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Abstract. A method is described that allows to determine the oxygen concentra-
tion in microscopic subphases, such as lipid bilayers, by measuring the enhance-
ment of NMR spin-lattice relaxation (77) caused by paramagnetic oxygen. The
presence of oxygen itself provides the measuring effect, which has the advantage
of the lack of any distortions by large probe molecules in the system. The T7-
jump of the water protons of a dipalmitoyl lecithin (DPL)/water-dispersion at
the phase transition yields information about the O,-solubility in the DPL bi-
layers.

The results can be interpreted in a straightforward way in terms of a two
phase model DPL/H,0. The measurements indicate, however, that a more ap-
propriate approach is possible if a three-phase system DPL/bound water/free
water is taken into account. The O,-partition coefficients and the free enthalpies
of solution are evaluated for all subsystems in both models.

The oxygen solubility in paraffin chains is obviously connected to the defect
structure. A comparison is drawn between n-paraffins and the DPL fatty-acid
chains. The gel-state of DPL lamellae does not correspond to the crystalline
paraffin state, but rather to the more disordered rotator-phase. To emphasize
this, NMR second moment data of DPL and some n-alkanes are compared.

Key words: Oxygen-Solubility — Lipid bilayers — NMR relaxation — Defect
structure — NMR second moment.

L Introduction

Phospholipids, and of this group mainly lecithins have been found to form stable
lamellar structures, not only in natural membranes, but also in aqueous dispersions
of synthetic molecules. Natural and synthetic lecithins exhibit the well-known gel to
liquid crystalline phase-transition, which changes the defect structure of the bilayer

*  Reported in part on the VIIth International Conference on Magnetic Resonance in Biological

Systems, St. Jovite, Canada, September 19—24, 1976



68 A. Peters and R. Kimmich

(Tréduble and Eibl, 1975) but preserves the lamellar arrangement of the mole-
cules.

It is rather plausible that the defect structure within the lamellae determines the
solubility of small dissolved molecules. Thus, being interested in the passive trans-
port properties across lipid bilayers, we have to deal with the solubility of appro-
priate molecules in such systems, and as a further basic aspect, with the type and
mobility of defects in the lipid hydrocarbon chains.

This defect structure can be discussed on the basis of gauche/trans sequences of
the carbon-carbon bonds, leading to special types of defects defined as kinks (Pech-
hold, 1968). Recently a number of papers appeared using the kink concept to de-
scribe lipid bilayers in the liquid-crystalline as well as in the gel state (Trduble, 1971,
1972; Seelig and Seelig, 1974; Horwitz et al.,, 1972; Kimmich and Peters, 1975;
Jackson, 1976). In previous papers we have especially discussed the question wheth-
er these chain defects are able to diffuse along the chains and which experimental
consequences should be expected thereof (Kimmich and Peters, 1975; Kimmich,
1976).

In this paper we will add some arguments from NMR wideline properties in
order to give an idea of the extent of the chain mobility in dependence on the
temperature. On the other hand we have investigated the solubility of oxygen in
dipalmitoyl lecithin (DPL) bilayers as one example out of a class of molecules able
to permeate through membranes. The choice has fallen to oxygen for several rea-
sons: Oxygen is biologically relevant, electrically neutral and sufficiently small to fit
into kink vacancies. Furthermore, it is electron paramagnetic, allowing to detect the
local concentration by the NMR-method described below in detail.

A proton spin in a system containing only protons and electron paramagnetic
oxygen as dipole particles can be flipped from one orientation to the other by dipolar
interaction with other protons and additionally with oxygen molecules. Thus the
presence of oxygen causes a relaxation enhancement, provided that material or spin-
diffusional exchange to all observed protons is rapid compared to the relaxation
times (Zimmerman and Brittin, 1957). Designating the proton relaxation rate (i.e.
the reciprocal longitudinal relaxation time T') due to the interaction with the oxygen
molecules by R and that one due to the interaction with other protons by Ry, we
obtain for the effective rate in a system containing oxygen

Rigt = R+ Ry - (D

R, can be measured in a sample free of oxygen, while R, is the rate detected in a
sample with applied oxygen pressure. Measuring R, and R, allows to derive R,
which is of final interest because this rate is proportional to the oxygen concentra-
tion. Therefore, the following discussion concerns predominantly the quantity R.
Generally it holds (Bloembergen et al., 1948).

R=F-c, (2)

where ¢ is the oxygen concentration and F is a factor containing among some
constants the sum of intensity functions relevant for this relaxation process. To
evaluate the oxygen concentration from Equation 2, we must know the factor F,
which requires a special procedure described below. It should be mentioned that F
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principally depends on experimental conditions such as temperature and magnetic
field strength as well as on structural details of the system under investigation.

