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Decomposition of phosphoenzyme (E ~ P) in sarcoplasmic reticulum isolated from caudofemoralis, tibialis and
soleus of cat hind leg skeletal muscles was studied under various conditions of monovalent cations. In the pres-
ence of Li’, Na* and K* chosen for E ~ P formation and decomposition after quenching of E ~ P with EGTA,
E ~ P in the caudofemoralis and tibialis sarcoplasmic reticulum decomposed faster than that in the soleus sarco-
plasmic reticulum. Quenching the E ~ P formation with EGTA and ADP revealed that 30—40% of the total E ~ P
formed in all types of sarcoplasmic reticulum was ‘ADP sensitive’. Decomposition of the remaining E ~ P in
caudofemoralis and tibialis sarcoplasmic reticulum was enhanced by ADP, which resulted in a multiphasic decom-
position pattern. A larger portion of the remaining E ~ P in the soleus sarcoplasmic reticulum, on the other hand,
decomposed in a monophasic manner and was not significantly influenced by ADP. The data on E ~ P decompo-
sition clearly differentiate between the fast and slow muscle types.

Introduction

Muscle relaxation is caused by a decrease in the
cytoplasmic concentration of Ca?*, resulting from
active transport of Ca?* by sarcoplasmic reticulum
[1—3]. It is important to understand why the rates of
muscle relaxation of different muscle types are differ-
ent. So far as the sarcoplasmic reticulum is concerned,
the rapid relaxation associated with a fast muscle as
compared with that of a slow muscle may be due to
a larger amount (or a greater number of effective
pump sites) of the sarcoplasmic reticulum Ca®*-
ATPase present in the fast muscle. In addition, it
may also reflect differences in the intrinsic proper-
ties of the sarcoplasmic reticulum: the sarcoplasmic
reticulum of the fast muscle may have higher Ca®*-
ATPase and Ca**-transport activities than those of a
slow muscle.

This communication is concerned with the intrin-
sic properties of the sarcoplasmic Ca®*-ATPase. The

focus of the study is the decomposition of phospho-
enzyme in sarcoplasmic reticulum from fast-twitch
caudofemoralis and tibialis and slow-twitch soleus
of the cat leg muscle. The advantages of these muscles
are that they are homogeneous and that their twitch
properties are well characterized [4]. The results are
in accord with our recent findings that the decompo-
sition of E ~ P in fast muscle sarcoplasmic reticulum
is generally faster than that in slow muscle sarco-
plasmic reticulum [5,6]. Similarities in the effects of
ADP in E ~P decomposition are observed among
sarcoplasmic reticulum of fast-twitch cat caudofe-
moralis and tibialis and rabbit skeletal muscle [7]
and between sarcoplasmic reticulum of slow-twitch
cat soleus and dog cardiac muscle [7].

Methods

Materials. [y>*?*P]ATP (1 mCi in 0.03 pmol) was
purchased from New England Nuclear. ADP (disodi-
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um salt) was obtained from Sigma and ATP (disodi-
um salt) from Boehringer Mannheim. All other che-
mical reagents were of analytical grade and stock
solutions were prepared in distilled deionized water.

Preparation of sarcoplasmic reticulum vesicles. Our
previously reported procedure for preparing sarco-
plasmic reticulum vesicles from cat caudofemoralis,
tibialis and soleus muscles [5] was followed with a
slight modification [8]. The sarcoplasmic reticulum
preparation was washed in a K'-free buffer (30 mM
Tris-maleate. pH 6.8) at 143 000 X g for 45 min and
the isolated sarcoplasmic reticulum vesicles were
suspended in the same buffer. Protein was determined
by the biuret method, using bovine serum albumin
(Sigma) as standard. All preparations were stored on
ice and used within 20 h. The stability of the sarco-
plasmic reticulum Ca**-ATPase prepared by this pro-
cedure was high; less than 8% of the activity was lost
after 5 days at 0°C as shown by the E ~ P level mea-
sured at 116 ms. The yield of sarcoplasmic reticulum
from each muscle was the same as that previously
obtained [5].

Transient-state kinetic experiments. Rapid-mixing
experiments were carried out using a chemical
quench-flow apparatus and the procedure for isolation
of the acid-stable E ~ P intermediate for *?P counting
was the same as previously described [9]. The con-
centration of free Ca?* was calculated from an appar-
ent EGTA-Ca* binding constant of 6.93-10° M}
[10]. The vehicle solution used for the sarcoplasmic
reticulum and substrate contained 3 mM MgCl,,
5 mM NaNj, and 20 mM Tris-maleate (pH 6.8). The
temperature was maintained at 20°C.

