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The formation and maintenance of Ca’*-filling levels by sarcoplasmic reticolum vesicles from euthyroid
{control) and hypothyroid skeletal muscle were investigated using ¢he Ca®*-indicator quins2, at [Ca?*] in the
medivn ({C227]) of 0.05-0.3 £ M. Rapid ATP-dependent Ca?* uptake resulted in a steady-state Ca®*-filling
level, Ca3*, within one minute, This Ca?* gradient was maintsined for at least three minutes, during which
< 20% of the ATP was consumed. Ca?* was maximal (120 »mol /mg) for [CaZ*] > 03 pM and decreased
to 40 nmol /mg at [CaZ* | of 0.05 pM. Preparations from both experimental groups showed qualitatively and
quantitatively the same relationship between Caf* and |Cal*| at steady state, despite a significantly lower
Ca’*-pump content of hypothyroid sarcoplasmic reticuhun, which resulted in a 25% lower maximal
(Ca’* + Mg?*+)-ATPase activity. Maintenance of the steady state, at all levels of Ca?*, was associated with
net ATP consumption by the Ca>* pumip and cycling of Cal*, which processes were 30% slower in the
hypothyroid group as compared to the contrel group. Determination of the passive efflux of Ca’*, as well as
the fraction of leaky or unsealed sarcoplasmic reticlum fragments, excluded either of these possibilities as
an explanation for the relatively high (Ca** 4+ Mg?*)-ATPase rates at steady state. On the basis of these
and previously reported results, it is concluded that the maintenance of 2 C2** gradient by sarcoplasmic
reficulum uider phiysiological conditions with respect o external [Ca**] and the concentrations of ATP,
ADP and P,, is associated with the cyeling of Ca’* coupled to net ATP hydrolysis. Using the obtained data it
is calculated that the sarcoplasmic reticulum may account for 20% of the resting metabolic rate in skeletal
muscle. Consequently, together with the previously reported lower sarcoplasmie reticulum content of skeletal
muscle in hypothyroidism, we calculate that about one third of the decrease iin basal metabolie rate in this
thyroid state can be related to the alterations of the sarcoplasmic reticulum.

Abbreviations: EGTA, ethyleneglycol bis{ f-aminoethyl ether)-V, N -tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid; Mops, 4-morpholinepropanesulfonic acid; [Cng* J. concentration of fres CaZ* in the assay medium; Ca?™, total
amount of Ca?* sequestered by sarcoplasmic reticulum.
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Introduction

Diepletion of thyroid hormone leads 1o a lower
metabolic rate of resting and active skeletal muscle
[1,2]), and recent studies have also shown a de-
crease in both the content and specific Ca®*-trans-
port activity of sarcoplasmic reticulum in this
tissue in hypothyroidism [3,4]. Using heat mea-
surements of contracting mmerles, Teijendekker et
al. integrated these observations by showing that
the reduced energy turnover in hypothyroidism
counld largely (slow muscle) or even completely
(fast muscle) be accounted for by the reduced
sarcoplasmic reticulum 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 earlier study in which Dantrolene; a drug
that interferes with the Ca2*-resulatory properties
of the sarcoplasmic reticulum, significantly re-
duced the difference in metabolic rate between
euthyroid {normal) and hypothyroid fast muscle
2].

Whether this is directly related to the di-
minished (Ca?* + Mg?*)-ATPase activity (Ca2*
pump, EC 3.1.6.38) of the sarcoplasmic reticulum
would seem questionable, since it is estimated that
only 7% of the resting ATP consumption is associ-
ated with this organel [6]. This low value reflects
the generally held view, that the Ca?*-transport
process responsible for the steep Ca?* gradient
beeween the lumen of the sarcoplasmic reticulum
and tke cytoso), is close to thermodynamic equi-
librium and hence consumes little or no ATP
[6-8,20). Only a small (Ca?* + Mg?*)-ATPase ac-
tivity is thought to remain, compensating for a
minor passive leak of Ca?* [6,9]. However, in vitro
studies have shown that vesicular sarcoplasmic
reticulum preparations can sequester Ca’* and
maintain a gradient as in vivo, bul when maxi-
mally filled, these preparations show a net ATP
consumption by the Ca?* pump coupled to cy-
cling of Ca?*, that exceeds the activity required
for the compensation of passive Ca’™ efflux
[10-12,29]. These results were obtained with
[Ca’*} in the medium of 50-100 pM, but an
unexplained (Ca®* + Mg2+)-ATPase activity was
also reported by Feher and Briggs, who examined
the steady-state behaviour of heart sarcoplasmic
reticulum down 10 0.3 pM Ca®* [11]. It can there-

