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Summary. Tryptic peptides of Ca-ATPase in Et and E2 confor- 
mational states (Andersen, J. P., JCrgensen, P. L. ,  J. Membrane  
Biol. 88:187-198 (1985)) have been isolated by size exclusion 
high performance liquid chromatography in sodium dodecyl sul- 
fate. This permitted unambiguous localization of a conforma- 
tional sensitive tryptic split at Arg 198 by N-terminal amino acid 
sequence analysis. Other splits at Arg 505 and at Arg 819-Lys 825 
were insensitive to Ez-E2 transitions. Tryptic cleavage of Ca- 
ATPase after phosphorylation by inorganic phosphate showed 
that this enzyme form has a conformation similar to that of the 
vanadate-bound E2 state, both in membranous and in soluble 
monomeric Ca-ATPase. 

Hydrophobic labeling of Ca-ATPase in sarcoplasmic reticu- 
lum vesicles with the photoactivable reagent trifluoromethyl- 
[lZSI]iodophenyl-diazirine indicated that E2 and E2V states are 
more exposed to the membrane phase than E~ and E~P (Ca 2+- 
occluded) states. The preferential hydrophobic labeling in E2 
forms was found to be localized in the A~ tryptic fragment. 
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amino acid residues involved remain to be identified 
[27]. An intriguing problem is whether Ca 2+ transio- 
cation involves movement of the cytoplasmic part 
of the peptide chain into the lipid bilayer [5]. 

In the present investigation we have located the 
conformational changes monitored by tryptic cleav- 
age in the primary structure by comparison of N- 
terminal sequences of tryptic peptides with the 
complete amino acid sequence [6, 21]. The previous 
characterization of tryptic cleavage patterns of the 
phosphorylated intermediates of Ca-ATPase [1] has 
been completed by examination of the effect of 
phosphorylation with Pi- In addition we have stud- 
ied the exposure of Ca-ATPase in the various con- 
formational states to hydrophobic labeling with the 
photoactivable reagent trifluoromethyl-[125I]iodo - 
phenyldiazirine (TID) 1 [7, 17]. Our data indicate 
that the E1P-EzP transition is accompanied by redis- 
tribution of protein mass corresponding to part of 
the A1 fragment from the cytoplasmic surface to the 
membrane phase. 

Introduction 

Physiological relaxation of myofibrils in muscle is 
induced by ATP-driven active transport of Ca 2§ 
across the sarcoplasmic reticulum membrane [13]. 
Isolation and reconstitution of the Ca2+-pump pro- 
tein (Ca-ATPase) [20, 29] has permitted structural 
resolution of the Ca 2§ transport process at the mo- 
lecular level. Conformational transitions in Ca- 
ATPase protein related to energy transduction and 
Ca 2§ translocation can be monitored by proteolytic 
cleavage, both in the purified membrane-bound 
state and in detergent solubilized monomeric prepa- 
rations [1, 2]. The exact nature of these structure 
changes and their extent in terms of the number of 

Materials and Methods 

Sarcoplasmic reticulum vesicles and purified Ca-ATPase mem- 
branes were prepared as in [4]. Tryptic digestion was carried out 
as previously [1] at 0,5 mg Ca-ATPase protein/ml, 25 ttg trypsin/ 
ml and varying buffer conditions: 50 mM Tes/Tris (pH 8.0) 1, 30 

1 Abbreviations: Tes, N-(tris-[hydroxymethyl]methyl-2- 
amino)ethane sulfonic acid; EGTA, ethyleneglycol bis (/3-ami- 
noethyl ether)-N,N,N',N'-tetraacetic acid; C~2E8, octhaethyl- 
eneglycol monododecyl ether; HPLC, high performance liquid 
chromatography; DTT, dithiothreitol; NaDodSO4, sodium dode- 
cyl sulfate; PTH, phenylthiohydantoin; [zz~I]TID, 3-trifluoro- 
methyl-3-(m[X25I]iodophenyl)diazirine; EP, phosphorylated Ca- 
ATPase; E1 and Ez, major conformational states of Ca-ATPase; 
P~, inorganic phosphate. 
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mN NaC1, or 20 mM Tes (pH 7.0), 100 mM NaC1, or 100 mM Tes/ 
Tris (pH 7.0) with further additions of CaCI2, MgC12, EGTA, 
Tris phosphate, Na3VO4, Cx2Es, dimethylsulfoxide and glycerol 
as indicated. Tryptic peptides were analyzed by gel electropho- 
resis in 5-15% gradient slab gels prepared by a modification of the 
Laemmli procedure [1]. Phosphorylated peptides were also pre- 
pared as in ref. [1]. 

