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Summary. Phosphatidylcholine was extracted from egg yolks and sonicated with n-
alkyl alcohols to give vesicles. The magnetic environment of the external compartment
was then modified by the addition of shift reagent (Co?*). This allowed determination of
the average lifetime for exchange of water molecule protons by observing the relaxation
rate dependence on the interval between pulses in a Carr-Purcell sequence. For vesicles
containing n-hexanol as 33 % of lipid, the average water molecule lifetime in the internal
compartment was found to be substantially less than that for a vesicle without hexanol.
The lifetime, 11.3 +4 msec, is equivalent to a permeability coefficient of 60 p/sec at 34 °C.

Introduction and Theoretical Considerations

Suspension of phospholipid in aqueous media results in the spon-
taneous formation of bilayers. Such a suspension may be sonicated to
give closed, spherical vesicles of relatively homogeneous size and volume
[9]. Vesicle systems of this nature have been extensively used as models
for numerous physical properties of biological membranes [4, 10, 11].
One such property is the permeability of the bilayer to ions or small
molecules [6, 12]. Most studies involving membrane permeability have
made use of thin-lipid films rather than vesicles. They have led to the
characterization of several permeability altering agents. One class which
had been found to increase permeability of small molecules is the general
anesthetics, such as the long chain organic alcohols [5]. The present
research attempts to study the water permeability properties of alcohol-
containing vesicles through the observation of the rate of water exchange
between two environments of differing magnetic properties. One NMR
study of water exchange in lipid vesicles has appeared, relying on
differences in the water proton relaxation in the two environments [2].
We will use instead a method dependent on shift differences which
allows direct extrapolation of exchange times from the pulse spacing
dependence of the spin-spin relaxation.
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The well-known Bloch phenomenoclogical equations describe the
behavior of a magnetic moment in a static magnetic field with an
oscillating field applied perpendicular to it. While the relaxation times,
T, and T,, as introduced by Bloch were related to line widths and
intensities in the high-resolution spectrum (frequency domain), they may
be measured more directly in the time domain by pulsed magnetic
resonance techniques [7]. In considering exchange of a magnetic mo-
ment between two sites with differing magnetic environments, the Bloch
equations may be modified with a dependence on the first order rate
constant, k, or its reciprocal, 7. In particular, solving these simultaneous
differential equations yields the result that only T,, the transverse or
spin-spin relaxation time, is sensitive to low frequency exchange pro-
cesses. T, may be measured using the Gill-Meiboom modification of the
Carr-Purcell method where a 90° pulse is originally applied to the system
and then a train of 180° pulses is applied, waiting a given interval, 2¢,,,
between each 180° pulse. The spins will rephase at time ., after each
pulse giving a series of spikes whose decay envelope is characterized by
T,.

It is intuitively clear that the observed T, will in some way depend on
the spacing between pulses in the Carr-Purcell experiment. If the time
between pulses is but sufficient for a small number of exchanges to have
occurred, the average resonance frequency of a given spin will not be
well-defined ; these spins will not rephase at 2¢,, and a contribution to T,
will result. A solution expressing this dependence on ¢, results from the
modified Bloch equations for T, H1]:

%:TLZMLPA P, (6w)* (1 —i—:Tanh Ezf) (1)
where T, is the relaxation time in the absence of exchange, p, and py are
the fractional populations of the two sites, dw is the difference between
resonance frequencies for the sites (radians/sec) and t is the average
lifetime between exchanges (ie., 1/t=p,/t,+pp/t). The equation, al-
though based on several limiting assumptions, has proven valid over a
wide range of experimental situations. It will be applied without modifi-
cation to the problem at hand.

Materials and Methods

Phosphatidylcholine used in the present study was extracted from egg yolks and
purified by the method of Singleton, et al. [13]. The egg yolk phosphatidylcholine
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(EYPC) was stored at freezer temperature under N, until used. Vesicle samples were
prepared to give approximately 15% (by weight) phospholipid. If n-alkyl alcohols were
added, their concentration was 20 or 339 of phospholipid by mole. The EYPC and
alcohol, if present, were dispersed in water by mechanical agitation. The dispersion was
then sonicated, at approximately 10 °C, using a Branson S125 probe sonicator —with a
microtip, at low power, and 70 %, dury cycle—under N, for 0.5 to 1 hr. The transparent
sample was then filtered through a millipore membrane and examined.

