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Micromolar Zn 2+ concentrations have been found to inhibit the (CaZ+ + Mg2+)-ATPase of sareoptasmic reticulum 
vesicles sohibillzed with deoxycholate or Triton X-100 or made leaky with A23187 and of the purified enzyme. Kinetic 
studies on the dependence of this activity upon Zn z+ concentrations have been carried out at 2 5 ° C  and 3 7 ° C  under a 
variety of experimental conditions, such as absence of M g  z+ in the assay medium, different total Ca 2+, total M g  z+ and 
total ATP concentrations and at  various total membrane protein concentrations. The concentrations of relevant kinetic 
species (free divalent cations, free ATP and ATP complexes) have been computed for all these assay conditions. As a 
result, we have found that the inhibition of the (Ca 2+ + Mg2+)-ATPase activity is produced by free Zn 2+, with a value 
of the inhibition constant K t of 8 + 2  /zM. In addition, Z n 2 + . A T P  can he used as an alternative substrate by this 
ATPase  with a K M value of 30 p.M and with V~x of (2.0 4- 0.2)/zmol ATP hydrolyzed per rain per mg protein at  3"/o C. 
In conclusion, our results suggest the existence of sites in the ATPase distinct to the high-affinity Ca 2+ binding sites 
and to the M g  2+ subside in the catalytic center, to which binding of Zn 2÷ produces inhibition and a shift of the E I / E  2 
conformational equilibrium. 

Papp et al. [1] have reported the presence of traces 
( 1 - 2  n m o l / m g  protein) of several divalent transition 
metal  ions in sarcoplasmic reticuhim membrane  pre- 
parat ions,  Z n  2+ among  them. in addition, micromolar  
concentrat ions of Zn  z+ were found to alter the reactivity 
of -SH groups of these membranes.  In this regard it is 
to be noted that  Z n  z+ combines strongly with sulfur 
compounds  [1,2]. Because most of the -SH groups of 
these membranes  belong to the (Ca 2+ + Mg z+)-ATPase, 
this result led to the suggestion that upon binding of 
Z n  2+ to the membranes the conformat ion of the (Ca 2+ 
+ Mg2+)-ATPase is altered. The interaction of micro- 
molar  Zn 2+ with sarcoplasmie reticulum membranes 
was previously shown by Madeira and  Carvalho [31, 
who reported an  apparent  binding constant  of 1.8-5 
p.M, that Zn  2+ efficiently impairs Ca  z+ binding to these 
membranes  and  that  binding of Zn 2+ to these mem- 
branes release H + (1.0-1.5 H + per bound Zn:  ~). Aii 

Abbreviations: EGTA, ethylene glycol bis(fl-aminoethyl ether)- 
N.N.N'.N'-tetraaeeti¢ acid; Tes, 2-{[2-hydroxy-l,l-bis(hydroxymeth- 
yl)ethyl]amino}ethanesulfonic acid; ATPase, adenosine triphos- 
phatase; SDS, sodium dodecylsulfate. 
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these results suggest the possibility of a regulatory role 
of Zn  2+ on functions carried out by the sarcoplasmic 
reticuhim. However, this possibility has been neither 
rigorously demonstrated nor excluded up to date. The 
well-known effects of chelating agents, such as EGTA 
or EDTA, on the sarcoplasmic reticulum (Ca2++  
Mg 2+ )-ATPase activity and  structure [4-7]  may well be 
related to the removal of Zn 2+ from these membranes,  
as suggested by Papp et al. [1]. In particular,  the large 
effect of prolonged exposure of  sarcoplasmic reticuhim 
vesicles to EDTA or EGTA on the permeability proper- 
ties of these membranes [71 suggests occ:_ :fence of  gross 
structural changes upon binding of Zn  2+ to the mem- 
branes, see above. In this regard, it is to be noted that 
al though Zn 2+ is considered to be a relatively non toxic 
element 181, industrial exposure by inhalation to zinc 
fumes is characterized by severe disorders of muscle 
physiok, g~, [9]. 

On  the other hand, Z n  z+ has been shown to be a 
potent inhibitor of several plasma membrane ATPases, 
e.g. Mg2+-ATPase from the yeast Candida albicans [10], 
Mg2 +-ATPase from Saccharomyces pombe [ 11 ], bacterial 
H+-ATPase [121 and erythrocyte CaZ+-ATPase [13,14], 
whereas reported to be ineffective to others, such as the 
(CaZ++ Mg2+)-ATPase of rat  liver plasma membrane  
[15]. In this paper,  we report that  free Zn 2÷ is also a 
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potent inhibitor of the (Ca2++Mg2+)-ATPase of 
sarcoplasmic reticulum membranes. It can be predicted 
that gaining a better knowledge of the effects of Zn 2+ in 
sarcoplasmic reticulum membranes will be helpful 1o 
define the basic enzymology and structural characteris- 
tics of Zn 2+ binding sites on ATPases, for the sarco- 
plasmic reticulum membrane is one of the membrane 
systems best characterized both at a biochemical and at 
a biophysical le~.el. The (Ca2+ + Mg 2+)-ATpase cycli- 
cally interconveris between conformations E 1 and E 2 
[16] and, therefore, a shift of the E1 /E  2 conformational 
equilibrium is of potential regulatory relevance. Under 
defined experimental conditions flaorescein isothio- 
cyanate has been shown to label the ATP binding site of 
the sarcoplasmic reticulum (Ca2++ Mg2+)-ATPase 
[17-19]. It has also been extensively shown that the 
fluorescence of fluorescein covalently bound to the 
ATPase can be used to quantify the equilibrium be- 
tween the E 1 and E 2 conformations of this enzyme 
[20-23], even though the extent of fluorescence change 
is relatively small (approx. 7-107o of total fluorescein 
fluorescence). In addition, this approach has become 
one of the most used to monitor the conformational 
state of the (Ca 2+ + Mg2+)-ATPase. Thus, the putative 
effect of Zn 2+ upon the conformational state of the 
(Ca 2+ + Mg2+)-ATPase of sarcoplasmic reticulum has 
been studied using fluorescein-labeled ATPase. 

