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Ca?** Effect on Conversion of Exogenous
1-Aminocyclopropane-1-Carboxylic Acid to Ethylene
in Vigna radiafa Protoplasts
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The possibility that 1-aminocyclopropane-1-carboxylic acid (ACC)-uptake may be dependent
on the H-gradient established across the plsma membrane was tested in protoplasts isolated
from 2.5 day old mungbean hypocotyls. The ACC-induced ethylene production was inhibited
when the H -gradient was collapsed by the treatment with carbonycyamide-p-trifluro-methoxy-
phenylhydrazone (FCCP). Moreover, the treatment with o-vanadate, a specific inhibitor of plasma
membrane H* -ATPase, caused the inhibition of ethylene production. The ACC-induced ethylene
production was inhibited by the treatment with verapamil (Ca®*-channel blocker), or ethylene
glycol-bis(B-aminoethyl ether) N,N,N,N'-tetraacetic acid (EGTA) (Ca’*-chelator). In contrast,
the ethylene production was stimulated by the application of A23187 (Ca*" ionophore). The
inhibitory effect of EGTA in the ethylene production was magnified in the presence of A23187.
From these results, we suggest that the external Ca’* influx to the cytosol resulted in the
stimulation of ACC oxidase activity after ACC-uptake resulting from a H*-gradient across
the plasma membrane.
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The conversion of 1-aminocyclopropane-1-carbox-
ylic acid (ACC) to ethylene, the final step of ethylene
biosynthesis, is stimulated by Ca>* (Evensen, 1984).
He explained the effect of Ca®* on the ethylene pro-
duction as [ollows; the ethylene production {rom
ACC is a membrane associated step, and Ca®' sta-
bilizes the membrane structure and maintains the
membrane integrity. Therefore, Ca’* enhances mem-
brane-associated ethylene biosynthesis. In addition,
the conversion of ACC to ethylene by ACC oxidase
is associated with the membrane (Guy and Kende,
1984).

However, this hypothesis has been challenged.
According to the purification of ACC oxidase (Smith
et al., 1992) and the analysis of DNA sequence enco-
ding ACC oxidase (Dong er al., 1992; Smith et al.,
1992), ACC oxidase may be located in the cytosol
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(Ayub e al., 1993; Christoffersen et al.. 1993). There-
[ore, the Ca** action in the conversion of ACC to
ethylene should be examined in the other respects.
The exogenous ACC is transported into the cyto-
sol through the H™/amino acid-cotransporter in the
plasma membrane like the other amino acids (Bush
and Langston-Unkefer, 1988). On the basis of this
fact, we supposed that transported H™ into the cyto-
sol after ACC-uptake could depolarize the memb-
rane potential in the plasma membrane. Since the
depolarization of the membrane potential causes to
open the Ca’"-channel in the plasma membrane
(Starrach er al., 1984), the concentration of cytosolic
Ca?" could be enhanced by the influx of external
Ca’™ after ACC-uptake. The enhanced Ca** might
affect the ACC oxidase activity in the cytosol.
Based on these results, this reserch focused on the
study of the following possibility: The stimulation
of the conversion of ACC to ethylene by Ca** in
vitro is not resulted from the stabilization of the me-
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mbrane structure, but caused by the stimulation of
the ACC oxidase activity according to the increase
of cytosolic Ca’* concentration after influx of the
exogenous ACC.

In order to investigate this possibility, we isolated
the protoplasts from the 2.5 days old mungbean hy-
pocotyls to use in this experiment. And we examined
1) the dependence of the exogenous ACC-uptake on
the H¥-gradient established in the plasma memb-
rane and 2) the pattern of the ACC-induced ethylene
production in the presence of compounds which al-
ter Ca’* influx.

MATERIALS AND METHODS

Plant material

Mungbean (Vigna radiata W. cv. Sunhwa) seeds
were obtained from Crop Experiment Station (Su-
won). The seeds were soaked overnight in tap water
and germinated on the agar plate containing 107> M
Ca(l, for 2.5 days at 27+ 1T in complete darkness.
The humidity was kept over 90%. For the reduction
of ethylene effects on the seedlings growth, 4X 1077
M KMnQ;, was added to the water which maintain-
ed the humidity. The hypocotyl segments (0.7-1.0
cm) under the apical hook were used to isolate the
protoplasts.

Isolation and purification of protoplasts

The method of Roy and De (1983) was modified
to isolate the protoplasts. The hypocotyl segments
were cut twice longitudinally, and treated with CPW
13M (pH 5.8) solution for 1 h. These excised sections
were incubated in CPWI13M (pH 5.8) containing 2.0
% cellulase (Onozuka RS), 0.3% hemicellulase, and
0.5% Macerozyme (Onozuka R-10) for 14 h at 27+ 1
C in complete darkness. After incubation, the crude
protoplast suspension was filtered through 300 pm

“stainless mesh to discard the cell debris. Protoplasts
were washed twice with CPWI13M (pH 5.8) solution
and purified further by sucrose density gradient with
CPW21S (pH 5.8) solution. The number of purified
protoplasts was counted with the hemocytometer.

