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ABSTRACT Resonance x-ray diffraction measurements on the lamellar diffraction from oriented multilayers of isolated sarcoplasmic
reticulum (SR) membranes containing a small concentration of lanthanide (lil) ions (lanthanide/protein molar ratic ~ 4) have
allowed us to calculate both the electron density profile of the SR membrane and the separate electron density profile of the
resonant lanthanide atoms bound to the membrane to a relatively low spatial resolution of ~40 A. Analysis of the membrane
electron density profile and modeling of the separate low resolution lanthanide atom profile, using step-function electron density
models based on the assumption that metal binding sites in the membrane profile are discrete and localized, resulted in the
identification of a minimum of three such binding sites in the membrane profile. Two of these sites are low-affinity, low-occupancy
sites identified with the two phospholipid polar headgroup regions of the lipid bilayer within the membrane profile. Up to 20% of the
total lanthanide (lIl) ions bind to these low-affinity sites. The third site has relatively high affinity for.lanthanide ion binding; its K, is
roughly an order of magnitude larger than that for the lower affinity polar headgroup sites. Approximately 80% of the total lanthanide
ions present in the sample are bound to this high-affinity site, which is located in the “stalk™ portion of the "headpiece” within the
profile structure of the Ca*? ATPase protein, approximately 12 A outside of the phospholipid polar headgroups on the extravesicular
side of the membrane profile. Based on the nature of our results and on previous reports in the literature concerning the ability of
lanthanide (IIl) ions to function as Ca*? analogues for the Ca*? ATPase we suggest that we have located a high-affinity metal binding
site in the membrane profile which is involved in the active transport of Ca*? ions across the SR membrane by the Ca*? ATPase.

INTRODUCTION

The Ca*? ATPase of the sarcoplasmic reticulum (SR) is
an enzyme that utilizes energy obtained from hydrolysis
of ATP to actively transport Ca*? across the SR mem-
brane against a maximal concentration gradient of ~ 10’
M (1). The Ca*?* ATPase adopts several distinct confor-
mations during the Ca*? transport cycle (2). In what can
be considered the initial step of the Ca**-transport
process, two Ca*? ions bind with high affinity (K, ~ 10°
M, [3]) to what is known as the E, conformation of the
enzyme. Besides their very high affinity, the Ca*’ binding
sites in this enzyme conformation are also very selective.
For example, binding of Ca*? occurs in the presence of a
Mg*? concentration that is three orders of magnitude
higher than the Ca*? concentration (4). After phosphory-
lation of the enzyme by a metal - ATP substrate,
formation of the E, ~ P intermediate enzyme conforma-
tion and “occlusion” of the Ca*? ions bound to the
high-affinity binding sites take place (5). The Ca*? ions
bound to the Ca*? ATPase are then translocated across
the SR membrane and released in the lumen of the SR
from low-affinity (K, ~ 10° M) binding sites on the E, ~
P conformation of the ATPase (3). Knowledge of the
location of the Ca*? ions in the membrane profile for
each intermediate conformation of the Ca*> ATPase
occurring during the active transport process, would

greatly contribute to a better understanding of the
mechanism of action of this ATPase, and quite possibly
other membrane proteins responsible for active ion
transport. The obvious first step toward this goal is to
localize the Ca*? high-affinity binding sites in the SR
membrane profile for the E, conformation (resting
state) of the Ca*> ATPase protein. It was previously
proposed on the basis of the amino-acid sequence and
the predicted secondary/tertiary structure of the protein
(6,7) that the Ca*® high-affinity binding sites were
probably located in the “stalk” portion of the ATPase
“headpiece,” i.e., in that section of the profile structure
of the protein connecting the portion within the lipid
bilayer with the large mass of protein located outside the
membrane lipid bilayer and protruding into the extrave-
sicular space (8). However, recent studies involving
site-specific mutagenesis of individual residues in the
Ca*? ATPase enzyme, and their effect on Ca*? transport
and enzyme activation (9, 10), suggest that residues in
the “stalk” region of the protein are involved in Ca*?
transport, but that the residues that form the high
affinity Ca*? binding site involved in activation of the
enzyme are probably located in the transmembranous
region the putative model of the Ca*? ATPase structure.

The technique of resonance (or anomalous) x-ray
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diffraction can be used to determine with high precision
the position of particular atoms within large noncrystal-
line structures such as biological membranes (11, 12).
The technique is based on the large changes in the x-ray
scattering amplitude of an atom at energies near an
atom’s absorption edge (13). Resonance x-ray diffrac-
tion can locate a particular atom in a way that is
analogous to that of isomorphous replacement (14), but
the resonance technique has the obvious advantage that
no modification of the system is necessary. The availabil-
ity of synchrotrons as high flux, tunable x-ray sources has
made such resonance x-ray diffraction experiments feasi-
ble. Furthermore, time-resolved resonance x-ray diffrac-
tion could in principle be used to follow the location of
the Ca*? ions in the SR membrane profile during active
transport, allowing a direct “visualization” of the cal-
cium occlusion (E, = E, ~P) and traslocation (E, ~
P = E, ~P) steps.

The use of resonance x-ray diffraction to determine
the position of the Ca*? high-affinity binding sites in the
SR membrane profile presents some technical difficulty
due to the relatively low x-ray energy of the calcium K
absorption edge (4.04 keV), that results in strong absorp-
tion effects in the oriented multilayer sample. This can
be overcome by the use of lanthanide (III) ions as Ca*’
“analogues” because their L absorption edges occur at
substantially higher x-ray energies. Lanthanide (III) ions
have been extensively used as substitutes for divalent
ions such as Ca*? in biological systems (15). Numerous
reports in the literature indicate that lanthanide (III)
ions compete with Ca*? ions for high-affinity binding
sites in the Ca*? ATPase (16-19). The use of lanthanide
ions as Ca*? analogues for resonance x-ray diffraction
experiments has the additional advantage that the reso-
nance effects at the lanthanide L,;; absorption edge used
for the resonance experiment are significantly larger
than the effects that would be observed at the Ca K edge
(6-7 electrons vs. ~20 electrons), a fact that facilitates
the location of the two metal atoms bound to a protein of
molecular weight ~ 110,000 (6, 20), in a membrane with
a phospholipid/protein ratio of ~ 110 (8).

