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ABSTRACT

Vicia faba leaf discs without epidermis were pretreated with
parachloromercuribenzenesulfonic acid (PCMBS), rinsed and incubated
on I"Cisucrose (1 or 40 millimolar). Those sucrose concentrations were
chosen as representative of the apparent uptake system 1 (1 millar)
and system 2 (40 millimolar) previously characterzed. Pretreatment with
0.5 millimolar PCMBS for 20 minutes inhibited system 1 and system 2
by about 70%.

Addition of unlabeled sucrose during PCMBS-pretreatment protected
the carrier(s) from the inhibition, whereas glucose, fructose, and sucrose
analogs were unable to afford protection. At 1 millimolar I"Cqsucrose,
the protection resulted in a small but consistent reduction of normal
inhibition (from 63 to 45%) for sucrose concentrations of 50 millimolar
and more during pretreatment. Contrarily, at 40 millimolar l'4Cjsucrose,
the protection increased linearly with the sucrose concentration in the
pretreatment medium, and complete prevention of inhibition was reached
for 250 millimolar sucrose.
The protection was not due to exchange diffusion and was located in

the veins. Michaelian kinetics indicated that PCMBS and sucrose com-
pete with each other at the active site of the carrier.
Among 14 compounds tested (sugars, amino-acids, hormones, 32P)

sucrose uptake was by far the most sensitive to PCMBS. Sucrose
preferentially protected its carrier(s) from inhibition. Treatment with 20
millimolar cysteine or 20 millimolar dithioerythreitol reversed inhibition
by PCMBS pretreatment.

The purification and the study of carriers mediating the Na+-
coupled uptake of solutes in animal cells is now underway (3,
19, 20, 21, 23, 30, 32). A more detailed investigation has been
performed with the lactose and the glutamine carriers of Esche-
richia coli (10, 17, 18, 26), where the mechanisms of the ion-
carrier interaction are investigated. Although a great deal of
evidence now supports the occurrence of proton-coupled trans-
port in various plant cells (5, 9, 13, 16, 22, 28), our knowledge
of the general properties of the carriers (6, 13, 22) and of the
details of the H+-carrier interaction (6, 9, 13) is scarce and we
treat it at a relatively macroscopic level due to the lack of
available methods for purification of these proteins.

Previous work from this laboratory (6) has shown that sucrose
uptake by broadbean leaf is apparently mediated by two carriers
(Km1 = 3 mM, Km2 = 35 mM); the high affinity carrier exhibits
two-substrate (proton and sucrose) kinetics (6) and is coupled to
proton influx (5) while the low affinity carrier is less dependent
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on protons (5, 6). To gain further information on the H+-
transporter interaction and on the nature of these caniers (e.g.
does system 2 derive from system 1 by allosteric change?), we
have started a research program aimed at the quantification and
the purification of the sucrose carrier. In addition to the above-
mentioned problems, such a method would be helpful in many
other questions where the quantification of sucrose carriers/mg
protein would provide interesting information: import/export
transition of the leaf, changes in transport properties associated
with aging, screening of varieties according to their density in
sucrose carriers.
Among the methods already used with success-in animal or

bacterial cells, we have chosen differential affinity labeling by
thiol-reacting compounds. This choice was guided by the follow-
ing reasons: (a) the method yields good results without requiring
the painstaking synthesis ofa substrate-derivative; (b) the ration-
ale can be extended to carriers other than the sucrose carrier with
minor modifications; (c) some information on the sensitivity of
sugar (5, 7, 12, 24) and amino-acid (9) uptake by leaf tissue was
already available.

Differential labeling was designed by Fox and Kennedy (1 1)
who used N-ethylmaleimide to label a protein involved in the
transport of,B-galactoside by Escherichid coli. The rationale is
based upon the protection afforded by the substrate towards
inhibitors which bind to the active site of the carrier. When
present, the substrate in the binding site impairs the access of
inhibitor. The labeling involves two steps. Step 1: incubation of
tissues with nonradioactive inhibitor in the presence of the
substrate. Reactive groups other than those of the active site of
the carrier are blocked. Step 2: removal of substrate and cold
inhibitor and incubation with radioactive inhibitor. The radio-
activity preferentially binds to the active site of the carrier which
was protected by the substrate during step 1.

Rather than N-ethylmaleimide which can also mark intracel-
lular proteins, we decided to test PCMBS2 which does not cross
the plasmalemma (1, 7, 12) and which inhibits the sucrose carrier
without affecting the proton pump in our material (5, 7). The
present work shows that PCMBS fulfills most ofthe requirements
needed to mark the sucrose carrier in Viciafaba leaves.

