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Current models of biomembranes 
show protein intercalated in the lipid bi- 
layer (1). The interest in structural de- 
tails of membrane proteins led to the ex- 
tensive use of freeze-fracture as a tool to 
investigate the interior of the membrane 
bilayer (2). This use presupposes that 
membranes split upon freeze-fracture (3) 
and that the particles seen represent pro- 
tein (2). But the question of what consti- 
tutes a "particle" in situ remains un- 
known, in part because of lack of suf- 
ficient structural information about 
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individual membrane-associated pro- 
teins. 

Recently a membrane protein, bacte- 
riorhodopsin, was described in three di- 
mensions, at 7-A resolution, by comput- 
er analysis of electron diffraction pat- 
terns and corresponding micrographs 
(4). Bacteriorhodopsin is a 26,000-dalton 
polypeptide with covalently bound retinal 
(5) found in Halobacterium halobium 
(6). It has an absorption maximum at 570 
nm and functions as a light-driven pro- 
ton pump (7). Multiple copies of this pro- 
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tein are associated in vivo in the plasma 
membrane, in regular arrays that can be 
visualized by freeze-fracture electron 
microscopy (8). 

By combining freeze-fracture with dif- 
fraction techniques, we can define the 
polypeptide content of a particle. We 
measure particle dimensions and exam- 
ine packing geometry in freeze-fracture 
electron micrographs, and obtain the 
particle lattice by optical filtration. We 
then verify that the primary structure of 
the membrane polypeptide after freeze- 
fracture is the same as in native mem- 
brane (that is, no major covalent bonds 
are broken) and compare the particle im- 
age to the filtered lattice. If those lattice 
points can be superimposed on the pre- 
viously derived planar electron density 
projection (9), one can relate the parti- 
cles seen in freeze-fracture to the 7-A 
map. 

Conventional freeze-fractured prepa- 
rations (10) of light-grown and oxygen- 
starved cells of H. halobium (11) reveal 
quasi-crystalline aggregates of particles 
in the plane of the membrane half (P 
face) closest to the cytoplasm (Fig. 1, a 
and b). Particles can be identified (Fig. 
la) as irregular accumulations of elec- 
tron-scattering material bordered on one 
side by a crescent-shaped electron-trans- 
parent region (shadow). The com- 
plementary half (E face) is devoid of par- 
ticles but shows a fine lattice at favor- 
able shadow angles. 

Particles were selected at random 
from electron micrographs of fractured 
H. halobium cells at calibrated magnifi- 
cations of 600,000 x. Their dimensions 
were measured with an optical com- 
parator, using lines drawn normal to the 
shadowing direction. Purple membrane 
particles were 11.9 ? 2.6 nm wide 
(mean ? standard deviation, N = 50) 
and adjacent nonaggregated red mem- 
brane particles 10.4 ?+ 1.3 nm wide 
(N = 50; uncorrected for shadowing ma- 
terial). The purple particles were ar- 
ranged in rows offset from each other by 
one-half particle width (Fig. la). No dis- 
tinct hexagonal patterns were observed. 

Because fractures pass through the 
cells at many angles, both low-angle and 
high-angle shadows can be found in a 
single replica. The low-angle regions, 
identified by long shadows or minimal 
Pt-C deposition, are especially useful for 
detection of particle substructure (Fig. 
lb). Scrutiny of such areas reveals sub- 
particle grains of Pt-C occasionally ar- 
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particle grains of Pt-C occasionally ar- 
ranged hexagonally (Fig. lb, circles). 
Whether this preferential accumulation 
of Pt-C is primarily due to "decoration" 
(12) or to true shadowing is not known. 
Our interest, however, was not to exam- 
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Freeze-Fractured Purple Membrane Particles: Protein Content 

Abstract. Optical diffraction and image reconstruction can be used to correlate the 
electron microscope image of the biological membrane with its electron density pro- 
jection. Such correlation shows that a single purple membrane particle contains 9 to 
12 protein molecules-63 to 84 transmembrane alpha helices-a complexity two to 
ten times greater than that previously suggested for membrane particles. 
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ine the structure of the grain, which is 
near the limit of Pt-C resolution (12), but 
rather to note its position. 

A high-contrast image of the fractured 
membrane (Fig. la) placed in an optical 
diffractometer produces the type of dif- 
fraction pattern shown in Fig. 2a. Mea- 
surement of first-order spacings reveals a 
range of lattice spacings from 4.6 to 4.9 
nm. Such spacings are smaller than those 
derived by diffraction of isolated mem- 
brane by about 0.4 to 0.7 nm. Variation 
is probably due to the uncontrolled tilt of 
the membrane in bulk-fractured cells be- 
cause the spacing varies in different di- 
rections in the same pattern. When iso- 
lated patches of membrane are oriented 
by attachment to polylysine-treated 
glass, fractured (13), and diffracted, all 
first-order spots have the same spacing 
corresponding to 5.3-nm lattice lines and 
6.1-nm center-to-center separation (Fig. 
2a). Spacings of 6.3 and 6.2 nm have pre- 
viously been reported from hydrated 
samples prepared for x-ray diffraction (8, 
13, 14). 

