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An analysis of the paramagnetic resonance spectra of phospholipid spin labels
incorporated in phospholipid bilayer membranes is described. The analysis takes
into account rapid anisotropic motion which gives rise to an effective spin Hamil-
tonian. The broadening of transitions between the eigenstates of this effective
Hamiltonian is approximated using Redficld relaxation theory. The analysis of the
spectra also takes into account spacial distributions of the axes of the effective spin
Hamiltonian as well as a field-induced orientation of the lipid molecules. Resonance
spectra are reported for isotropic samples, as well as oriented multibilayers (smectic
liquid crystals), at 9.3 and 35.0 GHz, for various orientations of the applied field.
Order parameters for the phospholipid spin labels are determined, and calculations
are made of order parameters appropriate to different types of spectroscopic time-
averaging, includingensemble-average order parameters thatcorrespond tolong-time
averages.

INTRODUCTION

The paramagnetic resonance spectra of nitroxide spin labels have provided novel
information about kinetic and structural properties of biological membranes, and model
membranes (phospholipid bilayers) (7). This information has included direct evidence
for hydrophobic regions of low local viscosity (2), the flexibility gradient in spin-labeled
fatty acid chains (3-8), high rates of lateral diffusion of phospholipids (9-13), and rates
of transmembrane motion (/4). In much of this work, a quantitative, or semiquantita-
tive, analysis of the paramagnetic resonance spectra of spin-labeled fatty acids, or
spin-labeled phospholipids, has been used. In the present paper, we summarize our
analysis of the spectra of spin labels in phospholipid membranes where there is no inter-
action between the labels because they are present in low concentration (e.g., 0.1-
1 mole ;). This type of analysis may also be useful for studies of the paramagnetic
resonance spectra of spin labels attached to proteins in membranes.

THE SPIN HAMILTONIAN
In standard notation, the spin Hamiltonian for a nitroxide spin label is [1]

# = |B|S-g-Hy + hS-T-I+ fugnI-H,, [1]
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where I refers to the **N nuclear spin of the N — O group. The spin labels considered
here all contain the five-membered oxazolidine ring:

~—CH, C—CH,—

O<—N/ \O

One set of values for the elements of the g and T dyadics has been obtained from an
analysis of the paramagnetic resonance spectra of the cholestanol spin label I

in single crystals of cholesteryl chloride (3). This study has recently been repeated with
great precision by Dr. R. C. McCalley in this laboratory, who has found the gand T
tensor elements given in Table 1. As reported in earlier work, the z-direction is parallel
to the m-orbital of the nitrogen atom, and x is along the N-O bond direction (3). In

TABLE 1

TENSOR ELEMENTS?

Label T, Tix Tyy &2z Exx 8yy

Cholestanol 89.4 +0.06 17.740.3 164 +0.3 2.0024 + 0.0001 2.0090 + 0.0001 2.0060 + 0.0001
spin label I

11(10,3) 93.8 17.6 16.3 2.0027 2.0088 2.0061

2 Data for spin label I obtained by R. C. McCalley in this laboratory. Elements of the hyperfine
tensor T are in MHz.

McCalley’s work it was established that the principal axis systems of the g- and T-
tensors are parallel to within a few degrees, or less. These small angular deviations may
be due to host crystal effects.

In the analysis of the paramagnetic resonance spectra of spin labels in biological
systems, one must often determine the elements of the spin Hamiltonian from imperfect-
ly oriented samples. An analysis of this type is illustrated in Fig. 1, which shows observed
and calculated spectra for the spin label HI(10,3) bound to a lyophilized sample of bovine
serum albumin, at 9.3 and 35.0 GHz.
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CH;(CHz)m — C < (CHI)n_COOH

0<—N/ \O

11 (m,n)

This preparation gives an isotropic distribution of label orientations. The physical
state of the sample suggests that there is little or no motion of the oxazolidine ring sys-
tem. The values of the tensor elements of g and T deduced]from trial and error compari-
sons between theoretical and experimental spectra are given in Table 1. In this calcu-
lation, Lorentzian line shapes were used, with isotropic linewidths, having peak-to-

FiG. 1. The paramagnetic resonance spectra of fatty acid spin label II(10,3) bound to lyophilized
bovine serum albumin at (a) 9.3 GHz and (b) 35.0 GHz. Solid lines (——) indicate experimental spectra
and dashed lines (—---) indicate calculated spectra. The mole ratio of fatty acid to serum albumin is
0.25. The g- and T-tensor parameters used for this calculation are given in Table 1. The peak-to-trough
derivative linewidth for each line is set equal to 11.2 MHz and the width at half height of the absorption
curveisequalto19.4 MHz. The angles $and ¢ were varied in increments of 3° for this calculation. Sample
was at room temperature,

trough separations of 11.2 MHz (T, = 16 nsec). The agreement between observed and
calculated spectra is excellent at both 9.3 and 35.0 GHz, especially in view of the high
sensitivity of the observed spectra to small variations in the parameters of the g- and
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T-tensors. This sensitivity is especially high when agreement with both low- and high-
field spectra is required. We believe that much of the deviation between the observed
and calculated spectra can be attributed to the fact that the single-orientation resonance
signals are not exactly Lorentzian, but are partially Gaussian. Evidence for Gaussian
contributions to the line shape is described below.

It has been shown previously (3, 15) that the outer wings of the derivative curves at
9.3 GHz provide an approximate measure of the absorption line shapes themselves.
Figure 2 illustrates the high- and low-field extrema at 9.3 GHz for I1(10,3) in lyophilized

HIGH FIELD EXTREMUM

FiG. 2. (a) The experimental low-field extremum of the 9.3-GHz paramagnetic resonance spectrum
shown in Fig. 1(a) (solid line ——) is superimposed on calculated Gaussian (--—-) and Lorentzian
(=== ) absorption curves. The Gaussian and Lorentzian curves were calculated using a half-height
width of 18.48 MHz. (b) As in (a) except the high-field extremum is shown. The Gaussian and Lorentzian
absorption curves were calculated using a half-height width of 20.72 MHz.

