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The method of two-dimensional exchange spectroscopy in deuterium (?H) nuclear magnetic resonance
(NMR), originally developed for the study of slow, reorientational molecular motions in solids [S.
Wefing and H. W. Spiess, J. Chem. Phys. 89, 1219 (1988)], has been applied to the study of multilamellar
vesicle samples of phospholipid bilayer systems in their fluid (L,) phase. As is well known, the *H
NMR quadrupolar splitting in such fluid membranes is proportional to (3 cos?’60— 1), where 0 is the angle
between the local bilayer surface normal and the external magnetic field. Measurements of two-
dimensional exchange 2H NMR spectra using a mixing time ¢,, were analyzed to give the reorientational
angle distribution function for the local surface normals of individual lipid molecules comprising the
membranes. A quantitative analysis of this correlation function taking into account the lateral diffusion
of the lipid molecules demonstrated the sensitivity of the technique to the local curvature and shapes of
the multilayers, which were shown to exhibit surface roughness on the mesoscopic length scale between
about 10 nm and 1 um. The results were consistent with an average radius of curvature between 1 and 2
um, but approximately 15% of the molecules were located on relatively flat membranes having larger ra-

dii of curvature.
PACS number(s): 61.30.—v, 76.60.—k, 87.22.—q

I. INTRODUCTION

An important physical feature of the lipid bilayer core
of biological membranes is that it is almost always fluid
under physiological conditions. This fluid characteristic
is responsible for the extreme softness of many biological

materials, which leads to a complex interplay between

structure and dynamics at length scales ranging from the
molecular (<1 nm) to the size of biological cells (=1
um). Associated with this range of distances is an even
more impressive range of correlation times 7, for mem-
brane dynamical processes extending over at least 12 or-
ders of magnitude from picoseconds for some internal
molecular motions to several seconds for shape and cur-
vature fluctuations extending over cell-size distances
[1,2].

Different spectroscopic and other physical measure-
ments are sensitive to different time and distance scales.
In some cases, the origin of the intrinsic time and dis-
tance scale of a technique is subtle [3]. For example, in
the case of fluid membranes, an interesting NMR length
scale Lyyg in the range of about 100 to 1000 A obtains
as a consequence of the lateral diffusion of the lipid mole-
cules parallel to the plane of the membrane. A natural
NMR “time scale” Tyyg is set by the magnitude of the
spin-dependent interactions responsible for broadening
and splitting of the spectral lines. Ty turns out to be of
the same order of magnitude for 'H, °H, and 31lp NMR in
membranes (~107° s). Fast motions, i.e., those with
T, << TyMmr» Tesult in spectral characteristics representing
averages over the motions. In order to record meaningful
spectra, the NMR free induction signal must be sampled
for a time somewhat longer than Tyyg, during which the
molecules diffuse a distance Lyyg = (4D 7ymr)!”?. The
values of Lyygr given above correspond to values of the
lateral diffusion constant in the vicinity of D ~4X 10712
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m?s™!, which is typical of phospholipid molecules in
fluid membranes.

In this paper, we are concerned with membrane shape
and curvature considerations for which the most direct
information has been provided by optical measurements
(see, e.g., Refs. 1-9 in [4]). Optical measurements are
especially powerful for shape fluctuations occurring over
cell-size distances (=~1-10 um). In this range, the
relevant correlation time 7. is of order seconds for uni-
lamellar vesicles, scaling as A3 for fluctuations character-
ized by a wavelength A [5]. Equilibrium mechanical mea-
surements indicate that surface undulations and their re-
lated shape and curvature fluctuations occur over a wide
range of A extending all the way down from the cell size
to the bilayer thickness of about 50 A [1]. Up to now,
very few direct measurements have been carried out in
the suboptical, mesoscoplc range, A <4000 A. Some in-
direct information is available, including that obtained
from 3H NMR measurements of the transverse relaxation
time T, [1,6].

The information arising from the use of two-
dimensional exchange 2H NMR measurements, described
here and in the accompanying paper on solid-supported
spherical bilayers of fluid membranes [7], is on a different
footing from previous studies of the mesoscopic range of
distances since it provides a direct quantitative measure
of the space-time correlation function of the orientation
of local surface normals for individual molecules.

