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Molecular Weights and Hydrophobicity of the Polypeptide Chain 
of Sarcoplasmic Reticulum Calcium( 11) Adenosine Triphosphatase 
and of Its Primary Tryptic Fragments? 

Lawrence J .  Rizzolo, Marc le Maire, Jacqueline A. Reynolds, and Charles Tanford*, 1 

ABSTRACT: The polypeptide chain of the Ca2+-stimulated 
adenosine triphosphatase from sarcoplasmic reticulum has a 
molecular weight of 11 9 000 f 6500 on the basis of sedimen- 
tation equilibrium measurements in sodium dodecyl sulfate. 
The two primary fragments obtained by limited proteolysis 
each have within experimental error the same molecular 

E s t i m a t e s  of the molecular weight of the polypeptide chain 
of the Ca2+-ATPasel of sarcoplasmic reticulum, based on 
sodium dodecyl sulfate gel electrophoresis, have ranged from 
90 000 to 115 000 (e.g., McFarland and Inesi, 1971; Louis and 
Shooter, 1972; Meissner et a]., 1973; Warren et al., 1974). 
Similar estimates for the primary trypsin cleavage products 
range from 52 000 to 60 000 for the slower moving electro- 
phoretic band (hereafter called fragment I) and from 45 000 
to 55 000 for the faster moving electrophoretic band (hereafter 
called fragment 11) (Thorley-Lawson and Green, 1973; Inesi 
and Scales, 1974; Louis et al., 1974; Stewart and MacLennan, 
( 1  974). We have observed a similar range of apparent mo- 
lecular weights, depending on whether the method of Fair- 
banks et al. (1971) or of Weber and Osborn (1969) is used, and 
on whether or not 6 M urea is included. Molecular weights 
estimated by this method are subject to considerable uncer- 
tainty, since correct results can be expected only if the poly- 
peptide under study interacts with sodium dodecyl sulfate in 
the same fashion as water-soluble proteins used as standards 
(Reynolds and Tanford, 1970b). Direct rather than empirical 
methods are required to obtain molecular weights of known 
reliability. Appropriate measurements for the intact (succin- 
ylated) polypeptide have been made by Hasselbach (1972), 
but agreement between different methods was poor, ranging 
from 94 000 (by osmotic pressure) to 130 000 (by sedimen- 
tation equilibrium). No direct measurements have been re- 
ported for the fragments. 

This paper presents the results of molecular weight mea- 
surements by sedimentation equilibrium. Disulfide bonds must 
be reduced and a dissociating solvent must be used if poly- 
peptide chain molecular weights are to be obtained, and we 
have employed sodium dodecyl sulfate for this purpose, as did 
Hasselbach in the measurements cited above. We also at- 
tempted to employ guanidine hydrochloride, but found that 
neither the intact chain nor the fragments could be dissociated 
to randomly coiled polypeptides in this solvent. This is, how- 
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weight, corresponding to one-half the molecular weight of the 
whole chain. Both fragments are equally resistant to complete 
denaturation by guanidine hydrochloride, a property charac- 
teristic of many intrinsic membrane proteins. This suggests 
that the native enzyme has two membrane-embedded halves, 
with an externally accessible link between them. 

ever, in itself an observation of considerable interest with im- 
plications for the overall structure of the ATPase. 

Separation of the primary tryptic cleavage products from 
each other was a necessary step in this investigation. We con- 
firmed the finding of Stewart (1975) that purification of the 
fragments can be achieved by hydroxylapatite chromatography 
in sodium dodecyl sulfate according to the procedure of Moss 
and Rosenblum (1972). It has since been shown that the 
fragments can also be separated by preparative gel electro- 
phoresis (Thorley-Lawson and Green, 1975). 

Experimental Section 
Materials. Sodium dodecyl sulfate was purchased from 

B.D.H. Chemicals Ltd. and was >99% homogeneous by gas- 
chromatographic analysis of the aliphatic alcohol produced 
by hydrolysis. Guanidine hydrochloride was obtained from 
Heico Co. Iodoacetamide and iodoacetic acid (Sigma) were 
recrystallized from hexane. Sodium deoxycholate (Fisher) was 
purified by charcoal treatment and recrystallized from 80% 
acetone. 35S-labeled sodium dodecyl sulfate was purchased 
from Amersham-Searle and [ ''C]phosphatidylcholine was 
obtained from New England Nuclear Co. Trypsin, which has 
been purified by affinity chromatography on a chicken ovo- 
mucoid column, was a gift of Dr. Neal Robinson. 

