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Mi lar Zn?* have been found to inhibit the (Ca®* + Mg**)-ATPase of sarcoplasmic reticulum
vesicles solubilized 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?* concentrations have been carried out at 25°C and 37°C under a
variety of experimental conditions, such as absence of Mg?* in the assay medium, different total CaZ*, total Mg2* and
total ATP concentrations and at various total protein ions. The of relevant Kinetic
species (free divalent cations, free ATP and ATP T have been d for all these assay conditions. As a
result, we have found that the inhibition of the (Ca’* + Mg2*)-ATPase activity is produced by free Zn®*, with a value
of the inhibition constant K, of 8 + 2 pM. In addition, Zn?* - ATP can be used as an alternative substrate by this
ATPase with a K value of 30 pM and with V., of (2.0 + 0.2) pmol ATP hydrolyzed per min per mg protein at 37°C.
In conclusion, our results suggest the existence of sites in the ATPase distinct to the high-affinity Ca2* binding sites
and to the Mg** subside in the catalytic center, to which binding of Zn** produces inhibition and a shift of the E, /E,

conformational equilibrium.

Papp et al. [1] have reported the presence of traces
(1-2 nmol/mg protein) of several divalent transition

these results suggest the possibility of a regulatory role
of Zn?* on functions carried out by the sarcoplasmic

metal ions in pre-

| However, this possibility has been neither

parations, Zn** among them. In additi

concentrations of Zn?* were found to alter the reactivity
of -SH groups of these membranes. In this regard it is
to be noted that Zn** combines strongly with sulfur
compounds [1,2]. Because most of the -SH groups of
these membranes belong to the (Ca®* + Mg?*)-ATPase,
this result led to the suggestion that upon binding of
Zn?* 1o the membranes the conformation of the (Ca?*
+ Mg?*)-ATPase is altered. The interaction of micro-
molar Zn** with lasmic reticul b

ly d nor up to date. The
well-known effects of chelating agents, such as EGTA
or EDTA, on the sarcoplasmic reticulum (Ca?* +
Mg?*)-ATPase activity and structure {4—7) may well be
related to the removal of Zn®* from these membranes,
as suggested by Papp et al. [1]. In particular, the large
effect of prolonged exposure of sarcoplasmic reticulum
vesicles to EDTA or EGTA on the permeability proper-
ties of these membranes [7] suggests occw. *rence of gross

was p ly shown by Madeira and Carvalho [3],
who reported an apparent binding constant of 1.8-5
#M, that Zn?* efficiently impairs Ca?* binding to these
membranes and that binding of Zn?* to these mem-
branes release H* (1.0-1.5 H* per bound Zn’"). Ali

Abbreviations: EGTA, ethylene glycol bis(B-aminoethyl ether)-
N.N.N’.N'-tetraacetic acid; Tes, 2-{[2-hydroxy-1.1-bis(hydroxymeth-
yhjethyllamino)ethanesulfonic acid: ATPase. adenosine triphos-
phatase; SDS, sodium dodecylsuifate.

Ce C. Guti Metino, D de Bi
Facultad de Ciencias, 06080-Badajoz, Spain.

| changes upon binding of Zn’** to the mem-
branes, see above. In this regard, it is to be noted that
ithough Zn** is i tobea ly non toxic
element {8), industrial exposure by inhalation to zinc
fumes is ch ized by severe

of muscle

physivivgy {5}

On the other hand, Zn** has been shown to be a
potent inhibitor of several plasma membrane ATPases,
e.g. Mg2*-ATPase from the yeast Candida albicans [10],
Mg?*-ATPase from Saccharomyces pombe [11], bacterial

+.ATPase [12] and erythrocyte Ca®*-ATPase [13,14],
whereas reported to be ineffective to others, such as the
(Ca®* + Mg?>*)-ATPase of rat liver plasma membrane
[15]. In this paper, we report that free Zn* is also a
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potent inhibitor of the (Ca“+Mg’*)ATPase of

pl esence of 3.4 mM EGTA, and only those preparations

It can be p
that gzumng a beuer knowledge of the effects of Zn?*
b will be helpful to

define the basic enzymology and structural characteris-
tics of Zn** binding sites on ATPases, for the sarco-
plasmic reticulum membrane is one of the

