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JOST, P. C. AND O. H. GRIFFITH. Lipid-lipid and lipid-protein interactions in membranes. PHARMAC. BIOCHEM.
BEHAYV. 13: Suppl. 1, 155-165, 1980.—Over the past decade spectroscopic methods (fluorescence, ESR, and NMR) have
been used to provide new information about the molecular dynamics of lipid-lipid and lipid-protein interactions in mem-
branes. The various methods of characterizing isotropic and anisotropic motion are described. Lipid bilayers are highly
dynamic, with rapid acyl chain motion and rapid lateral diffusion in the plane of the membrane. In membranes where
proteins penetrate through the bilayer, a large hydrophobic surface area exists in contact with the bilayer lipids. Lipids at
the protein interface are in dynamic equilibrium with the remaining pools of bilayer. The protein has been shown spectro-
scopically to have some influence on the dynamics of the nearest neighbor lipids, leaving the rest of the bilayer relatively
unperturbed. Evidence is summarized that, in some cases, the lipid composition in the interfacial region is influenced by the

protein.
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IN the early 1970°s Singer [47] proposed a unifying model for
the molecular arrangement of lipid and protein in membranes
that was based on thermodynamic arguments and the well-
known self-association of lipids into bilayers. It pictured
much of the protein penetrating into a lipid bilayer matrix.
This early model was drawn schematically as shown in Fig.
1, and this model has stood the test of time. In the past
decade, the application of a variety of new techniques has
provided detailed information about the structure and
dynamics of the bilayer. Progress has been made in describ-
ing the anisotropic motion occurring in the bilayer, the
transbilayer movement of the lipids (flip-flop) and the lateral
diffusion and phase segregation of both lipid and proteins.
New applications of electron diffraction combined with elec-
tron microscopy have provided detailed structural informa-
tion about two transmembranous membrane proteins, bac-
teriorhodopsin and cytochrome oxidase. Transmembranous
proteins penetrate through the bilayer, creating a hydropho-
bic lipid-protein interface, and some information is now
available about the dynamic behavior of the lipids at this
interface. The purpose of this conference paper is to review
these new developments.

A COMPARISON OF SPECTROSCOPIC METHODS OF DETERMINING
LIPID DYNAMICS

A number of molecular probes widely used to obtain in-
formation about the molecular dynamics of lipids are shown
in Fig. 2. Some probes are designed to mimic as closely as
possible the structure of naturally occurring lipids while
others are not. All probes are designed for use with a specific
spectroscopic technique. Fluorescent probes of Fig. 2 in-
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FIG. 1. Schematic drawing of the original fluid mosaic model for
membranes, showing globular proteins penetrating into or through
the lipid bilayer matrix. Although the proteins are randomly distrib-
uted, short range interactions may occur, forming functional
oligomers such as the dimer shown here. Reproduced from ref. [48].

clude 1,6-diphenylhexatriene (DPH), pyrene (P), I-
anilino-8-sulfonate (ANS), parinaric acid (PnA), a fatty acid
anthroyl derivative (AS), and a phospholipid incorporating
parinaric acid (PnA-PL). The spin labels of Fig. 2 (fatty acid,
phospholipid and steroid spin labels and TEMPO) are moni-
tored by electron spin resonance (ESR) spectroscopy, and
the 2H and "F substituted lipids are designed for observation
by nuclear magnetic resonance (NMR) spectroscopy. Useful
contributions are being made using each of these techniques.

Copyright © 1980 ANKHO International Inc.—0091-3057/80/130155-11$01.60/0
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FIG. 2. Schematic drawing of a phospholipid bilayer containing
some of the reporter group molecules used in spectroscopic studies
of membranes. Fluorescent probes; 12-(9-anthroyl)-stearic acid
(AS); a cyanine dye (C); rrans-parinaric acid (PnA); phospholipid
containing trans-parinaric acid (PnA-PL); 1,6-diphenyl-1,3,5-
hexatriene (DPH); pyrene (P); l-anilino-8-napthalene suifonate
(ANS). Spin labels (ESR): 3-doxyl-5a-cholestane (N-STEROID);
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO); 16-doxylstearic acid
(N-FA); phospholipid containing 16-doxylstearic acid (N-PL). NMR
labels; selectively fluorinated phospholipid (F-PL); selectively deu-
terated phospholipid (D-PL). This presentation was suggested by Dr.
Bruce Hudson. Reproduced from ref. [30].

We will first discuss the simpler case of isotropic motion to
introduce the techniques. The following sections will discuss
anisotropic motion, diffusion, and other aspects of the

dynamics of membranes.

Isotropic Motion

The fluorescence spectroscopy experiment is performed
in one of two ways: by a kinetic method (nanosecond pulse
technique) or by a steady state method. In either method, the
convention is to place the exciting light on the x-axis
polarized in the z direction. The detector is then located on
the y axis and the quantities measured are the fluorescence
intensities with the analyzer parallel (I,) and perpendicular
(I) to z, respectively. The normalized difference between
these two experimental quantities is reported as either the
emission anisotropy (r) or the polarization (P) where
r=(L,—1)/((1,+21,) and P=(,~I)AL+1,). The relation-
ship between these two quantities is (1/P—1/3)=2/3r. In the
absence of motion, r=2/5 and P=1/2. (These values assume
that the absorption and emission transition dipoles are paral-
lel. This is the case for trans-parinaric acid and 1,6-di-
phenylhexatriene. The transition dipoles are approximately
parallel to the long molecular axes of these asymmetric
molecules. For the case of an arbitrary angle between the
two transition dipoles see ref. [4], p. 461. In this reference
and approximately half the literature, the symbol A is used
for emission anisotropy instead of r.) As the fluorescent
molecules undergo molecular motion, depolarization occurs;
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r and P decrease and finally become zero for sufficiently
rapid isotropic tumbling (i.e., L,=1)).

