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INVITED ARTICLE

Local ordering and dynamics in anisotropic media by magnetic resonance: from
liquid crystals to proteins
Eva Meirovitch a and Jack H. Freed b

aThe Mina and Everard Goodman Faculty of Life Sciences, Bar-Ilan University, Ramat-Gan, Israel; bBaker Laboratory of Chemistry and
Chemical Biology, Cornell University, Ithaca, NY, USA

ABSTRACT
Magnetic resonance methods have been used extensively for over 50 years to elucidate mole-
cular structure and dynamics of liquid crystals (LCs), providing information quite unique in its
rigour and extent. The ESR- or NMR-active probe is often a solute molecule reporting on
characteristics associated with the surrounding (LC) medium, which exerts the spatial restrictions
on the probe. The theoretical approaches developed for LCs are applicable to anisotropic media
in general. Of particular interest is the interior space of a globular protein labelled, e.g. with
a nitroxide moiety or a 15N–1H bond. The ESR or NMR label plays the role of the probe and the
internal protein surroundings the role of the anisotropic medium. A general feature of the
restricted motions is the local ordering, i.e. the nature, magnitude and symmetry of the spatial
restraints exerted at the site of the moving probe. This property is the main theme of the present
review article. We outline its treatment in our work from both the theoretical and the experi-
mental points of view, highlighting the new physical insights gained. Our illustrations include
studies on thermotropic (nematic and smectic) and lyotropic liquid crystals formed by phospho-
lipids, in addition to studies of proteins.
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Introduction

In characterising the dynamic structure of anisotropic
media one has to consider the key aspects of restricted
motions [1–5]. They include features of ordering,

motion and geometry. The objective is to set forth
models for interpreting the relevant experimental data
in terms of these properties. We refer here to cases
where ESR or NMR probes provide the experimental
data that comprise the required information. The
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dynamic timescale, determined by the anisotropic mag-
netic interaction(s), Δ, extends from the rigid-limit
(motional rates much smaller than Δ), through the slow-
motional regime (motional rates comparable to Δ), all
the way to the motional-narrowing regime (motional
rates considerably greater than Δ). NMR spectra from
molecules in solution are invariably in the motional-
narrowing regime as the overall tumbling rates are
much larger than Δ; the slow-motional regime is acces-
sible in the solid state where the overall tumbling is
quenched. ESR spectra might cover the entire dynamic
range also in solution [3,6].

Several relatively simple models for analysing
restricted motions with ESR and NMR methods have
been developed over the years; examples can be found in
Reference [7] for ESR and in Reference [8] for NMR. In
many cases, only the motional-narrowing limit, where
the theoretical treatment is simpler but limited in
dynamic information, has been considered. Relatively
simple stochastic models applicable to the slow-
motional regime, adapted to specific situations, have
also been developed [9,10]. In such cases several inde-
pendent simple motional modes had to be combined to
reproduce the experimental data; we call such collections
multi-simple-mode (MSM) models [8]. Comparison
amongst different MSMs is difficult because of mode
and model diversity. Improvement requires adding to
the collection yet another independent motional mode,
changing the overall character while requiring the
assumption of mode-independence [8].

Various types of anisotropic media including ther-
motropic, lyotropic, metallotropic and polymeric liquid
crystals (LCs), stretched gels, tobacco mosaic virus
assemblies, and certain clays have been studied in the
last 50 years [1–5]. More recently, the restricting inter-
ior space of proteins or DNA fragments, housing
mobile (ESR or NMR) spin-labelled moieties, has
been added to the list [7,8]. To better understand the
physical basis of restricted motions, it is important to
develop methods that can treat a large number of
situations and systems in a consistent manner.

Such approaches, applicable over the entire dynamic
range, have been developed by Freed and co-workers
on the basis of the Stochastic Liouville Equation (SLE)
[11–13]. The various physical quantities are repre-
sented with due consideration of their three-
dimensional tensorial requirements. Rotational motion
is represented by a 3D diffusion tensor; orientations
between magnetic and molecular tensor frames, and
the lab frame, are described by respective Euler angles;
and the local ordering is represented by a potential
expanded in the basis set of the real linear combina-
tions of the Wigner rotation matrix elements, DL

M; Kj j

[12,13]. Powerful and effective methods for solving the
SLE, notably the Lanczos algorithm, have been devel-
oped for the calculation of slow-motional ESR spectra
[14–16]. Procedures for determining optimal basis-sets
have been provided [17]. Powerful methods for the
analysis of the magnetic resonance spectra based on
optimised non-linear least-squares (NLLS) algorithms
have been developed [18].

These theoretical-computational tools, and typical
applications to liquid crystals, have been compiled in
References [6,19–22]. Observations of interest were
reported in the early work. For example, deviation
from Brownian motion of spin-probes was detected
in nematic LCs, prompting further theoretical devel-
opments [6,19,20]. Likewise, long-range cooperative
motions prevailing near phase-transitions, providing
insights into thermodynamic properties of the LC
medium, were found and analysed [21]. Multi-
frequency ESR, covering the 9–250 GHz range, was
established following the development of high-
frequency ESR spectrometers [23,24]. 2D Fourier-
transform ESR techniques, notably 2D Electron-
Electron Double Resonance (ELDOR) [25–28], were
developed in the Freed laboratory. Reference [29] is
a comprehensive compendium which summarised
these advances in 1989. The technique of 2D-
ELDOR substantially broadens the scope of the ESR
investigations of structure and dynamics, and the elu-
cidation of features of local ordering and dynamics in
particular.

The nematic director (direction of preferred orienta-
tion) usually orients parallel to the external magnetic
field, B0, of the ESR or NMR spectrometer. In the
smectic phase this director, usually frozen in direction,
can be tilted relative to B0 [2,3,13,20]. This provides an
orientation-dependence which is a useful feature; how-
ever, this symmetry-breaking tilt required developing
appropriate theoretical-computational tools to be able
to analyse such spectra in the sensitive slow-motional
regime. The SLE implemented in Reference [16] meets
this challenge. The Standard Liquid Crystal (SLC)
methodology was extended to the case where the LC
(or nematic) director is distributed in space at random,
yielding the microscopic-order-macroscopic-disorder
(MOMD) model [30]. The MOMD model applies, for
example, to dispersions of nitroxide-doped artificial
[30–32] and biological [33,34] membranes. In these
cases, MOMD describes the motion as a composite of
the various component motions, both internal and
overall [35]. In the limiting case where the overall
motion is slow enough to appear frozen out, MOMD
just reflects the faster internal motion. MOMD also has
been applied to nitroxide-labelled internally mobile
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proteins in solution [36] and to NMR-labelled poly-
crystalline powders of internally mobile proteins
[8,37–40].

Freed et al. developed a model which does differenti-
ate and characterise the usually slower overall motions
and the faster local motions [41,42]. The overall motion
may be unrestricted (as in aqueous solutions of intern-
ally mobile nitroxide-labelled proteins [36,43], DNA
fragments [44], or NMR-labelled proteins [45–48]) or
restricted (as for probes reorienting in thermotropic or
lyotropic LC media, or membrane proteins reorienting
in lipid bilayers) [35]. The overall motion is invariably
restricted by the local ‘cage’ in anisotropic fluids [49,50],
and the local motion by the immediate (internal) sur-
roundings in internally mobile molecules.

These local and overall motions are coupled dyna-
mically, with the local motion being typically faster
than the overall motion, i.e. the local motion occurs
within the frame of the overall tumbling motion. The
dynamical coupling materialises in the theory through
a potential; from the perspective of the probe, this is an
ordering potential. This theory is a many-body stochas-
tic approach to rotational motions in liquids [41,42].
Its two-body version is the slowly relaxing local struc-
ture (SRLS) model: body 1 is the macromolecule/lipid,
and body 2 is the probe. Dynamical coupling is
a fundamental property present even in simple limits –
cf. the perturbational expansions of SRLS developed in
early work [13,51], where body 1 is a slowly-
reorienting solvent ‘cage’ and body 2 is a probe reor-
ienting rapidly inside that ‘cage’.

In addition to its application to the analysis of con-
tinuous-wave (CW) ESR lineshapes, the SRLS approach
was also applied to the analysis of 2D-ELDOR line-
shapes [49,50]. The more recent development of SRLS
to NMR relaxation in proteins is described in
References 45–48.

Following a brief summary of the theoretical back-
ground, we show representative examples of the key role
played, and the information provided, by the local
ordering as determined with the SLC, MOMD and
SRLS models. As already noted, the local ordering is
expressed in terms of a (dimensionless) local potential,
u, expanded in the basis set of the real linear combina-
tions of the Wigner rotation matrix elements, DL

0 Kj j, L =
1 . . . ∞, |K| = 0, . . . L. In the case of most thermotropic
liquid crystals, symmetry requires only values of even L,
although in lipid membranes, proteins, and other sys-
tems of polar character, odd L values should be signifi-
cant. For convenience typically only the L = 2, |K| = 0, 2
terms, with coefficients c20 and c22, have been kept. In

some cases, the L = 4, |K| = 0, 2 terms [42], as well as the
odd L values of 1 and 3 [52], have been included in the
expression for u. Even the potential comprising only the
L = 2, |K| = 0, 2 terms is substantially more general than
the potentials used by other authors [9,10]. Importantly,
its form is determined within the scope of a physically
well-conceived theoretical formulation. Order para-
meters, S20 and S22, which are the principal values of
the second-rank traceless irreducible ordering tensor,
S, may be defined in terms of c20 and c22. That is, the
local ordering is characterised by a potential, u, and an
ordering tensor, S. With u in hand one can calculate the
probability distribution, Peq = exp(–u)/Z (Z – partition
function), and subsequently any ensemble average (in
addition to order parameters), e.g. entropy.

Theoretical summary

Smoluchowski equation for rotational
reorientation

This equation is given by [20]:

@PRðΩ; tÞ
@t

¼ J � RRðΩÞ � Jþ J
URðΩÞ
kT

� �� �� �
; (1)

where PR Ω; tð Þ (the subscript, R, stands for ‘rotation’)
is the time-dependent probability distribution for the
orientation of a molecule (specified by the set of Euler
angles Ωðα, β, γ)) relative to a laboratory-fixed coordi-
nate frame. RR Ωð Þ is the diffusion tensor for rotational
reorientation assumed to be time-independent in the
molecular frame, J is the vector operator for infinitesi-
mal rotation, and UR Ωð Þ is the ordering potential.

For an axially symmetric diffusion tensor and UR Ωð Þ
= 0 one has:

J � RRðΩÞ � J ¼ � RR;?J2 þ RR;k � RR;?
� 	 bJz
 �2

� �
; (2)

where RR;k and RR;? are the principal values of the
diffusion tensor, RR Ωð Þ.

