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ABSTRACT

The human concentrative nucleoside transporters (hCNTs) utilize coupling and movement of cations down their electrochemical
gradient to mediate inward transport of nucleosides against their concentration gradient. Of the three hCNT family members,
hCNT3 exhibits the broadest nucleoside selectivity and cation specificity, utilizing Na+, Li+, and H+ to drive nucleoside transport.
Xenopus laevis oocytes were injected with hCNT1 and hCNT3 RNA transcripts and incubated for 48 hours to allow protein
expression and localization to the plasma membrane. The two-electrode voltage clamp (TEVC) method was used to perform
electrophysiological studies. Oocytes were voltage-clamped, and currents were measured in response to various cation conditions,
addition of different nucleosides and changes in membrane potential. Voltage-dependence of hCNT1- and hCN'T3-mediated
uridine uptake and hCNT3-mediated nucleoside uptake-induced currents was determined using NaCl, ChCl and LiCl transport
media. Li+ addition resulted in decreases in uptake of uridine both by hCNT1 and hCNT3 hCNTI1 and hCNT3 exhibited similar
trends in voltage-dependence of uridine transport; currents generated increased as potentials became more negative. It was shown
that whereas Na+-coupled hCNT3 has broad nucleoside selectivity, Li+-coupled transport varied widely and was greatest for
uridine, and least for thymidine (uridine > cytidine > guanosine > adenosine > inosine > thymidine). Our results indicate a possible
role of the nucleoside nitrogenous base ring structure in the differential uptake of various nucleosides. Despite no significant role
of Li+ in vivo, further understanding of hCNT3 interactions with this cation may lead to a better understanding its transport
mechanism and assist in the future design and delivery of effective anti-cancer drugs and anti-viral nucleoside drugs.
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1| INTRODUCTION

Physiological Nucleoside Transporters

Eukaryotic cells rely on the «cell’s replication,
transcription, and translation of nucleic acids to survive,
Pyrimidine and purine nucleosides are converted into
nucleotides which are required in many processes in eukaryotic
cells, including nucleic acid synthesis and intermediary
metabolism (King et al.,, 2006). Given the hydrophilic nature of
nucleosides, their transport across plasma and organelle
membranes and their cellular availability is dependent upon
nucleoside transporters (NTs). N'Ts are also crucial in the

therapeutic actions of purine and pyrimidine analogue
anticancer and antiviral nucleoside drugs such as gemcitabine
and zidovudine (Zhang et al, 2007, Patejko et al, 2018). Two
classes of NTs were identified in mammals using radiolabeled
nucleoside uptake studies: the concentrative nucleoside
transporters, known in humans as SLC28 and equilibrative
nucleoside transporters, known in humans as SLC29 (King et al.,
2006, Zhang et al,, 2007). Concentrative nucleoside transporters
rely on cation electrochemical gradients across the plasma
membrane to drive nucleoside influx into cells (King et al., 2006).
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Cation Coupling Characteristics of hCNTs

The human concentrative nucleoside transporter
(hCNT) family has three members, hCNT1, hCNT2 and hCNT3
(Smith et al, 2007, Smith et al,, 2005, Yao et al, 2018, Young et
al,, 2013). All three h(CNTs are secondary active inwardly directed
transporters, they are also dependent on cation coupling to
mediate nucleoside transport into the cell (Figure 1). hCNT1 and
hCNT2 utilize the Na++ electrochemical gradient across the
membrane, while hCN'T3 uses Na+ and H+ gradients (Smith et al.,
2005). The Na+nucleoside coupling ratio for hCN'T3 is 2:1, and the
corresponding H+nucleoside coupling ratio is 1.1 (Smith et al,
2007). Additionally, hCNT3 also utilizes the transmembrane
electrochemical gradient of Li+ to transport nucleosides (Smith
et al, 2005). In contrast to largely Na+-specific hCNTL and
hCNT2, hCNT3 exhibits dependence on Na+, H+ and Li-, all of
which are cations that support influx of nucleosides. The order
of substrate binding to hCNT3 was elucidated by Smith et al. in
which they showed that the cation binds to the transporter first,
increasing the affinity of hCN'T3 for the nucleoside, which binds
second (Smith et al,, 2005). Besides cation specificity, the three
hCNTs also differ in their selectivity for nucleosides. While
hCNT1 transports pyrimidine nucleosides and one purine
nucleoside (adenosine), hCNT2 transports purine nucleosides
and one pyrimidine nucleoside (uridine). Unlike hCNT1 and
hCNT2, hCNT3 has a broader specificity as it is capable of
transporting both pyrimidine and purine nucleosides using Na+
gradients at similar levels (Young et al., 2013).

