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Abstract----ATPase wasfoundin IOOOg, 13 OOOgand 80000gfractionsfromstrawberryfruits.TheoptimapHforATPase 
was the same (i.e. 6) for the 3 fractions, which also showed similar substrate specificity. However, the enzyme associated 
with the 80 000 g fraction showed the highest affinity for ATP and the maximum V&K,,, value.As the fruit ripened, from 
the green to dark-red stage, ATPase activity in the 80 Ooo g fraction increased more than three times. The ATP content of 
the fruit pulp, which was high at the green stage, decreased as the fruit matured and ripened. Nat and K’ slightly 
stimulatedenzyme activity associated with the lOOOg, 8OOOOg and soluble fractions, whereas, Ca2 + and Mg’+ inhibited 
the enzyme activity in all fractions. However, the extent ofinhibition due to divalent cations lessened as the fruit ripened. 

INTRODUCIION 

ATPases (EC 3.6.1.5) have been studied in plants chiefly in 
roots and transport tissues, in an attempt to establish a role 
for these enzymes as energy transducers in ion transport. as 
found in animals and bacteria [ I, 21. These ATPases have 
generally been located in the plasma membrane [3-61, but 
activity has also been found in cell walls [7-91, with no clear 
correlation to ion transport. Another energy transducing 
role for ATPase in plants has been demonstrated in 
photophosphorylation coupling in chloroplasts [IO]. All 
these ATPase preparations have been shown to be 
stimulated by either univalent or divalent cations 
(generallyNa+,K’,Mg” and Ca’ + ). The endogenous 
levels of these cations and the equilibrium between them 
are known to be of importance in controlling the ripening 
and senescence of fruits, but the mechanism and 
interactions involved are not clear [ 111. To our knowledge, 
the pattern of ATPase activity in ripening fruits (both 
climacteric and non-climacteric) is unknown. An attempt 
was therefore made to determine ATPase in subcellular 
fractions ofstrawberry fruits at different stages of ripening, 
and to characterize the enzyme with regard to the effects of 

univalent and divalent cations. Furthermore, an attempt 
has been made to relate the ATPase activity to endogenous 
ATP levels in the fruit. 

RESULTS 

Endogenous ATP levels in two strawberry cvs declined 
markedly as the fruit matured from the pink to the dark-red 
stage; however, the levels in the soft, small and fast-ripening 
Everbearing seedling were much lower than in the large. 
firm Earliglow cv (Table 1). Correspondingly, assay 
of total ATPase in homogenates from fruit at 5 stages of 
maturity, showed an increase in activity in both cvs 
throughout ripening, but chiefly from thegreen to the pink 
stage. The sp. act. in the Everbearing seedling was much 
higher than in the Earliglow, largely due to the higher 
protein content of the latter (420 and 7OOpg/gfr.wr, 
respectively). 

In order to determine in which compartment of the cell 
the rise in ATPase activity occurred during ripening, the 
subcellular distribution ofATPase activity was examined. 
Three subcellular fractions were prepared by differential 

Table I. Endogenous ATP levels and total ATPase activity in strawberries at different stages of maturity 

Stage of 

maturity 

Green 

White 

Pink 

Red 

Dark-red 

ATP 

nmol/g fr. wt 

Everbearing Earliglow 

3.6 34.5 

9.6 32.2 

6.4 35.0 

0.2 28.0 

0.6 14.3 

ATPase 

pmol/g fr. wt./hr 

Everbearing Earliglow 

4.2 4. I 
6.3 5.1 

9.5 6.3 

11.1 9.3 

12.2 12.4 

ATPase 

pm01 Pi/kg proteinfir 

Everbearmg Earliglow 

9.5 4.5 

17.8 6.1 

23.2 11.5 

24.6 14.0 

27.5 22.7 

* Present address: ARO, Volcam Center, Bet Dagan, P.O. Box 

6. Israel. 
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centrifugation and their homogeneity was examined by 
EM. The micrographs showed that the 1OOOg residue 
predominantly contained cell walls, but some still had 
some plasmalemma fragments attached. The 130001~ 
residue was composed mainly of mitochondria and 
mitochondrial membranes, but other unidentified mem- 
branes could also be seen. The PACP stain [12] for 
plasmalemma did not stain this fraction. The 80000g 
residue was heavily stained by the PACP stain, but there 
was a considerable amount of membrane fragments that 
were not stained. 

