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ABSTRACT An analysis ofthe paramagnetic resonance
spectra of a number of phospholipid spin labels in multi-
lamellar arrays of lecithin bilayers has been carried out in
terms of a distribution of label orientations, and the am-
plitude and time dependence of high-frequency random
motions about these orientations. This analysis indicates
that there is a long-lived (>10- sec) average bending of
the fatty acid chains such that near the polar head groups
the chains are comparatively rigid and tilted at about 300
relative to a normal to the bilayer plane, whereas near the
terminal methyl groups the chains are flexible and on the
average parallel to this normal. This bent conformation
of the chains permits the packing of chains into planar
lamellar arrays even when different segments of the chain
have a difTerent motional freedom.

Studies of the paramagnetic resonance spectra of a number-of
spin labels (1) incorporated in intact biological membranes
have provided evidence that (a) some membranes contain
phospholipid bilayers (2-7) and (b) the hydrophobic fatty
acid chains in these membrane bilayers exhibit rapid aniso-
tropic motion, where the anisotropy of motion decreases
rapidly with increasing distance from the polar head group
(4, 5). Thus, the amount of local methylene-chain motion near
the center. of the bilayer can approach that of an isotropic
liquid hydrocarbon, whereas in the same bilayer, the amount
of local methylene-chain motion near the polar head group
region can approach that of a solid, crystalline hydrocarbon
(4, 5). Conclusion (a) has been based on a comparison of the
observed orientations and motions of a number of spin labels
in biological membranes (1-8) and in pure phospholipid bi-
layers (1-10). Conclusion (b) has been based on the ex-
ponential (or even more rapid) decrease of the order-parameter
S as a function of n, the number of methylene groups in a
polymethylene chain separating a paramagnetic oxazolidine
ring from the carboxy group in the fatty acid spin labels
I(m,n) "or in',the phospholipid spin labels II(m,n) when

one or the other of these labels is incorporated in smectic
liquid crystals (11), in lecithin bilayers (5, 9, 11, 12), or in
various biological membranes (4-8). The order-parameter S
is a measure of the mean rotational amplitude of the para-
magnetic oxazolidine ring: S = 1 when this ring has a fixed
orientation in space, and S = 0 when this ring undergoes
isotropic rotational motion with a correlation time that is less
than about 10-9 sec. These conclusions are, of course, based
on the behavior of nitroxide spin labels in model and biological
membranes in which the paramagnetic nitroxide group neces-
sarily represents a perturbation on the local membrane struc-
ture. However, several different labels with different struc-
tures do lead to the same conclusions. [For example, in the
present work, labels I(m,n) and JJ(m,n) give semiquantita-
tively similar results.] Also, preliminary studies of proton
relaxation in aqueous dispersions of (unlabeled) phospho-
lipids appear to be consistent with these conclusions (S.I.
Chan, Dept. of Chemistry, California Inst. of Technology,
private communication). Furthermore, our results are en-
tirely consistent with what is known about bilayers and mem-
branes from x-ray diffraction (13, 14). We have therefore felt
justified in proceeding to what appears to be the next problem
in bilayer structure.
The rapidly increasing disorder of the fatty acid chains

toward the center of phospholipid bilayers in biological
membranes, and in multilamellar arrays of phospholipid bi-
layers, poses an interesting problem in the packing of phospho-
lipids in planar membranes, where the bilayer is extended in
two dimensions. One would expect that as the rotational
freedom of each methylene group increases, it should occupy a
larger effective volume. It is clear that in an essentially in-
finite two-dimensional lamellar array of phospholipids one
could not have parallel arrays of fatty acid chains that were
tightly packed in one region and "fluid" in another unless
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the extra space in the tightly-packed region were taken up
by other molecules, such as water. A more plausible solution
to this packing problem involves a bending of the fatty acid
chains, as suggested schematically in Fig. 1. Here a systematic
bending of the chains yields a larger average interchain dis-
tance when the chains are perpendicular to the surface of the
bilayer and a smaller interchain distance near the polar head
groups.

