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Previous studies have shown that Arabidopsis equilibrative nucleoside transporters (AtENTs) possess transport activities 
when produced in yeast cells and are differentially expressed in Arabidopsis organs. Herein, we report further analysis on 
the nucleoside transport activities and transcriptional patterns of AtENT members. The recombinant proteins of AtENTs 
3, 6, and 7, but not those of AtENTs 1, 2, 4, and 8, were found to transport thymidine with high affinity. Contrary to previ-
ous suggestion that AtENT1 may not transport uridine, this work showed that recombinant AtENT1 was a pH-dependent 
and high-affinity transporter of uridine. When grown on MS plates, the AtENT3 knockout plants were more tolerant to 
the cytotoxic uridine analog 5-fluorouridine than wild-type plants and the knockout plants of AtENT1 or AtENT6. Con-
sistent with this observation, the AtENT3 knockout line exhibited a significantly decreased ability to take up [3H]uridine 
via the roots when compared with wild-type plants and the plants with mutated AtENT1 or AtENT6. This indicates that 
AtENT3, but not AtENTs 1 and 6, is the main transporter for uridine uptake in Arabidopsis roots. The transcription of 
AtENTs 1, 3, 4, 6, 7, and 8 was regulated in a complex manner during leaf development and senescence. In contrast, the 
six AtENT members were coordinately induced during seed germination. This work provides new information on the 
transport properties of recombinant AtENT proteins and new clues for future studies of the in vivo transport activities 
and physiological functions of the different ENT proteins in Arabidopsis plants.
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Introduction

Nucleoside transporters are conserved transmembrane 
proteins found in animals, yeast, fungus, higher plant, and 
several species of bacterium [1-3]. They are involved in 
transporting nucleosides and analogs across cell mem-
branes and are thus important for the salvage pathway of 
nucleotide synthesis [2-4]. On the basis of the differences 

in primary structure and mechanism of action, nucleoside 
transporters have been divided into two families. The equili-
brative nucleoside transporters (ENTs) have 11 transmem-
brane domains in their primary structure [1, 2, 5]. Typical 
ENTs (such as hENTs 1 and 2 from human) transport sub-
strates down their concentration gradients and do not rely 
on transmembrane pH gradient for their transport activities 
[1, 6, 7]. But, recently, several ENTs from kinetoplastid 
protozoans (Leishmania donovani, Trypanosoma brucei), 
humans, and the higher plant Arabidopsis thaliana have 
been found to transport nucleosides in a pH-dependent 
manner [8-13]. The concentrative nucleoside transporters 
(CNTs), which generally have 13 transmembrane domains 
in their primary structure and are Na+ or H+-dependent sym-
porters, transport substrates against existing concentration 
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gradients [2,14,15]. Although CNT transport activities have 
been found in a variety of animal tissues and cells [15, 16], 
bioinformatic analysis has not found CNT encoding genes 
in the completely sequenced Arabidopsis genome [1]. 

Seven ENT members are actively expressed in Arabi-
dopsis [1, 17]. Recombinant AtENT1 expressed in yeast 
cells has been found to transport adenosine, guanosine, and 
cytidine in a pH-dependent manner [10, 18]. However, it 
has been suggested that AtENT1 may not transport uridine 
based on competition assay [10], although uridine is effi-
ciently transported by most ENT proteins characterized to 
date [19, 20]. The recombinant proteins of AtENTs 3, 4, 6, 
and 7 have all been found to transport adenosine, guanosine, 
cytidine, and uridine in a facilitative manner [17, 18]. In 
contrast, the yeast-expressed AtENT8 is unable to mediate 
the uptake of any of the four nucleosides (adenosine, gua-
nosine, cytidine, and uridine) tested so far [18]. Compared 
to AtENTs 1, 3, 4, 6, 7, and 8, there is still no informa-
tion on the transport function of recombinant AtENT2. 
It is also unknown whether the recombinant proteins of 
AtENT members are able to transport thymidine and by 
what mechanism(s) they do this. In addition to mediating 
the uptake of nucleosides, there is now genetic evidence 
that AtENTs 3 and 8 may be involved in transporting iso-
pentenyladenine riboside (iPR) and trans-zeatin riboside 
(tZR), which are nucleoside-type cytokinins in higher 
plants [21]. Interestingly, analysis of knockout mutant has 
indicated that AtENT1 does not display significant transport 
activity towards nucleoside-type cytokinin [21], although 
its transcripts are found abundantly in both vegetative and 
reproductive organs of Arabidopsis [17, 22]. Apart from the 
analysis of Arabidopsis ENTs, a recent study has shown that 
rice may encode four ENT proteins, and the recombinant 
protein of one member (OsENT2) mediates the transport 
of nucleosides and nucleoside cytokinins when produced 
in yeast cells [23]. 

Comparative analysis of relative transcript levels has 
shown that the expression patterns of AtENT members in 
Arabidopsis vegetative and reproductive organs are highly 
complex, with all seven members expressed in leaves and 
flowers, four members (AtENTs 1, 3, 6, and 8) in roots, 
four members (AtENTs 1, 4, 6, and 8) in stems, and four 
members (AtENTs 1, 3, 6, and 8) in siliques [17]. For the 
members found in the same organ, their transcript levels 
may also vary dramatically [17]. This raises an important 
question on how the transport activities of different AtENT 
members, some of which have been demonstrated in vitro 
using recombinant proteins, are regulated in different 
organs or during different developmental processes in 
Arabidopsis plants. The answer to this question, which is 
essential for future studies of the physiological functions 
of different AtENT members, depends on a more complete 

understanding of the transport properties of recombinant 
AtENT proteins and the expression profiles of the AtENT 
members during important developmental processes, and 
the availability of efficient methods for determining the in 
vivo transport functions of different AtENT members in 
given Arabidopsis organs or developmental processes. 

