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The structure of sarcoplasmic reticulum membranes was studied in the presence of
modeled transmembrane Ca?* gradient corresponding to the status of Ca®* depot at
different stages of the muscle contraction—relaxation cycle in health and disease. Vari-
ous sites of the membrane were characterized using spectral analysis of tryptophan,
pyrene, and merocyanine-540 fluorescence without evaluating specific changes in the
molecules of membrane components (Ca**-ATPase, ryanodine receptor, and lipids). The
transmembrane Ca?" gradient modulates the protein-lipid interactions and structural char-
acteristics of the membrane. The proposed model can be used for studies of the effects
of pharmacologically active substances and endogenous regulators.
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The possibilities of adaptation of the regulatory
mechanisms of the muscle tissue to hyperexercise
and prevention of the pathological processes are
important problems of modern biology. We studied
membrane structure of the sarcoplasmic reticulum
(SR), the main Ca* depot in skeletal muscle cells, on
a model simulating normal exercise and Ca’>* exhaus-
tion and overload; this model can be used for testing
of endogenous and exogenous bioactive substances.

Ryanodin and caffeine are exogenous stimu-
lators of Ca®* channel isolated from plants, sphin-
golipids are endogenous stimulators [1]. The func-
tion of ryanodine receptor is regulated by satellite
proteins: luminal, transmembrane, and cytoplasmic
(calsequestrin, triadin, junctin, efc.) [1-3] activated
in the presence of certain ratios of cytoplasmic
([Ca*].,) and SR concentration of Ca* ([Ca*]g).
Transmembrane Ca?* concentration gradient ([Ca*]gg/
[Ca**].,) is maintained by the work of ryanodine
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receptor and Ca?*-ATPase and is the key factor re-
gulating the functions of all components of the SR
Ca** depot [4]. [Ca’]g fluctuate within a wide ran-
ge due to Ca**-ATPase work during Ca* absorp-
tion as a result of Ca>*-ATPase and luminal proteins
interactions [5]. The interaction between ryanodine
receptor and Ca*-ATPase in the Ca’* depot system
is a well coordinated process; according to experi-
mentally validated scheme [6], the phase of Ca*" re-
lease is replaced by the phase of Ca** pumping back
into SR only at mean [Ca®].,, and [Ca®]s values.
When Ca?* depot is overloaded or unloaded, Ca** is
only released and only absorbed, respectively.

We studied structural changes in SR membrane
depending on transmembrane gradient of Ca’" ions
corresponding to certain states of Ca?* depot at
different stages of muscle contraction—relaxation
cycle under normal and extreme conditions.

MATERIALS AND METHODS

All SR compartments of rabbit white skeletal mus-
cles were studied. Heavy fraction of SR fragments
was isolated from the terminal cisterns, which re-
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lease Ca?* through the ryanodine receptor Ca** chan-
nel in response to stimulation. Two subfractions of
the light fraction were isolated from long tubules:
caffeine-sensitive (functionally similar to heavy
fraction, but not contaminated with mitochondria)
and caffeine-insensitive (Ca?* uptake only).
Fractions of fragmented SR (FSR) were iso-
lated as described previously [7]. The concentration
gradient was created by passive loading of FSR
vesicles in a medium containing different concen-
trations of Ca®* and subsequent binding of extra-
vesicular Ca** ions. The choice of concentrations
was determined by physiologically significant va-
lues. The mean value (1 mM) corresponded to SR
Ca** depot status at rest, i.e. when Ca*" release and
uptake are absent, but the system can be rapidly
triggered by stimulation of Ca* release through the
ryanodine receptors. The release is followed by
Ca* uptake due to rapid activation of Ca?>*-ATPase
by released Ca®* ions. The extreme values of the
gradient are exhaustion and overload of Ca®* depot.
FSR (70 pg/ml) was passively loaded with Ca®*
(0.3, 1.0, 3.0 mM CaCl,) in 0.1 M KCIl, 20 mM
HEPES (pH 7.1) for 4 h at 24°C directly before fluor-
escence measuring (Perkin-Elmer Coleman Lumines-
cence spectrometer). Extravesicular Ca** was bound
by adding EGTA excess (20 mM). Pyrene and mero-
cyanine-540 were added to the cuvette to concen-
trations of 0.8x10—° and 10— M, respectively. The
fluorescence of tryptophan (Trp) was measured at
Aex=286 nm (3-nm aperture) and A,,=345 nm (4-nm
aperture); pyrene at A,=336 nm (2-nm aperture),
Aen=395 nm (for monomers), and A,,=480 nm (for
eximers; 4-nm aperture); merocyanine-540 at A=
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520 nm (4-nm aperture) and A,,=550-630 nm
(8-nm aperture), maximum A_,=580 nm. The dilu-
tion effect was taken into consideration. Shielding
and reabsorption were negligible.

