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   We  investigated the effects of  in vivo  treatment (1 day) of  barley roots  with  abscisic  acid

(ABA) andlor  a  cytokinin  (6-benzyladenine; BA) on  the ATP-  and  PPrdependent  H'  transport

activities of tonoplast-enriched membrane  vesicles prepared from the roots, Treatment  with  ABA

significantly  increased the two H'  -transport actiyities.  By contrast,  treatment with  BA  significant-

ly decreased PPi-dependent H'  transport activity,  while  the change  in ATP-dependent H'  trans-

port activity was  small.  Increases in the two  H+  transport activities caused  by treatment with

ABA  weTe  suppressed  during treatment with  ABA  and  BA, Changes in the NOi-inhibitable ATP-

ase  activity  and  the Na'-inhibitable PPiase activity of membrane  vesicles after treatment of  roots

with  phytohormone(s)  (ABA, BA, ABA+BA)  were  similar to changes  in the ATP-  and  PPi-

dependent H'  transport activities  of  the membrane  vesicles, respectiyely.  Immunoblot analysis

with  antibodies  raised  against  the functional catalytic subunits  of  the vacuolar  H+  pumps (H'-
ATPase and  H'-PPiase) of  mung  bean revealed  that only  the level of  the functional catalytic sub-

unit  of  the H'-PPiase of  the membrane  vesicles  was  significantly increased by treatrnent with

ABA  alone  and  in combination  with  BA. These results suggest  that treatment with  ABA  has a

stirnulatory  effect on  the activities of  the two  H'  pumps  of  the vacuolar  membrane  of  barley

roots, with  increase in the level of  the catalytic subunit  of  the H+-PPiase, and  that treatment with

BA  has an  inhibitory effect on  the two  H'  pump  activities of  the vacuolar  membrane  without

changes  in the levels of  the catalytic subunits  of  either  H'  pump, with  the limitation that treat-

ment  with  BA  has an  inhibitory effect only  when  the activity of  the H'-ATPase  has been in-

creased  by treatment with  ABA.
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   In higher plant cells, vacuoles  play a  fundamental role

in the rnaintenance  and  regulation  of  cell turgor and  in the
transport and  storage  of various  ions and  metabolites.  The

electrogenic  H'-ATPase  and  H'-PPiase, located in the

vacuolar  membrane,  are essential to the role  of  the plant

   Abbreviations: ATPase, adenosine  triphosphatase; BA,  6-

benzyladenine; BSA,  bovine serum  albumin; BTP,  1,3-bis[tris(hy-

droxymethyl)methylamino]propane; DTT,  dithiothreitol; EGTA,

ethyleneglycol  bises-aminoethylether)t";IV;N;N'-tetraacetic acid;

PMSF,  phenylmethylsulfonyl fluoride; PPiase, pyrophosphatase;
TBS, Tris-bufftred saline.
3
 Present address:  Department of Biology, Faculty of  Science,

Hirosaki Uniyersity, Hirosaki, 036 Japan,

vacuoles  since the two enzymes  generate an  electrochemical

gradient of  protons, acidifying  the vacuolar  lumen and  driv-
ing the secondary  accurnulation  of  various  intracellular

solutes (Sze 1985, Ward  and  Sze 1992), In analyses  of the
H'  pumps  at the molecular  level, the vacuolar  H+-ATPase
has been shown  to be a large molecular  complex  consisting

of  several subunits  (Lai et al. 1988, Moriyama  and  Nelson
1989, Nelson 1989, Parry et al. 1989), and  the hydrolytic
subunit  of  the vacuolar  H+-PPiase has been purified
(Maeshima and  Yoshida 1989, Sarafian and  Poole 1989,

Britten et al. 1989).

   Evidence from recent  studies, described below, sug-
gests that  the actions  of  the vacuolar  H+  pumps  may  also
have  physiological significance  in the adaptation  of  plants
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to environmental  stresses. For exarnple,  in Mlesembt:yan-
themum  crystallinum  L,, the CAM  state which  is induced
under  water-deficit  conditions  (Schmitt and  Piepenbrock
1992) has higher ATP-dependent H'  transport activity of
tonoplasts than when  the plant is in the C3 state  (Struve et

al. 1985, Bremberger  et al. 1988). Moreover, the ATP-de-

pendent H'  transport activity of  tonoplast-enriched  mem-

brane vesicles  prepared from barley roots  increases when

the plants are grown under  sodium  stress  (Matsumoto and
Chung 1988), and  stress of  aluminum,  whose  ions are  toxic

to plant growth, increases the ATP-  and  PPi-dependent
H+  transport activities of  tonoplast-enriched  membrane

vesicles prepared from barley roots  (Kasai et  al. 1992).
These  suggest  that higher activity of  plant vacuolar  H'
pumps  may  contribute  to the maintenance  of  higher cellu-
lar osmolarity  and  water  potential via  transport of  various

ions and  solutes into the vacuoles,  and  such  activity may  en-

hance the sequestration  of  toxic ions into the vacuoles  via

cationlH+  antiporter  systems  located in the membrane.  As

a result, the inhibition of  growth  of  plants exposed  to
drought, salinity or toxic ions may  be alleviated . The physi-
ological  significance  of  the vacuolar  Na+IH'  antiporter