35.0 GHz

HIGH FIELD EXTREMUM

F1G. 3. The high-field extremum of the experimental 35.0-GHz paramagnetic resonance spectrum
shown in Fig. 1(b) is superimposed on calculated Gaussian (-——-) and Lorentzian (-.~.— ) absorption
curves. The Gaussian and Lorentzian curves were calculated using a half-height width of 20.72 MHz.

bovine serum albumin; for comparison pure Lorentzian and Gaussian lines are shown,
and it is seen that the observed signals are intermediate between the two. The high-field

extremum at 35.0 GHz is well-resolved and is nearly Gaussian in shape, as illustrated in
Fig. 3.
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THE EFFECTS OF MOTION AND ORIENTATION

In earlier publications we and others have interpreted the paramagnetic resonance
spectra of spin labels incorporated in membranes in terms of an effective, time-average
spin Hamiltonian, 3¢’ (2). That is, in the presence of molecular motion, the Hamiltonian
becomes time dependent and is written in terms of time-dependent and time-independent
parts:

Hy=H"+[#01)—H'] 2}
In calculations of resonance spectra, it has been assumed that [#(¢) — #'] acts as a
high-frequency perturbation that can be treated by perturbation theory (e.g., Redfield
theory (16)). This perturbation then leads to Lorentzian contributions to the linewidths.
As discussed below, a time-dependent perturbation of this type leads to anisotropic
resonance linewidths, that is, linewidths that depend on the orientation of the applied
field relative to the principal axes of #’, namely, x’, y', and z’.

The utility and accuracy of the decomposition, Eq. [2], can only be established by
detailed comparisons between observed and calculated spectra. Phospholipid bilayers,
in the smectic liquid-crystal state, enable one to obtain both isotropic and partially
ordered distributions of spin labels and thus isotropic and partially ordered distributions
oftheaxes x', ', z’ of the effective spin Hamiltonian ##'. Comparisons between observed
and calculated isotropic spectra designed to test Eq. [2] have the great advantage that
the distribution of the axes x’, ', z’ is known precisely; such comparisons have the
weakness that high-frequency, low-amplitude anisotropic motions can have certain
effects on spectra that are qualitatively similar to the effects of slow, isotropic rotational
diffusion (/7). On the other hand, the anisotropy of the resonance spectra of partially
oriented samples provides much more data for testing the adequacy of Eq. [2], but has
the drawback that some functional form for the spatial distribution of the axes x', y', z’
must be assumed, and the appropriate parameters of these distribution functions must
be determined from the anisotropy of the resonance spectra. However, when calcula-
tions of both isotropic and anisotropic resonance spectra can be brought into accord
with one another with reasonable assumptions about the spatial distribution functions,
the evidence for the accuracy of the decomposition Eq. [2] becomes much stronger.
Further tests of the theory can be made by comparisons of spectra at different field
strengths, as described in the present paper, and under various conditions of micro-
wave power saturation and field modulation, as will be discussed elsewhere. In the
present work, small errors in the decomposition Eq. [2] may possibly be absorbed into
our linewidth parameters or into the orientational distribution functions, and it is
left to further work to see if such errors exist and if they are significant.

The labels of greatest interest in our work are the phospholipid spin labels I(m,n),
x>~ m+ n+ 1 (derived from egg lecithin):

(o}
0O N-O o] HZC—O——(IL,—{CHz),—CHs
CH;(CHy)n C——(CH,;),—C—0—CH O CH,
HZC—O——P—-O——CHZ—CHZ—QI*I—CH;
o- &n,

1 (rm,n)
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The Hamiltonian [1] can be expressed in terms of irreducible (tensor) dyadics
F,, which are given in Table 2:
T=aU+ > A4,F, {31
q

g=gU+> G,F, [4]
q

Hereaand garetheisotropic(average) hyperfine couplingconstants and g-factorcoupling
constants, respectively and Uis the unit dyadic, U =ii + jj + kk. Explicit expressions for
F,, A, and G, are given in Table 2. The dyadics T and g are molecule-fixed ; comparable

TABLE 2

IRREDUCIBLE DYADICS AND PARAMETERS

F, =@+ V=1j)i+ V-1
F,=—k(i+ V=1j)— (i+ V-1j)k
Fo= V3(kk—U)
F_,=k(i—VZI)+ G- vV-ldk
Fo,=(i— V=Ij)i— vV-1j
Go=1V 3g.. — Mg — 81»)]

G =0

Giy= H&:xx — &)

Ao =3V T, — ¥ (Tux + Tiy)]

Az =0

Aiz = %[Txx - Tyy]

expressions hold for the effective Hamiltonian s’ and the dyadics T', g', and F,
that refer to the effective axis system x’, ), z’. The molecule-fixed dyadics F, are related
to the dyadics F, by means of the Wigner rotation matrices:

Fm = % qu(aﬂ)’) F; [5]

Here a, B, 7, are the Eulerian angles that rotate the x', y’, z' (i'J’k’) axis system into
the x, y, z (i)k) axis system, as sketched in Fig. 4.
The hyperfine and g-tensors of the effective Hamiltonian can thus be written

T =aU + 3 A, Dy (0fy)F,, [6]
m,q

g’ =32U+ 3 G, Du(apy)F, 71
m,q

where D,,,(afy) refers to a time-average over molecular motions of x, y, z relative to
x',y', 2/, which produce a time-dependence of «, §, y. When the hyperfine and g-tensors
of the effective Hamiltonian are written in terms of the new parameters 4, and G,

T =aU+ 3 A,F, 8]
q

g =gU+2> G,F, 1
q



SPIN LABELS IN PHOSPHOLIPID MEMBRANES 7

it follows that the terms A, and G, are related to 4, and G, by time-averages over the
rotation matrices:
Ay =2 Ap Dyg(aBy), [10]

Go=2 G Dung@B7). [11]

As shown later, a consistent result that we have obtained in all of our studies of the
fatty acid labels II(m,n) and phospholipid labels II(m,n) is that the effective Hamil-
tonian ##’ has axial symmetry, to a very good approximation, even when T’ and g’ are

K

FiG. 4. The molecule-fixed axis system x, y, z(i,j,k) and the effective axis system x’, y’, z’(", i’ k).
The angles a, §, y, are the Eulerian angles that rotate the i/, j’, k’ system into the i, j, k system.

far from isotropic (e.g., as in the case of II(10,3) and III(10,3)). This implies that the
elements G;, G_, and A4;, A, are zero, which can be achieved by averaging motions
involving the Eulerian angles « and .