ing a value of this activity lower than 10% of total
uncoupled (Ca?* + Mg2*)-ATPase activity were used
in this study. The Ca®*-independent Mg?*-ATPase ac-
tivity of our preparations of purified (Ca** + Mg2*)-
ATPuse was found to be negligible. ‘Leakiness’ of

systems best ch d both at a bioct 1 and at
a biophysical level. The (Ca?* + Mg2*)-ATPase cycli-
cally interconverts between conformations E; and E,
{16] and, therefore, a shift of the E,/E, conformational
equilibrium is of potential regulatory relevance. Under
defined experimental conditions fluorescein isothio-
cyanate has been shown to label the ATP binding site of
the sarcoplasmic reticulum (Ca?* + 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, and E, conformations of this enzyme
{2023}, even though the extent of fluorescence change
1s relatively small (approx 7-10% of total fluorescein

In addi this ap h has become
one of the most used to monitor the conformational
state of the (Ca?* + Mg?*)-ATPase. Thus, the putative
effect of Zn’* upon the conformational state of the
(Ca?* + Mg?*).-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 lasmi icul (Ca%* +
Mg?*)-ATPase by Zn**, with particular ion to

vesicles was d by

ing the (Ca* + Mg?*)-ATPase activity in the presence
and in the absence of A23187 (0.04 mg per mg prolem)
Only those prep ing a 3—4-fold sti
of the (Ca“ + Mg?*)-ATPase activity at 20~22° C upon
addition of A23187 have been used in this study. To
prevent oxidation, solutions of Zn>* were prepared im-
mediately before use. Ca®* uptake has béen measured
at 25°C with ¥Ca®* by Millipore filtration, using
GSWP02500 Millipore filters. The assay medium used
for Ca®* uptake had the following composition: 0.1 M
KCl, 0.1 mM CaCl,, 5 mM MgCl,, 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 KCI and 0.4 mM La**, then dlssolved with ethyl-

gly hyl ether and

The labeling of the enzyme with fluorescein isothio-
cyanate was done by incubation of both reactants in
dark during 30 min at room temperature, at the molar
ratio of 5 mol 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 for ide solution and d fluo-
rescein isothiocyanate was removed by passage through
a Sephadex G-50 ct column (8 cm length

the putative shift of the E,/E, equilibrium upon Zn?*
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). (Ca®* + Mg?*)-ATPase was purified

X1 cm diameter). Using an absorption coefficient of
80000 M~'-cm™! for fluorescein bound to the sarcop-
lasmic reticulum, the extent of labeling determined after
passage through the Sephadex G-50 column was de-
termined as in Froud and Lee [23] and typically ranged
from 0.9 to 1 mol fluorescein per mol of (1.1-10°
dalton) protein unit of sarcoplasmic reticulum. Fluores-

from sarcoplasmic reticulum by affinity ch

phy through Affi-Gel Blue as described by Gafni and
Boyer (25]. The purity of the (Ca?* + Mg2*)-ATPase
was checked by SDS-gel el phoresis (7.5% acryla-
mide) and found to be more than 95% pure from the
absorbance at 550 nm of Coomassie blue-stained gels.
Protein ion was following the
method of Lowry et al. [26}, using bovine serum al-
bumin as standard. The (Ca®* + Mg“) ATPase activ-
ity has been 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 dard assay diti

cence were carried out at 37°C with a
spectrofluorimeter Hitachi-Perkin Elmer, model 650-40,
using excitation and lengths 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 specnes routinely analyzed were: free ATP, free
Ca**, free Mg?*, free Zn**,  Ca®*- ATP, Mg?*- ATP
and Zo** - ATP. The
(K,) at pH = 7.5 have been used {29,30}: log K, (Ca?*

- ATP) = 3.93; log K, (Mg?*- ATP)=4.61 and log K,
(Zn“ ATP) = 4.85,

were as follows: 0.1 M Tes, 0.1 M KCl, 5 mM MgCl,,
2.5 mM ATP and 10 pM Ca** (pH = 7.4) at 37°C. The
Ca?*-independent ATPase activity was measured in the

Bovine serum albumin, sucrose, phos-
phoem;lpyruvate, ﬂuorescem lsolhlocyanate, ATP
NADH, deoxychol 1l

