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Sugars play indispensable roles in biological reactions and are
distributed into various tissues or organelles via transporters in
plants. Under abiotic stress conditions, plants accumulate sug-
ars as a means to increase stress tolerance. Here, we report an
abiotic stress-inducible transporter for monosaccharides from
Arabidopsis thaliana that is termed ESL1 (ERD six-like 1).
Expression of ESL1 was induced under drought and high salinity
conditions and with exogenous application of abscisic acid. Pro-
moter analyses using (-glucuronidase and green fluorescent
protein reporters revealed that ESL1 is mainly expressed in peri-
cycle and xylem parenchyma cells. The fluorescence of ESL1-
green fluorescent protein-fused protein was detected at tono-
plast in transgenic Arabidopsis plants and tobacco BY-2 cells.
Furthermore, alanine-scanning mutagenesis revealed that an
N-terminal LYXXXLL motif in ESL1 was essential for its localiza-
tion at the tonoplast. Transgenic BY-2 cells expressing mutated
ESL1, which was localized at the plasma membrane, showed an
uptake ability for monosaccharides. Moreover, the value of K,
for glucose uptake activity of mutated ESL1 in the transgenic
BY-2 cells was extraordinarily high, and the transport activity
was independent from a proton gradient. These results indicate
that ESL1 is a low affinity facilitated diffusion transporter.
Finally, we detected that vacuolar invertase activity was
increased under abiotic stress conditions, and the expression
patterns of vacuolar invertase genes were similar to that of ESL1.
Under abiotic stress conditions, ESL1 might function coordi-
nately with the vacuolar invertase to regulate osmotic pressure
by affecting the accumulation of sugar in plant cells.

In plants, sugars play essential roles as a main energy source,
substrates for polymer synthesis, storage compounds, and car-
bon precursors that are required for a wide number of anabolic
and catabolic reactions. To distribute sugars within whole
plants, several transporters are required not only to traverse
biological membranes on the subcellular level but also for long
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distance transport (1, 2). In most plant species, soluble sugars
are mainly present in the forms of glucose, fructose, and
sucrose. Sucrose is directly transported into sink cells or het-
erotrophic organs and is taken up by sucrose transporters or
hexose transporters after cleavage by cell wall-bound invertases
(3). Sugars can also be distributed in the subcellular level into
different organelles, depending on their actual requirements.
During the daytime, many plant species assimilate carbon to
synthesize starches, which are transiently stored in chloro-
plasts. In contrast, sugars remobilize to sink cells or heterotro-
phic organs during the night (4). In addition, sugars can be
imported into the vacuoles for transient or long term storage
(5). It is reported that a system for sugar uptake into vacuole is
contained in certain plants like sugar beet (6) or maize (7).
Under abiotic stress conditions, galactinol and raffinose accu-
mulate in plant cells (8). Overexpression of GolS2, which is an
abiotic stress-inducible galactinol synthase gene, increases
endogenous galactinol and raffinose levels and improves abio-
tic stress tolerance in Arabidopsis (8). These results indicate
that sugars might function as osmo-protectants, although little
is known about their physiological function under abiotic
stresses. The expression of genes not only for sugar synthases
but also sugar transporters is induced under abiotic stress con-
ditions (9), and sugars might be transported to specific tissues
or organelles under abiotic stress conditions (10).
Physiological analyses showed that both facilitated diffu-
sion and secondary active transporters for sugars exist in
plants (11, 12). All of the previously characterized sugar
transporters are secondary active transporters (10, 13—15).
In many cases, the activities of secondary active transporters
in plants are dependent upon proton gradients. STP1 was
initially isolated as a plant sugar transporter from Arabidop-
sis and was shown to be a proton/hexose symporter localized
at the plasma membrane (13). Sugar transporters for hexose
and sucrose uptake across the plasma membrane have been
identified in various plant species (16 —18). However, little is
known about sugar transporters localized at the tonoplast.
Recently, two proton-dependent antiporters involved in glu-
cose influx across the tonoplast were identified in Arabidopsis
(10, 15). On the other hand, the activities of facilitated diffusion
transporters depend on substrate concentration and are not
dependent upon proton gradients. Because various plant spe-
cies accumulate a considerable amount of soluble sugars in
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their vacuoles (5), the existence of facilitated diffusion trans-
porters for the efflux of sugars across the tonoplasts have been
predicted for plant cells (11, 19).

ERD6, a member of a multigene family in Arabidopsis, has
been isolated from a cDNA library prepared from Arabidopsis
plants exposed to drought stress for 1 h. Sequence analysis of
this gene indicated that it encodes a putative sugar transporter
(20). Here, we report the characterization of ESL1 (ERD six-like
1), which is a member of the ERD6-like family and an abiotic
stress-inducible transporter. We present evidence that ESL1
requires an N-terminal LXXXLL motif for its localization to the
tonoplast. Furthermore, we analyzed the functional property of
ESL1 by using a mutated form of ESL1 that is localized at the
plasma membrane in plant cells.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Arabidopsis thali-
ana Columbia ecotype plants were grown on germination
medium agar plates with 3% sucrose for 3 weeks under a 16-h
light/8-h dark regime as previously described (21). Plants for
the transient expression assay were grown on soil under an 8-h
light/16-h dark regime. Suspension-cultured tobacco BY-2
cells (Nicotiana tabacum L. cv. Bright Yellow 2) were obtained
from the Riken Bioresource Center. The cells were subcultured
once in Linsmaier and Skoog medium for 5 days at 30 °C in the
dark with an orbital shaker. A T-DNA insertional mutant of
ESL1 (SALK_025646) was obtained from the Arabidopsis Bio-
logical Resource Center. Information appertaining to the
T-DNA insertional mutant was obtained from the website for
the Salk Institute Genomic Analysis Laboratory. The T-DNA
insertional site was confirmed by PCR using a T-DNA left bor-
der primer (LBal) and an ESL1-specific primer (ESL1-RP) pair.
All primer sequences are shown in supplemental Table S2.