The axial symmetry of the effective Hamiltonian J#' does not imply that there is any
symmetry or equivalence among the order parameters Sy, Si-;, Sy ;, Where

S =3G[K"-K]* - 1), [12]
Spi =3QK i} — 1), [13]
Siry =3G[K -j]* — 1), [14}
and where
k'-k =cos B, [15]
k'-i=sinfsiny, [16]
k' j=sinfcosy. [17]

The order parameter S, can be obtained most conveniently from the experimental
determination of the elements of T, namely 7', and 7’|, the values of T parallel and per-
pendicular to k&’ (3¢’ having axial symmetry). In this case one can readily obtain the
following equation from Egs. [5] and [12]-[17]:

T,—T,

(Txx B TYV)(ZSk'i + Sk'k)
= Sprt+ :
Tzz;‘%(jxx+TVY) Kk %

Tzz - %(Txx + Tyy) [181
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For the parameters given in Table 1, it can be seen that the second term on the right-
hand side of Eq. [18] must be of the order of 0.01 or less, and can be neglected in calcu-
1ations of the order parameter S,. when S, is greater than 0.1, as in the present work.
An equation analogous to Eq. [18] holds for the g-factor:

glli — gJ,_ l(gxx — gyy)(zsk' i+ Sk’k) .
82z — %(gxx + gyy) 2 (gzz - '}'(gxx + gyy))

Here the factor g, — g, is not small compared to g, — g . Thus, when S;,. is determined
from the hyperfine interactions, Eq. [19] can be used to determine the other order
parameters S, and S;. ;, using the relation

Sk’i + Sk’j + Sk’k = 0. [20]

In the present work we have found consistently that the best values of g — g to be
used in calculating spectra are just those for which (g} ~ g1)/(g.. — 3(gsx — &5»)) 18
equal to the Sy;. obtained from hyperfine splitting data. From Eq. [19] this implies that
Sy'1 = —4Si. From Eq. [20] it follows further that S, ~ S, for the phospholipid
labels discussed here. We conclude from our data that the order-parameter matrix
does have approximate axial symmetry.

The eigenenergies of 3’ are determined by the angle ® between the applied field
direction h(=H,/|H,|) and the principal axis z’, using standard formulas (3). In our
calculations we have neglected the !*N nuclear Zeeman term, gy §,1H,, since even at
35 GHz (H, ~ 12,400 gauss), this interaction is only of the order of 3 MHz and is thus
small compared to the hyperfine interaction. Moreover, the effect of this term is totally
negligible for the important cases where H, is perpendicular or parallel to z'.

The observed spectra thus depend on the eigenvalues of #’, the distribution of the
axes z' relative to the field direction, and the resonance linewidths appropriate to each
orientation of the field in the molecular axis systems x', y', z’.

We have used two distribution functions for the principal axis z’, given below.

p(9) = sin exp[—(& — §)?/282), [21]

p(9, @) = sin 3{exp[—(8 — 3)*/287 1} {expl~¢?/2¢3]}- [22]

Here § is the angle between z’ and the normal N to the bilayer membrane. (See Fig. 5).

The distribution function containing ¢ allows for the possibility that the applied field

itself induces an orientation of the phospholipid molecules in the plane of the mem-

brane (18). In an axis system fixed in the bilayer plane, 3’ and ¢’ are the polar and azi-

muthal angles of the field direction, and the direction ¢’ =0 (and certain symmetry

equivalent orientations) corresponds to the most probable direction of the component

of z' in the plane of the bilayer. The field-induced orientation of the phospholipid
molecules is discussed later.

The most unsatisfactory theoretical aspects of the entire calculation are the resonance
linewidths. The time-dependent perturbation [#(t) — #'], when treated by time-
dependent perturbation theory (Redfield theory), yields a Lorentzian contribution
(T7") to the total linewidth that is given in the Appendix. It is clear that this “Redfield
contribution’ to the linewidths is not the only source of line broadening. Proton nuclear
hyperfine structure certainly makes an inhomogeneous contribution to the linewidths,
as does also the inhomogeneity due to the distribution of orientations. Fortunately,

=St

[19]
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as seen in the following discussions, different approximations for the resonance line-
widths do not significantly affect the major conclusions from our studies.

In the following sections of the present paper, we describe a series of approximations
used for computer-calculated spectra, each successive set of approximations being more
elaborate in terms of allowing for more physical effects and including more parameters.
These are approximations A, A’, B, and B’. In all of these calculations, a single set of

N
& z
4
' h
‘\/
/
0

®<0

Fi1G. 5. The axis system which defines the orientation of the molecular z’ axis relative to the magnetic
field direction h. The normal to the sample plane (planes of phospholipid bilayers) is designated N.

parameters for the effective spin Hamiltonian 5#" is used, as given in Table 3. Approxi-
mations C illustrate spectra calculated when deviations of #’ from axial symmetry
are considered; this provides further evidence supporting our conclusion that the ap-
proximate effective Hamiltonians #’ do have axial symmetry.

TABLE 3

PARAMETERS USED FOR CALCULATION OF PARAMAGNETIC
RESONANCE SPECTRA FOR PHOSPHOLIPID SPIN LABELS IN
LECITHIN BILAYERS®

Label II(10,3) MI(7,6) 15,100 IMI(1,14)

T,MHz) 76.8 70.8 56.0 46.5
T/(MHz) 255 28.5 322 35.6
g —-gt -0.0033 —0.0027 —0.0016 —0.0010

¢ The same parameters were used for calculations of 9.3
and 35.0 GHz spectra.

b g7 — gl can be estimated from the difference, &, be-
tween the center points of the outer hyperfine extrema
(separation 2T;) and the inner extrema (separation 277)
of the paramagnetic resonance spectrum of an isotropic
distribution of labeled bilayers:

’ ’ -0
g, —8.= I x 2.0023.
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9.3 GHz

ISOTROPIC

9230°, 9,=5° 5=0°, 9,=30°

206G

FiG. 6. Comparison of experimental (solid line) and calculated (dashed line) paramagnetic resonance
spectra at 9.3 GHz for the lecithin spin label ITI(10,3) in hydrated bilayers of egg lecithin at 25°C.
The ratio of spin-labeled lecithin to egg lecithin molecules is 1 to 100. The experimental isotropic
spectrum was obtained from a distribution of hydrated bilayers on a hemispherical surface, The ori-
ented spectra were obtained from a sample of hydrated bilayers oriented by shear between two quartz
plates (~1 x 4 cm). For both samples, temperature and humidity were controlled by a stream of nitro-
gen moistened by bubbling through a saturated aqueous solution of potassium bromide before entering
the microwave cavity of the spectrometer. Experimental spectra are shown for three orientations ($ =
0, 50, 90°) of the magnetic field direction relative to the normal to the glass plates (normal to bilayer
planes). The parameters given for III(10,3) in Table 3 were used for the calculated spectra. A set of
spectra are shown assuming a net tilt of the long chain axes (3 = 30°, 3, = 5°) and no tilt (§=0,
= 30°). Approximation A was used for the calculations. Peak-to-trough derivative-curve linewidths
are A(1) =9.8, A(0)=9.8, A(~1)=14 MHz.

APPROXIMATIONS A
This series of approximations, enumerated below, is the simplest that can be made
which provides reasonable representations of the observed spectra. Except for (A-4),
these approximations were originally made by Hubbell and McConnell (3) for calcula-
tions for isotropic distributions.
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(A-1) The effective spin Hamiltonian 5" has axial symmetry.

(A-2) The line shape for each hyperfine signal is Lorentzian, (Gaussian and
Gaussian-Lorentzian mixtures have also been used but are not discussed
here.)

