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The influence of chemical modification on the morphology of crystalline ATPase aggregates was analyzed in 
sarcoplasmic reticulum (SR) vesicles. The CaZ+-ATPase forms monomer-type (P1) type crystals in the E 1 
and dimer-type (P2) crystals in the E 2 conformation. The P1 type crystals are induced by Ca 2+ or 
ianthanides; P2 type crystals are observed in Ca2+-free media in the presence of vanadate or inorganic 
phosphate. P1- and P2-type CaZ+-ATlPase crystals do not coexist in significant amounts in native sarcop- 
lasmic reticulum membrane. The crystallization of Ca2+-ATPase in the E 2 conformation is inhibited by 
gnanidino-group reagents (2,3-butanedione and phenyiglyoxal), SH-group reagents, phospholipases C or A 2, 
and detergents, together with inhibition of ATPase activity. Amino-group reagents (fluorescein 5'-isothio- 
cyanate, pyridoxal phosphate and fluorescamine) inhibit ATPase activity but do not interfere with the 
crystallization of Ca2+-ATPase induced by vanadate. In fluorescamine-treated sarcoplasmic reticulum the 
vanadate-induced crystals contain significant Pl-type regions in addition to the dominant P2 form. 

Introduction 

The Ca2+-ATPase of sarcoplasmic reticulum 
forms two distinct types of crystal [1-4] that are 
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assumed to represent the E~ and E 2 conforma- 
tions of the enzyme defined by kinetic and fluo- 
rescence studies [5-8]. The E 1 type crystals fo rm 
in the presence of Ca 2÷ or lanthanides and consist 
of chains of ATPase monomers evenly spaced in a 
right-handed helix on the surface of the vesicles. 
The space group of the Ea crystals is P1 and their 
structural unit is the Ca2+-ATPase monomer [4]. 
The E2-type crystals are induced by vanadate or 
inorganic phosphate in a CaZ+-free solution [1,2]. 
The characteristic features of the E 2 crystals are 
the helical chains of ATPase dimers separated 
from neighboring dimer chains by wider bands of 
negative stain. The space group of E 2 crystals is 
P2, with Ca2+-ATPase dimers as structural units 
[3]. The two distinct crystal forms appear to be 
specifically related to the two major conforma- 
tions of the Ca2+-ATPase; mixtures of the two 
types of crystal were not observed in native 
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sarcoplasmic reticulum vesicles. In this report we 
analyze the effects of chemical modification of the 
Ca~+-ATPase aggregates in sarcoplasmic reticu- 
lum. 

Methods and Materials 

Sarcoplasmic reticulum vesicles were isolated 
from predominantly white skeletal muscles of rab- 
bits according to Nakamura et al. [9]. 

The labeling with pyridoxal 5'-phosphate 
(Sigma Chemical Co.) was a modification of the 
procedure described by Murphy [10]. The sarcop- 
lasmic reticulum vesicles (2 mg pro te in /ml)  were 
suspended in a buffer of 0.3 M sucrose/0.1 M 
Tris-maleate/0.1 mM E G T A / a n d  5 mM MgC12 
(pH 7.0). Pyridoxal 5'-phosphate (PLP) was added 
from a 0.1 M stock solution (in 50 mM Tris- 
maleate adjusted to pH 7.0) to a final concentra- 
tion of 10 mM and the mixture was incubated at 
25°C for 60 rain. The samples were cooled in ice 
for 5 rain, and 10 mM NaBH 4 (Fisher Scientific 
Co.) was added. After 10 min at 2°C, the vesicles 
were collected by centrifugation at 80 000 × g for 
20 min and washed twice with sucrose-Tris buffer. 
The samples were divided into two portions. For 
crystallization and ATPase activity measurements 
the final pellet was suspended in 0.1 M KC1/10 
mM imidazole/5 mM MgC12/0.5 mM EGTA 
(pH 7.4) (standard buffer) to a final protein con- 
centration of 1 mg/ml .  For the determination of 
the bound PLP, the final pellet was suspended in 
50 mM Tris-maleate (pH 6.8) ad solubilized with 
1% sodium dodecyl sulfate (pH 6.8). The amount 
of PLP bound to the membrane was determined 
from the difference between the optical ab- 
sorbance measured at 325 and 390 nm (the latter 
used to correct for light scattering), using the 
molar extinction coefficient of 10 000 [10]. 

