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FIGURE 2 Variation of peak heights with temperature for erythrocyte
ghosts labeled with NEMSL and free spin label. The instrumentation
and techniques are the same as described in the legend to Fig. 1.

heights at any one set of conditions. Furthermore, the
inverse r*-dependence of the decrease (10) in signal inten-
sity due to dipolar interactions (10) and the fact that most
of these pairs of sulfhydryls are generally at the contacts
between protein molecules (8, 12) provide a new, very
sensitive, probe for changes in the distance and/or orienta-
tion of certain membrane proteins relative to each other.
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ADVANTAGES AND LIMITATIONS OF SPIN LABELING IN
QUANTITATING PROTEIN-LIPID ASSOCIATIONS
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A central problem in lipid-protein interactions is how the
hydrophobic regions of the irregular protein surface are
interfaced with the fluid lipid bilayer of the membrane.
The proteins are well-defined three-dimensional structures
around which the lipids must conform in a way that leads
to a minimum energy configuration of the system. Inter-
esting aspects of this problem include segmental motion of
the lipids in contact with the protein, conformation and
orientation of these lipid chains solvating the protein,
kinetics of the exchange between these lipids and the bulk
bilayer solvent, and the relative binding constants of
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different kinds of phospholipids. The sensitivity and short
time scale of ESR and the fact that spectral line shapes are
sensitive to motion has made this one of the most useful
spectroscopic probes for studying lipid-lipid and lipid-
protein interactions. Although this field is relatively new
and there is still some controversy, the current picture is
that most, if not all, lipids in contact with the protein
exhibit reduced motion compared with lipids in the bilayer
(1). The lipid is somewhat spatially disordered by the
irregular protein surface, and this lipid exchanges with
bulk bilayer. (This exchange is evidently rapid on the
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FIGURE 1  Spectral line shapes of lipid spin labels in liposomes without (4) and with (B) protein present, and the data for label distribution
between two populations of liposomes, one in the gel and the other in the liquid-crystalline state (C). A, line shape as a function of temperature
for 16-doxylphosphatidylcholine (16PC*) in 1-palmitoyl-2-oleoyl-sn-3-phosphatidylcholine (POPC), and 14-proxylphosphatidylcholine
(14PC?*) in dioleoyl-sn-3 phosphatidylcholine (DOPC). B, line-shape as a function of temperature for detergent-free cytochrome oxidase in
DOPC at a phospholipid:protein molar ratio of 40:1, showing the broad spectrum of the spin label in contact with protein. This spectrum is
essentially pure bound component without fluid bilayer. The dashed-line spectrum (25°C) is from a similar sample but at higher
lipid-to-protein ratio (90:1 molar ratio) in which the bound component is 45% of the total spectrum. The bilayer component resembles the top of
spectrum of A, right column. C, distribution of the 14-proxylstearate label between liposomes of DOPC and liposomes of dipalmitoyl-
sn-phosphatidylcholine at temperatures where DOPC is in the liquid-crystalline phase (1.c.) and DPPC is the gel phase. x* is the fraction of
spin label in each population of vesicles as determined by separation and quantitation of the distinctive line shapes in each phase. In the left
column, unlabeled DPPC vesicles (gel) were added to labeled DOPC vesicles (1.c.) and incubated at the indicated temperature. The right
column summarizes the results when the label was initially in DPPC vesicles (gel) and unlabeled DOPC vesicles (1.c.) were added. The spectra

B C

are recorded at the incubation temperatures 5°, 20°, or 35°C.

NMR time-scale, but usually sufficiently slow on the ESR
time-scale to preserve the separate spectral components.)

RESULTS AND DISCUSSION

Recent experiments in this laboratory have shifted from
examining the kinetics of the exchange to the thermody-
namics of the equilibria between the protein surface and
the adjacent bilayer. There is an exchange reaction
between the labeled solute lipid (L*) and solvent lipid (L)
competing for the hydrophobic surface of the protein (P)
that directly interacts with the lipid bilayer. This exchange
yields a set of equations of the form

L*+PL} ,L*=L+PL,, L},

where N is the number of binding or contact sites. Using
this treatment, relative equilibrium constants and the
number of binding sites can be determined from spin
labeling data (2). During the course of these experiments
some potential pitfalls have become clear. The purpose of
this note is to discuss problems that await the unwary
experimenter.

