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Abstract. Recent studies on model and biological membranes by two-dimensional (2-D) electron—
electron double resonance (ELDOR) are reviewed and discussed. The studies include (1) the phase
behavior of dispersions of phospholipid-cholesterol membrane vesicles; (2) the effect of the ion-chan-
nel-forming peptide gramicidin A on the lipid membrane; and (3) the effects of stimulation by anti-
gen of the immunoglobulin E receptors in plasma membrane vesicles upon the lipid structure. In the
first studies it is shown that the 2-D ELDOR spectra enable clear distinctions amongst the different
phases, and this leads to a reliable temperature and composition-dependent phase diagram. In the
second studies it is possible to distinguish bulk and boundary lipids and to describe their different
dynamic structures. In the third studies we could distinguish both liquid-ordered and liquid-disordered
spectral components, and one finds that the fraction of the latter increases as a result of stimulation.
Emphasis is placed on the new “full Sc— method” of processing the 2-D ELDOR data to signifi-
cantly enhance spectral resolution, which is particularly important in studying the spectra from coex-
isting phases or components. In the full Sc— method, one utilizes both the real and imaginary parts
of the signal, instead of their magnitude; the needed phase corrections are obtained as part of the
nonlinear least-squares fitting of the 2-D ELDOR data.

In 1956 George Feher introduced the first double resonance experiment into elec-
tron spin resonance (ESR), namely, electron—nuclear double resonance (ENDOR)
[1]. Later, in 1964 Hyde and Maki showed that ENDOR could be performed in
liquids [2], and Freed (1965) offered an explanation for it on the basis of elec-
tron spin relaxation pathways [3]. The notion of double resonance in liquid
samples containing organic radicals was extended to electron—electron double
resonance (ELDOR) by Hyde, Chien, and Freed in 1968 [4]. Both ENDOR and
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ELDOR have flourished since then and have encompassed modern pulse tech-
niques. In this article we provide an overview of some recent developments using
two-dimensional (2-D) ELDOR, which was introduced by Gorcester and Freed
in 1986 [5]. It is a pulsed 2-D Fourier transform experiment akin to 2-D ex-
change nuclear magnetic resonance (NMR) first introduced by Ernst and co-
workers in 1979 [6]. This experiment is the equivalent of an ELDOR experi-
ment wherein both observing and pumping ESR frequencies are swept. In 2-D
ELDOR, very short pulses are used which simultaneously excite all the frequen-
cies in the ESR spectrum in a coherent fashion. This leads to auto-peaks which
provide the normal ESR spectral lines and cross-peaks between all pump and
observing frequencies.

The sequence of m/2-pulses and respective time delays are shown in Fig. 1.
The 2-D spectrum is obtained by Fourier transforming with respect to the times
t, and t,. The “real-time” evolution of the 2-D ELDOR spectrum is obtained by
stepping out the mixing-time 7,. The analysis of 2-D ELDOR spectra has in
the past relied on performing theoretical fitting to experimental data in the mag-
nitude mode to avoid the need for substantial phase corrections. One of the key
features in the present review is to report our recent progress in developing a
new spectral fitting method, i.e., performing spectral fitting, wherein real and
imaginary parts of the complex signal are considered, rather than the traditional
magnitude mode. We call this the “full Sc— method”. This new method also sup-
plies the phase corrections which may be used to convert the raw experimental
data to the absorption spectrum. Thus the full Sc— method provides significantly
greater resolution in the spectral features. These matters are discussed below.
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Fig. 1. Three n/2-pulse sequence of 2-D ELDOR experiments in the standard 2-D ELDOR (a) and
SECSY (b) formats.
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In recent years it has been shown that 2-D ELDOR experiments on spin-la-
beled lipids in membranes provide much greater spectral resolution to dynamics
and ordering in these complex fluids than continuous-wave (CW) ESR spectra
are capable of [7, 8]. In a study of several different types of spin-labeled lipids
in membrane vesicles, it was shown recently that when they are in the ordinary
liquid crystalline or liquid-disordered (L,) phase their 2-D ELDOR spectra are
markedly different from those in the liquid-ordered (L) phase, which is obtained
by adding substantial amounts of cholesterol to the phospholipid. This is illus-
trated in the contour plots shown in Fig. 2. Not only do these 2-D ELDOR
spectra enable discrimination of these subtly different phases by simple pattern
recognition, they lead to a quantitative assessment of their differences in mem-
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Fig. 2. Contour plots of the magnitude 2-D ELDOR spectra at 17.3 GHz (7,, = 500 ns) from spin
labels 16-PC, which is an end-chain labeled phospholipid, and cholestane (CSL), which is a choles-
terol analogue, at 50 °C for the L; phase (left) and the L, phase (right) for several different lipid-
cholesterol vesicles. DPPC is dipalmitoyl-phosphatidylcholine and SM is sphingomyelin (from ref. 9).
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brane structure and dynamics at a molecular level [9]. In another paper, it was
shown that 2-D ELDOR can be very useful in the study of lipid—protein inter-
actions [10]. The 2-D ELDOR spectra of the end-chain spin label 16-PC in lipid
vesicles containing the peptide gramicidin A (GA), which forms a dimer ion
channel, is composed of two components which are assigned to the bulk lipids
(with sharp auto-peaks and cross-peaks) and to the boundary lipids in proximity
to the peptide (with broad auto-peaks). This is shown in Fig. 3 for a range of
gramicidin A concentrations and temperatures. The quantitative analysis of these
spectra shows relatively faster motions and very low ordering in the bulk lipids,
whereas the boundary lipids show very high ordering of the sort that implies a
significant bend at the end of the acyl chain and slower motion.