MATERIALS AND METHODS

Plant Material. Growth ofbroadbean ( Viciafaba L. cv Aguad-
ulce) and preparation of leaf discs (12 mm diameter) have been
described elsewhere (7). After excision, the discs were floated for
15 min on a medium (referred as 'N' medium, containing 250
mM mannitol, 0.5 mm CaCl2, 0.25 mM MgCl2, and 20 mM
phosphate buffer (pH 6.0), and then processed as described

2Abbreviations: PCMBS, parachloromercuribenzenesulfonic acid; 3-
0-MeG, 3-O-methylglucose; a-AIB, a-aminoisobutyric acid.
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below. All experiments were performed in the light at 2O°C.
Optimization of PCMBS Treatment. All membrane proteins

possessing free external SH groups are expected to be sensitive
to PCMBS. Since we were interested in blocking the protein(s)
involved in sucrose transport, we attempted to optimize the
PCMBS treatment for these protein(s), and as a test we measured
the amount of ['4C]sucrose taken up after a pretreatment with
the inhibitor. The discs were pretreated for various times (5, 10,
20, 30, 45, 60, 90, 120 min) with 0.05, 0.10, 0.50, and 1 mm
PCMBS in N medium. The tissues were then incubated for 30
min on a solution containing 1 or 40 mM [U-'4C]sucrose without
the inhibitor. These sucrose concentrations were chosen as rep-
resentative for system 1 and system 2 which had previously been
characterized in broadbean leaf (5, 6). Subsequent procedure for
rinsing of discs and analysis of results have been described
elsewhere (6). In these experiments as in the following ones, the
osmolarity of all media was kept at 250 mM by varying appro-
priately the mannitol concentration.

Protective Effect of Sugars ainst PCMBS Treatment. Con-
trol discs were preincubated for 20 min without inhibitor in the
presence of unlabeled sugar (sucrose, glucose, fructose, palati-
nose, turanose) at the concentration specified in the results,
rinsed (3 x 3 min) and incubated (30 min) with 1 or 40 mm [U-
'4C]sucrose, and rinsed again (3 x 2 min). In the same time,
inhibited discs were processed exactly as control discs, except
that 0.5 mM PCMBS was present in the preincubation medium.
For each treatment, the experiment was run on a set of 10 discs,
and was repeated two or three times.

Protective Effects of Sucrose on Other Carriers. Leaf discs
were pretreated for 20 min with 0.5 mM PCMBS in the presence
of 100 mm sucrose, rinsed (3 x 3 min) on N medium and
incubated for 30 min with various labeled compounds: sugars (1
mm sucrose, glucose, 3-O-methylglucose or fructose), amino-
acids (1 mM a-AIB, glycine, valine, serine, threonine, asparagine,
glutamic acid), hormones (0.01 mM ABA or IAA), ions (1 mm
PO4H2Na). The radioactivity of all incubation media was 1 to 3
,uCi/10 ml, except for IAA (0.8 &Ci/I0 ml) and ABA (0.4 1sCi/
10 ml). Specific activities of the compounds are listed below. For
each compound, a control set and an inhibited set preincubated
only with sucrose or PCMBS, respectively, were run.

Sucrose Protection and Exchange Diffusion. Discs (15/set)
preloaded for 20 min in 100 mm labeled sucrose (20 uCi/I0 ml)
with or without 0.5 mm PCMBS were rinsed as in protection
experiments (3 x 3 min). This duration of rinsing is sufficient to
remove all free space label and inhibitor because, in peeled discs,
the apoplastic compartment is washed within 3 min (8). The
discs were then effluxed in a medium containing various amounts
of sucrose, in the absence of the inhibitor. Efflux was monitored
every 6 min during 35 min by measuring the radioactivity of a
50-pd sample of the medium. Rates of efflux were calculated
from the slopes between 5 and 35 min.

Reversion of PCIBS Treatment. Discs preincubated for 20
min with 0.5 mm PCMBS were rinsed on N medium (3 x 3
min) and incubated for various times on DTE or cysteine.
Afterwards they were rinsed again (3 x 3 min) and incubated
with 1 mM radioactive sucrose, following the usual process.

Radiochemicals. The following compounds were purchased
from Amersham France (Les Ulis) or from the Commissariat a
l'Energie Atomique (Saclay): [U-'4C]sucrose (555 mCi/mmol),
[U-'4CJglucose (240 mCi/mmol), [1-3H]-3-O-methylglucose (5
mCi/mmol), [U-'4C]fructose (260 mCi/mmol), [1-`4C]-a-ami-
noisobutyric acid (57 mCi/mmol), [U-'4C]glycine (100 mCi/
mmol), [U-'4C]valine (285 mCi/mmol), [U-'4CJasparaine (140
mCi/mmol), [3-3H]serine (28 mCi/mmol), [U-'4C]threonine
(226 mCi/mmol), [U-'4C]glutamic acid (285 mCi/mmol), [G-
3H]ABA (2 Ci/mmol), [5-3H (n)]-#-IAA (29 Ci/mmol), 32Pi (0.5
mCi/mmol).

Expression of Data. All experiments reported here have been
repeated two or three times on sets of 10 discs for each point,
with similar results. Unless otherwise stated, radioactivity meas-
urements were made on the entire set (10 discs).

RESULTS

Optimization of PCMBS Pretreatment. To achieve success-
fully differential affinity labeling, suitable conditions oftreatment
(duration, concentration of inhibitor, and of protective agent)
must be carefully tested (27). Time course and concentration
dependence studies of PCMBS inhibition showed no marked
difference when the subsequent uptake was studied either at 1
mm or at 40 mm ['4C]sucrose. The inhibition plateaued after 45,
30, 20, and 10 min of pretreatment for PCMBS concentrations
ranging from 0.05, 0.10, 0.50, and 1 mm, respectively; for those
durations of pretreatment, there was about 45, 60, 67, and 72%
inhibition with 0.05, 0.10, 0.50, and 1 mM PCMBS, respectively.
Because there was only a small difference between the plateaus
obtained with 0.5 and 1 mm PCMBS, and in order to minimize
the side effects such as increase in cation permeability, reaction
with internal thiols or with other groups than thiols which may
appear at high PCMBS concentration (29), for all subsequent
experiments, we chose to block the sucrose carrier by a 20-min
pretreatment with 0.5 mm inhibitor.