fore not be excluded that the (Ca®*+ Mg?*)-
ATPase activity of Ca®*.loaded sarcoplasmic re-
ticulum under in vivo conditions is in fact higher
than expected. Apart from this possible direct
contribution to the energy tumover, the al-
terations of this organel may affect its role in the
homeostasis of the low cytosolic [Ca?*], which in
wwn could affect the metabolic activity [13].
Therefore, using fast-muscle sarcoplasmic reticu-
lum from euthyroid and hypothyroid rats, we ex-
amined the formation of a Ca®* gradient as well
as the (Ca’* + Mg?*)-ATPase activity and Ca®*
fluxes associated with the maintenance of the
gradient. The experiments were performed at
[Ca®*] in the medium from (.3 pM down to the
value thought to prevail in the cytosol of resting
muscle, Le.,, 0.05 pM, in order to assess the possi-
ble involvement of the sarcoplasmic reticulum in
the thyroid-hormone regulated basal metabolic
rate in muscle.

Materials and Methods

Animals

Male rais of the Wistar strain were used. Hypo-
thyroidism was induced in animals kept on a low-
iodine diet (Hope Farms, Linschoten) by injection
of 1311 or addition of KClO, to the drinking water
as described previously [3,4]. The hypothyroid
condition was maintained for six weeks, Conirol
(cuthyreid) animals were maintained on a normal
diet and were weight-matched at the time of kill-
ing; 240-280 g.

Ca?*.uptake mezsurement

Sarcoplasmic reticulum was isolated from the
M. gastrocnemius-plantaris by the method of
Meissner [14}. For details on the purified sarcop-
lasmic reticulum see Ref. 3.

Ca?* uptake was determined firstly by the Mil-
lipore filtration method using **Ca?*. The reac-
tion medium cf 10 ml contained 100 mM KCI, 10
mM Mops, 5 mM MgCl,, 160 mM NaN,, 100 oM
CaCl, and 1 mg sarcoplasmic reticulum protein,
pH 6.9, 2f * C. The uptake reaction was started by
addition of 100 pM ATP and an ATP-regener-
ating system (400 pM phosphoenolpyruvate /0.2
mg,/ml pyruvate kinase) to an otherwise complete
reaction medium. Aliquots of 200 ul were taken at



timed intervals, diluted in 2.5 ml ice-cold 10 mM
LaCl, in the same buffer and filtered through 0.45
pm Millipore filters. The **Ca2* retained on the
filters was determined by liguid scintiliation
counting and blanks were subtracted for CaZ*
binding in the absence of ATP.

Fluorescence measurements of Ca?* uptake at
low external [Ca?*] used medium of the foltowing
composition: 2 mM MgCl,, 100 mM KCl, 10 mM
NaN; and 10 mM Mops (pH 6.9). The compound
quin-2 was present at z final concentration of 40
#M. Quin-2, derived from EGTA, is a Ca®* buffer
with Ca’*.dependent fluorescent properties en-
abling its use as a sensitive indicator of the [Ca®*]
in the nanomolar range [15]. Like EGTA it dogs
noi permeate through biological membranes. Flu-
orescence measurements of the free [Ca2*] in the
medium were performed with an Aminco-Bow-
man Specirofluorometer equipped with a magnetic
stirrer and thermostatted cuvet holder. The extinc-
tion and emission wavelengths were 332 and 498
nm, respectively, at 2 mm slit-aperture and 10 nm
band width for both. The incubation volume was
2.0 ml and the sarcoplasmic reticulum concentra-
tion was routinely 0.1 mg/ml. After adjustment of
the [Ca?*] to the desired level the uriuk~ reaction
was started by addition of ATF (1 mM). Ad-
ditions to the incubation medium dunng measure-
ments were given through an injection port in the
cuvet 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
{F,..) in the presence of 0.5 mM Ca?* and the
minimal fluorescence (F_ ;) by subsequent ad-
dition of EGTA (5 mM) and adjustment of the
pH to > 8.3. The concentration of Ca?* in the
medium, [Ca®*) free, for a given fluorescence
value F is calculated with the following equation
[15k

