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A B S T R A C T

Recombinant expression systems for mammalian membrane transport proteins are often limited by insufficient
yields to support structural studies, inadequate post-translational processing and problems related with improper
membrane targeting or cytotoxicity. Use of alternative expression systems and optimization of expression/
purification protocols are constantly needed. In this work, we explore the applicability of the laboratory strain
LEXSY of the ancient eukaryotic microorganism Leishmania tarentolae as a new expression system for mammalian
nucleobase permeases of the NAT/NCS2 (Nucleobase-Ascorbate Transporter/Nucleobase-Cation Symporter-2)
family. We achieved the heterologous expression of the purine-pyrimidine permease rSNBT1 from Rattus nor-
vegicus (tagged at C-terminus with a red fluorescent protein), as confirmed by confocal microscopy and bio-
chemical analysis of the subcellular fractions enriched in membrane proteins. The cDNA of rSNBT1 has been
subcloned in a pLEXSY-sat-mrfp1vector and used to generate transgenic L. tarentolae-rsnbt1-mrfp1 strains car-
rying the pLEXSY-sat-rsnbt1-mrfp1 plasmid either episomally or integrated in the chromosomal DNA. The chi-
meric transporter rSNBT1-mRFP1 is targeted to the ER and the plasma membrane of the L. tarentolae promas-
tigotes. The transgenic strains are capable of transporting nucleobases that are substrates of rSNBT1 but also of
the endogenous L. tarentolae nucleoside/nucleobase transporters. A dipyridamole-resistant Na+-dependent
fraction of uptake is attributed to the exogenously expressed rSNBT1.

1. Introduction

Membrane transport proteins represent about 5% of the total
number of protein-coding genes in mammalian genomes and are es-
sential in various aspects of human physiology and drug development.
Despite their importance, membrane transporters and, in particular,
solute carriers (facilitative and secondary active transporters) remain
relatively understudied to date [1]. Among other technical challenges,
one major bottleneck is the production of sufficient amounts of cor-
rectly folded and properly targeted recombinant proteins for sub-
sequent structural-functional studies. As with mammalian membrane

proteins in general, several cell host systems have been used to this end,
including yeasts, the baculovirus-insect cell system and mammalian cell
lines [2,3]. The applicability of these hosts may be subject to various
limitations depending on the system [1] and unicellular hosts that are
freed from disadvantages of low yield, slow growth and/or high cost of
complex media often display problems in providing the proper mem-
brane environment or effecting post-translational modifications for
correct membrane insertion, folding and function of the heterologously
expressed protein. In the present work, we explore an alternative uni-
cellular host, the protozoan Leishmania tarentolae [4], as an expression
system for mammalian membrane transporters.
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Leishmania tarentolae (L. tarentolae) is an ancient eukaryotic or-
ganism belonging to the Leishmania subgenus Sauroleishmania origin-
ally isolated from the gecko Tarentola mauritanica [5]. Although most
species of the genus Leishmania are pathogenic to mammals, Saur-
oleishmania represents a lineage that switched from mammals to reptiles
as their main hosts [6]. L. tarentolae lacks genes associated to the in-
tracellular stage of human pathogenic species [7] and is known to
parasitize only reptiles.

The laboratory strain L. tarentolae LEXSY, which is cultured in
biosafety S1 conditions, has been used as an expression system for re-
combinant eukaryotic proteins because it offers a number of advantages
over other unicellular hosts [4,8,9]. It has simple nutritional require-
ments in cell culture, it can be grown in large-volume cultures with a
cell cycle of 6–10 h, the generation of transgenic promastigotes (the
flagellated, extracellular form of Leishmania) is simple and easy with a
stable cell line generated in 14–30 days and it can be grown in af-
fordable nutrients like yeast extract to a very dense culture of up to
1× 109 cells per mL. Importantly, the L. tarentolae LEXSY post-trans-
lational machinery is equipped with enzymes that carry out the N-
glycosylation pattern of mammalian proteins with double antenna
glycans, a property that is absent in yeast or insect hosts [9–11]. It also
displays physical auxotrophy to several amino acids, a property that
facilitates isotopic labeling of recombinant proteins for structural ana-
lysis [12,13]. L. tarentolae LEXSY had not been used for expression of
eukaryotic membrane proteins until recently [14–16] and has not been
applied to date for expression of mammalian secondary active trans-
porters.

Herein, we explore L. tarentolae LEXSY as a recombinant expression
host for the Na+-nucleobase transporter rSNBT1 from Rattus norvegicus
[17], a paradigm for mammalian permeases of the evolutionarily ubi-
quitous family NAT/NCS2 (Nucleobase-Ascorbate Transporter/Nu-
cleobase-Cation Symporter-2) (Supplemental Fig. S1). This protein fa-
mily belongs to the APC superfamily of secondary active transporters
[18,19] and represents a distinct, recently described structural/me-
chanistic pattern that is shared by another two APC families [20–27]. It
includes ion-gradient driven transporters of key metabolites or anti-
metabolite analogs with diverse substrate profiles, ranging from
purine/pyrimidine permeases in bacteria, fungi, plants and metazoa to
ascorbate (vitamin C) permeases in human and other mammals
[28–36].

The mammalian NAT/NCS2 permeases constitute solute carrier fa-
mily SLC23. Functionally known members include the human, rat and
murine Na+-ascorbate symporters SVCT1 and SVCT2 and the rat Na+-
uracil/purine symporter rSNBT1. There are no structural studies
available for these homologs and studies on the functional role of key
amino acid residues are limited for SVCT1/2 [29,37,38] and lacking for
rSNBT1. The rat intestinal rSNBT1 is the first mammalian (or metazoan)
permease to be recognized to transport nucleobases as major substrates,
whereas its putative human ortholog (slc23a4) has been evolutionarily
inactivated and remains as a pseudogene [17]. Despite the difference in
substrates, rSNBT1 is closely related in sequence (> 50% identity,>
70% similarity) with SVCT1/2. Interestingly, previous work using
mammalian cell cultures has identified that N-glycosylation is required
for membrane targeting and functionality of hSVCT1 or hSVCT2
[39,40].

We now use the L. tarentolae LEXSY system for expression of the
rSNBT1 in recombinant form and demonstrate that recombinant
rSNBT1 is targeted to the ER and the plasma membrane of L. tarentolae
promastigotes.

