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(Ca z+ + Mg2+)-ATPase activity associated with the maintenance 
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The formation and maintenance of Ca~÷-filliag levels by sarcopimmic reticulum vesicles [mm euthyroid 
(control) and hypoth3~d skeletal muscle were investigated using the Ca2+-Imacator quin-2, at Ica2*i in the 
m e ~ , m  (le#.+l) of 0.US--0.3 pM. Rat~ ATP-dependent Ca 2+ uptake resulted in a steady-state CaZ+-fiBi~ 
level, Ca] +, within one mhmte, ~ Ca 2+ gradient ~ maintained for at least tlmse minutes, during which 
< 20% of the ATP was consmm~ C~ + was maximal (120 m n o l / m g )  for [Caz+! > 0-3 laM and decreased 
to 40 n m e l / m g  at [C~e* ] of 0.05 pM. Preparations from both experimental g r m ~  showed qealitatively and 
quantitatively the same relattmsMp between ca~+ a,d ICaZ.+l at steady state, despite a significantly lower 
Ca=+-pump ¢mtteat o4I hypethyreM m r ~  relkmhmh which resulted in a 25% lower maximal 
(Ca =+ + MgZ+)-&TPase aetivity. Mainteamme of the steady state, at all levels oi Ca=t +, was associated with 
net ATP eensumpllon by the Ca24. lmmp and c'yclhlg of ~ * ,  whleah [at-o(msses were 30% slower in the 
hYlm4byroid group as ¢omlmred to the ¢o4aia~ group. Determination of the passive efflux of Ca=+, as well as 
the fraetien of leaky or unsealed ~ relk~um fragments, exduded either of these possibilities as 
an expl~mation for the relatively high (Ca =+ + MiI=+)-ATPase rates at steady state. Oa the basis of these 
and p r e ~ w l y  ~ r e ~  it is concluded that fire maintenantm of = Ca 2+ gradient by ~a~=~mic  
mtioa;am mulet l ~ y s ~  eomUtlms wim r ~  to external I ~ + l  and the concen~V.m*s of ATP, 
ADP and Pj, is 8.~eeiated with the oddiug of Ca =+ eoepled to net ATP hydrolysh. Using the obtained data it 
is ealcutated that the sareOl~mmie retietdma m y  actotmt for 20% of the resling metaheik rate in skeletal 
m ~ .  Consequently, together with the previously relaxted lower mmal/lasmle retleulum content of skeletal 
muscle in hypo~yroidlsmb we calculate that about one thinl of the decrets¢ itt basal metaheli¢ rate in th~ 
thyroid state can be related to the alterations ef the sarco#asmk reticulum. 

Abbreviations; EGTA, ethyleaeglyo0] bis(~-amMo~lhyl ethef)-N.N'-tctraaceti¢ acid; Hel~.S. d-(2-hydroxyethylFl-pil~'a2ineethaae- 
sulfoni¢ acid; Mops, 4-morpholinepropanesulfonic acid; [Ca2~ + ]. concentration of tree Ca 2÷ in the assay medium; Ca. 2÷, total 
amount of Ca z+ sequestered by sarcoplamnic reticulum. 
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Introduction 

Depletion of thyroid hormone leads to a lower 
metabolic rate of resting and active skdetal muscle 
[1,2], and recent studies have also shown a de- 
crease in both the content and specific Ca2÷-trans - 
port activity of sarcoplasmic retienlum in this 
tissue in hypothyroidism [3,4]. Using heat mea- 
surements of contracting m~le~'leg, l~iiendekker et 
at. integrated these observations by showing that 
the reduced energy turnover in hypothyroidism 
could largely (stow muscle) or even completely 
(fast muscle) be accounted for by the reduced 
sarcoplasmic retieuhim activity in these muscle 
types [5]. That this may also play a role in the 40~ 
reduction of the metabolic rate at rest is suggested 
by an cartier study in which Dantrolen~ a drug 
that int~feres with the CaZ+-regulatory properties 
of the. sarooplasmic reticulum, significantly re- 
duced the difference in metabolic rate between 
euthyroid fnormal) and hypothyroid fast muscle 
[21. 

Whether this is directly related to the di- 
minished (Ca2++ Mg2+)-ATPase activity (Ca 2~ 
pump, EC 3.1.6.38) of the sarcoplasmic reficulum 
would seem questionable, since it is estimated that 
only 7~ of the resting ATP consumption is associ- 
awxl with this organel [61. This low value reflects 
the generally held view, that the CaX+-transport 
proccgs responsible for the steep Ca 2+ gradient 
between the lumen of the sarcoplasmic reticnlum 
and the ~'tosol, is close to thermodynamic equi+ 
librium and hence consumes little or no ATP 
[6-8,20]. Only a small (Ca 2÷ + Mg:+)-ATPase ac- 
tivity is thought to remain, compensating for a 
minor passive leak of Ca 2+ [6,9]. However, in vitro 
studies have shown that vesiculaz sarcoplasmic 
reticulum preparations can sequester Ca 2+ and 
maintain a gradient as in vlvo, but when magi- 
many filled, these prepaxations show a net ATP 
consumption by the Ca 2+ pump coupled to cy- 
cling of Ca 2+, that exceeds the activity required 
for the compensation of passive Ca z+ efflux 
[10-12,29]. These results were obtained with 
[Ca~+ l in the medium of 50-100 fsM, but an 
unexplained (Ca2+ ÷ Mg2+)-ATPase activity was 
also reported by Feher and Briggs, who examined 
the steady-state behaviour of heart sareaplasmic 
reticulum down to 0.3 #M Ca 2+ [11]. It cau there- 

