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Summary

ATP-P; and ITP-P; exchange is demonstrated in cardiac sarcoplasmic retic-
ulum isolated from dogs. Both reactions require calcium outside the sarcoplas-
mic reticulum and inside, as well as magnesium and ADP or IDP.

ATP-P; or ITP-P; exchange by sarcoplasmic reticulum is maximally activated
at uM concentrations of calcium outside the sarcoplasmic reticulum, consider-
ably inhibited by mM concentrations of calcium in the medium and abolished
at nM concentrations of calcium in the medium; these last concentrations do
not activate phosphorylation of the calcium transport ATPase by ATP or ITP.
Phospholipase A-treated sarcoplasmic reticulum vesicles do not exhibit any
nucleoside triphosphate-P; exchange at calcium concentrations between 0.01
and 0.3 mM, but both reactions are partially activated by mM calcium concen-
trations, indicating that calcium in the mM range inside the sarcoplasmic
reticulum is essential for nucleoside triphosphate-P; exchange.

Drugs like prenylamine, chlorpromazine, quinidine, tetracaine and dibucaine
inhibit ATP-P; exchange and calcium-dependent ATPase to a similar extent.
Inhibitors of mitochondrial ATP-P; exchange do not affect ATP-P; exchange by
sarcoplasmic reticulum; dicyclohexyl carbodiimide was an exception in causing
increased rate of phosphate exchange in sarcoplasmic reticulum.

It is suggested that nucleoside triphosphate-P; exchange occurs via an
exchange of inorganic phosphate with the phosphate of the phosphoprotein
formed from nucleoside triphosphate, which is dephosphorylated by nucleoside
diphosphate, resulting in ATP or ITP formation.

Abbreviations: NTP, nucleoside triphosphate; NDP, nucleoside diphosphate.
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Introduction

ATP-P; and ITP-P; exchange by skeletal muscle sarcoplasmic reticulum was
first shown by Makinose [1,2]. Both exchange reactions by native and leaky
sarcoplasmic reticulum vesicles were extensively investigated by de Meis and
coworkers [3—5]. ATP-P; exchange also occured in reconstituted sarcoplasmic
reticulum [6]. Forward and backward reactions of the calcium pump of skele-
tal muscle sarcoplasmic reticulum [7—10] participate in the NTP-P; exchange
mechanism [1--5].

In the case of cardiac sarcoplasmic reticulum, both the forward reactions
(ATP-driven calcium transport from outside to the inside of sarcoplasmic retic-
ulum and ATP hydrolysis [11—17], both proceeding via the phosphorylation
of the transport ATPase by ATP [18—22]), and the backward reactions (ADP-
induced, phosphate-dependent calcium release and calcium driven ATP syn-
thesis from ADP and orthophosphate proceeding via the phosphorylation of
the transport ATPase by orthophosphate [23,24]) have been demonstrated.
NTP-P; exchange by cardiac sarcoplasmic reticulum has not yet been reported.
In order to characterize further the calcium transporting system of cardiac
sarcoplasmic reticulum, NTP-P; exchange was studied in dog heart sarcoplasmic
reticulum. ATP-P; and ITP-P; exchange by cardiac sarcoplasmic reticulum both
exhibit essentially the same features as in skeletal muscle sarcoplasmic retic-
ulum [1--5].

Materials and Methods

Reagents

[3?P]Orthophosphate was purchased from the Radiochemical Centre (Amer-
sham); ATP, ADP, ITP, IDP, oligomycin, tetraphenylarsonium and tetrapheny!-
boron from Sigma (St. Louis); ITP, IDP, phosphoenolpyruvate, pyruvate kinase
and P! P5-di(adenosine-5')-pentaphosphate from Boehringer GmbH (Mann-
heim), ethyleneglycol-bis(2-aminoethylether)-N,N'-tetraacetic acid (EGTA) and
N,N'-dicyclohexyl carbodiimide from Fluka AG (Buchs); and phospholipase A
(Nagja naja) from Koch Light (Colnbrook). Nigericin was a generous gift from
Dr. R.L. Hamill (Eli Lilly and Comp., Indianapolis). All other chemicals were
reagent grade from E, Merck (Darmstadt).

