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The detailed profile structure of the isolated sarcoplasmic reticulum membrane was studied utilizing a 
combination of X-ray and neutron diffraction. The water and lipid profile structures within the sarcoplasmic 
reticulum membrane were determined at 28 ~, resolution directly by neutron diffraction and selective 
deuteration of the water and lipid components. The previously determined electron density profile structure 
of the sarcoplasmic reticulum membrane at 12 A resolution was subjected to model refinement analysis 
constrained by the neutron diffraction results, thereby providing unique higher resolution calculated lipid and 
protein profile structures. It was found that the lipid bilayer profile structure of the isolated sarcoplasmic 
reticulum membrane is asymmetric, primarily the result of more lipid residing in the inner versus the outer 
monolayer of the sarcoplasmic reticulum lipid bilayer. The asymmetry in the lipid composition was 
necessarily coincident with a complimentary asymmetry in the protein mass distribution between the two 
monolayers in order to preserve the overall cross-sectional area of lipid and protein throughout the lipid 
bilayer region of the sarcoplasmic reticulum membrane profile structure. Approximately 50% of the mass of 
the total protein was found to be localized externally to the sarcoplasmic reticulum membrane lipid bilayer 
protruding from the outer lipid monolayer into the extravesicular medium. The structural features of the 
protein protrusion appear to be rather variable depending upon the environment of the sarcoplasmic 
reticulum membrane. This highly asymmetric structural organization of the sarcoplasmic reticulum mem- 
brane profile is consistent with its primary function of unidirectional calcium transport. 

Introduction 

The sarcoplasmic reticulum membrane has been 
the subject of numerous investigations on both 

functional and structural levels. The functional 
studies of this membrane have provided a detailed, 
though still incomplete, mechanism for the uni- 
directional transport of calcium across the sarcop- 
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lasmic reticulum membrane permeability barrier 
upon hydrolysis of an energy source such as ATP 
(for reviews, see Refs. 1-4). This biochemical 
mechanism has been supplemented with extensive 
studies on the morphology and ultrastructure of 
the sarcoplasmic reticulum membrane, all indicat- 
ing an asymmetric membrane profile (or cross-sec- 
tional) structure. Freeze-fracture electron mi- 
croscopy of isolated sarcoplasmic reticulum has 
demonstrated an asymmetric distribution of par- 
ticles which reside predominantly in the outer 
concave fracture face corresponding to the outer 
monolayer of the closed sarcoplasmic reticulum 
vesicle (cytosolic side) with the inner convex frac- 
ture face being relatively particle free [5,6]. Nega- 
tive-staining electron microscopy has revealed pro- 
jections presumed to be protein at the extravesicu- 
lar surface of the closed sarcoplasmic reticulum 
vesicle [7] consistent with the thin-section electron 
microscopic images of the sarcoplasmic reticulum 
membrane [8-10]. Although electron microscopy 
may provide some information regarding the basic 
structural features of the functional sarcoplasmic 
reticulum membrane, internal inconsistencies also 
exist such as the particle area density discrepancy 
between negative stain and freeze-fracture images 
of the sarcoplasmic reticulum membrane [11]. 

The profile structure of the functional sarcop- 
lasmic reticulum membrane has been investigated 
utilizing lamellar X-ray diffraction at a relatively 
low resolution of approx. 17 A [12,13] and at 
somewhat higher resolution of approx. 11 A [14,15]. 
These studies have shown that the sarcoplasmic 
reticulum membrane electron density profile is 
highly asymmetric with the major protein, the 
calcium pump (Ca 2+ and Mg 2+ sensitive ATPase), 
probably spanning the lipid bilayer. The higher 
resolution electron density profile contains elec- 
tron dense features outside of the phospholipid 
headgroup region at the extravesicular surface of 
the sarcoplasmic reticulum membrane, believed to 
be protein [14]. Attempts have been made to de- 
termine the protein contribution to the sarcop- 
lasmic reticulum membrane profile structure by 
employing X-ray solution scattering techniques on 
both partially delipidated sarcoplasmic reticulum 
membranes [16] and detergent solubilized sarcop- 
lasmic reticulum protein [17]. X-ray and neutron 
diffraction studies of reconstituted sarcoplasmic 

reticulum [18,19] have allowed some information 
to be obtained regarding the separate contribution 
of protein and lipid to the total profile structure of 
this membrane system although this approach is 
somewhat problematic in this case due to some 
loss in the unidirectionality of the pump protein in 
these particular reconstituted preparations. The 
'in-plane' structure of the sarcoplasmic reticulum 
membrane was previously examined utilizing 
equatorial X-ray diffraction providing a limited 
amount of structural information whose interpre- 
tation remains incomplete [12,13[. Optical diffrac- 
tion of freeze-fracture electron microscopic images 
suggest that the calcium pump protein may be 
organized in a weak lattice of calcium pump di- 
mers in the sarcoplasmic reticulum membrane 
plane [20], consistent with target inactivation anal- 
ysis which also supports the dimer model [21]. 

In this paper, we have employed X-ray and 
neutron diffraction techniques to directly decom- 
pose the electron density profile structure of the 
isolated sarcoplasmic reticulum membrane into the 
separate profile structures for water, lipid and 
protein at approx. 11 A resolution. It is shown that 
the calcium pump protein spans the membrane 
lipid bilayer in contact with both the intravesicular 
and extravesicular water spaces with a major por- 
tion protruding substantially into the extravesicu- 
lar water space. The membrane lipid and water 
profiles are asymmetric consistent with the compli- 
mentary asymmetry in the protein mass distri- 
bution within the lipid bilayer region of the 
sarcoplasmic reticulum membrane profile struc- 
ture. Our results indicate that the protein protru- 
sion from the extravesicular surface of the sarcop- 
lasmic reticulum membrane profile may be some- 
what 'elastic' with dimensions dependent upon the 
environment of the sarcoplasmic reticulum vesicle. 
These structural results pertain to the fully func- 
tional, isolated sarcoplasmic reticulum membrane 
as shown by our previous studies [14,46]. We have 
previously reported brief summaries of this work 
[19,22]. 

Methods 

(i) Sarcoplasmic retieulum preparation and assays 
Sarcoplasmic reticulum vesicles were isolated 

from rabbit white (fast) back and hind leg muscle, 



purified by zonal density gradient centrifugation 
and suspended in a solution containing 300 mM 
sucrose, 100 mM KC1, 1 mM Hepes (pH 7.1) [23]. 
The suspension was quickly frozen in liquid 
nitrogen and stored at - 7 0 ° C  until use. The 
sarcoplasmic reticulum vesicles were further sub- 
fractionated into light and heavy sarcoplasmic 
reticulum. The light sarcoplasmic reticulum 
vesicles, which were devoid of electron dense com- 
partmental contents, were used in these studies 
[24]. Lipid was extracted from isolated sarcop- 
lasmic reticulum vesicles with chloroform/meth- 
anol (2:1, v/v)  [25] and dried under nitrogen. 
Protein concentrations of the samples were de- 
termined by the method of Lowry et al. [26], using 
bovine serum albumin as a standard. Phospholipid 
phosphorus was estimated from a determination of 
the total phosphorus content according to Meis- 
sner and Fleischer [27]. The lipid to protein (L /P)  
ratio is expressed as /~g phosphorus per mg pro- 
tein. 