(Blumwald and  Poole 1985, Garbarino and  DuPont  1988)
and  the AllH+  antiporter  (Matsumoto 1991), which  is still
putative, in the adaptive  response  of  plants to sodium  or

aluminum  stress  has been proposed.
    The mechanisms  (or factors) responsible  for the
changes  in the activity(ies) of plant vacuolar  H'  pump(s)
under  environmental stresses, such  as  drought, salinity

or  aluminum stress, are still unclear.  Since abscisic  acid

(ABA), which  has been called a stress-inducible  phytohor-
mone,  enhances  the adaptation  of  plants to various  environ-

mental  stresses  (Zeevaart and  Creelman 1988), for exam-
ple, drought  and  salinity, enhanced  levels of ABA  in plant
cells may  perhaps be considered  to be related to the mechan-

isms responsible  for changes  in the activity(ies)  of  the
vacuolar  H+  pump(s) that were  described above.  Increases
in levels of  ABA  in plant tissues occur  upon  exposure  to

drought and  salinity (Cammue et  al. 1989, Kefu et al.

1991). In the case  of  aluminum stress, only  speculative  and

limited information is ayailable  with  respect  to the involve-
ment  of  ABA  in the responses  of  plants to the stress (Ben-
nett and  Breen 1991), Narasimhan  et al. (1991) reported

that application  ofABA  to tobacco cells enhanced  levels of
mRNA  encoded  the functional catalytic subunit  of  the
vacuolar  H+-ATPase. Howeyer, the increase in the level of
the mRNA  was  smal1  and  variable  and  the researchers  did
not  analyze  substrate-hydrolysis  and  H+  transport activi-
ties of  the vacuolar  H'-ATPase.

   In the present study,  we  inyestigated the effects  of  in

vivo  treatment of  barley roots  with  ABA  on  the activities
of  the vacuolar  H+  pumps,  using  tonoplast-enriched prepa-
rations  of  mernbranes  from the roots  of  barley plants after
treatment with  the phytohorrnone. We  also  inyestigated the

effects of  treatment  with  cytokinin  on  the H'  pumps  since

there are examples  of  ABA  and  cytokinin  having opposite
effbcts in the physiological responses  of  plants: for exarn-
ple, the negative  (ABA) and  positive (cytokinin) control  of

stornatal  opening  (Morsucci et  al, 1991), the  activity of

phosphoenolpyruvate carboxylase  (Schmitt and  Piepen-
brock 1992), the synthesis  of  chlorophyll  alb binding pro-
tein (Chang and  Walling 1991), and  of  the activity  of

nitrate reductase  (Lu et al. 1992). In addition,  levels of  the
functional catalytic subunits  of  the vacuolar  H'  pumps  of

barley roots  after treatment of  roots  with  ABA  or  cyto-

kinin were  assessed  by immonoblot analysis,

Materials and  Methods

    77eatment  of barVey roots  with  phytohormone(SJ-
Barley seeds  (HOrdeum vuigare  cv. Kikaihadaka) were

sown  in a  plastic basket fi11ed with  deionized water  and  ger-
minated  in the dark at 22-23eC in a  growth  chamber.  After
3 or 4 days, plants were  grown in deionized water  that con-

tained O.1 mM  CaC12 only  under  a  regime  of  12h  of  light

(fiuorescent lamp, 4,Ooo lux) and  12 h of  darkness. On  the
sixth day, the plants were  cultured  for one  day in the same
growth  medium  supplemented  with  3 mM  KCI.  On  the
seyenth  day, sets of  20 barley plants were  harvested and  the

roots  of  each  set (fresh weight,  approxirnately  1 ,5 g), after
washing  with  deionized water  (1 liter), were  incubated for
one  day in the treatment medium  (total, 65 ml)  which  con-

tained 20 mM  MES-BTP  (pH 5,O) with  phytohormone(s),
A  control  treatment (without addition  of  phytohormone to
the medium)  was  also performed in parallel. After treat-
ment,  tonoplast-enriched membrane  vesicles  were  prepared
from the roots  (see below).
   Preparation of tonoptlzst-enriched membrane  vesicles
-Preparation

 of  tonoplast-enriched mernbrane  vesicles

from barley roots  was  performed  by centrifugation  of

crude  hornogenate of  roots  on  discontinuous Dextran T-70
gradient (2% and  10%), as described previously (Kasai et

al. 1993).

