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The EPR spectra of nitroxide spin labels have been simulated as
a function of microwave field, H1, taking into account both mag-
netic field modulation and molecular rotation. It is found that the
saturation of the second integral, S, of the first harmonic in-phase
absorption spectrum is approximated by that predicted for slow-
passage conditions, that is, S ; H1/=1 1 PH1

2, in all cases. This
result is independent of the degree of inhomogeneous broadening.
In general, the fitting parameter, P, depends not only on the T1

and T2 relaxation times, but also on the rate of molecular reori-
entation and on the modulation frequency. Calibrations for deter-
mining the relaxation times are established from the simulations.
For a given modulation frequency and molecular reorientation
rate, the parameter obtained by fitting the saturation curves is
given by 1/P 5 a 1 1/ge

2 T1 z T2
eff, where T2

eff is the effective T2. For
molecular reorientation frequencies in the range 2 3 107–2 3 108

s21, T2
eff is dominated by the molecular dynamics and is only

weakly dependent on the intrinsic T2
0, allowing a direct estimation

of T1. For reorientation frequencies outside this range, the (T1T2)
product may be determined from the calibrations. The method is
applied to determining relaxation times for spin labels undergoing
different rates of rotational reorientation in a variety of environ-
ments, including those of biological relevance, and is verified
experimentally by the relaxation rate enhancements induced by
paramagnetic ions. © 1998 Academic Press
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INTRODUCTION

As is well known, information on spin–lattice relaxation
rates may be obtained from CW EPR spectra by performing
progressive saturation experiments with increasing microwave
power. Such methods have found increasing application in
recent years with spin labels because of the structural infor-
mation that may be derived by using paramagnetic relaxation
agents (1–3) and also because of the sensitivity to a range of
slow dynamic processes (4–6). Most of these applications
have been studies with biological membranes. The method is
particularly powerful in the general area of structural biology

when it is combined with the newly introduced technique of
site-directed spin labeling (1, 2).

Optimum application of the method is possible if absolute
values for the relaxation times can be deduced directly from the
saturation measurements. The principal problems involved in
such determinations are the allowance for inhomogeneous broad-
ening, the influence of rotational motion of the spin label, and the
effects of magnetic field modulation. It has been proposed that the
problems associated with inhomogeneous broadening may be
circumvented by determining the saturation behavior of the sec-
ond integral of the conventional in-phase first-harmonic absorp-
tion spectra (7). This analysis, however, was based on slow-
passage conditions in the absence of molecular motion. The
effects of rotational motion on the saturation behavior of the
spectral lineheights have been analyzed by Haaset al. (8), but
effects of the modulation field and inhomogeneous broadening
were not explicitly considered. Passage effects associated with
field modulation can be avoided by using low modulation fre-
quencies, but it is desirable for practical reasons that these should
be included explicitly in the analysis.

The aim of the present work is to develop an integrated ap-
proach to analysis of the EPR saturation curves of spin labels with
specific allowance for both molecular rotational motion and Zee-
man modulation effects, in a method that is not sensitive to
inhomogeneous spectral broadening. This is done by using the
uncorrelated jump model for the rotational motion (9) that readily
may be incorporated in the Bloch equations including the micro-
wave and modulation fields (10, 11). The advantage of this ap-
proach is that expressions for the lineshapes as a function of
microwave power may be obtained in closed form. In the mo-
tional narrowing regime (tR , 1029 s), however, the rotational
contributions to the spin–spin relaxation rate from perturbation
theory are incorporated directly in the Bloch equations. It is found
that, under all conditions, the saturation curves for the double-
integrated intensity of the conventional EPR spectra can be fitted
by a functional dependence similar to that obtained for slow-
passage conditions in the absence of molecular motion and that
this is unaffected by inhomogeneous broadening. In general, val-
ues for the true (T1T2) relaxation time product may be extracted
from the saturation curves by using calibrations that are estab-
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lished for the simulations, over wide ranges of rotational correla-
tion time. For frequencies of rotational motion in the intermediate
range (23 107–2 3 108 s21), however, the saturation curves are
relatively insensitive to the value of the intrinsicT2

0, and theT1

relaxation time itself (rather than just the combinedT1T2 product)
may be estimated directly. In the general case, values of the
intrinsic T2

0 that are needed to extractT1 from the (T1T2) product
can be obtained from simulation of the low-field spectral compo-
nents, with allowance for Gaussian inhomogeneous broadening.
Relaxation times of spin labels in a variety of experimental sys-
tems have been obtained by using this approach, as well as
spin–lattice relaxation rate enhancements that are induced by
paramagnetic ions.

MATERIALS AND METHODS

The spin label TEMPOL (4-hydroxy-2,2,6,6-tetramethylpi-
peridine-N-oxyl) was obtained from Eastman Kodak (Roches-
ter, NY), TEMPONE (4-oxo-2,2,6,6-tetramethylpiperidine-N-
oxyl) from Aldrich (Milwaukee, WI), and TEMPO-stearate,
TS (4-stearoyl-2,2,6,6-tetramethylpiperidine-N-oxyl), was from
Molecular Probes (Eugene, OR). Spin-labeled phosphatidyl-
cholines, n-PCSL (1-acyl-2-[n-(4,4-dimethyloxazolidine-N-
oxyl)stearoyl]-sn-glycero-3-phosphocholine) withn 5 5 and
n 5 14, were synthesized according to Ref. (12). Lysodecanoyl
phosphatidylcholine, lyso PC (1-decanoyl-2-lyso-sn-glycero-
3-phosphocholine), was from Sigma (St. Louis, MO). Dioleoyl
phosphatidylcholine, DOPC (1,2-dioleoyl-sn-glycero-3-phos-
phocholine), and dipalmitoyl phosphatidylcholine, DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine), were from Avanti
Polar Lipids (Alabaster, AL). The TEMPOL spin label was
used at a concentration of 33 1024 M (in glycerol–water
solutions) and the spin-labeled lipids (in aqueous dispersions
containing 1 mg of total lipid) at a relative concentration of 1
mol% for fluid lipid phases and 0.5 mol% in lipid gel phases.
All samples were saturated with argon.

EPR spectra were recorded on a 9-GHz Varian Century Line
spectrometer at a magnetic field modulation frequency of 100 kHz
and over a scan range of 100 to 200 G, depending on the spectral
extent at high microwave power. Samples of 5-mm length were
contained in sealed 1-mm i.d. glass capillaries which were accom-
modated within a standard quartz EPR tube that contained light
silicone oil for thermal stability. The samples were centred verti-
cally in the microwave cavity. The entire sample chamber was
sealed under argon. Temperature of the samples was controlled by
nitrogen gas flow through a quartz dewar and measured by a
fine-wire thermocouple located within the capillary in contact
with the sample. Critical coupling conditions were used for the
progressive saturation studies. The mean microwave field,H1, at
the sample was measured according to Ref. (13) and corrections
for differences in cavityQ were made as described in the same
reference. Saturation transfer EPR spectra, where appropriate,
were recorded according to the standardized protocol described in
Ref. (14).