This bending of the fatty acid chains can be achieved in
several ways. Gauche conformations about carbon-carbon
bonds as well as small partial rotations about carbon-carbon
bonds can produce one or more changes in the direction of a
saturated fatty acid chain. Unsaturated fatty acid chains with
cis carbon-carbon double bonds have an intrinsic bend. It
must be emphasized that the drawing in Fig. 1 is schematic,
and that the chain bending envisioned here is only a statistical
bending corresponding to an appropriate short-time average
over isomeric conformations of the chains.
The possibility that there might exist an average or sta-

tistical bending of the fatty acid chains leads to two expecta-
tions. First, the intermolecular interaction giving rise to this
bending must involve cooperative bending among a relatively
large number of lipid molecules and thus, the lifetime of a
bent state might very well be long, at least long compared to
-10-8 sec. Secondly, it would be expected that spin labels
such as II(m,n) should provide a qualitative or even semi-
quantitative measure of this chain bend. The second expecta-
tion is dependent on the first. If the lifetime of the direction
of the bent state were too short-i.e., less than -10-8 see-,
then a bend would not be directly observable from the para-
magnetic resonance of spin labels such as II(m, n), since rapid
bending in various directions would average out the other-
wise observable average tilt. In the work reported here. we
have found that the paramagnetic resonance of labels such as
I(m, n) and II(m, n) in oriented multilamellar films of lecithin
can be interpreted in terms of a bend such as the one sketched
in Fig. 1. That is, spin labels of this type show that the plane
of the oxazolidine ring is parallel to the bilayer surface when
this ring is near the terminal methyl group, whereas the plane
of the oxazolidine ring is tilted at about 300 when the ring is
near the polar head group. (The plane of the oxazolidine ring
is perpendicular to the polymethylene chain when the chain
is in its extended, all-trans conformation.) Subsequent sections
of the present paper give a very brief summary of the tech-
nical details whereby we have extracted this information on
the orientation of the oxazolidine ring in labels I(m, n) and
II(m, n) when they are incorporated in planar multilayers of
lecithin. A more detailed description of our analysis will be
given in subsequent publications. In the last section of the
present paper we consider briefly the biophysical implications
of our results with respect to membrane structure.

MATERIALS
Methyl 5-ketopalmitate-4,4,6,6-d4
For the introduction of deuterium into methyl 5-ketopalmi-
tate, 2 g of the ester was heated under reflux for 3 days in 50
ml of CH30D containing 1 ml of 38% DCl in D20. Evapora-
tion to dryness gave methyl 5-ketopalmitate4,4,6,6-d4
(MW 288 by mass spectrometry).

2-Amino-2-methylpropanol-dl,
a-Aminoisobutyric-d6 acid was prepared from acetone-d6 by
the procedure employed for the undeuterated analog (15).

POLAR- -
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FIG. 1. Schematic, idealized representation of the packing

of fatty acid chains in a small section of one half of a planar
lecithin bilayer. This packing allows greater motional freedom
at the end of the methylene chains near the terminal methyl
groups.

The acid was esterified with methanol and anhydrous hydro-
chloric acid. 2-Amino-2-methylpropanol-dnl was obtained by
the addition of solid methyl a-aminoisobutyrate-d6 hydro-
chloride to a 2.5-fold excess of lithium aluminum deuteride in
anhydrous tetrahydrofuran. After 2 hr, sodium deuteroxide in
deuterium oxide was added and the reaction was worked up
in the usual manner.

2-(3-Carboxypropyl-1,1-d2)-2-(undecyl-1,1-d2)-4,4-
(dimethyl-d3)-3-oxazolidinyloxyl-5,5-d2
The spin-labeled fatty acid methyl ester, deuterated at all
carbon atoms j3 to the nitroxide, was prepared from 1 g of
methyl 5-ketopalmitate-4,4,6,6-d4 and 2 g of 2-amino-2-
methylpropanol-dnl as described earlier for the unlabeled
analog (5). However, water was removed in this case by the
addition of dicyclohexylcarbodiimide. The methyl ester, puri-
fied by preparative thin-layer chromatography (12), gave:
C, 65.80; N, 3.71. Calcd for C21H28D1204N: C, 65.93; N, 3.66.
Mass-spectrometric analysis indicated a minimum of 89%
deuterium incorporation at the ,8 positions. The methyl ester
was hydrolyzed as described elsewhere (5).

Acylation ofegg lysolecithin with 1(1,14) anhydride

Lysolecithin from egg yolk lecithin was esterified as previously
described (5) with I(1,14) anhydride. 2-(14-carboxytetra-
decyl)-2-ethyl4,4-dimethyl-3-oxazolidinyloxyl was from Syva
Associates, Palo Alto. Multilamellar arrays of hydrated
lecithin (containing approximately 25% water) were prepared
by pressing about 5 mg of the sample between two optically
flat quartz plates. An isotropic distribution of multilayers was
obtained using two matched hemispherical Teflon surfaces.
Label/lecithin mole ratios were -1/200.

