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Abstract

Continuous-wave (CW) EPR measurements of enhancements in spin-lattice (7;-) relaxation rate find wide application for de-
termining spin-label locations in biological systems. Often, especially in membranes, the spin-label rotational motion is anisotropic
and subject to an orientational potential. We investigate here the effects of anisotropic diffusion and ordering on non-linear CW-
EPR methods for determining 77 of nitroxyl spin labels. Spectral simulations are performed for progressive saturation of the
conventional in-phase, first-harmonic EPR signal, and for the first-harmonic absorption EPR signals detected 90°-out-of-phase with
respect to the Zeeman field modulation. Motional models used are either rapid rotational diffusion, or strong-jump diffusion of
unrestricted frequency, within a cone of fixed maximum amplitude. Calculations of the 7;-sensitive parameters are made for both
classes of CW-experiment by using motional parameters (i.e., order parameters and correlation times), intrinsic homogeneous and
inhomogeneous linewidth parameters, and spin-Hamiltonian hyperfine- and g-tensors, that are established from simulation of the

linear CW-EPR spectra. Experimental examples are given for spin-labelled lipids in membranes.

© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Measurement of spin-relaxation enhancements in-
duced by the interaction of paramagnetic molecules or
ions with spin labels is a proven approach to studying
the spatial distribution of spin-labelled functional
groups for phospholipids or proteins in membranes [1—
4]. For reasons of sensitivity and availability, most EPR
measurements on spin-labelled biomolecules are made
with conventional CW instruments. Different non-linear
CW-EPR techniques have been proposed to characterise
the accessibility profiles for spin-labelled lipids and
proteins in membranes: progressive saturation of the
first-harmonic in-phase /j-spectra [1-3], and the use of
Ti-sensitive spectral parameters from the out-of-phase
first- and second-harmonic ¥/- and V;-EPR spectra
[4-6]. Most studies have used saturation parameters
from conventional in-phase first-harmonic FVj-EPR
spectra [1-4]. These parameters, however, depend di-
rectly on rotational motion, which gives rise to line
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broadening and spectral diffusion of saturation, and
depend also on the intrinsic spin—spin relaxation rate.
The same applies to the out-of-phase second-harmonic
(saturation transfer) V;-EPR spectral intensities which
are sensitive to very slow molecular reorientation [6-8],
and, although to a much lesser extent, to the out-of-
phase first-harmonic ¥{-EPR spectra [5,9].

The influence of isotropic rotational motion on mi-
crowave saturation behaviour, and on the 7j-sensitive
parameters from out-of-phase first-harmonic EPR
spectra, was analysed previously [9-11]. In membranes,
however, the rotational motion of spin-labelled lipids
and proteins is essentially anisotropic, and subject to an
orienting potential (see, e.g., [12,13]). This results in
angularly dependent transverse relaxation which, for
macroscopically unoriented membranes, should lead to
a distribution of saturation parameters corresponding to
the different orientations of the membrane normal rel-
ative to the magnetic field. The 7;- and 75-relaxation
enhancements of spin labels in membranes that are in-
duced by dipolar interaction with paramagnetic ions or
complexes are also angular-dependent [14]. Therefore,
the influence on the saturation behaviour of the angular
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distribution in both relaxation times should also be
analysed.

A number of simulation studies on linear EPR spec-
tra have included anisotropic orientational ordering in
the rotational motion [15-19]. Methods based on time-
dependent perturbation theory [15,16] are applicable
only for relatively rapid motion (tg <107°s). Those
based on the stochastic Liouville equation, with spher-
ical function expansion for the density matrix, are valid
over the whole range of rotational correlation times
[17,20,21]. They treat the overall rotational diffusion in
an anisotropic medium, including an orienting potential.
Recently, new methods were developed which use
models of the chain dynamics for simulation of the EPR
spectra [19]. Both of the latter classes of approach would
be computationally extremely intensive when used for
simulating non-linear EPR spectra, in the case of slow
motion with restricted angular amplitude. The effects of
angularly restricted Brownian diffusion on saturation
transfer (out-of-phase, second-harmonic) ¥;-EPR spec-
tra have been analysed by Howard et al. [22], using the
transition rate method. However, the influence of this
motion on the 7j-sensitive parameters of the ST-EPR
spectra was not considered in this work.

The aim of the present study is to develop an ap-
proach for determining spin-lattice relaxation times for
anisotropically rotating spin-labelled lipids and proteins
in membranes, with particular emphasis on determining
spin—lattice relaxation enhancements. This is done by
developing and testing simple approaches for simulating
various non-linear EPR spectra (in-phase first-harmonic
and out-of-phase first-harmonic EPR displays) with al-
lowance for anisotropic rotational motion, orientational
ordering, microwave saturation, and magnetic field
modulation. The dependence of the T}-sensitive param-
eters from these spectra on rotational frequency
and angular amplitude of motion are analysed. Deter-
mination of spin-lattice relaxation enhancements is
performed in two stages: (1) simulation of the corre-
sponding linear (i.e., low-power) EPR spectra to deter-
mine both the motional parameters (order, and
rotational correlation times) of the spin labels, and also
the intrinsic spin-spin relaxation time (75) and in-
homogeneous broadening; (2) determination of the
effective spin-lattice relaxation times by fitting the 77-
sensitive parameters of the simulated non-linear EPR
spectra to the corresponding experimentally measured
parameters, with and without a paramagnetic relaxation
agent.

This approach has already been applied to progres-
sive saturation EPR data from spin-labelled phospho-
lipids in gel and liquid-crystalline phases of lipid
membranes. This was part of an experimental study on
the membrane-penetration profiles of water-soluble
paramagnetic salts [14]. Here we give both the theoret-
ical background and details of the practical implemen-

tation of the simulation methods. Calculations are given
for the T7-sensitive spectral parameters which cover the
practical ranges for the motional and order parameters
of lipids in membranes.

2. Materials and methods

Spin-labelled phosphatidylcholines, #n-PCSL (1-acyl-2-
[n-(4,4-dimethyloxazolidine-N-oxyl)stearoyl]-sn-glycero-3-
phosphocholine) with n = 5, 8, 12, or 16, were synthes-
ised according to Ref. [23]. Synthetic phosphatidylcho-
line, DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine)
was from Avanti Polar Lipids (Alabaster, AL).

