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Summary. A model for the binding of S-nitroxide stearate,
1(12,3), to human erythrocyte ghosts was developed by compar-
ing spin probe interactions with ghosts and liposomes prepared
from ghosts. At low probe/lipid (P/L < 1/2500), 1(12,3) binds to a
similar class of high-affinity, noninteracting sites in both ghosts
and liposomes, indicating that lipid moieties are responsible for
probe uptake. Saturation occurs in both systems with increasing
P/L. and, at higher loading (e.g., P/L = 1/360 for ghosts and
liposomes), the probe inserts itself at initially dilute sites to form
a class of low-affinity sites consisting of clusters of variable size.
At still higher P/L ranges (>1/100), much increased probe uptake
was observed in ghosts than in liposomes, which was attributed
to another class of low-affinity sites, representing nonspecific
interactions of 1(12,3) with membrane proteins. The nature of the
spectral components and ultrafiltration experiments with ghosts
labeled at high P/L indicate that both ‘dilute’ and ‘clustered’
1(12,3) are due to membrane-incorporated probe.
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Introduction

Previous studies have shown that nitroxide radical
interactions occurred in a range of biological mem-
branes labeled with the 5-nitroxide stearate,
[(12,3)!, spin probe (for review, see [10, 17]). Above
minimum probe/lipid (P/L) ratios (which may be as

! Abbreviations used: 1(12,3), the N-oxyl-4',4'-dimethylox-
azolidine derivative of 5'-ketostearic acid; 1(5,10), the N-oxyl-
4’ 4'-dimethyloxazolidine derivative of 12'-ketostearic acid;
ESR, electron spin resonance; P/L, ratio of probe molecules to
total lipid molecules; HIV, Human Immunodeficiency Virus;
AIDS, acquired immunodeficiency syndrome; S, polarity-cor-
rected order parameter; S(T}), polarity-uncorrected order param-
eter; S(T,), polarity-uncorrected order parameter; ay, isotropic
hyperfine coupling constant (gauss); K, association constant for
high-affinity binding sites (mg lipid/mM); N, number of high-affinity
binding sites (sites/mg lipid).

low as 1/2500), probe concentration effects similarly
broaden the ESR spectra and perturb the order pa-
rameters and polarity of such diverse 1(12,3)-la-
beled membranes as human erythrocyte ghosts {17,
19], rat liver plasma membranes [20], human plate-
let plasma membranes [20], human lymphocytes
[11, 12], and the lipid envelope of the Human Im-
munodeficiency Virus (HIV) responsible for the
AIDS pandemic [1, 16].

In Gordon et al. [17, 18], we presented a model
for 1(12,3) distribution in human erythrocyte ghosts
which accurately predicted ESR spectral alterations
observed with increasing P/L ratios. At low load-
ing, 1(12,3) occupies a class of high-affinity, nonin-
teracting sites. Saturation of these sites occurs with
increasing P/L, and, at higher loading, the probe
inserts itself at the initially dilute sites to form a
class of low-affinity sites consisting of membrane-
bound clusters of variable size. The model pre-
sented in Gordon et al. [17] permitted calculation of
the dilute/clustered probe ratio and showed that
I(12,3) segregates in erythrocytes at relatively low
P/L (e.g., 1/359). Recently, we have applied this
model to quantitatively evaluate probe clustering in
I(12,3)-labeled human lymphocytes [11].

Despite the success of the above membrane-
bound cluster model in interpreting ESR spectral
broadening in 1(12,3)-labeled biological membranes,
important questions remain concerning the nature
of high-affinity and low-affinity binding sites in
erythrocytes and other membranes. It is presently
unknown whether these binding sites are due to
membrane lipid or protein, or some combination of
the two components. Indeed, Wallach and co-work-
ers have presented evidence from fluorescence
quenching experiments indicating that fatty-acid
spin probes bind, at least partially, to the protein-
lipid interface as boundary, or annular lipid [3, 40).
This interpretation would be consistent with the
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general observation that I(12,3) binds not only to
membrane-lipid sites as a fluid component but also
to membrane-bound proteins as an immobilized
component [26, 28, 29]. A distinct problem focuses
on whether 1(12,3), particularly at high P/L ratios
where probe-probe interactions are manifest, may
act as a detergent to create solubilized membrane-
probe micelles. Using the technique of hygroscopic
desorption, Maher and Singer [27] argued that small
amphipaths such as I(12,3) would not enter biologi-
cal membranes, but instead would create artifactual
membrane-probe micelles.

Here, we consider the role that erythrocyte pro-
teins play in I(12,3) binding by quantitatively con-
trasting the effects of a wide P/L range on the ESR
spectra of 1(12,3)-labeled erythrocyte ghosts and
liposome extracts derived from erythrocyte ghosts.
Furthermore, the possibility that 1(12,3) acts as de-
tergent-solubilizing agent at high probe loading is
examined by applying the approach of Maher and
Singer {27] to I(12,3)-labeled erythrocyte ghosts.

Materials and Methods

MATERIALS

[(12,3) was obtained from Molecular Probes, Junction City, OR.
Thin-layer chromatography of each batch indicated negligible
impurities. Ethanolic solutions of known weight of probe were
assayed for the number of paramagnetic spins per mole. Only
those batches of probe assaying between 95 and 100% recovery
of spins were used (see below and Refs. [11, 17]).

PREPARATION OF LIPIDS
FROM HuMAN ERYTHROCYTE GHOSTS

Ghosts were isolated from human erythrocytes according to
Dodge et al. [14], and lyophilized from a pH 7.4, I = 0.05, Tris-
buffered suspension. Lipids were extracted by stirring 1 g of the
freeze-dried powder at 20°C for 60 min in 50 ml of chloroform/
methanol (70/30). The solvent was removed by evaporation in a
stream of dry nitrogen for 18 hr at 20°C, and the lipid extract was
stored at —20°C under nitrogen.

