8578

National Biomedical ESR Center, Department of Radiology, Medical College of Wisconsin, Milwaukee, Wisconsin 53226,
Biophysics Department, Institute of Molecular Biology, Jagiellonian University, 31-120 Krakow, Poland, and Department of

Biochemistry 1991, 30, 8578-8590

Effect of Alkyl Chain Unsaturation and Cholesterol Intercalation on Oxygen

Transport in Membranes: A Pulse ESR Spin Labeling Study’
Witold K. Subczynski,**$ James S. Hyde,! and Akihiro Kusumi*!

Pure and Applied Sciences, College of Arts and Sciences, The University of Tokyo, Meguro-ku, Tokyo 153, Japan
Received February 21, 1991; Revised Manuscript Received May 29, 1991

ABSTRACT: Transport and diffusion of molecular oxygen in phosphatidylcholine (PC)—cholesterol membranes
and their molecular mechanism were investigated. A special attention was paid to the molecular interaction
involving unsaturated alkyl chains and cholesterol. Oxygen transport was evaluated by monitoring the
bimolecular collision rate of molecular oxygen and the lipid-type spin labels, tempocholine phosphatidic
acid ester, S-doxylstearic acid, and 16-doxylstearic acid. The collision rate was determined by measuring
the spin-lattice relaxation times (7’s) in the presence and absence of molecular oxygen with long-pulse
saturation—recovery ESR techniques. In the absence of cholesterol, incorporation of either a cis or trans
double bond at the C9-C10 position of the alkyl chain decreases oxygen transport at all locations in the
membrane. The activation energy for the translational diffusion of molecular oxygen in the absence of
cholesterol is 3.7-6.5 kcal/mol, which is comparable to the activation energy theoretically estimated for
kink migration or C—C bond rotation of alkyl chains [Trauble, H. (1971) J. Membr. Biol. 4, 193-208; Pace,
R.J., & Chan, S. I. (1982) J. Chem. Phys. 76, 4241-4247]. Intercalation of cholesterol in saturated PC
membranes reduces oxygen transport in the headgroup region and the hydrophobic region near the membrane
surface but little affects the transport in the central part of the bilayer. In unsaturated PC membranes,
intercalation of cholesterol also reduces oxygen transport in and near the headgroup regions. In contrast,
it increases oxygen transport in the middle of the bilayer. On the basis of these observations, a model for
the mechanism of oxygen transport in the membrane is proposed in which oxygen molecules reside in vacant
pockets created by gauche—trans isomerization of alkyl chains and the structural nonconformability of
neighboring lipids, unsaturated PC and cholesterol in particular, and oxygen molecules jump from one pocket
to the adjacent one or move along with the movement of the pocket itself. The presence of cholesterol
decreases oxygen permeability across the membrane in all membranes used in this work in spite of the increase
in oxygen transport in the central part of unsaturated PC—cholesterol membranes because cholesterol decreases
oxygen transport in and near the headgroup regions, where the major barriers for oxygen permeability are
located. Oxygen gradients across the membranes of the cells and the mitochondria are evaluated. Arguments
are advanced that oxygen permeation across the protein-rich mitochondrial membranes can be a rate-limiting

step for oxygen consumption under hypoxic conditions in vivo.

Tansport‘ of small molecules within and across the cell
membrane is one of the principal functions of cellular mem-
branes (Adam & Delbriick, 1968). In particular, transport
and diffusion in the lipid domain of the membrane are of
fundamental importance since the lipid bilayers provide cells
and cellular organelles with major diffusion barriers (Albert
et al, 1988). A substantial body of data on the permeability
of various molecules has been accumulating (Anderson, 1978;
Finkelstein, 1984; Walter & Gutknecht, 1986; Subczynski et
al,, 1989). However, very little is known on the molecular
mechanism of transport within and across the lipid bilayer
membranes.

Molecular models for diffusion and transport of small
molecules in the membrane have been proposed (Trauble,
1971; Pace & Chan, 1982). According to Triuble (1971),
small molecules enter the free volume formed by the kink
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conformation in the phospholipid alkyl chains and migrate
across the membrane as the kink migrates. The concentration
and the diffusion coefficient of the kink within hydrocarbon
region of the membrane were estimated to be about 8 M and
1075 cm?/s, respectively. Pace and Chan (1982) proposed that
diffusion of small molecules occurs by hopping of these
molecules between adjacent kinks. In this mechanism, mo-
lecular diffusion takes place through kink formation of adja-
cent chains, in contrast to kink migration along one acyl chain
in Trduble’s model. Evaluated activation energy for the kink
migration is 4.8 kcal/mol (Trduble, 1971) and 3.1 kcal/mol
for bond rotation (isomerization) (Pace & Chan, 1982). In
order to advance such studies on the molecular mechanism
of diffusion and transport of small molecules in the lipid bilayer
membranes, further experimental investigation is needed.
Recently, we have been studying the transport of small
paramagnetic molecules, molecular oxygen (O,, MW = 32)
and a copper square-planar complex [[3-ethoxy-2-oxobutyr-

! In the present paper, the word “transport” indicates the product of
the (local) translational diffusion coefficient and the (local) concentration
of small molecules in the membrane. Thus, “transport” is used here in
its basic physical meaning. This quantity is important because it is
directly related to the bimolecular reaction rate due to the proportionality
to the bimolecular collision rate. Active transport across the membrane
is not the subject of this paper.
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aldehyde bis(NV*,N*-dimethylthiosemicarbazonato)]copper(II)
called CuKTSM,,2 MW = 394], within and across the lipid
bilayer membranes (Subczynski & Hyde, 1981; Kusumi et al.,
1982a; Subczynski & Hyde, 1983; Subczynski et al., 1987,
1989, 1990). The major objectives of these studies are (1) to
understand the transport mechanism of small molecules in the
membrane and (2) to study the interaction between the
phosphatidylcholine (PC) and cholesterol by using small
molecules as a probe. We paid special attention to the dif-
ferences in lipid interaction and organization between saturated
PC—cholesterol and unsaturated PC—cholesterol membranes.
In order to give a clear presentation, our previous results and
models on PC—cholesterol interaction and microimmiscibility
in the membrane are summarized in the text section.

Our method to study transport of small molecules is based
on the measurement of the bimolecular collision rate between
these paramagnetic molecules (fast relaxing species) and the
nitroxide spin label (a slow relaxing species) in the membrane
by observing the spin-lattice relaxation times (77’s) of the spin
labels. The collision rate is proportional to the product of the
local concentration and the local diffusion coefficient, and
thereby to the transport coefficient, of the paramagnetic
molecules at a specific place in the membrane (see Experi-
mental Procedures).

In the course of this series of studies, a preliminary obser-
vation of anomalous behaviors of oxygen transport in L-a-
dioleoyl-PC (DOPC, an unsaturated PC)—cholesterol mem-
branes was made. Oxygen transport in the central part of the
membrane was increased by incorporation of cholesterol in
DOPC membranes in the liquid-crystalline state (Subczynski
et al., 1989). One of the thrusts of the present work is, thereby,
to elucidate the relationships between oxygen transport and
lipid organization in the membrane in order to understand the
molecular mechanism of membrane transport and diffusion.

We will advance the idea of vacant pockets created both
intramolecularly and intermolecularly in the membrane as an
important structural factor for oxygen transport in the mem-
brane. Oxygen molecules may hop from one pocket to the
adjacent pocket in the membrane or may be carried along in
the pocket as the pocket migrates. These vacant pockets would
be formed by dynamic gauche—trans isomerism of alkyl chains
and the conformational mismatch between adjacent lipid
molecules, cholesterol, and unsaturated PC in particular.

