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Abstract

Simulations are performed of 34- and 9-GHz EPR spectra, together with 94-GHz EPR spectra, from phospholipid probes spin-la-
belled at the C4–C14 positions of the sn-2 chain, in liquid-ordered and gel-phase membranes of dimyristoyl phosphatidylcholine with
high and low cholesterol contents. The multifrequency simulation strategy involves: (i) obtaining partially averaged spin-Hamiltonian
tensors from fast-motional simulations of the 94-GHz spectra; (ii) performing slow-motional simulations of the 34- and 9-GHz spectra
by using these pre-averaged tensors with the stochastic Liouville formalism; (iii) constructing, by simulation, slow-motional calibrations
for the differences, DAqx

zz and Dgqx
zz , in effective Azz-hyperfine splittings and gzz-values between 34- (or 94-GHz) and 9-GHz spectra; (iv)

using such calibrations for DAqx
zz and Dgqx

zz and dynamic parameters from stage (ii) as a guide to adjust the extent of pre-averaging of
the spin-Hamiltonian tensors; and (v) repeating the 34- and 9-GHz simulations of stage (ii). By using this scheme it is possible to obtain
consistent values of the rotational diffusion coefficients, DR^ and DR//, and the long-axis order parameter, Szz, that characterize the slow
axial motion of the lipid chains, from spectra at both 34 and 9 GHz. Inclusion of spectra at 34 GHz greatly improves precision in deter-
mining the DR// element of the slow diffusion tensor in these systems.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The dynamics of lipid molecules in biological mem-
branes are known to be composite and manifested on dif-
ferent time scales. In addition to relatively slow overall
reorientations in the locally anisotropic environment, there
are also rapid segmental chain motions that arise from
internal rotations about individual C–C bonds, viz.,
trans–gauche isomerism (see, e.g., [1]). EPR spectroscopy
of lipid spin labels at variable microwave frequency is thus
a promising approach for studying lipid dynamics, because
the spin-label EPR spectra are sensitive to the rapid and
slow motions to different extents depending on the operat-
ing frequency. Earlier, spectral simulations that use simpli-
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fied but physically reasonable models of lipid motion
proved to be relatively successful in interpreting the high-
field (250- and 94-GHz) and low-field (9-GHz) EPR spectra
of lipid spin labels in membranes [2,3]. Combined study at
high-field and low-field allows one to estimate dynamic
parameters both of the fast internal modes and of the slow-
er overall motion [4]. However, it is expected that a deeper
understanding and critical testing of the models for lipid
motion can be achieved by using additional microwave fre-
quencies, particularly Q-band (34 GHz) which is intermedi-
ate between the W- and X-bands (94 and 9;GHz,
respectively). Most importantly, measurements at 34 GHz
are able to define the axial component of the slow rotation,
to which measurements at 9 GHz are rather insensitive.
The purpose of the present work, therefore, is to explore
the potential of combined EPR measurements, at the above
three microwave frequencies, for studying the dynamics of
phospholipid spin labels in membranes.
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An additional approach to determining the dynamic
parameters that characterize the lipid motion is to devel-
op calibrations for motion-sensitive parameters of the
EPR spectra at different microwave frequencies, in terms
of a given dynamic model. These calibrations then can
also be used for testing the motional model and consis-
tency of the parameters derived from it. Hyde and Rao
[5] proposed a method for determining rotational correla-
tion times and rigid-limit hyperfine splittings (Azz) by
measuring the partially averaged ÆAzzæ-values in X- and
Q-band spin-label spectra. These authors showed by
spectral simulation that the difference:
DAqx

zz ¼ hAzzðQÞi � hAzzðX Þi, is not sensitive to the input
magnetic parameters and depends only on the rotational
correlation time (sR), thus allowing determination of sR

from calibrations, without knowledge of the hyperfine
tensor element Azz. The apparent rigid-limit values of
Azz are of intrinsic interest themselves, because these
are determined by the amplitude of any fast motion that
might be present. If this motion is very fast, it gives rise
to an averaged spin-Hamiltonian. According to Hyde
and Rao [5], the values of Azz, and hence the amplitudes
of fast motion, can be determined from theoretical plots
of Azz � ÆAzzæ versus sR that are calculated for 9 or
34 GHz.

