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Abstract
Trichomoniasis is a common and widespread sexually- transmitted infection, caused 
by the protozoan parasite Trichomonas vaginalis. T. vaginalis lacks the biosynthetic 
pathways for purines and pyrimidines, making nucleoside metabolism a drug target. 
Here we report the first comprehensive investigation into purine and pyrimidine 
uptake by T. vaginalis. Multiple carriers were identified and characterized with re-
gard to substrate selectivity and affinity. For nucleobases, a high- affinity adenine 
transporter, a possible guanine transporter and a low affinity uracil transporter 
were found. Nucleoside transporters included two high affinity adenosine/guano-
sine/uridine/cytidine transporters distinguished by different affinities to inosine, a 
lower affinity adenosine transporter, and a thymidine transporter. Nine Equilibrative 
Nucleoside Transporter (ENT) genes were identified in the T. vaginalis genome. 
All were expressed equally in metronidazole- resistant and - sensitive strains. Only 
TvagENT2 was significantly upregulated in the presence of extracellular purines; 
expression was not affected by co- culture with human cervical epithelial cells. All 
TvagENTs were cloned and separately expressed in Trypanosoma brucei. We identi-
fied the main broad specificity nucleoside carrier, with high affinity for uridine and 
cytidine as well as purine nucleosides including inosine, as TvagENT3. The in- depth 
characterization of purine and pyrimidine transporters provides a critical foundation 
for the development of new anti- trichomonal nucleoside analogues.
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1  | INTRODUC TION

Trichomoniasis can be said to be a neglected and underestimated 
sexually transmitted infection (STI), even though several hundred 
million people world- wide are infected annually (World Health 
Organization, 2012). Although symptoms are usually mild or even 
absent (Edwards et al., 2016), the potential sequelae are severe. 
These include adverse pregnancy outcomes (Silver et al., 2014) and 
increased transmission of viral infections as a result of damage to the 
epithelial layers of the reproductive tracts, including HIV (Kissinger 
& Adamski, 2013), HSV- 2 (Gottlieb et al., 2004; Kissinger, 2015), 
and HPV (Feng et al., 2018; Raffone et al., 2021), increasing the in-
cidence of AIDS, genital herpes and cervical neoplasia, respectively. 
Vertical transmission during birth has also been documented (Peters 
et al., 2021). Although the infection is particularly ignored in men, as 
a result of its often- asymptomatic nature, here too are severe long- 
term risks, including diminished fertility, urethritis, prostatitis and, 
again, higher risk of HIV infection (Van Gerwen et al., 2021).

The infection is routinely treated with the relatively cheap nitro- 
imidazole drug metronidazole or, in a minority of cases, its more 
recent derivative tinidazole (Kissinger, 2015). However, reports 
of clinical resistance to these drugs have increased. Although the 
level of resistance is generally mild- to- moderate (Marques- Silva 
et al., 2021) the adverse effects of the drugs, including neuro-
logic maladies, nausea, metallic taste, and hypersensitivity (Muzny 
et al., 2020), are such that dosage cannot easily be increased. The 
need for alternative anti- trichomonal therapies when nitroimidazoles 
are ineffective or not tolerated is therefore undisputed. Among the 
most promising targets in trichomonads is their nucleotide metabo-
lism, as they lack the ability to synthesize either purines (Heyworth 
et al., 1982) or pyrimidines (Heyworth et al., 1984; Wang & Cheng, 
1984) de novo. This makes the parasites vulnerable to inhibitors of 
key enzymes of the nucleoside salvage pathways and to subver-
sive substrates. Nucleoside analogues with strong antitrichomonal 
activity have been identified and include formycin A (Munagala & 
Wang, 2003), adenine arabinoside, 2′- F,2′- deoxyadenosine, and 
2′- F,2′- deoxyarabinoadenosine (Shokar et al., 2012). Very recently, 
we reported on a range of 7- substituted,7- deazaadenosine ana-
logues with mid- nanomolar activity against T. vaginalis in vitro and 
one compound, 7- (4- Cl- phenyl),7- deazaadenosine, was shown to 
be efficacious in a murine model of vaginal trichomonad infection 
(Natto et al., 2021).

Trichomonas vaginalis must salvage extracellular purines and py-
rimidines, and expresses 5’- ecto- nucleotidases and NTPDases to 
hydrolyse nucleotides to their corresponding nucleosides (Menezes 
et al., 2016; Tasca et al., 2003), which are then internalized by trans-
porters. Most nucleoside antimetabolites rely on those same trans-
porters and thus their substrate selectivity is a key determinant as 
to which analogues will be efficiently taken up (Campagnaro & De 
Koning, 2020). In Trypanosoma brucei, for instance, sensitivity to 
tubercidin (7- deazaadenosine) and cordycepin (3’- deoxyadenosine) 
depends on the expression of the TbAT1 aminopurine transporter 
(Geiser et al., 2005), while sensitivity to 7- Br,3’- deoxytubercidin 

does not (Hulpia et al., 2019). Similarly, sensitivity to tubercidin 
and formycin B in Leishmania donovani depends on the NT1 and 
NT2 nucleoside transporters, respectively (Galazka et al., 2006; 
Vasudevan et al., 2001), and sensitivity to adenine arabinoside 
(AraA) in Toxoplasma gondii on the TgAT1 adenosine transporter 
(Chiang et al., 1999). However, nucleoside and nucleobase transport 
have been poorly studied in T. vaginalis. A single report from 1988 
describes two nucleoside transport activities, one that transports all 
nucleosides and one selective for adenosine, guanosine and uridine 
(Harris et al., 1988); neither was inhibited by nucleobases, although 
adenine and guanine have both been shown to be incorporated 
into the T. vaginalis nucleotide pool (Munagala & Wang, 2003). Yet, 
the genome of T. vaginalis contains nine genes of the Equilibrative 
Nucleoside Transporter (ENT) family (TrichDB.org), to which, to date, 
all protozoan nucleoside and nucleobase transporters have been at-
tributed (Campagnaro & De Koning, 2020; De Koning et al., 2005), 
although there are some indications that there may be some proto-
zoan nucleobase transport activities that are not encoded by ENT 
genes (Campagnaro, Alzahrani, et al., 2018; De Koning, 2007). We 
therefore performed a comprehensive examination of nucleoside 
and nucleobase transport in T. vaginalis trophozoites with the ob-
jective to begin the process of assigning specific transport activities 
to individual genes, as well assessing their relative levels of expres-
sion and their regulation in the presence and absence of substrate 
and feeder cells. Expression of the individual TvagENT genes in a 
Trypanosoma brucei cell line allowed us to identify the main high af-
finity, broad specificity nucleoside transporter, which turned out to 
be encoded by TvagENT3.

2  | RESULTS

2.1 | Nucleoside transport in T. vaginalis 
trophozoites

For all permeants (i.e., the substrate for which permeation is being 
measured, as opposed to inhibitors that are only potential per-
meants), time course experiments were first undertaken to establish 
(1) whether uptake could be discerned at a certain radiolabel con-
centration, and (2) that uptake is linear and through zero over a given 
period. If these conditions are not met, the parameters determined 
might be of the rate- limiting step, which could be a metabolic en-
zyme rather than the transporter for this radiolabel. In all cases, care 
was taken to use a very low starting permeant concentration so as 
to obtain the most accurate Km and Ki values and Hill slopes, and 
avoid (partial) saturation of very high- affinity transporters as much 
as possible. This has the added benefit of extending the linear range 
of uptake as the low rate of permeant entry at those concentrations 
will not easily saturate the downstream metabolic reactions. For 
some permeants, the lower concentration limit was determined by 
detectability of low rates of uptake. Higher radiolabel concentra-
tions were used when specifically probing the existence of lower- 
affinity transporters and in these cases, again, linearity of uptake 
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was first established. Dose– response experiments used incuba-
tion times near the middle of the established linear uptake period. 
Linearity was queried using the Prism runs test for deviation of line-
arity. Uptake was considered significant if the slope was significantly 
non- zero (F- test, Prism) and saturability by high levels of unlabeled 
permeant was tested with the function for significant difference be-
tween linear regression lines (F- test). All transporter data presented 
in figures are single experiments with data points representing the 
mean and SEM of triplicate determinations (unless otherwise indi-
cated), and are representative of multiple similar repeats. For the 
transport experiments with T. vaginalis trophozoites, close attention 
was paid to the Hill slope of inhibition experiments, as a Hill slope 
above −1 (usually between −1 and −0.5) will indicate the uptake of 
permeants by more than one transporter with non- identical Km for 
the inhibitor. In a complex cellular system with multiple transporters 
of overlapping substrate selectivity this is an important parameter 
and a Hill slope that is consistently >−1 permits the plotting of the 
inhibitor data to a bi- phasic inhibitor model.

2.1.1 | Adenosine uptake

Submicromolar concentrations of [3H]- adenosine were rapidly 
taken up by T. vaginalis trophozoites. Figure 1a shows that trans-
port of 0.25 µM [3H]- adenosine was linear over 60 s with a rate of 
1.15 pmol(107 cells)−1s−1. The uptake was >99% inhibited by 1 mM 
unlabeled adenosine, and the remainder was not significantly differ-
ent from zero (p = .35, F- test). The uptake was therefore saturable 
and most likely carrier- mediated. The inset in Figure 1a is a technical 
control showing that stopping the uptake with 1 ml of 1 mM ice- cold 
adenosine did stop all uptake, as previously reported for other cell 
types.