Preparation of sarcoplasmic reticulum

Cardiac sarcoplasmic reticulum was isolated from dogs [21] and usually
stored at —20°C overnight in a medium containing 10 mM histidine buffer (pH
7.0) and 1 M sucrose. Protein was measured by the Folin method [25] standar-
dized against bovine serum albumin.

Analyses

Calcium uptake by sarcoplasmic reticulum and calcium-dependent ATPase
were assayed as detailed previously [15].

ATP-P; exchange or ITP-P;, exchange was performed at 25°C in a medium
containing 40 mM histidine buffer (pH 7.0), 100 mM KCl, 7 mM MgCl,, 5 mM
azide, 5—20 mM [*?P]Jorthophosphate, 5 mM ATP plus 2—~10 mM ADP or
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5 mM ITP plus 2—10 mM IDP, 0.01 or 0.1 mM CaCl, and 0.5 mg sarcoplasmic
reticulum protein/ml. Variations of the assay conditions are given in the
appropriate legends. The reaction was stopped by perchloric acid (final con-
centration 5%). Centrifugation was followed by neutralization of the super-
natant with triethanolamine. Isolation of [*2P]ATP or [*?P]ITP was performed
by ascending thin-layer chromatography on silica gel (aluminium sheets with
silica gel 60 F,s, from E. Merck, Darmstadt) as previously described [26] with
the following modification in order to obtain separation of the nucelotides
from [*?P]orthophosphate. After a 2-h run (solvent: n-propanol/ammonium
(33%)/methanol/water (20 : 20 : 40 : 20, v/v) a high concentration of un-
labelled orthophosphate (20 u! containing 3 umol orthophosphate/2.5 cm) was
applied between the ATP and ADP spots and run for a further 6 h; unlabelled
orthophosphate was then reapplied just below the ATP spot, followed by a
15-h run. [*?P]ITP was isolated similarly, using the above solvent of the v/v
ratio 45 : 30 : 15 : 10. [*?P]JATP or [*?P]ITP were counted in a liquid scintil-
lation counter. The recovery of the nucleotides by this method was approx.
90%.

Phospholipase A treatment of sarcoplasmic reticulum was performed with
0.04 mg phospholipase A/mg sarcoplasmic reticulum protein in the presence of
1 mM CaCl, for 10 min at room temperature. The phospholipase A was boiled
for 3—5 min prior to use [23].

Results

There are three essential requirements for the ATP-P; exchange reaction by
cardiac sarcoplasmic reticulum (Fig. 1; Table I).
1. A low calcium concentration in the medium is required in order to obtain
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Fig, 1. Calcium uptake and ATP-P; exchange by cardiac sarcoplasmic reticulum. Medium for calcium up-
take and ATP-P; exchange: 40 mM histidine buffer (pH 7.0), 100 mM KCl, 56 mM azide, 7 mM MgCl;,
5 mM ATP, 2mM ADP, 20 mM orthophosphate or [32PJorthophosphate, 0.1 mM CaCly or 45CaCly;
0.5 mg sarcoplasmic reticulum protein/ml. T = 25°C. Zero calcium: 10 mM EGTA, without addition of
calcium. Zero ADP: 10 mM phosphoenolpyruvate and 0.5 mg pyruvate kinase/ml, without addition of
ADP, &———@, calcium uptake; ATP-P; exchange: A———4A, control; V— — —v, zero calcium; 8— — —=8,
zero ADP.
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TABLEI

ATP-P; exchange and ITP-Pj exchange by native and leaky cardiac sarcoplasmic reticulum at different cal-
cium concentrations. Medium: 40 mM histidine buffer (pH 7.0), 100 mM KCl, 10 mM MgCl,, 5mM azide,
5 mM ATP plus 2 mM ADP or 5 mM ITP plus 5 mM IDP, 10 mM [32PJorthophosphate, 0.5 mg sarco-
plasmic reticulum protein/ml; total calcium was 0.01,0.1 or 3 mM. T = 25°C. Phospholipase A treatment
of sarcoplasmic reticulum vesicles was performed as described in Materials and Methods.