II. THE TWO-DIMENSIONAL EXCHANGE *H NMR
EXPERIMENT IN MEMBRANES

In two-dimensional (2D) NMR experiments, the phases
of spins are first labeled in terms of their initial spectral
frequency w, via a preparation sequence, the molecular
positions and internal coordinates are then allowed to
evolve for a time ¢,, during a mixing period, and, finally,
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the free induction decay (FID) signal giving the spectral
frequency w, after the mixing period is recorded during
the subsequent detection period. The 2D NMR spectrum
S (wy,w,;t,,) so defined gives the joint probability that a
given spin has spectral frequencies ®; and w, at times
separated by ¢,,.

In the case of fluid membranes, there exists a direct
connection between this 2D 2H NMR spectrum and
membrane geometry because of the well established rela-
tionship between w; and the angle 0; between the surface
normal n and the external magnetic field, namely,

0; =Q,P,(c0s6;)=w,ScpP,(cosb;)
=w,Scp(3cos’0,—1)/2, (1

where o, is the quadrupolar coupling frequency and Scp
is the orientational order parameter for the C—D bond.
As shown by Spiess and co-workers [8—11] and reviewed
in our Materials and Methods section, measurements of
S(w;,w,;t,,) can be analyzed to yield the joint probability
P(6,,0,;t,,) that n is oriented at 8, initially and at 0, at a
time ¢,, later. Moreover, in the case of an axially sym-
metric coupling tensor in a powder sample, the informa-
tion contained in the experimental data can be expressed
by a one-dimensional distribution function P(S;t,,),
where f3 stands for the change of angle of the symmetry
axis (n in our case) during ¢,,. Such changes can occur as
a result of dynamical membrane processes leading to
changes in local curvature and/or molecular diffusion
that transports individual molecules from one part of a
curved membrane to another. This latter diffusion pro-
cess can lead to the determination of local membrane
geometry over distances L = Lyugr, a relatively unex-
plored region of distances, as noted in the Introduction.

The method of Spiess involves sequences of three
pulses, or slightly modified sequences of the type used
here, i.e.,

90, -1,-544-1,,-544-8-90,.-8-1,

(2D exchange H NMR pulse sequence), where ¢, and ¢,
define evolution and detection periods and the 90, pulse
is a pulse superimposed on the Spiess three-pulse se-
quence to refocus the FID signal for reasons described in
the next section. In the above pulse sequence, the nota-
tion 6, characterizes a pulse that rotates the nuclear mag-
netization by an angle 6 about an axis in the x -y plane
making an angle ¢ with the x axis. Thus, 90, corre-
sponds to a 90° rotation about the x axis.

The pulse sequence is applied to the 2H spin system, in-
itially in equilibrium with a heat reservoir in the presence
of a large magnetic field along the z axis. Because the H
quadrupolar interaction is normally at least two orders of
magnitude smaller than the Zeeman interaction, these in-
itial conditions imply that, initially, the spin system has a
nonzero vector polarization (I,),=I, and a negli-
gibly small tensor (quadrupolar) polarization, i.e.,
(3I}—I(I+1)),=~0. Then, the first two pulses store
vector or tensor spin polarization in an ‘“‘invariant of the
motion” proportional to cos[w,?, ] or sin[w;¢, ] depending
on whether the phase of the second pulse is ¢ =y or x, re-
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spectively. After the mixing period, application of a
third pulse identical to the second results in a contribu-
tion of the spin to the FID signal of the form

F . (t,,t,)= A cos[wt;]cos[w,t,]
or ()
F(t,,t,)= Asin[wt, ]sin[w,t,]

for the two phase settings given above, respectively. In
the absence of relaxation effects that are dependent on w,;
the amplitudes 4, and A; are equal for the choice of 54°
for the rotation angle of the second and third pulses in
the pulse sequence shown above. For a system of many
spins, the FID signals actually measured represent sums
over w; and w, for all the spins in the sample.

By recording the two types of FID’s, i.e., Fj(¢,,t,),
I€{c,s}, over a wide enough range of values of ¢,, re-
peating the measurements for each value of ¢, in a corre-
sponding range of ¢, values, and calculating the two-
dimensional Fourier transform over ¢; and ¢,, one ob-
tains the pure absorption 2D 2H NMR spectrum
S(wy,0,;t,,) ultimately required to obtain the maximum
amount of dynamical information on membrane
geometry from P(f;t,,). The numerical procedures re-
quired to obtain P(S;t,,) from S(w,,w,;t,,) are reviewed
in the next section.

