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Lipid-Gramicidin Interactions Using Two-Dimensional Fourier-Transform
Electron Spin Resonance
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ABSTRACT The application of two-dimensional Fourier-transform electron-spin-resonance (2D-FT-ESR) to the study of
lipid/gramicidin A (GA) interactions is reported. It is shown that 2D-FT-ESR spectra provide substantially enhanced spectral
resolution to changes in the dynamics and ordering of the bulk lipids (as compared with cw-ESR spectra), that result from
addition of GA to membrane vesicles of dipalmitoylphosphatidylcholine (DPPC) in excess water containing 16-PC as the lipid
spin label. The agreement between the theory of Lee, Budil, and Freed and experimental results is very good in the liquid
crystalline phase. Both the rotational and translational diffusion rates of the bulk lipid are substantially decreased by addition
of GA, whereas the ordering is only slightly increased, for a 1:5 ratio of GA to lipid. The slowing effect on the diffusive rates
of adding GA in the gel phase is less pronounced. It is suggested that the spectral fits in this phase would be improved with
a more detailed dynamic model. No significant evidence is found in the 2D-FT-ESR spectra for a second immobilized
component upon addition of GA, which is in contrast to cw-ESR. It is shown from simulations of the observed 2D-FT-ESR
spectra that the additional component seen in cw-ESR spectra, and usually attributed to "immobilized" lipid, is inconsistent
with its being characterized by increased ordering, according to a model proposed by Ge and Freed, but it would be
consistent with the more conventional model of a significantly reduced diffusional rate. This is because the 2D-FT-ESR
spectra exhibit a selectivity, favoring components with longer homogeneous relaxation times, T2. The homogeneous
linewidths of the 2D-FT-ESR autopeaks appear to broaden as a function of mixing time. This apparent broadening is very
likely due to the process of cooperative order director fluctuations (ODF) of the lipids in the vesicle. This real-time observation
of ODF is distinct from, but appears in reasonable agreement with, NMR results. It is found that addition of GA to give the
1:5 ratio has only a small effect on the ODF, but there is a significant temperature dependence.

INTRODUCTION

Two-dimensional Fourier transform (2D-FT) electron-spin-
resonance (ESR) was recently introduced as a technique that
provides considerable enhancement in resolution to order-
ing and dynamics as compared to conventional ESR spec-
troscopy in studies of nitroxide-labeled lipids and choles-
terol in membrane vesicles (Crepeau et al., 1994; Lee et al.,
1994a). While ESR has played an important role in under-
standing the dynamics and structure of membranes in many
past studies (Devaux and Seignenret, 1985; Marsh, 1985,
1989; Kar et al., 1985; Freed, 1987; Ge et al., 1994) there is
generally poor spectral resolution in typical ESR studies on
membrane vesicles (Meirovitch et al., 1984; Ge and Freed,
1993). This poor resolution is largely due to the fact that
these samples are characterized by the lipids being micro-
scopically ordered, within the vesicle, but the sample is
macroscopically disordered, (i.e., a vesicle dispersion),
which we refer to as MOMD. As a result, there is a super-
position of spectra from membrane fragments that are ran-
domly oriented. In addition, there is inhomogeneous broad-
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ening due to proton superhyperfine (shf) interactions, which
further reduces the resolution to the homogeneous line
broadening that supplies the spin-relaxation and motional
dynamic information. In principle, the MOMD effect on the
linewidths and lineshapes, and how it varies from one hf
line to another, can be utilized to obtain information about
the ordering, but it is difficult to deconvolute from the
effects of proton shf broadening as well as from the mo-
tional broadening, even with detailed spectral simulations
(Ge and Freed, 1993). However, by using 2D-FT-ESR
methods the extra spectral dimension, as well as the ability
of the spin echo to cancel inhomogeneous broadening, leads
to the significantly increased resolution (Crepeau et al., 1994;
Lee et al., 1994a, b).
We briefly outline how this increased spectral resolution

is achieved. A characteristic shared by all 2D-FT-ESR ex-
periments based on collection of free-induction decays
(FIDs) is that one detects a dual quadrature signal, i.e., a
signal that is complex, with a real absorptive part and an
imaginary dispersive part, with respect to each frequency in
the 2D representation (Gorcester et al., 1990). This "hyper-
complex" signal can be combined to give two ordinary
complex signals that we call S, and Sc_. The first (the Sc+
signal) is FID-like, because it is not refocused by the last or
"read-out" pulse, whereas the second (the Sc_ signal) is
echo-like because it is refocused by the last pulse (Gamliel
and Freed, 1990). In the absence of inhomogeneous broad-
ening, the two are of course identical. In the presence of
inhomogeneous broadening the Sc+ and Sc- signals are
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quite different, with the Sr_ spectra being substantially
sharper due to an echo-like cancellation of the inhomoge-
neities, which does not occur for the Sc+ spectra. In the
two-pulse, or COSY experiment, a comparison of the Sc+
and Sc- spectra will provide useful information to distin-
guish homogeneous from inhomogeneous broadening, and
the variation of the inhomogeneous broadening with the hf
line provides direct information on the MOMD contribu-
tion. If only the Sc- spectrum is available (because of the
more rapid decay of the Sc+ signal during the spectrometer
dead time, since its inhomogeneous broadening is not refo-
cused), it is still possible to obtain this same information
from just the S, signal. This is because the refocusing of
inhomogeneities is achieved along one spectral dimension,
whereas it is not refocused along the orthogonal spectral
dimension. (This is strictly true after the Sc- spectrum is
transformed into a SECSY spectrum. cf. below.)
The three-pulse or 2D-ELDOR experiment provides even

more detailed information (Gorcester et al., 1990). In this
experiment, crosspeaks appear that are a measure of mag-
netization transfer by spin relaxation processes during the
mixing time, Tm. The principal spin relaxation mechanisms
are the intramolecular electron-nuclear dipolar (END) inter-
actions, which lead to nuclear spin flip transitions (with rate
W.) that report on the rate of rotational reorientation, and
the Heisenberg exchange (HE) rate, (U)HE), which reports on
the bimolecular collision rate of the spin-labeled molecules.
The pattern of crosspeaks enables one to distinguish the
contributions from each relaxation mechanism. These ex-
periments are done as a series of different mixing times, Tm,
to observe how these crosspeaks "grow-in" relative to au-
topeaks as a result of these cross-relaxation mechanisms. In
fact, such a series of 2D spectra versus Tm provides, in
effect, a third spectral dimension.

Inhomogeneous broadening plays an important role in the
case of MOMD spectra from membrane vesicles in 2D-
ELDOR. It is now possible to utilize the different shapes of
the autopeaks and crosspeaks to precisely distinguish the
contribution to inhomogeneous broadening from proton shf
interactions, which is the same for each hf line, and the
MOMD effect, which varies for each hf line. For autopeaks,
there is an echo-like cancellation for the Sc- signal, but the
crosspeaks that develop have a new feature. During the
evolution period, tl, a given spin label belonging to hf
component "a" will evolve with the inhomogeneity associ-
ated with this hf component. After it exchanges to hf com-
ponent "b" during the mixing time, Tm, it will evolve with
the refocused inhomogeneity during the detection period, t2.
If the inhomogeneities associated with hf components "a"
and "b" are different, as in the case for the MOMD contri-
bution, but not for contributions from proton shfs, then their
differences will show up in the crosspeak broadenings. The
crosspeak shapes, compared with the autopeak shapes,
therefore provide a sensitive measure of the MOMD inho-
mogeneity effects and hence the extent of ordering. In the
case of Sc+ 2D-ELDOR spectra, these inhomogeneities are
additive for the crosspeaks as well as autopeaks, thereby
supplying supplementary information.

