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Summary. A model has been developed for 5-nitroxide stearate, 
I(12,3), distribution in human erythrocyte ghosts which accu- 
rately predicts ESR spectral alterations observed with increased 
probe/total lipid (P/L) at 37~ This spin probe occupies a class of 
high-affinity, noninteracting sites at low loading. Saturation oc- 
curs with increasing probe concentration, and, at higher loading, 
the probe inserts itself at initially dilute sites to form membrane- 
bound clusters of variable size. No "low' probe remains at high 
P/L where all 1(12,3) clusters in a "concentrated' phase. This 
model allows determination of the dilute/clustered probe ratio, 
and shows that I(12,3) segregates in erythrocytes at what might 
otherwise be considered low P/L (e.g., 1/359). These findings 
validate the earlier use of empirical parameters to estimate probe 
sequestration in biological membranes. 

Key Words erythrocyte ghosts �9 spin probe �9 radical interac- 
tions . lipid domains �9 fluidity �9 electron spin resonance 

Introduction 

Alterations in ESR 1 spectra due to probe-probe in- 
teractions have been reported in a wide range of 
spin-labeled biological membranes (for review s e e  

Ref. [7]). At sufficiently high loading, probe concen- 
tration-dependent effects characteristically perturb 
the order parameters and polarity of the 5-nitroxide 
stearate spin probe, I(12,3), in rat heart plasma 
membranes [20, 33], rat liver plasma membranes 
[16, 18, 28, 33], human lymphocytes [8], rat mast 
cells It 1], rat fat-cell ghosts and plasma membranes 
[1, 34], human platelet plasma membranes [18, 35], 
erythrocytes [4, 5, 16], microsomal membranes 

~Abbreviations used: ESR, electron spin resonance; 
I(12,3), the N-oxyl-4',4'-dimethyloxazolidine derivative of 5'- 
ketostearic acid; P/L, ratio of probe molecules to total lipid 
molecules; dil, 3,3-dioctadecylindocarbocyanine; NBD-PE, N- 
(7-nitro-2, 1,3-benzoxadiazol-4-yl )phosphatidylet hanolamine; 
NBD-Chol, N ~-cholesterylcarbamoyI-N~-(7-nitro-2,1,3-benzoxa - 
diazol-4-yl)-3,6-dioxaoctane-l,8-diamine; Lm lateral diffusion 
coefficient (cm-'/sec). 

from Acanthamoeba castellani [30], mouse masto- 
cytoma cells [29], rat macrophages [24], human lens 
[31], renal brush-border membranes of rabbit [13], 
and outer membranes of Dunaliella salina [9]. The 
nature of the spectral changes suggested that these 
effects were not due to perturbations in membrane 
structure, but were a consequence of radical inter- 
actions resulting from spin probe clustering [7, 20]. 
Several empirical parameters [e.g., the inner hyper- 
fine splitting (2T1) and the peak-to-peak width of 
the central line (A)H] were used to estimate nitrox- 
ide radical interactions in labeled membranes [20, 
331. 

Despite the utility of empirical parameters in 
following spin-probe clustering in biomembranes [7, 
8, 10, 16, 18, 20], this approach suffers from inher- 
ent limitations. Such parameters do not indicate 
whether all or just a fraction of the probe segre- 
gates. No definitive information is provided on rela- 
tionships between the respective environments of 
clustered and unclustered probe. Moreover, little is 
known concerning the ability of sequestered probe 
to perturb the surroundings of any unclustered 
probe. The absence of a detailed physical model for 
probe clustering has prevented us from quantita- 
tively predicting the spectral broadening seen at 
high loading. 

Here, the ESR spectra of I(12,3)-labeled human 
erythrocyte ghosts have been interpreted in terms 
of two components: i) noninteracting, or 'low' 
probe and ii) clustered, or 'concentrated' probe. As- 
suming that the exchange-rate between the probe in 
'clustered' and 'low' states is slow on the ESR time- 
scale (10 8 sec), spectral subtractions have been 
performed to artificially generate the alterations 
seen upon probe addition, and to quantitatively ana- 
lyze relative proportions of concentrated and dilute 
probe. This empirical procedure is similar in princi- 
ple to that used earlier to determine lipid-water par- 
tition coefficients for a probe [7]. 
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Fig. 1. ESR spectrum of I(12,3)-labeled human erythrocyte 
ghosts at 37~ recorded using a Varian V-4502 spectrometer 
with a 5-rain scan time, 800 receiver gain, 2G modulation ampli- 
tude, 10-mW microwave power, and 1-sen time-constant. Outer 
and inner hyperfine splittings, 2T i and 2T• were measured as 
shown; 2Tz was corrected by addition of 1.6 G [19]. The peak-to- 
peak distance of the central line (AH) is indicated. Respective 
heights of the central line (h0) and the high-field peak of the inner 
hyperfine doublet (h_l) are shown. The/zg probe/mg protein and 
P/L ratios, determined from the number of paramagnetic spins in 
the spectrum were 0.11 and 1/4600, respectively (see Materials 
and Methods and Ref. [36]) 

Materials and Methods 

MATERIALS 

I(12,3) was obtained from Syva Co., Palo Alto, Calif., and thin- 
layer chromatographic analysis indicated negligible impurities. 
All other reagents were obtained from Sigma Chemical Co., St. 
Louis, Mo. 

PREPARATION OF HUMAN ERYTHROCYTE GHOSTS 

Ghosts were obtained from human erythrocytes according to 
Dodge et al. [12] and suspended in 100 mM Tris, pH 7.4, at 12, 42 
or 83 mg protein/ml. Samples were used either fresh or after 
storage at -20~ Protein was determined from micro-Kjeldahl 
or dry weight measured by heating 250-/xl aliquots for 120 min at 
105~ Ghosts were assumed to be 50% protein and 50% lipid on 
a weight basis. 

MEMBRANE SPIN-LABELING 

AND SPECTRAL RECORDING 

I(12,3) was dissolved in ethanol (3 x 10 2 M) and aliquots were 
dried with a stream of dry N2 gas in plastic vials or glass test 
tubes. Erythrocyte ghosts (60 to 80/xl) were added to the probe 
and gently vortexed for several min, at room temperature. Spin- 
labeled ghosts were syringed into 50/xl capillary pipettes (Drum- 
mond Scientific Co.) which were heat-sealed at one end. I(12,31 
incorporation was tested by comparing the amount of probe 
added to ghost suspension (i.e.,/xg I(12,3)/mg protein 'wt') with 
the paramagnetic spins observed in the microwave cavity (i.e., 

/xg I(12,3)/mg protein 'spins'). The number of spins was calcu- 
lated from the ratio of the double integrated spectrum of 1(12,3)- 
Mabeled erythrocyte ghosts with that of the Varian strong-pitch 
reference (0.1% pitch, with 3 x 10 ~5 spins in 5.5. mm). The spin- 
label/membrane ratios for probe in the cavity were (1.03 to 45/xg 
[(12,3)/mg erythrocyte protein (or 1 probe per 16,000 to 9.3 lipid). 
The P/L was calculated assuming all lipid to the phospholipid and 
cholesterol [12]. 

