
Free Rad. Res.. Vol. 24, No. 5, pp. 343-349 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1996 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in the Netherlands by 

Harwood Academic Publishers GmbH 
Printed in Malaysia 

Permeability of Nitric Oxide through Lipid Bilayer 
Membranes 
W O L D  K. SuBCZYNSK11z2, MAGDALENA LOMNICKAl, and JAMES S. HYDE2$ 

'Department of Biophysics, Institute of Molecular Biology, lagiellonian University, Krakow, Poland; *Biophysics Research Institute, Medical 
College of Wisconsin, Milwaukee, Wisconsin, USA 

Accepted by Dr. B. Kalyanaraman 

(Received August 15th, 1995; in revised form, September loth, 1995) 

Profiles of the local nitric oxide (*NO) diffusion- 
concentration product across the egg yolk phospha- 
tidylcholine membrane in the absence and presence of 
30 mol% cholesterol were obtained using line- 
broadening electron paramagnetic resonance (EPR) 
and lipid-soluble nitroxide spin labels. Membrane NO 
permeability coefficients were calculated from these 
profiles. At 20°C, values of 93 and 77 cm/s for mem- 
branes in the absence and presence of cholesterol were 
obtained, compared with 73 and 66 cm/s for water 
layers of the same thickness as the membranes. Fluid- 
phase membranes are not barriers to *NO transport. 
Cholesterol significantly increases *NO transport in the 
center of the lipid bilayer. 

Key words: Nitric oxide, model membranes, cholesterol, mem- 
brane permeability, electron paramagnetic resonance, spin 
label 

Abbreviations: EPR, electron paramagnetic resonance; EYPC, 
egg yolk phosphatidylcholine; 5-, 9-, 12-, and 16-SASL, 5-, 9-, 
12-, and 16-doxylstearic acid spin labels; T-S, TEMPO stearate. 

INTRODUCTION 

Nitric oxide (*NO) serves multiple physiological 
functions in mammals, which have been extens- 

ively in~estigatedl-~; however, little attention has 
been directed to the quantitative characterization 
of its transport in biological systems. Information 
on the basic physical property of *NO dealing 
with transport across membranes, namely the 
membrane permeability coefficient, is rni~sing.~ 
*NO is one of the smallest neutral molecules and 
diffuses rapidly in water, nonviscous, bulk sol- 
vents and It is difficult to measure the 
membrane permeability coefficient of NO using 
dynamic methods in which a fast decaying *NO 
concentration difference across the membrane is 
monitored. Additional technical problems arise 
from the presence of a thick unmixed water layer 
on the surface of cells or liposomes if a fast mixing 
procedure is used.7 To overcome these same 
problems in the measurement of the membrane 
permeability coefficient of oxygen, we developed 
a static method that allowed calculation of the 
coefficient from profiles of the oxygen diffusion- 
concentration product.' 
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344 W.K. SUBCZYNSKI ET AL. 

Both *NO and 0 2  are paramagnetic, although 
*NO is a free radical with one unpaired electron 
and O2 has a triplet ground state. Both give elec- 
tron paramagnetic resonance (EPR) spectra in the 
gaseous phase?" but not in solution at room tem- 
perature. Both can be observed in solution using 
indirect EPR methods involving nitroxide spin 
labels.'"'2 Collision of *NO or 0 2  (unseen para- 
magnetic species) with nitroxide spin labels 
(visible EPR species) changes the EPR spectral 
parameters of the spin labels. This occurs because 
the physical interaction between these molecules 
involves Heisenberg spin exchange and/or 
dipole-dipole intera~tion.'~ This is a real physical 
interaction, and the method of measurement does 
not disturb the concentrations of colliding species. 
We have applied our method in the past to 
measure oxygen permeability across phospha- 
tidylcholine model membranes as a function of 
cholesterol, carotenoid, and integral protein 
(baderiorhodopsin) content as well as across the 
Chinese hamster ovary plasma rnembrane.lPl7 

The present report is based on the measure- 
ment of the collision rate of * NO and the nitroxide 
fragment of the spin label. According to the 
Smoluchowski equation, this collision rate is pro- 
portional to the product of *NO concentration 
and the *NO diffusion coefficient in the surround- 
ing medium. It is assumed that the diffusion co- 
efficient of *NO is much higher than that of the 
spin labels. The nitroxide fragment of stearic acid 
spin labels used by us can be placed at different 
depths in the membrane in the polar headgroup 
region as well as in the hydrocarbon region, which 
permits profiles of the local *NO diffusion- 
concentration product across the lipid bilayer to 
be obtained. Using the procedure developed ear- 
lier for oxygen: these profiles serve as the experi- 
mental basis for calculation of the *NO membrane 
permeability coefficient. 

