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ABSTRACT A number of studies have indicated that Ca2*-ATPase, the integral membrane protein of the sarcoplasmic reticulum (SR)
membrane, undergoes some structural change upon Ca?* binding to its high affinity binding sites (i.e., upon conversion of the E, to the
Ca,E, form of the enzyme). We have used x-ray diffraction to study the changes in the electron density profile of the SR membrane upon
high-affinity Ca2* binding to the enzyme in the absence of enzyme phosphorylation. The photolabile Ca2* chelator DM-nitrophen was
used to rapidly release Ca?* into the extravesicular spaces throughout an oriented SR membrane multilayer and thereby synchronously
in the vicinity of the high affinity binding sites of each enzyme molecule in the multilayer. A critical control was developed to exclude
possible artifacts arising from heating and non-Ca2* photolysis products in the membrane multilayer specimens upon photolysis of the
DM-nitrophen. Upon photolysis, changes in the membrane electron density profile arising from high-affinity Ca?* binding to the enzyme
are found to be localized to three different regions within the profile. These changes can be attributed to the added electron density of
the Ca2* bound at three discrete sites centered at 5, ~30, and ~67 A in the membrane profile, but they also require decreased electron
density within the cylindrically averaged profile structure of the Ca2*-ATPase immediately adjacent (<15 A) to these sites. The locations
of these three Ca?* binding sites in the SR membrane profile span most of the membrane profile in the absence of enzyme phosphoryla-
tion, in agreement with the locations of lanthanide (Tb3* and La3*) binding sites in the membrane profile determined independently by

using resonance x-ray diffraction.

INTRODUCTION

The sarcoplasmic reticulum (SR)! membrane plays a
primary role in the regulation of intracellular Ca?* levels
involved in muscle contraction and relaxation. Dur-
ing relaxation, the SR integral membrane protein,
Ca?*-ATPase, uses ATP to actively transport Ca?* from
the cytoplasm, across the SR membrane, and into the
sarcotubular system via a reversible, cyclic mechanism
involving many steps (1).

The initial step in the forward reaction of the Ca?*
transport cycle of the SR Ca?*-ATPase is thought to in-
volve the binding of two Ca?* ions to the high affinity
binding sites on the enzyme accessible from the cytoplas-
mic side of the membrane (2). Previous studies have
indicated that the Ca?* binding kinetics are at least bi-
phasic and that some conformational change in the en-
zyme may occur during Ca?* binding (2-4). Obtaining
structural information on the location of these Ca?* bind-
ing sites on the Ca?*-ATPase and the nature of the con-
formational change in the enzyme upon Ca?* binding
within a functional SR membrane should be important
for developing a better understanding of the mechanism
of active Ca?* transport across the SR membrane.

“Large-scale” (i.e., long-range) structural changes in
the Ca?*-ATPase occurring during specific steps in the
Ca?* transport cycle have been directly investigated via
time-resolved x-ray diffraction from partially dehy-
drated, oriented SR membrane multilayers (5-9). Such
time-resolved experiments have used the flash-photoly-
sis of the ultraviolet (UV)-sensitive molecule caged-
ATP (and caged-ADP as an essential control ) to initiate
enzyme phosphorylation rapidly and synchronously to

! Abbreviation used in this paper: SR, sarcoplasmic reticulum.

examine changes in the profile structure of the
Ca?*-ATPase within the SR membrane upon enzyme
phosphorylation (i.e., upon conversion from the Ca,E,
to the Ca,E, ~ P form of the enzyme) (5). Flash-photo-
lysis of such caged compounds provides a unique means
of introducing reactive molecules into a partially dehy-
drated membrane multilayer specimen while preserving
the orientation and ordering of the membranes in the
multilayer.

We have previously studied the Ca?* binding Kinetics
for the initial E, to Ca,E, step employing the flash-pho-
tolysis of the caged-calcium molecule DM-nitrophen to
rapidly initiate the CaZ* binding reaction in fully func-
tional, vesicular dispersions of isolated SR (4). These
kinetic studies provide the basis for the structural studies
described in this paper.

Changes in the meridional x-ray diffraction from par-
tially dehydrated, oriented multilayers of isolated SR
membranes upon high-affinity Ca?* binding to the
Ca?*-ATPase were investigated to ~27-A resolution.
Flash-photolysis of the UV-sensitive calcium chelator,
DMo-nitrophen, was used to synchronously release Ca?*
throughout the extravesicular water spaces within the ori-
ented membrane multilayer specimens. Because the
multilayer profile structure can evolve slowly with time
due to variation in its hydration state, it was necessary to
“time resolve” even this experiment by collecting the
diffraction in a series of relatively short time frames prior
to and following flash-photolysis to establish that the
multilayer profile structure was indeed stable both be-
fore and after the photolysis of the caged-calcium. Only
for multilayer specimens exhibiting such stability could
the small differences between the series of time-frames
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before photolysis versus the series of time-frames after
photolysis be attributed exclusively to the flash-photoly-
sis of the DM-nitrophen in the multilayer specimen. Fur-
thermore, a critical control experiment was used to es-
tablish that such differences were due to the binding of
the photolytically released Ca2* ions to the enzyme and
not to specimen heating or non-Ca?* photolysis prod-
ucts. As a result, these data were unambiguously ana-
lyzed to directly provide the electron density profile for
the isolated SR membrane prior to and following the
binding of Ca?* ions to the Ca2*-ATPase. Differences in
the SR membrane electron density profile upon high-af-
finity Ca?* binding to the enzyme, in the absence of en-
zyme phosphorylation, were found to be a result of Ca?*
binding at three discrete sites distributed across most of
the membrane profile and conformational changes in
the enzyme localized to within 15 A of these sites.