EGTA, Tes and Sephadex G-50 were purchased from
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Fig. 1. Panel A. Dependence of the total Mg?*-ATPase activity of sarcoplasmic reticulum upon total Zn?* concentration (Zn%' ) at 37°C. The
assay mixture contained 5 mM MgCly, 2.5 mM ATP, 10 sM Ca?*, 100 mM KCl and 100 mM Tes (pH = 7.4). The reaction was started with the
addition of 20-30 pg protein per ml. Sarcoplasmic reticulum vesicles were made leaky with A23187 (0.04 mg per mg protein) (@——®) and
solubilized with deoxycholate (0.5 mg per mg protein) (A- a) or Triton X-100 (0.24 mM) (o o). The measured Ca?*-independent
Mg?*-ATPase activity of the sarcoplasmic reticulum preparations ised in this study was 0.3 +0.1 and 0.9 0.1 pmol ATP hydrolyzed per min per
mg protein at 22 and 37°C. respectively. The data obtained with sealed sarcoplasmic reticulum vesicles (Q- - <~ - - O) and purified enzyme
(a a) are also included. The Ca®*-dependent Mg2*-ATPase activity of solubilized membranes and of the purified enzyme ranged between 8
and 12 pmol ATP hydrolyzed per min per mg protein in different preparations, and this value was taken as the unity. The relative ATPase activity
of sealed sarcoplasmic reticulum vesicles is referred to an average value of 10 pmol ATP hydrolyzed per min per mg protein. Panel B. Computed

free species ions. The ions of kit relevant species in the assay mixture of Panel A were computed as indicated in the
Materials and Methods. Different symbols stand for: O -« - - - 0, Mg**-ATP; @ Ca**-ATP: A 8,Z0°"-ATP; v — — — v, free
ATP; 0— — —0, free Ca®*; a - — — a, free Mg>*; and m ®. free Zn*.

Sigma. Dithiothreitol, pyruvate kinase, lactate dehydro-
genase and the ionophore A23187 were obtained irom
Boehringer Mannheim. Triton X-100 is a trade mark of
Rohm & Haas, Co. *CaCl, was purchased from New
England Nuclear. Affi-Gel blue (100-200 mesh) was
obtained from Bio-Rad. LaCl, and ZnSO, were ob-
tained from Merck. Ethyleneglycol monomethy! ether
and toluene were purchased from Carlo Erba and other
chemicals used were of the highest analytical purity
available.

Results and Discussion. The dependence of the (Ca2*
+Mg**)-ATPase activity of sarcoplasmic reticulum
upon the ion of Zn** is p d in Fig. 1
(panel A). It can be observed that this cation behaves as
a potent inhibitor of this activity, both of solubilized or
Ca®* permeable membranes and of purified enzyme.
Sealed sarcoplasmic reticulum vesicles, on the contrary,
are much less sensitive to inhibition by Zn*, It is to be
noted that it is in these latter conditions where the
Ca?*.independent Mg2*-ATPase activity of our mem-
brane preparations is higher with respect to the (Ca2* +
Mg?*)-ATPase activity, and amounts to approx.
30-40% of the total Mg?*-ATPase activity. Therefore, it
follows from these data that the Ca’*.ind

The level of steady-state Ca** accumulation of our
prep ions of sarcc i i vesicles has been
found to be approx. 80-90 nmol Ca?* per mg protein.
We have found only a slight decrease (approx. 20-25%)
of Ca?* 1 within lasmi icul
vesicles in the presence of 1 mM Zn**. Comparison of
these results with those given in Fig. 1 shows that the
extent of inhibition of the (Ca** + Mg?*)-ATPase by
Zn’* is somewhat larger than the observed decrease on
net Ca* uptake. Thus, these results suggest that the
rate of passive Ca?* efflux could be altered by this
cation as well. Direct attempts to measure this efflux
using vesicles preloaded with Ca®* have been unsuc-
cessful so far, because the concentrations of Zn?* that
significantly inhibit the (Ca®* + Mg?*)-ATPase activity
of sealed sarcoplasmic reticulum vesicles (i.e., in the
millimolar range) produce a large aggregation (fl |
tion) of these membranes preloaded with 1 mM CaCl,.

