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ABSTRACT The calcium uptake reaction kinetics of isolated sarcoplasmic reticulum (SR) vesicles have previously been
shown to be at least biphasic over a range of temperatures (26 to - I0°C) with a fast phase identified with the formation
of E,-P and calcium occlusion and a slow phase with Ca2" translocation across the membrane and turnover of the
Ca2+ATPase ensemble. At "low" temperatures, namely 0°C or lower, E1-P formation is slowed and El-P is transiently
trapped for at least several seconds, as indicated by the absence of the slow phase for 6 s or more. We now report that a
reversible, temperature-induced structural transition occurs at about 2-30C for the isolated SR membrane. We have
investigated the nature of this structural transition utilizing meridional and equatorial x-ray diffraction studies of the
oriented SR membrane multilayers in the range of temperatures between 7.5 and -20C. The phased meridional
(lamellar) diffraction has provided the profile structure for the SR membrane at the highest vs. lowest temperature at
the same moderate resolution of 16-17 A while the equatorial diffraction has provided information on the average lipid
chain packing in the SR membrane plane in the two cases. To identify the contribution of each membrane component in
producing the differences between the profile structures at 7.5 and - 20C, step-function models have been fitted to the
moderate resolution electron density profiles. Lipid lateral phase separation may be responsible for inducing the
structural change in the Ca2"ATPase, thereby resulting in the slowing of E,-P formation and the transient trapping of
E,-P at the "lower" temperatures.

INTRODUCTION

The sarcoplasmic reticulum (SR) membrane regulates the
levels of intracellular Ca2" during muscle contraction and
relaxation: this process requires an ATP-driven active
transport of calcium from the cytoplasm into the sarcotu-
bular system across the SR membrane against a calcium
concentration gradient and it is mediated by a membrane-
bound Ca2"ATPase protein (1-3). According to a minimal
scheme proposed by DeMeis and Vianna (4) and widely
used in literature, the transport process consists of a closed
cycle of partial reactions involving a number of distinct
chemical intermediates for the Ca2"ATPase protein. In
extensive x-ray and neutron diffraction studies (5-7),
hydrated oriented multilayers of SR membranes (highly
purified to contain nearly exclusively phospholipids and the
Ca2"ATPase protein) were utilized to determine the sepa-
rate profile structures of the lipid bilayer and the
Ca2"ATPase molecule within the membrane profile at - 10
A resolution. These structural studies have shown that the
Ca2"ATPase molecule spans the lipid bilayer with a sub-
stantial portion of its mass occurring outside the lipid polar
headgroups on the extravesicular side of the membrane
profile and an asymmetry of the lipid bilayer with regard to

the number of lipid molecules in the inner vs. outer
monolayer and with regard to the fatty-acyl chain exten-
sion in the two monolayers (for details see reference 7).
The SR membranes in the oriented multilayers are fully

capable of ATP-induced calcium uptake, like the homolo-
gous vesicular dispersions (5-8). By experiments which
utilized double-beam spectrophotometric techniques and
the metallochromic indicator arsenazo III to detect the
Ca2" transport process and the flash photolysis of caged
ATP (9) to synchronously initiate the calcium transport
cycle for the ensemble of the Ca2"ATPase molecules in the
multilayer, the calcium uptake kinetics have been shown to
be at least biphasic at all the temperatures in the range
between 26 and - 10°C (8, 10, and Fig. 2 of reference 11).
A fast phase is identified with the formation of the first
phosphorylated intermediate of the Ca2+ATPase, El-P,
and calcium occlusion, a slow phase is identified with the
translocation of Ca2' across the membrane profile and
turnover of the enzyme ensemble. Both phases of the Ca2,
uptake kinetics are progressively slower with decreasing
temperature. At temperatures of 0°C or lower the slow
phase does not appear until 6 s or more into the plateau of
the fast phase, indicating the transient trapping of the first
phosphorylated intermediate (12-16). The effect of the
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transient trapping phenomenon is only of increasing the
lifetime of the ElP intermediate, without altering the
turnover capability of the enzyme.
We now report that the SR membrane structure under-

goes a reversible, temperature-induced structural transi-
tion at abou 2-30C. This transition was detected by the
evolution of the meridional and equatorial x-ray diffraction
from oriented SR membrane multilayers over the tempera-
ture range 8 to - 20C and produces significant changes in
the relative intensities of the meridional diffraction orders
arising from the SR membrane profile structure and in the
equatorial diffraction arising from the average lipid chain
packing in the SR membrane plane. The electron density
profiles for the SR membrane below and above the temper-
ature of the transition have been calculated at 16-17 A
resolution and they are quantitatively compared by means
of step-function models. Because the transient trapping of
the first phosphorylated intermediate of the Ca2+ATPase
enzyme is mediated solely by the lower temperature under
these experimental conditions, it is of particular interest to
compare the structure of the SR membrane above and
below this structural transition to identify the structural
changes in the lipid and protein components and thereby
the structural requirements at molecular level responsible
for slowing the formation and the transient trapping of
El-P.