RESULTS

Spectral characteristics of three FSR fractions were
similar, all Trp residues were in hydrophobic en-
vironment, primarily at the protein-lipid interface
[7]; they anchored protein in the membrane [8].
The main Trp signal originated from the Ca**-ATP-
ase molecule, because the content of other integral
proteins (for example, ryanodine receptor) was ne-
gligible even in the heavy fraction in comparison
with Ca?>*-ATPase [9]. That is why Trp fluores-
cence characterizes mainly Ca*-ATPase and its in-
teractions with lipids.

The intensity of Trp fluorescence varied signi-
ficantly, depending on Ca®* loading (Fig. 1, a), but
the fluorescence maximum did not change (335
nm), which means that Trp residues remained in the
hydrophobic environment. The minimum intensity
was observed at 1 mM Ca?". Hence, the conditions
for protein-lipid interactions of Ca?*-ATPase con-
siderably depended on changes in Ca** gradient.
This is also confirmed by the type of relationship
between Ca** gradient and pyrene quenching of Trp
fluorescence (Fig. 1, b): pyrene directly interacting
with Ca?>*-ATPase molecule quenches mainly the
fluorescence of Trp residues facing the lipid phase
[8]. The minimum quenching of Trp fluorescence
was observed at 1 mM Ca?". Availability of Trp on
the lipid side is reduced at this concentration of
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Fig. 1. Relationship between Ca?* gradient and fluorescence of Trp residues in FSR fractions. a) pyrene effect on the relationship
between Trp fluorescence of FSR heavy fraction and Ca?* gradient. 1) FSR; 2) FSR with pyrene. b) relationship between Ca?* gradient
and pyrene quenching of Trp fluorescence. 1) heavy fraction; 2) light fraction.
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Ca*. This can be explained by oligomerization of
Ca**-ATPase proteins.

The effect of Ca®* gradient on the lipid phase
was evaluated by the fluorescence of two pyrene
forms (monomer and eximer). Pyrene in low con-
centrations exists mainly in the form of monomers.
They are located in the fatty acid residue area and
migrate in all directions. The fluorescence (A.,=390
nm) originates from phospholipid heads least satu-
rated with fluorescence quencher (oxygen) [8]. At
high concentrations pyrene, if the membrane has
sufficiently large areas for dimer formation, forms
eximers fluorescing at A,,=480 nm. They are loca-
ted near fatty acid residues, because their migration
in the bilayer is impeded in all directions. The bal-
ance between pyrene eximer and monomer frac-
tions depends on the general structure of the mem-
brane: viscosity of lipid bilayer and presence of
areas sufficient for the formation of large forms [8].
Fluorescence of the two pyrene forms reflects the
characteristics of the entire bilayer. The relation-
ships between the fluorescence of pyrene mono-
meric and eximeric forms and Ca?* gradient con-
centration were different (Fig. 2, a, b). The maxi-
mum fluorescence of monomers was observed at
1 mM Ca?. For eximers, the dependence on the
Ca* concentration gradient virtually did not chan-
ge. This means that the most pronounced changes
occurred in the surface areas of the bilayer (phos-
pholipid head areas), while deep areas (fatty acid
residues) did not change. Saturation of deep layers
with oxygen seems to remain unchanged as well,
because eximer fluorescence was not quenched in
the entire range of studied values.

