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Changes in the surface charge properties of isolated cardiac sarcolemmal vesicles
measured by light scattering.
I. Characteristics of rat and canine preparations
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The cation-binding characteristics of isolated sarcolemmal vesicles from rat and canine cardiac muscle cells
were investigated. To help elucidate the molecular properties involved in these interactions the cation-in-
duced aggregation behavior of rat and canine cardiac sarcolemmal vesicles, sonicated unilamellar vesicles
(SUVs) made from sarcolemmal lipid extracts, and SUVs generated from combinations of synthetic lipids
similar to those found in the sarcolemmal membrane, as well as mitochondrial and sarcoplasmic reticulum
enriched membrane fractions were examined. Our results indicate that cations, such as Ca**, do indeed bind
to the sarcolemmal membrane surface. They also suggest that two (or more) interacting sites are involved in
the Ca’*-induced aggregation of the isolated sarcolemmal vesicles, and that sarcolemmal lipid components
could be the primary binding sites. The modulating (secondary) sites on the other hand may be protein or
carbohydrate in nature, or require specific lipid organizational properties. Finally, the results indicate that
the interactions of cations, such as Ca’*, with the sarcolemmal surface are species specific, with the
sarcolemmal membranes of both rat and canine preparations having different physico-chemical properties.

Introduction tial role in the excitation/contraction/relaxation
cycle of cardiac muscle cells [1-11]. However,

Numerous physiological studies suggest that while some of these studies have demonstrated a
cation-sarcolemmal interactions play an essen- close correlation between sarcolemmal associated
Ca?* and cardiac cell contractility, they have not
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experimental protocol being employed. In the Mil-
lipore Filtration assay commonly used very small
procedural changes can alter the amount of “Ca?*
‘bound’, in nmol/mg protein, by up to 400%
[21,22]. 1t is therefore important to point out that
the term Ca?” ‘binding’ employed in the studies
cited above is used to describe the ‘sum’ of all the
#Ca?* which may be associated with the sarco-
lemma (and may also include internally trapped
Ca%* in some cases). This associated ¥Ca™* is
actually composed of two components: (1) the
accumulation of cations, such as Ca?*, in the
aqueous region directly adjacent to a negatively
charged membrane surface (the diffuse double
layer), and (2) the actual binding, or adsorption,
of cations to specific membrane components. As
noted by McLaughlin [64], Ohki and Sauve [65],
and McLaughlin et al. [61] these two types of
Ca?*—membrane interactions are very difficult to
distinguish using radioactive agents such as
45Ca?", although their physiological consequences
may be completely different.)

At the same time, other studies have demon-
strated that the membrane proteins responsible for
transsarcolemmal ion movements (i.e., ion chan-
nels, cation pumps, the Na*/Ca”" exchanger, etc.)
are quite sensitive to their membrane environment
[28-35]. The physico-chemical properties of the
sarcolemmal membranes involved in regulating
these processes, however, remain completely un-
known. Consequently, it has not been possible to
determine whether the effects of such cation—
sarcolemmal interactions are due to a direct effect
on channel or exchanger activity, an indirect effect
of altered lipid—protein interactions, or a direct
function of the amount of Ca’* ‘bound’ to the
sarcolemmal phospholipids, as proposed by Lan-
ger [5,11]. These uncertainties have led to intense
controversy concerning the potential role(s) of cat-
ion—sarcolemmal interactions in these processes.

In order to help resolve these issues it is first
necessary to ascertain the basic cation binding
properties of the cardiac myocytes’ sarcolemma
and to determine the components participating in
these interactions. With this end in mind we have
begun a systematic examination of the interac-
tions of cations with the cardiac sarcolemmal
surface. This examination involves an analysis of
the cation-induced aggregation behavior of the

isolated cardiac sarcolemmal vesicles, and repre-
sents the first step towards a quantitative under-
standing of cation—cardiac sarcolemmal interac-
tions. A major advantage of this experimental
approach is that the interactions we are observing
(aggregation) are directly related to the specific
adsorption (binding) of cations to the sarcolemmal
surface and not diffuse double layer effects [36,37].
We are therefore able to clearly distinguish be-
tween these two types of membrane associations
and ascertain the contributions of ion binding
(adsorption) to cation—sarcolemmal interactions.
In addition, the presence or absence of internally
trapped Ca’” has no effect on vesicle aggregation
behavior. We have previously employed this
method to analyze mono- and divalent cation
binding in model membrane systems [38,39] and
to examine the roles of lipids and proteins in the
(Ca®*-PO; " )-induced aggregation of erythrocyte
derived vesicles [40,41].

In the present study, we have examined the
cation-induced aggregation behavior of isolated
rat and canine cardiac sarcolemmal vesicles, soni-
cated unilamellar vesicles (SUVs) made from the
sarcolemmal lipid extracts, and SUVs generated
from combinations of synthetic lipids similar to
those found in the sarcolemmal membrane, as well
as mitochondrial and sarcoplasmic reticulum en-
riched membrane fractions. The purpose of this
study is three-fold: (1) to ascertain whether
cations do indeed bind (adsorb) to the sarco-
lemmal surface, rather than being present only in
the diffuse double layer, (2) to characterize these
interactions in order to help define a physico-
chemical baseline for future quantitative analysis,
and (3) to compare the cation binding properties
of cardiac sarcolemmal membranes from two dif-
ferent species (rat and canine). The third aim is
important for two reasons: (a) although it is known
that the relative importance of sarcolemmal vs.
sarcoplasmic reticulum Ca®* to muscle contrac-
tion is different in these two species, most inves-
tigators assume that the physico-chemical proper-
ties of their sarcolemmal membranes are the same,
as evidenced by the fact that many researchers
combine the results obtained from different species
(i.e., isolated sarcolemmal vesicles from canine,
septal preparations from rabbits, single-cell stud-
ies from rats) in the same investigation to draw a



common conclusion concerning Ca’* cardiac cell
interactions, and (b) by comparing the results
obtained for both species we will be better able to
determine the basic molecular mechanisms in-
volved (shared by the two species) and to identify
the particular characteristics which may be species
specific.

Portions of the reuslts obtained in this study
were presented previously [42].