PREPARATION OF LIPID VESICLES

The red cell lipids were suspended in pH 7.4, 0.05 M Tris buffer
at a concentration of 100 mg lipid/ml and sonicated in an ice bath
for 30 min under nitrogen. The opalescent solution was passed
through a 0.2-pm filter (Nucleopore, Pleasanton, NJ). The sam-
ples were used within 6 hr of preparation. Phospholipid vesicles
prepared in this way have been examined by transmission elec-
tron microscopy and have diameters ranging from 200 to 400 nm
{12, 311.
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Membrane Spin-Labeling and ESR Spectrometry

Stock probe solutions were prepared by dissotving 1(12,3) in eth-
anol 3 x 1072 M/liter. Volumes of this stock solution of less than
10 ul were dried in plastic vials under a stream of nitrogen, while
larger volumes were dried in vacuo for 18 hr at 20°C. For lipid
spin-labeling and assessment of probe incorporation, the vials for
a given probe sample were prepared in sets of four. Twenty-five
wl of ethanol was added to each of two vials with dried probe,
and 25 ul of lipid suspension added to the other two: each vial
was vortexed vigorously at 20°C for 90 sec. The contents of each
vial were transferred by microsyringe to 50 ul capillary pipettes
(Accufil 90 Micropets, Becton Dickinson, Parsipanny, NJ) which
had been heat-sealed at one end. The extent of spin probe incor-
poration was calculated by comparing the amount of probe
added to the vial (i.e., moles probe/moles lipid ‘wt’) with the
paramagnetic spins observed in the microwave cavity (i.e.,
moles probe/moles lipid ‘spins’). The number of spins in the
sample was obtained from the ratio of the double-integrated
membrane spectrum to that of the Varian strong-pitch reference
(0.1% pitch with 3 x 10% spins in 5.5 mm). Since [(12,3) is
completely soluble in 100% ethanol, the recovery of spins in the
ethanol-extracted probe sample was used to control the accuracy
of pipeting and any probe deterioration after assays for purity. If
the number of spins obtained in the two lipid samples did not
agree to within 5%, the experiment was repeated. Probe/lipid
(P/L) ratios were calculated by assuming that all of the lipid was
phospholipid and cholesterol [14].

The ESR spectra (see Fig. 1) were recorded with a Varian
V4502 spectrometer equipped with a Deltron (Sydney) Model
DCM 20 temperature control accessory, and interfaced to a
Hewlett-Packard 9825A computer through a Hewlett-Packard
3437A System Voltmeter. The system was equipped with a
graphics terminal to facilitate computer manipulations of stored
data. The data collection and manipulation programs were writ-
ten in Hewlett Packard’s HPL programming language, and cop-
ies may be obtained from the authors. The pipettes containing
the samples were placed in a special holder fabricated out of
Kel-F (attributed by Gaftney [15] to R. Kornberg) and obtained
from J & M Specialties (San Diego, CA), and was mounted in the
temperature accessory. The holder facilitates reproducible posi-
tioning of the sample in the microwave cavity and is crucial for
performing accurate spectral subtractions (see below).

EVALUATION OF THE FLEXIBILITY OF
THE LIPID-INCORPORATED I(12,3) PROBE

The following order parameters were used to assess the flexibil-
ity of the fatty-acid probe:

S(Tp =4 B = T — To) = 1] (1
S(TL) = % : [3[(T:: + T — 2T_L]/(T:: - T.r.\') - I] (2)
S =) =T (@I — T.) - (ay). (3)

T, and T, for the incorporated probe were determined from the
ESR spectrum as in Fig. 1, and are the hyperfine splitting ele-
ments parallel and perpendicular to z’, the symmetry axis of the
effective Hamiltonian (H’), while T, and T.. are the splitting
elements of the static interaction tensor (T) parallel to the static
Hamiltonian (H) principal nuclear hyperfine axes x and z. Ele-
ments of T were assessed by incorporating probe into host crys-
tals: (T,,, T..)) = (6.1, 32.4) gauss [10], and ay and a}, are the
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Table 1. Hyperfine splittings. order parameters, isotropic hyperfine coupling constants, and the occupancy and association constants
for high-affinity binding sites for 1{12.3)-labeled human erythrocyte ghosts and liposome extracts at 37°C

Membrane systems? Tt T S(T¢ S(T ) S¢ ayt Ne¢ K,f

(G) G) (G) (sites/mg lipid) (mg lipid/m)
Erythrocyte ghosts 27.49 9.76 0.720 0.583 0.640 15.7 0.9 x 10¥ 5.2 x 10°
Erythrocyte ghost lipids 27.12 10.15 0.699 0.538 0.607 15.8 1.2 x 108 11.6 x 10°

* Human erythrocyte ghosts and liposomes prepared from lipid extracts of erythrocytes were labeled with 1(12,3) at probe/lipid ratios of
1/4600 [17] and 1/2500. respectively (see Materials and Methods).

® Tyand T, were measured from ESR spectra as shown in Fig. |; T, was corrected by the addition of 0.8 G.

¢ S(Tp. S(T,) and § were respectively calculated from Egs. (1), (2) and (3).

4 uy, the isotropic hyperfine coupling constant, is equal to (7 + 2T,).

¢ N, the number of high-affinity binding sites, were determined from a distribution-free analysis of the initial portions (i.e., g 1(12,3)/
mg lipid ‘spins’ of 1.5 for liposomes and 1.3 for erythrocyte ghosts) of the Scatchard plots (see Fig. 3B) following the methodology of
Crabbe [9].

" K,. the association constants for high-affinity binding sites, were determined from a distribution-free analysis of the initial portions
(i.e., pg 1(12,3)/mg lipid ‘spins’ of 1.5 for liposomes and 1.3 for erythrocyte ghosts) of the Scatchard plots (see Fig. 3B) following the

methodology of Crabbe [9].

isotropic hyperfine coupling constants for the probe in mem-
brane and crystal [i.e., ay = 5T, + 2T,) and ay = ¥T.. + 2T,)].
Increases in ay indicate a more polar environment.

