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The hydrolysis of PHjinositol 1,4,5-trisphiosphate by a seluble fraction and by isolated transverse tubiile and sareoplismic reticulum membranes

from frog skeletal muscle was studied. Transverse tubule membranes displayed rates af hydrolysis several-fold higher than those of sarcoplasmic

reticulum and soluble fruction; Ky and Fau, were 25.2 M and 44,1 nmal/mg/min, respectively. Transverse tubule membranes sequentially hydre-

Iyzed inositol trisphosphite to inositol bisphosphate, inositel 1-phosphate and inesitol, indicating thut these membranes have inositol big. and
monophosphatases in addition to inositel trisphosphatase.

Excitutionfcontriction coupling: Inoasitol phosphate; Sarcophismic reticulum: Transverse tubule

1. INFRODUCTION

The mechanism of excitation/contraction coupling
in skeletal muscie is not known, although mechanical
or chemical coupling mechanisms, the latter involving
messenger molecules, have been proposed [l}. The
mechanical hypothesis states that the voltage sensor
molecule in the transverse tubule (T-T) undergoes a
conformational change that is transmitted through the
feet of the terminal cisternae to activate sarcoplasmic
reticulum (SR) calcium release [2]. On the other hand,
in analogy to its function in other cell systems, where
inositol 1,4,5-trisphosphate (IP3) plays a role as in-
tracellular messenger coupling external stimuli to
calcium release from non-mitochondrial stores [3], IP:
has been postulated as a chemical messenger linking
T-T depolarization to cal¢ium release from SR ([4-7],
reviewed in [8]).

This proposal is supported by the following observa-
tions: (i) IP3 induces calcium release [9,10] and contrac-
tion (4—9] in skeletal muscle fibers, made permeable by
skinning, peeling or rupture; (i) IP; induces calcium
release both in-intact muscle [11] and in isolated heavy
SR vesicles [6,12]; (iii) IP3 activates calcium channels in
SR vesicles fused to planar lipid bilayers [13,14]; (iv)
the lipid precursors and enzymes responsible for 1P;
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intracellular 1P,

production are present in T-T membranes [15~19]; and
(v) electrical stimulation of muscle fibers increases the
concentration {4,20] a few
milliseconds after stimulation [20].

According to this hypothesis, relaxation of skeletal
muscle is dependent on an IPa phosphatase (IPs-ase)
that would remove the IP; released by electrical
stimulation (41, While some indirect evidence was in-
itially presented supporting this proposal [4], the

. presence of an IPs-ase in skeletal muscle has been

disputed. Significant IP3-ase activity was demonstrated
in muscle extracts [5] and in isolated membranes [21] by
two independent laboratories, but not by others [22].
Milani et al. [21] found the IP;j-ase activity in rabbit
skeletal muscle to be membrane bound and also present
in soluble form; the highest specific aétivity was found

- in a microsomal fraction enriched in T-T membranes.

In this work, we compared the rates of hydrolysis of
IP; in purified T-T and SR membranes isolated from
frog skeletal muscle. We found that there is an [P;-ase
activity localized mainly in T-T membranes, and that in
this membrane fraction, the resulting inositol
bisphosphate (IP2) is further hydrolyzed to inositol

~phosphate (IP) and inositol.

2. MATERIALS AND METHODS

2.1. Materials

The chemicals used were purchased from Merck, Sigma Chemical
Co. and Fluka. [*H}IPs (¢ Ci/mmol), ["Hlinssitol i,4- bisphosphate
(1 Ci/mmol), [*Hlinositol 1-phosphate- (} Ci/mmol) . and
{*H]myoinositol were obtained from Amersham Corp, IP; was from
Calbiochem.
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2.3 Irekition af muvele membrane fractiony

Highly purified T-T dwd SR membraney were olatesd from frop
(Cavcliverbera catediverberdy skelotal muwle av deteribed [23), Briel-
by, wilng differential centrifugation a 100000 % g pellet and superna-
tant were ebtaived. The mivrovames prevent i the 100000 = ¢ pelle
werg Further rowolved e SR and T T membranes by sugrose demity
gradient fractionation. Protein was measured [24) uting bovine
verwmn albumin ax standard,

X TP avay

TP -ase activity wits mcasured at 23°C, in 4 final velume af 0.1 ml
af & solution containing (mM1: 100 KC1, 30 Hepes-Teis, pHl 7.2, 0.5
Mg€lz, calhume-adjusted 1o pCa 6 with | EGTA plux 0,9} CaCly, and
0.05=0.1 mg of pratein, The reaction was started by addition of
{'HIP) (40000 cpm), diluted with untabeled 1P) (@ a speeific activity
of 10000 ¢pm/nmaol, and stopped by wddition of 0.2 ml of 20%
trichloreacetiv weld. The samples were centrifuged, 1the supematanis
wereextragted 4 times with | mb of dicthyl ether suturated with watee,
and were neutralized with NEHGOH prior (o further analysis,

2.4, Separation of ['Hjinosiial phosphates by Dawex:} anion-
exchange chromatograply or HPLC

[*H]Inositel phosphates. weee separated on 1.0 mi ¢olumns of
Dowex 1 x<8 (farmate form) as described [25). The columny were
calibrated with a siandard mixture of ["Hlinosital phoiphates. The
¢hloride farm of Dowex | x-B was rransformed into the formate form
with suceessive washings with | N HClLat 100°C, 1| N formic aeid at
607C, | M sadium formate, 0.1 M formic acid and water.