Materials and Methods

Materials. Phosphoenolpyruvate (trisodium
salt), pyruvate kinase (type III), L-lactic acid dehy-
drogenase (type XI), Na,-ATP (vanadium free),
B-NADH (from yeast grade I, disodium salt),
p-nitrophenyl phopshate (diTris salt), Mes, Hepes,
Ches, Tris-maleate, Mops, EDTA, pL-dithiothre-
itol, PMSF, sodium pyrophosphate, EGTA were
obtained from Sigma Chemical Co. Chloride salts
(vesicle isolation buffers, enzyme assays) were from
Mallinckrodt Chemical Co. Ultrapure mono- and
divalent cation salts for vesicle aggregation experi-
ments (Gold Label 99.999%) and fluorescamine
were from Aldrich Chemical Co. DNAase I (bovine
pancreas, lyophilized) was from Worthington Bio-
chemical. Egg phosphatidylcholine (PC) (> 99%),
egg phosphatidylethanolamine (PE) (made by
transphosphatidylation of egg PC (> 99%), and
bovine phosphatidylserine (PS) (disodium salt,
> 99%) were obtained from Avanti Polar Lipids,
Inc. All three lipids gave single spots on silica gel
G or H thin-layer chromatography plates. Dis-
tilled, de-ionized water was further purified (18
M) with a Water-I apparatus (Gelman Sciences).
Organic solvents were redistilled before use.

Isolation and characterization of cardiac sarco-
lemmal vesicles. Sarcolemmal vesicles were isolated
from rat (male, Sprague-Dawley) or canine hearts
according to the method of Bers and Langer [16]
as modified by Frank et al. [43] with the further
change that the protease inhibitor PMSF (200
pM) was added to the isolation buffers. Enzymatic
activities of isolated canine and rat sarcolemmal
vesicles were measured spectrophotometrically
using a Hewlett/Packard model 8450A Photodi-
ode Array Spectrophotometer equipped with a
thermoelectric temperature controller: K *-stimu-
lated p-nitrophenylphosphatase activity (K*-p-
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NPPase) was measured according to Bers and
Langer [16); K*-stimulated (Na™+ K*)-ATPase
with either the coupled enzyme assay according to
Forgac [44] and Luciani [45] or using the more
traditional end point method of Philipson and
Nishimoto [46,47]; Ca’*-stimulated (Ca’* +
Mg?2*)-ATPase using the coupled enzyme assay as
described by Madden et al. [48]. Protein con-
centrations were determined according to the
method of Lowry et al. [49], as modified for
membrane proteins by Wang and Smith [50], using
bovine serum albumin as standard. Phosphate was
measured according to Bartlett [51]. Lipids were
extracted from the isolated sarcolemmal vesicles
using CHCl,/CH,;0H (2:1, v/v) according to
the method of Bligh and Dyer [52]. The extracted
lipids were stored in CHCl,/CH;0H (2:1, v/v)
under a N, atmosphere at ~20°C. Sonicated
unilamellar vesicles (SUVs) were prepared from
synthetic phospholipids or isolated sarcolemmal
vesicle lipid extracts using standard methods [38].
The resultant vesicles were centrifuged at 178 000
X g for 35 min at room temperature (Beckman
Airfuge) to remove any multilamellar vesicles, and
the supernatant used for aggregation experiments.

Vesicle aggregation. The aggregation behavior
of the vesicle suspensions was measured turbido-
metrically over the wavelength range 200-800 nm
as a function of cation concentration or at 300 nm
as a function of time at constant cation concentra-
tion using the Hewlett/Packard 8450A Photodi-
ode Array Spectrophotometer. Although the spec-
trophotometer recorded the entire spectrum
(200-800 nm) of the vesicle suspension simulta-
neously, 300 nm was used to generate the ab-
sorbance (A) vs. [cation] and absorbance (A) vs.
time curves because of its sensitivity to small
changes in aggregation behavior. Control plots
using a number of other wavelengths greater than
300 nm gave qualitatively identical curves, but
with reduced absorbance values. For most experi-
ments the sarcolemmal vesicles were suspended at
a concentration of 60 or 120 pg protein/mil by
injecting an aliquot of the concentrated vesicle
preparation into 3 ml of the aggregation buffer,
vortexing for a few seconds, and then sonicating
the sample two times for 15 s (1 minute between
bursts) using a bath sonicator to generate a homo-
geneous suspension. Experiments employing SUVs
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made from extracted or synthetic lipids were con-
ducted using lipid concentrations of 0.1-2.5 pmol
phospholipid /ml depending on composition. Con-
trol experiments demonstrated that the sonication
step improved the reproducibility of the ab-
sorbance values obtained, but had no effect on the
shapes of the 4 vs. [cation] curves. Unless indi-
cated otherwise, the aggregation buffers employed
(‘standard buffers’) consisted of 100 mM monova-
lent cation (usually NaCl), 5.0 mM buffer (Mes,
Hepes, or Ches depending on pH) and 0.05 mM
Na,-EDTA to remove any residual divalent ca-
tions. All aggregation assays were conducted at
25°C. Ultrapure (18 M) water was used in all
cases.

The A vs. [cation] experiments were conducted
as described by Ohki et al. [38]. Control experi-
ments confirmed that both curve shape and the
[cation] corresponding to the A vs. [cation] curve
maximum value were independent of vesicle con-
centration over the range employed, although the
absolute value of the absorbance at 300 nm (A3y)
maximum might be significantly increased or de-
creased.

The kinetics of cation-induced vesicle aggrega-
tion were determined for each cation by injecting
an aliquot of the concentrated salt solution (final
concentration 3 or 10 mM) into the vesicle suspen-
sion, mixing, and measuring the change in A,y vs.
time. To insure the internal consistency of the
results obtained numerous sarcolemmal vesicle
samples were prepared as described for the A;y
vs. [cation] experiments and then combined to
form a common sample. Aliquots of this pool
were then removed for the individual aggregation
kinetics experiments. Previous studies [36,37,53]
have shown that for vesicles having negatively
charged surfaces the initial increase in turbidity is
essentially governed by the aggregation rate con-
stant C;;, which is a direct function of cation
binding (i.e., the dissociation rate constant, D,
equals zero). Consequently, under identical experi-
mental conditions (kinetic energy constant) the
rate of vesicle aggregation, measured turbidomet-
rically, for a specific cation concentration in-
creases as cation binding increases. Although this
kinetic method cannot be used to quantitatively
analyze cation binding, it can be employed to
determine the selectivity series for the binding of

cations, as well as to indicate alterations in the
vesicle surface which change cation binding.

Fluorescamine labelling. Isolated cardiac sarco-
lemmal vesicles were labelled with fluorescamine
using the method of Hidalgo and Ikemoto {54],
and Hidalgo et al. [55]. Vesicles were suspended in
buffer (100 mM NaCl/5.0 mM Hepes/0.05 mM
Na,-EDTA (pH 8.0)) to a final concentration of 2
mg protein/ml at room temperature. An aliquot
of the fluorescamine stock solution (50 mM in
dimethylsulfoxide (DMSO)) was then injected into
the sample (rapidly stirred) to give a final fluo-
rescamine concentration of 0.16 mM (final
[DMSO] less than 0.4%). The suspension was fur-
ther stirred for about 2 minutes and then centri-
fuged (178000 X g) for 10 min at room tempera-
ture in a Beckman airfuge. The supernatant was
removed and the pellet resuspended in fresh buffer
(above) at a final concentration of 3-5 mg pro-
tein/ml. This preparation was then used as the
starting material for the vesicle aggregation ex-
periments. Control experiments were conducted
using vesicle preparations treated in the same way,
but without fluorescamine in the DMSO.

