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H +-pumping adenosinetriphosphatases (ATPases, EC 3.6.1.3) were demonstrated in sealed microsomal 
vesicles of tobacco callus. Quinacrine fluorescence quenching was induced specifically by MgATP and 
stimulated by EGTA and CI -. Fluorescence quenching reflected a relative measure of pH gradient formation 
(inside acid), as it could be reversed by gramicidin (an H +/cation conductor) or 10 mM NH4CI (an 
uncoupler). H + pumping was inhibited by tributyltin (an ATPase inhibitor) and sodium vanadate, but it was 
insensitive to oligomycin or fusicoccin. The vanadate concentration required to inhibit pH gradient formation 
was similar to that needed to inhibit KCI-stimulated Mg2+-ATPase activity and generation of a membrane 
potential (measured by ATP-dependent 3SSCN- uptake). About 45% of all three activities (ATPase, pH 
gradient, membrane potential generation) were vanadate-insensitive, supporting the idea that 
non-mitochondrial membranes of plants have at least two types of electrogenic H + pump. A vanadate-insen- 
sitive, H +-pumping ATPase previously shown by methylamine accumulation was characterized to be 
anion-sensitive and possibly enriched in vacuolar membranes (Churchill, K.A. and Sze, H. (1983) Plant 
Physiol. 71, 610-617). Yet, pH gradient formation determined by quinacrine fluorescence quenching was 
decreased by monovalent cations with a sequence K +,Rb+,Na+> Cs +,Li +> choline, bisTris-propane. Since 
K + stimulated ATPase activity more than Bistris-propane, K + appeared to collapse formation of the pH 
gradient by an H + / K  + countertransport. The sensitivity to vanadate and K + provides evidence that the 
plasma-membrane ATPase is an electrogenic H + pump. 

Introduction 

Electrophysiologic experiments with intact plant 
tissues have suggested that electrogenic H + pumps 
exist at the plasma membrane and the tonoplast 
(vacuolar membrane). These H + pumps are im- 

Abbreviations: BTP, bisTris-propane (l,3-bis[tris(hydroxy- 
methyl)methylamino]propane); CCCP, carbonyl cyanide m- 
chlorophenyl hydrazone, EGTA, ethylene glycol bis(fl- 
aminoethyl ether)-N,N'-tetracetic acid; Hepes, N-2-hydroxy- 
ethylpiperazine-N'-2-ethanesulfonic acid. 

portant not only in providing the energy for active 
transport of inorganic cations, anions, sugars and 
amino acids [1] but perhaps also in mediating 
responses of phytohormones [2] and light [3] that 
regulate plant growth and development. 

Although several laboratories have recently 
demonstrated ATP-driven H + pumps in sealed 
microsomal membranes from higher plant tissues, 
there are discrepancies regarding the properties 
and membrane identity of the H+-pumping 
ATPase(s). H+-pumping into vesicles from oat 
roots [4] or corn coleoptiles [5,6], as determined by 
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methylamine accumulation, was stimulated by CI-, 
insensitive to vanadate and localized on low-den- 
sity vesicles [4-6]. Both groups suggested that H + 
pumping as determined by methylamine uptake 
originated mainly from vacuolar-type vesicles, 
since the properties of the H ÷ pump were similar 
to those of the tonoplast ATPase of higher plants. 
Churchill and Sze [4] have also concluded that 
methylamine is not a useful A pH probe for all 
membranes, because methylamine can be trans- 
ported by ammonium porters found on the plasma 
membrane of fungal and possibly higher plant 
cells [7]. Thus, useful probes for detecting pH 
gradients across the plasma membrane appeared 
to be large organic amines, such as quinacrine. 

However, in vitro, H + pumping as demon- 
strated by various laboratories using quinacrine, 
neutral red or 9-aminoacridine has yielded results 
similar to those obtained with methylamine. The 
H +-pumping ATPase of corn roots [8,9], corn cole- 
optiles [10] or pea-stem microsomal vesicles [11] 
was stimulated by CI-  and insensitive to vanadate. 
These results are puzzling, as vanadate-inhibited 
ATPase activity was associated with the micro- 
somal membranes from these tissues [8]. A vana- 
date-sensitive ATPase is associated with higher 
plant plasma membrane [12]. In preliminary stud- 
ies in this laboratory, it was found that H + pump- 
ing determined by quinacrine fluorescence quench- 
ing was inhibited partially by vanadate in micro- 
somal vesicles from oat roots [4]. 