The explicit general forms of the operators J2 and Jz
are [20]:

J2 ¼ � @2

@β2
þ cot β

@

@β
þ 1
sin2β

@2

@α2
þ @2

@γ2

� ��

�2
cos β
sin2β

@2

@α@γ

� (3)

and

Jz ¼ �i
@

@γ
(4)
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UR Ωð Þ in Equation (1) is the Potential of Mean
Torque (POMT). The actual torque exerted in the
equilibrium fluid on the molecule with orientation,
Ω, is:

T Ωð Þ ¼ iJUR Ωð Þ: (5)

The precise definition of the operator, J, is [12]:

J2 ΦL
KM Ωð Þ ¼ L Lþ 1ð Þ ΦL

KM Ωð Þ
J� ΦL

KM Ωð Þ ¼ L� Kð Þ L� K þ 1ð Þ½ �1=2ΦL
K�1ð ÞM Ωð Þ

Jz0Φ
L
KM Ωð Þ ¼ KΦL

KM Ωð Þ;
(6)

where the eigenfunctions, ΦL
KM Ωð Þ, and the operators,

J� , are given by:

ΦL
KM Ωð Þ ¼ 2Lþ 1ð Þ

8π2

� �1=2
DL

MK Ωð Þ (7)

J� ; Jx0 � Jy0 : (8)

Jx0 , Jy0 and Jz0 are the components of the operator, J, in
the Principal Axes System (PAS) (call it M frame) of
the ordering tensor, S. For simplicity, this PAS is taken
the same as that of the diffusion tensor, RR Ωð Þ.

The equilibrium solution of Equation (1) is given by:

P Ωð Þ ¼ exp �UR Ωð Þ=kT½ �=Z; (9)

Accounting for the fact that the potential has to be real,
Equation (1) may be recast as:

@PR Ω; tð Þ
@t

¼ �ΓR Ωð ÞPR Ω; tð Þ: (10)

Following the symmetrisation operation (eΓ = P�1=2 ΓP1=2

and eP = P�1=2P) one obtains [20]:

eΓΩ ¼ J � RR � Jþ J � RR � JUð Þ
2kT

þ T � RR � Tð Þ
2kTð Þ2 (11)

eΓΩ ¼ Γiso þ ΓU (12)

where

Γiso ¼ J � RR Ωð Þ � J ¼ � RR;?J2 þ RR;k � RR;?
� 	

Jz
� 

(13)

and

ΓU ¼ 2kTð Þ�1 RR;? J2U
� 	þ RR;k � RR;?

� 	
Jz0

2U
� 	� 

� 2kTð Þ�2½RR;? Jþ Uð Þ J� Uð Þ þ RR;k Jz0Uð Þ2: (14)

Translational diffusion will not be considered here, but
see Reference [19]. For convenience, we omit below the
subscript, R.

Uniaxial media: potentials, U Ωð Þ, and associated
order parameters

In uniaxial media, only the Wigner rotation matrix
elements withM = 0, i.e. DL

0K(β; γ), survive in the expan-
sion of U Ωð Þ. One has U β; γð Þ; where β and γ are the
angles defining the orientation of the local ordering
frame, M, in the director frame, C [12]. Let us consider
an oriented (monodomain) nematic phase where the
laboratory frame, L, and the director frame, C, are parallel
to the external magnetic field, B0. The corresponding SLE
frame scheme is depicted in Figure 1.

For uniaxial media that exhibit inversion symmetry
with respect to the origin of the C frame (e.g. non-
polar LCs), only even-L terms survive. We refer below
to such cases, unless otherwise specified. One has [12]:

U β; γð Þ ¼ �
X

L;K
cL0KD

L
0K β; γð Þ (15)

The dimensionless potential for L = 2, |K| = 0, 2 is given by:

u β; γð Þ ;U β; γð Þ=kT ¼ �c20 D
2
00 β; γð Þ

� c22 D2
02 β; γð Þ þ D2

0�2 β; γð Þ� 	
: (16)

In irreducible tensor notation, one may define five
order parameters in terms of the potential of
Equation (16). They are given by [7,12]:

D2
0K β; γð Þ ¼

ð
sin βdβdγD2

0K β; γð Þ exp �u β; γð Þ½ �
� �

=

ð
sinβdβdγ exp �u β; γð Þ½ �

(17)

where K = – 2, . . . 2. For at least three-fold (C3v

point-group) symmetry around the local director, C,

Figure 1. SLE frame scheme for L (laboratory frame), B0 (exter-
nal magnetic field direction) and C (director frame) being the
same. M – local ordering/local diffusion frame; ‘magnetic’ –
NMR interaction frame (if several magnetic interactions enter
the analysis, the designation ‘magnetic’ will include the corre-
sponding magnetic frames). The Euler angles ΩCM are time-
dependent; the Euler angles ΩMmag are time-independent.
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and at least two-fold symmetry (D2h point-group)
around ZM, only S20 ¼ D2

00

�
β; γð Þi and S22 ¼

D2
02

�
β; γð Þ þ D2

0�2 β; γð Þi survive in the M frame.
The principal values of S tensor in Saupe-tensor
notation, Sxx, Syy and Szz, relate to S20 and S22 as

Sxx ¼
ffiffiffiffiffiffiffiffi
3=2

p
S22 � S20


 �
=2; Syy = � ffiffiffiffiffiffiffiffi

3=2
p

S22 þ S20

 �

=2

and Szz ¼ S20: [2,3,20] If three-fold symmetry also
prevails around ZM, the coefficient c22 in Equation
(16) will be zero, and S22 = 0. The order parameters
associated with L ≠ 2 are defined by analogy,
assuming that they are diagonal in the PAS of
the second-rank ordering tensor.

The constituents of u β; γð Þ are real combinations of
the DL

0K(β; γ) functions, which belong to the D2h point
group [53]. Thus, it seems reasonable to impose effec-
tive D2h point group symmetry on u β; γð Þ (note also
that D2h point group symmetry is inherent to the
definition of the diffusion tensor, R, whose PAS is
taken here the same as that of the ordering tensor, S,
defined in terms of u β; γð Þ).

Other symmetries of the local potential
Monodomain nematic and smectic A LCs exhibit
inversion symmetry with respect to the origin of the
director frame. In a simple sense, the ordering of
a large solute probe reorienting in such an LC may be
taken as reflecting this inversion symmetry. This sce-
nario represents ‘non-polar’ ordering; consequently,
the local potential comprises only even-L terms (e.g.
see Reference [52]). The ordering may be thought of as
a preferential arrangement in space of double-headed-
arrows, a setup often referred to as alignment [1,54].
The leading terms here are the real linear combination
of the functions D2

0K with L = 2, | K | = 0, 1, 2 (more
generally, L = 2, 4, 6 . . .).

Envision a smaller probe residing, e.g. in one leaflet
of a lipid bilayer. The local environment is most cer-
tainly polar, requiring odd-L terms to be retained in
the expression of the potential. This type of ordering,
associated with a uniaxial polar director, may be
thought of as preferential arrangement in space of
single-headed arrows, which is often referred to as
orientation [1,54].

Now consider a probe which is a spin-labelled struc-
tural moiety reorienting in the anisotropic inner space
of a protein. The fact that the probe is attached physi-
cally to the protein implies a single-headed-arrow-type,
i.e. polar, ordering. As indicated above, this scenario is
represented by taking the local director to be uniaxial
and polar. The local potential should feature odd-
L terms, the leading ones being the real linear

combinations of the functions D1
0K with L= 1, | K | =

0, 1 (more generally, L = 1, 3, 5 . . .).
The D2h point group comprises non-polar/‘gerade’

(labelled ‘g’) and polar/‘ungerade’ (labelled ‘u’) irredu-
cible representations (see Character Table of the D2h

point group given in [Table 1];)[52]. The potentials,
u β; γð Þ, may thus be characterised on the basis of the
irreducible representations of the D2h point group. The
polar constituents/terms with odd-L correspond to the
irreducible representations Au, B1u, B2u or B3u, whereas
the non-polar constituents with even-L correspond to
the irreducible representations Ag, B1g, B2g or B3g. This
is an interesting new perspective for characterizing
local ordering in proteins. In view of the various
approximations, admixtures are probably realistic (see
below).

Biaxial media are discussed in Reference [19]; here
we forgo considering such media in detail, except for
pointing out the observation of local biaxiality in
oriented phospholipid bilayers studied at 250 GHz
microwave frequency [55].

Director tilt

As pointed out above, the SLE of Freed et al. is applic-
able to slow-motional ESR spectra wherein the LC
directors are tilted with respect to the external field,
B0 [16]. The corresponding frame scheme is depicted
in Figure 2. The time-independent Euler angles ΩLC

represent the director tilt. For uniaxial C (L is inher-
ently uniaxial), only the polar angle, βLC survives. Note
that ΩCM = – ΩLC+ ΩLM. In this notation the ΩLM is

Figure 2. SLE frame scheme for liquid-crystal director (C frame)
tilted with respect to the external magnetic field, B0 (L frame);
the Euler angles ΩLC are time-independent. The M and ‘mag-
netic’ frames, and the Euler angles ΩCM and ΩMmag – as in the
captions of Figure 1.
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applied first and then the � ΩLC is applied. As is well
known, these 3D rotations do not commute.

Now assume that the Euler angles, ΩLC, are distrib-
uted in space at random; this is the MOMD model
[30]. One has to calculate ESR or NMR spectra for
a sufficiently large number of ΩLC values and superpose
the respective lineshapes to obtain the MOMD spec-
trum [30].

Additional aspects

Fluctuations in the local structure (the simple limit of
the SRLS model) are discussed in Reference [19].
Magnetic parameters, effective Hamiltonian, spectral
densities and linewidths are discussed for nitroxides
in Reference [20]. Of interest in the present context
are the order parameters S20 and S22. The conditions
under which these quantities can be derived directly
from the experimental spectra are specified in
Reference [20]. In general, all of the physical para-
meters associated with ordering, motion and geometry
are obtained by fitting sets of ESR spectra acquired at
various temperatures, and/or pressures, and/or micro-
wave frequencies [18]. The ESR spectra may be of the
1D CW or 2D-ELDOR type.

The stochastic Liouville equation (SLE)

We refer to the SLE for a probe reorienting in an
anisotropic medium with director C (frame scheme
shown in Figure 2 with ΩLC fixed). The coordinates
Ωo characterise the orientation of the probe with
respect to the laboratory frame. The ESR spin
Hamiltonian describing the magnetic interactions asso-
ciated with a nitroxide radical is given by [42]:

bH ¼ βe=�h
� 	

B0 � g � bS þ γebI � A � bS; (18)

where βe is the Bohr magneton, �h the Planck constant,
γe the electron gyromagnetic ratio, and the
Hamiltonian is expressed in angular frequency units.
The first term is the electron Zeeman interaction with
B0. The second term describes the hyperfine interac-

tion between the nuclear spin operator, bI, and the

electron spin operator, bS. The g and A tensors depend
on the coordinates Ωo. The nuclear Zeeman terms for
nitrogen nuclei with spin equal to 1 are generally
neglected in Equation (18).

According to the stochastic Liouville approach, the
evolution in time of the density matrix operator,bσ Ωo; tð Þ, which represents the joint evolution of the
quantum spin degrees of freedom and the classical

motion coordinates, Ωo, is described by the semi-
classical Stochastic Liouville Equation (SLE) [42]:

ð@=@tÞσ̂ðΩo; tÞ ¼ �ðΓ̂ þ iĤxÞσ̂ðΩo; tÞ; (19)

where bHx is the quantum Liouville operator, i.e. the

commutator superoperator defined with respect to bH,

and bΓ is a Markovian operator which we take to be
given by the Smoluchowski operator defined by

Equations (12)–(14). The quantity (bΓ + i bHx) is referred
to as the stochastic Liouville operator.

