
TABLE I
PARTITION COEFFICIENTS OF ETHANOL AND
HALOTHANE IN BRAIN SYNAPTOSOMES AND LIVER
MITOCHONDRIA FROM ETHANOL-FED RATS AND
CONTROL

Ethanol, Kp Halothane, Kp

Mitochondria
Ethanol-fed (8)1.17 ± 0.634 (5)21.4 ± 2.71
Control 3.60 ± 0.740 28.6 ± 5.58
Control/ethanol-fed 4.24 1.35
Synaptosomes
Ethanol-fed (5) 0.33 ± 0.11 (7) 21.07 ± 10.2
Control (5) 1.00 ± 0.42 27.5 ± 11.3
Control/ethanol-fed 3.07 1.38

Partition coefficients were determined by incubating the membranes
with a "C-labeled compound and 3H20.

in the partition coefficients of the decane spin-probe (1.4
to fourfold difference). Since the latter are strongly corre-
lated with the membrane order parameter, it is apparent
that the changes in membrane rigidity are related to the
binding of alcohol and anesthetics. Whether the reduced
membrane binding is sufficient to explain in full the
acquired resistance to the disordering effects of these
compounds can only be answered by further refinement of
these measurements. However, these data provide suffi-
cient evidence to suggest that tolerance and cross-

tolerance result in part from increased membrane rigidity,
which decreases the partitioning of ethanol and other
drugs into the membranes of chronic alcoholics. A prelimi-
nary short report of this work has been published (Rotten-
berg et al., 1981).
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MEMBRANE FLUIDITY CHANGES ACCOMPANY

ACTIVATION OF SEA URCHIN EGGS

CARL SCANDELLA, JUDITH CAMPISI, JEFF ELHAI, AND MARY SELAK
Department ofBiochemistry, State University ofNew York, Stony Brook, New York 11794 U.S.A.

The fertilization of sea urchin eggs is a visually dramatic
example of cell activation. The resonance spectra of spin-
labeled eggs have been used in several ways to analyze the
membrane fluidity changes that accompany egg activa-
tion. We have consistently observed a decrease in order
parameter, S, of eggs labeled with 5-doxylstearate asso-
ciated with fertilization (1, 2). The average decrease in S
was 2.1% for Lytechinus pictus and 2.5% for Strongylo-
centrotus purpuratus. This is a large change for a biologi-
cal system. In pure phospholipid systems a change of
- 20% is associated with the gel to liquid-crystal phase
transition, but in biological systems changes of > 1% are
quite rare.

RESULTS AND DISCUSSION

The change in S suggested that membrane fluidity
increases upon activation. We have carried out a series of
experiments to rule out likely sources of artifacts (2, 3).
One potential source of artifacts concerns the changes in
the surface structure of the egg at fertilization. In the first

minute after fertilization the topography of the plasma
membrane is drastically altered by fusion of cortical
granules. Furthermore, a layer of protein, the vitelline
layer, is removed from the exterior of the egg. Ammonia-
activated eggs do not show these surface changes yet they
still undergo the fluidity change. Experimental removal of
the vitelline layer with dithiothreitol or protease had no
effect on S. Indeed we found that the order parameter of
eggs labeled with 5-doxylstearate did not respond to
several treatments designed to alter the surface of the egg
(2, 3).

Any interpretation of the spectral change induced by
fertilization would certainly depend on the location of the
spin probe within the egg. We approached the problem of
localizing the probe in two stages. First we sought evidence
that the probe might find its way to nonbilayer sites, such
as neutral lipid droplets or protein binding sites. Knowing
of no prior studies on the behavior of fatty acid spin labels
in neutral lipid, we first turned to model systems. Here we
found that the partitioning of spin label into neutral lipid
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from water was very low, and the label that did enter the
lipid phase exhibited an isotropic spectrum far different
from that observed in eggs. Furthermore, spectra of eggs
labeled with 5-, 12- or 16-doxylstearate indicate increas-
ingly disordered anisotropic motion characteristic of
membranes. If there is a protein-bound component hidden
in these spectra it must be quite small. We have used
several parallel approaches to reveal the distribution of
probe within the cell. Light microscopy autoradiography
of cells labeled with [3H] oleate under the conditions used
for spin labeling revealed silver grains located throughout
the cytoplasm and over the egg surface but not over the
nucleus. [3H] oleate was chosen instead of [3H] doxyl-
stearate because the double bond in oleate permits chemi-
cal fixation to unsaturated lipids within the membrane. As
a second approach, 5-doxylstearate uptake was measured.
From the absence of spin-spin interaction in the spectra an
upper limit to the concentration of spin label in egg
membranes can be calculated. This and the quantity
actually taken up by the eggs make it clear that the label
must be diluted throughout most of the egg membranes.
Finally, we isolated a surface membrane fraction from
fertilized and unfertilized eggs. This fraction yielded
different spectra compared with whole eggs. All our data
indicate that 5-doxylstearate distributes uniformly
throughout egg membranes (2). The change in fluidity
appears to be localized near the polar faces of the
membranes because it is not reported by 12- or 16-
doxylstearate.

We have localized the fluidity change within the
well-defined sequence of events that occurs within 10 min
after fertilization. This sequence includes changes in the
membrane potential, intracellular calcium ion concentra-
tion, and intracellular pH. The bulk membrane fluidity
change is not a consequence of the membrane potential
change or the transient increase in intracellular calcium
concentration; rather, the increase in cytoplasmic pH
elicits the change in fluidity. Experiments are in progress
to determine whether the fluidity change is a direct or an
indirect consequence of the pH change.

