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The uptake of 3-O-methylglucose (3-OMG) by vacuoles isolated from sugarcane cells caused a

depolarization of the internally positive membrane potential and a decrease of the pH gradient. The uptake

of sugar was accompanied by a corresponding efflux of protons out of vacuoles with a stoichiometry of
1:1. The data support a model whereby sugar is transported via an H*-antiport system.

Sugarcane vacuole

partments for sugars anthocyamn and orgamc
acids. The hydrophilic nature of these compounds
precludes passive permeation across the membrane
as a mechanism of uptake. Since sugar is ac-
cumuiated in the vacuoles of sugarcane, an active
uptake mechanism has been postulated [1].
Evidence in several nlnnf cnemeq shows that a
tonoplast-bound ATPase ac1d1f1es the in-
travacuolar space and polarizes the tonoplast to a
positive value [2,3]. This proton gradient may be
used for energization of sugar transport into
vacuoles.

Sugarcane cells grown in suspension cultures
were used for this study. These cells accumulate
both hexose and sucrose in the vacuoles [4].
Vacuoles which have retained both proton-
translocating ATPase [5] and glucose uptake [4]
activities can be isolated from these cells. These
vacuoles are, therefore, a useful materiai for the
study of the coupling of sugar flow to proton flow.
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HS50-7209) were grown in Whlte s basal salt
medium supplemented with yeast extract, arginine,
sucrose, vitamins, and 2,4-D [6]. Cultures were in-
cubated on a rotary shaker at 27°C and were
harvested after 9 days of growth.

Vacuoles were isolated from protoplasts by cen-

trifugation on a Ficoll cushion [11. Tonoplast
1f ongpilast
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ve51cles were prepared by homogemzation of
vacuoles with a glass homogenizer in a large
volume of buffer containing 25 mM Tricine,
10 mM MgSQ4, 5 mM K,SO, and 250 mM man-
nitol (pH 6.5). The homogenate, in turn, was
layered on a cushion of 10% dextran T70 in
25 mM 'T‘nmpp (nH 6.5) r‘nnfalnlna 250 mM man-

a2 1adLVY PAr U.0) VLK IAVESFUULJ o S 1-4 1L

nitol and was centrlfuged for 60 min at 100000 x
g. Membranes were collected at the interface and
were used for all measurements. The volume of
vacuoles and tonoplast vesicles was measured as
the H>O-permeable, but dextran-impermeabie
space [4].

Membrane nnfpnt‘“! (AV¥) was measured eit
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by distribution of ['* ]thlocyanate (SCN7) or by
absorption spectroscopy of bis(3-propyl-5-oxo-
isoxazol-4-yl)pentamethine oxonol (oxonol-VI).
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For the uptake of ["*C]SCN~, vacuoles were in-
cubated at 25°C in a medium containing 50 mM
Tris—Mes (pH 6.5), 500 mM mannitol, 3 mM
MgSO4 and 5 4M SCN™ (spec. act. 20 £Ci/zmol)
and allowed to equilibrate for 15 min. ATP or
other chemicals to be tested were added and
samples were withdrawn at intervals, centrifuged
through silicon oil, and the radioactivities of the
pellet and supernatant determined. The distribu-
tion ratio of SCN™ across the membrane was used
to calculate A¥ according to the Nernst equation.
For the optical measurement of A¥, vacuoles or
tonoplast vesicles were suspended in 25 mM
Tricine, 10 mM MgSQs4, 250 mM mannitol, 4 xM
oxonol-VI and 3 mM Mg-ATP (pH 6.5). Absorp-
tion changes of oxonol-VI were measured using
either an Aminco-Chance or a Perkin-Elmer 356
dual wavelength spectrophotometer with the
monochromator set at 603 and 580 nm. Calibra-
tion was performed with an imposed K* gradient
in the presence of valinomycin (10 £g/ml).

The pH gradient (ApH) was measured as quen-

Table 1
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ching of fluorescence of the permeant amine dyes,
quinacrine or acridine orange, using an Aminco-
Bowman spectrophotofluorometer. Changes in
emission were measured at 425—505 nm (excita-
tion — emission) for quinacrine and 493 —
530 nm for acridine orange. The ApH was calcu-
lated as in [7].