This work has been previously reported in abstract form
(17).

METHODS

Oriented multilayers of isolated, highly purified SR membranes
(Ca2"ATPase content >90% of the protein with 105 mol wt) were
prepared as previously described (5-7, 11) by partial dehydration under
sealed conditions at a relative humidity of 88% at the chosen temperature.
The cylindrically curved multilayers were mounted in sealed canisters to
be positioned in a temperature-regulated (water-cooled) x-ray specimen
chamber, the relative humidity within the canister being controlled via a
saturated salt solution. The canisters possess x-ray entrance and exit
windows of thin (6 gim) Mylar, which are matched by appropriate ports in
the specimen chamber.

For the meridional diffraction, the x-ray beam (Ni-filtered CuKa
x-rays from an Elliott GX-6 rotating anode generator, Marconi Avionics
Ltd., Borhamwood, England) was line-focused at the detector via single
mirror Franks' optics (18) and was directed for tangential (grazing)
incidence to the multilayer surface with the line-focus parallel to the
multilayer surface. The diffraction was recorded in consecutive exposures
of 5 min on a linear position-sensitive detector placed at 640-650 mm
from the center of the multilayer. Exposures that exhibited no evolution of
the sample were summed together to cumulative exposures ranging from
4 to 18 h. The one-dimensional record of x-ray counts vs. the correspond-
ing 1,024 digital locations on the linear position-sensitive detector thus
obtained represents the one-dimensional meridional (lamellar) intensity
function I(z*) vs. the reciprocal space coordinate z* (lz*I = 2 sinO/X)
inclusive of the background scattering function. The background scatter-
ing functions were determined for each pattern and removed; they
consisted of a piecewise continuous exponential function fitted to the four
regions of constant phase of the intensity function. Approximate multi-
layer lattice periodicities d and reciprocal space origins z* = 0 were
determined for the background subtracted intensity functions from the
slope and intercept of the straight line fit to the diffraction order peak
center positions (at z* Q/d for Q integer) vs. z*. A further correction

proportional to z* squared was applied to the intensity data allowing for
the cylindrical curvature and mosaic spread (lattice misorientation) of the
multilayers which were then subjected to Fourier analysis to obtain the
correct multilayer unit cell electron density profiles.
The equatorial diffraction was observed utilizing Ni-filtered CuKa

x-rays produced by an Elliott GX-13 generator (Marconi Avionics Ltd.)
with the beam at normal incidence to the multilayer surface, recorded on
a two-dimensional x-ray detector (model X-100, Nicolet Instrument
Corp., Madison, WI) and stored on computer disk (model 9000, Cadmus
Computer Systems Inc., Lowell, MA) as two-dimensional arrays of 512 x
512 elements. The beam was line-focused via single mirror Franks' optics
(18) utilizing a 200-mm Ni-coated mirror and the length of the line
reduced by slits to 1 mm. In these equatorial diffraction experiments, the
beam is thereby incident normal to the planes of the SR membranes in the
oriented multilayer and the diffraction arises from the membrane electron
density contrast projected onto the membrane plane. Using cylindrical
coordinates r, X, z for the SR membranes in the multilayer with z normal
to the membrane plane, the equatorial diffraction intensity is expressed as
I(r*, 46*, z* = 0) where r*, 4*, z* are the reciprocal coordinates. Angular
integration over 27r of this intensity function yields a one-dimensional
intensity function I(r*) defined as

I(r*) = f2T I(r*, ,*, z* = 0) d&

For each diffraction pattern a corresponding background pattern of
identical exposure time was collected containing the scattering from the
x-ray optics, slits, windows, and from the multilayer substrate (Al foil).
Equatorial diffraction under identical experimental conditions was also
similarly collected from oriented multilayers of dipalmitoyl phosphatidyl-
choline, DPL (Sigma Chemical Co., St. Louis, MO) at room tempera-
ture, i.e., below the phase transition temperature for chain melting. The
typical sharp reflection at 1/4.2 A ' was used to calibrate the r* axis and
determine the positions of the equatorial diffraction maxima from the
oriented SR multilayers.

All data reduction and analysis for the lamellar and the equatorial
diffraction experiments were performed using a VAX 11/750 computer
system (Digital Equipment Corporation, Marlboro, MA).