RNA Gel Blot Analysis, Quantitative Reverse Transcription-
PCR, and Abiotic Stress and Hormone Treatments—Total RNA
extraction from 3-week-old Arabidopsis plants, RNA gel blot
analysis, and qRT-PCR? analysis were conducted as previously
described (22). For RNA gel blot analysis, each lane was loaded
with 7 ug of total RNA, and the full-length cDNA sequence of
each gene was used as a probe. For qRT-PCR analysis, cDNA
was synthesized from total RNA using SuperScript III (Invitro-
gen) with random primers according to the manufacturer’s
instructions. qRT-PCR was performed on a Light Cycler (Roche
Applied Science) using SYBR Premix Ex Tagq kit (Takara)
according to the manufacturer’s instructions. The ERD6, ESL1
AtBfruct3, AtBfruct4, and 18 S rRNA fragment were amplified
with ERD6-F-qRT and ERD6-R-qRT, ESL1-F-qRT and ESL1-
R-qRT, BFRUCT3-F-qRT and BFRUCT3-R-qRT, BFERUCT4-
F-qRT and BFRUCT4-R-qRT, and 18S-F-qRT and 18S-R-qRT
primer pairs, respectively. For abiotic stress and ABA treat-
ments, the plants were transferred into hydroponic Murashige
and Skoog medium at 2 days prior to abiotic stress and hor-
mone treatments. The plants were dehydrated on parafilm or

2The abbreviations used are: qRT, quantitative reverse transcription; GFP,
green fluorescent protein; MES, 4-morpholineethanesulfonic acid; CCCP,
carbonyl cyanide m-chlorophenylhydrazone; Wm, wortmannin; BFA,
brefeldin A; ABA, abscisic acid; GUS, B-glucuronidase.
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cultured with NaCl and ABA at the concentration of 250 mm
and 100 M, respectively.

Histochemical Localization—The ERD6 or ESL1 promoter:
GUS reporter plasmid was constructed by cloning PCR-ampli-
fied fragments containing a 1472- or 1743-bp sequence of the
ERDG6 and ESLI promoter region, respectively. The following
primers were used to amplify DNA fragments for promoter
GUS analysis: ERD6pro-EcoRI-F and ERD6pro-Xhol-R for the
ERD6 promoter fragment and ESL1pro-EcoRI-F and ESL1pro-
Sall-R for the ESL1 promoter fragment. These fragments were
ligated into the pGK-GUS vector (23), and GUS activity was
determined as previously described (24). We then constructed
the ERDG6 or the ESL1 promoter:TM-GFP construct using the
primers ERD6pro-Apal-F and ERD6pro-Xbal-R for the ERD6
promoter fragment and ESL1pro-Apal-F and ESL1pro-Smal-R
for the ESL1 promoter fragment. These fragments were subse-
quently ligated into the pGK35S-TM-sGFP vector (supplemen-
tal “Experimental Procedures”). GFP fluorescence (excitation
filter, 488 nm; emission filter bandpass, 505- 530 nm) was
observed with a laser scanning confocal microscope (LSM510;
Zeiss).

Subcellular Localization of ESLI—Transient expression
assay using mesophyll protoplasts from Arabidopsis were
performed as previously described (25). For cloning of the
35Spro:ESL1-GFP construct, the fragment of the ESL1 cod-
ing region was amplified by PCR from Arabidopsis cDNA
with the ESL1-BamHI-F and ESL1-BamHI-R primer pair.
The ESLI fragment was ligated into the BamHI site of the
pGK35S-sGFP vector (supplemental “Experimental Proce-
dures”). We established stable BY-2 cell lines expressing
GFP-fused ESL1 or ESL1(LLL/AAA) to analyze their respec-
tive subcellular localization. BY-2 cells were transformed
with each plasmid via Agrobacterium tumefaciens (strain
EHA105) according to the previously established method (26).
The ESLI1 fragment was amplified by PCR with the ESL1-
BamHI-F and ESL1-BamHI-R primer pair and was ligated into
the pBE2113-CsGFP vector (supplemental “Experimental Pro-
cedures”). To generate an ESL1(LLL/AAA) fragment, we used
the ESL1(LLL/AAA)-BamHI-F and ESL1-BamHI-R primer
pair. For alanine scanning analysis, we used the forward prim-
ers, ESL1(L10A)-BamHI-F, ESL1(E11A)-BamHI-F, ESL1(G13A)-
BamHI-F, ESL1(L14A)-BamHI-F, ESL1(L15A)-BamHI-F,
and ESL1(L16A)-BamHI-F. We used ESL1-BamHI-R as the
reverse primer for the amplification of the fragments utilized
for the alanine scanning assay. For the co-localization assay,
we amplified the ESLI fragment with the ESL1-Xbal-F and
ESL1-Smal-R primer pair, and the fragment was subse-
quently ligated into the pGKX-cYFP vector (supplemental
“Experimental Procedures”). We then constructed the CFP-
VAM3 construct using the primers VAM3-NotI-F and
VAM3-XholI-R to amplify VAM3 from Arabidopsis cDNA.
The VAMS3 fragment was subsequently ligated into the
pBI22135S-nCFP vector (supplemental “Experimental Pro-
cedures”). GFP fluorescence, YFP fluorescence (excitation
filter, 514 nm; emission filter bandpass, 530/30 nm), CFP
fluorescence (excitation filter, 458 nm; emission filter band-
pass, 482.5/30 nm), and chlorophyll autofluorescence (exci-
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tation filter, 543 nm; emission filter bandpass, =560 nm)
were observed with the laser scanning confocal microscope.