It was suggested that the plasma-membrane 
ATPase is an electrogenic pump because iono- 
phore-stimulated ATPase activity [13,14] and 
ATP-dependent SCN-  uptake (membrane poten- 
tial generation) [15] in microsomal vesicles of 
tobacco callus were inhibited partially by vana- 
date. In this study, I demonstrate H + pumping in 
sealed microsomal vesicles from tobacco callus 
using quinacrine fluorescence quenching. Sealed 
microsomal vesicles were used because prepara- 
tions of one membrane type are difficult to obtain, 
even after separation of membranes by density 
gradient centrifugation. So the properties of H ÷ 
pumping will serve as indicators of the type of 
ATPase and the membrane identity. ATP-depen- 
dent H ÷ pumping is vanadate-sensitive and shows 
alkali-cation specificity. These results support the 
previous conclusion that the plasma-membrane 
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ATPase of tobacco callus is an electrogenic H + 
pump [ 15]. 

Materials and Methods 

Materials. Autonomous tobacco callus tissue 
obtained from the stem pith of Nicotiana tabacum 
linnaeous cv. Wisconsin no. 38 was used after 
1-1.5 months growth on a basal medium without 
cytokinins or auxins. Quinacrine, oligomycin, 
gramicidin and CCCP were obtained from Sigma 
Chemical  Co. Tri-n-butyl t in  chloride was 
purchased from Aldrich. Sodium vanadate (ortho) 
was supplied by Fisher. Dextran T 70 was ob- 
tained from Pharmacia Fine Chemicals. All other 
chemicals were reagent grade. 

Preparation of sealed microsomal vesicles. Sealed 
microsomal vesicles were obtained from the de- 
xtran interface after centrifugation of the crude 
microsomal fraction over a 10% dextran cushion 
as previously described [ 13,14] with minor modifi- 
cations. BisTris-propane/Hepes buffer and O- 
mannitol were substituted for Tris-Hepes buffer 
and sucrose, respectively. The vesicles were rela- 
tively free of mitochondria as judged by the low 
activity of mitochondrial enzymes (cytochrome c 
oxidase and malate dehydrogenase) [13]. Protein 
concentration was measured by the method of 
Lowry et al. [16] using bovine serum albumin as 
the standard. 

Quinacrine fluorescence quenching. Quinacrine 
fluorescence was measured with a Perkin-Elmer 
MPF-44B or Turner Model 430 spectrofluorimeter 
at 500 nm after excitation at 420 nm by a proce- 
dure described previously [4,8]. The fluorescence 
of quinacrine is quenched when the amine moves 
into an acid compartment [17-19]. Either MgSO 4 
or BTP-CI was added to a reaction mixture at 
25°C to initiate H + pumping. Unless otherwise 
indicated, the complete reaction mixture contained 
10 mM BTP-Hepes (pH 7.5), 0.33 mM EGTA, 5 
mM MgSO 4, 1.5 mM ATP-BTP, 50 mM BTP-C1 
and about 150 txg membrane protein in a final 
volume of 1.5 ml. In the absence of MgSO 4 or CI-, 
quinacrine fluorescence intensity was set to 90%. 

Although the rate of quinacrine fluorescence 
quenching per mg vesicle protein varied from day 
to day, the variation in fluorescence among simi- 
larly treated samples from any one preparation 
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was less than 8%~ Thus, activities are expressed 
relative to a control measured in duplicate on the 
same day. 

35SCN- uptake. ATP-dependent membrane 
potential generation (vesicle interior positive) was 
determined by 35SCN- uptake using a Millipore 
filtration procedure [15]. 

A TPase activity. ATPase activity was measured 
as inorganic phosphate release [ 13,14,20]. 