SUVs made from synthetic phospholipids or
the total lipid extract of the isolated sarcolemmal
vesicles were labelled with fluorescamine using a
slightly modified procedure because the SUVs
would not be separated from unreacted fluo-
rescamine by high speed centrifugation. An aliquot
of fluorescamine (50 mM in DMSO) was added to
a concentrated suspension of lipid vesicles (10.0
pmol PL/ml) in buffer (above) under rapid stir-
ring to give a final fluorescamine concentration of
1 mM (DMSO concentration = 1%). The sample
was stirred for approx. 2 minutes and then used
directly for experiments. (After the vesicle pre-
paration was diluted to the concentrations em-
ployed in the aggregation experiments the final
fluorescamine concentration was reduced to 0.03
mM and the DMSO concentration to less than
0.07%).

Fluorescamine labelling of both the synthetic
and extracted lipids was monitored by TLC with
Silica gel G and H plates (Supelco, Inc.) using
CHCi,/ CH,0H,/ H,O (65:25:4, v/v) and
CHCl,/ CH,OH/ NH,OH/H,O0 (90:54:5.5:
5.5, v/v) as solvents. Fluorescamine labelling of
the lipid components of the labelled, isolated



sarcolemmal vesicles was examined by extracting
the lipids from the vesicles with CHCl,/CH,OH
(2:1, v/v) as previously described, followed by
TLC as above.

Results

Biochemical assays

The enzymatic activities of the isolated canine
sarcolemmal vesicle preparations were: K*-p-
nitrophenylphosphatase (K *-p-NPPase), 24.9-29.0
pmol p-nitrophenol /mg protein per h; K*-stimu-
lated (Na® + K*)-ATPase (Philipson method),
12.8-20.2 pmol inorganic phosphate (P,)/mg pro-
tein per h; K*-stimulated (Na*+ K*)-ATPase
after stimulation by alamethicin (12.5 pg/ml),
97.3-127 pmol P,/mg protein per h. The en-
zymatic activities of the isolated rat sarcolemmal
vesicle preparations were: K *-p-nitrophenylphos-
phatase (K*-p-NPPase), 7.0-11.9 pmol p-nitro-
phenol / mg protein per h; K*-stimulated (Na* +
K *)-ATPase (Philipson method) 40.7 pmol P,/ mg
protein per h; K *-stimulated (Na* + K*)-ATPase
after stimulation by alamethicin (12.5 ug/ml) 74.8
pmol P,/mg protein per h; K *-stimulated (Na™* +
K *)-ATPase activity (coupled enzyme assay) *
64.8-94.5 umol P,/mg protein per h; Ca’*-stimu-
lated (Ca** + Mg?*)-ATPase, 0-0.84 pmol P,/mg
protein per h. No azide (NaN;) sensitive ATPase
activity was observed in the isolated rat sarco-
lemmal vesicle preparations using the coupled en-
zyme assay methods.

Effects of surface charge density on vesicle aggrega-
tion: model system studies

In order to provide a reference point for this
study the effect of surface charge density on the
Ca®*-induced aggregation behavior of synthetic
PC/PE/PS SUVs was examined as a function of
[Ca**). PC, PE, and PS were chosen because they
are: (1) the major zwitterionic and anionic phos-

* The enzymatic activities of the various ATPases using the
coupled enzyme assay methods were always proportionally
higher than the activities measured for the same preparation
using the more traditional end-point method. A detailed
examination of these two approaches to measuring enzyme
activities in cardiac sarcolemmal vesicle preparations will be
presented separately (Leonards and Dhers, unpublished
data).
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pholipids present in the cardiac sarcolemmal
membrane [21,22,56-58] and (2) they are also the
lipids of choice employed in most model mem-
brane studies. The surface charge densities of the
SUVs were altered by changing the mol% of PS
present in the vesicles, while keeping the mole%
PC equal to the mol% PE. The results are shown
in Fig. 1. They indicate that the aggregation curves
are shifted to progressively lower [Ca®"] as the
mol% PS of the SUVs increases. The results also
demonstrate that it requires progressively larger
concentrations of phospholipid vesicles to give the
same A,y change as the mol% PS is decreased (0.1
pmol PL/ml for PC/PE/PS (0:0:100) to 2.5
pmol PL /ml for PC/PE /PS (50:50:0)). Thus at
a constant phospholipid (PL) concentration, one
experimentally observes an increase in the degree
of aggregation (A3, max 7) and a shift in the
aggregation curves to lower [Ca®*] as the surface
charge density increases. Similar results have been
obtained with SUVs made from various PC/PS
combinations [38].

Ca’*-induced vesicle aggregation: Cardiac sarco-
lemmal, sarcoplasmic reticulum and mitochondrial
fractions

Given this reference point, the aggregation be-
havior of isolated canine and rat cardiac sarco-
lemmal vesicles could be evaluated. In the first
series of experiments the relative aggregation be-
havior of isolated rat cardiac sarcolemmal vesicles,
and mitochondrial or sarcoplasmic reticulum en-
riched fraction vesicles (from the sucrose
gradient-isolation procedure) were investigated as
a function of [Ca%*]. This was done in order to
determine the possible effects of mitochondrial or
sarcoplasmic reticulum membrane contamination
on sarcolemmal vesicle aggregation. All experi-
ments were conducted using ‘standard buffers’, at
constant temperature (25°C) and protein con-
centration (60 pg/ml) *. In each case the initital

* All samples were normalized to 60 pg protein per ml for
these experiments. In terms of nmol PL /ml the values were:
(a) rat: sarcolemmal vesicles, 120 nmol PL /ml; sarcoplasmic
reticulum (SR) enriched fraction, 90 nmol PL/ml;
mitochondrial enriched fraction, 48 nmol PL /ml; (b) canine:
sarcolemmal vesicles, approx. 110 nmol PL/ml,;
mitochondrial enriched fraction, approx. 50 nmol PL/ml.
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Fig. 1. Effects of surface charge density on the Ca*-induced aggregation behavior (As,) of synthetic PC/PE/PS SUVs. Lipid

composition and concentration: (A) PC/PE/PS (0:0:100 mol%), 0.1 pmol PL/ml; (B) PC/PE/PS (10:10:80 mol%), 0.2 pmol

PL/ml; (C) PC/PE/PS (20:20:60 mol%), 0.2 gpmol PL/ml; (D) PC/PE /PS (30:30:40 mol%), 0.4 pmol PL/ml; (E) PC/PE/PS