In the previous 2-D ELDOR studies, shown in Figs. 2 and 3, the magnitude
spectra were used. This is because imperfect spectral coverage from pulses of finite
widths and finite spectrometer deadtimes lead to spectral phase shifts with respect
to both frequency dimensions, which distort the spectra. The magnitude spectra,
however, are not affected by such phase shifts. But, as is well known, magnitude
spectra significantly reduce the spectral resolution, so it would be desirable to
overcome this issue. Past efforts have included the work of Gorcester and Freed
[11], who utilized a linear prediction method that works well for spectra that are
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Fig. 3. Contour plots of the magnitude 2-D ELDOR spectra at 17.3 GHz (7,, = 1600 ns) from 16-
PC for different ratios of DPPC to GA at 35, 53, and 71 °C (from ref. 10).

2-D ELDOR in the Study of Model and Biological Membranes 379

homogeneously broadened, as well as the method developed by Saxena and Freed
[12] for very slow motional spectra which are predominantly inhomogeneously
broadened. The intermediate situation of comparable homogeneous and inhomo-
geneous broadening is not adequately dealt with by either of these two approaches.
In fact, the 2-D ELDOR spectra shown in Figs. 2 and 3 fall into this latter cat-
egory, and this is generally the case for spin-labeled lipids in membranes (espe-
cially given the presence of unresolved proton superhyperfine splittings).

The new full Sc— method that we have developed is applicable to 2-D spec-
tra for any arbitrary admixture of homogeneous and inhomogeneous broaden-
ing (Y.-W. Chiang et al., unpubl.) [13]. We now explain this method. A stan-
dard CW or free induction decay signal is composed of real and imaginary parts,
wherein by convention we refer to the absorption as the real part and the dis-
persion as the imaginary part. A 2-D spectrum thus has real and imaginary parts
with respect to both frequencies. That is, it is “hypercomplex”. It can be readily
separated into two separate 2-D ELDOR spectra, each of which has a real and
an imaginary part. One of them represents the coherence pathway correspond-
ing to that of an echolike signal and is referred to as the Sc— signal. The other
represents the coherence pathway with no refocusing, thus corresponding to a
free induction signal, and is referred to as the Sc+ signal. The latter, in the
presence of significant inhomogeneous broadening, decays more rapidly, often
greatly reducing its amplitude after the finite spectrometer deadtime. As a re-
sult, the Sc— signal is much more useful in such cases. Nevertheless, the phase
problem still makes it difficult to separate out the absorptive and dispersive
components, so one normally resorts to the magnitude mode, wherein the phase
issue is irrelevant, as noted above.

The full Sc— method utilizes both the real and imaginary components of the
experimental Sc— signal, and it includes the phase corrections as additional fit-
ting parameters in the nonlinear least-squares fitting of theory to experiment. For
this purpose the standard NLLS package [14] was modified so that the real and
imaginary parts of the Sc— spectrum are fitted simultaneously to obtain the
dynamic and ordering parameters. This provides much greater sensitivity in the
fitting than the much broader magnitude spectra, which had previously been used.
Since the fitting also yields the phase corrections, one can then use them to pro-
duce pure absorption spectra from the original experimental data, which are
helpful for further visual analysis. (These absorption spectra are only approxi-
mate, since the phase corrections can only be rigorously applied to the theoreti-
cal expressions for the eigenmodes of the stochastic Liouville equation [SLE],
which are referred to as the dynamic spin packets [15]. The SLE is the basis
for the NLLS fitting [14].)

