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Two non mitochondrial systems involved in ATP-dependent Ca 2+ accumulation have been described and 
characterized in two membrane fractions from pea internodes purified on a metrizamide-sucrose discontinu- 
ous gradient. In the lighter membrane fraction an ATP-dependent Ca 2+ accumulation system, which shows 
the characteristics of an ATP-dependent H + / C a  2+ antiport, predominates. This system is inhibited by 
FCCP and nigericin and stimulated by 50 mM KCI. It is saturated by 0 .8-1.0  mM MgSO4-ATP, strictly 
requires ATP and is severely inhibited by an excess of free Mg 2+ or Mn 2+ . A second system of 
ATP-dependent Ca 2+ accumulation, recovered mainly in the heavier membrane fraction, is insensitive to 
FCCP, is saturated by 8 - 1 0  mM MgSO4-ATP , can utilize also ITP or other nucleoside triphosphates 
although at lower rate than ATP and is only scarcely affected by an excess of free Mg 2+ or Mn 2+ . This 
system is interpreted as corresponding to the (Ca 2+ + Mg 2+ )-ATPase described by Dieter, P. and Marm4, 
D. ((1980) Planta 150, 1-8) .  

Introduction 

The concentration of C a  2 + in the cytoplasm of 
living cells is kept very low (about 10-7-10 -6 M) 
and strictly controlled as transient variations of it 
can dramatically influence a number of metabolic 
processes. Cytoplasmic Ca 2+ concentration is reg- 
ulated on this low level by means of both Ca 2+ 
extrusion through the plasma membrane and, in 

Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulphonic acid; Bistris, 2-[bis(2-hydroxyethyl)amino]-2- 
(hydroxymethyl)-l,3-propanediol; HepesL-Bistris L, buffer 
made by mixing solutions of equal concentrations of Hepes and 
of Bistris to give the desired pH values; EGTA, ethyleneglycol 
bis-( ~-aminoethyl ether)-N,N'-tetraacetic acid; FCCP, carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone. 
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eukaryotic cells, Ca 2+ accumulation within in- 
tracellular organelles [1,2]. 

Two kinds of Ca2+-pumping systems are pre- 
sently recognized in animal cells and bacteria: (i) 
systems which directly use the energy of hydrolysis 
of ATP, such as the (Ca z+ + Mg 2+)-ATPases of 
the endoplasmic reticulum and of the plasma 
membranes of a number of animal cells [3,4]; (ii) 
systems which dissipate the electrical, the chemical 
or the electrochemical gradient of another ion, 
such as the electrophoretic Ca 2+ pump of 
mitochondria,  the H + / C a  2÷ antiporters of 
bacteria and the N a + / C a  2+ antiporters of plasma 
membranes of animal cells [5-8]. 

Only recently have 'in vitro' systems suited to 
the study of transport phenomena also been made 
available from plant materials: so, while the Ca 2+ 
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pump of plant mitochondria has been described in 
some detail (Ref. 9 and references therein), little is 
known about non mitochondrial Ca 2+ transport 
systems of plant cells. 

Scarborough and co-workers [10,11] have shown 
that plasma membrane vesicles from Neurospora 
crassa are endowed with a H + / C a  2÷ antiporter 
which dissipates the chemical proton gradient built 
up by a proton translocating electrogenic ATPase. 

An ATP-dependent Ca 2÷ accumulation has 
been described in microsomal vesicles from higher 
plants; this active transport of Ca 2+ is insensitive 
to protonophores and seems to be driven by a 
calmodulin-regulated (Ca 2 ÷ + Mg2+ )-ATPase 
[12,131 . 

In the present paper we show that membrane 
vesicles from pea internodes are endowed with at 
least two non mitochondrial systems involved in 
the active transport of Ca 2÷ : a H + / C a  2+ antiport 
* which utilizes the proton gradient built up by an 
electrogenic proton translocating ATPase, similar 
to that described in plasma membranes of Neuro- 
spora, and a protonophore-resistant ATP-depen- 
dent Ca 2+ transport system, similar to that de- 
scribed by Marm6 and co-workers [12,13]. 

A preliminary report of this work was presented 
elsewhere [14]. 

