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Abstract

Although triose phosphate/phosphate translocator is known to play an important role in regulating the distribution of assimilates in
wheat chloroplasts, the mechanism of triose phosphate/phosphate translocator gene control has not yet been clearly elucidated. We
first showed that glucose inhibited the expression of triose phosphate/phosphate translocator gene in wheat by reverse transcription-
polymerase chain reaction and Western blotting. The triose phosphate/phosphate translocator expression was seriously impaired by
5 mmol/L glucose, and it responded slowly, more than 48 h, to level as low as 1 mmol/L glucose. Both glucose and 2-deoxyglucose
inhibited the expression of triose phosphate/phosphate translocator gene, but 2-deoxyglucose-6-P, product of phosphorylated 2-
deoxyglucose, cannot be further metabolized, therefore the further metabolism of phosphorylated glucose by hexokinase is not a
prerequisite for triggering glucose-regulated expression of triose phosphate/phosphate translocator gene. Glucose had little inhibitory

effect on the expression of triose phosphate/phosphate translocator gene when hexokinase activity was reduced or eliminated by
transforming wheat protoplasts with a hexokinase antisense construct or treating protoplasts with glucosamine, an inhibitor of
hexokinase. Therefore, it appears essential for hexokinase to retain phosphorylation activity for glucose to regulate the expression
of triose phosphate/phosphate translocator gene. The treatment of protoplasts with glucose-6-phosphate resulting in no inhibition
of triose phosphate/phosphate translocator expression demonstrated that phosphorylation via hexokinase is necessary for glucose
inhibiting triose phosphate/phosphate translocator expression. All the data suggest that triose phosphate/phosphate translocator is
regulated by glucose via a hexokinase-dependent pathway.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Triose phosphate/phosphate translocator; Glucose; Wheat; Hexokinase

Abbreviations: GUS, �-glucuronidase; HXK, hexokinase; PEG,
polyethylene glycol; RT-PCR, reverse transcription-polymerase chain
reaction; TPT, triose phosphate/phosphate translocator

∗ Corresponding author. Tel.: +86 10 62732677;
fax: +86 10 62733450.

E-mail address: chenja@public.bta.net.cn (J. Chen).
1 These authors contributed equally to the paper.
2 Present address: Lethbridge Research Centre, Agriculture and

Agri-Food Canada, 5403-1 Avenue South, P.O. Box 3000, Lethbridge,
Alta., Canada T1J4B1.

1. Introduction

In plants, sugars function not only as nutrients, but
also as signaling compounds that affect the expres-
sion of many different genes involved in many impor-
tant processes (Gibson, 2005) including seed germina-
tion, root, shoot, and leaf growth, flowering, aging, and
disease defense responses (Brouquisse, Evrard, Rolin,
Raymond, & Rody, 2001; Dekkers, Schuurmans, &
Smeekens, 2004; Moore et al., 2003; Price, Li, Kang,
Na, & Jang, 2003; Quirino, Reiter, & Amasino, 2001;
Smeekens, 2000; Yoshida, Ito, Nishida, & Watanabe,
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2002). The expression of genes involved in photosyn-
thate accumulation, mobilization, and storage is also
regulated by sugars such as glucose and sucrose (Sheen,
1990; Koch, 1996). The triose phosphate/phosphate
translocator (TPT), located in the inner envelope mem-
brane of chloroplasts, is involved with exporting photo-
synthate out of chloroplasts under normal physiological
conditions (Häusler et al., 2000; Schneider et al., 2002;
Sun, Wang, Chen, & Wang, 2004). The sugars, sucrose
and mannitol have been, respectively, implicated in the
down- and up-regulation of expression of TPT in tobacco
(Knight & Grat, 1994). As the primary and pivotal site for
the export of photosynthate out of chloroplasts and the
import of raw materials needed for photosynthetic phos-
phorylation in chloroplasts, TPT is closely related with
photosynthetic carbon metabolism and plays an impor-
tant role in regulating the distribution of photosynthate
in wheat (Sun et al., 2004).

Factors controlling expression of TPT are not iden-
tical in all plants. In potato, the expression of the TPT
gene is expressed at high levels in green tissues such
as leaves, while in non-photosynthetic tissues such as
roots, stolons, or developing tubers, no expression has
been detected (Schulz et al., 1993). Similarly, in wheat
and rice, high TPT expression levels were detected in the
leaves and coleoptile, but not in the roots or seeds (Wang,
Chen, Wang, Sha, & Sun, 2002; Wang, Chen, Wang,
Sun, & Sha, 2002). In tomato, TPT expression occurs not
only in green tissues but also in the roots and red fruit
(Schüenemann, Schott, Sieglinde, & Heldt, 1996). Addi-
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serving as a sensor/transmitter of glucose effects in cells
(Jang et al., 1997; Smeekens, 2000). HXK-mediated
sugar sensing in wheat and other monocots and its inter-
action with TPT activity remains to be elucidated. In
the present study, we studied the effects of glucose on
TPT expression and constructed a HXK antisense expres-
sion RNAi vector to examine the effects of HXK activity
changes on the expression of glucose-TPT regulation.
Additionally, we employed treated wheat protoplasts
with glucose analogs and a hexokinase inhibitor to fur-
ther clarify the control mechanism of TPT gene via a
hexokinase-mediated action.