[Ca®* Yo = Kg( F = Foin}/( Frpay — F)

where K, = 120 nM [15,16}.
The amount of Ca?* bound to quin-Z,
[Ca* ) houna» is then given by:

[Calbouna = [quin-2)/(1+ K, /{Calsee)

where [quin-2] = 40 pM.
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(Ca’* + Mg**)-ATPase activity at steady state

Ca®* uptake and establishment of steady state
was determined as described above. During steady
state, five sampies of 100 pi each were drawn from
the cuvet at 30 s intervals followed by the addition
of EGTA (2 mM) after which again five samples
were taken. These were processed immediately for
determination of P, by the mzthod of Black and
Jones [17} The (Ca®* + Mg2*)-ATPase aclivity
was calculated from the difference between the
rate of P; liberation before and after the addition
of EGTA.

Passive Ca’™ efflux

When Ca?* uptake, determined as described
above had reached steady state a single addition
of quench reagent, 12.5 mM glucose and 25 pug/ml
hexokinase {final concentration), was followed by
efflux of calcium which started within 5 s. The
efflux curve was recorded and the graph was
analyzed as described in the text.

Ca’* cycling at steady state

Ca* uptake and establishment of steady state
was determined as described above and during the
steady state a tracer amount of ¥ Ca?™ (0.24 pCi)
was added to the cuvet and samples of 150 pi each
were immediately drawn at 10 s intervals, diluted
in 2.5 ml ice-cold incubation buffer containing 10
mM LaCl, and no quin-2 and filtered through
.45 wm Millipore filters. The **Ca®” retained on
the filters was determined by liquid scintillation
counting and correction was made for “Ca*
bound to the outside of the sarcoplasmic reticu-
fum. Analysis of the data was as follows [11]. At
steady state approx. 30% of the total amount of
Cal* in the incubation is sequestered by the
sarcaplasmic reticuium and the added **Ca®* first
equilibrates, instantancously, with the Ca®* in the
medium. The rate with which the *Ca?* then
equilibrates between the sarcoplasmic reticulum-
and the medium Ca?*-pool can be used 1o calcu-
late the unidirectional Ca?* flux at steady state.

If A and B are the Ca?*-pools of the medium
and the sarcoplasmic reticulum, respectively (both
expvessed as nmol/mg sarcoplasmic reticulumy),
which are dctermined experimentalty and 4™ and
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B* the amounts of *Ca”* (cpm) in both paols at
any time, then we can wrile:

where A4* + 8* = A}, the total amount of added
a2+ (cpm) and J is the unidirectional flux of
Ca?* at steady state {influx = efflux). The follow-
ing equation can then be derived:

A TEIT e T

- a Ai
i (A 2%y e A+EB
and by plotting the left-hand part of the equation
against time, a line is obtained with a slope equal
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 mg, vas incubated
at 25°C in 6 ml reaction medinm containing: 100
mM KCi, 5 mM MgCl,, 20 mM Hepes, 20 pM
free Ca2*, 10 mM sodium oxalate and 5 mM ATP
{pH 6.9). Ca?* uptake was followed with the
Ca®*-stat method which maintains a constant
[Ca?*] in the medium [3}. Following a 30 min
incubation during which the Ca®*-uptake reached
a piateau, the reaction mixture was cooled in ice
and transferred to a rotor 40 tube {Beckman) onto
two layers of sucrose; 1 ml 30% and 1 ml 50% in 1
mM Hepes (pH 7.4). In a 45 min run at 117000 X g
the calcium oxalate-loaded vesicles formed a pellet
while the remaining material banded at the
30,/50% interface. Control experiments were pet-

TABLE 1

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

Other determinations

The steady-state level of the phosphoprotein
was determined as described before [3) under the
conditions of the (Ca®* + Mg?*)-ATPase activity
MEASUTEmEnis.