Spin-labelled phosphatidylcholines were incorporated
in bilayer membranes of DMPC at a relative concen-
tration of 1 mol% by drying down the lipid solutions in
chloroform and then suspending the dry lipid in water.
Membrane dispersions were saturated either with argon
or with air, as noted. Aliquots of the samples were
loaded into 50 pl, 0.7mm 1i.d., glass capillaries (Brand,
Germany) and flushed with argon or air, as appropriate.
Sample sizes were trimmed to 5mm length to avoid in-
homogeneities in the microwave (H;) and modulation
(Hy) fields [24].

EPR spectra were recorded at a microwave frequency
of 9GHz on a Varian Century Line or Bruker EMX
spectrometer equipped with nitrogen gas flow tempera-
ture regulation. Sample capillaries were positioned
along the symmetry axis of the standard 4 mm quartz
EPR sample tube that contained light silicone oil for
thermal stability. Temperature was measured with a fi-
ne-wire thermocouple located within the capillary in
contact with the sample. Samples were centered in the
TE(, rectangular microwave cavity and all spectra were
recorded under critical coupling conditions. The root-
mean-square microwave magnetic field (le)l/ 2 at the
sample was measured as described in [24], and correc-
tions were made for the cavity Q as described in the
same reference. Progressive saturation measurements
were made on in-phase EPR spectra recorded in the
first-harmonic absorption mode (V;-display) at a mod-
ulation frequency of 100 kHz. First-harmonic, out-of-
phase absorption EPR spectra (V/-display) were re-
corded as described in [5]. The modulation phase was set
by the self-null method, or with a non-saturating refer-
ence sample as described in the same reference.

3. Theory

Two motional models are used to simulate both the
low-power and non-linear EPR spectra of spin-labeled
lipids in membranes: rapid tumbling in a cone and
strong jump reorientation within a cone. For both
models, we assume uniaxial anisotropy of the
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Fig. 1. Relative orientations (04, 0y, and 0) of the magnetic tensor
symmetry axis, z4, director (i.e., membrane normal), N, and magnetic
field, H, axes for a spin probe tumbling within a cone of semi-angle f.
For convenience, the origin of ¢, is defined by the H-N plane (because
of uniaxial symmetry about N). The trignometric relation between axis
directions is given in Eq. (1).

probe environment that is characterised by the director
axis (i.e., membrane normal), N. The relations between
the magnetic field direction, H, director axis, N,
and instantaneous z-axis of the spin label are given in
Fig. 1. The trignometrical relation between 6, 0y, 04,
and ¢, is

cos ) = cos Oy cos 0, + sin Oy sin 0, cos ¢,. (1)

For the sake of simplicity, we further suppose that
tumbling inside the cone of semi-angle  occurs with the
same axial and off-axial frequency, 7'

3.1. Model 1: rapid reorientation

Rapid tumbling in a cone results in partial averaging
of the hyperfine- and g-tensor components by the re-
stricted anisotropic molecular motion. The resulting
resonance positions and relaxation linewidths are an-
isotropic and depend on the angle (6y) between the di-
rector axis and static magnetic field direction.

The resonance field position of N hyperfine mani-
fold M is given by

&
2(0y)

where oy is the angular frequency of the H,-field, 7, is
the electron gyromagnetic ratio and hyperfine splittings
are expressed in angular frequency units. The orienta-
tion dependences of the effective g-value and hyperfine
splitting are given by

Ve(Hres(On)) = w1 — MiA(Oy), (2)

g(0y) =gy cos’ Oy + g, sin’ Oy, (3)

2 2 2 Qin2 12
A(0y) = (43 cos? Oy + 4% sin” 0 ) . (@)

The motionally averaged g-tensor elements in Eq. (3) are
(see, e.g., [25])

1

g1 =8 —3[Ag S+ 0g(Se = Sy, (5)
2

g// = 8o + g [Ag . Szz + 5g(Sxx - Syy)]7 (6)

and similar expressions hold for 4, and 4, in Eq. (4),
where S, is the principal element of the traceless or-
dering tensor and: S,, = —(S. +S.). In terms of
Cartesian spin Hamiltonian tensors, the isotropic and
anisotropic parts of the g-tensor are defined as

1
8o = 5 (gxx + &y + gzz)a (7)
1
Ag =8 — E (gxx + gyy)a (8)
1
5g = 5 (gxx - g}y)a (9)

and similar expressions for ¢y and A4, with 64 = 0 for a
purely dipolar hyperfine anisotropy.

The order parameter of the spin-label z-axis is given
by (cf. Fig. 1)

S.. = %(3(0052 04— 1) (10)

and similar expressions hold for the ordering of the
molecular x- and y-axes. For restricted random walk
within a cone of semi-angle f,

SZZ:%COS,B(lJrCOS[))) (11)

cf. Fig. 1. A specific model of the molecular ordering,
such as this, is needed to reduce the number of param-
eters required for describing the linewidths.

The model used for calculating the resonance line-
widths is essentially the same as that developed in [16]
for simulation of linear EPR spectra. It corresponds to
the second-order perturbation theory approximation:
VeAHqum - TR < 1, where AH,, is the anisotropy of the
resonant magnetic field that is to be averaged by rota-
tional motion in a cone, and tR is the correlation time of
this motion. The contribution to the transverse relaxa-
tion rate of the Mj-manifold from rotational dynamics is
given by (see, e.g., [16])

Tzé\m - K“%*M‘M) 3+ ‘Mf)AAz]

‘ <<cos4 )~ (cos?0)" + 1 (sin' e>)fR,

(12)
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where angular brackets indicate averages over the ro-
tational motion and it is assumed that axial and off-axial
rotations have identical rates t'. The second term in
square brackets on the right of Eq. (12) is the pseudo-
secular contribution, with / = 1 for N. For spin-label
reorientation restricted within a cone of semi-angle, f3,
the required angular averages are obtained by integrat-
ing 0,4 from 0 to f (see Fig. 1) using Eq. (1) [16]:
(cos* ) — (cos® 9>2

1

= E(l — cos )’ (4 + 7 cos f + 4cos® B)
.o 12 1 .2

+ cos fsin” 8 §+§ cosﬂ—§(3 + Scos f§) sin” Oy
x sin” Oy (13)

and

(sin*0) :%(1 — cos )’ (8 + 9 cos B+ 3cos® B)

+ cos B(1 + cos f)
x | sin® B+ é (7cos® B — 3) sin® Oy | sin’ Oy,
(14)

which gives the explicit dependence on the magnetic field
orientation, Oy (cf. Fig. 1). Effects on the linewidth of
non-axial ordering are neglected.