(ii) Sarcoplasmic reticulum deuteration methods 
(a) Biosynthetic deuteration of sarcoplasmic re- 

ticulum lipids. White New Zealand rabbits (1.5 kg) 
were fed a diet supplemented with 10-20 mg of 
deuterated sodium acetate per day for six weeks. 
Deuterated acetic acid was neutralized to pH 7.0 
and concentrated solutions (2-4 M) of sodium 
acetate were mixed with rabbit chow which was 
allowed to dry overnight. Control experiments in- 
volved supplementing the diet with protonated 
sodium acetate. Sarcoplasmic reticulum vesicles 
were isolated as described [14,23] and phospholi- 
pids were extracted [25] from this highly purified 
fraction of sarcoplasmic reticulum vesicles. Proton 
Fourier transform NMR (FT-NMR) spectra were 
obtained from this lipid extract in chloroform and 
compared to fully protonated sarcoplasmic reticu- 
lum lipid controls. A relatively long delay time 
between FT-NMR pulses of approx. 10 s was 
employed in order to quantitatively compare these 
spectra. The percent of total deuteration in the 
sarcoplasmic reticulum lipids was estimated to be 
50-60% from the reduction in total integrated 
intensity of the partially deuterated sarcoplasmic 
reticulum lipid sample. Since the entire spectrum 
from the deuterated sarcoplasmic reticulum lipid 
sample was uniformly reduced in intensity, no 
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preferential deuteration of any portion of the 
phospholipid molecules in the entire sarcoplasmic 
reticulum lipid population had taken place. Thus 
approx. 50-60% of the sarcoplasmic reticulum lipid 
mixture was perdeuterated before exchange into 
normally protonated sarcoplasmic reticulum 
vesicles. 

(b) Phospholipid exchange methods *. PC and PE 
extracted from both the perdeuterated sarcop- 
lasmic reticulum lipid mixture and fully proto- 
nated sarcoplasmic reticulum lipids were ex- 
changed into fully protonated purified sarcop- 
lasmic reticulum vesicles utilizing a non-specific 
lipid transfer protein * [28-30]. In early experi- 
ments, a phosphatidylcholine specific transfer pro- 
tein was also used [31,32]. A 7-fold (relative to the 
amount of membrane phospholipid, see below) 
excess of either deuterated or protonated sarcop- 
lasmic reticulum lipids was suspended in 300 mM 
sucrose, 1 mM Hepes (pH 7.1) and sonicated 
briefly at low power to form liposomes. The solu- 
tion was sonicated until it clarified and centrifuged 
(40000 × g, 30 min) to remove the larger lipid 
aggregates. Lipid transfer proteins were isolated 
from bovine liver and purified [28]. The lipid (240 
/~g/ml) was added to a reaction mixture contain- 
ing 1 mM Hepes, 0.004% azide, 0.06 M sucrose 
followed by addition of the phospholipid transfer 
protein (100 /~g/ml). Sarcoplasmic reticulum 
membrane vesicles (24/tg phosphorus/mg protein 
in 1 ml) were added to this reaction mixture and 
incubated for various times (1-5 h) at 30°C. The 
exchange reaction was allowed to proceed so that, 
under the conditions of the assay, nearly all the 
lipid in the outer monolayer of the sarcoplasmic 
reticulum membrane was replaced with PC and PE 
(see Results). These lipid exchanged sarcoplasmic 
reticulum membrane vesicles were purified by a 
sucrose step-density gradient so that the ex- 
changed sarcoplasmic reticulum membrane vesicles 
were separated from liposomes. The time-course 
for lipid exchange [30,32] into sarcoplasmic re- 

* The specific phosphatidylcholine transfer protein is specific 
for exchanging phosphatidylcholine in the presence of other 
lipid species. The more general lipid transfer protein, desig- 
nated nonspecific lipid transfer protein, has broader phos- 
pholipid specificity and was used to exchange both PC and 
PE. 
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ticulum vesicles * and details of the exchange reac- 
tions were monitored in separate reaction mixtures 
and are described elsewhere. 

(iii) Electron microscopy of sarcoplasmic reticulum 
vesicles 

Isolated sarcoplasmic reticulum vesicles were 
fixed by the tannic acid-OsO 4 method previously 
described [10]. Thin sections were cut on an LKB 
Ultratome (LKB Instruments, Inc., Rockville, MD) 
with diamond knives (E.I. DuPont de Nemours 
and Co., Wilmington, DE), and subsequently ex- 
amined in a Hitachi HU-11b electron microscope 
(Tokyo, Japan). Freeze-fracture microscopy of ex- 
changed sarcoplasmic reticulum was carried out as 
described previously [25]. 

(iv) Assays of sarcoplasmic reticulum function 
Ca 2+ loading and ATPase activity of sarcop- 

lasmic reticulum vesicles in the presence of oxalate, 
which forms a precipitate of calcium oxalate inside 
the vesicles, were measured under similar condi- 
tions, as previously described [24]. The amount of 
Ca 2+ taken up by sarcoplasmic reticulum in the 
first 1 min interval, i.e. where the reaction kinetics 
are linear with time, represents the Ca 2+ loading 
rate expressed as /~mol Ca2+/mg per min. The 
Ca 2+ accumulation in a 10-min interval is defined 
as the loading capacity. The Ca 2+ loading ef- 
ficiency is the ratio of the Ca 2 + loading rate to the 
Ca 2 +-stimulated ATPase activity rate (#mol Pi/mg 
per rain), both assayed under similar conditions. 

(v) X-ray and neutron diffraction methods: data 
collection, reduction and phasing 

Exchanged sarcoplasmic reticulum vesicles were 
thawed and resuspended in 100 mM KC1, 10 #M 
Tris maleate (pH 7.0) and oriented membrane 
multilayers were prepared for X-ray and neutron 
diffraction studies as described [14]. Membrane 
multilayers were equilibrated at 93% relative 
humidity under gas-flow conditions [14] for X-ray 

* Further details of the lipid exchange methodology as ap- 
plied to the sarcoplasmic reticulum membrane and the 
time-course for lipid exchange into the sarcoplasmic reticu- 
lure membrane, are described in a manuscript recently 
submitted by Lunardi, J., DeFoor, P. and Fleischer, S. 

diffraction studies and 88% relative humidity un- 
der sealed conditions [18] for neutron diffraction 
studies at 7-8°C; for the latter studies, the 
saturated salt solutions utilized were prepared at 
100% 2 H 2 0  a n d  a 75% 2 H 2 0 / H 2 0  ratio allowing 
partial dehydration and H20-2H20 exchange of 
the samples to be carried out simultaneously. 

For lamellar X-ray diffraction experiments, the 
equipment design, specimen geometry, data 
acquisition and data reduction were previously 
described in detail [14]. Lamellar neutron diffrac- 
tion data were collected at the high flux beam 
reactor using the Brookhaven low-angle dif- 
fractometer operating at 2.36 A. Equipment design, 
specimen geometry, data acquisition and data 
reduction for neutron diffraction experiments have 
been described in detail [15]. In the case of neu- 
tron diffraction studies, the lamellar background 
scattering was calculated as described by Pachence 
et al. [33]. 

The lamellar diffraction (X-ray and neutron) 
from oriented sarcoplasmic reticulum membrane 
multilayers exhibited a considerable degree of 
lattice disorder. The continuous X-ray lamellar 
intensity function was phased by a direct decon- 
volution procedure which takes into account multi- 
layer lattice disorder [34] and multilayer unit cell 
electron density profiles were calculated as previ- 
ously described [14]. The continuous neutron 
lamellar intensity functions were likewise phased 
by a similar analysis. Alternatively, the lamellar 
neutron reflections were integrated by fitting 
Gaussian curves to the maxima in the lamellar 
data and these integrated reflections were phased 
by the swelling method [35] using a previously 
published algorithm [36]. The phase assignments 
for the neutron diffraction data were identical 
using either the direct deconvolution procedure or 
the swelling method. All neutron scattering con- 
trast profiles for the multilayer unit cell were 
determined by the appropriate Fourier series 
utilizing the phased integrated lamellar reflections 
according to Guinier (Ref. 37, see also Ref. 33). 
Appropriate neutron scattering profiles were scaled 
to one another [38] and difference profiles were 
calculated as unit cell water profile structures 
utilizing H20-2H20 exchange, and unit cell lipid 
profile structures utilizing protonated versus deu- 
terated sarcoplasmic reticulum lipids. 