Protecting Effects of Sugars against PCMBS Inhibition of the
Sucrose Carrier. The effect of adding various concentrations of
unlabeled sugars (sucrose, glucose, fructose) during the PCMBS
pretreatment on the subsequent uptake of ['4C]sucrose (1 or 40
mM) has been studied. The results of pretreatment with sucrose
are reported in Table I. In control sets without inhibitor (columns
2 and 5), pretreatment with increasing concentrations of unla-
beled sucrose inhibited subsequent uptake of label, either at 1 or
40 mM ['4C]sucrose. In contrast, in discs pretreated with the
inhibitor (column 3 and 6, Table I), the addition of increasing
sucrose concentration in the pretreatment medium enhanced
subsequent uptake of label; the increase in uptake was more
marked for tissues taking up 40 mM ['4C]sucrose than for discs
taking up 1 mm ['4C]sucrose. Residual uptake, given for each
sucrose concentration in the pretreatment medium by the ratio
'uptake by PCMBS pretreated discs/control uptake', is reported
in column 4 (Table I) for 1 mm ['4C]sucrose, and in column 7
for 40 mm ['4C]sucrose. Clearly, the addition of sucrose in the
pretreatment medium decreases the inhibition exerted by
PCMBS since residual uptake increased from 36.6% (no sucrose)
to 53.1% (250 mm sucrose) and from 35.5 to 96.7%, at 1 and 40
mM ['4C]sucrose, respectively. The degree of protection afforded
by sucrose on system 1 (1 mM ['4C]sucrose) was very different
from that obtained on system 2 (40 mm ['4C]sucrose). For system
1, residual uptake plateaued at about 55% for sucrose concentra-
tions equal or greater than 50 mm, whereas for system 2 it still
increased up to 96.7% for 250 mM sucrose.

Similar experiments with glucose as a protecting agent in the
preincubation medium have been performed. When studying
either system 1 or system 2, in contrast to sucrose, preincubation
with glucose did not decrease subsequent uptake of sucrose in
discs not treated by PCMBS (column 2 and 5, Table II). Except
for 250 mm glucose on system 1, there was no evident protection
by glucose (columns 4 and 7, Table II).

Like glucose but unlike sucrose, fructose in the preincubation
medium did not decrease uptake of 1 or 40 mm ['4CJsucrose by
tissues not treated with PCMBS (Table III). Despite some varia-
bility in the rate of sucrose uptake, fructose induced no evident
increase in residual absorption in the presence of PCMBS on
system 2 (column 7, Table III) and only a slight increase on
system 1 (column 4).

Results reported in Tables I, II, and III are the mean oftwo or
three separate experiments where measurements have been made

155



M'BATCHI AND DELROT

Table I. Effect ofSucrose on the PCMBS Inhibition ofthe Sucrose Carrier
Discs were pretreated with (+ PCMBS) or without (control) 0.5 mm PCMBS for 20 min in the presence of

various unlabeled sucrose concentrations. After rinsing, they took up sucrose from a I or 40 mM ["C]sucrose
solution without inhibitor. Residual uptake is the ratio PCMBS/control. Mean of three sets of 10 discs for
each value.

1 mm ['4C]Sucrose 40 mm ['4C]Sucrose
Sucrose in

Pretreatment Uptake Uptake Residual Uptake Uptake Residual
(control) (+PCMBS) uptake (control) (+PCMBS) uptake

mM nmol cm`2/30 min % nmol cmn2/30 min %
0 3.91 1.43 36.7 87.07 30.90 35.5
5 3.74 1.60 42.8 75.59 29.83 39.5
10 3.48 1.60 46.0 69.19 28.61 41.4
30 2.95 1.43 48.5 71.44 30.96 43.3
50 3.01 1.66 55.1 62.27 33.74 54.2
100 3.03 1.68 55.4 69.01 38.73 56.1
150 3.20 1.74 54.4 62.24 45.07 72.4
200 3.13 1.82 58.2 47.01 37.90 80.6
250 2.93 1.55 52.9 51.92 50.25 96.8

Table II. Effect ofGlucose on the PCMBS Inhibition ofthe Sucrose Carrier
Details as in Table I, except that glucose replaced sucrose during pretreatment. Mean of two sets of 10 discs.

