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There are no easily obtainable EPR spectral parameters for lipid spin labels that describe profiles of mem-
brane fluidity. The order parameter, which is most often used as a measure of membrane fluidity,
describes the amplitude of wobbling motion of alkyl chains relative to the membrane normal and does
not contain explicitly time or velocity. Thus, this parameter can be considered as nondynamic. The
spin-lattice relaxation rate (T�1

1 ) obtained from saturation-recovery EPR measurements of lipid spin
labels in deoxygenated samples depends primarily on the rotational correlation time of the nitroxide
moiety within the lipid bilayer. Thus, T�1

1 can be used as a convenient quantitative measure of membrane
fluidity that reflects local membrane dynamics. T�1

1 profiles obtained for 1-palmitoyl-2-(n-doxylstea-
royl)phosphatidylcholine (n-PC) spin labels in dimyristoylphosphatidylcholine (DMPC) membranes with
and without 50 mol% cholesterol are presented in parallel with profiles of the rotational diffusion coeffi-
cient, R\, obtained from simulation of EPR spectra using Freed’s model. These profiles are compared with
profiles of the order parameter obtained directly from EPR spectra and with profiles of the order param-
eter obtained from simulation of EPR spectra. It is shown that T�1

1 and R\ profiles reveal changes in mem-
brane fluidity that depend on the motional properties of the lipid alkyl chain. We find that cholesterol has
a rigidifying effect only to the depth occupied by the rigid steroid ring structure and a fluidizing effect at
deeper locations. These effects cannot be differentiated by profiles of the order parameter. All profiles in
this study were obtained at X-band (9.5 GHz).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In lipid bilayers, the spin-labeled alkyl chain of 1-palmitoyl-2-
(n-doxylstearoyl)phosphatidylcholine (n-PC) spin label or n-doxyl-
stearic acid spin label (n-SASL) (with the nitroxide moiety attached
at the Cn position) undergoes rapid anisotropic motion about the
long axis of the spin label and also a wobbling motion of the long
axis within the confines of a cone imposed by the membrane envi-
ronment. The anisotropic rotational motion of the spin label gives
rise to unique features of the EPR spectra that can be used to cal-
culate the order parameter for the alkyl chain [1,2]. The order
parameter is a measure of the amplitude of the wobbling motion
of the alkyl chain, with an increase in order parameter indicating
a decrease in the angle of the cone. Moreover, as the spin label is
moved from the bilayer surface to the membrane interior, devia-
tions in the alkyl-chain-segment direction from the bilayer normal
accumulate. Thus, ordering of the alkyl chain close to the mem-
brane surface (induced, for example, by contact with the plate-like
ll rights reserved.
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portion of cholesterol), also causes an apparent ordering of the dis-
tal fragment of the alkyl chain [3]. Although the order parameter
indicates an amplitude of wobbling motion of alkyl chains in the
lipid bilayer, change in the order parameter is most often described
as a change in spin-label mobility, and thus as a change in mem-
brane fluidity. Profiles of the order parameter have been routinely
used as a measure of the fluidity of membrane samples [4,5]. With
some restrictions, profiles of the dynamic parameter R\, which is
the rotational diffusion coefficient of the nitroxide moiety
around an axis perpendicular to the mean symmetry axis for the
rotation, can be also obtained from computer simulation of EPR
spectra [6–8].

We propose here an alternative approach in displaying mem-
brane fluidity, namely, profiles of the spin-lattice relaxation rate
(T�1

1 ). This parameter can be obtained from saturation-recovery
(SR) EPR measurements. In deoxygenated samples, this parameter
depends primarily on the motion of the nitroxide moiety within
the lipid bilayer and thus characterizes the dynamics of the mem-
brane environment at the depth at which the nitroxide moiety is
located.

