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Abstract Spin label hyperfine splittings in mixtures of
protic and aprotic solvents are used to obtain associa-
tion constants KA,h for hydrogen bonding to oxazolidine
nitroxides. With the Onsager approach to account for
the variation in local dielectric constant, these results are
used to determine the effective penetration profile of
water into fluid phospholipid membranes, from recent
electron paramagnetic resonance (EPR) studies on
phospholipids spin-labelled systematically down the sn-2
chain. Water penetration is appreciable, depends on
chain unsaturation, and is strongly affected by choles-
terol.

Keywords Hydrogen bonding Æ Nitroxide Æ Polarity
profile Æ Local dielectric constant Æ Water permeation

Introduction and theoretical background

The polarity profiles across lipid membranes are fun-
damental not only to the transport of water and polar
solutes, but also to the energetics of insertion of proteins
into membranes. In a recent paper, the current author
characterized transmembrane polarity profiles in fluid
lipid bilayers by the isotropic hyperfine splitting con-
stants, ao

N, of phospholipids spin-labelled in the sn-2
chain (Marsh 2001). To translate these polarity profiles
into profiles for the permeation of water requires taking
into account the contribution from variations in the
local dielectric environment. In this communication, we
attempt to do this by means of an effective local di-
electric constant that depends on the water concentra-
tion.

Measurements of isotropic hyperfine couplings of
spin labels in aprotic solvents of different dielectric
constant have demonstrated the importance of the

Onsager reaction field. This varies with the polarization
of the solvent according to (�–1)/(�+1), where � is the
dielectric constant (Griffith et al. 1974). Studies with
binary mixtures of protic and aprotic solvents have
demonstrated the importance also of hydrogen bonding
to the nitroxide:

R1R2NOþ PH !
KA;h

R1R2NO���HP ð1Þ

which is determined by the association constant, KA,h,
and the molar concentration of proton donor, [PH]
(Gagua et al. 1978; Al-Bala’a and Bates 1987). From the
law of mass action, the isotropic 14N hyperfine coupling
constant of the spin label is then given by the sum of
these contributions (e.g., see Marsh 2002):

aNo ¼
ae¼1
o;o þ Kv

e�1
eþ1þ aN

o;hKA;h PH½ �
1þ KA;h PH½ � ð2Þ

where ae¼1
o;o ¼ 1:385 mT and Kv=0.064 mT for the

oxazolidine-N-oxy spin-labelled lipids (Griffith et al.
1974). Here aN

o;h is the isotropic coupling constant
of the hydrogen-bonded spin label. Al-Bala’a and Bates
(1987) showed that the value of this does not depend on
the dielectric constant of the solvent. Equation 2
assumes that exchange between H-bonded and non-H-
bonded nitroxides is rapid compared with the difference
in their isotropic hyperfine splittings.

In mixtures of solvents with dielectric constants �v
and �h, where the latter is for the proton donor PH, the
net dielectric constant depends on composition accord-
ing to the Onsager relation (Onsager 1936; Marsh 2002):

e�1
e ¼

eh�1
eh

� �
2eþ1
2ehþ1

� �
2ehþn2

h

2eþn2
h

� �2
PH½ �
PH½ �o

þ ev�1
ev

� �
2evþn2v
2eþn2v

� �
1� PH½ �

PH½ �o

� �
ð3Þ

where [PH]o is the molarity of the pure hydrogen-
bonding solvent (i.e., [H2O]o=55.5 M), and nh and nv
are the refractive indices of the polar and apolar sol-
vents, respectively. For the polar solvent, the dipolar
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contribution is assumed to dominate over that of the
polarizability. Equation 3 represents the dielectric con-
stant in mixtures of polar and apolar solvents reason-
ably adequately, which the Clausius-Mossotti relation,
for instance, does not (Marsh 2002). Combination of
Eqs. 2 and 3 therefore yields the dependence of aN

o on
hydrogen donor concentration in binary solvent mix-
tures.