(A-3) The linewidth for each hyperfine signal is isotropic; but m-dependent,
where m is the component of the nitrogen nuclear spin in the local field
direction at the nucleus.

(A-4) The spacial distribution of the average principal hyperfine axis in oriented
multibilayers is given by Eq. [21].

The linewidths were chosen for optimum fit of computed spectra to experimental
spectra for 3’ = 0 and for the isotropic distribution. The best fit to the 3’ = 0 spectrum
was obtained for 3 = 30°, §, = 5°, for variations of & = 0, 10, 20, 30, 40° as well as vari-
ations of 9,. Spectra are shown in Fig. 6 for 9.3 GHz. The best fit for § = 0is also shown,
and it is seen that a large 9, is required (3, = 30°) when §=0.

The spectra at 9.3 GHz also show distinct deviations between calculation and experi-
ment when the applied field is in the plane of the bilayer, 9’ = 90°. The origin of this
discrepancy is discussed later.

35.0 GHz

40 G

e

Fic. 7. Comparison of experimental (solid line) and calculated (dashed line) spectra at 35.0 GHz
for I1(10,3) in hydrated bilayers of egg lecithin. Experimental conditions are similar to those given for
Fig. 6 except that the sample is contained between pieces of microscope cover slide (~1 x 5 mm).
For calculated spectra approximations A were used and the only parameters differing from those
given in Fig. 5 are the magnetic field and peak-to-trough derivative-curve linewidths: A(1) = 9.0,
A(0)=16.8, A(—1)=22.4 MHz.
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The spectra at 35.0 GHz were calculated using the same parameters as at 9.3 GHz,
except for the linewidth parameters. The calculated and experimental spectra are shown
in Fig. 7. In these spectra the signals are broad and it was not possible to show that the
parameters with tilt § = 30°, 9, = 5 provided a better fit than parameters without tilt
§=0,9,=30°

APPROXIMATIONS A’

The same approximations are used as in A except that the p-dependent distribution
function, Eq. [22], is used. Here ¢ = 0 is the most probable direction of the projection of
z' in the plane perpendicular to N when the applied field has the direction ¢’. The para-
meter ¢, is infinite when this distribution is cylindrically symmetric, as in Approxima-
tions A above. In our samples, this in-plane orientation is evidentally field induced (18).
The degree of orientation may then depend on the strength of the component of the
field that lies in the plane of the phospholipid bilayer; thus, in principle, ¢, must be
considered to be a function of &' and of H,. We have only examined the effects of in-
plane lipid organization on the spectra for the case where the field lies in the plane of the
bilayer, 9 =90°. A striking improvement between calculation and experiment is
achieved when ¢, is taken equal to 30° and the relative field deviation ¢’ is set equal to
80°, as shown in Fig. 8. The remaining discrepancies between theoretical and experi-

9.3 GHz 35.0 GHz

5=30° 9,=5°, 9'=90°

%,=30°
¢'=80°

FIG. 8. Calculated and experimental paramagnetic resonance spectra at 9.3 and 35.0 GHz for II(10,3)
in oriented multilayers of egg lecithin with the magnetic field perpendicular to the normal to the plane
of the glass plates (H, 1 N)}(§ = 90°). Identical experimental spectra (solid line) are shown in Fig. 6.
Calculated spectra are shown for both the absence of magnetic field-induced orientation (go = ©)
and with magnetic field-induced orientation (g, = 30°, ¢’ = 80°). Approximations A’ were used for the
calculations. Parameters for the calculation are given in Table 3 and the legend to Fig. 6.
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mental spectra, particularly at 9.3 GHz, may be accounted for in terms of angular-
dependent linewidth contributions (see Approximations B and B’ below).

APPROXIMATIONS B
The same approximations are made as in A except that Approximation (A-3) is
replaced by the approximation that the widths of the individual resonance lines are
angular dependent, and are given by the following expression:

Av= A+ B[4(3cos* @ — 1)*] + C[3 cos® @ sin> O] + D[$sin* O]. [23]

Here Av is the peak-to-trough derivative curve linewidth. Angular-dependent terms of
this type arise when the time-dependent perturbation [#(f) — #] is assumed to have
only high-frequency components, and is treated by Redfield theory, assuming 4 to
have axial symmetry in the T tensor, but not the g-tensor, and assuming 3¢’ to have axial
symmetry. This is the same angular-dependent linewidth formula used previously
by Gaffney (McFarland) and McConneli (, 4).

The 9.3-GHz spectra calculated for III(10,3) using these linewidth parameters are
shown in Fig. 9a, and the values of these parameters are given in Table 4. As will be
seen by comparing Figs. 6 and 9a, the introduction of these linewidth parameters
improves the agreement between theory and experiment. The theoretical significance
of these parameters is discussed in the Appendix. Even with these parameters, signifi-
cant discrepancies remain for spectra at 3" = 90°.

A clear indication of the necessity of including angular-dependent linewidths is
shown by the spectra of III(1,14) given in Fig. 9b. These spectra are simulated essentially
perfectly with angular-dependent linewidths. No ¢-dependence of the distribution
function can be detected here, that is, no effect of field-induced lipid orientation or the
orientation or motion of the nitroxide group in III(1,14) can be detected. This is not
surprising since this motion is nearly isotropic.

TABLE 4

LINEWIDTH PARAMETERS IN MHZ (APPROXIMATIONS B)?

H1o,3) 111(7,6) (,10) mi(1,14)

9.3 GHz
A(1), A(0), A(—1) 9.0,7.0,12.0 7.8,6.7,12.6 5.6,5.6,9.8 3.4,3.5,5.0
B(1),B(0), B(—1) 0,5.6,0 5.6,5.6,0 7,2.6,5.6 1.4,1.1,2.5
C(1),B(0),B(-1) 0,0,0 0,0,5.6 2.8,0,84  0,0,0
D(l),D(O)9D(—1) 03090 0,0,0 0,0,0 0,0,0

35.0 GHz
A(1), A0), A1) 9.0,16.8,22.4 3.9,5.0,7.6
B(1), B(0),B(-1) 0,0,0 0,1.7,2.5
Cc(),CO),C(-D 0,0,0 0,0,0
D(l)’D(o),D(_l) 0,070 0,0,0

4 4 is an angle-independent linewidth term. B is the coefficient of 1/4(3 cos?
@ — 1)2. Cis the coefficient of 3 cos? @ sin? 8. D is the coefficient of 3/4 sin*6.
Widths refer to peak-to-trough derivative-curve presentations.
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9.3 GHz

