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Ahtract-In the presence of K l , the hydrolysis of ATP catalysed by the ATPase of corn 
P 

Iasma membrane showed 
negative cooperative kinetics. When the compkxes of ATP and Mg’ *, Mn’ ‘, Ca’ * or Cd * were used as substrates, 
the catalysod hydrolysis changed to follow simpk Michaehs-Menten kinetics. However, this change was not observed 
withZn’*-ATPas thesubstrate.Asubstantialcnha ncemcnt of the hydrolysis was observed only when thecompkxes of 
Mg’ + and Mn” were used. Kinetic parameter determination indicated that the enzyme exhibited a similar binding 
property but a different catalytic efficiency to Mg’ l , 
reactive compkx with Cd” 

Mn’ l and Car ’ -ATP. The enzyme formed a more stabk but kss 

hydrolysis of Mg’* 
-ATP. The presence of aluminium ions competitively inhibited the membranecatalysed 

-ATP. but showed no effect when free ATP was the substrate. This finding suggested that 
aluminium might bind in the vicinity of the Mg’ l of Mg’ ’ -ATP in the active site of the enzyme. On the basis of these 
observed inhibitory effects, possibk origins of metal ion toxicity to root plasma membrane ATPase activity arc 
discussed. 

- 

ISl’EODU~oN 

The long-term effects of certain toxic metal ions, e.g. Al’ * , 

Mn’ * and Cd’! *, to plants are well documented [ 1,2]. 
However, relatively little information on the molecular 
origins of the toxicity is available. It has been reported that 
AI” may form complexes with nuckic acid [3]; interfere 
with protein synthesis [43; change artificial mcmbr~c 
fluidity [S]; and alter the uptake of essential ekments 161. 
The presence of Mn-’ - may increase the activity of auxin 
oxidase [ 73; enhance catakse, peroxidase and polyphenol 
oxidase activities (81; inhibit nitrate reductaseactivity [9]; 
and decrease the concentration of Ca’ l in plants [ 73. The 
toxic cNazts of Cd” may be mostly attributed to its 
ability to interact with sulphydryl and imidazok groups of 
enzymes [IO] and phosphatidykthanolamine and phos- 
phatidylserint of biomembranes [I 1-J. Despite this infor- 
mation, there has been very little systematic jnv~ti~tion 
on the possibk toxiceffects of these metal ions to the plant 
root plasma membrane. which is the first true diffusion 
barrier between root alIs and the surrounding soil. 

The plasma membrane of plant root c&s contains 
an ATPase system which utilizes Nga ’ -ATP as its 
preferred substrate [12-IS]. The hydrolysis of ATP 
catalysed by this membrane enzyme follows a simple 
Michaelis-Mcnten scheme [ 16 IQ In many regards. the 
properties of this enzyme arc similar to those of fungal 
plasma membrane H ‘-ATPase [IS]. Indeed, both the 
fungal (19,203 and the plant root [ 18.21 233 plasma 
membrane ATPase contain a 100 k polypeptide which 
forms a phosphorylated intermediate in the process of 
catalysing the hydrolysis of ATP. Furthermore. the highly 
purified fungal plasma membrane ATPase [24] and the 
partially purified root plasma membrane ATPase [25] 
- 
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have been reconstituted into phospholipid vesicles. The 
reconstituted systems exhibit an ATP hydrolysis- 
supported ekctrogenic proton pumping activity. Thus, it 
is likely that plant root plasma membrane ATPase may 
play a central rok in the transport processes occurring 
between the soil-root interface [ 123. 

Unlike the FoFt -type of ATPases found in mitochon- 
dria, chloropksts and bacteria, the fungal and plant root 
plasma membrane ATPase arc insensitive to the presence 
of oligomycin [ 16.263. These pksma membrane ATPases 
share striking similarities with E, Er-type ion translocat- 
ing ATPases found in animal cells [IS. 271. In a previous 
report [28], we demonstrated that the hydrolysis rate of 
ATP catalysed by corn root pksma membrane can be 
decreased by the presence of ADP, a product of the 
reaction. Furthermore, the presence of ADP also causes 
the root pksma membrane ATPase to be kss sensitive to 
the inhibition induced by a wide range of covaknt and 
non-covalent modifiers. These results kad us to propose 
that in addition to exhibiting product inhibition, the 
binding of ADP to the membrane also stabilizes the 
conformation of the active site of the ATPax. 