ESR spectra were recorded with either a Varian V4502 
spectrometer fitted with a Deltron (Sydney) Model DCM 20 tem- 
perature control accessory or a Varian E-104A spectrometer 
equipped with a temperature regulator. Pipettes containing the 
samples were placed in a special holder (attributed by Gaffney to 
R. Kornberg [14]) which was mounted in the temperature acces- 
sory. The V4502 spectrometer was interfaced to a Hewlett-Pack- 
ard 9825A computer through a Hewlett-Packard 3437A System 
Voltmeter, while spectra recorded on the E-104A were digitized 
with a Hewlett-Packard 7470A plotter and 9816 computer. Addi- 
tions, subtractions and integrations were performed on stored 
data. Figure 1 is a spectrum of I(12,3)-labeled erythrocyte 
ghosts. 

EVALUATION OF THE FLEXIBILITY OF THE 

MEMBRANE-INCORPORATED I(12,3) PROBE 

The following order parameters may be used to assess the flexi- 
bility of the fatty-acid spin probe: 

' I 3(T - T'') ] 
S(L)  = 2 L(T= T,,) 1 tl) 

1 [3 ( T - - +  T . )  - 2Tt] I] (2) 
s l r ,  i = ~L ~f~. - - ? 5  

S -  (TI - r ~ )  (aN) (3~ 
(T:: - T,,) (aN)" 

T I and Tl for the membrane-incorporated probe are the hyperfine 
splitting elements parallel and perpendicular to z', the symmetry 
axis of the effective Hamiltonian (It'), while Txx and T~z are the 
splitting elements of the static interaction tensor (T) parallel to 
the static Hamiltonian (H) principal nuclear hyperfine axes x and 
z. Elements of T were determined by incorporating probe into 
host crystals: (Txx, Tzz) = (6.1,32.4) G [7], and aN and a N are the 
isotropic hyperfine coupling constants for the probe in mem- 
brane and crystal [i.e., a N = V3(T I + 2Tl) and aN = l/3(Tz~ + 
2T~x)]. Increases in a N reflect a more polar environment. 

If experimentally determined low probe concentrations are 
employed [33], S(Ti) and S(TI) are sensitive to membrane fluidity 
(or, more accurately, the flexibility of the incorporated probe). S, 
S(T I) and S(Ti)  may assume values between 0 and 1, with the 
extremes indicating that the probe samples respectively fluid and 
immobilized environments. S, which requires both splittings, 
corrects for small polarity differences between the membrane 
and reference crystal. Although S(T I) and S(T~) do not include 
polarity corrections, these expressions with certain limitations 
are useful fluidity approximations [7, 191. 

EMPIRICAL PARAMETERS SENSITIVE TO 

NITROXIDE RADICAL INTERACTIONS 

Estimation of probe-probe interactions [7, 20, 33] was performed 
using four empirical parameters. The first involves measuring the 
peak-to-peak width of the central line (i.e., s of Fig. 1), 
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Fig. 2. 1(12,3) uptake by erythrocyte ghosts. (A) Plot of % recovered spins vs. weight of probe added to 60 ~1 membrane aliquots. % 
Recovered spins was calculated from the ratio of the probe weight added to the sample (i.e., ~g probe/mg protein 'wt') to that 
determined from the spins in the spectra (i.e.,/xg probe/rag protein 'spins'). (B) Scatchard plot, where BOUND = ( n m  probe/mg protein 
'spins')  and FREE = ( n m  probe/rag protein 'wt'  - n m  probe/rag protein 'spins'). (See Materials and Methods) 

AH = AHo + AHdip + AH~• (4) 

where AHo is the linewidth without interactions, AHd~p is the line 
broadening caused by magnetic dipolar interactions and AHe• is 
contributed by spin-spin exchange [7]. Enhanced probe-probe 
interactions increase AH [32, 36]. 

Second and third measures are based on the observation 
that Tl,  but not T~I, broadens with increasing P/L in various 
membranes, including erythrocyte ghosts [7, 8, 16, 33]. For those 
probe concentrations where the percentage change in S(T~I), 
AS(Tll) is zero, decreases in S(T• reflect enhanced radical inter- 
actions. Another way to express this relationship is through the 
rn parameter [7, 10, 33] 

m - (TI - a~) (5) 
(TI- as)' 

If the polarity of the membrane (aN) is identical to that of the host 
crystal (aN) and probe interactions are absent, then m = 1. If 
probe-probe interactions increase 2T1, then m will be increas- 
ingly less than I. 

The fourth parameter depends on the height of the high-field 
peak of the inner hyperfine doublet (h-l in Fig. 1) decreasing with 
respect to that of the central line (h0): h ~/ho declines as the probe 
concentration is elevated [7, 20]. 

Results and Discussion 

SPIN-LABELING OF ERYTHROCYTE GHOSTS 

I(12,3) incorporation was examined by comparing 
the weight of the probe added to the membrane 
sample with that calculated for the spins present in 

the spectrum (see Materials and Methods). Figure 
2A shows that at low loading there is quantitative 
uptake of the probe by erythrocyte membranes. 
Above approx. 0.2 p~g I(12,3)/mg protein 'wt', how- 
ever, dramatically less probe is introduced into the 
cavity. One explanation of Fig. 2A lies in a limited 
capacity of the membrane to solubilize I(12,3) at 
high loading. This was confirmed by aspirating a 
ghost sample (60 $zl) labeled with 437 txg I(12,3)/mg 
protein 'wt' ,  and then washing the presumably 
empty vial three times with unlabeled ghost samples 
(100/~l of 83 mg/ml per wash). The /~g probe/rag 
protein 'spins' for labeled and successively unla- 
beled samples were 14, 6, 7, 15, indicating that 
quantitative incorporation does not occur at such 
high loading. Instead, excess I(12,3) remains as a 
waxy deposit on the side of the tube. 