Purified ATPase vesicles were prepared by the method of 
Meissner et al. (1973). The samples were essentially identical 
to those described in a previous paper (le Maire et al., 1976) 
and contained about 78 mol of phospho1ipid/lO5 g of pro- 
tein. 

Preparation of ATPase Solutions. For measurements in 
DodS04, vesicles were dissolved in approximately 0.1 M 
DodS04 (weight ratio DodS04/protein > 2.5) and 0.1 M p- 
mercaptoethanol, and heated at 100 OC for 1-1.5 min. Free 
S H  groups were alkylated by adding 1.5 mol of iodoacet- 
amide/mol of P-mercaptoethanol, and incubating in the dark 
,at pH 9.0 and 20 OC. The reaction was stopped after 30 min 
by lowering the pH to 6.0. Trace amounts of [I4C]phosphati- 
dylcholine were added and the final solution was chromato- 
graphed on a Sepharose-4B column, preequilibrated and 
subsequently eluted with 3.4 mM DodSO4, 10 mM phosphate 
buffer (pH 7), 1 mM NaN3. The composition of this medium 
was designed to maximize DodS04 binding while remaining 
below the cmc of the detergent (Reynolds and Tanford, 
1970a): both binding measurements and ultracentrifugation 
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FIGURE I: Sodium dodecyl sulfate-hydrorylapatite chromatography of 
the primary tryptic cleavage fragments. A linear gradient 010.3-0.6 M 
phosphate buffer, pH 7.0, in 3.47 mM sodium dadecyl sulfate begins at 
tubc SO and ends at tube 180. Up to 40 mg of protein has been loaded on 
thc column with similar resolution. Trace amounts of ["Clphosphatid- 
ylcholine were added to mark the elution of phospholipid. 

experiments are facilitated if the presence of DodS04 micelles 
can be avoided. Fractions of the column eluate were analyzed 
for protein and DodS04 (see below) and the distribution of 
phospholipid was determined by following the radioactivity 
of the added tracer. Most of the lipid was found to becontained 
in DodS04-lipid micelles, but a small amount was incorpo- 
rated in the protein-DodS04 complexes, a t  a level of about 
0.05 g of lipid/g of protein. 

For measurements in guanidine hydrochloride, vesicles were 
dissolved and chromatographed in deoxycholate as previously 
described (le Maire et al.. 1976). No lipid is retained under 
these conditions. The eluted protein was diluted to bring the 
deoxycholate concentration below the cmc, and was then 
concentrated by ultrafiltration. Guanidine hydrochloride was 
added to a final concentration of 7 M, disulfide bonds were 
reduced and alkylated, and a final purification was achieved 
by chromatography on a Sepharose 4B column equilibrated 
with 6 or 7 M guanidine hydrochloride. (The sample used for 
circular dichroism measurements was a freshly reduced sample 
that had not been alkylated.) 

Preparation of Primary Tryptic Fragments. Trypsin 
cleavage was carried out essentially as described by previous 
investigators (Ikemoto et al., 1971: Thorley-Lawson and 
Green, 1973: Inesi and Scales, 1974). ATPase vesicle sus- 
pensions containing 5-40 mg of protein, a t  concentrations of 
1-5 mg/ml, were incubated for 5 min in 20 mM Tris-maleate 
(pH 7.0). 0.1 M NaCI, 1 M sucrose, and trypsin a t  a 4001 
protein/trypsin weight ratio. The reaction was stopped by 
adding an excess of p-nitrophenyl p-guanidino benzoate. The 
product was dissolved in 0.1 M DodSOa, 0.13 M P-mercap- 
toethanol, and heated for 2 min a t  100 "C. 

