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Active Unit of Solubilized Sarcoplasmic Reticulum Calcium 
Adenosinetriphosphatase: An Active Enzyme Centrifugation Analysist 
Dwight W. Martin* 

ABSTRACT: Sarcoplasmic reticulum calcium adenosinetri- 
phosphatase (Ca2+-ATPase) was solubilized to monomeric 
form with the nonionic detergent n-dodecyl octaethylene glycol 
monoether (c&). Equilibrium ultracentrifugation analysis 
indicated that this preparation is initially greater than 75% 
monomer, the remainder being best described as a tetramer. 
In the presence of substrates, this preparation has ATPase 
activity comparable to that of leaky sarcoplasmic reticulum 
vesicles. The possibility of substrate-induced oligomerization 
of the monomer under ATPase activity assay conditions was 

x e  calcium-dependent ATPase of the sarcoplasmic reticu- 
lum (SR)' couples ATP hydrolysis to active transport of Ca2+ 
into the S R  luminal space (de Meis & Vianna, 1979; Tada 
et al., 1978). The protein unit of the ATPase has a molecular 
weight of 119000 f 6500 (Rizzolo et al., 1976) and comprises 
up to 90% of the membrane protein of the SR (Meissner, 
1975). There is considerable data demonstrating that the 
ATPase has a tendency to form oligomers within the SR 
membranes (Vanderkooi et al., 1977; Pick & Racker, 1979; 
Scales & Inesi, 1976) or in detergent-solubilized systems (le 
Maire et al., 1976, 1978; Murphy, 1976). However, the 
functional significance of the oligomeric units remains un- 
known. It has been suggested that coupling between mo- 
nomeric units may provide a means of intermolecular regu- 
lation and may be obligatory for full activity (Froehlich & 
Taylor, 1976; Verjovski-Almeida & Inesi, 1979; Ikemoto et 
al., 1981a,b; Pick & Karlish, 1980; Moller et al., 1980; Wa- 
tanabe et al., 1981). However, Ca2+-ATPase has also been 
observed in monomeric form. Hydrolytically active monomeric 
preparations of the enzyme have been solubilized with de- 
tergents (Dean & Tanford, 1978; le Maire et al., 1978; Jor- 
gensen et al., 1975; Murphy et al., 1982; Moller et al., 1980), 
and a recent liquid X-ray diffraction study indicates that the 
monomer may be the predominant form in the SR membrane 
(Brady et al., 1981). 

Solubilization of SR Ca2+-ATPase with n-dodecyl octa- 
ethylene glycol monoether (C$8) produces a predominantly 
monomeric preparation which, in the presence of substrates, 
has ATPase activity comparable to that of leaky SR vesicles 
(Dean & Tanford, 1978; le Maire et al., 1978). The mo- 
nomeric character of this preparation has been established by 
equilibrium ultracentrifugal and hydrodynamic methods (Dean 
& Tanford, 1978; le Maire et al., 1978). However, these 
characterizations were conducted in the absence of substrates 
under conditions in which the enzyme was not hydrolyzing 
ATP. As such, the species actually responsible for the observed 
ATPase activity was not directly determined. The possibility 
existed, as recently suggested (Kyte, 1981; Craig, 1982), that 
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tested. Active enzyme centrifugation analysis demonstrated 
that ATPase activity sedimented with a rate which can only 
be attributed to a monomeric particle. The sedimentation rate 
was invariant over a 6-fold concentration range comparable 
to that used in activity assays. The portion of the protein that 
sediments as an oligomer when measurements are based on 
the movement of protein (&()) is not seen when measurements 
are based on the movement of activity. The data demonstrate 
that the monomer represents the minimal ATPase active unit 
of Ca2+-ATPase. 

under assay conditions, in the presence of a full complement 
of substrates, the enzyme could oligomerize to form an ATPase 
active species. Thereby, the solubilized monomer and, by 
extension, the monomer within the SR membrane would 
possess only apparent ATPase activity, with the actual active 
species being a substrate-induced oligomer. 

We have tested the hypothesis that monomeric Ca2+-AT- 
Pase undergoes substrate-induced oligomerization. On theo- 
retical grounds, using saturating substrate and ATPase mo- 
nomer concentrations commonly employed under assay con- 
ditions, we calculate that dimerization-dependent activity 
would require bimolecular diffusional rate constants of un- 
precedented magnitude for protein-protein interactions. Ex- 
perimentally, we have applied active enzyme centrifugation 
analysis to Ca2+-ATPase solubilized in C12Es. Our data 
demonstrate that CaZ+-ATPase solubilized in C& remains 
monomeric during ATPase enzymatic cycling. 

Materials and Methods 
Preparation of Solubilized and Delipidated Ca2+-ATPase. 