Structural Features of hCNT¥

Substituted cysteine accessibility method (SCAM)
analysis utilizes the reaction that occurs between cysteine
residues and sulfhydryl reagents to localize specific residues
within the transporter (Zhu et al,, 2007, Figure 1). Mutation of
endogenous cysteines in hCNT3 to serine generated a functional
cysteine-less mutant (Mulinta et al,, 2017). The crystal structure
of a bacterial member of the concentrative nucleoside
transporter family, Vibiro cholerae CNT (vcCNT), has also
provided information on the structure of hCNT3, veCNT has a
relatively high sequence identity with hCNT1 and hCNT3 at 36%
and 39%, respectively (Johnson et al,, 2012). Recently, a cryogenic
electron microscopy (CryoEM) structure of hCNT3 was
determined at a resolution of 34 A (Zhou et al, 2020). Uridine
binding was not detected in hCN'T3 under Na+-free conditions,
further indicating that Na+ binding is required to form the
nucleoside binding pocket of CNTs (Smith et al,, 2005, Zhou et
al, 2020). The CryoEM study, along with previous hCNT3
biochemical and structural investigations of bacterial CNTSs
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reveals acommon trimeric membrane architecture (Stecula et al.,
2017, Johnson et al., 2012).
Hypothesis

The ability of hCNT3 to utilize Li+ ions to transport
nucleosides has been reported in a previous study (Smith et al,
20085, Gorraitz et al., 2010). The present study aims to characterize
the kinetics of Li+-dependent nucleoside transport in both
hCNT1 and hCNT3. The voltage-dependence of both hCNT1 and
hCNT3 transport in Li+ will be compared to Na+ by analyzing
current-voltage (I-V) relationships. Given that the Li+ ion is
intermediate in size between Na+ and H+, it is hypothesized that
hCNT1- and hCNT3-mediated transport in Li+-containing
medium will exhibit characteristics different from Na+ (hCNT1L
and hCNT3) and H+ (hCNT3) containing transport media.
Previous data have illustrated that nucleosides are transported
by hCNT3 in Li+ media with intermediate selectivity. Relative to
current produced by uridine transport by hCNT3 in Li+ media,
the other nucleosides tested produced lower amounts of current
during their transport (Young Laboratory, unpublished data). I
hypothesize that I-V relationships for each nucleoside will
mimic these patterns in maximum current (Imax) generated
under voltage-clamped conditions.

2 | METHODS

Heterologous Expression in Xenopus laevis Oocytes

Female African clawed frogs, Xenopus laevis, were
anaesthetized in a bath filled with 02% (w/v) tricaine
methanesulfonate solution and then humanely euthanized
following the guidelines of the Canadian Council on Animal
Care. Oocytes extracted from euthanized X. laevis were treated
with collagenase (2 mg/ml) for 2 hours. To remove follicular
layers of the oocytes, they were treated with phosphate and
manually defolliculated. After a minimum of 24 hours
following defolliculation, oocytes were injected with either 10
nl. of water containing 10 ng of hCNTL or hCNT3 RNA
transcript, or 10 nL. of water alone (control group). To promote
proper protein production and trafficking to the plasma
membrane, oocytes were incubated for at least 48 hours before
experimentation. Oocytes were incubated and stored at 170C in
modified Barth's medium (MBM,; 88 mM NaCl, 1 mM KCl, 0.33
mM Ca(NO3)2, 041 mM CaCl2, 082 mM MgSO4, 24 mM
NaHCO3, 10 mM Hepes, 2.5 mM sodium pyruvate, 0.1 mg/ml
penicillin, and 0.05 mg/ml gentamycin sulfate, pH 7.5). MBM
was changed daily to promote the health and survival of the
oocytes.
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Transport Media

Electrophysiological experiments were carried out in
transport medium containing either Na+, H+ or Li+ ions. Na+
transport medium contained: 100 mM NaCl, 2 mM KCl, 1 mM
CaCl2, 1 mM MgCl2, and 10 mM Hepes (pH 8.5). H+-mediated
currents were studied using Na+-free, choline-containing
transport medium, which was made using: 100 mM ChCl, 2 mM
KCl, 1 mM CaCl2, 1 mM MgCl2. Li+ transport medium
contained: 100 mM LiCl, 2 mM KCI, 1 mM CaCl2,1 mM MgCI2
and 10 mM Hepes (pH 8.5). These solutions were made at either
pH 5.5 (10 mM Mes) or pH 85 (10 mM Hepes). All solutions were
refrigerated overnight and heated to room temperature by
submersion in warm water. All reagents were purchased from
Sigma-Aldrich (St. Louis, MO, USA) and Fischer Scientific
(Waltham, MA, USA).