The above multifrequency approach was developed
for isotropic rotational diffusion in an isotropic medi-
um. In lipid membranes, the situation is more complex
because the lipid motion is anisotropic and occurs in a
locally anisotropic environment. Therefore, the overall
motion of the lipid molecules, described in terms of
the Brownian diffusion model, is characterized by at
least three dynamic parameters: rotational diffusion
coefficients for off-axial and axial motion (DR^, DR//),
and an order parameter (Szz) that is determined by
the self-consistent local orientation potential [6]. Here,
in addition to simulations, we also construct multifre-
quency calibration parameters (DAqx

zz and Dgqx
zz ) for this

slow anisotropic diffusion and show that they are a
valuable aid to achieving consistent simulations at 9
and 34 GHz.

2. Materials and methods

2.1. Materials

Dimyristoyl phosphatidylcholine (DMPC) was
obtained from Avanti Polar Lipids (Alabaster, AL) and
cholesterol from Merck (Darmstadt, Germany). Spin-la-
belled stearic acid positional isomers (n-(4,4-dimethylox-
azolidine-N-oxyl)stearic acid) were synthesised as
described in [7]. The corresponding phosphatidylcholines
spin-labelled in the sn-2 chain (1-acyl-2-[n-(4,4-dimethyl-
oxazolidine-N-oxyl)]stearoyl-sn-glycero-3-phosphocholine;
n-PCSL) were synthesised by acylating lysophosphatidyl-
choline with the corresponding spin-labelled stearic acid,
as described in [8].
2.2. Sample preparation

DMPC, the required mole percentage of cholesterol and
0.5 mol% n-PCSL spin-label were codissolved in dichloro-
methane. The solvent was evaporated under a nitrogen
gas stream, and the samples were dried under vacuum over-
night. The dried lipid mixtures were then hydrated with an
excess of buffer (100 mM KCl, 10 mM Tris, and 1 mM
EDTA) at pH 7.5. The resulting lipid dispersions were
introduced into 0.5 mm ID glass capillaries, and then con-
centrated by centrifugation and the excess aqueous super-
natant was removed. The capillaries were flame sealed.

2.3. EPR spectroscopy

EPR spectra were recorded at 34 GHz (Q-band) on a
Bruker EMX spectrometer with ER-035 QRD microwave
bridge and a cylindrical cavity resonator. The whole reso-
nator assembly was thermostatted with nitrogen gas-flow.
Microwave frequency was measured with a Hewlett–Pack-
ard 5345/55A frequency counter and the static magnetic
field with a Bruker ER 035M NMR gaussmeter.

Data recorded at 94 and 9 GHz are taken from previous
studies [3,9], and were recorded on Bruker Elexys E680 and
EMX spectrometers, respectively.

2.4. Spectral simulations

Simulation of 34- and 9-GHz spectra from spin labels
undergoing overall slow rotational motion, in addition to
a rapid segmental component, is performed by means of
the stochastic Liouville equation with a spin-Hamiltonian
hHðXÞi that contains the g- and A-tensors that are aver-
aged (partially) by the rapid motion [3]. This type of time-
scale separation is possible when the fast and slow motions
differ very greatly in their rates [10]. A more general
approach to this problem is afforded by the ‘‘slowly relax-
ing local structure’’ model [2,11].

The slow motion is characterized by an axial diffusion
tensor, DR = (DR^, DR^, DR//), and by an orientational
pseudopotential that is expanded in terms of Wigner rota-
tion matrices, DL

K;MðXÞ [6]:

UðXÞ ¼ e20D
2
0;0ðXÞ þ e22 D2

2;0ðXÞ þD2
�2;0ðXÞ

h i
; ð1Þ

where the ei represent the strength of the orienting poten-
tial. The principal order parameter of the slow motion is
then given by

Szz ¼ hD2
0;0i ¼

R
D2

0;0ðXÞ exp½�UðXÞ=kT �dXR
exp½�UðXÞ=kT � � dX

; ð2Þ

where averaging is performed over all angular orientations,
X. Only the e20 term in Eq. (1) contributes to this element
of the order tensor.

The partially averaged g- and A-tensors needed for the
34- and 9-GHz simulations are obtained from correspond-
ing 94-GHz spin-label spectra [3]. Simulations are made
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using the software described in [12] with extensions for
least-squares fitting by Budil et al. [13]. Because the mem-
brane samples are random dispersions, the simulated spec-
tra are weighted by sinhN and integrated over the angle, hN,
that the membrane normal makes to the static magnetic
field. Goodness of fit to the experimental 34- and 9-GHz
first-derivative EPR spectra is given in terms of the reduced
v2 reported by the non-linear least-squares fitting routine
described in [13].