We will pay special attention to (1) the influence of the
double bond in PC alkyl chains on oxygen transport in mem-
branes and to (2) the conformational mismatch between
cholesterol and unsaturated PC alkyl chains as it relates to
oxygen transport in the membrane. Because introduction of
alkyl chain unsaturation and variation of the cholesterol mole
fraction induce large changes in conformation of the adjacent
lipids, lipid-lipid interaction, and lipid-domain organization
in the membrane (see the following section for a review), by
studying the influences of these changes on oxygen transport,
we would gain important insight into the mechanism of oxygen

2 Abbreviations: CE, cholesterol effect; CuKTSM,, [3-ethoxy-2-
oxobutyraldehyde bis(/V*, N*-dimethylthiosemicarbazonato)]copper(1I);
DEPC, L-a-dielaidoylphosphatidylcholine; DLPC, L-a-dilauroyl-
phosphatidylcholine; DMPC, L-a-dimyristoylphosphatidylcholine; DOPC,
L-a-dioleoylphosphatidylcholine; DPPC, L-a-dipalmitoylphosphatidyl-
choline; DSPC, L-a-distearoylphosphatidylcholine; 14-EASL, 14-doxyl-
eicosanoic acid spin label; EYPC, egg yolk phosphatidylcholine; PC,
phosphatidylcholine; SASL, stearic acid spin label; 5-SASL, 5-doxyl-
stearic acid spin label; 16-SASL, 16-doxylstearic acid spin label; T-PC,
tempocholine dipalmitoylphosphatidic acid ester; d-tempone, 1-oxyl-4-
0x0-2,2,6,6-tetramethyl[ 1-'N]piperidine-d,¢; T), spin-lattice relaxation
time; USE, unsaturation effect.
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FIGURE 1: Schematical drawings showing that nonconformability of
the rigid ring structure of cholesterol (rectangles) and the rigid bend
at the C9-C10 cis double bond in an unsaturated alkyl chain (bent
rods) induces vacant pockets (packing defects) in the membrane. Three
possible configurations are indicated. In neither case is good packing
possible.

transport in the membrane. The results on oxygen transport
are compared with the transport and diffusion data for
phospholipids and CuKTSM, (Kusumi et al., 1986; Subczynski
et al., 1990). On the basis of these observations, we propose
a molecular mechanism of oxygen transport in the membrane
and also a mechanism by which alkyl chain unsaturation and
cholesterol affect the oxygen transport in the membrane.

Summary of the Previous Studies on the Effect of Cho-
lesterol Incorporation in PC Membranes. Previously, we have
studied PC—cholesterol interaction in various unsaturated PC
and unsaturated PC membranes (Kusumi et al., 1983, 1986;
Subczynski & Kusumi, 1986; Merkle et al., 1987; Kusumi &
Pasenkiewicz-Gierula, 1988; Pasenkiewicz-Gierula et al., 1990;
Subczynski et al., 1990). These studies as well as those by
Shin and Freed (1989a,b) and Shin et al. (1990) indicated that
PC—cholesterol interaction in the membrane is quite different
between saturated and unsaturated (C9-C10-cis) PC mem-
branes: cis-unsaturated PC is less miscible with cholesterol
at physiological temperatures than saturated PC, while the
major effect of cholesterol on saturated PC is to mix at certain
ratios and to enhance the trans configuration of the saturated
chain (Vist & Davis, 1990).

We have proposed the following model for the molecular
interaction of cholesterol and PC to explain a variety of
cholesterol effects (CE) in PC—cholesterol membranes.

(CE1) Intercalation of cholesterol promotes trans configu-
ration (extended structure) of single bonds in saturated PC
membranes due to its rigid plate-like ring structure [i.e., the
so-called “ordering effect of cholesterol” (Presti, 1985; Kusumi
et al., 1986)].

(CE2) The rigid tetracyclic ring structure of cholesterol and
the rigid bend at the double bond in unsaturated PC alkyl
chains do not conform to each other when they are in direct
contact in the membrane (Pasenkiewicz-Gierula et al., 1990;
Subczynski et al., 1990). This structural nonconformability
is most significant with a cis double bond in the alkyl chain.
The nonconformability between the rigid ring structure of
cholesterol and the rigid bend at the C9-C10 cis double bond
in the unsaturated alkyl chain is the key feature of unsaturated
PC—cholesterol interaction [see Figure 1; the readers are urged
to refer to Figure 8 in Pasenkiewicz-Gierula et al. (1990)].

(CE3) The mismatch in length® between PC alkyl chains

3 The match in hydrophobic lengths between phospholipid alkyl chains
and a membrane protein (rhodopsin) was found to be important in de-
termining the equilibrium between the association states of the protein
in the membrane. Rhodopsin stays as monomers in lipid-rich di-
palmitoyl-PC membranes, and dimeric (or oligomeric) association of
rhodopsin becomes prevalent in dilauroyl-PC (which has shorter alkyl
chains) and distearoyl-PC (which has longer alkyl chains) membranes.
This tendency is enhanced in protein-rich membranes. It is concluded
that, in the native rod outer segment membranes, monomeric and dimeric
rhodopsin molecules are in equilibrium (Kusumi & Hyde, 1982).
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and cholesterol (the bulky ring structure, in particular) creates
free volume in the central part of the bilayer* (Subczynski et
al., 1990). This effect is enhanced in the presence of the double
bond in the alkyl chain because of the structural noncon-
formability between cholesterol and unsaturated PC (CE2).

(CE4) Intercalation of cholesterol increases the space be-
tween lipid molecules in the headgroup region, which water
molecules enter.

As a result of the structural nonconformability of cis-un-
saturated PC and cholesterol (CE2), the following secondary
effects of cholesterol are induced.

(CE2-1) Cholesterol molecules tend to be segregated out
of the unsaturated PC domain and form cholesterol-rich or
cholesterol oligomeric domains, which are small (several lipids)
and/or of short lifetime (10°-107" s) (Pasenkiewicz-Gierula
et al., 1990; Subczynski et al., 1990).

(CE2-2) More and larger vacant pockets are created in
unsaturated PC—cholesterol membranes than in unsaturated
PC membranes without cholesterol (or in saturated PC
membranes with and without cholesterol), as is shown in
Figure 1.

(CE2-3) The ordering effect of cholesterol is weaker in
unsaturated PC membranes than that in saturated PC mem-
branes due to CE2-1 and CE2-2 (Subczynski et al., 1990).

One of the major objectives in the present work is to study
CE2-2 in more detail in terms of oxygen transport in the
membrane and to elucidate the mechanism of oxygen transport
in phospholipid—cholesterol membranes.

EXPERIMENTAL PROCEDURES

Materials. All PCs were obtained from Sigma, cholesterol
(crystallized) was from Boehringer Mannheim, 5- and 16-
SASL and 14-doxyleicosanoic acid spin label (14-EASL) were
from Molecular Probes (Junction City, OR), and 1-oxyl-4-
0x0-2,2,6,6-tetramethyl[ 1-'SN]piperidine-d, 4 (d-tempone) was
from Merck. T-PC was a generous gift from Dr. S. Ohnishi
(Kyoto University, Kyoto, Japan). The buffer used was 0.1
M sodium borate at pH 9.5. To ensure that all carboxyl
groups of stearic acid spin labels (SASL) were ionized in PC
membranes, a rather high pH was chosen (Sanson et al., 1976;
Egret-Charlier et al., 1978; Kusumi et al., 1982a,b, 1986). The
structures of PC membranes are not altered at this pH
(Trduble & Eibl, 1974; Kusumi et al., 1982a, 1986).

Membrane Preparation and ESR Measurement. The
membranes used in this work were multilamellar dispersions
of lipids containing 1 mol % of spin label and were prepared
as described (Kusumi et al., 1982a, 1986). The lipid dispersion
(107* mol of total lipid/1 mL) was centrifuged briefly, and
the loose pellet (=~20% lipid w/w) was used for ESR mea-
surement. Dilution of the pellet did not induce any detectable
changes in the membrane structure (Kusumi et al., 1986). The
sample was placed in a capillary (i.d. = 0.5 mm) made of a
gas-permeable polymer called TPX (Hyde & Subczynski,
1989). The concentration of oxygen in the sample was con-
trolled by equilibrating the sample with the same gas that was

4 The cholesterol molecule contains three well-distinguished regions:
the small polar hydroxyl group, the rigid plate-like steroid ring, and the
isooctyl chain tail. When cholesterol intercalates into the membrane, its
polar hydroxyl group is positioned near the middle of the glycerol
backbone region of the PC molecule (Franks & Lieb, 1979). The rigid
steroid ring reaches to a depth of about the 7th to 10th carbon (Mcln-
tosh, 1978). The isooctyl tail of cholesterol reaches to the 12th to 15th
carbons. The presence of cholesterol increases the free space in the
central part of the bilayer because the cross section of the steroid ring
is larger than that of its hydrocarbon tail (Subczynski et al., 1990).

