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INTRODUCTION

Over the past decade, there has been considerable interest in the motional state of
the phospholipid bilayer membrane. The motivation underlying these efforts has
been the contention that the phospholipid bilayer is the basic matrix in which
membrane proteins are embedded to form the biological membrane, and that the
permeability and mechanical properties of the membrane, as well as the enzymatic
activity of membrane proteins, are dependent upon the fluidity of the bilayer,
especially the motional state of the hydrocarbon chains.

For many years, much of our knowledge about the motional state of the bilayer
has come from Electron Spin Resonance (ESR) measurements on spin-labeled lipids
incorporated into the bilayer (1, 2). Recent efforts have been directed toward
developing spectroscopic probes that would circumvent the possible perturbations
in the bilayer produced by the bulky nitroxide radical. Nuclear Magnetic Resonance
(NMR) spectroscopy is a natural tool for this purpose and there has been considerable
effort using 'H, 2H, !3C, and 3!'P probes which are either endogenous or incor-
porated into the lipid molecule (3-11). These efforts constitute the subject of the
present review.

The application of NMR spectroscopy to the study of the lipid bilayer is not
without some difficulties. In particular, the interpretation of NMR spectral param-
eters for a partially ordered system undergoing complex local motion is not straight-
forward, hence the conclusions deduced are often controversial because of the
ambiguous way in which the data can be interpreted. These controversies are only
now being resolved.

Because of the extensive coverage in the chemical literature given to NMR studies
of phospholipid systems, no attempt is made to completely review this area of
research. Instead, we concern ourselves with those investigations most pertinent to
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the determination of molecular order and the development of dynamical models
for membrane systems. We first discuss the general consequences of order on the
NMR spectra. Next we discuss specifically the evaluation of order parameters and
their interpretation, the determination of acyl chain and head group dynamics,
and lateral diffusion in membrane systems.

More general reviews of NMR studies of phospholipid systems can be found in
the book by James (8), and in the articles by Lee et al (6), Chapman (3-5), and Podo
(7). The review by Lee et al (6) contains a good general introduction to relaxation
phenomena in lyotropic systems, but recent research has considerably modified
the picture of the motional state of the lipid bilayer advanced by these workers.
The comprehensive biannual reviews of NMR studies on liquid crystals by Tiddy
(10, 11) also include extensive coverage of phospholipid systems. Finally,
Wennerstrém & Lindblom (9) have recently reviewed I = 4 NMR studies of model
membrane systems. This review contains an excellent general discussion of the
mathematical formalism necessary for describing systems in which second-rank
tensor interactions are incompletely averaged.

THE PHOSPHOLIPID BILAYER

Biological membranes are multicomponent systems composed of many different
membrane proteins and lipids. Among the primary lipid constituents of most bio-
logical membranes are phospholipids, which occur naturally with a variety of head
groups and acyl chains. Aqueous dispersions of phospholipids exhibit many of
the physical properties of natural membranes, and accordingly, thesc dispersions
have been used extensively as membrane models for NMR studies (3~11). Phos-
pholipids spontaneously aggregate to form bilayer structures, and the interactions
between different bilayers result in a thermodynamically stable multilamellar
superstructure.

Pure phospholipid dispersions exist in a number of phases depending on tem-
peraturc and watcr content (12). The two phases of primary importance as biological
membrane models are the gel and the liquid crystalline phases. In multicomponent
phospholipid systems, species immiscibility and phase separations can occur, and
the phase diagrams become exceedingly complicated. For this reason, most NMR
studies have been performed on single component systems, and, in general, at
temperatures above the gel-liquid crystalline phase transition temperature. In prin-
ciple, NMR could be used to study multicomponent systems, if the components
could be suitably labeled.

Phospholipid multilayers are large units, typically with dimensions on the order
of microns or greater. Thus, any motional averaging in the NMR spectra is deter-
mined by local molecular motions. In the gel phase, the local motions are significantly
restricted and slow, with both inter- and intramolecular static dipolar interactions
not significantly averaged on the NMR timescale (6, 8§, 9, 13, 14). This results in
broad featureless NMR lines characteristic of organic solids with some internal
motion. In contrast, in the liquid crystalline phase, local motions become less
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restricted and occur on a much faster timescale (6, 8, 9, 13, 14). The result of this is
an NMR spectrum with better resolved features, which is more interpretable.

As a general consequence of the restricted motion that occurs in phospholipid
systems, all magnetic and electric second-rank tensor interactions are incompletely
averaged, even in the liquid crystalline phase. This leads to first order effects which
are manifested experimentally by 1. broadening by nuclear dipolar interactions in
the 'H NMR spectra (3-9, 15-18), 2. quadrupolar splittings in the >’H NMR spectra
(19-24), 3. broadening by nuclear dipolar interactions and by chemical shift aniso-
tropy in the '°F spectra (25, 26), and 4. broadening by chemical shift anisotropy
in the proton-decoupled '3C and *'P spectra (27-34). We now show how the
extent of motional restriction, that is, molecular order, can be extracted from
analysis of these first order effects.

THE DETERMINATION OF MOLECULAR
ORDER IN PHOSPHOLIPID SYSTEMS

The Order Parameter

In motionally restricted systems it is customary to describe the extent of order
with respect to a laboratory frame of reference. In general, this requires specifying
a matrix of order parameters. Proton, deuterium, and phosphorus-31 NMR measure-
ments on phospholipid dispersions oriented between glass plates show that, on a
nuclear magnetic resonance timescale, effective axial symmetry exists about an axis
normal to the bilayer surface in the liquid crystalline phase (16, 19, 23, 35). The
off diagonal elements of the order parameter matrix are then zero when the molecular
axes are referred to this symmetry axis, which is called the director. All motional
information can be referred to this axis, and expressed in terms of the remaining

~ order parameters, only two of which are independent. In the case of nuclear dipolar
interactions and axially symmetric electric quadrupole interactions, only a single
order parameter is extracted from the NMR experiment.

The order parameters for the methylene and methyl segments of multilamellar
dispersions of phospholipids could be measured directly by 'H NMR with selectively
protonated perdeuterated lipids. In natural systems, however, the many-body inter-
actions present complicate the determination of the segmental order parameters.
Order parameters have been measured directly with 2H NMR using selectively
deuterated samples (19-24), but implicit in the 2H NMR measurements is the
assumption that the static quadrupolar interaction tensor for the C-D bond is
axially symmetric. The segmental order parameters measured with 2H NMR are,
in general, different from those measured with 'H NMR, since the deuterium
quadrupolar interaction vector is directed along the C-D bond, whereas the proton-
proton dipolar interaction vector is directed between the interacting protons. In
principle, the order parameter for the C-H bond could be determined from measure-
ments of '*C—H dipolar interactions, but no such measurements have been reported
yet.
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In the case of a first order nuclear dipolar interaction between a pair of I = 4
spins, the separation between the resonance lines, Av, is given by (36)

Av = 2Q(3 cos® 6 — 1), where 1.

1/3 h
Q=— V1)’32 ; 2.
2n\ 4r
y, and vy, are the gyromagnetic ratios of the nuclei involved, and 6 is the angle
between the interaction vector r and the applied magnetic field. The average is
over the range of angles the vector r traverses on the timescale of observation.

When the motion allows the Hamiltonian to retain effective axial symmetry relative
to a laboratory set of axes, then we may write

3cos?f — 1 =33 cos* B — 1)(3cos? & — 1). 3.

Here ¢ is the angle between the applied magnetic field and the director, d, and the
angle, B, is between r and d. The order parameter, Sy, is defined as

S = 3(3cos® f — 1). 4.

In the case of an oriented sample, one then observes two resonance lines separated by
Av = 20543 cos® 6 — 1). 5.

For a nonoriented system where there is a uniform distribution of directors relative
to the magnetic field, the splitting between the maxima in the composite NMR
lineshape is given by

Av = 208, 6.

Equation 1 is equally valid for the deuterium quadrupolar splitting in the case
of an axially symmetric static quadrupolar interaction tensor except that

2
3e qQ’ 7
8h

where e2qQ/h is the quadrupolar coupling constant. Note that r is now directed
along the symmetry axis of the electric quadrupole interaction tensor.