In this paper we report kinetic studies carried out to 
obtain the mechanism and basic kinetic parameters of 
the inhibition of the sarcoplasmie reticulum (Ca2+4 - 
Mg2+)-ATPase by Zn 2+, with particular attention to 
the putative shift of the E t / E  2 equilibrium upon Zn 2+ 
binding to the sarcoplasmic reticulum membrane. 

Materials and Methods 
Sarcoplasmic reticulum has been purified from rabbit 

(New Zealand White) hind leg muscle as indicated 
elsewhere [24]. (Ca2++Mg2+)-ATPase was purified 
from sarcoplasmic reticulum by affinity chromatogra- 
phy through Affi-Gel Blue as described by Gafni and 
Boyer [25]. The purity of the (Ca2++ Mg2+)-ATPase 
was checked by SDS-gel electrophoresis (7.570 acryla- 
mide) and found to be more than 9570 pure from the 
absorbance at 550 nm of Coomassie blue-stained gels. 
Protein concentration was measured following the 
method of Lowry et al. [26], using bovine serum al- 
bumin as standard. The (Ca 2+ + Mg2+)-ATPase activ- 
ity has bcel-~ determined by measuring the production of 
inorganic phosphate, following the method of Fiske and 
SubbarRow [27]. The linearity of the dependence of 
ATP hydrolysis upon time after starting the reaction 
has been checked in all the experimental conditions 
reported in this study. The standard assay conditions 
were as follows: 0.1 M Tes, 0.1 M KCI, 5 mM MgCI2, 
2.5 mM ATP and 10/ iM Ca 2+ (pH = 7.4) at 37°C. The 
Ca 2 +-independent ATPase activity was measured in the 

presence of 3.4 mM EGTA, and only those preparations 
showi~ig a value of this activity lower than 107o of total 
uncoupled (Ca2++ Mg2+)-ATPase activity were used 
in this study. The Ca2+-independent Mg2+-ATPase ac- 
tivity of our preparations of purified (Ca 2+ + Mg2+)- 
ATPase was found to be negligible• 'Leakiness'  of 
sarcoplasmic reticuhim vesicles was assessed by measur- 
ing the (Ca2+ + MgZ+)-ATPase activity in the presence 
and in the absence of A23187 (0.04 mg per mg protein). 
Only those preparations showing a 3-4-fold stimulation 
of the (Ca 2+ + Mg2+)-ATPas¢ activity at 20-22°  C upon 
addition of A23187 have been used in this study. To 
prevent oxidation, solutions of Zn 2+ were prepared im- 
mediately before use. Ca 2+ uptake has bden measured 
at 25°C  with 4SCa z+ by Millipore filtration, using 
GSWP02500 MiUipore filters. The assay medium used 
for Ca 2+ uptake had the following composition: 0.1 M 
KCI, 0.1 mM CaCI 2, 5 mM MgCl 2, 2.5 mM ATP and 
0.1 M Tes (pH = 7.4). The filters were washed twice 
with 10 ml of a cold (4°C)  solution containing: 150 
mM KC! and 0.4 mM La 3+, then dissolved with ethyl- 
eneglycol monomethyl ether and counted. 

The labeling of the enzyme with fluorescein isothio- 
cyanate was done by incubation of both reactants in 
dark during 30 rain at room temperature, at the molar 
ratio of 5 tool of fluorescein isothiocyanate per mol of 
protein monomer at a pH = 7.4, as described in Ref. 24. 
Fluorescein isothiocyanate was added from a freshly 
made dimethyl formamide solution and unreacted fluo- 
rcscein isothiocyanate was removed by passage through 
a Sephadex G-50 chromatography column (8 cm length 
× 1 cm diameter). Using an absorption coefficient of 
80000 M -  ~ - cm - 1 for fluorescein bound to the sarcop- 
lasmic reticulum, the extent of labeling determined after 
passage through the gephadex G-50 colunm was de- 
termined as in Froud and Lee [23] and typically ranged 
from 0.9 to 1 mol fluorescein per tool of (1.1.105 
dalton) protein unit of sarcoplasmic reticulum. Fluores- 
cence measurements were carried out at 37°C  with a 
spectrofluorimeter Hitachi-Perkin Elmer, model 650-40, 
using excitation and emission wavelengths of 475 and 
515 nm, respectively, 

Computation of free and complex species concentra- 
tions. The computer program used in this study is that 
described by Perrin and Sayce [28], with slight modifica- 
tions needed to run it on a IBM PC microcomputer. 
The species routinely analyzed were: free ATP, free 
Ca 2+, free Mg 2+, free Zn 2+, Ca 2+. ATP, Mg 2+. ATP 
and Zn 2+ .ATP. The following association constants 
(Ka) at pH = 7.5 have been used [29,30]: log K~ (Ca 2+ 
• ATP) = 3.93; log K~ (Mg 2+- ATP) = 4.61 and log K,  
(Zn 2+. ATP) = 4.85. 