One interpretation of Fig. 2A is that I(12,3) 
binds to human erythrocyte ghosts at specific mem- 
brane sites. Scatchard analysis indicates that I(12,3) 
interaction with ghosts cannot be viewed as a sim- 
ple partitioning phenomenon of an infinitely dilute 
solute in an ideal solvent (Fig. 2B). For low levels of 
bound probe, I(12,3) apparently binds to a single 
class of sites with high affinity. If only bound /zg 
probe/mg protein ratios less than 2 are considered, 
these sites yield an apparent association constant 
(Ka) of 6.3 • 108 mg protein/M and the number of 
sites/mg protein is 3.2 • 1015. However, the I(12,3)- 
binding isotherm exhibits such significant curvature 
at high loading (Fig. 2B) that probe uptake is re- 
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Fig. 3. ESR spectra of human erythrocyte ghosts at 37~ labeled 
with varying concentrations of I(12,3). Probe/lipid (/zg probe/rag 
protein) ratios were: (a) 1/4600 (0.11); (b) 1/2250 (0.22); (c) 1/359 
(1.37); (d) 1/188 (3.28); (e) 1/119 (4.05): (f) 1/90 (6.08); (g) 1/38 
(12.9); (h) 1/20 (30); and (i) 1/9.3 (45). Three major P/L ranges 
may be defined: 'low', from 1/4600 to less than 1/2250; 'interme- 
diate', from 1/2250 to 1/38; and 'very high', above 1/38 (see text). 
Figure 3i is defined as 'pure' phase. The horizontal bar indicates 
10 gauss 

duced. One explanation for this behavior is that 
I(12,3) binds to two classes of independent sites 
(i.e., " low" and "high" affinity sites). Alterna- 
tively, probe-membrane sites when occupied at high 
loading may act, perhaps through a cooperative 
mechanism, to inhibit further I(12,3) binding. It is, 
unfortunately, not possible to distinguish between 
these models by simply examining Fig. 2. 

All of the probe/lipid (or p,g probe/mg protein) 
ratios used in the following experiments were deter- 
mined by calculating paramagnetic spins from the 
spectrum. 

EFFECTS OF I(12,3) CONCENTRATION 
ON SPECTRA OF HUMAN ERYTHROCYTE GHOSTS 

The ESR spectrum of erythrocyte ghosts labeled 
with I(12,3) at a low P/L of 1/4600 (Fig. 3a) shows 
that the probe undergoes rapid anisotropic motion 

about its long molecular axis at physiologic temper- 
atures. The spectrum at 1/4600 was identical to that 
at 1/16,000, indicating that 1/4600 is in the 'low" 
range. In the +intermediate' range of 1/2250 to 1/38, 
raising the P/L decreased h ~ with respect to h0, 
displaced downward the high-field baseline and up- 
ward the low-field baseline, increased 2TL and AH, 
and left 2T~I unchanged (Fig. 3b--g). Increasing the 
P/L above 1/38 achieves a 'very high' range, identi- 
fied by noticeably broadened spectra and sloping 
baseline (Fig. 3h,i). Measurements of hyperfine 
splittings and AH were either difficult or impossible 
in this range. At these high membrane concentra- 
tions, no 'liquid-lines' due to 1(12,3) tumbling rap- 
idly in aqueous solution were present. Similar 
spectral alterations have been reported with 
l(12,3)-Iabeled whole erythrocytes [5] or erythro- 
cyte ghosts [16, 39]. 

1(12,3) CONCENTRATION EFFECTS 
ON ERYTHROCYTE GHOST ORDER PARAMETERS 

AND EMPIRICAL PARAMETERS 
SENSITIVE TO RADICAL INTERACTIONS 

For 'low' P/L less than 1/2250, increasing the I(12,3) 
concentration did not affect S, S(Trl) or S(T• As 
the probe concentration was elevated in the 'inter- 
mediate' range, however, S and S(TI) decreased 
substantially while S(TI) was constant (Fig. 4A). 
These order parameter effects are most likely due to 
enhanced radical interactions and not membrane 
fluidization. The broadening of T• [and decrease in 
S(TI)] was closely correlated with decreases in m 
and increases in 2xH (Fig. 4); earlier investigations 
have demonstrated that radical interactions 
broaden the AH of labeled model and biological 
membrane [7, 33]. Reductions in S and S(T• were 
also associated with such characteristic exchange- 
broadening effects as the decrease in the high-field 
peak of the inner hyperfine doublet (h+l) and the 
downward displacement of the high-field baseline 
(Fig. 3b-g). The finding that Tll [and S(~I)] is unal- 
tered for erythrocyte membranes in the intermedi- 
ate range (Fig. 4A) indicates that the "apparent" 
increase in fluidity with probe concentration, de- 
noted by reductions in S and S(T• is not the result 
of probe-mediated perturbations; any fluidization 
allowing more probe flexibility requires that TII 
narrow commensurately with increases in 2Tl and 
h ~/ho and that AH decreases. 

Analogous I(m,n) concentration effects on or- 
der parameters and AH have been observed in many 
other biological membranes (for review, see Ref. [7] 
and Introduction). in previous experiments on 
I(12,3)-Iabeled erythrocyte ghosts (Fig. 2 of Ref. 
[16]), these parameters depended similarly on probe 
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Fig. 4. Effects of 1(12,3) concentration on order parameters and empirical parameters sensitive to probe-probe interactions at 37~ (A) 
AS(TI) [A], AS(Ta) [O] and AS [I]  are percent changes from baseline values measured at P/L = 1/4600. Control S(TI), S(T• and S were 
0.720, 0.583 and 0.640. A (AH) [@] is percent change in AH from the baseline value of 3.73 G. (B) h t/ho [+] as shown in Fig. 1 and m 
[0] from Eq. [5] 

concentration. One important difference, however, 
lies in our present finding that radical interactions 
occur at much lower P/L. We attribute this discrep- 
ancy to the incorrect implicit assumption of Gordon 
and Mobley [16] that 1(12,3) quantitatively incorpo- 
rates into erythrocyte ghosts at all P/L. Indeed, 
both order parameter and 2~H vs. probe concentra- 
tion plots are in good agreement, once Fig. 2 has 
been used as a calibration curve to correct Fig. 2 of 
Gordon and Mobley [16] for the number of spins 
present in the cavity. 

It is unlikely that the probe effects in Figs. 3 and 
4 are due to increased &Hdip, but are instead the 
result of enhanced AHex arising from I(12,3) cluster- 
ing. This is because the probe executes rapid aniso- 
tropic motion at 37~ and dipole-dipole interactions 
are relatively long-range, tending to be averaged out 
by rapid diffusion and/or tumbling, while exchange 
interactions require that labels be in van der Waal's 
contact and decrease rapidly with distance. 

Figure 4 indicates that S(Ta), m, 2xH and h-1/ho 
are responsive to enhanced interactions, with AH 
and h-l/ho being more sensitive. However, monitor- 
ing this phenomenon with empirical parameters is 
subject to several limitations. First, the parameters 
cannot be accurately determined for P/L >1/38 
(Fig. 3h,i). Despite this difficulty, there is little 
doubt that radical interactions are more extensive in 
the 'very-high' range as these spectra predomi- 
nantly feature single broad lines characteristic of 
extensive radical interactions. A more important 
problem associated with relying solely on empirical 
parameters is that they do not provide additional 
details on the probe sequestration occurring in the 
membrane. 