III. MATERIALS AND METHODS

A. Composition and preparation of the samples

The 1-palmitoyl-ds,;-2-oleoyl-sn-glycero-3-phosphati-
dylcholine (POPC-d3,), in which the palmitoyl chain is
fully deuterated, was purchased from Avanti Polar Lipids
Inc. (Birmingham, AL), while 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC-d,), headgroup
deuterated in the a position, was kindly provided by Dr.
M. Roux.

Multilamellar NMR samples were prepared in the usu-
al manner as follows. The appropriate dry weight of
lipids was dissolved in deuterium-depleted water and then
extensively vortexed. In addition, the DPPC-d, samples
were submitted to three freezing (liquid nitrogen) and
thawing (50°C) cycles, centrifuged, and the pellet
transferred directly into the NMR tube.

B. NMR experimental methods

The 2H NMR spectra were recorded on a home-built
46 MHz spectrometer described in detail elsewhere
[12,13]. Two-dimensional exchange experiments were
carried out using the method outlined by Schmidt,
Bliimlich, and Spiess [14]. However, the pulse phase cy-
cle was modified to match the receiver phase in the 8-
CYCLOPS sequence [15]. This sequence of transmitter
and receiver phases is commonly used [17] to eliminate
various artifacts associated with quadrature detection in
H NMR. The separation between the two-pulse
preparation sequence and the third pulse (i.e., the mixing
time ¢,, in the pulse sequence shown in the preceding sec-
tion) was varied from 100 us to 10 ms and a refocusing
pulse (not shown) was applied 30 us after the third pulse
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to circumvent the receiver dead time, in analogy to what
is done in a quadrupolar echo experiment [16]. Normal-
ly, 4096 transients were acquired with a recycling delay
of 200 ms. A total of 128 increments of 256 data points
was collected for each 2D experiment, yielding a digital
resolution of 976 Hz for each of the equally spaced inter-
vals in each of the two dimensions after zero filling, cor-
responding to a dwell time of 4 us and a sweep width of
about 200 kHz. In order to start both Fourier transfor-
mations from ¢, =¢, =0 and avoid phase distortions, the
experimental data were successively time shifted prior to
the Fourier transformation [17].

C. Reconstruction of the angular distribution function
from 2H NMR experiments

In the slow motion limit, the time-dependent, experi-
mental, two-dimensional FID signal of Eq. (1) for an axi-
ally symmetric quadrupolar coupling tensor can be writ-
ten in terms of the evolution and detection times ¢; and
t,, respectively, as [8—-11]

F”(tl,lz)= foﬂ-/zK]I(t],tzlﬁ)e
X[P(B)+P(m—B)ldB . (3)

—(ty+1,+28)/T,

Equation (3) requires considerable explanation. A single
exponential decay of the transverse magnetization has
been assumed and characterized by the time constant T',.
The Kernel functions Ky(t,,2,|B), {l}E{c,s}, are
defined by [8—-11] as follows:

_ 1 1 T
ch(tl,t2|ﬁ)——7;f0 db fo dacos[Q,g (b)t;]

Xcos[Q h(a,b,B)t,] 4)

and
Kss(tl,tzlﬂ)=%foldb [ dasin{0,g (b}, ]

Xsin[Q h(a,b,B)t,] , (5)

where (), has been defined in Eq. (1). The quantities g
and A are expressed, in a manner that follows from the
addition theorem for spherical harmonics, in terms of
b =cosf, and the polar and azimuthal angles 8 and « as-
sociated with the change in the orientation of n from its
initial value n, to its value n, as a result of its motion rel-
ative to n, during the mixing period,

g(b)y=1(3b>—1), (6)

h(a,b,B)=2(1—b?%)sin’B cos2a
—3b(1—52)%sinf cosfB cosa
+1(3b%—1)[3cos’B—1] . (7)

The reorientational angle distribution (RAD) function
P(B;t,,) gives the probability that the motionally aver-
aged axis of symmetry n for a given molecule jumps by an
angle B during the mixing time. Quantitative information
on P(B;t, ) is the most important outcome of 2D ex-
change 2H NMR experiments on membranes. Due to the
symmetry properties of the orientation dependence of the
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quadrupolar splitting, jumps of angle B change the 2D
spectrum in a manner that is indistinguishable from
jumps of 7—pfB. Therefore the 2D exchange experiments
can only be used to determine the symmetrized RAD
function P*(B) defined by

P*(B)=P(B)+P(m—P) . (8)