   Artijicial pH  gradient-Tonoplast-enriched mem-

brane vesicles  from the interface between two  layers of Dex-

tran T-70 were  diluted with  a solution  that contained  250
mM  sorbitol, 5 mM  Tris-MES (pH 6.0) and  O.5 mM  DTT,
and  the suspension  was  centrifuged  at 80,OOOxg for 40
min.  The resulting  pellet was  suspended  in the same  medi-

um.  A  gradient of  pH  (acid inside) across  the mernbrane  ef

vesicles  was  generated by adding  the suspension  that con-
tained membrane  vesicles (10"g protein) to a  solution  (1
ml)  of  250 mM  sorbitol, 5 mM  Tris-MES (pH 8,O) and  O.3
mM  EGTA-BTP  (pH 8.0) at a ratio of  solution  to suspen-
sion  of  50 to 1 (vlv), at 280C. Release of  H'  from the mem-
brane vesicles  was  determined by  rnonitoring  the quenching
of  the fiuorescence of  acridine  orange  with  a spectrofluoro-

photometer  (RF-503F; Shimadzu). The excitation  and  emis-
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sion  wavelengths  were  493 and 540 nm,  respectively.

   H'  transport assay-The  rate  of  transport of  H'  into

the membrane  vesicles  was  determined by monitoring  quen-

ching  of  quinacrine fluorescence with  excitation  and  emis-

sion  wavelengths  of  420 and  495nm, respectively.  The

reaction  mediurn  (O.5 ml)  for the assay  of  the ATP-depend-

ent  H'  transport consisted  of  250mM  sorbitol, 20mM

HEPES-BTP  (pH7.5), 3mM  MgS04, 3mM  ATP-BTP,

O.3mM  EGTA-BTP,  50mM  BTP-Cl, 2ptM quinacrine
and  membrane  vesicles  (5 pg  protein). The reaction  medi-

um  (O.5 ml)  for the assay  of  PPi-dependent H+  transport

consisted  of  250mM  sorbitol, 20mM  HEPES-BTP  (pH
7.5), 1.5 mM  MgSO,, O.1 mM  PPi-BTP, O.3 mM  EGTA-

BTP,  50rnM  KN03,  2"M  quinacrine and  membrane

vesicles (1O "g protein). Reactions were  started by the addi-

tion  of  PP; or  ATP  as  substrate  and  the temperature  of  the

reactions  was  280C.

   Assayts of A  7:Pase and  PPpse  activities-ATPase  ac-

tivity was  assayed  in a reactien  mixture  (O,5 ml)  that con-

tained 20 rnM  HEPES-BTP  (pH 7.5), 3 mM  MgS04, 3 mM
ATP-BTP,  O.3 mM  EGTA-BTP,  2"M  gramicidin, 50 mM
KCI  or  50mM  KCI plus 50mM  KN03,  and  membrane

vesicles, at 28"C. The  reaction  mixture  for the assay  of  PPi-
ase  activity consisted  of 20 mM  HEPES-BTP  (pH 7.S), 1.5
mM  MgS04, O.5 mM  PPi-BTP, O.3 mM  EGTA-BTP,  2pM

gramicidin, 50rnM  KN03  or 50mM  KN03  plus 50mM
NaN03,  and  rnembrane  vesicles. Pi released  from  the re-

spective  substrates  was  assayed  by the  method  of  Heinonen

and  Lahti (1981). NOi-inhibitable ATPase  activity  or

Na'-inhibitable PPiase activity was  calculated  as the differ-

ence  between the  activities  determined in the absence  and  
･in

the presence of  50 mM  KN03  or 50 mM  NaN03, respective-

ly.

   Protein cletermination-Protein  was  quantitated by
the method  of Bradford (1976) with  bovine serum  albumin

(BSA) as the standard.

   Gel electrophoresis  and  immunobtotting-Membrane
yesicles were  incubated for 15min  at 70DC in a solution

that contained  62.5 mM  Tris-HCI (pH 6,8), 2%  (wlv) SDS,
10%  (vlv) glycerol, 5%  (vlv) 2-mercaptoethanol, and  O.5

mM  PMSF,  and  then an  aliquot of  the solution  was  sub-

jected to SDS!polyacrylamide gel electrophoresis  (acryl-
amide  gel; 12.5%)  by the method  of  Laemmli  (1970). The

concentrations  of  Tris and  glycine in the running  bufibr

used  in the electrophoresis  were  twice those used  by Laem-
mli.

