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Changes in motional properties of the -SH group environment in sarcoplasmic reticulum
ATPase [1] induced by addition of specific ligands to sarcoplasmic reticulum membrane
vesicles were investigated systematically by electron spin resonance (e.p.r.) spectroscopy. Alternatively, two kinds of iodoacetamide analog spin labels, 4-(2-iodoacetamido)2,2,5,5-tetramethyl-l-pyrrolidinyl-N-oxyl (label I) and 4-(2-iodoacetamido)-2,2,6,6-tetramethyl-l-piperidinyl-N-oxyl (label II) were used. The labeling conditions were chosen such
that less than three moles of -SH groups per mole of ATPase reacted with the spin labels.
A marked increase in isotropic motion of either spin label was observed on addition of
calcium in millimolar concentrations plus A T P or /S-y-methylene A T P . Qualitatively
similar but smaller changes were also observed with inosine 5'-triphosphate (ITP),
acetylphosphate, or A D P in the presence of calcium. These effects were independent of
added magnesium. The spectral changes induced by ß-y-methylene ATP, which binds to
the ATPase but is not hydrolyzed, and those of calcium plus A D P suggest a conformational
change due to simultaneous binding of these ligands in the absence of enzyme phosphorylation. These changes in e.p.r. spectra were different in quality and magnitude from those
observed upon separate binding of calcium or adenine nucleotides.
The two spin labels, differing only in their numbers of heterocyclic ring atoms, were
found to reflect environmental changes in different ways. This demonstrates the usefulness
of employing different spin labels to detect and interpret structural transitions in macromolecular assemblies.
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Champeil et al. [23] systematically studied the
influences of various ligands, as e.g. ATP, ADP
and/or calcium, on the reactivity of -SH groups of
the ATPase towards iodoacetamide analog spin
labels. These authors infered a conformational
change around certain -SH groups from the observation of a significant enhancement of the
labeling rate in the presence of both calcium and
nucleotides.
The present study was undertaken to further
elucidate the problem of conformational changes of
the spin-labeled sarcoplasmic reticulum ATPase at
different steps of the calcium transport cycle by
using two different iodoacetamide analog spin labels,
4-(2-iodoacetamido)-2,2,5,5-tetramethyl-l-pyrrolidinyloxyl (label I) and4-(2-iodoacetamido)-2,2,6,6tetramethyl-l-piperidinyloxyl (label II) which differ
only in their respective number of heterocyclic ring
atoms.

Materials and Methods
Reagents
The spin labels were purchased from Syva (Palo
Alto, Cal.). Freshly-prepared ethanolic solutions
(10-15 mM) of spin labels were used as stock solutions for the incubation with sarcoplasmic reticulum
vesicle suspensions. 45CaCl2 and ( 32 P) orthophosphate were purchased from The Radiochemical
Centre (Amersham U. K.), ethyleneglycol, bis(2-aminoethyl)-N,N,N',N'-tetraacetic acid (EGTA)
from Fluka AG (Buchs), ATP, ADP, ß-ymethylene adenosine 5'-triphosphate, bovine serum
albumin from Sigma Chemical Co. (St. Louis),
phosphoenol pyruvate, pyruvate kinase, hexokinase
from Boehringer (Mannheim), and all other reagents
(analytical grade) from E. Merck (Darmstadt).
(y- 32 P)-ATP was prepared according to Glynn and
Chappel [28].
Preparation of sarcoplasmic reticulum
Sarcoplasmic reticulum was prepared from muscles of the back and hindlegs of rabbits according
to the method of Hasselbach and Makinose [29] as
described previously [30].
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Despite their close chemical and conformational
similarity these two labels produce quantitatively
different composite e.p.r. spectra when bound to
proteins. Label II has been most frequently used in
the above cited previous investigations, but the
resolution of the hyperfine components is significantly better with label I, which makes this latter
probe particularly useful for quantitative evaluation
of the spectra.
The results described in this paper are in support
of qualitatively different local structural changes
occurring on the one hand upon separate binding of
calcium or A T P and on the other hand upon
simultaneous binding of both ligands to the calcium
transport ATPase of sarcoplasmic reticulum. Since
the two labels show, in many respects, a completely
different sensitivity to changes in the state of the
transport enzyme, our study also demonstrates the
problems likely to be incurred if data from only one
type of label are used as the basis for a discussion of
conformational changes.