This full Sc— method is illustrated in Fig. 4. Figure 4a and b shows the real
and imaginary parts of the experimental Sc— spectrum before any phase correc-
tions are made. The magnitude spectrum obtained directly from Fig. 4a and b is
shown in Fig. 4c. After introducing phase corrections obtained in the fitting, one
is able to obtain the absorption spectrum shown in Fig. 4d. Figure 4c and d is
shown both as stack plots and contour plots. The much improved resolution of
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the 2-D absorption spectra compared with the magnitude spectra is clearly vis-
ible. The reader should note that the 2-D ELDOR spectra in Fig. 4 are for-
matted in a manner different from those in Figs. 2 and 3. The latter result from
the standard format of data acquisition corresponding to Fig. la, whereas Fig.
4 is in the SECSY format, which corresponds to Fig. 1b. In actual practice it
was obtained from experiments with data collected according to Fig. la fol-
lowed by a shear transformation of the data, which is equivalent [16]. In the
SECSY mode the auto-peaks are along the f; = 0 axis (compare Fig. 4) in-
stead of being along the diagonal (compare Figs. 2 and 3). The full Sc—
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Fig. 4. 2-D ELDOR spectra at 17.3 GHz (T,, = 50 ns) of 16-PC in unstimulated plasma membrane
vesicles at 30 °C displayed in the full Sc— domain the real (a) and the imaginary parts (b) of the
Sc— signal in the SECSY format. The motivation of obtaining the pure absorption spectrum is
clearly demonstrated by comparing the magnitude-mode spectrum (¢) with the absorption-mode
spectrum (d), where the latter shows much better spectral resolution. In ¢ and d both stack-plots
and contour plots are shown. The experimental conditions in this and the subsequent figures are
as follows: 4 ns n/2 pulses; deadtimes of ca. 35 ns; ¢,’s (¢,’s) stepped out in steps of 2 ns (1 ns).
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method may readily be applied to the results shown in Figs. 2 and 3 (and other
previous studies). A better discrimination between inhomogeneous and homoge-
neous broadenings would then be obtained to quantitatively (e.g., 7,) describe
the respective spectral components. In the following we apply the full Sc—
method to recent experimental results which pose greater challenges in inter-
pretation than those in Figs. 2 and 3.

We have chosen two important applications to membrane studies of the full
Sc— method (Y.-W. Chiang et al., unpubl.) [13]. The first is in the study of the
dynamic structure of different phases of model membranes, such as liquid-ordered
(L,) and liquid-disordered (L,) phases, which can coexist in two-phase regions
of the phase diagram. In the lower-resolution magnitude spectra it was not pos-
sible to reliably separate the respective L, and L, spectra from the two-compo-
nent spectrum, but we find that this can be successfully and reliably done using
the full Sc— method. The second application is to plasma membrane vesicles
extracted from biological cells. In this case one is interested in immunoglobulin
E (IgE) receptor signaling in RBL-2H3 mast cells. Here, only with the improved
resolution of the full Sc— method was it possible to distinguish the effects on
the lipid membrane when the IgE receptors are stimulated by antigen.

In the first application, we have been able to obtain the phase diagram of
1,2-dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC)—cholesterol binary mixtures
versus temperature. This phase diagram has regions corresponding to liquid-dis-
ordered, liquid-ordered, and gel phases. The 2-D ELDOR spectra from the 16-
PC spin label are very distinctive for these phases, especially in the absorption
format. We illustrate this in Fig. 5, which shows contour plots for each of these
three phases. These are the “normalized” contour plots which are obtained by
taking contour plots, such as those in Fig. 4c and d, except that one first di-
vides by the f; = 0 spectrum, so that the resultant f; = 0 contour is just a line
of unity value. This mode of representation provides a plot of the homoge-
neous line width (along f;) versus the ESR spectrum (along f,) [15]. One sees
that the L, phase yields normalized contours representing the narrowest line
widths, whereas those from the gel phase represent the broadest. In addition,
the normalized contours show distinctive patterns of line width variations across
the spectrum. A careful analysis of the 2-D ELDOR spectra versus mixing time
T, and temperature has allowed us to characterize the respective single-phase
regions as well as the two-phase regions leading to the phase diagram shown
in Fig. 6. This phase diagram is in reasonably good agreement with previous
studies [17, 18], which however required several different physical techniques
as opposed to our application of just 2-D ELDOR. We also show in Fig. 6 typical
2-D ELDOR spectra in the standard magnitude mode (for convenience in pre-
sentation) for a few of the points in the phase diagram corresponding to single-
phase regions. In addition, with the aid of the full Sc— method, the dynamic
parameters could be reliably extracted and used to determine the dynamic struc-
ture over the whole phase diagram (Y.-W. Chiang et al., unpubl.) [13].