Functional Characterization of ESL1—To measure glucose
transport activity by using suspension-cultured tobacco BY-2
cells, we established transgenic BY-2 cell lines expressing ESL1
or ESL1(LLL/AAA). The ESLI fragment was amplified by PCR
with the primers ESL1-BamHI-F and ESL1-BamHI-R2 for the
35Spro:ESL1 construct, and the ESLI(LLL/AAA) fragment was
amplified with the ESL1(LLL/AAA)-BamHI-F and ESL1-
BamHI-R2 primers for the 35Spro:ESL1(LLL/AAA) construct.
Each fragment was ligated into the pBE2113Not vector, and
transport activity was subsequently measured by a previously
described method with modifications (27). Briefly, the accu-
mulation of glucose was measured in 0.5-ml aliquots of cell
suspension. First, each suspension was filtered. After filter-
ing, the suspensions were resuspended in uptake buffer (20
mMm MES, 0.5 mm CaSO,; pH adjusted to 5.7 with KOH) and
equilibrated for 45 min with continuous orbital shaking.
Equilibrated cells were collected by filtration and resus-
pended in fresh uptake buffer to obtain a density of 200 mg of
cells/ml. The cells were incubated on the orbital shaker for
1.5 hin darkness at 30 °C. To start the reaction, 450 ul of cells
were mixed with 50 ul of medium containing 3.7 or 7.4 kBq
[U-"*C]glucose (CFB96; GE Healthcare). The total glucose con-
centration was adjusted by adding unlabeled glucose. After
incubation at 30 °C for 10 min, the reaction was stopped by
dilution with 10 ml of ice-cold washing buffer (20 mm MES,
0.5 mm CaSO,; pH adjusted to 6.5 with KOH). The cells were
collected on a 25-mm glass fiber filter (GF/B; Whatman) and
rinsed by the further addition of 5 ml of washing buffer. The
filters were dissolved in a scintillation mixture (Clear-sol;
Nacalai Tesque), and their radioactivities were counted
(LS6000; Beckman). The competitors or the inhibitor were
added 30 s prior to the addition of [**C]glucose.

Invertase Assay—All of the steps were performed at 4°C
unless otherwise noted. The measurement of acid invertase
activity was performed as previously described (28, 29) with
minor modifications. Three-week-old Arabidopsis plants were
homogenized in an extraction buffer (20 mm sodium phos-
phate, 1 mM EDTA, 1 mm EGTA, 1 mm MgCl,, 1 mm MnCl,, 5
mM dithiothreitol, pH 6.5) and centrifuged (10 min at 27,000 X
g). The supernatant was desalted on a gel filtration column
(PD10; GE Healthcare) and was used as the source of the soluble
invertase. The pellet from centrifugation of a homogenate was
washed twice with the extraction buffer. The cell wall-bound
acid invertase was solubilized from the wash pellet with the
extraction buffer containing 1 M NaCl by shaking for 5 h. The
resultant soluble fraction was used for the assay without desalt-
ing and was used as the source of the insoluble invertase. For the
acid invertase activity assay, we used a solution containing 40 ul
of 0.4 M sodium acetate (pH 5.0), 10 ul of 1 M sucrose, and 50 ul
of extraction enzyme (soluble enzyme, 20 ug; insoluble enzyme,
5 ug) in a final volume of 100 wl. Incubation was carried out at
37 °C for 30 min. The reaction was stopped at 95 °C for 5 min,
and the reaction solution was neutralized by the addition of 10
wl of 1 M KOH. The concentration of glucose was determined
with an F-kit (Roche Applied Science).
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RESULTS

Comparative Analysis of Amino Acid Sequences of the ERD6-
like Transporters—Supplemental Fig. S1A presents a phylo-
genic tree based on the amino acid sequences of 53 Arabidopsis
proteins exhibiting homology to the monosaccharide trans-
porter STP1 (13), 10 human glucose transporters (GLUT), and
amyo-inositol transporter (HMIT). Seven families of monosac-
charide transporters exist in Arabidopsis including the 19-
member ERD6-like family as the largest monosaccharide trans-
porter family in Arabidopsis. ERD6 was isolated from an
Arabidopsis cDNA library from plants that were exposed to
drought stress for 1 h (20). A cDNA of a homologous ERD6-like
family gene was isolated from sugar beet (Beta vulgaris) by
PCR-based cloning (30). In addition, we found ERD6-like fam-
ily homologous genes in various plant species from GenBank ™
in dicots such as barrel medic (Medicago truncatula; GenBank™
accession number ABN08184) and Grape vine (Vitis vinif-
era; CAO22837), in monocots such as rice (Oryza sativa;
BAF12080) and corn (Zea mays; ACG32874), in gymnosperms
such as Sitka spruce (Picea sitchensis; ABK25410), and in moss
such as Physcomitrella patens (XP_001782547).

