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A B S T R A C T   

Trypanosoma cruzi is a protozoan parasite and the etiological agent of Chagas disease, a debilitating and 
sometimes fatal disease that continues to spread to new areas. Yet, Chagas disease is still only treated with two 
related nitro compounds that are insufficiently effective and cause severe side effects. Nucleotide metabolism is 
one of the known vulnerabilities of T. cruzi, as they are auxotrophic for purines, and nucleoside analogues have 
been shown to have genuine promise against this parasite in vitro and in vivo. Since purine antimetabolites 
require efficient uptake through transporters, we here report a detailed characterisation of the T. cruzi NB1 
nucleobase transporter with the aim of elucidating the interactions between TcrNB1 and its substrates and 
finding the positions that can be altered in the design of novel antimetabolites without losing transportability. 
Systematically determining the inhibition constants (Ki) of purine analogues for TcrNB1 yielded their Gibbs free 
energy of interaction, ΔG0. Pairwise comparisons of substrate (hypoxanthine, guanine, adenine) and analogues 
allowed us to determine that optimal binding affinity by TcrNB1 requires interactions with all four nitrogen 
residues of the purine ring, with N1 and N9, in protonation state, functioning as presumed hydrogen bond donors 
and unprotonated N3 and N7 as hydrogen bond acceptors. This is the same interaction pattern as we previously 
described for the main nucleobase transporters of Trypanosoma brucei spp. and Leishmania major and makes it the 
first of the ENT-family genes that is functionally as well as genetically conserved between the three main 
kinetoplast pathogens.   

1. Introduction 

Chagas disease, or American trypanosomiasis, is caused by the pro
tozoan parasite Trypanosoma cruzi. It is an endemic disease and has been 
found mainly in Latin American countries, where the triatomine vectors, 
commonly known as ’kissing bugs’, are endemic [1]. More recently, the 
disease has encroached on the Southern United States [2,3], as a result of 
the continued spread of the vector as well as human migration of 
symptomatic and asymptomatic carriers [4,5]. Incidence in other parts 
of the world is also linked to migration [6,7]. The T. cruzi parasite affects 
an estimated 6–7 million people, and the infection has high morbidity 
and mortality rates, that are estimated to lead to more than 7000 deaths 
annually, based on estimates of the World Health Organisation [1]. 

Although much effort over decades has reduced transmission by 

direct vector contact in much of Latin America [3,7], other transmission 
routes including ingestion of food and drink contaminated with tri
atomine faeces, vertical transmission and blood transfusion, continue to 
add to the case load [8–10]. Treatment of Chagas disease remains 
problematic, especially when it has progressed from the acute to the 
chronic phase, with only two old, related drugs available for the clinical 
treatment of Chagas disease, benznidazole and nifurtimox [11]. Both 
drugs exhibit relatively low cure rates, particularly in the chronic phase 
[12,13]. In addition, these drugs have potentially severe side effects that 
may lead to discontinuation of treatment [14]. There are some de
velopments towards new drugs [11,15–18] but to the best of our 
knowledge none is close to clinical practice. 

T. cruzi is a mandatory intracellular parasite capable of infecting 
most types of nucleated cells of the mammalian host as amastigotes [12]. 
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These parasites acquire the nutrients from their host cell and modulate 
the metabolism to facilitate their acquisition. During in vivo and in vitro 
assay studies, infected cells showed uncommon metabolic features 
especially regarding energy metabolism – increasing glucose uptake and 
glycolysis, synthesis of amino acids and fatty acids, and mitochondrial 
respiration and mitochondrial biogenesis; production of reactive oxygen 
species was also greatly increased in infected heart tissue [19–22]. 
However, the nutritional requirements of the parasite are not limited to 
energy metabolism, but also include the need for purines, for which they 
are known to be auxotrophic [23], but more surprisingly also preformed 
pyrimidines [22], for which they are not [23]. This is consistent with 
studies with purine and pyrimidine inhibitors on intracellular amasti
gotes, both of which were effective [24]. Cardiomyocytes isolated from 
infected mice showed lower levels of purine nucleosides and hypoxan
thine than in uninfected controls, and adenine was almost undetectable 
in the infected cells [20]. This may have been the result of increased 
purine degradation but certainly also of purine salvage by the T. cruzi 
amastigotes, which has been reported to be more efficient for the 
nucleobases than the nucleosides [23]. 