The back calculation procedures giving the function
P*(B) from the 2D spectrum were performed in the fre-
quency domain. First, the time domain Kernel functions
were computed via numerical integration of Egs. (4) and
(5). In the analysis of the experimental data, 128 incre-
ments of 256 data points were computed for each func-
tion, yielding a digital resolution equal to the experimen-
tal spectrum after zero filling. Then the subspectra
s (w,,w,|B) were obtained by processing the correspond-
ing Kernel functions with the same procedures used for
the experimental spectrum S(w;,®,). Finally, the
modified RAD function was obtained by optimizing, un-
der constraints, the squared Euclidean distance [18]

R= [S(w,0,)—3 P*(B)s(w,0,|8)]*,
(01(02 B

P*(B)=z0. (9

In all cases, 30 subspectra were computed leading to an
accuracy of 3° for the 3 angles. The stability of the algo-
rithm was thoroughly tested for simulated spectra and
for the well known 2D pattern displayed by the fully deu-
terated dimethylsulfon sample [14].

IV. RESULTS AND DISCUSSION
FOR SPECIFICALLY LABELED LIPIDS

A. Slow motions in multilamellar vesicles detected
by 2D exchange 2H NMR experiments

As described in the last section, it is necessary to deter-
mine experimentally the two functions F,.(z,,¢,) and
F(t,,t,) in order to obtain maximal information via 2D
NMR on dynamic properties of systems such as mem-
branes. This is especially true of powder samples such as
those studied here, in which all initial orientations 6, of n
are equally probable. The two data sets are combined,
after being processed, to give a pure absorption spectrum.
We assumed in the numerical analysis procedure de-
scribed in Sec. III that frequency exchange may be
neglected during the preparation and detection periods,
so that the 2D exchange spectrum depends only on the
mixing time and may be written in the form of a two-time
distribution function S (@, ®,;?,, ), which is interpreted as
the joint probability of individual nuclei having frequen-
cies o, and w, at times separated by ¢,,. Arguments justi-
fying this approximation for the system studied here are
presented below. For a demonstration of the systematic
errors introduced by this approximation for diffusive
motions on a sphere, see the accompanying paper [7].

In the case of discrete jump motions, characteristic
ridges such as ellipsoids are observed for such experi-
ments on powders [19,20]. However, for more complex
motions of the type likely to be of importance in mem-
branes, e.g., diffusive processes or random fluctuations of
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the local director orientation, more complex patterns are
anticipated—and observed. Computer simulations have
been used to describe quantitatively the 2D spectra to be
expected for molecules diffusing on spherical surfaces
[7-9,21]. We shall compare such simulations with our
measurements of phospholipid molecules in fluid lipid bi-
layer membranes in which one can say with confidence
that diffusional motions along the curved surfaces must
be one of the important motions taking place.

Figure 1 shows a set of spectra S(w,,,;t,,) from 2D
exchange ’H NMR experiments recorded at 50°C on
DPPC-d, molecules deuterated in the a position of the

FIG. 1. 2D exchange 2H NMR spectra of multilamellar
DPPC-d, at 50°C in the fluid (L,) phase. The stacked plots
(left) and corresponding contour plots (right) refer, from top to
bottom, to mixing times of ¢,, =100 pm, 1.0, 5.0, and 10.0 ms,
respectively. The plots of the stacked plots along each of the
two dimensions range from —28 to +28 kHz while those of the
contour plots range from —15 to +15 kHz in each dimension.
The abscissae correspond to the frequencies f; =w;/2m and the
ordinates to f, =w,/21.

headgroup. The stacked plots and the corresponding
contour plots presented in Fig. 1 exhibit the evolution of
the 2D spectra as the mixing time is incremented over the
values t,, =100 us, 1.0, 5.0, and 10.0 ms. Some general
features of these spectra deserve comment before discuss-
ing the detailed numerical analysis of the data.

(i) Each of the four spectra exhibits reflection symme-
try with respect to the antidiagonal. This reflects the
presence of two NMR transitions, symmetric with
respect to the Larmor frequency, for the *H (I =1) nu-
cleus due to the quadrupolar interaction.

