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ABSTRACT
The sarcoplasmic reticulum of skeletal muscle retains a membrane h@uft-ATPase which is able
to interconvert different forms of energy. A part of the chemical energy released during ATP hydrolysis is
convertedinto heat and in the bibliography itis assumed that the amount of heat produced during the hydrolysis
of an ATP molecule is always the same, as if the energy released during ATP cleavage were divided in two
non-interchangeable parts: one would be converted into heat, and the other uSed*fdransport. Data
obtained in our laboratory during the past three years indicate that the amount of heat released during the
hydrolysis of ATP may vary between 7 and 32 Kcal/mol depending on whether or not a transmembrane
Ca?* gradient is formed across the sarcoplasmic reticulum membrane. Drugs such as heparin and dimethy!
sulfoxide are able to modify the fraction of the chemical energy released during ATP hydrolysis which is
used forCa?t transport and the fraction which is dissipated in the surrounding medium as heat.

key words. Ca?t-ATPaseCa?t transport, energy interconversion, ATP hydrolysis, heat production, sar-
coplasmic reticulum.

1. INTRODUCTION During reversal of the catalytic cycle, the osmotic

The Ca?+-ATPase found in the membrane of the energyderlvedf.romthe grfaldlentlstransformeql pack
. . . by the enzyme into chemical energy. In conditions
sarcoplasmic reticulum of skeletal muscle is able™” ) o
. . . similar to those found in the living cell at rest, a
to interconvert different forms of energy. This en- ) ’ ) i
2 steady state is established during which ¢+

zyme translocate€a<* from the cytoplasm to the o )

. . . concentration is high inside the reticulum and low
lumen of the reticulum by using the chemical energy

derived from ATP hydrolysis. After thata?" is ac- in the cytosol and the pump operates forward and
cumulated inside the reticulum,@a?t gradient is

backwards, cleaving and synthesizing ATP continu-
formed across the membrane and this promotes th

césly. In the bibliography, the simultaneous synthe-
reversal of the catalytic cycle of the enzyme duringSIS and hydrolysis of ATP measured in steady state
which Ca?t leaves the reticulum in a process cou-

conditions is referred to as the AR P; exchange
pled with the synthesis of ATP from ADP and Pi. reaction (Has;elbach & Makinose 1961, Bal’|(ﬂ-le
al. 1971, Makinose & Hasselbach 1971, de Meis &
*Invited paper Vianna 1979, Inesi 1985, de Meis 1993). Recently
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366 LEOPOLDO DE MEIS

de Meis 1989, Galina & de Meis 1991, De Meis  sipated into the medium as heat (uncouptadf*
al. 1990, de Meis, 1991, de Meis & Inesi 1992, de efflux). Thus, it is possible to vary the amount of
Meis & Suzano 1994, Wolosker & de Meis 1995) heat produced during ATP hydrolysis using drugs
it has been shown that during the ARR P; ex- that change the rates of the coupled and uncoupled
change only part of th€a?" efflux is coupled with ~ Ca?" efflux.
the synthesis of ATP. The other part leaks through
the Ca?*-ATPase without promoting the synthesis 2. HEAT PRODUCTION AND ATP SYNTHESIS
of ATP, a process referred to as an uncoupled efflux. BY THE Ca®f-ATPase
The rates of the coupled and the uncougledt ef- A transmembran€a?+ gradientis formed whenin-
fluxes can be modified by different drugs, including tact vesicles derived from the sarcoplasmic reticu-
dimethyl sulfoxide and heparin. lum of rabbit white muscle are incubated in
Only a part of the chemical energy releaseda medium containing ATP. This is not observed
during the hydrolysis of ATP is converted into other with leaky vesicles because ti&:2+ transported
forms of energy such as osmotic energy. The othenacross the membrane readily diffuses back to the
part is converted into heat, and this is used by theassay medium (Table 1). Both in the presence and
cell to maintain a constant and high body temper-absence of 42" gradient the amount of heat pro-
ature. Nonshivering thermogenesis is a key comduced during the hydrolysis of ATP was found to
ponent of temperature regulation in animals havingbe proportional to the amount of ATP hydrolyzed
little or no brown adipose tissue. During nonshiver-(Fig. 1). However, in the presence of the gradi-
ing thermogenesis most of the heat is derived froment, the amount of heat released after the hydrolysis
resting muscles but the mechanism of heat producef each ATP molecule and the value of thed<?
tion is still unclear (Jansky 1995, Chirettal. 1992,  for ATP hydrolysis were found to be more negative
Dumonteiletal. 1993, Dumonteiétal. 1995, Low-  than those measured with leaky vesicles (Fig. 1 and
ell & Splegelman 2000). It has been proposed thain Table | compareA H¢? values of leaky and in-
Ca®* leaks from the sarcoplasmic reticulum andtact vesicles). The calorimetric enthalpg K<)
heat would then be derived from the hydrolysis ofwas calculated by dividing the amount of heat re-
the extra amount of ATP needed to maintain a lowleased by the amount 6fa%* released by the vesi-
myoplasmicCa?* concentration. In this formula- cles. A negative value indicates that the reaction
tion it is assumed that the amount of heat producedvas exothermic and a positive value indicate that it
during the hydrolysis of an ATP molecule is always was endothermic. This difference suggests that the
the same and is not modified by the formation of thevesicles were able to convert a part of the osmotic
gradient, as if the energy released by ATP hydrolysisnergy derived from the gradient into heat and the
were to e divided in two non-interchangeable partspossibility was raised that the conversion could be
one would be converted into heat, and the other usefhediated by the uncoupled leakag&€af* through
for Ca?* transport. the ATPase. Thus, the coupled and the uncoupled
Data obtained in our laboratory during the pastCa?t effluxes could represent two distinct routes
three years (de Meigt al. 1997, de Meis 1998a,b, of energy conversion, both mediated by the?+-
Mitidieri & de Meis 1999) indicate that heat is pro- ATPase: one route in which the osmotic energy from
duced during the uncoupleda?* efflux. The cou-  the Ca?" gradient is used to synthesize ATP and a
pled and the uncoupleda®* efflux may represent second route in which the osmotic energy is con-
two distinct routes of energy conversion, both me-verted into heat.
diated by theCa?* -ATPase in which the osmotic According to this reasoning it would be ex-
energy derived from th€a?* gradientis either used pected that drugs which change the rate of the un-
to synthesize ATP (couple@a®* efflux) or is dis-  coupledCa?* efflux should also change the amount
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TABLE |
ca?t Uptake, ATP hydrolysis, ATP synthesis and heat production by rabbit sarcoplasmic reticulum vesicles.
Additions n| Ca®* ATP ATP Heat AH,
Uptake, | hydrolysis | synthesis| released Kcal / mg
pmol/mg | umol/mg | wmol/mg mcal / mg