Crude separation of the fragments was achieved by chro- 
matography on 0.9 X 30 cm hydroxylapatite columns, essen- 
tially as described by Moss and Rosenblum (1972). A linear 
gradient of 0.3-0.6 M phosphate buffer, pH 7.0, in 3.4 mM 
DodSO4 (total volume 150 ml) was used for elution. This 
method was recommended to us by Dr. P. S. Stewart, who had 
previously used it for the same purpose (Stewart, 1975). We 
have observed that a fresh hydroxylapatite column has to be 
prepared for each use and that the resolution achieved varies 
from lot to lot. The crude fractions obtained by this method 
were dialyzed vs. 3.47 m M  DodS04 in 0.01 M phosphate 
buffer (pH 7) and reduced and alkylated with iodoacetamide. 
The samples were concentrated by pressure filtration and 
chromatographed on Bio-Gel A 1.5 m, in the same DodS04- 

ATPase lRf-0.17)-W- - 
Fragment I ( R q  * 0.331- 
Fragment E IRt - 0.361- 

A B C D E F G H  
FIGURE 2: Sodium dodecyl sulfate gel electrophoresis. (A) ATPase, re- 
duced and alkylated: (B-F) hydroxylapatite column: (B)  tube 80. (C) tube 
85, (D) tube 90, (E) tube 95. (F) tube 100 (G) fragment I .  purified as 
shown in Figure 3; (H) fragment I I .  purified as shown in Figure 4. IS-20 
pg of protein were loaded on each gel. The time of electrophoresis was not 
the Same for all gels: bands of similar R, (measured relative to the tracking 
dye) have been aligned. 

buffer medium. Fractions of the eluate were analyzed for 
protein and DodSO4 (see below) and their purity with respect 
to polypeptide chain composition was examined by DodSO4 
gel electrophoresis. 

For measurements in guanidine hydrochloride, DodS04 was 
removed by dialysis against 0.01 M phosphate buffer, which 
contained suspended mixed-bed ion-exchange resin to prevent 
buildup of the DodS04 concentration outside the dialysis bag. 
The fragments were then dialyzed against 6 M guanidine hy- 
drochloride, and were reduced and alkylated a second time. 

Protein Concentration. Column fractions were analyzed for 
protein by the method of Lowry et al. (1951), using BSA as the 
standard, and were corrected for the 1 .Zfold higher color yield 
reported for the ATPase by Hardwicke and Green (1974). 

Sodium Dodecyl Sulfate Binding. Column fractions were 
analyzed for DodS04 by the methylene blue method of Ray 
et al. (1966), or by use of 35S-labeled detergent (Reynolds and 
Simon, 1974). No radioactive lipid was present when the latter 
procedure was used. Binding of detergent to the protein was 
measured in terms of the excess DodSO4 associated with the 
protein peak essentially constant values across the peak were 
always obtained. 

Sedimenfaiion Equilibrium. Measurements were made with 
a Beckman Model E analytical ultracentrifuge equipped with 
photoelectric scanner, using appropriate fractions from the 
Sepharose 4B eluate. The results were corrected for bound 
detergent and lipid as described previously (Tanford et al., 
1974). The slope of a semilogarithmic plot of the data formally 
yields the quantity Mp(l - +'PI,  where Mp is the molecular 
weight of the protein component of the sedimenting particle 
(excluding bound solvent, detergent or lipid), 4' is the effective 
specific volume per g of protein, and p is the solvent density. 
The parameter @can be eliminated by the relation 

M P ( l  - +'PI = M P [ ( l  - GPO) + 6D(l - ODD) 

+ 6L(1 - 0LP)I (1)  

where 60 and 6~ represent bound detergent and lipid, respec- 
tively, in g/g of protein, and Bp, OD, and BL represent the partial 
specific volumes of pure protein, detergent, and lipid. Values 
of B p  were calculated on the basis of amino acid compositions 
(Thorley-Lawson and Green, 1975) by the method of Cohn 
and Edsall (1943). We obtained Op = 0.738 cm'/g for intact 
ATPase, identical to the measured value of Hasselbach (1972). 
Values of 0.737 and 0.736 cm'/g were obtained for fragments 
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FIGURE 3:  Gel filtration of fragment I. Pooled fractions from the hy- 
droxylapatite column were reduced and alkylated with iodoacetamide 
loaded on a Bio-Gel A 1.5-m column (1.5 X 180 cm) and eluted with 0.02 
M phosphate buffer, pH 7.0, in  3.47 mM sodium dodecyl sulfate. VO in-  
dicates the position of the void volume marker. 

