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Abstract

Recent progress in developing 2D-ELDOR (2D electron—electron double resonance) techniques to better capture molecular dynamics
in complex fluids, particularly in model and biological membranes, is reported. The new “full S._ method”, which corrects the spectral
analysis for the phase distortion effects present in the experiments, is demonstrated to enhance the sensitivity of 2D-ELDOR in reporting
on molecular dynamics in complex membrane environments. That is, instead of performing spectral fitting in the magnitude mode, our
new method enables simultaneous fitting of both the real and imaginary components of the S._ signal. The full S._ fitting not only cor-
rects the phase distortions in the experimental data but also more accurately determines instrumental dead times. The phase corrections
applied to the S._ spectrum enable the extraction of the pure absorption-mode spectrum, which is characterized by much better reso-
lution than the magnitude-mode spectrum. In the absorption mode, the variation of homogeneous broadening, which reports on the
dynamics of the spin probe, can even be observed by visual inspection. This new method is illustrated with results from model mem-
branes of dipalmitoyl-sn-glycero-phosphatidylcholine (DPPC)—cholesterol binary mixtures, as well as with results from plasma mem-
brane vesicles of mast cells. In addition to the dynamic parameters, which provide quantitative descriptions for membranes at the
molecular level, the high-resolution absorption spectra themselves may be used as a “fingerprint” to characterize membrane phases
and distinguish coexisting components in biomembranes. Thus we find that 2D-ELDOR is greatly improved with the new “full S._
method” especially for exploring the complexity of model and biological membranes.
© 2007 Published by Elsevier Inc.
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1. Introduction ticularly in membrane systems. This includes studies of
various systems, such as isotropic fluids [1,2], ordered fluids
1.1. 2D-ELDOR such as liquid crystals [3], peptides [4], polymers [5], com-

plex fluids [6-8], model membranes [9-12], and more

Two-dimensional electron—electron double resonance recently, biomembranes [13]. As a result, ESR (e.g. contin-
(2D-ELDOR)? techniques have in recent years been devel-  uous-wave (cw)-ESR [14-18] and 2D-ELDOR techniques)
oped to study molecular dynamics in complex fluids, par-  has been demonstrated as a powerful tool to explore and
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reveal the dynamic structure of membrane phases. For
example, using spin-labeled lipids, it was shown that 2D-
ELDOR displays significantly different spectra for the
liquid-ordered (L,) phase vs. the liquid-disordered (L)
phase, and thus provides a visual distinction of these two
important phases [10], since they may be related to the
main components found in biomembranes. In another
study [11], involving membranes of peptide dissolved in
lipid, it was unequivocally shown that there are two dis-
tinctly different spectral components, respectively, repre-
senting bulk and boundary lipids which coexist [19,20].

The study of membranes has become a central theme in
biophysics. Topics include phase diagrams of binary/ter-
nary lipid mixtures, protein—lipid interactions, the molecu-
lar dynamic structures of membranes, and phase
coexistence in the domains of model and biological mem-
branes. The study of biomembranes has posed a challenge
to most of the existing physical methods, including ESR. A
biomembrane is complex with heterogeneous composi-
tions, and with (dynamic) local domains. In the presence
of local heterogeneity, ESR lineshapes are broadened
and, consequently, the spectral resolution is reduced. From
the viewpoint of data collection in time-domain experi-
ments (e.g. 2D-ELDOR), the collected signal decays faster
in the presence of heterogeneity. Thus a large part of the
signal is lost during the instrumental dead-time before data
collection begins. While the instrumental capabilities are
continuously being improved, a method for improving
spectral resolution and spectral analysis is also urgently
needed to help overcome the complexity of the biological
systems. This is the purpose of the present report.

2D-ELDOR techniques became a reality as a result of
the development of Fourier transform (FT)-ESR experi-
ments in the middle of 1980s [1,2,21,22]. The 2D-FT-ESR
experiments include two-pulse SECSY (spin—echo corre-
lated spectroscopy) and COSY (correlation spectroscopy)
experiments, and the three-pulse 2D-ELDOR experiment,
which is a Free Induction Decay (FID)-based 2D-exchange
experiment [1,2,22]. 2D-ELDOR was initially found useful
in reporting on the spin-relaxation mechanisms of Heisen-
berg spin exchange (HE) and electron—nuclear dipolar
(END) interactions, in the motional narrowing regime [1—
3,22). In other applications, Bowman [23] showed how
2D-ELDOR can be used to study intermolecular chemical
exchange, whereas Goldfarb and co-workers [24] demon-
strated its use for slow intramolecular chemical exchange,
and Dinse [25] demonstrated its potential for the investiga-
tion of transient radicals. All of these applications also
involved motionally narrowed ESR spectra.

Later, as a result of continuing improvements in 2D-FT-
ESR instrumentation [6,26] (e.g. achievement of short
dead-times, large spectral coverage ca. 250 MHz, fast data
acquisition rates) as well as the development of a compre-
hensive theory [6,8], it was successfully applied to the more
challenging cases of complex fluids (including membranes)
using nitroxide probes [6,7] wherein the molecular motions
are within the slow-motional regime. In this regime, the

spectral bandwidths are large, approaching that of rigid
limit spectra, inhomogeneous broadening (IB) is substan-
tial and there is usually sufficient homogeneous broadening
(HB) to yield short (homogeneous) 75’s. The developments
of the theory and computational algorithms have played an
essential role in making 2D-ELDOR useful. The current
2D-ELDOR simulation program, based on the stochastic
Liouville equation (SLE) [27], is performed using powerful
and efficient computational methodology (based on the
Lanczos algorithm) and by nonlinear least-squares fitting
of the simulations to experimental spectra[8,28,29].

