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Summary 

3~P-NMR spectra were obtained from oriented multilayer preparations of  
normal sarcoplasmic reticulum and reconsti tuted sarcoplasmic reticulum with 
lipid to protein ratios varying between 42 : 1 and 110 : 1. The dependence of  
the 31P-NMR spectra on the alignment of  the  membranes with respect to the 
magnetic field was used to draw two conclusions about  the mot ion  o f  the phos- 
pholipid molecules that  contr ibute to the observed spectra. First, the phos- 
phate group and the two adjacent methylene groups are able to rapidly rotate 
(i.e., Va ~ 10 -s s) around the normal to the plane o f  the membrane.  Second, 
the  restricted internal mot ion of  the phosphate group and the glycerol CH2OP 
group is very similar to that  found in liposomes formed from sarcoplasmic reti- 
culum phospholipids. Calibration experiments showed that all (100 + 7%) of  
the phospholipid molecules in the membrane can be accounted for in the ob- 
served spectra. Thus, essentially all the phospholipid molecules in the sarcoplas- 
mic reticulum and the reconst i tuted sarcoplasmic reticulum membranes have 
the same mot ion  in the  polar headgroup region as found in model  bilayer mem- 
branes. Since a large fraction of  the phospholipid molecules (between one- 
quarter  and one-half, depending on the lipid to protein ratio) are immediately 
surrounding the calcium-pump protein, we conclude that the calcium-pump pro- 
tein does not  perturb the mot ion  of  these 'boundary-layer '  lipids. 

Abbreviation: Hepes, N-2-hydroxyethylpipexazine-N'-2-ethanesulfonic acid. 



Introduct ion 

Sarcoplasmic reticulum, a membranous  network that surrounds each sarco- 
mere unit [1],  mediates muscular contraction and relaxation by  regulating the 
intracellular calcium concentrat ion (for recent reviews see Refs. 2--6). Excita- 
t ion~ont rac t ion  coupling results in the release of  calcium from the sarcoplas- 
mic reticulum, thereby triggering muscle contraction [7,8]. Active uptake of  
calcium back into the sarcoplasmic reticulum reduces the concentrat ion in the 
sarcoplasm, enabling the muscle fiber to relax. 

Sarcoplasmic reticulum is one of  the most  intensively studied membrane sys- 
tems. As isolated in highly purified form, it is capable of  energized calcium up- 
take and has a relatively simple composit ion.  The major protein consti tuent  
(greater than 90%) of  the sarcoplasmic reticulum membrane is the calcium- 
pump protein [9,10].  This protein has been dissociated from the sarcoplasmic 
reticulum membrane and reconst i tuted to form functional membrane vesicles 
that have a lipid to protein ratio similar to the original membrane (115 : 1) 
[ 11 ]. Also, methodology has recently been developed to form reconsti tuted sar- 
coplasmic reticulum vesicles with lipid to protein ratios both  lower and higher 
than that of  the  original membrane [12].  Such membranes of  defined lipid con- 
tent  make possible detailed studies aimed at correlating membrane composit ion 
with structure and structure with function [12--15].  

31P-NMR has been used to study the motion of  the polar head group region 
of  model  phospholipid membranes [16--18].  Oriented multilamellar systems 
have proved particularly useful for this purpose [ 16,17,19 ]. The angular depen- 
dence of  the  position of  the  31P-NMR signal from oriented membranes can be 
used to calculate the phosphorus chemical shift anistropy and the direction of  
the symmetry  axis for the mot ion of  the phosphate group. The angular depen- 
dence of  the width of  the 31P-NMR signal can be used to calculate the dipolar 
interaction be tween the phosphorus nucleus and the protons on the two adja- 
cent methylene groups, and the direction of  the symmetry  axis for the mot ion 
of  these two groups. The 3~P-NMR spectrum of an unoriented dispersion of  
membranes gives some of the information obtained from the 3~P-NMR spectra 
of  oriented membranes,  i.e., the phosphorus chemical shift anisotropy. How- 
ever, it does not, in general, give information about  the dipolar interaction 
between the phosphorus nucleus and the methylene protons,  or about  the 
direction of  the symmetry  axes for the mot ion of  the phosphate or the methyl- 
ene groups. 

In the work presented here 31P-NMR has been used to s tudy the motional  
characteristics of  the polar head group region of  phospholipid molecules in nor- 
mal sarcoplasmic reticulum and reconst i tuted sarcoplasmic reticulum mem- 
branes of  varying lipid to protein ratios. Our major conclusion is that  the cal- 
cium-pump protein does not  perturb the mot ion of  the polar head group region 
of  phospholipid molecules in the sarcoplasmic reticulum membrane.  

Materials and Methods 

Materials 
Dipalmitoylphosphatidylcholine was obtained from Koch-Light Laborato- 



ties, Colnbrook,  Bucks, U.K. Other materials are described in Herbette  et al. 
[20] or Wang et al. [12].  