(ii) Whereas the 2D spectral intensity is mainly located
on the main diagonal for the shortest mixing time of
t,, =100 us, the off-diagonal intensities become more im-
portant as t,, is increased and are dominant at the largest
value of ¢,, =10 ms used in our experiments. Further-
more, the large off-diagonal components at
(@1,0,)=(Q,, —5Q,) observed in the t,, =10 ms spec-
trum reveals that a significant fraction of the symmetry
axes of the lipid molecules rotate by more than 90° during
the 10 ms mixing time. A formal way of expressing this
in terms of the numerical analysis of Sec. III is that there
must be substantial values of P*(B;t,, ) for B=90° and
t,, =10 ms.

At 50°C, the lipid molecules in our DPPC sample are
in the liquid crystalline (L ,) phase and organized in mul-
tilamellar vesicles, having a wide range of sizes with aver-
age size in the vicinity of 1-2 um. Typical values of the
lateral diffusion constant in L, phase membranes have
been found to be in the range 107!'>D >10"12 m?%/s
[22]. For the DPPC-d, sample studied here,
D=4X10"!2 m?s~! [23]. A measure of the correlation
time for diffusion of molecules around a sphere of radius
R is 1'2=R2/6D, which for the diffusion constant given
above and for 0.5<R =<1.0 um gives 10=<7,<40 ms.
Thus the observation of substantial values of P*(90°%10
ms) is consistent with diffusive motions around curved
surfaces of radii R <1 ym making appreciable contribu-
tions to P*(S3;¢,, ).

In view of the known complexity of shapes in mul-
tilamellar vesicle dispersions, we do not anticipate being
able to fit all of our observations to diffusion on a spheri-
cal surface. One may ask, however, whether the results
can be fitted to a distribution of spherical particles. More
interesting is whether our measurements are sensitive to
surface roughness that is believed to be present on the
mesoscopic length scale but for which there exists only
indirect experimental evidence at the present time [1,6,7].
Fortunately, the method of analysis of our data by back
calculation from the 2D spectrum [11,18] described in
Sec. III allows us to extract P*(f;t,,) without assuming
any specific motion or mechanism, and this is what we
now proceed to do.

B. Determination of the P*(B;1,, ) of DPPC-d,
in the L , phase from the 2D spectra
Figure 2 shows the modified RAD’s, P*(B;t,,), ex-
tracted from the corresponding 2D spectra of DPPC-d,
in Fig. 1 using the methods described in Sec. III and
values of the quadrupolar splitting (Q, =27X6.5 kHz)
and relaxation time (7, =1.2 ms) parameters measured



51 MEMBRANE CURVATURE STUDIED USING TWO-DIMENSIONAL ...

100us Sms

ims I 10ms

B (deg)

FIG. 2. Histograms of the reorientational distribution func-
tions P*(B;t,,) expressed as functions of the reorientational an-
gle B in degrees between S=0° and B=90°. As discussed in the
text, P*(B;t,,)=P*(m—B;t,,). These functions were extracted
by numerical analysis of the experimental spectra in Fig. 1, as
described in the text. The ¢,,=1.0, 5.0, and 10.0 ms plots are
normalized and have the same scaling factor, which differs from
that for ¢,, =100 us.

elsewhere [23].

In reality, 7, in this system is strongly orientation
dependent as measured by the normal (1D) spin echo
method and the value of 7,=1.2 ms is based on the
orientation-averaged relaxation rate

(1/T,)= A +B(sin’0 cos?6) ,

with 4 =300 s~ ! and B =6700 s~ ' [23,24]. We justify
neglect of the orientation dependence of T, in this case
with the ad hoc argument that the powder line shapes
from quadrupolar echoes are not strongly affected by
such orientational dependence under the conditions
(values of ¢4, t,, and 8) of our experiments. Further work
remains to be done on the importance of such orientation
dependence of T, obtained from 1D measurements on
the interpretation of 2D exchange spectra, but it is likely
that it plays a much smaller role in cases such as this
than one might initially guess. The reason for this is that
part of the orientation dependence of T', in this system is
associated with the random frequency modulation associ-
ated with the slow transfer of magnetization between
different parts of the 2H NMR spectrum, i.e., the very
processes of magnetization exchange that we have mea-
sured in a 2D NMR experiment manifest themselves as a
T, mechanism in a 1D experiment. From this argument,
it would appear that exchange processes that result in a
decrease in total NMR (echo) intensity in a 1D experi-
ment do not necessarily lead to a loss of total intensity in
a 2D experiment.

