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ABSTRACT

In an effort to elucidate the state of molecular motion in
aqueous lecithin systems, the nuclear magnetic relaxation proper-
ties of unsonicated lecithin crystal and liquid crystal phases have
been investigated. The presence of a narrow component in the nmr
spectrum of aqueous lamellar lecithin crystals is taken to indicate
a significant degree of motion of the lecithin methyl groups in-this
solid phase. Also in the crystal state of lecithin, nmr linewidth
measurements, together with thermal analysis experiments appear
to indicate that a structural rearrangement of either the lecithin or
the bound water takes place, which is not accompanied by an increase
in molecular mobility. Delayed Fourier Transform and wide-line
nmr experiments show that at the crystal — liquid crystal (bilayer)
phase transition temperature, the 1écithin choline methyl, terminal
methyl, and hydrocarbon chain methylene protons are all simul-
taneously mobilized. A previously noted field dependence of the
proton magnetic resonance linewidth of aqueous lecithin bilayers is
shown to be accounted for by the chemical shift differences among
the various kinds of protons. Spin lattice relaxation rates have been
measured for these protons as a function of temperature and fre-
quency, and these data have been interpreted in terms of models
for the segmental motion of the choline head groups and the hydro-
carbon chains. The influence of spin diffusion on the relaxation

behavior of the various protons is also discussed.
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I. Introduction

Biological membranes have two distinct functions: they act
as barriers to molecular diffusion, and they provide a surface for
chemical reactions. As barriers to diffusion, biomembranes sep-
arate the cell from its surroundings and separate the parts of a cell
from each other. The selective permeability of the cell membrane
supplies the cell with nutrients, allows the cell to rid itself of waste
materials, and enables the cell to respond to the environment by
variation of membrane permeability. As a reaction surface, the
membrane reduces the randomness of a chemical reaction, and
thereby increases the reaction rate. The specialized biological
membranes combine the functions of selective permeability and in-
creased chemical reaction efficiency. For example, the photosyn-
thetic apparatus of chloroplasts and the oxidative phosphorylation
mechanism in mitochondria both involve the physical sepa,ration‘ of
various solutes together with chemical reactions on or within the
membrané. (1) Likewise, nerve and muscle membranes couple a
surface chemical reaction to the alteration of the membrane perme-
ability characteristics.

The biomembrane is made up of proteins, lipids and carbo-
hydrates. The relative amounts of these constituents are different
for the different kinds of membranes. (2) These chemical constitu-
ents have been studied separately from each other and in various‘

artificial combinations. The proteins present formidable difficulties



to their characterization because they are, for the most part,
lipophilic, thus preventing the use of conventional protein technigues
which use water as the solvent. (3) The use of surfacé active sub-
stances such as sodium dodecyl sulfate and sodium cholate has
proven useful for separating proteins, especially enzymes, from
natural membranes. (4) The membrane carbohydrates are also dif-
ficult to study because of the difficulty of purification, the lack of
criteria for pufity, and the problem of removing non-carbohydrate
impurities. ()

The lipid components of biomembranes have been better
characterized. These are usually either neutral lipids, largely
cholesterol, and phospholipids. @) Some of the more common
membrane lipids are shown in Figure 1. The amphiphilic nature
of the phospholipids gives these molecules surface active properties
common to other amphiphiles such as detergency and micelle-forming
ability. 1In addition, amphiphilic molecules form various phases
with water. (6)

One of the phases which amphiphiles form with water is the
bilayer phase, also called the neat phase or the mesomorphic la-
mellar phase. The description of the bilayer phase as intermediate
between crystalline and amorphous was made by de Broglie and
Friedel in 1923. (7) These investigators established for aqueous
potaSsium and ammonium oleate, using low-angle x-ray diffraction
measurements, that these molecules formed a phase containing bi-

layer planes of molecules, with a fixed distance between the planes.



FIGURE 1

The structures of some common membrane lipids.

Hydrogen atoms attached to carbon atoms are not

shown, for the sake of clarity.

(A)

(B)

(C)
(D)
(E)
(F)
(G)
(H)

Phosphatidyl ethanolamine
Phosphatidyl serine
Phosphatidyl inositol
Phosphatidyl choline (lecithin)
Cardiolipin

Sphingomyelin

Cerebroside

Cholesterol
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The hydrocarbon chains of molecules in the bilayer phase were
thought to be parallel to each other and perpendicular, or inclined
at a slight angle, to the plane of the head groups, as shown in
Figure 2. Using optical methods, McBain established that soaps
in general can form the bilayer phase, or various other phases
depending on the temperature and the water content. (8,9)

The bilayer phase is interesting to others besides soap
chemists because biological lipids can form a bilayer phase with

10) An important question, then, is whether lipids do exist

water. (
in the bilayer phase in biological membranes.

Gorter and Grendel proposed in 1924 that cells ''. . . are
covered by a layer of fatty substances that is two molecules thick. n(11)
This proposition was based on a comparison of the area which the
lipids extracted from red blood cells could cover with a monomolec-
ular layer, with the estimated red blood cell surface area. It was
found that sufficient lipid was present to cover the cell exactly twice.

Davson and Danielli elaborated the Gorter and Grendel model
by assigning the membrane proteins to sheets covering both sides
of the lipid bilayer, as shown in Figure 3. (12) This model explained
the low cellular interfacial tension measurements, and incorporated
all of the known membrane components into a simple physical de-
scription of membrane structure.

Apparent confirmation of the biological reality of the Davson-

Danielli model came from x-ray diffraction measurements on mye-

lin. (13) Later, electron microscopic evidence of a trilaminar



FIGURE 2

Schematic illustration of the formation
and structure of the bilayer phase of

lecithin.
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FIGURE 3

The Davson-Danielli model of a

biological membrane.
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pattern around cells and cell organelles in many different biological
systems was the currency of speculation that the Davson-Danielli
membrane model, with a different class of proteins on either side
of the membrane, was applicable to perhaps all biological mem-

branes. (14)

Criticism of the universality of the Davson-Danielli model
has been offered by several investigators, but perhaps most cogently
by Korn. (2,15) The principal arguments advanced by Korn are
(1) the supposed correspondence between the area of a cellular lipid
bilayer and the cell surface area is in error by 30%, and (2) the
electron photomicr'ographs are misleading, because sample prep-
aration and staining cause artifacts.

Korn and others have argued for less simple, less general
membrane models which picture extensive lipid-protein interactions,
perhaps to the complete exclusion of the lipid bilayer. Association
of membrane lipids and proteins in discrete, water soluble units has
been demonstrated in vitro. (i6) Evidence that lipids may be found
in several different physical locations in membranes has been ob-
tained from phospholipase C treatment of red blood cell membranes. am)
Sheetz, using high resolution proton magnetic resonance techniques,
has shown that lipids are present at the surface of the red blood
cell, in direct contrast to the interior location of lipids in the Davson-
Danielli model. (18)

Despite the evidence above that a bilayer phase encased in

protein is not the only location of lipids in membranes, there is now
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direct confirmation of the presence of bilayers in biological mem-
branes. Steim et al. used differential scanning calorimetry to
observe a phase change in Mycoplasma laidlawii membranes which
corresponded in temperature and in enthalpy change to the crystal —
bilayer (liquid crystal) phase transition for the extracted membrane
lipids in water. 19) Recently, Blazylkt and Steim showed that dif-
ferential scanning calorimetry could detect the crystal — bilayer
transition in a variety of mammalian membranes. (20) X-ray dif-
fraction(21’23) and spin label studies®% 25) nave also confirmed
the biological reality of the bilayer phase in membranes.

The current interest in understanding the details of structure
and function of biological membranes has prompted studies of model
membrane systems, and the lamellar liquid crystalline phase of
lecithin and water increasingly is being used as a model for bio-
logical membranes. (26-30) Coarse aqueous liquid crystal disper-
sions can be irradiated ultrasonically to produce bilayer vesicles
which are useful models for studying membrane function, especially
transport. (26, 31) However, there is strong evidence that, at the
molecular level, the vesicle bilayer is significantly disordered
because of the high curvature of these small particles. (32, 33) For
this reason, coarse aqueous dispersions of lamellar liquid crystals,
sometimes referred to as "multilayers', are better models of mem-
brane structure, though they are not suitable for transport studies
because of the absence of a well-defined inside and outside.

Nuclear magnetic resonance (nmr) is a method of established
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usefulness for studying molecular interactions. Furthermore, nmr
is sensitive to the details of molecular motion. For these reasons,

there is much interest in using nmr to investigate membrane sys-

(34-40) (18)

tems. Lipid model membranes, as well as erythrocyte

and mitochondrial membranes, (28) have been studied with nmr.
Many previous nmr studies of model membranes have been
done on ultrasonicated lipid bilayer vesicles, because such systems

(33, 41) HoWever, the nmr spectra of

(18, 28)

give rise to sharp nmr lines.
real biomembranes are dominated by broad resonances.
These spectral differences have been shown to be indicative of
structural differences. (32) In this respect, the nmr spectra of
biomembranes contain features which are just those found in the
nmr spectra of unsonicated lecithin multilayers.

| However, experimental and theoretical difficulties exist
which preclude the straightforward application of nmr téchniques
to obtain information about these complex systems. The aqueous
lecithin bilayer phase, although it is a simple model system from
the biologist's point of view, is a most complex spin system from
the standpoint of the nmr spectroscopist. There are 13C, 31P, and
'H spin systems. Considering just the proton spin system, there
are spins with different chemical shifts, there are spins in various
motional states, émd there are two-spin (methylene) and three-spin
(methyl) systems which possess distinctly different kinds of nmr
spectra. Finally, the intermediate state of molecular motion

which is characteristic of the liquid crystalline phase has not yet
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been correlated with nmr parameters in the thorough and detailed
manner of the very slow motion in a solid or the fast motion in a
liguid.

As mentioned above, one aspect of the complexity of the
lecithin bilayer system is the presence of chemically shifted pro-
tons. In the bilayer phase, the distinguishable protons are those
of the choline methyl polar head group, the methylene protons, and
the methyl group protons of the hydrocarbon side chains. The exis-
tence of these chemical shifts permits, in prihciple, the determina-
tion of the motional state of the various parts of the lecithin molecule.
Unfortunately, because these different proton resonances overlap
severely, the experimentally determined nmr parameters for each
spin species such as linewidth and spin-lattice relaxation time (T,)
may contain significant unsuSpected contributions from the other
Spins.

Another way in which the measured nmr parameters become
less simply related to the properties of a particular spin species is
through the influence of one spin on the relaxation of its neighboring
spins. The}most important manifestation of this coupling of spins
is that intrinsic differences in T, are either reduced or eliminated,
thereby making more difficult the interpretation of the measured
value of T,.

A significant instrumental problem is that the proton mag-
netic resonance (pmr) spectra of aqueous lecithin bilayers contain

both solid-like and liquid-like features, i.e., very broad resonances
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(34) This spectral com-

together with much sharper resonances.
plexity is a result of the effect of restricted motion on the choline
and terminal methyl three-spin systems. . The pmr spectrum of
such a spin system may consist of a narrow central resonance
superimposed on a broad background resonance. (42) This means
that nmr spectrometers capable of observing the large frequency
range characteristic of solids must be used, as well as the more
conventional high resolution nmr spectrometers, which can resolve
small frequency differences between resonances and small changes
in linewidths and signal intensities.

It is the purpose of this work to explore the application of
nmr techniques to determine the structural and the motional prop-
erties of the aqueous lecithin bilayer phase. The emphasis will be

on the usefulness of certain nmr techniques and the limitations of-

others as applied to this complex system.

II. Physical Methods

The aqueous lecithin bilayer system has been studied with
a variety of techniques, including nmr. Some of the pertinent find-
ings of these methods are briefly reviewed in this section. In general,
it may be said that these techniques indicate that there is considerable
molecular mobility in the bilayer phase as compared with the crystal-
line phase of lecithin, although the extent of this mobility cannot be

described in detail.
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1. Electron spin resonance. Stable free radicals have been

used as electron spin resonance (esr) probes of molecular motion.
The esr spectrum of the small, hydrophobic molecule TEMPO
(2, 2, 6, 6-tetramethyl piperidine-1-oxyl) seems to indicate the
presence of fluid hydrophobic regions in lecithin multilayers. (43)
The TEMPO molecule tumbles isotropically in multilayers with a
correlation time of 10°°-10""" sec. The partition of TEMPO into
the bilayer is increased in the presence of some anaesthetics and
decreased by cholesterol and by gramicidin S. (43) This result was
interpreted to mean that anaesthetics disordered the bilayer struc-
ture, whereas cholesterol and gramicidin S further ordered the bi-
layer. TEMPO has also been used to monitor the crystal — bilayer
phase transition, since this free radical is muéh less soluble in the
crystal phase of lecithin. (44)
Nitroxide esr labels have been attached to fatty acid and to
lecithin hydrocarbon chains in order to investigate molecular con-

(45, 46) The most general

formation and motion in the bilayer phase.
statement of the findings of this technique is that there is little
molecular motion below the crystal — liquid crystal phase transi-
tion temperature (also called the Kraft temperature) and consider-
able motion above this temperature. Hubbell and McConnell have
developed a model in which there is rapid motion around the hydro-
carbon chain axis together with trans-gauche interconversion giving

rise to off-axis motion. (45) It is proposed in this model that the

probability of a trans-gauche interconversion is higher with
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increasing distance from the polar head group, thus giving rise to
greatest molecular disorder in the center of the hydrocarbon region

of the bilayer.