I mM ['4C]Sucrose 40 mm ['4C]Sucrose
Glucose in
Pretreatment Uptake Uptake Residual Uptake Uptake Residual

(control) (+PCMBS) uptake (control) (+PCMBS) uptake
mM nmol cmn2/30 min % nmol cm'2/30 min %
0 3.46 1.29 37.3 73.16 25.79 35.3
5 3.24 1.27 39.2 69.07 26.39 38.2
10 4.03 1.59 39.5 73.16 32.70 44.7
30 84.18 30.84 36.6
50 3.85 1.60 41.6 74.39 28.59 38.4
100 3.46 1.32 38.2 74.51 22.42 30.1
150 4.08 1.62 39.7 61.33 25.64 41.8
200 3.55 1.38 38.9
250 3.55 1.80 50.7 73.70 27.63 37.5

Table III. Effect ofFructose on the PCMBS Inhibition ofthe Sucrose Carrier
Details as in Table I, except that fructose replaced sucrose during pretreatment. Mean oftwo sets of 10 discs

for each point.
1 mM ['4C]Sucrose 40 mM ["C]Sucrose

Fructose in
Pretreatment Uptake Uptake Residual Uptake Uptake Residual

(control) (+PCMBS) uptake (control) (+PCMBS) uptake
mM nmol cm'2/30 min % nmol cm'2/30 min %
0 3.46 1.29 37.3 68.87 26.60 38.6
5 3.20 1.25 39.1
10 4.33 1.72 39.7 72.05 33.13 46.0
30 65.22 29.69 45.0
50 3.65 1.45 39.7 67.10 27.45 40.9
100 3.44 1.32 38.4 66.41 27.31 41.1
150 5.26 2.22 42.2 70.01 32.22 46.0
200 4.22 1.96 46.4 64.76 25.18 38.9
250 3.99 1.85 46.4 58.64 24.45 41.7

on sets of 10 discs per experiment. Because of some variability
in the rates of uptake, and to ascertain the effect of sucrose, we
performed other experiments where the radioactivity ofeach disc
was counted separately so that a t test could be made. The results
(Table IV) indicate that, in the absence of PCMBS, addition of
100 or 250 mM sucrose during pretreatment significantly de-
creased subsequent uptake of 1 mM ['4C]sucrose, whereas in the
presence of PCMBS, this resulted in a significant increase, when
compared to discs not treated by sucrose. In contrast, hexoses
did not affect the uptake of sucrose by PCMBS-pretreated discs.

In the absence ofPCMBS, fructose (100 or 250 mM) and glucose
(100 mM) did not affect subsequent sucrose uptake. For unknown
reasons, in this experiment, pretreatment oftissues with 250 mM
glucose promoted sucrose uptake, but this effect was not consis-
tently observed (see Table II).
Two hypotheses might account for the increase in residual

uptake which occurs after sucrose pretreatment (columns 4 and
6, Table I; column 3, Table IV): (a) this increase is due to sucrose
protection from PCMBS inhibition; and (b) since pretreatment
with sucrose inhibits subsequent uptake ofthis sugar, the increase
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Table IV. PCMBS Inhibition and Sugar Protection of I mM['4C]
Sucrose Uptake

Details as in Tables I, II, III. Data are expressed as mean ± SD, with
the number of counted discs given in parentheses.

Rate of Uptake
Sugar in Residual

Pretreatment Not PCMBS PCMBS Uptake
pretreated pretreated

mM nmol cm'2/30 min %
None 4.28 ± 1.50 (40)r 1.20 ± 0.25 (37)C 28.0
Sucrose, 100 3.65 ± 1.16 (36)b 1.89 ± 0.35 (40)' 51.8
Sucrose, 250 3.44 ± 1.17 (38)c 1.68 ± 0.27 (38)' 48.8
Glucose, 100 3.96 ± 0.72 (19) 1.30 ± 0.29 (19) 32.8
Glucose, 250 5.19 ± 1.65 (18)d 1.11 ± 0.22 (20) 21.4
Fructose, 100 4.51 ± 0.78 (17) 1.26 ± 0.24 (19) 27.9
Fructose, 250 3.79 ± 0.98 (20) 1.28 ± 0.23 (21) 33.8
a"bc" Differences between a and b, a and d significant at the 0.05 level;

difference between a and c significant at the 0.01 level.
C''g Differences between e and f, and e and g significant at the 0.001

level.

_.
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FIG. 1. Autoradiographs from PCMBS-treated sucrose-protected
discs. Before incubation on I mM ['4C]sucrose, the tissues were pretreated
under the following conditions: A (control 1), 0 mM PCMBS, 0 mM

sucrose; B (control 2), 0 mM PCMBS + 100 mm sucrose; C (inhibited),
0.5 mM PCMBS + 0 mM sucrose; D (inhibited-protected), 0.5 mM
PCMBS + 100 mm sucrose. The scale bar stands for 5 mm; the radio-
activity appears in white and the background of the film is shown at the
top.

might be due to PCMBS protection from sucrose inhibition. The
second posibility could result in a smaller decrease in sucrose
uptake with increasing sucrose concentrations in the pretreat-
ment medium of PCMBS-treated discs (column 2, Table IV).
However, this hypothesis cannot explain the stimulation of up-
take which is observed in the presence of 100 or 250 mM sucrose

Table V. Effect ofPCMBS on Exchange Diffusion
Discs loaded for 20 min with 100 mm ['4C]sucrose, with or without

0.5 mM PCMBS, were rinsed (3 x 3 min), and effluxed for 35 min on a
medium (without inhibitor) containing no sucrose, or 100 mM unlabeled
sucrose. Initial content of the discs was 106,020 dpm cm-2 leaf disc
(control) and 45,160 dpm (PCMBS pretreated). The experiment was
repeated another time with the same results.