On the basis of the above information, the main objec-
tives of this work were to generate new information on the 
transport activities of recombinant AtENT proteins and 
the transcriptional patterns of six AtENT members during 
leaf development and senescence and seed germination. 
Furthermore, effort was also made to investigate the ENT 
member(s) involved in uridine uptake in Arabidopsis roots, 
which led to the identification of AtENT3 as the main 
transporter for uridine uptake in this organ. 

Materials and methods

Plant materials, general molecular methods, and radio-
chemicals

The Col-0 ecotype of Arabidopsis thaliana was used throughout 
this work. General conditions for Arabidopsis growth were described 
previously [17, 24]. The standard medium for germinating Arabi-
dopsis seeds and growing Arabidopsis plants on agar plates was 1/2 
MS (pH 5.8) supplemented with 1% (w/v) sucrose and 0.7% (w/v) 
phytagar (Sigma). The seeds of the T-DNA insertion lines of AtENT1 
(SALK_104866), AtENT3 (SALK_131585), and AtENT6 (SALK_
088083) were obtained from Arabidopsis Biological Resource Center 
(http://www.biosci.ohio-state.edu/). Plants homozygous for T-DNA 
insertion were identified from the T3 population and confirmed in the 
T4 generation using genomic PCR (with appropriate oligonucleotide 
primers listed in Table 1) according to the methods detailed in the 
website http://signal.salk.edu/. For DNA and RNA manipulations, 
the molecular methods described by Sambrook and Russell [25] 
were generally followed. The tritiated nucleosides, uridine and 
thymidine, were purchased from Amersham Biosciences and were 
used immediately for uptake assays. 

Plasmid construction and yeast transformation
Yeast expression vectors (p112AINE and p181AINE) and their 

uses in expressing recombinant AtENTs were described previously 
[17, 26, 27]. The fui1 deletion strain (BY4741; MAT a; his3Δ1; 
leu2Δ0; met15Δ0; ura3Δ0; YBL042c::kanMX4) was employed for 
investigating uridine transport activities of recombinant AtENTs 
as reported before [17]. The yeast strain BJ2168 (MATa; prc1-407; 
prb1-1222; pep4-3; leu2; trp1; ura3-52) (obtained from ATCC/Yeast 
Genetic Stock Center) was used for expressing AtENTs in the studies 
on thymidine transport. The coding sequences of AtENTs 1, 2, 3, 4, 
6, 7, and 8 were amplified using high-fidelity DNA polymerase by 
PCR with the oligonucleotide primers listed in Table 1. The result-
ing fragments were each cloned into p181AINE after digestions 
by appropriate restriction enzymes, producing the yeast expression 
constructs pAtENT1, pAtENT2, pAtENT3, pAtENT4, pAtENT6, 
pAtENT7, and pAtENT8, respectively. For studying thymidine 
transport by recombinant AtENTs (see below), an additional construct 
expressing thymidine kinase (TK) was prepared. This was done by 
amplifying TK coding sequence from the mammalian cell expression 
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vector pPNT [28] using appropriate oligonucleotide primers (Table 
1) and cloning the resultant fragment into p112AINE, giving rise to 
the construct pTK. The correctness of all cloning experiments was 
verified using DNA sequencing. Yeast transformation was conducted 
using a lithium acetate method [29]. In addition to developing the 
yeast strains expressing AtENTs, a recombinant yeast strain contain-
ing the empty p181AINE vector was also prepared and employed 

as the negative control in examining the transport activities of re-
combinant AtENTs. We were unable to test the potential transport 
activity of AtENT5 in this work, because its cDNA was not isolated 
in either our study [17] or that by other investigators [18]. Our 
recent investigation using promoter-GUS transgenic plants showed 
that AtENT5 was not expressed in Arabidopsis plants under normal 
growth condition (unpublished data). 

Usage 
Semiquantitative RT-PCR 

As above 
 
As above 
 
As above 
 
As above

As above 
 
Normalization in 
semiquantitative RT-PCR
Preparation of yeast 
expression constructs
As above 
 
As above 
 
As above 
 
As above 
 
As above 
 
As above 
 
As above 
 
Identification of knock-out  
mutant 
Identification of knock-out 
mutant
Identification of knock-out 
mutant 
Identification of knock-out 
mutant 

Table1  A list of polymerase chain reaction primers used in this work.
Primer  name
AE1F 
AE1R 
AE3F 
AE3R 
AE4F 
AE4R 
AE6F 
AE6R 
AE7F 
AE7R 
AE8F 
AE8R 
TuF 
TuR
Y-ENT1-F
Y-ENT1-R
Y-ENT2-F 
Y-ENT2-R 
Y-ENT3-F 
Y-ENT3-R 
Y-ENT4-F 
Y-ENT4-R 
Y-ENT6-F 
Y-ENT6-R 
Y-ENT7-F 
Y-ENT7-R 
Y-ENT8-F 
Y-ENT8-R 
Y-TK-F  
Y-TK-R  
E866LP 
E866RP 
E585LP 
E585RP 
E083LP 
E083RP 
LBa1