PHYSICAL MODELS OF MEMBRANE-PROBE 
DISTRIBUTION TO ACCOUNT FOR SPECTRA OF 

I (12 ,3) -LABELED H U M A N  ERYTHROCYTE GHOSTS 

Since I(12,3) uptake in the intermediate range is not 
due to probe binding to a single class of independent 
sites, Fig. 3b--g may be composite spectra arising 
from probe molecules in discrete environments. If 
exchange between these states is slow on an ESR 
time scale (approx. 10 -8 sec), several physical 
models of membrane-probe distribution may be 
tested by adding or subtracting experimental spec- 
tra. The validity of these (or any) models rests on 
their ability to simulate experimental spectra. 

PROBE DISTRIBUTION MODEL I: MAGNETICALLY 
DILUTE PROBE YIELDING ' L o w '  SPECTRA IN 
EQUILIBRIUM WITH HIGHLY CLUSTERED PROBE 
YIELDING SINGLE BROAD-LINE SPECTRA 

Erythrocyte ghosts have only limited sites in the 
bilayer that can be occupied by I(12,3), 'Low-range' 
spectra (Fig. 3a) reflect the environment of I(12,3) 
in these sites. As the I(12,3) concentration increases 
and the sites fill, a phase of pure (or, at least, very 
concentrated) probe arises. Intermediate range 
spectra (Fig. 3b--g) would consist of two compo- 
nents: (i) an anisotropic spectrum reflecting magnet- 
ically dilute probe molecules in membrane sites 
(e.g., Fig. 3a); and (ii) a single broad line ('pure' 
phase spectrum) representing I(12,3) in concen- 
trated micelles or patches (e.g., Fig. 3i). Model I 
assumes that only 1(12,3) in state (ii) contributes to 
radical interaction effects in the intermediate range 
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Fig, 5. Addition ESR spectra of human erythrocyte ghosts to 
test Model I, obtained by mixing a single broad line (or 'pure' 
phase spectrum) with an intermediate-range spectrum. (a) Ex- 
perimental spectra obtained from ghosts labeled with either an 
intermediate P/L = 1/188 (solid line) or a very-high (i.e., ~pure') 
P/L = 1/9.3 (dashed line). (b) 20% Pure, calculated from % Pure 
= 200 �9 [Npure/(Npure + Ninter)], where Npure = spins in pure 
spectrum and Ninter = number of spins in intermediate spec- 
trum. % Intermediate = 100 - % Pure. (c) 40% Pure; (d) 60% 
Pure; (e) 80% Pure; and (f)  90% Pure. The horizontal bar indi- 
cates 10 gauss 

(Fig. 3b--g). It also assumes that clustered probe 
does not perturb 'magnetically dilute' I(12,3). 
Model I is similar to the 'patch' model suggested 
earlier to explain the spectra observed with 1(12,3)- 
labeled rat heart plasma membranes [20]. 

Model I was tested by mixing varying propor- 
tions of 'pure' phase spectrum (Fig. 3i) with either 
'low' or 'intermediate' range spectra. Simulated 
spectra in Fig. 5 were obtained by adding the 'pure' 
phase spectrum to that of erythrocyte ghosts la- 
beled with P/L = 1/188. As 'pure' phase increases, 
addition spectra share only some of the alterations 
seen in the intermediate range (Fig. 3b-g). Both the 
experimental and simulated spectra show depressed 
high-field baselines, elevated low-field baselines, in- 
creased AH, and slightly lowered 2T H at either high 
loading (Fig. 3f, g) or high percent 'pure' (Fig. 5d-- 
f ) .  Nevertheless, addition spectra are unable to 
mimic other experimental spectral perturbations. 
For example, 2T• decreases with increasing 'pure' 
instead of increasing, and h ~/ho is unaffected when 
it should be decreasing (Fig. 4B), even when 'pure' 
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Fig. 6. Subtraction spectra to test Model II, obtained by sub- 
tracting incremental amounts of an experimental low-range spec- 
trum [P/L = 1/4600; dotted line in (a)] from an experimental 
intermediate-range spectrum [P/L = 1/2250; solid line in (b)]; h0 
of (a) is normalized to that of (b). (c), (d), (e), (f) ,  (g) and (h) are 
intermediate spectra remaining after subtracting low increments 
of: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. (i) Remaining spectrum after 
subtracting 0.7 - LOW. This is the endpoint of the spectral sub- 
traction as defined in the text. ('Dilute') and ('Concentrated') 
probe are 91 and 9%, calculated as in Results and Discussion. (j), 
(k) and (l) are intermediate spectra remaining after subtracting 
low increments of 0.8, 0.9 and 1.0. These are oversubtracted, as 
indicated by the descent of the low-field peak of the inner hyper- 
fine doublet (see arrow). (m) is four times that of(i) and the arrow 
indicates the appearance of the 'low' spectrum in inverted phase 
due to oversubtraction. The horizontal bar indicates 10 gauss 

is in excess of 80% (Fig. 5e,f) .  Although the sepa- 
ration of I(12,3) into clusters yielding single broad 
lines cannot be responsible for intermediate-range 
spectral alterations, we cannot exclude its occur- 
rence in the 'very-high' range of Fig. 3. 

PROBE DISTRIBUTION MODEL 1I: MAGNETICALLY 

DILUTE PROBE YIELDING L o w - R A N G E  SPECTRA 

IN EQUILIBRIA WITH CLUSTERED PROBE 

YIELDING BROADENED SPECTRA 

According to this model, intermediate spectra (Fig. 
3b--g) consist of two components: (i) an anisotropic 
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Fig. 7. Subtraction spectra to test Model II, obtained by sub- 
tracting incremental amounts of an experimental low-range spec- 
trum [P/L = 1/4600; dotted line in (a)] from an experimental 
intermediate-range spectrum [P/L = 1/359; solid line in (b)]; h0 of 
(a) is normalized to that of (b). (c), (d), (e), (f) ,  (g) and (h) are 
intermediate spectra remaining after subtracting low increments 
of: 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. (i) Remaining spectrum after 
subtracting 0.7 �9 LOW. This is the endpoint of the subtraction as 
defined in the text. ('Dilute') and ('Concentrated') probe are 56 
and 44%. (j'), (k) and (/) are intermediate spectra remaining after 
subtracting low increments of 0.8, 0.9 and 1.0. These are over- 
subtracted, as indicated by the asymmetry of the central band 
and appearance of a shoulder due to 'low' spectrum in inverse 
phase [see arrow in (/)]. The horizontal bar indicates 10 gauss 

spectrum reflecting magnetically dilute probe mole- 
cules occupying membrane sites (Fig. 3a); and (ii) 
'concentrated' spectra that do not necessarily re- 
flect a unique species (e.g., 'pure' phase) but in- 
stead represent variable-sized probe clusters. 
Model II presumes that probe-exchange between 
'dilute' and 'concentrated' sites is slow on an ESR 
time-scale, but makes no implicit assumption about 
the nature of 'concentrated.' spectra. 