High performance gel permeation chromatography was car- 
fled out at 20~ in TSK G 3000 SW columns (Toyo Soda), and 
absorbance in eluted fractions was read at 226 nm. Trypsin and 
trypsin inhibitor were removed from the digested sample by one 
passage through the column equilibrated with 0.5 mg Ct2Es/ml, 
0.1 M NaC1, 20 mM Tes (pH 7.0) and 5 mM DTT. Tryptic peptides 
were then separated by a second passage in the presence of 1% 
NaDodSO4 and 100 mN NaAcetate (pH 4.5). For detection of 
phosphorylation from [y32p]ATP the first chromatography was 
omitted. 

Amino acid sequences of the separated peptides were deter- 
mined using an Applied Biosystems Model 470A gas phase Pro- 
tein Sequencer, essentially as described by Hewick et al. [15]. 
PTH amino acids were analyzed by reverse-phase HPLC, using 
a Waters Nova-Pak column and the gradient elution system de- 
scribed in Waters Associates Applications Brief *M3500. A Wa- 
ters HPLC system including two M510 pumps, a WISP 710B 
autoinjector, and a M440 dual channel absorbance detector was 
used. The detector was set to measure the sum of the absor- 
bances at 254 nm (for quantitative measurement of PTH amino 
acids) and 313 nm (for qualitative detection of breakdown prod- 
ucts of PTH-Ser and PTH-Thr). The recovery of PTH amino 
acids at each cycle was measured with an integrative recorder 
(Waters M730 Data Module). PTH-Ser and PTH-Thr were usu- 
ally obtained in low yields and sometimes were not detectable at 
all; they could always be identified, however, from the appear- 
ance of breakdown peaks which absorbed at 313 nm. PTH-Arg 
and PTH-His were also often recovered in low yields. 

Photolabeling with the hydrophobic carbene precursor 
[I25I]TID (Amersham, 10 Ci/mmol) followed the general proce- 
dure described by Hoppe et al. [17] for F~FoATP synthase. Fol- 
lowing equilibration of sarcoplasmic reticulum membranes (1 mg 
protein/ml) with [125I]TID (1-2/zCi/ml) for 30 min at 20~ in the 
dark in 20 mM Tes (pH 7.0), 0.1 M NaC1, the sample was divided 
into four aliquots, which were further incubated for 4 hr in the 
dark in presence of either 0.2 mM CaC12, 5 mM MgClz, 0.8 mM 
CrATP (A), 0.2 mM CaClz, 5 mM MgCI2 (B), 2.0 mM EGTA, 5 
mM MgC12 (C) or 2.0 mM EGTA, 5 mM MgC12, 1.0 mM 
Na3VO4(50/~M in some experiments) (D). Photolysis of samples 
was carried out in a Perkin Elmer MPF 44A spectrofluorometer 
equipped with a 250 W Xenon lamp at 360 nm (bandwidth 20 nm) 
in a l-cm quartz cuvette for 40 min (3-ml sample) or 15 min (1-ml 
sample) at 20~ Time studies showed that these exposure times 
resulted in maximum incorporation of [~-~q]T1D in membrane 
components. In order to remove unbound radioactivity, the 
membranes were washed once in 20 mM Tes (pH 7.0), 0.1 M 
NaC1, 0.5 mM CaC12 in the presence of 1% albumin, and once in 
the same buffer without albumin. Following solubilization in 
C~2E8, the labeled protein was separated from membrane lipids 
and lipid-bound label (approx. 90% of all bound label) by the 
previously described ionic exchange chromatography in the 
presence of CI2E8 [3]. The eluate was analyzed for protein con- 
tent by the Lowry method and for 1251 radioactivity by y-scintilla- 
tion counting. In some experiments [125IlTID labeling of tryptic 
peptides was studied. The washed membranes were then di- 
gested for 15 min in 20 mM Tes (pH 7.0), 100 mM NaC1, 0.5 mM 
CaCI2 at the same Ca-ATPase/trypsin concentration ratio as de- 

scribed above. The digested samples were solubilized by C~2E8 
and delipidated by ionic exchange chromatography in the pres- 
ence of 5 mM DTT, and were then subjected to HPLC in 
NaDodSO4. 