Subczynski et al.

used for temperature control, i.e., a controlled mixture of
nitrogen and dry air adjusted with flowmeters (Matheson Gas
Products; model 7631H-604) (Kusumi et al., 1982a; Hyde &
Subczynski, 1989). T's of the spin labels were measured at
X-band by using the long-pulse saturation—recovery technique
(Kusumi et al., 1982a; Subczynski et al., 1989, 1990). With
long and intense microwave pulses, the spin system approaches
a steady state at which the population of spins at each energy
level tends to be equalized. After the saturating pulse is turned
off, the recovery of the spin system to Boltzmann equilibrium
is observed with a weak observing power. In general, the
nitrogen nuclear spin-lattice relaxation time is much shorter
than the electron spin-lattice relaxation time for spin labels
in membranes (Yin et al., 1987; Yin & Hyde, 1987), and
single-exponential decays were found. The duration of the
saturating pulse is then not critical. However, if the electron
spin-lattice relaxation becomes sufficiently short by intro-
duction of high concentrations of molecular oxygen, multi-
ple—exponential signals are expected, and the long-pulse
techniques should be used. The saturation-recovery spec-
trometer is based on the design of Huisjen and Hyde (1974)
and is interfaced with a loop-gap resonator. A field-effect
transistor microwave amplifier has been recently introduced.
Typically, 2 X 107 accumulations of the decay signal were
carried out with 128-512 data points on each decay. Accu-
mulation time was typically 5 min. The apparatus used here
was described previously (Yin et al., 1987; Subczynski et al.,
1990).

Calculation of the Oxygen Transport Parameter and Ox-
ygen Permeability Across the Membrane. Bimolecular col-
lision of molecular oxygen (a fast relaxing species) and the
nitroxide (a slow relaxing species) induces spin exchange,
which leads to a faster effective spin-lattice relaxation of the
nitroxide. The bimolecular collision rate was evaluated by
measuring T,’s of the nitroxide as a function of the partial
pressure of oxygen using the long-pulse saturation-recovery
ESR technique. An oxygen transport parameter W{(x) was
introduced as a convenient quantitative measure of the collision
rate between the spin label and molecular oxygen (Kusumi
et al., 1982a):

W(x) = T, !(air, x) = T;"/(Ny, x) m

Note that W(x) is normalized to the sample equilibrated with
the atmospheric air. W(x) is proportional to the product of
the local concentration C(x) and the local translational dif-
fusion coefficient D(x) of oxygen (thus called a transport
parameter) at a “depth” x in the membrane (which is in
equilibrium with the atmospheric air):

Wi(x) = AD(x)C(x) 2)
A = 8xpr, 3)

where 7y is the interaction distance between oxygen and the
nitroxide radical spin labels (=~4.5 A) and p is the probability
that an observable event occurs when a collision does occur
(Subczynski & Hyde, 1984; Hyde & Subczynski, 1984). 4
is remarkably independent of the solvent viscosity, hydro-
phobicity, temperature, and spin label species (Subczynski &
Hyde, 1981, 1984; Hyde & Subczynski, 1984, 1989). It was
found that the oxygen transport parameter is a useful monitor
of membrane fluidity that reports on translational diffusion
of small molecules in the membrane. In addition, the chemical
reaction rate of oxygen in the membrane is proportional to
W{(x) if chemical reaction does occur in the membrane. The
membrane profiles of W(x) were constructed on the basis of
the measurements with T-PC, 5-SASL, and 16-SASL.
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Table I: T(us) for T-PC, 5-SASL, and 16-SASL in a Variety of PC-Cholesterol Membranes at 45 °C?

cholesterol mole

spin label fraction (%) DLPC DMPC DPPC DSPC? DEPC DOPC EYPC
T-PC 0 2.62 2.65 2.65 2.23 2.48 2.30 2.28
30 ND¢ 2.65 ND 2.15 ND 2.30 2.33
50 1.97 2.00 2.00 1.87 2.07 2.00 2.05
5-SASL 0 3.19 3.16 345 2.95 3.15 3.30 3.54
30 ND 3.50 ND 2.95 ND 3.50 3.78
50 341 3.87 3.82 3.15 3.35 3.70 3.90
16-SASL 0 2.034 1.76 1.77 1.60 1.70 1.75 1.83
30 ND 1.45 ND 1.30 ND 1.69 1.71
50 2.034 1.36 1.26 1.25 1.53 1.64 1.62

%The accuracy is within 5%.

With an increase of the cholesterol concentration, T, for T-PC and 16-SASL decreases while T for 5-SASL

increases. ®Measured at 56.5 °C. *ND = not determined. 9The spin label used was 14-EASL.

Oxygen permeability across the membrane was calculated
on the basis of the membrane profile of W(x) by using
(Subczynski et al., 1989)

wMoax |
Py = ACw(alr)[f W(x)] )

where dy, is the thickness of the bilayer membrane and Cy/(air)
is the oxygen concentration in water that is in equilibrium with
atmospheric air under the given temperature. The oxygen
permeability across the water layer that has the same thickness
as the membrane was calculated by

1 W(d-tempone) 5
ACW(air) BM ( )
Py (bulk water) = Dg(bulk water) /8y (6)

Py (pulse ESR) =

where W(d-tempone) is the oxygen transport parameter in
water as measured with d-tempone by using the pulse ESR
technique and Dg(bulk water) is the diffusion coefficient of
molecular oxygen in the bulk water [from the data of St.-Denis
and Fell (1971)].

RESULTS AND DISCUSSION

The membranes examined in this work include those made
of egg-yolk PC [EYPC, mixed PC containing both saturated
and unsaturated alkyl chains, approximately 70% is 1-pal-
mitoyl-2-oleoyl-PC (Seelig & Wa&spe-Sarcevw, 1978)], DOPC
(18 carbons per alkyl chain, 9-10-cis unsaturated), L-a-die-
laidoyl-PC (DEPC, 18 carbons, 9-10-trans unsaturated),
L-a-distearoyl-PC (DSPC, 18 carbons, saturated), L-a-dila-
uroyl-PC (DLPC, 12 carbons, saturated), L-a-dimyristoyl-PC
(DMPC, 14 carbons, saturated), and L-a-dipalmitoyl-PC
(DPPC, 16 carbons, saturated) with 0—50 mol % of cholesterol.

All measurements of 7, were made on the central line of
the ESR spectrum between 0 and 56.5 °C. Typical saturation
recovery curves are shown in Figure 2 of Subczynski et al.
(1990). The signal-to-noise ratio was high enough to allow
us to obtain 7', of spin labels within an accuracy better than
5%.

Effect of Cholesterol on T, in the Absence of Molecular
Oxygen. First, we discuss the effect of cholesterol incorpo-
ration of 7’s in the absence of oxygen molecules. 7, data are
summarized in Table I. In the absence of oxygen, incorpo-
ration of cholesterol decreases T, of T-PC and 16-SASL, while
it slightly increases 7', of 5-SASL in all membranes studied
here.

Since the dominant 7, mechanism for the nitroxide radicals
has not been known, the quantitative explanation for our ob-
servation described above is not possible at this point. The
conventional ESR spectroscopy of spin-labeled EYPC-

cholesterol membranes indicated that the presence of chole-
sterol induces a small increase in the order parameter of 5-
SASL and 16-SASL and an increase in mobility (although
in complicated ways) of T-PC. Shin and Freed (1989a) re-
ported a cholesterol-induced increase in both order parameter
and wobbling rotational diffusion coefficient (Rperp) of 16-
doxyl-PC spin label in 1-palmitoyl-2-oleoyl-PC membranes.
The cholesterol-induced enhancement of motion of the choline
group in the PC headgroup in DPPC membranes was shown
by Oldfield et al. (1978). Taken together, we think that the
above results induced by cholesterol insertion reflect the en-
hancement of one or more of the complex motional modes of
the nitroxide group in T-PC and 16-SASL, which is induced
by the formation of space between lipid molecules in the
headgroup region (CE4) and in the central part of the lipid
bilayer (CE3) in the presence of cholesterol. The chole-
sterol-induced increase of 7| in 5-SASL regions is also
probably related to 5-SASL motion. Cholesterol decreases
the reorientation rate of 5-SASL and increases alkyl chain
order (although this effect is small in unsaturated PC mem-
branes).

