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Fatty Acyl Chain Order in Lecithin Model Membranes
Determined from Proton Magnetic Resonance’

Myer Bloom,* E. Elliott Burnell, Alexander L. MacKay,
Christine P. Nichol, Marko I. Valic, and Gerald Weeks

ABSTRACT: Proton magnetic resonance ('H NMR) has been
used to compare the local orientational order of acyl chains in
phospholipid bilayers of multilamellar and small sonicated
vesicular membranes of dipalmitoyllecithin (DPL) at 50 °C
and egg yolk lecithin (EYL) at 31 °C. The orientational order
of the multilamellar systems was characterized using deute-
rium magnetic resonance order parameters and 'H NMR
second moments. 'H NMR line shapes in the vesicle samples
were calculated using vesicle size distributions, determined
directly using electron microscopy, and a theory of motional
narrowing, which takes into account the symmetry properties
of the bilayer systems. The predicted non-Lorentzian line

Current efforts to understand the details of structure and
function of biological membranes have prompted many studies
of lipid bilayer model membranes. A variety of different
physical studies on both lecithin lamellar dispersions and ul-
trasonically generated lecithin vesicles have established beyond
any reasonable doubt that a crystalline (solid) to liquid-crys-
talline (fluid) phase transition occurs. Calorimetric mea-
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shapes and widths were found to be in good agreement with
experimental results, indicating that the local orientational
order (called “packing” by many workers) in the bilayers of
small vesicles and in multilamellar membranes is substantially
the same. This result was found to be true not only for the
largest "H NMR line associated with the nonterminal meth-
ylene protons but also for the resolved '"H NMR lines due to
the a-CH> and the terminal CHj; positions on the acyl chain.
Analysis of the vesicle 'TH NMR spectra of EYL taken with
different medium viscosities yielded a value of approximately
4 X 1078 cm? s~! for the lateral diffusion constant of the
phospholipid molecules at 31 °C.

surements (Chapman et al., 1967) show that the principal
contribution to the entropy change which occurs with the onset
of membrane fluidity is associated with the decrease of or-
ientational order of the hydrocarbon chains in the membrane
lipids. Quantitative measurements of “order parameters” as-
sociated with different positions along the hydrocarbon chains
have been provided by electron-spin resenance (ESR)! spin-
label experiments (Gaffney and McConnell, 1974; Schreier-
Murcillo et al., 1973) and nuclear magnetic resonance (NMR)

1 Abbreviations used: NMR, nuclear magnetic resonance; DPL, di-
palmitoyllecithin; EYL, egg yolk lecithin; ESR, electron spin resonance;
rf, radiofrequency; FT, Fourier transform; FID, free induction decay;
POL, 1-palmitoyl-2-oleoyllecithin.

© 1978 American Chemical Society
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experiments (Lichtenberg et al., 1975; Seelig and Seelig, 1974,
1975; Stockton et al., 1976). NMR is a particularly important
technique, as it is sensitive to both molecular order and mo-
lecular motion.

Sonicated lipid membrane vesicles are readily amenable to
physical studies and have been used extensively as models for
the more complex biological membranes. 1t is, therefore, im-
portant to establish if the local orientational order? of the hy-
drocarbon chains in these vesicles is markedly different from
that in the lamellar systems. If the order is markedly different,
the vesicles would be of less general usefuiness as a model
system but, nonetheless, might provide considerable insight
into the structure of those regions of membranes that have a
high radius of curvature such as mitochondrial cristae, cell-
surface microvilli, and pinocytotic vesicles.

The NMR spectra obtained from ultrasonically generated
vesicles are much sharper than those in unsonicated disper-
sions. Such a change is expected for vesicles sufficiently small
that their rotational Brownian motion causes a “motional
narrowing” of the interactions responsible for those features
of the NMR lines which are sensitive to orientational order.
Previous workers have compared the local orientational order
of the hydrocarbon chains in the vesicle membranes with the
order of the same lipid in unsonicated dispersions by measuring
the width A» of the NMR absorption lines. The measured
values of Av in small sonicated, fluid-phase lecithin vesicles
yield much smaller values of the ““dipolar orientational order
parameter” for the hydrocarbon chain proton magnetic reso-
nance than those estimated from the line width of the unson-
icated multilamellar dispersions (Lichtenberg et al., 1975) and
the rate of reorientation of the vesicles in the aqueous medium.
It has been suggested (Lichtenberg et al., 1975) that the reason
for this difference is that the relatively small radii of curvature
of the vesicles leads to much greater orientational disorder in
lipids. In contrast, Finer (1974) has argued that the difference
in line width can be explained in terms of the Brownian reor-
ientational motion of the small sonicated vesicles.

There are two major criticisms which can be made of the
previous '"H NMR work in phospholipid systems. As discussed
under Theory, the residual second moment values required to
determine the dipolar order parameter in the unsonicated
multilamellar dispersions have not been properly determined.
In some cases (Finer et al., 1972; Finer, 1974), the second
moment values have actually been deduced from line-width
measurements, a procedure which can give misleading results
for spin systems with complex line shapes. Indeed, partially
ordered hydrocarbon chains give rise to a logarithmic line
shape with a cutoff in the wings (Wennerstrom, 1973; Ulmius
et al., 1975, Bloom et al., 1975, 1977) for which the width at
half maximum is not directly related to the second moment.
Therefore, any agreement between the deduced values of order
parameters from line-width measurements and the true values
must be accidental. This difficulty has led to differences in the
interpretation of "H NMR line widths for unsonicated lecithin
dispersions (Horwitz et al., 1973; Finer, 1974; Seiter and Chan,
1973; Lichtenberg et al., 1975). In this paper, the residual
second moment is measured directly for unsonicated disper-
sions. We then use these measured values in the analysis of the
vesicle line widths and line shapes.

The second criticism of previous treatments is that the
standard theory of motional narrowing does not apply to lipid

2 Previous workers have often used the term “packing” in this context.
The words “orientational order™ provide a better description of the in-
formation provided by NMR measurements on membranes in the fluid
phase.
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spin systems in the fluid phase. Since the local order parame-
ters for the dipolar interactions vary appreciably in magnitude
along the length of the hydrocarbon chain, the different spins
cannot satisfy the assumption that all the spins are equivalent
insofar as the reorientational motions of the vesicles are con-
cerned. The statement by Lichtenberg et al. (1975) that iso-
tropic vesicle tumbling produced homogeneous broadening is
incorrect. In the next section, we develop a simple modification
of the theory of motional narrowing appropriate for vesicle
systems. This model, which is closely related to a rigorous
theory of motional narrowing due to vesicle reorientation
(Wennerstrom and Ulmius, 1976), is then used in the analysis
of the small vesicle 'H NMR data.

Recently, Stockton et al. {1976) have concluded, on the basis
of deuteron magnetic resonance of specifically deuterated fatty
acids introduced as probes of local quadrupolar order, that the
lipid packing in vesicles is not substantially more disordered
than in unsonicated multilamellar dispersions. Our analysis
of the "TH NMR spectra is in agreement with this result.

Experimental Procedure

Matrerials

L-a-Dipalmitoylphosphatidylcholine (DPL), A grade, was
obtained from Calbiochem and was purified by thin-layer
chromatography (Kates, 1972). The egg yolk lecithin (EYL)
used was egg yolk L-a-phosphatidylcholine (type I11E) from
Sigma. The D0 (99.8% D) was supplied by Merck, Sharp and
Dohme, Canada Ltd. For some experiments, highly enriched
D,0 (99.96% D) also from Merck, Sharp and Dohme, Canada,
Ltd., was used. Chain-deuterated dipalmitoylphosphatidyl-
choline-dg> was obtained from Lipid Specialties, Boston,
Mass.

Preparation of the Samples

Dipalmitoyllecithin. Suspensions of approximately 30%
(w/w) DPL in D,O were mixed by vortexing under nitrogen
in a tube. The 0.5% (w/w) DPL dispersions were prepared by
adding DPL to D;0 and repeatedly drawing the suspension
through a 4-in., 20-gauge syringe needle at room temperature.
DPL vesicles were made by sonicating the 0.5% (w/w) dis-
persion of DPL in D,O at 45 °C under nitrogen for 20 min with
the 0.5-in. probe of a Bronwill Biosonik (Rochester, N.Y.). The
sonicated sample was then centrifuged for 45 min in a Beck-
man Type 40 rotor at 35 000 rpm at 5 °C. The clear central
portion was drawn off and used for 'H NMR, electron mi-
croscopy, and turbidity measurements.