Chemicals. Bovine serum albumin, sucrose, phos- 
phoenolpyruvate, fluorescein isothiocyanate, ATP, 
NADH, deoxycholate, phenylmethylsulfonyl fluoride, 
EGTA, Tes and Sephadex G-50 were purchased from 
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Fi& 1. Panel A. Dependence of the total MgZ+-ATPase activity of sarcoplasmic reticulam upon total Zn 2. concentration (Zn~r*) at 37°C. The 
assay mixture contained 5 mM MgCI2, 2.5 mM ATP, I0 ,aM Ca 2*, 100 mM KCI and 100 mM Tes (pl-I = 7.4). The reaction was started with the 
addition of 20-30/.~g protein per ml. Sarcoplasmic reticulum vesicles were raade leaky with A23187 (0.O4 mg per mg protein) ( O - - O )  and 
solubilized with decxycholate (0.5 mg per mg protein) (z~ ,a) or Triton X-100 (0.24 mM) ( o - - o ) .  The measured Ca2+-independent 
Mga+-ATPase activity of the sarcoplasmic reticolum preparations used in this study was 0.3+0.1 and 0.9+0.1 /~mol ATP hydrolyzed per min per 
m protein at 22 and 37°C. respectively. The data obtained with sealed sarcoplasmic reticulum vesicles ([3 . . . . . .  El) and purified enzyme 
(:g a) are also included. The Caa+-dependent Mg2+-ATPase activity of solubilized membranes and of the purified enzyme ranged between g 
and 12/.Lraol ATP hydrolyzed per rain per mg protein in different preparations, and this value was taken as the unity. The relative ATPase activity 
of sealed sareoplasmic reticulura vesicles is referred to an average value of 10/*reel ATP hydrolyzed per min per rag protein. Panel B. Computed 
free species concentrations. The concentrations of kinetically relevant species in the assay mixture of Panel A were computed as indicated in the 
Materials and Methods. Different symbols stand for: O . . . . . .  o, Mg 2+. ATP; • . . . . . .  • ,  Ca" ÷. ATP; a - - , a ,  Zn 2 "-ATP; v --  - -  --  %,, free 

ATP; 13-- - -  - -  o, free Ca 2 ÷; a -- - -  - -  a, free Mg 2 +; and I - -  gl. free Zn z ~. 

S igma.  Di thiothrei to l ,  py ruva te  kinase,  lactate dehydro-  
genase  and  the  ionophore  A23187 were  ob ta ined  f rom 
Boehr inger  M a n n h e i m .  T r i t on  X-100 is a t rade  m a r k  of  
R o h m  & Haas ,  Co.  45CAC12 was  purchased  f rom N e w  
E n g l a n d  Nuclear .  Af f i -Ge l  blue  (100-200  mesh)  was  
ob ta ined  f r o m  Bio-Rad.  LaCI 3 and  ZnSO4 were  ob-  
t a ined  f rom Merck.  Ethyleneglycol  m o n o m e t h y l  e ther  
a n d  toluene were  purchased  f rom Car lo  Erba  and  other  
chemica ls  used were  of  the highest  analyt ical  pur i ty  
avai lable.  

Results and Discussion. T h e  dependence  of  the  (Ca  z÷ 

+ M g a ÷ ) - A T P a s e  act iv i ty  of  sa rcoplasmic  re t iculum 
u p o n  the concent ra t ion  of  Zn  a÷ is p resen ted  in Fig. 1 
(panel  A). I t  can  be  observed  that  this ca t ion behaves  as  
a po ten t  inhib i tor  o f  this activity,  bo th  of  sohibi l ized or  
C a  z÷ pe rmeab le  m e m b r a n e s  and  of  pur i f ied enzyme.  
Sealed sa rcoplasmic  re t iculum vesicles, on  the  contrary ,  
are  m u c h  less sensi t ive  to inhibi t ion  by  Z n  z+. It  is to be 
no ted  that  i t  is in these lat ter  condi t ions  where  the  
Ca2+- independent  M g 2 + - A T P a s e  act iv i ty  of  ou r  m e m -  
b rane  prepara t ions  is h igher  wi th  respect  to the  (Ca  z+ + 
M g Z + ) - A T P a s e  activity,  and  a m o u n t s  to approx.  
30-407o of  the  total M g a + - A T P a s e  activity. Therefore ,  it 
follows f r o m  these da ta  that  the  Ca~+- independent  
M g 2 + - A T P a s e  act ivi ty  of  these m e m b r a n e s  is not  sig- 
nif icant ly  inhibi ted by total concent ra t ions  of  Zn  2+ 
lower  than 50 ~tM. In  addi t ion,  the possibi l i ty  that  the 
inhib i t ion  of  uncoupled  or  solubilized sa rcoplasmic  re- 
t i cuh im m e m b r a n e s  by  Z n  2+ could bea r  a s ignif icant  
cont r ibu t ion  of  inhibi t ion of  the CaZ+- independent  
M g 2 + - A T P a s e  act ivi ty can  safely be ruled out. 