Spin labels in mixed solvents

Figure 1 gives data for the oxazolidine-N-oxy spin-la-
belled fatty acid 16-SASL, at 10–4 M concentration in
mixtures of protic and aprotic solvents. Solvents were of
analytical or spectroscopic grade and dried over a mo-
lecular sieve. Water was double distilled. Conventional
EPR spectra of the spin label in the solvent mixtures
were recorded at 30 �C on a Varian Century Line 9 GHz
spectrometer at 5 mW microwave power, 0.01 mT
modulation amplitude, and with a field scan of 5 mT.
Single-component EPR spectra indicated solvent misci-
bility at all compositions. The hyperfine coupling con-
stant, aN

o , measured directly from the isotropic spectra, is
plotted in Fig. 1 against the concentration of proton-
donor, either water or trifluoroethanol (TFE).

For mixtures with dioxane, the isotropic hyperfine
splitting increases almost linearly with increasing con-
centration of water or TFE (Fig. 1A and B). This in-
dicates only weak hydrogen bonding to the nitroxide
and is possibly linked with the ‘‘anomalous’’ behaviour
of dioxane as a low-dielectric solvent (Reddoch and
Konishi 1979). This anomaly is most evident in the
atypically high values of aN

o in dioxane, relative to
those in apolar solvents of similar dielectric constant,
possibly due to partial stabilization of the boat con-
formation by the reaction field of neighbouring polar
molecules. Presumably, also dioxane itself takes part in
hydrogen bonding with protic solvents. In contrast,
TFE clearly forms hydrogen bonds with the nitroxide
in mixtures with the apolar solvent toluene (see
Fig. 1C). Fitting Eqs. 2 and 3 to the data of Fig. 1C
yields an association constant for hydrogen bonding to
the oxazolidine nitroxide of KA,h=0.96±0.14 M–1.
Correspondingly, the isotropic hyperfine coupling of
the hydrogen-bonded complex is aNo;h ¼ 1:548�
0:003 mT, very close to that of neat TFE (viz.,
1.546 mT). Values of ae¼1

o;o and Kv given above for
oxazolidine spin labels (Griffith et al. 1974), together
with dielectric constants �v=2.379, �h=24.3 and
refractive indices nv=1.4961, nh=1.2907 (Weast 1980),
were used for this estimate.

In Fig. 1A and B, the almost-linear concentration
dependence implies also that the polarity-dependent
contribution to aNo is smaller for mixtures with dioxane.
This is again associated with the anomalous behaviour
of dioxane and requires that aN

o in dioxane be used as the
low-dielectric calibration point (cf. above), giving values
of ae¼1

o;o ¼ 1:419 mT and Kv=0.028 mT (cf. Gagua et al.
1978). The solid lines in Fig. 1A and B represent this
polarity correction, plus a linear dependence on proton
donor concentration:

aNo ¼ ae¼1
o;o þ Kv

e� 1

eþ 1
þ Kh

PH½ �
PH½ �o

ð4Þ

which is a limiting form of Eq. 2 for KA,h[PH]<<1,
where Kh ¼ aN

o;hKA:h PH½ �o (cf. Gagua et al. 1978). From
non-linear least-squares fits of Eqs. 3 and 4, the resulting
linear dependences on proton concentration are
Kh=0.134±0.002 mT and 0.096±0.003 mT for diox-
ane-water and dioxane-TFE mixtures, respectively. The
effects of both proton donors are thus comparable, at
least to within a factor that corresponds to the ratio of
molarities of the two solvents.

Unfortunately, water is only very sparingly soluble in
toluene or other conventional apolar solvents. Hence, a
direct determination of its hydrogen bonding with
16-SASL in these solvents is not possible. However,
comparison of the data given in Fig. 1A and B suggests
that the association constant for hydrogen bonding with
TFE in toluene, KA,h=1.0 M–1, might reasonably rep-
resent that for water in a hydrophobic environment.
Correspondingly, a value of aNo;h ¼ 1:576 mT is taken
from measurements with 16-SASL in pure water. This