The monomeric state of C~2E8 solubilized Ca-ATPase was 
tested by large zone HPLC and analytical ultracentrifugation [4]. 

Results 

W e  p r e v i o u s l y  s h o w e d  tha t  El-E2 c o n f o r m a t i o n a l  
t r ans i t i ons  in C a - A T P a s e  can  be m o n i t o r e d  by  
c h a n g e s  in t r yp t i c  c l e a v a g e  pa t t e rn .  H o w e v e r ,  lo- 
ca l i za t ion  o f  c o n f o r m a t i o n - s e n s i t i v e  t ryp t i c  spl i ts  
was  a m b i g u o u s  due  to  the  p r e s e n c e  o f  a n u m b e r  o f  
s e c o n d a r y  c l e a v a g e  p r o d u c t s  wi th  s imi la r  migra t ion  
v e l o c i t y  on  N a D o d S O 4  p o l y a c r y l a m i d e  gels [1]. In  
o r d e r  to i den t i fy  o p t i m u m  c ond i t i ons  for  i so la t ion  o f  
t r yp t i c  f r a g m e n t s  for  N - t e r m i n a l  a m i n o  ac id  se- 
q u e n c e  d e t e r m i n a t i o n ,  we  have  s tud ied  t ryp t i c  
c l e a v a g e  in v a r i o u s  bu f fe r  s y s t e m s .  F igu re  1, l anes  
1-4, s h o w s  tha t  the  t r y p t i c  c l e a v a g e  p a t t e r n s  o f  Ca-  
A T P a s e  m e m b r a n e s  at  p H  7.0, 0.1 M NaCI  are  simi- 
l a r  to  t h o s e  o b s e r v e d  p r e v i o u s l y  at  p H  8.0, 0.03 M 
N a C I  [1]. I and  H ind ica t e  the  two  s e c o n d a r y  c leav-  
age  p r o d u c t s  p r e v i o u s l y  d e s i g n a t e d  AI and N(,  re- 
spec t i ve ly .  In  the  p r e s e n c e  o f  Ca  2+ to sa tu ra te  high 
aff ini ty  b ind ing  s i tes ,  f r a g m e n t  H is f o r m e d  at a 
h igher  ra te  than  in the  a b s e n c e  o f  Ca  2+. By c o n t r a s t  
f r a g m e n t  I is p r o d u c e d  a p p r o x i m a t e l y  at  the  s ame  
ra tes  wi th  and wi thou t  Ca  2+. A 22-kDa  f r agmen t  
(llI) a p p e a r s  on  the gel s i m u l t a n e o u s l y  with H and 
is no t  o b s e r v e d  when  I is p r e s e n t  wi thou t  H. 

To d i s t i ngu i sh  t h e s e  f r a gme n t s ,  the i r  ab i l i ty  to 
be  p h o s p h o r y l a t e d  f rom [y32p]ATP was  s tud ied  by  
gel  p e r m e a t i o n  H P L C  ( T S K  G 3000 S W  co lumn)  in 
the  p r e s e n c e  o f  1% N a D o d S O 4  at p H  4.5 a f te r  t ryp-  
t ic  c l e a v a g e  for  1 and  20 rain in the  p r e s e n c e  o f  
C a  2+. E lu t i on  p a t t e r n s  a f te r  p h o s p h o r y l a t i o n  and 
ac id  d e n a t u r a t i o n  a re  s h o w n  in Fig .  2. F r a g m e n t  I is 
p r e s e n t  on ly  in the  ini t ia l  p h a s e  o f  d iges t ion .  A f t e r  1 
min  a h e t e r o g e n e o u s  p e a k  is o b s e r v e d  c o r r e s p o n d -  
ing to  f r agmen t s  1/H, w h e r e a s  a h o m o g e n o u s  p e a k  
( f r agmen t  H )  is s een  a f te r  20 rain d iges t ion  (cf. Fig.  
1, l ane  3) .  32p r a d i o a c t i v i t y  is a s s o c i a t e d  e x c l u s i v e l y  
wi th  H.  T h e r e f o r e  on ly  this  f r a g m e n t  and  not  I con-  
ta ins  the  p h o s p h o r y l a t e d  A s p  351. 