MATERIALS AND METHODS

Specimen preparation

Oriented multilayers of collapsed, unilamellar vesicles were prepared
by the centrifugation of a purified SR vesicular dispersion onto an
aluminum foil substrate followed by controlled partial dehydration as
described previously (8). The dispersions contained 1.35-1.5 mg
Ca?*-ATPase, 22 mM Trizma-maleate (Sigma Chemical Co., St.
Louis, MO), 85 mM K(l, 8.5 mM MgCl,, 7.5 mM EGTA (Sigma
Chemical Co.), 15 mM DM-nitrophen (Calbiochem, San Diego, CA),
pH 7.0.

DM-nitrophen s a calcium-selective, UV-sensitive calcium cage mol-
ecule that has dramatically different affinities for Ca2* before (5 nM)
and after (3 mM ) UV-photolysis ( 10). It was essential to determine the
concentration of residual Ca2*, [Ca,eqqu’’ ], present in a particular SR
vesicular dispersion ultimately to produce oriented multilayer speci-
mens for both control and experimental trials before photolysis
that possessed “Ca®*-free” enzyme (e.g., [Ca®*]arpuc/[Ca®*-
ATPase] < 107!, where [Ca?*] .1pape denotes Ca®* bound to the en-
zyme), and to determine that after photolysis, the enzyme in the con-
trol trials continued to remain “Ca®* free.” The Ca,g4.,:°" concentra-
tion for each preparation was determined spectrophotometrically using
a time-sharing, dual-wavelength spectrophotometer, as described else-
where (11), that monitored changes in the absorption spectrum of the
metallochromic indicator Arsenazo III (Sigma Chemical Co., St Louis,
MO) upon titration of Ca** with EGTA. The Ca,uqu®t /Ca?*-ATPase
mole ratio was thereby determined to be 1-1.5:1. All the oriented mul-
tilayer specimens for the x-ray diffraction experiments therefore in-
cluded enough EGTA estimated to chelate this Ca,eygua’” (Se€ below).
The experimental trials included an additional 15-mM CaCl,, which
we estimated (see below) would give the experimentals a 15-mM DM-
nitrophen:calcium complex along with a <7.5 mM EGTA:Ca, .’
complex whereas the controls were estimated to have a <7.5 mM DM-
nitrophen:Ca,s,.”* complex before photolysis. Upon photolysis, the
experimental trials were then estimated to contain a [Ca®* |uypye/
[Ca**-ATPase] molar ratio of 2-3 (the [Ca?*-ATPase] being ~5 mM
in the oriented multilayer specimens) whereas the Ca,,4>" released
in the control trials was estimated to bind solely to the EGTA, which
has a K intermediate (~ 107" M [12, 13]) between that of the unpho-
tolyzed DM-nitrophen (~5 nM) and that of the high affinity binding
sites on the Ca®*-ATPase (~ 10~ M [2]) under our conditions. The
overall experiment was thus designed such that upon photolysis, the
experimental trials would release Ca”* that would be accessible only to
the enzyme’s high affinity binding sites whereas the control trials would
not, all other conditions being equivalent (i.e., UV energy dissipated as

heat, non-Ca?* photolysis products, etc.). (Note: Given the K,’s and
concentrations of the various components provided above, a simple
calculation [treating the several equilibria involved independently, giv-
ing the lower K; components higher priorities] provides an estimate of
the maximum [CaZ?*] available to the Ca2*-ATPase in the experimen-
tal trials of 42-63 uM before photolysis and a maximum [Ca?*] avail-
able to the enzyme in the control trials of <6 uM before photolysis;
thus, for a [Ca?*-ATPase] of 5 mM in the oriented multilayers, the
[Ca?* 1urpase/ [Ca?* -ATPase] ratio was anticipated to be <1072 before
photolysis for both the experimental and control trials. After photoly-
sis, the maximum [Ca?*] available to the enzyme in the control trials
was estimated to be 33-54 uM again, providing a [Ca?* |arpae/
[Ca**-ATPase] ratio of <1072, Hence, we anticipated that <1 Ca*
ion per 100 Ca2*-ATPase molecules would be available to bind to the
enzyme’s high affinity binding sites of K; 2 10~° M in both the experi-
mental and control trials before photolysis and also in the control trials
after photolysis. Conversely, we expected there to be only two to three
Ca?* ions available to bind per enzyme to its high affinity binding sites
in the experimental trials after photolysis. Therefore, the differences in
the profile structure of the SR membrane detected upon photolysis in
the experimental trials, but not in the control trials, were expected to
arise at least predominantly from the binding of Ca?* ions to the en-
zyme’s high affinity binding sites, since the lower affinity Ca?* binding
sites in the SR membrane (e.g., phospholipid headgroups) have K,’s
>107% M. These initial estimates of [Ca%* ], rpae/[Ca?*-ATPase] for
the control and experimental trials before and after photolysis upon
which these experiments were based have subsequently been further
analyzed, taking into full account the interactions between the multiple
equilibria involved (see Discussion).