(40:40:20 mol%), 0.4 pmol PL /ml; (F) PC/PE/PS (50:50:0 mol%), 2.5 pmol PL /ml. (Note: the X-axis values for (F) is the lower

range (100~500 mM) Ca2™* concentrations.) Buffer: 100 mM NaCl/5.0 mM Hepes/0.05 mM Na,-EDTA (pH 7.0). Temperature
25°C. Curves are averages of n > 3 experiments each curve.

turbidity of the sample was analyzed over the
entire wavelength range (200-800 nm) to confirm
that the size distribution of the vesicles from the
various preparations was equivalent. The results
are shown in Fig. 2A. They demonstrate that
sarcolemmal vesicles, i1solated from rat cardiac
myocytes, were readily induced to aggregate with
Ca’*, indicating that Ca?* is binding (adsorbing)
to the sarcolemmal membrane surface. In con-
trast, the mitochondrial or sarcoplasmic reticulum
enriched fraction vesicles (also at 60 pg
protein/ml) displayed little or no aggregation in
the presence of Ca®* under these experimental
conditions. Similar results were obtained with
canine preparations (not shown). Thus any poten-
tial contamination by these organelles should not
adversely affect the results obtained for the iso-
lated sarcolemmal vesicles.

Effects of pH on Ca’*-induced sarcolemmal vesicle
aggregation
In the second series of experiments the effects

of pH on the Ca’*-induced aggregation behavior
of isolated rat and canine sarcolemmal vesicles
were examined as a function of [Ca®*]. Theoreti-
cally, if the surface of the sarcolemmal vesicles
contains ionizable sites which dissociate over a
given pH range, there should be an increase in the
surface charge density of the vesicle surface as the
pH of the buffer is increased over this range. This
is analogous to increasing the mole% PS present in
the synthetic lipid SUVs (Fig. 1) and, assuming
that Ca’* can bind to these sites, should therefore
resuit in an increase in the degree of aggregation
(A maximum value, 1) and a shift of the
aggregation curves to lower [Ca’*] (as in Fig. 1).
Vesicle aggregation experiments were conducted
under standard conditions using a constant pro-
tein concentration (60 pg/ml) at four different
pH values (6.0, Mes; 7.0, Hepes; 8.0, Hepes; 9.0
Ches). Figs. 2A and B illustrate the results ob-
tained. (The pH 6.0 results for rat sarcolemmal
vesicles were deleted because of complications due
to the direct effects of pH on sarcolemmal vesicle
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Fig. 2. Aggregation behavior (Asq) of isolated sarcolemmal, mitochondrial, and sarcoplasmic reticulum vesicles from (A) rat and (B)
canine cardiac muscle at different pH values as a function of divalent (Ca?* or Mg2™ ) cation concentration. (A) Rat preparations:
Upper set of curves (@), isolated sarcolemmal vesicles; middle set of curves (O), sarcoplasmic reticulum enriched fraction vesicles;
lowest set of curves ( X), mitochondrial enriched fraction vesicles (zero at all pH values). (B) Canine preparations: Upper set of
curves (@), isolated sarcolemmal vesicles + Ca?*; middle set of curves (O), isolated sarcolemmal vesicles + Mg2™*; lowest set of curves
(), mitochondrial-enriched fraction vesicles (zero at all pH values). Note: sarcoplasmic reticulum enriched fraction vesicles deleted
for clarity. Buffers: 100 mM NaCl/5.0 mM (Mes pH 6.0-6.5; Hepes pH 7.0, 8.0; Ches, pH 9.0)/0.05 mM Na,-EDTA. Temperature
25°C. Protein concentration all samples, 60 gg/ml. Arrows indicate A3, maximum values. Curves are averages of n>3
experiments each curve.
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aggregation, discussed below.) The results indicate
that the degree of aggregation (A, maximum
value) increased; as expected, in both the canine
and rat (sarcolemmal vesicle preparations as the
suspension pH was raised. However, in both cases,
the aggregation curves were shifted to higher, not
lower, [Ca®*] with increasing pH (even as the
magnitude of aggregation was increasing). This is
the opposite result of that expected given the
PC/PE/PS SUYV results shown in Fig. 1. Control
experiments with canine sarcolemmal vesicles at
twice the protein concentration (120 pg/ml) gave
identical results, except that the absolute A,
values were larger. Other control experiments (not
shown) using mixed populations of PC/PE/PS
SUVs having different mole percentages of PS
indicate that these results could not be explained
on the basis of a mixed population of right-side
out and inside out sarcolemmal vesicles having
different surface charge densities.

The results shown in Figs. 2A and B also
indicate that the extent of these shifts in A,y

maximum values were species dependent, with
canine sarcolemmal vesicles being much more sen-
sitive to pH changes than the rat sarcolemmal
vesicles. For canine sarcolemmal vesicles, the
[cation] corresponding to the the A4, maximum
values obtained shifted from 40 mM Ca** (pH 6.0
and pH 7.0), to 50 mM Ca** (pH 8.0), to 110-120
mM Ca’* (pH 9.0). In contrast the rat sarco-
lemmal vesicle values were: 30 mM Ca’" (pH 7.0),
40 mM Ca’” (pH 8.0), and 50 mM Ca’* (pH 9.0).

Effects of pH on Mg? *-induced sarcolemmal vesicle
aggregation

The results described above indicate that Ca®*
binds to the sarcolemmal surface. To help evaluate
the specificity of this interaction, the aggregation
behavior of canine sarcolemmal vesicles was ex-
amined as a function of [Mg>*] for comparison.
The aggregation experiments were conducted at
pH 7.0 (Hepes) and pH 9.0 (Ches) under condi-
tions identical to those employed in the Ca’"
studies. The results are also included in Fig. 2B.

0.200

r 0.80
0.160
r 0.40

0.120

ABS 300nm

0.080

0.040

0.000

00

TIME (sec)

Fig. 3. Aggregation kinetics of isolated rat sarcolemmal vesicles for various di- and trivalent cations under identical experimental
conditions. Buffer: 100 mM NaCl/5.0 mM Hepes/0.05 mM Na,-EDTA (pH 7.0). Temp. 25° C. Protein concentration all samples,
60 ng/mi. An aliquot of the respective di- or trivalent cation salt was injected into the vesicle suspension to give a final test cation
concentration of 10 mM. Changes in turbidity (A4;p) were then monitored as a function of time. Since these experiments are
conducted under identical conditions at a constant protein concentration the differences observed for these curves correspond to
differences in cation binding to the sarcolemmal vesicle surface. The main portion of the figure (expanded y scale): the aggregation
curves obtained for Mn?*, Co?*, Ca?*, Ba®*, Sr?* and Mg2*. Inset (full scale): aggregation curves obtained for all cations,
including (from top) La®*, Cd%*, and Zn?*. The overall selectivity series for cation binding is: La* > Cd?* = Zn®* »» Mn?* >
Co?* » Ca?* > Ba?" =Sr?* > Mg?*. Curves are averages of three separate runs. The selectivity series is based on four such
triplicate runs.
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Fig. 4. Effects of ionic strength on the Ca?*-induced aggregation behavior of (A) canine and (B) rat cardiac sarcolemmal vesicles. (A)
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302