fore not be excluded that the (Caa++Mg2+)  - 
ATPase activity of CaZ+-loaded sarcoplasmie re. 
ticulum under in rive conditions is in fact higher 
than e.xpected. Apart from this possible direct 
contribution to the energy turnover, the al- 
terations of this organel may affect its role in the 
homeOstasis of  the low cytosollc [Ca2÷[, which in 
turn could affect the metabolic activity [131. 
Therefore, using fast-muscle sarcoplasmic reticu- 
lure from euthyroid and hypothyroid rats, we ex- 
amined the formation of a Ca 2~ gradient as well 
as the (CaZ++ MgZ+).ATPase activity and Ca 2+ 
fluxes associated with the maintenance of the 
gradient. The experiments were performed at 
[Ca 2+] in the medium from 0.3 pM down to ~.h¢ 
value thought to prevail in the ¢ytosol of  resting 
muscle, i.e., 0.05 pM, in order to assess the possi- 
ble involvement of the sarcoplasmic reticulum in 
the thyroid-hormone regulalcd basal metabolic 
rate in muscle. 

Materials and Methods 

Animals 
Male rats of the Wistar strain were used. Hypo- 

thyroidism was induced in animals kept on a low- 
iodine diet (Hope Farms, IAnschoten) by injection 
of 1~11 or addition of KCIO 4 to the dtinldng water 
as described previously [3,4]. Th ,~ hypothyroid 
condition was maintained for six weeks. Control 
(¢uthyroid) animals were maintained on a normal 
diet and were weight-matched at the time of kill- 
ing; 240-280 g. 

Ca2 +.up~a:ce mc'.~.trement 
Satcoplasmic reticulum was isolated from the 

M. gastrocnemius-plantaris by the method of 
Mclssner [14]. For details on the purified satcop- 
lasmic reticulum see Ref. 3. 

Ca 2÷ uptake was determined firstly by the Mil- 
lipore filtration method using 45Ca~+. The reac- 
tion medium cf 10 ml contained 100 mM KCl, 10 
mM Mops, 5 mM M e G  2, 10 m_M NaN~, 100/LM 
CaCI 2 and 1 mg sarcoplasmic reticulum protein, 
pH 6.9, 2. ~ ~C. The uptake re.action was started by 
addition of 100 pM ATP and an ATP-regener- 
ating system (400 /~M phosphoenolpyrnvate/0.2 
mg/ml  pytuvat¢ kinase) to an otherwise complete 
reaction medium. Aliquols of 200/~! were taken at 



timed intervals, diluted in 2.5 m[ ice.cold 10 mM  
LaCI; in the same buffer and filtered through 0A5 
p.m Millipore filters. The 4SCa2" retained on the 
fiRers was determined by liquid scintillation 
counting and blanks were subtracted for Ca 2+ 
binding in the absence of ATP. 

Fluorescence measurements of Ca 2+ uptake at 
low external [Ca z+] used medium of the foRowing 
composition: 2 m M  MgCI2, 100 mM  KCI, 10 m M  
N a N  3 and 10 mM Mops (pH 6.9). The compound 
quin-2 wa.q present at a final concentration of 40 
pM, Quin-2, derived from EGTA, is a Ca 2+ buffer 
with Ca2+.dcpendent fluorescent properties ca. 
abling its use as a sensitive indicator of  the [Ca 2+] 
in the nanomolar  range [15]. Like F_~TA it does 
not  permeate through biological membranes. Flu- 
orescence measurements of  the free [Ca 2+ ] in the 
medium were performed with an Amineo-Bow- 
man  Spectrofluorometer equipped with a magnetic 
stirrer and thermostatted curet  holder. The extinc- 
tion and emission wavelengths were 332 and ,*98 
nm, r~pecfively, at 2 ram slit-aperture and 10 n m  
band width for both. The  incubation volume was 
2.0 ml  and the sarcoplasmie reticulum concentra- 
tion was routinely 0.1 mg / ml .  After adjustment of 
the [Ca 2+] to the desired level the u~iake reaction 
was started by addition of A'IT (1 mM). Ad- 
ditions to the incubation medium din-me measure- 
merits were given through an in.[cotton port in the 
curet  housing. The output  of  the fluorometer was 
constantly monitored by a chart recorder. Calibra- 
tion at the end of each experiment was achieved 
by determination of the maximal fluorescence 
(Fm~) in the presence of 0..5 m M  Ca 2÷ and the 
minimal  fluorescence (Fmin) by subsequent ad- 
dition of EGTA (5 raM) and adjustment of the 
pH to > 8.3. The concentration of Ca 2+ in the 
medium, l ea  2.  ] free, for a given fluorescence 
vglue F is calculated with the following equation 
[1.~1: 

lea z+ It . .  ffi K~(  F -  F ~ . ) / (  Fm~ - F )  

where K d = 120 nM [15,161. 
The  amount  of Ca 2+ bound to quin-2. 

[Ca2+]~ .d ,  is then given by: 

[Ca]b0~d ffi [quin-2l/(t ÷ Kd/iCa]~m) 

where [quin-2] = 40 #M. 
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(Ca z+ + M g  ~ ÷)-ATPase  activity at steady state 
Ca z+ uptake and establishment of steady state 

was determined as described above. During steady 
stat~ five sampies of 100/~i eacrL were drawn from 
the curet at 30 s intervals followed by the addition 
of  EGTA (2 raM) after which again five samples 
were taken. These wca-~ p rocess~  immediately for 
determination of Pl by the m~hhod of Black avd 
Jones [17]. The ( C a : + +  Mg2+)-ATPaso activity 
was calculated from the difference between the 
rate of  Pi liberation before and after the addition 
of EGTA. 