First measurements performed under this aspect (Kimmich and Peters, 1975)
approached the problem by evaluating the paramagnetic relaxation rate RL of the
fatty acid residues in a DPL-D,O-dispersion at several temperatures

a) in dependence on oxygen pressure (at constant Larmor frequency) and

b) in dependence on Larmor frequency (at constant pressure),
yielding the following conclusions:

a) R? is proportional to the external oxygen pressure. This shows that Henry’s
law is valid for the interior of the lecithin lamellae up to 80 bar. The fact that
considerable amounts of oxygen are also solved in the gel state below the phase
transition, in contrast to crystalline paraffins, suggests that the term “crystalline”
should be used only in a very limited sense for the gel state of DPL-bilayers.

b) The frequency-dependence of RL has to be interpreted discriminatively:
Above the phase transition, the measurements can be described by a simple Poisson
process with one single correlation time. Below the transition, the curves are too flat
to be fitted by a single Poisson process. Thus, the factor F is basically altered when
passing the phase transition. Therefore, it was not possible to derive the absolute
concentration in the two phases nor to evaluate its relative alteration at the phase
transition from these experimental data alone.

The observation that the equilibrium values of R are reached very slowly, be-
cause the transport of oxygen through the water phase to or from the bilayers is
diffusion controled, however, allowed to estimate the change in O,-concentration at
the phase transition!. We now want to report a modified procedure yielding more
accurate absolute values of the oxygen concentration in microscopic subphases such
as DPL-bilayers.

II. The Method

Fundamentally, we take advantage of the fact that the connection between oxygen
concentration, partial pressure and the relaxation rate is very well known for water
(Hausser and Noack, 1965). The detection of the water relaxation rates of a DPL-
dispersion, when passing the phase transition, will give us information about the
situation within the DPL-bilayers. »

In DPL/D,O-dispersions, relaxation rates can be obtained for both the DPL and
the water phase by measuring separately the proton and the deuterium relaxation.
Alternatively, the water relaxation can be detected in a DPL/H,O-dispersion by
analyzing the proton FID into a wide-line part arising from the DPL-bilayers and a
motionally narrowed signal of the water, Figure 1. (It should be noted that, as a
consequence of the rapid exchange compared with relaxation times, not only the free
but also the hydration water yields a FID decaying much slowlier than that of the
DPL-bilayers. This can be demonstrated by comparison with a DPL/D,0O sample.)

1 “Phase transition” always should be read as main transition of the DPL-bilayers. At the so-called

pre-transition (Hinz and Sturtevant, 1972) no abrupt change in the oxygen concentration in the lecithin
bilayers could be detected
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The second method is more sensitive and allows the rapid detection of the water
signal with one single FID. Therefore all reported results have been obtained with:
this procedure.

The interpretation presented below depends on the assumption that the alkane
proton relaxation is enhanced only by the oxygen within the lamellae while the water
relaxation is solely influenced by oxygen dissolved in the water phase itself. This
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Fig. 1. The free induction decay of 'H in a DPL/H,0 dispersion following a r/2-RF-pulse is a superpo-
sition of a rapid decay from the DPL and a slow decay from the motionally narrowed water. After
about 2 ms (point indicated by an arrow) the FID amplitude is practically produced by H,O protons
alone. 7, plots of the amplitudes measured at this point are purely exponential and solely reflect the
relaxation of the water protons
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Fig. 2. Schematical illustration of the process of oxygen concentrations and proton paramagnetic
relaxation rates according to the measuring program described in the text
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assumption is strongly supported by the following arguments (Kimmich and Peters,
1975):

The number of water molecules incorporated within the lamellae must be ex-
tremely small compared to the water phase itself, keeping in mind that no hydrogen
bonds can be expected in the DPL phase.

The water and the hydrophobic phase of the fatty acid residues are separated by
layers containing no protons and therefore preventing any spin diffusion between
both phases.

It will be shown below that the results obtained from the water relaxation are
complementary to results derivable from the DPL relaxation.

Finally, it should be mentioned that the effective relaxation rates of the DPL
hydrocarbon protons and those of the water are different and behave quite inde-
pendently. The gel-to-liquid-crystal phase transition increases the equilibrium oxyg-
en concentration within the bilayers and consequently the relaxation rate of this
phase, while that of the water shows a decreasing tendency as expected from the
normal temperature behaviour.