Spectra were simulated according to the methods described
in the Theory section. Programs were written in Microsoft
Quick-BASIC and numerical calculations were carried out on
a 90-MHz Pentium computer. Principal values used for theg
and hyperfine tensors wereg 5 (2.0089, 2.0061, 2.0027) and
A 5 (6.0 G, 6.0 G, 34.0 G), respectively. Simulated spectra
were integrated twice over a magnetic field range of 200 G.

THEORY

The Bloch equations that explicitly include the microwave
and Zeeman modulation fields may be generalized to take into
account molecular rotation by using the random jump diffusion
model employed in Ref. (9). The resulting equations for the
time dependence of the spin magnetization vectorX¢ 5(u, v, z)
in the rotating frame can be written in matrix form:

Ẋ¢ 1 ~Â 1 fRÊ! z X¢ 5 M¢ O 1 fR E X¢ dV , [1]

wherefR[tR
21 is the frequency of isotropic rotational reori-

entation,M¢ o5Mo(0, 0, T1
21) andV [ (u, w) is the orientation

of the static magnetic field relative to the magnetic principal
axes. The term containingfR on the left-hand side of Eq. [1] is
the rate of transfer of spin magnetization to other orientations
and that on the right-hand side is the rate of transfer from all
other orientations. The Bloch equation matrix is given by

Â 5 S ~T2
0!21 ged 0

2ged ~T2
0!21 2geH1

0 geH1 T1
21

D , [2]

with ge the electron gyromagnetic ratio and

d 5 H 2 Hres~u, w ! 1 Hmcosvmt , [3]

whereHres is the resonant field,Hm is thep–pfield modulation
amplitude, andfm 5 vm/ 2p is the modulation frequency. The
resonant field is angular dependent being determined by the g-
and hyperfine tensor anisotropies:

Hres~u, w ! 5
\ve

beg~u, w !
2 mI A~u, w ! , [4]

where ve is the electron Larmor frequency and the tensor
anisotropies, relative to the principal components, are given by

g~u, w! 5 gzzcos2u 1 gxxsin2u cos2w 1 gyysin2u sin2w [5]

A~u, w ! 5 ~ Azz
2 cos2u 1 Axx

2 sin2u cos2w

1 Ayy
2 sin2u sin2w )1/ 2. [6]
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Because of the periodic modulation field, the magnetization
components (u, n, z) are expanded in Fourier harmonics ofvm,

u 5 O
n52`

`

une2invmt ; n 5 O
n52`

`

nne2invmt ; z 5 O
n52`

`

zne2invmt ,

[7]

whereun, nn, zn are the complex Fourier amplitudes.
Substituting Eqs. [7] into Eq. [1] gives an infinite system of

coupled equations for the amplitudesX¢ n 5 (un, nn, zn):

Â 0 z X¢ 0 5 M¢ 0 1 fR E X¢ 0dV 1
1

2
ĝ z Hm~X¢ 1 1 X¢ 21!

Â n z X¢ n 5 fR E X¢ ndV 1
1

2
ĝ z Hm~X¢ n11 1 X¢ n21! [8]

with

Â n 5 Â 9 1 ~ fR 2 invm!Ê , [9]

where Â9 is the Bloch matrix without the modulation field,
which is now included explicitly in the term that contains the
matrix:

ĝ 5 S 0 2ge 0
ge 0 0
0 0 0

D . [10]

Halbach (15) has shown that, in the small modulation am-
plitude approximation (hm 5 geHmT2

0 , 1), the solution for
a similar system (in the absence of diffusion terms) can be
obtained by expanding the Fourier coefficientsun, nn, zn in a
power series of the dimensionless modulation amplitude,hm:

un 5 O
n50

`

un,nhm
n ; nn 5 O

n50

`

nn,nhm
n ; zn 5 O

n50

`

zn,nhm
n . [11]

The coefficientsun,n, nn,n, zn,n with n , |n| disappear because
of the symmetry properties of the Bloch equations. This result
is readily shown to be valid for the present system as well, with
molecular rotational diffusion terms included. It will be noted
that the expansion given by Eq. [11] groups together the
contributions from all intermodulation sidebands that depend
upon a given power ofhm (cf. Ref.16). The separation of these
sidebands (100 kHz) is much less than the intrinsic linewidths
(2–9 MHz).

Restriction to small modulation amplitudes (hm 5 geHmT2
0

, 1) means that only terms up ton 5 1 (andn 5 1) need to
be retained in Eqs. [7], [11] for the first harmonic signal. This

condition requires that the modulation amplitude be suffi-
ciently low that the intensity of the first harmonic signal is
linearly dependent onHm. This criterion is readily established
experimentally and corresponds to normal practice in recording
first harmonic EPR spectra. (Preliminary simulations, using a
method valid for all values ofHm, indicate that the saturation
behavior of the integrated EPR signal is valid even up tohm '
1.5, in spite of modulation broadening.) The equations for the
vector coefficients ofX¢ 1,1 5 (u1,1, n1,1, z1,1) that define the
magnetization components that are linear inhm, and the equa-
tions for the zero-order coefficients ofX¢ 0,05 (u0,0, n0,0, z0,0)
that correspond to the components independent ofhm, then can
be written in the form

Â 0 z X¢ 0,0 5 M¢ o 1 fREX¢ 0,0dV [12]

Â 1 z X¢ 1,1 5 fREX¢ 1,1dV 1 ~ĝ /ge! z X¢ 0,0, [13]

where fR and the matrix elements ofÂ0 and Â1 are now
dimensionless, which is obtained by multiplying their initial
values byT2

0. The solution of these integral equations [12] and
[13] is relatively straightforward because the integrals
I¢05*X¢ 0,0dV andI¢15*X¢ 1,1dV do not depend on the angular
variables,V [ (u, w). Thus, solving Eq. [12] forX¢ 0,0 and
integrating overdV, one obtains

I¢0 5 ~Ê 2 Ĵ0 fR!21 z Ĵ0 z M¢ o, [14]

where Ĵ05*Â0
21dV. Substituting from Eq. [14] in Eq. [12]

then gives the solution:

X¢ 0,0 5 Â 0
21 z @M¢ o 1 fR~Ê 2 Ĵ0 fR!21 z Ĵ0 z M¢ o# . [15]

Similarly, solving Eq. [13] forX¢ 1,1 and integrating overdV
gives

I¢1 5 ~Ê 2 Ĵ1 fR!21 z J¢ 10, [16]

where Ĵ15*Â1
21dV and J¢105*Â1

21 z ĝ z X0,0dV . The
solution forX¢ 0,0 in Eq. [15] is then used for evaluatingJ¢10.