206G

————y

F1G. 9a. Comparison of experimental (solid line) and calculated (dashed line) paramagnetic resonance
spectra at 9.3 GHz for ITI(10,3) in hydrated egg lecithin multilayers. The experimental spectra are identi-
cal with those shown in Fig. 6. In this case, Approximations B were used for the calculated spectra.
The linewidths for the calculations are given in Table 4. A set of spectra are shown assuming a net tilt
of the chain axes (J = 25°, 9, = 12°) and no tilt (3 = 0°, $, = 30°). Three orientations are shown (§’ =
0, 50, 90°). C

APPROXIMATIONS B’

The approximations here are the same as in B except that the angular distribution of
the z’ axis is taken to be that given in Eq. [22]. This approximation with ¢, = 30°
and ¢’ =80° gives excellent agreement between observed and calculated spectra,
as shown in Fig. 10.
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9.3 GHz 35.0 GHz

W \_— ISOTROPIC

t,‘

= 50°—

= 90°

20 G

P

FiG. 9b. Experimental (—) and calculated spectra (-—--) for ITI(1,14) in hydrated egg lecithin
multilayers at 9.3 and 35.0 GHz. The experimental conditions are described in the legends to Figs.
6 and 7. Approximations B were used for the calculated spectra with the parameters given in Table 3.
The linewidths used for the calculations are given in Table 4. No tilt is assumed, $, = 5°, and three
orientations (§ = 0, 50, 90°) are shown. The apparent discrepancy between calculated and observed
spectra in the case of the isotropic 35.0-GHz spectra is probably due to the fact that the “experimental”
isotropic spectrum was obtained by appropriate summation of experimental spectra of oriented sam-
ples, and an insufficient number of experimental spectra were available.

APPROXIMATIONS C
(C-1) The effective Hamiltonian #’ does not have axial symmetry either in the
g’ or T’ tensor.
(C-2) The line shape for each hyperfine signal is Lorentzian.
(C-3) The linewidth for each hyperfine state is isotropic.

In order to study the possible effects of a nonaxially symmetric Hamiltonian, we have
considered two extreme cases and only isotropic spectra. In one case, the outer extrema
are separated by a hyperfine splitting determined by high-frequency rotations or oscil-
lations about the y-axis (averaging of T, and T,) while T, and g, are set equal to their
fully immobilized values (see Table 1). In the second case, a comparable averaging of
T,and T, and g, and g, is considered. In the first case, y = ', and in the second x = x'.
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9.3 GHz

92259 9,=12° 9'=90°

F1G. 10. Experimental and calculated paramagnetic resonance spectra at 9.3 GHz for I11(10,3) in
oriented multilayers of egg lecithin with H, | N(9’ = 90°). The experimental spectra are identical with
those shown in Fig. 6. Calculated spectra were obtained with Approximations B’. Calculated spectra
are shown for both the absence of magnetic field-induced orientation (¢, = ) and with magnetic field-
induced orientation (g, = 30°, ¢’ = 80°), Other calculation parameters are the same as those used for
Fig. 9a.

Calculated spectra are compared with experimental spectra in Fig. 11 where calcula-
ted separations of the outer extrema are set equal to the experimental values. Discrep-
ancies between the two spectra in the case of x-axis rotations (oscillations) are dramatic
and rule out this possibility, The disagreement in the case of the y-axis rotation is also
pronounced, but we cannot rule out a small contribution of this motion along with the
other motions already considered. However, it is clear from consideration of the spectra
of Fig. 11 that deviations from axial averaging cannot be large. The observation of a
sharp, symmetrical, low-field component of the 35-GHz spectra at all orientations (see
Fig. 7) and in the isotropic spectrum obtained by appropriate summation of oriented
spectra provides convincing evidence for axial averaging.

THE FLEXIBILITY GRADIENT AND TILT
The paramagnetic resonance spectra of phospholipid labels I (m,n) in isotropic
distributions of lecithin bilayers are shown in Fig. 12. A semilogarithmic plot of the
order parameter S, vs. n, the number of methylene groups that separate the oxazoli-
dine ring from the ester carbon atom, is given in Fig. 13. The order parameter Sy, is
sometimes designated S, (6) and in the following is referred to briefly as.S’. Inthe present
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FiG. 11. Isotropic paramagnetic resonance spectra comparing axial averaging with two extreme cases
of nonaxial averaging for III(10,3) in hydrated egg lecithin bilayers. Calculated spectra are shown for
9.3 and 35.0 GHz. The experimental isotropic spectrum (solid lines) at 9.3 GHz is superimposed on the
calculated spectra (dashed lines). No experimental isotropic spectrum was recorded at 35.0. GHz
because of experimental difficulties. The 35.0-GHz spectrum calculated for axial averaging employed
parameters which gave a good fit to spectra from an oriented sample (as shown in Fig. 7). At both fields,
nonaxial spectra are calculated by assuming that the separation of outer hyperfine extrema is determined
by rotations about the y axis (x-z averaging) or about the x axis (y-z averaging). The input parameters
for the calculation that assumes axial averaging are given in Table 3 for HI(10,3). The input parameters
for the nonaxial calculations are, for x-z averaging: T, = 34.64 MHz, T,, = 16.32 MHz, T;, = 76.83
MHz, g = 2.00744, g,, = 2.0061, g;, = 2.00406, and for y-z averaging, T,, = 17.67 MHz, T,, = 33.29
MHz, T;; = 76.83 MHz, g;, = 2.0088, g5 = 2.00536, g.. = 2.00346, Peak-to-trough derivative linewidths
for all calculated spectra at 9.3 GHz are A(1) =9.8, 4A(0) =9.8, A(—1) =14 MHz, and at 35.0 GHz,

A(1)=9.0, A(0)=16.8, A(~1)=22.4 MHz.

work, S’ is calculated using the following equation, which includes a solvent polarity
correction as discussed previously (3, 6).

=B
a = §Trace(T), [25]

Toy=¥HTox + T)y). [26]
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FiG. 12. Isotropic paramagnetic resonance spectra at 9.3 GHz for phospholipid labels Il(m, ) in
hydrated bilayers of egg lecithin (see Fig. 6 legend for experimental details). Calculated spectra (dashed
lines) are superimposed on experimental spectra (solid lines) for labels a, III(10,3); b, III(7,6); c,
1I1(5,10), and d, ITI(1,14). Input parameters for the calculations are given in Tables 3 and 4.
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Fi1G. 13. Semilogarithmic plot of the order parameter (S’) as a function of n for spin labels I(m, n)

in isotropic distributions of bilayers of hydrated egg lecithin. The paramagnetic resonance spectra for

these spin labels in egg lecithin are shown in Fig. 12. The order parameters were calculated using Eq.
[24], the values of T, and T, given in Table 3 and values of Ty, T,, T, given in Table 1.
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In recent work it has been possible to determine order parameters from quadrupole
splittings in the deuterium nuclear resonance spectra of selectively deuterium-labeled
fatty acid chains (19). These order parameters are nearly constant at various positions
along the fatty acid chains, except near the terminal methyl groups.