Rate of Efflux
Sucrose in

Efflux Medium Not PCMBS PCMBS
pretreated pretreated

mM dpm/min- cm2 leafdisc
0 192 162

100 431 181

'30 5 1 1

40

1/S(mMtl)
FIG. 2. The effects of PCMBS on the kinetics of sucrose uptake.

PCMBS was present only during the uptake (30 min) of ["C]sucrose
(0.5-3 mM). (0), Control; (U), 0.25 mM PCMBS; (0), 0.5 mm PCMBS.
Each point is the mean of 10 discs. The experiment was repeated another
time with similar results.

FIG. 3. The effects of PCMBS and sucrose on the kinetics of uptake.
Discs were pretreated for 20 min with 0.25 mm PCMBS (M), 0.5 mM
PCMBS (0), 0.5 mM PCMBS + 100 mm sucrose (0), rinsed, and allowed
to take up ['4C]sucrose for 30 min without PCMBS. (0), No pretreat-
ment. Each point is the mean of 40 (0, U, 0) or of 20 (0) discs.

(column 2, Table IV) and one has to conclude that sucrose may
protect its carrier from PCMBS inhibition.
However, it cannot be concluded that this protection is due to

a steric hindrance by the sugar of PCMBS access to the active
site ofthe carrier. One could argue that the protection is afforded
indirectly, via the metabolism, or via exchange diffusion of 14C-
sugar with unlabeled sugar loaded in the discs pretreated with
high sucrose concentrations. Also, sucrose protection may not
be located at the vein network, and thus would not be related to
phloem loading. The following experiments were designed to
provide information on these points.
Where Does the Protection Occur? Autoradiographs of in-

hibited and of inhibited-protected tissues show that the protec-
tion brought about by sucrose affects sucrose uptake by the veins,
at 1 mm (Fig. 1) or 40 mm (not shown) ['4C]sucrose.

Protection or Exchange Diffusion? In the case of exchange
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Table VI. Effect ofPCMBS and Sucrose (100 mM) on the Uptake of
Sugars, Amino Acids, Phytohormones, and Ions

The discs were preincubated for 20 min in the presence of 0.5 mM
PCMBS with or without sucrose. The results are expressed as per cent of
uptake by control discs. Each value is the mean of 20 or 30 discs (two or
three experiments). All solutes presented at I mm except ABA and IAA
which were 0.01 mM.

Substrate Sucrose in the Preincubation Medium
Taken Up oa 100 mMb

Sucrose 26.3 55.8
Glucose 91.2 95.5
3-0-MeG 76.4 98.6
Fructose 88.0 90.1
a-AIB 91.4 69.8
Glycine 96.9 91.3
Valine 90.9 84.8
Serine 100 80.9
Threonine 77.0 89.3
Asparagine 87.7 79.6
Glutamic acid 87.5 85.1
IAA 93.9 99.9
ABA 97.5 100
P04H3 89.4 91.3

a Control preincubated on N medium.
b Control preincubated in the presence of 100 mm sucrose.

0 20 30 40 50 0 10 20 30 40
DTE (mM) cysteine (mM)

FIG. 4. Reversion of PCMBS inhibition by DTE and cysteine. Each
point is the mean of seven discs. After pretreatment by PCMBS, the
tissues were treated with DTE (A) or cysteine (B) for 5 s (0), 5 (0), 10
(A), 15 (0), or 20 (E) min.

diffusion, the presence of sucrose in the efflux medium should
increase the rate of efflux of the label. This did occur (Table V)
since there was about a 2-fold increase of efflux, compared to a
medium without sucrose, when 100 mm sugar was present during
efflux. However, when the loading phase had been run in the
presence of0.5 mm PCMBS, there was only about a 10% increase
between 0 and 100 mm sucrose. In other words, exchange diffu-
sion is PCMBS sensitive. This, as well as many other considera-
tions which will be detailed in the discussion section, makes it
unlikely that the protection observed in the presence of sucrose
results from exchange diffusion.

Kinetics ofPCMBS Inhibition and of Sucrose Protecion. The
hypothesis according to which both PCMBS inhibition and

sucrose protection concern the active site of the carrier is very
clearly demonstrated in Figures 2 and 3. Figure 2 yields data
from experiments where PCMBS (0.25 or 0.5 mM) was added
during incubation with ['4C]sucrose. The kinetics obtained are
of competitive type. This experiment was repeated two times
with similar results. In other experiments, PCMBS was present
with (or without) 100 mm sucrose during a 20-min pretreatment.
The kinetics of sucrose uptake by a control, by inhibited and by
inhibited-protected sets of discs are reported in Figure 3. This
experiment shows that both inhibition by PCMBS and protection
by sucrose are of competitive type. The data provide direct
evidence for the existence of a SH group in the active site of the
carrier (system 1); moreover, they strongly suggest that the pro-
tection afforded by sucrose against PCMBS inhibition also occurs
at the level of this site.
The Selectivity of Sucrose Protection. Differential affinity

