PHASE SEPARATION IN MODEL MEMBRANE(S)

Lad, P. M., Hill, D. E., and Hammes, G. G. (1973), Bio-
chemistry 12, 4303-4309.

Layne, E. (1957), Methods Enzymol. 3, 447-454.

Nakashima, K., Horecker, B. L., and Pontremoli, S. (1970),
Arch. Biochem. Biophys. 141, 579-587.

Passonneau, J. V., and Lowry, O. H. (1962), Biochem. Bio-
phys. Res. Commun. 7, 10-15.

Pavelich, M. J., and Hammes, G. G. (1973), Biochemistry 12,
1408-1414,

Pogell, B. M. (1975), FEBS Symp. 32, 229-235.

Pogell, B. M., Taketa, K., and Sarngadharan, M. G. (1971),
J. Biol. Chem. 246, 1947-1948.

Pogell, B. M., Tanaka, A, and Siddons, R. C. (1968), J. Biol.
Chem. 243, 1356-1367.

Pontremoli, S., and Horecker, B. L. (1971), Enzymes 4,
611-646.

Ramadoss, C. S., Uyeda, K., and Johnston, J. M. (1976), J.
Biol. Chem. 251, 98-107.

Ramaiah, A. (1974), Curr. Top. Cell. Regul. 8, 297-345.

Sankaran, L., Proffitt, R. T., and Pogell, B. M. (197 5a), Fed.
Proc., Fed. Am. Soc. Exp. Biol. 34, 569.

Sankaran, L., Proffitt, R. T., Pogell, B. M., Dunaway, G. A.,

Jr., and Segal, H. L. (1975b), Biochem. Biophys. Res.
Commun. 67, 220-227.

Sarngadharan, M. G., Watanabe, A., and Pogell, B. M.
(1970), J. Biol. Chem. 245, 1926-1929.

Scrutton, M. C., and Utter, M. F. (1968), Annu. Rev. Bio-
chem. 37, 249-302.

Setlow, B., and Mansour, T. E. (1972), Biochemistry 11,
1478-1486.

Shafrir, E., and Ruderman, N. B. (1974), Diabetologia 10,
731-742.

Taketa, K., and Pogell, B. M. (1965), J. Biol. Chem. 240,
651-662.

Tarnowski, W., and Seemann, M. (1967), Hoppe-Seyler’s Z.
Physiol. Chem. 348, 829-838.

Tsai, M. Y., and Kemp, R. G. (1973), J. Biol. Chem. 248,
785-792.

Ulm, E. H., Pogell, B. M., deMaine, M. M., Libby, C. B, and
Benkovic, S. J. (1975), Methods Enzymol. 42, 369-374,
Uyeda, K., and Luby, L. J. (1974), J. Biol. Chem. 249,

4562-4570,
Uyeda, K., and Racker, E. (1965), J. Biol. Chem. 240,
4682-4688.

Cytochrome ¢ Induced Lateral Phase Separation in a
Diphosphatidylglycerol-Steroid Spin-Label Model Membrane?

G. Bruce Birrell and O. Hayes Griffith*

ABSTRACT: The extrinsic membrane protein cytochrome ¢
binds to lipid mixtures containing negatively charged phos-
pholipids such as diphosphatidylglycerol (DPG). In this study
the effect of cytochrome ¢ on the lipid distribution in a
DPG-steroid spin-label (3-doxyl-Sa-cholestane) model
membrane system is examined. The electron spin resonance
(ESR) line-shape changes indicate that cytochrome ¢ induces

Lipid—protein interactions in biological membranes can be
examined by observing differences in mobility of lipid spin-
labels (Griffith and Jost, 1976). In the large protein complex
cytochrome oxidase (cytochrome a, a3), the terminal member
of the mitochondrial electron transport chain, a fraction of the
lipid is observed to be immobilized (Jost et al., 1973). This is
consistent with the idea that cytochrome oxidase and other
integral proteins penetrate deeply into or completely through
the phospholipid bilayer, creating a hydrophobic lipid-protein
interface. In contrast to the behavior of integral proteins, ex-
trinsic proteins such as cytochrome ¢ are easily released from
membranes by dilute salt solutions (Jacobs and Sanadi, 1960).
In its normal functional role, the small protein cytochrome ¢
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lateral phase separation at room temperature. The resulting
two-dimensional lipid distribution is nonrandom, consisting
of clusters of phospholipids bound to cytochrome ¢ and patches
of steroid spin-label molecules. Phase separations are also
observed in the three-component system: DPG, phosphati-
dylcholine, and 3-doxyl-Sa-cholestane.