Saturation—Recovery Measurement of the Oxygen Trans-
port Parameter. In Figure 2, T,”! in EYPC—cholesterol
membranes obtained for air- or nitrogen-equilibrated samples
is plotted as a function of inverse temperature. In the presence
of oxygen, T, decreases substantially due to an additional
relaxation pathway provided by the collision with molecular
oxygen.

W(x) values for EYPC—cholesterol membranes calculated
according to eq 1 on the basis of the data in Figure 2 are
displayed in Figure 3. The presence of cholesterol decreases
W{(x) in and near the headgroup region (as detected with T-PC
and 5-SASL, Figure 3A,B). In contrast, inclusion of chole-
sterol increases W(x) in the central part of the bilayer as
detected with 16-SASL (Figure 3C). This cholesterol-induced
increase of W(16-SASL) contradicts with the general idea of
the “rigidifying” effect of cholesterol in the fluid phase, i.e.,
decreasing the membrane fluidity, and will be discussed further
later [for reviews, see Demel and de Kruyff (1976), Presti
(1985), and Yeagle (1985, 1988)].

Effect of Unsaturation on W(x). In this section, we will
concentrate on the difference in W{(x) between saturated and
unsaturated PC membranes in the absence of cholesterol. In
Table II, W(x) values in EYPC, DOPC, DEPC, DPPC, and
DMPC membranes without cholesterol in the liquid-crystalline
phase are summarized. At all membrane locations studied
here, W(x) is smaller in unsaturated PC membranes with
either cis or trans double bond (EYPC, DOPC, DEPC) than
in saturated PC membranes (DMPC and DPPC). This ob-
servation contradicts with the general view of the effect of
introduction of unsaturation into the alkyl chain on membrane
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FIGURE 2: Ty as a function of reciprocal temperature for T-PC (A), 5-SASL (B), and 16-SASL (C) in EYPC—cholesterol membranes equilibrated
either with air or nitrogen gas. Actual measurements with oxygen were carried out for samples equilibrated with a gas mixture containing
33% or 50% air and extrapolation was made to 100% air on the basis of the linear dependence of 7! as a function of oxygen concentration
in the equilibrating gas (Kusumi et al., 1982a). Symbols: 0 (@), 15 (O), 27.5 (X), and 50 (A) mol % cholesterol.
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FIGURE 3: W(x) as a function of reciprocal temperature for T-PC (A), 5-SASL (B), and 16-SASL (C) in EYPC~cholesterol membranes.
Symbols: 0 (@), 15 (0), 27.5 (X), and 50 (A) mol % cholesterol.

Table IT: Effect of the Double Bond in the Alkyl Chain on the
Oxygen Transport Parameter®

spin label EYPC DOPC DEPC DPPC DMPC
T-PC 20 20 2.1 2.6 28
5-SASL 2.6 21 2.1 2.8 3.0
16-SASL 3.8 3.6 34 4.4 4.7

T W(x) (£0.3 us™!) values were estimated in various PC membranes
in the fluid phase in the absence of cholesterol at 45 °C.

fluidity, i.e., that unsaturation would increase the fluidity and
thus W(x) (Jain & Wagner, 1980).

We think that the key feature of oxygen transport in the
membrane is the small size of oxygen. Since molecular oxygen
is small, its diffusion mechanism in the membrane must be
quite different from that of lipids and other molecules studied
previously. We suggest that oxygen transport in the membrane
is closely related to creation and movements of small but many
vacant pockets due to rapid gauche—trans isomerization of alkyl
chains and conformational mismatch between lipid molecules.

The presence of either a cis or trans double bond in the alkyl
chain would reduce the dynamics of the chain around the

double bonds. The data reported by Seelig and Waespe-
Sardevié (1978) are consistent with this model. In addition,
in the unsaturated PC membranes studied above, the double
bonds are concentrated in the region of C9-C10, which would
produce two belted regions in the membrane in which alkyl
chain dynamics is rather reduced. These two effects, coupled
together, would decrease the oxygen transport in the membrane
(refer to Figure 8).

Triuble (1971) and Pace and Chan (1982) advanced the
argument on the relationships between the diffusion of small
molecules in the membrane and kink migration and/or kink
formation due to the alkyl chian isomerization. The inhibition
of these dynamic kink processes as the result of the presence
of double bonds in the alkyl chains would decrease the oxygen
transport parameter. In particular, the kink migration would
be strongly suppressed by the double bonds in the chain. The
idea of vacant pockets in the membrane presented here is
similar to these kink models, but the vacant pockets cover the
wider ranges of packing defects in the membrane, and, as will
be shown later in this report, vacant pockets formed by a
variety of mechanisms contribute to the oxygen transport in
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Symbols: (X) T-PC, (O) 5-SASL, and (®) 16-SASL.

the membrane. However, since we do not possess sufficient
data on the kink conformation of the alkyl chains in the
membrane, we would refrain from further discussion on the
relationships between kink conformation and diffusion of small
molecules.

Cholesterol Effect on W(x) in EYPC and DMPC Mem-
branes. The dependence of W(x) on cholesterol mole fraction
in EYPC-cholesterol membranes is shown in Figure 4A. As
described above, W(x) increases in 16-SASL region and de-
creases in T-PC and 5-SASL regions as the cholesterol mole
fraction is increased from O to 50 mol % in EYPC membranes.

W{(x) vs cholesterol mole fraction in DMPC-cholesterol
membranes is shown in Figure 4B. In the liquid-crystalline
phase of DMPC—cholesterol membranes at 45 and 29 °C, an
increase in cholesterol mole fraction induces a large decrease
in W(x) in T-PC and 5-SASL regions but causes only slight
changes in W(x) in 16-SASL regions. Below the phase-
transition temperature of DMPC membranes (at 18 and 8 °C),
the cholesterol effect is small in T-PC and 5-SASL regions
while it causes a large increase in the 16-SASL regions. This
increase starts above 10 mol % of cholesterol.

The most remarkable feature in Figure 4A,B is the chole-
sterol effect in the central part of the bilayer in the liquid-
crystalline phase, i.e., W(16-SASL) increases with an increase
of the cholesterol mole fraction in EYPC—cholesterol mem-
branes, while it shows little changes in DMPC—cholesterol
membranes. These cholesterol effects may be explained by

(I) the mismatch in length between PC alkyl chains and the
bulky ring structure of cholesterol (CE3) and/or (II) the
structural nonconformability of cholesterol and unsaturated
alkyl chains [CE2-2, Figures 1 and 8, Pasenkiewicz-Gierula
et al. (1990), and Subczynski et al. (1990)]. These effects
would work cooperatively. Nevertheless, we will discuss further
on which effect contributes more to the cholesterol-induced
increase of W(16-SASL) in EYPC membranes after we
present Figure 6.

In our previous reports (Pasenkiewicz-Gierula et al., 1990;
Subczynski et al., 1990), a model (CE2-1) was proposed in
which the fluid-phase immiscibility is prevalent in cis-unsat-
urated PC—cholesterol membranes but where cholesterol-rich
(cholesterol-oligomeric) domains are small (several lipids)
and/or of short lifetime (10°-1077 s). It was also concluded
by Shin and Freed (1989a,b) and Shin et al. (1990) that acyl
chain unsaturation leads to poorer mixing of cholesterol in the
PC membranes in the liquid-crystalline phase. The present
measurement of oxygen transport in membranes did not detect
any specific indications of the microimmiscibility probably
because the present method is not sensitive enough to detect
the existence of the cholesterol-rich (or cholesterol-oligomeric)
domains of the size and the lifetime indicated above.

