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ABSTRACT The presence of ordered phospholipid
lamellar structure in inner membranes of mitochondria
was detected with the use of a spin-labeled 2,4-dinitro-
phenol. A phospholipid bilayer may be an important
structural and functional component of the inner mito-
chokidrial membrane.

Current research on the mechanism of energy conservation in
mitochondria has focused on the structural relationship of the
lipid and protein components within the inner mitochondrial
membrane (1, 2). While a great deal of information is available
concerning the structure and function of individual membrane
components, a detailed knowledge of lipid-protein interactions
and the structural organization of the membrane is generally
lacking. In recent years, several models have been proposed
for the structure of the mitochondrial membrane (3-8). The
major difference among these models, and indeed an impor-
tant unsolved question, is concerned with-the actual location
and arrangement of phospholipid within the repeating units
(9).
In this communication data are presented showing that a

spin-labeled 2,4-dinitrophenol (Dnp) is localized in the polar
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head-group regions of phospholipid bilayers and exhibits
rapid anisotropic motion. Similar motion of the spin-labeled
2,4-dinitrophenol in intact mitochondria and the inner mito-
chondrial membrane was detected. These results suggest the
existence of phospholipid bilayer structure in the inner mem-
brane of mitochondria.

MATERIALS AND METHODS

Materials. Spin-labeled 2,4-dinitrophenol [1-hydroxyl-5-N-
(1-oxyl-2,2,5,5-tetramethyl-3-amino-pyrrolidinyl)-2,4-dinitro-
benzene: Dnp-SL(5) ] was prepared as described (10). The
pK of Dnp-SL(5) was 4.8 (10). The lipids were obtained from
the following sources: egg phosphatidylcholine (Pierce Chem-
ical Co.); phosphatidylethanolamine, phosphatidylinositol,

and cardiolipin (Serdary Research Laboratories, London,
Ontario).

Methods. Rat-liver mitochondria were isolated by the
method of Hagihara (11), and the inner membrane of mito-
chondria was prepared by the procedure of Parsons et al. (12).
Oxygen uptake was studied to measure the uncoupling activity
of Dnp-SL(5) in intact mitochondria. It was found that Dnp-
SL(5) possesses about the same activity as Dnp in the un-
coupling of oxidative phosphorylation in rat-liver mitochon-
dria (10). "Lipid-depleted" mitochondria were prepared by
the method of Fleischer by extraction of mitochondria with a
solution of 10% water in acetone containing ammonia (0.003%
w/v) (13).

Planar phospholipid multibilayers containing Dnp-SL(5)
(phospholipid to spin label ratio of 150:1) were prepared on
the inner surfaces of a flat quartz cell, dimensions 4 cm X 1
cm X 0.25 mm (14). The multibilayers were hydrated with
isotonic phosphate buffer (0.44% NaCl in 67 mM phosphate
buffer, pH 7.4). Liposomes were prepared by hand dispersion
of a dry film of phospholipid and Dnp-SL(5) in isotonic phos-
phate buffer (pH 7.4) to final concentrations of 15 mM and
50 AM, respectively. Mitochondrial membranes were spin-
labeled by the following procedure. All steps were done at
0940 unless stated otherwise. Isolated mitochondria, inner
mitochondrial membranes, or "lipid-depleted" mitochondria
were suspended in an ice-cold medium containing 10 mM
phosphate buffer pH 7.4, 50 mM Tris * HCl buffer pH 7.4, 50
mM KCl, 50 mM MgSO4, and 0.15 M sucrose, to a concentra-
tion of 15-20 mg of protein per ml, and were mixed with a
solution of 0.9% NaCl containing Dnp-SL(5) (final spin-
label concentration of 50 MM). The mixture was centrifuged
at 18,000 X g for 10 min. The mitochondrial pellet was taken
up in a 50-,A disposable glass pipette and immediately used
for electron spin resonance (ESR) spectral measurements at
220. All spectra were recorded on a Varian X-band E-6 ESR
spectrometer.

RESULTS AND DISCUSSION
Resonance spectra of Dnp-SL(5) in model membranes

The orientation and motional characteristics of Dnp-SL(5)
in membranes can be best understood from the resonance
spectra of the label in planar phospholipid multibilayers (14-
17), where the plane of the bilayers can be rotated with re-
spect to the laboratory magnetic field. Analysis of ESR spec-
tra of spin labels in oriented multibilayers or phospholipid
dispersions or both has been discussed by several authors (14-
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20). For the special case of rapid anisotropic motion of a label
about some axis, the hyperfine tensor components of the nitrox-
ide will be preferentially time averaged. The magnitude of
the hyperfine splitting parallel and perpendicular to the sym-

metry axis is designated T',1 and T'1. These two parameters
may be related to an order parameter S3 (18, 19).