In principle, order parameters for mcthylene segments or methyl tops in phos-
pholipid systems can also be determined by measuring the chemical shift anisotropy
of the 13C nucleus. For phospholipid systems, the measured '3C chemical shift
anisotropies are quite small (27) and no detailed interpretations in terms of segmental
order have been attempted. However, 3'P chemical shift anisotropies are larger,
and these chemical shift anisotropy effccts have, in fact, becn observed for the
more ordered head group (28-34). The observed spectra are characteristic of a
system with axial symmetry, even though the static shielding tensor for the 3!'P
nucleus is not axially symmetric. Because of the latter, two order parameters are
required to completely describe the interaction, and, without further information,
a quantitative interpretation of the obscrved “residual” 3! P chemical shift anisotropy
is not possible.

0 =
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The importance of the coordinate transformation given by Equation 3 is that the
relevant tensor interactions are reduced to a product of a scalar quantity, the order
parameter, and a function describing the orientation of the director relative to the
magnetic field. The order parameter reflects the motion of the vector r about the
director and is independent of the orientation of the director. It is a measure of the
distribution of the orientations of the vector r with respect to the director. Thus if
g(pB) is the distribution function describing the orientation of r relative to the director,

1 e .
o EL (3 cos? B — 1)g(B) sin B df 8
’ [fowsinpag '

The exact form of the distribution function depends on the timescale of motion
that is averaging the tensor interactions measured by the NMR experiment. Because
of Equation 8, the value of S; depends on the interaction vector used to sample
the motion. In principle, knowledge of the order parameter for a number of vectors
could then be used to determine the distribution function.

The above discussion is only relevant for phospholipids in the liquid crystalline
phase. The order parameter concept is not useful for the gel phase, where the motion
is much more restricted and does not give rise to an effective axially symmetric
Hamiltonian.

Determination of Acyl Chain Order Parameters from
H NMR Measurements. Acyl Chain
Flexibility Gradients

Order parameters have been determined from the deuterium quadrupolar splittings
in selectively deuterated fatty acids and dipalmitoyllecithins (19-22, 24, 37). The
order parameters determined for fatty acids intercalated into lecithin bilayers are
nearly identical to those obtained for the deuterated phospholipids, which indicates
that fatty acids can be uscd as rcliable probes of membrane structure. The order
parameters have been determined for different positions along the chain and these
are shown in Figure 1.

The values of the order parameter determined from 2H NMR experiments do
not agree with those determined from ESR experiments (1, 2). The ESR measure-
ments suggest a continuous flexibility gradient along the hydrocarbon chain, while
2H NMR measurements indicate no gradient for the upper two thirds of the chain
(Figure 1). These discrepancies have been attributed to perturbations on the system
caused by the bulky nitroxide spin label used in the ESR experiments (19-22).
However, as Gaffney & McConnell (38) pointed out, the timescales of the NMR
and ESR experiments are different, and the NMR experiment may sample additional
motions. Consequently, there is no reason to expect the two sets of order parameters
to have the same values.

The picture of the lipid bilayer drawn from spin label experiments (1, 2) is one
in which each C-C bond has an intrinsic flexibility due to rotational isomerizations
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Figure 1 Order parameter S, ~ 2S5¢p of dipalmitoyllecithin (DPL) in multilayers as a
function of the position of the labeled carbon atom. (A) 41°C: (O) deuterium data (48.5 wt %
DPL; 51.5 wt %, H,0): (A) ESR spin-label data (20 wt %, DPL; 80 wt % H,0). (B) 50°C:
(O) deuterium data (48.5% wt % DPL; 51.5 wt %, H,0). Taken from Reference 20.

between trans (t) and gauche (g) conformations. One end of the chain is anchored
in the lipid-water interface and is thus fixed, while the other end is free to move.
The overall motion is then determined by the superposition of segmental motions.
Near the polar surface the motion is quite restricted, while towards the center of
the bilayer the motion is increasingly more random because of the increasing
number of fiexible CH, units.

The deuterium order paramcters suggest a somewhat different picture of the
bilayer, requiring conformational changes which leave the acyl chains essentially
parallel. One such conformation, called a kink (39, 40), arises as a result of f-coupled
trans-gauche rotations (g*tg~ or g "tg”* sequences). When a kink is formed, part of
the lipid chain is displaced perpendicular to the molecular axis. The trans segments
on either side of the kink remain parallel, but are displaced from their positions in
the all-trans chain by approximately 1.5 A. At the same time, the chain is shortened
by the length of one CH, unit. The suggestion that kink formation is energetically
more favorable than isolated trans-gauche isomerizations is based on the argument
that this structure minimizes unfavorable interactions between neighboring chains.
On the basis of deuterium order parameters Seelig & Seelig (20) have estimated that
the probability, p,, of a carbon—carbon bond being in a trans conformation is
approximately 0.7. This means that, on the average, a palmitic acid acyl chain con-
tains four gauche bonds or two kinks. _

The order parameters measured by 2H NMR also serve as a convenient starting
point for testing theoretical models for lipid bilayers. Using the mean molecular
field model, Mar¢elja (41) has successfully calculated deuterium order parameters
for soap-like bilayers. Schindler & Seelig (42) have applied Marcelja’s model to
phospholipid bilayers and satisfactorily reproduced the deuterium order parameters
measured for these systems. The Mar¢elja model predicts a p, of 0.69, which is in
agreement with Seelig & Seelig’s (20) carlier estimates for phospholipid systems,
and also in agreement with Marcelja’s (41) estimates of p, in soap-like systems.
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The Mar&elja model predicts an average of 0.6 kinks and 0.2 jogs (g * ttg ~ sequences)
per phospholipid chain, plus a number of additional conformations of lesser statis-
tical importance (20).

All of the above interpretations of phospholipid bilayer order parameters assume
that intramolecular motions provide the only significant mechanism for the reduction
in order. No consideration is given to rigid-body type motions of the chain, and,
in the past, the tendency has been to dismiss the importance of these types of motion
in lipid bilayers (20). However, studies of liquid crystal systems by Ukleja et al (43)
indicate that amphiphilic molecules can reorient about an average director. If
similar reorientations of the lipid molecules, or the chains of lipid molecules, take
place in the bilayer, the effective symmetry axis must be identified with the average
chain orientation rather than with the instantaneous orientation.

Recently, Petersen & Chan (44) proposed a model for phospholipid motion in
which both chain isomerization and chain reorientation are important mechanisms
in the reduction of molecular order. With the assumption that reorientation of the
methylene group is axially symmetric with respect to the instantaneous chain axis,
and that the timescales of chain isomerization and chain reorientation are very
different, the order parameter could be rewritten as

Sp=3QBcos* B — 1) =[3(3cos’« ~ 1)]- [3(3 cos? y — 1)]] = &,5,. 9.

where the angles are defined as in Figure 2. An important consequence of Equation
9 is that the order parameter predicted from chain isomerization calculations will
be scaled by a factor §,, which will be approximately constant for the whole chain.
Thus, the relative order parameter for various segments along the chain could
probably be predicted quite well by models based only on chain isomerization
(41, 42, 45). The key difference between the Petersen-Chan model (44) and those of

_ Director, E
Ho N

- -~

Instantaneous chain
orientation, T

Molecular
interaction vector, T

Figure 2 Illustration of the vectors and angles relevant to the lipid chain motional model.
H, is the direction of the applied magnetic field. The director, d, is normal to the bilayer
surface. Taken from Reference 44.
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Schindler & Seelig (42) and Mar¢elja (41) is the manner in which the order parameter
is scaled. The latter workers are forced to invoke a rapid equilibrium among a
distribution of orientations of the first methylene segments in order to fit their
calculations to the observed order parameters, As a result, the probabilities obtained
for the various orientations of a methylene segment relative to the bilayer normal
depend upon the orientation of the first segment, and the probability that a segment
is in the all-trans conformation depends on the distribution chosen for the orientation
of the first segment. While Schindler & Seelig assume that the equilibrium between
the orientations of the first segment is fast on the NMR timescale, they make no
distinction between the rate of isomerization of the first segment and the rate of
isomerization along the chain. It is possible that rearrangement of the first segment,
which may correspond to chain reorientation in the Petersen-Chan model, occurs
on a much different timescale than chain isomerization—slow on the ESR timescale,
for instance. Also, since the chain reorientations are probably cooperative, involving
a large number of lipid molecules, the probability of having a trans segment should
be independent of the chain orientation. In all probability S, differs between Scp
and Sggg. This is likely because the timescale of an NMR experiment is much longer
than that of an ESR experiment. In contrast, the timescales of 'H and 2H NMR
measurements are comparable, and the contribution to the respective order param-
eters from S, should be the same.