Primer sequence*

5´-ATGACCACCACCGATAAATC-3´
5´-CGGCAACACCGATAAGAC-3´
5´-GAGAAAACAAACGACGGTCC-3´
5´-AGAACGCCGGAATGAGAAG-3´
5´-GCAATCTCAACCTTCATAGAAC-3´
5´-GCATTCTTCTCCGGACCCTTGTA-3´
5´-TGTGCTAAGTTCCAAGGTTATG-3´
5´-CGTAGACCATTGTTTGATTTCTC-3´
5´-AGGATCGAGGGCAAGAATGTAGC-3´
5´-TAACGGTTTGATCGAGGGAATGAA-3´
5´-GACTAAAGCTTCGCTGCCAC-3´
5´-TAGTGAGGTAGCCGTTGGTAAGAC-3´
5´-AGAACACTGTTGTAAGGCTAAAC-3´
5´-GAGCTTTACTGTCTCGAACATGG-3´
5´-ACGGAATTCATGACCACCACCGATAAATCC-3´ 
5´-GATGGATCCTCAAATGACCCAGAACCAAC-3´ 
5´-TCTGAATTCATGGATACTAGCATTCTA-3´ 
5´-CAAGGATCCTTACCAATCTTTACCAACTA-3´ 
5´-GCAGAATTCATGGCGGATAGATATGAG -3´ 
5´-GGTGCGGCCGCTCAAAAGGCATTCTTCTTC-3´ 
5´-TTTGAATTCATGGCGGATGGATACGAG-3´
5´-AATGGATCCTCAGAAAGCATATTTCTTGC-3´
5´-GCAGAATTCATGGCGGATATATACG-3´
5´-GGTGCGGCCGCTCAAAAGGCATTCTTCTTC-3´
5´-CCGGAATTCATGACTAATCCAGAGGA-3´
5´-GGCCGGATCCCTAAAACGAATCGTTGCCA-3´
5´-GGAGAATTCATGGTTGATGAGAAAGTG-3´
5´-AATGGATCCTTCAGATGAGCCAGAGCCAAC-3´
5´-TGTAGAATTCCGTATGGCTTCGTACC-3´
5´-TCCTGGATCCTTTCAGTTAGCCTCC -3´
5´-GGACAAAAGCACAGTAGGACAC-3´
5´-CGAGCATGTAGATAACGGCGAA-3´
5´-TCTGCATAGAAGAATCAAGAAGC-3´
5´-TCATCCTTCAAGGGTACTCACA-3´
5´-TGGTTTTACATATTTACTTACTTTC-3´
5´-AAAACTTTCCCACTCTTCATCA-3´
5´-TGGTTCACGTAGTGGGCCATCG-3´

Specificity 
AtENT1 
 
AtENT3 
 
AtENT4 
 
AtENT6 
 
AtENT7 
 
AtENT8 
 
Tubulin 
 
AtENT1 
 
AtENT2 
 
AtENT3 
 
AtENT4 
 
AtENT6 
 
AtENT7 
 
AtENT8 
 
Thymidine kinase 
 
AtENT1 
 
AtENT3 
 
AtENT6 
 
T-DNA left border 

* The underlined nucleotides form BamHI (GGATCC), EcoRI (GAATTC) or NotI (GCGGCCGC) restriction sites. 
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Thymidine and uridine transport by recombinant AtENTs
In yeast cells, de novo synthesis of dTMP can be inhibited by 

treatment with methotrexate (MTX) and sulfanilamide (SA) [30]. 
It is also known that yeast cells lack an endogenous high-affinity 
thymidine uptake system and thymidine kinase [31]. On the basis of 
these findings, a previous study has developed a reliable system for 
evaluating the thymidine transport activity of hENT1 by simultane-
ously expressing hENT1 and thymidine kinase, and examining yeast 
growth on the medium containing methotrexate and sulfanilamide 
and thymidine [32]. In this work, we have adapted this system for 
investigating potential thymidine transport activities of recombi-
nant AtENT proteins. For the growth assays, two sets of analyses 
were conducted. The first set employed the yeast cells containing 
p181AINE or the AtENT expression construct but not the construct 
expressing thymidine kinase. The second set used the yeast cells that 
were doubly transformed with the AtENT and thymidine kinase con-
structs. The recombinant cells were cultured in liquid medium at 30 ºC 
to an OD600 of 2, serially diluted, and then spotted onto the selective 
plates (without leucine for the first set, and lacking both leucine and 
tryptophan for the second set) supplemented with 6 mg/ml SA, 50 
mg/ml MTX, and 150 mM thymidine. The plates were incubated at 
30 °C for three days before yeast growth was examined. Subsequent 
to the growth assay, direct uptake experiments were undertaken to 
characterize the pH dependency and kinetics of [3H]thymidine trans-
port by AtENT members as previously described [17].

To examine potential uridine transport by AtENT1 expressed in 
yeast cells, the recombinant fui1 strains containing p181AINE, pAT-
ENT1, pAtENT3, or pAtENT8 were firstly grown on the plates with-
out leucine (for selecting the plasmid construct) but supplemented 
with 500 mM 5-fluorouridine (Sigma). Because 5-fluorouridine is a 
cytotoxic uridine analog, growth inhibition in the presence of this 
drug would indicate potential uridine transport by the recombinant 
yeast strain. Recombinant AtENT3, but not AtENT8, has previously 
been found to transport uridine [17, 18]. They were employed here as 
the positive and negative controls of uridine transport, respectively. 
After the growth assay, the pH dependency and kinetics of [3H]uridine 
transport by recombinant AtENT1 were further analyzed using direct 
uptake assays as detailed previously [17]. 