The  level of  s teady-s ta te  Ca  2+ accumula t ion  of  our  
p repara t ions  of  sa rcoplasmic  re t icuhim vesicles has  been 
found to be approx.  80 -90  nmol  Ca  z+ per  m g  protein.  

W e  have  found only a sl ight decrease  (approx.  20 -25%)  
of  Ca  2÷ accumula t ion  wi th in  sareoplasmic  re t icuhim 
vesicles in the presence of  1 m M  Z n  z+. C o m p a r i s o n  of  
these results wi th  those g iven  in Fig. 1 shows that  the  
extent  o f  inhibi t ion of  the ( C a a + +  M g a + ) - A T P a s e  by  
Zn  2+ is somewha t  larger than the observed  decrease  on 
net  C a  2+ uptake.  Thus ,  these results  sugges t  that  the 

rate  of  pass ive  Ca  2+ eff lux could be al tered by  this 
ca t ion as  well. Di rec t  a t t emp t s  to m e a s u r e  this eff lux 
us ing  vesicles pre loaded with  Ca  2+ have  been unsuc-  
cessful so far, because  the concent ra t ions  of  Z n  2+ that  
s ignif icant ly  inhibit  the (Ca  2 ~ + M g  2 + ) - A T p a s e  act iv i ty  
of  sealed sa rcoplasmic  re t iculum vesicles (i.e., in the 
mi l l imolar  range)  p roduce  a large aggrega t ion  (floccula- 
l ion) of  these m e m b r a n e s  preloaded with 1 m M  CaCI  2. 

T h e  dependence  of  the appa ren t  Ko. 5 of  inhibi t ion  
upon  the  prote in  concent ra t ion  be tween  20 and  90 /xg 
prote in  per  ml has  also been studied.  Because there is 
no s ignif icant  change  of  the Ko.s for  pro te in  concent ra-  
t ions up to 90/Lg prote in  per  mi  (results  not  shown),  the  
free concent ra t ion  of  Z r  z +  does  not  need to be  cor- 
rected under  the exper imenta l  condi t ions  used in the  
Fig. 1. In  Panel  B of  Fig.  1, the  compu ted  concent ra -  
t ions of  free divalent  ca t ;oas  (Ca  z+, M g  2÷ and  Zn  z+)  
and  of  M z÷.  A T P  (free AYP,  M g  z÷.  A T P ,  Ca  z÷ .  A T P  
and Z n Z + - A T P )  ~.,,rrespondin~ to the  exper imenta l  
condi t ions  of  the panel  A of  Fig.  1 are  presented.  U p o n  
inspect ion of  these da ta  it is ev ident  that  the changes  of  
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Fig. 2. Panel A. Dependence of Zn2+-ATPase activity of sarcoplasmic reticulum membranes upon the total concentration of Zn z÷ (Zn~r + ) at 
different total ATP concentrations: ATP 0.5 mM (O); ATP 2.5 mM (•, 4) and ATP 5 mM (O). Sarcoplasmic reticulum vesicles were made leaky 
with A23187 (0.04 mg per m s protein) (am, o, @) and solubilized with DOC (0.5 mg per mg protein) (a,). The assay mixture did not contain Mg 2+. 
Other experimental conditions as indicated in Fig. 1 (Panel A). I.U. stands for international units, i.e..amol ATP hydrolyzcd per rain per mg 
protein. Panel B. Computed free species concentrations in the assays of Panel A at a total ATP concentration of 2.5 mM. Different symbols stand 

for: zx - -  - -  - -  z~, free ATP; o - -  - -  - -  o, Ca 2+- ATP; o - - o ,  Zn 2+. ATP; • - -  - -  - -  •,  free Ca 2 +; and I n - - E l .  free Zn 2 +. 

free Mg 2+, free Ca 2+, free ATP, M g  2+- ATP  and Ca 2+ 
• A T P  in the concentrat ion range of  Z n  2+ that  inhibi ts  
the ATPase activi ty are negligible. However, two molec- 
ular species, namely, free Zn  2+ and Z n  2+. ATP, undergo 
large changes of  concentrat ion under these experimental  
condit ions.  Therefore, we have a t tempted to clarify 

which of them accounts for the observed inhibi t ion.  

To  address this point  we have carried out  t i t ra t ions 
of the ATPas¢ with Z n  2+ in the absence of  M g  2+. The 
results obta ined at  different A T P  concentrat ions are 
presented in Fig. 2 (Panel A). The curves obtained are 
biphasic. The  concentrat ions o f  kinetically relevant 
species have been computed  in these experimental  con- 

d i t ions  as well, and the results obta ined for a A T P  

concentrat ion of 2.5 m M  are plot ted in Fig. 2 (Panel B). 
The analysis of these data  shows that  the act ivat ion of  
the ATPase produced by lower Z n  2+ concentrat ions is 

likely related to the use of  Z n  2+. A T P  as substrate,  for 
Ca 2+. ATP,  the other  pu ta t ive  substrate  does not  in- 
crease in this concentra t ion range. In  addi t ion,  the 
inhib i t ion  afforded by higher  Z n  2+ concentra t ions  is 
likely due to the raise of  free Z n  2+ concentra t ion above  
1 p.M, for neither free Ca  2+, nor  free A T P  signif icant ly 

change (the concentra t ion of  Ca  2+ even increases) in  the 

concentrat ion range of  total  Z n  2+ that  largely inh ib i t  
the ATPase  activity. Let  us note  that  the major  changes 
of  computed  free A T P  and  C a  2+- A T P  concentra t ions  
occur once the ATPase  act ivi ty  is a lmost  completely  
inhibited.  