Leaky (no gradient) | 5 None | 284+1.6 None | 2865+276 | —102+1.3
Leaky + 20% DMSO | 5 None 80+11 None 918+87 | —114+11
Intact (gradient) 5/34+£05|178+30|05+£01 | 3917+361 | —219+15
Intact + 20% DMSO | 6 | 49+0.2 | 95+19 | 0.8+0.1 | 1025+113 | —108+14
Intact + 3ug/ml heparin| 4 | 09+£02 | 9.84+05 | 0.3+£0.1 | 29714+218 | —302+21

The reaction was performed at35 and the incubation time was 20 min. The assay medium composition was 50 mM
MOPS-Tris buffer, pH 7.0, 0.1 mM'aCl, 1 mM ATP, 4 mMMgCly, and 10 mMP;. The medium was divided into four

samples. One was used for heat measurements. To the order three samples trace amount$feither 32pIATP
or 32p; were added for measurement@#2+ uptake, ATP hydrolysis and ATP synthesis, respectively. The four reactions
were started simultaneously by the addition of vesicle proteinu@nl). The values in the Table are the averag8E.

In the Table (n) is the number of experiments and DMSO is dimethyl sulfoxide. The calorimetric enthadi5¢'§j was

calculated by dividing the amount of heat released by the amount of ATP cleaved by the vesicles. For experimental details
see de Meigt al. 1997 and de Meis 1998b.
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Fig. 1 —Heat release during ATP hydrolysis in presence and absence of a transmembrane
Ca?t gradient. The assay medium and experimental conditions were as in Table | using
(O) intact vesicles that accumulate@?* and formed a transmembra@e?*-gradient

and ( ) leaky vesicles which were not able to retéln?* inside the vesicles. The figure
shows a typical experiment where the amount of heat released (A) andHH# values

(B) were plotted as a function of at the amount of ATP cleaved at different incubation
intervals. The calorimetric enthalpypE ') was calculated by dividing the amount

of heat released by the amount of ATP cleaved by the vesicles. Note that when more
negative the values of H%/, more heat was released during the hydrolysis of ATP. For
experimental details see de Meisal. 1997.

ATP synthesized during the ATR> P; exhange
reaction and the amount of heat produced duringATPase (Inesi & de Meis 1989, de Masisal. 1990,