The 2D-ELDOR experiment is closely analogous to the
2D-exchange experiments of NMR, [1,7,8,22,30]. The 2D-
ELDOR pulse sequence is illustrated in Fig. 1. It consists
of three ©/2 pulses. One collects the FID along f, (after
the spectrometer dead time, 74) for fixed values of #;, the
preparation time and T, the mixing time. This process is
repeated for different values of #; keeping T}, fixed. A dou-
ble Fourier transform in ¢; and ¢, converts the signal, S(¢,
1,) into S(f1,/»), which is a function of the two respective
frequencies: f] and f5, as shown in Fig. 1 Actually, one col-
lects a “hypercomplex’ 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 representa-
tion. This hypercomplex signal can be combined to give
two ordinary complex signals that we call S.;+ and S,._.
The former (the S.+ signal) is FID-like, because it is not
refocused by the last or “read-out’ pulse, whereas the sec-
ond (the S._ signal) is echolike, because it is refocused by
the last pulse. These signals correspond to the coherence
pathways 0 > F 1 —>0— —1 for Sct+ as shown in
Fig. 1. Other unwanted coherence pathways are canceled
out by an appropriate phase cycle sequence [1,22]. In the
absence of inhomogeneous broadening, the two are identi-
cal. In the presence of IB the S.4+ and S,._ signals are quite
different, with the S._ spectra being substantially sharper
due to the echolike cancellation of the IB, which does not
occur for the S, spectra. In our past studies [7,9] we have
found that the S, signal is much more attenuated, due to
its more rapid decay during #4, because the IB is not refo-
cused. Thus, we make use of the strong and better resolved
S._ signal.

In Fig. 1(c), the so-called auto peaks are observed along
the diagonal corresponding to f; = f>. This diagonal corre-
sponds closely to a conventional ESR spectrum (which,
however is in the derivative mode unlike 2D-ELDOR)
showing three hyperfine (hf) lines for a nitroxide. Peaks that
are observed corresponding to f; #f> are known as the
crosspeaks. These crosspeaks are a measure of magnetiza-
tion transfer between hf lines by spin relaxation processes
during T,. The principal spin relaxation mechanisms for
magnetization transfer are the END interactions, which
lead to nuclear spin flip transitions that report on the rate
of rotational reorientation, and HE with rate wyg, which
reports on the bimolecular collision rate of the spin-labeled
molecules. The pattern of crosspeaks enables one to distin-
guish the contributions from each relaxation mechanism.
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Fig. 1. The pulse sequences for (a) the standard 2D-ELDOR experiment and (b) SECSY format 2D-ELDOR experiments, (c) contour plots of magnitude
2D-ELDOR spectra vs. Ty, for a model membrane (cf. Section 3.1) in its liquid disordered phase using 16PC spin label, which is an end-chain labeled
phospholipid. (d) Contour plot for SECSY format for the 7}, = 50 ns case in (c). The coherence pathways associated with the pulse sequences in (a) and

(b) are also shown.

In the membrane studies used for illustration in the present
work, low enough concentrations were used to keep wyg
small. The 2D-ELDOR experiments are done as a series
of different 7, to observe how these crosspeaks
“grow-in” relative to auto peaks, as a result of these
cross-relaxation mechanisms (cf. Fig. 1c). Such a series of
2D spectra vs. Ty, provides, in effect, a third dimension.

IB plays an important role in the case of spectra from
membrane vesicles in 2D-ELDOR. The spectra from vesi-
cles have IB due to the Microscopic Ordering of the mem-
brane but the Macroscopic Disorder of the sample, yielding
what is referred to as MOMD spectra. It is possible to uti-
lize the different shapes of the auto peaks and crosspeaks to
distinguish the contribution to IB from proton super
hyperfine (shf) interactions, which is the same for each hf
line, and the MOMD effect, which varies for each hf line.
As we noted, for the S._ 2D-ELDOR spectra, there is a
partial suppression of IB of the auto peaks due to their
echo-like properties. However, since the IB due to MOMD
is different for the different hf lines, and the crosspeaks
result from magnetization transfer between different hf
lines, then the echo-like cancellation is less effective for
these peaks. Therefore, the crosspeak shapes, compared

with the auto peak shapes, provide a sensitive measure of
the MOMD inhomogeneity effects and hence the extent
of ordering. The effect of MOMD can be discerned even
in the shapes of the auto peaks (cf. Fig. Ic). Along the
f1 = /> diagonal, one observes the full IB, comparable to
a cw-ESR experiment. However, in the perpendicular
direction, the widths are reduced by the echo-like cancella-
tion effect discussed above.

There is a variant of the 2D-ELDOR experiment of
Fig. 1(a), which leads to the HB being clearly displayed
along one spectral dimension (i.e. fi), whereas the auto
peaks and their IB appear along the other (i.e. f>) spectral
dimension, (cf. Fig. 1d). This may be achieved by the mod-
ification shown in Fig. 1(b), which emphasizes the detec-
tion of the echo decay. The case of Fig. 1(a) is referred
to as the ELDOR mode, whereas that of Fig. 1(b) as the
SECSY mode (for spin—echo correlation spectroscopy). It
has been shown theoretically [8,31] that: an experiment per-
formed in the ELDOR mode may be translated into the
SECSY mode simply by letting ¢, in the former be replaced
by 1 + 1, (thus redefining 7,) in the processing of the data,
as is suggested by Fig. 1(a) and (b), and then performing a
Fourier transform (FT) with respect to ¢; and the redefined
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t,. This is known as a shearing transformation. Further-
more, the homogeneous linewidths are indeed displayed
along f1. This clear separation of IB and HB of the auto
peaks is extremely valuable in analyzing 2D-ELDOR spec-
tra, especially for cases where crosspeak development is
very weak. We will have occasion to benefit from this
SECSY mode in the present study, with a number of exam-
ples (using the shearing transformation) shown below.

1.2. Phase corrections and the pure absorption mode

Whereas, the 2D-ELDOR experiment is a hypercomplex
one, with real and imaginary components of the signal with
respect to both frequencies, f; and f>, the maximum resolu-
tion would be obtained by extracting the pure absorption
mode, as is commonly done in 2D-NMR. However, this
has proved to be challenging in 2D-FT-ESR. In the case
of well-resolved, homogeneous spectral lines, as may be
encountered in motionally narrowed spectra, a method of
Linear Prediction with Singular Value Decomposition
[32] (LPSVD) enables the recovery of the full-absorption
from the experimental hypercomplex data. In the opposite
limit of very slow motions and/or dominance of the spec-
tral lineshape by the IB, Saxena and Freed (SF) provided
a method from recovery of the 2D absorption spectrum
[33]. That method recognizes the fact that in such circum-
stances only the S._ part of the full hypercomplex spectrum
is available. (We have already discussed that the S, part of
the 2D spectrum, is found to decay rapidly in the presence
of IB. Thus, unlike in NMR, it is not useful for further data
analysis). Thus, the natural representation of the data is the
SECSY-mode representation, since the S._ signal is equiv-
alent to detection of the spin—echo. The SF method then
seeks the best estimate of a single set of phase corrections
to apply to the inhomogeneously broadened 2D-ELDOR
data in the SECSY mode. This is indeed a valid approach
in the limit in which the IB spectrum is composed of many
dynamic spin packets (DSP), which cover a quasi-contin-
uum across the largely IB spectrum.