Here we present results of measurements of the 
permeability coefficient for *NO across the fluid- 
phase egg yolk phosphatidylcholine (EYPC) bi- 
layer in the absence and presence of 30 mol% 
cholesterol. We have reached the conclusion that 

the lipid bilayer portion of the biological mem- 
brane is not a barrier to *NO transport. This paper 
complements the work of Lancaster" in which he 
analyzes the intra- and inter-cellular diffusion of 

NO. 

MATERIALS AND METHODS 

Materials 

All spin labels were from Molecular Probes (Junc- 
tion City, OR), EYPC from Sigma (St. Louis, MO) 
and cholesterol from Boehringer Mannheim. Pure 
argon gas was purchased from AIRCO (Murray 
Hill, NJ) and pure *NO gas was obtained from 
Matheson (Joliet, IL). To ensure that all carboxyl 
groups of stearic acid spin labels were ionized in 
EYPC membranes, 0.1 M sodium borate at pH 9.5 
was used as a buffer. 

Sample Preparation 

The membranes used in this work were multi- 
lamellar dispersion of lipids containing 1 mol% of 
spin label and were prepared as described pre- 
viously: Each sample volume of 300 pl contained 
3 x lo" mol of total lipid. A special glass chamber 
was designed to equilibrate samples with 1 atm 
*NO and to transfer them without contact with air 
and without changing the partial pressure of *NO 
into Pasteur pipettes, which were used for EPR 
measurements (Figure 1). Equilibration and EPR 
were performed at 20°C. 

EPR Measurements 

EPR spectra were obtained with a Varian E-109 
X-band spectrometer. We used the linewidth of 
the central peak of nitroxide spin label EPR spec- 
tra, which is an NO-sensitive EPR parameter. This 
specific method has been applied earlier to obtain 
oxygen diffusion-concentration profiles across 
model membranes." To obtain nitroxide line 
broadening due to NO collisions, two measure- 
ments are necessary: 1) The linewidth of the 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NITRIC OXIDE MEMBRANE PERMEABILITY 345 

MINISEAL 

SAMPLES 

FIGURE 1 Glass chamber designed for equilibration of samples 
with *NO. Six samples (300 kl each) could be equilibrated at one 
time. Equilibration was performed following the method of Kelm 
and Schrader." The system was equilibrated for 90 min with 
argon, and then for 90 min with *NO. This time was sufficient to 
fully deoxygenate samples or saturate them to equilibrium with 
1 atm pressure of *NO. The concentration of *NO in a saturated 
pure water sample was 2.0 mM as verified by an ISO-NO meter 
from World Precision Instruments (Sarasota, FL). The end of the 
tube taking the gas out of the chamber was placed 10 cm under 
water. Pasteur pipettes could be changed without contamination 
of the gas inside the chamber. After insertion of a new Pasteur 
pipette, we allowed the gas to flow about 1 min through the 
pipette and then closed the end of the pipette with a rubber 
stopper (small septum). When the equilibration with argon or 
*NO was completed, the bottom end of the Pasteur pipette was 
immersed in the sample and the top of the pipette opened. The 
positive pressure inside the chamber pushed the sample into the 
pipette, filling about 10 cm of the bottom portion. The pipette was 
then pushed into Miniseal waxand tightly sealed. In this way, the 
sample was continuously protected, not only from contact with 
air, but also from the changing partial pressure of *NO. Only the 
bottom 3 cm of the sample in the Pasteur pipette was positioned 
in the EPR cavity and contributed to the EPR signal. The top layer 
(-7 cm) protected the "active volume" for a few hours from 
contact with air. 