2. Materials and methods

2.1. Reagents, radiochemicals and antibodies

All chemicals used were of analytical grade and obtained from
commercial sources, unless otherwise stated. The cDNA of rSNBT1

(cloned in the pCI-neo mammalian expression vector) was a generous
gift of Dr. Hiroaki Yuasa, Nagoya City University, Japan. Enzymes and
DNA molecular mass standards were purchased from Roche (New
England Biolabs) and KAPA Biosystems. Protein molecular mass stan-
dards were purchased from Amersham Biosciences. The anti-α-Tubulin
(T5168) mouse monoclonal antibody (mAb) was from Sigma. The BiP/
GRP78 rabbit polyclonal antibody (pAb) specific for Trypanosomatid
parasites was a kind gift of Dr. J. D. Bangs, University at Buffalo
(SUNY). The anti-mRFP antibody was prepared as described previously
[41]. Fluorochrome-conjugated secondary antibodies (Alexa Fluor® 546
and Alexa Fluor® 488 conjugated to anti-rabbit or anti-mouse Abs) were
from Molecular Probes. The radiolabeled nucleobases used in the
transport assays, namely [5,6-3H]-uracil (40 Ci mmol−1), [8-3H]-xan-
thine (22.8 Ci mmol−1), [2,8-3H]-hypoxanthine (27.7 Ci mmol−1) and
[2-14C]-thymine (57mCimmol−1), were obtained from Moravek Bio-
chemicals (Brea, CA). Non-radiolabeled nucleobases or analogs were
from Sigma-Aldrich (St. Louis, MO).

2.2. Cell culture

Leishmania tarentolae promastigotes (LEXSY strain, Jena Bioscience)
were cultured at 25οC, in Brain Heart Infusion (LEXSY Broth BHI)
medium supplemented with Hemin (Βovine Hemin Chloride, Sigma) at
a final concentration of 0.25% (w/v), 10 μML-biopterin (Cayman), 1
unit/ml penicillin (Sigma) and 0.1 mg/ml streptomycin.

2.3. Plasmid construction

The cDNA of rsnbt1 from Rattus norvegicus (AB511909.1, translated
sequence: GenBank: BAI66650.1) was transferred to the pLEXSY-sat-
mrfp1plasmid [41] by PCR and restriction fragment insertion. The
rsnbt1 cDNA was amplified from pCI-neo-rsnbt1 [17] using the primers
5′-GCTAGCAGATCTCCATGAACTCTGCAGTCTGC-3′ and 5′-CGCAGCA
GATCTCATCTTGGTCTCTGTAACACTCC-3′, engineered to contain a
BglII recognition site (underlined) for insertion into the BglII site of
pLEXSY-sat-mrfp1. To ensure the correct orientation and in-frame in-
sertion of the PCR product (rsnbt1 cDNA), the ligation products were
used to transform Escherichia coli Top10F΄ (Invitrogen), recombinant
clones were selected on Luria-Bertani (LB) agar containing ampicillin
(0.1 mg/mL), plasmid DNA from the resulting clones were screened for
presence of the correct-size insert with restriction analysis and finally,
two of the insert-positive clones were verified by double-strand DNA
sequencing through the ligation junctions (Eurofins Genomics GmbH).
Both clones had the rsnbt1 cDNA insert at the correct orientation and
frame.

2.4. Generation of L. tarentolae transgenic promastigotes

For episomal expression, L. tarentolae parasites were transfected
with pLEXSY-sat-rsnbt1-mrfp1plasmid by electroporation. For integra-
tion of the rsnbt1-mrfp1 gene into the L. tarentolae chromosomal DNA
(ssu locus of the small ribosomal subunit), the pLEXSY-sat-rsnbt1-mrfp1
plasmid was digested with SwaI, a ~7200 bp restriction fragment
containing the transgene and the sat marker for antibiotic resistance
was purified from agarose gel and was used to transfect L.tarentolae
promastigotes at the logarithmic phase of growth by electroporation,
according to a previously described protocol [41].

Selection of the transgenic population was performed by culturing
the electroporated parasites at 25 °C in BHI medium containing the
antibiotic nourseothricin (Jena Bioscience). Nourseothricin was added
initially at a concentration of 10 μg/ml 24 h after electroporation and
then, sequentially, at two-fold higher concentration every 3–4 days in
culture, up to a final concentration of 100 μg/mL. Selection of the re-
combinant LEXSY clones on the basis of nourseothricin resistance was
allowed by the sat marker gene (encoding streptothricin acetyl-
transferase) [4].
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2.5. Detergent-based fractionation

Digitonin (Sigma) fractionation of L. tarentolae-rsbt1-mrfp1
(~2×109 cells, enumerated by the use of a Mallassez cytometer or by
measuring turbidity of the cell suspension at OD600nm) was performed
as described previously for other Leishmania species, according to an
established protocol [41,42]. Briefly, cells were treated initially with
20 μM digitonin and the soluble product (supernatant) was recovered
after centrifugation at 18,000g for 5min (fraction F1). The pellet was
further treated with 200 μM digitonin and the new supernatant was
recovered as fraction F2 while the pellet was treated with 1mM digi-
tonin. The supernatant from the third step, (fraction F3) was recovered
and the pellet was treated with 10mM digitonin to give a soluble
product (fraction F4) and a pellet (fraction F5) collected after cen-
trifugation in the fourth step. Fraction 5 was further solubilized with
2% (v/v) Triton X-100 (1 h, 4 °C) and the soluble (F5 S) and insoluble
(F5 P) fractions were recovered by centrifugation (20,000 g, 20 min,
4 °C). The protein fractions F1–F4 were obtained after acetone pre-
cipitation (overnight, −20 °C).

2.6. Protein electrophoresis and Western blot

Proteins, solubilized in Laemmli sample buffer after incubation at
25οC for 1 h, were separated by SDS-PAGE (10% gel; [43]) and trans-
ferred to Hybond-C nitrocellulose (Amersham) using a wet blotting
apparatus (Biorad). The membranes were blocked overnight at 4 °C and
then treated with the anti-mRFP pAb (0.4 μg/ml), as previously de-
scribed [41]. After several washes in Tris-buffered saline containing
0.1% (v/v) Tween 20, the blots were incubated (1 h, RT) with HRP-
labeled anti-rabbit Ab diluted to 1:1000 (Amersham). Signals were
developed by enhanced chemiluminescence (ECL plus system, Amer-
sham). Blots were either analyzed in a Phosphoimager or exposed to
Kodak photographic films further developed with Kodak reagents. The
ImageJ software [44] was used to quantify the signal on the digital
images of the film.