Given the subtle interplay of various relaxation processes
on the crosspeak intensities and the homogeneous line-
widths, and of the various sources of inhomogeneous broad-
ening on the auto and crosspeaks, we find that the most
effective way of extracting relevant relaxation and ordering
data is to perform nonlinear least squares (NLLS) fitting of
the 2D spectral simulations to the experimental spectra. The
detailed theory for simulating 2D-FT-ESR spectra is de-
scribed elsewhere (Lee et al., 1994b). The NLLS fitting of
the 2D spectra is analogous to our methods for fitting
cw-ESR spectra, but is more sophisticated (Budil et al.,
1996). We simultaneously fit the full 3D data set (i.e., the
set of 2D spectra obtained for different mixing times, Tm).
Of the extensive instrumental innovations (Gorcester et al.,
1989, 1990; Patyal et al., 1990; Lee et al., 1993; Crepeau et
al., 1994; Sastry et al., 1996), the short 40-50-ns spectrom-
eter dead times proved to be very important.

In this paper we apply the enhanced resolution to order-
ing and dynamics of 2D-FT-ESR to study the effect of the
peptide gramicidin A (GA) on a lipid membrane. In the past,
lipid-protein interactions have been extensively investigated
in both reconstituted and biological membranes by cw-ESR
(Marsh, 1989; Devaux and Seignenret, 1985). More re-
cently, Ge and Freed (1993) have performed detailed line-
shape simulations to interpret the cw-ESR spectra from
multilamellar vesicles of DPPC with varying amounts of
GA containing spin-labeled lipids. This serious effort, while
quite informative, was hampered by the substantial limita-
tions to spectral resolution of the cw-ESR spectra referred to
above. In the present paper we first wish to demonstrate the
enhanced spectral resolution to changes in membrane or-
dering and dynamics induced by addition of GA that is
obtained by 2D-FT-ESR spectroscopy. We then use our
detailed analyses of these spectra to improve our under-
standing of the effects of GA on the membrane, and we also
attempt to critically assess the future potential of 2D-FT-
ESR in studies on the dynamic structure of membranes.

MATERIALS AND METHODS

Materials
Gramicidin A', which is a mixture of gramicidin A, B, and C, was

purchased from Sigma Chemical Company (St. Louis, MO). The phospho-
lipid 1,2-dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC) and the spin
label I-palmitoyl-2-(16-doxyl stearoyl) phosphatidylcholine (16-PC) were

purchased from Avanti Polar Lipids, Inc. (Birmingham, AL). All materials
were used without further purification.

Sample preparation
16-PC in DPPC

A measured amount of 1.9 mM 16-PC in chloroform was added to 50 mg
DPPC to yield 1 mol % of spin label 16-PC in DPPC. The solution was

evaporated to about half of the original volume and then -0.05 ml of the
concentrated solution was transferred to a thin-walled, 2-mm ID Pyrex
sample tube. The chloroform was evaporated by desiccating at 35°C on the
vacuum line for --12 h. A small excess of water (-30% by volume) was

added to the sample tube. The sample was heated to -60°C for -20 min
to ensure complete hydration of lipid bilayers. The sample was degassed by
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repeated freeze-pump-thaw cycles to 0.3 mTorr. In the final cycle, prepu-
rified N2 gas was leaked into the sample at 1/2 atmosphere and the sample
tube was sealed. The last step was necessary to ensure proper hydration of
the sample over a temperature range from 25°C to 80°C.

16-PC in DPPC/GA

GA (25.6 mg) was dissolved in 0.25 ml methanol. Also, 50 mg DPPC was
dissolved in 0.282 ml of 2.9 mM solution of 16-PC in chloroform. The two
solutions were mixed. The rest of the procedure is identical to that outlined
above. This gave a 1 mol % 16-PC in DPPC/GA mixture with a DPPC to
GA molar ratio of 5 to 1 plus the added water.

2D-FT-ESR experiments

All experiments reported here were performed on our pulsed ESR spec-
trometer, the details of which are described elsewhere (Gorcester et al.,
1989, 1990; Lee et al., 1993; Crepeau et al., 1994). For the ELDOR
experiments (cf. Fig. 1 b), three 7r/2 pulses were used. With 1 kW of
microwave power from the TWT amplifier and a 3.25-mm ID bridged loop
gap resonator, the pulse width for a IT/2 pulse corresponds to -5 ns. The
loaded Q of the resonator is -40. Under optimum conditions we obtained
a uniform coverage over ±70 MHz, and a spectrometer dead time of 50 ns.
Since the spectral extent for all our experiments reported in this paper
never exceeded 100 MHz, (or ±50 MHz), no correction for the coverage
(Crepeau et al., 1994) was needed.

The sample temperature was regulated using a gas flow type cryostat
with a commercial temperature controller (Bruker, model ER411 1VT) to
an accuracy of - ± 1°C. The magnetic field was stabilized using a standard
field-frequency lock arrangement (Varian Fieldial Mark II), leading to a
field stability better than ± 10 mG (or about 3 parts in 106). The microwave
frequency was stabilized to an accuracy of -±1 kH (or about 1 part in
107), using a Microwave Systems Inc. Model MOS lock box.
We collected 2D-ELDOR signals over the temperature range of 25°-

80°C. The short dead time, td = 50 ns, made it possible for us to collect
signals from DPPC and DPPC/GA dispersion samples even at room
temperature, where T* - 15-20 ns. The separation between the first two
pulses, i.e., t,, was stepped with 128 steps of 3 ns each, from an initial value
of 50 ns. Each signal was collected as a function of t2 for a total of 256
complex points with an effective step size of 1 ns. This step size was

a)

achieved by automatically interleaving five separate collections, each sam-
pled with 5-ns steps using our two-channel DSP signal averager. A 32-step
dual quadrature phase cycling sequence modified from the 16-step se-
quence of Gamliel and Freed (1990) was used to eliminate the unwanted
signals such as the image peaks, transverse signals, and axial peaks. The
additional 16 steps provided further elimination of instrumental artifacts
that were not fully removed by the original 16-step phase cycle. A full data
collection at one t, point consisted of 500 averages for each of the 32 phase
cycle steps. A complete 2D-ELDOR experiment took -20 min at a 10 kHz
repetition rate. The full dual quadrature signal was collected and later both
S,+ and Sc_ components (Gamliel and Freed, 1990) were analyzed. The
experiments were repeated for a series of 6-8 mixing times, Tm, ranging
from 90 ns to 4 ,us. For COSY experiments, the signals were collected after
the second pulse and the stepping out in t, and t2 was performed in exactly
the same way as in the 2D-ELDOR experiment. An 8-step phase cycle
sequence (Gamliel and Freed, 1990) was used to eliminate unwanted signals.

Data processing

We observed that the short dead times in t, and t2 caused some instrumental
artifacts in the data. The first two pulses showed some interaction as a
function of their separation for the initial 150-200-ns period resulting in a
slight variation in phase and width of the second pulse. The effect of this
on the data was substantially suppressed by determining an instrument
response function as described by Crepeau et al. (1994). All data in the
liquid crystalline phase of DPPC and DPPC/GA were corrected in this
manner. Data in the gel phase (below 45°C) were not corrected because in
the gel phase the spectral peaks are already broader due to slower motions
and increased ordering, so that the artifacts are more or less merged with
the broad real peaks. Any attempt to remove the artifacts adversely affected
the real data as well. In these cases, no other filtering or smoothing was
needed on any of the data presented in this paper.