Sarcoplasmic reticulum vesicles were prepared from homo- 
genized rabbit skeletal muscle, partially extracted with re- 
crystallized deoxycholate and characterized as previously 
described (Martin & Tanford, 1981). The leaky vesicles were 
stored at -20 "C in aliquots containing 2.5 mg of protein ( - 10 

The leaky vesicles were solubilized and delipidated essen- 
tially as described by Dean & Tanford (1978). The Cl2E8 
solubilized preparation, containing 1.37-2.74 M glycerol, was 
centrifuged in a Beckman airfuge at 30 psig (- 178000g) for 
30 min, 4 OC, and the supernatant containing solubilized 
protein collected. The delipidated and solubilized Ca2+-AT- 
Pase preparation utilized in this study contained -9 mol of 
phospholipid per mol of protein based upon organic phosphate 
content (Bartlett, 1959). Generally, between 33 and 45% of 
the original leaky vesicle protein was solubilized by the above 
protocol. 

mg/mL). 

Abbreviations: AEC, active enzyme centrifugation; ATP, adenosine 
5'-triphosphate; C12ES, n-dodecyl octaethylene glycol monoether; 
Ca2+-ATPase, calcium adenosinetriphosphatase; NADH, nicotinamide 
adenine dinucleotide, reduced; SR, sarcoplasmic reticulum; Tes, N- 
[tris(hydroxymethyl)methyl]-2-aminoethanesulfonic acid; Tris, tris(hy- 
droxymethy1)aminomethane; Mes, 2-(N-morpholino)ethanesulfonic acid. 
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ATPase Activity Assays. ATPase activity of the solubilized 
preparation was assayed by using a modification of the NADH 
coupled assay of Warren et al. (1974). The assay medium 
contained 0.01 M Tes, pH 7.5, 0.1 M KCl, 0.1 M CaCl,, 1.5 
mM phosphoenolpyruvate, 5 mM Na,ATP, 5 mM MgCl,, 
-0.2 mM NADH, 1.86 mM C12Es, pyruvate kinase (15 IU), 
and lactate dehydrogenase (36 IU) in a total volume of 1 mL. 
ATPase activity assays of leaky vesicles used the above me- 
dium without C12Es. Activity was assayed by monitoring the 
loss of OD3,0 of the reaction medium in a thermostatically 
controlled cell in a Gilford Model 240 spectrophotometer. A 
Linseis TYP 2041 multichannel recorder equipped with an 
N42 derivative module was interfaced to the spectrophotometer 
to allow monitoring of both activity and the rate of loss of 
activity (slope of the derivatized signal). ATPase activity was 
also assayed by Pi release according to the protocol of Otto- 
lenghi (1975) and agreed with the value obtained by the 
coupled assay. ATPase activity of leaky vesicles at 25 "C 
ranged from 8 to 9.5 pmol min-' mg-' (corresponding to >20 
pmol min-' mg-' at 37 "C). Activities of solubilized Ca2+- 
ATPase at 25 "C ranged from 7 to 9.5 pmol min-' mg-'. 

Analytical Ultracentrifugation. Sedimentation equilibrium, 
sedimentation velocity, and active enzyme centrifugation 
(AEC) were performed on a Beckman Spinco Model E ana- 
lytical ultracentrifuge equipped with a photoelectric scanner, 
an RTIC temperature control unit, and electronic speed 
control. During equilibrium and velocity sedimentation studies, 
the absorbance at 280 nm (Azso)  was used to monitor the 
protein concentration as a function of the radial distance in 
the ultracentrifuge cell ( r ) .  The density of the solvent was 
determined on a Mettler/Paar DMA 601M high precision 
digital density measuring system (Elder, 1979). 

For sedimentation equilibrium, glycerol concentration was 
1.37-2.74 M and C12Es concentration was 0.186-1.86 mM, 
corresponding to p - 1.03-1.06 g/cm3. A calculated buoyant 
density factor was used to determine the molecular weight 
(M,)  of the solubilized protein (Tanford et al., 1974) 

Mp(1 - 4'P) 
Mp = (1) (1 - Dpp) + &(l - D d p )  + 6,(1 - 01p) 

where 6d and 6, are the grams of detergent and lipid bound 
per gram of protein, respectively. For ClzE8-solubilized 
Ca2+-ATPase in low glycerol, Dp = 0.74 cm3/g (le Maire et 
al., 1976), fid = 0.973 cm3/g (Tanford et al., 1977), D' = 0.975 
cm3/g (le Maire et al., 1976), bd = 0.3 g/g (le Maire et al., 
1978), and Ci1 = 0.06 g/g. [Preferential hydration of the protein 
due to the presence of high glycerol (Lee et al., 1979) was 
ignored since it would change the calculated molecular weight 
by <*5%.] Sedimentation equilibrium plots (In Azso vs. 9) 
showed slight curvature and were analyzed for multicomponent 
contributions to the total concentration of protein at any 
position ( r )  in the cell by standard procedures [e.g., see 
Schechter et al. (1976)l. In this analysis, Mp( 1 - 4 'p )  for the 
monomeric unit was determined from the slope of the data 
near the cell meniscus. 