Because at the onset of  the inh ib i t ion  of  the ATPase  

by Z n  2+ in the experiments  shown in Fig, 2 the con-  

centrat ion of Zn  2+. A T P  is still  rising, the Vma X us ing  
Z n  2+ - ATP  as a substrate  canno t  be direct ly es t imated 

only f rom these data. Therefore, we have carried ou t  a 
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Fig. 3. Panel A. Dependence upon total ATP concentration (ATP.r) of Zna+-ATPase activity at a fixed concentration of total Zn 2+ (200 .aM). 
Sarcoplasmic reticulum vesicles (10-15 mg protein per ml) were solubilized by a 15 rain incubation with deoxycholate (0.5 mg per mg protein). The 
assay mixture contained l0 .aM Ca 2+, 100 mM KCI, 100 mM Tes (pH = 7.4), 200 aM Zn 2+, 20-26 .ag protein per ml and ATP added at the 
concentrations indicated. Assay temperature 37 o C. Panel B. Computed free species concentrations in the assay mixture. Different symbols stand 

for: ~, -- -- -- z, free ATP; o -- --  -- o, Ca 2~. ATP; @ - - @ ,  Zn 2÷.ATP; • - -  -- --  •, free Ca2+; and r a - - r a ;  free Zn 2+. 
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TABLE 1 

Computed free species concentrations 

The assay mixture contained 10pM Ca ~+, 1Ou mM KCI, 100 mM Tes (pH = 7.4) and ATP, Mg z* and Zn 2" were added at the ~;oncentrations 
indicated in the table. The maximum change in concentration of MgZ+-ATP is 5.84%, 2.43% and 1.20% for the 1.2.5 and 5 mM total ATP series, 
respectively. 

Added species Computed free species 

ATP Mg2 + Zn 2 * Me2 +. ATP Ca2 ~. ATP Zn 2.. ATP ATP Me: ~ Ca 2. Zn 2. 
(mM) (mM) (vM) (mM) (/~M) (/zM) (/~M) (raM) (vM) (/~M) 

2 0 0.975 1.66 0 23.4 1.02 8.34 0 
5.0 0.972 1.65 3.11 23.2 1.03 8.35 1.89 

10.0 0.969 1.64 6.20 23.1 1.03 8.36 3.80 
20.0 0.963 1.63 12.4 22.8 1.04 8.37 7.65 
50.0 0.946 1.58 30.5 22.0 ! .05 8.42 19.5 
75.0 0.932 1.54 45.2 21.4 1.07 8.46 29.8 

100.0 0.918 1.51 59.6 20.8 1.08 8.49 40.4 

2 0 2.470 1.70 0 24.0 2.53 8.30 0 
5.0 2,470 1.70 3.15 24.0 2.53 8.30 1,85 

10.0 2.470 1.69 6.29 23.9 2.53 8.31 3.71 
20.0 2.460 1.69 12.6 23.8 2.54 8.31 7.45 
50.0 2.440 1.66 31.2 23.5 2.56 8.34 18.8 

100.0 2.410 1.63 61.9 22.9 2.59 8.37 38.1 

10 0 4,970 1.71 0 24.3 5.03 8,29 0 
5.0 4.970 1.71 3.16 24.3 5.03 8.29 1.84 

10.0 4.970 1.71 6.32 24.2 5.03 8.29 3.68 
20.0 4.960 1.71 12.6 24.2 5.04 8.29 7.38 
50.0 4,940 1.70 31.5 24.0 5.06 8.30 18.5 

100.0 4.910 1.68 62.7 23.7 5.09 8.32 37.3 

t i t ra t ion of  the ATPase  activi ty with ATP  in the absence 
of  M g  2+ and the results obta ined are presented in Fig. 3 
(Panel  A). The  computed  concentrat ions of kinetically 
relevant  species in these experimental  condi t ions  are 
presented in the Panel B of  Fig. 3. These da ta  show that  

the concentrat ion of  Z n  2+- A T P  only sl ightly changes 

above  a total  A T P  concentra t ion of  0.25 mM,  whereas 
that  o f  Ca  2+. ATP  only show a slight change in the 
concentra t ion range of  A T P  studied herein. Therefore, 
the increase o f  act ivi ty observed in Fig. 3 (panel A) as 
the total  A T P  concentra t ion raises appears  to be related 
to the concomitant  decrease of  free Z n  2+ concentration,  

because the parallel  increase of  free ATP  and the de- 

crease of  free Ca  2+ concentrat ions would, at most, have 
some inhibi tory  effects on the ATPase, see, for example, 
Refs. 23, 31 and 32. F rom the results presented in Figs. 
2 and  3 the values of  the free Zn  2+ concentrat ions 
needed to inh ib i t  50% of  the max imum ATPase  activi ty 
(Ko.s) can be directly obta ined in different experimental  
condit ions.  These values of  K0. s range between 2 and 5 