Nucleoside Solutions

Purine and pyrimidine nucleoside stock solutions were
made either in 100 mM Na+ transport medium (uridine only) or
100 mM Li+ transport medium (uridine, adenosine, cytidine,
guanosine, inosine and thymidine). All nucleoside stock
solutions were made in their respective media at a concentration
of 25 mM, except guanosine which was made at a concentration
of 5§ mM due to its inability to fully dissolve beyond this
concentration. Stock solutions were diluted at specific dilution
factors to a final concentration of 100 UM in the appropriate
transport media

Two-electrode Voltage Clamp (TEVC)

Nucleoside-induced membrane currents in the oocytes
were measured at room temperature (21 oC) using the Axoclamp
900A oocyte clamp (Molecular Devices, Inc). The Axoclamp
900A, a computer-controlled microelectrode amplifier, was
connected to a compatible computer using the Digidata 1440A
A/C converter and the Tektronix DPO 2022B Digita Phosphor
Oscilloscope. Current signals were filtered at 10 Hz and were
sampled at 20 milliseconds. The glass microelectrodes were filled
with a 3M KCI solution, facilitating an acceptable resistance
range of 0.5 - 20 megaohms. Oocytes were penetrated with two
glass microelectrodes, and any oocytes with unstable membrane
potentials or resting membrane potentials more positive than -
25 mV were not used. Oocytes were voltage-clamped at a holding
potential (Vh) of -50 mV and currents (nA) were measured
following changes to the cation, nucleoside or holding potential.
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Cation-specificity of hCNTI and hCN13 Transport

Oocytes were voltage clamped at a holding potential
(Vh) of -50 mV. Following the addition of 100 uM uridine in
medium containing 100 mM NaCl (pH 8.5), 100 mM ChCI (pH
8.5), 100 mM ChCl (pH 5.5) or 100 mM LiCl (pH 8.5), inward
currents were measured in hCNTI- and hCNT3-producing
oocytes. Nucleoside (uridine)-induced currents in Na+, H+ or Li+
were consecutively measured on the same oocyte. The
experiment was repeated on 7 hCNTI1- and hCNT3- expressing
oocytes in addition to water (H20)-injected oocytes. Currents are
shown in the form of a bar graph as the mean inward current
(nA) + standard error of the mean (SEM) for each experimental
condition. No currents were induced by uridine in control water-
injected oocytes, indicating the transporter-dependent nature of
the induced currents.

Current-Voltage (I-V) Curves

Oocytes were voltage-clamped at a holding potential
(Vh) of -50 mV. Currents were generated using transport media
alone (100 mM NaCl (pH 85), 100 mM ChCl (pH 5.5) or 100 mM
LiCl (pH 8.5)), and then with 100 uM uridine in the appropriate
transport media. 100 mM NaCl contained Na+ cations only, 100
mM ChCI (pH 5.5) contained H+ ions only and 100 mM LiCl
contained Li+ cations only. The difference between steady-state
currents invoked in the presence and absence of uridine during
300-millisecond voltage pulses to potentials between +60 mV
and -110 mV were used to generate current-voltage (I-V) curves
and compare the voltage-dependence of the different cations
(Na+, H+, and Li+). In addition to uridine-induced I-V curves
(hCNT1 and hCNT3), 5 other nucleosides (adenosine, cytidine,
guanosine, inosine and thymidine, hCNT3) were tested to
determine the I-V relationships of nucleoside transport in Li+-
containing media.

Statistical Analysis

An unpaired t-test was performed to determine
statistical significance of the results. p-values were calculated
with respect to changes in current compared to current resulting
from transport media alone, with p < 005 considered as
Absolute
measurements (nA) at each voltage potential step in hCNT1 and

statistically  significant. values of current
hCNT3 oocytes were used in calculations. The same process was
used in statistical calculations of the currents elicited in control
(water-injected) oocytes. Currents are represented as mean values
from 10 replicate experiments with hCNT1/hCNT3-injected
oocytes and 4 replicate experiments with water-injected oocytes

+ standard error.
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3 | RESULTS

Uridine-induced Currents Mediated by hCNT1 and hCNT3
hCNT1 mediates inward transport of nucleosides
coupled to the symport of 1 Na+ from the extracellular space into
the cell cytoplasm. On the other hand, hCN'T3 utilizes 2 Na+ or 1
H-+ cations to transport nucleosides into the cell. The resulting
inward current was measured using a two-electrode voltage
clamp (TEVC) to hold the plasma membrane potential (Vm) at a
desired command voltage (Vemd), which is -50 mV for our
experiments, The amplifier measures the difference between Vm
and Vemd and then generates currents in response to changes in
Vm to maintain Vm at the pre-established Vemd. While
transport occurs, the current injected into the oocyte is recorded,
with inward currents displayed as a downward deflection and an
outward current displayed as an upward deflection in the traces.
Both hCNTI1 and hCNT3 utilize Na+ cations for transport of
nucleosides into the cell, and exhibited current traces that
showed downward deflections, indicating inward current in
Na+-containing transport medium (100 mM NaCl, pH 8.5). Since

cytoplasm
Figure 1. Topological model of hCNT3. Predicted membrane topology of
hCNT3 based on the structure and topology of veCNT from Vibiro cholera,
which is a bacterial counterpart of hCNT3, Like veCNT and CNTNW, hCNT3
exhibits intracellular N termini and extracellular C termini. TM9 in yellow

represents the scaffold domain of hCNT3, a critical component of the elevator
mechanism and transport function of hCNT3. Red circles indicate residues
GIn341, Thr342, Asn565 and Ile571 which are sensitive to PCMBS inhibition
and uridine protected (11).