2. X-ray diffraction. The x-ray diffraction pattern from

lecithin below the Kraft temperature shows a sharp 4.2 A band
characteristic of fully extended hydrocarbon chains. (47) Above the
Krait temperature, there is instead a diffuse 4.6 A band, which is
also found for liquid hydrocarbons. (47) However, the mobility of

the lecithin molecules is not revealed by x-ray diffraction measure-
ments, because the time scale of this technique is usually several
hours.

To better understand the phase behavior of lecithin, the
binary phase diagram of egg yolk lecithin and water is given in
Figure 4. This phase diagram was constructed from x-ray diffrac-
tion data from Luzzati, (48) Reiss-Husson, (49) and Small. (50) In
region A a single lamellar crystalline phase exists, with the lecithin
hydrocarbon chains rigid and oriented approximately perpendicular
to the plane of the lamellae. Region B contains a single phase, the
bilayer phase. In region C there are two phases in equilibrium,
pure water and a bilayer phase of the composition given by the
intersection of a tie line with the boundary of region B. Region D
is a complex part of the phase diagram, consisting of seven different
one or two phase regions. Region E is a single phase, the cubic

isotropic phase, in which spherical aggregates of lecithin surround
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FIGURE 4

Binary temperature-composition phase
diagram of egg yolk lecithin and water.
The various regions of the diagram are

described in the text.
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small amounts of water. In region F the lecithin and water form a
single phase of liquid showing no long-range order. Region G con- |
tains two liquid phases, pure water together with a lecithin and

water phase.

X-ray diffraction measurements have indicated that lipids

in the bilayer phase are present in membranes from M. laidlawii, (21)

E. colj, (23) (20) erythrocytes, (51) and frog retinal

mammalian cells,
rod outer segments. (52) In the latter, rhodopsin shows up distinctly
from the lipids and does not appear to be localized on one side of
the membrane. The erythrocyte x-ray diffraction pattern is quite
similar to that for phospholipids together with cholesterol, which is

in accord with the high cholesterol content of these membranes. (51)

3. Fluorescence. Fluorescent probes, such as ANS (8-

anilino-1-napthalene sulfonate), which are sensitive to the polarity
and mobility of their molecular environment, have been used to
study the lecithin crystal — liquid crystal phase transition. Studies
by Sackmann and Tr#uble have indicated that the lecithin polar head
groups are more mobile and are farther apart in the bilayer phase
than in the crystal phase. (®3) The partition of ANS into the bilayer

(54)

is enhanced by cations and by some anaesthetics. In real bio-

logical membranes, e.g. erythrocytes, (55) the fluorescence behavior

of ANS is similar to that in bilayers. However, there is some uncer-
tainty about the location of ANS in real biomembranes, though it is

believed to be in the hydrophobic regions of the lipids and the
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proteins. (54, 56)

4. Thermal analysis. Differential scanning calorimetry

(D.S.C.) and differential thermal analysis (D.T. A.) have been used

to monitor the crystal — liquid crystal lecithin phase transition. (57, 58)
A D.T.A. plot for agqueous dipalmitoyl lecithin is shown in Figure 5.
The large, sharp peak at 41.5°C has been interpreted aé arising
from the heat absorbed during the melting of the hydrocarbon side

(57) For lecithins with different hydrocarbon chain lengths,

chains.
D.S.C. results appear to show that the enthalpy and the entropy of
the phase transition correlate with chain length. However, the in-
crease in heat capacity of lecithins from the crystal to the liquid
crystal state is about 5 cal deg™ (mole of hydrocarbon chain)™,
whereas the heat capacity increase upon melting of a normal alkane
is ~ 17 cal deg™' mole™". This result has been interpreted by Hinz
and Sturtevant to indicate a restricted state of motion in the bilayer
phase, compared with the state of motion of a liquid hydrocarbon. (58)

The small pre-phase transition peak seen in Figure 5 between
35° and 38°C has been observed by several other investigators. It
has been ascribed to the onset of polar head group motion in the

(57) or to the onset of mobility in the water bound

(59)

lecithin molecule

at the bilayer surface.

5. NMR linewidth studies. Nuclear magnetic resonance

(nmr) linewidth and spin~-spin relaxation time measurements are

sensitive to the details of molecular motion. When molecular
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FIGURE 5

Differential thermal analysis plot
of aqueous dipalmitoyl lecithin
(heating). ’
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motion is rapid (< 107° sec), the nmr linewidths are narrow, unless
overlapping chemical shifts are present. Restricted or slow molec-
ular motion leads to incomplete averaging of dipole-dipole inter-
actions and of chemical shift anisotropies. Other line-broadening
mechanisms, such as magnetic field inhomogeneties and molecular
diffusion through magnetic field gradients are sometimes important.
In order to use the lineshape to detefmine the state of molecular
motion, it is first necessary to establish which line-broadening
mechanisms are important for the system under investigation.

PMR linewidth measurements have been used to study mo-
lecular motion in the bilayer phase. The broadness of the pmr
resonance for several different soap molecules in the bilayer phase
was investigated by Lawson and Flautt. (38) The width of the reso-
nance was attributed to magnetic dipole-dipole interactions between
protons, incompletely averaged by slow molecular motion. The
unusual shape of the line was fhought to be caused by contributions
to the signal from protons along the hydrocarbon chain with a distri-
bution of correlation times.

The broad resonances from the pmr spectra of lecithin bi-
layers were also at first attributed to dipole-dipole interactions. (39)
However, the discovery that the pmr linewidth of lecithin bilayers
- was apparently magnetic field strength dependent, (40, 41, 60, 61)
together with the dependence of T, on pulse spacing, as determined
by the Carr-Purcell method, (%1) brought forth alternative explana-

tions for the spectral line-broadening. Various investigators
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favored magnetic field inhomogeneities in the sample, (60) molecular

61) and chemical

diffusion through local magnetic field gradients, (
shift anisotropy(41) as the dominant line-broadening mechanism.
These explanations gave rise to the contention that the bilayer was
actually fluid like a hydrocarbon liquid, 41) and that the source of
broad pmr signals was not slow or restricted molecular motion, but
rather the unusual properties of the bilayei' sample, e.g. anomalous
magnetic field gradients at the phase boundaries. (40, 60)
Sonicated lecithin bilayer vesicles have been used as bio-
membrane models by numerous investigators, using various physical
methods. (26> 31,33,62) peient nmr studies have shown that the
structure of these vesicles is significantly more disordered than
is the structure of unsonicated lecithin bilayers or of most biomem-

(32, 33) The present investigation has been confined to the

branes.
study of unsonicated bilayers, and all references to bilayers refer

to unsonicated bilayers.

6. NMR spin-lattice relaxation studies. The spin-lattice

relaxation time (T,) is sensitive to the frequency of molecular motion,
as shown in Figure 6, and also to the external magnetic field strength.
Because T, is not affected by local static magnetic fields, but rather
by time dependent magnetic fields, it is far less sensitive than is T,
to restrictions on molecular motion which have a time-independent
component of the dipole-dipole interaction.

For the crystal phase of soaps, van Putte showed that
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FIGURE 6

The variation of the nuclear magnetic
relaxation times, T, and T,, as a

function of the motional correlation

time.



26

(%988) IWIL NOILVIIN¥Y¥O0D "IVNOILOW

p -0l g -0l

g-0l

01-0! 21 -0l

3NIL
NOILVXV3Yy
NIdS-NIdS

INIL _
NOILVXVI3y |
301L1VI-NIdS

L

(D ova HIL1VYM

(o88)

j-0l Nh..h

Ol




27

deuteration of the terminal methyl group caused a large increase

in T,, thus indicating that these methyl groups were mobile even in
the crystal phase, whereas the rest of the molecule was relatively
immobile. (63) Daycock et al. claimed that T, measurements showed
that only the choline methyl groups were mobile in the crystal phase
of lecithin, and that these protons relaxed the entire lecithin proton
system. (64) However, in these latter experiments the instruments
used were not appropriate for solids: the free induction decay had
dropped to about 10% of its 'mitial value by the time data collection
had begun.

Measurements of T, for aqueous egg lecithin bilayers by
Penkett et al. showed the very interesting property of continuous
variation, with no abrupt change, as the crystal — bilayer phase
transition was traversed. (41) Over this same temperature raﬁge,
T, was discontinuous, becoming approximately a factor of ten longer

(41) These investigators used these results to

in the bilayer phase.
argue that motional modulation of dipolar interactions was not the
source of spectral line-broadening. However, here again the ex-
perimental design was not appropriate for solids (or ‘even semi-
solids), although it would have been suitable for liquids. That is,
the saturation-recovery equipment was of too low power to saturate
the entire signal, and the high-resolution spectrometer had too
narrow a sweep width to detect the entire signal.

In addition to the above experimental difficulties, the unusual

state of motion of lecithin in the bilayer phase presents difficulties
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in the interpretation of T, measurements. The different parts of

the molecule may be in quite different motional states, and thus
could have different T, values. The motion of any given part of the
molecule is almost certainly anisotropic, and thus should be charac-
terized by two correlation times. For example, the methyl rotor
may be reorienting rapidly about its rotor axis and undergoing
off-axis motions at a much slower rate. As shown in detail in a
later section, such anisotropic motion can lead to complex T,

behavior.

III. Experimental

1. Materials. Dimyristoyl lecithin from Nutritional Bio-
| chemicals, Inc., and dipalmitoyl lecithin, obtained froni Calbiochem,
gave a single spot by thin-layer chromatography, and were used
without further purification. Egg yolk lecithin was prepared by the
method of Singleton et al. (65) Deuterium oxide, 100.0% 2H, from
Dia-Prep, was used in the preparation of dipalmitoyl and egg lecithin
multilayers. Deuterium oxide, 99.7% “H from Columbia Organics,
was used for samples of dimyristoyl lecithin. Valinomycin, A grade,
and DL-glutamic acid hydrate, A grade, from Calbiochem were also
used without further purification. CaSQ,, reagent grade, was ob-
tained from Matheson, Coleman and Bell.

The pmr samples were prepared by extensive agitation of

lecithin and D,0 in an nmr tube, using a vortex mixer. Some of
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these samples also contained a capillary of TMS (tetramethylsilane)
for a chemical shift standard and a capillary of ethylene glycol for
a temperature standard. A capillary of CHCI1, doped with 2, 2-di-
phenyl-1-picrylhydrazyl (DPPH) was used as an intensity standard

when required.

2. Instrumentation. CW spectra recorded at 220 MHz were

obtained on a Varian HR-220 spectrometer equipped with a variable
temperature aécessory, operating in the frequency sweep mode.
Spectra recorded at 100 MHz in the continuous wave (cw)
mode were obtained on a Varian HA-100 spectrometer, modified
to sweep the magnetic field over a range of up to 25 gauss (~ 100, 000
Hz). In this modif}ication,‘ the audio modulation to the probe was
disconnected, thereby eliminating the 2 kHz sidebands. The Varian
slow sweep unit was used to sweep the magnetic field. The phase-
detected signal from the receiver was amplified by a Hewlett
Packard model 463A Precision Amplifier, and went then to the
recorder. This arrangement of the spectrometer was thus not
field-frequency locked, and so was sensitive to drift of the magnetic
field. Also, the absence of audio modulation and detection allowed
a considerable amount of noise, as well as large DC (baseline)
fluctuations in the recorded spectrum. The sample was not spun,
because of the unfiltered low frequency noise thereby introduced.
The delayed Fourier Transform spectra were obtained on

Varian HA-100 and HR-220 spectrometers, equipped with Fourier
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Transform accessories and interfaced to a Varian 620i computer.
A data collection delay time of 475 usec was used in the Delayed
Fourier Transform measurements. (66)
Pulse nmr measurements were made on a system consisting
of a model BA Pulse Programmer, model BK Superhet Interface,
and model BR 250 watt transmitter, all from Tomlinson Research
Instruments Corp. Probes for this system, of homemade construc-
tion, will be described briefly. The single-coil probe circuit shown
in Figure 7 was used for all of the probes. The probe body was
machined from a single piece of aluminum, with an aluminum plate
cover attached with screws. Depending upon the sample size and
the frequency of operation, the inductor consisted of between four
and twenty-three turns of 22 gauge copper wire. The two capacitors
shown in the probe circuit of Figure 7 were chosen so that the cir-
cuit was resonant at the desired operating frequency and also pre-
sented an impedance of approximately 200 £, as determined using
a Hewlett Packard Vector Impedance Meter model 4815A. Data
were recorded by photographing the oscilloscope trace of the
phase-detected free induction decay.