HPLC analysis was performed by the methad of lrvine et al, [26).
using a 25 % 4.6 mm Partisil SAX-10 column (Whatman). Befora in-
jection, each sample wax mixed with 0.1 znol each of AMP, ADP
and ATP, which were detected by absorption at 260 nm, and served
as reference markers. The columns were calibrated with & standard
mixture of ['H}inasitol phosphates.

3. RESULTS AND DISCUSSION

Measurements of [*H]IP; hydrolysis in soluble frac-
tions and in SR and T-T fractions isolated from frog
skeletal muscle showed that IPz-ase activity was ubi-
quitous. At 25°C and 20 M [*H]IP;, the hydrolysis
rates of the soluble fraction, SR and T-T membranes
were =<0.1, 1.2 2 0.1 (2), and 22.0 + 2.7 (9
nmol/min/mg of protein, respectively, These results in-
dicate that, as has been demons:rated in several cell
systems [25], in skeletal muscle the enzyme is mostly
present in membrane-bound form. Furthermore, the
1P;-ase activity is highly enriched in the T-T mem-
branes, that displayed about 20-fold higher activity
than SR membranes, and a Vyax value of 44.1 =
2.2 nmol hydrolyzed per mg of protein per min
(Fig. 1).. Likewise, in rabbit muscle a membrane frac-
tion containing a mixture of SR and T-T membranes
displays higher IP3; phosphatase activity than SR [20],
with a reported Vaux of about 20 nmol/min/mg of pro-
tein at 30°C. These results indicate that, in contrast to

other reports [26], skeletal muscle has significant 1Pz

phosphatase activity, comparable to that of other
tissues [20], and that this enzyme is predominantly
localized in the transverse tubule system. Furthermore,
the activity of SR is so low that it might reflect residual
contagaination with T-T membranes.
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Fig. 1. Hydrolysis rates of isalited transverse tubule membranes as

a function of substrate concentration. The ameunty of [*Hinesitol

I, 3-trisphosphate  hydralyzed were determined by HPLC for

concentratians €20 4M, and by separation in Dowex columns Tor
higher concentrations (tee section 2).

Milani et al. [21] reported a Ky value for [Py-ase in
rabbit muscle in the range of 15-18 xM. We have
measured a somewhat higher Ky value in the T-T frac-
tion, 25.2 & 2.6 #M for frog muscle (Fig. 1). Both the
enzyme present in rabbit [21] as well as the enzyme pre-
sent in frog skeletal muscle, have an absolute require-
ment for Mg and are completely inhibited by 0.1 mM
CdCl; (not shown), :

We studied the time course of [*H}IP: degradation
and the appearance of [*HJinositol phosphate
derivatives in T-T membranes. We found that [*H]IP,
hydrolysis led first to the formation of [*H}IP;, follow-
ed later by the sequential appearance of [*H]IP and
{*H]inositol; all the initial [*H]IPa had been converted
to [*Hlinositol after 10 min incubation (Fig. 2). In the
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Fig. 2. Time course of hydrolysis of [*H]inositol 1,4,5-trisphosphaie

by isolated transverse tubule membranes at 20 M IP3, Toisolate and

identify the inositol phosphates, separation in Dowex columns was

used (see text), The results represent average values of two different
membrane preparations.
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case of SR membrancs, hydrolysis proceeded at a cons
siderably slower rate (data not shown); even after
20 min incubation there was still a mixture of inositol
trisphosphate and bisphosphate, with fow but signifi-
eant amounts of inosito! phosphate and inositol. These
results demonstrate that T-T membranes  possess
measurable [Py and 1P phosphatase activities, in addi-
tion ta IPy-ase activity, Our findings contrast with
those reported in rabbit skeletal muscle [21], where on-
Iy IPy-ase activity was found. This difference might be
due to the fact that the membranes used by Milani et
al. [21] have iwwer specific activity than the T-T mem-
branes used in this work, so that the lower amounts of
inositol phosphate and inositol produced might have
escaped detection.

If we assume (i) that during a twitch the concentra-
tion of IPy in the triadic space reaches | #M (a value
higher than the threshold for opening calcium channels
at resting pCa [8,28)). (ii) that the volume of the triadic
space is about 1.7 x 10™'7? liters/«4m? of T-tubule sur-
face [16), and (iii) that relaxation takes place in
50-200 ms [29], then an IPj-ase activity in the range of
0.85--3.4 x 10~2* mol/s/um? of T-T surface would be
required to remove all the [Py released. Assuming that
there are 10* phospholipid molecules per um? of mem-
brane surface [30) and 2 zmol phospholipid per mg of
protein [23], these values can be converted ‘to
6-24 nmol/mg of protein per min. The Ve rates
measured. are above this range. At 1 M IP;, the
physiologically relevant concentration, using HPLC to
measure I[Py hydrolyzed, we determined a rate of
hydrolysis of 1.2 = 0.1 (2) nmol/mg per min, lower
than given above but still in a range adequate to ac-
count for relaxation. Furthermore, it is possible that
the isolated membrane preparations might have lost
regulatory factors, i.e. phosphorylation [31], that
might increase the activity in vivo, Thus the IPs-ase ac-
tivity ‘may be directly involved in the mechanism of
physiological relaxation, and unquestionably plays a
role in returning the IP; levels to the resting values
[4,5]. In support of this proposal, it has been reported
that microsomes isolated from swine which are suscep-
tible to malignant hyperpyrexia are deficient in 1Ps-ase
activity, and that the myoplasmic concentrations of IP;
and calcium are higher than in normal swine [32]; these
results were interpreted as indicative that the raised
myoplasmic calcium ion concentration of hyperexic
muscle is caused by the deficiency in IP3-ase activity.
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