We found, however, that the MOMD-type 2D-ELDOR
spectra obtained from spin-labeled lipids in membranes are
in an intermediate regime, wherein HB and IB are of com-
parable magnitude. This, on the one hand, prevented the
use of the LPSVD method, which assumes simple Lorentz-
ian lines (e.g. negligible 1B), and on the other hand pre-
vented the use of the SF method, which implicitly
assumes that the IB predominates, so the phase correction,
linear in f5, is applied uniformly across the spectrum. The
rigorous requirement, however, is that the linear phase cor-
rection be applied to the characteristic resonant frequency
for each dynamic spin-packet, (which can be obtained by
diagonalizing the stochastic-Liouville operator). For exam-
ple, in the motional narrowing limit of distinct HB lines,
the phase of each hyperfine line is automatically corrected
in the LPSVD method according to its own characteristic
frequency. Also, in the limit of very slow motions, the
application of the linear phase correction across the IB

spectrum is consistent with the quasi-continuum of
dynamic spin packets, i.e. an infinitesimal displacement in
frequency moves from one to the next DSP. However,
these two limiting cases are incompatible, e.g. for a single
broad but HB line, it would be incorrect to apply the linear
phase correction (e.g. a,f>) at each point in the spectrum;
instead one must just apply it to the central resonant fre-
quency of the line as is done in the LPSVD method. Thus
when HB and IB are comparable, a different approach is
required than either of the two limiting approaches.

The approach we have adopted is to determine the phase
corrections as an integral part of the NLLS fitting proce-
dure. To this purpose the standard 2D-ELDOR simulation
and fitting routines have been modified to include fitting
these phase corrections. This is a relatively simple addition
to the programs, which already include the optimization of
spectral scaling factors, etc. This enables one to use the
optimized phase corrections properly for each DSP
obtained from the diagonalization of the SLE, during the
course of the NLLS fitting procedure.

The most important benefit of this procedure is that the
S._ signals (in the SECSY format) are utilized in their full
complex format, i.e. both the real and imaginary parts of
the S._ data are used simultaneously in the fitting. This
replaces the past use of fitting just the magnitude of the
S._ signal, with its inherent loss of resolution. The full
S._ signal preserves the resolution inherent in the pure
absorption signal.

Once the best fit is obtained to the full S._ signal, it is a
simple matter to recover the pure absorption S._ signal (in
the SECSY mode) from the theoretical fit. Even though the
fit provides the phase corrections, it is a less trivial matter
to process the experimental S._ signal to return the exper-
imental pure absorption, for the reasons discussed above.
That is, the experimental data are not directly decompos-
able into the various DSP. Therefore, we have utilized an
approximate approach that we also describe.

In summary, in this report we present the full S._
method. In addition, we illustrate how it improves 2D-
ELDOR techniques for characterizing the molecular
dynamic structures of complex fluids, including
biomembranes.

2. Theoretical aspects
2.1. 2D-ELDOR

The three-n/2-pulse sequence of the 2D-ELDOR exper-
iment is illustrated in Fig. 1(a) and its SECSY format is
shown in Fig. 1(b), and they have been described in Section
1.1. Note that the common procedure is to perform the
standard 2D-ELDOR experiment of Fig. 1(a) and then
use the shearing transformation to obtain the SECSY for-
mat. This is the perspective we therefore use in the theoret-
ical description in this section. The 2D-ELDOR signal is in
a “hypercomplex” format as noted in Section 1. In the
actual experiment we measure this signal as two distinct



Y.-W. Chiang et al. | Journal of Magnetic Resonance 188 (2007) 231-245 235

complex signals S’ and S” [8,33]. These two signals can
then be combined to give two complex signals that we call
S.+ and S._ which are given by Eq. (1). These S... signals
are associated with the distinct coherence pathways shown
in Fig. 1.

Sei(ti, Ty ta) = S (t1, Ty t2) £ 1-8"(t1, Ty £2) (1)

The time-domain 2D-ELDOR S, signals can be written
formally as [6,8]

Sep = <l),1|0,1137A’lt2Ot_rlP(,IH())0067/10TmOI)r
Pozn) Oz 11 0%, [vs1) (2)

where P represents the pulse propagator superoperator,
and the O and A matrices are, respectively, the (complex)
orthogonal transformation matrix, which is composed of
the eigenvectors, and the diagonal matrix of complex eigen-
values, of the stochastic Liouville operator £ (i.e.
O7£;0; = A;) contained in the SLE which describes the
time evolution of the electron-spin bearing molecules in
both spin space and molecular orientational space [8,27—
29]; the subscripts indicate the order of the coherence.
The vectors |v+1) and (v_| are the right and left hand vec-
tors representing the effects of the first excitation pulse and
the signal detection, respectively. (Note that O, = 0",
<D,1‘tr = |U,1>, |U+l> = |U,1>*, and A_1 = A:l cf. [8])

The differences between the S.; and S._ signals are
found to depend on the motional rates as well as the
MOMD effect, and on the other sources of IB (e.g. unre-
solved superhyperfine interactions with protons), which
are not explicitly included in the SLE, and are taken to
be Gaussian. It is convenient to first illustrate the features
of these signals for the simpler special case of T,,, = 0. Then
Eq. (2) can be written as [§]