They indicate that, as was the case for Ca’*,
aggregation increased (A;y,, maximum value, 1)
as the suspension pH was raised from 7.0 to 5.0.
The A, values obtained for both pH values,
however, were much smaller for Mg2™ at all con-
centrations, indicating that the ability of Mg?™ to
induce sarcolemmal vesicle aggregation was sig-
nificantly less than that for Ca®* under the same
conditions. Thus, in terms of cation binding, the
sarcolemmal vesicle surface can be considered to
be highly selective for Ca’* over Mg?* under
these conditions. This selectivity is also apparent
from the concentration of Mg?™ giving the 45y,
maximum values. (approx. 120 mM Mg?* (pH
9.0) and 130-150 mM Mg** (pH 7.0)). Although
the data suggests that the shifts in the aggregation
curves as a function of pH may be less than those
found for Ca®*, the shallowness of the pH 7.0
aggregation curve makes it difficult to ascertain
the 4,,, maximum value with any certainty.

Selectivity series for cation binding to sarcolemmal
vesicles

To further expand upon the cation binding
behavior of the sarcolemmal vesicle surface the
kinetics of cation-induced sarcolemmal vesicle ag-
gregation were measured for a series of di- and
trivalent cations under the same experimental con-
ditions (final concentration injected test cation = 3
or 10 mM). Fig. 3 illustrates the results obtained
for rat sarcolemmal vesicle preparations. They in-
dicate that the selectivity series for cation binding
to the rat sarcolemmal vesicle surface is La’* >
Cd** =Zn?* 3> Mn>* > Co?* > Ca’* > Ba’* =
Sr2* > Mg?*. Under the same conditions the
selectivity series for cation binding to canine
sarcolemmal vesicles is Mn?* > Ca?* > Sr?* >
Mg?* (not shown).

Effect of ionic strength on vesicle aggregation

In the fourth series of experiments the effects
of ionic strength on the Ca’*-induced aggregation
behavior of canine and rat sarcolemmal vesicles
were investigated by varying the monovalent cat-
ion concentration, [NaCl], of the vesicle suspen-
sion. In principle decreasing the monovalent cat-
ion concentration of the sarcolemmal vesicle sus-
pension buffer should result in increased Ca?*
binding to the sarcolemmal vesicle surface. Ex-
perimentally the observed changes should be very

similar to those obtained for the PC/PE /PS SUV
surface charge density experiments above (i.e., the
degree of aggregation (A5, max) should increase
and the aggregation curves should be shifted to
lower [Ca’*] as the ionic strength is decreased)
although in this case Ca®* binding is being altered
without concominant changes in surface charge
density (assuming no Na* binding). These experi-
ments therefore provide an alternative method for
altering Ca”" binding to the sarcolemmal vesicle
surface. Figs. 4A and B illustrate the results ob-
tained for canine and rat sarcolemmal vesicles,
respectively, using 10, 100, and 140 mM NacCl
containing buffers. With the exception of [NaCl]
all conditions were identical to those used in the
preceding Ca®* /pH experiments. The results ob-
tained with both the canine and rat sarcolemmal
vesicle preparations indicate that reducing the
monovalent cation concentration from 100 mM to
10 mM NaCl resulted in a marked increase in the
extent of vesicle aggregation (4,5, maximum, 1)
and a shift of the aggregation curves to lower
[Ca’*]. This was true whether the experiments
were conducted at pH 7.0 or 9.0. With canine
sarcolemmal vesicles the shifts in the [Ca®*] corre-
sponding to the A,y maximum values were: 40
mM Ca’” (pH 7.0, 100 mM NaCl) - 35 mM
Ca’* (pH 7.0, 10 mM NaCl); and 110-120 mM
Ca** (pH 9.0, 100 mM NaCl) — 70 mM Ca** (pH
9.0, 10 mM NaCl). For rat sarcolemmal vesicles
the values were: 30 mM Ca?” (pH 7.0, 100 mM
NaCl) » 17 mM Ca?* (pH 7.0, 10 mM NaCl);
and 50 mM Ca** (pH 9.0, 100 mM NaCl) — 30
mM Ca?* (pH 9.0, 10 mM NaCl). On the other
hand increasing the monovalent cation concentra-
tion from 100 to 140 mM NaCl had no significant
effect on either of these parameters (canine sarco-
lemmal vesicles at pH 7.0 shown). In control
experiments (not shown) the results obtained using
10 mM NaCl — isoosmotic sucrose buffer were
essentially the same as those obtained in 10 mM
Na(Cl buffer, indicating that the observed changes
were not due to variations in osmotic strength.
These results match those predicted above from
Fig. 1, and indicate that, in marked contrast to the
previous Ca’*/pH experiments, Ca’*/ sarco-
lemmal vesicle binding increases as expected as a
function of ionic strength changes at constant
surface charge density.



The results shown in Figs. 4 A and B also allow
one to further evaluate the effects of pH on the
Ca?*-induced aggregation behavior of canine and
rat sarcolemmal vesicles. The results demonstrate
that the species specific differences in aggregation
behavior, observed as a function of pH in the 100
mM NaCl containing buffers, are retained in the
10 mM NaCl containing buffers, although they
are not as pronounced. The results also indicate
that the shifts in the aggregation curves to lower
[Ca®™], observed as the ionic strength of the buffer
was reduced, were smaller at pH 7.0 than 9.0.
However, even though the 4, maximum values
were quite similar in the low ionic strength case,
the aggregation curves were still shifted to higher,
not lower [Ca®*] as the pH was raised, indicating
that increasing Ca’* binding via reduced ionic
strength can only partially overcome the effects of
pH on the surface charge density of the sarco-
lemmal vesicles.

Effects of fluorescamine labelling of NH, groups on
vesicle aggregation

In both the canine and rat sarcolemmal vesicle
studies the aggregation curves were shifted to
higher [Ca®*] with increasing pH, even as the
extent of aggregation was increasing (Fig. 2). This
was contrary to the results expected, based on
model membrane systems having a single type of
charged molecule [38] (Fig. 1), and studies of
vesicles derived from human and rabbit erythro-
cytes [40]. However, these results are consistent
with the proposal by Langer [5,11] that two types
of charged groups are involved in the regulation of
Ca’” binding to the sarcolemmal vesicle surface,
one of which binds Ca®* and the second which
modifies this Ca’" binding as a function of pH,
but does not itself bind Ca**. In this model the
Ca’" binding sites are acidic phospholipids in the
sarcolemmal membrane. Access to these binding
sites is controlled by zwitterionic phospholipid
NH, groups (i.e. PE) which go from -NHJ to
NH, + H" as the pH is increased.

