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Abstract
The essential theory of the spin label method is presented 

and applied to the case of a rigid spin label localized in an 
oriented phospholipid smectic mesophase (hydrated phos­
pholipid multibilayers). The fatty acid chains of the phos­
pholipids in a model membrane of egg lecithin are shown to 
make an average angle of 24° with respect to a perpendicular 
to the bilayer plane. Addition of cholesterol stiffens the bi­
layers and decreases this angle to 10° at 55% cholesterol. The 
various requirements of a sterol for this condensing effect are 
explored, and the thesis is developed that one of the roles of 
sterols in membranes is to increase organization and rigidity 
of fatty acid chains, thus decreasing passive permeability and 
regulating lipid-lipid and lipid-protein interactions. Ions, 
proteins, anesthetics, antibiotics, and decouplers of oxidative 
phosphorylation are shown to have profound effects on the 
structure of lipid bilayers. Some extensions of the technique 
to real biological membranes are described, and the future 
for this application is predicted to be excellent.

Introduction

In 1965 the first paper on the spin label method ap­
peared from the group of Professor H. M. McConnell (1). 
Since then the method and its applications have grown 
enormously. Several review articles describe the deve­
lopments up to the present (2-7). I shall outline here 
application of the technique to the study of oriented 
multibilayers of phospholipids, a model membrane 
system. This application was developed at the National 
Research Council by Drs. H. Schneider, K. Butler, H. 
Dugas, J. C. Hsia, and myself, and independently by 
the research group of Professor O.H. Griffith at the 
University of Oregon.

The Electron Spin Resonance Spectra of Free Radicals

In a strong magnetic field the two spin states of an 
unpaired electron diverge in energy, Figure 1. Quali­
tatively, these energy states correspond to having the 
magnetic moment of the electron parallel or antiparallel 
to the magnetic field. Transitions between these energy 
levels may be induced by application of electromagnetic 
radiation of the appropriate energy. The relationship 
between the magnetic field and the required frequency

of radiation is hv =g^H, where h is Planck’s constant; 
v is the frequency; g is the g-value for the electron in 
that particular molecule; /3 is the Bohr magneton, a 
fundamental constant for the electron; and H is the 
magnitude of the applied magnetic field. In principle 
any values of v and H can be chosen. The higher the 
frequency, the greater is the theoretical sensitivity of 
the instrument, since the intensity of the transition is 
determined by the population difference between the 
two states. The most common conditions are v = 9X109 
Hz, H = 3300 gauss; a few spectrometers operate at 
v = 35 X 109 Hz, H = 13.200 gauss, but they are dif­
ficult to use for aqueous samples.

Fig. 1. The ESK experiment for a free electron. The quantum num­
bers ± h designate the value of the electron spin angular momentum 
in the direction of the applied magnetic field. The magnetic field is 
swept, while the microwave frequency is held constant. Most instru­
ments present the first derivative of absorption

The esr spectra become more complex, and conse­
quently more useful, when the unpaired electron can 
interact with a magnetic nucleus. For example, 14N has 
a nuclear spin of one unit. In qualitative terms, the 
magnetic moment of 14N can be aligned parallel, anti­
parallel, or perpendicular to the magnetic moment of 
the unpaired electron. Thus, each of the two electron
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Magnetic Field

Fig. 2. The esr experiment for a species containing an unpaired 
electron and a nucleus of spin 1 (14N). The separations I etween the 
resonance lines yield the hyperfine splitting constant

The Electron Spin Resonance Spectra of Nitroxide Spin 
Labels

If a nitroxide is present in a single crystal (which is 
magnetically dilute so as to avoid magnetic interactions 
between nitroxides), its esr spectrum will depend upon 
the angles between the magnetic field and the principal 
axes of the nitroxide moiety (Figure 3). The largest 
hyperfine splitting is observed when the magnetic field 
is parallel to the nitrogen yr-orbital (the s-axis). Note that 
both the hyperfine splitting (A) and g-value are dependent 
on these angles. At angles between the three principal 
directions, the spectrum will be somewhere between the 
three principal spectra shown in Figure 3.

energy levels is split into three, one of whicl. has the 
same energy it would have in the absence of 1 he inter­
acting nuclear moment. Six esr transitions are ap­
parently possible. However, only those which result in 
a change in the polarization of the electron magnetic 
moment with no change in the polarization of the 
nuclear moment are readily observable (Figure 2). Thus, 
within a first order approximation, one would observe 
three esr absorptions, whose separations are < qual and 
known as the hyperfine splitting of the nitiogen nu­
cleus. Due to coupling between the spin angular momen­
tum and orbital angular momentum of an unpaired elec­
tron in a molecule containing nuclei and other electrons, 
the g-value can deviate significantly from the free elec­
tron value. The g-value is obtained from the i sr spec­
trum by measuring accurately the magnetic field at the 
center of the spectrum and the microwave Irequency

Fig. 3. ESR spectra of di-i-butyl nitroxide in a single crystal of tetra- 
methyl-l,3-cyclobutanedione.
a) With the magnetic field along the x-axis (parallel to the N—0 
bond), b) Along the y-axis (perpendiculat to the N—O bond and the 
nitrogen m-orbital). c) Along the z-axis (parallel to the nitrogen 
?T-orbital). d) Dissolved in di-t-butylketone, 10“5 M, room tempera­
ture. The dotted line represents a field corresponding to g= 2.00036 
(2,2-diphenylpicrylhydrazyl). From reference (3)