Solvent viscosities were calculated from the glycerol com- 
position. During sedimentation velocity and active enzyme 
centrifugation studies, glycerol concentration was generally 
0.15-0.38 M, and the correction factor for converting the 
observed s values to s20,w values (Tanford, 196 1) was < 1 . 1 .  
In a few sedimentation velocity experiments, glycerol con- 
centration was comparable to that used in sedimentation 
equilibrium. Under those conditions, the conversion factor to 
obtain s20,w values was - 1.6-1.8. Comparable szo,w values 
were obtained at high and low glycerol concentration. 
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FIGZIRE 1 : pH dependence of ATPase activity of solubilized monomeric 
Cat+-ATPase. Activity was determined by assaying P, release as 
described under Materials and Methods. The reaction medium was 
100 mM KC1,O.l mM CaC12, 5 mM Na2ATP, 5 mM MgC12, 1.86 
mM CI2Es, 50 mM Mes, and 50 mM Tris adjusted to the indicated 
pH with KOH or HC1. Ca2+-ATPase (final concentration 40 fig/mL) 
was added to the reaction medium and the mixture incubated for 4 
min. Maximal activity a t  25 OC was -6.5 fimol min-l mg-I. (0) 
Observed activity at the indicated pH; (X)  activity at pH 7.5 after 
a 5-min incubation at the indicated pH. The error bars represent 
the standard deviation of the mean of triplicate determinations. 

Active Enzyme Centrifugation. Active enzyme centrifu- 
gation (AEC) was performed according to theories, methods, 
and precautions generally discussed by Kemper & Everse 
(1973), Shill et al. (1974), Wei & Deal (1979), Cohen et al. 
(1967), and Taylor et al. (1972). A band of enzyme is sed- 
imented through a reaction medium such that the generation 
of product (or loss of substrate) permits the following of band 
migration with the photoelectric scanner of the ultracentrifuge. 
The sedimenting band was stabilized (Kemper & Everse, 1973; 
Taylor et al., 1972) by maintaining the reaction medium at 
-2% (v/v) glycerol and the enzyme band initially at - 1 %  
glycerol. 

A pH-sensitive dye-linked assay was developed (Shill et al., 
1974; Lowry et al., 1954) to follow enzyme activity in the 
presence of native substrate (MgATP). A major limitation 
of pH-sensitive assays is that they by definition must be 
minimally buffered. It is essential to know how the activity 
of the enzyme will change with pH and whether the change 
is reversible. Figure 1 shows the ATPase activity of solubilized 
Ca2+-ATPase as a function of the incubation pH. The activity 
profile has a limited plateau in the pH range of 7.0-7.6 over 
which >90% of the maximal activity is observed. On either 
side of this plateau, there is a precipitous drop in ATPase 
activity. Activity changes over the indicated pH range were 
reversible within the error limits of the assay. According to 
these data, any pH-sensitive assay of activity must be limited 
to the range of pH 7-7.6. 

Total H+ production during ATP hydrolysis is proportional 
to Pi production (Nishimura et al., 1962). Measuring H+ 
production with a pH indicator dye is best accomplished with 
systems comprised of a dye and buffer with identical pKs such 
that changes in absorbance of the dye will be directly pro- 
portional to the total H+ produced during the reaction. This 
condition was adequately approached by a reaction medium 
containing 4 mM ATP, 4 mM MgC12, 0.2 mM Tes, pH 7.6 
(pK = 7 . 9 ,  0.05 mM bromthymol blue (pK = 7.1; Dean, 
1979), 0.186 mM Cl2ES, 0.274 M glycerol (2% v/v), 0.1 M 
KCl, and 0.1 mM CaCl,. The absorbance of the above re- 
action medium at 615 nm changed linearly with total H+ 
added (as HCl) over an optical density range of 0.95-0.5, pH 
-7.65-7.0 (Figure 2). (A similar linearity was also observed 
by using a phenol red indicator assay.) The added H+ needed 
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FIGURE 2: Asl5 of the bromthymol blue reaction medium with added 
H+. HC1 was added to the bromthymol blue linked assay medium 
(Materials and Methods) to give the indicated H+ concentration. 
Absorbance (615 nm) was measured, and the pH of the reaction was 
subsequently assayed. The reaction medium varied linearly with total 
H+ concentration added over an 4 5  range of 0.95-0.5 which cor- 
responds to a pH range of -7.65-7.0. 