hCNTIL does not couple nucleoside transport with H+ ions,
minimal inward currents were generated in Na+free, acidified
choline-containing conditions (100 mM ChCl, pH 55 and 8.5)
(Figure 2). hCNT1 also exhibited inward currents in Li+-
containing media. Given the greater 2:1 Na+nucleoside coupling
ratio of hCNT3 compared to hCNT1, hCNT3 exhibited larger
inward currents during transport in Na+-containing conditions
(100 mM NaCl, pH 85). hCNT3 exhibited increased inward
currents in response to increasing concentrations of H+ in Na+-
free transport media (100 mM ChCl pH 8.5 vs pH 5.5). hCNT3 also
generated uridine-induced Li+ currents which were slightly
smaller than H+ currents. Lastly, minimal to no inward currents
were observed in control-water oocytes in any of the four
different transport media as they do not possess hCNT
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transporters, Mean currents generated under the different
conditions are summarized in Figure 2.

Eftects of Li+ on hCNTI and hCN'13 Uridine-Induced Currents
Li+-coupled nucleoside transport was measured in the
presence of Na+ to reveal the effects of Li+ on maximal Na+-
mediated uridine transport by hCNT1 and hCNT3 (Figure 3).
Uridine-induced current was measured in Na+-containing, Li+-
free transport medium (95 mM NaCl and § mM ChCl, pH 85)
and then in Na+ and Li+-containing transport media (95 mM
NaCl and 5 mM LiCl, pH 85). Based upon a similar study of the
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Figure 2. Uridine-induced currents in hCNT1-, hCNT3- and H20O-injected
oocytes in the presence of Na+, H+ and Li+. Inward currents were measured in
the presence of Na+ (100 mM NaCl, pH 85), H+ (100 mM ChCl, pH 5.5), Li+ (100
mM LiCl, pH 85) or in the absence of Na+, H+ and Li+ (100 mM ChCl, pH 85).
100 pM uridine was added to the transport media. Grey and blue bars represent
current mediated by hCNT1 and hCNT3, respectively, while black bars
represent current from H20-injected oocytes (control group). Compared to Na+-
coupled transport in hCNT1 oocytes, transport in the absence of Na+, H+ and
Li+ (100 mM ChCl, pH 8.5) resulted in a 72% decrease in current (p = 0.013) while
H+-coupled transport resulted in a 54% decrease (p = 0.029). Compared to Nas+-
coupled transport in hCNT3 oocytes, transport in the absence of Na+, H+ and
Li+ (100 mM ChCl, pH 85) resulted in a 91% decrease while H+coupled transport
resulted in a 55% decrease (p = 0.022) and Li+-coupled transport resulted in a 68%
decrease in current (p = 0.019). In the control group with no cell surface hCNT1/3
expression, no significant current was generated.

Na+/dicarboxylate cotransporter (NaDC-1) (7), we expected to see
lower inward current in the presence of Na+ and Li+ compared to
Na+ alone in both hCNTI1 and hCNT3. In our results, we found
that the presence of Li+ does indeed reduce the inward uridine-
induced Na+ current generated in both hCNT1 and hCNT3. In

hCNT1, despite a 31% decrease in uridine-induced current in the
presence of both Li+ and Na+ ions compared to Na+ alone, the
reduction was not statistically significant. In hCN'T3, transport
of uridine in the presence of both Li+ and Na+ ions resulted in a
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reduction of 43% in the uridine-induced current in the presence
of Na+ alone, which was statistically significant. Lastly, we did
not observe any detectable levels of inward current in the
control water-injected group.

Current-Voltage (I-V) Relationship of Uridine Transport

Analysis of I-V relationships of hCNT1 and hCNT3
transport currents helped reveal the effects of membrane
potential (Vm) on nucleoside-induced steady-state currents.
Similar to a previous study on hCNT3, uridine-induced currents
in the presence of Na+ or H+ at potentials between -110 mV and
+60 were shown to be voltage-dependent and increased in
magnitude as the membrane potential became more negative
(Smith et al,, 2005).
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Figure 3. Uridine-induced current in hCNT1-, hCNT3-, and water-injected
oocytes in the absence or presence of Li+ ions in NaCl solution. Inward currents
were measured with 100 pM uridine in the presence of Na+ ions only (95 mM
NaCl and 5 mM ChCl, pH 85) or in the presence of both Na+ and Li+ ions (95
mM NaCl and 5 mM LiCl, pH 85). The red bars represent hCNT1-mediated
uridine-induced currents and the green bars represent hCNT3-mediated
uridine-induced currents. The grey bars represent water-injected oocytes
(control group). Compared to Na+coupled transport mediated by hCNT1, the
addition of 5 mM Li+ resulted in a 31% decrease in current. Compared to Na+-
coupled transport mediated by hCNT3, the addition of 5 mM Li+ resulted in a
43% decrease in current (p = 0.015). In the control group with no cell surface
hCNT1/3 expression, no significant current was generated.