Investigation of AtENT member(s) involved in uridine trans-
port in Arabidopsis roots

Two sets of experiments were conducted in this investigation. In 
the first set of experiments, the seeds of wild-type Arabidopsis plants 
and the homozygous T-DNA knockout mutant plants of AtENT1, 
AtENT3 or AtENT6 (designated as atent1-1, atent3-1 and atent6-1, 
respectively) were germinated on either the standard medium or the 
standard medium supplemented with various concentrations (10 to 
400 mM) of 5-fluorouridine. The germination and seedling growth 
were inspected at weekly intervals. Seed germination and seedling 
survival in the presence of higher concentrations of 5-fluorouridine 
would indicate decreased uptake of this cytotoxic uridine analog via 
the root system. The germination and growth experiment was also 
conducted with the pH of the MS medium adjusted to pH 4.8 in order 
to facilitate uridine uptake into Arabidopsis roots through the pH 
dependent mechanism. In the second set of experiments, wild-type 
plants and the atent1-1, atent3-1 and atent6-1 plants were compared 
for their abilities to take up tritiated uridine via the root system. Wild-
type plants and the knockout mutants were grown vertically on the 
standard medium for three weeks. Four samples, each composed of 

20 intact roots, were prepared from the vertically grown wild-type 
plants and the three knock-mutants, respectively. The four samples 
were each incubated in 20 ml of 5 mM Mes/KOH buffer (pH 5.5) 
containing 5 mM [3H]uridine on a horizontal shaker as described 
previously [18, 33]. At 2, 4, 6 and 8 h after the start of the incubation, 
triplicate samples (100 ml each) were withdrawn from each incubation 
solution and their levels of radioactivity were determined using liquid 
scintillation counting (1450 Microbeta, Wallac Oy). The amounts of 
[3H]uridine uptake by the root samples were deduced based on the 
decreases of radioactivity in the incubation media [18]. 

Transcriptional patterns of six AtENT members during leaf 
development and senescence and seed germination

To assess the transcriptional patterns of AtENTs 1, 3, 4, 6, 7 and 8 
during leaf development and senescence, leaves were collected from 
5-week-old wild-type Arabidopsis plants before bolting, and were 
divided into six developmental stages: Y (young), FX (mature fully 
expanded), OS (onset of senescence, 5% leaf area showing yellow), 
ES (early stage of senescence, 25% leaf area showing yellow), MS 
(middle stage of senescence, 50% leaf area showing yellow), and 
LS (late stage of senescence, more than 75% leaf area showing yel-
low) [34]. To compare the transcriptional patterns of the six AtENT 
members during seed germination, fresh wild-type Arabidopsis seeds 
were vernalized for 2 days at 4 ºC before imbibitions. They were 
then germinated on the plates with standard medium. Samples were 
collected at days 1, 2, 3, 5, 7, 9 and 11 after the germination started 
[35]. Total RNA samples were prepared using a commercial kit 
(RNeasy Plant Mini kit, Qiagen), further purified using RNase-free 
DNase (RNase-Free DNase set, Qiagen), and converted to cDNAs 
through reverse transcription. The cDNA contents of different re-
verse transcription reactions were normalized by amplifying tubulin 
transcripts [17]. The relative transcript levels of the six AtENT 
members were then evaluated using normalized cDNA mixtures with 
different numbers of amplification cycles (24, 26, 28, and 30). The 
consistency and reliability of the obtained patterns were checked in 
at least three independent experiments. AtENT2 was not included 
in above transcriptional analysis because its transcription was too 
low to be monitored reliably in leaves [17], and was undetectable in 
germinating seeds (unpublished data). 

Results

Demonstration of thymidine transport by recombinant 
AtENTs 3, 6, and 7 and uridine transport by recombinant 
AtENT1

In the growth assay designed to study potential thymi-
dine transport by recombinant AtENTs (with the endog-
enous dTMP synthesis in the yeast cells inhibited by drug 
treatment, and the presence of 150 mM thymidine in the 
medium), the yeast cells harboring single p181AINE or 
pAtENT constructs did not grow (Figure 1A). Coexpres-
sion with the pTK construct restored growth to the cells 
harboring pAtENT3, pAtENT6, or pAtENT7, but growth 
improvement of the pAtENT6 cells was less than that of 
the pAtENT3 or pAtENT7 cells (Figure 1A). In contrast, 
no growth was observed for the cells simultaneously 
expressing pTK and p181AINE, pAtENT1, pAtENT2, 



www.cell-research.com | Cell Research

                                                                                                                                                                                                
                                                                                                                                                                                                

Kun Ling Chen et al.
381
npg

pAtENT4, or pAtENT8 (Figure 1A). This indicated that 
the recombinant proteins of AtENTs 3, 6, and 7, but not 
those of AtENTs 1, 2, 4 and 8, were capable of transport-
ing thymidine when expressed in yeast cells. Furthermore, 
AtENT6 may be less efficient than AtENT3 and AtENT7 
in mediating the transport of thymidine across yeast cell 
membrane. In direct uptake assays, recombinant AtENTs 
3, 6 and 7 showed significant uptake of tritiated thymidine 
(Figure 1B), and thymidine uptake by the three AtENT 
members was all found to be resistant to inhibition by the 
protonophore CCCP (data not shown). Kinetic analysis 
showed that the Km and Vmax values of thymidine transport 