(vi) Model refinement methods 
Neutron diffraction. Difference unit cell neutron 

scattering profiles calculated from sarcoplasmic 
reticulum with protonated versus deuterated lipid 
in the neutron diffraction study directly provided 
the lipid profile structure within the isolated 
sarcoplasmic reticulum membrane where the mul- 
tilayer unit cell profile contains two apposed single 
membrane profiles as previously shown [14]. These 
low resolution (28 ,~) lipid profile structures were 
analyzed by fitting a step-function model contain- 
ing 5 steps per single membrane profile within the 
unit cell difference profile in order to quantita- 
tively allow for transform truncation errors. The 
fitting procedure consisted of Fourier transfor- 
ming an initial step-function model profile once to 
provide the model's structure factor and subse- 
quently Fourier transforming this structure factor 
(at the resolution of the experimental data of 28 
A) to generate a continuous, calculated unit cell 
difference profile Apc(x ) equivalent to the step- 
function model; the model was then refined against 
the experimental unit cell difference profile Ape(x ) 
until the normalized least-squares fit of 

D/2 

(where D is the unit cell profile dimension) was 
better than 1%. The step-function model thus fitted 
could be used to estimate the number of lipid 
molecules for each monolayer of the sarcoplasmic 
reticulum membrane bilayer by taking into account 
the measured lipid to protein ratio equal' to 128 
mole phospholipid per mole calcium pump protein 
[15]. A similar procedure was used to estimate the 
ratio for the amount of water hydrating the inner 
versus outer phospholipid headgroup region of the 
sarcoplasmic reticulum membrane lipid bilayer. 
For these calculations, a step-function model con- 
taining 6 steps per membrane was fitted to the 
experimental difference unit cell profile (28 ,~ 
resolution) obtained by the H20-2H20 exchange 
of the protonated sarcoplasmic reticulum mem- 
brane used in the above study. This procedure 
provided a measure of the relative amounts of 
water within the two phospholipid headgroup re- 
gions of the membrane profile exclusive of the 
'pure' water layer in the vicinity of x = 0 ,~ of the 

107 

unit cell profile structure, i.e., between the phos- 
pholipid headgroups of the two apposed mem- 
branes of the collapsed sarcoplasmic reticulum 
vesicle designated as the intravesicular water space. 
Both the phospholipid bilayer asymmetry and the 
relative amounts of water in the two phospholipid 
headgroup regions within the sarcoplasmic reticu- 
lum membrane profile could be determined with 
an accuracy of + 1% (S.D.) based on this proce- 
dure. 

X-ray diffraction. The electron density profile 
structure of the sarcoplasmic reticulum membrane 
at approx. 13 ,~ resolution was then subjected to 
the following detailed analysis utilizing pertinent 
information from the neutron diffraction study in 
order to obtain the separate higher-resolution lipid 
and protein profile structures within the sarcop- 
lasmic reticulum membrane. 

The experimental electron density profile for 
the symmetric lipid bilayer of pure sarcoplasmic 
reticulum lipids at 15 ,~ resolution [15] was fitted 
with a step-function model profile in which 5 steps 
defined the lipid bilayer and 2 steps represented 
the water layers at either surface of the bilayer. 
The experimental unit cell electron density profile 
for the isolated sarcoplasmic reticulum membranes 
at 13 A resolution was fitted with a step-function 
model profile in which 10 steps defined the mem- 
brane and 2 steps represented water layers at 
either membrane surface. As for neutron diffrac- 
tion studies, the fits resulting from the refinement 
of these model profiles were obtained to less than 
5% normalized least-squares deviation between the 
experimental profile and the doubly-Fourier trans- 
formed step-function model profile structures. 

The resulting step-function model profile for 
sarcoplasmic reticulum lipids was placed on an 
absolute electron density scale by calculating the 
electron density for each of the 5 steps within the 
model using the known composition of the lipid 
mixture and electron densities of lipid components 
based on other studies [33,39,40]. The calculated 
values of 0.430 e//,~ 3 for the phospholipid 
headgroup steps, 0.296 e /A 3 for the hydrocarbon 
chain (CH2) . steps and 0.232 e/,~ 3 for the chain 
terminal methyl group step were used. This scale 
so constructed for the bilayer of isolated sarcop- 
lasmic reticulum lipids was deemed reasonable 
since the water spaces between bilayers were then 
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found to have an electron density value of 0.334 
e/ ,~ 3 in the refined step-function model, as ex- 
pected. 

The absolute electron density scale for the 
step-function model of the sarcoplasmic reticulum 
membrane profile was constructed based on infor- 
mation abstracted from both the lipid and water 
profile structures obtained directly by neutron dif- 
fraction. In order to best utilize the neutron dif- 
fraction results, model refinement calculations were 
employed which utilized linear combinations of 
water, lipid and protein computed for each step of 
the sarcoplasmic reticulum membrane profile 
structure. 

The model refinement was based on the follow- 
ing calculated and experimental parameters: 

(1) A measured lipid to protein ratio of approx. 
26 /.tg phosphorus per mg protein which, using 
119000 for the molecular weight of the calcium 
pump protein which is approx. 90% of the total 
protein, yields 128 mole phospholipid per mole 
calcium pump protein. 

(2) An average electron density of 0.405 e/ .~ 3 
was calculated for the calcium pump protein based 
on the amino acid composition [41] and the elec- 
tron densities of the amino acids [42]. 

(3) The average cross sectional area of a phos- 
pholipid molecule in the liquid-crystalline state 
under the conditions of hydration for the sarcop- 
lasmic reticulum membrane utilized in the diffrac- 
tion studies was assumed to be approx. 60 ,~2 [40]. 

(4) The average electron density for the phos- 
pholipid headgroups and fatty acyl chains ob- 
tained for the bilayer of extracted sarcoplasmic 
reticulum lipids were assumed to be applicable to 
the phospholipid molecules in the sarcoplasmic 
reticulum membrane. 

The model refinement was further constrained 
to predict: 

(1) The measured asymmetry in the numbers of 
phospholipid molecules between the outer and in- 
ner monolayers of the sarcoplasmic reticulum 
membrane bilayer, a parameter directly obtained 
in the neutron diffraction study. 

(2) The measured ratio for the amount of water 
hydrating the two phospholipid headgroup regions 
of the sarcoplasmic reticulum membrane bilayer, a 
parameter directly obtained in the neutron diffrac- 
tion study. 

Thus, the electron density scale for the step- 
function model profile was systematically varied 
until appropriate linear combinations of water, 
lipid and protein computed for each step predicted 
the same values for the phospholipid bilayer asym- 
metry and the asymmetry in the water hydrating 
the headgroups of the phospholipid bilayer within 
the sarcoplasmic reticulum membrane profile 
structure as determined experimentally from the 
neutron diffraction study. The electron density 
scale could be determined uniquely with an accu- 
racy of better than +2% (S.D.) using this proce- 
dure. 

With the correct electron density scale for the 
sarcoplasmic reticulum membrane profile estab- 
lished by this model refinement procedure, the 
protein profile for the sarcoplasmic reticulum 
membrane was also thereby uniquely generated at 
13 ,~ resolution. It should be emphasized here, 
that in a model refinement of an electron density 
profile, the basic assumption is that the profile can 
be decomposed into its separate lipid and protein 
profile structures assuming that the protein has 
either an average area or an average electron den- 
sity throughout the membrane profile. In these 
cases, only the corresponding electron density pro- 
file or the area profile * structures of the protein 
can be calculated. With these reservations, the 
model refinement analysis of the electron density 
profile for the sarcoplasmic reticulum membrane 
was performed above assuming that the calculated 
average electron density of 0.405 e / A  3 for the 
protein was constant throughout the membrane 
profile. 

A final additional constraint was then em- 
ployed for the model refinement procedure, namely 
the conservation of the total cross-sectional area of 
protein, lipid and water from step to step along 
the profile axis. It was found that when a constant 
average electron density (0.405 e/,~ 3) for the pro- 
tein was used, the total cross sectional area for the 
lipid, water and protein within each step varied 
somewhat in the refined model profile. From this 
model profile, an average total cross sectional area 
along the extent of the membrane profile could be 

* The area occupied by the protein in the membrane plane as a 
function of the profile coordinate. 



calculated. Again, linear combinations of water, 
lipid and protein were computed for each step 
subject to the constraints described above, but this 
time bounded by the calculated average total cross 
sectional area allowing the electron density of the 
protein to vary slightly along the profile axis. Thus 
a further refined area profile for the protein was 
computed by relaxing somewhat the constraint of 
a constant electron density for the protein to allow 
the total cross sectional area of all membrane 
components to remain constant throughout the 
membrane profile. The preservation of the total 
cross sectional area along the membrane profile 
axis and the slightly varying electron density of the 
protein were deemed to be a more physically rea- 
sonable model. The resulting step-function lipid, 
protein and water profile structures were doubly 
Fourier transformed to provide their respective 
continuous separate profile structures which were 
fully consistent with the original continuous elec- 
tron density profile for the sarcoplasmic reticulum 
membrane. 