The lineshape of the first harmonic in-phase absorption
spectrum is finally given by

V1 5 Re$V1,1% , [17]

whereI¢1 5 (U1,1, V1,1, Z1,1). This result for the lineshape is
obtained in closed form and requires only numerical evaluation
of the integrals. The inhomogeneous line broadening due to
hyperfine interaction with methyl and environmental protons
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can then be taken into account by convoluting this lineshape
with a Gaussian function.

The use of the hyperfine resonance field (Eq. [4]) in the
Bloch equations is an adiabatic approximation and therefore
not applicable in the fast motional regime (tR , 3 3 1029 s)
(17). In this regime, rotational motion gives rise to a three-line
spectrum and to an additional contribution to the spin–spin
relaxation that is caused by rotational modulation of the hy-
perfine and Zeeman anisotropies. The contribution to the spin–
spin relaxation rates of the different hyperfine manifolds,mI,
contributed by this mechanism can be obtained from time-
dependent perturbation theory (18):

T2
21~mI ! 5 T2,0

21 1 A 1 BmI 1 CmI
2. [18]

Here,T2,0
21 contains the residual homogeneous broadening aris-

ing from mechanisms other than molecular rotation. The coef-
ficients A, B, and C, which describe the motional broadening in
Eq. [18], are directly proportional to the isotropic rotational
correlation time (tR [ 1/fR) and are given by (18)

A 5
4

45
@~Dv !2 1 3~dv !2#tRS1 1

3

4

1

1 1 ve
2tR

2D
1

7

45
@~DA!2 1 3~dA!2#tRS 1

1 1 ve
2tR

2 1
3

7

1

1 1 vn
2tR

2D
[19]

B 5
8

45
@DvDA 1 3dvdA#tRS1 1

3

4

1

1 1 ve
2tR

2D [20]

C 5
4

45
@~DA!2 1 3~dA!2#tR

3 S1 2
1

8

1

1 1 ve
2tR

2 2
3

8

1

1 1 vn
2tR

2D , [21]

where the tensor anisotropiesDv 5 [gzz 2 1
2
(gxx 1 gyy)]be/\

Ho, dv 5 1
2
(gxx 2 gyy)be/\ Ho, DA 5 Azz2 1

2
(Axx 1 Ayy) and

dA 5 1
2
(Axx 2 Ayy) are in angular frequency units, andvn ' 1

2
aN is the nuclear Larmor frequency.

For the fast motional regime, spectra were simulated by
omitting the terms containingfR in Eq. [1] and including
instead the motional contributions to the spin–spin relaxation
rate,T2

21(mI), from Eqs. [18]–[21] directly in the Bloch equa-
tion matrix (i.e., in Eq. [2]). For a direct comparison of the two
methods, in the fast motional regime, it is necessary to omit the
terms involving nuclear relaxation from Eqs. [19]–[21]. Then it
is found that the power saturation curves calculated for the
double-integrated intensities by using the time-dependent per-
turbation theory are almost identical to those obtained by the
adiabatic approach, despite significant differences in line-
shape arising from the somewhat different motional models.
For simplicity, therefore, the adiabatic approximation is

used throughout the whole rotational frequency range [cf. also
Ref. (19)].

RESULTS

Simulation of Saturation Curves

The power saturation curves for the double-integrated inten-
sity of the simulated in-phase first harmonic absorption spectra
are given for different magnetic field modulation frequencies in
Fig. 1. The saturation curves depend significantly on modula-
tion frequency forT1-relaxation times greater than 1–2ms (Fig.
1). ForT1 5 5 ms and a spin-packet width of 1 G, the effective
saturation factor decreases by about a factor of 2 at a modu-
lation frequency of 100 kHz compared with 10 kHz. For values
of T1 shorter than 1–2ms, the dependence on modulation
frequency is small (data not shown). The saturation curves for
higher modulation frequencies (Fig. 1) are, however, all similar
in form to those obtained at low modulation frequency, which
corresponds to true slow-passage conditions.

The dependence of the power saturation curves for the
second integral of the simulated first harmonic absorption
spectra on the frequency of molecular reorientation is given in
Fig. 2. These results refer to a Zeeman modulation frequency
of 100 kHz. As expected, sensitivity to rotational motion is
found that corresponds to spectral diffusion of saturation in the
slow-motional regime and to the conventional rotational con-
tribution to the transverse relaxation rate in the faster motional
regime. Nonetheless, the saturation curves all correspond quite

FIG. 1. Effects of magnetic field modulation frequency,fm, on the micro-
wave magnetic field (H1) dependence of the double integrated intensity of the
first harmonic in-phase absorption EPR spectrum (V1) of nitroxide spin labels.
Results are obtained from spectral simulations as described in the text, in the
absence of molecular rotational motion. Simulated spectra were integrated
numerically over a static magnetic field range ofH0 5 6100 G. Simulations
are for intrinsic linewidthDH 5 1 G, spin–lattice relaxation timeT1 5 5 ms,
and the magnetic field modulation frequencies indicated (symbols). Dotted
lines are nonlinear least-squares fits of the simulated data points to Eq. [22].
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closely to the form predicted for true slow-passage conditions
in the absence of molecular reorientation.

Fitting simulated saturation curves.In spite of the sensi-
tivity of the saturation curves both to molecular rotational
reorientation and to the magnetic field modulation frequency,
the dependence on the microwave magnetic field intensity,H1,
can be fitted satisfactorily by an expression of the form

S~H1!/S~H1,0! 5 P1H1/Î1 1 PH1
2 [22]

in all cases, whereP1 and P are fitting parameters. This is
exactly the form obtained for saturation of the second integral,
S(H1), of the first-harmonic absorption spectrum with slow-
passage conditions and in the absence of molecular motion.
Under these latter conditions, the saturation parameter is given
exactly byP 5 ge

2(T1T2) andP1 5 1/H1,0, wherege is the
electron gyromagnetic ratio andH1,0 is a low microwave field
intensity that corresponds to the absence of saturation.

Nonlinear least-squares fits of the saturation curves for the
simulated spectra to Eq. [22] are given in Figs. 1 and 2, for
different modulation frequencies and molecular rotational reori-
entation rates, respectively. As already stated, the form of the
saturation curve is very similar to that predicted for slow-passage
and ‘‘no-motion’’ conditions. The saturation curves for the double
integrated spectral intensity are unchanged by the presence of
inhomogeneous broadening (data not shown). This is found under
all conditions and extends the generality of previous conclusions
that were based on slow-passage analysis (7). The analytical
expression for slow passage is therefore suitable for quantifying
saturation curves of the double-integrated intensity of the first
harmonic absorption spectra under essentially all experimental

conditions. The value obtained for the fitting parameterP1 is very
close to 1/H1,0 in all cases. The saturation curves therefore may be
fitted with a single parameter,P, from which the relaxation times
may be extracted. As seen, this parameter can depend sensitively
on the experimental conditions. Calibrations to allow for the latter
are thus necessary.