The nucleobase transporters of T. cruzi are therefore of considerable 
interest as they would likely be essential for optimal growth of, partic
ularly, the intracellular amastigotes. However, nucleobase transport has 
been much more studied in T. brucei [25–27] and in Leishmania species 
[28–31]. Where the encoding has been identified, protozoan nucleobase 
transporters have always been of the Equilibrative Nucleoside Trans
porter (ENT) family [32–37], but it has been speculated that, because all 
the ENT genes of T. brucei and Leishmania have been cloned and char
acterised without identifying the uracil-specific carriers of either species 
[38–40], or the recently reported, highly specific hypoxanthine- and 
adenine-specific transporters of T. brucei [41], an as-yet to be identified 
gene family may contribute to purine salvage in the kinetoplastidae 
[42]. The importance of nucleobase transporters in intracellular kinet
oplastids is shown from the reduced parasite burden with Leishmania 
major amastigotes after NT4 knockdown with RNAi in vitro and reduced 
lesion size in a mouse model [43]. Moreover, deletion of NT4 was also 
shown to impair intra-macrophage survival, and all attempts to delete 
both Leishmania nucleobase transporter genes, NT3 and NT4, were un
successful [31]. 

In T. cruzi, we have previously identified and heterologously 
expressed four ENT genes: TcrNT1 was found to be an inosine/guano
sine transporter [44]; TcrNT2 is thymidine-specific [45]; TcrNB1 was 
shown to have highest affinity for hypoxanthine and guanine [44]; and 
TcrNB2 was specific for adenine [35]. Of these, TcrNB1 was only partly 
characterised, as part of the original survey of the four TcrENTs, and in 
the current report we present a full characterisation and binding mode of 
this carrier, making it the most comprehensive description yet of a 
nucleobase transporter from an intracellular protozoan. 

2. Materials and methods 

2.1. Materials 

Radiolabelled hypoxanthine was obtained from Perkin-Elmer ([3H 
(G)-hypoxanthine, 16.1 Ci/mmol). Nucleobases and nucleosides used in 
this study were obtained from Sigma-Aldrich unless specified below. 1- 
Deazaadenine (FH14885), 9-methyl,1-deazahypoxanthine (FH14872), 
1-deazahypoxanthine (FH14875), 7-Br-allopurinol (JBMAM034) and 9- 
deazaguanine (JBMAM002) were synthesised in-house at Ghent Uni
versity; all synthesises were previously described, most in [37]. 9-Deaza
hypoxanthine was from Carbosynth. 7-Deazahypoxanthine was from 
Alfa Aesar. 1-Methylhypoxanthine was from AKOS. 9-Deazaxanthine 
was a gift from Dr Howard B. Cottam, University of California, San 
Diego. 3-Deazahypoxanthine was from Fluorochem UK. 

2.2. Culture of T. b. brucei procyclics 

The cell line utilised here was a procyclic T. b. brucei cell line (Lister 
strain 427) created by the deletion of the TbNT8.1/8.2/8.3 nucleobase 
locus [41] and subsequently transfected with the TcrNB1 gene in the 
plasmid pHD1336 [44]. The cells were cultured in SDM-79 medium (Life 
Technologies), supplemented with 7.5 g/mL of hemin and 10% of Foetal 
Bovine Serum (FBS, Biosera, Kansas City, MO, USA) in non-vented 
plastic bottles at 27 ◦C. 