~M.  A good agreement between K0. s of  inhibi t ion 
ob ta ined  from different kinetic series is, thus, observed. 
Hil l  plots  of  the da ta  of  the inhibi tory  phase of  Fig. 2 
and of  the da ta  o f  Fig. 3 versus free Z n  2 .  concentrat ion 
(not  shown) yields slopes of  approx. 2.0 _+ 0.2, thus, 
ind ica t ing  the existence of  posi t ive cooperat ivi ty  in the 

inh ib i t ion  process. Addi t ional ly ,  these data  show that  

M g  2+, up to 5 mM, has not  as s ignif icant  influence on 

the b ind ing  of Z n  2÷ to the ATPase. Therefore, Z n  2+ 
does not appear  to compete under  these experimental  
condi t ions for the kinetically relevant Mg 2+ b ind ing  
sites in this enzyme. 

 2tt: 
-I0 0 10 20 30 40 50 

[Zn 2+] free . uP4 

Fig. 4. Dixon plot of inhibition by free Zn 2+ of the (Ca 2+ +Me 2+ )- 
ATPase activity. Sarcoplasmic reliculum vesicles (10-15 mg protein 
per ml) were solubilized upon 15 rain incubation with deoxycholate 
(0.5 mg per m 8 protein). The assay mixture comairu~l 10/~M Ca2+; 
100 mM KCI; 100 mM Tes (pH = 7.4) and ATP, Mg 2+ and Zn 2+ 
were added as indicated in Table I. Symbols: ~ zx, ATP = 1 
mM, Mg 2+ = 2 mM; I I - - O ,  ATP ~ 2.5 raM, Mg 2+ = 5 mM; and 
<3 O, ATP = 5 raM, Mg 2+ = 10 raM. The reaction was started 
with the addition of 20-27/xg of protein per ml and was stopped after 
4 rain as indicated in the Materials and Methods. Assay temperature: 

37°C. 
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H a v i n g  in mind  the value of  K0. 5 of  inhibi t ion by 
free Z n  2+ referred to above and  that the  peak  of  the 
bel l-shaped curves  of  Fig.  2 (panel  A) is reached at free 
Z n  2+ concent ra t ions  close to 0.6 F M  (see Fig. 2, panel  
B, and  results not  shown)  we can  es t imate  a value  of  
Vn~a~ of  2 . 0 + 0 . 2  p m o l / m i n  per  m g  prote in  for the  
A T P a s e  us ing Zn2+-ATP as subst ra te  at  3 7 ° C .  In ad-  
dit ion,  Hill plots (not  shown)  of  the da ta  of  Fig.  2 
versus  log [Zn 2+. ATP],  calculated as indicated in the  
me thods  at the ionic condi t ions  of  every  exper imenta l  
data ,  yields slopes of  approx.  1.8 + 0.3, thus, showing  
the  presence of  posi t ive  cooperat iv i ty  in the sa tura t ion  
by the substrate.  Th i s  observa t ion  is in cont ras t  to the 
apparen t  lack of  posi t ive cooperat iv i ty  in the  depen-  
dence  of  the A T P a s e  act ivi ty  us ing  M g  2+. A T P  as the  
subs t ra te  [33]. F r o m  the abscissae intercept  o f  the  Hill  
plots o f  these da ta  we have  es t imated  a va lue  for  the 
appa ren t  K M of  Zn  2+- A T P  of  30 / tM.  Th i s  value  is 
only about  4 -10- fo ld  h igher  than the value  of  K M 
repor ted for M g  2+. A T P  as the subs t ra te  [31]. 

T h a t  the inhibi t ion of  the A T P a s e  is p roduced  by  
interact ion of  Zn  2+ with  inhibi tory  b ind ing  sites, and  
not  by  b ind ing  to a subsi te  in the  catalyt ic  center  was  
fur ther  assessed car ry ing  out  the  t i t rat ion of  the  A T P a s e  
by  Z n  2+ in the presence of  d i f fe ren t  M g  2+- A T P  con-  
centrat ions.  The  results ob ta ined  are  presented  in Fig.  4, 
as a D ixon  plot. Tab le  I lists the compu ted  concent ra -  
t ions of  kinetically relevant  species in these exper imen-  
tal condit ions.  These  da ta  s t rongly suppor t  the exis tence 
of  an  inhibi tory b ind ing  site for Z n  2+ in the  ATPase ,  
because  the inhibi t ion is uncompet i t ive  wi th  the  sub- 
s t ra te  M g  2 + . A T P .  The  value of  K i that  can  be ob-  
ta ined f rom this plot, 8 + 2 F M ,  which is in reasonably  
good  agreement  to the  K0. 5 values  of  inhibi t ion  b y  

Z n  2+ g iven  above.  