Results 

Quinacrine fluorescence quenching as a measure of 
H + pumping 

Quinacrine, a fluorescent amine, provides a very 
convenient and continuous measurement of ApH 
[17]. The fluorescence intensity of amines, such as 
quinacrine, is quenched as the probe distributes 
into the intravesicular space according to the exist- 
ing pH gradient. The principle of weak base distri- 
bution is briefly as follows. At any given pH, the 
charged and uncharged form of a base is in equi- 
librium with the H ÷ concentration. If the un- 
charged form is freely permeable and the charged 
form is not, the uncharged probe passes through 
the membrane to become charged and trapped in 
the more acidic internal environment. This process 
continues until the internal charged and un- 
charged probes attain equilibrium with the pHi. 
One plausible explanation for the mechanism of 
quenching is that the pH gradient results in such a 
high internal probe concentration that energy 
transfer between molecules of the same species 
may cause a decrease in quantum yield [19]. 

Fig. 1 shows that MgATP induced fluorescence 
quenching of quinacrine with sealed microsomal 
vesicles of tobacco callus. The fluorescence inten- 
sity of quinacrine decreased with time until a 
steady state was reached. The quenching could be 
reversed by gramicidin (a ca t i on /H  + conductor) 
(Fig. 1), 10 mM ammonium chloride or 5 #M 
nigericin in the presence of K ÷ (not shown). These 
results indicated that initially there was net H ÷ 
pumping into the vesicles. At steady state, a rela- 
tively constant pH gradient was maintained by 
continuous inward H ÷ pumping balanced by a H ÷ 
leak. 

The initial rate of fluorescence quenching in 
percent was directly correlated with the concentra- 
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Fig. 1. ATP-induced quinacrine fluorescence quenching in 
vesicles from tobacco callus. The final reaction mixture (I .5 ml) 
contained 10 mM Hepes/bisTris-propane (pH 7.5), 0.33 mM 
EGTA, 50 mM BTP-C1, 5 #M quinacrine, 1.5 mM ATP-BTP, 
180 mM mannitol and 120 # g membrane-vesicle protein. MgSO 4 
(5 mM) was added to initiate the reaction (trace b). Trace a 
reflects fluorescence intensity changes in the absence of MgSO 4. 
Numbers represent initial rate of fluorescence quenching ex- 
pressed as percent per min. Final gramicidin (G) and ethanol 
concentrations were 2.5 #g/ml and 0.5%, respectively. Inset 
shows the effect of vesicle protein concentration on ATP 
induced fluorescence quenching expressed as initial rate. Each 
point was obtained from one reaction mixture. 

tion of membrane protein (Fig. 1, inset). This 
relationship is to be expected if quenching reflects 
mainly quinacrine uptake, which is a function of 
intravesicular volume. The pH gradient (ApH) 
formed was relatively constant for at least 20 min 
and can be estimated from the following expres- 
sion: 

pH o -pH i = log(Ai/Ao)+log(Vo/Vi) 

where subscripts i and o refer to internal and 
external quantities, A is the total amount of the 
probe and V is the volume. Since the percentage of 
fluorescence quenching (Q) is a direct measure of 
dye uptake, Q/IO0 - Q is equivalent to Ai /A  o. As 
I did not attempt to calibrate quenching of 
quinacrine, I will use the initial rate of quenching 
as a relative measure of the rate of H ÷ pumping. 

General properties of A TP-induced quinacrine 
quenching 

Quinacrine fluorescence quenching was specifi- 
cally dependent on MgATP (Table I). MgGTP or 
MgPP~ had no detectable effect. Since ATP con- 
centrations of 1.5 or 3.0 mM induced similar levels 
of quinacrine fluorescence quenching, 1.5 mM was 
used in all subsequent experiments. 
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TABLE I 

SUBSTRATE D E P E N D E N C E  OF Q U I N A C R I N E  FLUO-  
RESCENCE Q U E N C H I N G  IN MICROSOMAL VESICLES 
OF  TOBACCO CALLUS 

The reaction mixtures (containing 150 ~g vesicle protein) were 
similar to Fig. 1, except that quinacrine concentration was 2.5 
/~M and the concentration of ATP, GTP or PPi was 1.5 mM. 