Materials and Methods 

Fractionation of membrane vesicles 
Pea (Pisum sativum, L. cv Alaska) internode 

segments, prepared as previously described [15] 
were chopped with razor blades in two volumes of 
extraction medium (0.25 M sucrose, 10 mM 
Hepes-Bistris (pH 7.6), 4 mM MgSO 4 and 0.5% 
bovine serum albumin), gently ground in a mortar  
and strained through four layers of cheesecloth. 10 
ml of the homogenate were layered on top of a 
discontinuous gradient prepared as follows: 16 ml 
of 50% (w/w)  sucrose, 6 ml of 7% (w/w)  
metrizamide plus 5% (w/w)  sucrose and 6 ml of 
9% (w/w)  sucrose. All gradient solutions con- 
tained 5 mM Hepes-Bistris (pH 7.6), 4 mM MgSO 4 
and 0.5% bovine serum albumin. Gradients were 
run for 60 min at 27000 rev . /min in a Spinco 

* The term H+/Ca 2÷ does not imply a specific stoichiometry. 

SW27 rotor. Visible membrane bands were re- 
moved from the 9% sucrose/7% metrizamide plus 
5% sucrose interface (fraction L) and from the 7% 
metrizamide plus 5% sucrose/50% sucrose inter- 
face (fraction H), using a glass capillary connected 
to a peristaltic pump. Membrane fractions were 
diluted 2-4-t imes with 0.5% bovine serum albumin 
and centrifuged for 30 min at 150000 x g in a 
Spinco 50Ti rotor. Pellets were resuspended (0.5-1 
mg prote in /ml)  in 0.25 M sucrose, 1 mM 
Hepese-Bistris L (pH 7.0), 0.1 mM MgSO 4 and 
0.5% bovine serum albumin. All the procedure was 
carried out at 0-4°C.  Presence of bovine serum 
albumin throughout all the isolation and purifica- 
tion steps, as well as in the final membrane sus- 
pension, was important to obtain membrane 
vesicles able, for a long time, to build up an 
electrochemical proton gradient upon addition of 
ATP [21]. 

Assay of marker enzymes 
Glucan synthetase I and II were assayed 

according to Ray [16]. NADPH-cytochrome-c re- 
ductase was assayed according to Hodges and 
Leonard [17] and cytochrome-c oxidase as previ- 
ously described [15]. 

Assay of proteins and of phospholipids 
Proteins were determined according to Lowry et 

al. [18] after removal of bovine serum albumin by 
repeated dilution and precipitation. Phospholipids 
were extracted from membrane fractions accord- 
ing to Wilson and Rinne [19]. Phosphate of phos- 
pholipids was determined according to the method 
of Ames [20]. 

45Ca2 +, SI4CN and [14C]imidazole uptakes 
The uptake of 45Ca2+, SI4CN - and [14C]im- 

idazole by the vesicles was determined by the 
filtration technique on 25 mm Metricel GN6 filters 
essentially as described (14, 21). 

45Ca2+ uptake was measured on 25 ~tl of mem- 
brane suspension (10-20 ~tg of proteins) in 1 ml of 
0.25 M sucrose, 40 mM Hepese-Bistris L (pH 7.0), 
0.5% bovine serum albumin, 10 ~tM CaC12 labelled 
with 0.1 ~tCi of 45Ca2+ (30 mCi /mg ,  Amersham) 
and MgSO 4 + ATP at the concentrations specified 
in the legends of the tables. Incubation was run at 
21°C for the time specified in the legends of tables 



and figures. React ion was terminated by dilution 
with 3.5 ml of  0.25 M sucrose, 2 m M  E G T A  and 3 
m M  MgSO 4 (pH 7.0) and rapid filtration. The 
filter was washed three times with 5 ml of 0.25 M 
sucrose, 2 m M  E G T A  and 0.5 m M  MgSO 4 ( p H  
7.0). The whole procedure lasted approx. 10 s. 

SI4CN - uptake was measured on 25 ~tl of 
membrane  suspension in a final volume of 120 i~1 
in the presence of  40 m M  HepesL-Bistris L (pH 
7.0), 0.5% bovine serum albumin, 10 ~M K s l a c N  
(59 m C i / m m o l ,  Amersham),  1 mM MgSO 4 + 1 
m M  ATP. Incubat ion was run for 3 rain at 21°C. 
The reaction was terminated by dilution with 3.5 
ml of  0.25 M sucrose plus 3 m M  MgSO 4 and rapid 
filtration. The filter was washed twice with 5 ml of 
0.25 M sucrose plus 0.5 m M  MgSO 4. The whole 
procedure  lasted less than 10 s. 

[14C]Imidazole uptake was measured on 100 p,1 
of  membrane  suspension in 2 ml of  0.25 M sucrose, 
10 m M  HepesL-Bistris L (pH 7.0), 0.5% bovine 
serum albumin, 30 p,M [14C]imidazole (1.32 
m C i / m m o l ,  California Bionuclear Corporation),  1 
m M  MgSO 4 + 1 m M  ATP. Incubat ion was run for 
15 min at 21°C. The reaction was terminated by 
dilution with 7 ml of  0.25 M sucrose plus 3 mM 
MgSO 4 and rapid filtration. The filter was washed 
three times with 7 ml of  0.25 M sucrose plus 0.5 
m M  MgSO 4. The whole procedure lasted approx. 
15s.  

