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The permeability of the bleached disk membrane of retinal rod outer segments to univalent and divalent ions is
studied by light scattering. The membranes are isolated from frozen dark-adapted bovine retinae, swollen into
spherical vesicles in a hypotonic medium and bleached in dilute suspension and their size is determined by elastic
and quasi-elastic light scatterings. Various electrolytes are then added to the suspending medium in order to
examine their osmotic activity relative to the vesicles deformation characteristics. By following the deformation
behavior of the membrane vesicles by elastic light scattering in terms of the oblate ellipsoidal shell model, the
osmotic activity of a given electrolyte is qualitatively deduced and thereby the permeability of the membrane to
the electrolyte is ranked in reference to a chosen standard, i.e., sucrose. By this method, we show that the perme-
abilities to Na’, K", Mg?* and Ca?" are all alike, and those to halides (F~, C1", Br™, I"), nitrate and phosphates
(HPO3 /H,P0y) are similar. Acetate, however, is about 3-times more permeative, while sulfate is less permeative
than the other anions by about the same factor. The viability of our method is checked with use of an ionophore,
lasolocid (X-537A), by establishing partial recovery from the osmotic deformation through the suppression of the
cation osmotic effect. Ion-induced aggregation and pH-dependent size and shape changes are both found to be
insignificant.

Introduction

The visual cycle is initiated at the photopigment,
rhodopsin, on the disk membranes of rod outer seg-
ments of vertebrate retinae. Structurally as well as
functionally, rhodopsin is such an integral part of the
disk membranes that the membranes should be
regarded as photoreceptor surfaces for scotopic vision
[1]. Irrespective of whether the photoreceptor func-
tion of the disk membranes will eventually turn out
to require Ca®* [2] as the transmitter substance or
cyclic GMP [3] as the mediator for protein dephos-
phorylation of Na' gates on the plasma membrane,
there appears to be no question as to the importance

* To whom correspondence should be addressed.

of photoinduced ion transport across the disk mem-
branes. In particular, one may ask, in the context of
the model of Hagins and Yoshikami [4]: is the
bleached membrane more permeable to Ca®* than
other physiological cations? If not, is the Ca** efflux
counter-balanced by an influx of other cations so as
to maintain the intravesicular osmolarity constant?
With these and similar questions in mind, we set out
to examine the permeability of the membrane in the
bleached state to sodium, potassium, magnesium and
calcium ions. For the sake of completeness we have
also examined halides, phosphates, nitrate, sulfate
and acetate with Na" as the common cation. This is to
report our findings of the permeabilities to these ions.

Since the disk membranes are known to respond
to an osmotic gradient in the native rod outer seg-
ment as well as in the vesicular form [5-11], one can
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probe the permeability to individual ions by observ-
ing how the vesicles deform with different concentra-
tions of a given ion in the suspending medium. If a
given solute is completely permeative to the vesicles,
there should exist no chemical potential gradient
across the membrane bilayer and the vesicles should
remain undeformed, independent of solute concentra-
tion. On the other hand, if the membrane is totally
impermeable to a solute, addition of that solute to
the suspending medium will induce transport of com-
ponents to which the membrane is permeable, princi-
pally water, until the equilibrium is established in
which the residual chemical potential gradients are
counter-balanced by the membrane stiffness. In other
words, the vesicles will act as semi-permeable mem-
branes whereby water and other permeating compo-
nents drain out of the vesicles within a certain limit;
and that limit is controlled by the membrane stiff-
ness. As the draining proceeds the surface area of the
vesicle must decrease until the elastic free energy
arising from the lateral compressibility of the mem-
brane is counteracted by the gradient of chemical
potential across the membrane. Thus one should be
able to test the permeability of the membrane to dif-
ferent ions under a plausible assumption that the ions
do not affect the membrane stiffness differently. If
so, the vesicle deformation profile vis-a-vis the con-
centration of the test ions can be used to rank the
permeability, provided a common counter ion is used
to maintain the contribution of its chemical potential
gradient at a constant level.