Ser = ) wle Allta) x g-Alt 7 (3a)
S67 — Z Wief/l,-tz (Otjl 0*71 )iﬂjeflljl] W; % efA<t2*t| )2 (3b>
i

where i and j refer to the eigenmodes with (complex) eigen-
values A; and 4; respectively; [note A;=(A_;);]. These
eigenmodes are what we have referred to in Section 1 as
the dynamic spin packets (DSP). Also, w; is the scalar prod-
uct of the ith eigenvector (representing the ith eigenmode)
with the right hand vector, and A is the additional Gauss-
ian IB. The two equations become nearly equivalent in the
fast-motional regime, (i.e. for rotational rates, R > 10%s™1)
because the Oz, become real, so O°, =0_, and
(0",0%,) = 6;;. However, the S._ signal shows an echo-
like cancellation of the Gaussian and other IB, whereas
the S.+ signal does not. As the motion slows sufficiently,
the S.+ and S._ signals are no longer equivalent, even if
A =0 (and if there is no MOMD effect). There are two fac-
tors that affect the evolution of the signal decays differently:
(1) in the slow-motional regime, the elements of O, take
on complex values so (O",0" ) # d;; and the S._ signal
loses its coherence as a result of interferences between

eigenmodes, whereas the S.. maintains its coherence (cf.
Egs. (3)); (ii) the increased IB, due to the decreased molec-
ular motion (as well as the MOMD effect and the unre-
solved proton superhyperfine structure), becomes a
dominant factor in the signal decay, such that the S.;
and S._ decay, respectively, with the inhomogeneous 77
and homogeneous 7, along the ¢, = ¢, axis (cf. Egs. (3)),
where 7, > T;. That is, along the ¢ =, axis (most of)
the IB is cancelled out in the S._ signal. Clearly the Gauss-
ian IB represented by A is cancelled. One should note that
each complex eigenvalue may be expressed as 4; =T ;}—F
iw;, where the imaginary part represents the resonant fre-
quency of the jth “dynamic spin packet”. This frequency
term is also cancelled fort, = ¢, for the i = terms in the
double sum of Eq. (3b). Thus the S.._ signal decays primar-
ily with just the 75 ;. This accounts for the echolike refocus-
ing property of the S._ signal. The S, signal decays more
rapidly with 77, and therefore, is often found to be much
weaker than the S._ signal for finite dead times. The S._
signal has thus been the main focus in ESR data analysis,
(while both S._ and Sy signals are useful in NMR).

We now return to the 2D-ELDOR signal, when 7, > 0
in Eq. (2) and focus on the S._ signal. The time-domain
S._ signals in the standard and SECSY formats are, respec-
tively, shown in Egs. (4) and (5),

SELPOR (4 Ty 12) o ZK"’W' exp[—4;ti] exp[—(40); Tn]

nkj

X exp|—uts] exp{—A(t, — 1,)7} (4)

SO (11, Ty 12) 06 S Koy expl—(2 + 2,)(11)]

nkj

x exp[—(A0), Tm] exp[—Zuta] exp{—(AL)) } (5)

where K,,;; are complex coupling coefficients which may be
obtained from a comparison with Eq. (2). The utility of the
SECSY format follows from Eq. (5). There is a cancellation
of the frequency term: )»;7 + 4, in t;. (Strictly speaking this
cancellation is exact for the n = terms in the sum, but in
practice it remains a good approximation for the auto-
peaks where (i) @, = w; and (ii) interference terms for which
n # j are generally relatively small.) This means that the sig-
nal decays with 75 ; along the ¢, axis, and after Fourier
transformation just the HB shows up along ;. In addition,
the IB linewidth, i.e. the last term of Eq. (5), as well as the
frequency term in 4; appears in the signal along the w,
direction. This clear separation of HB from IB along the
autopeaks is of great value in analyzing 2D-ELDOR spec-
tra in the SECSY format as discussed in Section 1. How-
ever, in the presence of experimental artifacts (e.g. the
existence of dead-times and imperfect spectral coverage
by the pulse) the separation of HB from IB in the SECSY
format is significantly hampered. However, this separation
is made possible when the SECSY spectra are displayed in
the pure absorption mode [33]. To convert experimental
data to the pure absorption mode, phase corrections must
be performed prior to the spectral conversion. We discuss
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the conversion of experimental data to the pure absorption
mode in the following sections.

2.2. The full S._ method

2D-ELDOR spectra have, in the past, been presented in
the magnitude mode, i.e. the absolute amplitude of the
complex S._ signals in the frequency domain. It is helpful
to present the 2D-ELDOR spectrum in the magnitude
mode because the phase distortions caused during experi-
ments are cancelled in such a format. However, the spectral
resolution is sacrificed in the magnitude mode because it is
composed of mixtures of the absorptive and dispersive sig-
nals. To separate the absorptive part of the signal from the
experimental data, it is necessary to first obtain the infor-
mation about the needed phase corrections. The “full S._
method” that we present in the present report is a reliable
way of determining the phase corrections from the experi-
mental data.

We introduce the phase corrections in Eq. (6) for the sig-
nals, §’ and S”, that we actually measure in real 2D-
ELDOR experiments [1,8,33], (cf. above):

S tl, m,l‘a = ZCMexp ]

lkn

X eXp [—Au(t2 + b2) — 1+ as]

y Z exp{—A(ty + 1)’} x B}, exp[—4,(t1 + b))
7 | +exp{—A(: — 1)’} x B exp[—A;(t + b))

(6)

S//(th z Cllm exp[ AO)k }

lkn
X expl—A.(tr + by) —1- ay)

<3 [ exp{—A(t2 + 1)’} x B, exp[—4;(t1 + by)]

—exp{—A(ty — 1)’} x By, exp[—7;(t; + b))
Here ZTC,,C,,BI’]. =K,; and B,*/. = (BZ)* and are further
defined in Ref. [33]. In Eq. (6) the coefficients, b;, b,, and
a,, are the linear phase correction terms, which are needed
in the theoretical expression in order to correspond to
actual experiments (i.e. to include the effects of such
artifacts as imperfect pulse shape, imperfect bandwidth
coverage, and finite dead-times). The time-domain equa-
tion of the ELDOR signals in Eq. (4) can be re-written
using Egs. (1) and (6) with inclusion of these phase factors,

SEEPOR (1), Ton, 1) ZKnk/ exp[—4;(t; + b1)]
nkj
exp[— (o), Tm) X exp[—4,(t2 + b2)
—i-a]exp{~A(t2 — 1)’} (7)
Upon applying the shearing transformation, i.e.

t, —> t] + 1o, Eq. (7) becomes:

SLS,ECSY tl, ms L ZK"k/ exp /L + i,,)(fl +b1)]
nkj
X exp[—(Ap), Tm] exp[—4,(t2 + 8b)
—ias)exp{—(A2)} )

where the phase factor 6b = b, — b; is determined from the
difference of the two correction factors b; and b,. (Saxena
and Freed [33] used a slightly different notation in their
form of Eq. (8). They did not utilize Eq. (7), although we
do in the full S._ method. Our notation for the phase cor-
rections maintains consistency between Egs. (7) and (8),
and it allows one to process the theoretical simulations in
exactly the same manner that we process our experimental
data, i.e. from Egs. (5)—(7) and then (8).) The phase distor-
tions contributed from the phase factors in Egs. (7) and (8)
are cancelled in the traditional magnitude mode, but are
observable when displaying the S._ signal in its real and
imaginary formats.

