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ABSTRACT Short-pulse saturation-recovery (SR) electron spin resonance (ESR) methods have been used to measure
the lateral diffusion of a nitroxide-labeled cholesterol analogue (3-spiro-[2'-(N-oxyl-4',4'-dimethyloxazoladine)]-
cholestane, CSL) in multilamellar liposomal dispersions. SR experiments were performed on samples containing
"4NCSL:5NCSL pairs, and recovery signals were analyzed for initial conditions and multiexponential time constants by
computer simulation. Rate equations describing the system were written and solved. The time constants contain
combinations of electron spin lattice relaxation times TI, for both isotopes and the Heisenberg exchange rate constant
K,. We have investigated the complication that occurs from overlap of ESR spectral fragments from 14N and '5N
moieties. The time constants of the multiexponential signals are independent of ESR line shape and position. From Kx,
lateral diffusion constants ofCSL in dimyristoylphosphatidylcholine (DMPC) were calculated (D = 1.7 x 10-8 at 270C
and 2.7 x 10-8 cm2/s at 37°C). It is shown that short-pulse saturation-recovery methods are able to overcome the ESR
spectral overlap problem that is encountered in conventional ESR and continuous wave electron-electron double
resonance (CW ELDOR) studies of spin-spin interactions. The present method can be extended to more complex
situations involving spin labels in different environments with physical and chemical exchange.

INTRODUCTION

In the first nitroxide radical spin-label paper, Hubbell and
McConnell (1) encountered a problem that has continued
to bother practitioners of the method. The spin label
Tempo (2,2,6,6-tetramethylpiperidine- l-oxyl) partitions
into lipid bilayers such that signals of similar intensity
from labels in the aqueous and lipid phase are observed.
The signals strongly overlap and the problem was to obtain
information on the rate of interchange of Tempo between
the two environments. The difficulty lay in accurate simu-
lations of spectra. The line shapes exhibited a mixture of
homogeneous and inhomogeneous character (from unre-
solved couplings to methyl protons). The distribution of
spectral differences between the labels in the two environ-
ments leads to a distribution of exchange effects in the
composite spectra.
A similar problem was encountered in membrane-

protein systems where signals from spin-labeled bulk lipids
and spin-labeled boundary lipids are superimposed and
strongly overlapped (2-4). In this case the boundary lipid
signal is from lipids that are slowly tumbling. It would be
difficult to make a convincing argument concerning the
exchange rate from spectral analysis, because the motional
model for the lipid is in doubt. Both the Tempo partition

problem and the boundary-lipid problem are examples of
physical exchange.

Another overlap problem arises in the case of Heisen-
berg exchange in spin-labeled lipid bilayers. The problem
of extracting the Heisenberg exchange rate by computer
analysis of spectra from a spin label is made difficult
because concentrations must be fairly high, which can alter
the system under investigation, because the model for
rotational motion is uncertain, and because of intermolecu-
lar dipolar interactions.
As an approach to solving the Heisenberg exchange

problem, dual labels, i.e., labels with "N and labels with
"N can be employed. If at least one feature, say that M, =

0 line of "N, shows minimal overlap, the technical prob-
lems of extracting Heisenberg exchange information are
reduced. One can obtain each spectrum separately, and
observe changes when both labels are present. But quanti-
tation remains difficult.
The above examples all depend on a spectral feature as

expressed in radians per second being comparable to an
exchange rate. They are "T2-sensitive" methods. In this
laboratory we have been developing a variety of "T,-
sensitive" methods where the exchange rate is comparable
with Ty'. Because Tls are at least two orders of magnitude
longer than T2s, much slower processes can be studied. But
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an overlap problem also is encountered. Feix et al. (5)
developed the 4N-'5N spin-label pair continuous wave
electron-electron double resonance (CW ELDOR)' meth-
od. Reliable exchange rates could be obtained in the T,
time scale if at least one spectral feature had no overlap
from the two isotopic species. But they avoided situations
where there was overlap because of concern that ELDOR
effects between isotopic species could not be separated
from ELDOR effects within an isotopic species. Thus no
data were presented in their work for exchange rates
between spin-labeled membrane constituents in the situa-
tion where both '4N and '5N spectra were in the slow-
tumbling domain.
The nitroxide spin-label overlap problem, as shown in