0.5% Bovine serum albumin does not affect the 
initial rate of  ATP-dependent  FCCP-sensitive 
Ca 2+ uptake and ATP-dependent  S C N -  or im- 
idazole accumulat ion and only scarcely affects 
( -  10 or - 15%) the initial rate of ATP-dependent  
FCCP- re s i s t an t  Ca 2+ accumula t ion ,  bu t  it 
improves the reproducibili ty of results in long time 
experiments. 

The filters were dissolved in 5 ml of Filter 
Count  R (Packard) and radioactivity was measured 
in a Prias Liquid Scintillation counter. 

All the experiments were run at least three 
times with three or more replicates; concentrat ion 
of  ATP  in the incubation media did not diminish 
more  than 10-15% during the incubation. 

Chemicals 
Essentially fatty acid free bovine serum al- 

bumin ,  metr izamide,  E G T A ,  cy toch rome  c, 
vanadium free ATP,  CTP, ITP, UTP,  GT P  and 
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A D P  were purchased f rom Sigma Chemicals Co. 
U D P G I c  and F C C P  were obtained from Boeh- 
ringer Biochemia Robin.  A23187 was purchased 
f rom Calbiochem. Metricel G N 6  filters were ob- 
tained from Gelman Instruments  SpA. Nigericin 
was a gift of Dr. R.L. Hamill  (Lilly Research 
Laboratories).  UDP[U14C]glucose (240 m C i / m -  
mol) was obtained from Amersham Radiochemical  
Center. 

Results and Discussion 

(1) Distribution of A TP-dependent Ca 2 ÷ uptake on 
a discontinuous metrizamide-sucrose gradient 

The data presented in this paper  were obtained 
on two membrane  fractions f rom pea internodes 
separated by means of a two step metrizamide- 
sucrose gradient: one fraction was collected on top 
of  a 7% metrizamide plus 5% sucrose layer (frac- 
tion L) and a second one on top of a 50% sucrose 
cushion (fraction H). The distribution of  marker  
enzymes for a number  of  membrane  systems in 

TABLE I 

MARKER-ENZYME ACTIVITIES IN TWO MEMBRANE 
FRACTIONS SEPARATED ON A DISCONTINUOUS 
METRIZAMIDE-SUCROSE GRADIENT 

Data from a representative experiment run with three repli- 
cates. 

Fraction 

L H 

Protein (mg/g fresh wt.) 0.12 0.48 
Phospholipids ( ~t mol/g fresh wt.) 0.11 0.45 
Cytochrome-c oxidase 

(p, mol/g fresh wt. per min) 0.02 0.61 
NADPH-cytochrome-c reductase 

(nmol/g fresh wt. per min) 1.00 21.72 
Glucan synthetase I 

(pmol/g fresh wt. per 15 min) 2.51 57.12 
Glucan synthetase II 

(nmol/g fresh wt. per 15 min) 10.54 46.93 
Ca 2+ uptake a 

(nmol/g fresh wt. per 30 min) 
+ 1 mM MgSO 4 0.20 0.44 
+ 1 mM MgSO 4 + 1 mM ATP 0.83 1.43 

The reaction was terminated as described in Materials anc 
Methods, but dilution and washing media did not contair 
EGTA. 
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these two fractions is shown in Table I. The re- 
ported data come from one representative experi- 
ment: the distribution of the various enzyme activ- 
ities was substantially constant in five independent 
experiments. Table I shows that fraction L con- 
tains about 20% of total membranes, as monitored 
by the amount of proteins a n d / o r  phospholipids. 
It contains only traces of mitochondria, Golgi and 
endoplasmic reticulum, as monitored respectively 
by cytochrome c oxidase, glucan synthetase I (high 
affinity) and NADPH-cytochrome-c reductase and 
about 20% of plasma membranes, monitored by 
the activity of glucan synthetase II (low affinity). 
Fraction L results enriched in plasma membranes 
with respect to Golgi, endoplasmic reticulum and 
mitochondria, as compared to fraction H or to a 
crude microsomal fraction. In fact a crude micro- 
somal fraction contains about the same amount of 
plasma membranes but about four times as much 
Golgi and 15 times as much endoplasmic reticu- 
lum (data not shown). However the specific activ- 
ity of glucan synthetase II in fraction L is not 
higher than in fraction H, indicating that fraction 
L must contain some other membrane system not 
identified by any of the markers tested. 