RESULTS

Temperature Dependence of Meridional
Diffraction

To determine the profile structure of the sarcoplasmic
reticulum membrane at - 20C and to compare it with the
profile structure at 7.50C, three different experimental
approaches were used. The first consisted of recording the
meridional (lamellar) x-ray diffraction from oriented mul-
tilayers fully equilibrated at - 20C (or 7.50C) after their
partial dehydration at that temperature, -20C (or 7.50C)
respectively, for 16-18 h. In the second approach the
oriented multilayers were partially dehydrated at 7.50C
and subjected to a slow slewing of the temperature from
7.50C to - 20C over a 2 4 h period; the multilayers were
then either subjected to a fast reversal (-5 min) of the
temperature at 7.50C or maintained at -20C for several
hours. The meridional diffraction was recorded throughout
this slewing of the temperature with consecutive x-ray
exposures of 5 min each referenced to the mean tempera-
ture over the 5 min interval. In the last approach, a set of
multilayers was partially dehydrated for 16-18 h, each
multilayer in the set at a different temperature in the range
between 7.5 and - 20C at intervals of about half a degree;

BIOPHYSICAL JOURNAL VOLUME 54 1988670



the meridional diffraction was recorded for each multi-
layer in the set fully equilibrated at the temperature of
partial dehydration. Because the meridional diffraction is
markedly different for multilayers partially dehydrated at
the higher temperatures, 7.5 to 2-30C, vs. the lower
temperatures, 2-3 to -20C, the last two experimental
approaches were devised to obtain information on the
temperature dependence of the process.
The meridional (lamellar) x-ray diffraction intensity

functions I(z*) typical for oriented multilayers of SR
membranes prepared according to the experiments out-
lined above, recorded by a x-ray linear position-sensitive
detector, are shown in Fig. 1. Fig. 1 A is the meridional
intensity function (4 h cumulative exposure) for a multi-
layer fully equilibrated at 7.50C. Fig. 1 B is the intensity
function (4 h cumulative exposure) for the same multilayer
at the final point of the slow slewing of the temperature
described above and thereby only partially equilibrated at
- 20C. Fig. 1 C is the intensity function (18 h cumulative
exposure) for a multilayer fully equilibrated at - 20C. The
meridional intensity functions contain diffraction maxima
corresponding to the anticipated positions of the first
Q = 1-11 orders of lamellar diffraction at z* - Q/d for
disordered multilayer lattices with periodicities of 207-21 1

A. The relative intensities of all the orders vary with the
change in temperature from 7.5 to -2°C, most markedly
the relative intensities of Q = 3 and Q = 4, while the lattice
periodicity remains constant. The changes are more pro-
nounced in the case of the multilayer fully equilibrated at
- 20C (Fig. 1 C) than in the case of the partially equili-
brated multilayer for which the temperature was slewed
from 7.5 to -20C (Fig. 1 B). In the latter case the
meridional (lamellar) diffraction pattern never fully
acquires the characteristics of the pattern shown in Fig. 2
C even when the multilayer is maintained at - 20C for as
long as 12-18 h after the temperature slewing (see below,
Fig. 2). For these multilayers, if the temperature of partial
dehydration of 7.50C is restored, the initial diffraction
pattern of Fig. 1 A is quickly restored, within 5 min. In the
case of the multilayers partially dehydrated at low temper-
atures, i.e., fully equilibrated at 2-3 to - 20C, the diffrac-
tion pattern also reverts to a pattern typical of the higher
temperatures upon reequilibration of the multilayer at
7.5-10OC, but this process requires a longer time, from 30
min to 2 h, depending on the individual multilayer. Except
for this delay, the changes induced by temperature in the
meridional diffraction pattern are completely reversible for
all three experimental approaches utilized.
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FIGURE 1 Typical meridional (lamellar) intensity functions I(z*)
obtained from oriented SR membrane multilayers shown as the Ln x-ray
counts vs. z* = (2 sinO/X) position on a linear position-sensitive detector.
(A) Diffraction from a multilayer fully equilibrated at 7.50C. (B)
Diffraction from the same multilayer after the temperature was slowly
slewed to - 20C. (C) Diffraction from a multilayer fully equilibrated at
- 20C. Numbers and arrows indicate expected positions of lamellar Bragg
orders at z* = R/d for d - 207-211 A and 2 integer. The relative
intensities of orders Q = 3 and 2 = 4 undergo the most obvious change with
the decrease of temperature, but the intensity of all other orders also
varies. Diffraction patterns include the background scattering; the pat-
terns in A and B represent a total collection time of 4 h, the pattern in C of
18 h.
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FIGURE 2 (A) For an oriented SR membrane multilayer fully equili-
brated at 7.50C the temperature was slowly (3 h and 40 min) slewed to
0°C. The meridional (lamellar) diffraction was collected at the interme-
diate temperatures and the peak intensities for orders Q = 3 and Q = 4
integrated:

2/d+e I(z*) dz* = I(R)

The ratio of the two integrated intensities I(Q = 3)/I(Q = 4) is plotted
here vs. the temperatures. A structural transition occurs at -20C.
Subjecting the sample to a temperature jump from 0 to 7.50C quickly
reverses the ratio I(Q = 3)/I(Q = 4): the open circle corresponds to 5 min
after this temperature jump. (B) A set of oriented SR membrane
multilayers was partially dehydrated, with at least two multilayers at
each of the temperatures indicated. The temperature dependence of the
ratio I(Q = 3)/I(Q = 4), calculated as in A for the multilayers fully
equilibrated at each temperature, is shown by the curve. This ratio at
-20C varies more rapidly than in A.
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The change of the meridional diffraction pattern with
temperature, expressed in terms of the changes in the
relative integrated intensities of the diffraction orders

f R/d+t I(z*) dz* = I(2)

has been analyzed utilizing the experiments two and three
described above. In Fig. 2 A the diagram shows, as a
function of temperature, the behavior of the ratio of the
integrated intensities of orders Q = 3 and Q = 4, which, of
all orders, present the most obvious change. The curve is
typical of experiments in which a single multilayer, par-
tially dehydrated at 7.50C, is slowly slewed over the range
of temperatures from 7.5 to 0°C in -4 h and thereby only
partially equilibrated at each temperature indicated,
immediately followed by a temperature reversal from 0 to
7.50C occurring in 5 min. The diagram suggests that a
major structural "transition" for this multilayer occurs at
-20C and that it can be reversed by increasing the
temperature. Fig. 2 B is a typical curve obtained for the
sets of multilayers for which the multilayers were partially
dehydrated and thereby fully equilibrated at each temper-
ature between 7.5 and - 20C. It is similar to the curve in
Fig. 2A, the only difference being that in this case the ratio
I(Q = 3)/I(Q = 4) varies more rapidly near the tempera-
ture of transition (-20C). This is correlated with the more
pronounced changes in the pattern observed for the multi-
layers fully equilibrated at the lower temperatures (Fig.
1).

Temperature Dependence of Equatorial
Diffraction

Oriented multilayers of SR membranes for equatorial
diffraction were prepared using the same procedure as for
meridional (lamellar) diffraction. Fig. 3, A-C, are sectors
of x-ray diffraction patterns recorded in 60 s by the
two-dimensional detector; the background scattering,
determined as described in Methods, has been removed
from each pattern. For a multilayer fully equilibrated at
7.50C (A) one radially broad ring is observed in the region
dominated by diffraction from the lipid hydrocarbon chain
packing in the membrane plane. For the same multilayer
partially equilibrated at - 20C (B) a radially sharp ring at
higher angle appears superimposed on the broad ring. In
the case of the multilayer fully equilibrated at -20C (C)
the sharp ring at higher angle is somewhat more intense
than the broad ring. As for the meridional (lamellar)
diffraction, the phenomenon is totally reversible, that is the
patterns in B and C can be reversed to the pattern in A by
reequilibrating the multilayer at 7.50C; for the multilayers
partially dehydrated at the lower temperatures a delay is
observed for this reversal, identical to the one occurring for
the reversal of the meridional (lamellar) diffraction. The
other main feature in these patterns consists of a radially

FIGURE 3 Equatorial diffraction patterns I(r*, 4*, z* = 0) at normal
incidence to the multilayer surface from an oriented SR multilayer fully
equilibrated at 7.50C (A), from the same multilayer partially equilibrated
at -20C (B), and from an oriented SR multilayer fully equilibrated at
-20C (C). In A only a radially broad diffraction ring, indicated by the
larger arrow, occurs from the packing of the membrane lipid hydrocarbon
chains in the membrane plane; in B and C, a radially sharp ring occurs at
higher angle superimposed on the broad ring. The sharp ring disappears
when the multilayers are reequilibrated at 7.50C. The smaller arrow
indicates the diffraction from protein a-helices.

broad ring at lower angle arising from the interference
betwen a-helical polypeptide chains of the protein.