Order Parameters Estimated from Proton NMR.
Analysis of Free Induction Decays and NMR Lineshapes

The first 1H NMR spectra of aqueous dispersions of amphiphilic molecules were
obtained by Lawson & Flautt (46, 47). The spectrum is characterized by a sharp
central peak and extremely broad wings. The wings were, in fact, so pronounced
that Lawson & Flautt called the band shape “super-Lorentzian” (46, 47). Lawson &
Flautt originally proposed that the band shape arose from the superposition of
proton resonances from different methylene groups along the chain, with the in-
dividual resonance lines becoming increasingly narrow from the head to the tail
of the chain because of increased motional averaging of the dipolar interactions.
Kaufman et al (48) concluded that the spectral broadening arose because of internal
magnetic field gradients, while Hansen & Lawson (49) concluded that diffusion
through the local magnetic field inhomogeneities was the source of the band shape.
Chan et al (50) showed that these interpretations were incorrect and that the origin
of the observed band shape is the incomplete averaging of static dipolar interactions
present in the anisotropic phase.

A number of attempts have been made to determine theoretical expressions for
the complex lineshapes observed for amphiphilic molecules in the liquid crystalline
state (14, 18, 51-595). All of these treatments argue that, in addition to incomplete
averaging of static dipolar interactions, effective axial symmetry about the bilayer
normal is necessary for thc observation of the super-Lorentzian band shape.
Charvolin & Rigny (51) have simulated the free induction decay (FID) observed for
aqueous soap systems by a superposition of two Gaussian and one Lorentzian
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absorption curve. They assumed that the Gaussian curves originated from dipolar
couplings not averaged to zero, while the Lorentzian curve originated in dynamic
processes. Wennerstrom (53) has quantitatively reproduced the super-Lorentzian
curve observed in aqueous soap systems by simply integrating an expression of
the form

L(v — vo) = fol 13cos” @ — 1|7 f[(v — vo)/|3 cos? & — 1|]d cos €, 10.

where f[(v — vo)/|3 cos? ' — 1[] is Gaussian. Ulmius et al (14) have extended the
method of Wennerstrom to phospholipid systems by assuming a superposition of
three independent Gaussian components, which represent the methylene and glycerol
backbone, terminal methyl, and choline methyl protons, respectively. Bloom and
co-workers (54, 55) also have developed expressions for describing the FID in
lyotropic systems using the method of moments (36). They showed that the FID
for a randomly oriented set of domains with axial symmetry can be expressed as

follows
/2 .
$1() = 5,(0) [J"” Got) sin & @', where 11.
Gy(t) = f (=1r M, (0)e>. 12.
o 2n)t "

In Equation 12, the observed moments M, (6') = M,,(0)[ P,(cos #)]?" are the
residual moments of the absorption line whose shape is determined from the time-
averaged dipolar Hamiltonian. In their analysis, Bloom and co-workers (55)
compared the experimental FID with that calculated by assuming three different
forms for the second moment of the absorption line: 1. a simple Gaussian, 2. a super-
position of Gaussians centered near zero frequency in the rotating frame, and 3. a
superposition of Gaussian doublets arising from intrapair dipolar interactions,
symmetrically displaced from zero frequency. Both the Gaussian and superposition
of Gaussian doublets resulted in reasonable agreement with experiment, while the
superposition of Gaussians did not. By extending their analysis to the calculation
of the shape of Jeener echoes (56), Bloom et al (55) showed that a superposition of
Gaussian doublets gave results more in accord with the observed FID than did the
simple Gaussian.

All of the above attempts at calculating the lineshape in lyotropic systems suffer
from the fact that the lineshape functions are unknown, and there is no reason a
priori to assume that this shape is Gaussian. In addition, most of the treatments
offer little insight into the relationship between the resonance lineshape (or the
FID) and the order parameter. While it is true that proton order parameters could
be measured directly with selectively protonated perdeuterated phospholipids, this
method also has its difficulties since the phase transition temperature is shifted when
protons are replaced by deuterons (57). Attempts have been made to estimate the
order parameter of natural membranes by simulating the early part of the FID,
taking into account both inter- and intrapair dipolar interactions. In the Seiter-Chan
treatment (18), the stochastic linewidth theory of Anderson (58) was modified to
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include restricted anisotropic motion. The geminal dipolar interactions were treated
exactly, while interpair interactions were treated in an approximate way. Thus, the
observed spectrum is a superposition of broadened Pake doublets (36), modified
by the interactions between the different pairs. By computing the early part of the
FID, Seiter & Chan obtained estimates of the order parameter for the methylene
protons in the upper part of the hydrocarbon chain.

More recently, Hagan et al (P. S. Hagan, N. O. Petersen, S. I. Chan, unpublished
results) simulated the FID for the upper part of the hydrocarbon chain, where the
order parameter is nearly constant, by treating exactly the dipolar interactions
between five geminal pairs of protons. The corresponding spectra show a modified
Pake doublet band shape, but with contributions at zero frequency (in the rotating
frame). These results are similar to those obtained by Seiter & Chan (18), except
that the central component is much less pronounced in the latter treatment. The
difference between the results of Hagan et al and Seiter & Chan is probably the
result of an underestimation of the interpair interactions by the latter.

The results of Hagan et al also show that the early part of the FID is primarily
sensitive to the wings of the broadened Pake doublet, while the central component
contributes to the FID at longer times. Bloom and co-workers (55) showed that the
FID exhibits a t~! dependence at long times. The results of Hagan et al confirm
this decpendence, but the calculated magnitude of the t~! component is smaller than
is experimentally observed. This indicates that a sizable contribution to the experi-
mentally observed intensity in the “central spike” of the super-Lorentzian band
shape results from contributions by proton pairs with considerably smaller order
parameters.

Independent of their calculations for the methylene protons, Seiter & Chan (18)
simulated the band shape for the methyl rotors in phospholipid systems. In the
past, the tendency has been to overlook the importance of these groups (choline
and acyl chain methyls) in determining the heterogeneous band shape, although
these protons contribute 20-30% of the total observed spectral intensity. The
simulated spectra for the methyl protons consists of a narrow resonance superim-
posed on a much broader resonance, with the narrow resonance accounting for
~50%; of the methyl intensity and contributing to the FID at long times.

Interpretation of the Order Parameter
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If there is more than one type of motion contributing to the reduction in order,
the measurement of the order parameter for a single interaction vector does not
allow a complete description of the motion of the system. This is probably the
case for phospholipid systems, where rigid body motions of the chain, as well as
trans-gauche isomerization, may be important. However, if two different types of
interaction vectors are measured, a more complete description of the order can be
obtained, provided the interaction vectors sample the same distribution of orienta-
tions. Following the notation of Petersen & Chan (44), we use g(y) and g(«) to denote
the distribution functions for chain isomerization and chain reorientation,
respectively.
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The distribution function for chain isomerization can be expressed in terms of
discrete trans and gauche conformers (1, 20).

g(y) = p(y:)d(y — y;), with Zp(y;) = p, + 2p, = 1, v 13.

where p(y;) is the population fraction for a given conformation and v; is the angle
between the interaction vector, r, and the instantaneous chain orientation (Figure 2).
Depending on the vector being sampled, the order parameters for chain isomeriza-
tion, §,, are different, and these can be expressed as follows:

S = gp, — § for nuclear dipolar interaction; 14a.
SSP, SCH = —4p, for symmetric deuterium quadrupolar

and '*C-'H dipolar interaction; 14b.

SI;‘SR = 2p, — 4 for the acyl-chain nitroxide radical. 14c.

