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ABSTRACT Lateral diffusion constants of the stearic acid ni-
troxide radical spin label 2-(14-carboxytetradecyl)-2-ethyl-4,4-di-
methyl-3-oxazolindinyl oxide in dispersions of dimyristoyl phos-
phatidylcholine have been measured. Electron-electron double
resonance methods were used to determine the product of the
bimolecular collision frequency and Tie, the electron spin-lattice
relaxation time. Tie in turn was measured by the technique of sat-
uration recovery. The theoretical model of Trauble and Sackmann
was then used to relate the bimolecular collision frequencies to the
diffusion constants. Results are in agreement with other methods.
Lower spin-label concentrations than were used in previous elec-
tron paramagnetic resonance studies are needed (label-to-lipid
ratio < 0.5 mol%). Analysis of the data also yields values of the
nitrogen nuclear spin-lattice relaxation time of the nitroxide
moiety. These values are indicative of membrane fluidity.

Lateral diffusion is considered to be important for a broad range
of biological functions (1, 2, 3), and a variety of techniques have
been used for measuring lateral diffusion constants, D. A sum-
mary of results obtained from various methods is included in
the discussion by Kuo and Wade (4). There is general agreement
that D for lipid in membranes above the phase transition tem-
perature falls within the range 10-9 to 10-7 cm2 S-1.

Early EPR studies of lateral diffusion in membranes were
carried out by Devaux and McConnell (5) and Sackmann and
Trauble (6-8) and were based on Heisenberg exchange effects
on nitroxide spin-label linewidths. The latter authors made sim-
ulations of linewidths to obtain Heisenberg exchange rates,
WHex, from which diffusion constants were calculated. Both
studies used high spin-label concentrations and may have been
complicated by structural perturbations by the probe mole-
cules. Sackmann and Trauble's results may also have been af-
fected by inhomogeneous broadening from coupling to protons
of the spin label and by electron-electron dipolar interactions
between spin labels.
We present here the use of electron-electron double reso-

nance (ELDOR) (9) and saturation-recovery (10) techniques to
study lateral diffusion in model membranes. ELDOR and sat-
uration-recovery methods permit determination of the Heisen-
berg exchange rate, which is effectively the bimolecular colli-
sion frequency. When this frequency is determined by simple
translational diffusion, the lateral diffusion constant can be cal-
culated from the theory of Trauble and Sackmann (8). As will
become apparent, much lower values of WHex can be measured
than are possible from analysis of linewidths, thus permitting
the use of lower spin-label concentrations.

Our method for determining WHeX differs from EPR spin-la-
bel linewidth studies in the following ways. Both ELDOR and
saturation-recovery require saturation ofthe spin system-i.e.,
the application of large incident microwave fields. They also
require the use of microwave cavities that can support two mi-
crowave fields simultaneously, with one field used to saturate
the spin system at a given transition and the other field used
to observe the response of the spin system either at the same
transition (saturation-recovery) or at a different transition (EL-
DOR). Finally, the experimental results are a direct function
of spin-lattice relaxation mechanisms, in contrast to more com-
monly employed spin-label methods that are dependent on
transverse relaxation processes.

In the present work, steady-state field-swept in-phase ab-
sorption ELDOR methods were used (9). The sample is si-
multaneously irradiated with two microwave fields of differing
frequencies with one at saturating power levels, Pp. When the
magnetic field, B, is swept through an observed transition,
transfer of saturation can occur from a simultaneously saturated
transition, resulting in a decreased intensity of the observed
transition. This decrease in signal intensity yields the ELDOR
reduction R and is defined as [(signal with pump off) - (signal
with pump on)]/(signal with pump off).

The ELDOR reduction can be shown to depend on the ratios
Wn/We and WHex/6We, in which Wn, We, and WHex are the
nuclear and electron spin-lattice relaxation and Heisenberg ex-
change rates, respectively. Nuclear relaxation is induced by
motional modulation of electron-nuclear dipolar (END) inter-
actions, which areiintramolecular and therefore independent
of concentration, whereas WHex is proportional to concentra-
tion. Thus by performing ELDOR experiments at different con-
centrations, both Wn/We and WHex/We can be determined.