The model was tested by subtracting incremen- 
tal amounts of a low-range spectrum (P/L = 1/4600) 
from an intermediate spectrum (i/2250). Figure 6c--i 
shows that the 'subtracted' spectra accurately 
mimic those alterations observed when I(12,3) is 
added experimentally to ghosts initially labeled with 
a P/L of 1/2250 (Fig. 3b-g). Namely, removing 
'low' increased 2T1 and AH, decreased h ~/ho, but 
left 2Trl unaffected. The titration endpoint was iden- 
tified by noting that the low-field peak of the inner 
hyperfine doublet (see arrow in Fig. 6m) falls below 
the high-field peak of the central band. This is due 
to oversubtraction such that the low-range spec- 
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Fig. 8. Subtraction spectra to test Model II, obtained by sub- 
tracting incremental amounts of an experimental low-range spec- 
trum [P/L = 1/4600; dotted line in (a)] from an experimental 
intermediate-range spectrum [P/L = 1/90; solid line in (b)]; h0 of 
(a) is normalized to that of (b). (c) and (d) are intermediate 
spectra remaining after subtracting low increments of: 0.1 and 
0.2. (e) Remaining spectrum after subtracting 0.3 �9 LOW. This is 
the endpoint of the subtraction as defined in the text. ('Dilute') 
and ('Concentrated') probe are 9 and 91%. (f) ,  (g), (h) and (i) are 
intermediate spectra remaining after subtracting low increments 
of 0.4, 0.5, 0.6 and 0.7. These are oversubtracted, as indicated by 
the appearance of central band asymmetry and shoulder due to 
'low' spectrum in inverse phase [see arrow in (i)]. The horizontal 
bar indicates 10 gauss 

trum appears in inverse phase. The 'concentrated' 
spectrum is isolated as that which arises immedi- 
ately before the descent of this low-field peak (Fig. 
6i). Relative proportions of 'dilute' and 'concen- 
trated' probe are assessed by double integration of 
component spectra (Fig. 6i). Due to similar compo- 
nent line-shapes (Fig. 6a,i), the range between obvi- 
ous undersubtraction and oversubtraction is ap- 
prox. 10 to 15% of the 'concentrated' component 
[22]. 

Application of this subtraction protocol to inter- 
mediate-range spectra at higher loading (P/L = 
1/359, 1/90 or i/38) also generated spectral changes 
(Figs. 7--9) which are seen experimentally with in- 
creases in the probe/lipid (Fig. 3b--~). Here, how- 
ever, endpoints were indicated by the central band 
first becoming asymmetric and then a shoulder aris- 
ing on its high-field side (Figs. 7--9). These effects 
were each due to over-subtraction such that the 
low-range spectrum appears in inverse phase. 'Con- 
centrated' spectra were assigned as those immedi- 
ately before central-band peak asymmetry and 
shoulder (Figs. 7i, 8e, 9d). The dissimilarities be- 
tween the 'low' and 'concentrated' lineshapes 
were much greater at these high P/L, permitting 
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Fig. 9. Subtraction spectra to test Model II, obtained by sub- 
tracting incremental amounts of an experimental low-range spec- 
trum [P/L = 1/4600; dotted line in (a)] from an experimental 
intermediate-range spectrum [P/L = 1/38; solid line in (b)]; h0 of 
(a) is normalized to that of (b). (c) is an intermediate spectrum 
remaining after subtracting 0.1 . LOW. (d) Remaining spectrum 
after subtracting 0.2 �9 LOW. This is the endpoint of the subtrac- 
tion, as defined in the text. ('Dilute') and ('Concentrated') probe 
are 4 and 96%. (e), (f) ,  (g), (h) and (i) are intermediate spectra 
remaining after subtracting low increments of 0.3, 0.4, 0.5, 0.6 
and 0.7. These are oversubtracted, as indicated by the asymme- 
try of the central band and appearance of a shoulder due to 'low' 
spectrum in inverse phase [see arrow in (i)]. The horizontal bar 
indicates 10 gauss 

ciation constants depending on the properties of the 
probe clusters. The enhanced probe-probe interac- 
tions detected by empirical parameters (Fig. 4A,B) 
would be a consequence of probe incorporating into 
already occupied membrane sites. At sufficiently 
high P/L (e.g., the very-high range of Fig. 3h,i), no 
'dilute' probe is left and all the label is segregated 
(see below). 

The ability of Model II to predict changes in S, 
S(Trl) and S(T• is shown in Fig. 10. Until the re- 
spective titration endpoints are reached (see Figs. 
6---9), subtracting increasing amounts of low-range 
spectrum from various intermediate-range spectra 
decreases S(T• and, to a lesser extent, S, without 
significantly affecting S(Tri). These results are in 
good agreement with order parameter alterations 
observed experimentally in the intermediate range 
(Fig. 4A). 

Model II is also able to simulate those perturba- 
tions in AH, h-l/ho and m seen with increasing 
probe concentration in the intermediate range (Fig. 
4A,B). Figure l l was calculated from computer 
spectra generated by subtracting fractional amounts 
(X) of a low-range spectrum from spectra recorded 
at intermediate-range P/L. Experimental AH, m and 
h l/ho are shown at the -XLOW values of 0 in Fig. 
11A,B,C, respectively. For each intermediate spec- 
trum, subtracting the low-range spectrum changes 
the parameters in a manner similar to that found 
with increasing probe concentration (i.e., AH in- 
creased while m and h ~/ho decreased). 

more precise estimates of 'dilute' the 'clustered' 
probe (i.e., approx. + l to 2%). As P/L increased 
from 1/2250 to 1/38, the relative proportion of 'di- 
lute' to 'concentrated' declined (Figs. 6--9, 14). 
Moreover, the absolute amount of 'dilute' probe de- 
creased at high loading, since the fraction of low- 
range spectrum that could be removed without 
oversubtraction was reduced (Figs. ~ - 9 ,  15). It was 
not possible to remove any 'dilute' spectrum from a 
'very-high' range spectrum (e.g., Fig. 3h) without 
oversubtracting, suggesting that only clustered 
probe exists at such high P/L. 