Modification of the magnetic environment outside the vesicles was achieved by the
addition of shift reagent. 50 mm Co?* gave the most desirable effect of inducing a large
chemical shift difference in the water peak, 0.23 ppm, with minimal broadening in the
high resolution spectrum (i.e., the ratio dw: Ty is large).

T, measurements were performed with a Bruker Minispec P-20 pulse spectrometer
thermostated at 34 °C. Pulse trains were taken for appropriate f,, values, recorded with a
Tektronix 5031 storage oscilloscope, and peak heights were measured. These data, which
were single exponential in nature, were subjected to linear regression analysis, giving the
best exponential decay constant, 7,.

Results and Discussion

1/T, data are presented in Fig. 1 for 50 mm aqueous CoCl, solution
and vesicles containing n-hexanol (339, of phospholipid by mole). The
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upper limit for 7., of 60 msec is set by the self-diffusion of water in the
inhomogeneous magnetic field. In the “doped” water solution (curve A)
one would not expect to see a ¢,, dependence and the rise at long pulse
intervals very likely reflects this diffusion process. A similar experiment
was carried out with an EYPC vesicle sample comprised of 15%
phospholipid by weight (no anesthetic) yielding a total water volume of
9.6% in the internal compartment. 1/7; increased as compared to the
H,O curve, but no greater variation in 1/T, with 7., was observed. This
overall increase in 1/T,) is most probably due to binding of Co?* to the
vesicle surface.

For the n-hexanol containing vesicles, in 33 % alcohol concentration,
a more pronounced rise in 1/7, as pulse spacing increased toward
60 msec was noted (curve B). Similar behavior was noted for vesicles
containing 20% hexanol by mole ratio. This suggests a variation in
relaxation rate due to exchange of water between the inner and outer
compartments, which was not observable in the pure phosphatidyl
choline sample. That this is the result of exchange between differing
magnetic environments is confirmed by the fact that resonication, allow-
ing Co®* to enter the vesicle, obviated the ¢, dependence (curve C). The
further increase in 1/T, is probably the result of increased availability of
binding sites for Co?* (on the interior surface of the vesicle membrane).

Eq. (1) can be fit to the data in curve B allowing the weighted average
of the water lifetimes to be determined. dw was determined inde-
pendently as described above. Gel permeation chromatography [8] for
the 33% hexanol vesicles yielded a most probable diameter of 425 A,
from which a total internal water volume of 20% can be estimated. Thus,
p4 P of Eq.(1) equals 0.16. Curve B shows the best fit for Eq. (1) using
these parameters and t as an independent variable. 7 is found to be
30msec (410 msec). n-butanol vesicles showed the same qualitative
behavior as n-hexanol, though t was somewhat larger due to the smaller
oil/water partition coefficient. n-decanol did not produce a sufficient
increase in water permeability to allow measurement. This is consistent
with an expected decrease in effectiveness in altering permeability with
increasing chain length of the anesthetic [5].

In summary we can say that hexanol increases water permeability of
vesicles to the point that an average liefetime may be measured by pulsed
NMR techniques relying on its pulse spacing dependence. The measured
7 value yields an average water molecule lifetime inside a 33% hexanol-
lecithin vesicle of 11.3 +4 msec or a permeability coefficient of 60 p/sec at
34°C. This number compares favorably to permeability coefficients for
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biological cells, reported to be 0.4—400 p/sec at 20-25°C [14], and to
permeability coefficients for liposomes, in the range of 17-104 u/sec at
25°C [3]. Both of the above quantities were determined by osmotic
swelling techniques. The NMR measurements here are particularly ap-
pealing because they are determined at equilibrium conditions for water
exchange.
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