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GENERAL INTRODUCTION



Physiological functions of sarcdplasmic reticulum

In skeletal muscle, intracellular Ca* ions play a critical role in the regulation of
contraction and relaxation of muscle; When muscle cell is relaxed, concentration of Ca*
is kept below 0.1 uM. When muscle cell is excited by electric current from a nerve end,
the depolarization of plasma membrane is transferred to interior of the cell via
transverse tubules, which are vertically running against the muscle fiber, then the signal
stimulates the Ca*-burst from the sarcoplasmic reticulum (SR) vesicles which are
surrounding myofibrils in the cell. Upon the Ca**-release from SR, intracellular Ca*
level increases above several puM which suffices to trigger the muscle contraction. The
entire process from excitation to contraction of muscle is called “E-C coupling”. After
the excitation, cytoplasmic Ca** ions are removed by SR to a level lower than 0.1 uM,
which results in the muscle relaxation ( see Ref. 1 for a review ).

SR vesicles can be easily isolated with retention of the full functional activities
by differential centrifugation of a muscle homogenate. The isolated SR vesicles have
been proven suitable for the study of the molecular mechanisms of active cation
transport since this system possesses several features distinct from other transport
membranes as follow; (i) A high content of the Ca**-pump ATPase, (ii) a clear
distinction between the inside and outside of the membrane, (iii) tightly coupled ATP
hydrolysis to Ca*-transport, and (iv) readily measured reaction intermediates, EP,
which facilitates the kinetic analysis and characterization of the elementary steps of the

reaction ( see Ref. 2 for review ).

Reaction scheme of Ca’*-ATPase

Figure 1 shows the coupling mechanism of ATP hydrolysis and Ca**-transport
by SR. This scheme has been proposed on the basis of a number of transient and steady
state kinetic analysis ( see Ref. 3 for review ). In the first step of the Ca**-pump reaction,
Ca®-ATPase forms E,Ca complex by the binding of 2 mol Ca** to 1 mol of enzyme. In
the intact SR membrane Ca*-ATPase exists in an equilibrium between two different
configurations of E, and E,. In the absence of Ca*, the equilibrium shifts to E,. When
Ca® is added to the cytoplasmic side, the enzyme in E, form, but not in E, form, can
sequentially bind 2 mol of Ca to form E,Ca complex. In the second step, E,Ca is reacted

with ATP at the outer surface of the SR membrane to form phosphoprotein intermediate
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Fig. 1 Coupling mechanism of ATP hydrolysis and Ca transport in SR. The
scheme is based on the assumption of two major conformational states, E1 and E2,
which are characterized by the ability to react with ATP and Pi , respectively. In
the formation of E1P from E1Ca and ATP, 2 mol Ca2+ ions are occluded in the
enzyme. After conversion of E1P to E2P, 2 mol Ca2+ ions are deoccluded. This is
followed by dephosphorylation of E2P to E2 and Pi. For further details see text.



(E,P) by transferring a y-phosphate of ATP to the specific Asp residue of the catalytic
site. EP is highly sensitive to ADP and it can form ATP by the reversal reaction with
ADP. In this step, Ca® is occluded in the enzyme and inaccessible to both of
cytoplasmic and luminal sides of the SR membrane. The third step is a conversion of the
Ca**-ATPase from E,P to E,P in which Ca** ions move into luminal side. The apparent
affinity of E,P for Ca®* becomes 3 to 4 order of magnitude less than that of E,P and 2
mol of Ca** are randomly released from the enzyme into the SR lumen. In the final step,
E,P is hydrolyzed by H,O into E, and inorganic phosphate, Pi at the outer surface of SR
membrane and the reaction cycle is accomplished. This catalytic cycle of the Ca*-
ATPase is completely reversible. When EGTA is added to remove outer medium Ca®
and, Pi and ADP are simultaneously added to the medium which contains SR vesicles
that have been loaded with Ca?, 2 mol of Ca®* are released from the vesicles which is
accompanied by the synthesis of 1 mol of ATP via the steps of E,P formation which is
followed by the conversion from E,P to E,P. This reverse reaction indicates that free
energy required for ATP synthesis is supplied by the dissipation of Ca™ gradient across

the SR membrane.