Egg Yolk Lecithin. EYL in hexane solution was dried under
a stream of nitrogen, redissolved in chloroform, dried under
nitrogen, and further dried under vacuum to remove the last
traces of solvent. Approximately 30% (w/w) and 3-5% (w/w)
dispersions of EYL in DO were prepared by methods already
described for DPL. The 3-5% (w/w) dispersions of EYL were
sonicated with the 0.5-in. probe of Bronwill Biosonik for 1 h
at 18-20 °C under nitrogen. EYL vesicles were also prepared
by sonication in a sealed tube under nitrogen for 6 h at 18-20
°C in an ultrasonic Disontegrator 320 water bath containing
a detergent solution. After centrifugation at 35 000 rpm for
45 min at 5 °Cin a Beckman Type 40 rotor, the clear central
portion of the sample was taken for electron microscopy, 'H
NMR, and turbidity measurements.

In some experiments EYL was dispersed in 6 mL of 0.1 M
NaCl, 2 mM potassium phosphate in D,O (pH meter reading
7.5) at a concentration of 5% (w/w). The dispersion was son-
icated with the 0.5-in. probe and centrifuged as described
above. The sample was concentrated to 2 mL usinga UM 10
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membrane in an Amincon ultrafiltration apparatus (Model
52) under nitrogen at 20 psi. The concentrated EYL was ap-
plied to a Sepharose 4B column at 4 °C and eluted with 2 mM
potassium phosphate (pH 7.9), 0.1 M NacCl in H,O at 0.5
mL /min. Serial fractions were collected and the absorbance
at 300 nm was determined. Very little material was excluded
from the column, indicating that few large liposomes were
present in the preparations. The smaller vesicles were included
and eluted as a single peak (Huang and Charlton, 1972). The
fractions from both the leading and the trailing edges of the
peak were pooled separately, and both samples were concen-
trated to approximately 1 mL using a UM 10 Amincon ul-
trafiltration membrane at 20 psi under nitrogen. The con-
centrated vesicles were gently mixed with 3 mL of 0.1 M NaCl,
2 mM potassium phosphate in D>O (pH 7.5) for 10 min and
then reconcentrated to approximately 1 mL. This step was
repeated three times so that the HDO remaining was
<0.1%.

In some experiments, varying amounts of glycerol were
added to EYL vesicles in D-O. The samples were vortexed
vigorously [or several minutes to ensure complete mixing. The
viscosity of the glycerol-D>O medium was measured for the
full range of glycerol concentrations using an Ostwald vis-
cometer.

BIOCHEMISTRY

Characterization of Vesicle Samples

Electron Microscopy. Immediately after preparation, the
vesicle sample was diluted with water to 1-2 mg/mL. A drop
of this was applied to a formvar carbon-coated grid for | min
and the excess was removed with filter paper. A drop of 2%
ammonium molybdate (pH 7.2) was then applied to the grid
for 1 min and the excess was removed with filter paper. When
0.1 M NaCl was present in the vesicle sample, it was added to
the diluent and to the stain, and the grid was given a final brief
rinse with ammonium molybdate without salt. The grids were
examined in a Philips 300 electron microscope operating at 60
kV. The magnification was calibrated using latex spheres
(Ernest F. Fulham, Inc., N.Y.). Photographs were taken with
the 35-mm camera and vesicle size distributions were deter-
mined by measuring the diameters of 2000-7000 vesicles in
prints showing representative areas of the sample.

Turbidity. The absorbance of the vesicle samples was de-
termined from 250 to 650 nm using a Beckman Model DB-G
spectrophotometer and a 1.0-cm light-path cuvette maintained
at 20 °C by circulating water from a temperature control
bath.

Phosphate Determination. The lipid concentrations of the
samples used for '"H NMR and turbidity measurements were
determined from measurements of total phosphate (Ames,
1966).

Fatty Acid Composition. The fatty acid composition of the
EYL vesicles was determined by gas-liquid chromatogra-
phy.

Nuclear Magnetic Resonance (NMR) Methods. Various
pulsed NMR methods were used to carry out the measure-
ments reported in this paper. Some of the relatively narrow 'H
NMR line shapes of small vesicles at temperatures above the
solid-fluid membrane phase transition were first studied in our
laboratories using a Varian XL-100 spectrometer with an in-
ternal 2H lock. Some difficulties were experienced in obtaining
reliable line shapes for DPL with this system because of the
very long dead time (~700 us) following the radiofrequency
(rf) pulse. This dead time necessitated the use of a first-order
phase correction in the Fourier transform (FT) routine which
can give rise to a poorly defined base line (Farrar and Becker,
1971; Davis et al., 1976). Reliable line shapes for EYL were
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obtained using a Nicolet TT-23 spectrometer having a dead
time of 100 us. In our experiments, we use a 5-kHz spectral
width (100-us dwell time) with no additional filtering, a 20-us
pulse width, and a frequency offset of 2.5 kHz from the 'H
NMR of HDO. The fidelity of the resulting linc shapes was
checked by accurately verifying the Lorentzian form of the 'H
NMR of a sample of H,O to which paramagnetic ions werc
added to broaden the 'H NMR line to a width of 30 Hz.

All other spectroscopic experiments were performed using
a Bruker SXP 4-100-MHz spectrometer operating at 90 MHz
with a 19F external lock. The Bruker spectrometer had a suf-
ficiently short pulse width (<1 us for a 90° rotation of the
nuclear magnetization) and receiver dead time following the
pulse (~10 us) to provide good free-induction decay (FID) and
line-shape measurements for the relatively broad 'H NMR
lines associated with the unsonicated dispersion. With the
Bruker spectrometer, we were able to account, within experi-
mental error, for the entire contribution of both the broad and
narrow components of the spectrum to the 'H NMR intensi-
ty.

The Fourier transform of the FID following a single 90°
pulse was carried out in order to obtain the 'H NMR line
shapes. As anticipated, the FID for unsonicated multilamellar
dispersions was observed to decay linearly with the square of
time (72) immediately {ollowing the rf pulse. The slope of the
FID vs. 12 curve at short times can be used to measure the
second moment of the '"H NMR line in the usual way (Abra-
gam, 1961, p 110; Goldman, 1970, p 223). Additional methods
were used to determine the second and also higher mo-
ments.

In the first method, used for multilamellar dispersions of
DPL and EYL, the FID, S(1), was fitted at short times to a
moment expansion, including terms up to the sixth moment,
using data between an initial time 7; and a final time ¢ (eq 1).

Mot? M4I4_M(,[6 ] ()

S0 —S(O)[l Ty TTa T e

The lower limit was chosen to be 25 us to ensure that S(1) was
not distorted due to the recovery of the amplifier system from
the effects of the rf pulse. The upper limit was varied in the
range 35 us < 1r < 300 us, and the uncertainty in the fit of S(z)
vs. t was studied as a function of ;. As 7 was increased, the
uncertainty was found to decrease as more experimental data
were used. At a sufficiently high value of ¢, however, signifi-
cant systematic errors were introduced because of the influence
on the FID of moments higher than M. In our fits, we found
that the uncertainty attained its minimum value near ¢; = 100
us. The values of M»> and M4 reported under Results corre-
spond to this value of ¢+. No change in M; or M4 was found
within experimental error, when My was included, but the
value of ¢ for minimum uncertainty was incrcased as expect-
ed.

In the second method, the moments were calculated directly
from the spectrum obtained {rom the Fourier transform of the
FID. The FID was first measured on resonance using a Nicolet
1090 AR dual-channel transient recorder to digitize the in-
phase and out-of-phase signals. The in-phase signal was then
fit to the first two terms of eq 1 at short times, and the out-
of-phase signal was extrapolated linearly back to the origin.
The out-of-phase signal arises because of the presence of
protons having different chemical shifts. The values of M3 and
M thus obtained from the Fourier transform of the FID
agreed with those obtained using the first method. One ad-
vantage of the second method is that errors in the extrapolation
procedure revealed themselves in the integrity of the spectrum
(i.e., the spectrum must be positive everywhere) and the flat-
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ness of the base line.