ATP hydrolysis i.e., theAH™ of ATP hydroly-

sis. Dimethyl sulfoxide is able to couple tigz2*-

de Meiset al. 1980, de Meis 1989) leading to an
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increasedCa®" uptake, a decrease of the ATPasepromotes both a decrease of the rate of ATP hydroly-
activity and an increase of ATP synthesis. We ob-sis and activation of the synthesis of ATP (Table II).
served that in the presence of dimethyl sulfoxide theDimethyl sulfoxide is known to propitiate the rever-
cleavage of ATP produces less heat andAif#é@  sal of the catalytic cycle (de Meis & Vianna 1979,
increases to the same value as that measured witte Meiset al. 1980, de Meis 1989, de Meis & Inesi
leaky vesicles (Table I). Note that dimethyl sulfox- 1985), decreasing the ratio between the velocities
ide did not change tha H°* measured with leaky of ATP hydrolysis and of ATP synthesis. With the
vesicles in the presence of 0.1 mB&Cl, (Table 1).  use of leaky vesicles a small increase (less negative)
Heparin is an uncoupling drug that inhibits both the of the A H¢¢ was detected when th&z?+ concen-
synthesis and the hydrolysis of ATP and increasegration in the medium was raised from 0.1 to 2.0
the leakage o€ a2t through theCa2t-ATPase (de mM (Fig. 2 and Table ). The increase was more
Meis & Suzano 1994, Wolosker & de Meis 1995, pronounced when dimethyl sulfoxide was added to
Rochaet al. 1996). In the presence of @g/ml  the medium. These findings suggest that part of
heparin the vesicles still retained a small amount ofthe chemical energy derived from the hydrolysis of
Ca?* and despite the significant decrease of the ATATP is retained by the enzyme to synthesize part of
Pase activity, the heat released during the differenthe ATP previously cleaved or it can be dissipated
incubation intervals was similar to that measuredas heat and the selection between the two routes
with the control without heparin. Thus, theH?  would be determined by th€z?* concentration in
measured with 3.g/ml heparin was significantly the medium and by the presence ®f one of the
more negative than that of the control (Table I). Thesubstrates needed for the synthesis of ATP.

degree of leakage increased when the heparin con-

centration was raised to X0g/ml and although the 4. EFFECT OF TEMPERATURE: Ca2* TRANSPORT
vesicles were still able to hydrolyse ATP, they were ~ AND HEAT PRODUCTION BY ENDOTHERMIC

no longer able to accumula@:?+. This promoted (RABBIT) AND POIKILOTHERMIC (TROUT) ANIMALS

a decrease in tha H*! to the same value as that This was explored using vesicles derived from the
measured with leaky vesicles (de Metsal. 1997,  sarcoplasmic reticulum vesicles of rabbit white mus-

de Meis 1998a,b). cle and trout muscle (de Meis 1998b). The activity
of the two vesicles preparations increase with the
3. CONTROL OF HEAT PRODUCTION IN ABSENCE temperature and after 40 min. incubation at@5

2+ . .
OF A TRANSMEMBRANE Ca™ GRADIENT the amounts oiCa?*t retained by the rabbit and

TheCa?*-ATPase seems to be able to modulate therout vesicles are practically the same (Table I1).
AH of ATP hydrolysis even in the absence of a The troutCa?t-ATPase is unstable at temperatures
transmembran€a?* gradient. In this case how- higher than 25C and is inactivated after a few min-
ever, the amount of heat produced during ATP hy-utes incubation at 3% (Chini et al. 1993). The
drolysis was always smaller than that measured witlrabbit ATPase however, is stable for more than one
intact vesicles (without dimethyl sulfoxide in Table hour at 35C. The physiological body temperature
1). Leaky vesicles can catalyse both the hydrolysisof the trout varies between 2@nd 25C while the
and the synthesis of ATP when thie?t concentra-  rabbitis 37C. Thus, in spite the fact that the two en-
tion in the medium is raised to a level similar to that zymes can pump similar amounts@#%* at 25°C,
found inside the vesicles when a gradient is formedat the physiological body temperature the rabbit sar-
(about 2 mM) (de Meis & Vianna 1979, de Meis coplasmic reticulum is able to pump mafe?+ (Ta-
1993, de Meis & Inesi 1992, de Megsal. 1980, de  ble Ill) and at a faster rate than the reticulum of the
Meis 1989, de Meis 1988, de Meis 1981, de Meistrout (de Meis 1998b). After formation of the gra-
& Carvalho 1974, de Meis & Sorenson 1975). Thisdient both the rabbit and the troGu2t-ATPases

An. Acad. Bras. Ci., (2000)72 (3)



HEAT PRODUCTION BY THECa?*-ATPase 369

TABLE II
Heat released and ATP synthesisin the absence of Ca?*t gradient.

ATP, umol/mg.20 mirr?

AHC(I[
Condition Hydrolysis Synthesis | (Kcal/mol P;)
(@) 0.1 MMCaCl, | 5.34+0.68 0 —1225+0.25

(b) 2.0 MMCaCl, | 231+£0.29 037+0.03 | —7.78+ 0.23

(€) 2.0 MMCaCl,
without addedP; | 2.43+ 0.36 0 ~11.93+0.18

The reactions were performed at°Z5with rabbit leaky vesicles. The assay medium
composition was 50 mM MOPS-Tris pH 7.0, 1 mM ATP, 0.1 mM ADP, 4 M Cl>,

10 uM A23187, 20% (v/v) dimethyl sulfoxide and either with 2 mRKj} (a and b) or
without addedpP; (c). Other conditions were as described in the legend to Fig. 1. The
values shown in the table represent the averag®.E. of either seven (a and b) or
three experiments (c). Note that negative values &<? indicates that the reaction
was exothermic and a positive value indicate that it was endothermic. The differences
between theh H°% values for ATP hydrolysis measured with 0.1 and 24CI (x)

was significant (t test) witlh < 0.001. For experimental details see de Meis 1998a.