The Spin Label Method

The object of the spin label method is tc make a 
biological system of interest studiable by esr spectro­
scopy. The high sensitivity of esr spectrosco]iy to the 
concentration (presently concentrations of about 10-7M 
spins in aqueous solution can be studied) and environ­
ment (vide infra) of the free radicals make it poten­
tially very powerful in structural studies. The difficulty 
hes in making the biological system paramagnetic with 
a minimal disturbance of its structure. This can be done 
by synthesizing a stable free radical whose chemical 
structure is very similar to that of some com]»onent of 
the biological molecules. This free radical must then be 
inserted into the biological system. A vast number of 
nitroxide spin labels containing the paramagnelic moiety

^i\pj/^2

I 
O

now have been made and attached covalently or by 
intermolecular forces to the biological macromolecules 
(2-7).

If the crystal is dissolved in a solvent of low viscosity, 
the esr spectrum will be similar to that of Figure 3 d. 
The observed hyperfine splitting and g-value are now 
the averages of the three principal values. This is be­
cause the nitroxide is undergoing rotational reorien­
tation at a rate that is rapid relative to the frequency 
differences between the transition energies of the various 
possible esr spectra (> | A^ — Axx | «s 73 X 106 sec-1; 
> I ?«« “ g„ I PH h"1 ss 29 x 106 sec-1). If the rate of 
rotational reorientation becomes comparable to these 
frequency differences, however, useful linewidth effects 
in the esr spectra become apparent (Figure 4). From 
the relative heights of the esr lines in spectra such as 
Fig. 4A-4C, it is possible to estimate the correlation 
time for rotational reorientation (1), but this is at best 
an estimate due to various assumptions involved in the 
formalism. If the label reorients very slowly, the ESR 
spectrometer is able to observe an entire esr spectrum 
before the label changes in its orientation in space. But, 
since essentially all orientations are represented in an 
isotropic medium, the spectrometer will see a different 
spectrum from every nitroxide in the sample, and the 
overall spectrum of the solution will be the sum of all
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Fig. 4. ESR spectra of a nitroxide in solvents of increasing viscosity. 
The numbers to the right of the individual spectra are estimates of 
the times characterizing rotational reorientation (rotational cor­
relation times) in nanoseconds (10"s sec). From reference (8)

LIPID SPIN LABELS

possible spectra. This spectrum will be similar to that 
of a magneticaUy-dilute powder of nitroxides, and so is 
called a powder spectrum. It will be similar to that in 
Figure 4F, but with even broader lines.

I have described here mostly limiting examples of 
ESR spectral behaviour. AU intermediate cases are of 
course possible, and some of these will be encountered 
in the examples considered later. A particularly vexing 
case is that of partial orientation of a spin label under­
going anisotropic motion about the orientation axis.

The Membrane Problem

Biological membranes are composed of neutral lipids 
(such as cholesterol), phospholipids (such as phospha­
tidyl choline), and proteins (such as adenosine tri­
phosphatase). The function and location of most of 
these components remains a mystery. It has recently 
been demonstrated by X-ray diffraction (9) that much 
of the lipid in some membranes exists in a bilayer 
structure, such as one of the bilayers shown in Figure 5.
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Fig. 5. Schematic of hydrated phospholipid multibilayers. The exi­
stence of such structures has been demonstrated recently by X-ray 
diffraction studies (10,11). The rectangle with attached —OH is a 
schematic representation of cholesterol. The black pencil represents 
a probe molecule (spin label). Figure courtesy of Dr. H. Schneider

Fig. 6. Lipid spin labels used to study the organization and fluiditiy 
of phospholipid multibilayers (12). References are to papers des­
cribing syntheses of these labels. A. 3-spiro[2'(N-oxyl-4',4'-dimethyl- 
oxazolidine)] cholestane (13.) B. 3-spiro[2'-(N-oxyl-4',4'-dimethyl- 
oxazolidiue)]-17)Fhydroxy-androstane (14). C. 12-spiro[2'-(N-oxyl- 
4',4'-dimethyloxazolidine)] stearic acid (15). D. 5-spiro[2'-(N-oxyl- 
4',4'-dimethyloxazolidine)] stearic acid (16). E. 4-stearamide-l- 
oxyl-2,2,6,6-tetramethylpiperidine (17)

We have undertaken studies of hydrated phospholipid 
multibilayers, whose structure has recently been shown 
to be similar to that of Figure 5 (10, 11) in order to 
explore systematically the roles and interactions of 
various membrane components, and the influence of 
various membrane-active substances on the organiza­
tion and mobility of the phospholipids.

The multibilayers are formed by evaporation of lipid 
mixtures into the flat sides of a standard esr aqueous 
sample cell. Lipid spin labels at low concentration are 
incorporated into the lipid mixture before evaporation. 
Some of the lipid labels we have used are shown in 
Figure 6. It can be seen that some of them (A, B, and E) 
should be useful for exploring the polar head group 
region of bilayer structure, while the others (C, D) pene­
trate to various degrees into the lipid interior. After 
evaporation of the organic solvent, and pumping under 
hard vacuum to remove all traces of solvent, the films 
are hydrated by filling the cell with aqueous salt solu­
tions. Under these conditions esr spectra can only be 
taken with the external magnetic field parallel or per­
pendicular to the plane of the multibilayer film (using a 
conventional rectangular esr cavity). If the aqueous 
solution is drained off after equilibration, the films can 
be examined at all angles.