As an illustration we show in Figure 2 the qualitative time evolution of the
relaxation rates both in the water and in the DPL-bilayers after applying the external
oxygen pressure and passing the phase transition some time later. The initial rise in
the relaxation rates is determined by the diffusion of oxygen from the gas space to
the interior of the water volume and from there into the DPL-bilayers. After ca.
20 days the equilibrium is reached. Now heating over the phase transition point of
the DPL within ca. 4 min leads to a sudden nonequilibrium: oxygen spontaneously
flows from the water into the lamellae, causing a reduction of the relaxation rate of
the water and an increase of that of the DPL-bilayers. The new equilibrium will be
reached only after a sufficient amount of oxygen has diffused from the gas space
into the water to replace the lacking amount of gas. These complementary concen-
tration changes at the phase transition allow the calibration of Equation 2 for tem-
peratures just near the phase transition, because the alterations of the oxygen con-
centration in the water can be calculated from changes in the water relaxation rate
according to the well known factor F(H,0) of Equation 2 (Hausser and Noack,
1965).

It should be noticed in this context that the proportionality factor F for DPL-
protons changes at the phase transition, so that it is essential to use the water
relaxation rates to calibrate indirectly Equation 2 for DPL.

II1. Evaluation Formulae for the Single Water-Phase Model

In the following we will use two different approaches. In a first evaluation a single
water phase will be assumed, and hydration effects will be discussed later. For the ab-
breviations in the subsequent equations, we shall use two indices: the lower index of the
rates and concentrations refers to the time for which they have been evaluated:
“0” refers to the time immediately after having passed the phase transition, “c0” to
the time when the system has reached equilibrium. The upper index of each quantity
refers to the system: “L” stands for DPL, “” for water. The temperatures at which
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the measurements have been performed? are 37° C and 45° C, these temperatures
will be given in brackets together with the DPL/water mass ratio. Examples are:

C4(37): Equilibrium concentration of oxygen in the DPL-lamellae at 37° C.

C%(45): Concentration of oxygen in the water just after having passed the phase
transition.

C¥(45): Equilibrium concentration of oxygen in the water at 45° C.
Furthermore, we define:

AC;: abrupt change of O,-concentration when passing the phase transition

ACyy: change of O,-concentration by renewed attainment of the equilibrium of
solvation above the phase transition.

The fundamental equation of the following treatment states that the partition
coefficient X for oxygen between DPL and water at a given temperature does not
depend on the quantity of oxygen at disposal, nor on the DPL/water mass ratio:

K@45) = Ky(45) = Ko(45), 3
where
: ; 43D + ACk+ ACH
Kas) = FOD*ACH - 45y - FOEDFACE+AC (3a,b)
C'(‘,’(45) C3(45)

The physical reason for the validity of Equation 3 is that the exchange of oxygen
between DPL and water is rapid compared with the diffusion processes within the
water. Below, we shall need a quantity which could be called “jump-quotient”:

C¥(45 R%(45
5= ) R @)
37N RX(37)
where we have assumed that the factor F of Equation 2 remains constant. This
quantity S is the basic variable to be measured.
Let us now calculate the O,-concentration jump in the DPL-membranes AC:

As the changes of oxygen amount in the water and in the bilayers at the phase-
transition are equal, we can write

ACL - m, = ACY - m,, (5)

(m,, m,,: masses of DPL and water, respectively).

ACY can be expressed by
ACY = CE(3T)-(1— 8) - M, where M= " (6)

my
We now consider two DPL/water mass ratios designated by « and 5. Because of
K45, @) = K45, B)
we find, by combining Equations 3a, 4 and 6 for both mass ratios:
(37 _ M S, (1—-8S)—M,8$,(1~38,) . 0]
cu37) S, — S,

2 Both temperatures have been chosen close to the main transition in order to minimize any altera-
tion of the oxygen solubility in the water phase during the temperature jump, and in order to allow a
rapid passage of the phase transition. 37° C lies between the pre-transition and the main-transition.
Nevertheless the results obtained for the DPL bilayers are also relevant for the general gel phase
according to our previous results (compare footnote 1)

K(37) =
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Analogously, we find from
K(45) = Ko(45)
by the use of Equations 3a, b and 7
Q@45  M;(1—S)—M,(1-5,)

= (8
C¥(45) S, — S,

K(45) =

Equations 7 and 8 depend only on M, , and S, ,, enabling us to derive K(37) and
K(45) by measuring these values for two DPL/water mass ratios « and j.

