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tubule vesicles and its possible rule in excitatiomr-contraction 
coupling 
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~hospho~lation of phosphatidyi~~~ito1 to PhosphatidyIinositoI ~mo~~phosphat~ and to phosp~atidy1~ 
inositol 4,~-bisphosphate w3s de~yo~strated in ~ansve~~tubule m~rnbra~~ isolated from frog skeletal 
muscle using [y-32PfATP as substrate, At millimolar concentrations of Mgac both phosphoryIation reactions 
were completed within 15 s at 2S”C. Isolated sarcoplasmic reticulum vesicles phosphorylated phosphatidyl- 
inositol to phosphatidylinositol It-phosphate with a Iower specific activity than the transverse tubules, and 
lacked the ability to produce phusphatidylinositol4,5-bisphosphate, 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 
t~isphosphate as the physiological messenger in excitation~ontracti~~ coupling in skeletal muscle, The find- 
ing that 0.5 mM tetracaine apparently inhibits the phospho~Iatio~ af p~osphatidyl~nositol4-phosphate to 
~hospha~dylinosiioI 4,~-bisphospha~e also supports a role for these i~t~~diates in ex~~a~on-con~~ctjo~ 

coupling. 

t . INTRODUCTION from the SR and the ensuing muscle contraction, 

The early events in the process af E-C coupling 
take place at the level of the T-tubule membrane. 
The d~p~lari~at.i~n of the T-tub& triggers the 
cascade of reactions that causes cat&urn release 
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dbbreviations.- E-C coupling, excitation-contraction 
coupling; InsP3, inositol 1,4,5-trisph~s~~ate; PtdIns, 
pb~sp~~t~dylinosito1; Ptdfns 4-P, p~~sp~atidyIinosito1 
4”phosphate; Ptdfns 4,5-Pz, p~os~hat~dyl~nositoi 
4,~“bispbosp~ate~ T-tubufe, transverse tub&e; SR, sar- 
coplasmic retieuium 

Vergara et al, [I ] have recently proposed that 
InsP3 is the chemical messenger responsible far E- 
C coupling in skeletal muscle (for opposing views, 
see [2,3j), According to Vergara et al. [ 11 electrical 
stimuIa~i~~ af the muscle fiber produces a tran- 
sient dep~l~ri~ati~~ of the T-tubule membrane 
which stimulates the hydrulys~s of PtdIns 4,5-PZ by 
a ~h~sph~dj~~terase to h-m dia~yl~l~cer#l and 
fnsP3; 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 
Ptdlns and the enzyme systems responsible for the. 
conversion of PtdIns to PtdIns 4,5-P2, the 
rnernbra~~~~~~~d precursor of the soluble InsP3. 

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-tub&e and SR membranes from 
frog skektat muscle &t,Sf using severa different 
criteria to study the origin, purity and sidedness of 
the vesicular preparations [4--t?]. 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 141, have the enzyme systems that 
phosphorylate ~ndogenous PtdIns to PtdIns 4-P 
and to PtdIns 4,5-I%. In addition, our results sug- 
gest that tetr~cain~ iubibits the pbosphoryIat~on of 
PtdIns 4-P to Ptdfns 45P2. These findings are 
consistent with the model of E-C coupling pro- 
posed by Vergara et al. [l], although by themselves 
they do not constitute enough evidence to prove 
this model. 

2. MATERIALS AND ~~TH~~S 

T-tubuie and SR membranes were isolated from 
frog skeletal muscle as described in [4j. 
Ph~sphorylation of the isolated membranes was 
carried out under the fo~~o~i~g conditions: 0. I mg 
protein were incubated in a final valume of 0.1 mi, 
at 25”C, with a solution containing 0.1 M KC& 
20 mM Tris/maleate, pH 7.0, and variable concen- 
t~ati~~s af ATP and Mg”, as specified in the table 
and figure legends. High specific activity 
[y-“‘PJATP was diluted with unlabeled ATP to a 
final specific activity of 0.5 Ci/mmol. The reac- 
tion was initiated by addition of [T-~‘P]ATP, after 
previous incubation of the membranes for 5 min in 
the reaction solutions and stopped by addition of 
1 ,O mi of I N HCI, followed by addition of 2 ml 
chloroform : methanol (1: 1 t 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 O-5 mf of 1 N 
I-ICI and 1 A ml chloroform : methan~1 (1: If.. The 
organic phase was cohected, evaporated to a 
volume of 50 ~1, and the component phospholipids 
resolved by one-dimensional thin-layer chromatog- 
raphy using sitica gel G plates (Merck). The com- 
position of the solvent system used was chioro- 
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 [g], after scraping the 
spots from the plates. The amount of “P incor- 
porated into phospholipids was determined by 
liquid scintiilation counting of material scraped 
from the pIates, Protein was determined by the 
procedure of Hartree [9] using bovine serum 
albumin as standard. The phosphoryiated deriv- 
atives of PtdIns (PtdIns 4-P and PtdIns 4,5-Pz) 
were obtained from Sigma. [T-~‘P]ATP was 
prepared as in ItO] by phosphoryIati~g ADP with 
s2P obtained from the ~ornis~~n Chilena de 
Energia Nuclear. 