to produce this pH change was equivalent to an -5% hy- 
drolysis of the initial ATP. Therefore, ATP concentration 
should remain well above saturating levels for CaZ+-ATPase 
when ATP hydrolysis produces pH changes within this range. 
The AAbI5 of the reaction medium became nonlinear as total 
H+ added exceeded 0.25 mM due to the increasing buffering 
by ATP (MgATP, pK = 5.2; Phillips et al., 1966) at lower 
pH. Control studies demonstrated that bromthymol blue did 
not inhibit the ATPase activity of the solubilized enzyme, in 
agreement with studies of Ca2+-ATPase in SR vesicles (Ma- 
deira, 1980). The above pH indicator coupled assay has not 
proven to be a satisfactory standard assay for ATPase activity 
as compared to the NADH-coupled or Pi-release assays de- 
scribed earlier. As a standard assay, the pH-sensitive medium 
requires relatively large amounts of enzyme and has nonlin- 
earity problems associated with the unbuffered nature of the 
reaction medium. However, initial reaction rates (AOD per 
minute) using the pH indicator assay were approximately 
proportional to protein concentration, and therefore, the assay 
meets the minimal requirements for active enzyme centrifu- 
gation studies (Cohen et al., 1967; Cohen & Mire, 1971). 

The sedimentation of active enzyme was followed by using 
a double-sector 12-mm Vinograd type I layer forming cen- 
terpiece in a cell assembly using sapphire windows. Prior to 
assembly, 10 pL of enzyme (0.15-0.025 mg/mL) in 1% gly- 
cerol, 0.2 mM Tes, pH 7.5,0.05 mM bromthymol blue, 0.186 
mM C,zEs, 100 mM KCl, and 0.1 mM CaC12 was added to 
the reference well of the centerpiece to produce a positive 
recorder deflection during AEC. (Scans of Azso during band 
centrifugation at higher protein concentration, in reaction 
medium without ATP, indicated that the initial protein con- 
centration was diluted by a factor of 5-10 soon after being 
layered onto the reaction medium.) Once assembled, both 
sectors were filled with 340 pL of reaction medium. The cell 
was centrifuged at 52 000 rpm in an An-D rotor with RTIC 
set to regulate at 20-21 OC. The cell was scanned at 4-min 
intervals for the absorbance at 615 nm. Scans (A615 vs. cen- 
timeters) and derivatized scans (d&S/dt vs. centimeters) were 
simultaneously recorded with a Linseis multichannel recorder 
equipped with a derivative module (described above) interfaced 
to the ultracentrifuge photoelectric scanner. The recorded 
scans were digitized with a Numonics Corp. Model 1224 
electronic digitizer interfaced to a TP-5000 computer system 
(Tennecomp Systems, Inc.) which uses a PDP 1 1 /05 (Digital 
Equipment Corp.) as the central processor. Graphics output 
was provided by a Tektronix 4012 terminal interfaced to a 
4610 hard-copy unit (Tektronix, Inc.). Each scan was in- 
terpolated into 1024 data points corresponding to 1.61 cm of 
cell window (Le., interpolated resolution of - 1.6 pm) and 

FIGURE 3: Sedimentation equilibrium analysis of C,,E,-solubilized 
Ca*+-ATPase. The initial protein concentration was 0.17 mg/mL 
in 1.86 mM CI2E8 and 1.37 M glycerol. Scans were taken after 36 
h at 12000 rpm. r, and rb are the distances from the center of rotation 
of the miniscus and cell bottom, respectively. The line represents a 
fit to the data by assuming a multicomponent system comprised of 
-76% monomer [ M p  - 117 000, Mp( 1 - d'p)  = 27 7001 and -24% 
tetramer. This composition recovered 298% of the applied protein. 
The choice of monomer and tetramer,was made after the data were 
fitted to multicomponent systems of monomer through hexamer. 

by using a moving average algorithmn in which each channel 
is replaced with the average of itself and 24 surrounding 
channels. 

An approximation of the diffusion constant (D)  of the active 
species can be obtained from AEC data by assuming a qua- 
si-Gaussian shape for the difference curves (Claverie, 1980) 
and equating the variance (a2) to the second moment of the 
activity distribution. The standard deviation (a) of the dis- 
tribution was determined from the full width at half-maximum 
(r) according to the relationship r = 2 . 3 5 4 ~  (Bevington, 
1969). This approach avoids contributions from the relatively 
high noise of the trailing edges of differences curves. The 
diffusion constant (D)  can be related to a by (Vinograd et al., 
1963; Claverie, 1980) 

where at is the standard deviation of the quasi-Gaussian dis- 
tribution at time t ,  uo is the standard deviation at t = 0, s is 
the sedimentation coefficient, and w is the angular velocity. 
Accordingly, D is obtained from the slope of a plot of at2 vs. 
e2sw2r - 1. The conversion factor to obtain Dzo,w from D 
(Tanford, 1961) was - 1.05. The most precise uf values were 
obtained with difference curves which had been smoothed by 
using a Fourier transform algorithm (FFT)? generally utilizing 
22 terms in the transform. Fourier transformation improved 
the precision of a determination but did not affect the value. 