S3 = (T'I - T'L)/(Tzz - Txx)

where T.3 and Txx are the hyperfine tensor components of
the nitroxide calculated from T'll and T'1 as described by
Seelig (18). S3 is a measure of the degree of alignment of the z

axis of the nitroxide with the symmetry axis of motion.
The spectra of Dnp-SL(5) in hydrated phosphatidylcho-

line multibilayers (excess buffer phase removed) are shown in
Fig. 1A. The maximum (minimum) hyperfine splitting T'11
(T'1) was observed when the normal of the planar bilayers
was parallel (perpendicular) to the magnetic field direction.
The values of T', and T'1 obtained from spectra of Dnp-SL(5)
were 23.0 and 10.9 gauss, respectively. The derived order
parameter (83 = 0.45) indicates a preferential alignment of
the z axis of the nitroxide parallel to the normal of the bilay-
ers. Similar resonance spectra were obtained with multibi-
layers of phosphatidylethanolamine, phosphatidylinositol, or

cardiolipin; the data are summarized in Table 1.
The resonance spectrum of Dnp-SL(5) in egg phosphatidyl-

choline liposomes is shown in Fig. 1B. The separation of the
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FIG. 1. (A) ESR spectra of Dnp-SL(5) in hydrated planar
phosphatidylcholine multibilayers, after draining the aqueous

phase that effectively removes the isotropic triplet due to the
partitioning of Dnp-SL(5) into the buffer phase seen in (B).
Spectra were recorded with the normal of the plane of the bilayers
parallel (---) and perpendicular ( ) to the applied magnetic
field. (B) ESR spectra of Dnp-SL(5) in an aqueous dispersion of
phosphatidylcholine. The two sharp lines indicated by arrows

arise from labels present in the aqueous phase.

TABLE 1. ESR spectral parameters of Dnp-SL(5) in model
and mitochondrial membranes at pH 7.4

Type of membrane T'11 T'1 S3 aN'
Planar phosphatidyicholine

bilayers 23.0 10.9 0.45 14.9
Phosphatidylcholine

liposomes 23.0 10.9* 0.45 14.9
Planar phosphatidyl-

ethanolamine bilayers 22.3 12.0 0.38 15.4
Planar cardiolipin bilayers 21.8 13.1 0.31 16.0
Planar phosphatidylinositol

bilayers 22.4 12.7 0.34 15.9
Intact mitochondria 23.6 10.6 0.49 14.9
Inner mitochondrial
membrane 24.1 11.0 0.48 15.3

* The measured value of T'1 is - 0.5 gauss smaller in lipo-
somes than in the planar multibilayers (see text). Thus, values
for T'1 in liposomes and mitochondrial membranes have been
arbitrarily increased by 0.5 gauss. Hubbell and McConnell
found the correction factor to be about 0.8 gauss for spin-labeled
lipids in phospholipid dispersions (19).

outer hyperfine extrema is a good measure of 2T', according
to Hubbell and McConnell (19), and the magnitude of T'1
may be estimated by separation of the inner hyperfine ex-
trema. The hyperfine splittings of Dnp-SL(5) in the liposomes
at pH 7.4 are T', = 23.0 gauss and T'P = 10.4 gauss. A
correction factor of +0.5 gauss was applied to the values for
TV' from dispersed vesicular membranes in order to correlate
the order parameters to that obtained from the well-defined
planar model membrane system (Table 1). The large order
parameter (S3 - 0.45) of Dnp-SL(5) in phosphatidylcholine
bilayers suggests that the spin label is probably located near
the highly ordered polar head-group region rather than the
fluid hydrocarbon interior of the bilayer (17, 19). The polar
nature of the spin label's environment is substantiated by the
magnitude of the isotropic splitting constants (Table 1) as
calculated from the relation a'N = 1/3 (T'11 + 2T'1) (18).

Lipids can exist in several different phases (21), and, there-
fore, it is of interest to determine if the Dnp-SL(5) is sensitive
to these structural arrangements. Dnp-SL(5) in phospholipid
bilayers (lamellar phase) invariably results in highly aniso-
tropic motion of the label, 83 ranging from 0.31 to 0.45. In
contrast, the ESR spectra of Dnp-SL(5) solubilized in a car-
diolipin-Ca++ complex (hexagonal phase) (22) or hydrated
lipid films of mono- and di-glycerides (micelles) reveal no
significant anisotropic motion of the label, S3 < 0.01. These
observations therefore imply that the Dnp-SL(5) label can
be used to differentiate between various structural arrange-
ments of lipids.

Distribution of Dnp-SL(5) in model membranes

In the previous section we have accounted for the resonance
peaks in Fig. 1B that are due to solubilization of Dnp-SL(5)
in the membrane phase. The rapid isotropic tumbling of the
label in the bulk aqueous phase results in averaging of the
electron and nuclear spin dipolar interaction so that the
spectrum consists of three sharp lines of about equal intensity
with a hyperfine splitting, aN = 15.8 gauss. In the presence
of membrane phase, only the high- and low-field peaks of the
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FIG. 2. ESR spectrum of Dnp-SL(5) in the presence of (A)
intact rat-liver mitochondria and (B) inner mitochondrial mem-
brane preparation. The lines indicated by arrows are components
of the spectrum of those labels that are in the aqueous environ-
ment.