If experimentally-determined low probe concentrations are
used [33], S, S(T)) and S(T,) are sensitive to membrane fluidity
(or, more accurately, the flexibility of the incorporated probe).
These order parameters may assume values between 0 and [,
with the extremes indicating that the probe samples fluid and
immobilized environments, respectively. S, which requires both
splittings, corrects for small polarity differences between the
membrane and reference crystal. Although S(7)) and S(T,) do
not include polarity corrections, these expressions are useful
fluidity approximations, within certain limitations [10, 11, 21].

DETERMINATION
OF NITROXIDE-RADICAL INTERACTIONS
IN LiposoMES USING EMPIRICAL PARAMETERS

The extent of probe-probe interactions in spin-labeled liposomes
was estimated using four empirical parameters previously em-
ployed with I(12,3)-labeled biological membranes. The first mea-
sures the peak-to-peak linewidth of the central band (i.e., AH of
Fig. 1),

AH = AH, + AHg, + AH,, (4)

where AH, is the linewidth without interactions, AHgi, is the line
broadening caused by magnetic dipolar interactions and AH,, is
contributed by spin-spin exchange [10]. Enhanced nitroxide radi-
cal interactions increase AH [34].

The second and third parameters are based on the finding
that T, but not T}, broadens with increasing probe concentration
in various membranes, including erythrocyte ghosts [11, 17, 19].
For those P/L ratios where the percent change in S(T}), AS(T)), is
zero, decreases in S(7,) denote enhanced probe-probe interac-
tions. Another way to indicate this relationship is through the m
parameter [12, 17, 33].

- (Tn — ap)

= . (8]
T = aw

Should the polarity of the membrane (ay) be identical to that of
the reference host crystal and probe interactions are absent, then
m = 1. However, if radical interactions increase 27, then m will
decrease below 1.

The fourth measure depends on the height of the high-field
peak of the inner hyperfine doublet (4_, in Fig. [) decreasing with
respect to that of the central line (ho): /i_\/hy declines as the P/L
increases [10, 22].

Results and Discussion

FLEXIBILITY OF THE I(12,3) PROBE
IN HUMAN ERYTHROCYTE GHOSTS
AND LIPOSOMES PREPARED

FROM ERYTHROCYTE GHOSTS

The ESR spectrum of 1(12,3)-labeled liposomes pre-
pared from the lipid extracts of human erythrocyte
ghosts at a low P/L of 1/2500 (Fig. 1) indicates that
the probe executes rapid anisotropic motion about
its long molecular axis at 37°C. Comparison of the
lipid spectrum (Fig. 2B) with that obtained from
I(12,3)-labeled erythrocyte ghosts (Fig. 2A) shows
that the probe exhibits more flexibility in liposomes
at 37°C. The outer splitting, 27, for the lipid spec-
trum is narrower than the ghost spectrum in Fig. 2,
while the inner splitting, 2T, is broader, indicating
that the probe mobility is greater in the liposomes.
Consistent with this is the finding that the A_,/hy
ratio is larger in the lipid spectrum, indicating more
rapid anisotropic rotation about the long molecular
axis of the probe when 1(12,3) resides in liposomes.

The order parameters for 1(12,3)-labeled eryth-
rocyte ghosts and liposomes confirm the above
qualitative observations (Table 1). All three order
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10 gauss

2Tl'—H

Fig. 1, ESR spectrum of 1(12,3)-labeled human erythrocyte ghost lipids at 37°C, recorded using a Varian V-4502 spectrometer with a 5-
min scan time, 400 receiver gain, 2 gauss modulation amplitudé, 10 mW microwave power, and 0.51 sec time-constant. Quter and inner
splittings, 27) and 2T, were measured as shown; 27, was corrected by addition of 1.6 gauss [21]. The peak-to-peak distance of the
central line (AH) is shown. Heights for the central line (A,) and the high-field peak of the inner hyperfine doublet (/) are indicated. The
P/L ratio, determined from the number of paramagnetic spins in the spectrum [11, 17], was 1/2,500

18 Gauss
b

Fig. 2. ESR spectra of I(12,3)-labeled human erythrocyte ghosts (A) and liposomes prepared from lipid extracts of human erythrocyte
ghosts (B). The heights of the central lines (k) for each spectrum are normalized. The respective P/L ratios for the membrane and lipid
spectra were 1/850 and 1/810, and were calculated from the paramagnetic spins in the spectrum (see Materials and Methods)
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parameters, S(7}), S(T,) and S, are significantly
lower in 1(12,3)-labeled liposomes, showing that the
probe samples a more fluid environment in lipo-
somes than in ghosts. The flexibility of 1(12,3) in
liposomes at 37°C is similar to that determined from
ESR spectra of 1(12,3)-labeled erythrocyte ghosts
recorded at approx. 42-43°C. Interestingly, the po-
larity of the probe milieu, as indicated by al, is
nearly identical in both liposomes and ghosts
(Table 1).

SPIN-LABELING OF ERYTHROCYTE GHOSTS
AND LIPOSOMES FROM ERYTHROCYTES

I(12,3) uptake into erythrocyte liposomes was stud-
ied by contrasting the weight of the probe added to
the sample (i.e., ug probe/mg lipid ‘wt’) to that cal-
culated from the spins present in the ESR spectra
(g probe/mg lipid ‘spins’) (see Materials and Meth-

ods). Figure 3A indicates that there is quantitative
uptake of I(12,3) by liposomes at low loading. How-
ever, progressively decreasing amounts of addi-
tional 1(12,3) became incorporated for ug probe/mg
lipid ‘wt’ ratios greater than 0.14.