central peak of the nitroxide EPR spectrum for the 
sample equilibrated with argon (without *NO or 
0 2  since oxygen not only reacts with *NO but also 
affects the EPR spectrum); and 2) the linewidth for 
the sample equilibrated with *NO. Both are static 
measurements for equilibrated samples. Creation 
of fast decaying *NO gradients is not necessary. 
Peak-to-peak linewidths of the central peaks were 

FIGURE 2 EPR spectra from top of 5-, 9-, 12-, and 16- 
doxylstearic acid spin labels (5-, 9-, 12-, and 16-SASL) and 
TEMPO stearate (T-S) in F(pC liposome membranes and 16- 
SASL (2 x 10-4M) in water for sample equilibrated with argon 
(-) and with pure .NO at 1 atm pressure (- - -). Chemical 
structures of spin labels used in this work are shown. To indicate 
the approximate location of the nitroxide fragment in the mem- 
brane, they are arranged according to the orientation and location 
in the lipid bilayer (left side, head-group region). 

recorded for expanded spectra (10 G scan range) 
using a field modulation amplitude that was five 
times smaller than the linewidth. 

RESULTS AND DISCUSSION 

EPR spectra for different localization of the 
nitroxide fragment of spin labels in the EYPC 
bilayer for samples equilibrated with argon and 
*NO are shown in Figure 2. NO-induced line 
broadening also causes a significant decrease in 
the EPR signal amplitude. Figure 2 indicates that 
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346 W.K. SUBCZYNSKI ETAL. 

the alkyl chain flexibility increases from the mem- 
brane surface to the membrane center. 

The results of .NO-induced line broadening 
measured as a function of the position of the 
nitroxide fragment in the membrane are shown 
in Figure 3. These results are also expressed as 
the local, relative .NO diffusion-concentration 
product across the membrane (ratio of the local 
.NO diffusion-concentration product in the 
membrane, D(x)C(x), to that product in water, 
DwCw. By using the ratio, the effect of uncertainty 
of Rp can be reduced. Here p is the probability 
that an observable event is recorded when a col- 
lision takes place and R is the interaction distance. 
It was shown for oxygen that the product Rp is 
remarkably independent of solvent viscosity, 
temperature, and For a pure 
lipid bilayer, the .NO diffusion-concentration 
product in the hydrocarbon region of the mem- 
brane is higher than in water; while in the polar 
headgroup region, it is about the same. Addition 
of cholesterol decreases the product in and near 
the polar headgroup region while significantly 
increasing it in the center of the lipid bilayer. 
These profiles are very similar to those obtained 
for oxygen in unsaturated phosphatidylcholine 

f 

FIGURE 3 Profiles of the relative *NO diffusion-concentration 
product (or *NO induced EPR line broadening) across EWC 
bilayer in the absence (-0-) and presence (-X-) of 30 mol% 
cholesterol at 20°C. The approximate locations of nitroxide frag- 
ments of spin labels are indicated by arrows. Data for aqueous 
phase (indicated by TH20) were obtained with 16-SASL, which 
at pH 9.5 is fairly soluble in water. Data points represented mean 
?r S.D. (n = 4). 

membranes in the presence and absence of 
ch~lesterol.~,'~ Values of the .NO diffusion- 
concentration product in membranes equilibrated 
with 1 atm partial pressure of .NO at 20°C can 
be obtained by multiplying the ratio of 
D(x)C(x)/D,C, from Figure 3 by the product 
D,C, = 4.7 x lo-" mol cm-' s-' that was deter- 
mined by classical diffusion mea~urement~~ and 
tables of .NO solubility in water.24 Separation of 
D(x) and C(x) requires an independent experi- 
ment but to our knowledge, only an average .NO 
concentration in a pure dilauroylphosphatidyl- 
choline bilayer can be obtained from the data 
presented by Singh et al." The authors report only 
the changes in .NO concentration in the buffer 
after the addition of the deoxygenated suspension 
of dilauroylphosphatidylcholine liposomes. In 
the other workz5 the diffusion coefficient D = 2.7 
x lo4 cm2 s-' of .NO in the fluid-phase 
dimyristoylphosphatidylcholine bilayer is re- 
ported (an unrealistically low value) based on 
phosphorescence quenching measurements and 
the assumption that .NO solubility in the lipid 
bilayer is the same as in hydrocarbon solvents. 