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

Results

Ca’*.pump content and maximal Ca? " filling
Suarcoplasmic reticulum isolated from the M.
gastrocnemius-plantaris of euthyroid (control) and
hypothyroid rats was purified to a similar degree,
wi*h less than 10% contaminating material as
judged by marker enzyme analysis and poly-
acrylamide gel electrophoresis. The yield of
sarcoplasmic reticulum protein per g muscle was
30% less in the hypothyroid as compared to the
control group confirming previous results [3]. De-
termination of the maximal specific (Ca?*+
Mg?*)-ATPase activity of the preparations indi-
cated a significantly lower value for hypothyroid
material, which is primarily doe to a lower num-
ber of active Ca?* pumps (*2P-enzyme. Table I).
Comparison of protein profiles obtained by elec-
trophoresis confirmed the decreased (Ca®* +
Mg2+)}-ATPase content relative to other sarcop-
lastnic reticulum proteins in the hypothyroid group

MAXIMAL (Ca?* +Mg2* )-ATPase ACTIVITY. 32P-ENZYME CONTENT AND MAXIMAL Ca** FILLING CF EUTHYROID

AND HYPOTHYROID SARCOPLASMIC RETICULUM

Maximal (Ca?* +Mg2* )-ATPase activily was determined in the presence of ionophore A23187 and 100 gM Ca?* and the maximal
filiing level was determined by the Millipore filtration technigque at 100 pM Ca?*, as described in Materials and Methods. The
(Ca?* +Mg?* }ATPase content of sarcoplasmic reticulum was determined by msasuring the steady-stats incorporation of 2P from
[ 7-32 PIATP. Data represent the means +S.E. of (#) individual determinations.

(Ca®" + Mg?™* FATPase * P-cnzyme Ca** filling

{ pmol/mg per min} (nmol /mg) (nmiol /mg)
Euthyroid 4034 016(7) 4.51 40,09 (5) 18%5(6)
Hypothyroid 314028 * 3854023(7) * 122+5(5)

* 1P <005
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Fig. 1. Ca?*-progress curves of assays started at various levels of [CaZ* ], using cuthyioid and hypothyroid {H) sarcoplasmic
reticelum. The uptake medium was composed as described in Materials and Metheds. Addition of sarcoplasmic reticulum {SR) (0.1
mg,/mly resulted in a Muorescence signal which indicated that 100-130 nmol Ca®*/mg was released to the medium. This amount
correlates with the value of Ca**-bound obtained by flame photumemc deterrmnaum. i, 118+ 15 and i13+13 amol/mg prolzin

{+£8.D.) for euthyroid and hypothyroid sarcopiuczic o P zeendacmic reticulum pravioushy hed with EGTA
to remove Ca®* did not produce any signal. [Cal* ] is adjusted by addnmn of (".nCI2 and the uptake was started by addition of 1
mM ATP. ATP alone did not affect the fiu signat. Calibralion was pericrmed by measurement of Fi,, (0.5 mM Ca?* j and
Fpin (excess BEGTA). The Cal*-filling level of sarcoplasmic reliculum was calculated frum the diffen b the of

Ca** hound to quin-2+free Ca?* at the dme of ATP addition and when net upiake had ceased. The inclusion of an
ATP-regenerating system did not affect the Ca?*-filting level of the sarcoplasmic reticulum.

(not shown). Determination by **Ca**-Millipore .
filtration of the maximal Ca?*-filling level yielded Mo
the same value for both groups {Table I).

Steady-state Ca’* filling at external [Ca’* ] below
0.5 uM E 1004
Because the maximal filling level was de- 3
c

termined at a [Ca?*] in the medium, [Ca%*], of sor

100 pM, we next examined the uptake of Ca**

under more physiological conditions where the “’8' aor

Ca?*illing level may be determined by the aok

[Ca2*], ie., below 0.5 uM. The conditions were

furthermore such, that less than 20% of the 1 mM 20-

ATP present in the medium was consumed during

the assay. a L o L o L o3

The fliorescent Ca®*-indicator quin-2 was used
to contit-uously monitor the [Ca2*] in these ex-
periments, also enabling the calculation of the

[Cag’] e

Fig, 2. Determinations of Ca?*-filling lavel, Ca?*, at various
[Cal*] were periormed for seven euthyroid (#) and nine

amount of Ca* taken up by the sarcoplasmic hypolhyroid {O) preparations. The line through the daia points
reticuluny, Ca?*, Fig. 1 shows [CaZ*]-progress was drawn by eye. The position of the line was independent of
curves for a typical euthyroid sample started at the amount of sarcoplasmic_ reticulun:n used (¢.025-0.2 mg/m1)
various jevels of [Ca’*}. For comparison, two and also of the concentration of quin-2 (2M-40 M) and the