Isolation and reconstitu tion o f  sarcoplasmic reticulum mem branes 
Isolation o f  sarcoplasmic reticulum and sarcoplasmic reticulum phospho- 

lipids. Highly purified sarcoplasmic reticulum membrane vesicles were isolated 
from fast (white) skeletal muscle from rabbit  hind leg [9].  Sarcoplasmic reticu- 
lum phospholipids were extracted three times from sarcoplasmic reticulum 
with 20 vol. o f  CHC13/CH3OH (2/1), and non-lipid materials were removed by  
back-extraction, according to the method of  Folch et al. [21],  as described by 
Rouser and Fleischer [22].  The neutral lipids were removed by  silicic acid chro- 
matography [22 ]. 

Dissociation and reconstitution o f  sarcoplasmic reticulum vesicles. Dissocia- 
tion and reconsti tution of  sarcoplasmic reticulum was carried out  according to 
the method of  Meissner and Fleischer [23] as modified by  Wang et al. [12] to 
vary the lipid to protein ratio of  the membrane. The functional characteristics 
of  reconst i tuted sarcoplasmic reticulum membrane vesicles with varying lipid to 
protein ratios were similar to that  described previously [12].  The reconst i tuted 
sarcoplasmic reticulum and normal sarcoplasmic reticulum were stored in 300 
mM sucrose, 100 mM KC1 and 1 mM Hepes (pH 7.1) at --70°C until use. 

A naly tical procedures 
The protein concentrat ion of  the sample was determined according to the 

method of  Lowry  et al. [24] ,  using bovine serum albumin as a standard, and 
phospholipid phosphorus was estimated by the Fiske-SubbaRow method [11].  
The phospholipid to protein ratio calculated from these measurements is 
expressed on a mol /mol  basis, using 119 000 for the molecular weight of  the 
calcium-pump protein [25].  Sucrose gradient centrifugation studies showed 
that the vesicles were homogeneous with respect to the phospholipid to protein 
ratio [12].  

Preparation o f  samples for 31P-NMR studies 
Dispersions o f  sarcoplasmic reticulum phospholipids, sarcoplasmic reticulum 

and reconstituted sarcoplasmic reticulum. 70 mg sarcoplasmic reticulum phos- 
pholipids in CHC13/CH3OH (2 : 1) were dried under argon and resuspended in 
4 ml of  a medium containing 100 mM KC1, 10 mM MgC12, 2 mM Tris/maleate 
(pH 7.0) and 15% ~H20. The suspension was centrifuged at 41 300 × g for 2 h to 
remove small vesicles and the pellet was resuspended in the same medium to a 
final concentrat ion of  18 mg/ml. Sarcoplasmic reticulum and reconst i tuted sar- 
coplasmic reticulum in sucrose solutions were diluted into a medium containing 
100 mM KC1, 10 mM MgC12, 2 mM Tris/maleate (pH 7.0) and 15% 2H20. They 
were then centrifuged and resuspended in the same medium to a final concen- 
tration o f  10--25 mg protein/ml.  All 31p-NMR spectra were taken at 8 -+ I°C. 

Oriented multilayers o f  sarcoplasmic reticulum phospholipids, sarcoplasmic 
reticulum and reconstituted sarcoplasmic reticulum. A CHCI3/CH3OH (2 : 1) 
solution of  sarcoplasmic reticulum phospholipids was dried under argon and 
suspended in a medium containing 100 mM KC1, 10 mM MgC12, 2 mM Tris/ 
maleate (pH 7.0). Oriented multilayers were prepared by  centrifugation of  the 



suspension for 3 h at 100 000 × g in a Beckman SW 27 swinging bucket  rotor  
onto a mylar disc. The multilayers were then dehydrated at 93% relative humi- 
dity,  5°C, for 24 h. Sarcoplasmic reticulum and reconst i tuted sarcoplasmic reti- 
culum in sucrose solutions (15--20 mg protein) were diluted into a medium 
containing 100 mM KC1, 10 mM MgC12, 2 mM Tris/maleate (pH 7.0). Oriented 
multilayers were prepared by  centrifugation (see above) and dehydrat ion at 
93% relative humidity,  5°C, for 24 h. Several mylar discs were stacked on top  
of  each other,  and the resulting 'sandwich' was placed in a sample holder which 
allowed the 'sandwich' to be aligned at any desired angle with respect to the 
magnetic field. The sample holder contained a reservoir of  saturated salt solu- 
tion and was sealed to ensure a constant  relative humidity.  The sample holder 
allowed rapid (less than 5 s) changes of the alignment of  the multilayer sand- 
wich, which eliminated any significant humidi ty or temperature 'shock' to the 
specimens. These precautions were taken to preserve the functional and struc- 
tural integrity of  the oriented sarcoplasmic reticulum and reconst i tuted sarco- 
plasmic reticulum samples [ 14,15 ]. 

Oriented multilayers o f  dipalmitoylphosphatidylcholine. Oriented multi- 
layers of  dipalmitoylphosphatidylcholine were prepared by  gentle shearing of  a 
small amount  of  partly hydrated phospholipid between two microscope cover 
slips. The resulting sample was incubated at 100% relative humidity,  50°C, for 
24 h, and was shown to be well oriented by  polarization microscopy.  The sam- 
ple was maintained at 100% relative humidi ty for the duration of  the experi- 
ment. 