The reaction of microsomes with fluorescein 
5'-isothiocyanate was carried out as described 
earlier [6]; the localization of covalently bound 
fluorescein among the tryptic peptides of Ca 2+- 
ATPase was similar to that described by Dux et 
al. [71. 

The labeling with fluorescamine (Aldrich 
Chemical Co.) was performed according to 
Hidalgo et al. [11]. The sarcoplasmic reticulum 
vesicles (2 mg prote in /ml)  were suspended in a 

solution of 0.1 M K CI /2 0  mM Tris/0.1 mM 
E G T A / 5  mM MgC12 (pH 7.0). Fluorescamine 
was added from a 50 mM stock solution in di- 
methylformamide to a final concentration of 0.5 
raM. To the control sample the same amount of 
dimethylformamide was added. The samples were 
incubated at 25°C for 10 min and processed as 
described above for pyridoxal 5'-phosphate. The 
bound fluorescamine was determined by absorp- 
tion measurements at 362 nm and 500 nm, using 
the molar extinction coefficient of 5 800. The ab- 
sorption spectra of the free and bound fluoresca- 
mine have an isosbestic point around 360 nm; the 
absorption values at 500 nm were used for light- 
scattering corrections. 

The chemical modifications with 2,3-butaned- 
ione or phenylglyoxal (Aldrich Chemical Co.) were 
carried out according to Murphy [12]. The vesicles 
(2 mg pro te in /ml)  were suspended in 50 mM 
sodium borate /0 .1  M Na-Mops/0 .1  mM E G T A /  
5 mM MgC12 (pH 7.4). Freshly made 0.1 M stock 
solution of redistilled 2,3-butanedione or recrystal- 
lized phenylglyoxal in 50 mM sodium borate (pH 
7.4) were added to final concentrations of 10 mM. 
After incubation for 60 rain at 25°C, the samples 
were centrifuged at 80 000 x g for 20 min and the 
sediments were suspended in the same bora te /  
Mops buffer to a final protein concentration of 1 
mg /ml .  

The Ca2+-activated ATPase activity was mea- 
sured as described earlier [9] in the presence of 1 
/LM ionophore A23187 (Calbiochem). The method 
of Lowry et al. [13] was used for the assay of 
protein with bovine serum albumin as standard. 

Decavanadate stock solutions were prepared by 
adjusting the pH of a 50 mM monovanadate 
(Fisher Scientific Co.) solution to pH 2.0 and after 
several hours to 7.4. Due to the temperature- and 
pH-dependent decay of decavanadate [14], special 
care was taken to use only freshly diluted, ice-cold 
decavanadate solutions in each experiment. 

For electron microscopy the vesicle suspensions 
were negatively stained with 1% uranyl acetate 
(Fisher Scientific Co.) and viewed in a Siemens 
Elmiskop I microscope at an accelerating voltage 
of 60 kV. The extent of crystallization of the 
CaZ+-ATPase, denoted as the crystallization in- 
dex, was determined by counting the vesicles with 
crystalline regions on their surface and expressing 



their number as percent of the total number of 
vesicles [15]. 