Fig. 2(a) and (b) shows, respectively, 2D-ELDOR exper-
imental and simulated spectra in the full S._ domain. In the
magnitude mode (not shown), which is the absolute ampli-
tude of the real and imaginary parts, the simulated spec-
trum agrees very well with the experimental spectrum.
But, because of the phase distortions in the real experi-
ment, the simulated spectrum is distinctly different in the
full S._ domain without correcting for phase distortions.
We now describe how we reliably obtain phase correction
factors directly from the (distorted) real and imaginary
parts of the raw data. The idea is simply to simultaneously
fit a spectrum in the full S._ domain to obtain the set of
phase factors (cf. by, by, and a; in Eqgs. (7) and (8)) as part
of the fitting process. Also, we have found it preferable to
simultaneously fit the data in the normal ELDOR (Eq. (7))
and SECSY formats (Eq. (8)), to obtain better consistency.
We remind the reader that the experiments are all collected
in the normal ELDOR mode, and the SECSY formats are
obtained from the same data set by employing the shearing
transformation. The theoretical simulations are processed
in exactly the same way. The overall fitting procedure is
best accomplished by first fitting the spectra in the magni-
tude mode and then using the dynamic and ordering
parameters, that are found, as seed values for initiating
the full S, method.

The procedure for performing the full S._ method is
summarized in the following.

(i) Perform the spectral fitting simultaneously in both
the ELDOR and SECSY formats (with comparable
weighting) in the magnitude mode using the 2D
NLLS (nonlinear least squares) program [29], where
both experimental and theoretical spectra are pro-
cessed in an identical manner, (i.e. Egs. (1) and (6)
yielding Eq. (7), then Eq. (8); after which the magni-
tude modes of Eqgs. (7) and (8) are taken).

(11) Then, use the best-fit dynamic parameters obtained in
the magnitude-mode fits (i.e. step 1) as seed values and
repeat the spectral fitting for both the ELDOR and
SECSY formats in the full S._ domain. In most cases,
the simulated spectra in the full S._ domain are dis-
tinctly different from the experimental spectra, even
though good quality fits have been achieved for the
magnitude-mode. This, in large part, is because the
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Fig. 2. Spectra (T}, = 50 ns) displayed in the full S, domain: (a) experimental results with their inherent phase distortions, and (b) the simulated spectrum
without any phase adjustments. The experimental spectra (cf. ref. 13) are from plasma membrane vesicles at 15 °C, which have been stimulated by antigen

of IgE receptors, and which contain the spin-label 16PC, (cf. Section 3.2).

phase corrections have not yet been made. We sug-
gest that the phase factors should be fit prior to vary-
ing the dynamic parameters (from their seed values)
in this step. The large spectral differences due to the
phase distortions, as shown in Fig. 2(a) vs. (b), can
be corrected by the three phase correction factors.

(iii) Then all fitting parameters may be varied to obtain
the final results. We find that the better resolved
and more extensive data set, (i.e. the real and imagi-
nary parts of S._), yield more accurate dynamic
parameters, even though the phase correction factors
are also included in the fits. In general, we find that
the optimum phase factors are close to the values
obtained in step (ii). Also, in most cases the (more
accurate) values of the dynamic parameters are close
to those obtained from the magnitude fits.

It is important to note that in all three steps (i, ii, and iii)
a set of 2D-ELDOR spectra for several mixing times, 7y,
are simultaneously fit [3,6—11]. In the full S._ method, this
set of spectra vs. Ty, are fit to the same phase corrections,
since all the experimental settings are kept constant, except
for Ty,

We show in Fig. 3 a comparison of an experimental
result and the best fit obtained by the full S._ method in
both the ELDOR (Fig. 3a) and SECSY (Fig. 3b) modes.
The spectra are shown as contour plots. One sees that in
the ELDOR mode the spectral fits are very good. In the
SECSY mode the fits are not quite as good. We find that
the SECSY mode, which more effectively separates the
HB from the IB, is more discriminating in the fits. Our
experience in fitting extensive experiments [12,13] by the
full S._ method using the MOMD theoretical model leads
us to conclude that Fig. 3(b) represents a good fit for the

SECSY mode. One may, in the future, wish to analyze
spectra of such good resolution by improved models, such
as the slowly-relaxing local structure (SRLS) model [34,35].
(However, we do wish to note that by weighting the
SECSY spectra more heavily in the NLLS fitting relative
to the standard ELDOR spectra, then the agreement
between the experimental and theoretical SECSY mode
spectra can be improved somewhat.)

We find that the phase correction factors fall into the
following ranges: b; and b, ~ 1.5-5.5ns, and a, ~ —0.5
to —2 radians. The b, and b, may be regarded as small cor-
rections to the dead-times in #; and ¢, which range in our
experiments from ~25 to ~35ns. These dead-times are
measured from the end of the pulse to the beginning of
the data acquisition. But, since the pulse shape is not a per-
fect square hard pulse and is of finite duration, this correc-
tion is needed in both the #; and ¢, domains.

2.3. Pure absorption lineshapes

In addition to improving the accuracy of fitting to exper-
iment, these phase factors also enable one to recover an
approximate pure absorption spectrum directly from the
experimental data. But first we consider the rigorous pure
absorption lineshapes that are readily obtained from the
simulations. They enable a useful way of displaying the
best-fit spectrum. They are obtained exactly as described
by Saxena and Freed [33], (who however only utilize the
SECSY mode and focus just on the auto-peaks, cf. below).
That is one may use either Eq. (7) or (8) followed by a dou-
ble Fourier transform, where the real part is taken at each
step as summarized in Eq. (9).