F r a g m e n t  I c an  be  a c c u m u l a t e d  by  t ryp t i c  
c l e a v a g e  o f  d e t e r g e n t  so lub i l i zed  C a - A T P a s e  in the  
p r e s e n c e  o f  v a n a d a t e  at  p H  8.0 and  r e l a t i ve ly  low 
ionic  s t r eng th  (30 mM NaCI)  (Fig.  I ,  l ane  6).  By 
c o n t r a s t ,  v a n a d a t e  r e d u c e s  the  ra te  o f  f o r m a t i o n  o f  
bo th  I and  H in m e m b r a n e - b o u n d  C a - A T P a s e  [1] 
and  in the  so lub le  m o n o m e r i c  e n z y m e  at  p H  7.0, 0.1 
M N a C I  (Fig.  1, l ane  5).  The  c l e a v a g e  p a t t e r n  o f  the  
so lub le  e n z y m e  in the  p r e s e n c e  o f  Ca  2+ (El  form)  is 
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Fig. 1. Tryptic cleavage of Ca-ATPase in different ionic media. Lane 1: Ca-ATPase membranes in 20 mM Tes (pH 7.0), 0. l M NaCl, 0.5 
mM CaCI2, tryptic digestion for 1 rain. Lane 2: Ca-ATPase membranes in 20 mM Tes (pH 7.0), 0.1 M NaCI, 1.0 mM EGTA, tryptic 
digestion for 1 min. Lane 3: as lane 1, but tryptic digestion for 10 min. Lane 4: as lane 2, but tryptic digestion for 10 min. Lane 5: soluble 
monomeric Ca-ATPase in 20 mM Tes (pH 7.0), 0.1 M NaCI, 1.0 mM EGTA, 5 mM MgCI> 0.5 mM Na3VO4, 5 mg C~zEs/ml, tryptic 
digestion for 10 min. Lane 6: soluble monomeric Ca-ATPase in 50 mM Tes/Tirs (pH 8.0), 0.03 M NaCI, 1.0 mM EGTA, 5 mM MgCI_,, 0.5 
mM Na3VO4, 5 mg C~2EJml, tryptic digestion for 10 rain. Lane 7: soluble monomeric Ca-ATPase in 20 mM Tes (pH 7.0), 0.1 M NaCI, 
0.5 mM CaCI2, 5 mg C~2Es/ml, tryptic digestion for 10 min. Lane 8: soluble monomeric Ca-ATPase in 50 mM Tes/Tris (pH 8.0), 0.03 M 
NaCI, 0.5 mM CaCI2, 5 mg Ct2Es/ml, tryptic digestion for 10 rain 

little affected by pH and ionic strength (Fig. 1, lanes 
7-8). For preparation of either fragment I or H in 
high yield we used the conditions of Fig. 1, lanes 6 
and 8, respectively. To avoid contamination with 
trypsin and trypsin inhibitor the digested samples 
were passed through a HPLC column in the pres- 
ence of C12E8. After this passage the collected Ca- 
ATPase peak was treated with 1% NaDodSO4 to 
dissociate the tryptic fragments and then applied 
to another HPLC column equilibrated with 
NaDodSO4. The elution patterns shown in Fig. 3 
correspond to soluble Ca-ATPase digested for 30 
rain in presence of EGTA + Mg 2+ + vanadate or in 
the presence of Ca 2+. The first peak contains both A 
and B chains, but in each case the following two 
peaks represent highly purified fragments (I, H, III 
and IV) as evidenced by gel electrophoresis of col- 
lected fractions (Fig. 4). 