2.7. Immunofluorescence and quantitative confocal microscopy

L. tarentolae promastigotes were fixed, allowed to attach on poly-L-
lysine coated coverslips and labeled with primary and secondary anti-
bodies, as previously described [41]. L. tarentolae stationary phase
promastigotes expressing the rSBT1-mRFP1 immobilized on poly-lysine
coated coverslips were fixed with paraformaldehyde [4% (w/v) in
PBS], and either mounted directly on microscope slides or further
stained with either the α-tubulin mAb (dilution 1:300) or the BiP/
GRP78 [45] pAb (dilution 1:500) followed by the anti-mouse or anti-
rabbit pAbs conjugated to Alexa Fluor® 488 before mounting with
Mowiol [10% (w/v) Mowiol 4–88 (Calbiochem), 25% (v/v) glycerol,
100mM Tris/HCl, pH 8.5] on microscope slides, sealed with nail polish
and stored at 4 °C. Microscopic analysis of the samples was performed
in a Leica TCS SP or SP8 confocal microscopes using the 63Χ lens. Red
fluorescence (FL) was acquired with the Argon laser 543 nm line (TCS-
SP) or the Solid state laser 552 nm line (TCS-SP8P).

The percentages of transgenic red fluorescent parasites in each
strain and the mean intensity FL/cell were calculated by assessing 8
fields per case with a total of 100–150 cells. Cell counting and red FL
intensity levels (mRFP1 FL) was performed in maximum projections of
5 optical sections (0.5 μm step size)/field with the icy algorithm (see
below) applying the Intensity Projection and HK-means tools.

The extent of colocalization between the tubulin of the Leishmania
subpellicular microtubules and the rSNBT1-mRFP or monomeric mRFP
(green and red FL respectively) was measured using the 3D “Coloc”
module of Imaris v8.3.1, which utilizes the algorithms introduced by
Costes et al. for the automatic selection of thresholds of the image
channels [46]. We have used a third channel as a masking area for the
entire analysis (created with the channel Arithmetic function “sqrt

(ch1*ch2)”, to exclude the background pixels of the dataset from the
colocalization analysis. The mask channel is used in conjunction with
the automatic threshold function. In this way, Imaris Coloc generates a
new channel (the colocalization channel), which only contains voxels
that represent the colocalization between the red and green channels.
The thresholded Mander's coefficients were taken into account and
threshold 10 was used for the analysis of the data.

2.8. Nucleobase uptake assays

L. tarentolae (LEXSY) and transgenic L. tarentolae-rsnbt1-mrfp1–CH
(carrying the rsnbt1-mrfp1 transgene integrated into the chromosomal
DNA) or L. tarentolae-mrfp1 (mrfp1) promastigotes were grown in
LEXSY Broth BHI with appropriate supplements, in the presence of
nourseothricin (1 μg/ml). Logarithmically grown cells were harvested
(at an OD600nm of 1.0 corresponding approximately to 108 cells/ml),
washed twice in uptake buffer (Hepes 10mM, pH 7.5, containing NaCl
140mM, KCl 5mM, KH2PO4 0.4 mM, CaCl2 1mM, MgSO4 0.8 mM and
glucose, 25mM), normalized to an OD600nm of 5.0 in the same buffer,
and 50×106 cells per reaction were assayed for active transport of
[3H]-uracil (0.02, 0.05, 0.1, 0.2, 0.5 and 1 μΜ), [3H]-xanthine (1 μΜ),
[3H]-hypoxanthine (1 μΜ) or [14C]-thymine (10 μΜ). Transport assays
were performed at 25 °C. After termination of reactions, samples were
rapidly filtered through Whatman GF/C (1.2-μm borosilicate glass mi-
crofiber) filters, washed twice immediately with 3mL of ice-cold KL
buffer (KPi, 0.1 M, pH 5.5, LiCl, 0.1 M) and taken for liquid scintillation
counting.

All time-course experiments showed a roughly linear accumulation
of substrates within the first 5 min of reaction. To determine nucleobase
uptake activities, transport rates were determined from measurements
at 1, 2 and 5min. For determination of substrate specificity properties
or effects of inhibitors, some transport assays were performed in uptake
buffer containing choline chloride instead of NaCl at equimolar con-
centration (140mM), or in the presence of dipyridamole (Sigma-
Aldrich) or non-radiolabeled nucleobases.

2.9. Bioinformatics and statistical analysis

Comparative analysis of NAT/NSC2 and ENT sequences was based
on BLAST-p search (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and mul-
tiple sequence alignment using MUSCLE (https://www.ebi.ac.uk/
Tools/msa/muscle/). The phylogenetic tree shown in Fig. S1 was con-
structed and analyzed with MEGA7 [47]. The most recent genome
annotations were used in all cases to retrieve sequence data. The data
on L. tarentolae and other Leishmania species were retrieved from the
Kinetoplastids Genomics Resource (http://tritrypdb.org/tritrypdb/)
[48].

The icy computational algorithm (http://icy.bioimageanalysis.org/)
was used for quantitative image analysis of the confocal microscopy
images applying the Intensity Projection and HK-means tools. For the
colocalization analysis we used the 3D “Coloc”module of Imaris v8.3.1.
Statistical analysis was performed with the GraphPad Prism 5.0 version.

2.10. Protein structure modeling

The rSNBT1 sequence was threaded on the template of UraA 5XLS
[27] or UapA 5I6C [20] using the SWISS-MODEL server [49] and the
modeled structures were visualized and analyzed with PyMOL (Schrö-
dinger, LLC, New York, NY, USA).

3. Results and discussion

3.1. Cloning of the rsnbt1cDNA into the pLEXSY-sat-mrfp1Leishmania
specific expression plasmid

The rsnbt1cDNA was cloned in the pLEXSY-sat-mrfp1 expression
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vector in frame with the gene coding for the red fluorescent protein
mRFP1 to generate the pLEXSY-sat-rsnbt1-mrfp1 recombinant plasmid
(Fig. 1A), as described in Materials andMethods. Insertion of the correct
size PCR product (1842 bp; corresponding to the full-length cDNA of
rsnbt1) and correct orientation of the insert was verified by restriction
with BglII and XhoI (Fig. 1B) and by double-strand DNA sequencing.