Passive Ca ~ ÷ e/flux 
When Ca 2"- uptake, dmermined as described 

above had reached steady state a single addition 
of quench reagent, 12.5 mM glw:ose and 25 p.g/ml 

hexokina.~ (final concentration), was followed by 
efflux of calcium which started within 5 s. The 
¢fflux curve was recorded and the graph was 
analyzed as described in the text. 

Ca 2 + cyv/ing at steady state 
Ca 2÷ uptake and establishment of steady state 

was determined as described above and daring the 
steady state a tracer amount  of 4SCa2÷ (0.24 #Ci) 
was added to the curet  and samples of 150 tJl each 
were immediately drawn at 10 s intervals, diluted 
in 2.5 ml ice-cold incubation buffer containing 10 
mM LaCI 3 and no quirt-2 and filtered through 
0.-~5 ~m Milfipore filters. The 4SCa2+ retained on 
the filters was determined by liquid scintillation 
counting and correction was made for ~ C a  2+ 
bound to the outside of the sareoplasmic reticu- 
ium. Analysis of  the data was as follows [11]. At 
steady state approx. 30% of the total amount  of 
Ca ~-+ in the incubation is sequestered by the 
s~_rcoplasmic rotten|urn and the added 4~Ca2- first 
eguilibrates, instantaneously, with the Ca z+ in the 
medium. The rate with which the 4SCa~+ then 
equ/fibrates between the sarcoplasmic rvtieulum- 
and the medium Ca2+-pool can be used to calcu- 
late the unidirectional Ca 2+ flux at steady state. 

If A and B are the CaZ+-pouls of  the medium 
.... ~" ....... ~ ..... ly (bulb . . . . . . . . . .  r . . . . . . .  reficahh-n, respective 
expressed as n m o l / m g  sarcoplasmic reticulum), 
which ate d0termined experimentally and A* and 
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B* the amounts of 4~Ca2+ (cpm) in both pools at 
any time, then wc can write: 

at 

where A* + B *  -- Ao*, the total amount of added 
4"~Ca2+ (cpm) and .jr is the unidirectional flux of 
Ca z+ at steady state (influx = efflux). The follow- 
ing equation can then be derived: 

( f _  A~ A+~ In e *  ~ = I n 7  _ " ~ - ~  'd" I BJ  

and by plotting the left-hen0 p;ir! of th~ equation 
against time, a line is obtained with a slope ~ u a l  
to ((A + B ) / A - B ) - J  from which J (nmol/mg 
per min) can be calculated. 

Separation of  sealed and leaky membrane fragments 
Sarcoplasmic reticulum, 1.0 rag, ~:as incubated 

at 25°C in 6 rrd reaction medium containing: 100 
mM KCI, 5 mM MgCI 2, 20 mM Hopes, 20 I~M 
free Ca 2+, 10 mM sodium oxalate and 5 mM ATP 
(pH 6.9). Ca 2+ uptake was followed with the 
Ca2+-stat method which maintains a constant 
[Ca~+ ! in the medium [3~..Following a 30 rain 
incubation during which the Ca2+-uptake reached 
a plateau, the reaction mixture was cooled in i¢¢ 
and transferred to a rotor 40 tube (Beckman) onto 
two layers of suerose: 1 ml 30~o and I mt 50% in 1 
mM Hopes (ptt  7.4). In a 45 rain run at 117000 × g 
the calcium oxalate-loadod vesicles formed a pellet 
while the remaining material banded at the 
30/509~ interface. Control experiments were per- 

formed in which ATP was omitted from the in- 
cubation mixture. 

Olher determinalion.~ 
The steady-state level of the phosphoprotein 

was determined as described before [3] under the 
conditions of the (Ca ~+ + Mg2+)-ATPaso activity 
measurements. 

Protein was measured by the method of Lowry 
¢~ al. [18] using bovine serum albumin as a stan- 
dard. Student's t-test was used in the statistical 
analyses. 

R e s u l t s  

Ca 2 +-pump content and maximal Ca 2' filling 
Sarcoplasmic retieulum isolated from the M. 

gastroenemius-plantaris of enthyroid (control) and 
hypothyroid rats was purified to a similar degree, 
~ - h  less than 10% contaminating material as 
judged by marker enzyme analysis and poly- 
acrylamide gel electruphoresis. The yield of 
sarcoplasmic retieulum protein p~" g muscle was 
30~ less in the hypothyroid as compared to the 
control group confirming previous results [3]. De- 
termination of the maximal specific (Ca2*+ 
Mg:+)-ATPas¢ activity of tho preparations indi- 
cated a significantly lower value for hypothyroid 
material, which is primarily due to a lower num- 
ber of acdve Ca 2+ pumps (32P-enzyme. Table I). 
Comparison of protein pro/des obtained by elec- 
trophoresis confirmed the decreased (CaZ++ 
Mg2+)-ATPase content rolativc to o~e r  sarcop- 
lasmi¢ reticulum proteins in the hypothyroid group 

TABLE I 

MAXIMAL [Ca :,+ .4. Mg 2~ )-AT'Pase ACTIVITY. 3ZP-ENZYME CONTENT AND MA.X:'MAL ,.2a :"" r:le.,1.1 N,.., t..*~ EUTHYRO[D 
AND HYPOTHYROID gARCOPLASMIC RETICULDM 

Maximal (Ca 2. + Mg 2+ )-ATPase a¢fivily a,as delermined in the presence of ionophare A23157 and lfl(I ItM Ca 2÷ and the maxima~ 
filling level was determined by the Millipore filtration technique at 100 FM Ca z+, as described in Materials and MelhOds. The 
(Ca ~* + Mg ~ + FATPas¢ content of sarooplasmic reticulum ~as de.termined by measuring the steady~tate incorporation of 32 p from 
lS"-')~PIATP. Data te~resent the means±S.E, of (0) individual detetminatiorXs. 