2. Materials and methods

2.1. Plant materials and growth conditions

Wheat (Triticum aestivum L. cv. Jing 411) seeds were
surface sterilized for 8 min in 5% NaClO solution and
rinsed with sterilized water for at least five times. Seeds
were imbibed for 1 day, and then planted in plates (diam-
eter 20 cm, depth 3 cm) under the condition of 12-h light
(350 �mol m−2 s−1), 24 ◦C/12-h dark, 20 ◦C for 2 days.
Then the seedlings were treated as following: (1) for
5 days with 100 �mol/L glucose, 0.5 mmol/L glucose,
1 mmol/L glucose, 5 mmol/L glucose, 10 mmol/L glu-
cose, 50 mmol/L glucose, and distilled water (control);
(2) for 5 days with 0.857 g/L PEG 6000, 1.266 g/L PEG
6000, 4.54 g/L PEG; (3) for 1–5 days with 5 mmol/L
glucose.
ionally, in tobacco, the expression of TPT was light-
ndependent (Knight & Grat, 1994) whereas in potato,
he expression of the TPT gene is light-dependent. Thus,
any of the mechanisms of TPT gene regulation remain

o be elucidated.
To date, at least three different sugar-sensing mech-

nisms have been identified in plants, a hexokinase-
ndependent mechanism, a hexokinase-dependent mech-
nism, and a sucrose-specific pathway (Moore et al.,
003; Smeekens, 2000). Hexokinase (HXK, EC 2.7.1.1),
lmost universally present in both plants and animals,
ormally catalyzes the phosphorylation of hexoses such
s glucose, fructose, galactose at the C6 thereby ren-
ering them accessible for further metabolism (Giese,
erbers, Hoffmann, Klösgen, & Sonnewald, 2005). Hex-
kinase can sense and respond to elevated concentrations
f glucose (Jang, Leon, Zhou, & Sheen, 1997; Xiao,
heen, & Jang, 2000); 100 mM glucose up-regulated

he expression of sucrose synthase gene in Arabidop-
is via hexokinase-dependent mechanisms (Ciereszko &
leczkowski, 2002). HXK might be a key component
f sugar modulated regulation of many genes, possibly
Boxes with seeds of T. aestivum L. cv. Jing 411
were placed in greenhouse set at 24 ◦C (12 h, day)/20 ◦C
(12 h, night) with a light intensity of 350 �mol m−2 s−1.
The first and second basal fully expanded leaves of
the seedlings were harvested during the three-leaf stage
(about 18-day old) after being lightened for 2 h and used
for preparation of chloroplasts.

2.2. RNA isolation and RT-PCR analysis

Total RNA was extracted from frozen wheat material
using TRIZOL reagent kit (Life Technologies, UK)
according to the manufacturer’s instruction. RNA
was reversely transcribed according to the protocol of
M-MLV reverse transcriptase kit (Promega Corpora-
tion, USA), and the resulting single-stranded cDNA
product was treated with RNase at 37 ◦C for 30 min.
Because 3′-UTR is possibly divergent, about 500 bp
3′-coding region of wheat TPT gene was used to design
gene-specific primers for RT-PCR—PR1 (sense):
5-GCTGGATCCTCAATGGCATCCCTCACT-3 and
PR2 (antisense): 5-GTAGCTAGCCGCGGCCTTCGC-
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CCTTTT-3. The procedure for amplifying TPT was
as following: 20 cycles of 94 ◦C for 30 s, 56 ◦C for
30 s, 72 ◦C for 30 s, and finally extended at 72 ◦C
for 7 min. The procedure for amplifying wheat actin
gene (ACT) as an internal control was as following:
19 cycles of 94 ◦C for 30 s, 54 ◦C for 30 s, 72 ◦C for
45 s, and finally extended at 72 ◦C for 7 min, with 5-
ATGTGGATATCAGGAAGGA-3 and 5-CTCATACG-
GTCAGCAATAC-3 as sense and antisense primers,
respectively.

2.3. Preparation of chloroplast membrane proteins
and Western blotting analysis

Isolation and purification of intact chloroplasts from
wheat seedling leaves, solubilization of membrane pro-
teins from wheat chloroplasts was based on the method
of Sun et al. (2004). Wheat chloroplast membrane pro-
teins were separated by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) with Bio-Rad apparatus, using
12% separating gel, 200 V for 1 h. Proteins were then
transferred to Protran nitrocellulose transfer membrane
(Schleicher & Schuell, Germany) with Bio-Rad transfer
equipment (USA) at 200 mA for 60 min. The filter blots
were incubated with 1:500 dilution of antibodies against
TPT and the bands were visualized with goat anti-rabbit
IgG-AP according to Brodzik, Koprowski, Yusibov, and
Sirko (2000).

2.4. Isolation and sequence analysis of HXK cDNA

above cloned HXK cDNA fragment was used to con-
struct HXK antisense expression vector pBI-HXK-RNAi
to modify the expression of HXK (Fig. 1).

The primers used for amplifying HXK cDNA
fragment (540 bp) from plasmid pMD-HXK were as
following: upstream primer PR 5 (5′-TGGGGTACC-
GTTAGCTACGTCGACAAT, Kpn I site under-
lined); downstream primer PR 6 (5′-TTAGGATCC-
ATGCTCAACATACGCTGC, BamH I site underlined).
The amplified fragment was ligated into pMD 18-T
vector, and named pMD-HXK′. The plasmid vector
pMD-HXK′ and pET-30 a (+) (Novagen, USA) was
digested with restriction enzymes BamH I and Kpn I,
and the short fragment from pMD-HXK′ was ligated
into pET-30 a (+) lined long fragment. The following
ligation reaction system was erected in a 0.5 mL
eppendorf: 2 �L 10× ligation buffer, 1 �L pET-30 a (+)
lined long fragment (80 ng/�L), 1 �L HXK 2 cDNA
short fragment (30 ng/�L), 1 �L T4 DNA ligase, 15 �L
H2O, 4 ◦C, 16 h. The molar ratio of lined pET-30 a
(+) long fragment to HXK 2 cDNA fragment (552 bp,
including the introduced constriction enzyme sites) was
1:3. The constructed vector was named pET-HXK.