Absorption lineshapes 7;; and V{ﬁ1 of the non-lin-
ear first-harmonic EPR spectra are calculated by in-
cluding expressions for the averaged resonance field
and relaxation linewidth in the modulation-coupled
Bloch equations [26]. The resulting equations for the
in-phase and out-of-phase magnetisation were solved
interatively, under the small modulation amplitude
approximation, as done previously for the no-motion
case [5,6]

2(D? 4 A4) — Bw”

Vlﬁl(D) = 7%‘OD (D2 +A)2 +Bzw/27 (15)
D> +A4+2B

V(D) = of VDS (16)
‘ (D> +4)° + By

for 11- and V/-spectra, respectively, where
B s s a+ o

A=1—-o"+h PR

y (17)

_ 2

B=-2+h e

and a = T»/T. In Egs. (15)—(17), angular frequencies are
expressed in terms of the transverse relaxation time, 7>,
ie.,

o = me27
h = W/eHsz, (18)
D= (VeHres - (UL)T27

where H, is given by Eq. (2) and the rotational con-
tribution to 75 by Eq. (12), both of which depend on 0.
The net transverse relaxation rate is given by
1/T, = 1/T? + 1/T>(M;), where the intrinsic Lorentzian
linewidth is AH; = 1/9.7Y. The Zeeman modulation
frequency is ,/2n, and the microwave frequency is
Wy /2m.

The zeroth harmonic (in-phase) solution, Vg, is given
by the normal slow-passage absorption lineshape [6],
ie.,

B h
1 +D>+ha’

where h*/a is the slow-passage saturation parameter.
Substitution of Eq. (19) in Egs. (15) and (16) yields the
first-harmonic in-phase and out-of-phase lineshapes,
respectively, for a fixed magnetic field orientation. The
powder lineshape from an unoriented membrane sample
is finally obtained by integration over 6y, with sin 0y
weighting.

(19)

Voo

3.2. Model 2: strong jump orientation

This model of random jump diffusion was employed
earlier for simulating isotropic motion of spin labels
[9,11]. The Bloch equations that explicitly include the
microwave and modulation fields are supplemented by
terms that take into account random jump diffusion in a
cone at a rate tz'. Spin magnetisation components, viz.,
dispersion, absorption and longitudinal magnetisation
(u,v,z), are expanded in Fourier harmonics, n, of the
modulation frequency, wp, yielding the amplitudes
Uy, Uy, z,. Solution of the resulting infinite system of
coupled equations for the Fourier coefficients is per-
formed under the small-modulation-amplitude approx-
imation (y.AmT» < 1). Fourier coefficients of the
magnetisation components are expanded in a power
series, k, of the modulation amplitude, H,, and an it-
erative procedure used to obtain the corresponding
amplitudes, u,x, vy, zsk. This approach is described
more fully in [9,11], and is readily generalised for rota-
tional diffusion in an orienting potential.

The Bloch equation matrix is given by

R T{l VelH — Hies(0)] 0
A= _Ve[H - HrES(H)] Tzil =t |,
0 7eH, 7!

(20)

where the resonant field position, H.(0), is given by
Egs. (2)-(4) with 0, which specifies the magnetic field
orientation relative to the spin-label axes (see Fig. 1),
replacing Oy and g/ = g.., g1 = 1/2(gw + &), etc.

The Bloch equations are solved for a fixed orientation
(Oy) of the director relative to the magnetic field. The
integral expressions [fn = )_('n,, dQ = (Uun, Vans Zun))
for the magnetisation of the zero- and first-harmonics,
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in vector form: X'n.n = (Unp, Unp,Znn), are similar to those
for isotropic rotation [9,11]

fo = (E—jo’[;”il 'j()'M(), (21)
I =E-Jz") " J, (22)

where My = M,(0,0,7;") is the static magnetisation
vector, and

. B
J, = / A 'sin0,d0, -dg,, (23)
0 0

. B ,

Jn,n—l - / / A;l : ’)A) : Xn—l,n—l Sin QA dHA : d¢A (24)
0 0

with

A, = A"+ (13" —inwy)E, (25)

where A’ is the Bloch matrix given by Eq. (20); and the
gyromagnetic ratio matrix is

0 —y O
=17 0 0] (26)
0 0 O

The zero-order coefficients of the spin-magnetisation
vector that are required for the J;, integral are [11]

_ ~ ~ -1
XO‘O = Agl (E - JQ‘CEI) Mo. (27)

The integration in Egs. (23) and (24) represents motion
of the spin-label z-axis about the director, and is carried
out over 0, from 0 to  and over ¢, from 0 to 2w, by
substituting for 6 from Eq. (1) (see also Fig. 1). All in-
tegrals depend on the angle 0y, which defines the ori-
entation of the director relative to the constant magnetic
field. The lineshapes of the first-harmonic in-phase and
out-of-phase absorption spectra for a macroscopically
unoriented sample are obtained by summing Re{V;,}
and Im{ 7, ; }, respectively, over 0y with sin 0y weighting,
where f] = ((]1117 V]\],Z]_y]).

Inhomogeneous line broadening due to hyperfine in-
teraction with methyl and environmental protons is ta-
ken into account by convoluting this lineshape with a
Gaussian function of width AHG.

4. Results and discussion

We first present results obtained by simulation of the
linear spin-label EPR spectra recorded at low micro-
wave power. This is followed by a simulation study of
the effects of anisotropic ordering and motion on pro-
gressive saturation V;-EPR measurements, and on the
intensities of first-harmonic, out-of-phase, rapid-passage
V/-EPR spectra. Finally, results are given on the appli-
cation of the simulation methods to determine 7j-re-
laxation enhancements of spin-labelled lipids in
membranes.

4.1. Linear EPR spectra

Model 1. In this model, ordering (S.,S,,) of the
perpendicular axes (x,y) relative to director, and inho-
mogeneous Gaussian broadening, were additionally ta-
ken into account. Also, the pseudosecular contribution
to the linewidth [16] was needed for some spin labels, in
order to obtain satisfactory fits.

Experimental and best-simulated EPR spectra of 5-
PCSL, 8-PCSL, 12-PCSL, and 16-PCSL spin-labelled
lipids in fluid DMPC bilayers are presented in Fig. 2a.
The lineshapes and relative intensities of the M = +1
components were fitted first because these are most
sensitive to the motional parameters, rotational fre-
quency (tg!) and cone angle (B), and to the homoge-
neous broadening, AHy. All of these contribute to the
effective spin-spin relaxation time (75") in non-linear
spectra. Also, detailed simulations of the outer wings of
the M; = +1 components were performed to determine
the relative contributions of the Lorentzian (AHL) and
Gaussian (AHg) line broadening. It is seen that the
agreement with experimental spectra is, in general, sat-
isfactory but not perfect. For 5-PCSL and §-PCSL, the
problem is that to get satisfactory fits for the M; = +1
components one should increase the residual g-value
anisotropy, and this results in over-broadening the
central components. These discrepancies appear to be
caused by slow-motional effects which are not allowed
for in the simulation model 1.