Se- (0)17 T, wz) = m[FTQ{m[FTn {SC— (tlv T, tZ)}]}] (9)
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Fig. 3. 2D-ELDOR spectrum, shown as contours (7, = 50 ns), of 16PC in a model membrane composed of 60% of the phospholipid DPPC and 40%
cholesterol at 48 °C in the liquid-ordered phase (cf. Section 3.1). The spectra are shown in the full S,._ display with the real signal in the upper part and the
imaginary signal in the lower part. The plots contain positive and negative values in intensity. The color map varies from red, (which corresponds to the
largest positive value) to yellow, light blue (zero), and dark blue (which corresponds to the smallest negative value).* The experimental result is shown on
the left side, with the best fit to a MOMD model shown on the right side. Fig. 3(a) displays the spectrum in the ELDOR mode, whereas Fig. 4(b) shows the
SECSY mode. (The fits correspond to the parameters for Fig. 5 below.) (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this paper.)
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where S._(t, T, 1) on the right hand side can either be
SELDOR o §SECSY In  this procedure one can set
by = b, =a, =01n Eqgs. (7) and (8). This produces the pure
absorption for ¢, =0, which can be of theoretical interest.
However, as SF[33] have shown, the effects of the finite
dead-time, which suppress rapidly decaying eigenmodes,
may be introduced by setting #; and ¢, after the respective
dead-times and by setting b; = t1,4, b, =t>q, and a, =0.
This enables a better comparison with the experimental
approximate pure absorption spectra.

In principle, the experimental data could be directly pro-
cessed to yield the pure absorption according to Eq. (9).
However the data must be phase corrected, as rigorously
expressed by Egs. (7) and (8). But this is not possible in
most cases, because the experimental data are not directly
resolvable into the eigenmodes as needed in Egs. (7) and
(8). (One exception is for well-separated and homoge-
neously broadened motionally-narrowed lines). Instead
we obtain an approximate pure absorption from the exper-
imental data in the SECSY format by the SF procedure
[33] given by Eq. (10).

FT
SCSE:CSY(IM Tm, t2) :;*SE?CSY(t] ) Tm7 CUZ)

phase correction \‘ Ccos ¢2 . m[SEECSY(t17 Tm7 (,02)] J
=

— sin (/)2 . S[SE?CSY(tl, Tm, (1)2)}

= Sa—(tb Tmu (1)2)

FT,

= S:ECSY (

w1, Tm7w2)
cos ¢y - R[S,— (@1, Ty, @7)]
+sin ¢, - I[So— (w1, T, 02)]

phase correction

ESZES((I)I,Tm,Cl)z) (10)

where
¢ =bioy, ¢, =ar+ dbw, (10a)

Eq. (10) expresses the fact that the phase corrections are
introduced directly to the experimental data in the fre-
quency domain: that is ¢, is utilized first after a single
FT with respect to t,, and then ¢, is utilized after a second
FT, with respect to #;. This procedure implicitly assumes
that the experimental spectra are a continuum of DSP. This
becomes the rigorously correct result in the limit when the
(slow-motional) spectra are dominated by inhomogeneous
broadening. Otherwise, it is still a useful representation
of the experimental results, in which the very good resolu-
tion of a pure absorption spectrum is obtained. At any
rate, the actual data fitting by the full S._ method is itself
rigorously valid over the whole motional regime.

An experimental 2D-ELDOR spectrum in the SECSY
mode obtained from a plasma-membrane vesicle (PMV)
sample containing the end-chain spin-labeled phospho-
lipid, 16-PC is plotted in Fig. 4(a) and (b), respectively,
representing the real and imaginary parts of the Sc_ sig-

nals. Due to phase distortion effects mentioned above,
the in-phase and quadrature components of the S._ signals
are mixtures of absorptive and dispersive spectra. We
recover the approximate pure absorption-mode spectrum
according to Eq. (10), as shown in Fig. 4(d). The narrow,
largely homogeneous absorptive lineshapes along f
(Fig. 4d) and the IB along f> may be compared with the
broader magnitude spectrum in Fig. 4(c). The contour
plots for the spectra in the magnitude mode and the
absorption mode are also displayed in Fig. 4 to further
emphasize the improved spectral resolution provided by
the recovered absorption spectrum. The spectrum in
Fig. 4(d) has some weak non-positive cross-peaks (not
shown). This is one of only a few cases in our studies that
show non-positive values in the cross-peaks. Although the
cross-peaks in recovered absorption spectra are not neces-
sarily positive [33], we found in our studies that most of
the recovered absorption spectra are all positive in both
auto- and cross-peaks.

2.4. Comparison with the Saxena—Freed method

The method of Saxena and Freed is based on utilizing
the experimental 2D-ELDOR signal in the SECSY mode.
They argue that to a good approximation the signal from
the auto-peaks in the pure absorption must be positive.
They then optimize the phase factors discussed above by
minimizing the negative excursions in the absorption spec-
trum, as defined by Eq. (10), but just for the auto-peaks. A
drawback of this method is that the numerical minimiza-
tion may become stuck in local minima and/or return sev-
eral possible sets of solutions for the phase factors, as we
have found. Furthermore, different sets of phase factors
obtained in the SF method can satisfy the criterion of ren-
dering a positive absorption, but not necessarily fit well to
the full S._ spectrum, which includes both the real and
imaginary parts, as well as all auto and cross-peaks. In
addition, as we have discussed above, Eq. (10) is rigorously
correct only in limiting cases, which further interferes with
the SF method.

The full S._ method overcomes both weaknesses of the
SF method. It significantly reduces the ambiguity of the
fitting parameters and unambiguously extracts the phase
factors in fitting the data, as we have found. Also, it is
based on the rigorous theory expressed by Eqs. (7) and
8. Indeed the application of Eqgs. (7) and (8) presumes
that a good theoretical model for the dynamics is being
used. But this is not a new requirement for the extraction
of useful information from the 2D-ELDOR spectrum.
One needs an appropriate theoretical model to analyze
even the spectrum in the magnitude mode, where phase
factors are irrelevant. We do find that in the non-linear
least squares fitting the phase factors are not very sub-
stantially correlated with the dynamic and ordering
parameters, so finer aspects in modeling the dynamics
are not likely to significantly affect the estimation of the
phase factors.
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Fig. 4. 2D-ELDOR spectra (T, = 400 ns) of 16PC in unstimulated PMV at 30 °C (cf. Section 3.2) displayed in the full S._ domain, respectively, (a) the
real and (b) the imaginary parts of the S, signal in the SECSY format.* The motivation of obtaining the pure absorption spectrum is clearly demonstrated
by comparing (c) the magnitude-mode spectrum with (d) the absorption-mode spectrum, where the latter shows much better spectral resolution.