labeling of the sucrose carrier will be feasible only if the protec-
tion afforded by sucrose is selective and concerns no carrier other
than the one mediating the uptake of this sugar. We have tested
the inhibition exerted by PCMBS on the absorption of various
substrates (sugars, amino-acids, ions, phytohormones) and the
protection brought about by sucrose against PCMBS inhibition
(Table VI). Among aU compounds tested, sucrose uptake was by
far the most sensitive to PCMBS. For all other substates, except
for threonine and 3-0-MeG, residual uptake after the inhibitor
pretreatment still attained at least 85% of the control. The
absorption of 3-0-MeG was slightly more sensitive to PCMBS
than that of glucose and fructose, although the three sugars are
generally thought to share a common hexose carrier (4). IAA
and ABA have been shown to diffuse freely through plant mem-
brane in their protonated form, but part of their uptake may be
carrier-mediated (14, 2). The carrier-mediated component is
more apparent at relatively alkaline pH values (6.0 and above),
and with small concentrations of the hormone in the incubation
solution. This led us to study the sensitivity of IAA and ABA
uptake to PCMBS at pH 6.0 with 0.01 mM IAA or 0.01 mM
ABA in the medium. No inhibition could be detected on the
uptake of these hormones under our experimental conditions.

Statistical analysis (t test) indicated that the only compounds
for which sucrose significantly reduced the effect ofPCMBS were
sucrose and 3-0-MeG. The protective effect of sucrose on 3-0-
MeG uptake will be discussed below.

Reversal of PCMBS Inhibition. Obtaining a carrier in a func-
tionafstate demands that the radioactive label that is located on
the inhibitor which serves as a marker can be removed after the
protein of interest has been separated from the other ones. This
led us to search for suitable conditions of reversal of PCMBS
binding. The results (Fig. 4) indicate that incubating the tissues
for 15 min in 20 mm cysteine or 20 mm DTE completely reversed
PCMBS inhibition. Since high concentrations ofDTE or cysteine
stimulated sucrose uptake, it is likely that these compounds may
act in other ways in addition to unblocking the carrier.

DISCUSSION

The need of a method allowing the identification of plant
plasmalemma transporters and their recovery in a functional
state has been underlined in the introductory section of this
paper. Two-dimensional electrophoresis of crude extracts of leaf
cells proteins allow the visualization ofabout 250 spots, but their
separation is not always easy (25). In an attempt to mark a
plasmalemma transporter, a nonpermeant marker should prove
to be very useful in decreasing the number of spots appearing on
the electrophoretogram. This led us to focus our attention on
PCMBS, which was previously shown to inhibit sucrose uptake
but not the proton pump in broadbean leaf (unlike in sugar beet
[131), both by pH measurements (5, 6) and by electrophysiolog-
ical data (Mounoury, Delrot, and Bonnemain, in preparation).

158 Plant Physiol. Vol. 75, 1984



POTENTIAL TOOL FOR LABELING OF SUCROSE CARRIER

For an inhibitor to be useful as a differential labeling probe, the
following requirements must be fulfilled: (a) the inhibitor treat-
ment has to be optimized so as to mark preferentially the carrier
under investigation; (b) the protection brought about by the
substrate must be selective and preferentially concern the trans-
porter studied; (c) the inhibitor must bind to the active site of
the carrier, so that only its substrate can protect this carrier from
inhibition; (d) for the recovery of a functional carrier, it should
be possible to remove the inhibitor from the protein.
The results of Table VI extend to broadbean the previous

observation in sugar beet (12, 24) and in soybean (31) that
sucrose but not hexose uptake is PCMBS-sensitive (12, 24). The
protective effect of sucrose on 3-0-MeG uptake does not seem
to concern the hexose carrier, since the absorption of glucose
and fructose was neither significantly inhibited by PCMBS nor
protected by sucrose. A minor part of 3-0-MeG uptake might
be mediated by the sucrose carrier, since competition experi-
ments revealed that 3-0-MeG could reduce the uptake ofsucrose,
while the reverse was not true (Delrot, unpublished).
The small inhibition exerted by PCMBS on hexose uptake (as

in sugar beet leaf [12, 13, 24]), the weak ability of hexoses to
protect the sucrose carrier, and the preferential localization in
the veins of the protection afforded by sucrose (our data) are in
good agreement with previous results indicating the occurrence
of two separate carriers for hexoses and sucrose (5, 12, 15, 24)
and preferential loading of sucrose into the phloem.
Among 14 compounds tested including sugars, amino acids,

ions, and hormones, sucrose absorption was by far the most
sensitive to PCMBS. This may suggest that labeled PCMBS could
preferentially mark this carrier, but does not exclude that the
inhibitor may bind to other proteins in 'nonactive' sites, hence
creating a background of labeled molecules. Although a single
step labeling might be sufficient to identify the sucrose trans-
porter, the selectivity of the method should be improved by
differential labeling, provided that sucrose affords some protec-
tion and that the protection is selective.
The hypothesis of PCMBS protection from sucrose (trans)