Some types of spectral behaviour to be expected from 
phospholipid multibilayer films are summarized in Fi­
gure 7. Here we shall use the cholestane spin label 
(csl); it has the particular advantage that the nitroxide 
moiety is firmly attached to the steroid nucleus, and
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Rigid orientation

Ho || Ayy observe 6 gauss. 
Rotate flat cell 90 °, 
Ho || A„, observe 32 gauss

Ho || Ayy observe 6 gauss. 
Rotate flat cell 90°, 
Ho || Axx> observe 6 gauss

Ropid rototion obout 
steroid long axis

Fig. 7. Schematic representation of pos­
sible orientations and corresponding ESR 
hyperfine splittings of the cholestane spin 
label in multibilayer films. In (a), (b) and 
(c) the steroid backbone is represented as 
a plane. In (c) the narrower plane indicates 
that rapid rotation about the steroid axis 
averages the hyperfine splittings along the 
x- and z-axis

Ho || A™ observe 6 gauss.
Rotate flat cell 90 °, 
Ho|| yi(A„ + A„), observe 19 gauss

cannot undergo any motion relative to the steroid. Thus, 
the esr spectra of csl are indicative of the motion of 
the entire steroid nucleus. The hydrophilic nitroxide in 
all likelihood is located in the polar head group region 
of the films, and so explores organization to a depth 
of approximately 15 A.

If the spin label were able to tumble freely and rapidly 
in the films, the esr spectra would be independent of 
the angle between the film and the magnetic field. The 
relative widths of the hyperfine lines would be indicative 
of the rate of tumbling e.g. Figure 4B. If it were re­
orienting very slowly, the spectra would be angular- 
independent, and similar to Figure 4 F—a powder 
spectrum.

Suppose, however, that the long axis of csl is ar­
ranged parallel to the long axis of the phospholipids in 
a well organized bilayer, and that no motion of the spin 
label is possible (Figure 7a,b). In this case the steroid 
plane can still have any angle with respect to rotation 
about the steroid long axis, since the lipids have essen­
tially cylindrical symmetry. If we were to look perpen­
dicular to the plane of the film, i. e. along the steroid long 
axis, we would observe only the yy component of the 
hyperfine and g-tensors. Thus, we would see an esr 
spectrum of three narrow lines separated by 6 gauss. 
If we looked parallel to the film plane, i. e. perpendicular 
to the steroid long axis, we would observe some nitro- 
xides with the magnetic field along the «-direction 
(6 gauss splitting) some with it along the z-direction 
(32 gauss splitting) and some with it at any inter­
mediate angle (any splitting between 6 and 32 gauss). 
Thus we would expect an envelope of all spectra with 
splittings between 6 and 32 gauss, and g-values between 
2.0089 and 2.0027. This would be somewhat similar to 
a powder spectrum, but less asymmetric (see the section 
on egg lecithin).

Another interesting case is if csl is in a situation 
similar to that just described, but rotating rapidly about 
the steroid long axis. In the direction perpendicular to 
the plane of the film we should still see a spectrum of 
three narrow lines separated by 6 gauss. The rapid ro­
tation will average out the difference between the x and 
z direction, and therefore when we apply the magnetic 
field parallel to the plane of the film, we should observe 
three narrow lines separated by the average of 6 and 
32 gauss, 19 gauss. If the rate of rotation is comparable 
to the frequency equivalent of the difference between 
6 and 32 gauss («a 73 X 106 sec-1), the fines will be 
separated by approximately 19 gauss, but will be of 
different widths. The relative widths will enable cal­
culation of the effective rotational reorientation rate 
about the steroid long axis.

If the long axis of csl is not perfectly oriented per­
pendicular to the plane of the film, then the esr spectra 
with the magnetic field parallel and perpendicular to the 
plane of the film will be more complex than above. I shall 
discuss several examples of this with egg lecithin and the 
phospholipids from ox brain.

Phospholipids

The molecular composition of phospholipids can be 
described generally by the formula

ORs

O=P-O'
Io
I

CH2—CH-CH2

O O

o=c o=c
Hl Ra
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Usually Rj and. R2 are long hydrocarbon chains, often 
containing some double bonds. R3 may be one of

ch3
—ch2-ch2—n-ch3®

ch3
Phosphatidyl Choline

-ch2-ch2-nh3®

Phosphatidyl Ethanolamine

/NH,®
-CH.-CH

)c-Oe

Phosphatidyl Serine

or one of a series of more complex groups. The phos­
phatidyl choline group of phospholipids are commonly 
referred to as lecithins, e.g. if Rx and R2 contained 
fifteen saturated carbon atoms, and R3 were choline, 
we would have dipalmitoyl lecithin. I shall concentrate 
mainly on data obtained for various lecithins and for the 
more complex lipids from ox brain (which contain leci­
thins, neutral lipids such as cholesterol, acidic lipids 
such as phosphatidyl serine, cardiolipin, and sulfatides).

Egg Lecithin

The lecithin obtained from egg yolk contains a variety 
of Rj and R2, but in general Rx is saturated and R2 
unsaturated. The chain lengths are from 13 to 17 for Rx, 
and 17 for R2 with one double bond (between positions 9 
and 10 of the oleic acid) or two double bonds (between 
9 and 10, and 12 and 13).

