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SUMMARY

1. Bilayer lipid membranes were generated in an aqueous medium from egg
phosphatidylcholine and the water permeability of the black membranes was deter-
mined by measuring the net volume flux produced by a NaCl gradient.

2. In agreement with previous reports, vasopressin increased the water per-
meability coefficient of the lipid membrane. Cyclic AMP, over a wide concentration
range, had little or no effect on the water permeability, substantiating a direct effect
of the antidiuretic hormone on the membrane.

3. Similar to observations in biological systems, Ca?* and prostaglandin E,
inhibited, apparently competitively, the action of vasopressin on the water flow of the
model membrane. The inhibitory effects were observed if Ca?* and prostaglandin E,
were added prior to, but not after, vasopressin.

4, The formation of a vasopressin-lipid membrane complex stabilized by
electrostatic and hydrophobic interactions is proposed.

5. Unlike valinomycin, neither vasopressin nor cyclic AMP changed significantly
the electrical conductance of the bilayer membranes in a medium containing NaCl and
KCl.

6. It is concluded that bilayer lipid membranes apparently possess the charac-
teristics of the proposed site of action of vasopressin in biological membranes related
to water transport, while the second site, related to Na™ transport, is lacking.

INTRODUCTION

The stimulatory effect of vasopressin on water flow and Na™ transport across
biological membranes are commonly studied in frog skin', toad bladder?, and renal
systems of various rodents®~. Vasopressin has been shown to increase the tissue
level of cyclic AMP®, and to stimulate adenylate cyclase activity’, indicating that
cyclic AMP is a mediator in vasopressin regulation of hydroosmotic flow in biological
systems® ®. However, the role of cyclic AMP as a mediator for the vasopressin effect
is controversial'®, and the mode of action of the proposed mediaior is not clear.

The similarities between biological and artificial lipid membranes!!-!2, particu-
larly with respect to water permeability’3-®, raise the possihili: 7 of exploring the
mechanism of vasopressin action in model membrane systems. Indeed, a direct effect
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of vasopressin on water permeabiiity of lipid bilayer membranes has been recently
demonstrated'’- 18, A specific interaction between vasopressin and a lipid raonolayer
system has also been shown'®. In terms of specificity and potency the effect of
vasopressin on the water permeability of the bilayer membrane beurs Some intriguing
similarities to the corresponding biological effects'’.

The marked interaction of vasopressin with prostaglandin E, (refs 20 and 21)
and with Ca?* (refs 22, 23) in affecting the permeability propertics of hiological
systems, attracted us to examine these parameters in the model sysiem. This com-
munication records our results and illustrates the usefulness of the lipid model system
for the study of the mode of action of vasopressin. An abstract of part of tais report
has appeared?*.

MATERIALS AND METHODS

Permeability measurements

. The osn otic flux across bilayer phosphatiGy! choline membranes was rieasured
accordiug io described procedures'®>'?®. A diagram of the apparatus used is shown
in Fig. 1. In principle, a thin-lipid membrane was formed between an opei: (100 ml)

10-Wl Hamdton
n , Haiger Syrge
F o yethylene tibng e
1 T b =
A ppe o et T
J Ik Catbrated
; ! miromeser
moognfioah M 7 - N
C?; 4?.‘9” ‘ — {3005
i P - .
i ~ Ciosed calf
3 2ei)
Y ’ __ T Cpencd
R S v V2
Lpa Shreng Nater *hermos'at
memEecne bar e

Fig. 1. Diagram of the apparatus for water permeability measurement,

and a closed 0.2 ml) compartment and the net volume flux produc:d by a NaCl
gradient was measured. The membrane was generated from a solution of egg
phosptatidylcholine (19, w/v, in n-decane) in 2 medium of 0.3 molal NaC: pH 5.8
at 37 °C. At this temperature, the membrane usually turned black within less than
10 min, while longer periods were required at lower temperatures. The NaCl con-
centration of the open compartment was then raised 1o 0.6 molal, and flux measure-
ments were conducted at 26 °C. A Hamilton syringe (No. 7)1) attached to the closed
compartment and equipped with a calibrated micrometer allowed measurement of
volume changes of 0.005 ul. The medium in the open compartment was cont:nuously
stirred with a magnetic stirrer. Vasopressin, Ca?*, cyclic AMP or prostaglendin E,
were added to this compartment following a permeability measurement of the
untreated black membrane. The osmotic permeability coefficient, P,,, was calculated
as described!>’!®. The permeability of the black membranes to ions was ‘ollowed
by measurements of the electrical resi. .ance of the membrane es describad*", except
that one of the compartments was ccnstructed of a polyethylene tuting (2 mm
internal diameter) through which an electrode was inserted.
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Chemicals