Materials 

Pyridoxal 5'-phosphate, phospholipase C (C. 
welchii), fluorescein 5'-isothiocyanate and "N-eth- 
ylmaleimide were obtained from Sigma Chemical 
Co., St. Louis, MO. NaBH 4, Na-vanadate, and 
uranyl acetate were supplied by Fisher Scientific 
Co., Fairlawn, NJ. Fluorescamine, 2,3-butaned- 
ione, phenylglyoxal and p-chloromercuribenzoate 
were the products of Aldrich Chemical Co., 
Milwaukee, WI. A23187 came from Calbiochem. 
San Diego, CA; phospholipase A 2 (Crotalus duris- 
simus) from Boehringer-Mannheim, Indianapolis, 
IN and Salyrgan from Mann Research Laborato- 
ries, NY. 

Results and Discussion 

The effect of amino and guanidino group reagents 
on the crystallization of Ca e +-ATPase by vanadate 

The crystallization of the Ca2+-ATPase in the 
E 2 form is induced by vanadate (V) anions [1,2]. 
Oligovanadates such as decavanadate are particu- 
larly effective, promoting rapid crystallization at 
V concentrations as low as 10 #M [14]. Sedimen- 
tation equilibrium and 5XV-NMR studies suggest 
the binding of two decavanadate molecules per 
mol Ca2+-ATPase [16,17]. To obtain further infor- 
mation about the role of positively charged side- 
chain groups in the effects of vanadate on the 
enzyme, we investigated the effects of amino-group 
reagents (fluorescein 5'-isothiocyanate, pyridoxal 
5'-phosphate and fluorescamine) and two 
guanidino-group reagents (butanedione and phen- 
ylglyoxal) on the vanadate-induced crystallization 
of the CaE+-ATPase. 

Effect of fluorescein 5'-isothiocyanate. Coupling 
of the enzyme with fluorescein 5'-isothiocyanate 
inhibits the ATPase activity [18,19]. The binding 
of decavanadate to one of the two vanadate-bind- 
ing sites is also blocked [16] without interference 
with the crystallization of the Ca2+-ATPase (Fig. 
1). The binding of monovanadate to the C a  2+- 

ATPase [16] and its effect on the crystallization of 
the enzyme are not influenced by FITC (Fig. 1). 

Effect of pyridoxal 5'-phosphate. Reaction of 
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sarcoplasmic reticulum vesicles with pyridoxal 5'- 
phosphate inhibits the ATPase activity and ATP 
protects against this inhibition [10]. Murphy sug- 
gested [10] that the reaction of a single lysine 
residue, located in the 30 kDa tryptic cleavage 
fragment of the CaZ+-ATPase may be associated 
with the inhibition of ATPase activity. In our 
experience, the CaE+-ATPase activity of sarcop- 
lasmic reticulum is only partially lost even after 
reaction of 17 nmol of PLP per mg sarcoplasmic 
reticulum protein, representing 2-3 mol of PLP 
per mol ATPase (Table I). ATP (5 mM) fully 
protected the ATPase activity against inhibition 
by PLP, although the amount of bound PLP was 
not altered significantly (Table I). There is no 
difference between control and pyridoxal phos- 
phate-labeled sarcoplasmic reticulum vesicles in 
the extent of crystallization of Ca 2 +-ATPase in the 
presence of EGTA and vanadate (Table I). 