In the kinetic method, the two decay curves I;(t) and I,(t)
are measured separately and the emission anisotropy takes
the time-dependent form

r(t)={I(t) - LYo + 211] (1)

Defined in this way, the emission anisotropy is a ratio of
decay curves that factors out the fluorescence lifetime and
depends only on the rotational motion of the fluorescence
probe. For a rigid spherical molecule undergoing isotropic
tumbling, the decay is described by a single exponential

rt=r,e" (2

where 7. is the correlation time. This kinetic method of ob-
taining 7. is gaining in popularity since the introduction of
commercial pulsed spectrometers and suitable laser sources.
The advantage is that the measurement is direct and any
significant deviation from a single exponential decay curve
can be readily seen.

The static method of obtaining 7. historically has been the
most widely used. In this method, the experimental_quan-
tities are time averages of I(1) and I,(t), designated I, and
I,. The interpretation of these experiments is based on the
Perrin equation, the integrated form of the single exponential
fluorescence decay case. In terms of the static emission
anisotropy, r, the Perrin equation takes the form

LI (1 +£) 3)

f Te
In terms of the static polarization P, the Perrin equation
takes the slightly more complicated form

1 1y _ (1 _ 1 T
(P 3) (P(, 3 ) (1 * ‘rc) @

In these expressions r, and P, are the static anisotropy and
polarization observed in the absence of motion and ; is the
fluorescence lifetime. To apply the Perrin equation, a
hydrodynamic model of a sphere tumbling in an isotropic
medium is usually assumed. The appropriate form of the
Stokes-Einstein equation is 7.=9V/KT where 7 is the viscos.
ity, V is the molecular volume, k is the Boltzmann constant
and T is the absolute temperature [4,51]). The static I, andi’
are measured as a function of T/n. When (F)™' or (1/P ~ 113y
is plotted versus T/y, a straight line should result, Assuming
; is known, the slope gives the molecular volume V and the
intercept determines r, or P,. With these quantities, 7. can be
calculated from the above Perrin equation at the desired vis-
cosity and temperature. This method of estimating 7, has the
advantage of requiring simpler equipment but suffers from
several disadvantages. The fluorescence life-time must be
measured separately or assumed to be constant over the
range of temperatures and viscosities studied. 7. can be cal-
culated only if r, (or P,) is known, but this quantity must be
determined indirectly or taken from literature values. With-
out the decay curves it is difficult to establish that only a
single exponential decay curve is involved. In spite of these
problems, the Perrin equation has been shown to yield val-
ues of 7. comparable to the more direct kinetic method for an
isotropically tumbling fluorescent labeled protein [20]. The
anisotropic motion that is seen in membranes is more trou-
blesome and is discussed later.

In fluorescence spectroscopy, information is obtained re-
garding molecular motion when the rotational motions are on
the order of the fluroescence lifetime (typically nanosec-
onds). The directions of the absorption and emission transi-
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FIG. 3. The effect of viscosity on the ESR spectrum of two small
nitroxides tumbling in glycerol. The spin label concentration was
§x10-* M, and the samples were sealed in quartz tubes to exclude
water vapor. Note the characteristic line broadening and overlap
seen as the temperature is lowered. The tumbling is essentially iso-
tropic, but differences in hydrogen bonding with the glycerol prob-
ably account for the lineshape differences seen when the two labels
are at the same temperature. At temperatures higher than 43°C, both
spectra will reach the limits of three lines of equal intensity. Re-
produced from ref. [28].

tion dipoles are fixed in the molecule. If the molecule rotates
through a significant arc in the time interval between ab-
sorption and emission, depolarization occurs (i.e., I, and I}
begin to converge). This depolarization provides a method of
estimating 7, as described above.

The spin labeling experiment (ESR) also involves a con-
sideration of dipoles, but of a fundamentally different nature.
The spin label is a stable free radical in which the stable N-O
group has the unpaired electron. This unpaired spin senses
the combined magnetic fields of the laboratory magnet and
the smaller perturbing field of the nearby N nucleus. The
nuclear spin of “N is 1, consequently there are three orien-
tations in the magnetic field (+1, 0, —1) resulting in three
absorption lines in the ESR spectrum, with the individual
lines separated by the coupling constant A. There are two
components in the magnetic interaction. One arises because
of the small but finite probability of finding the electron at
the “N nucleus (called the Fermi contact interaction), and
this term is isotropic. Consequently, there is always a finite
value of A even when the spin label is tumbling rapidly in
solution. In addition there is a magnetic dipolar interaction
between the 1N nuclear spin and the unpaired electron. This
interaction is modulated by molecular motion causing line
shape changes as shown in Fig. 3, where the sample tem-
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pera}ure is varied. From these line shapes, the molecular
motion of the spin label can be inferred. For isotropic tum-
bling, this can be described by a single correlation time, 7.
Except for tumbling ranges rapid enough to maintain clear
separati.on of the three lines, values of 7. are obtained by
comparing experimental spectra with computer-generated
theoretical line shapes [13]. In the limit of very fast tumbling
(e.g., 7. ~ 107" sec) the dipolar interactions are essentially
completely averaged out, leaving a sharp 3-line spectrum.

