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The ATP-dependent Caz’ transport in sarcoplasmic reticulum involves transitions between several structural states of the CaZ*-ATPase, that occur 
without major changes in the secondary structure. The rates ofthese transitions are modulated by the lipid enviroIl]~ent and by interactions between 
ATPase molecules. Although the Ca*+-ATPdse restricts the rotational mobility of a population of lipids, there is no evidence f&r specific interaction 
of the CazC-ATPase with phospholipids. Fluorescence polarization and energy transfer (FET) studies. using site specific fluorescent indicators, com- 
bined with crystallographic, immunological and chemical modification data, yielded a structural model of Ca ZC-ATPase in which the binding sites 
of Ca*+ and ATP are tentatively identified. The temperature dependence of FET between fluorophores attached to different regions of the ATPase 
indicates the existence of’rigid’ and ‘flexible’ regions within the molecule characterized. by different degrees of thermally induced structural fluctua- 

tions. 

CaL +-ATPasc; Sarcoplasmic reticulum; Energy transfer: Electron microscopy 

1. INTRODUCTION 

The mechanism of coupling between ATP hydrolysis 
and Ca” transport is determined by the spatial rela- 
tionship of the phosphorylation and ATP binding do- 
mains of the Ca”‘-ATPase to the Ca*+ channel 
involved in the translocation of calcium. Two alter- 
native coupling mechanisms have been proposed, based 
on two rather different hypothetical models of the 
structure of the Ca”-ATPase. In the ‘conformational 
coupling’ mechanism the utilization of the free energy 
of ATP hydrolysis for Ca2+ transport involves a 
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mechanical coupling over long distances between 
physically separate ATP binding and Ca2+ transport 
sites [I], while in the ‘ligand conduction’ mechanism a 
direct interaction is postulated between the phosphoryl 
group of ATP and the transported calcium [Z-4]. 

The ~onformationa~ coupling hypothesis is sup- 
ported by the existence of at least two structurally 
distinct conformational states of the CaZf-ATPase (El 
and Ez) that differ in their affinities and vectorial 
specificities for ATP, Pi, and Ca” [5,6]. Evidence ob- 
tained by chemical modification, site-specific 
mutagenesis, and intramolecular energy transfer sug- 
gests that the site responsible for the binding of ATP is 
located in the cytoplasmic domain of the Ca2+-ATPase 
[7], while the high affinity Ca”’ binding sites are 
presumed to be within the lipid bilayer 181. The 
estimated distance of -20-40 d, between these two 
sites would make conformational change an obligatory 
element of the coupling process. However, due to the 
scarcity of independent structural information and 
uncertainties about the localization and orientation of 
some of the probes used for energy transfer 
measurements, the current estimates of intramolecular 
distances are only tentative. The conformational 
changes associated with El-E2 transition [9] appear 
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to involve surprisingly small changes in the secondary 
structure of the CaZf-ATPase [IO-l 31, and in the in- 
tramoIecular distances determined by energy transfer 
[ 14,151, that may actually favor the direct coupling 
mechanism. 

Our studies, using crystallographic [ 16- 191, spec- 
troscopic [10,11,13,15,20,21], immunological [22] and 
chemical modification [23] techniques are aimed at 
localizing the structural changes connected with Er-EZ 
transition in the three-dimensional structure of the 
Ca’+-ATPase, and at clarifying their relationship to 
Ca2+ transport. 

2. THE ANALYSIS OF Ca’+-ATPase CRYSTALS 

The CaZ+-ATPase can be crystallized in the presence 
of Ca’+ or lanthanides in the E-Cal’ or E-La3+ state, 
previously identified as the Er state [17,19]. The en- 
zyme can also be crystallized in the absence of Ca2+ by 
the addition of vanadate or inorganic phosphate in he 
E-V or E-Pi conformation, earlier identified as the Ez 

state [16-191. The unit cell of the E-La3.+ crystals is 
monomeric, with a space group of PI [17], while the E- 
V crystals have dimeric unit cells with a space group of 
P2 1181. The projection maps indicate major dif- 
ferences in the spatial relationship of the ATPase 
molecules in the two crystal forms, but the pear-shaped 
cytoplasmic profile of the Ca”-ATPase is similar, at 
-25 A resolution, in the two types of crystals. 