The ESR (or NMR, using the appropriate spin-
Hamiltonian) spectrum for an unsaturated frequency-
swept CW spectrum is given by [42]:

IðωÞ ¼ 1
π
Rhυj½ðbΓþi bHxÞþiðω�ω0ÞbI��1jυi; (20)

where ω is the sweep frequency, ω0 = g0eB0/�h = γeB0
with g0 = 1/3 (gxx + gyy + gzz) (where (x, y, z,) denotes
the laboratory frame). The starting vector, |v>, with
respect to which the resolvant in evaluated, is an opera-
tor in Hilbert space acting on the spin degrees of free-
dom; it is also a function of the probe coordinates, Ωo.
The symbol R in Equation (20) implies the real part of
the expression which it precedes.

The slowly relaxing local structure (SRLS) approach
The stochastic description of Equation (19) includes
only simple probe reorientation. This is equivalent to
a Brownian-like assumption where the immediate sur-
roundings of the probe produce random forces and
torques with a white-noise spectrum. To account for
dynamic modes arising from the local behaviour of the
immediate surroundings of the probe, the
Smoluchowski operator, bΓ Ωoð Þ (Equations (11)–(14)),
becomes the augmented Smoluchowski operator,bΓ Ωo;Ωcð Þ, which includes the dynamic effects asso-
ciated with the immediate surroundings of the probe
in the form of additional degrees of freedom, Ωc,
coupled to the probe degrees of freedom, Ωo. The
SRLS equation is obtained from Equation (19) by

replacing bσ Ωo; tð Þ with bσ Ωo;Ωc; tð Þ and bΓ Ωoð Þ withbΓ Ωo;Ωcð Þ. Formally Figure 2, with the Euler angles
ΩLC being now time-dependent, applies to the case
where the surroundings represent an isotropic external
medium so that C represents both the rotational diffu-
sion of the medium and the local director for restricted
probe motion [41].

The formulation developed in Reference [42] allows
for anisotropic external media. In this case, there are
three types of potentials describing the local ordering,
all of them taken to comprise the L = 2, |K| = 0, 2
terms. The local potential on the probe has coefficients
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c20 and c22; the mean-field potential representing the
alignment of the probe in the anisotropic external
medium has coefficients a20 and a22 (see below); and
the mean-field potential representing the alignment of
the ‘cage’ in the external anisotropic medium has coef-
ficients b20 and b22 [42].

SRLS Smoluchowski operator for protein dynamics
We refer to the application of SRLS to an internally
mobile nitroxide-ESR-labelled or heteronuclear-NMR-
labelled protein tumbling in isotropic solution. In this
case, the probe (body 2 or rotator 2) is a rigid spin-
labelled moiety reorienting locally in a restricted man-
ner, while its immediate surroundings represented by
the protein (body 1 or rotator 1) are tumbling in
solution. The frame scheme for this case is shown in
Figure 3.

A new frame – C′ – appears in Figure 3; it represents
the local director frame, typically taken uniaxial. In
general, C′ is not the same as the global diffusion
frame, C, unless the latter is isotropic. For example,
taking C to be axial (cigar-shaped protein), the time-
independent Euler angles, ΩCC0 , are given by (0, βCC0 ,
0), with βCC0 denoting the tilt angle between the (axial)
C and C′ frames.

Let us assume for simplicity that C and C′ are the
same (βCC0 = 0). The SRLS operator is given by [45]:

bΓ ¼ bΓglobal ΩLCð Þ þ bΓlocal ΩLMð Þ þ Fglobal �ΩCMð Þ
þ Flocal ΩCMð Þ: (21)

The first term of Equation (21) refers to the global-
motional rotator and the second term to the local-
motional rotator in the absence of a coupling potential.
For isotropic global motion one has:

bΓglobal ΩLCð Þ ¼ Rc bJc
 �2
; (22)

where bJc is the operator for infinitesimal rotation asso-
ciated with this motion (cf. Equations (6)). Rc ¼ 1= 6τcð Þ
is the diffusion rate constant for global motion.

The local motion term is taken (in the absence of
a coupling potential) as an axially symmetric diffusion
tensor:

bΓlocalðΩLMÞ ¼ Ro
?ðbJoÞ2 þ ðRo

k � Ro
?ÞðbJozÞ2; (23)

wherebJo is the operator for infinitesimal rotation for this

motion, bJoz is its z-component in the local diffusion
frame (cf. Equations (6)), and Ro

k andR
o
? are the princi-

pal values of the local diffusion tensor in the M frame.
The motion of the probe in the interior space of the

protein is restricted by the potential, UðΩCMÞ, which
couples the global and local motions. The terms Fglobal

and Flocal in Equation (21) represent this coupling. They
are functions of the Euler angles ΩCM ¼ �ΩLC þΩLM

which transform the C frame into theM frame (Figure 3).
The operator expressions for Fglobal and Flocal are [45]:

Flocal ¼ 1
2

� �
Ro
? bJo
 �2

u

� ��

þ Ro
k � Ro

?

 � bJoz
 �2

u

� ��

� 1
4

� �
Ro
? bJoþu
 � bJo�u
 �

þ Ro
k bJozu
 �2

� �
(24a)

and

Fglobal ¼ 1
4

� �
Rc½ð2ðbJcÞ2uÞ � ðbJcþuÞðbJc�uÞ þ ðbJczuÞ2�;

(24b)

where u ≡ U(ΩCM)=kT; from which S20 and S22 may be
determined (cf. discussion following Equation (17)).
The latter are the order parameters.

Local ordering at mobile sites in heteronuclear-
NMR-labelled proteins – a feature of particular inter-
est – has been treated traditionally with the model-free
(MF) method [56,57]. MF is a simple limit of SRLS
without a physically defined potential and with the
various tensors having the highest possible symmetry.

Figure 3. Frame scheme for an internally mobile spin-labelled
protein in isotropic solution. L – laboratory frame parallel to B0;
C – global diffusion frame; C′ – local director frame; M – local
ordering/local diffusion frame; ‘magnetic’ refers to the relevant
magnetic frame(s). The Euler angles ΩLC (global motion) and
ΩC0M (local motion) are time-dependent; the Euler angles ΩCC0

and ΩMmag are time-independent.
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Rather than an axial (highest-symmetry) ordering ten-
sor, S, with principal value S20, MF chooses to use
a squared generalised order parameter, S2, arbitrarily
defined as [56]:

S2 ¼
X

K¼0;�1;�2
j D2

0K

� �
D2

0�K

� �j; (25)

where < . . . > denotes averaging over the local motion.
S2 is the same in any coordinate frame. In the PAS

of the ordering tensor, S, one has:

S2 ¼ D2
00 βð Þ� �2 þ 2 Re D2

02 β; γð Þ� �� �2

¼ S20
� 	2 þ 0:5 S22

� 	2
; (26)

given that S20 ≡ <D2
00 β; γð Þ> and S22 ≡ 2{Re<D2

02 β; γð Þ>}. In
the simple limit where S22 = 0 and S20 is very large, S2 ¼
S20
� 	2

is a physically well-conceived measure of the total
mean-squared amplitude of all internal motions [7].
Otherwise S2 is a composite given by the sum of an
axial term and a rhombic term. In some cases, S2 is
converted into conformational entropy [58], the meaning
of which is thus physically vague. In molecular dynamics
(MD) studies S2 is calculated often using Equation (25),
which implicitly has the meaning of Equation (26).

Results and discussion

The main experimental variables for studying nitrox-
ides are the temperature and the microwave frequency.
Figure 4 shows ESR spectra of the nitroxide 2,2,6,6-tet-
ramethyl-4-piperidone N-oxide (PDT) in toluene
acquired at 250 GHz microwave frequency over the

entire dynamic range [59]. It illustrates the remarkable
sensitivity of the slow-motional regime. Figure 5 shows
simulated ESR spectra of a nitroxide reorienting with
diffusion rate of 108 s�1 for microwave frequencies
spanning the range of 15.635–2000.0 GHz [59]. The
ESR lineshapes are also very sensitive to this variable.
Among others, Figure 5 illustrates the fact that slow
motions affecting the ESR spectrum at low microwave
frequencies might be frozen out at high microwave
frequencies because of their faster time-scale [23]. As
shown below, this is particularly useful for multifre-
quency ESR applications to proteins in solution.
Figures 4 and 5 depict cases with no local ordering;
further enhanced sensitivity is featured by ESR spectra
in the presence of local ordering.

Local ordering in thermotropic liquid crystals; ESR
analysis

Slow-motional ESR analysis of nitroxides dissolved in
anisotropic media was first developed in Reference

Figure 4. ESR spectra at 250 GHz of PDT in toluene in the –40
to –129°C temperature range [59].

Figure 5. Simulated ESR spectra of a nitroxide reorienting with
diffusion rate constant of 108 s�1 in the microwave frequency
range of 15.625–2000 GHz [59].
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[11]. In that study, the ordering and diffusion of the
probe were taken to be axially symmetric, and the
medium was uniaxial with the director parallel to B0.
Extension to rhombic ordering potentials, and applica-
tion to PDT dissolved in the liquid crystals butyl-
p-(p-ethoxyphenoxycarbonyl) carbonate (BEPC),
p-(p-ethoxyphenyl-azo) phenylhexanoate (PEPH), and
p-(N-[p-methoxybenzylideneamino]-n-butylbenzene
(MBBA), were first reported in Reference [12]. The
motional-narrowing ESR spectra yielded weak rhombic
ordering and activation energies characteristic of the
twist viscous properties of the liquid crystal.
Anomalous behaviour, detected in the incipient slow-
motional regime was interpreted in terms of fluctua-
tions in a dynamic slowly relaxing solvent ‘cage’ sur-
rounding the probe, within the scope of a simple
treatment.

This anomaly prompted the development of the
slowly relaxing local structure model, first formulated
in Reference [51] as a perturbational expansion.
A slowly moving ‘solvent cage’ houses a rapidly reor-
ienting probe. The two entities are coupled by means of
weak fluctuations in the local ‘cage’ structure,
expressed as S20

� 	2
. Both the probe and the cage reori-

ent isotropically. The perturbational expansion of SRLS
was used within the scope of motional narrowing ESR
or NMR, and the magnetic and model tensors were
taken diagonal in the same axial frame, for simplicity.
The spectral density (obtained by Fourier transforma-
tion of the SRLS time-correlation function) is given
by [47]:

JðωÞ ¼ S20
� 	2

τ1;0= 1þ ω2τ1;0
2

� 	
þ 1� S20

� 	2
 �
τ2;0= 1þ ω2τ2;0

2
� 	

; (27)

where 1 stands for ‘cage’, 2 for ‘probe’, and S20 = <D2
00

(ΩCM)> is defined in terms of the potential

u ¼ �c20D
2
00. The term S20

� 	2
τ2;0/(1 + ω2τ2;0

2Þ expresses
the dynamical coupling between the probe and the
‘cage.’ The spectral density of Equation (27) is for-
mally analogous to the model-free spectral density of
Reference [56] but stated and given in the context of
liquid crystals 5 years earlier. An enhanced perturba-
tional SRLS expansion suitable for rhombic coupling
potential and a 90° tilt between the principal axes of
the ordering and magnetic tensors was developed in
Reference [13]; the corresponding spectral density is
formally analogous to the extended MF spectral den-
sity of Reference [57], although presented years
earlier.