Robinson et al. [9] discuss various mechanisms for spin-lattice
relaxation of nitroxide spin labels. For an isotropic rotational
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correlation time constant, they found good agreement between
experiment and a theoretical model that was dominated by the
so-called electron–nuclear dipolar (END) mechanism for rotational
correlation times from about 10�11 to 10�8 s. In this range,
Tend

1e / sc , which provides the fundamental basis for the use of
the electron spin-lattice relaxation time as a fluidity parameter.
In subsequent work, Mailer et al. [10] extended the theoretical
framework of Ref. [9] to include anisotropic motion and explicitly
considered stearic acid spin labels in lipid bilayers. For data at X-
band, fits were not improved. However, for multifrequency T1 data,
consideration of anisotropic motion was necessary. Thus, it seems
possible that an improved fluidity parameter that reflects aniso-
tropic motion could be developed based on multifrequency satura-
tion recovery measurements.

The T1 values of lipid spin labels (1–10 ls) are much longer than
the correlation time for reorientation of the nitroxide group of lipid
spin labels as measured using conventional EPR (0.1–10 ns). Be-
cause of the short correlation time of different modes of reorienta-
tion, motional effects are superimposed and spectral parameters
obtained from conventional EPR are affected by these motions in
complicated ways. However, because of the long T1 the compli-
cated motional effects should be averaged in SR measurements.
Thus, T�1

1 can be used as a convenient quantitative measure of
membrane fluidity that indicates this averaged motion of phospho-
lipid alkyl chains (or nitroxide free radical moieties attached to
those chains). If T�1

1 is measured for n-SASL or n-PC spin labels, a
fluidity profile across the lipid bilayer can be obtained that reflects
membrane dynamics [11]. In addition, because T�1

1 can be mea-
sured in coexisting membrane domains and membrane phases
[12,13], these fluidity profiles can be obtained in coexisting do-
mains and phases without the need for their physical separation.

We previously used SR in dual-probe pulse EPR experiments in
which small paramagnetic molecules (e.g., molecular oxygen or
paramagnetic metal complexes) were introduced into the mem-
brane and bimolecular collision rates with lipid-analog spin labels
determined [14–16]. The rate of bimolecular collision between the
nitroxide moiety of a lipid-type spin label placed at a specific loca-
tion in the membrane and a small paramagnetic probe molecule
(like molecular oxygen) is a useful monitor of membrane fluidity
that reports on translational diffusion of the small molecule probe,
but not on motion of lipid alkyl chains [14]. Those initial experi-
ments were performed at X-band. However, we recently showed
that spin-lattice relaxation times of lipid-analog spin labels ini-
tially increase when the microwave frequency is increased above
X-band, reaching maximum values at Q-band (35 GHz) [17], and
then decrease again as the frequency is further increased to W-
band (94 GHz) [18,19]. Nonetheless, the observed trend of a
decreasing spin-lattice relaxation time for n-SASL or n-PC spin la-
bels with increasing membrane depth was independent of micro-
wave frequency [17,19]. We conclude that the longest values of
T1 will generally be found at Q-band, noting that long values are
advantageous for measurement of T1-dependent membrane pro-
cesses. These new capabilities have the potential to be a useful tool
for studying membrane dynamics.

In this paper, we present profiles of the spin-lattice relaxation
time of phospholipid spin labels for fluid-phase dim-
yristoylphosphatidylcholine (DMPC) membranes without and with
50 mol% cholesterol obtained at X-band. In parallel, for the same
systems, we present profiles of another dynamic parameter—
namely, the rotational diffusion coefficient obtained from com-
puter simulation of conventional EPR spectra. We chose the
DMPC/cholesterol membranes to demonstrate this new approach
for characterizing membrane fluidity because other membrane
properties for this system are readily available in the literature,
thus allowing our new results to be broadly compared with com-
monly used parameters.
2. Materials and methods

2.1. Materials

One-palmitoyl-2-(n-doxylstearoyl)phosphatidylcholine(n-PC,
n = 5, 7, 10, 12, 14, or 16), dimyristoylphosphatidylcholine (DMPC),
and cholesterol were obtained from Avanti Polar Lipids, Inc.
(Alabaster, AL). Other chemicals, of at least reagent grade, were
purchased from Sigma–Aldrich (St. Louis, MO).
2.2. Sample preparation