Effect of fluorescamine. Inhibition of ATPase 
activity and C a  2+ transport is also observed upon 
limited labeling of sarcoplasmic reticulum vesicles 
with fluorescamine [11]. Fluorescamine reacts with 
the amino groups of phosphatidylethanolamine 
and in the presence of serum albumin this is the 
main target of chemical modification. ATP (5 
raM) protects the ATPase activity from inhibition 
by fluorescamine, but the Ca 2÷ transport activity 
is lost [11]. Hidalgo et al. [11] attribtued this effect 
to uncoupling of ATP hydrolysis from Ca 2÷ 
transport. The ATPase activities and the amount 
of bound fluorescamine shown in Table I are in 
reasonable agreement with the results of Hidalgo 
et al. [11]. The change in the lipid environment 
and the possible modification of the CaZ+-ATPase 
caused by fluorescamine do not diminish its abil- 
ity to form two-dimensional crystals in the pres- 
ence of decavanadate (Table I). In native sarcop- 
lasmic reticulum vesicles, the Ca2+-ATPase 
crystals induced by mono- or decavanadate are 
nearly exclusively of the P2 type (Fig. 1); Pl-type 
crystals without clearly recognizable dimer chains 
[4] constitute 3% or less of the vesicle population 
with decavanadate (Table II) and 0.03% with 
monovanadate (not shown). After fluorescamine 
treatment, the occurrence of vesicles with Pl-type 
crystals (Fig. 2) in the presence of either mono- or 
decavanadate, increases to 10-12% of the vesicle 
population (Table II). This slight increase in the 
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Fig. 1. Vanadate-induced crystals of Ca2+-ATPase in control and FITC-treated microsomes after 24 h of incubation. Control (panel 
A, C) and FITC-labeled (panels B, D) sarcoplasmic reticulum vesicles were incubated with mono- (panels A, B) or decavanadate 
(panels C, D) at 1 mM total V concentration in 0.1 M KC1/10 mM imidazole/5 mM MgCI2/0.5 mM EGTA (pH 7.4) for 24 h at 
4°C. Samples were negatively stained with 1% uranyl acetate. (A) Monovanadate-induced crystals in control vesicles, X 150000. (B) 
Monovanadate-induced crystals in FITC-treated vesicles. X 150000. (C) Decavanadate-induced crystals in control vesicles, x 150000. 
(D) Decavanadate-induced crystals in FITC-treated vesicles. X 150000. 
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TABLE I 

THE EFFECT OF CHEMICAL MODIFICATION ON THE EXTENT OF DECAVANADATE-INDUCED CRYSTALLIZA- 
TION OF THE SARCOPLASMIC RETICULUM Ca2+-ATPase 

The chemical modification and the various assays were carried out as described under Methods and Materials. The crystallization of 
the Ca2+:ATPase was determined afte 24 h incubation with 2 mM decavanadate in a medium of 0.1 M KCI/10 mM imidazole (pH 
7.4)/5 mM MgCI2/0.5 mM EGTA. The crystallization index is a measure of the extent of crystallization under optimum conditions, 
given by expressing the number of vesicles with crystalline regions on their surface as percent of the total number of vesicles [15]. 
n.d., not determined. 

Addition Bound reagent ATPase activity Crystallization 
(nmol/mg (#tool Pi /mg index 
protein) protein per rain) ( ± S.E.) (%) 

Control, no addition 
Pyridoxal phosphate (10 mM) 17 
Pyridixal phosphate (10 raM) and 5 mM Ca 2+ 17 
Pyridoxal phosphate (10 raM)+ 5 mM Ca 2+ and 4 mM ATP 19 

Control, no addition 
Fluorescamine (0.5 mM) 51 
Fluorescamine (0.5 raM) and 5 mM ATP 47 
Fluorescamine (0.5 raM) + 5 mM ATP and 5 mg/ml  bovine serum albumin 41 

Control, no addition 
Butanedione (10 mM) n.d. 
Butanedione (10 raM) and 5 mM ATP n.d. 

Control, no addition 
Phenylglyoxal (10 raM) n.d. 
Phenylglyoxal (10 raM) and 5 mM ATP n.d. 

1.38 85.8±2.3 
0.96 82.2±3.0 
0.87 82.6±4.0 
1.26 81.6±3.2 

0.93 91.0±1.1 
0.52 85.5±2.8 
0.93 88.8±3.9 
0.85 89.5±0.7 

1.05 90.2±2.3 
0.07 0.8±1.7 
1.06 9.3±0.6 

1.29 90.8±1.4 
0.09 5.2±3.6 
0 . ~  14.0±5.2 

o c c u r r e n c e  o f  t he  P1 c r y s t a l  f o r m  m a y  r e s u l t  f r o m  

m o d i f i c a t i o n  o f  t h e  p r o t e i n  o r  p h o s p h o l i p i d s ,  o r  

b o t h ,  a n d  f u r t h e r  s t u d i e s  a r e  r e q u i r e d  to  i d e n t i f y  

t h e  p r e c i s e  m o l e c u l a r  b a s i s  o f  t h e  effect .  M o d i f i c a -  