Results 
Analytical Ultracentrifugation of Solubilized and Delipi- 

dated Ca2+-ATPase. Sedimentation equilibrium of the solu- 
bilized protein yielded slightly curved plots of In A280 vs. 9 
as shown in Figure 3 and described previously (Dean & 
Tanford, 1978; le Maire et al., 1978). Prior studies (Dean & 
Tanford, 1978) assumed that this curvature was due to a 
distribution of monomeric and dimeric states. We have applied 
a more extended multicomponent analysis (see Materials and 
Methods) to include higher oligomeric states of the protein. 

~ 

* FFT is an adaptation of the routine entitled "FFT 1 IC-A fast 
Fourier transform subroutine for complex data" in Decus No. 11-16, the 

stored in 1023 histographic channels. Scans were smoothed Digital Equipment Computer Users Society, Aug 5, 1971 
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FIGURE 4: Typical scans during active enzyme centrifugation. (A) 
Successive scans were taken at 4-min intervals. In this data set, the 
initial protein band concentration was 0.15 mg/mL. r = centrifugal 
radius. Scans were taken over a 56-min time span, digitized, and stored 
as described under Materials and Methods. (B) The scans were 
smoothed by using a moving average as described under Materials 
and Methods; panels A and B are superimposable. 

This analysis assumes noninteraction between states of the 
protein. A value of -27 000 for Mp( 1 - $'p) (corresponding 
to Mp - 117 000) was obtained from a linear fit to the first 
several data points near the miniscus. Our analysis indicated 
a protein composition of >75% monomer. The remaining 
protein (>20%) is best described as tetrameric with dimeric 
and trimeric species making irsignificant (<5%) contributions 
to the total protein of the sample. The inclusion of pentamers 
and hexamers in the model did not improve the fit to the data. 
The results of several analyses indicate that this preparation 
is generally comprised of 75-90% monomer. 

Sedimentation velocity analysis of delipidated and solubilized 
Ca2+-ATPase yielded s20,w values of -5.2 S. This value falls 
within the range reported by others for monomeric Ca2+- 
ATPase, 4.8-6.5 S (Jorgensen et al., 1978; le Maire et al., 
1976, 1978; Moller et al., 1980). Preparations which had been 
stored for a few days at 4 "C yielded scans with poorly defined 
boundaries, indicating formation of higher oligomers. 

ATPase Activity of Solubilized and Delipidated Ca2+- 
ATPase. When the NADH-coupled ATPase assay was used, 
maximal activity was observed immediately upon recording 
AA340 (after a 5-10-s mixing period) and occurred without 
a time lag. Activity measurements were generally made at 
enzyme concentrations of 1-5 pg/mL (-10-50 nM). In 
contrast to the leaky vesicle system, ATPase assays of solu- 
bilized and delipidated Ca2+-ATPase did not produce a con- 
stant slope of AA340 per minute during the recording of an 
assay. The apparent V,, decreased from an initial maximum. 
As a first approximation, the rate of activity loss was fitted 
to a pseudo-first-order model and found to be 0.01-0.05 min-' 
at 20 OC (0.07-0.15 m i d  at 37 "C). These rates of activity 
loss agree with the observations of Moller et al. (1980) on a 
C,2E8-solubilized Ca2+-ATPase preparation. The activity loss 
during assay was mainly related to enzymatic cycling and not 
protein dilution or surface denaturation in the assay cuvette. 
The specific activity, based upon the initial velocity, of the 
solubilized and delipidated protein was approximately the same 
as that of the leaky vesicles from which it originated and 
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FIGURE 5: (A) Difference curves were derived from successive 
smoothed scans. For clarity, only the upper 70% of every other 
difference curve is shown. The upper abscissa gives the activity band 
center location on the centrifugal radius ( r )  at the indicated times 
during centrifugation. The activity band center was determined by 
the center of area under the upper half of the difference curves. (B) 
Timedependent migration of activity band. Data obtained as described 
in Figure 5A were used to generate the above semilog plot. The slope 
of the least-squares fit to the data was used to determine the sedi- 
mentation rate constant. 

typically ranged between 18 and 23 pmol min-' mg-l at 37 
"C. 

Active Enzyme Centrifugation. Active enzyme centrifu- 
gation was conducted over an initial protein concentration 
range of 0.025-0.15 mg/mL. Figure 4A shows scans taken 
durng one experiment. The signal from the photoelectric 
scanner has a high level of noise at  615 nm. This noise is 
amplified upon generating difference or derivative curves. 
Therefore, the scans were smoothed as described under Ma- 
terials and Methods and shown in Figure 4B. Smoothing did 
not change the relative positions of the scans, and the scans 
of panels A and B of Figure 4 are superimposable. Difference 
curves were derived from successive smoothed scans as shown 
in Figure 5A. The area under the difference curves was 
dependent upon the initial protein concentration and the 
specific activity of the preparation at the time of the analysis. 
The area decreased during the course of an AEC experiment 
with a rate of -0.01 min-' which is consistent with the rate 
of loss of activity during enzymatic cycling. 