(vii) X-ray scattering of sarcoplasmic reticulum 
vesicles 

X-ray scattering data were obtained from uni- 
lamellar vesicular dispersions of sarcoplasmic re- 
ticulum (1-10 mg/ml)  utilizing a one-dimensional 
position-sensitive X-ray detector [14]. The back- 
ground scattering was obtained from the buffer 
solution only. The spherically symmetric intensity 
function (corrected for background scattering) was 
also appropriately corrected by S 2= (2 sin O/X) 2 
and the autocorrelation function Q¢xp(x) for the 
membrane profile was obtained by Fourier trans- 
formation of this corrected intensity function. 

Fluctuations in Qexp(X) which appeared to be 
significant in magnitude were analyzed in order to 
determine the maximal width of the sarcoplasmic 
reticulum membrane profile in vesicular disper- 
sions. This analysis of Q~xp(X) was performed at 
two levels. For the first level of refinement, the 
step-function model that was fitted to the experi- 
mental electron density profile structure obtained 
from X-ray diffraction of sarcoplasmic reticulum 
membrane multilayers (see section vi) was used as 
a starting po i n t .  For this calculation only the 
single membrane profile within 0 <~ x ~ D / 2  of the 
unit cell profile was used. The step-function model 
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to the experimental single membrane profile con- 
tained within 0 ~ x ~ D/3 ,  which corresponds to 
the lipid bilayer region of the sarcoplasmic reticu- 
lum membrane profile structure, was kept constant 
and the extent of the electron dense region within 
D / 3  ~ x <~ D / 2  was varied. These model profile 
structures were then subjected to the convolution 
operation (*) such that 

P c a l (  X ) = P s m ( X )  s~ Psm( -- X)  

where Qca,(x) is the calculated autocorrelation 
function for the single membrane profile, p.,m(X). 
These calculated autocorrelation functions were 
compared to the experimentally obtained single 
membrane autocorrelation function Qe~p(x) and a 
best-fit was obtained for the variation described 
above. The second level of refinement involved 
small changes in the step-function model profile 
within the lipid bilayer region (0 <~ x <~ D /3 )  of 
the sarcoplasmic reticulum membrane profile. A 
small change of less than 5% in the total width of 
this region of the profile structure yielded a signifi- 
cantly better fit of Q~,(x)  to Qexp(X). The overall 
best-fit within experimental error of Qca~(x) to 
Qe×p(X) was thus obtained by this refinement pro- 
cedure. 

Finally, a calculation was performed to test for 
possible contributions of intermembrane correla- 
tions (arising from vesicle-vesicle contact) to the 
experimental Qexp(X) function (see Fig. 1). The 
best-fit step-function model profile for the sarcop- 
lasmic reticulum membrane in dispersion obtained 
by the above procedure O~(x) was now used to 
construct a membrane-pair profile composed of 
two apposing single membrane profiles as shown 
in Fig. 1. The two apposing membrane profiles 
were allowed to overlap by A in the region con- 
taining protein protrusions from the membrane 
surface and for each model thus generated, an 
autocorrelation function Q'c~l(s) was calculated. 
Weighted averages of each Q'cal(X) for a particular 
A value and Qc,l(x) were generated according to 
O" tx~ = ~al~ J xQ~al(X) + (1 - x)Q~al(X ) and least- 
squares fits of Q'c'al(X) to Q~xp(X) were obtained. It 
was thereby determined that for the various possi- 
ble degrees of overlap in the protruding protein 
region investigated, there must be less than a 5% 
contribution of the intermembrane correlations to 
the experimental function Qexp(X). 
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Fig. 1. Two apposed step-function model profiles p~(x) for the 
sarcoplasmic reticulum membrane were allowed to overlap by 
A in the region containing the protein protrusions from the 
extravesicular surface of the membrane lipid bilayer. The re- 
suiting membrane-pair model profiles were used in the calcula- 
tions of the autocorrelation functions Q'al(X). (See text for 
details). 

(viii) Materials 
Glutaraldehyde (vacuum distilled and treated to 

remove traces of glutaric acid) was obtained from 
Polysciences, Inc. (Paul Valley Industrial Park, 
Warrington, PA). Epon 812 and OsO 4 were 
purchased from Polysciences, Inc. Tannic acid and 
uranyl acetate were obtained from Mallinckrodt 
Inc. (St. Louis, MO). Deuterated acetic acid was 
purchased from Sigma Chemical Co. (St. Louis, 
MO). 

Results 

(i) Properties of exchanged sarcoplasmic reticulum 
The time-course of ph0spholipid exchange from 

liposomes into sealed sarcoplasmic reticulum 
vesicles utilizing both a specific [32] and a non- 
specific * [29,30] transfer protein has been de- 

* See footnote on p. 105. 

scribed in detail. The reaction is characteristically 
biphasic with 40 + 5% of the phospholipid in the 
sarcoplasmic reticulum being exchanged relatively 
rapidly within 1-2 hours followed by a slower 
incorporation of additional lipid, with a maxi- 
mum, lipid species-dependent half-time of about 1 
day. Since our sarcoplasmic reticulum vesicle pre- 
parations are tightly sealed with a high coupling 
efficiency for ATP-energized Ca 2+ accumulation 
(see Table I and Refs. 23 and 25), it would appear 
that the phospholipid exchange reaction initially 
involves the outer monolayer of the sarcoplasmic 
reticulum lipid bilayer which, as expected, should 
be relatively fast. The slower rate of exchange is 
interpreted to represent exchange into the inner 
monolayer of the membrane bilayer which appears 
to be rate limited by the transbilayer migration 
('flip-flop') rate. This biphasic reaction therefore 
suggests that approx. 40% of the total phospholi- 
pid in the sarcoplasmic reticulum membrane may 
reside in the outer monolayer with the remainder 
making up the inner monolayer of the sarcop- 
lasmic reticulum membrane lipid bilayer. Pertinent 
to these studies, the exchanged sarcoplasmic re- 
ticulum membrane samples were analyzed by X-ray 
and neutron diffraction more than two days after 
the exchange procedure. This means that 'flip-flop' 
of exchanged lipid within the sarcoplasmic reticu- 
lum membrane should have reached equilibrium 
so that the lipid profile structure within the 
sarcoplasmic reticulum membrane as obtained by 
neutron diffraction methods represents the nor- 
mal, time-averaged lipid distribution within the 
sarcoplasmic reticulum membrane bilayer. 

Table I summarizes the functional properties of 
phospholipid exchanged sarcoplasmic reticulum. 
Th.e lipid to protein ratio of sarcoplasmic reticu- 
lum exchanged with either a specific phosphati- 
dylcholine or non-specific transfer protein is very 
similar to that of non-exchanged sarcoplasmic re- 
ticulum. Even though under these conditions the 
lipid to protein ratios of the protonated and deu- 
terated lipid exchanged sarcoplasmic reticulum are 
slightly higher than controls for the non-specific 
transfer protein, they were very similar to each 
other making them a good pair for the neutron 
diffraction study. The calcium loading efficiency 
ratios for the lipid exchanged sarcoplasmic reticu- 
him were in the same range as for non-exchanged 
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Sample Non- 901-5A 901-5 B 433 D 433N 
exchanged SR 

SR lipids deuterated protonated deuterated protonated 
total total PC & PE PC & PE 
lipids lipids 

Transfer  protein - PC-specific PC-specific non- non- 
specific specific 

Phosphol ipid/protein 
(/ tmol P i / m g  protein) 23.6 23.7 22.1 25.1 26.5 

Ca z + loading rate 
(/~ mol Ca 2 + / m g  per min) 3.60 3.46 3.16 2.46 3.19 

Ca z÷ loading capacity 
(/~mol Ca2+ /mg  per 10 min) 9.27 7.93 7.32 7,24 7.60 

Ca 2 + stimulated ATPase 
(btmol P i / m g  per min) 1.59 1.60 1.46 1.67 1.57 

Ca 2~ loading efficiency 
(Ca z + /ATP)  2,2 2.2 2.2 1.5 2,0 

sarcoplasmic reticulum. In Fig. 2, freeze-fracture 
electron microscopy of sarcoplasmic reticulum ex- 
changed with protonated (Fig. 2A) and deuterated 
(Fig. 2B) sarcoplasmic reticulum lipids shows that 
the membrane particle distributional asymmetry 
between concave and convex faces has not been 
altered since it is very similar to freeze-fracture 
images of sarcoplasmic reticulum which were not 
exchanged (Fig. 2C). Finally, the electron density 
profile structure of exchanged sarcoplasmic re- 
ticulum at 10 ,h, resolution was found to be very 
similar to that of non-exchanged sarcoplasmic re- 
ticulum previously reported (Ref. 14, data not 
shown). 