The primers for amplifying anti-HXK fragment
(540 bp) from plasmid pMD-HXK′ were the following:
upstream primer (PR 7) (5′-TGGTCTAGAATGCTC-
AACATACGCTGC, Xba I site underlined), down-
stream primer PR 8 (5′-TATGCATGCGTTAGCTA-
CGTCGACAAT, Sph I site underlined). The amplified
PCR products were ligated into pMD18-T Vector to con-
A pair of degenerate primers was synthesized based
on HXK cDNA sequences from rice, maize, tomato,
and potato published in GenBank. The sense primer
(PR 3) was 5′-GCT C(A/C)A GAT G CT (C/T)(A/G)T
(C/T)A(C/G) CTA CGT, and the antisense primer
(PR 4) was 5′-(G/A)(A/C/T)C CA(G/T) (G/T)CC ATT
T(G/T/A)G GAA TTG C. Using the above primers,
PCR amplification was carried out with 50 ng of single-
strand cDNA as template as follows: 35 cycles of 94 ◦C
for 15 s, 58 ◦C for 20 s, 72 ◦C for 60 s, and finally
extended at 72 ◦C for 10 min. The amplified PCR product
with a length of 581 bp (Accession number: AY974231)
was cloned into pMD 18-T vector (TAKARA, Japan),
named pMD-HXK and sequenced by Jikang Company
(China).

2.5. Constructing of HXK antisense expression
vector pBI-HXK-RNAi

In order to determine whether HXK is involved in
sensing/signaling glucose effects on TPT expression,
struct the recombined plasmid vector pMD-anti-HXK.
Here, the inserted HXK cDNA (552 bp) fragment in
pMD-anti-HXK vector had an opposite sequence to the
inserted HXK cDNA (552 bp) fragment in pMD-HXK
vector and pET-HXK vector.

pET-HXK plasmid DNA was digested with restric-
tion enzymes Sph I and Sac I, and the acquired 959 bp
fragment was used for constructing pBI-HXK-RNAi.
The 959 bp fragment contained two sequences, one with
a length of 407 bp from pET-30 a (+) vector, another
with a length of 552 bp from HXK cDNA. The 959 bp
fragment was ligated into pBI-121 (Clontech Labora-
tories Inc., USA) in sense direction. pMD-anti-HXK
plamid was digested with restriction enzymes Xbc I
and Sph I. The fragment obtained from pMD-anti-
HXK plasmid after being digested was ligated into
pBI-121 in antisense direction. pBI-121 plasmid DNA
was digested with restriction enzymes Xba I and Sac
I, and the long fragment was used for constructing
the pBI-HXK-RNAi vector. The lined long fragment
from pBI 121, pET-HXK fragment (959 bp) and anti-
HXK fragment (552 bp) were mixed together in a molar
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Fig. 1. Scheme of the construction of recombinant plasmid pBI-HXK-RNAi.

ratio of 1:3:6. The ligation reaction was carried out
as above. PCR identification, restriction digestion (Xba
I, Sac I and Sph I) analysis, and sequence result of
recombinant plasmid pBI-HXK-RNAi had shown that
two fragments with a length of 552 and 959 bp were
inserted into pBI 121 (data not shown), which proved
that pBI-HXK-RNAi has been constructed correctly. The
recombined plasmid was named pBI-HXK-RNAi which
would be introduced into wheat protoplasts to repress
the expression of HXK in order to understanding how
the change of HXK activity affected wheat TPT gene
expression.

2.6. Isolation of protoplasts

Protoplasts were isolated according to the method
described by Szarka, Göntér, Molnár-Láng, Mórocz, and
Dudits (2002) and modified as follows: wheat leaves
were cleaned with sterile distilled water and cut into
small pieces of about 0.5 mm2. Five milliliters of enzyme
solution (1% cellulase R 10, Japan; 0.1% Pectolase Y 23,
Japan; 0.2% MES; 10% mannitol; 0.5% BSA; 5 mmol/L
CaCl2; pH 5.6–5.8) was added to 1 g of leaves, incubated
at 25 ◦C for 4–5 h. Samples were viewed under a micro-
scope every 30 min to determine progress of protoplast
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formation. After sufficient protoplasts were generated,
the solution was filtered through one layer of muslin and
a steel sieve (70 �m pore size), and then centrifuged at
100 × g for 5 min. Protoplasts were rinsed in PEM buffer
(50 mmol/L Pipes, 1 mmol/L EGTA, 1 mmol/L MgCl2,
10% mannitol, pH 6.9) twice, and the suspension was
diluted to a final concentration of 2 × 106 protoplasts/mL
with PEM buffer, and kept in room temperature. Cell via-
bility was determined by suspending wheat protoplasts
in PEM buffer containing 25 �mol/L FDA (fluorescein
diacetate) for 5 min and examined using a fluorescence
microscope.