In preparation for the nonlinear least squares (NLLS) fitting of the
spectra to the theoretical simulations, they were Fourier-transformed along
both t, and t2. The magnitude spectrum was used to avoid the need for
corrections for phase variations across the 2D spectrum that result from the
finite dead times and use of microwave magnetic fields of finite strength
(Gorcester and Freed, 1988; Patyal et al., 1990; Lee et al., 1993). This
processing was done for both the Sc- and Sc+ spectra. The homogeneous
T2 values were obtained from the COSY spectra and "apparent" T2 values

7I/2
tI

t2

FIGURE 1 The pulse sequences
used for 2D-ESR experiments: (a)
COSY, and (b) ELDOR.

b)
"r/2 r77/2 7r/211 [ TM j] dtd

Preparation Mixing - t2

Detection
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from the ELDOR data (Crepeau et al., 1994; Lee et al., 1994a), by

transforming into the SECSY format, (i.e., a simple shear transformation:

t2- t2 + t,; cf. Lee et al., 1994b). The transformed data were Fourier-
transformed along t2 and then processed using linear prediction by singular
value decomposition (LPSVD) along t,. We did not see much T2 variation

across the spectrum in the COSY data, as expected from magnitude

displays (cf. Lee et al., 1994b), but we saw a clear trend wherein the line
broadening of the autopeaks in the ELDOR experiments initially increases
with increasing mixing time, Tm, and then asymptotically levels off at
longer mixing times. We found that this increase in apparent TI' could be
fit by the expression:

(T2 )app = (T2 )o + ALW( - exp(-T./Tc) (1)

(T2-)app is the measured or apparent linewidth, (T- ')O is the linewidth at
mixing time Tm = 0, and (ic 1) is the rate of "growing-in" of the additional
broadening, ALW-

Nonlinear least squares simulations

The Fourier-transformed magnitude spectra were analyzed to obtain the
ordering, and rotational and translational motional parameters using the
2D-FT-ESR spectral simulation theory and computer programs of Lee et al.
(1994b), modified for NLLS analysis (Budil et al., 1996). These programs
are based on the Stochastic-Liouville theory for time domain ESR that has
been reviewed by Schneider and Freed (1989).

The rotational mobility of the spin-labeled molecules using the standard
model is characterized by rotational diffusion constants, R1 and R11, which
represent the principal values of an axially symmetric rotational diffusion
tensor. For 16-PC they represent rotational motion parallel and perpendic-
ular to the preferred orientation of the long hydrocarbon chain of the lipid
molecule. Actually, R1 and RI, represent a simple approximation to the
complex internal modes of motion of the chain as well as the overall
motion (Ferrarini et al., 1989). The translational mobility is characterized
by the Heisenberg exchange frequency, WaHE, which measures the rate of
bimolecular encounters of the spin-labeled molecules.

Lipid molecules in bilayers experience orienting potentials that restrict
the amplitudes of the rotational motion. That is, the larger the orienting
potential, the smaller will be the range of the orientations sampled by the
motion. More precisely, the orienting potential, U(fl), yields an orienta-
tional distribution of the moleculesweith respect to the local ordering axis
of the membrane bilayer, known as the local director, corresponding to
each bilayer segment in the vesicle. It is usually expressed as an expansion
in generalized spherical harmonics,

- UlkT =c 0D4(+1)+ c(D + Do-2(f1))

+ c;Doo(f1) +* (2)

whereQl = (a,,3, -y) are the Euler angles between the molecular frame of
the rotational diffusion tensor and the local director frame. Thec2,c2, and
c4 are dimensionless potential energy coefficients, k is Boltzmann's con-
stant, and T is the temperature. The commonly used order parameter S is
defined by

S= (D2)

= (2 3 cos2I3 - 1)) (3)

= dfl exp(- U/khD2o(f1)/f dfl exp(- Ulk,

and another order parameterS2 = (DO, + DOM-2) is defined in a similar
manner. It represents the deviation from axial symmetry of the molecular
alignment relative to the local director.

For simulating the spectra from lipid vesicles, the MOMD model was
incorporated. This means that different bilayer segments are randomly
oriented with respect to the lab z axis, which is taken to be along the axis
of the static magnetic field. Then the spectrum from the dispersion sample
can be regarded as a superposition of the spectra from all fragments, which
can be written as

S MMD = Sc(qi)sin 4d4i (4)

where Sct(qi) is the ESR spectrum from a membrane fragment with 4, the
angle of tilt of the normal to its bilayer relative to the lab z axis. The effects
of MOMD on the 2D-ESR spectra are discussed in Lee et al. (1994b). We
calculated spectra for 10 different values of 4,, and then averaged them over
a unit sphere to produce a single MOMD spectrum.

The simulations also included effects of dead time in t, and t2, which
were fixed at experimentally measured values (50 ns along both t, and t2).
'The effect of a finite pulse width may be regarded as a small correction to
the dead time (i.e., a 5-ns pulse width versus 50-ns dead time, Crepeau et
al., 1994).

The first step for a NLLS simulation was to choose reasonable starting
values for R1 R11, C2, c2, c,HE, and AG, where AG is the additional Gaussian
inhomogeneous width parameter. This essentially is the broadening arising
from proton shfs, which modifies the unbroadened signal according to
Gamliel and Freed (1990) and Lee et al. (1994b)

Sc+ = Sc±exp[-2i9A2(tl ± t2)2], (5)

where A is in frequency units. For all the NLLS fits reported in this work,
the simulations were quite insensitive to R11, so instead of varying R1 and

RI, independently, we kept the ratio Rir/Ri fixed at 10 (Shin and Freed,
1989) and varied R, where R = (RI R2I)"3.

The Sc+ and Sc- spectra were significantly different at all temperatures,
the differences becoming more prominent as the temperature was lowered.
At a given temperature their differences were greater for DPPC/GA sam-

ples than for DPPC samples. The S,+ and Sc- data were processed
separately as discussed by Crepeau et al. (1994).
We found that inclusion of a diffusion tilt parameter, 4, improved the

fits. The improvement was more noticeable for the Sc_ fits than for the Sc,+
fits, consistent with the better resolution of the former. This angle 4
represents the tilt of the magnetic tensor principal axis with respect to the
principal axis of diffusion (Schneider and Freed, 1989; Ge and Freed,
1993). At the lower temperatures, (especially in the gel phase, i.e., <45°C)
we could not satisfactorily fit the Sc_ data without a 4 # 40°. We therefore
processed all the data with a diffusion tilt. When 4 was varied in the NLLS
fits, we obtained an optimum value of 31 ± 20 over the entire range of
temperatures. We thus performed separate fits with 4 =0O and 4 = 310
for comparison, but we report herein the results for 4, = 310. [As an

example, at 50°C the rms deviation in the Sc- spectral fit was reduced by
11% for the pure DPPC and by 16% for the DPPC/GA samples whenp =
310 was used instead ofS° = 0°].