The dependence of the app Ko of inhibiti
upon the protein concentration between 20 and 90 pg
protein per ml has also been studied. Because there is
no significant change of the X, for protein concentra-
tions up to 90 pg protein per ml (results not shown), the
free ion of Zn** does not need to be cor-

Mg?*-ATPase activity of these membranes is not sig-
nificantly inhibited by total i of Zn**+
lower than 50 uM. In addition, the possibility that the
inhibition of uncoupled or solubilized sarcoplasmic re-
ticulum membranes by Zn** could bear a significant
contribution of inhibition of the Ca>*-independent
Mg?2*-ATPase activity can safely be ruted out.

rected under the experimental conditions used in the
Fig. 1. In Panel B of Fig. 1, the computed concentra-
tions of free divalent cat‘uns (Ca®*, Mg?* and Zn**)
and of M?*. ATP (frce ATP, Mg?* - ATP, Ca®*- ATP
and Zn**-ATP) corresponding ic the experimental
conditions of the panel A of Fig. 1 are presented. Upon
inspection of these data it is evident that the changes of
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Fig. 2. Panel A. Dependence of Zn?*-ATPase activity of ic reticulum upon the total of Zn?* (Zn%') at
different total ATP concentrations: ATP 0.5 mM (@); ATP 2.5 mM (a, 4) and ATP S mM (0). Sarcoplasmic reticulum vesicles were made leaky
with A23187 (0.04 mg per mg protein) (4, O, ®) and solubilized with DOC (0.5 mg per mg protein) (). The assay mixture did not contain Mg?*.
Other experimental conditions as indicated in Fig. 1 (Panel A). LU, stands for international units, i.e. umol ATP hydrolyzed per min 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: a— — — &, free ATP; 0 — — — O, Ca®*-ATP;

free Mg2*, free Ca?”, free ATP, Mg?* - ATP and Ca®*
- ATP in the concentration range of Zn?* that inhibits
the ATPase activity are negligible. However, two molec-
ular species, namely, free Zn>* and Zn** - ATP, g

®, Zn?** ATP; o — — — &, free Ca?*; and D

0, free Zn?*.

likely related to the use of Zn?* - ATP as substrate, for
Ca?*. ATP, the other putative substrate does not in-
crease in this concentration range. In addition, the

large changes of concentration under these experimental
diti we have d to clarify
which of them accounts for the observed inhibition.

To address this point we have carried out titrations
of the ATPase with Zn?* in the absence of Mg2*. The
results obtained at different ATP concentrations are
presented in Fig. 2 (Panel A). The curves obtained are
biphasic. The i of kinetically rel

ibi ded by higher Zn** concentrations is
likely due to the raise of free Zn?* concentration above
1 M, for neither free Ca2*, nor free ATP significantly
change (the concentration of Ca?* even increases) in the
concentration range of total Zn>* that largely inhibit
the ATPase activity. Let us note that the major changes
of computed free ATP and Ca?*- ATP concentrations
occur once the ATPase activity is almost completely

P

species have been computed in these experimental con-
ditions as well, and the results obtained for a ATP
concentration of 2.5 mM are plotted in Fig. 2 (Panel B).
The analysis of these data shows that the activation of
the ATPase produced by lower Zn** concentrations is

Because at the onset of the inhibition of the ATPase
by Zn** in the experiments shown in Fig. 2 the con-
centration of Zn** - ATP is still rising, the V,,, using
Zn?*- ATP as a substrate cannot be directly estimated
only from these data. Therefore, we have carried out a
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Fig. 3. Panel A. D upon total ATP (ATPy) of Zn?*-ATPase activity at a fixed concentration of total Zn?* (200 pM).

Sarcoplasmic reticulum vesicles (10-15 mg protein per ml) were

bya 15 min i ion with

(0.5 mg per mg protein). The

assay mixture contained 10 pM Ca2*, 100 mM KCl, 100 mM Tes (pH = 7.4), 200 uM Zn?*, 20-26 pg protein per ml and ATP added at the
concentrations indicated. Assay temperature 37°C. Panel B. Computed free species concentrations in the assay mixture. Different symbols stand
for: 8 — — — 4, frec ATP; 0 — — — 0, Ca®*-ATP; @ ®,Zn?*-ATP; o — — —a. free Ca*; and O o, free Zn?*,




TABLE 1

Computed free species concentrations

The assay mixture contained 10pM Ca?*, 10u mM KCI, 100 mii Tes (pH = 7.4) and ATP, Mg>* and Zn®"