There are three types of interactions between 
CaZf-ATPase molecules in the E-V crystals. 

(A) The dimeric structural units are stabilized by 
massive protein bridges (marked ‘A’ in Fig. 1) that link 
the cytoplasmic domains of two ATPase molecules into 
an antiparallel dimer [ 1 S]; Cal+ in pmol concentration 
breaks these bridges and causes the rearrangement of 
ATPase molecules into PI type crystals stabilized by 
Ca” [17]. The Ca” sensitivity indicates that the ligand 
specificity of the Ca2+ -ATPase in the E-V crystals 
resembles that of the E. P state stabilized by inorganic 
phosphate [5,6], 

(El) Further contacts between the lobe region of one 
ATPase molecule and the head region of the next 

Fig. 1. The structure of the Ca”-ATPase at -25 A resolution. The surface contours of the Ca*‘-ATPase obtained by electron microscope 
reconstructions of vanadate-induced EzV type crystals are viewed normal to the membrane plane (top panel) and from within the membrane plane 
(bottom panel) based on the data of Taylor et al. [IS]. In the top panel the unit cell indicated by lines ‘a’ and ‘b’ contains an ATPase dimer. 
The principal contact regions between the ATPase molecules in the lattice are marked by ‘A’, ‘ 
binding sites for FITC, PIEDANS and CaZ’ are indicated by ‘F’, ‘ 

B’, and ‘C’, as described in the text. The putative 
D’ and ‘Ca’, respectively. The binding site for mAb A52 is rentati\ely assigned 

to the ‘D’, while that of anti-FITC to the ‘F’ region. Reproduced from [22]. 
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(marked ‘B’ in Fig. l), link the ATPase dimers into 
dimer chains. 

(C) Finally contacts exist, within the bilayer, between 
ATPase molecules in adjacent dimer chains (marked 
‘C’ in Fig. 1) that stabilize the crystal lattice. In- 
terference with the C-type interactions explains the 
disruption of the E-V crystals by detergents [24]. 

The Ca’+ binding domain is presumed to be located 
at sites marked ‘Ca’ in Fig. 1 near the center of the 
bilayer; the tentative location of the ATP binding site 
is in the head portion of the cytoplasmic domain near 
the bridge at a position marked ‘F’ in Fig. 1 [ 15,221, 
based on the labeling of the ATP binding site by FITC 
[7]. The height of the ATPase molecule above the sur- 
face of the bilayer is -60 A and its overall length in- 
cluding the membrane-embedded portion is close to 
100 A. 

3. THE EFFECT OF ANTI-ATPase ANTIBODIES 

The effects of 14 monoclonal and 5 polyclonal an- 
tibodies on the enzymatic activity and interactions of 
the CazC-ATPase were analyzed [22]. Most of the an- 
tibodies with epitopes on the B tryptic fragment 
(residues 506-1001) reacted with the native enzyme, in- 
dicating that this region of the molecule is highly ac- 
cessible; by contrast, 5 out of 6 antibodies directed 
against the Ai region of the Ca2+-ATPase (residues 
199-505) were reactive only after solubilization or 
denaturation of the enzyme. The B region contains part 
of the ATP binding domain, while the Ar region con- 
tains the phosphate acceptor Asp-351 [7]. The epitope 
of the monoclonal antibody A52 is at residues 659-668 
adjacent to the AEDANS binding site at cysteine 
670-674 (tentatively marked ‘D’ in Fig. 1). 

The A52 antibody interfered with the crystallization 
of Ca’+-ATPase in the presence of vanadate and 
decreased the stability of preformed Ca’+-ATPase 
crystals. We propose that the A52 epitope is located 
near the B-type contacts between the head and lobe 
regions of the ATPase molecule (marked ‘D’ in Fig. l), 
and we attribute the disruption of the CaZf-ATPase 
crystals by A52 to interference with the B-type interac- 
tions [22]. The effect of A52 is highly specific and not 
shared by 5 other monoclonal antibodies that bind to 
the C-terminal domain of the native Ca’+-ATPase. 