E ~ P decomposition under various conditions of mo-
novalent cations

(A) E ~ P formation in 20 mM choline chloride,
Li*, or Na* and decomposition in 80 mM K*. The en-
zyme syringe contained 1 mg/ml caudofemoralis,
tibialis or soleus sarcoplasmic reticulum, 30 mM
choline chloride, LiCl, or NaCl, 100 uM EGTA, and
100 uM CaCl, (free [Ca®**] 12 uM); the substrate
syringe contained 20 uM ATP (including [y-*?P]-
ATP), 30 mM choline chloride, LiCl, or NaCl, 100
uM EGTA, and 100 uM CaCl,; the EGTA syringe
contained 6 mM EGTA and 240 mM KCl. All the
above ligands were dissolved in the standard vehicle
solution. The reaction of sarcoplasmic reticulum with

ATP proceeded for 116 ms before quenching free
Ca®* with EGTA to initiate E ~P decomposition.
The time course of E ~P decomposition was mea-
sured from 0 to 277 ms. A 9% perchloric acid solu-
tion including 1% sodium polyphosphate was used to
quench the reaction. The entire sequence of reactions
was carried out at 20°C.

(B) E ~ P formation in 100 mM Li* and decompo-
sition in 67 mM Li" plus 33 mM Li" or Na*. The pro-
cedures described above were used with the enzyme
and substrate syringes containing 100 mM LiCl and
the EGTA syringe containing 100 mM LiCl or NaCl.

(C) Effect of ADP. The experimental procedures
were the same as described above for the E ~P
decomposition with the EGTA syringe containing
4 mM ADP. Formation of E ~ P was quenched with
EGTA and ADP at 20.5 or 116 ms and the time
courses of the subsequent E ~ P disappearance were
measured from 0 to 277 ms at 20°C.

Results

The rate constants of initial E ~ P decompositions
under various conditions of monovalent cations and
ADP are summarized in Table I.

The decompositions of soleus E ~P are clearly
slower than those of caudofemoralis and tibialis
E ~P under identical conditions. When E ~P is
formed in 30 mM choline, Li*, or Na* for 116 ms and
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Fig. 1. Semilogarithmic plots of E~P decomposition with
respect to time: caudofemoralis, e ————s; tibialis, A——2,
and soleus, o————-o. E~P was formed at 20°C in 20 mM
Tris-maleate buffer (pH 6.8) containing 10 uM ATP, 12 uM
Ca?*, 3 mM Mg?*, 5 mM NaNj, and 30 mM choline chloride,
Li*, or Na". At 116 ms, buffer containing 3 mM Mg?*, 5 mM
NaNj3, 6 mM EGTA, and 240 mM K* was added to initiate
E~P decomposition. Final concentrations of the monovalent
cations in the deccomposition medium: A, 20 mM choline
chloride and 80 mM K*; B, 20 mM Li* and 80 mM K*;and C,
25 mM Na' and 80 mM K*.
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TABLE I

RATE CONSTANT OF INITIAL E ~ P DECOMPOSITION UNDER VARIOUS CONDITIONS OF MONOVALENT CATIONS
AND ADP

Ligand condition 2 kg (sHP

E ~ P formation E ~ P decomposition Capdofemoralis Tibialis Soleus
Choline chloride Choline chloride + K* 20-30 20-30 6.5
Li* Li"+K* 20-30 20-30 8.5
Na* Na*+K* 20-30 20-30 9.7
Li* Li* - 4.1°¢ 1.84
Li* Li* + Na* - 5.9 3.6
K* K"+ ADP 4050 40-50 11.0
Choline chloride Choline chloride + ADP 23 19 1.5

3 See text for ligand concentration.

b Estimates of hand-drawn slopes.