The methodology for determining the vesicle
deformation at different ionic concentrations is the
same as that used earlier with a relatively impermea-
tive non-electrolyte, sucrose [11]. This is to combine
angular dependence of elastic light scattering (total
intensity scattering) with quasi-elastic light scattering
to effect the two-parameter characterization of the
membrane vesicles in terms of an oblate ellipsoidal
shell model. Unlike the case of sucrose, however, here
we are interested in the qualitative trend of how dif-
ferent series of ions affect the osmotic deformation
of the vesicle such that the two-parameter characteri-
zation need not be effected as quantitatively as
before. Our focus is on a serial ranking of the perme-
ability to each set of cations and anions with use of
the two techniques.

As to the appropriateness of the vesicle system

that we have studied, one could reasonably question
whether what we have examined has any bearing on
the properties of disk membranes in vivo since our
suspending media (1-20 mosM) are so hypotonic
that they can scarcely simulate the native cytoplasm
(approx. 250 mosM); hence the properties should be
quite different. Our response to that question is as
follows. To the extent that the vesicles extracted
from frozen and dark-adapted retinae have been
shown to preserve the same sidedness [12], photo-
pigment content [13] and possibly surface area [9],
they may be regarded as intact native disks in terms
of their intramembranous constitution. If so, the per-
meability of the vesicles may plausibly be regarded as
unaltered from that of the native disks in rod outer
segments. On the other hand, a recent report by Uhl et
al. [14] suggests that the freshness of a membrane
preparation is crucial in preserving the low proton
permeability in the unbleached state. If we had a pro-
tocol to assay the freshness of a membrane prepara-
tion, this suggestion could well be tested with our
disk vesicle preparations. Unfortunately, we know of
no such protocol. This state of affairs is, in our opin-
ion, a major stumbling block in any interlaboratory
comparison of disk membrane preparations relative to
their permeability characteristics. Though we could
have inflicted functional damage to the disks, the
integrity of photopigment appears intact as judged by
the absorbance ratio 4;,5/4495 (see below). Thus it
is hoped that what we observe with the vesicles is in
some way indicative of the in vivo disk permeability
properties. At worst, we have studied a model mem-
brane derived from the disks. The main reason for the
use of swollen vesicles instead of disks in isotonic
media is that we can amplify the osmotic deforma-
tion so as to enhance the data precision, hence to
apply effectively the experimental techniques em-
ployed here.

Materials

With the following modification, bovine rod outer
segment disk membranes were isolated from frozen
retinae (American Stores Packing Co.) by the method
of Smith et al. [15] as previously detailed [10]. For
the purpose of bursting rods to release the swollen
disks, 3% or 5% aqueous Ficoll (molecular weight
400 000; Sigma) was used. The more rigorous separa-



tion by 3% Ficoll produced better disk fractions as
judged by the A,,s/A 494 ratio; the ratio was found in
the range 1.9 + 0.2 instead of 2.5 £ 0.2 for previous
preparations using 5% Ficoll floatations. Improved
quality of the elastic light scattering profiles (see
below) was also observed indicating better homogene-
ity of the vesicle suspensions.

The control suspending medium was 1 mM imida-
zole buffer, pH 6.9, and all suspensions were bubbled
with Argon and filtered through a 5 um Teflon filter
(Millipore or Gelman) prior to the light scattering
measurements.

Methods

Elastic light scattering

After removing the unbleached disk membranes
from the Ficoll floatation, they were in most cases
suspended and washed in the particular ionic solution
in which the elastic light scattering measurement was
to be carried out. The final suspension of membranes
was made such that after filtration the concentration
was about 3 - 10° vesicles/ml as determined by A¢33
[13]. At this point the membrane suspensions were
bleached and the elastic light scattering profile over
the range of scattering angle from 30° to 150° was
measured at 2° increments. Light scattering measure-
ments were performed using a SOFICA Photogonio-
meter (Bausch and Lomb; Model 40 000) interfaced
through an analog-to-digital converter (Datel
ADCHX12BGC) to an Apple II microcomputer (Ap-
ple Computer Inc., Cupertino, CA) with video display
and floppy disk storage. The incident green light
(546 nm) and scattered light were vertically polar-
ized. Because of the extremely large size of the scat-
tering particles no background scattering corrections
were necessary. Also, over the range of concentration
8 - 108—1 - 10" vesicles/ml, no concentration depen-
dence of the scattering profile was observed.