4 510
. . g s
3 o 58 /]
m o] B .
g 2 o £ 6 ]
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g 1 o e = il o
= Lo » E 21 1
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ATP hydrolyzed, nmol

Fig. 2 — Heat release (A) and ATP resynthesis (B) during ATP hydrolysis.
The assay medium composition was 50 mM MOPS/Tris buffer pH 7.0, 1 mM
ATP, 0.1 mM ADP, 4 mMMgClp, 10 uM A23187, 20% dimethyl sulfoxide,

2 mM P and either({) 0.1 or () 2.0 MM CaCl;. The reaction was started
by the addition of rabbit leaky vesicles. The reaction was performed&.25
The values represent the averag8E of four experiments. For experimental
details see de Meis 1998a.

are able to synthesize a small amount of ATP andh function of the amount of ATP hydrolyzed (Fig.

in all conditions tested, the rate of synthesis is 451) or calculating theA H°?! at each incubation in-

to 25 times smaller than the rate of ATP hydrolysisterval (Table Il and Fig. 3). The heat released for
(Table 111). Both, in the presence and in the absencesach ATP molecule hydrolyzed varies depending on
of a Ca?t gradient, the amount of heat released isthe temperature of the assay and the source of the
proportional to the amount of ATP hydrolyzed. This vesicles used. For the rabbit, the value/of <

can be visualized plotting either the heat released asieasured at 3% with intact vesicles is the double

An. Acad. Bras. Ci., (2000)72 (3)
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TABLE 11|

Energy interconversion by therabbit and trout Ca?*-ATPase at different temperatures.
Animaland | Ca?* uptake | ATP hydrolysis | ATP synthesis AHc
temperature  umol/img umol/img.mir® | umol/mg.mirr?® Kcal/mol P;

Rabbit
35°C 3.25+0.41(6) | 0.89+0.15 (6) 0.03+0.08 (6) | —20.78+ 1.33 (41)
25°C 1.54+0.10(9) | 0.42+0.05(9) 0.094+0.01(9) | —11.53+0.54 (17)
Trout
25°C 142+0.14(12) | 0.67+0.10 (12) | 0.028+0.02 (12) | —21.7+1.15(18)
15°C 0.94+0.11(5) | 0.40+0.06 (5) | 0.010+0.001(5)| —111+0.69(9)

Values are means SE of the number of experiments shown in parenthesis. Assay medium composition and other experi-
mental conditions were as described in Tabl€42™ uptake values are not initial velocities but steady-state level reached
after 40 min incubation. For experimental details see de Meis 1998b.

of that measured with leaky vesicles. This differ- 35°C. The difference ofA H°?! values measured
ence was no longer detected when the temperatungith trout vesicles in the presence and absence of
is decreased to 2€ as if in the rabbit, the mech- aCa?t gradient is also abolished when the temper-
anism that converts osmotic energy into heat pro-ature of the medium was decreased but in this case,
duction would be turned off when the temperatureto a value below 17C. The AH“ measured with

is decreased to a level far away from the physiologideaky vesicles did not vary with the temperature nor
body temperature (Table 11l and Fig. 3). with the source of the vesicles used (Fig. 3). These
data indicate that the amount of heat produced dur-
ing ATP hydrolysis by theCa?*-ATPase increases

-20 .\. - ° when a gradient is formed across the sarcoplasmic
reticulum membrane regardless of whether trout or
-151 rabbit a fish were used. The gradient dependent heat
O-0— f—— production however, seems to be arrested when the
-10+ —gd—0——©O

temperature of the medium is decreased more than
5°C below the physiological body temperature, i.e.,
below 3@ C for the rabbit and below 2C for the
-0 0 20 2 7 2 trout. The enhancement of heat production associ-
ated with the gradient could therefore play a phys-
temperature, °C iological role in the maintenance of the body tem-
perature but would not be a good emergency system
Fig. 3—Effect of gradient and temperature on of ATP hydrolysis. tg raise the body temperature after rapid cooling of
The assay media and experimental conditions were as in Tablghe animal to an extreme point that leads to a large
Il using trout @, [J) and rabbit ¢ , 1) vesicles and either intact  ygriation of the body temperature.
vesicles (solid symbols) or leaky vesicles (open symbols).

225

, kcal/mol.

cal

Ah

For the trout vesicles (poikilotherm), formation of 5 Ca®* TRANSPORT AND HEAT PRODUCTION BY

a transmembran€a?t gradient at 25C leads to a DIFFERENT Ca®"-ATPase I SOFORM S

change of theA H°¥ for ATP hydrolysis to a value Three distinct genes encode the sarco/endoplasmic
similar to that measured with the rabbit vesicles atreticulum Ca?t-ATPases (SERCA) isoforms, but

An. Acad. Bras. Ci., (2000)72 (3)
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Energy interconversion by the Ca?t-AT Pase of rabbit sarcoplasmic reticulum
and human blood platelets endoplasmic reticulum.