This paper describes the results of the necessary first
step in the use of time-resolved resonance x-ray diffrac-
tion to follow the location of Ca*? ions in the SR
membrane profile during the active transport process.
Resonance x-ray scattering effects about the La and Tb
L,; absorption edges on the lamellar diffraction from
oriented multilayers of SR membrane vesicles for lan-
thanide/protein mole ratios of ~4 were directly ana-
lyzed to determine the location of the high- and low-
affinity metal binding sites in the SR membrane profile
for the E, (resting) conformation of the Ca** ATPase
protein.

METHODS

Preparation of SR vesicular
dispersions and oriented SR
multilayers

Dispersions of SR membrane vesicles were prepared from albino
rabbit hind leg muscle (21). The SR preparation was further purified
by sucrose density gradient centrifugation as described previously (22).
The purified SR preparation (at least 90% of the protein present was
Ca*? ATPase [22]) was stored at —70°C, suspended in a buffer
containing 100 mM KCl, 2mM Tris maleate, at pH 6.85. Typical
protein concentrations in these vesicular dispersions (determined by
the Lowry method [23]) were ~10 mg protein/mL. Purified SR
vesicular dispersions prepared as described above contain significant
concentrations of both Ca*? and Mg*? ([Ca*?] < 20 uM, [Mg*?] < 10
wM; measured spectrophotometrically using the metallochromic indi-
cator Arsenazo III). To ensure that the presence of Ca*? and/or Mg*?
would not interfere with binding of the lanthanide (III) ions to the
Ca*? ATPase, the divalent metal ion content in the SR dispersions was
reduced by treating them with EGTA (ethylene glycol-bis[B-amino-
ethyl ether] N,N,N’,N’-tetraacetic acid; Sigma Chemical Co., St.
Louis, MO), and subsequently washing them with a divalent metal free
buffer (treated with Chelex-100; Bio-Rad Laboratories, Richmond
CA) via dilution and centrifugation. The final SR dispersion from
which the multilayer samples were prepared contained ~6 uM Ca*?
ATPase protein, ~1 pM free divalent metal ions, and ~1 uM EGTA.
To prepare oriented multilayer samples, an appropriate volume of this
“divalent-metal-free” SR dispersion (~2 mL, containing 1.2 mg of
protein) was placed in a sedimentation cell and an appropriate volume
of a freshly prepared LaCl, or TbCl, solution was added (enough to
obtain the desired lanthanide/protein mole ratio of ~4). The disper-
sion was then centrifuged (10 g, 45 min) to sediment the SR vesicles
on to a flat aluminum foil substrate, and the resulting “pellet” was
partially dehydrated under controlled relative humidity conditions
(88% relative humidity) to form an oriented SR membrane multilayer
sample as described previously (24).

Resonance diffraction data collection

Lamellar x-ray diffraction data from oriented, partially dehydrated SR
multilayers was collected as a function of the reciprocal space
coordinate z*, (z* = 2 sin 8/A). Diffraction along this z* axis corre-
sponds to elastic photon momentum transfer parallel to the real space
axis z, defined as perpendicular to the plane (on average) of the
membranes of the flattened vesicles in the multilayer sample. Dif-
fracted intensity along z* arises from the so-called multilayer electron
density profile, i.e., the projection onto the z-axis of the multilayer
electron density along planes perpendicular to the z-axis (25).

The x-ray diffraction data was collected utilizing the Biostructures
Participating Research Team beamline X-9A at the National Synchro-
tron Light Source, Brookhaven National Laboratory (Upton, NY).
During data collection the synchrotron operated at an electron energy
of 2.5 GeV, and the current in the ring decayed during a fill from 200 to
90 mA. A constant-exit-height, double Si (111) crystal monochromator
was used to select the energy of the x-ray radiation incident on the
samples. Radiation from the monochromator (FWHM 2.5 eV) was
collected and linearly focused using a cylindrically bent horizontal
mirror (Ni-coated Al) with its center at 1340 cm from the bending-
magnet source. Cylindrically curved multilayer samples were mounted
on a 4-circle diffractometer (Huber, FRG), with their surface centered
on, and parallel to the w-axis. A low-impedance, one-dimensional
position sensitive detector mounted on the 20 axis 680 mm from the
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w-axis was used to record the diffracted intensity along z* in the 26
plane. The linear position sensitive detector was interfaced to a
multichanel analyzer and the full active length of the detector (100
mm) was digitized into 1,024 channels. A PDP 11/23 computer (Digital
Equipment Corp., Marlboro, MA) was used to control the diffracto-
meter and the electronics associated with the detector. The linearly
focused x-ray beam had a FWHM of 0.25 mm at the detector in the
z*-direction. A Nfilled ionization chamber was used to monitor the
incident beam intensity I,. The cylindrically curved multilayer samples
were mounted in sealed cannisters with Mylar windows, and the
relative humidity inside the cannisters was regulated using a saturated
KCl solution ( ~ 88% relative humidity at 5°C). The temperature of the
samples was maintained at 7 = 1°C during partial dehydration and
data collection (namely, above the characteristic temperature for
lateral lipid phase separation for these SR membranes under these
conditions [26]). For each sample, resonance lamellar diffraction data
was collected for seven different energies: the energy corresponding to
the L,;,, absorption edge of the particular lanthanide (La or Tb) in the
sample, and the edge energy +200 eV, =100 eV, and +50 eV. Data at
the different energies was collected cyclically, such that an edge-energy
measurement always preceded and followed data collected at two
energies symmetrically displaced about the absorption edge. For
selected samples, an additional set of “resonance” diffraction data
about the L;;; absorption edge of the alternate lanthanide (not present
in the sample) was recorded as a control. Diffraction data were
collected at fixed w angle (because the multilayer samples were already
cylindrically curved about w) for 1,800 s at each energy. The patterns
so recorded generally extended to a z?,, corresponding to a limited
spatial resolution of ~40 A in the multilayer profile.