Deuterium NMR is a more recent entry into the field of
molecular probe techniques. The deuterium nucleus experi-
ences two interactions, one with the external magnetic field
and the other arising from an electrostatic interaction of the
d;uterium quadrupole moment with the electric field gra-
dient at the nucleus. This quadrupolar term is anisotropic
and averages to zero in a rapidly tumbling molecule (e.g., ~
1078 sec) leaving only a single line NMR spectrum at the fast
motion limit. When the molecular motion is slower than this,
the quadrupolar interaction is modulated by molecular mo-
tion and information can be obtained from the analysis of line
shapes and relaxation times [42,43].

In the isotropic tumbling case, which is the only case we
have discussed so far, the spectra can be characterized in
terms of a single parameter. There are three current conven-
tions, the rotational correlation time, the rotational relax-
ation time, and the rotational diffusion constant. The rota-
tional correlation time (r,) is the time required for the average
value of the function (1/2)(3 cos? 6, — 1) to change from 1 to
1/e, i.e., (1/2) (3 cos? 6, — 1)=e ", This expression is com-
mon to NMR, ESR, and fluorescence spectroscopy. The ro-
tational relaxation time (p or ¢) is the time required for the
average value of cos 6, to change from 1 to l/e, i.e., {cos
6,)=e""*. This functional relationship is used in dielectric
relaxation studies and sometimes in fluorescence studies.
The rotational diffusion constant, D, is the usual constant
appearing in the classical rotational diffusion equation. The
relationships between these three quantities are p=3r,,
1.=1/6D,, and p=1/2D; [5].

DYNAMICS IN LIPID BILAYERS AND MEMBRANES
Anisotropic Motion

In biological membranes, the lipid bilayer solvent is
antisotropic. A rigorous description of the motions in the
bilayer would require the time-dependent coordinates of all
atoms along the lipid chain. For practical purposes it is de-
sirable to use only a few parameters to describe the essential
features of the motion. Clearly the equations for isotropic
motion cannot be used to describe bilayer motion without
some modifications. The phospholipid molecule is not free to
tumble isotropically, thus the motions of the lipid chains or
probes are restricted.

A special case, but one that is used widely in the mem-
brane field, assumes axially symmetric motion about a sym-
metry axis. One measure of the fluctuation of molecular axes
is the order parameter, S, which is defined as

S=(1/2) (3cos26 - 1) é)

where 0 is the angle between the fluctuating molecular axis
and the reference axis (the director). The director axis is
usually taken to be normal to the plane of the bilayer surface.
S varies in value between 0 and 1 when the unique reporter
group axis is parallel to the long molecular axis. S=0 corre-
sponds to complete averaging over all angles, and S=1
corresponds to the absence of motion of the long axis (except
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for spinning of the long axis). This order parameter equation
assumes axial symmetry and rapid motion over a charac-
teristic time, t, which is dependent on the technique. Thus,
the order parameter provides a measure of the amplitude of
motions that occur with frequencies larger than 1/#t. The
order parameter is a time-averaged quantity, and it does not
imply macroscopic alignment in the system. For example, a
randomly oriented collection of molecules in a frozen sample
would still correspond to the limiting case of S=1. Order
parameters can be related to experimentally obtained quan-
tities from fluorescence, ESR, and NMR.
In the kinetic (pulsed) fluorescence experiment
2_Jo
St= T 6)
where r,, is the final limiting value and r, is the initial value of
the emission anisotropy [21]. This equation applies to
molecules such as trans-parinaric acid and DPH where the
paralle]l absorption and emission transition dipole moments
coincide with the long molecular axis. In principle, the
time-domain fluorescence experiment provides a method for
distinguishing between isotropic tumbling and anisotropic
motion of limited amplitude. For the isotropic case, the
decay curve is a simple exponential decay described by
Equation 2, whereas in the restricted amplitude case, the
fluorescence anisotropy decays roughly according to the re-
lationship
[=Te + (T — Tw)e Ve @)

The two parameters S and 7, are derived from this experi-
ment, and an example is given in Fig. 4. The three fluores-
cence anisotropy decay curves are for frans-parinaric acid in
liposomes of the saturated phospholipid, dipalmitoyl phos-
phatidylcholine, with increasing concentrations of choles-
terol. All three curves show a plateau region that provides
information for the order parameter. The initial decay of all
three curves is essentially the same. The interpretation is
that the presence of cholesterol has little effect on the rota-
tional correlation time of the molecular probe, but decreases
the amplitude of the motion in the phospholipid bilayer.
Similar experiments have been reported with DPH [33,55].