The ERD6-like family shows low homology to any previously
characterized Arabidopsis monosaccharide transporters. How-
ever, they exhibited high homology to mammalian glucose
transporters, especially GLUT6 and GLUTS (supplemental Fig.
S1A). From a phylogenic analysis of the ERD6-like family in
Arabidopsis, we identified a close homologue of ERD6, which
we named ESL1 (ERD six-like 1) (supplemental Fig. S1B). Anal-
ysis of ERD6 and ESL1 revealed 12 putative transmembrane
domains and conserved sequences among the major facilitated
superfamily (supplemental Fig. S1C), as well as all previously
characterized monosaccharide transporters. An N-glycosyla-
tion siteinloop 9, a feature shared between GLUT6 and GLUT8
(31), was not found in ERD6 and ESL1.

Expression Analyses—To examine the physiological func-
tions of ERD6 and those of ESL1 under abiotic stresses, we
initially analyzed their expression patterns under abiotic stress
conditions and ABA treatment with RNA gel blot hybridization
(Fig. 1A). In good accordance to a previous study (32), maximal
accumulation of ERD6 mRNA was detected after 1 and 2 h of
exposure to drought stress. The expression of ESLI was
induced within 1 h and was strongly expressed after 5 h under
abiotic stresses. ABA treatment had a converse effect on the
expression patterns of ERD6 and ESL1. Accumulation of the
ESLI mRNA was increased after 5 h in ABA treatment, whereas
that of ERD6 was decreased. We next investigated the changes
of the expression in leaves and roots under high salinity and
ABA treatment by qRT-PCR analysis (Fig. 1B). The expression
level of ERD6 was similar in both leaves and roots under normal
conditions. However, its expression in leaves was decreased
after exposure to the high salinity and ABA treatment, whereas
root expression levels were not reduced. On the other hand,
ESL1 expression was higher in roots than in leaves under nor-
mal conditions. The mRNA accumulation of ESLI in roots
under the high salinity and ABA treatment was also higher than
that in leaves. These results were in good accordance with the
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FIGURE 1. Expression analysis of ERD6 and ESL1 under abiotic stress conditions and ABA treatment. Total
RNA from whole plants, leaves, and roots were used for Northern blot (A) and qRT-PCR analyses (B), respec-
tively. The value of control (leaf) was set to 1.0. To normalize ERD6 and ESL1 expression, 18 S rRNA was amplified
as an internal control.

A (i) ERD6pro: GUS plant

(i) ESL1pro:GUS plant

hg

root cross-section
Y >

mature region

FIGURE 2. Histological expression profiles and subcellular localization. A, panel i, ERD6pro:GUS plant. Panel
ii, ESL1pro:GUS plant. White bars, 1 mm; black bars, 100 wm. B, panel i, ERD6pro:TM-GFP plant. Panel ii, ERD6pro:
TM-GFP plant. Red indicates propidium iodide staining of cell walls. Bars, 50 um. C, panel i, transient expression
of ESL1-GFP fusion protein in Arabidopsis protoplasts. The left panel shows a merged image of GFP fluorescence
and chloroplast autofluorescence. The right panel is the image obtained by Nomarski differential interference
contrast microscopy. The arrows indicate that GFP fluorescence separated its volume from cytoplasm contain-
ing chloroplasts. Bars, 10 wm. Panel ii, subcellular localization of ESL1-GFP fusion proteins in epidermal cells of
roots in 35Spro:ESL1-GFP transgenic plants. The left panel shows the image of GFP fluorescence, and the right
panel is the image obtained from Nomarski differential interference contrast microscopy. Bar, 10 um.
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data from the public microarray
data base (supplemental Fig. S24).

Histological Expression Profiles—
To determine the histological expres-
sion profiles of ERD6 and ESLI, we
first generated ERD6pro:GUS and
ESLIpro:GUS transgenic plants.
GUS expression was detected in
both shoots and roots of the
ERD6pro:GUS and ESLIpro:GUS
plants (Fig. 2A4). In flowers, GUS
staining was detected in sepals of
the ERD6pro:GUS and ESLIpro:
GUS plants (Fig. 2A). Furthermore,
in ERD6pro:GUS plants, GUS stain-
ing was observed in epidermal and
cortex cells of roots and was espe-
cially strong in cortex cells (Fig. 24,
panel i). On the other hand, in
ESLIpro:GUS plants, GUS staining
was strongly detected in pericycle
and xylem parenchyma cells of roots
and also detected in the root
endodermis (Fig. 24, panel ii). As
our next approach, we generated
ERD6pro:TM-GFP and ESLIpro:
TM-GFP transgenic plants. TM-
GFP is a membrane-localized GFP
fused to the N-terminal half of the
monosaccharide transporter, STP9
(33). Although free GFP diffuses
through plasmodesmata, TM-GFP
does not diffuse for being localized
at membrane. In the root tips and
the mature region of roots, GFP fluo-
rescence was mainly detected in
epidermal and cortex cells of the
ERD6pro:TM-GFP plants (Fig. 2B,
panel i), and it was strongly detected
in pericycle and xylem parenchyma
cells of the ESL Ipro: TM-GFP plants
(Fig. 2B, panel ii). The results of
the promoter:TM-GFP plants were
coincident with those of promoter:
GUS plants.