Substrate Initial rate of quench 
(%/min)  

ATP 0.3 
MgSO 4 0.2 
MgATP 3.3 
MgGTP 0.2 
MgPP i 0.3 

CI-8TP 
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Fig. 3. Effect of oligomycin and tributyltin (TBT) on ATP-de- 
pendent quinacrine fluorescence quenching in microsomal 
vesicles from tobacco callus. Reaction mixtures were similar to 
those of Fig. 1 except that 50 m M  BTP-CI was added to initiate 
H ÷ pumping. Oligomycin was added to mixture b (to give a 
final concentration of 5 # g / m l )  before H + pumping was ini- 
tiated. Gramicidin was added to give a final concentration of 
2.5 # g / m l .  Final tributyltin concentration was 5 #M. 

EGTA significantly stimulated ATP-induced 
quinacrine fluorescence quenching in vesicles from 
tobacco callus (Fig. 2). This result suggested that 
(i) microsomal membranes contained high levels of 
calcium, and (ii) calcium inhibited A pH forma- 
tion. 

Quinacrine fluorescence quenching induced by 
MgATP was mostly insensitive to oligomycin (Fig. 
3). This finding is consistent with the previous 
conclusion from the laboratory that sealed micro- 
somal vesicles are relatively free of mitochondrial 
membranes [13,15]. Quenching was reversed im- 
mediately by tributyltin (Fig. 3), indicating that 
tributyltin dissipated a pH gradient by acting as a 

~- Mg ! b 
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Fig. 2. EGTA-stimulated ATP-dependent  quinacrine fluores- 
cence quenching in sealed microsomal vesicles from tobacco 
callus. Fluorescence quenching was measured in reaction mix- 
tures (containing 125 /~g protein) similar to those of Fig. 1 in 
the absence (a) or presence of 0.33 m M  EGTA (b). Gramicidin 
(G) concentration was 2.5 # g / m l .  Data  are from one repre- 
sentative experiment out  of three. Numbers  represent the aver- 
age value ( % Q / m i n )  of the initial rate of fluorescent quench- 
ing. 

C I - / O H -  exchanger [21] in addition to being an 
ATPase inhibitor [ 14]. 

Vanadate sensitivity 

Sodium vanadate decreased the rate of 
quinacrine fluorescence quenching, while sodium 
phosphate had no effect (Fig. 4A). Inhibition of 
H + pumping could be detected by as little as 25 
#M sodium vanadate in the presence of either 
BTP-C1 (Fig. 4B) or KC1 (not shown). The de- 
crease in the rate of quinacrine quenching was 
dependent on vanadate concentration (Fig. 5a), 
similar to vanadate inhibition of membrane poten- 
tial generation (positive inside) and KCl-stimu- 
lated Mg-ATPase activity in microsomal vesicles 
of tobacco callus (Fig. 5b,c) [14,15]. About half of 
the electrogenic, H +-pumping ATPase was insensi- 
tive to vanadate. 

Stimulation by CI - and decrease by K + 
Permeaat anions, like CI-, stimulated A pH for- 

mation, while impermeant anions, like imin- 
odiacetate, had no effect (Fig. 6). These results are 
similar to those obtained with oat roots [4] and 
corn tissues [9]. zlpH formation was stimulated by 
increasing concentrations of BTP-CI (Fig. 7), in 
part due to C1- dissipation of the membrane 
potential [15]. However, fluorescence quenching 
was decreased when KC1 was substituted for BTP- 
C1. At all salt concentrations between about 5 and 
50 mM, the initial rate and net fluorescence 
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Fig. 4. Vanadate inhibition of ATP-dependent quinacrine fluorescence quenching in microsomal vesicles of tobacco callus. Reaction 
mixtures were as described in Fig. I. (A) Sodium vanadate (van) or phosphate (phos) was added at the arrow to give a final 
concentration of 200/~M. (B) Each arrow indicates one addition of 7.5 #1 of 20 mM sodium vanadate to reaction mixture a. No 
addition was made to reaction mixture b. One representative experiment of three. 
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quenching were lower with K + than with BTP + 
(Fig. 7). 