The agreement between experimental and simulated
spectra is somewhat better for 12-PCSL and 16-PCSL
(see Fig. 2a). However, for 12-PCSL, the outer wing of
the low-field spectral component remains more broad-
ened than for the spectrum simulated with a purely
Lorentzian intrinsic linewidth (Fig. 2a). The super-Lo-
rentzian character of the experimental linewidth for this
spin label is also probably due to slow-motional effects
[27]. For 16-PCSL, a satisfactory agreement is obtained
when the pseudosecular contribution to the rotational
linewidth is taken into account. For 16-PCSL, the rel-
ative intensities of the M| = +1 and M; = 0 components
are indicative of anisotropic rotational diffusion in the
molecular frame, i.e., faster rotation around the x-axis
compared with y- and z-axes. This type of anisotropy is
not allowed for in the simulation program, which ex-
plains the not-quite-satisfactory agreement with experi-
ment. One notes, however, that for 16-PCSL the value
of T» obtained from simulations is rather close to the
phase memory time, 7p,, which was measured for this
spin label in DMPC membranes by the spin-echo
method [28].

Model 2. Simulations of the same EPR spectra of 5-
PCSL, 8-PCSL, 12-PCSL, and 16-PCSL performed with
model 2 are presented in Fig. 2b. The fits obtained
with the latter model are somewhat worse than those
with model 1. Although this model is not restricted to
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Fig. 2. Experimental (solid lines) and simulated (dotted lines) spectra of the 5-PCSL, 8-PCSL, 12-PCSL, and 16-PCSL phosphatidylcholine spin
labels in DMPC membranes at 39 °C. Simulations were performed (a) with model 1, and (b) with model 2. The corresponding dynamic and linewidth

parameters are given in Table 1.

the rapid motions, it is approximate because of the
adiabatic approximation and jump-like character of the
molecular rotation [27]. For 16-PCSL, both models give
almost identical fits. This is because, in the rapid motion
region, the lineshape of the EPR spectrum is not sensi-
tive to the rotational mechanism.

One notes that, in spite of the different lineshapes of
the simulated spectra, the dynamical parameters and
intrinsic linewidths obtained with model 2 are rather
close to those for model 1 (see Table 1). It should also be
noted that, when the spectral fits are not ideal, one can
get fits with similar rms deviation by using different
combinations of the parameters AHy, AHg, ril, and f3,
even in terms of the same model. Thus, one can generate
similar simulated spectra by decreasing (increasing) AHL
by up to 0.5G and correspondingly decreasing (in-
creasing) 7! and increasing (decreasing) AHg. A similar
degeneracy in simulated 9-GHz spectra was noted for
more rigorous simulation models (see, e.g., [28]).

This uncertainty in the motional and linewidth pa-
rameters obtained from simulations of the linear EPR
spectra raises the question of how this would affect the
determination of relaxation parameters, and in partic-
ular, spin-lattice relaxation enhancements, from non-
linear EPR spectra. This problem is addressed in the
next section by simulating non-linear EPR spectra, and
in the experimental section, when determining relaxa-
tion enhancements from the 7}-sensitive parameters of

the partially saturated in-phase and out-of-phase EPR
spectra.

4.2. Non-linear EPR spectra. progressive CW saturation

Using the two simulation models from above, we
consider the effects of anisotropic rotation and intrinsic
linewidth on the 7;-sensitive spectral parameters that are
derived from the different non-linear EPR displays.
Saturation of the in-phase V;-EPR spectra is considered
first, followed by consideration of the out-of-phase in-
tensities of rapid-passage V{-EPR spectra. Most simu-
lations are carried out with model 2 in order to explore a
wide range of rotational rates. In the appropriate cor-
relation time range, simulations are also performed with
model 1, with axial ordering tensor.

First-harmonic, in-phase EPR spectra were simulated
for different values of the motional parameters, f and
rﬁl, the intrinsic transverse relaxation time, 75 (or spin-
packet width, AHp =1/y.T5), the inhomogeneous
broadening, AHg, and the spin-lattice relaxation time,
7. Microwave saturation and Zeeman field modulation
were included explicitly, and the motional model was
that of jump rotation in a cone (specifically model 2).
The intrinsic linewidth, AH; , was varied from 3 G down
to low values (0.25 G) at which the relative contribution
of anisotropic rotational diffusion to the linewidth be-
comes important.
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Table 1

Motional parameters (ﬁ,S}y,rﬁl), intrinsic linewidths (AHL,AHg), and spin-Hamiltonian tensors (4;;,gi), for spin-labelled phosphatidylcholine
n-PCSL in dimyristoyl phosphatidylcholine membranes at 39 °C, obtained from linear EPR simulations with models 1 and 2 (see Fig. 2a and b)

Spin label Model B s, ! (x10°8 s71) AH, (G) AHg (G) Ay (G)* P
5-PCSL 1 54 -0.15 5.5 1.2 1.2 5.93 2.0087
5.93 2.0059
33.73 2.0027
2 53 5.5 1.3° 0.7 6.36 2.0087
6.36 2.0058
329 2.0029
8-PCSL 1 61 -0.18 7 1.9 1.0 6.23 2.0088
6.23 2.0058
33.13 2.0028
2 60 — 6.5 1.9 0.7 6.23 2.0088
6.23 2.0058
33.23 2.0028
12-PCSL 1 80 0.14 9 1.2 0 5.7 2.0088
57 2.0058
317 2.0028
2 81 — 7.5 1.4 0 5.7 2.0092
57 2.0060
317 2.0026
16-PCSL 1 90 0.1 16 0.23 0.7 573 2.0088
573 2.0060
31.73 2.0028
2 90 — 16 0.25¢ 0.7 5.73 2.0088
573 2.0060
31.73 2.0028

#Diagonal tensor values are listed in order: x, y, z.

bAngular dependent intrinsic linewidth was used: AHy, = AHyp + AHy; - sin? 0o; AHLo = 1.3 G,AHL; = 0.6 G.
¢ Pseudosecular contribution to the linewidth was added to the intrinsic linewidth.