The P*(S;t,,) are related via Eq. (8) to the RAD prob-
abilities P(B;t,, )dp that the local surface normal of a
molecule changes its orientation by an angle between 8
and B+df during the mixing time. For diffusive and
other quasicontinuous processes, P*(B;t,,) is expected to
converge towards P(p;t,,) in the short time limit, and
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also for large values of 7,, when complete randomization
of the molecular orientations is attained.

Meaningful P*(S;t,,) values for ¢,, =100 us were ob-
tained despite the mixing time being so short that tran-
sients from the preparation pulse sequence were still quite
large during the detection period. The absence of large
off-diagonal intensities and the observation that almost
all of the intensity of P*(B3;100 us) is close to f=0° vali-
dates the assumption, necessary to the back calculation,
that no significant exchange occurred during the 100 us
mixing time and, hence, that the quadrupolar splittings
do not change significantly during the preparation and
detection periods. The low intensity contributions ob-
served for large values of B in P*(B3;100 us) are almost
certainly artifacts arising from such transients and their
magnitude should be completely negligible for the larger
values of ¢,, =1.0, 5.0, and 10.0 ms used in the other ex-
periments.

As shown in Fig. 2, P*(B;1.0 ms) exhibits a maximum
located near 30° that reflects a fast component of the re-
orientational process. By contrast, the substantial value
of P*(B;1.0 ms) in the first two B channels, i.e.,
0°<B<6°, indicates that the local surface normals for
about 30% of the molecules do not change their orienta-
tion by a measurable amount during 1 ms. As is evident
from an examination of P*(3;5.0 ms) and P*($3;10.0 ms),
the fraction of molecules whose surface normal orienta-
tions do not change gradually decreases as ¢, is increased
to 10 ms. Finally, the continuous displacement of
P*(B;t,,) towards the B=90° reorientation reflects the
large change of local surface normal orientation experi-
enced by a large number of the molecules.

C. Model of molecules diffusing on spherical surfaces

It is clear that the processes leading to the experimen-
tally measured values of P*(3;t,,) are too complex to be
represented by molecules diffusing on a single spherical
surface. In such a case, solution of the diffusion equation
for molecules diffusing with diffusion constant D on a
sphere of radius R gives

P(B;t,)=1 3 (21 +1)P/(cosBlexp| —t,, /7;]sinB
=0

(10)
with
1/7,=1(I+1)D/R*. (11)

This form of P(B;t,,) was found, in the accompanying
paper [7], to be in excellent agreement with measure-
ments made on lipid bilayers supported on spherical glass
beads using values of D and R from independent mea-
surements.

We now ask whether the P*(B;t,,) of Fig. 2 can be in-
terpreted sensibly in terms of a model of different popula-
tions of molecules diffusing on spherical surfaces of
different radii, e.g., a fraction f; of the molecules
diffusing on a sphere of radius R;, having a value of the
diffusional correlation time 7,(i)=7,(i)=R}?/6D.

The best two-component fit for P*(B3;1.0 ms) is shown
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in Fig. 3. The fitting parameters are f| =0.75 for the fast
reorientation component having a correlation time of
74(1)=1.3 ms and f,=0.25 for the second component
with a very long correlation time and accounting for the
intensities of the first two channels of 3.

Reasonable fits for P*(3;5.0 ms) and P*(B;10.0 ms),
also shown in Fig. 3, require at least three components.
If the shortest correlation time is fixed at 7,(1)=1.3 ms
in each case to conform to the value obtained for ¢,, =1.0
ms, then the longer correlation time is found to be
74(2)=9.0 and 14.0 ms, respectively, for the two cases
with amplitude factors f;=0.25 and 0.30, f,=0.6 and
0.55 in each case, and f;=0.15 for the unchanged, too-
long-to-be-measured correlation time component.

We interpret the variation of both the amplitudes and
correlation times in these fits as indicating that the model
of a superposition of molecules diffusing on spheres of
different radii does not fit. The dynamics of changes of
local surface normals must involve more complicated
shape considerations, a conclusion that should not
surprise anyone familiar with electron micrographs of
multilamellar vesicle dispersions.