1V. Apparatus, Samples and Measurements

All relaxation measurements were carried out with a Bruker SXP 4-100 spectrome-
ter, at a Larmor frequency of 90 MHz, using a Bruker B-E 38 shimmed high resolu-
tion magnet system. The FIDs were recorded on a Bruker B-C 104 transient record-
er. The measurements of the relaxation rates were performed by the m-7-7/2-
method. To enable a sufficient gas concentration in the samples, special high pres-
sure glass tubes were used (Kimmich and Peters, 1975).

The samples were produced by ultrasonically dispersing 7% dipalmitoyl lecithin
(Fluka) in water at 50° C and then evaporating down to the desired concentration,
as previously described (Kimmich and Peters, 1975). The water used in these investi-
gations was triple distilled using quartz containers. The final sample contained
100 mMol NaCl per liter to stabilize the lamellae. Two different concentrations with
53% and 29% DPL (w/w) were used. These concentrations were determined by
weighing a part of the sample, evaporating at 10~ torr for two days to remove the
bulk water and subsequently drying over P,O,-for one week. The weight of the dry
DPL determined after this time could not be reduced by prolonged drying periods.
This procedure was repeated after the measurements in order to control whether any
water had evaporated during the long measuring cycles. The purity of the lecithin
was checked before and after the whole procedure by thin layer chromatography
and high-resolution nmr (dissolved in CDCIl;). No decomposition of the material
could be detected.
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Fig. 3. Temperature dependence of the 8 _/,Q/ oo
diamagnetic relaxation rates of the water /O/Q/&
protons in DPL/H,O-dispersions containing -5 O/o/"*"o
29% (a) and 53% DPL (B). TP denotes o 1
the temperature of the gel to liquid- 3 ™
crystalline phase transition of the DPL i ,
30 3l 32 33 103
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Before applying the O,-pressure, the diamagnetic relaxation rates were deter-
mined at several temperatures below and above the transition point. All water relax-
ation curves turned out to be purely exponential. The data are given in Figure 3.
Evidently, the relaxation rates differ by a factor of about 2, where R, is lower in the
higher water concentration. The explanation thereof is connected with the hydration
shell of the polar head groups of the lecithin. In this hydration water, molecular

01

—

M (@) -M(T)
2M (o)

[=}
2

L T

102h
\ 227h
\314h
oo
0 200 400 600 800 1000
T /msec

Fig. 4. Relaxation plots for the water protons in the 53% DPL/H,O dispersion at various times after
the application of an oxygen pressure of 55 bar. Before the application (¢ = 0) and in the case of
equilibrium of solvation (¢ = c0), the curves are exponential. At intermediate times nonexponential plots
are measured, indicating a distribution of oxygen concentrations due to the slow diffusion of O,
through the sample
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Fig. 5. Paramagnetic water proton relaxation rates for sample j3, to be compared with the schematic
illustration Figure 2. In the hatched area, nonexponential relaxation occurs according to Figure 4. At
45° C, the deviation from the exponential behaviour of the intermediate relaxation plots is essentially
smaller and is not resolved by our measurements
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Table 1
Temperature Sample Sample j
Mass ratio =" 2.44 0.885
my
RY [s~1] 37°C 0.83 1.79
45°C 0.50 1.00
Relaxa- | R%, o [s7'] 37°C 8.70 114
tion 45°C 7.69 9.80
rates R% [s71 37°C 7.86 9.58
45°C 7.19 8.80
RY [s~1] 45°C 4,50 4.00
Jump quotient S 0.572 0418

motion and arrangement is different from the free water, leading to a distribution of
relaxation rates, but as the material exchange is fast between the different environ-
ments, we nevertheless measure exponential relaxation slopes exhibiting a single
average relaxation time. These facts have been investigated in detail by Gottlieb et
al., 1973.

After the measurements on the diamagnetic samples have been performed, an
oxygen pressure of 55 + 2 bar was applied and the relaxation behaviour was
watched until reaching equilibrium. Far from equilibrium, no exponential 7'-plots
could be observed because of the inhomogeneity of the O,-concentration within the
sample (Fig. 4). Since convection does not take place as a consequence of the high
viscosity of the dispersion, the experiments were rather lengthy: for each sample, the
measurements took about 40 days. In Figure 5, we have plotted the H,O-relaxation
rates, which correspond to the development of the O,-concentration, as schemati-
cally given in Figure 2. In both samples the phase transition is accompanied by a
sharp decrease in R, i.e. the partition coefficient rises discontinuously.

All experimental data, as referred to in sectionV and VI, are listed in
Table 1.