Vesicles andCa®t | Ca?t uptake | ATP hydrolysis Heat release, AH
concentration umol/mg umol/mg mcal Kcal/mol P;

Skeletal muscle

Ca?*, zero - 2.14+0.1(11) 20.6 + 2 (11) —10.20+ 1.38 (11)

1uM 1.85+0.16 (5) | 403+25(5) | 1,2704+629(5) | —3188+1.22 (5)

10 2.65+0.43(5) | 461+22(5) | 1,0541+ 1474 (5) | —22.67+2.14 (5)
Blood platelets

Ca?*, zero - 05+ 0.1(7) 42+0.9 (7) —12.30+ 0.71 (7)

1uM 0.14+0.02(3)| 1.8+0.3(4) 159+ 0.75 (4) —9.914+1.93(4)

10 uM 0.22+0.02(9) | 1.6+0.2 (15) 17.14+ 2.6 (15) —10.99+ 1.09 (15)

The incubation time at 3% was 30 min. The assay medium composition was 50 mM MOPS/Tris buffer (pH 7.0), 4 mM
MgClp, 100 MM KCI, 1 mM ATP, 5 mMNaN3, 10 mM P;, and 5 mM EGTA (zercfu2+) or 0.1 mM EGTA and either
0.063 or 0.11ZaCly. The calculated fre€a2t concentration with these different mixtures of EGTA anaCl» where 1

and 10uM respectively. Values are the mearS.E. of the number of experiments shown in parentheses. For experimental

details see Mitidieri &

de Meis 1999.

-351 35| B ¢—®
A /. \.\./.\.
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Fig. 4 — Effect ofCa?t gradient on the values measured with platelet (A) and skeletal
muscle (B) vesicles. The experimental conditions were as described in Table IV. The free
Ca?t concentrations were\) zero, @) 1 xM and (0) 10 uM free Ca?t.

the physiological meaning of isoforms diversity is et al. 1992). The catalytic cycle of the different
not clear. The SERCA 1 gene is expressed excluSERCA can be reversed after thafa®* gradient
sively in fast skeletal muscle whereas blood plateletdias been formed across the vesicles membrane and
and lymphoid tissues express SERCA 3 and SERCAll of them are able to synthesize ATP from ADP and

2b genes (MacLennaret al.
& MacLennan 1988, Wuytackt al. 1994, Lytton

1985, Lytton

P; duringCa?t transport (Hasselbach & Makinose
1961, Barlogiest al. 1971, Makinose & Hasselbach

An. Acad. Bras. Ci., (2000)72 (3)
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1971, de Meis & Vianna 1979, Inesi 1985, de Meis Mg2+-dependent ATPase was the same regardless
1988, de Meis 1981, Hasselbach 1978). The vesiclesf whether muscle or platelets vesicles were used
derived from blood platelets endoplasmic reticulumand theA H°¥ value calculated in the two condi-
are able to accumulate a smaller amountCaft  tions (Table 1V) was the same as that previously
than the vesicles derived from muscle (Table IV). measured with soluble F1 mitochondrial ATPase (de
During transport the two vesicle preparations cat-Meis 1998a) and soluble myosin at pH 7.2 (Gajew-
alyze simultaneously the hydrolysis and the syntheski et al. 1986). For the vesicles derived from mus-
sis of ATP from ADP andP;. The rate of synthesis cle (SERCA 1) the formation of &a?* gradient
was several folds slower than the rate of hydrolysisincreased the yield of heat production during ATP
Using the same experimental conditions as those déiydrolysis. This was not observed with the use of
scribed in Tables IV and in presence oM free  platelets vesicles (SERCA 2b and 3) where the yield
Ca?t, the rates of ATP synthesis for platelets andof heat produced during ATP cleavage was the same
muscle vesicles were@80.01 (6) and 257+0.22  in presence and absence of a transmemb€arte

(4) pmole of ATP/ mg protein.30 mint respec- gradient (Fig. 4 and Table IV). For the muscle vesi-
tively. These values are the averagjeS.E. of the  cles there was no difference in theH? value of
number of experiments shown in parenthesis. TheheMg?"-dependent ATPase and the?*-ATPase
kinetics of Ca2t transport and ATP synthesis have when the vesicles were rendered leaky (compare val-
been analyzed in details in previous reports (Hasues of no gradient in Table | and zefa?" in Table
selbach & Makinose 1961, Barlogit al. 1971, IV).With intact vesicles, theh H¢4! value was more
Makinose & Hasselbach 1971, de Meis & Vianna negative, i.e., more heatwas produced during the hy-
1979, Inesi 1985, de Meis 1981, Hasselbach 1978)drolysis of each ATP molecule when the frée?+