Structure of Ca**-ATPase

Although the kinetics has been extensively studied, the exact mechanism of this
chemiosmotic energy coupling can only be obtained by detailed studies on the structure-
function relationships. The importance of the structural studies and characterization of
the Ca?*-ATPase has been increasingly recognized recently. Ca**-ATPase is about
110,000 Dalton membrane spanning protein. From amino acid sequence and hydropathy
profile, the second structure of Ca**-ATPase is expected to be constructed by 10
transmembrane helixes and large cytoplasmic domain ( Fig. 2 ). Analysis of the amino
acid sequence (4, 5) along with extensive site-directed mutagenesis studies (6) together
~ with the studies on the two-dimensional membrane crystals (7) have concurred in a
structural model for the Ca**-ATPase in which the Ca**-binding region is located within

a cluster of putative transmembrane a-herices, M4, M5, and M6, (8) while the ATP

15 351

binding site, Lys®®, and phosphorylation site, Asp>' (6) are located in the cytoplasmic
domains. Therefore energy coupling between ATP hydrolysis and Ca®* transport seems
to require long distance communication through conformational changes. Recent studies

of mutational analysis have suggested that several kinds of residues play a key role in
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Fig. 2. Secondary structural model of the Ca2+-ATPase. This model is based on the
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the coupling of ATP hydrolysis to Ca** transport across the SR membrane (9). There are
number of investigations by using chemical reagents and mutagenetic methods in
analyzing various aspects of structure function relationship in the Ca**-ATPase protein

( see Ref. 10 for review )

Functional movements of the ATPase in the SR membrane

Enipfoying conformational probes such as spin labels and fluorescent ‘dyes,
many investigators attempted to detect a conformational changes associated with the
transport of Ca** across the SR membrane ( see Ref. 3 for review ). However, none of
these studies provide solid evidence that the ATPase molecules undergo specific
movements or conformational changes that are directly coupled with the translocation
of Ca? across the membrane. One of the major problems in understanding the
functional movements of the enzyme molecule is to determine whether the catalytic
function is performed by the Ca®*-ATPase as a structural unit of a monomer or an
oligomer. The oligomericity of the Ca**-ATPase in the SR membrane has been
suggested, following the experimental results from a variety of techniques such as
analytical centrifugation on the detergent solubilized protein, electron microscopy,
fluorescence energy transfer, fluorescence anisotropy measurements as laser flash
induced photodichroism ( see Ref. 11 for review ). However, it has not been determined
whether or not the molecular interaction of the Ca**~-ATPase in the SR membrane plays

an essential role in the Ca** transport.

Purposes of studies on the structure function relationship of scallop Ca**-ATPase

For the SR isolated from poikirothermal animal muscle, temperaturé has been
considered to be one of a cruciai factors influencing its catalytic functions. Abe ef al.
(12) were successful in preparing SR membrane from scallop (Patinopecten yessoensis)
adductor muscle with retention of qu11 Ca*-transport activity. They found that the
isolated scallop SR has characteristics in the temperature sensitivity that pronouncedly
differs from those of homoiothermal animals such as a rabbit. Both activities of ATP
hydrolysis and Ca®* transport by scallop SR were irreversibly lost above 37°C, while
almost activities of rabbit SR retained even at a temperature as high as 50°C.

The first purpose of this work is to elucidate and characterize the reaction step in

the catalytic cycle of scallop Ca**-ATPase uponv which thermal disruption drastically



affects. We found that the basic aspects of ATP hydrolysis by the scallop SR are similar
for that of rabbit SR and that when the scallop enzyme exist in E, state it can be easily
inactivated by heat, whereas the enzyme was completely protected from the heat
inactivation when the énzyme was fixed in E, state (13). However, no protection was
observed for the Ca**-transport across the membrane even when the enzyme was fixed
in the E, state. This uncoupling between the Ca** transport and the ATP hydroly51s did
not lead to a rise in the Ca** permeability of SR membrane ( Part1 ).

The second purpose of this work is to characterize the primary structure which
contribute to the stabilization of the rabbit Ca**-ATPase. For this purpose we have
cloned ¢cDNA of the Ca**-ATPase (SERCA1) from scallop adductor muscle, and
predicted entire amino acid sequence of this enzyme (14). Based on detailed comparison
of the amino acid sequence with that of rabbit Ca**-ATPases, sequence analysis by using
fluorescent SH reagent, and site-directed mutagenesis, it is suggested that Cys®” may
binds to Cys™ through disulfide bond on the rabbit Ca**-ATPase, which can contribute
to the thermal stabilization of the enzyme, while that lacking in the disulfide bond in the
scallop Ca**-ATPase may cause the thermal destabilization of the enzyme ( Part II and
Part ITI). |