It is important to ascertain the physical basis for
the apparent ‘‘loss of spins’’ with increasing probe
concentration in liposomes (Fig. 3A). Since en-
hanced probe-probe interactions paralleled the de-
crease in recovered paramagnetic spins (see below),
studies were conducted to determine whether the
loss of spins was the direct result of dipolar broad-
ening between interacting probe molecules. Experi-
ments to control for this phenomenon are neces-
sary, because previous investigators have shown
that such dipolar broadening may decrease signal
intensity without any marked broadening of the
spectrum [2, 13, 38]. Here, liposome samples (P/L
‘spins’ ratios > than 1/60) exhibiting radical-broad-
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Table 2. Recovery of excess 1(12,3) that does not incorporate
into erythrocyte liposomes at high spin probe loading®

Wash number

ob 1 2 3 4 5

Probe recovered (ug

1(12,3)/mg lipid ‘spins’y 78.4 49.1
% Total probe recovered

per wash 16.0 10.0 158 13.4 17.0 149

774 656 835 731

2 Erythrocyte ghost liposomes (25 ul of 100 mg liposome/ml)
were labeled with a high 1(12,3) concentration (see text for label-
ing conditions), then the spin-labeled lipid sample was removed
from the test tube and the tube was washed five times with unla-
beled liposome samples (i.e., 25 ul of 100 mg liposome/ml per
wash). The total amount of probe added to the initial lipid sample
was 490 pg 1(12,3)/mg lipid ‘wt’, while the ug 1(12,3)/mg lipid
‘spins’ were those calculated from the double-integration of the
ESR spectra for the liposome sample and washes (see text for
definition of terms).

® Probe incorporated into the initial erythrocyte ghost liposome
sample.

ened spectra were mixed with 10 volumes of etha-
nol, and the narrow-line, isotropic spectra of the
solubilized probe were recorded and double-inte-
grated. The number of spins found in the solubilized
spectra ranged from 103—107% of those measured in
the original liposome spectra. Thus, the apparent
loss of spins noted at high P/L ratios in Fig. 34 was
not simply due to enhanced dipolar broadening ef-
fects.

The most likely explanation for Fig. 34 is that
liposomes have only a limited capacity for solubiliz-
ing 1(12,3) at high loading. This was verified by aspi-
rating a liposome sample (25 ul) labeled with 490 g
1(12,3)/mg lipid ‘wt’, and then washing the presum-
ably empty vial five times with unlabeled liposome
samples (i.e., 25 ul of 100 mg liposome/ml per
wash). The pg probe/mg lipid ‘spins’ for labeled and
successively unlabeled samples shown in Table 2
confirm that quantitative incorporation does not oc-
cur at high loading. Instead, excess 1(12,3) remains
as a deposit on the side of the tube.

1(12,3) probably binds to erythrocyte liposomes
at specific membrane sites. Certainly, a Scatchard
plot (Fig. 3B) shows that 1(12,3) interaction with
liposomes is not a simple partitioning phenomenon
of an infinitely-dilute solute in an ideal solvent. For
low levels of bound probe (<1.5 ug 1{12,3)/mg lipid
‘spins’), the Scatchard relationship is essentially
linear and an apparent association constant (K,)
may be calculated for a class of high-affinity sites
(Table 1). However, Klotz [25] has emphasized the
inherent error of determining the number of high-
affinity binding sites (V) from extrapolations of
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such plots to the abscissa. To surmount this diffi-
culty, a distribution-free computer method [9] was
employed to calculate N for the initial part of the
plot which does not rely on estimates of intercepts
on axes (Fig. 3B; Table 1). At loading higher than
1.5 pg 1(12,3)/mg lipid ‘spins’, the 1(12,3) binding
isotherm shows dramatic curvature, indicating that
additional probe uptake is much reduced. Several
explanations may be invoked to account for this
behavior. On the one hand, 1(12,3) may bind to two
classes of independent liposome sites (i.e., “‘low””
and “‘high” affinity sites). On the other hand,
probe-membrane sites when occupied at high load-
ing may act, possibly through a cooperative mecha-
nism, to inhibit further 1(12,3) uptake. Unfortu-
nately, examination of only Fig. 3 will not
discriminate between these two models for probe-
membrane interaction.

Comparing the liposome-probe uptake curve
with that obtained earlier using I(12,3)-labeled
erythrocyte ghosts (Fig. 34) shows that quantitative
incorporation into ghosts also occurs only at low
probe concentrations. Above approximately 0.2 ug
[(12,3)/mg lipid ‘wt’, markedly less additional probe
is introduced into the cavity. As with I(12,3)-labeled
liposomes, distribution-free analysis of the
Scatchard plot revealed the existence of a class of
high-affinity sites (Table 1). The number of sites is
~30% higher in liposomes, and also the K, is ap-
proximately twice higher in liposomes. This indi-
cates -that 1(12,3) binds more strongly to slightly
more high-affinity sites in liposomes than in ghosts.
However, the principal discrepancy between the li-
posome and ghost probe uptake curves (Fig. 3A)
appears to be for ug probe/mg lipid ‘wt’ ratios be-
tween 25 and 750, where the amount of probe incor-
porated into erythrocytes is up to eightfold higher
than in liposomes.

As a working model, we propose that lipid moi-
eties are principally responsible for high-affinity
sites in both ghosts and liposomes for 1(12,3). Al-
though the polarity detected by the probe is not
influenced by the absence of membrane protein, the
removal of membrane protein nevertheless exerts
‘‘second-order’’ perturbations on these sites, such
that the environment of the probe is more fluid, the
number of sites is slightly elevated and the binding
avidity is greater. We further suggest that, for ug
probe/mg lipid ‘wt” between 20 and 750, the addi-
tional binding capacity shown by ghosts (Fig. 3A) is
due to 1(12,3) binding to membrane proteins, pos-
sibly at the annular lipid level (see Conclusions).