Sequence data obtained for fragments I, H and 
IV are shown in Table 1. These are in excellent 
agreement with the data for the complete amino 
acid sequence deduced by MacLennan and cowork- 
ers from the nucleotide sequence of cloned cDNA 
[6]. Our results indicate the assignment of the tryp- 
tic fragments shown in Fig. 5. H and III are identical 
to the A1 and A2 fragments found previously to be 
derived from the N-terminal half of the Ca-ATPase 
polypeptide chain by cleavage at Arg 198 (T2 site) 
[6, 22]. Fragment I is derived from the C-terminal 
half (B) in accordance with the lack of phosphory- 
lation of I. The secondary cleavage of B giving rise 
to fragment I (which we propose designated as B1 ) 
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Fig. 2. Phosphorylat ion of  tryptic peptides of Ca-ATPase from 
[7~2P]ATP. Ca-ATPase membranes were digested (I or 20 min) 
and phosphorylated from [y3zp]ATP in the presence of  0.5 mM 
CaC12, 10 mM MgC12, 50 mM Tes/Tris (pH 8.0), 30 m s  NaC1. 
After washing of  acid denatured protein, 1% NaDodSO4 was 
added, and 500/zl of the sample were injected into the HPLC 
column and eluted with 1% NaDodSO4, 0.1 M Na acetate (pH 
4.5). The absorbance,  as monitored continuously at 226 nm, is 
shown together  with radioactivity in eluted fractions (columns) 
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Fig. 3. Isolation of tryptic peptides of Ca-ATPase for N-terminal 
sequence determination. Ca-ATPase was solubilized by 5 mg 
Cl2Es/ml in 50 mM Tes/Tris (pH 8.0), 30 mM NaC1, 10 mM MgCI2 
and either 1.0 mM EGTA + 0.5 mM Na3VO4 or 0.5 mM CaC12, 
and digested for 30 rain with trypsin. After addition of trypsin 
inhibitor the sample was subjected to two consecutive HPLC 
runs as described in Materials and Methods. The latter, con- 
ducted in presence of 1% NaDodSO4, 100 mM Na acetate is 
shown. Peak fractions were collected and used for sequence 
determination and electrophoresis (Fig. 4) 

A/B I IV A/B II III 

Table 1. Sequence data for fragments of Ca-ATPase isolated 
after tryptic cleavage 

1 II IV 
Residue pmol Residue pmol Residue pmol 

Ala 174 Ala 77 Ser 37 
Ala 169 Val 53 Leu 169 
Val 199 Asn 58 Pro 80 
Gly 133 Gin 74 Ser n.q. 
Asn 100 Asp 52 Val I I 1 
Lys 131 Lys 58 Glu 76 
Met 139 Lys 60 Thr n.q. 
Phe 137 Asn 52 Leu 126 
Val 92 Met 40 Gly 88 
Lys 126 Leu 57 Cys n.q. 
Gly 146 Phe 42 Thr n.q. 
Ala 106 Ser n.q. Ser n.q. 
Pro 113 Gly 36 Val 50 
Glu 153 Thr n.q. lie 44 

Yields are expressed in pmol of PTH amino acids for each cycle 
determined by HPLC analysis as described in Materials and 
Methods. n.q., not quantified. 

198 334 505 819-825 
N I I ,  I I C 

p IV 

I l l  I I  I 

Fig. 5. Assignment of the tryptic fragments based on the se- 
quence data (Table 1). The cleavage site at Arg 198 is protected 
in E2 forms. The site in the C-terminal half of the B fragment is 
defined within the limits ofArg 819-Lys 825 (see text). The phos- 
phorylated residue (Asp 351) is indicated by P 

1 2 3 4 5 6 7 8 

Fig. 4. Electrophoretic analysis of purity of tryptic fragments 
isolated by HPLC in NaDodSO4. Lanes 1-4: Peaks from the 
HPLC shown in the upper half of Fig. 3. Lanes 5-8: Peaks from 
the HPLC shown in the lower half of Fig. 3 

is localized at either Arg 819, Arg 822, Lys 825, or 
Arg 836, based on the molecular mass determined 
by NaDodSO4 polyacrylamide gel electrophoresis. 
Since Arg 836 belongs to a putative transmembrane 
segment, the former three bonds are the more likely 

candidates as cleavage sites. Fragment IV is seen to 
be derived from A by a split close to the phosphory- 
lated Asp 351. This split is only observed after pro- 
longed incubation with trypsin at alkaline pH and 
low ionic strength in the presence of detergent, and 
it may represent partial denaturation of the protein. 

