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ABSTRACT Oxygen transport in phosphatidylcholine-
cholesterol membranes has been studied by observing the
collision of molecular oxygen with nitroxide radical spin labels
placed at various distances from the membrane surface using
long-pulse saturation recovery ESR techniques. The collision
rate was estimated for tempocholine phosphatidic acid ester,
S-doxylstearic acid, and 16-doxylstearic acid from spin-lattice
relaxation times (7';) measured in the presence and absence of
molecular oxygen. Profiles of the local oxygen transport pa-
rameter across the membrane were obtained as a function of
cholesterol mol fraction and temperature in L-a-dimyris-
toylphosphatidylcholine ([Myr.]PtdChe) and L-a-dioleoyl-
phosphatidylcholine ([Ole;]PtdCho) membranes. Membrane
oxygen permeability coefficients were estimated from oxygen
transport parameter profiles. At =30°C, the oxygen perme-
ability coefficients in the presence and absence of 50 mol %
cholesterol are 22.7 and 125.2 cm/s, respectively, for
[Myr,]PtdCho membranes, and 54.7 and 114.2 cm/’s, respec-
tively, for [Ole;]PtdCho membranes (compared with 60-80
cm/s for water layers with the same thicknesses as the mem-
branes). The major results in the liquid-crystalline phase are as
follows: (i) In the absence of cholesterol, membranes are not
barriers to oxygen transport. (ii) Addition of 50 mol %
cholesterol decreases oxygen permeability by a factor of ~5 and
=2.5 in [Myr,;]PtdCho and [Ole,]PtdCho membranes, respec-
tively. The resistance to oxygen transport is located in and near
the polar headgroup regions in the membrane. (iii) Cholesterol
increases oxygen transport in the central regions of
[Ole;]PtdCho membranes.

We ask two fundamental questions about oxygen transport in
lipid bilayers: (i) Can a biological membrane be a permeabil-
ity barrier for molecular oxygen, and (ii) if so, what is the
location of the major permeability resistance? We are addi-
tionally concerned with development of methodology to
study molecular structure and diffusion in artificial and
cellular membranes using molecular oxygen as a small non-
electrolyte probe. Our method is based on measurement of
the bimolecular collision rate between oxygen and spin
labels.

Subczynski and Hyde (1) found that the average oxygen
concentration in the hydrocarbon region of L-a-dimyris-
toylphosphatidylcholine [Myr,]PtdCho membranes in the
liquid-crystalline phase is higher than in water, increases with
temperature, and increases abruptly by 75% and 50% at
pretransition and main phase-transition temperatures. Sub-
czynski and Hyde (2) and Kusumi et al. (3) observed oxygen
transport in membranes using the electron spin-lattice relax-
ation time (T;) as a basic ‘‘clock.”” The rationale of the
spin-label T) method is that the molecular probe can be placed
at a known location in the membrane to observe local events
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and that the time scale of T; (1-20 us) is in the correct range
to study many molecular processes (4).
Kusumi et al. (3) defined an oxygen transport parameter

W(x) = T1air, x) — T1'(Ng, x). (1]

Since W(x) is proportional to the collision rate of oxygen with
the spin-label nitroxide group, it is a function of both the local
concentration [C(x)] and the local translational diffusion
constant [D(x)] of oxygen at a ‘‘depth’’ x in the air-
equilibrated membrane,

W(x) = AD(x)C(x), (2]

where A = 8wpr,. Here r, 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 occurs (2). They concluded that the oxygen trans-
port parameter is a useful monitor of membrane fluidity that
reports on translational diffusion of small molecules.

In the present research, profiles of W(x) across various
membranes have been investigated with emphasis on effects
of cholesterol and alkyl chain unsaturation (5, 6). Using the
theory of Diamond and Katz (7), we have assessed oxygen
permeability across the membrane on the basis of W(x)
profiles, assuming that oxygen diffusion is isotropic. We have
previously shown that oxygen diffusion is almost isotropic in
the liquid-crystalline phase of non-cholesterol-containing
membranes (3). Diffusion of oxygen below the pretransition
temperature was found to be more rapid in the transverse
than in the lateral direction. Between the pre- and main-
transition temperature, our data with respect to the anisot-
ropy of oxygen diffusion are complex and no detailed inter-
pretation was advanced (3). Diamond and Katz (7) derived an
expression for the permeability coefficient Py of a nonelec-
trolyte in terms of resistances r’ and r” in the polar headgroup
regions (8), the solute (local) partition coefficient K(x), and
the solute (local) diffusion constant D(x), taking the plane of
the membrane as perpendicular to the x axis:

X2 -1
PM=[r’+I A—+r"] ) 31
5 K(x)D(x)

The integration is taken across the hydrophobic portion of the
membrane. Since a spin probe is placed in the polar regions
as well as in the hydrophobic region in the present study, r’
and r” can also be estimated within the integral. The coeffi-
cient K(x) is related to the local concentration, C(x), and the
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oxygen concentration in the aqueous phase equilibrated with
air, Cy(air), by the equation K(x) = C(x)/Cy(air). Eq. 3
becomes

1 j" dx ]-1
Py = : 4
M7 Ax C(air) [ 0 W(x) 4l

where 4 is the entire thickness of the lipid bilayer. Eq. 4
allows us to evaluate permeability coefficients in terms of
experimental observables W(x) and values of Cy(air) taken
from published tables. This method is based on the profile of
the local oxygen transport parameter across the membrane
and does not require formation of an oxygen gradient.
Several attempts have previously been made to obtain the
oxygen permeability of erythrocyte membranes by creating
an oxygen gradient by rapid mixing, but they were not
successful because the presence of a thick (=2 um) unmixed
water layer on the cell surface prevented immediate contact
of oxygenated solution with the erythrocyte membrane (9-
11).

MATERIALS AND METHODS

[Myr,]PtdCho and L-a-dioleoylphosphatidylcholine ([Ole,]-
PtdCho) were obtained from Sigma, cholesterol (crystallized)
was from Boehringer Mannheim, 5-doxylstearic acid spin
label (5-SASL) and 16-doxylstearic acid spin label (16-SASL)
were from Molecular Probes, and 1-1°N-1-oxyl 4-0x0-2,2,6,6-
tetramethylpiperidine-d;¢ (d-Tempone) was from Merck.
Tempocholine phosphatidic acid ester (T-PC) was a generous
gift from S. Ohnishi (Kyoto University, Kyoto, Japan). The
buffer was 0.1 M borate at pH 9.5. To ensure that all probe
carboxyl groups were ionized in PtdCho membranes, a rather
high pH was chosen (3, 5, 12, 13). The structure of PtdCho
membranes is not altered at this pH (3, 13).

The membranes used in this work were multilamellar
dispersions of lipids containing 1 mol % of spin label and were
prepared as described (3, 5). The lipid dispersion (10 mM)
was centrifuged briefly and the loose pellet [=20% (wt/wt)
lipid] was used for ESR measurement. Dilution of the pellet
did not induce any detectable changes in the membrane
structure (5). The sample was placed in a capillary (i.d., 0.5
mm) made of gas-permeable methylpentene polymer. The
concentration of oxygen in the sample was controlled by
equilibrating the sample with the same gas that was used for
temperature control—namely, a controlled mixture of nitro-
gen and dry air adjusted with flowmeters (Matheson Gas
Products; model 7631H-604) (3). Spin-lattice relaxation times
were measured at X-band using the long-pulse saturation—
recovery technique (3). The method has been reviewed by
Hyde (14). The apparatus used here was described by Yin et
al. (4).

RESULTS AND DISCUSSION

Saturation—-Recovery Measurement of the Oxygen Trans-
port Parameter. All measurements of 7; were made on the
central N hyperfine line (M; = 0) between 0°C and 45°C.
Typical saturation-recovery curves are shown in Fig. 1. 1!
values for T-PC, 5-SASL, and 16-SASL in [Myr,]PtdCho-
cholesterol membranes in the presence and absence of oxy-
gen are plotted against reciprocal temperature in Fig. 2
(Upper). The error in the estimate of T; is within 5%. In the
absence of oxygen, addition of cholesterol increases T; for
5-SASL but decreases it for T-PC and 16-SASL.

The following points can be made for samples equilibrated
with air: (i) In the absence of cholesterol, abrupt changes of
T, at the main phase-transition temperature were observed
for all spin labels. T; is shorter by a factor of 5-10 compared
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FiG. 1. Typical saturation-recovery signals of T-PC in [Myr,]-
PtdCho membranes. (4) In the absence of oxygen at 45°C. T; = 2.60
us and 1.99 us in the absence and presence of 50 mol % cholesterol,
respectively. (B) The sample equilibrated with 50% air at 38°C. T; =
0.70 us and 1.01 us in the absence and presence of 27.5 mol %
cholesterol (CHOL), respectively. Conditions: pump power, 60 mW
(microwave field, 1.2 G in the rotating frame); pump width, 9 us (A)
and 3 us (B); signal accumulation in 256 channels for 2.7 min.

with samples equilibrated with nitrogen in the liquid-
crystalline phase, and by a factor of 2-3 in the gel phase. (ii)
Incorporation of cholesterol increases 7; of T-PC and 5-
SASL but causes no effect on T; of 16-SASL above the
phase-transition temperature of [Myr,]PtdCho membranes.
(iii) In the gel phase, it increases T, of 16-SASL but gives rise
to only a small effect on T; of T-PC and 5-SASL.