The membranes used in this work were multilamellar disper-
sions of lipids containing 1 mol% n-PC in DMPC or DMPC/choles-
terol (1:1 molar ratio), and were prepared as described earlier
[20]. The buffer used for measurements was 10 mM PIPES (pipera-
zine-N,N0-bis(2-ethanesulfonic acid) and 150 mM NaCl (pH 7.0).
Multilamellar dispersions of lipids were obtained as a loose pellet
after centrifugation (12,000g, 15 min, 4 �C) with a final spin-label
concentration of 1–3 mM. Structures of the n-PC, together with
structures of DMPC and cholesterol, are shown in Fig. 1.
2.3. EPR measurements

For EPR measurements, samples were transferred to a capillary
made from the gas-permeable methylpenetene plastic, TPX (i.d.
0.6 mm). Samples were equilibrated directly in the resonator with
a continuous flow of nitrogen, which was also used for tempera-
ture control [21]. All EPR measurements were performed at 27 �C
for deoxygenated fluid-phase DMPC membranes, well above the
main phase transition of the pure DMPC membranes (phase transi-
tion temperature, Tm = 23.6 �C, and the width of transition,
DT1/2 = 0.2 �C [22]). In the presence of 50 mol% cholesterol, the en-
tire DMPC membrane is in the liquid-ordered phase (see the phase
diagram in Ref. [23]). The rigid limit measurements were taken at
�165 �C. Conventional, CW EPR spectra for n-PC in DMPC mem-
branes without and with 50 mol% cholesterol were obtained on a
Bruker EMX X-band spectrometer and were used to obtain spectral
parameters directly from the spectra or through simulation (see
Sections 2.5 and 2.6).
2.4. Saturation-recovery data acquisition and processing

Saturation-recovery signals were obtained at X-band on a
home-built spectrometer and loop-gap resonator as previously de-
scribed [3]. The pulse duration was 0.3 ls. For the lipid-analog spin
labels used in this study, motion was sufficiently slow that the
nitrogen nuclear relaxation rates were greater than the electron
T�1

1 values, resulting in strong coupling of the three hyperfine lines
[24,25]. The central-field hyperfine line, which is most intense, was
observed.

Typically, 106 decays were averaged, half of which were off-res-
onance and differenced for baseline correction, with 2048 data
points per decay. Sampling intervals depended on sample, temper-
ature, and oxygen tension, and were either 10 or 20 ns. Total accu-
mulation time was about 2–5 min. Recovery curves were fitted by
single, double, and triple exponentials, and compared. Results indi-
cated that for all of the recovery curves obtained in this work, no
substantial improvement in the fitting was observed when the
number of exponentials was above one, establishing that these
recovery curves could be analyzed as single exponentials (criteria
for the goodness of a single exponential fit are described in [26]).
Fits were based on a damped linear least-squares method. Decay
time constants were determined with accuracy better than ±3%.



Fig. 1. Chemical structures of n-PC spin labels, DMPC, and cholesterol. Structures
are aligned to illustrate approximate locations of these molecules and nitroxide
moieties of spin-labels across the membrane. However, since alkyl chains tend to
have many gauche conformations, the chain-length projection to the membrane
normal would be shorter than depicted here and the rigid structure of cholesterol
would sink somewhat differently in the fluid phase membranes.
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2.5. Simulation of EPR spectra

Nonlinear least squares (NLLS) analyses of the CW EPR spectra
were performed using the fitting program of Budil et al. [27] based
on the stochastic Liouville equation developed by Freed and
coworkers [28,29]. The hyperfine A-tensor and the g-tensor com-
ponents for the n-PC spin labels were obtained from rigid limit
spectra (�165 �C) in either DMPC or DMPC/cholesterol. Superim-
posed experimental and simulated spectra are shown in Fig. 2,
and magnetic tensor parameters obtained from the fits are listed
in Table 1. Variations in the magnetic tensor components (particu-
larly gxx and Azz) are related to the polarity of the local environment
of the nitroxide moiety at different positions on the alkyl chain
[30,31]. These results emphasize the need to determine these
parameters for each spin label and for each membrane system as
an important first step, prior to simulating EPR spectra in fluid
phase membranes.

Once the magnetic tensor parameters were obtained, they were
fixed and used as the input parameters in the simulation of fluid-
phase membrane spectra. The spectral simulations for spin labels
in multilamellar dispersions of lipids used in the NLLS fittings were
Fig. 2. Experimental (solid line) and simulated (broken line) X-band EPR spectra of
n-PC in DMPC and DMPC/50 mol% cholesterol membranes at �165 �C (rigid-limit
conditions).