   Antibodies raised  against  the functional catalytic sub-

unit  of the vacuolar  H'-ATPase  or  H'-PPiase from mung

bean were  prepared as reported  previously (Maeshima and
Yoshida 1989, Matsuura-Endo  et al. 1992).

    Immunoblotting was  performed by a  modified  ver-

sion  of  the method  of  Towbin et al. (1979), Proteins on  a

gel were  transferred onto  a  nitrocellulose  membrane  in

a  semidry  blotting apparatus  (KS-8453; Marysol Co,,

Tokyo),  placing the gel and  the nitrocellulose  membrane

with  five sheets of Whatman  3MM  paper on  each  side of

the anode  and  cathode  carbon  plates in the apparatus.  The

Whatman  3MM  papers had been preimmersed in a transfer
solution  that contained  48 mM  Tris, 39 mM  glycine, 20%

(vlv) methanol,  and  O.02% (wlv) SDS. The transfer was

performed  for 50 min  at 140 mA  for a nitrocellulose  mem-

brane sheet  of  7 × 10 cm2.  After the transfer, the nitrocellu-

lose mernbrane  was  incubated in a  blocking solution  that

contained  TBS  [Tris-buffered saline; 20 mM  Tris-Cl (pH
7.5), 140 mM  NaCl]  and  BSA  (see below), and  then  it was

incubated overnight  in TBS  that contained  antibodies  (see
below) at room  temperature. The antibodies  that reacted

with  the antigens  on  the nitrocellulose  membrane  were  de-

tected with  horseradish peroxidase-linked protein A  and  4-

chloro-1-naphthol  (Harlow and  Lane 1988, Maeshima and

Yoshida 1989). The nitrocellulose  membrane,  after incuba-

tion in TBS  that contained  antibodies,  was  washed  four
times  (10 min  each)  with  TBS  that contained  O.05% (vlv)
Tween 20, and  then it was  incubated in TBS  that contained

horseradish peroxidase-linked protein A  (second antibody;

1:1000 dilution) for 1h at roorn  temperature.  After four
washes  (10min each)  with  TBS  that contained  O.05%

Tween 20, followed by three washes  (10min each)  with

TBS, the nitrocellulose  membrane  was  subjected  to the per-

oxidase  color-development  reaction,  as described above.
The  nitrocellulose  membrane,  on  which  colored  bands de-
veloped,  was  subjected  to scanning  at  460 nm  with  a den-
sitometer  (CS-9000; Shimadzu).

   In the procedures described above,  dilutions of  solu-

tions that contained  antibodies  against  H'-ATPase  and

H'-PPiase in TBS  were  1:200  and  1:1oo, respectively.
The concentration  of  BSA  in the blocking solution  and  the

blocking times were  3%  (wlv) and  1 h for detection of  the

catalytic subunit  of  H'-ATPase, and  5%  (wlv) and  2 h for
that of  H'-PPiase, respectively.

Results

   H"  transport activity-Figure  1 shows  the effect  of  in

vivo  treatment of  barley roots  with  ABA  or cytokinin  (6-
benzyladenine; BA) on  ATP-  and  PPi-dependent H'  trans-

port activities of  tonoplast-enriched membrane  vesicles  pre-

pared from the roots.  Compared to the control  treatrnent,

treatment with  ABA  increased the  two  activities in a con-

centration-dependent  manner.  Treatment with  BA  de-

creased  PPi-dependent H+  transport activity in a concentra-
tion-dependent manner,  while  this treatment had only  a

slight effect on  ATP-dependent H'  transport activity.

   Figure 2 shows  the results for fixed concentrations  of

ABA  and  BA  of 50pM  and  10#M, respectively.  The effect

of  each  phytohormone  on  the two  H'  transport activities
was  similar to that shown  in Figure 1. We  also  treated

barley roots  with  a cornbination  of  ABA  and  BA. This com-
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Fig. 2 EffectsoftreatmentofbarleyrootswithABAandlorBA

on  ATP-  and  PPrdependent H+  transport activities  of  membrane

vesicles  prepared frorn the roots. Concentrations of  ABA  and

BA  used  for treatments were  50pM  and  10pM,  respectively.  The
numbers  shown  in this Figure are  percentages of control yalues.