Differential thermal analysis measurements were obtained

on a DuPont model 900 Differential Thermal Analyzer.

IV. Resulis

1. Below the phase transition temperature. In order to
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FIGURE 7

Schematic diagram of the pulse
nmr equipment used in the relaxa-

tion time experiments.
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examine the molecular motion of lecithin in its crystal state, the
modified HA-100 spectrometer was used to obtain a 100 MHz cw
spectrum of aqueous dipalmitoyl lecithin below the Kraft tempera-
ture, shown in Figure 8a. The sweep width was calibrated from
the measured frequency difference between TMS and CHCI, doped .
with DPPH. This spectrum contains two broad resonances, one of
which is 21,000 £ 1000 Hz in width and comprises approximately
75% of the total signal intensity, while the other resonance is 2400
+ 300 Hz in width and comprises approximately 25% of the lecithin
signal. The sharp resonances in Figure 8a, starting with the one
farthest downfield and then progressing upfield, are from protons
in CHCI1, doped with DPPH, the hydroxyl protons of ethylene glycol,
the methylene protons of ethylene glycol, and finally the protons of
TMS.

| In Figure 8b the spectrum of the same sample is shown above
the Kraft temperature. As in Figure 8a, there appear to be two
broad components, although these are sharper and less distinct
from each other than are the broad resonances in Figure 8a. As
shown in detail later in this work, it is not possible to determine
the linewidth and signal intensities from this cw spectrum.

In order to more closely examine the lineshape behavior
below the Kraft temperature, especially in the region of the pre-phase
transition peak observed with differential thermal analysis, the pmr
spectra of an aqueous dipalmitoyl lecithin sample were recorded at

220 MHz using a 20, 000 Hz sweep width. The HR?ZZO spectrometer
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FIGURE 8

100 MHz proton magnetic resonance
spectra of aqueous dipalmitoyl lecithin
(a) spectrum recorded at 24°C, and

(b) spectrum recorded at 55°C.
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allowed more convenient temperature variation, and a calibrated
and more stable sweep range than did the modified HA-100. A
series of spectra taken at different temperatures is shown in
Figure 9. The broadest resonance corresponds to the 2400 Hz
wide peak in Figure 8a. However, the 21, 000 Hz wide peak of
Figure 8a is not seen in Figure 9 because the maximum sweep
range of 20, 000 Hz is too narrow to make such a broad peak dis-
cernible. Instead, this broad peak appears as a slight curvature
in the spectral baseline. The broad peak which is visible in Figure
9 decreases with no abrupt changes in linewidth from 2500 = 200
Hz at 33°C to 1800 = 200 Hz at 41°C.

To investigate the behavior of water bound in the lecithin
bilayer, again with the intention of examining the temperature region
in which D. T. A. shows the pre-phase transition peak, pmr spectra
at 220 MHz were recorded for a sample of dipalmitoyl lecithin coh—
taining 25% by weight H,0. These pmr spectra are shown as a func-
tion of temperature in Figure 10. The large resonance in these
spectra is from the H,0. The linewidth of this peak remains con-
stant at 490 = 10 Hz over the temperature range 30°-39°C. Above
the Kraft temperature of 41.5°C the water linewidth is difficult to
measure precisely because of the presence of lecithin resonances,
but it does not change greatly from its value below 41.5°C.

Because the nmr studies showed no lineshape changes in
the range of temperature corresponding to the D. T. A. pre-phase

transition peak, thermal analysis experiments were performed in
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FIGURE 9

220 MHz cw spectra of aqueous
dipalmitoyl lecithin below the phase

transition temperature.
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FIGURE 10

220 MHz cw prdton magnetic reso-
nance spectra of aqueous dipalmitoyl
lecithin. The sample was prepared

with H,0.
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an attempt to elucidate the origins of this peak. D.T.A. plots for
samples of dipalmitoyl lecithin containing CaSO,, glutamic acid,
adamantane and valinomycin are shown in Figure 11. The first three
additives were used as controls for comparison with the sample con-
taining iralinomycin, whichk is known to interact predominantly with
the polar head group region of lecithin. (67) In all of these samples,
the mole ratio of lecithin to additive was 50 to 1. It can be seen
that the additives have no effect on the D. T. A. plot, except for
valinomycin, which entirely eliminates the pre-phase transition

peak without affecting the main peak.

2. Above the phase transition temperature. The pmr

spectra of dimyristoyl lecithin in the bilayer phase are shown in
Figure 12 (a~c). The 51.7 and 23.5 kgauss spectra were obtained

in the continuous wave mode, whereas the 14.1 kgauss spectrum is
the Fourier transform of a free induction decay, with no data collec-
tion delay. The downfield spike arises from the residual protons

in the D,0. The sharp central line, about 100 Hz wide, is from the
choline methyl protons. The sharp upfield line, about 200 Hz wide, has
its origin in the terminal methyl protons on the lecithin side chains.
The remainihg protons, which are predominantly from methylene
groups, appear as a spectral band several thousand Hz in width.
There is clearly a field dependence of the lineshape, glthough the
precise magnitude of the dependence cannot be readilj? determined.

This difficulty comes about because the linewidth depends upon a
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FIGURE 11

Differential thermal analysis plots

for aqueous dipalmitoyl lecithin sam-
ples containing the additives (a) CasO,,
(b) glutamic acid, (c) adamantane, and

(d) valinomycin.
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FIGURE 12

Magnetic field strength dependence of the lineshape of
the pmr spectra of dimyristoyl lecithin multilayers at
-30° (a, b, c) and comparison of these experimentally
observed spectra with computer simulated spectra

(d, e,f). The simulated spectra are composed of the
sum of the following Lorentzian lines: (i) a peak 3000
Hz wide containing 75% of the total signal intensity,
centered at 0. 0 ppm, corresponding to the methylene
protons, (ii) a peak containing 5% of the total signal
intensity, 100 Hz wide, centered at -1.6 ppm, corres-
ponding to the narrow choline methyl resonance, (iii)

a peak containing 10% of the total signal intensity, 3000
Hz wide, centered at -1.6 ppm, corresponding to the
broad choline methyl resonance, (iv) a peak 200 Hz wide
containing 5% of the total signal intensity, centered at
+0. 37 ppm, corresponding to the narrow terminal methyl
resonance, and (v) a peak 3000 Hz wide containing 5% of
the total signal intensity, centered at +0.37 ppm, cor-

responding to the broad terminal methyl resonance.
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choice of the peak height, which is indeterminate because of the
presence of sharp peaks superimposed on a broad peak. Also, the
choice of the spectral baseline is subject to considerable uncertainties.
The pmr absorption spectrum described above contains peaks
from various methyl and methylene groups with significant chemical
shift differences. In order to determine whether the chemical shift
difference between the choline methyl, the terminal methyl, and the
methylene groups could account for the observed magnetic field de-
pendence of the lineshape, we have computer-simulated the spectra
at 51.7, 23.5 and 14.1 kgauss, including the expected chemical shift

between the peaks. These spectra are shown in Figure 12 (d-f).

3. Delayed Fourier Transform spectra. The spectra shown

in Figure 10 contain both broad and narrow components. Linewidth
and intensity measurements on the narrower resonances of these
spectra are difficult, because these peaks appear superimposed
against the broader resonances. It is possible, however, to filter
out the broad resonances from the spectrum when using pulse nmr
methods by introducing a delay time between the end of the rf pulse

(66)

and the start of data collection. Each component of the transient

signal will then have decayed to exp (-AT/T,) of its initial value by
the time the recording of the transient begins. Here A7 is the length
of the pulse plus the chosen delay time, and T, is the spin-spin re-
laxation time associated with a given component. The resulting

Fourier transformed spectrum will then exhibit all the components
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present in the usual cw nmr spectrum, but with each component
weighted by its own factor exp (-A7/T,). The effect of this weight-
ing process on lines of various widths is shown in Table I.

The advantage of this filtering effect may be seen by com-
paring the cw spectrum with the Delayed Fourier Transform (DFT)
spectrum of aqueous egg lecithin bilayers, as shown in Figﬁre 13.
The cw spectrum reveals several narrow components, but the bulk
of the signal is very broad and obscures the shafper resonances,
making it difficult to determine their spectral position and intensity.
In the DFT spectrum in Figure 13, the broad component in the cw
spectrum can be seen to be essentially completely "filtered", and
the narrower components can be readily monitored.

The DFT technique has enabled us to monitor the crystal —
bilayer phase transition in aqueous dipalmitoyl lecithin. As shown
in Figure 14, the crystalline phase of the lecithin reveals no sharp
components. Above the Kraft temperature of 41.5°C, the lecithin
methyl peaks appear. The spectral intensities of the choline
methyl and the terminal methyl resonances are plotted as a func-
tion of temperature in Figure 15. These intensities are presented
as a pércentage of the expected intensity of each chemical species,
calculated from the molarity of the species in the sample. It can
be seen from Figure 15 that both the choline and the terminal methyl
groups are simultaneously mobilized at the bilayer phase transition
temperature.

The sudden appearance of choline and terminal methyl peaks
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TABLE 1. Selective Filtering Effect of a Data-
Collection-Delay Time AT = 500 psec
on NMR Lines of Various Widths in

Fourier Transform NMR Spectroscopy.

Fraction of

Vi T,, B2 iy

10 0.98

o0 0.92

100 0.85
200 0.73
500 0. 46
1000 0.21
2000 0.04
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FIGURE 13

High~resolution pmr spectra of aqueous lécithin
bilayer samples: (a) 220 MHz cw spectrum of egg
lecithin bilayers at 29°; (b) 100 MHz Delayed Fourier
transform spectrum of dipalmitoyl lecithin bilayers
at 60°. The peak centered at -1.14 ppm is assigned
to terminal methyl groups on the hydrocarbon side
chains of the lecithin molecule. The resonance at
-3.32 ppm is from choline methyls of the ionic head
groups. The residual protons in the solvent (D,0)
appear at -4. 48 ppm. The peak at -6.42 ppm is a
calibrated intensity standard of‘ chloroform doped
with the free radical, 2, 2-diphenyl-1-picrylhydrazyl.
‘Chemical shifts are referred to external TMS (10%

in carbon tetrachloride).
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FIGURE 14

Delayed Fourier Transform pmr
spectra of aqueous dipalmitoyl

lecithin.






FIGURE 15

Variation of the choline and terminal
methyl signal intensities with tem-
perature for a dipalmitoyl lecithin
bilayer sample, using Delayed Fourier

Transform pmr at 100 MHz.
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in the DFT spectra correlated exactly with the dramatic line-
narrowing of the broad resonances in the 100 MHz cw spectra.

The advantage of usihg the HA-100 spectrometer for both DFT and
wide-line cw méa;surements‘ was that the sample did not need to be
removed from the spectrometer between DFT and cw experiments.
In this way it was determined that the temperature at which the
methyl peaks appeared in the high resolution DFT spectra was pre-
cisely the same temperature at which the bulk of the cw signal
narrowed, i.e., the signal from the hydrocarbon chain methylene
protons.

Using the DFT method, the linewidth and intensity measure-
ments for the choline and terminal methyl signals are given in
Table II for several varieties of lecithin. It is clear that signifi-
cantly less than 100% of the signal from the methyl group protons
‘appears with the linewidth indicated in the high resolution spectrum.

The DFT method enables us to determine the T, values of
the individual methyl resonances, since these resonances become
isolated from the bulk of the signal and are thereby sufficiently dis-
tinct from each other. T, was determined from the magnetization
recovery following a 180°-90° pulse sequence, and Fourier trans-
fqrming the free induction deéay after the 90° pulse. The magneti-
zé.tion recovery for choline and terminal methyl resonances is shown
in Figure 16. The r}ecovery is exponential, indicating the presence
of only one value of T,. The T, values at several temperatures

and at 51. 7 and 23. 5 kgauss are given in Table III.