In the present report, we studied the substrate prc- 
fercnce of root plasma membrane ATPase by replacing 
Mg’ * with Caz *, Mn’ ’ , Cd’ * or Zn’ ‘. In addition, WC 
also investigated the tffozts of aluminium ions on the 
activity of the enzyme. The basis for kinetic effects of 
metal ion replacement and a probabk mokcular origin of 
metal ion toxicity to the ATPase were postulated from the 
obtained data. 

RESULTS 

Eflkcts ojdiwlenr cations on rhe enzymatic ocricir) 

It has been shown that the hydrolysis of ATPcatalysed 
by corn root pksrna membranecan be afTected by divaknt 
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cations [IS]. We observed that the enzymatic activity 
measured in the presence of 3.7mM ATP in the basal 
solution was normally 12 cunol Pi rckascd per mg of total 
membrane protein per hr. The addition of 3.7 mM Mg’ l , 
Mn’ * , Ca2 +, Cd’ * or Zn’ l changed the activity by 2.1, 
I .7,0.9,0.6 or O.SfoId, respectively. The observed order of 
dlvaknt cation preference, i.e. Mg* * > Mn’ ‘* > Ca’ + 
> Cd” > Zn”, is consistent with previous findings 
(291. It is ckar that the hydrolysis of ATP is actually 
inhibited by the presence of the latter two cations. The 
presence of Ca’ - seems to have little effort on the activity. 
However, this approach, in which only a siogk equivaknt 
concentration of metal ion and ATP was used to dc- 
terminc the enzyme activity, yielded no useful information 
to assign the mokcuIar origin of the observed metal ion 
effacts. 

E@cts ojcation- ATP complexation on the enzyme acriviry 

It is known that divaknt metal ions interact with ATP 
to form 1: 1 compkxa, and at neutral pH (6.5)and 40” the 
apparent dissociation constants of Ca* ‘, Mg’ *, Mn’ * 
and Zn” complexes are 1 IS. 52.5, 23.4 and 19.5 PM. 
respectively 1301. Thus. in order to understand the 
aforementioned effects, it is necessary to take thiscompkx 
formation into consideranon. Experiments which kept 
the total concentration of ATP constant while changing 
the concentration of divaknt cations were performed 
(Fig. 1). In the case of Mg* * and Mn’ l , the enzyme 
activity showed a bell-shaped metal ion concentration 
dependence. The presence of Ca’ ‘-ATP or Cd’ ‘-ATP 
did not signifmntly affect the enzyme activity, except at 
higher concentrations when inhibit~n was detected. It is 
also clear from the figure that Zn* ‘-ATP is a poor 
substrate for the enzyme. 
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Fig 1. Inhibition or stimulation of ATPase octtvity by dwaknt 
cations. The nlntivc rate of hydrolysis of 3.5mM ATP WLJ 
dctcnnmai m tbc presence of various concentrations of Ca’ * 
(m1. Cd’. (6,X Mg’ l (A& Ma’ l (0) or Zd * (0) in the basal 
assay medium at W. Tbc rehtive rate of hydrolysis was 
detcrmkd by assigning a value of 1.0 to the rate (I 1.2 pm01 

Pi/mg.hr) obtained with no Ml present. 

K ineric paramerers of the calalysed ATP hydrolysis 

The data presented in Fig. 1 indicate that the enzyme 
can use mctaCATP complexes as the substrate. In ad- 
dition, the activity depends on the ratio of added divalent 
cation to ATP. In order to determine the kinetic par- 
ameters of the catalysis, experiments were performed in 
which tk ratio of divalent cation to ATP was kept at 1.0 
(Fig. 2). As shown in Fig. 2, the non-linear doubk- 
reciprocal relationshi 
shown) or ATP + Zn P. 