Although the values of S, vary with the interaction vector used to sample the motion,
the contribution to the chain reorientation order parameter, S,, should be the same
provided that the different measurements sample the same distribution of instan-
taneous chain orientations. On this basis, Petersen & Chan (44) have compared
the proton and deuterium order parameters for the upper part of the acyl chains
in phospholipids. The experimental values for Scp for the first ten segments of
the hydrocarbon chain are quite similar and have an average value of about —0.20 +
0.01 (20, 24). The Syy inferred from the early part of the FID in 'H spectra is about
—0.17 £ 0.04 (18). This implies p, is close to unity, in contrast to the value of 0.7
obtained by considering only chain isomerizations as an effective mechanism for
the reduction in order (20, 41, 42). More specifically, they concluded

1=zp =08
with

—-0.5 < S® < —040
or

—-05 < s™ < —043
and

0.38 < §, < 0.53. 15.
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Consequently, Petersen & Chan concluded that chain reorientation must make a
substantial contribution to the reduction in order in phospholipid bilayer systems.
Using distribution functions of the form

g(e) = constant for 0 < o < A 16.
and
g(x) = constant ¢~ 1/2@/20)2, 17.

where Ax is the maximum value of « for the rectangular distribution function and
g 1s the most probable value of o for the Gaussian distribution, the range of values
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for S, corresponded to ranges of 50° < Ax < 60° and 27° < a, < 34° for the two
distribution functions, respectively.

Niederberger & Seelig (59) have measured deuterium order parameters for the
lyotropic liquid crystalline phase of long chain fatty acids and found that they are
about 50%, larger than those of the lipid bilayer, which suggests a more ordered
phase in the fatty acid system. Seelig & Niederberger (22) estimated a value for
S, of about 0.7-0.8, which corresponds to a Ax of 35°. The difference between the
two systems then is a smaller angular excursion of the chain in the case of the fatty
acids, presumably because of the more regular packing of the acyl chains in their
liquid crystalline phase.

An important consequence of the Petersen-Chan model (44) is that the most
probable orientation of the acyl chain is not parallel to the bilayer normal (o, > 0).
As a consequence, the ESR spectra, which probably sample a static distribution of
chain orientations, could be interpreted on the basis of permanently tilted chains
(38, 60). However, as Petersen & Chan emphasized, the same spectral effects could
arise from a statistical distribution of chains when the distribution is sampled on
a short timescale. Also, there is no way to ascertain from the NMR results whether
there is simply a distribution of chains about the bilayer normal, or a distribution
about a permanently tilted orientation, provided the chains rotate about the director
in the latter case.

The inclusion of chain reorientation in modeling phospholipid motions in bilayers
is also in accord with recent Raman and fluorescence investigations (61-63). The
Raman studies (61, 62) are compatible with large values of p, in the liquid crystalline
phase. These studies also indicate that there are large changes in intermolecular
order upon passing through the gel-liquid crystalline phase transition. Recent
fluorescence measurements (63) indicate that inclusion of an off axis wobble of the
chain is necessary to successfully interpret these experimental data.

Sonicated Lipid Bilayer Vesicles—Curvature Effects

When aqueous dispersions of phospholipids are sonicated, the effect is to produce
sealed single-walled bilayer vesicles (radius ~ 125-150 A) whose NMR spectra are
characterized by high resolution features (3—11). Thus, for these systems, nuclear
dipolar and quadrupolar interactions and chemical shift anisotropies are averaged
to zero on a timescale of at least 10~ > seconds. Because of the high resolution
features of their NMR spectra, bilayer vesicles have been utilized extensively as
membrane models in magnetic resonance studies.

The quantitative interpretation of the NMR spectra of sonicated bilayers has led
to some notable controversies in the literature, centering around the origin of the
narrowing of the resonance lines. Finer and co-workers (64—66), Bloom et al (54),
and more recently Wennerstrom & Ulmius (67), and Stockton et al (24) have inter-
preted the linewidth reduction as an effect of the rapid overall isotropic tumbling
of the vesicles. Bloom et al (54), and Wennerstrom & Ulmius (67) have, in fact,
derived theoretical expressions for vesicle lineshapes. On the other hand, Chan and
co-workers (17, 18, 44, 68, 69), and Horowitz et al (70) have argued that overall
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tumbling is too slow to produce the narrow resonances observed i vesicle spectra,
and that the narrow lines occur as a result of additional disruption in the bilayer
order caused by the extreme surface curvature in the vesicles. Finer’s conclusions
(66) were reached on the basis of a treatment of vesicle lineshapes that used the
method of moments introduced by Gutowsky & Pake (71), and modified to meet
the present situation. Chan and co-workers’ (18) opposite conclusions were based
on a treatment that used the stochastic linewidth theory of Anderson (58), modified
to account for both the restricted motion of the fatty acid chains and the Brownian
tumbling of the bilayer. Later Chan and co-workers (69) reviewed both Finer’s
and their own treatment, and demonstrated that the Gutowsky-Pake method was
inappropriate for treating lipid bilayer systems, and that Finer’s treatment also was
not consistent with the experimental data. Petersen & Chan (44) noted that, al-
though the treatments of both Bloom et al (54), and Wennerstrom & Ulmius (67)
adequately account for the modulation by vesicle tumbling of the heterogeneous
contribution to the linewidth arising from residual static dipolar interactions, they
fail to take proper account of the effects of the homogeneous contribution to the
linewidth, which is present because of extensive chain motions, even in the absence
of vesicle tumbling,

There have been a number of attempts to quantify the importance of vesicle
tumbling on the NMR linewidths by examining the effects of viscosity changes on
the spectra (28, 69, 70). However, no viscosity dependence has been found for 'H
NMR linewidths. Stockton et al (24) have suggested that the lack of viscosity depen-
dence indicates that the rate of vesicle tumbling is controlled by the microviscosity
of the vesicles, rather than by the bulk solution viscosity. Recently, however, Cullis
(72) has observed a marked viscosity dependence of the *'P NMR linewidths of
the glycerol phosphate moiety in sonicated bilayer vesicles. Thus, the mechanisms
contributing to *'P linewidth are at least in part modulated by thc overall tumbling
of the bilayer unit. This clearly indicates that arguments based on microviscosity
are unfounded. In addition, Cullis (72) has determined the lateral diffusion coefficient
for lipids in bilayer vesicles to be D & 2 x 10~ 8 cm?/sec, which is approximatety
the same as that determined for multilamellar arrays (73). This result also implies
that lateral diffusion cannot contribute significantly to the observed line narrowing
(see below).

More recently, Curatolo et al (74) have obtained **C spectra of glycolipid vesicles.
These spectra show narrow lines characteristic of the spectra of other phospholipid
vesicles. When lectin is added to the solution, the glycolipid vesicles are agglutinated,
and electron microscopy shows that the vesicles are completely immobilized. How-
ever, the spectra of the immobilized vesicles still contain narrow lines, indicating
that some mechanism other than vesicle tumbling must be responsible for the line
narrowing. In addition, Lichtenberg & Zilberman (D. Lichtenberg, Y. Zilberman,
private communication) have obtained 'H NMR spectra of mixed micelles of lecithin
and deoxycholate. These micelles exist as flat bilayers of lecithin surrounded by
cholate. For flat bilayers whose radius is of the same order as sonicated vesicles
(125 A), Lichtenberg & Zilberman observe broad resonances in the NMR spectrum.
The 'H linewidths in thc micelles only approach those observed for sonmicated
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vesicles (20-30 Hz) when the micelle radius is extremely small (29 A), where the
correlation time for micelle tumbling is at least 50 times faster than that of a sonicated
bilayer vesicle.

Other recent spectroscopic investigations also support the view that the high
surface curvature of the vesicles results in additional disorder in the bilayer. Raman
studies (61, 62) indicate that, although above the phase transition there is no gross
difference in the intramolecular order between multilamellar and vesicular disper-
sions, there exist large differences in intermolecular order.