ATP-P; exchange ITP-P; exchange
(nmol/mg per 30 min) (nmol/mg per 30 min)
Control Phospho- Control Phospho-
lipase A lipase A
Ca 0.01 mM 83.19 3.28 153.36 1.17
Ca 0.1 mM 71.03 2.80 143.36 0.64
Ca 3.0 mM 22.27 17.36 49.63 8.83
Zero Ca — 2.05 3.46 0.58
Zero ADP, IDP — 1.51 1.94 1.35

a maximum rate of ATP-P; exchange. An initial total calcium concentration of
0.1 mM inhibits ATP-P; exchange to a certain degree. The rate of orthophos-
phate exchange increases when the calcium in the medium is decreased by cal-
cium uptake (Fig. 1). On the other hand, small amounts of calcium in the me-
dium are necessary, since addition of sufficient EGTA to reduce free calcium
outside the sarcoplasmic reticulum below concentrations which activate phos-
phorylation of the ATPase protein by ATP [20,21] abolishes the ATP-P;
exchange (Fig. 1; Table I). EGTA does not penetrate the sarcoplasmic retic-
ulum at pH 7.0 [27].

2. Calcium inside the sarcoplasmic reticulum is obligatory for ATP-P,
exchange, which is achieved by calcium uptake in the above experiment. Treat-
ment of sarcoplasmic reticulum with phosholipase A, which renders the sarco-
plasmic reticulum vesicles permeable for calcium, completely eliminates ATP-P;
exchange at low calcium concentrations in the medium (ref. 1; Table I).

3. ADP is essential for the ATP-P; exchange reaction, since phosphate
exchange in the presence of an ATP regenerating system is reduced to levels ob-
served with either EGTA in the medium or phospholipase A treatment of sarco-
plasmic reticulum (Fig. 1; Table I).

Orthophosphate dependence of the ATP-P; exchange reaction in the pre-
sence of 5mM ATP, 2mM ADP and 0.01 mM calcium initially reveals an
apparent Michaelis constant for orthophosphate of around 20 mM and a maxi-
mum rate of ATP-P; exchange of about 8 nmol/mg sarcoplasmic reticulum pro-
tein/min at 25°C (Fig. 2). This rate of ATP-P; exchange is approximately 20
times lower than the rate of ATP splitting and about 40 times lower than the
rate of ATP-ADP phosphate exchange by dog cardiac sarcoplasmic reticulum
measured under the above conditions, i.e., in the presence of 5 mM ATP plus
2 mM ADP, but in the absence of orthophosphate [21].

Drugs such as prenylamine or chlorpromazine, which inhibit calcium uptake
and ATP hydrolysis by skeletal muscle sarcoplasmic reticulum [28], are potent
inhibitors of ATP-P; exchange [1]. Furthermore, local anaesthetics such as
tetracaine or dibucaine are inhibitors of both the forward and backward reac-
tions of the calcium pump of skeletal muscle sarcoplasmic reticulum [26,29,



263

150F

100

ATP-P; exchange (nmoles/mg)

TIME (min)

Fig. 2. Orthophosphate dependence of ATP-P; exchange by cardiac sarcoplasmic reticulum. Medium:
40 mM histidine buffer (pH 7.0), 100 mM KCl, 5 mM azide, 7 mM MgCly, 5 mM ATP, 2 mM ADP, 0,01
mM CacCl,, and 3.33 to 20 mM [32PJorthophosphate, 0.5 mg sarcoplasmic reticulum protein/ml, T =
25°C. [32Plorthophosphate concentrations (mM): e———=, 3.33; ¥ v, 5; ® n, 6.66;
A——A 10; o——>0, 20. Inset: Double reciprocal plot of the rates of ATP-P; exchange vs. orthophos-
phate concentrations.

30]. The inhibition of ATP-P; exchange by cardiac sarcoplasmic reticulum ob-
served with prenylamine, chlorpromazine, quinidine, tetracaine or dibucaine, at
drug concentrations indicated in Table II, is very close to the inhibition of the
rate of calcium uptake and rate of calcium-dependent ATP hydrolysis measured
in the presence of oxalate (ref. 30; Table II).