3. RESULTS 

It has been previously shown that T-tubule 
membranes isolated from either rabbit [1 I,121 or 
chicken [13] skeletal muscle contain 5--60/b Ptdlns 

Fig. 1. Fbos~~orylation OF T-tubule membrane lipids by 
[y-s2PIATP. (Left) Major phospholipid components of 
the T-tubule membrane after extraction and thin-Iayer 
chromatography as indicated in the text, The 
phospholipids were visualized with iodine vapor. Arrows 
indicate the positions of the standards of Ptdlns 4-P and 
Ptdlns 4,5-Pa. (Right) Autorad~ogram of the same plate, 
The phosphor~Iat~on conditions for the three samples 
shown were (from left to right) 0.5, I.0 and 2.0 mM 
ATP, respectively. The cou~euira~iou of Mg’” used was 
5 mM in all cases. The reaction was stopped after f min. 
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relative to the total phosphohpids. The T-tubufes 
isolated from frog muscle also contain 4% PtdIns 
(P. Donoso, persona1 communications. Thus we 
investigate whether the T-tubules isolated from 
frog muscle contain the kinases that phosphorylate 
PtdIns to PtdIns 4-P and PtdIns 4,5-P2. 

Incubation of T-tubule membranes with 
[yW3’P]ATP results in incorporation of 32P into on- 
ly two phospholipid components, which have the 
same Rf values as PtdIns 4-P and PtdIns 4,5-P2 
(fig.1). In contrast, incubation of SR with 
[T-~~PJATP results in incorporation of “P into on- 
Iy one phosphoIipid component with the same Rf 
as PtdIns 4-P (table I)* Thus, the T-tubule mem- 
branes but not the SR membranes have the ability 
to phosphory~ate PtdIns 4-P to PtdIns WPt, the 
membrane~bound precursor of InsP3. 

The time course of incorporation of 32P into 
PtdIns 4-P and PtdIns 4,5-PZ shows rapid labeling 

Ptd Ins c-P 

05m)ul Mg *+ 

Table 1 

Phosphorylation of phosphatidylinositol by transverse- 
tubule and sarcopIasmic reticulum membranes 

pmot per amok lipid Pi 

PtdIns 4-P PtdIns 4,5-P2 

Sarcoplasmic reticulum 12.1 <I 
Transverse tubules 17.4 15.5 

Incorporation of “P into PdtIns 4-P and PtdIns 4,5-P2 
in membr~es was measured after 1 min incubative with 

5.5 mM Mgzf and 0.5 mM ~F-~‘P]ATP 

of both phospholipids in the T-tubufe 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.21, 
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Fig.2. Time course of “P incorporation into phospholipids. (Left) Incorporation of 32P into PtdIns 4-P at 0.5 mM (top) 
and 20 mM (bottom) Mg2*. (Right) incorporation of 32P into Ptdlns 4.5PZ at 0.5 mM (top) and 20 mM Mg2+ 
{bottom). The reaction was carried out with 0.5 mM [y-32P]ATP. The results are expressed in nmol lipid phosphorus 

per pmol membrane lipid phosphorus* (0) PtdIns 4-P, (of PtdIns 4,5-Ps. 
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A study of both phosphorylation reactions as a 
function of Mn2+ concentration yielded apparent 
Km values of about 10 mM for PtdIns 4-P and 
about 5 mM for PtdIns 4,5-P2. 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 Mg2+ concentration of 5 mM, 
showed that the formation of both Ptdlns 4-P and 
PtdIns 4,5-P2 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 K,,, 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 coupiing [14] on the phosphoryla- 
tion reactions. We found that addition of increas- 
ing amounts of tetracaine produced a significant 
increase in the amount of PtdIns 4-P formed, 
without affecting the levels of Ptdlns 4,5-Pz. Since 

150 t 

.125 .25 
( 
1 2 

Fig.3. Incorporation of 32P into PtdIns 4-P (empty bars) 
and Ptdlns 4,5-PZ (solid bars) at different 
concentrations of [Y-~‘P]ATP. The reaction was carried 
out at 5 mM Mg’+ and was stopped after 1 min 
incubation. The concentrations of [Y-~~P]ATP used are 

indicated below the bars. 

Table 2 

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

pmol per pmol lipid P, 

PtdIns 4-P Ptdlns 4,5-P2 

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 13.6 

Incorporation of 32P into both phosphoIipids was 
measured after 1 min incubation with 5 mM Mg’+ and 

0.5 mM [y-32PJATP 

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 Ptdlns 4-P to PtdIns 
4,5-PZ (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 
t0 PtdIns 4,5-Pz. The amounts of both 
phosphorylated phospholipids obtained with 
5 mM Mg2” and at high ATP concentration (fig.3) 
are in the range of 150 pmol per ,umol 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. [l] proposed a model whereby InsPs 
would be the chemical messenger in E-C coupling. 
Among these are the findings that InsP3 injected 
into a skeletal muscle fiber produces contraction, 
and that increased InsP3 production takes piace 
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 d~~~l~~z~~~on of the T-tubule membrane 
stimutates the hy~ot~sis of Ptdfns 4,5-Pz by a 
phos~hodiester~e to release diac~t~~yceroi and 
InsPp. Step 2: IrrsP~ 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 into PtdIns 4,5-P2, 
the membrane-bound precursor of InsP3. Of the 5 
pruposed steps, there is contradictory evidence 
regarding step 2, since there is no general agree- 
ment that InsP3 causes calcium release from SR 
vesicles [ I5,16], 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 phosphoryiates 
PtdIns 4-P to PtdIns 4,5-P2. Thus, the inhibition 
of E-C coupling produced by tetracaine could be 
ascribed to the inhibition of the formation of 
PtdIns 4,5-P2, which would result in decreased 
levels of InsPs after activation of the phospho- 
diesterase. 

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