Figure 1 Analysis of potential thymidine transport by seven AtENT members. (A) Growth assay using serially diluted yeast cul-
tures. The growth medium contained 6 mg/ml methotrexate, 50 mg/ml sulfanilamide, and 150 mM thymidine. In the absence of pTK 
(expressing thymidine kinase, left panel), no growth was observed in the yeast cells expressing the control vector p181AINE or the 
pAtENT constructs. In the presence of pTK (right panel), substantial growth was observed for the cells expressing pAtENTs 3, 6 or 
7, but not those expressing p181AINE or pAtENTs 1, 2, 4 or 8. (B) Time course experiment. Compared to the cells expressing the 
control vector p181AINE, those expressing pAtENT3 exhibited significant transport of tritiated thymidine. The uptake rates and 
standard errors were calculated using the data from three independent assays. Similar results were obtained for the cells expressing 
pAtENT6 or 7 (data not shown). (C) Kinetics of thymidine transport into intact yeast cells expressing pAtENT3. Transport was 
allowed to proceed for 2 min in each of the indicated concentrations of tritiated thymidine. Uptake rates and standard errors were 
calculated using the data (after subtracting the uptake rates of the control cells expressing p181AINE) from three independent assays. 
The Km and Vmax values of thymidine transport by recombinant AtENT3 were 2.3 mM and 328.49 pmol/mg protein/min, respectively. 
Using the same protocol, the Km and Vmax values of thymidine transport by recombinant AtENT6 were determined to be 3.3 mM and 
209.19 pmol/mg protein/min, respectively, whereas the corresponding values calculated for recombinant AtENT7 were 3.1 mM and 
240.01 pmol/mg protein/min, respectively.
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by recombinant AtENT3 were 2.3 mM and 328.49 pmol/mg 
protein/min, respectively (Figure1C). The corresponding 
values determined for recombinant AtENT7 were 3.1 mM 
and 240.01 pmol/mg protein/min, respectively, and those 
for recombinant AtENT6 were 3.3 mM and 209.19 pmol/
mg protein/min, respectively. Taken together, these results 
suggested that recombinant AtENTs 3, 6 and 7 could medi-
ate high-affinity thymidine transport in a pH independent 
manner in yeast cells, but the affinity of thymidine transport 
by recombinant AtENT6 was relatively lower than that by 
recombinant AtENTs 3 or 7. 

To examine potential uridine transport by recombinant 
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AtENT1 more vigorously in this work, we conducted 
both growth and direct uptake assays. In the growth assay, 
AtENTs 3 and 8, whose uridine transport activity has been 
determined previously [17, 18], were employed as positive 
and negative controls of uridine transport, respectively. 
From the results shown in Figure 2A, it is clear that the 
fui1 deletion cells containing p181AINE or AtENT8 were 
resistant to growth inhibition by 5-fluorouridine, suggest-
ing lack of uridine transport in these cells. In contrast, the 
growth of the fui1 deletion cells expressing pAtENT1 or 
pAtENT3 was inhibited by 5-fluorouridine (Figure 2A). 
Based on the degree of growth inhibition, the pAtENT3 
cells appeared more susceptible to 5-fluorouridine than the 
pAtENT1 cells (Figure 2A). This indicated that uridine 
transport occurred in the fui1 cells expressing pAtENT1 
or pAtENT3, and that uridine uptake by the pAtENT3 
cells might be stronger than that in the pAtENT1 cells. In 
direct uptake experiments, the uptake of tritiated uridine 
by the pAtENT1 cells was significantly inhibited by CCCP 
(Figure 2B), indicating the requirement of transmembrane 
pH gradient for efficient uridine uptake by AtENT1 in yeast 
cells. Kinetics analysis revealed that the Km and Vmax values 
of uridine transport by AtENT1 in yeast cells were 3.9 mM 
and 102.37 pmol /mg protein/min, respectively (Figure 
2C). This demonstrated that recombinant AtENT1 could 
mediate high-affinity uridine transport in a pH-dependent 
manner in yeast cells. However, uridine transport by 
AtENT1 may not be as strong as that by AtENT3, because 
the Km and Vmax values of uridine transport by the latter have 
previously been shown to be 3.2 mM and 232.50 pmol/mg 
protein/min, respectively [17]. This may explain why the 
pAtENT3 cells were more susceptible to growth inhibition 
by 5-fluorouridine than the pAtENT1 cells observed in this 
work (Figure 2A).

Analysis of AtENT member(s) involved in uridine transport 
in Arabidopsis roots

Although our previous study has shown that four AtENT 
members (1, 3, 6 and 8) are transcribed in wild-type Arabi-
dopsis roots [17], knockout mutants were available for only 
AtENTs 1, 3 and 6, but not for AtENT8 [21]. Consequently, 
it was not possible to include AtENT8 in this analysis. 
RT-PCR experiment confirmed the lack of the transcripts 
for AtENTs 1, 3 or 6 in their respective knockout mutants 
(atent1-1, atent3-1 and atent6-1, Figure 3A). Furthermore, 
the knockout of one AtENT member did not affect the tran-
scription of the other AtENT members (Figure 3A). When 
grown on the standard medium, the knockout mutants of 
AtENTs 1, 3, or 6 germinated and grew as normally as 
wild-type plants (Figure 3B). The presence of 10 mM 5-
fluorouridine in the MS medium had a similar inhibitory 
effect on wild-type plants as well as the knockout mutants 
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Figure 2  Analysis of uridine transport by recombinant AtENT1. 
(A) Growth assay using serially diluted yeast cultures. The FUI1 
deletion yeast cells expressing the control vector p181AINE or 
pAtENT8 grew extensively in the presence of the cytotoxic uridine 
analog 5-fluorouridine, indicating lack of uridine transport in these 
cells. In contrast, the growth of the FUI1 deletion cells expressing 
pAtENT1 or pAtENT3 was much limited, suggesting the occur-
rence of uridine transport by these cells. (B) Time course experi-
ment. Compared to the FUI1 deletion cells expressing the control 
vector p181AINE, those expressing pAtENT1 exhibited significant 
transport of tritiated uridine. The uptake rates and standard errors 
were calculated using the data from three independent assays. 
Specific uridine transport mediated by recombinant AtENT1 was 
abolished in the presence of the protonophore CCCP. (C) Kinetics 
of uridine transport into intact yeast cells expressing pAtENT1. 
The conditions for the transport assay were the same as those de-
scribed in Figure1. The Km and Vmax values of uridine transport by 
recombinant AtENT1 were determined to be 3.9 mM and 102.37 
pmol/mg protein/min, respectively. 
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of AtENTs 1, 3 or 6 (Figure 3B). The presence of higher 
concentrations of 5-fluorouridine (= 20 mM) in the medium, 
although not affecting seed germination, strongly retarded 
the growth of wild-type plants and the knockout mutants of 
AtENT1 or AtENT6 (Figure 3B). In contrast, the growth 
of the AtENT3 knockout plants was much less inhibited 
(Figure 3B). The AtENT3 knockout plants still survived 
even with the concentration of 5-fluorouridine in the 
medium raised to 400 mM (data not shown). Considering 
that recombinant AtENT1 was shown to transport uridine 
in a pH-dependent manner in this work, the above growth 
experiment was repeated with the pH of the MS medium 
adjusted to 4.8. But identical results were obtained (data 
not shown). 