2.3. Transport assays 

All transport assays used 50 nM [3 H]-hypoxanthine as radiolabel 
and were performed exactly as described previously (Wallace et al., 
2002). Briefly, cells were grown to late log-stage, harvested by centri
fugation and washed into the assay buffer (AB; 33 mM HEPES, 98 mM 
NaCl, 4.6 mM KCl, 0.5 mM CaCl2, 0.07 mM MgSO4, 5.8 mM NaH2PO4, 
0.03 mM MgCl2, 23 mM NaHCO3, 14 mM D-glucose, pH 7.3). Test 
compounds (nucleosides and nucleobases) were serially diluted in AB 
and mixed with the radiolabel, both at 2× the final concentration, and 
layered over an oil layer consisting of 7:1 (v/v) of di-n-butylphthalate 
and mineral oil (Sigma) in a 1.5 mL microfuge tube. An equal volume 
(100 µL) of cell suspension, containing 107 procyclics, was added, 
incubating with the radiolabel and test compound for 3 s before 1 mL of 
‘stop solution’ (ice-cold 1 mM hypoxanthine in AB) was added and the 
cells centrifuged through the oil layer for 1 minute at maximum speed in 
a microfuge. The tubes were then flash-frozen in liquid nitrogen; the tip 
containing the cell pellet clipped off and collected in a scintillation tube; 
the cells were solubilised in 2% SDS for one hour on a rocking platform 
after which 3 mL of Scintilogic U scintillation fluid (Lablogic) was 
added. Radiation was quantified in a 300SL Hidex scintillation counter. 
DPM values were converted to pmol of hypoxanthine using standards 
and plotted to a sigmoid curve with variable slope using Prism 9 
(GraphPad), yielding EC50s, from which the Ki values using the Cheng- 
Prusoff equation [46]. The Gibbs free energy was calculated using the 
equation ΔG0 = -RTln(Ki), in which R is the gas constant and T the 
absolute temperature [27]. 

3. Results 

The previous work with TcrNB1 was conducted through heterolo
gous expression in the procyclic T. brucei cell line NBT-KO [44]. This cell 
line, from which a locus of three nucleobase transporters 
(TbNT8.1/8.2/8.3) has been deleted, served very well for the charac
terisation of TcrNB1, although it retained a just-measurable uptake rate 
of both hypoxanthine and adenine, through highly specific carriers 
called HXT1 and ADET1, respectively [41]. This work showed that 
TcrNB1 must be assayed with a very low radiolabel concentration, 
maximal 50 nM [3H]-hypoxanthine, due to its extremely low Km value 
for this nucleobase, 94.7 ± 3.6 nM [44]; all Km and Ki values are listed in  
Table 1. The Ki value for guanine was similar, at 122 ± 22 nM but that of 
the aminopurine nucleobase adenine was substantially higher, with a Ki 
of 3.7 ± 0.5 μM, which represents a loss of 9.1 kJ/mol in the Gibbs free 
energy of interaction (expressed as δ(ΔG0)) compared to hypoxanthine. 
Substantially lower affinity was found for the corresponding nucleo
sides, with adenosine not inhibiting 50% of 50 nM hypoxanthine uptake 
at 1 mM – a 20,000-fold excess (Table 1). Pyrimidine nucleosides and 
nucleobases were also very poor inhibitors of TcrNB1, with only cytidine 
inhibiting hypoxanthine uptake by more than 50% at 1 mM (57.7 ±
6.1%, n=3, P < 0.01) [44]. 

Here, we aim to provide the rationale for the observed pattern of 
substrate affinity by probing the contribution of each part of the purine 
ring to the total ΔG0 of interaction, as described for other protozoan and 
human transporters [27,47–49]. 

First, we explored the contribution of substituents at position 6 of the 
purine ring to binding. The lower affinity of adenine versus 
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Table 1 
Km and Ki values for TcrNB1.   

Substrate Ki or Km value (µM) n ΔG0 (KJ/mol) δ (ΔG0) (KJ/mol) relative to 

Hypoxanthinea,b 0.093 ± 0.004  4 -40.1    

Adenineb 3.73 ± 0.5  3 -31.0  9.1 hypoxanthine 

6-chloropurine 3.65 ± 0.24  3 -31.0  -0.1 adenine 

6-Mercaptopurine 0.42 ± 0.02  3 -36.4  3.7 hypoxanthine 

6-Methoxypurine 1.49 ± 0.02  3 -33.24  6.86 hypoxanthine 

Guanineb 0.122 ± 0.022  3 -38.4  1.7 hypoxanthine 

6-thioguanine 0.36 ± 0.04  4 -36.8  1.6 guanine 

Xanthine 18.4 ± 1.8  4 -27.0  13.1 hypoxanthine 

2,6-Diaminopurine 12.9 ± 1.0  3 -27.9  3.1 adenine 

1-Deazaadenine (FH14885) 36.3 ± 5.1  3 -25.3  5.6 adenine 

(continued on next page) 
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Table 1 (continued )  