The decreasing activity of the preparation during AEC 
precluded the use of half-boundary height analysis for de- 
termination of the sedimentation constant (Llewellyn & Smith, 
1978). However, the radial locations ( r )  of the center of mass 
of product distributions obtained from derivative or difference 
curves are relatively insensitive to small activity losses and may 
be used to obtain linear semilog plots for sedimentation rate 
determination. The activity band radii ( r )  were determined 
from the center of area under the upper half of the difference 
curves. This method gave the best precision in the determi- 
nation of s, but the same sedimentation rate was obtained when 
the activity band radii ( r )  were defined by either the half-width 
at half-height or the maxima of the difference curves. The 
activity band radii ( r )  were obtained from derivative curves 
by the center at half-height (data not shown). Figure 5B shows 
a semilog plot of activity sedimentation. The slope of the plot 
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I 3 Table I: 
Enzyme Sedimentation 

Effect of Protein Concentration on Active 

sedimentation rate s- ' )  initial protein 
concn (mg/mL) BBa PR 

0.025 5.6 
0.05 5.5 5.3 
0.10 5.5 5.0 
0.15 5.1 

Data obtained by using bromthymol blue indicator assay as 
described under Materials and Methods. Data obtained by 
using a phenol red indicator assay system of the same substrate 
composition as the bromthymol blue system described under 
Materials and Methods. 

was used to determine the sedimentation rate (Tanford, 1961). 
Sedimentation coefficients determined by active enzyme 

centrifugation as a function of protein concentration are given 
in Table I. Results obtained by using a phenol red pH in- 
dicator linked assay are also included (data not shown). 
Correction for viscosity, density, and temperature yielded s20.w 
values of 6.1 f 0.3 S and 5.4 f 0.2 S from AEC data obtained 
with bromthymol blue and phenol red assays, respectively. 
Within the 5-15% error reported for this method (Cohen et 
al., 1967; Kemper & Everse, 1973), the szo,w obtained by AEC 
agrees with that obtained in sedimentation velocity studies of 
noncycling monomer. The sedimentation coefficient obtained 
by AEC was constant over a 6-fold concentration range (higher 
concentrations were not studied). Taken together, the only 
consistent interpretation is that activity sediments as a mo- 
nomer. 

Sedimentation velocity of total protein (&go) performed 3 
days after solubilization yielded poorly defined boundaries. 
Five days after solubilization, sedimentation velocity analysis 
of total protein was not possible due to the highly heteroge- 
neous and aggregated nature of the sample. However, the 
sedimentation rate of enzymic activity was unchanged 7 days 
after solubilization. The activity boundary remained well- 
defined regardless of the storage time. The stability and 
tendency to aggregate have been variable between solubilized 
preparations, with some preparations producing szo,w values 
of the total protein (A280) of 5-6 S after 7 days of storage. 
However, the s20,w value obtained by AEC was independent 
of the degree of total protein aggregation. These data dem- 
onstrate that the aggregates do not sediment as active species 
in the presence of substrates. 

The assumption of a Gaussian shape for the difference 
curves was tested by calculating the skewness coefficient (a): 

(3) 

where m2 and m3 are the second and third moments about the 
mean of the distribution (Remington & Schork, 1970). 
Analysis of 92 difference curves yielded a mean skewness of 
a = 0.36 f 0.24, which falls within the 95th percentile con- 
fidence levels for a normal distribution. Skewness did not 
follow any reproducible trend over the entire time course of 
centrifugation. In some experiments, skewness decreased 
somewhat during the first few difference curves (e.g., Figure 
5A); however, a trend toward increasing skewness was never 
observed. A slightly larger a in the early time distributions 
may be related to a loading anomaly produced by layering the 
sample buffer (without ATP) onto the reaction medium. This 
causes a small AAbI5 near the miniscus which is independent 
of the enzyme. Skewness decreases as the band migrates out 
of this zone. However, even within this zone, skewness was 

' 032 

016 1 

I I I I 1 I 
002 004 006 008 010 012 

e x p ( 2 s w z t )  - 1  

FIGURE 6: Determination of the diffusion constant from AEC data 
of enzymatically cycling solubilized CaZ+-ATPase. The ut for each 
difference curve was determined from the width at half-height as 
described in the text. Successive u values were obtained from the 
same AEC experiment and plotted as shown according to eq 2. A 
linear least-squares fit to the data yielded slope = (2.98 i 0.44) X 

cm2, and linear correlation 
coefficient = 0.8910. The diffusion coefficient, calculated as described 
under Materials and Methods, is D = (4.6 * 0.9) X cm2 s-'. 

cmz, uoz = (0.27 & 0.03) X 

Table 11: Summary of Analysis 

sedimentation 5.2 ?: 0.3 4a 1 1 7 0 0 0 * 6 7 0 0  

AEC 5.8 * 0.5 5 f 1 104 000 * 23 000 

standard deviations of values obtained by bromthymol blue and 
phenol red assay systems. 

velocity 

a From le Maire et  al. (1978); no error given. Mean and 

generally within the limits of a Gaussian distribution. Slight 
skewing may be expected in band centrifugation since the 
leading edge experiences a greater centrifugal force due to its 
greater radial distance from the axis of rotation (Vinograd & 
Bruner, 1966). Although skewness was generally small and 
positive, occasional negative skewness was observed. The 
sedimentation rate of the center of mass of the entire distri- 
bution agreed within 2% with the rate obtained from the center 
of mass of the upper half-height. Taken together, these data 
demonstrate that the Gaussian assumption is a good approx- 
imation to the shape of the difference curves and that the active 
enzyme band is essentially monodisperse. 