The static fluorescent analog to Equation 7 is a modified

Perrin equation.
Lot (4 +1) ®
Te

f—ren

However, it is difficult to measure separately r,, and 7. in this
experiment. Several authors have taken the approach of
using the isotropic Perrin equation (Equations 3 or 4) and the
Stokes-Einstein equation with a shape parameter to describe
the fluorescence depolarization of a non-spherical probe
(e.g., ref. [46]). Changes in membrane properties can
produce changes in 7, and S, and this approach interprets all
effects as changes in 7.. Since the calculated microviscosity
is formally linked to changes in 7, and not S, this procedure
can lead to overestimates of changes in microviscosity.
Nevertheless, it is useful to use the static fluorescence exper-
iment to sense a change, which can then be explored further
with the pulsed fluorescence technique.
In spin labeling, the order parameter is given by
A|| - A g . a (9
A -G, TAy 7 O
where a=(1/3)(Ay« + Ayy + Ag) and a'=(173)(A, + 2A)).
The quantities Ay and A, are measured from the ESR spec-
trum, A,,, Ay, and A, are anisotropy parameters obtained
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FIG. 4. The decay of the fluorescence polarization anisotropy of
trans-parinaric acid in DPPC/cholesterol bilayers at §9°C. The sam-
ples are multilamellar liposomes at a total lipid concentration of 0.15
mM in 100 mM phosphate buffer at pH 7.2 and labeled with one
trans-parinaric acid per 100 lipids. The fluorescence excitation
source was ultra-violet radiation from the storage ring at the Stan-
ford Synchrotron Radiation Laboratory. The time resolution of the
electronics is about 700 psec. The horizontal extrapolation to *‘in-
finity’ refers to the evaluation of the fit r(t) curve, i.e., the value is
the constant term in this fit. The diagonal line at the right refers to a
direct reading of r(t) at a ‘‘long’’ time without deconvolution for the
excitation pulse or any assumption of a functional form for r(t). The
difference between these two values may be considered as an esti-
mate of the uncertainty in r(t) at long times. (P. K. Wolber and B.
Hudson, personal communication.)

from single crystal data, and a/a’ is a polarity correction,
This equation is appropriate for the widely used doxyl angq
proxyl fatty acids and phospholipids, where the large split-
ting occurs with the magnetic field paralle] to the long
molecular axis [17,18].

Deuterium NMR also provides an order parameter. In 2H
NMR of a randomly oriented sample of bilayers, the splitting
between the two peaks (Av) is related to an order parameter
Scp by the equation

3 e?
tg=2 395, a0

where (e2qQ/h) is the static quadrupolar coupling constant,
about 170 kHz in aliphatic C-D bonds. Scp, represents a time
average value over any fluctuations of the C-D bond that are
rapid compared with 170 kHz. The C-D bond is not in gen-
eral parallel to the long molecular axis of the lipid chain;
consequently, a further transformation is required to obtain
an order parameter, often called S, comparable to those
derived from other techniques. S,,;, but not Scp, has the
limits of S=1 (no motion) and S=0 (complete averaging) [43].

Data from Raman spectroscopy have also been used to
define an order parameter [16]. This method is based on the
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observation that a portion of the Raman spectra of phos-
pholipids is sensitive to the conformational state of the
hydrocarbon chains. For example,

(Illasllrel)observed
rans = —pLi3Yretiobserved (1
S' (I 1 133/Iref)standard ( )

where 1,,,; is the intensity of a Raman band at 1133 cm~! and
I..¢ (observed) is the intensity of the choline head group C-N
stretch at 722 cm™!. The corresponding quantities in the de-
nominator are for a solid sample of dipalmitoyl lecithin
which is in the all trans configuration. Thus, Sians=1 when
the lipid is in the all zrans configuration, and S;..,s decreases
with increasing proportions of gauche forms. This expres-
sion has not been derived in terms of the order parameter
formalism, but can be a useful empirical quantity.

In general, the order parameter, S, is a measure of the
probability distribution (amplitude) of angles sampled by the
reporter group in a time that is short compared to the time
scale of the technique used. A simplified picture is the cone
model (Fig. 5) where the long molecular axis executes a re-
stricted random walk about the director axis, and this motion
is confined to a cone of half-angle vy [27]. The relationship
between y and the order parameter is

S=1/2 (cos y + cos? y) (12)
This description of anisotropic motion provides a measure of
the amplitude, S, and at least a lower limit to the frequency

(™.

Flexibility Profile

It has been observed by ESR and NMR that the motion of
the lipid chains (gauche-trans isomerizations) increases
toward the center of the bilayer. In magnetic resonance, the
order parameter provides a measure of the amplitude and the
lineshapes give information about the frequency of motion.
The order parameter is largest near the polar head group and
smallest at the hydrocarbon terminus [25, 27, 38, 44]. An
example is shown in Fig. 6 where the values of S are given
for phospholipid bilayers in the presence and absence of cho-
lesterol. From left to right, the nitroxide moiety is attached
at positions progressively farther from the carboxyl end of
the chain. The presence of cholesterol decreases the ampli-
tude of motion, which is often referred to as the *‘ordering”’
effect of cholesterol. The same general trend is observed by
*H-NMR although details of the shape are different [44].
These differences may be due both to the perturbation of the
spin label and to the differences in the time scale of the two
techniques. Results from both techniques are consistent with
the picture that the amplitude and frequency of segmental
motion of bilayer lipid chains increases dramatically toward
the center of the bilayer.