Our initial working hypothesis for these data is 
that each probe occupies a single site under dilute 
conditions (Figs. 3a, 15A). High I(12,3) uptake at 
low loading in Fig. 2 is due to probe binding to a 
class of high-affinity sites. However, the elevated 
P/L in the intermediate range induce additional 
I(12,3) to insert itself at formerly dilute sites to pro- 
duce clusters (Fig. 3b--g, 15B--D), causing an appar- 
ent loss of dilute sites. Curvature at high loading in 
the Scatchard plot of Fig. 2B is the result of probe 
binding to sites of lower affinity with variable asso- 

'CONCENTRATED' SPECTRA AND SPECTRAL 

PARAMETERS, OBTAINED BY REMOVING ALL 

' L o w '  COMPONENT FROM INTERMEDIATE-RANGE 

SPECTRA ACCORDING TO MODEL II 

The preceding results suggest that subtracting of 
low-range spectra from intermediate ones is a legiti- 
mate operation, since the spectral changes seen at 
higher probe loading are appropriately simulated. It 
then becomes important to carefully inspect inter- 
mediate-range spectra from which all low-range 
spectra have been subtracted, as these 'concen- 
trated' spectra may provide information about the 
probe environment in the unsubtracted component. 
Figure 12 is a family of 'concentrated' spectra, ob- 
tained from experimental intermediate-range spec- 
tra following Model II. The 'concentrated' spec- 
trum derived from P/L of 1/2250 (Fig. 12a) shows 
anisotropic properties, such as a welD-defined inner 
splitting which indicates probe rotation about its 
long axis, and also broadened characteristics due to 
radical interactions. This suggests that 'concen- 
trated' probe is membrane-bound and exists in a 
clustered state. Interestingly, increasing the P/L ai- 
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Fig. 10. Effects on order parameters S(TI) [ i ] ,  S(TI) [O] and S [I]  of subtracting a low-range spectrum (P/L = 1/4600) from 
intermediate-range spectra labeled with the following P/L: (A) 1/2250 (Fig. 6); (B) 1/359 (Fig. 7); (C) 1/90 (Fig. 8); and (D) 1/38 (Fig. 9). 
(order parameter), the percent change in order parameter, is plotted as a fractional amount (X) of low-range spectrum (i.e., X �9 LOW), 
that was subtracted 

ters the 'concentrated' spectra and associated pa- 
rameters (i.e., 2T• and AH increase, h 1/ho de- 
creases while 2T I remains unchanged) similarly to 
that observed with experimental intermediate-range 
spectra (Fig. 3b--g; Fig. 12). Moreover, plots of 
'concentrated' A (order parameters) and A (AH) vs. 
probe concentration (Fig. 13) demonstrate altera- 
tions in agreement with those seen with intermedi- 
ate-range spectra (Fig. 4A). These findings argue 
that the 'concentrated' component becomes more 
clustered as the P/L increases. The possibility that 
'pure' phase is responsible for these changes was 
tested by adding 'pure' to a 'concentrated' spec- 
trum. Since plots of A (order parameters) and A 
(AH) vs. % Pure (not shown) are unable to duplicate 
key parameter changes in Fig. 13, it seems improba- 
ble that 'pure' accounts for the spectral alterations 
observed in Fig. 12. 

Our principal conclusion is that 'concentrated' 
spectra are due to clustered probe in the membrane. 
It is unlikely that 'concentrated' probe represents a 
unique component, given the spectral differences in 

Fig. 12. The absence of any common intersection 
points when Fig. 3 spectra are superimposed also 
argues against 'concentrated' spectra reflecting 
probe in a single environment. Such isoclinic points 
would normally result from isosbestic points in the 
absorption spectra, and would be indicative of equi- 
librium between probe in two well-defined states 
[22]. Instead, we propose that variations in Fig. 12 
are due to differences in probe aggregation in the 
membrane. The finding that 'concentrated' spectra 
appear to be related would not be unexpected, as 
variable-sized clusters may be shared to some ex- 
tent in the various 'concentrated' states. Hence, 
our definition of 'concentrated' spectra is opera- 
tional, referring only to the contribution left after all 
'dilute' is removed. The amount of clustering and 
probe-probe interactions in the 'concentrated' com- 
ponent ranges from minimal (Fig. 12a) to extensive 
(Fig. 12g). As is seen below, the ability of Model II 
to predict spectral changes seen at high loading in 
the intermediate range is somewhat limited by the 
'concentrated' component not being unique. 
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Fig. 12. ~Concentrated' spectra obtained by subtracting out all 
low component  (P/L = 1/4600) from intermediate spectra re- 
corded with the following P/L: (a) 1/2250; (b) 1/678; (c) 1/359; (d) 
1/188; (e) 1/119; ( f )  1/90; and (g) 1/38. The horizontal bar indi- 
cates 10 gauss 
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Fig. 13. Effects on 'concentrated '  order parameters and AH of 
increasing the probe concentration. Probe concentration depen- 
dence of  AS [ I ] ,  AS(T•  [O] and AS(Z I) [A], where A (order 
parameters) are percent  changes from initial 'concentrated '  val- 
ues at P/L = 1/188. Baseline values for S, S(TII), and S ( T D  are 
0.627, 0.732 and 0.551. A (AH) [V] is the percent change in AH, 
determined from a control value of  4.39 G. "Concentrated'  spec- 
tra were determined as in Fig. 12 
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and 'dilute' states as a function of probe concentration at 37~ 
Clustered spins were calculated from that present in the concen- 
trated spectrum, obtained at the titration endpoint of subtracting 
low-range spectrum (P/L = 1/4600) from intermediate-range 
spectra (e.g., Figs. 6i, 7i, 8e, 9d). 'Dilute' and 'concentrated' 
spins were assessed by double integration of component spectra. 
Subtraction of a spectrum obtained at a P/L of 1/16,000 from that 
of 1/4600 indicated only background noise, confirming that 
1/461)0 is "magnetically dilute' 
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Fig. 15. Schematic of 1(12,3) distribution in human erythrocyte ghosts, calculated from the data of Fig. 14 at the following P/L: (A) 
1/4600 ('low'); (B) 1/359 ('intermediate'); (C) 1/90 ('intermediate'); and (D) 1/26 ('very high'). The diagram is a view perpendicular to the 
membrane bilayer. For illustrative purposes, the area of 1(12,3) is assumed equal to that of erythrocyte lipid. Probe molecules are 
represented by [11], while white space is erythrocyte lipid. Ratios of 'dilute' to 'concentrated' spins in the resonant portion of the cavity 
for lipid/probe of 4600, 359, 90 and 26 are: 1.2 x 1014/0, 6.7 x 10W5.3 x 10 TM, 3.0 x 1014/3.56 • 10 E5 and 1.09 • 10WI.63 • 10 m, 
respectively 
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SPIN-PROBE CLUSTERING IN HUMAN 
ERYTHROCYTE GHOSTS ACCORDING TO MODEL II 

If the number of spins present in concentrated spec- 
tra is equal to clustered I(12,3), then subtraction of 
'low-range' spectra from qntermediate-range' spec- 
tra readily yields the dilute/clustered probe ratio. 
I(12,3) segregation in erythrocyte ghosts may now 
be assessed using Model 11 as a function of either 
P/L or/zg I(12,3)/mg protein. Figure 14 shows that 
significant clustering occurs at P/L of 1/359 to 
1/2250, and that at 1/100, over 85% of the probe is 
segregated. These results are illustrated in Fig. 15A- 
D, where the relative proportions of both dilute and 
clustered probe in erythrocyte lipid are shown sche- 
matically. Both the absolute and relative amounts 
of 'magnetically dilute' I(12,3) sites decrease with 
increasing P/L. 