TABLE II.
Lecithin Methyl Group
a Choline
Egg yolk {
Terminal
b Choline
Dipalmitoyl
Terminal
a Choline
Dimyristoyl ‘
Terminal
2 At 30°C.
b

At 50°C.

o6

Linewidth and Intensity Results

- for DFT Experiments

% of Protons
Observed

30
60

30
50

20
40

Linewidth

(Hz)
100
150

110
180

110
180
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FIGURE 16

Recovery of the magnetization for
choline methyl and terminal methyl
protons of a dimyristoyl lecithin
multilayer sample after a 180° pulse
at 30° for magnetic fields of 51. 7 and

23.5 kgauss.
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TABLE III. Temperature and Magnetic Field
Dependence of the Spin Lattice
Relaxation Times (sec) for the
Méthyl Protons of Dimyristoyl
Lecithin Multilayers

51. 7 kgauss 23.5 kgauss
Temp, °C Choline  Terminal Choline  Terminal
30° 0.37 0.33 0.29 0.26
39° 0. 40 0.39 0.40 0.31
61° 0. 47 0. 47 0.48 0. 44

75° 0. 66 0.55 0.50 0.48
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4. T,. In order to examine the inagnetic field strength
dependence of the spin-spin relaxation time, the proton free induc-
tion decay for dimyriStoyl lecithin bilayers was measured at 14. 1,
12.7 and 5. 16 kgauss, and T, corriputed as the time for decay of the
signal to 1 /é of the initial value. The free induction decay was not
obtained at higher magnetic fields because the high-field instruments,
designed for studies of small molecules in solution, severely distort
the initial (100-200 usec) part of the free induction signal. The T,
data obtained at the lower fields are given in Table 1V. There is no
magnetic field dependence evident in these data.

The temperature dependence of the free induction decay at
12. 7 kgauss for an entire sample of aqueous dipalmitoyl lecithin
was studied for the purpose of comparing the temperature dependent
change in this measurement with the observed pmr linewidth change
at the Kraft temperature. The free induction decay for this sample
is shown just below and just above the Kraft temperature of 41.5°C
in Figure 17. Because of the receiver deadtime of ~ 20 psec, the
free induction decay at the lower temperature does not give an
accurate measure of T,. | The free induction decay above 41.5°C
falls to 1/e of its in’itialb value in 120 usec, which is taken as the

value of T,.

5. T,. The magnetization recovery for the protons of an

entire multilayer sample following a 180°-90° pulse sequence is

shown at three different magnetic field strengths in Figure 18.
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TABLE IV. Magnetic Field Dependence of Line-

widths and Transverse Relaxation

Rates at 30°C

Apparent Observed
Magnetic field (kgauss) linewidth T, (psec) 1/71 T, (Hz)
51. 72 1700 - )
23,52 1100 - }
14.1% 850 135 2360
12.7° - 120 2650
5.16° | - 125 2550

a Dimyristoyl lecithin multilayers.

P Egg yolk lecithin multilayers.
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FIGURE 17

The proton free induction decay
of an aqueous dipalmitoyl lecithin
sample in a magnetic field of 12. 7

kgauss at (a) 28°C and (b) 42°C.
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FIGURE 18

Recovery of the magnetization of
all of the protons in an egg yolk
lecithin multilayer sample after a
180° pulse at 30° for three differ-

ent magnetic field strengths.
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This magnetization recovery is exponential, indicating one value
for T,. The temperature dependence of the T, values at each field
is given in Figure 19.

V. Discussion

1. Field-dependent lineshape. From Figure i2 it is clear

that the entirety of the field dependence of the linewidth can be ac-
‘counted for by the chemical shift differences of the protons since
the chemical shift is a necessary and sufficient line-broadening
mechanism. Therefore, an additional field-dependent line broaden-
ing effect is not called for. It was possible to reproduce the shape
of the experimentally observed spectra with broad components com-
prising the bulk of the signal, choline and terminal methyl signals
which appear with less than 100% of their intensity in narrow sig-
nals, and choline and terminal methyl components of greater line~
widths comprising the remainder of these signals. We point out
that the principal feature of the computer simulated spectra, i.e.,
the field-dependent linewidth, is not sensitive to details of the com-
positioh of the line. We find a similar field dependence with many
different simulated compositions, as long as a chemical shift differ-
ence is included in the simulated spectra.

An important aspect of the linewidths determined from the
continuous wave Spectra is that they are not at all in agreement

with the values of 1/ T,, obtained frdm the free induction decay
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FIGURE 19

Temperature dependence of the
proton spin-lattice relaxation time
for a bulk sample of egg yolk leci-
thin multilayers for magnetic field
strengths of 12.7, 5.16 and 1. 98

kgauss.
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after a 90° pulse. This is especially apparent at 60 MHz where
both the free induction decay and the Fourier transform of that free
induction decay were available. This fact should not be surprising,
since the relationship between the linewidth and T, computed from
the 1/e value of the free induction decay is not known a priori for a
complex lineshape. When the lineshape is given by a simple math-
ematical function, T, is related to the linewidth in a simple way.
The two known examples of such simple relations are the Lorentzian

lineshape, for which

1
nT,

AV =

~ and the Gaussian lineshape, for which

-

(mz)5 1

Ll = el
T

2

where Av corresponds to ﬁhe linewidth measured at half maximum
intensity. In the case of the lecithin molecule, not only are appre-
ciable intensities of chemically shifted species present, but also
the individual resonance from each component cannot be presumed
to be of a simple shape, since the molecule may be undergoing
anisotropic and restricted motion. (32) Moreover, the presence

of narrow lines in the observed continuous wave spectrum gives
disproportionate weight to these lines when the width at half height
is determined. On the contrary, the initial height of the free induc-

tion decay after a 90° pulse contains each component weighted
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simply by its} actual intensity, and, in time, each component of the
free induction decay decays with its own value of T,. If one com-
ponent of the free induction decay is dominant in intensity, then

the overall T, is largely determined by this one component. This
is the case for the lecithin studied here wherein the methylene pro-
tons make up over 709% of the signal.

In summary, the linewidth is not a meaningful measure of
spin-spin relaxation for a complex spin system. The T, deter-
mined from the free induction decay is a reliable measure of the
spin-spin relaxation, even for a complex system. In contrast to
the apparent linewidth, T, is independent of magnetic field strength
for lecithin multilayers.

The appearance in the pmr spectrum of less than 100% of
the expected intensity for the methyl resonances has been inter-
preted to indicate solid-like features of the methyl spectrum. (32)
The unseen intensity is not contained in other resonances, such as
from methyl protons which are in a different motional state or at
an unpropitious angle to the magnetic field. Rather, the signal
which does show up with ‘ghe indicated linewidth arises from a par-
ticular set of energy transitions, and contains contributions from
all protons from the particular chemical species of methyl group.
We point this out because we later use T, values from the observed
methyl resonances to establish a motional model for the entire
system of methyl protons.

It is appropriate at this point to comment on the Carr-Purcell
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results, (61) which have been interpreted to indicate that molecular
diffusion through magnetic field gradients is an important cause of
the spectral linewidth. Because of the time scale on which these
pulse sequence measurements were made, it is clear that the
greater part of the free induction decay in these experiments would
be lost by the time of the first Carr-Purcell pulse, and thus only
the tail of the decay could contribute to the echo signal. This can
be understood by examination of Figure 17, which shows that after
waiting 100-1000 psec, a typical range of the time between pulses
in the Carr-Purcell sequence, most of the signal frbm lecithin bi-
layers is lost. These Carr-Purcell results therefore do not provide

insight into the dominant relaxation mechanism.

2. Molecular mobility at the Kraft temperature. From the

wide-~line 100 MHz cw spectra and the 100 MHz DFT spectra, it is
clear that the hydrocarbon side chains, the choline head group
methyls, and the terminal methyls on the hydrocarbon side chains
of the dipalmitoyl lecithin molecule are all simultaneously mobi-
lized at 41°C. The change from a very fast free induction decay
below 41°C to a free induction decay with a T, of 120 psec above
41°C, observed at 54 MHz on the pulse nmr equipment, confirms
that the brotons giving rise to the bulk of the proton magnetic reso-
nance signal, i.e., the hydrocarbon side chain methylene protons,
undergo a mobility increase at the Kraft temperature. This tem-

perature corresponds precisely to the main peak in the D.T. A.
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plot. Scrutiny of the DFT spectra in Figure 14 reveals no trace of
a high resolution pmr signal from the lecithin belo‘w 41°C. Only

at 41°C are all parts of the lecithin molecule mobilized. Since

the température of the nmr probe could be varied and measured
only in relatively coarse gradations of 0.5°-1.0°C or more, it is
conceivable that there could be undetected mobility of some part of
the lecithin molecule just prior to the mobilization of the rest of
the molecule. This latter possibility is not considered to be likely,

because it was found reproducibly that choline and terminal methyl

resonances appeared simultaneously in the DFT spectra.

3. Molecular motion in the crystal phase of lecithin. The

change in the pmr spectrum which was used to monitor molecular
mobility is sensitive only to frequenciés of molecular motion in
excess of 10° sec™!. The onset of any slower motion would not be
detected in these experiments as a line-narrowing. Such slower
motions could be monitored by measurements of T,_p, the relaxa-
tion time in the field of the irradiating radiofrequency. (68) Tlp
measurements are sensitive to frequencies of approximately 10° to
10" sec-t. However, in order that the irradiating field be suffi-
ciently strong to cover the range of local magnetic fields within
the sample, the irradiating field must be = 10 gauss, limiting the

T,,, technique to frequencies of 10° to 10 sec-!. A motional changeata

p
lower frequency than this could perhaps be monitored by ultrasonic

or dielectric relaxation. However, we expect the pmr method used
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in this study to be sufficient for detecting the onset of molecular
motions corresponding to the formation of the liquid crystal (bi-
layer) from the crystal. This conclusion comes from the interpre-
tation of Figure 8a, which shows that even in the crystal state there
is significant molecular motion, enough to narrow the pmr signal
of some part of the lecithin molecule to 2400 Hz. This means that
some part of the lecithin molecule must be moving with a frequency

1

of at least ~ 10" sec” , in the crystal state. Thus we might reason-

ably expect that increases in molecular motion over the crystal
state value would show up as an observable narrowing of the pmr
signal.

The assignment of the broad and the narrow resonances of
the pmr spectrum of lecithin in the crystal state is not straight-
forward. Veksli et al., (39) using conventional wide-line pmr
equipment, found for aqueous dipalmitoYl lecithin below the Kraft
temperature a broad component of linewidth approximately 5 gauss
(22, 000 Hz) and a narrower component about 0.4 gauss (1700 Hz)
in width. The narrower component was assigned to the choline
methyl protons on the basis of signal intensity measurements of
dipalmitoyl lecithin with deuterated side chains. For an undeuter-
ated sample, the narrow resonance should account for 12% of the
total lecithin pmr signal if it arises solely from the choline methyl
protons. However, our intensity measurements show this narrow

-line to account for approximately 25% of the total pmr signal. It

is possible that the pmr lineshapes of lecithin below the Kraft
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temperature are sufficiently unusual that the choice of a baseline
for the narrow component is in error, and the observed intensity
really is 12%. On the other hand, if our value of 25% is approxi-
mately correct, then other protOns of the lecithin, in addition to
the choline methyl protons, must be sufficiently mobile to appear
in a pmr signal 2400 Hz in width. The likely candidates for these
mobile protons would be the terminal methyl protons, together with
some methylene protons, perhaps those near the methyl end of the
lecithin hydrocarbon side chains.

The motion of methyl groups at the temperatures at which
these experiments were conducted certainly includes a rapid, i.e.,
10°-10" sec'l, reorientation about the methyl rotor axis. (32, 63)
The effect of this motion on the pmr spectrum of methyl protons
is shown in Figure 20. From this figure it can be seen that very
little of the signal intensity would appear in the narrow (2400 Hz)
resonance of aqueous dipalmitoyl lecithin in the crystal state. In
order that the entirety of the methyl pmr signal appear as a single
resonance of ~ 2400 Hz in linewidth, considerable off-axis motion
of the methyl group would be required, in addition to the rapid re-
orientation about the rotor axis. Using the method developed by
Seiter and Chan for treating anisotropic motion, (32) it can be shown
that the methyl rotor must undergo excursions of at least 50° off-
axis. Furthermore, because the methyl rotor axis orientation is
determined by the covalent bond to the neighboring methylene group,

it is expected that there should also be significant motion of this
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FIGURE 20

The effect of motion on the pmr Spectrum of the
methyl three-spin system.

(A) no motion.

(B) rapid reorientation about the
methyl rotor axis. No off-axis
niotion.

(C) rapid reorientation about the
methyl rotor axis, together with
off-axis excursions of A6 & 40°,

(D) rapid reorientation about the
methyl rotor axis, together with

off-axis excursions of A6’ = 70°.
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methylene group, and therefore a methylene contribution to the
narrow pmr signal.

Similar considerations for the choline methyl groups imply
that these also undergo off-axis excursions of at least 50°, in addi-
tion to rapid reorientation about the rotor axis, in order that the
entirety of the choline methyl pmr signal appear as a line ~ 2400
Hz wide.