The pulse sequence of Jeener and Broekaert (1967) was also
used to check some of the second moment measurements re-
ported in this paper. This sequence involves three pulses: a 90°
pulse, followed closely by a 45° pulse which is phase shifted
by 90° with respect to the first pulse, and a third pulse identical
to the second one applied after a time long compared with the
FID decay time. For nonoriented multilamellar samples of the
type used here, the spacing of the first two pulses must be small
compared with the FID decay time for the signal following the
third pulse to have the form of the derivative of the FID (Bloom
et al., 1977). The second moment may be obtained from the
normalized initial slope of the Jeener echo. The precautions
necessary for precise measurements of second moments in
membrane systems using the Jeener echo have been thoroughly
discussed elsewhere (Bloom et al., 1977). In these experiments,
the precision of the single pulse measurements of the moments
was greater than that of the Jeener echo.

In some of the vesicle measurements, the HDO signal gave
a large background '"H NMR signal. This signal was elimi-
nated, utilizing the fact that the HDO protons had a relaxation
time T; (HDO) > T, (CH,), by applying our 90° pulse ap-
proximately halfway between successive (180°) pulses in an
“infinite train of pulses” which were separated by a time much
less than T; (HDO).

Theory

Application of the theory of NMR (Abragam, 1961) to
proton magnetic resonance in phospholipid systems is com-
plicated by the fact that not only are there many magnetically
nonequivalent proton positions on each molecule but several
different types of molecular motion can take place. Our pri-
mary concern in this section is to develop a reliable method of
analyzing '"H NMR line widths and line shapes in order to
extract definitive information on the relationship between the
lipid structures in multilamellar and vesicular systems. For this
purpose, it is sufficient to divide the molecular motions into two
classes, those which are fast and those which are slow. We shall
identify vesicular reorientation as a slow motion. As all workers
in this field agree (see, e.g., Horwitz et al., 1973; Finer, 1974;
Lichtenberg et al., 1975; Bloom et al., 1975), the correlation
time 7, for vesicle reorientation satisfies the inequality 7, 2
106 . The shortest values of about a microsecond are obtained
for vesicles having a diameter of about 250 A, while 7y is es-
sentially infinite for multilamellar systems. The correlation
time 7. for a motion classified as fast must satisfy the condi-
tions 7. << 7y. In addition, we assume that M,7.2 << 1, corre-
sponding to the motional narrowing regime where M is the
second moment of the experimental 'H NMR absorption line
in units of the square of the angular frequency. For all practical
purposes, we require that 7, < 10~7 s for a motion to be clas-
sified as fast.

Denoting the time average of the dipolar Hamiltonian over
the fast motion by (#4) we write the dipolar Hamiltonian as
the sum of two terms

Fa(t) = (Ha) + [Ha(t) — (H4)] (2)

Although (#4) is a constant for unsonicated dispersions,
it undergoes random variations for sonicated dispersions with
a correlation time 7. The average of (#4) over all vesicle
orientations is zero. The second term in eq 2 contributes to
spin-lattice relaxation and makes a contribution to the 'H
NMR line width which, to a very good approximation, is in-
dependent of the rate of vesicle tumbling.

Second Moments. In general, it is not possible to predict the
shape of the NMR absorption line for unsonicated dispersions,
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but the moments of the line can be evaluated in the absence of
molecular motion. The most important moment for structural
studies is the second moment. Molecular motion does not
change the “true second moment” M. However, the contri-
bution to M due to the second term in eq 2 becomes virtually
impossible to observe experimentally because 7 is so short. The
theoretical expression appropriate for the interpretation of the
experimental (residual) second moment under these conditions,
which we denote by M, is obtained by replacing #4 by (#4).
A lucid discussion of this important point is provided on pages
451-456 of Abragam (1961).

Simple Spin Systems. We now consider what happens in
the additional presence of a slow motion, the slow motion being
assumed to be fast enough to narrow further the residual
broadening due to (#4), i.e., M37,2 < 1. An important result
for a simple spin system, i.e., one in which all the spins expe-
rience equivalent motions, is that the NMR line becomes a
single Lorentzian with a full width at half-maximum (in Hz)
given by Ay, where

voL. 17, NO. 26, 1978

Ay = ?1- =Myr,+a(My— My)r, for,» 7. (3)
2

where the parameter ¢ = 1 and 9% in the “adiabatic” and
“extreme narrowing” regimes defined by wore > 1 and worc
<« 1, respectively (cf. Abragam, 1961, p 441). If there is more
than one type of fast motion, the second term may usually be
replaced by a superposition of terms with each of the various
contributions to M, having its appropriate correlation time;
see, e.2., Gent and Prestegard (1977), Seiter and Chan (1973),
or Finer (1974) for discussions of complex motions in phos-
pholipid membrane systems and Woessner (1962a,b) for more
general systems.

There are two contributions to 7,~1, one associated with the
rate of tumbling 7.~ ! of the vesicle of radius R in a suspending
medium of viscosity n and the other 74~! due to the rate of
lateral diffusion of the lipid molecules around the vesicle and
characterized by the translational diffusion constant D. These
contributions are given explicitly by (Bloom et al., 1975)

1_1,1_3kT 6D @
v 1 7d 4mR? R?

The theoretical treatments of Finer (1974) and Seiter and
Chan (1973) are both based on treatments equivalent to the
use of eq 3, and the disagreement between their results, which
is reviewed by Lichtenberg et al. (1975), involves different
assignments to M, and M, — M, in the liquid-crystalline
phase by the different workers based on their analyses of
line-width data for unsonicated dispersions. We shall now show
that the motional narrowing theory for simple spin systems is
not applicable to the influence of vesicle reorientation on the
'H NMR line shape of hydrocarbon chains in the fluid (lig-
uid-crystalline) phase of the membrane and shall develop a
modified theory appropriate for this system.

Modified NMR Line-Shape Theory for the Fluid Mem-
brane Phase. In the liquid-crystalline phase, the lateral dif-
fusion constant is sufficiently large that the contribution of the
intermolecular dipolar interactions to (#4) may be com-
pletely neglected (Ulmius et al., 1975, Bloom et al., 1975).
Therefore, {#4) is associated with intramolecular interactions
only. While the second moment M of the protons on the hy-
drocarbon chains in the absence of molecular motions is de-
termined by the geometry of the all-trans conformation of the
chain, M, is associated with (#4), the average of the dipolar
Hamiltonian taken over all conformations of the hydrocarbon
chain at the temperature and composition of the sample. We
have also assumed that the lipid molecules rotate rapidly about
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an axis of symmetry A, which is expected to be perpendicular
to the plane of the membrane bilayer. We then obtain (Abra-

gam, 1961, p 454; Bloom et al., 1975)
3cos2f— 1
(Ha) = (Ha)(0) = (H)(0) (—C—S—z——)

= (Hq)(0)P3(cos 8) (5)

where 0 is the angle between 7 and the external magnetic field.
The experimental consequences of eq 5 have been discussed
in several places (Abragam, 1961, p 454; Wennerstrém, 1973:
Ulmius et al., 1975; Bloom et al., 1975, 1977). One important
consequence is that M, depends on bilayer orientation, i.e.,
M (8) = M, (0)[P2(cos 8)]2. Another is that for a random
distribution of bilayer orientations, for which we shall use the
term “powder” in the following discussion, the central part of
the absorption line, i.e., {w — wol << M,!/2, has the form log
|w — wp| which makes any line-width analysis of unsonicated
dispersions meaningless. Here, we are mainly interested in the
interpretation of '"H NMR line shapes in powders. The well-
known expression for the second moment of a system of N
identical nuclei each having spin [ and gyromagnetic ratio y
is given on page 112 of Abragam (1961). The corresponding
expression for M, is conveniently expressed in terms of a set
of dipolar pseudo-order parameters S, defined by

j’*— (r 0)3<132(—COS>£’L (6)
Fik

where rj; is the instantaneous distance between spins j and £,
rjko is the corresponding distance in the all-trans conformation,
and x j is the angle between rj and 4. It should be noted that
S« reduces to the usual order parameter S, = (Pa(cos x;x))
for pairs of spins on a rigid section of the molecule in which the
distance ry is not affected by the motion.

Thr powder residual second moment contributions are given
below in forms suitable for defining the average dipolar
pseudo-order parameters S qip) for all the spins and Sgip) for
the jth spin

I N ‘
Mo = MaSin® = M S
| X e
== Z Z MURS 2 (7)
N
where
) 3 1
M = T MUD =y U+ 1) T (8)
K= K=; (rx?)