3.2. Generation of transgenic L. tarentolae-rsnbt1-mrfp1strains

The pLEXSY-sat-rsnbt1-mrfp1plasmid was used to generate trans-
genic parasites L. tarentolae that would express the chimeric rSNBT1-
mRFP1 protein. Logarithmically growing L. tarentolae promastigotes
were electroporated with circular supercoiled plasmid, for generation
of strains expressing the recombinant rSNBT1-mRFP1 episomally, or
with a linear DNA fragment of ~7200 bp containing the rsnbt1-
mrfp1(2532 bp) transgene and the sat marker for antibiotic resistance
that had been generated by digestion with SwaI (Fig. 1A). This linear
DNA fragment contains sequences for homologous recombination at the
ssu locus of the small ribosomal subunit and is expected to be integrated
in this specific chromosomal locus allowing the generation of stable
transgenicL. tarentolae strains.

Selection of the transgenic L.tarenolae-rsnbt1-mrfp1 populations
(episomal or stable strains) was achieved by culturing the electro-
porated parasites on gradually increasing concentrations of nourseo-
thricin (up to 100 μg/ml) at 25 °C as described in the Materials and
Methods section (Section 2). Expression of the recombinant rSNBT1-
mRFP1 protein was confirmed by fluorescence microscopy (monitoring
the expression of the red fluorescent protein mRFP1) (Fig. 2). Re-
combinant populations expressing rSNBT1-mRFP1 episomally (EP)
were designated L.tarentolae-rsnbt1-mrfp1-EP and recombinant popula-
tions expressing rSNBT1-mRFP1 after integration of the transgene in
the host chromosome (CH) were designated L. tarentolae-rsnbt1-mrfp1-
CH.

In both recombinant populations, the percentage of cells expressing
rSNBT1-mRFP1 was quantified by counting the number of cells with
red FL and the chimeric rSNBT1-mRFP1 expression levels were assessed
by determining the mean FL intensity per cell (Fig. 2B).

The percentage of parasites with detected levels of red FL averaged
60–70% of the total population enumerated in the phase contrast
images. Red FL in parasites transfected with the linear DNA piece
containing the rsnbt1-mrfp1 expression cassette and expected to have
the transgene integrated in their chromosomes was detected in

approximately 70% of the total L. tarentolae-rsnbt1-mrfp1-CH popula-
tion, whereas in those expressing the chimeric transporter episomally,
the population with red FL averaged at around 60% of the total L.
tarentolae-rsnbt1-mrfp1-EP population (Fig. 2B, left panel). Quantifica-
tion of the red FL intensity per parasite showed that the expression of
the chimeric transporter in the stable parasite strain was ~4-fold higher
as compared to that of the episomal expression (Fig. 2B, right panel). In
conclusion, the expression level of the rSNBT1-mRFP1 protein was
significantly higher in the population of transgenic parasites expected
to express it stably.

The growth rates of the transgenic L.tarentolae-rsnbt1-mrfp1 popu-
lations expressing the chimeric transporter episomally (EP) or chro-
mosomally (CH), estimated from curves depicting growth of promasti-
gote parasite cultures for a period of 4 days (Supplementary Fig. S2),
did not show significant differences from the growth rates of the wild-
type L. tarentolae parental line. The doubling time in the three strains
during the logarithmic phase of growth was calculated to be approxi-
mately 10 h.

3.3. Subcellular localization and plasma membrane targeting of the
recombinant rSNBT1-mRFP1 in the transgenic L. tarentolae-rsnbt1-mrfp1
promastigotes

The localization of the recombinant protein in the transgenic strains
L. tarentolae-rsnbt1-mrfp1 (EP or CH) was analyzed by confocal micro-
scopy both at the logarithmic (data not shown) and at the stationary
phase of growth (Fig. 3 and Supplemental Figs. S3, S4 and S5) of the
promastigote cultures. The rSNBT1-mRFP1 was detected mainly in the
cell body of the promastigotes. Low staining was observed in the fla-
gella after quantitative image analysis using the Imaris 8.3.1 software
(Fig. S5). More explicitly, mRFP1 FL was detected at the promastigote
cell surface (Fig. 3A, Fig. S3 framed cell) in ER-like structures (Fig. 3C,
Fig. S3), and at the flagellar pocket (Fig. 3A arrow, Fig. S3 arrowheads),
as expected for surface membrane proteins.

To evaluate the plasma membrane and ER localization we per-
formed indirect immunofluorescence staining with specific antibodies
recognizing either the α-tubulin of the subpellicular microtubules be-
neath the surface membrane of the parasite (Figs. 3A, S4) or the BiP/
GRP78 protein that localizes in the ER lumen of Trypanosomatidae [45]
(Fig. 3C). The α-tubulin of the subpellicular microtubules was labeled
with a specific monoclonal antibody. The subpellicular microtubules
found in some protozoa are a special type of microtubule arrangement

Fig. 1. Cloning of the rsnbt1 cDNA in the pLEXSY-sat Leishmania specific vector. A. Map of the constructed pLEXSY-sat-rsnbt1-mrfp1 plasmid with the rsnbt1
cDNA inserted in the BglII site in frame with the mrfp1gene between the BglII and XhoI sites. B. Analysis on agarose gel (1% w/v) of the RE reaction products of a
positive pLEXSY-sat-rsnbt1-mrfp1clone after digestion with BglII and XhoI.
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organized as a single layer immediately underneath the plasma mem-
brane and in the trypanosomatids they are physically connected to the
plasma membrane [50]. Profiles of the ER that radiate toward the
periphery of the cell penetrating between the subpellicular micro-
tubules and reaching the plasma membrane create the so-called cortical
ER [51].

As shown in Fig. 3, red and green FL signals colocalize to a sig-
nificant degree, indicating the presence of rSNBT1-mRFP1 in the
plasma membrane or the ER of the transgenic parasites, as expected for
a transmembrane transporter that is recognized by the protozoan se-
cretory system of L. tarentolae for sorting and targeting to the plasma

membrane. Consistently, the fluorescent chimeric transporter is de-
tected also on the flagellar pocket (Fig. 3A, second row panels, arrow,
and Fig. S3, arrowheads). The flagellar pocket is the main exocytic/
endocytic domain of the Leishmania cell surface membrane where in-
tegral membrane proteins targeted to the parasite plasma membrane
are concentrated before diffusing to the surface membrane [41,52].