this introduction, has multiple aspects that arise from the
complicated nature of the spectra. To a good approxima-
tion, saturation-recovery pulse electron spin resonance
(ESR) methods depend only on the time evolution of the
z-component of magnetization. We have recently shown
(6-8) that superimposed multiple exponentials are
observed when short saturating microwave pulses are
delivered to a spin system. The time constants of these
exponentials contain both saturation transfer and longitu-
dinal relaxation rates. The quality of the data is so high and
the number of experimental controls sufficiently large that
one can reliably deconvolute triple exponentials. It is
suggested in these papers that even more complex satura-
tion-recovery signals can be deconvoluted.

In the present paper we show that the methods devel-
oped by us can be extended theoretically to the situation
where there is spectral overlap. We show that the time
constants of the multiple exponential saturation-recovery
signal are independent of the degree of spectral overlap.
Only the prefactors are affected. This is a general solution
of the spectral overlap problem. We demonstrate the
method by using 4N and '5N cholestane spin-label pairs in
a lipid bilayer. To the extent that cholestane is accepted as
an analogue for cholesterol, this is one of the first measure-
ments of lateral diffusion of cholesterol (9-1 1).

THEORY

The basic idea and the theoretical structure including
energy diagrams, rate equations, and the initial short pulse
condition are based on our previous work (6-8). The main
difference is that here we consider a system in which the
ESR spectra of the probes overlap, whereas previously the
spectra were well-resolved.

In this work, two isotopes are employed. If the hyperfine
lines are strongly coupled by nitrogen nuclear relaxation,

'Abbreviations used in this paper: CSL, 3-spiro-(2'-[N-oxyl-4', 4'-dimeth-
yloxazoladine] )-cholestane; CW ELDOR, continuous wave electron-
electron double resonance; DMPC, dimyristoylphosphatidylcholine;
ESR, electron spin resonance; SR, saturation recovery; WH,,, Heisenberg
spin exchange frequency (i.e., collison frequency involving paramagnetic
species).

which we show later to be a good approximation for
cholestane spin-label pairs in dimyristoylphosphatidylcho-
line (DMPC) above the main phase transition tempera-
ture, this is the case of model I in reference 6 (Fig. 1 b).
The appropriate energy level diagram is the same but the
superimposed ESR spectrum is quite different. Fig. 1
shows the spectrum of the two cholestane spin probes
exhibiting various degree of overlap.

Because of the fast nitrogen nuclear relaxation, it is
sufficient in the energy-level diagram to combine the
hyperfine transitions for each isotope into single transitions
for the purpose of calculating saturation-recovery signals.
Spin-lattice relaxation couples both spin systems to the
lattice and Heisenberg exchange couples them together.
Assume (a) W12 is the electron spin-lattice relaxation

rate of '4NCSL. (b) W34 is the electron spin-lattice relaxa-
tion rate of 5NCSL. (c) Kx is the Heisenberg spin
exchange rate constant between 14NCSL and '5NCSL spin
label pairs where 3-spiro-(Z' = [N-oxyl-4', 4'-dimethyloxa-
zoladine])-cholestane (CSL) stands for cholestane spin
label.

Using the same theoretical structure as in reference 6,
the rate equations are

- [(n, - n2) - (Nl- N2)] = -2W12[(n, - n2)dt

- (N, - N2)] +2K.(n2n3- nn4), (1)

d
- [(n3- n4) - (N3 -N4)] = -2W34[(n3 - n4)dt

-(N3 - N4)] -2K.(n2n3 - n,n4), (2)

where n,2,34 represent the instantaneous populations per
unit volume of the four levels and N1,2,3,4 represent the
equilibrium Boltzman populations per unit volume.

I ~~15N
B

2 ' 4

Wei ,' We2

1 ,3

NI Nl

FIGURE 1 (A) ESR spectra. '4NCSL:'5NCSL (0.5:0.25 mol%) choles-
terol analogue spin probes in DMPC at 370C, pH 9.5 (B) The relaxation
model. Because of very fast nuclear relaxation, hyperfine lines of each
isotope are assumed to be strongly coupled.