PROBE DISTRIBUTION MODEL III:  RAPID LATERAL 
DIFFUSION OF HOMOGENEOUSLY DISTRIBUTED 
I(12,3) IN ERYTHROCYTE MEMBRANES 

I(12,3) is assumed to partition uniformly in bulk- 
membrane lipid at 37~ and the spectral broadening 
would therefore be principally due to spin-exchange 
between probe molecules which collide when exe- 
cuting rapid lateral diffusion. Following Model III, 
a lateral diffusion coefficient (LD) of 3 • 10 -7 cm2/ 
sec for I(12,3) in erythrocyte membranes may be 
calculated from the AH broadening of Fig. 4A [37]. 

Model III is unlikely to provide an accurate de- 
scription of I(12,3) distribution and dynamics in 
erythrocyte ghosts. The above LD would rank 
erythrocytes as one of the most fluid biological 
membranes ever examined [26]. This picture dis- 
agrees with our earlier finding that I(12,3)-labeled 
erythrocytes are one of the least fluid membranes, 
as assessed by order parameters sensitive to probe 
flexibility [16, 17, 35]. Also inconsistent with Model 
III are the low LD detected for either integral mem- 
brane proteins (<3 x 10 -12 cm2/sec) [26] or incorpo- 
rated fluorescent probes diI, NBD-PE or NBD-Chol 
(~2 • 10 -9 cmZ/sec) [15, 38]. Lastly, Model III, 
which views the interaction of I(12,3) with ghosts as 
a partitioning phenomenon, does not readily explain 
probe binding to high-affinity sites at low loading 
(Fig. 2B). 

C o n c l u s i o n s  

In human erythrocyte ghosts, the best description 
of 1(12,3) distribution and spectral changes with in- 
creasing probe concentration is provided by Model 
II. I(12,3) binds to high-affinity sites to yield 'mag- 
netically dilute' spectra at low P/L. Saturation o c -  

curs with increasing P/L and, at high loading, occu- 
pied sites act as nuclei for insertion of additional 
probe. The affinity of occupied sites for I(12,3) is 
much less than that of unoccupied sites at low P/L. 
Low association constants at high P/L may be due 
either to steric hinderance offered by occupied sites 
or to high local concentrations of negatively 
charged probe which repel additional I(12,3). In the 
intermediate-range, spectra are composites reflect- 
ing 'dilute' probe exchanging slowly on an ESR 
time-scale with membrane-bound clustered (or 
'concentrated') probe. The above model accounts 
well for the data presented here. It explains why 
spectral broadening due to probe-probe interactions 
(Figs. 3b-g, 4) occurs over the same P/L range as 
that over which 1(12,3) binding precipitously de- 
clines (Fig. 2). Application of Model II not only 
allows deconvolution of intermediate-range spectra 
into 'dilute' and 'concentrated' components, but 
also permits accurate simulation of spectral features 
observed experimentally at high loading (Figs. 6- 
11). Consistent with the model's prediction that 'di- 
lute' sites will be lost at high P/L, the ratio of 'di- 
lute' to 'concentrated' decreases dramatically (Fig. 
14) over the same range where high-affinity sites are 
saturated (Fig. 2) and probe-probe interactions are 
manifest (Fig. 4). 

An important finding centers on our observa- 
tion that significant I(12,3) clustering occurs at 
much lower P/L (e.g., 1/2250 to 1/359) than has been 
previously reported [5, 16]. This is a radical depar- 
ture from the conventional picture of 'magnetically 
dilute' I(12,3) located in a homogeneous fluid phase 
for P/L <1/100. One explanation for the discrep- 
ancy is the incorrect assumption of Butterfield et al. 
[5] and Gordon and Mobley [16] that erythrocyte 
membranes quantitatively incorporated I(12,3) over 
the entire P/L range. Figure 2 indicates that such an 
assumption leads to a serious overestimation of the 
probe concentration in the membrane. A second 
reason is our inability to readily discern heteroge- 
neity in the ESR spectra due to probe segregation 
(e.g., Fig. 3b-g). This is attributed to overlap be- 
tween the spectral components of both the dilute 
and clustered probe, becoming particularly severe 
at the low end of the intermediate range. Only when 
'low' and 'concentrated' spectra have been isolated 
does the broadening become obvious (e.g., Figs. 
6a,b,i; 7a,b,i). 

Although the above data were obtained with 
erythrocyte ghosts, there seems to be no reason 
why Model II could not be applied to other mem- 
branes exhibiting similar spectral alterations with 
increasing I(12,3) concentration (see Introduction). 
In the sinusoidal sub-fraction purified from rat liver 
plasma membranes, we have observed marked re- 
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duction in I(12,3) uptake over the same P/L range as 
that in which probe-probe interactions occur (N. 
Osman, R. LePaige, F. Looney, C. C. Curtain, L. 
Gordon, unpublished observations). 

The phenomenon of I(12,3) clustering in human 
erythrocyte ghosts at 37~ broadly agrees with ear- 
lier spin-label studies. A phase of enriched phos- 
pholipid spin probe separated out below 20~ in sar- 
coplasmic reticulum [36] while clustering of either 
the androstane or I(12,3) spin probe was detected in 
dipalmitoyllecithin below the transition tempera- 
ture [23, 32]. Such probe sequestration may be a 
characteristic marker of thermotropic phase separa- 
tions (or transitions) involving endogenous lipids. 
Certainly, the present findings support our assign- 
ment with erythrocyte membranes that enhanced 
radical interactions below the high onset of the lipid 
phase separation are due to greater I(12,3) cluster- 
ing [16]. 

It is of interest to consider high-affinity binding 
sites for I(12,3) in erythrocyte membranes. From 
probe titrations, a 'magnetically dilute' S of 0.640 is 
calculated from low-range spectra (Fig. 4A). These 
results indicate that I(12,3), when occupying high- 
affinity sites, exhibits rapid anisotropic motion 
about its long axis and limited chain flexibility. 
Since 100% of high-affinity sites are saturated with 
I(12,3) at P/L = 1/359, ESR spectra of occupied 
sites will not necessarily reflect properties of bulk 
lipid. The limited number of high-affinity sites (Fig. 
2B) suggests that labeled micro-domains reflect de- 
fective regions in the bilayer (e.g., liquid-lipid do- 
mains or grain boundaries between domains) where 
I(12,3) incorporates with little steric hinderance and 
high avidity. This would agree with the preferential 
distribution of fatty-acid spin probes into the more 
fluid phase of mixed model bilayers [3]. High-affin- 
ity sites probably reflect cholesterol-poor domains, 
since cholesterol enrichment of I(12,3)-labeted rat 
liver plasma membranes promoted probe clustering 
as indicated by empirical parameters sensitive to 
probe interactions [16, 18]. One possibility worth 
exploring is that 'dilute' spectra are due, at least 
partially, to I(12,3) binding to integral membrane 
proteins as 'annular' lipid. This may be tested by 
repeating the present experiments with either lipid- 
extracts of erythrocytes or model lipids mimicking 
the composition of erythrocytes. 