A series of dose– response inhibition experiments with unla-
beled adenosine (Figure 1b) allowed the determination of Km as 
6.2 ± 0.6 µM (n = 5) and the Vmax as 9.5 ± 2.4 pmol(107 cells)−1s−1 
(n = 4) (Table 1). These dose- response experiments were performed 
at 0.15 µM of [3H]- adenosine to ensure that the label concentra-
tion was far below the Km. The resulting curves were apparently 
monophasic; however, the average Hill slope was −0.90 ± 0.04, 
with values ranging from −1.01 to −0.76 (n = 5), leaving open the 
possibility of more than one transporter with very similar but non- 
identical Km values. Indeed, the Hill slope for guanosine inhibition 
of [3H]- adenosine uptake was even more indicative of multiple 
carriers (−0.68 ± 014, n = 3). If taken as monophasic (plotted to a 
sigmoid equation with variable slope), the apparent guanosine Ki,app 
would be 12.2 ± 2.4 µM (Table 1; Figure 1c). The biphasic inhibi-
tion of adenosine uptake was clearest when using inosine as inhib-
itor (Figure 1c) and here an equation for two binding sites was in 
all cases the significantly better fit, yielding a high affinity Ki,app of 
5.2 ± 1.2 µM and a low affinity interaction Ki,app of 347 ± 127 µM 
(n = 3). Thus, the combined inhibitor evidence strongly suggests 
that two similar high- affinity adenosine transporters are expressed 
in T. vaginalis, with similar affinity for adenosine and guanosine as 

well as uridine (Ki,app = 3.7 ± 1.0 µM; Hill slope −0.97 ± 0.10; n = 3) 
and cytidine (Ki,app = 17.9 ± 4.4 µM; Hill slope −0.73 ± 0.13; n = 3) 
(Figure 1d). These two adenosine transporters both displayed much 
lower affinity for thymidine (Ki,app = 274 ± 45 µM; n = 3) and the 
nucleobases hypoxanthine (Ki,app = 185 ± 37 µM; n = 2) and adenine 
(Ki,app > 1 mM).

2.1.2 | Guanosine uptake

The above findings suggest the expression of two similar adenosine 
transporters with, judging by the Hill slopes, slightly different affini-
ties for adenosine, cytidine, and guanosine. This should be mirrored 
when using [3H]- guanosine as radiolabel, unless there is a separate 
adenosine- insensitive guanosine transporter as well. Uptake of 1 µM 
[3H]- guanosine was linear for at least 60 s and almost completely 
saturable (98.6% reduced) by 250 µM guanosine (Figure 1e). Sigmoid 
inhibition plots showed that the Hill slopes for nucleoside inhibitors 
were indeed indicative of two transporters with somewhat differ-
ent affinity: −0.67 ± 0.03 (adenosine), −0.78 ± 0.08 (guanosine), and 
−0.72 ± 0.06 (cytidine), respectively. Using the EC50 values from 
plotting to a monophasic sigmoid curve with variable slope appar-
ent Ki,app values of 4.1 ± 0.9 µM and 18.6 ± 0.9 µM were obtained 
for adenosine and cytidine, respectively, and a Km,app of 9.0 ± 0.6 µM 
was calculated for guanosine (n = 3 for all) (Figure 1f). It is acknowl-
edged that most of these Ki,app values are highly likely to be com-
posites of at least two separate transport activities. Also consistent 
with the [3H]- adenosine transport data was that uridine again dis-
played a Hill slope close to −1 (−0.91 ± 0.02) and high affinity (Ki,app 
7.8 ± 1.3 µM) while the affinity for thymidine was much lower (Ki,app 
206 ± 62 µM). Finally, the Hill slope for inosine (−0.75 ± 0.07) was 
again indicative of at least two separate transport activities, with 
Ki,app 6.3 ± 2.6 and 146 ± 26 µM, respectively. It can be tentatively 
concluded on the evidence that guanosine is taken up by the same 
transporters as adenosine, at least at low permeant concentrations.

2.1.3 | Uridine uptake

Uptake of 1 μM [3H]- uridine was linear for at least 240 s (r2 = 0.97; 
not significantly non- linear [runs test, p = .14]) and fully saturable 
with 1 mM unlabeled uridine (not significantly different from zero 
[runs test, p = .15]) (Figure 2a). Subsequent inhibition plots were 
performed with an incubation time of 30 s. Unlabeled uridine dose 
dependently (0.1– 2,500 µM) inhibited uptake of [3H]- uridine, with an 
average Hill slope of −1.04 ± 0.05 (n = 3), yielding an average Km,app 
of 5.49 ± 1.80 µM and Vmax of 1.49 ± 0.51 pmol(107 cells)−1s−1 (n = 3) 
(Table 1). Inhibition by adenosine and cytidine yielded Ki,app values 
of 8.16 ± 0.59 µM and 15.6 ± 2.3 µM (n = 3), respectively, with Hill 
slopes ≅0.90 (Figure 2b,c). Inosine inhibition was again clearly bipha-
sic (Figure 2c), with a Hill slope of −0.51 ± 0.02 (n = 3) and plotting 
to a 2- site sigmoidal curve yielded Ki,app values of 3.80 ± 0.90 µM 
and 231 ± 23 µM.
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2.1.4 | Cytidine uptake

Uptake of 0.25 µM [3H]- cytidine was linear for at least 5 min (r2 = 0.99), 
and saturable with 1 mM unlabeled cytidine although the inhibition was 

not complete (97.0% and significantly non- zero by F- test, p = .029), in-
dicating the presence of at least one low(er)- affinity carrier for cytidine 
(Figure 2d). Indeed, inhibition profiles, using just 0.15 µM [3H]- cytidine, 
consistently showed a mixed high affinity and low affinity component, 

F I G U R E  1   Adenosine and guanosine uptake in T. vaginalis trophozoites. (a) Transport of 0.25 µM [3H]- adenosine in the presence or 
absence of 1 mM unlabeled adenosine. In the presence of unlabeled adenosine uptake over 60 s was not significantly different from zero 
(0.0091 ± 0.0085 pmol(107 cells)−1s−1, p = .35, F- test). In contrast, uninhibited uptake was highly significant (1.15 ± 0.06 pmol(107 cells)−1s−1), 
p < 0001). Inset: Same data, but also showing two extra data points representing samples that were incubated for 20 s with the [3H]- 
adenosine but left uncentrifuged for an additional 120 or 240 s after the addition of ice- cold 1 mM adenosine to stop the uptake. Uptake 
over the additional 240 s was not significantly different from zero (−0.0021, pmol(107 cells)−1s−1), p = .62). (b) Dose- dependent inhibition 
of 0.15 µM [3H]- adenosine transport over 30s, with unlabeled adenosine, plotted to a sigmoid curve, Hill slope −0.974. Inset: Conversion 
of the same data to a Michaelis- Menten saturation plot. (c) Dose- dependent inhibition of 0.15 µM [3H]- adenosine transport over 30s, with 
unlabeled inosine, plotted to a biphasic curve for two- site competition, or with guanosine, plotted to a one- site inhibition curve with variable 
slope. (d) As (c), showing monophasic inhibition of adenosine transport with three pyrimidine nucleosides. Hill slopes were −0.99, −0.89 and 
−0.82 for cytidine, thymidine and uridine, respectively. (e) Transport of 1 µM [3H]- guanosine with a rate of 0.22 ± 0.01 pmol(107 cells)−1s−1, 
significantly different from zero (p < .0001) and not significantly non- linear (p = .71). In the presence of 0.25 mM unlabeled guanosine, the 
rate was reduced to 0.0030 ± 0.0004 pmol(107 cells)−1s−1 (r2=0.96; significantly different from zero (p = .004), not significantly non- linear 
(p = .90). (f) Transport of 0.5 µM [3H]- guanosine in the presence of various concentrations of unlabeled guanosine (Hill slope = −0.77) and 
uridine (Hill slope = −0.94). Inset: Conversion of the guanosine inhibition data to a Michaelis- Menten saturation plot. In all transport graphs 
symbols/error bars represent the mean and SEM of triplicate determinations of single representative experiments
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with an average Hill slope of −0.74 ± 0.06 (n = 4). The higher affinity 
component was dominant at the chosen radiolabel concentration and 
resolved to a Km,app of 7.19 ± 1.77 µM (n = 4) (Figure 2e) but no con-
sistent estimate for the lower affinity component could be obtained. 
Dose- response experiments yielded Ki,app values of 1.98 ± 0.50 µM for 
uridine (n = 3; Hill slope −0.88 ± 0.09; Figure 2e) and 2.18 ± 0.29 for 
adenosine (n = 4; Hill slope −0.71 ± 0.06).

2.1.5 | Thymidine uptake

Uptake of 1 µM thymidine was linear for at least 180 s (r2 = 0.98) 
with a rate of 0.139 ± 0.008 pmol(107 cells)−1s−1. This was strongly 
(90.6%, p < .0001, F- test) but incompletely inhibited by 1 mM unla-
beled thymidine (slope significantly non- zero, p = .020; Figure 3a). 
At the lower concentration of 0.125 µM, the averaged rate was 