They represent  the average  of  H+  transport activities determined
in three or four independent experiments,  The bars indicate S.D.
of  results.

bined treatment suppressed  most  of  the increase in ATP-de-
pendent H'  transport activity caused  by treatment with
ABA  alone,  and  the  cornbined  treatment completely  sup-

pressed the increase in PPi-dependent H+  transport  activity

caused  by treatment with  ABA  alone  to a level close  to the
activity  observed  after treatment with  BA  alone.  Since the
latter results seemed  to suggest that treatment with  BA  at

lO "M  had  a strong  inhibitory effbct on  PPi-dependent  H'
transport activity, we  also investigated the effect of  BA  at

lower concentrations  (2 and  3 ptM) in treatrnent with  ABA
and  BA.  Results showed  that the inhibitory effect at the low
concentrations  of  BA  was  always  lower than that at 10 ptM.
These results  indicate that treatment with  ABA  has a

stimulatory  effect on  both ATP-  and  PPi-dependent H'
transport activities, and  that treatment with  BA  has an  in-
hibitory effect on  the two  H'  transport activities, with  the
limitation that treatment with BA  has an  inhibitory effect

only  when  activity is increased by treatment with  ABA  in
the case  of  the ATP-dependent  H'  transport.

   It seemed  possible that the increases in the  two H'
transport activities caused  by treatment with  ABA  might

have been due to a decrease in permeability to H'  of  the
membrane  since  the extent  of  the increase in each  H+  trans-

port activity was  similar. To examine  this possibility, we

conducted  
"pH-jump"

 experirnents.  Figure 3 shows  the
changes  in the fluorescence quenching of  acridine  orange,

induced by an  artificially generated pH  gradient (acid in-
side), for tonoplast-enriched membrane  preparations from
roots  treated  with  or without  ABA.  The  rate  of  recovery  of

the fluorescence quenching  after generation of  the  pH  gra-
dient, which  is indicative of  the rate  of  release  of  H+  from
the membrane  vesicles,  was  almost the same  in both cases,

Fig. 3 Release of  H+  from membrane  vesicles  by a  
"pH-jump".

Membrane  vesicles  prepared from barley roots  that had been treat-
ed with  or without  SOpM  ABA  were  used.  Triton X-1oo (O.02%)
was  added  to collapse  the pH  gradient across  the mernbrane.
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Membrane  vesicles from other  treatment (BA, ABA+BA)
also  released  H'  at the same  rate  as membrane  vesicles

from the control  treatment. Thus, the three treatments
with  phytohormone(s), including treatment with  ABA,
did not  change  the permeability to H'  of  the membrane

vesicles.

   .tlctivities  ofA 7:Pase and  PPpse-Figure 4 shows  the

N03--inhibitable ATPase  activity and  the Na'-inhibitable
PPiase activity of  preparations of  membrane  vesicles.  Our
attempts  to determine these activities were  based on  our  ob-

servations  that the ATP-dependent H'  transport activity

of  the membrane  vesicles  was  greatly inhibited by the pres-
ence  of  50mM  NOi  in assay  medium  that contained  50
mM  CI-, and  that the PPi-dependent H'  transport activity

of  the membrane  vesicles  was  completely  inhibited by the

presence of  50mM  Na+  in assay  medium  that contained

50rnM  K',  as described previously (Kasai et al, 1992,
1993). Changes in the ATPase and  the PPiase activities ca-
used  by three treatrnents with  the phytohormone(s)  (ABA,
BA, ABA+BA)  were  similar to changes  in the ATP-  and

PPi-dependent H'  transport activities of  the membrane

preparations, respectively.  Since plant vacuolar  H+-translo-
cating  ATPase and  H"-translocating PPiase are known to
be inhibited by NOi  and  Na', respectively, these results
suggest  that changes  in ATP-  or PPrdependent  H'  trans-

port activity  of  the tonoplast-enriched  rnembrane  vesicles
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on  NOi-inhibitable ATPase activity and  Na'-inhibitable PPiase

activity of mernbrane  vesicles prepared from the reots,  Con-

centrations  of  ABA  and  BA  used  were  50pM  and  10pM,  respec-

tively, The numberes  shown  in this Figure are percentages  of  con-

trol values.  They represent  the average  substrate-hydrolyzing

activities  determined in three or  four independent experiments.

The  bars indicate S.D. of  rcsults.

by treatments with  phytohormone(s) could  be attributable
to changes  in the activities of  the vacuolar  H'-pumping en-

zymes  (H'-ATPase, H'-PPiase) themselves in the mem-
brane preparations.
   Levets ofjunctional subunits  of H"F -A 71Pase and  H+  -

PPpse-Considering  our  results  from the series of  experi-

ments  described above,  we  focused our  attention  on  the

levels of  the proteins of  the vacuolar  H'-ATPase  and  H'-

PPiase in the membrane  preparations. We  performed  im-
munoblot  analysis, as described in Materials and  Methods,
using  antibodies against  the functional catalytic subunits  of

the vacuolar  H+-ATPase  and  H'-PPiase of  mung  bean.