Table 1
Magnetic tensor parameters for n-PC spin labels in DMPC and DMPC/Chol (50 mol%)
membranes.

n-PC gxx gyy gzz Axx
a Ayy

a Azz
a

DMPC
5 2.0086 2.0058 2.0020 4.9 4.9 34.4
7 2.0087 2.0058 2.0020 5.0 5.0 34.3
10 2.0089 2.0059 2.0020 5.1 5.1 34.1
12 2.0089 2.0058 2.0020 5.1 5.1 34.0
14 2.0089 2.0059 2.0020 5.0 5.0 33.8
16 2.0090 2.0059 2.0020 5.0 5.0 33.8

DMPC/Chol
5 2.0086 2.0057 2.0019 4.9 4.9 34.8
7 2.0087 2.0058 2.0019 5.0 5.0 34.7
10 2.0091 2.0058 2.0019 5.0 5.0 32.5
12 2.0092 2.0059 2.0020 5.1 5.1 32.4
14 2.0092 2.0058 2.0020 5.0 5.0 32.4
16 2.0092 2.0058 2.0020 5.0 5.0 32.3

a In unit of Gauss.

Fig. 3. Experimental (solid line) and simulated (broken line) X-band EPR spectra of
n-PC in DMPC and DMPC/50 mol% cholesterol membranes at 27 �C (fluid phase
membranes).
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obtained using the MOMD (microscopic order and macroscopic
disorder) model [29,32,33]. This model describes the dynamic
structure of multilamellar dispersions of lipids, and assumes that
the lipid molecules are preferentially oriented locally by the struc-
ture of the bilayer; however, globally the lipid bilayers are distrib-
uted randomly [32,33].

Superimposed experimental and simulated spectra of rapidly
rotating n-PC spin labels in DMPC and DMPC/cholesterol mem-
branes are shown in Fig. 3. In the simulations, the motion of the
nitroxide moiety attached to the Cn position of the alkyl chain is
treated as Brownian diffusion of the (Cn�1, Cn+1) vector within the
confines of a cone with a semi-cone angle, hC. The spatial con-
straints imposed by the membrane (ordering potential) was a
square well potential with an infinitely high barrier at hC (as an
approximation of a Gaussian restoring potential) [27,33]. The
ordering potential is related to the order parameter, So, which mea-
sures the angular extent of the rotational diffusion of the nitroxide
moiety relative to the membrane normal, and was extracted from
the simulation.

In this model, one can consider two independent modes of mo-
tion: (1) axial rotation of a n-PC about its long axis (i.e., the n-PC
spin label rotates rapidly about its long axis with a rotational dif-
fusion coefficient Rk irrespective of the orientation of the long axis),
and (2) wobbling of the long axis within a cone (i.e., the (Cn�1, Cn+1)
vector reorients rapidly with a rotational diffusion coefficient R\

within the confines of a cone with a semi-cone angle of hC). Simu-
lation yields a dynamic rotational diffusion parameter (R\). How-
ever, the NLLS analysis for the n-PC spin labels is found to be
insensitive to Rk because of the fast rotation about the long axis
of the spin label, the axial symmetry of the nitroxide hyperfine ten-
sor (with x- and y-components of the hyperfine tensor Axx � Ayy),
and low sensitivity of the EPR spectrum at X-band to the g-factor
anisotropy [34]. This insensitivity was demonstrated in many sim-
ulations of the n-PC EPR spectra in membranes [6–8].

The fits shown in Fig. 3 are appropriate for fluid phase mem-
branes, where the assumptions of rapid anisotropic motion (de-
scribed above) are satisfied. Attempts to simulate these spectra
without an ordering potential produced poor fits, except for 16-
PC in the pure DMPC membrane, which indicates that only in the
case of 16-PC can the rotational motion of the nitroxide moiety
be treated as isotropic.
2.6. Order parameter

The molecular order parameter for the nth segment of an alkyl
chain, Smol, is defined by the following equation [35],
Smol ¼< 3 cos2 hn � 1 > =2 ð1Þ

where hn is the instantaneous angle between the nth segmental vec-
tor (i.e., the (Cn�1, Cn+1) vector linking n � 1 and n + 1 C atoms in the
alkyl chain) and the bilayer normal, and the brackets denote both
the ensemble and the time average.