2.7. Electroporation

Protoplasts were suspended in ASP electropora-
tion buffer (70 mmol/L potassium aspartate, 5 mmol/L
calcium gluconate, 5 mmol/L MES, 11% mannitol,
pH 5.8) at 2 × 106 cells/mL. The 25 �g pBI-HXK-
RNAi plasmid DNA, 25 �g pBI-HXK-RNAi plasmid
DNA + 10 mmol/L glucose (final concentration), 25 �g
pBI-121 plasmid DNA were added to 1 mL above
ASP electroporation buffer, respectively. Then 50 �g
of calf thymus DNA was added as a carrier to each
of the above treatments, and incubated for 10 min at
room temperature. Plasmid DNA was electroporated
into protoplasts with a pulse time of 50 ms and a
field strength of 300 V (750 V/cm) by using a BTX
ECM 600 electroporator (BTX Inc., USA). Protoplasts
were incubated on ice for 10 min and room tempera-

fluorescence intensity was determined with Hitachi
850 Fluorescence Spectrophotometer at an excitation
wavelength of 365 nm and an emission wavelength of
455 nm (Jefferson, Kavanagh, & Bevan, 1987). The
4-methylumbelliterome (MU) content was calculated;
�mole MU/h represented the activity of GUS. The test
was repeated for four times, and each repeat, 0.5 × 106

protoplasts were used.

2.9. Sugar feeding experiments

Approximately 0.5 × 106 protoplasts were suspended
in 0.25 mL PEM buffer containing the final concen-
tration of 10 mmol/L each of glucose, 6-deoxygluc-
ose, 2-deoxyglucose, glucosamine, 2-deoxyglucose +
glucosamine, glucose-6-phosphate, and dd H2O (con-
trol), respectively, and were incubated at room temper-
ature for 3 days. All the above sugars were purchased
from Sigma, USA. The protoplasts were used for deter-
mining HXK activity and TPT content. The study was
repeated four times.

2.10. Assay of HXK activity and TPT content

The above supernatant of wheat protoplasts after cen-
trifuging at 12,000 × g for 10 min was used to deter-
mine HXK activity as described by Barr, Miller, and
Rodermel (2003). The 0.25 mL supernatant was ade-
quately mixed with an equal volume of reaction solution
(200 mmol/L ATP, 3 mmol/L KCl, 200 mmol/L NADP+,
ture for 20 min, and then washed with PEM medium.
Cells were incubated at 26 ◦C in KM8P liquid medium
(250 mg/L hydrolyzed casein, 100 mg/L yeast extract,
400 mmol/L mannitol, 2.0 mg/L 2, 4-D, 0.5 mg/L 6-BA)
in light (80 �mol m−2 s−1) for 3 days. The procedure was
repeated four times and each repeat contained 0.5 × 106

protoplasts with a volume of 0.25 mL.

2.8. Assay of GUS activity

Electroporated wheat protoplasts were washed with
50 mmol/L phosphate buffer (0.4 mol/L mannitol, pH
7.0). The protoplast pellet was then suspended in extrac-
tion buffer (50 mmol/L phosphate buffer, 10 mmol/L
�-mercaptoethanol, 10 mmol/L EDTA, 0.1% sodium
laurly sarcosinate, 0.1% Triton X-100, pH 7.0) and
treated twice in an ultrasonic bath for 15 s each time.
After centrifuging at 12,000 × g for 10 min, equal vol-
umes of supernatant and 2 mmol/L 4-methylumbelliferyl
glucuronide (MUG) were mixed and incubated for
1 h at 37 ◦C. An equal volume of 0.2 mol/L Na2CO3
solution was added to stop the above reaction. The
4 U glucose-6-phosphate dehydrogenase, 400 mmol/L
d-glucose, 100 mmol/L MOPS, pH 8.0, 10 mmol/L
MgCl2) and kept at room temperature for 10 min. OD
value was determined at a wavelength of 340 nm with
four times of repeat. Intact chloroplasts were isolated
from above broken protoplasts after ultrasonic bath by
Percoll density gradient centrifugation (Sun et al., 2004).
Wheat chloroplast TPT was labeled with 3H-DIDS and
3H dpm value was measured according to Sun et al.
(2004). 3H dpm was used to represent the relative expres-
sion content of TPT.

3. Results

3.1. Glucose affects the expression of TPT gene

The effects of glucose on TPT expression were tested
using wheat seedlings treated with different concentra-
tions of glucose for 5 days followed by assay using
RT-PCR. Glucose at 100 �mol/L was ineffective in
inhibiting TPT expression, but TPT gene expression was
progressively down-regulated at concentrations from 1
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Fig. 2. Quantitative RT-PCR of glucose regulation of TPT gene expres-
sion in wheat seedlings treated with different concentrations of glucose
for 5 days. Total RNA were extracted from leaves of wheat seedlings
germinated in 12-h light, 24 ◦C/12-h dark, 20 ◦C for 2 days, then treated
with various concentrations of glucose for 5 days. All amplifications
were tested in a linear range: 28 cycles for TPT, 19 cycles for actin,
respectively; 10 ng of total RNA were reverse transcribed for RT-PCR
analysis. Amplification of wheat actin mRNA was used as an internal
RT-PCR control (bottom).

to 50 mmol/L glucose (Fig. 2). No signal of TPT expres-
sion was detected at the concentration of 50 mmol/L
glucose. Thus, glucose appeared to effectively down-
regulate the expression of TPT in wheat. To further
determine the lowest concentration range of glucose to
distinctly repress the expression of wheat TPT gene,
Western blotting analysis of total membrane proteins in
chloroplasts extracted from wheat seedlings was con-
ducted and probed with antibody raised against wheat
TPT. The TPT protein levels were unaffected at 0.5 and
1 mmol/L glucose, but were strongly repressed by glu-
cose at the concentrations of 5 and 10 mmol/L (Fig. 3).
Consequently, the lowest glucose concentration that
strongly repressed the expression of TPT gene in wheat
seedlings was between 1 and 5 mmol/L.