To understand the role of cations, the effects of 
various monovalent cation chlorides on stimula- 
tion of quinacrine fluorescence quenching and 
ATPase activity were examined. Fig. 8 shows that 
C1- salts of organic cations such as BTP or choline 
were most effective in stimulating ApH genera- 
tion, whereas, C1- salts of K +, Rb ÷ or Na + were 

Fig. 5. Effect of vanadate concentration on pH gradient, mem- 
brane potential generation and KCl-stimulated Mg2+-ATPase 
activity. (a) Vanadate inhibition of ATP-induced quinacrine 
fluorescence quenching. Data analysed from experiments con- 
ducted as described in Fig. 4. 2 min after initiation of H + 
pumping, the rate of fluorescence quenching in the absence of 
vanadate is set to 100%. The rate of fluorescence quenching 
after addition of various concentrations of sodium vanadate at 
2 min is then determined. Results are the average of 2-3  
experiments. (b) Vanadate inhibition of ATP-dependent 35SCN 
uptake. 35SCN uptake was determined using a reaction mixture 
(0.5 ml) containing 25 mM Tris-Hepes (pH 6.75), 200 mM 
sucrose, 0.1 mM K35SCN, 10 mM MgSO4, 0.1 mg vesicle 
protein, sodium vanadate at different concentrations with or 
without 3 mM ATP. Results are the average of 2 -6  experi- 
ments. (c) Vanadate inhibition of KCl-stimulated Mg 2 +-ATPase 
activity. ATPase activity was measured in 30 mM Tris-Hepes 
(pH 6.75) with 3 mM MgSO4, 3 mM ATP and various con- 
centrations of vanadate in the presence or absence of 50 m i  
KCI. Results are the average of 2 -4  experiments [14]. 
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Fig. 6. Effect of impermeant anion (iminodiacetate) on ATP- 
dependent quinacrine fluorescence quenching in sealed micro- 
somal vesicles of tobacco callus. Reaction mixtures were similar 
to those of Fig. 1, except that quinacrine concentration was 2.5 
#M and 50 mM BTP-iminodiacetate (BTP-IDA) or BTP-CI 
was added to reaction mixture a or b, respectively. MgSO 4 was 
used to initiate H + pumping. BTP-C1 (150/tl of 0.5 M solution) 
was added after 4 rain to reaction mixture a. 

l eas t  e f fec t ive .  T h e  i nc rea s ing  o r d e r  of  A p H  s t imu-  
l a t i on  by  ca t ions  was  K t ,  R b  t ,  N a t <  Cs  t ,  L i t <  

cho l ine ,  BTP.  T h e s e  resul ts  d id  n o t  a l low dis t inc-  

t i on  b e t w e e n  the  specif ic i t ies  of  K t ,  R b  t and  

N a  t . A l t h o u g h  the re  was no  c lear  se lec t iv i ty  a m o n g  

the  a lkal i  c a t i ons  [14], KC1 s t i m u l a t e d  M g  2t -  

A T P a s e  ac t iv i ty  m o r e  t h a n  d id  B T P - C I  ( T a b l e  II) ,  

c h o l i n e - C l  o r  Tris-C1 [14] in the  absence  o f  iono-  

phores .  T h e s e  resul ts  sugges t  tha t  K t r e d u c e d  
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TABLE II 

EFFECT OF KC1 OR BTP-CI ON STIMULATION OF 
ATPase ACTIVITY IN SEALED MICROSOMAL VESICLES 
FROM TOBACCO CALLUS 

Gramicidin concentration was 2.5/~g/ml. Results are the aver- 
age of two experiments. 

Salt (mM) Salt-stimulated Mg 2 ÷-ATPase activity 
(# mol Pi/mg protein per h) 

without with 
gramicidin gramicidin 

Difference 

KC1 (50) 3.7 5.4 1.7 
BTP-CI (50) 1.7 3.0 1.3 

A p H  f o r m a t i o n  n o t  by  i nh ib i t i ng  the  H t p u m p ,  

b u t  by  d i s s ipa t ing  the  A p H .  

