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LIPID-PROTEIN INTERACTIONS IN SARCOPLASMIC
RETICULUM

A DISRUPTED SECONDARY LIPID LAYER SURROUNDS THE CA2+-ATPASE
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The effect of an intrinsic membrane protein on the molec-
ular structure and dynamics of its surrounding lipid
bilayer has been described in terms of a simple two-
domain model, the immobilized "boundary" lipid model
(1). While this model was originally proposed for
membranes containing cytochrome c oxidase, it has been
applied as well to sarcoplasmic reticulum (SR)
membranes containing the Ca2+-ATPase (2). As applied
to the SR, this simple model has been criticized for two
reasons. First, it could not accurately predict at all temper-
atures and lipid:protein ratios the extent of protein-
induced lipid bilayer order as measured by diphenylhexa-
triene (DPH) fluorescence anisotropy (3). Second, deuter-
ium spin-resonance probes report enhanced "disorder" for
membranes containing the Ca2+-ATPase relative to
protein-free lipid bilayers (4). We propose that these
observations can be explained by assuming that the Ca2,-
ATPase is surrounded by, in addition to "boundary" lipid,
a secondary lipid layer with disrupted packing order.

RESULTS AND DISCUSSION

In Fig. 1, we show the dependence of DPH fluorescence
anisotropy on the protein content of native and partially
delipidated SR membranes, prepared as previously
described (3). Earlier, we had attempted to fit these data
using the assumption of two independent lipid domains, a
boundary layer with 30-35 lipids/protein and the other
pure lipid (3). The anisotropies calculated according to
this boundary lipid model are shown by dashed curves in
Fig. 1. As previously noted (3), the calculated anisotropies
failed to reproduce the experimental data at high tempera-
ture. A possible reason for this discrepancy is the occur-
rence of a secondary lipid "solvation" layer around the
Ca2+-ATPase with a packing order different from that of
bulk lipid. This is a nearly universally accepted concept for
aqueous solvation (5). If this model were to apply to the
SR membrane, then it would be erroneous to assign DPH

fluorescence properties characteristic of pure lipid to the
environment immediately beyond the boundary layer.
Indeed, because of the low lipid:protein ratio of SR (- 100
lipids/Ca2+-ATPase), we would expect to find in the SR
membrane essentially no lipid environment resembling
bulk lipid.

To test the secondary solvation layer model, we
adjusted the values of DPH fluorescence anisotropy
assigned to the nonboundary lipid at each temperature so
as to minimize the square deviation between the calculated
(3) and observed anisotropies shown in Fig. 1. This proce-
dure accurately reproduced the variation of DPH fluores-
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FIGURE I Dependence of DPH fluorescence anisotropy on Ca2+-
ATPase content of partially delipidated SR membranes. Datoa at 100C
(), 250C (/v) and 370C (Z) have been previously reported (3). New
data are presented for 150C (-), 200C (-&) and 300C (-). Calculated
anisotropies are shown for two-lipid-domain models in which one domain
is assumed to be boundary lipid (34 lipids/Ca2+-ATPase) and the other
to be either bulk lipid ( - -) or a disrupted secondary lipid layer (-).
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FIGURE 2 Temperature-dependence of the DPH fluorescence aniso-
tropy measured in delipidated membranes for the presumed boundary
lipid domain (0) and for multilamellar vesicles prepared from extracted
SR lipid (A), as well as values calculated for the presumed secondary
lipid layer (E).

cence anisotropy, with Ca2+-ATPase content, as shown by
the solid curves of Fig. 1. The temperature dependence of
fluorescence anisotropy assigned in this way to the secon-

dary lipid layer is shown in Fig. 2. The continuous varia-
tion of this parameter with temperature is physically
reasonable and enhances the credibility of the model. We
note that, in addition to the measured anisotropies in
delipidated samples (top curve in Fig. 2), only a single
adjustable parameter (the slope of the bottom curve in Fig.
2) is required to describe completely the variation of
overall DPH fluorescence anisotropy with both tempera-
ture and protein content in the SR membrane.

