
Similar studies have been carried out using 31P-NMR
which probes the polar region of the PL molecule. In a
membrane where the PL molecules are not able to diffuse
isotropically, the phosphorus signal is not a sharp line but
exhibits a characteristic asymmetric lineshape which can
be calculated theoretically. In presence and absence of the
CPP, the 31P NMR spectra (proton decoupled) exhibit the
same lineshape; no broad component indicative of a
strongly bound phospholipid class can be detected. The
distance between the two edges of the spectrum, called the
chemical shift anisotropy, Au, is a measure of the struc-
tural order of the phosphate segment. In the presence of
protein, a small but consistent decrease in order was
observed; the headgroup order decreased with increasing
temperature (Fig. 2 B) (4, 6). 3"P-NMR T. relaxation
measurements lead to the conclusion that the motion of the
polar moiety of the PL is slowed by 10-20% in the
presence of the CPP.

In summary, the D-NMR and 3"P-NMR measure-
ments detect motional parameters of the hydrophobic and
polar moieties of the PL, respectively, and lead to similar
conclusions: (a) in the presence of the CPP, there is in
RSR, to a first approximation and with respect to the
NMR time domain, a single homogeneous PL environ-
ment typical of a PL bilayer; (b) the ordering of the PL is
decreased (10-15%) (more orientational disorder) in the
presence of CPP as evidenced by the decrease in quadru-
pole splitting (deuterium NMR) and decrease in chemical
shift anisotropy (31P NMR); and (c) the motion of the PL

is decreased (10-20%) by the presence of CPP in RSR as
detected by the changes in T. times (4).
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Functional reconstituted sarcoplasmic reticulum mem-
brane vesicles (RSR) were prepared containing spin-
labeled lecithins. The spin probe (doxyl) was located at
either carbon 5 (SL-I) or carbon 16 (SL-II) of the sn-2
stearoyl moiety to monitor the motional parameters at
different locations within the phospholipid (PL) bilayer.
Membranes were reconstituted with protein content
greater than or similar to that of normal SR (L/P [molar

ratio PL:CPP] 110) to facilitate the study of the influence
of the protein on the motion of the PL.

RESULTS AND DISCUSSION

The EPR spectra of SL-I (5-doxyl) in SR PL and RSR
were similar. There was no indication of a signal referable
to very slow motion (TC <i0I7 s) in the presence of calcium
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pump protein (CPP), although there was a slight increase
in the hyperfine splitting (61 G in SR PL at 20C) with
increasing CPP content of the vesicles (to 62.5 G at 20C
for L/P = 60). The increase in hyperfine splitting indi-
cates a small decrease in the average motion and/or
disorder of the PL in the presence of CPP in RSR as
monitored by the nitroxide probe at position 5 of the sn-2
acyl chain (not shown).

The EPR spectra at 40C of SL-II (16-doxyl) in SR PL
(Fig. 1 B1) and RSR (Fig. 1 A) are similar but there is a
decrease in the hyperfine splitting of SL-II in RSR
throughout the temperature range studied (20-320C) Fig.
2). This decrease probably reflects a small increase in the
motion and/or disorder of the bulk PL in the presence of
CPP. Deuterium and 31P NMR studies showed both a
small increase in disorder and a small decrease in the
motion of the phospholipid (1,2[9,10 D2] DOPC) due to
the presence of CPP (1, 6).

The EPR spectra of SL-II (16-doxyl) in SR PL (Fig. 1

FIGURE I EPR spectra of spin-labeled 16-doxyl stearate sn-2 lecithin
(SL-II) in RSR at 40C (A) and examples of spectra involved in spectral
analysis. Reference spectra of phospholipid (Bi to B4) were subtracted
from the composite spectrum (A) to yield the corresponding residual
spectra (C). The reference PL spectra (B) are lecithin with: 1) 16-doxyl
at 4°C; 2)16-doxyl at -S5C; 3) 16-doxyl at -10°C and 4) 5-doxyl at
40C. The first integral spectra (top) and the more typical EPR spectra
(bottom) are shown for each. The L/P (molar ratio of PL/CPP) for the
RSR is 60.

Bi) and RSR (Fig. 1 A) show a significant broadening of
the EPR signal in the presence of the CPP as seen in both
the more typical EPR and first integral (absorption)
spectra. This broadening is indicative of PL whose motion
is perturbed by the CPP in RSR. Immobilized PL has
been reported previously in other membrane preparations
(2-4) and forms the basis for the concept of "boundary"
lipid (2). Immobilized lipid in such preparations was
quantitated by spectral subtraction using a reference
sample for either the bound (2) or mobile bilayer PL (3)
spectral components.