Diffraction data reduction

The detector channel corresponding to the z*-origin was determined
as that centered in the approximately symmetric diffraction evident in
the raw lamellar intensity patterns recorded as total x-ray counts per
channel along the active length of the detector for each x-ray energy E.
The detector channel coordinate was then converted to the reciprocal
space coordinate z* =2 sin /A using the appropriate constants
determined during the positional linearity calibration of the detector.
For patterns corresponding to off-edge energies, the intensity vs. 2*
data were interpolated at equal intervals of z* to match those z*-values
in the corresponding edge energy scans. The resulting lamellar
diffraction patterns were then normalized to compensate for nonreso-
nance differences in total integrated (over z*) intensity, which also
resulted in identical lamellar background scattering from the multilay-
ers independently of x-ray energy. The normalized diffraction patterns
were than corrected to account for the estimated lamellar background
scattering by sustracting precisely the same' piece-wise continuous
exponential function chosen to zero a majority of the intensity minima
in the raw lamellar intensity functions /,(z*, E). A Lorentz correction
(8, 24) proportional to (z*)* was then applied to the background-
corrected patterns I (z*, E) to account for the cylindrical curvature
and mosaic spread (inherent layer misorientation) of the multilayer
samples. The stability of the multilayer samples as a function of time,
as well as differences in the lamellar intensity functions presumably

'In order to rigorously apply this criterion, the estimated lamellar
background scattering was subtracted only from the well off-resonance
I(z*, edge + 200 eV) data, to provide I(z*, edge + 200 eV). The
remaining I (z*, E') data were then calculated as:

I(z*,E) = I(z*, edge + 200eV)
— [I(z*, edge + 200 ev) — I(z*,E)].

due to resonance effects, were judged by examining the arithmetic
differences between appropriate diffraction patterns, AL (z*, E; =
[I(z*, E}) — I,(z*, E;)] both as a continuous function of z*, and over
successive constant integration intervals Az*. Only off-edge energy
patterns included between subsequent edge-energy patterns for which
essentially no time-dependent changes could be observed were used
for further analysis.

Resonance diffraction effects

The energy-dependent scattering factor for the jth atom in a structure
can be written (27):

fi=£; +f{E) +if{(E) =f{(E) +if{(E), 1

where f[(E) and fi(E) represent the real and imaginary components
of the atomic scattering factor, and the energy dependence of f is
significant only if the jth atom in the structure has an absorption edge
at a x-ray energy near that used to record the x-ray diffraction from the
structure. The structure factor as a function of z* for a multilayer
composed of N atoms, which is the Fourier transform of the multilayer
electron density profile p,,(z), can then be written as

Fu(@*, E) = 2,f(c" E) exp (~2mizz")

« [ pu(@) exp (~2mizz*) dz. (2)

The resonance diffraction effect in the intensity function |F,(z*, E)|’
from a system where the number of resonant atoms is only a small
fraction of the total arises almost exclusively from the interference
between those resonant atoms and the rest of the atoms in the
structure (11, 13); this interference involves only the f | term for the
resonant atoms. Furthermore, for a system with a centrosymmetric
unit cell, such as the profile p,(z) of our oriented SR multilayer
samples (28, 24), this effective structure factor can then be written as

F,@z*,E)=F,(z*)+2 if}(z*, E) cos (2mzz*)

=F.(@*) + Fo(*, E), &)

where N, is the total number of resonant atoms in the unit cell and
F_(z*) and Fj(z*, E) represent in turn the contribution to this total
effective structure factor for the system from the nonresonant and the
resonant atoms, where each have phase factors exp(ib[z*]) that have
only =1 values because ¢(z*) = 0, = only. As can be seen from the
above, changes in the diffracted intensity |F,(z*, E)|* with x-ray
energy due to resonance effects should scale approximately linearly
with f'(E) for the resonant atoms. It follows from the characteristics of
the x-ray absorption spectra of lanthanides about their L,; edges (12)
that the resonance effects in |F(z*, E)|* will therefore be roughly
symmetric as a function of energy with respect to the edge energy, E.,,,
with the effects at positive AE with respect to E,,. being somewhat
larger that those for negative AE.

Resonance diffraction data analysis

The first step in the analysis and interpretation of the data must be the
calculation of p,(z), the off-resonance electron density profile of the
multilayer unit cell, from the corrected lamellar diffracted intensity
I(z*, E). A General Fourier Synthesis Deconvolution (GFSD) method
of analysis (29) was used to calculate the off-resonance, centrosymmet-
ric p, () from a typical lamellar intensity function I.(z*, edge + 200eV).
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Note that p,(z) can be calculated from two intensity functions
corresponding to different energies, and p’(z), the electron density
profile of the resonant atoms, can be obtained from the difference

puc(z? E) - puc(z’ E,)’

but for the analysis of the present resonance data, the more direct
method described below proved more appropriate for reasons that will
be discussed in Results. It follows from Eq. 3 that if the number of
resonant atoms N, is sufficiently small relative to N, the total number of
atoms in the multilayer unit cell, thereby insuring that the phase
factors of F,(z*, E) and F,(z*) are approximately the same, one can
write (13) for the resonant contribution to the structure factor:

|Fm@)|* = |Fu(z*, edge) — Fr(z*, edge + A)[*
= [I%(z*, edge) — I*(z*, edge + A) ], (4)

where F,(z*, edge) and F,(z* edge + A) represent the multilayer
profile structure factors at the edge energy (E.,.) and another off-edge
energy (E., + A), and I(z*, edge) and I(z*, edge + A), represent
the corresponding experimentally measured, corrected diffracted inten-
sity functions. The structure factor modulus square of the resonant
part of the structure can thereby be directly calculated from the
appropriate intensity functions. If the corresponding phase factors
exp [ibn(z*)] = =1 for Fj(z*) can be obtained, the electron density
profile corresponding to just the resonant atoms is given directly by the
Fourier transform of the phased resonant contribution to the multi-
layer structure factor:

Pm(@) = J |F@")| exp [idni(z*)] exp (—-2miz*z) dz*.  (5)

The modulus of the resonant contribution to the structure factor was
then calculated according to Eq. 4, and the values of the corresponding
phase function ¢ [3(z*), were determined using a constrained iterative
refinement procedure (30) (see Results regarding the utility of that
procedure for the analysis of this resonance data). Once Fi;(z*) and
bmi(z*) were obtained, ply(z) was calculated directly via Eq. 5.
Because this p[5(z) represents the profile of just the resonant atoms in
the multilayers, the GFSD method of analysis was subsequently used
to “deconvolute” pii(z) to provide pi'(z). Finally, step-function
electron density models (see Results) were used to model p[(z) witha
minimum number of discrete, localized metal binding sites. The
adequacy of the models was tested by comparing the experimental vs.
model |[F=(z*)|? and p/S(z)? functions, where |F1(z*)|? is the modu-
lus square of the resonant contribution to the unit cell structure factor,
and p *(z)* is the autocorrelation of the unit cell electron density
profile of the resonant lanthanide atoms.