ERD6 and ESL1 showed differ-
ences in expression patterns and his-
tological localizations. These results
suggest that ERD6 and ESL1 may
have different physiological func-
tions. A number of abiotic stress-in-
ducible genes have been identified
in various plant species, and the
products of these genes function in
abiotic stress responses and toler-
ance (34). The induction pattern of
ESL1I gene expression under abiotic
stress conditions was similar to

JOURNAL OF BIOLOGICAL CHEMISTRY 1141


http://www.jbc.org/cgi/content/full/M109.054288/DC1

Arabidopsis Facilitated Diffusion Transporter for Hexoses

A

ESL1
ESL1(LLL/AAA)

H

ESL1 1MTMSENSRNLEAGLLLRKNQNDINE25
ESL1(L10A) A

ESL1(E11A) A

ESL1(G13A) A

ESL1(L14A) A

ESL1(L15A) A

ESL1(L16A) A

D
U

B

ESL1-GFP

1MTMSENSRNLEAGLLLRKNQNDINE25s
AAA

ESL1-GFP ESL1(LLL/AAA)-GFP

S—————

ESL1(LLL/AAA)-GFP

ESL1(L15A)-GFP

ESL1(L16A)-GFP

FIGURE 3. The di-leucine-based sorting signal in the N terminus of ESL1. A, the N-terminal sequence between ESL1 and ESL1(LLL/AAA). B and C, the
subcellular localization of the ESL1-GFP and ESL1(LLL/AAA)-GFP fusion proteins in guard cells of transgenic Arabidopsis plants (B) and transgenic tobacco BY-2
suspension cells (C). D and E, co-localization assay with FM4-64. Subcellular localization of ESL1-GFP (D) and ESL1(LLL/AAA)-GFP (E) fusion proteins in Arabi-
dopsis transgenic plants is shown. Roots of 5-day-old seedlings expressed ESL1-GFP or ESL1(LLL/AAA)-GFP after 5 um FM4-64 treatment. Fluorescence of GFP
and FM4-64 is indicated in panels i and ii, respectively. Co-staining with FM4-64 is shown in panel iii. F and G, sensitivity to membrane traffic inhibitors,
wortmannin (panel v) and BFA (panel vi). Roots of 5-day-old seedlings expressed ESL1-GFP (F) or ESL1(LLL/AAA)-GFP (G) after 60 min of 33.3 um Wm treatment
or after 60 min of 50 um BFA and 5 um FM4-64 treatment. Red indicates vesicles that were dyed by FM4-64. The arrows indicate Wm compartments, and the
arrowheads indicate BFA compartments. H and /, alanine-scanning mutagenesis analysis of the N-terminal region of ESL1. Asterisks indicate the essential

leucine residues necessary for ESL1-GFP to localize to the tonoplast. Bars, 10 um.

those of abiotic stress-inducible genes. Therefore, we focused
our functional characterization on ESL1 in this study.

ESLI Localization at the Tonoplast Requires an N-terminal
Di-leucine-like Motif—The subcellular localization of ESL1 was
studied in Arabidopsis mesophyll protoplasts that transiently
expressed a GFP-fused ESL1 protein (ESL1-GFP) driven by
the 35S promoter, revealing the localization at the tonoplast
(Fig. 2C, panel i). Co-localization of signals at the tonoplast was
also observed when expressed with the CFP-VAM3 tonoplast
marker (supplemental Fig. S3). We next established transgenic
Arabidopsis plants expressing ESL1-GFP (35Spro:ESLI-GFP).
In the 35Spro:ESLI-GFP plants, GFP fluorescence was
observed at tonoplasts and vesicular structures (Fig. 2C, panel
if). GLUT8, which is a mammalian homologue of the ERD6-like
family, is localized at the late endosome or the lysosome (35).
GLUTS8 contains an N-terminal acidic di-leucine motif
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EXXXL(L/T). When this motif was mutated, GLUT8 was mislo-
calized to the plasma membrane (36). Interestingly, we noted
that most of the transporters in the ERD6-like family also con-
tain a di-leucine or a tri-leucine sequence in their N termini
(supplemental Fig. S4A). For the case of ESL], it contained a
tri-leucine sequence in its N terminus.

