Journal of Clinical Investigation
Vol. 44, No. 8, 1965

Catt Uptake and ATPase of Human Sarcoplasmic
Reticulum *

F.J. SaMAaHA T AND J. GERGELY

(From the Kennedy Memorial Laboratories, Massachusetis General Hospital; the Departments
of Neurology and Biological Chemistry, Harvard Medical School; and the Department
of Muscle Research, Institute of Biological and Medical Sciences,
Retina Foundation, Boston, Mass.)

In 1951 Marsh showed that an aqueous KCl ex-
tract of skeletal muscle reversed syneresis and in-
hibited ATPase activity of myofibrils (1). The
same extract inhibited the ATP-induced contrac-
tion of glycerol-extracted muscle fibers (2) and
became known as the Marsh-Bendall relaxing fac-
tor (3). It is generally believed that the active
component of the relaxing factor preparation con-
sists of fragments of sarcoplasmic reticulum pres-
ent as small vesicles (microsomal fractions or
grana) that act by removing calcium from the acto-
myosin system (4-10). Recently it has been
shown that grana prepared from fast (white)
muscle of the rabbit have a greater calcium uptake
activity than grana prepared from slow (red)
muscle (11). The ATPase activity of these two
types of grana reacts differently to aging and to
azide (11).

In animal studies the relaxing microsomal frac-
tion has usually been obtained from muscle ho-
mogenates by centrifugation between 10,000 and
30,000 X g. This paper is a report on similar mi-
crosomal preparations from normal human skeletal
muscle showing Ca*-Mg* stimulated ATPase
and calcium uptake activity. Studies on grana pre-
pared from human muscles anatomically analogous
to the fast (white) and slow (red) muscles of the
rabbit are also presented.
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Methods

Gastrocnemius, vastus lateralis, and soleus muscles
were obtained from cadavers. The muscles were taken
within 5 hours after death from refrigerated cadavers
in which no neuromuscular disease was present. The
muscles were removed 4 to 6 cm short of each tendinous
insertion. Vessels, fat, and connective tissue were re-
moved, and each muscle was minced separately with
scissors. The mince was homogenized for 90 seconds in
a Waring blendor with 3 vol of ice-cold 0.25 M sucrose
and 0.005 M histidine, pH 7.0. The myofibrils were
sedimented by centrifugation for 20 minutes at 600 X g,
and the supernatant was fractionated by centrifugation
in a Spinco model L preparative ultracentrifuge. The
fractions sedimented during 20 minutes at 8,000 X g, 1
hour at 30,000 X g, and 1 hour at 80,000 X g were resus-
pended in the above sucrose-histidine medium; the 30,000
X g fraction (crude grana) was spun again for 20 min-
utes at 8,000 X g. The supernatant will be referred to as
“purified” grana. The above procedures were all car-
ried out at 2 to 5° C.

Calcium uptake was measured by incubating 0.02 to 0.3
mg of protein of the appropriate fraction in a medium con-
taining 0.1 M KCl, 20 mM histidine, pH, 7.35, 5 mM
MgCls, 5 mM ATP, and 0.10 to 0.15 mM Ca®Cl,, to
which potassium oxalate, sodium azide, and dinitrophenol
were added as indicated in the text and legends. The re-
action was carried out at 33° C and terminated by passing
1 to 2 ml of the mixture through a type HA Millipore
filter (0.45 to 0.3 u average pore diameter) (10). The
amount of bound calcium was calculated from the radio-
activity of the filtrate measured in a Packard liquid
scintillation counter according to Loftfield and Eigner
(12).

Adenosine triphosphatase activity was measured in
2.0-ml samples by determining, after precipitation of the
protein by the addition of 0.5 ml ice cold 10% trichloro-
acetic acid and centrifugation, the amount of inorganic
phosphorus liberated from ATP in the supernatant by the
Fiske-SubbaRow method (13). Protein was measured
by the biuret method.