Effect of N O  Z and S C N  - 
T h e  ef fec t  o f  N O  3- on  q u i n a c r i n e  f l uo re scence  

q u e n c h i n g  was  e x a m i n e d  in an  a t t e m p t  to inh ib i t  

se lec t ive ly  the  v a n a d a t e - r e s i s t a n t  H t p u m p  pre-  

sent  in the  m i c r o s o m a l  vesicles.  N i t r a t e  can  b e h a v e  

as a p e r m e a n t  a n i o n  a n d  is e f fec t ive  in s t imu la t i ng  

A p H  f o r m a t i o n  in p l a s m a  m e m b r a n e  vesic les  o f  

Neurospora [22]. N i t r a t e  will  a lso  i nh ib i t  the  C I - -  

s t i m u l a t e d  A T P a s e  and  the  v a n a d a t e - r e s i s t a n t  H ÷ 

p u m p  [4]. Fig.  9 shows  tha t  n i t r a t e  d id  b e h a v e  as a 

p e r m e a n t  a n i o n  t rans ien t ly ,  but ,  un l ike  C I - ,  n i t r a t e  
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Fig. 7. Effect of BTP-C1 or KC1 concentration on ATP-depen- 
dent quinacrine fluorescence quenching in microsomal vesicles 
of tobacco callus. The reaction mixtures are similar to those of 
Fig. 1, except that various concentrations of BTP-CI or KCI 
were added to initiate H + pumping. Results are the average of 
1-4  experiments. Bars are S.D. 
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Fig. 8. Effect of cation chloride on ATP-dependent quinacrine 
fluorescence quenching in microsomal vesicles of tobacco cal- 
lus. The reaction mixture was similar to those of Fig. 1, except 
50 mM of chloride of various cations was added to initiate H + 
pumping. Relative activity of H + pumping is expressed as net 
quenching (in percent) at 5 min. These results are similar to 
those expressed as initial rates of fluorescence quenching. Re- 
sults represent the average of two experiments. 
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Fig. 9. Effect of nitrate and thiocyanate on ATP-dependent 
quinacfine fluorescence quenching in sealed microsomal vesicles 
of tobacco callus. Reaction mixtures a and b were similar to 
those of Fig. 1. Nitrate (25 ~1 0.5 M BTP-NO3) was added to 
reaction mixture b 2 min after initiation of H + pumping by 
Mg. Instead of BTP-CI, 50 mM BTP-NO 3 or BTP-SCN was 
added to reaction mixtures c or d, respectively. Results are 
from one experiment. G (gramicidin) was added in ethanol to 
give a final concentration of 2.5/~g/ml. 

also inhibited formation of a A pH. If nitrate in- 
hibited only one pump, one would expect to see a 
decrease of quinacrine fluorescence intensity with 
time kinetics similar to the control. The amount of 
quenching would reach a steady state when inward 
H + pumping is equal to outward H + leak. Instead, 
an increase in fluorescence is observed in 3 min in 
the presence of nitrate. These results indicate that 
H + leak had exceeded inward H + pumping, sug- 
gesting that nitrate inhibited continued H ÷ pump- 
ing, rather than specifically inhibiting one pump. 

SCN- ,  a permeant anion, prevented quinacrine 
fluorescence quenching at 17 or 50 mM (Fig. 9), 
consistent with the idea that S C N -  is a chaotropic 
agent that decreases ATPase activity [23]. 

Effect of fusicoccin 
Fusicoccin, a fungal toxin, stimulates acid 

secretion from intact plant tissues and may act by 
enhancing the activity of an H +-pumping ATPase 
of the plasma membrane [24]. However, I found 
no effect of fusicoccin on the initial rate of H + 
pumping into vesicles or the maintenance of a pH 
gradient (data not shown). Abscisic acid, a plant- 
growth regulator, also had no effect on ATP-in- 
duced quinacrine fluorescence quenching (not 
shown). 

Discussion 

Evidence for an electrogenic, H +-pumping A TPase 
of the plasma membrane 

Direct evidence for H+-pumping ATPases in 
sealed microsomal vesicles of tobacco callus is 
demons t ra ted  using quinacrine fluorescence 
quenching as a A p H  probe. Two major properties 
of the H + pump support our previous conclusion 
that a plasma-membrane ATPase is an electro- 
genic H + pump [15]. 