. 1 ture (25-37°C).
uptake corves of the same amount of euthyroid emperature )
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and hypothyroid sarcoplasmic reticulum, started
at exactly the same [Cal*), are also given. The
initial Ca®*-uptake rate following the addition of
ATP was higher in euthyroid material, in agree-
ment with the data in Table I, but the amount of
Ca?* sequestered and the level of [Cal*] at which
net uptake ceased were identical. This level was
held for several minutes, followed by a very grad-
uel efflux of the sequestered Ca* (not shown).
Addition of an ATP-regenerating system did not
alter the attained [CaZ*], but anly extended the
time that it remained constant.

Analysis of such data yielded the relationship
between the steady-state Ca®*-filling level (Ca?™)
and the [CaZ*], depicted in Fig. 2. The results
were identical for both groups with a half maximal
Ca?* around 0.06 pM, levelling off 10 a value of
120 nmol/mg at 0.3 pM, which confirms the
max:mal fifling level obtained with the Millipore
filtration technigue (Table I).

Steady-siate {Ca’* + Mg+ ).ATPase activity and
Ca’* fluxes

Determination of the total and background rate
of ATP-hydrolysis under the conditions of Fig. 2
yielded the (Ca?* + Mg?*)-ATPasc aclivity asso-
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Fig. 3. The (Ca®'+Mg®*)-ATPase activity at different
Ca**filling levels was determined for euthyroid (@) and hype-
thyroid (©) sarcoplasmi iculum as described in Materials
and Methods, The data points represent the means +8.D. of
4-6 individual preparations. The Ca?*-independent back-
ground ATPase activity {Mg2*-ATPase) was 0.29+0.13 and
163 0.09 (£ 5.D.) pmol/mg per min for euthyraid and hypo-
thyraid sarcoplasmic reticulum, respectively. In all determina-
tions the (Ca?* +Mg?™ }-ATPase activity was constant for at
least 3 min.

ciated with the maintenance of a Ca®* gradient. A
substantial steady-state activity was indeed found,
which increased with increasing [Ca%*] as shown

B

L L .
o 20 a0 BD
t{s)

Fig. 4. Representative example of the detenmination of unidirectionat Ca?* flux, or Ca?* cycling, when net uptzke had ceased. The

equilibration of a tracer pulse of *Ca?* added at three differeni levels o1 [Cal* ] (A, 0.20; B, 0,15 and C, 0.05 pM) is depicted in

(A). The ®Ca®* taken up by the sarcoplasmic reliculum was determined by Millipors filiration and is given as cpm on the ordinate.

The Ca*filling level calculated from these data was similar 1o the value obtained from the Muorescence data, indicating complete

equilibration of the **Ca”* with the sarcoplasmic reticulum Ca®* pool. The results in (A) were analysed as described in Materials

and Methods yielding the straipht lines depicted in (B). The Ca®*-flux rate could be calculated from the slope of these lines. The
rapid equilibration in cusve A does not allow an accurate analysis.



TABLE 11

UNIDIRECTIONAL Ca?* FLUX (Ca®* CYCLING) AT
TWO STEADY-STATE LEVELS OF [Ca2*]

Steady-siale Ca®* cycting was delermined at two levels of
[Ca2* ], as described in the legend to Fig. 4. Data represent the
meanst S.E. of (n) individual determinations.

[CaZ*] Cal* Ca?* flux

(M) (amol/mg)  (amol/mg
per min)
Euthyroid (d) 0.06+001 4245 116123
Hypothyroid (3) 006+001 3745 87+ 6
Ewthyroid (3) 0124001  79%5 307+ 4aL
Hypothyrotd (4) D.13£001 7447 212130

in Fig. 3. Sarcoplasmic reticulum of hypothyroid
origin consumed some 30% less ATP than
euthyroid material during the maintenance of the
same gradient.

The rate of Ca’*cycling at steady state was
equally dependent on [Cal*). This parameter was
determined, as shown in Fig. 4, at two levels of
[Ca2*]. Although the average rate was again about
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30% lower in the hypothyroid group, this dif-
ference was not statistically significant (Table H).