obtamcd with ATP alone (not 
suggests a negative cooperative 

effect of the hydrolysis process. However, the hydrolysis 
of ATP changes from a non-linear l/Y vs. l/S relationship 
to a simpk Michaelis-Mentm dependence in the presence 
of Mg’ *, Mn’ +, Ca’ l or Cd* *, as shown in Fig. 2 for 
Mg’ * and Mn* *. It is interesting to note that Ca’ + -ATP 
and Cd” * --ATP arc kss preferred, but can still affect the 
enzyme to alter its kinetic responses. The K, and V_, 
relative to the values obtained with Mg’ ’ -ATP (0.5 mM 
and 25 pmol Piimg . hr). are 1. I and 0.42, 1.2 and 0.88. and 
0.50 and 0.20 for Ca’ ‘-ATP. Mn’ ‘-ATP and 
Cd*‘-ATP. respectively. It is clear from the data that 
Mg* l -ATP, Mn’ * -ATP and Ca’ * -ATP have similar 
binding properties to the active site of the enzyme. But the 
enzyme catalytic efficiency is difkrent from substrate to 
substrate. On the other hand, the binding of Cd* l - ATP 
seems to be able to lock the enzyme in a kss reactive 
conformation Under the experimental conditions em- 
ployed, there was essentially no free ATP in the presence 
of Zn* *. Thus, wecor~ludc that Zn’ * ATP, unlike other 
metal-ATPcomplcxcs, does not interact strongly with the 
enzyme to alter its kinetic property. 

026 

Fig. 2. Tbc kin&s of met&ATP hydrolysis ati+ by the 
ptasma membrane of Earn roots. TtK LiDcwuvu-Burk pbu ol 
varyrag metaLATP~occatratioor wnr determined ia the u 
rolutio~. A tincar doubk-reciprocal nhtionship vu obtaina 
with Mg’ *, Nn’ *, G’ l or cd’ * -ATP as the sub&ate A non- 
linear retrttiomtup was oW with free ATP or 2x1’.-AT.. 
m - .-•, O-0 and A-A repmacnt th liv n 1;s 
rehtionship obuincd with Mg”, Mn” and Zn’*-ATP, 

rapcctivc*ly. 
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Efiecrs o/ divaknt cations on Mg-ATPaw activity 

Although the plasma membrane ATPasc prefers to use 
Mg’ * .ATP as its substrate, it is clear from our data that 
the presence of other divaknt cations will affect the 
Mg’ * ATPasc activity. In order to obtain more quanti- 
tative information on the inhibition, the experiments 
described in Fig. 3 were performed. In these experiments, 
the concentrations of Mg’ l and ATP were kept at 8.5 and 
3.5 mM. respectively. The ATP hydrolysis rate was dc- 
tcrmincd in the presence of other divaknt cations. As 
shown- Zn’ + which inhibits 33% of Mg”-ATF%sc 
activity at a concentration of about 48 PM (Zn* l /Mgz - 
ratio = 0.0056) is the most effective divaknt inhibitor. 
The same 50% inhibition caused by Cd” is obtained 
when the Cd’ * /Mg’ ’ ratio is 0.015 On the other hand, 
the inhibition bl Mn’ l bccomessignifkant ( > 20%)only 
when the Mn ‘;Mg” ratio is greater than 0.09. In 
general, under the experimental conditions, the order of 
inhibitory efficiency is Zn’ + > Cd’ l > Ca’ - > Mn’ + 
for any given Mz ‘/Mg* ’ ratio. This observed order of 
inhibition is in agramcnt with the determined order of 
substrate preference of the plasma membrane ATPasc. 

fnhibition oj ATP hydrolysis by aluminium ions 

We routinely observed that the presence of minimal 
concentrdtions of aluminium ions caused a significant 
decrease in the hydrolysis rate of Mg’ - ATPcatalyscd by 
the plasma membrane ATPase. As shown in Fig. 4, this 
inhibition occurred in the pH range of S&7.0 and the 
shift of pH dependence of the enzyme activity caused by 
aluminium ion is similar to that of vanadatc. The observed 
inhibition may be due to a direct binding of aluminium 
ion to membrane proteins or an indirect consequence of 
aluminium ion binding to phospholipids in the mcm- 
brane. However, measurement of the fluorescence pohriz- 
ation of l.6-diphenyl-l.3.Shexatrkne incorporated in the 
membrane revealed that the polariiation (0.30 f 0.01) was 
not affected by the presence of aluminium ions (up to 

Fig. 3. Inhibitloa of MC’ ’ -ATPut xxivi~y by divaknt atioas. 
+he ME” - ATP bydrolyka rata wcse dctmnkd io the amy 
mrdiainthcprc3encz of other indicrtai metAl ioor TIE initial 
concuItratiom of ATP and MgZ l YQC 3.7 sod 8.5 mM. rapst- 
inly. The obtainod nte (28.5 ml Pi/m#.hr), III tbc prococ+ of 

Mg’ * along was taken U 0% inhibition. 