TABLE II 

THE EFFECT OF FLUORESCAMINE ON THE CRYSTAL 
FORM 

Microsomes were labeled with 0.5 mM fluorescamine in the 
absence of ATP or bovine serum albumin, as described under 
Methods and Materials and in Table I. Crystallization was 
induced by incubation in the presence of 2 mM decavanadate 
at 2°C in 0.1 M KCI/10 mM imidazole/5 mM MgC12/0.5 
mM EGTA (pH 7.4). After negative staining with uranyl 
acetate, the crystallization index and the proportion of P1- and 
P2-type crystals were determined. 

Crystal form Crystallization 
(% abundance) index (%) 

P1 P2 

Control microsomes 3.03 96.97 91 +_ 2.8 
Fluorescamine-labeled 

microsomes 13.50 86.50 85.5 + 2.8 

Fig. 2. Ca2+-ATPase crystals in microsomes treated with fluo- 
rescamine. After treatment with fluorescamine as described in 
the legend to Table I and under Methods and Materials, the 
microsomes were negatively stained with 1% uranyl acetate. 
Magnification: ×150000. 
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tion of a fraction of ATPase molecules (about 
13%) in a homogeneous population would be ex- 
pected to affect all vesicles containing Ca 2÷- 
ATPase to a moderate extent. Instead, Pl - type  
crystals occur in about 13% of the vesicles, covering 
much of their surface, and we never observed a 
mixture of the two crystal forms (P1 and P2) 
within the same vesicle. It  is possible that fluo- 
rescamine selectively modifies a subpopulation of 
sarcoplasmic reticulum vesicles that possess a dis- 
tinctive structure; vesicles derived from slow- 
twitch fibers in the predominantly white muscles 
may yield such a subpopulation. 

Effect of guanidino-group reagents. The inhibi- 
tion of the Ca2+-ATPase of sarcoplasmic reticu- 
lum by the guanidino-group reagent, butanedione, 
was ascribed by Murphy [12] to the modification 
of 'essential' arginine group(s) at the active site. 
The complete loss of ATPase activity after chem- 
ical modification with butanedione (Table I) is 
accompanied by inability of the Ca2+-ATPase to 
form two-dimensional crystalline arrays in the 
presence of decavanadate (Table I). Phenyl- 
glyoxal, another guanidino-group reagent, pro- 
duced similar effects (Table I). The presence of 
ATP (5 mM) during the reaction significantly 
protected the ATPase activity from inhibition by 
either butanedione or phenylglyoxal (Table I), and 
increased the crystallization index from near zero 
to 10-14% (Table I). 

Decavanadate is a known inhibitor of phos- 
photransferase enzymes such as phosphofruc- 
tokinase [20], adenylate kinase [21], phosphorylase 
[22] and hexokinase [23]. Paj et al. [21] located six 
arginine residues in the vicinity of the decavana- 
date-binding site of the adenylate kinase. The 
involvement of guanidino groups in the binding of 
decavanadate to phosphorylase was demonstrated 
by Soman et al. [22]. The findings described in this 
report suggest that arginine residue(s) may also 
play an important role in the binding of de- 
cavanadate to sarcoplasmic reticulum Ca 2+- 
ATPase. 

The effect of Ca 2+ on the Ca2 +-ATPase crystals 
induced by mono- or decavanadate 

Ca 2+ in low concentration prevents the binding 
of monovanadate  to the Ca2+-ATPase [24,25], in- 
hibits formation of two-dimensional Ca 2 +-ATPase 

crystals [1,2] and disrupts the crystals formed pre- 
viously [2]. 