(ii) Lipid and water profile structures of isolated 
sarcoplasmic reticulum obtained directly by neutron 
diffraction 

Lamellar neutron diffraction was obtained from 
partially hydrated oriented multilayers of sarcop- 
lasmic reticulum exchanged with protonated versus 
perdeuterated (Fig. 3A) sarcoplasmic reticulum 
phospholipids using the non-specific lipid transfer 
protein in two separate exchange experiments. A 
typical experiment with a unit cell profile dimen- 
sion of D = 170 ,~ for sarcoplasmic reticulum ex- 
changed with the non-specific lipid transfer pro- 
tein (PC + PE only) exhibited significant changes 
particularly in the first-order I (h - -1)  and the 

sixth-order I(h = 6) lamellar reflections upon 
deuteration of the sarcoplasmic reticulum lipid. 

The difference unit cell profile calculated from 
the scaled intensity functions as derived from Fig. 
3A corresponds strictly to the exchanged phos- 
pholipid profile within the sarcoplasmic reticulum 
membrane and is shown in Fig. 4A. This profile 
actually represents the total lipid profile of the 
sarcoplasmic reticulum membrane (since PC and 
PE are the dominate lipid species in the membrane 
and the neutron diffraction experiments were car- 
ried out following equilibration for 'flip-flop' of 
exchanged phospholipid across the membrane pro- 
file) and thereby provides the distribution of lipid 
between both monolayers of the normal sarcop- 
lasmic reticulum membrane lipid bilayer. The water 
profile structure is shown in Fig. 4B for compari- 
son and was obtained from H 2 0 / 2 H 2 0  exchange 
of the deuterated (lipids) sarcoplasmic reticulum 
multilayer at D -- 170 A. 

The asymmetry in the lipid profile structure is 
evident in the difference between neutron scatter- 
ing densities for the phospholipid headgroups of 
the sarcoplasmic reticulum bilayer in Fig. 4A. The 
area under each maximum within the difference 
profile of Fig. 4A was obtained quantitatively as 
described in the Methods. The results indicate that 
approximately 54 + 1% (mean + S.D.) of the phos- 
pholipid is located in the inner versus the outer 



Fig. 2. Freeze-fracture electron micrographs of sarcoplasmic reticulum exchanged (non-specific transfer protein) with protonated (A) 
and deuterated (B) sarcoplasmic reticulum phospholipids and (C) non-exchanged sarcoplasmic reticulum. Note that in each case, the 

particles are asymmetrically distributed, occurring mostly in the outer (concave) fracture faces. The arrows indicate the direction of 

shadowing. 
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Fig. 3. (A) LameUar neutron diffraction from oriented sarcop- 
lasmic reticulum (SR) membrane muhilayers hydrated with 
100% 2H20 is shown. Sarcoplasmic reticulum membranes were 
prepared to contain either protonated (solid line) or perdeu- 
terated (dashed line) sarcoplasmic reticulum lipids (phosphati- 
dylcholine and phosphatidylethanolamine) incorporated via an 
exchange reaction catalyzed by the non-specific transfer pro- 
tein. The relative diffracted intensities have been numerically 
smoothed and appropriately corrected for lamellar background 
scattering and geometric considerations, but have not been 
scaled to one another (see text). The lamellar intensity func- 
tions are characteristic for sarcoplasmic reticulum membrane 
multilayers possessing a considerable degree of lattice disorder 
[14]. Note the strong scattering differences in specific regions of 
the reciprocal space for sarcoplasmic reticulum membranes 
containing protonated versus perdeuterated sarcoplasmic re- 
ticulum lipids which remain after scaling. (B), (C) Similar 
lamellar neutron diffraction from oriented sarcoplasmic reticu- 
lum membrane multilayers hydrated with 100% 2H20 contain- 
ing either protonated (B) or deuterated (C) sarcoplasmic re- 
ticulum phosphatidylcholine incorporated via the phosphati- 
dylcholine transfer protein catalyzed exchange reaction. The 
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Fig. 4. The difference unit cell profile structure at low resolu- 
tion (approx. 28 ,~.) calculated from the lamellar neutron dif- 
fraction of Fig. 3 which contains only the lipid profile structure 
of the two apposed sarcoplasmic reticulum (SR) membranes in 
the unit cell profile. The sarcoplasmic reticulum membrane 
lipid profile was calculated for an sarcoplasmic reticulum mem- 
brane multilayer with an average unit cell dimension of D = 170 
,~. The unit cell water profile structure for sarcoplasmic reticu- 
lum membrane muhilayers calculated from H 2 0 / 2 H 2 0  ex- 
change (D = 170 ,h,) is shown in (B). Equivalent step-function 
model profiles are superimposed on a single-membrane profile 
(within 0 ~<lxl~< D/2) of the unit cell profile. The more 
obvious differences between the continuous unit cell sarcop- 
lasmic reticulum membrane lipid and water profiles and their 
respective step-function model profiles for the single sarcop- 
lasmic reticulum membrane arise from Fourier transform trun- 
cation effects. 

monolayer of the sarcoplasmic reticulum lipid bi- 
layer and therefore they also provide a direct 
evidence that the 'flip-flop' of exchanged phos- 
pholipid across the sarcoplasmic reticulum mem- 
brane profile had indeed reached equilibrium prior 
to the neutron diffraction experiments. The lipid 
profile asymmetry is somewhat more evident in 
the step-function model profile at this resolution. 
The ratio of the amount of water present within 
the outer versus the inner phospholipid headgroup 
region of the sarcoplasmic reticulum membrane 
profile was found to be 2.3 _+ 0.2 (mean +_ S.D.) as 
described in Methods. 

strong scattering differences in specific regions of reciprocal 
space for sarcoplasrnic reticulum membranes containing proto- 
nated versus perdeuterated PC are even greater than in (A) 
because the degree of PC perdeuteration was substantially 
greater in these particular experiments. Other differences in the 
scattered intensities for the experiments shown in (A) vs. (B, C) 
are the result of a different unit cell repeat (i.e. degree of 
hydration of the multilayer) for these two experiments. 



114 

(iii) Decomposition of the sarcoplasmic reticulum 
membrane electron density profile structure at ap- 
prox. 12 A resolution 

The electron density profile structures of the 
intact sarcoplasmic reticulum membrane and the 
lipid bilayer of purified sarcoplasmic reticulum 
lipids at approx. 12 A and approx. 15 ,~ resolu- 
tion, respectively, previously determined [14] were 
placed on an absolute electron density scale as 
described in the Methods and are shown in Figs. 
5A + inset. The corresponding separate lipid and 
protein profile structures within the sarcoplasmic 
reticulum membrane profile were obtained as de- 
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scribed in Methods and are shown in Figs. 5B and 
5C. The asymmetric lipid profile structure within 
the sarcoplasmic reticulum membrane (Fig. 5B) is 
shown placed on an absolute electron density scale 
to directly compare with the symmetric lipid pro- 
file structure (Fig. 5A, inset) obtained from highly 
purified sarcoplasmic reticulum lipids extracted 
from sarcoplasmic reticulum membranes. This 
profile structure which corresponds to the total 
lipid distribution within the sarcoplasmic reticu- 
lum membrane necessarily reflects the neutron dif- 
fraction result where more lipid was found in the 
inner versus the outer monolayer of the sarcop- 
lasmic reticulum membrane lipid bilayer. The pro- 
tein profile is shown as an area profile (Fig. 5C) to 
provide a more physically intuitive extension to 
the cylindrically-averaged protein structure (Fig, 
5D) discussed below. 

