Volume 202, number 1

FEBS 3750

June 1986

Phosphorylation of phosphatidylinositol by transverse
tubule vesicles and its possible role in excitation-contraction
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Phosphorylation of phosphatidylinositol to phosphatidylinositol 4-monophosphate and to phosphatidyl-
inositol 4,5-bisphosphate was demonstrated in transverse-tubule membranes isolated from frog skeletal
muscle using [y-3?PJATP as substrate. At millimolar concentrations of Mg?* hoth phosphorylation reactions
were completed within 15 s at 25°C, Isolated sarcoplasmic reticulum vesicles phosphorylated phosphatidyl-
inositol to phosphatidylinositol 4-phosphate with a lower specific activity than the transverse tubules, and
lacked the ability to produce phosphatidylinositol 4,5-bisphosphaie, These findings show, for the first time,
that isolated transverse-tubule membranes carry out one of the steps required to sustain a role for inositol
trisphosphate as the physiological messenger in excitation-contraction coupling in skeletal muscle, The find-
ing that 0.5 mM tetracaine apparently inhibits the phosphorylation of phosphatidylinositol 4-phosphate to
phosphatidylinositol 4,5-bisphosphate also supports a role for these intermediates in excitation-contraction
coupling.
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1. INTRODUCTION

The early events in the process of E-C coupling
take place at the level of the T-tubule membrane.
The depolarization of the T-tubule triggers the
cascade of reactions that causes calcium release
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from the SR and the ensuing muscle contraction,

Vergara ¢t al. [1] have recently proposed that
InsP; is the chemical messenger responsible for E-
C coupling in skeletal muscle (for opposing views,
see [2,3]). According to Vergara et al. [1] electrical
stimulation of the muscle fiber produces a tran-
sient depolarization of the T-tubule membrane
which stimulates the hydrolysis of Ptdins 4,5-P; by
a phosphodiesterase to form diacylglycerol and
InsPs; the latter by binding to a specific receptor in
the SR membrane would cause calcium release,
Central to this proposed mechanism of E-C cou-
pling is the presence in the T-tubule membrane of
PtdIns and the enzyme systems responsible for the
conversion of PtdIins to Ptdins 4,5-P;, the
membrane-bound precursor of the soluble InsP;.

Our approach to study E-C coupling has been to
isolate and characterize the membranes that par-
ticipate in this process. Thus, we have isolated
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highly purified T-tubule and SR membranes from
frog skeletal muscle [4,5] using several different
criteria to study the origin, purity and sidedness of
the vesicular preparations [4—6]. Frog skeletal
muscle was chosen as a source of membranes since
most physiological studies have been carried out in
amphibian muscle.

In this work we show that T-tubule vesicles,
which are mostly sealed and with the cytoplasmic
side out [4], have the enzyme systems that
phosphorylate endogenous PtdIns to PtdIns 4-P
and to PtdlIns 4,5-P;. In addition, our results sug-
gest that tetracaine inhibits the phosphorylation of
Ptdins 4-P to PtdIns 4,5-P,. These findings are
consistent with the model of E-C coupling pro-
posed by Vergara et al. [1], although by themselves
they do not constitute enough evidence to prove
this model.

2. MATERIALS AND METHODS

T-tubule and SR membranes were isolated from
frog skeletal muscle as described in [4].
Phosphorylation of the isolated membranes was
carried out under the following conditions: 0.1 mg
protein were incubated in a final volume of 0.1 mi,
at 25°C, with a solution containing 0.1 M KCl,
20 mM Tris/maleate, pH 7.0, and variable concen-
trations of ATP and Mg?*, as specified in the table
and figure legends. High specific activity
[y-**P]JATP was diluted with unlabeled ATP to a
final specific activity of 0.5 Ci/mmol. The reac-
tion was initiated by addition of [-**P]ATP, after
previous incubation of the membranes for 5 min in
the reaction solution, and stopped by addition of
1.0 m! of 1 N HCI, followed by addition of 2 ml
chloroform :methanol (1:1, v/v) as in [7}. After
vortex-mixing for 30 s, the organic phase was col-
lected and evaporated under a stream of nitrogen.
The extraction procedure was repeated once more
by adding to the evaporated sample 0.5 mlof I N
HCI and 1.0 ml chloroform:methanol (1:1). The
organic phase was collected, evaporated to a
volume of 50 #1, and the component phospholipids
resolved by one-dimensional thin-layer chromatog-
raphy using silica gel G plates (Merck). The com-
position of the solvent system used was chloro-
form:methanol:4 N ammonia (9:7:2). Phospho-
lipids were visualized by staining with iodine
vapor; radioactive incorporation of **P into lipids
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was visualized by autoradiography. The amount of
phosphorus present in each iodine-stained spot was
determined as described [8], after scraping the
spots from the plates. The amount of **P incor-
porated into phospholipids was determined by
liquid scintillation counting of material scraped
from the plates. Protein was determined by the
procedure of Hartree [9] using bovine serum
albumin as standard. The phosphorylated deriv-
atives of Pidins (Ptdins 4-P and PtdIns 4,5-P3)
were obtained from Sigma. [-*P]JATP was
prepared as in [10] by phosphorylating ADP with
32p obtained from the Comisién Chilena de
Energia Nuclear.