The observed differences between mono- and 
decavanadate in binding affinity and stoichiome- 
try [14], in their effectiveness in promoting the 
crystallization of Ca2+-ATPase [14], and in their 
capability to compete with FITC [16], prompted 
us to compare the effects of Ca 2+ on the mono- 
and decavanadate-induced crystallization of the 
Ca 2 +-ATPase. 

In agreement with the earlier results [2], Ca 2. 
at submicromolar concentrations readily dispersed 
the monovanadate-induced Ca2+-ATPase crystals 
(Fig. 3). Surprisingly, the disruption of the Ca 2÷- 
ATPase crystals induced by decavanadate re- 
quired millimolar free Ca 2÷ concentrations (Fig. 
3). The marked difference in the sensitivity of the 
mono- and decavanadate-induced Ca2+-ATPase 
crystals to Ca 2÷ is a further evidence for dif- 
ferences in the mode of action of mono- and 
oligovanadate anions on the Ca2+-ATPase. 

I00-  

A ~ ' - .  

10-9 10-'7 I0-5 10-3 

Free Ca z+ -Concentration [M]  

Fig. 3. Effect of  Ca 2 + on the crystallization of  the Ca 2 +-ATPase 
induced by mono- or decavanadate. Sarcoplasmic reticu|um 
vesicles (1 mg protein/roT) were incubated in 0.1 M KCI/T0 
mM imidazole (pH 7.4)/5 mM MgCI2/0.5 mM EGTA (stan- 
dard buffer) and 1 mM monovanadate (closed symbols) or 1 
mM decavanadate (open symbols) for 24 h at 2°C. After the 
preineubation CaC1/was added in a total concentration rang- 
ing from 0 to 1.5 mM to adjust the free Ca 2+ concentration as 
indicated. Samples were taken for negative staining 4 (O, e), 8 
if-t, II), and 24 (z~, A) h later. The electron micrographs were 
evaluated as described under Methods and Materials. * and + 
denote the control crystallization indices with deea- and mono- 
vanadate, respectively. The free calcium concentration of the 
solutions was checked by calcium-sensitive electrode (Orion), 
Mono- and decavanadate at the concentrations used did not 
cause any significant change in the free calcium concentration 
in the standard buffer. 



Effect of phospholipase treatment on the crystalliza- 
tion of the Ca 2 +-A TPase 

Phospholipase C treatment of sarcoplasmic re- 
ticulum vesicles inhibits the ATPase activity and 
Ca 2÷ transport parallel with the hydrolysis of a 
major part of the phosphatidylcholine content of 
the membrane [26-28]. The products of phos- 
pholipase C action - diacylglycerols and phos- 
phorylcholine - are both released from the mem- 
brane [29]. Therefore, the net effect of phospholi- 
pase C action is a decrease in the surface area of 
the membrane, with a corresponding increase in 
the density of CaZ+-ATPase molecules, and dras- 
tic change in lipid composition. 

The crystallization of Ca 2 +-ATPase is markedly 
inhibited in phospholipase-C-treated vesicles (Ta- 
ble III). Comparable cleavage of membrane phos- 
pholipids by phospholipase A 2 into lysophospho- 
lipids and fatty acids causes only slight change in 
either ATPase activity or in the ability of the 
Ca2÷-ATPase to crystallize (Table III). However, 
the removal of the cleavage products of phos- 
pholipase A 2 action from the membrane by ad- 
sorption on fatty-acid-free serum albumin de- 
creases the membrane lipid content and surface 
area to an extent similar to that obtained by 
phospholipase C treatment, and under these con- 
ditions the ATPase activity [28] and crystal forma- 
tion are both drastically inhibited (Table III). 
These observations indicate that the conditions for 
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crystallization (or interaction) of Ca2+-ATPase 
molecules include the full complement of mem- 
brane lipids. 