As we have previously done in the case of sucrose
[11], the elastic scattering results are plotted as
$in?(8/2),«(6) vs. sin(8/2) where 0 is the scattering
angle and ,,(6) is the polarized scattering intensity.
The profiles of such plots are interpreted in terms of
the oblate ellipsoidal shell model. In the experiments
where the ionophore (lasalocid) was used, incubation
time and concentrations were carefully optimized. In
the experiments without ionophore, time dependence
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was found to be negligible within about 4 h beyond
which we found gradual disappearance of the undula-
tion amplitude, indicating vesicle degradation and/or
aggregation.

Quasi-elastic light scattering

Suspensions prepared in an identical manner as the
elastic light scattering suspensions were used for the
measurement of the translational diffusion coefficient
by quasi-elastic light scattering. The detection and
analysis of the scattered intensity were effected by
means of the photon count autocorrelation method
[16]. A 64 channel real time autocorrelator (Malvern
K7025; Malvern Instruments, Ltd., Malvern, Worcs.,
UK.) connected to a commercial goniometer (Mal-
vern RR103) was used to measure the characteristic
decay constant of the photocurrent autocorrelation
arising from the homodyne quasi-elastic scattering.
The normalized autocorrelation function in terms of
a single decay constant I' is expressed as

g(r)=1+A4e 207 1)
with
' =Dx? 2

where A is an instrument optical constant, D the
translational diffusion coefficient and x the magni-
tude of the scattering wave vector, defined as (4mn/
No) sin(8/2) with n being the refractive index of the
medium, A, the incident wave length in vacuo and
the scattering angle. The correlator was interfaced to
an Apple II microcomputer allowing data display,
data storage and iterative least-squares fitting of the
exponential autocorrelation function. Analysis of the
decay constant was performed over a scattering angle
range from 22° to 135°, and the translational diffu-
sion coefficient D was deduced from the angular
dependence of the decay constant via Eqn. 2. Both an
unpolarized He/Ne laser (3 mW, 632.8 nm, Spectra
Physics) and a polarized Ar laser (200 mW, 514.5 nm,
Lexel Model 75-.2) were used for these experiments.

Results and Discussion

In Fig. 1 is displayed the elastic light scattering
profiles of the vesicles in NaCl, KCl, MgCl,, and
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Fig. 1. Angular dependence of elastic light scattering,
sin2(6/2)1w(6) vs. sin{#/2), for the chlorides of Na, K, Mg
and Ca in 1 mM imidazole at total ionic strengths of 0.5, 1, 5,
10 (15 for Ca®*) and 20 mM.

CaCl, at different concentrations, expressed in ionic
strength units. It is evident that the profiles are rather
similar for each set of electrolytes, i.e., NaCl and KCl
(uni-univalent) and MgCl, and CaCl, (di-univalent),
relative to the damping progression of the undulation
amplitude with increasing ionic strength. It should be
noted that in terms of osmolarity (assuming ideality
in the mM range), uni-univalent electrolytes cover a
2—40 mosM range while di-univalent electrolytes span
a 0.33—6.67 mosM range. The apparent difference in
the progression of scattering profiles with respect to
ionic strength therefore disappears when the compari-
son is made on the basis of total (ideal) osmolarity.
We shall return to this point later. For now we con-
centrate on qualitative features of these scattering
profiles. In order to extract the significance of the
scattering profiles, we show in Fig. 2 the theoretical
profiles of the oblate ellipsoidal shell model calcu-
lated for a semi-major axis of 470 nm at varying axial
ratios [17]. In the inset, we display the observed
scattering profiles of the vesicles in different osmo-
larities of sucrose [11]. The axial ratios, p, indicated
in the figure, are determined by combination of elas-
tic and quasi-elastic light scatterings. The general
trend of damping progression of the undulation am-
plitude with increasing p value is readily seen. Hence,
if our purpose is to rank various cations relative to
their permittivity through the vesicles, then the un-
dulation amplitude alone should provide a qualitative
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Fig. 2. Theoretical plots of scattering function sin? (¢ [2)Pyy(6)
vs. sin(9/2) of oblate ellipsoid shell at indicated values of the
axial ratio is shown for n = 1.333; 39 = 546 nm; b =470 nm.
The inset shows experimental profiles for sucrose from Ref.
11.