BIOPHYSICAL JOURNAL VOLUME 53 1988526



Let N1 and NII be the concentrations of '4NCSL and
5NCSL, respectively (n1 + n2 = NI; n3 + n4 = NII).
The observable signals are il = (n, - n2) - (NI - N2);

i2= (n3 - n4) - (N3 - N4).
The differences of Boltzman distribution of spin I

(N1 - N2) and spin II, (N3- N4) are proportional to the
concentrations of these spin species, namely, (N1 - N2) =
cN, and (N3 - N4) = cN11 (c is a constant).
From reference 6 the general solutions for the observ-

able signals are

il = Ile-(A-B)t + I2e-(A+B)t (3)

i2 = 13e (AB)t + I4e-(A+B)t (4)

where

A = W12 + W34 + (1/2)K1(N1 + N11), (5)
B = -RW12-W34)2 - KX(NI -NII)(WV2 - W34) +

(I/4)K2(N1 + N11)2]'/2, (6)
and I,2,3,4 are coefficients to be defined by initial condi-
tions. Quite generally a double exponential is observed.

There are some relations between the coefficients of the
two exponentials.

i2= (n3 - n4)-(N3 - N4) =

pI(N-N4) - (N3 -N4) = C(p2 - )NII, (12)

where

-1 -<p, < land -I sP2 < 1. (13)

If P1,2 = - 1, spin systems I and II are totally reversed. If
P1,2 = 0, spin systems I and II are fully saturated. If P1,2 = 1,
spin systems and I and II have not been affected by the
pumping field.

In the presence of spectral overlap, the saturation-
recovery signal is the sum of il and part of i2, namely.

iSR = il +P3i2 0 _ p3 _ 1 (14)

If p3 = 0, the two ESR spectra are well separated. If p3 = 1,
the two ESR spectra are totally superimposed.
Att=0,fromEqs.3,4,7,8, 12,and 13,

ii = II + 12 = C(pl- I)Nl, (15)

i2 = I3 + 14 = XI, +
N

XI(2= C(P2-I)NII. (16)
2 m

From Eqs. 16 and 17 we have

I3 N11K,
_

2

I4 N11Kx
'2 m

where

= -(A - B) + 2W12 + 2W34 + NAKx,
m = -(A + B) + 2W12 + 2W34 + NIK1.

(7)

(8)

(9)

(10)

Eqs. 3, 4, 7, and 8 give physical insight into the effects of
the intermolecular interactions in the two spin systems.

Eqs. 1 and 2 and the solution Eqs. 3 and 4 are in fact a
complete and sufficient proof of the thesis of this paper.
Overlap affects initial conditions but cannot affect time
constants. Detected signals in the case of overlap are some
combinations of i1 and i2, and again, time constants are not
affected. It is instructive nevertheless to analyze the effects
of overlap on the prefactors, and this analysis constitutes
the remainder of the theoretical portion of this paper.
We previously have studied the interaction between

unlike spins using short pulse techniques where the ESR
spectra of the two different spins were well separated. In
this case if spin system I is pumped, il is the saturation-
recovery signal and i2 is the pluse ELDOR signal.

In saturation-recovery studies with overlap we must
consider (a) the preparation of the spin system by the
saturating pulse and (b) the resulting composite satura-
tion-recovery signal. At t = 0,
i1 = (n, - n2)- (N1 - N2) =

pi(N- N2) - (N1 - N2) = c(p, - I)N1, (11)

= (P2 - 1) + ( -pNK)N1KI2 (1 -p2)m + (Pi - 1)NIK ' (17)

Because iSR = il + p3i2, the saturation-recovery signal is

iSR = II[(1 + P3NIK,) e-(A-B)t + 3NIIK )+

((P2 - 1) + (1 -p)K)AeK(A+B)tl (18)
\(1-p2)m + (PI -I )NIKj)/ ]

Eq. 18 gives the general solution for the saturation-
recovery signal.The most remarkable feature is that the
time constants of the double exponential remain the same;
only the coefficients are changed when spectral overlap
occurs.
The strategy we have developed here does not deal

explicitly with the saturation parameter or the spectral
overlap (namely the line-shape problem). We simply intro-
duce three parameters, PI, P2 (which express the initial
saturation), and p3 (which expresses the population distri-
butions) in our calculations. Without knowing these
parameters quantitatively, from computer simulation we
can directly obtain the intermolecular interaction rate
constant between the unlike spins.