Petersen & Chan (44) have recently evaluated the effects of surface curvature in
the context of their model for lipid motion, which includes both chain isomerization
and chain reorientation. On this basis, they reiterate the original conclusions of
Chan and co-workers (17, 18, 68, 69) that the high surface curvature in the vesicular
systems must result in additional disorder within the bilayer. In terms of the Petersen-
Chan model (44), Hagan et al (P. S. Hagan, N. O. Petersen, S. I. Chan, unpublished
results) have shown that the linewidth for an isolated methylene segment that is
undergoing restricted anisotropic motion is given by

1 4 (3y*h 1/5
Avg = — = — (L) (52| 822, + - (2 o7 — 582 — 25
Vu 7[T2 57[(47‘3)( b4 ) [ a le + 9(2 Oy -4 a

+ 942 + 7> rl], 18.

where SH" and SE¥ are the order parameters defined previously, y, is the mean of

the function sin 2u(t), and ¢? is the variance of the function associated with the

molecular axis reorientation, namely ¢2 = (2 cos? a(t) — 1)> — S2. The correlation
time 7, is associated with the rate of chain reorientation and is assumed to be much
slower than the correlation time, 1), associated with chain isomerizations, which
occur via kink diffusion in the Petersen-Chan model. The correlation time, z,, is
the effective correlation time associated with those motions modulating the residual
static dipolar interactions associated with the otherwise stationary bilayer unit;
more specifically (1/z.) = (1/z,) + (1/1,), where 1, is the rate of vesicle tumbling
and 1, is the rate of lateral diffusion of the lipid molecules on the spherical vesicle
surface. It is also assumed in the derivation of Equation 18 that the correlation time,
1,, associated with the chain reorientation relative to the director is at least an order
of magnitude faster than z,. A third contribution to the linewidth arises from spin-
lattice relaxation, but, since (1/T,) > (1/T;) for anisotropic motion, it can be ignored.
Note that in the absence of chain reorientation relative to the director, the Petersen-
Chan linewidth expression reduces to

4 (3y°n\?
Avy = §<4r3> S2yt., 19.

which is identical to expressions commonly used to calculate linewidths in sonicated
vesicles (54).

The derivation resulting in Equation 18 is strictly valid only for isolated pairs
of protons and does not account for interpair dipolar interactions. For a hydro-
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carbon chain where there is a distribution of order parameters along the chain and
dipolar interactions among the various geminal pairs, the composite methylene
signal is actually a superposition of Lorentzians rather than a single Lorentzian
resonance. Note that this is true even in the case of weakly interacting geminal
pairs. Wennerstrém & Ulmius (67) have treated the many-body problem in a
formal way and have shown that the resultant band shape for the small vesicle is
given by the following general expression

F@) = 7, Tou@@)/[1 + (@ = 0T, )] dov, 20.

where I(w’) is the spectrum of the hydrocarbon chain when its director is oriented
at 0° with respect to the applied magnetic field. For each transition « — o that
contributes to the band shape I{w’) at frequency w’, there is a contribution to the
resultant vesicle spectrum of a Lorentzian with width

1Ty ) Yy T;a:;ff
= (w? — wP)7,/5 + 1/T9, 21.

where w? is the eigenvalue of the many-body dipolar Hamiltonian in the « eigenstate
and 1/T$ is related to the homogeneous width in the otherwise stationary bilayer
unit. As expected, the calculated lineshape for the vesicle is very sensitive to the
details of I(w’), with the latter being rather more sensitive to the extent of overall
molecular order than to the distribution of segmental order along the chain, or to
the strength of the interpair dipolar interactions. For this latter reason, it should
then be possible to obtain a reasonable estimate of the width of the vesicle spectrum
using Equation 18, particularly when close to 100% of the expected intensity is
observed within a spectral width several times the apparent width. Moreover,
I{w") is in practice unknown for the hydrocarbon chain, either in the unsonicated
sample or in the bilayer vesicle, and it is questionable whether it is transferable
from one model membrane to the other because of intrinsic curvature effects in the
sonicated bilayer vesicle.

In any case, the Petersen-Chan theory is essentially exact for the deuterium
linewidth observed in 2H experiments, for which

9 (€2 1/5
Avp = 5%(6 ;’Q> (SSPy2 I:Sfre + §<§ o — 582 — 25, — 92 + 7) Ti]. 2.

This expression reduces to that used by Stockton et al (24)

9 [e2qQ 1
Avp = — S2 — .
Vp 20 ( h cply + T[Tl N 23
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in the limit that chain reorientation and lateral diffusion are not important motions.
Using the values of SP, S,, and 7, estimated from the multilayer data and the
expected value of 7, one calculates a Avy, for the methylene segments at the upper
part of the chain that is about a factor of 5 too large compared with the width of
550 + 50 Hz observed (24). Stockton et al (24) have also correlated the deuterium
linewidths of selectively deuterated fatty acids incorporated into vesicles, and the
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order parameters in multilayers for the same lipid system as a function of position
of the deuterium along the chain. They found that the vesicle linewidths for different
positions vary linearly with the square of the multilayer order parameter measured
for the same position in the chain, and argued on this basis that there is no reduction
in the order parameter upon sonication. The Petersen-Chan model predicts this
correlation if 1. there is no change in the intramolecular order parameter, SS°,
upon sonication, or 2. if the flexibility gradient changes proportionally along the
chain. The correlation observed by Stockton et al (24) is independent of the values
of S,, or changes in it, since S, applies to the whole chain.

From Equations 18 and 22, one predicts for the proton and deuterium linewidths
a ratio of

(Avg/Avp) = 0.016(STH/SCP)? = 0,016 24,

since S;M = STP (44). This result is in reasonable agreement with the observed
ratio of 0.036, considering that the proton linewidth is for the entire acyl chain and
the dispersion in chemical shifts as well as spin-spin couplings will make the reso-
nances appear broader, and would seem to indicate that proton NMR linewidths
of small vesicles can be predicted quite well with Equation 18,

As far as the "H NMR spectra of vesicles are concerned, one typically observes a
methylene linewidth of 20—30 Hz with nearly 1009 of the intensity observed. This
is also true for the signal due to the « CH,’s adjacent to the carbonyls of the fatty
acid chains. In addition, both signals exhibit no viscosity dependence. Petersen &
Chan (44) arguc that both of these observations can only be satisfied if Ax > 70°
and 7, /1, is small. This represents an increase in Aa by at least 10-20° in going from
multilayers to small bilayer vesicles and a subsequent reduction in the order param-
eter by a factor of 2-3 to —0.07 to —0.1. Concomitant with the reduction in order,
the correlation time for chain reorientation must also decrease from 10~7 to 10~ 8-
10~? seconds.

The effects of the severe surface curvature in small bilayer vesicles are also directly
reflected by the structural and dynamical differences measured for lipids in the inner
and outer monolayers of small vesicles. The two halves of the bilayer have radii of
curvature different in both sign and magnitude. Both the chcmical shifts (28, 75)
and the spin-lattice relaxation rates (76) of the choline methyl protons are different
for these two regions. The differences in packing of the hydrocarbon chains in the
two halves of the bilayer have also been shown, by the observation of different
19F chemical shifts for selectively fluorinated lipids intercalated into vesicles (25).
On the basis of *!P NMR and other measurements, Chrzeszczyk et al (77) have
proposed that the curvature in small vesicles results in 25%, reduction of the effective
thickness of the inner monolayer relative to the outer monolayer. These workers
suggest that the differential thickness of the monolayers is due to additional kinks
in the inner monolayer, but such differences could also arise from a difference in
the distribution of chain orientations in the two regions. All of the above observations
further illustrate that the packing of phospholipid molecules in small vesicles is
intrinsically different from that in multilamellar structures.
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DYNAMICS
Acyl Chain Dynamics

Measurement of the order parameter provides a means of determining the degree
of motional restriction in the bilayer system, but the motional state of the system
is not completely specified until the timescales of the molecular motions are deter-
mined. This information can be inferred from spin-lattice and spin-spin relaxation
time measurements.

Spin-lattice relaxation times, T, provide information on molecular motions which
occur on the timescale of the inverse Larmor frequency or less. Since the homo-
geneous spin-spin relaxation time, T,, depends on the spectral density at zero
frequency instead of at the Larmor frequency, it is sensitive to the slower motions
in anisotropic systems, particularly those motions with correlation times longer than
the reciprocal Larmor frequency. Under these circumstances, the homogeneous
T, < T, and slow motions usually have only a small effect on T'4. It is for this
reason that one does not observe a dramatic change in the spin-lattice relaxation
time in passing through the gel-liquid crystalline phase transition (6, 8, 15, 17, 78, 79).