Stemming from the observations gained from mammalian
studies, we hypothesized that di-leucine or tri-leucine se-
quences in the N termini of ERD6-like transporters also
determine their subcellular localizations. As a result, we gen-
erated ESL1(LLL/AAA)-GFP, in which the tri-leucine of
ESL1 was mutated into a tri-alanine (Fig. 34). Fluorescence
of ESL1(LLL/AAA)-GFP was localized to many vesicular
structures and the plasma membrane and not at the tono-
plast in Arabidopsis plants and tobacco BY-2 suspension
cells (Fig. 3, B and C).
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Glucose concentration (mM)

FIGURE 4. Kinetics analysis of glucose uptake activity of ESL1(LLL/AAA). A, relative expression of ESL1 in
transgenic BY-2 cells determined by gRT-PCR. The highest expression level was set to 1.0. To normalize ESL1
expression, 18 S rRNA was amplified as an internal control. The data represent the means and the standard
error of three replications. n.d., not detected. B, glucose (50 mm) uptake activity of tonoplast-localized ESL1 and
that of plasma membrane-localized ESL1(LLL/AAA) in BY-2 cells. In relative comparison with the vector control
line a, statistical significance at a level of p < 0.01 is indicated by an asterisk. C, concentration-dependent
glucose uptake activity of ESLT(LLL/AAA) and that of the vector control line a in BY-2 cells. D, net activity of
ESL1(LLL/AAA). The presented values represent the subtraction of glucose uptake activity of vector control
cells from that of ERD6(LLL/AAA)-expressing cells in C. Uptake data were fitted to Michaelis-Menten and Eadie-
Hoftee (inset) equations. Each value represents the mean = S.D. (n = 3). Fw, fresh weight.

Glucose concentration (mM)

was essential for ESL1 to be sorted
to the tonoplast in plant cells.

ESL1 Was a Facilitated Diffusion
Transporter for Monosaccharide—
To verify whether ESL1 is a func-
tional monosaccharide transporter,
we generated transgenic BY-2 cells
expressing ESLI (Fig. 4A). However,
a similar level of glucose was ob-

The lipophilic styryl dye (FM4-64) is known as an endo-
cytic marker (37). This dye is transferred from the plasma
membrane via endosomes to the vacuole when exogenously
added to plant cells. We tried to use this dye as a means to
analyze the localizations of ESL1 and ESL1(LLL/AAA). Fifteen
min after the addition of FM4-64, ESL1-GFP showed only weak
co-localization with the FM4-64 positive endosomes in Arabi-
dopsis root cells (Fig. 3D, panel iii). In contrast, the majority of
ESL1(LLL/AAA)-GFP signals were co-stained with FM4-64
(Fig. 3E, panel iii). Furthermore, we analyzed the effects of ves-
icle trafficking inhibitors, wortmannin (Wm) and brefeldin A
(BFA). Wm is an inhibitor of phosphatidylinositol-3-OH
kinase, and BFA is a fungal toxin that inhibits the guanine-
nucleotide exchange factor. In Arabidopsis root cells, Wm leads
to the vacuolation (Wm compartment) of endosomes, such as
the prevacuolar compartment or multivesicular body (38). BEA
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served in ESL1-expressing cells and
vector control cells (Fig. 4B). We suspected that the lack of
transporter activity was due to the tonoplast localization of
ESL1. Therefore, we subsequently established transgenic BY-2
cells expressing plasma membrane localized ESLI(LLL/AAA)
(Fig. 4A). In contrast to the aforementioned results, these cells
exhibited significantly higher glucose uptake activity relative to
vector control cells (Fig. 4B). We then analyzed the kinetics of
glucose transport activity of ESL1(LLL/AAA) using the sub-
strate concentration between 25 and 250 mwm (Fig. 4C). Because
BY-2 cells exhibited a naturally high background of glucose
uptake ability (Fig. 4C), we calculated the net activities of
ESL1(LLL/AAA), which were determined by the subtracted
values of glucose uptake of vector control cells from those of
ESL1(LLL/AAA)-expressing cells (Fig. 4D). K,,,and V. values
of ESL1(LLL/AAA) for glucose were 102.2 = 2.0 mm and 2.5 =
0.1 nmol mg fresh weight ' 10 min ™", respectively.
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TABLE 1

Inhibition of ['*C]glucose uptake by various compounds in the
ESL1(LLL/AAA) line a

The [**Clglucose concentration was 5 mm when competing carbohydrates were
added and 50 mm when CCCP was added.

Added compound

Uptake

% of control

Control (no competitor or inhibitor) 100.0

125 mm D-glucose 222 * 14
125 mM L-glucose 957 + 2.1
125 mm 2-deoxy-D-glucose 274 +29
125 mM D-fructose 65.5 £ 1.8
125 mM D-galactose 45.1 £ 3.5
125 mM D-mannose 54.7 = 2.7
125 mm D-xylose 76.5 £ 3.2
125 mm D-sorbitol 102.8 £ 7.5
125 mM D-mannitol 1119 + 2.6
125 mm myo-inositol 111.7 = 3.6
125 mM D-glucosamine hydrochloride 109.2 £ 7.1
125 mM sucrose 109.7 £ 4.3
125 mM maltose 1174 = 2.8
100 um CCCP 1049 £ 2.8

Table 1 shows the sensitivities of ESL1(LLL/AAA)-depen-
dent transport to competitors or an inhibitor. The uptake of
[**C]glucose was significantly inhibited by hexoses such as glu-
cose, fructose, galactose, and mannose and a pentose (xylose),
with glucose showing the highest level of inhibition. The addi-
tion of linear or circular polyols, glucosamine, and disacchar-
ides did not affect the [**C]glucose uptake activity of ESL1(LLL/
AAA). Furthermore, reduction of the proton gradient caused
by the protonophore (CCCP) did not have any effect on the
transport activity of ESL1(LLL/AAA) cells, although glucose
uptake activity of vector control cells was inhibited by adding
CCCP (supplemental Table S1). These data suggest that ESL1
functions as a low affinity facilitated diffusion transporter for
monosaccharides.