Egg phosphatidylcholine was prepared essentially according to Pangborn?’. It
appeared as a single peak following thin-layer chromatography, using the solvents
mixture of chloroform-methanol-water (65:25:4, v/v/v). The lipid was stored for
not longer than 3 months, dissolved in chloroform, under Ar gas in sealed ampules
at —18 °C.

Lysine-vasopressin (Lot 2309) was obtained from Sandoz, Basel. The concen-
tration of the stock solution (about 1 mM) was determined spectrophotometrically?®,
Dilutions from the stock solution of the hormone were freshly made. Cyclic AMP
was obtained from Sigma-Israel (Ramat Gan). Prostaglandin E, was obtained from
the Upjohn Co., Kalamazoo, Mich.

RESULTS

Cyclic AMP and water permeability

In view of the stimulatory effect of vasopressin on water permeability of artificial
lipid membranes'”* '8, it was of interest to compare the potency of cyclic AMP and
of vasopressin in this system. Table I shows that cyclic AMP over a wide concentration
range had little or no effect on water permeability of the lipid membrane. In contrast,
vasopressin at 107'° M (5 gunits/ml) significantly increased the osmotic permeability
coefficient, P,,, of the bilayer membrane'”. The stimulatory effect of vasopressin was
saturating at 1072 M (50 gunits/ml).

Vasopressin activity affected by Ca**
Ca®* was shown to inhibit the action of vasopressin on the water flow of the

toad bladder???®. The Ca?* effect was completely reversed by increasing the
vasopressin concentration?>,

TABLE 1

THE EFFECT OF CYCLIC AMP AND VASOPRESSIN ON WATER PERMEABILITY
OF BILAYER LIPID MEMBRANES

Black membranes were generated at 37 °C, while volume flux as affected by cyclic AMP and
vasopressin was measured16:17 at 26 °C,

Addition Pos, mean +S.E." %, of
(us™ 1) control

None 258 () 100
Cyclic AMP, 1009 M 28.2 (2) 109
1078 M 27.6 (2) 108
10°7M 27.3(2) 106
None 22.2+0.9 (5) 100
Vasopressin, 10710 M 30.6+2.5(5) 138
2:-10710 M 3744+3.1 (5 169
109 M 34.2+0.7 (5) 154

" Number of experiments in parentheses.
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Fig. . Dose-response characteristics of action of vasopressin on osmotic water flow in bilayer
lipid membranes as affected by Ca2+ concentration. Ca2+ was added prior to vasoprassin.

Fig. 3. Dose-response characteristics of act’on of vasopressin on osmotic water flow in bilayer
lipid membranes and inhibitory effect of prostaglandin E; (PGE ). Prostaglandin was added prior
to vasopressin.

Essentially the same observations can be reproduced in the model system
(Fig. 2): Ca’* at 107° M added to the medium prior to vasopressin inhibits the action
of the antidiuretic hormone on water permeability. The effect of Ca?* is apparently
competitive, since it is overcome by increasing vasopressin concentration. Ca’* at
10”7 M exerts no noticeable eifzct, while at 10~° M the inhibitory effect is aopreciable.
Higher conce:itrations of vasopressin were not used, to avoid the concentration range
in which the effect may be unspecific!”. It is of interesi that Ca?* added at 10" 7-10"*M
subsequent tc vasopressin showed no inhibitory effect.

Vasopressin activity affected by prostaglandin E,

Prostaglandin E, was shown to inhibit the osmotic fow response of rabbit
collecting tubules® and of toad bladder?®:?! o vasopressin. The inhibiiory effect
of prostaglardin E, could be overcome by high concentrations of vasopressin®!,
Using low cc ncentrations of prostaglandin E, a siiailar phencmenon of apparent,
competitive inhibition can be demonstirated in the modai system (Fig. 3). Furthermore,
as indicated for the effect of Ca®*, this inhibitory effect of prostaglandin E, is only
observed when added prior to vasopressin. Once the stimulatory effect of vasopressin
on water permeability is apparent, subsequent addition of prostaglardin at the
concentratior range of 10771074 M causes very little change.