Extracting relaxation times. The values of the fitting pa-
rameterP, apart from their dependence onT1 andT2

0, depend
substantially on the rotational correlation time (and Zeeman
modulation frequency). However, the dependence of this pa-
rameter on the spin–lattice relaxation time,T1, for each rota-
tional frequency can be fitted satisfactorily by the simple
dependence

1/P 5 a 1 b /T1. [23]

This relation is illustrated in Fig. 3 for simulations correspond-
ing to different rotational frequencies and a modulation fre-
quency of 100 kHz, wherea and b are constants for a given
rotational frequency and intrinsicT2. The parameterP is ex-
pressed here as an effective relaxation time product:P/ge

2 5
(T1T2)eff. Linearity is obtained in all cases, except for the
critical regionfR ; 107 s21, where the relation becomes more
approximate.

The parameterb can be related to an effectiveT2-value byb
5 1/ge

2T2
eff. This is an effective value because it comes from

the saturation behavior of the spectrum integrated over all three
hyperfine manifolds. The dependence of the effective trans-
verse relaxation rate (i.e., 1/T2

eff) on rotational frequency is
given in Fig. 4 for two values of the intrinsic spin packet width,
DH. For slow rotational frequencies (fR # 106 s21) and for fast
rotational frequencies (fR $ 1010 s21), 1/T2

eff is essentially

FIG. 3. Dependence of the reciprocal fitting parameter of the saturation
curve, 1/P [ 1/ge

2 (T1T2)eff, on the reciprocal spin–lattice relaxation time,
1/T1, for different values of the molecular rotational frequency,fR. Deduced
from saturation curves (e.g., Fig. 2) for an intrinsic linewidthDH 5 1 G and
modulation frequencyvm/2p 5 100 kHz. Dotted lines are linear regressions to
Eq. [23].

FIG. 2. Effects of molecular rotational frequency,fR, on the microwave
magnetic field (H1) dependence of the double integrated intensity of the first
harmonic in-phase absorption EPR spectrum of nitroxide spin labels. Results
are obtained from spectral simulations as described in the text, forDH 5 1 G,
T1 5 1.8 ms, vm/2p 5 100 kHz, and the rotational frequencies indicated
(symbols). The dotted lines are nonlinear least-squares fits of the simulated
data points to Eq. [22].
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constant and equal to the intrinsic value, 1/T2
0. In these two

regions, the value of the parametera is also constant and close
to zero. For intermediate rotational frequencies, 1/T2

eff becomes
much greater with a maximum at approximatelyfR ; 6.5 3
107 s21. The increase in 1/T2

eff on the low-frequency side of the
maximum corresponds to spectral diffusion arising from rota-
tional reorientation (see, e.g., Ref.20). The increase in 1/T2

eff

on the high-frequency side of the maximum corresponds to
conventional motional broadening arising from rotational mod-
ulation of the spectral anisotropies. Qualitatively, this behavior
is reproduced experimentally by the saturation parameter mea-
surements of Squier and Thomas (21), although the latter
contain also the dependence ofT1 on rotational correlation time
from other mechanisms (see Ref.22).

As can be seen from Fig. 4, the positions and half-widths of
the maxima in the dependence of 1/T2

eff on log fR, and the
amplitudes of 1/T2

eff relative to the intrinsic relaxation rates,
1/T2

0, are essentially the same for intrinsic spin packet widths
differing by a factor of 2:DH 5 0.5 and 1 G. In fact, the
effective transverse relaxation rate enhancements, 1/T2

eff 2
1/T2

0, decrease by not more than 10% whenDH is increased
from 0.5 to 2.0 G. This means that 1/T2

eff can be represented as
a linear sum of an intrinsic and a rotationally induced spin–spin
relaxation rate. The resulting calibration for 1/T2

eff in terms of
rotational frequency can thus be parameterized numerically by
the approximation

1/T2
eff < 1/T2 1 ~5 z 107/w!exp@2~log fR 2 7.83!2/w2#, [24]

where w ' 1.43–1.50 depends only weakly on the intrinsic
linewidth. Correspondingly, the calibration for the parametera,
defined in terms of 1/(T1T2)

eff, can be parameterized by

a/~1012 s2! < 8.9 exp@2~log fR 2 6.9!2/0.7#

1 6.1 exp@2~log fR 2 8.37!2/0.41# 1 1.6. [25]

The effective excess spin–spin relaxation rate can also be
described by a generalized spectral density (stretched exponen-
tial correlation function) similar to that given in Ref. (8),
although with less numerical precision than the empirical ex-
pression that is given in Eq. [24].

In the intermediate region of rotational frequencies (fR ;
2 3 107–2 3 108 s21) corresponding to incipient motional
narrowing, the rotational broadening of the spectrum is very
significant. It can be considerably greater than the intrinsic
linewidth, if the latter lies in the region of 0.5–1.0 G. For this
intermediate range of rotational reorientation frequencies, the
spin–lattice relaxation time can be estimated directly from the
saturation curve, without detailed knowledge of the intrinsic
T2

0. This is illustrated in Fig. 5, which gives calibration curves
for the spin–lattice relaxation time in terms of the fitting
parameterP (i.e., ge

2(T1T2)eff) for different values of the
intrinsic T2

0 (or linewidth). The calibration curves forDH
differing by a factor of 2 lie close together, indicating little
sensitivity to the intrinsicT2

0. The values of the linear fitting
parameters in Eq. [23] for this range of rotational frequencies
are given in Table 1. It is seen that these vary relatively little
for different intrinsic linewidths, especially at rotational fre-
quencies corresponding to the maximum in 1/T2

eff.
For values of the rotational reorientation rate outside the

critical intermediate rangefR ; 3 3 107–3 3 108 s21, the
saturation fitting parameter,P, depends directly on the intrinsic
T2

0. The parameter that can be determined immediately from
the saturation curves is then the (T1T2) relaxation time product,
as in the conventional ‘‘no-motion’’ case (cf. Ref.7). This is

FIG. 5. Dependence of the reciprocal fitting parameter, 1/P, deduced from
saturation curves, on the reciprocal spin–lattice relaxation time, 1/T1, for a
rotational frequency offR 5 6 3 107 s21, modulation frequencyvm/2p 5 100
kHz, and different values of the intrinsic linewidthDH (i.e., T2

0 relaxation
time), as indicated.