We may examine the other possibility about the origin of
the narrow resonance, namely that it does not contain a contribu-
tion from the "wings' of the methyl spectrum, as shown in Figure
20, but only from the central resonance. If this kis so, and if the
2400 Hz wide peak actually does account for ~ 25% of the total
lecithin pmr signal, then the remaindér» of the observed intensity
of this narrow peak must come from the equivalent of approximately
20 protons from somewhere in the dipalmitoyl lecithin molecule.
However, if the terminal methyl group is undergoing such small
off-axis excursions that it does not fully contribute to the 2400 Hz
wide resonance, then it is hardly possible that methylene protons
farther up the hydrocarbon side chains could be more mobile. This

reductio ad absurdum argument shows that there must be significant

mobility of choline and terminal methyl groups, and perhaps of some

methylene groups, even in the crystalline state of lecithin.

4. Methyl groups above the Kraft temperature. The progress

of the crystal to liquid crystal phasé transition can be followed by the
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DFT pmr spectrum of the choline and the terminal methyl reso-
nances. The phase transition plot of Figure 15 has several inter-
esting features. Both ends of the lecithin molecule become mobile
simultaneously. The’intensity observed, up to 70°C, does not
approach 100% of the expected intensity. This perhaps unexpected
result can be explained by referring to Figure 20, the calculated
spectra for a methyl three-spin group under various coﬁditions.
It can be seen that when the intermolecular contribution to line
broadening is sufficiently small, and when the extent of off-axis
motion of the methyl rotor is less than about 80°, much of the sig-
nal appears in a broad line which is quite distinct from the central
peak. The broad part of the resonance is filtered out by the DFT
technique, and disappears in the spectral baseline. Thus, we con-
clude that at least up to 70°C, the motion of the choline methyl and
the terminal methyl groups in the bilayer phase is not isotropic
and is highly restricted.

The pmr signal intensities shown in Figure 14, which were
_ used to monitor the progress of the phase transition, contain both
heating and cooling points. This experiment was conducted by heat-
ing the sample, equilibrating for 1 /2-3/4 hour at each temperature
and recording the spectrum. When the maximum temperature was
reached, the sample was then cooled, again equilibrating for 7
3/4 hour at each temperature before recording the spectr-

There is no evidence of hysteresis.
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9. Comparison of pmr and D. T. A. results. The series of

220 MHz spectra at various temperatures shown in Figure 9 was
used to closely examine the pmr lineshape of lecithin below the
Kraft temperature. In particular, we wanted to determine whether
there was a change in the pmr spectrum which corresponded to the
pre-phase transition peak in the D. T. A. plot, shown in Figure 5.
In this way, it was hoped to identify the D. T. A. peak as corres-
ponding to the onset of a particular sort of motion of the lecithin
molecule.

These spectra show a gradual line narrowing from approxi-
mately 2500 Hz at 33°C to 1800 Hz at 41°C. However, the actual
linewidth is not possible to measure, or even compare quantita-
tively, because the sweep width used (20, 000 Hz was the instrumental
maximuin) was too small to define the baseline. §Still, it is apparent
that the intensity of the peak is increasing significantly from 33° to
41°C. Since this peak corresponds to the "narrow'" resonance in
the 100 MHz wide-line cw spectrum, which was assigned to choline
methyl, terminal methyl, and some methylene protons, we conclude
that the mobility of some methylene protons increases significantly
over this temperature range, because methyl groups may be already
showing up with full intensity. No abrupt change in linewidth or
intensity occurs which could correlate with the D. T. A. peak from
35°-38°C.

| The 220 MHz pmr spectra of a dipalmitoyl lecithin sample
containing 25% H,O by weight is shown in Figure 10. This quantity
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of water corresponds to approximately 13 water molecules per leci-
thin molecule. The linewidth of this water does not perceptibly
change from 490 * 10 Hz between 30° and 39°C. This constancy

of the linewidth indicates that either a very small change in the
motional state of the water occurs, or else a larger change occurs
which is in the frequency range 0-10" sec~'.

The D.T.A. experiment shown in Figure 11, in which valino-
mycin abolishes the pre-phase transition peak, indicates that this
peak is associated with a change in the vicinity of the lecithin polar
head group, since this is the region in which the valinomycin is
located. (67) However, the above nmr experiments indicate that
any motional change which occurs is either of small magnitude or
of low frequency. In other words, it is reasonable to conclude that
the small D. T. A. peak corresponds to a structural rearrangement
in the lecithin head group or its bound water, rather than a mobility

increase,

6. The question of spin-diffusion. An important experi-

mental quantity to interpret is the value of T, for the entire sample.
The initial part of the proton free induction decay for the entire
multilayer sample contains proportionate contributions from all of
the protons in the sample, but may be considered to arise princi-
pally from the hydrocarbon chain methylene protons, since these
account for about 70% of the protons in the lecithin molecule. These

methylene protons would be expected a priori to be heterogeneous
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their T, relaxation because of mobility differences among the
various methylene groups along the hydrocarbon chains. However,
we must first determine whether this measured T, value is a com~
position of T, values from the different methylene protons, or if
the measured T, is controlled by just a small fraction of the protons.

The former case, that individual protons have their own
characteristic T,, is the usual case in high resolution pmr. How-
ever, the latter possibility, that a specific few spins control the T,
process for the entire spin system, occurs commonly in solids.
Historically, the first example of this phenomenon was described
by Bloembergen for crystals of alum, KA«(SO,),'12H,0. (69) The
immobility of the protons in this solid implies a longer T, than the
value observed. Bloembergen showed that the spin-lattice relaxa-v
tion was controlled by a very small percentage of a paramagnetic
impurity. The mechanism for the relaxation originates in the weak
coupling of the proton spins to the lattice, whereas the spins are
strongly coupled to each other. The term "spin diffusion' was used
to describe the diffusion of spin energy, via the magnetic dipolar
coupling between the spins, from the entire spin system to the
small number of proton spins near paramagnetic ions, which act
as the heat sinks. The criterion for spin diffusion is that T, < T,,
together with the presence of some spins with relatively short T,
values.

A second example of spin diffusion, somewhat more allied

to our system of lecithin multilayers, is found in solid alkanes.
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Anderson and Slichter(m) showed that the reorienting methyl groups
acted as the heat sinks for the entire proton spin system because of
their rapid reorientation. It should be noted that the measured T,
value did not correspond in magnitude to the T, calculated for an
isolated methyl group. Instead, since the methyl protons relax the
entire spin system, the measured T, is longer than the T, of the
protons of an isolated methyl group by a factor of thé ratio of the
total number of protons in the spin system to the number of methyl
protons.

We must determine whether or not spin diffusion is occur-
ring in the proton spin system of lecithin multilayers. There may
be spin exchange between the terminal methyl and methylene pro-
tons, along the methylene chain, and between the choline methyl
and methylene protons. Resolving the first possibility will deter-
mine whethei' the T, measured for the terminal methyl group is
the intrinsic T, of these protons, or if the methyl group relaxa-
tion behavior is modified by coupling to methylene protons. The
second possibility implicitly questiohs whether there is a motional
difference among the methylene groups, with some fraction of the
total relaxing the rest, or whether all of the chain methylene groups
are in similar motional states for effecting T, relaxation. With
regard to the last possibility, we note that the choline methyl T,
behavior is not expected to be greatly modified by spin diffusion,
since the nine choline methyl protons could be coupled to only four

methylene protons, and the T, measured for the choline methyls
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would merely be increased by 35Y% even in the limit of infinitely
fast spin diffusion. (70)
Abragam has shown how the spin exchange rate (W) can be
estimated for a solid from the second moment. (71) We shall ex-
tend this method of estimating the spin exchange rate to the case
of lecithin multilayers, wherein some motional narrowing of the
linewidth occurs. We assume that the lineshapes are Gaussian,
so that we can replace the second moment by the square of the
measured linewidth at half height. In order to calculate the spin
exchange rate, it is necessary to determine the contribution to
the linewidth from the particular set of spin-exchanging protons.
The principal contribution to the observed linewidth is from the
intra-pair (geminal) protons, whereas we seek the lesser contri-
bution from the more distant spin-exchanging protons of interest.
Accordingly, if r, is the distance between the geminal protons
(1.79 A for methylene protons), and if r, is the distance between
the spin-exchanging protons (2. 48 A for a methylene proton to the
nearest proton on either the next methylene group or the methylene
group two bonds away; 2.66 A for the average distance from a
reorienting methyl proton to the nearest methylene proton), then
W can be estimated from Aw, the linewidth in radians sec™ deter-

mined from the free induction decay (= 15, 000 rad sec~' for lecithin

multilayers), as follows:

=3 __.._Aw ..r_l.)6

w
30 T,
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This expression predicts an exchange rate of ~ 120 sec™' between
nearest methylene groups, and also between the methylene groups
which are two bonds away, if the hydrocarbon chain is in the
all-trans configuration. |

The above calculation is applicable to spin exchange among
magnetic nuclei with perfectly overlapping resonances. For chem-
ically shifted spins, and for spins with grossly different lineshapes,
the spin exchange rate is less than it would be when spectral over-
lap is perfect. Following Abragam, (71) this imperfect spectral
overlap can be taken into consideration by multiplying W, calcu-
lated above, by the appropriate overlap integral. For example,
the methyl resonance lineshape, for lecithin multilayers, is com-
posed of a broad resonance approximately 3000 Hz in width, com-
prising 50% of the signal intensity and arising from one class of
transitions, and a superimposed narrow resonance about 200 Hz
in width, comprising the other 50% of the signal and arising from
a different class of transitions. (32, 42) Spin exchange can occur
when there is a simultaneous energy conserving transition among
the methylene energy levels and among either class of methyl
energy levels. However, because of differences in spectral over-
lap, there is a large difference in the value of W calculated for
the two classes of methyl energy levels. Taking into account the
number of different spin exchange transitions which are possible
between an interacting methylene pair of spins and a methyl three

spin system, together with the estimated overlap integrals, the



overall spin exchange rate between methylene and methyl protons
can be estimated to be & 130 sec™', with spin exchange involving
those methyl energy levels giving rise to the broad methyl reso-
nance occurring ten times more frequently than with those methyl
levels associated with the narrow resonance.

We can now estimate the time for spin diffusion to occur
over a certain distance along the methylene chain, as well as the
time for spin diffusion to occur between the terminal methyl group
and its neighboring methylene protons on the same hydrocarbon
chain. The time for spin diffusion in the latter case is just the
reciprocal of the spin exchange rate, or = 0.01 sec. For spin
diffusion along the methylene chain, the successive spin exchanges
along the various possible paths should be considered. Between
methylene groups, spin exchange which occurs between protons
on carbons separated by one methylene is much more efficient
for effecting spin diffusion than the spin exchange between near-
est neighbor inter-pair methylene protons, even though the spin
exchange rates, W, are comparable for both processes. This is
so because in the latter case the spin energy gets propagated a
distance a along the hydrocarbon chain axis, whereas in the former
case this distance is 2a. The time for spin energy to diffuse over

a distance d along the hydrocarbon chain is thus given by(71)

2

d

t =
W |a? + (2a)"]
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This result predicts a time of ~ 0.15 sec for spin diffusion over
10 carbon-carbon bonds along theg hydrocarbon chains of the leci-
thin molecules.

In the light of the above considerations, it is clear that the
spin exchange rate between terminal methyl and methylene protons
is much faster than the rate of spin-lattice relaxation (1/ T,) of a
methyl group. This means that the terminal methyl protons are
strongly coupled to the methylene chain protons, and must thereby
share common heat sinks. Furthermore, because spin diffusion
does occur over much of the methylene chain in a time shorter
than the observed methylene T,, the bulk of the methylene chain
protons do not serve as their own heat sinks in spin lattice relaxa-
tion. It is likely that the less mobile methylene groups near the
glycerol backbone, and thus most distant from the actual heat sinks,
have linewidths considerably greater than the average linewidths.
Spin exchange among fhese protons would then be faster than the
average rate for the chain methylenes, in which case the methylene
chain would be sufficiently coupled that spin diffusion would occur
over the entire chain in a time shorter than T,.

We point out, however, that it is not possible for the entire
methylene chain to be relaxed solely via dissipation of the spin
energy through the methyl heat sinks. This is because in general
the measured T, of a strongly coupled spin system will be longer
than the intrinsic T, of the relaxing spin by a factor of the ratio of

the total number of spins coupled by spin diffusion to the number
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of relaxing spins. (70) Should relaxation of methylene protons be
controlled by these methyl groups, the measured T, of = 0.1 sec
for the entire lecithin multilayer sample would imply an intrinsic
T, of  0.01 sec for the methyl protons, a value which is ~ a
factor of 3 shorter than the expected minimum possible methyl T,
if the relaxation is purely of dipolar origin. Instead, the measured
relaxation times indicate that the methyl group, together with per-
haps 2-4 mobile methylene groups, serves as the heat sinks for

the entire methylene chain.