3. Results and discussion

3.1. Simulation of 34-GHz spectra: DMPC + 40 mol%

cholesterol

Fig. 1 (solid lines) shows experimental 34-GHz EPR
spectra of different n-PCSL spin labels in the liquid-ordered
(Lo) phase of DMPC bilayer membranes containing 40
mol% cholesterol, at 30 �C. Simulations of the spectra for
different chain positions, n, of the spin-label are given by
the dotted lines in Fig. 1. The partially averaged spin-Ham-
iltonian tensor components that are used to calculate the
simulated spectra are those obtained from our previous
94-GHz measurements [3].

Fitting to the experimental spectra was performed in
progressive steps. First, the dynamic parameters DR^,
DR//, and Szz were fixed at the values obtained previously
from simulations at 9 GHz [3]. These values of DR^(X),
DR//(X), and Szz(X) are given in Table 1, along with opti-
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Fig. 1. Experimental (solid lines) and simulated (dotted lines) 34-GHz
EPR spectra of n-PCSL spin labels in membranes of DMPC + 40 mol%
cholesterol at 30 �C. The position, n, of chain spin-labelling is indicated on
the figure. Partially averaged spin-Hamiltonian tensors were obtained
from simulation of corresponding 94-GHz spectra. Dynamic parameters
used in the simulations are given in Table 1.
mized values obtained at various stages of fitting to the
34-GHz spectra. Simulations of the 34-GHz spectra with
the initial 9-GHz parameters were mostly not satisfactory.
Next, only DR// was allowed to change, because this
parameter cannot be determined precisely from 9-GHz
simulations. Varying DR// resulted, as a rule, in substantial-
ly improved fits. Finally, two (either DR// and Szz, or DR^
and DR//), or all three parameters (DR^, DR// and Szz), were
released in the least-squares optimization procedure. The
resulting best simulations are shown in Fig. 1, and the
parameters DR^, DR//, and Szz obtained from these simula-
tions are given in Table 1, together with the corresponding
values of Rv2 for the fit.

As seen from Fig. 1, the agreement between experimen-
tal and simulated EPR spectra is, in general, satisfactory.
However, because of a general property of the least-squares
algorithm, the more intense low-field features are fitted bet-
ter than the less intense line positions in the central and
high-field z-regions. Moreover, the fits become worse for
larger values of n. It is important to note that the values
of DR^, DR//, and Szz that are obtained from the 34-GHz
simulations are rather close (but not identical) to those
from the combined 9- and 94-GHz simulations (see Table
1). Differences are found mostly in the values of DR//,
which are smaller than for the 9-GHz simulations and vary
less with chain position. Determinations of DR// are far
more reliable at 34 GHz than at 9 GHz, because the non-
axial Zeeman anisotropy (determined by gxx � gyy) is 3–4
times larger at 34 GHz than at 9 GHz.

3.2. Multifrequency hyperfine calibration of dynamic

parameters

As a next step we attempt, following Hyde and Rao [5], to
determine the dynamic parameters from spectral
calibrations by using the differences in partially averaged
hyperfine splittings, DAqx

zz ¼ hAzzðQÞi � hAzzðX Þi and DAwx
zz ¼

hAzzðW Þi � hAzzðX Þi, at the different microwave frequencies,
as motionally sensitive spectral parameters. For anisotropic
rotation in an orientational potential, these parameters
depend on both DR^ and Szz. Calibrations of DAwx

zz and DAqx
zz

versus DR^ for different values of Szz were calculated by using
the stochastic Liouville formalism [13]. Results of these calcu-
lations are presented in Fig. 2. The effective values of ÆAzz(W)æ
and ÆAzz(X)æ are determined as half the separation between the
mI = +1 and mI = �1 hyperfine components in the z-region
of the spectrum. That of ÆAzz(Q)æ is determined, correspond-
ingly, as the distance between the mI = 0 and mI = �1 hyper-
fine components in the z-region. It is seen from Fig. 2 that, for
low DR^ (logDR^ 6 7.1), bothDAwx

zz andDAqx
zz are small and are

only weakly dependent on DR^ and Szz. Also, the dependences
on DR^ become less sensitive with increasing Szz, even for large
DR^.

