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SUMMARY

Electron spin resonance (ESR) spectral line shapes are calculated for a nitrox-
ide radical undergoing rapid motion within a cone. The analysis is correct to second
order, and explicit expressions are derived for the hyperfine splittings and g-values
by averaging both the secular and pseudosecular terms within the Hamiltonian. The
simulated spectra are found to closely resemble those observed experimentally over a
wide range of temperatures for stearic acid spin labels in cytoplasmic membranes of
Bacillus subtilis. The present approach offers a simple, yet realistic way of interpreting
spectra of nitroxide spin labels such as fatty acids and steroids when the motion is
anisotropic.

INTRODUCTION

There is today a wealth of experimental information on various nitroxide spin
labels incorporated into biological structures such as membranes and model bilayers
{1]. However, analysis and interpretation of the ESR spectra of nitroxide labels is
often hampered by a lack of simple mathematical models which realistically describe
the motion of spin labels and which are at the same time amenable to easy computa-
tion. The present analysis is based on a model where the spin labels are rotating rapid-
ly and randomly within the confines of a cone of variable semi-cone angles. This model
is not new [2-4, 8], though previous analyses have been approximate in that the aver-
aging over angles has been performed on the final expresssions for the first order energy.
Here we find that on averaging within the Hamiltonian one obtains explicit expres-
sions for the hyperfine splittings and g-values that are correct to second order, and
that allow for easy spectral simulations.

Simulated spectra based on the present model are concordant with published
experimental spectra taken at different temperatures as well as with our own spectra
on membranes of Bacillus subtilis, labeled with the stearic acid spin labels I(m,n).

* All correspondence to Professor A. Ehrenberg.
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THEORETICAL BASIS

The spin-Hamiltonian of a nitroxide radical in the laboratory XYZ coordinate
system is adequately described by

H =BH g S+S T 1 (1)

where B, is the Bohr magneton, H the external magnetic field, g the electron g-value
tensor, S the electron spin operator, T the hyperfine tensor, and 7 the nuclear spin
operator. The g and T tensors in the laboratory XYZ coordinate system (defined by
H = H,) are related to the principal molecular axes xyz (defined by the principal
axis of the diagonal tensors g(xyz) and T(xyz) which are assumed to coincide) by
(5, 6]

g:L-g(xyz)-L‘1 T:L-T(xyz)-L’1 (2)

where L is the rotational transformation matrix in terms of the three Eulerian angles

0, ¢, ¥ (Fig. 1):
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Fig. 1. Rapid motion within a cone model: y is the angle between the fixed cone axis and the external
field direction Z; f is the instantaneous angle between the molecular z-axis and the cone axis; 0 is the
instantaneous angle between the molecular z-axis and the external field direction Z; a is the instanta-
neous angle between the plane containing the z-axis and the cone axis and that containing the Z-axis
and the cone axis; y, is the fixed angle between the projection of the fixed cone axis on the XY plane
and the X-axis, and y is the instantaneous angle between the projection of the z-axis and the X-
axis on the XY plane. 6 is related toy, B and « by Eqn (11), and y is related to y,, B, « and 6 by
Eqn (14). The averaging over 8 and y, is effected by allowing « and § to take on all values between
0 and 2z, and 0 and f3,, respectively. (Note the left-handed axes system.)

cosfcosgcosy — singsiny cosfcosysing+-sinycose cosyrsing
== | —cosfcosgsimy —singcosy —cosfsinysing +cos¢cosy —sin@siny
—sin fcos¢ — sinfsing cosf

0 and y are the spherical polar coordinates of the molecular z-axis relative to the
external field direction (Z-axis), while ¢ represents rotations of the molecule about
its own z-axis at constant & and .
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For the electron spin quantized along the external field direction Z, Eqn (1)
may be written as

H = PH7922S7+S7(Txzlx+Tyzly +Tyzl5) (3)
where from Eqn (2)