measure of the vesicle deformation provided the semi-
major axis does not change.

It has been shown earlier that the semi-major axis
b does not change with osmolarity of sucrose while
the vesicles deform by increasing the eccentricity of
the oblate shell. A similar behavior of the vesicle
deformation might be expected with electrolytes. The
results in Fig. 1 can be used to establish this point as
follows. The extrema position of the scattering pro-
files is an inverse linear function of the semi-major
axis, b, within relatively narrow windows, at all values
of the axial ratio p. This is demonstrated in Fig. 3,
where the theoretically calculated extrema positions
from the first-order minimum to the fifth-order mini-
mum are plotted against p. The widest window is the
third-order minimum, which is no more than 9% wide
between p =1 and p = 1.6. Thus the insensitivity of
the extrema position is amply demonstrated. The
results in Fig. 1 show clearly that the extrema posi-
tions are well preserved at different ionic concentra-
tions for all four electrolytes. We therefore conclude
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Fig. 3. The theoretical extrema positions of the scattering
profiles of oblate ellipsoidal shell, calculated from the scatter-
ing form factor given in Ref. 11. These plots show that the
extrema in the scattering profile plots, given by
sin? (8/2)(8) vs. sin(6/2), are an inverse linear function of
the semi-major axis b within narrow windows for any value
of the axial ratio p, where kp, stands for the magnitude of
scattering wave vector at a given extrema position.

that the semi-major axis b is conserved at different
ionic concentrations. Having thus established that b
does not change with ionic concentration, the ob-
served progressive attenuation of the undulation am-
plitude with increasing ionic concentration is ascribed
to the increasing axial ratio p of the vesicles.

Before we can draw the final conclusion from this
set of measurements shown in Fig. 1, we need to dis-
pose of two likely complications. The first is ion-
induced aggregation and the second is the pH effect.
We shall now show how we eliminate both of them.
The observed attenuation of the undulation ampli-
tude could equally be ascribed to ion-induced vesicle
aggregation, resulting in broader distributions of vesi-
cle sizes as ion concentrations are increased. This,
however, is readily ruled out by performing the quasi-
elastic light scattering measurements with the same
set of NaCl concentrations as used in the elastic light
scattering experiment and demonstrating that the
translational diffusion coefficient increases with ion
concentration. The results are displayed in Fig. 4. The
translational diffusion coefficient D of oblate ellip-
soids as given by Perrin [18] is

D = _k_T_. G
ey () (3)
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Fig. 4. The decay constant I of the single exponential correla-
tion function of the quasi-elastically scattered light is plotted
against the square of the scattering wave vector «. The slope
is the diffusion coefficient. The numbers indicate ‘the total
ionic strength in mM of the suspending medium, 1 mM imid-
azole, pH 7, in various NaCl concentrations.

with
tan—l (p2 _ 1)1/2

Glp) = (0* — )12

“)

where 7 is the viscosity of the suspension, b is the
semi-major axis, and kKT has the usual meaning. The
term pG(p) is a monotonically increasing function of
p, hence D should also increase monotonically with p
when b remains constant. Fig. 4 gives a clear demon-
stration of this trend. Had aggregation been princi-
pally responsible for attenuating the undulation am-
plitude of the scattering profiles, we should have ob-
served the opposite trend, namely that D should
decrease with NaCl concentration. In terms of Per-
rin’s equation, we can quantify the results in Fig. 4
by determining the axial ratio. If we take the D value
in 1 mM imidazole (/=0.5 mM) as the reference
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Fig. 5. Elastic light scattering profiles of disk membrane
vesicle suspensions in imidazole at a total osmolarity of
2 mM. pH values are as indicated.