4.2.1. Second integrals of the first-harmonic, in-phase
EPR spectra

Over the whole range of cone angles and rotational
frequencies, the power saturation curves for the double-
integrated intensities of the simulated first-harmonic
spectra were found to be fitted satisfactorily by the ex-
pression

S(H)/S(Hy o) = k- H) / Jipom, (28)

which was shown earlier to be valid for isotropic rota-
tion [11]. The fitting parameter & was close to 1/H; in
all cases, where H; is the microwave field amplitude
corresponding to the absence of saturation. On the other
hand, the saturation factor, P, was dependent not only
on 77 and 75, but also on the motional parameters 5 and
7z'. Because the functional dependence given by Eq.
(28) corresponds to that expected for slow-passage and
the no-motion case, the saturation parameter can be
represented analogously as

P=9%(ND)", (29)

where (T1T2)eff is an effective T;T>-relaxation time
product.

As for isotropic rotation [11], we find that the de-
pendence of the saturation parameter on spin-lattice
relaxation time 77 is quite satisfactorily described by the
linear relation

1/P=a+b/T (30)

for the entire range of values of § and 1!, as is illus-
trated in Fig. 3. This important result shows that
changes in the reciprocal saturation parameter, A(1/P),
are directly proportional to the spin-lattice relaxation
enhancement, A(1/7T;), for fixed values of f, tz!, and
AHy. One notes that, unlike the slow-passage and no-
motion result given by Eq. (29), the relation between
1/P and 1/T; contains an additional constant term, a,
which, however, is actually rather small in most cases
(see Fig. 3). The dependence on 7,' and rotational
motion of the spin label is contained in the slope, b,
which therefore can be associated with an effective
transverse relaxation rate, 1/75". It should be noted,
however, that » and 1/75" depend on the passage con-
ditions (Zeeman modulation frequency and amplitude).

Essentially identical results, i.e., the validity of Eqs.
(28) and (30), are obtained with the model of rapid
tumbling in a cone (i.e., model 1) (data not shown).
However, because model 2 applies to the entire range of
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Fig. 3. Dependence of the reciprocal saturation parameter,
1/P=1/y(T 7,)°T, on the spin-lattice relaxation rate, 1/7;, for dif-
ferent rotational frequencies, 1z', within a cone angle of 40°. Values of
P were determined from the second integrals of the simulated in-phase
first-harmonic EPR spectra. Intrinsic linewidth is AHp, = 1.5G, and
modulation frequency wy/2n = 100kHz. Lines are linear regressions
to Eq. (30).

rotational frequencies, we used it, rather than model 1,
to study the dependence of saturation on rotational
frequency and cone angle. Fig. 4 gives the dependence of
the saturation parameter on rotational frequency for
different rotational amplitudes. As seen from Fig. 4, P
decreases with increasing cone angle . With varying
rotational rate, P increases about a minimum in the
range 107 < tz! < 108571, on one side for progressively
slower (tz! <10°s7!) and on the other side for more
rapid (tg! <10°s~!) motions, at all values of f8. These
changes in saturation factor are related to the effective
spin-spin relaxation time, 75 (cf. Eq. (29)). In the high-
frequency (fast-motional) region, P decreases with in-
creasing f§ and decreasing 13!, owing to the motional
contribution to the effective spin-spin relaxation rate,
1/T$". This effect is directly proportional to the square
of the anisotropy of the resonant field (AHZ,) and to g
[15,16]. In the low-frequency (slow-motional) region,
rotation-induced spectral diffusion leads to a decrease in
microwave saturation at the resonant field. The latter
effect increases with an increase in the spectral diffusion
rate, which is proportional to AHZ, tR! (see, e.g., [20]).

1st H. in-phase

P =y TT)" (G7)

log,, rR'1 (s'1)

Fig. 4. Dependence of the saturation parameter, P = y2(T} Tz)e“, on
rotational frequency, tg!, for different angular amplitudes, 8, of the
rotational motion. Values of P were determined from the second in-
tegrals of the simulated in-phase, first-harmonic EPR spectra. Intrinsic
linewidth is AH, = 3G, and T} = 1.8ps; wn /21 = 100 kHz.

4.2.2. Amplitudes of the first-harmonic in-phase EPR
spectra

Use of the spectral double integrals allows a direct
description of the saturation curves in that the exponent
(¢ = 1/2) of the term containing the saturation param-
eter depends neither on 77 nor on inhomogeneous
broadening. Hence, this procedure gives satisfactory
fits to Eq. (28) for all values of 7> and motional
parameters (cf. [11,29]). However, in cases of low signal-
to-noise, double integration can pose baseline problems
and use of the spectral amplitudes may become neces-
sary.

Even under slow passage conditions and in the ab-
sence of molecular motion, the saturation behaviour of
the spectral lineheight, 4, depends on the degree of in-
homogeneous broadening [30]

A(Hy)[A(Ho) = k- H /(1 + P H})', (31)

where the exponent, ¢, ranges from 1.5 to 0.5 on going
from purely homogeneous broadening to overwhelm-
ingly inhomogenecous broadening. With ¢ as an adjust-
able parameter that depends additionally on the
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rotational rate, Eq. (31) also describes the power
saturation curves of spin labels undergoing isotropic
rotational diffusion [10].

Saturation curves for the spectral amplitudes, 4(H;),
were generated using the model of rapid tumbling in a
cone (i.e., model 1 with axial order tensor) and fitted to
Eq. (31). In all cases, saturation curves for the amplitudes
of the low-field (M; = +1) and central (M = 0) simulated
spectral components can be fitted satisfactorily with Eq.
(31). As for the double integrals (cf. Eq. (28)), the pa-
rameter k is close to 1/H| o, where H o is a low microwave
field intensity in the linear (i.e., sub-saturating) region.
The exponents, ¢, for both low-field and central compo-
nents depend on ff and 7R, as well as on AH, and Gaussian
inhomogeneous broadening (see Table 2).

The values of ¢ given in Table 2 differ considerably
from those corresponding to slow passage and no mo-
tion. In particular, for predominantly inhomogeneous
broadening (AH/AHg =2 0.1) the exponent is ¢~ 1,
whereas it should be close to 0.5 in the slow passage and
no-motion case when AH; < AHg. Furthermore, for
AHy > AHg, the values of ¢ can be anomalously high
(1.6-1.9). A less satisfactory result is that ¢ also is weakly
dependent on 7, increasing with an increase in 7] when
the motional and linewidth parameters are fixed. This is
observed both for homogeneously and inhomoge-
neously broadened spectra (see Table 2). In general, the
T1-dependence of ¢ is weaker for the low-field compo-
nent than for the central component.