   Repeated  experiments  using  membrane  vesicles  from

control  plant roots  showed  that the rnolecular  mass  of

the subunit  of  the membrane  protein that reacted  with  the
antibodies  against  the functional catalytic subunit  of  the

vacuolar  H'-ATPase  of  mung  bean was  70-72 kDa, while
two different membrane  protein subunits  (77-79 kDa and

23-24 kDa) reacted  with  antibodies  against  the catalytic

subunit  of  the vacuolar  H'-PPiase of  mung  bean (see
Fig, 6A). We  wish  to emphasize  here that cross-reaction  of

the protein subunit  of  23-24 kDa with  the H'-PPiase anti-
body is attributable  to contamination  of  antibodies  against

the vacuolar  membrane  protein subunit  of 23-24kDa  in
the preparation of  H'-PP;ase antibodies  (Maeshima 1992).
To examine  whether  the two  immunodetected protein sub-
units,  apart  from the subunit  of  23-24 kDa, were  the func-
tional catalytic  subunits  of  the vacuolar  H'-ATPase  and

H+-PPiase of  barley roots, we  investigated the effects of

the antibodies  on  the  H'  transport  activities  of  membrane

vesicles  at ratios of  mernbrane  protein to antibodies  that

had been shown  to be effective in antibody-inhibition  exper-
iments with  tonoplast from mung  bean (Maeshima and

Yoshida 1989, MatsuuTa-Endo et al. 1992). The  results

showed  that antibodies  against  the vacuolar  H'-ATPase
and  H'-PPiase of  mung  bean inhibited ATP-  and  PPrde-

pendent H+  transport activities oftonoplast-enrichod rnem-

brane vesicles  from barley roots, respectively  (see Table 1).
The extent  of  inhibition was  similar  in each  case  to that of
the inhibition of  ATP-  and  PPi-dependent H'  transport ac-
tivities of  tonoplast  from mung  bean by the two  species  of

antibodies  (Matsuura-Endo et al. 1992, Maeshima  and

Yoshida 1989). These results indicate that two  protein sub-
units  detected in our  immunoblot analysis, apart  from the
subunit  of  23-24 kDa, were  the functional catalytic  sub-

units  of  the yacuolar  H'-translocating ATPase and  H'-
translocating PPiase of  barley roots, respectively. In sim-
ilar experiments  with  tonoplast membrane  vesicles from
maize  and tobacco cells, the inhibition of  H'  transport ac-

tivity by antibodies  against  the functional catalytic  subunit

of  the tonoplast H'-ATPase  of  red  beet was  interpreted to

indicate the immunological specificity of  the antibodies

(Rausch et al. 1987, Reuveni  et al. 1990).

   Comparisons of  levels of  the catalytic subunits  of  the



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  of  Plant  Physiologists

1112 M,  Kasai et al.

Table 1 InhibitionofATP-andPPi-dependentH'trans-

port activities of  membrane  vesicles  by antibodies

Antibody
     H+  transport
(%Ql1O "g proteinlmin D

ATP-dependentPPrdependent

Noneanti-H+ATPase

anti-H+PPtase

14.5± O.5 (1oo%)
 5.5± O.3 (38%)4.7

± O,3 (100%)

1.5± O.2 (32%)

Tonoplast-enriched membrane  vesicles  from a  control  treatment
were  used.  H+  transport activities were  determined after  incuba-

tion (20 min,  room  temperature)  of  the membrane  preparations
(10"g protein) with  or  without  antibodies  against the functional
catalytic  subunit  of  H+-ATPase  (70ptg, protein) or  H+-PPiase

{20 "g, protein) of  the  yacuolar  membrane  of mung  bean. Values
are  expressed  as means ± S.D, calculated from results  of  three in-

dividual measurements.
"
 %Q, %  quenching of quinacrine fiuorescence,

Aut･---[=

  6000hts,-L.-29e4goo8eEgm

 2000-o)-ut--ctu--

 ocoH
    2 4 6
Membrane  protein (yg )

vacuolar  H+-ATPase  and  H'-PPiase  in membrane  prepara-
tions after treatment with  and  without  phytohormone(s)
were  made  in terms  of  extent  of  immunoreactivity of  anti-

bodies with  the catalytic subunits,  as evaluated  by den-
sitometric  scanning  of immunoblots. Figure 5 shows  that,
in both cases,  the extent  of  immunoreactivity increased
linearly with  increases in the amount  of  membrane  protein
subjected  to the immunoblot analysis,  in which  the mem-

branes from control  treatment were  used.  Based  on  this
relationship  between the amount  of  membrane  protein and
the extent  of  the immunoreactivity determined from the
scanning  of  immunoblots, we  estimated  the relative levels
of  the catalytic subunits  of  the vacuolar  H'-ATPase  and