When dry films are prepared from pure egg lecithin 
containing csl we obtain the esk spectra shown in 
Figure 8 a (18). The hyperfine splitting and line shapes 
are independent of the direction of the applied magnetic 
field. The splitting of 15.7 gauss is indicative of a nitro- 
xide undergoing isotropic rotational diffusion. The rela­
tive heights of the three hyperfine lines indicate that 
this motion is characterized by a correlation time of 
1 X 10-8 sec. (1). But this is a solid unhydrated film! 
Thus we have a demonstration of the phenomenon of 
microscopic viscosity—although the film looks like a 
powder, it is liquid as far as the immediate environment 
of csl is concerned.

Hydration of the above film with aqueous salt solu­
tion results in the spectrum shown in Figure 8 b. A large 
difference in the hyperfine splittings in the parallel 
(magnetic field parallel to the plane of the film) and 
perpendicular directions is manifest (17 gauss and 10 
gauss, respectively). From the discussion of the pre­
vious section and Figure 7, it is clear that the csl is 
oriented with its long steroid axis approximately per­
pendicular to the plane of the film, and that csl is 
undergoing rapid rotational reorientation about the long 
steroid axis at a rate of approximately 108 sec-1. By 
implication the phospholipid molecules must be ar­
ranged with their fatty acid chains approximately par­
allel to one another and perpendicular to the plane of

Fig. 8. esk spectra of csi in cholesterol-free films of egg lecithin. 
The solid and dashed spectra were taken with the magnetic field 
parallel and perpendicular to the plane of the film, respectively, 
a) dry film b) sample responsible for a) but hydrated with aqueous 
salt solution. Spectra from (18)

the film. Thus, hydration of the egg lecithin film has 
induced a liquid crystalline state of the type represented 
in Figure 5. The presence of the first broad line at low 
field in Figure 8b (dashed spectrum), indicates that the 
ordering is not perfect—for in the ideal case only three 
narrow lines separated by about 6 gauss would be 
observed.

If cholesterol is present in the egg lecithin films the 
spectral behaviour is different. With a dry film, a consi­
derable degree of spectral anisotropy is observed, Fi­
gure 9 a. The separation between the hyperfine extrema 
in the solid line spectrum (magnetic field parallel to 
film) is approximately 64 gauss—the line shapes and 
hyperfine separation are those expected for random 
distribution of the hyperfine tensor components Axx 
(6 gauss) and Azz (32 gauss) around a perpendicular to 
the plane of the film (see Figure 7). In the perpendicular 
direction, dashed spectrum Figure 9 a, we have three 
much narrower hyperfine fines separated by approxi­
mately 7 gauss. This spectral behaviour corresponds to 
that expected for approximate orientation of the CSL 
long axis perpendicular to the plane of the film, with no 
motion about the long axis of csl—that is CSL has a 
random distribution of orientations about the long axis, 
but a definite ordering of the long axis.

Hydration of the cholesterol-containing egg lecithin 
film causes a dramatic change in the esk spectra of the 
included csl (Figure 9b). In the parallel direction 
(solid lines) the hyperfine lines are narrower and sepa­
rated by only about 19 gauss—what we expect if ro­
tational diffusion of csl about its long axis averages 
the 6 and 32 gauss hyperfine splittings. The relative 
heights of the hyperfine lines indicate that this rotational 
diffusion takes place at a rate of about 108 sec-1. In the 
perpendicular direction we observe three narrow hyper­
fine lines separated by about 6 gauss, corresponding to 
almost perfect orientation of the csl long axis perpen­
dicular to the plane of the egg lecithin multibilayer film.
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Fig. 9. ESR spectra of csl in cholesterol-eontaining films of egg 
lecithin, 66 mole percent cholesterol. The solid and dashed spectra 
were taken with the magnetic field parallel and perpendicular to the 
plane of the film, respectively, a) dry film b) sample responsible for 
a) but hydrated with aqueous salt solution. Spectra from (18)

In hydrated egg Lecithin 
multibilayers of varying 
Cholesterol content

% Cholesterolperpendicular 
to film

parallel 
to film

From the above experiments it is obvious that cho­
lesterol has a very great effect on the microscopic vis­
cosity of an egg lecithin film—large amounts of chole­
sterol causing a stiffening of the hydrocarbon chains. 
This is consistent with the results of surface pressure (19) 
and nmr data (20). Cholesterol also serves to induce a 
high degree of order into the lecithin film, with the long 
axes of the hydrocarbon chains approximately parallel. 
Hydration induces a high degree of order in dry cho­
lesterol-free egg lecithin films, with a spacing between 
the hydrocarbon chains sufficiently large to allow rota­
tion of c s L about its long axis. Hydration of the highly- 
ordered cholesterol-eontaining lecithin films also causes 
a rearrangement of intermolecular spacing such that 
rotation about the csl long axis can take place.

The Role of Cholesterol

The effects of steadily increasing amounts of chole­
sterol on hydrated egg lecithin films are shown in Figure 
10. Up to 55 mole percent cholesterol the difference 
between the parallel and perpendicular splittings in­
creases, and the asymmetry of the hyperfine lines in the 
parallel direction increases. This indicates an increasing 
degree of orientation of the csl long axis perpendicular 
to the plane of the film, and a decreasing rate of rotation 
about the csl long axis—the films are increasingly or­
dered and stiff. Above 55 mole percent cholesterol the 
degree of order begins to drop, and is very low for a film 
of pure cholesterol.