The last two lines of Table I show the effect of 
ATP on the uptake of Ca 2÷ in the two membrane 
fractions. ATP strongly increases the amount of 
Ca 2÷ taken up by membrane vesicles of both L 
and H fractions. This stimulating effect of ATP on 
Ca 2÷ uptake is unaffected by oligomycin (not 
shown) which in this material completely blocks 
mitochondrial ATPase [22]. This result indicates 
that in our experimental conditions the contribu- 
tion of mitochondrial Ca 2÷ uptake is negligible 
also in fraction H which contains the bulk of 
mitochondria, as expected on the basis of the 
stringent requirement of Ca 2÷ uptake for in- 
organic phosphate in plant mitochondria [9]. 

To ascertain to what extent ATP-dependent 
Ca 2÷ uptake reflects Ca 2÷ accumulation within 
the vesicles we measured the amount of Ca 2÷ 
released upon addition of the Ca2+-ionophore 
A23187 [23]. Preliminary experiments run on frac- 
tion L showed that the effect of A23187 on Ca 2÷ 
release was greatly increased in the presence of 
(NH4)2SO4, so that Ca 2÷ equilibration occurred 
in less than two min. This effect of ( N H a ) z S O  4 is 
likely due to its known capability to collapse an 

interior acid pH gradient. In fact, as A23187 
facilitates an electroneutral H ÷ / C a  2 ÷ exchange, 
A23187 induced release of Ca 2÷ accumulated could 
be limited by the parallel accumulation of H + 
within the vesicles. Table II shows the results of an 
experiment in which membrane vesicles of both 
membrane fractions, which had been allowed to 
take up Ca 2 ÷ in the presence of ATP for 30 rain, 
were treated with (NH4)2SO 4 + A23187 for 2 min. 
Data show that in the absence of the Ca 2÷- 
ionophore the addition of (NH4)2SO 4 elicits, in 2 
min, the loss of about 10% of Ca 2+ taken up upon 
addition of ATP by membrane vesicles in both 
fractions; subsequently the release of Ca 2÷ from 
the vesicles continues but at very low rate (not 
shown) as expected on the basis of the low per- 
meability of membranes to Ca 2÷. In contrast, if 
also A23187 is supplied together with (NH4)2SO 4 
virtually all of the Ca 2 ÷ taken up is released from 
the vesicles within 2 rain. The difference between 
the amount of Ca 2÷ retained in the vesicles after 
treatment with (NH4)2SO 4 and that retained after 
treatment with (NH4)2SO4 and A23187 seems 
conveniently interpreted as representing free 
a n d / o r  rapidly exchangeable Ca 2 ÷ actually trans- 
ported inside the vesicles upon addition of ATP. 

Another experimental approach was utilized to 
evaluate the portion of Ca 2÷ really transported 
inside the vesicles: namely a short treatment with 

TABLE II 

RELEASE OF Ca 2+ TAKEN UP UPON ADDITION OF 
ATP BY TREATMENT WITH A23187 AND WITH EGTA 

Ca 2+ uptake was measured after 30 min of incubation in the 
presence of 1 mM MgSO 4 ± 1 mM ATP for fraction L and of 5 
mM MgSO 4 ± 5 mM ATP for fraction H (control). At the end 
of this period the samples were treated for 2 min with 5 mM 
(NH4)2SO4___ 10 /~M A23187 or with 1 mM EGTA. The 
reaction was terminated as in Table I. The figures represent the 
difference between Ca 2÷ uptake in the presence and that in the 
absence of ATP. Data, expressed as nmol /mg protein per 30 
min, represent the mean of nine samples+ S.E. 

Ca 2 + uptake 

fraction L fraction H 

Control 6.1±0.1 4.2±0.1 
NH~ 5.4±0.1 3.8±0.1 
A23187+NH~ 0.7±0.2 0.4±0.1 
EGTA 5.2±0.2 3.0±0.1 



TABLE III 

EFFECT OF ATP ON Ca 2+ UPTAKE IN THE L AND IN THE H MEMBRANE FRACTION 

Data (nmol /mg protein per 10 min) represent the mean of nine samples + S.E. 
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Ca 2+ uptake 

1 mM MgSO 4 1 mM MgSO 4 + 1 mM ATP 5 mM MgSO4 5 mM MgSO4 + 5 mM ATP 

Fraction L 0.36 + 0.09 2.35 + 0.15 0.25 + 0.04 1.25 ___ 0.10 
Fraction H 0.46 ___ 0.10 1.82 + 0.11 0.32 + 0.08 2.40 + 0.14 

the Ca 2 + -chelating agent EGTA, which was shown 
to wash out Ca 2+ externally bound without affect- 
ing Ca 2÷ accumulated within the vesicles [24]. 
About  85% or 70% of Ca 2÷ taken up by the 
vesicles upon addition of ATP in the L and in the 
H fraction is retained after short treatment with 
EGTA (last line of Table II). 