139

were added at the voncentrations

indicated in the table. The maximum change in concentration of Mg?*- 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 Mg?* Zn** Mg?*-ATP Ca?*-ATP Zn?*-ATP ATP Mg** Ca?* Za?*
(mM) (mM) (nM) (mM) (#M) (pM) (rM) (mM) (5M) (»M)
1 2 [} 0.975 166 ) 234 102 834 [)
5.0 0972 165 an 232 1.03 835 189
100 0.969 164 6.20 231 103 8.36 380
200 0963 163 124 28 104 837 765
50.0 0.946 1.58 30.5 220 105 842 19.5
750 0.932 1.54 452 214 1.07 846 298
1000 0918 151 596 208 1.08 8.49 04
25 2 ° 2.470 170 o 240 253 830 0
5.0 2470 170 315 240 253 8.30 185
100 2470 1.69 6.29 239 253 831 m
200 2460 169 126 2338 254 831 745
50.0 2.440 1.66 312 235 256 8.34 188
1000 2410 1.63 619 29 259 837 381
5 10 0 4970 1.7 0 243 503 829 0
50 4.970 171 316 243 5.03 829 184
100 4970 n 6.32 242 5.03 829 368
200 4.960 1n 126 242 504 829 738
50.0 4940 170 315 240 5.06 830 185
100.0 4910 168 627 237 5.09 8.32 373

titration of the ATPase activity with ATP in the absence
of Mg?* and the results obtained are presemed in Fig. 3
(Panel A). The of kinetically

the binding of Zn®* to the ATPase. Therefore, Zn**
does not appear to compete under these experimental

relevant species in these experimental conditions are
presented in the Panel B of Fig. 3. These data show that
the concentration of Zn?*. ATP only slightly changes
above a total ATP concentration of 0.25 mM, whereas
that of Ca*:ATP only show a slight change in the
concentration range of ATP studied herein. Therefore,
the increase of activity observed in Fig. 3 (panel A) as
the total ATP concentration raises appears to be related
to the concomitant decrease of free Zn>* concentration,
because the parallel increase of free ATP and the de-
crease of free Ca®* concentrations would, at most, have
some inhibitory effects on the ATPase, see, for example,
Refs. 23, 31 and 32. From the results presented in Figs.
2 and 3 the values of the free Zn** concentrations
needed to inhibit 50% of the ma;umum ATPase acnvny
(K,5) can be directly ob d in different

conditions. These values of Kos range between 2 and 5
pM. A good K,s of inhibiti
obtained from different kinetic series is, thus, observed.
Hill plots of the data of the inhibitory phase of Fig. 2
and of the data of Fig. 3 versus free Zn>* concentration
(not shown) yields slopes of approx. 2.0 + 0.2, thus,
indicating the existence of positive cooperativity in the
inhibiti Additionally, these data show that

process. /
Mg?*, up to 5 mM, has not as significant influence on

diti for the kinetically relevant Mg?* binding
sites in this enzyme.

0.8
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-10 0 102’ 20 30 40 50
1zn 2 (e . WM

1/v (pmol P 1. min .mg protein)

Fig. 4. Dixon plot of inhibition by free Zn?* of the (Ca?* +Mg?*)-
ATPase activity. Sarcoplasmic reticulum vesicles (10-15 mg protein
per ml) were solubilized upon 15 min incubation with deoxycholate
(0.5 mg per mg protcin). The assay mixture contained 10 pM Ca®*;
100 mM KCl; 100 mM Tes (pH = 7.4) and ATP, Mg?* and Zn**
were added as indicated in Table I. Symbols: a a, ATP=1
mM, Mg?* =2 mM; @ . ATP = 2.5 mM. Mg?* = 5 mM: and
o o, ATP =5 mM, Mg?* =10 mM. The reaction was started
with the addition of 20-27 pg of protein per ml and was stopped after
4 min as indicated in the Materials and Methods. Assay temperature:
37°C.
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Having in mind the value of K, of inhibition by
free Zn?* referred to above and that the peak of the
bell-shaped curves of Fig. 2 (panel A) is reached at free
Zn?* concentrations close to 0.6 uM (see Fig. 2, panel
B, and results not shown) we can estimate a value of
Viax of 20£02 pmol/min per mg protein for the
ATPasc using Zn?*-ATP as substrate at 37°C. In ad-
dition, Hill plots (not shown) of the data of Fig. 2
versus log [Zn?* . ATP], calculated as indicated in the
methods at the ionic conditions of every experimental
data, yields slopes of approx. 1 8 + 0.3, thus, showing
the p of positive P ity in the saturation
by (he substrate. This observation is in contrast to the
apparent lack of positive cooperativity in the depen-
dence of the ATPase activity using Mg?* . ATP as the
substrate [33]. From the abscissae intercept of the Hill
plots of these data we have estimated a value for the
apparent K, of Zn>*- ATP of 30 pM. This value is
only about 4-10-fold higher than the value of K,
reported for Mg?* - ATP as the substrate [31].