If the patterns of Fig. 3, A and B, are angularly
integrated over 0 -< * < 2-r before background subtrac-
tion, the one-dimensional intensity functions I(r*, z* = 0)
of Fig. 4 are obtained. The function in the top of Fig. 4
represents the intensity function obtained from the integra-
tion of a two-dimensional equatorial pattern from a multi-
layer of DPL at room temperature, recorded under identi-
cal experimental conditions as for the SR equatorial
patterns. It contains a radially sharp reflection, which is
expected to occur at a Bragg spacing of -1/4.2 A-' at
room temperature, characteristic of only frozen chains
packed in crystalline domains over the membrane plane
(19, 20). This reflection has been used to calibrate the r*
axis in Fig. 4. For the SR membrane multilayer fully
equilibrated at 7.50C, center of Fig. 4, the intensity
function exhibits a broad symmetric peak at r* - 1/4.5
A` characteristic of only melted chains with liquidlike (or
disordered) packing over the membrane plane (19, 20).
For the same multilayer partially equilibrated at -20C,
bottom of Fig. 4, the broad symmetric peak becomes
asymmetric due to a sharp, more intense component on the
higher-angle side of the peak at r* - 1/4.3 A'. This result
is characteristic of "lipid lateral phase" separation where
crystalline domains of frozen chains coexist within a
liquidlike (or disordered) packing of melted chains over the
membrane plane (2 1). These results are in agreement with
the previous work of others (22).
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FIGURE 4 One-dimensional intensity functions I(r*, z* - 0) obtained
by angular 4* integration of equatorial diffraction patterns as in Fig. 3, A
and B. In the top of the figure, the intensity function for a DPL multilayer
at room temperature; in the center, the intensity function for the
multilayer fully equilibrated at 7.5°C; and in the bottom, the intensity
function for the same multilayer partially equilibrated at -20C. For
details see the text.

most probable. The results thereby provided by the
GFSDM are shown in Fig. 5 for the multilayer fully
equilibrated at 7.50C, in Fig. 6 for the same multilayer
partially equilibrated at -20C, and in Fig. 7 for the
multilayer fully equilibrated at -20C (all profiles have
been scaled to have the same p2 over the interval d). In the
top of the figures, the experimental autocorrelation func-
tions for the multilayer profiles, Qep(z), the autocorrela-
tion functions for the multilayer profiles calculated by
GFSDM, Qw,(z), and the autocorrelation functions for the
unit cell profiles, QO(z) are shown; in the bottom of the
figures the centrosymmetric unit cell electron density
profiles pUc(z) for the membrane pair, representative of the
two apposed membranes of a collapsed vesicle, are shown.
The phases for the four lamellar diffraction maxima in the
meridional data utilized to provide the profiles of Figs. 5
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The peaks at lower angle in the intensity functions of
Fig. 4 are produced by background scattering (minor
peak) and by the protein a-helical diffraction from the SR
multilayers at r* , 1/10 A-'.

Calculation of Membrane Electron Density
Profiles

The meridional intensity functions I(z*) of Fig. 1, A-C,
fully corrected, were subjected to two independent phasing
methods for the calculation of the multilayer unit cell
electron density profiles puc(z), primarily the Generalized
Fourier Synthesis Deconvolution Method (GFSDM [23])
which takes into account the disorder present in the
multilayer lattice and assumes centrosymmetry of the unit
cell membrane pair profile and also the iterative box
refinement analysis (24). Both methods have been used
successfully for membrane systems, including appropriate
oriented membrane multilayers (5, 25). The GFSDM
utilizes a model multilayer lattice interference function
containing the lattice disorder parameters which is used to
obtain a calculated meridional intensity function and a
calculated multilayer profile autocorrelation function for
each phase combination. These functions are compared
with iteration of the lattice disorder parameters quantita-
tively with their corresponding experimental functions.
The phase combination for which the calculated and
experimental functions have the best fit is selected as the

Puc (z)
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FIGURE 5 Results provided by the GFSDM analysis for the most
probable phase combination for the meridional (lamellar) diffraction data
at -16 A resolution of Fig. 1 A, SR membrane multilayer fully
equilibrated at 7.50C. In the top the Patterson functions Q(z), vs. the real
space coordinate z, calculated to z = -2d: Qw(z) is the autocorrelation
function for the multilayer profile calculated directly from the corrected
experimental intensity; Qc. (z) is the multilayer profile autocorrelation
function obtained from GFSDM; QO(z) is the autocorrelation function of
the average unit cell profile; d at z - 211 A is the lattice periodicity. In the
bottom, p,,(z) is the average unit cell electron density profile on a relative
scale vs. the real space coordinate z in A, one divison 25 A. The
centrosymmetric unit cell profile extending from -d/2 to +d/2 contains
the membrane pair, with a single membrane profile within 0 - Izl - 105.5
A.
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FIGURE 6 Functions calculated by GFSDM for the best phase combi-
nation for the meridional (lamellar) diffraction data of Fig. 1 B at a

resolution of - 16 A, same multilayer as in Fig. 5, subjected to a slewing of
the temperature from 7.5 to - 20C and maintained at - 20C. The phase
combination, d, and the extension of a single membrane profile are the
same as for data in Fig. 5.