Nuclear relaxation and Heisenberg exchange processes cou-
ple the hyperfine transitions, increasing the effective number
of relaxation pathways (11). For an observing frequency, v., set
on the MI = 0 transition while microwave power at vp saturates
the MI = + 1 transition, nuclear transitions to the MI = 0 state
result in an effective transfer of saturation and reduction of the
MI = 0 signal intensity. For Heisenberg exchange, collision of
molecules belonging to the saturated MI = +1 manifold with
MI = 0 molecules can result in exchange ofspin states and again
a transfer of saturation to the MI = 0 transition.

In Fig. la, stick spectra describing the ELDOR experiment
are given (12). The saturating pump field is set at a frequency

Abbreviations: ELDOR, electron-electron double resonance; END,
electron-nuclear dipolar; rf, radio frequency; 16-SASL, 2-(14-carboxy-
tetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolindinyl oxide (16 stearic acid
spin label); Myr2-PtdCho, dimyristoyl phosphatidylcholine.
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4d
C 1D

pWHex =- 4d + cFA

in which F = area occupied by one lipid molecule, do = critical
distance for Heisenberg exchange to occur, A = length of one
jump or the lattice constant, and C = mole ratio of spin label
to phospholipid (8). This equation is valid when there are no

complicating processes such as lateral phase separations.

b

vp where vp - v. = A.

lD
ELD-R for

VP - vo = A0

FIG. 1. (a) Stick spectra of the signal when the observing field is
detected and the pump field is off (Top), the pump field is detected
(Middle), and the ELDOR spectrum is obtained for vp - v. = A. (Bot-
tom). (b) Field-swept, in-phase absorption ELDOR spectra of 0.00075
mole ratio 16-SASL/Myr2-PtdCho for vp - vo = 40 MHz with Pp off
(broken line) and Pp = 150 mW (solid line).

higher than the nonsaturating observing field by an amount
equal to the isotropic hyperfine coupling constant, AO. When
B is swept through the resonance condition for the MI = 0 tran-
sition, the MI = + 1 transition is simultaneously saturated and
transfer of saturation can occur from the MI = + 1 to the MI
= 0 transition. The MI = 0 transition is similarly saturated when
the MI = -1 transition is induced by the observing radio fre-
quency (rf) field. No transition is saturated when the MI =

+ 1 transition is induced by the observing rf field, no transfer
of saturation can occur, and no ELDOR reduction in signal in-
tensity is seen.

Saturation-recovery techniques can be used to measure We
(10, 13, 14). In this method, the spin system is first saturated
with a pulsed (5-ps) microwave field. The recovery from sat-
uration is then observed with a weak microwave field. Under
appropriate conditions, the recovery is characterized by an ex-

ponential decay, with the time constant for the decay given by
the pure electron spin-lattice relaxation time, Tie = (2We)-.
These values ofWe can be used in conjunction with the ELDOR
data to calculate Wn and WHeX.

Determination of WHeX yields a measure of the bimolecular
collision rate and therefore also of the rate of lateral diffusion.
In order to compare our studies to those based on other meth-
ods, we need to calculate the lateral diffusion constant, D.
The Heisenberg exchange rate can be expressed as Venc X

P, in which Venc is the frequency of encounter between two
nitroxide radicals and P is the probability for spin exchange upon
encounter. TrAuble and Sackmann have derived Eq. 1, which
relates WHex to the lateral diffusion constant in a membrane.

MATERIALS AND METHODS

Chemicals. 2-(14-Carboxytetradecyl)-2-ethyl-4,4-dimeth-
yl-3-oxazolidinyl oxide (16-SASL; 16 stearic acid spin label) was
obtained from Syva (Palo Alto, CA) and dimyristoyl phospha-
tidylcholine (Myr2-PtdCho) from Sigma.