F I G U R E  2   Transport of pyrimidine nucleosides by T. vaginalis trophozoites. (a) Time course of 1 µM [3H]- Uridine uptake. The rate was 
0.045 ± 0.003 pmol(107 cells)−1s−1 (r2 = 0.97; not significantly non- linear (runs test, p = .14)) which was significantly different from zero 
(p < .0001, F- test) but in the presence of 1 mM uridine the rate (0.0015 ± 0.0008 pmol(107 cells)−1s−1 (r2 = 0.55 )) was not significantly 
different from zero (p = .15) as well not significantly non- linear (p = .50). The two slopes were highly significantly different (p < .0001). The 
rates were obtained by linear regression. (b) Transport of 0.5 µM [3H]- Uridine over 30 s: inhibition plot with unlabeled uridine and adenosine 
using sigmoid curves with variable slopes. Inset: Conversion of the uridine inhibition data to a Michaelis- Menten saturation plot. (c) 
Transport of [3H]- Uridine (0.5 µM, 30 s), inhibition by cytidine and inosine plotted to a sigmoid dose- response curve with variable slope and 
a two- site competition curve, respectively. (d) Time course of transport of 0.25 µM [3H]- cytidine. In the absence of inhibitor, the rate was 
0.026 ± 0.001 pmol(107 cells)−1s−1 (r2 = 0.99; not significantly non- linear p = .50, significantly different from zero p < .001); in the presence 
of 1 mM unlabeled cytidine the rate was 0.00079 ± 0.00024 pmol(107 cells)−1s−1 (r2 = 0.73; not significantly non- linear, p = .30; significantly 
different from zero, p = .029). (e) Inhibition of 0.15 µM [3H]- cytidine transport over 30 s by unlabelled cytidine and uridine, plotted to a 
sigmoid inhibition curve with variable. Inset: double- reciprocal Lineweaver– Burke plot from the inhibition data
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determined as 0.0045 ± 0.0012 pmol(107 cells)−1s−1 (n = 4; slope 
non- zero, p = .0002) and was likewise only partially saturated by 
1 mM thymidine (Figure 3b), consistent with a mixed higher and 
lower affinity uptake of thymidine. At the lower permeant con-
centration of 125 nM [3H]- thymidine, the higher affinity compo-
nent was highly dominant and dose- dependent thymidine uptake 
was near- monophasic (Hill slope = −0.88 ± 0.01, n = 3), yielding a 
Km,app of 13.2 ± 0.8 µM and a Vmax of 0.69 ± 0.37 pmol(107 cells)−1s−1 
(n = 3) (Figure 3c). This transporter appeared not to discriminate be-
tween thymidine and uridine (Figure 3c), which displayed a Ki,app of 
12.2 ± 1.2 µM with a Hill slope of −0.76 ± 0.12 (n = 3), but had lower 
affinity for purine nucleosides, with moderate affinity for adenosine, 
guanosine and inosine (Ki,app of 39.5 ± 8.1 µM (n = 4), 36.5 ± 7.3 µM 
(n = 4) and 77.7 ± 15.1 µM (n = 3), respectively) (Table 1). The three 
purine nucleosides all displayed near- monophasic inhibition with 
Hill slopes consistently near −1. In contrast, inhibition by cytidine 
appeared to be biphasic (Figure 3d), although the two individual Ki 
values could not be determined separately from the available data, 
as large 95% confidence intervals (95% CI) were returned in each 
case. From a series of three experiments, they could be estimated 
as being approximately 15 and 250 µM. None of the nucleobases, 
adenine, hypoxanthine, and uracil, inhibited transport of 125 nM 
[3H]- thymidine by more than 50% at 1 mM (n = 3).

At 1 µM [3H]- thymidine, transport was more clearly a mixture 
of the higher and lower affinity thymidine flux (Figure 3e), re-
flected in an average Hill slope of −0.69 ± 0.08 (n = 3). For the 
lower affinity component, a Michaelis– Menten curve could now 
be obtained and this yielded a Km,app of 470 ± 104 µM (Inset of 
Figure 3e). A double reciprocal Lineweaver– Burk plot (Figure 3f) 
yielded highly similar estimates as well as estimates for the higher 
affinity Km,app, which averaged ~20 µM over 3 experiments. This 
low- affinity thymidine flux was sensitive to inhibition by adenos-
ine (Figure 3e) with Ki,app 73.0 ± 6.9 µM, which indicated that the 
same transporter could potentially also function as a low affinity 
adenosine transporter.

2.1.6 | Low affinity adenosine transport

The presence of a low- affinity adenosine transport capability was 
suspected not just on the basis of inhibition on the low affinity thy-
midine flux but on the Hill slope for adenosine inhibition of multi-
ple permeants being above −1, including the inhibition curves for 
150 nM [3H]- adenosine (section 1). We probed the presence of this 
low- affinity carrier using a concentration of 20 µM [3H]- adenosine 
to fully saturate the high- affinity adenosine uptake. The Km,app was 
determined as 59.4 ± 6.1 µM and Vmax as 31 ± 2 pmol(107 cells)−1s−1 
(n = 3; Figure 4a), not statistically different from the Ki value for 
adenosine on the low- affinity thymidine transport activity (p = .29, 
Student's unpaired t- test). Similarly, the Ki,app for thymidine, at 
557 ± 135 µM (n = 4; Figure 4b) was not significantly different from 
the thymidine low affinity Km,app (p = .66), an indication that this may 
be the same transporter. Apparent Ki values for uridine (Figure 4b) 

and cytidine were 376 ± 63 µM and 116 ± 5 µM, respectively (n = 3). 
No inhibition above 50% was observed at the highest tested concen-
trations of guanosine (250 µM, n = 2), adenine (1 mM, n = 3), hypox-
anthine (1 mM, n = 3), or uracil (10 mM, n = 2). We conclude that this 
is a high capacity transporter with modest affinity for adenosine and 
low affinity for the pyrimidine nucleosides.

2.1.7 | Inosine transport

Inosine uptake could be measured at 1 µM at a rate of 0.0081 pmol(107 
cells)−1s−1, which was significantly (p < .0001, F- test) but incom-
pletely inhibited by 1 mM unlabeled inosine (88%, significantly 
non- zero uptake, p = .0018; Figure 5a). Dose– response experiments 
yielded a Km,app of 196 ± 18 µM, with a Hill slope −0.95 ± 15, consist-
ent with a single transporter and with the approximately 90% inhi-
bition by 1 mM adenosine in the time course experiment; the Vmax 
was 2.25 ± 0.37 pmol(107 cells)−1s−1 (n = 3) (Figure 5b). Inhibition by 
adenosine was monophasic (Hill slope −0.93 ± 0.04) and produced 
an apparent Ki of 6.36 ± 1.69 µM (n = 3; Figure 5b). Ki,app values 
for guanosine and uridine were 7.41 ± 2.92 µM and 3.60 ± 1.14 µM, 
respectively (n = 3), both with Hill slopes of approximately −1. This 
inhibition pattern is very close to that of the high- affinity adenosine 
transport described above. However, the high- affinity adenosine 
transport split in two parts, with high and with low affinity for ino-
sine (Figure 1c). The uptake described in this section clearly deline-
ates the transport component with the lower inosine affinity. We 
did not observe any high- affinity inosine transport, the rate of which 
may have been insufficient to be clearly observed over the high ca-
pacity lower affinity uptake activity.

2.1.8 | Uracil transport

We next probed whether T. vaginalis is able to salvage nucleobases 
from its environment, starting with uracil. Uptake of 0.5 µM [3H]- 
uracil was linear for at least 60 s and partially inhibited by 1 mM 
unlabeled uracil (69.2%. p < .0001) (Figure 5c). The rate in the 
presence of 1 mM uracil was significantly different from zero 
(p < .031), apparently indicating low affinity uptake. Accordingly, 
dose- dependent inhibition of 0.5 µM [3H]- uracil uptake over 20 s 
yielded mono- phasic curves (Hill slope −1.00 ± 0.09, n = 3) and 
a Km,app of 257 ± 58 µM, Vmax 1.58 ± 0.08 pmol(107 cells)−1s−1 
(Figure 5d). Other pyrimidine nucleobases were similarly able to 
inhibit this transporter, with Ki,app for cytosine, thymine and 5F- 
uracil at 334 ± 73 µM, 57 ± 8 µM and 265 ± 57, respectively (all 
n = 3). In contrast, pyrimidine nucleosides (uridine, thymidine, up 
to 10 mM) and purine nucleosides (adenosine, inosine, up to 1 mM) 
were unable to inhibit uracil transport, even at high concentra-
tions. We conclude that this is a low- affinity pyrimidine nucle-
obase transporter. However, in preliminary experiments saturable 
uptake of cytosine and thymine over 120 s was not significant at 
0.25 µM and 0.5 µM, respectively.
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2.1.9 | Transport of purine nucleobases

Transport of [3H]- guanine was measurable at 2 µM (as lower concentration 
yielded insufficient signal), producing a rate of 0.017 ± 0.002 pmol(107 

cells)−1s−1 (Figure 6a). The slope of the linear regression line was sig-
nificantly non- zero (p = .0035) and not significantly non- linear (p = .50; 
r2 = 0.96) but limits to guanine solubility did not allow stringent testing of 
saturability or a dose- dependent inhibition with unlabeled guanine.

F I G U R E  3   Thymidine uptake in trophozoites of T. vaginalis. (a) Time course of 1 µM [3H]- thymidine, displaying a rate of 
0.139 ± 0.008 pmol(107 cells)−1s−1 (r2 = 0.98; not significantly non- linear, p = .20; significantly different from zero, p < .0001). In the presence 
of 1 mM thymidine, the rate was reduced by 90.6% to 0.013 ± 0.0018 pmol(107 cells)−1s−1 (r2 = 0.98; not significantly non- linear, p = .67; 
significantly different from zero, p = .02). (b) Time course of 0.125 µM [3H]- thymidine. Data are presented as the average of 4 experiments 
over 60 s. Rate was 0.0045 ± 0.0012 pmol(107 cells)−1s−1 (n = 4), inhibited 75% by 1 mM unlabeled thymidine. (c) Dose- dependent inhibition 
of 0.125 µM [3H]- thymidine uptake by thymidine and uridine. Thymidine: Hill slope = −0.89, EC50 = 11.7 µM, r2 = 0.996; Uridine: Hill slope = 
−0.95, EC50 = 15.3 µM, r2 = 0.993. Inset: conversion to Michaelis- Menten saturation plot, Km = 15.1 µM, Vmax = 0.245 pmol(107 cells)−1s−1 for 
this experiment. Incubation time was 30 s. (d) Dose- dependent inhibition of 0.125 µM [3H]- thymidine transport by guanosine and cytidine 
(Hill slopes of −1.09 and −0.54, respectively). EC50 (guo) = 51.2 µM in this experiment (r2 0.98). 2- transporter plot for cytidine (dashed line) 
yielded EC50 values of 2.86 µM and 322 µM (r2 0.99). (e) Inhibition plots with 1 µM [3H]- thymidine as radiotracer. Hill slopes for thymidine 
and adenosine were −0.61 and −1.09, respectively. When plotted to a 2- site equation (dashed line), the thymidine inhibition curve yielded 
EC50 values of 10.7 µM and 529 µM (r2 = 0.99); adenosine EC50 = 89.8 µM in this experiment. Inset: conversion to saturation curve, yielding 
Km = 394 µM, Vmax = 12.9 pmol(107 cells)−1s−1 (r2 = 0.98). (f) Lineweaver- Burk double reciprocal plot from the thymidine dose- response data in 
(c). Low affinity component: Km 340 µM, Vmax 12.0 pmol(107 cells)−1s−1, r2 0.98; Higher affinity Km 23.6 µM, Vmax 2.2 pmol(107 cells)−1s−1, r2 0.99
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Uptake of 0.1 µM [3H]- hypoxanthine was low and non- linear 
over 60 s (Figure 6b), which seems to indicate that hypoxanthine is 
not (or very slowly) metabolized by T. vaginalis, as the unmetabolized 
hypoxanthine equilibrates across the plasma membrane. At 1 µM 
[3H]- hypoxanthine no specific uptake was observed over 300 s, as 
the rate was not significantly different in the presence or absence 
of 1 mM unlabeled hypoxanthine (p = .73; data not shown) and we 
conclude that, at least in culture, T. vaginalis takes up at most very 
little hypoxanthine.