The diffusion constant ( D )  of the active species was de- 
termined from AEC data as described under Materials and 
Methods (Figure 6). The results of seven analyses yielded 
D20,w = (5 f 1) X cm2 s-'. This compares to D20,w = 4 
X cm2 s-l for C12E8-solubilized monomeric Ca2+-ATPase 
not undergoing enzymatic cycling (le Maire et al., 1978). The 
particle molecular weight is related to the diffusion constant 
and the sedimentation rate constant by the Svedberg relation 
(Tanford, 1961). 

skTN 
D Mp(l - 4%) = - (4) 

The results of sedimentation velocity analysis of noncycling 
monomeric enzyme and AEC analysis are summarized in 
Table 11. The Mp calculated in Table I1 is relatively insensitive 
to b d  (a value of 0.3 g/g was used in the table); e.g., at  b d  = 
1, Mp is reduced by <7%. Additionally, the discrepancy be- 
tween D20,w for cycling and noncycling enzyme is not enough 
to change the interpretation (Le., with D20,w = 4 X cm2/s, 
AEC data yield Mp = 130000). The only consistent inter- 
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pretation is that activity sediments as a monomer. 

Discussion 
The central aim of this study was to unequivocally determine 

if the solubilized monomer possesses ATPase activity. 
Equilibrium and hydrodynamic analyses of C12E8-solubilized 
CaZf-ATPase demonstrate that this preparation is largely 
monomeric although upon solubilization there is initially a 
small (<30%) and variable amount of oligomeric species. 
Given the high specific activity of the solubilized and deli- 
pidated preparation, it is difficult to attribute the ATPase 
activity solely to the oligomer initially present after solubili- 
zation. For this to be true, the V,, of the solubilized oligomer 
would have to be >4-fold that of leaky vesicles. The possibility 
that monomeric ATPase oligomerizes during activity assays 
can be theoretically evaluated by considering the conditions 
of assay and what is currently known about the kinetics of 
protein-protein interactions. The solubilized preparation does 
not show any measurable time lag in achieving maximal 
ATPase velocity during assays. Therefore, substrate-induced 
oligomerization would have to be near completion (190%) 
within the 5-10-s mixing period prior to the recording of 
activity. If we consider a dimer to be the minimal functional 
unit and assume a simple second-order model of dimerization 
(Gutfreund, 1972), we conservatively estimate that the sec- 
ond-order diffusional rate constant for the monomer-monomer 
interaction would have to be >lo6 M-I s-l to prevent pro- 
duction of a time lag in the activity recording. This rate is 
beyond the currently accepted limits for diffusion-limited 
protein-protein interactions (Gutfreund, 1972). 

Active enzyme centrifugation analysis provides a direct assay 
of the molecular size of the active species. This method is 
particularly sensitive for the detection of the largest active 
particle. The C,,E8-so1ubilized dimer of Ca2+-ATPase is 
believed to have an s20,w value of 8-9 S (le Maire et al., 1978). 
A significantly heterogeneous population of active monomers 
and oligomers would have manifested itself as multiplicity of 
bands or produced a clear trend toward increased skewness 
of the activity bands during the course of an AEC experiment. 
Within the limits of the analysis, the symmetry and single 
component shape of the activity bands indicate that this sol- 
ubilized preparation contains only one active species. 

Sedimentation equilibrium of the total protein (A280) in- 
dicates that within 24 h of solubilization <20-30% of the 
preparation exists as an oligomer, best described as a tetramer. 
Continued storage of the preparation leads to more extensive 
aggregation. The initial tetrameric species may represent 
incompletely solubilized, undissociated enzyme since Ca2+- 
ATPase in SR vesicles often appears to be tetrameric (Van- 
derkooi et al., 1977; Pick & Racker, 1979; Scales & Inesi, 
1976). Alternatively, the tetramer may be the beginning of 
the more extensive aggregation which follows with storage. 
The aggregated forms of the protein do not sediment as active 
species, as discussed above, and are most likely comprised of 
inactive units since the specific activity of the preparation also 
decreases with storage. However, it is possible that some of 
the aggregated units dissociate to active monomers during 
active enzyme centrifugation as a result of either dilution or 
substrate-induced dissociation. 