In the case where '4NCSL and "5NCSL spin labels are
used, the labels are at the same position on the sterol
backbone and have the same electron spin-lattice relaxa-
tion probability W, to a good approximation (see Table I).
Considerable simplification occurs. Eqs. 3 and 4 become

il = Ile-2Wt + I2el2W.+Kx(N,+Nll)l,

i2 = I3e 2W + I4e-2W+K,(NI+N,,)Jf

(19)

(20)
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TABLE I
ELECTRON SPIN-LATTICE RELAXATION TIMES FOR CSL

Temperature T1. '4NCSL Tl,, "NCSL

C ,us AS

27 4.23 ± 0.08 4.62 ± 0.08
37 3.26 ± 0.08 3.64 + 0.07

'4NCSL and "5NCSL spin probes were present at 0.5 mol% in DMPC
membranes, pH 9.5. Single exponential signals were obtained. Data come
from computer simulations.

and Eqs. 7 and 8 become

13= (NIINI)II, (21)

lOG
28 MHz

FIGURE 2. The ELDOR effect for "4NCSL (0.1 mol%) cholesterol
analogue spin probes in DMPC at pH 9.5. The ELDOR reduction (R.) is
85.5% at 270C and 68.0% at 370C. 100 kHz field modulation of 1.0 G
amplitude was used.

I4 = -I2-

For short pulse excitation conditions,

P1
(1 pl) + Nl/NII

and the saturation-recovery signal is

iSR = 1i+ P3i2

NWs±(l2W)I, I[( + N, P3 e-t + (lp3)

Pi -2W +K.(N,+Nll)t
(1 - Pl) + NI/N1 J.

(22) cies were fed to the resonator. The measurements were made with the
pumping frequency on resonator resonance and the observing frequency
off resonance. This provides the best isolation of pumping and observing
microwave fields. ELDOR experiments were performed as described
previously (14). ELDOR reductions were measured on the center line of

(23) '4N when the low field line was pumped. The separation was 40 MHz
between the two microwave frequencies.
The CW ELDOR reduction factors were determined at a series of nine

pumping intensities and R' plotted against the inverse pumping power
P' (15). Extrapolation to infinite pumping power gives the intercept R-',
which is a function of the relaxation processes occuring in the spin system.
With a rather low spin-label concentration, the relaxation process is
dominated by nuclear spin-lattice relaxation, and from reference 16,

(24)

If the two ESR spectra are well separated, Pi = 0, P2 = 1,
and p3 = 0 and

iSR = IlIe 2WS1 + (NII/NI)e- 2W,+K.(NI+Nll)tt} (25)

This was encountered previously (6).
If the two ESR spectra are totally superimposed, Pi = 0,

P2 = 0, and p3 = 1, and

iSR = IlP + (NII/NI)]e2W. (26)

RJ(END) = b + b'
1 + 3b +b'

b= Wn/We.

The saturation-recovery spectrometer is based on the design of Huisjen
and Hyde [17]. A multichannel signal acquisition system greatly
improves the signal-to-noise ratio over what could be achieved with the
single channel boxcar. A field-effect transistor (FET) microwave ampli-
fier has been introduced. The time response limit is -0. I us. A high-order
low-pass filter at the input to the analogue/digital converter cuts off at 25
MHz, which results in minimal distortion of the transient signal. Typi-
cally, 2 x I04 decays per second are acquired with 512 data points on each

A single exponential is observed. Actually, this is just a

single spin system with a different theoretical treatment.

MATERIALS AND METHODS

The "N nitroxide-labeled cholestane spin label, 3-spiro-(2'-[N-oxyl-4',
4'-dimethyloxazoladineJ)-cholestane, designated here as "NCSL, was a

gift from Prof. J. H. Park. '4NCSL and DMPC were from Sigma
Chemical Co., St. Louis, MO.