Experimental values of DAwx
zz and DAqx

zz that are measured
from the EPR spectra of different n-PCSL spin labels in
membranes of DMPC + 40 mol% cholesterol at 30 �C are
given by the solid symbols in Fig. 3. Estimates of DR^



Table 1
Dynamic parameters, DR^(Q), DR//(Q), and Szz(Q), characterising slow overall motion of n-PCSL spin labels in membranes of DMPC + 40 mol%
cholesterol at 30 �C, obtained from simulations of 34-GHz EPR spectraa

n Szz(X) Szz(Q) DR^(X) (s�1) DR^(Q) (s�1) DR//(X) (s�1) DR//(Q) (s�1) Rv2

4 0.87 0.87 (f) 5.1 · 106 5.1 · 106(f) 5.0 · 106 7.9 · 106(v) 59

5 0.83 0.83 (f) 5.1 · 106 5.1 · 106 (f) 1.4 · 107 1.1 · 107 (v) 129

6 0.80 0.80 (f) 6.3 · 106 6.3 · 106 (f) 2.8 · 107 7.2 · 106 (v) 59

7 0.83 0.83 (f) 6.3 · 106 1.0 · 107 (v) 2.8 · 107 1.2 · 107 (v) 47

8 0.75 0.75 (f) 1.1 · 107 1.1 · 107 (f) 4.9 · 107 1.3 · 107 (v) 136
0.82 (v) 1.1 · 107 (f) 1.4 · 107 (v) 110

9 0.61 0.61 (f) 8.7 · 106 8.7 · 106 (f) 4.9 · 107 1.1 · 107 (v) 527
0.67 (v) 1.0 · 107 (v) 1.1 · 107 (v) 494

10 0.67 0.67 (f ) 8.7 · 106 8.7 · 106 (f) 6.3 · 107 6.3 · 107 (f) 192
0.76 (v) 1.4 · 107 (v) 1.3 · 107 (v) 62
0.73 (v) 8.9 · 106 (f) 1.7 · 107 (v) 55

11 0.66 0.66 (f) 1.0 · 107 1.0 · 107 (f) 5.6 · 107 5.6 · 107 (f) 152
0.66 (f) 1.0 · 107 (f) 7.1 · 106 (v) 94
0.66 (f) 1.1 · 107 (v) 8.3 · 106 (v) 133
0.71 (v) 6.5 · 106 (v) 1.3 · 107 (v) 75

12 0.66 0.66 (f) 1.0 · 107 1.0 · 107 (f) 6.3 · 107 6.3 · 107 (f) 155
0.66 (f) 1.0 · 107 (f) 7.1 · 107 (v) 85
0.66 (f) 5.9 · 106 (v) 9.5 · 106 (v) 136

a Corresponding initial parameters obtained from simulation of 9-GHz spectra [3] are given by DR^(X), DR//(X), and Szz(X). Parameters that were
maintained fixed during the 34-GHz simulations are indicated by (f) and those that were varied by (v).

A

B

Fig. 2. Dependence of the simulated difference in effective partially
averaged hyperfine splittings at 9 GHz (X), 34 GHz (Q), and 94 GHz (W):
(A) DAwx

zz ¼ hAzzðW Þi � hAzzðX Þi, and (B) DAqx
zz ¼ hAzzðQÞi � hAzzðX Þi, on

rotational diffusion coefficient (DR^) for different values of the order
parameter (Szz). Spectral simulations are performed with the stochastic
Liouville equation.
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and Szz for 4-PCSL give a range from 2.2 · 107 s�1 and
0.60 to 5.6 · 107 s�1 and 0.77, respectively, derived from
measurement of DAqx

zz , and from 2.2 · 107 s�1 and 0.60 to
7.9 · 107 s�1 and 0.75, respectively, derived from DAwx

zz .
For n67, the ranges of DR^ and Szz remain approximately
the same, although the apparent decrease in DAqx

zz with
increasing n probably lies within the experimental uncer-
tainty. Comparison with the data in Table 1 shows that,
for these spin labels, the above ranges correspond to higher
rotational diffusion coefficients and/or lower order param-
eters than those determined from simulation of the experi-
mental spectra. A similar situation holds for the other n-
PCSL positional isomers.

Clearly, the multifrequency DAzz parameters alone are
insufficient criteria for determining the dynamic parame-
ters, in the case of complex, multicomponent, anisotropic
motions. As seen from Fig. 2, DAwx

zz and DAqx
zz depend simi-

larly on DR^ for different values of Szz, which makes it dif-
ficult to determine the two separately. Therefore, we
choose to use an additional spectral parameter that is based
on the partially averaged gzz-values.