Results

As shown in Figure 1, the calcium uptake by
grana in the presence of oxalate is complete in 10
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CROSOMES. @, 8,000 to 30,000 X g; ®, 30,000 to 80,000 X
‘g. For details see Methods.

minutes. Calcium uptake by the heavier micro-
somal fraction exceeded that of the lighter micro-
somal fraction both in initial rate (over first 2.5 to
3.0 minutes) and in total uptake. Total uptake
was routinely estimated after 15 minutes incuba-
tion. The dependence of calcium uptake activity
on the presence of ATP and magnesium is shown
in Table I. The grana fail to take up calcium when
these constituents are absent. The enhancement
by oxalate of calcium uptake found with animal
muscle grana (5-7, 10) can also be observed with
human muscle grana (Table I), and dependence of
calcium uptake on oxalate concentration is similar
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TABLE I
Reguirements for calctum uptake by grana

pmoles of
Cat* per
mg protein
per 15
System minutes
No oxalate 0.17
1.0 mM oxalate 0.37
3.0 mM oxalate 2.32
5.0 mM oxalate 3.64
7.0 mM oxalate 4.30
5.0 mM oxalate, no ATP 0
5.0 mM oxalate, no Mg** 0

to that described by Martonosi and Feretos (10).
For the studies reported in this paper 5 mM oxa-
late was used, since this concentration produces
good calcium uptake and has been used in studies
on animal grana. .

It should be pointed out that according to the
data of Hasselbach and Makinose (14) the solu-
bility product of Ca-oxalate is exceeded with 1.5 X
10¢* M Ca, 5 X 10® M oxalate present under the
conditions of our experiments; in fact, no forma-
tion of Ca-oxalate precipitate—as would be indi-
cated by loss of radioactivity on filtration in the
absence of grana—was observed.

Twenty-three muscle preparations were studied.
Data on ATPase activity, calcium uptake, and the
ratio of initial calcium uptake to ATP hydrolyzed
are presented in Table II. Values shown are
means with their standard deviation.

The data on gastrocnemius and vastus lateralis
(white) were grouped together, as distinct from
those on the soleus (red) in view of the recently
found differences between white and red muscles
in rabbit (11). The initial rate and total uptake
of calcium are higher in the fast or white muscles,
gastrocnemius, and vastus lateralis, but the differ-

TABLE II

Mean AT Pase and calcium uptake activities of grana prepared from gastrocnemius plus
vastus lateralis and soleus muscles

No. prep-

Initial rate* of

Muscle arations ATPase Cat*+ uptake * ACat*/APit Total Ca*t uptake
umoles Pi/mg umoles/mg umoles/mg
protein/min protein/min protein
Gastrocnemius + 15 0.84 + 0.06 0.38 + 0.04 0.43 £+ 0.04 ©2.04 =0.22
vastus lateralis .
Soleus 8 0.66 =+ 0.09 0.17 & 0.04 0.25 4+ 0.04

* Measured over first 2.5 minutes.
t Pi = inorganic phosphorus.

1.01 £ 0.19
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TABLE III
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TABLE IV

Effect of 0.5 mM sodium azide on AT Pase activity of grana  Effect of 0.1 mM EGTA* on AT Pase aclivity of grana and

and mitochondrial preparation

mitochondrial preparations

% of normal % of normal

No. prep- ATPase No. prep- ATPase
arations (meaq + SE) arations (mean =+ SE)
White grana 12 76.3 = 3.4 White grana 10 41.2 + 3.8
White grana, purified 9 91.0 + 2.1 White grana, purified 6 28.2 2.8
Red grana 9 55.7 £ 6.7 ed grana 8 65.3 = 4.0
Red grana, purified 7 80.5 £ 4.4 Red grana, purified 6 47.6 + 3.6
Mitochrondria 16 244 =24 Mitochondria 10 88.1 & 3.2

ences are not so striking as those found for rabbit
muscles (11). There is no significant difference
between ATPase activities of the two. No corre-
lation between calcium uptake and ATPase ac-
tivity, on the one hand, and age, sex, or any non-
neuromuscular disease with which the patient may
have been afflicted, on the other hand, has been
found.