In contrast, we observed significant uptake of [3H]- adenine, 
both at 50 nM (0.00073 pmol(107 cells)−1s−1; non- zero p < .0001) 
(Figure 6c) and 1 µM (0.016 pmol(107 cells)−1s−1; non- zero 
p < .0001) (Figure 6d). At both label concentrations, saturation 
by 1 mM unlabeled adenine was highly significant (p < .0001): 
uptake of 50 nM [3H]- adenine was 86.7% inhibited by 1 mM un-
labeled adenine (not significantly non- zero, p = .064), whereas 
uptake of 1 µM [3H]- adenine was inhibited by 73.8% (signifi-
cantly non- zero, p = .018). The significant uptake at 50 nM 
pointing to a high- affinity transporter and the incomplete inhi-
bition with 1 mM adenine pointing to a low affinity transporter, 
a dose- dependent inhibition experiment was performed with 
50 nM of [3H]- adenine, which favors uptake through the high- 
affinity system, yielding a Km, app of 0.41 ± 0.097 µM and Vmax of 
0.091 ± 0.027 pmol(107 cells)−1s−1 (n = 4) (Figure 6e). The ade-
nine transporter displayed only low affinity for adenosine (Ki,app 
155 ± 48 µM, n = 3) (Figure 6f).

2.1.10 | Summary of purine and pyrimidine transport 
by T. vaginalis trophozoites

Our data show that T. vaginalis trophozoites grown in suspension 
culture express multiple distinct transporters for salvage of nucle-
osides and nucleobases, with overlapping substrate specificities. 
It appears that most natural purines and pyrimidine nucleosides 

can be taken up by multiple transporters (Table 1). This is an im-
portant conclusion but these observations make construction of 
an unambiguous model for purine and pyrimidine salvage based 
on analysis of whole- organism cellular uptake studies challenging. 
Equally, it is difficult to construct a full model of nutrient salvage 
by an organism through a reductive approach of characterizing 
single transporters through heterologous expression alone— 
clearly, the two approaches are complementary in order to arrive 
at a full understanding of purine/pyrimidine salvage. Nonetheless, 
the cells express at least two high affinity, broad specificity trans-
porters for purine and pyrimidine nucleoside, one of which has 
high affinity for inosine, one low affinity. Neither has significant 
affinity for nucleobases. Of the potential substrates, adenosine 
appears to be taken up more efficiently than the others, as ex-
pressed by Vmaz/ Km,app (Table 1) and uridine appears to be the 
best pyrimidine substrate. Thymidine was salvaged relatively 
poorly, and through separate higher and lower affinity transport-
ers, which may make T. vaginalis vulnerable to antifolates. We also 
found low affinity uptake of cytidine but are unable to say, based 
on the current data, whether this is a separate transport activity 
or the same carrier that is responsible for the low affinity thymi-
dine uptake. Separate nucleobase transporters were also found, 
including a high- affinity and a low- affinity adenine carrier as well 
as likely uptake of guanine, although this remains largely unchar-
acterized. The only pyrimidine nucleobase uptake we observed 
was low affinity, low capacity uracil uptake.

2.2 | ENT genes of T. vaginalis

In order to gain further insights into purine and pyrimidine salvage in 
T. vaginalis, we next probed its genome for genes of the Equilibrative 
Nucleoside Transporter (ENT) family, which to date is the only 
gene family linked to nucleoside/nucleobase transport in protozoa 
(Campagnaro & De Koning, 2020). BLAST and keyword searches of 

F I G U R E  4   Low affinity adenosine transport. (a) Inhibition of transport of 20 µM [3H]- adenosine by unlabeled adenosine and cytidine; 
incubation time was 30 s. Cytidine: EC50 = 290 µM, Hill slope −1.06, r2 = 0.96; Adenosine: EC50 = 60.5 µM, Hill slope −0.83, r2 = 0.98 for this 
experiment. Inset: Conversion of adenosine inhibition data to Michaelis- Menten plot, Km,app = 63.5 µM, r2 = 0.99. (b) Inhibition of 20 µM 
[3H]- adenosine by unlabeled thymidine and uridine. Thymidine: EC50 = 817 µM, Hill slope −1.39, r2 = 0.99; Uridine: EC50 = 519 µM, Hill slope 
−1.21, r2 = 0.97

(a) (b)
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TrichDB identified nine putative ENT family members, which we des-
ignated TvagENT1- 9, with 1,011– 3,377 bp and 9– 11 predicted trans- 
membrane domains (TMDs) (Table 2). Their sequences and a multiple 
alignment of the nine genes are shown in the Supporting Information 
(Figure S1). The alignment shows that most of the variation in length 
is from high variability in the size of the N- terminal domain, most 
pronounced for TvagENT2, which lacks 135 N- terminal amino acids 
relative to TvagENT1, including all of TMD1 and part of TMD2, pos-
ing the question whether this transporter can be fully functional; it 
is the only TvagENT with less than 10 TMDs. From a phylogenetic 
tree (Figure 7) it can be seen that all TvagENTs are more similar to 
each other than to other protozoan or human ENT genes, and that 
the TvagENTs essentially split into two clades, with one consisting 
of TvagENT1, 2, 3, 6, and 8, and the other of TvagENT4, 5, 7, and 9 
(Table 3).

2.3 | Expression levels of TvagENTs in trophozoites

The relative level of expression of the TvagENTs in trophozoites 
was determined using quantitative real time polymerase chain re-
action (qRT- PCR), standardized to the glycolytic enzyme glyceral-
dehyde 3- phosphate dehydrogenase (GAPDH), in a panel of three 
metronidazole- sensitive and three resistant T. vaginalis isolates. The 
expression pattern of the TvagENTs was very similar in all six iso-
lates, with the highest expression consistently found for TvagENT5 
(Figure 8). An exception was TvagENT9, which was expressed at a 
low level in isolates G3 and S1469 but robustly in all other strains 
(Figure 8). To explore whether substrate availability had an effect 
on TvagENT expression, we assessed expression in the presence of 
100 µM of adenosine, hypoxanthine, or inosine. For TvagENT3- 9, no 
significant effects on expression were observed but, interestingly, 

F I G U R E  5   Low affinity uptake of some purine and pyrimidine substrates. (a) Time course of 1 µM [3H]- inosine transport in the presence 
and absence of 1 mM unlabeled inosine. Rate was 0.0081 ± 0.0002 pmol(107 cells)−1s−1 in the absence of unlabeled permeant (r2 = 0.99; 
not significantly non- linear p = .97, significantly different from zero p < .0001); in the presence of 1 mM unlabeled inosine the rate was 
0.00092 ± 0.00009 pmol(107 cells)−1s−1 (r2 = 0.97; not significantly non- linear, p = .90; significantly different from zero, p = .0018). The 
two slopes were significantly different (F- test, p < 0001). (b) Dose- dependent inhibition of 1 µM [3H]- inosine uptake by unlabelled inosine 
or adenosine. Inosine: EC50 = 67.1 µM, Hill slope −0.93, r2 = 0.99; Adenosine: EC50 = 74.8 µM, Hill slope −0.85, r2 = 0.99. Inset: conversion 
of the inosine inhibition data to a Michaelis– Menten saturation curve, Km,app = 157 µM, r2 = 0.99. (c) Time course for the uptake of 0.5 µM 
[3H]- uracil, with rate 0.0056 ± 0.0003 pmol(107 cells)−1s−1 (r2 = 0.98; not significantly non- linear, p = .89; significantly different from zero, 
p < .0001). In the presence of 1 mM unlabeled uracil, the rate was reduced by 81% to 0.0011 ± 0.0002 pmol(107 cells)−1s−1 (r2 = 0.94; not 
significantly non- linear, p = .67; significantly different from zero, p < .031). (d) Dose- dependent uptake of 0.5 µM [3H]- uracil over 20 s; EC50 
= 247 µM, r2 0.97 in this experiment. Inset: conversion to Michaelis- Menten saturation plot, Km = 298 µM, Vmax = 1.43 pmol(107 cells)−1s−1, 
r2 = 0.997
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expression of TvagENT1 was reduced under these conditions and 
expression of TvagENT2 increased, although the latter trend only 
reached significance for incubation with inosine (Figure 9a). We also 
tested whether the presence of (and feeding on) HeLa cell layers 

would change the level of ENT expression, but no significant changes 
were observed (Figure 9b). Together, these results indicate that the 
TvagENT expression is largely constitutive regardless of high substrate 
availability or the presence of human feeder cells.