Phosphatase (ATPase) activity was present in the 3 
particulate fractions (IOOOg, 13000~ and 8OOOOg 
residues),and onlyalittleactivity was found in the80OOOg 
supernatant, the protein content of which was very low. 
The greatest affinity for ATP and the highest sp. act. for 
ATPase was found in the 8OOOOg residue (Table2). The 
optimum pH for activity in all fractions was 6 with very 
little activity at pH 9. 

The subcellular distribution of ATPase activity at 
different stages of maturity is shown in Fig. 1. The most 
significant increase in activity with advancing maturity 
occurred in the 80 000 g fraction, which in the dark-red fruit 
was more than 3 times the activity of this fraction in green 

fruit. From the green to the pink stage of maturity activity 
in the 1000 g and 13 000 g fractions increased ca three times 
and two times respectively, but thereafter remained more 
or less constant. The apparently increased activity in the 
soluble fraction was due in part to a SOo/, decline in the 
proteincontentofthisfraction(from82~&/mlingreenfruit 
to 39&ml in dark-red fruit). The protein content of the 
1000 g and I3 000 g fractions remained unchanged as the 
fruitripened(630~g,‘mland270~g/ml,respectively). In the 
8OOOOg fraction there was even an increase in protein 
content as the fruit ripened from 82 pg/ml in green fruit to 
112~g/ml in dark-red fruit. 

None of the enzyme preparations showed an exclusive 
specificity for ATP, and a number of nucleoside, tri- and 
diphosphates were equally hydrolysed (Table 3). 

Cation effects on ATPase 

Univalent ions. K’ and Na ’ both caused stimulation of 
ATPase, chiefly for the enzyme in the soluble fraction, and 
less so for that in the 1OOOg and 80000g fractions. The 
13OOOg fraction did not respond to either ion in the 
incubation media. (An example of K’ stimulation is 
presented in Fig. 2.) 

Table 2. Characterization of the ATPase in different subcellular fractions extracted from ripe strawberry fruits 

Total soluble ATPase activity 

Subcellular 

fraction 

protein 

(mg/fraction) 

Optimum 

PH 

V In.1 
pmol Piimglhr 

Km VmxIK, 
(mM) 

)OOOR 
residue 13.50 6.0 14.5 0.27 5.37 X IO4 

13ooOg 

residue 4.80 6.0 27.0 0.21 12.86 x IO4 

80000~ 

residue I .68 6.0 32.3 0.15 21.5 x Id’ 

G - GWWI 

P ... Pink 

I - Iled 
DI - Dorh I.d 

G P RW G P I DR G P P DR G P I DR 

Fig. 1. Theeffect ofstageofmaturity ofstrawberry fruits on the ATPase activity of subcellular fractions (Everbearing 
seedlings). Bar: f s.e. 
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Table 3. Substrate specility of fractions from ripe ‘JZarliglow strawberries 

Nucleoside 

Substrate* 

Nucleoside phosphatase activity 

(pm01 Pi/mg protein/k) 

1000 g residue I3 000 g residue 80 000 g residue 

ATP 10.8 (100) 16.6 (100) 45.8 (100) 

Cl-P 8.8 (82) 13.9 (84) 34.6 (76) 

GTP 8.3 (77) 12.7 (76) 36.4 (80) 

XTP 8.0 (74) 12.4 (75) 37.0 (81) 

UTP 7.5 (69) 12.7 (76) 29.2 (64) 

ADP 9.3 (86) 15.9 (96) 40.0 (87) 

IDP 9.6 (89) 17.4 (105) 47.2 (103) 

XDP 6.2 (56) 9.0 (54) 26.0 (57) 

*All substrates were sodium salts. Incubation media: 3.0 mM substrate. 35 mM Tris-MES buffer. 
pH 6 and 0.1 ml enzyme fraction containing 33, I9 and I6pg protein. respectively, for each fraction. in a 

total volume of I ml. 