The  possibi l i ty  that  Zn  2÷ competes  wi th  the low-af-  
f ini ty  b ind ing  si tes for  Ca  2+, whose  sa tura t ion  inhibi ts  
this enzyme,  has  been considered.  W e  have,  thus, car-  
t ied out  t i t ra t ions  of  the  A T P a s e  act iv i ty  wi th  high 
C a  2+ concentra t ions ,  i.e. f rom 1 0 / t M  to the mi l l imolar  
range,  in the absence  and  in the  presence of  concent ra -  
t ions of  Z n  2+ that  inhibi t  this enzyme.  T h e  results  

ob ta ined  are  presented  in Fig. 5. Hill plots o f  the d a t a  
(g iven in the  inset o f  Fig.  5) reveal  that  there is only  a 
sl ight effect  o f  Zn  2"~ on the K0..~ of  inhibi t ion  by  Ca  2+ 
and  there is not  any  s ignif icant  effect  on  the  coopera t iv-  
ity of  this process.  Therefore ,  Z n  2+ does  not  appea r  to 
inhibi t  the A T P a s e  by b ind ing  to these Ca  2÷ sites. 

In  addi t ion,  the  possibi l i ty  that  b ind ing  of  Zn  2+ to 
the  ( C a 2 + +  M g 2 + ) - A T P a s e  shif ts  the  conformat iona l  
E I / E  2 equi l ibr ium has  been  studied.  T h i s  possibi l i ty  is 
s t rongly sugges ted  by  the  posi t ive coopera t iv i ty  of  the 
inhibi t ion process  (see above).  Fluorescein  labeled 
(Ca2 + + Mg2 + ) . A T P a s e  has  been  shown to mon i to r  the  
ma jo r  conformat iona l  s ta tes  of  this enzyme [20-23],  in 
par t icular  the E t fo rm shows abou t  7-1070 lower inten-  

0 /  , , , , - . i  
-5 .2  -4 .5  - 4 , 0  -3 .4  - 2 .B  -2 .2  

log [Ca ~+ l . M 

Fig, 5. Dependence upon total Ca 2+ concentration (Ca~ + ) of the 
(Ca2++Mg2+)-ATPase activity. Sarcoplasmlc retieulum vesicles 
(10-15 mg protein per ml) ware solubilizsed upon 15 rain incubation 
with deoxycholate (0.5 mg per mg protein), in the absence (o - -  o) 
a n d  in the presence of 50 .aM (O--  - -  - -  O) and 100 ~tM (zx-- - -  - -  A) 
Z n  2 + .  Inset: Hill plots of the data shown in the figure. The assay 
mixture contained l0 aM Ca 2., 5 mM MgCI 2, 2.5 mM ATP, 100 
mM KCl, 100 mM Tes (pH = 7.4). The reaction was carried out 37 o C 

and started with the addition of 20-26 .ag of protein per ml. 

si ty of  f luorescence than  the  E 2 form.  Tab le  I I  s u m -  
mar izes  the  effect  o f  Z n  2 + on  the  f luorescence o f  labelled 
sa rcoplasmie  re t iculum (Ca  2+ + M g 2 + ) - A T P a s e .  I t  can  
be  readily observed  that  Z n  2+ 50 IzM to 100 F M ,  
quenches  by  approx .  4% the f luorescence of  f luorescein,  
this effect  is be ing  little a f fec ted  by  the  presence  o f  5 
m M  M g C I  2 in the  buf fe r  ( resul ts  no t  shown).  A t  Z n  2+ 
concent ra t ions  o f  200 F M  or  h igher  the  in tens i ty  of  
f luorescence of  f luorescein con t inuos ly  decays  as  a 
func t ion  of  t ime  at a ra te  of  approx .  1.45% pe r  rain. 

TABLE It 

Effect of Zn '+ on the fluorescence of fluorescein labelled (Ca:*+ 
Mg2+)-ATPase 

Buffer: 100 mM KCI, 50/IM EGTA and 100 mM Tes (pH = 7.4). For 
the experiments involving the addition of two ions, these were sequen. 
tially added to the cuvaua, so that the fluorescence readings w e r e  

taken after each addition. Data are averages from triplicated measure- 
ments. The average variation of A F / F  o between different samples 
was less than +17o; F 0 means the fluorescence intensity in t h e  

absence of added ligands (control value). 

Experimental conditions ( ~ F /  Fo ) ( ~ ) 

- No addition 0 
- 200 .aM Ca 2÷ -4.0 
- 200 pM VO 3 +2.2 
- 50 .aM Zn 2+ -4.3 
- 75 .aM Z n  2 .  - 3 . 1  

- 100 .aM Zn 2÷ -2.5 
- (50 .aM Zn 2-~ +200 pM Ca 2+ ) -4.9 
- (50/~M Zn 2. + 200 .aM VOW" ) - 2.9 
- (75/~M Zn 2÷ +200 IIM Ca 2÷ ) -5.3 
- (75 .aM Zn 2+ + 200 .aM VO 3- ) - 1.8 
- (100 .am Zn 2+ + 200 ~M Ca 2+ ) -4.7 
- (100/IM Zn 2+ + 200/IM VO 3 ) - 1.2 
- (200/tM VO 3 +200 .aM Ca 2+ ) -3.5 