Colocalization of rSNBT1-mRFP1 with α-tubulin was quantitated
using the digital image analysis algorithm Imaris 8.3.1 coloc module.
The protocol followed is described inMaterials andΜethods. As shown in
Fig. 3B (left panel) in the bar graph of the thresholded Manders coef-
ficients [46], the pixels with red FL (thresholded Manders coefficient B,

Fig. 2. Analysis of rSNBT1-mRFP1 expression in the trasngenic L. tarentolae-rsnbt1-mrfp1strains by microscopy. A. Confocal microscopy images of transgenic
L. tarentolae-rsnbt1-mrfp1promastigotes at the late logarithmic phase of growth expressing episomally (L. tarentolae-rsnbt1-mrfp1-EP) or stably (L. tarentolae-rsnbt1-
mrfp1-CH) the rSNBT1-mRFP1 protein. Red FL images were acquired with the Argon laser 543 nm using the Apochromat 63× lense and electronic image magni-
fication 2×. Representative images selected randomly from fields with 1024×1024 pixel size are maximum projections of five optical sections acquired with a step
size of 0.5 μm. The red FL of rSNBT1-mRFP1 is also shown in black and white in the center, for better contrast. Merged images of red FL and phase contrast at 60%
transparency are shown on the right. All images were acquired in exactly the same laser intensity and photomultiplier (PMT gain) parameters. Scale bar: 8 μm. B.
Graphical representation of the percentages of red fluorescent parasites in the transgenic strains (L. tarentolae-rsnbt1-mrfp1-EP and L. tarentolae-rsnbt1-mrfp1-CH) and
of the mean mRFP FL intensity/cell in each strain quantified by the icy algorithm. Results are from 8 separate fields per case. A total of 100–150 parasites identified
by the corresponding phase contrast images were analyzed in each case. Cell numbers and red FL intensity levels (mRFP1 FL) were determined at maximum
projections of 5 optical sections (0.5 μm step size)/field by applying the Intensity Projection and HK-means tools of the icy algorithm. The t-paired test (GraphPad
style of Prism 5.0) was used to compare the FL intensity in the two transgenic parasite populations (p < 0.0001, denoted with four asterisks on the gray bar,
indicates significantly different values).
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corresponding to the mRFP1 fluorescence) were found to colocalize at
68.08 ± 10.6% (n=30 cells from one field) with the pixels with green
FL (thresholded Manders coefficient A, corresponding to the α-tubulin
staining). The high degree of colocalization of the red (rSNBT1-mRFP1)
with the green FL (α-tubulin) is highlighted in the 2D histograms
showing the correlation of the pixel intensities, over all pixels/voxels in
the image, produced for four different cells (a, b, c) or cell clusters (d)
(Fig. 3B, right panel), with a higher colocalization of the red with the
green FL at the cell surface. The lower percentage of green pixels co-
localizing with red pixels probably reflects the staining of the flagella
where the red FL was very low (Fig. S5) as well as some background
staining of soluble α-tubulin in the interior of promastigote cell.

An identical colocalization analysis was performed with L. tar-
entolae-mrfp1 promastigotes expressing mRFP1 only, to estimate a
baseline colocalization value for mRFP1 and tubulin (representing
random colocalization). In these promastigotes, the mRFP1 fluores-
cence showed a diffuse cytosolic and nuclear distribution (Fig. S6), a
pattern distinctly different from that observed for the localization of
rSNBT1-mRFP1 (Fig. 3A), as expected for a soluble and a membrane-
bound protein respectively. The pixels with red FL (thresholded Man-
ders coefficient B, corresponding to the mRFP1 fluorescence) were
found to colocalize at 17.30 ± 16.35% (n=33 cells from different
fields of view) with the pixels with green FL (thresholded Manders
coefficient A, corresponding to the α-tubulin staining). Although there
was a high degree of variability from cell to cell in this result, the above
value could represent an approximation to a baseline random coloca-
lization of soluble mRFP1 fluorescence with tubulin staining.

Subsequently, in order to quantify the amount of red FL at the cell
surface and intracellularly, we applied another protocol of image pro-
cessing and analysis using the Imaris 8.3.1. surface rendering tool.
Using the 3D data of the imaged field presented in Fig. S4, we defined
two surfaces, one for the “red channel” and one for the “green channel”
(Fig. S5). We then calculated the “intensity sum” of the red channel.
Subsequently, we created a “masked red channel”, which contains only
the red voxels that are inside the “green surface”. A new surface for the
“masked red channel” was created and from that we calculated an in-
tensity sum corresponding to the fluorescence at the cell surface.
Following this approach, we were able to calculate the intensity of red
FL in 3D in all the cells in the imaged field depicted in Fig. S4 as well as
the fluorescence that is localized at the surface of these cells, as defined
by the red voxels that are inside the “green surface”. With this ap-
proximation we estimated that 41.85 ± 9.03% (result from analysis of
30 cells) of the total red FL is localized at the cell surface as defined by
the staining of the subpellicular microtubules. Thus, it appears that a
significant fraction of red FL, corresponding to rSNTB1-mRFP1, is lo-
calized at the promastigotes' cell surface, albeit with a significant var-
iation depending on each cell. Admittedly, the resolution of confocal
microscopy is not sufficient to distinguish between the plasma

membrane-associated or cortical ER-associated rSNBT1-mRFP1 de-
tected to colocalize with subpellicular microtubules. Therefore, it is not
possible to quantitate the percentage of red FL (rSNBT1-mRFP1) colo-
calizing with green FL (subpellicular microtubules) at the L. tarentolae
surface above the subpellicular microtubules (plasma membrane) or
below them (cortical ER). However, the partial colocalization that we
observed with the ER marker BiP (Fig. 3C) implies that a significant
fraction of the red FL has to be attributed to plasma membrane-asso-
ciated rSNBT1-mRFP1.

To estimate, again as an approximation, the amount of rSNBT1-
mRFP1 colocalization with subpellicular microtubules that could cor-
respond to random colocalization of free mRFP1 or soluble proteolytic
fragments of the recombinant transporter tagged with mRFP1 localizing
under and/or close to the subpellicular microtubules, we performed in
the imaged L. tarentolae-mrfp1 promastigotes a similar quantitative
analysis as for theL. tarentolae-rsnbt1-mrfp1 promastigotes using the
Imaris 8.3.1 surface rendering tool. Cumulative quantitative results
from analyzing 40 cells from different fields (including the ones pre-
sented in Fig. S6) with representative levels of mRFP1 and tubulin
staining showed that 25.97 ± 8.94% of the total red fluorescence lo-
calized at the cell surface as defined by the staining of the subpellicular
microtubules. This result implies that the percentage of red FL esti-
mated to localize at the surface of the L. tarentolae-rsnbt1-mrfp1 pro-
mastigotes (41.85 ± 9.03%) is actually attributed to rSNBT1-mRFP1
only in part, the actual contribution of rSNBT1-mRFP1 being probably
at the range of about 16%. Of course, the two cell populations are not
directly comparable, because the level of FL intensity due to soluble
mRFP1 in the L. tarentolae-rsnbt1-mrfp1 promastigotes is not the same as
in the L. tarentolae-mrfp1 promastigotes (Figs. 3A, S6).