7. Interpretation of T, data. The above considerations

regarding spin diffusion in the lecithin multilayers suggest that the
methylene chain protons are strongly coupled among themselves
and are coupled to the lattice via some fraction of their number.
In addition, it appears that the spin lattice relaxation behavior of
the terminal methyl protons and the methylene protdns of the hydro-
carbon chains are interdependent. On the other hand, it could be
said with some assurance that the choline methyl protons are not
coupled to the protons on the hydrocarbon chains, although we ex-
pect that they are coupled to the two choline methylene groups. In
the light of these considerations, interpretation of the data for the
choline methyl groups can be made without qualification, since the
T, measured for these protons is basically their intrinsic T, .
However, since the terminal methyl protons are coupled to a very

large spin system, namely the methylene protons, the precise
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mechanism responsible for the terminal methyl T, is not clear.
The T, observed for the bulk sample, however, can be considered
as characteristic of the small number of the methylene protons
which are acting as the heat sinks for the entire coupled spin sys-
tem. The intrinsic value of T, for these methylene heat sinks
would be considerably shorter than the observed bulk T, if these
protons were not relaxing a large spin system.

We can now proceed to obtain a quantitative description of
the motional state of the methyl and methylene groups of the leci-
thin molecule. We assume, for example, for a methylene pair,
that the state of motion can be described in terms of a model in
which the interproton magnetic dipolar vector reorients about the
hydrocarbon chain axis with a correlation time ‘T”, and undergoes

off-axis motion with a correlation time T with the off-axis motion

I
restricted to excursions of at most AB from the average interproton
vector reorientation B. (32) Similarly, the motion of a‘methyl rotor
can be described by two motional correlation times, 7 for the
reorientation about the rotor axis, and 7T N for the off-axis excur-
sions, as well as a range for the excursions of the rotor axis, A6¢'.
Using these motional models, we seek appropriate combinations
of the parameters T Ty AP or A6’, which account for the
following observations:

(1) T, is a weak function of frequency, decreasing with

decreasing frequency.

(2) T, increases with increasing temperature at all
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frequencies observed.
(3) The magnetization recovery is exponential at all
frequencies observed.
In our analysis we have modified the well known theory of
Woessner(72) for relaxation of protons of methyl tops undergoing
anisotropic reorientation to include the effects of motional restric-

tion. The following expression has been obtained for an assembly

of methyl rotors undergoing anisotropic and restricted motion:(32)
4._4 27T
__l;_zﬁ_y? "l‘(sinG'cosé')z'"‘““"é:‘L_Z‘
T, 4 r 4 14w, 7,
2T
+ 1 sin’® 6’ (1+00829’) 2c Z
8 1+ 040 T
c
—_— 27
+ i(sin29/)2. ?aL p)
4 l+de, 7
27
+ L (1+6cos’ 0 +cos’ ') - s
8 lL+doy 7,

In this expression, 1/7c = il/'r‘L + 1/7” , 6’ is the orientation of
the methyl rotor axis in the magnetic field, and the bars denote
averaging over the appropriate range of A6'. It should be noted
that the intermolecular contribution to T,, neglected in the above

expression, has been shown to be of the order of 20% of the
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intramolecular relaxation rate for polymethylene chains. (73,74)

An analogous éxpression can be derived to calculate the T,
of methylene protons which are reorienting freely about an axis, c.
Here, 6’ in the T, expression would denote the orientation of the
¢ axis in the magnetic field, and the angular functions would be
averaged over the appropriate range of £ (AB). kBecause B = 90°
for methylene protons, this averaging over £ is equivalent to
similar averaging of the angular funvctions over excursions in 6’
of the ¢ axis, and this latter procedure is actually used for con-
venience.

In order to clarify the above motional model, we now out-
line the method used to obtain the appropriate averages of the
angular functions inthe T, expression for the methyl protons.

For a methyl rotor undergoing restricted motion, the rotor axis
can wander over the angular range 6" + A6’. This motion allows
the rotor axis vector to trace out a cap on the surface of a unit
sphere. Foi' a given value of 57, the angular averages in the T,
expression may be obtained by averaging the angular functions over
this range of angles. Statistical weighting of the angular functions
must be included in the averaging procedure since the rotor axis
has a greater probability of being at 6'= 6’ than at any other
angle, with 6’ = 6’ + A6 being the least probable angles. Using

the weighting function

sin{ (m/2) (6" + £6' - 8")/220"}
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T, can thus be evaluated at any angle ' given A6, T, and 7T, .
However, the samples contain methyl groups with all possible
values of 6. At any 0" value, the number of methyl groups
varies as sin 6’. The T, which we determine experimentally is
a composite of different T, values from protons with various aver-
age orientations of the axis vector relative to H,. Since some of
these orientations are more probable than others, the magnetiza-
tion recovery of the various parts of the sample is weighted by
sin ?r, and the sum of the magnetization recoveries is fitted to
a single value of T, for comparison with experiment.

As anticipated, our calculations predict that only certain

ranges of the variables 7 and A6’ (AB) can account for the

b T
complex temperature and frequency dependence observed for the
T,'s. For the choline methyl protons, the observed T, and its
temperature dependence (near room temperature) at 220 MHz and

at 100 MHz was accounted for only with the following parameters:

T = 1xX107'° -5 x 107" sec
T, > 4 x 107 sec
A0’ = 60°

" Similarly, the measured T, values at 54 MHz, 22 MHz and 8. 4

MHz, together with the observed temperature dependence (near

room temperature), yielded:
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T = 1x107°-2x10""° sec
T, = 1x 1077 sec
A = 60°

for the motional parameters of the methylene protons which are
relaxing the coupled spin system. In these results, the restriction
on A6’ and AP arises from the calculated non-exponential magneti-
zation recovery for A8’ , AB < 90°. In practice, the deviation
from exponential behavior could be easily detected only for A0
AB = 60°. Since the experimental magnetization recovery plots
were always exponential, we conclude that for our samples,

A6 = 60°.

The motional parameters for the terminal methyl group
cannot be directly determined, because these methyl protons are
coupled to the large methylene spin system, and are thereby af-
fected in their relaxation behavior. Nonetheless, since the narrow
methyl resonance is not strongly coupled to the methylene spin |
system, the intrinsic T, of the terminal methyl protons cannot be
very different from the value of T, observed for the narrow methyl
resonance. The motional parameters of our model may therefore
be fitted to the observed T, data for the methyl resonance. The
result of this treatment is that, for the terminal methyl protons
on the hydrocarbon side chains, 7, = 1 X 107'° - 5 x 107 sec

and T, > 1x 1077 sec.
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8. Segmental motion of the hydrocarbon chain. The pre-

ceding analysis has permitted us to ascertain those molecular
motions of the lecithin molecule which serve to couple the spin
energy into the lattice. An earlier linewidth analysis has enabled
us to comment on the degree of motional restriction. (32) The
present T, studies confirm these linewidth results, but in addition
permit the description of the molecular motion in the lecithin mole-
cule in terms of certain motional correlation times. Such motiocnal
correlation times have a precise meaning in magnetic resonance
theory.

In a system as complex as a lecithin multilayer, interpre-
tation of the correlation times T and 7, may present some dif-
ficulty. However, in one of our earlier papers evidence was
presented to suggest that only motions which preserve the overall
orientation of the chain perpendicular to the multilayer surface

are allowed. In fact, the off-axis motion, corresponding to 7, ,
(32, 75)

(76)

has been ascribed to kink formation in lecithin multilayers
(or "crankshaft motion', as kinks have been called in polymers).,
Kink formation results from +gauche rotation about one carbon-
carbon single bond, simultaneous with ~“gauche rotation about
another carbon-carbon bond which is separated from the first by
one or more bonds. The intra-pair, inter-proton vector on meth-
ylene groups undergoing such rotation is taken through an angle

of approximately 60° by this motion. Kink formation is expected

to be most rapid near the free end of the methylene chain, since



94

the initial activation energy is lowest there. (75) On the other hand,
because of steric restrictions, the end of the methylene chain
which is bonded to the glycerol backbone undergoes less rapid
kink formation. On this basis, the off-axis motion of the meth-
ylene groups would be increasingly more rapid toward the methyl
end of the chain.

The other type of methylene motion, described by Ti is
reorientation around the chain axis. The way in which such a
reorientation comes about is of interest. The molecule as a

1

whole cannot be reorienting at this rate of = 10° sec” , as indi-

cated by the rate of = 10° sec™ for comparable single chain

(77) which have a much smaller moment of inertia

molecules,
than does the double chain lecithin, and also whose cylindrical
symmetry permits reorientation without great steric restraints,
again different from lecithin. One type of motion which is occur-
ring rapidly, and which could result in reorientation about the
chain axis, is torsional oscillation about carbon-carbon single
bonds. The mdtion about one bond is of low amplitude (< 20°)
and very fast, = 10~'* gsec™". (78) Tnis frequency is much too
high to be an effective source of T, relaxation. However, a long
series of such torsioﬁal oscillators, weakly coupled, would give
rise to larger amplitude motions of lower fréquency, simply from
statistical fluctuations in the phase of the many oscillations.

A quantitative treatment of the problem of a large number

(e.g. 16) of weakly coupled torsional oscillators w‘hich are loosely
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confined to a cylinder would be exceedingly difficult. We do not
attempt even an‘approximate solution of such a problem. We only
point out that such oscillations will give rise to a distribution of
correlation times for motion around the methylene chain axis.
These motions are bounded at the high frequency, low amplitude
end by the single bond oscillation frequency of ~ 10™'* sec. An
example of a higher amplitude, lower frequency motion occurs
when all oscillators are rotating in the same direction. The fre-
quency of this occurrence is approximately (—5)16 x 10"~ 1 x 10°/
(for a chain of 16 methylene groups). Our experimentally derived
result that T = 1 x10°°-2x10"*° probably represents a
weighted mean for a distribution of motions of the methylene group

heat sinks.

VI. Conclusions

This investigation clearly shows the importance of choosing
experimental techniques which are appropriate for studying the
nmr behavior of the complex aqueous lecithin bilayer system.
Instruments such as pulse or wide-line nmr spectrometers must
be used in order to observe the entirety of the broad nmr signal.

In addition, much narrower nmr signals are present which cannot
be resolved using such equipment designed for the study of solids.
For this reason, the Delayed Fourier Transform technique was

utilized to isolate the narrow methyl resonances from the bulk of
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the signal. These resonances are thereby sufficiently distinct
from each other and from the bulk of the signal to enable us to
determine the T, values and the intensities of the individual
methyl resonances.

The linewidth of the pmr spectrum of‘ aique’ous lecithin
bilayers is not a suitable measurement of the spin-spin relaxation
time because of the disproportionate weight given to the narrower
resonances. These chemically shifted narrow methyl resonances
also introduce a significant field dependence of the linewidth which
can lead to the incorrect inference that magnetic dipolar interac-
tions are not the dominant line broadening mechanism. For a
complex spin system such as lecithin bilayers, the value of T,
determined from the free induction decay is a reliable measure
of the spin-spin relaxation and does provide insight into the
relaxation mechanism. |

NMR is a particularly use’ful technique for examining
molecular motion. In contrast to other methods such as electron
spin resonance or fluorescence which require a'bu'lky probe mole-
cule, nimmr uses only the nuclear spins as labels. Because the
1eci§hin molecule contains chemically shifted spins, the lecithin
is effectively labelled at both the polar head group and at the
hydrophobic core of the bilayer. As an example of the use of
these natural labels, Hsu and Chan have exploited the specific
line broadening of the choline methyl resonance by valinomycin

to show that this antibiotic interacts with the bilayer predominantly
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at the polar head group. (67)

This paper also demonstrates how the motional mechanisms
responsible for the spin lattice relaxation times of the lecithin
methyl and methylene protons can be determined from a study of
the temperature and magnetic field dependence of the spin-lattice
relaxation rate. For choline and terminal methyl protons, the
motion which is most effective for T, relaxation was shown to be
rapid reorientation around the methyl rotor axis, with a smaller
influence from the slower, off-axis motion. The hydrocarbon chain
methylene protons are most likely relaxed primarily via torsional
oscillations of the methylene chain, with a smaller influence on the
relaxation rate from kink formation. Spin diffusion was shown to
have a pronounced influence on the T, of the hydrocarbon chain
'methylene protons. Furthermore, spin diffusion was demonstrated
to give rise to mutual interdependence of the spin-lattice relaxation
behavior of the terminal methyl and chain methylene protons. This
study of spin-lattice relaxation behavior in lecithin multilayers
complements and augments a recent lecithin linewidth study from
this léboratory. (32) In our earlier work, the nmr lineshape was
shown to be a sensitive monitor of the details of slow molecular
motions. This present work indicates that the spin-lattice relaxa-
tion is sensitive primarily to the time scale of the more rapid

molecular motions.
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PROPOSITION I

The potential usefulness of the Waugh multiple-pulse tech-
nique for resolving the chemical shifts of dipolar-broadened nmr
lines has not yet been realized. In part, this is because the degree
of motion characteristic of many molecules of interest may be
enough to destroy the averaging effects of the Waugh pulse sequence,
although the motion may not be sufficient to give sharp nmr lines.
Thus, the least mobile molecules are the best subjects for the
Waugh sequence. It is proposed to use the Waugh multiple-pulse
technique to narrow the nmr signals from large enzymes in solution
and from membrane-bound enzymes, in order to identify the chemi-
cal groups of the active center of the enzyme. ;

Until a very few years ago, the study of solids by nmr relied
exclusively on the application of the nmr relaxation methods, i.e.,

studies of T,, T, and T The information contained in the chemi-

1p
cal shifts could not be obtained, because these shifts are so much
smaller than the dipolar line-broadening interaction in solids. As
an example, for the protons in solid lecithin in a magnetic field of
23.5 kgauss, the chemical shifts, which range over 800 Hz, are
completely obscured by the dipolar linewidth, which is ~ 20, 000
Hz. L)

In the late 1960's, J. S. Waugh, 2) by developing a method

discovered by E. R. Andrew, (3) succeeded in removing approximately

999 of the dipolar interaction in solid CaF, and CaSO,- 4H,0, enabling
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the chemical shifts of these substances to be observed for the first
time. Recent refinements of the Waugh technique have led to ~ 99.9%
effective removal of the dipolar interaction. (4) This means that now
even the relatively small proton chemical shifts of solids, and of
course the larger 13C, 19F and *'P chemical shifts can be measured
and exploited.

