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1. Introduction

In vascular smooth muscle, extracellular Ca** is
required for the maximal development of tension in
response to hormonal or electrical stimulation [1-3].
During subsequent relaxation, Ca®* must be trans-
ported back across the sarcolemma by an energy-
dependent process [4]. This relaxation can be stimu-
lated by hormones which elevate intracellular cyclic
nucleotide concentrations [5,6]. The known action of
cyclic nucleotides in eukaryotes is to activate protein
kinases leading to phosphorylation of substrate pro-
teins [7]. We have therefore investigated the phos-
phorylation of sarcolemmal vesicles from rat aorta,
and the effect of this on Ca®" transport.

A number of methods of preparation of sarco-
lemmal vesicles from a variety of tissues have been
reported. These include enzymatic disaggregation
and/or osmotic shock [8,9], and various methods of
homogenisation [10,11], in each case followed by
sucrose density gradient centrifugation. With prepara-
tions of sarcolemmal vesicles from smooth muscle
using these methods, contamination by sarcoplasmic
reticulum has been reported [11]. The effect of
phosphorylation of sarcolemmal vesicles from smooth
muscle by cyclic AMP-dependent protein kinase has
also been studied. Using crude membrane fractions
from trachea [12], it was reported that onincubation
with [y-2PJATP and cyclic AMP-dependent protein
kinase phosphorylation of sarcolemmal proteins
did not occur, and there was no change in oxalate-
dependent Ca*" uptake. In contrast, using a more
purified preparation from rat aorta [13], a protein
of M_ 44 000 was phosphorylated under similar con-
ditions, and an increase in Ca®" uptake was reported.
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We now report a new, rapid method for the prepa-
ration of purified sarcolemmal vesicles free of mito-
chondrial and cytoplasmic contamination using
Percoll. The preparation also appears to have a low
level of contamination by sarcoplasmic reticulum. On
incubation with [y-**P]ATP and cyclic AMP-depen-
dent protein kinase, proteins of app. M, 11 000,

21 000, 44 000 and 110 000 are phosphorylated. The
phosphorylation also causes a 2—3-fold stimulation
of oxalate-independent Ca"-uptake which is inhib-
ited by ouabain.

2. Methods

2.1. Preparation of sarcolemmal vesicles

Thoracic aortae were removed from freshly-killed
Wistar rats (200—250 g), stripped of adhering tissue,
and homogenised in 0.25 M sucrose, 50 mM imidaz-
ole, 14 mM 2-mercaptoethanol, 1 mM EDTA, 10 mM
MgCl, (pH 7.4) (5 ml/g tissue) using a Polytron
homogeniser (setting S for 20 5). All procedures were
done at 4°C. The homogenate was filtered through
glass wool, which was then washed with an equal vol-
ume of homogenisation medium. The pooled filtrate
was centrifuged at 50 000 X g for 45 min, and the
pellet resuspended in 1 ml Percoll medium/g original
tissue [Percoll medium: 0.17 ml Percoll (Pharmacia
Ltd)/ml in 0.3 M KCl, 0.25 M sucrose, 50 mM imid-
azole, 14 mM 2-mercaptoethanol, 10 mM MgCl,,
1 mM EDTA (pH 7.4)]. The initial density of the
Percoll in the medium was 1.05. This was thoroughly
mixed with a further 8 vol. Percoll medium, and cen-
trifuged at 10 000 X g for 15 min [14]. Fractions of
1 ml were taken from the bottom of the tube.
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2.2. Measurement of calcium uptake and protein
phosphorylation

Ca®" uptake into sarcolemmal vesicles was mea-
sured by filtration on Millipore membranes using
45CaCl, in the absence of EGTA, essentially as in
[15]. The concentration of vesicles in the uptake
medium was 30 g protein/ml. Oxalate was omitted
from certain incubations as indicated in section 3.

Phosphorylation of sarcolemmal vesicles was car-
ried out by incubation with added cyclic AMP-
dependent protein kinase. For the investigation of the
effect of phosphorylation on Ca®" uptake, vesicles
(~2 mg protein/ml) were preincubated for up to
10 min at 37°C with 0.1 mg/ml partially-purified beef
heart protein kinase [16], 40 uM cyclic AMP, 20 mM
ATP, 0.8 mM theophylline, 21.6 mM MgCl,, 1.6 mM
NaF, 0.4 mM EGTA, 1.7 mM 2-mercaptoethanol,
20 mM Tris-phosphate (pH 7.0). For the investigation
of *P-incorporation into the vesicles, the conditions
above were used but with 0.1 mM [y-*2P]ATP (spec.
radioact. 20—25 Bq./pmol) and 1.7 mM MgCl,. 32P-
incorporation was maximal after 1 min incubation.
The reaction was stopped by the addition of tri-
chloroacetic acid (final conc. 0.5 M), and the precipi-
tated protein redissolved in buffer and subjected to
SDS—polyacrylamide gel electrophoresis as in [17]}.
Protein was detected by staining with Coomassie
brilliant blue, and protein-bound 3?P measured by
densitometric scanning after radioautography of
the gel.