Sample Preparations. The spin label and 10 mg of phospho-
lipid dissolved in chloroform were mixed at an appropriate mole
ratio and dried under a stream of nitrogen. The dried lipid was
dispersed in 20 Al of 0.01 M KH2PO4/NaOH buffer by Vortex
mixing above the phase transition temperature. The lipid dis-
persions were transferred to a capillary made from a methyl-
pentene polymer, TPX, and placed within the microwave cavity
under a stream of nitrogen at 57°C for approximately 45 min,
which was about twice the time needed for the ELDOR re-

duction to be no longer affected by atmospheric oxygen. The
samples were equilibrated with N2 because the presence ofoxy-
gen can lead to inaccurate results in ELDOR and other EPR
studies due to 02-dependent shortening of the nitroxide elec-
tron Tle (15)

Instrumentation. ELDOR spectra were obtained by using
a Varian E800 ELDOR bridge with a Varian E101 microwave
bridge. A new cavity similar to that used in the original studies
(figure 2 of ref. 9) was designed and built. The cavity supports
orthogonal rectangular TE103 and TE102 modes with the TE103
mode used as a pump mode and the TE102 used as the observing
mode. Insertion of a Teflon screw into the unshared portion of
the TE103 mode allowed the pump frequency to be changed by
200 MHz. Cross coupling between modes was minimized by
the use of two reactive paddles at the junction between the
TE102 mode and the unshared portion of the TE103. Because of
the good isolation between modes, the high-quality factor, Q,
cylindrical cavity that is employed in the commercial apparatus
as a filter ofpump microwaves that leak into the observing mode
was removed with a resultant increase in signal-to-noise ratio
of about a factor of 2.
ELDOR Measurements. The same TPX capillary was used

for all measurements and the samples were carefully positioned
within the cavity. The frequency difference between modes was
set with a frequency counter to v - vo = +40 MHz. A
Hewlett-Packard power meter connected to the pump arm with
a cross-guide coupler was used to measure the incident micro-
wave power of the pump mode. The choice of pump powers

needed to obtain values ofELDOR reduction required a com-

promise between high powers that gave large values of R but
significant heating of these lossy samples and low powers that
gave smaller values ofR but fewer problems from heating. Typ-
ically, 12 power settings were used with one at 39-decibel pump
power and 11 between 100- and 200-mW incident power. EL-
DOR reductions were obtained from the average of usually
three scans of the spectra. The spectra were normalized to the
low-field peak-to-peak height. No ELDOR transfer of satura-
tion is induced with this transition, and this peak can therefore
be used as an internal control on experimental variations of, for
example, sample position and temperature. The low-field peak-
to-peak height varied during an experiment usually by 1% or

2%.
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Table 1. ELDOR results
C, mole ratio

Temp., 16-SASL/ TRB i,* b= b
OC Myr2-PtdCho s x 1010 S X 1010 R'1t WD/Wet WHe,,6We§
27 0.00075 9.79 ± 0.02 8.61 ± 0.01 1.14 0.13 13.80

0.0050 1.15 ± 0.12
37 0.00075 7.31 ± 0.02 5.86 ± 0.05 1.53 ± 0.08 3.60

0.0025 1.49 ± 0.08 0.15
47 0.00075 5.39 ± 0.06 4.05 ± 0.06 1.96 ± 0.08 1.69

0.0025 1.80 ± 0.09 0.20
57 0.00075 2.79 ± 0.04 1.75 ± 0.05 2.31 ± 0.09 1.18

0.0025 1.98 ± 0.08 0.25

* Isotropic rotational correlation times calculated by using magnetic parameters for 2-(3-carboxypropyl)-4,4-dimethyl-2-tri-
decyl-3-oxazolidinyl oxide (16, 17). Errors refer to standard deviations of multiple experiments.

t Errors refer to least-squares analysis errors.
* Calculated by using Eq. 2.
§ Calculated by using Eq. 4.