F I G U R E  6   Transport of purine nucleobases. (a) Uptake of 2 µM [3H]- guanine with a rate of 0.0167 ± 0.0020 pmol(107 cells)−1s−1 (r2 = 0.96; 
not significantly non- linear, p = .50; significantly different from zero, p = .0035). (b) Uptake of 0.1 µM [3H]- hypoxanthine was non- linear and 
instead plotted to a curve for saturation binding. In the presence of 1 mM unlabeled hypoxanthine linear regression was applied and yielded 
a slope that was not significantly different from zero (p = .74). (c) Transport of 50 nM [3H]- adenine in the presence and absence of 1 mM 
unlabeled adenine, yielding rates of 0.00073 and 0.000097 pmol(107 cells)−1s−1, respectively (p < .0001). In the absence of 1 mM adenine the 
rate was significantly non- zero (p < .0001) but in the presence of saturating adenine it was not (p = .064). (d) Transport of 1 µM [3H]- adenine in 
the presence and absence of 1 mM unlabeled adenine, yielding rates of 0.0164 and 0.00429 pmol(107 cells)−1s−1, respectively (p < .0001). Both 
rates were significantly non- zero (p < .0001 and p = .0016, respectively), the regression lines not significantly non- linear, and r2 values were 
0.989 and 0.976, respectively. (e) Inhibition of [3H]- adenine uptake by unlabeled adenine. EC50 was 0.27 µM for this experiment, Hill slope was 
−0.74, r2 = 0.992. Inset: conversion to a Michaelis- Menten saturation plot, yielding a Km,app of 0.23 µM and Vmax of 0.155 pmol(107 cells)−1s−1, 
r2 = 0.979. (f) inhibition of 50 nM [3H]- adenine transport by unlabeled adenine (EC50 = 0.35 µM, Hill slope −0.75, r2 = 0.987) and adenosine 
(EC50 = 85.9 µM, Hill slope −1.23, r2 = 0.994). When plotted to a two transporter model the adenine inhibition curve exhibited a high affinity 
EC50 of 0.23 µM (81% of flux) and a lower affinity component of 17 µM, but the latter had a large degree of uncertainty
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2.4 | Heterologous expression of TvagENTs in 
Trypanosoma brucei brucei TbAT1- KO

To start assigning gene identities to the observed nucleoside and 
nucleobase transport activities of T. vaginalis trophozoites, each in-
dividual gene was to be expressed in a T. b. brucei strain, TbAT1- KO, 
in which we had successfully characterized nucleoside transporters 
from several other protozoan species including Trypanosoma cruzi 
(Campagnaro, de Freitas Nascimento, et al., 2018), Trypanosoma con-
golense (Munday et al., 2013), Leishmania spp (Alzahrani et al., 2017), 
and Toxoplasma gondii (Campagnaro et al., manuscript in preparation).

As T. b. brucei is able to synthesize its own pyrimidine nucleo-
tides (Ali, Tagoe, et al., 2013), bloodstream forms are known to 
have a very limited ability to take up any pyrimidines (Ali, Creek, 
et al., 2013; Ali, Tagoe, et al., 2013; Gudin et al., 2006) except ura-
cil, which is efficiently taken up by the U3 transporter (Ali, Tagoe, 
et al., 2013). However, the P1 transporter sub- family, consisting 
of at least eight distinct ENT- family genes (Al- Salabi et al., 2007; 
Campagnaro & De Koning, 2020; Sanchez et al., 2002), is also capa-
ble of some thymidine uptake (Ali, Creek, et al., 2013) with affinity of 
44 µM (De Koning & Jarvis, 1999), although P1- type transporters are 
principally high affinity, broad specificity purine nucleoside carriers 
(Campagnaro & De Koning, 2020; De Koning et al., 1998). For these 
reasons, the TbAT1- KO strain is particularly useful for the expres-
sion and characterization of transporters of uridine and, particularly, 
cytidine, which was fortuitous as these are high- affinity substrates 
of the main broad specificity nucleoside transporter(s) of T. vaginalis 
(Table 1).

The nucleotide sequences of the nine TvagENTs were codon- 
optimized for T. brucei codon usage bias using the Codon Adaptative 
Index described by Rashmi and Swati (2013). The thus optimized 
sequences were custom synthesized and cloned into the pHD1336 
expression vector (Biebinger et al., 1997; Munday et al., 2015) 
for expression in the T. b. brucei strain TbAT1- KO, from which the 
aminopurine transporter TbAT1 had been deleted by homologous 
recombination (Matovu et al., 2003). Plasmid DNA was then used 
to transfect bloodstream forms of T. b. brucei TbAT1- KO followed 
by selection on blasticidin, and cloned out by limiting dilution. The 

presence and integrity of the constructs were verified by Sanger 
sequencing. For each TvagENT, three clones were screened by 
qRT- PCR for expression. The highest- expressing clone was se-
lected for each gene of interest, to be used in nucleoside transport 
experiments.

All TvagENT- expressing T. b. brucei lines were tested for their 
ability to take up 0.5 µM [3H]- cytidine over 10 min. Figure 10a shows 
the uptake rates calculated from the linear regression lines. Although 
several TvagENTs exhibited significant cytidine uptake above con-
trol (ENT2 (p = .029), ENT5 (p = .0084), ENT6 (p = .0024), and ENT9 
(p = .015)), uptake by TvagENT3 was by far the highest. Uptake of cyt-
idine by TvagENT3 was linear (non- zero uptake p = .0009; r2 = 0.95; 
not significant non- linear, p = .70) (Figure 10b). It was inhibited com-
pletely by 400 µM of adenosine, uridine, or inosine (slope not signifi-
cantly non- zero, p > .2) but only incompletely by thymidine (62.6%, 
slope significantly different from zero, p = .0074) (Figure 10c). The 
cytidine Km,app for this transporter was determined at 10.2 ± 2.6 µM 
(n = 4, Figure 10d). The same graph also shows monophasic inhibition 
curves for inosine with Ki,app 3.3 ± 0.07 µM (Hill slope −1.08 ± 0.02, 
n = 3) and for guanosine with Ki,app 2.9 ± 0.14 µM (Hill slope 
−1.33 ± 0.09, n = 3), i.e. no discrimination between the two oxopu-
rine nucleosides (Figure 10d). The inhibition profile of TvagENT3 was 
consistent with it encoding the inosine- sensitive, broad selectivity 
transporter observed in T. vaginalis, with high affinity for adenos-
ine (Ki = 0.87 ± 0.15 µM, Hill slope −1.04 ± 0.07; n = 5), somewhat 
lower affinity for uridine (Ki = 11.3 ± 1.8 µM, Hill slope −0.98 ± 0.08; 
n = 4) (Figure 10e) and low affinity for thymidine (Ki = 286 ± 12 µM, 
Hill slope −1.17 ± 0.15; n = 4) (Figure 10f). We also tested 2’F,2’- 
deoxyadenosine on this transporter, as it is an extraordinarily potent 
inhibitor of P1- mediated adenosine transport in T. brucei blood-
stream forms (Ki = 63 ± 9 nM; Ranjbarian et al., 2017) and could 
be used to specifically inhibit this uptake if it displayed low affinity 
for TvagENT3. However, 2’F, 2’- deoxyadenosine also displayed high 
affinity for the T. vaginalis transporter (Ki = 1.11 ± 0.38 µM, Hill slope 
−0.97 ± 0.15; n = 4) (Figure 10f).

As expected, a screen using a low concentration of [3H]- thymidine 
was not particularly revealing, due to the relatively high background, 
although cells expressing TvagENT3 again displayed the highest rate, 
closely followed by those expressing TvagENT6 (p > .05; Figure 11a). 
Uptake of 0.25 µM [3H]- uridine suffered from similar issues but high-
lighted TvagENT6 as the most efficient uridine transporter (Figure 11b). 
The high background rate in control cells was caused by uridine uptake 
through a uracil transporter (Alzahrani et al., 2017). Thus, the addition 
of 250 µM of uracil to the assay buffer reduced background uridine up-
take by ~85% (Figure 11c) and allowed the determination of Km and Ki 
values (Figure 11d). The uridine Km,app for TvagENT6 was 169 ± 39 µM 
with a Vmax of 0.092 ± 0.021 pmol(107 cells)−1s−1 (n = 5). Ki,app values for 
adenosine and inosine were 47.2 ± 6.4 µM (n = 4) and 40.0 ± 9.5 µM 
(n = 5), respectively (Figure 11d). The transporter was not significantly 
inhibited by adenine up to 1 mM (n = 2). From this partial characteri-
zation, it appears that TvagENT6 encodes a transporter with moderate 
affinity for purine nucleosides, lower affinity for uridine, and probably 
some limited capacity for thymidine uptake.

TA B L E  2   ENT family genes in Trichomonas vaginalis

Name Accession code Size (bp/aa)
TM 
domains

TvagENT1 TVAG_166380 1,377/458 11

TvagENT2 TVAG_192810 1,011/336 9

TvagENT3 TVAG_271560 1,275/424 10

TvagENT4 TVAG_441760 1,203/400 10

TvagENT5 TVAG_483030 1,200/399 11

TvagENT6 TVAG_053320 1,266/421 10

TvagENT7 TVAG_101510 1,206/401 11

TvagENT8 TVAG_271570 1,287/428 10

TvagENT9 TVAG_341290 1,227/408 10
Source: Trich DB.org.

http://TrichDB.org
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3  | DISCUSSION

In this study, we have attempted to map out the nucleoside and 
nucleobase transport activities of T. vaginalis. The effort is com-
plicated as trophozoites express multiple such transporters, 
with overlapping substrate selectivities and a wide range of sub-
strate affinities. This makes it hard to characterize single carriers 
by kinetic analysis of whole- cell transport assays only. Yet, the 
whole- cell analysis helped to establish which purine and pyrimi-
dines are salvaged by the parasite and with what affinities and 
rates. The efficiency of uptake, defined as Vmax/Km, was high-
est for high- affinity adenosine transport, at 1.5, compared to 

0.10 for high- affinity guanosine uptake, making adenosine the 
preferred purine substrate. Uptake of adenine was relatively 
weak with low Vmax, with an efficiency of 0.22. For pyrimidines 
the highest affinity and efficiency was observed for uridine fol-
lowed by cytidine and then thymidine. Although uracil uptake is 
robust in kinetoplastid parasites (Alzahrani et al., 2017; De Koning 
& Jarvis, 1998; Papageorgiou et al., 2005) and Toxoplasma gondii 
(Natto and De Koning, unpublished), as well as other microbes 
including Saccharomyces cerevisiae, Aspergillus nidulans and E. coli 
(Campagnaro & De Koning, 2020; De Koning & Diallinas, 2000), 
uptake of uracil (efficiency 0.0061) and other pyrimidine nucle-
obases was marginal.