Unless otherwise indicated, all subsequent
probe/lipid (or ug probe/mg lipid) ratios used in the
following experiments were assessed by calculating
the paramagnetic spins in the spectrum.
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Fig. 4. ESR spectra of liposome extracts of erythrocyte ghosts at
37°C labeled with a range of [(12,3) concentrations. Lipid/probe
‘spins’ ratios were: (A) 20; (B) 30; (C) 60; (D) 128; (E) 260; (F)
450; (G) 640; (H) 1035; (1) 1490; (J) 2050; (K ) 2500. Three princi-
pal P/L ranges may be defined: ‘low’, from 1/2500 to 1/2050;
‘intermediate’, from 1/2050 to 1/60; and ‘very high’, above 1/60
(see text). Figure 3A is defined as ‘pure’ phase

ErFECTS OF 1(12,3) CONCENTRATION
ON SPECTRA OF LIPOSOMES
FROM HUMAN ERYTHROCYTE GHOSTS

The ESR spectrum of ghost liposomes labeled with
a low P/L of 1/2500 (Fig. 4K) indicates that the
probe executes rapid anisotropic motion about its
long molecular axis. Since the spectrum at 1/2500 is
identical to that of 1/2050 (Fig. 4J), a ‘low’ concen-
tration range may be defined for P/L. = 1/2050. In
the ‘intermediate’ range of 1/1490 to 1/60, raising
the P/L decreased h_,/hy, displaced downward the
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high-field baseline and upward the low-field base-
line, increased 27, and AH, and left 27} unchanged
(Fig. 4C-I). Raising the P/L above 1/60 produces a
‘very high’ range, characterized by noticeably
broadened spectra and sloping baselines (Fig.
4A,B). It is not possible to reliably measure either
hyperfine splittings or AH in this range. At these
high liposome and probe concentrations, ‘liquid-
lines’ due to 1(12,3) tumbling rapidly in aqueous so-
lution made only minor contributions (<0.5%) to
the ESR spectra. Qualitatively similar spectral al-
terations have been reported with [(12,3)-labeled
whole erythrocytes [5] or erythrocyte ghosts [17-
19, 39].

1(12,3) CONCENTRATION EFFECTS

ON LiPOSOME ORDER PARAMETERS

AND EMPIRICAL PARAMETERS SENSITIVE
TO RADICAL INTERACTIONS

For ‘low’ P/L less than 1/2050, raising the 1(12,3)
concentration did not affect S, S(7)) or S(T,). With
probe concentration increases in the ‘intermediate’
range, however, S and S(T', ) decreased significantly
while S(7)) was relatively constant (Fig. 54). The
most likely explanation of these order parameter
effects is that they are due to enhanced radical in-
teractions and not membrane fluidization. The
broadening of T, [and decrease in S(T,)] was
closely correlated with decreases in m and in-
creases in AH (Fig. 5A.,B); previous studies have
shown that radical interactions broaden the AH of
labeled model and biological membranes [10, 17,
33]. Decreases in S and S(T,) were also correlated
with such exchange-broadening consequences as
the reduction in the high-field peak of the inner hy-
perfine doublet (#-;) and the downward displace-
ment of the high-field baseline (Fig. 4A-1). The ob-
servation that 7; [and S(7})] is essentially relatively
unchanged for liposomes in the intermediate range
(Fig. 5A) indicates that the ‘apparent’ increase in
fluidity with probe concentration, denoted by re-
ductions in S and S(T)), is not the result of probe-
induced perturbations; any fluidization permitting
more probe mobility requires that 7 narrow in par-
allel with increases in 27, and /_,/hy, and that AH
declines.

It is of interest to contrast the effects of a wide
range of 1(12,3) concentrations on erythrocyte lipo-
somes with those obtained previously with erythro-
cyte ghosts [17, 18]. Similar to 1(12,3)-labeled lipo-
somes (Fig. 5A), a ‘magnetically-dilute’ probe
concentration range was found for erythrocyte
ghosts labeled with 1(12,3)/lipid ratios less than
1/2250 [17]. Thus, the splittings and empirical pa-
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rameters in Table 1 represent *‘intrinsic’” membrane
properties?, and the order parameters accurately re-
flect the increased flexibility of 1(12,3) in liposomes.

Equivalent I(12,3) concentration effects on or-
der parameters and AH have been reported for
many other biological membranes (for review, see
Ref. [10]). Previous studies on I(12,3)-labeled eryth-
rocyte ghosts showed that these parameters de-
pended similarly on the probe concentration [17].
The probe effects in Figs. 4 and 5 are most probably
due to enhanced AH,, arising from 1(12,3) cluster-
ing, rather than increased AHg;,. This is because the

? 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
{33].

probe executes rapid anisotropic motion at 37°C
and dipole-dipole interactions are relatively long-
range, tending to be averaged out by rapid diffusion
and/or tumbling, while exchange interactions re-
quire that labels be in van der Waal’s contact and
decrease rapidly with distance. A similar explana-
tion was invoked to account for the order parameter
and AH changes seen in I(12,3)-labeled erythrocyte
ghosts with increased P/L [17].

Despite the finding that 1{12,3) loading of eryth-
rocyte ghosts or liposomes similarly affected empir-
ical parameters sensitive to probe-probe interac-
tions, several important differences were noted.
First, comparison of the empirical parameters of
Fig. 5 (¢this study) and Fig. 4 of Ref. [17] indicated
that radical interactions occurred at significantly
lower P/L ratios in I(12,3)-labeled liposomes; for
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Fig. 6. Plot of the relative percentage of
1(12,3) in a ‘clustered’ state as a function of
probe concentration in either human
erythrocyte ghosts [@] or liposome extracts
from human erythrocyte ghosts [H].
Clustered spins in liposomes were calculated
from that present in the concentrated
spectrum, obtained at the titration endpoint of
subtracting low-range spectrum (P/L =
1/2500) from intermediate range spectra (e.g.,
Figs. 7 and 8). Erythrocyte ghost data was
adapted from Gordon et al. [17)]
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example, the AS(T,) for erythrocyte ghosts labeled
with 1 ug 1(12,3)/mg lipid was —4%, while the corre-
sponding AS(T ) for 1(12,3)-labeled liposomes was
—27%. This suggests greater probe clustering in
[(12,3)-labeled liposomes than in ghosts, at compa-
rable P/L ratios. Second, for ug I(12,3)/mg lipid
‘spins’ greater than 4, the decline in A_,/hy for
ghosts (Fig. 48 of Ref. [17]) was much steeper than
for liposomes (Fig. 5B). One possible interpretation
of these data is that, for this probe range, 1(12,3)
binds to low-affinity sites at the protein-lipid inter-
face. Since this binding would generate an immobi-
lized component without a defined inner hyperfine
splitting, increasing amounts of an immobilized
component would sharply decrease the observed
h_/hy. This interpretation would also be consistent
with our finding that ghosts bind considerably more
[(12,3) than liposomes, for pg 1(12,3)/mg lipid
‘spins’ (or ug 1(12,3)/mg lipid ‘wt’) greater than 4 (or
25) (Fig. 3A).