RESULTS
Observation of the resonance effect

All lamellar diffraction patterns /(z*, E) from a given
SR multilayer sample were examined as described in the
previous section to evaluate the stability of the multi-
layer, and to determine whether resonance effects ex-
isted for the stable multilayers. The magnitude of the
resonance effects were large enough that they could be
directly observed in arithmetic differences between pat-
terns that had only been transformed to reciprocal space
coordinate z* and normalized to match their total

intensities, and were otherwise uncorrected. However,
observation of the characteristics (e.g., energy depen-
dence) of the resonance effects was simplified if arith-
metic differences were taken, instead, between the
corresponding functions I,(z*, E) integrated over identi-
cal, successive intervals Az* along z*, to improve the
statistics within each interval. Such difference intensity
functions ALz}, E;), where z§ = (2k + 5)Az*, k=0, 1,
2, -+, are presented, for example, for two stable
multilayer samples, (4 ) Tb**/protein molar ratio ~4,L;;
edge (7,515 eV) %50 eV; (B) La’*/protein molar ratio
~4, L, edge (5,484 ¢V) =100 eV, in Fig. 1. Note how
the z*-dependence of the observed resonance effects is
similar for the two different lanthanides, and how for a
given sample the changes are symmetric around the
edge (i.e., similar for +AE,) and larger for larger AE;,
and when (E — E,,,.) > 0, as expected from the charac-
teristic x-ray absorption spectra (and thereby f'[E]) for
lanthanide L, edges. Also note that the resonance
effects are all substantially larger than the fluctuations
present in the tests of multilayer stability. Fig. 2 shows
the corresponding (4) uncorrected lamellar diffraction
pattern I (z*, E) (La**/protein molar ratio ~4, L, edge
(5,484 eV) + 100 eV); (B) Al (z*, AE);), the difference
intensity function for E; = 5,484 + 100 eV and E; = 5,484
eV;and (C)|F™(z*)|?, the resonant contribution to the
total multilayer profile structure factor, calculated ac-
cording to Eq. 4.

GFSD analysis and calculation of the
muitilayer unit cell electron density
profile p.(2)

To calculate the off-resonance unit cell-electron density
profile p,(z), a background scattering and Lorentz-
corrected typical off-resonance lamellar diffraction pat-
tern I(z*, E = 5,484 + 100 eV) (corresponding to the
uncorrected pattern shown in Fig. 2 4) was subjected to
GFSD analysis (29) as described in Methods. The GFSD
method of analysis, developed previously for the analysis
of the lamellar diffraction from multilayers presenting
lattice and/or substitution disorder, uses a set of param-
eters characterizing the multilayer lattice and profile
structure factor phase functions (the phase function can
only have values of 0 or , due to the centrosymmetric
nature of the unit cell profile). Such parameters are
optimized by iteratively minimizing the least squares
difference between the GFSD-calculated and the exper-
imentally determined intensity (/[z*]) and autocorrela-
tion p,(z)* functions. Fig. 3 shows those resulting func-
tions (Fig. 3, A and B), as well as the calculated unit cell
structure factor modulus square |F,(z*)|* (Fig. 3 C),
and unit cell electron density profile p,.(z) (Fig. 3 D),
calculated to a low spatial resolution of ~40 A, for a
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FIGURE! Difference intensity functions I,(zy, AE;), between uncorrected intensity functions integrated over identical, successive intervals Az*.
Data were collected for 1,800 s at each of three different energies in the following order: L, edge (1), L,; edge-AE, L, edge + AE, and L;;; edge
(2). Fig. 1 A corresponds to a sample with Tb**/protein molar ratio ~4, and AE = 50 eV. Fig. 1 B corresponds to a sample with La**/protein molar
ratio ~ 4, and AE = 100 eV (the vertical scale in Fig. 1 B is roughly half that in Fig. 1 4). At the top of each figure, the difference between the two
Ly, edge intensity functions for the sample, AE,_; = [L,; edge (1) — L,; edge (2)] is shown. The difference AE,,; = [(Ly edge —AE) — L, edge (2)]
is shown in the middle, and at the bottom of the figures, the difference AE,,; = [(Ly; edge + AE) — L;; edge (2)] is presented. See text for details.

multilayer lattice periodicity D = 221 A. Several fea-
tures of these results deserve mention. Both the calcu-
lated and experimental autocorrelation functions p,,(z)*
are essentially featureless beyond the calculated lattice
periodicity of 221 A, and the intensity functions I.(z*)
resemble closely the unsampled shape of the calculated
unit cell structure factor modulus square |F,(z*)|>
These facts, as well as the presence of only weak
lamellar diffraction for z* > 1/40 A, are indications of
the presence of a large degree of lattice disorder in these
multilayers, arising from the absence of strong unit-cell-
to-unit-cell correlations. The lamellar diffraction there-
fore arises essentially from independently scattering
unit cells, i.e., I(z*, E) « |F,(z*)|>. Furthermore, exam-
ination of the GFSD-calculated intensity function sug-

gests the presence of a weak second-order diffraction
maximum at z* ~ 0.0082 A that is at best only partially
resolved in the experimental data (see Fig. 3 4). The
lamellar intensity function in this region of z* is affected
by the Az* resolution and the background scattering
correction, but fortunately this does not significantly
affect the GFSD results providing p,(z) off-resonance,
because this second-order maximum is very weak com-
pared with the other maxima in the diffraction pattern.

Phasing of |F *(z*)| and calculation
of p 2'(2)

The resonant contribution to the structure factor,
|F 5(z)|, was calculated according to Eq. 4, from the
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appropriate background-corrected' lamellar intensity
functions. As indicated previously, phasing of [F5(z*)|
permits the direct calculation of the electron density
profile of the resonant lanthanide atoms using Eq. 4.
|Fi(z*)| is shown in Fig. 2 C, calculated as the differ-
ence

[17(z*, edge) — I(z*, edge + 100 eV)).