(Ca 2+ + M$ 2÷ )-ATPase ~: P-~amym¢ Ca z+ fillies 
( ,amol/mg per ram) (nmol/ms) (nmol/mg) 

Emhyroid 4.034, 0.16 (7) 4.51 =k 0.09 (S) 118~ $ {6) 
Hypothyroid 3.11 +0.28 (8) * 3.85 ±0.23 (7) * 122 +5 (~) 

• 2P < 0.05. 



3 5 3  

q.O 

0.,5, 
..,,~..,,~ 

0 
g 

~ o.I 

0.{3. = 

O,l~e 

ATP 

I -  I I I 
N ~ , ~  1 5  e ~0 

Frnax  

~- ,  imrvain 

Fi~r t. Ca2+-progre~s ¢urv:~t of usays startcxl at various kvels of [Ca2o + ]. using euthy~oid and hypothyroid {H~ sarcoplammic 
;elictdum. The uptake medium was composed as described in Materials and Melhods. Addidua of satcoplasmi¢ reticulum (SR) {0.1 
mg/ml) resulted in a fluorescence signal which iudicaled that tO0-130 nmol Ca2+/n~g was released to the medium. This amount 
correlatzs with the value of CaZ+-bound obtained by flame photometric determination, i.e., 118± 15 and tI3 ± 13 nmoVmg prol~in 
{±S.D.) for euthytold and h~othytoid satc%,:~:~M :*t:..~::~.., i-~ec.'.h,~.ly g.~,'~-~tatn~ic reticulum previo~l~ly w~bed with EGTA 
to remmre Ca 2÷ did not produce any signal. [Ca 2÷ ] is adjusted by addition of CaCl 2 and the uptake ~v~ started by addition nf l 
mM ATE ATP atone did net affect the fluorescence signat. Cafibzafion was performed by measurement of Fr= u (0.5 mM Ca 2. ) and 
Fmi ~ (¢xcc~ laGTA), The CaZ++fllling k:v~ of sarco0kasmic reficulum was r:.atc'.*lated from the diffcrcnc~ betweert th~ amount of 
Ca ~ bound to quin-2+fme Ca 2+ at the dine of ATP addition and when net uptake had ceag¢~+ The i~¢lu~ion of an 

.~TP-mgen~atin$ s~stem did not affect thg Ca2 ÷-['fliJng lewl el" the sarcopla~mic teticulum. 

(not  shown).  De te rmina t ion  by  a~CaZ+-Miilipore 
f i l t ra t ion of the maximal  Ca?+-fi l l ing level  yielded "~C 
the same value for bo th  g roups  (Tahie  I). ~mc 

Steady-state Ca 2 + filling at e~ternal [L"~ 2 +] below 
0,5 ~ M  ~ ~c 

Because the maximal filling level was de- 
termined at  a [Ca 2+] in the medium,  [Ca2o+], of ! s o  
100 f~M, we next  examined  the up take  of Ca  z+ 
under  more  phys io logica l  condi t ions  where the ~ - e o  

Ca2+-fi l l ing level may  be de te rmined  by  the u 4o 

ICa~o+]. i.e., below 0.5 ~tM. The condi t ions  wexe 
fur thermore such, tha t  less than  20~  of  the 1 m M  a c  
A T P  present  in the med ium was  consumed  dur ing  
the assay. 

The  fl~,orescent Ca2+-indlcator  quirt-2 was  used 
to  con t iguous ly  moni tor  the [Ca 2÷] in  these ex- 
per imentL  also enab l ing  the ca]eu]ation of the 
a m o u n t  of C a  2+ t aken  up  by  the saxcoplasraic 

reticulun,,  Ca~ ÷. Fig. 1 shows [Ca,+l -progress  
curves for a typical  euthyroid  sample  s tar ted at  
var ious  levels of [Ca~+|,  For  comparison,  two 
up take  carves  of the same amoun t  of  euthyroid  

: i :  • . 

y- 
L ..... I I I ! Q I  

0 O.# ~'= 3 
[C~'] [#M] 

~ ÷  
C ~  i , at various Fig, 2. Du~rminal~ons of Ca -fill ing level. ;:+ 

[ C a Z o + l  w e r e  Ferlorracd for s e v e n  euthyruid (o) and nln¢ 
hypothyroid 4 0 ) preparations. The line through the dala points 
was drawn by eye. The position of the line was independent o[ 
the amount of sarcoplasmic reticulum used (0.025-0,2 m3/rM ) 
and Mso of the concentration of quin-2 (~D-40 ~tM} and the 

lemperature (25 -~')' o C). 
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and hypothyroid  sarcoplasnfic rct iculum, s tar ted  
at  exact ly the same [Ca~o+], are also given. The  
ini t ia l  Ca2+-uptak¢ rate following the addi t ion  of  
ATP  was higher in euthyroid  m~lerial ,  in agree- 
ment  with the da ta  in Table  L bu t  the amoun t  of  
Ca  z+ sequestered and  the level of  [Ca~ + ] a t  which 
net up take  ceased were identical .  This I¢v¢1 was  
held for sevez,~l minutes,  fol lowed by  a very grad-  
ual  effiux of  the ~equestered Ca  ~ ÷ (not  shown). 
Addi t ion  of  an ATP-regenera t ing  system did  no t  
a l ter  the a t ta ined [Ca~o+], but  only  ex tended  the 
t ime that  i t  remained  constant .  