Fig. 3 A illustrates the secondary lipid layer with
disrupted packing order that we suggest surrounds the
Ca2+-ATPase. This disordered region results from the
difference in lipid packing between the region next to the
protein surface and the protein-unaffected bilayer far from
the protein-lipid interface. Fig. 3 B demonstrates the
expected variation of membrane packing order between
the different lipid layers as suggested by the DPH fluores-
cence anisotropy values in Fig. 2 (6). The extent of the
disrupted region and the severity of the disorder will
depend both on the relative cross-sectional areas of the
protein and lipids and on the detailed shape of the protein
surface. Therefore, the nature of the secondary layer
would be expected to be different for all proteins, and
perhaps for different conformational states of the same

protein. Therefore, we can suggest two possible explana-
tions for the different behavior of the secondary layer
above but not below 250C when compared with pure lipid

FIGURE 3 A. Proposed model for the primary or boundary (shaded),
and secondary (striped) lipid layers surrounding the Ca2+-ATPase in SR
membrane. A surface view of the membrane is shown. At a distance
sufficiently removed from the protein surface, a lipid domain with the
packing order of pure lipid bilayer (unshaded) is presumed. B. Schematic
representation of variation with distance from the protein surface of the
approximate lipid acyl chain order parameter derived by the procedure of
Jihnig (6) from the DPH fluorescence anisotropy values given in Fig. 2

for 100 and 370C. This diagram is scaled and positioned to correspond to

Fig. 3 A.

vesicles (Fig. 2). First, the Ca2+-ATPase is thought to
undergo a shift in conformational state at 2O-250C, which
could affect the packing in the secondary lipid layer.
Alternatively, it is possible that the temperature depen-
dence of the secondary layer reflects an inherent property
of the lipid mixture present in native SR membrane.

Finally, we comment on the relationship between our

results and previous reports. (a) Regarding deuterium
magnetic resonance results (4), the secondary lipid region
should contain a variety of different lattice sites, many of
which would support lipid molecules tilted substantially
relative to the bilayer normal. On the time scale of a

deuterium spin-resonance experiment, a probe molecule
should reflect the orientational order averaged over both
boundary and secondary lattice sites. Therefore, it is not
surprising that such probes report a disordering effect of
the Ca2+-ATPase on the adjacent lipid bilayer. Due to the
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shorter time scale of a fluorescence experiment, each DPH
molecule reports orientational order (Fig. 3 B) reflecting
roughly a single site (6). (b) A recent study using
electron-spin-resonance probes has stressed the ability of
cytochrome oxidase to "immobilize" lipid structure
beyond the primary or boundary layer (7). This apparent
disagreement with our results can be resolved by recogniz-
ing that the shape of an electron-spin-resonance spectrum
is sensitive to the rate of lipid acyl chain motion as well as
to the average order in the bilayer. Thus, it may be that
lipid molecules within the secondary layer experience
slower acyl chain motions than in a bulk lipid bilayer. This
would not preclude decreased average order relative to
bulk lipid due to a greater extent of motion. (c) The
spectra of electron spin probes attached to the Ca2`-
ATPase have been found to vary with lipid:protein ratio,
despite the constant juxtaposition of the probe to the
protein (8). This has been interpreted in terms of protein-
rich domain formation, leading to increased protein-
protein contacts (9). We agree that the properties of both
the primary and secondary lipid layers should be sensitive
to protein-protein separation. However, our calculations
indicate that this complication is unnecessary to explain
our data over the range of protein content considered here.
In addition, we find in freeze-fracture electron micro-
graphs of native SR membranes no evidence of particle
patches which would indicate protein-rich domains, even
at 40C.'

Supported by grants PCM76-16761 and PCM79-22733 from the
National Science Foundation and AM18687 from the National Insti-
tutes of Health.