RESULTS
General observations: liquid crystalline phase
We first illustrate the enhanced spectral resolution of 2D
ELDOR to the effects of adding GA to the DPPC mem-

brane. In Figs. 2 and 3 we show the Sc- 2D spectra versus

the cw spectra taken in the absence and in the presence of
GA. These figures are for 80° and 45°C, respectively, and
result from the 16-PC probe. The primary discernible effects
in the cw spectra are the small derivative peak height
changes that result from a change in linewidths when GA is
added. The Sc_ 2D spectra show a richer array of changing
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16PC in DPPC, ELDOR, T=400 ns, Sc-, 80C
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FIGURE 2 (A) A comparison of 2D-ELDOR Sc_ spectra at 80°C with (right) and without (left) GA in DPPC for a mixing time of Tm = 400 ns. (B)
Corresponding CW ESR spectra.

heights and shapes of the three autopeaks and the six cross-

peaks. In addition, for 2D-ELDOR one may track the
growth in the crosspeaks, as well as lineshape changes that
occur by obtaining a series of Sc- spectra as a function of
mixing time, Tm, as illustrated in Figs. 4-7 for pure DPPC
and for DPPC/GA. Their behavior is markedly different in
the presence of GA than in its absence.

Because the S, spectra yield spin-echo-like cancellation
of inhomogeneous broadening, which occurs along the t1 =

t2 axis in the time representation, (Lee et al., 1994b), they
are found to be much sharper and better resolved than their
Sc+ counterparts. Thus we shall emphasize the results from
fitting the Sc- spectra.

Spectral simulations

The best spectral fits are shown in Figs. 4-7 alongside the
experimental spectra. Each series of 6-8 2D spectra ob-

tained as a function of Tm have been fit with a single set of
parameters. For purposes of presentation we have only
shown three examples for each series. The best fit param-
eters to the Sc_ data are given in Tables 1 and 2 for the case

of a diffusion tilt, = 31°. These results cover the six
temperatures studied in the La, phase from 450 to 80°C.
They unequivocally demonstrate that the addition of GA to
a 5:1 ratio of DPPC to GA leads to 1) a reduction in the
rotational diffusion coefficient by a factor of -3 over the
whole temperature range; 2) a reduction in the Heisenberg
exchange rate by a factor of 2-3 in the range of 60- 80°C,
and an C(HE < 1 X 106 s'- as an upper limit at 45-50°C;
and 3) only a small increase in order parameter S by 10-

20%.
Thus the principal effect of the GA on the membrane is

found to be one of substantially reducing the fluidity as

monitored by both the rotational and translational diffusion
with only a small increase in the ordering potential. (The

A

100,

80-
-6
< 60-
a)-o
. 40-
co
2 20-

0-

B 10

8

r._

6

._
4CO

2205Patyal et al.

11



Volume 73 October 1997

16PC in DPPC, ELDOR, T=465 ns, Sc-, 45C

1 00-

A
80-

.0

- 60,
a)
-0
= 40-

E 20>

1 6PC in DPPC:GA(5), ELDOR, T=465 ns, Sc-, 45C

A

0O

0

fl (MHz) f2 (MHz) fl (MHz)

16PC in DPPC 45C

3220 3240
Magnetic Field (G)

10

8
cn

a
6

cS

B 4
-4

2

0

16PC in DPPC:GA(5) 45C

Magnetic Field (G)

FIGURE 3 (A) A comparison of 2D-ELDOR S, spectra at 45°C with (right) and without (left) GA in DPPC for a mixing time of Tm = 465 ns. (B)
Corresponding CW ESR spectra. Note the arrow pointing to signal from "immobilized" component (cf. text).

qualitative picture is not changed if the S,+ fits are used, but
there is more uncertainty in the results).
When the spectra are fit to the case of no diffusion tilt,

i.e., ¢ = 0°, generally poorer fits are obtained as described
above. It was also no longer possible to extract an wHE in the
DPPC/GA cases nor an S in most cases. However, the trends
in R1 and S with addition of GA and with temperature are

about the same. However, the absence of tilt leads to a

systematic increase in the fitted values of R1 by about a

factor of 2 and a systematic decrease in S by nearly a factor
of 2, as one expects (Ge and Freed, 1993).
The electron-spin-lattice relaxation times, Tle, that have

been extracted from the 2D-ESR spectra versus Tm (Cre-
peau et al., 1994; Lee et al., 1994b) show substantial de-
crease with increasing temperature as expected from a spin-
rotational-type mechanism (Hwang et al., 1975). The some-

what shorter Tle in the presence of the GA is, however,
opposite to the trend expected given R1 is reduced by the

addition of GA (Hwang et al., 1975). [Note that the Tie
values were fitted to the sets of 2D spectra only after fitting
the other parameters in Tables 1 and 2, so they can be
corrupted by deficiencies in the models used, cf. below].

Gel phase: observations and simulations

We turn now to the gel phase results. Only the 2D spectra
at 350C were studied in detail, although spectra at 250C
were also obtained. Typical gel-phase 2D spectra are shown
in Figs. 8 and 9. The gel-phase 2D spectra are broader and
less resolved than those from the La phase. The S/N is much
poorer for the Sc+ spectra than for the Sc- spectra, since the
former decay more rapidly during the spectrometer dead
time (-50 ns). This difference manifests itself as a reduced
signal for the Sc, spectrum in the frequency domain as

shown in Fig. 9, where both the Sc+ and Sc- signals ob-
tained at Tm = 165 ns are plotted to the same scale. Thus we

A

100-

_ 80-
.0

- 60-
a)

. 40,
E0
2 20-

10

8

6

B

a11

a)
'aa

-50

50
0

-50
f2 (MHz)

2

0

2206 Biophysical Journal

4



2D-FT-ESR of Lipid-Gramicidin Interactions

1 6PC in DPPC, COSY, Sc-, 80C
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FIGURE 4 A comparison of experimental 2D-ELDOR Sc_ (left) and simulated (right) spectra of 16-PC in DPPC at 80°C as a function of mixing time:

(A) Tm = 0 ns (COSY); (B) Tm = 90 ns; and (C) Tm = 400 ns. (Parameters in Table 1).

again concentrate on the Sc- signals. The Sc- gel-phase
spectra showed rather substantial discrepancies between
experiment and best simulations, (e.g., Fig. 8). Also, the
generally reduced resolution due to the broader lines man-

ifests itself by less obvious spectral changes arising from
addition of GA (but see below). Our best fits to the Sc-

spectra yielded the results in Table 3. When we compare the
S,_ results in Table 3 with those in Tables 1 and 2, we find
a substantial reduction in R1 in the gel phase by a factor of
-5 for pure DPPC and a factor of -2.5 for DPPC/GA in
going from 45°C and 35°C. Meanwhile, S more than dou-
bles in both cases. These two changes of decreased R1 and
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increased S are the source of the large changes in 2D
spectral features in going from the La, to gel phase, and
again emphasize the sensitivity of 2D-ESR spectra to dy-
namics and ordering. However, given that the values for R1
and S are more nearly equal for pure DPPC and DPPC/GA
in the gel phase than in the L,,a phase, this is an additional
reason why their 2D spectra do not show very large differ-
ences. Finally, we emphasize that the use of no diffusion tilt,
i.e., = 00, leads to much poorer fits.

Absence of spectral features associated with
"immobilized" component

In one key respect we observe that there are details in the cw
spectra that are not manifest in the 2D-ELDOR spectra. This
is, for example, clearly seen in Fig. 3 b. There is a second
component that appears in the 45°C cw-ESR spectrum with
the GA present. This is, of course, fully consistent with the
observations of many workers (Devaux and Seignenret,
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1985; Marsh, 1985, 1989; Ge and Freed, 1993). In an

attempt to determine why no such spectral features appear
in the 2D-ELDOR, and what their absence implies about
DPPC/GA interactions, we utilized the following approach,
based on the Ge-Freed (GF) analysis.