31p.NM R measurements 
31P-NMR spectra of  the various sarcoplasmic reticulum preparations were 

taken at 145 MHz in a Bruker WH-360 spectrometer utilizing quadrature detec- 
t ion and operating in the  Fourier transform mode.  The spectrometer  was equip- 
ped with a BST-100/700 temperature  control  accessory which maintained the 
temperature  constant to within +I°C. All spectra were taken at 8°C. The NMR 
sample tube  (15 mm outer  diameter) was aligned so that  the long axis was 
parallel to the main magnetic field. The oriented 'sandwich' rested on a Teflon 
disc which was able to rotate  about  an axis perpendicular to the long axis. The 
normal to the plane of  the  Teflon disc could thus be aligned at any angle, 0, 
with respect to the magnetic field. The angle 0 was fixed b y  resting the Teflon 
disc on the surface of  an obliquely cut  Teflon cylinder which was positioned in 
the  bo t tom of  the sample tube.  Four  different Teflon cylinders, which gave 
values for 0 of  0 °, 30 °, 55 ° and 90 °, respectively, were employed.  

When it was not  necessary to quanti tate the intensity of the 31P-NMR signals 
a 25 gs radiofrequency pulse (approx. 45 ° precession angle) and a 0.3 s delay 
be tween consecutive free induction decays were employed.  These conditions 
gave the optimal signal-to-noise for the  oriented membrane samples. When it 
was necessary to quanti tate  the intensity of  the 31p-NMR signals a 50 gs radio- 
frequency pulse (approx. 90 ° precession angle) and a delay t ime of  4 s were em- 
ployed.  The probe was tuned for each sample. A total  sweep-width of  50 kHz 
was employed.  No proton decoupling was used and no deuterium lock was em- 
ployed for  the oriented samples. The drift  of  the magnetic field or the  trans- 
mitter  f requency over the  t ime course of  the experiments (approx. 3 h per 
spectrum) was minimal. 



31p-NMR spectra for oriented dipalmitoylphosphatidylcholine multilayers 
were obtained on an instrument at the Biochemistry Department,  Oxford Uni- 
versity, which operated at 129 MHz for phosphorus. These spectra were taken 
at 50°C to ensure that  the lipid was above the gel-liquid crystalline phase transi- 
t ion [26]. All other  experimental  details were similar to those mentioned above 
for spectra of  the sarcoplasmic reticulum preparations taken on the Bruker WH- 
360 spectrometer.  

Theory 

The position of  the 31p-NMR signal (i.e., the chemical shift) of  phospholipid 
molecules in oriented model membranes is determined by the anisotropy of the 
phosphorus chemical shift tensor [16--19]. If the rotat ion of  the phosphate 
group around the bilayer normal is much faster than 10 #s, the position of  the 
3~P-NMR signal, v, is given by the expression: 

v=v°+2/3A°H°( 3c°s202 - - 1 )  (1) 

where 0 is the angle between the bilayer normal and the magnetic field, H0. Ao 
is the average value of  the  anistropy of  the  chemical shift tensor, taken over all 
internal motions that  are faster than 10 ps [18] *. v0 = ~H0, where ~ is the iso- 
tropic average value of  the chemical shift tensor. 

Fig. 1 shows the  position of  the 31P-NMR signal from oriented dipalmitoyl- 
phosphatidylcholine membranes as a function of  0. v is linearly dependent  on 
~(3cos20 -- 1), and is equal to v0 for 0 = 55 ° where ~(3cos20 -- 1) = 0 **. It can 
be concluded that  the  phosphate group is able to rapidly rotate (i.e., faster than 
10 #s) around the bilayer normal. Using Eqn. 1, Ao for dipalmitoylphosphati- 
dylcholine was calculated to be 46 ppm at 50°C (i.e., above the phase transi- 
tion). 

The interpretation of  Ao in terms of  the explicit details of  the mot ion of  the 
phosphate group is difficult. Although some models have been proposed [27], 
they  are not  necessarily unique [28]. However, since Ao is very sensitive to the 
details of  the rapid internal mot ion o f  the phosphate group it is useful on a 
comparative basis. 

The lineshape of  the 31p-NMR signal from phospholipid molecules in 
oriented model  membranes is gaussian [18,29] and the width,  A, is primarily 
determined by the dipolar interaction between the phosphorus nucleus and the 
protons on the two adjacent methylene groups. If  the rotat ion of  this segment 
of  the phospholipid molecule around the  bilayer normal is much faster than 10 

* Di f f e r en t  s y m b o l s  h a v e  p rev ious ly  b e e n  u s e d  for  t h e s e  parametexs  [ 1 9 ] .  H o w e v e r ,  to  al low c o m p a r i s o n  
we  h a v e  u s e d  s y m b o l s  wh ic h  are genera l ly  c o n s i s t e n t  w i t h  t h o s e  u s e d  in a r e c e n t  rev iew [1 8 ] .  The  
m a j o r  d i f f e rence  is t h a t  we  use 0 ( ins tead of  6)  for t h e  angle  b e t w e e n  the  n o r m a l  to  the  p lane  of  the  
m e m b r a n e  a n d  t h e  m a g n e t i c  field. 