and 6 are the same (+ + - -), whereas for the data in Fig.
7 there is a reversal of the phase for the first order
maximum (- + - -). This result, that the first order of the
lamellar diffraction has opposite phase sign depending
upon the temperature of partial dehydration, was tested
further by applying independently the box refinement
method to the experimental meridional intensity functions
truncated at -35 A resolution, that is, inclusive of the first
two regions of constant phase.' The truncation was applied
based on consideration that the phases of these two regions,

'Because the correlation between membrane pairs (unit cells) in these
multilayer lattices is rather weak, as indicated by the significant amount
of lattice disorder present shown by the rapid decay to zero of Q.,(z) for
z , 2d (Figs. 5-7), the resulting weakly sampled meridional intensity
function therefore very nearly represents the continuous Fourier trans-
form modulus for a single membrane pair profile. Under these conditions
of substantial lattice disorder an arbitrary trial function can be used in the
iterative box refinement method to find a solution for the membrane pair
electron density profile with the only requirement of constrained thickness
for the membrane pair. This value was directly obtained from Figs. 5 and
7 from the value of z at which Qo(z) becomes zero (Qo [z] must be zero

outside ±d, the extension of the unit cell electron density profile,
containing the membrane pair); a square pulse function of 105 A width
placed asymmetrically about the z origin was used as the trial function.

FIGURE 7 Functions calculated by GFSDM for the best phase combi-
nation for the meridional (lamellar) diffraction data of Fig. 1 C at 17 A
resolution, the multilayer fully equilibrated at -20C. The phase of the
first diffraction order (Q 1) has the opposite sign with respect to the first
order for the data in Figs. 5 and 6; d 207 A; the profile for a single
membrane is contained within 0 < Izl < 103.5 A.

which dominate the meridional intensity function, cannot
be affected by the phases of the weak orders at higher
angle, in agreement with the Fourier sampling theorem.
The solutions provided by box refinement are the electron
density profiles for the membrane pair shown in Figs. 8 A
(fully equilibrated at 7.50C) and 9 A (fully equilibrated at
- 20C). Figs. 8 B and 9 B show the centrosymmetric
electron density profiles obtained by the GFSDM at the
same resolution derived by truncation of the respective
meridional diffraction data. Note that at this lower resolu-
tion the unit cell electron density profiles containing the
membrane pair of Figs. 8 B and 9 B have one unresolved
peak at the origin (z = 0) instead of two peaks at z = ± 8 A
as in Figs. 5-7. It is readily apparent that the solutions
provided by box refinement agree very well with the
profiles chosen by GFSDM at the same resolution, con-

firming the phases of the first two regions of constant phase
for the electron density profiles in Figs. 5 and 7. The lack of
complete centrosymmetry of the profiles calculated by the
box refinement is due to the large degree of freedom
afforded by noncentrosymmetric phases utilized by the
method. Applied in the case of the multilayer partially
equilibrated at - 20C, the box refinement method also
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FIGURE 8 (A) Electron density profile for the membrane pair calcu-
lated by the box refinement method for the experimental intensity
function for the multilayer fully equilibrated at 7.50C truncated at -35 A
resolution. The profile was obtained in 10 iterations, utilizing a square
pulse function nonzero within -55 s z < 50 A as the trial structure and a
box size of 200 A. The two apposed single membrane profiles are
contained within - 105 < z < - II A and -11 < z < 105 A, z is the real
space coordinate. (B) Low resolution profile at -35 A calculated for the
same truncated intensity function utilizing the phase combination
selected by GFSDM. One single membrane is contained within 0 -< Izi
105.5 A.

provides a solution in agreement with the GFSDM analysis
(not shown).

DISCUSSION

The results described in Fig. 2, A and B, establish the
occurence of a structural transition for the SR membrane
multilayer profile at -20C. This temperature is clearly the
critical temperature for the transition since it is confirmed
either by subjecting single multilayers to a slow slewing of
temperature around the transition temperature, or by fully
equilibrating different multilayers at several temperatures
around the transition temperature. The different slope of
the curves near the temperature of transition in the two
cases is correlated with the more pronounced changes in
the meridional diffraction, with respect to the maridional
diffraction from a multilayer fully equilibrated at 7.50C,
which are observed in the second case (Fig. 2 B vs. 2 A).
This most likely indicates that the multilayers for which
the temperature is slewed from 7.5 to -20C do not reach
full equilibrium at the intermediate temperatures within