Proton flux was measured in a chamber contain-
ing 30 x1 vacuole suspended in 5 mM KCI, 10 mM
MgSQ4, 3 mM Mg-ATP, and 500 mM mannitol in
a total volume of 300 xl. The suspension was gent-
ly stirred and pH changes were measured with a
flat-bottom combination glass electrode. The pro-
ton flux was calibrated by addition of known
quantities of HCI.

Protein was measured as in [8] using the com-
mercially available dye from Bio-Rad Laborato-
ries.

Oxonol-VI was a gift from G. Hauska,
Regensburg. The fluorescent probes for ApH were
from Sigma and ['“*C]thiocyanate was from
Amersham.

Effect of hexose uptake on membrane potential, pH gradient, and H* flux

Intact Tonoplast
vacuoles vesicle

Decrease of membrane potential

measured with oxonol-VI 83 +5.5mV 2.9 + 1.7 mV

measured with SCN~ 9.8 +32 ND
Decrease of pH gradient

measured with quinacrine or

acridine orange 0.06 + 0.04 0.12 + v.wo
H* efflux 0.45 + 0.29° ND

2 nmol-h™!-4l vacuole™!

The incubation mixture for the optical measurement of A¥ contained 20 xl
vacuoles (200 xg protein) in 3 ml buffer. The SCN™ accumulation was measured
in 52 xl vacuoles in 1.0 ml buffer. The ApH change was determined using 10 M
quinacrine or 4 4M acridine orange. Incubation mixture contained 13 xl
vacuoles (127 xg protein) in 1.0 ml buffer. The proton flux was determined
using 30 ] vacuoles in 0.3 ml medium. All values indicate the change caused by
the addition of 1 mM 3-OMG and corrected for the change by a second addition
of 3-OMG. Values were the means from 3 different vacuole or tonoplast
preparations
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3. RESULTS

3.1. Effects of hexose uptake on membrane
potential

The addition of 3-OMG caused a depolarization
of the vacuoles of about 8 mV when measured as
oxonol-VI absorption changes (table 1). This
depolarization was correlated with 3-OMG uptake
since a second addition after the first saturating
pulse gave no further response of the optical probe
(fig.1). The time course and the value of oxonol-VI
absorption changes varied with different vacuole
preparations: sometimes there was a continuous,
gradual depolarization; more often, there was a
small but rapid response, within 10 s. Therefore,
results were variable. The membrane potential
depolarization of tonoplast vesicles was small com-
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Fig.1. Effect of 3-OMG on membrane potential, pH
gradient, and proton flux in intact vacuoles. Membrane
potential was measured as the change in absorption of
oxonol-VI during hexose uptake; ApH change was
measured as change in acridine orange fluorescence;
proton flux was measured as an acidification of the
external medium using a combination glass electrode.
Experimental conditions were the same as in table 1.
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pared to that of intact vacuoles. Vesicle prepara-
tion procedures have been reported to yield tightly
sealed vesicles [9], but a large proportion of the
vesicles may still be leaky or vesicles may be inside
out.

The membrane potential, measured as the ac-
cumulation of SCN~, had been shown previously
to have a positive value on the internal surface of
the tonoplast [5}. The addition of 3-OMG to a
vacuole suspension decreased the membrane
potential by 10 mV (table 1).

The depolarization of tonoplast by 3-OMG in-
dicates that either a positive charge leaves the
vacuole during hexose uptake or a negative charge
enters together with hexose.

3.2. Change of intravacuolar pH during hexose
uptake

The addition of 3-OMG to intact vacuoles
caused a small decrease of the ApH so that the
vacuole interior became slightly less acidic (table
1). The internal pH of tonoplast vesicles was more
significantly changed after the addition of 3-OMG
(table 1, fig.1). This effect was observed with quin-
acrine or acridine orange as probes. The internal
pH of tonoplast vesicles changed by about 0.1
unit. This is evidence for proton efflux during hex-
ose uptake.

The flux of protons in the suspension medium
can also be measured with a pH electrode. The ad-
dition of 3-OMG to intact vacuoles caused a slight
transient acidification of the medium. A second
addition did not result in a similar response (fig.1).
The rate of hexose uptake by isolated vacuoles has
been previously determined to be 0.5 nmol-h™!-4l
vacuole™! [4]; therefore, a stoichiometry of 1 H*
per 3-OMG was calculated. The uptake of hexose,
therefore, is a monovalent H* antiport.