F I G U R E  7   Phylogenetic tree of human 
and protozoan ENT family genes including 
T. vaginalis. Multiple alignment (MUSCLE), 
phylogeny (PhyML) and tree rendering 
(TreeDyn) were performed using 
phylogeny.fr (http://www.phylo geny.fr/
index.cgi). Accession codes for all genes 
are listed in the Supporting Information. 
The Scale bar indicates the number of 
substitutions of a given site

http://www.phylogeny.fr/index.cgi
http://www.phylogeny.fr/index.cgi
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The observations of efficient uptake of purine nucleosides 
rather than nucleobases are largely consistent with observa-
tions and models from before the T. vaginalis genome was pub-
lished (Carlton et al., 2007). Hypoxanthine has been reported to 
not or barely be incorporated into the T. vaginalis nucleotide pool 
(Heyworth et al., 1982; Munagala & Wang, 2003) and indeed we 
found little or no uptake of this nucleobase. However, adenine 
and guanine could be salvaged and incorporated into nucleotides 
(Munagala & Wang, 2003). Miller and Lindstead (1983) reported 
that they were unable to detect any phosphoribosyltransferase ac-
tivity with any of the purine nucleobases, only with uracil, but the 
same authors did find that the purine nucleobases, including hy-
poxanthine and xanthine, could be converted by cell- free extracts 
of T. vaginalis to nucleosides using purine nucleoside phosphory-
lase (PNP). This enzyme has been isolated from extracts (Miller & 
Miller, 1985) and cloned (Munagala & Wang, 2002), and the struc-
ture has been elucidated (Rinaldo- Matthis et al., 2007). For the 
pyrimidine nucleobase, a uracil phosphoribosyltransferase activity 
was reported in T. vaginalis extracts by Miller and Lindstead (1983) 
but not by Wang and Cheng (1984), who attributed the incorpora-
tion of uracil to a uridine phosphorylase. We were unable to iden-
tify a candidate gene for uracil phosphoribosyltransferase in the T. 
vaginalis genome but did identify a candidate uridine phosphory-
lase (XP_001323814.1; TrichDB).

We observed very little overlap between nucleoside transport-
ers and nucleobase transporters in T. vaginalis, as is generally the case 
for protozoan purine transporters (Campagnaro & De Koning, 2020; 
De Koning et al., 2005), although there are some notable excep-
tions like the TbAT1 adenosine/adenine transporter of T. b. brucei 
(De Koning & Jarvis, 1999), the UUT1 uridine- uracil transporter of 
Leishmania major (Alzahrani et al., 2017) and the Plasmodium falci-
parum NT1 carrier that transports both hypoxanthine and adenos-
ine (Quashie et al., 2008). The strict separation of nucleoside and 
nucleobase transport activities in T. vaginalis appears to fit well with 
the organism's overall preference for nucleosides over nucleobases. 
Indeed, it is possible that the nucleobase carriers have more of a 
sensory/regulatory role than one of providing significant amounts 
of nutrients, judging by their very low Vmax and/or efficiency, and 

the observation that the presence of hypoxanthine influenced the 
expression of some of the TvagENTs, especially TvagENT1.

The most active nucleoside transporter in T. vaginalis tropho-
zoites appears to most efficiently transport adenosine, in keeping 
with adenosine in the form of ATP being most likely the most abun-
dant purine available to it for salvage and T. vaginalis expressing a 
number of apyrases and ecto- phosphohydrolases to convert ex-
tracellular nucleotides to the corresponding nucleosides (de Aguiar 
Matos et al., 2001; de Jesus et al., 2006). The same transporter also 
displayed high affinity for uridine, guanosine and cytidine (Table 1). 
Our analysis strongly suggests there are at least two such transport-
ers expressed in trophozoites, one with high affinity for inosine, here 
provisionally designated NT- a until the gene ID is definitively known, 
and one with low affinity, NT- b. In addition, we found a lower affinity 
adenosine >cytidine > uridine >thymidine transporter (NT- c), and a 
thymidine transporter with similar affinity for uridine and moderate 
affinity for adenosine and guanosine (NT- d). Together, our analysis 
suggests a minimum of 4 nucleoside transporters and up to three 
nucleobase transporters in T. vaginalis (NT- e for adenine, NT- f for 
uracil, NT- g for guanine) (Figure 12). However, the characterization 
of guanine transport has been incomplete, without Km or inhibition 
profile and we cannot exclude the possibility that it overlaps with the 
NT- e adenine transporter activity or one of the nucleoside transport 
activities.

The low- affinity [3H]- inosine transport is most likely mediated 
by the NT- b activity as the Ki values for adenosine, guanosine, and 
uridine are all very close to those obtained with [3H]- adenosine. 
Similarly, high affinity uptake of uridine and cytidine appears to be 
mediated jointly by NT- a and NT- b. The low affinity [3H]- thymidine 
uptake could well be mediated by NT- c, considering the adenosine 
Ki value is highly similar to the Km for NT- c and the NT- c Ki for thymi-
dine is similar to the Km for low affinity thymidine uptake.

Although our comprehensive transporter characterizations give 
a well- supported view of nucleoside and nucleobase uptake in T. 
vaginalis, the data cannot resolve how many and which ENT- family 
(or other gene family) genes are involved in the various transport 
processes. As a complement to the functional transport studies in 
trophozoites, we therefore identified the TvagENT genes from the 

TA B L E  3   Percent amino acid identity among T. vaginalis ENT proteins

TvagENT1 TvagENT2 TvagENT3 TvagENT4 TvagENT5 TvagENT6 TvagENT7 TvagENT8 TvagENT9

TvagENT1 100 42.2 39.6 28.4 26.8 49.9 24.2 41.2 22.2

TvagENT2 42.2 100 83.2 22.4 26.6 56.6 29.2 86.4 24.8

TvagENT3 39.6 83.2 100 24.0 25.9 54.3 28.4 77.7 25.1

TvagENT4 28.4 22.4 24.0 100 53.7 25.2 38.6 23.5 42.0

TvagENT5 26.8 26.6 25.9 53.7 100 26.7 44.8 26.8 42.6

TvagENT6 49.9 56.6 54.3 25.2 26.3 100 26.2 52.2 24.7

TvagENT7 24.2 29.2 28.4 38.6 44.8 26.2 100 26.7 72.8

TvagENT8 41.2 86.4 77.7 23.5 26.8 52.2 26.7 100 23.9

TvagENT9 22.2 24.8 25.1 42.0 42.6 24.7 72.8 23.9 100

Note: https://blast.ncbi.nlm.nih.gov/Blast.cgi.

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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TrichDB database, had them synthesized in the Trypanosoma brucei 
codon preference and introduced them individually in the TbAT1- KO 
strain of T. b. brucei. The new strains were screened for the trans-
port of pyrimidine nucleosides and uptake of cytidine was the most 
effective tool, identifying TvagENT3 as the carrier that mediated 
its uptake most strongly, at conditions designed to identify the 
high- affinity flux. The inhibition profile aligned quite closely to that 
of NT- a, with high affinity for inosine, adenosine, guanosine, and 
uridine but not thymidine or nucleobases. TvagENT3 is function-
ally related to the broad specificity T. brucei P1- type transporters 

(De Koning & Jarvis, 1999), although the relatively high affinity for 
cytidine may be unique amongst protozoan transporters character-
ized to date, and like P1, its broad specificity/high affinity should 
be valuable in targeting cytotoxic nucleoside analogues to the T. 
vaginalis interior (Geiser et al., 2005; Hulpia et al., 2019; Ranjbarian 
et al., 2017). Indeed, we have very recently reported the identifi-
cation of a series of strongly antitrichomonal nucleoside analogues 
(Natto et al., 2021) and other nucleoside analogues with activity 
against this parasite have been reported (Munagala & Wang, 2003; 
Shokar et al., 2012).

F I G U R E  8   Expression patterns of 
ENT genes in diverse T. vaginalis strains. 
RNA was extracted from the indicated 
T. vaginalis strains, three of which are 
sensitive to metronidazole (MzS) and the 
other resistant to metronidazole (MzR), 
grown at log phase. Expression levels of 
the indicated TvagENTs were analyzed 
by quantitative PCR Raw Ct values were 
standardized by GAPDH, and all values 
are expressed relative to Tv ENT5. 
Bars represent means and SEM of 3– 4 
independent experiments
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After TvagENT3, TvagENT6 displayed the most significant cyti-
dine uptake as well as the most robust uridine uptake, and we used 
uptake of [3H]- uridine in the presence of 250 µM uracil for a partial 
characterization of this carrier. In this case, the characterization indi-
cated alignment with the NT- c activity observed in trophozoites, as 
the affinities for adenosine and uridine, in particular, are very similar. 
Definitive assignment any gene ID to a specific transport activity in T. 
vaginalis trophozoites, however, will require further studies, such as 
gene deletions or the identification of sufficiently specific inhibitors.