The temperature was controlled with the Varian variable
temperature accessory equipment and measured to within
±+10C with a copper/constantan thermocouple and a Fluke
2190A digital thermometer. Estimated temperature change
over the range of pump powers needed for measurement of R
was no more than ± 10C.

Except where noted, the magnitude of the observing field
was less than half the rf field needed to maximize the signal in-
tensity. The amplitudes of the 100-kHz and 10-kHz modulation
fields were sufficiently low that no line broadening was evident.

Saturation-Recovery Studies. Equipment (14) and methods
are based on work of Huisjen and Hyde (10). The saturation-
recovery decays were detected with a weak, 3-mW incident
power, observing field. The pump field power was 100 mW.
A pulse width of5 us was used with a repetition rate of25 kHz.
The pump field was phase modulated at 50 Hz to suppress free-
induction decay, and 25-Hz field modulation with 1.2-G am-
plitude was employed to improve instrument stability. Data
accumulation was obtained with a 40-ns aperture and 512 chan-
nels. Approximately 4 X 106 accumulations were obtained.

EXPERIMENTAL

The EPR and field-swept ELDOR spectra of a nitrogen-equil-
ibrated, aqueous dispersion of 0.00075 mole ratio 16-SASL/
Myr2-PtdCho at 370C are shown in Fig. 1B. 'Rotational corre-
lation times for 0.00075 mole ratio 16-SASL/Myr2-PtdCho, in
which TR and TR are TR values calculated from the linear and
quadratic terms of T2l = A + BMI + CM, (T2 is the transverse
relaxation time), are shown in Table 1 (16).
The ELDOR reduction, R, is a function of a variety of ex-

perimental conditions, which include the magnitude ofincident
pump rf field, modulation field, deviation of frequency differ-
ence from AO, etc. (18, 19). R becomes independent of these
factors when it is extrapolated to infinite pump power. Fig. 2
shows plots ofR' vs. Pp 1 for vo:Ml = 0, v:Mi = + 1. The plots
show the expected linear dependence of R;1 on Pp'1. Values of
R;1 for 0.00075, 0.0025, and 0.0050 mole ratio 16-SASL/
Myr2-PtdCho are given in Table 1. Measurements of R;' for
0.0050 mole ratio 16-SASL/Myr2-PtdCho at 47°C were inde-
pendent of field modulation frequency (either 10 or 100 kHz)
and observing power levels (either 1/2 or 1/4 of that power re-
quired for maximal signal intensity).

Although Heisenberg exchange has the same ELDOR effect
for all pairs of coupled transitions, the END mechanism leads
to different values ofR. When the Ml = 0 transition is observed
as the MI = + 1 transition is saturated, it can be shown (9) that

RO(END) [1 + 3b+ b2];

R(Heisenberg exchange) = E + bt1;

and

L(END + Heisenberg exchange)

3(b + b")(b + 3b" + 1) +

=(1 + 3b'(1 + b") + b(b + 4b" + 3)];
b = Wn/We; b" = WHex/6We.

[2]

[3]

[4]

[5]

Using Eq. 2, Wn/We was calculated from 13 for samples of low-
est spin-label concentration, 0.00075 mole ratio. Knowing b,
it was then possible to calculate b" from Eq. 4 (see Table 1).

Saturation-recovery studies have been carried out, and the
decay and semilogarithmic plots from the Ml =- 0 transition of
0.0025 mole ratio sample at 27°C are shown in Fig. 3A. The
decay is characterized by an exponential function. No Ml de-
pendence has been seen. The temperature dependence of T1e
is shown in Fig. 3b.

Because the concentration dependence of We is small, with
W0 varying minimally over a factor of 10 change in spin-label

0 2 4 6 8 10
P-, W-1

FIG. 2. R ' vs. Pp' for 0.00075 (e) and 0.0025 (x) mole ratio 16-p
SASL/Myr2-PtdCho at 37, 47, and 5700 and 0.00075 (e) and 0.0050
mole ratio (x) at 2700. Each point was obtained from multiple scans
of the spectrum. See text for details.
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FIG. 3. (a) Saturation-recovery decay and semilogarithmic plot of
the decay for the MI = 0 transition for 0.0025 mole ratio 16-SASL/
Myr2-PtdCho at 270C. (b) Temperature dependence of TIe obtained
from these decays.

concentration, we inserted the data of Fig. 3b into Eq. 5 to cal-
culate Wn and WH00 (Tables 2 and 3).