Spin labeling
Freshly-prepared sarcoplasmic reticulum vesicles
(suspended in 5 mM histidine buffer pH 7.0, 0.1 M
KCl) were added to a medium containing finally
20 mM histidine pH 7.0, 0.1 M KCl, 0.3-0.5 M
sucrose, 1 mM EGTA, spin labels (between 3 and
17 moles label per 105 g protein), with or without
5 mM ATP, and incubated for about 15 h on ice.
The suspension was centrifuged at 100,000 X g for
30 min and the pellet washed three times in a
medium containing 20 mM histidine buffer, pH 7.0,
0.1 M KCl and 0.3-0.5 M sucrose. No signal of free
label was detectable in the e.p.r. spectrum after
this treatment. A sarcoplasmic reticulum suspension
incubated and treated in an identical manner except
for the omission of spin label served as control in
the determination of enzyme activities.
Analyses
Protein was measured after solubilization with
deoxycholate by the Biuret method standardized
with bovine serum albumin. Calcium storing capacity and rate of calcium uptake were determined in
the presence of oxalate as described previously [31].
Calcium storing capacity was measured at 25 °C
in a medium containing 40 mM histidine buffer
pH 7.0, 0.1 M KCl, 5 mM MgCl2, 5 mM ATP, 5 mM
oxalate, 2 mMphosphoenolpyruvate,50 ^g/ml pyruvate kinase, 0.1 mM 45CaCl2 and 0.005 mg/ml sarcoplasmic reticulum protein. The rate of calcium
uptake was measured in the same medium except
for 0.1 mM CaCl2 or 0.5 mM «CaCl 2 plus 0.5 mM
EGTA and 0.025-0.05 mg/ml sarcoplasmic reticulum protein.

Phosphorylation of sarcoplasmic reticulum ATPase
with (y-sap) ATP was performed at 25 °C as described previously [32] in the following medium:
40 mM histidine buffer pH 7.0, 0.1 M KCl, 5 mM
MgCl2, 5 mM (y- 3 2P)-ATP, 10-30 mM phosphoenolpyruvate, 100 //g/ml pyruvate kinase, 5 mM CaCl2
or 1 mM CaCl2 plus 1 mM EGTA, 0.4 mg/ml sarcoplasmic reticulum protein. Phosphoprotein values
were corrected for unspecific phosphate incorporation measured in the absence of activating concentrations of free magnesium and/or free calcium
(1 mM EGTA plus 5 mM EDTA without addition
of CaCl2 and MgCl2; 1 mM EGTA without addition
of CaCl2). The reaction was started by addition of
protein and stopped 5 sec later by addition of
0.5 M perchloric acid and 100 mM phosphoric acid.
Phosphorylation of sarcoplasmic reticulum ATPase
by ( 32 P)-orthophosphate was performed with sarcoplasmic reticulum vesicles passively preloaded with
calcium by preincubation with 20 mM CaCl2, 0.1 M
KCl and 5 mM histidine buffer pH 7.0 (about 15 h
on ice) [30] in the following medium at 25 °C: 40 mM
histidine buffer pH 7.0, 40 mM KCl, 5 mM MgCl2,
20 mM ( 32 P)-orthophosphate, 10 mM EGTA, 0.2 mM
CaCl2, 0.4 mg/ml sarcoplasmic reticulum protein.
The reaction was started by addition of protein and
stopped after 10 sec by addition of 0.5 M perchloric
acid an 100 mM phosphoric acid. Phosphoprotein
values were corrected for unspecific, non-saturable
phosphate incorporation obtained in the absence of
activating concentrations of free magnesium (5 mM
EDTA) without addition of MgCl2.
E.p.r. spectroscopy
A Varian E 104-A X-band e.p.r. spectrometer
was used operating in the first harmonic detection
mode at 100 kHz modulation frequency. Labeled
membranes suspended at concentrations between 4
and 8 mg/ml protein in 0.1 M KCl, 20 mM histidine
buffer (pH 7.0) were held in flat quarz aqueous

Fig. 1. Characteristical e.p.r. spectra of label I (a) and
label II (b) bound to sarcoplasmic reticulum vesicles.
The spectral parameters B/A and 2 T m a x are the line
height ratios of the two low-field peaks relative to the
baseline and the field separation of the outermost
low-field and high field peaks, respectively.