inhibition does not account for the data of Table IV. In contrast,
these data and those of Table I are in good agreement with the
hypothesis of sucrose protection from PCMBS inhibition. This
last hypothesis is also supported by the decrease in the rate of
[203Hg]PCMBS binding to the discs which is observed in the
presence of sucrose, but not of glucose (M'Batchi and Delrot, in
preparation). A crucial point is to know how is the protection
brought about. The fact that easily metabolized hexoses do not
confer protection (Tables II and III) and the fact that sucrose
protection does not extend to other carriers exclude the possibil-
ity that sucrose would act as an energy source stimulating the
general metabolism. Another possibility would be that exchange
diffusion of 14C with sugar loaded in the discs preincubated in
sucrose would leak to an apparent protection. Several consider-
ations enable us to discard this possibility. (a) In the absence of
inhibitor, loading with unlabeled sucrose decreases subsequent
uptake of label instead of increasing it as would be anticipated.
(b) Even if exchange diffusion occurs at the same rate in sucrose-
PCMBS-pretreated discs as in sucrose-pretreated discs, its effect
is excluded by calculating the ratio of radioactivity 'sucrose-
PCMBS-pretreated/sucrose-pretreated tissues' (residual uptake).
These ratios are always higher in discs loaded with sucrose than
in control discs (columns 4 and 7, Table I). Moreover, exchange
diffusion is inhibited when discs are preloaded in the presence of
PCMBS (Table V). This effect cannot simply be ascribed to a
lower uptake of sucrose during the loading period in the presence
of PCMBS; indeed, when taking the efflux in a medium without
sucrose as a reference, there is about a 10% increase of efflux in
the presence of 100 mm sucrose in the efflux medium for discs

discs. The sensitivity of exchange diffusion to PCMBS does not
favor higher values of residual uptake. (c) It would be unlikely
that the effects of exchange diffusion on total uptake, which are
rather indirect, would consistently result in competitive kinetics
for sucrose-PCMBS-pretreated discs.
On the contrary, the hypothesis that sucrose exerts protection

by partially impairing the access of PCMBS to the active site of
the carrier gives a simple explanation of several observations. (a)
PCMBS does inhibit the carrier at the level ofthe active site (Fig.
2 and 3). (b) The sucrose analogs (palatinose = 6-0-a-D-gluco-
pyranosyl-D-fructofuranose and turanose = 3-0-a-D-glucopyra-
nosyl-D-fructose), which did not competitively inhibit sucrose
uptake, only poorly protected the sucrose carrier from PCMBS
inhibition (data not shown). This suggest that stereochemical
requirements must be fulfilled to afford protection. (c) Compar-
ison of uptake in untreated discs, in sucrose-PCMBS- and in
PCMBS-pretreated discs (Fig. 3) indicate that, like PCMBS in-
hibition, sucrose protection is of competitive type.
Of particular interest are the different degrees of protection

afforded by sucrose when comparing I mm (system 1) or 40 mM
(system 2) ['4C]sucrose uptake (Table I).The occurrence of two
phases in Michaelian kinetics may be explained by several pos-
sibilities: one carrier undergoing allosteric changes, two carriers
operating on the same membrane or on different membranes,
and the inadequacy of Michaelian kinetics (initially proposed for
enzyme in solutions) for enzymes embedded in membranes. The
long term purpose of our work is the identification and the
purification of the sucrose carrier(s) to study their functioning,
and it should help to choose between these possibilities. However,
already now, the results available from the comparison of the
protective effect of sucrose on the uptake from a 1 mM (system
1) or a 40 mm (system 2) '4C-sugar solution indicate that the
distinction of two systems previously grounded on kinetic data
(6) and measurements of proton fluxes associated with sugar
uptake (5) also appears for protection studies. Therefore, the
occurrence of these systems is not simply an artefact due to the
use of Michaelian kinetics, but corresponds to true differences
in the molecular functioning of the protein(s) mediating the
uptake. In this respect, we are currently investigating the pattern
of PCMBS inhibition at low or high sucrose concentration.
The data of Figure 4 show that, as in Beta vulgaris (12, 24),

DTE or cysteine are able to reverse the effect of thiol blocking
compounds, and this opens the possibility to recover an active
carrier. However, the stimulation of uptake induced by high
DTE or cysteine concentrations suggests that the effect of these
compounds may not be restricted to the active site of the carrier.
Hence, optimization of the reversion treatment must await the
results of experiments where the release of radioactive PCMBS
and the ability to take up sucrose will be compared.
The particular sensitivity ofthe sucrose carrier to PCMBS, the

specific protection afforded by sucrose and the fact that PCMBS
binds to the active site of the carrier underline the possibility to
use this inhibitor as a differential affinity label. Further work is
now underway in our laboratory using [203Hg]PCMBS to mark
the sucrose transporter.

Acknowledgments-We thank Professor J. L. Bonnemain for his interest during
this work. We are indebted to Pascale Courdeau and Remi Lemoine for their help
in preparing the leaf discs.