SPECTRAL ANALYSIS
Isotropic spectra

An analysis of the paramagnetic resonance line shapes of iso-
tropic distributions of spin labels I(m, n) and II(m, n) in
lecithin has been given previously (5). Here we briefly sum-
marize this earlier analysis and indicate how it has been im-
proved in the present work.

In standard notation, the spin Hamiltonian for the para-
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magnetic oxazolidine ring in I(m, n) or II(m, n) is

SC = B1S g.Ho + hS-T*I - gnpnIHo (1)

The principal axes of the g-factor tensor g and hyperfine
tensor T coincide, and are designated z, x, y, where z is the
axis corresponding to the largest hyperfine splitting and the
smallest g-factor. The z-axis is perpendicular to the plane of
the oxazolidine ring and is parallel to the polymethylene chain
when this chain is extended (all-trans conformation). The
principal axes z, x, y are molecule-fixed and the Hamiltonian
3C is time-dependent in the presence of molecular motion, since
the applied field vector Ho = Hoh is laboratory-fixed. The
spectra of labels I(m,n) and II(m,n) in isotropic distribu-
tions of membranes can be approximated using an axially
-symmetric effective Hamiltonian VC'. First approximations to
the elements of the tensors T' and g' can be obtained directly
from the observed isotropic spectra, and more refined esti-
mates of the elements can be obtained from trial-and-error
comparisons between observed spectra and theoretical com-
puter-calculated spectra. In these comparisons, it was found
that this agreement was good, but not perfect (5). The dis-
crepancy was attributed to the Lorentzian line shape param-
eters having a line width independent of nuclear spin quan-
tum number M, and independent of t', the angle between z'
and h, where z' is the symmetry axis of VC'. In the present
work we have attempted to improve on this approximation by
using Lorentzian (derivative curve) peak-to-peak line-width
parameters A(M) dependent on M and A', as follows.

A(M) = ABq(M)|h*T1q,*hj 2 (2)
q

Here the T'q (or h-T,-h) are irreducible representations of
the rotation group, of order two, and are defined below. The
rationale for this choice is also given below.

Orientation distribution parameters
The effective Hamiltonian 5C' is anisotropic and axially sym-
metric. The symmetry axis is z' and the resonance spectrum
of a given label depends on the angle A' between z' and the
direction of the applied field h. The composite resonance
spectrum of a statistical ensemble then depends on the dis-
tribution of values of A'. In the present work, the spin labels
are contained in highly ordered multilamellar arrays of
lecithin between two optically flat quartz plates. This method
of sample preparation, as well as the complete optical extinc-
tion between crossed polaroids, shows that the distribution
function p(6) must be axially symmetric, where a is the angle
between z' and N, the normal to the quartz plates (and to the
bilayer surfaces), and p(6)d6 is the probability that z' be
found between t and do + do. For the present analysis we
have assumed the following cylindrically symmetric distribu-
tion function.

p (a) e sin aexp { - ( -i)2/202} (3)
Previous studies of the amphiphilic spin labels I(m, n) in
biological membranes (4) and in lecithin multilayers (9), have
shown the principal axis z' to be oriented more nearly perpen-
dicular than parallel to the membrane surface. The distribu-
tion function p(#) includes the parameter s) to allow for a net
tilt of z' relative to the normal N to the membrane surface,
and also includes the disorder parameter o to allow for a
spread in this tilt. [In an early discussion of the spectra of spin
labels in multilamellar arrays of bilayers, Libertini et al. have

used a distribution function similar to that in Eq. (3), except
they did not include a tilt (v) term (9). Also, this discussion
did not treat high-frequency motions, either in producing an
effective Hamiltonian, or in giving rise to angular-dependent
relaxation.] With these parameters, the most probable angle
between z' and N is 4,mpX which is the solution to the equation

tan t6mp = No2/(mp -) (4)
Contributions to tdo can be expected from heterogeneity of
lipid composition (e.g., unsaturation of fatty acid chains).