Fig. 1A–C Dependence on proton donor concentration, [PH], of
the isotropic hyperfine splitting constant, aNo , of 16-(4,4-dimethyl-
oxazolidine-N-oxy)stearic acid (16-SASL) in mixtures with dioxane
or toluene. A. Dioxane-water mixtures. B. Dioxane-trifluoroetha-
nol mixtures. C. Toluene-trifluoroethanol mixtures. The solid line
in C is the fit of Eqs. 2 and 3 with KA,h=1.0±0.1 M–1 and the
parameters given in the text. The solid lines in A and B are fits of
Eqs. 3 and 4, with a linear dependence on [PH] and a polarity
contribution appropriate to dioxane (see text)
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information, together with the hyperfine parameters
appropriate to the oxazolidine-N-oxy spin labels, then
allows estimation of the local water concentration in
membranes from EPR measurements with spin-labelled
phospholipids (Marsh 2001). Values of �h=80,
nh=1.3288 for water and �v=2, nv=1.43 for the hy-
drocarbon chains can then be used to obtain values of
[H2O] and �loc in Eqs. 2 and 3 that are consistent with

the experimental measurements of aNo . This is done nu-
merically.

Lipid spin labels in membranes

Figure 2 gives the effective water penetration profiles
into bilayer membranes of dipalmitoyl-, 1-palmitoyl-2-
oleoyl- and dioleoylphosphatidylcholines, with and
without cholesterol, that are obtained from EPR spectra
of 1-acyl-2-[m-(4,4-dimethyloxazolidine-N-oxyl)]stea-
royl-sn-glycero-3-phosphocholine (m-PCSL) at probe
amounts. The original EPR data are taken from Marsh
(2001) for measurements in the fluid La-phase of the
fully hydrated phospholipid membranes. After the cor-
rection for the variation in local dielectric constant,
the trough-like profile that characterizes the positional
dependence of aNo is still preserved. It is adequately
described by the Boltzmann sigmoidal form:

PH½ � ¼ PH½ �1� PH½ �2
1þ e m�moð Þ=k þ PH½ �2 ð5Þ

where [PH]1 and [PH]2 are the limiting values of the
proton donor concentration at the lipid headgroup and
terminal methyl ends of the chain, respectively, and k is
an exponential decay constant. The chain position
m=mo corresponds to the maximum gradient of the
profile, at which [PH]=0.5([PH]1+[PH]2). The solid
lines in Fig. 2 represent non-linear least-squares fits of
Eq. 5 to the data with and without cholesterol. Figure 2
also gives values of the effective local dielectric constant
that are deduced from Eq. 3. The resulting profiles are
similar to those for the effective water concentration,
despite the non-linear nature of Eq. 3, and they yield
similar values for mo and k.

Equation 5 is identical in form to that used previ-
ously to describe the aN

o profile (Marsh 2001). Because
the present analysis is based directly on effective con-
centrations, the interpretation in terms of a two-phase
distribution between outer and inner membrane regions
is even more appropriate. In this model, the free energy
of transfer, (m–mo)kBT/k, increases linearly with dis-
tance m–mo from the dividing plane at m=mo. Table 1
gives the parameters characterizing this distribution for

Fig. 2 Water permeation profile in fully hydrated fluid bilayer
membranes of A dipalmitoylphosphatidylcholine, B 1-palmitoyl-2-
oleoylphosphatidylcholine and C dioleoylphosphatidylcholine,
with (solid circles) and without (open circles) 50 mol% cholesterol.
Effective values of the water concentration, [H2O], are deduced
from Eqs. 2 and 3 by using spin label EPR data (Marsh 2001), and
are plotted against the C-atom position, m, in the sn-2 chain of
phosphatidylcholine. Crosses give the effective local dielectric
constant, �loc, deduced from Eq. 3, for membranes with (diagonal
cross) and without (upright cross) 50 mol% cholesterol. Solid lines
are fits of Eq. 5 to the values of [H2O] versus m, with the fitting
parameters given in Table 1. Dashed lines are corresponding fits
for �loc

Table 1 Parameters characterizing the effective water permeation profile (see Eq. 5) of fully hydrated fluid lipid membranes with and
without 50 mol% cholesterola