In Reference [13], the probe PDT, previously used
in Reference [12] to study nematics, was used to study
the liquid crystals [4ʹ-n-octyl-4-cyanobiphenyl (8CB),
N-(p-butoxybenzylidene)-p-n-hexylalinine (4O,6), and
N-(p-butoxybenzylidene)-p-n-octylalinine (4O,8)],
which exhibit nematic, smectic A and smectic
B phases. ESR lineshapes were acquired and analysed
as a function of temperature and orientation, θ (βLC
in Figure 2), of the director with respect to B0.
Rhombic ordering was determined in all of the LC
phases. In the smectic phases, PDT was found to be
gradually expelled from the rigid-core region into the
flexible hydrocarbon end-alkyl-chain region of the
smectic layer. The temperature-dependent S20 and S22
patterns played a key role in providing new informa-
tion on the packing of smectic layers. SRLS effects,
which impact the local ordering in the flexible end-
alkyl-chain region, were detected in the incipient
slow-motional regime. Static distortions of the smectic
layering introduced by wall-effects, and magnetic-field
-induced torques, were also detected.

A method for preparing distortion-free and
strongly anchored monodomain smectic LCs between
glass surfaces was developed in Reference [60]. The
nitroxide N-oxyl-4,4-dimethylspiro[oxazolidine-2,3ʹ-
5α]–cholestane (CSL) was used to study the benzyli-
dene-type liquid crystals di-heptyloxyazooxybenzene
(HOAB), (4O,6) and (4O,8). Motional-narrowing
ESR analysis was applied to temperature-dependent
and orientation-dependent spectra where appropri-
ate. Slow-motional ESR analysis was applied to spec-
tra where the LC director was parallel to the external
magnetic field; for tilted director the slow-motional
calculations were too tedious at that time. CSL was
found to exhibit axial local ordering, in agreement
with its cylindrical symmetry. SRLS-related effects
were detected.

In Reference [16] the Lanczos algorithm was imple-
mented in a general and efficient formulation of slow-
motional and ordering effects on ESR lineshapes,
including tilted directors. Various spin-probes and var-
ious LCs were considered. In particular, the nitroxide
2-2ʹ-6-6ʹ-tetramethyl 4-(butyl-oxy)-benzoyl-amino
piperidine 1-oxyl with perdeuterated piperidine ring
(P-probe) was used to investigate the benzylidene-
derivative LC 4O,6, the cyanobiphenyl-derivative LC
4-cyano-4ʹ-n-pentyl biphenyl (5CB), and the eutectic
mixture of 4-cyano-4ʹ-n-octyl biphenyl, 4-cyano-4ʹ-
n-decyl biphenyl and 4-cyano-4ʹ-n-decyl oxy-biphenyl
liquid-crystal S2. It was found that the main change
upon passing from the nematic to the smectic phase of
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4O,6 consists of a change in local ordering attributable
to packing forces. SRLS effects were detected in 5CB.

The probes CSL and 1,14 stearic acid were used in
Reference [61] to study the smectic A phases of 5CB and
S2. The analysis of slow-motional orientation-
dependent ESR spectra using the effective computer
program developed in Reference [16] made possible
obtaining detailed information on the local ordering.
Figure 6(a) shows temperature-dependent ESR spectra
from the smectic A phase of S2 in the (–9) to (44.5) °C
range for the director orientations θ = 0°, 45° and 90°.
Figure 6(b) shows the corresponding calculated spectra.
Out of the various parameters depicted, of interest in the
present context are the coefficients λ and ρ of the poten-
tial u(β, γ) = – λ cos2β – ρ sin2β cos2γ, where λ evaluates
the strength of the local potential and ρ its rhombicity (λ
and ρ are given in units of kT). This potential represents
the recast form of Equation (16) where the free term has

been omitted; one has λ = 3=2c20 and ρ ¼ 6
1
2

2 c22 [13].

A relatively weak ordering potential with λ = 1 at 44.5°C
changes gradually to a strong potential with λ = 6 and
at –9°C. The rhombicity of the potential increases with
decreasing temperature from |ρ| = 0.5 at 44.5°C to |ρ| =
0.8 at –9°C, in evidence of more elaborate restraints at
lower temperatures attributable to variations in packing
forces.

Local ordering in lyotropic liquid crystals; ESR
analysis

The slow-motional SLE developed by Freed et al. was also
applied to ESR spectra from nitroxides dissolved in lyo-
tropic liquid crystals, in particular phospholipid bilayers.
This activity was initiated around 1980 [62]. Since then
a large number of phospholipid-bilayer systems in the
form of monodomains [63–70] and dispersions [32,33]
have been investigated with CW ESR. Phospholipid
bilayers in the form of dispersions also have been

Figure 6. Experimental ESR spectra of the P probe in the smectic A phase of S2 for tilt angles of θ = 0°, 45° and 90° between the LC
director and the external magnetic field, B0 (a). Corresponding calculated ESR spectra with the perpendicular diffusion rate constant,
R? the ratio N = Rk/R? the inhomogeneous line-broadening T�2

�1 and the potential coefficients λ and ρ depicted. A distribution
function reflecting cooperative chain distortions static on the ESR timescale was also included in the calculations of the spectra
shown in Figure 6(b) [61].
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investigated with 2D-ELDOR [25–28,71,72]. Features of
local ordering have been associated with biological func-
tion [33,73–76].

We would like to point out that often order para-
meters for model and biological membranes are mis-
construed as representing ‘membrane fluidity’ [77,78].
Fluidity is a motional parameter whereas ordering is
a structural parameter. In SLC, SRLS and MOMD there
is a clear distinction between structural quantities
(potentials and order parameters), dynamical quanti-
ties (diffusion rate constants, jump-rates, etc.), geo-
metric quantities (Wigner rotations), and
thermodynamic quantities (activation energies).
Physically well-conceived membrane fluidity is
described, e.g., in Reference [79].

We discuss below representative studies that illus-
trate the determination of local ordering in model and
biological membranes, using SLC, MOMD or SRLS
analysis of ESR spectra.

Oriented dipalmytoylphosphatidyl choline (DPPC)
bilayers with less than 10% water content and 0–4
mol % of the polypeptide gramicidin A (GA) were
investigated in Reference [65] with SLC. In the gel
phase it was possible to distinguish between two
sites – bulk lipid and disordered lipid. It was shown
that the latter type is not the usually invoked ‘immo-
bilised lipid’ [77,78], as the diffusion rates are virtually
the same for both lipid types. Rather, it is the ordering
in the two lipid-types that distinguishes between them.
Rhombic ordering was found to prevail in the gel
phase, and axial ordering in the LC phase. It was
concluded that ‘the principal lipid-GA interaction is
that of a boundary effect such that the GA induces
disorder in low-temperature and low-water content
lipids but it induces order in high-temperature and
high-water content (i.e. less ordered) lipids.’
Additional SLE/ESR studies of monodomain mem-
branes are described in References [63,64,66–70].

Utilizing well-resolved monodomain samples is
clearly informative. However, often only lipid disper-
sions are available or relevant. In fact, it was shown in
Reference [80] that the lipid structure and dynamics in
lipid dispersions and aligned membranes (even when
fully hydrated) differ significantly. Lipid dispersions are
generally considered a better model for biological
membranes. In these cases [31–33,73–76] MOMD
[30] applies. Figure 7 illustrates the MOMD analysis:
traces two-to-eight correspond to the individual orien-
tations whereas the MOMD spectrum is shown on the
top [59].

In recent years, the MOMD model has been utilised
to study by ESR the initial stages of the viral attack on
membranes, in particular the role of the fusion peptide

(FP) of the virus which inserts into the target mem-
brane [81,82]. One studies the ESR spectrum as
a function of fusion peptide concentration using lipids
spin-labelled at various positions along the chain, and
at the headgroup, of the lipid molecule. By plotting the
value of the S20 obtained from the MOMD fit to the ESR
spectrum versus FP concentration, an S-shaped curve
(cf. Figure 8), representing a sharp increase in S20 at
a particular concentration to a new plateau value, is
obtained. This is taken as a collective effect by the FP’s
to increase local ordering in the membrane domains to
initiate the fusion process. Modified FP’s, which are
not fusogenic, do not show this effect. This same phe-
nomenon has now been observed by ESR/MOMD for
the FP’s of several well-known viruses.

Reference [83] is a particularly revealing illustration
of this MOMD/ESR method for solving important
issues in biology. The focus of that article is
a comparison of the fertility-linked conserved trans-
membrane protein HAP2/GCS1 (from the protozoa
T. thermophilia), hypothesised to be an ancient gamete
fusogen and the HAP2 dengue virus FP, which adopts
a protein fold remarkably similar to HAP2/GCS1.
Within the scope of a comprehensive study comprising
a number of biophysical methods, MOMD/ESR was
utilised to show that the dengue virus FP shows the

Figure 7. Simulated absorption 9 GHz ESR spectra from
a nitroxide dissolved in an anisotropic solvent as a function
of the angle, θ, between the director and the external magnetic
field. Starting with the second trace, the θ values are 90°, 75°,
60°, 45°, 30°, 15° and 0°. The MOMD spectrum is depicted on
the top [59].
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typical collective increase in the membrane order para-
meter, S20. The results support the idea that the
T. thermophila HAP2 fusion loop participates in mem-
brane fusion during mating. Thus, HAP2 may have
arisen from a virus and been key to the origin of
eukaryotic sex.

High-frequency ESR

An advance that is important, in general, and very
useful for dispersions, in particular, has been the estab-
lishment of high-frequency ESR, notably the spectro-
meter operating at 250 GHz microwave frequency
[23,24]. To appreciate the substantial increase in orien-
tational sensitivity at high microwave frequencies,
implied by the considerably larger anisotropy of the
g-tensor, we show in Figure 9 CSL powder spectra at 9
and 250 GHz [55]; clearly, they differ to a very large
extent, with the latter showing the very substantial
g-tensor resolution.