isotropic triplet are resolved due to overlap of the center peaks
of the membrane-bound and "free" spectra (Fig. 1B). Since
the high-field line of Dnp-SL(5) in the aqueous phase is dis-
tinctly separated from the membrane-bound peaks, we have
used its intensity in the presence and absence of membrane
phase to estimate the partition coefficient of Dnp-SL(5). The
measured partition coefficients for Dnp-SL(5) between phos-

TABLE 2. Partition coefficients of Dnp-SL(5) for phospholipid
dispersions in isotonic phosphate buffer (pH 7.4) at 22°

% of Total
phospholipid Partition

in inner coefficientt
mitochondrial (membrane/

Phospholipid membrane* buffer)

Phosphatidylcholine 41 500
Phosphatidylethanolamine 35 310
Phosphatidylinositol 2 135
Cardiolipin 21 130

* Data from L. Ernster & Kuylenstierna, B. (1970) in Mem-
branes of Mitochondria and Chloroplasts, ed. Racker, E. (Academic
Press, New York), pp. 172-212.

t The density of each of the lipids was taken as 1 g/cm'.

10 Gauss

FIG. 3. ESR spectrum of Dnp-SL(5) in the presence of "lipid-
depleted" mitochondria (- ) and bovine-serum albumin (10
mg/ml) (- -) in isotonic phosphate buffer pH 7.4. In both cases
labels interact with protein(s) and are "strongly immobilized"
(2TmAz , 64 gauss). The sharp signals in the spectra indicated
by arrows are due to Dnp-SL(5) in aqueous solution in equilib-
rium with bound labels.

phatidylcholine and buffer are 500 at pH 7.4 and 2600 at pH
2.2 and 220. Partition coefficients between other phospho-
lipids and buffer obtained in the same manner are listed in
Table 2. These partition coefficients suggest that Dnp-SL(5)
is very soluble in the membrane phase. To discern the dis-
tribution of Dnp-SL(5) between the polar and apolar regions
of the phospholipid bilayers, we measured the partition co-
efficients of Dnp-SL(5) between hexane and buffer, assuming
that the apolar regions of the bilayers have the same hydro-
phobic characteristics as hexane. The partition coefficients of
Dnp-SL(5) between buffer and n-hexane were determined
from the decrease in ESR signal intensity in the buffer phase
after equilibration with equal volume of n-hexane. We found
partition coefficients of 0.05 at pH 7.4 and 5.6 at pH 2.2 for
Dnp-SL(5) between hexane and buffer at 220. The difference
in the partition coefficients in phospholipids and n-hexane
suggests that at any given time more than 95% of the mem-
brane-soluble Dnp-SL(5) is located in the polar region of the
phospholipid bilayers, presumably due to favorable dipole-
dipole interactions between Dnp and the polar head groups of
the phospholipids.

Resonance spectra of Dnp-SL(5) in mitochondrial
membranes

The membrane-bound spectra of Dnp-SL(5) in intact mito-
chondria and the inner mitochondrial membrane are shown
in Fig. 2A and B. The spectra closely resemble the spectrum
observed in the liposome preparation (Fig. 1B), although the
outer peaks are somewhat broader. The broader peaks could
be a result of a slower rotational frequency of some of the
labels in the mitochondrial membrane due to protein binding.
The spectral data derived from Figs. 1 and 2 are summarized
in Table 1, and they indicate that great similarity exists be-
tween the motional characteristics of Dnp-SL(5) in phos-
pholipid bilayers and mitochondrial membranes. The observed
similarity in the spectra of spin-labeled 2,4-dinitrophenol in
highly ordered phospholipid bilayers and in the inner mito-
chondrial membrane strongly suggests the presence of a phos-
pholipid bilayer structure in the inner membrane of mito-
chondria. Phospholipid bilayers may be an important feature
of the membrane structure since 94% of all the lipid in the
inner mitochondrial membrane is phospholipids (23).
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As a further demonstration that the rapid anisotropic mo-
tion of Dnp-SL(5) in mitochondrial membranes (Fig. 2) is a
consequence of a phospholipid bilayer in the membrane, we
investigated the interaction of the label with mitochondrial
membrane protein(s) using "lipid-depleted" mitochondria.
The mitochondrial protein-bound spectrum (Fig. 3) is signifi-
cantly different from the spectra obtained with intact mito-
chondria and the inner mitochondrial membrane (Fig. 2).
From Fig. 3, the peak-to-peak separation, 2TMAX-- 64 gauss,
indicates that labels interacting with protein(s) are "strongly
immobilized", and thus exhibit no detectable anisotropic
motion.
The present results are consistent with the view that the

inner mitochondrial membrane is basically formed by a phos-
pholipid bilayer, with various transport proteins and the res-
piratory chain embedded in the bilayer matrix through specific
charge and hydrophobic interactions (1,2). We propose that
one of the functional roles of the phospholipid bilayer structure
is to serve as a diffusion barrier for maintaining the electrical
and chemical gradients across the inner mitochondrial mem-
brane.
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