In the case of DMPC—cholesterol membranes, because the
alkyl chains of DMPC are shorter and saturated, the mismatch
in length is smaller (I above) and the conformability of the
cholesterol ring structure and the alkyl chain is better (11
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Table II1: Activation Energy for the Translational Diffusion of
Molecular Oxygen in EYPC-Cholesterol and DMPC-Cholesterol
Membranes

chole-
sterol
mole tem
fraction act. energy (kcal/mol) rangi
host lipid (%) T-PC 5-SASL 16-SASL (°C)
DMPC 0 5.6 43 37 30-45
27.5 7.1 13.0 3.7 30-45
50 5.3 9.5 37 30-45
EYPC 0 3.7 6.5 4.2 10-40
27.5 5.0%0 6.2 4.1 10-40
50 2.67 6.3 42 10-40

¢Evaluated between 20 and 50 °C. ®The cholesterol mole fraction
for this measurement is 30%.

above). The cholesterol effect of creation of the vacant pockets
in the central part of the bilayer (this effect is rather small
anyway in DMPC—cholesterol membranes) and the ordering
effect of cholesterol on the myristoyl chain would cancel out
each other, inducing little changes in W(16-SASL) in
DMPC—cholesterol membranes.

W(T-PC) decreases with an increase of cholesterol mole
fraction both in EYPC and DMPC membranes as shown in
Figure 4. Previously, we have made two observations on
cholesterol effects on T-PC. (1) The water accessibility to the
nitroxide group of T-PC increases with an increase of chole-
sterol content in the membrane (Kusumi et al., 1986; Kusumi
& Pasenkiewicz-Gierula, 1988). (2) The reorientation rate
of the nitroxide of T-PC increases in complex ways with an
increase of the cholesterol content in the membrane (Sub-
czynski et al., 1989). These observations were explained by
formation of free space in the headgroup region due to sepa-
ration of PC headgroups by intercalation of cholesterol, into
which water molecules partition (CE4). The large chole-
sterol-induced decreases in W(T-PC) shown in Figure 4A,B
are apparently contradictory to this explanation. We suggest
that oxygen diffusion from the membrane side may be reduced
in the presence of cholesterol. It is possible that T-PC may
be monitoring not only the headgroup region but also the
hydrophobic region near the membrane surface where the
oxygen transport is reduced by the presence of cholesterol.
However, we do not think this likely because the collision of
T-PC with 5-, 12-, and 16-SASL cannot be detected by
electron—electron double resonance ESR spectrometry [the
collision rate between 5- and 16-SASL is as high as 10°-10¢
s7! (Feix et al., 1987; J. B. Feix and J. S. Hyde, unpublished
observation)].

Activation Energy for Translational Diffusion of Oxygen
in EYPC-Cholesterol and DMPC-Cholesterol Membranes.
The oxygen transport parameter plotted in Figure 3 shows
linear dependence on reciprocal temperature above 0, 10, 20
°C for 16-SASL, 5-SASL, and T-PC, respectively. Since the
overall oxygen concentration in the membrane is practically
independent of temperature above the phase-transition tem-
perature (Subczynski & Hyde, 1983; Subczynski, 1984;
Smotkin et al., 1991) and the shape of the membrane profile
of W(x) varies little with temperature in the liquid-crystalline
phase, the temperature-dependent changes of W(x) can be
attributed to those of the diffusion coefficient of molecular
oxygen in the membrane. Thus from the slope of the plots
of W(x) vs T}, the activation energy for oxygen diffusion in
the membrane was evaluated and is listed in Table III. The
activation energy for DMPC—cholesterol membranes is also
summarized, which was calculated on the basis of our previous

Subczynski et al.

data between 30 and 45 °C (Subczynski et al., 1989).

In the absence of cholesterol, the activation energy for the
translational diffusion of molecular oxygen (3.7-6.5 kcal/mol)
is substantially smaller than that of larger membrane-soluble
molecules; 8—11 kcal /mol for a square-planar copper complex
CuKTSM, (MW = 393.5, 8 X 8 A square-plane) and 6.5-15
kcal/mol for phospholipids (MW = 650-1000). This result
suggests that the mechanism of translational diffusion of
molecular oxygen is quite different from that of larger mol-
ecules such as CuKTSM, and phospholipids. As stated in the
introductory section, Trauble (1971) and Pace and Chan
(1982) estimated the activation energy to be 4.8 kcal/mol for
kink migration (with which oxygen molecules can be carried
along) and 3.1 kcal/mol for C~C bond rotation to produce the
kink structure in the alkyl chain, respectively. The activation
energy obtained here for the translational diffusion of oxygen
in the 5-SASL region, at which these estimates are applicable,
is 4.3 kcal/mol, quite close to these theoretical evaluations.

The activation energy for translational diffusion of molecular
oxygen in DMPC and EYPC membranes is quite different.
The activation energy in the 5-SASL region in EYPC mem-
branes is 50% larger than that in DMPC membranes. This
result is consistent with the vacant pocket model described
above because the presence of the double bond in EYPC
membranes would decrease the alkyl chain dynamics, resulting
in larger resistance to oxygen diffusion in this region. In the
T-PC headgroup region, the activation energy is smaller in
EYPC membranes than in DMPC membranes. This may be
related to the larger surface area per molecule in EYPC
membranes (72-74 A2/EYPC; Small, 1967; Levine & Wil-
kins, 1971; Tinker et al., 1976; Lis et al., 1982) than in DMPC
membranes (61-66 Az/ DMPC; Curatro et al., 1977; Janiak
et al., 1979; Lis et al., 1982; Cornell & Separovic, 1983). The
more space in the headgroup region would reduce the acti-
vation energy.

In the presence of cholesterol, the major difference in the
activation energy is a 3-fold increase detected with 5-SASL
in DMPC-30 mol % cholesterol membranes. If we assume
that the oxygen diffusion in the membrane is strongly de-
pendent on the rate of gauche—trans isomerization of the alkyl
chain or the number of gauche conformation in the alkyl chain,
this result is consistent with the observation in which the rigid
steroid ring structure of cholesterol enhances the trans con-
formation adjacent to the ring (Presti & Chan, 1982; Presti
et al., 1982; Kusumi et al., 1986).

The activation energies for W(5-SASL) and W(T-PC) in
30 mol % cholesterol-DMPC membranes are larger than those
in either 0 or 50 mol % cholesterol-DMPC membranes. These
results are consistent with our previous observation in which
the activation energy for the wobbling rotational diffusion of
cholesterol-analogue spin label in DPPC—cholesterol mem-
branes is largest at 15-30 mol % cholesterol (Pasenkiewicz-
Gierula et al., 1990). In the phase diagram of DMPC-
cholesterol membranes (Recktenwald & McConnell, 1981;
Kusumi et al., 1986; Ipsen et al., 1987; Pasenkiewicz et al.,
1990), the present measurements at 0 and 30 mol % cholesterol
are mostly in the region I, while those at 50 mol % cholesterol
are in the region III.

Cholesterol Effect on W(x) in DOPC-Cholesterol Mem-
branes. In order to further examine the influence of alkyl chain
unsaturation on the cholesterol effect on W{(x), we studied
W(x) in DOPC-cholesterol membranes. Since DOPC has a
single cis double bond at C9—C10 position in each alkyl chain,
the effect of a cis double bond can be specifically examined.
T; and W(x) in DOPC-cholesterol membranes change as a
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function of cholesterol and temperature in a qualitatively
similar way with those in EYPC—cholesterol membranes (the
data were omitted to save space and are available on request).
In particular, the presence of cholesterol decreases W(x) in
and near the headgroup region (as detected with T-PC and
5-SASL), while it increases W(x) in the central part of the
bilayer (as detected with 16-SASL).

Since the locations of the spin labels in the membrane are
quite well defined, the membrane profiles of W(x) can be
constructed. W(x) profiles for DOPC—cholesterol membranes
are shown in Figure 5 together with those for EYPC—chole-
sterol membranes. The membrane profiles of W(x) for
DMPC—cholesterol membranes have already been published
(Subczynski et al., 1989). The oxygen transport parameter
in the aqueous phase obtained with d-tempone is also shown
for comparison. Notice that the temperature dependence of
oxygen transport parameter in the aqueous phase is almost
absent due to the opposite effect of temperature on oxygen
solubility and translational diffusion. The most striking feature
in these figures is again the induction of large increases of
W(x) in the central part of the bilayer by incorporation of
cholesterol in the membrane.