The order parameter can be obtained for all segments of the al-
kyl chain of the bilayer by molecular dynamics simulation [36,37].
It can be also calculated from the EPR spectra for lipid spin labels
oriented in the lipid bilayer. The direction of the z-vector of the
>N–O group of the doxyl ring in n-PC spin labels corresponds to
the (Cn�1, Cn+1) vector. Therefore, the fast rotational motion about
the long axis of the spin-label molecule and the fast wobbling mo-
tion of the (Cn�1, Cn+1) vector gives rise to new features of the EPR
spectra. Positions of these lines, which are determined by the time-
averaged values of the hyperfine and g-tensor components, are
independent of the rate of motion (if rate of motion is P108 s�1)
and are determined solely by the geometrical considerations
restricting the anisotropic motion—namely, the cone of the angle



Fig. 4. Representative SR signals with fitted curves and the residuals (the
experimental signal minus the fitted curve) for 5-PC (A) and 16-PC (B) in DMPC
membranes without and with 50 mol% cholesterol at 27 �C. The fits to the single-
exponential curves for 5-PC give recovery times of 4.61 ls and 5.73 ls for
membranes without and with cholesterol, respectively (A); and recovery times
for 16-PC of 2.11 ls and 1.61 ls for membranes without and with cholesterol,
respectively (B). All samples were equilibrated with nitrogen. Upper residuals are
for membranes without cholesterol and lower residuals are for membranes with
cholesterol. These results indicate the opposite effects of cholesterol on spin label
dynamics at membrane surface and in the membrane center.

Fig. 5. Profiles of T�1
1 (the spin-lattice relaxation rate) obtained for n-PC spin labels

in DMPC membranes without and containing 50 mol% cholesterol as a function of
nitroxide moiety position ‘‘n’’ on the alkyl chain.
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to which motion is confined as imposed by the membrane environ-
ment. These form the basis of the approach developed by Hubbell
and McConnell [35], in which separation of the lines in the EPR
spectra, A0k and A0?, which can be measured directly from the spec-
tra (see Fig. 3), are used to calculate the order parameter. The
expression of Eq. (2) from Marsh [2] was used here.

S ¼ 0:5407ðAk � A?Þ=a0; where a0 ¼ ðAk þ 2A?Þ=3 ð2Þ

In this equation, corrected values for the separation of the lines are
used, Eq. (3); see Refs. [2,38,39]:

Ak ’ A0k and A? ’ A0? þ 1:4 1�
A0k � A0?
Azz � Axx

 !
; ð3Þ

where A||, A0k, A\, and A0? are in gauss. The order parameter can also
be obtained from the EPR spectral simulation using Freed’s model
[29,40,41], as described in Section 2.5. All modes of motion confined
by the ordering potential are included in the simulation. In the pres-
ent work, we calculated profiles of the order parameter using Eq. (2)
and by simulation as described in Section 2.5.

3. Results

3.1. Profiles of the spin-lattice relaxation rate (fluidity profiles)

Representative saturation-recovery curves of 5-PC and 16-PC in
fluid-phase DMPC and DMPC/cholesterol membranes are shown in
Fig. 4. In all cases the SR signals were satisfactorily fit to a single
exponential function (see residuals in Fig. 4). As can be seen, incor-
poration of cholesterol increases T1 for 5-PC and decreases T1 for
16-PC, indicating that the presence of cholesterol decreases the
averaged rate of spin label motion near the bilayer surface while
increasing it near the center of the bilayer.