1ms

Sms

mESSaayy
T ~N:E:%ﬁ‘\g‘_ﬂ—x

I
B N e - = e

10ms

0 90
B (degrees)

FIG. 3. Superposition of experimental RAD functions (histo-
grams) calculated from 2D exchange 2H NMR experiments and
simulations (solid lines) from the isotropic rotational diffusion
model. As in Fig. 2, the reorientational angle S is expressed in
degrees. Three solid lines are displayed on each of the ¢, =5
and 10 ms graphs representing the two correlation functions,
characterized by 7,(i), i =1 and 2, appearing in the best fit, as
well as their sum. As described in the text, the correlation times
and their associated lipid fractions are 7,(1)=1.3 ms and
f1=0.75 for the t,,=1.0 ms graph; 7,(1)=1.3 ms, f,=0.25
and 74(2)=9 ms, f,=0.60 for the ¢,=5.0 ms graph;
74(1)=1.3 ms, f,=0.30 and 74(2)=14 ms, f,=0.55 for the
t,, =10.0 ms graph.
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D. Interpretation in terms of rough surfaces
and flattened liposomes

One plausible interpretation of our experimental data
is that the measurements exhibit the combined effects of
(i) radii of curvature in the range of 1-2 um, consistent
with electron micrograph studies of similar samples [26]
(the i =2 components), (i) radii of curvature >>1 um
due to about 15% of the membrane surfaces that are as-
sociated with flattened liposomes (the very long correla-
tion time components), and (iii) relatively small angle tilt-
ing of the surface normals due to roughness of the mem-
brane surfaces on a length scale <<1 um (the i =1 com-
ponents).

Further experimental study is required to test this in-
terpretation and to motivate further mathematical mod-
eling of the distribution of membrane shapes. We confine
ourselves here to some comments on the length scale of
the surface roughness proposed in (iii). Suppose that
P(B,;t,,), the distribution of tilt angles B, associated with
surface roughness, is sampled by a diffusive process
governed by a correlation time 7,,; either the molecules
diffuse over the bumpy membrane or the bumps diffuse
past the molecules. We represent P(f3,;t, ) empirically
as a Gaussian distribution with the limiting behavior for
its variance at short and long times of the form expected
for a diffusive process involving a bounded random vari-
able, i.e., (B2) <B%, <<1,

(B%>=ﬁ12t{[1—exp(—tm/7-cr)] (12)
(B /7e t,, fort, <<, (12a)
~ |By, independent of ¢,, fort,, >>7, . (12b)

Interpreting the i =1 component of P*(f3;1.0 ms) in
Fig. 3 in terms of Egs. (12) for ¢,, =2 7,, one obtains
By 0.5 rad and 7, <1 ms. For a diffusive process, the
correlation time is related to the correlation length A of
the surface roughness and the diffusion constant D, ap-
proximately, via 7,,~A%/2D. If D is identified with the
diffusion constant of the fluid membrane, D ~4X 10~ 12
m2s™ !, the inequality 7, =1 ms gives an upper limit
A =900 A (90 nm).

The shape and topology of the membrane surface are
probably more complex than implied by this simple inter-
pretation. We emphasize one feature that is definitely re-
quired to fit our experimental results. The fact that the
fast motion of the i =1 component of P*(3;1.0 ms) splits
into at least two components implies that molecules are
transferred by dynamical membrane processes, presum-
ably diffusion, from more to less highly curved regions.
Also, the fact that about 15% of the molecules remain at
membrane positions with unchanged surface normal
orientations implies the existence of some relatively flat
membrane regions.

V. EXPERIMENTAL STUDIES
USING PERDEUTERATED ACYL CHAINS

As shown in the previous section, correlation functions
of slow motions in fluid lipid bilayer systems between
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states having different orientations of local surface nor-
mals, can be determined quantitatively and unambiguous-
ly from 2D exchange 2H NMR experiments on selectively
deuterated molecules. In principle, such information
should also be obtainable from more complex spin sys-
tems such as perdeuterated acyl chains and dipolar cou-
pled proton spin systems. Because of the more complex
NMR spectrum, it is not obvious that an unambiguous
determination of P*(S;t, ) can be carried out in these
cases even though the spin Hamiltonian leading to the
NMR spectrum scales as P,(cos@) in fluid bilayer mem-
branes [25]. If it does eventually turn out to be possible
to determine P*(B;t,,) from '"H NMR, the study of an
important class of slow motions in biological membranes
would be opened up for investigation. In this short sec-
tion, we report some preliminary results on this problem
using POPC-d;; membranes.