In order to assess to what extent the Ca**
cycling and Ca’*-pump activity were determined
by passive diffusional leak of Ca®*, we measured
this flax at various filling levels (Fig. 3). The
first-order rate constant was independent of the
filling level and proved io be the same for both
groups; see legend to Fig. 5. On the assumption
for which Feher and Briggs have provided evi-
dence [11], that the passive permeability is not
perturbed by the active Ca’* pump, ie., in the
presence of ATP, it is obvious that the measured
steady-state {Ca?* + Mg2*)}-ATPase activities are
too high 1o be the result of Ca®*-uptake com-
pensating passive efflux, For example, at 0.1 uM
[Cal*] the filling level of 70 nmol/mg would give
a passive leak of 30 nmol /mg per min. Re-uptake
would require 15 nmol ATF/mg per min in both
groups, assuming a coupling ratio of 2 [19]. whereas
the actual activity was 100 and 60 nmol/mg per
min for euthyroid and hypothyroid material, re-
spectively (Fig. 3).

Lnca®

i
T L I .
[=] 20 ag 60
cm

Fig. 5. Determination of passive efflux was accomplished by rapidly consuming the ATP present when a stable Ca?*-filling lavel was
reached {A). Ca?* effluxed immediately Following addition of quench reagent (gluccse/hexokinase) at Q. The values for Ca?* at
10-s intervals were calculaied from the cfflux curve and plotted logarithmically as a Tunction of time in (B). The slope of the
regression lines vielded the first-order elflux rate constant (K, ). The average value obtained lor five euthyroid and eight hyr.othyroid
sarcoplasmic reliculum preparazions was 0.4410.05 and 0.40£0.03 min~' (£5.D.), respectively, confirming previous reports
{11 12,29). The value of K, was independent of the level of Ca?*, 55--125 nmol/mg. at which efffox was determined, suggesting the

of an appreci ble of high-affinity Caz"-bmdmg sites in the sarcoplasmic reticulum. The observed ~iflux is not
related to mversmn of the Ca“-pump cycle, because the X, was constant over a range of E(_'a“' ] of 0.04-0.25 uM ia which pump

reversal shows a 50% decrease in activity [33].
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Contribution of leaky vesicles to steady-state (Ca’*
+ Mg?* )-ATPase activity

It has been pointed out repeatcdly that high
steady-state ATPase rates may be explained by
the presence of only a small fraction of leaky
vesicles or unsealed fragmenis of sarcoplasmic
reticulum, which will have a maximal (Ca?*
Mg2*)-ATPase activity due to the absence of back
inhibition by intravesicular Ca®* [12,20]. To ex-
amine this possibility we determined the maximal
{Ca®* + Mg®*)-ATPasc activity of euthyroid and
hypothyroid preparations under the conditions
used, by rendering them completely permeable to
Ca?* with the ionophore A23187. The results ob-
tained at various [Ca2*] are depicted in Fig. 6,
showing a 4-5-fold higher activity, in both pre-
parations, than measured in the absence of iono-
phore. Therefore, if the steady state {Js27 4
Mg?*+)-ATPase activities in Fig. 3 are to be ex-
plained by the presence of leaky material, this
would require a fraction of 20% of the sarcop-
lasmic reticulam preparations used in this study.
An estimate of the actual fraction of leaky or
unsealed material was obtained by separating
vesicles capable of Ca2* sequestration from other
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Fig. 6. (Ca?* + Mg®* }-ATPase acuvlly of eulhyron:l (e a.nd
hypothyroid (©) sarcoplasmic reti per

to Ca®* by addition of 1 pM A23187, at dlffcrenl levels of
[Ca2* ). Condilions were olherwise identical 1o thase described
for Fig. 3, but the ATPase activily was determined using a
coupled enzyme assay (pyruvale kinase/lactate dehydro-
gemase) by measuring NADH absorbance. Identical results
were obtainzd by direct of P; liberation. Data
points are the means § 5 D. of 6-R individual preparations.

TABLE I

DETERMINATION OF THE FRACTION OF SEALED
MEMBRANE VESICLES

The oxalate supported Ca?* loading (plateau) was determined
with the Ca?*.stat method using 1 mg sarcaplasmic reticulum
protein as described in Materials and Methods, in a 30 min
incubation. Ca?*-loaded, i.e., inlaci vesicles were separated
from leaky vesicles and other contaminating material by sedi-
mentation of the former through & sucrose layer. The protein
content of the peliet and ihe non-sedimentable fraction (other
material) was determined. Control experiments without ATP
invariably vielded no sedimentable material. Data represent
the meansiS.E, of three individual control preparations
(euthyroid).