Reference [55] illustrates the benefit of using high-
frequency ESR to study local ordering in oriented
DPPC bilayers and oriented mixed DPPC and dimyr-
istoylphosphatidylserine (DMPS) bilayers. The spin-
probe used was CSL, and the sample was oriented

either parallel or perpendicular to the external mag-
netic field. Samples in pure DPPC yielded single-
component ESR spectra exhibiting axial diffusion
(in agreement with the cylindrical shape of CSL)
and elaborate local potentials, comprising the terms
with L = 2, |K| = 0, 2 and L = 4, |K| = 0, 2. To
appreciate the extent of the information obtained we
show in Figure 10 several un-normalised probability
distributions, exp �u β; γð Þð Þ, where u β; γð Þ are the

Figure 8. (Colour online) Order parameter, S0 ¼ S20, of dipalmi-
toylphophadidyl-tempo-choline versus the influenza haemag-
glutinin subunit HA2 fusion peptide concentration in
1,2-dimyristoyl-sn-glycerol-3-phophocholine/1,2-dimyristoyl-sn-
glycerol-3-phopho-(1ʹ-rac-glycerol/cholesterol = 40:30:30 multi-
lamellar vesicles with (black, red) or without (blue, pink) 0.5%
transmembrane domain (mol:mol) peptide in pH 7 (black, blue)
and pH 5 (red, pink) buffer with 150 mM NaCl at 37°C [82].

Figure 9. Powder spectra of the CSL probe at 9 and 250 GHz. The
short bars denote the field values where absorption occurs when
the principal axes (denoted here x, y, z) of the g and A tensors
(taken the same) are parallel to the external magnetic field [55].

Figure 10. Un-normalised probability distributions,
exp �u β; γð Þð Þ, corresponding to the potentials depicted in
columns A, C, D, E and G of Table 2, which are best-fit
potentials determined in Reference [55]. n̂ is the normal to
the bilayer plane [55].
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best-fit SRLS potentials given in Table 2. Cases A and
B (not shown) give the best fit for the gel phase of
80:20 mol% DMPC:DMPS.

A second spectral component appeared upon adding
DMPS to DPPC. That component exhibited a new
ordering-related feature – strong local biaxiality at the
position of the CSL probe, ascribed to inefficient pack-
ing between CSL and DMPS. Cases C, D, E, and G of
Figure 10 were tried to fit the spectra of this compo-
nent from 100% DMPS. Only case G, which involves
a distribution of local biaxial director axes n̂L relative to
the macroscopic director axis n̂, was found to be suc-
cessful. The orientation of n̂L relative to n̂ is given by
the polar angles �; ζð Þ:Each orientation is weighted by
a probability factor exp �V �; ζð Þð Þ sin� d� dζ . For the
present case one may choose V = – dc20 cos �2, where
dc20 is the new parameter in the fit. The ESR spectrum
for a given macroscopic orientation is then the sum of
the spectra due to all orientations of n̂L. Such biaxiality
was predicted by MD simulations, but previously not
observed experimentally. To our knowledge, no other
method has provided information on local ordering in
phospholipid bilayers at this level of detail.

2D-ELDOR

The other important event, advancing significantly the
research of phospholipid dispersions, has been the
development of 2D-ELDOR [25–28]. Spectra from
this technique are substantially more sensitive to mole-
cular structure and dynamics than CW ESR spectra.

Thermotropic liquid crystals. 2D-ELDOR has been
instrumental in showing that SLE-based SRLS [42] rather
than the standard liquid crystal SLE theory [16] is the
appropriate approach to use even for thermotropic liquid
crystals. The upper row of Figure 11 shows experimental
2D-ELDOR magnitude spectra obtained from the rigid
CSL probe dissolved in the liquid crystalline phases of
4O,8 [49]. The middle row shows the best-fit spectra
calculated with SRLS, and the lower row shows the best-
fit spectra calculated with the standard SLC model. The
SRLS simulations reproduce the experimental spectra
substantially better than those of the SLC. (See also
Reference 50, which is the 2D-ELDOR study of the
small and weakly aligned probe PDT in 4O,8; it also
leads to much better fits with the SRLS model.) While
the standard model required an unduly large rotational
anisotropy of CSL, this was no longer required by SRLS.
Thus, in this case, and undoubtedly in other cases where
the dynamic structure of LCs is studied with ESR, internal
SRLS ordering has to be accounted for in addition to the
external LC ordering. The local structure potential is
expressed in terms of the real linear combinations of the
Wigner rotation matrix elements for L = 2, |K| = 0, 2 with
coefficients c20 and c22. The LC potential is also expressed
in terms of these real Wigner rotation matrix elements
with coefficients a20 and a

2
2. The coefficients determined in

Reference [49] for the various phases of 4O,8 are given in
Table 3(a). The two types of potentials differ in shape,
magnitude and temperature-dependence; this is expected
in view of their different nature. Table 3(b) shows the
coefficients a20 and a22 obtained with the SLC instead of
SRLS analysis; they differ substantially from their coun-
terparts in Table 3(a), indicating that in this case, the SLC
analysis is oversimplified. Clearly, the local ordering is
well determined in this case.

Note that this was a temperature-dependent study
(ca. 25–100 °C) that covered many liquid crystalline
phases: Isotropic (I), Nematic (N), Smectic A (SA),
Smectic B (SB), and crystal (C). One sees from Table
3(a) that the cage potential varies from ca. 1 kT in the
isotropic phase to greater than 2 kT in the N and SA
phases, with an abrupt drop to about 0.2 kT in the SB
and C phases. Concomitant with this drop at the SA–SB
transition is an almost comparable increase in the
orienting potential associated with the macroscopic
alignment. This is consistent with a freezing-in of the
smectic structure at this transition. The cage relaxation
rate given by Rc in Table 4 is of 107 s�1 in the I and
N phases. It drops somewhat in the SA phase, but there
is a greater than an order of magnitude drop in RC for
the SB and C phases to about 105 s�1, consistent with
a freezing-in of the smectic structure. The overall CSL

Table 1. Character table of the D2h point-group. [53]

E
C2
(z)

C2
(y)

C2
(x) i

σ
(xy)

σ
(xz)

σ
(yz)

Linear
rotations quadratic

Ag 1 1 1 1 1 1 1 1 x2, y2, z2

B1g 1 1 � 1 –1 1 1 –1 –1 Rz xy
B2g 1 –1 1 –1 1 –1 1 –1 Ry xz
B3g 1 –1 –1 1 1 –1 –1 1 Rz yz
Au 1 1 1 1 –1 –1 –1 –1
B1u 1 1 –1 –1 –1 –1 1 1 z
B2u 1 –1 1 –1 –1 1 –1 1 y
B3u 1 –1 –1 1 –1 1 1 –1 x

Table 2. Order parameters from NLLS fits of ESR spectra from
oriented DMPC bilayers doped with CSL. The potentials
depicted correspond to the un-normalised probability distribu-
tions shown in Figure 10 [55].
coefficient ofu β; γð Þ A C D E G

c20 –0.81 1.40 2.00 0.90 –5.16
c22 –1.47 –1.17 –1.50 –0.84 2.13
c40 0.0 0.89 0.0
c42 1.0 1.15 –2.28
c44 0.0 0.0 0.0
dc20 –20.0
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motion is considerably slower than the local-structure
dynamics (ca. 108 – 109 s�1), consistent with the appli-
cation of the SRLS model.

These results show the great insights obtainable
from 2D-ELDOR studies on ordered fluids.

Lyotropic liquid crystals
2D-ELDOR spectra for vesicles of pure DPPC and GA-
containing DPPC bilayers, using 16-PC as probe are
shown in Figure 12A [31]. It can be seen that the

Figure 11. Experimental and simulated 2D-ELDOR spectra of CSL in the smectic A phase of 40,8 at 59°C. Left (right) column is for
a mixing time of 200 (300) ns. Top spectra are experimental, middle spectra are SRLS simulations, and bottom spectra are standard
model simulations [49].

Table 3a. Best-fit LC potentials (coefficients a20 and a20) and
cage potentials (coefficients c20 and c22) obtained with NLLS
SRLS data-fitting of 2D ELDOR spectra from 40,8 doped with
CSL at the temperatures specified [49].
Phase T(°C) a20 a22 c20 c22
I 96.2 . . . . . . 1.10 0.96
I 91.0 . . . . . . 1.04 0.95
I 86.1 . . . . . . 0.73 0.96
I 80.2 . . . . . . 0.73 0.96
N 73.1 1.93 1.46 1.85 0.62
N 70.2 2.15 0.86 2.00 0.62
N 67.5 2.50 1.12 1.84 0.81
N 65.0 2.74 1.27 1.72 0.62
SA 59.1 3.57 0.84 2.26 0.82
SA 56.4 3.79 1.16 2.23 0.78
SA 53.6 4.15 1.44 2.25 0.79
SA 50.8 4.68 1.17 1.62 0.74
SB 44.4 7.49 −0.62 0.215 −0.029
SB 40.7 7.78 −0.50 0.191 −0.003
SB 38.1 7.55 −0.58 0.246 −0.010
SB 35.2 7.62 −0.88 0.451 −0.027
C 29.1 7.61 −0.86 0.200 −0.004
C 24.6 7.96 −1.40 0.075 −0.002

Table 3b. Best-fit LC potentials (a20 and a20) obtained with NLLS
standard LC model fitting of the 2D ELDOR spectra obtained in
Reference [49] at 59°C, 65°C and 91°C [49].
T(°C) a20 a22
91 . . . . . .
65 2.67 −0.99
59 3.68 1.81
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spectra shown in part A (2D-ELDOR) are substantially
more sensitive to the addition of GA than the spectra
shown in part B (CW ESR). The system consisting of
DPPC and DPPC-GA vesicles was studied quantita-
tively with both CW ESR [66,70] and 2D-ELDOR
[32]. While CW ESR provided useful information asso-
ciated with lipid–peptide interactions, detailed infor-
mation could only be obtained using 2D ELDOR [32].

Pure DPPC was found in Reference [32] to exhibit fast
motion and weak ordering, as expected for bulk lipid.
When GA was added an additional component, exhi-
biting much stronger ordering and slower local
motion, appeared. It was interpreted as ‘boundary
lipid’, in agreement with References 66 and 70.

It was found in Reference [32] that ‘y-ordering’
(meaning that the largest Saupe order parameter in
absolute magnitude is Syy) and slow local motion
characterise the ‘boundary lipid’. This points to
a dynamic bending at the end of the acyl chains, as
they coat the GA molecule. Thus, new ordering-related
insight into the effect of GA insertion in membranes
was obtained with 2D-ELDOR studies on vesicle
dispersions.

Another example where 2D-ELDOR provided
important information that could not be obtained
with CW ESR is the study described in Reference
[84]. The ‘full Sc-’ method (detailed description
appears in Reference [85]) was used to elucidate struc-
tural changes in plasma membrane vesicles isolated
from RBL-2H3 mast cells upon antigen cross-linking
of IgE receptors (IgE-FcεRI). The results demonstrate
the coexistence of liquid-ordered (Lo) and liquid-
disordered (Ld) components. It was found that upon
cross-linking the membrane becomes more disordered;
this feature is important from a biological point of
view. The changes revealed are small, showing that

Figure 12. 2D-ELDOR Sc- spectra obtained for DPPC bilayers (right) and DPPC bilayers containing GA (left) at 80°C for a mixing time
of 400 ns (part A); corresponding CW ESR spectra (part B) [31].

Table 4. Best-fit global motions rates, Rc, and local motional
rates, Rok and Ro?, which correspond to the data shown in
Table 3a [49].