Fig. 4. The pH dcpcndcoce of Al’. mhibhn. The 
MB1 * -ATPax octlvity of corn root plasma manbranc was 
nvuurcd In he basnl amy mahum containq 3.7 mM of 
Mg’ * -ATP at dikcnt pHs with tbe @ad additives (no 
additive n - n . 30 pM rluminium sulpkate 0’ - 0, or 
0.125 mM vanadate A A k The rctauvc activity was de- 
termined by assigning a value of 1.0 to I& lugha~ observed Pi 
rckuc rate in the absence of any additive (27.5 Sol Pi/mg. hr). 

0.02 mM). This result suggests that under the expcrimen- 
tal conditions the binding of aluminium ions to the lipid 
phase of the membrane is insignificant. 

Kinetic eflects o/ alwninium inhibttron 

Due to its limited solubility in the pH range of 6.2-6.6, 
the total concentration of aluminium species in the assay 
solution was never greater than 0.2 mM in the present 
study. The effects of aluminium ionic species on the 
kinetics of plasma membrane Mg’ ‘-ATPasc activity 
were analyscd by a doubk-reciprocal plot. As shown in 
Fig. SA, the presence of 36 q aluminium ions increases 
the K, but has no significant effect on the V_ of the 
enzyme. Thus, aluminium ions apparently behave like a 
competitive inhibitor. Under the experimental conditions 
mentioned in Fig. SA the apparent inhibition constant, 
K,, of aluminium ions was determined as 40 PM. A similar 
competitive pattern was also observed in the inhibition of 
hcxokinasc by aluminium ions [31]. 

Origin 01 alwninium inhibition 

It has been demonstrated from NMR investigations 
that ATP forms a variety of compkxa with aluminium 
ions over a wide range of pH [32]. From the data given in 
a paper by Karlik et al.. we estimated that at pH 6.6 the 
dissociation constant of the Al” -ATP compkx is 
0.83 mM. As mentioned before, the stability constant of 
Mg’ + -ATP in the same pH range is 30pM. Thus. it is 
unlikely that the AI’ + .ATP compkx functions as a 
competitive inhibitor to the Mg’ l -ATPascactivity under 
the experimental conditions employed in the present 
study. This conclusion is also supported by the obscr- 
vation that both the compctltive inhibition pattern and 
the value of the apparent K, are only slightly aIicctai by a 
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Fig. 5. E&IS of alumuuum ions on Ibc kin&s of Mg’ ‘-ATP 
and free ATP hydrolysis. (A) The L&waver-Burk pbti of Ihe 
Mg-ATPasc CrIiviIy were determmcd with and without alumm- 
ium sulphatc in the basal ussy solu~tin at pH 6.6. 0 - 0, 
A ---A0 .- 0 and 0 - 0 represent the l/Y vs. I/S pbts 
obtained in the prcscr~~ of 0. 18, 36 and 76rM aluminium 
sulphatc. rcspexivcly. II was found Ihar the compeIIIivc pa1Icm 
of inhibition prcva~kd in the presaxc of variou, OmOunIs of 
aluminium sulphatc. (B) The same expcrinunI.3 u mentioned In 
(A) wac performed tn the abacncc of Mg’ ‘. The non- 
MichaelkMcntcn kin& patterns were obtuacd with (0) and 

ATPase activity caused by DCCD modification showed a 
substrate concentration dependence also suggests more 
than one binding site for Mg’ ‘-ATP 1373. In the present 
study, the apparent negative coopcrativity of the ATPasc 
activity observed with fra ATP as the substrate also 
suggests the existence of multipk binding sites for ATP. 
The linear doubk-reciprocal relationship obtained with 
Mg’ l -ATP and its similar mctaCATP compkxcs (Fig. 2) 
does not necessarily argue against the allosteric regulation 
of the ATPase activity. It is possibk that the transition 
from a high to a low activity state of the enzyme may be 
achieved by these substrates at a concentration kvel much 
higher than that used in the figure. It should be mentioned 
that cvidcna for multipk Mg’ +-ATP binding at 16” was 
observed in the plasma membrane ATPasc of barley roots 
[3g]. Whether the enzyme contains more than one 
binding site in the same polypeptide chain or the enzyme 
forms an interacting dimcr or a higher-order aggregate as 
a functional entity in the membrane is unknown at the 
present time. Nevertheless, it seems that the allosteric 
interaction must be considered to understand fully the 
reaction mechanism of root plasma membrane ATPasc. 

without (0) 36 PM Al’ ‘. 

wide-range variation of Al’ * IO Mg’ * ratios in the assay 
medium (data not shown). 