FIG. 4. Dependence of 1/T2
eff, the effectiveT2-relaxation rate, defined from

the b parameter in Eq. [23], on the molecular rotation frequency,fR, deduced
from the dependences ofP on T1 that are given in Fig. 3. (DH 5 0.5 and 1 G,
T1 5 0.2–5.1ms, vm/2p 5 100 kHz.)
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illustrated by Fig. 6, in which the effective 1/(T1T2) product
deduced from fitting the simulated saturation curves is plotted
against the true values used as input parameters for the simu-
lations. Values ofT1 and intrinsic linewidth have been varied
in different simulations over the ranges 0.2–5ms and 0.5–3.0
G, respectively. For rotational reorientation frequencies in the
rangesfR , 106 s21 andfR . 3 3 109 s21, the measured values
of 1/(T1T2)

eff are uniquely related to the true relaxation time
product, irrespective of the individual values ofT1 andT2

0. At
the extremes, for values offR 5 3 3 106 s21 and 109 s21, this
relation only holds approximately true, but the calibration
curves lie within a sufficiently narrow region for the (T1T2)
product to be estimated with a tolerable degree of accuracy.

Fitting parameters,a9 andb9, for the (T1T2) calibrations can
be given in terms of the linear relation

1/~T1T2!eff 5 a9 1 b9 /~T1T2! . [26]

These calibration constants corresponding to the ranges of
rotational frequency for which motional broadening is not
appreciable are given in Table 2. Close to single, unique values
are obtained for very fast and very slow motions, independent
of the values of the intrinsicT2

0 or linewidth. For these regions,
the slope of the calibrations tends to unity and the intercept
becomes very small. As the critical range of rotational fre-
quency for extreme motional broadening is approached from
either side, the calibration parameters then come to depend
upon the value of the intrinsic linewidth. Under these condi-
tions, the slope of the calibrations decreases towards unity with
increasing spin packet width. For rotational frequenciesfR 5
107 s21 and fR 5 109 s21, the calibrations overlap with those
given in Table 1 and neither approach yields unique values
independent ofT2

0.
Depending on the rotational reorientation frequency, either

the (T1T2) relaxation time product or the spin–lattice relaxation
time T1 therefore may be determined from fitting the micro-
wave power saturation curves in a continuous-wave progres-
sive saturation experiment (Eq. [22]). This procedure requires
an estimate of the rotational correlation time/reorientation fre-
quency, which can be obtained from either the conventional or
the saturation transfer EPR lineshapes, as appropriate, and then
using the corresponding calibration curves (cf. Figs. 3–6). It
should be noted that, although the simulated dependences of
the saturation parameter on 1/T1 or 1/(T1T2) can be fitted
satisfactorily by the linear equations [23] and [26] over a rather
wide range ofT1-values, these dependences become nonlinear
on extension to longerT1-values. This nonlinearity is evidently
due to the fact that the effects of rotation-induced diffusion and
modulation frequency can only be taken into account approx-
imately by an effectiveT1 and T2, especially at longT1.
Application of the methods is demonstrated in the following
Experimental section, for spin-label systems with a range of

TABLE 1
Calibration of the Fitting Parameters a and b in Eq. [23] for

Rotational Frequencies in the Range 107 s21 < fR < 109 s21

Which Give Rise to Extreme Motional Broadening

fR (s21) DH (G) T1 (ms) a (G2) b 3 1026 (G2 s)

1.0 3 107 0.5–1.5 (0.2–6.6) 0.032–0.044 0.083–0.145
3.16 3 107 0.5–1.5 (0.2–6.6) 0.022–0.029 0.137–0.185
1.0 3 108 0.5–1.0 (0.2–5.1) 0.024–0.025 0.134–0.162
3.16 3 108 0.5–1.5 (0.2–6.6) 0.022–0.023 0.100–0.129
1.0 3 109 0.5–1.0 (0.2–5.1) 0.012–0.014 0.063–0.091

Note.Results are given for different values of the intrinsic linewidth,DH,
and the range ofT1-values for which the fitting was performed is indicated.
Zeeman modulation frequency:vm/2p 5 100 kHz.

FIG. 6. Dependence of the reciprocal effective (T1T2) relaxation time
product, (1/T1T2)

eff, deduced from the values ofP used in fitting the simulated
saturation curves to Eq. [22] on the input value of the reciprocal relaxation time
product, 1/(T1T2), used for the simulations, for molecular rotation frequencyfR
5 106 s21, modulation frequencyvm/2p 5 100 kHz, and values ofT1 in the
range 0.2–4ms and ofDH in the range 1.0–3.0 G, as indicated.

TABLE 2
Calibration of the Fitting Parameters a* and b* in Eq. [26] for

Rotational Frequencies in the Ranges 105 s21 < fR < 107 s21 and
109 s21 < fR < 3.16 3 1010 s21 for Which Rotational Broadening
Is Not Appreciable

fR (s21) DH (G) a9 3 10214 (s22) b9

1.0 3 105 1.0–3.0 0.01–0.06 0.97–0.93
1.0 3 106 1.0–2.8 0.037–0.11 1.07–1.00
3.16 3 106 1.0–3.0 0.10–0.16 1.34–1.10
6.0 3 106 1.0–3.0 0.115–0.164 1.67–1.22
1.0 3 107 1.0–3.0 0.126–0.172 2.03–1.33
1.0 3 107 0.5–1.0 0.090–0.126 2.96–2.03
1.0 3 109 0.5–1.0 0.037–0.043 2.20–1.60
3.16 3 109 0.5–1.0 0.016–0.025 1.47–1.21
1.0 3 1010 0.5–1.0 0.011–0.019 1.17–1.05
3.16 3 1010 0.5–1.0 0.009–0.018 1.03–1.00

Note.Values are given for different intrinsic linewidths,DH, and are fitted
over the intervalT1 5 0.2–5.1ms. Zeeman modulation frequency:vm/2p 5
100 kHz.
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different rotational correlation times. For the correlation time
regions which border between the extreme slow or fast mo-
tional regimes and the intermediate regime of strong motional
broadening, a knowledge ofT2

0 is required to choose the
appropriate calibration. This can be obtained from simulation
of the low-power spectra, allowing for inhomogeneous broad-
ening, as is illustrated in the Experimental section below.

Experimental Saturation Curves

Saturation curves were obtained for the small, soluble spin
label TEMPOL in glycerol–water mixtures of varying viscosity
and for spin-labeled phospholipids in various lipid and mem-
brane environments that correspond to different rotational mo-
bilities. In the latter case, the spin–lattice relaxation time,T1,
was also varied via the relaxation enhancement induced by
paramagnetic ions. The saturation curves were constructed by
evaluating the second integral of the in-phase first-harmonic
absorption spectra which were fitted to Eq. [22] using values of
H1 at the sample. As found previously (7), the experimental
saturation curves could be described well by Eq. [22], in all
cases. All experiments were performed with a modulation
frequency of 100 kHz, and calibrations were used from simu-
lations that specifically took account of this Zeeman modula-
tion. The modulation amplitude was restricted to (1/3)DHPP, or
less, in order to fulfill the conditions used for the simulations.
In addition, the modulation amplitude dependence was tested
for the TEMPONE spin label in 80% aqueous glycerol at 20°C.
The saturation behavior of the integrated spectral intensity was
found to be independent of the modulation amplitude over the
rangeHm 5 (0.1–0.5)3 DHPP. For the same sample it was
also found that the (T1T2) products obtained from the saturation
curves for the three individual hyperfine lines were inversely
proportional to their widths, that is, that the effectiveT1 was
the same, to within experimental error, for all three lines, as is
assumed in fitting the integrals of the entire spectrum.