That the inhibition of the ATPase is produced by
interaction of Zn?* with inhibitory binding sites, and
not by binding to a subsite in the catalytic center was
further assessed carrying out the titration of the ATPase
by Zn“ in the presence of different Mg?*- ATP con-

s. The results obiained are p d in Fig. 4,
as a Dixon plot. Table I lists the p

10
3 . 3‘1 ///
5 0
o
F
3
:'; M {, e
o L]
H o
§ 2 LNQ,}
<
0

-5.2 -4.6 -4.0 -3.4 -2.8 -2.2
1ow[ca$‘] .M

Fig. 5. Dependence upon total Ca* concentration (Ca3") of the
(Ca?* +Mg?* )-ATPase activity. Sarcoplasmic reticulum vesicles
(10-15 mg protein per ml) were solubilizsed upon 15 min incubation
with deoxycholate (0.5 mg per mg protein), in the absence (O ©)
and in the presence of 50 4M (® — — — @) and 100 M (A — — — )
Zn**. Inset: Hill plots of the data shown in the figure. The assay
mixture contained 10 uM Ca?*, 5 mM MgCl,, 2.5 mM ATP, 100
mM KCI, 100 mM Tes (pH = 7.4). The reaction was carried out 37°C
and started with the addition of 20-26 pg of protein per ml.

sity of fluorescence than the E, form. Table II sum-
marizes the effect of Zn?*+ on the fluorescence of labelled
sarcoplasmic reticulum (Ca2* + Mg?*)-ATPase. It can
be readily observed that Zn** 50 pM to 100 pM,

tions of kmstxcal]y relevant specles in these experimen-
tal i These data gly support the

of an inhibitory binding site for Zn?* in the ATPase,
because the inhibition is uncompetitive with the sub-
strate Mg2* - ATP. The value of K; that can be ob-
tained from this plot, 8 £ 2 pM, which is in reasonably
good agreement to the K,; values of inhibition by
Zn?* given above.

The possibility that Zn?" competes with the low-af-
finity binding sites for Ca?*, whose saturation inhibits
this enzyme, has been considered. We have, thus, car-
ried out titrations of the ATPase activity with high
Ca?* concentrations, i.e. from 10 pM to the millimolar
range, in the absence and in the presence of concentra-
tions of Zn?* that inhibit this enzyme. The results
obtained are presented in Fig. 5. Hill plots of the data
(given in the inset of Fig. 5) reveal that there is only a
slight effect of Zn*>* on the K5 of inhibition by Ca>*
and there is not any significant effect on the cooperativ-
ity of this process. Therefore, Zn?* does not appear to
inhibit the ATPase by binding to these Ca2* sites.

In addition, the possibility that binding of Zn** to
the (Ca®* + Mg?*)-ATPase shifts the conformational

E,/E, equilibrium has been studied. This possibility is
strongly suggested by the positive cooperativity of the
inhibition process (see above). Fluorescein labeled
(Ca®* + Mg?*)-ATPase has been shown to monitor the
major conformational states of this enzyme [20-23), in
particular the E, form shows about 7-10% lower inten-

by approx. 4% the fluorescence of fluorescein,
thns effect is being little affected by the presence of §
mM MgCl, in the buffer (results not shown). At Zn2*
concenlrauons of 200 p.M or lugher the intensity of

of fl ly decays as a
function of time at a rate of approx. 1.45% per min.