The wild-type plants and the knockout mutants of 
AtENTs 1, 3 or 6 were also compared for their abilities to 
take up tritiated uridine in a direct uptake assay employ-
ing the roots. From Figure 4, it is clear that the level of 
[3H]uridine in the roots of atent3-1 plants was consistently 

AtENT1

atent1-1    atent3-1     atent6-1

AtENT3

AtENT6

Tubulin

A

Figure 3 Effect of the cytotoxic uridine analog 5-fluorouridine on the 
growth of wild-type (WT) plants and the knockout mutants of AtENTs 
1, 3 or 6. (A) Lack of AtENT1, AtENT3 or AtENT6 transcripts in 
their respective knockout mutants (atent1-1, atent3-1, atent6-1). The 
knockout of one AtENT member did not affect the transcription of the 
other AtENT members. (B) In the absence of 5-fluorouridine, wild-
type plants and the knockout mutants (atent1-1, atent3-1, atent6-1) 
were indistinguishable in their germination and growth. The presence 
of 10 µM 5-fluorouridine had a similar inhibitory effect on wild-type 
plants and the three knockout mutants. When 5-fluorouridine was 
supplied at higher concentrations of (≥20 µM), the growth of wild-
type plants and the atent1-1 and atent6-1 mutants was more strongly 
inhibited than that of the atent3-1 mutant. Note that seed germination 
of wild-type plants and the three knockout mutants was not affected 
by 5-fluorouridine. The photographs were taken at 2 weeks after the 
start of seed germination. 
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and significantly lower than those in the roots of wild-type, 
atent1-1 or atent6-1 plants (Figure 4). Interestingly, the 
roots of wild-type, atent1-1 and atent6-1 plants did not dif-
fer extensively in their levels of [3H]uridine (Figure 4). 

Comparison of the transcriptional patterns of six AtENT 
members during leaf development and senescence and 
seed germination

Using semiquantitative (relative) RT-PCR, the tran-
scriptional patterns of AtENTs 1, 3, 4, 6, 7 and 8 during 
leaf development and senescence and seed germination 
were evaluated. Reproducible transcriptional patterns were 
obtained in independent trials. A typical result on the tran-
scriptional patterns of the six AtENT members during leaf 
development and senescence is shown in Figure 5. The tran-
scription of AtENTs 1, 3, 6 and 8 was detected throughout 
leaf development and senescence, whereas that of AtENTs 
4 and 7 was mainly found in the leaves that were mature or, 
at the onset, early and middle stages of senescence (Figure 
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5). Three AtENT members (1, 4 and 6) showed increased 
transcript levels during the development from immature to 
fully expanded leaves (Figure 5). On the other hand, the 
transcript levels of the six AtENT members were all gener-
ally up-regulated at the onset of leaf senescence (Figure 5). 
The transcript levels of AtENTs 1 and 3 remained high even 
at the final stage of leaf senescence (Figure 5).

A representative result on the transcript levels of the 
six AtENT members during seed germination is shown 
in Figure 6. The transcription of the six members was all 
induced during the early stage of seed germination (from 
day 1 to day 3, Figure 6), and their transcript levels were 
either increased steadily (for AtENTs 3, 4, 6, 7, and 8), or 
remained relatively constant (for AtENT1), as germination 
continued (Figure 6). The transcript levels of AtENTs 1, 
3, 4 and 6 were generally higher than those of AtENTs 7 
and 8 (Figure 6).

Discussion

From the available literatures, there is ample evidence 
for thymidine uptake, transport between tissues or cells, 
and utilization in plant growth. For example, artificial 
feeding experiments have revealed that thymidine uptake is 
correlated with DNA synthesis [36-39]. Thymidine kinase 
activity, which is essential for thymidine salvage, is detected 
during period of intense growth (such as seed germination) 

1        2       3       5        7       9      11

AtENT1

AtENT3

AtENT4

AtENT6

AtENT7

AtENT8

Tubulin

Figure 6 Evaluation of the transcriptional patterns of six AtENT 
members during seed germination. Total RNA samples were prepared 
from germinating Arabidopsis seeds (at days 1, 2, 3, 5, 7, 9 and 11 
after the start of germination). The transcript levels of the six AtENT 
members were evaluated using the cDNA samples that had been nor-
malized by amplifying tubulin transcripts. The kinetics of PCR was 
checked by amplifying tubulin transcripts using different numbers of 
amplification cycles (24, 26, 28, and 30). The transcriptional patterns 
shown were reproducible in independent assays.