Stock solutions of spin labels and lipids were prepared in chloroform
and stored at -200C. The buffer was 0.1 M borate at pH 9.5. Multila-
mellar liposomes were prepared by directly hydrating the dried lipids and
spin labels with an appropriate amount of buffer as described previously
(6). All spectra were obtained using sample capillaries made of methyl-
pentene polymer TPX (0.6 mm inside diameter). A flow of temperature-
regulated nitrogen gas over the capillary was used to remove oxygen
(12).
The CW ELDOR technique was used to estimate the ratio of the

nuclear spin-lattice relaxation rate to the electron spin-lattice relaxation
rate. The measurements were performed as described previously using a
loop gap resonator (1 3). Both pumping and observing microwave frequen-

T (A B) = 3521.0
T (A + B) = 1325.0

Ai = 0.605
o ~ \ A2 = 0.395
a:

c60

x5 , ,

Time, 1.8ps Intervals

FIGURE 3. Saturation-recovery signal and curve fitting in computer
simulation with mixed '4NCSL and "NCSL (0.5:0.25 mol%) in DMPC
at 370C, pH 9.5. Data appear in Table II. Simulations and experimental
saturation-recovery signal are superimposed. The difference multiplied
by a factor of five is shown as the "residual." Each recovery signal
obtained in 5 min at 20,000 accumulations per second, 512 data points per
accumulation.
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b 14NCSL: 15NCSL

C

d

FIGURE 4 ESR spectra with mixed 14NCSL and '5NCSL (0.5:0.75
mol%) in DMPC at 370C, pH 9.5. a, b, c, d, and e indicate positions in the
ESR spectrum at which the data of Table III were obtained.

decay. Total accumulation time is -5 min. Aperture intervals were 40 ns
for 370C and 60 ns at 270C.
The short pulse saturation-recovery experiments were performed as in

our previous study. As a control, every experiment was run with different
pump durations, bcause the time constants of the multiexponential are
independent of the width of the pump pulse (6, 7).
The theoretical models were compared with experimental saturation-

recovery curves using the Monte Carlo approach for optimizing the fit
(6). A least-squares minimization function was used as the criterion of
excellence of the fit between model and experiments. The curve-fitting
program was run alternatively on a PDP 11/34 or an IBM 9000
computer.

All samples were run with the buffer at pH 9.5 for comparison with our
previous work. (Actually, there was no difference in the experimental
data when the sample was in buffer of pH 7.5).

It is generally assumed that spin exchange is strong and K, is equal to
the collision rate constant. The lateral diffusion constant D can then be
obtained using an appropriate model (18).

RESULTS AND DISCUSSION

Fig. 2 shows the CW ELDOR experimental results with
"4NCSL spin label in DMPC. From the ELDOR reduc-
tions R,,, the ratio of nuclear spin-lattice relaxation rate to
electron spin-lattice relaxation rate, b, was calculated

using Eqs. 27 and 28. The results (b = 11.3 for 27°C and
3.8 for 370C) show that W, is much greater than We.

After a delay of - 2 its to allow nuclear levels to
equilibrate, single exponential decay curves were observed
from either "4NCSL or '5NCSL spin probes alone in
DMPC at 27 and 370C, indicating that nuclear relaxation
is the dominant intramolecular saturation-transfer mecha-
nism under these experimental conditions. The three
hyperfine lines of '4NCSL and two hyperfine lines of
"5NCSL are strongly coupled by nuclear relaxation, and
analysis of the tails of the SR experiment gives T,. Table I
gives the experimental data.

Fig. 3 shows a representative saturation-recovery signal
with mixed '4NCSL and '5NCSL spin labels in DMPC.
Eqs. 16-20 of reference 8 show that five exponentials are
expected, three of which are very short in the presence of
fast nuclear relaxation. The early portions (-2 ,us) of the
SR signals were cut off in the data analysis; the tails were
double exponentials. The Heisenberg spin exchange rate
constant, K1, was calculated from the two time constants
using Eq. 19. Fig. 4 shows a conventional ESR spectrum of
mixed '4NCSL and '5NCSL spin labels in DMPC. The five
different lines in the spectrum show spectral overlap in
varying degrees. Saturation-recovery signals were obtained
from the five different positions indicated in Fig. 4. The
time constants of the double exponential remained the
same for each of these positions; only the coefficients
changed as predicted by our theory. Table II shows the
experimental data.

Different combinations of the two spin-label concentra-
tions result in different line shapes and different extent of
spectral overlap. Table III shows that the spin-exchange
rate constant K, is invariant when the concentration of spin
probes is changed.