The subcellular localization of the rSNBT1-mRFP1 protein was
verified biochemically, by western blot analysis, in protein fractions
from L.tarentolae-rsnbt1-mrfp1-CH promastigotes enriched in ER and
plasma membrane proteins. Biochemical subcellular fractionation was
achieved by treatment of the L. tarentolae promastigotes with gradually
increasing concentrations of digitonin (20 μM to 10mM) [42]. This
fractionation procedure leads to a collection of five fractions with
varying protein composition. Fractions F1 and F2 contain mainly so-
luble cytoplasmic proteins, F3 and F4 contain soluble and membrane
proteins from intracellular organelles including the endoplasmic re-
ticulum [41,42]. The final insoluble fraction 5 (F5), enriched in plasma
membrane proteins, cytoskeleton and nuclear proteins [42], was fur-
ther treated with 2% v/v Triton X-100 for one hour at 4 °C. After this
treatment, F5 was subjected to an additional centrifugation step
yielding a soluble fraction enriched in plasma membrane proteins (su-
pernatant; designated F5s) and an insoluble pellet containing cytoske-
leton and nuclear proteins (insoluble pellet; designated F5in). The
rSNBT1-mRFP1 protein was detected with the anti-mRFP pAb as a
single band with an apparent molecular mass of ~ 95 kDa, close to its

Fig. 3. Analysis of rSNBT1-mRFP1 localization in L. tarentolae-rsnbt1-mrfp1trangenic promastigotes by microscopy.A. Confocal microscopy images of L.
tarentolae-rsnbt1-mrfp1-CH promastigotes at stationary phase of growth acquired with the TCS SP Leica microscope. Colocalization of the recombinant transporter
rSNBT1-mRFP1 with α-tubulin of the subpellicular microtubules (Α, Β) or with the BiP/GRP78 ER chaperone (C) was detected by indirect immunofluorescence and
confocal fluorescence microscopy imaging. Subpellicular microtubules were labeled with the anti-α-tubulin mAb (1:300) and the secondary anti-mouse pAb con-
jugated to Alexa Fluor 488. The BiP protein was stained with the anti-BiP rabbit pAb (serum dilution 1:500) and an anti-rabbit pAb conjugated to the Alexa Fluor 488.
The red (mRFP1) and green (Alexa 488) FL are presented as black and white images in the central panels. Overlay of red and green FL is presented in color on the left
(merge). (A) In four panels are presented cells from different singe optical sections of a z stack (7 images acquired at a step size of 0.5 μm) of the same imaged field
(Fig. S4). The upper two panels are different optical sections of the same area. The arrow in the second upper panel indicates the flagellar pocket region. The round
cell without flagellum (third series of panels), most probably represents a stressed cell. The irregular shapes observed for some promastigotes (fourth series of panels)
may be due to folding of the promastigotes during attachment to the glass slide (see corresponding phase contrast images). C insets. Detail of the framed area
magnified 2 X. Arrowheads in C show the beginning of the flagellum of the depicted promastigote. Corresponding phase contrast images are shown on the right. Scale
bar: 8 μm. (B) Quantitative analysis of α-tubulin (green FL) and rSNBT1-mRFP1 or mRFP1 (red FL) colocalization. (Left) Plot of the mean (and SD values from 24
determinations) thresholded Manders coefficientΑ for green pixels overlapping with red pixels and the thresholded Mander's coefficient Β for red pixels overlapping
with green pixels in 3D. The values were derived by analyzing all cells of the field presented in Fig. S4 in all 7 optical sections οf the depicted field (for rSNBT1-
mRFP1) or from 33 cells from different fields including the ones presented in Fig. S6 (for mRFP1 control, derived from similarly treated L. tarentolae-mrfp1 pro-
mastigotes) in all 9–13 optical sections, following the protocol described in Methods. (Right). 2D-Histogram plots of the colocalization analysis of the cells a, b, c and
d shown by arrowheads in panels in A.
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calculated molecular mass of 92.1 kDa, and was found to be present in
fractions F4 and F5s, enriched in ER and plasma membrane proteins,
respectively (Fig. 4, panels A and C). Smaller size bands that could be
attributed to proteolytic C-terminal fragments of the rSNBT1-mRFP1
protein were also detected with the anti-mRFP pAb in all fractions ex-
cept in F5s where these bands were barely detectable (Fig. 4, compare
panels A and B). The apparent absence of proteolytic fragments of
rSNBT1-mRFP1 in the fraction F5s implies that a significant amount of
correctly folded, full length recombinant protein reaches the promas-
tigote plasma membrane.

The mRFP1 protein in the L. tarentolae-mrfp1 promastigote sub-
cellular fractions was mostly detected (Fig. 4B2) in fractions F1 and F2
containing the soluble proteins. As a confirmation of the specificity of
the anti-mRFP antibody, no protein band of higher molecular size was
detected in any of the fractions of the L. tarentolae-mrfp1 strain
(Fig. 4B2) or of the L. tarentolae wild-type LEXSY strain (Fig. 4C2).

Based on the digitonin fractionation analysis, the L. tarentolae-
rsnbt1-mrfp1-EP parasites appear to express the chimeric transporter at
lower amounts than those produced by the L. tarentolae-rsnbt1-mrfp1-
CH strain (Fig. 4), a result that is consistent with the confocal micro-
scopy findings (Fig. 2B).

In conclusion, the L. tarentolae-rsnbt1-mrfp1 transgenic parasite
strains express the full length rSNBT1-mRFP1 chimeric protein which is
targeted to the ER and the plasma membrane of the promastigotes.