In general, order parameters represent certain time averages over molecular motion.
The longer the time involved in the averaging, the lower the order parameter. The time
involved in the averaging depends on the magnitudes of the anisotropies of terms in the
spin Hamiltonian. In our case, this involves hyperfine and g-factor interactions, and
in the case mentioned above, it involves deuterium electric quadrupole interactions.

To facilitate the comparison of order parameters from the two measurements,
let us calculate the values of the hyperfine splittings, 7', and 7', that would be observed
if the lifetime of the statistically tilted chain regions were short comparedto T, — T,
and (g, — g1)| Bl Ho/h. That is, for the purposes of this discussion, let us consider a
hierarchy of molecular motions, those which are very fast and yield the effective Hamil-
tonian 2#’, and then a hypothetical additional fast motion yielding a second effective
Hamiltonian #". Assume that these additional motions correspond to the motion of
z’ such that 9 = 3(¢) and ¢ = @(¢) (the polar and azimuthal angles of z’ relative to the
bilayer normal N and an arbitrary direction fixed in the bilayer plane). The new order
parameter S” can be related to the old order parameter S’ as follows:

,_Ti-T
S ‘Tzz_Tav, [27]
o (T =T\(T,—T,
S '(T:. ~T1)(T,z—Tav ’ [28]
S"=fS", [29]
where
f=%(3cos?29—1). [30]

In terms of our previously derived parameters,

f 3(3cos?9 — Dexp — [(9 — 3)?/292]sin 949
f=2 . . [31]
f exp — [(9 — §)2/292]sin 9 49

o]

Table 5 gives estimates of fand S” for three phospholipid spin labels.

TABLE 5

Phospholipid Order Order Ensemble average
spin label parameter S’ f  parameter S”  order parameter

(10,3) 0.69 0.62 0.41 0.43
(5,10) 0.34 0.88 0.30 0.30
(1,14) 0.16 0.98 0.16 0.16

It will be seen that the order parameter S” (and also the ensemble average order
parameter discussed later) shows a lower gradient of order towards the terminal methyl
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group. Thus, the quadrupole splitting data that show a constancy of order parameters
are not as inconsistent with the spin-label data as they might appear to be at first glance.
On the other hand, quantitative identity of the order parameters for S” and the quadru-
pole order parameter is obviously not to be expected.

The lifetime of the statistically tilted chain regions may be just long enough for tilt
to be observed with spin labels. This possibility is suggested by the known high rates of
lateral diffusion (9-13) which should be effective in averaging out tilt if the diffusion
is isotropic in the plane of the bilayer. One of the manifestations of tilt in the paramag-
netic resonance spectra of ITI(10,3) in lecithin bilayers is that the separation between the

(MHz} 75

21° 25° 30° 35° 40°
T ()

F1G. 14. The temperature dependence of T, derived from spectra of isotropic samples and the
separation of the m = 1 and m = 0lines of the ' = 0° oriented sample for ITI(10,3) in hydrated bilayers of
egg lecithin-cholesterol (2:1) containing 1 mole % of the spin label. Temperature was varied by a flow
of heated, hydrated nitrogen. The nonequality of T, and #(3 = 0°) is directly due to tilting of the z-
orbital axis (z"-axis).

m =1 and m =0 lines (¢(3' = 0°)) in the oriented sample for 3’ = 0° is smaller than the
value of T, obtained from an isotropic sample. We find that the magnitude of this differ-
ence decreases with increasing temperature, as shown in Fig. 14. Thus, the lifetime of the
net tilt may not be very long compared to T, — t(3' = 0°) at the high temperatures.
Alternatively, the temperature dependence of 3 and 9, may be responsible for this
observed temperature effect. It should be noted here that although a large spread of
distributions of chain orientations (9, large) but zero tilt parameter (3 = 0°) would also
make #(8' = 0°) smaller than T, we do not believe that this situation accounts for the
observed spectra. This conclusion results from the fact that the experimental 3 = 0°
spectrum is quite symmetrical and the separation of m = 1 and m = 0 lines is practically
identical to the separation of the m =0 and m = —1 lines. As shown in Figs. 6 and 9a,
large &, contributions lead to unsymmetrical spectra at §' = 0°.

ENSEMBLE DISTRIBUTION FUNCTION
Another approach that can be used for comparing the results of spin label experi-
ments with other spectroscopic data is to calculate an ensemble distribution function
p(8)), where p.(3,)d9, gives the ensemble average probability that at any instant of
time a principal axis z (the n-orbital axis) can be found between 9, and 3, + d9,. No
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field-induced orientation is taken into account in the present calculation, and the en-
semble is assumed to be sufficiently large that there is no collective tilt in any one direc-
tion. Thus p.(9,) is cylindrically symmetric about the normal to the bilayer plane.

The ensemble distribution function p.(9,) is a convolution of two distribution func-
tions, the average axis distribution function p(9) discussed earlier, Eq. [21], and an
instantaneous distribution function p,(®, ®) that gives the instantaneous orientation of a
hyperfine axis z in the average axis system z’, x’, y'. The probable values of 3, are defined
by the probable values of @, @, 3 and ¢. Since the distribution of z' about N is axially
symmetric, 3; is given by the following equation:

cos 3; = cos © cos 3+ sin @ sin Ycos P. [32]

The distribution function p.(#,) is then given by the convolution integral,

] T 2rn
p(3) = fp(9) ds f de f dPp (O, P)sin ;6 (cos J; — cos @ cos 3 — sin @ sin 3 cos P).
[} V] [+

[33]
This integral can be rewritten:
_ Fr () p(©)dOdY sin I,
ped) =2 Of Of (sin® @ sin? 9 — (cos 3, — cos O cos 9)?)1/2 [34]
by using the following general property of §-functions:
2n 2
J.(S(a+bcosx)dx=m- [35]
]

We have analyzed our data in terms of a distribution function having an axially
symmetric Gaussian form
1
PO, @) = 7_sin O exp(-07/207), [36]

where the width parameter €, is determined from the observed order parameter by the
equation

1 [ sin © exp[-6%26031(3 cos* © - 1) d®
e : [37]
f sin @ exp[-©2/202]dO
[+]
Plots of the calculated distribution function p.(9;) for the labels III(1,14) and ITX(10,3)
are given in Fig. 15, using the Gaussian approximation in Eq. [36]. It will be seen that
these distribution functions exhibit distinct maxima, showing that there is a significant
tilt of the instantaneous orientation of the z-axis. In the cases of III(10,3), distinct
maxima are also observed in plots of p(3;)/sin ;.