Voltage-dependence of hCNT1 and hCNT3 transport
under various cation conditions was examined by generating I-
V curves (Figure 4). The difference between steady-state currents
recorded in the presence and absence of 100 UM uridine in Na+-
containing (100 mM NaCl, pH 8.5), Na+-free, H+-containing (100
mM ChCl, pH 55) and Na+- and H+-free, Li+-containing (100 mM
LiCl, pH 85) transport media was examined. Currents generated
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in hCNT1 and hCNT3 following the application of uridine
demonstrated voltage-dependence among all three cations (Na+,
H+ and Li+) (Figures 4a and 4b). hCNT1 and hCNT3 showed
similar trends in voltage-dependence during uridine uptake,
both transporters exhibited larger inward currents at more
negative potentials and non-linear decreases in current as
potentials became more positive (Figures 4a and 4b). As
potentials approached +60 mV, currents mediated by hCNT1 and
hCNT3 approached but did not exceed 0 nA (Figures 4a and 4b).
Despite this similarity, the magnitude of current
generated by uridine uptake under the three cation conditions
differed between hCNT1 and hCNT3. hCNT3 exhibited larger
currents than hCNT1 with all three cations tested (Na+, H+ and
Li+). However, in both hCNT1 and hCNT3 at all potentials
examined, currents were the largest in the presence of Na+ and
lowest in the H+ Currents in the presence of Li+ were
intermediate to Na+ and H+ (Figures 4a and 4b). Water-injected
oocytes did not exhibit any detectable levels of uridine uptake,
evidenced by the current ranging from +4 to -4 nA (Figure 4c).

Use of IV Curves to Determine Substrate Selectivity of hCN13
in Li+

It has been established that nucleoside transport
mediated by hCNT3 differs depending on the driving cation
(Smith et al, 2005). Studies from the Young laboratory
demonstrated varying levels of nucleoside transport depending
on the cation used, with Na+ being the most permissive, H+ the
most restrictive and Li+ exhibiting intermediate results (Smith
et al,, 2005, unpublished data). In light of the differences found
between Na+- and H+-coupled transport compared to Li+coupled
transport, we analyzed in detail the substrate selectivity of
hCNT3 in the presence of Li+ looking at the I-V relationship
(Figure 5). The voltage-dependence of transport and differences
in current magnitudes generated with different pyrimidine and
purine nucleosides are shown. The results indicate that uridine-
induced currents were significantly greater in Na+- than in Li+
containing medium (Figure 5a). Currents generated by the
nucleosides in Li+-containing medium were from highest to
lowest: uridine > cytidine > guanosine > adenosine > inosine >
thymidine. Guanosine is transported in Li+-containing media,
however the current generated by guanosine transport is lower
than that of uridine and cytidine, both of which are pyrimidine
nucleosides (Figure 5a). Thymidine transport in Li+-media with
currents increasing as the membrane potential became more
negative. These results are consistent with previous experiments
looking at substrate selectivity where hCNT3-injected oocytes
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Figure 4. Voltage-dependence of uridine transport-induced currents mediated
by hCNT1-, hCNT3- and water-injected oocytes. Voltage pulses were given from
a Vh of -50 mV to potentials wrangling from -110 mV and +60 mV, increasing
in 10-mV steps. Current-voltage (I-V) curves for hCNT1, hCNT3- and water-
injected was generated using the difference between steady state currents
recorded in the presence and absence of 100 pM uridine in Na+-containing
(squares), H+-containing (circles) and Li+containing (diamonds) transport
media. The data are represented the average of currents generated by 9 oocytes
expressing hCN'T1 and hCNT3 and 4 water-injected oocytes. a) Current-voltage
(I-V) curves for hCNTL b) Current-voltage (I-V) curves for hCNT3. ¢) Current-
voltage (I-V) curves for water-injected oocytes. No uridine-induced currents
were observed in the control, water-injected oocytes.