The wet ultracentrifugal pellets of isolated SR vesicles on aluminum
foil were mounted on cylindrically curved glass slides and were par-
tially dehydrated slowly over a saturated salt solution for 12-19 h (KCl,
88%) at 7 + 0.5°C to produce the oriented multilayer specimens. This
temperature was selected to be consistent with earlier work from our
laboratory under similar conditions ( 14, 15). The specimens were then
placed in a sealed canister with appropriate aluminum foil and Mylar
windows (for x-ray and UV, respectively ) and maintained at a constant
relative humidity of 95 + 0.4% at the same temperature via a humidity
generator for the duration of the diffraction experiment. The humidity
generator used a monitor (model Hygro-M2; General Eastern Instru-
ments, Watertown, MA ), measuring the relative humidity via an opti-
cal condensation dewpoint hygrometer (model 1111H; General East-
ern Instruments) for a mixture of wet and dry helium gas controlled via
a process controller (model 2101; Omega Engineering, Inc., Stamford,
CT) with feedback from the monitor. The moist helium was pumped
continuously through the multilayer specimen chamber (the chamber
and the generator forming a closed loop) thereby precisely controlling
the relative humidity of the SR membrane multilayer’s environment.

The photolysis light was provided by a UV band-pass (passing
mostly 300-350 nm) filtered (filter No. UG11; Rolyn Optics, Covina,
CA), 200-W mercury arc lamp delivered to the multilayer surface from
a distance of 15 mm via a liquid light guide (Oriel Optics, Stratford,
CT), which thereby fully illuminated the multilayer. The photolysis
time was based on our previous spectrophotometric studies with DM-
nitrophen and vesicular SR dispersions, our knowledge of the photoly-
sis times of caged-ATP within an oriented SR membrane multilayer
specimen, and the quantum yield of c-ATP (0.55) (16) versus DM-ni-
trophen (0.18) (17), all of which indicated that 1 min would be ample
time to produce the maximum mole ratio of released-Ca?* /Ca%*-ATP-
ase of 2-3 in a multilayer specimen.

X-ray diffraction experiments

An Elliot GX-13 rotating anode x-ray generator ( Enraf-Nonius, Bohe-
mia, NY) and a cylindrically bent, asymmetrically cut Ge (111) mono-
chromator crystal were used to produce an x-ray beam (Cuk_,) that
was line-focused at an optimal distance 1,300 mm downstream. This
beam was directed for grazing (tangential) incidence to the cylindri-
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cally curved multilayer surface with the line-focus parallel to the speci-
men cylinder axis. The specimen to detector distance was 640-650 mm
and the beam height at the specimen was 4 mm, with all beam paths in
helium. The meridional x-ray diffraction patterns from the oriented,
SR membrane multilayer specimens were collected in consecutive 5-
min time frames with a two-dimensional ( 2-D), position-sensitive pro-
portional counter (Seimens Instruments, Madison, W1) interfaced to a
GPXII Microvax computer system (Digital Equipment Corp., Marl-
boro, MA) and stored as 2-D data files.

These 2-D data files were then integrated perpendicular to the meri-
dional axis over a strip whose width was sufficient to include the extent
of the meridional diffraction in this direction due to x-ray beam height
and multilayer specimen mosaic spread (layer misorientation) to pro-
duce a one-dimensional (1-D) data file [1,(z*)] containing the meri-
dional x-ray diffraction as the number of x-ray counts versus detector
channel number over 512 channels, each channel corresponding to a
particular value of the meridional reciprocal space coordinate z* =
2 sin 8/ . The resulting 1-D data files were transferred to a VAX 11/
750 computer (Digital Equipment Corp.) for further analysis.

Data analysis

Initially, the 5-min time frames for the “raw” (i.e., uncorrected for
meridional background scattering) meridional x-ray diffraction,
[1,(z*)], collected immediately preceding and immediately following
flash-photolysis of the DM-nitrophen in the multilayer specimens were
normalized to have the same total counts integrated over z* and the
difference [1,(2*)aper — (2™ Jpetore = AL (z*)] calculated to determine
if there were any obvious differences in the behavior of the control
versus the experimental trials. This simple arithmetic difference be-
tween two sequential time frames of such raw meridional diffraction
data provided an unbiased examination of the changes occurring in the
meridional diffraction upon flash-photolysis, but with poor counting
statistics.

To improve the counting statistics in Al,(z*), sequential time
frames collected before and after photolysis were summed to yield cu-
mulative raw I,(z*)*™ data before and after photolysis, provided that
the multilayer specimens were stable before and after photolysis. The
stability, or lack thereof, of the various multilayer specimens for both
the control and experimental trials was determined by inspection of the
differences between any pair of 5-min time frames in a sequence of
consecutive time frames either before or after photolysis; any signal
above counting statistics in one or more such differences either before
or after photolysis resulted in rejection of all data from that particular
specimen.