Proton NMR T, measurements (6, &, 15, 17) have shown that the FID of the chain
methylene protons in multilayers is approximately a single exponential, suggesting
that spin diffusion may be an important relaxation mechanism in these systems. In
phospholipids the terminal methyl and the adjacent three or four methylene groups
would probably act as the heat sink (17). Although the importance of spin diffusion
as an 'H relaxation mechanism has not been fully established, spin diffusion is
definitely not an important mechanism in determining !*C relaxation times, since
each 3C nucleus is generally bonded to a 12C, which disrupts the diffusion process.

Cabon-13 spin-lattice relaxation times have been measured for both multilayers
and small bilayer vesicles, and are similar in the two systems (79-83). In both
multilayers and vesicles, the T,’s increase with increasing temperature, which is
analogous to the results obtained for these systems with 'H NMR (4, 6, 76, 84).
In addition, 'H spin-lattice relaxation times for multilayer dispersions, and 'H and
13C spin-lattice relaxation times for vesicles increase with increasing frequency of
irradiation (4, 6, 76, 81, 84). All of the above measurements indicate that the chain
motions which dominate T, are similar in multilayer dispersions and small bilayer
vesicles. The '*C spin-lattice relaxation times measured for individual carbons in
small bilayer vesicles are shown in Table 1. The relaxation times increase steadily
in going from the upper part of the acyl chain to the terminal methyl group, which
is consistent with the notion of increased mobility toward the center of the bilayer.
Similar T, gradients are observed for 2H relaxation in selectively deuterated fatty
acids intercalated into phospholipid bilayers (24).

In order to account for the observed temperature and frequency dependence of
the spin-lattice relaxation times, the dipolar interaction responsible for relaxation
must be modulated by at least two motions with correlation times, 7, and 7, such
that (wot))* « 1 and (wyt,)? » 1. Under these conditions Kroon et al (76) have
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Table 1 Carbon-13 spin-lattice
relaxation times for lecithin in
sonicated vesicles®

Segment T, (sec)
—CH, 28
~CH,CH, L4
—CH,CH,CH, 0.64
—(CH,),~ 0.40
—CH,CO- 0.26

carbonyl 1.8
-PO-CH, 0.41
—~CH,N- 0.30
N(CHa,), 0.62

* Taken from Reference 83. See also
Reference 6.

shown that the spin-lattice relaxation rate can be approximated by

1 1
— >~ A7z, + B
T ul

) 25.
1 oT)

with the first term dominating the observed temperature dependence, and the
second term dominating the observed frequency dependence. On the basis of proton
T, studies Feigenson & Chan (17) have estimated the following ranges of correlation
times for the liquid crystalline phase

Ty & 107 — 2 x 107"% sec

and

7, > 1077 sec. 26.

The origin of the motions bearing these correlation times is not obvious, and ac-
cordingly several different motional models have emerged. Generally speaking, the
slower time, 7, , has been neglected entirely and the faster time, 7;;, has been related
to rotation about the long axis of the molccule in terms of various schemes for
trans-gauche bond isomerization along the chains. Since the spin-lattice relaxation
times are dominated by the more rapid motions, modulations of the dipolar interac-
tions by motions occurring on the timescale of 1) are the most effective T, processes.
Kimmich & Peters (85) have calculated 'H relaxation rates for the gel phase based
on a kink diffusion model, while Gent & Prestegard (86) have calculated both 'H
and '3C relaxation rates for the liquid crystalline phase by considering the effects
of both kink formation and annihilation and isolated trans-gauche isomerizations,
occurring on timescales of 107!% and 1077 seconds, respectively. Both of these
calculations are in good agreement with experimental results, and are much more
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satisfactory than previous calculations which only included isomerization about
individual bonds (8§7—-89).

Chan and co-workers (17, 18) were the first to consider, in detail, motions related
to 1,. Originally, these workers interpreted the two timescales, 7, and 7, as the
correlation times for the motion of the interproton magnetic dipolar vector parallel
to and perpendicular to the chain axis, respectively. More recently, they have refined
their interpretation of these correlation times, relating =, more specifically to the
rate of chain reorientation and 1), to the rate of chain isomerization, where chain
isomerization occurs by a kink diffusion process (44).

The diffusion of a kink along the phospholipid acyl chain can occur through a
set of §-coupled trans-gauche isomerizations (44, 85), as is illustrated in Figure 3.
Using the notation of Flory (90), a kink is denoted by k¥, where the subscript denotes
the carbon atom closest to the acyl end of the chain, such that the first trans-gauche
rotation in the kink occurs around the bond between carbons n and n + 1, and the
superscript denotes the sense of that bond rotation. The d-coupled rotations trans-
form an even kink into another even kink but with opposite sense. Kink diffusion
corresponds to interconversion among even or odd kinks with alternating sense, e.g.

+ —_ - __\k+_>k— —~ L+
n—4 =~ fp—2~" Ry <=7 Bpy2~" Rpt+4q-

There are therefore four subsets of kinks, with interconversion among the subsets
only possible either 1. through a totally eclipsed conformation, which is energetically

3
4 5 .
5 6 6 5
6 7 7
7 8 8 6
8 9 9 o
R A 1o 10
10

Figure 3 Schematic illustration of d-coupled trans-gauche + rotations around a kink
leading to kink diffusion. The arrows indicate the sense of the rotations keeping the higher-
numbered carbon fixed, and the particular sequence illustrated corresponds to, from left
to right: all-trans — ki — k3 — k3. The carbon atoms are numbered, and the pair of
methylene segments which are oriented off axis with respect to the chain are indicated by
the rectangle around the carbon numbers. It is evident that this kink diffusion sequence
will affect every methylene segment along the chain. Taken from Reference 44.
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unfavorable, or 2. by kink annihilation to form the all-trans chain followed by forma-
tion of a kink of different sense or at a new position. Kink formation is most likely
to initiate at the terminal end of the chain where there is the least steric hindrance.
Once formed, the kink can diffuse up and down the chain until it is ultimately dis-
sipated at the terminal methyl group. The correlation time, 7, is the timescale
associated with the departure and return of a kink to a given segment. This view of
the segmental motion is supported by the positive gradient of 13C, 'H, and *H
relaxation times toward the terminal end of the chain (6, 8, 24, 81, 83), which acts
as a kink sink. By applying a simple one-dimensional diffusion model, where the
energy of activation for J-coupled rotations is 3—4 kcal/mole (76), 7, can be estimated
to be 107 *° sec (44), which is the order of magnitude inferred from the T, data.

The kink diffusion model also suggests that the frequency with which a kink
appears in a certain position should be sensitive to the number of available positions
for the kink. Consequently, T'; should be sensitive to chainlength. In agreement with
this prediction, Kainosho et al (91) have found that T'; decreases as the chainlength
increases from a total of 12 to 18 carbons.

If the correlation time, 7,, for multilayers arises from fluctuations of the tilt of
the chain with respect to the bilayer normal, then ]! measures the rate at which
the chain traverses the angular range determined by the distribution function g(«)
(44). In general, one expects 7, and the fluctuations in « to exhibit a complex depen-
dence on the properties of the bilayer, particularly since the chain reorientation
could be partly molecular and partly cooperative in origin. The measured 7, really
then reflects the most effective combination of timescales and amplitudes of the chain
reorientation for the spin-lattice relaxation process.

Finally, we comment on the tendency of some workers to correlate chain flexibility,
as determined by the magnetic resonance methods discussed above, and mobility
as inferred from T'; measurements. This correlation is misleading if not fallacious.
The mobility of the system pertains to how 7/, varies with the position of the methylene
segment, while chain flexibility is a measure of the orientational order and its varia-
tion along the chain. The Hamiltonian for a motionally restricted system can be
formally written as

H = + (H() — F). 27.

Orientational order is inferred from J#, whereas the motional information is con-
tained in #(¢) — #; more specifically, the spin-lattice relaxation rate 1/T; is of
the order of (##(t) — J?)"’r”. It has been customary to assume in the interpretation
of T, data of membrane systems that 57 is zero, and this, of course, is incorrect
for a motionally restricted system. Accordingly the interpretation of T, gradients

is not as straightforward as once assumed.