LITERATURE CITED

1. ANDERSON JM 1983 Release of sucrose from Vicia faba L. leaf discs. Plant
Physiol 71:333-340

2. ASTLE MC, PH RUBERY 1980 A study of abscisic acid uptake by apical and
proximal root segments of Phaseolus coccineus L. Planta 150:312-320

3. CARTER-SU C, MP CZECH 1980 Reconstitution of D-glucose transport activity
from cytoplasmic membranes. J. Biol. Chem 255:10382-10386

4. COLOMBO R, MI DE MICHELIS, P LADO 1978 3-0-methylglucose uptake stim-
treated with PCMBS, instead of a 125% increase in untreated

159

ulation by auxin and by fusicoccin in plant materials and its relationships



M'BATCHI AND DELROT

with proton extrusion. Planta 138:249-256
5. DELROT S 1981 Proton fluxes associated with sugar uptake in Viciafaba leaf

tissues. Plant Physiol 68:706-71 1
6. DELROT S, JL BONNEMAIN 1981 Involvement of protons as a substrate for the

sucrose carrier during phloem loading in Vicia faba leaves. Plant Physiol
67:560-564

7. DELROT S, JP DESPEGIIEIE, JL BONNEMAIN 1980 Effects of N-ethylmaleimide
and parachloromercuribenzenesulfonicacid on H+ extrusion, K' and sucrose
uptake. Planta 149:144-148

8. DELROT S, M FAUCHER, JL BONNEMAIN, J BONMORT 1983 Nycthemeral
changes in intracellular and apoplastic sugars in Vicia faba leaves. Physiol
Veg. 21:459-467

9. DESPEGIHEI. JP, S DELROT 1983 Energetics ofamino acid uptake by Viciafaba
leaf tissues. Plant Physiol 71:1-6

10. FoSTER DL, M BouBIIK, HR KABACK 1983 Structure ofthe lac carrier protein
of Escheric/lia coli. J. Biol. Chem 258:31-34

1 1. Fox, CF, EP KENNEDY 1965 Specific labeling and partial purification of the
M protein, a component of the #-pgalactoside transport system ofEscherichia
c(oli. Proc NatI Acad Sci USA 54:891-899

12. GIAQUINTA RT 1976 Evidence for phloem loading from the apoplast. Chemical
modification of membrane sulfhydryl groups. Plant Physiol 57:872-875

13. GIAQUINTA RT 1980 Mechanism and control of phloem loading of sucrose.
Ber Deutsch Bot Ges 93:187-201

14. GOLDSMITH MHM 1977 The polar transport ofauxin. Annu Rev Plant Physiol
28:439-478

15. HAMPSON SE, RS LO1MIS, DW RAINS 1978 Characteristics of sugar uptake in
hypocotyls of cotton. Plant Physiol 62:846-850

16. Ho LC, DA BAKER 1982 Regulation ofloading and unloading in long distance
transport systems. Physiol Plant 56:225-230

17. HUNT AG, JS HONG 1983 Properties and characterization of binding protein
dependent active transport of glutamine in isolated membrane vesicles of
Escheric/ia co/i. Biochemistry 22:844-850

18. HUNT AG, JS HONG; 1983 Involvement of histidine and tryptophan residues
of glutamine binding protein in the interaction with membrane-bound
components ofthe glutamine transport system ofEscherichia coli. Biochem-
istry 22:851-854

19. IM WB, KY LING, RG FAUST 1982 Partial purification of the Na -dependent
D-glucose transport system from renal brush border membranes. J Membr
Biol 65:131-137

20. JONES MN,JK NICKSON 1981 Monosaccharide transport proteins ofthe human
erythrocyte membrane. Biochim Biophys Acta 650:1-20

21. KLIP A, D WALKER 1983 The glucose transport system of muscle plasma
membranes: characterization by means of 3H-cytochalasin B binding. Arch
Biochem Biophys 221:175-187

22. KOMOR E 1977 Sucrose uptake by cotyledons of Ricinus communis L.: char-
acteristics, mechanism, and regulation. Planta 187:119-131

23. LEE SG, F LIPMANN 1978 Glucose binding and transport proteins extracted
from fast-growing chicken fibroblasts. Proc Natl Acad Sci USA 11:5427-
5431.

24. MAYNARD JW, WJ LUCAS 1982 Sucrose and glucose uptake into Beta vulgaris
leaf tissues. A case for general (apoplastic) retrieval systems. Plant Physiol
70:1436-1443

25. MEYER Y, Y CHARTIER 1981 Hormonal control of mitotic development in
tobacco protoplast. Two dimensional distribution of newly synthesized pro-
teins. Plant Physiol 68:1273-1278

26. PATEL L, ML GARCIA, HR KABACK 1982 Direct measurement of lactose/
proton symport in Escherichia coli membrane vesicles: further evidence for
the involvement of histidine residue(s). Biochemistry 21:5805-58 10

27. PHILLIPS AT 1976 Differential labeling: a general technique for selective
modification of binding sites. Methods Enzymol 46: 59-68

28. ROBINSON SP, H BEEVERS 1981 Evidence for aminoacid proton cotransport in
Ricinus cotyledons. Planta 152: 527-533

29. ROTHSTEIN A 1970 Sulfhydryl groups in membrane structure and function. In
F Bonner, A Kleinzeller, eds, Current Topics in Membranes and Transport,
Academic Press, New-York, pp 135-176

30. SHANAHAN MF 1982 Cytochalasin B. A natural photoaffinity ligand for labeling
the human erythrocyte glucose transporter. J Biol Chem 257: 7290-7293

31. SERVAITES JC, LE SCHRADER, DM JUNG 1979 Energy dependent loading of
amino-acids and sucrose into the phloem of soybean. Plant Physiol 64: 546-
550

32. SOGIN DC, PC HINKLE 1980 Immunological identification of the human
erythrocyte glucose transporter. Proc Natl Acad Sci USA 77: 5725-5729

160 Plant Physiol. Vol. 75, 1984