Note that both |F3(z*)” and the corresponding
Al(z*, E;) of Fig. 2B are significantly different from
zero in the region corresponding to the position of the
weak second-order diffraction maximum in the intensity
function I (z*, edge + 100 eV), and also that A/(z*, E;)
changes sign over the region containing the unresolved
first- and second-order maxima in I (z*, E'), which are
assigned a constant phase in the GFSD analysis of
I(z*, edge + 100 eV). Because of this consideration
(|F%[z*]|* has important features in a region where
I(z*,E) have only a very weak, partially resolved
second-order maximum that can not be phased in the
GFSD analysis of the off-resonance I [z*, E']), the phases
determined for the off-resonance I (z*, E) cannot be
directly applied to |F(z*)|, which must therefore be
phased independently. Hence, |Fi$(z*)| was phased
using an iterative “box refinement” algorithm (30) as
indicated in Methods. Application of this box refine-
ment technique (which iteratively converges to an al-
lowed phase function for a profile structure, based on
information related to the finite extent of the profile
structure contained in I [z*]) was possible due to the
large amount of lattice disorder present in the multilayer
samples (see previous subsection). The box refinement
algorithm was given several “trial” phase functions with
vastly different characteristics. Independently of the
initial “trial” phase function, the method converged to a
single final phase function that assigned alternate phases
of ~0 or  to the successive regions of constant phase in
|Fig(z*)|. This is illustrated in detail in Fig. 4. The
resulting final resonant atom electron density profile
functions for the multilayer, pi5(z), were also consis-

FIGURE2 Examples of the various functions involved in the analysis
of the resonance x-ray diffraction data. (4) Typical uncorrected,
off-resonance lamellar intensity function /,(z*, E), for E = [La L,
edge + 100 eV]. (B) Typical difference intensity function Al (z*, AE,)
for AE,,; = [(La Ly; edge + 100 eV) — La L, edge] that shows the
changes in the continuous lamellar diffracted intensity function due to
the resonance effect (this continuous difference function corresponds
to the integrated difference function Al(z}, AE,) shown in Fig. 1 B).
(C) |F(z*)|? the corresponding resonant contribution to the struc-
ture factor modulus for the multilayer profile, calculated according to
Eq. 4. See text for details.
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FIGURE3 General Fourier Synthesis Deconvolution (GSFD) analysis of the off-resonance lamellar intensity functions to calculate the
off-resonance multilayer unit cell electron density profile, p,.(z). (4) GFSD-calculated (smooth) and experimental lamellar intensity functions
I(z*). Note the presence in the calculated function of a weak, partially resolved second order diffraction maximum at z* ~ 0.0082 A, that is not
observable in the experimental function, probably due to insufficient Az* resolution, complicated by the lamellar background correction at low z*.
See text for details. (B) GFSD-calculated (fop) and experimental multilayer profile autocorrelation functions, p,:('z)z. Note that both functions are
essentially featureless for values of z larger than the calculated multilayer lattice periodicity D ~ 221 A. (C) GFSD-calculated unit cell profile
structure factor modulus square |F,(z*)|. Notice that the intensity functions shown in 4 closely resemble the structure factor modulus square.
(D) GFSD-calculated, low-resolution (40 A) unit cell electron density profile p,(z), containing the SR single membrane profile within

0 < |z| < D2 ~ 110 A. See text for details.

tently similar for all initial trial phase functions. Because
the box refinement analysis contains no assumptions
about the symmetry of the profile structure, the final
phase functions have values that are not exactly 0 or ,
but which nevertheless clearly indicate the correct val-
ues for a centrosymmetric profile structure.

Once the correct phase function ¢5(z*) for |Fi5(z*)|

had been calculated, it was used in conjunction with
GFSD analysis to calculate the centrosymmetric elec-
tron density profile of the resonant metal atoms for just
the multilayer unit cell, p7(z). The results obtained from
the GFSD analysis, as well as a typical electron density
profile obtained from the box refinement calculations
are shown in Fig.5. As expected, both methods of
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FIGURE4 Boxrefinement analysis used to determine the appropriate phases ¢p;(z*) for the resonant contribution | Fy(z*) | to the total multilayer
profile structure factor (see Fig. 2 C). As the iteration number (indicated by the small numeral next to the different graphs) increases, the
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converges to its final form. Note that independently of the vastly different characteristics of the various initial “trial” phase functions, the method
always converged to a final phase function that assigned alternate phases of ~0 or 7 to the successive maxima, i.e., regions of constant phase in
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analysis produced p"(z) functions that are very similar
within the unit cell, namely |z| < D/2 ~ 110 A.

Modeling of p*(z)

To facilitate the interpretation of the low-resolution
continuous electron density profile corresponding to the
resonant lanthanide atoms, the continuous profile was
fitted with step-function electron density models (31, 32)
to represent a small number of discrete, localized metal

binding sites in the unit cell profile. The guiding princi-
ples used for constructing the models were the follow-
ing. First, we sought the minimum possible number of
discrete metal sites necessary to model the continuous
profile. Secondly, we sought the minimum step width for
each site used to represent metal electron density (i.e.,
assuming highly localized metal binding sites in the unit
cell profile). Finally, at every stage of the modeling
process, the adequacy of the model was tested via
comparison of the model vs. experimental resonant unit
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FIGURES Electron density profile of the resonant lanthanide atoms
calculated by the GFSD method p};'(2) (solid line) and box refinement
analysis p[5(z*) (dotted line). Note the similarity between these two
functions within the multilayer unit cell |z| < D/2 ~ 110 A. See text
for a discussion of these results.