In this section we focused on the heat produced dureoncentration in the medium was decreased from
ing transport. As for the muscle vesicles (SERCA10 to 1 uM (Fig. 4 and Table 1V). During trans-
1), theCa?* transport by the vesicles derived from port, the P; available in the assay medium diffuses
blood platelets endoplasmic reticulum (SERCA 3through the membrane of both muscle and platelets
and 2b) is exothermic and the amount of heat revesicles, to forrCa?t phosphate crystals inside the
leased during the different incubation intervals wasvesicles. These crystals operate aS#+ buffer
proportional to the amount of ATP cleaved (Miti- that maintains the fre€?t concentration inside
dieri & de Meis 1999). This could be visualized the two vesicles constant-(2 mM) at the level
calculating theA H¢? using the values of heat re- of the solubility product of calcium phosphate (de
lease andP; produced at different incubation inter- Meis 1981, de Meigt al. 1974). The energy de-
vals (Fig. 4). Two different ATPase activities can berived from the gradient depends on the difference
distinguished in both platelets and muscle vesiclesbetween theCa?* concentrations inside and out-
The Mg?t-dependent activity requires only g2t  side the vesicles. The different values &f7<%

for its activation and is measured in the presence ofmeasured with the muscle vesicles with 1 and 10
EGTA to remove contaminaitta?t from the assay M Ca?* suggest that when the fréz:2t concen-
medium. The ATPase activity which is correlated tration in the medium is lower, the gradient formed
with Ca?* transport requires boifia®" andMg?t  across the vesicles membrane is steeper; thus more
for full activity (de Meis & Vianna 1979, Inesi 1985, heat was produced and a more negative value of the
Hasselbach 1978). In both vesicles preparationsA H¢? for ATP hydrolysis is observed. With vesi-
the M g%+ -dependent ATPase activity represents acles derived from blood platelets, there is no extra
small fraction of the total ATPase activity measuredheat production during a2t transport regardless of

in presence ofg?* and Ca®t. The amount of the freeCa?* concentration in the medium (Table
heat produced during the hydrolysis of ATP by thelV). During transport, the fre€a?* concentration

An. Acad. Bras. Ci., (2000)72 (3)
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in the lumen of the platelets vesicles is the same aproduction measured in muscle and platelet vesicles
that of the muscle< 2 mM). Thus, theCa?* gra-  after formation of a transmembrane gradient (Table
dient formed across the membrane in the presench/) could be due to the absence of uncouptad*

of 1 and 10uM Ca?* should be the same in the leakage through th€a?+-ATPase in platelets vesi-
two vesicles preparations, but only in muscle vesi-cles (thapsigargin sensitive efflux in Table V).

cles theCa?* gradient increases the yield of heat

production during ATP hydrolysis. These findings 204
indicate that different from the muscle, tiag2*-
ATPase of platelets is not able to convert the osmotic
energy derived from the gradient into heat. P 157

8 10

6. UNCOUPLED Ca?t EFFLUX B
£ ©)

Kinetics experiments indicate that the extra heat Q5.
measured after the formation of a gradient in muscle
vesicles is somehow related to the uncoupled+
efflux mediated by th€ a?*-ATPase (de Meist al. 00% 5 0 15 20 25 30
1997, de Meis 1998b, Mitidieri & de Meis 1999). minutes

This can be measured arresting the pump by the ad-

dition of an excess EGTA to the medium (Fig. 5). Fig. 5 -Ca?* release from skeletal muscle vesicles. The assay
In this condition, the free calcium available in the medium composition was 50 mM MOPS/Tris pH 7.0, 2 mM
medium is chelated but ATP and other reagents reagcr,, 1 mMATP, 0.1 mMCaCly, 20 mM P;. The reaction was
main at the same concentration as those used faftarted by the addition of vesicles at°& (0) control without
measurements of ATP hydrolysis and heat producadditions. The arrow indicates the addition of either 5 mM EGTA
tion. The uncoupled efflux can also be measureda) or 5 mM EGTA plus 1 M thapsigargin).

diluting vesicles previously loaded witba?t in

a medium containing only buffer and EGTA (Fig.
6). For the muscle vesicles, the efflux promoted
decreases when thapsigargin, a specific inhibitor oLipids derived from the breakdown of membrane
the Ca?t-ATPase (Thastrupt al. 1987, Sagarat  phospholipids are able to increase the uncou-
al. 1992), is added to the medium simultaneouslypled efflux mediated by theCa%™-ATPase of
with EGTA. The difference between the total efflux skeletal muscle sarcoplasmic reticulum (Cardoso &
and the efflux measured in presence of thapsigarde Meis 1993). We therefore tested different lipids
gin represents the uncoupled efflux mediated by thén platelets vesicles in search of a compound that
Ca%*t-ATPase (de Meis & Inesi 1992, Wolosker & could promote a thapsigargin sensitig2t ef-

de Meis 1994) and in muscle vesicles it representslux. The reasoning was that if we could promote
about 70% of the total'a2* efflux (Fig. 5and Table the leakage ofCa?t through the plateleCa?"-

V). The Ca?* efflux of platelets vesicles is slower ATPase then, similar to the muscle vesicles, the
than that of muscle and is not impaired by thapsi-platelet vesicles should become able to convert os-
gargin, regardless of the method used to measurmotic energy into heat. In the course of these exper-
the efflux (Figs. 6 and Table V). These data suggesiments we found that Dle-phosphatidylcholines-

that Ca?* leaks through the SERCA 1 of skeletal acetyly-O-hexadecyl could promote such an efflux
muscle but not through the SERCA 2B and 3 foundin platelets but notin muscle vesicles. This phospho-
in blood platelets. Therefore, the difference of heatlipid belongs to a family of acetylated phospholipids