The ordering effect of cholesterol on egg lecithin films 
can be quantitated in terms of the behaviour shown in 
Figure 11. The long axes of the phospholipids are con­
sidered to be roughly parallel, and making an angle O', 
with a perpendicular to the plane of the film. Due to the 
symmetry of the system this is equivalent to distribut­
ing the phospholipid (and csl) long axes around the 
edge of a cone containing the angle 2 O'. With increasing

Fig. 10. ESR spectra of CSL in hydrated films of egg lecithin contain­
ing increasing amounts of cholesterol. Spectra from (21)

cholesterol the effective cone angle decreases. An ap­
proximate treatment of this model is given in (22), and 
a more rigorous description in (21). The simulated spec­
tra for this model system are shown in Figure 12. The 
most striking aspect of the system is that up to a tilt 
angle of 40° the esr spectra are made up to three 
relatively narrow lines from which a hyperfine splitting 
can be measured. In the experimental data (Figure 10) 
the spectra for the magnetic field perpendicular to the 
cone axis are more complex than those shown for the 
simple model (Figure 12). This is due to an inter­
mediate rotational diffusion rate of csl about its long 
axis, which can be easily included in the simulation pro­
gramme if desired. The derived angle of deviation from 
perpendicularity, O', as a function of added cholesterol 
is shown in Figure 13. The degree of order increases with 
increasing cholesterol up to 55 mole percent cholesterol; 
the deviation angle varying from 24° in the absence of 
cholesterol to only 10° at 55%. Above this concentra­
tion the degree of order drops, becoming very low in a 
pure cholesterol film. This may be due to appearance of
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a second phase, presumably cholesterol, in which the
spin label is poorly oriented.

Fig. 11. a) Schematic representation of cholesterol and lecithin in the 
model multibilayer system. The long axes of the phospholipids, cho­
lesterol, and CSL make an angle 0' with a perpendicular to the plane 
of the film. Increasing order results in a decreasing 0'. b) The cone 
defined by the long axes of the phospholipids, cholesterol, and CSL. 
The dumbell-shaped moiety is the p-orbital of the nitroxide nitrogen 
in two orientations around the cone (solid and open dumb ells). 
Figure from (22)

0 fi 40 " 60 80

MOLE PERCENT CHOLESTEROL

Fig. 13. Variation of the derived angle O', describing deviation from 
ideal orientation, as a function of cholesterol concentration in egg 
lecithin films, from (21)

-4.0 ' -25 6 ’ £o' ’ ' -2.0 0 25
FIELD SWEEP (mTJ HELD SWEEP (mT)

Fig. 12. Computer simulated ESR spectra for the cone model of 
Figure 11. The spectra on the left are for the magnetic field parallel 
to the cone axis, those on the right for the field perpendicular to the 
cone axis. The magnetic field is expressed in the new international 
units of milli Teslas—one Tesla being equal to 10000 gauss. Figure 
from (21)

Similar behaviour has been observed on addition of 
cholesterol to films of dipalmitoyl lecithin (22). In this 
case the best degree of order is achieved at approxima­
tely 50% cholesterol, and the angle of deviation, 0°, is 
even less than that obtained with egg lecithin. This 
demonstrates that the double bonds in the hydrocarbon 
side chain of egg lecithin place an upper limit on the 
degree of order that can be achieved; in dipalmitoyl 
lecithin the saturated hydrocarbon chains have less dif­
ficulty in ordering themselves.

Using spin-labelled fatty acids in which the nitroxide 
is located at various positions along the fatty acid 
chain, the depth of the cholesterol condensing effect can 
be estimated. Spin labels C and D of Figure 6 were 
used, and their esr spectra compared with those of 
CSL (23). The analysis of the spectra is more complex 
than that described previously, since the methylene 
groups of the fatty acids have a high degree of mobility. 
Thus, what one measures is the amplitude of the ani­
sotropic motion of the nitroxide group. This inay be 
expressed as an angle, but it is more related to the 
available space for anisotropic motion in a direction 
perpendicular to the fatty acid chains. With such an 
approach the cholesterol condensing effect is found to 
propagate as far as the 12 position of the fatty acid 
chains. In fact, the relative change in orientation caused 
by addition of cholesterol is greatest for the spin label 
with the nitroxide at the 12 position. This is because in 
the absence of cholesterol the degree of mobility of the 
hydrocarbon methylene groups increases from the head 
group to the terminal methyl group.

This remarkable influence of cholesterol on the degree 
of order in phospholipid multibilayer films led us to 
study the structural requirements of the sterol (24). In 
this study the lipids from the white matter of ox brain 
were used to form the multibilayers. This is because 
these lipids will not form ordered films in the absence 
of cholesterol, but form perfectly ordered films with 
33 mole percent cholesterol, Figure 14. The molecular 
formulae of cholesterol and some derivatives are shown 
in Figure 15. Cholestanol, which differs from cholesterol
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Fig. 14. ESR spectra of hydrated films of ox brain lipids in the ab­
sence (upper figure) and presence (lower figure, 33%) of cholesterol. 
The dashed and solid spectra are with the magnetic field parallel and 
perpendicular to the plane of the film. The esr spectra of the upper 
figure are indicative of rapid almost isotropic, rotational reorientation 
of csl. Spectra from (24)