Lateral and Rotational Diffusion in Membranes

Mobility of proteins in membranes was first demonstrated
in the early 1970s [7, 14, 50]. Since then the lateral diffusion
coefficients of many lipids and proteins have been reported,
as well as changes in the mobility and aggregation of cell
surface components and control of these processes.

Lateral diffusion of lipids in the plane of the membrane
has been measured using spin labeled lipids, fluorescent
phospholipids probes, and NMR probes. The ESR technique
relies on magnetic interactions between spin-labeled lipids,
which decrease with diffusion (i.e., dilution) in the kinetic
experiment [9], or affect the lineshape in the equilibrium
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FIG. 5. The cone model for restricted motion. Within the cone,
molecular motion is fully allowed. The arrow, corresponding to the
nitroxide z axis, executes a rapid random walk, pointing with equal
probability in all directions with the cone defined by the angle ¥,
which is the angle between the z axis (director axis) and the direction
normal to the bilayer plane [27].
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FIG. 6. The order parameter as a function of n, where n+2 gives the
number of carbons counting from the carboxyl end of the fatty acid
chain. The samples are fully hydrated multilayers of (a) egg lecithin
with cholesterol, 2:1 and (b) egg lecithin without cholesterol. Re-
produced from ref. [39].

experiment [53). The fluorescence measurements are ob-
tained in three related ways. All of them follow the lateral
movement of the probes with a fluorescence microscope.
The fluorescence photobleaching recovery {1] and periodic
pattern photobleaching [49] methods involve transient re-
sponses after a disturbance. The third method, fluorescence
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correlation spectroscopy [36], measures fluctuations about
an equilibrium. Useful reviews of translational diffusion in-
clude [6, 10, 11]. The various techniques rely on very differ-
ent kinds of measurements, each with its own set of limita-
tions, possible artifacts and advantages. The remarkable re-
sult is that there is general agreement on the rates of lateral
diffusion of phospholipids. Typical diffusion rates in liquid
crystalline bilayers are on the order of 1077 to 108 cm? sec™!.
Thus, lateral diffusion is quite rapid. To get a better idea of
just how rapid, it is useful to calculate the distance traveled
assuming no obstructions. The time t required to travel a
distance Ax is determined from the equation (Ax)?=4Dt. In
this simple model, which ignores boundary conditions, the
amount of time it would take for a phospholipid to diffuse
from one end of a 10 u long cell to the other end is t=Ax%/4D
= (107 cm)?/4(2x 1078 cm? sec™')=12 sec. Another way to
get a feeling for the magnitude of the diffusion constant is to
equate diffusion to a random walk model. For example, a
diffusion constant of 10~% cm? sec™! corresponds to a hopping
frequency between adjacent sites in the bilayer of about 108
— 107 sec™! [53]). The translational diffusion rates, of course,
decrease at lower temperatures.

Translational diffusion rates of proteins are much smaller
due to the increased size of the particles. Typical values
range from 2-6x10~° cm? sec™! for rhodopsin to 1-3x 10~
cm? sec™! for several lectin receptors, surface antigens, and
acetylcholine receptors [6]. Diffusion constants for larger
oligomeric associations such as may occur in gap junctions
or among proteins in the mitochondrial respiratory chain
could be very much smaller. These very slow diffusions be-
come difficult to measure because of convection or rota-
tional motion of the whole vesicle or membrane.

Rotational motion of proteins is measured by fluores-
cence or phosphorescence spectroscopy and by saturation
transfer ESR spectroscopy. The usual assumption is to re-
place the single diffusion constant D, for isotropic motion
(D,=1/6 1.) by two diffusion constants D, and .Dl. The im-
portant parameter is Dy, which describes rotation about an
axis normal to the plane of the membrane. Membrane
proteins are amphipathic and for thermodynamic reasons
cannot undergo reorientation about axes parallel to the plagc
of the membrane, so that D, = 0. The emission anisotrqpy in
the pulsed fluorescence or phosphorescence experiment
then takes the form (6]

_ Ty - xp (—4D;t) + A4l
o[ | s €30 (-DO) + Arexp (—4D0 + A
where A,, A, and A; are angular factors that depend on the
orientation of the transition dipole moments relative to the
bilayer normal. Rotational diffusion is a special case of
anisotropic motion and so Equation 13 bears a relation to
Equation 7. (In the order parameter formalism, rotation is
equivalent to S=1 with continued reorientation about the
director axis.) The diffusion coefficient D, is then linked to
viscosity through a form of the Stokes-Einstein equation ap-
propriate for a smooth cylinder in a continuous fluid. There
are difficulties with applying hydrodynamics to two-
dimensional fluids, but the numbers can be regarded as use-
ful relative estimates. The measurable time scales are set by
the emission lifetime of the probe and typically range from
1078 to 107® sec for fluorescence and >10"2 sec for phos-
phorescence. The saturation transfer ESR spectroscopic
method [26] is also sensitive to a wide range of rotational
correlation times (107 to 102 sec). Among the problems of
applying these techniques are the following: determining the
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principal direction of the probe with respect to the normal to
the bilayer; selective labeling of the proteins; and possible
motiqn of the probe itself independent of the motion of the
protein.

Rotational motions of proteins are often reported as rota-
tional relaxation times (¢,=1/D)). Typical values of ¢, for
me(;nbrane proteins lie in the range from 10~ to 10~° sec-
onds.