The rate of all chemical reactions involving 
*NO depends on the collision frequency of .NO 
with attacked molecules and, thus, on the local 
.NO diffusion-concentration product. It can be 
inferred that chemical reactions of .NO with 
oxygen or lipid peroxyl radicals will proceed 
more readily in the membrane center than in the 
membrane regions close to its surface. However, 
in membranes, .NO is protected against reactions 
with water-soluble compounds, which signifi- 
cantly limit its diffusion.26 Membranes could be 
considered as short-time storage environments 
for .NO within the cell that supplement the long 
time NO-buffering provided by plasma S- 
nit ros~thiols .~~ '~~ Furthermore, according to the 
hypothesis of sku lac he^;^ the extended membra- 
nous system may provide routes for intracellular 
.NO transport. .NO transport across the polar 
cytosol seems likely to be less effective. 

Based on the profiles presented in Figure 3, the 
membrane permeability coefficients for .NO, PM, 
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NITRIC OXIDE MEMBRANE PERMEABILITY 347 

TABLE 1 *NO and 0 2  permeability coefficients for EYPC-cholesterol membranes at 20°C 

Cholesterol P M / P W C  
mol fraction Dwa P W b  from line- P M d  

Solute (Yo) (1 o - ~ c ~ ~  / s (cm/s) broadening EPR (cm/s) 

*NO 0.0 
*NO 30.0 
0 2  0.0 
0 2  27.5 

2.35 
2.35 
2.00 
2.00 

73.0 
66.0 
62.0 
56.0 

1.28 
1.17 
1.08 
0.85 

93.0 
77.0 
67.0 
48.0 

aThe bulk diffusion coefficient, Dw, of *NO and 02 in water. Data obtained 
b*NO and 0 2  permeability coefficients, Pw, in a water layer of the same thickness as the membrane calculated from Dw and 
membrane thickness, &M, according to Eq.: Pw = Dw/&M. 
‘The ratio was determined from PM and Pw, both of which were determined in the EPR line-broadening experiment. 
d P ~  was determined by multiplying Pw determined from the bulk-diffusion coefficient and the PM/Pw ratio determined by the 
present spin-label method. In this way, methodological uncertainty is reduced. 
Membrane thicknesses, &M, were obtained as described p r e ~ i o u s l y ~ ” ~  and were for pure EYPC 32.1 8, and for EYPC 30 mol% 
cholesterol 35.8 A. It was assumed that the location of the alkyl chain carbon atoms in the membrane changes linearly with the 
position on the alkyl chain (the maximum error is about * 1.5 A3’ and that the nitroxide fragment of SASL is located at the mean 
depth of the 1- and 2-chain of EYPC. 

for -NO and from3’ for oxygen. 

were calculated using the procedure described 
earlier (Table l).6,14,15,17 It was assumed that *NO 
diffusion within the lipid bilayer is isotropic. It 
has been previously shown that oxygen diffusion 
(which should resemble *NO diffusion very well) 
is almost isotropic in the fluid-phase of non- 
cholesterol-containing membranes.32 Diffusion of 
oxygen below the pretransition temperature was 
found to be more rapid in the transverse than in 
the lateral direction. For comparison, values of 
the oxygen permeability coefficients from Ref. 14 
have been included in Table 1. At 20” C, pure 
unsaturated phosphatidylcholine membrane, 
which at this temperature is in the fluid phase, is 
not a barrier to *NO permeation. Addition of 
cholesterol (30 molyo) to the phospholipid bilayer 
decreases the permeability coefficient. However, 
effects of cholesterol on the *NO diffusion- 
concentration product in the membrane center 
and close to the membrane surface tend to cancel, 
resulting in only a moderate net effect of choles- 
terol on the permeability coefficient. At physio- 
logical temperatures, the ratio of PM/Pw should 
increase. PW (the *NO permeability coefficient in 
a water layer of the same thickness as the mem- 
brane) does not change significantly with temper- 
ature because the temperature dependencies of 

*NO diffusion and concentration are opposite.23r24 
I‘M, however, should significantly increase be- 
cause increase of temperature not only increases 
the diffusion of *NO, but also the partition coef- 
ficient of *NO between hydrocarbons and 
water.33 

The membrane is a permeability barrier to 
*NO if P M / P W < l ,  but not if P M / P W > l .  Our data 
indicate that EYPC bilayer without and with cho- 
lesterol is not a barrier to *NO permeation. Be- 
cause EYPC is a natural phospholipid containing 
alkyl chains of different length and degree of 
unsaturation, and because cholesterol is a com- 
mon component of mammalian cell membranes, 
we think that we can extend our conclusion to 
the lipid portion of biological membranes of 
mammalian organisms. 