Figure 4  Uptake of tritiated uridine by the roots of wild-type plants 
and the knockout mutants of AtENT1, AtENT3 or AtENT6. Four 
samples (each consisted of 20 intact roots) were prepared from verti-
cally grown wild-type plants and the three knock-mutants, respec-
tively. They were then each incubated in 20 ml of 5 mM Mes/KOH 
buffer (pH 5.5) containing 5 mM [3H]uridine. Three aliquots (100 
ml each) were withdrawn from each incubation solution at given 
time points, and their levels of radioactivity were determined using 
liquid scintillation counting. The amounts of [3H]uridine uptake by 
the root samples were deduced based on the loss of radioactivity in 
the incubation solutions.
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Figure 5 Evaluation of the transcriptional patterns of six AtENT 
members during leaf development and senescence. Total RNA 
samples were prepared from Arabidopsis leaves at six different 
stages [Y (young), FX (mature fully expanded), OS (early stage 
or onset of senescence, 5% leaf area showing yellow), ES (middle 
stage of senescence, 25% leaf area showing yellow), MS (late stage 
of senescence, 50% leaf area showing yellow), and LS (final stage 
of senescence, more than 75% leaf area showing yellow)]. Follow-
ing reverse transcription, the cDNA contents of individual reverse 
transcriptions were normalized by amplifying tubulin transcripts. The 
transcript levels of six AtENT members were then evaluated using 
normalized cDNA samples. The kinetics of PCR was monitored by 
amplifying tubulin transcripts using different numbers of amplifica-
tion cycles (24, 26, 28, and 30). Identical transcriptional patterns 
were obtained in independent experiments. 
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[40-42]. In sugarcane suspension cells and germinating 
zygotic embryos of white spruce, significant catabolism 
of thymidine is also observed [37, 39]. However, against 
the background of the above studies, potential thymidine 
transporters in plant cells have not been characterized previ-
ously. Using growth and direct uptake assays, the present 
study has, for the first time, found that the recombinant 
proteins of AtENTs 3, 6 and 7, but not those of AtENTs 
1, 2, 4 and 8, are capable of transporting thymidine with 
high affinity and in a pH-independent manner. The failure 
of recombinant AtENT8 in transporting thymidine is in 
line with its inability to transport adenosine, guanosine, 
cytidine, and uridine observed before [18], and further 
suggests that AtENT8 may be a transporter with highly 
specialized substrate specificity. On the other hand, lack of 
thymidine transport by recombinant AtENTs 1 and 4 is sur-
prising, considering that the two proteins have previously 
been found to transport adenosine, guanosine, cytidine, 
and uridine in yeast cells [10, 18, this work]. Recombinant 
hENT1 has been found to transport a variety of nucleosides 
including thymidine [1, 32]. By contrast, the FUI1 from 
Saccharomyces cerevisiae shows high uridine selectivity in 
its transport function [32]. From these findings, it is clear 
that ENTs from different species (or even from the same 
species) may differ in their permeant specificities, although 
the structural basis responsible for such difference remains 
to be elucidated in future studies. 

Previous investigation has indicated that AtENT1 
expressed in yeast cells may not transport uridine [10]. 
However, this suggestion was solely based on the competi-
tion of [3H]adenosine transport by unlabeled uridine using 
AtENT1 expressed in the ade2 yeast strain in which the 
FUI1 gene encoding the high-affinity uridine transporter 
(Km: 22 mM, [43]) was not deleted. Under this condition, 
the competition of [3H]adenosine transport by unlabeled 
uridine may not be efficient because uridine might have 
been transported into the ade2 cells via FUI1. To exclude 
this possibility, we have chosen to use the FUI1 deletion 
strain to express AtENT1 in this work. Based on the growth 
assay (for sensitivity to 5-fluorouridine conferred by ectopic 
AtENT1 expression) and the time course and kinetics ex-
periments (using direct uptake of [3H]uridine), we conclude 
that recombinant AtENT1 can mediate high-affinity uptake 
of uridine in a pH dependent manner. The finding of uridine 
transport by recombinant AtENT1 is in agreement with the 
notion that this nucleoside is an efficient permeant for most 
ENT proteins from eukaryotic cells, and can be transported 
by either typical ENTs (such as hENT1 from human and 
AtENT3 from Arabidopsis) in a facilitative manner or 
those ENTs (e.g., hENT3 from human and AtENT1 from 
Arabidopsis) that employ pH dependent mechanism during 
their function [1, 13, 17, 19, 32, this work].

The information on thymidine transport by recombinant 
AtENTs 3, 6 and 7 and uridine transport by recombinant 
AtENT1 in the present study complemented existing 
knowledge on nucleoside transport capabilities of differ-
ent recombinant AtENT members. Based on the results 
gathered so far [10,17,18, this work], it is deduced that, in 
Arabidopsis, the transport of adenosine, guanosine, uridine, 
and cytidine may be more complex than that of thymidine, 
because the former may involve five AtENT members and 
two transport mechanisms (pH dependent transport by 
AtENT1 and facilitative transport by AtENTs 3, 4, 6 and 7), 
whereas the latter may employ three transporters (AtENTs 
3, 6 and 7) and only the facilitative transport mechanism. In 
addition to the contribution discussed above, this work also 
represents the first attempt to investigate potential nucleo-
side transport by AtENT2 and showed that its recombinant 
protein did not transport thymidine. This may be caused by 
one or more of the following possibilities. Yeast expres-
sion system may not be suitable for revealing the transport 
function of AtENT2. Certain ENT protein (such as FUN26 
from S. cerevisiae, [43]) is not functional when produced in 
yeast cells, but displays clear nucleoside transport function 
when expressed in Xenopus oocytes. Consequently, it may 
be beneficial to use the Xenopus oocyte expression system 
in investigating the potential transport function of recom-
binant AtENT2. Alternatively, the permeant specificity of 
recombinant AtENT2 may be narrower compared to that 
of recombinant AtENTs 1, 3, 4, 6, and 7. Consequently, 
more nucleosides and analogs should be tested for AtENT2 
transport in future experiments. 