¢ Followed by a brief, slow decomposition.
d Followed by a 30 ms induction period.

decomposed (after quenching with EGTA) in the
respective cation solution plus 80 mM K’, a mono-
phasic decomposition accounting for more than 60%
of total E~P is observed for the soleus E ~P,
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Fig. 2. Semilogarithmic plots of E~P decay with respect to
time: effect of ADP in the presence of K*. E~P was formed
at 20°C in 20 mM Tris-maleate buffer (pH 6.8) containing 10
uM ATP, 12 uM Ca?*, 3 mM Mg?*, 5 mM NaNj, and 100
mM K*. At 116 ms, buffer containing 3 mM MgZ, 5 mM
NaN3, 100 mM K*, 6 mM EGTA, and 4 mM ADP was added
to initiate E~P decay. Final concentration of ADP was 1.33
mM. Cat caudofemoralis, e——e; tibialis, a—;
soleus, o———o.

whereas, in the same time range, a biphasic decompo-
sition is apparent for both caudofemoralis and tibialis
E ~ P (Fig. 1). When the E ~ P is formed and decom-
posed in 100 mM Li*, an induction period of 30 ms
preceding a monophasic decomposition is observed
for the soleus E ~ P, whereas for caudofemoralis and
tibialis E ~P, there is a very slow phase of E~P
decomposition (data not shown).

In the presence of 1.33 mM ADP and 100 mM K",
30—40% of the total E ~ P from all types of sarco-
plasmic reticulum interacts rapidly with ADP. The
decomposition of the remaining E ~ P in the caudo-
femoralis and tibialis is enhanced by ADP, but that of
the soleus E~P is not affected (Fig.2). Similar
effects of ADP are observed in 100 mM choline chlo-
ride, except that the overall rate of E ~ P decomposi-
tion in each type of sarcoplasmic reticulum is smaller
than those measured in the presence of K*.

Discussion

The three types of cat skeletal muscle sarcoplas-
mic reticulum share the common properties of rabbit
skeletal and dog cardiac sarcoplasmic reticulum with
respect to the relative sensitivity of E ~ P toward Li",
Na*, and K at 0°C [11-14]. A much greater
enhancement of E ~P decomposition by K* when
the E~P is formed in a non-K* medium (choline,
Li*, or Na") is also in accord with that observed for
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rabbit skeletal sarcoplasmic reticulum [15].

The present communication emphasizes especially
the correlation between the rate of E ~ P decomposi-
tion observed under various conditions of monovalent
cations and ADP and the reported twitch character-
istics of the muscle [4] from which the sarcoplasmic
reticulum is isolated. As clearly shown, the initial
decomposition of E ~ P in caudofemoralis and tibialis
sarcoplasmic reticulum (the muscles have isometric
half-relaxation times of 15 and 15—-20 ms, respec-
tively [4]) are generally faster than that of the soleus
muscle sarcoplasmic reticulum (half-relaxation time
45 ms [4]). A slower rate of decomposition of tibialis
E ~P as compared with caudofemoralis E ~ P is ob-
served only after 50 ms of decomposition. When the
decomposition experiment is carried out in the pres-
ence of ADP, an instantaneous decrease in E ~ P level
is observed, indicating the existence of an ‘ADP-
sensitive’ phosphoenzyme that reacts rapidly with
ADP, presumably to yield ATP [1-3,16,17]. In these
cases the difference between the sarcoplasmic reticu-
lum from fast and slow muscles is revealed in the de-
composition pattern of the remaining E ~ P. In cau-
dofemoralis and tibialis sarcoplasmic reticulum the
E ~ P decomposition pattern is multiphasic whereas
for the soleus sarcoplasmic reticulum it is mono-
phasic. Although the detailed mechanism in both
cases is unknown, it is clear that ADP enhances the
decomposition of E ~ P in caudofemoralis and tibia-
lis sarcoplasmic reticulum more effectively than in
the soleus sarcoplasmic reticulum, similar to what we
have observed for skeletal and dog cardiac sarco-
plasmic reticulum [7].

The clear similarities among sarcoplasmic reticu-
lum from cat caudofemoralis and tibialis and rabbit
skeletal muscles and between sarcoplasmic reticulum
from cat soleus and dog cardiac muscles indicate that
there are differences in kinetic properties between
sarcoplasmic reticulum Ca®*-ATPase isolated from
fast- and slow-twitch muscles. In addition to the
pump site density [18] that may be higher for the
fast muscle sarcoplasmic reticulum than for the slow
muscle sarcoplasmic reticulum, the intrinsic rate
constants of rate-determining steps [5—7.,9] in the
transient phase of ATP hydrolysis may also differen-

tiate between muscle types. The results provide a
strong basis for studying the factors causing the
differences in the intrinsic properties between fast
and slow muscle sarcoplasmic reticulum.
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