboxylase TGME49_084190 X X 6.4.1.1 
1 The genomes of three apicomplexan organisms were mined for a broad range of glutaminolysis- and gluconeo-
genesis-associated genes using the BLAST algorithm and manual inspection. The gene IDs correspond to respec-
tive parasite database (www.ToxoDB.org and www.PlasmoDB.org). 
2 EC numbers are depicted as assigned in Toxoplasma database. 
3 Function of enzymes associated with these pathways are based on putative annotations, and require experimen-
tal verification. 

The role of hexoses in energy generation via glycolysis is not as clear. Plasmodium as well as 

Toxoplasma depend largely on glycolysis for their cellular needs (Ohsaka et al., 1982; Pomel 

et al., 2008; Starnes et al., 2009; van Dooren et al., 2006; Vander Jagt et al., 1990) (Scheibel 

and Miller, 1969). Both parasites utilize hexoses for ATP generation in their cytosol through 

glycolytic enzymes (Fleige et al., 2007; Maeda et al., 2009; Pomel et al., 2008; Saito et al., 

2008). This work (Blume et al., 2009) demonstrates that glutamine can also sustain motility 

and thus presents an alternative source of energy. This glutamine dependent utilization occurs 

by oxidative phosphorylation in an oligomycin-sensitive manner (Lin et al., 2009) W. Bohne 

personal communication). In contrast, P. falciparum cultured exposed C3361 exhibits signs of 
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energy starvation. The pH homeostasis is disrupted and cytosolic ATP-levels drop rapidly but 

stabilize at 20 % of the control parasites (Saliba et al., 2004). While this strongly suggests an 

important role of glucose for in vitro cultured parasites, it does not exclude other minor en-

ergy sources that may contribute to sustain the basal ATP levels. Consistently, transcriptional 

profiling of parasite isolates reveals physiological states that are divergent from the cultured 

parasites (Daily et al., 2007). The parasite isolates adapt to an environmental stress by me-

tabolism of alternative carbon sources besides the glycolysis driven-growth. The former state 

is marked by increased mitochondrial biogenesis and induction of genes associated with glyc-

erol, lactic acid and lipid catabolism by respiration and oxidative phosphorylation. A trans-

porter for glycerol uptake has already been reported (Promeneur et al., 2007) (Fig. 27). How-

ever, the respiratory chain was demonstrated to support only the pyrimidine synthesis, and is 

dispensable otherwise in cultured pararsites (Painter et al., 2007). 

Also during ex-erythrocytic stages other pathways besides glycolysis may play a significant 

role in energy generation. Transcriptome and proteome analysis reveal that gametocytes and 

ookinetes display an increased expression of TCA cycle genes and an up-regulated oxidative 

phoshorylation (Hall et al., 2005). 

 

Taken together, obligate glycosylation reactions impose the most stringent requirement for 

hexoses on Plasmodium parasites, while Toxoplasma can presumably sustain them by catabo-

lizing amino acids. Energy generation is certainly its major task of glycolysis in Toxoplasma 

as well as Plasmodium but both parasites appear competent in using oxidative phosphoryla-

tion-derived ATP to a certain degree. The metabolic diversity of P. falciparum isolates and 

the T. gondii Δtggt1 mutant illustrate that uncultured parasite samples and genetically re-

stricted parasites are tools to reveal the metabolic plasticity of parasitic metabolism. 
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Figure 27: The central carbon metabolism of Toxoplasma gondii and Plasmodium species.  

The central carbon metabolism is distributed into three compartments, the cytosol (light blue), apicoplast (green) 
and mitochondrion (brown), extracellular space is shown in white. Pathways that are presumably absent in Plas-
modium are marked in red. 1-deoxy-D-xylulose 5-phosphate pathway (DOXP), fatty acid synthesis type 2/1 
(FAS2/1), pyruvate dehydrogenase (PDH), Toxoplasma gondii apicoplast phosphate translocator (TgAPT), in-
ner/outer triose phosphate transporter (iTPT/oTPT), dihydroxyacetone phosphate (DHAP), phosphoenolpyruvate 
(PEP), branched chain amino acids (BCA), acetyl coenzyme A (Acetyl-CoA), alpha ketoglutarate (αKG), nico-
tine amid adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH), oxaloacetate (OOA), malate 
(MAL). 
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5 Conclusion 

This thesis establishes the unexpected dispensability of glucose and its transporter for the 

tachyzoite stages of the obligate intracellular parasite Toxoplasma gondii. It further reveals 

the compensatory mechanism making use of glutamine that illustrates the metabolic robust-

ness of T. gondii. 