Hormone-membrane complex formation

As the inhibitory effects of Ca** and prostaglandin E, in the modei system
are so critically dependent or the order of addition, it is possible that vasopressin
forms a stab'e complex with the lipid membrane. When this compiex in stabilized,
Ca’* and prostaglandin can no longer cause a measureable effect. If the hormone
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were loosely bound to the membrane its effect on water permeability should decline
as the medium to which vasopressin was added is diluted with the medium (0.6 molal
NaCl). Fig. 4 illustrates an examination of the nature of the membrane-hormone
complex: despite a 16-fold dilution of the medium, the original effect of the hormone
is not diminished.

Vasopressin, cyclic AMF and ion permeability
It has been proposed?? that vasopressin has two sites of action in epithelial
membranes, one related to water transport, which is inhibited by Ca’* and
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Fig. 4. Effect of vasopressin on water permeability of a bilayer lipid membrane (@—@) as
affected by the magnitude of dilution of the medium in the open cell (0 ~—- 0). The medium was
diluted with 0.6 molal NaCl after the saturating effect of vasopressin was apparent.

TABLE 1I
ELECTRICAL RESISTANCES ACROSS BILAYER LIPID MEMBRANES AS AFFECTED

BY VASOPRESSIN, NaCl GRADIENT AND VALINOMYCIN

Black membranes were generated in 0.3 molal NaCl at 37 °C, while the indicated additions of
NaCl gradient and vasopressin, as well as the electrical mzasurements were performed at 26-27 °C.
In Expt ¢ the membrane was generated in 0.6 molal NaCl and 50 mM KCl,

Expt  Addition NaCl gradient  Resistance
(molal) 2-cm?
a None 0 1.3-107
Vasopressin, 1-1079M 0 6.9-106
1.1-1076 M 0 4.4-106
b None 0 1.1-107
None 0.3 7.9-106
Vasopressin, 2.5- 1079 M 0.3 3.5-106
1.1'1076 M 0.3 1.7-106
c Nore 0 6.9- 106
Vasopressin, 10~7 M 0 5.3-106
1007 M + valinomycin 100" M 0 2.2-104
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prostaglandin E,, and another side, related to Na* transport which is iasensitive to
Ca?* and prostaglandin E,. Two distinct adenylate cyclase enzymes were proposed?!,
corresponding with the two hormone sites. In view of the direct effect o vasopressin
on water permeability of the bilayer lipid membrane, a possible effect o:" vasopressin
and of cyclic AMP on ion permeability of the lipid membrane was explored.

Table ITa shows that the permeability of the bilaver membrane to Na* or C1~
was essentially unaffected by a wide range of vasopressin concentration. Four
additional experiments supported this conclusion. The decrease in resistaace by added
vasopressin was within similar time courses. A marked drop in the electrical resistance
of bilayer lipid membranes caused by vasopressin was recently reportzd!®, but the
specificity of this effect is not clear, in view of the relatively high hormone concen-
tration (> 10~ M) used.

To simulate the conditions used for the measurements of water fluxzs, a gradient
of 0.3 molal NaCl was set between the two sides of the niembrane, bat again, the
resistances recorded indicated no effect of vasopressin on ion permeability (Table IIb).
The membrane, however, did respond to the ionophore valinomycin as expected?®-37:
in presence of K*, valinomycin markedly reduced the resistance of tlhe membrane
(Table IIc). Table ILI shows that, similarly to vasopressin, cyclic AMP had no effect on
the ion permeability of the bilayer. Valinomycin exerted the predictable effect on the
electrical resistance in this experiment as well.

TABLE 111

ELECTRICAL RESISTANCES ACROSS BILAYER LIPID MEMBRANES AS AFFECTED
BY CYCLIC AMP AND VALINOMYCIN

The conditions were as described in Table 1lc.