** In  the  analysis  of  t he  d a t a  v0 for  t h e  p h o s p h o l i p i d s  w a s  a s s u m e d  to  be t h e  s ame  as the  pos i t ion  of  the  
31P-NMR signal f r o m  85% p h o s p h o r i c  acid.  In  a q u e o u s  s o l u t i o n s  o f  m e m b r a n e s  t h e s e  t w o  values  do  
n o t  e x a c t l y  c o i n c i d e ,  b u t  t h e  d i f f e r e n c e  is smal l  (less t h a n  1 p p m ) .  T h e  spec tra  for  t h e  o r i e n t e d  m e m -  
b ranes  w e r e  n o t  o b t a i n e d  in a q u e o u s  s o l u t i o n s ,  so t h e  e x a c t  value for t h e  c o r r e c t i o n  is n o t  k n o w n .  
H o w e v e r ,  s ince  it  is qu i te  smal l  i t  w a s  ignored .  
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Fig. I. The angular dependence of the position, u (left), and width, A (fight), of the 31P-NMR signal from 

oriented multilayers formed from dipalmitoylphosphatldylcholine. 0 is the angle between the magnetic 

field and the normal to the plane of the oriented bilayer membranes. The position of the signal was mea- 

sured with respect to the position of an external 85% phosphoric acid sample, u 0. , the best fit of 

the angulax dependence of the position to Eqn. I ........ the best fit of the angulax dependence of the 

width to Eqn. 2. The membranes were oriented between glass discs by a sheaxing procedure (see Materials 

and Methods) as contrasted to the centrifugation and dehydJcation procedure employed for the sarcoplas- 

mic retieuhim (SR), reconstituted sarcoplasmic reticulum (RSR) and sareoplasmic retieulum lipid samples. 

The spectra were taken at 129 MHz and the probe temperature was 50°C. 31p-NMR spectra of all other 
samples were obtained at 145.7 MHz. The linewidth data are directiy comparable to the linewidth data 

taken at the higher magnetic field stxengtb (see Fig. 6). The relative position of the 31p-NMR signal 

must be multiplied by 1.12 to compare it with the data taken at the higher field strength. 

Fig.  2. The  angu la r  d e p e n d e n c e  o f  t he  3 1 P - N M R  signal  f r o m  o r i e n t e d  s a r c op l a smic  r e t i c u l u m  m e m b r a n e s .  

T h e  spectxa  s h o w n  in  t r aces  A - - D  w e r e  t a k e n  w i t h  m e m b r a n e s  a l igned  a t  0 = 0 ° , 30 ° , 55 ° and  90  ° ,  respec-  

t ive ly ,  w h e r e  0 is t he  angle  b e t w e e n  the  m a g n e t i c  f ie ld a n d  the  n o r m a l  to  t h e  p lane  of  t he  m e m b r a n e .  

. . . . . . .  t h e o r e t i c a l  gauss ian  cutwes w h i c h  were  u s e d  to  d e f i n e  the  p o s i t i o n  a n d  the  w i d t h  of  t he  m a j o r  
c o m p o n e n t  o f  t he  s ignals  (see Resu l t s ) .  T race  E s h o w s  the  s p e c t r u m  o f  an  a q u e o u s  d i spe r s ion  of  sareo-  

p l a smic  r e t i c u l u m  m e m b r a n e s .  T h e  spec t r a  w e r e  r u n  a t  145 .7  MHz and  the  to ta l  sweep  w i d t h  is 20 k H z .  
Each  s p e c t r u m  was  a c c u m u l a t e d  fo r  a p p r o x .  2 h. The  p r o b e  t e m p e r a t t t r e  was  8 -+ l ° C .  

/~s, this dipolar contribution to A is given by the expression: 

A =  A1(3 c o s 2 0 -  1) 
2 (2)  

where 0 is the angle between the magnetic field and the bilayer normal [18, 
29].  A, is the average value of the phosphorus-proton dipolar interaction, and 
is determined by all of the internal motions of the phosphodiester segment that 
are faster than 10 /~s. From the 2H order parameters for the two methylene 
groups adjacent to the phosphate group [27] it may be inferred that the domi- 
nant part of the dipolar broadening of the 3Ip-NMR signal is due to the interac- 
tion with the glycerol methylene group. 

Fig. 1 shows the width of  the 3Ip-NMR signal from oriented dipalmitoyl- 
phosphatidylcholine membranes as a function of  0. A is directly proportional to 



i (3cos20 _ 1), and approaches zero when 0 = 55 °. It can the absolute value of  
be concluded that,  above the transition temperature,  bo th  methylene groups 
adjacent to the phosphate group can rapidly rotate (i.e., faster than 10 #s) 
around the bilayer normal. Using Eqn. 2, A 1 for dipalmitoylphosphatidylcho- 
line was calculated to be 2500 Hz above the phase transition (50°C). As with 
Ao, the interpretation of  AI in terms of  the explicit details of  the mot ion  of  
the phosphodiester  segment is difficult. However,  since A, is very sensitive to 
the details of  these motions,  it may  also be used on a comparative basis. 