Similar studies were carried out for each of the n-PC spin labels,
allowing us to construct fluidity profiles based on T�1

1 as a function
of membrane depth for DMPC membranes without and with
50 mol% cholesterol (Fig. 5). As expected, for both systems we ob-
served increasing values of T�1

1 , corresponding to an increase in
membrane fluidity (membrane dynamics), as the spin label posi-
tion was moved progressively deeper into the bilayer. Comparison
of profiles for pure DMPC and DMPC/cholesterol indicates that cho-
lesterol decreases membrane fluidity close to the bilayer surface
and that membrane fluidity is increased near the membrane cen-
ter. The transition between the rigidifying and fluidizing effects
of cholesterol lies at approximately the C9 position, the depth to
which the inflexible cholesterol ring structure is immersed into
the bilayer. These studies are in good agreement with our previous
work utilizing another dynamic parameter—namely, the oxygen
transport parameter—which clearly differentiates between the
membrane region occupied by the cholesterol ring structure and
the deeper region of the bilayer containing the aliphatic isooctyl
chain of cholesterol (see Section 4 and Refs. [13,15,42,43]). In con-
trast, profiles of the order parameter (see Section 3.3) do not differ-
entiate the effects of cholesterol at different depths, showing
ordering effects of cholesterol at all depths.

3.2. Profiles of the rotational diffusion coefficient

Profiles of the rotational diffusion coefficient perpendicular to
the bilayer normal, R\, obtained from spectral simulations of the
conventional EPR spectra for n-PC spin labels in DMPC membranes
without and with 50 mol% cholesterol are shown in Fig. 6. In both
membranes R\, increases with increasing depth in the membrane.
However, in the presence of cholesterol R\, is substantially de-
creased near the membrane surface and increased near the mem-
brane center compared with pure DMPC bilayers. Similar effects
of cholesterol were observed in the fluidity profiles displayed in
Fig. 5 based on T�1

1 measurements. In both displays of membrane
dynamics (fluidity) the transition from the rigidifying effect of cho-
lesterol to the fluidizing effect occurs at approximately the same
depth, the C9 position, which is the depth to which the rigid ring
structure of cholesterol is immersed into the bilayer.

To the best of our knowledge, this is first time that the fluidizing
effect of cholesterol in the membrane center, in distinction to the
rigidifying effect close to the membrane surface, has been demon-



Fig. 6. Plots of the best fit values of the rotational diffusion coefficient (R\) for n-PC
in DMPC membranes without and containing 50 mol% cholesterol as a function of
nitroxide moiety position ‘‘n’’ on the alkyl chain.

Fig. 8. Plots of the best fit values of the order parameter (So) for n-PC in DMPC
membranes without and containing 50 mol% cholesterol as a function of nitroxide
moiety position ‘‘n’’ on the alkyl chain.
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strated using a T2 method, namely, display of a parameter obtained
from spectral simulation. Swamy et al. [6] showed profiles of R\, in
raft-forming phospholipid mixtures with different amounts of cho-
lesterol. They compared properties of the liquid-disordered do-
main containing �7.5 mol% cholesterol within the raft domain
containing �35 mol% cholesterol, and concluded that cholesterol
decreases rotational motion of phospholipid spin labels close to
the membrane surface (5-PC and 7-PC positions) and does not af-
fect motion in the membrane center (12-PC and 16-PC positions).

The similarity of the profiles presented in Figs. 5 and 6 supports
the validity of Freed’s model and the spectral simulation process.
T�1

1 is a dynamic parameter obtained directly from the SR measure-
ments, which also shows this unusual effect of cholesterol on
membrane fluidity. Similar effects can be also observed from spec-
tral simulation by displaying the rotational diffusion coefficient,
namely, R\. However, the order parameter, as discussed below,
shows rigidifying effects of cholesterol at all depths in the
membrane.

3.3. Profiles of the order parameter

Profiles of the order parameter, S, for DMPC and DMPC/choles-
terol membranes obtained directly from the EPR spectra according
to the model described in Eq. (1) and (2) are presented in Fig. 7.
Both profiles show a gradual decrease in alkyl chain order with
increasing depth in the membrane. Values of the order parameter
measured at the same depth are always significantly greater for the
DMPC/cholesterol membrane than for the pure DMPC membrane.
Thus, an ordering effect of cholesterol in fluid-phase DMPC is ob-
served at all depths from membrane surface to membrane center.
Fig. 7. Profiles of the order parameter as a function of the nitroxide moiety position
‘‘n’’ on the alkyl chain obtained for n-PC spin labels in DMPC membranes without
and containing 50 mol% cholesterol. The order parameter S was calculated from
experimental EPR spectra using Eq. (2).
Such results have traditionally been used to suggest that choles-
terol decreases membrane fluidity throughout the membrane
bilayer.