transfers electrons from one large integral protein complex
(cytochrome b-c) to another (cytochrome oxidase), but it is
also known to bind to bilayers containing negatively charged
lipids (Green and Fleischer, 1963; Gulik-Krzywicki et al.,
1969; Nicholls, 1974; Kimelberg et al., 1970; Vanderkooi et
al., 1973), and specific lipid-protein interactions may be im-
portant to the function of cytochrome ¢. In a previous study,
the motion of fatty acid spin-labels before and after addition
of cytochrome ¢ was examined in bilayers of the negatively
charged phospholipid diphosphatidylgiycerol (DPG, car-
diolipin) and phosphatidylcholine (PC, lecithin).! Any effects
of cytochrome ¢ were small compared to the marked immo-
bilization by integral proteins (Van and Griffith, 1975). These
data are consistent with electrostatic binding of cytochrome
c.

In this paper we examine whether cytochrome ¢ can influ-
ence the local arrangement of lipids in the plane of the mem-
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! Abbreviations used are: DPG, diphosphatidylglycerol; PC, phos-
phatidylcholine; ESR, electron spin resonance.
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FIGURE 1: Structures of 3-doxyl-5a-cholestane spin-label (I), phosphatidylcholine (IT), and diphosphatidylglycerol (I11). The lipid side chains shown
in 11 and 111 are major components but there is some heterogeneity resulting from variations in degree of unsaturation and chain length in the naturally

occurring phospholipids used in these experiments.

brane, an effect that might not show up in the segmental mo-
tion of the lipids. The membrane model system chosen is a
mixture of the lipids shown in Figure 1: the steroid spin-label
3-doxyl-5a-cholestane in DPG and in DPG-PC mixtures. The
experimental design is influenced by the interesting studies of
Triuble and Sackmann (1972) on lipid distributions in the
steroid spin-label-PC model system and of Ohnishi and Ito
(1973, 1974) on Ca?*-induced phase separations in lipid bi-
layers.

Materials and Methods

Materials

Cytochrome ¢ (type VI from horse heart) and DPG (beef
heart) were purchased from Sigma Chemical Company and
were used without further purification. Egg yolk PC was iso-
lated and purified according to the method of Pangborn (1941,
1951). The steroid spin-label, 3-doxyl-5a-cholestane, was
synthesized from 5a-cholestan-3-one (Keana et al., 1967;
Marriott et al., 1975) and 5-doxylstearic acid was purchased
from Syva. The term doxyl refers to the 4/,4’-dimethyloxazo-
lidinyl-N-oxy derivative of the corresponding ketone (see
Figure 1).

Methods

DPG-Egg PC-Cytochrome ¢ Complexes. DPG (1.0 mg)
and egg PC (1.0 mg), both dissolved in ethanol, were added to
a small vial along with 24 ul of a stock solution (5 mg/ml in
chloroform) of 3-doxyl-5a-cholestane. The solvent was evap-
orated under nitrogen gas and the vial containing the lipids was
placed under vacuum for 1 h to remove any remaining solvent.
The lipids were then resuspended by vortexing in 0.5 ml of 0.02
M Tris-HCI (pH 8.5) containing 6 mg of cytochrome c. Re-
suspension of the lipids resulted in the formation of a water-
insoluble lipid-cytochrome ¢ complex. The turbid solution was
centrifuged at 3000g for 10 min at 4 °C, and the supernatant
containing excess cytochrome ¢ was discarded. The red pre-
cipitate was redispersed in 0.5 ml of 0.02 M Tris-HCI (pH 8.5)
and recentrifuged. The redispersion-centrifugation procedure
was then repeated. The pellet from the last centrifugation was
used for the electron spin resonance (ESR) measurements.