ITP drives the calcium uptake by cardiac sarcoplasmic reticulum associated
with ITP hydrolysis and phosphorylation of the calcium transport protein by
ITP like ATP, but the rates of calcium uptake and ITP splitting are only
10—20% of the rates of ATP-driven calcium uptake and calcium-dependent
ATP hydrolysis [31]. Essentially the same requirements for ATP-P; exchange

TABLE II

Inhibition of ATP-P; exchange and Ca?*-dependent ATP hydrolysis on cardiac sarcoplasmic reticulum by
drugs. Medium for ATP-P; exchange: 40 mM histidine buffer (pH 7.0), 100 mM KCl, 5 mM azide, 7 mM
MgCl;, 5 mM ATP, 2 mM ADP, 20 mM [32P) orthophosphate, 0.1 mM CaCl,, 0.5 mg sarcoplasmic reti-
culum protein/ml. T = 25°C, Medjum for calcium-dependent ATP hydrolysis: 40 mM histidine buffer (prH
7.0), 100 mM KCI, 5 mM azide, 5 mM MgCl;, 5 mM ATP, 2 mM phosphoenolpyruvate, 0.02 mg pyruvate
kinase/ml, 5 mM oxalate, 0.1 mM CaCl,, 0.05 mg sarcoplasmic reticulum protein/ml. T = 25°C. The
ATPase data were taken from ref. 30.

Drug con- ATP-P; Percent Ca2*-ATP- Percent
centration exchange inhibition ase (umol/ inhibition
M) (umol/mg mg per
per 30 min)
min)
Control — 0.265 — 0.85 —
Prenylamine 1074 0.066 75.2 0.22 74.2
Chlorpromazine 1074 0.133 49.7 0.50 41.2
Quinidine 3-107¢ 0.184 30.6 0.46 45.9
Tetracaine 1073 0.188 29.0 0.59 30.6

Dibucaine 3-10° 0.150 43.5 0.55 35.3
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hold true for I'TP-P;, exchange (¥ig. 3; Table I), but since IDP has a lower affin-
ity than ADP for the calcium transport ATPase, higher concentrations of IDP
have to be used in order io obhtain @ maximum rate of I'TP-P; exchange (Fig. 3
inset).

ATP-P; exchange by sarcoplasmic reticulum vesicles made permeable for cal-
cium by phospholipase A |1] or alkaline treatment [3--5] is zero at low cal-
cium concentrations [1,3--5], but activated to some extent by high calcium
concentrations in the medium [3—b]. This latter finding of de Meis and co-
workers with skeletal muscle sarcoplasmic reticulum applies equally to the
ATP-P; or ITP-P; exchange reaction by a cardiac sarcoplasmic reticulum (Fig. 4;
Table I). Both exchange reactions by cardiac sarcoplasmic reticulum treated
with phospholipase A are partially restored in the presence of 3 mM calcium in
the medium. The ATP-P; exchange by these leaky vesicles reached a plateau at
approximately 2—4 mM CaCl,, suggesting that calcium in the mM range inside
the sarcoplasmic reticulum is necessary for the facilitation of the NTP-P,
exchange reaction [1,2,4,5].

The influence of various mitochondrial uncouplers or energy transfer inhibi-
tors on ATP-P; exchange by sarcoplasmic reticulum fractions is shown in Table
IT1. None of the agents, expect dicyclohexyl carbodiimide, had any appreciable
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Fig. 3. Time course of ITP-P; exchange by cardiac sarcoplasmic reticulum. Medium: 40 mM histidine buf-
fer (pH 7.0), 100 mM KCl, 7 mM MgCl;, 5 mM ITP, 2 mM IDP, 0.01 mM CaCl;, 20 mM [32PJortho-
phosphate, 0.5 mg sarcoplasmic reticulum protein/ml. T = 925°C., @#———a, control; 4— — —5, zero cal-
cium: 10 mM EGTA, without addition of calcium; o— — —0, zero IDP: 10 mM phosphoenolpyruvate and
0.5 mg pyruvate kinase/ml, without addition of IDP. Control values were corrected for unspecific I'TP
formation in the presence of zero calcium in the medium, Inset: IDP-dependence of the ITP-P; exchange.