FIGURE 9 (A) Electron density profile for the membrane pair provided
by box refinement for the experimental intensity function for the multi-
layer fully equilibrated at - 20C, truncated at -35 A resolution. The trial
structure used was the same as in Fig. 8, the size of the box 203 A, the
number of iterations 10. The two apposed single membrane profiles are
contained within -105 < z < -3 A and -3 < z < 105 A. (B) Low
resolution profile at -35 A obtained for the same truncated intensity
function utilizing the phases selected by GFSDM. One single membrane
is contained within 0 < Izl c 103.5 A.

the time scale of the experiment (5 min/mean temperature
value), or even within 12-18 h after the final temperature
value. This is consistent with the fact that the electron
density profiles for the SR membrane partially equili-
brated and fully equilibrated at - 20C are not identical,
having at least different phases for the first order reflec-
tions and different ratios for the third/fourth order reflec-
tions (see puc(z) in Figs. 6 and 7). The profile in Fig. 6,
partially equilibrated at -20C, thus appears to be in an
intermediate state between the profiles for the SR mem-
brane in full equilibrium at 7.50C (Fig. 5) and in full
equilibrium at - 20C (Fig. 7).
The differences between the electron density profiles for

the SR membrane at the lower and at the higher tempera-
tures are statistically significant, because the changes in
the meridional intensity functions are much larger than the
counting statistics, as evidenced in the patterns in Fig. 1,
and their phasing has been firmly established. To facilitate
the interpretation of the profiles and their differences, they
have been fitted with step-function models. In each case
the step-function model for the two apposed membranes
contain 16 steps of identical width and a step of smaller
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width at the origin produced by the overlapping of two
adjacent steps, the width of all steps thus being larger than
the resolution limit (2z*,) -'. The magnitudes of the
average electron density levels of the steps within the
model profiles were refined to the experimental unit cell
profile until the normalized least-square fit of the experi-
mental and model unit cell structure factor obtained by
Fourier transformation of the two functions was better
than half a percent. The step-function models thus
obtained are shown in Fig. 10, A-C, for the profiles of Figs.
5, 6, and 7, respectively. To compare the continuous
electron density profiles with the correspondent step-
function models, the Fig. 10 shows from z = -d/2 to z = 0
the continuous functions from Figs. 5-7 and from z = 0 to
z = +d/2 the step-function models, only nine steps instead
of 16. Relative to a single membrane profile, as previously
interpreted from x-ray and neutron diffraction experi-
ments, coupled with the deuteration of selected membrane
molecular components (7), two steps (1 and 4) are fitted to
the inner and outer lipid polar headgroup regions, two steps

B

4

I5
a

7

+100

C

4
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a

FIGURE 10 Step-function
models for the profiles at 16-17
A resolution of Figs. 5-7: on the
left side are reproduced the elec-
tron density profiles for a single
membrane from Figs. 5-7 ex-
tending from z - -d/2 to z = 0;
on the right side the calculated
step-function models for the
apposed single membranes, ex-
tending from z = 0 to z - +d/2.
The numbers identify the steps
with the different regions of a
single membrane profile as de-
scribed in the text. In A the
step-function model for the pro-
file calculated for the multilayer
fully equilibrated at 7.50C, in B
for the same multilayer partially
equilibrated at -20C, in C for
the multilayer fully equilibrated
at - 20C. The abscissa is the real
space coordinate z in A, one divi-
sion, 25 A.

3

+100

(2 and 3) to the lipid fatty acyl chain region of the inner
and of the outer monolayer, four steps (5-8) are fitted to
the extravesicular surface of the membrane (outside the
lipid bilayer) extending to the edge of the unit cell; 9 labels
the step at the origin of the unit cell corresponding to the
intravesicular water space.
The differences between these step-function models in

the case of a single multilayer fully equilibrated at 7.50C
(Fig. 10 A) and partially equilibrated at -20C (Fig. 10 B)
include a decrease of density for step 1 and 9, a small
increase of density for steps 5 and 6, a major redistribution
of density for steps 2 and 3 with density loss in 2 which
brings the level of density of step 2 to nearly the same level
of density of step 3. These differences appear much larger,
but of the same character, when comparing the step-
function models for the mutlilayer fully equilibrated at
7.50C and the multilayer fully equilibrated at - 20C, Fig.
10 A vs. 10 C, in particular the level of density of step 2
decreases further to a level significantly lower than that of
step 3. There is also a change with regard to the separation
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of steps 1 and 4, 39 A in Fig. 10 A and 40.5 A in Fig. 10
C.