sample cells. Typical spectrometer settings were:
20 mW microwave power, 1 - 2 X 104 receiver gain,
1 G modulation amplitude and a scan time of 4 min
with a time constant of 1 s over a spectral range of
100 G. Whenever necessary, the weak high field
signals (Fig. 1) where further amplified by increasing
the receiver gain to a maximum of 4 x 104. It has
been verified by variation of these settings that for
the relatively broad spectra observed with the
present system no appreciable signal distorions
occur. All spectra were recorded at room temperature corresponding to a sample temperature of
approximately 26 °C. Temperature control was
found to be uncritical within the limits of ± 2 °C as
given under the present experimental conditions.
Results
Conditions of spin labeling
Before investigating spectral changes by the
addition of substrates, preliminary experiments
were carried out to evaluate the effects of the spinlabel-to-protein ratio on the spectral parameters and
on the enzymatic activities of the system. A t the
relatively low ratio of 3 moles of label per 105 g of
protein (about 4.3 mol label per mol ATPase,
assuming that the ATPase represents about 7 0 % of
the total protein of the sarcoplasmic reticulum
preparation [33]), the resulting spectra showed the
typical two-component characteristics (Fig. 1) observed with many other soluble or membrane
proteins (for a review see ref. [34]). An increase in
the label-to-protein-ratio to 17 moles per 105 g
protein was not found to increase the absorption
over the entire spectral range, but led to a slight
enhancement only of the narrower spectral component " A " . This agrees with the finding of Coan
and Inesi [20] that within the range of 7.5-30 moles
of label II per mole ATPase no more than about
three- SH groups per ATPase molecule could be
labeled; at 4.5 mol label II per mol ATPase (as
approximately used in the experiments described
below) Coan and Inesi [20] reported that two -SH
groups per ATPase molecule were labeled.
The functional parameters of spin-labeled sarcoplasmic reticulum vesicles and of otherwise
identically-treated controls are listed in Table I.
The parameters represent average values from two
to six separate labehng experiments. It is evident
that all parameters reflect a minor degree of inhibition by the spin label attachment. However, from
the inhibition of only 19%, represented b y the
degree of phosphoprotein formation in the case of

Table I. Functional characteristics of spin-labeled sarcoplasmic reticulum vesicles.
Sample
Control
Label I
Control
Label II
a

Ca 2+ storing capacity Rate of Ca 2+ uptake
nmol/mg protein
nmol/(mg protein x min)
0.1 mM Ca
0.5 mM Ca • E G T A
4.66 ± 0 . 2 3 (6)a
4.59 ± 0 . 2 3 (6)

2.58 ± 0 . 0 4 (6)
2.46 ± 0 . 0 8 (6)
2.52 (2)
2.37 (2)

2.22 ± 0 . 1 4 (5)
1.95 ± 0 . 1 9 (5)
2.11 (2)
2.06 (2)

E - P with ATP
nmol/mg

E - P with Pi
nmol/mg

4.06
3.79
4.04
3.29

3.14 ± 0 . 2 3 (3)
2.85 ± 0 . 1 1 (3)

± 0 . 1 9 (5)
± 0 . 2 0 (5)
(2)
(2)

Figures in brackets represent the numbers of individual preparations from which mean values ± standard
deviation have been obtained.

label II, we conclude that spin labeling under the
present conditions does not affect the activity of
-SH groups essential for calcium transport [35].
The presence of ATP in the incubation medium
during the labeling procedure appeared to have a
slight protective effect on the function of the transport ATPase. In three experiments with label I, the
labeling procedure was performed alternatively in
the presence or absence of 5 mM A T P plus 1 mM
EGTA; the phosphoprotein level formed from
(y- 32 P) ATP was reduced by 6.4% and 19% in the
presence or absence of ATP, respectively. Uncontrolled -SH oxidation could have contributed to
this effect [20]. For this reason all experiments
described below were performed with membranes
labeled in the presence of ATP and 1 mM EGTA.
The presence of ATP (in the absence of free calcium
in the medium, allowing no calcium binding to the
high-affinity calcium-binding sites of the enzyme)
was also found to have significant effects on the
ratio of the spectral parameters A/B in lowering the
relative intensity of the sharper component.
This is in agreement with the results of Champeil
et al. [23], who demonstrated that the e.p.r. spectrum can be markedly modified by the chosen

labeling conditions; chelation of calcium by EGTA
enhanced the "weakly immobilized signal" whilst
addition of calcium plus ADP enhanced the' 'strongly
immobilized signal"; this effect was observed at
5 °C, pH 7.0 or 8.0, and 23 °C, pH 7.5 [23].
Effects of calcium
With label I, addition of Ca 2+ at concentrations
up to 5 mM was found to lead to a small decrease
( < 1 G) in the maximum hyperfine splitting 2 T maY
(Table II). A titration of this effect did not, however,
appear feasible with the given accuracy in the
determination of 2 T m a x . An even smaller effect, but
in the same direction, was observed with label II.
These results are qualitatively consistent with the
findings of Champeil et al. [23]. The addition of Mg 2+
in the absence or in the presence of added Ca 2+ had
no detectable effects on the e.p.r. spectra of either
label.
Binding of nucleotides in the absence
of divalent cations
The effects of binding of various substrates on the
characteristic e.p.r. spectral parameters, i.e. the
peak-height ratio of peaks B and A, and the maxi-