In this work, we present a model of multiple high-  and low- affinity, 
broad specificity nucleobase transporters and separate nucleobase 
transporters in T. vaginalis. Only a single study of purine or pyrimi-
dine transport in this species has previously been reported (Harris 
et al., 1988). That study did not address nucleobase uptake but did 
describe the expression of at least two high affinity, broad speci-
ficity nucleoside transporters with overlapping substrate specificity. 
Indeed, their Km values for adenosine (3.9 µM), guanosine (13.9 µM), 
and uridine (2.5 µM) are remarkably similar to those we report here 
for the NT- a activity (6.2, 12.2, and 3.7 µM, respectively using [3H]- 
adenosine as substrate). In addition, we identified three additional 
nucleoside transport activities and three nucleobase transport ac-
tivities in trophozoites and identified the genes encoding two of the 
main nucleoside transporters through heterologous expression. This 
study thus presents the most complete model yet of nucleoside/nu-
cleobase transport in a trichomonad, or indeed any protozoan that is 
auxotrophic for both purines and pyrimidines. We find that the main 
transporters of T. vaginalis are able to take up purine nucleosides and 

pyrimidine nucleosides with similar affinity. In keeping with most 
protozoa no pyrimidine- specific nucleoside transporters were iden-
tified (the sole documented exception is the T. cruzi NT2 transporter 
(Campagnaro, de Freitas Nascimento, et al., 2018)), although NT- d 
did display higher affinity for uridine and thymidine than for adenos-
ine and guanosine. Mixed purine- pyrimidine nucleoside transport-
ers have been described in Leishmania (Vasudevan et al., 1998) and 
Toxoplasma gondii (De Koning et al., 2003), whereas purine- specific 
nucleoside transporters are the norm in T. brucei (De Koning & 
Jarvis, 1997, 1999) and Plasmodium falciparum (Quashie et al., 2008). 
A uracil transporter, NT- f, was also identified and uracil- specific 
transporters were previously reported in L. major (Papageorgiou 
et al., 2005) and T. brucei (De Koning & Jarvis, 1998). The one new 
feature of the T. vaginalis transporters, relative to those of other pro-
tozoa, is the high affinity for cytidine by NT- a and NT- b.

The characterization of the T. vaginalis purine and pyrimidine 
transporters provides a critical foundation for the design of novel 
trichomonacidal agents that target the nucleoside metabolism in the 
parasite.

4  | E XPERIMENTAL PROCEDURES

4.1 | Parasite strains and cell cultures

The following T. vaginalis strains were used: Metronidazole- 
sensitive G3 (ATCC PRA- 98), F1623 (Brown et al., 1999), and 

F I G U R E  9   Impact of culture conditions 
on T. vaginalis ENT expression patterns. 
(a) T. vaginalis G3 trophozoites were 
incubated with or without (control) the 
indicated nucleosides (100 µM) overnight. 
RNA was extracted and analyzed by 
quantitative PCR for ENT expression. 
(b) T. vaginalis G3 were incubated with 
(experimental) or without (control) HeLa 
cells in 6 well plates with 25% TYM and 
75% DMEM for 6 hr. RNA was extracted 
and analyzed by qPCR. Ct values were 
standardized by GAPDH and expression 
levels were normalized to controls. 
Bars represent the means and SEM of 
3– 4 independent experiments; *p < .05 
versus control condition by ANOVA and 
Dunnett's post- hoc
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S1469 R88 (kindly provided by Dr. Evan Secor, US Centers for 
Disease Control and Prevention); metronidazole- resistant B7268 
(Bradic et al., 2017), LA1 (Goldman et al., 2009) and R88 (kindly 
provided by Dr. Secor). Trophozoites were grown in vitro, as de-
scribed, at 37°C in modified Diamond's media (MDM) with 10% 
heat- inactivated horse serum (HIHS; Gibco Life Technologies), 
with the pH adjusted to 6.3 − 6.4 (Natto et al., 2015). The MDM 
composition was 20 g/L trypticase peptone (BD Biosciences, 

Sparks, USA), 10 g/L yeast extract (Formedium Ltd., UK), 5 g/L 
maltose monohydrate (Sigma, U.K.), 1 g/L L- ascorbic acid (Sigma), 
1 g/L KCl, 1 g/L KHCO3, 1 g/L KH2PO4, 0.5 g/L K2HPO4, and 
0.1 g/L FeSO4.2H2O (Natto et al., 2012). Culture flasks were com-
pletely filled and tightly capped to maintain anaerobic conditions. 
Cell density was determined using a haemocytometer (Camlab, 
Cambridge, U.K.) and phase- contrast microscopy at 40× magnifi-
cation, or a Beckman Coulter Z2 particle counter.

F I G U R E  1 0   Cytidine uptake in T. brucei expressing TvagENT3. (a) Uptake of 0.5 µM [3H]- cytidine by T. brucei TbAT1- KO cells expressing 
one of the indicated TvagENT genes, as calculated from linear regression of uptake over 600 s with time points at 0, 180, 360 and 600 s. 
Bars represent average and SEM of the calculated slope. (b) Uptake of 0.5 µM [3H]- cytidine by T. brucei TbAT1- KO cells expressing TvagENT3 
over 600 s (r2 0.982, significantly non- zero p = .0001, not significantly non- linear p = .40). Control cells were T. brucei TbAT1- KO transfected 
with the empty vector r2 0.83, significantly non- zero p = .012, not significantly non- linear p = .90. [3H]- Cytidine uptake by either strain 
was strongly inhibited by the addition of 1 mM unlabeled cytidine (+Ctd). (c) Transport of 0.5 µM [3H]- cytidine by T. brucei TbAT1- KO 
cells expressing TvagENT3. Control cells were T. brucei TbAT1- KO transfected with the empty vector. Transport of the uninhibited uptake 
(closed red triangles; r2 = 0.968, significantly different from zero p = .0004) was partly inhibited by 400 µM thymidine (62.6%, significantly 
different from zero p = .0074) and completely inhibited by uridine, adenosine and inosine (not significantly different from zero, p > .15). (d) 
Inhibition by cytidine, inosine and guanosine (Hill slopes −0.99, −1.07 and −1.15, respectively) of transport of 0.5 µM [3H]- cytidine over ** s. 
Inset: conversion of the cytidine inhibition data to a Michaelis- Menten saturation plot with Km 10.9 µM and Vmax 0.042 pmol(107 cells)−1s−1, 
r2 = 0.998. (e) Inhibition by adenosine and uridine (Hill slopes −1.1 and −0.93, respectively). (f) Inhibition by thymidine and 2’F- adenosine, 
with Hill slopes of −1.1 and- 0.92, respectively

(d)

µµ
µ
µ

(c)

(a) (b)

(e) (f)
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Bloodstream T. brucei of strain TbAT1- KO, which lacks the 
P2/TbAT1 aminopurine transporter and the HAPT pentamidine 
transporter (Matovu et al., 2003), were grown in complete HMI- 11 
medium (Hirumi & Hirumi, 1989) complemented with 10% Fetal 
Bovine Serum at 37°C and 5% CO2, exactly as described (Gudin 
et al., 2006).

Human cervix epithelial HeLa (ATCC CCL- 2) cells were grown in 
DMEM medium containing 10% FBS and 5% CO2. For co- culture of 
T. vaginalis with HeLa cells, subconfluent HeLa monolayers were ex-
posed to doses of 106 G3 trophozoites at a 1:1 ratio in 75% DMEM 
and 25% MDM under 5% CO2 atmosphere at 37°C for 6 hr. Total 
cellular RNA (attached trophozoites and HeLa cell) was harvested 
from the co- cultures for subsequent analysis. HeLa cells alone and 
trophozoites alone were used as controls.

4.2 | Transport assays

Transport assays with T. vaginalis trophozoites and T. brucei 
bloodstream forms were performed identically and essentially 
as described previously for T. brucei (Wallace et al., 2002) and 

Leishmania promastigotes (Alzahrani et al., 2017). Briefly, cells 
of either species were grown in larger culture flasks (75 cm2 U- 
shaped Canted Neck Culture Flask with Vent Cap (Corning) for 
T. brucei, 25 ml glass Universals, completely filled with medium 
for T. vaginalis), harvested and washed twice by centrifugation 
(10 min, 1,000 × g, room temperature) into an assay buffer (AB 
(Campagnaro, Alzahrani, et al., 2018)) and resuspended at 108 
cells/mL. Aliquots of 100 µl (i.e. 107 cells) were incubated for pre-
determined times with 100 µl of a solution containing [3H]- labeled 
nucleoside or nucleobase plus a competitive inhibitor, depending 
on the experiment, each at 2× the final concentration, on top of an 
oil layer (7:1 v/v mix of di- n- butylphthalate (DBH) and light mineral 
oil (Sigma)) in a microfuge tube. To stop the uptake of radiolabel, 
1 ml of an ice- cold solution of unlabeled permeant, usually at 1 mM 
or 2.5 mM, was added, followed by immediate centrifugation of 
the cells through the oil layer (90 s, 13,000 × g). The tubes were 
flash- frozen in liquid nitrogen and the tips of the tubes, containing 
the cell pellet cut off into scintillation tubes. Cell were lysed with 
2% SDS for at least 1 hr under agitation on a rocking platform, and 
after scintillation fluid (Scintlogic U, Lablogic) was added, the vials 
were shaken and left to stand overnight in the dark. Radioactivity 