The second moments in eq 7 may be decomposed into an
intra-CH- and an inter-CH; contribution as follows. Ineq 7
and 8, denote the second moment of a pair of protons on a
single CH; group by

(MZU'k))single CHy, = My = 8.0 X 10952 (9)

The numerical value in eq 9 is obtained from eq 8 using #;x°
= 1.78 A for a pair of protons on a CH; group. Then, denoting
the orientational order parameter for the pair of protons on the
CHj group which includes the jth proton by S;uy (Higgs and
MacKay, 1977), we may write

MVSdip)? = maSiun® + kZ MRU RIS 2
=)

= M,.U)(intra) + M,U(inter) (10)
where the X is over those protons on different CH, groups

from the jth proton.
Motional Narrowing due to Vesicle Reorientation. We wish
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to consider the effect of vesicle reorientation on the dipolar
broadening of 'H NMR lines. Deuteron magnetic resonance
(*H NMR) of deuterated hydrocarbon chains indicates that
the order parameter (P+(cos xcp)) varies appreciably along
the length of the chain in the fluid phase (Seelig and Seelig,
1974; Stockton et al., 1976), where x¢py is the angle between
the C-D bond direction and 7. The closely related quantity
S;(dip) should vary in a similar manner. Thus, the different
protons along the hydrocarbon chain are in no sense equivalent
insofar as dipolar broadening is concerned, and the standard
formula for motional narrowing in simple spin systems is not
expected to hold. It is not difficult to find a more appropriate
form for the motionally narrowed 'H NMR absorption lines
in the fluid phase. since the following two approximations are
expected to be well satisfied: (1) We assume that the dipolar
interactions between spins on a single hydrocarbon chain are
averaged about # in a time much shorter than 7, so that the
effective (averaged) spin Hamiltonian to be considered is given
by eq 5 with 8 as a function of time due to vesicle reorientation
and lateral diffusion. (2) We assume that the spread of
chemical-shift frequencies among the different nuclei on the
hydrocarbon chain and the strength of the J couplings are
much less than the range of frequencies associated with the
dipolar interaction, i.c., 2 Av (chemical shift) <« v M, etc.

With these approximations and noting that the entire dipolar
Hamiltonian is multiplied by a common factor Pafcos #(1)].
the eigenfunctions of the averaged dipolar Hamiltonian are
independent of 8 but the eigenralues are proportional to Pafcos
#(r)]. Thus, the effect of vesicle reorientation is simply to cause
the contribution of the dipolar interaction to the angular fre-
quency of any particular nuclear spin transition to vary with
time according to

w[B(1)] = wP>[cos 8(1)] (1

where w(0) = w is the dipolar angular frequency shift for # =
0.

It then follows that each nuclear spin transition is separately
“motionally narrowed”. For extreme narrowing (Mar,” <«
1), direct application of the general theory of motional nar-
rowing (Abragam, 1961, pp 427--441) gives the simple result.
previously obtained in a more formal density matrix calculation
(Wennerstrdm and Ulmius, 1976), of a superposition of Lo-
rentzians for the NMR line-shape function F((1), where Q@ =
0 corresponds to the center of the line.

L e f@)Talw)
Q=+ NI Tae) 1>
F = f_wd“’l + Q[T "

Here f(w) is the normalized NMR line shape for the average
dipolar interaction at § = 0 and
L ey (13)
TH(w) 5

The parameter A represents all contributions to the NMR line
width which are approximately independent of vesicle reori-
entation, such as a(M, — My) 7. (see eq 3), magnetic ficld
inhomogeneity, small unresolved differences in chemical shift.
etc. It should be noted that the contribution to the second
moment from a given transition at the {requency w(f}) =
wPs(cos 0) is w?/5, since the mean squared value of Pz(cos #)
over all angles is 1/5, while the fotal residual second moment
previously discussed in connection with eq 7 and 8 is given in
terms of f(w) by

2= S

dw 14
- f flw)elde  (14)
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It should be emphasized that the (#4) responsible for M, is
the averaged dipolar Hamiltonian for a hypothetical nonor-
ienting vesicle and not for the unsonicated dispersion. Our
object is to ascertain whether the (#4), and hence the local
hydrocarbon chain order, is substantially different for the two
types of systems insofar as can be determined from an analysis
of proton magnetic resonance experimental results.

In general, the line shape given by eq 12 and 13 is very dif-
ferent from the single Lorentzian which is obtained for
equivalent spins. For example, the characteristics of F(£2) near
the peak at @ = 0 should be influenced most strongly by con-
tributions from small values of w providing that A «< My, 7.
On the other hand, there are vesicle systems which do not
satisfy approximation 1, such as, for example, a vesicle whose
lipid membrane is in the solid phase, for which the intermo-
lecular interactions may make an appreciable contribution to
(H4). Other systems, having nuclei with large chemical shifts,
etc., will not satisfy approximation 2.

Since the main purpose of our study is to examine the rela-
tionship between lipid order in vesicles with that in lamellar
systems, we have chosen to analyze our experimental data for
TH NMR line shapes in terms of a simple physical model for
Sf(w). We represent f(w) as a superposition of doublets due to
pairs of protons on different CH; groups along the chain. The
splitting of a doublet due to the dipolar interaction between a
pair of methylene protons, one of which is the jth proton, is
given by 29, where

sz = 5M2rU)(intra) = SM2SjHH2 (15)

while the broadening of each member of the doublet has a
second moment

a; = 5M ) (inter) (16)

associated with it. The factor of Sineq 15 and 16 is due to the
fact that the orientation-averaged second moment is one-fifth
of the second moment at # = 0. There is evidence (Bloom ¢t al.,
1977) that the 'TH NMR line shape of hydrocarbon chains in
oriented bilayer systems can be adequately approximated by
this superposition of Gaussian broadened doublets, i.e.

1@ =55 (52)" [ow [ 452

N j=1 \27a; 20

+ exp [— ot ) .;;.)2}] (17)

It follows from eq 7, 10, 15, and 16 that for this line shape

. . 1 X
Mj. = My (intra) + My (inter) = N > (Q2+ o) (18)
j=i

Analysis Procedure for '"H NMR Line Shapes in Vesicles

The procedure adopted was to calculate the vesicle line
shapes by substituting the form of f(w) given by eq 17 into the
vesicle line-shape formula of eq 12 and to compare the exper-
imental vesicle line shape with the shape calculated for values
of Q; and a; consistent with values obtained from measure-
ments on the unsonicated multilamellar samples. We now
describe explicitly the model used to obtain values of Q; and
o; from studies of the multilamellar system.

(1) Weassume that S;yy and Sj(ip) in vesicles are identical
to their values in unsonicated multilamellar dispersions for
each value of J.

(2) We assume that the values of S;; along the hydro-
carbon chains are proportional to the experimental values of
the quadrupolar order parameters S;cp, i.e., that the ratio
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p = Siuu/Sjco (19)
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is independent of j and, further, that ¢;/S;un? is independent
of j. The value of Q; is then found in terms of p from eq 15 and
a; from eq 18 in terms of p using our measured value of M,
for the hydrocarbon chains.

(3) Thevalue of Aineq 13 is obtained from the width of the
methylene resonance of DPL or EYL dissolved in deuterated
chloroform. The width receives contributions from mag-
netic-field inhomogeneities as well as unresolved chemical
shifts. The a-CH; and terminal CHj groups of DPL are
treated in a special way, as will be seen later. The protons in
EYL chemically shifted a considerable amount from the main
methylene line are not included in the simulated line shapes.
The 8-CH, is assigned a chemical shift of 30 Hz downfield
from the main methylene line, as measured by high-resolution
NMR studies in CDClj5 solutions.

(4) On the basis of electron microscope photographs, the
vesicles are divided into seven size groups [/ = 1-7 (see Table
I)] which are assigned an outer diameter 2R; midway between
the lower and upper limit of the size group. Thus, for the
smallest group range (180-270 A) in Table 1, the assigned
diameter is 2R; = 225 A. The number of vesicles in the jth size
group is given by N;. Since the membranes have a finite
thickness of 4 (d = 40 A) much less than 2R;, the number of
protons contributing to the 'H NMR signal from a size group
characterized by a radius R; is proportional to 4m(R; — d/2)?2
and we, therefore, assign a statistical weight P; to this contri-

bution.
2
(-4
P = N (20)
£ (Ri=3)

Then, denoting the line shape of eq 12 for the ith vesicle size
group by F;(Q), we obtain a theoretical line shape for the
sample consisting of a superposition of the seven size groups
in Table I given by?3

F@) = T PF(©) 1)

In the procedure described above, we still have an adjustable
parameter, providing that the lateral diffusion term in eq 4
makes a negligible contribution to 7,. Having scaled S;u to
Sjcp along the hydrocarbon chain using assumption 2, we are
free to adjust p keeping M, fixed at the experimental value 4
If a reasonable fit to the experimental vesicular 'H NMR line
shape is obtained for p = 1, we may conclude that the local
orientational order in the vesicular membranes resembles
closely that in the membranes of the multilamellar system. If
departures from p = 1 and/or values of M, different from the
experimental value for the multilamellar system are required
in order to fit the vesicular 'H NMR line shape, this gives a
quantitative indication of differences in local orientational
order between these types of membranes.