H+-PPiase  in membrane  preparations from treatment with

phytohormon(s) (see Fig. 6B). An  analogous  estimation  us-

ing antibodies  has been made  for a comparison  of  the

amounts  of  the functional catalytic  subunit  of  H'-ATPase
between tonoplast membrane  preparations from  unadapt-

ed  and  NaCl-adapted tobacco  cells (Reuveni et al. 1990).
Changes in levels of  the catalytic subunit  of  the vacuolar

H'-ATPase  in membrane  preparations were  smal1  after all

treatments. A  small  change  in the level of  the  catalytic  sub-

unit  was  also observed  in the case  of  the H'-PPiase when
barley roots  were  treated with  BA  alone,  but the level was
increased about  1.5- to 2-fold when  roots  were  treated with

ABA  or with  the combination  of  ABA  and  BA.  Figure 6A

shows  a  representative  result of  the immunoblot analysis
for the catalytic subunits  of  the vacuolar  H'-ATPase  and

the H+-PPiase of membrane  vesicles from four treatments

(control, ABA,  BA, ABA+BA).

   We  postulated that  changes  in the activities of  the H+
transport and  the substrate-hydrolysis  in membrane  prepa-
rations  after  treatment with  phytohormon(s)  might  be due

Fig. 5 Binding ofthe  antibodies  against  the functional catalytic

subunit  of  H+-ATPase  or  H+-PPiase of  mung  bean tonoplast  as  a

function of  increasing amount  of  protein of  membrane  vesicles

prepared  from barley roots,  Membrane  yesicles  from control

treatment  were  subjected  to SDS-PAGE,  with  subsequent  immu-

noblot  analysis,  as  described in 
"Materials

 and  Methods". The

immunodetected bands on  the nitrocellulose  membrane  were  sub-

jected to densitometric scanning  and  the values  obtained  were  plot-

ted as  a  function of  the  amount  of  protein of  mernbrane  yesicles.

The relationship  between the value  obtained  by densitometry (VD)
and  the amount  of  membrane  protein was  linear, giving the linear
regression  lines: for H+-ATPase,  y(VD)=842  × (amount of  mem-

brane protein)+1,586 (r=O.998); for H'-PPiase, y(VD>=238 ×

(arnount of  membrane  protein)+73 {r=O.996). The bars indicate

S,D, ef results from immunoblot analysis that was  carried  out

four times using  membrane  vesicles  from two  independent control

treatments,

to changes  in the extent  of  the yacuolation  in the cells of

barley roots,  Such a  possibility can  actually  be considered
in the case of treatment with  ABA  because of  the similar  ex-

tents of  the increases in the two  H"  transport activities and

the two  substrate-hydrolyzing  activities in tonoplast-enrich-
ed  membrane  preparations. However, the small  changes  in
the levels of  the catalytic  subunit  of  the vacuolar  H'-ATP-
ase in membrane  preparations after  treatment  with  phyto-
hormone(s) suggest  that such  a  possibility is unlikely,

   All the results described above,  including the results

from the immunoblot analysis, suggest  the following: treat-
ment  with  ABA  has a stimulatory  effect on  the activities of

both the H'-ATPase  and  the H'-PP;ase of  the vacuolar

membrane  of  barley roots, without  a change  in the level of
the catalytic  subunit  of the H+-ATPase, and  with  an  in-
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Fig. 6 Immunoblot  analysis ofthe  functional catalytic subunit ofthe  vacuolar  H+-ATPase  or  the H+-PPiase ofmembrane  vesicles  pre-

pared from barley roots  treated with  or without  phytohormone(s). (A) Immunoblots. Thc amount  of protein of  membrane  vesicles

subjected  to SDS-PAGE,  follewed by immunoblot  analysis  was  2.S "g in al1 cases, The number  in this Figure  indicates the size  (kDa) of
the molecular  markers,  (B) Relative levels of the functional catalytic subunit. Using the values  obtained  by densitometric scanning  of im-
munoblots,  as shown  in (A), amounts  of  protein were  calculated  from the equations  in the legend to Fig. S, In the control  treatment, the

calculated amount  of protein was  2.6±O.1 pg {mean± S.E.) in the analysis  of  the catalytic  subunit  of  the vacuolar  H'-ATPase,  and  it

was  2.5 ±O,4 pg in the case of H+-PPiase. In this Figure, the values from treatments with  phytohormone(s) are shown  as percentages of

the control  values.  The bars indicate S,E, of  results  from three independent experiments.

crease  in the leyel of  the catalytic subunit  of  the H'-PPi-
ase; treatment with  BA  has an  inhibitory effect on  the activi-

ties of  both the H'-ATPase  and  the H'-PPiase of  the

vacuolar  membrane  without  changes  in the levels of  the

catalytic subunits  of  either enzyme,  with  the limitation that

the treatment has an  inhibitory efiect  only  on  the  increased

activity caused  by treatment with  ABA  in the case  of  H+-
ATPase.