COMPARISON OF PROBE CLUSTERING
IN ERYTHROCYTE GHOSTS

AND LIPOSOMES PREPARED

FROM ERYTHROCYTE GHOSTS

Since 1(12,3) uptake by liposomes in the intermedi-
ate range is not due to probe binding to a single class
of independent sites, Fig. 4C-I may be composite
spectra arising from probe molecules in distinct en-
vironments. Previously, Gordon et al. [17] pro-
posed a model for 1(12,3)-labeled erythrocyte
ghosts, in which similar intermediate-range spectra
consisted of two components: (i) an anisotropic

25

spectrum reflecting magnetically-dilute probe mole-
cules occupying membrane sites; and (ii) ‘concen-
trated’” spectra that do not necessarily reflect a
unique species (e.g., ‘pure’ phase, such as Fig. 44)
but instead represent variable-sized probe clusters.
If exchange between these states is slow on an ESR
time scale (approx. 1078 sec), this model may be
tested by subtracting incremental amounts of a low-
range spectrum from an intermediate-range spec-
trum. Gordon et al. [17] showed that this yielded
‘subtracted” spectra which accurately mimicked
those alterations observed when 1(12,3) is added ex-
perimentally to ghosts. Furthermore, relative pro-
portions of ‘dilute’ and ‘concentrated’ probe were
assessed by double integration of component spec-
tra obtained at the subtraction endpoint. Figure 6 is
a plot of % concentrated (or clustered) probe as a
function of probe concentration, and shows signifi-
cant 1(12,3) clustering for P/L of 1/2250 to 1/359,
and that, at 1/100, over 85% of the probe partici-
pates in clustering.

To determine whether this probe cluster model
is also valid for liposomes prepared from erythro-
cyte ghosts, the subtraction protocol of Gordon et
al. [17] was applied to liposomes labeled with
1(12,3) concentrations in the intermediate range.
The results of subtracting incremental amounts of a
low-range spectrum (P/L = 1/2500) (Fig. 7A4) from
an intermediate-range spectrum (1/1490) (Fig. 7B)
are shown in Fig. 7. The ‘subtracted’ spectra in Fig.
7C-F accurately mimic those alterations observed
when 1(12,3) is added experimentally to liposomes
initially labeled with a P/L = 1/1490. Specifically,
removing ‘low’ increased 27, and AH, slightly de-
creased h_,/hg, but left 27} undisturbed. The titra-
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Fig. 7. Quantitation of spin probe clustering in human erythro-
cyte liposomes labeled with a L/P = 1490. Subtraction spectra,
obtained by subtracting increasing amounts of a ‘low’ range
spectrum (A) of L/P = 2500 from an ‘intermediate’ range spec-
trum of L/P = 1490 (B); hy of B is normalized to that of A. C, D,
E, F, G and H are residual spectra, with double-integrated inten-
sities of 10, 20, 30, 40, 50 and 60% of that of the unsubtracted
L/P = 1490 spectrum. I is the spectral endpoint of the subtrac-
tion (i.e., ‘concentrated’ spectrum) as defined in the text. Per-
cent ‘dilute’ and ‘concentrated’ probe are 95.8 and 4.2%, and
were determined from double integration of the B and [ spectra. J
and K are residual spectra, with double integrated intensities of
80 and 90% of that of the unsubtracted L/P = 1490 spectrum.
These are over-subtracted, as indicated by the descent of the
mid-field peak. The horizontal bar indicates 10 gauss

tion endpoint was indicated by the central band first
becoming asymmetric and then a shoulder arising
on its high-field side. These effects were due to
over-subtraction such that the low-range spectrum
appears in inverse phase. The ‘concentrated’ spec-
tra were assigned as those immediately before cen-
tral-band peak asymmetry and shoulder (Fig. 71).
Application of this subtraction protocol to interme-
diate-range spectra of liposomes at higher loading
(P/L = 1/60) also produced spectral alterations (Fig.
8C—F) which are seen experimentally with increas-
ing probe/lipid (Fig. 4). As the P/L ratio increased
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Fig. 8. Quantitation of spin probe clustering in human erythro-
cyte liposomes labeled with a L/P = 60. Subtraction spectra,
obtained by subtracting increasing amounts of a ‘low’ range
spectrum (A) of L/P = 2500 from an ‘intermediate’ range spec-
trum of L/P = 60 (B); h, of B is normalized to that of A. C, D, and
E are residual spectra, with double-integrated intensities of 10,
20 and 30% of that of the unsubtracted L/P = 60 spectrum. F is
the spectral endpoint of the subtraction (i.e., ‘concentrated’
spectrumy) as defined in the text. Percent ‘dilute’ and ‘concen-
trated’ probe are 49.9 and 50.1% and were determined from dou-
ble integration of the B and F spectra. G, H, I, J and K are
residual spectra, with double integrated intensities of 40, 50, 60,
70 and 80% of that of the unsubtracted L/P = 60 spectrum. These
are over-subtracted, as indicated by the descent of the mid-field
peak