spherical shell state, ie., D=4.52-10"° cm?/s,
Stokes’ radius 470 nm, then the p values computed
for the other ion concentrations are 1.3 at 3 mM, 1.8
at 5mM and 2.3 at 10 mM. These values should be
compared with those listed in the inset of Fig.2
where p changes from 1.1 to 2.9 when the sucrose
concentration is increased from 0.2 mM to 2.9 mM. If

TABLE 1

we hypothesize that the vesicle deformation is solely
due to the osmolarity of impermeative solutes and
that sucrose is such a solute [19], then it requires
about 2 mosM sucrose to induce the same extent of
vesicle deformation, p = 2, as with 10 mM NaCl. This
is a remarkable comparison in terms of the permittivi-
ties of Na* and Cl~ relative to that of sucrose, since
the ideal osmolarity of 10 mM NaCl should be 20
mosM.

We next examine the sensitivity of the vesicle
shape and size to the pH of the suspending medium
in order to eliminate spurious pH effects on the vesi-
cle deformation (each suspension undergoes a slight
pH change due to the additional buffering action of
the vesicles). With the use of imidazole, HCl and NaCl
we change the pH of the suspension between 6.0 and
7.8 at a constant ionic strength of 2 mM. The elastic
scattering profiles of the vesicles are shown in Fig. 5.
It is clear that in the pH range examined, the vesicle
size and shape remain the same.

Having thus eliminated any aggregation and pH
effect, we can now turn to comparison of the four
ions Na*, K", Ca?" and Mg?*. In order to observe the
osmotic effect of these four, we should compare the
scattering profiles at a given concentration of both
cation and anion if they are equally active. If, on the
other hand, the chloride ion is far more permeating
than the cations, then one should compare profiles at
differing cation molar concentrations. In terms of
ideal osmolarity, NaCl and KCl are about twice that
of MgCl, and CaCl, at a given ionic strength. For
instance, at 5 mM total ionic strength (including the

CONCENTRATION AND TOTAL OSMOLARITY OF BUFFER AND ELECTROLYTES AT DIFFERENT IONIC STRENGTHS

Figures are presented in units of mM. IMDiL, imidazole; IMDZL*, imidazolium ion.

Total ionic MCl1 MCl,
strength
IMDZL/ Cl- M* osM IMDZL/ Cl- M2+ osM
IMDZL* IMDZL*
0.5 1.0 0.5 - 1.5 1.0 0.5 - 1.5
1 1.0 1.0 0.5 2.5 1.0 0.83 0.17 2.0
5 1.0 5.0 4.5 10.5 1.0 35 15 6.0
10 1.0 10.0 9.5 20.5 1.0 6.34 3.17 11.0
15 1.0 15.0 145 30.5 1.0 10.16 4.83 16.0
20 1.0 20.0 19.5 40.5 1.0 13.5 6.5 21.0