1. TEMPOL/glycerol–water mixtures.The viscosity of
the solutions was adjusted by varying the glycerol content
and the temperature to obtain rotational correlation times
corresponding to the slow motional (tR ; 1.6 3 1027 s),
intermediate (tR ; 1028 s) and fast motional (tR ; 10210 s)
regimes, as determined from the conventional spectral line-
shapes in comparison with simulations (see also Ref.23).
These regimes correspond to the samples containing 100%,

90%, and 70% glycerol, respectively, in Table 3. The effec-
tive (T1T2) products obtained from fitting the saturation
curves to Eq. [22], and also the values ofT1 for the samples
with 100% and 90% glycerol and of the true (T1T2) relax-
ation time product for the sample with 70% glycerol, which
are deduced from the calibrations obtained by simulation,
are given in Table 3. The sample with 100% glycerol lies on
the edge of the intermediate motional regime whereT2

0 is
required to select the correct calibration and hence to obtain
a value for T1. The value of T2 was determined from
lineshape simulations. This was also done for the sample
with 90% glycerol to improve accuracy in the determination
of T1, although for samples in this intermediate motional
regime a reasonable estimate ofT1 can be obtained without
detailed knowledge ofT2

0. The values of the (T1T2) product
obtained from the separate measurements ofT1 and T2 for
these two samples are also reported in Table 3. It was found
that the measured values of the saturation parameter for
TEMPOL in glycerol–water mixtures studied with 100%
and 70% glycerol exceeded those corresponding to the lin-
ear calibrations given in Tables 1 and 2. Therefore, nonlin-
ear calibrations obtained by simulation for longerT1 inter-
vals (1 to 10 or 15ms) were used to extract values ofT1 or
the (T1T2) product from the experimental data, in these
particular instances.

It is interesting to note that the extent of saturation (i.e., the
value of (T1T2)

eff) for the fast-rotating spin label (in 70%
glycerol) is somewhat greater than that for the slow-rotating
spin label (in 100% glycerol), although the latter was measured
at a lower temperature. This difference is due to spectral
diffusion for the slower rotating spin label. Correspondingly,
the values of the (T1T2) product deduced for these two systems
are found to be in the reverse order to their effective values (see
Table 3). This is consistent with the fast rotating spin label in
70% glycerol having a shorterT1 than that for the slower
rotating spin label in 100% glycerol.

2. Lipid spin labels in lysolipid micelles and fluid lipid bilay-
ers. The EPR spectra of phosphatidylcholine spin-labeled at
the 5-position of the chain (5-PCSL) in micelles of lysode-
canoyl phosphatidylcholine at 34°C correspond to nearly iso-
tropic (or weakly anisotropic) rotation because of averaging of
the intramicellar motional anisotropy by the overall micelle
rotation. The effective rotational correlation time estimated

TABLE 3
Relaxation Parameters Deduced from the Saturation Properties of TEMPOL in Glycerol–Water Mixtures of Different Viscosities

Glycerol
(%) T (°C) tR (ns)

10214

~T1T2)
eff (s22)

DH (G)
(T1T2) 3 1014

(s2) T1 (ms)

100 210 160 6 5 0.102 6 0.06 1.656 0.05 36.56 2.5 10.66 0.7
90 15 8.5 6 0.5 0.216 6 0.011 1.956 0.05 14.06 1.5 4.86 0.6
70 115 0.1206 0.005 0.08156 0.002 — 16.76 1.5 —
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from the ratios of the lineheights in the conventional EPR
spectrum istR ' 3.7 3 1029 s (see, e.g., Ref.18). The EPR
spectra of phosphatidylcholine spin-labeled at the 14-position
of chain (14-PCSL) in fluid bilayers of dioleoyl phosphatidyl-
choline (DOPC) at 20°C correspond to an effective rotational
correlation time oftR ' 1.6 3 1029 s, although the spectra
are somewhat anisotropic. The rotational correlation time of
TEMPO-stearate in fluid DOPC bilayers is in the region of
1.5 3 1029 s at 20°C, as evidenced by the conventional EPR
spectral lineshapes. The correlation times for the probes in this
system lie in the borderline range for which there is no unique
calibration in terms either ofT1 or of the (T1T2) product. For
this reason, the spin packet widths (or intrinsicT2) were
determined from lineshape simulations of the conventional
EPR spectra. These values and theT1-values derived from
calibration curves such as those of Fig. 5 are given in Table 4.

The relaxation enhancement induced by addition of the
paramagnetic salt NiCl2 in the aqueous phase was also studied
for TEMPO-stearate in DOPC bilayers. The (T1T2) products
that were obtained by using calibrations such as those in Fig. 4
were found to decrease with increasing Ni21 ion concentration.
Because this probe is exposed to water one would expect

strong Heisenberg spin exchange at high concentrations of
aqueous Ni21 ions that will make equal contributions to theT1-
andT2-relaxation rates of the TEMPO-stearate spin label. By
using the latter condition, the spin–lattice relaxation time,T1,
can be extracted readily from the measured values of (T1T2).
The resulting values of the spin–lattice relaxation rate, 1/T1,
were found to increase essentially linearly with Ni21 ion con-
centration, as expected for a true relaxation enhancement by
Heisenberg exchange (see Table 4).

3. Lipid spin label in gel-phase lipid bilayers.The satu-
ration transfer EPR spectra of the 5-PCSL spin label in DPPC
bilayers in the gel phase at 15°C were characteristic of an
effective rotational correlation time in the region of 1025 s
(see, e.g., Ref.24). This corresponds to a slow rotational
mobility for which the (T1T2) relaxation time product may be
determined from the saturation curves. These values deduced
from the appropriate calibrations are given in Table 5. Line-
shape analysis of the low-field spectral component with Gaus-
sian–Lorentzian convolution indicated that the Lorentzian
component dominated and essentially accounted for the whole
of the half-width values. The values ofT2 deduced in this way

TABLE 4
Relaxation Parameters Deduced from the Saturation Properties of Spin-Labeled Phosphatidylcholine (n-PCSL)

and of TEMPO-stearate (TS) in Lipid Micelles and Fluid Lipid Bilayers

Label Lipid
[Ni21]
(mM) T (°C) tR (ns)

102 14

~T1T2)
eff (s22)

DH (G) T1 (ms)