Analys is  of  such da ta  yielded the re la t ionship  
between the s teady-state  Ca2+-fil l ing level (Ca~ +) 
and  the [Ca~o÷l, depic ted in Fig. 2. The  results  
were ident ical  for bo th  groups  wi th  a half  max ima l  
Ca~ + around 0.06/~M, levell ing off to a vs lue  of  
120 n m o l / m g  a l  0.3 #M,  which conf i rms the 
maximal  l i l t ing level obtahaed wi th  the Mil l ipore  
f i l t rat ion technique (Table  I). 

Steady-slate (Ca 2 ++ Mg ~" +)-ATPase actiuity and 
Ca" + 17uxes 

Determina t ion  of the total  and  background  ra te  
of ATP-hydrotys is  under  the condi t ions  of  Fig. 2 
yielded the (Ca 2+ + M g t + ) - A T P a s c  act ivi ty asso- 

_~ o.f/ 

°.+ / 

~1 i i i t 
o o,~ o.~ 

[ c~ ' )  a ~ >  

Fig. 3. The (Ca2++Mg2:)-ATPas¢ activity at diff¢~nt 
Ca±÷-filling, l¢'ve..ls was determined for eathyroid (~) and hypo- 
thy~id (o) sascoptasmic reticulum as described in Matcrials 
and Methods. The data points repn~s~mt the means+g.D, ef 
4-6 iud]vidual prepare*ions. The Ca~+-indepzndent back- 
ground ATIPas¢ activity {MgZ+-A'rPas¢) wcs 0~294-0.13 and 
0.16±0.C0 (± S.D.) ~amol/m8 per mitt for eulhyroid and hypo- 
thyroid sarcoplasmi¢ reticulum, respectively. In all determine- 
Lions the (Ca ~+ + Mg ~+ )-ATPase activity was con.slant for at 

least 3 rain. 

2-1- e l a t e d  with the ma in tenance  of  a Ca  gradient .  A 
subs tant ia l  s teady-s ta te  act ivi ty was  indeed  found,  
which increased wi th  in, ' reasing [Ca~ +] as shown  

N* 

0 
/ 

/ 

/ 
.J 

Fig. 4. Represen|alive e~amp]e of lhe ~Leraul'~t[on o~ UJ~l'~tl~l~li~il~h ~ C ~  "~; .P~.]¢~ O: C a  ~I cycling, whe~ net upt-.~ke had ce~.c]. The 
equilibration of a tracer pulse of ~Ca 2" added at three differer, t teveb oz [Ca2o ÷ ] (A, 0.20; B, 035 and C, 0,05 .aM) is dep;cted in 
I'A). The ~Ca 2 + laken up by the sarcoplasmic teliculorn was detez~mlned by Millipore fi|l:a~ion and is given as cpm on the otdin~le. 
"['he Ca2+.filfing level caleulaled from these data was similar to the value obtained from the Iluotescenc¢ data, indicating complete 
equilibration of the 4scu 2"~ whh [h¢ sa~:oplasmic reticulum Ca 2÷ pool. The results in (A) were analyscgl as described in Materials 
and Methods yielding the straight lin~ depicted in (B). The CozY-flux rate gould b¢ calculated from the slope of th~-se fines. The 

rapid egluilihration in cuev¢ A does not allow an aCeUraee analysis. 



TABLE II 

UNIDIRECTIONAL C~ 2. FLUX (Ca z÷ CYCL]NG) AT 
TWO STEADY-STATE LEVELS OF [Ca 2- ] 

Steady-~iale Ca ~+ cycling w~ determined at two levels of 
ice 2+ ], as described ia the legend to Fig. ~.. Data represent the 
meant;~ S.E, of (n) individual determinations. 

[c.~*'l  ca ,  z+ c .  ~* f[.~ 
(~.'~f) (amd /mg)  (moul /m8 

p¢¢ rMn) 

Euthyroid (4) 0.06 :t: 0.01 42ff:5 1164-23 
Hypothyroid {3) 0.06 fl: 0.01 3"/:1:5 87~ 6 
Emhyroid (3) 0.12+0,01 79-~5 3074-42 
Hypothyroid {4) 0.t3±0.Ol 74+7  212,20 

in Fig. 3. Sarcoplasmic re t iculum of hypo thyro id  
or ig in  consumed some 30% less ATP than  
eu thyro id  mater ia l  du r ing  the main tenance  of the 
same gradient .  

The  ra te  of Ca2+~3'¢lin8 at  s teady s ta te  was 
equal ly  dependen t  on [Ca2o+]. This  pa ramete r  was  
determined,  as shown in Fig. 4, a t  two levels of 
t e a  2+ ]. Al though  the average rate  was again  abou t  
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30% lower in the hypothyro id  group,  this  d i g  
terence was not s tat is t ical ly s ignif icant  (Table  II). 