The question of contamination with mitochon-
drial fragments of muscle microsomal fractions has
been raised in connection with studies on dog
cardiac muscle (15) and on red muscles of the
rabbit (11), and it seemed advisable to investigate
this aspect of human muscle grana. Siekevitz,
Low, Ernster, and Lindberg (16) showed that the
ATPase activity of liver mitochondria was con-

* EGTA = ethylene glycol bis tetraacetic acid.

siderably inhibited by sodium azide. We found
that ATPase activity of human skeletal muscle
mitochondria (600 to 8,000 X g fraction) was
similarly inhibited by azide (Table III). ATPase
activity of grana obtained from human white
muscle was only slightly inhibited by sodium azide;
purified grana activity showed little or no inhibi-
tion by azide (Table III). The ATPase activity
of grana prepared from red muscle is inhibited al-
most 50% by azide, and the purified grana activity
was inhibited by 20%.

Siekevitz and his co-workers (16) also showed
that mitochondrial ATPase activity was only
slightly inhibited by EDTA, and other investiga-
tors have shown that animal grana ATPase ac-
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sium oxalate.

@®, no oxalate; ®, 5 mM potas-
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TABLE V

Effect of 0.5 mM azide and 0.1 mM DNP* on total calcium
uptake of grana and mitochondrial preparations

No. normal
No. prep- Ca** uptake
arations (mean =+ SE)
Grana
+ 0.5 mM azide 18 100.84 4.0
+ 0.1 mM DNP 8 101.9+ 5.8
Mitochondria
+ 0.5 mM azide 12 21.1+10.8
+ 0.1 mM DNP 6 29.0% 7.0

* DNP = dinitrophenol.

tivity was considerably inhibited if calcium was re-
moved from the incubation medium with EGTA?
(17-18).

Table IV shows that human mitochondrial
ATPase activity is only slightly inhibited by
EGTA, whereas that of grana is more markedly
inhibited. =~ Mitochondrial ATPase activity in-
hibited by azide is not present in purified grana
prepared from white muscle; hence the EGTA ef-
fect is more striking. This does not hold true for

1 Ethylene glycol bis tetraacetic acid = EGTA.
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the activity of purified grana prepared from red
muscle, as significant azide inhibition is still
present.

Calcium uptake in grana and wmitochondria.
Since it is well known that oxalate potentiates the
calcium uptake of animal grana (5-7, 10), its ef-
fect on human grana and mitochondria was stud-
ied. Figure 2 shows that 5 mM oxalate enhanced
both the initial rate and total uptake of calcium by
grana, whereas the mitochondrial uptake was only
slightly increased. The calcium uptake by mito-
chondria from liver, kidney, brain (19), and beef
heart (20, 21) is inhibited by sodium azide and
dinitrophenol. Grana from human muscle are
unaffected by these agents, but the calcium uptake
of the mitochondrial fraction is depressed (Table
V).

Effects of aging. The ATPase activity of grana
from white rabbit muscle increases on aging,
whereas the activity of grana from red muscle de-
creases with time (11). The ATPase activity of
human grana from either red or white muscle de-
creases with time at 0° C (Figure 3A). This is
accompanied by a decrease of the calcium uptake
activity of both types of human grana (Figure
3B).
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F1c. 3. A. EFrects oF AGING AT 0° C oN ATPASE ACTIVITY OF GRANA. B. EF-
FECT OF AGING AT 0° C ON TOTAL CALCIUM UPTAKE ACTIVITY OF GRANA. @, grana

from white muscle; @, grana from red muscle. P, = inorganic phosphorus.

details see Methods.
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Discussion

A considerable amount of evidence has accu-
mulated implicating calcium as a link between the
excitation-contraction and relaxation of striated
muscle. It has been shown that calcium entry
into muscle increases with contraction (22) and
that skeletal muscle fails to undergo contracture
in a calcium free solution (23, 24). Contraction
of skeletal myofibrils, actomyosin, and glycerinated
muscle fibers requires the presence of calcium (25—
28). The relaxing effect of chelating agents (28—
31) and skeletal muscle grana (4-10) is explained
by their ability to lower the Ca** of the test system
to below a 10-® M concentration. The grana prob-
ably do this by active uphill transport of calcium
with the hydrolysis of ATP as the source of
energy. Most investigators agree that these grana
or heavy microsomal fractions represent vesicles
of fragmented sarcoplasmic reticulum.