Substrate Ki or Km value (µM) n ΔG0 (KJ/mol) δ (ΔG0) (KJ/mol) relative to 

1-Deazapurine 12.1 ± 1.6  4 -28.1  2.9 adenine 

1-Methylhypoxanthine 0.93 ± 0.13  3 -34.4  5.6 hypoxanthine 

1-Deazahypoxanthine (FH14875) 203 ± 33  4 -21.1  19.0 hypoxanthine 

9-Methyl,1-deazahypoxanthine (FH14872) >1000  2 >− 17.1  23.0 hypoxanthine 

9-Deazahypoxanthine 33.3 ± 4.9  4 -25.55  14.5 hypoxanthine 

9-deazaguanine (JBMAM002) 53.5 ± 7.6  3 -24.4  14.0 guanine 

9-deazaxanthine >1000  3 >17.1  >10 Xanthine 

3-Deazahypoxanthine 45.7 ± 3.7  3 -24.8  15.3 hypoxanthine 

3-methylxanthine NE,1000  3 >17.1  9.9 xanthine 

7-Deazahypoxanthine >1000   >− 17.1  >23 hypoxanthine 

(continued on next page) 
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hypoxanthine indicates that the 6-amino group of the former does not 
positively contribute. This was confirmed by the observation that 6- 
chloropurine displayed the same Ki value as adenine (3.65 ± 0.24 µM;  
Fig. 1, Table 1), ruling out that the amine group acts as a hydrogen bond 
donor. 

Substitution of a thio group for the 6-keto group of hypoxanthine and 
guanine, afforded good inhibitors of the hypoxanthine transport, 

although with somewhat higher Ki values of 0.42 ± 0.02 μM (P <
0.0001; δ(ΔG0) = 3.7 KJ/mol) and 0.36 ± 0.04 μM (P < 0.05; δ(ΔG0) =
1.59 KJ/mol) for 6-mercaptopurine and 6-thioguanine, respectively 
(Fig. 2, Table 1). The 6-thio for 6-oxo substitution disfavours H-bond 
formation, while retaining protonation of N1. The small difference in 
binding energy between the oxo and thio substrates should be attributed 
to either the larger size of the sulphur atom compared to oxygen (steric 

Table 1 (continued )  

Substrate Ki or Km value (µM) n ΔG0 (KJ/mol) δ (ΔG0) (KJ/mol) relative to 

7-Deazaguanine 982 ± 161  3 -17.2  21.2 guanine 

Allopurinol 82.1 ± 9.6  4 -23.3  17.8 hypoxanthine 

Aminopurinol 753 ± 20  3 -17.8  13.1 Adenine 

7-Br-allopurinol (JBMAM034) 219 ± 38  4 -20.9  2.4 allopurinol 

8-Azahypoxanthine 770 ± 2  2 -17.8  22.3 hypoxanthine 

Inosineb 316 ± 24  3 -20.0  20.1 hypoxanthine 

Adenosineb N.E., 1000  3     

Guanosine 17.1 ± 5.1  5 -27.2  11.2 guanine 

2’-deoxyguanosine 53.0 ± 2.6  3 -24.4  2.79 guanosine 

a, Km value; b, from reference [44]. NE, no effect at the indicated concentration. 
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hindrance) or a difference in the tautomeric equilibrium of protonation 
states at N1 and N3. The former can be ruled out by the observation that 
TcrNB1 actually has somewhat higher affinity for 6-methoxypurine than 
for adenine (6-aminopurine; P < 0.05; δ(ΔG0) = 2.5 KJ/mol)(Fig. 1) 
although the methoxy group is larger than the amine. We thus conclude 
that substitutions at position 6 are not severely size-limited and do not 
directly contribute to binding. However, the preference of 6-keto and 
-thio substituents to form amide rather than imide tautomers, resulting 
in a protonated N1, confers the strong preference of TcrNB1 to bind 
these bases over adenine. 