Profiles of the order parameter, So, obtained from spectral sim-
ulations of the CW EPR spectra for n-PC spin labels in DMPC mem-
branes using Freed’s model without and with 50 mol% cholesterol
are shown in Fig. 8. Values of the order parameter obtained based
on the measured spectral parameters (Fig. 7) and simulations
(Fig. 8) differ significantly. However, both show the same
trends—namely, order parameters decrease with increasing depth
in the bilayer and are always larger for membranes containing cho-
lesterol. The same trends are also revealed in profiles of the order
parameter obtained through molecular dynamics simulation of li-
pid bilayer membranes without and with cholesterol [36,37].
4. Discussion

The fact that T1 values are substantially longer that T2 values for
lipid spin labels in membranes provides certain advantages of T1-
sensitive methods over T2-sensitive methods. These advantages
have been demonstrated in T1-sensitive spin-label oximetry mea-
surements [44,45], in saturation recovery studies of oxygen diffu-
sion in membranes [12–15,46], and in studies of bimolecular
collision rates between 14N:15N spin-labeled lipids [3,47–49].
These results suggested to us that T1-based measurements of spin
label motion might reveal features of membrane fluidity that can-
not be detected by the widely used T2-sensitive methods (e.g., or-
der parameter and spectral linewidths).

Profiles of the order parameters calculated directly from EPR
spectra (Fig. 7) and obtained from spectral simulation (Fig. 8) show
that the ordering and rigidifying effect of cholesterol extends from
the membrane surface to the membrane center. In contrast, pro-
files of parameters that primarily depend on the rate of motion
of the alkyl-chain fragment to which the nitroxide moiety is at-
tached (i.e., R\, (Fig. 6) or T�1

1 (Fig. 5)) show the fluidizing effect
of cholesterol in the membrane center. This seeming discrepancy
results from the structure and localization of the cholesterol mol-
ecule within the membrane. As noted above, the rigid sterol ring
of cholesterol extends only to a depth of approximately the ninth
carbon of lipid alkyl chains, as evidenced by sharp transitions in
the oxygen transport parameter [13,42] and transmembrane pro-
files for hydrophobicity [50,51]. At deeper locations, the isooctyl
chain that forms the ‘‘tail’’ of cholesterol has a cross section that
is much smaller than that of the sterol ring, providing additional
opportunity for trans-gauche isomerization in the alkyl chains of
neighboring phospholipids. EPR parameters that reflect local
diffusion and rotational dynamics (T�1

1 , R\, the oxygen transport
parameter) are sensitive to this increase in free volume whereas
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the order parameter, which reflects the deviation of the entire alkyl
chain from the membrane normal, is not. Ordering of the alkyl
chains induced by steric contact with the plate-like portion of cho-
lesterol also causes ordering of the distal fragment of the alkyl
chain, even though the number of gauche bonds is not changed
in that fragment, and motional parameters are greater. Thus, the
increased mobility induced by cholesterol in the membrane center,
indicated by the dynamic parameters describing the rate of mo-
tion, is not inconsistent with an increased order parameter,
describing the amplitude of motion.
5. Conclusion

In this work, we show that T�1
1 of lipid-analog spin labels can be

used as a convenient, quantitative measure of membrane fluidity
that is sensitive to the averaged rate of nitroxide motion. Measure-
ment of T�1

1 for a series of n-PC or n-SASL as a function of label po-
sition provides a fluidity profile that reflects averaged local
membrane dynamics across the lipid bilayer. With the growing
availability of commercially-available spectrometers with satura-
tion recovery capability, such measurements can be a valuable ap-
proach for characterizing membrane structure and dynamics. Such
T�1

1 profiles can be obtained not only at X-band, but also at other
frequencies, including Q-band [17,19] and W-band [18,19], with
even greater sensitivity. SR EPR at Q- and W-band have the poten-
tial to be a useful tool for studying membrane fluidity in samples of
small volume (e.g., �30 nL), which can be especially significant for
studies of isolated biological membranes from cell cultures and hu-
man samples.
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