Ca®* loading ~ Ca’*-loaded vesicles  Other material
(pmol /mg) (mg) (mg)
11.5+0.7 0.9240.02 0.10+0.02

material, using the increased density of vesicles
loaded with Ca®* in the presence of oxalate. The
analysis of three control preparations indicated
the presence of leaky membranes and non sarcop-
lasmic-reticulumn material to a maximum of 10%
(Table 111).

Discussion

The results of this study can be summarized as
follows:

(1) Sarcoplasmic reticulom consumes about 5-
times more ATP than expected on the basis of
passive Ca?*-permeability of the membrane, while
mainlaining a gradient at low external [Ca®*),

(2) The lower Ca®'-pump activity of hypo-
thyroid sarcoplasmic reticulum does not affect the
attainable Ca®* gradient, yet it reduces signifi-
cantly the (Ca®* + Mg?*)-ATPase activity associ-
ated with its maintenance.

Before discussing the implicaticns 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 Ca”*filling and (Ca’* + Mg’*)-
ATPase activity

The conditions used in the assay of the steady-
state Ca®*-filling level at low {Ca2*] 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 2-10% M~"; for the uppor curve
{euthyroid) in the example of Fig. 1 the ratic was
4.10% at +=1 min and 3.10% at #=4 min. We
chose these conditions because Trevorrow and
Haynes have shown that the Ca?* gradient at-
tained by sarcoplasmic reticulum in vitro at 0.05
M [Cal*}] is constant and independent of the
phosphorylation potential down to a value of this
parameter of 1-10* M~! [21]. Below this value
the gradient decreased proportionately, indicating
thermodynamic equilibrium of the Ca?*-transport
process. The stability of the Ca*-filling level, at
phosphorylation 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~ e.g., 2.7-10*
[22], 2.2-10* and 4.9-10% [23] and 7.7 - 10" (Ref.
24, data recalculated with the accepted K, of
1.66-10° M~ [25)).

The limits of the Ca** gradient at low [Ca%*]
and phosphorylation potentials above 2 - 10° M ™!
or at increasing [Ca*] are apparently not de-
termined by a mere balance between passive efflux
and active uptake of Ca™ as previously suggested
19,21}, in which case the lower Ca?*-pump activ-
ity, but unaltered passive permeability in hypo-
thyroidism should have resulted in a shift of the
Ca?*-[Ca’"] relationship (Fig. 2). The absence of
such an effect is in line with results obtained by
Haynes and Mandveno [26], who observed the
same Cal*.[Ca2*] relationship as reported here
and showed that reducing the Ca®*-pump activity
by 90% by raising the pH from 7.0 to 8.0, left the
relationship unaltered. Since the passive efflux of
Ca?* shows no such pH dependence, this pre-
cludes the balance of active uptake and passive
efflux as a determinant of the Ca?* gradient.

Ca?*-exchange studies on the other hand, have
led to the conclusion that at steady state, Ca2*
efflux is mediated by the Ca?* pump itself. Such
tight coupling of Ca®*-influx and -efflux was sug-
gested by several groups who observed for the
same maximal filling at high [Ca2*), widely differ-
ent Cal*exchange rates proportional to the
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Ca*-pump activity [10,12,27,29,34,35]. Two basi-
cally different, but not mutunally exclusive mecha-
nisms have been proposed, in which Ca®* effluxes
through rcversal of the pump cycie with resynthe-
sis of ATP [11], or Ca®™ effluxes as part of the
normal forward reaction cycle, with the return of
the enzyme&’s Ca®* translocator to the exterior
position, i.e., coupled to ATP-hydrolysis [10,12}. A
carefull study by Gerdes and Meller provided
evidence for the existence of the latter efflux route,
at least at 100 pM [Ca2*] and filling levels of the
sarcoplasmic reticulum > 30% of the maximal
value [12]. Furthermore, net ATP-consumption by
the Ca®* pump a1 low [Cal*), 0.3-3.5 pM and
steady-state filling levels of 14-60 nmol /mg (hean
sarcoplasmic reticulum) was also observed in Ref.
11.