DPG-Cytochrome ¢ Complexes. One milligram of DPG,
dissolved in ethanol, and 12 ul of the stock spin-label solution
were dried down under nitrogen. After pumping to remove the
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FIGURE 2: ESR spectra of 3-doxyl-5a-cholestane in isotropic samples
of lipid alone and lipid-cytochrome ¢ complexes. The spectra were digi-

talized with a Varian 620/L computer and replotted to the same vertical
scale.

solvent, the spin-label-DPG mixture was resuspended in 0.4
ml of 0.02 M Tris-HCI (pH 8.5) containing 3 mg of cyto-
chrome ¢ by bath sonication (0 °C). Unlike the DPG-PC-
cytochrome ¢ complex, the DPG-cytochrome ¢ complex is
water soluble, and no attempt was made to remove the excess
cytochrome c in this case.

ESR Spectra. ESR spectra were recorded at 24 °C on a
Varian E-Line 9.5-GHz ESR spectrometer.

Results

The Steroid Spin-Label in DPG and DPG-PC Aqueous
Dispersions. ESR spectra of the dry lipids dispersed in aqueous
buffer are shown in the top row of Figure 2. These spectral line
shapes are typical of the steroid spin-label in bilayers of
phospholipids. Some exchange broadening is present because
of the relatively high spin-label concentration of 1:20 molar
ratio of spin-label to phospholipid side chains (e.g., 1:10
spin-label to PC or the equivalent of 1:5 spin-label to DPG
which has four lipid side chains). The spectra in the bottom row
of Figure 2 are observed when the same lipid films are taken
up in aqueous buffer containing cytochrome ¢. The effects of
cytochrome ¢ on a lipid mixture 1:4 DPG:PC are not as strik-
ing, but are clearly evident. No effect is observed in PC bilayers
without DPG present.
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These large effects of cytochrome ¢ can be observed under
a variety of experimental conditions. For example, omission
of the centrifugation step (i.e., removal of excess cytochrome
¢) in the 1:1 DPG:PC preparation yields a spectrum indistin-
guishable from the corresponding one of Figure 2. Experiments
on the 1:0 DPG:PC lipid sample (0.02 M Tris-HC], pH 8.5)
were repeated in 0.1 M phosphate (pH 7.0}, and the spectra
were again the same as the corresponding spectra of Figure 2.

The data of Figure 2 were obtained using cytochrome ¢ as
received from the supplier. By comparing the ratio of the op-
tical absorbances of this sample at 548.4 and 360 nm with those
of the completely oxidized (K3Fe(CN)g treated) and reduced
(Na3S8;04 treated) forms (Margoliash and Frohwirt, 1959),
more than 95% of the cytochrome ¢ was found to be in the
oxidized (Fe3*) state. Experiments were also performed with
cytochrome ¢ treated with Na,S,04 and chromatographed on
Sephadex G-25 (Andréasson et al., 1972). This sample was
predominantly (>90%) in the reduced form. In these experi-
ments spectral line-shape changes similar to those of Figure
2 were observed.

PC Spin-Label in Aqueous Dispersions of DPG. Another
variation of the experimental procedure would be to substitute
a PC spin-label for the steroid spin-label I. We have performed
experiments with PC substituted at the 3 position with either
12-doxylstearic acid or 16-doxylstearic acid. The molar lipid
ratio was 1:5 spin-labeled PC:DPG. Unfortunately, a signifi-
cant destruction of the ESR signals of these PC spin-labels
occurs when both DPG and cytochrome ¢ are present. One
sample of DPG was hydrogenated (10% Pd on carbon in eth-
anol), and the experiment was repeated using the PC derived
from 16-doxylstearic acid. The destruction of the spin-label
in this case is greatly reduced. Addition of cytochrome ¢ pro-
duces at most only small line-shape changes, in contrast to the
steroid spin-label results described above. We find no con-
vincing evidence from these exploratory experiments that cy-
tochrome c induces phase separations in the two-component
system, DPG and spin-labeled PC.