The meridional background scattering [ B(z*)] was determined for
the cumulative meridional diffraction pattern before photolysis
I,(z*)3ehre for each stable multilayer specimen and removed by sub-
traction. The background scattering function B(z*) consisted of a
piecewise continuous exponential function fitted to the minima in
I(z* )5t Separating the three regions of constant phase in the meri-
dional diffraction from an oriented SR membrane multilayer (see Fig.
3 4). Because the changes in the meridional diffraction upon photoly-
sis of DM-nitrophen in the multilayer are small in comparison with the
total meridional diffraction, an error in the background scattering cor-
rection for /,(z*)33% could unintentionally bias the meridional differ-
ence diffraction, A (z*)™™ = [I.(z*)im — I.(z*)ne], corrected for
the meridional background scattering. For this reason the background-
corrected, meridional difference diffraction data AI(z*)™™ were de-
termined using a method similar to that described for the treatment of
resonance x-ray diffraction data (15). The background corrected dif-
ference, Al (z*)™™, was determined using the raw difference,
AL (z*)*™, where AL (z*)™™ = [[(z*)%5 — [ (z*)32 ], in a manner
that insures that the same background scattering function B(z*) is
subtracted in precisely the same way from both the I(z*)2f. and
I(z*)3a; namely for

I(2%)pehore = L(2%)3efore — B(2*),
then
I(2*)85 = AL(z*) + L(2* )pehre-

A Lorentz correction ( 18) of z*, which compensates for the cylindri-
cal curvature of the multilayer specimen, was applied to the back-
ground-corrected, cumulative diffraction patterns /.( z*)®™™ before and
after photolysis. This final correction then provided the square of the
unit cell structure factor modulus | F,.(z*)|? for the multilayer unit
cell electron density profile p,.(z). These background-corrected, cu-
mulative diffraction patterns /_( z*)**™ were then subjected to Fourier
analysis to obtain the correct phase combination for the unit cell struc-
ture factor, F,.(z*), and thereby the corresponding multilayer unit cell
electron density profile, p,.(z).

RESULTS

Effect of photolysis on the meridional
x-ray diffraction

Inspection of the difference Al (z*) between the two suc-
cessive 5-min time frames of the raw meridional x-ray
diffraction, namely the first immediately after photolysis
of the DM-nitrophen in the multilayer, [[,(z*)aper],
minus the last immediately before photolysis,
[2,(Z2*)yetore ) » indicates that small changes in the raw
I,(z*) occur upon photolysis, which exceed the counting
statistics and are similar among the experimental trials,
and that no such changes are evidenced in the control
trials. These differences Al ( z*) are shown for four exper-
imental trials and four control trials in Fig. 1.

The cumulative difference A (z*)*™ for specimens
that were stable, by the criteria described in the Materials
and Methods, over a total time period (before and after
photolysis) of 55-70 min are shown in Fig. 2 for two
experimental and two control trials. With an improved
signal-to-noise level the changes seen in Fig. 1 are much
more pronounced for the two experimental trials shown
in Fig. 2 whereas some smaller changes are now evident
in the two control trials (with the improved signal-to-
noise level), which are similar for the two control trials
and distinctly different from the changes exhibited by
the two experimental trials.

Fig. 3 A shows a semilog plot of the cumulative, raw
meridional x-ray diffraction, In [[(z*)®™], from a
stable, oriented SR membrane multilayer specimen be-
fore photolysis, including its estimated meridional back-
ground scattering, B(z*). Fig. 3 B shows its correspond-
ing difference diffraction, Al (z*)®*™, scaled up by a fac-
tor of 20. The changes in the meridional diffraction for
this stable experimental trial upon photolysis of the DM-
nitrophen in the multilayer are small (<5% of the raw
meridional diffraction), but experimentally significant.
The change indicated by the arrow (a) corresponds to a
decrease in the first-order reflection, the arrow (b) corre-
sponds to a slight decrease in the region of the second-
order reflection, and the area (¢) indicates an increase
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FIGURE | The difference, A[/,(z)*], between two successive 5-min
time frames of the raw meridional x-ray diffraction from oriented SR
membrane multilayers, specifically for the first immediately after pho-
tolysis of the DM-nitrophen in the multilayer, [/,(z*),a.], minus the
last immediately before photolysis, [/,(Z*)petre]. This difference is
shown for four experimental trials, in which the photolytically released
free Ca%*/Ca?* -ATPase molar ratio was 2-3, and four control trials, in
which the photolytically released free Ca?*/Ca?*-ATPase molar ratio
was essentially zero.

over the region of the broad third- and fourth-order re-
flections, the oriented multilayer possessing a relatively
large amount of lattice disorder of the second kind typi-
cal of these specimens. The meridional x-ray diffraction
maxima at larger values of z* > 0.021 A~! in Fig. 3 4
exhibited only very small changes relative to those occur-
ring for z* < 0.021 A™! upon photolysis for the stable
experimental trials.

Derivation of the SR membrane
electron density profiles

The cumulative, background scattering—corrected meri-
dional x-ray diffraction data before and after flash-pho-
tolysis of the DM-nitrophen in the stable experimental
trial specimens, namely I .(z*){m. and I.(z*)3%™ | were
analyzed independently using the Generalized Fourier
Synthesis Deconvolution Method (GFSDM) (19),
which assumes only a centrosymmetric profile structure
for the flattened, unilamellar SR membrane vesicle con-
tained within the multilayer unit cell and allows an un-
ambiguous determination of the unit cell relative elec-
tron density profile containing the two apposed single
membrane profiles taking into full account the nature of
the multilayer lattice including periodicity and disorder.