Thus the results of both these experimental 
approaches converge in indicating that ATP in- 
duces a real accumulation of Ca 2÷ inside the 
vesicles in the L as well as in the H membrane 
fraction. 

Since adsorbed Ca 2+ is washed out also by 
simply adding 2 mM EGTA in the dilution and 
washing media (not shown), in all the following 
experiments washing with EGTA was routinely 
performed at the end of the uptake period, so that 
the reported data chiefly represent Ca 2÷ accu- 
mulated within the vesicles. 

Table I I I  shows the effect of increasing MgSO 4- 
ATP concentration from 1 to 5 mM on ATP-in- 
duced Ca 2+ accumulation in L and H fractions. In 
fraction L Ca 2÷ accumulation is higher in the 
presence of 1 mM MgSO4-ATP than in the pres- 
ence of 5 mM MgSOn-ATP. In contrast the in- 
crease of MgSOa-ATP concentration from 1 to 5 
mM stimulates ATP-induced intravesicular accu- 
mulation of Ca 2÷ in fraction H by about 50%. 
This different response of ATP-induced Ca 2÷ ac- 
cumulation in the two membrane fractions to the 
increase of MgSO4-ATP concentration suggests 
that the two membrane fractions are enriched in 
two distinct systems involved in ATP-dependent 
Ca 2+ accumulation. The significance of the in- 
hibiting effect of 5 mM MgSO4-ATP on ATP-de- 
pendent Ca 2 ÷ accumulation observed in fraction L 
will be discussed below. 

(2) Evidence for  a H + / Ca 2 ÷ antiport mechanism 
In an attempt to further discriminate between 

the two systems of ATP-induced intravesicular 
Ca 2 ÷ accumulation suggested by the data of Table 
III ,  we tested the effect of FCCP on ATP-depen- 
dent Ca 2+ accumulation in L and H fractions. 
Table IV shows that FCCP inhibits ATP-induced 
Ca 2+ accumulation in the two membrane frac- 
tions, but to a very different extent: namely in 
fraction L it inhibits ATP-induced Ca 2÷ accumu- 
lation by 76% and in fraction H by 28%. The 
sensitivity of ATP-induced Ca 2÷ accumulation to 
FCCP suggests the existence of a Ca z÷ transport 
system which depends not only on ATP but also 
on the electrochemical gradient of protons. The 
finding that FCCP, at a concentration * which 
collapses the ATP-induced electrochemical proton 
gradient [21], only partially inhibits ATP-induced 
Ca 2 + accumulation supports the view that indeed 
more than one system of ATP-induced Ca 2+ accu- 
mulation exists in membrane vesicles from pea 
internodes. Moreover the different sensitivity to 
FCCP of ATP-induced Ca 2+ accumulation in the 
two membrane fractions indicates that the FCCP- 
sensitive and the FCCP-resistant system of Ca z÷ 
transport separate in this kind of gradient. Thus, 
ATP-induced Ca 2÷ accumulation in fraction L 
mainly reflects the activity of the FCCP-sensitive 
system while that in fraction H mainly reflects the 
activity of the FCCP-resistant one. 

* The concentration of FCCP used is that which completely 
collapses the ATP-induced electrochemical proton gradient 
in the presence of 0.5% bovine serum albumin: this con- 
centration is about one order of magnitude higher than that 
necessary to obtain the same result in the absence of bovine 
serum albumin (data not shown). 
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TABLE IV 

EFFECT OF PROTONOPHORES ON A T P - I N D U C E D  Ca 2 ÷ 
U P T A K E  IN THE L A N D  H M E M B R ANE  FRACTIONS 

Figures represent the differences between Ca 2+ uptake mea- 
sured in the presence of 1 mM  MgSO 4 and 1 m M  ATP and that 
measured in the presence of 1 m M  MgSO 4 (nmo l / g  fresh wt. 
per l0 min). Na2SO 4 was added at 5 raM, FCCP at 20 # M  and 
nigericin at 5 #M. Fraction L and fraction H contained, 
respectively, 0.11 and 0.47 mg of p ro te in /g  fresh wt. Data 
represent the mean of 12 samples_+ S.E.; n.d., not determined. 