H + pumping is inhibited by vanadate (Fig. 4), 
an inhibitor of the KCl-stimulated Mg2+-ATPase 
of plant plasma membrane [12,25]. Inhibition of 
H + pumping is dependent on vanadate concentra- 
tion, similar to the concentration kinetics of 
vanadate  inhibition of both KCl-st imulated 
Mg2+-ATPase activity [14] and ATP-dependent 
membrane potential generation (Fig. 5) [ 15]. These 
results provide strong evidence that KCl-stimu- 
lated Mg2+-ATPase activity, membrane potential 
generation and A pH formation are manifestations 
of an electrogenic, H +-pumping ATPase. 

The rate of net H + pumping is dependent on 
the cation present. The increasing order of ef- 
fectiveness in stimulating ApH formation by 
monovalent cations is K +, Rb +, N a + <  Cs ÷, Li+< 
BTP, choline (Fig. 7). These effects probably oc- 
curred on the plasma membrane,  because this se- 
quence is strikingly similar to that of cation stimu- 
lation of a plasma membrane ATPase activity 
from oat roots [23,26]. The order of decreasing 
potency for stimulation of plasma membrane 
Mg2+-ATPase is K + >  R b + >  N a + >  Cs+> Li +, 
Tris, choline [23,26]. Furthermore, pH gradient 
formation in vesicles enriched in a vanadate-insen- 
sitive, H+-pumping ATPase showed little or no 
cation specificity [4,8]. 

I conclude from these results and previous stud- 
ies [14,15] that the sealed microsomal vesicles con- 
sist in part  of plasma membrane. If one assumes 
that the plasma membrane ATPase is completely 
inhibited by 200 btM vanadate [14], about 50-60% 
of the H + pumping activity in the sealed micro- 
somal fraction could originate from inside-out 
vesicles of the plasma membrane. 

Role of K + 
K + causes dissipation of a pH gradient by 
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H + / K  + countertransport with H + efflux and K + 
uptake into the vesicles. The following data sup- 
port this conclusion: (i) BTP-C1 generates a larger 
A pH than does KCI (Fig. 7). Similarly, potassium 
iminodiacetate partially reverses quinacrine fluo- 
rescence quenching stimulated by BTP-C1 (not 
shown); (ii) K + stimulates ATPase activity more 
than does BTP + (Table II), consistent with the 
idea that dissipation of an electrochemical gradi- 
ent of H + will stimulate ATP hydrolysis and H + 
pumping [13,14]; (iii) K + does not alter membrane 
potential generation (inside positive) [15]; and (iv) 
in the presence of K +, valinomycin (K + carrier) 
plus CCCP (H + conductor) stimulate ATPase more 
than either ionophore alone, suggesting the pres- 
ence of an electrochemical gradient of K + [14]. 
The interpretation of an H + / K  + countertransport 
mechanism is predicted by the chemiosmotic hy- 
pothesis whereby membrane potential, inside posi- 
tive, would drive uptake of anions (e.g., Cl-) [4] 
and A pH, inside acid, would drive uptake of ca- 
tions. 

I suggest that the H + / K  + countertransport in a 
vesicle could be a function of a plasma membrane 
protein, perhaps the ATPase. In intact plant or 
yeast cells [27], H + efflux is often closely con- 
nected to K + influx [1]. The driving force for 
potassium accumulation can be attributed to the 
membrane potential (negative inside the cell) 
created by an H+-extrusion pump. When the ex- 
ternal potassium concentration is increased, the 
membrane potential, A~, becomes smaller, this 
decrease being accompanied by an increase in 
ApH [27]. These results suggest that H + and K + 
fluxes are regulated by the electrochemical gradi- 
ents of K + and H +, respectively. In an inside-out 
plasma membrane vesicle, H + pumping into 
vesicles generates a membrane potential, positive 
inside. The driving force for K + uptake becomes 
dependent on the pH gradient (acid inside) rather 
than the membrane potential. K + could accu- 
mulate in the vesicles in exchange for H + efflux. 
This mechanism would be analogous to H + uptake 
accompanied by K + efflux in an intact cell, a 
process shown in yeast cells with protonophores 
[281. 