The above diffusional rate constant calculations minimally 
suggest that a proposed substrate-dependent equilibrium be- 
tween monomer and oligomer would have to occur over a much 
shorter time span than that of a sedimentation velocity ex- 
periment. At any particular protein concentration, it is not 
possible by active enzyme sedimentation either to detect a rapid 
monomer - oligomer equilibrium or to determine which 
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species of that equilibrium is active (Llewellyn & Smith, 
1978). The obtained S value would be a weighted average of 
the sedimentation coefficients of the species at equilibrium, 
dependent upon protein concentration and the equilibrium 
constant. (The same limitations apply to molecular sieve 
chromatography in the presence of substrates.) If such an 
equilibria existed, a change in protein concentration would 
result in a change in the observed 3. Activity sedimented with 
a constant rate over a 6-fold protein concentration range. 
Therefore, within this concentration range, the active species 
of this solubilized and delipidated preparation does not behave 
as a reversibly associating system of monomers and oligomers. 
This does not preclude associating states at higher protein 
concentrations, but it does demonstrate that associated states 
are not required for ATPase activity. 

The molecular weight and dimensions of a sedimenting 
particle can be obtained from sedimentation data by using the 
diffusion constant (eq 4). We obtained an approximate Dzo,w 
from active enzyme centrifugation data which statistically 
overlapped with that reported for noncycling monomeric 
Ca2+-ATPase in C12E8 (le Maire et al., 1978). An error of 
f10% can be expected in the determination of D from AEC 
data (Cohen et al., 1967), and experimentally, our data had 
a greater error (&20%). It is noteworthy, however, that six 
out of seven AEC experiments yielded D20,w values above the 
range reported for noncycling enzyme. It is intriguing to 
consider that these data suggest there may be a real difference 
in particle size between cycling and noncycling monomers. 
Ca2+-ATPase exists in at  least two conformational states (E 
and E') during its enzymic cycle (de Meis & Vianna, 1979). 
Even a small conformational change in the protein during 
enzymatic cycling could result in altered levels of detergent 
binding and thus change the particle Stokes radius (Tanford 
et al., 1974). A change in detergent binding would also be 
consistent with observed losses in activity during cycling. We 
(data not shown) and others (Andersen et al., 1982) have 
concluded that this decrease in activity is due to a destabilized 
E' conformation of the C12E8-solubilized enzyme. The non- 
cycling enzyme is generally stabilized into the E conformation 
by saturating concentrations of Ca2+. A smaller particle size 
for cycling enzyme would be consistent with the E' confor- 
mation having a reduced level of C12E8 binding. However, 
differences in particle shape between the cycling and noncy- 
cling enzyme may arise directly from protein conformational 
changes. Recent data indicate that a substantial structural 
change occurs in vesicular Ca2+-ATPase upon induction of 
enzyme cycling by the addition of ATP and Ca2+ (Watanabe 
& Inesi, 1982). Further structural studies on cycling and 
noncycling enzymes will be needed to fully appreciate the 
significance of these observations. 

Using s20,w and D20,w obtained from active enzyme centri- 
fugation and 8d obtained with noncycling enzyme, we calculate 
an Mp which falls within the reported range for monomeric 
Ca2+-ATPase. A reduction in 8d for the cycling enzyme still 
yields a value for Mp within the monomer molecular weight 
range. Even if we use the D20,w reported for noncycling en- 
zyme, the Mp calculated from the active enzyme sedimentation 
rate constants can only be attributed to monomeric enzyme. 
The monomer must be ATPase active. These data leave two 
mechanistic options. Either the monomer possesses ATPase 
activity uncoupled from Ca2+ transport or the monomer is the 
minimal functional unit for ATPase activity and Ca2+ 
pumping. 

Arguing in favor of the latter conclusion, we recently re- 
ported (Martin, 1982) that the monomer can exist in states 
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analogous to those of vesicular enzyme, specifically E, E’, 
E-P, and E’-P, and that it can pass through these states 
reversibly with similar dependence on Ca2+ concentration. 
Others have shown that monomeric Ca*+-ATPase maintains 
cooperative Ca2+ activation of ATPase activity (le Maire et 
al., 1978; Andersen et al., 1982; Murphy et al., 1982) indi- 
cating that such interactions are intramolecular. Additionally, 
it was recently demonstrated that there is only one protein unit 
per active ATP binding site in SR vesicles (Andersen et al., 
1982). 

The above experiments extend the application of active 
enzyme centrifugation to detergent-solubilized membrane 
proteins. Data analysis is directly analogous to methods de- 
veloped with aqueous soluble proteins provided the effects of 
detergent and lipid binding are taken into account. This 
method offers distinct advantages for functional unit deter- 
minations over recently applied approaches of protein cross- 
linking and gel electrophoresis or column chromatography in 
the presence of substrate since in active enzyme centrifugation 
only the active species are monitored as opposed to the total 
protein. 
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