were voltage-clamped at one potential only, -50 mV, and inward
currents measured following the addition of pyrimidine and
purine nucleosides in the presence of Li+. The same trend in
current magnitude was observed in these experiments (Young
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Figure 5. Voltage dependence of nucleoside transport-induced currents
mediated by hCNT3- and water-injected oocytes. Voltage pulses were given
from a Vh of -50 mV to potentials ranging from -110 mV and +60 mV,
increasing in 10-mV steps. Current-voltage (I-V) curves for hCNT3- and water-
injected oocytes were generated using the difference between steady state
currents recorded in the presence and absence of 100 pM uridine in Na+-
containing (circles) and Li+-containing (hexagon) solutions. Other nucleosides
were examined in Li+-containing media only, including thymidine (squares)
and cytidine (diamonds), adenosine (cross), inosine (upwards triangle) and
guanosine (downwards triangle). The data are represented as an average of
currents generated by 10 oocytes expressing hCNT3 and 4 water-injected
oocytes. a) Current-voltage (I-V) curves for hCNT3. b) Current-voltage (I-V)
curves for water-injected oocytes. No uridine-induced currents were observed
in the control, water-injected oocytes.

laboratory, unpublished observations). In water-injected oocytes,
no significant current was generated with any of the nucleosides
examined (Figure 5b).

4 | DISCUSSION

The unique ability of hCNT3 to couple two Na+ ions with the
import of one nucleoside (21 Na+nucleoside coupling ratio)
stems from the presence of two cation binding sites in the
transporter while hCNT1/2 only possess one cation binding site,
resulting in a 1:1 Na+nucleoside coupling ratio exhibited by

Eureka || 6



Kanagala 2022

these transporters. However, in the presence of H+ ions only,
hCNTS3 shifts to a 11 H+nucleoside coupling ratio. This unique
property of hCNT3 can be utilized pharmacologically to attain
greater concentrations of nucleosides and nucleoside-analogue
drugs import into the cell. The greater energy generated from the
use of two Na+ ions can better overcome the challenges posed by
greater concentrations of nucleosides (Smith et al., 2007).

The Eftects of Li+ on Uridine-induced Currents of hCNTI and
hCNT3

The Na+/glucose transporter (SGLTL), the bacterial
melibiose cotransporter (MelB) and the sodium dicarboxylate
cotransporter (NaDC-1) all exhibit decreased inward currents in
Na+-free, Li+-containing as well as Na+ and Li+-containing
transport media compared to Na+-containing, Li+free media (2,
7). Li+ binding likely results in an altered conformational change
compared to changes that occur when Na+ binds to hCNT1 or
Na+and H+ bind to hCNT3, This altered conformation may result
in impairment of consequent nucleoside binding to the
transporter, thereby reducing nucleoside-mediated current; this
could be a future avenue for investigation.

Despite the higher affinity of hCN'T3 for H+, H+-uridine
coupled transport was considerably lower than Na+-coupled
transport. Also, despite reports of H+ supporting higher maximal
rates of uridine and adenosine transport in hCNTS3, the
transporter efficiency was shown to be lower in H+ than in Na+
medium (17). Similar results were seen in NaDC-1 which exhibits
a greater affinity for Lix, however, Li+ binding decreases
succinate-induced currents compared to currents generated in
Na+ (7). Taken together, these results indicate that the binding of
H+ to hCNT3 may produce less favorable conditions for
transport compared to binding with Na+ It has been established
that hCNT1 does not mediate nucleoside transport in Na+free,
H+-containing conditions. Our results (Figure 2) agree with these
findings as we observed minimal levels of uridine transport
across hCN'TI in H+-containing, Na+free conditions (ChCl pH
5.5), while hCNT3 showed detectable levels of uridine transport
under the same conditions.

Pajor et al. (1998) demonstrated using the
Na+/dicarboxylate cotransporter (NaDC-1) that the addition of
Li+ions to NaCl solution results in decreased uptake of succinate,
as evidenced by a decrease in maximal current (Pajor et al., 1998).
Given the cation coupling and inwardly directed characteristics
of NaDC-1, we used these findings as a basis for investigating the
role of Li+ in uridine-induced current with hCNT1 and hCN'T3,
We found that under identical conditions (100 uM uridine), the
addition of 5 mM LiCl to 95 mM NaCl medium has inhibitory
effects on the uptake of uridine. Similar to the NaDC-1 (Pajor et
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al,, 1998), addition of Li+ did not result in statistically significant
reductions in maximal current in hCNTL However, hCNT3
exhibited statistically significant reduction in maximal current,
indicating a lesser inhibition by Li+ on hCNT3 relative to the
hCNT1 and NaDC-1 cotransporters (Pajor et al., 1998).

Current-voltage and Cation Dependence of Uridine Transport

Na+nucleoside and H+nucleoside I-V curves and the
effect of Vm on current values indicated the influence of Vm on
carrier translocation in hCNT proteins, since the driving force
for hCNTs relies not only on the nucleoside and cation gradients,
but also on the Vm. Despite all three cations supporting
electrogenic uridine influx, hCNT1 and hCNT2 are largely Na+-
specific while hCNT3 can cotransport Na+, H+, and Li+ Despite
differences in the level of current generated by hCNTIL and
hCNT3 in different cation conditions, transport of uridine by
both transporters was electrogenic. Consistent with previous
studies, hCNTL and hCNT3 exhibited increased uridine
transport at more negative potentials (Smith et al., 2004).