3.3. Multifrequency g-value calibration of dynamic

parameters

The partially averaged values of gzz, like those of Azz,
are sensitive only to the off-axis motion. From simulated



Fig. 3. Dependence of the experimental difference in effective partially
averaged hyperfine splittings: (A) DAwx

zz ¼ hAzzðW Þi � hAzzðX Þi, and (B)
DAqx

zz ¼ hAzzðQÞi � hAzzðX Þi, on the spin-label position, n, in the phospho-
lipid chain. Values for the difference in partially averaged effective gzz-
values, Dgqx

zz ¼ hgzzðX Þi � hgzzðQÞi, are also given in (B) (right-hand
ordinate). Data are obtained from the 94-GHz (W), 34-GHz (Q) and 9-
GHz (X) EPR spectra of the n-PCSL spin labels in membranes of
DMPC + 40 mol% cholesterol at 30 �C.

Fig. 4. Dependences of the simulated difference in effective partially
averaged gzz-values at 9 GHz (X) and 34 GHz (Q),
Dgqx

zz ¼ hgzzðX Þi � hgzzðQÞi, on rotational diffusion coefficient (DR^) for
different values of the order parameter (Szz). Spectral simulations are
performed with the stochastic Liouville equation.

Table 2
Dynamic parameters, DR^(Q), DR//(Q), and Szz(Q), characterising slow
overall motion of n-PCSL spin labels in membranes of DMPC + 5 mol%
cholesterol at 10 �C, obtained from simulations of 34-GHz EPR spectraa

n Szz(X) Szz(Q) DR^(X)
(s�1)

DR^(Q)
(s�1)

DR//(X)
(s�1)

DR//(Q)
(s�1)

Rv2

5 0.85 0.85 2.8 · 107 4.5 · 106 1.0 · 107 3.5 · 106 82

7 0.76 0.85 5.8 · 107 4.0 · 106 1.7 · 107 2.5 · 106 17.2
0.84 2.0 · 106 2.9 · 106 17.0
0.83 2.0 · 106 2.8 · 106 17.0
0.78 1.2 · 106 2.3 · 106 17.0

9 0.66 0.75 1.4 · 107 4.4 · 105 3.7 · 107 5.2 · 106 98
0.78 4.5 · 105 5.5 · 106 98
0.82 5.5 · 105 5.6 · 106 97
0.83 5.4 · 105 5.8 · 106 97

a Corresponding initial parameters obtained from simulation of 9-GHz
spectra are given by DR^(X), DR//(X), and Szz(X).
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spectra, an effective partially averaged Ægzz(mI)æ parameter
was calculated from the field position ÆHzz(mI)æ at the turn-
ing point corresponding to the z-canonical orientation for
the mI = �1 hyperfine line (i.e., the high-field peak). As
for the partially averaged hyperfine splitting, the difference
in effective partially averaged gzz-parameters,
Dgqx

zz ¼ hgzzðX Þi � hgzzðQÞi, is used as a dynamically sensi-
tive quantity. Fig. 4 gives the dependence of Dgqx

zz on rota-
tional diffusion coefficient (DR^) for different values of the
order parameter (Szz). Experimental values of the Ægzz(mI)æ
parameter at 9 and 34 GHz were determined from the rela-
tion: Ægzz(mI)æ = hv/bÆHzz(mI)æ. These effective partially
averaged gzz-parameters are given in Fig. 3B, for the differ-
ent n-PCSL in membranes of DMPC + 40 mol% cholester-
ol at 30 �C.

By using Fig. 4, it is found that the experimental values
of Dgqx

zz for 5-, 6-, and 7-PCSL correspond to diffusion coef-
ficients DR^ and order parameters Szz in the range
7.9 · 106 s�1 and 0.6 to 1.6 · 107 s�1 and 0.85, which are
closer to the values obtained from spectral simulations
(cf. Table 1). However, there are still distinct differences
between the values deduced from Dgqx

zz and those obtained
from spectral simulations. These discrepancies between cal-
ibrations and simulations can be resolved by a hybrid
approach that is given in a later section. First, we examine
a different membrane system for which the slow-motional
components are more pronounced.