I and 11, respectively. The partial specific volumes for DodS04 
(0.87 cm3/g) and phospholipid (0.975 cm3/g) were taken from 
Tanford et al, (1974), the latter being based on the lipid 
composition of ATPase vesicles given by MacLennan et ai. 
(1 97 1). The last term in eq 1 is in fact negligibly small, SO that 
the precise value of 6~ is not important. 

Other Methods. DodS04 gel electrophoresis was performed 
by the method of Weber and Osborn (1969). As noted in the 
Introduction we have a t  times employed alternate techniques. 
Fragments I and I1 were not resolved when the method of 
Fairbanks et  al. (1971) was used. Circular dichroism mea- 
surements were carried out using a Cary 60 spectropolarimeter 
with circular dichroism attachment. 

Results 
Purification of Fragments. The elution pattern from a hy- 

droxylapatite column is shown in Figure 1. All phospholipid 
is seen to elute ahead of the fragments, in fractions containing 
only small amounts of protein. Fractions were examined by 
DodS04 gel electrophoresis with the results shown in Figure 
2 .  The major component of the first principal protein peak is 
seen to be the slower moving of the two tryptic fragments 
(fragment I ) ;  the major component of the second peak is the 
faster moving tryptic fragment (fragment 11). The fragments 
are seen not to be resolved from uncleaved ATPase and sec- 
ondary trypsin cleavage products, and were further purified 
by gel chromatography, as described in the Experimental 
Section. Elution patterns are shown in Figures 3 and 4 and 
DodS04 gel electrophoretic patterns from fractions containing 
pure fragments are  shown in Figure 2.  

Sodium Dodecyl Sulfate Binding. As was noted in the Ex- 
perimental Section, conditions used in these experiments were 
chosen to maximize DodS04 binding while remaining below 
the cmc of the detergent. Full saturation of the protein by the 
detergent was not achieved under these conditions. Sodium 
dodecyl sulfate binding to the intact chain was determined 
using 35S-labeled sodium dodecyl sulfate to measure detergent 
concentration. Several measurements under the conditions of 
the ultracentrifuge experiments (3.47 m M  free DodSO4) 
yielded a binding level of 0.82 f 0.08 g of DodS04/g of pro- 
tein. At 2.8 1 mM free DodS04 the amount bound was 0.72 f 
0.03 g/g and a t  4.20 m M  free DodS04 it was 1.09 f 0.05 g/g. 
A few determinations were made using the methylene blue 
method for measuring detergent concentration and somewhat 
higher apparent binding was observed. The discrepancy 
probably arises from the presence of phospholipid in the pro- 

Tube Number  

b 
10 

FIGURE 4: Gel filtration of fragment 11: conditions as described in Figure 
3. As shown by Figure 2 (D-F), fraction 11 from the hydroxylapatite 
column was more heterogeneous than fraction 1. The purity of fragment 
I I  after gel filtration (tubes 86-95 were used) is indicated by Figure 
2 H .  

tein-detergent complexes, i.e., phospholipid may complex with 
methylene blue and be extracted into the organic phase along 
with DodS04. It is also possible that some protein may be ex- 
tracted and contribute to the color yield. Since the results using 
35S-labeled sodium dodecyl sulfate are unambiguous, the 
discrepancy does not affect the final result for the ATPase 
chain. 