7. PLATELET ACTIVATING FACTOR
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TABLEV
Ca2t efflux from skeletal muscle and blood platelets vesicles.
Vesicles and| n | Total efflux (A) | 5uM TG (B) TG-
PAF addition nmol/mg.mim? | nmol/mg.mim? | sensitive
(A-B)
Muscle
Without PAF | 7 203+ 26 63+ 19 140+ 22
4uMPAF | 4 228+ 38 97+ 20 130+ 38
Platelets
Without PAF | 6 40+ 3 41+ 6 0
4uMPAF | 4 > 273+9 61+3 > 212+ 10

The assay medium composition and experimental conditions were as described in Fig.
7. In the table, TG refers to thapsigargin and n to the number of experiments. Values
are average: S.E.. For experimental details, see Mitidieri & de Meis 1999.

100 OED B
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Fig. 6 —Ca?t efflux from platelet (A) and skeletal muscle (B) vesicles. The
vesicles were preloaded wif?Ca and diluted to a final concentration of 39

of protein/ml into a medium containing 50 mM MOPS/Tris pH 7.0 and 0.1 mM
EGTA either in the absence | or presencel() of 1uM thapsigargin.

known as platelet activating factor (PAF) which are Ca?t uptake and ATPase activity suggests that the
produced when cells involved in inflammatory pro- decrease o€t accumulation is promoted by an
cess are activated. PAF was found to inhibit theincrease ofCa?t efflux and not by an inhibition of
Ca?t uptake of both platelets and muscle vesicleshe ATPase. The amount 6fa?* retained by the
(Tables VI). With the two vesicles, half maximal in- vesicles is determined by the differences between
hibition is obtained with 4 to &M PAF. In contrast the rates ofCa?* uptake and ofCa?* efflux. The
with theCa?* uptake, the ATPase activity of the two higher the efflux, the smaller the amount @42+
vesicles preparations is not inhibited by PAF (Miti- retained by the vesicles. The addition of PAF during
dieri & de Meis 1999). The discrepancy betweenthe course of’a?t uptake promotes the release of
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TABLE VI
Effect of PAF on the Ca2+ uptakeand A H? of ATP hydrolysis.
Skeletal muscle vesicles Blood platelets vesicles
Ca%*t, | PAF, | Ca?t uptake AH Ca?* uptake AH“,

uM uM umol/mg Kcal / mol P; wmol/mg Kcal / mol P;
1 0 1.83+0.21(4) | —3299+2.90(4) | 0.11+0.03 (3) | —1258+ 1.29 (5)
4 | 045+0.19(4) | —2569+ 1.71 (4) | 0.03+0.01 (3) | —20.04=+ 0.37 (3)
10 0 2.66+0.44 (3) | —2292+2.24 (3) | 0.20+0.04 (3) | —10.70+ 1.01 (3)
6 | 0.68+035(5)| —16.91+1.50(5)| 0.06+0.01(3) | —23.90+ 1.06 (3)

The assay medium and experimental conditions were as in table IV. The values in the table are theta@eEags
the number of experiments shown in parentheses. The differences betweeH ¢ffevalues measured in the absence
and in the presence of PAF with skeletal muscle were signifieaast) with p < 0.05 both with 1 and 1@M Ca?*
and with blood platelets were significapt< 0.005 (1M Ca?) andp < 0.001 (10uM Ca?t). For experimental
details see Mitidieri & de Meis 1999.

Ca?t until a new steady state level 6tz%* reten-  Figs. 7A and 7B) and the proportion between the
tion is achieved (Fig. 7). With both preparations, Ca?* effluxes sensitive and insensitive to thapsi-
when higher the concentration of PAF added, thegargin measured with PAF is practically the same
lower the new steady state level@f?™ filling. The  as that measured when the pump is arrested with
release ofCa?* promoted by PAF is not accompa- EGTA (Table V). Having found a compound that
nied by a burst of ATP synthesis. On the contrary,induces the release 6fz2t through the pump, we
PAF inhibits the synthesis of ATP driven by the cou- then measured the heat produced during ATP hydrol-
pled Ca?t efflux (Mitidieri & de Meis 1999). This ysis in the presence and absence of PAF (Table VI).
indicates that the&€a?t release promoted by PAF The PAF concentrations selected were sufficient to
was not promoted by an increase of the reversal oénhance the rate of efflux without completely abol-
the pump. A major difference between the muscleishing the retention ofa?* by the vesicles, i.e.,
and platelets vesicles was found when thapsigargimithout abolishing the formation of@z?+ gradient
was added to the medium together with PAF. For thehrough the vesicles membrane. In such conditions
platelets vesicles, the rate 6%+ release measured PAF enhances the amount of heat produced during
after the addition of PAF was greatly decreased inthe hydrolysis of ATP by the blood platelets. In mus-
presence of thapsigargin (Fig. 7 and Table V) indi-cle vesicles however, PAF decreases the amount of
cating that most of th€ a2+ left the vesicles through heat produced during ATP hydrolysis. Theq<?