The fluidity change in whole cells apparently reflects
membrane activation averaged over the entire cell. We
have isolated a surface membrane fraction from fertilized
and unfertilized sea urchin eggs (4) in order to study
fluidity changes in more homogeneous sample. The purifi-
cation of this fraction, the cortex, as measured by marker
enzyme specific activities or nucleic acid content, is a least
10-fold. When viewed by scanning electron microscopy or
phase contrast microscopy, this fraction consists of nearly
intact cortical hulls and smaller membrane fragments.
Cortical granules, membrane-delimited spheres - 1 ,um
Diam, line the inner surface of the unfertilized egg cortex.
These structures are absent from the fertilized egg cortex;
the increase in cytoplasmic calcium concentration 30-60 s
after fertilization triggers exocytosis of the cortical gran-
ules. A great advantage of the cortex preparation is that

the structural response of cortical granules to calcium ion
is preserved through the isolation. We and others have
found that this structural change takes place in isolated
cortices at 1-3 ,uM Ca"+ (5).' This response offers a
powerful tool to monitor the integrity of our in vitro
system.

Cortices isolated from fertilized and unfertilized eggs
differ in their S values by 3-4%. Cortices from fertilized
eggs are less fluid than their counterparts from unfertil-
ized eggs; in contrast, the bulk membranes of fertilized
eggs are more fluid. There is no inconsistency in these
results since the cortical membranes probably constitute
only 5-10% of the total membrane in the egg. Results
from photobleaching experiments on the surface of sea
urchin eggs (6) and mouse eggs (7) are consistent with our
own measurements on cortices. If the difference in S
between the cortices of fertilized and unfertilized eggs
reflects a difference in the fluidity of the plasma
membranes of these eggs, then this difference is sufficient
to alter the activity of membrane-bound enzymes by
several fold (8).

The fluidity change in isolated cortices associated with
fertilization can be mimicked in vitro by calcium. The
addition of calcium to cortices from unfertilized eggs
elicits an increase in S of - 4%, very close to the change
associated with fertilization. We thus have an in vitro
system that reproduces a change in fluidity that probably
occurs in vivo. Isolated mitochondrial membranes, in
contract, become more fluid after fertilization.2 It seems
clear that two distinct changes in membrane fluidity
follow within 10 min of fertilization: the transient increase
in cytoplasmic calcium concentration induces a decrease in
surface membrane fluidity, and the increase in cytoplas-
mic pH causes internal membrane fluidity to increase.
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'"AMBIQUITOUS" BEHAVIOR OF BRAIN HEXOKINASE

RAPID AND REVERSIBLE INTERACTION OF HEXOKINASE WITH THE

OUTER MITOCHONDRIAL MEMBRANE

J. E. WILSON
Biochemistry Department, Michigan State University, East Lansing, Michigan 48824, U.S.A.

Certain enzymes exhibit rapidly reversible associations
with subcellular structures. These enzymes have been
called "ambiquitous" (both places; cf., "ubiquitous," all
places) to emphasize that their intracellular location may
be variable, being a function of metabolic status in the cell
(1). The most thoroughly studied ambiquitous enzyme is
brain hexokinase (ATP: D-hexose 6-phosphotransferase,
EC 2.7.1.1) (2). Hexokinase binds reversibly and specifi-
cally to the outer mitochondrial membrane, with the
binding equilibrium being sensitive to physiologically rele-
vant metabolites such as ATP and glucose-6-P. Variations
in distribution of the enzyme between bound and solubi-
lized forms are believed to be involved in regulation of

catalytic activity, the bound form of the enzyme being
more active. Variation in the soluble:particulate distribu-
tion of hexokinase has been reported to occur in response
to in vivo perturbations of normal cerebral energy meta-
bolism with increased proportion of mitochondrially bound
enzyme found during periods of increased glycolytic rate
(e.g., 3, 4).

Ambiquitous behavior has two fundamental require-
ments: there must be complementary recognition signals
on enzyme and membrane which permit specific interac-
tion; and there must be some mechanism by which the
strength of that interaction can be modulated by parame-
ters reflecting metabolic status of the cell. Current efforts
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FIGURE 1 Speculative model representing interaction of brain hexokinase with the outer mitochondrial membrane. The enzyme is pictured
as having two functional domains: one, enclosed by dashed circle, includes the C-terminus (arbitrarily) and the catalytic site; the other
includes the N-terminal region and is responsible for interaction with the membrane. The N-terminal segment, led by the hydrophobic triplet,
Tyr-Tyr-Phe, is inserted into the membrane and interacts with the hexokinase binding protein (crosshatched rectangle) in the membrane.
Additional divalent cation-mediated interactions also occur (6). As a result of binding glucose-6-P (small stippled rectangle), the enzyme
undergoes a conformational change which results in retraction of the N-terminal segment from the membrane (and also causes inhibition of
catalytic activity). The enzyme is now bound less tightly, with only the divalent cation-mediated forces operational, i.e., the binding
equilibrium is shifted toward increased amounts of "solubilized" enzyme. In the presence of 1 mM Mg"+ the association of enzyme with the
membrane can largely be maintained even in the presence of glucose-6-P. Since the intracellular concentration of Mg"+ has been estimated
at -1 mM (7), it may be that, in vivo, the reversible interactions between hexokinase and the outer mitochondrial membrane are primarily
restricted to the glucose-6-P sensitive states shown at the left of the figure, i.e., between tightly bound (N-terminal inserted) and loosely
bound (N-terminal retracted) states. (Reprinted, with permission of Academic Press, from reference 2).
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