3. Applications of the full S._ method

The full S._ method has been applied to study the
dynamic molecular structures of model [12] and biological
membranes [13]. In this section we utilize some of these
results to focus on the advantages provided by the full
S._ method.

3.1. Model membrane study: binary mixtures of
DPPC—cholesterol

We have studied the model (multilamellar vesicle) mem-
brane system of dipalmitoyl-sn-glycero-phosphatidylcho-
line (DPPC)-cholesterol (Chol) binary mixtures using
2D-ELDOR techniques [12]. We initially performed the
spectral fitting in the traditional magnitude mode, and we
found that the spectral fits were not very satisfactorily
obtained especially at lower temperatures. One problem
is that the spectral lineshapes at lower temperatures are
dominated by IB in the regime of slow motions and high

ordering, and therefore, the spectral resolution is reduced.
Another problem is that two phases can coexist, so there is
more than one component in the spectrum. Both features
make it difficult to analyze, given the limited resolution
of the magnitude spectra, as was previously pointed out
[10].

The full S._ method has now been employed to study
this model membrane system [12]. Good fits were success-
fully and unambiguously obtained in all cases in both the
ELDOR and SECSY formats. One such example is shown
in Fig. 3. Fig. 5 shows 2D-ELDOR spectra from 16PC in
the DPPC-Chol binary lipid system in the SECSY format.*
It is for results in the liquid-ordered (L,) membrane phase.

4 Experiments were performed at Ku band (17.3 GHz). Three 4 ns 7/2
pulses were used in the experiments. The time, 7; between the first two
pulses, was stepped out with 128 steps of 2ns each. Each FID was
collected along ¢, with a step size of 1 ns for a total of 256 ns. Typical dead
times were ~35ns for ¢, and 28 ~37ns for #; and ¢, respectively.
A 32-step phase cycle sequence [9] was used to form the hypercomplex
2D-ELDOR signal.
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simulated absorption spectra using the best-fit parameters of the full S._ results. The equivalent results are shown on the right side for the magnitude

spectra. The simulation parameters [29] are: R, = 8.2 x 10% 57! SRy =11.5x 10°s7!,8, =

The approximate pure absorption spectra as normalized
contour plots’ (top left) and stack plots (middle left) were
obtained directly from experiment using the results of the
phase factors obtained in the full S._ fitting. Their respec-
tive magnitude-mode representations of the experiments
(top and middle right in Fig. 5), and the simulated pure
absorption and magnitude spectra (bottom of Fig. 5) using
the best-fit parameters in the full S._ domain are also
shown in Fig. 5 for comparison. It is clear that the spectral
resolution is significantly increased in the absorption mode,
as comparing the recovered absorption spectra to the mag-
nitude-mode spectra. In the absorption mode, the line-
shapes along the f; axis are in principle a sum of

5> Normalized contours are obtained from the 2D-ELDOR spectra in the
SECSY format by first dividing them by the w; = 0 slice. That is they are
obtained from: Sf}fCSY(wl, T, wz)/SfECSY(wl =0, T, ®2). This normal-
ized format is useful for illustrating the homogeneous linewidths as a

function of w, [33].

03,8, = —0.3,A = 0.7 G,T»eq; = 328 ns.

Lorentzians with simple homogeneous linewidths (cf. Eq.
(9) with Eq. (5)). The T,' variation of the HB, which is
obscured in the magnitude mode, becomes clear even by
visual inspection of the absorption spectra displayed as
normalized contour plots [12,13].

A comparison of the approximate absorption and mag-
nitude spectra with their respective best fits, while good,
does show some differences. We attribute them to (i) the
approximate nature of the experimental absorption spectra
and (ii) the use of a simple model for the molecular dynam-
ics, (i.e. the MOMD model). Such differences are greater
for the gel phase, which has always posed a greater chal-
lenge in analysis [6,9,10].

To demonstrate the benefits provided by the high-reso-
lution absorption spectra for studying the coexistence of
membrane phases, we show in Fig. 6 two simulated absorp-
tion (normalized) spectra, which represent the coexisting
L, and gel phases at 25°C, as well as their respective
dynamic parameters. Note that the best-fit dynamic
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Fig. 6. The simulated absorption spectra (71, = 50 ns, #4 > = 0 ns) for the
two spectral components, corresponding to the L, and the gel phases, which
coexist for [Chol] ~20-30% in the DPPC—cholesterol binary system at 25 °C
using 16PC. The best fit simulation parameters [29] for the L, and the gel
phases, respectively, are: R, = 3.1 x 10°s™',Rj = 7.4 x 10° s~1,5, = 0.3,
S, =—02,A=0.45G,Tseq=336ns. and R, =1.3x10%s™!, R= 2.1
10°s71, 850 =10.38, S, = —0.4, A=0.98 G, T} oq; = 252 ns.

parameters were obtained using full S._ fitting. This
enabled us to perform an accurate decomposition of the
two component 2D-ELDOR spectra from the coexistence
region, despite similarities in these two phases. The L,
spectral component displays a sharper lineshape than the
gel spectral component (cf. Fig. 6). The spectra we
obtained at 20% and 30% [Chol] consist of 15% and 90%
of the L, spectral component, respectively, with the
remainder due to the gel component. Both spectral compo-
nents are found to possess high ordering; but the L, com-
ponent is characteristic of faster molecular motion, while
the gel component is characterized by slower molecular
motion. This example illustrates how 2D-ELDOR, espe-
cially in the pure absorption representation, clearly distin-
guishes between the L, and gel phases, which differ only
subtly in their respective dynamic and structural properties.