the ATPase as an uncoupl€d?* efflux. Thiscould  values measured with PAF and muscle vesicles were
be better seen after the initial minute of incubation.less negative than those measured in absence of PAF,
In fact, the rate of release in platelets vesicles wa$ut still more negative than the values measured in
so fast that we could not measure the initial velocityabsence o€a?t gradient.

of release with the method available in our labora-

tory. Thus, the values with PAF in Table V differ 8. CONCLUSIONS

from the other values in that it does not reflect a trueThe Ca2+-ATPase can regulate the interconversion
rate, but only the parcel @fa?" released duringthe of energy in such a way as to vary the fraction of
firstincubation minute. In muscle, the rate@®"  the energy derived from ATP hydrolysis which is
efflux measured after the addition of PAF is slowerdissipated as heat. This can be observed both in
than that measured with platelets vesicles (comparghe presence and in the absence of a transmembrane
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Fig. 7 —Ca?" release after the addition of PAF. muscle (B) vesicles. The assay
medium composition was 50 mM MOPS/Tris pH 7.0, 2 n#gClz, 10 mM P;,
40uM CaCly, 100 mM KCl and 3 mM ATP. The reaction was started by the addition
of either platelets (A) or muscle (B) vesicles af85 () control without additions.
The arrow indicates the addition of either/@ PAF (A) or 6uM PAF plus 1 M
thapsigargin &).

Ca?* gradientand depending on the conditions usedy the ratio between the coupled and uncoupled en-
the A H<? for ATP hydrolysis may vary from-7.8  zyme units. In one extreme (dimethyl sulfoxide in

(Table Il) up to—31.9 kcal/mol P; (Table 1V). Table 1), there would be a high degree of energy
The experiments described suggest the follow-conservation, most of the energy derived from the
ing sequences of energy conversion: hydrolysis of ATP being conserved by the vesicles

as osmotic energy and practically all the?* that
i) Ca®* gradient - from the total chemical energy leaves the vesicles is used to synthesize back a part
released during the ATP hydrolysis@0 kcal/mol  of the ATP previously cleaved. In the other extreme
P;), about 1/3 is converted into heat (0 kcal) pro- (3 ug/ml heparin), the SR operates as it was a “fur-
vided that theCa?* concentration on both sides of nace”, a small amount afa?" is retained by the
the membrane is keptin the micromolar range (leakwesicles and most of the energy derived from ATP
vesicles in Tables | and Il). The rest of the energyhydrolysis is dissipated into the medium as heat.
(~ 20 kcal/mol P;) is probably used to translocate
Ca?t across the membrane (work). If the vesiclesii) No gradient - previous studies demonstrated that
are leaky, the cycle is concluded in this step, becausthe solubleCa?+-ATPase is able to retain part of the
theCa?t transported diffuses back into the medium energy derived from ATP hydrolysis even after that
and the work performed duringa?* translocation both ADP andP; dissociate from the enzyme and
is not converted into heat. However, if the mem-the retained energy can be used for the synthesis
brane is intact, the energy used for the translocatiomf a new ATP molecule. This is promoted by the
of Ca?* is converted into osmotic energ¢'¢?>t  binding of Ca?* to a low affinity site of theCa?*-
gradient) and th&q?+-ATPase can then use this ATPase located in a region of the protein facing the
energy to either synthesize back a small part of thevesicles lumen (de Meis & Vianna 1979, de Meiis
ATP previously cleaved or to produce heat. The bal-al. 1980, de Meis 1989, de Meis & Carvalho 1974,
ance between these two routes would be determinede Meis & Sorenson 1975, de Meis & Inesi 1985).
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The data of Table Il indicates that the synthesis ofmuscle and platelets vesicles there i€a?* ef-
ATP in leaky vesicles is associated with an increasdlux which is not inhibited by thapsigargin. We do
of the AH¥ value for ATP hydrolysis, suggesting not know through which membrane structure this
that the binding oiCa?* to the low affinity site of Ca?t flows, but the data obtained with platelets be-
the enzyme may regulated the fraction of the energyore the addition of PAF indicate that during this
that dissipates as heat and that which can be usegfflux, osmotic energy is not converted into heat. In
for the synthesis of ATP. platelets, PAF promoted simultaneously the appear-
i) It seems that osmotic energy cannot be trans-ance of thapsigargin sensitive efflux and extra-heat
roduction during ATP hydrolysis. These observa-

formed spontaneously into heat and that a device ig . . .
P y lons corroborate with the notion that the conversion
of osmotic energy into heat can not be promoted by

needed for this conversion. For the sarcoplasmic
reticulum th ice is pr I 2. ATP _ o

eticulum the device is probably tHe ase any kind ofCa?* leakage and that a device is needed
for this conversion.

itself, that in addition to interconvert chemical into
osmotic energy, can also convert osmotic energy into
heat. In leaky vesicle§a?* is translocated across 9. ACKNOWLEDGMENTS
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