The 31p-NMR spectrum of  a dispersion of unsonicated membranes is simply 
the superposition of  the signals from all the different orientations [16].  For 
example, the dispersion spectrum in Fig. 2E is the superposition of  the signals 
in Fig. 2A--D, and also the signals for membranes aligned at all the intermedi- 
ate angles. The preferential weighting of  the perpendicular orientation (i.e., O = 
90 ° ) produces an apparent peak at the position of  the signal from membranes 
aligned at O = 90 ° and makes the  spectrum asymmetric,  z~o may be estimated 
from the separation between the two inflection points in the dispersion spec- 
t rum, although the dispersion spectrum provides no information on the direc- 
tion of  the axis o f  symmetry  of  the rapid internal mot ion of  the phosphate 
group. In some cases A~ can be estimated from the shape of  the dispersion 
spectrum by a curve-fitting procedure [18].  However, this procedure is only 
valid when the membrane contains a single species of  phospholipid, which is 
not  the case for biological membranes.  

Results 

31P-NMR spectra from oriented sarcoplasmic reticulum membranes are shown 
in Fig. 2. The spectrum for membranes aligned at O = 90 ° is symmetrical and 
gaussian in shape, while the spectra from membranes aligned at the other  angles 
are more complex.  The dashed curves in Fig. 2 show the best-fit o f  these spec- 
tra to symmetrical gaussian curves. The component  of  the spectra which could 
be simulated by a symmetrical gaussian curve was designated as the 'major'  
component .  It contained approx. 78% of  the  intensity in the spectrum. The 
remaining signal was designated the 'minor'  component .  The accuracy of  this 
deconvolution procedure was clearly best when the two components  were most  
widely separated (i.e., O = 0 °) or when the minor component  did not  signifi- 
cantly contr ibute  to the observed spectrum (i.e, 9 = 90°). 

The position of  the major component  of  the 31p-NMR spectrum from 
oriented sarcoplasmic reticulum membranes is very sensitive to the alignment 
of  the membranes with respect to the main magnetic field. When the mem- 
branes were rotated from the parallel (9 = 0 °) to the perpendicular (O = 90 °) 
alignment the  signal shifted approx. 6000 Hz upfield. The posit ion of  the major 
component  (as determined from the fit of  the gaussian curves to the spectra) is 
plot ted as a funct ion o f  ~(3cos:O -- 1) in Fig. 3. To within the experimental 
error, the position of  the major component  obeys  Eqn. 1. This implies that the 
phosphate group is able to rapidly rotate (i.e., faster than 10 #s) around the 
normal to the plane of  the membrane (see Theory).  Using Eq. 1, the  average 
value of  the chemical shift anistropy, Ao, was calculated to be 43.2 -+ 1.3 ppm. 
The error in Act is the S.D. calculated from the least-squares fit to Eqn. 1. 
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Fig. 3. T he  angular d e p e n d e n c e  o f  the  pos i t i on ,  v ( l e f t )  and the  width ,  A (r ight)  o f  the  major  c o m p o n e n t  
o f  the  3 1 p . N M R  signal f r o m  or iented  sarcoplasmic  r e t i c u l u m  ( S R )  m e m b r a n e s  (see  Fig. 2) .  0 is the  angle 
b e t w e e n  the  m a g n e t i c  f ie ld and th e  n o r m a l  to  th e  plane o f  the  m e m b z a n e .  The  p o s i t i o n  o f  the  signal was  
m e a s u r e d  w i t h  re s pec t  to  the  p o s i t i o n  o f  an ex terna l  phosphor i c  acid sample ,  v 0.  - - ,  the  least-  
squares  f i t  o f  the  angular d e p e n d e n c e  o f  the  pos i t i on  to  Eqn.  1. - . . . . .  , the  bes t  f i t  o f  the  angular depen-  
d e n c e  o f  t he  l i n e w i d t h  to  Eqn.  2,  tak ing  i n t o  a c c o u n t  the  m o s a i c  spread o f  the  sample  (see Resu l t s ) .  

The width of  the major component of  the 31P-NMR spectrum from oriented 
sarcoplasmic reticulum membranes is plotted as a function of  ½(3cos20 --  1) in 
Fig. 3. While the determination of  the width is inaccurate for 0 = 55 °, the 
accuracy is sufficient to conclude that the observed values do not obey Eqn. 2. 
This is probably due to the fact that all the membranes in the sarcoplasmic reti- 
culum sample do not have exactly the same orientation (see Fig. 4). The distri- 
bution of  orientations can be described by a gaussian curve, the width of  which 
is defined as the mosaic spread of  the sample. The effect o f  mosaic spread on 
the observed linewidth of  the 31p-NMR signal can be calculated by convoluting 
Eqn. 1 with this distribution function. Since the mosaic spread (A0) is indepen- 
dently determined from X-ray diffraction experiments (A0 =-+18°), the only 
adjustable parameter in this procedure is A1. The theoretical curve that best fits 
the linewidth data for oriented sarcoplasmic reticulum membranes is shown on 
the right-hand side of  Fig. 3. The value of  A1 used to generate the curve is 1740 
Hz. While the observed values of  the linewidth for 0 = 0 ° , 30 ° and 90 ° agree 
reasonably well with the theoretical curve, the observed value at 0 = 55 ° does 
not. However, given the inherent errors in the measured value of the linewidth 
at this angle (see Fig. 2), the overall agreement between the experimental data 
and the theoretical curve is considered reasonable. 