3.4. Multifrequency simulations for DMPC + 5 mol%

cholesterol

EPR spectra of several n-PCSL (n = 5, 7, 9) in DMPC
membranes containing 5 mol% cholesterol were studied in
the gel phase (Lb) at 10 �C. As for DMPC membranes with
40 mol% cholesterol, the tensor components averaged over
fast motion were determined from 94-GHz simulations and
the dynamic parameters of slow diffusional motion were
determined from 9-GHz simulations. The values of DR^,
DR//, and Szz obtained from the latter are included in Table
2. Simulations of the 34-GHz spectra were performed first
with fixed input magnetic and dynamic parameters taken
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from the 94- and 9-GHz simulations, respectively. The fits
to the experimental 34-GHz spectra were unsatisfactory for
all n-PCSL spin-label positions (Rv2 P 200). Subsequent
variation of the dynamic parameters results in a substantial
improvement of the fit and produces lower values of DR^
and DR//, relative to those obtained from 9-GHz simula-
tions (see Fig. 5 and Table 2). It will be noted that, com-
pared with the n-PCSL spectra in the liquid-ordered
phase (Fig. 1), the spectra in Fig. 5 evidence considerable
spin–spin broadening. This is a characteristic feature of
these spin probes, particularly those such as 9-PCSL that
are labelled towards the middle of chain, when they are
intercalated in gel-phase lipid bilayers (see [14]). This is
allowed for in the simulations by increasing the linewidths,
but it somewhat limits the sensitivity of the simulations to
the dynamic parameters.

Again, determination of the diffusion coefficient for axi-
al rotation from the 34-GHz simulations is superior to that
from the 9-GHz simulations, because the low-field x- and
y-turning points are resolved in the 34-GHz spectra (see
Fig. 5), but not in the 9-GHz spectra. (It should be noted,
however, that in some cases several local minima result in
different sets of dynamic parameters with very similar val-
ues of Rv2, see, for example, Table 2).

As for membranes of DMPC + 40 mol% cholesterol,
values of DAqx

zz and DAwx
zz were also determined from the

9-, 34-, and 94-GHz EPR spectra of n-PCSL in membranes
of DMPC + 5 mol% cholesterol in the gel phase at 10 �C.
Fig. 5. Experimental (solid lines) and simulated (dotted lines) 34-GHz
EPR spectra of n-PCSL spin labels in membranes of DMPC + 5 mol%
cholesterol at 10 �C. The position, n, of chain spin-labelling is indicated on
the figure. Partially averaged spin-Hamiltonian tensors were obtained
from simulation of corresponding 94-GHz spectra. Dynamic parameters
used in the simulations are given in Table 2.
These values, which are given in Fig. 6, are greater than
for the membranes of DMPC + 40 mol% cholesterol in
the liquid-ordered phase at 30 �C. As deduced from the cal-
ibrations in Fig. 2, the multifrequency DAqx

zz and DAwx
zz

parameters correspond to values of DR^ that are signifi-
cantly higher than those given in Table 2 which are
obtained from direct simulation of the 34-GHz spectra.
This is a feature found already in the analysis of the n-
PCSL spectra from membranes of DMPC + 40 mol% cho-
lesterol at 30 �C.

Evidently, the fast motion is not sufficiently rapid at
34 GHz to give rise to complete motional averaging that
results in the effective Hamiltonian hHðXÞi. Rotational dif-
fusion coefficients for the fast motional component appear
to be on the order of 109 s�1, according to simulations of
the high-field spectra from 16-PCSL at 250 GHz [2]. Fur-
thermore, the spectra of the n-PCSL at 94 GHz are not
entirely free from slow-motion contributions for chain
positions n > 7 [3]. Significantly, it is for just these label
positions that fits to the 34-GHz spectra deteriorate when
using partially averaged tensor values obtained from the
94-GHz simulations (see Fig. 1). These effects may be
accounted for, in a semiquantitative manner, by adjusting
the Aii and gii tensor components for the 34-GHz (and
94-GHz) simulations when constructing the calibrations.
In this case, one obtains higher values of DAwx

zz and DAqx
zz

in calibration plots of the type given in Fig. 2. Moreover,
using these same, less averaged Aii and gii components in
spectral simulations yields higher values of DR^ and Szz

that are closer to those obtained from the multifrequency
calibrations. This strategy is used for final refinement of
the spectral simulations in the next section.
Fig. 6. Dependence of the experimental difference in effective partially
averaged hyperfine splittings: DAwx

zz ¼ hAzzðW Þi � hAzzðX Þi (circles), and
DAqx

zz ¼ hAzzðQÞi � hAzzðX Þi (squares), on the spin-label position, n, in the
phospholipid chain. Data are obtained from the 94-GHz (W), 34-GHz
(Q), and 9-GHz (X) EPR spectra of the n-PCSL spin labels in membranes
of DMPC + 5 mol% cholesterol at 10 �C.
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3.5. Refinement of multifrequency simulations