Furthermore, this work confirms the potential of Plasmodium hexose transporters as a drug 

target, and highlights new anti-malarial aspects by targeting hexose transport. The drug 

screening platforms utilizing transgenic S. cerevisiae and P. berghei should facilitate the 

search of novel anti-malarial sugar analogs. 

Finally, the differential importance of sugar import for Toxoplasma and Plasmodium can be 

ascribed to differences in their pathways of the central carbon metabolism. 
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Appendix A 

 

Figure 28: Alignment of TgST1, TgST2, TgST3, TgGT1 and HsGLUT1.  

Conserved residues are marked in black. Accession numbers are: TgGT1 AF518411; TgST1, EF198053; TgST2, 
EF427938; TgST3, EF427939; HsGLUT1 NP_006507 
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Appendix B 

 

 

Figure 29: Mis-localization of TgGT1.  

Expression of N-terminally c-myc tagged TgGT1 regulated by the inducible Sag1-Tet promoter. 
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Appendix C 

Fold Changes of differentially regulated genes between the ΔKU80 Δtggt1 mutant parasites, as identi-

fied by Significance of Microarray Analysis (SAM). Predicted GO Functions and Processes were re-

trieved from www.ToxoDB.org 

ToxoDB v6.1 mo-
del 

Fold 
change 

(up, 
down) 

Predicted GO Function Predicted GO Process 

TGME49_094820 8,00 
L-aminoadipate-semialdehyde dehydro-
genase activity, acyl carrier activity, oxi-

doreductase activity 

metabolic process, oxidation reducti-
on 

TGME49_120200 4,01 null null 

TGME49_112520 5,47 
ATP binding, nucleic acid binding, tRNA 
isopentenyltransferase activity, zinc ion 

binding 
tRNA processing 

TGME49_094330 2,99 carbon-sulfur lyase activity null 
TGME49_117710 4,95 catalytic activity metabolic process 

TGME49_049840 3,02 
ATP binding, ATPase activity, microtubule 
motor activity, nucleoside-triphosphatase 

activity, nucleotide binding 
microtubule-based movement 

TGME49_004360 1,83 serine-type endopeptidase activity proteolysis 

TGME49_010960 1,77 
ATP binding, DNA binding, DNA clamp 
loader activity, nucleoside-triphosphatase 

activity, nucleotide binding 
DNA replication 

TGME49_078830 1,65 binding, catalytic activity, glucose-6-
phosphate dehydrogenase activity 

glucose metabolic process, metabolic 
process, oxidation reduction 

TGME49_063820 1,67 ATP binding, ATP-dependent helicase ac-
tivity, helicase activity, nucleic acid binding null 

TGME49_042120 1,72 ATP binding, protein kinase activity protein amino acid phosphorylation 

TGME49_042230 1,78 ATP binding, protein kinase activity, protein 
serine/threonine kinase activity protein amino acid phosphorylation 

TGME49_068730 1,47 electron carrier activity, protein disulfide 
oxidoreductase activity cell redox homeostasis 

TGME49_092140 1,42 
ATP binding, protein kinase activity, protein 

serine/threonine kinase activity, protein 
tyrosine kinase activity 

protein amino acid phosphorylation 

TGME49_120750 1,31 electron carrier activity, oxidoreductase 
activity null 

TGME49_052360 1,32 ATP binding, protein kinase activity, protein 
serine/threonine kinase activity protein amino acid phosphorylation 

TGME49_032600 1,27 null lipid metabolic process, metabolic 
process 

TGME49_063270 1,50 
glycerophosphodiester phosphodiesterase 

activity, phosphoric diester hydrolase  
activity 

glycerol metabolic process, lipid 
metabolic process 

TGME49_100660 1,85 DNA binding, DNA-directed RNA poly-
merase activity transcription 
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TGME49_074170 1,84 ATP binding, fumarylacetoacetase activity, 
protein kinase activity 

aromatic amino acid family meta-
bolic process, protein amino acid 

phosphorylation 

TGME49_108960 2,06 ATP binding, nucleoside-triphosphatase 
activity, nucleotide binding null 

TGME49_054330 2,32 triacylglycerol lipase activity lipid metabolic process 

TGME49_112510 5,96 ATP-dependent DNA helicase activity, 
DNA binding, binding 

double-strand break repair via non-
homologous end joining 

TGME49_040930 3,79 null Mo-molybdopterin cofactor biosyn-
thetic process 

TGME49_009980 6,92 ATP binding, protein kinase activity, protein 
serine/threonine kinase activity protein amino acid phosphorylation 

TGME49_052640 7,17 ATP binding, catalytic activity ATP biosynthetic process, cation 
transport, metabolic process 

TGME49_106450 15,17 binding, catalytic activity, oxidoreductase 
activity metabolic process 
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