Based upon previous studies which showed that inward
currents mediated by hCNT1 and hCNT3 increased as the Na+
cation concentration increased, it may have the same effect if the
H+ concentration is increased (Smith et al, 2007). Smith et al.
showed that nucleosides generated significantly higher levels of
current in solutions with a pH of 55 compared to pH of 85
(Smith et al,, 2005). This differential result is because solutions
with a pH 5.5 contains proton concentration 1000 times higher
than pH 85 Results in this study demonstrated cation
dependence of transport with hCNT1 and hCNT3 (Figures 2 and
4),

Different cations bind to the primary cation binding
site of hCNT proteins and induce different conformational
changes based on their size. Given that Na+ is a different size
compared to hydronium ions (the form of H+ which is
coordinated by the cation binding pocket) and Li+ ions, it can
interact differently with the residues involved in the primary
cation binding site. This differential interaction by the cations
may be why the hCNT proteins exhibit different levels of
transport under certain conditions, however more research into
the topic is required.

Substrate Selectivity of h(CN13

Despite broad nucleoside selectivity by hCNT3 in Nas,
Smith et al. reported a different substrate selectivity profile in
H+ In the presence of H+, currents were largest with uridine
followed by thymidine, cytidine, adenosine, and inosine (Smith
et al,, 2005). Transport of guanosine by hCNT3 in H+ transport
media was very low and pH-independent (Smith et al,, 2005).
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This change in the substrate selectivity profile of the transporter
suggests that substrate specificity is dependent on the coupling
cation and not an intrinsic characteristic of the transporter itself.
Results in this study demonstrate differing current magnitudes
(Figures 2 and 4) and substrate selectivities (Figure 5) for hCNT3
depending on the cation present.

Given the high selectivity of hCNT3 for uridine over
other nucleosides in the presence of H+ and Li+ under the same
experimental conditions, there must be a structural difference
between uridine and the other nucleosides resulting in this
preferential uptake of uridine. For example, uridine is the least
bulky out of all the nucleosides used in this study, indicating
that its smaller spatial size may lend to its preferential uptake by
hCNT3 (Figure 1). Li+ permitted a broad nucleoside selectivity
by hCNT3, which is evidenced by the generation of detectable
levels of current by all nucleosides examined (Figure 5a). It was
interesting to find that uridine elicited the greatest current at all
potentials while thymidine generated the least current across all
potentials. Despite both nucleosides belonging to the pyrimidine
family, they have major structural differences, thymidine lacks
a hydroxyl group at the C2’ position of the ribose sugar and has
a methyl group at the CS5 position of the nitrogenous base
(Figure 6). While this may be the reason for drastic reductions in
current mediated by thymidine uptake, more research is
required to elucidate whether this is the case, and if it is, which
of the two structural features are responsible for this
phenomenon.

Inosine and adenosine presented with lower levels of
current than cytidine and guanosine (Figure 5a). It was
interesting to find that inosine and adenosine share structural
similarities while cytidine and guanosine also share structural
different
subfamilies (cytidine is a pyrimidine while guanosine is a

similarities. Despite belonging to nucleoside
purine), these nucleosides possess two functional groups
(primary amine (-NH2) and amide (-N=0)), both of which are the
same in each nucleoside (Figure 6). In contrast, adenosine, and
inosine, despite both belonging to the purines possess only one
functional group attached to the nitrogenous base. It is worth
noting that uridine also has two functional groups attached to
the nitrogenous base while cytidine, which elicited the smallest
current, has three functional groups. So, it may be that the
presence of exactly two functional groups on the nitrogenous
base may allow for more favourable coordination of nucleosides
at the nucleoside binding site. The role of nucleoside structure
on nucleoside uptake and resulting current under various cation

conditions is also a possible future research avenue.
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Figure 6. Structures of the physiological nucleosides transported by hCNT3.
The nucleosides in the top panel are adenosine, guanosine, and inosine - all of
which belong to the purine subfamily of nucleosides. The nucleosides in the
bottom panel are uridine, cytidine, and thymidine - all of which belong to the
pyrimidine subfamily of nucleosides. The nucleosides exhibit several
structural differences from each other, even if belonging to the same
subfamily, which may lead to altered binding at the substrate binding site in
hCNT3. This can result in changes in current generation by the transport of
each of these nucleosides by hCNT3. Images acquired from Patejko et al. (2018).