V. Results for the Single Water-Phase Model and Controls

For the values given in Table 1 and with Equations 7 and 8 we obtain for the
partition coefficients:

K(37) =09 +0.3
K(45) = 34 +0.5

These results simply express that below the phase transition the solubility of
oxygen in the lamellae is about the same as in water, above the transition itis 3..4
times higher. Keeping in mind that the partition coefficient reflects nothing else than
the difference in the free enthalpies of solution AG for O, between the aqueous and
the lipid phase,
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K(T) = exp {— AG(T)/RT}, €)

we can evaluate AG as

AG(37) = +0.054+ 0.2 kcal/Mol (+ 0.27 + 0.8 kJ/Mol)
AG(45) = — 0.80 + 0.15 kcal/Mol  (— 3.23 + 0.6 kJ/Mol)

Examining the experimental data in Table 1 we notice that there is a difference
between R¥(37) and R¥(45) of about 9% in both samples. By extrapolation, we find
that Henry’s constant will fall by about 8% between these two temperatures (d’Ans
and Lax, 1967). So the T;-alteration is solely due to the difference in the O,-solubili-
ties. This fact is very important: it means that the factor F in Equation 2 remains
constant for the water as required for the validity of Equation 4. The jump-factor S,
defined by Equation 4, is not affected by this alteration of Henry’s constant, because
S only reflects the decrease of the momentaneous concentration in the water, i.e. of
the equilibrium oxygen concentration at 37° C.

The second interesting point is that the R¥%-values differ from one DPL/water
mass-ratio to the other by about a factor 1.22 at both temperatures. This means,
that the average sum of intensity functions and/or the average oxygen concentration
in free and bound water are different. In fact, we have to consider a different Henry-
constant for the hydration water, leading to a tertiary system with respect to the
O,-solubility. Therefore, the values given for K and AG have to be considered as
averages of two different ratios of free to bound water. A corrective calculation will
be discussed below, which will lead to the solubility parameters of all three subsys-
tems, at the expense of some further assumptions.

To consolidate our interpretations, we have repeated the measurements for the
DPL-protons in DPL-D,O-dispersions of the same mass ratios. These measure-
ments show a behaviour complementary to that of the water relaxation. As men-
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Fig. 6. Time evolution of the total water-proton relaxation rate for sample B exposed to an O,-pressure
of 55 bar, when, after having reached the equilibrium of O,-solvation above the DPL phase transition,
the temperature is again lowered beneath the transition point. (O @: two successive measure-
ments)
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tioned above, the jump factors S for the DPL-protons cannot be evaluated because
of the alteration of the intensity functions (Kimmich and Peters, 1975). The quantity
ACi(@)/ACE(f), measured at the fixed temperature of 45°C (see Eq.3b and
Fig. 2), however, is suitable as a control. This ratio was found to be compatible with
the results derived from the water relaxation, although the errors of measurement are
very much higher in this case because of non-exponential relaxation plots for the
DPL-protons. These curves were separated into two exponential decays by comput-
er aid (compare Kimmich and Peters, 1975).

The experiment has also been performed in the reverse direction by passing the
phase transition from 45° C to 37° C, i.e. oxygen will be pressed out of the lamellae
into the water. In Figure 6, this is shown for the 53% sample (). During the first
four minutes after the temperature control is set to the lower value, the phase transi-
tion takes place and we notice that R* is raised continuously, indicating that the O,-
concentration in the water has risen. Afterwards, a concurrent process lowers R”
again with a time constant of about 20 min, which can be interpreted by the slow
dissolution of oxygen into microscopic gas bubbles. It is remarkable, however, that
the new equilibrium value of R* at 37° C stabilizes itself at a value which is about
12% higher than in the injtial experiment. Incidentally, stable supersaturated solu-
tions of O, in water are a well known phenomenon (Dost, 1906; Metschl, 1924).
Because of the fast 7'-alterations, the measurements in Figure 6 have been per-
formed by means of the n-7-7/2-Null-method, which allows very fast T,-measure-
ments with satisfactory accuracy, provided that the relaxation is exponential. If we
extrapolate the falling part of the curve to time 0, we obtain a new jump quotient S*
for the oxygen withdrawn from the lecithin:

_ Cy4s) _ Ry4s)

S* = = (10)
Cy37  RY3D
Using Equations 3 and 6, we derive
K@) + M,
e —— =5, 11
P kws) vy, P 1D

From the measurements, we find S% = 0.4 .. 0.41, which agrees very well with Sy
from Table 1.

Raising the temperature above the transition once more again yielded the same
behaviour as in our initial experiment and the same jump quotient could be
found.