from 1/2050 to 1/20, the relative proportion of *di-
lute’ to ‘concentrated’ probe declined (Fig. 6).
Since subtracting incremental amounts of a
low-range spectrum from intermediate-range spec-
tra is a legitimate operation for 1(12,3)-labeled lipo-
somes, the probe-cluster model developed for
erythrocyte ghosts [17] is also appropriate for eryth-
rocyte liposomes. The % probe clustering curves
for ghosts and liposomes each increased with in-
creasing P/L (Fig. 6), with the liposome curve
shifted to higher probe concentrations. Our obser-
vation of elevated probe clustering in erythrocytes
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appears to be diametrically opposed to the findings
with empirical parameters in Fig. 5, which showed
greater probe-probe interactions in liposomes than
in erythrocytes. The resolution of this apparent
conflict lies in the nature of the ‘concentrated’ com-
ponent in both erythrocyte ghosts and liposomes. In
either system, the ‘concentrated’ component does
not represent a unique species, but instead is due to
variable-sized clusters. This is shown in the ‘con-
centrated’ spectra for P/L of 1/1490 (Fig. 71) and
1/60 (Fig. 8F), in which the probe-probe interac-
tions in the ‘concentrated’ component range from
minimal to extensive. Thus, the enhanced probe-
probe interactions in liposomes indicated by empiri-
cal parameters (Fig. 5) is simply due to a higher
level of clustering occurring in the liposome ‘con-
centrated’ component than in the corresponding
erythrocyte component, despite the dilute to clus-
tered ratio being lower in liposomes than in erythro-
cyte for ug probe/mg lipid <20.

ULTRAFILTRATION TEST FOR 1(12,3) LOCATION
IN ERYTHROCYTE GHOSTS
AT HIGH PROBE LOADING

Because of an earlier report by Maher and Singer
{271 that certain amphipaths, such as chlorproma-
zine and decanol, may extract lipid vesicles from
intact membranes, we investigated whether high
concentrations of amphipathic spin probes may ex-
ert similar detergent-like effects on erythrocyte
ghosts. According to this model, the clustered-
probe sites would not reside in the bulk membrane,
but instead be in probe-extracted vesicles exterior
to it. To test this hypothesis, an ethanolic solution
(100 wl) with 5 x 10" spins of 1(12,3) was added to
2.5 ml of red blood cell ghost suspension containing
1077 m of lipid, and the ESR spectrum was recorded
(Fig. 9A). Ultrafiltration of the spin-labeled ghosts
was carried out following the procedure of Maher
and Singer [27], using a stirred 1.5 ml Amicon (Dan-
vers, MA) ultrafiltration cell and a 0.2 wm Nu-
cleopore (Pleasanton, CA) hydrophobic filter. The
membrane sample was first ultrafiltered, and the
ESR spectra of the ultrafiltrate (Fig. 9B) and the
residue (Fig. 9C), resuspended in 2.5 ml of pH 7.0,
0.05 M Tris buffer, were then recorded. The filtrate
spectrum in Fig. 9B is dominated by the sharp trip-
let of 1(12,3) in solution, with only a small amount of
spectral broadening due to an anisotropic compo-
nent characteristic of this probe in a lipid bilayer.
Alternatively, the ultrafilter residue spectrum in
Fig. 9C is very similar to the original spectrum of
the unfiltered sample (Fig. 94). Examination of
spins recovered in the two compartments indicated
88 and 7% in the ultrafilter residue and ultrafiltrate,
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Fig. 9. Experimental test of the Maher and Singer [27] model
with human erythrocyte ghosts labeled with 1(12,3). (4} ESR
spectrum of [(12,3)-labeled ghosts at a L/P of 60 (‘wt’) (see Mate-
rials and Methods); (B) ESR spectrum of the ultrafiltrate irom the
sample shown in A; (C) ESR spectrum of the ultrafilter residue
from the sample shown in A. The ‘liquid-line’ component due to
probe tumbling rapidly in aqueous solution is indicated by ar-
rows. Spectra A and C were recorded at a receiver gain of 100,
and spectrum B at a gain of 1,000. All spectra were recorded at
37°C. The % recoveries for spins in the ultrafiltrate and ultra-
filtrate residue compartments (see text) were calculated from
double integrations of B and C, with appropriate volume correc-
tions for the ultrafiltrate and resuspended residue
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respectively. Collectively, these results show that
the greater part of the probe is associated with the
ghosts, or fragments thereof, larger than 0.2 pm,
and that it does not occur in the form of micelles of
free probe or in small ‘‘probe-solubilized’” mem-
brane vesicles.

Conclusions

The above experiments permit a rigorous examina-
tion of the putative membrane-incorporation of the
fatty-acid spin probe, 1(12,3). Such an investigation
seemed warranted, in view of the recent studies by
Singer and colleagues concerning the interaction of
certain amphipathic molecules with biological mem-
branes. On the basis of hygroscopic desorption ex-
periments, Conrad and Singer [7, 8] reported that,
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although amphipaths can partition into artificial
liposomes, these molecules are quantitatively ex-
cluded from internal regions of biological mem-
branes. Specifically, the partition coefficients found
for the four amphipaths, chlorpromazine, methyl
chlorpromazine, 2,4-dinitrophenol and 1-decanol,
exhibited partition coefficients that were at least 10*
times higher in liposomes than in red cell ghosts [8].
Conrad and Singer [7] proposed that a large internal
pressure occurred in biological membranes, but not
in liposomes, such that small molecular amphipaths
were excluded from the bilayer interior. Further,
they suggested that amphipathic spin and fluores-
cent probes would also not partition into biological
membranes, but instead may form concentrated mi-
celles coating the outside of the membrane. In addi-
tional studies, Maher and Singer [27] reported that
amphipaths may perturb the structure of biological
membranes through ‘‘detergent-like” effects, in
which vesicles are formed that are enriched in lipids
and the amphipathic agent. If the Maher and Singer
[27] model were applicable to erythrocyte ghosts
labeled with high I(12,3) concentrations, then the
broadened ESR spectra reported here would be due
to micelles of membrane lipid and fatty-acid spin
probe.