Numbers in parentheses are the percentage of activity compared to ATP. 

. - l,ooaq poll*1 

0 - 13,ooaQ p&t 

‘% - 60,ootBg pall., 

. -Soluble 

K+ Concenkation (mM) 

Fig. 2. Stimulation ofATPase activity by KCI in subcellular fractions from ripe strawberries (Everbearingseedlings). 

Table 4. The concentration of MgCI, and CaCI, which caused SO”/, inhibition of 

ATPase activity in subcellular fractions extracted from ripe strawberry fruits 

Subcellular fraction CaCI, (mM) MgCI, (mM) 

0-IOOOg x IO min residue 

lOO& 13000~ x 10 min residue 

1300&80ooOg x 30 min residue 
80OOOn x 30min supernatant 

25.0* 9.2 

10.5 6.2 

I2.6* 6.8 

12.0 

*Calculated by extrapolation. 

Dicalent ians. Both Mg2 ’ and Ca’ + inhibited ATPase in 
all the fractions (Table 4). Mg2 - was more potent and the 
enzyme associated with the I3 000 g and 80 000 g fractions 
was the most susceptible. ATPase in the soluble fraction 
was the least sensitive to both ions. The point to notice was 
a change in thesensitivity oftheenzymeextracts todivalent 
cation inhibition as the fruit matured. Figure 3 shows that 
as the fruit matured from green to dark-red, the ATPase 
activity in the 80000g fraction became less sensitive to 
inhibition by each of the cations. 

Combined ion effects 

Ca2+ andK+.TheinhibitoryeffectofCa” onATPase 
was alleviated in the presence ofK + (Fig. 4). Increasing K + 

concentrations to 0.1 M even resulted in some stimulation 
ofactivity at Ca2+ concentrations up to I .5 mM. However. 

at 3 and 6 mM, Ca2 + inhibition was not entirely overcome 
even at this high K’ level. 

Ca2’ and Mg2+. The inhibitory effects of Ca” and 
Mg*+ were additive at 1.5 mM concentrations ofeach ion 
and equalled the effect of 3 mM Ca2’ alone (Fig. 5). The 
inhibition obtained in the presence of3 mM ofeach ion was 
not quite additive, but equalled the amount of inhibition 
caused by 6 mM CaZ +, No additional inhibition could be 
obtained by adding CaCI, to 3 mM MgCI,, at which level 
inhibition wasalmost maximal, with only aslightly greater 
inhibition at 6 mM.As the fruit ripened, enzyme activity in 
the 80000~ fraction appeared to become generally more 
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Fig.3. EffectofCa” (A)andMg’- (B)in theincubationmedium 

on ATPase activity in the 80 OOOg fraction from strawberries at 

different stages of maturity (Everbearing seedlings). 
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Fig. 4. Combined effects ofCaCI, and KCI on ATPase activity in 

the 80000g fraction from ripe strawberries (Everbearing 

seedlings). 
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Fig. 5. Combined effects of CaCI, and MgCI, in the incubation medium on ATPase activity in the 80 000 g fraction 

from strawberries at different stages of maturity (Everbearing seedlings). MgCI, concentrations: 0 (a), 1.5 (0). 
3.0(A). and 6.0(A)mM. 
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resistant to the inhibitory effects of Mg2 + and Ca’* either 
alone or in combination (Figs. 3 and 5). 