Fig. 4. ATP-P; exchange by native and phospholipase A treated cardiac sarcoplasmic reticulum at mM
calcium concentrations. Medium: 40 mM histidine buffer (pH 7.0), 100 mM KCl, 5 mM azide, 20 mM
MgCly, 5 mM ATP, 2 mM ADP, 3 mM CaCl; or 0.01 mM CaCl;; 10 mM {32PJorthophosphate, 0.5 mg
sarcoplasmic reticulum protein/ml, nigericin (0.5 ug/ml) plus tetraphenylarsonium (0.05 mM) or nigericin
(0.5 ug/ml) plus tetraphenylboron (0.05 mM). Zero calcium: 10 mM EGTA, without addition of caleium.
T = 25°C. Native sarcoplasmic reticulum: 3 mM CaCly: A———A, nigericin plus tetraphenylarsonium;
O-———0 nigericin plus tetraphenylboron; zero calcium: v — —v nigericin plus tetraphenylarsonium.
Phospholipase A-treated sarcoplasmic reticulum: 3 mM CaCl,: ®———=@, nigericin plus tetraphenylarso-
nium; 0————0, nigericin plus tetraphenylboron: 0.01 mM CaCl,: 0— — —0, nigericin plus tetraphenyl-
arsonium.
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TABLE III

Effect of various agents on ATP-P; exchange by cardiac sarcoplasmic reticulum. Medium: 40 mM histidine
buffer (pH 7.0). 100 mM KCl, 7 mM MgCl;, 5 mM ATP, 2 mM ADP, 20 mM [32P]orthophosphate, 0.01
mM CaCl;, 0.5 mg sarcoplasmic reticulum protein/ml. T = 25°C. All agents were added to the medium in
the concentrations as indicated.

ATP—P;
exchange
(nmol/mg
per 20
min)
Control 90.27
+ Azide (5 mM) 89.23
+ Dinitrophenol (0.1 mM) 101.71
+ Dicyclohexyl carbodiimide (0.5 mM) 150.88
+ Oligomycin (20 ug/ml) 79.81
+ Tetraphenylarsonium (0.05 mM) 85.00
+ Tetraphenylboron (0.05 mM) 90.563
+ Nigericin (0.5 ug/ml) 82.23
+ Nigericin (0.5 ug/ml) + tetraphenyl-
arsonium (0.05 mM) 93.06
+ Nigericin (0.5 ug/ml) + tetraphenyl-
boron (0.05 mM) 88.58
+ Pl PS5.di(adenosine-5')-pentaphosphate
(0.5 mM) 113.92
Control: zero Calcium 9.09
Control: zero ADP 8.42

effect. A combination of nigericin plus tetraphenylarsonium or nigericin plus
tetraphenylboron, which strongly inhibit ATP-P; exchange by intact mitochon-
dria or mitochondrial fragments [32] were without effect. These agents have
no effect on phosphorylation of cardiac sarcoplasmic reticulum, either by ATP
in the absence of orthophosphate [21], or phosphorylation from orthophos-
phate in the absence of ATP [23].

Dicyclohexyl carbodiimide increased the rate of ATP-P; exchange by more
than 50%. Similar effects of this agent on ATP-P; or ITP-P; exchange were also
seen with skeletal muscle sarcoplasmic reticulum. Phosphorylation experiments
on skeletal muscle sarcoplasmic reticulum with either radioactive ITP plus
unlabelled orthophosphate or unlabelled ITP plus radioactive orthophosphate
[5,33] indicate that dicyclohexyl carbodiimide decreases the phosphoprotein
level formed from ITP and increases the incorporation of orthophosphate into
the ATPase protein from inorganic phosphate (unpublished results). Makinose
[34] has observed an increase in the rate of calcium uptake in the presence of
low orthophosphate concentrations by dicyclohexyl carbodiimide. The inhibi-
tor of adenylate kinase, P! ,P°-di(adenosine-5')-pentaphosphate produced a slight
increase in ATP-P; exchange in some experiments (Table III).