Effect of SH-group reagents 
The Ca 2÷ transport ATPase is asymmetrically 

distributed in the sarcoplasmic reticulum mem- 
brane with a major portion of its mass located on 
the cytoplasmic surface and in the cytoplasmic 
leaflet of the bilayer. This is reflected in the elec- 
tron density profiles of stacked sarcoplasmic re- 
ticulum membranes obtained by X-ray and neu- 
tron diffraction [30-32]. On treatment of the 
sarcoplasmic reticulum with 2-chloromercury-4- 
nitrophenol or N-ethylmaleimide, the electron 
density distribution becomes more symmetrical, 
indicating deeper penetration of the Ca 2 +-ATPase 
into the bilayer [31]. This structural change is 
accompanied by increased permeability of the 
sarcoplasmic reticulum to calcium and other so- 
lutes [33]. 

Salyrgan, p-hydroxymercurybenzoate, and N- 
ethylmaleimide cause significant inhibition of the 
crystallization of Ca2+-ATPase at concentrations 
as low as 10 nmol per mg protein, when added 
before vanadate (Table IV), and an essentially 
complete inhibition was obtained with 0.1-1.0 
~mol reagent per mg protein. Preformed Ca 2÷- 
ATPase crystals are more resistant to SH-group 
reagents, but even under these conditions sign±f±- 

TABLE III 

THE EFFECTS OF PHOSPHOLIPASE C AND A 2 ON THE CRYSTALLIZATION OF Ca2+-ATPase IN SARCOPLASMIC 
RETICULUM 

Microsomes (1 mg protein/ml) were treated with 10/~g/ml phospholipase C (C. welch±i), or 5 ~g/ml phospholipase A 2 (Crotalus 
durissus), in a medium of 0.1 M KCI/10 mM imidazole (pH 7.3)/1 mM CaC12 for 30-60 min at 25°C. To some samples 1% 
fatty-acid-free serum albumin was also added to adsorb the products of phospholipase A 2 action. After washing by centrifugation at 
100000 × g for 30 min the microsomes were suspended in 0.1 M KCI/10 mM imidazole (pH 7.3) solution to a protein concentration 
of 1 mg/ml and used for ATPase assay as described under methods. Crystallization was performed in 0.1 M KCI/10 mM imidazole 
(pH 7.4)/5 mM MgC12/0.5 mM EGTA with either 5 mM monovanadate or 5 mM decavanadate for 1 weeks at 2°C. After negative 
staining with 1% uranyl acetate, the crystallization indices were determined as described under Methods and Materials. 

Treatment ATPase 
(#mol Pi /mg per rain) 

Crystallization index (%) 

monovanadate decavanadate 
(5 raM) (5 mM) 

Control 2.1-2.4 
Phospholipase C (10/zg/ml) 0.51 
Phospholipase A z (5 #g/ml) 1.50 
Phospholipase A 2 (5 ~g/ml) + 1% fatty acid free serum albumin 0.41 

54-73 87-92 
16.3±2.5 11.3±3.5 
41.6±4.9 79.0±1.0 
17.3±1.5 22.6±1.5 
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TABLE IV 

EFFECT OF SH-GROUP REAGENTS ON THE CRYS- 
TALLIZATION OF Ca2+-ATPase 

Sarcoplasmic reticulum vesicles (1 mg protein/ml) were treated 
with the various SH reagents in a medium of 0.1 M KCI/10 
mM imidazole (pH 7.4)/5 mM MgCl2/0.5 mM EGTA/5 mM 
monovanadate for 24 h at 2°C. The crystallization indices were 
determined after negative staining with 1% uranyl acetate. The 
crystallization index of control samples was 81.9 ± 3.3%. 

Reagent Crystallization index (%) 
concentration salyrgan P C M B  N-ethyl- 
(nmol/mg male±re±de 
protein) 

1 81.8_+3.8 67.3_+0.9 68.5_+1.4 
5 62.8±2.6 64.0_+1.2 56.9_+1,5 

10 58.7_+2.8 58.2_+1.5 46.7_+1.2 
1~  12.2_+3.8 13.1_+2.3 31.3±4.4 

1000 1.9±2.0 2.9_+3.5 8.9_+0.8 

cant  loss of crystal l ini ty was observed within  2 h 

after the addi t ion  of SH reagents at final con- 
centra t ions  of 10 nmol  per mg prote in  (Table  V). 