3.2. Biomembrane study: PMV from RBL-2H3 mast cells

One of the first descriptions of the phase structure
changes in biomembranes upon external stimulation has
been achieved using 2D-ELDOR techniques by Freed
and co-workers [13]. The physical characterization of bio-

membrane properties, e.g. phase molecular structures,
phase coexistence, and microdomain sizes, is of great inter-
est in biophysics and biochemistry. Several physical chem-
istry methods have been useful in investigating membrane
phases, e.g. fluorescence spectroscopy [36], NMR [37,38],
single particle tracking [39], and ESR. However, the local
heterogeneity and complexity in the phase environment
of biomembranes has posed a challenge to the existing
physical methods. Among these techniques, ESR provides
several unique features, such as the capability of providing
both spectroscopic evidence and quantitative descriptions
for the molecular dynamic structures, as we have recently
demonstrated in the studies of model [10,12,14,16] and bio-
logical [13,14,18] membranes.

Using the full S._ method, we have been able to investi-
gate membrane phase structure changes with respect to
temperature variations, as well as those caused by external
stimulation to the cells (i.e. cross-linking of Immunoglubu-
lin E (IgE) receptors on the surface of the membrane vesi-
cles) [13]. Here, we emphasize how the great sensitivity of
2D-ELDOR and the full S._ method lead to a powerful
method for the study of complex biomembranes.

In the study of plasma membrane vesicles (PMYV) iso-
lated from the RBL-2H3 mast cells, we find that [13] (i)
there are two major spectral components with spectral
characteristics of L, and Lgq phases, which differ mainly
in their ordering and coexist in the PMV both before and
after stimulation; (ii) upon stimulation (i.e. crosslinking
of the IgE receptors on the surface of PMV), the observed
small but significant spectral changes are due to the remod-
eling of the membrane environment toward being more dis-
ordered. The unambiguous fits in both ELDOR and
SECSY formats in the full S._ domain enable the accurate
characterization of the subtle spectral changes in these two-
component spectra. (Attempts at using the magnitude spec-
tra were not very successful at converging to these
differences.)

We now illustrate the advantages of using 2D-ELDOR
with the full S, method. Fig. 7 compares the (approxi-
mate) absorption spectra and the normalized spectra
(T, = 50 ns) in the SECSY format for the unstimulated
and stimulated samples at 30 °C.* These are presented as
normalized contour plots® (upper figures) and stack plots
(middle figures). In addition they show (at the bottom)
the simulated absorption spectra using the best-fit parame-
ters obtained from the full S._ fits. It is clear from the
absorption spectra, which have a better resolution than
the magnitude-mode spectra, that upon stimulation there
are small but significant changes in the spectra. Such
changes, analyzed by spectral simulations in the full S._
domain, are found to be mainly due to the remodeling of
the PMV by a decrease in the more ordered L, component
and an increase in the disordered L4 component, although
the former is still the major component in the PMV, before
and after stimulation. Although we only show the case of
Tm=>50ns in Fig. 7, it is worth mentioning that weak
cross-peak development is observed (though negative; cf.
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Fig. 7. The 2D-ELDOR spectra (7T, = 50 ns) in the SECSY format for 16PC in the unstimulated (left column) and the stimulated (right column) PMV’s
at 30 °C.* From the top to the bottom in each column, they respectively represent the approximate absorption spectra as a normalized contour plot, as a
stack plot, and the simulated absorption spectra using the best-fit parameters of the full S._ results. The simulation parameters [29] for the L4 component
(the L, component) are: Unstimulated: R, = 4.4(4.6) x 10°s™', R = 3.4(9.1) x 10° 57!, Sy = 0.10(0.25), S, = —0.21(—0.27), A = 0.1(0.4) G, T2eqi =
622(302) ns. Stimulated: R, = 3.0(3.9) x 10° s R =2.3(79) x 10° 57!, Sy = 0.07(0.23), 5, = —0.33(=0.32), A = 0.05(0.40) G, T2.q = 730(1, 352) ns.

Fig. 4d) in the recovered absorption spectra of the unstim-
ulated and stimulated samples for the longest mixing times
(T ~ 400 and 1200 ns). Such cross-peak development is
not observed in the model studies for both the pure gel
and L, phases (e.g. t;,> 28 ns; cf. Fig. 6), as we have noted
above. This cross-peak development, therefore, is consid-
ered to be evidence for the existence of a small amount
of the Ly component in the PMV. Such evidence cannot
be obtained if the spectra are displayed in the magnitude
mode, and is only revealed in the absorption-mode spectra
with long mixing time.

Fig. 8 shows the simulated pure absorption spectra,
which are obtained using the best-fit parameters of the full
S._ fits, with T;, = 50 ns (and for zero dead-time) for the
two coexisting spectral components, due to the L, and
the Ly membrane regions, at 30 °C. These two plots clearly

demonstrate that the Ly component is responsible for the
cross-peaks development at 7, = 50 ns. As Ty, increases,
the cross-peaks of both components are found to grow sig-
nificantly but with different developing rates. The cross-
peak development vs. Ty, for the Ly component is always
found to be much greater than that of the L, component.
Such cross-peak development is consistent with the results
obtained in the model membrane study.

4. Summary and conclusions

We have reported the improved capability and sensitiv-
ity of 2D-ELDOR techniques provided by the full S._
method, in capturing the molecular dynamics in membrane
systems. The new method doubles the fitting dimensions by
extending the fitting domain from the magnitude mode to
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Fig. 8. The simulated absorption spectra (7y, = 50 ns, 4 » = 0 ns) for the
two spectral components, L, and Ly, coexisting in the unstimulated PMV
samples of the RBL-2H3 mast cells at 30 °C. The best-fit simulation
parameters are given in the caption to Fig. 7.

the full S._ mode, i.e. simultaneously fitting the real and
imaginary parts of the S._ signal. Three phase correction
factors are included into the analysis to approximate the
effects of experimental artifacts, such as imperfect pulse
shapes and imperfect bandwidth coverage. The phase fac-
tors as well as the dynamic parameters are accurately
recovered. In addition, the phase correction factors may
be used to recover an (approximate) 2D absorption spec-
trum from the experimental data, and it is characterized
by high spectral resolution.

The new method has been tested in a study of DPPC—
cholesterol binary mixtures to demonstrate its improved
capability. The great sensitivity of 2D-ELDOR emphasizes
the subtle differences of the gel, L, and L4 phases. In a
study of a biomembrane, the new method proved useful
in discerning the small but significant spectral changes
which are observed upon crosslinking of IgE receptors on
the surface of the plasma membrane vesicles of RBL-2H3
cells. The fits in the full S._ domain are unambiguous
and are useful for characterizing the domain structures of
PMV.
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