Beyond the studies using recombinant AtENT pro-
teins, a major challenge ahead is to understand how the 
transport activities of the different AtENT members are 
regulated in vivo in different Arabidopsis organs or dur-
ing important developmental processes. As the first steps 
to meet the above challenge, the present study set out to 
identify AtENT member(s) involved in uridine transport 
in Arabidopsis roots, and to compare the transcriptional 
patterns of six AtENT members during leaf development 
and senescence and seed germination. The fact that only 
the knockout mutant of AtENT3 could survive in the 
presence of higher concentrations of 5-fluorouridine (≥20 
mM) indicates that the absence of AtENT3 is associated 
with decreased uptake of the uridine analog and hence 
tolerance to this toxic compound. On the other hand, the 
presence of AtENT3 in wild-type plants and the knockout 
mutants of AtENT1 or AtENT6 appears to confer uptake 
of 5-fluorouridine and much greater growth inhibition. 
Importantly, according to the differences in the levels of 
tritiated uridine accumulated in the roots during the in 
vivo uptake assay, the AtENT3 knockout mutant displays 
a significantly decreased ability to take up tritiated uridine 
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via its roots when compared with wild-type plants or the 
knockout mutants of AtENT1 or AtENT6. Taken together, 
these results suggest that AtENT3 is a functional high-affin-
ity uridine transporter in Arabidopsis roots. AtENTs 1 and 
6 do not transport uridine as efficiently as AtENT3 in this 
organ. The high tolerance of the AtENT3 knockout mutant 
to 5-fluorouridine also indicates that AtENT8 (expressed in 
the atent3-1 background) may not play a significant role in 
the uptake of exogenous uridine via the roots. This may not 
be surprising since recombinant AtENT8 produced in yeast 
cells has been shown not to transport tritiated uridine [18]. 
The finding that AtENTs 1 and 6 do not participate in uri-
dine uptake significantly in Arabidopsis roots is, however, 
unexpected, considering that the recombinant proteins of 
the two AtENTs can mediate high-affinity uridine transport 
in yeast cells [18, this work]. One possibility is that the 
uridine uptake functions of the two members in Arabidopsis 
roots may be highly regulated. This suggestion may also be 
relevant to the observation that AtENT1 does not transport 
nucleoside-type cytokinin significantly in vivo [21], despite 
the fact that AtENT1 transcripts accumulate abundantly in 
both the vegetative and reproductive organs of Arabidopsis 
plants [17, 22]. Nevertheless, the identification of AtENT3 
as the main transporter for uridine uptake in Arabidopsis 
roots in this work demonstrates that the deployment of 
AtENT knockout mutants, coupled with an understand-
ing of their transcriptional patterns, can lead to efficient 
methods for investigating the in vivo transport functions 
of different AtENT members in future studies.

Judging from the relative transcript levels, AtENTs 1, 3, 
6, and 8 may be active throughout leaf development and 
senescence, and AtENTs 1 and 3 may be more dominant 
than AtENTs 6 and 8. In contrast to AtENTs 1, 3, 6 and 8, 
AtENTs 4 and 7 may mainly be active in the leaves that 
are mature or at the onset, early and middle stages of se-
nescence. Despite the generalizations made above, the six 
AtENT proteins may differ from each other in the dynamic 
changes of their activities during the different stages of 
leaf development and senescence. Contrary to the com-
plex activity patterns of AtENTs 1, 3, 4, 6, 7 and 8 during 
leaf development and senescence, the functions of the six 
members during seed germination may be coordinated. 
The six members are all induced during early germina-
tion, and their activities may remain high or increasing as 
germination continued. Assuming the six AtENT members 
exhibit one or more forms of transport activities towards 
nucleosides and/or analogs (i.e., nucleoside cytokinins) in 
vivo, leaf development and senescence may represent a 
developmental process with which the mechanism(s) that 
specify the differences in the transport functions of indi-
vidual AtENT proteins can be studied. On the other hand, 
seed germination may be a suitable biological process for 

further investigations into the mechanism(s) that coordinate 
the transport functions of different ENT members. From 
the finding that higher concentration of 5-fluorouridine 
did not inhibit seed germination of wild-type plants and 
the knockout mutants of AtENTs 1, 3 or 6 in this work, 
it seems likely that the AtENT members induced during 
the early stage of seed germination may all be involved in 
transporting the nucleosides and/or analogs that are gener-
ated endogenously and utilized for early seedling growth. 
Further support for this proposition may come from the 
finding that nucleosides are the main tranported metabolites 
of nucleic acid catabolism in the cotyledons of germinating 
castor bean seeds [38].

In summary, this work has improved our understand-
ing on the transport properties of recombinant AtENT 
proteins. But more importantly, we have embarked upon 
studying the in vivo transport functions of AtENT members. 
The identification of AtENT3 as the main transporter for 
uridine uptake in Arabidopsis roots opens the possibility 
to investigate more deeply into the molecular mechanism 
underlying nucleoside transport in plant cells. The revealing 
of the transcriptional patterns of the six AtENT members 
during leaf development and senescence and seed germina-
tion may provide model systems for future studies on the 
transport activities and physiological functions of different 
AtENT proteins in important developmental processes in 
Arabidopsis plants. 
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