Fig. 5 shows the dependence on spin-lattice relaxa-
tion rate, 1/7;, of the reciprocal saturation parameter,
1/P. Values of the latter were determined from fitting
the saturation curves for the low-field (M; = +1) and
central (M; = 0) amplitudes of nitroxide spectra simu-
lated with anisotropic rotation and molecular order
(specifically model 1 with axial order tensor). Open
symbols correspond to saturation curves fitted by Eq.
(31) with independently variable values of ¢, for each
value of 77. Remarkably, the linear relation that is given

Table 2

0.45 . —

0409 (a)p=79" 1, =9x10°s"
0.35 - amplitudes

0.30

¢ fixed
O ¢ variable

i (b) B= 61°, rR'1 =7.5x10°s”
- amplitudes +17]

1P =1 X(T,T,)™" (G
5

0.0 0.5 1.0 1.5 2.0
6 -1
10°T, (s7)

Fig. 5. Dependence of the reciprocal saturation parameter,
1/P=1/y2(T 7). on spin-lattice relaxation rate, 1/T;, for different
motional and linewidth parameters: (a) = 79°, tx' =9 x 108s7!,
AHL =2G; (b) f=61° 13! =7.5x10%s7!, AHL =0.5G, AHg =
2.0G; wn/2n = 100kHz. Values of P were determined from the sat-
uration curves for the amplitudes of the M| = +1 (circles) and M; =0
(squares) components of the simulated in-phase, first-harmonic EPR
spectra. Solid and open symbols correspond to fixed and variable ex-
ponent values (&), respectively, used in fitting the saturation curves
according to Eq. (31). Lines are linear regressions to Eq. (30).

by Eq. (30) is fulfilled quite satisfactorily for both
spectral amplitudes. This means that experimental
values of 1/P, obtained in a similar way, can be used

Dependence of the exponent, ¢, in Eq. (31) for the saturation curves of the central (M; = 0) and low-field (M; = +1) EPR amplitudes, on the
motional (B, tz!) and spin-relaxation (AHy, T;) parameters, from simulations of first-harmonic, in-phase spin-label EPR spectra

B ) %! (x10% 57 AHy (G) AHg (G) ) e (M; =0) e (M = +1)
46 5.0 0.25 2.0 0.5 0.85 0.93
46 5.0 0.25 2.0 2.1 1.0 1.07
46 5.0 1.0 2.0 0.5 1.2 1.0
46 5.0 1.0 2.0 2.1 1.47 1.36
61 7.5 0.5 2.0 0.5 1.02 0.975
61 7.5 0.5 2.0 2.0 1.21 1.12
61 7.5 0.5 2.0 3.0 1.265 1.156
79 9.0 2.0 0.0 0.5 1.63 1.5
79 9.0 2.0 0.0 2.0 1.91 1.63
79 9.0 2.0 0.0 3.0 1.97 1.65
79 9.0 0.5 2.0 0.5 1.06 1.02
79 9.0 0.5 2.0 1.0 1.15 1.28
79 9.0 0.5 2.0 2.5 1.28 1.4
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reliably for monitoring spin—lattice relaxation enhance-
ments, in spite of the dependence of ¢ on T7.

Even if ¢ is constrained to remain constant, the linear
relation between 1/P and 1/T} is preserved, although
with different intercept and gradient. This is illustrated
by the solid symbols in Fig. 5, for which ¢ is fixed at the
value obtained from the saturation curve for the longest
T1. The latter result can have important practical im-
plications. Often, spin-label saturation in the presence of
a paramagnetic relaxant decreases to such an extent that
it is difficult to determine ¢ independently from the
saturation curve. Under these circumstances, one can
determine ¢ in the absence of relaxant and then use the
same value in the presence of relaxant. Linear regression
to the solid symbols in Fig. 5 suggests that this proce-
dure yields acceptable results for 7j-values up to four to
six times shorter than the initial values.

The relative slopes of the linear regressions in Fig. 5
indicate that the effective transverse relaxation rate,
1/ Tzeff, is greater for the M; = +1 hyperfine manifold
than for the M = 0 manifold, as expected for motional
broadening. As a rule, the averaged value of 1/75™ that
is obtained from the saturation behaviour of the double
integral lies between those for these two spectral am-
plitudes.

Because of the interrelated dependence of the satu-
ration behaviour on the motional properties and trans-
verse relaxation behaviour of the spin label, comparison
of relaxation enhancements deduced from different spin
labels (e.g., the various n-PCSL) becomes problematic.
A common practice is to allow for the effects of rota-
tional motion and intrinsic 7> by dividing 1/P by the
peak-to-peak (p-p) linewidth of the central component.
However, simulations show that use of this ratio only
partly reduces the above dependence. In the case of
strong inhomogeneous broadening, or a change from
inhomogeneous to homogeneous broadening, it gives no
improvement at all. For instance, for motional param-
eters close to those for 4-PCSL in DMPC membranes at
39°C (see Table 1) and inhomogeneous broadening of
AHg = 2 G, changing AHy from 0.25 to 1 G results in a
threefold increase in 1/P for the central component
(from 0.067 to 0.2G?, with T; = 2ps), whereas its p-p
linewidth increases by only 12%.

Under these circumstances, accurate comparison of
relaxation enhancements for different spin labels re-
quires spectral simulation to achieve quantitative reli-
ability. Our present approach involves two simulation
steps. First, the motional parameters f8 (or S.,) and 73!,
and linewidths AHy and AHg, are determined by simu-
lation of the low-power (linear) EPR spectra. Then these
parameters are used to simulate non-linear EPR spectra
and derive saturation curves for second integrals or
spectral amplitudes. In the latter step, 77 is varied to
reach an agreement with the saturation parameters, P,
and exponents, ¢, determined from the experimental

saturation curves. Application of this approach to n-
PCSL spin labels in DMPC-membranes will be given in
the section devoted to experimental results.

4.3. Non-linear EPR spectra.: out-of-phase displays

As in the case of isotropic rotation [9], the lineshapes
of the first-harmonic out-of-phase EPR spectra (V}) for
anisotropic motion are similar to those of the conven-
tional EPR spectra (7]), at sufficiently high values of H;.
Therefore the same 77-sensitive spectral parameters are
used as for isotropic rotation. The ratio, p/, of second
integrals of the 7| and 7} signals is defined by

o= [ [nan-eu/ [ [ven-en (32)

and the out-of-phase/in-phase ratios of the amplitudes
of the low-field [p)(M; = +1)] and central [p/ (M, = 0)]
components are defined as

py(Mr) = Vi (M) / Vi (M) (33)

for spectral positions corresponding to the peak of the
particular M; manifold.