2.3. Methods of enzyme assays

Ouabain-sensitive K'-stimulated phosphatase was
measured with p-nitrophenyl phosphate as substrate
[18]. Ca®*/Mg?*-ATPase and Na'/K"-ATPase were
measured as in [18]. 5'-Nucleotidase was assayed with
5'.AMP as substrate [19]. Alkaline phosphatase was
assayed at pH 9.0 with p-nitrophenyl phosphate as
substrate [20]. Succinate dehydrogenase was mea-
sured with dichlorophenylindophenyl as electron
acceptor [21]. Lactate dehydrogenase was assayed
with pyruvate as substrate [22]. Protein was mea-
sured [23] with bovine serum albumin as standard.

3. Results and discussion
3.1. Characterisation of sarcolemmal vesicles
Fig.1 shows the profiles of protein, Ca®* uptake

(in the presence of oxalate), 5'-nucleotidase and suc-
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Fig.1. Distribution of enzyme activities after Percoll density
gradient centrifugation. Material from 0.5 g rat aorta was
used for the centrifugation, and 1 ml fractions were taken
for assay of enzyme activities. Protein (2), Ca** uptake (),
S'-nucleotidase (#) and succinate dehydrogenase (&) were
assayed as in section 2.

cinate dehydrogenase in fractions from the Percoll
density gradient centrifugation. There were two
major protein-containing fractions, a pellet fraction
and one near the top of gradient. The pellet was rich
in succinate dehydrogenase, but had no detectable
5'-nucleotidase. The upper fraction contained all the
S"nucleotidase in the gradient, and very low levels of
succinate dehydrogenase. The upper fraction there-
fore appeared to be microsomal in origin, while the
pellet was at least partly derived from mitochondria.
Both fractions exhibited Ca®" uptake, although the
microsomal fraction was more active.

The microsomal fraction was further characterised
by measuring the activities of several enzymes of
known intracellular localisation [18]. Table 1 shows
these activities in the initial homogenate, in the pellet
obtained after the first centrifugation, and in the
microsomal fraction. The microsomal fraction was
enriched with 5" -nucleotidase, K*-stimulated phos-
phatase and Na'/K'-ATPase, all three of which are
localised in the sarcolemma. There was no detectable
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Table 1
Enzyme specific activities in fractions during the preparation of sarcolemmal membranes

Yield 5'-Nucleo- K'-stimulated Na‘/K'- Ca*/Mg®-  Alkaline Lactate Succinate
(mg protein) tidase phosphatase ATPase ATPase phosphatase  dehydro- dehydro-
genase genase
Homogenate 139 0.95 3.70 0.12 0.030 15.1 13.7 7.31
+25 +0.06 +0.64 +0.02 +0.006 1.9 +1.1 +1.17
50000xg 37 2.17 6.44 0.55 0.55 0.77 043 155
pellet +6 +0.10 +0.61 +0.07 +0.05 +0.48 +0.01 1.3
Sarcolemmal 1.5 7.15 104 0.83 0.018 Not Not 147
membranes 0.1 +0.63 +0.9 +0.07 +0.005 detectable detectable  £0.06

All enzyme specific activities in umol product formed . mg protein~* . h~'. Figures are presented as mean + SEM, n > 3

alkaline phosphatase or lactate dehydrogenase, indi-
cating the fraction had no cytoplasmic contamina-
tion. Similarly, the low activity of succinate dehydro-
genase indicated that mitochondrial contamination
was also very low. The yield of microsomal protein
(1.5 mg/g tissue) was comparable to that reported
from smooth muscle using other methods of prepara-
tion [11].

The above results indicate that the microsomal
fraction was at least partly sarcolemmal in origin.
Experiments were also performed to test for the
presence of vesicles originating from the sarcoplasmic
reticulum. It has been reported [11] that Ca?* uptake
into sarcoplasmic reticulum vesicles is dependent on
the presence of oxalate, whereas the uptake into
sarcolemmal vesicles is not. Ca®* uptake into the
microsomal fraction was therefore measured in the
presence and absence of oxalate. Both the basal rate
of Ca?* uptake, and the stimulated rate after phos-
phorylation (see section 3.2) were the same in the
absence and presence of oxalate (fig.2). This indicates
that the microsomal fraction had little or no con-
tamination by sarcoplasmic reticulum. In addition,
the effect of ouabain on the Ca?" uptake (see sec-
tion 3.2) is indicative of the sarcolemmal origin of
the vesicles.