Fatty Acid Spin-Label in Aqueous Dispersions of DPG.
Fatty acids can act as detergents, so that it is questionable
whether fatty acid spin-labels are useful at the high label
concentrations required in phase separation studies. However,
at low concentrations these spin-labels can be used to measure
motion before and after the addition of cytochrome ¢ (Van and
Griffith, 1975). We have diffused S-doxylstearic acid into the
1:4, 1:1, and 1:0 by weight DPG:PC samples (spin-label:total
lipid mole ratio = 1:100). The order parameters (determined
using Method I, Griffith and Jost, 1976) measured from the
room temperature ESR spectra of the first two of these samples
are 0.55 (0.57) and 0.55 (0.58), respectively, with all data =
0.02. The numbers in parentheses are for the corresponding
samples after the addition of cytochrome ¢. There is some
destruction of signal in all three samples, and signal destruction
in the pure DPG (1:0) sample was rapid so no order parameter
was obtained for this sample. Signal destruction is greatly re-
duced when hydrogenated DPG is used. The order parameters
for 1:4, 1:1, and 1:0 by weight hydrogenated DPG:PC are 0.56
(0.58), 0.55 (0.59), and 0.49 (0.67), respectively.

Discussion

Cytochrome ¢ clearly has a pronounced effect on the ESR
spectra of the steroid spin-label intercalated into lipid mixtures
containing DPG, as shown in Figure 2. The resulting line shape
is dominated by spin exchange, indicating clustering of the
steroid spin-labels. Transitions from three line spectra to one
single exchange-narrowed line are well known in progressively
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FIGURE 3: First derivative spectra of the steroid spin-label in 1:1 mixtures
of DPG and egg PC: (a) DPG + PC + cytochrome c; (b) DPG + PC; (c)
the result of a spectral subtraction of spectrum b from a in which 22.5%
of the total absorption was subtracted. The first derivative spectra and
double integrals of b and c are scaled to reflect the concentrations of the
two components present in the composite spectrum a. The heights of the
double integrals are @ = 9.53, b = 2.14, and ¢ = 7.39 in arbitrary
units.

more concentrated solutions of spin-labels (Wertz and Bolton,
1972; Jost and Griffith, 1972) and these line shapes have been
treated in detail in lipid phase transition and lateral diffusion
studies (Sackmann and Trduble, 1972; Devaux et al., 1973).
These line shapes have also been reported in a number of in-
teresting studies of lipid phase separations induced by Ca?*
in phosphatidic acid-PC and phosphatidylserine-PC bilayers
(Ohnishi and Ito, 1973, 1974; Ito and Ohnishi, 1974; Galla and
Sackmann, 1975), and by Ca?* and polylysine in phosphatidic
acid-PC bilayers (Galla and Sackmann, 1975).

The single line spectrum d of Figure 2 resembles the spec-
trum of pure spin-label, indicating a high degree of lateral
phase separation. As the ratio of DPG:PC is decreased to 1:1,
the phase separation of the spin-label is still very apparent.
Further decreasing of the ratio to 1:4 substantially reduces the
phase separation and the effect disappears completely in bi-
layers without DPG. In order to determine whether line shape
b of Figure 2 is compatible with two spin-label environments
present at the same time, spectral titrations were performed
by subtracting incremental amounts of the lipids-alone spec-
trum a from b until an obvious end point was reached (e.g.,
inverted peaks). The results are given in Figure 3. The differ-
ence spectrum at the end point (Figure 3c) represents about
80% of the total absorption, and is a typical exchange narrowed
line shape remarkably similar to Figure 2d. The subtraction
procedure was repeated using a spectrum similar to Figure 3b,
except at much lower spin-label concentration (1:100 spin-
label:lipid instead of 1:10) with similar results. In this case the
difference spectrum represents approximately 95% of the total
absorption but the final line shape was slightly distorted. We
conclude that cytochrome ¢ is interacting with lipids on both
sides of the bilayers in this model system since the spin-label
is almost certainly distributed on both sides and 80-95% of the
spin-label is clustered after addition of cytochrome c, rather
than a maximum of 50% expected if cytochrome ¢ were present
only on the outside of the lipid vesicles.