The third purpose of this work is to provide direct evidence suggesting that the
catalytic function of Ca® transport is performed by the Ca®-ATPase in the oligomeric
form. In this study, rabbit and scallop Ca**-ATPases at various protein ratios were cross-
reconstituted into proteoliposomes. When proteoliposomes containing rabbit and scallop
SR at a protein ratio of 1:1 were pre-incubated at 39°C for 10 min, the Ca-transport
activity was almost completely lost (15). These results indicate that molecular

interaction in the SR membrane is essential for Ca®*-transport ( part IV ).
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PartI

Protection of Scallop Sarcoplasmic Reticulum ATPase from Thermal Inactivation by

Removal of Calci’um from High-Affinity Binding Sites on the Enzyme
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SUMMARY

Sarcoplasmic reticulum (SR) vesicles were isolated from scallop muscle by the
method of Abe et al. (J.Biochem.112,822-827,1992) and their thermolability was
examined in the presence and absence of Ca® . When SR ‘was preincubated at38°C in
the presence of 0.1 mM Ca*, Ca*-transport activity decreased as a function of time
with a half-inhibition time of about 5 min. Activities of the Ca** -dependent ATPase,
phosphoenzyme (EP) formation and E, to E, transition were decreased by the heat
treatment in parallel with the Ca®-transport activity. In contrast, when SR was
preincubated at 38°C in the presence of 2-5 mM EGTA, all of these activities, except for
the Ca**-transport, were markedly protected from the heat inactivation. The uncoupling
between Ca®*-transport and the ATPase reaction did not lead to a rise in the Ca**
permeability of SR membrane. Plots of the ATPase activity or steady-state level of EP
against pCa in the thermal incubation medium revealed a typical sigmoidal curve with a
half-inhibition concentration and Hill number of about 0.5 ¢M and 1.80, respectively.
These results suggest that 2 mol of Ca® must be removed from the high-affinity Ca*
binding sites on the ATPase to stabilize the Ca**-ATPase against heat inactivation.

The protection from heat inactivation disappeared if SR was preincubated at
38°C after having been solubilized with a nonionic detergent, but returned when the
detergent was removed to reconstitute the SR membrane. These results suggest that the
protection of ATPase from thermal inactivation in EGTA may require a membrane

structure in which the ATPase molecules exist in an appropriate arrangement.
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INTRODUCTION

Ca*-ATPase of sarcoplasmic reticulum (SR) couples the energy derived from

ATP hydrolysis with the transport of Ca® across the SR membrane against a
concentration gradient (1). In the presence of Ca*, ATP is hydrolyzed into ADP and Pi
through two kinds of phosphorylated intermediates (E,P and E,P), followed by a
transition of the enzyme state from E, to E, (2). Two Ca® externally bound to high-
affinity binding sites of the ATPase are occluded by the enzyme when E,P is formed,
and they are released into the SR lumen when E,P is converted into E,P.
Much work has been done to characterize the molecular movements of ATPase which
could be associated with the Ca®-transport across the SR membrane by means of
variety of methods, such as chemical cross linking (3-5), fluorometric studies (6,7),
saturation trénsfer EPR methods (8-11), and electron microscopic observations of two-
dimensional crystallization of the ATPase on SR membrane (12-14), but the movements
remain poorly understood.

In the present study, I investigated the effects of thermal treatment on the
catalytic functions of scallop SR under various conditions. In the preceding study, Abe
et al (15) found that scallop SR is highly sensitive to heat; both Caz+-transpdrt and ATP
hydrolysis activities are rapidly lost at temperatures higher than 37°C. In the present
work, I found that susceptibility of ATP hydrolysis to heat could be prevented by
removing 2 mol of Ca®** from the high-affinity binding sites on the enzyme or by adding
unhydrolyzable nucleotide. This protection disappeared when SR membrane was
destroyed by a nonionic detergent, while it was restored by removing the detergent to
reconstitute the membrane. These results raise the possibility that the thermal stability
of Ca**-ATPase might be related to the formation of an oligomeric ATPase in the scallop

SR membrane.

14



EXPERIMENTAL PROCEDURES

Materials --- SR was isolated from the striated portion of scallop
(Patinopecten yessoensis) adductor muscle according to a method described previously
(15). The SR sample was divided into small pieces, quickly frozen in liquid nitrogen,
and stored at -80°C. Pyruvate kinase, lactate dehydrogenase, NADH,‘ PEP were
purchased from Boehringer Mannheim. [y-*?P]JATP was purchased from Amersham,
**CaCl, was from Japan RI Association, and Antipyrylazo III was from Nacalai.