Differential Effect of Cholesterol on W(x) in Saturated and
Unsaturated PC Membranes. The effects of cholesterol in-
tercalation on W(x) in various membranes are summarized
in Figure 6, in which the ratio of W(50 mol % cholesterol)/
W(no cholesterol) is plotted for three spin labels (T-PC, 5-
SASL, and 16-SASL) in seven kinds of PC membranes
(DLPC, DMPC, DPPC, DSPC, DEPC, DOPC, and EYPC).
The cholesterol effects are quite similar in all membranes in
and near the headgroup regions (as detected with T-PC and
5-SASL), decreasing W(x) in these regions.
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open bars, saturated chain; hatched bars, trans unsaturation; cross-
hatched bars, cis unsaturation. In order to evaluate W{(x) in the central
region of the DLPC = cholesterol membranes, 14-EASL was used
instead of 16-SASL. For DSPC % cholesterol membranes, the
measurements were carried out at 56.5 °C,

W (50 mol% cholesterol)
W{without cholesterol)
o

The major differences among various membranes take place
in the central region of the membrane as detected with 16-
SASL: (1) The cholesterol effect is small (the ratio is close
to 1) in saturated PC membranes (DMPC, DPPC, and DSPC)
except in DLPC membranes. (2) In DLPC membranes, 50
mol % cholesterol decreases W(16-SASL) by a factor of 2.
(3) In unsaturated PC membranes, the ratio is larger than 1,
i.e., cholesterol increases W(16-SASL) in both cis and trans
unsaturated membranes. (4) The cholesterol-induced increase
is larger in DOPC membranes than that in DEPC membranes
(which is much larger than in DSPC membranes).

The cholesterol effect in DLPC membranes can be explained
by enhancement of the trans configuration of the alkyl chain
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Table 1V: Oxygen Permeability Coefficients for EYPC—-Cholesterol Membranes
D(water)?

temp (°C) cholesterol mole fraction (%) (1075 cm?/s) Py? (cm/s) Py/Pyf from pulse ESR Py? (cm/s)
0 0 1.12 349 0.43 15.0
50 1.12 29.3 0.14 4.1
10 0 1.47 45.8 0.71 325
50 1.47 38.5 0.30 11.6
40 0 3.30 102.8 1.96 201.5
50 3.30 86.4 0.85 734

2The bulk diffusion coefficient of molecular oxygen in water. Data obtained from St.-Denis and Fell (1971). ®Oxygen permeability coefficient
across the water layer that has the same thickness as the membrane [calculated from the membrane thickness (6)) as determined below and D(water)
according to eq 6]. °This ratio was determined from Py and Py, both of which are determined in the pulse ESR spin label experiment. 4 Py was
determined by multiplying Py, determined from the bulk diffusion coefficient and the Py/Py, ratio determined by the present spin label method. In
this way, ambiguities of p and ry can be avoided (see eq 2). The thickness of the membrane (§);) was published for EYPC membranes (Levine &
Wilkins, 1971; Lis et al., 1982). The thickness of the hydrocarbon layer (6y) and that of the polar headgroup region (including the glycerol ester
groups, &p) were calculated by the method of Cornell and Separovic (1983) assuming that the average volume of CH, groups obtained for DMPC
membranes at 60 °C can be used for EYPC at 0-40 °C. This assumption can be justified by the observation in which the average volume asymp-
totically approaches a temperature- and chain-length-independent value above the main phase transition (Nagle & Wilkinson, 1978; Janiak et al.,
1976, 1979). The additional assumptions are vol(CH;) = 2vol(CH,) (Nagle & Wilkinson, 1978), vol(CH) = vol(CH,), and cholesterol does not
affect the thickness of polar headgroup region (Mclntosh, 1978). Obtained thicknesses are 6 = 24.5 A&, 8, = 3.8 A, and 8y = 32.1 A for EYPC
membranes; §,; = 30.6 A, §p = 3.8 A, and 5y = 38.2 A for EYPC-50 mol % cholesterol membranes. It is assumed that the locations of the alkyl
chain carbon atoms in the membrane change linearly with the position on the alkyl chain [the maximum error is about £1.5 A (Zaccai et al., 1979;

Janiak et al., 1976)] and that the nitroxide group of SASL is located at the mean depth of 1- and 2-chain of PC.

and a better match in length between the bulky ring structure
of cholesterol and the lauroyl chains.

From the above results 3 and 4, it is concluded that struc-
tural nonconformability between the rigid tetracyclic ring
structure of cholesterol and the rigid bend at the C9-C10
double bond, the cis double bond in the oleoyl chains in
particular, plays a key role in increasing W(x) in the center
of the bilayer. The structural nonconformability is more im-
portant than the mismatch in length.

Oxygen Permeability Across Unsaturated PC-Cholesterol
Membranes. Oxygen permeability across the membrane (Py)
can be calculated from the W(x) profiles in Figure 5 on the
basis of a theory by Diamond and Katz (1974) [see eq 4 under
Experimental Procedures; for the details of this calculation,
see Subczynski et al. (1989)]. The Py values determined
directly from W(x) according to eq 4 contain some uncertainty
of A (= 8npry) ineqs 2 and 3. Since A4 is remarkably inde-
pendent of solvent viscosity, temperature, hydrophobicity, and
spin label species (Subczynski & Hyde, 1981, 1984; Hyde &
Subczynski, 1984, 1989), the ratio of the permeability coef-
ficient across the membrane (Py) to the permeability across
a water layer of the same thickness as the membrane [Py,
obtained from W(d-tempone) in Figure 5 according to eq 5]
can be evaluated precisely by using the spin labeling 7| me-
thod. The P/ Py ratios are shown as a function of cholesterol
mole fraction and temperature in Figure 7. The cholesterol
effect in unsaturated-PC membranes is much smaller than that
in DMPC membranes (Subczynski et al., 1989).

It should be noted that incorporation of cholesterol decreases
oxygen permeability in all membranes in spite of the increase
in oxygen transport parameter in the center of the bilayer in
unsaturated PC—cholesterol membranes. This is due to the
fact that the major barrier for oxygen permeability across the
membrane is located in T-PC and 5-SASL regions (Subczynski
et al., 1989). In these regions, the presence of cholesterol
decreases oxygen transport. Figure 7 also indicates that un-
saturated PC membranes can be a moderate oxygen barrier
only at high cholesterol concentrations at low temperatures.

The oxygen permeability coefficients for EYPC-cholesterol
membranes can be determined by multiplying the Py;/ Py, ratio
determined as above and Py determined from the macroscopic
diffusion coefficient in the bulk water (St.-Denis & Fell, 1981)
according to eq 6. These values are summarized in Table IV.
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FIGURE 7: Oxygen permeability across the membrane (Py,) relative
to that across a water layer of the same thickness as the membrane
(Pw), Py/Py, for EYPC—cholesterol (@) and DOPC—cholesterol (O)
membranes plotted as a function of the mole fraction of cholesterol.
Temperature: 40 (a), 30 (b), 20 (c), 10 (d), and 0 (¢) °C. Mea-
surements for DOPC membranes were carried out at 30, 10, and 2
°C. Both Py and Py were obtained by the T) method. See the text
and Table IV for details.

These numbers are comparable to those determined for
DOPC-cholesterol membranes (Subczynski et al., 1989).

GENERAL DISCUSSION

The results on W{(x) obtained in the present work can be
summarized as follows.

(1) In the absence of cholesterol, introduction of either a
cis or trans double bond at C9-C10 position decreases the
oxygen transport parameter at all locations (T-PC, 5-SASL,
and 16-SASL) in the membrane (Table II).

(2) The activation energy for the translational diffusion of
molecular oxygen evaluated in DMPC membranes in 5-SASL
region is 4.3 kcal/mol, comparable to the activation energy
theoretically estimated for kink migration (4.8 kcal/mol;
Trauble, 1971) or C-C bond rotation of alkyl chains (3.1
kcal/mol; Pace & Chan, 1982) in the membrane (Figure 3
and Table III).