The composite spectrum of SL-II (16-doxyl) in RSR
(L/P = 60) at 40C (Fig. 1 A) was analyzed using spectral
subtraction (4). Four different reference spectra were used
and proportions of each reference spectrum (normalized to
the same second integral value) were subtracted from the
composite spectrum until the residual spectrum corre-
sponded to a selected "end-point." In the first procedure
(Bi), the EPR spectrum of SL-II in SR PL (at the same
temperature) was subtracted from the composite spectrum
yielding a residual spectrum (Cl) referable to the "con-
strained" lipid. The other three reference spectra (Fig. 1
B2, B3, and B4) used in the spectral subtractions reflect
spin-labeled lipid with increasing motional constraint.
Each of these spectra was subtracted from the composite
spectrum of SL-II in RSR, until the first integral (absorp-
tion spectrum) of the difference spectrum started to give
negative values, indicating oversubtraction. This "end-
point" criterion yields only an upper limit for constrained
PL as can be demonstrated by noting that smaller subtrac-
tions also yield difference spectra without negative absorp-
tion values and with characteristics similar to the free
component. The end-point difference spectra (C2-C4)
should have characteristics similar to the spectrum of the
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free component, i.e. bilayer phospholipid (BI). With the
three different reference spectra of constrained PL (Fig. 1,
B2, B3, and B4) three different end-point percentages for
the amount of immobilized PL and three different residual
spectra are obtained. As the motion of the constrained PL
is assumed to be slower, the proportion of this component
in the composite decreases from 87% (B2) to 65% (B3) to
36% (B4) in RSR (L/P = 60) at 40C (Figs. 1 and 3).

The amount of constrained PL in RSR (L/P = 60),
estimated by spectral subtractions using the four different
reference spectra, is given as a function of temperature in
Fig. 3. Using free PL at the same temperature as the RSR
sample (method Bi, Fig. 1), the amount of constrained PL
decreases somewhat with increasing temperature (up to
370C). The other three spectral subtraction procedures
show more marked decreases in the amount of constrained
PL at higher temperatures, so that at 370C only a maxi-
mum of 20% (12 mol/mol CPP) of the label is constrained
using method 4 to model for constrained lipid. Similar
results were obtained with RSR of higher PL content
(L/P = 77 or 101).

The results of spectral subtraction methods one and
three are compatible with one another (Fig. 1). Method
one subtracts bilayer PL at 40C (Bi) from the composite
spectra at 40C (A) to give constrained PL (Cl) which
matches the assumed constrained PL at -10C (B3).
Method three subtracts "immobilized" PL of -1 OOC (B3)
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FIGURE 3 Constrained lipid as a function of temperature. Four different
spectral subtraction procedures were applied to the EPR spectrum of
RSR (L/P = 60). The spin label was PC SL-II. In each method a
different spectrum was subtracted from the composite of the RSR.
Method 1 (x), SL-II of PC at corresponding temperatures with the
composite RSR. Method 2, (Q) SL-II of PC at -5°C; method 3, (A)
same as method 2 but at -10°C; method 4, (*) SL-I of PC at
corresponding temperatures with the RSR. Method 1 subtractions make
use of the inversion of the high field band, referable to free lipid, to
indicate the end-point and as such aims for the best estimate of the
constrained lipid. The spectral subtractions used in methods 2-4, involve
negative absorption end-points and thus yield only an upper limit of the
amount of constrained lipid.

from (A) to give a spectrum (C3) which appears to be
equivalent to bilayer PL at 40C (B1). That is to say,
constrained PL in RSR at 40C approximates the reduced
motion of bilayer PL at -10C. The innate problem with
the spectral subtraction method is that possible solutions
are not unique solutions but are based on an assumed
model for "immobilized" PL. By this method a smaller
percentage of PL is perturbed when a reference spectrum
with a more highly constrained PL motion is assumed for
the model. For example, when a model with 2AMax of 60G
is assumed for the constrained species, we estimate -8 mol
of constrained phospholipid/mol calcium pump protein at
250C. This amount of constrained lipid is less than one-
third that estimated to constitute the boundary layer
surrounding the calcium pump protein.

Both EPR and NMR have been applied to study the
motion of PL in well-defined RSR membrane vesicles and
lead to the following conclusions: (a) both deuterium and
31p NMR demonstrate that, to a first approximation, the
PL environment in the RSR membrane is homogeneous
and typical of a PL bilayer with only minimal perturba-
tions observed in the presence of CPP (1, 6). In this
context, homogenous means that there is a single phos-
pholipid environment or that there are two or more envi-
ronments which exchange rapidly within the time-resolu-
tion of the NMR technique; (b) proton NMR studies lead
to similar conclusions (5); (c) constrained PL can be
observed by EPR which is sensitive to motions faster than
iO-' s. Such motion is not detected by NMR which is
sensitive to motions of 1 -O s or slower. (d) The amount of
constrained PL, as determined by EPR spectral subtrac-
tion techniques, is critically dependent on a number of
assumptions and the reference spectra used. (e) The
constrained motion of the PL, detected by EPR, has
motional characteristics considerably faster than the
motion of the protein (for the CPP, 10- s) in the
membrane.
Our goal is to ascertain whether motional characteris-

tics of the lipid and protein components of the membrane
are related to the exercise of function.
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subtraction.
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CA2+-ATPASE-DETERGENT INTERACTIONS