If this hypothesis is correct, then removing the
NH, groups from the sarcolemmal vesicle surface
should eliminate the pH dependency of this in-
fluence (i.e., the pH related shift in the sarco-
lemmal vesicles aggregation curves to higher
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[Ca?*] should be essentially removed). To ex-
amine this possibility isolated canine and rat
sarcolemmal vesicles were labelled with fluo-
rescamine as described in Methods. Fluoresca-
mine treatment functionally removed the NH,
groups by incorporating them into a ringed (and
now fluorescent) structure. Control preparations
were carried through the same labelling procedure,
but in the absence of fluorescamine. The Ca?*-in-
duced aggregation behavior of the labelled and
control sarcolemmal vesicle preparations were then
examined at pH 7.0 and pH 9.0 under standard
conditions. Fig. 5 illustrates the results obtained
for canine sarcolemmal vesicle preparations under
these conditions. At pH 9.0 there was no observed
difference in the aggregation behavior of fluo-
rescamine labelled and control sarcolemmal
vesicles. In contrast, labelling the sarcolemmal
vesicles with fluorescamine resulted in a dramatic
shift in the aggregation curves at pH 7.0 (A5
max control = 40 mM Ca?* - 4;,, max +
fluorescamine = 100 mM Ca’*). In addition the
[Ca®*] giving the A;,, max values obtained for
the fluorescamine labelled sarcolemmal vesicles at
pH 7.0 were the same as those obtained for labelled
sarcolemmal vesicles at pH 9.0, indicating that
removing sarcolemmal surface NH, groups did
indeed eliminate the pH dependence of the sarco-
lemmal vesicle aggregation curves. Similar results
were obtained for the fluorescamine labelled rat
sarcolemmal vesicle preparations (not shown). The
observation that fluorescamine labelling shifted all
of the sarcolemmal vesicle aggregation curves to
the higher [Ca®*] also suggests that the molecules
labelled with fluorescamine could still be affecting
the access of Ca’* to its primary binding site
(assuming Langer’s proposal [5,11]). This in-
fluence however would no longer be pH depen-
dent.

Effects of monovalent cations on vesicle aggregation

To determine if monovalent cation binding to
the sarcolemmal vesicle surface was significant the
aggregation behavior of canine and rat sarco-
lemmal vesicles were evaluated as a function of
[NaCl] or [KCI]. The aggregation experiments were
conducted using the same initial conditions as the
divalent cation experiments. Aliquots of a con-
centrated monovalent cation solution (NaCl or
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Fig. 5. Effect of fluorescamine labelling of surface NH, groups on the pH dependence of Ca*-induced vesicle aggregation (A4;00) of
isolated canine cardiac sarcolemmal vesicles. O, control curve — pH 9.0 buffer, no fluorescamine; ®, test curve — pH 9.0 buffer,
sarcolemmal vesicles labelled with fluorescamine; O, control curve — pH 7.0 buffer, no fluorescamine; @, test curve — pH 7.0 buffer,
sarcolemmal vesicles labelled with fluorescamine. Fluorescamine labelling conducted at pH 8.0, 2 mg/ml sarcolemmal vesicles
protein, room temperature. Preparations then centrifuged to remove unreacted fluorescamine. Buffer: 100 mM NaCl; 5.0 mM Hepes
(pH 7.0) or Ches (pH 9.0); 0.05 mM Na,-EDTA. Temp. 25° C. Protein concentration only approximate (about 60 pg/ml). Arrows
indicate 43y, maximum values. (Equivalent results were obtained from rat cardiac sarcolemmal vesicles preparations (not shown).)

Curves are averages of n > 3 experiments per curve.

KCl) were then injected using the same protocol
as that employed in the A,y vs. [Ca®*] experi-
ments. Na* and K" were chosen for these experi-
ments because: (1) they are the major physiologi-
cally important monovalent cations present in
cardiac tissue, and (2) they are known to induce
the aggregation of synthetic PS or phosphatidic
acid (PA) containing liposomes (SUVs and LUVs)
[39]. The results obtained from such experiments
(not shown) demonstrated that neither Na™ nor
K* could induce the aggregation of either the
canine or rat sarcolemmal vesicles at any of the
pH values tested, even at a 1.0 M final monova-
lent cation concentration. Thus monovalent cation
binding to the sarcolemmal vesicle surface is not
significant, relative to that for divalent cations.

Effects of protons (H *) on vesicle aggregation

In a related series of experiments the effects of
protons (H*) on canine and rat sarcolemmal ves-
icle aggregation were also investigated. The experi-
ments were conducted by suspending the sarco-

lemmal vesicles in either pH 8.0 (Hepes) or pH 9.0
(Ches) ‘standard buffers’ under identical condi-
tions and then increasing the [H*] in a stepwise
fashion using HCL. In contrast to the results ob-
tained in the Na* and K™ experiments, protons
(H*) were found to have a pronounced effect on
both canine and rat sarcolemmal vesicle aggrega-
tion. For rat sarcolemmal vesicles the pH values
corresponding to the midpoints of the sarco-
lemmal vesicle aggregation curves were found to
be essentially the same in both buffers (pH 6.0 in
Ches buffer and 6.2 in Hepes buffer), indicating
that the sarcolemmal vesicles were aggregating in
direct response to the pH of the suspension, and
not charged forms of the buffer molecules them-
selves. Under identical conditions canine sarco-
lemmal vesicles displayed the same massive aggre-
gation behavior, but at pH 4.8 in Ches buffer and
5.0 in Hepes buffer, indicating significant dif-
ferences in the sarcolemmal vesicle surface char-
acteristics of these two species. Moreover, label-
ling the sarcolemmal vesicle NH, groups with



fluorescamine had no effect on the pH induced
aggregation behavior of the sarcolemmal vesicles,
indicating that NH, groups were not involved.

Potential roles of sarcolemmal vesicles lipids in ves-
icle aggregation

To ascertain the potential roles of the sarco-
lemmal lipids in the interactions, the aggregation
behavior of SUVs made from the total lipid ex-
tracts of both canine and rat sarcolemmal vesicles
were examined, and compared to the results ob-
tained for synthetic PC/PE/PS SUVs under the
same conditions.