The data of Fig. 1 suggest that complete protec- 
tion of the T2 cleavage site in absence of Ca 2+ re- 
quires stabilizing binding of a ligand such as vana- 
date. In Fig. 6 we have examined the effect of 
inorganic phosphate, which reacts with E2 to form 
E2P at pH 7.0 in the presence of dimethylsulfoxide 
or glycerol [23]. Membrane-bound as well as soluble 
monomeric Ca-ATPase have been treated with tryp- 
sin for 15 min with and without phosphate or vana- 
date. During this relatively long incubation time 
appreciable amounts of Az and A2 fragments ac- 
cumulate in the absence of both Ca 2+ and 
phosphate/vanadate. It is seen that phosphorylation 
with Pi provides an almost complete protection of 
the T2 site for membrane-bound Ca-ATPase similar 
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Ca2+-ATPase 

1 2 3 4 5 6 

A 
B 
B1 
A1 

A2 

Fig. 6. Effect of phosphorylation with P~ on 
tryptic cleavage patterns. Lanes 1-3: Ca-ATPase 
membranes in presence of 20% dimethylsulfoxide. 
Lanes 4-6: soluble Ca-ATPase in presence 
of 5 mg C12E8/ml and 30% glycerol. In addition 
the media contained 100 mM Tes/Tris (pH 7.0), 
2.0 mM EGTA, 10 mM MgCI2 with 10 mM Tris 
phosphate (lanes 2 and 5) or 0.1 mM Na3VO4 
(lanes 3 and 6). Tryptic digestion was performed 
for 15 min 

to the protection induced by binding of vanadate. 
For soluble monomeric Ca-ATPase the unliganded 
E2 form is unstable except in the presence of glyc- 
erol. Therefore we have used 30% glycerol to pro- 
mote phosphorylation in this case. Large zone 
HPLC indicates that inclusion of this component in 
the medium does not affect the monomeric state of 
the protein. Phosphorylation with P~ is less com- 
plete in glycerol than in dimethylsuifoxide [23]. 
However, it is evident from Fig. 6 that the T: cleav- 
age site on the phosphorylated soluble monomer is 
protected relative to the site on the unliganded solu- 
ble enzyme in agreement with other data showing 
that soluble monomeric Ca-ATPase undergoes the 
same conformation transitions as the membrane- 
bound enzyme during the catalytic cycle [2, 4, 9, 24, 
27, 28]. 

The disappearance of the Y2 cleavage site in EzP 
suggests that segments of the peptide chain in the 
N-terminal half are protected from the aqueous 
phase in this conformation. In order to see whether 
there is a redistribution of protein mass into the 
membrane phase we have labeled Ca-ATPase in 
sarcoplasmic reticulum membranes with the hydro- 
phobic photoactivable reagent trifluoromethyl[~25I] 
iodophenyldiazirine (TID) under various conditions 
giving rise to different conformational states. In or- 
der to obtain a stable Ca2+-occluded EIP form the 
enzyme was phosphorylated for 4 hr with CrATP 
[28]. The tryptic cleavage pattern of this EIP form is 
identical to that observed for E1 (T2 site exposed). 
Alternatively, a stable E2 form was induced by bind- 
ing of vanadate. It is evident from Table 2 that E~ 
and E1P forms of the peptide chain are less exposed 
to the label than E2 and E2V. The most significant 
difference is between E1P and E~V with 19% more 
labeling in E2V. When 50 ~M vanadate was used a 

~6600- + 

F r a c t i o n  n o .  

0.14 

008~ ~ 

. . . . . .  6 ~ '~ 

Fig. 7. Effect of E~-E2 transition on hydrophobic photolabeling 
of tryptic peptides of Ca-ATPase. Sarcoplasmic reticulum vesi- 
cles were labeled with [~25I]TID and further processed as de- 
scribed in Materials and Methods. One ml delipidated and di- 
gested protein was injected into the HPLC column. (+), protein 
concentration; (O), ~25I radioactivity in the sample labeled with 
[~25I]TID in the presence of vanadate; (�9 ratio between specific 
labeling (counts per mg protein) in the two samples (E2V relative 
to EIP) 

similar result was obtained as with 1.0 mM (121% 
labeling). 