F I G U R E  11   Uptake of thymidine and uridine in T. brucei expressing TvagENTs. (a) Uptake rates of 0.25 µM [3H]- thymidine, determined 
by linear regression of a time course over 300 s, for all nine TvagENTs. Bars show average and SEM of the slope. The dashed line indicates 
the level of uptake in control cells with empty vector pHD1336. (b) Uptake rates of 0.25 µM [3H]- uridine; linear regression of a time course 
over 600 s, for all nine TvagENTs (measured at 0, 2, 4, 6, 8 and 10 min). (c) Separate time course of 0.25 µM [3H]- uridine uptake by three 
cell lines, highlighting the high background uptake in the control (empty vector) cells. This was reduced by 84.7% in the presence of 250 µM 
uracil (p < .0001). Uptake by cells expressing TvagENT3 and TvagENT6 was significantly higher than empty vector control (p = .0332 and 
p < .0001, respectively). (d) Dose- response curves for inhibition of uptake of 0.5 µM [3H]- uridine over 240 s, by adenosine (r2 = 0.972) and 
uridine (r2 = 0.972). Inset: conversion of the uridine inhibition data to a Michaelis- Menten saturation curve, showing Km,app = 125.4 µM for 
this experiment
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was determined using a Hidex 300SL scintillation counter and 
background radiation (from vials to which no radiolabel was 
added) was subtracted. Radiolabel associated with the cell pellet 
but not internalized was also subtracted, and defined as radioac-
tivity in the pellet after incubation of the same number of cells in 
the presence of saturating levels of non- radiolabeled permeant. 
All assay points were determined in triplicate in each experiment. 
Results were plotted and analyzed with GraphPad Prism (versions 
8 and 9), using the inbuilt statistics packages to determine line-
arity, difference between two lines, goodness of fit, and signifi-
cances from zero slope etc. Time courses were commonly plotted 
by linear regression and inhibition experiments used incubation 
times well within the linear phase of uptake. Dose- response inhibi-
tion experiments for the determination of 50% inhibition concen-
trations (IC50) were plotted to a 4- parameter sigmoid curve with 
variable slope and Km values through a Michaelis- Menten satura-
tion plot (V0 = Vmax × [S]/(Km + [S]) in which [S] is the substrate 
concentration) or double reciprocal Lineweaver- Burk plot. Plots 
typically contained 6– 8 points over the relevant range plus a zero- 
inhibitor control, all in triplicate. Ki values were calculated from 
IC50s using the Cheng- Prusoff equation Ki = IC50/[1 + ([S] + Km) 
(Cheng & Prusoff, 1973). In all cases, care was taken to use a very 
low permeant concentration so as to obtain the most accurate Km 
and Ki values and Hill slopes, and avoid saturation of very high- 
affinity transporters. This has the added benefit of extending the 
linear range of uptake as the low rate of permeant entry at those 
concentrations will not easily saturate the downstream metabolic 
reactions. The following radiolabels were used: [5- 3H]- cytidine 

from American Radiolabeled Chemicals (ARC), 20 Ci/mmol; [3H]- 
uridine from ARC, 60 Ci/mmol; [methyl- 3H]- thymidine from ARC, 
71.7 Ci/mmol; [3H]- adenosine from Amersham, 27.0 Ci/mmol); 
[3H]- inosine from Moravek, 7.9 Ci/mmol; [3H]- guanosine from 
Moravek, 12.9 Ci/mmol; [3H]guanine from Moravek, 8.4 Ci/mmol; 
[3H]- adenine from Moravek, 27 Ci/mmol; [3H]- hypoxanthine from 
Amersham, 19 Ci/mmol; [3H]- uracil from Perkin- Elmer 30.3 Ci/
mmol; [3H]- cytosine from Moravek, 25.6 Ci/mmol; [3H]- thymine 
from Moravek, 56.3 Ci/mmol.

4.3 | RNA extraction and real- time RT- PCR of 
T. vaginalis

Total cellular RNA was extracted from lysates made with TRIzol 
(Invitrogen, 1 ml per 107 cells or confluent 10 cm2 flask) and puri-
fied with DirectZol kit (Zymo) according to the manufacturer's 
protocol. RNA was quantified by absorbance at 260 nm. RNA was 
reverse- transcribed into cDNA using the High Capacity cDNA 
Reverse Transcription kit (Applied Biosystems), and qRT- PCR anal-
ysis was done with PerfeCTa SYBR Green FastMix (Quantabio) in 
a Step- one real- time PCR machine (Applied Biosystems) using the 
primer pairs listed in Supplement table. Relative changes in tar-
get mRNA levels were calculated by the 2ΔΔCt method (Dann 
et al., 2015), with GAPDH mRNA as the reference standard 
and normalized to ENT5 mRNA levels. Primers for GAPDH: for-
ward 5′- GCCGCAAGCTCTATCCAAAG- 3’; reverse primer 5′- CG 
GCCACCGATTGACTTAAC- 3’.

F I G U R E  1 2   Diagram of nucleoside (red boxes and arrows) and nucleobase (orange boxes and arrows) transporters in Trichomonas 
vaginalis. HA, high affinity; LA, (relatively) low affinity. Substrates indicated in brackets are of substantial lower affinity than those 
without brackets. Arrows indicate bi- directional traffic (equilibrative) but it is not yet known whether (some of) the transporters are active 
transporters, which would imply mono- directionality. The guanine uptake may be mediated by a separate transporter, which would be 
designated NT- g. However, at this juncture the possibility that the guanine uptake is mediated by one of the other transporters rather than a 
separate gene product cannot be excluded
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4.4 | Expression of TvagENTs in T. brucei

The full- length coding sequences of 9 TvagENT genes (Table 2) were 
retrieved from TrichDB.org by BLASTP and keyword searches. The nu-
cleotide sequences were optimized for expression in T. brucei using a 
codon optimization algorithm at https://www.idtdna.com/CodonOpt 
(Rashmi & Swati, 2013). The thus optimized sequences were synthe-
sized by BaseClear BV, except for TvagENT8, which was synthesized 
by Genewiz and all delivered in the vector pUC57- Amp. Each gene was 
amplified by PCR using primers that introduced 5’- HindIII and 3’- BamH1 
restriction sites (Table S2); the same enzymes were used to digest 
pHD1336 (Biebinger et al., 1997) and the PCR products were ligated in 
using T4 DNA ligase (NEB). The constructs were used to transform E. coli 
XL1- blue competent cells (Agilent), which were then grown on ampicil-
lin agar plates. Colonies were screened by PCR using the vector specific 
primer HDK528 (CTCTAGAGGATCCTATGCGTGACTGAGTGAGCC) 
and the relevant reverse primer for the inserted gene (Table S2) and, 
if yielding the correct size of amplicon, further verified by Sanger se-
quencing (Source BioScience, Nottingham, UK). Plasmid DNA from 
selected colonies was linearized by digestion with NotI before transfec-
tion into T. brucei strain TbAT1- KO (Matovu et al., 2003) using an Amaxa 
Nucleofector, program X- 001 (Burkard et al., 2007). Transfectants were 
grown and cloned out, by limiting dilution, in complete HMI- 11/FBS 
media containing 5 µg/ml blasticidin S. Correct integration of the ex-
pression cassettes was analyzed by PCR.

4.5 | qRT- PCR of TvagENTs expressed in T. brucei

Cells were harvested from 11 ml flasks, each containing ~3 × 106 cells/
ml for one clonal line expressing a TvagENT in T. brucei TbAT1- KO, 
by centrifugation at 2,000 RPM for 10 min. The supernatant was 
discarded and RNA was isolated using the NucleoSpin® RNA isola-
tion kit in accordance with the manufacturer's instructions. RNA was 
eluted off the column with 15 µl RNAase- free water and the concen-
tration determined using a Nanodrop spectrophotometer.

cDNA was produced using the Precision nanoScript2 Reverse 
Transcription kit (Primer Design). Primers were annealed to 9 μl of 
RNA sample using 0.5 μl oligo- dT primers and 0.5 μl Random nona-
mer primers for 5 min at 65°C and subsequently cooled on ice for 
5 min. The extension master mix consisted of 5 μl nanoScript2 4x 
buffer, 1 μl 10 mM dNTP, 2.5 μl RNAse free water, and 1 μl nano-
Script2 enzyme. This was added to 10 µl RNA in water, briefly vor-
texed, vortexed and incubated at room temperature for 5 min before 
extending at 42°C and a heat denaturation step at 75°C for 10 min.

qPCR primers (Table S1) were designed using Primer Express 
3000 software, selecting for primers with >50% GC content and the 
forward and reverse being of similar length. Primers were diluted 
in RNAse free water to 100 µM stock concentration and stored at 
−20°C. The forward and reverse primers were then combined at a 
concentration of 3 μM each. 15 μl of master mix, consisting of 10 μl 
PrecisionPLUS, 1 μl primer mix and 4 μl RNase free water, was added 
to wells in a 96- well plate. cDNA was diluted to 4 ng/μl using RNAse 

free water and 5 μl of cDNA from each clone was added to the mas-
ter mix. Plates were designed to have three repeats for the TvagENT 
and the GPI8 control gene, and four repeats for the empty vector 
control as well as four no cDNA controls for both the TvagENT and 
the GPI8 primers. The qPCR was run on a 7500 Real Time PCR sys-
tem for 40 cycles in accordance with the PrecisionFAST Mastermix 
protocol and analyzed using SDS software.

4.6 | Data analysis

All values for IC50, Km and Vmax are presented as means ± SEM of at 
least three independent determinations in triplicate but individual 
plots shown as Figures are always single experiments with data 
points being the means ± SEM of the triplicates. Hill slopes were cal-
culated by plotting dose- response inhibition data to an equation for 
a sigmoid plot with variable slope (4 parameter) in GraphPad Prism. 
Rates of transport in timecourses were calculated by linear regres-
sion in Prism and the in- build statistical analysis were used to de-
termine deviation from linearity, significance of deviation from zero 
slope (flat line), and significance of difference in slope between two 
lines within the same experiment.

For mRNA measurements, experiments were repeated at least 
three times, fold changes were expressed as mean and SEM of log10- 
transformed expression values. Significance was evaluated by ANOVA 
with Dunnett's post- hoc test using Prism (Graphpad software).
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