3 For the largest vesicle size group (/ = 7) in Table I, the condition for
motional narrowing is violated (i.e., M2,;7,2 2 1). The line width of this
group is approximately the same as that of the next smallest group (i =
6). In our numerical computations, we have, therefore, assigned the sta-
tistical weight P¢ + P to size group i = 6. For some samples, the smallest
size group was subdivided into two groups as indicated in Table 1.

4 Adjustment of the ratio M, (intra)/ M,V (inter) = Q¥ =
M (intra)/M(inter) is equivalent to adjustment of p.
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TABLE [: Size Distribution of Vesicles of EYL and DPL as Determined Using Electron Microscopy.
no. of av?  avd
sample vesicles % by no. in diameter range (A) diam diam
no. type sized  180-270  270-360 360-450 450-540  540-720  720-900 >900 (size) (mass)
1 EYL 2691 349 34.7 9.6 9.0 5.5 3.0 33 349 540
2 EYL 6932 63.8 225 5.6 4.0 23 1.1 0.7 286 424
3 EYL 2896 33.8 223 12.1 18.1 9.3 32 1.2 379 530
4 EYL 5215 56.0 223 6.2 9.0 4.5 1.4 0.6 310 4ot
5 EYL 4503 40.7 40.0 11.1 6.3 1.7 0.2 306 377
6 small” EYL 4703 71.9¢ 21.2 5.1 1.5 0.3 263 303
6 large? EYL 636 13.54 31.0 11.3 21.8 8.8 4.5 9.1 451 607
7 small®? EYL 3203 44.0 38.8 7.8 6.3 2.7 0.3 0.1 304 391
7 large” EYL 2285 10.4 29.0 14.5 20.6 15.4 6.4 37 454 592
8 DPL 6486 80.5 9.1 3.1 38 2.0 1.0 0.5 266 410
b after 'TH NMR<at23°C 4454 26.5 459 17.6 7.7 1.5 0.5 0.3 330 403
8 after 'H NMReat 50°C 2924 31.8 40.5 12.2 8.3 2.1 1.6 35 344 500
9 DPL 4061 72,5/ 18.3 4.4 3.7 0.9 0.1 0.1 280 412
9 alter 'H NMRe¢at23°C 1542 15.8¢ 327 21.3 234 5.5 1.3 390 468
9 after 'HNMR?at350°C 1518 53.7% 13.6 13.7 12.0 5.1 1.8 0.1 325 471

@ The average diameter (size) is obtained by giving each vesicle equal statistical weight. The average diameter (mass) is calculated by weighting
cach size by the number of molecules in the vesicular membrane as discussed in the text. » “Small” vesicles were eluted from Sepharose 4B
as the trailing edge of the absorbance peak, while “large” vesicles were from the leading edge of the same peak. ¢ 33.7% were in the range 180~234
A and 38.2% in the range 234-270 A. 4 <19% werc in the range 180-234 A. ¢ Corresponding to an elapsed time <I.5hat 50 °C and <2.5h
at 23 °C./ 39.9% were in the range 180-234 A and 32.6% in the range 234-270 A. £ 0% were in the range 180-234 A and 15.8% in the range
234-270 A. % 33.6% were in the range 180-234 A and 20.1% in the range 234-270 A.

TABLE il: 'H NMR Moment Measurements and Quantities
Deduced from These Measurements.

Mz, Mgr (head) er/ (chain) a M4r
(108 s72) (108 5—2) (108572) (1017574

DPL¢ 27+£02 0.65 £0.05 3.7 341
EYLY 18+£0.2 0.65% 2.6 2+£08

4 Calculated for the methylene protons from measurements of M,
and M (head) following procedures described in the text. It has also
been assumed that the terminal CHj; group makes a negligible con-
tribution to My i.e., for DPL, M»,” (chain) = 345 M, (chain). For
EYL, M1 (chain) refers to selected methylenes as described in the
text. » Assumed to be the same as for DPL for purposes of computa-
tion. < 50 °C. 4 31 °C.

Results and Discussion

"H NM R Second Moments in Unsonicated Multilamellar
Dispersions. Since the main objective of our study is to com-
pare quantitatively the orientational order of the hydrocarbon
chains in the membranes of sonicated vesicle systems with that
of unsonicated multilamellar dispersions, it is logical to begin
with the experimental determination of the dipolar order pa-
rameters in the unsonicated dispersions. As discussed earlier,
the dipolar order parameter is determined from the residual
second moment M>,. Measurements of M, for the protons in
DPL were found to decrease from 2.7 X 10°s72at 26 °Cto 1.9
X 10%s72at 39 °C in the gel phase and t0 2.7 X 108572 at 50
°C in the liquid-crystal phase. There are two reasons for the
decrease at the phase transition. The contribution of the in-
termolecular dipolar interaction decreases from an appreciable
value in the solid (gel) to zero in the fluid (liquid crystal) be-
cause of the onset of rapid lateral diffusion. In addition, the
average value of the intramolecular dipolar interactions is
reduced greatly because of the increased flexibility of the acyl
chains in the fluid phase.

In order to obtain quantitative information on the orienta-
tional order of the hydrocarbon chains themselves, we have

measured M ,; at 50 °C of a sample of nondeuterated DPL and
also of a sample of DPL in which all the protons on the hy-
drocarbon chains were replaced by deuterons. In addition, M,
has been measured for EYL at 31 °C. These measurements
are summarized in Table 11 and a representative FID signal
is shown in Figure 1.

The measurements in DPL were used to obtain the residual
second moment of the chain protons M, (chain) and that of
the protons in the head group M», (head). Denoting the
number of protons in the head group by Ny and the total
number of protons in the two chains by N¢, the results of our
measurements in DPL may be summarized in the form

Nu
<NH n Nc> M (head)

+ <V;—;N+;Nc_> Mo, (chain) = My, (22)
Using Ny = 18 and N¢ = 62 for DPL and the value of M,
(head) and M, in Table 11, we obtain the result for M,
(chain) given in Table I1. The result for M, (chain) for EYL
in Table II is obtained assuming that M, (head) for EYL is
the same as for DPL.

Using the value of My, (chain) for DPL, the value of M, =
19 G2 = 1.35 X 10'9s~2 for a saturated hydrocarbon chain in
the all-trans conformation (Jantzen and Dunell, 1963), and
eq 7, we obtain Sgipy = 0.166 £ 0.004 for the CH3 groups of
the acyl chains of DPL at 50 °C. It is of interest to compare this
average dipolar psecudo-order parameter with the corre-
sponding average quadrupolar order parameter .S quag) defined
by

1N
Siquad)? = — 2 Sjcp? (23)
N j=1
The value of S(quad) Obtained from the dependence of the
deuterium quadrupolar splitting on the CD; chain position on
specifically labeled methylenes in DPL (Seeclig and Seelig,
1974) is found to be 0.18 for DPL at 50 °C, while the value
given by the second moment of the deuterium resonance
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TABLE HI: Values of the CD Order Parameter S;cp as a Function of Acyl Chain Position.

chain DPL? DPLc POL (sn-1)4 POL (sn-2)¢ EYL (stearic)¢
position (50 °C) (46 °C) (27 °C) (27 °C) (30 °C)
2 (sn-1) 0.22 0.20 0.21 0.24

(sn-2) 0.13,0.08 0.13,0.08

3 0.20 0.19¢9 0.18 0.15¢9 0.24¢
4 0.22 0.18 0.20 0.20¢ 0.24

5 0.21 0.184 0.21 0.214 0.23¢
6 0.20¢ 0.17 0.21 0.20¢ 0.23¢4
7 0.20¢ 0.17¢ 0.20¢ 0.15¢ 0.23

8 0.19¢ 0.16 0.20 0.12 0.23¢
9 0.19 0.15¢ 0.17 0.10 0.23¢
10 0.18 0.14 0.16 0.03 0.23
11 0.16¢ 0.13 0.15¢ 0.05 0.20¢
12 0.14 0.12 0.14 0.10 0.17
13 0.13¢ 0.11 0.12¢ 0.12¢4 0.16¢
14 0.11 0.09 0.09 0.09¢ 0.14
15 0.08 0.08 0.08 0.08¢4 0.11
16 0.03 0.10
17 0.07

a For cases in which no experimental values were available, the values listed were obtained by interpolation. ® Seelig and Seelig (1974).
¢ Davis (to be published). 4 Seelig and Seelig (1977). ¢ Stockton et al. (1976).

spectrum in DPL having perdeuterated chains (J. H. Davis,
to be published) at 46 °C3is 0.15. From these results, we may
write S(quad) = 0.165 £ 0.015, which is equal to Sgipy within
experimental error.