4. INTRAMOLECULAR DISTANCES 
DETERMINED BY FLUORESCENCE 
ENERGY TRANSFER 

The shape and dimensions of the ATPase molecule 
determined by the 3D reconstruction of 2-dimensional 
Ca’+-ATPase crystals (Fig. 1) can be compared with 
the intramolecular distances determined by energy 
transfer between fluorophores bound at specified loca- 
tions within the ATPase molecule [ 14,15,25-331. 

Several of these distances are subject to considerable 
uncertainty, and should be used only as approximate 
indicators of the relative positions of the various sites 
within the ATPase molecule. 

The two high affinity CaZf sites are probably within 
10 A of each other [25,26]. Their localization within 
the bilayer is supported by the observation [8] that site- 
specific mutagenesis of several amino acids within the 
putative transmembrane helices interferes with Ca2+ 
binding and with the Ca’+-dependent phosphorylation 
of the enzyme by ATP, but has no effect on the 
Ca2+-independent phosphorylation by inorganic 
phosphate. The energy transfer between Tb3+ and 
RITC-DPPE [27] and the quenching of the 
fluorescence of carbodiimides attached to the putative 
Ca2+ site by doxylstearates [25] places the CaZf site 
near the middle of the bilayer. 

The estimated distances between lanthanides bound 
at various cation binding sites on the Ca2+-ATPase, 
and FITC, TNP-AMP, and Cr-ATP bound at the 
nucleotide binding site range between 10 and 47 A 
[26,28-311. 

The longer distances (35-47 A) are usually attributed 
to the distance between the high affinity Ca2+ site and 
the ATP binding site [28,29]. The shorter (-10 A) 
distances may indicate the existence of a Mg2+ binding 
subsite for the binding of Mg-ATP near the ATP bin- 
ding pocket [26,30-321. 

The distances of lo-22 A between the Eu3+ binding 
site and the catalytic site derived from the quenching of 
Eu3+ luminescence by Cr-ATP [26,33] do not fit readily 
into either interpretation, suggesting that the position 
of the Cr atom in the bound Cr-ATP may differ from 
that of fluorescein or trinitrophenol in the bound FITC 
or TNP-ATP. In fact the inhibition of ATPase activity 
by FITC can be overcome by high ATP concentrations 
[34], suggesting that FITC decreases the affinity of 
ATP, but does not block the ATP binding site. 

Considering the 18 A length of the ATP molecule, 
the wide range of estimated distances between the Ca2+ 
and ATP binding sites can accommodate the structural 
requirements of either direct or indirect coupling 
mechanisms, and more accurate data are needed to 
choose between them. 

The large (-56-68 A) distance between AEDANS 
bound at cysteine-670 and -674 and FITC or TNP-ATP 
bound at the nucleotide site [35] is of some interest 
because the AEDANS site may serve as a point of 
reference for other distance measurements. The only 
comparable distance in the cytoplasmic domain of the 
Ca2+-ATPase is the -60 A length of the pear-shaped 
profile shown in Fig. 1. We propose that the binding 
site for IAEDANS is near the tip of the lobe at a posi- 
tion marked ‘D’ in Fig. 1, while the site labeled by 
FITC or TNP-ATP is located at the opposite end of the 
cytoplasmic domain near the bridge at a site marked ‘F’ 
in Fig. 1 [ 151. Such a location of the FITC site is consis- 
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tent with the proposed distance of -47 A between 
FITC and Tb’+ bound at the high affinity Ca2+ site 
[29]. To match the 16-18 A distance between the 
AEDANS site and the Ca2+ binding site [35], the 
AEDANS site must be positioned on the lower surface 
of the lobe close to the cytoplasmic surface of the 
bilayer (position ‘D’ in Fig. 1). 

5. THERMAL FLUCTUATIONS IN THE 
STRUCTURE OF THE Ca’+-ATPase 

Since Ca” is transferred across the membrane in 
association with the Ca2+ -ATPase, thermal fluctuation 
of critical regions of the Ca’+-ATPase, perhaps in- 
fluenced in specific ways through phosphorylation by 
ATP, may play a role in Ca2+ translocation. A similar 
idea has been proposed some time ago by Huxley [36] 
in relationship to myosin crossbridge movements, and 
by Welch et al. [37] on the role of protein fluctuations 
in enzyme action. 