The analysis was carried out to a spatial resolution of
~27 A (i.e., employing data out to (z*),,,, ~ 1/27 A)
since there were no changes in the meridional diffraction
maxima upon photolysis for the experimental trials evi-
dent beyond this value of z*. Fig. 4 4 shows the so-der-
ived unit cell relative electron density profiles, [p..(2)],
for an experimental trial before and after photolysis at
27-A resolution. The small changes in the unit cell rela-
tive electron density profile upon photolysis evident in
Figure 4 A are shown in Fig. 4 B as the difference be-
tween these two electron density profiles, [Ap,.(z)],
scaled up by a factor of 20. Use of the GFSDM analysis
ensures that these so-derived changes in the unit cell rela-
tive electron density profile are unaffected by any possi-
ble changes in the multilayer lattice parameters, which
did not change upon photolysis in either the experimen-
tal or control trials.

Model refinement of the SR membrane
electron density profiles

To interpret the changes in the single SR membrane rela-
tive electron density profile within [p,.(z)] in terms of

NN

experimentals

A I, (z%)

controls

o z%x(1/R) >

FIGURE 2 Cumulative difference, [ AL (z*)®™"], between summed se-
quential 5-min time frames of the raw meridional x-ray diffraction,
[1,(2*)*™™], collected from oriented SR membrane multilayer speci-
mens immediately before, [I,(z*)pm.], and immediately after,
[1,(z*):8e], photolysis for (A4) two experimental and (B) two control
specimens that were stable for a total time period of 55-70 min before
and after photolysis of the DM-nitrophen in the multilayer. The crite-
ria for multilayer stability are described in the text and the improved
statistics are readily apparent. The horizontal dashed line represents
the A[1,(z*)*™] = 0 level in each.
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FIGURE 3 (A) Semilog plot of the cumulative, raw meridional x-ray
diffraction, In [[,(z*)**™], from a stable, oriented SR membrane mul-
tilayer specimen at 7°C before photolysis and the estimated meridional
background scattering, [ B(z*)] (dotted line). (B) The corresponding
difference A[7,(z*)]*"™ scaled up by 20X.

the molecular components of the SR membrane, a step-
function model refinement analysis was performed in
real space. The initial step-function model electron den-
sity profile was based on a refined step-function model
profile for the SR membrane established previously for
the Ca,E, form of the ATPase at a higher resolution of
~15 A (14) since the SR membrane multilayers used in
this study did indeed exhibit meridional x-ray diffraction
to a comparable spatial resolution. This model was
Fourier transformed to provide its corresponding unit
cell structure factor Fm°d(z*), truncated below (z*),;n
and above (z*).x tO match that of the experimental
meridional diffraction data, and finally inverse Fourier
transformed to obtain the continuous electron density
profile p™*d(z) corresponding to the step-function
model. The initial step-function model was then refined
by systematic variation of the amplitude of the steps
while maintaining their widthata 13-16-A spatial resolu-
tion limit until a good match between p™°4(z) and the
experimental electron density profile, p.’.’é"(z), was
achieved. Such a match resulted in the normalized least-
squares fit of the model unit cell structure factor modu-
lus squared, |F™9(z*)|2, to the experimental
| F<P(z*)|2 of >0.1%. Fig. 5 shows the refined step-
function model profile (dashed line) for the SR mem-
brane along with its corresponding continuous electron

density model profile, [p™?¢(z)] (dotted line), com-
pared with the experimentally derived [pSP(z)] (solid
line) for an experimental trial specimen before photoly-
sis. Based on our previous work (9), steps 1 and 4 con-
tain the phospholipid polar headgroups of the inner and
outer monolayers, respectively, and Ca?*-ATPase pro-
tein; steps 2 and 3 contain the fatty acyl chains of
the inner and outer monolayers, respectively, and
Ca?*-ATPase protein; and the outer three steps (5, 6,
and 7) are located outside the membrane phospholipid
bilayer and contain water and ~50% of the Ca*-ATP-
ase protein (see reference 9 for details).

A refined step-function model profile was then devel-
oped via a similar real-space refinement analysis for the
changes in the unit cell electron density profile, Ap,.(2),
upon photolysis of the DM-nitrophen in the stable exper-
imental trial specimens, using the comparison of
the corresponding continuous, difference electron den-
51ty model profile, Ap™?(z), and the experimental

ApS¥®(z). In this real-space refinement analysis, we

20xAp, (2)

AN
V\/\/

-100 (o] 100

z (%)

FIGURE 4 (A) Unit cell relative electron density profiles, { p,.(2)], for
the apposed SR membrane pair at 27-A resolution before (solid line)
and after (dashed line) photolysis of the DM-nitrophen in the multi-
layer. These profiles were calculated via GFSDM analysis of the corre-
sponding I.(z*)peme and I.(z2*)iam corrected meridional diffraction
data resulting in the phase combmatlon w, 0, = for the first three diffrac-
tion maxima. The unit cell profile dimension (or multilayer periodic-
ity) was 218 A. (B) The difference unit cell relative electron density
profile [ Ap,.(z)] scaled up by 20X for the apposed SR membrane pair
calculated as [Ap,.(2)] = [p3(2)] = [pR™~(2)].
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FIGURE 5 The refined step-function model profile (dashed line) for
the SR membrane profile using 8 resolution-limited steps per single
membrane profile (or 16 steps over the unit cell profile). The corre-
sponding continuous relative electron density profile, [p2%¢(z)] is
shown (dotted line) for comparison with the experimentally derived
(via GFSDM analysis) [ p5xP(2)] (solid line).