'Hoechli, B. R. Lentz, and G. Meissner. Unpublished results.

Dr. Lentz is recipient of an Established Investigator Award of the
American Heart Association with partial funds provided by the North
Carolina Heart Association.

We thank David Barrow and Dennis Alford for useful discussions and
criticisms.

Receivedfor publication 2 May 1981.

REFERENCES

1. Jost, P. C., R. A. Capaldi, G. Vanderkooi, and 0. H. Griffith. 1973.
Lipid-protein and lipid-lipid interactions in cytochrome oxidase
model membranes. J. Supramol. Struct. 1:269-280.

2. Hesketh, T. R., G. A. Smith, M. D. Houslay, K. A. McGill, N. J. M.
Birdsall, J. C. Metcalfe, and G. B. Warren. 1976. Annular lipids
determine the ATPase activity of a calcium transport protein
complexed with dipalmitoyl-lecithin. Biochemistry. 15:4145-4151.

3. Moore, B. M., B. R. Lentz, and G. Meissner. 1978. Effects of
sarcoplasmic reticulum Ca2+-ATPase on phospholipid bilayer fluid-
ity: boundary lipid. Biochemistry. 17:5248-5255.

4. Rice, D. M., M. D. Meadows, A. 0. Scheinman, F. M. Gohi, J. C.
G6mez-Ferndndez, M. A. Moscarello, D. Chapman, and E.
Oldfield. 1979. Protein-lipid interactions, a nuclear magnetic reson-
ance study of sarcoplasmic reticulum Ca2+-ATPase, lipophilin, and
proteolipid apoprotein-lecithin systems and a comparison with the
effects of cholesterol. Biochemisty. 18:5893-5902.

5. Frank, H. S., and W.-Y. Wen. 1957. Structural aspects of ion-solvent
interaction in aqueous solutions: a suggested picture of water
structure. Discussions Faraday Soc. 24:133-140.

6. Jdhnig, F. 1979. Structural order of lipids and proteins in membranes:
evaluation of fluorescence anisotropy data. Proc. Natl. Acad. Sci.
U.S.A. 76:6361-6365.

7. Knowles, P. F., A. Watts, and D. Marsh. 1979. Spin-label studies of
lipid immobilization in dimyristoylphosphatidylcholine-substituted
cytochrome oxidase. Biochemistry. 18:4480-4487.

8. Thomas, D. A., C. Hidalgo, D. J. Bigelow, and T. C. Squier. 1981.
Rotational mobility of protein and boundary lipid in sarcoplasmic
reticulum membranes. Biophys. J. 33:87. (Abstr.)

9. Davoust, J., A. Bienvenue, P. Fellman, and P. F. Devaux. 1980.
Boundary lipids and protein mobility in rhodopsin-phosphatidyl-
choline vesicles. Biochim. Biophys. Acta. 596:28-42.

THE INTERACTION OF MEMBRANE-ACTIVE COMPOUNDS

WITH THE SURFACES OF SCHISTOSOMULA AND ADULT
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The adult Schistosoma mansoni is a multicellular parasite
which lives in the portal blood vessels of man, and causes
the disease called schistosomiasis (bilharziasis). The orga-
nism is covered by a complex pentalaminate surface
membrane (Hockley and McClaren, 1973). The schistoso-
mulum, the name given to the growth stage of the parasite
formed after penetration through the mammalian skin by
the infective larva (cercaria), also has a pentalaminate
surface membrane, which changes in ultrastructure and

antigenicity during the migration of the parasite through
the tissues of the host (McClaren et al., 1978). These
changes are accompanied by a decreased sensitivity of the
membrane to the manifestations of the immune response
of the host (McClaren, 1980). Changes in the lipid phase
of artificial and natural membranes can affect the expres-
sion of antigenic determinants (Kinsky, 1978) and their
ability to be damaged by immunological mechanisms
(Schlager and Ohanian, 1980).
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