Txz = (T—T,, Jsinfsing(cosBsingcosy +cospsing ) +(T,,— T, )cos@sinfcosys

Tyz = (T, —T,,)sinfsing(cos pcosys —sinpcoshsing ) — (T, — T, ) cosfsing simy

Tzz = T,sin*6cos*p+T,,sin?0sin¢p +-T,,cos20

92z = guSin’fcos’d-i-g, sin2fsin’p +g,,cos29 (4)
For nuclear spin I = 1, the eigenstates of the Hamiltonian, Eqn (3), have

eigenenergies, E,, F, |, E_,, given by

EO = ﬁeHZgZZ = ﬁeHZ(gxxSinzecosz¢+gnyin265in2¢+gzzcosze)
Eyy = Eo +(Tx* + Ty, > +T5,2)"2
= Eo+ (T, sin?6cos’¢ +T,, %sin?Bsin’p + T, >cos?0) /2 (5)

Eqn (5) is generally applicable to those radicals (including nitroxide radicals)

where the local or hyperfine field at the nucleus, H,,, is much greater than the external

field, i.e. H,>>H, [16]. In the case of a very strong external field (Hy>H), 1is
also quantized along Z and Eqn (5) becomes

E, = BeHZgZZ E = E)+Ty, (6)

If the molecule is not fixed but is undergoing rapid rotational motion restricted
within certain angular limits each term of Eqn (4) must first be averaged over the
allowed orientations, and Eqn (5) may then be written in the form

Ey =pH;<g,,> = B.Hyg’ (7)
Eyy = Egb(<Txz >4+ <Ty; >4+ <Typ>%)"2 = Eg =T (8)

where << > indicates partial or complete averaging over the allowed orientations 0, ¢
and ¢, and where g’ and 7' may be thought of as the effective values of g and T.

For a nitroxide spin label attached to a fatty acid chain, I{m,n), which rotates
rapidly about the molecular z-axis, (see Fig. 1), we may average over all angles 4 in
Eqn (4). The effective g- and T-values may now be written as

9 = 4g.+(g9,—9,)<cos?0> 9
T'= [{T,-HT,—T,)<cos?p>)?
+(TH~Tl)2{<cosesinesintp>2+<cosesin@cosxp>2}]‘/2 (10)

where T\l = Tzz’ TJ_ = '%(Txx+Tyy), g|| =Gz and g, = %(gxx+gyy)' In the strong
field case H; > H,, while the expression for g’ is unchanged, that for 7’ does not
have the second (pseudosecular) term in curly brackets in Eqn (10).

Rapid motion within a cone model
We shall adopt a model [2-4) ip which the molecular z-axis is tumbling rapidly
within the confines of a cone of semi-cone angle f8,,, and where the cone axis subtends
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a fixed angle y to the external field H, (Fig. 1). After some straightforward trigono-
metrical manipulation we find

cosf = cosycosfi+sinysinfcoso (11)
Thus:
2n Bo 2r Bo
~cos?9> :f daf cosz()-sinﬁ-dﬂ/f dcxf sinf - dp
(] 0 ] 0
= 1 {2-—cosB,—cos’f,+3cos*y(1+cosBy)cos Bo} (12)

Eqn (12) may be substituted into Eqn (9) to yield an explicit expression for the effec-
tive g-value:
g'(.Bo) = 9, +%(9,—9,) {2—cosfy—cos?f+3cos?y(1 +cosfy)cosPo} (13)
Eqn (13) reduces to expressions previously derived by Jost et al. [3]fory =0,y =
90 °.

A further relation between the angles of Fig. 1

sin(y —yr ) = sinfsine/sinf (14)

is required in order to evaluate the second term in curly brackets in Eqn (10), and
after some algebra we find

<cosfsinfsiny > 2 + <cosfsinfcosy >2 = L{cosysinycosBo(1+cosfy)}? (15)

Eqns (15) and (12) may be substituted into Eqn (10) to yield an explicit expression
for the effective T-value:

T'(y.Bo) = [T, +3(T,,—T,) (2—cosBy-—cos®Bo+3cosy(1+cosBy)cosfy)}*
+{3(T,,— T )cosysinycos Bo(1+cos B)}>]'/2 (16)