The Tj-dependence of these parameters was deter-
mined from first-harmonic spectra simulated for differ-
ent modulation frequencies and different values of cone
angle f§ (or order parameter, S..), rﬁl, AHy, and AHg. At
high microwave power, the form of the 7;-dependence is
similar to that obtained previously for either static or
isotropic motion [5,9]. Fig. 6 gives the dependence of the
out-of-phase/in-phase second-integral ratio on T7j, for
one case of anisotropic motion in an orienting potential.
As for the static case [5], the dependence on intrinsic
linewidth is not great, especially at the lower modulation
frequency of wn/2n =25kHz. Again also, p| at
100 kHz is larger and more sensitive to shorter values of
T; than at 25 kHz modulation frequency.

Fig. 7 gives the dependence of the 7-sensitivity of the
p ratio on rotational rate, 1x', and cone angle, 8. The
dependence on 7! is limited and comparable to that for
isotropic motion [9]; that on angular amplitude, S, is
slight, except at intermediate rotational frequencies. Fig.
8 shows the dependence of the p} ratio on rotational rate,
rﬁl, for different values of cone angle, /5, and a fixed value
of 71, at high modulation frequency (o, /21 = 100 kHz).
The functional dependence is similar to that for the
saturation parameter, P (cf. Fig. 4), except that quanti-
tatively the dependence of p| on these parameters is
much less than that of the saturation parameter.

Essentially similar simulation results to those ob-
tained from the spectral integrals are also obtained for
the out-of-phase/in-phase ratios of the first-harmonic
spectral amplitudes at the M; = 0 and M| = +1 positions
(data not shown). Thus the p} (M) parameters display
only low sensitivity to motional parameters and a de-
pendence on 8 and 13! that is similar to that in Fig. 8.
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Fig. 6. Dependence on spin-lattice relaxation time, 7j, of the ratio, p,
of the double-integrated intensities of the first-harmonic out-of-phase
and in-phase EPR spectra from spin labels undergoing anisotropic
rotation in an orientational potential. Spectra are simulated for Zee-
man modulation frequencies, wy, /2w, of 100 kHz (open symbols) and
25 kHz (solid symbols), and values of intrinsic linewidth, AH} , given in
the figure. Dynamic parameters: f = 57°, 13! = 10°s™!; H; = 0.5G.

The dependence of the first-harmonic, out-of-phase
intensities on motional amplitude and rate is therefore
less significant than that of the saturation parameters
obtained from progressive saturation experiments with
the in-phase spectra. Nevertheless, for greater precision
in determining relaxation enhancements, corrections for
these variables should be made by using the two-stage
simulation strategy that was proposed in the case of
progressive saturation experiments.

4.4. Non-linear EPR: experimental applications

Phosphatidylcholine spin labels, n-PCSL, with the
nitroxide group at different positions in the sn-2 acyl
chain are used as a practical example. In fluid bilayer
membranes of dimyristoyl phosphatidylcholine, the
n-PCSL EPR spectra are characteristic of different de-
grees of molecular ordering (i.e., rotational amplitudes)
and different rotational rates (see Fig. 2). Values of n are
chosen to cover most of the experimentally useful range
of spectral anisotropy. Effective values of 77 and spin—

020 +——F——F———7F———1———

0.15

0.10

p,, 2nd integral (out/in) ratio

0.05

000 +———F—F—F——7——T——

T, (us)

Fig. 7. Dependence on spin-lattice relaxation time, 77, of the out-of-
phase/in-phase ratio, p}, for the double-integrated intensities from
first-harmonic EPR  spectra simulated for different rates
(rg! = 10°-10'°s7!) and angular amplitudes (8 = 40°, 60°) of rota-
tional motion, and a Zeeman modulation frequency of
/21 =100kHz (open symbols and centred symbols). For
o /2n = 25kHz (solid symbols), data are given for rz' = 10°s~! and
f =29° (@) or 57° (A). Intrinsic linewidth AH, = 3G; H, = 0.5G.

lattice relaxation enhancements A(1/7) are obtained
from simulations of the non-linear EPR spectra with the
same motional models and parameters that were used
for simulation of the linear spectra. The 7Tj-relaxation
time was used as an input parameter that was varied to
obtain best agreement between experimental and cal-
culated saturation curves and out-of-phase spectral in-
tensities.

4.4.1. Progressive CW-saturation

Saturation curves for samples saturated either with
argon or with air are well described by Eq. (28), for the
double integrated intensities. Similarly, the saturation
curves for the spectral amplitudes conform to Eq. (31)
where the exponent values, however, depend on the
spin-label position. Table 3 gives the values of exponent
¢ for various n-PCSL in DMPC membranes. As for the
simulated saturation curves (Table 2), this variability in
the experimental values of ¢ is evidently due to changes
in motional and linewidth parameters with spin label
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Fig. 8. Dependence of the out-of-phase/in-phase ratio, p}, of the
double-integrated intensities of the simulated first-harmonic EPR
spectra on rotational frequency, 5!, for different angular amplitudes,
pB, of rotational motion. Intrinsic linewidth is AHL =3G and
Ti = 1.8us; wn/21n = 100kHz; H; = 0.5G.

position in the membrane. One sees from Table 3, that
the values of the saturation parameter P determined
with Eq. (31) and variable ¢ can differ somewhat from
those determined with a fixed value of ¢ = 1.5, which is
appropriate to purely homogeneous linebroadening.
However, it is found that the 7j-values determined self-
consistently with the two different sets of parameters are
close to each other.

Application of the present simulation methods to
determination of spin-lattice relaxation enhancements
has already been given for n-PCSL spin labels in DMPC
membranes [14]. Penetration profiles were established
for those paramagnetic ion salts that have appreciable

Table 3

membrane solubility. For Ni perchlorate, the enhance-
ment in T>-relaxation rate determined from the homo-
geneous linewidth was equal to that in 7;-relaxation rate
determined from progressive saturation. This agreement
of the two relaxation rates, which is characteristic of the
Heisenberg spin-exchange interaction, provides experi-
mental support for the present simulation strategy.
Similar experiments on the relaxation enhancement by
pure oxygen, which is known to have predominantly a
Heisenberg exchange mechanism [31], also reveal
equality of the T}- and T»-rates when analysed with the
present simulation methods [32]. Here we illustrate use
of the 7j-methods to determine the weaker relaxation
enhancement induced by oxygen in air.