GF provided extensive simulations for their cw-ESR
spectra that are very similar to those shown in Figs. 1 and 2,
utilizing several proposed models. Most relevantly, they
studied a model made up of lipid components that differed
only in their motional rates (their model 1 found in their
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Table 5) and another model in which they differed primarily
in their order parameters (their model 3 found in their Table
3). We used these two models to simulate the 2D-ELDOR
spectra, to address which, if either, would be consistent with
our observations. In Fig. 10 we show the simulated 2D-
ELDOR spectra for the four relevant components used by

GF to fit with model 3. Their pattern varies dramatically,
primarily due to the changes in ordering.
One sees that as the ordering increases there is a large

enhancement of the MOMD effect on 2D-FT-ESR spectra;
namely, an increased broadening of the autopeaks along the
fi = f2 diagonal. One also notices a sharpening of the
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TABLE I 16-PC in DPPC, Sc_
Temp. (°C) AG R1(108S ') WHE(106S- ) C20(kT) C22(k) S S2 T, e(10-6S-')

45 0.51 2.4 5.3 0.859 -0.164 0.186 -0.049 12.7
50 0.52 2.9 5.1 0.748 -0.139 0.161 -0.042 10.0
60 0.49 3.9 7.4 0.705 0.151 * 3.4
70 0.56 5.3 7.4 0.578 0.123 -* 1.28
80 0.56 6.5 7.6 0.563 * 0.119 * 1.01

Magnetic parameters: A,, = A = 5.0 G, A0 =33.0 G, g,x = 2.0089, gyy = 2.0058, gzz = 2.0021 (Ge and Freed, 1993). Average percent errors in
simulation parameters: AG (10%), R1 (5%), C0HE (10%), S (2%), S2 (2%), Ti,e (20%). Diffusion tilt: cp = 310.
*C22 very small, so kept fixed at 0.

spectra perpendicular to this direction with increased order-
ing. This is due to the decrease in the range of orientations
as the motion becomes more restricted. (The modest
changes in R1 used have only a secondary effect). As a

result of spectral broadening in one direction and sharpen-
ing in an orthogonal one, the amplitudes of these 2D spectra
remain comparable. Thus, when they are superimposed ac-

cording to the statistical weights of GF, a composite spec-
trum, shown in Fig. 11, is obtained. In fact, it is the spec-

trum of pure component 5 that reasonably resembles our

experimental results for pure DPPC at 45°C (cf. Fig. 5).
Small differences are due to the somewhat different param-
eters used by GF for this component than the optimum
values. When we compare Fig. 7 for the case of DPPC/GA
at 45°C with the simulation of Fig. 11, we see that it bears
very little resemblance to the experiment. Thus the possi-
bility of primarily a substantial increase in membrane or-

dering, either for a single component or by the appearance

of new components, upon addition of GA appears to be
ruled out.
We turn now to simulations of 2D-ELDOR spectra based

upon model 1 of GF. Here we show the five components
that they considered, wherein the motional rates are de-
creased over a range of more than an order of magnitude (cf.
Fig. 12). These are a different set of cases than for model 3.
Nevertheless, GF found that superposition of their cw-ESR
spectra do approximate, though not as well, the cw-ESR
spectra obtained from DPPC/GA mixtures. The combined
2D spectrum, shown in Fig. 13, is seen to be practically the
same as that of component 1 in Fig. 12. The reason for this
should be clear from Fig. 12; the amplitudes of the 2D peaks
fall off dramatically as the rotational rate, RI, drops off.
One expects the amplitudes to decrease as the line-broad-
ening increases due to the slower motion. However, the

drop by almost a factor of 400, shown in Fig. 12, has been
amplified by the effect of the spectrometer dead time of 50
ns. During that dead time those components with the shorter
T2 values (i.e., the broader homogeneous widths) will ex-

ponentially decay away much more quickly. We can con-
clude from Figs. 12 and 13, and other simulations we
performed, that any components in the experimental 2D
spectrum characterized by a 2 X 106 < R_ ' 6 X 107 s-1
and low ordering (i.e., S < 0.10) would most likely not be
observable in the experimental spectra given their low 2D
amplitudes and available S/N.

[Added in proof: In a new cw-ESR study, we do find that the second (or
slow) component is adequately fit with R1 in this range, and the 2D-
ELDOR spectrum predicted (using the cw-ESR fitting parameters) is
virtually unaffected by the presence of this slow component, consistent
with observation. However, very small effects on the 2D-ELDOR spectrum
are predicted, and we find that such effects might be barely discemable in
the experiments].

Variation of apparent T2 values with mixing time

We turn next to the observation, first reported by Crepeau et
al. (1994), that the apparent homogeneous linewidths TI 1

are observed to increase with mixing time, Tm, as described
in the Methods section. We show in Fig. 14 plots of (T2-1)app
versus mixing time for 70°C and 45°C and the least squares

fits to Eq. (1) for both pure DPPC and DPPC/GA. The
values for the ALW parameter and Tc are collected in Table
4. Note that ALW shows only a small 10% decrease with
decreasing temperature and no significant difference be-
tween pure DPPC and DPPC/GA. However, Tc decreases
substantially with decrease in temperature by almost a fac-
tor of 2, with only a small increase due to addition of GA.

TABLE 2 16-PC in DPPC/GA 5:1, Sc.
Temp. (0C) AG R (108s-1) 'oHE(106s ') C20(k7K' C22(kT) S S2 T1,e(10 s6 I)

45 -0.50 0.76 -* 1.003 -0.231 0.218 -0.064 10.5
50 0.44 0.98 * 0.887 -0.264 0.190 -0.077 2.7
60 0.47 1.47 2.5 0.706 -0.031 0.153 -0.010 1.38
70 0.47 1.80 3.7 0.726 -0.008 0.157 -0.003 0.93
80 0.50 2.48 4.5 0.646 -0.078 0.139 -0.025

Magnetic parameters: A,, = A = 5.0 G, Az0 = 33.7 G, gxx = 2.00867, gyy = 2.00591, gzz = 2.00212 (Earle et al., 1994). Average percent errors in
simulation parameters: AG (10%), R1 (5%), WtHE (10%), S (2%), S2 (2%), Ti,e (20%). Diffusion tilt: sp = 31°.
*Ot)HE very small.
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FIGURE 8 2D-ELDOR Sc, experimental (top) and simulated (bottom)
spectra for 16-PC in DPPC in the gel phase at 35°C with Tm = 165 ns

(Parameters in Table 3).

Such a decrease for a rate process might at first appear

surprising, but there are other known examples, as we

discuss below.

DISCUSSION

2D-FT-ESR and heterogeneity of lipids

The greater resolution of 2D-ELDOR, (especially when
studied as a function of Tm) versus cw-ESR to ordering and
dynamics has allowed an unequivocal characterization of
the effects on the bulk lipids of addition of GA to DPPC
membrane vesicles in the L, phase. There is a significant
reduction in both rotational and translational diffusion rates
of the bulk lipids, but only a small increase in their ordering.
However, indications of a second immobilized component,
upon addition on GA, that are seen in this and much past
work using cw-ESR are not manifest in the 2D-ELDOR
results. Our analysis of this observation in the Results
section leads us to conclude that such an "immobilized
component" is most likely one characterized by a reduced
motional rate, but not so slow that it approaches the rigid

FIGURE 9 A comparison of experimental 2D-ELDOR Sc_ (top) and S,+
(bottom) Tm = 165 ns spectra for 16-PC in DPPC/GA at 35°C (gel phase).

limit, nor can it be one that is characterized primarily by
substantially increased ordering.