Lateral Diffusion

Although the exchange of phospholipid molecules between the two halves of the
bilayer is quite slow [on the order of days (92, 93)], diffusion parallel to the plane
of the bilayer is rapid and should, in principle, be measurable with NMR methods.
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In practice, however, lateral diffusion rates of membrane components are difficult
to measure directly with NMR, because conventional techniques for studying transla-
tional diffusion, such as pulsed magnetic field gradient spin echoes (94), are severely
limited by the residual static dipolar interactions present in membrane sysiems.
Magnetic field gradient techniques have been used to measure lateral diffusion
coefficients of cubic phases and lamellar phases aligned between glass plates and
oriented at the “magic angle,” where the manifestations of the static dipolar inter-
actions are significantly reduced (95, 96). With these methods, values of D ~ 2 x
107 ¢ cm?/sec and 1 x 10~ 7 cm?/sec have been determined for single alkyl chain
lipids and lecithins, respectively. The method of stimulated spin echoes (97) can
also be used in systems where T, « T, and using this method Roberts (98) has
measured diffusion coefficients for amphiphilic molecules in both hexagonal and
lamellar mesophases.

Another difficulty associated with the measurement of lateral diffusion rates by
NMR methods is the possibility of interference from residual normal water, when
these measurements are made in D,0O. Even small amounts of normal water can
contribute significantly to the measured value of D. The lateral diffusion coefficient
of liquid crystalline phase phospholipids has been estimated on the basis of ESR
spin label and other studies to be D ~ 10~ 8 cm?/sec (73, 99, 100). The discrepancy
between this value and that determined by NMR methods may be due, in part, to
the interference of water in the latter measurements.

Recently, Cullis (72) used *>'P NMR to estimate the lateral diffusion coefficient
of lipids in sonicated vesicles as well. Cullis assumed that the *'P linewidths observed
in vesicles were controlled only by vesicle tumbling and lateral diffusion, and
separated out the contributions from vesicle tumbling by increasing the solvent
viscosity. At temperatures above the phase transition, the diffusion coefficient was
determined to be D ~ 2 x 10~ 8 cm?/sec, which is identical to that determined for
multilayers. Below the phase transition temperature, Cullis obtained a twenty-fold
decrease in the lateral diffusion coefficient. These values for the lateral diffusion coeffi-
cient in the gel and liquid crystalline phases are in good agreement with recent
fluorescence bleaching-recovery experiments where valuesof D ~ 5 x 1078 cm?/sec
and 5 x 107'° cm?/scc have been measured for the two phases, respectively (101).
Lee et al (102) have also reported the determination of lateral diffusion coefficients
for lipids in sonicated vesicles. These workers estimated values of D on the basis of
intermolecular contributions to the proton linewidths and spin-lattice relaxation
rates, but Kroon et al (76) later invalidated their data and analysis.
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HEAD GROUP ORIENTATION AND DYNAMICS

The structural and dynamical properties of aqueous dispersions of phospholipids
are strongly influenced by the nature of the polar head group in these molecules.
Inasmuch as the head groups interact among themselves and with water, these
interactions, along with the van der Waals interactions between the hydrophobic
acyl chains, dictate the thermodynamic properties, and control the structure and
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phase behavior of phospholipid-water dispersions. The head group presumably
also plays an important role in modulating the activity of the interfacial region,
which may have biological implications. For these reasons, much recent effort has
been devoted toward elucidating the organization of this region of the bilayer at
the molecular level.

Head Group Orientation

Direct measures of the order in the polar regions of phospholipid multilayer systems
have recently been obtained from analysis of *'P chemical shift anisotropy and
deuterium quadrupolar splittings (23, 29-34). Phosphorus-31 NMR has been pre-
viously used to investigate the phospholipid head group (6, 8, 103—106), but most
31P experiments have been performed on sonicated vesicles, under which conditions
the chemical shift anisotropy is rotationally averaged to zero, and hence most of
the structural information that may be gleaned from the 3!P shielding tensor is
lost. Some early experiments were performed on multilamellar dispersions (28, 105),
but for these systems either high proton-dccoupling powers or large magnetic fields
(35, 103, 104) are necessary to reduce significantly the effects of *!P~'H dipolar
interactions.

Kohler & Klein (33) have reported *'P static shielding tensors for powdered
samples of several phospholipids and related organophosphates. The spectra were
obtained under the conditions of strong proton-decoupling in conventional FID
experiments and in cross polarization (107) experiments. The two techniques resulted
in essentially identical spectra, but the cross polarization experiment allowed acquisi-
tion of transients at a rate six times faster than the conventional experiment. Kohler
& Klein’s results (33) clearly indicate that the static 3' P shielding tensor is nonaxial,
a conclusion that conflicts with the previous measurements by McLanghlin et al
(29), who found the shielding tensors to be axially symmetric. However, McLanghlin
et al obtained their spectra without proton-decoupling, and it is possible that the
'H dipolar broadening obscures the true chemical shift anisotropy pattern in their
experiments.

Both Kohler & Klein (33, 34) and Seelig and co-workers (30—32) have examined
the chemical shift anisotropy of aqueous multilamellar dispersion of phospholipids
in some detail. With the addition of water, the chemical shift tensor becomes axially
symmetric and is narrowed from its static dispersion of about 230 ppm to approxi-
mately 50 ppm. Both *'P and ?H NMR experiments on oriented bilayers confirm
that the axis of symmetry is the bilayer normal (23, 35). Griffin (108) has systematically
studied the 31P chemical shift anisotropy as a function of water content at 15°C
and found that the reduction of the shielding tensor anisotropy is complete after
the addition of approximately 10%, water by weight. This corresponds to complete
hydration of the head group after the addition of four or five water molecules, which
is consistent with previous *H NMR measurements (109).

Measurements of the chemical shift anisotropy as a function of temperature (30)
show that warming the bilayer through the phase transition further reduces the
chemical shift anisotropy, but that the anisotropy stays nearly constant in the
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temperature range a few degrees below the thermal pretransition (110-112) to the
main phase transition. The chemical shift anisotropy in this temperature range for
a 50% lecithin/water mixture is approximately the same as for samples containing
10%, water at a temperature of 15°C. On the basis of these observations, both Gally
et al (30) and Griffin (108) have questioned the validity of interpreting the calorimetric
pretransition solely in terms of a change in the state of motion of the head group
(113). In this regard, McLaughlin (35) and Cullis & DeKruijff (114, 115) have pro-
posed that there is a change in the rotational motion of the entire lipid molecule
about its long axis near the temperature of the pretransition.

By using the values of the static shielding tensor determined by Kohler & Klein
(33), Niederberger & Seelig (31) have expressed the residual 'P chemical shift
anisotropy, g,, observed for aqueous dispersions of phospholipids in terms of S,
and S;3, the order parameters of the principal axis connecting the two esterified
and two nonesterified oxygens, respectively.

g, (in ppm) = —56S,; + 13355, 28.

Because of the nonaxially symmetric static shielding tensor of the 3'P nucleus, two
order parameters are necessary to describe the orientational order of the phosphate
group. Although S, and S;; cannot be determined without additional information,
Scelig and co-workers (31) have used the results of their 2H NMR experiments
(30) to predict that the axis connecting the nonesterified oxygen atoms is oriented
parallel to the planc of the bilayer. They further predicted that the choline group
has a flexible temperature-dependent conformation, with increasing temperature
stabilizing a structure where the trimethyl ammonium group is in the vicinity of the
phosphate. This picture is consistent with the results of solution studies of choline
and phosphatidylcholine, where the C—~C bond between the choline methylene
groups was found to be in the gauche conformation exclusively for phosphatidyl-
choline, and predominantly for choline (116-118). Seelig and co-workers subse-
quently made a more quantitative interpretation of *'P chemical shift anisotropy
and ?H quadrupolar data, and concluded that the choline dipole lies parallel to the
plane of the bilayer (119). This boomerang-shaped conformation (Figure 4) for the
head group is in accord with both high resolution X-ray and neutron diffraction
studies on single crystals of phospholipids and phospholipid homologues (120-123).