Phase T(°C) R0k � 10�9ðs�1Þ R0? � 10�9ðs�1Þ Rc � 10�7ðs�1Þ
I 96.2 0.62 0.119 2.03
I 91.0 0.57 0.094 0.90
I 86.1 0.53 0.088 0.43
I 80.2 0.49 0.080 0.48
N 73.1 0.77 0.138 1.08
N 70.2 0.68 0.131 1.40
N 67.5 0.65 0.121 1.01
N 65.0 0.54 0.101 0.84
SA 59.1 2.37 0.081 0.33
SA 56.4 2.36 0.086 0.32
SA 53.6 2.48 0.077 0.33
SA 50.8 2.33 0.083 0.28
SB 44.4 3.23 0.150 0.022
SB 40.7 2.86 0.115 0.021
SB 38.1 2.77 0.150 0.022
SB 35.2 2.09 0.141 0.015
C 29.1 2.00 0.124 0.010
C 24.6 1.98 0.137 0.000
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2D ELDOR analysed with the ‘full Sc-’ method can be
applied to study complex systems where physical pro-
cesses bring about subtle changes.

Multifrequency ESR

Our last example relates to multifrequency ESR, which is
particularly useful when the system studied exhibits com-
plex motions that are timescale-separated. Reference [35]
provides a typical example. CW ESR spectra from disper-
sions of pure DPPC, and DPPC:cholesterol in a 1:1 molar
ratio, were acquired at 9 and 250 GHz microwave fre-
quency. The probe used was 16-PC. Figures 13A and 13C
(13B and 13D) show the temperature-profiles of the
diffusion rate constant, R?, and the order parameter, S0
≡ S20, obtained at 250 (9) GHz using MOMD. The results
obtained at the two spectrometer frequencies differ sub-
stantially. Consistent results were obtained by analysing
the 9 GHz spectra with SRLS (not shown). The discre-
pancy illustrated in Figure 13 is ascribed to the fact that at
250 GHz only the fast reorientation of the probe affects
the analysis as the overall motion is too slow to affect the
spectrum, hence MOMD suffices, whereas at 9 GHz the
slow reorientation of the lipid in the membrane also
affects the spectrum, hence SRLS is required. Thus,

Figures 13A and 13C directly reflect the faster probe
motion, whereas Figures 13B and 13D reflect the compo-
site motion of the fast and slow modes that require an
SRLS analysis to separate them (note that foreknowledge of
the 250 GHz MOMD fit to the faster local motion [35] is
required). This is an example of the need for a multi-
frequency CW study to elicit the details of a complete
SRLS analysis. Figure 13C shows a phase transition
between 40°C and 41°C for pure DPPC; no phase transi-
tion is observed for the DPPC/cholesterol mixture. This is
consistent with DPPC exhibiting a gel phase below 40°C
and an LC phase above 41°C, whereas the DPPC-
cholesterol mixture exhibits an ordered-LC phase [75]
throughout the temperature range studied. Note that just
the order parameter picked up the phase transition occur-
ring in pure DPPC.

Local ordering in biological macromolecules from
SRLS/ESR analysis

Reference [7] examines the sensitivity of the SRLS
analysis to the physical parameters entering this
model. Simple limits of SRLS are discussed. In the
Fast Internal Motion (FIM) model the local motion is
in the extreme motional narrowing limit. Partially

Figure 13. Diffusion rate constant, R?, and order parameter, S20, from 16-PC in DPPC vesicles as a function of temperature at 250
GHz microwave frequency (parts A and C) and as 9 GHz microwave frequency (parts B and D). The experimental ESR spectra [35]
were analysed with MOMD [30]. The filled triangles correspond to pure DPPC and the open circles correspond to the DPPC/
cholesterol mixture.
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averaged magnetic tensors are characterised by an
‘effective’ order parameter, and the slower global
motion is described in terms of diffusion constant(s).
The Very Anisotropic Rotation (VAR) model just has
a fast Ro

k motion and slow Rc
? motion but no local

ordering. The Averaged Hamiltonian model is the sim-
ple limit where both FIM and MOMD models apply.
These simplified models typically yield inaccurate para-
meters as illustrated in Table 5 from Reference [7], as
well as Figure 13. The row designated ‘SRLS’ comprises
the parameters used to generate a 9 GHz reference
spectrum. The rows designated ‘MOMD’ and ‘FIM’
comprise the best-fit parameters obtained with
MOMD and FIM fitting, respectively, of the reference
spectrum. It can be seen that MOMD provides the
composite of both motions, whereas FIM is
inapplicable.

SRLS applied to DNA oligomers. The SLRS schematic in
Figure 14 depicts a DNA fragment labelled with
a nitroxide [44]. The DNA molecule executes overall
diffusion with rate constants Rc

k and Rc
?; the nitroxide

executes restricted internal diffusion with rate constants
Ro
k and Ro

?. The local director, C′, given by the average

orientation of the spin-labelled side-chain, is represented
by the symmetry-axis of the cone; βcc′ is the tilt angle
between the director frame, C′, and the global diffusion
frame, C.

Different nitroxide labels featuring different-length
tethers attached to DNA oligomers of several lengths
were used and analysed with SRLS. The correlation
times for the global tumbling were obtained from
hydrodynamic theory, enabling the determination of
the local motional ordering and dynamics by fits to
the ESR spectra. Two types of spectra were found. In
one type the spin labels are trapped in a highly
restricted/slow motional site and have a stronger inter-
action with the base than those in the other site. In
general, Ro

? becomes slower as the size of the oligomer
increases, which may be a manifestation of collective
modes of motion of the DNA.

SRLS applied to T4 lysozyme. Several ESR studies of
nitroxide-labelled T4L have been performed in the
1996–2010 time-frame [36,43,86,87]. The experiments
became more extensive and the analysis more detailed
with time. We will discuss in some detail the last
study [43], following a brief summary of the earlier
work.

Thirty single cysteine substitution mutants of T4l
were prepared in Reference [86] (year 1996) to system-
atically investigate the relationship between nitroxide
side-chain mobility and protein structure. ESR spectra
were acquired at 9 GHz microwave frequency. The
structural perturbations were shown to be small at
solvent-exposed sites. The primary determinants of
nitroxide side-chain mobility were found to be tertiary-
structure-associated interactions which exert local
restrictions, and backbone dynamics. In Reference
[87] (year 1999) ESR spectra from T4L lysozyme
labelled with nitroxide at positions 44 and 69 were
acquired in the 10–35°C temperature range, and at 9
and 250 GHz microwave frequency. The 250 GHz
spectra were analysed with MOMD to obtain the inter-
nal dynamic and structural parameters. The results
obtained were used as fixed input to the SRLS analysis
of the 9 GHz spectra, where only the global motional
rate, Rc, was allowed to vary. For both sites, a single
component was detected at higher temperatures and
two components were detected at lower temperatures.

Table 5. Upper row: reference SRLS spectrum defined by Rck =
Rc? = 107 s�1, Rck = Rc? = 108 s�1, c20 = 3.00 (S20 = 0.61) and

intrinsic linewidth W1 ≡ ðT�2 Þ�1 = 2 G. Middle row: best-fit
spectrum obtained with MOMD-fitting of the target spectrum.
Lower row: best-fit spectrum obtained with FIM-fitting of the
target spectrum. The microwave frequency was 250 GHz in
these calculations [7].

Model

Rc? ¼ Rck �
10�7ðs�1Þ

Ro? ¼ Rok �
10�8ðs�1Þ c20 S20

W1

(G)

SRLS 1 1 3 (0.61) 2
MOMD 0.53 1.6 (0.36) 1.4
FIM 2.6 0.86 1.1

Figure 14. Schematic of a nitroxide-labelled DNA oligomer for
the SRLS model. The various parameters are specified in the
text [44].

1942 E. MEIROVITCH AND J. H. FREED



Weaker rhombic local ordering was determined for the
more abundant component and stronger axial ordering
for the less abundant component. The main factor
distinguishing the two sites was the local ordering.

In Reference [36] (year 2004) residue 72, located in
the middle of the long 5-turn αC helix, and residue 131,
located in the small 2.5-turn αG helix, were replaced by
cysteine using mutagenesis techniques. The side-chain
of cysteine was modified with the MTSSL nitroxide
reagent to yield the R1 side chain. The ribbon diagram
of T4L with the R1 side-chains depicted at sites 72 and
131 is shown in Figure 15. The sites 72 and 131 were
chosen to be solvent-exposed; hence they are free of
tertiary-structure-associated interactions with other
side-chains.

ESR spectra were acquired at 9 and 250 GHz micro-
wave frequency in the 20–37.5° temperature range.
Using newly-developed (at that time) software, com-
bined SRLS analysis of the spectra acquired at both
microwave frequencies was conducted. The 250 GHz
spectra of R1 at the sites 72 and 131 were found to
differ qualitatively, implying different local dynamics.
Again two components, differing primarily in the
strength of the local ordering, were detected at lower
temperatures; a single component was found to prevail
at higher temperatures. Site 72 was found to exhibit
stronger local ordering than site 131. This finding was
correlated with the location of residue 72 in a long α-
helix and of residue 131 in a short α-helix. Thus, the
correlation between SRLS analysis and protein second-
ary-structure was established.

In Reference [43] (year 2010), the same sites, 72 and
131, were labelled with the R1 side chain; a second side

chain, R2, comprising a methylated analogue of R1
with hindered internal motion, was also used
(Figure 16).

ESR spectra were acquired at 9, 95, 170 and 250 GHz
microwave frequencies in the 2–32°C temperature range,
both in aqueous solution and in Ficoll-containing (viscous)
solutions; representative spectra are shown in Figure 17.
Relatively large differences between R1 and R2 were exhib-
ited by the high-microwave-frequency ESR lineshapes,
which are sensitive to dynamics in the 108–1012 s�1

range, characteristic of faster local motion. Relatively
small differences between R1 and R2 were exhibited by
the low-microwave-frequency ESR lineshapes, which are
sensitive to dynamics in the 106–1010 s�1 range, character-
istic of the slower global motion of proteins the size of T4L.
Thus, the local motion is different, whereas (as expected)
the global motion is the same. Simultaneous SRLS analysis
of the multi-frequency temperature-dependent ESR line-
shapes, covering the dynamic range of 106–1012s�1, was
performed.

Figure 15. (Colour online) Ribbon diagram of T4L (PDB acces-
sion number 2LZM) showing the R1 probe at the sites of
residues 72 and 131 [36].

Figure 16. Schematic of the R1 (R2) side-chain with X = H for
R1, which is the MTSSL nitroxide, and X = CH3 for R2 (4-methyl-
MTSSL) [43].

Figure 17. ESR spectra of the R1 side-chain at site 72 of T4L at
different microwave frequencies and temperatures [43].
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In aqueous solution, three components were found
for R1 and two for R2. One component exhibited
slower local motion and strong local ordering. Its
population decreased with increasing temperature.
This component was found to be more populated in
the R2 spectra. The local ordering was associated with
spatial restrictions exerted by the protein surface. The
other two sites exhibited faster local motion and
weaker local ordering; they correspond to conformers
having less or no interaction with nearby residues.

Extensive information on local potentials and asso-
ciated order parameters was obtained. To appreciate
the insights gained one should examine collectively
the parameters associated with ordering, motion and
site-occupancy. Figure 18 provides such a view for the
aqueous solutions.