3.4. Analysis of nucleobase transport in the L. tarentolae-rsnbt1-mrfp1-CH
promastigotes

Functional transport assays were performed in the transgenic L.
tarentolae-rsnbt1-mrfp1–CH that express the recombinant rSNBT1-
mRFP1 at higher levels relative to L. tarentolae-rsnbt1-mrfp1–EP and
have a larger population of cells with detectable levels of the trans-
porter at the plasma membrane (Figs. 24). Logarithmically grown L.
tarentolae-rsnbt1-mrfp1–CH promastigotes were assayed for active
transport of uracil, hypoxanthine, xanthine and thymine, that are

known substrates of rSNBT1 [17], in the presence or absence of puta-
tive inhibitors or non-radiolabeled nucleobases as putative competitors.
Control L. tarentolae-mrfp1 and L. tarentolae wild-type promastigotes at
the logarithmic phase of growth were assayed in parallel, in all cases, to
determine the extent of contribution of endogenous transport activities
from the Leishmania intrinsic nucleobase/nucleoside transporters.
Leishmania and Trypanosomatideae in general lack transporter homologs
of family NAT/NCS2 or other nucleobase transporter families [30,32],
but they possess nucleoside transporters of the ENT (Equilibrative Nu-
cleoside Transporter) family that are known to transport also free nu-
cleobases [52–57].

As shown in Fig. 5(A–E), L. tarentolae-rsnbt1-mrfp1–CH can transport
[3H]-uracil, as well as [3H]-xanthine and [3H]-hypoxanthine, but did
not show detectable transport of [14C]-thymine (Fig. 5D) at the con-
ditions employed. The transport of [3H]-uracil was linear within the
first 5 min of reaction (Fig. 5A) and the uracil transport rate (measured
at 1–5min) was found not to change significantly in the absence of Na+

(replacement of NaCl in the uptake buffer by choline chloride)
(Fig. 5B). Although not shown, the transport rate increased almost
linearly with increasing concentrations of [3H]-uracil from 20 nΜ to
1 μΜ, implying that the KM for this substrate should be much higher
than 1 μΜ. The uracil uptake activity was inhibited to a significant
extent by dipyridamole, a well-known inhibitor of human ENT trans-
porter [1,58] that also inhibits protozoan ENTs [52] and, with very low
apparent affinity, rSNBT1 [17] (Fig. 5C). Despite the ability to transport
both xanthine and hypoxanthine (Fig. 5D), the uracil uptake activity of
L.tarentolae-rsnbt1-mrfp1–CH was inhibited by only about 30–40% in
the presence of a 1000-fold molar excess of these purines (Fig. 5E).
Finally, the toxic uracil analog 5-fluorouracil (5-FU), which is known to
be highly toxic to other Leishmania species [53], was found to inhibit
the growth of L. tarentolae-rsnbt1-mrfp1–CH dramatically, whereas the
xanthine analog oxypurinol had no effect on growth (Fig. 5F). Similar
results were obtained in all cases with the L.tarentolae-mrfp1and wild-
type LEXSY controls (Fig. 5F and data not shown).

Overall, the above data indicate that the bulk of nucleobase

Fig. 4. Biochemical detection of rSNTB1-mRFP1
in transgenic L. tarentolae-rsnbt1-mrfp1
strains.Western blot analysis was performed on
subcellular protein fractions obtained from sta-
tionary phase promastigotes of (A) L. tarentolae-
rsnbt1-mrfp1-CH, (B) L. tarentolae-mrfp1or (C) L. tar-
entolae-rsnbt1-mrfp1-EP (EP), L. tarentolae-rsnbt1-
mrfp1–CH (CH), L. tarentolae-wt (wt) and L. tar-
entolae-mrfp1 (R) obtained by digitonin fractionation
and a further treatment of the final pellet fraction
(F5) with 2% v/v Triton X-100 (see Methods). In A1,
A2, B1 and B2, all fractions F1-F5in were analyzed.
In C1 and C2 only the F5s fractions from the 3 re-
combinant strains and the wt parental line were
analyzed. Protein samples were analyzed by SDS-
PAGE (10% w/v) and transferred to nitrocellulose
membrane which was further incubated with pur-
ified anti-mRFP1 rabbit Ab (0.4 μg/ml) and a second
anti-rabbit Ab conjugated to HRP. Protein bands
were revealed by ECL. Molecular mass standards (in
kDa) are shown. Large arrowheads point to the full
length rSNBT1-mRFP1 (B2 and C2) and small ar-
rowheads to its C-terminal proteolytic products (B2).
An arrow indicates the migration position of the
mRFP1 protein (B2). Asterisks in A1, B1 and C1 in-
dicate the migration position of α and β tubulin. X:
empty lane. Ponceau-S stained images of the same
membranes are presented as loading indicators in
A1, B1 and C1.
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transport activity detected in L. tarentolae-rsnbt1-mrfp1–CH was due to
endogenous ENT transporters of Leishmania. The strongest indication
comes from the experiment with choline chloride (Fig. 5B), showing no
detectable dependence of the uracil uptake on Na+, a property that
points to the properties of Leishmania ENT nucleoside/nucleobase
transporters which are H+-dependent, Na+-independent electrogenic
transporters [52,55] and not to the Na+-dependent rSNBT1 [17]. In
addition, thymine which is a known high-affinity substrate of rSNBT1
[17] but not reported as a substrate for any intrinsic Leishmania trans-
porter [53–57] was not transported significantly by L. tarentolae-rsnbt1-
mrfp1–CH (Fig. 5D). The modest inhibition of the [3H]-uracil transport
by non-radiolabeled nucleobases (Fig. 5E) is also attributable to en-
dogenous nucleoside/nucleobase-transport activities. Dipyridamole
which inhibits the L. tarentolae-rsnbt1-mrfp1–CH uracil transport ac-
tivity significantly (Fig. 5C) is also a potent inhibitor of ENT trans-
porters [52,58]. However, L. tarentolae-rsnbt1-mrfp1–CH is less sensitive
to dipyridamole than L. tarentolae-mrfp1or wild-type LEXSY (Fig. 5C;
100 μM), a property that might be attributed to a fraction of activity
related to the exogenously expressed rSNBT1. In consistence with this
interpretation, when the cells are incubated with dipyridamole in the
absence of Na+ to exclude the contribution of any exogenous rSNBT1,
the residual uracil uptake activity of L. tarentolae-rsnbt1-mrfp1–CH de-
creases to an essentially background level approximating the uptake
levels of similarly treated L. tarentolae-mrfp1 or wild-type LEXSY
(Fig. 6).