This conclusion is to be contrasted with that of GF, from
their simulations of the cw-ESR spectra in terms of admix-
ing several components, wherein model 3 gave the best fits,
and model 1 was less satisfactory. Their introduction of a

heterogeneity of lipids resulting from the addition of GA is
a point of view that was supported by the results from
fluorescence lifetime decay (Williams and Stubbs, 1988)
and FTIR (Casal and McElhaney, 1990), although it was

pointed out that these techniques correspond to much
shorter time scales than ESR experiments. GF do, of course,
point out the very limited resolution of MOMD-ESR. Fur-
thermore, although they performed extensive simulations,
they did not have available at that time the newest least-
squares algorithms that enable fitting several components
(Ge et al., 1994; Budil et al., 1996), so their analysis was

more in the spirit of model simulations, wherein compo-
nents were selected in a trial-and-error manner.

Those conclusions of GF were somewhat in contrast to
the model, introduced by Jost et al. (1973) and further
developed by others (Knowles et al., 1979; Watts et al.,
1979; Marsh and Watts, 1982; Marsh, 1989; Devaux and
Seignenret, 1985), that was based on the observations of the
"two-component-like" ESR spectra from spin-labeled lipids
in various protein-containing membranes. The model of
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TABLE 3 16-PC in DPPC/DPPC/GA 5:1, S gel phase, 35°C
Sample AG R1(108S-') C20(k) 1 C22(kT) S S2

DPPC 1.34 0.46 2.32 1.07 0.454 0.158
DPPC/GA 2.01 0.32 2.67 -1.25 0.504 -0.155

Magnetic parameters, average percent errors, and diffusion tilt are the same as in Table 2.

these other authors is that the rotational motion of a lipid in
the immediate vicinity of the protein (the so-called bound-
ary lipid) is immobilized. That is, the R1 ' 3 ,us (Marsh,
1989) which is approaching the rigid limit on the ESR time
scale. Our present analysis is consistent with an appreciable
slowing down of the motion of the boundary lipid, but not

A
Comp 5 Table 3 SC- 50 ns dead time

250-

`200-,d

a) 150-

*:100'0)
Cu
E

C

cts
2 50-

.0-

150,

-2

<-100-
a)
-a

m0) 50-
CO

necessarily much slower than -1 ,s. The model that GF
favored (i.e., model 3) is, as we have seen, one with in-
creased order parameters, but not large changes in R1. That
such different possibilities can be attributed to the same
cw-ESR spectra in the case of MOMD is a clear demon-
stration of their very limited resolution. That is, increasing
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FIGURE 11 The composite 2D-ELDOR spectrum from the four com-

ponents shown in Fig. 10, weighted as follows: components 5, 4, 3, and 2
are 38%, 7%, 36%, and 19%, respectively, to correspond to the model of
Ge and Freed.

the ordering has somewhat similar effects to slowing the
motional rates on the MOMD spectra. Subtle details could
thus be fit with different types of admixtures of different
components.
As was clear from our analysis based on Figs. 10-13, the

finite spectrometer dead times will lead to a discrimination
of component spectra with longer T2 values. Thus future
technical developments to reduce the dead time would be
desirable, since they would enable components with slower
motional rates to be observed. Such developments would
permit a fuller utilization of 2D-ELDOR to discriminate
discrete components. That is, after 2D spectra will have
been collected with minimum dead time, one may artifi-
cially increase dead time (by discarding the data at shorter
times) and observe how the 2D-ELDOR spectra change.
The separability of two component spectra, with a substantial
difference in their T2 values, was previously demonstrated in
another context for the earlier field-swept 2D methods by
Millhauser et al. (1987). Such "'2 discrimination" would pro-

vide another "dimension" to the spectral analyses.

Disordering versus hardening effects from
addition of GA

Tanaka and Freed (1985), in their work on oriented lipid
multilayers containing GA, distinguish two competing ef-
fects in the lipid-GA interaction, a disordering effect and a

hardening effect. The disordering effect is when the pres-

ence of GA induces a disordering of the lipids either by
reducing ordering or by randomization of the direction of
alignment. The hardening effect is when the GA molecules
make the membranes more solid, resulting in increased
order and decreased rotational rates. They suggested that the
disordering feature is dominant under conditions of low
fluidity, with the hardening feature being dominant when
there is high fluidity. Ge et al. (1994) concluded that well-
aligned samples, even with appreciable water content (20 wt
%), are still characterized by the disordering effect of GA,

whereas vesicles in excess water are characterized by the
hardening feature. Our present experiments on vesicles in a
small excess of water show the hardening feature in terms of
the decreased rotational rates, but only a small 10-20%
increase in ordering. This may not be unreasonable given
that for 16-PC there is considerable free volume at the end
of the chain where the spin label is located. Ge et al. (1994)
did find that addition of the protein bacteriorhodopsin to
aligned membranes hardly affected the ordering of 16-PC,
but did reduce its R1 consistent with the present study on
addition of GA. However, CSL (cholestane) showed a sig-
nificant reduction in ordering under the same conditions.
Also, we note that other workers, for example using 2H-NMR
(Rice and Oldfield, 1979), solid-state NMR (Cornell et al.,
1988), Raman (Short et al., 1987), and FrIR (Lee et al., 1984)
found that low GA concentrations increase the ordering of the
lipid bilayers and high GA concentrations decrease their or-
dering. It is not unreasonable that at the 5:1 lipid to GA ratio
used in the present study there is a balance of these two effects.
One would need to extend the present 2D-FT-ESR experi-
ments to study a range of lipid/GA ratios, and also a range of
sites labeled along the chain (Lee et al., 1994a).

Gel phase and sensitivity of 2D-FT-ESR to
motional model

We turn now to a discussion of the gel phase. As is well
known, this is a more viscous and more highly ordered
phase. We found (cf. Results section) that the change in
fluidity, in going from the La to the gel phase, is more
drastic for pure DPPC vesicles than for the DPPC/GA
vesicles, although the ordering increases by about the same
amount. These are significant observations, but we wish
here to emphasize both the very large 2D spectral changes
in going from the L,, phase Sc_ spectra at 45°C (cf. Figs. 5
and 7) to the gel phase Sc_ spectra at 35°C (cf. Figs. 8 and
9), and the greater difficulty in fitting the gel phase spectra.
Although these are broader spectra, there are no unusual
features that we would attribute to an admixture of different
components. In fact, it is our best-fit simulations that dis-
play the more unusual, MOMD-like features even for pure
DPPC (cf. Fig. 8 bottom). We wish to suggest that the
imperfect fits are a manifestation of the use of a dynamic
model that is oversimplified, and the enhanced resolution to
ordering and dynamics provided by 2D-FT-ESR amplifies
this fact.
The dynamic model utilized in this work and most pre-

vious ESR studies is that of anisotropic Brownian reorien-
tation in a macroscopically aligning potential (Schneider
and Freed, 1989). It does not distinguish between the overall
lipid motions and the complex internal chain dynamics.
There have been recent efforts to include an appropriately
detailed model into the analysis of ESR lineshapes (Cassol
et al., 1993, 1997), but a more approximate approach ap-
pears to be useful for the NLLS analysis of 2D-ELDOR
spectra (Sastry et al., 1996a, b; Xu et al., 1996). In the study

2214 Biophysical Journal



2D-FT-ESR of Lipid-Gramicidin Interactions

A B
Table 5.1 ELDOR SC- T=365, 50 ns dead time

AI A AI
1.2 >

-2 11

0.6-Cu.