contribution from imidazole) the total osmolarity for
NaCl and KCl is 10.5 mosM whereas it is 6 mosM for
MgCl, and CaCl,. These values are listed in Table I.
By comparing the scattering profiles for the solutions
with the four cations we see that in 10 mM ionic
strength MgCl, and CaCl, the vesicles show a similar
deformation as in 5 mM NaCl and KCl. We can also
see that for Ca®* and Mg?* the profiles are not com-
pletely damped out until 20 mM ionic strength is
reached as compared to 10 mM for the Na* and K. It
should be noted that the total osmolarity of the diva-
lent cation-chloride at 20 mM ionic strength is 21
mosM, while that of the univalent cation-chloride at
10 mM ionic strength is 20.5 mosM. Hence, the com-
plete damping of the undulation amplitude is reached
at about 20 mosM, and such a threshold is indepen-
dent of the valency of the cations. This observation
has prompted us to compare the progressive attenua-
tion of the undulation amplitude in all four electro-
lytes as a function of total osmolarity instead of ionic
strength, The results show that there is no difference
among the four electrolytes. The similar appearance
of the scattering profiles in NaCl and KCl at 7 = 5 mM
and in MgCl, and CaCl, at 7 = 10 mM shown in Fig.
1, attests to this point. Thus, we arrive at the conclu-
sion that the osmotic activities of Na’, K, Ca®*,
Mg?*, and CI°, relative to inducing the osmotic defor-
mation of disk membrane vesicles, are about the
same. We should add parenthetically here that it is
not a priori obvious that the nonspecific membrane
permeability relative to different ions is purely osmo-
tic in nature. It could very well be controlled by the
interfacial potential, i.e., electrostatic in nature, such
that the ionic strength of similarly permeating ions
should be the relevant independent variable instead of
the osmolarity because the Debye-Hiickel screening
length controlled by ionic strength affects the interfa-
cial potential such as the Guoy-Chapman electrical
double layer [20]. Hence, we first picked the ionic
strength as a trial variable in order to examine its
effect on the vesicle deformation. As it turns out, any
effect of ionic strength is dwarfed by the osmotic
gradient as the controlling factor.

The results outlined above indicate that the per-
meability to these ions of the bleached disk mem-
branes are indistinguishable, and certainly there
appears to be no unique permeability to Ca®** com-
pared with that of Na*, K*, and Mg?*. In terms of the
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Hagins-Yoshikami model, one might have expected
that Ca®" is significantly more permeative than the
rest. Non-uniqueness of Ca®* permittivity, however,
does not constitute sufficient evidence contrary to
the calcium transmitter model; Ca®* may be the only
permeable cation present in the intradiskal space in
significant amount, which is effluxed by photoexcita-
tion.

Before closing this part of the discussion, we pre-
sent the results of another set of experiments which
provide a further verification of our analysis scheme.
The experiments are designed to render the cations
permeable with the aid of an ionophore, lasalocid,
and to examine the resulting scattering profiles vis-a-
vis those without the ionophore. Lasalocid is known
to be an excellent ionophore for univalent and diva-
lent cations [21]. If we assume that lasalocid is so
efficacious in transporting these cations that its pres-
ence in the suspending media completely abolishes
the osmotic effect contributed by the cations, then
we should expect the following effective osmolarity
at /=10 mM in the two types of electrolyte: 20.5
mosM and 10 mosM in MCl without and with lasa-
locid, respectively, and 11 mosM and 6.34 mosM in
MCl, without and with lasalocid, respectively (see
Table I). In such ideal circumstances, we then expect
the scattering profiles with lasalocid in 10 mM MCI to
resemble those without lasalocid in MCl at 7 =5 mM
or in MCl, at /=10 mM. The profiles with lasalocid
in 10 mM MCI, should resemble those in MCl at / =~ 3
mM or in MCl, at /=5 mM without lasalocid. The
results are displayed in Fig. 6. In the top profile, a
partial recovery of the deformation is rather dramati-
cally shown in the case of Na* at 10 mM; the profile
with lasalocid seems to resemble the one in 7 =5 mM
without lasalocid. Though it may turn out to be for-
tuitous, the result seems to confirm our expectation
in the best possible circumstances. Results with diva-
lent cations are also consistent with the expectations
outlined above. At 10 mM ionic strength in MgCl,
and CaCl,, the total osmolarity is 11 mosM so that
the profiles without ionophore are about the same as
those in NaCl and KCl at / = 5 mM. The chioride con-
tributes 6.3 mosM while divalent cations contribute
3.2 mosM, so the ionophore at the very best circum-
stance can abolish only the osmotic effect of 3.2
mosM of cations thus making insignificant difference
in the profiles. Indeed, such seems to be the case in