The oxygen transport parameter W(x) (see Eq. 1) is ob-
tained by subtracting the data in nitrogen atmosphere from
those in air. The results are shown in Fig. 2 (Lower). W(x) is
proportional to the product of local concentration and diffu-
sion constant of oxygen—i.e., the collision rate of oxygen
and the spin-label nitroxide group at a given locus in the
air-equilibrated membrane. The changes in W(x) in Fig. 2 are
due to the dependence of both the solubility and diffusion
constant of oxygen on temperature and cholesterol content.

The presence of cholesterol decreases W(T-PC) (in the
membrane headgroup region) and W(5-SASL) (in the hydro-
carbon region near the membrane surface), but it has almost
no influence on W(16-SASL) (in the central part of the
membrane) above the main phase-transition temperature.
[Our previous experiments suggest that T-PC detects W(x) in
or very near the headgroup region: water accessibility in-
creases with an increase of cholesterol concentration as
observed with T-PC, while it decreases as detected with
5-SASL and other probes located farther from the membrane
surface (5); in addition, collision of T-PC with 5-, 12-, and
16-SASL could not be detected by electron—electron double
resonance spectroscopy (J. B. Feix and J.S.H., unpublished
observation).]

Profiles of the Oxygen Transport Parameter Across the
Membrane. Oxygen transport parameters were measured at
various locations, and profiles of oxygen transport parame-
ters across the [Myr,]PtdCho membrane, W(x), were ob-
tained (Fig. 3). The oxygen transport parameter in the
aqueous phase obtained with d-Tempone is also shown for
comparison. Translational diffusion of oxygen in a membrane
can be assumed to be described by an axially symmetric
tensor D with the principal axis coinciding with the normal to
the bilayer. The degree of anisotropy of D can be presumed
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FiG. 2. (Upper) Ti! vs. T~! for T-PC, 5-SASL, and 16-SASL in [Myr,]PtdCho membranes equilibrated with nitrogen and air. Actual
measurements with oxygenation were carried out for samples equilibrated with gas mixture containing 25% or 50% air, and extrapolation was
made to 100% air on the basis of the linear dependence of T ! as a function of oxygen content in the equilibrating gas (3). Dashed vertical lines
show main transition and pretransition temperatures. (Lower) Oxygen transport parameter [W(x) = Ty Xair, x) — T7¥(N,, x)] vs. T™!in

[Myr;]PtdCho membranes.

to decrease toward the middle of the bilayer. The magnitudes
of the elements of the tensor would then be dependent on the
distance from the surface. W(x) presumably reflects the trace
of tensor D.

W(x) is larger in the middle of the bilayer than in and near
the headgroup regions of the membrane as shown in Fig. 3.
This result is consistent with an NMR study of translational
diffusion of di-zert-butylnitroxyl in membranes by Dix et al.
(8). The profile of W(x) is flat in [Myr,]JPtdCho membranes
below the main phase-transition temperature.

Diffusion of small molecules in membranes has been re-
lated in the literature to kink formation of phospholipid alkyl
chains (15, 16). Although the volume of the hydrocarbon
phase increases by only 4% at the main phase transition of
[Myr,]PtdCho (17), the oxygen concentration increases by
50% (1). Since W(5-SASL) and W(16-SASL) increase by
factors of 4 and 15 at the phase-transition temperature,
respectively, kink formation is presumed to lead not only to
somewhat increased oxygen solubility but also to increased
oxygen diffusion.

Effects of Cholesterol on the Profiles of W(x). Incorporation
of cholesterol induces dramatic effects on the profiles of

W(x), as shown in Fig. 3. It decreases W(x) in and near the
head-group regions of all membranes used in this work in the
fluid phase. This result can be explained by the kink model
of oxygen transport: the rigid fused ring structure of choles-
terol should decrease the number of kinks in the neighboring
alkyl chains (16, 18). The effect of cholesterol on W(5-SASL)
is smaller in unsaturated PtdCho membranes perhaps due to
the conformational mismatch of the rigid cholesterol core and
the bend at the cis double bond of the alkyl chain (5).