The contribution of N1(H) to binding, then, can be most directly 
derived from pairwise comparisons between hypoxanthine or guanine 
with their respective analogues that have small single-bond sub
stitutions at position 6. Hypoxanthine versus adenine or 6-chloropurine 
yields a δ(ΔG0) of 9.1 KJ/mol in both cases and the comparison of 
guanine with 2,6-diaminopurine shows a δ(ΔG0) of 10.5 KJ/mol (Fig. 2, 
Table 1) – yielding an average of − 9.6 KJ/mol in binding energy for N1 
(H), which presumably acts as a hydrogen bond donor. The unproto
nated N1 probably does not contribute directly to the binding of 
adenine, although differences in charge distribution around the ring, 
and/or tautomeric equilibrium shifted 1-deazapurine (δ(ΔG0) = 2.9 KJ/ 
mol versus adenine; P < 0.05) and 1-deazaadenine (δ(ΔG0) = 5.6 KJ/ 
mol versus adenine; P < 0.01) to lower affinity. 

Further evidence of a contribution by N1(H) comes from the 10-fold 
higher Ki value for 1-methylhypoxanthine compared to hypoxanthine 

(δ(ΔG0) = 5.6 KJ/mol) (Fig. 3, Table 1), although it cannot be excluded 
that steric hindrance could be part of this energy difference. 1-Deazahy
poxanthine displayed a strongly diminished affinity with a Ki value of 
202 ± 33 µM (Fig. 3), representing a loss of 19 KJ/mol in binding en
ergy, which is greater than the loss of the hydrogen bond at N1(H) only, 
apparently due to a tautomeric state affecting the protonation of the 
other purine ring nitrogens, specifically N3. 

9-Methyl,1-deazahypoxanthine did not inhibit uptake of 50 nM 
[3H]-hypoxanthine at all (Ki > 1 mM), reflecting a loss of at least 23 KJ/ 
mol in a side-by-side comparison with hypoxanthine and approximately 
14 KJ/mol relative to adenine (N9 is protonated in both hypoxanthine 
and adenine). The importance of N9(H) in the binding of nucleobases by 
TcrNB1 was further compared by pairwise comparisons of 9-deazahy
poxanthine versus hypoxanthine (δ(ΔG0) = 14.5 KJ/mol), 9-deazagua
nine versus guanine (δ(ΔG0) =14.0; Fig. 4, Table 1) and 9- 
deazaxanthine, which did not inhibit at 1 mM, versus xanthine 
(δ(ΔG0) > 10). These observations are all consistent with a strong 
interaction to N9(H), likely a H-bond. The requirement of a hydrogen 
bond to N9(H) of course necessitates the proximity of an H-bond 
acceptor in the TcrNB1 binding pocket and provides a clear rationale for 
the strong selectivity of nucleobases over nucleosides. 

The involvement of an unprotonated N3 as an apparent hydrogen 
bond acceptor is evident from the comparison of hypoxanthine and 3- 
deazahypoxanthine, which displayed a Ki value of 45.7 ± 3.7 µM (P <
0.0001; δ(ΔG0) = 15.3 KJ/mol; Fig. 4). Xanthine, which differs from 
hypoxanthine by the 2-keto and consequent protonation of N3, yielded a 
similar loss of binding energy in pairwise comparison with hypoxan
thine (P < 0.001; δ(ΔG0) = 13.1 KJ/mol), consistent with the need for 
an unprotonated N3, although a possible steric or other effect of the 2- 
keto group makes this value less certain. The observation that 1 mM 
of 3-methylxanthine was unable to inhibit hypoxanthine uptake (Fig. 4), 
however, lends further credibility to a prominent role of N3 in substrate 
binding. 