208

1 | T [ T l 1 I T
I[=10mM '
NaCl '..' J - " ettt W/
i S w/o
; KCl -....,,..-..\_“ W/
E ~"'~---"\—Tw/o
{82)
q =
<D |MgCl, s 4’4/0
‘_\‘: S w/
. |
Caly &, Wo
ot “:::.‘.‘.ﬁtw/
0 o2 o4 Y ‘ o8 1.0

Sin (6/2)

Fig. 6. Light scattering profiles for rod outer segment suspen-
sions in NaCl, KCl, MgCl, and CaCl, with and without addi-
tion of ionophore lasalocid.

the bottom two profiles in Fig. 6. The situation in
KCl is less clearcut and we have no explanation to
account for the difference between Na* and K*, It
may be noted here that Uhl et al. [14] find in the un-
bleached state a considerable K* permeability, which
can be abolished by mM amounts of divalent cations,
while no measurable permeability is found with Na®,
Ca?", and Mg?*. Whether the difference between their
results and ours could solely be due to the photoche-
mical state or in part due to membrane freshness
must be settled in the future.

A similar experiment comparing different anions
has been performed. In this case, using Na* as the
common cation, at pH 7 and an ideal osmolarity of
6 mosM, we show in Fig. 7 a comparison of halides,
nitrates, HPO3"/H,PO;, SO3~ and Ac". The first four
are very similar despite a wide range of ionic radii.
Nitrate and phosphate also appear to produce the
same effect although they are no longer simple
atomic ions. The interesting cases are those of sulfate
and acetate where striking differences are observed.
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Fig. 7. Light scattering profiles in 6 mM osmolarity with dif-
ferent anions and Na* as the common cation. Effect of anions
atpH 7.

Sulfate at 6 mosM causes the elastic scattering profile
to resemble the sodium chloride profile at more than
3-times the osmolarity, i.e., 10 mM ionic strength.
Quasi-elastic light scattering results (not shown here)
confirm that, as in the case of NaCl, we are indeed
observing an ellipsoidal deformation and not aggrega-
tion. While this indicates that the membrane is con-
siderably less permeable to sulfate than to the other
ions studied, it is still more permeable than to sucrose
as described previously (again there is about a factor
of three in the concentrations required to cause the
same deformation).

Turning to acetate, the opposite trend is observed.
Here we see the effect of deformations which are per-
haps only half that expected. This can be seen in Fig.
8-where sodium acetate and sodium chloride at 5 and
10 mM ionic strength are shown. Clearly the mem-
branes are more permeable to acetate than to chlo-
ride, and in fact in 10 mM NaAc the profile is com-
parable to that in 5 mM NaCl. A complete concentra-
tion series for acetate is shown in Fig. 9. If we postu-
late that the membrane is completely permeable to
acetate, then the results in Fig. 9 are consistent with
the osmotic effect caused by Na” alone. It should be
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Fig. 8. Light scattering profiles in sodium acetate and sodium
chloride at the indicated ionic strengths.
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noted that acetate is the only organic anion that we
have examined. The amphoteric character of an orga-
nic anion by virtue of its hydrophilic ion on the one
end and hydrophobic group on the other end could
allow it to easily permeate the membrane bilayer. If
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Fig. 9. Light scattering profiles in sodium acetate with vari-
ous ionic strengths as indicated.
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this is true, an aliphatic alcohol may also be able to
permeate and behavior similar to that of acetate
would be expected for ethanol, a non-ionic analog of
the acetate ion. With ethanol, we indeed have ob-
served that it has no osmotic effect on the vesicles up
to 150 mM. In fact, ethanol is the most inefficacious
compound that we have tested relative to osmotic
deformation. On the other hand, a disaccharide,
sucrose, is the most effective in producing the osmo-
tic deformation.

In summary, we have shown that the osmotic
response of the disk membrane vesicles could be used
to probe their ionic permeability with a combination
of elastic and quasi-elastic light scattering techniques.
In the case of the bleached membranes, we have
established that permeability to Ca?* is not singular as
compared to Na’, K', Mg?, halides, nitrates and
phosphates. Acetate and sulfate however are different
from the other anions.
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