The effects of the various sterols in ordering the lipids 
from human erythrocyte ghosts were essentially the 
same as for the ox brain lipids. An excellent correlation 
exists between steroids which produce order in the li­
pid system and those which support mycoplasma 
growth (25), or alter some permeability properties of 
human erythrocytes (26). Thus, it appears that the or­
dering and stiffening effect of cholesterol on phospho­
lipids is a general phenomenon. It seems probable there­
fore that at least one of the roles of cholesterol and re­
lated sterols in membranes is to regulate the spatial 
organization of the lipid components and their fluidities. 
The condensing effect tends to increase bilayer thickness 
and hence could regulate protein-lipid interactions. The 
increased bilayer dimension and decreased fluidity should 
result in a general decrease in permeability. Thus the 
passive permeability properties of a particular membrane 
could be determined by the steroid and lipid content, 
whereas some of the more delicate selective permeabili­
ties are no doubt regulated by specific proteins or en­
zymes. These specific systems could be regulated secon­
darily by protein-lipid interactions, via the condensing 
effect of membrane steroid.

only in being saturated at the 5-6 bond, induces order 
in films as well as cholesterol—thus, the 5-6 double 
bond is not essential. Coprostanol, which has the op­
posite configuration from cholestanol at the 5-position, 
is incapable of inducing order. Thus, a planar steroid 
nucleus is essential. Varying the methyl groups or double 
bonds in the steroid skeleton has little effect on ordering 
ability. Removal of the hydrocarbon chain at position 17 
reduces the order-inducing ability somewhat. Cholestane 
induces no order, cholestan-3-one induces a slight degree 
of order. Inversion of the attachment of the 3-OH group, 
from jf? to a, removes ordering ability. Thus the hydroxyl 
group at position 3 is absolutely essential for ordering 
ability. ^-Sitosterol, the 24-ethyl derivative of cholesterol 
commonly found in plants, was as effective as cholesterol. 
In fact cholesterol ordered plant lipids as well as did the 
naturally-occurring ^-sitosterol.

5-CHOLESTEN - 3B-0L (CHOLESTEROL)

5a - CHOLESTAN - 33 - OL (CHOLESTANOL)

53 - CHOLESTAN- 33- OL (COPROSTANOL)

Fig. 15. Structural formulae of cholesterol, cholestanol, and copro­
stanol. Figure courtesy of Dr. H. Schneider

Ion Effects on Phospholipid Organization

The lipids from ox brain have a net negative charge. 
This suggests that the organization of the head group 
region should be sensitive to the cations in the solution 
bathing the phospholipid bilayers. In Figure 16 we have 
the esr spectra of c s L in films of ox brain lipids hydrated 
with 5 and 50 mM NaCl. With no salts present, the spec­
tra look similar to those of Figure 14 (upper figure). 
Addition of 5 mM NaCl produces some spectral aniso­
tropy, but 50 mM is much more effective.

Fig. 16. ESR spectra of CSL in films of ox brain lipid (containing 
cholesterol). The solid and dotted spectra are with the film perpen­
dicular and parallel to the magnetic field, respectively. A. Hydrated 
with 50 mM NaCl, B. Hydrated with 5 mM NaCl. Spectra from (27)

The esr spectra of ox brain lipid films cannot be 
analyzed in terms of a simple cone model—they are 
better approximated by a distribution of cone angles, 
with a variable distribution width. A convenient spec­
tral parameter however, is the ratio of peaks D and E 
in the spectra taken with the magnetic field perpendi­
cular to the lipid film (Figure 16). For perfect order this 
ratio approaches one; for complete disorder it approaches
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zero. Thus, in Figure 17, we plot this ratio versus con­
centration of various salts used to hydrate the films (27). 
It is obvious that the salt-induced order is dependent 
on the charge and concentration of the cation. Anions 
were found to have no differential effect. The effec­
tiveness of cations in producing order increases as 
Na+ = K+ = Li+ < Mg2+ = Ca2+ < La3+ < Th4+. The 
phenomenon is not simply related to osmolarity, since 
equiosmolar solutions of LiCl and CaCl2 have greatly 
different esr spectral anisotropies.

Fig. 17. Dependence of the order parameter DIE on the concentra­
tion of salts bathing the phospholipid film. A ratio of 1.0 would in­
dicate perfect alignment in the film. Figure from (27)

Films of egg lecithin have no net charge at the pH of 
these experiments; they showed no sensitivity to the 
nature of the cations in the solution. Addition of dicetyl 
phosphate or phosphatidic acid to the films confers on 
them a net negative charge. Films of lecithin and phos­
phatidic acid (10% of total phospholipid) containing the 
sterol spin label B (Figure 6), with and without cho­
lesterol, have been shown to respond to Ca++ ions in the 
same way as brain lipid films (23). The ordering effect 
of Ca++ could also be observed in lecithin-phosphatidic 
acid and brain lipid films when spin label D (Figure 6) 
was used, but only a slight response by label C was 
noted (23). Thus, in contrast to the condensing effect 
of cholesterol, the ion effect has its greatest magnitude 
near the head groups of the phospholipids.

The importance of charge balance on the bilayer sur­
face for lipid organization has also been demonstrated 
by observing the esr spectra of the androstanol spin 
label (B in Figure 6) in films of egg lecithin-phosphatidic 
acid and phosphatidyl ethanolamine as a function of pH 
of the hydrating solution (23). The data from the spec­
troscopic titration of phosphatidyl ethanolamine are 
shown in Figure 18. The degree of order is a maximum 
betweenpH 3 and 7, and falls off rapidly with extremepH.