Table II. Effects of individual ligands on the e.p.r. parameters.
Ligand

Low field peak height ratio (B/A) a
Label I
Label II

2 Tmax Gauss0
Label I

Label I I

Control15
5 mM ATP
5 mM A D P
5 mM £-y-CH2-ATP
5 mM ITP
5 mM Acetyl-P
5 mM Ca 2+

0.64 ± 0 . 0 7 (4)
0.49 ± 0.04 (3)
0.63 (2)
0.65 (2)
0.60 (2)
0.61 (1)
0.65 ± 0 . 0 4 (4)

66.9 ± 0.4
67.0 ± 0.3
67.3
66.9
67.0
67.5
66.0 ± 0.3

50.6 ± 0.3
50.4 ± 0.4
49.4
49.0
51.0
50.5
50.0 ± 0.2

1.06 ± 0 . 0 2 (4)
0.88 ± 0.05 (3)
1.02 (2)
0.89 (2)
1.04 (1)
1.05 (1)
1.08 ± 0 . 0 3 (4)

a Values are given as means ± standard deviations for the number of separate sarcoplasmic reticulum preparations given in brackets; b in the presence of 20 mM EGTA and 20 mM E D T A ; 0 same number of individual
experiments as used for B/A.

mum hyperfine separation 2 T m a x are listed in
Table II. Upon binding of ATP the ratio B/A is seen
to decrease by approximately 2 0 % suggesting a
minor reduction in motional constraints in the
neighborhood of the spin labels. With label II, the
/3-y-methylene analog of ATP leads to identical
effects as observed with ATP, while label I shows
practically no changes. Binding of ADP or of two
other substrates of the calcium transport ATPase,
ITP and acetylphosphate shows no significant
effects on the e.p.r. spectral parameters. It is
important to note that the presence of Mg 2+ at
equimolar concentrations or higher (5-20 mM) is
not required for, and has no influence on the effects
of nucleotides on e.p.r. spectra. Since the substrate
concentrations (5 mM) used in these experiments
were sufficient to saturate both the available highland low-affinity binding sites, the differences in the
effects of the various ligands must be considered to
arise from the specific structural complementarity
of the binding site to the ATP molecule.

spectral component B (Fig. 2). With label II, where
the hyperfine peaks are poorly resolved a priori, the
broadening makes it difficult to define a value for
the maximum hyperfine splitting 2 T maY as well as
of the height of peak B. With label I, however, it
becomes apparent that the maximum hyperfine
splitting 2 Tmax decreases by about 8 Gauss, indicating a strong increase in isotropic mobility of
the label, possibly accompained by a decrease in

None of the above substrates has any significant
effect on the maximum hyperfine separation of
either label I or II.

* In the presence of 20 mM EGTA and 20 mM EDTA.
Values are given as means ± standard deviations for
the number of separate sarcoplasmic reticulum
preparations given in brackets.

Effects of nucleotides or acetylphosphate in the presence
of calcium

polarity of the environment (Table III). With
label II, on the other hand, peak B develops a
shoulder towards the low-field direction, which is
not observed with label I (Fig. 2). Similar effects to
those found with A T P were observed with the nonhydrolyzable analog of ATP, ß-y-methylene-ATP.
Weakly distinguishable spectral changes were also
observed with ADP in the presence of calcium. To
ensure that these effects were genuine and not
caused by the presence of contaminating ATP these
latter experiments were performed in the presence
of hexokinase (0.5 mg/ml) and glucose (100 mM).