Whether or not human myofibrils or glycerin-
ated fibers respond to removal of calcium by re-
laxation, and—if they do—whether grana prepara-
tions from human muscle can produce relaxation
will require further study.

All the work on ATPase and calcium uptake ac-
tivity on grana has been done on animal skeletal
(4-10) and cardiac muscle (18). The data pre-
sented in this paper show that a grana fraction
similar to animal preparations can be prepared
from human striated muscle homogenates that
have a Ca**-Mg** stimulated ATPase activity and
ability to take up calcium. During the early phase
of this study we found that muscle from cadavers
properly refrigerated, obtained less than 5 hours
after death, yielded preparations that were com-
parable to those obtained from fresh biopsied
material.

The grana obtained from human striated muscle
are relatively free of mitochondrial contamination,
as measured by small or no inhibition of ATPase
activity by azide, marked inhibition of ATPase
activity by EGTA, no inhibition of calcium uptake
by azide or dinitrophenol, and a marked stimula-
tion of calcium uptake by oxalate. The slight in-
hibition of grana ATPase activity by azide is prob-
ably due to contamination with some fragmented
mitochondria. In contrast, the mitochondrial
fraction showed a marked inhibition of ATPase
activity by azide but little effect by EGTA. The
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calcium uptake activity was inhibited by azide and
dinitrophenol, whereas oxalate showed only slight
enhancement of Ca-uptake. The small inhibition
of ATPase activity by EGTA and the slight stimu-
lation of calcium uptake by oxalate probably indi-
cated contamination of the mitochondria by intact
sarcoplasmic reticulum vesicles. Studies at present
being carried out in our laboratory show that suc-
cinic dehydrogenase and cytochrome oxidase ac-
tivities, which are high in the mitochondrial frac-
tion, are low in grana and virtually absent in puri-
fied grana (32).

The molar ratio of calcium taken up to ATP
hydrolyzed is lower in human preparations than in
those obtained from rabbit muscle (17). How-
ever, a direct comparison of ATP hydrolyzed with
the calcium taken up by the grana may be difficult
because of the heterogeneity of the ATPase in the
same fraction. In addition to the microsomal Ca*-
Mg+ stimulated ATPase, there is AT Pase activity,
but no calcium uptake in some fragmented mito-
chondria and also the Mg-Na-K stimulated
ATPase recently described in a heavy microsomal
fraction of human striated muscle (33).

The difference between grana preparations from
human red and white muscle in their ability to take
up calcium is not so striking as that found in the
case of the rabbit (11) where grana from white
muscle take up almost 20 times as much calcium
as grana from red muscle. This is in accord with
other work, showing that the preponderance of a
fiber of one type over that of the other found in
some animal muscles (34-36) is not so pronounced
in human muscle (37). The ATPase activity of
grana prepared from both types of human muscle
decreased when aged at 0° C. In the case of the
rabbit the ATPase activity of grana prepared from
white muscle increased with aging, whereas that
prepared from red muscle decreased (11).

These studies probably represent the first work
on the preparation, ATPase activity, and calcium
uptake activity of grana from human striated mus-
cle. Work is now in progress on grana prepared
from muscle biopsy material from patients with
various myopathies. We hope that these studies
will yield information on metabolic defects in cer-
tain muscle diseases and lead to a better under-
standing of the excitation-contraction coupling of
human striated muscle.
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Summary

1. The preparation of grana (fragments of sar-
coplasmic reticulum) from human striated muscle
is described.

2. The Ca*-Mg** moderated ATPase and cal-
cium uptake activities of human grana have been
studied and compared with those of human muscle
mitochondria. :

3. The difference in calcium uptake activity in
grana prepared from human fast (white) and
slow (red) muscles is not so pronounced as that
found in studies on rabbit muscle.
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