Heat treatment of SR --- A small portion of the SR suspension was added at
0.5-2 mg/ml to the preincubation medium, which contained 0.1 M KCl, 10% glycerol, 5
mM MgCl,, and 20 mM TES (pH 7.2) usually at 38°C. At the indicated times, 0.1 ml of
the SR suspension was transferred into 5-20 volumes of assay medium which had been
kept cool on ice. In some experiments, the preincubation medium was frozen in liquid
nitrogen to stop the thermal treatment.

Measurements of activities —— Ca®-transport by SR was measured in a
medium containing 0.025-0.05 mg/ml SR protein, 0.1 M KCl, 5 mM MgCl,, 5-10%
glycerol, 40 uM CaCl,, 0.2 mM Antipyrylazo III, and 20 mM TES at pH 7.2. The
reaction was started at 23°C by the addition of 0.2-1 mM ATP. Ca*" uptake into SR was
determined by measuring the absorption at 700 nm in the reaction mixture (16).

The permeability of the SR membrane to Ca** was measured by essentially the
same method as that described previously (16) except that ““Ca** loading and Ca** efflux
assay were both carried out at 0 and 25°C, and that “*Ca**-loaded SR vesicles were
incubated in the 5 mM EGTA medium for 5s.

ATP hydrolysis was measured under similar conditions to those of Ca*-
transport assay except that the Ca® indicator was omitted and 2-5 uM A23187 was
added to the reaction mixture. ATP hydrolysis was measured in the presence of an ATP-
regenerating system (0.5 mM NADH, and 1.5 mM PEP, 0.1-1 unit of lactate
dehydrogenase and 0.2-2 unit of pyruvate kinase), and the amount of ADP liberated
from ATP was determined by measuring the decrease in absorbance of NADH at 340
nm.

Phosphorylation of Ca*-ATPase - SR, 0.05-0.1 mg/ml, was phosphorylated
with 10-100 uM AT*’P at 0°C. At the indicated time, 5% TCA with 2 mM ATP and 0.5
mM phosphate were added to stop the reaction. The amount of EP was determined as

15



described previously (17).

E,-E, transition was measured as a fluorescence change of tryptophan in Ca**-
ATPase after addition of 2 mM CaCl, to the SR suspension containing 2 mM EGTA.
For these measurements, a Shimadzu 1000 fluorometer was qsed.

Reconstitution of SR membrane --- SR (2.5 mg/ml) was solubilized with 30
mg/ml of C,,E,. The suspensibn was centrifuged at 540,000 X g for 20 min to remove
insoluble debris. Soybean asolectin (25 mg/ml) was added to the supernatant and the
suspension was incubated at 23°C for 1 h with 0.2 g/ml of Bio-beads SM-2 to remove
the detergent. The Bio-beads were removed by filtration, and the filtrate was centrifuged

at 540,000 X g for 30 min to precipitate reconstituted SR vesicles.
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RESULTS

Inactivation of Ca*-transport and ATP hydrolysis by heat treatment of SR
in the presence of Céz" --- 2 mg/ml SR was preincubated at 38°C for various time
periods in 0.1 ml of reaction medium containing 0.1 mM CaCl,, 10% glycerol, 0.1 M
KCl, 20 mM TES (pH 7.2) and 5 mM MgCl,, then rapidly transferred into liquid
nitrogen to stop the heat treatment. Ca®*-transport assay was carried out at 23°C under
the conditions described in "EXPERIMENTAL PROCEDURES". The Ca*-transport
showed a slow decrease in rate immediately after initiating the preincubation. This was
followed by a rapid decrease, and the activity almost disappeared within 8 min (Fig. 1).
The rate of inactivation increased as the preincubation temperature increased (data not
shown). In the following experiments, scallop SR was mainly preincubated at 38°C,
because the catalytic activities of SR decreased at a rate slow enough to allow accurate
analysis' of the inactivation process. The activity of Ca**-dependent ATPase decreased
essentially in parallel to that of Ca**-transport. These complicated time courses of heat
inactivation might suggest the existence of different kinds of thermally sensitive regions
on the ATPase protein. The loss of ATPase activity may be attributed to the lack of EP
formation but not to EP decomposition, because the steady-state level of EP decreased
at a similar rate to that of the Ca**-ATPase (Fig. 1).

Figure 2 compares the Ca®** concentration dependence of EP formation after
preincubation of SR for 6 min at 38 and 23°C. In both cases, plots of the EP level
against pCa revealed a typical sigmoidal curve with a Kd and Hill number of about 0.2
#M and 1.8, respectively. Therefore, the inhibition of EP formation by heat treatment of

SR does not seem to be due to a decrease in the affinity of this enzyme for Ca**.