This method of preparation of membranes is much
more rapid (90 min) than those in [8—11], in that
only two centrifugations are required. The method is
simple to perform and also eliminates the require-
ment for a preformed density gradient [14]. Further-
more, the yield is comparable to other methods, and
gives a good separation of sarcolemmal membranes
from other cell components.

3.2. Phosphorylation of sarcolemmal vesicles

Fig.2 shows that the vesicles as prepared by the
above method had a low rate of Ca®* uptake, which
was independent of the presence of oxalate and was
not inhibited by 10™® M ouabain. After preincubation
with cyclic AMP-dependent protein kinase and ATP
there was a 2—3-fold stimulation of Ca®* uptake
which was also independent of oxalate (fig.2). How-
ever, this stimulation of uptake was abolished by
1078 M ouabain. There was also a 2—3-fold increase
in Na'/K"-ATPase activity after preincubation which
was independent of the presence of Ca?*,

These results suggest a dual mechanism of Ca?*
uptake into sarcolernmal vesicles. In the basal condi-
tion the uptake was independent of Na'/K"-ATPase
(but was dependent on the presence of ATP), and
presumnably involves a Ca?"-ATPase. The stimulation
of Ca** uptake by cyclic AMP-dependent protein
kinase was, however, dependent on the Na'/K"-
ATPase. This suggests the presence of a Ca%*/Na"
exchange [4,24] which is responsible for the addi-
tional uptake observed on preincubation.

When the vesicles were incubated with [y-?P]JATP
and cyclic AMP-dependent protein kinase, and 32P-
incorporation into protein examined by polyacryl-
amide gel electrophoresis, 4 definite bands of radio-
activity associated with the vesicles were observed
(fig.3). The major band has M_ 11 000, the others
having M, 21 000, 44 000 and 110 000. There was no
phosphorylation of sarcolemmal proteins in the
absence of cyclic AMP with or without the addition of
cyclic AMP-dependent protein kinase. Phosphoryla-
tion of a band of M, 44 000 in sarcolemmal vesicles
from rat aorta, associated with an increased Ca?*
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uptake has been reported [13]. However, phospho-
rylation of the M, 11 000 protein was not reported.
In sarcolemmal vesicles from heart, the major phos-
phorylated protein has M ~ 11 000 [25,26], which
is very similar to that seen here.

SOF (a)

40

30

Calcium uptake (nmol/mg sarcolemmal protein)

Time (min)

Fig.2. Stimulation of Ca®* uptake into sarcolemmal vesicles
by cyclic AMP-dependent protein kinase. Vesicles were pre-
incubated as in section 2 in the presence (4,#) or absence (»)
of cyclic AMP-dependent protein kinase for 10 min. Ca?*
uptake was assayed in the presence (a) or absence (b) of oxa-
late. (®) The effect of adding 107® M ouabain to the assay.
Bars indicate 2 SEM (n = 5).
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Fig.3. Distribution of protein (a) and ?*P (b) in sarcolemmal
vesicles following incubation with [y->*P]ATP and cyclic
AMP-dependent protein kinase and electrophoresis on 12.5%
polyacrylamide [17]. The positions of proteins of known
kM_ values are shown by vertical arrows: 93, phosphorylase;
40, aldolase; 24, chymotrypsinogen; 11.7, cytochrome c.

3.3. General discussion

Sarcolemmal vesicles produced by homogenisation
of the tissue would be expected to be a mixture hav-
ing either the extracellular surface or the cytoplasmic
surface on the outside of the vesicles [4]. However,
only those with the cytoplasmic side outwards would
have the ATP-binding sites of transport systems acces-
sible to added ATP. Ca%*" uptake into vesicles as mea-
sured in this study would therefore be equivalent in
the intact tissue to transport of Ca®* out of the cell. The
stimulation of Ca?* uptake into sarcolemmal vesicles
on incubation with cyclic AMP-dependent protein
kinase, would, if occurring in vivo, result in a decrease
in [Ca%*] in the cytoplasm and a reduction in tension.
This is consistent with the observation that relaxation
in vascular smooth muscle is associated with increase
in cyclic AMP [5,6].

We have no evidence at the amount as to which of
the phosphorylated proteins is responsible for the
stimulation of Na‘/K'-ATPase. When aortic strips are
incubated with **P;, several proteins are phospho-
rylated [27,28]. Work is in progress to determine
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whether the proteins phosphorylated in the sarco-
lemmal vesicles are also phosphorylated in vivo, and
how this is affected by hormones.
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