A GOOD MODEL FOR PROTEIN-LIPID INTERACTIONS
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Department ofBiochemistry, University ofLouisville, Louisville, Kentucky 40292 U.S.A.

The Ca2+-ATPase from sarcoplasmic reticulum has been
demonstrated to have an obligatory requirement for bound
amphiphiles, either phospholipids or detergents (1, 2). The
results from several different approaches have suggested
that 30-40 molecules of phospholipid are associated with
the ATPase in native or reconstituted membranes (3, 4).
However, it has not been possible to determine the affinity
for phospholipid, or to observe directly the interaction of
phospholipid monomers with the protein because of aggre-
gation of phospholipid molecules at very low concentra-
tions. In the present report, the interaction of detergent
molecules below the critical micelle concentration (c.m.c)
with delipidated Ca2+-ATPase is described. In addition,
the effect of temperature on detergent-ATPase interac-
tions is investigated.

METHODS

Binding of [3H]Triton X-100 to the delipidated ATPase (3, 5) was
observed on a Sepharose 6B column equilibrated with 0.01 M TES
buffer, pH 7.5, containing 0.1 M KC1, 2.74 M glycerol, 1.0 mM
dithiothreitol, and the desired concentration of [3H]Triton X-100 at 60C
(6). Binding was calculated from the difference in radioactivity between
column fractions containing ATPase protein, and fractions free of
protein. Ca2+-ATPase activity was determined by a coupled assay (4).
Steady-state anisotropy of 1,6-diphenyl-1,3,5-hextriene (DPH) was esti-
mated using a Glan polarizer in conjunction with an Aminco-Bowman
spectrophotofluorometer with a water-jacketed cell compartment.

RESULTS AND DISCUSSION

Binding of [3H]Triton X-100 to the delipidated ATPase
occurred in two steps. First, from 1 x 10-5M to 12 x
10-5M Triton, binding of the detergent occurred at 35-40
equivalent sites. Near the c.m.c (20 x 10-5M), coopera-
tive binding of an additional 70 mol of Triton was
observed. About half of the Ca2+-ATPase activity was
recovered during the noncooperative binding process and
the remaining activity was observed after the cooperative
binding was complete. The value of 35-40 Triton mole-
cules bound per ATPase molecule is in good agreement
with the result reported for the number of phospholipid
molecules associated with the Ca2+-ATPase in native or

reconstituted membranes (3). The cooperative binding of
additional Triton molecules is probably associated with
micelle formation and incorporation of the ATPase into
detergent-protein aggregates. The affinity of the ATPase
for Triton molecules below the cmc is probably at least
several hundred-fold lower than the affinity of the ATPase
for phospholipid molecules, based on the 300-fold greater
molar ratio of Triton needed for complete reactivation of
the delipidated ATPase as compared with phosphatidyl-
choline (2, 5). However, the affinity constant reported
here may not apply directly to the binding of Triton to
individual ATPase molecules because of the highly aggre-
gated state of the protein under these conditions. These
results support the hypothesis that distinct binding sites
occur on the Ca2+-ATPase for phospholipid molecules in
the native membrane and that these sites must be occupied
for the ATPase to be active. However, the degree of
immobilization of the lipid cannot be predicted from these
results since no kinetic measurements were attempted.

It is well documented that a break occurs in the Arrhe-
nius plot of ATPase activity in native membranes near
200C (3, 5) and that this transition temperature can be
changed by substituting different lipids in reconstitution
experiments (3). However, the nature of the lipid-protein
interactions that affect the enzymatic behavior of the
ATPase is a subject of controversy. In the present study,
the temperature dependence of ATPase activity has been
determined for the delipidated ATPase in three different
detergents as shown in Table I. The observation that the
Arrhenius plots exhibit different discontinuity tempera-
tures in different detergents suggests that the micelle
environment can affect this property of the ATPase; this
differs from the initial conclusion of Dean and Tanford
(6). Table I also shows the results of steady-state fluores-
cence polarization measurements of DPH in the same
three detergents. These results suggest that some type of
structural perturbation is occurring in the detergents at
the same temperature at which ATPase activity is
affected. This alteration can also be detected by paranaric
acid fluorescence and differential scanning calorimetry
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