Parallel to the T,-change at the transition from the liquid-crystalline state to the
gel phase, a considerable shortening of the free induction decay time of the water has
been observed, which means that the NMR-line has drastically broadened (Fig. 7).
Raising the temperature again, the broadening recedes. The line-broadening tempo-
rally coincides with the formation of the gas bubbles, discussed above. When the
induction decay time has reached its minimum, the surplus oxygen, squeezed from
the lamellae, has already disappeared from the water protons, as evident from the T}
values of the water. We have also measured the transverse relaxation rates of the
water with Carr-Purcell-Meiboom-Gill sequences and found that in all cases 7, is
not essentially shorter than T'. Thus the observed broadening cannot have its origin
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Fig. 7. The proton free induction decays of a DPL/H,0 dispersion under 55 bar of O,-pressure exhibit
the deletion of field homogeneity by the formation of gas bubbles in the sample. The bold drawn FID
No. 0 has been taken for the totally equilibrated sample at 45° C. After switching down the temperature -
to 37° C, the DPL phase transition takes place within about 4 min. After this time, the FID No. 1 was
recorded. All following FIDs have been recorded after successive time intervals of 200 s. The FID
No. oo represents the equilibrium decay, the constancy of which has been controled over a period of one
month. When the temperature is raised to 45° C again, the same course of FIDs occurs with the
opposite drift direction

in an extreme relaxation enhancement, but must be due to a strong disturbance of
the overall field homogeneity in the sample. Now it is a well known fact that small
particles suspended in a material of different magnetic susceptibility lead to distor-
tions of the local field. So the formation of gas bubbles in the sample is manifested
hereby. We must remark that this phenomenon also occurs in pure water: a cloud of
fine bubbles appears, when high oxygen pressure is suddenly reduced on a saturated
water sample (Clare, 1925). In similar experiments, the colloidal nature of such
dispersions [“gas-liquid sols”] has been demonstrated (Andreev and Kulikova,
1935; Krause and Kapitanczyk, 1935).

VI. Extention to two Water Phases

In this section an improved model is given, taking into account the hydration shell of
the bilayers, which has not been treated as a separate phase so far. Various investi-
gations have manifested the existence of a region of hydration water at the surface of
the lecithin lamellae (e.g. Chapman et al., 1967; Veksli et al., 1969; Salisbury et al.,
1972; Gottlieb et al., 1973). Calorimetric, X-ray, IR and NMR properties are mark-
edly different for free water and water bound in the hydration shell. In the phase
diagram of DPL/H,0 (Chapman et al., 1967), a limiting concentration appears,
above which free water occurs in the gel- and in the mesomorphic lamellar state, and
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above which the thermal parameters of the phase transition between these two states
are no more a function of water content. All available measurements yield a mass
ratio of bound water and DPL of about 20 . . 25%. For simplicity, we shall deal with
a discrete 3-phase-system DPL/bound water/free water, neglecting any secondary
hydration effects. Hence the indices L, B and F stand for each subsystem, respec-
tively. All abbreviations accord to those used in sect. III.

The paramagnetic relaxation rates of the water are average values of those of
free and bound water (rapid exchange case):

Mg My
R=— Rf+ —RE, (m,=mp+ my),
m, m,,

or, connecting the mass of bound water to the mass of DPL by
Mg=p-m,

we obtain

R="_(R® — R") + R*. (12)
M

An equivalent relation holds for the diamagnetic contribution R,.
Thus the diamagnetic and paramagnetic relaxation rates are linear functions of

1
the ratio; = ﬂ, as verified by the experimental data in Figure 8a and b. The slope
mw

of these straight lines is given by
R' = p (RE — RY). (13)

Because all slopes are positive, we conclude that the relaxation rates in the
hydration shell are enhanced both for the diamagnetic and for the paramagnetic
contribution. - '

The enhancement of the paramagnetic contribution can principally have several
reasons:

a) the effective correlation time 7, is longer

b) the dipolar interaction between protons and oxygen is enforced by shorter
distances rg

¢) the oxygen concentration is higher.

We try now to rule out a) and b) and show that the reason c) is valid.