TABLE 1l

Effect of Zn** on the fluorescence of fluorescein labelled (Ca’* +
Mg?*).ATPase

Buffer: 100 mM KCl, 50 M EGTA and 100 mM Tes (pH = 7.4). For
the experiments involving the addition of two ions, these were sequen-
tially added to the cuvette, so that the fluorescence readings were
taken after each addition. Data are averages from triplicated measure-
ments. The average variation of AF/F, between different samples
was less than +1%; F, means the fluorescence intensity in the
absence of added ligands (control value),

Experimental conditions (8F/Fy) (%)

- No addition 0
— 200 pM Ca®* -40
- 200 M VO;

- 50 pM Zn?*

— 75 uM Zn**

- 100 pM Zn?*

~ (50 pM Zn?* +200 pM Ca?*)
- (50 pM Zn** +200 M VO3 )
~ (75 uM Zn®* +200 pM Ca?*)
- (75 tM Zn®* +200 uM VO; )
— (100 pm Zn®* +200 pM Ca?*)
- (100 sM Zn** +200 uM VO; )
- (200 pM VO +200 uM Ca’*)




Thus, the effect of Zn** on fluorescein fluorescence
cannot be appropriately measured under these experi-
mental conditions. In addition, these results suggest that
the enzyme is unstable in the presence of these con-
centrations of Zn**. Table II also shows that addi
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in this paper. In addition, to rationalize the kinetic data
reported herein for the inhibition of the ATPase by
Zn?* it has to be assumed that upon binding of this
cauon to the proiein the overall rate of E, = E, cyclic

of 200 pM Ca?* after Zn?* (50 to 100 M) prod a

ions during the ysis must be lowered.

minor effect on fluorescein fluorescence. The effect of
Ca?* in the absence of Zn?* produced an effect similar
to that reported in the literature by several groups (see
the Table II). Vanadate (200 pM) was found to revert,
only partially, the effects of this divalent cation on the
fluorescence of fluorescein (see also the Table II). The
effect of addition of 200 pM vanadate alone in our
experimental conditions is included in Table 11 as well.
Taken together these results clearly suggest that Zn®*,
in the concentration range that inhibit this enzyme,
shifts the (Ca?* + Mg?*)-ATPase towards an E,-alike
conformational state.

These results, thus, support the existence of sites in
the ATPase, to which binding of Zn®* produces a strong
inhibition, in parallel to a conformational shift 1o an
E,-alike conformation. The possibility that this inhibi-
tion and conformational perturbation of the ATPase
could be due to an indirect effect attributable to a
putative surface p | change Iting upon Zn®*
binding to the sarcoplasmic reticulum membranes is
unlikely because: (i) the ATP binding site is located far
from the lipid/ water interface [34] and (ii) there is only
a very limited adsorption of this cation on the sarcop-
lasmic reticulum membrane, as inferred from the negli-
gible effect of protein concentration on the K, of
inhibition.

On the other hand, the fact that Zn’* shifts the
ATPase towards and E,-alike conformation and the
lack of kinetic competition with the substrate or with
low-affinity Ca?* binding sites suggest the possibility
that Zn®* binds to the sites of high affinity to Ca®* in
the E1 conformation, the inhibition then resulting from
displacement of Ca?* from these sites. However, this
seems to be unlikely on the basis of the lacx of effect of
micromolar Zn** on sealed sarcoplasmic reticulum
vesicles. Because only upon membrane disruption the
inhibitory effect of mi Zn? i is
readily evident, it seems reasonably to assume that the
inhibitory binding sites to which Zn®* binds are not
accessible to the outer ium of sealed P
reticulum vesicles. On 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®* binding
sites in the E, conformation (i.e. low-affinity Ca?*
binding sites) and occluded Ca®* binding sites. The
data presented in this paper 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 data reported

g the inhibition of the (Ca®* + Mg?*)-ATPase
of sealed sarcoplasmic reticulum by higher Zn?* con-
centrations, it seems that the basic mechanism is largely
different, for it is irreversible (i.e., it is not reverted by
dialysis of Zn?*) and it leads to precipitation of these
membranes, e.g. it likely derives from enzyme denatura-
tion,

In conclusion. free micromolar Zn?* concentrations
inhibit the activity of the sarcoplasmic reticulum (Ca**
+ Mg**)-ATPase upon binding to sites different to the
high-affinity Ca®* binding sites or to the Ca** binding
sites on E, conformation and different to the Mg?*
subsite in the catalytic center. These sites are accessible
to Zn** on solubilized sarcoplasmic reticulum mem-
branes and on purified (Ca>* + Mg2*)-ATPase, but not
on tightly coupled sarcoplasmic reticulum in the experi-
mental conditions used in this study. Upon binding of
Zn* 1o these sites the (Ca?* + Mg?* )-ATPase is shifted
towards an E-alike conformation on the basis of the
properties of the fluorescence of fluorescein. In ad-
dition, we have found that Zn®*-ATP can be used as a
substrate by this ATPase.
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