To compare the lattice with the parti- 
cles, we reconstructed the image from 
the diffraction pattern and photographed 
it. A mask punched from the pattern was 
aligned with the spots in the diffraction 
plane and used to produce the optically 
filtered image of the lattice (15). The fil- 
tered image (Fig. 2b) was transferred to a 
transparent overlay and directly super- 
imposed on prints of the real image. The 
comparison revealed that the area within 
several adjacent unit cells (two to six or 
more lattice points) could fit within the 
contours of a single freeze-fracture par- 
ticle. 

Both x-ray diffraction and electron mi- 
croscopy have shown that a single-unit 
cell contains three bacteriorhodopsin 
proteins (16) (Fig. 2c). Therefore, a 
single particle in the freeze-fracture im- 
age must be composed of 9 to 12 pro- 
teins. The structure of the bacteriorho- 
dopsin protein in three dimensions (4) 
shows that it is composed of seven alpha 
helices arranged approximately normal 
to the plane of the membrane (16). Thus 
a single particle can easily accommodate 
63 to 84 (7 x 9 to 7 x 12) such helices 
(Fig. 2d). 

Of course, the direct comparison of 
glucose-embedded, intact, purple mem- 
brane sheets to frozen and fractured 
membranes requires evidence that the 
particles are proteins whose polypep- 
tides are not significantly altered by 
freezing and fracturing. We have prelimi- 
nary evidence that this is the case. 
Purple membranes adsorbed as mono- 
layers to polylysine-treated glass cover 
slips (22 by 22 mm) were freeze-frac- 
1 JULY 1977 

tured (13), freeze-dried, and extracted 
into 0.1 percent sodium dodecyl sulfate 
for polyacrylamide gel electrophoresis. 
All bands migrated with the same rela- 
tive mobility whether they were controls 
(unbound or bound, unfrozen, unfrac- 
tured; bound, frozen, unfractured) or ex- 
perimental bands (bound, frozen, frac- 
tured, copper side or glass side). No ad- 
ditional bands were seen following 
fracturing. That a significant proportion 

of the membranes had indeed fractured 
was verified by electron microscopy of 
shadowed surfaces obtained in parallel 
experiments. 

Freeze-fracture particles are absent 
from dispersions of amphiphilic lipid bi- 
layers but can be generated by the ad- 
dition of isolated integral membrane 
proteins such as bovine rhodopsin (17); 
sarcoplasmic reticulum adenosine tri- 
phosphatase (18); or erythrocyte gly- 

Fig. 1. (a and b) Fracture faces of Halobacterium halobium plasma membranes (P faces) show- 
ing purple membrane particle aggregates. Cells were scraped from slants, placed on copper 
supports?, and frozen without fixation or cryoprotection in Freon 22. They were fractured at 
-115?C and 2 x 10-6 torr in a Balzers device and shadowed with Pt-C by resistance heating. 
The shadow direction is from bottom to top (x 220,000). (a) High shadow angle, conventional 
appearance. Particles are offset by one-half particle width (zigzag line); there is no obvious 
hexagonal packing of individual particles. (b) Low shadow angle. Subparticle grains show hex- 
agonal arrangements (circles). Four such granules constitute a single particle. 

Fig. 2. (a to d) Diffraction-derived images of purple membrane. (a) Diffraction pattern of freeze- 
fractured purple membrane. Weak second-order spots are visible. (b) Optically filtered image of 
freeze-fractured membrane. Note the hexagonal arrangement of lattice points. (c) Unwin and 
Henderson (9) electron density projection redrawn and combined to form a collage; printed here 
at a magnification directly comparable to that in (b). Each lattice point has three molecules and 
each molecule seven alpha helices (four are shown here as a single smeared band). (d) Collage 
showing postulated fracture lines (left) and particle structure (right). The blackened area out- 
lines a single bacteriorhodopsin molecule. 
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cophorin (19), glycoprotein fragments 
(20), or band 3 proteins (21). From exam- 
inations of stoichiometry and correla- 
tions of surface reactivity, various au- 
thors have suggested that particles may 
contain dimeric, trimeric, or multimeric 
associations of polypeptides (17-22). In 
one model system it was calculated that 
each 8-nm intramembranous particle 
contained between 10 and 20 tryptic pep- 
tide monomers with a combined molecu- 
lar weight of 45,000 to 85,000 (20). Our 
examinations of "intact" membranes 
show a degree of association as much as 
a full order of magnitude greater. How- 
ever, the presence of 12 protein mole- 
cules in a single particle (12 nm in di- 
ameter) is not inconsistent with their 
combined molecular weight (12 x 
26,000 = 312,000) if one recalls that the 
shadowed ferritin molecule has a diame- 
ter of 11 to 12 nm (23) and its apoprotein 
fraction a molecular weight of 480,000 
(24). For simplicity the purple membrane 
lipids (25 percent by weight) were not in- 
cluded in the calculation. 