For each n-PCSL in DMPC + 40 mol% cholesterol at
30 �C, the input values of Azz for the 34-GHz simulations
were increased to such an extent that the resulting values
of DAqx

zz were equal to the experimental ones, at the values
of DR^ and Szz that are given in Table 1. Specifically, the
input values of Azz were increased by 0.4–1.3 G, depending
on spin-label position, n. For the g-tensor components, val-
ues intermediate between the averaged and rigid (polarity-
corrected) ones were taken. These values were varied in the
simulations and are summarised in Table 3. The resulting
spectral simulations that give the best fit are shown in
Fig. 7, and the corresponding values of DR^, DR//, and
Szz are presented in Table 3.
Table 3
Spin Hamiltonian tensor components and dynamic parameters DR^, DR//,
and Szz determined from simulations of 34 GHz EPR spectra from n-
PCSL spin labels in membranes of DMPC + 40 mol% cholesterol at 30 �C

n (gii-2) · 104

(x,y,z)
Azz

(G)a
DR^
(s�1)

DR//

(s�1)
Szz Rv2

4 83.9 33.8 6.3 · 106 7.9 · 106 0.85 (7.3)b 61
57.3
21.2

5 84.0 33.6 7.4 · 106 1.0 · 107 0.83 (6.3)b 114
57.6
21.3

6 84.1 33.5 5.6 · 106 7.4 · 106 0.80 (5.6)b 70
57.6
21.6

7 83.9 33.1 5.4 · 106 1.3 · 107 0.82 (6.2)b 38
57.6
22.3

8 84.4 32.9 1.1 · 107 1.3 · 107 0.75 (4.5)b 292
57.6
22.8

9 87.3 32.1 1.3 · 107 2.0 · 107 0.61 (3.05)b 410
59.1
22.2

10 83.0 30.9 2.4 · 107 1.6 · 107 0.66 (3.45)b 52
58.8
23.2

11 82.4 31.0 2.7 · 107 1.5 · 107 0.66 (3.45)b 52
59.6
23.8

12 82.4 31.3 2.5 · 107 1.8 · 107 0.66 (3.45)b 49
59.6
23.0

The tensor components were chosen to provide agreement with experi-
mental determinations of DAqx

zz .
a Values of Axx and Ayy were in the range 5.0–5.5 G, and variations

within these limits practically did not influence the simulated lineshapes.
b Values in parentheses are the strengths of the orientational pseudo-

potential �e20/kBT (with e22 = 0 in) Eq. (1) that correspond to the Szz

order parameters listed.

Fig. 7. Experimental (solid lines) and simulated (dotted lines) 34-GHz
EPR spectra of n-PCSL spin labels in membranes of DMPC + 40 mol%
cholesterol at 30 �C. The position, n, of chain spin-labelling is indicated on
the figure. The input spin-Hamiltonian tensors were adjusted to achieve
agreement between experimental and simulated values of DAqx

zz . Simulation
parameters are given in Table 3.
As already mentioned, because of the relative insensitiv-
ity of the least squares algorithm to the less intense of the
first-derivative spectral features, an increase in the input
value of Azz does not result in a noticeable change in the
values of Rv2. The optimum input values of the gxx and
gyy components are higher by 0.2–2 · 10�4, and of the gzz

components are lower by 0.2–2 · 10�4 (see Table 3), than
the partially averaged gii components that were used orig-
inally for the 9-GHz simulations [3].

The 9-GHz EPR spectra of the n-PCSL spin labels in
DMPC + 40 mol% cholesterol at 30 �C were therefore re-
simulated by using the revised spin-Hamiltonian parame-
ters that were established from the 34-GHz simulations.
Results of these 9-GHz simulations are shown in Fig. 8,
and the corresponding simulation parameters are listed in
Table 4. Satisfactory simulations of the 9-GHz spectra
are achieved without further adjustment, or with only very
minor adjustment, of the revised spin-Hamiltonian param-
eters. As seen from comparison of Tables 3 and 4, the val-
ues of DR^ and Szz that are obtained for the slow off-axial
motion become rather similar from both 34- and 9-GHz
simulations, when using the revised spin-Hamiltonian
parameters. The values of DR// for the slow axial rotation
are also in reasonable agreement, although, as already not-
ed, the axial diffusion parameters are determined far more
sensitively from the 34-GHz spectra.