In the second example, we have applied the full Sc— method to analyze the
2-D ELDOR spectra we obtained from plasma membrane vesicles (PMV) from
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RBL-2H3 mast cells (e.g. Fig. 4) in order to investigate the dynamic phase struc-
tural changes upon antigen cross-linking of IgE receptors on the surface of the
PMV [19]. The 2-D ELDOR spectra after stimulation show small but significant
changes, whereas the CW ESR do not. We found it difficult to obtain unambigu-
ous fits to the spectra in the magnitude mode with either one or two spectral
components. With the new full Sc— method, we have been able to obtain good-
quality fits and to distinguish the small but significant changes in the PMV be-
fore and after stimulation. The molecular dynamic and ordering parameters extracted
from spectral fitting also enable us to characterize the heterogeneities in the PMV.

Unstimulated versus stimulated spectra in the magnitude mode of the stan-
dard 2-D ELDOR formats (i.e., ELDOR and SECSY) are shown in Fig. 7 along
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Fig. 5. Absorption 2-D ELDOR spectra of 16-PC in DPPC-cholesterol vesicles in the normalized con-

tour presentation, which display the enhanced spectral resolution such that one can observe and study

the homogeneous linewidths in the f; direction. The upper, middle, and lower contours represent L,
L., and gel phase cases, respectively.
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with their difference. We found it necessary to fit the spectra with two spectral
components, indicating two coexisting components, in order to achieve good fits
to the full Sc— data. The ordering, given by the ordering parameter S,, is found
to be the best distinguishing feature between the coexisting components corre-
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Fig. 6. Top, Phase diagram of binary mixtures of DPPC-cholesterol containing 16-PC determined
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Fig. 7. 2-D ELDOR spectra at 17.3 GHz from 16-PC in PMV from RBL-2H3 cells. Unstimulated
vs. stimulated spectra (30 °C, 7,, = 50 ns) in the magnitude mode of both 2-D ELDOR formats (i.c.,
ELDOR and SECSY) as well as their difference.

sponding to an L, and an L, phase, whereas the rotational diffusion rates (R))
for both components are comparable (compare Fig. 8). The coexisting spectral
components at 7, = 50 ns and 30 °C in the (SECSY) absorption mode are shown
in Fig. 8 in the normalized absorption mode.

The populations of the coexisting components are found to change upon stimu-
lation. As shown in Fig. 9, the population of the L, phase in both unstimulated
and stimulated samples is found to increase modestly with increasing tempera-
ture. Upon stimulation, the PMV tends to remodel itself to become more disor-
dered, i.e., the population of the L, component increases. This result is consis-
tent with the model that Fridriksson et al. [20] proposed for their results from
detergent-resistant membranes (DRM) from the same cell line as used for this
study. In investigating the phospholipid composition of DRM vesicles isolated from
stimulated and unstimulated cells at 37 °C, Fridriksson et al. [20] using mass spec-
trometry found an increase (12-22%) in the abundance of polyunsaturated phos-
pholipids and a corresponding decrease in the abundance of saturated and mono-
unsaturated species for the DRM from stimulated cells compared to those from
unstimulated cells. They proposed that this increase in the abundance of polyun-
saturated phospholipids suggests that stimulation causes substantial lipid remod-
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Fig. 8. Pure absorption spectral components of 16-PC that represent the coexisting phases in the

unstimulated PMV at 30 °C. They represent the best fits to the experimental spectra determined from
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Fig. 9. Population of the L, phase spectral component for unstimulated vs. stimulated PMV as a
function of temperature from 2-D ELDOR results using 16-PC spin label.
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eling, possibly including the recruitment of intracellular membranes to the plasma
membrane. Our results from 2-D ELDOR provide more details about the mem-
brane structural changes before and after cross-linking IgE receptors on the sur-
face of PMV.
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