Addition Reosistance
(L eniy
None 3.1-107
Cyclic AMP, 1007 M 2.2-107
106 M 1.1-107
10°5M 2.2-107

10-5 M + valinomycin, 1007 M 3.8-104

DISCUSSION

The effect of vasopressin on water permeability of bilayer lipid membranes
shows many similariies to the effect on biological membranes. (a) Sensiti /ity : relatively
low quantities of the antidiuretic hormone are required to exert the effect'’. The
apparent high sensitivity of the lipid model system to vasopressin may be compared
with the exquisite sensitivity of the isolated perfused collecting tubules of the rabbit®,
which responds to 0.25 gunit/ml. (b) Specificity: as shown earlier’”, cxytocin and a
mixture of the amino acids comprising the vasopressin molecule could not = bstitute
for vasopressin at coraparable concentration. (c) Temperature dependerce: th: experi-
mental activation en>rgy of water transport was reduced in the presence of vasopressin
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from 14 to 4 kcal-mole~! (ref. 17), in agreement with the effect of the hormone on
water permeability of toad bladder®!. (d) Inhibition by Ca?* of the vasopressin effect
on water permeability in the model system (Fig. 2), and in biological systems?2-23,
(e) Prostaglandin E, inhibits at low concentration the water permzability of biological
membranes®-2°-2! and of artificial lipid membranes (Fig. 3).

The competitive nature of the inhibitory effects by Ca?>* and prostaglandin E,
(Figs 2 and 3), indicate the two types of interaction of the phospholipid membrane
with vasopressin. One type is an electrostatic interaction between tie lipid phosphoryl
group with the positively charged group of the vasopressin molecule (lysine or
arginine). Indeed, Ca?>* added after this interaction took place is not effect:ve. Such
interaction would also account for the much lower activity of oxytocin, comparing to
vasopressin, in affecting water permeability of phospholipid membranes'’, or in
releasing +°Ca’* from dicetyl phosphate monolayers!®. The second interaction is
probably hydrophobic, associated with the hydrocarbon phase of the bilayer structure.
Prostaglandin E; (a fatty acid!) may interact with this “site”” and thus inhibit the
binding and/or the effect of vasopressin. It is also possible that prostaglandin E,
interacts with vasopressin in solution, rendering it less effective. To differentiate be-
tween these possibilities we are currently studying the effect of prostaglandin E, on the
binding of labeled vasopressin to liposomes.

The electrostatic and hydrophobic interactions between the vasopressin and the
phospholipid molecules apparently lead to the firm binding of the hormone to the
membrane as exhibited in Fig. 4. Utilizing another model system, the interaction of
phospholipid dispersions (liposomes) with polypeptides, it has been concluded?? that
a phosphatidylserine—polylysine complex at neutral pH is stabilized by both electro-
static and hydrophobic interactions. The apparent formation of a vasopressin-
phospholipid complex indicates that the quantity, rather than the concentration, of
vasopressin is critical. The saturating quantity of vasopressin in our model system
shows a stoichiometry of about 1 molecule vasopressin per 1.5 phospholipid molecules,
provided that only the membrane lipid molecules are considered for rough estimation.

The increased water permeability of lipid membranes by vasopressin may be
explained in terms of the permeation theory of Trauble??, in which kinks are considered
as carriers through lipid layers of the membrane. The kinks represent small mobile
free volumes in the hydrocarbon phase of the membrane which could harbor water or
larger molecules. In support of the theory it was reported that unsaturated compounds
in bimolecular films of saturated long chain compounds lead to higher kink concen-
trations and favor a random distribution of the kinks*4. Furthermore, the higher the
degree of unsaturation of the hydrocarbon chains, the greater the water permeability
of the lipid membranes'®*°, We propose that the aromatic groups of phenylalanine
and tyrosine, which are indespensable for vasopressin activity?®, protrude into the
hydrophobic phase of the bilayer lipid membrane and increase the kink concentration
and the water permeability. The electrostatic and hydrophobic interaction of the
hormone with the membrane, discussed above, may be critical for the orientation of
the hormone molecule in the membrane structure. The data support our conclusion!’
that vasopressin exerts a direct effect on the water permeability of the membrane, while
the suggested mediator, cyclic AMP, is not active in the model system (Table I).
Furthermore, vasopressin causes no significant change in the ion permeability of the
lipid membrane (Table IT). Thus, the bilayer lipid membranes apparently possess the
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characteristics of the proposed site of action of vasopressin in biological membranes
related to water transport23, while the second site, related to a sodium transport, is
lacking.

The effect of vasopressin on water permeability, but not on ion permeability,
of the lipid membrane indicates distinct mechanisms for water and ion transport?3,
It may also reflect the disparity between the model and biological membranes,
indicating the possible role of membrane proteins in controlling ion permeability.
The conferral of ion permeability stimulation by vasopressin in a model system
containing suitable proteins could be a promising tool in the reconstitution of
biological-like membranes from individual components.
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