The mechanism by which the Waugh multiple-pulse sequence
averages the dipolar interaction can be understood by referring to

the dipolar Hamiltonian, (2)
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fi = Planck's constant
Fi’ = vector joining spins i and j
T

= spin vector

Either term in parenthesis on the right hand side of the above equation
can be replaced by its representation in polar coordinates (3 cos 0 - 1).
It can be shown that if all the ;’ij vectors are rotated uniformly about

an axis at 6 = 54°44"' to the external magnetic field, and if this averag-
ing takes place in a time less than T,, then the dipolar interaction

falls to zero. (2) This experiment, the physical rotation of a solid
sample about an axis inclined at 54°44' to the external magnetic field
direction, has been successfully performed by Andrew et al. to re-

solve ‘P chemical shifts in solid P,Cl,,. (%)
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An equivalent averaging procedure can be performed on the
spin coordinates, T, rather than the space coordinates, T. This
experiment, first performed by Waugh, (2) consists of a series of
intense radiofrequency pulses applied to the sample which rotate
the spin vector about appropriate axes. The advantage of the Waugh
pulse sequence over sainple spinning at 54°44' is that the pulse
sequence can be applied much faster than the sample can be spun,
permitting this averaging to be performed on samples with T, as
short as 10 pusec.

The problem with the application df this technique to any
large molecule which gives broad nmr lines which we would like to
narrow is that any molecular motion during the course of the pulse
sequence will randomly modulate the spatial term in the dipolar
Hamiltonian, thereby destroying the orderly averaging done on the
spin term. To be more precise, if the total time for a complete
cycle of the Waugh sequence is 5 X 107° sec, then any motion which
significantly modulates the dipolar interaction at a rate faster than
10° sec™" will eliminate the dipolar averaging effect.

In order to determine which systems may be profitably
examined with the Waugh technique, we now describe in general
terms the kinds of motion characteristic of large molecules. One
sort of motion is overall tumbling of the molecule in solution. For
molecules with m. w. = 104, nmr lines will be sharp, simply from
the averaging of the dipolar interaction by rapid tumbling. Local,

or segmental motion also contributes to line-narrowing. Thus, for
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any molepule in solution of m w. = 10", and even for larger mole-
cules which possess sufficient segmental motion, nmr lines are
sharp and the Waugh technique is not useful or necessary. For
molecules of m.w. < 10° in solutidn, overall tumbling, and there-
fore modulation of the dipolar interaction, is fast enough to destroy
the dipolar averaging effects of the Waugh pulse sequence. And
whatever the molecular size, if there is sufficient local motion,

the Waugh technique will not be useful.

Thus, the biological domain of the Waugh technique is re-
stricted to molecules of m.w. > 106, and to bound, e.g. membrane
bound molecules. Even in these cases, segmental motion must be
either severely restricted (that is, bounded) or else slower than
10° sec™.

The systems of choice, from the above motional considerations,
“as well as from consideration of the importance of such studies, are
| large ‘enzymes in solution, and membrane-bound enzymes. The sig-
nificance of enzyme studies will not be dealt with here. However,
we note the difficulty of studying the molecular details of large
enzymes and membrane-bound enzymes. In such systems, the
usual spectroscopic techniques are plagued with broad and over-
lapping signals from the various amino acids. (5) Chemical methods
such as amino acid modification or selective peptide cleavage require
almost prohibitively great systematic labor to obtain information
about very large molecules. (6)

Two classes of experiments utilizing the Waugh pulse
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sequence will now be proposed. In the first, the overall and the
segmental immobility of certain enzymes will enable the Waugh
technique to produce an nmr spectrum containing many sharp lines.
Perhaps a suitable system would be the multi-enzyme complex of

pig heart pyruvate dehydrogenase (m.w. ~ 7.4 X 106)(7) or the
membrane-bound enzyme, glucose-6-phosphatase. (8) There is an
element of doubt as to the suitability of these molecules, because

the extent of segmental molecular motion is not known. The pre-
sumably sharp resonances in these nmr spectra could then be assigned
by the usual nmr techniques of chemical shift measurement, spin
decoupling and isotopic substitution. Furthermore, the active

center of the enzymes may prove to be particularly easy to assign:
chemical exchange of the substrate will selectively broaden the sharp
peaks from the active center, if the chemical shifts and the exchange
rate are of the appropriate magnitude.

A second class of Waugh pulse experiments would be per-
formed on large or bound enzymes which did possess significant
segmental motion. In this case, the enzyme will have a broad-line
spectrum after the Waugh pulse sequence. However, upon binding
to a substrate, if the enzyme-substrate complex is sufficiently
long-lived, the spins whose motion is slowed down or restricted
will now appear as sharp lines after the Waugh pulse sequence.
These sharp peaks are expected to be just those of the part of the
enzyme which binds the substrate. The assignment of these rela-

tively few sharp peaks against the background of resonances still
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broad because of local molecular motion might be relatively easy.
An enzyme which might be amenable to this technique is the mem-
brane-bound ATP phosphohydrolase (AT Pase). (%) This enzyme is
found throughout an organism, but especially in muscle, where
mechanical work is performed, and in membranes where energy
release is coupled to ion pump operation. ATPase forms a stable
complex with the inorganic phosphate reaction product above 25°C.
It also forms a stable complex with ATP in acidic media in the
presence of excess ATP.

It should be emphasized that the choice of any particular
enzyme system may prove to be inappropriate, because the extent
of local motion is not known in advance. However, an enzyme
should certainly be chosen which has very slow overall tumbling,
i.e., a large or membrane-bound enzyme. For such enzymes, the
Waugh pulse sequence may prove to be a particularly simple way to

identify and characterize the substrate-specific binding site.
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PROPOSITION I

Considerable evidence exists that an important part of the
immune response depends in some way upon the "cooperation'' be-
tween thymus-derived cells (T-cells) and bone marrow-derived cells

(1-3) An experiment is proposed to test one hypothesis

| (B-cells).
which has been advanced to explain the cooperation between T-cells
and B-cells.

The immune response to low-level antigenic stimulation re-
quires the presence of normal T-cells. This requirement was
demonstrated by Isokovic et al., who showed that thymus grafts
from normal mice restore responsiveness to thymectomized mice,
whereas such grafts from tolerant mice do not. (4) Furthermore,
Mitchell and Miller showed that the T-cells do not secrete antibody,
but that B-cells do. (°)

Several hypotheses have been advanced to explain the role of
T-cells in the immune response. (6,7) All such hypotheses propose
that the B-cells are stimulated in some way by the T-cells. The
three proposed mechanisms of stimulation are as follows:

(1) The T-cells provide non-specific nutrient materials,
such as nucleotides or nucleotide precursors, which enable the
B-cells to multiply. A variant of this idea is that a non-specific
pharmacologically active agent is released by stimulated T-cells,

which in turn induces B-cells to be immunologically active.

(2) There is transfer of specific information from antigen
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stimulated T-cells to B-cells. After this cvent, the B-cells produce
the appropriate antibodies.

(3) The T-cells accumulate antigen on their surface. This
localized high concentration of antigen is seized by the B-cells, which
then are stimulated to produce antibody and to multiply.

The requirement for testing either of the first two hypotheses
is a method capable of distinguishing small amounts of ordinary
cellular materiai from one cell, the T-cell, which has been trans-
ferred to another cell, the B-cell. The last hypothesis, however,
would be much easier to test, because extra-cellular material is
involved, which can readily be labelled.

The labelling method proposed here is an immunofluorescence
method. The advantages of immunofluorescence labels are sensitivity
of detection of small quantities of label, and specificity of the label
for particular molecules. (8) Immunofluorescent labels have been
attached to both antibodies and to antigens. (%)

An outline of an experiment designed to test hypothesis (3),
that T-cells accumulate antigen and théreby stimulate B-cells, is
given below:

1. Diptheria toxoid is labelled with the green fluorescent
dye, fluorescein (label 1).

2. Rabbit (anti-mouse immunoglobulin) antibody is labelled
with the orange-red fluorescent dye, rhodamine sulphonyl chloride
(label 2).

3. Mice are immunized with label 1.
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4

4. The thymus frqm the immunized mice is grafted into
previously thymectomized mice.

5. Lymphocytes from the previously thymectomized but now
thymus-grafted mice are removed, and incubated in tissue culture
agar.

6. The cells in tissue culture are washed with label 2, and
rinsed. |

7. In a fluorescence microscope, some cells, and their
immediate surroundings, will show up orange-red, because of anti-
body produced binding to label 2.

8. All cells which are orange-red, i.e., identified as anti-
body producers, are examined for additional faint green fluorescence.
The presence of green fluorescence would‘show that antigen which
was originally coating T-cells had actually migrated to B-cells,
thereby stimulating antibody production.

The detection of green fluorescence in tissue-cultured B-cells
would then support the hypothesis of Mitchison that the T-cells act by
concentrating antigen on their surface, and in turn stimulating B-cells
to produce antibody. However, it is possible that this method, which
relies upon detection of only a small amount of fluorescent label on a
cell surface, might not be sufficiently sensitive. Part of this sensi-
tivity problem could be obviated by using an antigen, e.g. diptheria
toxoid, which is extremely heavily labelled with fluorescein.

The role of the macrophage in the immune response has also

been ascribed to their ability to concentrate antigen, and to thereby



114

stimulate antibody production by B-~cells. (6) This role for the
macrophage could be tested in a manner similar to the test proposed
above for the role of T-cells. In the case of the macrophage, thy-
mectomy would not be necessary, but instead simply a transfer of
macrophages from animals which had been immunized with fluores-
cent dye labelled antigen, to un-immunized animals. The B-cells
from the latter would then be tested as above for both antibody pro-

duction and the presence of the labelled antigen.
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PROPOSITION III

It is proposed to use thermal analysis to investigate the
properties of mixed lipid systems.

The phospholipid bilayer is thought to be the structural basis
of biological membranes. This structural role arises from the
natural formation of the two dimensional bilayer from phospholipids
and water. This strictly structural aspect of the phospholipids gives
no hint as to the role of the individuality of the lipids.

Since the basic bilayer structure of membranes is adequately
explained without recourse to the different characteristics of the
various lipids, it is possible that the differences among the lipids
are associated in some way with the functioning of the membrane.