Apparently, no measurements of the .NO 
membrane permeability coefficient have been 
made previously. Several data do exist based on 
the assumption that *NO partitioning into the 
lipid bilayer is constant across the entire mem- 
brane thickness and is the same as *NO partition- 
ing into octanol or he~adecane.’,~~ It is customary 
to assume that partition coefficients of small non- 
electrolytes between organic solvents and water 
are similar to those for lipid bilayers. Direct 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
5/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



348 W.K. SUBCZYNSKI ET AL. 

support for this assumption, however, is lacking. 
Moreover, a number of studies based on radio- 
active isotope labeling or molecular probe mea- 
surement report that the average partitioning of 
noble gases, carbon dioxide or oxygen in aniso- 
tropic organized media such as lipid bilayers is 
much lower than in isotropic media such as hex- 
ane, octanol, or olive 

Additionally, it is not possible to evaluate the 
membrane permeability coefficient of *NO from 
a single (average) value of the *NO diffusion 
coefficient and a single (average) value of the 
*NO concentration (or partition coefficient). This 
conclusion follows from the theory of Diamond 
and Katz for permeation of nonelectrolytes across 
the membrane4’ and from the profiles of the 
diffusion-concentration product across the mem- 
brane obtained by us for *NO in the present work 
and earlier for o ~ y g e n . ~ , ’ ~ , ~ ~  Both change signifi- 
cantly from the membrane surface to the mem- 
brane center. The integration of (C(x)D(x))-’, 
which is a measure of resistance to *NO permea- 
tion, over the entire thickness of the lipid bilayer 
is necessary. 

Our approach yields answers to two funda- 
mental questions about *NO permeation through 
lipid bilayers. 1) Can a membrane be a permea- 
bility barrier for *NO, and 2) if so, what is the 
location of the major permeability resistance? 
Classical methods give the permeability coeffi- 
cient as an average property of the membrane 
without distinguishing regions of high or low 
solute transport. A small permeability resistance 
to *NO is induced by cholesterol in and near the 
polar headgroups, but resistance decreases in the 
membrane center. Oxygen permeability across 
the EYPC bilayer is affected more strongly by 
cholesterol because it significantly decreases the 
oxygen diffusion-concentration product in and 
near the polar headgroup region. Cholesterol sig- 
nificantly increases the polarity of this region to 
the depth of 7-9 carbons in alkyl chains.41 This 
affects the solubility of oxygen more strongly than 
that of *NO, because *NO is more polar. The 
dipole moment of *NO is 0.159 D; for oxygen, it 

8,14,15,17 

is zero.24 This property gives a slightly higher 
solubility to *NO in polar solvents and, as 
measured by us, a slightly higher diffusion- 
concentration product. In hydrophobic solvents, 
such as octanol or paraffin oil, the diffusion- 
concentration product of 0 2  is higher than for 
*NO (for the same partial pressure of both gases). 
Our data confirm the statement that *NO and O2 
resemble each other in transport properties. 

Previo~sly:~ we showed that the equation P M  = 
cKs, where PM is the EYPC membrane permeabil- 
ity of a nonelectrolyte and K is the partition coef- 
ficient into hexane, is valid for nonelectrolite 
solutes of mol wt<50 using c = 26 cm/s, s = 0.95. 
*NO data satisfy this equation using values of I‘M 
reported here and values of K from tables of *NO 
solubility in  hydrocarbon^.^^ 

Two molecular probe techniques have been 
introduced to measure the frequency of collision 
between the probe and *NO; phosphorescence 
quen~h ing*~ ,~~  and EPR spin-label line broaden- 
ing.” Both were applied to study *NO transport 
in synthetic phospholipid bilayers. During the 
past 15 years, we have developed and applied 
spin-label oximetry.” We believe that spin-label 
NO-metry will provide an understanding of *NO 
transport in complex biological systems 
analogous to spin-label oximetry. 
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