Ca 2+ uptake 

fraction L fraction H 

Control (a )  0.25+0.01 0.64_+0.02 
Na2SO 4 0.24_+0.01 n.d. 
FCCP (b) 0.06_+0.01 0.49_+0.02 

Na 2 SO4 + nigericin 0.05 _+ 0.01 n.d. 
Na 2 SO4 -b nigericin + FCCP 0.05 5:0.01 n.d. 
FCCP-sensitive (a - b) 0.19 0.15 
FCCP-resistant 0.06 0.49 

The FCCP-resistant system of ATP-induced 
Ca 2 + accumulation most likely corresponds to the 
(Ca2+ + Mg2+)-ATPase already described in 
higher plants [ 12,13]. 

The FCCP-sensitive system of ATP-induced 
Ca 2+ accumulation presents the characteristics of 
a H+/Ca  2+ antiport, similar to that described in 
Neurospora plasma membranes and bacteria 
[6,7,10], driven by the electrochemical gradient of 
protons (A~H÷) built up by a proton pumping 
ATPase [14,21,25-29]. This conclusion is sup- 
ported by the finding that the FCCP-sensitive 
system of ATP-induced C a  2+ accumulation is 
completely inhibited also by another treatment 

a f f e c t i n g  A ~ H +  such as nigericin in the presence of 
Na2SO 4 (Table IV). As nigericin facilitates the 
electroneutral exchange of H + and Na + [23], the 
inhibiting effect of nigericin on ATP-induced Ca 2 + 
accumulation suggests that the H +/Ca 2 + antiport 
is driven by the chemical component of A~H+. 
However in our experimental conditions nigericin 
inhibits also ATP-induced hyperpolarization 
(monitored as SCN- accumulation, not shown) 
and thus does not allow us to rule out an involve- 
ment of the electrical component of A~H+ a s  a 
driving force for H+/Ca  2+ antiport. 

The electrical component of A~H+ can be col- 
lapsed by high concentration of a permeant anion. 
Cl- ,  which easily permeates membrane vesicles 
from higher plants [15] has been shown to be 
useful for this purpose [25-27] as it does not 
inhibit membrane ATPases of higher plants which 
are inhibited by high concentrations of other per- 
meant anions such as SCN- [30]. The effect of 50 
mM KC1 on ATP-dependent A~b (monitored by 
SCN- accumulation), A pH (monitored by im- 
idazole accumulation) and FCCP-sensitive Ca 2÷ 
accumulation in fraction L is reported in Table V. 
Addition of KCI (or NaC1, not shown) drastically 
lowers ATP-dependent SCN- accumulation and 
strongly stimulates ATP-dependent accumulation 
of imidazole, indicating that in our material C1- 
collapses indeed the electrical component of A~R. 
and increases the chemical one. Addition of KC1 
(or NaCI, not shown) stimulates ATP-dependent 
FCCP-sensitive intravesicular Ca 2÷ accumulation 
by about 50%, indicating that the chemical compo- 
nent of A~H-,  is really the driving force for C a  2+ 

accumulation mediated by the H+/Ca  2+ anti- 
porter. 

TABLE V 

EFFECT OF KCI ON ATP-DEPENDENT A~b, ApH A N D  FCCP-SENSITIVE Ca 2+ UPTAKE IN FRACTION L 

Figures represent the differences between the uptakes measured in the presence of 1 mM MgSO 4 and I mM ATP and those measured 
in the presence of 1 m M  MgSO 4. FCCP-sensitive Ca 2+ uptake is the difference between ATP-induced Ca 2+ uptake measured in the 
absence and in the presence of 20 #M  FCCP. Incubation lasted 3 rain for S C N -  uptake and 15 rain for imidazole and Ca 2+. In the 
absence of ATP, S C N -  and imidazole uptakes were, respectively, 0.04 and 0.27 n m o l / m g  protein. Data are expressed as n m o l / m g  
protein + S.E.; figures in brackets represent the number  of replicates. 

S C N -  uptake Imidazole uptake FCCP-sensitive Ca 2 + uptake 

Control 1.13 + 0.02(10) 0.45 -+ 0.02(14) 2.32 + 0.11 (9) 
50 mM KCI 0.12 + 0.01 (10) 0.87 + 0.05(14) 3.53 + 0.18(9) 
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(3) Biochemical characterization of the two systems 
involved in A TP-dependent Ca e + accumulation 

Character izat ion of biochemical  properties of 

FCCP-sensi t ive  and  of FCCP-resis tant  ATP-de-  
penden t  system of Ca 2÷ uptake was performed, 

respectively, on L and on H membrane  fraction. 
Fig. 1 shows the t ime courses of ATP-depen-  

dent  Ca 2÷ accumula t ion  by both the FCCP-sensi-  

tive and the FCCP-res is tant  systems. The rate of 
ATP-dependen t  Ca 2÷ accumulat ion is practically 

cons tan t  for about  15 min  for the FCCP-sensi t ive 

system and for about  10 min for the FCCP-re-  
sistant one. 