Figure 4 presents the 2D exchange 2H NMR spectra
for POPC-d; at 30°C for mixing times ¢,, =1.0 and 10.0
ms. The spectra of Fig. 4 are superpositions of 2H NMR
spectra with different quadrupolar splittings from
different positions along the palmitoyl chains. Despite
the superposition of different quadrupolar spectra, the
2D pattern does provide a qualitative picture of the
motion of the lipid molecules. For example, direct infor-
mation on the diffusive motions discussed in the previous
section is obtained from the extremities of the contour
plots. This “plateau” region is due to a closely spaced
group of the largest 2H NMR splittings [1] and gives a
direct indication of the range of important reorientation-
al angles Bin P*(B3;t,, ).

FIG. 4. Stacked plots and their corresponding contour plots
for 2D exchange ’H NMR spectra of a multilamellar sample of
POPC-d;, at 30°C in the fluid phase for ,,=1.0 ms (top) and
t,, =10 ms (bottom). The plots of both the stacked and contour
plots range from —47 to +47 kHZ in each dimension. The
abscissae correspond to the frequencies f; =w;/27 and the or-
dinates to f, =w, /2.

In the ¢,, =1.0 ms spectrum, the observation of impor-
tant “‘shoulders” on the main diagonal (i.e., the roll off of
the distribution of the maximum splittings at 6=0°) tells
us that a substantial fraction of molecules has experi-
enced only very small changes in orientation in 1 ms.
Roughly speaking, these would correspond to the 30% of
the molecules for which 0<8=<6° in Sec. IV. The same
spectrum also indicates ‘“‘connections” between “‘shoul-
ders” on the main diagonal and the “edges” (unsym-
metric peaks of intensity corresponding to 6=0°) of the
plateau region. This tells us that another substantial
group of molecules has experienced reorientations of lo-
cal surface normals as large as B=90°. When ¢,, is in-
creased to t,, =10 ms, the exchange is more pronounced
since the shoulders on the main diagonals are no longer
visible.

These results, based on a qualitative analysis of the 2D
exchange 2H NMR spectrum of the 31 palmitoyl deute-
rons confirms that there are diffusive motions of POPC
molecules along curved surfaces in the L, phase of a
similar complexity to those of DPPC as described in the
previous section and analyzed using specifically deuterat-
ed molecules. Unfortunately, quantitative analysis of the
POPC-d,; spectra has not been successful. The reasons
for this are not completely understood by us at the
present time. We suppose that it is due to the difficulty of
extracting P*(B;t, ) in the presence of overlapping
powder patterns where specific ridges containing valuable
information on the reorientational process are obscured
by intense ridges parallel to the frequency axis that are
not sensitive to the reorientational motions [19], i.e.,
overlapping of 2D spectra associated with nuclei having
different quadrupolar splittings with those from different
groups of molecules having different reorientational
motions (different indices i in the analysis of Sec. IV).
Further work is required to clarify the conditions under
which information may be extracted on 2D exchange
NMR from complex NMR spectra.

VI. CONCLUDING REMARKS

In this paper, the method of 2D exchange ZH NMR
has been applied to the study of lipid bilayer model mem-
branes in the fluid (liquid crystalline) phase. This tech-
nique was extensively developed by Spiess and his colla-
borators [8—11,14,18,19] over a number of years with ap-
plications to slow molecular reorientation in polymers
and molecular solids. It has also been applied previously
[20,21] to the study of both the gel and fluid phases of
lipid bilayer membranes of the type studied here.

A special feature of H NMR in fluid membranes is
that, as a result of the effect of motional averaging over
molecular conformations, the spectral frequency is relat-
ed in an explicit and simple manner to the angle 6 be-
tween the local membrane surface normal n and the
externally applied magnetic field. For this reason the 2D
spectrum S (w,,w,;t,,) provides a direct measure of the
two-time correlation function P(6,,6,;t,,) for local sur-
face normal orientation. For powder samples such as
those studied in this paper, such data can be analyzed in-
dependently of an explicit model to give the one-
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dimensional distribution function P(p;t,,) for the rota-
tion of n during ¢,,. This is how we have analyzed our
data. Such a characterization of the space and time vari-
ation of membrane curvature is of great current interest
in the study of geometrical and dynamic aspects of mem-
brane curvature and we believe that the measurements re-
ported here will stimulate further exploration in this area.

As discussed in detail in Sec. IV, our results exhibit the
influence of local surface roughness as well as departures
from sphericity on distance scales large in relation to the

average radius of curvature of the liposomes. This
behavior is quite different from that observed for mem-
branes constrained to sphericity by a solid spherical sup-
port as reported in the accompanying paper [7].
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