N-Ethylmale imide  inhibi ts  the conversion of 
the ADP-sensi t ive  into the ADP-insens i t ive  inter-  
media te  of the Ca2+-ATPase [34,35]. Since the 
vanada te - induced  crystal l ization of the Ca 2+- 
ATPase  requires the accumula t ion  of the Ez-V 
form of the enzyme, N-ethylmaleimide and  other 
SH-group reagents may inhibi t  the vanadate- in-  

duced crystallization, in part,  by  interference with 
the E x --* E 2 conversion of the Ca2+-ATPase.  

The effect of detergents 
The E 2 crystals induced by vanadate  are sensi- 

tive to detergents [2]. The relat ionship between 

detergent  concentra t ion,  alkyl chain length and  
the crystall ization index is shown in Fig. 4, for a 

series of zwitterionic detergents denoted  as 
zwittergents. Zwit tergent  3-08, with an eight- 

ca rbon  alkyl chain, has no effect on the stability 
of CaZ+-ATPase crystals at concentra t ions  ranging 
between 0.01 and  5 m g / m l .  Zwittergents of in- 
creasing alkyl chain length are progressively more 
effective in disrupt ing the crystals, as shown by 
the decrease in  the value of crystall ization index at 

progressively lower detergent concentrat ion.  The 
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Fig. 4. The effect of zwitterionic detergents (zwittergents) on 
the CaE+-ATPase crystals. Sareoplasmic reticulum vesicles (1 
mg protein/ml) were preincubated with I mM monovanadate 
in 0.1 M KCI/10 mM imidazole/5 mM MgC12/0.5 mM 
EGTA (pH 7.4) for 24 h at 2°C. Detergents were added to the 
final concentrations indicated on the abscissa, and the crys- 
tallization indices of the preparations were determined as 
described under Methods and Materials. O, 3-08; O, 3-10; Q, 
3-12; r, 3-14; +, 3-16. 

TABLE V 

EFFECT OF SH-GROUP REAGENTS ON PREFORMED CRYSTALS OF CaZ+-ATPase 

Sarcoplasmic reticulum vesicles (1 mg protein/ml) were incubated in a medium of 0.1 M KCI/10 mM imidazole (pH 7.4)/5 mM 
MgC12/0.5 mM EGTA/5 mM monovanadate for 24 h at 2°C. SH-group reagents were then added to final concentrations indicated 
in the table and the crystallization indices were determined 10 rain and 2 h after the addition of the reagents. The crystallization 
index of the control preparation was 78.1 _+ 2.6%. 

Reagent Crystallization index (%) 
concentration salyrgan PCMB N-ethylmaleimide 
(nmol/mg protein) 

10 rain 2 h 10 min 2 h 10 min 2 h 

5 50.1 _+ 2 44.9 _4- 4 54.8 ± 3 40.8 _+ 3 50.7 ± 3 45.1 ± 4 
10 42.3±4 34.5±2 37.8±3 31.6±3 44.1±3 38.1___3 

100 18.3_+3 3.3±1 12.3±3 7.3_+3 39.9_+4 31.5±2 



disrupt ion  of crystals occurs generally at lower 

detergent  concent ra t ions  than those required for 
the solubil izat ion of the vesicles. These observa- 
tions, together with structural  in format ion  ob- 
tained by reconstruct ion of the three-dimensional  
s tructure of Ca2+-ATPase from electron micro- 

scope data [36,37], suggest that the interact ions 
between ATPase molecules forming the crystalline 

arrays are stabilized by l i p id -p ro t e in  interact ions 
in the bilayer, in the i n t r amembranous  contact  
regions between ATPase  molecules. 
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