Cholesterol increases W(x) in the central region of
[Ole,]PtdCho membranes (data not shown). This effect can
be explained by creation of more free volume in the center of
the bilayer due to the insertion of the bulky steroid core of
cholesterol, which spans the region from the surface to the
9th or 10th carbons of the alkyl chains (18).

In the middle of [Myr,]PtdCho membranes, cholesterol
exerts little influence on W(x) in the liquid-crystalline phase
and increases it in the gel phase. Recently, we have obtained
additional results that indicate the cholesterol effects in the
central part of the membrane are related to the extent of
mismatch in length and conformation between the alkyl
chains and cholesterol: the presence of 50 mol % cholesterol
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Profiles of the oxygen transport parameter across [Myr;]PtdCho membranes as derived from Fig. 2 as a function of cholesterol mol

fraction and temperature. Approximate locations of nitroxide moieties of spin labels are indicated by arrows and drawings of stearic acid spin
labels. W in water is also shown. It does not change significantly because temperature dependences of oxygen diffusion and concentration are

opposite.

increased W(x) in the central part of the bilayer in egg yolk
PtdCho membranes; by utilizing a planar copper complex,
3-ethoxy-2-oxobutyraldehyde bis(N*,N*-dimethylthiosemi-
carbazonato) copper(Il) as a relaxing reagent (instead of
oxygen) in the membrane, we found that addition of choles-
terol increased W(x) in the central portion of L-a-distearoyl-
PtdCho membranes, while it decreased W(x) in [Myr,]Ptd-
Cho membranes (W.K.S., unpublished observation).

Permeation Barriers of Molecular Oxygen in the Membrane.
There has been a long-standing problem in the physiological
literature concerning location of membrane permeation barri-
ers for nonelectrolytes (8, 19, 20). The values of W(5-SASL)
and W(T-PC) for [Myr;]PtdCho (see Fig. 3) are much smaller
than those obtained in the aqueous phase using d-Tempone.
W(x)~!, which is a measure of resistance to permeation, is
plotted as a function of actual distances from the center of
[Myr,]PtdCho membranes in Fig. 4. Permeation barriers also
exist in and near the headgroup regions of [Ole,]PtdCho
membranes in the presence of 50 mol % cholesterol or at lower
temperatures. Since 5S-SASL is more sensitive to transverse
than to lateral diffusion of oxygen (3), it can be concluded that
a barrier to oxygen permeation exists in and near the surface
regions when 50 mol % cholesterol is present.

The permeability coefficient of oxygen across the mem-
brane was evaluated in an approximate manner using Eq. 4
by assuming that oxygen diffusion in the membrane is iso-
tropic. The integration was performed based on figures such
as Fig. 4: Py was determined from the mean of the maximal
area (under the solid line) and the minimal area (under the
broken line), which takes the uncertainty of the location of
the spin-label nitroxide group into account (21). For details,
see the legends to Fig. 4 and to Table 1. Next, the ratio of the
permeability coefficient across the membrane (Py) to the
permeability across a water layer of the same thickness as the
membrane [Py, obtained from W(d-Tempone)] was calcu-
lated. By taking ratios of Py/Pw as determined by the T,
method, the effect of uncertainty of p X r, (A in Eq. 4) can
be reduced. [We have previously found that the product p X
r, is remarkably independent of solvent viscosity, tempera-
ture, hydrophobicity, and spin-label species (2, 23-25).] The
permeability coefficient of oxygen was obtained by multiply-

ing Py/Pw by permeability values of oxygen in water that
were determined by classical diffusion measurements (26).
The permeability coefficients are listed in Table 1.

Py/Pw (determined by the T; method) for [Myr;]PtdCho
membranes is plotted in Fig. 5 as a function of temperature
and cholesterol mol fraction. [In the temperature—cholesterol
content ranges used in the study of [Myr,]JPtdCho—choles-
terol membranes, lateral phase separation might be expected
to influence the data for 15 mol % cholesterol (5, 33) but not

MEMBRANE
50X CHOLESTEROL

4 § 'é'
— I 3
n 34 % a
2 |3 3
< 2
1 + Wt(H,0)
0 .
20 10 o} 10 20 (A)
T-PC 5-SASL 16-SASL 5-SASL T-PC
2 MEMBRANE
1 NO CHOLESTEROL 4
__ _ Ly Wl(H0)
0 1 1 1 1 .
20 10 o] 10 20 (A)
T-PC S5—-SASL 16-SASL 5-SASL T-PC