To determine the treatment time needed to repress
the expression of TPT gene when wheat seedlings were

Fig. 3. Western blot analysis of total chloroplast proteins extracted
from wheat seedlings treated with various concentrations of glucose for
5 days. Total chloroplast proteins were extracted from leaves of wheat
seedlings germinated in 12-h light, 24 ◦C/12-h dark, 20 ◦C for 2 days,
then treated with different concentrations of glucose for 5 days. Equal
total chloroplast proteins (2 �g/lane) were loaded for each treatment.
T
(

Fig. 4. Quantitative RT-PCR of glucose regulation of TPT gene mRNA
expression in wheat seedlings treated with 5 mmol/L glucose for dif-
ferent days. Total RNA were extracted from leaves of wheat seedlings
germinated in 12-h light, 24 ◦C/12-h dark, 20 ◦C for 2 days, then
treated with 5 mmol/L glucose for different days. All amplifications
were tested in a linear range: 28 cycles for TPT, 19 cycles for actin,
respectively; 10 ng of total RNA were reverse transcribed for RT-PCR
analysis. Wheat actin transcripts were amplified as an internal RT-PCR
control (bottom).

exposed to 5 mmol/L glucose, RT-PCR and Western blot-
ting analysis was performed. Quantitative RT-PCR anal-
ysis showed that TPT gene was very faintly repressed
by glucose during the first 3 days (Fig. 4). The expres-
sion of TPT was strongly inhibited when wheat seedlings
were treated with glucose for 4 days, and only very weak
signal was detected when wheat seedlings were treated
with glucose for 5 days (Fig. 4). Western blotting also
demonstrated that the expression of TPT gene was par-
tially repressed when wheat seedlings were treated with
glucose for 4 days (Fig. 5). Thus, the expression of TPT
decreased both on mRNA and protein levels when wheat
seedlings were treated with 5 mmol/L glucose for 4 days,
and there is almost no expression when wheat seedlings
were treated with 5 mmol/L glucose for 5 days.

3.2. Osmotic stress has no effect on the expression
of TPT

To exclude the possibility that the expression of TPT
was affected by the osmotic stress produced by glucose,
we evaluated the effect of various concentrations of PEG

Fig. 5. Western blot analysis of total chloroplast proteins extracted
PT protein was detected using an antibody raised against wheat TPT
Sun et al., 2004). Molecular mass is indicated at the right side.
from wheat seedlings treated with 5 mmol/L glucose for different
days. Total chloroplast proteins were extracted from leaves of wheat
seedlings germinated in 12-h light, 24 ◦C/12-h dark, 20 ◦C for 2 days,
then treated with 5 mmol/L for various days. Equal total chloroplast
proteins (2 �g/lane) were loaded for each treatment. TPT protein was
detected using an antibody raised against wheat TPT (Sun et al., 2004).
Molecular mass is indicated on the right side.
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Fig. 6. Quantitative RT-PCR analysis of TPT transcript expression
in wheat seedlings treated with different concentrations of glucose
and PEG for 5 days. Total RNA were extracted from leaves of wheat
seedlings germinated in 12-h light, 24 ◦C/12-h dark, 20 ◦C for 2 days,
then treated with different concentrations of glucose and PEG for 5
days. All amplifications were tested in a linear range: 28 cycles for
TPT, 19 cycles for actin, respectively; 10 ng of total RNA were reverse
transcribed for RT-PCR analysis. Wheat actin transcripts were ampli-
fied as an internal RT-PCR control (bottom).

6000 to generate the same osmotic potential as corre-
sponding concentrations of glucose on wheat seedlings.
RT-PCR analysis showed glucose at the concentrations
of 5, 10, and 50 mol/L repressed the transcript of TPT,
but the concentration of 0.857, 1.266, and 4.54 g/L PEG
6000, which had the corresponding osmotic potentials,
respectively, did not have such an effect (Fig. 6). This
demonstrated that osmotic stress was not the cause of
the repression of TPT gene regulated by glucose.

3.3. Glucose is a signaling molecule in triggering
glucose-regulated expression of TPT

To distinguish between the roles of glucose as
a metabolite as opposed to signaling molecule, we
employed the non-metabolizable sugar 2-deoxyglucose,
which can be absorbed and phosphorylated within plant
cells (Ciereszko & Kleczkowski, 2002; Gibson, 2000).
In a test for viability of protoplasts isolated from wheat
seedling leaves, 92% of protoplasts produced a green
fluorescence following treatment with fluorescein diac-
etate, indicating that the prepared protoplasts had a high
rate of viability. The TPT protein contents of wheat pro-
toplasts treated with glucose and 2-deoxyglucose were
56.84 and 64.59% of control, respectively (Fig. 7), and
RT-PCR result (not shown) was also consistent with this,
indicating that TPT gene expression was repressed by
both glucose and its analog. Since the results of RT-PCR
and protein methods for assaying TPT expression were
consistent, only TPT protein contents were tested in the

Fig. 7. Relative expression contents of TPT in wheat protoplasts
treated with 10 mmol/L glucose, 10 mmol/L 2-deoxyglucose and water
(control), respectively. Intact chloroplasts were isolated from broken
protoplasts after ultrasonic bath by Percoll density gradient centrifu-
gation (Sun et al., 2004). Wheat chloroplast TPT was labeled with
3H-DIDS and 3H dpm value was measured according to Sun et al.
(2004). 3H dpm was used to represent the relative expression con-
tent of TPT. Data are representative of three separate experiments
(mean ± S.D.). TPT content of control with ddH2O treatment was set
as 100.