Binding measurements for the fragments were made using 
the methylene blue method only. At  3.47 m M  free DodS04 
several measurements yielded 0.98 f 0.15 g of DodSOj/g of 
protein for fragment I and 1.07 f 0.17 g of DodS04/g of 
protein for fragment 11. Because no phospholipid is present in 
this case we are reasonably confident that the binding values 
obtained by the methylene blue method are correct. The higher 
binding observed (as compared to the intact chain a t  the same 
free DodS04 concentration) is not unreasonable because there 
is evidence for strong attraction between the fragments 
(Thorley-Lawson and Green, 1975), which may lead to the 
masking of hydrophobic surfaces in the intact chain. In  addi- 
tion, it is likely that the phospholipid bound in the ATPase- 
DodSOj complex replaces DodS04 that would be bound in the 
absence of lipid. The possible error in the binding measurement 
has in any event no significant effect on the molecular weight 
determination. If we were to assume that the fragments bind 
the same amount of DodS04 as the intact chain (0.82 g/g), the 
molecular weight values obtained would have been about 4000 
higher than those reported in Table I, and their sum would have 
exceeded the nominal value for the molecular weight of the 
intact chain. 

Binding to the intact ATPase at  3.47 m M  free DodS04 was 
also measured a t  a higher ionic strength (33 m M  phosphate 
instead of 10 mM),  a t  which this detergent concentration is 
above rather than below the cmc. A binding ratio of about 1.3 
g of DodS04/g of protein was obtained and retention of 
phospholipid in the ATPase-detergent complexes was no 
longer observed. This suggests that the internal cohesion be- 
tween hydrophobic surfaces is disrupted above the cmc of the 
detergent. The result is of interest in view of the fact that the 
separation of fragments on hydroxylapatite is also carried out 
a t  3.47 mM DodS04. The concentration of phosphate buffer 
in this procedure is 0.3-0.6 M. 

Sedimentation Equilibrium. Ten or more measurements 
were made for each sample, over a range of initial protein 
concentrations and rotor speeds. Linear equilibrium plots were 
obtained under all conditions, except when the highest rotor 
speed and highest protein concentration were used simulta- 
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I KI. 5: Circular dichroism spectra of reduced and alkylated proteins 
in  6 .V guanidine hydrochloride. The points represent measurements for 
intiicl ATPase ( 0 ) .  fragment I ( A ) ,  and fragment I 1  (0): because low 
protcin concentrations were used, differences between the samples are 
w i t h i n  experimental uncertainty. The curve for bovine serum albumin 
(BSA) I S  taken from Kozaki et al. (1974). 

neously, under which conditions a slight decrease in slope near 
the bottom of the cell, reflecting thermodynamic nonideality, 
was observed. We conclude that each sample was homoge- 
neous, with no tendency to aggregate a t  high protein concen- 
tration or to dissociate to species of lower molecular weight a t  
low protein concentration. Results are summarized in Table 
I .  

Experiments in Guanidine Hydrochloride. Sedimentation 
equilibrium experiments were performed in 6 M guanidine 
hydrochloride, after reduction of disulfide bonds by di- 
thiothreitol and alkylation of S H  groups by iodoacetamide. 
Curved plots were obtained, indicative of considerable 
aggregation. The slope near the middle of the solution column 
yielded a weight-average molecular weight of about 300 000 
for the intact ATPase and values of about 140 000 for the two 
fragments. Using iodoacetate as alkylating agent in place of 
iodoacetamide had no effect. 

Circular dichroism spectra. shown in Figure 5, demonstrate 
that secondary structure is retained under these conditions. The 
spectra are clearly incompatible with the C D  spectrum of a 
randomly coiled polypeptide, an example of the latter being 
included in the figure for comparison. The strong absorbance 
of guanidine hydrochloride precludes measurements below 2 15 
nm, and the small differences between the results for intact 
ATPase and the fragments above that wavelength are within 
experimental error. I f  the results are compared with those 
obtained for polylysine in defined conformations (Greenfield 
and Fasman. 1969), u e  would judge about 60% of the ATPase 

polypeptide or its fragments to be randomly coiled, the re- 
mainder (presumably reflecting the chain segments where 
association occurs) being more likely predominantly in a 
conformation than in an a-helical conformation. 

When the reduced ATPase chain in 6 or 7 M guanidine 
hydrochloride is subjected to gel chromatography on Sepharose 
4B, after calibration by the procedure of Fish et al. (1969),' 
an  apparent "molecular weight" of 150 000 is obtained. This 
result obviously has no significance whatsoever for a poly- 
peptide chain that has not assumed the random-coil confor- 
mation in this solvent. 