The nitrogen residue at position 7 is unprotonated in the purine bases 
hypoxanthine, guanine and adenine, and contributes 12.5 KJ/mol to the 
binding of nucleobases by the T. b. brucei H2 transporter [27] and the 
Leishmania major NT3 carrier [28]. For the TcrNB1 carrier, we again 
found that the 7-deaza analogues of hypoxanthine and guanine dis
played much lower affinity than their respective nucleobases – in fact we 
were unable to obtain >50% inhibition at 1 mM of 7-deazahypoxan
thine or 7-deazaguanine (Fig. 2), making it impossible to put a specific 
value on the Gibbs free energy of the interaction. The antiprotozoal drug 
allopurinol [50,51], in which N7 has shifted to position 8 of the purine 
ring, also displayed quite low affinity, with a Ki of 82.1 ± 9.6 µM (Fig. 3) 
although this result appears to indicate that the new N8 in part com
pensates for the loss of N7. Aminopurinol displayed lower affinity than 

Fig. 1. Transport of 50 nM [3H]-hypoxanthine over 3 s by TcrNB1 expressed in 
T. b. brucei NB-KO procyclics, inhibited by various concentrations of 6- 
substituted purine nucleobases: 6-aminopurine (adenine), 6-chloropurine and 
6-methoxypurine, showing that the methoxy substitution provides superior 
affinity to the transporter compared to other small single-bond substitutions. 
Inset: structure of hypoxanthine with purine ring numbering. All symbols are 
the average of triplicates and error bars are SEM (when not shown error bars 
fall within the symbol). Hill slopes were consistently near − 1, indicating uptake 
by a single transporter. Each inhibitor experiment is representative of at least 
three identical experiments with very similar outcomes. 

Fig. 2. Effect of several hypoxanthine and guanine analogues on the transport 
of 50 nM [3H]-hypoxanthine by Tbb NB-KO procyclics. Hypoxanthine is 
included as the high affinity benchmark, against which can be seen that sub
stitution of N7 for carbon or 6-oxo for thio (6-mercaptopurine) or amine (2,6- 
diaminopurine) is deleterious for binding. Symbols are the average of triplicate 
and SEM. 

Fig. 3. Effects of 1-substited hypoxanthine analogues and pyrazolopyrimidines 
on the transport of 50 nM [3H]-hypoxanthine by Tbb NB-KO procyclics. The 
carbon-substitution of N1, giving rise to different tautomeric states, resulted in 
much lower affinity than the methylation of N1, which retains the tautomeric 
state with N3, N7 and N9(H). The 6-oxo pyrazolopyrimidine displayed sub
stantially higher affinity than the 6-amine analogue, reflecting a similar shift for 
hypoxanthine and adenine. All points were determined in triplicate; averages 
and SEM are shown. 
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allopurinol for TcrNB1 (Ki = 753 ± 20 µM; δ(ΔG0) = 5.5 KJ/mol; 
Fig. 3), in line with the similar difference between hypoxanthine and 
adenine, which shows that these pyrazolopyrimidines very likely as
sume the same binding pocket orientation as the corresponding purine 
nucleobases. A steric restriction at position 7 is therefore a likely 
conclusion from the comparison of allopurinol and 7-bromoallopurinol 
(Ki = 219 ± 38 µM; δ(ΔG0) = 2.4 KJ/mol). 

The above analysis leads to a model of preferential binding of oxo
purine nucleobases by TcrNB1 through strong interactions with N1(H), 
N3, N7 and N9(H). However, complexities such as shifting tautomeric 
equilibrium, charge distribution around the ring, and the limits of sol
ubility for some of the analogues, make the quantitative assignment of 
exact amounts of interaction energy to each of those positions uncertain. 