Several dynamical models have been proposed for the head group motion in
phospholipids. Kohler & Klein (34) have suggested a model based on averaging
of the *'P shielding tensor observed in multilamellar dispersions, while Seelig and
co-workers (32, 119) have proposed a model based on both *'P and *H NMR data.
Both of these models adequately account for the present experimental data, and a
choice between them is not possible on the basis of this information alone. An earlier
model for the dynamical motion proposed by McLaughlin et al (29) is not acceptable,
because it is based on the assumption that the static *!P shielding tensor is axially
symmetric.

Kohler & Klein (34) found that two different schemes of simple uncoupled rota-
tions could successfully simulate the observed narrowing of the 3! P shielding tensor.
The first combination of head group motions (A) consists of a fast rotation about
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Figure 4 Conformation of the head group in glycerylphosphorylcholine. Taken from
Reference 119,

the bond P-O,,, followed by a slower rotation about the glycerol C,—C, bond,
followed by a still slower overall rotation about the long molecular axis. The second
possible combination of motions (B) includes only two rotations, a fast rotation
about P-O,,, followed by a slower rotation about the long molecular axis. By
including a wobble about the long axis of the phospholipid, Kohler & Klein were
also able to reproduce the observed temperature dependence of the residual chemical

shift anisotropy.
The Seelig-Gally model (32) differs from the Kohler-Klein model (34) in several

respects. Seelig & Gally assume a conformation about bonds C,~O,, and P-O,,
and allow torsional angles «, and a, to jump between specified values. Using these
angles, the shielding tensor is transformed to a reference frame rotating about bond
C,—C,, and the tensor is averaged. A further averaging is introduced by using the
order parameter determined with 2H NMR as a measure of the motion about C,—C,.
This model is most like Kohler & Klein’s model B with the wobble, but differs in
that model B proposes free rotation about P—O,; and assumes no rotation about
C,-C,, while the Seelig-Gally model assumes free rotation about C,—C, and
conformational jumps about P-O,,.
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Head Group Dynamics

Proton NMR studies on multilamellar dispersions of phospholipids have shown
that the head groups also undergo restricted anisotropic motion (17, 18). In multi-
layer systems, only the choline methyl resonances are sharp enough to be clearly
resolved, while the head group methylene proton resonances are much broader.
Feigenson & Chan (17) have interpreted the choline methy! proton spin-lattice
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relaxation rates in terms of two correlation times: 7;; = 1 x 107!%-5 x 107! sec
for reorientation about the rotor axis and r;, > 4 x 1077 sec for off axis excursions.
The value of the faster correlation time, 7|, is in agreement with the correlation time
ofr, = 1.9 x 107!*-3.3 x 107! sec determined from deuterium T, measurements
(30). The activation energy for reorientation calculated from the 2H NMR experi-
ments is also in accord with previous proton (15, 124) and deuterium (23) Ty measure-
ments for the choline methyl group in sonicated bilayer vesicles. With 13C NMR,
the individual resonances of the head group methyl and methylene carbons have
been resolved for both sonicated vesicles and solutions of phospholipids (79-83).
The 13C spin-lattice relaxation rates, shown in Table 1, indicate that a positive
mobility gradient exists from the glycerol moiety towards the choline methyl group.
Phosphorus-31 NMR has also been used extensively to investigate the head
group region of sonicated vesicles (3—11). The bulk of these studies skillfully exploited
the chemical shift differences of the phosphate moiety in different head groups to
monitor the spatial distribution of different lipids in the highly strained mixed
lipid vesicle systems. More recently, Martin and co-workers (125, 126) have reported
1P spin-lattice relaxation rates and nuclear Overhauser effects (NOE) for a number
of different phospholipid systems. These workers obtained results that suggest that
the most probable orientation for the choline group in the vesicle is in a plane parallel
to the bilayer surface with the nine methyl protons being, on the average, 3.2 A
from the phosphorus atom. In a subsequent investigation, using mixed vesicles of
phosphatidylcholine and phosphatidylethanolamine (127), they concluded that the
3'P-'H interactions modulating the NOE were largely intermolecular in origin.

FUTURE PROSPECTS

Despite the impressive number of NMR studies already performed on phospholipid
bilayer systems, there is still valuable information to be gained with magnetic
resonance techniques. Recent 2H and 3!P NMR studies of membrane systems
dramatically illustrate this point. The development of new experimental techniques
also extends the range of possible investigations. Cross polarization and multiple
pulse techniques have already been applied successfully to the investigation of
phospholipid systems (18, 27, 33), and newer methods such as interferometric NMR
spectroscopy (128, 129) may also have application for the study of membranes. In
addition, more work is necessary to confirm the validity of the various motional
models for phospholipids in bilayers, and more importantly, to assess the importance
of the motions themselves on the structure and function of natural membrane
systems. .

A number of NMR studies have already been performed on model systems
composed of lipid/cholesterol and lipid/protein mixtures, which more closely simu-
late natural membranes. Apart from the phospholipids, cholesterol is the most
common low molecular weight component of natural membrane systems, and there
have been many attempts to determine its effect on phospholipid structure and
mobility. Despite these efforts, the detailed nature of cholesterol-phospholipid
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interactions remains unclear. Deuterium NMR studies have shown that acyl chain
order parameters are larger for cholesterol/phospholipid mixtures than in pure phos-
pholipid dispersions (14, 23). On the basis of this information, Oldfield (E. Oldfield,
private communication) has attempted to explain the effects of cholesterol using
the Petersen-Chan model for phospholipid motion (44). He finds that the experi-
mental order parameters are adequately modeled by allowing decreased chain
reorientation upon the addition of cholesterol. Godici & Lansberger (130) have
measured '3C Ts and linewidths for phospholipids in the presence of the
cholesterol, and also suggested that cholesterol decreases the long range swinging
of the acyl chains. The effects of protein on phospholipid motion have also been
investigated with 13C NMR using recombinant lipoprotein/lipid dispersions (131—
133). These studies suggest that lipid-protein interactions are primarily hydrophobic
in nature rather than ionic (131, 133), and that lipids interacting with protein arc
somewhat less mobile than in pure lipid systems (132).

NMR studies have also been conducted on biological membrane systems, where
the dynamical state and structure of the phospholipids depend on the details of the
lipid, lipopolysaccharide, and protein composition. Such biological systems as sarco-
plasmic reticulum, erythrocyte, chloroplast, and mitochondrial membranes, as well
as nerve myelin and rabbit sciatic nerve, have all been studied by NMR (8). Because
of the complexity of these systems, most interpretations of the NMR spectra have
been made by direct analogy to spectra of similar model systems. More recently,
biosynthetic labeling techniques have allowed detailed investigations of natural
membranes with **C and 2H NMR. Activation energies calculated from '*C spin-
lattice relaxation times obtained for yeast cells indicate that the molecular mobility
of the membrane is similar to that of model systems (134). This suggests that the
perturbation of the bilayer by protein is relatively small in this system. In a 2H NMR
study of rat liver mitochondrial membranes, Arvidson et al (135) have found that
the deuterium quadrupolar splitting of the choline methyl group is much less than
in lamellar dispersions prepared from the lipid extract. They suggest that this differ-
ence is the result of a difference in the orientation of the head group in the natural
and extracted lipids. Brown et al (136) have obtained 'H NMR spectra of retinal
rod outer scgment (ROS) disk membranes and liposomes of purified extracted ROS
phospholipids. The spectra of these two preparations are similar and suggest that
the phospholipids are organized into at least two lateral domains, which differ in the
fluidity of the acyl chains of the phospholipids in the respective regions. These
workers further suggest that the lipid domains directly interacting with the rhodopsin
molecules are the most fluid, and that the protein does not inhibit large amplitude
segmental or self-diffusive motions of these lipids.

These examples of recent work clearly indicate that the trends for future significant
work lie toward more complex model systems, which more closely simulate biomem-
branes, or the real membranes themselves. There is every reason to expect that
sustained efforts in these directions, augmented by the detailed knowledge of mem-
brane structure and dynamics already acquired through studies of simple model
systems, will ultimately result in a more complete understanding of the complex
processes involved in membrane-associated phenomena.
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