DISC‘USSION 

Sucleoside triphosphatase activity was found as- 
sociated with particulate subcellular fractions of straw- 
berry fruit cells. ATP and ADP were the best substrates for 
the enzymes, followed by a series ofdi- and triphosphates. 
differing only slightly from the substrate specificity 
described for an ATPase from maize scutellum [6]. 
However, the enzyme preparations used were not 
homogenous or pure and the presence of other 
phosphatases. apart from ATPase, is probable. The same 
type of distribution of ATPases with similar pH optima, 
substrate specificity and K,,, values have been reported in 
roots [ 13,141, hypocotyls [ 151. leaves and petals [ 161. 
Although thcenzymicactivity in the 3 particulate fractions 
from strawberry fruit cellsshowedconsiderable uniformity 
in enzyme characteristics, such as pH optima, substrate 
specificity and sensitivity to inorganic ions, there were 
marked differences in the affinity of the fractions for the 
substrate ATP. The 8OOOOg enzyme had greatest aflinitj 
for ATP and seemed physiologically more active. as 
determined by the highest Q,,/K,,, value.Additionally. the 
ATPase associated with this fraction showed the largest 
increase in activity as the fruit ripened from the green- 
immature to the overripe-dark-red stage. 

Stimulation ofenzyme activity by cations was obtained 

only with K . and the most responsive ATPase was that 
associated with the IOOOg residue and the 800001: 
supernatant. Enzyme preparations from all fractions were 
inhibited by thedivalent cations Mg’+ and Ca”. but here 
the 1000 K residue and supernatant enzymes were the least 
sensitive. 

The inhibitory effect of low Mg” concentrations was 
surprising. In most systems studied, Mg” stimulates 
ATPase activity and has been regarded as a requisite for 
ATPascassay.even though basal ATPase activity, without 
additional Mg’ + was not always measured [5,14]. 
Inhibition ofATPase activity by !vIg’+ at concentrations 
below 10 mM has, however, been reported for cell-wall and 
nuclei preparations from subcellular fractions from maize 
root tips [ 131 and for solubilized preparations from mung 
bean hypocotyls [ 15 1. The remaining membrane-bound 
enzyme was still stimulated by Mg2 ’ . In strawberry fruits 
both the particulate and soluble fractions contained 
Mg’+-sensitive ATPase. which was also inhibited by 
Cal+. Although Ca” inhibition was also shown by 
Edwardsand Hall [ 131 with cell-wall and nucleus ATPase 
from maize root tips, this was theexception rather than the 
rule. Ca’ ’ has been shown to stimulate ATPaseactivity in 
different subcellular fractions from plants animals and 
bacteria [I 1. The inhibition of ATPase from strawberry 
fruit tissue bv Ca’+. the inhibition of solute leakage from 
strawberry &es by Ca” * salt solutions (unpublished data). 
and the known physiological effects of Ca2 + on fruit 
ripening. quality and storage disorders [ 171, suggest that 
the proposed effects of Ca 2 + in maintaining membrane 
integrity [ 181 might be connected to its inhibitory effect of 
ATPase activity, thereby reducing energy potential in that 
particular component of the cell and thus regulating 
metabolicactivity. Ca’ - has recently been found to inhibit 
banana ATPase and to affect the Arrhenius plots of 
ATPase (Majmudar, Mattoo and Modi, personal 
communication). However, as Mg’- appears to have the 

same etiect on ATPase, it should be expected to have 
similar physiological effects. The effect of Mg2+ on 
membrane integrity has not been well defined, and the 
often-mentionedantagonisticeRectofCa2+-Mg” isonly 
in respect to certain metabolic disorders. The changing 
sensitivity of membrane-bound ATPase to cations with 
ripening could be regarded as evidence for a change in 
membrane integrity. 