Since S (quad) = Sip) for DPL, we conclude that the starting
point (assumptions 1 and 2) for our analysis of the relationship
between 'H NMR line shapes in vesicles and multilamellar
system is valid. In order to fix the values of the parameters Q;
and o; in the empirical line-shape function f(w) in eq 17 in
terms of the experimental value of S(qyaq), we use eq 9, 10, and
19 to obtain

. 1 N N
My (intra) = — 3 M, U (intra)
N j=1

= (2.16 £ 0.3) X 108p25=2 (24)

where the sum in eq 24 is over the methylene protons only. It
is interesting to note that for p = 1 the fractional contribution
of the interactions between geminal pair protons to the residual
second moment is given by My (intra) /M, = 0.58 % 0.08,
which may be compared with the value of 0.70 obtained for the
lamellar phase of the potassium palmitate-water ‘system
(Bloom et al., 1977). Values of §;cp used later in our analysis
of the vesicle 'H NMR line shapes are shown in Table I11.
For the case of EYL, it is not possible to make as detailed
a comparison of the dipolar and quadrupolar orientational
order parameters as for DPL. No measurements of S;cp are
available for EYL. However, measurements have been made
of orientational order of specifically labeled stearic acid probes
in EYL (Stockton et al., 1976). In addition, measurements of
Sjcp are available for most of the positions in both the satu-
rated and unsaturated chains of 1-palmitoyl-2-oleoyllecithin,
POL (Seelig and Waespe-Sarcevic, 1978), which is repre-
sentative of some of the principal lipids found in EYL mem-
branes. The order parameters of the saturated chains of POL
and of the stearic acid probes are given in Table III. As dis-
cussed by Seelig and Waespe-Sarcevic (1978), the very dif-
ferent variation of S;cp with j for the unsaturated and satu-
rated chains of POL in the vicinity of the position of the double

5 We use the value at the reduced temperature of 46 °C rather than 50
°C because DPL with perdeuterated chains has a gel to liquid-crystal
transition temperature 4 °C lower than nondeuterated DPL.

SIGNAL. INTENSITY
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FIGURE 1: The initial part of the free-induction decay for a multilamellar
dispersion of DPL at S0 °C. The continuous line is the experimental data
and the dashed line represents a sixth order even polynomial fit to the re-
gion between ¢ = 25 and 95 us with My, = 2.7 X 10852, M4 = 3.2 X 1017
s72 and Mg, = 4.0 X 1026572,

bond may be accounted for in terms of local geometrical fac-
tors, and it appears as though the “local molecular orienta-
tional order” of the two chains are actually very similar to each
other. We shall analyze the vesicular 'H NMR line shapes of
CH;, protons on saturated chains and those at least once re-
moved from double bonds of unsaturated chains. These protons
are distinguishable from those on or next to double bonds via
differing chemical shifts. The data listed in Table III combined
with the values of My for EYL given in Table II are sufficient
for us to make this analysis.

Vesicle Size Distributions. In order to analyze the experi-
mental results on '"H NMR line shapes in vesicles, it is neces-
sary to specify the actual distribution of vesicle sizes in each
sample studied, since the correlation time 7, in eq 13 is very
sensitive to vesicle size as may be seen from eq 4. Despite the
small average sizes of several of the samples, it is clear from
Table I that an accurate description of the '"H NMR line
shapes requires that the contributions from larger vesicles also
be taken into account.

Very small vesicles of DPL (average size 270 A) were easily
obtained by sonication, followed by centrifugation (samples
8 and 9, Table I). These vesicles, however, proved to be rela-
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FIGULRE 2: Experimental 100-MHz 'H NMR spectra for (a) DPL vesicles
at 50 °Cand (b) EYL vesicles at 31 °C. In (a), the first three peaks from

the right are due to protons in terminal methyl groups, in methylene pairs,
and in w-methylene pairs on the phospholipid hydrocarbon chains.

tively unstable in that their size increased with time, as assessed
directly by electron microscopy or indirectly by an increase in
turbidity (Chong and Colbow, 1976). The change in vesicle
size distribution during the course of the 'H NMR experiment
is shown in Table [.

In contrast, very small vesicles of EYL were less readily
obtainable (samples 1-5, Table [). They were only obtained
{samples 6 and 7) by passage of the sample through a Sepha-
rose 4B column. All of the EYL samples were stable for several
hours, as determined by turbidity and electron microscopy.

Comparison of Experimental and Theoretical Line Shapes
in Vesicles. Typical 100-MHz 'H NMR spectra for EYL and
DPL vesicles at 31 and 50 °C, respectively, are shown in Figure
2. Both these spectra correspond to the fluid phase of the
membranes and are similar to results already published by
others (see, e.g., Lichtenberg et al., 1975; Sheetz and Chan,
1972; Finer et al., 1972; Horwitz et al., 1973).

The Main Methylene '"H NMR Line in DPL. We first
compare the experimental line shape of the main methylene
peak in DPL with the model described earlier in which the local
orientational order in the vesicular membrane is essentially the
same as in the multilamellar membrane; i.e., we put p = | in
eq 19. As may be seen from Figure 3, the calculated line shapes
of eq 12 and 21 using the S;¢p of Davis (1978) and of Seelig
and Seelig (1974) are each consistent with the experimental
line shape. These fits were made assuming that the DPL
molecules have a lateral diffusion constant of D = 2.0 X 10~%
e¢m? s~ as measured by Cullis (1976). The fit is not sensitive
to D even if D is increased by as much as a factor of two, be-

BLOOM ET AL.
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FIGURE 3: Experimental (—) and calculated line shapes for the main
methylene 'H NMR line in DPL vesicles at 50 °C. The calculated line
shapes represent: motionally narrowed doublets of zero width with
splittings scaled to the S;cp of Davis (to be published) and adjusted to
account for the experimental value of My, (- - -); motionally narrowed
Gaussian doublets (eq 12) with splittings and widths scaled to the S;cp
of Seelig and Seelig (1974) with p = 1 (- -); motionally narrowed
Gaussian doublets with splittings and widths scaled to the S;cp of Davis
(to be published) with p = 1 (- - -); and a single Lorentzian fitted to the
peak amplitude and the width at half-maximum (-). The bump on the
left-hand side of the line shapes calculated using deuteron order parameters
is due to the g-methylene pair.

cause 7; << 74 in eq 4. The ZH NMR order parameters of Davis
and Seelig correspond, respectively, to the lower and upper
limits of eq 24. Therefore, we conclude that the orientational
order of the vesicular membranes, as indicated by the meth-
ylene 'H NMR absorption line, is completely consistent with
that of multilamellar membranes as determined by 2H
NMR.

[t is interesting to compare the experimental line shape with
a single Lorentzian line fitted to the peak amplitude and the
width at half-maximum, which is the procedure followed by
previous workers (see, ¢.g., Lichtenberg et al., 1975). It is clear
from Figure 3 that the Lorentzian shape falls off much too
rapidly to provide an adequate fit of the 'H NMR line in the
wings. Another line shape which is of interest is that which
arises from a superposition of Lorentzians from motionally
narrowed doublets of zero width, i.e., o; = 0, with the splittings
Q; adjusted to account for the experimental value of M. The
resulting superposition of Lorentzians is far too broad to fit the
vesicle 'TH NMR line, as seen from Figure 3. Although the
broadening terms o; account for less than half the observed
M. in the multilamellar system, they are responsible for the
nonzero low frequency values of f(w) which have a profound
influence on the behavior of the central part of the vesicle line
shape F(Q). Larger values of the o; tend to give smaller values
of the half-width of F(Q) if M, is kept constant.