Table 6 shows as an example the potential coeffi-
cients, c20 and c22, and the order parameters, S20 and S22,
defined in terms of these coefficients for the local
motion of the R1 side chain of residue 72. In agreement
with Figure 18, the strength of the potential (c20 and S20)
varies little. However, the rhombicity of the potential
(c22 and S22) changes substantially with temperature, in
evidence of considerable temperature-induced varia-
tions in the shape of the potential. The results obtained

for R1 at site 131, and R2 at both sites, in the Ficoll-
containing solutions are described in Reference [43].

Reference [43] describes the most extensive investi-
gation of the dynamic structure of a protein as eluci-
dated with ESR lineshape analysis reported so far. It
may be considered as a paradigm of what can be
learned about internal protein mobility, in general,
and local ordering at mobile sites in proteins, in parti-
cular, using the SRLS analysis of multifrequency ESR.

Local ordering in proteins dissolved in aqueous
solution from SRLS/NMR relaxation analysis

The magnetic interactions associated with the 15N,
13C and 2H nuclei, typically used as probes, are on
the order of 5×105s�1. The tumbling rate of a small
globular protein is approximately 5×107 s�1 in aqueous
solution. Thus, NMR relaxation for globular proteins is
necessarily in the motional narrowing regime. One
may solve the appropriate Smoluchowski equation
(which is an easier task than solving the full SLE) to
obtain time-correlation functions which are Fourier-
transformed into spectral densities and then used in
standard motionally narrowed relaxation theory. The
consensus in the field is that one may take the magnetic

Figure 18. Best-fit local motional rate constant, Ro?, axial order parameter, S20, and population of the ‘immobile’ component (solid
line), of the ‘intermediate’ component (dashed line), and the ‘mobile’ component (dotted line). The best-fit tilt angles between the
local diffusion/local ordering frame and the magnetic-tensor frame were determined to be 21°, 20°, 30° and 35° for 72R1, 131R1,
72R2 and 131R2 [43].
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anisotropies that enter the theory as uniform and
fixed [88].

We have developed the SRLS analysis for NMR relaxa-
tion in proteins, in particular for 15N-labelled proteins at
the backbone amide position, and deuterium-labelled
proteins at the side-chain methyl-moiety position [45–
48]. Typical experimental data include 15N T1, T2 and
15N–{1H} NOE for the 15N–1H probe, and 2H T1 and T2
for the C–CD3 probe [88]. Methods for acquiring spectra
which feature all of the N–1H bonds or C–CD3 moieties
of a given protein exist [89,90]. Thus, the dynamic struc-
ture of the protein may be mapped out at the residue or
methyl-moiety level. One obtains from SRLS the relevant
relaxation parameters on the basis of the theory given in
the Theoretical Summary section. In any given analysis
the best-fit SRLS parameter combination is determined
by data-fitting. We show below examples of SRLS ana-
lyses of 15N–H and C–CD3 relaxation in proteins which
yielded new insights into the local ordering at the sites of
these probes.

SRLS applied to 15N relaxation from the third immu-
noglobulin domain of streptococcal protein G (GB3).
Experimental 15N T1, T2 and

15N–{1H} NOE relaxation
parameters of GB3 were acquired in Reference [91] at
magnetic fields of 11.7, 14.1, 16.4 and 18.8 T, in the
278–323 K temperature range. These data had been
analysed with the MF method where the global motion
of the protein is taken as isotropic, and the local order-
ing at the site of the probe is taken as axially sym-
metric. Unsatisfactory statistics were obtained in fitting
the experimental data; only by forcing axial global
diffusion on the analysis, and allowing the
15N chemical shift anisotropy (CSA) to vary, were
adequate statistics obtained [92].

We analysed the same data with SRLS in terms of
isotropic global motion and rhombic local ordering poten-
tial, u ¼ �c20 D

2
00 � c22ðD2

02 þ D2
0�2Þ [92]. Rhombic order-

ing is considerably more important than relatively small
deviations from isotropic global motion in affecting the

results, as demonstrated previously [93]. Good statistics
were obtained using a constant 15N CSA.

The GB3 potential, u, is a function of the Euler
angles ΩCM (Figure 3, with C0 ¼ CÞ; which represent
the transformation from the local director frame, C, to
the local ordering frame, M. One has ZC ; NHð Þaverage,
ZM ;Cα � Cα; YM ;NH, and XM oriented at 90° to
the peptide-bond plane [45–48]. To render this order-
ing more intuitive we permuted the axes of
the M frame so that YM ¼ NH orients preferentially
along ZC ; NHð Þaverage; this required transforming c20
and c22 into ĉ20 and ĉ22, as delineated in the Appendix of
Reference [55].

Figure 19 shows the permuted coefficients as
a function of residue number, with the secondary
structure of GB3 depicted on the top. As expected, ĉ20
is large and positive throughout the polypeptide chain,
indicating strong local ordering centred at the average
N–H orientation. The coefficient ĉ22 is large and nega-
tive for the long α-helix of GB3, indicating that the
Cα � Cα axis orients perpendicular to NHð Þaverage to

a larger extent than the orientation at 90° to the pep-
tide-bond plane. On the other hand, ĉ22 is large and
positive for the rest of the polypeptide chain, indicating
that the orientation at 90° to the peptide-bond plane
orients perpendicular to NHð Þaverage to a larger extent

than the Cα � Cα axis.
The form/symmetry of local potential/local ordering

at the site of the probe is determined by the immediate
internal protein surroundings. Our results show that
the long α-helix imposes on the relevant N–H bonds

Table 6. Best-fit potential coefficients, c20 and c22, and order
parameters, S20 and S22, for local motion in 72R1 [43].

comp. T, °C c20 c22 S20 S22 population

1 2 3.20 0.05 0.64 0.00 0.32
2 3.49 –1.86 0.59 –0.16 0.38
3 3.21 –2.73 0.43 –0.31 0.30
1 12 3.30 0.18 0.64 0.01 0.22
2 3.37 –1.75 0.58 –0.15 0.44
3 2.79 –1.98 0.45 –0.25 0.34
1 22 3.22 0.25 0.63 0.02 0.09
2 3.31 –1.67 0.58 –0.15 0.48
3 2.62 –1.66 0.45 –0.22 0.43
2 32 3.24 –1.66 0.57 –0.16 0.50
3 2.30 –1.30 0.43 –0.20 0.50

Figure 19. Best-fit axial, ĉ20 (a), and rhombic, ĉ22 (b), coefficients
of the potential given by u ¼ �ĉ20 D2

00 – ĉ22 (D2
02 + D2

0�2) [92].
Experimental 15N relaxation parameters of GB3 from Reference
[91].
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a rhombicity consistently different from that experi-
enced by all of the other N–H bonds of GB3. This
indicates that while generally the form/symmetry of
the local potential is largely determined by residue-
specific factors, in some cases the secondary structure
context dominates.

SRLS applied to 2H relaxation from the complex of
Ca+2-calmodulin with the peptide smMLCKp (CaM).
Experimental 2H T1 and T2 data from the C–CD3

groups of CaM acquired at 14.1 and 17.6 T and
288–320 K in Reference [94] were subjected to SRLS
analysis [95]. Rhombic local potentials with L = 2, i.e.
coefficients c20 and c22, were determined. The analysis
described in Reference [95] identified features specific
to given methyl groups and methyl sites. The following
observation is of particular interest. By plotting the
parameter c20

�� �� as a function of methyl type – black
circles in Figure 20 – we found that the average value
of c20

�� �� is 1.0 for alanine, 0.5 for methionine, and 0.76
for all of the other methyl types (black-dashed lines in
Figure 20). Additional proteins yielded similar results
(unpublished results).

The MF analysis of the same data was based on S2

given by Equation (25) to be the product of the effects of
two types of motions: very rapid methyl group spinning
(or S2M), and slower C–CD3 motion (or Saxis2Þ [94]. S2M
was set equal to 1:5 cos 109oð Þ2 � 0:5

� 2
= 1/9, where

109.5° is the tetrahedral angle; S2 was thus given by the
expression Saxis2 � 1

9

� 	
. The Saxis2 of CaM, taken from

Reference [94], is depicted in Figure 20 by the red circles.
It was found to cluster into three groups centred at
approximately 0.78, 0.35 and 0.58 [96]. Other proteins
yielded similar Saxis2 clustering [97]. The Saxis2 is con-
ceived as an ‘amplitude of motion’; as such it is consid-
ered suitable for calculating ‘residual conformational
entropy’ [58]. The three classes of Saxis2 values are taken
to imply three classes of conformational entropy in pro-
teins [97], reflecting on the microscopic nature of heat
capacity in proteins, and pointing to an unexpected
explanation of the low-temperature glass-transition of
proteins [96].

The MF method [56] is a simple one [46–48]. Its
main parameter, S2, clearly must be regarded as an
imprecisely defined composite; deriving conforma-
tional entropy from it is perhaps appropriate in the

limit where S2 ffi ðS20Þ2 → 1 and the local motion is
very fast (see discussion after Equation (26), and
Reference [7]). The Saxis2 = 9×S2 with average values
in the range of 0.58–0.78, is far outside this limit.
Hence, ‘entropy’ derived from Saxis2 is a vague quantity,
certainly not suitable as a basis for such far-reaching
conclusions.

The 1.0, 0.5 and 0.76 trend in the SRLS parameter
c22
�� �� (Figure 20) is empirical in nature. Nevertheless, it
is consistent with the alanine methyl groups, located in
proximity to the rigid protein backbone, exhibiting
substantially rhombic ordering (relatively large |c22|).
The methionine methyl groups exhibit nearly axial

Figure 20. (Colour online) Best-fit values of jc22j (black circles) and average values of jc22j for alanine, methionine and the other
methyl-groups of CaM (black-dashed lines) [95], and Saxis

2 (red circles) [94], as a function of methyl type, at 295 K.
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ordering (small |c22|), as they are located at
a considerable distance from the backbone in a less
spatially restricting, on average nearly axially sym-
metric, environment. All of the other methyl groups
are in-between these limiting cases. This interpretation
of the empirical trend illustrated in Figure 20 is clearly
more plausible than the MF interpretation of having
discovered three classes of entropy in proteins [97].
Conformational entropy that is physically meaningful
is derived in SRLS from the probability distribution
Peq / exp �uð Þ, where u is the SRLS potential. An
example associated with methyl-group dynamics in
the context of ligand-binding) appears in Reference
[98]; as expected, the SRLS-derived changes in confor-
mational entropy upon ligand-binding differ qualita-
tively from their Saxis2-derived counterparts.

Local ordering in polycrystalline samples from
MOMD/NMR analysis
The analysis of deuterium lineshapes from polycrystal-
line samples emerged as a particularly useful tool for
studying microsecond-millisecond motions in the
solid-state [99,100], which are often relevant from
a biological point of view. Various dynamic models
have been developed in the course of the years. Many
are of the MSM type, comprising simple jump-type
modes as constituents – cf. Reference [8]. In some

cases, relatively simple Smoluchowski models have
been developed [9,10].