The minor component of  the ~P-NMR signal from oriented sarcoplasmic reti- 
culum membranes is best visualized in the signal for the 0 = 0 ° alignment 
(Fig, 2, top) where the major component is shifted farthest downfield. The 
minor component probably arises from phospholipid molecules in the edge of  
the oriented membrane sandwich. The oriented sarcoplasmic reticulum mem- 
branes are made by centrifuging spherical single-walled vesicles (approx. 1250 

in diameter (Saito, A., Hymel, L. and Fleischer, S., unpublished results)) onto 
a mylar disc. While the two membranes in the center of  the flattened vesicle are 
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coplanar with the mylar disc, the membrane at the edge forms a semicircular 
torus  (see Fig. 4). The membrane in this torus will have a random distribution 
with respect to the magnetic field, regardless of  the orientation of  the mylar 
discs. It would be expected to display a 31P-NMR spectrum similar in shape to 
the signal for the unoriented dispersion of  sarcoplasmic reticulum membranes 
shown in Fig. 2E. While the poor  signal-to-noise of  the minor component  pre- 
cludes an accurate determination of  the lineshape, it does have a distribution 
throughout  the  expected region of  the spectrum. Also, the apparent intensity 
of  the minor component  (approx. 22% of the total intensity) is consistent with 
theoretical calculations based on the size of  the vesicles and with determina- 
tions of  the fraction of  membrane in the torus from the electron micrographs. 

The 31P-NMR spectrum of  an unoriented dispersion of  sarcoplasmic reticu- 
lum membranes is shown in Fig. 2E. The spectrum is broad and asymmetric,  
with a pronounced low-field shoulder. The position of  the inflection points on 
the low and the high-field sides of  the dispersion spectrum in Fig. 2E corre- 
spond closely to the position of  the signals for 0 = 0 ° (Fig. 2A) and 0 = 90 ° 
(Fig. 2D). We conclude (see Theory) that  the value of  Aa is very similar in the 
aqueous sarcoplasmic reticulum dispersions and in the partly hydrated sarco- 
plasmic reticulum multilayers. This implies that  partial dehydrat ion does not  
affect the mot ion of  the polar head group region of  the sarcoplasmic reticulum 
membrane.  

31P-NMR spectra from oriented membranes formed from sarcoplasmic reti- 
culum phospnolipids (Fig. 5D) and reconst i tuted sarcoplasmic reticulum with 
various phospholipid to protein ratios (Fig. 5A--C) were very similar to the 
spectra from oriented sarcoplasmic reticulum membranes (Fig. 2). The spectra 
were fi t ted to gaussian curves (dashed curves) and the position and width of  the 
major components  are plot ted as a function of  ~ (3cos20 -  1) in Fig. 6. The 
position of  the major component  of  all of  the membrane preparations obeys  
Eqn. 1, and the calculated values o f / ~ a  are shown in Table I. Within the accu- 
racy of  the measurements,  Ao is the same for the phospholipid bilayer mem- 
branes, sarcoplasmic reticulum membranes and reconsti tuted sarcoplasmic 
reticulum membranes.  

The angular dependence of  the width of  the major component  of  31p_ 
NMR signals from oriented reconsti tuted sarcoplasmic reticulum membranes 
and bilayer membranes formed from sarcoplasmic reticulum phospholipids 
agrees qualitatively with the modified form of  Eqn. 2 that  incorporates the 
effects o f  mosaic spread. The dashed curves in Fig. 6 were calculated assuming 
the same value of/X~ (1740 Hz) and A0 (+18 °) found for oriented sarcoplasmic 
reticulum membranes.  As discussed above, the observed linewidths of  samples 
aligned at 0 = 30 ° and ~ = 55 ° contain substantial errors, and they were not  
used in the quantitative fit to the data. The reasonable quantitative fit o f  the 
theoretical curve to the observed linewidths for ~ = 0 ° and 0 = 90 ° implies that 
A1 is very similar for sarcoplasmic reticulum membranes,  the various reconsti- 
tu ted sarcoplasmic reticulum membranes and bilayer membranes formed from 
sarcoplasmic re t iculum phospholipids. 

A series of  31P-NMR spectra of  oriented reconst i tuted sarcoplasmic reticulum 
(110 : 1) and reconst i tuted sarcoplasmic reticulum (60 : 1) membranes and 
oriented bilayer membranes made from sarcoplasmic reticulum phospholipids 



1 2  

T A B L E  I 

Ao F O R  T H E  M A J O R  C O M P O N E N T  O F  T H E  3 1 P - N M R  S P E C T R A  F R O M  V A R I O U S  S A R C O P L A S M I C  

R E T I C U L U M  P R E P A R A T I O N S  

AO, the  average value  of  t he  p h o s p h o r u s  c h e m i c a l  sh i f t  a n i s o t r o p y ,  was  d e t e r m i n e d  f r o m  the  leas t - squares  
f i t  o f  Eqn .  1 to  t he  d a t a  s h o w n  in  Figs.  3 and  6. T h e  error in  AO is the  S.D.  ca lcu la ted  f r o m  the  least- 

squares  analys is .  