TPT, it is likely that glucose is a signaling molecule in
repressing the expression of TPT. Since the phospory-
lated analog of glucose, 2-deoxyglucose-6-P, cannot be
further metabolized (Ciereszko & Kleczkowski, 2002;
Gibson, 2000), the further metabolism of phosphory-
lated glucose by HXK would not play a role in triggering
glucose-regulated expression of TPT. These results sug-
gest that hexokinase or the phosphorylation of glucose
by hexokinase is possibly involved in sensing/signaling
glucose effects on TPT expression.

3.4. HXK is involved in glucose regulating TPT
gene

GUS activities in electroporated and non-
electroporated protoplasts with the pBI-121 were
2.46 and 0.19 �mole MU/h, respectively, indicating
that the vector had been successfully introduced and
transiently expressed in the wheat protoplasts. HXK
activity in protoplasts transformed with plasmid pBI-
HXK-RNAi, glucose + pBI-HXK-RNAi, were 9.62 and
12.36% of control (PBI-121), respectively (Fig. 8A).
This demonstrated that pBI-HXK-RNAi produced a sig-
nificant repression on the expression of HXK gene. TPT
protein content in wheat protoplasts transformed with
pBI-HXK-RNAi and glucose + pBI-HXK-RNAi were
95.23 and 93.64% of control (PBI-121), respectively
(Fig. 8B). When HXK activity decreased, glucose had
little effect on the expression of TPT gene. Therefore,
it appears essential to maintain sufficient hexokinase
following experiments. Because 2-deoxyglucose had the
same effect as glucose in regulating the expression of
activity for glucose repression of TPT gene. When HXK
activity was inhibited, the negative effects of glucose on
TPT expression was lost.

Additionally, glucosamine, inhibitor of HXK that
prevents the phosphorylation of hexose (Hofmann &



J.-Y. Sun et al. / The International Journal of Biochemistry & Cell Biology 38 (2006) 1102–1113 1109

Fig. 8. Relative HXK activity (A) and TPT content (B) of wheat proto-
plasts transformed by electroporation. Intact chloroplasts were isolated
from broken protoplasts after ultrasonic bath by Percoll density gra-
dient centrifugation (Sun et al., 2004). Wheat chloroplast TPT was
labeled with 3H-DIDS and 3H dpm value was measured according to
Sun et al. (2004). 3H dpm was used to represent the relative expression
content of TPT. Data are representative of three separate experiments
(mean ± S.D.). HXK activity and TPT content of control protoplasts
with pBI 121 transformation were set as 100.

Roitsch, 2000), was used to decrease the activity of hex-
okinase. HXK activity of wheat protoplasts treated with
glucosamine, 2-deoxyglucose + glucosamine, were only
4.36 and 5.47% of control, respectively (Fig. 9A), and
TPT protein contents in wheat protoplasts treated with
glucosamine and 2-deoxyglucose + glucosamine, were
94.26 and 96.87% of control, respectively (Fig. 9B).
Consequently, when the phosphorylation activity of
HXK was inhibited, 2-deoxyglucose, an analog of glu-
cose, had no effect on the expression of TPT. Therefore, it
appears essential to maintain sufficient phosphorylation
activity for glucose to inhibit the expression of TPT. It is
possible that the process of phosphorylation of glucose
by HXK is involved in glucose regulating on TPT expres-
sion. In any case, a functioning hexokinase is essential
for glucose repression of TPT expression.

3.5. Phosphorylation of HXK is essential for
glucose inhibiting TPT expression

To determine if glucose, as a signal in triggering
glucose-regulated expression of TPT, requires phos-
phorylation catalyzed by hexokinase, we compared the
effects of sugar analogs of glucose that are hexok-
inase substrates with those of non-substrates. Wheat
protoplasts were treated with 6-deoxyglucose, non-

Fig. 9. Relative HXK activity (A) and TPT content (B) of wheat
protoplasts treated with 10 mmol/L 2-deoxyglucose, 10 mmol/L glu-
cosamine, 10 mmol/L 2-deoxyglucose + glucosamine and water (con-
trol), respectively. Intact chloroplasts were isolated from broken pro-
toplasts after ultrasonic bath by Percoll density gradient centrifugation
(Sun et al., 2004). Wheat chloroplast TPT was labeled with 3H-DIDS
and 3H dpm value was measured according to Sun et al. (2004). 3H
dpm was used to represent the relative expression content of TPT. Data
are representative of three separate experiments (mean ± S.D.). HXK
activity and TPT content of control with ddH2O treatment were set as
100.

metabolizable analog of glucose, which is transported
into cytosol but is not phosphorylated by HXK (Rolland,
Moore, & Sheen, 2002), and compared the reaction with
that of glucose and 2-deoxyglucose, which are phos-
phorylated by HXK (Gibson, 2000). The expression
of TPT was inhibited by glucose and 2-deoxyglucose
but not by 6-deoxyglucose, with TPT protein con-
tent 101.68% of the water control (Fig. 10A). The
two glucose analogs had little direct effect on HXK
activity compared to glucose (Fig. 10B). Therefore,
the expression of TPT was inhibited by glucose only
when the phosphorylation activity of hexokinase was not
inhibited.