For comparison to the previous work, the lateral diffu-

TABLE II
EXPERIMENTAL DECAY AND COLLISION RATE CONSTANTS VS. SPECTRAL POSITION

Line position a b c d e

T(A - B) (As) 3.26 ± 0.08 3.23 ± 0.08 3.18 ± 0.08 3.30 + 0.08 3.35 ± 0.08
T(A + B) (Ms) 1.12 ± 0.05 1.15 ± 0.05 1.16 + 0.05 1.19 ± 0.05 1.13 ± 0.05
K. (MHz/mol) 46.9 44.8 43.8 43.0 46.9

T(A - B), T(A + B) values were from computer simulations of experimental data of samples containing 14NCSL and '5NCSL (0.5:0.75 mol%) in
DMPC at 370C, pH 9.5. Here T(A - B) = (2w)-', T(A + B) = [2W, + (N1j)K]-'. See Eq. 19.

TABLE III
EXPONENTIAL DECAY AND COLLISION RATE CONSTANTS VS. '5NCSL CONCENTRATION

'4NCSL:'5NCSL/DMPC (mol %) 0.5:0.1 0.5:0.25 0.5:0.5 0.5:0.75

T(A - B) (As) 3.50 ± 0.08 3.35 + 0.08 3.51 + 0.08 3.28 ± 0.08
T(A + B) (As) 1.80 + 0.05 1.53 ± 0.05 1.36 ± 0.05 1.12 ± 0.05
K. (MHz/mol) 45.0 47.3 45.0 47.0

Experimental data was obtained at 370C, pH 9.5. T(A - B), T(A + B) values are from computer simulations. Here T(A - B) = (2w.)-', T(A + B) =
[2W. + (N, + NI,)K.]-'. See Eq. 19.
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TABLE IV
LATERAL DIFFUSION CONSTANTS FOR

CHOLESTANE SPIN LABEL

Temperature K. D

IC MHz/mol cm2S-' x 108
27 29.1 1.68
37 46.3 2.67

K, values were calculated from Eq. 19. Lateral diffusion constants D were
calculated from the Trauble and Sackmann equation (18).

sion constant, D, was calculated from K, by using the
Traiuble and Sackmann equation (18). The lateral diffu-
sion constants, D, are shown in Table IV. The calculated
values for D are in excellent agreement with those reported
for a fluorescent analogue of cholesterol in DMPC deter-
mined by photobleaching recovery (10). They also agree
well with lateral diffusion constants for fluorescent ana-
logues of phospholipids (10, 11, 19).

Cholesterol exerts considerable influence on the physical
and dynamic properties of membranes (3, 20, 21), includ-
ing the lateral diffusion of both protein and lipid compo-
nent (10, 11, 19, 21). However, the lateral diffusion of
cholesterol itself has only rarely been examined (9-11, 18).
The significant body of information on the lateral phase
separation of cholesterol has largely been inferred from the
behavior of phospholipid analogues (9, 22-24) and the
partitioning of Tempo (22). This has in part been due to
the broad spectral features of available cholesterol-
analogue spin labels. The capability to observe biomolecu-
lar collisions between '4N and '5N cholestane probes should
allow more direct study of these problems.

CONCLUSIONS

More complicated problems where the assumption of fast
nuclear relaxation and equal electron spin-lattice relaxa-
tion rates cannot be made will certainly arise in the future.
The rate equations can be solved theoretically for these
situations using matrix algebra techniques (8). Quite
generally, the eigenvalues or time constants will always be
independent of spectral overlap. If the multiple exponen-
tials can be separated, the overlap problem appears solved.
As indicated in our earlier papers, the high quality of the
saturation-recovery data and the numerous experimental
controls that are available demonstrate that this will often
be possible.

There exists the possibility to improve the signal-to-noise
ratio by using high observing powers, and this could be
important in applying the methods discussed here to
biological membranes. One would then need a more com-
plete theoretical treatment than that provided by rate
equations. The work of Percival and Hyde (25) and more
recently Sugano et al. (26) can serve as guidelines in the
development of such a theory.

We thank Professor J. H. Park for providing '5N cholesterol analogue spin
labels.
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