cell structure factor modulus square |Fi*(z*)|? and unit
cell metal electron density profile autocorrelation func-
tion p’*(z)’. The number of localized metal sites in the
model profile was progressively increased from one to
three sites per single membrane profile within 0 < |z| <
D/2 ~ 110 A (or up to six sites in the apposed mem-
brane pair that forms the unit cell profile within —D/2 <
z < +D/2). The results from the modeling calculation
can be summarized as follows. A single localized metal
binding site per membrane profile, best modeled using a
5-A wide electron density step centered at z = 61 A is
sufficient to correctly reproduce the number as well as
the position of the maxima in both |Fi(z*)|* and
p'*(z)*. However, the amplitudes of the different maxima
in both functions are obviously not correct’ (R =
1.626 x 107'; R, = 2.486 x 10°). See Fig. 6. Addition of a
second localized metal binding site per membrane
profile, best modeled with a 5-A wide step centered at
z = 2.5 A (such that the two steps in the apposed single
membrane profiles that form the unit cell profile pro-
duce a single 10-A wide step centered at z = 0(A),
correctly reproduces virtually all the features in
|Fr2(z*)* and p=(z)* (Rp = 1.015 X 1074 R, = 1.528 x
10%). The results obtained with this second model are
also shown in Fig. 6. If a third site per membrane profile
is added (best modeled with a 5-A wide step centered at
z = 50 A), the site formerly centered at z = 61 A moves

The residuals for a given function f(x),,, were calculated as:

Rf = 2 [f(x)ulc _.f(x)exp]z/2 [f(x)explz'

out to z = 63 A, and a nearly perfect fit is obtained for
both test functions, with some improvement over the two
site per membrane profile model, especially at low z*
and large z (R; = 9.317 x 107% R, = 1.413 x 10, figures
not shown).

DISCUSSION

Interpretation of the low-resolution,
off-resonance membrane profile

Only a limited amount of information can be obtained
directly from the low-resolution (40 A) electron density
profile for a single SR membrane presented in Fig. 3 D.
The positions of the maxima in the continuous profile
are largely determined by the spatial resolution of the
data, and do not correspond to the positions of any
specific molecular or submolecular features in the actual
membrane electron density profile. Comparison of the
off-resonance, low-resolution SR membrane electron
density profile obtained in this study with other low-
resolution SR membrane profiles obtained under similar
experimental conditions, but for which substantially
higher resolution data has been analyzed is very informa-
tive, particularly if considered in combination with the
results obtained from the modeling of pi(z). Such a
comparison is made in Fig. 7. The pair of low-(35
A)/high-(13 A) resolution membrane electron density
profiles shown in Fig. 74 corresponds to a multilayer
sample prepared under conditions (low [<40 pM]
[Ca*?), [Mg*?]; same relative humidity and temperature)
comparable to those used in the present study. In
Fig. 7 B, the low-resolution profile from Fig. 74, and
the low-resolution profile calculated in the present study
are superimposed. Note how these two low-resolution
profiles are very similar. In Fig. 74, note that the
maximum at z ~ 59 A in the low-resolution profile
actually encompasses two maxima in the corresponding
high-resolution profile, the first of which (at z ~ 50 A)
corresponds to the position of the phospholipid polar
head groups on the extravesicular side of the membrane
(8). The results shown in Fig. 7 indicate that the off-
resonance, low-resolution electron density profile for
the SR membrane calculated for the samples analyzed in
the present study appears as a “normal” low-resolution
SR membrane profile; the EGTA treatment and the
subsequent addition of a low concentration (<50 pM)
of lanthanide (III) ion did not cause any drastic changes
in the profile structure of the SR membrane. In particu-
lar, the region of the membrane profile containing the
phospholipid bilayer (0 < z < 59 A in the low resolu-
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FIGURE6 Modeling the resonant atom unit cell electron density profile p;’(z), using a step-function model with one vs. two localized metal
binding sites per single membrane profile. The best single-site model contained a 5-A wide step centered at z = 61 A. A second site was best
modeled with a 5-A wide step centered at z = 2.5 A. (4) Continuous experimental profile p'(z), and the best one-site (solid line) and two-site
(dotted line) step-function models. (B) Experimental (solid line) and best model unjt cell structure factor modulus squares |FiS(z*)|
(C) Experimental (solid line) and best model unit cell profile auto-correlation functions pj;(z)>. (D) Experimental (solid line) p{s(z) and the best
model represented as a continuous electron density profile (obtained via double Fourier transformation at 40 A resolution). Note that this best

g
res.

single-site model accounts for all the basic features of the functions |Fie(z*) | and p*(z)? used to test the adequacy of the model (solid vs. dashed
lines in B-D), but does not produce a particularly good fit to the experimentally determined functions (R; = 1.626 X 10™"; R, = 2.486 x 10°). The
fit of the model to the experimental test functions (solid vs. dotted lines in B-D) is significantly improved by the addition of a second site
(Re = 1.015 x 1073 R, = 1.528 x 107). See text for a discussion of these results.

tion profiles) was not affected. Furthermore, the lamel-

D s : Step-function modeling of p *(z)
lar diffraction patterns of this study do not show the

characteristics typical of lipid lateral phase separation
(26, 32, 33). The preceeding observations indicate that
the phospholipid polar headgroups on the extravesicular
side of the membrane profile for the samples used for
the present work are most likely also located at z ~ 50
A, as for the similar low-/high-resolution electron den-
sity profiles shown in Fig. 7 A4.

Some aspects of the modeling process for the low-
resolution, continuous electron density profile of the
resonant metal atoms p*(z), particularly those related
to the widths and positions of the steps used to represent
discrete, localized metal electron density, require some
discussion. In constructing the step-function models of
continuous electron density profiles, the minimum width
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FIGURE7 Interpretation of the off-resonance, low-resolution (40 A)
SR membrane electron density profile p,(z) for 0 < z < D/2 ~ 110
A. (4) High-resolution membrane electron density profile (solid line,
13 A resolution) for a SR multilayer sample under experimental
conditions very similar to those used in the present study, and the
corresponding low-resolution profile (dotted line, 35 A). (B) Off-
resonance, low-resolution membrane electron density profile calcu-
lated from the data of the present study (solid line, 40 A), and
low-resolution profile from A (dotted line). Note that both low-
resolution membrane profiles are very similar, especially over the
region containing the phospholipid bilayer (0 < |z| < 59 A). See text
for further discussion.