The volume distributions of the total protein 
within the different regions of the sarcoplasmic 
reticulum profile structure were calculated from 
the area profile of Fig. 5C and are summarized in 
Table II. A comparison of the calculated volume 
of the calcium pump protein and the volume of 
this protein obtained in a separate neutron diffrac- 
tion study of reconstituted sarcoplasmic reticulum 
which contains highly purified calcium pump pro- 
tein [18] is summarized in Table III. Table III also 
provides some of the physical characteristics of the 

Fig. 5. (A) Electron density profile of the sarcoplasmic reticu- 
lure membrane taken from Herbette et al. [14] at approx. 11 
resolution placed on an absolute electron density scale con- 
tained within 0 ~< f x I ~ D / 2  of the unit cell profile. The inset 
to (A) is the electron density profile of purified sarcoplasmic 
reticuhim lipids (D = 59 A) on an absolute electron density 
scale. (The electron density level of water is indicated by a 
horizontal arrow, p = 0.334 e/,~3). The direct decomposition 
of the sarcoplasmic reticulum membrane electron density pro- 
file into its lipid (B) and protein (C) profile structures at 
approx. 11 ,~ resolution obtained via model refinement calcula- 
tions (see Methods) reflects the inequality in the number of 
phospholipid molecules in the outer versus inner monolayer of 
the sarcoplasmic reticulum lipid bilayer. The solid line superim- 
posed on the protein profile for a single membrane within the 
unit cell (0 < I x f < D / 2 )  in (C) represents the equivalent step- 
function model profile from which the continuous area profile 
structure (dotted line) was calculated. In (D) the cylindrically- 
averaged diameter of the calcium pump protein across the 
membrane profile as calculated from (C) is provided (see text). 
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VOLUME DISTRIBUTION OF TOTAL PROTEIN IN SARCOPLASMIC RETICULUM MEMBRANE 
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Region Volume (A 3) % Volume a % Volume b 

Inner monolayer ¢ 42 600 27 
Outer monolayer c 37400 24 
Protein protrusion 77100 49 
Total 157100 100 

Hydrocarbon core 64 200 40 
Inner monolayer (16/~) d 32100 a 20 
Outer monolayer (13 ~,) d 32100 d 20 

Protein protrusion ¢ 
Inner ' knob' 50 200 32 
Outer ' knob' 26 900 17 

50 
50 

65 
35 

a Volume percent relative to total volume of calcium pump protein. 
Volume percent relative to total volume of protein in that region. 

¢ Includes appropriate phospholipid headgroup region. 
d Length of the average fatty acyl chain extension for each monolayer of the sarcoplasmic reticulum membrane bilayer which in turn 

implies that the protein occupies an area of 2000 ~2 in the plane of the inner monolayer and an area of 2462 ,~2 in the plane of the 
outer monolayer. 
The electron density profile structure within D/3 <~ L x [ <~ D/2 which is external to the membrane bilayer region contains two 
electron dense maxima. Inner 'knob' refers to that maximum in closest proximity to the outer phospholipid headgroup maximum 
while outer 'knob' refers to that maximum nearest I xl = D/2. 

c a l c i u m  p u m p  p r o t e i n  o b t a i n e d  f r o m  this  s tudy  in 

c o m p a r i s o n  to o t h e r  e x p e r i m e n t a l  m e a s u r e m e n t s .  

(iv) M a x i m u m  profile extent of  the sarcoplasmic 
reticulum membrane protein 

Prev ious  X - r a y  diffract iol~ s tud ies  u n d e r  the  

TABLE III 

PHYSICAL PARAMETERS OF THE Ca 2÷ PUMP PRO- 
TEIN 

Cross-sectional Volume (~3) 
average area (,~2) 

Calculated 140000 a 
SR model 2000 157100 
Experimental 3000 b 162000 c 
RSR model d 2700 d 160000 

a Calculated from the known amino acid composition [41] and 
the partial specific volumes [47] of amino acid residues. 

b Obtained from lnesi [11] utilizing the thickness of the 
sarcoplasmic reticulum (SR) bilayer obtained from previous 
X-ray diffraction studies [12,13] and the density measure- 
ment of the Ca 2+ pump protein [48]. 

c Obtained from the measurement of the density of the Ca 2+ 
pump protein utilizing CsCI density gradient centrifugation 
[48]. 

a Taken from Herbette et al. [18] for reconstituted sarcop- 
lasmic reticulum (RSR). 

c o n d i t i o n s  o f  2 0 - 3 0 %  wa te r  c o n t e n t  for  the  

s a r c o p l a s m i c  r e t i c u l u m  m e m b r a n e  mu l t i l aye r  p r o -  

v i d e d  the  e l ec t ron  dens i ty  p ro f i l e  s t ruc tu re  o f  the  

s a r c o p l a s m i c  r e t i c u l u m  m e m b r a n e  to a r e so lu t i on  

o f  app rox .  11 ,~ ( r e p r o d u c e d  he re  on  an  a b s o l u t e  

e l ec t ron  dens i ty  scale,  Fig.  5A).  U n d e r  c o n d i t i o n s  

o f  re la t ive ly  low w a t e r  c o n t e n t  (i.e., 20% wh ich  

a p p e a r s  to be  the  m i n i m a l  a m o u n t  o f  wa t e r  wh ich  

d o e s  no t  resul t  in l ip id  p h a s e  s e p a r a t i o n  of  the  

s a r c o p l a s m i c  r e t i c u l u m  m e m b r a n e ) ,  X- r ay  d i f f rac -  

t i on  of  pa r t i a l ly  d e h y d r a t e d - o r i e n t e d  mul t i l aye r s  

of  s a r c o p l a s m i c  r e t i c u l u m  def ines  a un i t  cell  p r o -  

f i le  d i m e n s i o n  of  157 ,~ [14]. Th i s  uni t  cell  p ro f i l e  

has  b e e n  s h o w n  to c o n t a i n  two  h igh ly  a s y m m e t r i c  

m e m b r a n e  p rof i l es  c o r r e s p o n d i n g  to the  two  ap-  

p o s e d  m e m b r a n e s  o f  the  f l a t t ened  s a r c o p l a s m i c  

r e t i c u l u m  ves ic le  wh ich  is a lso  c o n v i n c i n g l y  sup-  

p o r t e d  by  the  pa i r  o f  l ip id  b i l aye r  p ro f i l e s  s h o w n  

in Fig.  4A.  T h e  un i t  cell  e l ec t ron  dens i ty  p ro f i l e  

r e p r o d u c e d  in Fig.  5A shows  tha t  the  s e p a r a t i o n  

b e t w e e n  p h o s p h o l i p i d  h e a d g r o u p s  w i t h i n  the  s ingle 

m e m b r a n e  p ro f i l e  is 40 /k a n d  the  s a r c o p l a s m i c  

r e t i c u l u m  m e m b r a n e  p ro f i l e  c o n t a i n s  e l ec t ron  

dense  m a x i m a  j u s t  o u t s i d e  the  o u t e r  m o n o l a y e r  

p h o s p h o l i p i d  h e a d g r o u p  r eg ion  at  the  ex t raves icu-  

la r  su r face  o f  the  m e m b r a n e ,  T h e  ac tua l  mere -  
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brane width is very nearly equal to one-half of the 
unit cell profile dimension (i.e., approx. 75-77 A) 
since the 'pure '  water layers between neighboring 
unit cells are only a few angstroms wide. Thus, 
under these conditions, it would appear that the 
sarcoplasmic reticulum membrane profile has a 
minimal width of 75-77 ,A in the maximally 'com- 
pressed' multilayer. 