Protection of ATPase from thermal inactivation in the presence of EGTA -
-- The Ca**-ATPase of scallop SR became very stable at high temperature if EGTA was
added to the preincubation mixture. Under this condition, more than 90, 70, and 80% of
the activities of ATP hydrolysis, EP formation and E,-E, transition, respectively,
remained at 12 min after initiation of the thermal treatment (Fig. 3). Figure 4 shows the
dependence of susceptibility to thermal inactivation of ATPase and E,-E, transition on
the Ca** concentration of the preincuba;ion medium. Scallop SR was preincubated at

38°C for 10 min at different concentrations of Ca** from pCa 9 to 5. Significant

17
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Fig. 1. Time courses of heat inactivation of Ca2+ -transport, ATP
hydrolysis and EP formation. SR was added at 38°C to the preincuba-
tion medium containing 0.1 mM CaCl2 to a final concentration of 2
mg/ml. At the indicated times, 0.1 ml of the SR suspension was immedi-
ately frozen in liquid nitrogen to terminate the thermal treatment.
Mesurements of Ca2+-transport ( O ), ATP hydrolysis( [ ), and EP
formation( A ) were carried out at 23°C as described in
"EXPERIMENTAL PROCEDURES".
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Fig. 2. Effect of heat treatment of SR on the Ca2+ concentration depen-
dence of EP formation. SR was preincubated at 38°C (O ) or 23°C (O) for 6
min in the presence of 0.1 mM CaClz, then centrifuged to wash the SR
membrane. Phosphorylation of ATPase was initiated at 23°C by adding 1 mM
[y-32P]ATP in the presence of 0.1 mM CaClz2. 5 sec later, the reaction was ter-
minated by addition of 5% TCA, and the amount of EP was determined as
described in "EXPERIMENTAL PROCEDURES".
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times. These samples were washed by centrifugation, and resuspended in the assa
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were measured as described in "EXPERIMENTAL PROCEDURES". All the activities
were presented as a percentage of those obtained with the untreated SR.
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enhancement of the thermal inactivation was observed by increasing the concentration
of Ca** above pCa 6, while maximal activities of both ATP hydrolysis and E,-E,
transition were retained even after 12 min of thermal treatment below pCa 8. The plots
of the remaining activities of ATP hydrolysis and E,-E, transition against pCa of the
preincubation medium revealed typical sigmoidal curves ‘with a dissociation constant
and Hill number of about 0.5 7! and 1.6-1.8, respectively. Essentially the same
sigmoidal curve of Ca™ depeﬁdence was observed for EP formation (data not shown).
These observations indicate that removal of 2 mol of Ca** from the high-affinity sites on
the Ca**-ATPase or fixing the enzyme in the E, state might be required to make this

enzyme resistant to heat inactivation.

Uncoupling of Ca*-transport from ATP hydrolysis after thermal
treatment of SR in EGTA --- As shown in Fig. 5, the thermal treatment of SR in the
presence of EGTA unexpectedly failed to protect the Ca*-transport activity. These
results support the possibility that the thermally sensitive region for the Ca*-transport is
different from that for ATP hydrolysis. Uncoupling of the Ca*-transport from the
ATPase reaction may lead to an increase in the Ca®* permeability of the SR membrane.
In order to test this possibility, I examined the leakiness of the SR membrane to Ca® as
shown in Fig. 6. SR vesicles were preincubated in the presence of 2 mM EGTA at 38°C
for the indicated times. The treated SR vesicles were passively loaded with “Ca®" by
incubation with 10 mM “Ca® for 5 h at 0°C, or for 2 h at 23°C. After the Ca*
concentrations inside and outside the SR membrane had reached equilibrium, a small
amount of SR suspension was transferred into a solution containing 5 mM EGTA and
incubated for 5 s. The amount of **Ca”* remaining in the SR vesicles was measured by
the filtration method (16). Heat treatment of SR at 38°C for up to at least 15 min did not
result in any rise in the Ca® permeability of the SR membrane. Therefore the lack of
Ca**-transport in the SR is due to some facts other than Ca®* leakiness of the membrane.

Lepock et al.(18,19) observed that incubation of rabbit SR at 37°C in the
presence of EGTA resulted in a rapid loss of Ca**-transport with no effect on ATPase
activity. With rabbit SR, however, neither ATP hydrolysis nor Ca**-transport was
destroyed by incubation with Ca® below 49°C. These observations are in contrast with
our data for scallop SR, indicating that the mechanism of thermal inactivation in scallop
SR may differ from that in rabbit SR.