sought a step-function model profile containing the min-
imum number of steps, whose widths were again limited
to be greater than or equal to the spatial resolution limit
used in modeling p,.(z), which could achieve a good
match between Ap™*(z) and Ap<P(z). A minimum
number of six steps per single membrane profile were
thereby required to achieve such a match that resulted in
a least-squares fit of the difference structure factor modu-
lus squared for the model, | AF™4(z*)|2, to the experi-
mental difference structure factor modulus squared,
| AFe®(z*)|? of <2%, as shown in Fig. 6 4. Fig. 6 B
shows this refined step-function model (dashed line),
along with its corresponding continuous [ApT™d(z)]
(dotted line) and the experimentally derived [ ApS®(z)]
(solid line). Similar results were obtained with the other
stable experimental trial specimens. The three positive
steps 1, 3, and 5, are centered at 5, 29.5, and 66.5 A for
this particular sample. Analysis of other experimental
trial specimens indicates that the center of these steps
remain the same (to within +2 A), taking into account
variations in the periodicity of the multilayer lattice and
the resulting variation in the extent of the intravesicular
water space separating the two apposed membrane pro-
files within the multilayer unit cell. (It should be noted
that such a real-space refinement analysis is very sensi-
tive to the position of the center of each of the finite
number of steps within a single membrane profile, even

at a low spatial resolution of ~27 A, because of the
correlation with its counterpart in the apposed mem-
brane profile within the multilayer unit cell profile over a
relatively large distance across the intravesicular water
space. Thus, the precisions stated for these positions are
indeed +0.1-0.2 A.)

DISCUSSION

We have demonstrated that significant changes occur in
the meridional x-ray diffraction from an oriented multi-
layer of isolated SR membranes upon flash-photolysis of
a DM-nitrophen:Ca?* complex in the multilayer result-
ing in an estimated [Ca?* ], rpa/[Ca2* -ATPase] molar
ratio of 1-1.5. The experimental trials exhibited small,
but experimentally significant (in terms of signal to

exp

mode| ——-—-—

1AFuc (z9) |2

Apuc(z)

z(R)

FIGURE 6 The model (dotted line) unit cell structure factor modulus
squared, |AFT(z*)|%, corresponding to the refined step-function
model profile (shown in B, dashed line) for the difference electron
density profile, [ Ap&P(z)] as compared with the latter’s corresponding
experimental unit cell structure factor modulus squared, | AFSP(z*)(?
(solid line). ( B) The refined step-function model profile (dashed line)
for the changes in the unit cell relative electron density profile upon
photolysis of the DM-nitrophen in the multilayer for the experimental
trials, [ Ap§2P(2)] (solid line), and, for comparison, the model’s corre-
sponding continuous profile, [ Ap™(z)] (dotted line).
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noise) and reproducible changes upon photolysis,
whereas the controls generally exhibited no such changes
upon photolysis resulting in an estimated [Ca2* ], 1pase/
[Ca?*-ATPase] of <1072, The “smallness” of the
changes in the meridional x-ray diffraction upon photoly-
sis in the experimental trials was not unanticipated, was
therefore incorporated into the design of these experi-
ments and is fully consistent with their structural origin
(see below). The fact that these small changes are mani-
fest in the meridional x-ray diffraction primarily for z* <
1/27 A (and therefore in the membrane profile at 27-A
resolution) is simply a consequence of there being two
apposed single membrane profiles in the multilayer unit
cell profile; any (even a small) change in the profile of
one of the membrane profiles away from the intravesicu-
lar membrane surface is automatically manifest at low
values of z* through the correlation with its counterpart
in the other apposed membrane profile over a relatively
“large” distance across the intravesicular water space.
The estimated [Ca2* |, p.se /[ Ca®t -ATPase ] molar ra-
tios before and after the photolysis in the experimental
and control trials was subsequently further analyzed tak-
ing into full account the interactions between the multi-
ple equilibria involved for both calcium and magnesium
binding using the program of Fabiato (20). This analysis
indicated, irrespective of the ranges of K, values reported
in the literature for the Ca2* binding to the various com-
ponents (EGTA, DM-nitrophen, and Ca?*-ATPasc)
and the stated (see Methods) uncertainty in
[Ca?* ) esiquar» that: (a) the [Ca?* ] 1pas/[Ca?*-ATPase]
molar ratio before the photolysis in both the experimen-
tal and control trials was <3:5, () the [Ca?*],1pase/
[Ca?*-ATPase] molar ratio after photolysis in the experi-
mental trials became ~ 8:5 while remaining <3:5 in the
control trials, (¢) the difference in the [Ca®*],1pase/
[Ca2*-ATPase] molar ratio after versus before the pho-
tolysis was greater in the experimental trials than in the
control trials by a factor of 2.5-5, and (d) the unbound
(or free) [Ca?*]/[Ca?*]ATPase molar ratio in the exper-
imental trials after photolysis was <4 X 107 M. As a
result of this more correct and complete analysis, it re-
mains reasonable to conclude that the small, but experi-
mentally significant changes in the meridional x-ray dif-
fraction upon photolysis for the experimental trials in-
deed results from high-affinity calcium binding to the
Ca®*-ATPase, namely a transition from CagE, to
Ca,4E,, and not from low-affinity binding to other
membrane components. However, it may not be correct
to claim that the initial state of the enzyme was E, when
the upper limit for the [Ca?* ], pas./[Ca2* -ATPase] mo-
lar ratio before the photolysis may have been as high as
3:5, as compared with the estimated value of 1:100.
The difference between the electron density profiles
for the isolated SR membrane before and after photoly-
sis of the DM-nitrophen:Ca?* complex in the oriented
multilayer for the experimental trials, contained within
Apy.(z), was derived unambiguously from the changes