To provide a reference point for the extracted
sarcolemmal vesicle lipid studies the effects of pH
on the Ca**-induced aggregation behavior of syn-
thetic PC/PE/PS SUVs were evaluated. The ex-
periments were conducted using PC/PE/PS
(0:0:100 mole%) and PC/PE/PS (40:40:20
mol%) SUVs, and carried out under conditions
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identical to those employed in the Ca*>* /pH stud-
ies of the sarcolemmal vesicles (Fig. 2). The results
indicate that buffer pH had no effect on the
Ca’*-induced aggregation of either 100% PS SUVs
(pH values 6.0, 7.0, 8.0) or PC/PE /PS (40: 40 : 20)
SUVs (pH values 6.0, 7.0, 8.0, 9.0) under these
conditions. Reducing the vesicle concentration
(PC/PE/PS (40:40:20) pH 7.0 samples) de-
creased the absolute magnitude of the A, values
obtained, but had no other effect on vesicle aggre-
gation, indicating that the results obtained were
not a coincidence of the vesicle concentrations
used.

Given this reference point the effects of pH on
the Ca’*-induced aggregation behavior of the
SUVs generated from the canine and rat sarco-
lemmal vesicle lipid extracts were examined. All
experiments were conducted using ‘standard
buffer’ conditions and at phospholipid concentra-
tions similar to those employed in the synthetic
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Fig. 6. Effects of pH on the Ca?*-induced aggregation behavior of SUVs generated from canine and rat sarcolemmal vesicle lipid

extracts. Upper set of curves: 4, SUVs (rat) in pH 7.0 buffer (0.18 pmol PL/ml): O, SUVs (rat) in pH 9.0 buffer (0.18 pmol PL/ml).

Middle set of curves: ®, SUVs (rat) in pH 8.0 buffer (0.09 pmol PL/ml): X, SUVs (rat) labelled with fluorescamine in pH 8.0 buffer

(0.09 pmol PL/ml). Lower curve: 00, SUVs (canine) in pH values 7.0, 8.0, and 9.0 buffer (0.07 pmol PL /ml). Buffers: 100 mM NacCl;

5.0 mM Mes (pH 6.0), Hepes (pH 7.0, 8.0), or Ches (pH 9.0); 0.05 mM Na 2"EDTA. Temp. 25° C. Arrows indicate 444, maximum
values (rat). Curves are averages of n > 3 experiments per curve.
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PC/PE/PS SUVs experiments. Fig. 6 illustrates
the results obtained for both canine and rat
sarcolemmal vesicle derived lipid SUVs. The data
show that Ca’* induced the aggregation of the
SUVs generated from both rat and canine sarco-
lemmal vesicle lipid extracts, indicating a signifi-
cant level of Ca’* binding to both membranes. In
addition the aggregation behavior of the rat
sarcolemmal vesicle lipid SUVs are quite different
from that of the canine sarcolemmal vesicle lipid
SUVs, even though both types of sarcolemmal
vesicles were extracted using the same procedure.
Thus, the species specific differences in Ca**-sar-
colemmal interactions observed in the isolated
canine and rat sarcolemmal vesicles seem to be
retained in their lipid extracts. However, in con-
trast to the isolated sarcolemmal vesicle studies,
neither the rat nor canine sarcolemmal vesicle
lipid extract SUVs displayed any effect of pH on
Ca’*-induced vesicle aggregation. Instead, their
behavior was the same as that found for the
synthetic PC/PE/PS SUVs above. As in the syn-
thetic PC/PE/PS SUV experiments, reducing the
vesicle concentration did not alter these results
(Fig. 6).

To determine if phospholipid NH, groups
played any role in the Ca®*-induced aggregation
of the lipid extract vesicles, rat sarcolemmal
vesicles lipid SUVs were labelled with fluoresca-
mine as described in Methods, and then examined
as above. The results, also shown in Fig. 6, indi-
cate that fluorescamine labelling of the SUV PE
groups (confirmed by TLC) had no effect on
Ca’*-induced vesicle aggregation.

The results obtained in the isolated sarco-
lemmal vesicle studies also indicated that H* could
induce a massive aggregation of both canine and
rat sarcolemmal vesicles, and that this aggregation
behavior was species dependent. To ascertain if
the sarcolemmal vesicle lipids played a role in this
process rat and canine sarcolemmal vesicle lipid
extract SUVs were examined using the same pro-
tocol employed in the A,y vs. [HCI] experiments.
The results indicate that it required much larger
[HCI] to induce the aggregation of the lipid extract
SUVs than the corresponding isolated sarco-
lemmal vesicles. Although an 4;,, maximum value
was not found over the [HCIl] range tested, if one
takes the 50% value of the largest A,y value

obtained as the mid-point for determining the
highest pH at which the lipid SUVs aggregate, one
obtains a pH value of 2.7 for both the rat and
canine preparations. This is markedly different
from the values obtained for the rat sarcolemmal
vesicles (pH 6.0-6.2) and canine sarcolemmal
vesicles (pH 4.8-5.0), but very similar to those
previously reported for the H*-induced aggrega-
tion of PS SUVs (pH 2.6) [38]. Together these
results suggest that the species dependent H*-in-
duced aggregation of the isolated canine and rat
sarcolemmal vesicles is not due to the membrane
lipids.

Discussion

While previous physiological studies have dem-
onstrated a close correlation between sarcolemmal
associated Ca?* and cardiac cell contractility
[5,11-27] they have not been able to determine if
Ca’* was actually binding (adsorbing) to the
sarcolemmal surface under these conditions. Thus
the first aim of this study was to ascertain whether
cations do bind to the sarcolemmal surface, or are
present only in the diffuse double layer. As indi-
cated by the results obtained (Figs. 2—4) there is a
significant degree of binding by a number of
cations, including Ca’*, to the sarcolemmal
surface. Moreover, the results of this study also
show that cation binding to the sarcolemmal ves-
icle surface is quite selective among the different
divalent cations (and La’*) examined. In contrast,
sarcolemmal vesicles could not be induced to ag-
gregate at all with monovalent cations (except
H ™) over the concentration range tested (up to 1.0
M), indicating very weak, if any, monovalent ca-
tion binding to the sarcolemmal vesicle surface.
The sarcolemmal vesicle aggregation kinetics ex-
periments indicate that for the di- and trivalent
cations evaluated the selectivity series for cation
binding to the sarcolemmal vesicle surface is the
same for both rat and canine sarcolemmal vesicles
under the conditions employed (La’* > Cd** =
Zn?" 3> Mn?t > Co’t > Ca’t > Ba?t =Sr*" >
Mg?*). The relative relationships between the
various curves were, however, different for the two
species, with Ca®* and Mn** being more similar
to each other in the canine sarcolemmal vesicle
preparations. The A4 vs. [cation] experiments for



Ca’" and Mg?" also display this cation binding
selectivity (Fig. 2) indicating that the selectivity is
maintained over the pH range of 7.0 to 9.0 and
that a significant difference exists in the interac-
tions of these two cations with the sarcolemmal
membrane.