Relaxation line-shape parameters
In the present approach to the calculation of the resonance
spectra of spin labels in membranes, the exact time-dependent
Hamiltonian is broken up into two parts, a time-independent
axially symmetric effective Hamiltonian Jc', and a time-
dependent perturbation, { Jc(t) - 3C' }.

ac(t) = ac' + {I c(t) -ac I} (5)
The perturbation { 3C(t)-3C' } broadens transitions between
the stationary eigenstates of 3C'. We assume the correlation
times describing the time-dependent fluctuations of { 3C(t) -

3c't to be sufficiently short that this perturbation can be
treated by Bloch-Wangsness and Redfield theory (16). Our
approach to the calculation of the relaxation parameters
describing line broadening is thus similar to that used by
Marshall and Glarum (17) for treating resonance spectra of
free radicals in nematic liquid crystals, except that our calcu-
lation is necessarily more general since our Lorentzian line-
width parameter T2-i is anisotropic.

T2-i = (2T)2z (DQI2- |IDq I2) 1/2Aeo(h T/q h) +
q = 0,
+1, -2

Ao(h * T'g * k")M1 2Toq +
(2T)2 EGM21Dmq 2(i/4ve2)Ih.TQ*.h|2Tmq (6)
m O, q = 0,

i1, 42

In the above equation, Dm, D(2)mq (a (3 y) are the Wigner
rotation matrices that transform the instantaneous molecular
axes in 3C(t) to the time-average axes in ac', and JfqI 2 and
Dmqj 2 denote appropriate time averages. The T'm" (distinct

from the hyperfine tensor T') are irreducible tensors referred
to the principal axes k', j', i' of T' and g' in 3c':

(7)VT4-2 = (i'1 ij4 (iq tj'
i = (-l) /2

Va., = Fk'(i' ± iij') F (i' ± ij')k'

-o= (2/3)1/2(3 k' k' - U)

(8)
(9)

The quantities Gm and Am are measures of the anisotropy of
the g and T tensors. In the present problem only Ao, Go, and
GA2are non-zero:

Ao = 6-L/2(Tzz- i/2(Txx + Tyy))
G+2= i/4((9X - g1)

(10)

(11)

In Eq. 6, h and k" are unit vectors in the external field direc-
tion and in the direction of nuclear spin quantization, re-
spectively. The unit vector k' lies in the plane of h and k',
and h * k" = cos A', where

Cos 6N - (cos2 T'711 + sin2 4'T2'/ (12)
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The Tiq are correlation times for the functions Din0 - Di.
The angular dependencies of T2-' arise from the terms in-
volving h -T'q h and h -T'q-k. In our present calculations we
have neglected the difference between h T'q h and h T'q-k"
in Eq. 2, and have neglected nonsecular and pseudo-secular
contributions to the electron resonance line-widths. These
approximations can be tested by resonance experiments at
different field strengths.

Spectral analysis summary

The parameters giving the best fit of the calculated spectra
to the observed spectra are summarized in Table 1, except for
the line-width parameters, which will be given in a later pub-
lication devoted to the analysis of line shape. By varying all
the parameters, we could obtain almost perfect agreement
between calculated and observed spectra (including both the
isotropic distributions of orientations, and spectra arising
from all possible directions of the applied field relative to the
lamellar arrays.) There appeared to be no strong "inter-
action" between the parameters of Table 1 and the line-shape
parameters Bq. In other words, for various choices of the Bq
within the range of acceptable calculated spectra, one obtains
essentially the same range of parameters for Table 1. This is
fortunate, since as yet we have no rigorous check on the ade-
quacy of the line-shape parameters (see Eq. 2), other
than the agreement between observed and calculated spectra.
As indicated above, these line-width parameters are appro-
priate to an axially symmetric spin Hamiltonian together
with high-frequency random time-dependent perturbations
that can be accounted for using the general methods of Bloch-
Wangsness and Redfield theory (16). It is very likely that
this approximation is excellent for label 11(1, 14), which
shows three sharp 14N hyperfine lines at all orientations of the
applied field relative to the bilayer plane. Indeed, the line-
width of each hyperfine component in the resonance spectrum
of 11(1, 14) was found to be proportional to a constant +
B ['/2(3 cos2 8t' -1) ]2. Thus, the line-width parameters given
in Eq. 2 are entirely satisfactory for this label. For the other
labels, where there are significant contributions to the overall
line shapes arising from a and #o effects, it is difficult to say
whether or not Eq. 2 is a totally adequate representation of
the line-shape parameters for the outer hyperfine lines. The
line-shape parameters in Eq. 2 might be incomplete in some
instances if (i) unresolved proton hyperfine structure were to
contribute to the line widths, or if (ii) the approximation of
using an axially symmetric Hamiltonian and a high frequency
random perturbation were invalid, or if (iii) the pseudo-
secular terms were large. In cases (i) and (ii), one would have
to include terms linear in h -T'q-h in addition to the quadratic
terms already included. An experiment with 1(10, 3) fully
deuterated at all carbon atoms # to the nitroxide showed that
in this case the contribution of unresolved proton hyperfine
structure to the line-width was negligible. Possible contribu-
tions of the type (ii) and (iii) can best be tested with reso-
nance spectra at different field strengths. Approximation (ii)
is certainly valid for I(1, 14) and 11(1, 14). On the other hand,
it is difficult to see how (ii) could be entirely valid for II(10, 3),
which has such a well-defined tilted orientation of the oxazoli-
dine ring (see Table 1). However, approximation (ii) is
really not essential for the most important features of the
resonance spectrum, namely the outer wings, which do not