Table 4 gives the effective values of 7] that are ob-
tained for the n-PCSL spin labels in fluid DMPC bi-
layers from progressive saturation measurements on the
first-harmonic, in-phase V;-EPR spectra. For samples
saturated with air, determinations are made by simu-
lating the experimental saturation curves from both the
double-integrated spectral intensity and the amplitudes
of the low-field (M = +1) and central (M; = 0) hyper-
fine manifolds. Values from the double integral are not
given for samples saturated with argon (i.e., with long
T1), because the extreme saturation broadening results in
truncation of the spectral integral at high powers. Model
1 (as largely appropriate to a temperature of 39 °C) is
used for the simulations of all samples (cf. Fig. 2). Non-
axiality of the ordering tensor is included as shown in
Table 1. For argon-saturated samples, model 2 is also
used to derive Tj-values from the M; =0 amplitude.
These values are given in parentheses in Table 4. Good
agreement is found with the values obtained by using
model 1. As seen from Table 4, there is a reasonable
agreement between all three methods of 7j-determina-
tion, especially between those based on the My = +1 and
My = 0 amplitudes. The values of 77 obtained from the
second integrals are systematically, but not appreciably,
higher. The relaxation enhancements, A(1/T}), induced
by air at 39°C are: 2.55+0.05, 2.8 £0.1, 3.40 £0.3,
and 2.9 + 0.2 MHz for 5-PCSL, 8-PCSL, 12-PCSL, and
16-PCSL, respectively. Corresponding values measured
by saturation recovery are 2-3 MHz at the 5-position
and 3-5 MHz at the 16-position of stearic acid, over the
temperature range 2945 °C in DMPC [33].

Saturation parameters, P (G~2), and exponents, ¢, determined from fitting the saturation curves for the amplitudes of the low-field (M; = +1) and
central (M; = 0) components to Eq. (31) for different n-PCSL spin labels in argon-saturated DMPC membranes at 39 °C

n-PCSL e (M =+1) P (M =+1) P (M =+1)pe=15 e (M; =0) P (M;=0) P(M=0Pe=15
5 1.40 4.5 4.0 1.76 7.9 10.6
8 1.71 3.0 3.7 1.75 7.6 10.1
12 1.58 7.7 8.4 1.76 7.8 10.4
16 1.51 17.7 17.9 1.46 16.2 15.3

#Saturation parameters determined by fitting the saturation curves with a fixed value of ¢ = 1.5 in Eq. (31).
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Table 4
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Effective spin-lattice relaxation times, 7; (us), of n-PCSL spin labels in air- or argon-saturated DMPC membranes at 39 °C, determined from sat-
uration parameters, P, in progressive saturation of the first-harmonic, in-phase spectral amplitudes of the low-field (M; = +1) and central (M; = 0)
components, and of the second integral; and determined from out-of-phase to in-phase ratios, p), of the low-field (M; = +1) and central (M; = 0)
spectral amplitudes, and second integrals, of the first-harmonic EPR spectra®

n-PCSL M = +1 My =0 Second integral air
Air Argon Air Argon

Saturation parameters, P

5 0.30 1.20 0.31 1.58 (1.53) 0.334
8 0.27 1.20 0.30 1.58 (1.50) 0.330
12 0.25 1.05 0.21 0.99 (1.00) 0.253
16 0.29 1.38 0.25 1.15 (1.57) 0.260
Out-of-phase ratio, p}

5 0.44 2.05 0.485 2.27 —

8 0.43 2.29 0.46 2.43 0.51
12 0.35 1.68 0.38 1.67 0.405
16 0.35 1.55 0.35 1.58 0.439

2Ty values are obtained by simulating the non-linear spectra using model 1 (model 2).

4.5. Out-of-phase spectra

Effective values of 7; determined from the ratios, p/,
of the amplitudes or second integrals of the out-of-phase
to in-phase first-harmonic EPR spectra are given also in
Table 4. Again, these are determined by simulation of
the out-of-phase spectra, using model 1 with non-axial
order tensor as indicated in Table 1. As for the pro-
gressive saturation measurements, agreement between
the values determined from the different spectral pa-
rameters is satisfactory. However, the absolute values of
T) obtained by using the out-of-phase to in-phase ratios
are systematically higher than those obtained from the
saturation curves. The reason for this discrepancy is not
quite clear. Probably it is caused by approximations
used in the simulations that are manifested differently
for the two classes of measurement. For comparison
with the p| (M; =0) data in Table 4, the Tj-values
measured by saturation recovery for 5-position and 16-
position labelled stearic acid in DMPC at 45 °C are 3.2
and 1.8 s, respectively, in the absence of oxygen [34].
Note, however, that effective T;-values derived from CW
measurements must not necessarily coincide with direct
measurements of Tj., because of contributions to the
former from nuclear relaxation (see [11]). As already
emphasised, in the CW studies we concentrate on the
measurement of enhancements rather than on absolute
rates of Tj-relaxation.

The relaxation enhancements, A(1/71), induced by
paramagnetic oxygen in air have comparable values
when deduced from progressive saturation and out-of-
phase intensities. From the latter measurements,
A(1/Ty)=17+0.1, 183+0.06, 2.15+0.12, and
2.22 +0.01 MHz for 5-PCSL, 8-PCSL, 12-PCSL, and
16-PCSL, respectively. In general, the enhancements in
relaxation rate deduced from saturation parameters, P,
are somewhat larger than those deduced from the in-

tensity ratio, p}. Both show similar trends with in-
creasing spin-label position, 7.

5. Conclusions

Determinations of 7j-relaxation enhancements for
spin labels from CW non-linear EPR must allow for
differing rotational rates and degrees of ordering. This
can be done by simulating the anisotropic non-linear
spectra with motional and relaxation parameters estab-
lished from simulation of the linear spectra. Relatively
simple models for the restricted anisotropic motion
suffice to give consistent measurements of relaxation
enhancements deduced from different positions (or in-
tegrated intensities) in the anisotropic spectra. Consis-
tency is also achieved between progressive saturation
and out-of-phase non-linear methods, although sys-
tematic discrepancies can be attributed to the simplicity
of the simulation models.

Such considerations are essential when determining
the permeation profiles of paramagnetic species into
membranes from non-linear EPR measurements on
spin-labelled lipids [14]. They are also of crucial im-
portance in determinations of nitroxide location by us-
ing site-directed spin-labelling technology [35]. If
corrections for anisotropic ordering are made, as de-
scribed here, greater precision can be achieved by de-
termining separately the accessibility profiles to different
relaxation agents, rather than relying upon @ ratios
from pairs of complementary relaxants [36].
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