For no motion (8, = 0)
T'(y,0) = [T *sin?y 4T, *cos2y]'2

For rapid isotropic motion (8, = 180 °)
T'(7,180 °) = L(T, +2T))

For any given f, the two orientations y = 0 and y = 90 ° correspond to those
of maximum and minimum T‘. These may be defined by 7,/ and T," (see Fig.2)
where from Eqn (16)

T, = T'{0,80) = Tl"‘%(TH’TL) (1 +COSﬁo-i~-COSZﬁo) (17)
T,  =T'(90°% Bo) = T ++(T,—T,) (2—cosfo—cos*f,) (18)

These values coincide with those previously obtained by Jost et al. [3] on the
basis of an approximate analysis based, essentially, on Eqn (6) which is only valid
for strong external field H; > H,,. Itisonlyaty = 0 and y = 90 ° (when the second
term in curly brackets in Eqn (16) vanishes) that the strong and weak field values of
T’ (i.e. 7)) and T, ) coincide; at any other value for y the weak field T” will be greater
than the strong field 7.

From Eqns (17) and (18) we obtain for the order parameter [3]
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Fig. 2. Experimental first derivative spectra of the stearic acid spin label 7(12,3) in cytoplasmic
membranes of B. subtilis in 0.1 M NaCl solution, at different temperatures. For accurate measure-
ments the outermost spectral singularities were recorded with high gain and slow sweep-time; this
allowed determination of the spacings 27" to within +:0.01 mT. The measured values of 27" are
somewhat larger than those normally observed, and imply that the nitroxide radical is in a very polar
environment. (-) Simulated spectra based on the present “‘rapid motion within a cone model™.
SH is the intrinsic Gaussian linewidth, Experimental and theoretical spectral pairs have been scaled
to the same central peak-to-peak height.

T’U o T_Lr

S =l (2)cosfi1+eoshy) (19)

From Eqn (17) the order parameter may also be expressed only in terms of 7'/’

S:%:‘_(,TJ,;TL),l

2y, 20
o, o) (20)

which may be used on all spectra, and is particularly useful in cases where 7" is not
measurable from experimental spectra as often happens. Eqn (20} is valid for all
models, including the present, where

Ty +2T,' = T,+2T, = Tr{T) (21)

It is sometimes useful to define the mobility of rotating spin label probes in
terms of the simultaneous inward shifts of the high and low field extrema of the deriva-
tive spectrum [7]. From Eqns (7), (8), (13) and (17) we find that for the rapid motion
within a cone model these shifts are given to within approx. 0.259, by

high field shift: AH_| = (1/3) (AT—hvAg/B.a,*) (2—cosB,—cos?fy) (22)
low field shift: AH,, = (1/3) \4T+hvAg/B.g,*) (2—cosf,—cos®fy) (23)
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where v is the microwave frequency, 49 = g,—¢,, and 4T == T;—T . In particular,
the ratio of the high and low field shifts is found to be constant and is given by
AH_, _ 1—hvAg/B.ATg,? (24)
AH 4 1+hVAg/ﬁeATgH2
for all 8. For example, using typical values: » = 9 - 10° Hz, Ag = —0.0052, AT =
2.5 mT, g, = 2.0021, we find (4H_,/AH ;) = 2.0. This value is very close to values
predicted by the slow rotational diffusion analysis in the very slow motion region
(t.>2 - 107 85) [7]. Thus it may not always be possible to distinguish between these
two types of motion by simply measuring the simultaneous shifts of the high and low
field extrema.

The present model! is readily applicable to steroid spin labels (e.g. cholestane).
Here the nitroxide radical is firmly attached to the steroid molecule in such a way that
the hyperfine splitting along the molecular z-axis (the steroid long axis) is T,,, whereas
the splittings perpendicular to the molecular z-axis are 7,, and 7,,. It should be noted
that the z-axis is again chosen as the molecular axis over which the averaging within
the cone is performed (see Fig. 1).