Our study provides a clear example of 
the polypeptide composition of a native 
membrane particle. The purple mem- 
brane helix content is four to five times 
greater than that calculated in the tryptic 
peptide reconstitution study (20) and a 
full order of magnitude greater than that 
of many suggested particle polypeptide 
contributions. Although we recognize 
that polypeptide packaging in purple 
membrane may be unique, such structur- 
al complexity may also underlie the oth- 
er 10-nm particles so commonly found in 
freeze-fractured biomernbranes. If so, 
simple models of membrane structure, or 
one-to-one correlations of function and 
particle occurrence, should be viewed 
with caution. 

KNUTE A. FISHER 

WALTHER STOECKENIUS 
Cardiovascular Research Institute and 
Department of Biochemistry and 
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The recent discoveries of the opiate 
receptor and endogenous polypeptides 
that bind to that receptor (1) have initiat- 
ed a search for a peptidergic neuronal 
system that may influence a variety of 
behaviors. In humans, endogenous sub- 
stances that bind to opiate receptors (en- 
dorphins) have been demonstrated in 
cerebrospinal fluid (CSF), brain, and pe- 
ripheral blood (2, 3). Reports of psychoto- 
mimetic actions of narcotics and cer- 
tain narcotic antagonists have led to the 
suggestion that some behavioral dis- 
orders may be associated with an excess 
of natural opiatelike compounds at spe- 
cific sites in the central nervous system. 

The link between psychotic behavior 
and endorphins has been suggested by 
the resemblance of behavioral states in- 
duced by endorphins in rats to human 
catatonia and to neuroleptic-induced 
catalepsy (4, 5). In one study, the inves- 
tigators reported that reduced symptoms 
of schizophrenia were associated with a 
decreased level of endorphin in CSF (6). 
They also found elevated endorphin lev- 
els in the CSF of manic patients. In fur- 
ther study linking opiatds to mood dis- 
orders, cyclazocine, :a mixed narcotic 
agonist-antagonist, had a clinical antide- 
pressant action (7). Perhaps the most 
provocative suggestion is the recent re- 
port that naloxone reduces or even elimi- 
nates temporarily the auditory halluci- 
nations of chronic schizophrenics (8). 
Naloxone is a pure narcotic antagonist 
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that has been shown to reverse and block 
opiate effects including analgesia, res- 
piratory suppression, and psychotomi- 
metic and other side effects (9). Naloxone 
has been shown to be effective in reversing 
the effects induced by endorphins as well 
(3, 4). If excessive endorphin is associ- 
ated with human behavioral disorders, 
naloxone would be expected to promptly 
reverse relevant symptomatology. In 
this report, the possible antipsychotic 
and mood-altering effects of naloxone are 
tested in patients with schizophrenia and 
affective illness. 

Patients participating in this study 
were all seriously ill inpatients at the Na- 
tional Institute of Mental Health. All 
were voluntary patients and had signed 
informed consent. The clinical character- 
istics of this population are described in 
Table 1. Naloxone or a matched volume 
of physiological saline was administered 
intravenously in a randomized double- 
blind fashion. The following items were 
rated on a severity scale of 1 to 7 (not 
present to severe): hallucinations, man- 
nerisms and posturing, conceptual dis- 
organization, unusual thought content, 
psychosis, and the mood variables of de- 
pression, elation, and dysphoria (10). 
These variables were chosen in order to 
evaluate the possible antipsychotic and 
antidepressant effects cited earlier. Blind 
ratings were performed before and 1 
hour after each injection. In addition, 
each patient was interviewed for 15 min- 
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Intravenous Naloxone Administration in Schizophrenia 
and Affective Illness 

Abstract. Fourteen schizophrenic patients and five patients with affective disorders 
were given naloxone (0.4 to 10 milligrams) or placebo intravenously in a double-blind 

fashion. Physicians' ratings of hallucinations, mannerisms and posturing, concep- 
tual disorganization, psychosis, and mood did not change significantly. A single 
item, unusual thought content, improved significantly on the naloxone day compared 
to the placebo day. There was no improvement in mood in affectively ill patients 
rated either by themselves or by physicians. Naloxone did not markedly improve any 
patient studied, which suggests that the acute blockade of opiate receptors is not 
associated with global improvement in psychotic symptomatology. 
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