Lipid [H2O]1/[H2O]o (%) [H2O]2/[H2O]o (%) mo k

DMPC 2.04±0.03 0.41±0.03 7.77±0.06 0.37±0.05
DMPC+chol 2.45±0.09 0.22±0.08 8.7±0.2 0.8±0.2
DPPC 1.80±0.03 0.55±0.02 7.52±0.08 0.70±0.07
DPPC+chol 2.40±0.04 0.24±0.03 8.59±0.08 0.75±0.07
POPC 3.1±0.1 0.55±0.07 7.6±0.2 0.7±0.1
POPC+chol 3.9±0.2 0.27±0.09 8.2±0.2 0.9±0.2
DOPC 3.5±0.2 0.7±0.1 7.5±0.3 0.6±0.2
DOPC+chol 3.6±0.1 0.4±0.1 9.0±0.2 0.8±0.2

aValues of [H2O]/[H2O]o are deduced from Eqs. 2 and 3 using spin-label EPR data (Marsh 2001), as in Fig. 2
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a series of saturated and unsaturated fluid phosphat-
idylcholine membranes, with and without cholesterol.
The water permeation profiles display a dependence on
membrane lipid composition similar to that deduced
previously from the isotropic hyperfine constants (see
Marsh 2001). Cholesterol deepens the hydrophobic
trough by increasing water permeation at the headgroup
end of the chains and reducing it in the middle of the
membrane. Chain unsaturation increases water perme-
ation at the headgroup part of the chains, hence less-
ening the effect of cholesterol in this region.

Although the water permeation profiles are qualita-
tively similar to those deduced from the original isotropic
hyperfine couplings, there are quantitative differences.
Bothmo and k are decreased by up to 15%, relative to the
values originally reported (Marsh 2001). Thus the
hydrophobic trough is wider and the sides are steeper.
The largest increase in width of the trough is by 2–2.5
CH2 segments, for unsaturated lipids with cholesterol.

The most notable feature of Table 1 is that the ef-
fective water concentrations are quite significant at the
headgroup ends of the chains. For saturated chains these
are 2–2.5%, and for unsaturated chains 3–3.5% of that
in pure water. This translates to effective bulk water
concentrations in the range 1–2 M, depending on degree
of unsaturation and cholesterol content. Non-vanishing
water concentrations are found also in the middle of
membranes not containing cholesterol, effectively 0.2–
0.4 M, depending to some extent on degree of chain
saturation. To put these effective bulk concentrations in
context, a comparison with the effective molarity of a
methylene group is appropriate. In fluid lipid mem-
branes, this quantity is in the region of 51.3 M as
compared with 55.5 M for pure water (e.g., see Marsh
1990). Thus the numbers in Table 1 approximately
represent the effective mole fraction (in %) of water in
the different parts of the hydrophobic region of the
membrane.

The effective membrane water concentrations given in
Table 1 are considerably higher than the solubility of
water in bulk hydrocarbons. For fluid hexadecane, the
water partition coefficient is 0.64·10–4 (Schatzberg 1963,
1965). The absolute accuracy of the water concentra-
tions derived from spin labels depends directly on the
value taken for KA,h. In so far as this is representative of
the hydrogen bonding of water to the spin label in

membranes, the concentrations derived should reflect
the free water concentration at that particular depth in
the membrane. The polar nature of the nitroxide and its
hydrogen bonding capabilities are thereby taken into
account automatically. The bulk of the spin label at-
tached to the lipid chain may cause steric perturbations
in the membrane environment that are greater than the
local disturbances of solvent packing at the spin-label
site in the solutions used to measure KA,h. This could
lead to higher estimates of local free water concentration
than in the unperturbed membrane regions remote from
the spin label. However, this difference from a bulk
solvent should be small in fluid lipid bilayers, especially
at the higher temperatures (up to 70 �C) to which the
spin label measurements extend. Note also that this ef-
fect is likely to be similar at all positions of the nitroxide,
and therefore not to affect the shape of the water per-
meation profiles derived.
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