Temperature-dependent changes in the normalized 
energy transfer efficiency [38] between site-specific 
donor and acceptor fluorophores indeed reveal struc- 
tural fluctuations in the Ca” -ATPase (Fig. 2 and [ 151). 
The temperature dependence of normalized energy 
transfer efficiency varied depending on the location of 
the donor-acceptor pairs, suggesting the existence of 
flexibility gradients within the ATPase molecule. 

Fig. 2. Temperature dependence of normalized enerw transfer. f“. ,,, 
fo; different donor-acceptor systems in sarcoplasmicreticulum. The 
normalized energy transfer, f’ [38], was calculated from the average 
energy transfer efficiencies, (E), determined from steady-state 
intensity data [15], taking as 100% the values obtained at 10°C for 
sarcoplasmic reticulum ( ‘,o, 0, A) and at 20°C for RNaae Tl (+). 
Symboli: (‘8) energy tran$fcr from AEDANS to FITC in the E, state 

(medium: 0.1 hl KCI, 30 mhl Tris/Mops, pH 7.0, 5 mhl MgC12 + 
0.1 mh4 CaCII); (0) energy transfer from AEDANS to FITC in the 
E2V state (medium: 0.1 M KCI, 30 m.M Tris-Mops, pH 7.0, 5 mM 
M&CL + 0.1 mM EGTA, 0.5 mM NalVOA); (0) energy transfer 
from FlTC to Nd” (1 ,uM); (A) energy transfer from AEDANS to 
Pr” (1 /LM); (+) energy transfer data on RNase T,, a water-soluble 

protein, using trpptophan as donor and pyridoxamine-phosphate as 
acceptor; taken from [3X] for compariwn. 

For example, the normalized energy transfer between 
AEDANS and FITC increased by 13O:o and 2Oo;j in the 
E, and E2-V states, respectively, upon raising the 
temperature from 10 to 38°C. Considerable thermal 
fluctuation of the structure was also evident in the 
energy transfer between FlTC and Nd’+, representing 
the region of the molecule connecting the ATP binding 
site (FITC) to the Ca2+ channel (Nd”). By contrast, 
the region monitored by the AEDANS-Pr” pair ap- 
pears to be rigid, judged from the insensitivity of the 
normalized energy transfer efficiency to temperatures 
between lo-37°C (Fig. 2). 

The increased fluctuation of protein structure at 
elevated temperatures is reflected in the thermal expan- 
sion of proteins [39] and may contribute to the marked 
temperature dependence of the rate of Ca”+ transport. 

6. PRESSURE EFFECTS ON SARCOPLASMIC 
RETICULUM 

Interference with structural fluctuations by high 
(0.5-I .O kbar) pressure inhibits the Ca”-ATPase [40] 
and changes the structure of the enzyme in a conforma- 
tionally specific manner [ 13,21,41]. 

Stabilization of the ‘Ez’ conformation of 
Ca”-ATPase by vanadate and by dimethylsulfoxide 
provides striking protection against inactivation by 
1.5-2.0 kbar pressure [13,21,41]. The protective effect 
is consistent with a volume decrease of -200 ml/mol 
connected with the E. Ca-Ez-V transition [41]. Some 
of the protective effect of vanadate and 
dimethylsulfoxide against pressure inactivation may be 
related to the reduced exposure of the cytoplasmic do- 
mains of Ca2+-ATPase to water in the Ez state. 

7. THE EFFECT OF MEMBRANE POTENTIAL 
ON THE STRUCTURE OF Ca”-ATPase. 
THE QUESTION OF ELECTRO- 
CONFORMATIONAL COUPLING 

The ATP-dependent Ca” transport is electrogenic. 
Artificially imposed membrane potentials of -100 mV 
reversibly alter the structure of the Ca”-ATPase, as in- 
dicated by changes in the steady state fluorescence of 
covalently bound FITC and intrinsic tryptophan [20], 
and by the effect of membrane potential on the rate of 
formation and stability of the El and Ez type 
Ca”-ATPase crystals [ 17,42,43]. Against this 
background the claim of Tsong [44] that electroconfor- 
mational coupling may explain the increased Cal+ up- 
take of sarcoplasmic reticulum vesicles subjected to 
repeated high voltage pulses, seems plausible. 
However, analysis of the data presented by Tsong [44] 
indicates that the observed “Ca’+ uptake roughly cor- 
responds to the equilibration of the internal space of 
sarcoplasmic reticulum (-4 pl/mg protein) with 
calcium and no active Ca” uptake took place. 
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Therefore the high voltage pulses, instead of activating 
the Ca’+ pump, only increased the Ca2+ permeability 
of the membrane, facilitating the passive diffusion of 
calcium into the vesicles. 