There is some controversy arising from the various meas-
ures of anisotropic motion in membranes. This is to be ex-
pected. As an analogy, consider a parable about four people
recording the behavior of a wheat field on a windy day. One
person photographs the undulating waves of wheat with a
camera using a slow shutter speed (ESR or fluorescence
spectroscopy). From the blurred image this photographer
estimates an amplitude of motion (order parameter), and
from the shutter speed of the camera, assumes a lower limit
for the time required for movement through a significant arc
(rotational correlation time). The second photographer uses
an even slower shutter speed (NMR) and reports larger am-
plitude motion (lower order parameters). These two photog-
raphers might disagree as to the frequency of motion (r.™'),
but they would agree that the amplitude of the movement of
the heads of the grain is large compared to that of the base of
the stalk (flexibility gradient) and is dependent on the wind
speed and turbulence (temperature). A third observer
chooses to record how foreign objects (e.g., DPH or pyrene)
tumble in the field. More rapid motion or larger amplitude
oscillations are taken as a measure of increased fluidity. The
fourth observer bleaches a small patch of the field (fluores-
cence photobleaching recovery) and observes that no normal
wheat stalks migrate into the bleached area, and concludes
that there is no fluidity at all (D,=0). Here is where the
analogy breaks down, since in bilayers the lipid polar groups
are ‘‘rooted’’ at the aqueous interface, but may exchange
laterally with other lipids to produce a rapid diffusion.
Nevertheless, the parable makes a point. The same four ob-
servers would have no difficulty agreeing on the difference in
rotational motion of a smooth spherical object tumbling in
water and molasses, but it will take some time for them to
reconcile the differences in interpretation of measurementg
in anisotropic systems.

Transbilayer Movement of Lipids (Flip-Flop)

From the variety of motions now known to be present in
membranes, it is clear that there may be various time-
dependent changes in the composition of regions in the plane
of the membrane. The membrane is also compositionally dif-
ferent from one side of the bilayer to the other, i.e., in all
membranes the lipids in the external half of the bilayer tend
to be different from those on the cytoplasmic side. From the
accumulated evidence over the past few years, the neutral
phospholipids (phosphatidylcholine and sphingomyelin) and
the glycolipids predominate in the external leaflet and nega-
tively charged lipids predominate in the leaflet on the cyto-
plasmic side [41,52], with membrane proteins vectorially in-
serted.

The origin and maintenance of the compositional asym-
metry of the bilayer is a problem of current interest. The
maintenance of the transbilayer lipid asymmetry suggests
that exchange of phospholipids across the bilayer must be
slow relative to the other dynamics involved. The best esti-
mate available from a variety of techniques is that spontane-
ous transbilayer exchange of lipids (flip-flop) is very slow, on
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FIG. 7. A model of the bacteriorhodopsin molecule showing the
seven individual helices of the polypeptide as they span the mem-
brane. The top and bottom correspond to the regions in contact with
the aqueous interface, the rest being in contact with the lipid. Re-
produced from ref. {22].

the order of days or even months. On the other hand,
enzyme facilitated movement, accompanied by changes in
head group composition is relatively fast [23,24] and may
play a role both in the origin of lipid asymmetry and in var-
ious cellular functions.

THE DYNAMICS OF LIPID-PROTEIN INTERACTIONS

In the Singer model, the proteins are globular and many
penetrate through the lipid bilayer. It has been difficult to
get information about the structure of these proteins, be-
cause they combine with lipids or detergents to give, at best,
small patches of two-dimensional crystals, and three-
dimensional crystals suitable for x-ray diffraction have been
difficult to obtain. Unwin and Henderson [54] have devel-
oped a new method of obtaining details of three-dimensional
structure from small two-dimensional crystalline arrays by
combining intensity information from electron diffraction
with phase information from electron micrographs. The
shapes of two transmembranous proteins have been deter-
mined by this method. Figure 7 shows the model of bac-
teriorhodopsin, a specialized protein occurring in patches in
Halobacterium halobium. The seven helical segments of the
26,000 molecular weight polypeptide span the membrane,
and are about 40 A long and 10 A apart [12]. Cytochrome
oxidase, the terminal member of the mitochondrial respira-
tory chain, carries out the transfer of electrons from cyto-
chrome ¢ to molecular oxygen. This is a much larger mul-
tipeptide protein (140,000-200,000 molecular weight). The
reconstruction of the general shape of this molecule is shown
in Fig. 8. It has three domains, M1, M2, and C. The molecule

FIG. 8. Model of the general shape of the cytochrome ¢ oxidase
monomer. M1 and M2 extend into the matrix but are thought to be
largely surrounded by lipid, while the C domain extends well beyond
the bilayer. The molecule is roughly 100 A long and is presented at a
resolution of 25 A. The seven helices in bacteriorhodopsin, shown in
Fig. 7, would fit approximately into one of the two arms of the
Y-shape. Reproduced from ref. [15].

spans the membrane. M1 and M2 are roughly 50 A in length,
are separated by 40 A, and are on the matrix side of the
membrane largely buried in the lipid. The C domain (roughly
55 A long) is exposed on the other side of the bilayer. At this
resolution individual helices are not resolved for cytochrome
oxidase, but the molecular shape is a distorted Y structure
and the tail of the Y extends well beyond the bilayer [15].