The selectivity series obtained in these experi-
ments is different from those previously obtained
in vesicle aggregation experiments for SUVs made
from PS or various PC/PS combinations [38], or
in microelectrophoresis experiments for multi-
lamellar vesicles (MLVs) generated from PS, PC,
PG or PC/PS combinations [59-61]). However,
this selectivity series is very similar to that ob-
tained for the displacement of “*Ca2* in canine
cardiac sarcolemmal vesicle experiments (La®* >
Mn?* > Sr?* > Ba?* > Mg?*) [20] and those ob-
tained for “*Ca’* displacement from ‘gas-dis-
sected’ sarcolemmal membranes of neonatal rat
heart cells (La’**> Cd?* > Mn’* > Mg?*) [25].
Moreover this series is the same as that found to
progressively uncouple excitation from contrac-
tion in neonatal rat papillary muscle (La** >
Cd** > Mn?* > Mg?*) [12,25].

Having established that cations bind to the
sarcolemmal vesicle surface the second section of
this study was concerned with describing some of
the general characteristics of this binding in both
rat and canine sarcolemmal vesicle preparations.
From the results obtained with the isolated sarco-
lemmal vesicles under various environmental con-
ditions three properties of the sarcolemmal vesicles
stand out. The first, apparent from the observed
shifts in the 4 vs. [Ca®*] aggregation curves ob-
tained at different pH values, is that Ca?* binding
to the sarcolemmal vesicle surface cannot be ex-
plained by a model involving a simple pH induced
increase in the surface charge density of a mem-
brane containing a single type of charged mole-
cule (i.e., phospholipid like PS). Instead the results
suggest that two (or more) interacting sites are
involved in the Ca®*-induced aggregation of iso-
lated sarcolemmal vesicles, one of which binds
Ca’* and the second which modifies this Ca%*
binding as a function of pH, but does not itself
bind Ca’*. This ‘working hypothesis’ is essentially
the same as that proposed by Langer [5,11] to
explain the relationship between **Ca®™ ‘binding’
and contractility observed with cultured myocytes,
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and is also similar in many respects to the surface
charge regulation model discussed by Sculley [62].
In such a model Ca’* binding to the primary
(binding) sites would increase as the pH was raised
(Asp 1), but not as quickly as the net surface
charge density of sites inaccessible to Ca’™* (sec-
ondary regulatory sites) on the sarcolemmal ves-
icle surface. This inaccessibility would in turn
increase the electrostatic repulsion between vesicle
surfaces and shift the sarcolemmal vesicle aggrega-
tion curves to higher [Ca®*]. In a similar fashion
reducing the ionic strength of the vesicle suspen-
sion medium at constant pH would result in in-
creased Ca’* binding to the primary sites, but
without a concomitant change in the secondary
site component. Under these conditions the 4 vs.
[Ca?*] aggregation curves would increase in height
and be shifted to lower [Ca’*]. These are the
results actually obtained (Figs. 4A, B). This work-
ing hypothesis is also supported by the results
obtained from the fluorescamine experiments
which show that the pH dependence (but not
Ca®* binding) is eliminated by covalently label-
ling the sarcolemmal amino (NH,) groups with
fluorescamine. However, we cannot ascertain at
this time whether the results of such labelling
indicates that particular sarcolemmal membrane
components containing NH, groups are them-
selves the secondary (regulatory) sites and are
exerting their influence directly on the degree of
accessibility of the primary Ca®* binding sites, or
are acting indirectly by blocking the regulatory
affect of a second independent site which is in-
accessible to Ca®*.

The second major feature of the sarcolemmal
vesicles is that SUVs made from the lipid extracts
of rat of canine sarcolemmal vesicle preparations
demonstrate a significant degree of Ca%* binding
to the membrane surface. If one assumes, for
illustrative purposes, that these SUVs were equiv-
alent to the PC/PE /PS mixtures used to generate
the SUVs examined in Fig. 1, the rat lipid extract
SUVs would contain approx. 15 mole% PS and the
canine lipid extract SUVs approx. 10 mol% PS.
These values are similar to those reported for the
(PS + PI) contents of isolated cardiac sarcolemmal
vesicle preparations (6-13%) [57,58,63]. Given the
working hypothesis above, these results thus sug-
gest that specific lipid components (acidic phos-
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pholipids in Langer’s model [5,11]) could function
as the primary Ca’* binding sites on the sarco-
lemmal membrane surface.

In contrast to these results, the pH dependence
of Ca’*-induced vesicle aggregation has disap-
peared in the SUVs as have the effects of fluo-
rescamine labelling, and H *-induced vesicle aggre-
gation. Instead the properties of the lipid extract
SUVs are very similar to those obtained for the
PC/PE/PS SUV model membrane systems. Thus,
the physiologically important modulating effects
of pH on cation binding, contractility, *Ca2"-
sarcolemmal association, etc. correlate much be-
tter with the results obtained in this study for the
‘complete’ isolated sarcolemmal vesicles (i.e.,
sarcolemmal vesicles containing protein, lipid, and
carbohydrate components) than the lipid extract
SUVs. This suggests that the molecular interac-
tions which give rise to these modifications of
Ca’* binding to the sarcolemmal vesicle surface
(involving the second regulatory sites) may either
be a property of a protein or carbohydrate compo-
nent of the membrane, or due to a specific two-di-
mensional organization of the sarcolemmal mem-
brane lipids which is lost during the extraction
and SUV formation procedure. In either case our
results argue against a simple role for the NH,
groups on PE as the regulatory (secondary) sites
on the sarcolemmal vesicle surface, as proposed
by Langer [5,11].

The third significant property of the sarco-
lemmal vesicles is that the aggregation behavior of
the canine derived preparations is different from
those obtained for the rat derived preparations
under all conditions tested. These differences were
first noted in the effects of pH in the Ca”-in-
duced sarcolemmal vesicle aggregation experi-
ments, and were maintained in both the H*-in-
duced sarcolemmal vesicle aggregation and lipid
extract SUV experiments. Thus, while this study
shows that both species share many general fea-
tures in the interactions of cations with their
cardiac sarcolemmal surfaces, it also indicates the
presence of consistent species specific differences
in the physico-chemical properties of their sarco-
lemmal membranes. Consequently, both the dif-
ferences in the physico-chemical properties of the
sarcolemmal -membrane, as well as the relative
roles of the sarcolemmal vs. sarcoplasmic reticu-

lum, must be included in evaluating Ca®* cardiac
cell interactions in different species.

In closing, this study represents a first step in
the systematic examination of the interactions of
cations with the cardiac sarcolemmal membrane.
Given the reuslts obtained we can now begin to
selectively dismantle the membrane in order to
identify the components involved, and quantita-
tively analyze their interactions.
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