If I(12,3) does not distribute uniformly in eryth- 
rocyte ghosts and other membranes, there is some 
question as to whether the 'dilute' spectral parame- 
ters will yield relevant information on structure and 
function. Instances are readily envisioned in which 
sequestered probe is unable to sense lipid domains 
that regulate membrane activities; conversely, 
spectral changes detected by the localized probe 

would not necessarily reflect distal membrane func- 
tions. Nevertheless, there is now considerable evi- 
dence indicating that the activities of numerous 
membrane enzymes are influenced by lipid domains 
sampled by I(12,3) [17, 21, 25]. This conclusion was 
arrived at by manipulating the lipid composition/ 
fluidity with various agents, and then concurrently 
determining enzyme activities and order parame- 
ters. Although 'dilute' S will probably provide infor- 
mation on functionally significant lipid regions, the 
inhomogeneous I(12,3) distribution reported here 
suggests that a complete profile of constituent do- 
mains will emerge only if spin probes that closely 
approximate endogenous components (e.g., phos- 
pholipid and glycolipid spin probes) are also used 
[7]. 

A frequent criticism of membrane ESR spec- 
troscopy studies is that the spin probe is a foreign 
molecule and its introduction perturbs the bilayer to 
an unknown extent. Certainly, incubation of intact 
erythrocytes with I(12,3) induces echinocyte mor- 
phology and cell lysis at probe concentrations of 
10 -8 and 10 -5 M [2]. In this context, the 'concen- 
trated' component isolated in the intermediate 
range undoubtedly represents probe in a distorted 
environment. The broadened spectra of Fig. 12 
demonstrate that 'concentrated' domains are in- 
creasingly enriched in the fatty-acid spin probe with 
higher P/L. Furthermore, raising the level of bound 
I(12,3) becomes increasingly difficult above a P/L of 
1/359, suggesting that perturbation of the binding 
sites must be accomplished before additional probe 
will insert into the bilayer. On the other hand, 
I(12,3) binding in the low-range is believed to mini- 
mally distort the membrane for several reasons. 
First, high-affinity site occupation at low loading 
involves I(12,3) molecules that are not in van der 
Waal's contact. Second, the avidity for I(12,3) at 
low P/L suggests that high-affinity binding is due to 
already expanded sites (e.g., liquid-lipid domains) 
that readily accommodate I(12,3) with its bulky ox- 
azolidine ring. It should also be pointed out that any 
perturbations present in the 'concentrated' compo- 
nent are not transmitted to the 'dilute' component 
of the intermediate-range spectra. Otherwise, accu- 
rate simulation of spectral alterations could not be 
achieved with Model II. Deconvolution into 'dilute' 
and 'concentrated' components provides us with an 
internal monitor that rules out gross membrane per- 
turbations in the intermediate range. However, we 
have no such assurance when 'dilute' is lost at 
higher P/L (e.g., Fig. 3h,i), and I(12,3) may well 
exert widespread, detergent-like effects. 

The present studies emphasize that "intrinsic" 
membrane properties (e.g., S) cannot be evaluated 
unless spectra independent of probe-probe interac- 
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tions are measured? This requires that titrations be 
carried out for each system to the limits of instru- 
ment sensitivity. Without such titrations, errors 
may be introduced into the determination of 2T• S 
and a~v (Fig. 4). It is of particular interest that signifi- 
cant I(12,3) clustering occurs in erythrocyte mem- 
branes at what otherwise might be thought to be low 
probe~total lipid ratios (i.e., 1/2250 - P/L -< 1/359). 
Clearly, attempts to rigorously analyze the spectra 
of I(m,n)-labeled membranes in terms of motional 
models [22] may lead to artifactual results, unless 
'magnetically dilute' spectra are first established 
from probe titrations and the spectral subtraction 
method of Model II. However, the empirical analy- 
sis used in Model II is limited to the extent that the 
spin probe concentration in the 'concentrated' com- 
ponent is ill-defined. It will be of much interest in 
future studies to learn if the experimental spectra 
can be theoretically simulated by first generating 
exchange-broadened spectra using various encoun- 
ter frequencies and then adding nonexchange 
broadened components [27]. 

Complementary views of probe-probe interac- 
tions are provided by empirical parameters and per- 
centages of 'clustered' probe obtained from Model 
II. Changes in empirical parameters at high P/L are 
due to two factors: loss of 'dilute' spectra (e.g., 
Figs. 9, 10D) and increased radical interactions in 
the 'concentrated' component (Figs. 12, 13). The 
ratio of 'dilute' to 'clustered' probe is most accurate 
in quantitating probe sequestration at very low P/L, 
while empirical parameters are more useful at 
higher loading where % clustering approaches 100. 
The sensitivity of empirical parameters to probe- 
probe interactions is as follows: h-~/ho > AH > 
S(T• > m. Simultaneous use of empirical parame- 
ters and Model II provides us with tools to evaluate 
radical interactions over the entire P/L range. 

Since probe clustering may be indicative of re- 
arrangements of native lipid, the spectral subtrac- 
tion method outlined here should be useful in quan- 
titating such redistributions. Previously, we have 
used empirical parameters developed by Sauerhe- 
beret  al. [33] and Gordon et al. [20] to estimate lipid 
domain formation and condensation phenomena in 
biological membranes. For example, mitogenic 
stimulation of lymphocytes induces clustering of la- 
beled glycospingolipids [8, 10]; such lipid redistri- 
butions may be a key event in triggering lymphoid 
cell activation [6]. These empirical parameters have 
also been used to assign thermotropic lipid phase 

2 Here, "intrinsic" properties are defined as those which 
are measured when probe interactions are negligible, and do not 
refer to membrane behavior in the absence of a perturbing label 
[331. 

separations in rat liver and heart plasma membranes 
[I8, 20], human platelet plasma membranes [18], 
and human erythrocyte ghosts [16], and have indi- 
cated cholesterol-rich and -poor domains in rat liver 
plasma membranes [16, 18]. Now, it should be pos- 
sible with Model II to accurately determine propor- 
tions of clustered probe in the above systems and to 
show whether 'clustered' probe perturbs the envi- 
ronment of 'dilute' probe. 
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