The relatively slight stimulation ofATPase by univalent 

ions might indicate that, if there is active ion transport in 
fruit cells, it is not regulated in thesame manneras has been 
visualized for ion uptake by roots [2]. Moreover, K’ 
stimulation of ATPase in root tissues has generally been 
found to be most extensive in the presence of Mg2+ [ 191, 
but in strawberry fruit extractions, it was not even 
measurable in the presence of Mg2+, which, as mentioned 
above, inhibited ATPase activity. Also in maize scutellum 
preparations Na- and K+ gave much greater stimulation 
ofATPase, when no divalent cation was added [6]. In the 
strawberry preparations high concentrations did, ho- 
wever, alleviate the extent ofinhibition by divalent ions at 
lower concentrations. 

EXPERIMENTAL 

Plunr muferiol. Strawberry fruits (Frugario crnancrsso Duch.) 

were harvested at different stages of maturity from seedlings of 

Everbearing plants grown in the greenhouse or from field plots of 

Earliplow cv. The criterion used for maturity was fruit color. the 

following stages being defined: (1) green--immature fruit 
weighing above 5 g. turning to light green; (2) white -light green 
turning to white with small spots of pink beginning to appear; (3) 
pink--at least SO”, of the fruit pink; (4) red- fruit entirely red. 
ripe for commercial harvest: (5) dark-red- fruit still firm, but too 
ripe for commercial harvest. 

E/IZJVI~ rxfrucrron U,IJ crs.scl~. Washed, chilled fruit (SOg) were 

extracted in a mortar and pestle with 150ml homogenizmg 

medium (0.25 M sucrose. 25 mM Tris --MES. 3 mM EDTA. 

5 mY DIT. pH 7.2). The fruit was extracted either fresh or after 

bring powdered under liquid N1 and stored at -70”. Fractions 

sedimenting at 1000~ (IOmin). 13OOOg (IOmin), 80000g (2 

x 30mm) and the 8OOOOg supernatant were collected. The 

residues were resuspended in the homogenizing medium and 

assayed forATPase activity [ 141. Unless otherwise mentioned the 

standard reaction mixture consisted of 3 mM ATP (Boehringer 

Mannhelm)-Trlssalt In 35mMTris-MES bu&r,pH 6inafinal 

vol. of I ml. After 30 min incubation at 38” the reaction was 

termmated by addition of 1 ml 1 “/, (w/v) ammonium molybdate in 

2 N HzSO,. Inorganic phosphate was determined by the method 

of ref. [25]. Proper controls with aliquots of boiled enzyme were 

run with each assay. Protein was determined by the method of 

ref. [21 1. 

ATP &etermincrrion. Fruit pulp (5g) were homogenized with 

7 ml cold 10% TCA. The homogenate was centrifuged for IO min 

at IOOOOg and the residue resuspended in 3 ml IO’>;, TCA and 

L;entrifuged as above. The supernatants were combined and 

brought to pH 5 by repeated extractions in cold H,O-saturated 

Et,O. The Et,0 was evapd and an ahquot of the aq. phase 

(cu IOmI) was diluted (1:20) in 25 mM MgSO, and 25 mM 

HEPES buffer, pH 7.5. ATP was determined with luciferin- 

luciferase (Du-Pont) [22]. 

Electron microscopy. The residues obtained by centrifugal 

fractionation were embedded in 4”;, Nobel agar. fixed in cold 

4”, (w/v) glutaraldehyde for 2 hr and post-fixed overmght in 

2”,, 0~0~. Following dehydration in an EtOH series and 

propylene oxide. the specimens were embedded in Spuris low 

viscosity embedding medium [23 1. The ultra thin sections cut from 
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thebl~ksweremountedongoldgridsandstainedeitherwith lead 

acetate or with periodic acid-chromic acid-phototungstic acid 

(PACP). proposed as a specific stain for plasmalemma [12]. 

Micrographs were taken with a Phillips 2OOelectron microscope. 
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