ANALYSIS AND DISCUSSION
Electron Spin-Lattice Relaxation. The electron spin-lattice

relaxation rate W, has been described as a function of g-tensor
and hyperfine interactions and using the expressions given by
Kivelson (20) with MI = 0

We = 2 8 -5)3 + AY))]

+ 2 (g. + gy))] B} (1 + '
) [6]

and as a function of the spin rotation mechanism (9)

We =
(gi [7]

in which Ai = principal values of the hyperfine tensor, gi =
principal components of the g-tensor, g0 = electron g values,
wo = electron Larmor frequency, Bo = magnetic field at res-

onance, and TR = isotropic rotational correlation time. For woTR
>> 1, as is the case for these studies, W0 e TR-1 and W, will in-
crease with increasing temperature (Fig. 2).

Values for We calculated from Eq. 6 and 7, by using 7R =

(4BR + rR)/2 are shown in Table 2. These values are two orders
of magnitude smaller than the saturation-recovery data.

At higher temperatures, where the nuclear and electron spin-

lattice relaxation rates have similar magnitudes, the saturation-
recovery time constant.can, in principle, be. somewhat shorter
than the true Tl0 (21). One might also question the validity of
the application of Eq. 6 to a problem in which the motion must
certainly be anisotropic. However, it seems quite impossible,
to account in these ways for the discrepancy of two orders of
magnitude, and we therefore conclude that there is uncertainty
in our understanding of the dominant spin-lattice relaxation
mechanism. It is noted that Percival and Hyde (13) report sim-
ilar values of Tle at similar correlation times for a nitroxide dif-
fusing in an isotropic fluid.

Nuclear Spin-Lattice Relaxation. The nitroxide '4N nuclear
spin-lattice, relaxation rate, Wn, is a function of the END
interaction

412.IT6" 2

Wn = {[(61(A-0AO)

+ 2 1(Ax - Ay)J JI R [8]
[4 ]} + Wdn

in which AO = isotropic hyperfine constant and wc, = nuclear
Larmor frequency (9, 11). Because wjco = 1/900, OnTR <<
1 and Wn will increase with decreasing temperature (Table 2).
WHO was calculated by using Eq. 8 and TR and is shown in Table
2. Calculated values for-W'so are a factor of 1/2 to 1/4 lower than
obtained from ELDOR and saturation-recovery experiments,
WELDOR

Calculations of 4R andRc suggest, however, that an isotropic
rotational diffusion model is inadequate. This analysis neglects
any complicated motions such as restricted "wobble. " Although
there is uncertainty in %, we cannot rule out the possibility that
there is some inadequacy in our understanding of motional
modulation of electron-nuclear interactions.

Heisenberg Exchange Rates. Using Trauble and Sackmann's
diffusional model and their values for structural parameters for
membranes (8), the lateral diffusion constants D were calculated
from Eq. 1 and are given in Table 3. Our results for D are in
good agreement with values obtained by using other methods
(4).

Previous methods for measuring WHeX in membranes relied
on linewidth measurements. There are two significant compli-
cations in linewidth studies: inhomogeneous broadening and
electron-electron dipolar interactions.
A commonly employed equation for calculating the Heisen-

berg exchange rate from experimentally determined linewidths
is

33/2y
WHex = 4 (AB -ABO ),

4 pp p [9]

in which ABPP is the derivative peak-to-peak linewidth in the
presence of Heisenberg exchange and ABpp is the linewidth in
the absence of exchange (22). y is the magnetogyric ratio. The

Table 2. Electron and nuclear spin relaxation rates
Temp., wg and hf * WRRtWELOR * v §