21
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Fig. 5. Uncoupling of ATP hydrolysis from Ca2+ transport after thermal treat-
ment of SR in the presence of EGTA. SR was preincubated at 38°C in the pres-
ence of 2 mM EGTA for the indicated times. ATP hydrolysis ( Q) and Ca2+ trans-
port ( @) were measured as described in "EXPERIMENTAL PROCEDURES".
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Fig. 6. Effects of heat treatment on the Ca2+ permeability of SR
membrane. SR was treated at 38°C for the indicated times as presented in Fig.
5, then the SR vesicles were loaded with 10 mM 45Ca2+ at 0°C for Sh ([J ) or
at 25°C for 2 h( Q). The SR suspension was transferred into 20 volumes of
assay medium containing 5 mM EGTA. After 5 s, the reaction medium was
passed through a membrane filter, and the amount of Ca2+ retained on the filter
was determined as described in "EXPERIMENTAL PROCEDURES".
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Role of membrane structure in thermal stabilization of Ca**-ATPase in
EGTA - To test whether or not EGTA protection of Ca®*-ATPase from heat
inactivation requires sdme membrane structure of SR, I compared the thermal lability of
the ATPase solubilized in C,E, and the reconstituted membrane-bound ATPase (Fig. 7).
These samples were preincubated at 38°C in the presence and absence of 2 mM EGTA
for various time periods. As shown in Fig. 7a, the Ca®>* -dependent ATPase activity of
the solubilized ATPase was completely lost during the preincubation even in the
presence of EGTA. When solubilized ATPase was reconstituted into the proteoliposome,

EGTA protection of the enzyme from thermal lability was fully restored (Fig. 7b).

Other factors affecting thermal inactivation of SR functions --- Figure 8
shows the effect of nucleotide on the thermal inactivation of SR function. Preincubation
of SR at 38°C in the presence of 1 mM AMP-PNP induced rapid inactivation of Ca**-
transport with complete retention of ATP hydrolytic activity. The Ca**-ATPase activity
shows strong resistance to the heat treatment in spite of the presence of 0.1 mM Ca®.
Other nucleotides (ADP and AMP) up to 10 mM showed no effect on the SR functions
(data not shown). I examined the effects of other reagents such as $-mercaptoethanol,
dithiothreitol, vanadate, and polyclonal antibody against the Ca**-ATPase purified from
scallop SR, but they failed to offer protection against heat inactivation of SR catalytic

functions.
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Fig. 7. a: Inactivation of the solubilized ATPase by thermal treatment in the pres-
ence and absence of Ca2+. SR at 2 mg/ml was solubilized with 30 mg/ml C12E9, then
preincubated in the presence of 0.1 mM CaClz (@) or 2 mM EGTA (Q) at 38°C for
the indicated times. The SR suspension was added to 20 volumes of assay medium.
ATPase activity was measured at the final Ca2+ concentration of 0.1 mM as described
in "EXPERIMENTAL PROCEDURES". b: Restoration of thermal resistance of the
Ca2+ ATPase in EGTA on removal of detergent from solubilized ATPase. SR
membrane was reconstituted as described in "EXPERIMENTAL PROCEDURES", and
the reconstituted membrane was preincubated at 38°C in the presence of 0.1 mM CaCl2
(@) or:5 mM EGTA (Q) for the indicated times. ATPase activity of the reconstituted

SR was measured as described in (a).
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Fig. 8. Effects of thermal treatment of SR in the presence of AMP-PNP on the
ATP hydrolysis and Ca2+ transport. SR (5 mg/ml) was preincubated at 38°C in
the presence of 0.1 mM CaCl2 , and 1 mM AMP-PNP for the indicated time, then
washed by centrifugation to remove the nucleotide. ATP hydrolysis ( O ) and Ca2+
transport ( [J) were measured as presented in Fig. 5.
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DISCUSSION

SR membranes isolated from cold water fish, including scallop SR, have
striking characteristics of thermolability (15,20,21). As shown in Fig. 1, most of the
Ca®*-transport and ATPase activities of scallop SR were ahﬁqst completely lost within
10 min of incubation at 38°C in the presence of Ca**. Based on preliminary tests, it was
considered that the thermal treatment of SR directly affects the Ca**-ATPase in the SR
membrane, because the thermal inactivation was still observed when Ca**-ATPase was
purified from scallop SR by HPLC in C,,E, and reconstituted into soybean liposome
(data not shown).