However, as shown in Fig. 5B. in the absence of Mg’ ’ 
neither the kinetic pattern nor the activity of ATP 
hydrolysis catalyscd by the enzyme is affected by the 
presence of aluminium ions. It sams that the inhibitory 
effect of aluminium ions becomes evident when the 
enzyme substrate is in the form of Mg’ * ATP. This rcsull 
strongly suggests that the location of effective aluminium 
binding IS very close to the active site of the enzyme. II is 
known that aluminium ion may exist in many different 
forms and the distribution of different aluminium species 
shows a complicated pH and concentration dependence 
[33]. No attempt was made to identify the exact form of 
alumimum ion that is responsible for the observed 

inhibition. 

Whik the ATPasc of corn roots used Mg’ ‘-ATP as its 
preferred substrate, the prescna of other metal ions may 
perturb the enzyme activity. The results obtained in the 
present study provide an assessment on the likely mokcu- 
lar origins of the inhibitory elfocts of some metal ions. If 
indad the enzyme contains nonatalytk substrate bind- 
ing sites, then the relative binding strength as well as the 
resulting allosteric effects to the irtive site may be quite 
different from substrate to substrate. Quantitative cvalu- 
ation on this aspect must await the availability of the 
enzyme in pure form. 

OISCL’SSIOS 

The involvement of multipk binding of nuckotidcs to 
regulate mitochondrial ATPasc activity is well docu- 
mental in Ihc literature [WI. For the E,E,-type of ion 
translocating ATPases. allostcric modulation of enzyme 
activity by multiple binding of substrate is also quite 
common. It was reported, based on kinetic measurements, 
that the plasma membrane ATPase of Neurospoto cra.x.sa 
contains two ATP binding sites which are involved 
allernately in catalysis [35]. Similar allosterk involvc- 
ment of ATP binding is also suggested to exist in gastric 
H * -K * ATPasc [ 361. 

In terms of the fate of different substrates at the active 
site, the inhibition may be grouped into two difTercnt 
categories. For Zn’+, the favourable interaction with 
ATP leads to the formation of a compkx which, like free 
ATP, does not interact strongly with the enxymc. In the 
cascofCd’+ , the ATP complex formed may be processed 
in a similar kinetic pathway as that of Mg” ATP. 
However, the catalytic breakdown of Cd’ * ATP is much 
slower than that of Mg”-ATP. In either case the 
inhibition is the result of a change in the property of the 
substrate. Bccaux of its rather unfavourabk interaction 
with ATP under physiological pH. the aluminium ion 
presumably exerts its inhibitory elicct via a direct intcrac- 
tion with the enzyme. The finding that the inhibition LS 
observed when Mg’ * - ATP but not fra ATP is used as a 
substrate strongly suggests that the aluminium ion may 
interfere with the binding of the Mg’ * of Mg’ +-ATP in 
the active site. Thus, the inhibttton caused by metal ion to 
the ATPascactivity may bca result ofeithcr the formation 
of ineffZcnt substrates or interaction with the enzyme 
directly. The overall inhibitory effect is then determined 
by the binding of substrate IO both the noncatalytic and 
the active sites of the enzyme. 