Discussion

There are several lines of evidence that the ATP-P; exchange by cardiac sar-
coplasmic reticulum fractions observed in the present study is derived from
sarcoplasmic reticulum: a. The requirements for ATP-P; exchange by cardiac
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sarcoplasmic reticulum are essentially the same as reported for ATP-P,
exchange by skeletal muscle sarcoplasmic reticulum (Fig. 1, Fig. 3; Table I;
refs. 1—5). b. Inhibition of ATP-P; exchange by cardiac sarcoplasmic reticulum
by drugs such as prenylamine, chlorpromazine, quinidine, tetracaine and dibu-
caine is of the same order of magnitude as the inhibition of the rate of calcium
uptake and the rate of calcium-activated ATP hydrolysis (Table II; ref. 30}.
¢. Inhibitors of mitochondrial ATP-P; exchange have little effect on ATP-P,
exchange by cardiac sarcoplasmic reticulum (Table II1}). Furthermore, cardiac
sarcoplasmic reticulum (Fig. 3; Table 1) and skeletal muscle sarcoplasmic retic-
ulum [2,4,5] catalyze ITP-P, exchange, which does not occur in mitochondria
[40]. ITP and IDP are not substrates for adenylatekinase.

The mechanism of NTP-P; exchange by sarcoplasmic reticulum includes
reactions known from the unidirectional calcium translocation from outside
to the inside and vice versa [1—5]. A minimum reaction sequence, which also
applies to cardiac sarcoplasmic reticulum, is given in Scheme 1 ([2,5,35—39].

SCHEME 1

Ca, ATP ADP

B g cao«—L—»E  Cag - ATP LB ~P - Ca,,

| I

E*e— — PE* P B ~ P Oy

/

¥
Pi CEli

Reaction scheme of calcium transport by sarcoplasmic reticulum. E = calcium transport ATPase; Ca, =
calcium outside; Caj = calcitim inside the sarcoplasmic reticulum: E ~ P and E-P represent acid stable,
hydroxylamine sensitive phosphoproteins. Calcium is liberated prior to phosphate according to Makinose
[2]1.

Phosphorylation of the calcium transport ATPase by NTP [8—10, 20, 21] is
essential for the NTP-P; exchange (Fig.1, Fig. 3; Table I); phosphorylation
from orthophosphate appears to be a further prerequisite {8—10,23,41,42].
The maximum rate of NTP-P; exchange is obtained at low calcium concentra-
tions outside the sarcoplasmic reticulum, i.e., when the ratio of phosphopro-
tein formation from inorganic phosphate to phosphoprotein formation from
NTP is high [2,4,5,23,33,43]. On the other hand, phosphorylation of the calcium
transport ATPase by inorganic phosphate at pH 7.0 of sarcoplasmic reticulum
from skeletal muscle [41—45] and cardiac muscle [23,24] is completely inhib-
ited by calcium concentrations in the medium greater than 0.1 mM, irrespective
of the presence or absence of a calcium load, but is demonstrable in the
presence of NTP even at mM concentrations of calcium in the medium [4,5].
This indicates that phosphoprotein formation from NTP permits phosphate
incorporation from orthophosphate into the ATPase protein at high calcium
concentrations outside the sarcoplasmic reticulum, thereby explaining the
reduced rate of NTP-P; exchange at mM calcium concentrations by native as
well as phospholipase A treated sarcoplasmic reticulum (Fig. 4; Table I). The
NTP-P; exchange by sarcoplasmic reticulum requires NDP (Fig. 1, Fig. 3;
Table I; ref. 4), which allows dephosphorylation of the phosphoprotein formed
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from NTP, i.e., the very conditions permitting ATP-ADP phosphate exchange
[2,20,21,26,46,47] or ITP-ADP phosphate exchange [47]. ATP-P, and ITP-P;
exchange reactions appear, therefore, to include an exchange of orthophos-
phate in the medium with the phosphate of the phosphoprotein formed from
NTP, which is then dephosphorylated by ADP or IDP, resulting in ATP or ITP
formation.
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