Ao ( p p m )  

S a r c o p l a s m i c  r e t i c u l u m  l ip ids  45.5  + 1.1 

S a r c o p l a s m i c  r e t i c u l u m  43 .2  +- 1.3 

R e c o n s t i t u t e d  s a r co p l a smic  r e t i c u l u m  
110 : 1 44 .5  -+ 2.1 

60  : 1 43 .8  +- 4,4 * 

42 : 1 49 .2  + 2.4 * 

* T h e  re la t ive ly  large S.D.  of  these  t w o  values  ar i ses  f r o m  the  f ac t  t h a t  t h e y  w e r e  ca lcu la ted  f r o m  only  

three  e x p e r i m e n t a l  p o i n t s  (see Fig.  6). 

were taken with a 4 s delay time between consecutive free induction decays. 
The T1 relaxation time of  the 31p-NMR signal from oriented reconstituted 
sarcoplasmic reticulum (60 : 1) membranes aligned at 0 = 0 ° was determined to 
be 1.1 + 0.1 s by the inversion recovery method.  Assuming the T1 relaxation 
times for the oriented reconstituted sarcoplasmic reticulum (110 : 1) and the 
oriented sarcoplasmic reticulum phospholipid membranes are not significantly 
longer than this value, the 4 s delay t ime ensured that the observed intensities 
of  the 31P-NMR signals were directly proportional to the number of  phospho- 
lipid molecules contributing to the signal. The relative intensities of  the 31p_ 
NMR signals and the total amount  o f  lipid phosphorus in each sample are 
shown in Table II. The intensity of  the signal from oriented sarcoplasmic reti- 
culum phospholipid membranes was arbitrarily scaled to a value of  1.0. The 

T A B L E  II  

T H E  F R A C T I O N  O F  T H E  T O T A L  P H O S P H O L I P I D  M O L E C U L E S  D E T E C T E D  IN T H E  O B S E R V E D  
3 1 p - N M R  S I G N A L  F R O M  O R I E N T E D  R E C O N S T I T U T E D  S A R C O P L A S M I C  R E T I C U L U M  MEM- 
B R A N E S  

T h e  re lat ive  i n t e n s i t i e s  o f  t h e  3 1 p - N M R  signals  w e r e  d e t e r m i n e d  u n d e r  n o n - s a t u r a t i n g  c o n d i t i o n s  (see 

Mater ia l s  and  M e t h o d s  and  Resu l t s )  f r o m  o r i e n t e d  m e m b r a n e s  a l igned a t  0 = 90  ° .  A and  B s h o w  t h e  
resu l t s  o f  t w o  sepa ra t e  se ts  o f  e x p e r i m e n t s .  SR ,  s a r c o p l a s m i c  r e t i c u l u m ;  R S R ,  r e c o n s t i t u t e d  s a r c op l a smic  

r e t i c u l u m .  

Relative Total lipid Fraction of 
31 P-NMR phosphorus phospholipid 

signal (~g) molecules 
intensity detected 

(A) Saxcoplasmic reticulum lipids 1.00 465 1.00 
RSR 

110  : 1 0 .675  352  0 .94  

60  : 1 0 .576  287  0 .90  

(B) S a r c o p l a s m i c  r e t i c u l u m  l ip ids  1 .00  497  1 .00 
R S R  

110  : 1 0 .67  310  1.08 
60  : 1 0 .67  318 1.05 
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observed intensity of the 3~P-NMR signals from reconstituted sarcoplasmic reti- 
culum membranes was calibrated by assuming that the 3~P-NMR signal from 
oriented sarcoplasmic reticulum phospholipid membranes arose from all the 
phospholipid molecules in the sample. The fraction of phospholipid molecules 
contributing to t h e  observed signal from oriented reconstituted sarcoplasmic 
reticulum membranes was calculated by comparing the amount of lipid phos- 
phorus contributing to the 3~P-NMR signal with the total amount of lipid phos- 
phorus in the sample. These results are shown in the right-hand column of 
Table II. The experiment was performed in duplicate and the second set of 
results is shown in the bottom half of Table II. It may be concluded from 
Table II that the 31p-NMR spectra are detecting essentially all (100 + 7%) of 
the phospholipid molecules in the oriented membranes samples. 

Discussion 

The major conclusion of the 31p-NMR studies described here is that the moti- 
onal characteristics of the phospholipid molecules in the normal and reconsti- 
tuted sarcoplasmic reticulum membrane are very similar to that of phospho- 
lipid molecules in model bilayer membranes (liposomes) formed from sarco- 
plasmic reticulum phospholipids. That is to say, the presence of the calcium- 
pump protein in the membrane does not perturb the motion of the polar head 
group region of the phospholipid molecules. 

The 31p-NMR studies were performed on partially hydrated oriented multi- 
layers. However, since the average value of the phosphorus chemical shift 
anistropy, Aa, was the same for oriented sarcoplasmic reticulum membranes 
and fully hydrated dispersions of sarcoplasmic reticulum, the partial dehydra- 
tion procedure did not affect the motion of the phosphate group. Also, 
oriented sarcoplasmic reticulum multilayers [20] and reconstituted sarcoplas- 
mic reticulum multilayers which are resuspended in aqueous solution [14 ] still 
retain calcium-pumping activity. The conclusion reached above is thus relevant 
to the functional, intact, sarcoplasmic reticulum membrane. 