TABLE 1. Spectral parameters for phospholipid spin labels
II(m, n) in egg lecithin bilayers

(m,n) T'lI T'L 9 11-g9l S a 0 lymp

(10,3) 27.2 8.9 -0.0036 0.68 25-30° 5-10- 29-32°
(7, 6) 24.0 10.5 -0.0034 0.50 0-30o 30-250 28-310
(5,10) 20.0 11.5 -0.0024 0.33 0-100 15-200 14-250
(1,14) 16.8 12.8 -0.0013 0.16 00 50 50

T', , T'1 are in gauss. The various symbols are explained in the
text.

BIOPHYSICAL CONCLUSIONS

As pointed out above, the nonuniform rotational freedom of
the methylene groups of the fatty acid chains in phospholipid
bilayers poses a problem in the packing of these chains. This
problem could be resolved if the average methylene-chain
direction near the terminal methyl groups were normal to the
bilayer surface whereas the average chain direction were
tilted relative to this normal near the polar head groups. This
expectation is borne out in the present work to the extent that
in the phospholipid spin labels IJ(m, n) with (m, n) = (1, 14),
(5, 10), (7, 6), (10, 3), the most probable angles between the
plane of the oxazolidine ring and the bilayer plane were
found to be approximately 50, 200, 300, and 310 (Table 1).
Because the spin labels JI(m, n) are certainly not identical to
the corresponding unlabeled phospholipids, we can only say
that our results support the idea of statistically bent chains
(illustrated schematically in Fig. 1), and it can hardly be
claimed that we have demonstrated this bending conclusively
for unlabeled chains. On the other hand, a tilted conformation
of the labels JJ(m, n) is established by the present work, and
this does show conclusively that the polar head-group
region has a "collective" structure with a lifetime long com-
pared to ca. 10-8 sec; otherwise the resonance experiment
would only detect an average orientation of the oxazolidine
ring which would necessarily be parallel to the bilayer surface.
A tilt of 300 near the polar head groups produces a carbon
atom density that is -12%0 higher than the carbon atom
density near the terminal methyl groups, and this is just the
order of magnitude of the difference in density between liquid
hexadecane (density = 0.77 g/ml at 200C) and solid paraffin
(0.88), or between liquid methyl arachidonate (0.901) and
crystalline methyl stearate (1.009) determined from unit cell
dimensions (19).
A tilted conformation of the fatty acid chains in the polar

head group region has at least two significant biophysical
implications. First, there is an evident mechanism for a
cooperative interaction between amphiphilic molecules that
bind to bilayers. These molecules may disrupt this tilted
structure locally at the site of binding, and by a "domino
effect" produce a relatively long-range interaction between
distant binding sites. Second, it is also clear that a bilayer
is suited to the binding of an amphiphilic molecule that par-
tially penetrates the bilayer. Under these circumstances, the
fatty acid chains could then be on the average perpendicular
to the bilayer surface throughout their length and thus pro-
vide extra space in the head-group region. It will also be seen
that if some of the fatty acid chains in Fig. 1 are rotated by
1800 about an axis perpendicular to the bilayer surface, it is
possible to create amphiphilic as well as purely hydrophobic

depend on (small) deviations of ac or Jc' from axial symmetry. pockets in the bilayer. These pockets might serve to bind
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amphiphilic as well as hydrophobic molecules such as pro-

teins.
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