in the multilayer’s meridional x-ray diffraction upon
photolysis and is therefore similarly experimentally sig-
nificant and reproducible. These changes in the SR
membrane electron density profile upon photolysis for
the experimental trials, contained within Ap,(z), have
been modeled with a step-function profile refined in
real-space at ~ 13-A resolution in order to interpret the
changes with respect to the positions of the membrane’s
molecular components within the membrane profile.
Upon photolysis, three steps of increased electron den-
sity occur at ~5, ~30, and ~67 A (steps 1, 3, and 5 in

-Fig. 6 B) in the SR membrane profile corresponding to

the region containing the polar headgroups of the inner
phospholipid monolayer and Ca2*-ATPase at the intra-
vesicular membrane surface, the center of the mem-
brane phospholipid bilayer, and the junction of the
“stalk” and “headpiece” of the Ca?* -ATPase protruding
from the extravesicular membrane surface, respectively.
Two steps of decreased electron density occur upon pho-
tolysis, namely step 2 adjacent to steps 1 and 3 of in-
creased electron density, and step 6 adjacent to step 5 of
increased electron density (refer to Fig. 6 B). The posi-
tions of these changes in the SR membrane upon photol-
ysis have been found to be the same (to within +2 A ) for
the several experimental trials investigated.

The small positive changes in Ap,.(z) can be ex-
plained on the basis of their amplitudes, by an increase
in the number of electrons present in these three steps 1,
3, and 5 directly due to Ca?* binding within these three
distinct regions of the SR membrane profile upon its
photolytic release from the DM-nitrophen. The *“small-
ness” of the positive changes is fully consistent with the
binding of one or less CaZ* ions per step per enzyme
molecule, averaged over the enzyme ensemble (given
the atomic number of calcium, the molecular weights of
the SR Ca2*-ATPase and phospholipids, and the phos-
pholipid/Ca?*-ATPase ratio ). The distribution and stoi-
chiometry of calcium binding among these three distinct
regions can not be quantified from this experiment since
the increased electron density within these regions could
also arise from conformational changes in the
Ca?*-ATPase profile structure, on the time scale of this
time-resolved experiment (5 min), localized to these
three regions. However, the small negative changes in
Ap,.(z) for steps 2 and 6 must be due to small decreases
in the electron density of the Ca2*-ATPase arising from
conformational changes localized to these two particular
regions of its profile structure, given the time scale of this
time-resolved experiment.

To determine whether changes in the SR membrane
profile upon photolysis of DM-nitrophen in the experi-
mental trials, as exhibited in Ap,.(z), could arise solely
from Ca?* binding within steps 1, 3, and 5, we attempted
to model the changes in ApS*P(z) with a step-function
model profile that included only the positive steps from
the model in Fig. 6 B (steps 1, 3, and 5). This model
profile also tested whether the negative steps in the

1756 Biophysical Joumal

Volume 64 June 1993



exp

mode| ————

| AFue (z) |2

Apuc(z)

(o] 100
2 (R)

FIGURE7 (A)The model (dotted line) unit cell structure factor modu-
lus squared, | AF™4(z*)|2, corresponding to only the positive (i.e.,
increased electron density) steps 1, 3, and 5 in the refined step-function
model profile of Fig. 6 B (as shown in B) compared with the experimen-
tal unit cell structure factor modulus squared, |AFZP(z*)|? (solid
line), for the difference electron density profile, [ApP(z)]. (B) The
step-function model profile ( heavy solid line) containing only the posi-
tive steps 1, 3, and 5 of the refined step-function model of Fig. 6 B for
the changes in the unit cell relative electron density profile upon photol-
ysis of the DM-nitrophen in the multilayer for the experimental trials,
[ApSP(2)] (solid line), and, for comparison, this model’s correspond-
ing continuous profile, [ Ap™4(z)] (dotted line).

model profile of Fig. 6 B, namely steps 2 and 6, were real
or simply artifacts of Fourier transform truncation. Fig.
7 shows the structure factor modulus squared, | F,.(z)|?
(dotted line, A), and the corresponding continuous
Ap,.(2) (dotted line, B) for this three-step model (heavy
solid line, B) versus the experimental Ap(z)SP (continu-
ous solid line, B). The three-step model profile clearly
fails to fully explain the changes in Ap*(z) and firmly
establishes the existence of the decreased electron den-
sity localized to steps 2 and 6 of the model profile in Fig.
6 B.