*x \/ z
Q
\
N
>§,o H CHOLESTANE

SPIN LABEL

For steroid spin labels, therefore, Eqn (4) must be rewritten with T,, and 7,,,
and g,, and g,,, interchanged. On the assumption that the steroid molecule is rotating
rapidly about its molecular z-axis, we may average over all angles ¢ in Eqn (4), and
the effective g- and T-values are still given by Eqns (13) and (16) but now T, = T,,,
T, = }(T,,+Tx), g, = &y and g, = %(gzz+gxx)'

Eqn (16) now yields values for 7°(0,8,) and 7'(90 °,8,) that coincide with
those derived by Lapper et al. [4], who extended the analysis of Jost et al. [3] to the
cholestane spin label*.

EXPERIMENTAL PROCEDURE

B. subtilis strain 168 was grown in 3 litre batches of synthetic medium with
vigorous shaking. The cells were harvested during the stationary phase (16-18 h) and
membrane ghosts prepared by lysozyme-DNAase treatment as described by Bishop
et al. [9]. The spin labels 7(12,3), 1(5,10) and 1(2,14) were purchased from SYVA,
Palo Alto, Calif. The membranes were labeled by exchange from bovine serum albu-
min in 145 mM NaCl solution for 10 min. The mixture was then centrifuged at 30 000

* If rapid motion about the molecular z-axis is restricted, so that the averaging over ¢ is incom-
plete, the analysis must now include axial anisotropy about the molecular z-axis and becomes more
complicated. A complete analysis, including axial rotations, will be reported in due time. In the case
of nitroxide spin labels attached to fatty acid chains, however, the resulting spectra are not expected
to be significantly modified.
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x g for 20 min and the pellet washed twice and finally resuspended in 0.1 M salt
solution. The pH values of the suspensions were close to 6. The final amount of spin
labels in the membranes were less than 19 of the total lipid weight. ESR measurements
were carried out with a Varian E-9 X-band spectrometer using a rectangular cavity
and quartz sample tubes with 1 mm inner bore. The temperature was regulated with
a heater-sensor system using cold nitrogen gas, and the sampie temperature was mea-
sured with a platinum resistance to +0.3 °C. Simulated ESR spectra were computed
on an IBM 360.

RESULTS AND DISCUSSION

Cytoplasmic membrane ghosts of B. subtilis 168 prepared as described above
have been reported [9] to contain protein (629;), RNA (229 ) and lipids (16%,).
759% of the lipids are phospholipids, mainly diphosphatidylglycerol (49%) and
phosphatidylethanolamine (349 ), with 15 or 17 carbon atoms in their hydrocarbon
chains. No unsaturated fatty acids are present, though 759 of the phospholipids
have a methy! branch in their chains.

Experimental spectra

Labeled membranes and protoplasts exhibited very similar spectra. However,
the spin labels in protoplasts (and in intact bacteria) are reduced, and the ESR signals
disappear within about 1 h at room temperature. Experiments were therefore carried
out on labeled membranes only.

Although the lipid content of the membranes is very low (about 16%), there
is strong experimental evidence that the stearic acid spin labels reside in lipid bilayer
regions in the membranes. For example, we have observed some spectral anisotropy
with the membranes oriented on a flat glass surface, similar to that previously observed
with oriented lipid bilayers [1]. In addition, the increased mobilities of the spin labels
in the order 1(12,3), 1(5,10) and 1(2,14) in the membranes is also consistent with a
lipid bilayer structure.

Fig. 2 (dotted lines) shows a number of selected experimental spectra obtained
with membranes containing 1(12,3) in 0.1 M NaCl solution at different temperatures.
The top spectrum corresponds to a powder spectrum where the spin labels are almost
completely immobilized. There is a gradual increase in the mobility of the labels as the
temperature is raised, reflected by a gradual decrease in the value of 27". The spectra
were completely reversible and no phase transitions were evident in the temperature
range studied.

The order parameter S was evaluated from those spectra where 2T, was mea-
surable, using Eqns (19) and (20), and it was found that these two equations yielded
values for S that never differed by more than 0.03.