In order  to assess to wha t  e:~tent the Ca  2+ 
cycling and CaZ+-pump activity were de termined  
by passive diffusional leak of  Ca  2~', we measured  
this  flux at  var ious fil l ing levels (Fig.  5). The  
first-order ra te  constant  was independen t  of the 
fillin$ level and  proved to he the same for bo th  
~ o u p s ;  ~ e  l~-gend !o Fi$. 5. On the assumpt ion  
for which Feher  and  Briggs have provided evi- 

dence  [11], that  the passive permeabi l i ty  is not  
per turbed by  the act ive Ca  2+ pump,  i.e., in the 
presence of  ATP, it is obvious  that  the measured  
steady-state  (Ca2* + Mg  2+)-ATPase act ivi t ies  are 
too high to  be  the result  of Ca2+-uptake  com- 
pensat ing  passive ef~ux. For  example ,  at  0 . l  .aM 
[Ca2o * ] the fi l l ing level o ~, 70 n m o l / m g  would  give 
a passive leak of  30 n m o l / m g  per  rain. Re-uptake  
wouM require 15 nmol  A T P / m g  per  rain in bo th  
groups,  a ssuming  a coupl ing  ra t io  of 2 [19]. whereas  
the actual  act ivi ty was  100 and 60 n m o l / m g  per  
rain for euthy¢oid and hypothyro id  mater ia l ,  re- 
spect ively (Fig. 3). 

A 

~t ~ 3  

i t 

B 

t i . 

Fig. 5. Delerraination of  pa.~ivc- efflax ".,,'as a~.,omplished by rapidly consuming the A'TP pte~nt when a 5mhlc Ca2+-fi|ling :.~'vel was 
reached .[A). Ca 2"" el ' f l~ed immcdial,~ly Fo'tlow'.~ng addition of  quench reasent (gluec~f:/he~.okmase) at Q. The v~h.te~ for C~.~ + at 
lOs intervaJs were ~colatcd from the offlux curve mid p~ollcd lo~thrM¢~|y as a rtmetlan of time in (B). The slope, of the 
regre~on lines yielded the first.order efflu~ rate cut, tan1 (Ke). The over,3ge value obtained rot fi~e euthyroid and eishl hyr~thyr~d 
sar~oplasmic retieulum prepoaa:iom was 0,44+0,05 and 0.40:i:0.03 rain -I  (+S.D.), respectively, confirmin 8 previolts reports 
(11.12,29]. "l-a~: ve]u¢ of K e was independeat of the level of Cat z+, 55~t25 maul/rag, at which efflux was determined, sugge.~ting Ihe 
absence of an appreeioble amount of t'figh,affialty Ca2+-binding ~ites in the sarcoplasmie reticulum. The ob~r~ed ,,fflex is not 
related to inversion of the Ca2+opump eyrie, bec~u~ the K~ was ~'onstant over a range or [caao - ] of 0.04-0.25 .uM i~1 which pump 

reversal shows a S0~ ~ree..m in ~¢tivity [33]. 
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Contributwn of leaky vesicles to tteady.state (Ca z + 
+ MgZ+)-A TPose activity 

It has bc~n pointed out repeatedly that high 
steady-state ATPase rates may be explained by 
the presence of only a small fraction of leaky 
vesicles or un~-~aled fragmen~ of saxcoplasmie 
retieuhim, which will have a maximal (Ca2+ + 
MgZ+)-ATPase activity due to the absence of back 
inhibition by iutravesicular Ca 2+ [12,20]: To ex. 
amine this possibility we determined the maximal 
(Can+ + Mg:+)-ATPasc activity of enthyroid and 
hypothyroid preparations under the conditions 
used, by re~dexing them completely permeable to 
Ca 2÷ with the ionophore A23187. The resuhs ob- 
tained at various [Ca2o +] are depicted in Fig. 6, 
showing a 4---5-fold higher activity, in both pre- 
parations, than measured in the absence of iono- 
phor¢..'rhercfor¢, if the steady state (C~2++ 
Mg2+)-ATPase activities in Fig. 3 are to be ex- 
plained by the prcsenc~ of leaky material, this 
would require a fraction of 20~o of the sarcop- 
lasmic reticulum preparations used in this study, 
An estimate of the actual fraction of leaky or 
unsealed material was obtained by separating 
vesicles capable of Ca 2+ sequestration from other 

TABLE Ill 
DETBRMINATION OF THE FRACTION OF SBALBD 
MEMBRANE VESICLES 

The oxalate supported Ca :E+ loading (plateau) was determined 
with the Ca2+-stat method =ing 1 mg sagcoplasmic reticulum 
protein as described in Materials and Methods. in a 30 rain 
incubation. CaZ+-toaded, i.e., intact vesicles we~ separated 
from leaky .,~siele.s and other conL'~minatin~, U~l~'Jal by sedi* 
mentation of the form~ through a sucrose layer. The prot©in 
¢.ontcat Of the pclle~ and h'~ non-sedimentable fraction (other 
material) was determined. Control egpcfimcms without ATP 
invariably yielded no sedimcntable matc~dal. Data repr--e~ent 
the means4-S.E, of t h ~  iMi'aiduai ¢ont~l preparations 
(euthyro~d). 

Ca 2+ loading Caa+-~oaded vesicles Other material 
(p.mol/mg) (rag) (rag) 

11.5~0,~ 0.92~0.02 0,10±0.02 

material, using the increased density oi vesicles 
loaded with Ca ~* in the presence of oxalate. The 
analysis of three control preparations indicated 
the presence of leaky membranes and non sarcop- 
lasmlc-retieulum material to a maximum of 10% 
(Table III). 