8. VANADATE-CATALYZED, 
CONFORMATIONALLY SPECIFIC 
PHOTOCLEAVAGE OF THE Ca’+-ATPase 

Vanadate (V) interacts with the phosphorylation site 
of the Ca”-ATPase as an inorganic phosphate 
analogue [5,9]. Vanadate-sensitized photocleavage of 
the Ca’+-ATPase of rabbit sarcoplasmic reticulum was 
observed upon illumination of sarcoplasmic reticulum 
vesicles or the purified Ca’+-ATPase by ultraviolet 
light in the presence of 1 mM monovanadate or 
decavanadate [23]. The sites of photocleavage were 
localized in the A tryptic fragment near the Tz cleavage 
site in the absence of Ca2+ (V site), and in the B tryptic 
fragment in the presence of 2-20 mM Ca2+ (VC site). 

In the absence of calcium, vanadate blocks complete- 
ly the tryptic cleavage of Ca2+-ATPase at the T2 site 
[17,45]. Considering the proposed folding patterns of 
the CaZf-ATPase [7], the T2 cleavage site is near the 
phosphorylation site (Asp-35 l), where vanadate is like- 
ly to be bound. Therefore the proximity of the 
vanadate binding site to the T2 cleavage site may ex- 
plain both the vanadate-catalyzed photocleavage at the 
V site and the vanadate-induced inhibition of the tryp- 
tic cleavage at the T2 site. 

The VC cleavage site in the presence of Ca2+ was 
localized between lysine-515 and aspartate-659 in the 
general region of the Ca’+-ATPase that contains the 
ATP binding domain. The high specificity of the 
cleavage suggests that vanadate bound at a single site 
may be brought about by conformational changes of 
the enzyme into reaction either with the V cleavage site 
in the absence of calcium, or with the VC cleavage site 
in the presence of calcium. Both sites are likely to be 
components of the ATP binding/phosphorylation 
domain. 

9. SUMMARY 

The conformational changes usually associated with 
Ca2+ transport [9] do not produce readily identifiable 
changes in the overall shape of the Ca”-ATPase [17], 
in the distances between intramolecular markers analyz- 
ed by fluorescence energy transfer [14, 151 or in the 
secondary structure content of the Ca2+-ATPase deter- 
mined by circular dichroism [lo] of FTIR spectrometry 
[ 1 l-131. Therfore the energy transduction between the 
phosphorylation site and the Ca2+ channel during Ca2+ 
transport probably involves stretching or rotation of 
helices [l] that alters the vectorial specificity and affini- 
ty of the enzyme for ATP, Pi and Ca2+, without chang- 

ing significantly the content of secondary structures or 
the overall shape of the ATPase molecule. 

A plausible interpretation of the existing data is that 
the two high affinity Ca*+ sites identified by lan- 
thanides are located at - 10 A from each other and - 
22-47A from the ATP binding domain [29,33]. Lan- 
thanides also bind to a Mg2+ subsite that is within - 10 
A from the binding site of TITC [30-311. The energy 
transfer data are not sufficiently accurate to permit 
conclusions about the spatial relationship of the aspar- 
tyl phosphate enzyme intermediate or ATP to the 
transported Ca2+. 

High resolution structural data obtainable by X-ray 
crystallography, and more information about the struc- 
tural differences between the E and E-Cazf states of the 
Ca2+-ATPase are needed to develop a realistic 
mechanism of the coupling of ATP hydrolysis to Ca2+ 
transport. Recent developments in the crystallization of 
Ca2+-ATPase [46-491 offer some hope of progress in 
this direction. 
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