The identification of the three discrete regions of in-
creased electron density in Ap,.(z) for the Ca?*-ATPase
as the locations of Ca?* binding sites within the SR

membrane profile is strongly supported by lanthanide
resonance x-ray diffraction experiments, which have lo-
cated three distinct high affinity metal binding sites at
the same positions in the profile of the SR membrane
(reference 15; Asturias, F. J., R. Fischetti, and J. K. Bla-
sie, manuscript submitted for publication). Other inves-
tigators have shown that lanthanide [III] ions are effec-
tive calcium analogues since they compete with Ca?* for
the high affinity binding sites on the Ca?*-ATPase (21,
22) and they displace Ca?* from specific sites on the
enzyme with biphasic kinetics, similar to those observed
in isotopic Ca?* chase experiments and attributed to a
sequential exchange mechanism (23). The recent Tb3*
resonance x-ray diffraction work demonstrated that the
experimentally determined resonant metal atom profile
represented a minimum of three discrete metal sites
within the SR membrane profile located at ~2.5 A
corresponding to the intravesicular membrane surface,
at ~35 A corresponding to the center of the membrane
phospholipid bilayer, and at ~63 A corresponding to the
junction of the stalk and the headpiece of the Ca?*-
ATPase (Astunias, F. J., R. Fischetti, J. K. Blasie, manu-
script submitted for publication), whereas the previous
La3* resonance x-ray diffraction work (15) identified
only the ~2.5- and ~63-A sites because of its lesser ca-
pacity to displace Ca?* (Asturias, F. J., R. Fischetti, and
J. K. Blasie, manuscript submitted for publication).
To better understand the significance of the locations
of the three discrete regions of Ca?* binding and the ad-
jacent regions of decreased electron density upon Ca?*
binding within the SR membrane profile, as shown sche-
matically in Fig. 8, it is helpful to compare these results
with the locations of Ca?*-binding sites suggested by
site-directed mutagenesis experiments (24, 25) based on
a putative secondary/tertiary structure for the
Ca?*-ATPase predicted from its primary amino acid se-
quence (26, 27). The outermost site centered at ~67 A
lies outside the membrane phospholipid bilayer at the
junction of the extramembraneous globular domain or
headpiece and the outer end of the transmembraneous
bundle of « helices or stalk of the putative structure
(26). It has been suggested (26) that this site could be
involved in Ca?* transport but is not essential for en-
zyme activation. The negative region in Ap, () arising
from a decreased electron density of the Ca**-ATPase
upon Ca?* binding adjacent to this outermost Ca?* -bind-
ing region is therefore indicative of a local conforma-
tional change occurring in the headpiece of the
Ca?*-ATPase. The site centered at ~30 A is located
within the transmembrane domain, consisting of a bun-
dle of 10 « helices, near the center of the membrane
phospholipid bilayer in the putative structure (26).
Clarke et al. (26) have discussed the location of such a
Ca?* -binding site within the transmembrane helices,
composed of six charged residues, and thought it to be
essential for Ca?* transport and enzyme activation. The
innermost site at ~5 A corresponding to the intravesicu-
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FIGURE 8 Schematic of the cylindrically averaged profile structure of
the SR Ca?*-ATPase within the membrane phospholipid bilayer with
the difference step-function model [ ApS®(z)] shown at the top. The
three different positions of high-affinity Ca2* binding within the profile
structure of the unphosphorylated enzyme seen in this study, corrobo-
rated by independent results from lanthanide resonance x-ray diffrac-
tion experiments, are indicated.

lar membrane surface could be either a protein or a phos-
pholipid headgroup binding site. The negative region in
Apy(z) arising from a decreased electron density of the
Ca?*-ATPase upon Ca?* binding adjacent to these two
sites at ~5 and ~30 A would then correspond to a con-
formational change within the transmembrane o-helical
bundie (e.g., a slight expansion of the area per helix in
the membrane plane) localized to this region between
these two sites.

CONCLUSION

Upon flash-photolysis of the caged-calcium molecule,
DM-nitrophen, in an oriented membrane multilayer,
the electron density profile of the SR membrane exhibits
small, but significant changes arising from high-affinity
calcium binding to the Ca?*-ATPase. The origin of these
changes has been attributed to three distinct regions of
Ca?* binding to the unphosphorylated enzyme, centered
at ~5, ~30, and ~67 A in the membrane profile and
corresponding to the intravesicular surface, the “transbi-
layer” domain near the center of the phospholipid bi-
layer, and the junction of the stalk /headpiece domain of
the enzyme, respectively. In addition to these three dis-
tinct Ca**-binding regions of increased electron density
in the membrane profile, two regions of decreased elec-
tron density also occur upon calcium binding. These two
regions lie between the ~5- and the ~30-A Ca2*-bind-

ing sites and adjacent the ~67-A site, respectively, and
indicate that conformational changes occur within the
Ca?*-ATPase localized to these two regions of the mem-
brane profile as a result of the Ca?*-binding reaction.
The Ca?*-binding locations within the membrane pro-
file identified here correspond to metal binding sites de-
termined independently by lanthanide resonance x-ray
diffraction studies (reference 15; Asturias, F. J., R.
Fischetti, and J. K. Blasie, manuscript submitted for
publication ) employing the lanthanide as a calcium ana-
logue and agree with those predicted by a putative struc-
ture for the Ca2* -ATPase along with related site-directed
mutagenesis studies (24-27).
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