If the functional aspects of a biomembrane are assigned primarily

to the proteins, e.g. solute transport, chemical reactions at an
interface, then perhaps one basis of lipid diversity is selective inter-
action of lipids with the chemically diverse proteins, i.e. specific
lipids are required for the activity of specific proteins. Support

for this idea of lipid specificity for proteins comes from studies
which show a dependency of enzyme activity on lipid composition. (1-3)

Another possible role for phospholipids is that they take a
more direct part in membrane function. A possible reflection of this
would be the segregation of lipids in the bilayer into discrete liquid
crystal patches of each lipid type. If such segregation is not spon-

taneous, it could perhaps be induced by the presence, for example,
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of certain proteins or salts. Such patches would have distinctive
surface properties, e.g. an array of zwitterions from phosphatidyl
choline as compared to an array of negative charges from phos-
phatidyl serine at high pH. These arrays, possessing a degree of
order characteristic of the liquid crystal phase, could exhibit
cooperative effects in response to local events. For example, the
adsorption of catt by a patch of negatively charged phosphatidyl
serine might induce a structural rearrangement of the lipid mole-
cules which would allow Cl1~ to penetrate the bilayer. Conversely,
the Ca™* might cause a pronounced rigidity of the patch of lipid,
thus ma.kingi the patch relatively impermeable. NMR studies by
Hsu and Chan appear to indicate that cooperative effects occur in
the bilayer surface in response to small amounts of adsorbed valino-
mycin. (4) In summary, the existence of discrete patches of lipids
could have biological implications which would not be associated
with a homogeneous liquid crystal mixture of phospholipids.

A method of potentially great usefulness in the study of lipid
mixtures is thermal analysis. Either differential scanning calorim-
etry (DSC) or differential thermal analysis (DTA) could be used.
The difference between these methods is that in DSC a measured
quantity of heat per unit time is delivered to the sample, thereby
enabling the simple determination of the thermodynamic quantities
AH and AS for a phase transition, whereas in DTA the sample and a
reference are heated at the same rate and their temperature differ-

ence is recorded. Although the thermodynamic quantities are not
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simply determined by using DTA, either this method or DSC would
be suitable for the study proposed here, which only involves the
construction of phase diagrams.

This proposed research involves the evaluation of the selec-
tivity of proteins for the various lipids, and the search for the exis-
tence of two-phase liquid crystal regions, i.e., segregated lipid
patches. Both of these studies can be pursued by constructing and
examining (binary) temperature-composition phase diagrams, using
thermal analysis.

With binary mixed lipid systems, the phase behavior docu-
mented to date may be described as mutual solubility in the liquid
crystal phase, with limited or complete mutual solubility in the
crystal phase. (5, 6) The presence of an additive could affect the
mixed lipid system in one of three ways, assuming insolubility of
the additive in the crystal phase: (1) the additive is non-~interacting
and has no effect, (2) the additive is approximately equally soluble
-in either lipid, and thereby increases the mutual solubility of the
lipids, (3) the additive selectively interacts with one of the lipids,
thereby decreasing the mutual solubility of the lipids. (7) Effect (2)
would lead to an observed increase in the extent of the one-phase
region of the phase diagram, whereas effect (3) would lead to an
increase in the extent of the two-phase region.

In general, we expect a protein which interacts primarily
with the lipid head group region to show the latter behavior, since

the head groups differentiate the phospholipid classes. A protein



119

which interacts with the hydrocarbon region of the lipids would be
much less selective of lipid classes, and would probably increase
mutual solubility of the lipids.

The search for lipid combinations, perhaps in the presence
of an additive, which would give rise to a two-phase liquid crystal
region is straightforward: a horizontal line in the binary phase
diagram, above which only the liquid crystal is present, is the
boundary of such a two-phase liquid crystal region. (®) In the
thermal analysis measurements, samples of the composition range
spanned by this line all melt sharply at precisely the same tempera-
ture. This line also has the interesting property of representing a
continuous series of "'triple-points', i.e., three phases in equili-

brium.
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PROPOSITION IV

The mechanisms of ion transport through biological mem-
branes are of considerable interest. In general, model membranes
such as lipid bilayers, sonicated lipid vesicles, and black lipid films
are used instead of real biological membranes. The problems of
isolation and characterization of real biological carrier or "per-
mease’ molecules are circumvented by using model permeability
enhancers termed ionophores. It is proposed here to study a model
of an alkali cation, T1+, by nuclear magnetic resonance, in the
presence of model biolbgical membranes and model permeability
enhancers.

The nuclear magnetic resonance (nmr) study of potassium
ion transport has been limited to the proton magnetic resonance
(pmr) study of ionophores and K+—ionophore complexes, because
the sensitivity of nmr for K¥ is so low. The T1" ion has the same
charge and approximately the same ionic radius as the K" ion.
Furtherniore, the sensitivity of nmr is 2000 times greater for T1"
than for K*. Thus, T1' is the ion of choice as a model for K*.

The kinetics of complexation of T1" with a number of iono-
phores would be studied in organic solvents. The advantage of
preliminary studies in organic solvents is that the medium is
homogeneous, thus avoiding surface effects. Ionophores such
as valinomycin and monensin, which are believed to act as ion

carriers, (1) would be compared with the alleged pore-formers,
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gramicidin S and nystatin. (2) The stoichiometry of such complexes
is of particular interest, because the carriers are expected to form
stoichiometric, probably 1:1 complexes, whereas the pore-formers
might exhibit multi-molecular complexes, or perhaps no stoichio-
metric complexes at all. The exchange rate could be fast, slow, or
intermediate, .and is expected to depend on both the nature of the
solvent and the ionophore. For example, K+—valinomycin exchange
is slow in chloroform, (3) whereas K*-nonactin exchange is rapid

in acetone. (4) The values of the exchange rate and the binding con-
stant can be determined from the linewidths and chemical shifts of
the Ti* resonance. (%)

The more complex system of T1+, ionophore, and aqueous
lipid bilayer is expected to provide more insight into actual ion
transport. The presence of the bilayer-water interface may be
important, and the effect of the bilayer on the T1+-ionophore exchange
rate and binding constant would be determined by T1" nmr. ¥ it

“happens that sufficient T1" actually enters the bilayer interior to
give a detectable nmr signal, then the nature of the T1+-ionophore
complex would be of great interest, since it is expectéd that carrier
and pore-forming ionophores complex ions quite differently within
the membrane. It may then be possible by T1" nmr to distinguish
various transport mechanisms. For example, pore formation
would not involve a 1:1 complex between ionophore and ion, whereas
a free carrier mechanism would involve such a complex. Another

transport mechanism, the so-called "carrier relay" mechanism,
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postulates exchange of the ion between ionophore molecules within
the membrane. (8) This proposed mechanism would involve T1*
chemical shifts and exchange rates which could in principle be deter-
mined by T1" nmr.

In all of these bilayer-T1"-ionophore studies, the nature of
the lipid and the ionophore could be varied. In particular, a system
would be sought which provided a sufficient concentration of T1+
within the bilayer to produce a detectable nmr signal. If astrong
nmr signal could be observed, then the value of the T1" correlation
time could be determined. This could be conveniently done by
measuring the T1* spin-lattice relaxation time (T,) as a function of
the external magnetic field strength. Because the value of T, is at
a minimum when the correlation time is approximately equal to the
inverse of the Larmor precession frequency, a plot of T, vs. mag-
netic field strength will change abruptly when this equality obtains,
and will then become invariant, if there are no other distinct mo-
tional states of the T1". However, if there exist more than one
motional state for the T1*, for example, T1" free in the bulk water,
T1"-ionophore complex on the bilayer surface, and T1"-ionophore
complex within the bilayer interior, then each of these motional
states could be detected as an abrupt change in the variation of
T, with magnetic field strength, with the different motional states
corresponding to characteristic values of the inverse Larmor pre-

cession frequency.

In summary, T1" nmr could be used to determine exchange
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rates, binding constants, and motional correlation times for

T1+-ionophore complexes in various model membrane systems.



125

References

1. G. Szabo, G. Eisenman, R. Laprade, S. M. Ciani and S. Krasne,
"Membranes, "' volume 2, chapter 3, G. Eisenman, ed., Marcel
Dekker, Inc., New York (1973).

2. A. Finkelstein and R. Holz, "Membranes, " volume 2,‘chapter

5, G. Eisenman, ed., Marcel Dekker, Inc., New York (1973).

3. D. H. Haynes, A. Kowalsky and B. C. Pressman, J. Biol. Chem.,
244, 502 (1969). |
4. J. H. Prestegard and S. 1. Chan, Biochemistry, 8, 3921 (1969).

5. J. A. Pople, W. G. Schneider and H. J. Bernstein, "High-
Resolution Nuclear Magnetic Resonance, '" McGraw-Hill Book
Co., New York (1959).

6. W. Simon and W. E. Morf, "Membranes, ' volume 2, chapter 4,

G. Eisenman, ed., Marcel Dekker, Inc., New York (1973).



126
PROPOSITION V

It is proposed that Raman spectroscopy can be used to deter-
mine the effects of various additives on the structure of the lipid
bilayer.

The conformation of the molecules which comprise a lipid
bilayer may be significantly affected by the presence of a large
additive molecule. A typical amphiphilic lipid molecule can inter-
act with other molecules with exclusively a Van der Waals associa-
tion, or an electric dipole-dipole or ionic association, or combinations
of these interactions. For example, the polar and the ionic regions
of proteins may bind to the charged head group of the lipid, whereas
the hydrophobic regions of the protein may bind to the lipid hydro-
carbon chains. Thus, the additive may cause disorder in the bilayer
structure, or it may re-order the Vlipids into a different conformation,
or the additive may have no significant effect on the bilayer structure.
These three categories of additive effects are diagrammed in Figure 1.

The functional mechanisms of non-lipid ("'additive') components
in bilayers may be reflected by the effect of the additive on bilayer
structui'e. Functional mechanisms which require cooperative effects
among the bilayer molecules probably occur only if the basic ordering
in the bilayer is retained. On this basis, the acetylcholine receptor
is not expected to cause extensive disordering of the bilayer. On the
other hand, local disorder of the lipid molecules would facilitate

diffusion within the bilayer, e.g. rapid reorientation of rhodopsin,
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FIGURE 1

Schematic illustration of the effect on the structure

of a lipid bilayer of three different varieties of

additives.

(A)

(B)

(C)

The additive causes no perturbation of the
bilayer structure, and is merely "inserted"
into the bilayer. |

The additive causes local disorder among
the lipid molecules of the bilayer.

The additive interacts with the bilayer lipids
in such a way as to cause local ordering of
the lipid molecules whose hydrocarbon side
chains are then parallel to the plane of the
bilayer. The unperturbed bilayer lipids
have their hydrocarbon chains oriented

perpendicular to the plane of the bilayer.
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because the additive molecule would not need to break down a stable
structure in order to reorient. Finally, an ordered mutil-component
structure in the bilayer, suchasa gramicidin S pore, may be stabilized
by local order in the bilayer which is different from the bilayer order
farther away from the additive.

The intensity of the lines in a Raman spectrum depends on
the alignment of the molecule with respect to the irradiating light
and to the direction of detection, unless the polarizability of the
molecule is spherically symmetric. (1,2) This means that the inten-
sity of the lines in the Raman spectrum of a lipid bilayer should be
dependent on whether the lipid molecules are parallel, perpendicular,
or randomly oriented with respect to the direction of the incident
light. Referring to Figure 1, this means that cases (a), (b), and
(c) are distinguishable, i.e., the Raman spectrum of bilayer lipids
in the presence of an additive will show different line intensities
depending on the effects of the additive on the conformation of the
lipid molecules.

In addition to the change in intensity of the lines of the Raman
spectrum of bilayer lipids, an additive might also cause a slight fre-
quency shift in the lines. Such a frequency shift would be very help-
ful in quantitatively assessing the additive effects, because then the
Raman-active modes corresponding to the lipids near the additive
could be distinguished from the bulk of the bilayer lipids.

The Raman spectrum of bilayer lipid molecules which are

randomly oriented with respect to the incident light could be obtained
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using a standard flat-end capillary cell. The bilayer sample should
be of one phase, rather than a dispersion of bilayer particles in
water, in order to reduce the amount of (Rayleigh) scattered light.

The spectrum of bilayer lipids which are ordered perpen-
dicular to the incident light can be obtained using the same flat-end
capillary cell, by inserting into the bilayer-containing capillary a
solid glass rod of diameter just smaller than the capillary inside
diameter. Rotating this rod will orient the lipid remaining in the
cell so that the hydrocarbon chains are perpendicular to the incident
light.

The Raman spectrum of bilayer lipids whose hydrocarbon
chains are parallel to the incident light can be obtained by illuminat-
ing a stack of thin glass plates between which is sandwiched a thin
layer of oriented bilayer. The direction of illumination should be
perpendicular to the glass plates.

Experiments on bilayers containing various additives would
be performed using the capillary cell with the concentric glass rod.
The bulk of the lipid will then be oriented perpendicular to the inci-
dent light, and will e xhibit the corresponding Raman spectrum.
Changes in the intensities of these lines, or the appearance of fre-
quency shifts, would be studied for additives such as the ion-carrier
valinomycin, (3) the pore-former gramicidin S, (4) the bilayer pene-
trating cytochrome oxidase, (5) the freely reorienting rhodopsin, (6)
and the bilayer-stiffening cholesterol. ) These Raman spectral

effects would be used to develop models for the influence of the
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additives on the bilayer structure.
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