Although we have calculated the distribution functions p.(3;) using Eq. [34], the plots
given in Fig. 15 were in fact obtained from a tedious but more direct computer calcu-
lation. Values for @, 3, and & were chosen at 1° intervals, and for each triplet of these
values a value of 3, was calculated using Eq. [32]. The “allowed” values of 3, so calcula-
ted were then sorted into 1° intervals and the products p(9) p,(@, ®) summed for each

S'=
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Fi1G. 15. Plots of the function p(9;) vs. 9, for (a) hydrated bilayers of egg lecithin and (b) egg lecithin-
cholesterol bilayers (2:1 mole ratio). Plots for labels ITI(10,3) (#—e) and label ITI(1,14) (0—O) are
included. For the plot of ITI(10,3) data, in egg lecithin, 3 = 30°, $,=5°, @, = 21°, §'=0.69; in egg
lecithin—cholesterol, 3 = 25°, 8, = 5°, 8, = 16°, §” = 0.79. For the plot of III(1,14)data, in egg lecithin
J=0° 9,=5° 6,=48°, S’ =0.16; in egg lecithin—cholesterol, 3= 0°, 9, = 5°, @, = 42°, §' = 0,23.

interval. The two methods of calculation gave similar results, but the procedure used to
obtain the plots in Fig. 15 avoided computational uncertainties involving singularities
in the integrand of Eq. [34]. The data in Fig. 15 are accurate to within a few percent.
As mentioned later in the Discussion, from a biophysical point of view, the fact that
the n-orbital is tilted is less significant than the fact that the tilt can be detected in the
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paramagnetic resonance spectra. This result demonstrates unequivocally that thereis a
relatively long-lived collective structure in the polar head group region of the non-
spin-label phospholipid molecules that is not averaged out by rapid molecular motion
(in contrast to the absence of any such long-lived structure near the terminal methyl
groups in fluid lipid domains (4)).

Values of the ensemble average order parameters are also given in Table 5. These
order parameters are the average of 3(3cos?9; — 1) over the distribution function
(). As expected, these order parameters are essentially equal to the double time-
average order parameters S” calculated in the previous section and given in Table 5.

FIELD-INDUCED ORIENTATION AND LIPID DOMAINS

The present paper summarizes spin-label evidence for field-induced lipid orientation,
which has been reported briefly earlier (/8). This earlier report also provides optical
evidence for a field-induced lipid orientation. Presumably lipid molecules in the bilayers
are organized into domains that have an appreciable diamagnetic anisotropy, and it is
these domains containing large numbers of molecules that are responsive to the applied
field.

In the present work we have found that the parameters ¢’ = 80° and ¢, = 30° in the
distribution function give good simulation of the observed spectra when the applied
field is in the plane of the lipid bilayer. It should be noted that there are certain equi-
valent orientations of the preferred z'-axis direction in the plane that are magnetically
equivalent to ¢ =0 and may be assumed to be present in the sample. One equivalent
direction corresponds to a twofold rotation of the molecules about the field direction,
and the other is equivalent to a reversal of the field direction.

In the optical studies indicating a field-induced birefringence in the sample, evidence
was obtained that the induced birefringence was roughly proportional to the applied
field strength, at least for field strengths up to 35,000 gauss (/8). It is therefore likely that
the parameter @,, which should reflect the degree of field-induced lipid orientation,
should be dependent on the strength of the applied field H, and the angle 9’ between
H, and N. In our simulations of spectra, we have not attempted to include the possible
field dependence of ¢,

DISCUSSION

This paper summarizes a number of rather elaborate calculations we have made
concerning the analysis of the paramagnetic resonance spectra of phospholipid spin
labels incorporated in phospholipid bilayer membranes. Because our analysis of the
resonance spectra of spin labels is directed towards the study of biophysical problems,
one may question the value of these elaborate calculations, since the paramagnetic
nitroxide group is not a natural component of biological systems and is always to some
extent a perturbation on the system of immediate biophysical interest. We summarize
here arguments that this detailed analysis is indeed justified.

Quantitative analyses of the spectra of spin-labeled phospholipids have led to some
conclusions that are totally free of uncertainties concerning structural perturbations
by the paramagnetic nitroxide group. For example, the long-lived static tilt of the effec-
tive hyperfine axis z’ reported here and earlier (4, 5) proves conclusively that there must
be a relatively rigid, collective structure of the phospholipids near the polar head group



24 GAFFNEY AND MCCONNELL

region with a lifetime of at least 10~7-107® sec; otherwise this tilt would be averaged
to zero by rapid molecular motions involving the spin label and the surrounding lipid
molecules. The same general argument can be made regarding the evidence for an in-
plane magnetic-field-induced orientation of the phospholipid molecules. Obviously
there is no significant direct effect of an applied field on the orientation of a single
spin-labeled phospholipid molecule. Further, the spectra show clearly that the labels
are present in dilute solution since there is no detectable spin-spin interaction. Thus, the
field is not acting on a domain rich in spin-labeled lipids. The field-induced lipid orient-
ation (detected originally by this quantitative analysis of the spin-label phospholipid
paramagnetic resonance spectra) must be a property of the host lipid matrix itself.
In other studies of phospholipid membranes using spin labels, the rates of phospho-
lipid “flip-flop” (inside-outside transition (/4)), the rates of lateral diffusion (9-13)
and lateral phase separations (20, 21), similar arguments can be made as to the general
validity of the results.

Probably the case where the spin-labeled phospholipids and their *‘perturbation-free”
counterparts (deuterium-labeled phospholipids or fatty acids) show the largest differ-
ence is in the order parameters. In the case of the spin-labeled phospholipids, there is a
distinct decrease in order parameter towards the terminal methyl groups, whereas the
deuterium resonance spectra exhibit quadrupole splittings that yield a relatively constant
order parameter except very close to the terminal methyl group (19). Some of this diff-
erence may obviously arise from the nitroxide group structural perturbation, but, as
emphasized in earlier sections of this paper, there are good reasons to believe that some
of this discrepancy is due to a more interesting effect, namely, the spin-label spectra and
deuterium resonance spectra reflect different time averages over molecular motions.

Our conclusion is that detailed, quantitative analyses of the resonance spectra of
spin-labeled molecules in membranes are indeed justified in spite of possible significant
perturbations of the nitroxide group in some but not all cases. Additional new properties
of membranes may be discovered using this quantitative analysis of the resonance
spectra.