(3) Intercalation of cholesterol in saturated PC membranes
reduces the oxygen transport parameter in T-PC and 5-SASL
regions and little affects that in the 16-SASL region (Figures
4B and 6).

(4) Intercalation of cholesterol in unsaturated PC mem-
branes also reduces the oxygen transport in T-PC and 5-SASL
regions. In contrast, it increases the oxygen transport in the
16-SASL region (Figures 4A, 5, and 6).
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cholesterol membranes, (left) without cholesterol; (right) with cho-
lesterol. In DOPC membranes, two belted regions exist in which alkyl
chain dynamics is suppressed due to the double bond. In DOPC-
cholesterol membranes, nonconformability between the rigid bend
at the cis double bond and the rigid sterol ring structure of cholesterol
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central part of the bilayer.
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On the basis of these observations, we propose a model for
the molecular mechanism of oxygen transport in the membrane
in which oxygen molecules reside in a vacant pocket created
by the gauche-trans isomerization of alkyl chains and by the
structural nonconformability of neighboring lipids and in which
they jump from one pocket to the adjacent one or move along
with the movement of the pocket itself (Figures 1 and 8).

The result (1) above is consistent with this model. Since
there will be less motion around the double bond in the chain,
either cis or trans unsaturation would decrease the oxygen
transport in the double bond region. Intercalation of chole-
sterol (result 3) enhances the trans configuration of the single
bond in the alkyl chain, decreasing the oxygen transport pa-
rameter.

The results (1, 2, and 3) thus indicate that dynamic
gauche-trans isomerization of alkyl chains play an important
role in oxygen diffusion in the membrane. Therefore, our data
are consistent with the models proposed by Trauble (1971)
and Pace and Chan (1982) in that the dynamics of gauche-
trans isomerism is critically important. However, our result
(4) indicates that the vacant pocket can be formed by struc-
tural non-conformability of adjacent lipids, enhanced by the
mismatch in hydrophobic length. Involvement of the specific
kink conformation may be in fact quite limited in unsaturated
PC-cholesterol membranes (K. Kitamura and A. Kusumi,
unpublished results).

The single most important observation in the present work
would be the cholesterol-induced increase in the oxygen
transport parameter in the central part of EYPC and DOPC
membranes and also to a lesser extent in DEPC membranes
(Figure 6). Due to (I) the structural nonconformability of the
rigid bend at the cis double bond in the alkyl chain and the
rigid plate-like steroid backbone of cholesterol, coupled with
(I1) the bulkiness of the steroid tetracyclic ring structure and
(11I) the mismatch in length between the alkyl chain and
cholesterol, intercalation of cholesterol in unsaturated PC
membranes would produce more and/or larger vacant pockets
in the central region of the bilayer, as proposed previously
(Subczynski et al., 1990), leading to enhanced oxygen transport
in the central part. Therefore, the result (4) above is consistent
with this model for the interaction of unsaturated PC and
cholesterol and also with the model of vacant pocket-enhanced
oxygen transport proposed above. These results and our model
are summarized in Figure 8.

In our previous study on CuKTSM, transport in mem-
branes, incorporation of cholesterol was found to decrease the
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CuKTSM, transport parameter in the central part of the
membrane but to a much less extent as compared to the de-
crease in T-PC and 5-SASL regions. Since oxygen molecules
are much smaller than CuKTSM,, the vacant pocket created
in the central part of the membrane would be detected much
more sensitively by oxygen molecules. Pharmacologically,
these results suggest a possibility that hydrophobic drug
molecules are much more concentrated in the central part of
the membrane.

We would stress the importance of realizing the difference
between the vacant pocket model for oxygen transport and the
free volume model for phospholipid diffusion. Since oxygen
molecules are small, small pockets created both intramolecu-
larly and intermolecularly are sufficient for the residency and
diffusion of molecular oxygen. In contrast, the larger free
volume has to be created between the lipid molecules for the
diffusion of larger molecules (Trduble & Sackmann, 1972;
Galla et al., 1979; Pace & Chan, 1982; Peters & Cherry, 1982;
Vaz et al., 1982, 1985; Shin et al., 1990).

The use of molecular oxygen as a membrane probe is unique
in that it reports on the dynamic organization of the membrane
at the submolecular level due to its small size. In addition,
the membrane profile of the oxygen transport parameter
clearly displays the three-dimensional fluidity and organization
of the membrane. We took full advantage of these features
of the oxygen transport parameter in this work. We are in
the process of extending the use of the oxygen transport pa-
rameter to the reconstituted membranes of proteins and lipids
and biological membranes.

Can the Membrane Affect the Oxygen Consumption Rate
of the Cell by Becoming a Barrier for Oxygen Permeability?
Since the apparent Michaelis constant K, for the oxygen
consumption by the cell or by the mitochondrion was found
to be in the range of 0.1-1 uM (Degn & Wohlrab, 1971;
Petersen et al., 1974; Wilson et al., 1979, 1988; Lai et al.,,
1982) and the oxygen concentration under hypoxic conditions
in vivo may be in the order of micromolar, a possibility is
discussed here in which changes in the oxygen permeability
of the membrane can affect and control the oxygen con-
sumption rate in the cell or in the mitochondrion. Boag (1969)
showed that the following equations describe the spatial profile
of oxygen concentration outside and inside a spherical cell (or
a mitochondrion), assuming uniform consumption of oxygen
inside the cell (or the mitochondrion).

C(r) = C.. - V/4xRD(R/r)
C(r) = C, - 3V/87RD(1 - r*/3R?)

rzR O]
r<R (8)

where R is the radius of the cel (mitochondrion), ¥ the oxygen
consumption rate, and D the diffusion coefficient of molecular
oxygen (assuming that D in the cell is the same as that outside
of the cell). On the basis of these equations, the gradient of
oxygen concentration, AC, can be calculated:
AC, =

V/4xRD from infinite distance to the cell membrane (9)

AC, = V/87RD from the cell membrane to the center of
the cell (10)

The oxygen gradient across the cell membrane can be esti-
mated as

ACM =
(the flux of molecular oxygen at the membrane) / Py

(11)

(see Figure 9). The flux of molecular oxygen can be calcu-
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Table V: Predicted Oxygen Concentration Gradients (uM) Calculated for a Suspended Cell or a Mitochondrion for Four Models of Oxygen
Permeability Coefficients Across the Membrane?

cells? mitochondrion®
Py AC, AG, ACy AG, Y ACy
Py = Py 0.2 0.1 0.00012 0.4 0.2 0.002
Py =0.1Py 0.2 0.1 0.0012 04 0.2 0.02
Py = 0.01Py 0.2 0.1 0.012 0.4 0.2 0.2
Py = 0.0001Py, 0.2 0.1 1.2 0.4 0.2 20.0

2The measured values of Py for PC—cholesterol bilayers are in the range of 0.1-1 X Py, suggesting that Py for biological membranes containing
proteins may be in the range of 0.01-1 X Py. The concentration gradients outside the cell, AC, = V/4xRD (from infinite distance to the cell
membrane), inside the cell, AC; = V/8xRD (from the cell membrane to the center of the cell), and across the membrane, ACy = (the flux of
molecular oxygen at the membrane)/ Py were estimated. See the text and Figure 10 for details. The diffusion coefficient of molecular oxygen used
was D = 3 X 1075 cm?/s [at 37 °C (St.-Denis & Fell, 1971)] and Py, = 60 cm/s (8yy = 50 A). When these gradients are comparable to C, or Ko,
these estimates are no longer correct. Nevertheless, this table provides a convenient guideline to evaluate the contribution of the membrane to the
concentration gradient of molecular oxygen. ®The calculation for the cell was made for Chinese hamster ovary cells of the mean radius R = 8.2 um
(Lai et al., 1980) and the mean oxygen consumption rate ¥ = 6 X 10°'7 mol of O, per second per cell (Lai et al., 1982). Comparable oxygen
consumption rate was reported for other cells (Froese, 1962; Boag, 1969; Wittenberg & Wittenberg, 1985). The calculation is based on the values
for muscle mitochondria of R = 1 yum and ¥ = 1.5 X 10°"7 mol of O, per second per mitochondrion (Hoppeler & Lindstedt, 1985; Hoppeler et al.,

1987).