The influence of cations on the degree of organization 
of brain lipid films can be interpreted as a charge neu­
tralization. In the absence of added salt, the negatively 
charged head groups of the brain lipids will repel one 
another, causing expansion of the film. Increasing cation

Fig. 18. Dependence of the order parameter D/E for the androstanol 
spin label (B of Figure 6) on the pH of solutions hydrating films of 
phosphatidylethanolamine (23)

concentration and charge should provide increasingly 
effective neutralization of the repulsive forces, and hence 
allow the head groups to come closer together and form 
a more organized structure. This contraction of the lipid­
lipid distance will result in an increase in the width of 
the bilayer, and hence could be very significant in a 
biological membrane.

Lipid-protein Interactions

Biological membranes contain large quantities of 
protein. Some of the proteins have been found to have 
specific enzymic activities, such as adenosine triphos­
phatase: for many others no particular role has been 
found. There seems to be little doubt however that 
proteins play both structural and functional roles in 
membranes. It has been demonstrated by the spin label 
technique that some membrane protein conformations 
are independent of the presence of lipid, while others are 
not (28). Recently, recombination of spin-labelled lipids 
and proteins from human erythrocyte ghosts has de­
monstrated large conformational changes on complex 
formation (29). The nature of the assembled lipid- 
protein complexe in the membrane remains a mystery, 
however. The membrane structure theories of Robert­
son (30) and Green (31) take entirely opposite points of 
view. The spin-labelled multibilayer technique seems pro­
mising in this respect, because it probes the immediate 
environments of the phospholipids or proteins in the 
complex.

For the protein study we have used the ox brain lipid 
system. These lipids, among which is cholesterol, form 
ordered multibilayers in solutions of ionic strength 0.01. 
In distilled water, however, no organization is manifest, 
and the films are very unstable. Figure 19 shows the 
effects of hydrating lipid films with protein or poly­
peptide solutions in distilled water (32). With lysine­
phenylalanine copolymer at pH 5.6 no order is manifest 
in the esr spectra. They remain the spectra due to 
csl rotating slowly (^ 108 sec-1) in an almost isotropic 
fashion. Addition of RNase A at PH 2.6 results in 
spectra due to an almost perfectly organized film. Oxi­
dized RNase A, which has the four disulfide bonds
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broken and. oxidized, is equally effective in producing 
order. At pH 7.6 RNase A induces some order, but not 
to the degree found at pH 2.6. The two latter results 
suggest that the protein is most effective at ordering the 
films when it is in a disrupted state (the pH range for 
optimum activity of RNase A is 5 to 7; it is inactive 
at pH 2.6).

Fig. 19. ESR spectra of CSL in ox brain lipid films in the presence of 
proteins (10 mg/ml in solution). The solid and dotted spectra are 
with the magnetic field perpendicular and parallel to the plane of the 
film, respectively. Spectra from (32)

Another interesting result is that a film of ox brain 
lipids equilibrated with salt solution to give almost per­
fect spectral anisotropy loses all order when exposed to 
a similar solution containing 1 mg/ml of lysine-phenyl- 
alanine copolymer. Thus, proteins can also cause a large 
decrease in the order of the films. In this case it is very 
likely the presence of large (Phe)„ regions in the copoly­
mer that induce disorder, since polylysine normally has 
an ordering effect. Low angle X-ray diffraction studies 
on such disordered films, and on those with a high degree 
of order, indicate that under both conditions the lamellar 
structure is intact (45). Thus, the ordering and dis­
ordering effects of proteins are definitely due to changes 
in alignment and mobilities of the phospholipids within 
the bilayers.

A detailed study of many proteins has shown that the 
ordering effect depends on absolute and relative num­
bers of positive and negative charges on the protein, the 
number of hydrophobic amino acids, and the overall size 
of the protein. In general the extended (reversibly de­
natured) conformation of the protein is more effective 
at inducing order. The proteins are inseparable from the 
lipids in the complex by normal techniques, and the 
films are extremely difficult to remove from the quartz 
cell. This demonstrates the very favorable energies of 
interaction for the lipid-protein complexes.

The Influence of Anesthetics and Antibiotics

Having found such an organized structure in phopho- 
lipid multibilayers, one immediately wonders if mem­
brane-active agents exert their effects by structural per­
turbations. We have studied a large number of such 
agents, and I shall describe the results for a few repre­
sentative cases.

General anesthetics, such as chloroform (33) and bu­
tane (32) decrease the organization of lecithin or brain 
lipid films at very low concentrations. Local anesthetics, 
such as procaine and tetracaine, improve order at low 
concentration and decrease order at high concentrations 
(32). Figure 20 illustrates the ordering effect, and its 
reversibility. The spectra are taken with the magnetic 
field perpendicular to the plane of the film; for perfect 
order we expect three narrow lines separated by 6 gauss. 
In the absence of procaine the degree of order is very 
low, and we observe essentially a powder spectrum. 
Addition of 0.1 M procaine (which is used clinically in 
1 to 20% solutions) results in the appearance of a 6 gauss 
splitting, but the induced order is not perfect since we 
still have a rather large spectral contribution 20 gauss 
to low field of the central hyperfine line. Pumping in 
buffer containing no anesthetic washes away the pro­
caine and results in a reversal of the ordering effect.