Measurement of ACC-induced ethylene produc-
tion

The isolated protoplasts (10°) were incubated in
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2 mL Mes-Tris buffer (2X107% pH 5.8) in a 10 mL
vial containing 3X107*M ACC, 0.4 M sucrose, and
5X107° g/mL chloramphenicol for 6 h at 27+ 1C
in complete darkness. The conceniration of Ca?* in
the medium was 5X1073M as the same to CPW
solution. No more Ca?* was further added. A 1 mL
sample was taken to measure the ethylene produc-
tion using a gas chromatography (Shimazu GC-R1
A, 3 m stainless column; air, 04 kg/cm?; carrier (N,),
50 mL/min; H,, 0.6 kg/cm?) equipped with the active
alumina column (80/100 mesh). Represented data
mean the percentage which were measured on the
basis of control in the ethylene production,

Protoplast vitality

The protoplast suspension (100 pl) was mixed
with the equal volume of the 0.5% Evans blue solu-
tion. Ten pL of these mixture was applied to deter-
mine the vitality. The ratio of protoplast number in
the hemocytometer (unstained number/total num-
ber) is calculated for the vitality.

RESULTS
Characteristics of protoplasts

The ACC-induced ethylene production from the

Fig. 1. Purified protoplasts from 2.5 day old mungbean
hypocotyls. Hypocotyl segments were pretreated with
CPWI3M solution for 1 h. CPWI13M solution was repla-
ced by mixture of 20% cellulase, 0.3% hemicellulase and
0.5% macerozyme. Protoplasts were washed twice with
CPWI13M solution after incubation for 14 h in the enzy-
metic mixture. The process of purification was carried out
with CPW21S solution. Bar=40 pm.
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Fig. 2. The vitality of purified protoplasts. The protoplast-
suspension (100 pl) was mixed with the same volume
of 0.5% Evans blue solution. This mixed solution was used
1o determine the vitality of protoplasts.

hypocotyls which were grown on the agar with 1072
M CaCl; was 40-45% higher than that of hypocotyls
which were grown on the agar without Ca**. The
latter tissues were sensitive to the plasmolysis and
ACC-induced ethylene production was inhibited by
70% through the plsmolysis (Seo and Oh, 1993).
Ca>™ has been known to enhance the membrane
stability (Apelbaum et al, 1981). The hypocotyls
grown on the agar containing 107*M CaCl, was
used in this experiment beacuse Ca’" maintains the
membrane integrity during isolation and enhances
the ethylene production in protoplasts.

The number of the purified protoplasts (Fig. 1)
was 2.1X10% /g (fr wt) with 92% vitality. The vitality
of protoplasts was slowly reduced to 80% after 6 h
incubation as shown in Fig. 2.

The effect of pH in the incubation medium was
examined on the ACC-induced ethylene production
in protoplasts (Fig. 3). There was no diflerence bet-
ween pH 5.5 and pH 7.0. However, the ethylene pro-
duction showed 10% reduction at pH 7.5 when com-
pared to the ethylene production at pH 7.0. From
these results, we determined the pH of incubation
medium as 5.8 which was the same to the CPW13M
soultion. The ethylene production from the protop-
lasts (10%) was 134+ 0.8 nL in the presence of 3X
107*M ACC for 6 h.

Effect of H-gradient established across plasma
membrane on ACC-uptake

When the exogenous ACC is moved into the cyto-
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Fig. 3. Effect of pH on the ACC-induced ethylene produ-
ction in 10° protoplasts which were incubated for 6 h in
the presence of 3X107*M ACC.
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Fig. 4. Effect of FCCP on the ACC-induced ethylene pro-
duction in 10° protoplasts which were incubated for 6 h
in the presence of 3X107*M ACC.

sol through H*/amino acid-symporter in the plasma
membrane (Bush and Langston-Unkefer, 1988), H*-
gradient should be established across the plasma
membrane. The possibility that the ACC-uptake into
the protoplasts was dependent on the H'-gradient
established across the plasma membrane was exa-
mined in the presence of FCCP (carbonycyanide-p-
trifluromethoxyphenylhydrazone), a proton translo-
cator, and o-vanadate, a specific inhibitor of plasma
membrane H'-ATPase,

The treatment with 107°M and 3X107°M FCCP
inhibited the ACC-induced cthylene production to
60% and 20% of the control (Fig. 4). And the appli-
cation of 107°M and 10~*M vanadate inhibited the
ACC-induced ethylene production to 85% and 40%
of control, respectively (Fig. 5).
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Fig. 5. Effect of o-vanadate on the ACC-induced ethylene
production in 10° protoplasts which were incubated for
6 h in the presence of 3X107*M ACC.

Effect of Ca®" on ACC-induced ethylene produc-
tion

The possibility that Ca®t moves into the cytosol
through Ca**-channel with the ACC-uptake and co-
nsequently stimulates ACC oxidase activity in the
cytosol was examined. The ACC-induced ethylene
production was measured when Ca** influx is affec-
ted by the treatment with verapamil and A23187.