When wheat protoplasts were treated with glucose-6-
phosphate, a product of glucose already phosphorylated
by HXK (Harrington & Bush, 2003), TPT protein con-
tent was 97.60% of control (Fig. 11A) and HXK activity
of wheat protoplasts treated with glucose-6-phosphate
was 93.94% of control (Fig. 11B). This demonstrated
that glucose-6-phosphate had no obvious effects on
either TPT regulation or HXK activity. Thus, the expres-
sion of TPT gene was not be inhibited by glucose without
a corresponding phosphorylation catalyzed by HXK.
Phosphorylation via HKK is necessary for glucose reg-
ulating the expression of TPT.
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Fig. 10. Relative TPT content (A) and HXK activity (B) in wheat pro-
toplasts treated with 10 mmol/L glucose, 10 mmol/L 6-deoxyglucose,
10 mmol/L 2-deoxyglucose and water (control) respectively. Intact
chloroplasts were isolated from broken protoplasts after ultrasonic bath
by Percoll density gradient centrifugation (Sun et al., 2004). Wheat
chloroplast TPT was labeled with 3H-DIDS and 3H dpm value was
measured according to Sun et al. (2004). 3H dpm was used to repre-
sent the relative expression content of TPT. Data are representative of
three separate experiments (mean ± S.D.). The HXK activity and TPT
content of control with ddH2O treatments were set as 100.

4. Discussion

It is widely acknowledged that sugars can act as sig-
naling molecules, controlling gene expression in plants
(Gibson, 2005; Harrington & Bush, 2003). In general,
as sugar concentrations in plant increase, there is a cor-
responding repression of the genes involved in photo-
synthesis and a mobilization of starch, lipid, and pro-
tein storage reserves. Coincidently, genes required for
storing carbon metabolites for future use are induced
(Pego, Weisbeek, & Smeekens, 1999). Photosynthetic
end products such as sucrose, glucose, and other sug-
ars have been shown to repress the expression of genes
encoding photosynthetic proteins (Sheen, 1990). There
are numerous examples of genes whose expression is
regulated by sugars (Avonce et al., 2004; Ciereszko &
Kleczkowski, 2002; Gibson, 2005; Koch, 1996; Rolland
et al., 2002; Smeekens, 2000). Analyses of limited sets of
genes suggested that significant numbers of plant genes
are regulated at the steady state mRNA level in response
to sugar levels (Gibson, 2005).

Wheat TPT, located in the chloroplast membrane, is
involved in the partitioning of photosynthate between
cytosol and stroma (Sun et al., 2004). The effects of
glucose on repressing the expression of TPT are bene-

Fig. 11. Relative TPT content (A) and HXK activity (B) in wheat
protoplasts treated with 10 mmol/L glucose, 10 mmol/L glucose-6-
phosphate and water (control) respectively. Intact chloroplasts were
isolated from broken protoplasts after ultrasonic bath by Percoll den-
sity gradient centrifugation (Sun et al., 2004). Wheat chloroplast TPT
was labeled with 3H-DIDS and 3H dpm value was measured accord-
ing to Sun et al. (2004). 3H dpm was used to represent the relative
expression content of TPT. Data are representative of three separate
experiments (mean ± S.D.). The HXK activity and TPT content of
control with ddH2O treatments were set as 100.

ficial for maintaining an optimal dynamic carbohydrate
status. In conditions of high carbohydrate demand, the
regulatory network serves to integrate the synthesis and
use of carbohydrates in different tissues and organs
increases production and mobilization of photosynthate
by increasing expression of genes involved in photosyn-
thesis, and conversely, when photosynthate is not imme-
diately required, genes involved in starch synthesis are
activated to maintain a balance between photosynthate
supply, demand, and storage (Baier et al., 2004). Trans-
port functions respond to photosynthate availability by
modulation of Suc transporter (Vaughn, Harrington, &
Bush, 2002) and TPT gene expression and protein levels
to integrate carbohydrate sink demand with carbohydrate
source production and export. Here, we demonstrate that
TPT expression is strongly affected by 5 mmol/L of glu-
cose. Additionally, fructose, sucrose as glucose down-
regulated the expression of TPT significantly, while man-
nitol strongly up-regulated TPT (unpublished data). In
wheat, elevated levels of primary photosynthates such
as sucrose, glucose, and fructose, cause the repression of
TPT that will result in the inhibition on the flux of photo-
synthates from stroma to cytosol. The osmolyte mannitol
is normally synthesized in numerous plant species, but
not in wheat (T. aestivum) (Abebe, Guenzi, Martin, &
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Cushman, 2003). The role of mannitol in up-regulating
the expression of TPT gene in wheat was not as storage,
possibly as a kind of osmotic regulatory material.