Fig. 20. esr spectra of CSL in a hydrated film of ox brain lipids 
containing 5% cholesterol. The magnetic field is perpendicular to the 
film. The solid, dashed, and dotted spectra show the film before equi­
libration with procaine, in the presence of procaine, and after wash­
ing off the procaine with buffer (32)
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Fig. 21. Influence of the antibiotic amphotericin B on the ESR 
spectra of CSL in a hydrated film of ox brain lipids. The spectra are 
taken with the magnetic field perpendicular to the plane of the lipid 
film (32)

Antibiotics such as amphotericin B, nystatin, filipin, 
and myprozine all produced detectable changes in the 
esr spectra of CSL in phospholipid multibilayers (33). 
Figure 21 shows the influence of amphotericin B on brain 
lipid containing cholesterol(32). In this case the esr 
spectrum in the absence of antibiotic has the three lines 
separated by approximately 6 gauss that we attribute 
to a high degree of order. Addition of a solution contain­
ing 0.2 mg/ml of amphotericin B causes a decrease in the 
amplitude of the line 6 gauss to low field of the spectral 
center, and an increase in the component at 20 gauss to 
low field. Increasing amphotericin concentration magni­
fies this effect, 1.0 mg/ml (0.001 M) producing a powder 
spectrum. Thus, at a concentration which is similar to 
those used in practice (L. D.6O for mice is 280 mg/kg) 
amphotericin B can have a catastrophic effect on the 
organization of phospholipids in bilayers.

We have demonstrated that in some cases anesthetics 
and antibiotics can affect the degree of order of lipids in 
bilayers. The effects depend on the nature of the lipid 
and on the amount of cholesterol present. In other cases, 
however, we have found no effects whatsoever under 
pharmacological conditions. In theories of the mecha­
nisms of these agents, the possible disruption of lipid 
organization must be taken into account. On the other 
hand, it is likely that many highly specific agents operate 
on specific proteins, or specific protein-lipid interactions.

The Effects of Decouplers of Oxidative Phosphorylation

Compounds which cause uncoupling of the complex 
chain of reactions involved in the process of oxidative 
phosphorylation have been shown to have very great 
effects on the electrical conductance of artificial bilayer 
membranes (34—37). It has been suggested that the un­
coupler, which is usually a weak organic acid, carries 
current across the membrane in its anionic form or in 
a negatively-charged complex (36,38). We have in­
vestigated the influence of some of these compounds on 
the organization of phospholipid multibilayers (39).

In Figure 22 A we see the esr spectrum of csl in a 
film of egg lecithin containing 33 mole percent choleste-

Fig. 22. ESR spectra of CSL in hydrated egg lecithin—cholesterol 
(33 mole percent) films A. pH 4.0 in absence of dnp, B. pH 4.0 in 
presence of2x 10'sMdnf, C. pH 4.0 after removal of DNP. Spectra 
from (39)

rol, hydrated at pH 4.0. Equilibration for 30 minutes 
with the same buffer containing 2 X 10-6M dinitrophenol 
(dnp) led to Figure 22B. In this case the separations 
between the three sharp central lines are only slightly 
greater than in 22 A, but there is now a large component 
20 gauss to low field of the spectral center. The essential 
constancy of the principal splitting indicates that most 
of the spin labels (and lipids) are unaffected by the 
dnp—the large component at low field indicates that a 
small fraction of the spin labels (and lipids) have been 
greatly affected. Thus, dnp at pH 4.0 causes a large 
local structural change in the lecithin multibilayers—a 
change from a highly-ordered to a highly-disordered 
state. The disruptive effect was a maximum at pH 4.0, 
the pK of dnp. Similar disruptive effects were observed 
with dnp and ox brain lipids, and with the decouplers 
dicoumarol and pentachlorophenol.

The spin label reporter group has demonstrated that 
under the influence of compounds which cause large in­
creases in electrical conductivity, large local changes in 
the state of organization of phospholipids in bilayers 
occur. These perturbed regions could have altered per­
meability for a variety of compounds, and hence could 
lead to a severe imbalance across a biological mem­
brane. Such phenomena must be considered when con­
structing models for the mode of action of the decouplers.

Viable Biological Systems

I could not close and leave the impression that studies 
on such model systems will answer all the questions 
about phospholipid organization in biological mem-
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branes. On the contrary, the many interactions we have 
seen in the multibilayer system have merely laid the 
groundwork for studies on more complex systems. One 
must really understand the isolated components before 
he has much hope of understanding the natural ”Ge- 
misch”. In our laboratory, and in several others, people 
are inserting spin labels into biological membranes and 
attempting to explain the resulting esr spectra. One 
simple approach is to intercalate lipid spin labels into 
the lipid region of the membranes—such as labels B-E 
of Figure 6 into red blood cell membranes (40, 41). 
We have been using this technique to study the organi­
zation of lipids in defective red blood cells such as sphero­
cytes and sickle cells (41). Another approach is to intro­
duce the spin label biosynthetically. This has been 
achieved in Neurospora crassa (42), Mycoplasma laidla- 
wii (43), and the microsomal fraction from guinea pig 
liver (44), In each of these label C of Figure 6 was used 
and was shown to have been incorporated covalently 
into phospholipid.

Thus, the spin label technique, which has provided so 
much fundamental information about the organization 
and fluidity of phospholipid multibilayers in model 
systems, should now provide the same sort of infor­
mation on the more complex biological membranes. The 
path will be difficult, and contains various potential pit­
falls, but I feel that within the next several years the 
spin label technique will make a substantial contribu­
tion to our understanding of membrane structure and 
function.
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