The assumptions made in data analysis and spectral
interpretation of the quantitative spin labeling studies of
lipid-protein interactions are relatively straightforward in
systems at physiological temperatures (3, 4), i.e., systems

POSTER SUMMARIES

in which lipids are well above their transition temperature
and the label is near the end of the acyl chain (this
assumes sample homogeneity). However, substantial
complexities are introduced when these labels, or indeed
any spectroscopic label, are used to interpret lipid-protein
interactions at lower temperatures. At lower temperatures
broadened line shapes are observed in the absence of
protein (Fig. 1 A) which substantially overlap the motion-
ally restricted components seen in the presence of protein
(Fig. 1B). This line overlap can lead to substantial overes-
timates of the amount of lipid in contact with the protein.
The line shape of protein-associated lipid (“boundary
lipid”) is relatively temperature insensitive (Fig. 1 B),
although in this example the outer line separations
decrease from 64.5 gauss at 5°C to0 60.2 G at 37°C. In pure
lipid vesicles (Fig. 1 A), the line shape is highly sensitive to
temperature and at lower temperatures becomes very
broad. As the label is moved farther toward the polar
headgroup, the same effect is seen at higher temperatures,
especially in the gel phase, e.g., at 20°C in dimyristoyl-
phosphatidylcholine containing 12-doxylstearic acid (5).
When the temperature used is near the transition
temperature of a defined lipid, still further complexities
are introduced. In the absence of protein, two spectral
components can be obtained in pure lipid vesicles (note
arrows in Fig. 1 A), reflecting more than one environment.
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Gel and liquid-crystalline domains may both be present
near the transition temperature of vesicles containing a
defined lipid plus protein, especially at higher lipid:protein
ratios. Since the line shapes from the gel phase often
resemble those of the protein-associated component, an
incorrect analysis of the system will lead to an apparent
increase in the estimate of bound lipid near and below the
transition temperature. Even if the line shapes could be
separated, it is clear that the simple equilibrium described
by the exchange equation given above no longer applies
when the label distribution favors one phase. Measure-
ments of the distribution of 14-proxylstearate as it equili-
brates between two populations of liposomes, one gel and
the other liquid-crystalline, are shown in Fig. 1 C. Starting
with labeled liquid-crystalline vesicles (DOPC) and
adding gel phase vesicles (DPPC), it is clearly seen that
the fatty acid label migrating through the aqueous phase
establishes an equilibrium distribution that is 75% in favor
of the liquid-crystalline phase. The converse experiment,
where the label is trapped in the gel phase before addition
of the liquid-crystalline vesicles, shows the same trend,
although the system does not reach equilibrium at lower
temperatures. At 35°C the end result, however, is the same
for both experiments. It is not surprising that lipid packing
in the gel phase tends to exclude the lipid spin label (6),
since it carries the nitroxide moiety on the acyl chain.
These results illustrate the fact that at low tempera-
tures, especially near or below the lipid transition tempera-
ture, spectroscopic line overlap and general thermody-
namic and kinetic considerations dictate the need for
caution in analyzing lipid-protein interactions. One possi-
ble problem that has not turned out to be an obstacle in
estimating the equilibrium binding of lipids to protein is

MOLECULAR MECHANISMS

the potential perturbation introduced by the spin label.
This has been tested (7) and the effects on the equilibrium
distribution of lipid binding to several transmembranous
proteins are negligible when the temperatures used are
well above the transition temperature of the lipid and the
nitroxide moiety is near the end of the acyl chain of the
lipid spin label (7).

This work was supported by grant GM25698 from the National Insti-
tutes of Health.
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OF ALAMETHICIN CHANNEL GATING
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Alamethicin is a largely hydrophobic, linear eicosapeptide,
with an acylated N-terminus and a C-terminal alcohol (1).
Because alamethicin is able to induce a voltage-dependent
conductance in lipid bilayers similar to that found in nerve
and muscle, it has often been used as a model system for
studying channel gating and channel formation. Most of
the models suggested for alamethicin channel gating
propose that the applied field leads to the insertion of
alamethicin molecules initially located at the membrane
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surface into the hydrocarbon region of the bilayer (2). We
show here that alamethicin can be photolytically cross-
linked to a phosphatidylcholine analogue containing a
carbene precursor at the end of the C-2 fatty acyl chain.
This result indicates that a portion of the alamethicin
moelcule is present in the interior of the bilayer in the
absence of an applied voltage. The alamethicin-phospholi-
pid photoproduct is able to induce a voltage-gated conduc-
tance similar to that of natural alamethicin.
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