Based on the regulatory effects of ADP on corn root 
plasma membrane ATPase activity, we proposed that the 
enzyme may contain more than one binding site for ADP 
1281. The observation that the inhibition mode to the 

EXPERIMENTAL 

lsolorion oJ plasma membrane Plasma membrane cnnchcd 
micro6owl fmclion was isolated from the roots of @IWed 
corn eda (FRB73. Illinais Foundation Seeds*) aazordmg IO a 
similar procedure of Leonard and Ho&kiss [2!9] as dacrikd In 
our previous report [37]. The plasma merntxane fraction ob- 
tainal was frozen in liquid N2 a~bd stored at - 2OO’ until use. The 

l Refcrcnoz to a brand or firm name does not consI1Iu1c 
endorsemen by the U.S. Dcpmrmcnc of Agriculrurc over others 
of a similar nature not mentional protein contcn~ was determined by the btum mcIhod. 
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H>drolysls o/A TP. The hydrolyxix of ATP ca~lyscd by plasma 
mcmbrancrt40”wasmcwradby1hcapparanaolPiin1.0ml 
of a basal soln at pH 6.2 (unkss o~bc&sc xpccif&). The soln 
contained 30 mM MES.50 mM KCl, 35 fl membrane protein, 
2.8 r~ oligomycin and. depending on the spccidc expt, 5 mM 
M8Cl, at&or various concns of an individual carion such aa Al 
[A12LW4)J, Mn (MnCllh Ca (CaClsI Cd (CiQ) or Zn 
(ZnCI,) The rcaclion was s~nal by the addilron of elrhcr ATP 
or rnelel ATP and wax lctinalcd by the adL1lon of 1.0 ml of 
~xcold 5’?/, 1tihlorm1r acid. Tbc rime mtcrvals xebacd 
ensural 1ha1 < 2 “/. of the ATP was hydrolyscd. Theamounr of Pi 
formed was dmrmincd by the malachite gran molybdaie 
compkx method ax previously described [28]. An l liquo1 of 50 d 
of acidqucnched axsay xoln was added IO 0.5 ml of 0.023 so 
malachirc 8rccn and 2% molybdate in 2 M HISO.. After 
mcubatmn of IO min for colour developmen a1 room temp.. 2 ml 
2 M HCI was added. The absorbance of diluted soln a1 660 nm 
was used for Pi determination. II should be men~ioncd that the 
prevncc of the mecal ions used in this rrudy did no1 a&c1 the 
dtierminalion. The ini1ia) ralc of ATP hydrolysis was expressed 
as ~1 of Pi released per mg of lotal membrane pro1ein in 1 hr 
(pm01 Pi/m8 hr) 

Purify o/ the ATPaw curirirj. The ATPaxc ~CIIVIIY of the 
mcmbranc preparation used in thss s1udy was found IO be 
insensihve ( < I5 % mhibirion) IO he adddon of ohgomycin 
(80 ~8 per mg of lotal mcmbranc prorein), NaN, (5 mML KNO, 
(100 mM) and ammonium molybdalc (0.1 mM) in the basal soln 
with 5 mM MgCI,,mdica1in81heprrscacc of a mmimal contami- 
nation of mitochondrial F, F,,. free F,. ronoplas~ and oihcr non- 
spozlfic solubk ATPasc oc1ivi1ies [ 15.251. Among the possibk 
contammation. the tonoplas~ ATPasc is known IO bcrtivated by 
chloride (s~ayal a1 an activarcd plarcau between 50 and 100 mM 
chloride) but inhibircd by nitrare (over 90% inhibition at SO mM 
nitralc)[39].Sincethe totalchbrnicconcnin~hrexp~ wasalways 
in the pla~cau rangt and also no nitrate was used a1 all, rhe 
observed actlviry change cauxal by 1hc addillon of metal xalts 
cannot bc altriburcd IO the poxsibk tonoplps; contamination. 

Mcasvenwnr ojj?uore~enc* polarizarion The IncorporPlion of 
l&diphcnyl-1.3.~hcxatrimc (DPH) in10 the plasma mrmbranc 
was achieved by incubaling the plasma membrane (300 pgm)) in 
a soln consisting of 50 mM KCl. 30 mM MES @H 6.3) and 
I.90 NM DPH for 10 min at w. The sampk was ~Ilumina~cd with 
verIica))y polarucd llghl(4 I9 nm)and the fluorcsuncc intcnsilies 
a1 the paralkl (I,) and the pcrpcndicular (I I ) duactions were 
recorded at 433 nm. The polarizarton was cakulatcd by 1hc rat- 
of (I,, - I, ),(I + I , b The effafls of Al’ l on the polarization 
were determined by Including various concns (O-O.2 mM) In ihc 
incuballon mahum before rhe mcasurcmcnl. 
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