Fig. 2 shows the initial rates of ATP-dependen t  
Ca 2÷ uptake by the two systems as a funct ion of 

the concent ra t ion  of M g S O : A T P .  The two Ca 2÷ 

4.0 

g 
.4- 

d 
.~> 2.0 

L 

/ /  
I I 

10 20 rain 

" 3.0 

.4- ~J 

~ 1.5 

L 

10 20 min 

Fig. 1. Time-courses of FCCP-sensitive and of FCCP-resistant 
ATP-dependent  Ca 2÷ uptake. FCCP-sensitive Ca 2+ uptake 
(measured in fraction L) represents the difference between 
Ca 2+ taken up in the presence of 1 mM  MgSO4-ATP and that 
taken up in the presence of 1 m M  MgSO4-ATP plus 20 v M  
FCCP. FCCP-resistant Ca 2÷ uptake (measured in fraction H) 
represents the difference between Ca 2+ taken up in the pres- 
ence of 5 m M  MgSO4-ATP plus 20 #M  FCCP and that taken 
up in the absence of ATP. Data  are expressed as n m o l / m g  
protein. 
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Fig. 2. Initial rates of FCCP-sensitive and FCCP-resistant Ca 2 + 
uptake as a function of MgSO4-ATP concentration. FCCP-sen- 
sitive Ca 2÷ uptake (i.e. the difference between Ca 2+ taken up 
in the presence of equimolar MgSO 4 and ATP and that taken 
up in the presence of equimolar MgSO 4 and ATP plus 20 ~M 
FCCP) was measured in fraction L. FCCP-resistant Ca 2+ 
uptake (i.e. the difference between Ca 2÷ taken up in the 
presence of equimolar MgSO 4 and ATP plus 20 ~M FCCP and 
that taken up in the same conditions in the absence of ATP) 
was measured in fraction H. Data are expressed as nmol/mg 
protein per min. Incubation was run for 8 min at 21°C. 

t ransport  systems reach saturat ion at very differ- 
ent  concentra t ions  of MgSO4-ATP. Namely  the 
FCCP-sensi t ive system seems saturated between 
0.8 and  1.0 m M  MgSO4-ATP, while the FCCP-re-  
sistant one reaches saturat ion only at 8 to 10 m M  
MgSO4-ATP concentrat ion.  

The two systems of ATP-dependen t  Ca 2 ÷ accu- 

mula t ion  differ also in their sensitivity to an excess 
of divalent cations. Table  VI shows that the 
FCCP-sensi t ive  system of Ca 2+ t ransport  is 
severely inhibi ted by 1 m M  MgSO4 and more so 
by I m M  MnSO 4, in agreement with what re- 
ported for H ÷ / C a  2+ ant iports  of bacteria [7]. On 
the contrary the FCCP-res is tant  system is unaf-  
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TABLE VI 

EFFECT OF AN EXCESS OF Mg 2÷ AND OF Mn 2+ ON 
FCCP-SENSITIVE AND ON FCCP-RESISTANT Ca 2+ UP- 
TAKE 

FCCP-sensitive Ca 2 ÷ uptake was measured in fraction L in the 
presence of 1 mM MgSO 4 and 1 mM ATP+ 20 I~M FCCP; 
FCCP-resistant Ca 2 + uptake was measured in fraction H in the 
presence of 20 ~M FCCP and 5 mM MgSO 4 :t:5 mM ATP. 
Incubation was run for 10 min. 

ATP-induced Ca 2+ uptake 
(relative activity) 

FCCP- FCCP- 
sensitive resistant 

Equimolar MgSO4-ATP 100 100 
Equimolar MgSO4-ATP + 

1 mM MgSO 4 27 93 
Equimolar MgSO4-ATP + 

1 mM MnSO 4 9 72 

fected by  add i t ion  of 1 m M  MgSO 4 and only 
scarcely inhib i ted  by  1 m M  M n S O  4. The inhibi t ing 
effect of an excess of free Mg 2÷ on the H + / C a  2+ 
an t ipor t  could  account  for the inhibi t ing effect of  
an  increase of  MgSOa-ATP concent ra t ion  f rom 1 
to 5 m M  observed  in fract ion L (Table  I I I )  which 
is enr iched in H + / C a  2÷ ant ipor t .  In  fact, at 5 m M  
MgSO4-ATP,  the concent ra t ion  of free Mg 2÷ is 
abou t  0.5 mM, while at 1 m M  MgSO4-ATP it is 
abou t  0.2 mM. The inhibi t ion by  high concentra-  
t ions of  MgSO4-ATP can be reversed by  increasing 
Ca 2 ÷ concent ra t ion  in the incuba t ion  med ium from 
10 -5 to 1 0 - 4 M  (da ta  not  shown) suggesting a 
poss ible  compe t i t ion  between Ca 2+ and Mg ~+ for 
the H + / C a  2÷ ant ipor ter .  The inhibi t ing effect of  
an excess of  Mg 2÷ on FCCP-sens i t ive  ATP-depen -  
den t  Ca 2÷ accumula t ion  may  explain  why no 
sensi t ivi ty  to uncouplers  was de tec table  in micro-  
somal  fract ions f rom various p lan t  materials ,  in 
the exper iments  by  Marm6 and co-workers  [ 12,13] 
which were run in the presence of  1 m M  A T P  and 
5 m M  MgC12. 