While the above spectral changes of single ligand
binding are rather weak, dramatic changes are
observed in the presence of both calcium plus ATP,
both in the millimolar concentration range. With
either of the two labels the changes in the e.p.r.
spectrum consist of a strong broadening of the

Fig. 2. E.p.r. spectra of label I (a) and label I I (b)
bound to sarcoplasmic reticulum vesicles in the presence of the following additives: 20 mM EDTA, 20 mM
EGTA (
); 5 mM ATP, 20 mM EDTA, 20 mM
EGTA (
); 5 mM Ca2+, 5 mM Mg2+, 5 mM A T P

Table III. Effects of ligands in the presence of 5 mM
Ca 2+ on the maximum hyperfine splitting of label I.
Ligands

2 Tn

Control*
5 mM Ca 2+ , 5 mM A T P
5 mM Ca 2+ , 5 mM Mg 2 + ,
5 mM Ca 2+ , 5 mM Mg 2 + ,
5 mM Ca 2+ , 5 mM Mg 2 +,
5 mM Ca 2+ , 5 mM Mg 2 +,
5 mM Ca 2+ , 5 mM Mg 2 +,
5 mM ß-y-CH-j-ATP
5 mM Ca 2+ , 5 mM Mg 2 + ,

5 mM ATP
0.3 mM ATP
0.03 mM ATP
20 mM ADP

66.9 ± 0.4(4)
58.8 ± 0.6(3)
58.0 ± 0.6(3)
58.5
(1)
65.8
(1)
64.8
(2)

5 mM ITP

61.3
66.3

(2)
(2)

In all experiments with ATP in the presence of
Ca 2+ , high concentrations of phosphoenolpyruvate
(45 mM) and pyruvate kinase (0.5 mg/ml) were used
as an A T P regenerating system. We observed that
the spectral changes decrease progressively at ATP
concentrations below 1 mM: at 0.3 mM ATP (plus
5 mM Ca 2+ ) the effects are still clearly distinguishable, while at 0.03 mM the effects are at the
borderline of detection (Table III). Although the
dependence on free calcium concentration was not
precisely determined, we found that the effects of
ATP at free calcium concentrations below 10 -5 M
are practically undetectable. As in the case of

separate nucleotide binding, the occurence of
spectral changes was found to be independent of the
addition of magnesium.
While in the presence of 5 mM calcium without
added magnesium the ATP effect is stable over a
prolonged period of time, this effect decays with a
half time of about 6 min in the presence of 5 mM
magnesium. There is little change in the A T P
concentration after 15 min (puruvate and purvate
kinase were used as A T P regenerating system) as
controlled by thin-layer chromatography, but external calcium concentration is strongly reduced by
calcium uptake under these latter conditions. This
decay in the spectral changes might be the consequence of a reduction in free calcium concentration
by calcium uptake due to the increase in the concentration of orthophosphate upon ATP hydrolysis
and calcium precipitation inside the sarcoplasmic
reticulum vesicles.
Discussion
The e.p.r. spectra of sarcoplasmic reticulum
membranes covalently labeled at the ATPase with
low amounts of the iodoacetamide analog spin
labels I and II (about 2 mol/mol ATPase, c./. ref. [20])
show the characteristic two-component appearance
first discussed by McConnell et al. [36] and, hence
generally referred to as arising from two binding
sites with different local motional freedom. According to this interpretation the broader component B
and the sharper component A (Fig. 1) would correspond to "strongly immobilized" and "weakly
immobilized" sites, respectively. Similar spectra
have been reported for a variety of nitroxide spin
labels with different functional groups attached to
various water-soluble or membrane-bound proteins
[37]. Despite this unspecific nature of the spectra,
changes in the line height ratios and in the hyperfine
separation of the spectral components are sensitive
indicators of changes in the local environment.
However, since a rigorous and quantitative interpretation of this type of composite spectra has not
yet been given, a detailed discussion of the nature
of these structural changes, frequently termed
conformational changes, is not feasible.
The present results obtained from two chemically
and structurally very similar labels are rather difficult to interpret in terms of the concept of weakly
and strongly immobilized sites. Since the close
similarity of the two labels makes it highly probable