Cytochrome ¢ evidently does not penetrate deeply into these

BIOCHEMISTRY, VOL. NO. 1976 2927
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FIGURE 4; Schematic diagram indicating the distribution of lipids in the absence (a) and in the presence (b) of cytochrome c.

lipid bilayers. The segmental motion at the 3 position of the
fatty acid spin-label, as indicated by the order parameter, is
essentially unchanged by cytochrome ¢ in the 1:4 by weight
DPG:PG bilayers. This is consistent with a previous study of
molecular motion in 1:4 DPG:PC bilayers (Van and Griffith,
1975). As the percent of DPG in the lipid mixture is increased,
we do observe an effect of cytochrome ¢ on motion. These ef-
fects are, however, small compared to the large reduction in
lipid chain motion observed when intrinsic proteins known to
penetrate deeply into or completely through the phospholipid
bilayers are present (e.g., cytochrome oxidase; Jost et al.,
1973).

The essential results are summarized in the diagrammatic
sketches of Figure 4. Figure 4a depicts a cross-sectional view
of the lipid bilayer containing the steroid spin-label. The dis-
tribution is predominantly random, although some clustering
may be present. Figure 4b shows the probable distribution after
addition of cytochrome ¢. The multiple positive charges on
each cytochrome ¢ (Dickerson, 1972) attract the negatively
charged DPG lipids. As a result, patches of spin-labels are
formed by exclusion as shown in Figure 4b. In mixtures of DPG
and PC the same effect is observed, but the effect diminishes
with decreasing DPG content. The interactions are electro-
static and the cytochrome ¢ does not penetrate deeply into the
phospholipid bilayers, as judged by the fatty acid spin-label
data.

The common phospholipids which carry net negative charges
2928
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near neutral pH include DPG, phosphatidic acid, phosphati-
dylserine, and phosphatidylinositol. We have repeated the
experiments of Figure 2 replacing DPG with each of the re-
maining three negatively charged lipids. The ESR spectra of
the steroid spin-label dissolved in the lipids alone are similar
to those of Figure 2. Cytochrome ¢, however, has a much
smaller effect on the phosphatidic acid than in DPG, and very
little if any effect on the phosphatidyiserine and phosphati-
dylinositol, or the mixtures of these lipids (1:1) with phos-
phatidylcholine. 1t is interesting to compare these results with
recent literature data on Ca?*-induced phase separations in
mixtures of these negatively charged lipids containing 1-20%
spin-labeled phosphatidylcholine. Ca** induces a lipid phase
separation in spin-labeled PC mixtures with phosphatidylserine
and phosphatidic acid, but not with either DPG or phospha-
tidylinositol (Ohnishi and Ito, 1974; Galla and Sackmann,
1975). Thus, there is evidence for specificity in the tendency
for lateral phase separation and the specificity is not the same
for cytochrome ¢ and Ca?*. Molecular models suggest that one
Ca** ion fits between the two phosphates of the DPG molecule,
minimizing the tendency of Ca’* to bond two neighboring
DPG molecules. The positive charges of cytochrome ¢ are more
widely dispersed, permitting interaction with two or more DPG
molecules. In the inner mitochondrial membrane DPG,
phosphatidylcholine, phosphatidylinositol, and phosphati-
dylethanolamine are all present (Parsons et al., 1967). There
is no evidence from the spin-labeling experiments presented
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here that cytochrome ¢ can cause gross phase separations of
these lipids in the inner mitochondrial membrane. These ex-
periments do demonstrate in an interesting way the interaction
of cytochrome ¢ with the negatively charged lipid, DPG. We
speculate that there is a nonrandom distribution of DPG in the
inner mitochondrial membrane with DPG-rich regions about
the intrinsic electron transport proteins. There is evidence that
cytochrome oxidase tightly binds some DPG (Awasthi et al.,
1970) and that there is in addition a boundary layer or halo of
lipid about cytochrome oxidase (Jost et al., 1973) that may
consist partly of DPG. The DPG would then attract the cyto-
chrome ¢ through electrostatic interactions and confine it to
the region of the cytochrome b-c¢; and cytochrome oxidase
complexes, increasing the rate of electron transport.
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