The correlation time 7, was found to be in the range 1072 to 10~!! s for pure
water (Hausser and Noack, 1965) as well as for DPL (Kimmich and Peters, 1975).
The interpretation of these extremely short correlation times was that they are deter-
mined by the spin flip fluctuation of the oxygen spin, i.e. by the electron relaxation
time 7. The mechanism of the oxygen relaxation is the vibration modulated spin-
orbit coupling within the O,-molecule (compare Bersohn and Baird, 1966). The
eigenfrequencies and the amplitudes of the vibrations are however not affected by
the environment as verified by the almost identical 7, values for oxygen in water and
in DPL (Hausser and Noack, 1965; Kimmich and Peters, 1975). Thus the effective
correlation time for the dipolar proton oxygen interaction can be assumed to be
identical in free and bound water.
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The average dipolar interaction causes perturbation fields with a distance law
(Abragam, 1961)
1 1
(Hyp~— 2 —, (14a)

N, H pairs rgs

where the sum runs over all proton-oxygen pairs. Ny, is the number of protons in the
water phase to be considered. The sum in Equation 14 is usually approximated by
the nearest neighbour expression

1 N, 1Y

) = (~) (14b)
Ny pairs rl;s Ny Tis

with Ny, the number of oxygen molecules and Z the coordination number of nearest

neighbour protons per oxygen molecule. Keeping in mind that the repulsion energy

determining the intermolecular nearest neighbour distance 72" rises proportional to

l 12
(r > while the relaxation rates are only affected by the sixth power of rfin—1,
! IS

and that the energies responsible for the formation of the hydration shell are rela-
tively low, allows us to assume the same r® for free and bound water.

Thus the enhancement of the paramagnetic relaxation rate in the hydration shell
should be due to an increased oxygen concentration, probably as a consequence of
the differing water structure. This statement, however, allows to derlve oxygen solu-
bility parameters for the 3-phase-system.

Let us first define the O,-partition-coefficients between DPL and free and bound
water:

ct o

K1=E;; K3=E;. (15)
Consequently, the partition coefficient between free and bound water is
ct K,

K 2= T = .
cr K

The argumentation presented above leads to
RB
K 2 = R_F . (16)
The question is now, whether K, is altered at the gel to liquid crystal transition.
The experimental data in Figure 8 show that the slope of the paramagnetic mass
ratio curves,

R = pRF (K,— 1), 1
decreases by 9% at the phase transition. On the other hand, the paramagnetic free

water rate R is altered by the same percentage leading to the conclusion that the
alteration of R’ is solely due to the decreased RF. In other words, the quantity

oc=pK&,—1) (18)

was found to be constant. The assumption that the hydration water content p will be
essentially the same in both states leads to the conclusion that K, is also constant. Of
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course, any temperature change in principle affects the partition coefficient. How-
ever, the absolute temperature changes in our experiments only by less than 3% so
that no severe effect on K, can be expected.

The jump coefficients for the two water phases are

Chas) _RAES) o CHD _ RIGS)

S = = .
GE3T)  RE37)

@6 REGY)

As a consequence of the constancy of K, these jump quotients turn out to be
equal:

SE=8=S5. (19)
Thus we can modify Equation 6 by
m mP
ACE=(1-8{CE3N — + GBT) —}
my, my
=CE3N (1 —-8)- M + o). (20
RYq /sec! RY/sec!
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Fig. 8. Diamagnetic (a) and paramagnetic (b) water-proton relaxation rates as a function of DPL/water

m
mass ratios. The values at — = 0 were measured in pure water + 0.1 m NaCl/liter
td

Table 2
K, K, K, AG, AG, AG,
37°C 0.22..0.25 0.58 +0.86.. +0.33 kcal/Mol
+0.94 kcal/Mol
(+3.59.. (+1.4 kJ/Mol)
+3.93 kJ/Mol)
2.34..2.67 -0.53..
—0.61 kcal/Mol
(=2.22..
—2.56 kJ/Mol)
45°C 1.16..1.32 3.09 —-0.09.. —0.71 kcal/Mol
—0.17 keal/Mol
(—0.39.. (—2.98 kJ/Mol)
—0.74 kJ/Mol)
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Fig. 9. The profile of the free enthalpy of oxygen solution according to the system DPL/hydration
water/free water, as discussed in sect. VI. The values are presented in relation to free water
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Consequently, in all expressions based on Equation 6, we have to replace M by
M + o, yielding two equations for K; at 37° C and 45° C analogous to Equation 7
and 8.

For the evaluation, we need the quantity . p should be in the range 0.2—0.25,
which was verified by diverse experimental techniques. The slope of the straight lines
in Figure 8b then yields K, according to Equation 17. ¢ is calculated by the aid of
Equation 18. The results are given in Table 2 and illustrated in Figure 9.

VIIL. Discussion of the Results and Connection to Defect Structure

In this paper we have discussed two classifications of proton phases in an aqueous
DPL dispersion: one DPL phase plus one or two water phases. These distinctions
have been introduced with respect to molecular motion, structural details and pre-
dominantly the different oxygen solubilities.