5-PCSL LysoPC 0 34 3.76 0.2 0.97 6 0.05 3.056 0.05 0.856 0.07
14-PCSL DOPC 0 20 1.66 0.05 1.05 6 0.05 1.7 6 0.05 0.446 0.02
14-PCSL DOPC 25 20 1.66 0.05 1.16 6 0.05 1.7 6 0.05 0.416 0.02
TS DOPC 0 20 1.56 0.05 0.6146 0.035 0.576 0.03 0.436 0.03
TS DOPC 5 20 1.56 0.05 0.67 6 0.04 0.586 0.03 0.396 0.03
TS DOPC 10 20 1.56 0.05 0.8 6 0.05 0.616 0.03 0.336 0.03
TS DOPC 25 20 1.56 0.05 1.27 6 0.06 0.706 0.03 0.226 0.02

TABLE 5
Influence of Ni21 Ion Concentration on the Relaxation Parameters Deduced from the Saturation Properties

and Linewidths of 5-PCSL in DPPC Bilayers in the Gel Phase at 15°C

[Ni21] (mM)

102 14

~T1T2)
eff (s22)

(T1T2) 3 1014

(s2) T2 (ns)a T1 (ms)

0 0.31 6 0.01 3.2 6 0.15 196 0.7 1.7 6 0.1
5 0.49 6 0.02 2.1 6 0.1 196 0.7 1.1 6 0.1
10 0.4956 0.025 2.0 6 0.1 216 1 0.956 0.1
15 0.61 6 0.02 1.656 0.07 186 0.8 0.9 6 0.08
20 0.7 6 0.02 1.456 0.05 186 0.8 0.8 6 0.07
30 0.90 6 0.03 1.1 6 0.04 176 0.6 0.656 0.05
40 1.2 6 0.04 0.876 0.04 206 1 0.446 0.04
5 1 60 mM CaCl2 0.32 6 0.01 3.156 0.15 176 0.6 1.8 6 0.1
10 1 60 mM CaCl2 0.32 6 0.01 3.156 0.15 176 0.6 1.8 6 0.1
30 1 60 mM CaCl2 0.44 6 0.02 2.3 6 0.12 236 1.5 1.0 6 0.1

a Deduced from the linewidth of the low-field extremum in the quasi-powder spectrum (see text).
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(DH 5 1/geT2) were independent of Ni21 ion concentration
in the aqueous phase (see Table 5) and were used to provide
estimates of theT1 relaxation times from the (T1T2) products
obtained in the saturation studies. These values are also given
in Table 5. The dependences of 1/(T1T2) and of 1/T1 on Ni21

ion concentration were again linear (see Fig. 7), as expected for
a spin–lattice relaxation enhancement by dipole–dipole inter-
actions with the fast-relaxing Ni21 species. In the presence of
excess Ca21 ions, added Ni21 was found to have little effect on
the T1 relaxation times (Table 5). This, together with the lack
of influence of 60 mM CaCl2 on theT1-relaxation, confirms
that the relaxation enhancement induced by Ni21 in the ab-
sence of Ca21 is a paramagnetic (dipolar) effect. The concen-
tration of divalent ion binding sites at the bilayer surface was
5–10 times larger than the ion concentrations used. Therefore,
adsorption of Ca21 at the lipid surface depleted the surface
regions of Ni21 ions in a noncompetitive manner because of
the repulsive electrostatic potential built up at the bilayer
surface.

DISCUSSION

The saturation curves for the second integral of the first
harmonic in-phase absorption spectra of nitroxide spin la-
bels take the form predicted by simple slow-passage condi-
tions in the absence of molecular motion. This is true for all
likely experimental conditions, including high modulation
frequencies and the presence of both molecular reorientation
and inhomogeneous broadening. These results have been
established by spectral simulations that take explicit account
of the microwave and modulation fields, as well as using
models for the molecular motion that cover all accessible
correlation time regimes. Analyzing saturation curves by
means of the double integrated intensity of the conventional

EPR spectrum is therefore appropriate not only in allowing
for inhomogeneous broadening, as suggested previously (7),
but also in comparing systems with different mobilities. In
the latter case, however, calibrations appropriate to the
particular rotational correlation time (and modulation fre-
quency) must be used to extract the true relaxation times.
These calibrations have been established here by means of
the spectral simulations. Because14N nuclear relaxation is
not considered explicitly in the theoretical treatment, the
spin–lattice relaxation times deduced are effective values
that include the effects of nuclear relaxation. This point is
covered in detail in the Appendix. The assumption of equal
effective electron relaxation times for all three hyperfine
lines is reasonable in the presence of nuclear relaxation, and,
over a wide range of rotational correlation times, the intrin-
sic electron relaxation time is three times the effective value
(see Appendix).

An important result found from the dependence of the
saturation properties on molecular reorientation rate is that,
for the intermediate regime (23 107 s21 , fR , 2 3 108

s21), the saturation properties depend only weakly on the
intrinsic T2

0. Values of T1 may then be estimated directly
from the saturation curves, rather than values of the (T1T2)
product that normally are extracted from progressive satu-
ration experiments. This intermediate regime is readily
identified from the extreme motional broadening of the
spectra that also provides a sensitive means for determining
the molecular reorientation rate from the lineshapes.

The methods have been applied to experimental systems,
including those of biological interest, which are representa-
tive of the different rotational correlation time regimes.
These include both the fast and slow regimes where the
(T1T2) relaxation time product may be determined, as well
as the intermediate regime for which a direct determination
of T1 is possible. The experimental validity of the method
has been established from the linearity of the measured
increase in spin–lattice relaxation rate with increasing Ni21

ion concentration in the aqueous phase, for two spin-labeled
membrane systems. The latter correspond to true relaxation
enhancements induced both by Heisenberg spin exchange
with the surface-exposed TEMPO-stearate spin label and by
magnetic dipole– dipole interactions with the membrane-
embedded 5-PCSL spin label. These illustrate two common
applications of this branch of spin-label methodology,
namely in determining accessibility of spin-labeled groups
(e.g., Refs.1, 25) and in measuring the depth of spin-labeled
groups in membranes (26).

Of considerable interest are the significantly longerT1-
relaxation times obtained for TEMPOL in glycerol solu-
tions, as compared with the lipid spin labels in micelles,
fluid phospholipid bilayers, and even gel-phase bilayers (cf.
Tables 3–5). For 5-PCSL in lysoPC micelles, and 14-PCSL
and TEMPO-stearate in fluid DOPC bilayers, the effective
correlation times (for overall motion) are close to that of

FIG. 7. Dependence of the reciprocal relaxation time product, 1/(T1T2),
deduced from calibrations of the saturation curves, on Ni21 ion concentration
in the aqueous medium for the 5-PCSL spin label in gel-phase DPPC bilayers
at 15°C.
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TEMPOL in 90% glycerol. In the case of 5-PCSL in gel-
phase DPPC, the effective correlation time for overall mo-
tion is much longer. The origin of these differences inT1

most probably arises, at least in part, from Heisenberg spin
exchange because of the higher effective (i.e., two-dimen-
sional) spin label concentrations in the lipid systems. An
additional possibility lies in the fact thatT1-relaxation is
determined by fast, restricted local motions, which have
appreciable spectral densities at the Larmor frequency.
These motions are known to exist in fluid-phase membranes,
for example, fromtrans– gaucheisomerism (27). In gel-
phase membranes, they are probably of librational character
and are responsible for the practically homogeneous line-
shape of 5-PCSL in DPPC at 15°C. Such fast local motions
are presumably absent for the small spin label TEMPOL, or
are damped in the viscous glycerol medium, resulting in a
decreased spin–lattice relaxation rate.