20.2>
0.

Table 5.2 ELDOR SC- T=365, 50 ns dead time

50

-50

f1 (MHz) -100 -100 f2 (MHz) f1 (MHz) -100 -100

D
Table 5.3 ELDOR SC- T=365, 50 ns dead time

0.025.

0.02

I.-

0-01 5

s:: 0.01.
cm
co
2 0.005.

O0

Table 5.4 ELDOR SC- T=365, 50 ns dead time

-50
-100 -100

-50
u

f1 (MHz) -100 -100 f2 (MHz)f2 (MHz)

E
Table 5.5 ELDOR SC- T=365, 50 ns dead time

A

Iq

-50
-100 -100

-50
0

50

f2 (MHz)

FIGURE 12 Simulation of components for the 2D-ELDOR spectra of 16-PC in DPPC/GA assuming decreased fluidity, according to Ge and Freed: (A)
component 1: R1 = 2.0 X 108 s-', R1 = 5.6 X 108 s-'; (B) component 2: R1 = 0.8 X 108 s-', RI, = 5.6 X 108 s-1; (C) component 3: R1 = 0.4 X 108
s-, RI, = 5.6 X 108 s'-; (D) component 4: R1 = 0.2 x 108 s-', RI, = 4.0 x 108 s -'; (E) component 5: R1 = 0.06 X 108 s-', RI = 1.0 X 108 s-1. In
all cases C20 = 0.33 and C22 = -0.38 giving S = 0.06. Also, A. = 0.6 G was used with a Td = 50 ns and a Tm = 365 ns.

25.

`20

CD 105

*1 10O'

2 5.

O0 a4

0
50

-50

C

0.08.

. 0.06.

a) 0.04.

CD
CO 0.02..

0o44

f2 (MHz)

50
0

f1 (MHz)

50
0

-50
0

50

-50

1.2-

1.

0.8
= 0.6.

CM.4c0
m0.2,

Ol

50

fl (MHz)

2215Patyal et al.

I."



Volume 73 October 1997

4'

-0

a)
2 1

O'.

0 J

A

f1 (MHz) -100 -100 f2 (MHz)

FIGURE 13 The composite 2D-ELDOR spectrum from the five compo-

nents shown in Fig. 12, weighted as follows: components 1, 2, 3, 4, and 5
are 18%, 16%, 46%, 15%, and 5%, respectively, to correspond to the
choice of Ge and Freed.

by Xu et al., on an end-chain-labeled polymer the internal
chain dynamics experienced by the end-chain is specified
by an effective axial rotational diffusion tensor, whereas the
backbone structure of the polymer to which the nitroxide is
attached, as well as any effects on the end-label from
adjacent molecules, constitute a "cage" with a slower relax-
ation rate. They found that the use of this "dynamic cage"
model significantly improved their fits to the experimental
2D-FT-ESR spectra. Indeed we do note some general sim-
ilarities between Fig. 8 a and experimental results of Xu et
al. (cf. Fig. 9 of that work). Thus, we would wish to address
the challenge of fitting our 2D-FT-ESR results to a dynamic
cage model appropriate to lipid membranes, in a future
study.
We are inclined to interpret the significant discrepancies

between simulation and experiment in the gel phase to be
indicative of the need to use a dynamic model wherein both
internal modes of motion and overall motion are explicitly
included. One might expect that in the more viscous gel
phase there will be a slowing down of the internal modes of
motion such that there will be more appreciable line broad-
ening and spin relaxation from this. (In fact, the signifi-
cantly improved fits we achieved in the present work with a

diffusion tilt angle of = 310, especially in the gel phase,
is most likely a symptom of the need for a better model,
rather than indicating this as the correct value). Although it
is probably more important to use a more complete (e.g.,
"dynamic cage") model in fitting gel phase spectra, we do
note systematic, but smaller, discrepancies in the fits to the
L,a-phase shown in Figs. 4-7. These discrepancies show up
in following our procedure of simultaneously optimizing a

set of Sc- spectra obtained over a range of mixing times.
(Individual 2D spectra can be better fit separately, but they
each require somewhat different fitting parameters). These
discrepancies are of the type that were found in the 2D-
ELDOR study of spin probes in an oriented liquid crystal by
Sastry et al. (1996a, b), which they fit to a simplified form

of the dynamic cage model. In the future, the ability to
distinguish the respective roles played by the internal chain
dynamics versus the overall lipid motion should enable one
to more precisely learn about the effects of added peptide or
protein on the dynamic structure of membranes.

2D-FT-ESR and slow collective dynamics

We turn now to the slow process, which leads to the
apparent increase in homogeneous T2 as a function of mix-
ing time, Tm. We have already considered the relatively fast
processes of internal and overall motions of the lipids. An
important slow process that has been clearly shown to affect
the NMR T1 and T2 relaxation in lipid bilayers is that of
order director fluctuations, which involves a collective mo-
tion of many phospholipid chains in the bilayer (Brown,
1982; Marqusee et al., 1984; Rommel et al., 1988; Watnick
et al., 1990; Stohrer et al., 1991). These low-amplitude
collective types of processes were shown to be too slow to
affect ESR T, and T2 relaxation given the faster time scale
of the ESR experiment over that of the NMR experiment
(Polnaszek and Freed, 1975; Freed, 1977; Freed et al.,
1994). Instead, the ESR time scale is able to "freeze-out"
such a process yielding a very small inhomogeneous con-
tribution to the line broadening. In the 2D-ELDOR experi-
ment one thus could have an opportunity to watch in real
time (i.e., as a function of Tm) these order director fluctua-
tions (ODF), provided one has very good spectral resolu-
tion. The spectral resolution provided by our 2D-ELDOR
experiments is given by the homogeneous TIl 1 X 107
s-1 (or 0.57 G), and the additional inhomogeneous broad-
ening (IB) provided by the slow process is ALW 4 X 106
(or 0.23 G) (cf. Table 4). Note that such an additional IB
would not even be observable in a cw-ESR experiment on
membrane vesicles, because it would be buried in the
MOMD effect, but it would contribute, as a source of
"mosaicity" in the case of oriented multilayers. One can
make estimates of the mean square amplitude of the director
fluctuations, (&0) from the value of ALW using standard
expressions, (Polnaszek and Freed, 1975; Freed et al.,
1994), and we obtain estimates that are reasonably consis-
tent with the value of (00) = 0.04 reported by Stohrer et al.
(1991) from an analysis of NMR T2 values in DMPC. Thus
it seems reasonable that the slow process we see is that of
ODF. [Rommel et al. (1988) also analyze another slow
process, that of translationally induced rotations by diffu-
sion of molecules along vesicles with finite radius of cur-
vature (see also Liang et al., 1993). However, they find this
mechanism has a correlation time of 5 X 10-6 s, which is
an order of magnitude longer than what we observe for the
slow process (cf. Table 4), and they argue that only -5% of
the structures have defects causing this, which would also
not be consistent with our observations].
The observation of ODF in "real time" in a 2D-ELDOR

experiment is complementary to NMR, wherein ODF man-
ifest themselves in the spin relaxation, i.e., T, and T2. It is
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possible in the 2D-ELDOR experiment to separately deter-
mine the extent of the fluctuations (i.e., the (02)) and the
relaxation time(s) associated with the process. Actually, the

TABLE 4 Fitting parameters for line broadening in ELDOR
experiments*

Sample Temp. (°C) 2Tj (106s ') ALW(106S I) (ns)

DPPC 70" 9.7 4.3 640
DPPC 45§ 11.1 3.8 370
DPPC/GA 70" 11.3 4.4 670
DPPC/GA 45§ 14.5 4.0 400

*Experimental fit to Eq. 1.
"Data fit to average linewidth for the ml = 1 and ml = 0 lines.
§Data fit to m, = 1 line.