Figure 7 shows the labeling pattern with TID 
after digestion with trypsin and separation of the 
Ca-ATPase fragments by HPLC following the pro- 
cedure in Fig. 2. The protein was labeled either in 
the EIP form or in E2V, and was digested in the 
presence of Ca 2+ in both cases. The HPLC elution 
patterns of the two samples were identical. The one 
corresponding to labeling in presence of vanadate is 
shown in Fig. 7 together with the ratio of specific 
labeling calculated from the combined data of the 
two experiments. It is seen that the 19% relative 
increase in specific labeling of the total peptide 
chain observed for EzV (Table 2) can be accounted 
for by a 70% increase in labeling of the A1 fragment. 
By contrast the A2 fragment does not show prefer- 
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Table 2. Reaction of  [L~51]TID with various conformational  
s tates  of  Ca-ATPase  in sarcoplasmic ret iculum vesicles 

Ligands present  a Predominant  Relative 
conformational  [t251]labelingb 

state 

Ca 2+ + CrATP (A) EIP 100% 
Ca 2+ (B) El 104 • 6 (n = 4) c 
EGTA (C) E2 114 + 5 (n = 4) 
EGTA + vanadate  (D) E2V 119 • 4 ( n -  6) 

Photolabeling of sarcoplasmic ret iculum with [~2~I]TID and delip- 
idation was performed as described in Materials and Methods.  
a Let ters  in parentheses  refer to the condition detailed in Mate- 
rials and Methods.  
b Calculated as percentage of  the labeling in condition (A) (aver- 
age of  6 experiments) .  
c Average  • SD. 

ential labeling in E2V. Neither is there any indica- 
tion of preferential labeling of the B fragment in 
EzV. This fragment is the major constituent of the 
peak eluting before A1. A second peak of preferen- 
tial labeling is seen after A2 corresponding to 
smaller degradation products of A~. In control ex- 
periments with undigested Ca-ATPase we observed 
no peak of radioactivity corresponding to presence 
of unbound label in the detergent micelles. 

Discussion 

The present results indicate that El-E2 and E~P-EzP 
transitions in Ca-ATPase comprise the movement 
of several amino acid residues in the N-terminal half 
of the peptide chain from the aqueous phase into the 
bilayer. These conformational changes form the ba- 
sis for active transport of Ca 2+ across the sarcoplas- 
mic reticulum membrane [10]. The tryptic cleavage 
data and sequence analysis localize the movement 
to residues close to Arg 198 ("T2 cleavage site"). 
This peptide bond is invariably found to be more 
exposed to trypsin in E~ states than in E2 states, in 
spite of changes in pH and ionic strength, and of 
inclusion of non-ionic detergent in the medium to 
solubilize the protein in monomeric form. Tryptic 
cleavage sites at locations remote from Arg 198 
(i.e., the Tl site at Arg 505 and a bond between Arg 
819 and Lys 825) are insensitive to Ej-E2 transi- 
tions. 

We have evidence from hydrophobic labeling 
that residues between Arg 198 and Arg 505 (A~ frag- 
ment) are more exposed to the membrane lipid 
phase in E2 states than in E1 states. The applied 
label, [125I]TID, has been shown to label intrinsic 
membrane proteins specifically at faces interacting 
with the lipid bilayer [7, 17]. 

Preferential labeling of E2 with [125I]TID was 
found to be most distinct in the presence of vana- 
date (19% increase in total labeling v s .  14% in the 
absence of ligand). Similarly the T2 tryptic cleavage 
site is fully protected in EzV and EzP forms, 
whereas only partial protection is observed in the 
mere absence of Ca 2+. This finding suggests that Ej 
and E2 forms are in rapid equilibrium in the absence 
of ligand, exposing the tryptic cleavage site in El, 
and the [~2-~I]T1D sites in E2, and that after reaction 
with vanadate or Pi the E2 state is stabilized. Vana- 
date and Pi also protect the bond at Arg 819-Lys 
825, but this effect is very dependent on buffer com- 
position and is not observed at all in unliganded Ez 
forms. It may therefore represent a local change in 
surface charge following ligand binding. 