The data in Figs. 3 and 4 suggest that removal of 2 mol of Ca** from the high-
affinity sites on the Ca**-ATPase makes the enzyme thermally resistant. One of the
simplest explanations is that the enzyme becomes heat stable if it exists in the SR
membrane in the E, form. However, this is ruled out by the fact that the Ca®*-ATPase of
scallop SR was easily inactivated by heat treatment at low pH without KCl, where the
enzymé is believed to exist in the E, state (22-25). In addition, the heat treatment of SR
with 1 mM AMP-PNP, which stimulates the conversion of the enzyme from the E, to
the E, state (26), completely protected Ca®*-ATPase from thermal lability (Fig. 8).

As shown in Fig. 7a, when SR membrane was destroyed by C,,E,, the Ca*-
ATPase became thermolabile in EGTA. On the other hand, the thermal resistance of the
ATPase was fully restored when the detergent was removed to reconstitute the SR
membrane (Fig. 7b). These results suggest that the thermal stability of Ca**-ATPase
requires not only removal of Ca** from the enzyme but also correct location in the SR
membrane.

Based on these considerations, I propose the following mechanism for the
thermal inactivation of Ca**-ATPase in scallop SR membrane. The susceptibility of
Ca®*-ATPase to heat inactivation may vary depending upon the arrangement of the
enzyme molecules in the SR membrane. When the enzyme molecules exist in an
oligomeric form, they will be heat resistant, while in a monomeric form, they are easily
inactivated by heat treatment. Using fluorometric techniques (6,7), EPR spectorometric
analysis (8-11), and electron microscopic observations of unstained SR membrane (12-
14,27), many studies have suggested th‘at arrangement of the ATPase molecules in the

SR membrane can be varied by adjusting the concentrations of divalent cations and
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nucleotides. Stokes and Lacapere (27) demonstrated that simultaneous addition of
vanadate and EGTA induced two-dimensional crystallization of ATPase on the surface
membrane of rabbit SR, and that the crystal formation was prevented by Ca®* at
physiological concentrations. They observed that non-hydrolyzable nucleotides affected
the crystal formation. These observations are consistent with our present results.
Moreover, Yamasaki and co-worker (3,5) suggested that when the SR membrane is
allowed to react with a cross linking reagent, N, N'-(1,4-phenylene)bismaleimide (PBM),
in the presence of 1 mM AMP-PNP, the Ca**-ATPase molecules predominantly form
the dimer in the SR membrane. This corresponds well with the finding that the
nucleotide prevented heat inactivation of the ATPase (Fig. 8).

Thus, I might be able to determine whether the Ca**-ATPase molecules exist in
the scallop SR membrane in a monomeric form or an oligomeric form simply by

examining the susceptibility of this enzyme to thermal inactivation.
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Part 11

cDNA cloning and predicted primary structure of scaIlop sarcoplasmic reticulum Ca*-
ATPase
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SUMMARY

Sarcoplasmic reticulum (SR) Ca®-ATPase of the scallop cross-striated
adductor muscle was purified with deoxycholate and digested with lysyl endopeptidase
for sequencing of the digested fragments. Overlapping ¢cDNA clones of the' ATPase
were isolated by screening the cDNA library with a RT-PCR product, as a hybridization
probe, which encodes the partial amino acid sequence of the ATPase. The predicted
amino acid sequence of the ATPase contained all the partial sequences determined with
the proteolytic fragments and consisted of the 993 residues with about 70% overall
sequence similarity to those of the SR ATPases from rabbit fast-twitch and slow-twitch
muscles. An outline of the structure of the scallop ATPase molecule is predicted to
mainly consist of 10 transmembrane and 5 stalk domains with two large cytoplasmic
regions as observed with the rabbit SR. The sequence relationship between scallop and

other sarco/endoplasmic reticulum-type Ca**- ATPases is discussed.
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INTRODUCTION