Disc"ssion

   This study  was  performed  to investigate whether  ABA
and  a  cytokinin  might  be involved in the regulation  of

the activities of  plant yacuolar  H'  pumps  (H'-ATPase
and  H+-PPiase). Using preparations of  tonoplast-enriched

membrane  vesicles from barley roots  that had been treated
with  or without  phytohormone(s), we  analyzed  the H'
transport and  substrate-hydrolysis  activities of  the mem-

brane preparations. We  also analyzed  the levels of  the func-
tional catalytic subunits  of  the two vacuolar  H'  pumps  in
the membrane  preparations by immunoblotting. The analy-

ses  were  carried  out  with  attention  paid to possible changes

in the permeability to H'  of  the membrane  preparations,
and  considering  also  the vacuolation  of  root  cells. Our data

suggested  the following. (1) In vivo  treatment with  ABA
has a stimulatory  effect on  the activities of  both the H+-
ATPase  and  the H'-PPiase  of  the vacuolar  membrane  of

barley roots  with  an  increase in the level of  the catalytic sub-

unit  of  the H'-PPiase. (2) In vivo  treatment with  BA, a

cytokinin,  has an  inhibitory effect  on  the  two  activities  with-

out  changes  in the levels of  the catalytic subunits  of  either

H'-pump,  with  the limitation that the treatment has an  in-
hibitory effbct only  on  the H'-ATPase  activity when  it has
been increased by treatment with  ABA.  These provide
evidence  for the possibility that ABA  in plant cells  may

work  as  a  regulatory  (stimulatory) factor that induces

qualitative and  quantitative changes  in the vacuolar  H'-
ATPase  and  H'-PPiase  to increase the activities of  the two

H+-pumps, and  that cytokinin  in plant cells rnay  work  as a

regulatory  (inhibitory) factor that induces qualitative
changes  in the two vacuolar  H+-pumps  to decrease their ac-
tivities, in which  the vacuolar H'-ATPase  may  be affected
by cytokinin,  perhaps, at the effective levels of  ABA  in

plant cells. A  qualitative alteration  in the vacuola'r  H'-

ATPase  has been shown  to occur  upon  the adaptation  of

tobacco  cells to a  highly saline environment,  in which  the

ATP-hydrolysis and  H'  transport capacities  of  the H'-

ATPase  increase (Reuveni et al. 1990).
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   The biochemical basis for changes  in substrate-hydrol-
ysis and  H'  transport capacities  of  the two  vacuolar  H+

pumps by in vivo  treatment with  ABA  or  BA  is not  yet de-
fined. Plant plasma membrane  H+-ATPase  is regulated  by
phospholipids (Kasamo and  Nouchbi 1987) and  protease-
treatment (Palmgren 1991). It had  been proposed  that ki-
nase-mediated  phosphorylation of  the plasrna membrane
H'-ATPase  may  be involved in regulation  of  its activity

(McDonough and  Mahler 1982, Palmgren  1991). Plant
vacuolar  H+-PPiase has been reported  to be regulated  by a
lysolipid (Bille et al. 1992), and  the vacuolar  H'-ATPase
from bovine kidney has been reported  to be regulated  by
regulatory  proteins existing  in the cytosol  (Zhang et al.
1992), An  alteration in the subunit  composition  of the

vacuolar  H'-ATPase  has been shown  to occur  upon  the

adaptation  of  ML  crystallinum  L. to salts  (Bremberger et al.

1988). Erythrocyte Ca2+-ATPase has been shown  to be acti-
vated  by self-association  (Kosk-Kosicka and  Bzdega 1988).
It is likely that  the  altered  levels of  ion-pumping  activity are

a result of  transcriptional regulation.  Further studies, bas-

ed  on  the  observations  described above,  will  be required  if
we  are to characterize  the detailed mechanisms  responsible

for the regulation  of  the yacuolar  H'  pumps by ABA  andl

or cytokinin.  In such  studies,  the quantitative analysis  of

intracellular levels of  ABA  and  cytokinin  will also be
necessary  as part of  the effbrt to assess  the physiological sig-

nificance  of  the phytohormones  in the regulation  of  the

plant vacuolar  H'  pumps.
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