Ca-ATPase is known to form bidimensional 
membrane crystals after incubation with high con- 
centrations of vanadate [l I, 16]. However, crystal- 
lization per se does not explain the present observa- 
tions. Preferential hydrophobic labeling did not 
require a vanadate concentration in the millimolar 
range. Furthermore, the T2 cleavage site is pro- 
tected by phosphorylation with P~ in the presence of 
dimethylsulfoxide or detergent plus glycerol, which 
disrupt membrane crystals [11]. 

The data in Fig. 6 provides a clearcut demonstra- 
tion of changes in cleavage pattern related to forma- 
tion of EzP in the soluble monomeric enzyme. This 
adds to the evidence that only a single peptide chain 
is required to carry out the intermediate reactions 
involved in Ca2+-transport [2, 4, 9, 24, 27, 28]. Since 
the soluble monomeric Ca-ATPase is partially delip- 
idated, it can also be concluded that the protection 
of the T2 site does not require the presence of a lipid 
bilayer. The combined information obtained from 
tryptic cleavage and hydrophobic labeling therefore 
suggests a model in which part of the moving resi- 
dues slide between fixed transmembrane helices, 
whereas another part becomes interposed between 
these helices and the membrane phospholipid. Such 
structure changes may increase the hydrophobicity 
of the phosphorylation site at Asp 351 [10] and at 
the same time expose binding sites for ions at the 
luminal surface. 

Changes in tryptic cleavage pattern related to 
E1-E2 transitions have previously been demon- 
strated for the Na,K-ATPase protein [18]. In this 
enzyme a cleavage site ("bond 3") with a similar 
location as the Y2 site in Ca-ATPase relative to the 
transmembrane segments is exposed in E1 and pro- 
tected in E2. In addition an increased labeling with 
the hydrophobic reagent INA (J25I-iodonaphthyl- 
azide) has been observed in the Ez state of the Na, 
K-pump [19]. Measurements of circular dichroism 
suggest that E1-Ez transitions in Na,K-ATPase are 
accompanied by large changes in s-helix content 
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[12]. For Ca-ATPase there is no evidence in favor of 
a change in secondary structure [8, 25]. Therefore, 
we consider it likely that the present results reflect 
mainly redistribution of whole peptide segments be- 
tween the cytoplasmic surface and the bilayer. 

The minimum number of residues involved in 
the conformational change can be estimated from 
the observed increase in hydrophobic labeling. If all 
bound label in E1 is assumed to be distributed on the 
ten transmembrane segments proposed by MacLen- 
nan et al~ [21], the increase in labeling accompany- 
ing E1-E2 transitions corresponds to a net move- 
ment of 38 residues into the bilayer. However, if as 
much as 40% of Ca-ATPase protein is located in the 
lipid hydrocarbon phase in the E1 state, as sug- 
gested by combined X-ray and neutron diffraction 
data [14], the 19% increase in hydrophobic labeling 
corresponds to movement of as much as 76 resi- 
dues. 

Ultrastructural studies of sarcoplasmic reticu- 
lum are in accordance with the present observations 
in showing a deeper penetration of Ca-ATPase pro- 
tein into the inner leaflet of the bilayer after stabili- 
zation of E2 with vanadate [16, 26]. Blasie and co- 
workers on the other hand have concluded that 
formation of E~P by phosphorylation from ATP is 
accompanied by movement of 8% of the peptide 
mass from the cytoplasmic surface into the lipid 
phase [6]. According to the present observations 
the main structural change is related to the EjP-EzP 
transition rather than to the phosphorylation reac- 
tion. We have demonstrated that phosphorylation 
by CrATP, which gives rise to a stable Ca 2+ oc- 
cluded EjP form [28], does not increase the expo- 
sure of the peptide to hydrophobic labeling. Nor 
does it protect tryptic cleavage sites. It is, however, 
possible that Ca 2+ occlusion in EjP results from lim- 
ited structural changes which escape detection by 
the present means. More detailed studies of the hy- 
drophobic labeling pattern with assignment of 
bound radioactivity to individual amino acid resi- 
dues may provide an important tool in future stud- 
ies of structure changes in Ca-ATPase. 
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