Discussion 

~. qC 
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Fig. 6. (Ca 2+ +Mg 2÷ )-ATP~se activity of euthyroid (0) and 
hypothyroid (o) sarcoplasmie rcfioulum, rc~ader~ permeable 
to Ca :~÷ by addition of 1 lgM A23187, al different levels el 
[Ca~* ]. Conditions were otherwise id~tica] to those desmhed 
for FiFe 3, h¢l the ATPas~ activity was determined usln 8 a 
coupted enzyme assay {pyruvate kina.w/lactate dabydro- 
g,mase) by measuring NADH absorbance. Identical results 
were nbtaln~ by direct measurement of Pj liberation. Dale 

points are the me,ms i $. D. ot 6- 8 iudi,.'idua! preparations. 

The resutts of this study can be summarized as 
follows: 

(1) Sareoplasmic reticulum consumes about 5- 
times more ATP than expected on the basis of 
passive Ca2÷-permeability of the membrane, while 
maintaining a gradient at low external [Ca2+], 

(2) The lower Ca2+-pump activity of hypo- 
thyroid sarcoplasmic reficulum does not affect the 
attainable Ca 2+ gradient, yet it reduces signifi- 
cantly the (Ca2+ + Mg2+)-ATPase activity associ- 
ated with its maintenance. 

Before discussing the implications for the inter- 
pretation of the resting metabolic rate of skeletal 
muscle in euthyroidism and hypothyroidism, we 
will first consider some general aspects of the 
present data. 

Steady-state CaZ+filli,g and (Ca 2÷ + Mg2+). 
A TPase aeliuily 

The conditions used in the assay of the steady- 
state Ca2+-filling level at low [Ca2o +] were such, 
that less than 20% of the ATP present was con- 



sumed during the measurement. This means that 
the ratio of [ATP]/[ADP] +[P+], the phosphory- 
lation potential, decreased continuously, but never 
dropped below 2.104 M - t ;  for the .=p~'  curve 
(euthyroid) in the example of Fig. 1 the ratio was 
4 .  l0  s at t = 1 rain and 3. I0 a at t ~ 4 rain. We 
chose these conditions becausc Trevorrow and 
Haynes have shown that the Ca 2÷ gradient at- 
tained by sarcoplasmic reticulum in vitro at 0.05 
pM tease ÷] is c o n s m t  and independent of the 
phosphorylation potential down to a value of this 
parameter of  1 .10  a M - l  [21]. Below this value 
the gradient decreased proportionately, indicating 
thermodynamic equilibrium of the Ca 2 ÷-transport 
process. The stability of the CaZ+-filfing level, at 
phnsphorylation potentials > 2-10  + M -~, as ob- 
served by us, confirms these results. We consider 
the applied conditions physiologically relevant, 
since recent determinations of  the phosphory- 
lation potential in resting skeletal muscle invaria- 
bly show values above 2 .10  + M -I ,  e.g., 2.7.10 + 
[22], 2.2-104 and 4.9,104 [23] and 7.7.104 (ReL 
24, data recalculated with the accepted Kq,~ of 
1.66-109 M - t  [25]). 

The limits of the Ca 2+ gradient at low [Ca 2+ ] 
and phosphorylation potentials above 2 .10  + M -  
or at increasing [Ca2~ ÷] are apparently not de- 
termined by a mere balance between passive ¢fflux 
and active uptake of  Ca ~+ as pl~"viously sugsested 
~9,21], in which ease the tower Ca2+-pump activ- 
ity, but unaltered passive permeability in hypo- 
thyroidism should have resulted in a shift of the 
Ca~÷-[CaZo+ ] relationship (Fig. 2). The absence of 
such an effect is in line with results obtained by 
Haynes and Mandveno [26], who observed the 
same Ca~+-[Ca2o +] relationship as reported here 
and showed that reducing the Ca2+-pump activity 
by 90% by raising the pH from 7.0 to 8.0, left the 
relationship unaltered. Since the passive efflnx of  
Ca 2+ shows no such pH dependence, this pre- 
cludes the balance of active uptake and passive 
efflux as a deterrainant of the Ca 2+ gradient. 

Ca2+-exchange studies on the other hand, have 
led to the conclusion that at steady state, Ca 2÷ 
efflux is mediated by the Ca 2÷ pump itselL Such 
tight c0upfing of Ca 2 +-influx and -efflux was sug- 
gested by several groups who observed for the 
same maximal filling at high [Ca~+], widely differ- 
ent Ca2+-exchauge rates proportional to the 
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Ca2÷-pnmp activity [I0,12.27,29,34+35]+ Two basi- 
cally different, but not mutually exclusive mecha- 
nisms have been proposed, in which Ca 2+ effhixcs 
through reversal of the pump cycie ~ith resynthe- 
sis of ATP [11], or Ca 2÷ effluxes as part of the 
normal forward reaction cycle, with the return of 
the enzyme's Ca 2+ translocator to the exterior 
position, Le., coupled to ATP-bydrolysis [10,12]. A 
carefulI study by Gerdes and M~ller provided 
evidence for the existent, of the latter cfflux route, 
at least at 100 ~tM [Ca~ + ] and fillin8 levels of  the 
sarcoplasmic reticuhim > 30% of the maximal 
value [12]. Furthermore, net ATP-eonsumption by 
the Ca 2+ pump at low [Ca~+], 0.3-3.5 ;tM and 
steady-state filling levels of 14-60 nmnl /mg  (heart 
sarcoplasmlc reticulum) was also observed in Ref. 
11. 