Intensity of pyrene
fluorescence, arb. units
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The greatest changes in the outer bilayer leaflet
depending on the Ca?* concentration gradient were
demonstrated using merocyanine-540. It binds to
loosely packed fatty acid residues in the outer bi-
layer leaflet or remains associated on the surface of
compact bilayer. The intensity of its fluorescence
depends on membrane potential and type of bin-
ding to the membrane. The location of merocya-
nine-540 fluorescence intensity peaks observed in
our study for all three fractions at A.,=585 nm [10]
for the entire range of Ca* concentration gradient
values indicates that merocyanine-540 incorporates
into disordered and hence, liquid outer leaflet of
the bilayer contacting with unsaturated fatty acid
residues. Funnel-shaped curves of merocyanine-
540 fluorescence intensity were plotted for all three
FSR fractions with the maximum at 1 mM Ca*" (Fig.
3). The relationship for the caffeine-insensitive
fraction was most pronounced.

Hence, spectral analysis of the fluorescence of
three fluorophores characterized changes in the
structure of different sites of all compartments of
the SR membrane. Emission of Trp residues [11]
detected conformation changes in proteins incor-
porated into the membrane. The interaction between
proteins and the nearest lipid environment was char-
acterized by pyrene quenching of the fluorescence
of Trp residues. Comparison of the emission of two
pyrene forms [8] detected the characteristics of the
lipid bilayer throughout its entire thickness. Fluor-
escence of merocyanine-540 [12] showed charac-
teristics of the outer bilayer leaflet: compactness of
the lipid packing and membrane potential. The de-
tected extreme values at 1| mM Ca* concentration
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Fig. 2. Effect of Ca?* gradient on the fluorescence of pyrene monomers and eximers in the FSR light fraction. a) caffeine sensitive, b)
9 g

caffeine-insensitive fraction. 7-2: monomers; 3-4: eximers.
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Fig. 3. The effect of Ca?* gradient on merocyanine-540 fluores-

cence in FSR fractions. 1) heavy; 2) light caffeine-sensitive; 3)
light caffeine-insensitive fraction.

gradient not detected in pure lipid vesicles indicate
that the transmembrane Ca?" gradient is essential
for the protein-lipid interactions, as a result of which
the structural characteristics of SR membrane are
modified. These changes were maximum at a gra-
dient equal to 1 mM. Protein oligomerization can
be responsible for the reduced availability of protein
Trp residues for fluorescence quenchers (pyrene).
The increase in merocyanine-540 fluorescence sug-
gests that Ca** gradient affects surface charge. Hence,
at the Ca®* gradient corresponding to skeletal mus-
cle cell status at rest, the proteins and lipids are
redistributed in the membrane and the protein-lipid
interactions and charge are modified. Presumably,
the membrane structure is changed at the Ca** gra-
dient of 1 mM and consequently, the mutual regu-
lation of all components of Ca?* depot (Ca*" re-
leasing channels, Ca** pump, Ca** binding luminal
proteins and lipids) is modified, due to which the
system is balanced and rapidly reacts to sti-
mulation.

Evaluation of [Ca**]g/[Ca*],,, effect for SR mem-
branes (depot Ca?") is also important in pharmaco-
logical studies, because the gradient determines
drug efficiency. For example, caffeine and quer-
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cetin modulate Ca** channel at certain [Ca®*], and
[Ca**]sx, when the target is maximally sensitive
[13]. Moreover, the [Ca’*]/[Ca**]., determines the
collective behavior of ryanodine receptor Ca®* chan-
nels throughout Ca?* release from the terminal cis-
terns during stimulation [14]. Opening of the Ca?
channel can be electrochemically coupled with trans-
membrane [Ca®*]s./[Ca**].,. These are intricate in-
terrelationships, because Ca*" plays a dual role: as
a penetrating cation and a ryanodine receptor
regulator by the CIRC (calcium induced calcium
release) mechanism [15].

Using this model in studies of pathological pro-
cesses in muscle tissue and in their therapy, it is
possible to create a transmembrane Ca®* gradient,
one of the key factors regulating function of the
skeletal muscle SR Ca? depot, which helps to in-
vestigate the mechanisms of Ca®* release and absorp-
tion, induced by drugs and endogenous regulators.
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