4. Conclusion/perspectives

We have used Leishmania tarentolae for heterologous recombinant
expression of a mammalian solute carrier, namely the sodium-nucleo-
base transporter rSNBT1 of the NAT/NCS2 family (Slc23A.4), and
shown that rSNBT1 is targeted to the ER and the plasma membrane of
the protozoan promastigotes. Our study is one of the few reports in the
literature for expression of a multiple spanning membrane mammalian
protein in the L.tarentolae system [11,14,15] and the first one for ex-
pression of a mammalian solute carrier in this system. Targeting of the
rSNBT1-mRFP1 protein to the plasma membrane and the ER of the
promastigotes (Figs. 3–4 and S3–S5) was achieved without adding a
membrane-targeting/retention signal sequence specific for Trypanoso-
matideae [59,60], indicating that L.tarentolae can recognize and process
the relevant signals in the sequence of the mammalian solute carrier.
Similarly, Leishmania surface membrane proteins can be exogenously
expressed in the plasma membrane of mammalian cells [40], indicating
the compatibility of these organisms in protein sorting and targeting
mechanisms. In conjunction with a previous study showing that L.
tarentolae cell-free extracts can be used for synthesis of correctly folded
human solute carriers [61], our current evidence suggests that the
convenient and cost-effective L. tarentolae system might be an ad-
vantageous host for expression/purification and structure-functional
analysis of mammalian solute carriers. We also present a quick and
direct way to assay biochemically the subcellular distribution of the

Fig. 5. Nucleobase uptake properties of L. tarentolae(LEXSY) and transgenicL.tarentolae-rsnbt1-mrfp1–CH (rsnbt1-mrfp1) andL.tarentolae-mrfp1control
(mrfp1). All L. tarentolae cells were cultured in LEXSY Broth BHI with appropriate supplements, in the presence of nourseothricin (1 μg/ml). Wild-type or transgenic
LEXSY were harvested at the logarithmic phase of growth and 50×106 cells/reaction were assayed for uptake of [3H]-uracil (1 μΜ) (A-E), [3H]-xanthine (1 μΜ) (D),
[3H]-hypoxanthine (1 μΜ) (D) or [14C]-thymine (10 μΜ) (D). The transport assays were performed in the presence of 140mM NaCl, unless otherwise indicated. The
values shown in A-E represent the means of three to five measurements with standard deviations given as error bars. (A). Time course of the uracil uptake reaction for
rsnbt1-mrfp1. Very similar data were obtained with mrfp1 (interrupted line) and LEXSY (not shown). (B). Uracil uptake rates in uptake buffer containing 140mM NaCl
(white bars) or 140mM choline chloride (black bars). (C). Uracil uptake rates in the absence (white bars) or presence of 50 μM (gray bars) or 100 μM (black bars) of
dipyridamole (diP). (D). Uptake rates of uracil (U, white bars), xanthine (X, black bars), hypoxanthine (HX, gray bars), and thymine (T, light gray). (E). Uracil uptake
rates in the presence of 1000-fold molar excess (1 mM) of xanthine (X, black bars), hypoxanthine (HX, gray bars) or thymine (T, light gray bars). (F). Cell growth of
rsnbt1-mrfp1 (starting culture, 106 cells/ml) in the presence of 0.1 mM of 5-fluorouracil (5-FU, black rhombuses) or 0.1mM of oxypurinol (OxP, black rectangles); the
data for control cells grown in parallel in the absence of 5-FU or OxP are shown in open symbols (rhombuses or rectangles, respectively). Very similar data were
obtained with mrfp1 (interrupted line for growth with 5-FU) and LEXSY (not shown).

A. Doukas, et al. BBA - Biomembranes 1861 (2019) 1546–1557

1554



recombinant membrane protein expressed in L. tarentolae by a stepwise
subcellular fractionation with digitonin and Triton-X. This approach
could be used as a first evaluation step to obtain a fraction enriched in
the recombinant protein for further isolation and crystallization at-
tempts.

The transport analysis of the L.tarentolae promastigotes expressing
rSNBT1-mRFP1 indicates that most of the purine-pyrimidine uptake
activity in the transgenic parasites is probably due to endogenous
transport systems of the host (Fig. 5). The genome of L. tarentolae
contains four nucleoside/nucleobase transporter homologs, two of
which are probably present at the promastigote stage and may con-
tribute to the observed nucleobase transport properties, based on
functional evidence for their counterparts in other Leishmania species
(Supplemental Table S1). More specifically, L. tarentolae NT1.1 (UUT1)
[53] could be responsible for the transport of uracil and the sensitivity
to 5-FU whereas L.tarentolae NT3 [62] could be responsible for the
transport of xanthine and hypoxanthine (Table S1 and Fig. 5). The
contribution of the transport activity of the exogenously expressed
rSNBT1 appears to be negligible or very limited because specific
properties of rSNBT1 that could differentiate it from the endogenous
activity (dependence on Na+, transport of thymine, insensitivity to
dipyridamole) [17,63] (Table S2) are not detectable in the assays
(Fig. 5). Nevertheless, the residual dipyridamole-resistant activity of the
transgenic L.tarentolae-rsnbt1-mrfp1–CH is dependent on Na+ ions,
implying that this fraction of activity is due to the heterologously ex-
pressed rSNBT1 (Fig. 6). The possibility that rSNBT1 is not present at
sufficient quantities in the plasma membrane of the promastigote cells
cannot be ruled out. However, the colocalization results (Figs. 3B, S5
and S6) obtained from the quantitative image analysis of the micro-
scopy data and the digitonin fractionation data (Fig. 4) imply that a
significant amount of the recombinant full-length transporter reaches
the plasma membrane, although a large fraction seems to localize in-
tracellularly, in the ER, as expected. It is also improbable that the C-
terminally fused mRFP1 protein affects the transport activity to a major

extent, since GFP-tagged rSNBT1 was shown to be active for uracil
transport in MDCKII cells [17] and C-terminally GFP-tagged versions of
several bacterial [64], fungal [65] and mammalian [37,38] homologs of
rSNBT1 were also shown to be active in various systems. In view of all
the above evidence, the issue of functionality of the expressed rSNBT1-
mRFP1 transporter could be resolved further in future work with
chromosomal inactivation of the appropriate endogenous ENT of L.
tarentolae (Table S1) and attempts to complement functionally with the
heterologous expression of rSNBT1.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbamem.2019.07.001.
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