Since these and many other membrane proteins span the
bilayer, lipids surround and directly contact the protein sur-
faces. There has not been general appreciation of the sub-
stantial fraction of the lipid that is involved at this lipid-
protein interface. In native membranes such as the retinal
rod outer segment discs and the sarcoplasmic reticulum,
where a single protein of known molecular weight predomi-
nates, it is possible to calculate (from the compositional data
and approximate protein geometry) that 25-45% of the lipid
must be in instantaneous contact with the hydrophobic
protein surfaces. Nature has been very efficient in packaging
functional proteins in membranes, and the model of Fig. 1
should be redrawn to show a much higher density of protein.
These boundary regions are important, because it is here that
the lipids of the bilayer are most likely to affect functions of
the protein.

The relatively short time scale of ESR has made it possi-
ble to detect lipid spin labels contacting hydrophobic sur-
faces of the protein [2, 3, 29, 35, 56]. In general, when
protein is in the bilayer, two spectral components are present
corresponding to the equilibrium concentrations of lipid spin
labels at the protein boundary and in the bilayer. By varying
the lipid to protein ratio, it has been shown in several sys-
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tems that there is a large number of lipid contact sites and
thag the number conresponds roughly to the calculated
perimeter of the protein. At physiological temperatures the
lipid contacting the protein exhibits restricted motion com-
pared to the fluid bilayer. This, however, does not mean that
these lipids bind tightly to the protein. The available spec-
t'ro.scopic evidence suggests that most of these interfacial
lipids have a very low energy of interaction with the protein,
and that the restricted motion results from the lipid conform-
ing to the irregular protein surface. ESR experiments have
demonstrated that lipid in the boundary region is exchanging
with bilayer lipid [31]. A wide range of exchange rates would
be compatible with the ESR data, since exchange rates ap-
proaching the rate of lateral diffusion in the bilayer would
still give rise to two spectral components. Recent NMR ex-
periments have confirmed the dynamic equilibrium between
boundary and bilayer. Only one component is observed by
NMR, so that the exchange rate is fast on the NMR time
scale but slow on the ESR scale [8, 40, 45). This brackets the
exchange rate of the bulk of the lipid between about 10 to
107 sec™ for the limited number of systems that have been
looked at by both techniques.

The time-scale and sensitivity of the line shape to motion
have made the spin-labeling experiment the most useful of
the reporter group techniques for distinguishing the lipid in
contact with the protein. However, spin labeling experi-
ments on membranes, native and reconstituted, require
considerable care in the analysis of digitized data. The prob-
lem is illustrated in Fig. 9, where pairs of spectra are
summed to give equal concentrations of spin labels from
both components in the final summed line shape. The top
spectrum in each pair on the left is the bilayer line shape and
the one below is the protein-associated line shape. Note that
in the summed spectrum, the narrow bilayer lines tend to
dominate even though the protein-associated component
represents 50% of the intensity. This effect leads to the visual
impression that there is little motion-restricted component
present. Furthermore, as the temperature is increased
(primarily reflected in further narrowing of the fluid bilayer
spectrum) the motion-restricted broad component appears to
melt away, leaving only the prominent bilayer line shape. In
this case, the relative contributions to the final line shape are
known.

When the spin label moiety is nearer the hydrocarbon
terminus than in this example (i.e., at the C,q position rather
than the C,, position of the C,; acyl chain), the effect seen in
Fig. 9 is exaggerated. The broad line shape is unchanged, but
at comparable temperatures the bilayer lines are even nar-
rower than those shown here. On the other hand, at very low
temperatures the bilayer spectrum becomes very broad and
can give the impression that the bilayer has disappeared. At
temperatures low enough to approach the transition tem-
perature of the lipids, the assumptions of the analytic tech-
nique break down, and meaningful spectral analysis at these
temperatures is not possible in most cases.

In the membrane experiment, the experimental composite
line shape is analyzed into the individual spectral compo-
nents by one of the several methods [3,32]. It is not surpris-
ing that in some cases misinterpretation and controversy
have resulted.

It is of considerable interest to determine the equilibrium
distribution of lipids in contact with the hydrophobic surface
of the membrane protein. The ESR line shape indicates only
that the bulk of the lipid spin labels in contact with the
protein exhibit motion that is quite restricted compared to
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FIG. 9. The effect of line shape changes in individual components
on the final composite ESR spectrum. Left column: The pairs of
spectra are scaled arbitrarily to the same center line height. The
upper spectrum of each pair is characteristic of the 14-proxylphos-
phatidylcholine in lipid bilayers. The bottom spectrum of each pair
shows the line shapes of the broad protein-associated components.
The changes in these individual line shapes, from top to bottom, are
characteristically seen with increasing temperature, as the bilayer
lines narrow and the outermost features of the broad component
decrease slightly. Right column: The summed spectra were obtained
by integrating and summing, so that two components on the left are
present in equal amounts. The change in line shape from top to
bottom mimics the line shape changes that occur with increasing
temperature. Note that both components remain present in the same
ratio, despite the radical changes in appearance.

the motion of fluid bilayers. Although line shapes provide no
information regarding the binding constants of the spin label
relative to the unlabeled lipid, the integrated intensities can
be used to obtain this information. The equilibrium can be
formulated as an exchange reaction between a lipid of one
class (L*) and the reference solvent lipid (L) occupying n
binding sites on the surface of the protein, P {19]:

L*+LP2L+L*L,,P (14
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FIG. 10. A plot of Equation 5 derived from the multiple equilibrium
site model for n=48 independent equivalent sites with relative bind-
ing constants ranging from 0.1 to 10. The circles are experimental
values for cytochrome oxidase in its native lipids, labeled with 16-
doxy! stearic acid at a label:protein ratio of 1:2. Reproduced from
ref. [19].