Given our previous interpretation of the SR membrane
profile (7), these step-function models to the electron
density profiles at this moderate resolution indicate the
contribution of each membrane component to the changes
occurring in the electron density profiles across the temper-
ature-dependent structural transition. Relative to a single
membrane profile three major changes take place with
decreasing temperature across the transition: (a) an
increase of the lipid polar headgroup separation across the
SR lipid bilayer profile which reaches a maximum value of
1.5 A in the case of the multilayer fully equilibrated at low
temperature; (b) a change of the relative electron density
in the lipid acyl chain region of the bilayer, with a
significant loss of density in the chain region of the inner
monolayer; (c) an increase of density over all the outer
surface outside the lipid bilayer of the membrane extend-
ing to the edge of the unit cell. The changes described in b
and c can be best accounted for in terms of a redistribution
of the protein from the inner monolayer into the outer
monolayer and into the outer surface of the membrane;
because the protein present in this SR membrane prepara-
tion is nearly totally Ca2"ATPase (26), this redistribution
involves Ca2"ATPase polypeptide. Conversely, a lipid
redistribution between monolayers would seem to be
excluded. It would require changes of the relative electron
density in the polar headgroup region and hydrocarbon
chains region of the outer monolayer matching the changes
in the inner monolayer. Instead, corresponding to the loss
of density in the inner monolayer an increase of density
occurs largely on the outer surface of the membrane, a
region that hosts the headpiece structure of the
Ca2+ATPase. Lipid redistribution is also a phenomenon
too slow to occur in these experiments (7): the time scale of
the slewing of temperature for the multilayer at 7.5 to
- 20C is only on the order of 3-4 and its reversal takes only
5 min.

Concomitantly with redistribution of protein mass in the
SR membrane profile, the temperature-dependent struc-
tural transition involves the formation of crystalline
domains of frozen lipid chains in the SR membrane plane,
i.e., "lateral lipid phase separation." Because the lipids in
these domains have predominately full extended all-trans
chains, the presence of frozen lipid chain domains can
account for the increased average lipid polar headgroup
separation across the lipid bilayer profile observed at - 20C
(27). From the diffraction experiments presented, we
cannot determine if crystalline lipid chain domains form
preferentially in one monolayer of the membrane lipid
bilyer nor can we reliably determine the relative number of
lipid molecules involved. It is also impossible to determine
if this lateral lipid phase separation for a portion of the
lipids in the membrane directly induces the redistribution
of the Ca2"ATPase protein toward the outer extravesicular
surface of the membrane profile or if the two phenomena

occur independently. If one or more classes of lipids in the
SR membrane were exchanged for lipids of different
fatty-acyl chain composition (without altering the lipid
class composition of the membrane) such that this upper
characteristic temperature of the lateral lipid phase sepa-
ration were altered, x-ray diffraction experiments analo-
gous to the ones presented in this paper could determine if
the structural change in the Ca2"ATPase protein follows
the upper characteristic temperature of the phase separa-
tion, thereby establishing casuality or conversely. Such
lipid exchange has been successfully performed previously
in the SR membrane utilizing either specific or nonspecific
lipid exchange proteins (7).
The redistribution of protein mass from the inner to the

outer monolayer under low-temperature conditions is in
the opposite direction to the redistribution of protein mass
induced by phosphorylation of the enzyme under identical
low-temperature conditions (16) or at 7-80C (11). In both
cases time-resolved x-ray diffraction studies have in fact
indicated that upon phosphorylation, Ca2+ATPase protein
mass moves from the outer towards the inner monolayer.
Because the formation of the El-P intermediate is greatly
slowed under such low-temperature conditions, it now
appears that the low-temperature-induced structural
changes in the enzyme profile are capable of slowing the
calcium transport process because this process requires
structural changes in the protein profile in the opposite
direction for protein phosphorylation.

CONCLUSION

The study presented demonstrates a strong correlation
between a temperature-induced lipid lateral phase separa-
tion in the SR membrane plane and significant structural
changes in the SR membrane profile, which can be best
accounted for in terms of a specific redistribution of
Ca2+ATPase protein mass within the membrane profile.
Because the lifetime of the first phosphorylated interme-
diate of the Ca2+ATPase, El-P, is considerably extented
to at least several seconds for temperatures below this
structural transition (as compared with only a few hundred
milliseconds or less for temperatures above the transition),
the structural transition could therefore be directly respon-
sible for the "transient trapping" of this intermediate
El-P. We note that the phase diagram for this membrane
multilayer system is undoubtedly complex, depending sig-
nificantly in addition to the water activity in the multi-
layer; this issue is currently under investigation.

Time-resolved x-ray diffraction studies performed at
"low" temperature below this structural transition can now
rigorously provide the profile structure for the SR mem-
brane for which the enzyme is clearly transiently trapped
in the first phosphorylated intermediate state (16). Previ-
ously, analogous studies at 7-80C above this transition
provided the profile structure for the SR membrane for
which the Ca2+ATPase is only predominately in the first
phosphorylated intermediate state (1 1).
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