Vacuolar Invertase Activity Is Increased under Abiotic Stress
Conditions—To determine the physiological role of ESL1 in
plant cells, it is important to have an understanding regarding
the amount of hexose in vacuoles. Invertases are considered as
key enzymes to convert sucrose into glucose and fructose. Deg-
radation of sucrose by vacuolar invertase is one of the sources
for vacuolar hexose (39). We then analyzed vacuolar invertase
activity under abiotic stress conditions. We measured the vac-
uolar and cell wall-bound invertase activity when Arabidopsis
plants were exposed to abiotic stresses or ABA treatment for
5 h. Vacuolar invertase activity for soluble acid invertases was
increased under abiotic stress conditions and ABA treatment
(supplemental Fig. S5A). Particularly, vacuolar invertase activ-
ity under drought and ABA treatments was higher than that
under high salinity conditions. Cell wall-bound invertase activ-
ity for insoluble acid invertases did not change (supplemental
Fig. S5B). These results suggest that hexoses were accumulated
in the vacuole under exposure to abiotic stress conditions.

There are two vacuolar invertase genes (Afffruct3 and
AtBfruct4) in Arabidopsis (40). We analyzed the expression
patterns of those genes under abiotic stress conditions (supple-
mental Fig. S5C). The transcript level of AtBfruct3 increased
after exposure to 2 h of drought and ABA treatments and expo-
sure to 5 h of high salinity. At the 5-h time point, the mRNA
accumulation of A¢ffruct3 under drought and ABA treatment
was also higher than that under the high salinity condition.
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These results showed positive correlation between mRNA
accumulation and the activity of vacuolar invertases. Moreover,
we investigated the expression of the vacuolar invertase genes
in leaves and roots (supplemental Fig. S5D). The expression of
AtBfruct3 was mainly detected in roots. The mRNA induction
pattern of AtBfruct3 in leaves and roots was similar to that of
ESL1I under high salinity and ABA treatment (Fig. 1B). On the
other hand, the expression of AtSfruct4 was mainly detected in
leaves. According to data from the public microarray data base,
the histological expression patterns of the vacuolar invertase
genes were partially overlapped with that of ESLI (supplemen-
tal Fig. S2B). ESL1 might coordinately function with the vacu-
olar invertases in those cells in which both ESL1 and the vacu-
olar invertase genes are expressed.

Analysis of a T-DNA Insertional Mutant of ESL1 under High
Salinity Conditions—We identified a mutant line (SALK_
025646) carrying a T-DNA insertion in the fifth exon of the
ESL1 gene (supplemental Fig. S6A). The T-DNA insertional
mutant, which we designated as es/I-1, was a knock-out mutant
because the ESLI mRNA was not accumulated in es/I-1 (sup-
plemental Fig. S6B). We observed no differences between the
root lengths of this mutant and those of wild-type plants under
high salinity conditions (supplemental Fig. S6C). The ERD6-
like family is the largest monosaccharide transporter family in
Arabidopsis containing 19 genes. It is possible that additional
genes in the ERD6-like family may function redundantly with
ESL1.

DISCUSSION

In this study, we characterized the abiotic stress-inducible
monosaccharide transporter ESL1, which belongs to the ERD6-
like gene family. The analysis of glucose uptake activity using
transgenic tobacco BY-2 suspension cells revealed that
ESL1(LLL/AAA), which is localized at the plasma membrane,
functions as a low affinity transporter for monosaccharides. Its
K, value was exceptionally high and showed lower affinity to
glucose (Fig. 4D) compared with previously characterized sugar
transporters such as STP1 (about 20 um) (13), PLT5 (about 2
mM) (14, 41), or VGT1 (about 4 mm) (15). Moreover, the trans-
port activity of ESL1(LLL/AAA) was not affected by the reduc-
tion of the proton gradient caused by a protonophore (Table 1),
thereby indicating that ESL1 is a facilitated diffusion trans-
porter. Although physiological features on plasma membrane
might be different from those on the tonoplast, it is difficult to
assay the functions of transporters that are localized at the
tonoplast in appropriate systems using plant cells. In this study,
we measured the activity of the mutated ESL1, ESL1(LLL/
AAA), in plant cells. All previously characterized monosaccha-
ride transporters in Arabidopsis are secondary active transport
systems that are dependent on a proton gradient. To date,
facilitated diffusion transporters for sugars have not been
isolated, although biochemical experiments indicated that
sugar-specific facilitated diffusion transporters exist in plant
cells (11, 12).

Using the GFP reporter gene in both protoplasts and trans-
genic Arabidopsis plants, we showed that the ESL1 protein is
mainly localized at tonoplasts (Figs. 2C and 3B). Because the K,
value of ESLI(LLL/AAA) in BY-2 cells was approximately
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100 mm, hexoses should accumulate to a concentration of
nearly 100 mM in the vacuole under abiotic stress conditions to
obtain sufficient activity. Degradation from sucrose by inverta-
ses is one of the sources for hexose in the vacuole (39). In maize,
expression of a vacuolar invertase gene is increased by drought
stress and ABA treatment (42, 43). We showed that vacuolar
invertase activity in Arabidopsis was also increased by drought,
high salt stress, and ABA treatment (supplemental Fig. S5A).
Hexose levels in the vacuole might be increased by vacuolar
invertase under abiotic stresses. Because the expression pat-
terns of the vacuolar invertase genes were similar to that of
ESL1I (supplemental Figs. S2B and S5D), ESL1 might work coor-
dinately with the vacuolar invertase to accumulate hexoses in
plant cells under abiotic stress conditions.