Both the FCCP-sens i t ive  and the FCCP-re -  
s is tant  systems of  A T P - d e p e n d e n t  Ca 2÷ accumu-  
la t ion prefer  A T P  to other  nucleoside tr iphos- 
pha tes  and A D P  (Table  VII). However,  the 
FCCP-sens i t ive  system is vir tual ly  inactive if o ther  
nucleoside  t r iphosphates  are supplied,  while the 

TABLE VII 

SUBSTRATE SPECIFICITY OF FCCP-SENSITIVE AND 
FCCP-RESISTANT Ca 2+ UPTAKE 

Experimental conditions as in Table VI; but incubation lasted 
30 min; n.d., not determined. 

ATP-induced Ca 2 + uptake 
(relative activity) 

FCCP- 
sensitive 

FCCP- 
resistant 

ATP 100 100 
CTP 6 26 
ITP 11 44 
UTP 10 35 
GTP 9 24 
ADP 0 n.d. 

FCCP- res i s t an t  one is par t ia l ly  active also with 
o ther  nucleoside  t r iphosphates  (from 24% with 
G T P  to 44% with ITP). 

Conclusions 

The da ta  repor ted  in this pape r  show the ex- 
is tence of two dis t inct  A T P - d e p e n d e n t  systems of  
act ive t ranspor t  of Ca 2+ in m e m b r a n e  vesicles 
f rom pea. The act ivi ty  of  these systems is com- 
ple te ly  insensi t ive to ol igomycin,  thus indica t ing  
that  none  of  them reflects the act ivi ty  of  the 
mi tochondr i a l  Ca 2 + pump.  Both the systems br ing 
abou t  true in t raves icular  Ca 2+ accumulat ion ,  as 
shown by the f inding that  abou t  80 to 90% of 
Ca  2+ taken up upon  add i t ion  of  A T P  is rap id ly  
re leased by  t rea tment  with the Ca2+- ionophore  

A23187. The  two systems are easily d is t inguishable  
on the basis of  their  sensit ivity to F C C P  and differ  
for a number  of b iochemical  character is t ics  such 
as dependence  on the concent ra t ion  of  MgSO 4- 
ATP,  specif ici ty for ATP,  sensit ivity to an excess 
of  d ivalent  cations.  They separa te  on a d iscont inu-  
ous metrizamide-sucrose" gradient ,  so that  fract ion 
L is highly enr iched in the FCCP-sens i t ive  system, 
while the major  par t  of the FCCP-res i s t an t  one is 
recovered in f ract ion H. 

As  to the FCCP-res i s t an t  system of ATP- in-  
duced  Ca 2+ accumulat ion ,  our  da ta  do  not  al low 
us to e lucidate  the re la t ionships  between A T P  
hydrolys is  and  Ca 2÷ uptake.  However,  avai lable  



data  are consistent  with the view that it corre- 
sponds to the (Ca 2÷ + Mg 2÷)-ATPase already de- 

scribed in m e m b r a n e  vesicles from a number  of 

higher plants  [ 12,13]. 

The FCCP-sensi t ive  system of ATP- induced  
Ca 2+ accumula t ion  presents the characteristics of 

a H ÷ / C a  2+ antiporter,  similar to that described in 

bacteria  and in Neurospora [6,7,10]. The energy for 
Ca 2 + accumula t ion  by this system is provided by 

the chemical componen t  of A~H, built  up by a 

p ro ton  pumping  ATPase [11,21,25-29]. In  fact 
H ÷ / C a  2÷ ant ipor t  is completely inhibited by 

nigericin in the presence of Na2SO 4 and  it is 
s t imulated by 50 m M  KCI, which collapses ATP-  
induced Aft and increases ATP- induced  intravesic- 

u la r  ac id i f ica t ion.  Ind i rec t  evidence for a 
H ÷ / C a  2 ÷ ant ipor t  has been recently reported also 

for microsomal  vesicles from maize coleoptiles [31]. 
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