Assuming one relative binding constant for L*, and assuming
very low concentrations of label, a useful approximate solu-
tion of the equilibrium binding equation is
X 1
V=X "X (15

so that a plot of the lipid/protein ratio (x) versus the observed
ratio of bilayer to bound (y) gives a straight line with a
y-intercept of —1/K, x-intercept of n, and a slope of 1/nK. As
defined, K is the binding constant of the labeled lipid relative
to the unlabeled lipid. The dashed lines of Fig. 10 show the
theoretical lines expected for relative binding constants of
0.1 to 10 and demonstrate that this type of plot is sensitive to
K. Also plotted are three experimental points for a fatty acid
spin label equilibrated between the protein surface and the
fluid bilayer. The approximate value of K=1 indicates that
this label reflects the average behavior of the unlabeled
lipids. The value of n indicates that a large number of lipids
(about 45-50) are contacting the protein, and this number of
contact sites roughly corresponds to the number of lipid
chains that can be accommodated at the protein periphery.
This does not rule out protein-protein contacts or the exist-
ence of a few high-affinity binding sites not accessible to this
spin labeled lipid.

Recently, a modification of this general approach has
been applied to a study of the (Na,K)-ATPase to investigate
the role of charge in the equilibrium established between the
bilayer and the boundary layer. The lipid labels used were
identical except for the head group, so that any perturbation
due to the reporter group is factored out. The membranous
(Na,K)-ATPase purified from eel electric organ showed a
definite preference for negatively-charged lipid (Fig. 11),
even though the bilayer is a mixture of native lipids [3]. The
fraction bound decreased from about 0.57 for a negatively
charged label to about 0.25 for the positively-charged analog.
In terms of the equilibrium binding constant formalism, the
relative affinity is a function of the ratio of bound to bilayer
components, and these ratios decrease from 1.3 to 0.33 when
the negatively-charged lipid is compared to the positively
charged. The neutral analogs, such as those with the di-
methylphosphate or alcohol head groups, give an inter-
mediate value of 0.54. The number of sites was not deter-
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FIG. 11. The effect of head group charge and temperature on the
equilibrium of lipid spin labels between the protein surface and the
bilayer. The R group on the labels is 14-proxylstearic acid, and the
sample is detergent-free (Na,K)-ATPase isolated with its native
lipids from eel electric organ. The filled symbols indicate the use of
single-component spectral subtraction. The open symbols use a
pairwise subtraction method that makes no assumptions about the
individual component line shapes [3). Vertical lines indicate the
range of systematic error introduced by deliberate over- and under-
subtraction in both methods of data analysis. The neutral labels, not
shown here, gave intermediate values for the fraction bound. At all
temperatures the differences between the charged labels is reversi-
bly abolished in the presence of 2 M LiCl. Modified from ref. [3].

mined, but may well be only a fraction of the number of
available contact sites. The charge preference persisted
above physiological salt concentrations but was abolished at
very high (2 M) salt. This indicates that the interaction is
electrostatic. The charge selectivity of binding is similar to
the trend in efficiency of various amphiphiles in the reactiva-
tion of this enzyme [34], also suggesting that some of the
acidic lipids directly bind to the protein. Recently, it has
been reported that the inhibitory action of ethanol on
(Na,K)-ATPase activity (mouse brain) is related to the pres-
ence of the negatively-charged lipid phosphatidylserine, but
is not affected by phosphatidylcholine, which has no net
negative charge [37]. A preference for negatively charged
lipid has also been observed in photosynthetic membranes of
Rhodopseudomonas sphaeroides {2). In both of these sys-
tems, the differences in relative binding detected by spin
labeling are significant but not large enough to indicate
highly selective binding. Thus, the lipids in the boundary
layer as a whole do not constitute a specialized class of lipid.
The selectivity seen might involve only a few sites, but these
sites could be of considerable importance in the protein
function.

In conclusion, all the spectroscopic data on membranes
emphasize the dynamic nature of lipid-lipid and lipid-protein
interactions. There is general qualitative agreement on the
flexibility profile, anisotropic motion and lateral diffusion of
both lipids and proteins. The studies of lipid-protein interac-
tions have generated some controversy, but the picture
emerging is one of a transient protein solvation layer that can
be detected spectroscopically. This lipid exchanges with the
adjacent bilayer. In some cases there is evidence that
charged amino residues on the protein interact electrostati-
cally with charges on the lipid headgroup, influencing the
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time-averaged composition of the boundary layer. The role
of this layer of lipid probably lies in preventing indiscrimi-
nate protein-protein aggregation (precipitation in the plane of
the bilayer). In addition, a limited number of sites at the
protein-lipid interface are the most probable region of any
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