The distinction between free and bound water is clearly more realistic than one
“average” water phase, but the corresponding treatment required a more sophisti-
cated argumentation. So it is a matter of straightforward evidence which model is
chosen. The treatment of the more complex two-phase water model is however
useful in any case because it shows the degree of heterogeneity within the water
phase. The most interesting point is the increased oxygen solubility in the bound
water, connected with a decreased free enthalpy of solution. The explanation could
be that, on the average, the structure of the hydration water offers more “vacancies”
to be occupied with oxygen (compare Gottlieb et al., 1973).

One could ask whether any functional consequences for the passive transport
through biological membranes can be expected from the special profile of the free
enthalpy of solution Figure 9. If biological membranes are so closely adjacent to
each other that their hydration shells overlap, the rate and amount of gas exchange
is determined by the properties of the bound water rather than by those of the free
water. An example could be stacked erythrocytes in blood.

Recently, an attempt has been made to evaluate the O,-diffusion-constant in
lipid bilayers by measuring the quenching of pyrene fluorescence in the presence of
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Fig. 10. Proton second moments as a function of temperature for n-C;gH;; (@), n-C;H,, (@), n-C5Hy,
©), n-C,H,, (0), powdery DPL, as purchased (M) and a homogenized but unsonicated 40%
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oxygen (Fischkoff and Vanderkooi, 1975). For these calculations, an O,-partition-
coefficient between membranes and water had to be assumed. These investigations,
however, are not comparable to ours, because it is not known, in which arrangement
pyrene is incorporated in the system, nor to which extent such a large molecule will
cause structural and motional disturbances in the surrounding lipid phase.

It is quite clear that both models treated above are simplified because, in reality,
the DPL molecules have a more heterogeneous structure than assumed. Possibly
these structural details influence the oxygen solubility. A detailed study of this prob-
lem with specifically labeled lecithin is in progress. At the present state of the art,
however, we have to interpret the oxygen solubility data within the DPL-bilayers as
average values.

We have shown that both the gel and the liquid crystalline state of DPL bilayers
as a whole dissolve oxygen to a considerable extent. What is the mechanism of
solution? H. Tréuble, 1971; and R. Kimmich and A. Peters, 1975, have interpreted .
the ability of the DPL bilayers to dissolve small molecules by assuming the forma-
tion of kink vacancies. It is well known that the liquid-crystalline state is connected
with highly distorted (“fluid”) alkane chain conformations which could account for
the low value of the free enthalpy of solution. The gel state, however, is usually
discussed in connection with completely ordered chains in the all-trans conformation,
leaving no space to dissolve small molecules. Let us therefore have a look at addi-
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tional experiments sensitive to the defect structure and the molecular motion within
the bilayers.

Crystalline paraffins are an example for perfectly ordered all-trans chains in a
virtually rigid lattice. The rigidity is demonstrated by the high value of the second
moment of the proton wide-line spectrum. Odajima et al., 1962, have found values of
about 25 - 10~® 7 (Fig. 10) compared with a theoretical value of 31 - 10~® 72 for a
completely rigid lattice without any vibrations (Schmauder, 1976). This crystalline
material dissolves no detectable amount of oxygen (Kimmich and Peters, 1975).
Passing the so-called rotator phase transition activates a considerable degree of
molecular motion and of the capability to dissolve oxygen. The second moment
decreases to about 5 - 10~% T? (Fig. 10), a value which can be explained by chain
rotation and superimposed kink diffusion (Schmauder, 1976). Evidently a strong
‘relation between chain mobility, generally connected with the formation of defects,
and oxygen solubility exists.

The comparison of these results with those of the gel state of DPL bilayers
shows that rotator phase paraffin is the analogous material (Fig. 10, Kimmich and
Peters, 1975). The hydrocarbon chains of the DPL molecules obviously show a
relatively high degree of molecular motion down to rather low temperatures. More-
over, we have found that even in solid DPL the oxygen solubility must be fairly
high at temperatures where paraffins are tightly packed and unable to dissolve any
detectable amount of oxygen. Of course, we cannot exclude that the oxygen mole-
cules are incorporated in structurally caused vacancies which possibly are not af-
fected by thermodynamics. This case should be connected with an inhomogeneous
distribution of the oxygen throughout the bilayer, and should therefore be detectable
with the labéled lecithin study mentioned above. In any case we can state that the
hydrocarbon chains have an essentially higher degree of freedom of molecular mo-
tion than any comparable crystalline material. Finally it should be mentioned that
the special properties discussed above show no abrupt alteration at the so-called pre-
transition.
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