When allowance is made for nuclear relaxation (see Ap-
pendix), the effectiveT1-relaxation times obtained here for
14-PCSL in fluid-phase DOPC at 20°C and for 5-PCSL in
gel-phase DPPC at 15°C yield corrected values ofT1e ; 1.5
and 5ms, respectively. These may be compared with values
for the intrinsicT1-relaxation time that have been obtained
from saturation recovery EPR measurements. In the fluid
phase these areT1e 5 2.25ms for 16-C atom labeled stearic
acid (16-SASL) in dimyristoyl phosphatidylcholine
(DMPC) at 27°C (28) and T1e 5 1.6 ms in DOPC at 54°C
(29). In the gel phase,T1e 5 8.5 ms has been obtained by
saturation recovery for 6-PCSL in DPPC at 1°C (30) andT1e

5 8 ms for 5-SASL in DMPC at 4°C (31). It is seen that the
two methods yieldT1e-values of a similar magnitude in
comparable systems, and in particular, reflect the difference
in rotational correlation time between fluid- and gel-phase
membranes in the same way. Reasons for residual differ-
ences may lie in the different conditions, including temper-
atures and spin-label concentrations, employed in the two
sets of experiments, as well as the different ways that
nuclear relaxation was handled in the various measure-
ments.

Future developments of the method that are envisaged in-
clude the extension to other motional models, particularly to
anisotropic rotation. The general formulation given in the
Theory section allows immediate evaluation of the nonlinear
spectra that are detected out-of-phase with respect to the field
modulation, including dispersion components. Extension to
include higher harmonics is also possible in a straightforward
manner. These latter will generally allow exploration of non-
linear EPR displays that may have enhanced sensitivity to
spin–lattice relaxation. For the out-of-phase second harmonic
absorption (saturation transfer EPR) spectra, feasibility has
already been demonstrated experimentally (see, e.g., Refs.
4, 26).

APPENDIX: NUCLEAR RELAXATION

The simulations given for the saturation behavior of the spin
label EPR spectrum have taken into account molecular motion
and the microwaveH1 and Zeeman modulation fields, but
nuclear relaxation between the hyperfine levels of the14N-
nitroxide has been neglected. Therefore, the spin–lattice relax-
ation times that are obtained from the calibration of the pro-
gressive saturation experiments are effective ones,T1

eff, that
contain contributions from14N-nuclear relaxation. The depen-
dence of the effectiveT1-relaxation time on nuclear magnetic
quantum number,mI, is, however, relatively small. The depen-
dence ofT1

eff on nuclear relaxation rate for themI 5 0 andmI

5 61 14N-hyperfine manifolds is given, respectively, by (see,
e.g., Ref.32)

T1
eff~0! 5 S 1 1 b

1 1 3bD T1e [A.1]

T1
eff~61! 5

1 1 3b 1 b2

~1 1 b!~1 1 3b!
z T1e, [A.2]

whereb 5 T1e/T1n is the ratio of the nuclear to the electron
spin–lattice relaxation rates, andT1e (T1n) is the intrinsic elec-
tron (nuclear) spin–lattice relaxation time. Saturation recovery
experiments have shown that the intrinsicT1e does not depend
on nuclear magnetic quantum number (see, e.g., Ref.22 for a
summary). The dependence on nuclear relaxation rate of the
difference in T1

eff between themI 5 0 and mI 5 61 14N-
hyperfine manifolds is shown in Fig. A.1 (solid line). The
maximum difference is 25%, which is obtained forT1n 5 T1e,
and this difference decreases to zero for very fast or very slow
nuclear relaxation. The assumption made in fitting the satura-
tion curves, that the effectiveT1 is the same for all three
hyperfine lines, is therefore a reasonable approximation in the
presence of nuclear relaxation.

As seen from Fig. A.1, the effective spin–lattice relaxation
time, T1

eff(0), does, however, depend on the nuclear relaxation
time (dashed line). ForT1n 5 T1e, the effective relaxation
time isT1

eff(0) 5 1
2
T1e, and for very fast nuclear relaxation the

effective electron relaxation time tends to a limiting value of
T1

eff(0) 5 T1
eff (61) 5 (1/3)T1e. Knowledge of the nuclear

relaxation rate is therefore required to obtain the intrinsic
electron spin–lattice relaxation time from progressive satura-
tion EPR measurements. The database ofT1n-values for the
normal 14N-nitroxide spin labels is currently rather small.
However, it does appear, except for very short rotational cor-
relation times, thatT1n # T1e, i.e., b $ 1 (see, e.g., Ref.22).
Therefore,T1e is likely to lie within the range 2T1

eff(0) to
3T1

eff(0), with the precise value depending on the nuclear re-
laxation rate and hence on the rotational correlation time. The
dependence of the normalized nuclear relaxation rate,b 5
T1e/T1n , on the rotational correlation time,tR, of the spin label
is given in Fig. A.2. (solid lines). Although it is for a15N-
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nitroxide spin label, this data, which is calculated from the
results of Robinsonet al. (33), does give some idea of the
likely values of b that may be used to obtain a reasonable
estimate of the intrinsic electron spin-lattice relaxation time
from the effective values that are obtained from progressive
EPR experiments. The dependence on rotational correlation
time of the ratio,T1

eff(0)/T1e, of the effective electron relax-
ation time to the intrinsic relaxation time that is predicted from
Eq. [A.1] for a14N-nitroxide spin label with the same values of
b is also given in Fig. A.2 (dashed line). Over a rather wide
range of rotational correlation times fromtR ; 5 3 10210 s to
tR ; 5 3 1027 s, the effective relaxation time remains ap-
proximately constant atT1

eff(0) ' (1/3)T1e (see Fig. A.2,
dashed line). At very long correlation times,tR $ 1024 s, the
effective relaxation time levels off at a value ofT1

eff(0) 5 0.39
3 T1e, and at very short correlation times,tR , 10210 s, the
effective relaxation time increases steadily to a limiting value
of T1

eff(0) 5 T1e.
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eff(0)/T1e, for a
14N-nitroxide spin label with the same values ofb are given from Eq. [A.1] by
the dashed line.

90 LIVSHITS, PÁLI, AND MARSH
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