The specificity for K + over Li +, Cs + or BTP + 
would suggest that K + is transported via a specific 
protein rather than via a lipid pathway alone. 

Whether the H + / K  + countertransport is mediated 
by one plasma-membrane ATPase or a separate 
protein has yet to be determined. Although stimu- 
lation of the plasma membrane ATPase by K + 
does not imply any direct transport function for 
the enzyme, K + directly affects the enzyme mecha- 
nism by increasing dephosphorylation of a phos- 
phorylated enzyme intermediate [29]. Electrogenic 
H + transport and H + / K  + countertransport could 
be mediated by one ATPase regulated by the 
electrochemical gradient of H + and K + [30]. 

Two types of electrogenic, H +-pumping A TPase 
Tobacco callus has two types of H+-pumping 

ATPase in the sealed microsomal vesicles. This 
conclusion is mainly based on: (i) partial inhibi- 
tion by vanadate of ATPase activity [14], mem- 
brane potential generation [15] and ApH forma- 
tion (Fig. 5); (ii) separation of vanadate-sensitive 
and vanadate-resistant ATPases and H+-pumping 
activities by density gradients [31,32]; and (iii) 
association of C1- and K + sensitivity with the 
vanadate-resistant and vanadate-inhibited ATPase, 
respectively [33]. The results with tobacco callus 
are qualitatively similar to those found with oat 
roots [31,4], where it was suggested that the vana- 
date-sensitive and vanadate-resistant ATPases are 
enriched on the plasma and vacuolar membranes, 
respectively. The main difference is that the micro- 
somal membranes from tobacco callus have a 
higher fraction of vanadate-sensitive, H +-pumping 
ATPase than do oat roots. 

Although, studies in this laboratory with 
tobacco callus or oat roots have consistently re- 
vealed two types of electrogenic H + pump [4,14,15], 
most other reports have demonstrated only a 
vanadate-resistant H + pump [5,6,8-11]. I suggest 
that this discrepancy could be a function of the 
developmental stage of the plant tissue or the 
ability of specific membranes to form sealed 
vesicles. The sealed vesicles from oat roots re- 
tained a Donnan potential, suggesting that most of 
the membranes were intact 'provacuoles' and not 
vesiculation products of broken membranes [4]. If 
plasma membranes containing vanadate-sensitive 
ATPase failed to vesiculate tightly after homogeni- 
zation, then vanadate-sensitive ATPase acti~ty 
would still be detected in the absence of 
vanadate-inhibited H + pumping. This situation 
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could be prevalent in growing monocot roots, such 
as corn, where H + pumping in microsomal vesicles 
is vanadate-resistant [5,6,8], although the ATPase 
activity is partially vanadate-inhibited [8]. Dicot 
tissues may be more enriched in plasma membrane 
vesicles with H + - p u m p i n g  ATPase  and 
ionophore-stimulated ATPase activities [34]. 

A direct approach to studying the properties of 
a specific H+-pumping ATPase would be to 
solubilize, purify and reconstitute the ATPase and 
H+-pumping activities in artificial lipid mem- 
branes. Although this approach is now routinely 
used for studying transport proteins from various 
organisms [35], transport ATPases from higher 
plants have not been reconstituted until recently. 
In a preliminary report, Vara and Serrano [36] 
solubilized and reconstituted a partially purified 
ATPase from a plasma membrane-enriched frac- 
tion of oat roots. Though the enzyme was vana- 
date-sensitive, it was not shown whether H ÷ 
pumping (determined by 9-amino-6-chloro-2- 
methoxyacridine fluorescence quenching) was in- 
hibited by vanadate. The effect of alkali cations on 
H + pumping was not determined. The H +-pump- 
ing properties of a purified and reconstituted 
plasma membrane ATPase need to be determined 
to verify the results and conclusions reached in 
this paper with native membranes, i.e., (i) H +- 
pumping ATPase of the plasma membrane from 
higher plant is vanadate-sensitive, and (ii) K + 
preferentially dissipates the pH gradient formed 
by the plasma membrane ATPase because of an 
H + / K  + countertransport. 
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