At least part of the reason that the strategy of readjust-
ing the spin-Hamiltonian tensors is effective, therefore



Fig. 8. Experimental (solid lines) and simulated (dotted lines) 9-GHz EPR
spectra of n-PCSL spin labels in membranes of DMPC + 40 mol%
cholesterol at 30 �C. The position, n, of chain spin-labelling is indicated
on the figure. The input spin-Hamiltonian tensors are the same or close to
those used for simulations of the 34-GHz spectra in Fig. 7. Simulation
parameters are given in Table 4.

Table 4
Dynamic parameters DR^, DR//, and Szz determined from simulations of
9-GHz EPR spectra from n-PCSL spin labels in membranes of
DMPC + 40 mol% cholesterol at 30 �C

n (gii-2) · 104

(x,y,z)
Azz

(G)a
DR^

(s�1)
DR//

(s�1)
Szz Rv2

4 83.8 33.8 1.0 · 107 9.1 · 106 0.845 (7.0)b 215
57.4
21.3

4 83.9 33.8 7.9 · 106 1.0 · 107 0.835 (6.5)b 229
57.3
21.2

5 84.0 33.6 7.9 · 106 1.3 · 107 0.83 (6.3)b 117
57.6
21.3

6 84.1 33.4 7.1 · 106 1.0 · 107 0.80 (5.6)b 48
57.6
21.6

7 83.9 33.1 5.6 · 106 1.3 · 107 0.825 (6.2)b 609
57.6
22.3

8 84.4 32.7 1.4 · 107 1.0 · 107 0.75 (4.5)b 399
57.6
22.8

9 87.3 31.9 1.4 · 107 1.1 · 107 0.61 (3.05)b 681
59.1
22.2

10 83.0 30.9 1.9 · 107 2.0 · 107 0.66 (3.45)b 99
58.8
23.2

11 82.4 31.0 2.5 · 107 1.4 · 107 0.66 (3.45)b

59.6
23.8

12 82.4 30.9 2.5 · 107 1.8 · 107 0.66 (3.45)b 154
59.6
23.0

The spin-Hamiltonian tensor components used were the same or close to
those used for the 34-GHz simulations.

a Values of Axx and Ayy were in the range 5.0–5.5 G, and variations
within these limits practically did not influence the simulated lineshapes.

b Values in parentheses are the strengths of the orientational pseudo-
potential �e20/kBT (with e22 = 0 in) Eq. (1) that correspond to the Szz

order parameters listed.
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might be that it allows for non-axial contributions to the
slow motion (in addition to axial contributions). These
could be close to the rigid limit at 94 GHz, and would
not contribute to the 9-GHz spectra because these are sen-
sitive only to axial rotation. The method used for simula-
tion of the 9- and 34-GHz spectra cannot be applied to
the 94-GHz spectra, because the slow-motion simulation
programmes do not incorporate non-axial rotation of lim-
ited azimuthal amplitude. This non-axiality is a dominant
feature in the 94-GHz spectra [9], but will be considerably
attenuated at 34 GHz.

4. Conclusions

Inclusion of spectra at an intermediate microwave fre-
quency (34 GHz), between that of the high (94 GHz) and
low (9 GHz) frequency regimes, greatly improves the preci-
sion in determination of the dynamic parameters associated
with the slow components of the multi-component rota-
tional diffusion exhibited by spin-labelled lipids in mem-
branes. This is especially the case for the slow axial
diffusion.

To simulate the spectra at the intermediate microwave
frequency, partially averaged spin-Hamiltonian tensors are
taken from fast-motional simulations of the 94-GHz spectra
and are used in slow-motional simulations based on the sto-
chastic Liouville equation. The slow-motion parameters
obtained in this way differ, however, from those obtained
by simulating the 9-GHz spectra with the same procedure,
possibly because of non-axial contributions to the slow
motion to which 9-GHz spectra are insensitive. Agreement
between the dynamic parameters obtained from 9- and
34-GHz simulations can be achieved by adjustment of the
effective degree of rapid motional averaging of the spin-
Hamiltonian tensors. Calibrations of the multifrequency
parameters DAqx

zz and Dgqx
zz by simulations are used to guide

this optimization step. In this way, it is possible to obtain
a consistent description of the slow axial motion of the lipid
chains in terms of the rotational diffusion coefficients DR^
and DR//, and the long-axis order parameter Szz.
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