Our data show unequivocally that the models
proposed by Singer and colleagues do not account
for the interaction of 1(12,3) with erythrocyte ghosts
and liposomes, and that this fatty-acid spin probe
incorporates into a membrane environment in both
systems. Although the K, for the high-affinity class
of sites in erythrocyte liposomes is approx. 2.2
times that in ghosts (Table 1), it is far less than the
10* difference predicted by the Conrad and Singer
[7, 8] model. Moreover, the total number of high-
affinity sites (N) in ghosts is only slightly lower
(~30%j) than that in liposomes, whereas the Conrad
and Singer [7, 8] models would forecast far fewer
sites in ghosts. Our results argue against a large
internal pressure existing in ghosts which prevents
intercalation of the amphipathic spin probe. Fur-
ther, these findings support those of Bondy and Re-
mien [4] and Pjura et al. [30] who found no signifi-
cant differences between the partitioning of small
molecule amphipaths into liposomes and biological
membranes using the technique of hygroscopic de-
sorption. Pjura et al. [30] suggested that the diver-
gent results obtained by Conrad and Singer {7, 8]
might lie in their use of much higher concentrations
of amphipaths (e.g., 60 uM chlorpromazine) which
could produce membrane damage.

We also find no evidence for the probe ‘‘coat-
ing’”’ the membrane surface as either probe vesicles
or probe-extracted lipid vesicles. The ESR spectra
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for either ghosts or liposomes labeled with a “‘low™
I(12,3)/lipid ratio indicate that the fatty acid probe
incorporates into the membrane bilayer and exe-
cutes rapid anisotropic motion about its long molec-
ular axis (Fig. 2A4,B). Moreover, the absence of”
nitroxide-radical interactions, for P/L ratios less
than 1/2500 in ghosts and liposomes, precludes the
existence of probe-micelles or probe-extracted lipid
vesicles at low loading. Also, it should be pointed
out that the high-affinity class of sites saturates at
relatively low P/L ratios in both ghosts and lipo-
somes (Fig. 3), which would not be expected if
1(12,3) were to bind nonspecifically to ghosts as
probe-micelles. Last, application of the hygro-
scopic desorption technique showed a membrane
location for the majority of I(12,3) probe, even
when most of the probe exists in a clustered state in
erythrocyte ghosts (Figs. 6, 9).

These results allow us to revise our previous
model for fatty-acid probe interactions with eryth-
rocyte ghosts [11, 17, 19]. Since a similar class of
high-affinity sites exists in both ghosts and lipo-
somes (Fig. 3), we attribute this class of sites to
lipid moieties in erythrocyte ghosts. These high-af-
finity sites are probably related to the class of strong
binding sites detected by Shiga et al. [37] in dilution
experiments of I(12,3)-labeled erythrocytes. In-
creasing the P/L ratio from 1/4600 to 1/359 causes
probe to insert at initially dilute, lipid sites to form a
class of low-affinity ghost sites consisting of clus-
ters of variable size. Support for this interpretation
comes from the similar probe-probe interaction ef-
fects noted for I(12,3)-labeled human erythrocyte
ghosts [11, 17-19] and liposomes prepared from
erythrocyte ghosts (Figs. 4-6). Clustering of the
1(m,n) class of spin probes in lipid sites is not unex-
pected, as surface balance experiments showed
1(5,10) clustering in mixed lipid monolayers [6] and
electrophoretic mobility studies indicated 1(12,3)
clustering in model liposomes below the phase tran-
sition [23]. At still higher P/L ratios (>1/100), con-
siderably more I(12,3) binds to ghosts than lipo-
somes (Fig. 3A), and we attribute these results to a
saturation of lipid sites as clustered probe, such that
additional 1(12,3) binds to lower-affinity membrane
proteins as boundary or annular lipid. This model
would account for the ability of fatty acid spin
probes to quench the tryptophan fluorescence of
ghost proteins [3, 40], although direct comparisons
with this study are not possible, since Wallach and
co-workers did not quantify the amount of probe
binding to the membrane. Once appropriate correc-
tions have been included for incomplete probe up-
take, it would be of interest to learn if our model is
correct in predicting a static component (i.e., probe
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binding to protein as annular lipid) in Stern-Volmer
plots of 1(12,3) quenching of erythrocyte protein
fluorescence over the same range where excess spin
probe binds to ghosts.

Although the above model was developed to
describe the interactions of fatty-acid spin probe
with erythrocyte membranes and liposomes, it
bears certain striking analogies to that proposed to
account for the binding of bile salts to liposomes
[35, 36]. Schubert and co-workers [35, 36] reported
similar biphasic Scatchard plots for the interaction
of cholate and other bile salts with model lipo-
somes, and suggested that these agents bind to lip-
ids with high affinity at low concentrations. At
higher doses, however, where the binding of addi-
tional bile salts is hampered, they proposed that the
bile salts clustered in the liposome membrane to
form transient pores that could release trapped car-
bohydrates. It would be of considerable interest to
learn whether the membrane clustering of 1(12,3)
observed here was similarly associated with in-
creased bilayer permeability.

Last, it should be noted that the above probe-
binding model does not provide a complete physical
description for each class of sites in the erythrocyte
membrane. Aside from the protein-lipid interface,
these sites are most likely to be packing defects in
the lipid bilayer, such as those between domain
boundaries. Consistent with this hypothesis are the
similarly low levels of high-affinity, probe-binding
sites in either membranes or liposomes (Table 1);
the number of sites/lipid molecules for erythrocyte
ghosts and liposomes prepared from erythrocyte
ghosts are 1/787 and 1/764, respectively. Thus, the
affinity of these lipid sites for probe should be
closely related to the packing properties of the
probe molecule. The best approach to understand-
ing the physical nature of the sites would be to carry
out experiments with model liposomes of known
composition and a range of probe molecules with
differing packing properties. The ultimate goal of
such studies is to develop a satisfactory physical
description of the probe distribution in the mem-
brane that permits accurate computer simulations
of the ESR spectra over the entire P/L range
[24, 32].

The authors thank the referees for helpful comments and Dr.
R. D. Sauerheber for reading the manuscript.
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