Oriented multilayers of sarcoplasmic reticulum 
can, however, be swelled to relatively high water 
contents in the presence of > 10% sucrose in the 
multilayer water spaces yielding multilayer unit 
cell profile dimensions on the order of 200-270 
depending on the sucrose concentration and total 
water content [13,14]. Under conditions of < 10% 
sucrose, we have observed multilayer unit cell pro- 
file dimensions on the order of 180-240 A (ap- 
prox. 30-40% water content). The single mem- 
brane profile width under these conditions is 
somewhat greater (86-88 ,~) than that for multi- 
layer unit cells in the 160-170 ,~ range as recently 
shown in the analysis of time-resolved X-ray dif- 
fraction data [43]. 

We have obtained X-ray scattering data from 
isolated unilamellar sarcoplasmic reticulum vesicu- 
lar dispersions and calculated the single-mem- 
brane profile autocorrelation function, Qexp(X) 
(Fig. 6A). The 'average' membrane thickness, cor- 
responding to the major non-origin peak in the 
autocorre la t ion  funct ion which is usually 
dominated by the phospholipid headgroup correla- 
tion across the membrane profile, was found to be 
39 fi,. This value correlates well with the sep- 
aration of the electron dense maxima dem- 
onstrated to correspond to the phospholipid 
headgroups of the sarcoplasmic reticulum lipid 
bilayer within 0 <~ J x t <~ D / 3  of the electron den- 
sity profile structure for the sarcoplasmic reticu- 
lure membrane reproduced in Fig. 5A, as obtained 
for an sarcoplasmic reticulum multilayer with 
minimal water content. The ' total '  membrane 
thickness, corresponding to that value along the 
profile axis at which significant fluctuations in the 
autocorrelation function cease, is substantially 
greater, being 99 A. Model refinement analysis of 
Qe~p(X) as described in the Methods yielded a 
best-fit for Qc~l(x) to Q~p(x) as shown in Fig. 6C 
based on the models of Fig. 6B. This best-fit 
corresponded to a single membrane profile struc- 
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Fig. 6. (A) The autocorrelation function for the sarcoplasmic 
reticulum (SR) membrane profile. The solid line vector corre- 
sponds to the 'average' membrane thickness; the dotted line 
vector corresponds to the total membrane thickness (see text 
for a description of the terms 'average' and ' total '  membrane 
thickness). Calculation (C) of the single membrane autocorrela- 
tion function (QCal) for the best fit to the experimentally 
determined autocorrelation function (Qe~p) based on the mem- 
brane model profiles shown in (B). The dotted line vector in (B) 
represents the profile extent of electron density that was varied 
to obtain the single membrane profile whose autocorrelation 
function gave the best fit to the experimental data. 

ture in which the extravesicular surface maxima 
had a width of 40-50 A (the total membrane 
width including the lipid bilayer was equal to 
approx. 100 .A). Thus, it would appear that since 
the phospholipid headgroup separation across the 
sarcoplasmic reticulum membrane profile structure 
is the same in vesicular dispersions and oriented 
multilayers, the protein protrusions from the ex- 
travesicular surface are rather 'elastic' protruding 
20-50 A from the sarcoplasmic reticulum lipid 
bilayer surface depending on the membrane's 
aqueous environment. This maximal sarcoplasmic 
reticulum membrane profile width in vesicular dis- 
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Fig. 7. High-magnification, thin-section electron micrograph of the sarcoplasmic reticulum membrane fixed with tannic acid and 
osmium. The arrowheads indicate that the approximate width of the membrane profile is approx. 90 ,~. The bar represents 0.02 /.tm. 

persions correlates well with the high-resolution 
thin-section electron microscopic image of the 
sarcoplasmic reticulum membrane shown in Fig. 7. 

Discussion 

Nature of the protein profile structure of the sarcop- 
lasmic reticulum membrane 

The calcium pump constitutes 90% of the pro- 
tein in the sarcoplasmic reticulum membrane pre- 
parations utilized in this study [23,24]. The studies 
described provide the variation in the overall shape 
of the total protein present in these sarcoplasmic 
reticulum membranes over the different regions of 
the membrane profile as cylindrically-averaged 
about the normal to the membrane plane. In Fig. 
5D, the total cross-sectional area occupied by pro- 
tein (excluding water of hydration, etc.) is plotted 
as a function of the profile coordinate along the 
normal to the sarcoplasmic reticulum membrane 

plane. From this protein area profile structure, the 
cylindrically-averaged schematic in Fig. 8 was sim- 
ply obtained. We note that since this protein area 
profile specifically excludes water, the actual area 
profile of the hydrated protein in regions of the 
membrane profile containing water (i.e., outside 
the hydrocarbon core region of the lipid bilayer 
within the sarcoplasmic reticulum membrane pro- 
file) may be somewhat greater. This cylindrically- 
averaged protein model given with some fine 
structure (12 .~, resolution) in Fig. 8 can be treated 
roughly as a cylinder of approximately 60 A di- 
ameter within the lipid bilayer of the sarcoplasmic 
reticulum membrane and a cylinder of approx. 80 
,h, diameter protruding from the extravesicular 
surface of the sarcoplasmic reticulum membrane 
bilayer. This picture for the cylindrically-averaged 
protein shape situated within the isolated sarcop- 
lasmic reticulum membrane structure has features 
somewhat similar to that obtained for the deter- 
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Fig. 8. Schematic representation of the structural organization of the sarcoplasmic reticulum membrane obtained by X-ray and 
neutron diffraction studies. In (A) the calcium pump protein molecules are assembled in the sarcoplasmic reticulum lipid bilayer with 
an average center to center separation of approx. 110-125 A in the membrane plane [20]. In (B) a cross-sectional slice (parallel to the 
profile axis) through the calcium pump protein of the sarcoplasmic reticulum membrane depicting the cylindrically averaged protein 
shape and phospholipid dimensions. A darkened phospholipid molecule in the inner monolayer represents the additional lipid on the 
intravesicular side of the membrane. 
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gent-solubilized sarcoplasmic reticulum protein by 
LeMaire et al. [17]. We note that the cross-sec- 
tional area of protein averaged over the entire 
profile structure is similar to estimates based on 
the thickness of the sarcoplasmic reticulum mem- 
brane and the density of the calcium pump protein 
(see Table III). 

The volume distribution of protein for different 
regions of interest within the sarcoplasmic reticu- 
lum membrane profile (Table II) can be directly 
calculated from the area profile of Fig. 5D. We 
define four regions of the single sarcoplasmic re- 
ticulum membrane (half unit cell) profile as fol- 
lows: (1) The inner monolayer of the sarcoplasmic 
reticulum membrane lipid bilayer is defined as the 
region including the inner phospholipid headgroup 
maximum of the electron density profile (Fig. 5A) 
up to the center of the lowest density region in this 
profile structure; (2) The outer monolayer is the 
region from the center of this lowest density region 
up to and including the outer phospholipid 
headgroup maximum; (3) The regions external to 
the lipid bilayer of the sarcoplasmic reticulum 
membrane profile contain the protein protrusions 
from the bilayer's surface; and (4) the hydro- 
carbon core region of the sarcoplasmic reticulum 
membrane lipid bilayer occurs between (and not 
including) the phospholipid headgroups. 49% of 
the protein volume (mass) is located external to 
the lipid bilayer of the sarcoplasmic reticulum 
membrane protruding only from the outer ex- 
travesicular bilayer surface with 24% in the outer 
and 27% in the inner monolayer of the sarco- 
plasmic reticulum membrane lipid bilayer. Ap- 
proximately 40% of the total protein is present in 
the hydrocarbon core (excluding the phospholipid 
headgroup regions) of the sarcoplasmic reticulum 
membrane lipid bilayer. This mass distribution is 
similar to that obtained by peptide sequence mod- 
eling of the sarcoplasmic reticulum calcium pump 
protein in which 60% of the total amino acid 
content was calculated to be external to the hydro- 
carbon core of the sarcoplasmic reticulum lipid 
bilayer [44]. 