of the steps in the model is usually chosen to be
comparable to the spatial resolution to which the contin-
uous profile was calculated. In our models, steps up to 40
A wide (the resolution of the continuous profile) can be
used to represent all metal sites, and indeed, the low
resolution of our data alone does not justify the use of
narrower steps. However, physico-chemical consider-
ations, as well as considerations concerning the type of
information that we sought from the model calculations

led us to use narrow steps (5 A) to represent the electron
density of the resonant lanthanide atom sites in the
membrane profile. Only a relatively small concentration
of lanthanide (III) ions was present in our samples ( ~4
lanthanide [III] ions/protein molecule), and it is known
that there are specific metal binding sites in the SR
membrane (e.g., sites in the Ca*?> ATPase protein, and
phospholipid polar head groups) where the lanthanide
ions will bind with relatively high affinity (K, > 10* — 10°
[34]). It therefore seemed unreasonable to expect the
few lanthanide ions present in the oriented SR mem-
brane multilayer to bind frequently enough to result in a
continuous distribution of metal density over extended
portions of the membrane profile. Not only is the
lanthanide concentration in the multilayer too low to
produce the necessary statistical distribution, but one
would also have to assume that sites that bind the
lanthanide ions with an affinity at least comparable to
that displayed by the phospholipid polar headgroups
(K, > 10* — 10°) are distributed continuously over ex-
tended portions of the membrane profile. The small
width of the steps used in our best models should only be
taken as evidence that (in agreement with what one
would expect based on the independent physico-
chemical considerations just presented above) the low-
resolution continuous electron density profile of the
resonant lanthanide atoms p{7(z) is consistent with, and
can be fully explained by assuming that the metal atoms
are specifically bound to a very small number (<3) of
discrete, localized sites in the single membrane profile.
The allowable step-function electron density models
are very sensitive to variations in the positions of the
centers of mass of the steps. The sensitivity of the model
to changes in the position of a particular step is, in
general, directly proportional to the relative electron
density assigned to that step. Changing the position of
the center of mass of a step by an amount much smaller
(e.g., 1-2 A) than the resolution limit (~40 A) of the
continuous profile being modeled causes dramatic
changes in the positions and amplitudes of the maxima
in the functions (|F=[z*]|? and p[z]*) used to test the
adequacy of the model. Based on the sensitivity of the
test functions to changes in the step function models, we
estimate that the approximate accuracy to which the
positions of the centers of the mass of the discrete,
localized metal binding sites in the membrane profile
were determined is about =1-2 A. Note that making the
assumption that the metal binding sites are discrete and
localized in the membrane profile provides a powerful
constraint, allowing the modeling of p>*(z) to locate the
sites to an accuracy much higher than what would seem
possible given the limited spatial resolution of the
diffraction data. In addition, note that because p(z)
represents only electron density from the resonant
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lanthanide atoms, the relative areas of the electron
density steps in the models are a direct measurement of
the relative amounts of lanthanide bound to each
discrete, localized binding site in the membrane profile.

Interpretation of the modeling of

puc(2)

As indicated above, modeling of the low-resolution
resonant metal atom electron density profile, based on
the assumption that the metal binding sites in the
membrane profile are discrete and localized, indicates
that the characteristics of the continuous profile from
the resonance x-ray diffraction data can be fully ex-
plained by assuming that the lanthanide (III) ions bind
to a maximum of three sites in the single membrane
profile. Combining this result with the off-resonance,
high-resolution (13 A) electron density profile for the
SR membrane, and its decomposition into the separate
profiles of the membrane’s molecular components (8),
provides the following scenario. The most basic features
of the derived pi7(z) can be explained by assuming
binding of the lanthanide (III) ions to a single localized
site in the SR membrane profile. This site is centered at
z=61=2 A (see Fig. 6). Examination of the derived
off-resonance electron density profile for the SR mem-
brane (see Figs. 3 C and 7), as well as consideration of
the known position of the phospholipid bilayer within
this profile (8) indicates that the phospholipid polar
headgroups on the extravesicular side of the membrane
profile are centered at a significantly smaller value of the
z coordinate, namely about z = 50 A. Therefore, the
discrete binding site at z ~ 61 A definitively located
outside the lipid bilayer, in the portion of the Ca*’
ATPase protein that protrudes from the phospholipid
bilayer into the extravesicular space (8).

Addition of a second site per membrane profile
(centered at z ~ 2.5 A), located at the intravesicular
edge of the membrane, causes a marked improvement in
the model (see Fig.6). In terms of the molecular
components of the SR membrane, the position of the
second site in the model corresponds to the position of
the phospholipid polar headgroups and the portion of
the ATPase protein located in that region on the
intravesicular side of the membrane profile. Based on
the relative areas of the steps in the model (that are
proportional to the amount of metal at the correspond-
ing site, see previous subsection), almost 87% of the
lanthanide ions are bound to the first site on the protein,
and only 13% are bound to the second site located on
the intravesicular side of the membrane profile. Addi-
tion of a third site, centered at z ~ 50 A, a position in
the membrane profile that corresponds to that of the
extravesicular phospholipid polar headgroups, and the

portion of the ATPase protein located in that region,
causes a significant but smaller improvement in the
model. Addition of this third site also causes the site
previously centered at z ~ 61 A to shift outward to
z ~ 63 A. Most of the lanthanide ions (77%) are still
bound to the (exclusively) protein site atz ~ 63 A, with
only 23% of them bound to the other two sites in the
single membrane profile. Interestingly, although some
metal density on the third, lowest-occupancy site cen-
tered at z ~ 50 A causes an improvement of the model,
addition of more metal to this site dramatically worsens
the fit. This provides further evidence that the site
centered at z ~ 63 A does not correspond to the
extravesicular phospholipid polar headgroups, and that
indeed most of the lanthanide ions are actually bound to
the Ca*? ATPase protein.

A reasonable assumption is that the lanthanide (III)
ions on the sites centered atz ~ 2.5 A andz ~ 50 A are
bound to the intravesicular and extravesicular phospho-
lipid polar head groups, respectively. The equilibrium
constant for binding of lanthanide (III) ions to acidic
(negatively charged) phospholipid headgroups is in the
range 10* < K, < 10° (34). Given the relative occupan-
cies of the three sites, the metal binding site centered at
z ~ 63 A must have an association constant for lan-
thanide (III) ion binding approximately an order of
magnitude larger than that for the phospholipid polar
headgroups, namely in the range 10° < K, < 10°. The
presence of metal density on the intravesicular surface
of the closed SR membrane vesicles indicates that after
15-20 h (the amount of time that the vesicles had been
exposed to lanthanide before the resonance diffraction
experiment), some lanthanide ions permeated the mem-
brane. While it is not known if the lanthanide distribu-
tion reflected by the lanthanide electron density profile
represents an equilibrium distribution, the obtained
distribution does indicate (again assuming that the
lanthanide [III] ions at the sites centered at z ~ 2.5 A
andz ~ 50 A are bound to the phospholipid polar head
groups) that there seems to be more anionic and
zwitterionic phospholipid headgroups (to which lan-
thanides also bind [35]) in the intravesicular lipid
monolayer than in the extravesicular monolayer of the
isolated SR membrane vesicles. It has been reported
(8, 36) that phospholipids are so asymmetrically distrib-
uted in the inner and outer phospholipid monolayers of
isolated SR membrane vesicles, with respect to the
nature of both their headgroups and their aliphatic
chains.