In plants, the response time of various genes to
sugars is quite variable. Many plant genes exhibit a
rapid response, frequently less than 3 h, to either low
(<20 mM) or high (>100 mM) sugar concentrations.
Maize CAB5 gene responds to 1–10 mM of glucose in
<3 h (Jang & Sheen, 1994). However, other genes dis-
play a slower response (>48 h) and require higher sugar
levels before eliciting a response (Koch et al., 1995).
In the present study, the wheat TPT gene responded
slowly (>48 h) to levels as low as 1 mmol/L glucose
(Figs. 4 and 5). TPT was repressed in the presence of
glucose, but not by PEG possessing the same osmotic
potential (Fig. 6) suggesting that osmotic effects of
glucose were not important. If a substance cannot be
imported into cytosol, or there is no specific receptor for
the substance, its physiological role is likely involved
with regulation of osmotic potential (Gibson, 2000). Glu-
cose is known to be imported into cytosol (Ciereszko &
Kleczkowski, 2002; Gibson, 2000), and thus it is unlikely
that it represses TPT gene functions via modulations
in osmotic potential. It is possible that separate sugar-
signaling pathways exist for the rapid and slow sugar
responses by wheat TPT gene. Alternatively, the slow
response might be indirectly regulated by sugars that
alter the physiological and metabolic status within cells.

Both 2-deoxyglucose and glucose in wheat proto-
plasts decreased TPT protein content dramatically sug-
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phosphorylation catalyzed by HXK is essential to TPT
repression by glucose.

Although sugar-signalling transduction pathways are
well characterized in prokaryotes (Koch, 2004; Paul,
Pellny, & Goddijn, 2001) and unicellular eukary-
otes (Gancedo, 1992), relatively little is known about
the concrete molecular and biochemical mechanisms
underlying sugar responses in multicellular eukaryotes,
especially in sugar-producing higher plants. Glucose is
transported into the cells by hexose transporters and
phosphorylated by hexokinase in yeast. In addition to this
phosphorylation step, a G-protein-coupled receptor sys-
tem is also present in yeast that senses glucose directly
and both are required for glucose induced cAMP sig-
naling (Rolland et al., 2000). HXK is a dual-function
enzyme with a distinct regulatory function not inter-
changeable between plants and yeast (Jang et al., 1997).
It still needs to be confirmed if the sugar-sensing mech-
anisms observed in yeast exists in plants. We speculate
that the conformation of HXK changes when it binds
with substrates such as glucose or other hexoses. The
conformation changes of HXK lead it to react with other
factors, to produce the sugar response, and the conse-
quential repression of gene expression (Gibson, 2000;
Hohmann et al., 1999). These conformation changes in
HXK may be analogous to interaction of ligands with
receptors and their associated signal transduction path-
ways. The searching for proteins that react with HXK
will be important to elucidate the mechanism of glucose
signal sensing and transduction.
esting that this sugar and its non-metabolizable analog
an act as a signal molecule involved in the response
f plants to sugar (Gibson, 2000), and that the further
etabolism of glucose after it had been phosphorylated
as unnecessary for wheat response to glucose. When
XK activity was reduced, following transformation of
heat protoplasts with the HXK antisense construct, our

esults demonstrated that glucose had little effect on the
xpression of TPT. Glucosamine, a specific competi-
ive inhibitor of HXK, also blocked glucose repression
n wheat protoplasts. Consequently it was essential to

aintain sufficient HXK enzymatic activity to observe
he inhibitory activity of glucose on TPT. The treatment
f protoplasts with 6-deoxyglucose, which is an analog
f glucose that are absorbed by plant cells, but can-
ot be phosphorylated by HXK (Gibson, 2000), showed
hat phosphorylation of substrate catalyzed by HXK was
ecessary for the response to glucose in wheat. Treat-
ent of protoplasts with glucose-6-phosphate, down-

tream metabolite of glucose phosphorylated by HXK
Harrington & Bush, 2003), it did not result in the repres-
ion of TPT. Collectively, these results demonstrated that
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L., & Flügge, U. I. (2000). Control of carbon partitioning and
photosynthesis by the triose phosphate/phosphate translocator in
transgenic tobacco plants (Nicotiana tabacum L.). Part I: Com-
parative physiological analysis of tobacco plants with antisense
repression and overexpression of the triose phosphate/phosphate
translocator. Planta, 210, 371–382.

Hofmann, M., & Roitsch, T. (2000). The hexokinase inhibitor glu-
cosamine exerts a concentration dependent dual effect on protein
kinase activity in vitro. J. Plant Physiol., 157, 13–16.

Hohmann, S., Winderickx, J., de Winde, J. H., Valckx, D., Cobbaert,
P., Luyten, K., et al. (1999). Novel alleles of yeast hexokinase Pll
with distinct effects on catalytic activity and catabolite repression
of SUC2. Microbiology, 145, 703–714.

Jang, J. C., & Sheen, J. (1994). Sugar sensing in higher plants. Plant
Cell, 6, 1665–1679.

Jang, J. C., Leon, P., Zhou, L., & Sheen, J. (1997). Hexokinase as a
sugar sensor in higher plants. Plant Cell, 9, 5–19.

Jefferson, R. A., Kavanagh, T. A., & Bevan, M. W. (1987). GUS
fusions: �-Glucuronidase as a sensitive and versatile gene fusion
marker in higher plants. EMBO J., 6, 3901–3907.

Knight, J. S., & Grat, J. C. (1994). Expression of genes encod-
ing the tobacco chloroplast phosphate translocator is not light-
regulated and is repressed by sucrose. Mol. Gen. Genet., 242, 586–
594.

Koch, K. (2004). Sucrose metabolism: Regulatory mechanisms and
pivotal roles in sugar sensing and plant development. Curr. Opion.
Plant Biol., 7, 235–246.
sis, but not starch mobilisation is abolished. Plant J., 32, 685–
699.
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