We developed MOMD for 2H NMR lineshape ana-
lysis of spectra from polycrystalline proteins [8,37–40].
The power of this approach, in particular in the context
of the local ordering, is illustrated below.

MOMD applied to the chicken villin headpiece sub-
domain (HP36). This protein was studied previously in
Reference [101]. The methyl groups of residues L75,
L61, L69 and V50 were selectively deuterated, and
quadrupole echo 2H spectra were acquired in the tem-
perature range of 250–298 K. Figure 21 shows the
experimental spectra (red) and their calculated coun-
terparts (blue) obtained using an MSM model. The
latter features very fast 3-site hops around Cγ–Cδ,
jumps of Cβ–Cγ with rate karc along an arc of length
l, and rotamer exchange modelled as Cβ–Cγ jumps with
rate k among the corners of a tetrahedron (equilateral
triangle) with populations w:1:1:1 (w:1:1) for leucine
(valine). The length of the arc l, together with the
population w, in different contexts for leucine and
valine, might in some indirect way represent local
ordering. Comparing valine and leucine is difficult.
Thus, although the fit between calculated and experi-
mental spectra in Figure 21 is good, important aspects
of the interpretation, particularly with respect to the
local ordering, are problematic.

Figure 21. (Colour online) Experimental (red) and calculated (blue) 2H lineshapes obtained from the selectively deuterated methyl
groups L75, L61, L68 and V50 of HP36, using the MSM model discussed in the text [101].
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Figure 22 shows the best-fit MOMD 2H lineshapes
[8]; the agreement with the experimental spectra (red
traces in Figure 21) is good. The local ordering is
given by a rhombic L = 2, |K| = 0, 2 potential with
coefficients c20 and c22, and the local motion by an axial
diffusion tensor with rate constants R? ¼ 1=ð6τ?Þ and
Rk ¼ 1=ð6τkÞ. As expected, c20, decreases with increas-

ing temperature. We found that c22 increases with
increasing temperature [8]. This is interpreted in
terms of degrees of freedom that contribute to the
rhombicity of the potential being ‘frozen’ at the
lower temperatures. We consider the MOMD-based
interpretation, in particular as it refers to the local
ordering, insightful.

MOMD applied to medium-size molecules.
Reference [37] describes the application of MOMD to
C–CD3 dynamics in the polystyrene-adsorbed Ac-
LKKLLKLLKKLLKL-OH peptide, and N–CD3

dynamics in polycrystalline dimethylammonium tet-
raphenylborate. C–D dynamics in the Hhal methyl-
transferase target DNA, and in phase III of benzene-
6-hexanoate, were also studied. In all of the cases
rhombic L = 2, |K| = 0, 2 ordering potentials with
coefficients c20 and c22 were determined. The ordering
in the different systems studied, including HP36, was

compared on the basis of c20 and c22 values and their
temperature-dependence; differences in local potential
strength and symmetry were revealed.

MOMD applied to deuterated methyl-moiety dynamics
in amyloid-Aβ40 fibrils. In Reference [39] MOMD was
applied to C–CD3 moieties in dry and hydrated 3-fold-
symmetric and 2-fold-symmetric amyloid-Aβ40 fibrils,
and protofibrils of the D23N mutant, using experimental
data from Reference [102]. The methyl moieties of L17,
L34, V36 (C–CD3) and M35 (S–CD3) served as probes.
Experimental quadrupole echo 2H NMR spectra were
acquired in the 147–310 K temperature range (blue traces
in Figure 23). Using theMSMmodel employed for HP36,
and in addition imposing linearity on the temperature
dependence of the major parameters, the calculated spec-
tra coloured in red were obtained. The agreement
between the calculated and experimental spectra is very
good.

For M35 in the hydrated fibrils of both
amyloid-Aβ40 polymorphs, an abrupt spectral change
occurs between 258 and 274 K [102]. This was inter-
preted in terms of the methyl moiety of methionine
35 exhibiting leucine-type rotamer-exchange below
258 K and valine-type rotamer-exchange above
274 K.

Figure 22. (Colour online) 2H MOMD lineshapes calculated with the best-fit potential coefficients, c20 and c22, and correlation times
for local motion, τ? and τk, depicted in the figure. The tilt angle, βMQ, between the principal axes of the local ordering/local
diffusion and quadrupolar tensors is 110.4° or 69.6°, except for L69 where it is 120°. Both angles are standard stereo-chemical
features [8]. These spectra are best-fits to the experimental spectra (red traces) of Figure 21.
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We analysed the same experimental spectra with
MOMD [39]. As for HP36, we allowed for rhombic
L = 2 ordering potential with coefficients c20 and c22,
axial local diffusion with rate constants Rk and R?, and
ordering tensor tilt given by βMQ. The best-fit MOMD

lineshapes are shown in Figure 24; the best-fit para-
meters appear in Reference [39]. The agreement
between calculated and experimental lineshapes is
good. All of the best-fit parameters have physically

reasonable values (the deviation of βMQ from standard

stereo-chemistry is associated with the simplicity of the
local potential). The diffusion rate constant, Rk, exhi-
bits Arrhenius-type temperature-dependence and
yields a reasonable activation energy of 5.9 kJ/mol;
R? exhibits limited temperature-dependence.

The abrupt change in the experimental lineshape
between 258 and 274 K manifests itself as an abrupt
change in the form of the local potential and in βMQ;

Figure 23. (Colour online) Experimental 2H lineshapes from the methyl group of M35 in the hydrated threefold-symmetric Aβ40
fibrils at the temperatures depicted in the figures (blue), and best-fit calculated lineshapes (red), from Reference [102].

Figure 24. (Colour online) Best-fit MOMD spectra reproducing the experimental 2H lineshapes from the methyl group of M35 in the
hydrated threefold-symmetric Aβ40 fibrils (blue traces in Figure 23). The results obtained at 258 and 274 K, between which the
abrupt spectral change occurs, are depicted. log R? is 2.2 throughout, and the effective quadrupole constant is 58 KHz [39]. The
values of the parameters c20; c

2
2 and Rk are given in Figure 8 of Reference [39].
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there is no abrupt change in the diffusion rate-constants
[39]. This is interpreted as follows: The amyloid-Ab40
fibrils exhibit several different water pools [103]. The bulk
water freezes between 258 and 274 K [103]. Water freez-
ing is transmitted to the fibril structure selectively through
interactions with tightly-peptide-bound water. By virtue
of its location at the fibril interface, the M35 methyl
moiety is involved in such interactions. Our results indi-
cate that tightly-peptide-bound water resides at both the
inner and outer fibril interface. As pointed out above, the
molecular environment responds in a specific manner to
bulk-water-freezing: c20, c

2
2 and βMQ do change abruptly

when this occurs, whereas Rk and R? do not [39].
MOMD applied to deuterated phenyl-ring dynamics

in amyloid-Aβ40 fibrils. Our last example refers to the
very same Aβ40-amyloid fibrils investigated with
MOMD using the deuterated phenyl ring of residue
F19 as a probe [40]. The experimental 2H spectra were
taken from Reference [104], where MSM analysis was
applied. To compare proteins in fibril and globular
form, we also studied phenyl-ring motion in HP36;
experimental 2H spectra from the deuterated phenyl
rings of F51 and F58 were taken from Reference
[105]. All of the experimental lineshapes can be repro-
duced with comparable accuracy with an MSM model
[105] and with MOMD [40]. However, several aspects
of the MSM model used are problematic. Thus, the
activation energy for one of the simple conformational-
exchange modes is taken as an overall ordering poten-
tial. Moreover, the rate of this mode is slower than the
rate of another mode which mixes the exchanging sites
(cf. Reference [40]).

MOMD interprets restricted phenyl-ring dynamics in
terms a local potential, u = –c20 D

2
00 – c

2
2 (D

2
02 +D2

0�2), and
an axial local diffusion tensor; best-fit βMQ has standard

value [40]. This consistent interpretation made possible
comparing corresponding phenyl-ring sites in dry and
hydrated fibrils; in the Aβ40 fibrils and the protofibrils of
the D23N-mutant; and in 2-fold-symmetric and 3-fold-
symmetric Aβ40 fibrils. Globular and fibril-type protein
forms have also been compared. The local ordering
played a key role in this study, as the form of the potential,
u, was found to be the most sensitive feature in the
analysis. Details appear in Reference [40].

Future prospects

The MSM fits might be termed ‘excellent’ whereas the
MOMD fits are only ‘very good.’ But the MOMD
parameter fitting has yet to be optimised to improve
the agreement with the experiment. We have not done
so at this stage. Instead, we explored the power of

MOMD when allowing the local ordering to be rhom-
bic rather than axial, and the local diffusion to be
axially symmetric rather than spherically symmetric.
As seen above, model consistency made possible com-
paring various different systems labelled with the same
probe. Improving the agreement with experiment will
be pursued in the future work, in particular by using
more detailed forms of the local ordering potential, as
this has a large influence on the analysis. Work along
these lines is in progress.

In this context, we recall that for ESR and NMR
probes attached physically to the protein odd-L real
linear combinations of Wigner rotation matrix ele-
ments, DL

0 Kj j, should be included in the expression of
the local potential. In Reference [106] using SRLS we
analysed 15N relaxation data from GB3 with both the
u = – c20 D2

00 – c22 (D2
02 + D2

0�2) potential and the
u = – c10 D1

00 – c11 (D1
0�1 – D1

01) potential. Order
parameters S20 and S22 for the L = 2 potential, and S10
and S11 for the L = 1 potential, were determined. The
two sets differed substantially in the β1/β2 loop, asso-
ciated with GB3 binding to its cognate Fab fragment.
In general, the application of SRLS to proteins utilis-
ing more detailed ordering potentials, which also
include odd-L and/or higher L and K terms, and
establishing a correlation between these potentials
and biological function, are interesting future
prospects.

MOMD analysis of 2H spectra from polycrystalline
proteins acquired in the presence of Magic Angle
Spinning was developed in Reference [38]. Currently
there are few experimental spectra suitable for such
analysis. Work on the development of methodologies
for acquiring spectra free of imperfections is ongoing
[107]. Given that MAS substantially increases spectral
sensitivity, the development of Reference [38] is likely
to be very useful in the foreseeable future.

Conclusions

Molecular reorientation in the presence of spatial
restraints has been considered from a rigid particle
in a nematic solvent to a spin label in the interior
space of a protein, with the protein tumbling in solu-
tion. Using well-developed theoretical approaches, we
examined the concept of local ordering. We believe
this has shown that insightful information can best be
obtained using well-conceived dynamic models which
enable consideration of the range of possibilities con-
sistent with the experimental ESR and NMR spectra.
The SLC, MOMD and SRLS models are useful
approaches for treating restricted motions,
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particularly in the slow-motional regime. The advan-
tages inherent in oriented samples, 2D-ELDOR
experiments, and multifrequency ESR for gaining
insights into the characteristics of local ordering
have been demonstrated. It was shown that macro-
scopically disordered samples can also provide valu-
able information. Currently, SRLS and MOMD are
the methods of choice for characterising local order-
ing in proteins by ESR and NMR from a mesoscopic
perspective, both in solution and in the solid-state.
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