The metal binding site centered atz ~ 63 A is located
in what is known as the “stalk” portion of the “head-
piece” of the rotationally averaged profile structure of
the Ca*? ATPase protein (8). The localized nature of the
site, the apparent magnitude of the equilibrium constant
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for lanthanide (III) ion binding at this site, as well as the
results from a large number of the previous experiments
(that indicate that lanthanide [III] ions compete with
Ca*?for high-affinity binding sites in the protein (16-18),
that lanthanide [III] ions displace Ca** from specific
sites in the Ca*?* ATPase with diphasic kinetics attribut-
able to sequential exchange, and activate phosphoryla-
tion of the Ca** ATPase by ATP [19]) lead us to believe
that the metal binding site located by this study in the
“stalk” portion of the Ca*? ATPase protein “headpiece”
could also be a high-affinity binding site for Ca*’
involved in the active transport of this ion across the SR
membrane.

The final result of the modeling of p{(z), the resonant
atom unit cell electron density profile, is shown in Fig. 8,
along side a schematic representation of the Ca*’
ATPase protein in the SR membrane. The rotationally
averaged profile structure of the protein was directly
determined via x-ray and neutron diffraction studies (8),
for the E, conformation of the enzyme in the presence of
Ca*?, and high (10 mM) Mg*? concentration. As shown
in Fig. 7, the low-resolution SR membrane electron

RESONANT METAL ATOM PROFLLE

IL

FIGURE8 Position and relative occupancy of the high-affinity metal
binding sites in the SR membrane profile structure, shown as the
resonant metal atom profile. The separate, cylindrically averaged Ca*?
ATPase protein profile shown schematically, scaled and positioned in
the membrane lipid bilayer, was calculated (8) from x-ray and neutron
diffraction studies, and agrees with the putative secondary/tertiary
structure for the Ca*?> ATPase predicted on the basis of its primary
sequence. See text for details.

density profile calculated from the data in this study is
very similar to that observed in the absence of La* for
comparable temperature and low [Mg*’] conditions.
The schematic protein profile structure shown in Fig. 8
is the same as that calculated in reference 8, except that
the shape of the protein headpiece was modified slightly
to account for the increase in the length of the “stalk” of
the headpiece observed under low [Mg**] conditions
(33). The putative secondary/tertiary structure of the
protein predicted on the basis of its primary sequence
(6, 7) agrees with the profile structure derived from the
x-ray and neutron diffraction data.

The recent results concerning the effects of site-
specific mutagenesis on Ca*? transport and activation of
the Ca*? ATPase (9, 10), combined with the putative
secondary/tertiary structure of the enzyme predicted on
the basis of its primary sequence (6, 7), have suggested
the identification of a Ca*? binding site associated with
enzyme activation, located within the transmembranous
region of the putative structure. A second Ca*? binding
site involved in Ca*? transport but not essential for
enzyme activation, was similarly identified within the
“stalk” region of the putative structure. The suggested
location of this second site is in agreement with the
present work, and the results of fluorescence energy
transfer measurements (19, 37). However, it has been
shown that lanthanide (IIT) ions activate the ATPase
function of the enzyme, and displace Ca*? with kinetics
that suggest sequential exchange of Ca*? by La*’. A
calcium-resonance x-ray diffraction experiment should
significantly contribute to clarify the actual location of
the calcium binding sites in the Ca*? ATPase profile
structure. We are currently working on the design and
realization of such an experiment.

CONCLUSION

These resonance x-ray diffraction studies of oriented
multilayers of isolated SR membrane vesicles containing
a low concentration of La(III) or Tb(III) ions (lantha-
nide/protein molar ratio ~ 4) have enabled us to calcu-
late the off-resonance membrane electron density pro-
file and the separate electron density profile of the
resonant lanthanide atoms bound to the membrane,
both to a low spatial resolution of ~ 40 A. Comparison
of this low-resolution electron density profile for the SR
membrane with a higher (13 A) resolution profile
derived separately for the SR membrane under approxi-
mately equivalent experimental conditions, and model-
ing of the low-resolution lanthanide electron density
profile with step-function model profiles based on the
assumption of discrete, localized metal binding sites in
the membrane profile, indicated that the lanthanide
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(III) ions bind to a maximum of three sites in the SR
membrane profile. The positions of two of these sites
correspond to the two regions containing the polar
headgroups of the lipid bilayer within the SR membrane
profile, and could indicate binding of lanthanide (III)
ions either to the phospholipid polar head groups
themselves, or to the portion of the Ca*? ATPase protein
also located within those two regions of the membrane
profile. The third site, where most (~80%) of the
lanthanide ions are bound, is located in the “stalk”
portion of the “headpiece” of the profile structure of the
Ca*? ATPase protein, some 12 + 2 A outside the posi-
tion of the phospholipid polar headgroups on the
extravesicular membrane surface. Binding of lanthanide
(III) ions to this high-affinity binding site seems to occur
with an affinity roughly an order of magnitude larger
than that for binding to acidic phospholipid polar head
groups (K, ~ 10°), and comparable to the affinity for the
binding of Ca*? to the Ca*?* ATPase protein (K, ~ 10°).
Based on the localized nature and the position in the
membrane profile of this lanthanide (IIT) ion high-
affinity binding site centered at z ~ 63 A and on
previous reports of the ability of lanthanide (III) ions to
act as Ca*? analogues for the Ca** ATPase, we believe
that this high-affinity binding site located in the “stalk”
of the protein “headpiece” could also be a Ca*? high-
affinity binding site involved in the active transport of
Ca*? across the SR membrane.

Received for publication 26 March 1990 and in final form 24
September 1990.
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