Membrane Membrane
OQutside the cell Cytoplasm Outside the cell
c {mitochondrion) {Mitochondrial Matrix) (mitochondrion})
c
.2
S
<]
|-
=]
c
[}
o
&
©0
c
[
s
>
P
o

FIGURE 9: Profile of oxygen concentration around a cell (mito-
chondrion) assuming uniform oxygen consumption by the cell (mi-
tochondrion, radius R). Three regions are considered separately (egs
7-11): (1) from infinite distance to the cell membrane, AC, =
V/4wRD; (2) from the cell membrane to the center of the cell, AC,
= V/8xRD; (3) the oxygen gradient across the cell membrane, ACy
= (the flux of molecular oxygen at the membrane)/Py. The figure
indicates that ACy, for the plasma membrane is not comparable to
AC, or AC, if Py for the plasma membrane is close to Py for EYPC
membranes listed in Table IV. See the text and Table V for details.

lated from the oxygen consumption rate of the cell and the
surface area of the cell. Estimated values for AC), AC,, and
ACy; are summarized in Table V for four models: (1) Py =
Py, for the PC £ cholesterol membrane in the liquid-crystalline
phase at physiological temperatures; (2) Py = 0.1Py, for the
50 mol % cholesterol-PC membrane at low temperatures (0—4
°C); (3) Py = 0.01Py, the smallest Py, which may be ob-
served in protein-rich membranes such as the purple membrane
in Halobacterium halobium (1. Ashikawa, W. K. Subczynski,
and A. Kusumi, unpublished observation); and (4) Py =
0.0001 Py, a hypothetical case, in which oxygen permeability
of the membrane is very low and rate limiting for oxygen
consumption in the cell.

We would expect that Py for the mitochondrial membrane
is between 0.1Py and 0.01Py, because it contains a high
concentration of membrane proteins and the oxygen transport
parameter in proteins is small [1/60 of that in water in the
case of the 3-ionone binding site in rhodopsin (Subczynski et
al., 1991)]. The model calculation summarized in Table V
thereby indicates that the oxygen permeability of the mito-
chondrial membranes can limit or regulate the oxygen con-
sumption rate in mitochondria. In addition, oxygen permea-
bility of the mitochondrial membrane may be important when

the oxygen consumption rate is very high (Neely et al., 1967).
This result thus presents an interesting challenge for mea-
surements of oxygen permeability across the mitochondrial
membranes and oxygen concentration gradients in vivo.

CONCLUSIONS

(1) We propose a model for the molecular mechanism of
oxygen transport in the membrane in which oxygen molecules
reside in vacant pockets and jump from one pocket to the
adjacent pocket or move along with the movements of the
pocket itself. These vacant pockets are created by gauche—
trans isomerization of alkyl chains and by packing defects in
membranes caused by the structural nonconformability and
the mismatch in length between neighboring lipids.

(2) In the absence of cholesterol, incorporation of either cis
or trans double bond at the C9-C10 position of the alkyl chain
decreases the oxygen transport parameter at all locations in
the membrane. This result can be explained by the formation
in the membrane of the region in which gauche-trans isom-
erization is significantly suppressed by the presence of double
bonds in high concentrations, which, according to the above
model, would decrease the oxygen transport.

(3) The structural nonconformability of the rigid ring system
of cholesterol and the rigid bend at the cis double bond in the
unsaturated alkyl chain, coupled with the mismatch in hy-
drophobic length between cholesterol (the bulky fused-ring
structure of cholesterol in particular) and PC, would lead to
create more and/or larger vacant pockets in the central region
of the bilayer in unsaturated PC—cholesterol membranes. This,
in turn, would lead to an increase of oxygen transport and an
enhancement of some motional modes of 16-SASL in the
middle of the bilayer.

(4) In saturated PC membranes, intercalation of cholesterol
reduces the oxygen transport parameter in T-PC and 5-SASL
regions by enhancing the trans configuration, thus reducing
the gauche—trans isomerization, of the alkyl chain. Little
influence of cholesterol in the 16-SASL region may be ex-
plained by cancellation of the two opposite effects: en-
hancement of trans configuration of alkyl chains that are in
contact with the cholesterol ring structure and formation of
vacant pockets in the middle of the bilayer. The vacant pockets
may be filled with nearby alkyl chains.

(5) Incorporation of cholesterol decreases the oxygen
transport parameter in and near the headgroup region in all
membranes. Since the major barrier for oxygen permeability
across the membrane is located in this region, the presence
of cholesterol decreases oxygen permeability in all membranes



Oxygen Transport in Membranes

used in this work in spite of the increase in oxygen transport
parameter in the center of the bilayer in unsaturated PC-
cholesterol membranes.

(6) We suggest that the effect of alkyl chain unsaturation
(USE) on transport of small molecules and alkyl chain dy-
namics in the membranes is determined by the interplay of
the following factors. (USE1) Because of the rigidity of the
double bond, the alkyl chain dynamics is reduced around the
double bond. (USE2) The rigid bend at the double bond
makes packing of alkyl chains less efficient, decreasing the
phase-transition temperature drastically. (USE3) The rigid
bend at the double bond and the rigid tetracyclic ring of
cholesterol do not conform to each other, enhancing the for-
mation of vacant pockets and cholesterol-rich (cholesterol-
oligomeric) domains in the membrane.

(7) The mitochondrial membranes can be a limiting barrier
for oxygen consumption under hypoxic conditions in vivo.
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Mechanism of DNA Polymerase « Inhibition by Aphidicolin™*
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ABSTRACT: Synthetic oligonucleotides of defined sequence were used to examine the mechanism of calf
thymus DNA polymerase « inhibition by aphidicolin. Aphidicolin competes with each of the four dNTPs
for binding to a pol a-DNA binary complex and thus should not be viewed as a dCTP analogue. Kinetic
evidence shows that inhibition proceeds through the formation of a pol arDNA-aphidicolin ternary complex,
while DNase I protection experiments provide direct physical evidence. When deoxyguanosine is the next
base to be replicated, K; = 0.2 uM. In contrast, the K; is 10-fold higher when the other INMPs are at this
position. Formation of a pol a-DNA-aphidicolin ternary complex did not inhibit the primase activity of
the pol a-primase complex. Neither the rate of primer synthesis nor the size distribution of primers 2-10
nucleotides long was changed. Elongation of the primase-synthesized primers by pol « was inhibited both
by ternary complex formation using exogenously added DNA and by aphidicolin alone.

Aphidicolin, a tetracyclic diterpenoid isolated from Ceph-
alosporium aphidicola (Brundret et al., 1972), is a potent
inhibitor of DNA replication (Bucknall et al., 1973). It
specifically inhibits polymerase a (Spadari et al., 1982) and
was found to inhibit mitotic division of sea urchin embryos
while not affecting nondividing cells (Ikegami et al., 1978;
Oguro et al., 1979). The drug proved to be instrumental in

tThis work was partially supported by a grant from the Council on
Tobacco Research (2612).

This paper is dedicated to Dr. Robert H. Abeles on the occasion of
his 65th birthday.

* Address correspondence to this author.

identifying pol o' as a major eukaryotic replicative polymerase
(Huberman, 1981). Aphidicolin also specifically inhibits pol
 (Byrnes, 1984), the a-like polymerase of plant cells, and the
herpes simplex virus and vaccinia virus encoded DNA po-
lymerases (Pedrali-Noy & Spadari, 1980a; Huberman, 1981;
Spadari et al., 1982, 1984, 1985a,b; Fry & Loeb 1986), while
not affecting DNA methylation or RNA, protein, and nu-
cleotide biosynthesis (Spadari et al., 1982, 1984, 1985a). This

! Abbreviations: Aph, aphidicolin; EDTA, ethylenediaminetetraacetic
acid (sodium salt); pol @, DNA polymerase a:primase; pol 4, DNA
polymerase &; Tris, tris(hydroxymethyl)aminomethane (HCI salt).
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