4. Discussion 

Purine and pyrimidine analogues have been clinically used for de
cades as antiviral [52,53] and anticancer agents [54,55] and have 
equally been identified as possessing promising activity against a broad 
range of protozoa [56–59]. Recent developments towards the imple
mentation of a nucleoside-based therapy for antiprotozoal infections 
have included a class of substituted 7-deaza-adenosine and -inosine 
analogues [60–64], including against T. cruzi [17,65,66]. There is 
abundant evidence that the antiprotozoal activity requires suitable 
transporters for the nucleoside/nucleobase analogues and that this is 
often a defining issue for activity and resistance [49,61]. For instance, 
the antibiotic nucleosides cordycepin (3’-deoxyadenosine) and tuber
cidin (7-deazaadenosine) rely on the TbAT1/P2 transporter of T. b. 
brucei for their trypanocidal activity, and resistance to either is observed 
upon deletion of the TbAT1 gene [67]. This reliance on specific trans
porters limits the modifications that can be made to an antiprotozoal 
nucleoside, as 2-F-cordycepin retained almost all trypanocidal activity 
and affinity for TbAT1/P2, but 2-Cl-cordycepin lost most affinity for this 
transporter, and its trypanocidal activity [68]. Moreover, the specific 
transporter for an anti-infective nucleoside drug may be restricted to 
certain (sub)-species, resulting in narrow activity of the compound. To 
remain with the same example, whereas brucei-group trypanosomes 
(T. b. brucei, T. evansi, T. equiperdum) have a TbAT1/P2 transporter, 
T. congolense, T. vivax and T. cruzi do not [35,64,69]. To counteract this 
disadvantage and identify broad-spectrum trypanocides we have 
recently focussed on the P1-type nucleoside transporters that are shared 
by all the main African trypanosome species and identified analogues 
with strong activity against all these species [49]. 

However, T. cruzi, the ‘American trypanosome’, does not express a 
classical P1-type nucleoside transporter (i.e. high affinity for adenosine, 

inosine and guanosine and their respective 2’-deoxynucleosides [70]) 
and, compared with many other kinetoplastid parasites, the nucleosi
de/nucleobase carriers of T. cruzi have not been investigated in great 
detail. However, this species appears to have 4 ENT genes, that encode 
carriers for inosine/guanosine (TcrNT1), for thymidine/tubercidin 
(TcrNT2), for adenine (TcrNB2) and for hypoxanthine/guanine 
(TcrNB1) [35,44,45]. A thorough understanding of the basis for selec
tivity of these carriers is essential for any pharmacological targeting of 
the parasite’s nucleoside metabolism and here we present the in-depth 
analysis of the TcrNB1 transporter. 

In our previous report [44] we already described the very high af
finity for hypoxanthine and guanine, the more modest affinity for 
adenine and low affinity for nucleosides. Selectivity of nucleobases over 
nucleosides was shown to be the result, at least in part, of a strong 
interaction between N9(H) of the purine substrate with the TcrNB1 
binding pocket. The 9-deaza analogues of hypoxanthine, guanine and 
xanthine all displayed a much-reduced affinity, translating into a loss of 
~14 KJ/mol in Gibbs free energy. TcrNB1 does not appear to signifi
cantly interact with substitutions at position 6 and allows at least some 
size flexibility there, judging from the quite high affinity for 6-methox
ypurine (and this could be further explored), and thus does not mean
ingfully contribute to the preference for oxopurine bases. This leaves the 
protonation state of N1 as the only other difference between adenine and 
hypoxanthine, and the very high Ki values for 1-deazahypoxanthine and 
9-methyl,1-deazahypoxanthine confirmed the importance of a proton
ated N1. Similarly, 3-deaza and 7-deaza analogues of hypoxanthine 
and/or guanine displayed very low affinity for TcrNB1 and further ev
idence (xanthine, 3-methylxanthine, allopurinol, aminopurinol) was all 
consistent with both of these positions being involved in binding, in 
their unprotonated state. 

The optimal binding of purine bases by TcrNB1 thus requires N1(H), 
N3, N7 and N9(H). Interestingly, this is very different from the binding 
motif of the human facilitative nucleobase transporter (hFNT1) that we 
previously characterised in erythrocytes, and requires interactions with 
a 6-oxo or -amine, unprotonated N1 and N3 and 2-amino in addition to 
π-orbital interactions [27]. However, the binding motif of TcrNB1 is 
identical to that of the T. b. brucei H2 nucleobase transporter [27] and 
the equivalent transporter NBT1 of L. major [28]. It thus emerges that 
the TcrNB1 binding motif is absolutely conserved with the other main 
kinetoplastid pathogens, T. brucei spp and Leishmania spp, but very 
different from the human transporter binding mode – a difference that 
can easily be exploited to specifically target nucleobase analogues to the 
parasites while limiting penetration into human cells, as discussed by 
Wallace et al. [27]. A programme of screening of nucleobase analogues 
based on these findings would be a logical next step. 
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