Discussion 
The molecular weight of the ATPase polypeptide chain 

determined in this investigation is at  the upper limit of the 
broad range given by previous measurements (Hasselbach, 
1972) or by the estimates from sodium dodecyl sulfate gel 
electrophoresis that were cited in the Introduction. The pri- 
mary tryptic fragments have identical molecular weights 
within experimental error, and their sum accounts for the total 
molecular weight of the intact polypeptide. If  more than one 
peptide bond is accessible to the action of trypsin, leading to 
deletion of a segment of polypeptide during proteolysis, the 
deleted segment would have to be very small. The same con- 
clusion is reached from the good agreement between the sum 
of the amino acid compositions of the fragments and the overall 
composition of the ATPase (Thorley-Lawson and Green, 
1975). 

The reduced ATPase polypeptide chain and both fragments 
*ere found to be resistant to  complete denaturation by gua- 
nidine hydrochloride: aggregation occurred in this normally 
dissociating solvent and optical measurements demonstrated 
retention of folded regions of the polypeptide backbone. This 
phenomenon is rare among water-soluble proteins (Tan ford, 
I968), and we have observed in this laboratory that complete 
unfolding and disaggregation also occurs for the apoproteins 
of serum lipoproteins (Smith et al., 1972; and unpublished data 
for HDL) and for the peripheral membrane protein. spectrin 
(Gwynne and Tanford. 1970). On the other hand, resistance 
to denaturation by guanidine h>,drochloride may be a char- 
acteristic of most intrinsic membrane protein (Steck and Yu, 
1973). We have observed such resistance in two membrane- 
associated proteins that have extended sequences of hydro- 
phobic amino acid residues, namely the major erythrocyte 
glycoprotein (Segrest et al., 1972; Tomita and Marchesi, 1975) 
and the coat protein from a filamentous bacteriophage of the 
fd class (Nakashima and Konigsberg, 1974). Resistance to 
guanidine hydrochloride denaturation may prove to be diag- 

These experiments were carried out in collaboration with Dr. Jesper 
- 

I Lloller 
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nostic for hydrophobic sequences of this type: it is known that 
segments of polyleucine and polyphenylalanine that are in- 
corporated into water-soluble polypeptides are not denatured 
by guanidine hydrochloride (Sage and Fasman, 1966; Auer 
and Doty, 1966). 

It is of interest that bothfragments of the ATPase behave 
as intrinsic membrane polypeptides by this criterion, suggesting 
that the native ATPase may have two membrane-embedded 
halves, with an external link, accessible to the action of trypsin, 
between them. The situation is in sharp contrast to that found 
for the well-characterized membrane protein cytochrome bg, 
where tryptic cleavage leads to formation of two very different 
fragments, one highly polar and water-soluble and the other 
hydrophobic and containing the membrane-combining region 
of the native protein (Spatz and Strittmatter, 1971; Visser et 
al., 1975). Each ATPase fragment is of course much larger 
than the entire cytochrome bS molecule. Fragment I is known 
to be split into two smaller fragments when the action of trypsin 
is prolonged beyond the period required for the primary scis- 
sion (Thorley-Lawson and Green, 1973; Inesi and Scales, 
1974). I t  is likely that both fragments I and I1 will ultimately 
prove to contain polar and hydrophobic subdomains. 

Added in Proof 
Stewart et al. (1976) published a detailed report on tryptic 

fragments of the Ca2+ ATPase after the present paper was 
submitted for publication. By use of quite different (and partly 
more direct) procedures they also conclude that both fragments 
I and I1 include membrane-embedded portions of the ATPase 
polypeptide, and they provide additional data suggesting that 
fragment I1 is less accessible from the outer surface of the 
sarcoplasmic reticulum membrane than fragment I. They used 
a slightly different procedure to obtain pure primary fragments 
in that their molecular sieving step preceded hydroxylapatite 
chromatography, whereas we used the reverse order. Stewart 
et al. assigned nominal molecular weights of 55 000 and 
45 000, respectively, to fragments I and 11, basing these as- 
signments on sodium dodecyl sulfate gel electrophoretic 
mobilities. 
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