The calculated volume for the total protein in 
our sarcoplasmic reticulum membrane prepara- 
tions is similar to that obtained for both recon- 
stituted sarcoplasmic reticulum where > 95% of 

the protein is the calcium pump [18] and the 
theoretical minimum volume calculated from the 
known amino acid composition of the calcium 
pump and their corresponding molecular volumes 
(Table III). This value for the total protein volume 
is, however, smaller than that obtained by LeMaire 
et al. [17] for detergent solubilized sarcoplasmic 
reticulum protein (182000 ~3). The origin of non- 
calcium pump protein in the sarcoplasmic reticu- 
lum membrane that may explain this discrepancy 
is not known but could be a protein which binds 
tightly to the proteinaceous protrusions from the 
sarcoplasmic reticulum membrane's external 
surface. For example, MacLennan et al. [45] ob- 
served that a 53000 M r protein does bind tightly 
to the sarcoplasmic reticulum in less purified iso- 
lated membrane fragments. The value obtained by 
Brady et al. [16] is somewhat lower (141 000 ~k 3) 
than our determination, but reasonably consistent 
with our results. 

The length of the calcium pump protein along 
the profile axis is approx. 80 A in a compressed 
multilayer and up to approx. 100 A in dispersions 
of sarcoplasmic reticulum vesicles. Of this total 
profile extension, the protein protrusion from the 
sarcoplasmic reticulum membrane extravesicular 
surface is a particularly curious aspect of its struc- 
ture. If the average density of the protrusion and 
hence its volume (77100 ~3) is the same in disper- 
sions as in a membrane multilayer, then the 40-50 

profile extension of the protrusion in disper- 
sions versus 25 A in the multilayer defines an 
average cross-sectional area of 4000 A2 for the 
protrusion in the multilayer versus 2000 A2 in 
dispersion. The structure of the sarcoplasmic re- 
ticulum membrane within the lipid bilayer region 
of the membrane profile appears to be conserved 
in multilayers and dispersions of sarcoplasmic re- 
ticulum, based on the results given in Fig. 6. Thus 
the sarcoplasmic reticulum membrane width varies 
only with the extension of the protein protrusions 
from the membrane's extravesicular surface (Fig. 
9A, B). The conformation of this 'elastic' compo- 
nent of the sarcoplasmic reticulum membrane pro- 
file apparently is not a strict requirement for 
calcium translocation since these oriented multi- 
layers function as well as vesicle dispersions [46]. 
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Fig. 9. Perspective drawing of the calcium pump protein in the sarcoplasmic reticulum membrane lipid bilayer. The protein protruding 
from the extravesicular surface of the sarcoplasmic reticulum membrane lipid bilayer is depicted in (A) for sarcoplasmic reticulum 
'compressed' in a muhilayer; in dispersion this protruding protein apparently has a maximal extension as shown in (B). Since the 
protein mass distribution within the membrane bilayer region of the sarcoplasmic reticulum membrane profile is similar for 
sarcoplasmic reticulum in dispersions and multilayers, the total mass of protein protruding from the extravesicular surface for both 
(A) and (B) must be similar. Based on the average cross-sectional area of the calcium pump protein within the membrane bilayer 
region, the first shell of annular lipids was calculated to contain 45 phospholipid molecules which comprises 35-45% of the total 
phospholipid of the sarcoplasmic reticulum membrane (C). Shaded area indicates water. 

Origin of asymmetry in the sarcoplasmic reticulum 
membrane electron density profile-lipid profile struc- 
ture 

The asymmetry in the electron density profile 
of the sarcoplasmic membrane arises from two 
sources. The first and major contribution to this 
highly asymmetric membrane profile is obviously 
the result of approximately 50% of the protein 
mass being located externally on only one surface 
of the sarcoplasmic reticulum membrane lipid bi- 
layer. The second and more subtle source of asym- 
metry arises from the distributional asymmetry of 
lipid and hence protein between the two apposed 
lipid monolayers of the sarcoplasmic reticulum 
membrane bilayer which, together with the ratio of 
water hydrating the outer versus the inner phos- 

pholipid headgroup regions, are the apparent bases 
for the difference in the amplitudes of the major 
electron dense maxima within the lipid bilayer 
region, 0 ~< [x [ ~< D/3, of the sarcoplasmic reticu- 
lum membrane profile structure (Fig. 5A). Thus, 
we define compositional asymmetry as the in- 
equality in the distribution or number of lipid 
molecules between the outer and inner monolayers 
of the sarcoplasmic reticulum lipid bilayer. In 
addition to this compositional asymmetry for the 
lipid component of the sarcoplasmic reticulum 
membrane, the higher-resolution model refinement 
of the electron density profile also shows that the 
average fatty-acyl chain extension in the inner 
monolayer is approx. 20% greater than in the outer 
monolayer (conformational asymmetry). The com- 



positional and conformational asymmetries of the 
sarcoplasmic reticulum lipid bilayer must be the 
result of the calcium pump protein present within 
this bilayer (see footnote d, Table II). 

Apart from the fine details regarding the origin 
of asymmetry in the electron density profile struc- 
ture of the sarcoplasmic reticulum membrane, the 
roughly cylindrical shape of the calcium pump 
protein throughout the membrane lipid bilayer 
region does allow a calculation of the number of 
lipid molecules that could be in direct contact with 
the pump protein. As shown in Fig. 9C, a simple 
geometrical argument predicts that approximately 
45 phospholipids are in direct contact with the 
calcium pump protein. Given that the structure of 
the sarcoplasmic reticulum membrane within the 
lipid bilayer region appears to be similar for the 
sarcoplasmic reticulum vesicle dispersions and 
multilayers, this value of 45 phospholipids, as 
calculated, is referable to a single calcium pump 
protein molecule in both cases. 

Releoance of the sarcoplasmic reticulum membrane 
structure to its function 

The protein mass distribution in the sarcop- 
lasmic reticulum membrane is seen to be highly 
asymmetric with 50% of the protein located exter- 
nal to the extravesicular surface of the sarcop- 
lasmic reticulum membrane lipid bilayer. The re- 
maining 50% of the protein mass, present within 
the sarcoplasmic reticulum membrane lipid bi- 
layer, is distributed somewhat asymmetrically be- 
tween the two monolayers (see footnote d, Table 
II). The total phospholipid distribution is also seen 
to be asymmetric with more lipid in the inner 
monolayer. This complementary asymmetry of the 
protein and lipid components within the lipid bi- 
layer region of the sarcoplasmic reticulum mem- 
brane profile preserves the combined average 
cross-sectional area for the lipid and protein across 
the sarcoplasmic reticulum membrane profile al- 
lowing for the unidirectional incorporation of a 
highly asymmetric protein structure into the lipid 
bilayer, and hence, the vectorial translocation of 
calcium across the membrane profile. 

Static structure of the sarcoplasmic reticulum mem- 
brane related to its dynamic structure 

The detailed structural picture of the sarcop- 
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lasmic reticulum membrane described here corre- 
sponds to the functional state of this membrane 
prior to calcium transport. Possible changes in the 
sarcoplasmic reticulum membrane profile structure 
associated with various functional states occurring 
during ATP-induced calcium transport [43] are 
being investigated utilizing synchrotron radiation 
sources in time-resolved X-ray diffraction studies. 
The interpretation of these time-resolved results 
depends critically on knowing the detailed struc- 
ture of the separate components of the sarcop- 
lasmic reticulum membrane prior to ATP-induced 
calcium transport. The combined X-ray and neu- 
tron diffraction approach described here thus pro- 
vides a reference frame for interpreting the dy- 
namic structure of the sarcoplasmic reticulum 
membrane during active calcium transport. 

Comment on the "direct difference" approach 
The 'direct difference' approach utilized pro- 

vides essential information in order for the model 
refinement analysis to converge to a unique solu- 
tion. When strong constraints (such as the direct 
determination of the water and lipid profile struc- 
tures within the membrane profile structure) are 
placed on the model refinement approach, the 
correct protein profile structure can be obtained. 
We note that the 'direct difference' approach em- 
ployed here is the first direct determination of the 
profile structures of the separate lipid and protein 
components within an isolated biological mem- 
brane. 
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