5 | LIMITATIONS AND FUTURE RESEARCH

Major limitations of our study were the time
constraints brought on due to the covid-19 pandemic as well as
the declining viability and quality of oocytes. As the year
progressed, we saw a general decline in the stability of resting
membrane potentials that the egg presented with. Li+ cations are
not available physiologically for utilization by hCNT1 and
hCNT3 for nucleoside transport. Therefore, hCNT1 and hCNT3
cation specificity in Li+containing solutions may not be
physiologically relevant. Another limitation of this study are
issues associated with voltage-clamping the oocytes for an
extended period and subjecting them to multiple conditions for
the IV curve experiments, it is significantly taxing on the
oocytes. Significantly lower levels of currents are observed
following the addition of H+ or Li+ cations compared to Na+, this
was a limitation as even slight deviations in oocyte quality or
resting membrane potential resulted in an inability to measure
these low currents. A stable resting potential more negative than
-25 mV is very important when performing I-V curve
experiments however, many of the oocytes examined did not
present this low of a potential and/or showed fluctuating
potentials, making it difficult to acquire accurate current
readings. Without a stable clamp, the baseline, or holding
current of the oocyte drifts as IV experiments are in progress.
When the baseline drifts, current traces in the presence and
absence of substrate cannot be subtracted, meaning
experimental results cannot be obtained from these oocytes.
Lastly, the Xenopus oocytes require about 48 hours to fully
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express the hCNT proteins upon injection RNA transcript,
resulting in a delay of experiments.

Nevertheless, further studies of transport mediated by
various cations via hCNTL and hCNT3 will help better elucidate
the functional characteristics of these transporters. While hCNT1
and hCNT3 do not perform Li+-coupled nucleoside transport in
vivo, characterizing Li+ cation transport and corresponding
nucleoside specificity will help in developing new anti-cancer
and anti-viral nucleoside drugs. Likewise, transporter profiles
and associated pharmacogenetics can be analyzed in patients
which might assist in prediction of treatment outcomes. We
have established that hCN'T3 is highly selective for uridine over
the other nucleosides in both Na+ and Li+containing
conditions, future studies can focus on uridine-hCNT3 binding
characteristics to elucidate why this is the matter. Also, the
transport mediated by other hCNT subtypes such as hCNT2 also
deserve investigation because despite belonging to the same
subfamily as hCNTI, it is inherently its own transporter.
Additionally, a possible future direction of study could be to
induce mutations in the cation binding sites to investigate their
effects on cation mediated transport. Another future direction
could be to conduct experiments with varying concentrations of
nucleosides in the presence of Na+, Li+ or H+ to elucidate the
concentration-dependence of nucleoside transport by hCNT3,

5 | CONCLUSIONS

This study helps to further understand the cation-
mediated nucleoside transport undertaken by hCNTL and
hCNT3 hCNT3 exhibits cation interactions with Na+, H+, and Li+
that are not exhibited by other CNT proteins. Li+ ions decrease
the current generated by uridine uptake through hCNT1 and
also through hCNT3 to a greater extent. Both hCNT1 and hCNT3
show a preference for Na+ during uridine transport, as evidenced
by the high maximal current generated under these conditions.
On the other hand, these transporters exhibit the least preference
for protons, given the low levels of current generated at all
potentials tested. Relative to uridine, all other nucleosides
elicited lower currents during their transport across hCNT3 in
Li+, indicating a structural basis for uridine supporting high
levels of uptake through this transporter. Specifically, the
presence of two functional groups on the nitrogenous base of
nucleosides may provide more permissive coordination with
nucleoside binding site, conferring more efficient transport,
however further studies are required to validate these
observations. Our study generated new knowledge in terms of
hCNT3 substrate selectivity and voltage-dependence in the
presence of Li+ ions and the inhibitory effect of Li+ ions on
nucleoside uptake-induced currents.
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ABBREVIATIONS

CaCl2 Calcium chloride
ChCl Choline chloride

CNTNW  Neisseria wadsworthii concentrative nucleoside
transporter

CryoEM  Cryogenic electron microscopy

H+ Hydrogen ion, proton

H30+ Hydronium ion

hCNT Human concentrative
nucleoside transporter
hCNT1 Human concentrative nucleoside transporter 1
hCNT3 Human concentrative nucleoside transporter 3
hENT Human equilibrative nucleoside transporter
IRY Current-voltage relationship
KCl Potassium chloride
Li+ Lithium ion
LiCl Lithium chloride
MBM Modified Barth’s medium
melB Bacterial melibiose cotransporter
MgCl2 Magnesium chloride
mM Millimolar
mV Millivolt
nA Nanoamps
Na+ Sodium ion
NaCl Sodium chloride
NaDC-I  Sodium-dicarboxylate cotransporter
NT Nucleoside transporter
PCMBS  p-chloromercuribenzene sulfonate
SCAM Substituted cysteine accessibility method
SEM Standard error of mean
SGLT Sodium-dependent glucose cotransporter
TEVC Two-electrode voltage clamp
veCNT Vibiro cholerae concentrative nucleoside
transporter
Vemd Command voltage
Vh Holding potential
Vm Resting membrane potential
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