FiG. 4. W(x)"lis plotted as a function of the distance from the
center of the bilayer in [Myr,]PtdCho membranes at 29°C to show the
oxygen permeation barrier and the method of integration for Eq. 4
(measuring the area under the solid and broken curves). Horizontal
arrows indicate W1 in water at 29°C. The thickness of the membrane
was evaluated as described in Table 1. It is assumed that the location
of the alkyl chain carbon atom in the membrane changes linearly with
the position on the alkyl chain [the maximum error is about £1.5 A,
as indicated by error bars (21, 22)]. We assume that SASL is located
at the mean depth of 1- and 2-chains of PtdCho. Solid and broken
lines show the maximal and minimal evaluations. A possibility exists
that the carboxyl group of SASL is located near the phosphate group
of PtdCho (5-SASL nitroxide close to C2), which would cause an
increase of the integral by 20% at most.
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Table 1. Oxygen permeability coefficients for PtdCho—

cholesterol membranes

Proc. Natl. Acad. Sci. USA 86 (1989)

oxygen in the liposome, the oxygen concentration at time ¢ in
the liposome can be described as

C(1) = Cy(air)[1 — exp(—3Pwmt/r)], [5]

where C,(air) equals 220 uM at 29°C and r is the radius of the
liposome. The characteristic time (r/3Py) for oxygen per-
meation into a liposome made of [Myr,]PtdCho and 50 mol %
cholesterol at 29°C is calculated to be =15 us, which presents
an interesting challenge for the direct measurement of oxygen

Temp.
Membrane °C S, A 8p, A Py, cm/s
[Myr;]PtdCho
0 mol % cholesterol 8 28.2 6.9 53+ 04
18 30.3 7.1 122+ 04
29 25.2 5.4 125 + 5.3
45 24.7 5.3 232 + 125
50 mol % cholesterol 8 353 6.9 57+ 09
18 353 7.1 104+ 1.6
29 35.3 5.4 227+ 4.1
45 353 53 53.0+ 6.1
[Ole,]PtdCho

0 mol % cholesterol 10 24.5 3.8 330+ 19
30 24.5 3.8 114 + 49
50 mol % cholesterol 10 30.6 3.8 13.7+ 1.6
30 30.6 3.8 546 = 5.6

The thicknesses of the hydrocarbon layer and of the polar head-
group region (including the glycerol ester groups) are designated 8y
and 8p. They were calculated for [Myr;]PtdCho, following Cornell
and Separovic (27), from published membrane thickness data (22),
the surface area of the PtdCho moiety (28), and the average volume
of CH, groups [assuming vol(CH3) = 2 vol(CH,)] as given in ref. 17.
Because cholesterol does not affect 8p (29), its effect on &y could be
estimated from data on the thickness of cholesterol-containing mem-
branes (22, 30, 31). A similar procedure was used for [Ole,]PtdCho
with the following additional assumptions: (i) vol(CH;) = vol(CH).
(i) The average volume of CH, obtained for [Myr,]PtdCho at 60°C
can be used at both 10°C and 30°C. This is justified by the observation
that well above the main phase transition the average volumes
asymptotically approach a constant temperature and chain-length-
independent value (17, 22, 28). (iii) The thickness and surface area of
[Ole;]PtdCho at 0 and 50 mol % cholesterol can be estimated from
membrane thickness of egg yolk PtdCho (30, 32).

for other concentrations. Although the phase transition be-
tween regions I and II in the phase diagram (5, 33) was
obvious in our data from abrupt changes in oxygen transport
(Fig. 2), no specific indications of phase separation in either
region were evident.] At physiological temperatures, phos-
pholipid membranes without cholesterol in the liquid-
crystalline phase are not barriers for oxygen permeation.
Membranes containing cholesterol can be moderate barriers
for oxygen transport. A large oxygen gradient formed under
hypoxic conditions across the plasma membrane (which
contains high concentrations of proteins and cholesterol)
could influence the respiration of cells.

Let us consider a rapid mixing experiment of a spherical
liposome (radius, 10 um) without oxygen with a solution
equilibrated with air. Assuming very fast equilibration of
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F1G. 5. Oxygen permeability across PtdCho—cholesterol mem-
branes (Py) relative to that across a layer of water of the same
thickness as the membrane (Pw)—i.e., Py/Pw for [Myr;]PtdCho-
cholesterol membranes is plotted against temperature. Both Py and
Py were obtained by the T; method.

permeability.
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