Although for both proposed m~hanisms, the 
filling level at which influx equals ¢fflux is inde- 
pendent of the Ca2*-Fump activity of a prepara- 
tion, which is in line with the present results, the 
scheme proposed by Gerdes and Moiler also 
accounts for the observed high rate of net ATP- 
consumption at steady state. It is unlikely that the 
(Ca 2+ +Mg2+)-ATPase activities in the present 
study are due to a fraction of leaky or unsealed 
sarcoplasmic reticulum fragments. The equal 
stimulation of  the (Ca 2+ + Mg2+ )-ATPase activity 
after making all material pcrmpable to Ca 2+, indi- 
cated that preparations from both groups con- 
tained similar fractions of unsealed material. This 
experiment furthermore indicated that 20% of the 
material should be leaky if this were to explain the 
observed steady-state (Ca 2+ + Mg 2÷ )-ATPase ac- 
tivities. The obtained ~t imate of the actual frac- 
tion that was unable to sequester Ca 2* of  10%, 
comprises at least 4% plasmamembrane and 1% 
mitoehondriai contamination, as indicated by 
markcvenzym¢ analysis [30]. The presence of 5~ 
unsealed sarcoplasmie reticulum fragmems in the 
preparations is therefore a more realistic estimate, 
suggesting that tht: greater part of the observed 
steady-state (Ca 2* + Mg2+)-ATPase activity is as- 
sociated with the maintenance of the Ca 2÷ gradi- 
ent of intact vesicles, rather than with leaky 
material. 

If we then compare the steady-state (Ca2++ 
Mg2÷).ATPase activity (Fig. 3), corrected for 5% 
unsealed material (Fig. 6). with the Ca2+-cycling 
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rate of  Table 11, it shows that approx. 50% o n  be 
accounted for by Ca 2+ cycling coupled to net ATP 
hydrolysis, using a coupling ratio of 2. The 
remainder would constitute exchange of Ca 2+ 
through (partial) reversal of the Ca2+-pump cycle. 
This corroborates the results of Feher and Briggs, 
who reported that 40qb of their Ca2+--eycling activ- 
ity was possibly not related to pump reversal [11]. 

Implications for the in rive sttuatWn: the effect of 
hypothyroidism 

In summary, the interpretation of the results 
impfies, that the maintenance of a Ca 2+ gradient 
by the sa~_.oplasrnlc reliculum under conditions 
prevailing in resting skeletal muscle,, i.e., [Ca~ +] of 
0.05 FM and a phosphorylation potential > 2 ,104  
M ~, is associated with a substantial energy 
turnover proportional to the Ca2*-pump content 
of the membrane. On the other hand, the Ca ~+ 
gradien t. i~ relatively insensitive to variations of 
the energy state of the cell (phosphorylation 
potential), which precludes fluctuations of the 
Ca 2+ gradient that in turn would affect the im- 
portant  homeostasis of the few cytosolic [Ca2÷]. 

The results indicate a flight ( - ]  5%, Table I), 
but  significant reduction of the Ca2~-pnmp con- 
tent of sarcoplasmic rctienhim in hypothyroidism, 
which is in line with a similar bu~ more pro- 
nounced effect on the Ca 2 +-pump density observed 
for soleus muscle 14]. The somewhat larger dif- 
ference in maximal (Ca2+ + Mg z+ )-ATPase activ- 
ity between the preparations used here (-25%, 
Table 1), is accounted for by the lower catalytic 
turnover number of the Ca 2÷ pump in hypo- 
thyroidism, which is related to a higher energy of 
activation of the enzyme in this thyroid state [3]. 

However, as the C a 2 - p u m p  activity does not  
determine the attainable Ca 2+ gradient, hypo- 
thyroidism has no effect on the Ca2÷-sequestering 
capacity of  sarcop]asmie reticulum, which at 0.05 
/~M [Ca2o * ] gives a Ca2+-filling level of 30~ of its 
maximum. This value corroborates earlier esti- 
mates of  the fractional filling level of sarcoplasmic 
reliculum in vlvo [31]. Neverlhele-~s, the lower 
Ca'~+.pump activity in hypothyroidism gives rise 
to a proportionately lower steady-state (Ca2++ 
Mg:+)-ATPase activity coupled to the (futile) cy- 
cling of Ca 2÷. The consequences of this for the in 
vivo situation were assessed using the previously 

determined sarcoplasmic retioulum content of  8as- 
trocnemins-plantaris muscle of  6.8 and 4.7 m g / g  
we! weight in euthyroidism and hypothyroidism, 
respectively [3]. The ATP consumption related to 
the maintenance of a Ca 2+ gradient at 0.05 /tM 
[Ca2o + ] and 37 o C was calculated, makiu 8 correc- 
tions for the temperature [3] and the contribution 
o[ 5% leaky vesicles to the ATPase data  in Fig. 3. 
We arrive at an  activity of  0.88 and 0.44 /~mol 
A T P / g  per rain for enthyroid and hypothyroid 
muscle, respectively. In both cases this is 20% of 
the resting metabolic rate, as determined for pre- 
dominantly fast muscle in hindlimb perfusion ex- 
periments [2]. 

These results, in conclusion, suggest that nearly 
one third of the decrease in basal metabofic rate of  
skeletal muscle in hypothyroidism is accounted for 
by the d~rc.~-..d o~w~.,o.,~-~:~ reti~ulum content 
of  Ihe muscle and the lower Ca2 %pump activity of  
this organel. 
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