31P-NMR spectra from oriented sarcoplasmic reticulum multilayers were 
resolved into two components. The major component, which contained 
approx. 70% of the total intensity, was sensitive to the alignment of the sample 
with respect to the magnetic field and is interpreted to arise from the flattened 
portion of the oriented vesicles (see Fig. 4). The minor component, containing 
approx. 30% of the total intensity, was relatively insensitive to the alignment of 
the sample and is interpreted to arise from the torous region at the edge of the 
flattened vesicles. The lineshape of the minor component is consistent with a 
rapid lateral diffusion of phospholipid molecules around the highly curved 
torous region (McLaughlin, A.C., unpublished results). 

The position of the major component of the 31P-NMR spectra from oriented 
sarcoplasmic reticulum and reconstituted sarcoplasmic reticulum membranes 
and oriented bilayer membranes formed from sarcoplasmic reticulum phospho- 
lipids obeys Eqn. 1. When the mosaic spread of the samples is taken into 
account, the width of the major component is consistent with Eqn. 2. The 
average value of the phosphorus chemical shift anistropy, Ao, and the average 
value of the dipolar interaction, A1, are the same (to within the experimental 
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error) for sarcoplasmic reticulum, reconsti tuted sarcoplasmic reticulum 
(100 : 1), (60 : 1), and (42 : 1) membranes and bilayer membranes formed 
from sarcoplasmic reticulum phospholipids. We can thus draw two important  
conclusions about  the mot ion of  the  phospholipid molecules that  give rise to 
major component  of  the 31P-NMR spectra from oriented sarcoplasmic reticu- 
lum and reconsti tuted sarcoplasmic reticulum membranes.  First, the phos- 
phate group and the two adjacent methylene groups can rotate rapidly around 
the normal to the plane of the membrane (i.e., rR < <  10 pS). Second, the 
restricted internal mot ion of  the phosphate group and the glycerol CH2OP 
group * is very similar to that  found in model  phospholipid membranes.  

In order to quanti tate  these conclusions it is necessary to determine the frac- 
tion of  phospholipid molecules that  contr ibute to the observed 31p-NMR 
signals. Calibration experiments showed that the total intensity in the 31p-NMR 
spectra from oriented reconst i tuted sarcoplasmic reticulum ( 1 1 0 : 1 )  and 
(60 : 1) membranes accounted for essentially all (100 -+ 7%) of the phospho- 
lipid molecules in the membranes.  These measurements imply that the observed 
intensity of  the major component  accounts for the same fraction of  phospho- 
lipid molecules in the oriented regions of  the membrane. We can thus extend 
the two conclusions in the previous paragraph to all the phospholipid molecules 
in the oriented regions of  these reconst i tuted sarcoplasmic reticulum multi- 
layers. 

The term boundary  lipid [33 ]  or  lipid annulus [34 ]  have been used to dis- 
criminate between phospholipid molecules immediately surrounding the pro- 
tein and the remainder of  the phospholipid molecules in the  membrane.  It has 
been estimated [33] that  approx. 30 mol of  phospholipid surround 1 mol of 
calcium-pump protein. From calculations of  the dimensions of calcium-pump 
protein obtained from recent X-ray and neutron diffraction experiments,  we 
also estimate the number to be at least 30 (Herbette,  L., et al., unpublished 
results). Using this estimate, the 'boundary-layer '  of  lipid would consti tute 27% 
of the phospholipid in reconst i tuted sarcoplasmic reticulum (110 : 1) mem- 
branes, and 50% of the phospholipid in reconst i tuted sarcoplasmic reticulum 
(60 : 1) membranes.  Yet, in these membranes essentially all (100 -+ 7%) of the 
polar head groups have the same Ao and A~ as found in model  bilayer mem- 
branes, and are free to rotate around the normal to the plane of  the membrane. 
We thus conclude that the mot ion of  the phosphate group and the glycerol 
CH2OP group of  'boundary-layer '  phospholipid molecules is not  constrained by  
the adjacent protein molecule on a t ime scale of  10 ps or shorter, and is the 
same as that  found in phospholipid molecules in the 'bilayer' regions of  the 
membrane.  

Recent  experiments using 2H-NMR to s tudy the mot ion  of  the hydrocarbon 
region of phospholipids in reconst i tuted sarcoplasmic reticulum membranes 
[13,35,36] or other  membranes [37,38] also do not  detect  a separate domain of 
immobilized lipid. However,  EPR results indicate that  a significant fraction of  
phospholipid molecules in reconst i tuted sarcoplasmic reticulum and other  
membranes could be immobilized [33,34,39].  Recent  studies by  McIntyre et 
al. [40] were carried out  to see whether  immobilized phospholipid could be 

* C H 2 O P  d es i g n a t e s  the  m e t h y l e n e  g roup  a d j a c e n t  to  the  p h o s p h a t e  gxoup.  
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detected in reconstituted sarcoplasmic reticulum membrane vesicles prepared 
by the procedures used in the present study. A small amount of immobilized 
spin-labelled phosphatidylcholine (spin label on C- 16 of the sn-2-acyl stearic 
acid) could be detected; however, the amount appears insufficient to constitute 
a boundary layer or annulus of immobilized phospholipid surrounding the cal- 
cium-pump protein. Thus, for sarcoplasmic reticulum, the EPR results [40] are 
in qualitative agreement with the 31P-NMR results reported here and with the 
2H-NMR results [35,36] that there is insufficient immobilized phospholipid to 
constitute a complete boundary layer. 
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