Intracellular calcium concentrations in eucaryotic cells are regulated by the
plasma membrane and by intracellular organelles. In cardiac and skeletal muscle cells,
the sarcoplasmic reticulum (SR) plays a primary role in reglilating cytoplasmic.calcium
concentrations (1). The Ca**-ATPase of the SR is an integral membrane protein that
helps to relax the striated muscles contraction by pumping calcium from the cytoplasm
into the SR by hydrolytic coupling with ATP. The transport reaction is performed with a
cyclic change of E, (high affinity conformation of the enzyme for calcium) and E, (low
affinity conformation of the enzyme for calcium) states of the ATPase, accompanied by
the monomer-dimer transition of the ATPase molecules on the SR membrane (2). By
using the SR of rabbit fast-twitch skeletal muscle, the mechanism of calcium ‘transport
in the SR has been extensively studied from physiological, biochemical, and molecular
biological points of view (3, 4). Almost all such studies on the invertebrate SR have
been carried out with the SR from cross-striated adductor muscle of adult scallop (5-11).
Although the scallop SR shares many important properties with the rabbit SR (9),
distinct differences between them have been found as follows: (i) Scallop ATPase
activity was found to be much more labile to heat than that of rabbit ATPase (9). (ii)
When these ATPase molecules were monomerized in the absence of the calcium ion, the
scallop molecules became inactivated, while the rabbit counterparts maintained their
activities (10). (iii) The dimer state of the scallop molecules was stable without vanadate
or phosphate which is required for stabilization of the rabbit molecules in the dimer
state (5). The relationship between stability of the activity and the organized state of the
scallop ATPase is currently being investigated (10-12). For this purpose, it is necessary
to know the primary structure of the scallop ATPase. Although the primary structures of
several invertebrate SR Ca*"-ATPases have been deduced from the nucleotide sequences
of their cDNAs (13-15), the structure of the scallop Ca**-ATPase is not known. Here,
we analyzed proteolytic fragments of the ATPase protein from the cross-striated muscle
cells of adult scallop, isolated and sequenced its cDNA, and predicted its amino acid
sequence. The relationship of amino acid sequences between scallop and other

sarco/endoplasmic reticulum-type Ca**-ATPases (SERCA) is discussed.

35



EXPERIMENTAL PROCEDURES

Sequencing of fragments of the ATPase protein - The SR was prepared
from the cross-striated adductor muscle of adult scallop (Patinopecten yessoensis) as
reported previously (9). The Ca**-ATPase was purified by washing the SR with sodium
deoxycholate in a 2 : 5 ratio of sodium deoxycholate to the reticulum protein according
to the methods previously used for purification of Ca**-ATPase from the SR of rabbit
fast-twitch skeletal muscle (16). The preparations of the SR and the purified ATPase
were analyzed by SDS-PAGE by using gels containing 7.5 and 4% acrylamide as
separating and stacking gels, respectively. The gel was stained with Coomassie blue.
After delipidation of the purified ATPase preparation with chloroform and methanol (2 :
1), the protein was reduced and carboxymethylated according to the method of Suzuki
et al. (17), and then digested with lysyl endopeptidase (18). The digested products were
first isolated by reverse-phase chromatography on a column of Cosmosil 5C,5-300 (4.6
X 150 mm) with a linear gradient of 0-90% acetonitrile in 0.1% trifluoroacetic acid.
Peptides for sequence analysis were purified further by re-chromatography on the same
column with a linear gradient of the acetonitrile in 10 mM ammonium acetate (18). By
the re—chromatography, 12 preparations of the purified peptide were obtained. The
amino acid sequences of the peptides were determined by an automated protein
sequencer (Applied BioSystems 476A).

Cloning and sequencing of cDNA - Total RNA was extracted from the
cross-striated adductor muscle of a one-year-old adult scallop by the method (19) of
guanidium thiocyanate/CsCl ultracentrifugation using cesium TFA instead of CsCl.
Poly(A)* RNA was isolated from the total RNA by oligo(dT)-cellulose chromatography.
cDNA with average length of 1.5-kb was synthesized from the isolated poly(A)* RNA
by using Superscript™ reverse transcriptase (GIBCO BRL) with random primefs. A part
of the cDNA was inserted into Agt10 for construction of a cDNA library. The remaining
c¢cDNA was used for RT-PCR using a pair of degenerated primers, i.e., 5-
AA(A/G)AA(A/G)GAGTT(T/C)ACA/TICIG)CT(T/C/IG)GAA/G)TT-3’ as an
upstream primer and 5’-AT(A/T/C/G)GCCAT(A/G)TA(A/G)CG(A/G/T/IC)AA(A/G)
AA-3’ as a downstream primer. These primers were designed based on the two
conserved amino acid sequences of SERCA-type Ca**-ATPases, SKEFTLEF and
FFRYMALI, which are close to the ATP-binding region (19) and in one of the
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transmembrane regions (19), respectively (see text for details). After 3 cycles of PCR
(94°C for 1 min, 45°C for 1 min and then 72°C for 1 min), 27 cycles of PCR (94°C for
1 min, 55°C for 1 min and then 72°C for 1 min) were performed. The PCR products
(about 1,000 bp) were subcloned into a phagemid vector pBluescript SK(+). The
nucleotide sequences of the products were determined by the dide<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>