4. DISCUSSION

The active transport of hexose into vacuoles of
sugarcane occurs either via an electrogenic H* an-
tiport with a stoichiometry of 1:1 or via an
hydroxyl ion symport. It was previously shown
that isolated sugarcane vacuoles contained a
proton-translocating ATPase which generated an
inside acid pH and a positive membrane potential
([5], unpublished). Under these conditions, the
downhill electrochemical gradient for proton is

3
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outward from the vacuole and, therefore, a proton
antiport system for hexose uptake is probably the
simplest way to make use of this protonmotive
force.

The different response of intact vacuoles and of
tonoplast vesicles to the addition of 3-OMG is ex-
pected if two facts are considered. First, the inter-
nal buffering capacity of intact vacuoles is
significantly higher than that of tonoplast vesicles
since intravacuolar compounds are washed out
during tonoplast vesicle preparation. Hence,
change in ApH should be and was more readily
detectable in vesicles than in vacuoles. Second,
during vesicle preparation, the membranes may
become inverted and/or they may seal incomplete-
ly. Therefore, a less pronounced effect on the
membrane potential may be seen.

The effects of hexose on membrane potential
and pH gradient are small, probably because the
H*-translocating ATPase counteracts the hexose-
caused proton exit.

The best known examples of antiport systems
are the various exchanger systems of chloroplast
envelopes and mitochondria. For instance, the
ATP/ADP exchanger works in an electrogenic
manner where in the presence of Mg?* the same
binding site is able to bind either ATP*~ or ADP*~
[10]. The mechanism of H*-hexose antiport can be
visualized to function in a similar manner. If the
binding site for H* and hexose is located on the
same site of the protein, then the binding of H*
will prevent the binding of hexose and vice versa.
If the transporter protein can change its contact to
the two sides of the membrane only in the loaded
state, then inevitably the ATPase-caused acidifica-
tion of the vacuolar space and polarization of the
membrane will favor proton binding at the
vacuolar side and proton release at the cytoplasmic
side with greater possibility of hexose binding at
the cytoplasmic side and release into the vacuole.
Evidence for a very close proximity of H* and
sugar binding sites has been found recently for the
sugar-H* symport system of Chlorella {11}. It is
possible that during evolution, a shift of the H*
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binding site would transfer a symport system to an
antiport system.

ACKNOWLEDGEMENTS

We are grateful to the Institut fiir Botanik,
Regensburg, and especially to Professor C.
Hauska and Dr E. Hurt for help with the optical
measurements of membrane potential. We would
also like to thank Dr Harry Yamamoto of the
Botany Department, University of Hawaii, for the
use of the dual wavelength spectrophotometer.
This work was supported by a grant from the
Deutsche Forschungsgemeinschaft and by the
Hawaiian Sugar Planters’ Association. Published
with the approval of the Director as paper no.568
in the Journal Series of the Hawaiian Sugar
Planters’ Association.

REFERENCES

[1] Thom, M., Maretzki, A. and Komor, E. (1982)
Plant Physiol. €9, 1315—1319,

[2] Wagner, G.J. and Lin, W. (1982) Biochim. Bio-
phys. Acta 689, 261-266.

[3] Marin, B., Marin-Lanza, M. and Komor, E. (1981)
Biochem. J. 198, 365-372.

[4] Thom, M., Komor, E. and Maretzki, A. (1982)
Plant Physiol. 69, 1320-1325.

[5]1 Thom, M. and Komor, E. (1984) Eur. J. Biochem,
138, 93-99.

[6] Nickell, L. and Maretzki, A. (1969) Physiol. Plant
22, 117-125.

[7] Schuldiner, S., Rottenberg, H. and Avron, M.
(1972) Eur. J. Biochem. 25, 64-70.

[8] Bradford, M.M. (1976) Anal. Biochem. 72,
248-254,

[9] Sze, H. (1980) Proc. Natl. Acad. Sci. USA 77,
5904—5908,

[10] Klingenberg, M., Aquila, H., Kramer, R., Babel,
W. and Feckl, J. (1977) in: Biochemistry of
Membrane Transport (Semenza, G. and Carafoli,
E. eds) pp.567-579, Springer, Heidelberg.

[11] Komor, E., Schobert, C. and Cho, B.H. (1983)
FEBS Lett. 156, 6—10.