;t squares fit to Eq. 1: (A) 16-PC in DPPC at 45°C; (B) 16-PC in DPPC at

general (hydrodynamic) theory for such processes (de
Gennes, 1974; Freed, 1977; Marqusee et al., 1984; Stohrer
et al., 1991; Freed et al., 1994) involves a continuum of
relaxation times once the ODF are analyzed in Fourier
space. In particular, one finds for the qth Fourier compo-

nent, the relaxation time T = 'q/Kq2 and mean-square

fluctuation (qq) = kBT/d4IKq2 where q is the effective
viscosity, K is an average force constant, d is the bilayer
thickness, and Al is the long wavelength cutoff of the modes.
Our experimental results were successfully analyzed in
terms of a single relaxation time, Tc (cf. Eq. 1), which is
reasonable considering the limited time and orientational
resolution of the experiment. That is we see a growing-in of
the IB according to a simple rate process, given by 1 -

exp(-Tm/rc). This corresponds to a rerandomization of a
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local director that was oriented at some initial value 4'o with
the correlation time Tc (Freed, 1977). From the above ex-
pressions, we see that the mean-square fluctuation (0O') is
largest and the relaxation time, Tq, is the slowest for the
smallest value of q, which is q1 = 2ir/2A. It is reasonable to
suppose, therefore, that the long wavelength modes at or
near Al will dominate in our observations. [The high-q-
modes, comparable to molecular dimension, will relax too
rapidly and be of such small amplitude as to be unimpor-
tant]. We thus identify Tc as -T1 = A2 rl/4iK. If we use the
experimental estimates of q1 = 0.1 P and K = 2 X 10-11 N
(Stohrer et al., 1991), then we get Ti = 1.3 X 107A2. Thus
for Tc - 4 X 10-7 s-1 (cf. Table 4), one has Al - 1.8 X
10-7 m. This is a value intermediate between the values
estimated by Stohrer et al. (1991) of kc - 10-8 m for the
short-wavelength cutoff and Ac - 8 X 10-6 m for macro-
scopically aligned multilayers of DMPC. Our rough esti-
mate of Al - 0.18 ,um seems more consistent with the size
of the multilamellar vesicles used in this work (with diam-
eters '1 ,gm), and with the estimate of Watnick et al.
(1987) that the ODF encompass approximately one-third of
such liposomes. One would expect greater coherence
lengths, hence larger Al values, for the director fluctuations
in macroscopically aligned samples.

Given our identification of the slow process seen in the
2D-ELDOR experiment with ODF, it is interesting to com-
ment on the results of Table 4 in this context. The ALw that
we identify with (0)1/2 decreases slightly with decreasing
temperature, and this seems consistent with the expression
(de Gennes, 1974; Stohrer et al., 1991):

(60) = [kBT/2irKd]ln(Al/AC)

However, Tc decreases substantially with decreasing tem-
perature. If we identify Tc with TI, as we have in the above,
then we would expect T, to increase substantially with
viscosity as T decreases. If, however, the coherence length
of the ODF that we associate with Al decreases substantially
as T decreases, then it is possible to rationalize our results.
A decreasing Al could imply the growing in of defects in the
vesicles as the temperature is lowered. On the other hand,
the addition of GA, if anything, is seen to raise slightly the
value of Tc. Watnick et al. (1987) did conclude that the
addition of a large molecule (in particular chlorophyll a)
will initially disrupt the size of the cooperative domains in
a membrane, but as more of the large molecule is added the
cooperative distance increases again, presumably because
the motions of the large molecules become correlated. They
find that the force constant, K, does decrease with addition
of the large molecule, but with only a slight indication of an
increase in K with large concentrations of the large mole-
cule. Further 2D-ELDOR experiments as a function of GA
concentration would appear to be in order to clarify these
matters.

Thus, while it seems reasonable to identify the growth in
IB of the 2D-ELDOR peaks with Tm as due to ODF, some

2D-ELDOR studies with macroscopically aligned mem-

branes to observe the dependence of this phenomenon on

the orientation of the director with respect to the magnetic
field (Freed, 1977; Stohrer et al., 1991) to better understand it.

CONCLUSIONS
1. It was shown that 2D-FT-ESR spectra provide signifi-

cantly enhanced spectral resolution as compared with
conventional cw-ESR spectra to the effects on the bulk
lipids of adding GA to membrane vesicles.

2. There is very good agreement between the 2D-ELDOR
spectra obtained as a function of mixing time, Tm, and
spectral simulations based on solutions of the SLE that
are fit by nonlinear least squares (NLLS) methods, es-

pecially in the liquid crystalline (La,) phase. It is found
that addition of GA to the DPPC membrane principally
slows the reorientational and translational rates of the
bulk lipid and only slightly increases its ordering for the
5:1 lipid to GA ratio studied.

3. In the gel phase the optimum NLLS fits are not as

satisfactory. This is attributed to the simplicity of the
theoretical model utilized, and to the greater spectral
sensitivity to the details of the model in the slower-
motional gel phase. Despite this limitation, it was found
that the reorientational rate is only modestly reduced
when GA is added and ordering is somewhat increased in
this phase.

4. The apparent broadening of the homogeneous linewidths
in real time (i.e., as a function of Tm) is analyzed in terms
of cooperative order director fluctuations of the lipid
molecules in the vesicle. Such a real time observation of
ODF is distinct from the NMR case, wherein the effects
of ODF on T, and T2 must be studied. The estimates of
the magnitude of this effect, and the observed relaxation
rate, appear consistent with analyses based on previous
NMR studies. An increase in relaxation rate with de-
crease in temperature, T, could be due to a reduced
coherence length for ODF in the vesicles as T is reduced.
Addition of GA appears to have only a small effect on

the ODF for the 5:1 lipid to GA ratio studied.
5. There is no significant indication of more than one lipid

species in the 2D-ELDOR spectra from GA containing
vesicles despite the fact that their cw-ESR spectra have
characteristic features attributable to an immobilized or

boundary lipid component. An analysis of this shows
that a second component would significantly affect the
2D-ELDOR if the "immobilized" component were char-
acterized by increased ordering as proposed by Ge and

Freed (1993), but would not be observable if it were

characterized instead by a substantially decreased reori-
entational rate, provided this rate is not very slow (i.e.,
approaching a rate slow enough to yield rigid limit ESR
spectra). This feature is indicative of the potential of
2D-FT-ESR to provide enhanced discrimination of spec-

tral components from lipids with differing T2 values,
key questions remain. In this context we would recommend
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especially if spectrometer dead times are further reduced.
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