3. RESULTS

It has been previously shown that T-tubule
membranes isolated from either rabbit [11,12] or
chicken [13] skeletal muscle contain 5--6% Ptdins

Ptd Ins4-P,

Ptd Ins{4SiP2

Fig.1. Phosphorylation of T-tubule membrane lipids by
[y-?PIATP, {Left) Major phospholipid components of
the T-tubule membrane after extraction and thin-layer
chromatography as indicated in the text., The
phospholipids were visualized with iodine vapor. Arrows
indicate the positions of the standards of Ptdins 4-P and
Ptdlns 4,5-P;. (Right) Autoradiogram of the same plate.
The phosphorylation conditions for the three samples
shown were {(from left to right) 0.5, 1.0 and 2.0 mM
ATP, respectively. The concentration of Mg®* used was
5 mM in all cases. The reaction was stopped after 1 min.
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relative to the total phospholipids. The T-tubules
isolated from frog muscle also contain 4% PtdIns
(P. Donoso, personal communication). Thus we
investigated whether the T-tubules isolated from
frog muscle contain the kinases that phosphorylate
PtdIns to Ptdins 4-P and PtdIns 4,5-P;.

Incubation of T-tubule membranes with
[y-*P]ATP results in incorporation of **P into on-
ly two phospholipid components, which have the
same Ry values as PtdIns 4-P and PtdIns 4,5-P2
(fig.1). In contrast, incubation of SR with
[y-**PJATP results in incorporation of **P into on-
y one phospholipid component with the same Ry
as PtdIns 4-P (table 1). Thus, the T-tubule mem-
branes but not the SR membranes have the ability
to phosphorylate Ptdlns 4-P to PidIns 4,5-P;, the
membrane-bound precursor of InsPs.

The time course of incorporation of *?P into
PidIns 4-P and PtdIns 4,5-P; shows rapid labeling
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Table 1

Phosphorylation of phosphatidylinositol by transverse-
tubule and sarcoplasmic reticulum membranes

pmol per zmol lipid P;

Ptdins 4-P  PidIns 4,5-P;

Sarcoplasmic reticulum 12.1 <}
Transverse tubules 17.4 15.5

Incorporation of **P into PdtIns 4-P and PtdIns 4,5-P;
in membranes was measured after 1 min incubation with
0.5 mM Mg** and 0.5 mM [-**PJATP

of both phospholipids in the T-tubule membrane
(fig.2). Both reactions are complete within 1 min,
although labeling at 20 mM Mg®* was faster and
higher than at 0.5 mM Mg?* (fig.2).
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Fig.2. Time course of **P incorporation into phospholipids. (Left) Incorporation of **P into PtdIns 4-P at 0.5 mM (top)
and 20 mM (bottom) Mg®*. (Right) Incorporation of 2P into PtdIns 4,5-P; at 0.5 mM (top) and 20 mM Mg?*
(bottom). The reaction was carried out with 0.5 mM [->*P]JATP. The results are expressed in nmol lipid phosphorus
per #mol membrane lipid phosphorus. (O) Ptdins 4-P, (e) PidIns 4,5-P;.
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A study of both phosphorylation reactions as a
function of Mn** concentration yielded apparent
Kn values of about 10 mM for Ptdins 4-P and
about 5 mM for PtdiIns 4,5-P;. However, it must
be considered that while the first reaction has
probably a non-limiting concentration of PtdIns as
substrate, the second phosphorylation reaction
might be restricted by the low concentrations of
PtdIns 4-P available.