0C s-1 X 10-4, -1 X 10-4 s-1 X 10-6 -1 X l0-6
27 0.68 0.34 20.0 3.6
37 0.95 0.48 6.3 2.6
47 1.32 0.66 3.8 1.9
57 2.75 1.38 3.5 0.9

Units for all We are angular frequency.* Calculated from Eq. 6.
t Calculated from Eq. 7.
* Experimental values calculated by using the analysis of this paper.
§ Calculated from Eq. 8.
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Table 3. Lateral diffusion rates
Temp., WHex, D)

oc S-1 x 10-6 cmcm2-1 x 108
37 0.25 5.8
47 0.43 10.0
57 0.68 15.8

use of this equation requires the assumption that the lines are

homogeneously broadened. In the presence ofinhomogeneous
broadening from, for example, unresolved proton hyperfine
coupling, large errors in estimating WHeX can occur (22). The
presence of inhomogeneous broadening should not affect our

ELDOR results (19).
Electron-electron dipolar interactions lead to linewidth con-

tributions that must be accounted for to obtain Heisenberg ex-

change rates from conventional line shape analysis. These di-
polar linewidth contributions are dominated by the secular
terms of the dipolar Hamiltonian (23) and must be obtained by
using computer simulations that are complicated by the need
for an appropriate motional model. ELDOR and saturation-re-
covery results should not be affected by these secular terms.
Tie, which can be shortened by nonsecular (Si-S2z + SzSi)
terms, is measured directly by saturation-recovery methods and
thus no errors are introduced in the determination of WHex.
However, pseudosecular (S-S4) terms ofthe dipolar Hamilton-
ian lead to coupling of the hyperfine transitions that are not
easily distinguished from couplings induced by Heisenberg ex-

change (24). It is an interesting problem in physical chemistry
to separate pseudosecular and Heisenberg exchange interac-
tions, but for our present purposes the physical origin of the
intermolecular interactions that couple transitions is of rela-
tively little significance. The primary effect would be to alter
the magnitude of the interaction distance (dc in Eq. 1), which
is in any event somewhat uncertain.

CONCLUDING REMARKS
Presently our methods for measuring WHeX in membranes are

limited by the relatively fast nuclear spin relaxation, which is
an additional and effective ELDOR-active mechanism. The fast
nuclear relaxation is particularly troublesome in these studies
because the nuclear relaxation increases as WHex decreases.
(Thus, we are unable to measure WHeX at 27°C, using low con-

centrations of spin labels.) A method to alleviate this problem
would be the simultaneous use of 14N and '5N spin labels to
eliminate nuclear spin transitions that couple observed and sat-
urated EPR transitions.
Our calculations of lateral diffusion constants from WHex can

have errors arising from the model dependence of Eq. and
the need for membrane structural data. However, our purpose

in calculating D was to compare our method with other tech-
niques, and we find our data to be in good agreement (4). WHex
is in itself a useful parameter of lateral diffusion.
We have demonstrated that lower rates of Heisenberg ex-

change can be measured with ELDOR than is possible from
analysis of the effects of exchange on lineshapes. Thus, lower
spin-label concentrations can be employed, thereby decreasing
the risk of structural perturbations by the spin-label probes.

Additionally, it appears feasible with ELDOR to measure trans-
lational diffusion below the main phase transition, where the
diffusion constant is presumably rather small.

Rotational diffusion can now be studied in two ways, namely
linewidth and nitrogen nuclear relaxation analyses. Although
our "window" for rotational correlation times from Wn is only
about two orders of magnitude compared with four orders for
lineshape studies, Wn data are still interesting. Motional mod-
ulation of the END interaction can be expected to determine
both linewidth and Wn, and it is hoped that their independent
measurement will contribute to development of an improved
motional model.
A number ofcompeting methods for measuring translational

diffusion require specialized membrane geometries, viz, the
use of oriented films. The present experiments have been car-
ried out with simple lipid dispersions, which we think will be
of considerable convenience in manipulating lipid and medium
compositions in order to learn about translational diffusion in
membranes in greater detail.
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