The cytosolic Ca** concentration could be redu-
ced by the treatment with verapamil which inhibits
Ca*" influx by binding to Ca*'-channel (Andrejaus-
kas et al., 1985). The ACC-induced ethylene produc-
tion in protoplasts was reduced by 10 to 30% when
107°M and 107*M verapamil was applied. Moreo-

=log[A23187(M)]

Fig. 7. Effect of A23187 on thc ACC-induced ethylene
production in 10° protoplasts which were incubated for
6 h in the presence of 3X10 *M ACC.

ver, the treatment with 1073>M verapamil inhibited
the ethylene production by over 65% (Fig. 6).

Since 5X107*M CaCl, was present in the incuba-
tion medium, we could increase the Ca?* concentra-
tion of protoplasts cytosol artilicially by the treat-
ment with Ca*"-ionophore, A23187. The treatment
with 3X107*M and 3X1077M A23187 stimulated
the ethylene production to 145% and 125% of cont-
rol, respectively (Fig. 7).

EGTA [ethylene glycol-bis(B-aminoethyl ether) N,
NN N'-tetraacetic acid], a Ca*'-chelator, reduces the
Ca** influx into the cytosol in protoplasts. Therefore,
the concentration of cytosolic Ca*" could be reduced
by the treatment with EGTA. The application ol
107°M 1o 107* M EGTA inhibited the ACC-induced
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Fig. 6. Effect of verapamil on the ACC-induced ethylene
production in 10° protoplasts which were incubated for
6 h in the presence of 3X10 *M ACC.
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Fig. 8. Effect of EGTA on the ACC-induced ethylene pro-
duction in 10° protoplasts which were incubated with 3X
107"M A23187 (open circle) and without A23187 (closed
circle) in the presence of 3xX107*M ACC.
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ethylene production by 30 to 40%. This inhibition
effect of EGTA in the ethylene production magnified
in the presence of A23187 (Fig. 8).

DISCUSSION

When the protoplasts (10° ¢ells) were incubated
in the incubation medium for 6 h, the pH changed
from pH 7.0 and 7.5 to 6.3 and 6.5, respectively (data
not shown). This pH change is an evidence that
the primary transport system maintains the activity
in the plasma membrane during incubation. In con-
trast, the pH in the incubation medium was changed
from 5.5 to 5.8 during the incubation, suggesting that
the homeostasis of the H*-gradient established in
the plasma membrane would maintain.

The treatment with 3X107*M FCCP, the proton
translocator, reduced the ACC-induced -ecthylene
production by 80% in protoplasts (Fig. 4). This result
is consistent with the inhibition of the ACC-induced
ethylene production by DNP in protoplasts isolat-
ed from sunflower seedlings (Bailly er al., 1993). De-
polarized membrane potential due to H* influx
through the ACC/H*-cotransporter should be repo-
larized for the continuous ACC-uptake. Therefore,
inhibition of the activity of plasma membrane H*-
ATPase known to maintain the membrane potential
(Leonard, 1988) could reduce the ethylene produc-
tion. The treatment with 107*M o-vanadate, a speci-
fic inhibitor of plasma membrane H*-ATPase, re-
duced the ACC-induced ethylene production by 60%
(Fig. 5). The same concentration of o-vanadate inhi-
bited the activity of partially purified plasma mem-
brane H*-ATPase¢ by 90% from the tomato root
(Anthon and Spanswick, 1986). This discrepancy in
the rate of inhibition could be resulted from either
the different status of H*-ATPase in each experi-
ment or the participation of the other priroary trans-
port system such as redox-system to maintain the
membrane potential. These results (Figs. 4 and 5)
suggested that the exogenous ACC-uptake into pro-
toplasts could be, at least in part, dependent on the
H*-gradient established in the plasma membrane.

Since loosly-bound cell wall proteins would be
removed during the protoplasts preparation (Chris-
toffersen et al., 1993), the influence of ACC oxidase
located in the apoplasm (Latché er al, 1993) in the
ethylene production was ruled out in this study. And
the ACC-induced ethylene production in protoplasts
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was enhanced when the amount of transported Ca**

into protoplasts from the medinm increased. These
data suggested that ACC-induced ethylene produc-
tion in protoplsts was affected by ACC oxidase lo-
cated in the cytosol

The ACC-induced ethylene production in proto-
plasts isolated from sunflow hypocotyls was inhibit-
ed by calmodulin antagonists (Bailly et al, 1993).
This result suggested that transported Ca®" into the
cytosol through the Ca**-channel could bind to cal-
modulin and consequently stimulate the ACC oxi-
dase activity.

The results presented in this study are consistent
with the hypothesis that ACC oxidase is located in
the cytosol. Additionally, these data demonstrate
that Ca** influx in the plasma membrane are esse-
ntial for the stimulation of ACC oxidase activity.
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