A similar study as a function of ATP concentra-
tion, at a constant Mg”* concentration of § mM,
showed that the formation of both PtdIns 4-P and
PtdIns 4,5-P; increased with increasing ATP con-
centration up to 2 mM, without an apparent
saturation (fig.3). Thus, it was not possible to
determine an apparent Ky, value for ATP under the
experimental conditions used. We have previously
shown that the T-tubule membranes isolated from
frog muscle display an Mg®*-ATPase activity [4]
that will hydrolyze ATP during the course of the
phosphorylation reaction. Hence, it will be dif-
ficult to determine K, values for ATP unless a
constant ATP concentration is maintained during
the assay.

We determined the effect of tetracaine, a known
inhibitor of E-C coupling {14} on the phosphoryla-
tion reactions. We found that addition of increas-
ing amounts of tetracaine produced a significant
increase in the amount of Ptdlns 4-P formed,
without affecting the levels of PtdIns 4,5-P,. Since

1801
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Fig.3. Incorporation of P into PtdIns 4-P (empty bars)

and Ptdins 4,5-P> (solid bars) at different

concentrations of [y->2PJATP. The reaction was carried

out at SmM Mg** and was stopped after 1 min

incubation. The concentrations of [y-">P]JATP used are
indicated below the bars.

72

FEBS LETTERS

June 1986

Table 2

Effect of tetracaine on phosphorylation of
phosphatidylinositol by transverse-tubule membranes

pmol per gmol lipid P,

PtdIns 4-P PtdIns 4,5-P;

Control 47.5 14.2
+ 0.1 mM tetracaine 39.3 10.8
+ 0.5 mM tetracaine 74.6 12.8
+ 2.0 mM tetracaine 159.6 [3.6

Incorporation of P into both phospholipids was
measured after 1 min incubation with 5 mM Mg?* and
0.5 mM [-*PIATP

it is likely that the levels of both polyphospho-
inositides measured represent steady-state values
of intermediates in the cycle of PtdIns, these
results suggest that the accumulation of Ptdins 4-P
induced by tetracaine reflects inhibition of the
kinase that phosphorylates PtdIns 4-P to PtdIns
4,5-P; (table 2).

4. DISCUSSION

Our results demonstrate that the T-tubule mem-
branes isolated from frog skeletal muscle
phosphorylate PtdIns to PtdIns 4-P, and the latter
to PtdIns 4,5-P.. The amounts of both
phosphorylated phospholipids obtained with
5 mM Mg?* and at high ATP concentration (fig.3)
are in the range of 150 pmo! per gmol lipid
phosphorus. This value represents only 0.01% of
the total phospholipid content of T-tubules, and
about 0.2% of the total PtdIns content. However,
since unknown factors might be missing from the
isolated membranes, it is conceivable that the T-
tubules in the intact cell have the ability to produce
higher amounts of both phosphorylated deriva-
tives.

From several experimental observations, Ver-
gara et al. [1] proposed a model whereby InsP;
would be the chemical messenger in E-C coupling.
Among these are the findings that InsP; injected
into a skeletal muscle fiber produces contraction,
and that increased InsP; production takes place
after tetanic stimulation of the muscle fibers.

The sequence of events in the model proposed by
Vergara et al. [1] can be divided into 5 steps. Step
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1: the depolarization of the T-tubule membrane
stimulates the hydrolysis of PtdIns 4,5-P; by a
phosphodiesterase to release diacylglycerol and
InsPi. Step 2: InsP; reaches the SR membrane and
causes calcium release. Step 3: InsPs is hydrolyzed
to inositol as the end product. Step 4: inositol is in-
corporated into the T-tubule membrane lipids as
PtdIns. Step 5: by successive phosphorylation
reactions PtdIns is converted inte PtdIns 4,5-Pz,
the membrane-bound precursor of InsPs. Of the 5
proposed steps, there is contradictory evidence
regarding step 2, since there is no general agree-
ment that InsP; causes calcium release from SR
vesicles [15,16], and there is no direct experimental
evidence supporting steps 1, 3 or 4.

Our results demonstrate that step 5 takes place
in isolated T-tubule vesicles. Furthermore, the ef-
fect of tetracaine on the phosphorylation reactions
suggests that this drug, at a concentration as low as
0.5 mM, inhibits the kinase that phosphorylates
PtdIns 4-P to PtdIns 4,5-P;. Thus, the inhibition
of E-C coupling produced by tetracaine couid be
ascribed to the inhibition of the formation of
PtdIns 4,5-P,, which would result in decreased
levels of InsP; after activation of the phospho-
diesterase.

In conclusion, while our findings do not by
themselves prove that InsP; is the chemical
messenger in E-C coupling in skeletal muscle, they
are certainly compatible with the model proposed
by Vergara et al. [1].
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