The o-CH, and Terminal CHy 'H NMR Lines. The
chemical shifts of the «-CH; and terminal CHj; protons from
the (CH3), protons are sufficiently great to give resolved 'H
NMR lines in vesicles. It is natural to ask whether the shape
and width of these lines, arising from the two ends of the acyl
chains and having very different orientational order parameters
as measured using 2H NMR, can be accounted for using the
model which we have shown above to be so successful in de-
scribing the main methylene peak. As shown in Figure 4, the
fit obtained to these chemically shifted peaks is remarkably
good, indicating that the orientational order parameters of the
vesicle membrane at widely different depths must be very close
to those in multilamellar membranes. The procedure required
to make these fits is not trivial and we shall explain it in some
detail.
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FIGURE 4: Experimental (—) and calculated (- - -) line shapes for the
hydrocarbon chain protons in DPL vesicles at 50 °C illustrating the fit to
the '"H NMR line from the a-methylene and terminal methyl groups. The
stick spectra represent the chemical shifts and calculated relative intensities
of the three-line fine structure used in this simulation. The line shape was
calculated from the S;cp of Davis (to be published).

In the case of the a-CH; spectrum, one must take account
of the fact that the sn-1 and the sn-2 chains are expected to
have different values of Sjuu, since the two chains are
structurally inequivalent (Seelig and Browning, 1978). In fact,
the sn-1 chain has one value of S;cp, while the sn-2 chain has
two values, as listed in Table III. Assuming that the two values
of S;cp on the sn-2 chain correspond to the two «-CD; deu-
terons being inequivalent rather than to two long-lived con-
formations of the hydrocarbon chain (Seelig and Waespe-
Sarcevic, 1978), we expect two values.of S;uy for the «-CH;
resonance, one for each chain. In fitting the a-CH; vesicle line
shape, we fixed one of these values at Suy = 0.2, which is
roughly the value obtained for S¢p for the sn-1 chain and
adjusted the other for the best fit. The fit shown in Figure 4 is
for Syy = 0.10 for the sn-2 chain which is close to the corre-
sponding values of Scp. We also set g; for the a-CH; protons
to one-half the value obtained for protons near the polar head
of the chain in our fit of the main methylene peak. Our reason
for doing this is that the «-CHj protons are broadened only half
as much as the protons farther along the chain by the neigh-
boring methylene protons, since they are at the head of the
chain. We also took account of the fine structure of the a-CHj,
protons due to indirect spin-spin interactions with the 8-CH,
protons, as measured in DPL dissolved in a CDClj3 solution.
This structure is approximated by the three-line stick spectrum
shown in Figure 4, as calculated from Pople et al. (1959).

In the case of the terminal CH; group, we equated Syy to
the value of % Scp obtained by Davis (to be published) from
the terminal CD3 2H NMR splitting and shown in Table I11.
The factor of 3; takes account of the geometry of the methyl
group. We also assigned a value of o; equal to '/ that obtained
using eq 19 for p = 1 for reasons described above. For three
dipolar coupled protons, the appropriate form for f(w) isa 1:2:1
Gaussian broadened triplet centered on w = 0, where the outer
two peaks are separated by 2Q;. In addition, we used the fine
structure calculated from Pople et al. (1959) and indicated by
the stick spectrum under the terminal-CHj line in Figure 4 and
also observed for DPL in chloroform solution. In this case, the
fit with no adjustable parameters is adequate, leading to the
conclusion that Syy for the terminal-CHj group in vesicular
membranes is close to the value obtained from Scp for the
terminal-CD3 group in multilamellar membranes of DPL.
Similar fits can be obtained for EYL.

The Main Methylene '"H NMR Line in EYL. The procedure
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FIGURE 5: Experimental (—) and calculated line shapes for the main
methylene 'H NMR line in EYL vesicles at 31 °C. The calculated line
shapes represent: motionally narrowed doublets of zero width with
splittings scaled to the Sjcp of Seelig and Seelig (1977) and Seelig and
Waespe-Sarcevic (1978) and adjusted to account for the experimental
value of M, (- - ~); motionally narrowed Gaussian doublets {eq 12) with
splittings and widths scaled to the S;cp of Seelig and Seelig (1977) for
POL with p = 1 (- -); motionally narrowed Gaussian doublets with
splittings and widths scaled to the S;cp of Stockton et al. (1976) for stearic
acid probes in EYL with p = 0.8 (- - -); and a single Lorentzian fitted to
the peak amplitude and the width at half maximum (-~). The bump on the
left-hand side of the line shapes calculated using deuteron order parameters
is due to the §-methylene pair.

followed in fitting the 'H NMR line shape of the main CH;
line in EYL is exactly the same as for DPL. Unlike the case of
DPL, however, we have no direct measurements of S;cp in
multilamellar samples of EYL. For reasons discussed earlier
in this section, we feel that it is significant to compare local
orientational order associated with the EYL vesicle 'H NMR
line shapes with that given by S;cp measurements of Seelig
and Seelig (1975) and Seelig and Waespe-Sarcevic (1978) on
POL and of Stockton et al. (1976) on stearic acid probes in
EYL. The value of M, for the methylene protons in EYL
combined with these values for S;cp have been used to calcu-
late line shapes which are shown in Figure 5. The methylene
line shape calculated from the S;cp for both saturated and
unsaturated chains obtained from Seelig and Seelig (1975)
gives a good fit to the experimental line with p = 1. An equally
good fit was obtained using the S;cp of Stockton et al. (1976)
with the value of p adjusted to 0.80. It is interesting to note,
however, that for both simulations the value of M, (intra)/
M, was 0.80. This number may be compared with the values
0.50 and 0.75 obtained for DPL using the S;cp of Davis (to be
published) and Seelig and Seelig (1974) and 0.70 for potassium
palmitate (Bloom et al., 1977).

Discussion of the Main Methylene '\H NMR Line Shapes
in DPL and EYL. We have presented a detailed analysis of the
methylene '"H NMR line shapes in the fluid membrane phase
of a small number of vesicle samples. The same procedure has
been used to analyze a large number of samples, including all
those described in Table 1. In every case, the theoretical line
shape was found to give a reasonable fit of the experimental
line shape within experimental error.

It is also clear from Figures 3 and 5 that the methylene line
shapes do not fit a single Lorentzian shape function. In fact,
the area under a Lorentzian function fitted to the full width
at half-maximum of the methylene '"H NMR tine accounts for
only about half the total tH NMR intensity, as is expected
theoretically. The broad line component is associated with the
larger dipolar order parameters of the protons near the polar
head of the hydrocarbon chains and also becomes more im-
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FIGURE 6: The free-inducation decay for EYL vesicles: (a) the experi-
mental FID at 31 °C; (b) the contribution of the main methylene protons
to the FID; (c) comparison of the entire simulated FID (- - -} with the
experimental FID (—). In the experimental FID, the signal from the HDO
protons was suppressed by using an inversion recovery pulse sequence.

portant for samples containing relatively larger vesicles.
However, a broad line component is anticipated, and observed,
in the methylene 'tH NMR even for narrow vesicle size dis-
tributions. An illustration of this point is that, although in-
clusion of the complete, experimentally determined vesicle size
distribution in eq 21 improves the fit to the vesicle line shape,
adequate fits are also obtained using eq 12 with a single average
vesicle size. 'H NMR spectra obtained by previous workers
have also revealed the broad component (see, e.g., Sheetz and
Chan, 1975, especially Figures 3 and 5). Thus, any attempt to
draw conclusions about hydrocarbon chain “packing” from
a simple line-width analysis using the single Lorentzian line-
shape theory of motional narrowing appropriate for simple spin
systems (Lichtenberg et al., 1975) must be treated with
skepticism.

The Shape of the Free-induction Decay. 1t is interesting to
examine the shape of the FID from which the spectra described
above were obtained by a Fourier transform calculation. The
broad component of the spectrum, which has a substantial
integrated intensity but low amplitude in the frequency do-
main, contributes to a sharp decrease with time in the FID
immediately following the 90° rf pulse. The FID for EYL is
shown in Figure 6a, and we see the expected rapid decrease
immediately following the rf pulse.

In order to examine the contribution of the main methylene
peak to the FID, we first fitted this peak to an ad hoc form for
Sf(w) corresponding to two Gaussian broadened doublets, one
of lower intensity which was chemically shifted from the first
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FIGURE 7: The simulated main methylene line shape for EYL vesicles
calculated from an ad hoc f{w) and used for the analysis of the effect of
diffusion.

in order to simulate the asymmetry in the experimental line
shape. This form for the line-shape function and the values of
the parameters giving the best fit have no physical significance.
We chose this simple form only to simplify the computations
here and in the following discussion on lateral diffusion in
vesicles. It also provides us with the opportunity of emphasizing
that the form of f{w) which fits the experimental line shape
using eq 12 and 21 is not unique.