Thus,  the effect of  Zn 2+ on fluorescein fluorescence 
cannot  be appropria te ly  measured  under  these experi- 
menta l  conditions. In addition, these results suggest that 
the enzyme is unstable in the presence of  these con- 
centrat ions of  Zn 2+. Table  II also shows that addit ion 
of  2 0 0 / t M  Ca 2+ after  Zn 2+ (50 to 100 .aM) produces a 
minor  effect on  fluoreseein fluorescence. The  effect of  
Ca 2+ in the absence of  Zn  2+ produced an  effect similar 
to that  repor ted in the li terature by several groups (see 
the Table  II). Vanada te  (200/ . tM) was found to revert,  
only  partially, the effects of  this divalent  cat ion on the 
fluorescence of  fluorescein (see also the Table  II). The  
effect of  addi t ion of  200 ~ M  vanada te  alone in our  
exper imenta l  condit ions is included in Table  I1 as well. 
T a k e n  together  these results clearly suggest that  Zn 2+, 
in the concentra t ion range that  inhibit this enzyme,  
shifts the ( C a 2 + +  Mg2+)-ATPase  towards an E~-alike 
conformat iona l  state. 

These  results, thus, support  the existence of  sites in 
the ATPase ,  to which binding of  Zn  2+ produces  a s t rong 
inhibition, in parallel  to a conformat ional  shift 1o an  
Et-al ike conformat ion .  The  possibility that  this inhibi- 
tion and  conformat iona l  per turbat ion  of  the ATPase  
could be  due  to an  indirect effect a t t r ibutable  to a 
puta t ive  surface potential  change resulting upon  Zn z+ 
b inding to the sarcoplasmic ret iculum membranes  is 
unlikely because:  (i) the A T P  binding site is located far 
f rom the l i p i d / w a t e r  interface [341 and  (ii) there is only 
a ve ry  l imited adsorpt ion of  this cat ion on  the sarcop-  
lasmic ret iculum membrane ,  as  inferred f rom the negli- 
gible effect o f  protein concentra t ion on the K0. s of  
inhibition. 

O n  ttte o ther  hand,  the fact that  Zn  2+ shifts the 
A T P a s e  towards  and  Et-alike conformat ion  and  the 
lack o f  kinetic compet i t ion  with the substrate  or  with 
low-affinity Ca 2+ binding sites suggest the possibility 
that  Zn  2+ binds to the sites of  high affinity to Ca a+ in 
the E1 conformat ion ,  the inhibition then resulting f rom 
disp lacement  of  Ca  2+ f rom these sites. However ,  this 
seems to be  unlikely on  the basis of  the lac~ of  effect of  
mic romola r  Zn  2+ on  sealed sareoplasmic ret iculum 
vesicles. Because only upon  m e m b r a n e  disruption the 
inhibitory effect o f  mic romola r  Zn  2+ concentra t ions  is 
readily evident,  it seems reasonably to assume that  the 
inhibitory binding sites to which Zn  2+ binds are  not  
accessible to the ou te r  m e d i u m  of  sealed sarcoplasmic 
re t iculum vesicles. O n  the basis of  the current  knowl- 
edge  of  this enzyme (see, for example,  Refs. 31, 32 and  
35) there are  two different  divalent  cations binding 
centers  of  this type in the ATPase:  The  Ca 2+ binding 
sites in the E 2 conformat ion  (i.e. low-affinity Ca 2+ 
binding sites) and  occluded Ca 2+ binding sites. The  
da t a  presented in this pape r  allow to exclude the first 
possibility (see above).  Binding to occluded Ca  "-+ bind- 
ing sites or  to a different  and  more  specific inhibitory 
site can  at present  account  for the kinetic da t a  repor ted 
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in this paper.  In addition, to rationalize the kinetic da ta  
reported herein for the inhibition of  the ATPase  by 
Zn 2+ it has to be assumed that upon binding of  this 
cation to the protein the overall rate of  E t ~ E 2 cyclic 
interconversions dur ing the catalysis must  be lowered. 
Regarding the inhibition of  the ( C a  z + + Mg 2+)-ATPase 
of  sealed sarcoplasmic ret iculum by higher Zn 2+ con-  
centrations,  it seems that the basic mechan ism is largely 
different,  for it is irreversible (i.e., it is not reverted by 
dialysis of  Zn 2+) and it leads t~ precipitat ion of  these 
membranes ,  e.g. it likely derives from enzyme dena tura-  
tion. 

In conclusion, free micromolar  Zn 2+ concentrat ions 
inhibit the activity of  the sarcoplasmic ret iculum (Ca 2+ 
+ Mg z ~ )-ATPase upon binding to sites different to the 
high-affinity Ca 2 ~ binding sites or  to the Ca 2+ binding 
sites on E 2 conformat ion  and different to the M g  2+ 
subsite in the catalytic center. These sites are accessible 
to Zn 2÷ on solubilized sarcoplasmic ret iculum mem-  
branes  and on purified (Ca 2÷ + Mg2+)-ATPase ,  but  not 
on tightly coupled sarcoplasmic ret iculum in the experi-  
mental  condit ions used in this study. U p o n  binding of  
Zn 2÷ to these sites the (Ca 2 ~ + Mg 2+ )-ATPase is shifted 
towards  an E~-alike conformat ion  on  the basis of  the 
properties of  the fluorescence of  fluorescein, in ad-  
dition, we have found that  Z n  z ~-ATP can be used as a 
substrate by this ATPase.  
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CA1CYT G r a n t  No.  2813/83.  The  authors  gratefully 
acknowledge the comments  of  reviewers on a former  
version of  this paper.  
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