APPENDIX: REDFIELD RELAXATION

In previous work we used Redfield theory to show that the time-dependent term
[#(t) — #'] yields angular dependent linewidths having the general form shown in
Eq. [23]. Observed resonance spectra were then analyzed, treating 4, B, C, and D as
purely empirical parameters, in the same way that these parameters have been treated
in the present paper. More recently, Schindler and Seelig used a similar but somewhat
more general version of Redfield theory with impressive success to analyze the reson-
ance spectra of the fatty acid labels II(m,n) in smectic liquid crystals composed of mix-
tures of decanol and sodium decanoate (7). In their work they used this theory to inter-
pret parameters such as 4, B, C, D in Eq. [23] in terms of correlation times and activa-
tion energies for chain motion. Hemminga and Berendsen (22) have also used a version
of Redfield theory to study the spectra of a cholesterol spin label in bilayers. These
authors did not employ distribution functions of type p(¥). Another interesting treat-
ment of the angular dependence of paramagnetic resonance spectra of label I in smectic
liquid crystals has been given by Luckhurst et al. (23). The liquid-crystal system used in
this case is different from the liquid crystals employed by Seelig and coworkers (7) and is
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also different from our phospholipid bilayer system, so it is not possible to compare the
results of the three treatments directly. Unfortunately, in the cases of greatest interest
to us, namely the phospholipid labels IT(im, n) in phospholipid bilayers, it is particularly
difficult to prove the adequacy of Redfield theory because of the large inhomogeneous
linewidth contributions and also because of the field-induced lipid orientation. However,
as discussed below, in at least one case (ITI(1,14)) our observed spectra provide very
convincing evidence for the adequacy of Redfield theory in accounting for relative
linewidths and their field dependence. The following expression (Eq. [38]) gives the
Lorentzian contribution to the resonance linewidths using Redfield theory (4):

1T, = (2n)? : > » (| Dog|? — | Dog|®)|3ve Go(h- T, h) + Ao (h- T, k") m|? 1,

+ 2 GalDugl*3ve|b Ty b, [38]

S4Q=m A3 S (Do Do Ty o1+ o)
q=u, =

»
(In our earlier report (4), we omitted the pseudosecular term for brevity, since it did
not introduce any new terms into the form of Eq. [23].) In the pseudosecular term, w
is the angular resonance frequency of the nitrogen nucleus in the nitrogen nuclear
hyperfine field.

For simplicity, deviations of the hyperfine tensor T from axial symmetry have been
neglected, as have nonsecular terms (except for the pseudosecular term). (For more
general expressions, see Schindler and Seelig (7).) We neglect the nonsecular terms
primarily on experimental grounds. Spin packet 7,’s for nitroxide spin labels are usually
shorter than the corresponding T’s, except for the very smallest labels in liquids of low
viscosity. The deviation of T from axial symmetry is small, and the neglect of this
deviation cannot seriously affect any of our conclusions. The Wigner rotation matrices

D, = D@)(apy) are the same as those given by Saha and Das (24) and | D,,,|> and
| D no|? are appropriate time averages over the presumed rapid motion of the x, y, z
axis system relative to the x’, ', z’ axis system. In the above equation, v+ = i" + v/ —1;"

and k” is a unit vector in the direction of the local field acting at the nitrogen nuclear
spin. This vector lies in the plane of hand k’, and h-k’ = cos @', where

cos’@T, +sin* @T

cos @' = - - : .
(cos? OT % +sin2 @T 2)!/2

[39]

In Approximations B, we have used angular-dependent linewidths arising from the
various terms that appear in Eq. [38] above, except that we have everywhere replaced
k" by k'. This amounts to assuming that cos @’ is equal to one, which is certainly not
true for some labels and some angles. For this reason we give in Fig. 16 a plot of ®’
vs. © for ITI(10,3) and ITI(1,14), which illustrates the maximum range of this equation.

The 9.3-GHz and 35.0-GHz spectra of the phospholipid label ITI(1,14) are nearly
isotropic, as can be seen in Fig. 9b. The adequacy of Redfield theory in accounting for
the relative linewidths observed in these spectra can be seen immediately by considering
the following simplification of Eq. [38], appropriate to isotropic motion, together with
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FIG. 16. A plot of @’ vs. @ for labels IT1I(10,3) (8—e) and II¥(1,14) (0—C). Equation [39] gives the
relationship between @ and €.

the known values of the parameters, G, =—0.00194, 4,=31.35 MHz, and G, =
0.000675:
1@y
T, 5
The Redfield theory accounts quantitatively for the linewidth differences. That is,
if one removes the inhomogeneous contributions to the linewidths by calculating
differences in peak-to-trough separations, such as Av(m = 0) — Av(m = 1), and equates
such differences to 1/nV3T,(m = 0) — 1/xV3T,(m = 1), then essentially all of the diff-
erences Av(m’) — Av(m") at both 9.3 and 35.0 GHz can be accounted for in terms of the

[%(%ve Go+ Aom)y* 1+ 22Git+ 2 —m?) 4] (1—_}_—2—)—2?)] . [40]

"
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Fi1G. 17. The experimental peak-to-trough derivative curve linewidths of the center (m = 0) line for

phospholipid label ITI(1,14) in oriented bilayers of hydrated egg lecithin vs. (3cos?8” — 1)* (¥ is defined
in Fig. 5). The results of experiments at two fields, 9.3 and 35.0 GHz, are given.
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above values of the parameters and a value of 7 of ~0.2 x 107 sec. This value of 7 is
accurate to within a factor of two and is close to the correlation time determined by
Schindler and Seelig (7). This value of 7 is consistent with the neglect of the nonsecular
relaxation terms. Further refinements can be made to take into account the small
anisotropy of the motion and are indicated by the parameters given in Tables 3 and 4.
The same correlation time is applicable. (A treatment of line shapes specifically con-
cerned with rapid molecular motion in weakly anisotropic media has been given by
Kuznetsov and Lifshits (25). This calculation should be applicable to the spectra of
111(1,14).)

The B term in Eq. [23] appears to be the largest among the angular-dependent terms.
Plots of derivative curve peak-to-trough line separations of the middle (m = 0) lines of
the resonance spectra in oriented samples are given in Fig. 17 for IT(1,14) at 9.3 and

vd
- v
1,0 _+fuo3 ﬁ

PEAK -TO-TROUGH LINEWIDTH (MHz)

I I -
1.0 20 30 40
(3 cos?’-1)2

Fic. 18. The experimental peak-to-trough derivative-curve linewidths of the center line (m = 0)
for fatty acid labels I(m, #) in oriented bilayers of hydrated egg lecithin vs. (3cos?$ — 1)*. Experiments
were performed at 9.3 GHz.

35.0 GHz, and in Fig. 18 for different fatty acids I(m, ») in lipid bilayers. The linewidths
of the spectra of fatty acid labels are included since they more clearly show the (3cos?
O — 1)’(~(3cos*9 — 1)*) dependence. In the case of the other phospholipid labels, there
is less direct evidence for the adequacy of Redfield theory, but we have no reason to
doubt its applicability.
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