The contribution of the main methylene 'H NMR line to
the FID was obtained by calculating the Fourier transform of
the fitted peak in Figure 7. From the contribution of these
methylene protons to the FID shown in Figure 6b, we see that
an appreciable fraction of the rapid decrease in the FID fol-
lowing the pulse is due to the broad component of this meth-
ylene line. A comparison of the entire simulated FID with the
experimental FID is shown in Figure 6¢c and the agreement is
quite good. In this simulation, the contributions from all the
'"H NMR lines in Figures 1 and 35, distinguishable from the
main methylene peak, were approximated by simple Lorent-
zian lines. The widths, intensities and chemical shifts of the
individual lines required for the simulation were obtained from
the spectrum; the intensities were in agreement with the sto-
chiometric ratios, and the EYL fatty acid composition and the
chemical shifts so obtained are in agreement with results ob-
tained by previous workers (Berden et al., 1975).

Lateral Diffusion of Phospholipids in EYL Vesicles. In our
analysis of the methylene line shape we used a value of D = 2.0
X 10~% cm? s~! for the lateral diffusion constant of the phos-
pholipid molecules in the vesicles. For this value of D, the
lateral diffusion makes a relatively small contribution to . in
eq 4, since 7, =~ 0.274 for vesicles of diameter 300 A. Inorder
to examine the role of lateral diffusion more critically, we have
carried out a series of experiments using EYL vesicles in
mixtures of D,O/glycerol. In these mixtures, the viscosity »
is increased substantially over the value in D,O, thereby de-
creasing the vesicle tumbling rate ,~! without, we assume,
changing the lateral diffusion constant appreciably. Previous
experiments on such mixtures had not revealed the anticipated
large change in the half-width of the '"H NMR line with the
increased viscosity of the medium, but we have found consis-
tently that when the entire methylene line shape is examined
the predicted effects of increased viscosity on vesicle tumbling
are clearly observed. In a previous publication (MacKay et al.,
1978), we have analyzed the variation of the width at half-
maximum of the 'H NMR line with viscosity to obtain a crude
estimate of D. It is clear from our previous discussion, however,
that a reliable estimate of D from 'H NMR vesicle spectra
requires a more thorough analysis of the "H NMR line shape.
Such an analysis is given in Figure 8 where the main methylene
peak is compared, using the ad hoc f(w) used in Figure 7, to
line shapes calculated using different values of D. On the basis
of these studies, we find that D = 4 X 1078 cm?s~!, in sub-
stantial agreement with Cullis’ (1976) measurement of 2.7 X
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FIGURE 8. The comparison of the main methylene line in EYL vesicles
at 31 °C suspended in glycerol/D,O mixtures of different viscosities with
simulated methylene line shapes calculated for five different values of the
translational diffusion constant: D = 0.0 cm2s~! (- -); D = 2.0 X 1078
cm?s™H(---):;D=40X%X10"8c¢m?2s™! (---); D =8.0X 1078 cm?5~!
(----),D=16.0X 10" cm?s~! (-),
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1078 cm? s~ in a similar experiment using 3'P magnetic res-
onance.

Conclusion

In this paper, we have attempted to answer the question:
*“‘Are the acyl chains of phospholipid molecules in the mem-
branes of small vesicles substantially more disordered than in
multilamellar membranes?”” The technique we have used to
deal with this problem is proton magnetic resonance. Previous
workers have given opposing answers to this question on the
basis of 'TH NMR studies.® Although our answer of “no” is in
agreement with that of Finer (1974), our arguments are quite
different from his, In fact, we believe that his correct conclusion
is based on a fortuitous cancellation of two errors. We agree
with the criticism of Lichtenberg et al. (1976) that the multi-
lamellar line-width value of 250 Hz used by Finer as a pa-
rameter in determining the motional narrowing due to vesicle
reorientation is too small and that the appropriate value to use’
is approximately 3000 Hz (Seiter and Chan, 1973). But, it is
not correct to state, as Lichtenberg et al. (1976) do, that Finer’s
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value is due to “an experimental artifact caused by instru-
mental limitations”. Finer has used the half-width of the
“super-Lorentzian” multilamellar 'H NMR line (Finer et al,,
1972) which, for reasons described under Theory, is not an
appropriate parameter from which to extract the residual
second moment required to deal with motional narrowing.

Lichtenberg et al. (1976) emphasize the role of the different
theoretical approaches used by Seiter and Chan (1973) and
Finer (1974) in arriving at opposite answers to the above
question. In fact, the motional narrowing theory of Anderson
(1954) used by Seiter and Chan and the modified formula of
Gutowsky and Pake (1950) used by Finer give essentially the
same result, which is given as eq 3 of this paper, providing that
Myr,2 < 1 (Abragam, 1961, see page 456 and the related
discussion). The mistake made by Seiter and Chan is in relating
the parameter Ay = 1 /w T, which is the width at half-maxi-
mum of the Lorentzian line predicted by the Anderson theory,
to the width of the vesicle 'H NMR line which is not Lorent-
zian, Though the Anderson theory is formulated for an en-
semble of equivalent spins and is, therefore, not applicable to
phospholipid molecules in vesicular membranes, the parameter
T,~! should correspond to the average T,™! of the methylene
protons given by the initial slope of the FID in Figure 6b.
When this is done, it is easily seen that there is no need to in-
voke extra orientational disorder in vesicular membranes in
order to interpret the '"H NMR measurements. For example,
the value of 7> = 700 us obtained from eq 3 and 4 using M,
=26X108s72 R=200A and D =4 X 108 cm2s~! agrees
well with the initial slope of Figure 6b.

In our analysis, we have examined the consequences of the
assumption that the '"H NMR line shape and width for the acyl
chains of nonorienting vesicular membranes are the same as
for multilamellar membranes. All line-shape parameters have
been obtained in a consistent manner from well-defined mea-
surements of 2H NMR order parameters and 'H NMR second
moments in multilamellar systems. The distribution of vesicle
sizes was measured directly using electron microscopy. We
then calculated the 'H NMR line shape for the ensemble of
experimentally studied reorienting vesicles using a theory of
motional narrowing which takes into account explicitly the
symmetry properties of bilayer systems (Wennerstrém and
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6 Although other physical techniques have also been used to examine
this question, we feel that it is at present inappropriate to attempt to cor-
relate and compare results obtained by the various physical techniques.
The difficulties involved in definitive comparisons are well illustrated by
Raman spectroscopy studies (Mendelsohn et al., 1976; Gaber and Peti-
colas, 1977). There are features of the Raman spectrum which are sensitive
to the presence of gauche conformations of the phospholipid chains. The
variation in the intensity of these features can be analyzed to yield a
measure of the average number of trans bonds in the phospholipid chains,
which has been described in terms of an “order parameter” Sians (Gaber
and Peticolas, 1977). It is tempting to relate Syrans émpirically to the or-
ientational order parameter S(dip) to which the 'H NMR line widths are
sensitive, but it is by no means clear that such a comparison provides insight
at our present state of knowledge. When more conformations become
accessible to the acyl chains, there is no doubt that the increased entropy
is associated with a decrease in Sip) and also a decrease in Scans. How-
ever, it is possible to change the conformations accessible to a chain by
changing the physical constraints on the system without increasing the
entropy of the system or decreasing S dip) appreciably. One can imagine,
for example, a constraint which favors conformations with more gauche
bonds and which reduces the accessibility of conformations with fewer
gauche bonds. The resulting change in “packing” would give smaller values
of Sirans While leaving unchanged or even increasing the value of Sgip).
It is to be hoped that our ability to describe phospholipid bilayer mem-
branes becomes sufficiently precise in the near future to enable us to
compare the results of different physical measurements quantitatively.

7 Note that (27 X 3000)2 = 3.55 X 108 s~2 which is very close to the
value of M, (chain) which we obtained in Table II.
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Ulmius, 1976). The predicted non-Lorentzian line shapes and
widths were found to be in good agreement with experiment
for both DPL and EYL. This was so not only for the largest 'H
NMR peak arising from the protons on the nonterminal
methylene (-CH;) carbons and at least one carbon removed
from a double bond but also for the resolved a-CH5 and ter-
minal-CH3 peaks. We conclude, therefore, that on the basis
of "H NMR measurements, the local orientational order of the
acyl chains of phospholipid molecules in membranes of small
vesicles is substantially the same as that of multilamellar
membranes.
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