Sugars (e.g. glucose, sucrose, galactinol, and raffinose) accu-
mulate in plant cells under abiotic stress conditions (8). In addi-
tion, it is thought that the vacuole functions as a storage
organelle for soluble sugars. Some previous reports indicated
that hexoses in the vacuole account for more than 90% of the
total hexose content in various plant species (5). Because the
direction of transport for facilitated diffusion transporters
depends upon a substrate concentration gradient, ESL1 may
function in the efflux of hexoses from the vacuole to the cyto-
plasm as a mechanism to regulate sugar remobilization and
osmotic pressure under abiotic stress conditions.

It is reported that the change of subcellular localization of a
mammalian glucose transporter by endocytic trafficking regu-
lates its transport activity (44). For example, GLUT4 is depos-
ited at intracellular compartments during its unstimulated
state and is acutely redistributed to the plasma membrane for
the uptake of glucose in response to insulin and other stimuli
(44). The C-terminal di-leucine motif in GLUT4 has been
shown to be functionally involved in this dynamic intracellular
distribution response. We then tested whether the intracellular
trafficking of ESL1 was also regulated by stimuli. However, we
could not observe any changes in the localization of ESL1 under
our experimental conditions using Arabidopsis mesophyll pro-
toplasts (data not shown).

The alanine scanning analysis of the N-terminal region of
ESL1 determined that an LXXXLL motif was essential to its
localization at the tonoplast (Fig. 3/). Moreover, ESL2 also con-
tains this motif in its N terminus (supplemental Fig. S4A4) and
was also localized at the tonoplast (supplemental Fig. S4B). Col-
lectively, these results indicated that the LXXXLL motif poten-
tially functions as a sorting signal of ERD6-like transporters
to the tonoplast. There are many reports for two types of di-
leucine motifs from mammals and yeast: the acidic di-leucine
motif EXXXL(L/I) and the acidic cluster di-leucine motif
DXXLL (45). We found that an acidic di-leucine motif
(LEAGLLL) overlaps the LXXXLL motif sequence in the N ter-
minus of ESL1. However amino acid substitution in this acidic
di-leucine motif did not affect the subcellular localization of
ESL1 in BY-2 cells (Fig. 3]). Therefore, the LXXXLL motif
appears to be a novel di-leucine motif that functions as a sorting
signal in plants. We found the LXXXLL motif in the N termini
of ERD6-like transporters in various plants other than Arabi-
dopsis, even in gymnosperms such as Sitka spruce (P. sitchensis;
ABK24356) and in moss such as P. patens (XP_001782547).
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Interestingly, this motif was not found in the N termini of non-
plant ERD6-like transporters, such as human GLUTS, red
imported fire ant (Solenopsis invicta; AAX92638), and starlet
sea anemone (Nematostella vectensis; XP_001634924).

A common feature between the LXXXLL motif and reported
di-leucine motifs from mammals and yeast is that two leucine
residues are conserved in-line. The two leucine residues are
known to be essential for interaction with adaptor proteins
related with membrane traffic. For example, Nef, which is an
accessory protein of the human immunodeficiency virus, has
the ability to redistribute CD4 from the plasma membrane to
the interacellular compartment by the interaction between its
acidic di-leucine motif and adaptor proteins. Mutations of
leucine residues of its acidic di-leucine motif abolished the abil-
ity of Nef, whereas mutations of other neighboring residues of
the leucine had no effect (46). In the case of ESL1, each muta-
tion of two leucine residues of LXXXLL, ESL1(L14A) and
ESL1(L15A), changed the localization of ESL1 from the tono-
plast to the plasma membrane (Fig. 3]), indicating that function
of the LYXXLL motif was disrupted by the mutations. On the
other hand, ESL1(L10A) appeared to be localized mainly at
the endoplasmic reticulum (Fig. 3I). We considered that the
AXXXLL sequence might change the affinity for binding to the
adaptor proteins or have the ability to interact with other adap-
tor proteins. Future analysis of the adaptor proteins that inter-
act with the LXXXLL motif would provide more information
pertaining to the mechanisms of membrane trafficking in
plants.

In conclusion, we isolated ESL1 as an abiotic stress-inducible
gene and functionally characterized ESL1 as the facilitated dif-
fusion transporter for monosaccharides from plants using
mutated ESL1. ESL1 was localized at the tonoplast, and its
N-terminal LYXXLL motif was essential for proper subcellular
sorting to the tonoplast. Moreover, we confirmed that the activ-
ity of vacuolar invertase was increased during abiotic stress
conditions, and the expression patterns of the vacuolar invert-
ase genes were similar to that of ESL1. Therefore, we hypothe-
size that ESL1 regulates sugar remobilization and cellular
osmotic pressure in a coordinated response with the vacuolar
invertase in plant cells under abiotic stresses.
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