that the two labels bind to the same -SH groups,
closely similar e.p.r. spectra should be anticipated.
This is, however, not the case. For label I, containing
the slightly smaller five-membered ring, the hyperfine separation of the broad spectral component B
would indicate a stronger immobilization than for
the bulkier six-membered ring system of label II.
Assuming that the two labels bind to the identical
sites, this interpretation seems implausible. We
therefore prefer the hypothesis that the spectral
differences arise from intrinsic differences in the
segmental mobility of the two labels due to the
steric hindrance to free rotation around the Ca'-N
bond in label I by the two o-substituted -CH3 groups,
which does not exist in label II. Consequently, we
ascribe the observed spectral change to variations
in the motional anisotropy of the labels due to local
structural changes (for a discussion of this effect see
ref. [38]). It cannot be excluded that parts of these
spectral changes are also caused by variations in the
polarity of the spin label anvironment. However,
the magnitude of the observed effect of about
9 Gauss, caused by the simultaneous presence of
calcium, magnesium and ATP, is distinctly higher
than that expected for a nitroxide spin label even
under extreme conditions [39].
The present results indicate three steps in the
reaction sequence of the calcium-pump cycle which
are accompanied by distinct changes in spin-label
mobility. Firstly, binding of calcium leads to a slight
decrease in motional anisotropy with both spin
labels. This finding is in agreement with the results
reported by Champeil et al. [23], who found for
label II that this effect correlates with calcium
binding to high affinity sites involved in the regulation of ATPase phosphorylation. Secondly, the
binding of the adenine nucleotides, ATP, A D P and
/?-y-methylene ATP, but not of ITP or acetylphosphate, results in spectral changes consisting of a
decrease in the line-height-ratio B/A which also
indicates a slight decrease in motional freedom.
Since these experiments were performed in the
absence of added divalent cations and in the
presence of chelating agents at high concentrations,
it should be concluded that the effects are independent of calcium and magnesium.
There is evidence that MgATP is the true substrate for the forward reaction of the calcium pump
[4, 40-43]. One or two MgATP binding sites have
been reported from binding studies with MgATP

with a dissociation constant of 1-5
for high
affinity MgATP binding [41, 42, 44]. On the other
hand Pang and Briggs [45] reported dissociation
constants of 15,35 and 3.5
for free /?-y-methylene
ATP, ATP and ADP and its inhibition by ATP or
A D P in the presence of 5 mM EDTA, indicating
high affinity binding of magnesium-free adenine
nucleotides. Furthermore, Makinose and Boll [43]
demonstrated that free ADP and not MgADP is
responsible for the dephosphorylation of phosphoprotein formed from ATP and the A T P - A D P phosphate exchange reaction. Thus, the alterations of
e.p.r. spectra by the above magnesium-free adenine
nucleotides may be interpreted as conformational
change related to distinct functional states of the
enzyme.
The third and most pronounced spectral change
is observed in the presence of both Ca2+-ions (with
or without added Mg2+) and ATP. This effect is
obtained with by both labels, however, in a distinctly
different way (Fig. 2). With label I, the spectral component B is strongly flattened and the
corresponding hyperfine separation 2 T m a x decreases
by approximately 9 Gauss (Table III). With label II
the spectral broadening is so strong that measurement of the corresponding hyperfine splitting is
difficult and, furthermore, peak B appears to
develop a shoulder towards the low-field direction,
which has been previously ascribed to a third type
of sites of even stronger immobilization [20]. On the
whole, however, the spectral changes observed with
both labels are in favour of a strong increase in
motional freedom of the labels, which is likely to
indicate an opening-up of the local structure around
the probe molecules.

does not facilitate calcium transport, or with calcium
plus A D P demonstrate the synergistic effect of
ligand binding and calcium binding to sites accessible from the outside of the sarcoplasmic reticulum
membrane vesicles, resulting in alterations in the
local environment of the labels in the absence of
phosphorylation of the ATPase. On the other hand,
the spectral effects induced by substrates facilitating calcium transport, which in the case of ATP are
more or less identical to the effects of /S-y-methylene
A T P when measured in the presence of a high
calcium concentration in the mM range (Table III),
should probably be interpreted in a different way.
Using label II bound to sonicated or Triton X-100
treated sarcoplasmic reticulum Coan et al. [25]
demonstrated a cooperative effect of calcium at //M
concentrations in the presence of AMP-P(NH)P and
at mM concentrations of calcium in the presence of
ATP. These authors suggested that the spectral
changes relate to a transformation of the high
affinity calcium binding sites into low affinity
calcium binding sites following phosphorylation of
the ATPase with A T P [25]. It is notable in this
context that the intermediate of the reversal of the
calcium pump [1, 2], the phosphoprotein formed
from orthophosphate, is activated or inhibited by
free calcium in an apparently cooperative manner
through occupancy of low affinity calcium binding
sites accessible from the inside or by occupancy of
high affinity calcium binding sites, accessible from
the outside of the sarcoplasmic reticulum membrane,
respectively [47].

The conformational changes observed with calcium plus /?-y-methyIene ATP, which is not hydrolyzed by the calcium transport ATPase [46] and
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