We have recently reported the effect of various anions and cations on such
labeled membranes [10]. For membranes in 0.1 M CaCl, solution, for example, 2T’
is about 0.2 mT higher than in 0.1 M NaCl solution at 23 °C. But the variation of
2T, with temperature in the two suspensions is practically the same, and indicates
that the rigidity of the membranes in 0.1 M NaCl at a given temperature is the same
as in 0.1 M CaCl, at a temperature that is 7 °C higher.
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Simulated spectra

Fig. 2 (continuous lines) shows computer-simulated spectra based on the pres-
ent model, each calculated at the value of f, that corresponds to the value of 7, of
the experimental spectra using Eqn (17). Each spectrum was obtained by adding
spectra at 2.5 ° intervals of y, from y = 1.25 ° to y = 88.75 °, each weighted with sin y
(to account for the random distribution of cone axes in all directions). The functions
9'(y,80) and T’(y,8,) were calculated at the appropriate values of y and B, from Eqns
(13) and (16) using g, = 2.0073, g, = 2.0021, T, = 0.55mT, and 7); = 3.50 mT.
An intrinsic Gaussian linewidth §H was found to be slightly superior to a Lorentzian.
The value of T; = 3.50 mT was obtained from the top (powder) experimental spec-
trum of Fig. 2, for which T”’ = T. The values of T, g,, g, and SH were then ob-
tained by a best fit spectral simulation. As a check, the top (powder) simulated spec-
trum was also obtained using the standard programme of Lefebvre and Maruani [11).
The optimal intrinsic linewidth dH was found to fall progressively with increasing
temperature (or f,) as shown in Fig. 2.

Fig. 2 demonstrates that the present “rapid motion within a cone model” is
able to account for the main spectral features over a wide temperature range. This is
especially true for the splittings 7," and T,’, for which the discrepancy between the
experimental and simulated values was never greater than 0.015 mT. However, both
the experimental and simulated values of T,’ (as measured from the spectra) were
found to be between 0 and 0.09 mT smaller than the theoretically expected values as
calculated from Eqn (21). A similar discrepancy between the theoretical and simulated
values of T, has previously been noted by Hubbell and McConnell [12].

The most unsatisfactory feature of the simulated spectra appears at the low
and high field extrema which become too pronounced as f, increases. This, too, is
noticeable in previous simulations [12]. To overcome this complication an angle-
dependent linewidth function may be introduced into the simulation programme [13].
Work is currently in progress to include time-dependent effects in the model, and
preliminary results indicate that both the high and low field extrema are broadened as
the cone angle §, increases; the effect being most pronounced at high field. Recently,
an interesting set of spectra at various temperatures with 1(12,3) in microsomal mem-
branes has been reported [14], where the low and high field extrema are fairly pro-
nounced and the spectra are more like those of Fig. 2.

The rapid motion within a cone model offers a simple yet physically realistic
approach to the interpretation of ESR spectra of nitroxide spin labels in membranes
and vesicles when the motion is fairly restricted. The model assumes (1) that the re-
stricted motion of the probe within the membrane or vesicle is rapid, and (2) that the
rotational motion of the vesicle is slow. From theoretical considerations of rotational
diffusion [7] we find that if the vesicles are rotating with a rotational correlation time
7, less than about 5- 107° s there will be an appreciable decrease in the value of T/
due to rotational diffusion effects. For vesicles in water their radius must therefore be
greater than about 150 A for rotational diffusion effects to be negligible [15].

The present model is mathematically sound for all values of 8, from fq = 0
(no motion) to B, = 180 ° (rapid isotropic tumbling), though it may not always be
physically realistic for very large values of B,. Whether the nitroxide probe is an al-
lowed perturbation on the system studied will not, unfortunately, become evident
from the model alone. The present analysis may be readily extended to partially
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oriented systems where the fixed cone axes have a weighted distribution about some
direction within the system, e.g. a Gaussian distribution of orientations about the
perpendicular to the surfaces of oriented bilayers.
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