Although for both proposed meachanisms, the
filling level at which influx equals efflux is inde-
pendent of the Ca?*-pump activity of a prepara-
tion, which is in line with the present results, the
scheme proposed by Gerdes and Moller aiso
accounts for the observed high rate of net ATP-
consumption at steady state. It is unlikely that the
(Ca?* + Mg®*)-ATPase activities in the present
study are due to a fraction of leaky or unsealad
sarcoplasmic reticulum fragments. The egual
stimulation of the (Ca”* + Mg?*)-ATPase activity
after making all material permeable to Ca?*, 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* + Mg?*)-ATPase ac-
tivities, The obtained estimate of the actual frac-
tion that was unable to sequester Ca* of 10%,
camprises at least 4% plasmamembrane and 1%
mitochondrial contamination, as indicated by
marker-enzyme analysis [30], The presence of 5%
unsealed sarcoplasmic reticulum fragments in the
preparations is therefore a more realistic estimate,
suggesting that the greater part of the abscrved
steady-state (Ca®* + Mpg2+)-ATPase activity is as-
soctated with the maintenance of the Cal* gradi-
ent of intact vesicles, rather than with leaky
material.

If we then compare the steady-state (Ca®* +
Mzg?*)-ATPase activity (Fig. 3), corrected for 5%
unsealed material (Fig. 6), with the Ca®*-cycling
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rate of Table I, it shows that apprax. 50% can be
accounted for by Ca?* cycling conpled to net ATP
hydrolysis, using a coupling ratioc of 2. The
remainder would constitute exchange of Calf
through (partial) reversal of the Ca® *-pump cycle.
This corroborates the results of Feher and Briggs,
whe teported that 40% of their Ca?*<cycling activ-
ity was possibly not related to pump reversal [11}

Implications for the in vive situation: the effect of
hypothyroidism

In summary, the interpretation of the results
implies, that the maintenance of a Ca®* gradient
by the sarcoplasmic reticulum under conditions
prevailing in resting skeletal muscle, i.e., [Cal*) of
0.05 M and a phosphorylation patential > 2. 107
M, is associated with a substantial energy
turnover proportional to the Ca®*-pump content
of the membrane. On the other hand, the Ca®**
gradient i, relatively insensitive to variations of
the energy state of the cell (phosphorylation
ootential). which precludes fluctuations of the
Ca?* gradient that in turn would affect the im-
portant homeostasis of the ow cytosolic [Ca®*]

The results indicate a slight {—15%, Table I),
but significant reduction of the Ca’*-pump con-
tent of sarcoplasmic reticulum in hypothyroidism,
which is in line with a similar but more pro-
nounced effect on the Ca®*-pump density observed
for soleus mwscle [4). The somewhat larger dif-
ference in maximal (Ca’* + Mg?")-ATPase acliv-
ity between the preparations used here (-25%.
Table 1), is accounted for by the lower catalytic
turnover number of the Ca?** pump in hypo-
thyroidism, which is related to a higher energy of
activation of the enzyme in this thyroid state [3].

However, as the Ca’*-pump activity does not
determine the attainable Ca®* pradient, hypo-
thyroidism has no effect on the Ca®*-sequestering
capacity of sarcoplasmic reticulum, which at 0.05
£M [Ca2*] gives a Ca®*-filling level of 30% of its
maximum. This value cofroborates earlier esti-
mates of the fractional filling level of sarcoplasmic
reticulum in vivo [31]. Nevertheless, the lower
Ca®*.pump activity in hypothyroidism gives rise
10 a proportionately lower steady-state (Ca®* +
Mg?* }-ATPase activity coupled to the (futile) cy-
cling of Ca**, The consequences of this for the in
vivo situalion were assessed using the previously

determined sarcoplasmic reticulum content of gas-
trocnemivs-plantaris muscle of 6.8 and 4.7 mg/g
wet weight in euthyroidism and hypothyroidism,
respectively [3]. The ATF consumption related to
the maintenance of a Ca?* gradient at 0.05 pM
fCa2*] and 37°C was calculated, making correc-
tions for the temperature (3] and the contribution
of 5% leaky vesicles to the ATPase data in Fig. 3.
We arrive at an activity of 0.88 and 0.44 pumol
ATP/g per min for euthyroid 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 metabolic rate of
skeletat muscle in hypothyroidism is accourted for
by the decrcascd sarcoplasmic reticulum content
of the muscle and the lower Ca?*-pump activity of
this organel.
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